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Alternative splicing (AS) plays important roles in embryonic stem cell (ESC) differentiation. In this study, we first
identified transcripts that display specific AS patterns in pluripotent human ESCs (hESCs) relative to differentiated
cells. One of these encodes T-cell factor 3 (TCF3), a transcription factor that plays important roles in ESC differ-
entiation. AS creates two TCF3 isoforms, E12 and E47, and we identified two related splicing factors, heterogeneous
nuclear ribonucleoproteins (hnRNPs) H1 and F (hnRNPH/F), that regulate TCF3 splicing.We found that hnRNPH/F
levels are high in hESCs, leading to high E12 expression, but decrease during differentiation, switching splicing
to produce elevated E47 levels. Importantly, hnRNP H/F knockdown not only recapitulated the switch in TCF3
AS but also destabilized hESC colonies and induced differentiation. Providing an explanation for this, we show
that expression of known TCF3 target E-cadherin, critical for maintaining ESC pluripotency, is repressed by E47
but not by E12.
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Alternative splicing (AS) of mRNA precursors plays an
important role in regulating embryonic stem cell (ESC)
pluripotency and differentiation. Previous studies have re-
ported that multiple AS events influence the activity of
transcription and signaling factors implicated in the con-
trol of pluripotency genes (Mayshar et al. 2008; Rao
et al. 2010; Salomonis et al. 2010). For example, different
isoforms of Foxp1 produced from ESC-specific AS have
differential effects on the induction of key pluripotency
genes such as OCT4 and NANOG (Gabut et al. 2011).
Similarly, alternative splice forms of DNMT3B are specif-
ic to stem cells, implying that layered and integrated reg-
ulation of gene expression occurs at the levels of
transcription and splicing (Gopalakrishna-Pillai and Iver-
son 2011). Several AS regulators have been implicated in
stem cell maintenance and differentiation. For example,
MBNL proteins, RBFOX2, and SON have been reported

to be important regulators of AS in ESCs (Han et al.
2013; Lu et al. 2013; Venables et al. 2013). However, since
AS changes during ESC differentiation are profound and
are regulated by orchestrating these and/or other, uniden-
tified splicing regulators, further studies are necessary to
understand the stem cell states regulated by AS and the
precise regulatory mechanisms and pathways involved.
T-cell factor 3 (TCF3; also known as E2A) is a member

of the E protein (class I) family of helix–loop–helix (HLH)
transcription factors (Murre et al. 1989).More recent stud-
ies have revealed that TCF3 plays important roles in both
stem cellmaintenance and differentiation. Inmouse ESCs
(mESCs), ChIP-seq (chromatin immunoprecipitation
[ChIP] combined with high-throughput sequencing) anal-
ysis revealed that TCF3 co-occupies the promoters of
many of the genes regulated by Oct4, Sox2, and Nanog
(Cole et al. 2008; Yi et al. 2008), countering the action of
these factors and stimulating ESC differentiation (Pereira
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et al. 2006; Wray et al. 2011; Yi et al. 2011). In fact, dele-
tion of TCF3 maintains high expression of pluripotency
genes and delays mESC differentiation into three germ
cell lines during embryoid body (EB) formation (Yi et al.
2008). Conversely, TCF3 is also able to repress differenti-
ation-associated genes (Tam et al. 2008). In adult skin,
TCF3 is expressed in epidermal stem cells located in the
hair follicle bulge, activates a progenitor-associated ex-
pression program, and inhibits differentiation (Merrill
et al. 2001; Nguyen et al. 2006). Thus, TCF3 is thought
to be an important regulator of stem cell identity, capable
of promoting either stem cell self-renewal or differentia-
tion, depending on the cellular context.

TCF3 exists as twomajor isoforms that result frommu-
tually exclusive AS. These isoforms, E12 and E47, are re-
lated transcription factors that differ only in their basic
HLH (bHLH) DNA-binding region and have different
dimerization preferences and hence different DNA-bind-
ing properties (Sun and Baltimore 1991). This can lead to
different functional consequences. For example, one study
using knockout mice deficient for E12 or E47 revealed
that E47 is essential for developmental progression at
the pre-pro-B-cell stage, whereas E12 is dispensable for
early B-cell development, commitment, andmaintenance
(Beck et al. 2009). In cortical neurogenesis, E47 is required
for proper neuronal differentiation and layer-specific lo-
calization, whereas E12 is dispensable for early cortico-
genesis (Pfurr et al. 2017). These reports suggest that
TCF3 AS plays an important role in a variety of develop-
mental processes. However, possible functional differenc-
es between E12 and E47 have not been investigated in the
context of stem cell maintenance.

In this study, we used RNA sequencing (RNA-seq) to
identify transcripts that display AS patterns specific to
pluripotent human ESCs (hESCs) as opposed to differenti-
ated cell states, with the aim of identifying AS events that
contribute to the maintenance of pluripotency. TCF3was
among the genes identified, and we found that TCF3 AS is
tightly regulated to control the E12 and E47 expression ra-
tio during hESC differentiation. We then used reporter
minigenes to identify cis-regulatory elements and showed
that two related heterogeneous nuclear ribonucleopro-
teins (hnRNPs), H1 and F, bound to newly identified exon-
ic splicing silencers (ESSs) in exon 18b (E47), inhibiting its
inclusion and thereby promoting E12 expression and
maintaining high levels of E12 and low levels of E47 in
hESCs. Interestingly, hnRNP H/F levels were found to
decrease during differentiation, and knockdown of these
proteins both switched TCF3 AS to give rise to elevated
levels of E47 and destabilized the compact morphology
of cultured hESCs. Providing a possible mechanism, we
show that transcription of known TCF3 target gene
CDH1 (Pérez-Moreno et al. 2001; Tiwari et al. 2015),
which encodes E-cadherin, a cell adhesion molecule crit-
ical for colonization and maintenance of ESC pluripo-
tency (Ohgushi et al. 2010; Redmer et al. 2011), is
specifically repressed by E47 but not E12. Our results
thus establish that hnRNP H/F-mediated regulation of
TCF3 AS is an important switch for controlling stem
cell pluripotency and differentiation.

