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Abstract

Ranging from aplastic uterus (including Mayer—Rokitansky—Kiister—Hauser syndrome) to
incomplete septate uterus, uterine malformations as a group are relatively frequent in the
general population. Specific causes remain largely unknown. Recurrent copy number
variants are found in up to 14% of girls with Miillerian aplasia, and only a few genes have
garnered strong evidence of causality, mainly in syndromic presentations. Although most
occurrences ostensibly seem sporadic, familial recurrences have been observed, strongly
indicating genetic factors. The aim of this thesis was to identify novel genes and pathways
involved in congenital uterine anomalies. To increase the chance to identify strong genetic
contributors, we selected families with recurrence of uterine and kidney malformations for
genetic analyses by whole exome sequencing. Nine families were collected throughout the
study. Exome sequencing analyses uncovered likely causative variations in the gene
GREBIL for four of these families. In a fifth family, the candidate gene NR6A1 was selected
for further functional validation. Its role in renal development and development of the
genital tract was investigated in zebrafish. Both genes were sequenced in a cohort of
individuals with MRKH syndrome, identifying additional heterozygous variants. Following

these results, we discuss some pathways possibly involved in congenital uterine anomalies.



Résumé

Depuis I'absence d’'utérus (incluant le syndrome de Mayer—Rokitansky—Kiister—Hauser)
jusqu’a la présence d’'un utérus partiellement septé, les malformations utérines varient
dans leur sévérité et sont, dans leur ensemble, relativement fréquentes dans la population
générale. Leur étiologie reste largement inconnue. Des variations chromosomiques
récurrentes sont identifiés chez moins de 14% des filles avec aplasie miillerienne, et seuls
quelques geénes ont prouvé leur causalité, principalement dans des présentations
syndromiques associant malformations utérines et d’autres symptomes. Alors que les
malformations utérines surviennent de maniére sporadique dans la plupart des cas, des
présentations familiales ont été décrites, suggérant I'implication de facteurs génétiques.
L’objectif de cette thése est d’identifier de nouveaux génes et voies moléculaires impliqués
dans les anomalies congénitales de l'utérus. Afin d’accroitre nos chances d’identifier des
contributeurs génétiques, nous avons sélectionné des familles avec récurrence de
malformations utérines et rénales chez plusieurs apparentés. Au total, neuf familles ont
ainsi pu étre analysées par séquencage d’exome durant cette étude. Des variations
probablement causales ont été identifiées dans le gene GREBI1L pour quatre de ces familles.
Dans une cinquiéme famille, un nouveau géne candidat, NE6A1, a été identifié et étudié
chez le poisson zébre afin d'investiguer son role potentiel dans le développement du systéme
rénal et du tractus génital. GREBIL et NR6A1 ont de plus été séquencés dans une cohorte
d’individus avec syndrome MRKH, permettant d’identifier plusieurs variants hétérozygotes
additionnels dans ces geénes. Suite a ces résultats, nous discutons certaines voies

moléculaires impliquées dans les anomalies congénitales de I'utérus.
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INTRODUCTION

In the introduction, we will begin by exploring the development of the uterus during
embryonic and fetal stages, highlighting the close spatiotemporal relationship between the
renal and uterine systems. Following this, we will present the current understanding of
congenital uterine anomalies, including their classification, prevalence, and commonly
associated malformations. We will also discuss their recurrence risk, along with the genetic
and environmental factors identified to date. Some of this information was previously
published in a review paper in 2016 (Etiologies of Uterine Malformations, American Journal
of Medical Genetics, 2016- enclosed in the Appendix). Lastly, we will introduce the criteria
used for interpreting exome data and emphasize the utility of the zebrafish model in

studying urogenital developmental anomalies.

. EMBRYOLOGICAL ORIGIN OF THE UTERUS

The uterus, with the fallopian tubes, cervix and vagina, constitute the internal ductal
system of the female reproductive organs, which also include the gonads (ovaries in females)
and the external genitalia. The embryonic anlagen of the uterus and of most of the female
reproductive tract are the paramesonephric or Miillerian ducts which appear during the
first trimester in the embryo, and then differentiate, mature and grow during the fetal and

postnatal life (1).

In this section, we will first review the different steps leading to the formation of the
female reproductive tract during the embryonic (up to the 9t week after conception) and
fetal life in humans. We will then discuss the current knowledge in regards to the main
pathways and transcription factors known to be involved in the development of the uterus

based on animal models.

Finally, the development of the renal and urinary system will also be explained briefly
given the frequent association of renal and urological malformations in patients with
Millerian ducts anomalies, and the interaction between the mesonephric and

paramesonephric ducts during their development (2).



1. DEVELOPMENTAL STEPS OF THE FEMALE REPRODUCTIVE TRACT IN
HUMANS

At the 5th week post-ovulation, the mesonephros (Wolffian ducts) have reached the
cloaca (Figure 1.A) and formation of the Miillerian ducts begins in both male and female
human embryos with invagination from a group of precursor cells in the coelomic epithelium
within the intermediate mesoderm (BOX1)! at the level of the 3 thoracic somite. The
Millerian ducts then elongate in an anterior to posterior direction to reach the urogenital
sinus around the 8th week. The point of contact is named the Miillerian tubercle or sinusal
tubercle (1). During their elongation to the urogenital sinus, the Miillerian ducts are located
in the dorsolateral edge of the mesonephric kidneys, in close proximity with the Wolffian
ducts, especially in their most caudal part where epithelium of both Wolffian and Miillerian
ducts are in direct contact (Figure 1.B).

At the bipotential stage (6 weeks), both Miillerian and Wolffian ducts are present in
male and female embryos within the urogenital ridges (Figure 1.C). Following gonadal
differentiation (ovaries in XX female and testes in XY male), the epithelium of the Wolffian
ducts involute in female in the absence of testis-derived androgen and the Miillerian ducts
regress in male (at about 8.5w) due to the presence of the Anti-Miillerian Hormone (AMH)
produced by the testes.

During the 8% week, in females, the Millerian ducts fuse in a caudal to cranial
progression, their lumen being separated by a midline epithelial septum. Secondary to
regression of this septum at the 9t week, one cavity (called the uterovaginal canal) will be
formed, lined throughout with pseudostratified columnar Miillerian epithelium
(Figure1.D)(1).

From the 9t week onward, the uterovaginal canal will differentiate into the Fallopian
tubes (or uterine tubes), the uterus corpus, the uterine cervix and the vagina. The cranial
unfused portions of the Miillerian ducts give the Fallopian tubes and their extremities (the
fimbriae) open into the abdominal cavity. The uterus corpus differentiates from the cranial
part of the uterovaginal canal and adopts, from the 9-10 weeks onward, a delta-shape
resulting from a medial-lateral expansion that is more significant in the cranial part. The
uterus corpus is lined by a columnar epithelium, with glands appearing at about 14-15

weeks. The boundary between the body of the uterus, and the cervix (developing from the

! Gastrulation and formation of the intermediate mesoderm is briefly discussed at the end of the section in
BOX1.
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middle of the uterovaginal canal) is not yet discernable based on their epithelium and
glands (Figure 1.E). Similarly, the boundary between the cervix and vagina is unclear until
the 18-20 weeks when the vaginal fornix can be visualized. In adult nulliparous women, a
columnar mucinous epithelium and stratified squamous epithelium characterize
respectively the supravaginal part (endocervix) and the vaginal part (exocervix) of the
Ccervix.

Finally, at 12 weeks, a solid (occluded) vaginal plate forms following the contact
between the urogenital canal and the urogenital sinus and upgrowth of the urogenital sinus
epithelium. The vaginal cavity then starts to canalize at 16 weeks and is nearly complete
at 19 weeks. The relative contribution of the Miillerian ducts versus the urogenital sinus to
the squamous epithelium of the human vagina has been conflicting in the literature, but
recent observations support its origin solely from the urogenital sinus (1). Myometrial
development starts at the level of the cervix at the 11-12 week and is complete for all the
female reproductive tract by 20 weeks (1,3). The entire female genital tract is
morphologically formed by week 22 (4).

The developmental steps of the uterus development are detailed in Figure 2.
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Figure 1. Early stages of urogenital development

Figure A from Kakun 2022 (5); figures B-D-E from Robboy et al 2017 (1); figure C from (6).
UGS= urogenital sinus.



DEVELOPMENT OF THE FEMALE GENITAL TRACT AND KIDNEYS IN HUMANS

KIDNEY

Emergence of the Pronephric duct

Formation of the pronephric tubules
Formation of the mesonephric tubules/WD
Degeneration of the pronephric tubules

WD reaches cloaca

Division of the cloaca in rectum and the UGS

Formation of the metanephric blastema
Outgrowth ot the ureteric buds

Branching of the ureteric buds to form the renal

pelvis and major calyces

Formation of the minor calyces
Ongoing branching

Kidneys in their lumbar position
First glomeruli appear

Ongoing branching
and nephrogenesis
until weeks 32-36

Weeks post-ovulation UTERUS

» Figure 1.A

The MD appear as funnel-shaped
opening of coelomic epithelium

» Figure 1.B

Elongation of the MD caudally » Figure 1.C

The millerian ducts reach the UGS at the
Miillerian tubercle
MD begin midline fusion

Complete fusion of the MD (entire septum gone)
Differentiation of the epithelium of the UVC (stratifies)

» Figure 1.0

Bilateral sinovaginal bulbs arise as
evagination of the UGS
Formation of the vaginal plate

Marked growth of the caudal
vagina

Endometrial stromal and myometrial
layers of the uterus visible

Active growth phase of the uterus and
Fallopian tubes

Vaginal plate elongate and start
to canalize » Figure 1.E

Cervix formation

Marked growth of the uterus
(3mm/week up to 34weeks)
Cavitation of the vaginal canal complete

Vagina completely formed
Differentiation of muscle layers of the uterus
complete

Uterus in its adult form, uterine body about 10 mm
long

Uterine body about 40mm
Cervix about 25 mm

Growht of the uterus continue postnatally
Functional and anatomical maturity achieved at menarche

Figure 2. Developmental steps of the female genital tract and kidneys during embryonic and fetal

development.

MD= Miillerian ducts; WD=Wolffian ducts; UVC= uterovaginal canal; UGS=urogenital sinus.

Adapted from Robboy 2017 (1).



2. GENES AND PATHWAYS INVOLVED IN MULLERIAN DUCT DEVELOPMENT

Animal studies (mainly in mouse and chicken) have been useful in improving our
understanding of the signaling pathways and transcription factors involved in Millerian
ducts development. Although differences exist in the morphology of the genital tract
between mice and human, remarkable similarities in the molecular pathways involved in
the formation of the Miillerian ducts were demonstrated (especially for the genes involved
in the first steps of duct formation) (7—10). A high degree of conservation does also exist
for other vertebrates (e.g., avian). Targeted mutagenesis, mainly in mouse, and gene
expression analyses allowed to identify several genes essential for the female reproductive

tract development.

Formation and differentiation of the Miillerian ducts

Formation and differentiation of the Miillerian ducts can be divided in four phases
(Phases A to D below) in order to describe chronologically the molecular mechanisms
involved (illustrated in Figure 3 and summarized below based on Santana Gonzalez et al.
[2021] (8), Roly et al. [2018] (11) and Major et al. [2022] (10)). The genes known to be
important for Millerian development, based on studies in animal models, are detailed in

Table 1 and will be reviewed in Section I11.2.

PHASE A: PROGENITOR'’S SPECIFICATION AND PLACODE FORMATION

Miillerian cell progenitors proliferate at the cranial mesonephric coelomic epithelial
surface to form a multilayered epithelial thickening (named “a placode”). They go through
a process of partial or total epithelial-mesenchymal transition to assume mesoepithelial?
or mesenchymal phenotypes. In chicken, the placode development depends on BMP
signaling, and the FGF pathway was shown to be important for the rupture of the basal
membrane, one of the first observable steps of epithelial-mesenchymal transition.

The progenitor cells progressively express different transcription factors. Hence,
specification of epithelial coelomic cells into mesoepithealial progenitors is characterized
by sequential upregulation of the transcription factors PAX2, EMX2, and LIM1 (LHX1)
(and also PAXS, PBX1, HNF1B, WNT7A, DACH1/2 in mouse), while expression of WNT4

(and DMRT1 in chicken) marks the differentiation into mesenchymal progenitors. The

2 The Miillerian duct epithelium is mesoepithelial in nature, sharing characteristic of mesenchymal cells
arranged on a basement membrane (typical of an epithelia).
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Millerian duct epithelium derives exclusively from mesoepithelial progenitors whereas
the surrounding mesenchyme include mesenchymal progenitors from the placode as well

as mesenchymal cells migrating from the coelomic mesonephric epithelium (8).

PHASE B: INVAGINATION

LIM1 (expressed by mesoepithelial progenitors) and WNT4 (expressed by
mesenchymal progenitors) controls the process of invagination. Cell intercalation-
mediated apical constriction is the physical mechanism responsible for the invagination
(a mechanism depending on an actomyosin skeleton and FGF signaling). The PI3SK/AKT
pathway is also activated at this stage in rodents (unknown role). The tips of the

Mullerian ducts reach the Wolffian ducts.

PHASE C: CAUDAL ELONGATION

The Millerian ducts progressively elongate caudally though apical constriction, cells
proliferation and migration. At the same time, the proliferation of cells expands the tubes
in the dorso-ventral axis. The tip of the Miillerian ducts stays in close contact with the
epithelium of the Wolffian ducts while progressive proliferation of mesenchymal cells
accumulates between the basal membranes of both ducts in more cranial location. The
Wolffian ducts are essential during development for Miillerian duct elongation. Besides
serving as physical guides, paracrine secretion of WNT9B and GATAS3 by the Wolffian
ducts are necessary for elongation. Other not yet identified factors could be involved, as
well as graded morphogens acting as attractive factors (caudally) or repulsive factors
(cranially) to promote the elongation. The GPR56 receptor (expressed by the
mesoepithelial cells), WNT4 and DMRT1 (expressed by the mesenchymal cells), the
PISK/AKT pathway, other WNT molecules downstream of WNT4 (WNT5A, WNT7A) and
paracrine signals from the coelomic epithelium were shown to play a role in elongation in
mice and/or chicken studies (8,11,12). RA signaling is required for Miillerian duct
formation and/or elongation although its exact role remain unclear (11).

Fusion of the Miillerian tips with the endoderm-derived urogenital sinus is
prevented in LAfpl2 knockout mice, showing a role for this transmembrane protein of
unknown function (13). Retinoic acid signaling, TGF-beta and Wnt pathways may also

play a role in this process (14).
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Figure 3. Phases of Miillerian ducts formation and differentiation.

Formation (A-D) and differentiation (E) in mouse and the main transcription factors and
pathways involved. The morphological differences with the human female genital tract mainly
result from differences in the extent of fusion of the two Miillerian ducts anteriorly. Based on
Santana Gonzalez et al. 2021(8)



PHASE D: WOLFFIAN DUCTS REGRESSION AND EARLY DIFFERENTIATION

Sex-specific fate of the Wolffian ducts and Miillerian ducts

Initial formation of Miillerian and Wolffian ducts is similar in both male and female
embryo before sex determination. Following gonadal differentiation (ovaries in XX female
and testes in XY male), the epithelium of the Wolffian ducts involutes in female in the
absence of testis-derived androgen (through the action of the transcription factor NR2F2)
and the Miillerian ducts regress in male due to the presence of AMH produced by the
testes. Differences between male and female embryos is first seen at 10 weeks of gestation
in human embryo. In mice, the first histological signs of regression are visible from E14.5
(11).

Besides AMH and its receptors (especially AMHR2 and ALK3), WNT7A,
SMAD1,-4,-5,-8, OSX, and CTNNB1 are also required for Millerian ducts regression
(11,15).

The mesonephric ducts remnants in females are represented by the vestigial

paroophoron and epoophoron and Gartner’s duct (16).

Differentiation: HOX genes, retinoic acid, and the Wnt pathway

Specification of the uterovaginal canal into different organ identities is established
along the cranio-caudal axis and the organ-specific epithelial morphologies are induced by
their surrounding mesenchyme (1). The observation in mice, humans and chicken suggest
that the segment-specific identity is likely defined by a spatially coordinated pattern of
expression of the posterior Hox genes within the mesenchymal cells. In that way, Hoxa/d9
expression extend more anteriorly in the future oviduct, Hoxa/d10-11 are limited to the
upper and middle segments of the Miillerian ducts, and Hoxa/d13are limited to the caudal
region of the Miillerian ducts (the anlagen of the cervix and upper vagina). In mice, their
expression is detected from E14.5 onwards (8,17). In human fetal samples, HOXA11 was
shown to be expressed in mesenchymal cells of the cranial uterovaginal canal as soon as
the 9th week, and in the uterus corpus (but not uterine tubes and cervix) at 11 weeks (7).

Besides Hox genes, differentiation of the uterovaginal tract depends, at least in mice,
on a cranio-caudal gradient of retinoic acid signaling. Activation (from E14.5 to P0) or
absence of the retinoic-acid signaling will result in oviduct/uterine and vaginal fate
respectively (18).

Duct patterning also involves the Wnt pathway, especially WNT7A, one of its
function being to maintain Hoxal0 and Hoxall expression (19). Loss of Wnt7a in mice

results in partial posteriorization of the oviduct and uterus.



Role of ovarian steroids

In primates, there is no evidence for dependance of the early Miillerian ducts
organogenesis (i.e., the initiation and elongation steps) to estrogen signaling. In mice, the
formation of the uterus is normal in mutants knockout for Esr7 (estrogen receptor alpha),
and/or Esr2 (estrogen receptor beta). Estrogen responsiveness is, however, required for
the maturation and differentiation, the adult uterus displaying hypoplasia and
immaturity with fewer glands in Esrl mice knockout. In humans, the presence of the
estrogen receptors are presumed to be required for the uterine growth, which is most
intense between weeks 16 and 24 (20). ESR1 is the dominant estrogen receptor during
embryonic development and the principal mediator of estrogen function in the uterus. The
onset of ESKI expression in the epithelium of the uterovaginal tract varies along the
cranio-caudal axis, first detected at 8 weeks of human gestation in the epithelium of the
cranial portion of the Miillerian ducts (the future uterine tubes), but later on in the
epithelial cells of the solid vaginal plate (from 16 weeks) and not before 21 weeks in the
epithelium of the uterine corpus. Expression in the mesenchymal cells was detected from
10-11 weeks onwards in the uterine tubes, from week 12 onwards in precursors of the
uterine corpus stroma and from 16 weeks onwards in the vaginal mesenchyme (7,20).
ESRZ2 is also expressed in the Miillerian epithelia of the uterovaginal tract, detected as
early as the 8 weeks of gestation (20). Although absence of Esrl and Esr2 do not induce
abnormal morphology of the uterus, exposition to the synthetic estrogen diethylstillbestrol
(DES) (discussed in Section II1.3) during a window of sensitivity (7-15 weeks of gestation
in humans) results in structural uterine anomalies (T-shaped uterus) (20). Alteration of
estrogen signaling was shown to alter the Hox gene expression pattern, decreasing Hoxa 10
and Hoxall expression, and resulting in a posterior shift in the pattern of Hoxa9-11
expression (21,22).

In regards to other steroid hormone receptors, the late expression profile of the
progesterone receptor (from 16 weeks in the epithelial cells) and the absence of
morphological changes in mice knockout for Pgrare against an effect on the organogenesis
of the Miillerian ducts. The androgen receptors (AR) are strongly expressed in the
mesenchyme at the junction of the vaginal plate and urethra starting at 9 weeks. AR
signaling was proposed to influence the position of the Millerian duct-urogenital sinus
junction in mice. In males, the Miillerian ducts-UGS junction is situated in a cranial
position secondary to elevated androgen levels. In females, in the absence of androgen
action, the junction is more caudal near the vaginal introitus. If this mechanism is also

responsible for the difference in location in humans is uncertain (7,23).
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Differences in the development of the female genital tract between species

Although the initial formation of the Miillerian ducts is similar and conserved across
species, anatomical variation results mainly from differences in the extent of midline
fusion of the two Miillerian ducts anteriorly (9,10). Unlike humans, only the caudal part
of the Millerian ducts fuse in mice to form the cervix and the Miillerian vagina. Bilateral
oviduct, uterine horns and cervical canals differentiate from the unfused Miillerian ducts.
Consequently, the process of fusion and septation taking place in humans is more difficult
to characterize and the molecules and pathways involved are mostly unknown so far.
Modification in the temporal or spatial expression of HOX and/or WNT genes likely
account for some of the differences in morphology of the female genital tract between
species, and explain some irregular uterine anatomy in mice and humans. For instance,
in compound Hoxa13/Hoxd13 mutant mice, the caudal parts of the Miillerian ducts fail to
fuse to form the vagina. In humans, pathogenic variants in HOXA13 result in bicornuate
uterus (10).

Differences between humans and mice were also noted in regards to the origin of the
adult vaginal epithelium. In mice, it was shown to derive solely from the epithelium of the
Millerian ducts while in humans, the vaginal epithelium is thought to derive from the
urogenital epithelium (from the urogenital sinus) (1,24). Finally, differences in the
developmental stages in which differentiation occurs (i.e., differentiation for stromal and
uterine glandular tissues occurs by 21 weeks of gestation in humans, where it occurs

postnatally in mice) can also make comparison between mice and humans difficult.
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3. DEVELOPMENT OF THE RENAL AND URINARY SYSTEM IN HUMANS

Similar to the female genital tract, the urinary system (kidneys and collecting ducts)
derives from the intermediate mesoderm. In mammals, three progressively more advanced
kidneys arise bilaterally and successively in a cranio to caudal sequence from bilateral
stripes of intermediate mesoderm in the trunk of the embryo. The pronephros, composed of
5-7 paired condensations of mesenchymal cells, appears around day 22 (4% week of
development) bilaterally in the cervical region of the embryo and connect to the anterior
region of the nephric duct (pronephric duct). The pronephros is nonfunctional and do not
differentiate further. The pronephric ducts persist, become the mesonephric ducts (the
Wolffian ducts) and elongate caudally to reach the cloaca at the 5% week. The Wolffian
ducts induce the formation of about 40 pairs of primitive nephrons (the mesonephric
tubules) in the adjacent intermediate mesoderm immediately caudal to the last pronephric
tubules. Approximately 20 nephrons, located between 1.1 and L3, continue to differentiate
and are transient functional excretory units between the 5% and 12t weeks of development
(64,65). During the 5th week, the metanephric mesenchyme forms as bilateral aggregates of
cells, derivatives of a more caudal portion of intermediate mesoderm. In their caudal part,
the Wolffian ducts give rise to the ureteric buds (at the 28t day of development) as a result
of inductive signals from the metanephric mesoderm (66). Orchestrated signaling between
the metanephros and the ureteric buds is essential for normal development of the definitive
kidneys and excretory systems (67). Branching from the ureteric buds will form the
collecting ducts, renal pelvis, ureters and trigone of the bladder. At the end of each
branching tips, nephrons are induced in the metanephric mesenchyme. A subset of
mesenchymal cells aggregates (the cap mesenchyme (CM)), mesenchymal-epithelial
transition of part of the CM forms the renal vesicle, and progression of the renal vesicle into
distinct morphological stages then generate the different epithelial segments of the nephron
(except for the collecting ducts). The first glomeruli appear at nine weeks (68).
Nephrogenesis pursues until the 35-36 weeks of gestation in human (reaching a number of
300.000 up to 1.800.000 nephrons per kidney) (66). Kidneys, first located in the sacral
region, ascent to their lumbar position between weeks 6 to 9 (64). The bladder and urethra
are a derivative of the urogenital sinus, formed by division of the cloaca at week 4 (64). The
urothelium lining the ureter is of mesodermal origin while the urothelium lining the

bladder and urethra derive from the endodermal urogenital sinus (7).
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Embryological perspective on frequently associated malformations

As discussed later in Section II, renal agenesis is frequently diagnosed in individuals
with uterine malformations. Both congenital anomalies may result from defects in shared
developmental processes. First, the Millerian ducts and nephric ducts/tubules share a
similar origin (both are derivatives of the intermediate mesoderm (BOX1)). Alteration in
formation or patterning of the intermediate mesoderm (.e., defect in proper programming
of progenitor cells) may cause unilateral/bilateral absence of the kidney, uterus and
gonads. Second, both organs are formed following cellular processes featuring
tubulogenesis (formation of epithelial tubes, epithelial-mesenchymal transition events,
processes of invagination, cell migration,...) (10). This may explain that several regulatory
genes are essential for both renal and uterine development (highlighted in Table 1). Third,
as mentioned above, lack of molecular inductive signals normally secreted by the Wolffian
duct (e.g., WNT9B and GATA3) may result in elongation defects of the Miillerian ducts.
Recent experiments in mice also demonstrated the contribution of Wolffian mesenchymal
cells to mesenchymal tissues in the female oviduct and uterus (69). Finally, frequent co-
occurrence of anomalies in the axial skeleton and heart (other derivatives of the
mesoderm) or congenital deafness also point to possible defects disrupting major signaling
pathways/gradient morphogens (Retinoic acid, WNT, BMP, FGF) involved in the

organogenesis of multiple organs (4,70,71).

-17 -



BOX1: Early stages of embryonic development —from gastrulation to the formation
of the intermediate mesoderm

During gastrulation, the one-dimensional blastula transforms into a
three-dimensional structure composed of three germ layers: ectoderm, mesoderm, and
endoderm. In humans, this process begins around day 15 (equivalent to E6.5 in mice) with
the formation of the primitive streak at the posterior side of the embryo. Pluripotent
posterior epiblast cells undergo differentiation and ingress through the primitive streak
to generate various mesodermal and endodermal derivatives. During the later stages of
gastrulation, the posterior epiblast becomes predominantly committed to forming neural
and mesodermal tissues, acting as a reservoir of bipotential neuromesodermal progenitors
(NMP). Among the mesodermal derivatives is the intermediate mesoderm, a bilateral
stripe positioned between the somites and the lateral plate mesoderm in the trunk of the
embryo. As the body axis extends, new tissues continuously form at the posterior end.

Anterior mesodermal organs form earlier while posterior organs emerge later.

Gestational day 16 Gestational day 24

Embryonic
mesoderm

Intermediate
Extraembryonic mesoderm

mesoderm

Somatic
Intraembryonic mesoderm

coelom

Extraembryonic b

Splanchnic
Endoderm coelom P

mesoderm
Paired dorsal

aortae
Neural

Gestational day 29

Yolk sac

Splanchopleure

Figure 4. Development of intraembryonic mesoderms
Adapted from Carlson 2015 (72)

The intermediate mesoderm gives rise to key structure of the urogenital system
like the Wolffian ducts, Miillerian ducts, nephric mesenchyme (including the mesonephric
and metanephric tissues), and the gonads (excluding the primordial germ cells). Lineage

tracing studies revealed that the Wolffian duct and nephric mesenchyme have distinct
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origins (44). The Wolffian duct primordium arises from the anterior intermediate
mesoderm (AIM — Figure 5) before the 7 somites stage (8.25) in mice, at the level of the
6t somite. Subsequent mesoderm, derived from bipotential neuromesodermal progenitors
at the posterior end of the embryo, serves as precursors for the mesonephros, and later
the metanephros (from E8.5 to E10.5) (73). The lineage of precursors for the Miillerian
ducts, tracing back to the primitive streak, remains undetermined. Given that the duct
develops at the level of the anterior mesonephros, it is likely that its progenitors originate
from the early posterior intermediate mesoderm (earlyPIM — Figure 5) (73). As the
Millerian duct elongates, additional contributions from more posterior regions of the
mesoderm are also expected.

Experiments in animals suggest that the intermediate mesoderm fate and patterning

arise secondary to several morphogen gradients (BMP,WNT/FGF; Activin/Nodal; RA)(70).

Anterior Intermediate Mesoderm
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Figure 5. Anteroposterior formation of the intermediate mesoderm
Adapted from Sasaki 2021(73) and from Short 2016 (74)
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[I.  CONGENITAL UTERINE ANOMALIES

Defects in formation, fusion, or septal absorption of Miillerian ducts, or defects in
the early process of anatomical differentiation, result in a broad spectrum of uterine
malformations. Several classification systems (Supplemental data Table 1) have been
proposed for the description of uterine anomalies or other female genital tract (FGT)
malformations, for the purpose of guiding diagnosis and therapy (75—78). The European
Society of Human Reproduction and Embryology/European Society for Gynaecological
Endoscopy (ESHRE/ESGE) classification system groups uterine malformations according
to the anatomical components and their corresponding embryological origins
(Figure 6) (78). Cervical and vaginal malformations are also classified in this system, but
as independent co-existent subclasses, reflecting the fact that these anomalies can be
either isolated or manifest in various combinations with different uterine anomalies.
Various cervical and vaginal defects, similar to uterine anomalies, may also arise in
discrete developmental stages (79). Pelvic MRI is the gold standard to assess Miillerian
anomalies, interrogate the presence of Miillerian remnants, the localization of the gonads

and the presence of associated kidney and urinary tract anomalies (80,81).

In this second section, we describe the different types of uterine malformations, their
clinical impact and their prevalence, as well as malformations in other organs and systems

that are frequently associated to uterine malformations.
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DIFFERENTIATION: Defect in the anatomical or functional
differentiation 3

Class UO: normal uterus Class U1:Dysmorphic Uterus
a. T-shaped b. Infantilis c. Others
FUSION-SEPTATION: Defect in the canalization of the uterovaginal canal
Class U2: Septate uterus Class U3: Bicorporeal uterus

\7 W87

a. Partial b. Complete a. Partial b. Complete c. Bicorporeal septate
FORMATION: Defect in the initiation, elongation, or abnormal regression of the Miillerian ducts
Class U4: Hemi uterus

Class U5: Aplastic uterus

O

a. With rudimentary cavity b. Without rudimentary cavity a. With rudimentary cavity b. Without rudimentary cavity

Class U6: Unclassified Cases

Class U2: internal indentation >50% of the uterine wall thickness and external contour
straight or with indentation < 50%, Class U3: external indentation >50% of the uterine wall
thickness, Class U3b: width of the fundal indentation at the midline >150% of the uterine
wall thickness

Figure 6. ESHRE/ESGE classification of uterine anomalies.

Classification according to the anatomical components (Class UO to U6) and their
corresponding embryological origins (Formation, Fusion/Septation and Differentiation
defects?). Adapted from Grimbizis et al., 2013 (78).

1. CLASSIFICATION, SPECIFIC ASSOCIATION AND CLINICAL IMPACT

Uterine malformations occur as a spectrum of variable expression and severity, the
most severe being the absence of any fully or unilaterally developed uterus (variably

termed aplastic uterus, uterus aplasia, uterine agenesis, or congenital absence of the

uterus; class U5 in ESHRE/ESGE classification), with or without rudimentary cavities
(unilateral or bilateral horns/uterine remnants). An aplastic uterus is usually diagnosed

during late adolescence because of primary amenorrhea, with or without pain. The

3 The term “anatomical differentiation” underlies the process by which the identity of the Miillerian duct
epithelia/mesenchyme is determined to be organ specific (embryonic and fetal life).
The term “functional differentiation” is the process by which the phenotype of the epithelia changes during
estrous or menstrual cycles (82)
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diagnostic approach in front of primary amenorrhea (Figure 7) will include pelvic
ultrasonography or MRI and in 15% of the cases, Mayer-Rokitansky-Kiister-Hauser
syndrome will be diagnosed (83). Mayer—Rokitansky—Kiister—Hauser syndrome (MRKH;
MIM# 277000 and 601076; U5C4V4 in the ESHRE/ESGE classification) described the
association of the congenital absence of the uterus, cervix, and the upper part of the vagina
in an otherwise phenotypically normal 46,XX female. Fallopian tubes are frequently
normal but may be hypoplastic/aplastic or malformed (84). Persistence of at least the
fimbriated end of the fallopian tube is typical and unexplained to date. The structure and
function of the ovaries are usually normal although gonadal dysgenesis and ovarian
agenesis have been described in a few cases (85). Ectopic ovaries have been reported in up
to 40% of individuals (86). Adrenarche and thelarche are typically normal and FSH and
LH in the normal range for the age (with however higher LH/FSH ratio levels) (87). In the
literature, MRKH syndrome is also referred as Miillerian agenesis, Millerian aplasia, or
congenital absence of the uterus and vagina and is generally divided in two categories.

Type 1 MRKH (complete or typical form) features a complete absence of uterus and vagina

without any associated malformations. Completely asymptomatic individuals with uni- or
bilateral vestigial remnants of Miillerian tissue that do not contain any endometrial tissue

are still categorized as Type 1. Type 2 MRKH (incomplete or atypical form) has either

partial absence of uterus and vagina and/or additional associated malformations
(frequently renal and spinal malformations; less frequently cardiac, ocular, auricular
anomalies, and inguinal herniae (85)). Individuals with small remnants of Miillerian
tissue, which are symptomatic because of the presence of some functioning endometrial
tissue, are categorized as Type 2. MURCS (Miillerian, renal, and cervicothoracic somite)
association represents one specific subtype of type 2 MRKH (88). In regards to treatment,
primary nonsurgical dilatation, and more rarely surgical procedures in addition, are
options for vaginal elongation (80). Surrogate pregnancy or adoption were the only options
available to MRKH patients desiring children until recently. Since 2014, human uterine
allotransplantation (UTx) has emerged as a possibility of childbearing. It was estimated
that around 80 UTx have been performed in the world in women with absolute uterine
factor infertility (the vast majority being affected by MRKH syndrome) between 2014 and
2021, resulting in the birth of more than 40 children (89). Finally, psychological support
is essential. Diagnosis at the time of adolescence, a period shaped by the development of
female and sexual development, may represent for the patient a great emotional and

mental burden, due to the impact on sexual life and future childbearing abilities (83).
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Perform history and physical examinatior

Pregnancy test; serum LH, FSH, TSH, and
prolactin levels; pelvic ultrasonography onviri
other laboratory testing if clinically indicated

|
' '

Pregnancy test positive: pregnant, treat as appropriate Uterus present?

Abnormal TSH level: order thyroid func-
tion tests and treat thyroid disease

Abnormal prolactin level: magnetic resonance imaging
of the pituitary to exclude adenoma; review medications

Yes No

Karyotype; free and total testosterone levels

\

Low FSH and LH levels* Normal FSH and LH levels* Elevated FSH and LH levels* l

Functional hypothalamic Consider outflow tract Primary ovarian 46,XX, expect 46,XY, expect
amenorrhea (if energy obstruction; also consider all insufficiency female-range serum male-range serum

deficit), constitutional delay ~ other causes of amenorrhea testosterone level testosterone level

of puberty; rarely primary with normal gonadotropin l

gonadotropin-releasing levels (Figure 2) Order karyotype to evalu-
hormone deficiency ate for Turner syndrome or Androgen insensitivity syndrome
presence of Y chromatin agenesis or 5a-reductase deficiency

Diagnosis of primary amenorrhea.

FSH = follicle-stimulating hormone; LH = luteinizing hormone; TSH = thyroid-stimulating hormone.
*—May be repeated in one month if needed to clarify diagnosis.

Adapted with permission from Klein DA, Poth MA. Amenorrhea: an approach to diagnosis and management. Am Fam Physician. 2013;87(11):784.

Figure 7. Diagnostic approach in primary amenorrhea.
From Klein et al. 2019 (90).

Other uterine malformations include hemi-uterus (unicornuate uterus, uterus

unicornis; class U4 in ESHRE/ESGE classification), partial or complete bicorporeal uterus

(also referred in the literature as bicornuate or bifid uterus) and bicorporeal septate uterus
(class U3 in ESHRE/ESGE classification), and partial or complete septate uterus (class
U2 in ESHRE/ESGE classification).Other terms that have been used in the literature are

the terms Herlyn—Werner—Wunderlich syndrome and OHVIRA (obstructed hemivagina,

and ipsilateral renal agenesis) syndrome which describes both the specific association of a
complete bicorporeal uterus with a double cervix (didelphys uterus) and a longitudinal
obstructing vaginal septum associated with renal agenesis ipsilateral to the obstructed
hemivagina (91). All these anomalies may lead to medical or obstetric complications such
as miscarriage, prematurity, fetal malposition, dystocia, low birth weight in offspring, or
acute abdominal pain (e.g., from hydrometrocolpos), when they are associated with any
cervical or vaginal obstructive anomaly (92-95). Many uterine malformations may be

totally asymptomatic and undiagnosed unless they are specifically sought.
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Finally, the ESHRE/ESGE classification includes two other classes of uterine

anomalies. Dysmorphic uteri (class Ul in ESHRE/ESGE classification) such as infantilis

uterus or T-shaped uterus have been reported after prenatal drug exposure (discussed in
section III) and when untreated, are frequently associated with unfavorable fertility and
pregnancy outcome (96). Infantilis uteri may be in some cases secondary to ovarian
dysgenesis (e.g., as in Turner syndrome) and have also been reported in other syndromic

conditions. The category of unclassified uterine malformations (class U6 in ESHRE/ESGE

classification) covers combined pathologies or extremely rare malformations such as a
duplication defect, which can be a feature of the caudal duplication syndrome

(OMIM# 607864).

BOX2: Phenotypic variability across uterine anomalies study cohorts

Cohorts of women with uterine anomalies that have been studied for prevalence,
recurrence, or genetic etiologies of congenital uterine anomalies have usually included
admixed types of uterine anomalies (mainly U2, U3, U4, and U5, as described above), or
have focused on Mayer—Rokitansky—Kiister—Hauser syndrome (U5C4V4 according to the
ESHRE/ESGE classification). The extra-uterine phenotypes are also usually variable
within most study cohorts, including some individuals with isolated uterine anomalies,
others with a complex, non-isolated phenotype (typically with involvement of kidneys or
vertebrae), and sometimes those with uterine malformations in the context of a
recognizable Mendelian genetic syndrome. Splitting the different classes of malformations
is necessary when determining the prevalence for each group, as it is highly variable
according to the severity of the anomalies observed, or in terms of clinical management.
When interrogating etiologies or recurrence, considering all classes of uterine
malformations may be of interest. In fact, the observation of defects involving different
classes in some families (97—105) suggests that similar genetic background could still
predispose to different types of uterine malformation with variable penetrance and

expressivity .

2. PREVALENCE

The prevalence of uterine malformations has been estimated to be as high as
5.5- 9.8% in a general female population and increasing up to 25% in women with a history
of infertility or miscarriage (106,107). These estimates include the relatively high
frequency of arcuate-shaped uteri (3.9- 6.8%). Though this configuration is considered by

some as a normal variant rather than a true malformation, it does reflect a minor degree
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of a septation defect (88). The meta-analysis of Chan et al. [2011](106), involving a total
of 5,163 women, reported a prevalence of 2.3% for partial and complete septate anomalies
(canalization defects), a prevalence of 0.7% for bicorporeal uteri (0.4% for bicornuate uteri
and 0.3% for didelphys uteri), and 0.1% for hemi-uterus (unicornuate uteri). MRKH

syndrome is rare, with a prevalence of 1 in 4,500—5,000 live female births (108,109).

3. ASSOCIATED MALFORMATIONS

Congenital anomalies of the kidney and urinary tract (CAKUT) are one of the most
frequently associated group of malformations. Although the incidence in the general
population is 1/500 live births (0.2%), CAKUT was identified in 20% (+/- 9%) of individuals
with MRKH (2,85,110—112) and in up to 40% of individuals with uterine malformations in
European studies (2). Renal agenesis is the most frequent type of CAKUT, reported in 4.7-
13% of individuals with uterine agenesis, and with higher frequency (70%) in individuals
with didelphys uterus (2).

Malformations of the axial skeleton, including idiopathic scoliosis, and in some
studies spina bifida, are the second most common anomalies, diagnosed in 21-32% of
individuals with uterine malformations. Scoliosis (idiopathic or congenital) is the most
frequent anomaly, reported in 11-20.3%. Fusion defect (Klippel-Feil anomaly, fusion of
caudal vertebrae) is identified in 0.5 to 3.2% (85,110,112).

As already mentioned, ovaries are found in ectopic location in up to 40% of
individuals with Miillerian anomalies (2).

Following endocrinological workup, hyperandrogenemia was diagnosed in 48.3% of
individuals with MRKH, with no increased incidence of polycystic ovary syndrome
compared to the general population. However, only a low percentage (3.2%) presented
clinical signs of acne or hirsutism. The causes are not well known. Only a few numbers of
cases can be explained by genetic variation in WN74 (113). Missing crosstalk regulation
between ovaries and the uterus was suggested as a possible physiopathological
mechanism (87,113).

Other malformations that are less frequently associated affect the heart (1.8-2%)
and/or ears (0.6-4%). Anal atresia, absent radius, gonadal dysgenesis, tubo-ovarian
agenesis, congenital ocular malformation, inguinal/umbilical hernia are each reported in
no more than 1% of cases (85,112).

Finally, dysmorphological assessment in a cohort of 115 individuals with MRKH
syndrome confirmed the absence of specific dysmorphic features and significant

abnormalities in growth parameters (105).
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[ll.  ETIOLOGIES OF CONGENITAL UTERINE ANOMALIES

1. MODE OF INHERITANCE AND RECURRENCE

The etiology of most uterine malformations is generally believed to be complex
(i.e., multifactorial). Recurrence risk for first-degree relatives is estimated at 1-5%, and
the few existing studies (Table 2) have established a similar risk for siblings to most
multifactorial disorders. Numerous reports of discordant phenotypes in monozygotic twins
(e.g., MRKH syndrome vs. normal uterus) do not support a strong heritability and suggest
that post-zygotic somatic mutations or non-genetic mechanisms such as epigenetic or
microenvironmental factors may underlie the occurrence of congenital uterine
malformations (101,114-120). However, whereas these mechanisms may explain sporadic
cases, reports of familial cases do support the existence of a predisposing genetic
background that may be stronger in some families compared to others. A recent report
documented the first case of MRKH syndrome being transmitted from mother to daughter
through surrogate pregnancy, linked to a 4Mb de novo deletion on chromosome 2q37 (121).
According to Hammoud et al. [2008], 10% of causality might be attributed to familial
affiliation, a term they use to encompass shared genetic and environmental factors in
families. They reported a 12-fold increased risk for first-degree relatives of patients
affected by Miillerian duct anomalies (MDA), and a detectable increased risk in second
and third-degree relatives, although the latter was not statistically significant (104).
Moreover, it is likely that the role of inherited factors and the true rate of familial
recurrence have been underestimated in most of existing studies. Uterine ultrasounds
were usually not performed, or not performed in extended family members and therefore
asymptomatic or subtle anomalies were unlikely to be ascertained. On the one hand, it
may be clinically appropriate to ascertain recurrence only for those anomalies that are
functionally/clinically obvious, as this is what patients may be most concerned about; but
on the other hand, it is necessary to consider subtle anomalies as part of the spectrum
occurring within families in order to truly understand the genetic contribution. In most
families, recurrences tend to recapitulate the same type of uterine malformation, but
recurrences with variable types of uterine maldevelopment also have been reported in
several families (97—105,109). Consequently, it may not be possible to predict the severity
of a recurrence based on the phenotype of a proband. Finally, reports of a large number of
families in the literature with recurrence of Millerian and kidney anomalies or Millerian
and axial skeletal anomalies suggest that radiological investigation of these systems

should be considered in relatives before calculating genetic contribution in research
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(99,100,102,122—-126). Estimates of recurrence for clinical purposes ideally should also
include risk estimates for renal anomalies. The term hereditary urogenital adysplasia was
suggested to describe families with associated renal and uterine malformations, which
features autosomal dominant inheritance with variable expressivity (partially sex-

dependent), and incomplete penetrance (122).

BOX3: The concept of incomplete penetrance and variable expressivity

Individuals with the same genetic disorder may exhibit different malformations within the same
system (e.g; different types of uterine malformation or CAKUT), variation in regards to which
systems are affected, or differences in symptom severity. This variability among individuals from

the same family or with the same genetic condition is known as variable expressivity. Penetrance,

on the other hand, refers to the proportion of individuals with a particular genotype who actually
show the expected clinical symptoms or develop the disease. For a given condition, penetrance is
considered reduced or incomplete if some individuals with the genotype do not display any symptom
by a specific age (127). Incomplete penetrance can explain why unaffected parents may transmit
pathogenic variants to affected offspring. Causes of variable expressivity and incomplete
penetrance may involve the polygenic background (the cumulative effect of small-effect genetic
variants), contribution of environmental exposures, as well as epigenetic factors and stochastic
events at the tissue level that may modify the expression of the causal gene. When considering
uterine malformation, the penetrance may also be sex-dependent and only manifests in female

individuals.

Il Causal monogenic variant
Il Level of causal gene expression

I Genetic and non-genetic modifiers

[ |
||
Threshold for GLOBAL MODIFIERS
clinical . * Threshold model GENE EXPRESSION
presentation & 2°'V8e|"" risk : + Allelicexpression  CAUSAL VARIANTS
| . N::;t iﬁco.mpensat O . pifferentisoforms  « variant location
« Famil ehi:tl:ncy * Cis/trans elements « variant consequence
e Y Iy * Somatic mosaicism  « Repeat expansion
« Age 5 A
* Epigenetics
* Sex -
* Environment
100% Incompletely penetrant
penetrant causal variant, with
causal contributions from gene
variant expression and modifiers

Figure 8. The treshold model of disease .
Monogenic variant may only display a phenotype when additional genetic or non-genetic factors
are present. From Kingdom 2022 (127).

