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a b s t r a c t 

Members of the Importin- β family recognize nuclear localization signals (NLS) and nuclear export 

signals (NES). These proteins play important roles in various nucleocytoplasmic transport processes in 

cells. Here, we examined the expression patterns of 21 identified Importin- β genes in mouse embryonic 

stem cells (mESCs), mouse embryonic fibroblast (MEF) and mESCs differentiated into neural ectoderm 

(NE) or mesoendoderm (ME). We observed striking differences in the Importin- β mRNA expression 

levels within these cell types. We also found that knockdown of selected Importin- β genes led to sup- 

pression of Nanog, and altered the balance of Oct4 / Sox2 expression ratio, which is important for NE / ME

lineage choice. Furthermore, we demonstrated that knockdown of XPO4, RanBP17, RanBP16, or IPO7 

differentially affected the lineage selection of differentiating mESCs. More specifically, knockdown of 

XPO4 selectively stimulated the mESC differentiation towards definitive endoderm, while concomi- 

tantly inhibiting NE differentiation. RanBP17 knockdown also promoted endodermal differentiation 

with no effect on NE differentiation. RanBP16 knockdown caused differentiation into ME, while IPO7 

knockdown inhibited NE differentiation, without obvious effects on the other lineages. Collectively, our 

results suggest that Importin- βs play important roles in cell fate determination processes of mESCs, 

such as in the maintenance of pluripotency or selection of lineage during differentiation. 
C © 2014 The Authors. Published by Elsevier B.V. on behalf of Federation of European Biochemical 

Societies. All rights reserved. 
. Introduction 

The importin- β family, comprising importins and exportins, is a 

roup of proteins of molecular weights ranging from 90 to150 kDa. 

roteins belonging to this family have low sequence identity (10–20%) 

nd all contain helical HEAT repeats [ 1 –3 ]. These proteins recognize 

uclear localization and export signals (NLS / NES, respectively), bind 

eakly to phenylalanine-glycine (FG)-repeats in the nuclear pore 

omplex (NPC), and play roles in the nucleocytoplasmic transport 

rocesses of various proteins [ 4 , 5 ]. Importin- β–cargo interactions 
 This is an open-access article distributed under the terms of the Creative Com- 

ons Attribution-NonCommercial-No Derivative Works License, which permits non- 

ommercial use, distribution, and reproduction in any medium, provided the original 

uthor and source are credited. 
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are regulated by the small GTPase, Ran [ 3 ]. Because the number of 

Importin- βs is limited, each member protein mediates the transport 

of multiple protein cargoes [ 6 ]; thus, Importin- βs are essential for di- 

verse cellular processes such as gene expression, signal transduction, 

and oncogenesis [ 3 ]. Moreover, they are involved in non-transport 

processes such as mitosis, centrosomal duplication, and nuclear en- 

velope assembly [ 7 ]. 

The Importin- β family comprises at least 20 proteins in humans 

and 14 in Saccharomyces cerevisiae [ 6 , 7 ]. Approximately 11 of these 

proteins in humans and 10 in S. cerevisiae are reported to mediate 

nuclear import through recognition of NLS [ 3 ]. However, limited data 

are available for mouse models, particularly with regard to embryonic 

stem cells (mESCs). 

Thus, this study was conducted to understand the roles of 

Importin- βs in the different cellular events of mESCs. To our knowl- 

edge, this is the first study on the genetic expression patterns of the 

Importin- β family in mESCs and their differentiated germ layer cells. 

Our results reveal a possible association between the expression of 

some Importin- βs and the maintenance of pluripotency or lineage 

selection during the differentiation of mESCs. 
f European Biochemical Societies. All rights reserved. 
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2. Materials and methods 

2.1. Culture of mouse embryonic stem cells 

Feeder-free mouse embryonic stem cells (EB3) [ 8 ] were used for all

experiments. EB3 cells were maintained on 0.1% gelatin-coated sur-

faces in Dulbecco’s modified Eagles medium (DMEM) supplemented

with 10% fetal bovine serum (FBS), 10 mM of MEM nonessential amino

acid (GIBCO), 100 mM of MEM sodium pyruvate (GIBCO), 0.1 mM β-

mercaptoethanol (Sigma Chemical) and LIF at 37 ◦C in 5% CO 2 . Cells

were passaged every 2 or 3 days. 