Results

RNA-seq identifies AS changes during hESC
differentiation

We first wished to identify AS events thatmay play impor-
tant regulatory roles in the maintenance of pluripotency
and/or differentiation of hESCs. To this end, we per-
formed RNA-seq with RNA isolated from undifferentiat-
ed hESCs (H9 cells) and hESCs differentiated into either
neural progenitor cells (NPCs) or trophoblast-like cells
(TBs) (Fig. 1A). This analysis found 73 splicing changes
common to both differentiation pathways (Fig. 1B, top
left; Supplemental Table S1). We also compared these
data with a published RNA-seq data set (Xie et al. 2013)
in which hESCs (H1 cells) were also differentiated into
NPCs andTBs, albeit using a different cell line and culture
conditions. Since the published data set reflected much
greater sequencing depth (Supplemental Fig. S1), 1996
AS events were detected (Fig. 1B, top right; Supplemental
Table S2). Comparing the events that changed when
hESCs differentiated into both NPCs and TBs from the
two different conditions, we found 35 AS events in com-
mon (Fig. 1B, bottom; Supplemental Table S3). Of these,
eight splicing changes from seven genes (all of which
were confirmed by RT–PCR) (Supplemental Fig. S2)
were of special interest because these AS events changed
in the same way under all differentiation conditions test-
ed, and the average of changes in inclusion levels was
>20% (Fig. 1C). Significantly, the top-ranked event was
DNMT3B AS, which is specific to stem cells and has
been used as biomarker of human pluripotent stem cells
(Gopalakrishna-Pillai and Iverson 2011), indicating that
our analysis successfully captured stem cell-specific AS
events. In this study, we focused on the AS changes affect-
ing TCF3 because, as described above, TCF3 is a well-
studied transcription factor that is known to be a key reg-
ulator of embryonic development.

TCF3 AS changes during early differentiation

The TCF3 gene encodes the highly related proteins E12
and E47. These result from mutually exclusive splicing
of two alternative 18th exons (RefSeq NM_003200),
which we refer to as exons 18a and 18b (Fig. 2A). Our
RNA-seq analysis indicated that exon 18b inclusion in-
creased in H9-derived TBs and NPCs compared with un-
differentiated H9 hESCs (Fig. 1C). Since the two
mutually exclusive exons are the same size and display
high sequence similarity (74% identity) (Supplemental
Fig. S4), we confirmed the splicing switch using RT–
PCR followed by exon-specific restriction digestion (Fig.
2B). Consistent with the RNA-seq data, exon 18a is effi-
ciently included in undifferentiated H9 hESCs (Fig. 2C,
lane 1), while exon 18b is favored in differentiated cells
(Fig. 2C, lanes 3,5). To examine whether the TCF3 AS
changes indeed reflect pluripotency, we examined the
AS state of TCF3 in undifferentiated human induced plu-
ripotent stem cells (hiPSCs) and hiPSC-derived NPCs and
TBs. Notably, similar AS changes were observed in
hiPSCs (Fig. 2C, lanes 2,4,6). The AS state of TCF3
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mRNA in several transformed human cell lines was also
tested, and, as expected, exon 18a inclusion was relatively
low compared with the pluripotent stem cells (Fig. 2C,
right column). We also investigated AS changes of TCF3
transcripts in early development using an EB formation
assay. The AS switch from exon 18a to 18b was observed
in EB formation using both H9 hESCs and iPSCs (Fig. 2D).
Together, these results suggest that predominant inclu-
sion of TCF3 exon 18a is a characteristic of self-renewing
pluripotent hESCs and iPSCs.

Identification of AS exonic regulatory elements
in TCF3 pre-mRNA

To investigate the TCF3 AS mechanism, we next estab-
lished a minigene splicing construct containing TCF3 se-
quences from exons 17 to 19. This construct recapitulates
TCF3 mutually exclusive splicing of exons 18a and 18b
(Supplemental Fig. S4A), andwe therefore used it to inves-
tigate whether cis-elements in exon 18a and/or 18b func-
tion in TCF3 splicing regulation. First, we precisely
swapped exons 18a and 18b to determine whether exon
18 sequences contain position-dependent regulatory ele-
ments. Interestingly, exon swapping disrupted TCF3 AS
by completely preventing exon 18b inclusion, leading to
100% inclusion of the swapped exon 18a (Fig. 3A). This

suggests that exon 18a and/or 18b contain exonic regula-
tory elements and that the positions of such elements
can influence TCF3 AS regulation.
To identify the exon 18 regulatory elements, we con-

structed further mutated minigenes. We first divided
both exon 18a and 18b into six sections (Supplemental
Fig. S4B) and swapped each of these sections between
exon 18a and 18b. Strikingly, replacement of sections 3
and 6 of exon 18a with the corresponding exon 18b se-
quences strongly reduced inclusion of the modified exon
18a. To confirm this, we constructed reciprocal mutants
that replaced regions 3 and 6 of exon 18b with the corre-
sponding exon 18a sequences. As expected, the swapped
exon 18b was now efficiently included (Fig. 3B). These re-
sults allowed us to construct additional minigene deriva-
tives dividing sections 3 and 6 into smaller regions
(underlined in Supplemental Fig. S4). We first divided sec-
tion 3 into two smaller sections, and Ex18a-Sub3-2b,
which replaced only 5 nucleotides (nt) of exon 18a with
18b sequence, almost completely prevented 18a inclusion
(Fig. 3C, third lane). For section 6, we produced three
smaller sections, and all of the replacements reduced in-
clusion of modified exon 18a—most effectively Ex18a-
Sub6-2b, which replaced 4 nt (Fig. 3C, third through fifth
lanes). Consistent with this, reciprocal mutants that re-
placed regions 3-2 and 6-2 of exon 18b with the