-27 -



ions in

Table 2. Studies evaluating recurrence of urogenital or uterine malformat

families of patients with uterine malformations.
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2. GENES INVOLVED IN CONGENITAL UTERINE ANOMALIES

The primary approach to identify genes potentially involved in human uterine
malformations has started with hypotheses regarding candidate genes based on animal
models, followed by targeted assays (usually Sanger sequencing and more recently Next
generation sequencing (NGS)) in affected and control populations, in an effort to prove or
disprove an association. Additional proposed candidates have been based on known
gene-gene interaction networks. Monogenic multiple malformation syndromes that can
involve the uterus have also been a source for potential candidates for isolated uterine
malformations. Finally, recurrences of several copy number variants found in 10-14% of
affected individuals (125,128-130) have suggested interesting candidate genes. With the
advent of next generation sequencing, targeted analysis of multiple candidate genes at
once in case and control cohorts brought additional evidence for the involvement of several
candidate genes. Finally, whole exome sequencing (WES) led to the discovery of novel
candidate genes based on a hypothesis-free approach.

In total, more than 50 genes have been suggested as candidates for MRKH syndrome
(31,131). However, only three genes (WNT4, HNFI1B (and 17q12 deletion) and GREB1L)
are related to MRKH in the Online Mendelian Inheritance of Man database (OMIM) so
far, gathering sufficient evidence to consider definitive/strong causality. Interestingly
none of these genes have been strongly associated with isolated MRKH (MRKH type 1),
as individuals had in most of the cases additional renal anomalies (HNF1Band GREBIL)
or hyperandrogenism (WN74). For HNFI1B and GREBIL, the mode of inheritance is
autosomal dominant with incomplete penetrance and variable expressivity. Heterozygous
WNT4 variants are assumed to be associated with autosomal dominant inheritance,
although the few reported cases were all sporadic.

Only the genes that have been tested in cohorts of patients with MRKH and/or
uterine malformations are reviewed in details in this section, starting with the genes that
have gathered a high level of evidence and ending with genes with limited or contradictory
evidence. Categories are based on the evidence-based framework developed by the Clinical
Genome Resource (ClinGen Curation guidelines) (Figure 9) (132), with the limitation that
this classification was optimized for monogenic conditions with Mendelian inheritance,
and may not be perfectly suitable for conditions with a more complex mode of inheritance
(such as oligogenic or multifactorial diseases). Genes in the same pathway will be
discussed together even when they do not all have the same level of evidence (the gene

with the highest level of evidence was considered for the classification of the pathway).
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Candidate genes that have been interrogated by targeted sequencing in cohorts of
individuals with uterine malformations, and the number of variants identified, are also
detailed in Supplemental data Table 2.

Supporting evidence to validate the causality of a gene for a specific human disease
include gene-level evidences and variant-level evidences. Experimental data that support
the role of the gene in the disease (gene-level evidence) include expression and functional
data (e.g., interaction with protein known to be involved in the disease, expression in
tissues relevant for the disease, biochemical function consistent with the phenotype) as
well as in vivo modelling (e.g., disruption of the gene in animals or organoids leading to a
phenotype consistent with the human disease, or rescue of the phenotype following
addition of the wildtype gene). The variant-level evidence is based on the identification of
several disrupting variants in the gene in several individuals with the specific condition.
Variants that will be considered convincing must be rare in the general population
(variable according to the mode of inheritance) and predicted deleterious for the function
of the protein (truncating variants leading to haploinsufficiency or loss-of-function;
missense variants predicted in silico to be damaging). For several of the genes considered
below, gene burden analysis (confirming the enrichment of variants in the gene in cases
compared to controls), and functional studies (confirming the deleterious effect for the
missense variants identified in single cases) are often missing to prove definitely an
association.

The genes detailed below are associated with non-syndromic, or mildly syndromic,
congenital uterine anomalies. Most of them can be assigned to two group in regards to
their function: (I) genes encoding transcription factor or coactivator and (II) genes
encoding signaling molecules (WNT signaling, BMP signaling)) (Table 3). Reports of
uterine malformations in several syndromes (Supplemental data Table 3) suggest that
other pathways/groups of protein (e.g., extracellular matrix proteins, protein involved in
ciliogenesis) are likely important for uterine morphogenesis, although their exact roles are

currently unknown.
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Table 3. Genes that have been associated with non-syndromic (or mildly syndromic)
congenital uterine anomalies

Transcription factors

Homeodomain transcription factors : EMX2, HNF1B,LHX1, PAX2, PAX8, PBX1, HOXA10, HOXA11, HOXA13
T-box transcription factor : TBX6

P53 family of transcription factor: TP63

Nuclear hormone receptor: ESR1, RARA

Coactivator: GREB1L

Signaling molecules

Wnit signaling pathway: DACT1, WNT4, WNT5A, WNT7A, WNT9B

BMP-SMAD signaling pathway: BMP4, BMP7, AMH

Structural protein : LAMC1

Endonuclease : GEN1
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BT Evidence Description
Level
uZJ The role of this gene in this particular disease has been repeatedly demonstrated in both the
E research and clinical diagnostic settings, and has been upheld over time (in general, at least
% 3 years). No convincing evidence has emerged that contradicts the role of the gene in the
'é," specified disease.
The role of this gene in disease has been independently demonstrated typically in at least
two separate studies providing strong supporting evidence for this gene’s role in disease,
10 usually including both of the following types of evidence:
g » Strong variant-level evidence demonstrating numerous unrelated probands with variants
74 that provide convincing evidence for disease causality1 as well as
3 'JJ e Compelli -level evid f diff tt f rti i tal data’
b pelling gene-level evidence from different types of supporting experimental data“.
§ In addition, no convincing evidence has emerged that contradicts the role of the gene in the
'S noted disease.
1]
4 There is moderate evidence to support a causal role for this gene in this disease, typically
"cE’ E including both of the following types of evidence:
2 é » Several probands with variants that provide convincing evidence for disease causality1
u=> ",'3" * Moderate experimental data’ supporting the gene-disease association
g The role of this gene in disease may not have been independently reported, but no
convincing evidence has emerged that contradicts the role of the gene in the noted disease.
There is limited evidence to support a causal role for this gene in this disease, such as:
» Fewer than three observations of variants that provide convincing evidence for disease
(=) causality1 OR
E * Variants have been observed in probands, but none have sufficient evidence for disease
s causality.
- * Limited experimental data® supporting the gene-disease association
The role of this gene in disease may not have been independently reported, but no
convincing evidence has emerged that contradicts the role of the gene in the noted disease.
NO Evidence for a causal role in disease has not been reported. These genes might be
REPORTED “candidate" genes based on linkage intervals, animal models,. impligatiop in pathways knpwn
EVIDENCE to be lnvc_)lved in human diseases, etc., but no reports have directly implicated the gene in
human disease cases.
Although there has been an assertion of a gene-disease association, conflicting evidence for
the role of this gene in disease has arisen since the time of the initial report indicating a
8 {"j disease association. Depending on the quantity and quality of evidence disputing the
g E association, the association may be further defined by the following two sub-categories:
i) (=] a 1. Disputed
o E w a. Convincing evidence disputing a role for this gene in this disease has arisen since the
> ) 'E initial report identifying an association between the gene and disease.
‘3 = 2 b. Refuting evidence need not outweigh existing evidence supporting the gene:disease
5 5 g association.
ju E 2. Refuted
5 = a. Evidence refuting the role of the gene in the specified disease has been reported and
(&) 8 significantly outweighs any evidence supporting the role.
b. This designation is to be applied at the discretion of clinical domain experts after
thorough review of available evidence
NOTES
"Variants that disrupt function and/or have other strong genetic and population data (e.g. de novo occurrence, absence in controls,
strong linkage to a small genomic interval, etc.) are considered convincing of disease causality in this framework.
2Examples of appropriate types of supporting experimental data based on those outlined in MacArthur et al. 2014.

Figure 9 .ClinGen Clinical Validity Classifications and Qualitative Descriptions.
From Strande et al., 2017 (132).
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A. Genes and pathways with definitive level of evidence for causality

HNF1B

HNF1B (hepatocyte nuclear factor-1B; also known as 7CF2 1is a
POU-homeodomain-containing transcription factor. Gene inactivation in mouse embryos
is lethal before the gastrulation stage (133). Hnflb has been shown to be strongly
expressed in Wolffian and Miillerian ducts during development (134), and is involved in
processes of cell proliferation, migration and differentiation as well as in epithelial
polarization of the Miillerian ducts (31) . The gene positively regulates LimI, PaxZ2, and
Wnt9b expression in mice (133), three genes associated with partial or complete absence
of the FGT when knocked out in mice (135). Conditional knockout of Hnflb in the
epithelial cells of the Miillerian ducts resulted in hypoplasia and abnormal differentiation
of the uterus, with, in a subset of the mutant mice, associated kidney anomalies (renal
agenesis, cysts), mirroring MRKH type 2 (31). In Humans, HNF1B deficiency is associated
with renal cysts and diabetes syndrome (RCAD syndrome; MODY type 5, OMIM#: 137920)
a multisystemic condition in which the pancreas and kidneys are the most frequently
affected organs. However, the renal cysts and diabetes are not always present and other
organs (e.g., liver, pancreas) may also be affected. Uterine malformations are a frequent
finding in RCAD syndrome with congenital uterine anomalies identified in up to 40% of
females with HNFIB point mutations or deletions (136). The mode of inheritance is
autosomal dominant with highly variable expressivity. Although a family history of renal
anomalies or diabetes will be highly suggestive, absence of family history does not rule out
HNF1B deficiency as 50% pathogenic variants arise de novo (137).

Since the first report of MRKH in two sister with kidney disease and diabetes (138)
in 1999 , about 20 unrelated individuals with syndromic and variable uterine
malformations have been reported in the literature with heterozygous HNFIB point
mutations. Notably, all of these individuals, except one, have presented additionally with
renal disease and/or diabetes. Besides point mutations, deletions in 17q12 encompassing
HNF1B and LHX1 were identified in 2-9% of women with typical or atypical MRKH
anomaly (31,128,130,139-142) and in 1.85% in a cohort of individuals with Miillerian
fusion defects (143) . In Oram et al. [2010], the prevalence of HNFI1B mutations was 16%
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(8/50 patients)* in women with both uterine (the most prevalent being the bicorporeal
uterus class) and kidney abnormalities (144). However, HNF1B sequencing in series of
patients with isolated uterine anomalies or in unselected cohorts of individuals with
MRKH type 1 and 2 did not uncover any mutations (124,139,140,144,145).

Overall, HNFI1B variations seem to be rarely associated with isolated uterine
anomalies in the absence of renal abnormalities (in either the affected individuals or their
relatives), but testing should be considered in individuals with a personal or family history

of renal anomalies or diabetes.

GREB1L

First associated with CAKUT in 2017, GREBI1L heterozygous variants were also
identified in individuals with congenital uterine anomalies (CUA) and MRKH syndrome
in some of the reported families (30,146,147). Published in 2020 (see the Results Section),
our work supported causality of the gene in families with hereditary urogenital adysplasia
and in individuals with MRKH syndrome type 2 (148). The mode of inheritance is
autosomal dominant with incomplete penetrance, and a bias towards maternal
inheritance has been proposed (149). Recently, an unbiased rare variant enrichment
analysis in two independent cohorts of individuals with MRKH syndrome identified
predicted heterozygous deleterious variation in GREBIL in 16 individuals/590 (2.7% of
the two cohorts) (149). Eight probands presented MRKH syndrome typel, bringing
evidence to broaden the phenotypic spectrum of GREBIL mutations to isolated uterine
malformations. Besides renal and uterine malformations, the GREBI1L-associated disease
includes less frequently inner ear anomalies (e.g., cochlear agenesis and sensorineural
hearing loss) and skeletal malformations in isolated or variable associated clinical
presentation without clear genotype-phenotype correlation highlighted so far
(Figure 10) (148-150). Finally, complex congenital heart diseases (e.g., tetralogy of Fallot,
hypoplastic left heart syndrome, left ventricular hypertrophy, aortic stenosis) have been

reported in a few individuals (150).

4 One individual was removed from the total considered in the publication as the variant p.(Val61Gly) is now
classified benign.
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Figure 10. GREBIL-associated malformations.

The phenotypic spectrum (and frequency of malformations) associated with GREBIL
heterozygous variants overlap with the spectrum of malformations in MRKH syndrome type
2. No clear genotype-phenotype correlation does explain the variable expressivity (From Jolly

2023) (149).
The function of GREB1L and its role during kidney and female genital tract development
is not yet understood. GREB1L (for growth regulation by estrogen in breast cancer 1 like)
is a retinoic-acid responsive gene (151,152) and encodes a protein shown to be part of a
chromatin complex with retinoic acid and steroid hormone receptors (153). It has been
suggested to act as a coactivator in retinoic acid-mediated transcription (154) and may
play roles in cell differentiation, ribosome biogenesis, and protein O-GlcNAcylation (155).
In mice embryo at E8.5, Grebil is expressed in the neural tube, endoderm, posterior
paraxial mesoderm and lateral plate mesoderm (155). It is a marker of mesodermal
differentiation within neuromesodermal progenitors in the tailbud (156). At later stage
(E16), the gene is expressed in the liver, thymus, intestine, kidney and brain (30). In
human adult tissues, the expression levels were found to be highest in the vagina, cervix,
and epididymis (30). During kidney development, Greb1!/ is expressed in nephron during

early and late nephrogenesis (30,157). Animal models have confirmed its causality in
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renal and uterine agenesis. Knockout mouse embryos at E13.5 lack kidneys and genital
tracts, with remnants of mesonephric tubules but no metanephros, Wolffian, or Miillerian
ducts (30). In zebrafish, pronephric defects have been observed (147). Additional
abnormalities in mutant mouse embryos include exencephaly, reduced body size,
abnormal heart morphology (crisscross heart malformation), and lethality between E14.5

and birth (P0) (30,155).
HOX Genes

During embryonic development, transcription factors encoded by the conserved
homeobox (HOX) genes act to determine the anteroposterior patterning of several organs
(Figure 11). HOX genes are clustered on four chromosomes in mammals. The most 5’ genes
of clusters A and D, Hoxa9—13and Hoxd9—13, are expressed in developing Miillerian ducts
in mice (135). Following an anteroposterior axis of expression, Hoxa-9is most expressed
in the fallopian tubes, Hoxa-10in the uterus, Hoxa-11 in the uterus and uterine cervix,
and Hoxa-13 in the upper vagina (17). Hoxd9-11 are expressed in the uterus during
development with a similar pattern of expression (61) and Hoxd13 in the caudal portion
of the Miillerian ducts (63). Functional redundancy is a key feature of the HOX genes
family and transformation of one single gene in a cluster may be compensated by a
paralog. In the murine uterus, redundancy in function as well as synergistic effects have
been observed for flanking Hox genes (Hoxa9—11) and for paralogous genes from different
clusters (Hoxa9-11 and Hoxd9-11). Partial and complete anteriorization of the uterus—
meaning a homeotic transformation to a morphology and histology resembling oviducts—
can be observed in Hoxal0 and Hoxall knockout mice, respectively (158,159). A more
severe phenotype was noted in mice with flanking null mutations simultaneously
introduced for Hoxa9-11, which was further worsened when accompanied by flanking
heterozygous mutations introduced for Hoxd9-11 (61). Flanking homozygous loss of
Hoxd9—-11 on its own, however, is not sufficient to cause a uterine phenotype. Hoxal3
knockout mice lack the caudal portion of the Miillerian ducts (63). Hoxd13-/-female mice
were shown to be fertile (internal urogenital organs not described) (160), but compound
Hoxal3+/- Hoxd13~/- mice were sterile with uterine and/or vaginal abnormalities (partial
agenesis of uterus and vagina, septated vagina), renal and rectal abnormalities (63).
Hoxa9—-13 and Hoxd9—13 are also particularly important in vertebrate limb development
(161) and several Hox genes are expressed in the developing kidney, including Hoxa9—11

and Hoxd9-11(162).
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Pathogenic variants in HOXAI13 are associated with hand—foot—genital (HFG)
syndrome (OMIM# 140000). HFG syndrome is characterized by fully penetrant limb
malformations of variable severity, and partially penetrant urogenital defects, which can
include defects of Miillerian fusion and septal absorption to a variable degree (163).
Missense variants result in a more severe phenotype compared to a presumed
loss-of-function mechanism with frameshift variants, gene deletion, and polyalanine
expansions (164), and hence a possible dominant negative or gain-of-function effect has
been suspected. Interestingly, a female individual with bicorporeal uterus, left arm
agenesis and bicuspid aortic valve was recently reported with heterozygous predicted
deleterious missense variants in both HOXA13and HOXAY, possibly explaining the more
severe phenotype (163). Finally, HOXA13has not been associated with MRKH phenotypes
so far.

Less evidences are currently available to support causality of other HOX genes. Rare
variants of uncertain significance have been identified in HOXA10 and HOXA11 in 12
individuals with sporadic uterine malformations. Further epidemiological or biological
evidence is needed before concluding that any of these variants affects uterine

development.
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Figure 11. The Hox code.

a. Hox genes are organized into four chromosomal clusters in mammals and seven in zebrafish.

b. Epigenetic regulation of the hox gene clusters control their strict spatiotemporal expression. In
vertebrates, the expression of hox genes starts at gastrulation with progressive activation,
following their 3’ to 5’ genomic location (referred as temporal collinearity), in a posterior growth
zone as the body axis elongates.

c. The hox signature is transmitted from the progenitors (mesoderm and neuromesodermal
progenitors) to their progeny, allowing a spatial distribution of the patterning information in
various axial tissues and the limbs (spatial collinearity). In addition, gene- and tissue-specific
regulatory events may further refine Hox expression domains in axial tissues (165,166).
(INlustration adapted from Hubert 2023, Created in BioRender.com)

B. Genes and pathways with strong level of evidence for causality

WNT4 and the Wnt Signaling Pathway

Wnt pathways control several basic embryonic developmental processes including
body axis patterning, cell fate specification, cell proliferation, and cell migration. It has
long been recognized as one of the principal signaling pathways during development of
mammalian urogenital tracts, mainly through the Wnt/B-catenin signaling pathway with

particular contributions from WNT9B and WNT4 (54,167). During the first step of
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Millerian duct development, invagination of coelomic epithelial cells requires WNT4
signaling and its absence of expression leads to Miillerian duct agenesis in both male and
female mouse embryos (48). Wnt4is expressed by mesenchymal cells as well as by cells in
the coelomic epithelium alongside the elongating Miillerian ducts (8,12), and is
furthermore essential for proper elongation of the ducts and in the process of their
epithelialization during embryogenesis. Later on, WNT4 is critical for proper myometrium
layering and for luminal and endometrial glands formation (12). Wnt9b, is expressed by
Wolffian duct cells, and paracrine signaling from these cells is necessary for Millerian

duct elongation. Wnt9b knockout female mice lack the oviduct, uterus, and upper part of

the vagina (54). Gonads are normal in Wnt9b”" mice, whereas ovaries in Wnt4”” female
mice are abnormal with a testis-like appearance and abnormal expression of steroidogenic
enzymes. Both genes are furthermore involved in the induction of metanephric kidneys as
knockout mice develop rudimentary kidneys. WNT9B acts upstream of WNT4 and is
likewise indispensable for mesonephric tubule development (54). Later nephrogenesis,
medullary differentiation, and collecting duct development involve WNT9B, WNT4 as well
as additional WNT ligands and receptors from the Wnt pathway (i.e., WNT11, WNT7B,
and WNT5A). Wntba homozygous mutations in mice have been implicated in duplex
collecting system malformations via the non-canonical Wnt/PCP signaling pathway (53).
In uterine development and differentiation, two other secreted proteins of the Wnt
pathway have been shown to play an important role. WNT7A, secreted by Miillerian duct

epithelial cells, is involved in the patterning of Miillerian ducts. Posteriorization of the

FGT is noted in Wnt7a” mice, usually with absence of oviducts and a vaginal-like
histological appearance of the uterus (168). WNT5A, secreted by mesenchymal cells, is
necessary for posterior development of the FGT as knockout mice lack cervical and vaginal
structures (51). Both WNT7A and WNT5A are furthermore involved in uterine gland
development within the endometrium (135). WNT genes participate in the development of
other organs as well. For example, Wnt7a plays a role in limb development and Wnt9b
knockout mice present variably penetrant cleft lip/palate.

Based on phenotypic similarities with the knockout mice model, WNT4 was first
sequenced in women with MRKH syndrome presenting biochemical and clinical features
of hyperandrogenism. Four individuals (all presenting MRKH syndrome type 2 and
hyperandrogenism) with heterozygous loss-of-function missense variants in the gene were
identified by Biason-Lauber and Philibert between 2004 and 2011. They demonstrated in
vitro that the variants failed to inhibit steroidogenesis in ovarian cell lines and decreased

the level of B-catenin, alone or in combination with the wildtype, supporting a dominant
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negative effect (169-171). Parental analyses of the probands were only partially performed
for two individuals, and did not identify the variant in the mothers. Based on these results
and the data in animals, WN7T4 was the first gene from the Wnt pathway to be associated
with MRKH syndrome in humans. However, following sequencing in larger cohorts of
individuals with MRKH or uterine malformation (supplementary data Table 2), WNT4
variants were only rarely identified (two additional synonymous variants and five
missense variants of unknown significance identified in total) suggesting that the
prevalence of WNT4 variants is likely low in unselected cases (131,172—-174). Around 25
additional missense variants are reported in Clinvar®. Most of them are variants of
unknown significance underlining the need for more systematic functional analyses in
order to facilitate the interpretation and genetic counseling. Further characterization of
the endocrine phenotype of a larger number of individuals with WN7T4variants would help
to determine if hyperandrogenism is a mandatory clinical criterion to suspect WNT4
defect. Finally, the absence of variants in many individuals with MRKH and
hyperandrogenism suggest that other proteins in the WNT4/B-catenin signaling pathway
could be involved although no strong candidate has been identified so far (113,175).
Finally, heterozygous WN74 variants have also been reported in individuals with renal
agenesis or hypodysplasia (176,177), and one homozygous variant was found in three fetus
siblings with female sex reversal, dysgenesis of kidneys, adrenals, and lungs (a condition
named SERKAL syndrome) (178).

WNT9B has gathered limited evidence for causality. Targeted sequencing/analysis
of the gene in cohorts with MRKH syndrome (131,173,179,180), or CUA (181-183) has
identified one loss-of-function variant, two nonsense variants (Non-mediated decay not
predicted to occur) and nine variants of unknown significance (Supplemental data Table
2). The phenotypes were bicorporeal uterus for one individual, MRKH type 1 for 8
individuals and MRKH type 2 for two individuals. Waschk et al. suggested that WNT9B
might lead to uterine malformation possibly in a polygenic manner as they identified
co-inheritance of other genetic factors (7BX6 variant or LHXI deletion) in two individuals
(182). Digenic inheritance was also suggested by Wang et al. who identified co-inheritance
of heterozygous GENI variants in two individuals. In one of the two families, segregation
analysis showed inheritance of the frameshift WNT9Bvariant from the unaffected mother
whereas the GENI variant was inherited from the father. In the other family, the

unaffected mother and sister were only carrier of the GENI variant (father not tested).

5 Clinvar is a freely accessible archive of genomic variation identified in humans and their relationships to
human health, with supporting evidence (https://www.ncbi.nIm.nih.gov/clinvar/).

-40 -



The double heterozygous Geni* Wnt9b* mice presented abnormal development of the
uterus (longer length) compared to controls (183). Finally, homozygous WNT9B variants
were recently reported in two families with bilateral renal agenesis/hypodysplasia. Non-
penetrance is described in one unaffected sibling carrier of the homozygous nonsense
variant (184).

Amongst other genes of the Wnt pathway, WNT7A, WNT5A and DACT1 have been
sequenced in cohorts of individuals with non-syndromic CUA without any convincing
results so far.

WNT7A homozygous mutations were first associated in 2006 with a range of limb
malformations, including the phenotypes of Al-Awadi/Raas-Rothschild (AARR) syndrome
(characterized by apparent phocomelia, hypoplastic pelvis, and abnormal genitalia) and
Fuhrmann syndrome (considered an attenuated phenotype of AARR) (185). Two patients
with AARR syndrome and different WN7T7A homozygous missense mutations in exon 4
were reported with uterine hypoplasia (186,187). The uterine phenotype was unknown or
not reported for other affected female individuals (185,186,188) and several individuals
with uterine anomalies were reported with AARR syndrome or Schinzel phocomelia (a
syndrome controversially grouped with AARR syndrome in OMIM) before the gene
discovery (189—-193). Beyond this easily recognizable condition, WN77A has been tested
in three series of patients with MRKH or Miillerian anomalies (173,194,195) with no
evidence so far for causality. Only two rare heterozygous synonymous variants (not
predicted to alter the splicing by SpliceAI°) were found in two individuals with isolated
Miillerian anomalies.

WNTS5A heterozygous variants are associated with Robinow syndrome in humans
(OMIM 180700), a condition characterized by short stature with limb shortening,
dysmorphic facial features and sometimes cardiac and genitourinary malformation.
Uterus malformation has not been reported in syndromic cases. Among 189 females with
non-syndromic uterine malformations, one individual with a bicorporeal uterus was
identified with an intronic variant of uncertain significance in WN7T5A which was absent
in 198 controls (196).

Finally, DACT1 is a cytoplasmic protein interacting with DVL proteins which are
central mediators of the canonical and non-canonical Wnt pathway. DactI knockout mice
display posterior defects including lack of vagina and uterine hydrometra, renal agenesis

or dysplasia, anorectal malformation and caudal vertebrae agenesis (197). In humans,

6 SpliceAl uses deep neural networks to predict whether splicing events occur. The score can range from 0
to 1, where a higher score indicates a stronger probability that the variant will disrupt normal splicing.
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DACTI heterozygous variants were recently associated with CAKUT and additional
features reminiscent of Townes-Brocks syndrome. One of the reported individuals
presented bicorporeal uterus (OMIM# 617466) (198,199). The gene was sequenced in one
cohort of individuals with uterine malformations, identifying rare missense variants of
unknown significance in two individuals (200). However, segregation analysis and
functional analysis were not performed and in silico data rather predict benign effects for

these variants.
TBX6

TBX6 encodes a transcription factor characterized by a T-Box DNA-binding domain.
The gene is involved in the specification of the mesoderm in early development and plays
a role in patterning of the somites, left/right patterning, as well as in the determination of
the nephric mesenchyme cell fate in mice (44,45,201). Besides vertebral and rib
abnormalities, some homozygote hypomorphic mutations in 7hx6 are also associated with
urogenital malformations with incomplete penetrance (45,46). Depending on the genetic
background, up to 60% of mice were affected with kidney malformations (renal
aplasia/hypoplasia, malrotated, or displaced kidneys, hydronephrosis) or genital
malformations (vaginal atresia or vagina duplex in females).

Based on these observations in animal models, 7BX6 appeared the most likely
susceptibility gene for uterine malformations in the region 16p11.2. Deletion in 16p11.2
(600 kb -BP4-BP5) has been identified in 1-6% of individuals with MRKH
(128,130,142,180) which is a much higher frequency than the 0.03-0.04% prevalence
observed in the general population (202,203). Enriched prevalence of this copy number
variation (CNV) is also found in cohorts ascertained for intellectual disability/multiple
congenital anomalies (0.33%), autism spectrum disorder (0.7-1%), morbid obesity (0.7%),
CAKUT (0.3%) and congenital scoliosis (7.5%) (204—209). By targeted sequencing (130),
and more recently WES (180,210), heterozygous single nucleotide variants were identified
in individuals with MRKH syndrome and further supported the involvement of 77BX6 in
uterine malformations. In a Chinese MRKH cohort, the prevalence of 77/BX6 variants was
3.3% (14/422) compared to 0.6% (6/1038) in female controls (p=.0004, odds ratio=5.25).
Following sequencing in an additional cohort of individuals (American/European and
Chinese background) and in vitro analyses, Ma et al. could confirm loss of function effects
through different mechanisms for 8 variants identified in 8 individuals/622 (1.3%). The
uterine malformation was isolated, or associated with scoliosis/vertebral malformation or

renal hypoplasia (210). Incomplete penetrance in familial cases and the low frequency in
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heterozygous carriers of 16p11.2 deletion suggest that haploinsufficiency of one 7BX6
allele is likely insufficient to cause MRKH syndrome and that penetrance of the uterine
phenotype may result from a more complex mechanism (210).

In humans, pathogenic variants in 7BX6 are also known to cause a spectrum of
segmental vertebral defects, from the most severe spondylocostal dysostosis (SCD,
OMIM#122600) to congenital scoliosis, the severity of the phenotype probably depending
on the severity of the loss of 7BX6 function (211). Although one single familial case was
reported with autosomal dominant spondylocostal dysostosis and a possibly dominant
negative stop-loss mutation in the gene (212), the mode of inheritance is autosomal
recessive in the majority of the cases (211,213). Change in 7BX6 dosage (below 50%) is
necessary for penetrance of the phenotype (214). Biallelic missense variants have been
reported in patients with SCD while biallelic null alleles, resulting in the absence of 7'/BX6,
are believed to cause embryonic lethality, similar to findings in mice (211). Combination
of a damaging variant and the noncoding mild hypomorphic T-C-A haplotype (.e., co-
occurrence of the three single nucleotide polymorphism (SNP [rs2289292 (T), rs3809624
(C) and rs3809627 (A); common among European (33%) and Asians (44%)) was identified
as a frequent cause for milder segmentation vertebral defects and congenital scoliosis,
explaining around 10% of the cases (213,215-217). A compound mode of inheritance with
16p11.2 deletion and the same hypomorphic haplotype was identified in six patients with
skeletal and kidney dysplasia, and was suggested to explain the incomplete penetrance in
one family with CAKUT (218,219). Finally, reduction in dosage of 7BX6 below
haploinsufficiency was shown to increase the penetrance of renal malformation in mice
(47). If this genetic mechanism is also causal for the penetrance of the uterine phenotype
is unknown so far, but no additional risk haplotypes were identified with deleterious 7BX6
variants by Ma et al. in individuals with MRKH syndrome (210). One previous Finnish
study reported two single nucleotide variants (rs56098093 (p.(Gly162Ser); and
rs201231713 (p.(Arg272Gln)) ) with a statistically significant higher frequency in females
with MRKH (130)(13.4% compared to 4% in controls (p-value 0.0021), and 9.8% compared
to 1% in controls (p-value 0.0002) (130).The two variants are located within the conserved
T-Box domain and predicted to be damaging (The REVEL scores’ are Deleterious
(Supporting) (0.67), and Deleterious (Moderate) (0.89) respectively). Functional analyses

7 REVEL score: is an ensemble method for predicting the pathogenicity of missense variants based on a
combination of scores from 13 individual tools: : MutPred, FATHMM v2.3, VEST 3.0, PolyPhen-2, SIFT, PROVEAN,
MutationAssessor, MutationTaster, LRT, GERP++, SiPhy, phyloP, and phastCons. The REVEL score for an individual
missense variant can range from 0 to 1, with higher scores reflecting greater likelihood that the variant is
disease-causing (220).

-43 -



would be required to determine if these relatively frequent single nucleotide
polymorphism could represent hypomorphic variants. In their studies, Tewes et al. (221)

did not confirm a higher frequency of rs56098093 compared to their control cohort.

C. Genes and pathways with moderate level of evidence for causality

PAX8

PAXS is a transcription factor of the paired-box family that has been associated with
isolated and syndromic thyroid dysgenesis (222). Deletion in the chromosomal region
2q14.1, including PAXS, were identified in two girls presenting with hypothyroidism early
in life and uterine malformation (MRKH in one, hemi-uterus in the other) (223,224). Pax8
homozygote knockout mice, supplemented with synthetic T4, are infertile due to uterine
aplasia/hypoplasia and lack of a vaginal opening (38). During murine development, Pax8
expression is detected in epithelium of the uterus, oviduct, and vagina. PAX8, with PAX2,
is also a central regulator of kidney development and acts upstream of LIM1 and GATA3
(39). More recently, by comparing the prevalence of PAXS variants in individuals affected
by MRKH and controls, Chen et al. [2021] identified PAXS as one of the most significant
gene, underlying the etiology in 1.2% of individuals (7 loss-of-function heterozygous
variants/592) (180). Hypothyroidism was an inconsistent feature. In addition, three
missense variants of unknown significance were also identified in this cohort as well as
one additional loss-of-function variant in a patient with congenital hypothyroidism, found
to have MRKH syndrome after ultrasound examination of the pelvis. Renal agenesis has

also been reported in individuals with syndromic PAX8 mutations (222).

D. Genes and pathways with limited level of evidence for causality

LHX1

As discussed above, the rare pathogenic deletion in the region 17q12 was found in
several MRKH/CUA- affected individuals with higher frequency compared to controls
(128,142,202). Besides HNF1B, the region also includes LHXI, another interesting gene
for Millerian anomalies. Involvement of LHXI in uterine malformation is supported by

studies in animal models. LHXI encodes a LIM-homeodomain transcription factor and its
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expression is likely essential in the Miillerian duct epithelial progenitor cells for ductal
elongation and uterine endometrium differentiation. Loss of expression leads to shortened
oviducts, uterine aplasia, and infertility in Miillerian duct-specific Lhx1 conditional
knockout mice (33). Downstream target genes are currently unknown which limits
functional analysis of candidate variants. From six series of individuals with MRKH or
CUA, six missense variants (including one of them recurrent in three individuals) of
uncertain significance and one truncating variant have been identified in LHX7 by
targeted sequencing or WES (130,139,140,145,225-227). However, no functional analyses
was performed, except for one variant with confirmation of decreased transcriptional

activity (227).

EMX2

EMX2 encodes a homeobox-containing transcription factor expressed in urogenital
epithelial tissues, the dorsal telencephalon, and the olfactory epithelium during
development. Female knockout mice lack the genital tract, kidneys, and gonads (28) and
also present with brain malformations. ZMXZ expression has been shown to be repressed
by HOXA10 (228) and one of its target genes might be 7P63 (229). Liu et al.[2015]
demonstrated expression of a transcript in human adult uterus (NM_004098.3;
NP_004089.1) and sequenced the gene in 517 women with uterine malformations (fusion
or septation defects) and 563 controls (229). One heterozygous nonsense variant, resulting
in a truncated protein lacking the homeodomain, was identified in an individual with a
complete bicorporeal uterus with a double cervix (didelphys uterus). A dominant negative
effect for this variant was suspected following functional studies on transfected human
embryonic kidney cells (229). Finally, remnants of Miillerian ducts were found in a male

with a 10g26 deletion including EMX2(230).
PAX2

Loss of the transcription factor gene Pax2 (paired box gene 2) in homozygous
knockout mice causes agenesis of kidneys, ureters, and genital tracts (37). Pax-2 is
expressed in both Wolffian and Miillerian ducts (37). However, it has not been determined
yet if absence of female reproductive tracts result from defective action of PAX2 in the
Millerian ducts or if this disturbance is secondary to the abnormal Wolffian duct
development. Among 192 individuals with various uterine malformations, only one rare

synonymous variant was identified in one individual with a complete bicorporeal uterus
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and absence of fallopian tubes (231), and one heterozygous missense variant was found in
a patient with MRKH type 1 in a cohort of 111 individuals with MRKH syndrome.
Moreover, the SNP rs12266644 was associated with Miillerian duct anomalies with
statistical significance compared to controls in Chinese Han females (p=0.008) and
increases the risk for MDA in the dominant model (p=0.015, OR:1.637 95% CI:1.096-2.443)
(232). In humans, PAX2mutations are associated with papillorenal syndrome and isolated
renal hypoplasia (233). Increase in PAX2 mRNA, and hypomethylation within the
promotor of the gene were detected in endometrial tissue from septate uterus compared to
tissue from controls, suggesting that epigenetic modification and aberrant PAXZ2

expression might contribute or be associated with Miillerian anomalies (234).
BMP signaling

Heterozygous loss-of-function variants in BMP4 and BMP7 were identified in four
individuals with MRKH type 1 and one individual with MRKH type 2 (presenting an
idiopathic scoliosis besides the uterine phenotype) (180), which reached significance for
mutational burden (False discovery rate adjusted p=0.03 for both BMP4 and BMP?7).

BMP4 and BMP7 have been shown to be important for many steps of kidney
development but their role in Miillerian duct development has not been investigated yet.
Mouse embryos homozygous for null mutations in Bmp4 are lethal between E6.5 and E10.
Heterozygous mice display ectopic ureteric bud formation, ureterovesical junction-type
hydronephrosis, double collecting system and hypo/dysplastic kidneys, besides other
malformations (e.g., polydactyly, microphtalmia, craniofacial defects) (235). At the time of
ureteral budding and subsequent rounds of branching (at E10.5-12.5), Bmp4is exclusively
expressed in the stromal mesenchymal cells surrounding the Wolffian ducts and the stalk
of the ureteric bud, but not in the metanephric mesenchyme surrounding the tip of the
ureteric bud. In contrast, Bmp7 is expressed in both the ureteric epithelium and the
metanephric mesenchyme and is required for nephron progenitors’ self-renewal. Knockout
Bmp7 mice display kidney hypodysplasia (236). Although Bmp4 and Bmp7 promote the
growth and elongation of the ureter and the development of the metanephric mesenchyme,
low BMP activity is necessary at the ureter budding site. In mice, Grem1 was shown to
antagonizes Bmp4 and Bmp7in a spatiotemporal manner around the ureteric bud tip and
branching tips, guiding ureteric bud outgrowth from the Wolffian duct and enabling
subsequent branching (237). In regards to Miillerian duct formation, BMP signaling was

shown to be required in chicken for early specification of the mesoepithelial progenitors,
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formation of the placode in the coelomic epithelium, and induction of PAX2 and LHX1

expression (238).
GEN1

GENI (encoding a Holliday Junction endonuclease) was shown to regulate ureteric
bud formation and branching during metanephric organogenesis in mice and to increase
expression of Gdnfand retinoic-acid signaling molecules (239,240). Mice homozygous for
partial loss-of-function mutations were fertile but displayed kidney and urinary tract
defects with incomplete penetrance. Following the detection of one heterozygous deletion
including GENI (chromosomal region 2p24.2) in one individual with MRKH type 1,
sequencing of the gene was pursued in a cohort of 125 individuals with Miillerian
anomalies, identifying 4 missense variants and one nonsense in 5 individuals. Two
subjects also presented a heterozygous WNT9B variant suggesting possible digenic
inheritance. The authors investigated the possibility of synergistic effect of both variant
in double heterozygous mutant mice, showing that they presented longer uteri with

disorganized stromal structure (183).

E. Genes and pathways with conflicting evidence reported

CFTR

CFTR encodes a chloride channel which controls ion and water secretion and
absorption in epithelial tissues. Variants in the gene are responsible for cystic fibrosis and
CFTR-related disorders with autosomal recessive inheritance. The possibility that CFTR
defects may cause MRKH syndrome was considered given the involvement of biallelic
variation in congenital bilateral absence of the vas deferens (CBAVD, part of the CFTR-
RD phenotypes). The hypothesis was that the defect could be secondary to developmental
anomalies of the Wolffian ducts, which may consequently impact the development of the
Miillerian ducts. This hypothesis is not supported by observation in mice embryo, showing
that CBVAD in CFTR-related disorder is secondary to a progressive involution of the vas
deferens rather that an early defect in Wolffian duct formation (241,242). Targeted
analysis of CFTR in 111 women with MRKH identified 9 heterozygous variants in the
gene, but no biallelic variations (131). In addition, no variants were identified in a series

of 25 patients (194). Besides the absence of embryological evidence for Miillerian duct
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anomalies in mice models (8), the absence of biallelic variants in MRKH cohorts does not
support a causative role for CFTE in MRKH syndrome. Involvement of heterozygous
variation seems moreover unlikely given the high frequency of CFTR heterozygous
carriers in the Caucasian population (around 1/25) and the rarity of MRKH syndrome

(1/4500).

F. Candidate genes

Candidate genes suggested by animal models and targeted sequencing

Retinoic acid receptors

Retinoic acid is required at multiple steps of uterine formation. Observation in
vitamin A deficient embryo and RAR mice mutants indicated a role in early formation of
the rostral and caudal Miillerian ducts, and later on for midline fusion, and differentiation.
Redundancy was also demonstrated with developmental defects only when several RA
receptors were mutated (243,244). Miillerian ducts were totally absent at E12.5 when all
Rara isoforms and the Rarf2 isoform were inactivated (Rara”RarB2”) or at E14.5 in
Rara/ Rxra’/ double mutants. Only the caudal part (body of the uterus and upper part of
the vagina) was absent, with incomplete penetrance, in mice compound knockout for
Raral”/RarB2” or Rara” Rary”, as well as in compound mutants for Rxra’” and either
Rara*Rarf’ o *", RarB2" or Rary” o *- (243,244). Defects in Miillerian duct formation
were unlikely to be the consequence of primary defect in Wolffian ducts formation as
Wolffian ducts were formed in Rara”/Rarf2” double mutants. RAR double mutants also
presented renal agenesis/hypoplasia and ectopia, and RA signaling was shown to be
required for ureteric bud formation and growth of the metanephric blastema. Moreover,
RA signaling is active in the stroma of Millerian ducts from E14.5, with a decreasing
gradient necessary for proper differentiation. High level of retinoic acid in the cranial
region determines the oviduct and uterine fate and absence of retinoic acid signaling in
the caudal part is necessary for differentiation into vagina (18).

In a cohort of 111 individuals with MRKH, two rare missense variants were
identified in ZARA in one proband with MRKH type 1 (it is however not specified if the
variants were in cis or trans). One additional heterozygous variant was identified in the

same cohort in another individuals with MRKH type 1 (131).

-48 -




AMH

The Anti-Miillerian Hormone (AMH), also called Miillerian-inhibiting substance
(MIS), is produced after gonadal differentiation by the Sertoli cells in the fetal testes, and
in males, induces regression of the Millerian ducts. Pathogenic variants in AMH are
associated, in males, with an autosomal recessive condition leading to the persistence of
Miillerian derivatives (uterus and tubes) in otherwise normally virilized males
(OMIM#261550). Based on the hypothesis that activating mutation in AMH or its receptor
AMHRZ could result in abnormal Millerian duct regression in females, sequencing of
these genes was performed in series of individuals with MRKH syndrome (131,245,246).
Three heterozygous missense variants of unknown significance were identified in AMH
amongst 111 affected individuals. However, no functional analyses were performed to
validate their possible damaging effect (131). In an association study in a Han Chinese
population, the authors reported that the variant ¢.934C>T (p.Arg312Cys) in AMH was
protective in regards to isolated MRKH (p=0.039,0R=0.346,95%CI=0.115-1.043) (247).
Replication will be necessary to prove this association, with consideration given to the

potential contribution of ethnic background.
LAMCH1

LAMC1 encodes an extracellular matrix glycoprotein, component of the basement
membrane. Mice knockout for the gene, present defect in Wolffian ducts elongation, with
anomalies of the basement membranes, and abnormal blind-ending Miillerian ducts
resulting in Miillerian aplasia and renal agenesis (8,32). Targeted analysis of exome
sequencing data in a cohort of 111 individuals with MRKH syndrome identified four rare

heterozygous missense variants of unknown significance in the gene (131).
ESR1 and OXTR

ESR1 encodes for the estrogen receptor-1 and OX7R for the oxytocin receptor.
Methylation and expression studies in DNA extracted from tissue of uterine remnants in
individuals with MRKH identified £SREI and OXTR1 as differentially expressed compared
to tissue in controls. ESRI was overexpressed whereas OXTR was lower expressed,
suggesting that variations in these genes may mediate anomalies in uterine development.
However, targeted sequencing of both genes in a cohort of 93 patients with MRKH did not

identify any convincing variants in the coding sequence of the gene. Two variants were
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identified in the 3’ or 5 untranslated regions, possibly resulting in microRNA binding

alteration or modification in gene expression (248).
TP63

Involvement of 77P63 in Millerian duct anomalies was considered given the role of
TP63 1n the differentiation of the vaginal epithelium in mice. Mice knockout also present
cloacal septation defects and anomalies in the development of the genital tubercule (249).
Moreover, 7TP63 was shown to be regulated by EMXZ2 a gene previously involved in
Millerian anomalies. Reduced expression of 7P63 was found in vitro in EMXZ2 mutant
cells (229). In human, 7P63related disorders comprise different overlapping phenotypes
with varying combinations of ectodermal dysplasia, cleft lip/palate, split/hand foot
malformations, lacrimal duct obstruction, hypopigmentation, hypoplastic breasts and
hypospadias (250). Uterine agenesis was described in one patient (251). Targeted
sequencing of the gene in a cohort of 200 individuals with uterine malformation identified
one heterozygous variant in the 3’'untranslated region (c.*374 G > A). By creating a new
binding site for two microRNA, the variant was shown to influence 7'P63 expression In

vitro (252).

PBX1

PBX1 encodes a TALE-homeodomain transcription factor that forms a complex with
other proteins from the TALE-homeodomain family and Hox proteins to regulate organ
patterning during embryogenesis (253). Heterozygous loss-of-function variants have been
identified in individuals with congenital anomalies of the kidney and urinary tract
syndrome with or without hearing loss, abnormal ears, or developmental delay (named
the CAKUTHED syndrome) (253,254). Heterozygous missense variants are less
frequently associated with CAKUT but most commonly with genital anomalies (including
46,XY sex reversal). Although no Miillerian duct develops in knockout female mice
embryo, only one 46,XX individual with a missense variant in the gene was described with
uterine malformation (255). No variant in PBXI were identified in cohorts of individuals

with MRKH/CUA through targeted sequencing or WES (131,180,256).