2.2. Culture of mouse embryonic fibroblasts 

Mouse embryonic fibroblasts (MEFs) isolated from C57BL / 6NCrSlc

(SLC) were cultured in DMEM supplemented with 10% FBS, at 37 ◦C

in 5% CO 2 . 

2.3. Mouse embryonic stem cell differentiation 

For differentiation toward neural ectoderm (NE) or mesoendo-

derm (ME) lineages, 2 × 10 6 feeder-free EB3 cells were plated and

incubated for 48 h on a 0.1% gelatin-coated surface of 100 mm culture

dish with serum-free N2B27 media without LIF [ 9 , 10 ]. This was fol-

lowed by the addition of 500 nM retinoic acid (RA) for NE differentia-

tion [ 11 ] or 3 μM CHIR99021 for ME differentiation [ 12 ]. Treated cells

were incubated for an additional 48 h before they were trypsinized

and collected for quantitative PCR analysis. 

2.4. RNA extraction and reverse transcription 

For all cells, RNA was extracted with TRIZOL (Invitrogen), DNase

treated (Zymo Research), and reverse transcribed using Transcriptor

First Strand cDNA Synthesis Kit (Roche). All procedures were per-

formed according to the manufacturer’s recommendations. The re-

verse transcription was performed at 25 ◦C for 10 min, 50 ◦C for

60 min, and 85 ◦C for 5 min. 

2.5. Reverse transcription PCR and quantitative PCR 

Reverse transcription (RT) PCR was conducted using the initial step

discussed in Section 2.4 . Following cDNA synthesis, a 40 ng template

for each of the test samples was amplified in GeneAmp 

TM PCR System

9700 (Applied Biosystems) using KOD Plus (Invitrogen), according to

the manufacturer’s recommendation. The PCR conditions were set

at a pre-denaturation temperature of 94 ◦C for 2 min, 35 cycles of

denaturation temperature at 94 ◦C for 15 s, annealing temperature at

55 ◦C for 30 s (for Brachyury and Actin) or 60 ◦C for 30 s (for Sox1),

and extension at 68 ◦C for 30 s. This was followed by a final extension

temperature of 72 ◦C for 5 min. 

All Quantitative (Q) PCR analysis was performed on a 384-well

plate with an ABI PRISM 7900HT system (Applied Biosystems) using

FastStart Universal SYBR Green Master [Rox] (Roche). The qPCR re-

action consisted of a holding temperature of 95 ◦C for 30 s, and 40

cycles of 95 ◦C for 15 s, 60 ◦C for 30 s, and a standard dissociation

stage. Standard curves were generated for all target genes with serial

dilutions of total RNA from EB3 cells at 0.8, 4, 20, and 100 ng. Total

RNA from experimental cells was diluted to 20 ng and used as a tem-

plate. The relative target mRNA expression levels were determined

using the Pfaffl method and all values were normalized using GAPDH

mRNA levels. 
2.6. siRNA-oligonucleotide treatment 

For all transfections, 2 × 10 5 feeder-free EB3 cells were seeded

onto 0.1% gelatin-coated surfaces of 6-well plates with 2 mL of Dul-

becco’s modified Eagles medium (DMEM) supplemented with 10%

fetal bovine serum (FBS), 10 mM of MEM nonessential amino acid

(GIBCO), 100 mM of MEM sodium pyruvate (GIBCO), 0.1 mM β-

mercaptoethanol (Sigma), and LIF. Immediately after plating, the cells

were transfected with 2 different siRNA constructs for each of the tar-

get genes (i.e., RanBP17, XPO4, IPO7 ) using Lipofectamine TM RNAiMAX

(Invitrogen), and incubated at 37 ◦C, in 5% CO 2. After 48 h incubation,

the medium was changed using 2 mL of fresh medium without LIF,

and another transfection was performed according to the same pro-

cedure. The cells were incubated for an additional 48 h before they

were trypsinized and collected. 

2.7. Induced differentiation in siRNA-oligonucleotide treated EB3 cells 

All transfections were carried out using the method described in

Section 2.6 . After the initial 48 h incubation in enriched DMEM with

LIF, siRNA-oligonucleotide treated EB3 cells were induced to differen-

tiate toward either NE or ME with the addition of 500 nM retinoic acid

(RA) or 3 μM CHIR99021, respectively. The RA- or CHIR99021-treated

cells were maintained in LIF-withdrawn enriched DMEM for another

48 h before they were trypsinized and collected for quantitative PCR

analysis. 

