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SUMMARY
Radial glial progenitors (RGPs) are highly elongated epithelial cells that give rise to most stem cells, neurons,
and glia in the vertebrate cerebral cortex. During development, the RGP nuclei exhibit a striking pattern of
cell-cycle-dependent oscillatory movements known as interkinetic nuclear migration (INM), which we previ-
ously found to be mediated during G1 by the kinesin Kif1a and during G2 by cytoplasmic dynein, recruited to
the nuclear envelope by the nucleoporins RanBP2 and Nup133. We now identify Nup153 as a nucleoporin
anchor for Kif1a, responsible for G1-specific basal nuclear migration, providing a complete model for the
mechanisms underlying this basic but mysterious behavior, with broad implications for understanding brain
development.
INTRODUCTION

Radial glial progenitor (RGP) cells give rise to themajority of stem

cells, neurons, and glia during development of the vertebrate

neocortex.1,2 RGPs are highly elongated epithelial cells with pro-

cesses that span the wall of the neural tube and the developing

cortex from its ventricular to pial surface. RGPs are highly prolif-

erative3 and also serve as scaffolds for the migration of postmi-

totic neurons,4 thereby playing uniquely important roles in brain

development.

RGP nuclei undergo a series of cell-cycle-dependent oscilla-

tory movements known as interkinetic nuclear migration

(INM).5–10 Mitosis begins when the G2 nucleus reaches the api-

cal end of the cell at the ventricular surface (VS) of the brain. The

nucleus then migrates basally during G1, completes S phase

away from the ventricle,11 and returns to the VS during G2 for

the next mitotic division. INMmay be involved in cell fate deter-

mination12 or maximizing the number of dividing cell bodies

accommodated at the VS.8

We have reported roles for cytoplasmic dynein and Kif1a in

INM and postmitotic neuronal migration using fixed and live im-

aging of embryonic rat brain.6,7,9,11 The centrosomes remained

at the VS during INM, with microtubules (MTs) within the apical

processes, oriented uniformly with their minus ends toward the

pial brain surface. Consistent with this arrangement, RNAi for

the MT plus-end-directed kinesin, Kif1a, inhibited basal nuclear

migration, whereas RNAi for cytoplasmic dynein or its regulator

LIS1 inhibited apical migration.

Although centrosomes associate with nuclei duringmigration

in many cell types, the centrosome-independent nuclear migra-
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tion we observed in RGPs7,13 suggested that themotor proteins

in this case might act locally at the nuclear surface. In the case

of rat RGPs, we found sequential G2-specific mechanisms

responsible for dynein nuclear pore recruitment, involving,

respectively, RanBP2-BicD2-dynein and Nup133-CENP-F-

dynein interactions.6,14–16

In contrast to dynein recruitment to the RGP nuclear envelope

(NE), nothing is known about an equivalent mechanism for Kif1a.

Kif1a has well-established roles in higher eukaryotic transport of

synaptic vesicle precursors17–19 and other vesicular cargo.20–24

Human KIF1A mutations have also been implicated in severe,

progressive neurological disease.25,26

The current study was undertaken to define the mechanisms

responsible for Kif1a-mediated basal nuclear migration and

determine the region within Kif1a that binds the nucleus. To

this end, we took advantage of a recently published Kif1a inter-

actome.27 Among the hits is a nucleoporin—Nup153.

We report here that Nup153 RNAi inhibits basal INM in RGP

cells. Endogenous Kif1a colocalizes with the C-terminal region

of Nup153 in HeLa cells. Expression of a Kif1a fragment that

binds to Nup153 exhibits clear NE decoration in HeLa cells, as

well as RGP cells and postmitotic neurons, and is lost upon

Nupe153 RNAi, suggesting a general mechanism for nuclear

transport.

RESULTS

Identification of NE-associated Kif1a interactors
To identify potential NE-associated Kif1a interactors, we took

advantage of data obtained in a recent Kif1a interactome
ber 24, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
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Figure 1. Nup153 is required for basally directed nuclear movement in RGPs

E16 embryonic brainswere in utero electroporatedwith scrambled shRNA, Nup153 shRNAs, or Nup153 shRNA andRNAi-resistant human full-length HA-Nup153

constructs and subsequently imaged live or fixed 3 days post-injection at E19.

(A) Fixed images of the VZ from electroporated brains stained for EGFP and Tbr2. Dashed line represents the VS. KIF1A RNAi caused clear accumulation of RGP

somata near the VS. The presence of the radial glial basal process indicates retention of overall cell morphology. Tbr2 staining was used to exclude intermediate

precursors.

(B and C) Quantification of distance between the RGP nuclei and the VS across conditions. Control nuclei were distributed at a range of distances from the

ventricular surface. Nuclei of Nup153 shRNA-expressing cells accumulated relatively closer to the VS. Clear rescue of this phenotype was observed with co-

expression of human full-length HA-Nup153. (scramble shRNA, n = 4; Nup153 shRNA, n = 4; Nup153 shRNA + human full-length-Nup153, n = 5; **p < 0.01,

***p < 0.001, and ****p < 0.0001; error bars = SEM).

(D) Time-lapse images for scrambled shRNA or Nup153 shRNA in RGPs (Videos S1 and S2). Images are shown at 30-min intervals. Scale bar: 10 mm.

