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Abstract

Background SOX2 is a determinant transcription factor that governs the balance between stemness and differen-
tiation by influencing transcription and splicing programs. The role of SOX2 is intricately shaped by its interactions
with specific partners. In the interactome of SOX2 in mouse embryonic stem cells (mESCs), there is a cohort of het-
erogeneous nuclear ribonucleoproteins (hnRNPs) that contributes to multiple facets of gene expression regulation.
However, the cross-talk between hnRNPs and SOX2 in gene expression regulation remains unclear.

Results Here we demonstrate the indispensable role of the co-existence of SOX2 and heterogeneous nuclear
ribonucleoprotein K (hnRNPK) in the maintenance of pluripotency in mESCs. While hnRNPK directly interacts

with the SOX2-HMG DNA-binding domain and induces the collapse of the transcriptional repressor 7SK small nuclear
ribonucleoprotein (7SK snRNP), hnRNPK does not influence SOX2-mediated transcription, either by modulating

the interaction between SOX2 and its target cis-regulatory elements or by facilitating transcription elongation as indi-
cated by the RNA-seq analysis. Notably, hnRNPK enhances the interaction of SOX2 with target pre-mRNAs and col-
laborates with SOX2 in regulating the alternative splicing of a subset of pluripotency genes.

Conclusions These data reveal that SOX2 and hnRNPK have a direct protein-protein interaction, and shed light
on the molecular mechanisms by which hnRNPK collaborates with SOX2 in alternative splicing in mESCs.

Background

Transcription factors serve as master regulators of cellu-
lar identity, with the ability to orchestrate cell fate tran-
sitions, such as differentiations, reprogramming, and
transdifferentiations [1, 2]. Emerging evidence under-
scores their capacity to act as mediators in multiple facets
of gene expression.
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The High-mobility group (HMG)-box transcription fac-
tor SOX2 is one of the key transcription factors that play
a crucial role in maintaining pluripotency of stem cells.
Within the context of pluripotency, its HMG domain
selectively binds to nucleosomal entry-exit sites [3]. In
collaboration with OCT4, SOX2 induces a notable ~90°
DNA distortion away from the histone octamer, initiating
chromatin opening by leveraging binding energy [4]. This
process enhances the accessibility of nucleosomal DNA
and triggers nucleosome-mediated cooperativity among
transcription factors or regulators, leading to robust acti-
vation of pluripotent gene expression while simultane-
ously repressing genes associated with differentiation, or
vice versa [5-7].

Apart from its well-established roles in direct DNA-
level transcriptional regulation, SOX2 has recently been
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discovered to participate in RNA-related processes that
significantly impact cell fate determination [8, 9]. Despite
lacking conventional RNA-binding motifs, SOX2 has
been identified as an RNA-binding protein. It recognizes
G/C-rich RNA sequences through a 60-amino-acid RNA
binding motif (RBM) located C-terminally adjacent to
the HMG domain (amino acids 120-180) [9, 10]. The
HMG domain also exhibits RNA-binding activity, but in
a non-sequence-specific manner [9, 11]. In the presence
of both DNA and RNA, the RBM preferably binds RNA,
while the HMG domain interacts with DNA predomi-
nately [9]. The RBM is suggested to regulate alternative
splicing of pre-mRNA from genes that play essential roles
in cell fate determination [9]. Deletion of the RBM leads
to altered splicing site selection in multiple genes bound
by SOX2, especially in exons rich in G/C sequences near
the 5 splice site [9]. This disruption ultimately impacts
the efficiency of somatic cell reprogramming, indicat-
ing a role for SOX2 in alternative splicing regulation [9].
RNA-seq analysis has further confirmed that the RBM
controls splicing patterns, independently of the HMG
domain, for specific genes [9], underlining SOX2’s role in
splicing regulation that is distinct from its HMG domain-
related functions. This is consistent with the observation
that more than one-third of alternative regulators are
transcription factors, including those containing HMG
domains [12]. SOX2 is believed to regulate the alternative
splicing of pre-mRNA in genes pivotal for cell fate deter-
mination by associating with splicing factors within the
SOX2 interactome [9, 12—15].

Heterogeneous nuclear ribonucleoproteins (hnRNPs)
constitute a significant portion of the SOX2 interac-
tome [13, 14, 16]. This group of RNA-binding proteins
is known for recognizing specific RNA sequences and is
commonly associated with various RNA metabolism pro-
cesses, including pre-mRNA splicing, transcription, and
translation regulation [17, 18]. Among these hnRNPs,
hnRNPK actively contributes to pivotal physiologi-
cal and pathological processes in pluripotent stem cells
and development. hnRNPK binds to and modulates the
alternative splicing of the RUNXI transcript, exerting a
subsequent impact on myeloid development [19]. Addi-
tionally, hnRNPK recruits IncRNA-Smad7 to the Bmp2
promoter, suppressing Bmp2 expression, and hinders
cardiomyocyte differentiation from mouse embryonic
stem cells (mESCs) [20]. hnRNPK actively contributes to
preventing premature differentiation of human epider-
mal progenitor cells by degrading mRNAs encoding dif-
ferentiation-promoting transcription factors through the
DDX6 pathway [21]. Our prior investigation revealed that
hnRNPK is a part of the interactome with SOX2 and sev-
eral splicing factors during reprogramming [9]. Bakhmet
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et al. discovered frequent co-occupation of hnRNPK by
vital pluripotency-related transcription factors, including
SOX2, alongside active histone marks within open chro-
matin regions in mESCs [22]. These observations suggest
a potential coordination between hnRNPK and SOX2 in
the regulation of pluripotency-related gene expression
at the levels of splicing and/or transcription. However,
the specifics of whether and how hnRNPK participates
in cross-talk with SOX2 in gene expression regulation
remain undocumented.

In this study, we elucidate a collaborative role of
hnRNPK with SOX2 in maintaining pluripotency in
mESCs. We observed the association of SOX2 with
hnRNPK and their co-localization on chromatin in
the pluripotent state. Despite the direct interaction of
hnRNPK with the SOX2-HMG DNA-binding domain
and its role in degrading the transcription repressor 7SK
snRNPs, hnRNPK is dispensable for SOX2-mediated
transcription. Instead, hnRNPK affects SOX2-mediated
splicing of specific pluripotency-related gene transcripts.
This effect is achieved by hnRNPK through enhancing
the binding of SOX2 to its target pre-mRNAs. This study
highlights a hitherto unknown interplay between SOX2
and hnRNPK in pre-mRNA splicing.

Methods

Cell culture

NIH3T3 and HEK293T cells were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) supplied with
10% EBS (Every Green, Cat#11011-8611) and 100 mg/ml
penicillin—streptomycin (NCM Biotech, Cat#C100C5).
E14Tg2A (E14) embryonic stem cells (ESCs) were cul-
tured on 0.2% gelatin-coated plates in standard mouse
embryonic stem cells medium (DMEM/high glucose
(Hyclone, Cat#SH30022-2B) containing 15% FBS (Nato-
cor, Cat#SFBE), 1xGlutaMax (Gibco, Cat#35050079),
1xXMEM nonessential amino acids (Corning, Cat#25-
025-CI), 0.055 mM 2-Mercaptoethanol (Gibco,
Cat#21985023), 0.5X penicillin/streptomycin (Hyclone,
Cat#SV30010), with the presence of 1000 U/ml leuke-
mia inhibitory factor (LIF, Merck, Cat#ESG1107), 3 mM
CHIR99021 (Merck, Cat#252917), 1 mM PD0325901
(Merck, Cat#391210-10-9)). All cell lines were cultivated
in a humidified incubator with 5% CO, at 37 °C.