2.8. Western blot 

Cells were lysed with RIPA buffer (50 mM Tris–HCl at pH 8.0,

0.15 M NaCl, 1 mM EDTA at pH 8.0, 1% Triton X-100, 0.1% SDS, 0.1%

sodium deoxycholate, 6 mM NaF, 1 mM Na 3 VO 4 , 1 μg / mL leupeptin,

1 μg / mL aprotinin, and 1 μg / mL pepstatin) and incubated for 15 min

on ice. The samples were centrifuged at 1500 rpm for 10 min at 4 ◦C.

Supernatants from samples were collected and total protein concen-

trations were determined using a BCA protein assay kit (Pierce). Then,

20 μg of each protein sample was separated by SDS–PAGE and trans-

ferred onto a nitrocellulose membrane. After blocking with 3% skim-

milk in TBST buffer (50 mM Tris–HCl (pH 8.0), 100 nM NaCl, and 0.1%

Tween 20) for 30 min at room temperature, the membrane was in-

cubated overnight at 4 ◦C with primary antibodies anti-mouse Oct3 /
4 (BD Transduction Laboratory), anti-mouse Nanog (ReproCELL), or

anti-mouse Sox2 (EMD Millipore) as suggested by the manufacturer.

After incubation for 45 min with secondary antibodies conjugated to

horseradish peroxidase, bands were visualized using Pierce western

blotting substrate (Thermo Scientific). All protein levels were normal-

ized to GAPDH levels (Ambion). 

2.9. Nucleotide sequences 

All oligonucleotide sequences used for this study are summarized

in Supplementary Table 1 . 

2.10. Statistical analysis 

Statistical analysis was carried out using unpaired Student’s t

test. The p values ≤0.05 indicated a statistically significant differ-

ence, while p values ≤0.01 indicated a highly significant difference

(* p < 0.05; **p < 0.01). 

3. Results 

3.1. Importin- β expression levels in mESCs vs. MEFs 

We identified 21 mouse Importin- β genes in the database, de-

signed primers and optimized conditions for qPCR analysis (Primer
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Fig. 1. Expression of Importin- βs in mouse embryonic stem cells (mESCs) was assessed 

by QPCR and the changes are presented as a fold change relative to their expression 

levels in mouse embryonic fibroblasts (MEFs) used as controls. Importin- βs mRNA 

levels were normalized to GAPDH levels. Significance was assessed and compared with 

the levels in the control using unpaired Student’s t test ( *p < 0.05; ** p < 0.01). Error 

bars represent SEM from 3 independent experiments. 
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equences are available in Supplementary Information ). The mESCs, 

articularly EB3 cells, were maintained in the pluripotent state by us- 

ng LIF and enriched DMEM with methods previously described. We 

lso cultured mouse embryonic fibroblasts (MEFs) using the methods 

escribed earlier. We then compared the relative expression levels 

f Importin- βs in mESCs and MEFs by qPCR from 3 independent ex- 

eriments ( Fig. 1 ). Interestingly, the RanBP17 mRNA expression level 

as found to be much higher in mESCs than in MEFs. We also found 

hat other Importin- βs such as IPO7, IPO11, XPO1, XPO4, and Cse1L 

ere also more highly expressed in mESCs compared to MEFs. This 

esult is similar to previous reports of highly expressed Importin- β
enes in different pluripotent cells such as hESCs, rat iPS cells, hu- 

an iPS cells, and mESCs using microarray analysis [ 13 –15 ]. On the 

ther hand, we also observed that the IPO4 mRNA expression level 

as much lower in mESCs than in MEFs. Importin- βs IPO13, RanBP10, 

POt, TRN2, RanBP6, XPO5, and TRN1 were expressed at lower levels 

n mESCs than in MEFs. 

Interestingly, the closely-related RanBP16 (also designated XPO7 ) 

nd RanBP17, which reportedly share 67% amino acid sequence iden- 

ity [ 16 , 17 ], exhibited different expression levels; that is, the RanBP16 

RNA expression levels were similar in both mESCs and MEFs, while 

anBP17 was highly expressed in mESCs, but not in MEFs. This sug- 

ests that RanBP16 and RanBP17 may vary in function in mESCs, which 

s consistent with results from a previous study reporting different 

ctivities of these proteins in other cells [ 18 ]. 