(E) Quantification of movement of RGP nuclei. Tracings of movements of individual nuclei in scrambled shRNA- or Nup153 shRNA-expressing RGP cells show

that there was no apparent effect of Nup153 RNAi in the apical direction. In contrast, marked effects are observed in the basal direction for all RGP nuclei. The

speed of apical INM was higher than that of basal INM in each condition.
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study.27 We found five candidate proteins for NE binding. Four

are nucleoporins, whereas the remaining one was an mRNA

export factor, Rae1, which we did not consider for further anal-

ysis. Of the four nucleoporins, we focused on the only one with

a high SAINT score (0.98), Nup153. Of the remaining three nucle-

oporins (Nup88, Nup160, Nup214) with low SAINT scores,

Nup160 was randomly chosen as a negative control.
2 Cell Reports 43, 115008, December 24, 2024
Role of Nup153 in INM in RGP cells
To test the role of a potential Kif1a recruitment factor specifically

during INM, we expressed short hairpin RNAs (shRNAs) for

Nup153 (Figure S1) and Nup160, as well as a Nup153 scrambled

shRNA, using in utero electroporation in embryonic day (E)16

rat brain. We imaged RGP cells in fixed brain slices 3 days

after in utero electroporation. Nup153 knockdown (KD) caused



Figure 2. Nup153 RNAi in RGP cells leads to an increase in G1-phase cells

(A–D) E16 embryonic brains were in utero electroporated with either scrambled shRNA or shRNA for Nup153. Brains were then fixed at E19 and stained with cell

cycle markers as follows: Ki67 (cycling cells), cyclin D1 (G1 phase), and phospho-histone H3 (PH3) (late G2/M phases). We also investigated the effect of Nup153

RNAi on S phase by BrdU pulse labeling. Comparable percentages of control and Nup153 knockdownRGP cells expressed Ki67, suggesting that Nup153 has no

gross effect on the fraction of cycling cells, although a subpopulation in each case escaped the cell cycle. There was a significant increase in the percentage of

RGP cells positive for cyclin D1 and a corresponding decrease in the percentage of RGP cells positive for PH3 as well as BrdU (scramble shRNA, n = 3; Nup153

shRNA, n = 3; **p < 0.01 and ***p < 0.001; error bars = SEM). Scale bar: 15 mm.
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significant accumulation of RGP somata within 10 mm of the VS,

though cell morphology was unaffected, and basal processes

still extended to the pial surface of the brain. Neither Nup160

nor scrambled Nup153 shRNAs affected the distribution of

RGPs somata (Figures 1A–1C, S2, and S3).

As a further test for a role for Nup153 in nuclear migration, we

co-expressed RNAi-insensitive human hemagglutinin (HA)-

tagged Nup153 with a Nup153 shRNA. Nup153 expression

alone produced no detectable phenotype. However, clear

rescue of nuclear distribution by HA-HuNup153 was observed

(Figures 1A–1C).

To test the role of Nup153more directly, we performed live im-

aging of RGPs. Consistent with fixed tissue analysis, live-cell im-

aging revealed specific inhibition of basal INM in RGPs upon

Nup153 RNAi, with nuclei remaining within �15 mm of the VS

throughout the recording period (Figures 1D and 1E; Videos
S1, S2, S3, and S4). Some short departures from the VS could

be seen, possibly due to residual Nup153 expression or passive

nuclear displacement.

Our results, together, indicate that KD of Nup153 blocks the

basal INM, thus phenocopying Kif1a RNAi.

Role of Nup153 in RGP cell cycle progression
Wepreviously found thatKif1aRNAi doesnotaffect cell cyclepro-

gression,11 suggesting that cell cycle progresses normally

despite inhibition of basal INM. To test for the effect of Nup153

RNAi, we stained Nup153 shRNA-expressing brain sections

with cell cycle markers. While Nup153 RNAi had no gross effect

on the fractionofKi67-positivecyclingcells, it causedasignificant

increase in cyclin D1-positive G1-phase cells with a concomitant

decrease in cells in Sphase aswell as those expressingphospho-

histone H3, a marker for G2/M phase (Figures 2A–2D and S4). In
Cell Reports 43, 115008, December 24, 2024 3



Figure 3. The C-terminal domain of Nup153 colocalizes with the endogenous Kif1a

(A) HeLa cells expressing the full-length N-terminal, or C-terminal domain of Nup153 with mCherry tag that is fused at its N terminus are stained for endogenous

Kif1a. Areas in the white dotted boxes are enlarged on the bottom. Endogenous KIF1 shows clear colocalization with the Nup153-C fragment. Scale bars: 5 mm.

(B) Schematic representation of Nup153 molecule.

(C) Quantification of colocalization between Kif1a tail fragment and Nup153 fragments (**p < 0.01 and ***p < 0.001; error bars = SEM).
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these experiments, the effect of Nup153 RNAi on S phase was

analyzed by either bromodeoxyuridine (BrdU) or 5-ethyl-20-deox-
yuridine (EdU) pulse labeling.11

These results, together, indicate that Nup153 regulates cell

cycle progression in RGP cells. This is consistent with previous

reports indicating a role for Nup153 in cell cycle regulation.28–30

In particular, Nup153 RNAi significantly increased the percent-

age of G1-phase RGP cells. This phenotype has been previously

reported in HeLa cells.31
Mechanistic insight from the Nup153 functional
domains
To understand the relative role of Nup153’s functional do-

mains in anchoring Kif1a to the RGP nucleus, we next ex-

pressed previously characterized cDNA’s encoding individual

Nup153 domains32 in E16 brains. The N-terminal portion of

Nup153 (Nup153-N) contains the NE- and nuclear pore com-

plex (NPC)-targeting sequences33,34 and localizes to the NE in

HeLa cells. The Nup153 C-terminal domain (Nup153-C) is flex-

ible and extends to the cytoplasmic surface of the NPC.35–37

Expression of Nup153-C or Nup153-full-length constructs in

E16 brains had no detectable effect on RGP nuclear distribu-

tion. Interestingly, expression of Nup153-N resulted in a pro-

nounced impairment of basal INM, similar to Nup153 KD (Fig-

ure S5). Together, these results suggest that the Nup153-N

competes with endogenous Nup153 for NPC incorporation

but is, by itself, insufficient to anchor Kif1a to the nucleus, pre-
4 Cell Reports 43, 115008, December 24, 2024
sumably because the Kif1a-binding site lies elsewhere within

the Nup153 molecule. These results confirm the role of

Nup153 in anchoring Kif1a to the nucleus for basal nuclear

migration.