Candidate genes suggested by WES studies and CNV analysis

Other candidate genes have been suggested from analyses using microarray, or more

recently optical genome mapping, in individuals with MRKH (142,143). A duplication
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including LRPIO0 (an inhibitor of the canonical Wnt pathway) and MMPI4 (a matrix
metalloproteinase) was identified in one affected twin of a monozygotic pair, with
differences across tissues suggesting somatic mosaicism (120). Subsequent analysis of
these genes in whole exome sequencing data of cohorts of individuals with MRKH
syndrome identified five missense LRPI0 variants (with two of them in the same
individual) and two variants in MMP14 (131). The role of these genes in Miillerian duct
development still needs to be investigated.

In a series of 30 individuals with MRKH syndrome, intragenic partial duplications
of SHOX (short stature homeobox), spanning 7-300 kb, were identified in four unrelated
individuals with isolated MRKH. In one familial case, the duplication was also found in
an affected sister and healthy father (257). Duplication of a SHOX enhancer was reported
in another affected individual (258). These results were somewhat controverted by the
absence of any intragenic duplication in SHOX identified in a larger cohort of 101
individuals with MRKH (259). Furthermore, intragenic duplications have been reported
in individuals with idiopathic short stature and Leri-Weill dyschondrosteosis without
mention of any uterine anomaly (260). Presence of point mutations in the gene was
interrogated in one cohort of 111 individuals by WES, identifying two rare heterozygous
missense variants (131). SHOX, located in Xp22.33 in the pseudoautosomal region of
chromosome X, belongs to the paired homeobox family. The gene does not have any
equivalent in rodents and whereas SHOXD transcript is expressed in the fetal kidneys
(261), expression in fetal Miillerian ducts has not been proven. Whether SHOX plays a
role in uterine development and whether intragenic duplications of SHOX truly confer a
risk for uterine malformations remains to be determined.

The region 1g21.1, which includes the gene KBMS&A, is another locus for which
recurrent copy number variants have been identified in individuals with MRKH. RBMS8A
deletion in the presence of some low-frequency noncoding polymorphisms in RBMSA
results in TAR (thrombocytopenia-absent radius) syndrome. Five individuals with TAR
syndrome also had MRKH, one of whom was documented as having a 1q21.1 deletion
(129,262-265). Tewes et al.[2015] analyzed the gene RBMSA in 167 individuals with
MRKH or other Miillerian duct anomalies (266). They identified the TAR-associated SNPs
(rs139428292; ¢.-21G>A) and (rs201779890; ¢c.67+32G>C) in the heterozygous state in
7.2% and 0.6% of their cohort, respectively. However, the association was not statistically
significant considering the minor allele frequencies in the non-Finnish European
population in GnomAD (2.8% and 2.23%, respectively). Moreover, one rare missense and

one rare intronic variant (rs201860373;c*25C>G) were identified in one individual with
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MRKH type 2 and two individuals with MRKH type 1, respectively. To date, there is no
strong evidence implicating the gene RBMS&A in the pathogenesis of uterine malformation,
and although RBMS8A could be a candidate gene, wider genetic analyses of affected
populations would be necessary to determine the causality of variants in this gene.

Deletions and duplications in 22q11.2, both proximal and distal, are associated with
a wide range of anomalies. MRKH anomaly, isolated or in association with other
symptoms, can be part of the phenotype (125,128,140,141,267—270). Functional modeling
in zebrafish and mice supported haploinsufficiency of Crk/as the main genetic driver for
CAKUT in 22q11 deletions, with also contribution of Snap29 and Aifim3(271). The causal
gene(s) within these regions that are involved in Miillerian development remain to be
determined.

Finally, a few recent studies reported novel candidate genes based on exome data
analysis of individuals with MRKH or Miillerian anomalies either with a hypothesis-free
approach, or by targeting genes previously involved in CAKUT. Only a few genes
(MYCBP2 encoding an E3 ubiquitin-protein ligase; 7’BC1DI1 encoding a Rab-GTPase-
activating protein; CHDI1L encoding the chromodomain helicase DNA-binding protein 1-
like protein; BMPR1B encoding a BMP receptor; DLGS5 encoding a membrane-associated
guanylate kinase, shown to be involved in ciliogenesis) showed recurrence of rare variants
in either two (MYCBP2 BMPRI1B, TBC1D1, DLG5) and four (CHDIL) unrelated
individuals each. Segregation analysis was not always performed and there was no
functional validation for the missense variants. Heterozygous variants in 7BCI1D]I,
CHDI1L,and DLGS5 have been previously identified in individuals with non-syndromic
CAKUT (272-275) or syndromes associated with renal anomalies (276). The biological

significance of these alterations in relation to CUA still needs further validation.

Syndromes with uterine malformation

Following the observation of recurrent uterine malformations in RCAD syndrome,
HFG syndrome, and AARR syndrome, sequencing of the causative genes, HNFI1B,
HOXA13, WNT7A, respectively, was undertaken in individuals with isolated uterine
malformations/MRKH syndrome, with to date, no gene showing major contribution (as
reviewed above). Uterine agenesis and uterine malformations have been reported in other
Mendelian syndromes or associations, and these other genes might be worth examining in
cohorts with isolated uterine anomalies. For example, uterine malformations are

frequently reported in Fraser syndrome. Mild bi-allelic mutations in Fraser syndrome
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genes (FRASI, FREM2, GRIPI, and FREM]I) were identified in individuals with isolated
CAKUT (277) and underlined the possibility of mild and incomplete Fraser syndrome
phenotypes associated with these genes. Heterozygous variants were reported in one
individual with MRKH type 2 (278). Other candidates might be members of the Wnt
signaling pathway such as LREP4, PORCN, and WNTS3. Considering ciliopathies as one
pathological group with different overlapping phenotypes, uterine malformations emerge
as a recurrent phenotypic feature, which is not surprising given the role of the cilia in

transducing developmental signals—in particular, of the Wnt pathway (279) .

On the other hand, in individuals diagnosed with “isolated MRKH/CUA”, exhaustive
phenotyping and review of the family history might allow to detect milder signs featuring
syndromic presentations. For instance, the presence of short halluces/thumbs or
hypothyroidism may target the genetic testing to investigate HOXA13 or PAXS8
respectively. Based on the syndromic conditions associated with uterine malformation
(reviewed in Supplemental data Table 3), the clinical, radiological and biological signs
which may be worth to look at in patients with “isolated MRKH/CUA” are summarized in
BOX4.
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BOX4: Genetic workup suggested in patients with MRKH syndrome/uterine

malformation

A. SYNDROMIC CAUSE?

Personal/family history

Hearing loss (GATAS3, GREBIL)

Hypermetropia, nanophtalmos (MYRF)

Diabetes MODY (HNF1B)

Renal cyst/CAKUT (HNF1B) ; renal agenesis (GREBIL, HNF1B)
Developmental delay/ID/multiple malformation (refer to supplemental data
table 3)

V V.V V V e

Clinical exam

> Hands and feet examination, especially in case of bicorporeal uterus: short,
medially deviated halluces and short, proximally-placed thumbs with
hypoplastic thenar eminences, distal phalangeal hypoplasia of the first digit
(HOXA13)

Biology
Endrocinological workup: LH, FSH, AMH (primary hypogonadism in MYRF,
uterine hypoplasia in gonadal dysgenesis and in syndromes with
hypogonadotropic hypogonadism); androgen (hyperandrogenism: WNT4)

> PTH and calcium (GATAS

>  Magnesium, TGO-TGP, Hb1Ac and fasting glycemia (HNF1B)

> TSH-T4 (PAXS

Imagery

>  Spine X-rays: sacral agenesis (Currarino), cervicothoracic vertebral defects
(MURCS), vertebral defects (VACTERL)

>  Renal ultrasound: renal agenesis, renal ectopia, and other CAKUT

> Hands and feet x-rays Gf suspicion HOXAI3based on clinical exam): fusion or
delayed ossification of the wrist bones.

B. GENETIC TESTING:

1) Molecular karyotype (yield: +/-10%)
2) Specific gene test if suspicion of a specific syndromic condition?

3) In the absence of syndromic suspicion, consider gene panel testing in the following
situations (low yield:5-10%):

o MRKHY/ uterine agenesis/hemi-uterus
+ personal or familial CAKUT/costovertebral malformations
+ genetic counselling for recurrence risk in offsprings/siblings
> HNFI1B, GREBI1L, WNT4, PAXS, TBX6

e Bicorporeal uterus
+ family history of CAKUT/CUA and/or costovertebral malformation:
2> HNFI1B, GREBI1L, TBX6

1Consider the HNF1B score established by Faguer et al.(280) for HNF1B testing
*TBX6 and PAXS are currently not included in the CAKUT gene panels available in Belgium
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3. POSSIBLE EXPLANATION FOR THE LOW DIAGNOSTIC YIELD

Large series of individuals have been sequenced for many genes with a relatively low
rate of compelling genetic variation (Supplemental data Table 2). The difficulty in
identifying genetic causes for uterine malformations may have several explanations. First,
our current understanding of genes and pathways involved in uterine development is
partial, and animal models cannot always be used as a reference since uterine
development is specific in humans, especially when studying fusion and absorption septal
defects (9).

Second, uterine malformations may be highly genetically heterogeneous in their
etiology, with each single gene explaining only a few cases, as in CAKUT, for instance, in
which about 60 genes are involved in monogenic non syndromic, or mildly syndromic
CAKUT (198). Alternatively, these anomalies may be shown to be oligogenic/polygenic in
origin, such that a combination of variants in the same regulating pathway or epistatic
effects of several rare variants and polymorphisms might be required for expression of the
phenotype (183). Identifying such polygenic factors is particularly challenging in rare
diseases, as association studies need large cohorts to achieve statistical significance,
making studies on uterine malformations susceptible to being underpowered. In cases
with a monogenic cause, additional factors may be needed for full penetrance, such as
combination of hypomorphic common variant alleles in coding or non-coding region in
trans with rare variants in the same gene (e.g., as seen for 7BX6 and spondylocostal
phenotypes) (218). There is a risk of overlooking causal variants when found in
asymptomatic individuals and incomplete penetrance must therefore be considered in the
interpretation of sequencing data.

Third, the role of somatic mosaicism for de novo mutations may be suggested by
discordance in monozygotic twins and the absence of recurrence in the offspring of affected
women (which could be explained theoretically by lethality in germline). Among five pairs
of discordant MZ (monozygotic) twins, differences in copy number variants across tissues
were demonstrated and included duplication of LRPI10, an inhibitor of the canonical Wnt
pathway, and of MMPI14, a matrix metalloproteinase that might play a role in Miillerian
ducts cell migration (120).

Finally, besides genetic factors, there is evidence of environmental factors
contribution to uterine malformations. In humans, the best-known example is the
association of uterine anatomical deviations (i.e., small endometrial cavities, T-shaped
uteri or dilated cornuate areas) with prenatal exposure to DES (diethylstilbestrol), a

synthetic estrogen widely used to treat abortion risk from 1940 to 1970. The frequency
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and extent of malformations depends on the starting date of fetal exposure, the earlier the
exposure, the greater the effect (4). DES is considered as an endocrine-disrupting chemical
(EDC) and, like other chemicals such as bisphenol A, phthalates or pesticides, it has been
proven to interfere with endocrine systems in mammals (281). Binding to estrogen nuclear
receptors and altering regulatory regions of developmental genes by epigenetic
modifications, EDCs may regulate transcription of genes essential for uterus development.
Exposure during a critical period of development may disturb normal genital tract
formation (282) (Figure 12). In mice, exposure to DES has been shown to shift the pattern
of expression of Hoxa9-11 to a more caudal distribution and to induce an anterior
transformation of the reproductive tract. HOXAI0 expression is first increased by the
agonist action of DES, mediated by the ERalpha. Longer in utero exposure will then result
in persistent aberrant methylation (22). In third-generation DES children (children of
women/men exposed to DES in utero), an increased incidence of hypospadias has been
demonstrated in sons, supporting an epigenetic alteration occurring during
reprogramming of the primordial germ cells in their parents, or alternatively
transgenerational transmission of epigenetic factors. Hypermethylation of the HOXA
family was suggested as a compelling hypothesis to explain the defect (4). In regards to
genital tract malformation in girls, a recent study reported 12 individuals with uterine
malformation/759 third- generation granddaughters (including 3 MRKH patients, 6 with
bicornuate uterus and 3 with a “doubling” uterus). Given the observation of higher
frequency for MRKH syndrome compared to the general population (20x higher than
expected), the authors raised the question of a possible link with DES exposure through
epigenetic effects (283). However, they specified that no definitive conclusions should be
drawn given the limited number of patients and the possibility of recruitment bias.
Moreover, previous studies on large cohorts of third generation grand-daughters did not
report higher frequency for uterine malformations, suggesting that epigenetic alteration
of a MRKH gene is rather unlikely (4,283).

It is currently unknown whether other EDCs may cause uterine malformations in
the range of doses to which human fetuses might be exposed. In mice, Hoxal0O
transcription was altered following bisphenol A exposure (21,284), and epigenetic
modifications of the Hoxal0 promoter were noted (285). In rats, exposure to high dose of
phthalates (520 mg/kg/ day mixture of five different phthalates between the 8th to the
19th day of gestation) has been associated with uterine malformations (.e., uterus
agenesis, hemi-uterus, absence of vaginal opening) and was suggested as a promising

animal model to study pathogenesis of MRKH syndrome (286).
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Figure 12. Impact of DES intake on Miillerian ducts development.

Period of DES intake (C) in parallel with the Miillerian ducts developmental steps (A) and the
Primordial Germ Cells specification and reprogramming (B). Deregulation of the hox programs
from 10 weeks onwards is the hypothesis to explain abnormal T-shaped uterus in second generation
exposed daughter. Germ cells are exposed to DES during the reprogramming program which may
result in epigenetic alteration of developmental genes in the third-generation DES children. The
time of pregnancy is indicated non linearly in weeks from the first day of last menstrual period.
(From Guerrier 2022(4)).

Epigenetic alterations of developmental genes, secondary to environmental factors
or genetic causes, can be potentially limited to one organ or tissue. Epigenetic causes could
also explain sporadic cases of uterine malformations and MRKH syndrome as well as
discrepancy observed between monozygotic twins. Comparison of transcription and
methylation profiles in post-surgery uterus myometrium from adult individuals with
MRKH and controls highlighted differences in both transcription and methylation for six
genes potentially relevant to the development of the female reproductive tract (CDH5,
MFAP5, WISP2, HOXA5, PEG10, HOXA9 (287). However, further studies are necessary
to determine links between epigenetic modifications of developmental genes and uterine

development as well as how environmental factors are involved in these processes.
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IV. INTERPRETATION OF WHOLE EXOME SEQUENCING DATA AND IN VIVO
MODELLING OF CANDIDATE GENES

Whole exome sequencing (WES) enables the sequencing of the coding regions of
approximately 20,000 protein-coding genes of an individual’s genome. Comparing the data
to a reference genome generates a list of variants (single nucleotide variations and small
indels). Since many of these variants are benign, data analysis focuses on narrowing down
the list to those more likely to be significant. Common filters include allele frequency
(e.g., selecting variants with a minor allele frequency <1%) and coding impact (such as
non-synonymous variants or those predicted in silico to affect protein function).

For genes already associated with the disease, the pathogenicity of a variant can be
assessed using the ACMG/AMP guidelines, an internationally recognized framework for
evaluating gene variant pathogenicity (288). One of the criteria involves phenotype
correlation, and reverse phenotyping can sometimes provide additional evidence of
pathogenicity by identifying overlooked clinical features. The ACMG/AMP guidelines and
the approach of reverse phenotyping are discussed in the first part of this section.

In cases where no causal variant is identified in known genes, exome analysis can
help to identify compelling variants in potential novel candidate genes. For these
variants—those that are rare in the general population and predicted to be deleterious—
key criteria for evaluating gene relevance include the gene biological function
(e.g., interactions with disease-related genes or pathways), expression data (such as
expression during embryonic development or in relevant tissues), and evidence from
animal model demonstrating involvement in embryonic development. Constraint metrics
can also indicate whether a gene is intolerant to heterozygous loss-of-function variants,
suggesting a higher likelihood of developmental disease in the presence of such variations.
For new candidate genes, the existing literature may not yet provide sufficient evidence
for causality in regards to uterine malformation, and studies using animal models may be
needed to gather additional support.

Although mice are the primary animal model for studying female genital tract and
kidney development, zebrafish offer several advantages: they are less expensive, highly
fecund (producing 50-200 ex utero transparent embryos per pairing), have rapid
development (reaching adulthood in three months), and are easily modified genetically.
Zebrafish do not have Millerian ducts, and it is uncertain how conserved is the
development of their gonadal duct compared to the Miillerian ducts (BOX5). However,
zebrafish have proven their utility in studying kidney development and renal disease,

their embryonic kidney (pronephros) being a simplified and conserved model of the
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mammalian nephron. The second part of this section introduces CAKUT modeling in

zebrafish.

1. INTERPRETATION OF SEQUENCE VARIANTS IN KNOWN CAUSATIVE GENES

The ACMG/AMP classification

The American College of Medical Genetics and Genomics (ACMG) guidelines [2015],
provided standards for the interpretation of sequence variants in known causative genes
associated with Mendelian disorders, which are today commonly used in diagnostic labs
(288). The process combines population data, computational and predictive analysis,
functional criteria and allelic and co-segregation data to classify variants in one of five
categories, ranging from variants of benign (or likely benign) clinical significance to those
that are pathogenic (or likely pathogenic). Variants of unknown significance include all
the variants in between, that do not meet the criteria to be classified as likely benign or
likely pathogenic. Since then, the Sequence variant interpretation working group
(Clingen) has provided additional general guidance to use the ACMG criteria for the
purpose of improving consistency and uniformity in variant interpretation (289-293). The
probability that likely pathogenic and pathogenic variants are truly pathogenic reaches
0.9 and 0.99 respectively. The classification system does not exclude Mendelian genetic
conditions with decreased penetrance, but recommend, in these cases, to include
information about decreased penetrance and variable expressivity when reporting genetic
results. When assessing segregation data (PP1 criterion) for autosomal dominant

conditions with reduced penetrance, only affected relatives should be considered (289).
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Figure 13. Sequence variants are classified based on a combination of criteria.

Evidence criteria are divided into those that support a benign (B) or pathogenic (P) effect (first
letter of the code) and given their relative strength (second letter(s) of the code: VS= Very strong,
S= strong, M= moderate; P= supporting; A=stand-alone). One criteria can be upgraded to higher
strength when more evidence are available. R= recessive; D= dominant ((288,294).
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Reverse phenotyping

Reverse phenotyping involves evaluating specific clinical features after a genetic
diagnosis is suggested by sequencing results. This approach has been shown to strengthen
the evidence for the pathogenicity of variants identified through WES. For instance, in
individuals initially diagnosed with isolated CAKUT who carry a potentially causal
variant, further clinical examination helped confirm disease causation in 8 out of 85 cases,
while in 23 out of 85 cases, the variant was considered unlikely to be causal (295).

According to the ACMG/AMP guidelines and their updated version (296), the PP4
criterion assesses phenotype specificity and may be applied when a particular
constellation of clinical features aligns with molecular findings. In cases of genetic
heterogeneity for the phenotype, applying this criterion requires that other potential
genetic causes have also been analyzed with the genetic test performed. This criterion can
be upgraded to moderate evidence if very specific phenotypic features are present, and to
strong evidence if additional findings—such as an enzymatic activity assay, specific blood
markers, a methylation signature, muscle biopsy analysis, or a drug response—are
pathognomonic for a particular genetic cause (296).

In the initial clinical evaluation of individuals with uterine malformations, mild
extrauterine features may have been unexamined. Based on molecular results, further
clinical, biological, or radiological assessments may reveal distinct clinical features
associated with syndromic or minimally syndromic conditions (e.g., caudal pancreas
agenesis and renal cysts with an ANF'1Bvariant; hypoparathyroidism or hearing loss with
a GATAS variant; subclinical hypothyroidism with a PAXS variant). Additional features
worth investigating, depending on the identified variant, are described in BOX4 and

Supplemental Table 3.

2. VALIDATION OF CANDIDATE GENE IN ZEBRAFISH

For genes not previously implicated in a disease, evidence for a role of the candidate
gene in the disease should be demonstrated, and animal models have been the in vivo
favorite models so far. Despite its simple architecture, the pronephros of zebrafish shares
a conserved structure and functional similarities with the mammalian nephrons,
providing an attractive model to study the genes and pathways involved in vertebrate

kidney disease and nephrogenesis.
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The zebrafish kidney

The zebrafish embryonic kidney (pronephros) consists of a pair of segmented tubules
linked in their proximal end to a fused single glomerule, and connecting in their distal
part to the cloaca. The pronephros arises 12 hours post fertilization (hpf) from bilateral
stripes of renal progenitors in the intermediate mesoderm, and both tubules are formed
at 24 hpf. The glomerule primordia fuse at 36-40hpf, and filtration starts between 40-
48hpf. Mesonephrogenesis starts around day 10-12 to form mesonephrons which connect
with the distal pronephric tubules to form the adult kidney (mesonephros) (Figure 14.A).
In zebrafish, the total number of nephrons (around 150-300) correlates with the body
weight and neonephrogenesis goes on during all the adult life (297). Unlike mammals,
zebrafish do not develop a metanephros. However, the molecular pathways involved in
intermediate mesoderm specification and nephrogenesis are conserved, allowing for
meaningful comparisons between different kidney forms despite differences in spatial
organization and complexity. Key transcription factors such as Pax2a, Pax8, Lhx1la, and
Osrl play crucial roles in specifying renal progenitor fate within the intermediate
mesoderm in both zebrafish and mammals (298-300). The nephric duct functions as a
terminal inducer of mesonephric and metanephric mesenchyme (301). Nephrons, the basic
functional units of all vertebrate kidneys, exhibit similarities in their developmental
processes and show remarkable conservation in the structure and function of their
segments. These segments are composed of distinct epithelial cell types, each with
specialized roles. Furthermore, many genes expressed in specific segments of mammalian
nephrons are also found in corresponding segments of the zebrafish pronephros
(Figure 14.B).

Studies in zebrafish have provided insights on how nephrons differentiate into
segments and the pathways involved, unveiling an important role for retinoic acid
signaling (Figure 15). In a/dh2 mutants (zebrafish embryo deficient for RA biosynthesis),
or after chemical treatment with diethylaminobenzaldehyde (DEAB) (chemical that blocks
Aldh enzymatic activity), embryos fail to form the glomerule and proximal segments of the
pronephros. Conversely, exposure to exogenous RA treatment between the end of
gastrulation and early somitogenesis induce expansion of the proximal segments and
reduction of the distal segments. Alterations are already visible at the 8 somites stages
when the renal progenitor cell fields are subdivided into rostral and caudal domains based
on their gene expression pattern, showing that the RA gradient acts very early to promote
the proximal, and maybe inhibit the distal fates (297,302). In mammals, retinoic acid

signaling was also shown to be important for the primary ureteric bud outgrowth (through
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regulation of Ret expression), for branching morphogenesis and for proper insertion of the
nephric ducts in the cloaca (43,303). Finally, studies in zebrafish have contributed to
understand the dynamic processes (mesenchymal to epithelial transition, cell migration,
stretch-activated proliferation) that determine the final structural arrangement of the

tubules (304).
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Figure 14. The renal system in zebrafish.

A. Developmental stages of the renal systems in zebrafish (from Gerlach 2013 (297))

B. Comparison of nephron segment patterning between the zebrafish and mammalian
metanephros. Specificity in gene expression of proximal and distal segments is conserved between
zebrafish and mammals (from Elmonem 2018 (305)). Zebrafish lacks an equivalent of the loop of
Henle which facilitates urine concentration in mammals. G= glomerule; PCT= proximal convoluted
tubule; PST= proximal straight tubule; DE= distal early; DL~= distal late; CD= collecting duct; TL=
thin limb; TAL= thick ascending limb; DCT= distal convoluted tubule; PD= pronephric ducts; C=
cloaca
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Figure 15. Retinoic acid and patterning of the pronephros in zebrafish.
Patterning of the proximo-distal nephron segment identities is mediated by retinoic acid (from
Hawkins 2023 (306)). PCT= proximal convoluted tubule; PST= proximal straight tubule; DE= distal

early; DL= distal late; ATRA = RA agonist; DEAB= RA antagonist.
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Figure 16. The dynamic processes in pronephric tubules formation.

A. Formation and patterning of the intermediate mesoderm. The PCT, PST and DE form from
intermediate mesoderm exposed to RA while the DL segment forms from the IM not exposed to RA.
B. Formation of a tubular epithelium by processes of mesenchymal-to-epithelial transition and cell-
to-cell adhesion. By 20 somites, a lumen and markers of apical-basal polarity are present. At that
time, a caudal shift in the proximal-distal domains is observed. A short medial elongation of the
tubules is necessary to reach the cloaca which then fuse (22 somites stage (20hpf)). Migration of
distal fate cells and compaction of the distal late segment result in strectching and elongation of
rostral segments (PCT,PST and DE). The Bmp signaling and Wnt (both PCP and canonical) are
involved in cloaca formation.

C. Sarting at 29hpf, a rostral flow-induced collective cell migration induce circumvolution of the
proximal circumvulated tubules and stretches of the intermediate and distal early segments.
Obstructing the tubules, decreasing the glomerular filtration or inhibiting motile cilia formation
all cause inhibition of the rostral migration (From Naylor and Davidson 2017 (304)).
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BOX 5. Is the ovarian duct in zebrafish a homologue structure of the Miillerian
ducts in mammals?

Detailed description of the development of the gonadal duct is limited in zebrafish, but some
description exists in the medaka, another teleost. In medaka, initiation of gonadal duct formation
was first identified 20-30 days after hatching. Epithelial cells of the gonadal duct originates from
the coelomic epithelium similar to the Miillerian duct cells in mammals (14,307). Studies on
molecular pathways involved in the ovarian duct formation and elongation in zebrafish are rare.
Recently, wnt4a loss-of-function was shown to cause partial agenesis of the gonadal duct in
zebrafish and medaka, showing homologies with the phenotype in mammals and suggesting that
both the Millerian ducts and gonadal duct may share common genetic networks in their
development. Further studies are however needed. MicroCTscanner and histology are available

methods to analyze the structure of the gonadal ducts in adult zebrafish (308)
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Figure 17. The ovarian duct in wnt4” zebrafish
Abnormal development of the male and female gonadal duct in wnt4a~-
mutants compared to wildtype (from Kossack 2019 (308))
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Methods to investigate candidate genes for CAKUT in zebrafish

In order to investigate the phenotype associated with one specific candidate gene?,
several methods exist to knockout or knockdown its expression in zebrafish. Essential
prerequisite is the presence of an identifiable zebrafish orthologue (BOX6), which is the
case for around 70% of the human genes (309). However, if 47% of them have a one-to-one
orthologous relationship (310), 23% have two (or more) zebrafish orthologues secondary
to an ancient additional round of duplication of the teleost genome (approximately 350
million years ago). Duplicated genes may have redundant function, or neofunctions. In
consequence, identifying the most likely orthologue may sometimes be challenging, and
knocking out the duplicated genes might be necessary to display a phenotype (298,310).
Morpholino and CRISPR-Cas9 technologies will be described in more details below and
are compared in Table 4. Mutants resulting from forward genetic screen® also exist for
many genes. A vast catalogue of the available mutants and transgenic lines, as well as
gene-specific expression data and link to publications, are curated in the ZFIN database

(www.zfin.org) (311).

Table 4. Comparison between morpholino and CRISPR-Cas9 approaches
(from ElImonem 2018) (305)

MORPHOLINO CRISPR-CAS9
Technique first described in zebrafish Nasevicius and Ekker (2000) Hwang et al (2013)
Genetic target mRNA Genomic DNA
Stage of inducing mutagenesis 1-4 cell stage 1 cell stage
Mutation site No DNA mutations Specific DNA sequence
Mutational effect Deficiency Deficiency/gain
Difficulty in confirming the mutant genotype Easy Easy
Efficiency of mutagenesis High High
Mutant model Transient Permanent
Time, effort and ressources + ++
Off-target effects +++ +

Morpholinos
Morpholinos are synthetic short chain of about 25 oligonucleotides (constituted of a

nonribose morpholine backbone) that confer gene knockdown by complementing with their

& The genotype-driven approaches are named Reverse genetics. A candidate gene is modified by genetic
engineering methods to establish the phenotype associated with mutations disrupting this gene.

% Forward genetic consists in phenotype-driven approach. Following induced mutation (for instance by
exposure to chemicals such as ENU), mutants are selected based on their phenotype. Then, genomic studies
are performed to determine the causal variant.
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target RNA. They can either block translation initiation in the cytosol (by targeting the 5'
UTR through the first 25-bases of the coding sequence) or can modify pre-mRNA splicing
in the nucleus (by targeting splice junctions or splice regulatory sites) (Figure 18.A). The
effect of Morpholino is transient with an efficacy limited to 3-5 days. Demonstration of a
similar phenotype with multiple MO targeting the same gene is necessary to rule out that

the phenotypes observed result from off-target effects (310).

CRISPR-Cas9

The genome editing CRISPR-Cas9 system is derived from components of an
adaptative bacterial immune system that allow bacteria to recognize and digest exogenous
DNA. Cells are transfected with the endonuclease Cas9 and an engineered guiding RNA
(gRNA). The guide RNA includes a target-specific CRISPR RNA (crRNA) and a
transactivating crRNA sequence (tracrRNA), necessary to recruit the Cas9 nuclease. For
cleavage by Cas9, a specific PAM (protospacer adjacent motif) sequence of three nucleotide
(NGG) must be present on the DNA sequence immediately downstream of the 3 target.
The nuclease generates double-strand breaks in the DNA, triggering one of several DNA
repair system endogenous to cells (the non-homologous end joining DNA repair system
and homologous recombination). The predominant NHEJ repair system will generate
deletion, duplication, indel that will induce, for some of them, loss-of-function of the gene
(knockout model). A template DNA can be transfected with the Crispr-Cas9 system to
engage homologous recombination, and generate one specific mutation (knock-in model).

Specificity of the system is guided by RNA sequences and consequently, easy to
engineer to generate breaks to virtually any genomic DNA sequence. The system is highly
efficient and specific, decreasing the risk of off-target effects (312). Because of its high
efficiency, biallelic invalidation of the target genes can be obtained in mosaic in the FO
generation (following injection in the blastocyte) allowing to quickly evaluate the presence
of phenotypic consequences (Crispant model). The mosaic larvae can be grown up and
paired with wildtype adults. FO adult carrying mutations in their germline will pass the
mutation to the F1 generation. After genotyping, heterozygous are incrossed to analyze

the phenotype in the F2 generation (Figure 18.B).
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Figure 18. Reverse genetics in zebrafish using morpholinos (A) and CRISPR-Cas9 (B). From
Elmonem 2018 (305)
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BOX 6. Homologues, orthologues and paralogues

Homologous genes descents from a common ancestral DNA sequence. They are
orthologues if they diverged from each other as a consequence of a speciation event,
Orthologues are related genes in different species that share high similarities in
their DNA sequences, protein domains and functions. WN7T4 in humans, Wnt4 in
mice and wni4a in zebrafish are one example of orthologous genes. One human
gene may have several orthologous in zebrafish. Paralogues are related genes
within the same species that diverged from each other as a consequence of
duplication events. They may share similar functions or become different in
sequence and functions over time. For instance, in humans, HOXA11, HOXC11 and
HOXD11 are paralogous genes, as well as HOXA9, HOXA10, HOXAI11 and
HOXA13
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Figure 19. Homologues, orthologues and paralogues.
Paralogues are defined as genes for which the most common ancestor node is a duplication
event (yellow node). Orthologues are defined as genes for which the most common ancestor
node is a speciation event (red node). Created in BioRender.com

Assessment of the renal phenotype

Although not exclusive to renal disorder, some systemic phenotypes (pericardial or
total body edema, pronephric cysts, curved body axis, hydrocephalus) are frequent
morphological changes visible under the microscope in zebrafish with pronephros defects.
Different methods exist to evaluate further the pronephros/mesonephros morphology and
patterning. The methods used during the first investigation of our candidate gene in

zebrafish are illustrated in Figure 20.
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Figure 20. Methods to evaluate zebrafish models of CAKUT

A.Brightfield microscopy allows to screen for morphological defects: comparison of
wildtype and dstyk morpholino, showing edema and curvature in 5dpf dstyk mutants
(from Sanna Cherchi, 2013 (313)).

B.Brightfield microscopy allows to visualize the terminal part of the pronephric duct:
comparison of wildtype and dilation in Anc2 morpholino (from Kolvenbach,2023 (314))
C.The transgenic line wt1b::GFP: synthesis of the GFP (green fluorescent protein) where
the gene is expressed (in this case wtlb) enables the fluorescent visualization of the
glomerules and proximal tubules by fluorescent microscopy. Cyst and dilation of the
proximal tubules are visible in hcn2embryos (from Outtandy, 2019 and Kolvenbach, 2023)
(298,314)

D.Whole-mount in situ hybridizations use labled RNA probes complementary to the
mRNA of genes specific to one segment of the pronephros (from Fatma, 2021) (315).
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Several genes associated with CAKUT in humans have been investigated in

zebrafish, variably showing defective tubular differentiation, abnormal segmentation

patterns, pronephric cysts, abnormal tubules (dilated, deformed, convolution defects) or

cloacal deformities (Table 5).

Table 5.Characterized embryonic models of CAKUT in zebrafish

Disease OMIM Heredity Gene Methodology  Phenotype Reference
Papillorenal syndrome #120330 AD pax2a ENU Abnormal pronephros (316)
development, defective
tubular differentiation and
patterning, abnormal cloaca
morphogenesis
Di George syndrome #188400 AD crkl, aifm3, MO, CRISPR Major convolution defects, (271)
snap29 reduced length of
pronephric tubules
Denys-Drash syndrome #194080 AD wtia MO Disruption of glomerular (317)
morphogenesis and
differentiation
Renal Cyst and diabetes  #137920 AD hnfiba/b MO, Retroviral ~ Abnormal nephron (318)
syndrome insertion segmentation, tubular
dysfunction
Renal hypodysplasia *604994 AD six2 MO Abnormal glomerular (319)
morphogenesis (altered
pattern of wt1 expression)
Renal hypodysplasia, *112262 AD bmp4 MO Abnormal glomerular (319)
Bilateral renal agenesis morphogenesis (altered
pattern of wt1 expression)
Renal #617805 AD grebil ENU, MO, Dilated tubules, deformed (147,154)
hypodysplasia/aplasia 3 CRISPR junction between proximal
convoluted tubules and the
neck, pronephric cysts,
pericardial edema, early
mortality
Classic bladder * 600366 AD isl1 MO Abnormal urinary tract (320)
exstrophy development
CAKUT1 #610805 AD dstyk MO Cloacal deformities, growth  (313)
retardation, pericardial
edema, small fins,
abnormal jaw development
Branchiooculofacial #113620 AD trm (forward ENU Abnormal DE segment (321)
syndrome genetic screen, differentiation, anomalies in
mutation in the craniofacial cartilages
tfap2a)
LUTO #618612 AD bnc2 MO Pronephric distal outlet (322)

obstruction

Adapted from EImonem et al., 2018(305). Diseases are in italic, and the OMIM number correspond to the

gene OMIM number, when the association is suggested but not confirmed.
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SUPPLEMENTAL DATA

V.

CLASSIFICATION SYSTEMS FOR UTERINE MALFORMATIONS

1.

Supplemental data Table 1. Comparison of the main classification systems for uterine

malformations.
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2. CANDIDATE GENES INTERROGATED IN COHORTS WITH UTERINE
MALFORMATIONS

Supplemental data Table 2. Candidate genes interrogated in cohorts with uterine

malformations by targeted sequencing or WES
(Negative results are mentioned only for targeted sequencing)

Gene Reference Type of study Number of positive/ Variant of Disrupting  Uterine phenotypes in
total number of unknown variants® positive/
individuals in the significance’ # with isolated UM
cohort
AMH [Zenteno et al., 2004] Targeted 0/15 3 0 U5/3
[Mikhael et al. 2021] WES 31117
AMHR2 [Zenteno et al., 2004] Targeted 0/15 0 0 -
BMP4 [N. Chen et al. 2021] WES 3/592 1 2 uUs/2
BMP7 [N. Chen et al. 2021] WES 2/592 1 1 Us/2
CFTR [Timmreck et al., 2003a] Targeted 0/25 42 2 uUs/7
[Mikhael et al. 2021] WES 9111
CTNNB1 [Drummond et al., 2008] Targeted 0/12 0 0 0
DACT1 [Xing et al. 2016] Targeted 2/16 2 0 U3/NR
DLGH1 [Ravel et al., 2012] Targeted 0/12 - - -
EMX2 [Liu et al., 2015] Targeted 1/517 4 2 U3bC2 or U5/2
[Li et al. 2022] Targeted 4/40
[N. Chen et al. 2021] WES 1/592
ESR1 [Brucker et al. 2017] Targeted 2/93 2 0 us/2
GALT exon 10 [Zenteno et al., 2004] Targeted 0/15 1 0 Us/0
[Mikhael et al. 2021] WES 111
GEN1 [Wang 2020] Targeted 51125 4 1 us/?
GREBI1L [Jolly et al 2023] WES 15/590 23 10 Us/9
[Jacquinet et al. 2020] WES 4/9 families
Targeted 4/68
[Herlin 2020] ;[De Tomasi 2017] WES CR
;[Sanna-Cherchi 2017]
HNF1B [Alvelos et al., 2015]; [Heidet et Targeted CR 0 122 U2,U3,U4,Us/13
al., 2010]; [Shihara et al., 2004];
[Iwasaki et al., 2001]; [Lindner et
al., 1999] ; [Faguer et al. 2011];
[Agarwal et al. 2022]
[Ledig et al., 2011] Targeted 0/56
[Oram et al., 2010] Targeted 8/108"
[Bernardini et al., 2009] Targeted 0/20
[Bingham et al., 2002] Targeted 2/9'
[Williams et al. 2017] Targeted 0/100
HOXA7 [Chen et al., 2014b] Targeted 0/192 0 0 0
[Burel et al., 2006] Targeted 0/6
HOXA9 [Chen et al., 2014b] Targeted 1192 1 0 usn
[Burel et al., 2006] Targeted 0/6
HOXA10 [Ekici et al., 2013] Targeted 4/27 72 1 U2,Us,Us/5
[Cheng et al., 2011] Targeted 1109
[Liatsikos et al., 2010] Targeted 0/30
[Lalwani et al., 2008] Targeted 0/26
[Burel et al., 2006] Targeted 0/6
[Mikhael et al. 2021] WES 1111
[N. Chen et al. 2021] WES 1/592
HOXA11 [Chen et al., 2014a, 11] Targeted 41192 52 0 u2/4
[Liatsikos et al., 2010] Targeted 1/30
[Burel et al., 2006] Targeted 0/6
HOXA13 [Imagawa et al., 2014] Targeted CR 0 5 U2,Us/0
[Ekici et al., 2013] Targeted 0/27
[Parker et al., 2011] Targeted CR
[Jorgensen et al., 2010] Targeted CR; 0/17
[Utsch et al., 2007] Targeted CR
[Burel et al., 2006] Targeted 0/6
[Innis et al., 2004] Targeted CR
[Goodman et al., 2000] Targeted CR
[Mortlock and Innis, 1997] Targeted CR
LAMC1 [Ravel et al., 2012] Targeted 0/12 4 0 Us/3
[Mikhael et al. 2021] WES 111
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LHX1 [Sandbacka et al., 2013] Targeted 51112 52 2 us/7
[Xia et al., 2012] Targeted 1/96
[Ledig et al., 2012] Targeted 1/62
[Ledig et al., 2011] Targeted 1/56
[Bernardini et al., 2009] Targeted 0/20
[Williams et al. 2017] Targeted 0/100
[Zhang et al. 2017] WES 110
LRP10 [Mikhael et al. 2021] WES 41118 4 0 Us/3
MMP14 [Mikhael et al. 2021] WES 21111 2 0 uUs/2
OXTR [Brucker et al. 2017] Targeted 2/93 1 0 us/0
PAX2 [Wang et al., 2012] Targeted 1/192 24 0 U3,us/2
[Mikhael et al. 2021] WES 1111
PAX8 [N. Chen et al. 2021] WES 10/592 ;1CR 3 8 us/7
PBX1 [Maetal., 2011] Targeted 0/192 0 0 0
[Burel et al., 2006] Targeted 0/6
RBMB8A [Tewes et al., 2015] Targeted 3/167 2 0 uU5/2
RARA [Mikhael 2021] WES 2111 3 0 Us/2
RARG [Cheroki et al., 2006] Targeted 0/25 0 0 0
RXRA [Cheroki et al., 2006] Targeted 0/25 0 0 0
SHOX [Mikhael 2021] WES 2111 2 0 us/
TBX6 [Tewes et al., 2015] Targeted 6/167 11 1" U5, U2, U3/26
[Sandbacka et al., 2013] Targeted 17/112 2 (possible
[Tewes et al. 2019] Targeted 41125 functional
[N. Chen et al. 2021] WES 2/592 polymorphism)
[C. Ma et al. 2022] WES 15/622
[Mikhael et al. 2021] WES 3111
TP63 [Wang et al. 2016] Targeted 1/200 0 1 uan
WNT4 [Waschk et al., 2015] Targeted 0/14 8 3 U2,U4,Us5/4
[Chang et al., 2012] Targeted 1/189
[Philibert et al., 2011] Targeted 1/4
[Ravel et al., 2009] Targeted 1/11
[Philibert et al., 2008] Targeted 1/25
[Biason-Lauber et al., 2007] Targeted 1/6
[Cheroki et al., 2006] Targeted 1/25
[Clément-Ziza et al., 2005] Targeted 0/19
[Biason-Lauber et al., 2004] Targeted CR
[Williams et al. 2017] Targeted 0/100
[Mikhael et al. 2021] WES 3111
[L. Li et al. 2021] WES 112
[Ragitha et al. 2023] Targeted 0/103
WNT5A [Wu et al., 2013] Targeted 1/189 1 0 uan
[Ravel et al., 2009] Targeted o/11
WNT7A [AlQattan et al., 2013] Targeted CR 2 25 u3,Us/n
[Dang et al., 2012] Targeted 1191
[Eyaid et al., 2011] Targeted CR
[Ravel et al., 2009] Targeted 111
[Timmreck et al., 2003b] Targeted 0/40
WNT9B [Mikhael et al. 2021] WES 111 9 3 uU3,us/9
[Waschk et al., 2015] Targeted 6/226
[Wang et al., 2014] Targeted 2/42
[Tang et al., 2014] Targeted 0191
[Ravel et al., 2009] Targeted 0/11
[N. Chen et al. 2021] WES 1/592°
[Wang et al. 2020] Targeted 2/125

Uterine phenotypes are reported following the ESHRE/ESGE classification (U5 = aplastic uterus, U4 =
hemi-uterus, U3 = bicorporeal uterus, U3bC2 = complete bicorporeal uterus with a double cervix
(formerly didelphys uterus), U2 = septate uterus); CR = case report

*Variant of unknown significance: Missense variant predicted to be damaging, splicing variant,
nucleotide deletion predicted inframe, variant in 3’ or 5> UTR (without functional characterization)

SDisrupting variants: truncating variants, missense variant with confirmed disrupting function by
functional analysis, missense variants reported multiple times, canonical splicing variant

1One variant in the publication was not considered as the population frequency of this variant is too high
(4%).

20ne variant in several individuals

3 One patient presented with isolated uterine malformation. However, her relatives presented with
symptoms of RCAD.

4Location of the variant was unclear based on the publication [Wang 2012].

5 Autosomal recessive syndromic cases.

6 One of the variant is in the non canonical transcript
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SYNDROME ASSOCIATED WITH UTERINE MALFORMATIONS

3.
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(Syndromes associated with hypoplastic uterus (i.e., 46,XX ovarian dysgenesis or hypogonadotropic
hypogonadism) are not included).