Retinoic acid (RA)-induced differentiation of ESCs

E14 ESCs were seeded at a density of 0.3x10° cells per
10 cm dish. After 24 h, LIF was withdrawn, and retinoic
acid (RA, Merck, Cat#302-79-4) was introduced at a con-
centration of 1 uM. Cell samples were collected 24 h, 48 h
and 72 h post-treatment.
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Chromatin-binding assay

The chromatin binding assay was conducted follow-
ing established protocols with modifications [23, 24].
In brief, approximately 1x 107 E14 ESCs, with or with-
out RA treatment, were lysed for 15 min on ice in cold
CSK I buffer (10 mM Pipes, pH 6.8, 100 mM NaCl, 1 mM
EDTA, 300 mM sucrose, 1 mM MgCl,, 1 mM DTT) sup-
plemented with 0.5% (v/v) Triton X-100, protease inhibi-
tors (MedChemExpress, Cat#HY-K0010) and 1 mM
PMSE. The cell lysate was centrifuged at 500 g at 4 °C
for 3 min. The pellet was resuspended in CSK II buffer
(10 mM Pipes, pH 6.8, 50 mM NaCl, 300 mM sucrose,
6 mM MgCl,, 1 mM DTT), treated with DNase I (Ther-
moFisher Scientific, Cat#EN0521) in the presence of
(NH,),SO, at 37 °C for 30 min to isolate the soluble chro-
matin fraction. After centrifugation at 1200 g for 6 min
at 4 °C, the supernatant was collected and analyzed
by Western blot using antibodies (anti-SOX2, Abcam,
Cat#ab97959; anti-hnRNPK, ABclonal, Cat#A1701; anti-
Histone H3, Cell Singaling Technology, Cat#96C10).

Transfection and lentiviral infection

Cell transfection utilized Lipofectamine 3000 (Yeasen,
Cat#40802ES03) following the manufacturer’s instruc-
tions. Protein expression was suppressed using the len-
tiviral vector GV248 (CONO77) expressing specific
shRNA. Lentiviral particles were generated by trans-
fecting 293 T cells with 5 ug each of psPAX2, pMD2.G,
and GV248, containing either the shRNA or a scramble
control. The detailed sequences are listed in Additional
file 1: Table S1. For lentivirus infection, E14 ESCs were
trypsinized, re-suspended in standard mouse embry-
onic stem cells medium at a concentration of 0.25x 10°
/ml. Cells (2 ml) were mixed with virus and plated onto
gelatinized wells of 12-well plates. Polybrene (Yeasen,
Cat#40804ES76) was added at a concentration of 8 pg/
ml. Cells were incubated with the virus for 24 h, fed with
fresh media, and then incubated for an additional 24 h
for recovery. All shRNA knockdown (KD) experiments
concluded after a 5-day drug selection period (puromy-
cin, 1 pg/ml).

RNA isolation, RT-PCR and quantitative real-time PCR
(qQRT-PCR)

Total RNA was extracted from cells using TRIzol regent
(Vazyme, Cat#R401-01) according to the manufacturer’s
instructions. cDNAs were synthesized using Hifair® III
1st Strand cDNA Synthesis Kit (Yeasen, Cat#11139ES60)
from 2 ug of total RNA. Low-cycle PCR for detecting pat-
terns of alternative splicing was subsequently performed
with GoldenStar® T6 Super PCR Mix (1.1 x) (TSINGKE,
Cat#TSE101) [25]. Primers sequences are listed in Addi-
tional file 1: Table S1. Gapdh was used as control. PCR
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products were analyzed on 1% agrose gel and visualized
using a Tanon 2500 Fully Automated Digital Gel Imager
(Tanon) and quantified using the QuantStudio 3 Real-
Time PCR System (ThermoFisher Scientific). For qPCR,
Hieff UNICON® Universal Blue gPCR SYBR Green Mas-
ter Mix (Yeasen, Cat#11184ES08) was used following
the manufacturer’s instructions. Primer sequences used
for RT-PCR and qRT-PCR are listed in Additional file 1:
Table S1.

Alkaline phosphatase (ALP) assay

After PBS buffer washing, wild-type (WT), RA-treated
and shRNA KD E14 ESCs were collected in cell lysis
buffer (20 mM Tris-Cl, pH 7.5, 150 mM NacCl, 1% Tri-
ton X-100). The harvested cells underwent sonication
and subsequent centrifugation at 12,000 rpm for 20 min
at 4 °C. The resulting supernatant was utilized for ALP
activity assessments using Alkaline Phosphatase Assay
Kit (Beyotime, Cat#P0321S). ALP activity was measured
three times with the same sample as the manufacturer’s
instructions using BioTek Epoch Microplate Spectropho-
tometer (Agilent).

Chromatin immunoprecipitation (ChIP)

The experiment was conducted following the protocol
described [26]. Approximately 1x10” WT or hnRNPK-
KD E14 ESCs were crosslinked with 1% formaldehyde
for 10 min at room temperature (RT) and subsequently
lysed successively with Lysis Buffer 1 (50 mM HEPES-
KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, 10% glycerol,
0.5% NP-40, 0.25% Triton X-100), Lysis Buffer 2 (10 mM
Tris-HCI, pH 8.0, 200 mM NacCl, 1 mM EDTA, 0.5 mM
EGTA) and Lysis Buffer 3 (10 mM Tris-HCl, pH 8.0, 100
mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% Na-Deox-
ycholate, 0.5% N-lauroylsarcosine, 1Xprotease inhibi-
tor). The cell suspension was sonicated using a Covaris
M220 Focused-ultrasonicator (water temperature 4 °C,
incident power 75 W, duty factor 10) for 5 min to yield
DNA fragments approximately 200-300 bp in size. After
centrifugation at 20,000 g for 10 min at 4 °C, the super-
natant was incubated with 3 ug GST-antibody (Protein-
tech, Cat#075501) overnight at 4 °C with slow rotation.
The next day, 20 ul Pierce " Protein A/G Magnetic Beads
(ThermoFisher Scientific, Cat#26162) were added into
the supernatants and rotated at 4 °C for 2 h. The beads
were then washed successively with high salt buffer (20
mM Tris-HCI, pH 8.0, 500 mM NaCl, 2 mM EDTA, 1%
Triton X-100, 0.1% SDS), LiCl buffer (10mM Tris-HCI,
pH 8.0, 250 mM LiCl, 1 mM EDTA, 1% Na-Deoxycho-
late, 1% NP-40) and TE buffer (10 mM Tris-HCI, pH 8.0,
1 mM EDTA). The protein-DNA complexes were eluted
with elution buffer (50 mM Tris-HCl, pH 8.0, 1 mM
EDTA, 1% SDS) at 65 °C for 30 min. The co-eluted RNA
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was removed by RNase A (Beyotime, Cat# ST577) treat-
ment at 37 °C for 2 h, followed by protein cleanup using
Proteinase K (Beyotime, Cat# ST533) at 55 °C for 2 h.
DNA fragments were extracted and precipitated in iso-
propanol for subsequent qRT-PCR analyses.