.2. Importin- β expression levels in cells differentiated into germ layer 

rogenitors from mESCs in vitro 

We also determined the relative expression levels of Importin- β
enes in cells differentiated from mESCs to germ layer progenitors, 

amely, cells of the neural ectoderm (NE) and mesoendoderm (ME). 

e propagated EB3 cells maintained in a pluripotent state by using 

IF in enriched DMEM; transferred them to N2B27, a defined medium 

ithout differentiation signals [ 9 , 10 ]; and incubated them for 48 h 

s previously described. The 48 h “temporal window” is needed for 

ells removed from pluripotency-promoting conditions to respond to 

ither NE- or ME-inducing signals as reported by Jackson et al . [ 19 ]. 

e then induced the cells to transform into either NE or ME cells 

sing retinoic acid (RA) or CHIR99021, respectively. 

After 48 h in N2B27 supplemented with RA, the cells exhibited 

igns of NE differentiation and subsequently triggered the activation 

f the NE marker, Sox1 ( Fig. 2 A and B). This result was consistent 

ith those of published studies reporting Sox1 activation following 

A addition [ 11 , 20 , 21 ]. Likewise, cells responded to CHIR99021 and 
differentiated into ME with the activation of the core mesodermal 

regulator Brachyury ( Fig. 2 A and B), as reported previously [ 21 ]. 

A comparison of the mRNA expression levels of Importin- βs in 

progenitor germ layer cells and mESCs ( Fig. 2 C and D) revealed a strik- 

ing difference between levels in NE and ME, and levels in mESCs ( Fig. 

1 ). In NE cells, we observed that IPO13 was the most highly expressed 

gene, although RanBP10, RanBP9, RanBP6, IPO4, XPOt, RanBP16, XPO5, 

and XPO6 were also highly expressed. On the other hand, the other 

Importin- β members in this study were expressed in NE at levels 

comparable to the levels in mESCs. In ME cells, RanBP6 was the most 

abundantly expressed Importin- β gene, while IPO11 was found to be 

expressed at the lowest level. IPO13, IPO4, XPO6, and RanBP9 were also 

readily detected, whereas the remaining Importin- βs were expressed 

at levels similar to those in mESCs. 

3.3. Effect of knockdown of importin- βs on the expression of Nanog 

Given the variation in Importin- β gene expression patterns in 

mESCs, MEF, NE cells, and ME cells, we considered whether this might 

have a functional impact on either the maintenance of pluripotency 

or lineage selection during differentiation. To address this, we se- 

lected and knocked down three Importin- β genes that were highly 

expressed in mESCs, namely, RanBP17, XPO4, and IPO7. We also tar- 

geted RanBP16, despite its moderate expression in mESCs, because of 

its high sequence identity with RanBP17. We speculated that LIF with- 

drawal after 48 h is necessary to enhance the effects of transfection 

on EB3 cells. Furthermore, we suggested that the 48 h window fol- 

lowing the second transfection was critical, because it falls within the 

“temporal window” [ 19 ] where ES cells removed from pluripotency- 

promoting factors are still nonresponsive to differentiation-inducing 

agents. Therefore, at 48 h, we re-transfected the cells, changed the 

medium to LIF-withdrawn enriched DMEM, and maintained them for 

another 48 h before collection. 

We successfully knocked down all target genes by using 2 different 

siRNAs in EB3 cells as analyzed by qPCR, with a non-targeting siRNA 

used as a control ( Fig. 3 A). We evaluated the effect of Importin- β
knockdown on the ability of mESCs to maintain pluripotency by ana- 

lyzing the changes in expression level of Nanog, Oct4 and Sox2; these 

transcriptional factors cooperatively maintain the regulatory network 

responsible for self-renewal and pluripotency in mESCs by coregulat- 

ing large sets of genes and co-occupying many regulatory loci [ 22 –24 ]. 