Colocalization of Nup153 with Kif1a in nonneural cells
To further understand the role of Nup153 in NE Kif1a recruitment,

we tested for co-distribution of Nup153 with endogenous as well

as recombinant Kif1a in nonneuronal cells. Interestingly, the

Nup153-C showed a striking pattern of colocalization with the

endogenous Kif1a puncta (Figure 3).

To test whether Nup153 also associates with the tail region of

Kif1a (amino acids 657–1105) that was originally used to pull

downNup153 fromadult rat brain lysate,wemonitored thepoten-

tial colocalization of EGFP-tagged Nup153 and the mCherry-

tagged Kif1a tail domain. When expressed by itself, the Kif1a tail

domain showed a clear NE decoration in a majority of HeLa cells,

consistent with its interaction with Nup153 (Figure 4). When ex-

pressed with Nup153, we again observed extensive diffuse as

well as punctate colocalization of the Nup153-C with the Kif1a

tail region (Figure 5).

Behavior of Kif1a tail region in RGP cells
Multiple proteins, including Nup153, were found to be associ-

ated with the KIF1A tail region in an earlier study.27 The effect

of Nup153 KD on basal INM supports our original proposal for

Kif1a-mediated forces generated at the NE. To test whether



Figure 4. KIF1A tail fragment decorates NE in HeLa cells

(A) HeLa cells expressing KIF1A tail fragment with EGFP tag that is fused at its N terminus, fixed, and stained for EGFP. EGFP staining shows clear nuclear

envelope (NE) decoration in a subset of cells, whereas NE decoration was not observed in HeLa cells expressing either full-length KIF1A or the ones stained with

the anti-KIF1A antibody to detect endogenous KIF1A. Scale bar: 20 mm.

(B) Quantification of the fixed images of the HeLa cells expressing either KIF1A tail fragment or full length KIF1A and stained for EGFP to detect expression at the

NE. Also included is the third condition, where HeLa cells were stained with anti-KIF1A antibody to detect the endogenous Kif1a expression at the NE. Only the

HeLa cells expressing the KIF1A tail fragment showed NE localization. Each experiment was reproduced three independent times (over 50 cells per condition and

per experiment were counted; **p < 0.01 and ***p < 0.001; error bars = SEM).
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the Kif1a tail region affects basal INM, we electroporated a

cDNA encoding EGFP- as well as HA-tagged Kif1a tail region

into E16 rat brain. As in HeLa cells, we observed clear NE

decoration in most of the transfected RGP cells as well as in

postmitotic neurons (Figures 6A and 6C). Expression of this

domain also inhibited basal INM (Figures 6D and 6E), suggest-

ing that the free Kif1a tail domain might compete with endog-

enous Kif1a for a common binding site at the NE. Our results,

together, are consistent with the role of Nup153 in anchoring

Kif1a, via its C-terminal domain, to the NE to drive basal nu-

clear migration.

Role of Nup153 in postmitotic neuronal migration
Previous work from our lab and others suggested that Kif1a par-

ticipates in postmitotic neuronal migration as well.11,38 Little is

known about the mechanisms responsible for this behavior. To

test whether this behavior shares mechanistic features with

INM, we performed Nup153 RNAi and looked at the behavior

of postmitotic neurons in fixed tissue. We found that brains sub-

jected to Nup153 RNAi exhibited an almost complete absence of

transfected cells within the IZ and cortical plate (CP) regions, un-

like the control brains, consistent with a role for Nup153 in the

recruitment of Kif1a to the NE to regulate neuronal migration

(Figures S6 and S7). Most of the Nup153 shRNA-expressing

cells were located in the sub-ventricular zone (SVZ) and ex-

hibited amultipolar morphology, suggesting a defect in themulti-

polar-to-bipolar neuronal transition. This effect was similar to

that observed for Kif1a KD. However, in Kif1a KD brains, neigh-

boring non-transfected cells were also arrested in the SVZ in a

multipolar state. Transfected cells and the neighboring cells

also expressed Tbr1—a marker normally expressed only by
the postmitotic projection neurons.39,40 This non-cell-autono-

mous effect of Kif1a KD was not phenocopied by Nup153 KD,

evidenced by the unaltered Tbr1 band in the Nup153 shRNA-ex-

pressing brains (Figure S6A).

Role of Nup153 in Kif1a NE recruitment
The Kif1a tail region was originally used to pull down Nup153

from adult rat brain lysate. This region localizes to the NE in non-

neuronal cells, RGP cells, and postmitotic neurons, suggesting

an important role for Nup153 in anchoring Kif1a to the NE. To

test this directly, we used a commercially available Nup153 small

interfering RNA (siRNA). Transfection of HeLa cells with this re-

agent reduced Nup153 expression as judged by immunostain-

ing. Kif1a tail region expression in Nup153-depleted cells re-

sulted in a dramatic loss of Kif1a NE localization (Figure 7).

Additionally, Nup153 RNAi or Nup153-N expression resulted in

loss of Kif1a NE localization in RGP cells as well (Figure S8).

Together, these results indicate that Nup153 is necessary for

Kif1a NE localization.

DISCUSSION

We previously found that INM is driven by kinesin- and dynein-

mediated nuclear transport along uniformly oriented MTs.7 Dur-

ing INM, the centrosome remains at the VS as the nucleus oscil-

lates basally and apically. This centrosome-independent nuclear

migration suggested that motor proteins may act from the nu-

clear surface, a relatively unusual mechanism in vertebrates.