BA

C

Figure 1. Identification of human stemcell-specific splicing changes. (A) Schematic of the identification of hESC-specific splicing events.
(B) The top leftVenn diagram shows the overlap of altered splicing events between two differentiation pathways in H9 hESCs (this study),
and the top right Venn diagram shows the overlap in H1 hESCs (Xie et al. 2013). (Bottom) Venn diagram showing the overlap of splicing
changes between two different cultures. (C ) List of identified stem cell-specific AS changes. These splicing events switched in the same
way in both pathways and both cultures, and the average of changes in inclusion levels in both pathways was >20% (Inc_Level >0.2).
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corresponding exon 18a sequences showed that the mod-
ified exon 18b was efficiently included (Fig. 3C, right).
The above splicing assays identified two critical sequenc-
es in exon 18b that control differential exon 18a and 18b
inclusion, likely by functioning as ESSs (Fig. 3D, top).

We next performed additional splicing assays using a se-
ries of TCF3 deletion mutants to examine whether the
corresponding sequences in exon 18a contain sequences
that contribute to regulation. While, as expected, deletion
of exon 18b sequences containing the ESSs identified in
the swapping experiments above increased exon 18b in-
clusion, deletion of the corresponding sequences in exon
18a did not affect exon 18a inclusion (Supplemental Fig.
S5). These results confirm that the splicing changes ob-
served with the swap mutants indeed arose from ESSs in
exon 18b and that the corresponding sequences in exon
18a do not contain sequences that enhance its splicing.

We next wished to identify RNA-binding proteins
(RBPs) that recognize these exonic regulatory elements.
To this end, we first evaluated all reported RBP sequence
motifs by using the SpliceAid 2 database (Piva et al. 2012).
Notably, GC-rich motifs recognized by the related RBPs
hnRNP H1 and hnRNP F were found in both exon 18b el-
ements but not in the corresponding exon 18a sequences.
We next performed RNA affinity assays using nuclear ex-
tracts (NEs) from H9 cells and biotin-labeled 18-nt RNA
oligonucleotides corresponding to each of the sequences
from both exons to determine whether hnRNP H1 and/
or hnRNP F indeed binds the exon 18b sequences. Sil-

ver-stained SDS-PAGE gels revealed numerous proteins
binding to both RNAs, although bands with the approxi-
mate size of hnRNP H/F were detected with the exon
18b but not 18a sequences (Supplemental Fig. S6). West-
ern blot confirmed that hnRNP H1 and hnRNP F indeed
bound to the exon 18b but not 18a regulatory sequences
(Fig. 3D). These results suggest that hnRNPH/F are poten-
tial regulators of TCF3 AS.

hnRNP H/F occupancy on exon 18b and overall levels
decrease during differentiation

Given the above in vitro evidence that hnRNP H1 and
hnRNP F bind regulatory elements in exon 18b in hESC
extracts, we next examined whether hnRNP H1 binds
these sequences in H9 cells and, if so, whether occupancy
changes during differentiation. To this end, we performed
CLIP (cross-linking immunoprecipitation) to measure
binding to exon 18b. H9 cells were heterogeneously differ-
entiated as a monolayer by culturing on Matrigel in EB-
stimulating medium for 8 d. As expected, we observed
the TCF3 AS switch from exon 18a to 18b (Fig. 4A) as
well as a decrease of stem cell markers and an increase
of differentiation markers (Fig. 4B). Following UV cross-
linking, hnRNP H1 was immunoprecipitated from cell
extracts prepared from undifferentiated and 8-d differenti-
ated cells. After reversal of cross-linking, immunoprecip-
itated RNA was measured by RT-qPCR using primers
spanning the two exonic regulatory elements in exon

BA
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Figure 2. AS switches TCF3 exon 18a (E12) to exon 18b (E47) during differentiation of human pluripotent cells. (A) Schematic represen-
tation of TCF3 splicing. (B) Scheme for assaying E12/E47 ratio. (C ) E12/E47 ratio in a variety of types of cells was determined by 32P RT–
PCR. Total RNA was extracted from hESC H9 cells, human iPSCs, H9-derived trophectoderm, H9-derived NPCs, human iPSC-derived
trophectoderm, human iPSC-derived NPCs, and four human immortalized cell lines of diverse origin, as indicated. RT–PCR products
were digested by PstI and resolved on a 5% PAGE gel. The E12 percentage is indicated below. The standard deviation (SD) from biological
triplicate data is also indicated. (D) E12/E47 ratio during EB formation, analyzed by 32P RT–PCR. H9 cells and human iPSCs aggregated to
form EBs, and total RNAwas extracted at the indicated time points. RT–PCR products were digested by PstI and resolved on a 5% PAGE
gel. The E12 percentage is indicated below.
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18b. As shown in Figure 4C, hnRNP H1 binding to exon
18b was observed in undifferentiated H9 cells, but the sig-
nal was greatly reduced in the differentiated cells. Similar
experiments to measure hnRNP F levels were unsuccess-
ful, as the antibodies used did not produce signals.
A simple explanation for the decreased occupancy of

hnRNP H1 on exon 18b following differentiation is that
expression levels decrease. We therefore examined both
hnRNP H1 and hnRNP F mRNA and protein levels in

H9 cells differentiated as described above. We first mea-
sured mRNA levels in undifferentiated and 8-d differenti-
ated cells by RT-qPCR. After differentiation, both hnRNP
H1 and hnRNP FmRNA levels were significantly reduced
—by ∼50% (Fig. 4D). Importantly, Western blot analysis
showed even stronger decreases of both proteins in the dif-
ferentiated cells (Fig. 4E). This might arise from post-tran-
scriptional regulation, as suggested by Grammatikakis
et al. (2016).