Interestingly, all siRNA treatments resulted in lower Nanog expres- 

sion levels compared to that in the control ( Fig. 3 B and E). Thomson 

et al. [ 21 ] demonstrated the necessity of Nanog downregulation for 

differentiation and lineage selection. Thus, our results indicated that 

knockdown of select Importin- β genes may predispose mESCs to cel- 

lular differentiation, suggesting that these genes play important roles 

in the maintenance of mESC pluripotency. 

3.4. Effect of Importin- β knockdown on the expression of Oct4 and 

Sox2 

Likewise, we observed Oct4 and Sox2 expression level changes in 

siRNA treated mESCs. As indicated in Fig. 3 C–E, an opposing expres- 

sion pattern was observed for Oct4 and Sox2 from the different siRNA 

treatments. Knockdown of RanBP17 and XPO4 induced slightly higher 

Oct4 and lower Sox2 expression levels, while knockdown of IPO7 re- 

sulted in lower Oct4 and higher Sox2 expression levels. Reduction 

of RanBP16, however, revealed comparable levels with the control for 

both genes. The observed variation in the Oct4 / Sox2 expression levels 

precede cell fate selection as previously reported in mESCs [ 21 ]. 
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Fig. 2. Importin- β mRNA expression levels of mESCs differentiate into germ layer progenitors in vitro . (A) Phase-contrast images of EB3 cells exhibiting signs of differentiation 

following retinoic acid (RA) or CHIR99021 treatment. (B) RT-PCR expression analysis of early lineage markers Brachyury (for mesoderm) and Sox1 (for neural ectoderm). (C,D) 

Expression of Importin- βs in RA- or CHIR99021-treated mESCs was assessed by QPCR and is presented as a fold change relative to their expression levels in non-treated mESCs 

used as controls. Importin- βs mRNA levels were normalized to GAPDH levels. Significance was assessed and compared with the control using unpaired Student’s t test (* p < 0.05; 

** p < 0.01). Error bars represent SEM from 3 experiments. 
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Fig. 3. Effects of Importin- β knockdown on the expression of pluripotency markers. (A) Analysis of knockdown efficiency determined by qPCR analysis for RanBP17, XPO4, IPO7, 

and RanBP16 in siRNA-treated EB3 cells, using 2 variants of siRNA for each gene at 96 h incubation. All samples were normalized against GAPDH levels, and expression level of each 

gene is presented as a fold change relative to the expression level of the same gene in non-targeting siRNA treated EB3 cells used as control. Significance was assessed and compared 

with the control using unpaired Student’s t test (* p < 0.05). Error bars represent SEM from 3 independent experiments. (B) qPCR analysis of Nanog in siRNA-treated EB3 cells 

incubated for 96 h in an enriched DMEM with LIF for the first 48 h and in LIF-withdrawn enriched DMEM for the next 48 h. All samples were normalized against GAPDH levels, and 

the expression of Nanog in siRNA-treated EB3 cells is shown as a fold change relative to its expression level in non-targeting siRNA treated EB3 cells used as control. Significance 

was assessed and compared with the control using unpaired Student’s t test (* p < 0.05). Error bars represent SEM from 4 independent experiments. (C) qPCR analysis of Oct4 

performed as in (B). (D) qPCR analysis of Sox2 performed as in (B). (E) Protein expression levels of Nanog, Oct4 and Sox2 in Importin- β siRNA-treated mESCs and in non-targeting 

siRNA-treated mESCs used as controls. Cell lysates (20 μg) were used for western blotting, and GAPDH was used as the loading control. 
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3.5. Effect of Importin- β knockdown on the expression of ME- or 