Co-immunoprecipitation (Co-IP)

Around 1x10” WT E14 ESCs were lysed in IP lysis buffer
(50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1% Triton
X-100, 1 mM EDTA, 10% glycerol, 1X protease inhibi-
tor cocktail (MedChemExpress, Cat#HY-K0010), 1 mM
VRC (Beyotime, Cat#R0108)) on ice for 1 h. Lysates
were homogenized with a 0.4 mm needle and centri-
fuged at 12,000 rpm for 20 min at 4 °C. Supernatants
were incubated with anti-SOX2 antibody (Cell Signaling,
Cat#23064) or IgG (Solarbio, Cat#SP034) and rotated
overnight at 4 °C. On the following day, 20 ul Pierce"™
Protein A/G Magnetic Beads (ThermoFisher Scien-
tific, Cat#26162) were added into the supernatants and
rotated at 4 °C for 2 h. The beads were washed four times
with wash buffer (50 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 0.5% NP-40, 1 X protease inhibitor cocktail (Med-
ChemExpress, Cat#HY-K0010), 1 mM VRC (Beyotime,
Cat#R0108)) and eluted by boiling in 50 ul SDS loading
buffer, followed by Western blotting with the relevant
antibodies (anti-hnRNPK, Santa Cruz Biotechnology,
Cat#sc-28380; anti-HEXIM1, proteintech, Cat#15,676-
1-AP; anti-CYCLINTI1, abcam, Cat#ab184703; anti-
SOX2, Cell Signaling technology, Cat#23064S).

Pull-down assay

Mouse Sox2 (Gene ID: 20674), Sox2-HMG, Sox2-AHMG,
hnRNPK (Gene ID: 15387), Heximl (Gene ID: 192231),
and CyclinT1 (Gene ID: 12455) cDNAs were amplified
using 2XPhanta Max Master Mix (Vazyme, Cat#P515-
01). Expression plasmids for GST-tagged proteins (SOX2,
SOX2-HMG, SOX2-AHMG and HEXIM1) were cre-
ated by cloning the cDNAs into the PGEX-4T-1 vector
at the EcoRI-Xhol sites. The expression plasmid for His-
tagged hnRNPK was constructed by cloning its cDNA
into pET28a at the Ncol-Xhol sites. The expression plas-
mid for His-tagged hnRNPK-AKI was constructed by
PCR amplification of the His-tagged hnRNPK expres-
sion plasmid, followed by blunt-end ligation using the
Blunt/TA Ligase Master Mix (NEB, Cat#MO0367). The
expression plasmid for HA-tagged SOX2 was gener-
ated by ligating the HA-tag DNA fragment at the 3’ end
of the Sox2 cDNA and cloning it into the pET28a vector
at the Ncol-Xhol sites. The expression plasmid for Flag-
tagged CYCLINT1 was constructed by ligating the Flag-
tag DNA fragment at the 3’ end of the CyclinT1 cDNA
and cloning it into the pET28a vector at the Ncol-Xhol
sites. The primers used are detailed in Additional file 1:
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Table S1. E. coli BL21 (DE3) cells transformed with
the constructs were cultivated at 37 °C until reaching
ODy,=0.4-0.6, and protein expression was induced with
0.2 mM IPTG for SOX2, SOX2-HMG, SOX2-AHMG,
hnRNPK, hnRNPK-AKI and CYCLINT1 at 30 °C for 4 h,
or 0.2 mM IPTG for HEXIM1 overnight at 20 °C. Cells
were harvested by centrifugation, resuspended in buffer
A (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1% NP-40,
1 mM EDTA, 1Xprotease inhibitor cocktail (Med-
ChemExpress, Cat#HY-K0010)), and incubated on ice
for 30 min. After centrifugation at 12,000 g for 30 min at
4 °C, supernatants were incubated with glutathione aga-
rose (Sangon biotech, Cat#C600031) or Ni-NTA agarose
(Biomed, Cat# PA304-01) overnight at 4 °C with rotation
and washed four times with buffer A. Proteins bound to
glutathione beads were eluted with buffer B (50 mM Tris-
HCI, pH 8.0, 150 mM NaCl, 1% NP-40, 1 mM EDTA,
15 mM reduced glutathione), separated on a 12% SDS-
PAGE gel, and assayed by Western blot using antibodies
(anti-His, Abcam, Cat#ab18184; anti-GST, Santa Cruz
Biotechnology, Cat#sc-138).

Immunofluorescence staining (IF)

Mouse Sox2 (Gene ID: 20674) and hnRNPK (Gene ID:
15387) cDNAs were amplified using 2 X Phanta Max Mas-
ter Mix (Vazyme, Cat#P515-01). The expression plasmid
for HA-tagged SOX2 was created by ligating the HA-
tag DNA fragment at the 3’ end of the Sox2 cDNA and
then cloned into the pcDNA3.1 vector at the Nhel-Xbal
sites. The expression plasmid for Flag-tagged hnRNPK
was constructed by ligating the Flag-tag DNA fragment
at the 3’ end of the /imRNPK cDNA and subsequently
cloned into the pcDNA3.1 vector at the Nhel-Xhol
sites. The expression plasmids were then co-transfected
or independently transfected into NIH3T3 cells using
Lipofectamine 3000 (Yeasen, Cat#40802ES03) following
the manufacturer’s instructions. NIH3T3 cells express-
ing HA-tagged SOX2 and/or Flag-tagged hnRNPK
were fixed with 4% paraformaldehyde (LEAGENE,
Cat#DF0135) for 15 min. Subsequently, they were per-
meabilized with 0.1% Triton X-100 for 10 min, blocked
with 3% sheep serum (Sangon biotech, Cat#E510009) for
1 h at RT, and incubated with the appropriate antibod-
ies (anti-Flag, proteintech, Cat#66008—4-Ig; anti-HA,
proteintech, Cat#81290-1-RR) overnight at 4 °C. Fol-
lowing six washes with PBST, the cells were stained with
secondary fluorescent antibodies (Goat anti-Rabbit IgG
(H+L), Invitrogen, Cat#A11008; Goat anti-Mouse IgG
(H+L), Invitrogen, Cat#A-11005) for 2 h at RT and then
washed. The immuno-stained cells were observed using
a Nikon ECLIPSE Ti2-E confocal microscope (Nikon)
equipped with DAPI, GFP and RFP filter cubes.
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Electrophoretic mobility shift assay (EMSA)

DNA binding reactions were conducted following estab-
lished protocols [25]. Subsequently, the reaction samples
were separated on an 8% native polyacrylamide gel in
darkness at 4 °C in 0.5X TAE at 200 V. Signal visualiza-
tion was performed using a Typhoon™ FLA 7000 bio-
molecular imager (GE Healthcare), and quantification
was carried out using the ImageQuant TL software (GE
Healthcare).