A

B

C D

Figure 3. hnRNPH/F proteins bind exonic regulatory elements in exon 18b. (A, left) Diagramofwild-type and SWAP constructs inwhich
the positions of exon 18a and exon 18b are switched. (Right) 32P RT–PCR assays of RNAs extracted from transfected HeLa cells using T7
primer and Ex19R. PCR products were digested with PstI. (B, left) Diagram of point-swapping mutant constructs. The details of a series of
mutants are described in Supplemental Figure S4. (Right) 32P RT–PCR assays of RNAs extracted from transfected HeLa cells using T7
primer and Ex19R. PCR products were digested with PstI or HaeII. The E12 (exon18a inclusion) percentage was calculated by dividing
exon 18a signal by the sum of exon 18a and 18b signals and is indicated below. (C ) 32P RT–PCR assays of additional point-swapping mu-
tants in sections 3 and 6 in HeLa cells. (D, top) Sequence comparison of sections 3-2 and 6-2. The putative hnRNP H/F-binding sites are
underlined. TheRNAaffinity assay used biotinylated 3-2 and 6-2 short RNAoligonucleotides. Isolated proteinswere analyzed byWestern
blot using the indicated antibodies.
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hnRNP H/F regulate TCF3 AS and help drive stem cell
differentiation

Since our data suggest that hnRNP H/F are involved in
TCF3 AS regulation during differentiation, we next tested
whether depletion or overexpression of either protein af-

fects TCF3 splicing. We first transfected 293T cells with
siRNAs targeting hnRNP H1 and/or F. Knockdown of
both proteins resulted in a significant increase in exon
18b inclusion and a corresponding decrease in the
E12/E47 ratio—from 63% to 36% (Fig. 5A). Knockdown
of hnRNP H/F in HeLa cells behaved similarly

A B

C

D

E

Figure 4. hnRNP H/F expression and recruitment to exonic regulatory elements decrease during differentiation. (A) E12/E47 ratio was
examined by 32P RT–PCR. PCR products were digested by PstI. (B) Expression of pluripotency and differentiation markers as determined
by quantitative PCR (qPCR) after 8 d of differentiation. The P-value was determined by two-tailed Student’s t-test. (∗) P <0.05. (C ) CLIP
analysis to measure the hnRNP H protein enrichment on exon 18b of TCF3 mRNA by qPCR after 8 d of differentiation. Data were nor-
malized to hnRNP H immunoprecipitation signal in undifferentiated H9 cells. All results represent the means ± SD from at least three
independent experiments. (∗) P <0.05. (D) Expression of hnRNP H and hnRNP F during 8 d of differentiation of H9 cells. mRNA levels
were determined by qPCR. (E) Protein levels were analyzed by Western blot using the indicated antibodies (left), and the bar graph shows
its quantification (right).
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(Supplemental Fig. S7). Conversely, overexpression of
hnRNP H1 and/or hnRNP F strongly suppressed 18b in-
clusion in 293T cells cotransfected with the TCF3 mini-
gene described above (Fig. 5B). Previous studies have
shown thatwhen hnRNPH1 binds exonic regions, it often
functions to repress exon inclusion (Xiao et al. 2009),
which is consistent with our results. We next examined
whether knockdown of these proteins in H9 hESCs had
a similar effect on TCF3 AS. Indeed, knockdown of both
proteins resulted in a modest but reproducible and signifi-
cant increase in exon 18b inclusion and a corresponding
decrease in the E12/E47 ratio—from 94% to 79% (Fig.
5C). The relatively small magnitude of the AS switch

may reflect the low knockdown efficiency of hnRNP H1
in H9 cells (Fig. 5C, bottom).
We next examined the H9 hESCs following hnRNPH/F

knockdown to determine whether, in addition to the
TCF3 AS switch, they underwent morphological changes
characteristic of differentiation. It is well known that
hESCs must be cultured as cell clumps or colonies
because they undergo apoptosis when dissociated (Wata-
nabe et al. 2007 and references therein). Strikingly, follow-
ing 48 h of siRNA transfection, hnRNP H/F knockdown
transformed the cells from a typical, tight epithelium phe-
notype to a loose, decolonized phenotype (Fig. 5D; Supple-
mental Fig. S8). This indeed resembles the epithelial–

A B C

D

E F

Figure 5. hnRNP H1 and hnRNP F regulate TCF3 splicing and hESCmorphology. (A) E12/E47 ratio in hESCs after the indicated siRNA
treatment analyzed by 32P RT–PCR. RT–PCR products were digested by PstI and resolved by 5% PAGE. (Top) The E12 percentage is in-
dicatedbelow. (Bottom) Immunoblots showing protein levels after the indicated siRNA treatment. (B) E12/E47 ratio in 293T cells after the
indicated siRNA treatment analyzed by 32P RT–PCR. (C ) Splicing assays analyzed by 32P RT–PCR using T7 primer and Ex19R. The TCF3
minigene and the indicated expression plasmids were transfected into 293T cells. Total RNA from the transfected cells was used for 32P
RT–PCR. (D) Cell morphology of H9 hESCs transfected by the indicated siRNAs. (E) Expression of pluripotency markers in hnRNP H/F
knockdown cells, determined by qPCR. (F ) Expression of differentiation markers in H9 hESCs after the indicated siRNA treatment,
determined by qPCR.
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mesenchymal transition (EMT), which is essential for
germ layer formation and cellmigration in the early verte-
brate embryo (Acloque et al. 2009). To characterize this
differentiated phenotype in the knockdown cells, we ex-
amined expression of several differentiation markers by
RT-qPCR. This analysis revealed that although only a
limited but significant decrease of stem cell marker ex-
pression occurred (Fig. 5E), expression of two markers—
HAND1 for extraembryonic ectoderm and MSX1 for em-
bryonic ectoderm—was significantly increased (Fig. 5F).
Together, these data suggest that hnRNPH/F knockdown
stimulates stem cell differentiation, especially along the
pathway to embryonic and extraembryonic ectoderm.