Supplemental data Table 3. Syndromes associated with uterine malformations

‘s}sho) saliewoue Aaupny (55291 #)
‘sseujeap [einauliosuss [elolellq ‘(H1ld) awioIpuAs
6102 obaiin-olajjep auowuoy pioAyesed wnias JO [9AS] MO] JO (Alewoue jeusy pue
£200¢ “Ie 19 ZapueuJaH ‘L L0Z “le sniajn ayejdes 9|qelo8lepuUn ‘elwadjecodAy Ssaujea( [BINdulIOSUSS
av EVLIVD 19 UBAOPIOI 1102 “|e 10 eanweyeN  ‘snudjn onsejde ‘snia)n [easodioolg onewojdwAse 1o onewoldwAs | ‘wsipioiAyjesedodAH) HaH
vioe
“|e 1@ emeBew] ¢ | L0Z “Ie 13 Ja)ied uononJisqo uonoun( oiaj@dolalain ‘Xnyal
0102 “Je 1o uasuabior {2002 “|e 19 wnydes [euibena [euipnybuo) e 1o [e18}2IN0JISaA ‘90110 [BIa}aIn A10SS800e
yasin ‘00z “|e 18 SluU| {661 ‘SIUU]  SDIAISO OM} JNOYNM JO UM Snidin  01do}os ‘saljewoue [eyuab ‘squiny) [ewlouqe (0000¥L#)
av ELVXOH pue }O0|LIoN {0002 “Ie 1© UBWPOOY) Jeaiodiooiq Jo seaibap snouep pue sa0} 1ealb Joys Yum 199} [[ewS | 8woipuAs |ejusb-jooj-pueH
9102 ellepuab [eussixe snonbique
191SS9] {1102 ‘eAypues pue nueey ‘Angesip [enjo9)aul ‘eisejdodAy;sisausbe
LdIHD ‘8002 “Ie 1@ neybajeys 9002 “Ie 10 sniejn onsejde [eual ‘sisoud}s [eabuhie| (ooo612#)
vy ‘LWIFHHLSYHS YAUIOAB|S (2002 ‘W)L PUE }BUNOAE|S ‘snisjn-lway ‘sniayn [easodiodlg ‘seljewoue Jea pue asou ‘sowejydoydiiy BUWIO0IPUAS Jasel
eunuigjoid
‘a|@ooeydwo Jo/pue ejuiay onewbeiydelp
|eyuabuoo pue ‘Ayjigesip [enjoajjoiul ‘sso)
Buueay [einauliosuas ‘wnsojed sndiod ay)
Jo sisauabe ‘(AydonsAp [eunal ‘Juswyoelep
€202 ‘|e 1@ uenp leuna. ‘eldoAw ybiy) suoneosidwod Jejnoo (evvzazz #)
v 2dyd1 6002 19q0d sniajn [easodiodig ‘(wsuojeuadAy) sainyes; [eloe: ajqeuep BWoIpuAs moLeg-reuuoq
6102 UyS ‘€102 “[e 19
ouyQ ‘110z “Ie 18 MoID %002 “[e 10
oj|s10onye (0002 [ 18 1uojjag {0002 snia)n ayeydas ‘uonealjdnp snisin ssew [esoesald pue ‘sisausbe (0597 1L#)
av LXNW “le 10 youkq {1661 “|e 19 urepiold,0 ‘sniajn onsejde ‘snig)n [easodioolg |eJoes [eied ‘sanijewiouqge [ejoaiouy BWOIPUAS oulieln)
Sew uey) pajosye
2I0W s|eWa "9ousbl||8)ul [BWION "eluiay
onewbeiydelp ‘sisauabe wnsojjeo sndiod
Ajalel ‘sanwallxa ay} JO SaljeWOoU. ‘Uo)a[aXs
0202 Z9pueu.a4-e}sooy |ewouqe ‘s|ieu panoolb
1202 Yo3]|0-B)smoyng ‘di} |leseu pyiq ‘sisoysouhsolueld ‘AljswwAse
JUBUIWOP PaYUI-X LaGNd3 L2og Aosiny sniajn [easodioolg [eloejolueld ‘eise|dsAp [ESBUOJUOLY | BWOIPUAS [eSeuojuOjOIUEID
NOILYLNW INTD ¥V HLIM 3140434 3SVYO INO LSVIT LV-S1HOd3IH ISVO FdILTNN
(aAnsneyxa uou) (JYNLYHILIT) (NOILYOIHILN3al WINO)
JONV.LIHTHNI S3INTHO S.1HO0d34 3SvI TVIINITO S3ITYWONY 3NIH3LN s3yn.iLvad JWOHANAS

-76 -



v

paxull-xX

v

av

av

av

83N ‘.cLsgg
‘ENLOL VLI

ONJO

ZHOHA

8LiANH

JHAN

VINM

(sgq) 2861 ‘Biagey
pue odwe) ‘G661 ‘’[e 18 19|01S
(snreyie|oipAH)
0661 ‘eAlSH pue usuojes
((sissuabe
[euiben) -sg4) L1LOZ “[e 19 }ineanaq
(AIQ40 pue SHN JO dinyes) yum

Ayredoy1o [e1ey) 2102 “Ie 18 sewoy L

(SHMI) 2102 “[e 12 SIvlM

(E4ES

-Auredol|io [e18)) 10T “Ie 1@ sab|i4

8002 “[e 1@ J96un

8961 “[e 10 AimoT {Zg1Log “Ie 18 ulj9nd
9002
“le 3@ |11IYbp3 200z “le 1@ suoqied
6661 “Ie 1@ Jaupur 1002 “|e 19
pjesem| (0102 “|e 3@ welQ 800z “le
19 11'yBp3 {5002 “Ie 10 SaLIeH {002
“[e 1 e1eylys {2002 “Ie 10 weybuig

6102 ®euewey
8102 10

002 ‘2002 “Ie 13 Jagne
-uoselg ‘8002 ‘1102 “[e 19 Haquiud

eisejdodAy auusin
‘snia)n [ea10di09iq ‘sniain oise|dy

snJan
pajeoldnp ‘sniajn [easodioolg

snia)n [ealsodioolg

snia)n [ealodiooiq ‘sniain oise|dy

euibea Buipus-pulgq yum
sagn} ueidojje} pue sniajn onse|dy

snuajn onse|dy

AifoepAjod ‘1e9) gnjo

‘sj09j0p Heay |epusabuod ‘joel) Alojesidsal
pawuJoyew ‘syejed/di yajo ‘elyreuboioiw
‘AleydasoipAy :snjeydasoipAH
suoljew.ojew

leunsajui-osyseb pue peay ‘(wnydes
[euiben asiaAsuel}-sod|0201}8WwoIpAY)
uonewlojew Areurinojuab

‘AlAyoepA|od :uewyne)-3o1Snyon
wsipeuobodAy oidosjopeuobodAy
‘Ausaqo ‘AifyoepAjod ‘Ayredounas Arejuswbid
‘Auigesip [enjos||ajul :[opalg-iapieq

‘ybray

llews ‘sisauabe Aaupiy ‘xnjya1 NA ‘(euibea
pajeoljdnp ‘eiqe| onsejodAy) saljjewoue
[enuab ‘eisalje [eue ‘sao} Jo AJAjoepuhs
‘1ebuly s Alf1oepouro ‘snyjuedsja

$90) 8y} Jo A|A1oepufs

g-2 ‘AifoepAjod |eixeisod ‘sajew ui eiejusab
Jeusa)xa padojanspiapun ‘sjoajep delpied
‘ajeled Yajo ‘sainjes} [e1oe} SAIIOUNSIP
‘Aungesip renjog|@yul ‘Aleydasoioiw
‘uonepiejal yimolb [eyeuisod pue [ejeusaid

j0B.} Areunn pue Asupiy 8y} Jo saljewoue
[eyuabuod ‘ejwsouniadAy ‘eisejdodAy
oljealoued ‘ejwasaubewodAy ‘snyjjaw
a)agelp }osuo-A|Jea ‘uonouny JaAI [ewlouqy
(renpiaipur | ul pauodal) sisosydauolpAy
pue Aaupiy aoysasioy ‘saueno

|lews Jo Juasqy "sainyes} olydoswsAp
a|qeziubooal ou ‘pakelap Ajaianas

0] Juswdojanap pue uoniuboo [eoidA}
‘S9ew Ul sjueuwal syonp

uel9||nw juajsisiadseleyuab snonbique
‘eiseidodAy Areuowind ‘ejuiay oewbesydelp
[eyuabuooioaep ueay [epusbuod
‘sowejydoueu ‘eidosadAH:a|qerep

sisausbe
leual ‘Aaupiy oinjed ‘wsiuaboipuesadAy

(00660z#'0899¢2#
‘0029¢c2# ‘8529194#)
salyedol|1o o1WoIpuAS

(2000g#)
(awoupuAs suonewojew
|eua. pue [ejusboue
‘snyjueos|a ‘Alf1oepuds
90]) 8WOIPUAS HY 1S

(oov0s2#)
Z)do-weT-ynws

(0oz6.€1#)
BwoIpuAs
sajaqelq pue s)sAD jeuay

(082819#)
awoipuAs [ejusboin
oelpie) pajeley-4HANW
(0ce851#)
wsjusboipuesadAy
pue eisejde uels|inN

-77 -



v

v

av

v

av

av

av ‘’v

‘SISO}SOUAS Jeujnoipel ‘sabuejeyd 1o
‘sjedseoelaw ‘sredied ayj Jo uoisny 819|dwod

snia)n onse|dy 0] [ened ‘AjA1oepobijo pue Ajfjoepulis

3N3ID d3I4ILNIAI NY HLIM LHOd3H 3SVYO FT1ONIS

OdVbdy1 ¥102 “[e 18 Apur
Z14voa 0102 “[e 18 |puIsls
AT 1202 “Ie 10 pseddays
€661 ‘1999 ‘€661 “|e 10 beled igL0g
VZINM “le 1o ueneplv ‘1102 “Ie 10 preA3
L1ova /102 qgeMm ‘9661 “’[e
LTIVS 18 Uosuyor {500z “Ie 1@ Heyuazjog
SL0Z
7L003dS “Ie 30 eyzsn1y iGL0g “|e 10 oyg
€102
g4yvy ‘9vH1S “le 3@ 4noug /002 “[e 18 yehenyn

¢ eisejdsAQg onealoued-oneday
-leuay) 91.0g edweus  €10g Yueid

sainjes)

[epiwelAdelixs ‘auloap aAnubod ‘ssaujeap
‘wsipeuobodAy ‘snyjjow sajaqelp ‘epadoly
uoljew.Ojew Ueay/jeusal ‘sajjewoue
[eigauan ‘sisoyonpadAy ‘wsiydiowsAp anuyy
0} ain|ie} ‘ainjels Loys ‘| slesdpow o} PiIN
sisoiydauoipAy ‘sisausbe [eual

|esaye|iun ‘sAsupiy s0ysasioy ‘saljjewiouge
[eyuab pue oinjad ‘saniewlouqe

[e1o.) ‘squil| JO UOIONPAJ IO 92U3SqY
sa|lewoue

|eual ‘suoiew.oyew quny} ‘(Juswuredwi
Buneay aA1}ONPUOD JO/PUE [BINBULIOSUSS
yum pajeroosse Ajuanbauy ‘sbey

Jenouneald pue s821j8y Jouadns pap|OHBA0)
slea oyse|dsAp ‘snue ajelopadu)

eiseidodAy auuain ‘snisyn onse|dy

snuia)n ones|dy

sniajn onse|dy

sniajn ajeydas ‘sniain [ealodiodlg

uolejip 1001

O|lO® ‘J00l [eSBU peOIq ‘pEaya.10} Jusujwold

‘ajejed pue di] Yajo ‘sisojsouhsolueld

sniajn [ealodiodig ‘elulay [ealiquin ‘wsuojeuadAy
"}09Jop oelpJed ‘eise|dsAp Jejnoo

J0 ejwleyydooiw Jo elwjeyydoue ‘eluiay
snian 10 uolenuans onewbelydelp ‘eisejdodAy

onse|dodAy ‘sniain [easodiooig 10 sisauabsAp Jo eise|de Areuowind alanag
sAaupny pabiejusyeise|dsAp

211SAD [eual‘sealoued/ian

ay) Jo eise|dsAp ansAo‘sisoiqy

oljeday‘snsiaAul Sn)is‘uoewIO)ew Ueay:g

eisejdsAQ oneasoued-osiedaH-jeusay

so|[ewoue ureiq

‘sal[ewoue [eual ‘199}ap [eiqn ‘eise|dsAp

auoq :(Al @d40) @woupuis pismalep-1yopw

suonew.loyew Areuunoyuab pue ureiq

xa]dwod pue ‘sisauabereise|dsAp onsho

|leuas ‘Areydasouoiw 819A8s ‘uonepielal

ymolb auusneul g awolpuAs 9399

wsipoiydewiayopnasd sjew ‘sAaupny

onsAoAjod onse|dsAp ‘Ajf1oepAjod |eixesod

‘a]0o0jeydaous :awoipuis 9399

(08sz12#)
(w.uoy jeyjs| [ejeUBId)
BWOIpUAs zus7-lueus)

(08o1ve#)
awoIpufs

neyes-8snoypoom

(0eL509%)
Jaula)s-uuewapaip

(0zg9.2#)
Aousioysp quill 819A8S yim
‘ewolipuAs einqy pue Jeujn

(o8vL01#)
$)001g-s8umo |
(02vS5¥1% ‘0L ¥SHL#)
(swoipuAs wsLojsuadAy
1ge9 ‘|| 8dA} swoipuAs
g94/9 z)dp) swoipufs
wsuojpuedAy 7.003d4S
(981 L09# ‘$2551L9%)
(swoipufs oyad
‘awoipuAs poom-maynep)
6 9dA) pue z| adA}
elwyeydoioiw IWoIpUAS

-78 -



sallewoue [eyuab ‘sajew ur Auagnd
pakejop ‘uonnuap [ewiouge ‘uonounjsip
Jo/pue eisejdodAy pue|b Arewwew/auuoode (0sv18L#)
exdl 2002 “Ie 13 Djeses sniajn [ealodioolg ‘suofjesljdnp Jo Sa1oualolep quil| I0UBISOd | 8woIpuAs Arewwew-seujn
sisauabe |eual ‘ellejuab auioIxa
[ewuouge ‘siajad jo eisejdodAy ‘snue pue
euibeA ‘elyjain Jo eisalje ‘eisalje [eueoyo
‘asou paw.ojew ‘sajewoue |eoibojowlejydo

‘sisauabe uag|ds ‘sisauabe pue|b (c6g8s2#)
leuaipe ‘Ajewoue 6un| ‘yosjep onewbeiydelp OAISS8081 [euIoSoIne
SINM 002 “'|e 1® uuewsaIN Ssniajn pawloje|N ‘sisiyosoulseb ‘ayejed/di ya|o ‘eljowe-eno | ‘DwoIpuAs eljowe-el)a |
(0087 1L9#)

(uone|ndod sinyep) awo.puAs (Ajewoue janH
sainjes} [eloejolueld ‘Alewoue enH-1a6jad | -1861a4 pue ‘Aydosje anisu

SVaN 0102 “Ie 12 eAnowisyep snion onsejdodAH  ‘Alnoe [ensiA Jo sso| ‘ainjie} yimoib [ejeulsod | ondo ‘einje)s joys) HdOS
sAauppy onsAofjod ‘(sisosodosiso
pue ‘Buimoq Jejnqgy ‘seuoq UBILLIOM) (0ooszoL#)
saljewsoude [e}9|9ys ‘(elyyreuboloiw (swoupuhs
pue ‘smoiqaka payole ‘syasyd ||n} ‘saks Asusyn-npler) sAsupry
ZHO.LON 102 “Ie 19 ulep sniajn [easodiodlg juaulwoud) sanewsouqe [eloejoluel) | ansAafjod eginqy sunusadias
sisauabe
[euas ‘Ayonseds anissaiboid pue ‘euyuesip (+08809#)
‘SJUSLIBAOW D1}0}8Y}E08I0YD ‘BIXEeje Z ‘buneuyafwodAy
2oro 2102 “Ie 18 eAejuidje A snia)n onse|dy ‘uswdojanap Jojow pairedw ‘snwbeisAN ‘AydonysApoxna7
dil yoi0 Inoyum axered Yoo ‘eisejdodAy (evS€094#)
£9d1 8002 “|e 19 IoJezzenx) snia)n onse|dy a|ddiu pue pue|6-Arewwew ‘AjAjoeposjog awoipufs Arewwew quiq
(00veS1L#)
1osuo [epagnd awoIpufs
2oxo4d 2002 “[e 1@ ?oug sniajn ajgnog Jo ewapaoydwA| Arewnd ‘siselyonsiq | Siseiyonsip-ewaspaoydwA

eise|dodAy oelj pue Jejndeos
‘uoneooysip sdiy ‘sisoj}souAs |eipeiosawny

‘sainyes} olydiowsAp ‘(aAnejal o (09909z#)
Sixgal €102 “Ie 1@ njboyia sniejn ajenoly  |eal) Areydaooioew ‘quil| HOYs ‘ainjels uoys owioIpuAs uisnon
(L¥¥609#)
SaIIBAO JO sajjewoue
20U8sge ‘SuoiewWIo)ewWw J00)/puURY ‘Squii| 8y} 1eyusb yym ‘oljswoloe
gLddng G002 “|e 10 ueydiwaqg snJayn onse|dy JO SSBULIOYS O1|9WO0SaWOIO. ‘ainje)s Uoys ‘eisejdsApoipuoyn
eise|dodAy/sisausbe

[euas ‘elyyeuboloiw pue ‘sainssiy
leigadied Bunuejsumop ‘wslojsuadAy
‘peayaio} Jusujwoud ‘Buluspuoys dlswossw

-79 -



dv

av

v

dv

paxull-X

paxul-X

av

av

av

av

vewgy +iebiiea

944I

1L7voeqg

HavHd

SOOH

NOHOd

L3OHVYINS
10 ‘LGOHVINS YYOHVINS
‘gLaiyy ‘viaisy
suonenw
OINXQAO (ajsle
Jewssjew) | D] uonejAyrow
Joureb ‘grdr | jo adn
Jeussjed ‘(sjajje [eussiew)
29I uonefyjew jo sso

N4Ns ‘2Ho1d ‘tHO1d

cH494

S102 “[e 1@ |led ‘800g ‘edod
pue pewyy ‘5002 ‘IleH PUe SpIlyD ‘5002
“le 1o eiayag ‘5002 “’|e 1o Jabuisaln)

8961 “le
18 UlIoD ¢ /6| ‘seded pue seoosuegq

2002 ‘we)duuaH pue
Youd-1ebluusp Ang ap ansliieN ‘€861
“le 1@ useans ‘661 e 18 uosdwoy

8861 “n(zeq pue
eARYSA0ASO {0102 [e 18 §ayond-010D

€00¢
“le 1@ oueinbuy ‘g661 “le 10 a|ddeH

600z ‘1ajneT]
pue Appay 1 10g “|e 1® selod-zado

G861 ‘SUIS pue uyod (0102 “[e 1o [ehon

/961 ‘Buin ‘561 “|e 18 Buam

0102 “[e 18 1YY ‘9002
“e 10 eIfeWeY /661 “[e 10 SuowIy|

G/61 “le 1o Aespurq 10961 Muelg

sniejn onse|dy

sniajn
onse|dodAy ‘sniayn [ealodiodlg

snian Alejuswipny

snign-jway ‘sniajn [eaiodiodlg

sniajn
Arejuswipni ‘sniayn [easodioolg

snia)n |easodiodlg

sniajn onse|dy

snia)n [ealodioolg

eisejdodAy auusn/sniain sijueul
‘snian ajejdas ‘snisjn [ealodioolg

snia)n |easodiodlg

saljewoue Asupy

‘eluadojAooquioly) Juaisuel) ‘squinyy yioq jJo
9ouasald yum lipes sy} Jo aouasqe [esdle|ig
S|leu 8y} punoJe upjs ay} Jo saljewoue

‘sa0} Jo/pue siabuly Jo AjAjoepuAs ‘elofew
eiqe| 8y} Jo eisejdodAy ‘wsipiyoioldAio pue
winjoIos piIqg ‘S[98yY dy} 0} SaIS0IaqN} [BIYIS!
8y} wouy Buipuslxa uiys ay} jo buiggap ‘di
J9MO| 8y} jo aejnisy ‘erejed yajo € ‘di yo|n
"ajejed/d

YaJ0 ‘sallewoue Jes ‘sainssy [eiqadied poys
‘dij 1eddn ayy jJo moq s,pidn) pajesabbexs
‘Aujigesip [enjoa)jaiuy/Aeap [eyuswdojanap
S|qelBA ‘SaI)WaIIXa [B]SIP PEOI] YIM

squil| HOys ‘saljewioue 94a Jaquieyd Jousjuy
NIV ET

[ereunad ‘saljewoue [e}a|ays ‘SISOAYIYI
‘aoueleadde |e1oey} Jounsip ‘Areydasoioiw
‘uonouysal ymmoib [eja) a1onas

308U pue a9k} 8y} 0} pajwi| (ease
pajuswbidiadAy ‘unys onsejde) syoajep ums
Jeau| ‘ejwfeyiydoioiw [eidje|iq IO [BId)e[IUN
sal[ewoue Asupy ‘salewoue

safa ‘sainyes) olydiowsAp ‘9oey jo AijowAhse
‘Sal|ewoue Jley pue sjieu ‘|ejuap ‘sajjewoue
squi oujawAse ‘eiseidodAy [ew.sp |e204
Aejop anijubooyjejuswdojonsp

919A9S 0} 9)eIdpOoW ‘sainjesy

[e1o'} dAIOUNSIP “UBIP Ul 8Y} JO |reu

J0 xuefeyd [eisip ayy jo eisejdodAy Jo eise|dy

‘saljljewuouqe

|leual pue ‘Ajebawo0)Ao [eoi0o0uaIpe
‘sjd/seseald Jes ‘elwadA|fodAy

|ejeuoau ‘sj@oojeydwo ‘siowny [euoliquia
‘Arebaw0199sIA ‘eIssSO|60I0BW ‘BILUIOSOIOR

saljjewioude
[e1919ys ‘sysAoojelay oluaboluopo (9Dg)
BWOUIDIBD [|90 [eseq Jasuo-Alies ajdnynpy

AlfyoepuAs Jo/pue saljewoue a0} pue
Jabuyy ‘eisejdodAy aoejpiw ‘siso}souhsolues)

(INOHANAS FHL HO4 NMONX ADOTOILT 1NE) ATHYINOTTON dILYDIILSIANI LON SLHOLTH ISV 2=

(ooorL2#)
BWOIpUAS Y.L

(00561 1#)
oWoIpuAs
wnibAisyd jesydod

(ovS5L92#)
BWOoIpUAS snj4-sio)od

(0zs952#)
QEQ.%UE\A% eaoxeT-nsN
(L0860¢e#) (swoipuhs
SYain) | seljewoue
|ejuabuoo sjdinw
Ylm sjosjep upys Jesurq

(00950¢e#)
BWoIpuAs zjjon

(0065€L#)
BWOIPUAS SLIS-UlYJOD

(0s90¢1#)
awoIpufs
uuewWopaI M -yImyoag

(oov601#)
(awo.pufs ujuon)
BWoIpUAs snaau |19 [eseqg

(oozioL#)
awoIpuAs uady

-80 -



olpeiods

olpelods

olpeiods

olpelodg

wsioresow
onewos

av

av

av

(g°91.dpy uonejep)
Jewosowoiyd

Jewosowoiy)

[ewosowoIyd

(X‘Sp) [rewosowoiyy

(oresow dg| Awosena])
Jlewosowoiy)

(Libge
-191dgg Awosens) Jo
Awosuy) ewosowoiyn

[ewosowoiy)

Jewosowoiy)

9/61 “[e 18 uosuyop

6861 “[e 10 BUYSOUlY ‘¥661 e 10 Aleg

¥661 “[e 10 Aieg 8861 ‘e 1o uewiaol

2002 “[e 18 Aojexeq €102
“le 19 IPEPPBA:GLOZ “[e 10 WE)UOM

2661
“|e Jo Yauleg ‘/861 “’[e 1o spjoukay

1861} “'[e 10 [9ZUIYdS ‘€661 “[e 18 ud|inD

0102 “[e 10 BON-0Q
-0uBIO} {6002 “[E 19 IuIpIeulag ‘1102
“Ie 10 [eureZ-IN ‘8002 “[e 18 MoIeyd

1102 “[E 19 [90I0\ 8002 “[e
10 BUBIN ‘£002 “[€ 18 WeJepuns /661
“[e 10 JpusLASQ ‘9002 “[E 18 1joIeYD

Japiosip ainzias ‘(asou ay} jo aoueseadde
Jaw|ay Jouiem }aain),) sainjes) [eloejolueld
onsuajoeIRYd ‘AljIgesip [ejuswdojanap
‘Aouaioyep ymolb eyeulsod pue -aid

Aejap [eyuswdojanap

punojoud o) a1anas ‘siabuyy Buiddejiano ‘sies
pawuojew ‘elyreuboloiw ‘indiooo yusuiwolid
‘WNUJB)S LOYS ‘S}09jep [eual ‘10ajep ueay
lenuabuod ‘uonepielal Yyimolb sulsinelju)

snia)n onsejdodAy ‘onse|dy

snia)n [ealodioolg

‘uonepiejal yimoib ‘Ayjigesip

|enjos||8lul punojoid/aianas ‘suonewlojew

Aauppy ‘ej@o0jeydwo ‘AjfjoepAjod [eixelsod

‘uoijewuojew deipied ‘ajejed,di| Yoo

snJajn ajendle ‘sniain ayeydes ‘eise|de sino ‘ejwejydoue/eiwelydoioiw
‘snisjn-lway ‘snisln [easodiodig ‘Areydaoussoidojoy
sniajn S9|[eWOUE [Bual 498} pue spuey ay}

onsejde ‘eisejdodAy suusin/snian JO BWSPAO ‘SUOIBWIO)BW JB[NOSBAOIPIED
sljueyu; ‘sniain Arejuswipny ‘sisauabsAp [epeuob ‘ainjejs yoys
(308U poys ‘ebpuq |eseu jej} ‘s|ysou
pPauaAdJUB UY)IM 8SOU HOYS ‘wslojapadAy
4ndi000 jey} ‘urey djeos lousjue asieds

UlIM peayaio} Jusuiwoid) sajewoue |ejoe}
‘uoneyuswbid-1adAy Jo -odAy jo syealns
‘sainzias ‘AjjiqesIp [enjo9||ajul punojoid
ajejed

ya|o “eiyyeuboloiw ‘Ayjigesip [enjos|jaiul
‘swajqo.d ||y s/sIS0I|00s ‘ainje)s Yoys
‘swajqo.id Asupny ‘sjoajep oelpJeo ‘sbeysyd
Jejnouneaid ‘sainssy [eiqadijed Bunue|s
-pJemumop ‘ewoqo|od suI ‘elsalje [euy
sainjes} [eljoe} ‘suiaduod JNoireyaq
‘sejaqelp ‘swajqoid joel) Areun pue Asupiy
‘sainjesy} onsnne Jo wsine ‘Ayjigesip buiuies)
‘Rejap eyuawdojanaq

sniajn [ealodioolq
onsejdodAy ‘snia)n onse|dy

snia)n onse|dy

snuajn [ea10d102iq ‘snisin onse|dy

sannoiyip Buiures)

snJajn oise|dy 10 AjjIgesip [enjos||ajul ‘uoepielal Yimols)

(S1H0d34 3SV0 23) SIWNOHANAS TYWOSOWOHHO

(0o61v61#)
BWOIPUAS uIoyyosiiH-IoM

(swoipufs ,spremp3)
g1 AwosLi|

uonepieja. [ejuswdojarsp
a19/9s ‘uonepiejal Yimolb

auuainequl ‘Aif1oepAjod

‘seljewoue oeIpied

‘ajejed pue djj Yoo ‘siea

pauuojew ‘elwyeypydosonu
‘Alreydaociopy

(swoipuAfs nejed)
gl Awosu|

BWOoIpUAg J8uin|

(€08109%)
BwoIpuAs uely-i8sijied

(02¥SL1#)

owoipuAs afe-j1eD

(L25v19%)
uonelep zibz1

(oov881#)
uonsjep z'L Lbzz

-81-



cxao

(oseo
| ursojowoud 8y}
Jo uonejAyjewiadAy)
LNIXY

€661 “|e 10 jeheuyo
‘9661 “[e 10 Jals0ld (066} ‘19ZUIYOS

7661 “'[e 19 0AoLiy-sowey

0102 “[e 10 eAemes {102 ‘eung

€002 “le
19 Kejiid ‘066 ‘Asqbuy pue Biagsynm

9661 “[e 1@ upuanp-uneig

6002 “[e 1o Jeje] :€00¢ “Ie
10 ouequeBol ‘G861 “[e 10 IPEMY-|Y

7002 ‘Younone|s

1202 SUaA3IS ‘020z 9.9Inboose
(senrewsouge [eyusaboin
-eise|dsAp sinjad) 2102 “[e 10 [eAyseg
‘(s1sauabsAp
[epneD) 0102 e 19 poomaleH
‘(;el@wouauis) €102 “[e 10 edlL

€661 “Ie 18 zenbBuiwoq ‘9002

‘IYsOr pue yeys €10z ‘e 18 180y

0861 “[e 19 [e[eH :0002 “Ie
10 sueA3 ‘¢ 102 e 10 eyjewjeuebues

snia)n onse|dy

snia)n onsejdodAy ‘sniein
payeoijdnp ‘snisin jeasodioolg

snia)n |easodiodlg

snia)n oise|dy

snJaln [ea1odiodiq ‘snialn oise|dy

snia)n onsejdodAy sonsedy

sniain [easodioolg

snuajn onse|de ‘snus)n [ealodiodlg

0B
[eyuab ajewsay ay} jo uoneoldng

sniejn-lway ‘sniein [easodioolg

xnpel
[eis}eInooIseA ‘elswoooyd 10848p |INYS

109)0p Heay ‘AlfjoepAjod |eixeysod
‘salewoue [e1oe} a1anas ‘AreydeoussoidojoH
salewoue Aaupy ‘siiejuab snonbique
‘sj09)8p [eulds pue ‘snue ajesouadwi
‘eoeo|o ay} jo Aydouysxa ‘sj@ooieydw

seljewoue
1oeJ} Areuun pue Asuppy ‘oeIgapaA
onse|dodAy ‘eeigapaniway ‘enoloiw ‘suoibal
Je|ngipuew pue Asejjixew ‘yejew ansejdodAy
Aaupny o1dojos ‘eiseide

|eua. ‘eise|dsAp a)wos 219BI0YJ0DINIDD

(souasqe

‘SalBAO Yeal)s) speuob [ewiouqe ‘eroadofe
|ened ‘wsipeuobodAy oydosopeuobiadAy
sAaupiy Jo eise|dsAp oisAo ‘suoneqo| bun)
lewuouge ‘SND uolew.ojew ‘salewoue
1oel} [eyuab ‘eisejdodAy [enbip [eisip ‘sjoajep
onewbesydelp ‘saseu pauaasiue ‘ebplq
Jeseu peolq ‘elyreubosalosoiw ‘yinow abie|
‘dD/1D ‘edeys Jeas [ewioude ‘9oe} 9s180D

‘squil] JoMo| 8y} pue ‘wa)sAs [epuaboin ay)
nBpuly 8y} ‘piod [euids pue auids [epned
8U]} JO Sl[eWOUE JO UONBIOOSSE d|qelLeA
[SEETETRIEI

Jeuiwopge ‘saljewoue Asupiy ‘salewoue
leuids ‘elje)uab [eulsixs pue ‘Joel}

lenuab Jamoj ‘welsAs Areunn ‘snue ‘wnjoal
‘u0]09 8y} Jo uonesldnp Jo Jus)xa palep

eise|dsAp
onsAo ‘sisauabe [eual [elale|iq ‘eisejdodAy
Jeingipuew ‘Aousioyep qui ‘AjA1oepoo]

(@31H0d34 S3ISYO €3) ADOT0ILT SNOINTDOHTLIH/NMONMNN 4O SNOILYIOOSSY ANY STNOHANAS

(0z89.2)
eljowoooyd-jazuiyos
(08vv92)
QWOIPUAS
g1 Awosijopnasd

(or0852)
x8/dwoo §130

(otzy9t)
(awo.ipuAs
1eyuspjor) ‘eIwosolojw
[eloejiwsH) x8jdwod
[BIqaaA-0[NaLINE-0|No0
(920109)
uoneloosse SOHNW
(060L2)
eroadoje
Jeiued pue wsipeuobodAy
oiydojopeuobiodAH

(0oss622)
BwoipuAs suliH

(S41009%)
(eljswoualls
Bujpnjour) wnupoads
sissuabsAp jepned

(v98209%)
owoIpuAs
uoneoydnp jepned

(086002)
owoIpuAs
1e[nqipuew-[eus.i-0idy

-82 -



"Aoueubaud sy) Buunp sbnup opdepdsiue |

‘salyjedol|io uewny yym pajeloosse se NN Ul paxapul usaq aney sauab g9 ,

"SUOIjEWIO)EW BUlIdiN

UlM S[ENPIAIPUI BWOS Ul papodal uaaq aABY SUOIEINW UBYM pjog Ul sauab ‘paliodal aiam SUOIBINW SWOS USYM P|Og Ul S90UBIBLY
€102 @/ ‘Juld pue auljuQ - }nsuo) Uadx3 :uonewIolej Uewny Jo

sulalled a|geziubooay s ylws pue aseqeleq AbojoydiowsAQq Josyeieg-I1ajuip) ayl ‘@seqgelep |\|INO UO paseq ainjelall| 8y} JO MIINDY

sal[ewoue

Aauppy ‘sallewoue qui ‘suolew.ojew

oelpJeo ‘eise|dsAp |eipes ‘eisale

[eabeydosa yum ejnisy [eabeydosaoayoely

snigin-lway ‘snidin onseldy ‘eISalje [eue ‘s}09}op |BIqOUIA

€102 ‘1ajne pue |asser 6002 “e
Lidam 19 SeUNN :2002 “e 19 BINWO)| 1266
€01z “'|e 19 YIAISIO 1002 e 19 eyl

LLOZ “Ie 18 Djeses (elenusb jeussixe
{2002 “|e 1@ 1vuIgoy-uiAney] ‘8661 “le pue euibea jo aouasqe) saijewoue [eyuaboin
/ 10 suewyeqg-eyyleq ‘€861 “[e 10 Jood sniayn onsejde ‘snia)n [ealodioolg puke eisale [eue ‘siso}sosAp |e}jsooojApuodg

(0osez61#)
uoneloossy
THILOVAN/HILYA

(0zs122)
(awoipuAs souen

-UOLIO\-BWISSBWESE))
SISOISOSAP [B}S000jApuods

-83-



-84 -



RATIONALE AND AIM OF THE THESIS






RATIONALE AND AIM OF THE THESIS

Uterine malformations, and associated renal malformations, can have a major impact
on the health and social wellbeing of affected patients. Little research has been devoted to
the understanding of the etiologies of uterine malformations compared to other organs and
specific causes remain largely unknown so far. It is only by understanding these causes that
we will understand who exactly is at risk, and will possibly be able to identify factors that
may be modifiable for those at risk (eg., folate supplementation for neural tube defects). The
unexplained occurrence of these malformations in multiple family members suggests that
strong genetic contributors remain to be defined. In such families, kidney malformations
are often present as well, supporting shared developmental pathways or interdependent
development of the two organs. Thus, genes already implicated in congenital anomalies of
the kidney and urinary tract (CAKUT) may also play a role in uterine development and be
causal in some of these families. Studies in CAKUT have demonstrated considerable genetic
heterogeneity, with about 60 genes identified so far explaining 11-20% of cases (198,323).
Similarly, uterine malformations may be highly heterogeneous.

The aim of this PhD project is to identify new genes and pathways involved in uterine
development. Given the frequent co-occurrence of kidney and uterine malformations, we
anticipate that causal variants might be present in genes previously associated with
congenital anomalies of the kidney and urinary tract (CAKUT). Whole-exome sequencing is
the most cost-effective approach to examine both known CAKUT genes and to potentially
identify new candidate genes in a hypothesis-free manner. Moreover, uterine
malformations have rarely been explored using WES compared to other organs, reinforcing
the rationale for testing this approach. We hypothesize that focusing WES analyses on
families with recurrent uterine and kidney malformations will allow us to identify
significant genetic factors involved in uterine malformations by comparing sequencing data
from affected family members.

Additional evidence will then be essential to confirm the role of any novel gene. A
secondary aim, therefore, is to investigate the role of selected candidate genes in the

development of the urogenital system using the zebrafish model.
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RESULTS

. GREB1L VARIANTS IN FAMILIAL AND SPORADIC HEREDITARY
UROGENITAL ADYSPLASIA AND MAYER-ROKITANSKY-KUSTER-
HAUSER SYNDROME

1. SUMMARY

Nine families with recurrence of renal and uterine malformations were recruited
through collaborations with Dr. A. Lehman in Vancouver, Canada, Dr. D. Guerrier from
INSERM Rennes, France, and Dr. Boucher in Besancon, France. Additionally, Dr.
Guerrier provided access to DNA samples from 79 individuals diagnosed with congenital
uterine anomalies, MRKH syndrome or uterovaginal aplasia. To identify potential copy
number variations, chromosomal microarray analysis (180k) was performed on DNA from
one affected member per family. Whole exome sequencing was then conducted on two to
three individuals per family, focusing on affected members due to the frequent observation
of incomplete penetrance in CAKUT and hereditary urogenital adysplasia. The goal was
to identify shared genetic factors responsible for the malformations among affected
relatives. Variant annotation and filtering were performed using several software tools,
including Alissa Interpret (Agilent Technology). Variants were prioritized based on
criteria such as allele frequency in the general population (MAF < 0.5%), inheritance
pattern (zygosity), and computational predictive data (Figure 21). Initially, variants were
sought in a predefined list of genes known to be associated with renal or uterine
malformations in humans or animal models (Figure 21). The analysis was then expanded
to include genes not previously linked to these anomalies. The ACMG/AMP guidelines
were used to assess the pathogenicity of variants in known human CAKUT/CUA genes.

In this first manuscript, published in Clinical Genetics in 2020, we identified the
gene GREBIL as a significant contributor to MRKH syndrome/uterovaginal aplasia.
Likely pathogenic or pathogenic heterozygous variants in GREBI1L were found in three of
the nine families studied, with an additional family exhibiting a variant of unknown
significance. Sequencing in a cohort of 68 individuals with congenital uterine
malformations identified five further variants of unknown significance, with two predicted
to be deleterious in silico based on CADD scores >25 and the alpha-missense prediction
score. This publication describes the phenotypes associated with GREBIL variants,

highlighting that uterine formation defects were the most frequent type of uterine
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malformations, with renal agenesis and other CAKUT being the most common anomaly
associated with GEEBIL so far. Other associated features included skeletal anomalies
and hearing loss, features that are also frequently reported in patients with MRKH
syndrome. The absence of phenotype in several carriers confirmed the incomplete
penetrance in some individuals.

Our publication demonstrated a potentially high diagnostic yield in families with
recurrent cases of uterine and renal agenesis, as well as a possible lower, but still
noteworthy, yield in sporadic cases of MRKH syndrome. Based on these findings, we would
recommend sequencing GREBIL in families with recurrent congenital uterine
malformations, particularly those involving formation defects and associating CAKUT.
Additionally, testing for GREBIL may also be valuable in sporadic MRKH patients,

especially when evaluating recurrence risk.

HIGH PRIORITY LIST OF GENES
Vef Vef Vef Vcf
jual 1 Indi 2 Individual 3 Parents
ACE CRIMT FMN1  IGFIR NPNT SIX1 UPK3A GJC2 TRAF7
ACTA2  CTNNB1 Foxc1  IL6 NPY six2 UPK3B  GPC1 VDR
ACTG2 CXCR4 Foxc2 ILK OCRL six4 USF2 HOXA10  WFS1
l l / ACVR2B DAAM1 FoxD1 INVS — OSR1 SIXS VANGL2 ~ HOXA13 WNT3
AGT  DACH1 FRast IRX1 PARVA SLIT2 VEGFA ~ HOXA7  WNT7A
AGTRI  DACTI FREMT IRX2  PAX2 SMAD4  VIPAS39 HOXA9  ZBTB24
AGTR2  DCDC2  FREM2 PAXS SMARCA4 VPS338  HOXD10  NRIP1
MODE OF INHERITANCE ALDH1A2 DCHS1 FRs2  ITGA3  PBX1 SMo VSNL1 ~ HOXD9  GREBIL
Shared heterozygous ANKS6 DCHS2 FsSTL1 ITGAB  PHF19 SNAI WDR19  KIF12  VWA2
Eompcticliiscaeaiie AQP2  DKK1  GANAB ITGB1  PKD1 SOX11 WNT11  KIF14  GEN1
ATF2  DKK2  GATA2 JAG1  PKD2 SoX17 WNT2B  KISSIR  NR6A1
ATNT  DLG1  GATA3 ANOS1  PKHD1 SOX8 WNT4  KPNAT  SOX11
AXIN2 DLG3  GDF11 KCNQ1 POU3F3  SOX9 WNT5A  LMX1A  GLI2
BCL2  DLG5 GDF6  KIF26B  PPP3RT  SPRV1 WNT7B  LRP10  OXTR
FREQUENCY BDKRB2 DSTN  GDNF  KIF3A  PRKX SPRY2 WNT9B  LRP2  ESR1
MAF <0.5% (AD) BICC1  DSTYK GFRa1 KIT PTCH1 TAZ WT1 LzT152
MAF<1% (AR) BMP2 EGFR L1 KLKT  PTPN11  TBX18 XPNPEP3  MIR19B1
BMP4 EMX2 GLI3  LAMAS RARA TCF21 YAP1 MIR99A
BMP6 ESRRG GLIs2 LAMCT RARB TFAP2A  ZNF423  MMP14
BMP7 ETVA GNB3 LGR4  RARG TGFB1 ADAMTST MNX1
BMPRIA ETV5S Gpc3  LHXT  REN TGFB2 AGTX MSX1
GEENE smeTURE BSND  EYAT  GREM1 LLGL1  RET TGFBR2  AMH NBAS
XS Spchg cD151 CCNQ GRIP1  LMXIB  ROBO1 TGFBR3 ~ AMHR2  NPR2
oDCsL FAT1  GRp2 LRIG2  ROBO2 ~ TMEM67  ASHIL  PORCN
CDH1  FAT4  GSKsA LRP4  ROCK1 TNXB ASPH RBMSA
| Step1 I Step2 ) ODH6  FCYT  Gsk3B LZTS  ROCK2 P53 ATPVIET RXRA
ODKNIC FGF1  HON3 ~ MAPKBP1 ROR2 TRAP1 ATRX SHOX
CEP164 FGFI0 HGF ~ MDM2  RPGR TRPST BBS12  SLC25A18
High priority list of CEP83 FGF2  HNF1B MMP9  RPGRIPIL  TSC BMPRIB  SPECCIL
9 pgenez HPO phenotype Exome CER1 FGF20 HOXA11 MUC1  RRM2B TSC2 C20RF37  SRGAP1
CFL1  FGF7  Hoxcll MYCN  SALL1 TSHZ3 CECR2  TBCID1
CHDIL FGF8  HOXD11 MYHI1 SCRIB TIC21B  CENPB  TBX15
v v v CHD7  FGFS  HOXD13 NEK8  SDCCAG8 UMOD CTNS TBX3
CHRM3 FGFRT HpsE2 NOTCH2 SEMA3A  UPF3B DHCR7  TBX6
CODING EFFECT CLMP  FGFR2 Hs2ST1 NPHP1  SH2B1 UPK1A DKK3 TCTN3
Frameshift, stopgain,stoploss, missense (predicted Ccox10  FGFRL1 |GF1 NPHP3  SHH UPK1B EDA2R TENM1
deleterious 3/5), splicing FIX1 NPHP4 SHOX2  UPK2 FOXPT  TP63

Figure 21. Workflow for the analysis of the exome data and high priority list of genes.
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1 | INTRODUCTION
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Abstract

Congenital uterine anomalies (CUA) may have major impacts on the health and social
well-being of affected individuals. Their expressivity is variable, with the most severe
end of the spectrum being the absence of any fully or unilaterally developed uterus
(aplastic uterus), which is a major feature in Mayer-Rokitansky-Kuster-Hauser syn-
drome (MRKH). So far, etiologies of CUA remain largely unknown. As reports of
familial occurrences argue for strong genetic contributors in some cases, we per-
formed whole exome sequencing in nine multiplex families with recurrence of uterine
and kidney malformations, a condition called hereditary urogenital adysplasia. Het-
erozygous likely causative variants in the gene GREB1L were identified in four of
these families, confirming GREBIL as an important gene for proper uterine and kid-
ney development. The apparent mode of inheritance was autosomal dominant with
incomplete penetrance. The four families included fetuses with uterovaginal aplasia
and bilateral renal agenesis, highlighting the importance to investigate GREBIL in
such phenotypes. Subsequent sequencing of the gene in a cohort of 68 individuals
with MRKH syndrome or uterine malformation (mostly sporadic cases) identified six
additional variants of unknown significance. We therefore conclude that heterozy-
gous GREBIL variants contribute to MRKH syndrome and this probably requires
additional genetic or environmental factors for full penetrance.

KEYWORDS
GREBIL, hereditary renal agenesis, Mayer-Rokitansky-Kuster-Hauser syndrome, Mullerian
aplasia, renal adysplasia, renal and Mullerian duct hypoplasia, urogenital abnormalities, uterine

anomalies

defects during the embryonic development result in aplastic uterus/
hemi-uterus, bicorporeal uterus and septate uterus, respectively.? The

Congenital uterine anomalies (CUA) affect 3% of women with variable
expression and severity.! Formation, fusion or septal absorption

Daniel Guerrier and Vincent Bours share equal responsibility for the scientific supervision of
the research.

most severe form of CUA is the congenital absence of the uterus, cer-
vix, and the upper part of the vagina in an otherwise phenotypically
normal 46, XX female, which characterizes the Mayer-Rokitansky-
Kuster-Hauser syndrome (MRKH). In its typical, complete and isolated
form, this anomaly is referred to as MRKH type 1. Atypical forms

126 © 2020 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

wileyonlinelibrary.com/journal/cge Clinical Genetics. 2020;98:126-137.
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(incomplete or symptomatic because of functional endometrial tis-
sues) and/or the presence of additional malformations (most fre-
quently renal or vertebral) define MRKH type 2.3 MRKH and CUA are
mainly sporadic, suggesting multifactorial/polygenic inheritance.
Recently, models of semicloning technology in mice have provided
first evidence for digenic/oligogenic inheritance.* In familial cases,
strong genetic contributors might create high susceptibility with the
requirement of additional genetic, epigenetic or environmental factors
to explain the incomplete penetrance. So for, a few underlying genetic
factors have been identified in the overall CUA. Recurrent copy num-
ber variants in 17912, 22q11.2, 16p11.2 and 1g21.1 were implicated
in both Miillerian fusion anomalies and MRKH with 7% to 14% of girls
with CUA or MRKH shown to be carriers for deletion/duplication in
one of these susceptibility loci.>*Variants of unknown significance
were reported in LHX1, WNT9B and TBX6 genes in significant but still
low number of individuals® and association with functional polymor-
phisms in TBX6 was suggested in previous studies.”® CUA have also
been reported in a high number of syndromes® suggesting that multi-
ple developmental genes are involved in uterine development. Prime
examples of syndromes exhibiting CUA as a major feature include
Mullerian aplasia and hyperandrogenism (OMIM #158330) due to
WNT4 heterozygous pathologic variants and the renal cyst and diabe-
tes (RCAD) syndrome (OMIM: #137920) caused by HNF1B heterozy-
gous mutation.