Dual-luciferase reporter assay

The enhancer region of Fgf4 (mm10, chr7:144,864,284—
144,864,588) was cloned by PCR amplification of
genomic DNA from C57BL/6 mice, and subsequently
inserted into the PGL3-promoter vector with Kpnl and
Nhel restriction sites to generate the plasmid for lucif-
erase activity assay. The sequence and primers used are
detailed in Additional file 1: Table S1. WT or hnRNPK-
KD E14 ESCs were seeded into 12-well plates at a density
of 0.5% 10° cells per well. Luciferase assay was performed
in ESCs transfected with 10 ng of pRL-TK and 200 ng
of luciferase reporter plasmids containing the Fgf4
enhancer for 48 h. Afterward, the cells were lysed, and
luciferase activity was assessed using a Dual-Luciferase
Reporter assay kit (Yeasen, Cat#11402ES60) following
the manufacturer’s instructions. The measurements were
conducted using triplicate biological samples.

Preparation of hnRNPK and HEXIM1 proteins

The proteins were expressed in E. coli BL21 (DE3). Trans-
formed cells were cultivated at 37 °C until reaching
ODygy,=0.4-0.6, and protein expression was induced with
0.2 mM IPTG for hnRNPK at 30 °C for 4 h or 0.2 mM
IPTG for HEXIM1 overnight at 20 °C. Cells were then
collected by centrifugation, resuspended in lysis buffer 1
(50 mM Tris-HCl, pH 7.4, 500 mM NaCl, 20 mM imida-
zole, 6% glycerol, 1 mM DTT, 1 mM PMSF) for hnRNPK
or lysis buffer 2 (50 mM Tris-HCI, pH 7.4, 500 mM NaCl,
5 mM MgCl,, 20 mM imidazole, 6% glycerol, 1 mM DTT,
1 mM PMSF) for HEXIM]1, and disrupted by ultrasonica-
tion (Xinzhi JY92 Ultrasonic homogenizer; 300 W, 30 min
for a 30 ml suspension with on/off cycles of 3 s/6 s). The
proteins were captured with Ni-NTA resin (ThermoFisher
Scientific, Cat#88222) or glutathione agarose (Sangon
biotech, Cat#C600031). Purified proteins were subse-
quently dialyzed into lysis buffer using ultrafiltration tubes
(Merck, Cat#UFC900308). Protein concentrations were
determined by measuring the UV absorbance at 280 nm.

Preparation of RNA substrates
The mouse 7SK snRNA gene (Gene ID: 19817) and its
truncation SL1 were amplified with the primers indicated
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in Additional file 1: Table S1 and in vitro transcriptions
were performed using TranscriptAid T7 High Yield
Transcription Kit (ThermoFisher Scientific, Cat#K0441)
following the manufacturer’s instructions. After phenol-
chloroform extraction and ethanol precipitation, RNA
concentrations were determined by measuring the UV
absorbance at 260 nm and analyzed on 2% agarose gels.

RNA immunoprecipitation assay (RIP)

In vitro RIP was performed with purified His-tagged
hnRNPK and GST-tagged HEXIM1. After washing with
RNA binding buffer (50 mM Tris-HCl, pH 8.3, 135 mM
KCl, 15 mM NaCl, 10% glycerol) for three times, 50 pl
Ni-NTA magnetic resin (Biomed, Cat#PA303) or 50 pl
glutathione agarose (Sangon biotech, Cat#C600031)
was incubated with incubate with 1.2 nmol His-tagged
hnRNPK or 1.2 nmol GST-tagged HEXIM1 and vary-
ing amounts of His-tagged hnRNPK with gentle rotating
at 4 °C for 2 h. After three additional washes with RNA
binding buffer, 1.2 nmol RNAs were combined with the
beads and incubated with gentle rotation at 4 °C for 2 h.
Following four washes with RNA binding buffer, the
bound RNAs were eluted with 10 mM EDTA, pH 8.2,
and 95% formamide at 90 °C for 10 min. The elution frac-
tions were then separated on a 2% agarose gel in 1 X TAE
at 200 V.

RIP using cell lysate was conducted as previ-
ously described [27]. Briefly, approximately 2 x 10’
E14 ESCs were detached with 0.25% Trypsin (Gibco,
Cat#25200114). The cell pellet was resuspended in an
equal volume of lysis buffer (100 mM KCl, 5 mM MgCl,,
10 mM HEPES, pH 7.0, 0.5% NP40, 1 mM DTT, 100 U/
ml RNase Out (MedChemExpress, Cat#HY-K1033),
400 uM VRC (Beyotime, Cat#R0108), Protease inhibi-
tor cocktail (MedChemExpress, Cat#HY-K0010)), kept
on ice for 5 min, and then immediately used for immu-
noprecipitation or transferred to liquid nitrogen for stor-
age. The lysate was thawed on ice, and cell debris were
removed by centrifugation at 4 °C. Prior to immuno-
precipitation, the lysate was pre-cleared with Pierce™
Protein A/G Magnetic Beads (ThermoFisher Scien-
tific, Cat#26162) and then subjected to the addition of
anti-GST antibodies (proteintech, Cat#10000-0-AP)
pre-bound to Pierce” Protein A/G Magnetic Beads
(ThermoFisher Scientific, Cat#26162) for 4 h at 4 °C. In
total, 5 pg of antibodies were used for each RIP reaction.
Beads were then washed five times in ice-cold NT2 buffer
(50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM MgCl,,
0.05% NP40). RNAs were released from ribonucleopro-
tein complexes with Proteinase K (Beyotime, Cat#ST533)
at 55 °C for 30 min. RNA was isolated with TRIzol rea-
gent (Vazyme, Cat#R401-01) and precipitated in 75%
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ethanol, resuspended in DEPC H,O for further qRT-PCR
analysis. Primer sequences used are listed in Additional
file 1: Table S1.

RNA-sequencing (RNA-seq)

RNA-seq was performed in E14 ESCs infected with
control shRNA, Sox2 shRNAs, hinRNPK shRNAs or
Cdk9 shRNAs. Biological duplicates were prepared.
Total RNA from each sample was extracted from the
cells with TRIzol regent (Vazyme, Cat#R401-01). The
library construction and sequencing were performed at
BGI with a BGISEQ platform with 150-bp paired-end
reads.

