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ABSTRACT

Background: Autosomal dominant polycystic kidney disease (ADPKD) is a common, inherited
nephropathy often resulting in kidney failure. It is genetically heterogeneous; along with the
major genes, PKD1 and PKD2, at least 8 others have been suggested. ALG8 pathogenic variants
have been associated with autosomal dominant polycystic liver disease and implicated in
ADPKD, while ALG9 has been suggested as an ADPKD gene, but details of the phenotypes and
penetrance are unclear.

Methods: We screened >3900 families with cystic kidneys and/or livers using global approaches
to detect ALG8 or ALGY pathogenic variants. In addition, population cohorts with sequence
data (Genomics England 100kGP (100kGP), UK Biobank (UKBB), and Mayo Clinic Biobank
(MCBB)), were screened for ALG8/ALGY9 pathogenic variants.

Results: Multicenter screening of individuals with polycystic kidney and/or liver disease
identified 51 (1.3%) ALGS8 (7 multiplex) and 23 (0.6%) ALG9 (5 multiplex) families; frequencies
that were ~10x and ~24x greater than non-polycystic kidney disease (PKD) controls. Analysis of
individuals with PKD phenotypes in 100kGP, UKBB, and MCBB identified 9 ALG8 (0.39%) and 9
ALGY (0.39%) families, an enriched frequency over controls. Two individuals had PKD1 and
ALG8 pathogenic changes. Eighty-nine percent of individuals with ALG8 mutations with imaging
in the entire MCBB had kidney cysts (56%, >10 cysts), with greater median kidney and liver cyst
numbers than controls. For ALG9, 78% had kidney cysts (27%, >10 cysts). Individuals with ALG8
mutations typically had mild cystic kidneys with limited enlargement. Liver cysts were common
(71%) with enlarged livers (>2L) found in 11/62 patients although surgical intervention was rare.
The ALG9 kidney phenotype was also of mild cystic kidneys but enlarged livers were rare; for
both genes chronic kidney disease or kidney failure were rare.

Conclusions: ALG8 and ALG9 are defined as cystic kidney/liver genes but with limited

penetrance for lower eGFR.

Supplemental Digital Content: http://links.lww.com/JSN/F61
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INTRODUCTION

Polycystic kidney diseases are a group of inherited disorders that result in kidney cyst
development and often kidney failure. The most common form is ADPKD, characterized by
progressive cyst development and growth resulting in enlarged kidneys in adulthood and
typically kidney failure in late middle age.'™ Imaging cyst number criteria by ultrasound or MRI
have been established to diagnose or exclude the disease.” ® Estimates of the prevalence vary,
with values of ~1/1000 for clinically significant disease and higher levels for more limited cystic
kidneys.®® ADPKD causes 5-10% of kidney failure worldwide (5:1% in the US).” Liver cysts occur
in most patients as they age with severe polycystic liver disease, requiring surgical resection or

310 The related but much rarer

transplantation, occurring in a small minority of mainly females.
autosomal dominant polycystic liver disease is characterized by multiple liver cysts, sometimes
symptomatic, but with no or few kidney cysts..11

The major genes for ADPKD are PKD1 and PKD2 (encoding polycystin 1 and polycystin 2,
respectively), that account for ~78% and ~15%, respectively, of the clinical ADPKD population.12
ADPKD-PKD1 is a more severe disease with a median age at onset of kidney failure of 58.0 years
(y) compared to 74.8y for ADPKD-PKD2.'? Allelic effects for PKD1 (truncating or nontruncating
pathogenic variants) are also associated with the age at kidney failure (55.1y and 65.8y,

12,13 polycystin 1 and polycystin 2 form a complex and a likely pathogenic site

respectively).
associated with PKD is the primary cilium, a signaling antenna found on most cells."* *> The
major autosomal dominant polycystic liver disease genes are PRKCSH (encoding glycosidase IIjB;

GlIB) and SEC63 (encoding the protein translocation subunit, SEC63) that likely account for most

severe cases.'' GIIB and SEC63 are located in the endoplasmic reticulum and involved in

Copyright © 2025 by the American Society of Nephrology



glycosylation, folding, trafficking, and quality control of plasma membrane and secreted
proteins.'® Disruption of efficient trafficking of the polycystin complex with reduced GIIB or
SEC63 is a likely cause of cyst development.17

Eight additional genes have been suggested to cause a monoallelic ADPKD-like
phenotype, six of these encode endoplasmic reticulum resident, proteostasis proteins: ALG5,®
ALG6," ALG8,*® ALGY,”' DNAJB11,** and GANAB,” plus the ciliogenesis genes, IFT140 and
NEK8.** %> Each has a distinctive phenotype and varying levels of evidence as an ADPKD
spectrum gene. Both DNAJB11 and ALGS5 are associated with kidney failure on average at ~75y

due to fibrosis of non-enlarged kidneys,*® 2°

while the risk of kidney failure seems low for the
other genes. IFT140 results in kidney enlargement due to a limited number of large cysts.** For
GANAB and ALG6, the kidney disease is mild and the liver disease can predominate, even

presenting as severe autosomal dominant polycystic liver disease. ' 2%’