TCF3 splice variants E12 and E47 regulate CDH1
expression differently

We next investigated how hnRNP H/F knockdownmight
bring about decolonization and differentiation. Coloniza-
tion of hESCs is known to be maintained by the cell adhe-

sion molecule E-cadherin (Watanabe et al. 2007; Ohgushi
et al. 2010), and E-cadherin balances ESC self-renewal and
differentiation (Redmer et al. 2011; Huang et al. 2015). In-
terestingly,CDH1, which encodes E-cadherin, is a known
TCF3 transcriptional target (Pérez-Moreno et al. 2001;
Tiwari et al. 2015), and we therefore next investigated
CDH1 expression levels. Significantly, Western blot and
quantitative RT–PCR (qRT–PCR) revealed a decrease in
CDH1/E-cadherin protein and mRNA levels following
hnRNP H/F knockdown in both H9 hESCs (Fig. 6A,B)
and differentiated H9 hESCs (Fig. 6C,D).

We next wished to investigatewhether the hnRNPH/F-
mediated switch inTCF3ASmight underlie the reduction
in CDH1 expression during differentiation. Overex-
pression of TCF3 (E47) induces the EMT, transforming ep-
ithelial-like MDCK cells to a migratory phenotype by
repressingCDH1 transcription and stimulatingmESC dif-
ferentiation, although whether this activity is specific to
E47 is not known (Pérez-Moreno et al. 2001; Yi et al.
2011). Our finding that hnRNP H/F knockdown favored

A

E

F
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Figure 6. E47-specific, but not E12-specific, knockdown releases E-cadherin repression. (A,B) E-cadherin protein levels in H9 hESCs an-
alyzed by Western blot (A) and mRNA levels determined by RT-qPCR (B). (C,D) Expression of E-cadherin protein levels during 8 d of dif-
ferentiation of H9 hESCs analyzed by Western blot (C ) and mRNA levels determined by RT-qPCR (D). (E) Expression of CDH1 in H9
hESCs after the indicated siRNA treatment, determined by RT-qPCR and Western blot. (F ) Expression of CDH1 in 293T cells after the
indicated siRNA treatment, determined by qPCR and Western blot.
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E47 production and concomitantly induced decoloniza-
tion of hESCs prompted us to hypothesize that E12 and
E47 differently regulateCDH1. To examine this, we trans-
fectedH9 hESCswith siRNAs specifically targeting either
exon 18a or 18b. Significantly, RT-qPCR revealed that
CDH1mRNA levels increased following E47 knockdown
but decreased upon E12 knockdown (Fig. 6E, right). Addi-
tionally, Western blots indicated that E-cadherin protein
levels increased in the E47 knockdown cells, but no
changes in protein levels were observed following E12
knockdown (the difference in relative mRNA and protein
levels in the E12 knockdown cells may reflect E-cadherin
protein stability and/or a requirement for appropriate cell
signaling for protein turnover) (Fig. 6E; Shen et al. 2008).
Similar but more striking effects on CDH1 mRNA and
protein expression following E47 knockdown were ob-
served in 293T cells (Fig. 6F), perhaps because of higher
knockdown efficiency and/or because 293T cells have a
higher E47/E12 expression ratio compared with undiffer-
entiated H9 cells.
The above data support our hypothesis that the two

TCF3 isoforms differentially regulate CDH1 expression.
Importantly, the fact that only E47 acts as a repressor is
consistent with the changes in TCF3 AS and E-cadherin
expression that occur during hESC differentiation. To-
gether, our data revealed a TCF3 AS switch regulated by
hnRNP H/F, which in turn contributes to hESC mainte-
nance and differentiation at least in part by controlling
E-cadherin expression.

Discussion

In this study, we identified a number of AS events that
have the potential to be important for stem cell identity
by comparing multiple RNA-seq data sets and found sev-
eral interesting stem cell-specific splicing changes in
hESCs. One of the most intriguing of these was TCF3mu-
tually exclusive AS. TCF3 AS was first described almost
30 yr ago (Murre et al. 1989) and since then has been inves-
tigated and characterized predominantly in the context of
lymphoid development (Miyazaki et al. 2017 and refer-

ences therein). However, TCF3 was essentially rediscov-
ered as an integral factor in the core regulatory circuitry
of pluripotent stem cells, and multiple important roles
have been reported, mostly in mESCs (see above; Pereira
et al. 2006; Cole et al. 2008; Yi et al. 2008, 2011; Wray
et al. 2011).Whereas E12 and E47 are now thought to func-
tion by differentially dimerizing with a variety of tissue-
specific class II HLH proteins (such as NeuroD1, Ets,
Pax, and negative regulatory ID proteins) to control cell
type specification and differentiation programs during
embryonic development (Wang and Baker 2015 and refer-
ences therein), possible functional differences between
the two isoforms in stem cell maintenance had not been
investigated previously. Our study shows not only that
these two TCF3 isoforms can differentially regulate a
physiologically important target, CDH1, but also that
the highly related hnRNPs H1 and F play critical roles
in regulating the AS event that generates E12 and E47.
Importantly, this contributes to maintenance of the plu-
ripotent state at least in part by controlling E-cadherin ex-
pression (Fig. 7). Below, we discuss the newfound roles of
hnRNP H/F and TCF3 AS in controlling differentiation of
hESCs.
TCF3 is well known to play important roles in control-

ling differentiation inmESCs. For example, knockdown of
TCF3 in mESCs was shown to induce expression of
NANOG,OCT4, and other pluripotency genes and result
in a permanent undifferentiated state (Pereira et al. 2006;
Cole et al. 2008). In light of this, it was unexpected when
we found that knockdown of E12 and/or E47 did not result
in induction of pluripotent genes inH9 hESCs.We suggest
that this discrepancy arises from interspecies differences.
There are, in fact, several substantial differences between
hESCs and mESCs even though both are pluripotent cells
derived from blastocyst embryos (Thomson et al. 1998;
Sato et al. 2003). Most relevantly, significant interspecies
differences in TCF3 and its target genes exist. For exam-
ple, a recent study showed that TCF3 targets overlap
less with those of the pluripotency regulators OCT4 and
NANOG in hESCs than in mESCs and that human
TCF3 acts generally on differentiation-specific rather
than pluripotency-specific genes (Sierra et al. 2018). In