Bioinformatics analysis

The RNA-seq reads underwent initial processing by
trimming sequencing adapters and filtering out read
pairs with low quality or complexity using Trimmomatic
[28]. The resulting clean read pairs were then aligned to
GENCODE vM23 (mm10) using STAR (version 2.7.10)
[29]. Significantly differential transcript expression
was determined using edgeR [30] with q value<0.05
and absolute log, fold change (log,FC) value >0.6. Dif-
ferential splicing analysis was performed using rMATS
(v4.0.1) [31] based on GENCODE vM23 transcript mod-
els, with a false discovery rate (FDR) threshold set at
0.05. Following the identification of alternative splicing
events by rMATS, those with an FDR <0.05 were aggre-
gated within the same cluster for downstream analysis.
Each specific type of alternative splicing event is exam-
ined separately. For A3SS or A5SS alternative splicing
events, the datasets were aligned using common gene
ID, gene symbol, short and long exon information, as
well as flanking exon details. Concerning the other three
types (SE, RI, MXE), shared alternative splicing events
are identified by aligning the start and end positions of
upstream and downstream exons. The number of alter-
native splicing events or genes in different alternative
splicing types was recorded and plotted with the Venn
function in jvenn (https://www.bioinformatics.com.cn/
static/others/jvenn/example.html). For the analysis of
alternative splicing junctions, junction events were cat-
egorized based on strand information, and the exon-—
intron junction positions were aligned to GENCODE
vM23 (mm10) with a 25 bp extension both upstream
and downstream of the junction position. Reads not
adhering to the specified junction criteria or not meet-
ing the FDR<0.1 criteria were excluded. Subsequently,
a probability calculation was conducted, and a position
weight matrix (PWM) was generated to derive motifs.
The isoform switch analysis was performed by Isoform-
SwitchAnalyzeR [32].
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Rescue experiment
The hnRNPK (Gene ID: 15387) was amplified using
2 x Phanta Max Master Mix (Vazyme, Cat#P515-01). The
expression plasmid for Flag-tagged hnRNPK was con-
structed by ligating the Flag-tag DNA fragment at the
3" end of the hnRNPK ¢DNA and subsequently cloned
into the pcDNA3.1 vector at the Nhel-Xhol sites. The
expression plasmid for Flag-tagged hnRNPK-AKI was
constructed by PCR amplification of the Flag-tagged
hnRNPK expression plasmid, followed by blunt-end
ligation using the Blunt/TA Ligase Master Mix (NEB,
Cat#M0367). The expression plasmid was then trans-
fected into inRNPK-KD E14 ESCs using Lipofectamine
3000 (Yeasen, Cat#40802ES03) following the manufac-
turer’s instructions. Primers sequences used for the plas-
mid construction are listed in Additional file 1: Table S1.
After 48 h of cultivation, cells were harvested to for test.
The Eif4a2” TC (Gene ID: 13682) and Ash2l-b (Gene
ID: 23808) cDNAs were amplified using 2 X Phanta Max
Master Mix (Vazyme, Cat#P515-01) and then inserted
into the pLVX-TRE3G vector (Takara, Cat#631187) using
Ndel and EcoRI restriction sites, respectively, to gener-
ate plasmids for lentiviral particle production. Primers
sequences used for the plasmid construction are listed in
Additional file 1: Table S1. Following the manufacturer’s
instructions, inRNPK-KD and Sox2-KD E14 ESCs were
infected with lentivirus, and 4 ug/ml doxycycline (Dox)
was added 24 h post-infection. After 48 or 72 h of cultiva-
tion, cells were harvested to assess the rescue effects.

Availability of data and materials

All raw sequence data and processed results for bioinfor-
matics analysis have been deposited in the NCBI Gene
Expression Omnibus (GEO) Archive under the acces-
sion number GSE232524. All data used in this study are
available from the corresponding author on reasonable
request.

Results

SOX2 and hnRNPK are both required for maintaining
pluripotency in mouse embryonic stem cells

It has been shown that thousands of hnRNPK target sites
are often co-occupied by pluripotency-related factors,
such as SOX2, in mouse embryonic stem cells (mESCs)
[22]. To explore the correlation between the pluripotent
state and the co-localization of SOX2 and hnRNPK, we
induced differentiation in E14 ESCs using retinoic acid
(RA) and assessed the chromatin binding of SOX2 and
hnRNPK. Chromatin was extracted from ESC nuclei,
and the levels of SOX2 and hnRNPK in the chroma-
tin preparation were compared. The results revealed
robust chromatin binding of both SOX2 and hnRNPK
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in undifferentiated ESCs, while their chromatin binding
significantly decreased in RA-treated differentiated ESCs
(Fig. 1A, B).

To further assess the significance of SOX2 and
hnRNPK in maintaining pluripotency, we employed shR-
NAs targeting their respective transcripts to downregu-
late their expression in E14 ESCs. Successful knockdown
(KD) of both Sox2 and hnRNPK was confirmed through
Western blot and qRT-PCR analyses (Fig. 1C, D). ESC
pluripotency was evaluated by measuring alkaline phos-
phatase (ALP) enzymatic activity. Similar to ESCs treated
with RA for 72 h (ESC-RA), ESCs with Sox2 or hnRNPK
KD (shSox2-1, shSox2-2; shhnRNPK-1, shhnRNPK-2)
exhibited significantly reduced ALP activity compared to
wild-type (WT) ESCs (ESC) (Fig. 1E). Consistently, KD
of Sox2 or hnRNPK in ESCs resulted in the suppression
of mRNA expression levels of pluripotency-related genes,
including Esrrb, Nanog, Oct4, and Sall4 (Fig. 1F, Q).
Additionally, the expression of both Sox2 and hnRNPK
was downregulated in either Sox2-KD or hnRNPK-KD
ESCs (Additional file 2: Figure S1), suggesting a mutual
dependency between them. In summary, these findings
underscore the necessity of the concurrent presence of
hnRNPK and SOX2 in maintaining pluripotency.

SOX2 directly associates with hnRNPK

Our previous study demonstrated the co-presence of
SOX2 and hnRNPK within a common interactome dur-
ing mouse embryonic fibroblasts (MEF) reprogram-
ming [9]. Here, we validated their association using an
anti-SOX2 immunoprecipitation (IP) assay followed by
Western blot in E14 ESCs. Western blot analysis con-
firmed the co-immunoprecipitation (co-IP) of SOX2
with hnRNPK, indicating that SOX2 and hnRNPK are
components of the same complex within the pluripo-
tent background (Fig. 2A). This colocalization was fur-
ther affirmed through immunofluorescence staining (IF).
NIH3TS3 cells expressing HA-tagged SOX2 (HA-SOX2)
and Flag-tagged hnRNPK (Flag-hnRNPK) were fixed
48 h post-transfection and subjected to primary antibody
against HA (derived from rabbit) or/and Flag (derived

(See figure on next page.)
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from mouse). Confocal microscopy analysis of the IF
assay revealed the close proximity of SOX2 and hnRNPK
within the nuclear region (Fig. 2B).

The colocalization of SOX2 and hnRNPK prompted
us to investigate their potential direct interaction. To
examine this, we expressed recombinant glutathione-
S-transferase (GST)-tagged SOX2 (GST-SOX2) and
His-tagged hnRNPK (His-hnRNPK) in E. coli (BL21)
cells and conducted a pull-down assay using bacte-
rial extracts. As confirmed by subsequent Western
blot analysis, SOX2 was found to directly associate
with hnRNPK (Fig. 2C). hnRNPK interacts with over
100 protein partners through its K-protein-interaction
(KI) domain, enabling its participation in crucial cel-
lular processes such as DNA transcription, RNA splic-
ing, RNA stability, and translation [33]. To investigate
the role of the KI domain in the interaction between
hnRNPK and SOX2, we generated an expression plas-
mid for His-tagged truncated hnRNPK lacking the KI
domain (hnRNPK-AKI). Recombinant GST-tagged
SOX2 protein (GST-SOX2) and His-tagged hnRNPK-
AKI protein (His-hnRNPK-AKI) were expressed in
E. coli (BL21). In vitro pull-down assay using bacte-
rial lysates, followed by Western blot analysis, demon-
strated that the absence of the KI domain in hnRNPK
disrupted its interaction with SOX2, thus indicating
that the KI domain mediates hnRNPK’s interaction
with SOX2 (Fig. 2D). Furthermore, to identify the spe-
cific domain(s) of SOX2 responsible for its interac-
tion with hnRNPK, we created expression plasmids
for GST-tagged truncated SOX2 variants: SOX2-HMG
(40-119, containing the HMG domain) and SOX2-
AHMG (lacking 40-119, devoid of the HMG domain).
These truncated SOX2 proteins and His-hnRNPK
recombinant protein were expressed in E. coli (BL21).
The subsequent in vitro pull-down assay using bacterial
lysates, combined with Western blot analysis, revealed
that SOX2 interacts with hnRNPK through its HMG
domain (Fig. 2E), suggesting that hnRNPK may have
an impact on SOX2-mediated transcriptional regula-
tion. Partial dysfunction of hnRNPK is likely due to the