Together these genes
likely account for a few percent of total ADPKD families, partially explaining individuals without
PKD1 or PKD2 pathogenic variants.®

Biallelic ALG8 pathogenic variants are associated with the congenital disorder of
glycosylation (CDG) type Ih?®, while biallelic ALG9 variants have been associated with CDG type
11, as well as Gillessen-Kaesbach-Nishimura skeletal dysplasia.30 The first evidence of cyst
development associated with ALG8 was enrichment of predicted loss-of-function variants in
autosomal dominant polycystic liver disease populations compared to controls.”’ These
individuals had many small or large liver cysts, but 80% also had a few kidney cysts. A more

recent study found enrichment of predicted loss-of-function ALG8 variants in a cystic kidney

cohort identified by ICD codes.?® In 26 ALGS individuals with imaging available, 19 (73%) had >4
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kidney cysts and 18 (69%) had bilateral cysts, higher than a control group, but liver cysts were
not enriched. In a screen of 920 Taiwanese ADPKD families, 6 had ALG8 predicted loss-of-
function variants, some with atypical cystic kidney disease.*! A recent study described a large
autosomal dominant polycystic liver disease (ADPLD)-ALG8 family.>** However, ALG8 family data
is limited, and predicted loss-of-function ALG8 variants are quite common in normal
populations,® so the penetrance of predicted loss-of-function variants to cause a cystic
phenotype is unclear. ALG9 has been defined as an ADPKD spectrum gene from screening 122
ADPKD patients without PKD1 or PKD2 pathogenic variants that identified two with
heterozygous ALG9 LoF variants.”! In addition, a screen of 92,455 exomes of a population-based
cohort identified 21 with rare predicted loss-of-function ALG9 variants.”'; 7/11 (64%) with
abdominal imaging had 5 or more kidney cysts. In‘a PKD gene panel screen of 100 German
ADPKD patients one had a ALG9 predicted loss-of-function variant.®® Limited family data is
available for ALGY individuals, and the full extent of the phenotype/penetrance is unclear.

Here we screened individuals with a cystic kidney and/or liver phenotype for ALGS8 or
ALG9 pathogenic/likely pathogenic (P/LP) variants. In addition, cystic cohorts in the England
100K Genomics Project (100kGP), UK Biobank (UKBB), and Mayo Clinic Biobank (MCBB)
populations, plus all MCBB participants, were screened for P/LP variants to these genes and the

phenotype characterized.
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METHODS

Study participants and clinical analyses

Families with ALG8 and ALG9 P/LP variants or high suspicion variants of uncertain significance
(VUS) were identified at various screening sites in a population with a cystic kidney and/or liver
phenotype in Part 1 of the study (Figure 1A). The number of individuals identified in clinical trial
populations were, HALT-PKD (ALGS8; n=1, ALGY9; n=2; total n=981), DIPAK (ALGS8; n=1; ALGSY;
n=1), and TAME (ALGY; n=1; total n=93). Families were either previously Sanger screened for
PKD1 and PKD2 and negative or naive to testing. In Part 2, ALG8 and ALG9 probands were
identified in cystic kidney groups in the 100kGP, UKBB, and MCBB cohorts (Figure 1B). Part 3
analyzed ALG8 and ALG9 individuals in the whole MCBB cohort (Figure 1C).

The relevant institutional review boards or ethics committees approved all studies, and
participants gave informed consent. Clinical and imaging data for Part 1 and 3 were obtained by
review of the electronic health record (EHR). Hypertension was recorded at the age of diagnosis
or when two or more consecutive readings were >140/90. Total kidney volume (TKV) was
calculated semi-automatically from the latest available CT or MRI** before kidney failure and
the Mayo Imaging Class (MIC) was determined.* Cyst number was counted by manual
inspection of images and cysts >2mm were recorded. Parapelvic cysts were excluded from the
count. Estimated glomerular filtration rate (eGFR) was calculated from the most recent clinical
serum creatinine measurements with the CKD-EPI Creatinine Equation (2021).¢
Blood or buccal samples for standard DNA isolation were collected from probands and available
family members. The genetic screening and variant analysis pipelines were similar to that

described®®, but more details are provided for each population (below). The transcripts
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employed for variant description were: ALG8, GenBank: NM_024079 and ALGY, GenBank:
NM_024740. Frequency of variants are shown in the gnomAD v4.1.0 or v3.1.2 databases for the
entire populations.

An unpaired t-test was employed for two-group comparisons, and the Mann—-Whitney U
test used to compare cyst counts between individuals and their age- and sex-matched controls.
In the analysis of the UKBB and 100kGP data, p-values are calculated using x2 tests with Yates'
correction. Regression analysis was employed to compare slopes of eGFR and TKV populations.

Further details of the clinical and genetic analyses of the study populations are provided
in the Supplemental Methods.

RESULTS

Part 1: Analysis of a clinical cystic kidney and/or liver cohort for monoallelic ALG8 pathogenic
variants

In Part 1 of the study, 3935 families with kidney and/or liver cysts, some involved in ADPKD
clinical studies, were screened by research or clinical testing employing a targeted NGS gene
panel, or whole exome or whole genome sequencing (WES/WGS) at six different sites (Figure
1A). From this analysis seven multiplex and 44 singleton ALG8 families (total 51), and five
multiplex and 18 singleton ALG9 families (total 23) were identified.