We now provide evidence that the kinesin Kif1a is present at

the nuclear surface, and RNAi for a gene responsible for Kif1a

nuclear recruitment inhibits INM.
Cell Reports 43, 115008, December 24, 2024 5



Figure 5. The C-terminal domain of Nup153 colocalizes with the recombinant Kif1a

(A) HeLa cells co-expressing KIF1A tail fragment with EGFP tag that is fused at its N terminus and full-length or N-terminal or C-terminal domains of Nup153 with

mCherry tag that is fused at their N termini. Areas in the white dotted boxes are enlarged on the bottom. Endogenous KIF1a shows clear colocalization with the

Nup153-C fragment. Scale bars: 5 mm.

(B) Schematic representation of Nup153 molecule.

(C) Quantification of colocalization between Kif1a tail fragment and Nup153 fragments (**p < 0.01 and ***p < 0.001; error bars = SEM).
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Functional analysis in brain
We employed RNAi to investigate Nup153’s role in INM,

revealing strong inhibition of basal, but not apical, INM in RGP

cells in embryonic rat brain, as judged by live imaging and fixed

tissue analysis. A previous study demonstrated that Nup153

depletion does not impair general nucleocytoplasmic transport

in HeLa cells,29 suggesting an alternative mechanism for INM in-

hibition in RGPs. Our data confirm Kif1a0s role in basal INM, sup-

porting a role for the specific Kif1a sub-fraction associated with

the NE.

Unlike Kif1a RNAi, Nup153 RNAi induced cell cycle progres-

sion defects in RGP cells, arresting them in the G1 phase. This

aligns with findings in hepatocellular carcinoma (HCC) cells,30

where NUP153 negatively regulates P15INK4b (cyclin-dependent

kinase inhibitor 2B) expression,30 thereby triggering G1/S-phase

arrest.41,42 Our results indicate that Nup153’s regulation of basal

INM, occurring during G1, ensures a proper sequence between

basal nuclear migration and the G1/S transition.

Importantly, Nup153 RNAi also caused an accumulation of

postmitotic neurons in the SVZ of developing rat brains. We

observed Kif1a localization at the NE in both RGP cells and post-

mitotic neurons, suggesting Nup153’s involvement in postmi-

totic neuronal migration as well. While Kif1a RNAi exerts both

cell-autonomous and non-cell-autonomous effects on postmi-

totic neuronal migration,11,43 Nup153 RNAi only phenocopies

the cell-autonomous aspect.

To further confirm Nup153’s role in RGP cell behavior, we ex-

pressed constructs of the Nup153-N, Nup153-C, and full-length
6 Cell Reports 43, 115008, December 24, 2024
Nup153 in RGP cells using in utero electroporation. Consistent

with Nup153 RNAi results, Nup153-N expression inhibited basal

INM and decorated RGP nuclei, suggesting competition with

endogenous Nup153 for NPC incorporation. These results indi-

cate that the Nup153-N localizes to the NE but cannot bind

Kif1a, thereby failing to support nuclear migration.

Role of Nup153 as an NE anchor for Kif1a
We showed that the Kif1a tail domain localizes to the NE in both

neuronal and nonneuronal cells. Our findings demonstrate that

the nucleoporin Nup153 is necessary for Kif1a NE localization

in nonneuronal cells, suggesting that the NPC serves as Kif1a

cargo. Nup153, located in the nuclear basket structure on the

nucleoplasmic side of the NPC, uses its C-terminal domain,

which is characterized by high flexibility and mobility, to asso-

ciate with Kif1a.

Nup153 domain organization

Nup153 (UniProt: P49790) is a 1,475-residue protein (�154 kDa)

comprising three domains: an N-terminal pore targeting region, a

central domain with zinc-finger motifs, and a C-terminal phenyl-

alanine-glycine (FG)-repeat domain. The C terminus of Nup153,

rich in degenerate pentapeptide repeats,44 is natively unfolded.

Nup153 localization

Early studies using immuno-gold electron microscopy posi-

tioned Nup153 primarily on the nuclear basket of the NPC.45

Subsequent studies revealedmore complicated localization pat-

terns, showing different Nup153 epitopes exposed at various re-

gions of the nuclear pore basket.35,46–49 The zinc-finger region is



Figure 6. KIF1A tail fragment decorates NE

in RGP cells and migrating neurons, and its

expression in RGP cells inhibits basal INM

(A, C, and D) E16 embryonic brains were in utero

electroporated with the KIF1A tail fragment with

HA tag that is fused at its N terminus and EGFP tag

that is cytoplasmic and subsequently imaged

following fixation 3 days post-injection at E19.

(A) Fixed images of the ventricular zone (VZ) from

the electroporated brains stained for EGFP and

HA. Dashed lines represent the VS. HA staining

showed cleared NE decoration in a subset of RGP

cells. Scale bar: 10 mm.

(B) Schematic representation of the KIF1A mole-

cule and its tail fragment that was used in this

study.

(C) Fixed images of the cortical plate region from

the electroporated brains stained for EGFP and

HA. HA staining showed cleared NE decoration in a

subset of migrating neurons. Scale bar: 10 mm.

(D) Fixed images of the VZ from the electroporated

brains stained for EGFP to enhance the signal and

for Tbr2 to exclude intermediate precursors from

the analysis. Scale bar: 10 mm.

(E) Quantification of the fixed images of the VZ from

electroporated brains expressing either KIF1A tail

fragment or control empty vector, representing the

distance between the RGP nuclei and the VS be-

tween the two conditions. Control nuclei were

distributed at a range of distances from the ven-

tricular surface. Nuclei of KIF1A tail fragment-ex-

pressing cells accumulated relatively closer to the

VS (n = 4 per condition; p = 0.01, **p < 0.01, and

***p < 0.001; error bars = SEM).
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most exposed at the distal ring, whereas the N-terminal region is

closer to the membrane, presumably on the proximal ring.