Focusing on familial cases might help identifying new genes
involved in uterine development. Whereas recurrence of isolated
uterine malformation is rare, several families have been reported
with developmental defects of the kidney and/or urinary tracts
and anomalies of the Mullerian ducts,” a condition referred to as
hereditary urogenital adysplasia by Schimke and King in 1980.1°
The close temporal and spatial proximity of Mullerian and Wolfian
ducts during development in early embryonic life suggested a com-
mon pathology basis for both defects. As it is the case for familial
congenital anomalies of kidney and urinary tract (CAKUT),'! high
genetic heterogeneity is likely in CUA as well and some genes have
been shown to be involved in both uterine and renal mal-
formations in humans. First reported in families with CAKUT,
GREBIL heterozygous variants were also identified in individuals
with CUA and MRKH syndrome in some affected families.?2"1* The
function of this gene and its role during kidney and female genital
tract development is not yet understood. GREB1L (for growth reg-
ulation by estrogen in breast cancer 1 like) is part of a chromatin
complex with retinoic acid and steroid hormone receptors, and its
role as a coactivator in retinoic acid-mediated transcription has
been suggested.?®> Animal models have confirmed its causality with
absence of kidneys and genital tracts demonstrated in E13.5
knockout mice embryos.*?

In order to identify new genes involved in CUA and MRKH, we
performed whole exome sequencing (WES) in nine multiplex families
with recurrence of uterine and kidney malformations. Herein, we
describe four additional families with GREBIL variants. Subse-
quently, we sequenced the gene in a separate cohort of 68 individ-
uals with MRKH or CUA. We confirm GREB1L as being a frequent
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genetic cause for hereditary urogenital adysplasia and a significant
contributor in MRKH syndrome, more precisely in MRKH type
2 subgroup.

2 | MATERIALS AND METHODS

21 | Subjects

DNA from 39 individuals from nine families was collected after writ-
ten informed consent through three different research study proto-
cols: the genetic alterations in rare diseases (GARD) protocol, in the
Department of Medical Genetics, Children's and Women's Health
Center of British Columbia, Vancouver, Canada; the French national
Programme de researches sur les aplasies Miillériennes (PRAM) net-
work; the genetic alterations in CUA (GACUA) protocol, CHU of Liége,
Belgium. Affected relatives presented CUA and/or kidney mal-
formations. When possible, DNA from unaffected relatives was also
collected. Clinical data for each affected relative are described in
Table S1, Supporting information.

DNA extracted from saliva samples, tissue samples (from autopsy)
or blood samples was available for at least two affected relatives per
family. Normal chromosomal microarray performed at least in one
affected family member (Agilent SNP array 180 k [Amadid 029830])
was a prerequisite.

Pedigrees are described in Figure 1 (families 5,6,7 and 9) and in
Figure S1 (families 1-4 and 8).

DNA from 63 additional individuals with MRKH syndrome or
uterovaginal aplasia and five with a hemi-uterus or bicorporeal
uterus was collected through the PRAM network and the GACUA
protocol (Table S2). The cohort included three fetal samples. DNA
was extracted from blood samples or, in case of fetuses, from tis-
sue samples. Seven of 68 individuals had a family history of one
relative with kidney or uterine malformation (DNA was not avail-
able for the relatives). Clinical data for the cohort are summarized
in Table 1.

2.2 | Whole exome sequencing

After library preparation using the lon AmpliSeq Exome Kit (family
1 and 2), the Agilent SureSelect V4 kit (family 3 and 4) and the Agilent
SureSelect Human All Exon V6 capture technology (family 5-9), WES
was performed on lon Proton System (family 1 and 2), Nextseq500
(family 7) or HiSeq 2000/2500 Illlumina sequencers (family 3-6, 8 and
9), generating 150 bp reads (paired-end with lllumina platforms) that
were aligned to the hgl9 reference human genome. The average
exome coverage was above x50. Variants were annotated and filtered
using Alissa Interpret v2.1 (Agilent Technologies). Based on the
hypothesis of an autosomal dominant inheritance with incomplete
penetrance, at first, only affected relatives were sequenced (two or
three for each family). Shared heterozygous variants were filtered
based on a minor allele frequency <0.1% in the population database
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Pedigree of the four families with heterozygous GREB1L variants. Male and female symbols are black when the phenotype was
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Gnomad,'® their presence in exonic regions #20 bp of exon
boundaries and a predicted change at the protein level (synony-
mous variants excluded). The functional impact of single nucleo-
tide variants was evaluated using several in silico prediction tools
(PolyPhen-2, SIFT, PROVEAN, Mutation Taster, Mutation Asses-
sor for missense variants; Human Splicing Finder and Alamut
Visual splicing predictions tools to assess splicing effect)
(Table S3). For each variant of interest, we investigated the CADD-
scaled score, an integrative score based on the output of multiple in silico
programs and genomic annotations that rank the variant deleteriousness
relative to all single nucleotide variants in the genome (a score between
20 and 30 meaning that the variant is estimated to be in the 1% of the
most deleterious variants in the genome).17 We considered a cutoff of
25 for the CADD-scaled score as an indicative of a possible deleterious
effect.'®The GERP++RS score, estimating the evolutionary constraint for

individual alignment site, was used to assess the level of conservation of

modified nucleotides. A positive score 22 (with a maximum of 6.18) indi-
cates evolutionary constraint and conservation.X? Conservation of the
aminoacid was evaluated through the multiple alignment track for
sequences of 100 vertebrates on UCSC genome browser (Multiz Align-
ments of 100 Vertebrates).2° Finally, we looked at the missense substitu-
tion analysis algorithm Align GVGD, which assigns an ordered grade
ranging from class CO (most likely neutral) to class C65 (most likely delete-
rious) based on biophysical distance between aminoacids and evolution-
ary aminoacid conservation. We considered C45 as a cutoff for a

probably deleterious effect.?*

Clinical interpretation of the variants was
based on ACMG guidelines.?? For family 9, recessive (homozygous or
compound heterozygous) and de novo inheritance with parental mosai-
cism were also evaluated.

Variants were confirmed by Sanger sequencing and were investi-
additional with

gated by Sanger relatives

available DNA.

sequencing in

-91 -



JACQUINET ET AL.

TABLE 1  Clinical data for the cohort of sporadic cases
Clinical data
Uterine phenotype n =68
Adult cases 65
MRKH type 1 24
MRKH type 2 33
Other
Uterovaginal aplasia and abnormaldevelopment of 4
secondary sexual characteristics or streak ovaries or
gonadal dysgenesis
Hemi-uterus 2
Bicorporeal uterus 2
Fetuses 3
Uterovaginal aplasia (non-isolated) 2
Bicorporeal uterus 1
Associated kidney malformation 29/68
Family history of renal/uterine malformations 7/68

Abbreviation: MRKH, Mayer-Rokitansky-Kuster-Hauser syndrome.

2.3 | cDNA synthesis

RNA was extracted from blood collected on a Paxgene tube for indi-
vidual 11:2 in family 9 and an unrelated control. cDNA was synthesized
(Thermo Scientific RevertAid First Strand cDNA Synthesis Kit) and
then used as template for amplification. PCR was conducted using the
following primers for GREB1L (NM_001142966.2): Forward (in exon
22)-5'- ACCACGCTGACTATAGCAACCAG -3', Reverse (at the junc-
tion between exon 23 and 24)-5'- CACTGCTTTCATTGTGATCGGT -3.
PCR products for the patient and the control were run on a 2.5% agarose

gel electrophoresis. The bands were then extracted and Sanger sequenced.

24 | Targeted GREBI1L sequencing

Regions of interest were captured using the single molecule Molecular
Inversion Probes (smMIPs) technology.?® The smMIPs (EasySeqNGS-
customized Targeted Capture Kit, Nimagen) were designed to target the
exons *+20 nucleotides of intronic/exonic boundaries and the 5'UTR
region of GREB1L (NM_001142966.2). Massive parallel sequencing on a
Nextseq 500 lllumina sequencer generated 150 bp paired-end reads.
More than 95% of nucleotides were covered at least x40 and more than
91% of the targeted region, including the entirety of the exons 2 to
33 (with exception for 56 nucleotides within the exon 22) were covered
more than x100. Exon 1 (non-coding exon) had a lower depth of cover-
age. The gap in exon 22 (Hg19, chr18:g.19079859 to chr18:g.19079915)
was filled in with Sanger sequencing (primers for GREBIL
(NM_001142966.2): Forward-5'- TGGAGAATGGAGTGAGCTCTTCCA-
3', Reverse-5'- TACCTGTGGGGGCCCTGTCA-3'). Single nucleotide varia-
tions were interrogated using the Seqnext (SeqPilot) software. A lower
threshold of 2% was used for variant allele detection. All rare variants
identified by targeted sequencing were confirmed by Sanger sequencing.
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3 | RESULTS

In four families, heterozygous deleterious variants were identified in
the gene GREBI1L (Genebank: NM_001142966.2) (Figure 1, Figure 2
and Table 2).

In family 5, WES performed in individuals Ill:5 and 1l:1 identified a
novel variant consisting in a two base pair deletion (c.2787_2788del)
leading to a frameshift (p.(Asp930Profs*12)). Individual Ill:5 was the
mother of a female fetus with bilateral renal agenesis (BRA) and
uterovaginal aplasia (DNA not available for this fetus). She was not
known to have any kidney or uterine anomalies. Individual II:1, the
maternal uncle of llI:5, had unilateral renal agenesis (URA). The daugh-
ter of II:1 (individual 111:2) presented URA and she had a male fetus
(IV:1) with URA and contralateral multicystic kidney disease (MCKD).
Presence of the variant in individual Il1:2 and fetus 1V:1 was confirmed
by Sanger sequencing.

In family 6, WES identified a novel variant, a one base pair dele-
tion (c.2227del) leading to a frameshift and a premature stop codon
(p.(GIn743Argfs*10)) in a female fetus (IV:1) with uterovaginal aplasia
and bilateral congenital renal anomalies (URA and contralateral
MCKD), and individual Ill:5 (fetus (IV:1)'s mother cousin) affected by
MRKH type 2, URA and mild scoliosis. The presence of the frameshift
variant was confirmed by Sanger sequencing in 11l:2 and Ill:4, respec-
tively, the mother and maternal aunt of fetus IV:1. Individual Ill:2 was
unaffected (renal ultrasound was normal, no uterine malformation
reported), whereas individual I11:4 had URA and MRKH type 2. Besides
the GREBI1L variant, an heterozygous missense variant (c.2846T>C, p.
(le949Thr)) was identified in the gene ROBO2 (NM_001290040.1) in
individuals 11:2,l11:4,111:5 and 1V:1. This variant was previously
described in one family with CAKUT (vesicoureteral reflux and hypo-
plastic kidneys).?* The variant affects a highly conserved nucleotide
(GERP++RS Score: 6.16) and a moderately conserved aminoacid. The
variant is present in a very low frequency in the population database
Gnomad (MAF:0.00001219). However, although a contribution of this
variant to the phenotype in family 6 cannot be ruled out, there is no
existing functional data for this ROBO2 variant. In addition, in silico
predictions (PolyPhen-2, PROVEAN, SIFT, Mutation assessor, Align
GVGD and the CADD score) are rather suggestive of a benign/non-
deleterious effect.

In family 7, a novel heterozygous missense variant (c.5198A>G, p.
(Asn1733Ser)) was identified by WES in a female fetus (IV:1) with
uterovaginal aplasia, BRA, streak gonads, ureter and bladder aplasia,
as well as in the sister (IV:2) and in the father (lll:1) both presenting
URA. Familial analyses by Sanger sequencing identified the variant in
one unaffected paternal aunt (individual I11:4) (normal renal ultrasound)
and the paternal grandmother (1I:2) (not known to be affected). The
niece of II:2 (individual Ill:6) had URA and a hemi-uterus but she was
not available for testing. The identified missense variant was absent
from the population database Gnomad and was predicted to be dele-
terious or likely deleterious by five in silico programs (PolyPhen-2,
PROVEAN, SIFT, Mutation Taster and Mutation assessor). Additional
in silico evidences for deleteriousness were the CADD score at 26.1
and the AlignGVGD class at C45. The variant affects a highly
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p.(Ala1576Val) 12

€.4368G>T,
p.(Glu1410Aspfs*3) 29

¢.5378T>G,
p.(Leu1793Arg) 15

FIGURE 2 Variants in GREB1L (NM_001142966.2) reported in the literature. On the top, variants from this publication and underneath, the
variants previously reported. Variants associated with congenital uterine (+ renal) anomalies are pointed in orange. Variants associated with only
congenital renal anomalies are pointed in blue. Variants associated with non-syndromic inner ear malformation are pointed in green

conserved nucleotide (GERP++RS score of 5.89) and a highly con-
served amino acid, from zebrafish to human.

In family 9, an intronic variant (c.3970-20A>G), was identified in
two fetuses with partial uterovaginal aplasia, BRA, ureter and bladder
aplasia (1ll:1 and 111:2) as well as in their asymptomatic father (11:2) (nor-
mal renal ultrasound). In addition, the fetus lll:2 presented unilateral
hexadactyly. This variant was located 20 nucleotides before the
boundary between intron 22 and exon 23 and was predicted to create
a new acceptor splice site (Human Splicing Finder, Alamut Visual splic-
ing predictions tools).

Amplification of the fragment between exon 22 and exon 24 was
performed on cDNA from the father (11:2) and an unrelated control.
Variability in amplification of the targeted region was observed, prob-
ably due to very low level of GREB1L expression in blood (according
to GTEx Portal, an open access database on tissue-specific gene
expression).2> For the control, sequencing of the PCR products after
extraction of the electrophoretic band confirmed the normal
sequence. For the case, aberrant electrophoretic bands were variably

detected (Figure 3). Sequencing of the PCR products showed the
expected normal sequence as well as an alternative sequence with
19 additional nucleotides between exon 22 and 23 (Figure 3), leading
to a frameshit and a premature stop codon (p.(Val1324Leufs*34)).
Overlap of the normal and alternative cDNA sequences was observed
for the third electrophoretic band. Low GREB1L expression in blood as
well as random and variable amplification of each DNA strand (the
wild type strand and the strand with the variant) might explain why
we did not consistently observe the alternative transcript. Moreover,
the alternative splicing might not be complete or lead to an unstable
mRNA, thus reducing the level of aberrant mRNA in the blood.

Finally, based on the hypothesis that most severely affected indi-
viduals would have inherited additional genetic factors from their sec-
ond parent, the exome data for fetuses in families 7 and 9 were
filtered looking for additional rare variants, that is, in family 7, present
in the fetus IV:1 but absent in the father Ill:1 and the sister IV:2, and
in family 9, present in both fetuses Ill:1 and IIl:2, but absent in the
father I:2. We focused on genes previously involved in CAKUT or
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(B) FORWARD

[ Exon 22

Exon 23 I

Band A
Overlap

Band C

FIGURE 3

ne oMV

CCCCCACAG|IG TG G GAAAGACGGGCTCCTATT TACAG T TTCCTCAGG

W‘sequence CCCCCACAG|IGTG G G AAAGACGGG CTCCTATT T TACAG  TTC CTCAGG

Alt sequence CCCCCACAGl((aaaaa!c(( tccatta glGTGGGAAAGACGGGCTC

Insertion 19 nucleotides
Intron 22

CCCCCACAG|ttaaaaatct ttccattagGTGGGAAAGACG GGCTC

e

Results of agarose gel electrophoresis of cDNA (family 9 11:2) A, GREB1L PCR products and B, sequence analysis for the novel

potential splice-site mutation ¢.3970-20A>G. Three bands (around 250 bp [band A], at 229 bp [band B] and at 210 bp [band C]) were discernible
on agarose gel electrophoresis. Sequence analyses demonstrated that band C was the sequence from the wild type transcript and that the
alternative sequence (band B) resulted from insertion of the last 19 bp of intron 22. Sequencing of band A showed an overlap between both wild

type and alternative sequences

MRKH, in the GREB1/ER interactome or in the Wnt pathway. These
variants are described in Table S4. No likely pathogenic or pathogenic
variant could be identified.

Targeted sequencing of GREBIL in a cohort of 68 unrelated indi-
viduals with uterine malformations (including three fetuses) is pres-
ented in Table 1, led to identify rare variants of unknown significance
(four missense and one synonymous) in three individuals with MRKH
type 2 (U113, U125, U147), one fetus with uterovaginal aplasia and
bilateral kidney malformation (U042), and one individual with MRKH
type 1 (U098) (Table 2). For most individuals, parental DNA was not
available to check for de novo occurrence. The variant identified in
fetus U042 was inherited from the asymptomatic father (normal renal
ultrasound).  Finally, the (c.277G>A,  p.(Glu93Lys))
(rs185578147)was identified in two additional unrelated individuals
(U120 and U149) as well as in family 9 (II:2; Il1:1;111:2). Considering the
entire cohort (9 familial cases and 68 sporadic cases [3 of 77]), the

variant

allele frequency for this variant was 0.019 (3 of 154) which was 3.85
times higher than the minor allele frequency reported in Gnomad
(MAF: 0.004939 in European [non-Finnish] population). At present,
the association between this variant and the phenotype cannot be
asserted. Finally, we did not identify any rare mosaic variant consider-

ing a minimum allele frequency of 2%.

4 | DISCUSSION

GREBI1L disease-causing variants have been previously reported in

families and sporadic cases of congenital anomalies of kidneys and

-96 -

optionally of the uterus.**"*>2427 Haploinsufficiency is the suggested
mechanism for pathogenicity®® with 10 loss-of-function variants out
of the 39 variants reported thus far. CUA were noted in 10 of these
41 families and sporadic cases.*?"** We describe four additional famil-
ial cases and three sporadic cases with uterovaginal aplasia or MRKH
syndrome type 2 and convincing GREB1L variants.

Among the previously reported GREB1L families and herein, for-
mation defects were the most frequently observed developmental
defect of the uterus, with aplastic uterus or MRKH type 2 being
reported in 15 individuals with GREB1L convincing variants and hemi-
uterus in three. Fusion and septal absorption defects were uncommon
with bicorporeal and arcuate uterus each described in one individual
(Table 3). Additional anomalies of the female genital tract and ovaries
included in some cases agenesis of the fallopian tubes and ovaries,
streak gonads, hemi-vagina and absence of the uterine left artery
(Table 3). The CAKUT phenotypes were most of the time renal agene-
sis, renal dysplasia/hypoplasia, vesicoureteral reflux and MCKD
(Table 3). Bladder/ureter agenesis/hypoplasia were described in six
fetuses with BRA. Megaureter, duplication of the ureters and ectopic
kidney were each reported in two cases. In individuals with MRKH or
uterovaginal aplasia, renal agenesis (uni or bilateral) or MCKD were
consistently associated, whereas, with the other types of uterine
anomalies, kidney anomalies were not always present. Conversely,
uterine anomalies were not always noted in females in case of renal
anomalies.

In our cohort, we also identified one novel missense variant
(c.1936T>C, p.(Cys646Arg)), not reported in Gnomad, in one individ-
ual with MRKH type 1 (U098). However, conflicting in silico
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TABLE 3

Phenotype
Renal
Unilateral renal agenesis
Bilateral renal agenesis
Multicystic kidney disease
Vesicoureteral reflux
Renal hypoplasia/dysplasia
Bladder hypo/aplasia
Ectopic kidney
Duplication of the ureter
Megaureter
Megaurethra
Horseshoe kidney
Multilocular cyst
Clear cell renal carcinoma
Genital
Uterus/uterovaginal aplasia
MRKH type 2
Hemi-uterus

Streak gonads

Unique follapian tube and/or ovary

Uterus anomaly (not described)

Blind ending hemi-vagina and
bicornuated uterus

Arcuate uterus
Absence of uterine left artery

Ovarian hernia

Undifferentiated external genitalia

Heart
Thickened left ventricular wall

Aortic stenosis

Retro-esophageal subclavian artery

Adrenal
Adrenal gland hypoplasia
Adrenal cytomegaly
Liver
Hepatic portal fibrosis
Skeletal anomalies
Ribs anomalies
Cervical hemivertebrae
Mild scoliosis
Anomalies of the extremities
Polydactyly
Clinodactyly

Single transverse palmar crease

JACQUINET €T AL

Our study (20 individuals [from 7
families])

10/20
3/20
3/20
1/20

3/20

1/20
1/20

4/20
4/20

2/20

1/20
1/20
1/20

2/20

Phenotypic features in heterozygous carriers of convincing GREB1L variants

Literature (96 individuals [from
54 families])

28/961°15:27
27/961%15:26.27
7/961%14
7/9611,12,14
7/9611,12,14
3/96'5%7
1/96*
1/96
2/96%
1/96'2
1/96*2
1/96*2
1/96%°

5/9614
2/96"
3/9 <512,14

2/961%14
1/96
1/96%2

1/96%3
1/96%2
1/9612
1/96%7

2/96"
1/96'

1/96'2

1/96%2
1/96%2

1/9612

3/96%2

2/962
1/961

Total (116 individuals [from 61
families])

38/116
30/116
10/116
8/116
7/116
6/116
2/116
2/116
2/116
1/116
1/116
1/116
1/116

9/116
6/116
3/116
2/116
2/116
1/116
1/116

1/116
1/116
1/116
1/116

2/116
1/116
1/116

1/116
1/116

1/116
4/116
1/116
1/116
2/116

2/116
1/116

-97 -
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TABLE 3 (Continued)

Our study (20 individuals [from 7

Phenotype families])
Brachydactyly
Genu valga
Flat feet
Face
Facial dysmorphism
Facial asymetry 1/20
Short neck
Ear
Neurosensorial hypoacusia
Auricular tag

Congenital anomalies of the inner
ears

Absent eighth nerve
Lop ear
Eye
Iris anomaly
Other
Enlarged thymus
Henoch Schonlein Purpura
Diabetes
Supernumerary nipple
No phenotype

Asymptomatic 4/20
(Normal renal US, no known uterine
anomaly)

Not ascertained by renal US 1/20

predictions make this variant less likely to be causative, most in silico
tools (PolyPhen-2, PROVEAN, SIFT, Mutation assessor, CADD, Align
GVGD) supporting a neutral/non-deleterious effect, whereas, only
Mutation Taster and Human Splicing Finder states for a possible dam-
aging effect (Table 2). If GREB1L seems to contribute to isolated CUA
in some individuals, sequencing in additional cohorts of MRKH indi-
viduals with accurate clinical examination would be necessary to
determine its possible involvement in MRKH type 1.

Variability in the phenotype among our patients across or within
families could not be solely explained by the type or the location of
GREBI1L variants. These were scattered throughout the gene and
included loss-of-function as well as deleterious missense mutations in
both individuals with isolated renal anomalies or renal and uterine
anomalies, with no hotspot for uterine malformation (Figure 2). The
incomplete penetrance and intrafamilial variability observed in our
study, and previously reported,?”?® may result either from stochastic
differences during development, the influence of modifier genes or
additional variants in cis or trans, variation in allele dosage, epigenetic

factors or environmental exposures.

-908 -

Literature (96 individuals [from Total (116 individuals [from 61

54 families]) families])
1/96 1/116
1/96 1/116
1/96 1/116
1/96 1/116
1/116
1/96 1/116
3/961427 3/116
2/96'2 2/116
2/96% 2/116
2/96% 2/116
1/96'2 1/116
1/96%2 1/116
1/96'2 1/116
1/96 1/116
1/96*2 1/116
1/96™ 1/116
9/961213:15.27 13/116
7/961%14 8/116

Maternal bias in transmission was previously suggested as it was
observed that the mother was the transmitting parent in most
families.*>*In our four families, we did not confirm parental bias and
could not explain non-penetrance by the gender of the transmitting
parent. Among the affected individual carriers of GREBI1L variants for
whom the status of the parents was known (by genotyping or because
they were obligate carriers), five individuals inherited the variant from
their mother and five from their father. The severity of the phenotype
was not correlated with the gender of the transmitting parent. Indeed,
for the five affected fetuses with BRA (or URA+MCKD) * uterovaginal
aplasia, two inherited the variant from their mother and three from
their father. Finally, three unaffected females inherited the variant
from their mother. In families 5, 6 and 7, a three-generation pedigree
indicated a more severe phenotype for fetuses at the third generation,
as also previously reported in a single family.*® This is probably due to
ascertainment bias rather than anticipation as families are sooner
referred to geneticists in case of severe and lethal congenital anoma-
lies. Also, pregnancy losses in prior generation may not have been
assigned to BRA.
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In GREB1L families and sporadic cases with congenital anomalies
of kidneys and uterus, additional clinical features were sometimes pre-
sent, expanding the clinical spectrum. Rib anomalies, heart defects,
anomalies of the adrenal glands, polydactyly and ear anomalies were
reported in more than one individual, and some other only once
(Table 3). Moreover, in a study on non-syndromic inner ear malforma-
tion, two de novo loss-of-function GREBIL variants were identified in
two male individuals with sensorineural hearing loss, absent cochleae
and eighth cranial nerve malformations without any known kidney
anomaly.2? Abnormal sensory epithelial innervation was demonstrated
in zebrafish for the greb1l homozygous mutant sa16374.2° As both
variants were loss-of-function, haploinsufficiency was also suggested
as the mechanism of pathogenicity. Interestingly, hearing loss is
reported in 10% to 25% of individuals with MRKH syndrome.*° In this
series, no anomalies of the auditory system were reported in individ-
uals with GREBI1L variant, but hearing tests were not systematically
performed.

Among the nine families investigated herein, plausible GREB1L
variants were detected in 4 of 9 (44%), and the gene is currently the
most frequent one associated with familial congenital uterine mal-
formations. GREB1L sequencing in all reported CUA/MRKH families
would help to better define the frequency in families with recurrence.
All our families with GREB1L variants included individuals with MRKH
type 2/uterovaginal aplasia and fetuses with bilateral renal anomalies
(renal agenesis or MCKD). The diagnostic yield for GREB1L mutation
was previously shown to be around 0.86% in isolated CAKUT
(2/232),* 2.8% in renal agenesis or renal hypodysplasia’* and much
higher (25.8%) in fetuses with BRA.12 The presence of uterine malfor-
mation or MRKH might thus increase even more significantly the
chance to find GREB1L mutation. We therefore suggest investigating
this gene in all families with uterovaginal aplasia or MRKH syndrome,
with renal agenesis.

This study is the first to interrogate the presence of GREBIL
mutations in sporadic MRKH/uterovaginal aplasia. In our cohort of
63 individuals, GREB1L heterozygous variants were identified in 7.9%
(5 of 63) with most convincing variants in three (4.8%), all with a
MRKH type 2/non-isolated uterovaginal aplasia phenotype. This sug-
gests that GREB1L might also be a significant genetic contributor in
sporadic MRKH/uterovaginal aplasia, at least when renal anomalies
are present (MRKH type 2). The presence of somatic mosaicism to
explain sporadic cases was not supported by our results. Analysis of
affected tissues (ie, rudimentary uterine tissue) would, although, be
more appropriate to investigate this hypothesis. In addition, the
apparent phenotypic continuum of CUA and MRKH syndrome associ-
ated with various malformations raises the possibility of a digenic/
oligogenic origin, which could help understand the complexity of the
disease and the still unexplained cases.
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Phenotype of affected relatives in the nine families

Supplemental data -Table 1
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Supplemental data -Table 2: Phenotype of sporadic cases

ID Genital Kidney Other Family History
u042* | Uterovaginal Right renal agenesis and Right unique umbilical artery, 11 ribs pairs, 6 cervical
aplasia, rudimentary left multicystic kidney vertebrae with 1 hemivertebrae
follopian tubes, disease
streak gonads
U045 | MRKH type 1 NR Craniopharyngiome, constipation
U048 | MRKH type 2 Right renal agenesis, left Mild scoliosis, autoimmune thyroidite, absence of
VUR widening of the interpedicular distance
U051 | MRKH type 2 Unilateral renal agenesis Scoliosis, 11 ribs pairs, micrognathia, pelvis
asymmetry
U058° | Bicorporeal uterus NR Hemivertebrae D6-D7 and L2-L3; 13 ribs on the right
U061 | MRKH type 2 NR Scoliosis
U062 | MRKH type 2 NR Cyphoscoliosis, L5 sacralization
U064 | MRKH type 2 NR Scoliosis, hearing loss
U066 | MRKH type 1 NR / Unilateral renal agenesis (uncle)
U067 | Uterovaginal Unilateral renal agenesis Hypoparathyroidism (familial) Unilateral renal agenesis (uncle)
aplasia, streak
gonads
U068 | MRKH type 1 NR Cervical hyperlordosis
U070 | MRKH type 1 NR / Unilateral renal agenesis (son of the
father's cousin); bilateral ectopic testis
(brother and maternal uncle)
U071 | MRKH type 2 Unilateral renal agenesis /
U072 | MRKH type 2 NR L5 sacralization, 11 ribs pairs
U073 | MRKH type 2 NR Atrial septal defect
U074 | MRKH type 1 NR /
U075 | MRKH type 1 NR /
u077*# | Bicorporeal uterus Bilateral renal agenesis / Bicorporeal uterus and unilateral renal
agenesis (mother)
U079 | MRKH type 2 Unilateral renal agenesis /
U081 | MRKH type 1 NR /
U082 | MRKH type 2 NR Mild scoliosis Scoliosis (sister), Unilateral renal
agenesis (maternal cousin)
U083 | MRKH type 2 Unilateral renal agenesis /
U085 | MRKH type 2 Left ectopic kidney and /
VUR
U086 | MRKH type 2 Left ectopic kidney and /
VUR
U087 | MRKH type 1 NR /
U091 | MRKH type 1 NR /
U092 | MRKH type 1 NR /
ID Genital Kidney Other Family History
U093 | Hemi-uterus, Unilateral renal agenesis Klippel-Feil syndrome Bicorporeal uterus and unilateral renal
agenesis of the left agenesis (paternal aunt)
ovary
U094 | MRKH type 2 Right renal hypoplasia Spina bifida
U095 | MRKH type 2 NR Scoliosis, mild hearing loss Scoliosis and hearing loss (mother)
U096 | MRKH type 1 NR /
U098 | MRKH type 1 NR /
U099 | Uterovaginal NR Abnormal development of secondary sexual
aplasia characteristics, mitral valve prolapsus,
arachnodactyly (associated Marfan syndrome)
U100 | MRKH type 2 Unilateral renal agenesis /
U104 | MRKH type 2 Horseshoe kidney, left Atrial septal defect, dysmorphic facial features
pelvis triplication (associated 2q37 deletion)
U105 | MRKH type 1 NR /
U106 | MRKH type 2 Unilateral renal agenesis /
U107 | MRKH type 2 Ectopic horseshoe kidney C3-C5 fusion, scoliosis C3-C5 fusion (paternal grand-father)
U108 | MRKH type 2 NR Scoliosis
U109 | MRKH type 2 NR Scoliosis Isolated atrial septal defect (brother)
U110 | MRKH type 1 NR /
U111* | Uterovaginal Bilateral renal agenesis Spina bifida
aplasia
U112 | MRKH type 1 NR /
U113 | MRKH type 2 Ectopic kidney, VUR, Left hand polydactyly, facial asymetry
duplicated ureter
U115 | MRKH type 2 Unilateral renal agenesis Mild scoliosis Unilateral renal agenesis (maternal
cousin)
U116 | Uterovaginal NR Abnormal development of secondary sexual
aplasia, streak or characteristics
absent gonads
U117 | MRKH type 1 NR /
U118 | MRKH type 1 NR /
U119 | MRKH type 2 Bilateral renal hypoplasia /
U120 | MRKH type 1 NR /
U121 | MRKH type 1 NR /
U122 | MRKH type 1 NR Elevated LH and testosterone
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ID Genital Kidney Other Family History
U123 | MRKH type 2 Normal Scoliosis , D3 hemivertebrae, unilateral thumb
aplasia and hand fixed in flexion, oesophageal
atresia, tracheomalacia, dextrocardia with a right
dilated ventricule
U124 | MRKH type 2 Unilateral renal agenesis / (associated 1921.1 duplication (Hg19, 1:144530059-
146290831)
U125 | MRKH type 2 Unilateral renal agenesis /
U126 | MRKH type 1 NR /
U127 | Right hemi-uterus, Left ectopic and hypoplastic  Ventricular septal defect with pulmonary hypertension
aplastic vagina kidney
U129 | MRKH type 1 NR /
U130 | MRKH type 2 Bilateral duplicated ureters  /
U131 | MRKH type 2 Unilateral renal agenesis Imperforate anus, Klippel-Feil syndrome
U132 | MRKH type 2 NR Vertebral malformation (unspecified)
U133 | MRKH type 1 NR Type 1 diabetes
U144 | Uterovaginal NR Klippel-Feil syndrome, hearing loss, abnormal aortic
aplasia, ovarian valve
dysgenesis
U145 | MRKH type 2 Ectopic right kidney /
U146 | MRKH type 1 NR /
U147 | MRKH type 2 Ectopic kidney /
U148 | Bicorporeal uterus Unilateral renal agenesis /
U149° | MRKH type 2 Mild caliectasis Imperforate anus, D11-D12 fusion and D12-L1, L1-
L2, L3-L4 partial fusion

# fetus, ° individual included through the GACUA protocol, NR : not reported

Supplemental data- Table 3: In silico tools used to interprete the variants of interest

In silico tool Web link/software consulted

PolyPhen-2 http://genetics.bwh.harvard.edu/pph2/

SIFT http://provean.jcvi.org/protein_batch_submit.php?species=human
PROVEAN http://provean.jcvi.org/protein_batch_submit.php?species=human

Mutation Taster
Mutation Assessor
Human Splicing Finder
Alamut Visual

CADD

GERP++RS score
Multiz Alignments of 100
Vertebrates

Align GVGD

http://www.mutationtaster.org
http://mutationassessor.org/r3/
http://www.umd.be/HSF/

Interactive biosoftware (SOPHIAGENETICS.com)
https://cadd.gs.washington.edu/snv
https://genome.ucsc.edu

https://genome.ucsc.edu

https://agvgd.iarc.fr
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(not inherited from the same parental carrier of the GREB1L variant), in genes previously
reported in CAKUT or CUA, in genes of the ER/GREB1 interactome or in genes of the

Supplemental data- Table 4: Additional variants identified in fetuses in families 7 and 9
Wnt Pathway
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II.  NR6A1, ANEW GENE INVOLVED IN CONGENITAL ANOMALIES OF THE
KIDNEY, UTERUS AND VERTEBRAE IN HUMANS

1. SUMMARY

In cases where no compelling variants were identified in known genes, our secondary
objective was to pinpoint potential new candidate genes and confirm their involvement in
kidney and uterus development through functional analyses and animal models. In one
family (Family 2 of the total cohort, but referred as Family 1 in this manuscript), a
heterozygous missense variant in the NR6A 1 gene, shared by three affected relatives, was
selected for further investigation. This variant was predicted to be deleterious and was
not previously registered in population databases. Existing studies using animal models
demonstrated that NR6A1 is essential for embryonic development, with mice deficient in
this gene showing early lethality and posterior truncation defects.

Given the availability of a specialized facility at the GIGA-ULiege and the cost-
effectiveness of zebrafish disease modelling, we chose the zebrafish model to initially
investigate the role of our candidate gene in embryonic development. Collaboration with
Dr Héléne Pendeville, leading manager of the GIGA zebrafish platform, started in 2018.
Investigation of the role of nréal started with morpholino analyses, followed by analysis
of the ENU mutant sa34517 (nr6ala). The transgenic line wt1b:GFP was obtained to
visualize the pronephros. Following difficulties in obtaining reliable results with the
mutant (possibly explained by additional mutations in the background), we decided to
generate CRISPR-Cas9 mutants for the two NR6A1 orthologues, nr6ala and nré6alb, in
2020. After observation of differences in the pronephros between mutants and controls,
collaboration with the team of Bernard Peers in the ZDDM research lab was started in
2021 to investigate the mutant embryos by in situ hybridization, especially looking for
patterning defects in the pronephros. In 2022, the adult phenotype in the surviving adults
was Investigated by microCT scan. At the end of 2022, the paper of Chang et al. was
published revealing the role of Nr6al as mastor regulator of vertebrate trunk
development. Vertebral anomalies were observed in our zebrafish mutant, similar to those
previously described in mice. Reverse phenotyping in the familial case revealed mild but
significant vertebral and costal anomalies in the most affected relative, fitting the
observation in zebrafish and mice. Beside Bernard Peers in the ZDDM team, Lydie Flasse
(Postdoc), Manon Dohet (currently a PhD student) and Romane Vanhaeren (currently PhD

student), contributed to the study, conducting in situ analyses, gel shift assays, and
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mesonephros analysis. MicroCT scanning was performed at the CARPOR Platform in
collaboration with Erwan Plougonven and Alexandre Leonard.

With this second paper, our main findings regarding NR6A 1 and its characterization
in zebrafish will be submitted for publication. Additional experiments and some

preliminary results that are not reported in the paper are summarized in the last section.
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ABSTRACT

The underlying cause for renal and uterine agenesis still remains unknown in many cases,
whereas recurrence in some families clearly suggests the involvement of genetic factors.
In order to uncover novel candidate genes, we performed whole-exome sequencing in three
relatives with kidney agenesis/hypoplasia, congenital uterine and costovertebral
anomalies, identifying one rare heterozygous missense variant in the orphan nuclear
receptor NE6A 1. Through collaboration and literature review, we identified two additional
fetuses with bilateral renal agenesis and a de novo heterozygous truncating variant in the
gene, and one individual with Mayer-Rokitansky-Kiister-Hauser syndrome type 2 and a
heterozygous missense variant. In vitro studies demonstrated partial loss-of-function for
both missense variants. To further investigate the role of NK6A1 in embryonic
development, we generated a knockout model for both orthologues (nréala and nr6ailb) in
zebrafish using CRISPR-Cas9. The mutants exhibited impaired kidney development with
anomalies in pronephros segmentation, which translated in hypoplasia of kidney tissues
in adults. Defects in the axial skeleton and fins as well as cloacal anomalies were also
observed. Finally, we demonstrated that nréaia/b depletion disrupts the anteroposterior
expression pattern of posterior hox genes in zebrafish. Our findings in both humans and
zebrafish provide the first evidence of a causal link between NE6A1 heterozygous loss-of-
function variants and renal and costovertebral defects in humans. Furthermore, the
phenotype observed in women suggest that uterine malformations may be part of the

clinical spectrum.
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INTRODUCTION

The association of congenital anomalies in kidneys, uterus and the axial skeleton
(vertebrae and ribs) occur more frequently than would be expected based on their
respective prevalence. Unilateral renal agenesis is diagnosed in 6.5 to 11.9% of individuals
with costovertebral malformations, versus 0.04% in the general population (1,2). Renal
and costovertebral anomalies, including scoliosis, are described respectively, in 20% (+/-
9%) and 26% (+/-5%) of individuals with Mayer-Rokitansky-Kiister-Hauser syndrome (3—
5). Their non-random co-occurrence is also highlighted by the delineation of specific
clinical entities such as VACTERL (vertebral defects (V), anorectal malformation (A),
cardiac anomalies (C), tracheoesophageal fistula with or without esophageal atresia (TE),
renal malformations (R) and limb malformation (L)) and MURCS (Miillerian (M), renal
(R) and cervical somites dysplasia (CS)) in which these malformations are distinctive
features. Etiologies for both VACTERL and MURCS are still mainly unknown (6,7), while
reports of individuals with features of both conditions suggest the possibility of shared
mechanisms for pathogenicity (8—-10). CAKUT (Congenital anomalies of kidney and
urinary tract), uterine malformation and costovertebral anomalies/congenital scoliosis, in
their isolated presentation and as part of VACTERL or MURCS association, are mainly
sporadic. However, familial occurrence is reported in 9-15% of individuals arguing for
predisposing genetic factors (4,7,11-13). Variable expressivity and incomplete penetrance
are observed, as illustrated in families with VACTERL or in families with renal
abnormalities and/or MRKH (Mayer-Rokitansky-Kiister-Hauser) syndrome (14,15), which
poses challenges to the identification of new genes associated to these disorders. In
isolated, or mildly syndromic CAKUT, next generation sequencing analyses have revealed
high genetic heterogeneity with approximately 60 causal genes identified so far, that
explain 11-20% of cases (16,17). In comparison, only a few genes have been involved in

spondylocostal, renal and uterine malformations, including 7BX6 (deletion 16p11.2,
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spondylocostal dysostosis type 5 (18,19)), GREBIL (Renal hypodysplasia type 3 #617805)
(20), MNX1 (Currarino syndrome #176470)), SALL1, DACTI (Townes-Brocks syndrome
1 and 2 #107480:;#617466)) (17) and CDX2(21). Unsolved familial cases suggest that new
genes still have to be uncovered. By whole exome sequencing in families with recurrence
of uterine and kidney anomalies, we identified NR6AI as a new candidate to explain

predisposition to some of these various malformations.

NR6A1 (Nuclear receptor subfamily 6 group A member 1) is an orphan nuclear receptor
highly conserved in vertebrates. The protein is essential for embryonic development,
knockout mice being lethal at day 10.5 with severe defects in somitogenesis, abnormal
chorioallantoic development, abnormal development of the ventral structures and defects
in neural tube closure (22). Conditional deletion of NE6A41 within axial progenitors in mice
induces a decrease in the number of thoracolumbar vertebrae in a dose dependent manner,
and modifies the timely progression of posterior hox genes expression (23). Expression
data in mice and xenopus confirms its role early in development, with transient, high,
widespread expression during the mid to late gastrulation (E7.5 in mice) and early
organogenesis stages. Consistent with the involvement of NR6AI in developmental
processes of the trunk, but not the tail, expression is absent in the most posterior area
(posterior to the posterior growth zone in mice, near the tailbud in xenopus) and high
levels were detected in the anterior and trunk regions, in the neuroectoderm and
underlying mesoderm (23-26). In zebrafish, the gene is duplicated (nr6ala and nréalb),
and comparison of expression patterns are indicative of a conserved function for nré6ala
and possible neofunctionalization for nréalb (27). NR6A1 acts as a constitutive
transcriptional repressor and was shown to inhibit pluripotency genes (e.g. OCTY,
NANOG, CRIPTO-1) during retinoic acid mediated differentiation of embryonic stem cells

(28-31). In vitro, NR6A1 binds as homodimers, or oligomers, with high affinity to a direct
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repeat of the DNA sequence AG(G/T)TCA (DRO) (32,33), and with lower affinity to the
extended half-site TCAAG(G/T)TCA (33). The potential ligands of NR6A1 are currently

unknown, hence its designation as orphan nuclear receptor.

NR6A1has not been associated with any human disease so far. Here, we report deleterious
heterozygous variants in NR6A1in multiple individuals with renal, uterine, and vertebral
anomalies. By inactivating the zebrafish NR6A1 orthologs, we show that nréala/b
zebrafish mutants display kidney and axial skeletal anomalies reminiscent of those found

in humans.

RESULTS

Identification of NR6A1variants in individuals with uterine, kidney and costovertebral
anomalies.

Exome sequencing analysis was conducted on three affected relatives with kidney
malformations with/without congenital uterine and costovertebral anomalies to
investigate the hypothesis of a shared genetic basis for their congenital anomalies
(Figure la-Family 1). The proband was a 46,XX female diagnosed with Mayer-Rokitansky-
Kister-Hauser syndrome type 2. She had a single pelvic kidney requiring surgery at 9
months of age for a vesicoureteral reflux. The ovaries were both present in an ectopic
position, located at the origin of the psoas muscles. Endocrinological workup was normal
at age 13 with no hyperandrogenism. Development of the secondary sexual characteristics
was normal. Spine and chest x-rays revealed the presence of 11 thoracic vertebrae instead
of 12, with only 10 ribs on the right, and severe hypoplasia of the eleventh rib on the left
(Figure 1b). There were no dysmorphic features and the patient was developmentally or
cognitively normal. Microarray (180k SNP array) was negative. The family history is

significant for a sister who was diagnosed with right renal hypoplasia and left

-113 -



Manuscript NR6A1
-6-

compensatory renal hypertrophy. She had no uterine malformation. In addition, the
mother had a hemi-uterus with a single median pelvic kidney and one single right ovary.
She underwent kidney transplantation at age 54 due to end-stage renal insufficiency. On
imagery, the native kidney was atrophic with loss of differentiation. Exome sequencing
was performed on the three affected family members; variants were filtered for rare
(MAF<0.01) heterozygous variants shared by all three relatives. Variants in genes were
prioritized by gene function (those known to be associated with CAKUT/uterine/vertebral
anomalies in mammals), dominant inheritance, constraint metrics and in silico prediction.
Based on this analysis, a missense variant in NR6A41, c.1175T>G; p.(Met392Arg) was
selected as the most compelling candidate. First, NR6A1 has been associated with
variation of thoracolumbar vertebral number in mammals (23,34). Second, it is highly
constrained for loss-of-function variation in gnomAD, with observed/expected value
(LOEUF:0.19) (35), indicating such variants are not tolerated in the population. Its high
pHaplo (0.99) and pTriplo (0.94) scores, suggest that the gene is likely to be sensitive to
decreased DNA dosage (.e., haploinsufficiency) and increased DNA dosage
@i.e., triplosensitivity) (36). Finally, c.1175T>G is not observed in gnomAD v4.1 and is
predicted to be deleterious by several in silico tools (CADD score: 29.6 ; REVEL score: 0.97
(deleterious strong); AlphaMissense:0.996 (deleterious strong)). The variant is located in
the ligand binding domain (LBD) of NR6A1 and the substitution replaces a highly
conserved methionine that is hydrophobic and uncharged by a hydrophilic and charged
residue, an arginine. The Grantham’s distance between both aminoacids is 91 [0-215]).
The hydrophobic residue, conserved amongst nuclear receptors, contributes to the folding
of the protein by forming van der Waals contacts between the 8t and 10t o-helices (37,38).
Hence, changes of physicochemical properties of this amino acid likely alters the tertiary
structure of the protein which may impact the affinity of the DNA binding, the

homodimerization or interaction with co-repressors. Given the in silico data, the crucial
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role of NKE6A1 in embryonic development, alongside phenotypic resemblances in the
proband to the vertebral anomalies observed in conditional knockout Nré6al mice, we
hypothesized that the heterozygous missense variant found in this family may underly

their malformations.