NE-specific markers 

Considering the relationship between Importin- β expression lev-

els and the changes in the expression levels of pluripotency markers

(i.e., Nanog, Oct4 and Sox2), our results suggest that modulation of

Importin- β expression may induce differentiation in mESCs. In order

to see if the knockdown of Importin- βs in mESCs can also induce

lineage specific differentiation, we examined the activation and ex-

pression patterns of several differentiation markers including FGF5,

Brachyury, FoxA2, Sox1 and Nestin. Except for FGF5, which is an early

differentiation marker for primitive ectodermal differentiation, the

other markers (Brachyury, FoxA2, Sox1 and Nestin) are known to be

germ layer specific, and their high expression levels in populations

of differentiating cells indicate a definitive lineage fate. Brachyury

and FoxA2 are main mesoendodermal (ME) regulators. Brachyury is

specific for mesodermal differentiation, whereas FoxA2 is a regulator

of endodermal differentiation [ 21 , 25 ]. On the other hand, Sox1 and

Nestin are readily detectable in early developing neuroectodermal

(NE) cells [ 9 , 20 , 21 ]. However, our results showed either comparable

or lower expression levels of FGF5, Brachyury, FoxA2, Sox1 and Nestin

from the different Importin- β siRNA-treated cells in comparison with

the control siRNA-treated cells ( Fig. 4 A–E). Interestingly, the knock-

down of XPO4 or RanBP16 in mESCs resulted in lower basal expression

levels of Sox1compared to that in control siRNA-treated cells, while

reduction of IPO7 resulted in reduced basal expression levels of both

Sox1 and Nestin. Thus, knockdown of Importin- βs does not induce

a lineage specific differentiation within a 48 h incubation period fol-

lowing LIF withdrawal. However, knockdown of Importin- βs within

this “temporal window” predisposes the early differentiating mESCs

toward a specific lineage. 

3.6. ME-specific marker expression in CHIR99021-treated Importin- β
knockdown cells 

Next, we examined the effects of Importin- β knockdown on the

cell differentiation process, which was promoted either by CHIR99021

or by RA treatment. As expected, we observed an upregulation of

Brachyury in CHIR99021-treated cells, while the RA-treated cells

showed very high expression levels of Sox1 and Nestin ( Fig. 4 B, D

and E). In both treatments, relatively higher expression levels of

FoxA2 were also recorded ( Fig. 4 C), which suggests that in either

RA or CHIR99021 supplementation, there is a certain population of

cells undergoing an endoderm differentiation, as described previously

[ 25 , 26 ]. 

Next, we induced ME differentiation using CHIR99021 in siRNA-

treated EB3 cells, and analyzed the resulting expressions of Brachyury

and FoxA2. Knockdown of RanBP16 resulted in a higher expression of

Brachyury, which indicates the induction of mesodermal differen-

tiation, while knockdown of other Importin- βs showed no obvious

effects ( Fig. 5 A). High expression of FoxA2 was also observed from

RanBP16 knockdown cells ( Fig. 5 B), which further indicated enhanced

endoderm differentiation. Comparatively similar to higher FoxA2 ex-

pression levels were also observed in RanBP17, XPO4 and IPO7 knock-

down cells. Therefore, these results suggest that RanBP16 impedes

ME differentiation, while XPO4 and RanBP17 are associated with en-

dodermal differentiation. 

3.7. NE- and endoderm-specific marker expression in RA-treated 

Importin- β knockdown cells 

We induced NE differentiation using RA in siRNA-treated EB3 cells.

The collected cells were then analyzed for Sox1, Nestin and FoxA2 ex-

pression levels. Knockdown of XPO4 or IPO7 significantly decreased

the expression levels of Sox1, while the rest of the siRNA treatments
showed no obvious effects ( Fig. 6 A). Analogous with their Sox1 ex-

pressions, XPO4 and IPO7 knockdown also resulted in very low ex-

pression levels of the NE marker Nestin ( Fig. 6 B). This indicates that

reducing the levels of XPO4 or IPO7 may inhibit NE differentiation in

RA-treated mESCs. 

We also analyzed the FoxA2 expression level of RA treated

Importin- β knockdown cells, since we observed a significant induc-

tion of FoxA2 expression in RA-treated EB3 cells grown in N2B27

medium ( Fig. 4 C). Interestingly, as seen in Fig. 6 C, we noticed that the

reduction in RanBP16 caused a very high expression level of FoxA2,

similar to what was observed in CHIR99021-treated cells ( Fig. 5 B).

In addition, higher expression levels were also seen in RanBP17 and

XPO4 knockdown cells. These findings further emphasized the in-

volvement of RanBP16, RanBP17 and XPO4 in endodermal differentia-

tion of mESCs. 

Together, these results demonstrate that Importin- β family mem-

bers, such as RanBP16, RanBP17, XPO4 and IPO7, are differentially in-

volved in the lineage commitment of mESCs. 

4. Discussion 

This is the first report on the mRNA expression patterns of

Importin- β genes in mESCs and their differentiated germ layer cells

( Figs. 1 and 2 C, D). Knockdown of highly expressed Importin- β genes

in mESCs was performed to further understand their relationships

to cell fate determination processes such as maintenance of pluripo-

tency or lineage selection during differentiation. 