Nup153 may adopt an extended structure or exist in two popu-

lations with distinct regions exposed.35,50

Immuno-gold-labeled antibodies recognizing the C-terminal,

FG-rich region of Nup153 decorate both proximal and distal re-
Cell Re
gions of the nuclear pore basket and

extend to cytoplasmic features of the

pore.35Epitope-taggedNup153confirmed

the C-terminal region’s flexibility, showing

it in a spread distribution within the basket

and, again, on the cytoplasmic side.35

These results suggest that the C-terminal

region is flexible and is not folded into a

structure that isconstrained toafixedpoint

within the pore. Consistent with this, bio-

physical measurements of several FG-

rich domains have led to the proposal

that these regions are natively unfolded

and exist in equilibrium between many

conformations.44 These lines of investiga-

tion suggest that the C-terminal region

can extend to the cytoplasmic face of the

NPC, allowing interactionwith cytoplasmic

proteins such as Kif1a.
There is precedence for other cytoplasmic proteins, such as

DICER1, interacting with Nup153,51 detected predominantly in

the cytoplasm and at the nuclear periphery via proximity liga-

tion assay (PLA). Similarly, Nup358 interacts with BicD2

through its disordered region, recruiting dynein machinery to

position the nucleus. Our data suggest that the disordered
ports 43, 115008, December 24, 2024 7



Figure 7. Nup153 is required for HeLa cell NE

Kif1a recruitment

(A) HeLa cells were transfected with either Nup153

siRNA or scrambled siRNA and fixed after 48 h.

20 h prior to fixation, the cells in both the groups

were also transfected with the EGFP-tagged KIF1A

tail fragment. Following fixation, the cells were

stained with anti-Nup153 antibody as well as anti-

EGFP antibody. Nup153 siRNA-mediated loss of

endogenous Nup153 (as determined by antibody

staining) also led to the loss of NE decoration by

KIF1A tail fragment. Scale bar: 10 mm.

(B) Quantification of NE decoration by KIF1A tail

fragment in the scrambled siRNA and Nup153

siRNA groups. The experiment was reproduced

three independent times (over 50 cells per condi-

tion and per experiment were counted; **p < 0.01

and ***p < 0.001; error bars = SEM).
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C-terminal region of Nup153 can stably interact with Kif1a to

position the nucleus, akin to how Nup358 recruits dynein ma-

chinery through BicD2.15 Recent studies show that a minimal

domain of Nup35852,53 activates dynein/dynactin/BicD2 for

processive motility54 on MTs, with core residues comprising

disordered regions.55

NE decoration by Kif1a

Full-length Kif1a is autoinhibited,56,57 which may explain the

diffuse cytoplasmic distribution when overexpressed, whereas

the shorter Kif1a tail domain yields NE localization. This nu-

clear-pore-mediated Kif1a recruitment pathway is supported

by its localization at the NE in RGP cells, postmitotic neurons,

and HeLa cells, which is lost upon Nup153 depletion. The

high levels of soluble and vesicular Kif1a in the cytoplasm

complicate its localization analysis, especially in brain tissue

lacking useful G1 markers. However, Kif1a localization at the

RGP NE provides the in situ evidence for Kif1a localization at

this site.

Limitations of the study
This study provides insight into how Kif1a is anchored to the NE

of RGP cells to drive INM, based on its interaction with Nup153.

However, corroborating biochemical evidence was not ob-

tained due to technical limitations. Additionally, while our data

indicate that both basal INM occurring during G1 phase and

G1/S transition in RGP cells are regulated by Nup153, the pre-

cise mechanism of cell cycle control of basal INM remains to be

elucidated. We also acknowledge that we did not conduct any

genetic studies to more cleanly assess the role of Nup153 in
8 Cell Reports 43, 115008, December 24, 2024
embryonic brain development due to

the lack of easily available Nup153

knockout mouse models,58 although

rats have been the leading model organ-

isms used in neuroscience research for

years and offer practical advantages,

especially when it comes to surgical pro-

cedures, owing to their large size.59

Finally, we used only one shRNA for our

Nup153 KD experiments, although it is
ideal to use two different constructs to provide more robust

validation.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal Tbr2 Millipore Cat# AB2283, RRID:AB_10806889