Submission to Genematcher (39) allowed to identify the second case, a male newborn who
died very shortly after birth due to respiratory insufficiency in the context of bilateral
renal agenesis, anhydramnios and intrauterine growth retardation, which were identified
at the second trimester ultrasound. Family history was unremarkable. A heterozygous de
novo variant, ¢.439C>T; p.(GIn147%), was identified in NR6A1 by trio exome sequencing.
X-rays and autopsy were not performed (Figure la. Family 2). In addition, another
heterozygous de novo variant, c¢.800dup;p.(Thr268Hisfs*6) in NR6A1 was previously
reported by Boissel et al. (40) in a male fetus with bilateral renal agenesis, absence of the
ureters, a unique umbilical artery and a retroesophageal right subclavian artery. Both
variants generate premature termination codons, and hence, are likely to induce
nonsense-mediated mRNA decay. Structural analysis suggests that any residual mRNA
would encode a protein missing the entirety or most of the LBD domain, resulting in

loss-of-function of the protein (41) (Figure 1a).

To identify additional individuals with NR6AI-associated disease, we performed targeted
sequencing of NR6AI1 in a cohort of 68 individuals with MRKH and identified a
heterozygous variant, c.196C>T; p.(Arg66Cys), in a 46,XX female with a left ectopic
kidney, and a history of vesicoureteral reflux requiring surgery (Figure la- Family 3).
Spine X-ray was normal. Parental samples were unavailable for segregation studies. The
c.196C>T; p.(Arg66Cys) variant is rare in the population database gnomAD (11

heterozygous males/801566 and 3 heterozygous females/812472) and is predicted
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deleterious in silico (CADD score:33; REVEL score: 0.92 (Moderate); AlphaMissense: 0.992
(Strong)). The variant is located in the DNA binding domain, in the first zinc finger
subdomain, and affects a highly conserved arginine, that is substituted by a cysteine

(Grantham’s distance=180 [0-215]), possibly altering the interaction with the DNA.

Decreased DNA binding affinity of Arg66Cys and Met392Arg NR6A1 proteins in vitro
In order to ascertain whether the two missense variants we identified could alter the
binding of NR6A1 to its target DNA and therefore prevents its transcriptional activity, we
performed an electrophoretic mobility shift assay (EMSA). The native or the mutated form
of the hsNR6A1 protein fused to a Myc-tag polypeptide were in-vitro translated and their
concentration were assessed by western blot (Supplemental figure 1). As probe we used a
radiolabeled oligonucleotide consisting of a direct repeat with zero spacing (DRO) of the
consensus sequence AGGTCA. The probe was incubated with either the native hsNR6A1
or Arg66Cys and Met392Arg hsNR6A1 proteins (Figure 1c). Whereas a strong complex
was formed on the DRO probe with the native NR6A1 (lane 2), the complexes formed with
the mutated NR6A1 proteins Arg66Cys (lane 3) and Met392Arg (lane 4) were almost
undetectable, only a weaker signal was visible upon extended exposure. The DNA binding
specificity was verified by a competition assay (Figure 1d); indeed the addition of a 125
fold excess of unlabeled DRO blocked formation of the protein-probe complex (lane 3) while
the addition of an unlabeled Oct2A-binding oligonucleotide had no effect (lane 4). The
presence of NR6A1 protein in the complex was further confirmed with the observation of
a supershift in presence of anti—-Myc antibody (lane 5). Together these results showed that
while native NR6A1 binds specifically DRO sequence with high affinity, the mutations
Arg66Cys and Met392Arg strongly decrease this affinity. It therefore suggests that the

identified missense variants can prevent NR6A1 activity.
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Loss of Nr6ala/b in zebrafish cause skeleton anomalies and abnormal kidney
morphology.

To evaluate the impact of NR6A1 loss-of-function, in particular in urogenital tract and
skeleton formation, we inactivated the zebrafish orthologs nréala and nré6aib by
CRISPR-Cas9. The higher degree of sequence homology between nr6ala and NR6A1 and
the similarities in the pattern of nré6ala expression compared to other species suggested
that most of the conserved functions would be controlled by nré6ala. However, the high
similarity in the DNA binding domain between Nr6ala and Nr6alb did not exclude
overlapping function in gene regulation. Moreover, although expression of nré6alb occurs
later, after 10 hours post fertilization (hpf), and is more restricted (Supplemental figure
2), both genes are expressed in same regions of the trunk (neural tube, paraxial and lateral
mesoderm) during somitogenesis. In order to detect compensatory effect of the duplicated

genes, phenotypes of single and double null mutants for nr6alaand nré6albwere analyzed.

No alteration was noted in nré6albve%8’" embryos and these mutants reached adulthood
without any obvious defects. However, only a low percentage (around 4-10%) of nréala”
survived until adulthood. Nr6ala %0557 homozygous embryos displayed transient
pericardial oedema from 30 to 56 hpf. The homozygous mutants that reached adulthood
displayed visible morphological anomalies such as shorter trunk and absence of the anal
fin (Figure 2a). Unilateral or bilateral aplasia or hypoplasia of the pectoral fin were also
observed in a low percentage (6%) of nr6ala”larvae. Homozygous mutants were slightly
shorter compared to siblings (9.2 % shorter in average), with a disproportionate reduction
of the anterior region of the trunk (10% reduction in average relative to the size)
(Figure 2a). The homozygous females were infertile. Double nr6ala ueoss/p ule0ss
homozygotes died before 16 days post fertilization (dpf). They presented the same

morphological anomalies than the nré6ala” mutants with an increasing penetrance of the
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pectoral fin phenotype supporting a compensatory role for nré6alb in some tissues

(Supplemental figure 3).

To characterize the skeletal defects, MicroCT scans were then performed on adult
nr6ala’™ mutants and wildtype females. Nr6ala’ mutants presented a reduced total
number of vertebrae from 31 in wildtypes to 26 (+/-1) in mutants (n=4). Interestingly, the
five missing vertebrae are located in the trunk and correspond to precaudal vertebrae from
which the ribs originate from. This is consistent with the shortened trunk region we
observed (Figure 2b and Supplemental figure 4). The dorsal fin radials start at the level
of the penultimate precaudal vertebrae, corresponding to the 4t and 9* non-Weberian
precaudal vertebra in mutants and wildtypes, respectively. The axial skeleton of some
mutants presents other defects, such as abnormal, irregular shape of the ribs and unfused
hemal arches of some caudal vertebrae (Supplemental figure 4). Moreover, we confirmed

the absence of the anal fin rays (Figure 2b).

Because of anomalies of the female genital tract in humans with NR6A7 variants and
infertility in nréala” zebrafish females, we questioned the possibility of gonadal duct
anomalies in surviving adults. Formation of the gonadal duct starts around 25dpf in
teleost, with firstly the formation of the upper part of the oviduct in continuity with the
ovarian cavity, progressive elongation and secondarily, junction to a lower part resulting
from invagination and cavitation of the urinogenital papillae around 50dpf (42,43).
Incubation of whole fish in a lugol solution allow for visualization of soft tissue by MicroCT
scan. Using this contrast agent, we were able to visualize the oviducts. The oviduct seemed
formed in the nré6ala” females, however the channel looked obstructed compared to

controls (Supplemental figure 5). Unfortunately, the precocious lethality of the double

-118 -



Manuscript NR6A1
-11 -

mutant did not allow to address the impact of a total loss-of-function of nréal alleles on

the gonadal tract.

As congenital anomalies of the kidneys were present in  humans
(aplasia/hypoplasia/ectopia), we investigated the kidney structure in the adult nr6ala”
mutants. To easily visualize the renal tissue, we injected intraperitoneally a solution of
Rhodamine-dextran in 4 wildtypes and 4 nr6ala” mutants. This small molecule is uptaken
by the kidney proximal tubules within a day post injection. It colors the organ in red, and
allows a functional assessment of the proximal tubules (44). The adult zebrafish kidney is
a flat organ located on the dorsal body wall. When viewed from a ventral perspective, the
wildtype kidney has a distinctive curved morphology, consisting of head, trunk and tail
regions. This typical shape is perturbed in the nré6ala” mutants, the trunk segment being
larger. To determine if there was a change in the size of the kidney relative to the fish size,
we measured the overall surface of the kidney and made a ratio on the length of the fish.
Hence, we showed a decrease by 24% of the kidney size in the nr6ala” mutants compared
to wildtypes (p-value=0.017) (Figure 2c). The proximal tubule of the nr6ala” mutants
seemed functional as we could observe uptake of Rhodamine-dextran as in wildtypes

(Supplemental figure 6).

Together, our data show that total inactivation of NR6A1 orthologs is embryonically lethal
and that inactivation of Nr6ala alone is sufficient to induce costovertebral defects and
kidney hypoplasia. Those anomalies being similar to those observed in human individuals
with NR6A1 variants, it strongly suggests that these variants are responsible for their

syndrome.
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Nr6ala/b are required for proper pronephros development.

Given the developmental origin of the malformations in individuals with NR6A 1 variants
and as we showed that NR6AI is essential for embryonic development, we further
investigated the function of the gene in kidney development. The zebrafish pronephros, as
the earliest nephric stage, contains two nephrons sharing numerous genetic, structural,
and functional aspects with the mammalian nephrons. From 24hpf, it consists of glomeruli
fused at the embryo midline and of tubular epithelium extending from the glomerulus to
the cloaca where the gastrointestinal tract also opens up (Figure 3a-b). Interestingly, the
terminal end of the pronephros (named pronephric duct, PD) was abnormal in nréal
mutants with variable expressivity as shown by brightlight microcoscopy at 5 dpf
(Figure 3a). The double homozygous mutants were the most severely affected, with some
larvae showing a blind end of the digestive tract and an indistinguishable pronephric duct
orifice. A milder phenotype was observed in the simple nréala” mutants, with presence

of the gut opening but abnormal cloaca with a not well-defined end of the pronephric duct.

From 24hpf onwards, the tubular epithelium of the zebrafish pronephros is subdivided
into segments that are functionally homologous to segments of the mammalian nephron:
two proximal tubule segments (proximal convoluted tubule (PCT) and proximal straight
tubule (PST)), connected to the glomerule (G) by the neck segment (N) and two distal
tubule segments (distal early (DE) and distal late (DL)) connected to the cloaca by a short
segment (the pronephric duct (PD)) (Figure 3b) (45). Double whole-mount in situ
hybridization (WISH) with segment-specific marker gene and the somite boundary marker
xirp2a (45) were performed at 24hpf and/or 48hpf on embryo from single and double
heterozygous mutants incross. Clenk and gata3 are normally expressed in the distal
segments (clenk: DE-DL-PD; gatas: distal part of the DL-PD and corpuscule of Stannius

(CQ)). The expression of both markers is extended anteriorly by around 2 somites width in
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nr6ala” (Figure 3 and Supplemental figure 7). Hence, cInck expression that usually starts
at the level of the 9th somites is seen as anterior as the 7 somites in the mutant (average
extension of 1.3 somites width (CI 95%:0.62-1.98). Gatad3 is extended anteriorly by 2.3
somites width in average (CI 95%:1.57-3.06). Conversely, expression of trpm?7, which
labels the proximal straight segment, is reduced. 7rpm?7 is expressed from the sixth
somites, it extends to the 9* somite in wildtype but stops between the 7% and the 8t
somites in homozygous mutants (average length decreased by 1.4 somites width,
C195%:1.08-1.71). Finally, an extended expression was observed in mutants (selected as
showing no thx5 expression) compared to wildtypes for evxl, a gene normally expressed
at 24hpf in the posterior gut, the cloaca and the lateral mesoderm surrounding the end of
the pronephric duct (Supplemental figure 7) (46). No differences were observed in the
expression of markers labeling the glomerules (wtla, nephrin) or PCT (slc2021) in
nr6ala’ mutants compared to wildtype. Double homozygous (nr6ala”; nréalb”) have
similar expression of gatad to the simple nr6ala” mutant in standard conditions
(Supplemental figure 7). These results show the involvement of nr6ala in nephron

patterning with a substantial effect on the intermediate and distal segments.

Nr6ala/b loss-of-function modify posterior Hox genes expression in zebrafish

The phenotype observed in the patterning of the pronephros as well as the missing
vertebrae are reminiscent of antero-posterior patterning defects. As in vertebrates Hox
genes provide the major positional information along the anteroposterior axis, we
investigated hox genes patterning in nré6ala/b mutants. We focused on Hoxa9-13 and
Hoxd9—-13 as these posterior Hox determines notably the patterning of the female genital
tract (47,48), as well as vertebrae and ribs patterning (49), metanephros formation and
nephron segment identity (50,51) in mammals. Posterior hox paralogs demonstrate

collinear expression in the trunk along the anteroposterior axis of the zebrafish embryo;
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they are expressed in ventral and lateral mesoderm with anterior boundaries depending
on each particular hox gene (Figure 4 and Supplemental figure 8) (52,53). WISH were first
performed for hoxa9b in 31 hpf embryo from nré6ala” nr6alb” incross. Compared to
wildtypes, the domain of expression of hAoxa9b was extended anteriorly when nréala was
inactivated (nr6ala”). The loss of one or two nré6alb allele did not exacerbate the
phenotype, showing that nré6aila is the main contributor to the phenotype at least for
hoxa9b (Figure 4a). Similar results were shown for hoxalOb at 18hpf (18 somites stage),
with no differences following nréalbinactivation alone (Supplemental figure 8). As nr6alb
could still compensates nréala for other targets, we systematically investigate the
expression of other posterior hox gene in a nré6alb” genetic background. WISH were
performed at 18hpf and 24 hpf for hoxalOb (n=18), hoxallb (n=17), hoxal3b (n=17) or
hoxdl1a (n=17). Similar to hoxa9b, an anterior shift of expression was observed for those
markers. Embryos were genotyped based on their phenotype and we showed that 100% of
the embryo with a pattern of expression shifted anteriorly were homozygous for nréala
and that all the nr6ala /-embryo exhibit this shift (Figure 4b and Supplemental figure 8).
Interestingly, hoxbl3a whose expression is restricted to the posterior extremity of tail in
wildtype embryos, is ectopically expressed in the double nré6ala;nr6ai1b mutants at 24hpf
(Figure 4c). Indeed, ectopic expression appears just above the yolk extension in the
posterior endoderm and/or mesoderm with the inactivation of both nré6ala and nré6alb.
Very mild ectopic expression was detected in nréala single mutants (Figure 4c). Finally,
we tested several paralogues of the anterior and central hox clusters (hoxbla, hoxaZ2b,
hoxb3a, hoxd3a, hoxb4a at 21 hpf, hoxb6b, hoxb8b at 31hpf) and we did not detect any
differences between mutants and wildtypes. These findings indicate that nréaia globally
regulates the expression pattern of several posterior Aox genes from paralogous groups a,b

and d in zebrafish, resulting in ectopic expressions that extend anteriorly in mutants.
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DISCUSSION

In this study, we report for the first time an association between the NR6A1 gene and
congenital anomalies in humans. Our findings shed light on the role of NR6A1in human
development, heterozygous deleterious variants in the gene predisposing to renal
agenesis/hypoplasia, spondylocostal and uterine malformations. The alteration in kidney
and skeleton observed in our knockout nré6ala/b zebrafish model support the gene’s
causality. Functional assessment of the two NE6A4 1 missense variants identified in human
subjects revealed decreased binding to the consensus DNA sequence, confirming a partial
loss-of-function for the mutated proteins. Meanwhile, the two protein-truncating variants,
found in fetuses, likely result in mRNA decay and NR6A1 haploinsufficiency, or
alternatively would produce a truncated protein lacking the LBD domain. Individuals
harboring heterozygous protein-truncating variants exhibit severe defects like bilateral
renal agenesis, while missense variants are linked to non-lethal malformations such as
unilateral renal agenesis, renal hypoplasia, and kidney ectopia with or without uterine
and skeletal anomalies. In our zebrafish model, we observed a dose-sensitive effect, where
some phenotypes become progressively more severe or penetrant in nré6ala-~/-with the loss
of additional nréaib alleles; this is the case for the malformations at the level of cloaca
and of the pectoral fins. A dosage effect was also demonstrated previously during
somitogenesis in mice (23), and is supported by the high pHaplo (0.99) and pTriplo (0.94)
scores of NR6A1. Further reports on individuals with NE6AI variants are warranted to
elucidate genotype-phenotype correlations. Nonetheless, our results suggest that the
variable expressivity of the phenotype possibly depend on NR6A1 dosage, influenced in

part by the type of variant.
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Amongst the clinical features, the uterine malformations were presents in three of four
female individuals (MRKH syndrome in two, and hemi-uterus in one). These anomalies
are suggestive of a defect in the formation or elongation process of the Miillerian ducts.
Similarities in development between the oviduct in zebrafish and genital tract in
mammals have been suggested. For instance, the zebrafish orthologue of WNT7T4, a
well-known causal gene of MRKH syndrome, present a conserved role in gonadal ducts
formation (42,54). Although no obvious anomalies were observed in the gonadal duct of
the 3-month-old nréaia”female zebrafish, we cannot rule out reduced penetrance of the
phenotype due to the low number of surviving single nréala homozygous. Moreover, loss
of both orthologues may be required for the phenotype, that cannot be ascertained given
lethality of double homozygous embryos before the onset of gonadal duct formation.
However, the cloacal anomalies and defects of the terminal part of the pronephros and
hindgut suggest that elongation of the oviduct might be affected in the absence of Nr6al

protein.

A decrease in the number of ribs and ribs bearing vertebrae was observed in our zebrafish
mutants, reminiscent of the defects observed in conditional knockout mice (23).
Additionally, we observed a similar phenotype in one human subject, with fewer thoracic
vertebrae and ribs. While 3-6% of the population may have 11 pair of ribs and vertebrae
instead of 12 (55-57), the presence of 10 ribs is uncommon in humans. Interestingly, this
reduction in the number of thoracic vertebrae and ribs might be a phenotypic clue to
suspect the presence of NR6AI1 variants in humans with renal agenesis and uterine

malformation.

Besides regulation of the number and segmentation of thoracolumbar vertebrae, our

experiments in zebrafish supports that NR6A1 is also essential for the formation of other
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organs in the region of the trunk, with additional roles in kidney development and proper
fusion of the pronephros and hindgut to the cloaca. The anterior shift observed in hoxa9-13
expression may link our observations in zebrafish to the malformations observed in
humans. During the formation of thoraco-lumbar somites, Hoxal0O expression in
presomitic mesoderm determines the transition between ribs-bearing and lumbar
vertebrae in mice (58) . A more rostral HOXA10 expression, may result in a decreased
number of ribs and ribs-bearing vertebrae. Moreover, precocious expression of HoxI3
paralogous in mice was shown to abruptly terminate patterning and elongation resulting
in posterior truncation, and cloacal anomalies (anal atresia, anorectal agenesis or
abnormal communication/septation between the bladder and the hindgut) (59,60) and
their ectopic expression causes kidney agenesis (61) and posterior homeotic
transformation of the female genital tract (62). Significantly, our experiments show ectopic
expression of Aoxb13ain the posterior mesoderm and endoderm in zebrafish mutants, and
this may affect elongation processes in the urogenital region. Finally, in addition to
posterior Hox genes, NR6A1 represses directly or indirectly other signaling molecules or
transcription factors (63), which may also impact the development of the kidneys and
uterus. Further investigation will be needed to identify the downstream targets of NR6A1

that explain the pronephros patterning defect.

In conclusion, we report MNR6A1 as a new candidate gene for renal agenesis, uterine
malformation and vertebral anomalies in human. Identification of additional individuals
will be necessary to confirm causality and delineate the spectrum and penetrance of
anomalies associated with NE6A1 heterozygous variants. Interestingly, the observation
of cloacal malformation and pectoral fin anomalies in our zebrafish model, in addition to
renal and vertebral malformations, makes NK6A1 a compelling candidate gene for

VACTERL association, in which anorectal malformation and radial ray defects are typical
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features. In individuals with MRKH syndrome who fulfill the criteria for an additional
diagnosis of VACTERL, anorectal and renal malformations were always present, and
vertebral anomalies reported in the majority of cases, highlighting the possibility of shared
genetic factors and developmental pathways to explain the co-occurrence of these
malformations (10). Compared to mice, zebrafish null mutants for nréala/b exhibit later
lethality in their development, allowing the investigation of late organogenesis processes.
Furthermore, the survival of single nréala homozygous mutants until the adult stage
enables the observation of milder or late-onset phenotypes. In contrast, mouse models
(likely through conditional knockout) will be valuable for studying the role of NR6A1 in
ureteric bud branching and metanephros morphogenesis, as well as Miillerian ducts
formation and patterning. Therefore, both models will complement each other in

delineating further the functions of NE6A1 in development.
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METHODS

Clinical proband samples and sequencing

Blood or salivary samples and pedigree information were collected after informed consent
from individuals or their guardians. Whole exome sequencing was performed on blood,
saliva or fetal tissue samples derived-DNA using the Ion AmpliSeq Exome target
enrichment kit on an Ion Proton System sequencer for Family 1 and the NovaSeq 6000
Ilumina sequencing platform for Family 2, generating 150bp reads (paired-end with
Ilumina platform) that were mapped to the human reference genome (NCBI build
37/hgl19). The average exome coverage was above x50. Variants were annotated and
filtered using Alissa Interpret v2.1 (Agilent Technologies) (Family 1). Variants were
filtered based on a minor allele frequency <0.5% in the population database gnomAD, their
presence in exonic regions +20bp of exon boundaries and a predicted change at the protein
level (synonymous variants excluded). Variant in genes were prioritized by gene function
(those known to be associated with CAKUT/uterine/vertebral anomalies in mammals),
suspected mode of inheritance (dominant in Family 1, dominant or recessive in Family 2)
and constraint metrics. In addition, in si/ico prediction tools such as PolyPhen-2, SIFT,
PROVEAN, Mutation Assessor and Mutation Taster were used to assess the potential
functional impact of missense variants; those predicted to be deleterious by 3 to 5 1n silico
prediction tools were selected. For each variant of interest, we further queried the CADD,
REVEL and AlphaMissense scores (64—-66). For targeted sequencing, single-molecule
molecular inversion probes (smMIPs; EasySeqNGS- customized Targeted Capture Kit,
Nimagen) were designed to target the exons +20 nucleotides of intronic/exonic boundaries
of NR6A1 (NM_033334.4). Except for exon 1, the entire coding sequence was covered more
than x100. Single nucleotide variations were interrogated using the Seqnext (SeqPilot)

software. The variants identified were confirmed by Sanger sequencing. Variants in the
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NRG6A1I gene are described for reference sequence NM_033334.4, which encodes for the

NR6A1 reference protein NP_201591.2 using HGVS nomenclature (www.hgvs.org)

Electrophoretic mobility shift assay.

The electrophoretic mobility shift assays (EMSA) were performed essentially as described
by Greschik et al. (38 using a DRO double stranded oligonucleotide
(AGCTTCAGGTCAAGGTCAGAG ) end-labbeled with 32P-dATP and Klenow enzyme.
The human NR6A1 protein, as well as the R66C and M392R mutated proteins were
synthesized in vitro using reticulocyte lysates (Promega). To that end, the coding
sequences of the human wildtype NR6A1 ¢cDNA and of the missense R66C and M392R
mutants (obtained from VectorBuilder) were inserted in the expression vector pCS2-MT
just downstream the SP6 promoter and fused to the MYC-tag at the C-terminus of the
NRG6A1 proteins. SP6 polymerase was used to produce in vitro the corresponding mRNA
(Invitrogen mMessage Machine kit) which were next translated in vitro using the
reticulocyte lysate following manufacturer’s instructions (Promega). Production of
proteins was verified by western blot using a rabbit MYC antibody (16286-1-AP,
Proteintech). For EMSA assay, proteins were incubated in buffer containing 30mM
Tris-HC1 (pH 7.5), 50 mM KCl, 1 mM DTT, 10 % glycerol, 1ug of poly (dI-dC) with 0.1 ng
of DRO 32P-labelled probe for 20 min at room temperature. For competition and supershift
assays, unlabelled oligonucleotide or MYC antibody were preincubated for 10 min with
the proteins in the same buffer before addition of the DRO probe. The reactions were loaded
on a 6 % non-denaturing polyacrylamide gel in 0.5X Tris-borate-EDTA running buffer at

room temperature. After the run, gels were dried and autoradiographed.

Generation of Crispr-Cas9 nréala/b zebrafish mutants
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All studies performed in Zebrafish were approved by the ethical committee of Liege
university (protocol 2404).

CRIPSR-Cas9 mediated genome editing was used following the IDT protocol “Zebrafish
embryo microinjection Ribonucleoprotein delivery using the AItR™ CRISPR-Cas9
System’, contributed by Jeffrey Essner, PhD (67). CRISPR-Cas9 crRNA targeting exon 3
of nr6ala (GRCzl1Ensembl Transcript ID: ENSDART00000191653.1; exon 3, 5 -
CAGGACTGCACTATGGCATT -3) and the crRNA targeting exon 3 of nr6alb
(GRCz11Ensembl  Transcript ID: ENSDART00000011096.8; exon 3 5-
GCACTATGGTATTATTTCCT-3) were designed using ChopChop to generate FO mosaic
embryos. The Alt-R-crRNA, Alt-R CRISPR-Cas9 tracrRNA and Alt-R Cas9 Nuclease V3
were obtained from Integrated DNA technologies.

The null mutation nr6alaugess 1is a 5bp deletion in  exon 3
(ACCGCGCCACAGGACTGCACTATGG) leading to a frameshift in the coding sequence
and generating a restriction enzymatic Btslv2 site. For genotyping, the 249pb fragment
was amplified using the primers CAGGCTGAGCAGCGCTCTTGTC and
TCCAGCGTGTGTGTTTCTCTCAC and terra Taq polymerase (Takara) followed by Btslv2
digestion. The null mutation nr6albuigoss is an indel (CCTGCACTATGGTATTATTTCCTG
to CCTGCATGCTATATATTTCCTG) leading to a frameshift and disrupting a Bsgl
restriction site. Genotyping this variant was done by amplifying the 387 bp fragment using
primers TGCCCAATGGTTGGTTTGGCTACA and GTGTGTCTCACCCTTGCGGTTCATG

followed by Bsgl digestion.

Dissection and measurement of the adult zebrafish kidney after labeling of the
proximal tubule with fluorescent Rhodamine-dextran
15 months-old adult fish were anesthetized in tricaine and injected with 10 ul of

Rhodamine-dextran 3.5% in the peritoneal cavity. Three days later, the kidney was
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dissected as described previously (44). The adult kidney (mesonephros) was gently
detached from the dorsal wall, placed on a glass slide, flattened and covered by a glass
coverslip. Rhodamine-dextran compounds, incorporated by the epithelial cells in the
proximal comvoluted tubule (PCT), allow: - 1) to better delineate the mesonephros colored
in dark-red; - 2) to functionally assess the endocytic uptake by the proximal tubule cells.
Pictures were taken with Leica fluorescent binocular (M165). Area measurements were
performed with Fiji Imaged). For each fish, the ratio of kidney surface (um2) to fish length
(mm) was calculated and then normalized to that of wildtype fish. Graph and statistics

(parametric t-test and p-value) were obtained with JMP-Pro 17.2.

MicroCT scan

Adult fish were anesthetized in tricaine and then incubated in 4 % paraformaldehyde for
2 days at 4°C. Fish were rinsed three times in PBS prior to being imaged for skeletal
structures analysis. Imaging was done on a Bruker Micro-CT Skyscan 1172/G. The fish
were fixed in home-made adapted cylindrical EPS containers and PBS was added to avoid
dehydration over the duration of the scan. After mounting the sealed container on the
scanner’s sample stage, a relaxation time of 45 minutes was left prior to scanning. The
voltage and intensity of the X-ray source were set at 100 kV and 100 pA respectively and
a 0.5 mm Al filter was used. The exposure time was set at 300 ms and acquisitions
proceeded over 360° with steps of 0.4°. The detector 1s a SHT 11Mp camera, set with 4x4
binning to obtain projections of 1000 by 666 pixels in size.

After this microCT scan, the same fish were stained by incubation in Lugol 2.5 % for one
day at room temperature, washed three times in PBS for 5 minutes and scanned again for
analysis of soft tissues. The same conditions were used for the setup and the scans except

that the rotation step was reduced to 0.2° and the imaging limited to the abdominal zone.
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After scanning, reconstruction was performed on the Bruker software NRecon. Further
image analyses were performed upon processing the data with the visualization software

Avizo with custom-made computing modules.

Whole-Mount Zebrafish in situ hybridization

Whole-mount is situ hybridization (WISH) of zebrafish embryos using digoxigenin- and
FITC- labelled probes were performed as described previously (68,69). The expression
patterns of trpm7, gata3, clenk, slc12a3, xirp2a and thbx5 were previously reported
(45,70,71). The 3 part of ¢cDNA of hoxa9h (GTGGTCCAGCAGCAGTCTCGTG and
GGATCTAGCTTCGTCTCCGCAGG), hoxdila (CGCAAGTCCAACCTGTTCGC and
GGGCTCGAGTGCGACAAAGTC), hoxbi3a (GTGAGCGTGCTATGACCACC and
GGAGACTATCGTGTCGCGG) and evx! (AGCTTTGGGCACTTTGGCAGT and
GCTGCACATTTCGGTGTGCTGC ) were amplified by PCR using the corresponding
primers and the cDNA were inserted downstream the T3 promoter in the reverse
orientation for the production of antisense labelled RNA by in vitro transcription. WISH
were performed on clutches of 40 or 80 embryos respectively obtained from incross of
nré6ala* fish or of nr6ala” nré6alb*” fish or of nr6ala” nr6alb” fish. After WISH, about
20 stained embryos were photographed and genotyped as described above. Graph and

statistics (student’s t-test and p-value) were obtained with JMP-Pro 17.2.
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Figure 1. Identification of variants in NR6A1 in four families with renal

agenesis/hypoplasia with/without uterine and skeletal anomalies.

a. Pedigree and localization of the truncating and missense variants along the NR6A1
protein (NM_033334.4). The genotype of relatives is mentioned as “?” if not tested. NR6A1
is depicted with its main functional domains and 3D structure. The DNA-binding domain
(DBD in blue) include two zinc fingers (red rectangles). The 3D structure of the ligand
binding domain (LBD in turquoise) is composed of twelve alpha-helices (H1-H12) and two
beta-turns (B1-B2).

b. X-ray of the spinal column (Family 1; individuals II:1) showing 11 thoracic vertebrae
(T), 10 ribs on the right and a 11th hypoplasic rib on the left (blue arrow head), and a
normal number of five lumbar vertebrae (L). The black arrows point to the interspace of
the facet joint visible between the last thoracic vertebrae and the first lumbar vertebrae

given its orientation.
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c. Electrophoretic mobility shift assay with #2P-radiolabeled DRO consensus sequence,
showing lower complex formation for the mutated hsNR6A1 proteins compared to controls
(red arrow). An additional band (black arrow) is detected in the four samples
corresponding to non-specific interaction of DRO probe with proteins of reticulocyte lysate.
The yellow arrow points to the unbound labeled DRO oligonucleotides. The negative control
(CTRL-) corresponds to incubation of probe with reticulocyte lysate without any mRNA.
WT NR6A1, R66C and M392R correspond to wildtype and mutant NR6A1 proteins
synthesized in reticulocyte lysates.

d. Competition analyses and supershift assay. The red arrow points to the band formed by
the DRO-NR6A1 complex, the black arrow points to non-specific protein-DNA complexes
from the reticulocyte lysate, the yellow arrow points to the unbound labeled DRO
oligonucleotides, and the blue arrow points to the shifted complex in presence of anti—-Myc
antibody.

Created with BioRender.com
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Figure 2. Smaller size, decreased number of ribs-bearing vertebrae and abnormal size
and morphology of the kidney in nr6a1a’ adult zebrafish.

a. Comparison of the size of wildtype (n=3) and mutant (n=3) siblings at 5 month %
(mean size wildtype: 34.295mm; mean size mutants:31.125mm: difference: 3,17mm
(CI195%:1.47-4.87) (p value=0.0095)). Comparison of the length of the anterior part of the
trunk relative to the fish size between wildtypes (n=4) and mutants (n=4) (mean ratio
wildtype 32.048 mm; mutants:22.036 mm; difference 10.01 mm (CI195%:8.43-11.59) (p
value <0.0001).

b. X-ray microtomography of 3-month-old wildtype and mutants. The number of rib-
bearing precaudal vertebrae (orange) is decreased in mutants #5 instead of 10 in
wildtypes). The rib-bearing precaudal vertebrae are recognizable by the presence of ribs,
and the absence of hemal arches and spines, that are them specific of the caudal vertebrae
(72). The number of caudal vertebrae (yellow, and light blue for the caudal fin vertebrae)
is normal in mutants #17). Absence of the anal fin (beginning at the 1st caudal vertebrae
in wildtype) in mutants (*). The weberian vertebrae (vertebrae 1 to 4) are highlighted in
green and seems normal although not investigated in details.

c. Mesonephros morphology of 15 month-old wildtypes and mutants. The mutants

present an abnormal shape of the mesonephros, dissected after injection of

-134 -



Manuscript NR6A1
-27-

Rhodamine-dextran for visualization. Compared to wildtypes (n=4), the surface of the
mesonephros relative to the fish size (after normalization by the control mean), is
decreased by 24.35% (C195%:6.15-42.54) (p value=0.017) in nr6ala’ mutants (n=4).

Created with BioRender.com
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Figure 3. Defects in cloacal morphogenesis and pronephros patterning in nr6ala’ and
nr6éala” nr6a1b” mutants.

a. Brightfield images of the cloaca at 120hpf in embryos of nréala” nr6alb” incross.
Classification of the phenotype as normal if the cloaca presents a typical inverted
U-shaped with a visible pronephric duct in its terminal part (black arrow), and a visible
opening of the gut (black arrow head); mildly affected if the lumen of the gut reach the
cloaca (black arrow head) whereas the terminal part of the pronephric duct is not visible
(red arrow); severely affected if both ends are not visible (red arrow and red arrow head).
Some severely affected embryos present dilation of the gastrointestinal tract (yellow
stars), suggesting imperforation. 26 embryos were selected for genotyping (normal (n=7);
mildly affected (n=9); severely affected (n=10)) Embryos showing normal morphology are
wildtype or heterozygous for nr6ala and show variable nréalb genotypes. Affected
embryos are all nré6ala” with severely affected embryo being homozygous for both nréaia
and nréalb.

b. Double whole-mount in situ hybridization with the somite boundary marker xirp2a and
the pronephros segment markers trpm?7, clenk and gatad in embryos from nréala®

incross. The width of one somite is used as reference to measure the length of the
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expression domain. Expression in nr6ala” mutants compared to wildtype/heterozygotes is
increased with a difference of +2.3 somites (p<0.0001) for gata3 (n=4 for nr6ala” and n=8
for nr6éala* or++),+1.3 somites (p=0.0022) for clenk (n=>5 for nré6ala’ and n=6 for nréala*"

or+#4) and -1.4 somites (p<0.0001) for trpm7 (n=8 for nr6ala’ and n=12 for nr6ala* o +%).

Created with BioRender.com
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Figure 4. Abnormal patterning of posterior Hox in nr6éala’ and nr6ala’nr6a1b”
mutants.

a. Whole-mount is situ hybridization with hAoxa9b at 31hpf in embryos from an incross
between nr6ala” nr6alb” and nr6ala” nr6alb” fish. A longer anterior axial staining
(neural tube) was observed in % of the stained embryo (18/68). Genotyping performed in
20 embryos (short phenotype: n=12; long phenotype: n=8).

b. Whole-mount in situ hybridization with hAoxal1b, hoxdl1a, hoxal3bat 18hpfin embryos
from an incross between nr6ala”-nr6alb” showing an extended anterior staining in
nr6ala’” mutants.

c¢. Whole-mount is situ hybridization with hoxail3b at 24hpf in embryos from an incross
between nréala* nré6alb* double heterozygous. Classification of the embryo following the

extend of the staining in the posterior mesendoderm (from absent to severely extended).
Genotyping was performed for 19 embryos.

Created with BioRender.com
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SUPPLEMENTAL FIGURES
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Supplemental Figure 1. Western blot after in vitro translation of wildtype and mutants

NR6A1.
Western blot after in vitro translation showing similar concentration for the wildtype and

mutants hsNR6A1l. Ladder: Precision Plus Protein™ All Blue Prestained Protein
Standards #1610373

Created with BioRender.com
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Supplemental Figure 2. Expression of nréala and nr6aib during embryonic
development.

In situ hybridization at different stage of development for nré6ala and nr6albon wildtype
embryos.

Cleavage period: between 0 and 2 hpf, nr6ala shows a mild ubiquitous expression, this

early expression (before the maternal zygotic transition) supporting maternal expression
of the gene in the oocytes. In contrast, nré6aibis not detected at this stage. Pictures at the
2 cells (0.75 hpf) and 16 cells (1.5hpf) stage.

Gastrula period: At 70% epiloby (7hpf), nr6ala is highly expressed ubiquitously in the

gastrula while nréaibis not expressed. At 10hpf, an anteroposterior gradient is observed
for nr6ala with weaker signal in the posterior bud and the future notochord. The higher
signal in the dorsal region is due to the higher cell mass in that region.

Segmentation period: At the 6 somites stage (12hpf), nréala is expressed following an

anteroposterior gradient, with a stronger signal in the anterior region and absence of
expression in the tailbud. At this stage, nr6alb starts to be expressed in the neural tube,
paraxial and lateral mesoderm. At the 16 somites stage, nréala is still highly expressed

with strong signals in the ventral region of the anterior and midbrain, as well as in the
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lateral part of the neural tubes and somites. Nr6ala expression is lower in the posterior
part of the embryo (tailbud). Nréalbis expressed in the region of the trunk in the neural
tube, the somites and the lateral mesoderm.

Organogenesis: At 24hpf, nr6ala expression is restricted to the ventral part of the

diencephale and midbrain, the lateral part of the rhombomeres, the spinal cord, the
cranial ganglia and in the endoderm/ventral mesenchyme. A mild expression is observed
in the somites. Nr6alb is expressed in the cranial ganglia and the spinal cord (median
region). A mild expression is detected in the endoderm/ventral mesenchyme and in the
somites. At 48hpf, the expression is limited to the rhombomeres for nré6ala and the cranial
ganglia and fin buds for nré6alb. At 56hpf and 3.5 dpf (larval stage), the expression is
barely detected and limited to the pectoral fin, the neuromasts and a structure
(undetermined) posterior to the eyes for both genes.

A=anterior; P=posterior; D=dorsal; V=ventral; R=right; L=left

Created with BioRender.com

- 141 -



Manuscript NR6A1
-34 -

a = b WISH (24 hpf) tbx5 and gata3

nréala”
wildtype

nréala”
nréalb”

nréala-/-nr6alb-/-

200pm

Genotype/pectoral fin phenotype

Genotype/tbx5 expression

Ml nr6ata-/-nréaib-/- 100%
Ml nr6ata-/-nréalb+/-
nréaia-/-nréaib+/+
other genotypes 60%

80% Ml rr6ata-/-nréaib-/-
B nreata-/-nréalb+/+or+/-

other genotypes

40%

20%

Supplemental Figure 3. Aplasia’hypoplasia of the pectoral fins in nr6ala’ and
nr6éala’ nr6a1lb’ mutants.

a. Dorsal view of 5dpf larvae form nr6ala” nr6alb* incross. The pectoral fins are
pointed by the black arrow (* when absent). Genotyping of 38 larvae showing that the
majority of larvae without pectoral fins are double homozygous. 17/20 genotyped double
homozygous larvae have no pectoral fin showing a high penetrance of the phenotype when
both orthologues are knocked out. Absence of the swim bladder in affected larvae (red *)
compared to the normal phenotype (red arrow).

b. Whole-mount in situ hybridization for tbx5 and gata?3 in 24hpf embryo, showing
absence of t¢bx5 staining and extended gata3 staining in 18/95 embryo from

nréala® nr6alb™ incross. Genotyping was performed for 8 embryos.
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Supplemental Figure 4. X-ray microtomography of adult wildtype and mutants.

The number of rib-bearing precaudal vertebrae (orange) is decreased in the mutants #5
instead of 10 in wildtypes). The rib-bearing precaudal vertebrae are recongizable by the
presence of ribs, and the absence of hemal arches and spines. The number of caudal
vertebrae (yellow, excluding the caudal fin vertebrae) varies in the mutants between 14
and 15 (number known to range from 14 to 16 in zebrafish with an average of 15 vertebrae
(72) (Bird 2001). These vertebrae are recongnizable by the presence of hemal arches and
spines. Malformed hemal arches that are unfused at the midline are observed in two
mutants (b and c: blue arrow). The caudal fin vertebrae (white), that support the caudal
fin rays, are normally composed of three vertebrae. The antepenultimate and penultimate
vertebrae are not distinguishable in two mutants (b et d). Radials of the dorsal fin
(unpaired median fin) begins between the 3rd and 5th neural spines of rib-bearing
vertebrae in mutants and between the 9th and 10th neural spines of rib-bearing vertebrae
in wildtype.The anal fin (beginning at the 1st caudal vertebrae in wildtype) is absent in
mutants (¥).The weberian vertebrae (vertebrae 1 to 4) are highlighted in green and seems

normal although not investigated in details. Created with BioRender.com
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Supplemental Figure 5. Oviduct in nr6a1a-/- mutants
Micro-Ct scan after Lugol staining in 3 month-old wildtype (n=3) and nréala” mutants
(n=3).In mutants, the oviduct seems formed. The duct seems obstructed by degenerating

oocytes.Created with BioRender.com

nréala-/-

Supplemental Figure 6. Uptake of Rhodamine-Dextran seems normal in nr6ala”
mutants.

Rhodamine-dextran compounds seem normally incorporated by the epithelial cells in the
proximal circumvulated tubule (red fluorescence, black arrow). Created with

BioRender.com
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Supplemental Figure 7. Pronephros expression

a. Expression of segment markers was performed on embryos from nréala* incross
(clenk) or nréala* nr6alb” incross (trpm7, gatad) at 24hpf (gatas3, clenk), 48hpf (trpm?).
Measurement (in pm) were statistically different between wildtypes and nréala” for
trom7 (n=8), clnck (n=33) and gata3 (n=38). No statistically significant difference was
observed for gatadbetween nr6ala’ (n=8) and double mutants (n=5).

b. Expression of evx (coloration black NBT-BCIP) and tbx5 (coloration fast-red) was
performed on 89 embryos from nréala* nré6ailb* incross at 48 hpf. 8/89 embryos show no
thx5 staining (previously shown to be associated with the mutant phenotype) and marked
anterior extension of the evx7 staining.

Lateral view of the embryos. Brackets indicate the expression domain in each embryo.

Created with BioRender.com
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Supplemental Figure 8. Abnormal patterning of posterior Hox in nréala’ and nr6ala”
nr6a1b’ mutants.

a. Comparison of whole-mount is situ hybridization with Aoxal0b at 18hpf in embryos
from incross between nréala* nr6alb** and embryo from an incross between nréala®”
nr6al”. No significant difference is observed between nr6a1b” and wildtypes (SHORT
phenotype). Extended anterior staining (LONG phenotype) in simple nr6ala” and double
nr6bala’nr6alb” mutants.

b. Whole-mount is situ hybridization with hoxal0b, hoxallb, hoxdlla, hoxal3b at 24hpf
in embryos from an incross between nr6ala” nr6alb” showing an extended anterior
staining in nr6ala’” mutants.