Figure 7. Model for TCF3 splicing regulation. In
stem cells, hnRNP H/F are highly expressed, bind
to ESSs in exon 18b, and repress its inclusion.
Therefore, E12, which does not repress CDH1
expression, is preferentially expressed, resulting in
E-cadherin production and thus E-cadherin-depen-
dent intercellular attachment. In differentiated
cells, hnRNP H/F are down-regulated, likely due
to reduced expression of the activator c-Myc, result-
ing in preferential inclusion of exon 18b. E47 ex-
pression is thus increased, resulting in CDH1
repression, and the lower E-cadherin levels lead to
an altered cell morphology—from stable colonies
that have tight intercellular attachments to an inva-
sive and migratory phenotype.
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addition, while we found that mutually exclusive AS of
TCF3 switches exon 18a (E12) to exon 18b (E47) during
hESC differentiation, Salomonis et al. (2010) reported
that skipping of exon 4, which creates a short TCF3 iso-
form, is an mESC-specific AS event not conserved in
hESCs even though the mESC-specific TCF3 isoform
does regulate pluripotency and expression of early devel-
opmental genes. Furthermore, TCF3-responsive elements
in theCDH1 promoter are also different between humans
and mice. In mice, TCF3 binds a palindromic E-box se-
quence, which is often recognized by homodimers (Beh-
rens et al. 1991; Pérez-Moreno et al. 2001), whereas
multiple single E-box sequences are found in the human
gene (Tiwari et al. 2015; Ahn et al. 2016). These observa-
tions suggest that regulation of TCF3 AS and TCF3 down-
stream targets such as CDH1 may explain at least in part
the interspecies differences between hESCs and mESCs.
Consistent with this, cadherin/catenin-dependent inter-
cellular attachment is crucial for survival of hESCs but
not mESCs (Ohgushi et al. 2010).

TCF3 is also known to play important roles in a variety
of differentiation-related processes, but, in these cases,
how AS might contribute is unknown. For example, in
mice, TCF3 is highly expressed in neuronal stem cells of
the subventricular zone niche, and TCF3-null embryos
die at embryonic day 9.5 and display defects in neural
and mesodermal patterning (Merrill et al. 2004). TCF3
also functions in skin stem cells to maintain an undiffer-
entiated state and, through Wnt signaling, directs these
cells along the hair lineage (Nguyen et al. 2006). It also
has been reported recently that TCF3 coordinates early
heart formation by functioning with other HLH and ID
proteins (Cunningham et al. 2017). In addition to develop-
mental functions, TCF3 mutations have been reported to
cause disease, such as Burkitt lymphoma (Schmitz et al.
2012). It will be of interest to determine whether any of
these TCF3-dependent events are modulated by AS and,
if so, whether changes in hnRNP H/F concentrations
play a regulatory role.

Previous studies have shown that alterations of hnRNP
H1 and/or hnRNP F levels can have physiologically signif-
icant effects on AS. For example, hnRNP H/F were found
to function in neuronal differentiation by controlling the
AS of multiple transcripts (Min et al. 1995; Chou et al.
1999; Han et al. 2005; Wang et al. 2012; Mandler et al.
2014; Xu et al. 2014). hnRNP H1 has been reported to reg-
ulate AS in oligodendrocytes (Wang et al. 2012; Mandler
et al. 2014) and inclusion of the brain-specific C1 cassette
exon of the glutamate NMDA R1 receptor mRNA (Han
et al. 2005). Additionally, a recent study showed that a
decrease in hnRNP H1 levels stimulates neuronal differ-
entiation in rat PC 12 cells (Grammatikakis et al. 2016).
Also supporting a physiologically important role for
hnRNP H1 in AS control, we reported recently that the
C9ORF72 (C9) GGGGCC expansion, a major cause of
amyotrophic lateral sclerosis (ALS)/frontotemporal lobar
degeneration (FTD), forms RNA G-quadruplex inclusions
that sequester hnRNP H1, which disrupts splicing of
hnRNP H1 target transcripts in ALS patient brains (Con-
lon et al. 2016). Interestingly, consistent with our findings

here that hnRNP H1 represses exon 18b inclusion, hence
reducing E47 levels, RNA-seq analysis comparing C9ALS
and healthy brains (Prudencio et al. 2015) suggested that
E47 levels were in fact increased in C9 ALS patient brains.
Together, these data suggest that regulation of TCF3 AS
by hnRNPH/Fmay have a profound impact on transitions
between cell proliferation and lineage specification—
especially during neural development—and may perhaps
play a role in neurodegenerative disease.