Rabbit polyclonal Ki67 Millipore Cat# AB9260, RRID:AB_2142366

Rabbit monoclonal CyclinD1 Thermo Scientific Cat# RM-9104-S0, RRID:AB_149914

Mouse monoclonal phosphor-histone H3 Abcam Cat# ab14955, RRID:AB_443110

Rat monoclonal BrDU Abcam Cat# ab6326, RRID:AB_2313786

Rabbit monoclonal Kif1a Abcam Cat.# Ab240222

Rabbit polyclonal HA Sigma-Aldrich Cat# H6908, RRID:AB_260070

Mouse monoclonal mCherry Abcam Cat# ab167453, RRID:AB_2571870

Mouse monoclonal EGFP Abcam Cat# ab1218, RRID:AB_298911

Rabbit polyclonal EGFP Invitrogen Cat# 11122, RRID: AB_3668879

Rabbit polyclonal NeuN Sigma-Aldrich Cat# SAB4300883, RRID: AB_3668883

Rabbit polyclonal Tbr1 Abcam Cat# ab31940, RRID:AB_2200219

Chemicals, peptides, and recombinant proteins

Aqua-Poly mounting media Polysciences Cat#18606

Low melting agarose IBI Scientific Cat#70057

Penicillin/streptomycin/glutamine Life Technologies Cat#10378-016

Agarose Sigma Cat#9539

Normal Donkey Serum Sigma Cat#9663

Hanks balanced salt solution Life Technologies Cat#24020-117

Basal MEM Life Technologies Cat#21010-046

Horse serum Life Technologies Cat#26050-088

Glucose Sigma Cat#5767

Dye Sigma Cat#7252

Experimental models: Cell lines

HeLa Gift of Dr. Allan, Univ of Manchester HELAM

C6 Rat Glioma cells ATCC CCL-107

Experimental models: Organisms/strains

Sprague Dawley Pregnant Rats Taconic NA

Recombinant DNA

pCAGIG vector Addgene Cat#11159

pCAGIG-HA-Nup153-IRES-EGFP This paper NA

pCAGIG-HA-Nup153-N-IRES-EGFP This paper NA

pCAGIG-HA-Nup153-C-IRES-EGFP This paper NA

pCAGIG-HA-Kif1a (657–1105)-IRES-EGFP This paper NA

pRNAT-U6.1/Neo Nup153 shRNA This paper NA

pRNAT-U6.1/Neo Nup153 scrambled shRNA This paper NA

pRNAT-U6.1/Neo Nup160 shRNA This paper NA

pCAGiG-HA-Nup153 This paper NA

pCAGiG-Nup153-IRES-GFP This paper NA

pCMV- EGFP-Nup153-C This paper NA

pCMV-EGFP-Nup153-N This paper NA

pCMV-EGFP-Nup153 This paper NA

pCMV-mCherry- Kif1a (657–1105) This paper NA

Software and algorithms

Fiji ImageJ https://fiji.sc
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethics statement
All the experiments were done in accordance with the animal welfare guidelines and the guidance of the Institutional Animal Care and

Use Committee at Columbia University (New York, NY).

Animals
Timed Sprague Dawley pregnant rats used for in utero electroporation were obtained from Taconic, and were housed in Columbia

University animal facilities. All the experiments conducted were done in accordance with the animal welfare guidelines and the guid-

ance of the Institutional Animal Care and Use Committee (IACUC) at Columbia University.

Cell culture
C6 rat glioma cells (ATCC # CCL-107) and HeLa cells (a gift from Dr. Viki Allan, University of Manchester) were cultured in DMEM

supplementedwith 10%FBS, 1%penicillin/streptomycin andmaintained at 37�Cwith 5%CO2. Transfection of C6 cells or HeLa cells

was performed using a nucleofector kit V (Lonza) with an Amaxa Nucleofector II set, according to the manufacturer’s instructions.

Cells for immunoblotting analysis were collected 72 h following transfection. Transfection of HeLa cells was performed using Effec-

tene transfection reagent (Qiagen), according to the manufacturer’s instructions. Cells were fixed 20 h following transfection, and

further processed for immunostaining analysis and imaging.

METHOD DETAILS

In utero electroporation
Plasmids encoding for shRNAs or cDNA were injected into the lateral ventricles of embryonic rat brain at E16 and electroporated as

described.60 Specifically, timed pregnant Sprague Dawley E16 rats were anesthetized with a mixture of ketamine/xylazine (respec-

tively at 90 and 5 mg/kg), administered intraperitoneally. To avoid excessive heat-loss during the surgical procedure, an external

heating source was provided. For pain management, bupivacaine (2 mg/kg) was administered via a subcutaneous injection at the

site of the future incision, and buprenorphine (0.05mg/kg) was administered by a subcutaneous injection. This dose of buprenorphine

was re-administered to the animal every 8–12 h, for up to 48 h following the surgery. Abdominal cavity was opened, and uterine horns

were exposed and trans-illuminated for clear identification of the brain ventricles. For easy visualization of the DNA in the brain ven-

tricular space, a nontoxic dye (Sigma, F7252) was added to the DNA before surgery and injected with a sharpened glass needle. After

injection, plasmids were further electroporated by discharging a 4000 mF capacitor charged to 50V with a BTX ECM 830 electropo-

rator (BTX Harvard Apparatus, Holliston, MA, USA). The voltage was discharged in five electrical pulses at 950ms intervals via 7mm

electrodes placed on the head of the embryo across the uterine wall. The embryos were returned to the abdominal cavity, and the

wound was closed. Rats were monitored every day after surgery.

Immunohistochemistry and live imaging
For live imaging, brains were harvested 3 days after the electroporation. The dissected rat brains were embedded in 4% low-melting

agarose (IBI Scientific, IB70057) prepared in artificial cerebrospinal fluid60 and sliced coronally (300-mm) on a vibratome (Leicamicro-

systems). The slices were placed on 0.4mm, 30mmdiameter Millicell-CM inserts (Millipore) in cortical culture medium containing 25%

HBSS (Life Technologies, 24020-117), 47%basal MEM (Life Technologies, 21010-046), 25%normal horse serum (Life Technologies,

26050-088), 1% penicillin/streptomycin/glutamine (Life Technologies, 10378-016), and 2% of 30% glucose (Sigma, G5767) in a

50-mmglass-bottom dish (MatTek Corporation, P50G-0-14-F) and imaged on an IX80 laser scanning confocal microscope (Olympus

FV1000 Spectral Confocal System) at intervals of 10 min for up to 24 h.

For fixed imaging, embryonic (E19 or E20) rat brains were harvested and fixed with chilled saline and 4% paraformaldehyde (PFA;

EMS, w/v) and then incubated in 4% PFA overnight. Brains were then embedded in 4% of agarose (Sigma, A9539) and sliced

sectioned coronally (100mm) on a vibratome (Leica microsystems). After blocking in 5% normal donkey serum (Sigma, D9663) in

PBS-Triton 0.5% for 1 h, slices were incubated with primary antibodies diluted in the blocking solution, overnight on a shaker, at

4�C. Secondary antibodies (1:500) and DAPI (Thermo Scientific, 62248; 1:10,000 dilution) were diluted in PBS and incubated for

2 h at room temperature. For BrDU labeling experiments, BrDU (Sigma-Aldrich, B5002) was injected at 50 mg/kg body weight

intra-peritoneally 20min prior to embryo harvest, then, brain sliceswere first incubated in 2NHCl for 25min at 37�C, and thenwashed

in PBS prior to antibody incubation. For EdU labeling experiments, EdU (Fisher Scientific Cat# A10044) was injected at 10 mg/kg

body weight intra-peritoneally 20 min prior to embryo harvest. Slices were mounted with Aqua-Poly mounting media (Polysciences,

18606).