Multiplex families: Seven multiplex families including 18 individuals (Table 1) with two or more

members with predicted loss-of-function ALG8 variants were identified (see Figure 2 and
legend for details; Table 2). No family had another clear cause of the cystic phenotype, but

some possible modifier variants were identified (Figure 2, Supplemental Table 1). A total of six
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patients (33%) had eGFR <60mL/min/1.73m?, including one patient with kidney failure at 73y
(Table 1).

Singletons: In addition, 44 singletons with a clinically confirmed cystic phenotype and an ALG8
P/LP variant were identified (Tables 2, Supplemental Table 2, and Supplemental Figure 1). The
pathogenic variants were predicted loss-of-function in 42 individuals and missense in two. Two
other individuals had ALG8 missense variants classed as variants of uncertain significance (VUS)
but were not included in the analyses. No individual had a clearly pathogenic variant in another
ADPKD gene, but possible modifier variants were documented in five cases (Supplemental
Tables 1 and 2). Most of these individuals did not have a’known PKD or polycystic liver disease
family history, although five had a likely affected relative(s) but a sample to test segregation
and detailed clinical data was not available (Supplemental Table 2). A total of 12 singleton
patients (27%) had an eGFR <60mL/min/1.73m?%, including two patients with kidney failure
(Supplemental Table 2).

ALG8 as a possible phenotypic modifier

In two families an ALG8 pathogenic change was found with a PKD1 P/LP variant. PK200618 had
ALG8 p.Arg364* but also the LP PKD1 missense variant p.Trp3195Arg (Supplemental Table 1).
They had severe PKD with an eGFR = 10mL/min/1.73m? at 44y with both kidneys ~20cm in
length, and some liver cysts (Supplemental Figure 3A,B). One brother had kidney failure at 48y,
but genetic analysis of him or other family members was not possible. A second individual
recruited from 100kGP:PKD cohort (UK6) had enlarged kidneys with multiple cysts but normal

kidney function at 34y, and ALG8 ¢.1296dup (Supplemental Table 1) plus PKD1 p.GIn4231%*.
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Part 1: Analysis of a clinical cystic kidney and/or liver cohort for monoallelic ALG9 pathogenic
variants

Multiplex families: We identified 5 multiplex families including 14 affected individuals (see

Figures 1, 3 and legend for details, Tables 1, 2). Three patients (21%) had an eGFR
<60mL/min/1.73m?, with none having kidney failure (Table 1).

Singletons: Eighteen singletons with ALG9 P/LP variants were also detected (Figure 1, Table 2,
Supplemental Table 3, Supplemental Figure 2). Seven patients (39%) had an eGFR <60
mL/min/1.73m?, including two with kidney failure (Supplemental Table 3).

Part 2: Analysis of cystic kidney individuals defined in population cohorts

To determine the burden of predicted loss-of-function ALG8 and ALG9 variants more broadly,
we analyzed genetic and clinical data from the 100kGP:PKD cohort, UKBB individuals coded for
ADPKD (Q61), and MCBB individuals with ADPKD ICD codes (Figure 1B).

England 100k Genomes Project (100kGP) analyses: WGS screening of 1486 individuals from a

broadly selected cystic kidney and/or liver group (100kGP:PKD; see Supplemental Methods for
details) and 28778 from an intellectual disability (control) cohort detected 6 (0.4%) and 44
(0.15%) individuals, respectively, with predicted loss-of-function ALG8 variants. In the
100kGP:PKD group, UK6 also had a PKD1 pathogenic variant (see above) and one was a relative
(Figure 1, Table 2, Supplemental Table 4). For ALGY, 3 (0.2%) probands were in the 100kGP:PKD
and 14 (0.05%) in the control group (Figure 1, Table 2, Supplemental Table 4). Comparison of
the frequency of individuals with predicted loss-of-function ALG8 and ALG9 variants in the
genetically unresolved 100kGP:PKD and control groups showed a significant enrichment for

both gene groups in the PKD cohort (see Figure 4A for detail).
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UK Biobank (UKBB): In 334,701 individuals with WES data in the UKBB*’, 825 had the ICD-10

code Q61 (ADPKD) and 7425 had the ICD-10 code N28 (Other disorders of kidney and ureter).
Screening for individuals with rare (minor allele frequency: MAF < 0.1%) predicted loss-of-
function variants showed the strongest association between Q61 and ALG9 (0.7% among Q61
cases vs. 0.03% among Q61 controls, p<0.001), but only marginally significant in the N28 group
(p=0.048) (see Figure 4B for details). Rare predicted loss-of-function variants in ALG8 were also
significantly associated with the Q61 and N28 cases versus controls (both p=0.03; see Figure 4B
for details).

Analysis of ADPKD patients identified within Mayo Clinic Biobank (MCBB): Using ADPKD ICD9

and 10 codes (see Supplemental Methods for details) and manual inspection of EHR of
individuals with abdominal imaging, 157 individuals with an ADPKD diagnosis were identified
(Figure 1C). WES identified two individuals with ALG8 P/LP variants; one ALGS individual also
had a PKHD1 predicted loss-of-function variant, a known cause of kidney and liver cyst527’ 38
(Tables 2, Supplemental Tables 1 and\5).