Our findings also suggest that hnRNP H/F play an im-
portant role in stem cell maintenance and differentiation.
Coupled with the decrease in hnRNP H/F expression in
differentiated H9 cells, our finding that hnRNP H/F
knockdown destabilizes the hESC colony phenotype sup-
ports a role in maintenance of pluripotency (Eastham
et al. 2007; Acloque et al. 2009). Interestingly, a recent
study showing that hnRNP F inhibits EMT by regulating
CD44 AS in breast cancer (Huang et al. 2017) supports
our model, as our data suggest that hnRNP H/F have the
potential to regulate themigration step fromthehESCplu-
ripotent state to differentiated tissues by releasing cells
from E-cadherin-mediated tight intercellular attachments
in early development.Additionally, based on expression of
characteristic markers, loss of hnRNP H/F leads to ecto-
derm lineage differentiation. Importantly, here, neuronal
cells are generally believed to bedifferentiated fromthe ec-
toderm (Murry and Keller 2008). Together with the fact
that hnRNPH/F regulates a variety of AS events in neuro-
nal tissues and hence neural differentiation (see above),
hnRNPH/Fmay function very broadly—from the early ec-
todermal stage to specific differentiated neural linages.

In conclusion, we showed here that hnRNP H/F are im-
portant for maintenance and differentiation of hESCs and
that this at least in part reflects a switch in TCF3 AS that
leads to repression of CDH1/E-cadherin. Notably, this is
consistent with a previous genome-wide RNAi screen us-
ing anOCT4 promoter-driven reporter system designed to
identify determinants for hESC identity (Chia et al. 2010).
Although stem cell transcription factors and cofactors
were enriched among the top candidate genes, hnRNP
H1 ranked in the top 3% among 21,000 tested genes, con-
sistent with our findings that hnRNP H1 plays a critical
role inmaintenance and differentiation of hESCs. Further-
more, providing insight into how hnRNP H1 levels are
regulated, the Yamanaka factor c-Myc, the levels of which
decrease during ESC differentiation (Cartwright et al.
2005), activates hnRNP H1 expression by binding to a
noncanonical E-box in the promoter of the hnRNPH1/2
gene in cancer cells (Rauch et al. 2011; Li et al. 2016). Fu-
ture studies are likely to reveal more functions of hnRNP
H/F—and perhaps other RBPs—in controlling AS in
hESCs and thereby contributing to the maintenance of
pluripotency and/or differentiation of stem cells.

Materials and methods

Cell culture and transient transfection

HeLa and 293T cells were maintained in DMEM supplemented
with 10% fetal bovine serum (FBS). DNA transfection reagent
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(Biotools) was used for plasmid transient transfection. siRNAs
were transfected using Lipofectamine RNAiMAX transfection
reagent (Invitrogen) according to the manufacturer’s instruc-
tions. To achieve satisfactory transfection efficiency, H9 cells
were transfected twice with siRNAs. H9 cells were plated at
200,000∼400,000 cells per well onMatrigel-coated 12-well plates
in Essential 8 medium (Stem Cell Technologies). After 2 d of cul-
ture, H9 cells were transfected with siRNA, transfected again 1 d
later, and then harvested 2 d later. Sequences of siRNAs are listed
in Supplemental Table S4.

Stem cell maintenance and differentiation

hiPSCs were established as described previously (Wu et al. 2012).
A humanH9 ESC line (WA09) and hiPSCsweremaintained in Es-
sential 8 medium or mTeSR1 (StemCell Technologies) onMatri-
gel-coated (Corning) plates. hESCs (WA-09) were differentiated
into either NPCs (Chambers et al. 2009) or TBs (Xu et al. 2002)
as described. For EB formation, a modified protocol from Wu
et al. (2012) was used. H9 cells and hiPSCs were harvested with
ReLeSR (Stem Cell Technologies) and plated on a Nunclon
Sphera 35-mm dish (Thermo Scientific) in DMEM/F12 (Gibco)
consisting of 15% FBS (BenchMark), 15% knockout serum re-
placement (Invitrogen), 0.1 mM nonessential amino acids, and
0.5% penicillin and streptomycin. The medium was changed ev-
ery 2 d. EBs in the supernatant were harvested by centrifugation
at 1000 rpm for 5 min (IEC Centra CL2). For CLIP assays, we dif-
ferentiated H9 cells heterogeneously as amonolayer to cross-link
RNA–protein interactions using UV irradiation. H9 cells were
plated on Matrigel-coated plates in Essential 8 medium. Three
days later, the culture medium was changed to the EB-stimulat-
ing medium described above and then cultured for 8 d. Y27632
(Regents Direct) was supplemented on the first 2 d. The medium
was changed every 2 d.

RT–PCR, 32P RT–PCR, and RT-qPCR

Total RNAwas extracted from tissue culture samples using TRI-
zol (Invitrogen) according to the manufacturer’s instructions. To-
tal RNA (1 µg) was reverse-transcribed using Maxima RT
(Thermo Scientific) primed with random hexamers (Invitrogen).
RT–PCRwas performed using TaqDNApolymerase (Invitrogen).
For 32P RT–PCR, 3 µCi of [32P]dCTP was added per 50 µL of PCR
reaction. RT-qPCR was performed with Power SYBR using Ste-
pOnePlus (Applied Biosystems). qPCR data were analyzed by
theΔΔCTmethod, normalizing to theACTB gene for knockdown
experiments in HeLa, 293T, and H9 cells. RPL13Awas used as a
stable control (Vossaert et al. 2013) for 8-d differentiated samples.
Primers used in the PCR reactions are listed in Supplemental
Table S4.

Plasmids constructs

hnRNPH1 and hnRNP F genes were amplified fromHeLa cDNA
and cloned in pcDNA3 with 3xFlag tag using either BamHI and
XbaI or BamH1 and XhoI for mammalian expression. To con-
struct the human TCF3 minigene reporter, TCF3 exon 17, exon
18a, exon 18b, exon 19, and flanking regions were cloned by
PCR from 293T genomic DNA and inserted into pcDNA3 (Invi-
trogen) using HindIII and EcoRI. For the SWAP construct, exon
18a fragments and TCF3 minigene sequence without the exon
18b region were amplified by PCR and ligated using T4 PNK
and T4 ligase (New England Biolabs). These steps were repeated
to replace exon 18a with exon 18b. A series of swapping muta-
tions was introduced by PCR-based site-directed mutagenesis.