Created with BioRender.com
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3. ADDITIONAL RESULTS

NR6A1 expression is induced by retinoic acid treatment in mouse and human
embryonic stem cells (324,325) and in vivo in xenopus (326). Retinoic acid regulation of
nréalb, and to a lesser extent of nr6ala, was also previously shown in ChIP-seq data and
RNA-seq data generated from endodermal tissues of 11.5hpf zebrafish treated with RA or
DEAB (327), and confirmed by WISH on zebrafish embryo at different stages (Figure 22).
As nr6ala mutants show phenotype similarities with aldhia2 mutants, although less
drastic (e.g., absence of pectoral fin, loss of pharayngeal arches, similar patterning defect
of the pronephros)(302,328), we hypothesized that NR6A1 could be a downstream effector
or modulator of retinoic acid signaling. Research to investigate a possible role of nré6ala/b
in the retinoic acid pathway is still ongoing under the lead of Bernard Peers in the ZDDM
research lab and we will briefly expose the first results (Figure 23). WISH with the marker
gene gata3 was performed on embryos of double heterozygous nré6ala/b incross at 24hpf
after treatment with retinoic acid (100nM) at the beginning of gastrulation (50% epiloby).
After retinoic acid treatment, the gata3 staining was nearly absent in nr6ala wildtype
embryos, which indicates a severe anteriorization, as expected. Retinoic acid treatment of
mutants leads to an intermediate staining fornr6ala” (mildly shortened) whereas
treatment of double mutants did not show any effect (long). These results suggest that
both nr6ala and nr6alb are required for retinoic acid to promote a proximal fate, and that
exogeneous retinoic acid treatment may attenuate the renal phenotype associated with
loss of nré6aia. In order to investigate if the repressive role of nré6ala/bon gata3 expression
in the pronephros depends on retinoic acid, embryo of single and double heterozygous
nré6ala/b incross were treated with DEAB (10pM). The anterior border of gata3 staining
expanded 1 somite rostrally in treated wildtype embryos (length of 4-5 somites) compared
to untreated embryo (Iength of 3-4 somites). A longer staining (up to 7 somites) was
observed in one quarter of the laying suggesting that these embryos were homozygous for
nr6ala~/- (Figure 23). If future genotyping confirms this correlation, the longer staining
observed in DEAB treated mutants compared to DEAB treated wildtype would argue that

nréalarepresses gata3 at least partially in an independent way from retinoic acid.
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Figure 22. Expression of nr6ala and nréalb after RA and DEAB treatment.
Whole-mount in situ hybridization for nr6ala and nr6alb on wildtype embryos
without (control) and after treatment with RA 100nM or DEAB 10uM, at
different stages of development. Increased expression of nréala was visible at
the 18 somites stage after treatment with RA (no differences was noted at the 8
somites stage, data non shown). After treatment with DEAB, the nr6ala
expression is decreased in the posterior region of the embryo from the 8 somites
stage. An increase in expression is noted for nré6alb already at the end of
gastrulation (10hpf) after RA treatment. Treatment with DEAB lead to an
absence of nré6alb expression at the 16 somites stage.
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Figure 23. Nr6ala/b are required for the action of RA on the distal segments.

a. Double whole-mount in situ hybridization with the somite boundary marker
xirp2a and the pronephros segment marker gata3in embryo from nréala*”
nr6alb? incross in standard condition, after RA treatment at the 50%
epiloby stage or after DEAB treatment at the 50% epiloby stage. The width
of one somite is used as reference to measure the length of the expression
domain. with the marker gata3 at 24hpf, comparing the length of gata?d

Control
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24 hpf
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MR R

staining (measured in somites number).

b. Genotyping performed in 21 embryos treated with RA.

c. Summary of the segmentation defect after RA and DEAB exposure.
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CONCLUSION AND PERSPECTIVES

The existence of multiple animal models and genetic syndromes featuring uterine
malformations supports the notion of genetic heterogeneity in the etiology of congenital
uterine anomalies, likely involving the interaction of multiple genes and molecular
pathways, each contributing to uterine development and morphology. Allowing for the
simultaneous analysis of multiple genes, whole exome sequencing offers a cost-effective
and powerful tool for investigating genetic predisposing variants in selected families with

recurrence.

In our first paper published in 2020, by analyzing nine families with recurrence of
uterine malformations, we reported GREBIL as a significant gene in MRKH syndrome,
contributing to the phenotype in four of nine families and up to 7.4% of sporadic cases in
our series (2.9% when considering only variants predicted deleterious in silico). In 2023,
in a larger series, Jolly et al. confirmed the involvement of GREBIL variants in MRKH,
in a few but significant percentage (2.7%) of individuals (149). Whereas CAKUT are the
most prevalent congenital defect associated with GREBIL variants, uterine, skeletal,
hearing, cardiac and adrenals are other organ systems recurrently affected. Incomplete
penetrance is frequently observed. Mechanisms by which GREBIL pathogenic variants
lead to renal or uterine malformation are still poorly characterized, although abnormal

tubulomorphogenesis was demonstrated in cells culture (30).

Conducting thorough analyses of exome data from our as yet unresolved families, we
then identified the gene NR6A1 as a novel candidate gene for renal and uterine
malformations. Studies in zebrafish knocked out for the orthologous genes nréala and
nr6alb confirmed a conserved and essential role for NAK6A1 during embryonic
development and its involvement in kidney malformations. Modification in retinoic acid
(RA) signaling/gradient and abnormal regulation of posterior hox genes expression by
NR6AI may alter Miillerian duct elongation, as well as the processes of junction to the
urogenital sinus and patterning of the female genital tract. Many questions remain
regarding the regulatory mechanisms involving NR6A1 in renal and uterine development:
is the mechanism of regulation direct and/or indirect (through modulation of the RA
levels), what is the timing of action (early in development through fate specification,

migration or differentiation of intermediate mesoderm progenitors, or by local expression
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later on during development) and what other genes involved in renal and uterine
development are regulated by NR6AI?

In the first part of this final section, we first address future research directions that
will increase our understanding of the phenotypes linked to NR6A1 and the role of the
protein during renal and uterine development. We examine what is currently known about
GREBIL, its function during development and some similarities between GREBI1L and
NR6A1 Finally, we discuss hypotheses on some pathways possibly involved in congenital
uterine anomalies based on this work. In a second part, we explore potential explanations
for the incomplete penetrance and variable expressivity that were observed in the nine
families investigated here. Lastly, we examine the possible reasons for the absence of

identified high-effect variants in four of the families.
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. FUTURE DIRECTIONS IN UNDERSTANDING NR6A1 AND GREB1L
FUNCTIONS IN RENAL AND UTERINE DEVELOPMENT

1. DELINEATING THE NR6A1-ASSOCIATED PHENOTYPES AND ITS ROLE DURING
RENAL AND UTERINE DEVELOPMENT

Delineating the NR6A1-related phenotypes

NR6A1I has emerged as a key player in elongation and patterning of the somites
during the development of the trunk region in mice (329). The development of other
trunk/abdominal organs is also impacted, as shown for the kidneys in our zebrafish model.
Moreover, the diverse range of phenotypes observed in our zebrafish mutants suggest that
the defects caused by loss-of-function of NR6A1 may variably extend beyond skeletal,
renal and uterine malformation in human individuals also. Reports in the Genematcher
database of several individuals with NR6A1 variants and cardiac malformation support
the hypothesis that defects in NR6A1 may be associated with a broader phenotypic
spectrum. Further studies in mice and zebrafish models, as well as sequencing of
additional human cohorts, will be complementary to confirm the gene causality for renal
agenesis and MRKH, and to gain better insight in the phenotypic spectrum associated
with NR6A1.

First, in order to gain additional evidence for causality of NR6A1I in renal agenesis
and MRKH, investigation in a mouse model will be required. While our zebrafish model
revealed an impact on kidney development and morphogenesis, it is limited by its inability
to assess the more evolutionarily advanced stages of kidney development, such as ureteric
bud outgrowth and metanephros formation, which are unique to amniotes. Notably, renal
agenesis often results from disrupted signaling between the metanephros and the ureteric
bud. Moreover, homologies between the gonadal duct, in zebrafish, and uterus in
mammals are limited. Confirming the agenesis of kidney and uterus in mice will be
necessary to get strong evidence for the gene causality. A conditional model will be
required given that lethality occurs before the development of the metanephros and
Millerian ducts in knockout mice. Finally, sequencing of NK6A1 in cohorts of patients
with CAKUT/renal agenesis, and in wider cohorts of patients with MRKH syndrome, could
help to identify additional human individuals with variants in the gene.

Second, we will perform a comprehensive phenotypic analysis of our zebrafish model
to identify organs potentially affected by variations in nréala/b dosage. Zebrafish offer

several advantages over mice for this analysis, including lower costs, the ability to observe
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hundreds of embryos per breeding ex-utero, and the availability of multiple transgenic
lines that enable visualization of distinct organ development using fluorescent microscopy.
These analyses of our zebrafish nréala/b model will help screen for organs that may be
impacted by nréala/b loss-of-function or overexpression and assess their penetrance.
Variable pathogenic mechanisms, such as loss-of-function versus gain-of-function, could
result in distinct phenotypes, as demonstrated by skeletal defects observed in mice (329).
In zebrafish, gain-of-function mutations can be characterized by overexpressing nréala
through microinjection of capped nré6ala mRNA into one-cell stage embryos to identify the
associated developmental defects. Additionally, generating knockin zebrafish with
missense variants identified in humans will allow us to evaluate their effects and
penetrance in vivo. Our mutant zebrafish also survive longer in development compared to
knockout mice, especially when dechorionation is induced by adding pronase to their
environment, as we observed that mutants exhibit hatching defects. Some double nréaia/kb
mutant zebrafish survive until 10 days post fertilization, and a small percentage of single
mutants reach adulthood, whereas mouse embryos die after the time of the trunk-to-tail
transition'® at £10.5. This extended survival in zebrafish provides an opportunity to
investigate organogenesis and later-occurring phenotypes. For example, further
characterization of the ovarian phenotype will be particularly interesting, as our micro-CT
scans suggest that mutants may experience precocious degeneration of oocytes. In mice,
Nré6al has been shown to be required for the maturation of primordial germ cells into
developed oocytes (333). Hence, in humans, NR6A1 is certainly an interesting candidate
gene to sequence in cohort of individuals with premature ovarian failure.

Finally, given the phenotypic characteristics observed in our zebrafish mutants,
individuals with VACTERL association represent another cohort of interest for
investigating potential NR6A1-related phenotypes in humans. Notably, the zebrafish
mutants exhibit agenesis or hypoplasia of the pectoral fins (analogous to the upper limbs
in mammals) and cloacal anomalies (including absent gut opening), which mirror key
features of VACTERL, such as radial ray defects and imperforate anus, along with the

commonly observed renal and vertebral anomalies.

10 The transitions from head-to-trunk and from trunk-to-tail, during embryonic development in vertebrates,
involve major switch in the cellular and molecular mechanisms, each region of the body being regulated by
distinct gene network. NR6A1 has been shown to promote trunk growth and the gene is down-regulated at the
trunk-to-tail transition. Key features of the trunk to tail transition are relocation of the neuromesodermal
competent cell population, closure of the posterior neuropore, induction of the hindlimb and formation of the
cloaca. The rostral border of the tail corresponds to the 21 somites in zebrafish (reached at 19.5hpf), and 28-30
somites in mammals (reached at E9.5-E10 in mice, day 27 in humans) (330-332).
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Understanding the regulatory roles of NR6A1

NR6A1 belongs to the nuclear receptor superfamily of transcription factors''. In
contrast to other members of this superfamily (e.g., steroid-hormone related receptors or
receptors for retinoic acid), no ligand has been identified so far for NR6A1. In its
constitutive state, the protein binds to the DNA consensus sequence DRO (AG(G/T)TCA):
or to an extendend half-site (TCAAG(G/T)TCA), and recruits various corepressors
complexes to repress the transcription of its target genes (Figure 24.a). During the
development of the embryo, we confirmed that the expression of the gene is dynamic in
zebrafish, similarly to mice, with a high level of expression during gastrulation and early
segmentation stages (Figure 24.b ), a lower expression in the most caudal region (tailbud)
from the 6 somites stage onwards and very limited expression after 24hpf. These results
support an essential role for NR6A 1 during gastrulation and early somitogenesis, a period
corresponding to the ingression of the mesodermal precursors that will form the organs of
the trunk. The signals and genes known to control the time-limited expression of NR6A 1
are key regulators of several developmental processes, including axial elongation
(Figure 24.b).

Amongst the inducers of NR6A1 expression is retinoic acid. We confirmed by WISH
in our zebrafish model that nr6ala and, even with a stronger effect, nr6alb, are
upregulated by exogeneous retinoic acid treatment, especially in the posterior paraxial
regions. In the opposite, inhibition of endogeneous retinoic acid synthesis (by DEAB
treatment of the embryo), decrease the expression of nr6ala and totally abolish the
expression of nré6alb, showing a partial and total RA-dependent activation for nr6ala and

nréalb respectively.

11 The nuclear receptor superfamily of transcription factors comprises 48 receptors in humans (49 in mice
and 73 in zebrafish), that are evolutionary related and organized into seven subgroups based on sequence
similarities. This superfamily includes, for instance, the steroid-hormone related receptors and retinoic acid
receptors. Nuclear receptors share similar structural domains, including a highly conserved DNA binding domain
(DBD) and a discrete ligand binding domain (LBD). They are able to regulate transcription of their target genes
(either activating or repressing it) by binding to short DNA sequences in the promotor region or on a distal
enhancer region, and interacting with coregulatory proteins that can interact with the RNA polymerase
machinery or modify chromatin structure, thereby influencing gene accessibility. Their activity can be modulated
by three-dimensional conformational changes triggered by ligand binding. These ligands include fat-soluble
hormones, vitamins, or dietary lipids. Besides their natural ligands, nuclear receptors can also be inadvertently
targeted by synthetic compounds, referred to as endocrine-disrupting chemicals, which may alter receptor
activity and potentially lead to epigenetic modifications that could be passed on to subsequent generations (334).
NR6A1 is the only member of subgroup 6 and is more closely related to proteins of the steroid hormone branch
(335).
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Figure 24. Expression and regulation of NR6A1.

NR6A1 binds as homodimers to the consensus sequence DRO (depicted by black
arrows), repressing gene expression of is target genes (in the gray boxes) through
interaction with co-repressors (in the blue box). TSS= transcription start site. b.
Dynamic expression of NR6A1 based on in situ data in mice and zebrafish. Lines
connecting the timelines represent correspondence between embryonic stages in
zebrafish and mice (based on Irie 2011)(336). Picture adapted from Li 2024 (337).

Created with Biorender.




Besides, NR6AI regulates the expression of key RA regulatory enzymes (ALDH1A2,
CYP26) which support that NR6AI may partially regulate the retinoic acid gradient
(172,326,338). In our zebrafish mutant, studies on pronephros segmentation (a process
known to depend on the RA gradient as mentioned in the introduction (302)), suggest that
nré6ala/b may control the differentiation process of the distal and intermediate segments,
repressing the most distal fate that specify the very last segment (named pronephric duct).

Furthermore, our experiments suggest that nréala/b is required for the RA signal
to be able to promote a more proximal fate on the most distal segment. In order to
investigate when and how this patterning anomalies occur, we will pursue the analyses
by in situ at earlier stages to delineate which markers of differentiation are affected, and
to define the spatiotemporal alteration of cyp26a and aldhlaZ expression in mutants. In
mammals, retinoic acid signaling is required for the primary ureteric bud outgrowth
(through regulation of RET expression), for branching morphogenesis, for proper insertion
of the nephric ducts in the cloaca, for initiation and/or maintenance of the Millerian ducts
and for uterine patterning (18,70,243,303,339). Alteration or modulation in retinoic acid
signaling is one hypothesis to investigate in order to better understand how loss of NR6A1
function could alter the normal development of the uterus.

As highlighted in our second paper, an alternative hypothesis to explain the renal,
skeletal, and potentially uterine defects involves the disruption of posterior Hox gene
expression patterns. Our zebrafish studies confirmed that NR6A1 plays a conserved role
in regulating posterior Hox genes from groups A, B, and D. Specifically, we observed
anteriorization of expression for hoxa/d9-13 and ectopic expression of hoxbl3a in
endodermal/mesodermal tissues. While the hoxc group was not yet investigated, we plan
to perform in situ hybridization for hoxc paralogues, as recent findings have linked altered
posterior hoxc expression to the absence of the anal fin (340). Anteriorization of posterior
hoxc gene expression could thus explain the anal fin absence observed in our nréala/b-/
mutants. Given that Hox genes are direct transcriptional targets of retinoic acid, the effect
of NR6A1 on these genes could be indirect, potentially via modifications in retinoic acid
availability, or direct, as suggested by predicted NR6A1 binding sites within posterior Hox
genes (JASPAR database (https://jaspar.elixir.no/)) (341). Alterations in Hox gene
patterning within the spinal cord and somites of our zebrafish mutants indicate that loss
of nr6al/b disrupts the establishment of the Hox code during the segmentation stage. In
mice, somite precursors and the posterior intermediate mesoderm, which develop into the
mesonephric and metanephric mesenchyme, originate from common Tbx6+

neuromesodermal progenitors located at the posterior end of the embryo (44). Given that
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these tissues share a common origin, disruption of the Hox signature observed in somites
suggests that a similar alteration could occur in the intermediate mesoderm, potentially
interfering with differentiation processes or altering the spatial specification of cells
among kidney and uterine precursors.

Additionally, NR6A1 may play a role in the subsequent differentiation of
intermediate mesodermal cells. Single-cell transcriptomic data confirm NR6A 1 expression
in the intermediate mesoderm, as well as in neuromesodermal progenitors and the caudal
epiblast (Figure 25) (342). A later function in kidney and uterine morphogenesis is also
plausible. NR6A1 is locally expressed in kidney cell lineages, such as the ureteric bud of
human fetuses (10 to 18 weeks) (343) , and is differentially expressed in mouse cells
transitioning from connecting duct cell types to collecting duct intercalated cells at £16.5-
E17, suggesting its involvement in later stages of kidney development (344). The
transcriptional landscape of the Millerian duct during development has been studied in
chicken, revealing NR6A1 transcripts without differential expression between the stages
of duct formation and elongation (345).

Lastly, NR6A1 seems to have a wider action on late developmental genes (i.e., genes
that are normally expressed after the trunk-to-tail transition), and likely repress other
genes besides posterior hox genes. Precocious expression of other signaling molecules or
transcription factors could impact kidney and uterine development. For example, Bmp?7,
predicted to be repressed by Nr6al (346), plays an inhibitory role in ureteric bud
outgrowth onset (237). Dysregulated expression at critical times or locations may lead to
renal agenesis. Furthermore, key genes involved in uterine and renal development, such
as Fet and Pax8, are among the top 50 genes downregulated in Nr6al-~/- mice embryos in
microarray transcriptomic analyses at E9.0-9.5 (329). Whether NR6A1 directly regulates
these genes through binding, or indirectly via pathways such as retinoic acid gradient
modulation, remains to be elucidated.

In order to identify the genes targeted by NR6A 1 during embryonic development, we
plan to perform ChIP-seq studies in zebrafish embryos, with a particular focus on genes
involved in renal and uterine development. Complementary RNA-seq analyses in nré6ala/b
mutants and wildtypes embryo will help identify differentially expressed transcripts, and
the key disrupted signaling pathways (e.g., retinoic acid (RA), Wnt, Fgf, and/or Bmp
signaling). Additionally, comparing gene expression profiles between nr6ala/b mutants
and retinoic acid-deficient embryos will provide insights into shared and distinct
regulatory mechanisms. If overlapping gene disruptions are observed, this would further

support the role of NR6A1 as modulator of the retinoic acid pathway.
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2. THE LIMITED KNOWLEDGE ON GREB1L FUNCTION AND INTERACTION

Although previous mouse studies have shown that GREB1L loss-of-function impacts
kidney and uterine development in mammals (30), the precise functions of GREB1L
remain largely unknown. While characterizing the protein was beyond the scope of this
work, it is worthwhile to explore hypotheses about its developmental role and highlight
some parallels between GEEBI1Land NR6A1. Among the proposed functions of GREB1L,
its potential interaction with the retinoic acid pathway is particularly compelling given
RA's known role in renal and uterine morphogenesis. Like NR6A1, GREBI1L transcription
is significantly upregulated in RA-treated embryonic stem cells, suggesting that GREB1L
may act as a downstream regulator of RA signaling (152). GREB1L has been shown to be
part of a chromatin complex that includes its paralog GREBI1, retinoic acid receptors
(RAR/RXR), and estrogen receptors, suggesting a possible direct interaction with
RAR/RXR receptors (153). Phenotypic similarities between Grebl/ mouse mutants and
embryos with partial RA deficiency, such as posteriorization of the fourth rhombomere,
crisscross heart malformations, renal and uterine defects, further support a link between
Greb1l function and the RA pathway (155). However, recent findings in mice suggest that
while Greb1/ mutants resemble partial RA deficiency, GREB1L does not directly alter RA
signaling but rather affects parallel pathways involved in similar differentiation
processes. Bernheim et al. observed that the retinoic acid response in Greb1/homozygous
mutants was preserved in the cardiac region at E8.5, with unchanged expression of key
RA-responsive genes and enzymes like A/dhla2and Rdh10in the cardiac field (155). The
published image shows a decrease of RA activity in the more posterior regions of the
embryo, that the authors link to a phenotypic posterior truncation. Overall, the specific
pathways and direct interactors of GREB1L remain to be elucidated.

Interestingly, GREBIL and NR6A1 share notable similarities in their expression
patterns and mechanisms of downregulation. Both genes are expressed at the end of
gastrulation in posterior progenitor cells during trunk elongation, with NR6A7 highly
expressed in early neuromesodermal progenitors (E8.5) and GREBIL reported to mark
mesodermal differentiation within these progenitors (156). Both genes are also
upregulated in the presomitic mesoderm at E9.5 (346-348), and expressed in the
intermediate mesoderm, peaking at E8.25 (342), suggesting their involvement in a
regulatory network essential for trunk mesodermal differentiation or maintenance
(Figure 25). Consistent with a role in mid-gestation embryonic regulation (E8.5-E10), both
genes are repressed by the Let-7 family of microRNAs, which are highly expressed during
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tail development (349). Moreover, both genes are upregulated in Gdf11 mutants, Gdf11
being a key player in the transition from trunk to tail regulatory networks (350). Finally,
while segmentation and axial elongation have not been specifically studied in Grebll
mutants, the observed reduction in rib pairs (10 or 11 pairs) in three human fetuses with
heterozygous GREBIL variants resembles defects seen in NR6A1 mutants. This raises
the possibility that GREB1L and NR6A1 may interact or participate in the same
regulatory pathways during trunk elongation. Notably, GREBIL has been shown to be
repressed by the protein OCT4 in embryonic stem cells prior to RA-induced differentiation
(351), with OCT4 itself being a well-known target of NR6A1 repression. Hence, loss of
function of NR6A1 could indirectly lead to downregulation of GREBIL (Figure 25).
Investigating potential changes in greb1/ RNA expression in nr6ala/b mutants would
possibly provide further insights. Finally, since GREB1L has been reported as a putative
nuclear receptor coregulator, it would be worthwhile to investigate potential direct

interactions between the two proteins.
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a Comparison of Greb7/and Nré6a1 expression in single-cell

transcriptomics data (Pijuan-Sala et al., 2019)
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Figure 25. Similarities in Greb1l and Nr6al expression suggest that both proteins may be

involved in the same regulatory pathway.

a. Expression of both genes at E8.25 in mice (From Pijuan-Sala 2019) (342). The green rectangle
underlines intermediate mesodermal cells. The light green arrow point to neuromesodermal

progenitors and caudal mesoderm cells that highly express Nréal.

b. Hypotheses on how NR6A1 may regulated GREB1L expression (figure adapted from Li 2024

(337) and created with Biorender.com ).
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3. HYPOTHESIS ON GENES/PATHWAYS INVOLVED IN CONGENITAL UTERINE
ANOMALIES BASED ON THIS WORK

As outlined in the previous sections, further research is needed to clarify the
functions of NR6A1 and GREB1L. Based on current knowledge, Figure 26 summarizes
several hypotheses on potential molecular mechanisms that could explain uterine
malformations in individuals with NE6A1 or GREBIL heterozygous variants. Notably,
our findings on NR6A1 suggest that the retinoic acid pathway (Hypothesis B) and
posterior Hox genes (Hypothesis C) may play critical roles in uterine development. In
humans, several genes associated with the RA pathway and posterior Hox genes are
considered as potential candidates for MRKH syndrome or other uterine malformations.
However, aside from HOXA13, current evidence supporting their causative role remains
limited. Notably, a key distinction between NE6A1 and other genes previously implicated
(e.g., HOXA10, RARA) is that NR6A1broadly affects the patterning of posterior Hox genes
rather than altering a single gene. Similarly, NR6A1 may modulate the activity of various
retinoic acid receptors in the posterior trunk region, either by upregulating the CYP26
degrading enzymes or by facilitating the function of multiple RAR/RXR receptors.
Redundancy among HOX paralogues and RAR receptors may explain why variants in a
single gene rarely result in malformations. In mouse models, significant effects on uterine
morphogenesis were observed only when multiple Hox or RAR/RXR receptors were
deleted. Thus, NRE6A I defects could be more detrimental as they simultaneously affect the
transcription of multiple Hox genes and broadly impact retinoic acid activity.

An additional comment on these two hypotheses comes from the type of uterine
malformation and their putative embryological origin. The uterine malformations (hemi-
uterus, uterine agenesis) observed in the majority of individuals with heterozygous
variants in NR6A1 and GREBIL, would result from defects in initiation or elongation of
the Millerian ducts, rather than defect in subsequent stages of differentiation. Such
defects have been reported in mice knockdown for multiple Rar receptors, which support
the importance of the RA signals for the formation or elongation of the ducts. In contrast,
deletion of multiple posterior hox paralogous in mice, or ectopic expression of hox13
paralogues, result in differentiation defects (i.e., morphological and epithelial
posteriorization or anteriorization), rather than in the absence of the uterus. To date, there
is no evidence of an early Hox code in the Miillerian ducts, differential signature along the
anteroposterior axis being detected after E14.5 in mice (i.e., after the connection of the
ducts to the urogenital sinus). Although alteration of the hox pattern can easily explain

the skeletal defects, and may explain the renal agenesis (by abnormal spatial expression
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of hox11 paralogues), it is more difficult to link these alterations to the uterine phenotype
of MRKH. We can though notice that Hoxal3” mice embryo have an absence of the caudal
part of the Miillerian ducts at E14.5, which may suggest that the most posterior hox have
a role in the rostro-caudal elongation of Miillerian ducts (63). Whether the ectopic
expression of Aoxbl13, that we observed in our zebrafish mutants, may affect the caudal
elongation of the Miillerian ducts may warrant further investigation in mice.

Finally, GREB1L and NR6A1 may be part of regulatory network(s) involved in cell
differentiation and specification (Hypotheses A and D), which is suggested by variation in
their expression during embryonic stem cells, neural or mesodermal differentiation.
Hence, loss of GREBIL or NR6A1 may decrease the pool of mesonephric/mesoepithelial
cells progenitors or their specification, affecting the initiation or elongation stages of the

Miullerian ducts.
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HYPOTHESES ON THE ROLE OF NR6A1/GREB1L DURING
MULLERIAN DUCTS AND KIDNEY DEVELOPMENT
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Figure 26. Potential molecular mechanisms that could explain uterine malformations in
individuals with NR6A1 or GREBI1L heterozygous variants.

(the illustrations depicting the anterior and posterior intermediate mesoderm, as well as the
development of the kidney system at E11.5 are from Short, 2016 (74)).

Created with Biorender.com
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[I.  EXPLAINING INCOMPLETE PENETRANCE AND VARIABLE
EXPRESSIVITY IN FAMILIAL CASES

In our analysis of nine families with uterine and renal malformations, we found that
these malformations often follow a pattern of dominant inheritance with incomplete
penetrance. Segregation analyses of families with identified GREBIL variants confirmed
this pattern, as some unaffected relatives were heterozygous carriers. This inheritance
model is frequently seen in monogenic causes of autosomal dominant CAKUT.
Additionally, we observed variable expressivity in both GREBIL and NRE6A1 families. In
this section, we will explore several factors that may explain the incomplete penetrance
and variable expressivity, including genetic modifiers, stochastic variations in
spatiotemporal gene expression, epigenetic differences, and environmental influences.
While a strong genetic predisposition may be present, these additional factors might be

necessary to reach the clinical threshold for disease manifestation.

Rare or common genetic modifiers

Incomplete penetrance can be explained by the presence, in one individual, of
additional rare or common genetic modifiers that can increase the risk. The variants may
be in other genes (model of digenic, oligogenic or polygenic inheritance) or in the same
gene, affecting the second allele in a hypomorphic manner (referred as the compound
inheritance gene dosage model (352)) . This hypomorphic variant can be frequent in the
population and/or non-coding as seen, for instance, with 7BX6 (discussed in the
introduction section). In the oligogenic and polygenic models, the cumulative effect of low
frequency or common SNPs affecting the expression of the wildtype allele, or expression
of genes in related pathways, might modify the penetrance (353). Finally, the genetic
modifiers may also be protective, and then, present in unaffected carriers.

In our analysis of the solved familial cases, we evaluated additional rare variants in
the exome data of the most affected relatives in Family 7 and 9 to explain the incomplete
penetrance and variable expressivity (Supplemental table 4 of the first publication).
However, we could not identify any likely pathogenic variants and faced challenges in
selecting potential genes of interest due to limited knowledge on genes and pathway
interactions for GREBIL and NR6A1. We did not investigate variants located in non-
coding regions, as these were not captured by exome sequencing, and limited the analysis
to rare variants that have a MAF <0.5%. Sequencing the entire gene and regulatory
regions through long-read sequencing in affected and unaffected, or mildly affected,

carriers of GREBIL or NR6A1 variants would be interesting to investigate if recurrent
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hypomorphic variants could contribute to the variable penetrance and expressivity in
these conditions.

Finally, we did not investigate common SNPs in other genes that could contribute
to differences in penetrance and expressivity. Although a few SNPs have been associated
with uterine malformations or CAKUT (354—357), these findings await replication, and
the implicated genes have not been directly linked to GREBIL or NR6A1.

Stochastic modification in gene expression

While genetic background and environmental exposure can explain interindividual
variability, they do not account for phenotypic discordance in uterine or renal anomalies
between monozygotic twins or intra-individual variability. Intra-individual variability—
where one side of the body is affected differently than the other, such as unilateral renal
agenesis or hemi-uterus—was observed in the families studied and is commonly reported
in CAKUT. A plausible model to explain this variability is the Random autosomal
monoallelic gene expression (RME), which refers to the stochastic transcription of a gene
from one of two homologous alleles. During development, RME is thought to fine-tune
regulatory pathways by dynamically and tissue-specifically regulating gene expression at
critical times. RME can result in the random expression of one of two functionally distinct
alleles (i.e., one wildtype, and one carrying a loss-of-function variant), leading to variations
in the levels of functional protein—from normal levels to complete absence—in a critical
subset of cells. This mechanism has been demonstrated for dosage-sensitive genes like the
transcriptional co-factor EYAI (associated with Branchio-oto-renal syndrome) and the
transcription factor 7BX5 (associated with Holt-Oram syndrome), potentially explaining
phenotypic heterogeneity in these conditions (358,359). Similarly, local fluctuations in
functional NR6A1 and GREBIL proteins due to RME could result in variable phenotypic
outcomes in heterozygous carriers or differential effects on each side of the body.
Additionally, random variations in mRNA levels of other genes involved in the same
regulatory pathways could shift the balance, influencing whether the pathogenic
threshold is reached in one individual but not another, or asymmetrically between sides
of the body.

Epigenetic modifiers

Incomplete penetrance between individuals with the same heterozygous variant may

also be due to differences in the mRNA levels secondary to epigenetic variations in DNA
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methylation, histone modifications or due to variation in microRNA (miRNA)*? expression
(127). For instance, several microRNA were shown to significantly regulate the expression
of NR6A1. Amongst these, the miR-196 family (their genes being located on the hoxasb
and c clusters, and conserved in vertebrates) downregulate NR6A41 expression in the
tailbud at the trunk-to-tail transition (337), the 3'UTR region of NR6A1 harboring
multiple binding sites for miR-196 genes. An antagonist relationship is also suggested
from previous studies in zebrafish, showing overexpression of miR-196 phenocopies
nré6ala/b null mutant in regards to the pectoral fin phenotype, and the reduced number of
ribs (360). Hence, overexpression of the micro-RNAs miR-196 may increase penetrance or
severity of the phenotype in NR6A1 heterozygous by decreasing the dosage of NR6A1
below 50%. Mi-RNA are regulated by DNA methylation (of their promotor or promotor of
their host genes) but also by endogeneous (e.g., hormones) or exogeneous factors (e.g.,
hypoxia) (361) and can be inactive due to single nucleotide variations. Epigenetic
variations may be both tissue-specific and time-dependent, complicating the
understanding and detection of how epigenetic mechanisms influence the expression of
the phenotypes (127). Notably, while epigenetic differences can sometimes be inherited,
they can also result from environmental influences (e.g., effect of malnutrition, vitamin

deficiency,..).

Environmental factors

Another explanation for the incomplete penetrance pattern lies in the interplay of
genetic and environmental factors, suggesting that both predisposing genetic elements
and environmental exposures during pregnancy may be necessary to reach a threshold
that disrupts one or more developmental pathways. Evidence from animal studies and
human teratogenicity highlights the significant role of environmental factors in uterine
development. For example, agenesis or incomplete development of the Miillerian ducts has
been observed in fetuses of pregnant rats fed with a vitamin A-deficient diet (362), while
exposure to the endocrine disruptor diethylstilbestrol (DES) has been linked to the
development of malformed T-shaped uteri in daughters of treated women, as already
discussed in the introduction. Genetic predisposition may make certain individuals more
susceptible to environmental influences. We could hypothesize that a decrease in

vitamin A (and consequently retinoic acid levels) might increase the risk of renal and

12 Micro-RNA are small non coding RNA (18-22nt) that regulate the stability or translation of mRNA by
binding to their 3’UTR. One miRNA can influence multiple genes, and a gene can be affected by several miRNAs,
potentially highlighting how variants in one miRNA may lead to multiple downstream phenotypic effects (127)
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uterine defects in fetus with heterozygous variant in NR6A1 or GREBIL, by
downregulating the expression of the genes, or through a synergistic effect on retinoic acid
availability. Conversely, vitamin A supplementation could potentially help prevent
CAKUT or uterine malformations in these fetuses. Given the possibility to control their
environments, zebrafish are valuable models for investigating how chemicals or
environmental changes impact development. Preliminary results suggest that exposure to
exogenous retinoic acid in nréala -/- mutant embryos may partially alleviate their
pronephros patterning defects. Further studies are needed to confirm these findings and
identify which phenotypes might be improved through retinoic acid administration.

Moreover, since NR6A1 is a nuclear receptor, it is possible that its activity could be
modulated by chemical ligands, similar to what has been demonstrated for other nuclear
receptors (363). Endocrine disruptors may not only alter the transcriptional activity of
these receptors during exposure but also induce epigenetic modifications that could have
lasting impacts, potentially affecting subsequent generations if they influence primordial
germ cells.

Enhancing our understanding of the environmental factors contributing to uterine
malformations could inform the development of preventive measures. Concurrently,
advancing our knowledge of genetic contributors can help identify individuals who may be
more susceptible. Future potential prevention strategies might include banning exposure
to specific endocrine disruptors, or recommending vitamin supplementation. However, it
is essential to approach vitamin A supplementation cautiously due to the potential
teratogenic effects of excessive retinoic acid. Additional research is required to deepen our
understanding of the genetic and environmental factors that may elevate risk in

genetically predisposed individuals.
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lll.  UNSOLVED FAMILIAL CASES

Our study identified a definitive disease-causing variant in three families, which is
quite a high yield (30%) compared to previous analyses in cohorts of individuals with
MRKH/CUA. It also led to the discovery of a novel candidate gene (NR6AI) requiring
further research to validate its causality in congenital uterine anomalies. This highlights

the interest to focus research on multiplex families.

However, we were unable to identify a causative variant in four of the families.
Several factors may contribute to this, as discussed in the introduction. First, limited
understanding of gene function and the absence of relevant animal models may have led
us to overlook potential causal genes or variants. Second, the inheritance pattern in these
families might be oligogenic, involving multiple frequent variants, whereas our study was
not designed to capture variants with a frequency greater than 1%. Moreover, exome
sequencing limits the detection of rare variants in non-coding regions, and chromosomal
microarrays may miss small deletions or complex chromosomal rearrangements. Finally,
the small size and number of affected relatives in some families may complicate data
analysis. For instance, interpreting results in Family 3 was challenging due to the high
number of shared heterozygous variants between the two affected sisters. Additionally,
the hypothesis of incomplete penetrance—common in CAKUT—prevented us from using

unaffected family members to rule out certain variants.

Another approach for investigating these unresolved families in the future could
involve whole-genome sequencing, which would enable the examination of non-coding
regions. Additionally, utilizing long-read sequencing rather than short-read sequencing
would provide advantages for detecting structural variants and for conducting

methylation analysis.
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IV. CONCLUSION

In conclusion, this study reinforces the role of genetic factors in congenital uterine
malformations and highlights the significant benefits of whole exome sequencing in
multiplex families with recurrent congenital uterine and renal anomalies. We provide new
evidence supporting the causality of GREBILin MRKH syndrome and identify NE6A1 as
a candidate gene, broadening the genetic landscape of this condition. Further sequencing
in additional cohorts will be crucial to better delineate the phenotypic spectrum of these
genetic disorders. Genetic counseling for affected families remains challenging due to the
incomplete penetrance and variable expressivity of these genes, which complicates the
prediction of outcomes for heterozygous offspring. While we would not recommend
prenatal diagnosis in the absence of severe malformations, couples may consider
preimplantation genetic testing when causality is well-established. Strengthening the
evidence for NR6A1 involvement is thus important. Further studies are essential to clarify
the functions of both genes and the mechanisms by which they contribute to uterine
malformations. A deeper understanding of the pathophysiological mechanisms associated
with these genes could also ultimately guide the development of preventive measures for

at-risk pregnancies.
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Ranging from aplastic uterus (including Mayer-Rokitansky—
Kuster-Hauser syndrome) to incomplete septate uterus, uterine
malformations as a group are relatively frequent in the general
population. Specific causes remain largely unknown. Although
most occurrences ostensibly seem sporadic, familial recurrences
have been observed, which strongly implicate genetic factors.
Through the study of animal models, human syndromes, and
structural chromosomal variation, several candidate genes have
been proposed and subsequently tested with targeted methods in
series of individuals with isolated, non-isolated, or syndromic
uterine malformations. To date, a few genes have garnered
strong evidence of causality, mainly in syndromic presentations
(HNF1B, WNT4, WNT7A, HOXA13). Sequencing of candidate
genes in series of individuals with isolated uterine abnormalities
has been able to suggest an association for several genes, but
confirmation of a strong causative effect is still lacking for the
majority of them. We review the current state of knowledge
about the developmental origins of uterine malformations, with
a focus on the genetic variants that have been implicated or
associated with these conditions in humans, and we discuss
potential reasons for the high rate of negative results. The
evidence for various environmental and epigenetic factors is
also reviewed. © 2016 Wiley Periodicals, Inc.

Key words: uterus; Miillerian ducts; genes; congenital abnorm-
alities; embryonic development

INTRODUCTION

Uterine malformations include a broad spectrum of congenital
anomalies arising from defects in formation, fusion, or septal
absorption of Miillerian ducts (Fig. 1). Formation of Miillerian
ducts (also known as paramesonephric ducts) begins with invagi-
nation of the coelomic epithelium within the intermediate meso-
derm around the 6th week of embryogenesis gestation. The
Miillerian ducts then elongate to reach the urogenital sinus around
the 10th week. Thereafter, in Homo sapiens and other higher
primate species, Miillerian ducts differentiate and fuse, forming
a single uterus with a single cervix and vagina after complete
regression of the midline septum around the 20th week. Miillerian
ducts give rise to the fallopian tubes, the uterus, the cervix, and the

© 2016 Wiley Periodicals, Inc.
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inner part of the vagina [Hashimoto, 2003; Kobayashi and Beh-
ringer, 2003; Breech and Laufer, 2009; Massé et al., 2009; Connell
et al., 2013]. Furthermore, Miillerian duct development proceeds
in close physical and temporal proximity to the Wolffian ducts
[Guioli et al., 2007], which informs the frequent association of
renal and urological malformations in patients with Miillerian
ducts anomalies (MDA) [Hall-Craggs et al., 2013a; McGowan et al.,
2015; Rall et al, 2015b]. Formed by mesenchymal-epithelial
transition in the intermediate mesoderm and reaching the cloaca
at the 5th week, the Wolffian ducts (or mesonephric ducts) give rise
to the ureteric buds in their caudal part as a result of inductive
signals from the metanephros mesoderm. Orchestrated signaling
between the metanephros and the ureteric buds is essential for
normal development of definitive kidneys and excretory systems
[Uetani and Bouchard, 2009]. Moreover, although Wolffian ducts
ultimately regress almost completely in females, they are essential
during development for processes such as Miillerian duct elonga-
tion [Chiga et al., 2014].

Several classification systems (Table I) have been proposed for
the description of uterine anomalies or other female genital tract
(FGT) malformations, for the purpose of guiding diagnosis and
therapy [Oppelt et al., 2005; Buttram and Gibbons, 1979; Acién and
Acién, 2011; Grimbizis et al., 2013]. The European Society of
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UTERINE MALFORMATION
FORMATION DEFECTS

GENES

HNF1B*
LHX1
RBMBA

Aplastic Uterus: - with rudimentary cavity (USa) TBX6
or - without rudimentary cavity (USb) WNT4*
WNTSA
WNT7A*
WNT98
Homi Uterus: - with rudimentary cavity (Uda)
or - without rudimentary cavity (U4b)
FUSION DEFECTS
EMX2
‘-v~ HNF1B
HOXA9
HOXA10
LHX1
PAX2
Blcorporeat Sapiae Uerus (U36)  Bicorporent Do (U30) TBX6
WNT9B
SEPTAL ABSORPTION DEFECTS
"‘ HNF1B
HOXA10
HOXA11
TBX6

Partial Septate Uterus (U2a) Complete Septate Uterus (U2a)

Level of evidence for gene causality: _:l

Good Medium Low

FIG. 1. G iated with isolated uterine phenotypes in
humans. Uterine malformations are described following ESHRE/
ESGE classification and are grouped according to the three
stages of uterine development: formation, fusion, and septal
absorption. Some genes are associated with muitiple pheno-
types. Gene names are bolder or lighter relative to the amount
and quality of evidence for their involvement in uterine
malformations (strongest with recurrence of rare and predicted
damaging variants in affected individuals) and experimental
data (strongest with supportive expression data, functional
analyses, and/or mouse models showing involvement in uterine
development and malformations) [MacArthur et al., 2014]. *Only
one case associated with an isolated phenotype, otherwise
associated with syndromic presentations.

Human Reproduction and Embryology/European Society for
Gynaecological Endoscopy (ESHRE/ESGE) classification system
groups uterine malformations according to the anatomical com-
ponents and their corresponding embryological origins, reflecting
defects in formation, fusion, and septal absorption [Grimbizis
etal., 2013]. Cervical and vaginal malformations are also classified
in this system, but as independent co-existent subclasses, reflecting
the fact that these anomalies can be either isolated or manifest in
various combinations with different uterine anomalies. Various
cervical and vaginal defects, similar to uterine anomalies, may also
arise in discrete developmental stages [Grimbizis and Campo,
2010]. This review does not comprehensively examine non-uterine
Miillerian anomalies or all anomalies of the FGT but instead
focuses on causes of uterine anomalies (with or without associated
anomalies), as described in the ESHRE/ESGE classification. There
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are several other important Mullerian anomalies and FGT mal-
formations, such as isolated cervical aplasia (also termed cervix
atresia), vaginal aplasia (also termed vaginal atresia), transverse or
longitudinal vaginal septum or imperforate hymen; and the etiol-
ogies of these anomalies are not specifically broached in this review.