Fig. 1 hnRNPK and SOX2 are both indispensable for maintaining pluripotency in meSCs. A Morphology of E14 ESCs before and after treatment
with RA for 24 h, 48 h or 72 h. B Western blot analysis of hnRNPK, SOX2 and Histone H3 protein levels in the nuclear chromatin preparation isolated
from E14 ESCs from (A). C Western blot (upper panel) and gRT-PCR (lower panel) analyses of SOX2 protein and RNA expression levels in Sox2-KD
E14 ESCs. shscramble: E14 ESCs infected with scrambled control shRNA; shSox2-1 and shSox2-2: E14 ESCs infected with shRNAs targeting Sox2. D
Western blot (upper panel) and gRT-PCR (lower panel) analyses of hnRNPK protein and RNA expression levels in hnRNPK-KD E14 ESCs. shscramble:
E14 ESCs infected with scrambled control shRNA; shhnRNPK-1 and shhnRNPK-2: E14 ESCs infected with shRNAs targeting hnRNPK. E The expression
of ALP activity in WT (ESC), RA-treated (ESC-RA), Sox2-KD (shSox2-1 and shSox2-2) and hnRNPK-KD (shhnRNPK-1 and shhnRNPK-2) E14 ESCs. F The
relative transcript levels of selected pluripotency markers in Sox2-KD E14 ESCs were analyzed by gRT-PCR. G The relative transcript levels of selected
pluripotency markers in hnRNPK-KD E14 ESCs were analyzed by gRT-PCR. Data in Fig. 1 are represented as mean £ SD (n=3). ANOVA was used

to assess significance (****, *** ** and * indicate P-values of <0.0001,<0.001,<0.01 and < 0.05, respectively; ns indicates P-value =0.0507)
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loss of protein-protein interaction [33-35]. To assess
the significance of hnRNPK-SOX2 interaction in main-
taining pluripotency in ESCs, we evaluated ALP activ-
ity and the expression of pluripotency-related genes in
hnRNPK-KD E14 ESCs upon expression of hnRNPK
or hnRNPK-AKI. We found that hnRNPK expression
increased both ALP activity and the expression of pluri-
potency-related genes, whereas expression of hnRNPK-
AKI, which cannot form a complex with SOX2, showed
no significant effect (Fig. 2F, G), highlighting the impor-
tance of hnRNPK-SOX2 interaction in maintaining ESC
pluripotency.

hnRNPK is dispensable for SOX2 in transcriptional
regulation

We next sought to understand how the SOX2/hnRNPK
complex contributes to the maintenance of pluripotency.
Given the pivotal role of SOX2 as a transcription factor
in ESC maintenance, we investigated whether hnRNPK
influences SOX2 in transcriptional regulation. We ini-
tially examined the effect of hnRNPK on SOX2’s DNA-
binding activity using electrophoretic mobility shift
assays (EMSAs) with a Cy5-labeled DNA of the Fgf4
enhancer element. Interestingly, increasing the quantity
of hnRNPK does not affect the binding of SOX2 to the
DNA substrate (Fig. 3A). Consistently, ChIP-qPCR assays
also revealed that KD of inRNPK did not disrupt the
binding of SOX2 to its target genes (Fig. 3B). To further
evaluate the influence of hnRNPK on SOX2-mediated
transcriptional regulation, we conducted a dual-luciferase
reporter assay with a SOX2-targeted Fgf4 enhancer con-
struct (Fig. 3C, upper panel) transiently transfected into
E14 ESCs. In cells expressing Sox2-shRNAs, the expres-
sion of the reporter gene was significantly reduced, while
it showed minimal change in cells expressing hnRNPK-
shRNAs (Fig. 3C, lower panel). These results suggest
that hnRNPK does not impact SOX2 in transcriptional

(See figure on next page.)
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regulation by influencing the interaction of SOX2 with its
target cis-regulatory element.

hnRNPK was proposed to have roles in RNA poly-
merase II (Pol II)-mediated transcription elongation
due to its associations with transcription factors, tran-
scription machinery, and chromatin-remodeling com-
plexes [36]. Transcription elongation is stimulated by
the positive transcription elongation factor B (P-TEFb,
primarily composed of CYCLINT1 and CDK9), which is
suppressed within the 7SK small nuclear ribonucleopro-
tein (7SK snRNP, composed of 7SK snRNA, MePCE, and
Larp7). The RNA-binding domain of HEXIM1 interacts
with 7SK snRNA, and P-TEFb enters 7SK snRNP through
association with HEXIM1. Efficient transcriptional elon-
gation for many cellular mRNAs requires transcription
factors that disengage P-TEFb from the 7SK snRNP
by reducing the interaction between HEXIM and 7SK
snRNA [37]. We hypothesized that hnRNPK could play
a role in attenuating the association between 7SK snRNA
and HEXIM], facilitating the release of the P-TEFb from
the 7SK snRNP and thereby promoting SOX2-mediated
transcriptional elongation. To explore this hypothesis,
we first examined the interaction between the SOX2/
hnRNPK complex and 7SK snRNP through an anti-SOX2
co-IP assay with E14 ESCs lysate. We observed that
Sox2 interacts with hnRNPK, HEXIM1, and CYCLINT1
(Fig. 3D). To further investigate these interactions,
we conducted pull-down assays using tagged proteins
obtained from E. coli extracts and found a direct inter-
action between hnRNPK and HEXIM1 (Fig. 3E), while
SOX2 associates with CYCLINT1 (Fig. 3F). HEXIM1
directly binds to the 5" hairpin (SL1) of 7SK snRNA [38,
39]. We subsequently examined the impact of hnRNPK
on the binding between HEXIM1 and 7SK snRNA, uti-
lizing 7SK snRNA constructs (Fig. 3G) and purified
hnRNPK or/and HEXIM1 in an RNA immunoprecipita-
tion (RIP) assay. With increasing amounts of hnRNPK,