Part 3: Analysis of the whole MCBB population for ALG8 and ALG9 P/LP variants

In the MCBB cohort (n=52786) ~70% had abdominal imaging and all had WES. The sequence
data revealed 37 and 16 individuals with ALG8 and ALG9 P/LP variants, including 28 (27
families) and 10 with imaging data, respectively (Table 2, Supplemental Table 5, Figure 1C,
Supplemental Figures 4 and 5). Two ALGS8 individuals had >40 kidney cysts and an ADPKD
diagnosis (Part 2) and 14 had 210 cysts, including one with ICD9 code 753.10, but no kidney or

liver cysts were detected in 2 patients (Figure 5A). To determine whether cysts were more

common than expected by chance, we analyzed an age- and sex-matched MCBB control group
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which showed a greater number of kidney and liver cysts in ALG8 individuals (Supplemental
Figure 6A,B). Also, the median number of kidney and liver cysts was significantly higher in the
ALGS8 group (see Figure 5B, C for details). Individuals with a common (gnomAD vs4 = 0.021%)
variant, c.478+1G>A, found at a weakly scoring splice donor site and found much more often in
the MCBB (Part 3; n=22) compared to the clinical population (Part 1; n=1) was excluded from
the analysis because of doubts over pathogenicity. Kidney cyst occurrence and number were
much more frequent in individuals with other P/LP variants than those with c.478+1G>A (see
Supplemental Figures 7A-D and 8 for details). EHR review of the ALGY subset indicated that
9/10 had kidney cysts while 4/10 had liver cysts (Figure 5D). In a 1:2 matched case:control
analysis, the presence of kidney cysts were higher (but not significantly so) in the ALG9 cases
compared to controls (90% vs 56%; p=0.10; OR=7.2 [95% Cl: 0.83 to 87.51], and similarly for
cyst number (see Figure 5E for details). Also, the presence of liver cysts was not significantly
higher in ALG9 cases than controls (44% vs 22%; p=0.38; OR=2.8 [95% Cl: 0.5804 to 14.39]), nor

the median number of cysts (see Figure 5F for details).

Monoallelic ALG8 phenotype

To determine if kidney function was reduced in ALGS8 individuals, the eGFR for Part 1 and MCBB
patients (Part 3) were plotted and found to be less severe than a Mayo PKD2 population (Figure
6A). In the clinical ALG8 population (Part 1), most individuals had preserved kidney function,
but 11/62 had an eGFR <50; other variants or comorbidities might be significant in some of
these cases (Tables 1, Supplemental Tables 1 and 2). TKV on average was mildly enlarged but
quite variable; an atypical Mayo Imaging Class (MIC)* was quite common, 2A (indicating

asymmetric or few segmental cysts) in 4 cases and 2B (characterized by parenchymal atrophy)
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in 5 cases (Tables 1, Supplemental Table 2; Figure 6B). In the Part 1 population, the mean age at
diagnosis was 42y (sd+17), and abdominal pain was the most common initial presentation
(n=14), followed by incidental imaging (n=7). Hypertension was diagnosed in 44% of individuals
(n=27) with an average age at onset of 52y (sd+15; Tables 1, Supplemental Table 2). Liver cysts
were found in 65% (n=41) ALGS individuals, with quite severe polycystic liver disease (a total
liver volume [TLV] of >2L) found in 10 individuals (6 males and 4 females) (Tables 1,
Supplemental Table 2; Supplemental Figure 1), but only one individual underwent a liver
resection. In the non-selected MCBB (Part 3) ALG8 cohort (mean age 63.3y), kidney function
was in the normal range for all but 3/14 individuals <70y (one with a PKHD1 LP variant), milder
than the Part 1 ALG8 group (Figure 6A), and not significantly different from the controls
(Supplemental Figure 9A). Part 3 TKV was not generally higher (Figure 6A, B), but 19/28 (68%)
were diagnosed with hypertension.

Monoallelic ALG9 phenotype

In the clinical (Part 1) cohort, the mean age of diagnosis was 46y (sd+19) and 45% were
hypertensive. A decline in eGFR (<60 mL/min/1.73m?) was found in 10/33 (30%) of ALG9
individuals, including two with kidney failure (Figure 6C). The mean TKV was also enlarged, but
this was driven by 5 individuals with MIC C-E; 1 had MIC 2A (Table 1, Supplemental Table 3;
Figure 6D). Only 9 individuals had 1 or more liver cyst, with 2 having a total liver volume >2L.
Within the MCBB population (mean age 72y; sd+15), 2/3 <70y had an eGFR <60
mL/min/1.73m?, but kidney function did not significantly differ from controls (Supplemental