Primers used in the mutagenesis are listed in Supplemental
Table S4.

Minigene splicing assays

One-hundred nanograms of wild-type or mutated minigene vec-
tors was transfected into HeLa cells. To examine the effects of ex-
ogenous expression of hnRNP H1 and hnRNP F, 500 ng of empty
vector and/or expression vectors was transfected with 50 ng of
TCF3 minigene. Forty-eight hours after transfection, cells were
collected, and the E12/E47 ratio was analyzed using 32P RT–
PCR followed by PstI digestion. Digested PCR products were sep-
arated on a 5% PAGE gel. ImageQuant TL (GE healthcare) was
used for quantification.

Western blotting

Cells were lysed with SDS sample buffer (50 mM Tris at pH 7.4,
100 mM NaCl, 1% Triton X-100, 0.1% SDS, 1% sodium deoxy-
cholate, 1× proteinase inhibitor cocktail [Biotools]), resolved by
SDS-PAGE, transferred to nitrocellulose membranes, and incu-
bated with primary antibodies detecting CDH1 (1:1000; Cell Sig-
naling), hnRNP H1 (1:1000; Bethyl Laboratories), hnRNP F
(1:1500; Santa Cruz Biotechnology), GAPDH (1:20,000; Sigma),
or ACTB (1:30,000; Sigma) overnight at 4°C. Secondary antibod-
ies HRP-conjugated anti-mouse and anti-rabbit IgG (Sigma)
were used at 1:10,000 for 2 h at room temperature. Following
washes with PBST (1× PBS, 0.1% Tween-20), ECL-Prime (GE
Healthcare) was used to visualize the chemiluminescence signal,
and ImageJ software was used for quantification.

CLIP analysis

Self-renewing H9 cells and differentiated H9 cells plated on
Matrigel were cross-linked by 400 mJ/cm2 of 254-nm UV using
a UV Stratalinker 1800 (Stratagene). Cross-linked H9 cells were
collected by scraping, and total cell lysates were prepared in lysis
buffer (50 mM Tris at pH 7.4, 100 mM NaCl, 1% NP-40, 0.1%
SDS, 0.5% sodium deoxycholate, 1× proteinase inhibitor cocktail
[Biotools]). For immunoprecipitation, 5 µg of anti-hnRNP H anti-
body (Invitrogen) or rabbit IgG (SantaCruz Biotechnology)was in-
cubated with 40 µL of protein G/Amagnetic beads (Pierce) for 1 h
at room temperature. Beads were then washed twice with lysis
buffer. Total cell lysates were treated with 3 U of DNase RQ1
(Promega) per sample and 0.2 U of RNase I per sample for exactly
30 min at 37°C. Lysates were then centrifuged at 20,000g for 20
min at 4°C, and the supernatants were mixed and incubated
with a specific antibody or IgG-coated beads for 4 h at 4°C. After
washing twice with high-salt wash buffer (50 mM Tris at pH 7.4,
500 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycho-
late) and twicewith lysis buffer, cross-linked RNAswere incubat-
ed with 1 mg/mL Proteinase K (Upstate Biotechnology) in PK
buffer (50 mM Tris at pH 7.4, 50 mM NaCl, 10 mM EDTA) for
30 min at 37°C. Samples were then incubated with an equal vol-
ume of PK buffer containing 7 M urea for 30 min at 37°C. Eluted
RNAswere phenol/chloroform-extracted and EtOH-precipitated,
redisolved, treated with DNase RQ1, and purified by phenol/
chloroform extraction and EtOH precipitation. Purified RNAs
were analyzed by RT-qPCR.

RNA affinity pull-down assay

The 5′ biotinylated 18 RNA oligonucleotides were purchased
from IDT. NEs from H9 hESCs were prepared as described previ-
ously (Kleiman and Manley 2001). Three nanomoles of
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biotinylated RNAwas incubated with 100 µL of streptavidin-aga-
rose beads (Sigma) overnight at 4°C with rotation. Incubated
beads then were washed twice with binding buffer (10 mM Tris
at pH 7.4, 0.5 mM EDTA, 500 mM NaCl) and twice with buffer
D (20 mM HEPES at pH 7.9, 20% glycerol, 300 mM KCl, 0.2
mM EDTA, 0.5 mM DTT). RNA-coated beads were then mixed
and rotatedwithNEs fromH9hESCs for 4 h at 4°C. Afterwashing
beads twice with buffer D and twice with buffer D without glyc-
erol, precipitated proteins were eluted by SDS sample buffer and
analyzed by Western blot.

RNA-seq

hESCs (WA-09) were cultured on mouse embryonic fibroblast
feeder cells and differentiated into either NPCs (Chambers
et al. 2009) or TBs (Xu et al. 2002) as described. RNA from two bi-
ological replicates of the initial hESC culture and the resultant
NPCandTB cultureswere subjected to Illumina high-throughput
sequencing, yielding a total of ∼59million 76-nt reads fromhESC
and NPC samples and ∼70 million reads from the TB samples.
Reads were aligned to the human genome using Bowtie (Lang-
mead et al. 2009). In all samples, >77% of the reads aligned to a
unique locus (Supplemental Fig. S1). Changes in AS were detect-
ed using MATS software (version 3.0.8), which uses Bowtie to
map reads to the exon junction database (Shen et al. 2012). Anno-
tation files were prepared using TopHat (version 2.0.13) and Cuf-
flinks (version 2.2.1) to include unannotated splicing events
(Trapnell et al. 2012). AS changes were selected under highly
stringent selection conditions (P-value≤0.0005; false discovery
rate≤0.05). Published data sets acquired from different culture
conditions were downloaded from Sequence Read Archive
(SRA) accession number SRP000941 (Xie et al. 2013) and pro-
cessed in the same way.
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