Fig. 2 SOX2 directly interacts with hnRNPK. A Co-IP of SOX2 with hnRNPK. Whole cell lysates of E14 ESCs were immunoprecipitated with anti-SOX2
antibody or IgG. IP products were blotted with anti-SOX2 and anti-hnRNPK antibodies. B Immunofluorescence colocalization of SOX2 and hnRNPK.
NIH3T3 cells expressing HA-SOX2 and/or Flag-hnRNPK were immuno-stained for HA (green) and Flag (red). Colocalization of SOX2 and hnRNPK
was indicated in merged panels (yellow). DAPI stained cell nuclei (blue). Scale bars: 10 um. C In vitro pull-down assays of His-hnRNPK with GST-SOX2.
E. coli lysates expressing GST-SOX2 were incubated with either His-hnRNPK or His coupled with Ni-NTA agarose beads, and the resulting pull-down
products were detected using anti-His or anti-GST antibodies. D In vitro pull-down assays of His-hnRNPK-AKI with GST-SOX2. E. coli lysates
expressing His-nnRNPK-AKI derivates were incubated with either GST-SOX2 or GST coupled with glutathione agarose beads, and the resulting
pull-down products were detected using anti-His or anti-GST antibodies. E In vitro pull-down assays of His-hnRNPK with GST-SOX2 derivates. E.
colilysates expressing GST-SOX2 derivates were incubated with either His-hnRNPK or His coupled with Ni-NTA agarose beads, and the resulting
pull-down products were detected using anti-His or anti-GST antibodies. The symbols’+"and-'denote the presence and absence, respectively,

of the corresponding protein in the reaction mix. F The expression of ALP activity in hnRNPK-KD E14 ESCs (shhnRNPK-1) and hnRNPK-KD E14 ESCs
expressed hnRNPK (shhnRNPK-1 +hnRNPK) or hnRNPK-AKI (shhnRNPK-1 + hnRNPK-AKI). G The relative transcript levels of selected pluripotency
markers in E14 ESCs from (F) were analyzed by qRT-PCR. Data are represented as mean+SD (n=3). ANOVA was used to assess significance (***, **
and * indicate P-values of <0.001,<0.01 and < 0.05, respectively; ns indicates not significant)
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it displaced the SL1 or the full-length 7SK snRNA from
the preexisting HEXIM1/RNA complex (Fig. 3H, I), sug-
gesting that hnRNPK’s interaction with 7SK snRNA
and HEXIM1 might potentially impede the assembly
of P-TEFb into the 7SK snRNP. To evaluate the role of

hnRNPK in promoting SOX2 in transcriptional elonga-
tion, we isolated total RNA from E14 ESCs with KD of
hnRNPK, Sox2 or Cdk9 and conducted RNA-sequenc-
ing (RNA-seq) analysis. Surprisingly, the data revealed
that the expression of only 18 genes changed in all three
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groups (Fig. 3]). Collectively, these findings indicate that
hnRNPK plays no evident biological role in SOX2 tran-
scriptional regulation.

hnRNPK cooperates with SOX2 in splicing

Besides of roles in transcriptional regulation, hnRNPK
and SOX2 are also reported as splicing regulators that
have roles in the regulation of alternative splicing events
in cells [9, 19]. We quantified gene expression and ana-
lyzed isoform switching events in Sox2-KD and hnRNPK-
KD E14 ESCs. Interestingly, we found a low correlation
between the difference in isoform fraction (dIF) and the
difference in gene expression (log2FC) (Additional file 2:
Figure S2). This suggests that SOX2 and hnRNPK may
regulate the switching of alternatively spliced isoforms
independently of their roles in transcriptional regulation.
Therefore, we analyzed the shared splicing events using
rMATS for hnRNPK-KD E14 ESCs compared to Sox2-
KD E14 ESCs. Remarkably, we identified 819 alterna-
tive splicing events in 301 genes that changed after the
KD of either inRNPK or Sox2. Among them, hnRNPK
and SOX2 influenced 82.7% (677) of exclusion or inclu-
sion events in the same direction (Fig. 4A, Additional
file 1: Table S2), including a cluster of alternative splicing
events in pluripotent genes. Further analysis of the PSI
changes (APSI) for these events revealed a strong correla-
tion (R=0.89, P-value <2.2e-16) between splicing events
after the KD of /inRNPK and those following the KD of
Sox2 (Additional file 2: Figure S3A), suggesting potential
co-regulation of splicing by hnRNPK and SOX2.

Notably, within the top 10 genes exhibiting the high-
est occurrence of alternative splicing events among the
677 splicing events, we observed the presence of genes
encoding two prominent regulators in maintaining

(See figure on next page.)
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pluripotency— the transcription factor ASH2L and the
translation initiation factor elF4A2 (Additional file 2:
Figure S3B). ASH2L directly associates with super-
enhancers of multiple stemness genes to modulate pluri-
potency and self-renewal in pluripotent stem cells [40].
It has two prominent splicing isoforms, Ash2l-a and
Ash2l-b. Of these, Ash2Il-b stands out as a prominent iso-
form in ESCs and holds crucial importance in somatic
cell reprogramming and ESC maintenance [41]. In the
control group of ESCs (shscramble), the Ash2l-b tran-
script level constitutes approximately 20% of the total
Ash2l transcript (Fig. 4B), whereas in ESCs subjected to
the KD of hnRNPK or/and Sox2, the Ash2l-b transcript
became undetectable (Fig. 4B). el[F4A2 plays a critical
role in maintaining the pluripotency of ESCs by regu-
lating the translation of key factors [42, 43]. The Eif4a2
gene generates two splice isoforms: one that produces
a full-length protein (Eif4a2t") (NM_013506.3) and
another that is predicted to contain a premature termina-
tion codon (Eif4a2FT€) (NR_110335.1) [43]. Importantly,
elF4A2°TC, rather than eIF4A2f', has a major impact
on the exit from naive pluripotency in mESCs. It elicits
heightened mTORCI1 activity and translation rates and
causes ESC differentiation delays [43]. eIF4A2FTC overex-
pression elevates transcript levels of naive transcription
factors Kif4, Esrrb, Tfcp2ll, and Nanog and an increased
protein expression of NANOG [43, 44]. In the control
group of ESCs (shscramble), Eif4a2""C transcript level
constitutes approximately 50% of the total Eif4a2 tran-
script (Fig. 4C). In contrast, in ESCs with KD of hinRNPK
or Sox2, the Eif4a2’™ transcript levels significantly
decrease to around 20%-30% (Fig. 4C). Remarkably,
the combined KD of inRNPK and Sox2 led to a drastic
reduction in Eif4a2FTC transcript levels, plummeting to

Fig. 3 hnRNPK has little role in SOX2 transcriptional regulation by facilitating transcription elongation. A EMSA of Cy5-labeled Fgf4 enhancer DNA
(50 nM) with SOX2 (100 nM) and increasing concentrations (100-400 nM) of hnRNPK. Concentrations of SOX2 and hnRNPK are labelled above each
lane. Free DNA and protein-DNA complex are marked.-' denotes the absence of the corresponding protein in the reaction mix. B ChIP analysis