Figure 9B).
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DISCUSSION

Here we provide strong evidence that monoallelic ALG8 and ALG9 P/LP variants can result in
kidney and/or liver cysts. The level of individuals with ALG8 pathogenic variants in the clinical
population (51/3,935, 1.3%) was significantly higher than found in the gnomAD v3.1.2 database
(95/76,000, 0.13%), with a p-value of <0.0001 and an odds ratio (OR) of 10.49 (95% Cl: 7.466—
14.67). Likewise, the level of individuals with ALG9 pathogenic variants in the clinical population
(23/3,935, 0.58%) was significantly higher than in gnomAD v3.1.2 (19/76,000, 0.03%), with a p-
value of <0.0001 and an OR of 23.51 (95% CI: 13.16-43.71). Similarly, enrichment was seen in
the 100kGP, UKBB, and MCBB PKD populations. Limited family data showed segregation of cyst
development including in at least two generations for both genes, an important finding defining
a monogenic disease. In the HALT and TAME clinical trial populations, with more rigorous
definitions of ADPKD than in our cystic cohort, 0.1% and 0.3% had ALG8 or ALGY, respectively,
compared to 80% PKD1 and 15% PKD2. In our clinical population, most individuals appeared to
be sporadic, pointing to lower penetrance of cyst development for both loci. Consistent with
this, most ALG8 or ALG9 positive individuals in the 100kGP, UKBB, and MCBB populations were
not identified by ADPKD clinical codes. But studies in the whole MCBB showed that most had
some kidney cysts and 56% of ALG8 and 27% of ALG9 individuals had >10 kidney cysts, an

indication of significant cystogenesis™ 40

. Therefore, these loci were enriched in cystic kidney
populations, but multiple (or even single) kidney cysts were not always present. They are
probably best described as ADPKD associated with lower penetrance (not all individuals

developing cysts) and with variable expressivity (individuals having variable presentations in

terms of cyst number).
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Overall, the ALGS8 kidney phenotype, due to the relatively small number of cysts, did not
include significantly enlarged kidneys, with atypical MIC due to a few large cysts or atrophy
quite common. Likewise, kidney function was usually in the normal range, findings consistent
with other studies and indicating low penetrance in terms of clinically significant kidney
disease?®. However, a few individuals had greatly enlarged kidneys and/or lower eGFR (even
occasionally kidney failure). In the smaller ALG9 population, the predominant phenotype was
also relatively normal sized kidneys, although a third had MIC 1C-1E, with a decline in kidney
function/kidney failure more common than for ALGS, as previously described?.

For both ALG8 and ALGY9, a few individuals with more severe disease had plausible
PKD1, PKHD1, or other modifier variants. however, the reason for more severe disease was
often unresolved. Pedigree M157, where the family. member with the most prominent PKD did
not have the familial ALG9 variant, and PK14053, illustrated intrafamilial variability and genetic
complexity associated with low penetrant disorders. Genetic modifiers, along with other
comorbidities, likely explained some of the disease variability, but larger populations will be
needed to full understand the variability. Digenic disease with a PKD1 and an ALG8 P/LP variant
described in two families provided some support of ALG8 as a modest enhancer of the PKD1
kidney phenotype.

Significant liver enlargement, usually with limited kidney cysts, was found in a minority
of ALGS8 cases, consistent with links to autosomal dominant polycystic liver disease, so ALG8
genic and other genetic (and non-genetic) modifiers are likely significant for this

27, 30

complication. Only one ALGS individual required surgical intervention and the overall

phenotype was more akin to GANAB than PRKCSH or SEC63, and not displaying the female sex
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bias usually seen in ADPKD and autosomal dominant polycystic liver disease.™ Liver cysts, and
especially liver enlargement, were rare in ALG9.

As expected, the overall kidney phenotypes both in terms of the TKV and eGFR were
more severe in the clinically selected population (Part 1) compared to the genotypic one (Part
3); only two ALGS8 individuals (and zero ALG9) in the MCBB population were coded as ADPKD.
The clinical ALG9 disease seemed more severe than ALGS, but this was not reflected in the TKV
of the genotype-first cohort, although in a limited and older population, CKD3 or greater was
seen in 5/10 ALG9 individuals. This suggests a possible fibroticas well as a cystic component to
ALGY, like ALG5."® No ALGS8 or ALG9 individuals in MCBB had severe polycystic liver disease,
reflecting both the relative rareness of autosomal dominant polycystic liver disease and ALGS as
its cause. The normal population analysis provided a clearer view of the penetrance of ALGS8
and ALG9 phenotypes; 56% and 27% had an ADPKD cyst number definition for ALG8 or ALG9,
respectively. Related data for kidney function for the two genes showed ~10% and 50-66%
(limited data in older individuals), respectively, having CKD3 (no kidney failure was noted). It
should be noted that penetrance data for other minor ADPKD/autosomal dominant polycystic
liver disease genes is not yet available.