Uterine malformations occur within a spectrum of variable
expression and severity, the most severe end being absence of
any fully or unilaterally developed uterus (variably termed aplastic
uterus, uterus aplasia, uterine agenesis, or congenital absence of the
uterus; class U5 in ESHRE/ESGE classification), with or without
rudimentary cavities (unilateral or bilateral horns/uterine rem-
nants). An aplastic uterus is usually diagnosed during late adoles-
cence because of primary amenorrhea, with or without pain. Other
uterine malformations include hemi-uterus (unicornuate uterus,
uterus unicornis; class U4 in ESHRE/ESGE classification), partial
or complete bicorporeal uterus (also referred in the literature as
bicornuate or bifid uterus) and bicorporeal septate uterus (class U3
in ESHRE/ESGE classification), and partial or complete septate
uterus (class U2 in ESHRE/ESGE classification). These anomalies
may lead to medical or obstetric complications such as miscarriage,
prematurity, fetal malposition, dystocia, low birth weight in off-
spring, or acute abdominal pain (e.g., from hydrometrocolpos),
when they are associated with any cervical or vaginal obstructive
anomaly [Dietrich et al., 2014; Hiersch et al., 2015]. Many uterine
malformations may be totally asymptomatic and undiagnosed
unless they are specifically sought. Frequently, these uterine mal-
formations are also associated with anomalies of the vagina, cervix,
fallopian tubes, or kidneys. Some of these associations have been
described under specific terms and referred to as syndromic
conditions. ~ Mayer—Rokitansky—Kuster-Hauser ~ syndrome
(MRKH; MIM 277000; U5C4V4 in the ESHRE/ESGE classifica-
tion) is characterized by congenital absence of the uterus, cervix,
and the upper part of the vagina in an otherwise phenotypically
normal 46,XX female. Fallopian tubes are frequently normal but
may be hypoplastic/aplastic or malformed [Oppelt et al., 2012].
Persistence of at least the fimbriated end of the fallopian tube is
typical and unexplained to date. The structure and function of the
ovaries are usually normal although gonadal dysgenesis and ovar-
ian agenesis have been described in a few cases [Rall et al., 2015b].
Ectopic ovaries have been reported in up to 40% of individuals
[Hall-Craggs et al., 2013b]. In the literature, MRKH syndrome is
also referred as Miillerian agenesis, Miillerian aplasia, or congenital
absence of the uterus and vagina and is generally divided in two
categories. Type 1 MRKH (complete or typical form) features
complete absence of uterus and vagina without any associated
malformations. Completely asymptomatic individuals with uni- or
bilateral vestigial remnants of mullerian tissue that do not contain
any endometrial tissue are still categorized as Type 1. Type 2
MRKH (incomplete or atypical form) has either partial absence
of uterus and vagina and/or additional associated malformations
(frequently renal and spinal malformations; less frequently cardiac,
ocular, auricular anomalies, and inguinal herniae [Rall et al.,
2015b]). Individuals with small remnants of mullerian tissue,
which are symptomatic because of the presence of some function-
ing endometrial tissue, are categorized as Type 2. MURCS
(Miillerian, renal, and cervicothoracic somite) association repre-
sents one specific subtype of type 2 MRKH [Dietrich et al., 2014].
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Main classes for
uterine
malformations

Renal anomalies

Advantages

Limitations

TABLE |. Comparison of the Main Classification Systems for Uterine Malformations

ESHRE/ESGE classification
system
Grimbizis et al. [2013]
U0, normal uterus

U1, dysmorphic uterus ((a)
T-shaped, (b) infantilis, (c)
others)

U2, septate uterus ((a)
partial, (b) complete)

U3, bicorporeal uterus ((a)
partial, (b) complete, (c)
bicorporeal septate)

U4, hemi-uterus ((a) with or
(b) without a rudimentary
cavity)

US, aplastic uterus ((a) with
or (b) without rudimentary
cavity)

UB, for still remaining
unclassified cases

+ Include an independent
classification system for
cervical and vaginal
anomalies

Reported in the addendum
“Associated non-Mdllerian
anomalies”

Systematic and precise
reflection of the entire
malformation

Recently introduced; clinical
utility will be determined
over time

Updated
classification for
female genital tract
malformation
Acién and Acién [2011]

(1) Unilateral genito-urinary
agenesis or hypoplasia
(with or without
contralateral Mllerian
agenesis)

(2) Uterine duplicity with a
blind hemivagina (or
atresia) and ipsilateral
renal agenesis

(3) Isolated or common
uterine or utero-vaginal
anomalies

(3A) Any of the ASRM-
classified Mllerian ducts
anomalies based on ASRM
classification

(3B) Miillerian tubercle
anomalies

(3C) Both Miillerian ducts
and tubercle anomalies

(4) Accessory uterine
masses and other
gubernaculum
dysfunctions

(5) Anomalies of the
urogenital sinus

(6) Malformative
combinations

Included in the classification
system

Accounts for frequently
associated anomalies

Unwieldy for use in clinical
practice with difficulties in
assignment to specific
classes

Vagina, cervix, uterus,
adnexae, and associated
malformations system
(VACUAM system)
Oppelt et al. [2005]
(U)0 Normal

(U)1 Arcuate (1a)-septate
(1b—c)

(U)2 Bicornate

(U)3 Hypoplastic uterus

(U)4 Rudimentary or aplastic
unilaterally (4a), bilaterally
(4b)

(U)# Unknown

+ Includes an independent
classification for vagina
(V), cervix (C),and adnexa

(A)

Reported by the letter (R) if
present

Systematic and precise
reflection of the entire
malformation

Takes into account
associated malformations

More complex to use clinically

Does not suggest the
aethiopathogenicity

AFS/ASRM
classification system
American Fertility
Society [1988]
Class |, aplasia,
hypoplasia

Class Il, unicornuate

Class lll, didelphys

Class |V, bicornuate

Class V, Septate

Class VI, arcuate

Class VII, DES-related
anomaly

Not included in the
classification
system

Simple, user-friendly,
widely used

Lack of classification
for complex
malformations
resulting from a
dependence of
classification
systems for
uterus, cervix, and
vagina

distal tubal occlusion, tubal

dary to tubal

Based on Grimbizis et al. [2013]; Acién and Acién [2011]; Oppelt et al. [2005]; The American Fertility Society classifications of adnexal adh
ligation, tubal pregnancies, Miillerian lies, and i ine ions [1988].
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Other terms that have been used in the literature for specific
associations are the terms Herlyn-Werner-Wunderlich syn-
drome and OHVIRA (obstructed hemivagina, and ipsilateral
renal agenesis) syndrome which both describe a complete bicor-
poreal uterus with a double cervix (didelphys uterus) and a
longitudinal obstructing vaginal septum associated with renal
agenesis ipsilateral to the obstructed hemivagina [Smith and
Laufer, 2007]. Finally, the ESHRE/ESGE classification includes
two other classes of uterine anomalies. Dysmorphic uteri (class
Ul in ESHRE/ESGE classification) such as infantilis uterus or
T-shaped uterus have been reported after prenatal drug exposure
(discussed at the end of this review) and when untreated, are
frequently associated with unfavorable fertility and pregnancy
outcome [Angelis and Caserta, 2015]. Infantilis uteri may be in
some cases secondary to ovarian dysgenesis (e.g., as in Turner
syndrome) and have also been reported in other syndromic
conditions (Table IV). The category of unclassified uterine
malformation (class U6 in ESHRE/ESGE classification) covers
combined pathologies or extremely rare malformations such as a
duplication defect, which can be a feature of the caudal duplica-
tion syndrome (see Table IV for description).

Cohorts of women with uterine anomalies that have been
studied for prevalence, recurrence, or genetic etiologies of congen-
ital uterine anomalies have usually had admixed types of uterine
anomalies (mainly U2, U3, U4, and U5, as described above); or
studies have focused on Mayer—Rokitansky—Kuster—Hauser syn-
drome (U5C4V4 according to the ESHRE/ESGE classification).
The extra-uterine phenotypes are also usually variable within most
study cohorts, including some individuals with isolated uterine
anomalies, others with a complex, non-isolated phenotype (typi-
cally with involvement of kidneys or vertebrae), and sometimes
those with uterine malformations in the context of a recognizable
genetic syndrome. In this review, we use the term syndromic
uterine malformation in reference to Mendelian genetic syn-
dromes. Therefore, MRKH syndrome and OHVIRA syndrome
are in fact considered part of the isolated and non-isolated uterine
malformation category (when they were not reported with other
features in addition to kidney or vertebral anomalies). The reason,
as will be made clear below, is that the causation for these
malformation complexes appears to be multifactorial/polygenic,
not Mendelian.

In this review, the ESHRE/ESGE classification will be used when
referring to uterine malformation except when a specific associa-
tion is described (e.g., MRKH syndrome) or when the equivalentin
the new classification cannot be established from the description
reported (e.g., “hypoplastic uterus” could refer either to a dysmor-
phic uterus or an aplastic uterus with rudimentary cavities).

PREVALENCE

The prevalence of uterine malformations has been estimated to be
as high as 5.5-9.8% in a general female population [Chan et al.,
2011; Dreisler and Stampe Serensen, 2014]. These estimates in-
clude the relatively high frequency of arcuate-shaped uteri
(3.9-6.8%). Though this configuration is considered by some as
a normal variant rather than a true malformation, it does reflect a
minor degree of a septation defect [Dietrich et al., 2014]. The meta-
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analysis of Chan et al. [2011], involving a total of 5,163 women,
reported a prevalence of 2.3% for partial and complete septate
anomalies (canalization defects), a prevalence of 0.7% for bicor-
poreal uteri (0.4% for bicornuate uteri and 0.3% for didelphys
uteri), and 0.1% for hemi-uterus (unicornuate uteri). MRKH
syndrome is rare, with an incidence of 1 in 4,500-5,000 newborn
females [Aittomaki et al., 2001].

RECURRENCE RISK FOR UTERINE
MALFORMATIONS

The etiology of most uterine malformations is generally believed
to be multifactorial. An estimated recurrence risk of 1-5% for
first-degree relatives is usually quoted to families, and the few
existing studies (Table II) have identified a degree of risk for
siblings that is similar to most other multifactorial disorders.
Numerous reports of discordant phenotypes in monozygotic
twins (e.g., MRKH syndrome vs. normal uterus) argue against
strong heritability and suggest post-zygotic somatic mutation or
non-genetic mechanisms such as epigenetic or microenviron-
mental factors underlie the occurrence of congenital uterine
malformations [Halbert and Christakos, 1970; Lischke et al.,
1973; Heidenreich et al., 1977; Regenstein and Berkeley, 1991;
Steinkampf et al., 2003; Duru and Laufer, 2009; Milsom et al.,
2015; Rall et al., 2015a,b]. However, whereas these mechanisms
may explain sporadic cases, reports of familial cases do support
the existence of a predisposing genetic background that may be
stronger in some families compared to others. According to
Hammoud et al. [2008], 10% of causality might be attributed
to familial affiliation, a term they use to encompass shared
genetic and environmental factors in families. They reported a
12-fold increased risk for first-degree relatives of patients affected
by MDA relative to background incidence, and detectable in-
creased risk in second and third-degree relatives, although the
latter was not statistically significant [Hammoud et al., 2008].
Moreover, it is likely that the role of inherited factors and the true
rate of familial recurrence have been underestimated in a major-
ity of existing studies. Uterine ultrasounds were usually not
performed, or not performed in extended family members and
asymptomatic or subtle anomalies were unlikely to be ascertained
by report alone. On the one hand, it may be clinically appropriate
to ascertain recurrence only for those anomalies that are func-
tionally/clinically obvious, as this is what patients may be most
concerned about; but on the other hand, it is necessary to
consider subtle anomalies as part of the spectrum occurring
within families in order to truly understand the genetic contri-
bution to causation. In most families, recurrences tend to reca-
pitulate the same type of uterine malformation, but recurrences
with variable types of uterine maldevelopment also have been
reported in several families. In some families, these malforma-
tions even appear to result from defects at different developmen-
tal stages (formation or fusion/septation defects) [Hay, 1961;
Buchta et al, 1973; Griffin et al, 1976; Verp et al,, 1983;
Heidenreich, 1988; Pavanello et al., 1988; Aughton, 1993; Ham-
moud et al., 2008; Lalatta et al., 2015] suggesting that similar
genetic background could still predispose to different types of
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uterine malformation with variable penetrance and expressivity.
Consequently, it may not be possible to predict the severity of a
recurrence based on the phenotype of a proband. Finally, reports
of a large number of families in the literature with recurrence of
Miillerian and kidney anomalies or Miillerian and axial skeletal
anomalies suggest that radiological investigation of these systems
should be considered in relatives before calculating genetic
attribution in research [Griffin et al., 1976; Schimke and King,
1980; Verp et al., 1983; McPherson et al., 1987; Pavanello et al.,
1988; Bingham et al., 2002; Morcel et al., 2011; Herlin et al,,
2014]. Estimates of recurrence for clinical purposes ideally
should also include risk estimates for renal anomalies. In families
with associated renal and uterine malformations, hereditary
urogenital adysplasia [Schimke and King, 1980] may be the
most appropriate diagnosis, which features variable expressivity
and decreased penetrance.

GENETIC FACTORS ASSOCIATED WITH HUMAN
UTERINE MALFORMATIONS

To date, the primary approach to identify genes potentially in-
volved in human uterine malformations has started with hypothe-
ses regarding candidate genes based on animal models, followed by
targeted assays (usually Sanger sequencing) in affected and control
populations, in an effort to prove or disprove an association.
Additional proposed candidates have been based on known
gene—gene interaction networks. Monogenic multiple malforma-
tion syndromes that can involve the uterus have also been a source
for potential candidate causes for isolated uterine malformations.
Finally, recurrences of several copy number variants found in up to
14% of affected individuals [Nik-Zainal et al., 2011] have suggested
interesting candidate genes. In this section, Figure 1, and Table III,
we review the genetic factors that have been associated with human
uterine malformations. Candidate genes that have been interro-
gated by targeted sequencing in cohorts of individuals with uterine
malformations are reported in Table III. We have provided inter-
pretation of the pathogenicity of these variants in accordance with
ACMG Variant Interpretation Guidelines [Richards et al., 2015].
Therefore, we have excluded many candidate variants reported in
the literature because it is now apparent they are far too prevalent in
large databases such as ExAc to be independently pathogenic. Some
of these candidate genes are also responsible for syndromic con-
ditions in which uterine malformations are a frequent feature,
sometimes being the dominant finding leading to the diagnosis. In
order to describe all variants that have been associated with a
predominant uterine phenotype for the gene, individuals with
those syndromic conditions are also included in Table III. Variants
identified in individuals with an isolated uterine phenotype are
specified in this table.

Figure 1 summarizes all of the genes associated at least once with
an isolated uterine malformation in humans. Lines of evidence for
causality of these genes come from epidemiological and experi-
mental data, including murine models, and are reviewed in this
section. More extensive reviews of genes involved in uterine
phenotypes in mice-only are available elsewhere [Massé et al.,
2009; Mullen and Behringer, 2014].
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HNF1B and Hereditary Urogenital Dysplasia

HNFI1B (hepatocyte nuclear factor-1B; also known as TCF2) was
the first gene with pathogenic variants found in individuals with
uterine malformations. Lindner et al. [1999] reported a family
with renal cysts and diabetes syndrome (MODY type 5) in which
two sisters presented with an aplastic uterus with vaginal aplasia
(MRKH), kidney disease, and diabetes. Since then, 19 unrelated
individuals with syndromic and variable uterine malformations
have been associated with heterozygous HNFIB mutations
(Table III). Notably, all of these individuals, except one, have
presented additionally with renal disease and/or diabetes. More-
over, 10 patients with a 17q12 deletion, including HNFIB and
other contiguous genes, have been reported with both typical and
atypical MRKH anomaly [Cheroki et al., 2008; Bernardini et al.,
2009; Ledig et al., 2011; Nik-Zainal et al., 2011; Sandbacka et al.,
2013]. HNFIBis a POU homeodomain-containing transcription
factor. Gene inactivation in mouse embryos is lethal before the
gastrulation stage [Lokmane et al., 2010], and Hnfl has been
shown to be strongly expressed in Wolffian and Miillerian ducts
during development [Coffinier et al.,, 1999]. Hnflp positively
regulates Lim1, Pax2, and Wnt9b expression in mice [Lokmane
et al, 2010]. These three genes are associated with partial or
complete absence of the FGT in knockout mice [Massé et al.,
2009]. Expression of Lim1, Wnt9b, and Pax8 has been shown to
be altered in the primary stage of Miillerian ducts formation in
Hnfl@ mutants [Lokmane et al., 2010]. In humans, lack of
expression or down-regulation of these genes by HNFIB hap-
loinsufficiency might lead to abnormal uterine phenotypes. To
date, HNFIB is the only gene in which mutations have been
found in families with recurrence of uterine plus renal malfor-
mations, a condition named hereditary urogenital adysplasia by
Schimke and King [1980]. Oram et al. [2010] noted a prevalence
of HNFIB mutation in 18% of women with both uterine and
kidney abnormalities [Oram et al,, 2010]. However, HNFIB
sequencing of a series of patients with isolated uterine anomalies
did not uncover any mutations [Bingham et al., 2002; Bernardini
et al., 2009; Oram et al., 2010; Ledig et al., 2011]. Overall, HNFIB
mutation or deletion seems to be rarely associated with isolated
uterine anomalies in the absence of renal abnormalities (in either
the affected individuals or their relatives), but testing should be
considered in individuals with a family history suggestive of
hereditary urogenital adysplasia. The pattern of inheritance is
autosomal dominant with incomplete penetrance and variable
expressivity. Incomplete penetrance and heterogeneity of the
uterine phenotype could possibly be explained by contributions
from other genetic variants (e.g., mutations or functional poly-
morphisms) or epigenetic factors, for example, those that result
in temporal variation in HNFIB expression, or its close inter-
actors [Clissold et al., 2015].

HOX Genes

During embryonic development, transcription factors encoded by
the conserved homeobox (HOX) genes act to determine the
anteroposterior patterning of several organs. HOX genes are
clustered on four chromosomes. The most 5’ genes of clusters A
and D, Hoxa9-13 and Hoxd9-13, are expressed in developing
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Miillerian ducts in mice [Massé et al., 2009]. Following an ante-
roposterior axis of expression, Hoxa-9 is most expressed in the
fallopian tubes, Hoxa-10 in the uterus, Hoxa-11 in the uterus and
uterine cervix, and Hoxa-13 in the upper vagina [Taylor et al,,
1997]. Hoxd9-11 are expressed in the uterus during development
with a similar pattern of expression [Raines et al., 2013] and
Hoxd13 in the caudal portion of the Miillerian ducts [Warot
et al., 1997]. Functional redundancy is a key feature of the Hox
gene family. In the murine uterus, redundancy in function as well as
synergistic effects have been observed for flanking Hox genes
(Hoxa9-11) and for paralogous genes from different clusters
(Hoxa9-11 and Hoxd9-11) [Raines et al., 2013]. Partial and
complete anteriorization of the uterus—meaning a homeotic
transformation to a morphology and histology resembling ovi-
ducts—can be observed in Hoxal0 and Hoxall knockout mice,
respectively [Benson et al., 1996; Gendron et al., 1997]. A more
severe phenotype was noted in mice with flanking null mutations
simultaneously introduced for Hoxa9-11, which was further wors-
ened when accompanied by flanking heterozygous mutations
introduced for Hoxd9-11 [Raines et al., 2013]. Flanking homozy-
gous loss of Hoxd9-11 on its own, however, is not sufficient to
cause a uterine phenotype. Hoxal3 knockout mice lack the caudal
portion of the Miillerian ducts [Warot et al., 1997]. Hoxd13 "/~
female mice were shown to be fertile (internal urogenital organs not
described) [Dollé et al., 1993], but compound Hoxal3"'~,
Hoxd13™~/~ mice were sterile with uterine and/or vaginal abnor-
malities (partial agenesis of uterus and vagina, septated vagina),
renal and rectal abnormalities [Warot et al., 1997]. Hoxa9-13 and
Hoxd9-13 are also particularly important in vertebrate limb
development [Du and Taylor, 2004] and several Hox genes are
expressed in the developing kidney, including Hoxa9-11 and
Hoxd9-11 [Patterson and Potter, 2004].

Rare variants of uncertain significance have been identified in
HOXA10 and HOXAI11 in 10 individuals with sporadic uterine
malformations. Further epidemiological or biological evidence is
needed before concluding any of these variants affect uterine devel-
opment. Pathogenic variants in HOXAI3 are associated with
hand—foot—genital (HFG) syndrome. HFG syndrome is character-
ized by limb malformations and urogenital defects, which can
include defects of Miillerian fusion and septal absorption to a
variable degree. Missense variants result in a more severe phenotype
compared to a presumed loss-of-function mechanism with frame-
shift variants, gene deletion, and polyalanine expansions [Imagawa
et al,, 2014], and hence a possible dominant negative or gain of
function effect has been suspected. Two variants in HOXA13 with
contradictory predictions by in silico programs have been reported
in two individuals with MRKH. These variants were absent in a small
cohort of 53 controls [Ekici et al., 2013] and are reported with minor
allele frequencies of 0.08 (rs34185333) and 0.04 (rs35042646) in the
European non-Finnish populations of ExAc.

EMX2

EMX2 encodes a homeobox-containing transcription factor
expressed in urogenital epithelial tissues, the dorsal telencelphalon,
and the olfactory epithelium during development. Female knock-
out mice lack the genital tract, kidneys, and gonads [Miyamoto
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et al., 1997] and also present with brain malformations. EMX2
expression has been shown to be repressed by HOXA10 [Taylor,
2015] and one of its target genes might be TP63 [Liu et al., 2015].
Liu et al. [2015] demonstrated expression of a transcript in human
adult uterus (NM_004098.3; NP_004089.1) and sequenced the
gene in 517 women with uterine malformations (fusion or septa-
tion defects) and 563 controls. One heterozygous nonsense variant
resulting in a truncated protein lacking the homeodomain was
identified in an individual with an isolated complete bicorporeal
uterus with a double cervix (didelphys uterus). A dominant nega-
tive effect for this variant was suspected following functional
studies of transfected human embryonic kidney cells [Liu et al,,
2015]. Remnants of Miillerian ducts were found in a male with a
10926 deletion including EMX2 [Piard et al., 2014].

LHX1

In the largest MRKH case—control study to date, the rare patho-
genic deletion in the region 17q12 was found in several MRKH-
affected individuals with a statistically significant difference com-
pared to controls [Cooper et al., 2011, Nik-Zainal et al., 2011].
Besides HNFIB (discussed above), the region also includes LHX1I,
another interesting gene for Miillerian anomalies. Involvement of
LHXI in uterine malformation is supported by studies of animal
models. LHXI encodes a LIM-homeodomain transcription factor
and its expression is likely essential in the Miillerian duct epithelial
progenitor cells for ductal elongation and uterine endometrium
differentiation. Loss of expression leads to shortened oviducts,
uterine aplasia, and infertility in Miillerian duct-specific Lhx1
conditional knockout mice [Huang et al., 2014]. Downstream
target genes are currently unknown which limits functional analysis
of candidate variants. To date, from five series of individuals with
MRKH or Miillerian duct anomalies (Table III), eight variants of
uncertain significance have been identified in LHX1. Should fur-
ther evidence accumulate to support pathogenicity of these var-
iants, then LHX] variants might be involved in 2% of individuals
with uterine malformations.

PAX2

Loss of the transcription factor gene pax2 (paired box gene 2) in
homozygous knockout mice causes agenesis of kidneys, ureters, and
genital tracts [Torres et al., 1995]. Pax-2 is expressed in both Wolffian
and Mullerian ducts [Torres et al., 1995]. However, it has not been
determined yet if absence of female reproductive tracts result from
defective action of PAX2 in the Miillerian ducts or if this disturbance is
secondary to abnormal wolfian duct development. Among 192 indi-
viduals with various uterine malformations, a rare synonymous variant
not found in controls was reported in one individual with a complete
bicorporeal uterus and absence of fallopian tubes [Wang et al., 2012]. In
humans, PAX2 mutations are associated with papillorenal syndrome
and isolated renal hypoplasia [Vivante et al., 2014].

RBM8A

The region 1q21.1, which includes the gene RBM8A4, is another
locus for which recurrent copy number variants have been identi-
fied in individuals with MRKH. When deleted in the presence of
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certain low-frequency noncoding polymorphisms in RBM8A, TAR
(thrombocytopenia-absent radius) syndrome results. Five individ-
uals with TAR syndrome have also had MRKH, one of whom was
documented as havinga 1g21.1 deletion [Behera et al., 2005; Childs
and Hall, 2005; Griesinger et al., 2005; Ahmad and Pope, 2008;
Ledig et al., 2011]. Recently, Tewes et al. [2015] analyzed the gene
RBMS8A in 167 individuals with MRKH or other Miillerian duct
anomalies. They identified the TAR-associated variants
(rs139428292) and (rs201779890) with a MAF of 3.6% and
0.3%, respectively. These variants are reported with similar fre-
quencies in EXAC considering the European non-Finnish popula-
tion (3.4% and 0.9%, respectively) [Tewes et al., 2015; Exome
Aggregation Consortium]. Moreover, one rare missense and one
rare intronic variant (rs201860373) were identified in one indi-
vidual with MRKH type 2 and two individuals with MRKH type 1,
respectively. To date, there is no strong evidence implicating the
gene RBMB8A in the pathogenesis of uterine malformation, and
although RBM8A could be a candidate gene, wider genetic analyses
of affected populations would be necessary to determine the
causality of variants in this gene.

TBX6

Being involved in mesodermal development, TBX6 appeared to be
region 16p11.2’s most likely susceptibility gene for uterine mal-
formations. Deletions in 16p11.2 (600 kb) have been identified in
2-6% of individuals in small series of patients with MRKH [Nik-
Zainal et al., 2011; Sandbacka et al., 2013], which is a much higher
frequency than the 0.03-0.04% observed in the general population
[Cooper et al., 2011; Tucker et al., 2013]. Enriched prevalence of
this CNV is also found in cohorts ascertained for intellectual
disability/multiple congenital anomalies (0.33%), autism spec-
trum disorder (0.7-1%), morbid obesity (0.7%), and congenital
scoliosis (7.5%) [Bijlsma et al,, 2009; Fernandez et al.,, 2010;
Rosenfeld et al.,, 2010; Walters et al., 2010; Wu et al., 2015].
TBX6 encodes a transcription factor characterized by a T-Box
DNA-binding domain. The gene plays a role in specification and
patterning of somites as well as left/right patterning in mice [White
et al., 2003; Hadjantonakis et al., 2008]. Besides vertebral and rib
abnormalities, some homozygote hypomorphic mutations in Tbx6
are also associated with urogenital malformations [Nacke et al.,
2000; White et al., 2003]. Depending on the genetic background, up
to 60% of mice were affected with kidney malformations (renal
aplasia/hypoplasia, malrotated, or displaced kidneys, hydroneph-
rosis) or genital malformations (vaginal atresia or vagina duplex in
females). Previously, TBX6 was Sanger sequenced in a Finnish
series of 112 females with MRKH [Sandbacka et al., 2013]. One
heterozygous splice site variant was identified in two individuals.
This variant is predicted to disrupt exon 5 splicing, which partially
encodes for the T-box DNA-binding domain of the protein
[Sandbacka et al., 2013]. Moreover, two rare single nucleotide
polymorphisms (rs56098093 in exon 4 and rs201231713 in exon 6)
were identified with a significantly higher frequency in females with
MRKH (MAF = 8% and 5.8%, respectively) compared to controls
(2% and 2%, respectively). Frequency of these variants were 0.5%
(rs56098093) and 0.7% (rs201231713) in their Finnish cohort
dataset and are 0.5% and 0.08% in the ExAC Browser [Exome
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Aggregation Consortium]. Two affected individuals were homo-
zygous for both variants, nine were heterozygous for both variants
and three were heterozygous for rs56098093. Although functional
analyses were not performed, the two variants are located within
the conserved T-Box domain and predicted to be damaging by four
programs of in silico analysis (Polyphen 2, SIFT, Mutation Taster,
and PROVEAN). In three individuals, a variant in LHX1 or a copy
number variant was also found. Overall, 20% of individuals in this
series of 112 patients with MRKH presented a 16p11.2 deletion
including TBX6 or one or two rare variants in the gene, which
might modify the transcription activity of the protein by haploin-
sufficiency or disruption of the T-Box DNA-binding domain.
Recently, another study analyzed TBX6 in a series of 167 individu-
als with MRKH or other Miillerian ducts abnormalities and
identified the variant rs56098093 with a MAF of 1.5% (two carriers
presented with MRKH type 2 and skeletal or renal anomalies and
three presented with septate or sub-septate uterus). A 22q11.21
duplication was associated in one case as well as one rare missense
variant in TBX6 in an individual with a septate uterus. As part of
this study, no variant was found in 70 individuals with MRKH type
1 [Tewes et al.,, 2015]. Pathways by which TBX6 is involved in
urogenital development still need to be clarified and the above data
await reproduction in additional cohorts of individuals with
uterine malformation. However, based on current data, TBX6
might represent an important inherited susceptibility factor for
congenital uterine malformations. In humans, TBX6 has also been
associated with segmental defects of vertebrae. A haploinsufficient
stop-loss mutation was identified in a family with autosomal
dominant spondylocostal dysostosis [Sparrow et al., 2013]. Com-
pound heterozygosity of rare variants on a hypomorphic haplotype
was suggested in another recent publication as a mechanism to
explain 11% of congenital scoliosis [Wu et al., 2015]. Of note,
vertebral anomalies are frequently reported in up to 49% of
individuals with uterine malformations [McGowan et al., 2015].
Moreover, vertebral defects and uterine malformations have been
associated in different overlapping conditions, including VAC-
TERL association (vertebral defects, anal atresia, tracheoesopha-
geal fistula with esophageal atresia, radial dysplasia, cardiac
malformations, limb anomalies) [Orstavik et al., 1992; Linke
et al., 2005; Komura et al., 2007; Nunes et al., 2009], caudal
dysgenesis, OEIS (omphalocele—exstrophy-imperforate anus—spinal
defects) complex, OAV (oculo-auriculo-vertebral) spectrum (aka
Goldenhar syndrome or hemifacial microsomia) and MURCS asso-
ciation (Table IV). Causes for each of these conditions are still
unknown and may be heterogeneous or multifactorial. Shared fea-
tures of vertebral, Miillerian, and renal anomalies highlight the
possibility of common genetic pathways involved in vertebrae seg-
mentation and urogenital development, in which TBX6might serve as

a key regulator.

The Wnt Signaling Pathways

Wnt pathways control several basic embryonic developmental
processes including body axis patterning, cell fate specification,
cell proliferation, and cell migration. It has long been recognized as
one of the principal signaling pathways during development of
mammalian urogenital tracts, mainly through the Wnt/B-catenin
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signaling pathway with particular contributions from Wnt9b and
Wnt4 [Carroll et al., 2005; Halt and Vainio, 2014]. During the first
step of Miillerian duct development, invagination of coelomic
epithelial cells requires Wnt4 signaling, and absence of expression
leads to Miillerian duct agenesis in both male and female mice
embryos [Vainio et al., 1999]. Wnt4 is also expressed by mesen-
chymal cells surrounding the Miillerian ducts [Vainio et al., 1999],
suggesting a role in further developmental steps [van der Horst
et al., 2012]. Wnt9b, expressed by Wolffian duct cells, is involved
subsequently, and paracrine signaling from these cells is necessary
for Miillerian duct elongation. Wnt9b knockout female mice lack
the oviduct, uterus, and upper part of the vagina [Carroll et al,,
2005]. Gonads are normal in Wnt9b ™/~ mice, whereas ovaries in
Wnt4 '~ female mice are abnormal with a testis-like appearance.
Both genes are furthermore involved in induction of metanephric
kidneys such that knockout mice develop rudimentary kidneys.
Wnt9b acts upstream of Wnt4 and is likewise indispensable for
mesonephric tubule development [Carroll et al., 2005]. Later
nephrogenesis, medullary differentiation, and collecting duct de-
velopment involve Wnt9b, Wnt4 as well as additional Wnt ligands
and receptors from the Wnt pathway (i.e., Wntll, Wnt7b, and
Wnt5a). Wnt5a mutations in mice have recently been implicated in
duplex collecting system malformations via the non-canonical
Wnt/PCP signaling pathway [Yun et al., 2014]. In uterine devel-
opment and differentiation, two other members of the Wnt
pathway have been shown to play an important role. Wnt7a,
secreted by Miillerian duct epithelial cells, is involved in the
patterning of Miillerian ducts. Posteriorization of the FGT is noted
in Wnt7a~'~ mice, usually with absence of oviducts and a vaginal-
like histological appearance of the uterus [van der Horst et al,,
2012]. Wnt5a, secreted by mesenchymal cells, is necessary for
posterior development of the FGT as knockout mice lack cervical
and vaginal structures. Both Wnt7a and Wnt5a are furthermore
involved in uterine gland development within the endometrium
[Massé et al., 2009]. Wnt genes participate in the development of
other organs as well. For example, Wnt7a plays a role in limb
development and Wnt9b knockout mice present variably penetrant
cleft lip and palate.

In humans, WNT4 was the first gene from the Wnt pathway to be
associated with uterine malformations. Affected women with mis-
sense mutations in this gene have also presented with biochemical
and clinical features of hyperandrogenism. Three individuals with
likely pathogenic variants and one with a variant of unknown
significance have been reported so far, and absence of variants in
some individuals with MRKH and hyperandrogenism also suggests
the involvement of other proteins in the WNT4/[3-catenin signaling
pathway [Philibert et al., 2011]. A dominant negative effect has been
suggested by in vitro functional analysis of these variants [Biason-
Lauber etal., 2004, 2007; Philibert et al., 2008]. Only two individuals
with isolated uterine malformations (among 189 and 11 women
with Miillerian defects and MRKH, respectively) had rare variants in
WNT4. These variants are synonymous and were not proven to affect
splicing or function [Ravel et al., 2009; Chang et al., 2012]. Another
variant was found in an individual with renal hypodysplasia
[Vivante et al, 2013], and a homozygous mutation has been
reported in a family with female sex reversal, dysgenesis of kidneys,
adrenals, and lungs (SERKAL syndrome) [Mandel et al., 2008].

21

WNT7A homozygous mutations were first associated in 2006
with a range of limb malformations, including the phenotypes of
Al-Awadi/Raas-Rothschild (AARR) syndrome (characterized by
apparent phocomelia, hypoplastic pelvis, and abnormal genitalia)
and Fuhrmann syndrome (considered an attenuated phenotype of
AARR) [Woods et al., 2006]. Two patients with AARR syndrome
and different WNT7A homozygous missense mutations in exon 4
were reported with uterine hypoplasia [Eyaid et al., 2011; Al-
Qattan et al, 2013]. The uterine phenotype was unknown or
not reported for other affected female individuals [Woods et al.,
2006; Kantaputra et al., 2010; Eyaid et al, 2011] and several
individuals with uterine anomalies were reported with AARR
syndrome or Schinzel phocomelia (a syndrome controversially
grouped with AARR syndrome in OMIM) before the gene discov-
ery [Schinzel, 1990; Chitayat et al., 1993; Farag et al., 1993; Teebi,
1993; Froster et al., 1996]. Beyond this easily recognizable condi-
tion, WNT7A has been tested in three series of patients with MRKH
or Miillerian anomalies [Timmreck et al., 2003b; Ravel et al., 2009;
Dang et al., 2012] and rare heterozygous synonymous variants have
been found in two cases of isolated Miillerian anomalies. Although
these variants are synonymous, they were predicted to be disease-
causing by Mutation Taster and to potentially alter splicing by
Human Splicing Finder. However, alteration of splicing was not
proven with mRNA analysis.

WNT9B has been analyzed in two series (n=11 and 42) of
individuals with MRKH syndrome [Ravel et al., 2009; Wang
et al., 2014] and in two series of 191 and 226 individuals with a
broader spectrum of Miillerian anomalies [Tang et al., 2014;
Waschk et al., 2015]. Eight variants of unknown significance were
identified in affected individuals and absent in study controls. In
the large Caucasian cohort, five heterozygous missense variants
were identified as well as one heterozygous nonsense variant
located at the 3" end of the gene. No rare, damaging variants were
identified in the control cohort, implicating this gene with
statistical significance. The phenotypes were a bicorporeal uterus
for one individual and isolated MRKH syndromes for the five
others. According to ACMG variant interpretation guidelines,
further evidence, such as functional data, would be necessary to
consider any of these individual variants as likely pathogenic.
Based on these results, WNT9B might be involved in up to 8.5%
of women with isolated MRKH, possibly in a polygenic manner
with co-inheritance of other genetic factors such as TBX6 muta-
tion or LHX1 deletion [Waschk et al., 2015].

Finally, one individual with a bicorporeal uterus among 189
females with uterine malformations was identified with an intronic
variant of uncertain significance in WNT5A which was absent in
198 controls [Wu et al., 2013].

To date, the pathologic significance of the individual variants
identified is unknown, but it is clear that alteration of the Wnt
pathway can predispose to uterine malformation.

Other Candidate Genes From Copy Number
Variants

Other candidate genes have been suggested from analyses using
microarray or multiplex ligation-dependent probe amplification in

-215-



22

individuals with MRKH. PAX8 is a transcription factor of the
paired-box family that has been associated with isolated and
syndromic thyroid dysgenesis [Park and Chatterjee, 2005]. This
gene is located within a 10.79 Mb deletion of 2q13q14.2 identified
in a girl presenting with hypothyroidism, developmental delay,
scoliosis, dysmorphic features, and a hemi-uterus. Pax8 homozy-
gote knockout mice, supplemented with synthetic T4, are infertile
due to uterine aplasia/hypoplasia and lack of a vaginal opening
[Mittag et al., 2007]. During murine development, Pax8 expression
is detected in epithelium of the uterus, oviduct, and vagina [Mittag
et al., 2007]. Pax8, with Pax2, is also a central regulator of kidney
development and acts upstream of Lim1 and Gata3 [Marcotte et al,,
2014]. Renal agenesis, without uterine malformation, has been
reported in individuals with syndromic PAX8 mutations [Park and
Chatterjee, 2005].

In a series of 30 individuals with MRKH syndrome, intragenic
partial duplications of SHOX (short stature homeobox), span-
ning 7-300 kb, were identified in four unrelated individuals with
isolated MRKH. In one familial case, the duplication was also
found in an affected sister and healthy father [Gervasini et al.,
2010]. However, these results were somewhat controverted by
absence of any intragenic duplication in SHOX identified in a
larger cohort of 101 individuals with MRKH [Sandbacka et al.,
2011]. To our knowledge, this gene has not yet been systemati-
cally assessed for point mutations in a similar cohort. Further-
more, intragenic duplications have been reported in individuals
with idiopathic short stature and Léri-Weill dyschondrosteosis
without mention of any uterine anomalies [Benito-Sanz et al.,
2011]. SHOX, located in Xp22.33 in the pseudoautosomal region
of chromosome X, belongs to the paired homeobox family. The
gene does not have any equivalent in rodents and whereas
SHOXb transcript is expressed in the fetal kidneys [Rao et al.,
1997], expression in fetal Miillerian ducts has not been proven.
Whether SHOX plays a role in uterine development and whether
intragenic duplications of SHOX truly confer a risk for uterine
malformations remains to be determined.

ITIH5has been suggested as another potential contributor based
on microarray results [Morcel et al., 2012a]. A de novo deletion in
10p14 causing sole loss of ITIH5 was identified in a fetus with
MRKH anomaly and bilateral renal agenesis. However, the deletion
was not found in the more mildly affected relatives with uterine or
renal anomalies [Morcel et al., 2011]. ITIH5, a member of the inter-
alpha-trypsin inhibitor (ITI) family, was shown to be expressed in
the cranial portion of the Miillerian ducts during mouse embryo-
genesis [Morcel et al., 2012b] and was hypothesized to contribute,
asamodifier to undetected factors, to the more severe phenotype in
the proband.

Finally, deletions and duplications in 22q11.2, both proximal
and distal, are associated with a wide range of anomalies. MRKH
anomaly, isolated or in association with other symptoms, can be
part of the phenotype [Devriendt et al., 1997; Cheroki et al., 2006;
Sundaram et al., 2007; Cheroki et al., 2008; Uliana et al., 2008; Ledig
etal., 2011; Morcel et al., 2011; Nik-Zainal et al., 2011]. However,
causal genes within these regions that are involved in genital
development remain to be determined. Single associations usually
of uncertain clinical significance have been reported for several
other chromosomal regions.
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Syndromes With Uterine Malformations and
Known Genetic Cause

Following the observation of recurrent uterine malformations in
RCAD syndrome, HFG syndrome, and AARR syndrome, sequenc-
ing of the causative genes, HNF1B, HOXA13, WNT7A, respectively,
was undertaken in individuals with isolated uterine malformations
without, to date, any significant results (as reviewed above).
Uterine agenesis and uterine malformations have been reported
in other Mendelian syndromes or associations (Table IV), and
these other genes might be worth examining in cohorts with
isolated uterine anomalies. For example, uterine malformations
are frequently reported in Fraser syndrome. Mild bi-allelic muta-
tions in Fraser syndrome genes (FRASI, FREM2, GRIP1, and
FREM1I) were identified in individuals with isolated CAKUT
[Kohl et al., 2014] and underlined the possibility of mild and
incomplete Fraser syndrome phenotypes associated with these
genes. LRP4, PORCN, and WNT3 are members of the Wnt signal-
ing family. Considering ciliopathies as one pathological group with
different overlapping phenotypes, uterine malformations emerge
as a recurrent phenotypic feature, which is not surprising given the
role of the cilia in transducing developmental signals—in particu-
lar, the Wnt pathway [May-Simera and Kelley, 2012].

NEGATIVE RESULTS

Large series of individuals have been sequenced for many genes
with a relatively low rate of compelling genetic variation (Table III).
Recently, the first research study combining next-generation se-
quencing and SNP array in a small series (five individuals with
isolated MRKH) did not identify any convincing common causa-
tive genes [Chen et al., 2015]. Functional evidence is difficult to
build for particular variants in developmental genes considering
the confined temporospatial expression of many of these genes.
Since the aggregation of very large population cohorts (e.g., as
compiled in ExAc), it has become easier to rule out variants as
having large independent effects when they are recurrent in the
background population. The difficulty to date in identifying ge-
netic causes for uterine malformations may have several explan-
ations. First, our current understanding of genes and pathways
involved in uterine development is partial, and approaches to date
have mostly focused on candidate genes analyzed by targeted
methodologies such as Sanger sequencing. Of note, comparisons
to animal models are made difficult by differences in uterine
development in humans and other species [Kobayashi and Beh-
ringer, 2003], especially when studying fusion and absorption
septal defects. Next-generation sequencing in larger cohorts may
be the best approach at present to identify novel causal genes.
Second, uterine malformations may be highly genetically het-
erogeneous in their etiology with single genes each explaining only
a few occurrences. Alternatively, these anomalies may be shown to
be polygenic in origin, such that a combination of variants in the
same regulating pathway might be required for penetrance of the
phenotype. Association studies, which may help to identify sus-
ceptibility variants, have been rarely carried out in cohorts with
uterine malformations. Regarding MRKH syndrome in a Han
Chinese population, Ma et al. [2015] recently reported that the
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variants rs34072914 (c.399G>T) in WNT9B and c.934C>T in
AMH were associated with non-isolated MRKH and isolated
MRKH, respectively [Ma et al., 2015]. They reported epistatic
effects for these variants when accompanied by other SNPs in a set
of candidate genes. Replication will be necessary to prove this
potential association, with consideration given to the potential
contribution of ethnic background.

Third, the possibility of somatic mosaicism for de novo muta-
tions is suggested by discordance in monozygotic twins and
absence of recurrence in offspring of affected women (which could
be explained theoretically by lethality in a germline). Among five
pairs of MZ twins, differences in copy number variants across
tissues were demonstrated in one affected twin of a pair and
included duplication of LRPIO, an inhibitor of the canonical
Wnt pathway, and MMP14, a matrix metalloproteinase that might
play a role in Miillerian ducts cell migration [Rall et al., 2015a].

Finally, besides genetic factors, evidence exists for the involve-
ment of environmental factors. In humans, the best-known exam-
ple is the association of uterine anatomical deviations (i.e., small
endometrial cavities, T-shaped uteri or dilated cornuate areas) with
prenatal exposure to DES (diethylstilbestrol), a synthetic estrogen
widely used to treat threatened abortion from 1940 to 1980. In
mice, exposure to DES has been shown to shift the pattern of
expression of Hoxa9-11 to a more caudal distribution and to
induce an anterior transformation of the reproductive tract [Block
et al,, 2000]. The T-shaped uteri in humans may reflect HOXA9
overexpression in the uterus, leading to an oviduct like phenotype
[Block et al., 2000]. DES is considered an endocrine-disrupting
chemical (EDC) and, like other chemicals such as bisphenol A,
phthalates or pesticides, it has been proven to interfere with
endocrine systems in mammals [Costa et al., 2014]. Binding to
estrogen nuclear receptors and altering regulatory regions of
developmental genes by epigenetic modifications, EDCs may reg-
ulate transcription of genes essential for development of the uterus.
Exposure during a critical period of development may disturb
normal genital tract formation [Yamashita, 2006]. For instance, in
mice, Hoxal0 transcription was altered following DES or BPA
exposure [Block et al., 2000; Smith and Taylor, 2007], and epige-
netic modifications of the Hoxal0 promoter were noted after BPA
exposure [Bromer et al., 2010]. Expressions of other genes (eg.,
Wnt7a, Vegf, and Msx2) have been shown to be altered after DES
exposure [Huang et al., 2005; Yamashita, 2006; Suzuki et al., 2007].
Itis currently unknown whether other EDCs may also cause uterine
malformations in the range of doses to which human fetuses might
be exposed. In rats, exposure to high dose of phthalates (520 mg/kg/
day mixture of five different phthalates between the 8th to the 19th
day of gestation) has been recently associated with uterine mal-
formations (i.e., uterus agenesis, hemi-uterus, absence of vaginal
opening) and suggested as a promising animal model to study
pathogenesis of MRKH syndrome [Hannas et al., 2013].

Epigenetic alterations of developmental genes, secondary to envi-
ronmental factors or genetic causes, can be potentially limited to one
organ or tissue. Epigenetic causes could also explain sporadic cases of
uterine malformations and MRKH syndrome as well as discrepancy
observed between MZ twins. Comparison of transcription and meth-
ylation profiles in post-surgery uterus myometrium from adult
individuals with MRKH and controls highlighted differences in
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both transcription and methylation for six genes potentially relevant
to the development of female reproductive tracts (CDH5, MFAPS,
WISP2, HOXA5, PEG10, HOXA9) [Rall et al., 2011]. However, further
studies are necessary to determine links between epigenetic modifi-
cations of developmental genes and uterine development as well as
how environmental factors are involved in this process.

CONCLUSION AND CURRENT PERSPECTIVE

The ability to molecularly diagnose individuals with MRKH syn-
drome or uterine malformations is currently very limited. Recur-
rence risk for siblings or offspring is best estimated at 1-3%, in the
absence of a positive family history. Chromosomal microarray
could be offered to those with MRKH syndrome, those with uterine
malformations and an additional malformation, or those with a
positive family history, although confident prediction of pene-
trance for most of the relevant copy number variants is not
currently possible. The family history should include inquiry
regarding renal or vertebral malformations and diabetes.
HNFIB testing should be offered to individuals with uterine
malformations and either/both MODY or renal anomalies, or a
family history of such, particularly because the risk of renal disease
and MODY may influence clinical management and because a
positive result would modify the genetic counseling. Deployment
of next-generation sequencing technologies undoubtedly will iden-
tify novel genes and provide new understanding of uterine devel-
opment and diagnostic testing options for individuals. Compelling
hypotheses to be explored include pathway-based polygenicity,
somatic mosaicism, and epigenetic alterations.
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