Antibodies used in this study were: Tbr2 (Millipore, AB2283), KI67 (Millipore, AB9260), Cyclin D1 (ThermoScientific, RM-9104-S0),

phospho-histone H3 (Abcam, ab14955), BrDU (Abcam, ab6326), Kif1a (Abcam, ab240222), HA (Sigma-Aldrich, H6908), mCherry

(Abcam, ab167453), GFP (Abcam, ab1218) and donkey fluorophore–conjugated secondary antibodies (Jackson Labs). Nup153 anti-

body was a kind gift from Dr. Brian E. Burke, A*STAR Skin Research Labs (A*SRL) – Biopolis, Singapore.
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RNAi and constructs
shRNA expressing constructs were designed to target internal gene sequences unique to rat Nup160 and rat Nup153, in a pRetro-

U6G vector (Cellogenetics), which also expressed soluble GFP to label-transfected cells. The shRNA sequence for Nup160 was

50-CCCTATGTGAATCTGCATAAT-30, and the sequence for Nup153 was 50-ACTTCAGTTTCTGGTCGCAAGATAA-30. Scrambled

Nup153 shRNA sequence was 50-GTGCATAATATATGCGATCTATGCC-3’. Full-length human Nup153 and Nup153-C as well as

Nup153-N were obtained from Addgene (Addgene, plasmid no.s #64268, #64318, #64317) and cloned into pCAGIG vector (Addg-

ene, plasmid no. 11159). Full-length and functional domain constructs of Nup153 were HA (YPYPVPDYA). Human kif1a-tail fragment

650–1105 aa27 was a gift from Dr. Casper Hoogenraad (Genentech).

Western blot
shRNAs and were transfected in rat C6 brain glioma cells cultured in DMEM supplemented with 10% FBS and 1% penicillin/strep-

tomycin and maintained at 37�C with 5% CO2. Transfection of cultured cells with shRNAs for Nup153 and Nup153 scrmabled was

performed using a Lonza Nucleofector kit V and an Amaxa Nucleofector, according to the manufacturer’s instructions. Cells trans-

fected with shRNAs were collected 72 h (for shRNAs) after transfection.

Cells transfected with shRNAs and brain samples were lysed on ice in Lysis Buffer (pH 7.2, 50 mM Tris-HCl, 150 mM NaCl, 1%

Triton X-100, and 0.5% deoxycholic acid buffer) containing 1 mM DTT and a protease inhibitor cocktail (Sigma, P8340). Purified ly-

sates were loaded on a polyacrylamide gel and transferred to a polyvinylidene difluoride membrane. The membrane was blocked in

PBS with 0.5% powdered milk, incubated with primary antibodies diluted in PBS with 0.1% of powder milk, and washed and incu-

bated with secondary LI-COR antibodies in PBS. Imaging of the blots was performed using an Odyssey system (LI-COR). Antibody

from Abcam (ab 24700) was used to detect Nup153 on the Western blot.

Imaging
All images were collected with an IX80 laser scanning confocal microscope (Olympus FV1000 Spectral Confocal System). Brain sec-

tions were imaged using a 6031.42 NA oil objective or a 1030.40 NA air objective. All images were analyzed using ImageJ software

(National Institutes of Health).

QUANTIFICATION AND STATISTICAL ANALYSIS

For all experiments involving in utero electroporation, at least 3 embryos were collected from at least three different pregnant rats.

Sample sizes are specified in figure legends. All statistical analysis was performed using Prism 6 (GraphPad Software, La Jolla, CA,

USA). Unpaired t test (two-tailed), with Welch’s correction, was used to determine significance between two groups. Definition of

statistical significancewas p < 0.05. p < 0.05, p < 0.01, p < 0.001 values are labeledwith *, ** and ***, respectively. Error bars represent

mean ± SEM (Standard Error of the Mean) unless stated otherwise.
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Supplemental Figure Legends 

Figure S1 

Nup153 shRNA efficiently knocks down Nup153 protein expression in C6 glioma cells, Related to 
Figure 1. 

A. Western blot showing depletion of Nup153 protein upon transfection of C6 rat glioma cells with Nup153 
shRNA, but not scrambled shRNA, for 72 h., quantified in B. (n = 3, ∗∗p < 0.01; ∗∗∗p < 0.001; error bars = 
SEM). 

C. A separate Western blot showing rescue of Nup153 protein levels upon co-transfection of C6 rat glioma 
cells with Nup153 shRNA, or scrambled shRNA and RNAi-insensitive human Nup153 cDNA, quantified in 
D. (n = 3, ∗∗p < 0.01; ∗∗∗p < 0.001; error bars = SEM). 

 

Figure S2 

Nup160 shRNA expression has no effect on nuclear movement in radial glial progenitors, Related 
to Figure 1. 

E16 embryonic brains were in utero electroporated with either scrambled shRNA or shRNAs for Nup160 
and subsequently imaged fixed 3 days post injection, at E19.  

A. Fixed images of the VZ from electroporated brains stained for EGFP. Dashed line represents the VS. 
Nup160 RNAi had no effect on RGP somata distribution around VS. Presence of radial glial basal process 
indicates retention of overall cell morphology. Scale bar 15 um. 

B. Quantification of distance between the RGP nuclei and the VS across the two conditions (Scramble 
shRNA, n = 7, Nup160 shRNA, n = 3, **p < 0.01; ***p < 0.001; ****p < 0.0001; error bars = SEM).  

 

Figure S3 

Nup153 RNAi inhibits basal INM in radial glial progenitor cells identified by Pax6 staining, Related 
to Figure 1. 

E16 embryonic brains were in utero electroporated with either scrambled shRNA or shRNAs for Nup153 
and subsequently imaged fixed 3 days post injection, at E19.  