Given the enrichment of ALG8 and ALG9 P/LP alleles in cystic kidney, and ALGS in cystic
liver, individuals, these genes should be included on screening panels for ADPKD/autosomal
dominant polycystic liver disease. Despite the incomplete penetrance, finding of a pathogenic
change should normally be considered significant in the patient with kidney and/or liver cysts.
This diagnosis would generally indicate a low (ALG8) to moderate (ALG9) chance of eGFR

reduction, with a small chance of significant polycystic liver disease for ALG8, and that
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treatment or enrolment in clinical trials for more typical ADPKD probably not appropriate.
Therefore, the risk for kidney failure in individuals with an ADPKD-ALG8 or ADPKD-ALG9
diagnosis should be considered very differently than for an ADPKD-PKD1 patient, and
nephrologists, genetic counsellors, and insurance companies need to be aware of this
difference. Since P/LP ALGS8 variants are quite common (~0.1% of individuals), they likely
account for a significant proportion of individuals with subclinical, multiple kidney or liver cysts

identified from imaging studies.” > *

Given the incomplete penetrance of ALG8 and ALG9, pre-
symptomatic genetic diagnosis should be avoided in minors at familial risk.

In an individual with a severe ADPKD kidney phenotype, typical of the major loci,
positive ALG8 or ALG9 findings should be treated with caution as the only cause of the disease.
Other factors, such as missed P/LP variants in the major genes (especially the segmentally
duplicated PKD1), should also be considered.*? Conversely, interpretation of finding a P/LP
ALG8 or ALGY9 variant in an individual screened for a non-cystic indication should be
conservative. In such cases, recommending imaging of the kidney and liver would be
appropriate, but labelling as ADPKD or autosomal dominant polycystic liver disease without
support from imaging should be avoided. Lastly, both biallelic variants of ALG8 and ALG9 are
implicated in congenital disorders of glycosylation characterized by neonatal onset and a severe
multiorgan phenotype.43 In carriers of ALG8 or ALG9 pathogenic variants intending to conceive,
the presence of a shared ancestor with their partner should be ascertained. The necessity of

comprehensive ALG8 or ALG9 sequencing in the partner remains subject to debate and exhibits

international variation in clinical practice.
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Kidney cysts are seen as part of the pleotropic phenotypes due to biallelic mutations at
these loci, especially for ALG9, supporting a link between cysts and these genes.zs' 2 A
proposed mechanism of kidney and liver cyst development in monoallelic ALG8 and ALG9 is
inefficient folding and trafficking of polycystin 1, due to defective glycosylation, as proposed for
other ADPKD/autosomal dominant polycystic liver disease genes encoding endoplasmic

reticulum resident proteostasis components.’” %’

However, given the importance of this
process for normal cellular function, the trafficking of other proteins is also likely impacted. We
screened for ADPKD extrarenal phenotypes and ones associated with the biallelic CDG
associated with ALG8 and ALG9 but did not find evidence of recurrent phenotypes. Although at
this stage no clear other phenotypes beyond the kidney and liver have been associated with
these monoallelic disorders, it will be important to collect information as the size of these
recognized populations expands.

A strength of the study is the characterization of both a large clinical PKD/polycystic liver
disease cohort, including’ multiplex families, and general population analyses. Limited
phenotypic data is available for the 100kG and UKBB cohorts, but the MCBB allowed the
phenotype associated with ALG8 and ALG9 P/LP variants to be explored. This MCBB cohort has
an average age of ~61y, often allowing analysis of phenotypic development over the
individual’s lifetime. However, the significant proportion of individuals >70y, when “simple”
kidney (and liver) cyst development becomes more common (and when there is limited data
about normal average cyst number), complicated cyst number analysis in this older group.> *°

However overall, this study shows the value of population data to assess pathogenicity and

penetrance of putative cystic loci.
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Table 1: Details of Families with ALG8 or ALG9 pathogenic variants
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Table 2: Details of the ALG8 or ALG9 pathogenic variants
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c.1501del
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c.131427>G
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c.309_328del
c.327T>G
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c.530T>A
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c.1464del
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c.1695G>A
¢.1019-14_1019-5del
c.860A>G
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p.Leu433Thrfs*9

p.Trp458*
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p.Trp43Gly
p.Thr47Pro

p.Leul49Arg

p.Gly154Arg

p.Gly413Arg

p.Glu40fs
p.Glud4?
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p.Phel76Serfs*19
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Truncating
NTrun
NTrun
NTrun
NTrun
NTrun

Truncating
Truncating
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Truncating
Truncating
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1.86e-6
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B-0829
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UK9
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®¢.1038+1G>T variant is most frequently found in the Finnish population, ACMG: American College of Medical Genetics; FS del: frameshift deletion, IF del: inframe deletion, Spl:
splice, Trun: truncating, NTrun: non-truncating; P: Pathogenic, LP: likely pathogenic, PM: Pathogenic moderate, VUS: Variants of uncertain significance.
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Figure Legends

Figure 1. Details of the study design: The study was divided into screening of ADPKD spectrum
families (A; Part 1), analysis of cystic kidney disease cohorts identified in previously sequenced
populations (B; Part 2), and analysis of all ALG8 and ALG9 individuals in Mayo Clinic Biobank
(MCBB) (C; Part 3). A: Part 1 included subjects from a range of clinical and observational studies
(see Methods and Supplemental Methods for details) and sequenced at the 6 indicated sites
(Total n=3935); the number of ALG8 and ALG9 families identified-at each site and in total are
indicated. ALG8 represented 1.30% and ALG9 0.58% of these PKD/polycystic liver disease
cohorts. B: Part 2 populations consisted of the England 100K Genome Project Cystic Kidney
Disease cohort (100kGP:PKD), UK Biobank individuals with ICD-10 Q61 code, and the MCBB
ADPKD cohort identified with the indicated ICD-9 and ICD-10 codes and confirmed as ADPKD.
The number of analyzed individuals 'and detected ALG8 and ALG9 probands per study site is
indicated with overall 0.36% ALGS and 0.36% ALG9. C: In Part 3, all MCBB families with P/LP
ALG8 and ALG9 variants identified are indicated along with the number of families with imaging

data. In this cohort, 56% and 27% of ALG8 and ALG9 individuals had >10 kidney cysts.
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Figure 2. Pedigree and imaging details of seven multiplex ALG8 families: A-E, Pedigree M1021:

Four individuals in two generations had bilateral kidney cysts, some predominating in the left
kidney, all apart from 1I-2 had liver cysts, and all had the ALG8 nonsense variant, p.Arg364*.
Kidney function was normal except for I-1 with mildly lower eGFR (Table 1). 1l-1 also had the

ALG8 variant, but no clinical information was available. F, Pedigree M1073: 1l-2 and 1I-3 had the

ALGS8 variant p.Arg364*, but very different disease courses (Table 1). G: II-2, presented with
abdominal pain and had multiple kidney cysts, and kidney failure at 73y. H: lI-3 had just a few
kidney and liver cysts, detected during donor evaluated, and normal kidney function. The father
(I-1) had a diagnosis of PKD, and the sister (lI-1) had a single cyst at 69y, but samples were not
available. 11-2 but not II-3 had the PKD1 VUS, p.Asn1867Ser (Supplemental Table 1). I, Pedigree
P907: Described unlinked to PKD1 or PKD2*® and without a pathogenic variant in these genes®,
had the ALG8 deletion, c.705del in the father and three daughters. I-1, 1I-1 and 1I-5 had multiple
cortical cysts, while II-5 also had left kidney atrophy. Reanalysis of 1l-4 by ultrasound at 40y
identified 2 left kidney cysts. Two other LP recessive variants in the ciliopathy genes, NPHP1
and INVS, were detected (Supplemental Table 3). J, Pedigree 1P: Two siblings had an ALG8 exon
4-5 deletion. L: II-2 was diagnosed incidentally with several large exophytic kidney cysts and
numerous small liver cysts. K, 1I-1 had 3 kidney and several large liver cysts, and the family
history was uncertain. M, O, Pedigree 2VR: II-1 presented with abdominal pain at 20y and
bilateral kidney cysts were detected on imaging, and an ALG8 nonsense variant, p.Val501*

identified. N: The mother also had kidney cysts and the ALGS8 variant. P, Pedigree PK200583: I-1

and 1l-1 had the ALG8 nonsense variant, p.Arg364*. Q, R: II-1 presented with abdominal pain

and PKD diagnosed on imaging at 18y, subsequently, I-1 was found to have kidney and liver

Copyright © 2025 by the American Society of Nephrology



cysts. S, T, Pedigree PK200301: II-1 presented with hematuria at 12y, and cysts and the ALG8
variant, p.Argl79*, were identified. The mother had the variant and bilateral kidney and a few
liver cysts. The key indicates the significance of shading. Only affected individuals or others with

genetic and/or clinical information available are shown. The type and age at imaging are shown.
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Figure 3. Pedigree and imaging details of five multiplex ALG9 families: A, Pedigree M157: In a

PKD1 and PKD2 unlinked family, six distantly related members in two generations had the ALG9
nonsense variant p.Argd07*. B-F: The phenotype was consistently a few kidney cysts and no or
limited liver involvement. G, H: Interestingly, 1lI-2 had a few, large kidney cysts but not the ALG9
variant; a genetic cause of the cysts has not been determined despite WGS. IV-7 also has ~20
liver and ~8 kidney cysts but did not have the ALG9 variant. Dilated cardiomyopathy (DCM) was
found in some family members (Table 1) but did not segregate with the ALG9 variant. |,

Pedigree M242: Three family members in two generations had the ALG9 variant c.309_328del.

J: Bilateral cortical kidney cysts were seen in Il-1 and -1, and I-1 had numerous liver cysts.

Clinical information was not available for 11-2. K, Pedigree M1328: The ALG9 nonsense variant,

p.Leul77* was detected in II-1 and her father. L: lI-1 had a few bilateral kidney cysts and no
liver cysts, while I-1 had a few small bilateral kidney cysts and one large liver cyst. M, Pedigree
PK14053: Two affected sisters had the ALG9 deletion, ¢c.119 131+17del, and bilateral kidney
cysts and no liver cysts. N,1l-1 had an enlarged left kidney and an eGFR = 28 ml/min/1.73m? at
66y. 1I-3 had a few cysts but not the ALG9 variant. Family history was uncertain. O, Pedigree
PK14505: The affected mother and son had the ALG9 nonsense variant, p.Tyrl09*. P, Q: The
son had severe kidney enlargement (MIC 1E) at 21y but normal kidney function, while the
mother had normal kidney function and one cyst per kidney. The key indicates the significance
of shading. Only affected individuals or others with genetic and/or clinical information

available are shown. The type and age at imaging are shown.