4.1. Importin- β suppression promotes differentiation in mESCs 

Our data revealed a decrease in Nanog expression in Importin- β-

knockdown cells ( Fig. 3 B and E). Nanog affects both pluripotency and

differentiation propensity in mESCs [ 27 , 28 ]. Nanog undergoes autore-

pressive regulation that is Oct4 / Sox2-independent [ 29 ]. Moreover,

Thomson et al . [ 21 ] suggested that Nanog downregulation could be

an early and causal event for moving embryonic stem cells into the

responsive state as an initial step towards differentiation. This sug-

gests possible direct or indirect association of RanBP17, XPO4, IPO7,

and RanBP16 with the maintenance of pluripotency in mESCs and the

suppression of at least one of these genes creates a condition that

promotes differentiation. Protein-binding analysis of these Importin-

βproteins will be required to further elucidate whether they associate

with Nanog and other cargoes in mESCs, and how this is related to

pluripotency. 

4.2. Importin- β suppression in mESCs modulates a differential Oct4 

and Sox2 level that leads to lineage-specific differentiation 

Our data also demonstrated variation in terms of Oct4 and Sox2 ex-

pression in response to Importin- β knockdown in mESCs ( Fig. 3 C–E).

Oct4 and Sox2 are transcription factors that, aside from their func-

tions in the maintenance of pluripotency, have been reported to inte-

grate external signals and control lineage selection. Specifically, Oct4

suppresses NE differentiation and promotes ME differentiation, while

Sox2 hinders ME differentiation and promotes NE differentiation in

mESCs and hESCs [ 21 , 30 ]. According to our results, XPO4 knockdown

caused a concomitant reduction in Sox2 expression. This observation

is consistent with an earlier study that indicated that XPO4 mediates

Sox2 import [ 31 ]. The inability to import Sox2 after XPO4 knock-

down may in turn affect Sox2 expression, since Sox2 itself undergoes

transcriptional autoregulation [ 32 ]. Consistent with this, a significant

reduction in the expression of Importin- βs may change the nucle-

ocytoplasmic traffic efficiency of Sox2 or other transcription factors

involved in their transcriptional regulation. On the other hand, it has

been shown that Importin- βs, aside from their transport roles, may
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Fig. 4. Effects of Importin- β knockdown on the expression of early differentiation markers and lineage-specific markers. (A) qPCR analysis of FGF5 in siRNA-treated EB3 cells 

incubated for 96 h in enriched DMEM with LIF for the first 48 h and in LIF-withdrawn enriched DMEM for the next 48 h. All samples were normalized against GAPDH levels, and 

the expression of FGF5 in siRNA-treated EB3 cells is shown as a fold change relative to its expression in non-targeting siRNA treated EB3 cells used as control. Significance was 

assessed and compared with the control using unpaired Student’s t test (* p < 0.05; ** p < 0.01). Error bars represent SEM from 4 independent experiments. (B) qPCR analysis of 

Brachyury performed as in (A) and from EB3 cells induced to differentiate using either CHIR99021 or RA maintained in N2B27 medium. (C) qPCR analysis of FoxA2 performed as in 

(B). (D) qPCR analysis of Sox1 performed as in (B). (D) qPCR analysis of Nestin performed as in (B). 
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Fig. 5. Expression of ME-specific markers from CHIR99021-treated Importin- βknock- 

down cells. (A) qPCR analysis of Brachyury in siRNA-treated EB3 cells incubated for 

96 h in an enriched DMEM with LIF for the first 48 h and followed by incubation 

in CHIR99021- supplemented, LIF-withdrawn enriched DMEM for the next 48 h. All 

samples were normalized against GAPDH levels, and expression of Brachyury in siRNA- 

treated EB3 cells is shown as a fold change relative to its expression in non-targeting 

siRNA treated EB3 cells used as control. Significance was assessed and compared with 

the control using unpaired Student’s t test (* p < 0.05; ** p < 0.01). Error bars represent 