A. Fixed images of the VZ from electroporated brains stained for EGFP and Pax6. Dashed line represents 
the VS. KIF1A RNAi caused clear accumulation of RGP somata near VS. Pax6 staining was used to identify 
RGP cells. Scale bar 20 um.  

B. Quantification of distance between the Pax6+ RGP nuclei and the VS across the two conditions. Control 
nuclei were distributed at a range of distances from the ventricular surface. Nuclei of Nup153 shRNA 
expressing cells accumulated relatively closer to the VS. (scramble shRNA, n = 3, Nup153 shRNA, n = 3; 
**p < 0.01; ***p < 0.001; ****p < 0.0001; error bars = SEM).  

 

Figure S4 

Nup153 RNAi in RGP cells leads to a decrease in S phase cells, Related to Figure 2. 



E16 embryonic brains were in utero electroporated with either scrambled shRNA or shRNA for Nup153. 
Effect of Nup153 RNAi on S phase was investigated by EdU pulse labeling. Brains were fixed at E19 and 
stained for EdU, and either NeuN or Tbr2.  

A. Images of fixed brain sections stained with EGFP to enhance signal, EdU to label S-phase cells and 
NeuN to exclude postmitotic neurons from the analysis. Scale bar 100 um.  

Quantification of percentage of cells that were EGFP+ as well as EdU+ but NeuN- confirmed our results 
that Nup153 RNAi resulted in a decrease in RGP cells in S-phase. (scramble shRNA, n = 3, Nup153 shRNA, 
n = 3; **p < 0.01; ***p < 0.001; ****p < 0.0001; error bars = SEM). 

B. Images of VZ from the electroporated brains stained with EGFP to enhance signal, EdU to label S-phase 
cells and Tbr2 to exclude intermediate precursor cells from the analysis. Scale bar 10 um.  

Quantification of percentage of cells that were EGFP+ as well as EdU+ but Tbr2- confirmed our results that 
Nup153 RNAi resulted in a decrease in RGP cells in S-phase. (scramble shRNA, n = 3, Nup153 shRNA, n 
= 3; **p < 0.01; ***p < 0.001; ****p < 0.0001; error bars = SEM). 

 

Figure S5 

Mechanistic insight from the Nup153 functional domains, Related to Figure 1. 

A,B. E16 brains were in utero electroporated with the full-length, or the N-terminal domain or the C-terminal 
domain of Nup153, with HA tag fused to its N-terminus and EGFP tag that is cytoplasmic. Analysis was 
performed at 3 days post injection. 

A. Fixed images of the VZ from the electroporated brains stained for EGFP to enhance the signal and for 
Tbr2 to exclude intermediate precursors from the analysis. Scale bar 10 um. 

B. Quantification of the distance between RGP nuclei and the VS across the various conditions. Expression 
of full-length Nup153 or the Nup153-C domain alone had no detectable effect on the position of the nucleus 
within the RGP cells. However, Nup153-N domain expression in RGP cells caused a pronounced 
accumulation of most transfected cells with somata located close to the ventricular surface (n = 3 per 
condition; ∗∗p < 0.01; ∗∗∗p < 0.001; error bars = SEM). 

 

Figure S6 

Role for Nup153 in post-mitotic neuronal migration, Related to Figure 6.  

E16 rat embryonic brains were in utero electroporated with shRNA for Nup153 or scrambled shRNA,. 
Analysis was performed 4 days post injection at E20.  

A. Images of the neocortex injected with scrambled or Nup153 shRNA and stained for EGFP and Tbr1. 
Nup153 RNAi did not alter the distribution of Tbr1+ cells. Scale bar 50 um. (n = 3 per condition) 

B. Images of the neocortex injected with scrambled or Nup153 shRNA and stained for EGFP and Tbr2. 
Tbr2 staining was used to exclude intermediate progenitor cells during further analysis. Scale bar 100 um. 

C. Quantification of the proportion of Tbr2- transfected cells in each layer of the neocortex across conditions. 
Depletion of Nup153 leads to an accumulation of the majority of transfected neurons at the multipolar stage 
within the SVZ/lower IZ. (n = 3 per condition; ∗∗p < 0.01; ∗∗∗p < 0.001; error bars = SEM). 

 



Figure S7 

Role of Nup153 in neuronal output during embryonic development, Related Figure 6. 

E16 rat embryonic brains were in utero electroporated with shRNA for Nup153 or scrambled shRNA. 
Analysis was performed 4 days post injection at E20.  

A. Images of the neocortex injected with scrambled or Nup153 shRNA and stained for EGFP and neuronal 
marker NeuN. Scale bar 100 um.  

B. Quantification of the proportion of NeuN+ transfected cells across the two conditions. Depletion of 
Nup153 leads to a decreased neuronal output in embryonic rat brains. (n = 3 per condition; ∗∗p < 0.01; ∗∗∗p 
< 0.001; error bars = SEM). 

 

Figure S8 

Nup153 is required for RGP NE Kif1a recruitment, Related to Figure 7. 

A. E16 brains were in utero electroporated with one of the EGFP-tagged full-length, or the N-terminal 
domain or the C-terminal domain of Nup153, as well as HA tagged Kif1a tail fragment. Analysis was 
performed at 3 days post injection. Kif1a tail fragment showed NE decoration in cells expressing full length 
Nup153 or Nup153-C. Expression of Nup153-N led to loss of NE decoration by Kif1 tail fragment.  

B. E16 brains were in utero electroporated with one of the EGFP tagged scrambled shRNA or Nup153 
shRNA, as well as HA-tagged Kif1a tail fragment. Analysis was performed at 3 days post injection. While 
Kif1a NE localization was observed in scrambled shRNA expressing RGP cells, Nup153 RNAi resulted in 
the loss of Kif1a NE localization. Scale bar 5 um. 
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