Copyright © 2025 by the American Society of Nephrology



Figure 3
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Figure 4. Analysis of individuals with ALG8 and ALG9 predicted loss of function variants in
cystic kidney versus control populations. A: Bar plots showing the percentage of predicted
loss-of-function ALGS8 (left) and ALG9 (right) alleles in the genetically unsolved 100kGP:PKD
cohort population (total alleles = 1660) red bars vs a genetically unsolved and non-PKD control
population (total alleles = 49506) shown as green bars. For ALG8: there were 5 and 40 predicted
loss-of-function variants in cases and controls, respectively, and for ALG9: 3 and 14 predicted
loss-of-function variants in cases and controls, respectively. p-values are calculated using x2
tests with Yates' correction. B: Distribution of predicted loss-of-function variants with a
gnomAD MAF <0.1% in Q61 (cystic kidney disease) and N28 (Other disorders of kidney and
ureter) cases and controls without these codes in the UKBB population shows an enrichment in
cystic cases. For ALG8: Q61 cases = 3/825 (0.36%) and controls = 268/333876 (0.08%); N28
cases = 11/7425 (0.15%) and controls = 237/322208 (0.07%). For ALG9: Q61 cases = 6/825
(0.73%) and controls = 111/333876 (0,3%); N28 cases = 6/7425 (0.08%) and controls =

110/322208 (0.03%).
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Figure 4
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Figure 5. Analysis of kidney and liver cyst number in individuals with ALG8 or ALG9 P/LP
variants in MCBB. A: Plot of cysts in the kidney (green) and the liver (blue) of ALG8 individuals
relative to age. B: Plot of number of kidney and (C) liver cysts found in ALG8 cases compared to
an age and sex matched control population from MCBB. B: Kidney cyst number was significantly
higher in the ALG8 group than controls (median cyst count of 14.5 in cases compared to 0.5 in
controls, p=0.002). C: The median number of liver cysts was also significantly greater in ALG8
cases compared to controls (median cyst count of 2 in cases compared to 0 in controls, p=0.01).
D: Plot of cysts in the kidney (green) and the liver (blue) of ALG9 individuals relative to age. E:
Plot of number of kidney and (F) liver cysts found in ALG9 cases compared to a 1:2 age and sex
matched control population. E: The median kidney cyst number were not statistically greater in
the ALG9 cases compared to controls (4.5 compared to 1.5 in controls, p=0.058). F: The median
hepatic cyst count was also not significantly greater in ALG9 cases (1.5 compared to O in

controls, p=0.065).

Copyright © 2025 by the American Society of Nephrology



Figure 5
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Figure 6. Analysis of eGFR and TKV in ALG8 and ALG9 affected individuals. A: Plot of eGFR of
ALGS individuals in the clinical (Part 1; red) and MCBB (Part 3; blue) cohorts, and a Mayo Clinic
PKD2 population (black), relative to age. The estimated slopes were -0.8061 (95% Cl: -1.193 to -
0.4192) for ALG8 Part 1, -0.9211 (95% Cl: -1.221 to -0.6213) for ALG8 MCBB, and -1.457 (95% Cl:
-1.710 to -1.205) for PKD2. Using an unpaired t-test for two-group comparisons, the slopes of
PKD2 and ALGS Part 1 differed significantly (p <0.001), as did ALG8 Part 1 and ALG8 MCBB (p =
<0.001). B: Plot of TKV on a log2 scale of ALGS individuals in the clinical (Part 1) and MCBB (Part
3) cohorts, and the PKD2 control population, relative to age. The estimated slopes were 0.7218
(95% Cl: -4.200 to 5.644) for ALG8 Part 1, -0.6421 (95% Cl: -3.457 to 2.173) for ALG8 MCBB, and
26.49 (95% CI: 2.824 to 50.15) for PKD2. The slopes of PKD2 and ALG8 Part 1 differed
significantly (p <0.001), as did ALG8 Part 1 and ALG8 MCBB (p = 0.019). C: Plot of eGFR of ALG9
individuals in the clinical (Part 1) and MCBB (Part 3) cohorts, and the PKD2 control population,
relative to age. The estimated slopes were -0.9213 (95% Cl: -1.616 to -0.2272) for ALG9 Part 1, -
0.3400 (95% ClI: -1.201 to 0.5206) for ALG9 MCBB, and -1.457 (95% Cl: -1.710 to -1.205) for
PKD2. The slopes of PKD2 and ALG9 Part 1 differed significantly (p <0.001), as did ALG9Y Part 1
vs. ALG9 MCBB (p <0.001). D: Plot of TKV on a log2 scale of ALG8 individuals in the clinical (Part
1) and MCBB (Part 3) cohorts, and the PKD2 control population, relative to age. The estimated
slopes were 1.578 (95% Cl: -28.24 to 31.39) for ALG9 Part 1, -4.754 (95% Cl: -13.61 to 4.104) for
ALGY9 MCBB, and 26.49 (95% Cl: 2.824 to 50.15) for PKD2. The slopes of PKD2 and ALG9 Part 1
differed significantly (p <0.001), however, the comparison between ALGY9 Part 1 and ALG9

MCBB did not show a significant difference (p =0.181).
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