SEM from 4 independent experiments. (B) qPCR analysis of FoxA2 as performed in (A). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Expression of NE-and endoderm-specific markers from RA-treated Importin- β
knockdown cells. (A) qPCR analysis of Sox1 in siRNA-treated EB3 cells incubated for 96 

h in an enriched DMEM with LIF for the first 48 h, followed by incubation in retinoic 

acid (RA) - supplemented, LIF-withdrawn enriched DMEM for the next 48 h. All samples 

were normalized against GAPDH levels, and expression of Sox1 in siRNA-treated EB3 

cells is shown as a fold change relative to its expression in non-targeting siRNA treated 

EB3 cells used as control. Significance was assessed and compared with the control 

using unpaired Student’s t test (* p < 0.05; ** p < 0.01). Error bars represent SEM from 

4 independent experiments. (B) qPCR analysis of Nestin as performed in (A). (C) qPCR 

analysis of FoxA2 as performed in (A). 

 

 

 

 

 

 

 

 

 

 

interact directly with transcriptional factors and regulate their ac-

tions [ 17 , 33 ]. Depending on the Importin- β targeted, this would lead

to high Oct4 and low Sox2 levels, or vice versa, thereby, predisposing

mESCs to differentiate into ME or NE cells. However, we observed that

the lineage-specific differentiation in knockdown cells is not yet read-

ily detectable at this time. Nevertheless, following supplementation

of inducing agents (i.e., CHIR99021 or RA) within the same “48 h win-

dow,” we were able to observe the effects of Importin- β knockdown

on the lineage-specific differentiation of mESCs. 

4.3. XPO4 and RanBP17 suppression induce an endodermal 

differentiation in mESCs 

From this study, we found that reduction of XPO4 and RanBP17 in

mESCs resulted in slightly higher Oct4 and lower Sox2 levels after 48 h

incubation in a LIF withdrawn medium ( Fig. 3 C–E), which is a condi-

tion favorable for ME differentiation. The specificity of XPO4 knock-

down cells to differentiate into endodermal cells was demonstrated

by their selective up-regulation of FoxA2 compared with Brachyury,

Sox1 and Nestin from the respective treatments ( Figs. 5 A, B and 6 A–

C). Similarly, a significant induction of FoxA2 expression was also ob-

served in RA-treated RanBP17 knockdown cells, however, only a com-

parable Brachyury level was observed following CHIR99021 treat-

ment ( Fig. 5 A and B). These results indicated that reductions in both

XPO4 and RanBP17 augment endodermal differentiation in mESCs. 

4.4. RanBP16 suppression induces a ME differentiation in mESCs 

Although, RanBP16 knockdown cells showed no definite lineage

specificity based on their Oct4 and Sox2 expression patterns ( Fig. 3 C–

E), the reduction of RanBP16 in mESCs was shown to strongly promote
ME differentiation as it led to very high expressions of Brachyury

and FoxA2 following treatment with CHIR99021 and RA, respectively

( Figs. 5 A, B and 6 C). Collectively these findings suggest that RanBP16

in mESCs may inhibit ME differentiation. Considering the different re-

sponses observed with RanBP16 and RanBP17 knockdown cells ( Figs.

3 C, D, 5 A, B and 6 A–C), this study demonstrates the functional differ-

ences between these two homologous proteins. 

4.5. XPO4 and IPO7 are essential for mESC differentiation into NE cells 

As previously discussed, the knockdown of XPO4 in mESCs con-

comitantly resulted in lower expressions of NE markers following RA

treatment ( Fig. 6 A and B). Conversely, knockdown of IPO7 resulted in

lower Oct4 and higher Sox2 levels after a 48 h incubation period in a
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IF withdrawn medium, which is a condition favorable for NE differ- 

ntiation ( Fig. 3 C–E). Surprisingly, IPO7 reduction after RA treatment 

ollowed very low expressions of NE markers, Sox1 and Nestin ( Fig. 

 A–C), suggesting that XPO4 is important for the earlier stage of lin- 

age commitment to NE, while IPO7 is involved at the later stage of NE 

ifferentiation, although, the exact mechanism of their association in 

hese cellular events is still unknown. 

Taken together, our findings indicate that the expression patterns 

f Importin- β proteins in mESCs are distinct from their differentiated 

rogenitor cells. Moreover, the appropriate expression patterns of 

hese proteins in mESCs are important in the maintenance of pluripo- 

ency and lineage choice during differentiation. 
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