for SOX2 in E14 ESCs with or without hnRNPK KD. Relative enrichments to IgG-ChlP control are shown. C A dual-luciferase reporter assay validated
hnRNPK's impact on the transcriptional activation of SOX2 via an Fgf4 enhancer-containing reporter plasmid. Schematic showing luciferase
reporter with Fgf4 enhancer region containing SOX2 binding motif (upper panel) and relative expression of luciferase in control (shscramble),
Sox2-KD (shSox2-1 and shSox2-2) and hnRNPK-KD (shhnRNPK-1 and shhnRNPK-2) E14 ESCs (lower panel). Data are represented as mean +SD
(n=3). ANOVA was used to assess significance (**** indicates P-value of <0.0001; ns indicates not significant). Pr: SV40 promoter. D Co-IP analysis
verifying interactions between SOX2, hnRNPK, HEXIM1, and CYCLINT1. Endogenous SOX2 was immunoprecipitated from E14 ESCs whole cell
lysate using anti-SOX2 antibody or IgG. IP products were blotted with anti-Sox2, anti-hnRNPK, anti-HEXIM1 and anti-CYCLINT1 antibodies. E In vitro
pull-down assays of GST-HEXIM1 with His-hnRNPK. £. coli lysates expressing His-hnRNPK were incubated with either GST-HEXIM1 or GST coupled
with glutathione sepharose beads, and the resulting pull-down products were detected using anti-His or anti-GST antibodies. The symbols'+'and -’
denote the presence and absence, respectively, of the corresponding protein in the reaction mix. F Co-IP of SOX2 and CYCLINT1. Whole cell lysates
of E. coli expressing HA-SOX2 and/or Flag-CYCLINT1 were immunoprecipitated with anti-Flag antibody. IP products were blotted with anti-HA

and anti-Flag antibodies. G Scheme of 7SK snRNA and its 5'stem loop (SL1). The sequence of SL1 used is highlighted. H-1. In vitro RIP with 1.2

nmol HEXIM1 and 1.2 nmol 7SK snRNA constructs with increasing amount of hnRNPK. The names of proteins and RNA substrates are as indicated
above each panel. J Analysis of differentially expressed genes obtained through RNA-seq. The Venn diagram displays the number of genes

that exhibit differential expression in Sox2-KD, hnRNPK-KD, and Cdk9-KD E14 ESCs compared to control (shscramble) E14 ESCs
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less than 5% (Fig. 4C). As an extra control, the splicing
of Gapdh, a target unrelated to both hnRNPK and SOX2,
remained unaffected by the deficiency of hnRNPK and
SOX2 (Fig. 4D). Furthermore, to confirm that the alter-
native splicing of these isoforms of Ash2l and Eif4a2
were responsible to the pluripotency in ESCs, we created
rescue constructs expressing Ash2l-b or Eif4a2""C and
transfected them into #nRNPK-KD and Sox2-KD E14
ESCs. Following 48 and 72 h of induction with Dox, we
observed a significant increase in ALP activity in both
hnRNPK-KD and Sox2-KD E14 ESCs (Fig. 4E). In con-
sistence, the mRNA expression levels of pluripotency-
related genes, including Esrrb, Nanog, Oct4, and Sall4,
were all substantially elevated (Additional file 2: Figure
S4), affirming the association between alternative splicing
of these isoforms and the maintenance of pluripotency.

These observations suggest a collaborative regula-
tory role of hnRNPK and SOX2 in shaping pluripotency
through splicing modulation. For validation, we exam-
ined their collaborative role in splicing using the Eif4a2
minigene reporter containing the alternative exon (Exon
11) of Eif4a2P™C transcript in E14 ESCs (Fig. 4F). We
noted a significant decrease of Exon 11 inclusion in ESCs
following the individual KD of inRNPK or Sox2 (Fig. 4G).
Notably, this reduction was more pronounced when
hnRNPK and Sox2 were simultaneously knocked down
(Fig. 4G). In contrast, the splicing of Gapdh remained
unaffected by the KD of #inRNPK or/and Sox2 (Fig. 4G).
These results align with our initial observation that this
specific Eif4a2 exon serves as a common splicing target
for both hnRNPK and SOX2. In sum, these findings pro-
vide the evidence of a collaborative splicing role between
hnRNPK and SOX2.

The RBM domain of SOX2 exhibits a preference for
G/C-rich RNA sequences, potentially contributing to
exon selection by interacting with the 5’ splice site during
reprogramming [9]. On the other hand, hnRNPK binds to

(See figure on next page.)
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C(U)-rich elements and regulates pre-mRNA splicing at
the 3’ splicing site [45]. When comparing the sequences
around the splicing sites for exons affected by KD of Sox2
or hnRNPK, we observed similar G/C-rich sequences
around the 5’ splice site and CU-rich sequences around
the 3’ splice site for exons undergoing alternative splicing
in both groups (Additional file 2: Figure S5). In contrast,
the sequences around the splicing sites for exons affected
by KD of Cdk9 are relatively different from those affected
by KD of Sox2 or hnRNPK (Additional file 2: Figure S5).
Consequently, we hypothesized the potential involve-
ment of hnRNPK in the interaction between SOX2 and
the splicing targets. To test this, we performed RIP using
E14 ESCs expressing GST-SOX2 and found that /nRNPK
KD led to an approximately twofold decrease in the
binding of SOX2 to the Eif4a2 transcript (Fig. 4H). As
an additional control, we performed RIP employing E14
ESCs expressing GST-SOX2-ARBM, which is a construct
of SOX2 lacking the RNA-binding domain with a prefer-
ence for G/C-rich sequences. Our RIP data indicated that
the reduction of hnRNPK has no discernible effect either
on the binding of SOX2-ARBM to the Eif4a2 transcript
(Fig. 4I) or on the splicing of the Eif4a2 transcript in the
minigene system (Fig. 4]). Altogether, these results sug-
gest that hnRNPK collaborates with SOX2 in splicing by
augmenting the binding of SOX2 to its target RNAs.

Discussion

Transcription factors are central to determining cell
fate by harmonizing gene expression across various
molecular levels. They fine-tune gene expression by
orchestrating RNA fate at both the transcriptional and
splicing stages. The involvement of transcription factors
in either transcription or alternative splicing depends on
the specific partners with which they interact [8, 9, 46].
SOX2, a crucial determinant of cell fate, governs the bal-
ance between stemness and differentiation in ESCs by

Fig. 4 hnRNPK and SOX2 collaborate in the regulation of alternative splicing. A Venn diagrams showing the alternative splicing events affected
by both hnRNPK and SOX2. B-D RT-PCR assays examining the splicing patterns of pluripotency-related genes Ash2/ (B), Eif4a2 (C), and the control
gene Gapdh (D) in the control group (shscramble) of E14 ESCs and Sox2-KD (shSox2-1) or/and hnRNPK-KD (shhnRNPK-1, shhnRNPK-2) E14 ESCs.
Histograms show quantifications of each RT-PCR measurement. E The expression of ALP activity in hnRNPK-KD (shhRNPK-2) and Sox2-KD (shSox2-2)
E14 ESCs after 48 or 72 h of Dox-induced expression of Ash2/-b and Fif4a2"'“. F-G Eif4a2 minigene splicing assay validating the splicing pattern

of Eif4a2 transcript. Schematic representation of the Eif4a2 minigene (F). RT-PCR assays examining the splicing patterns of Eif4a2 and the control
gene Gapdh in the control group (shscramble) of E14 ESCs and Sox2-KD (shSox2-1) or/and hnRNPK-KD (shhnRNPK-1, shhnRNPK-2) E14 ESCs (G).
The histogram shows quantifications of each RT-PCR measurement. H-1. RIP of GST-SOX2 (H) and GST-SOX2-ARBM (1) using anti-GST antibody
with both WT and hnRNPK-KD E14 ESCs expressing GST-SOX2 or GST-SOX2-ARBM. RIP enrichment was measured by gRT-PCR, and values were
normalized to background immunoprecipitation measured by isotype IgG. J Eif4a2 minigene splicing assay evaluating the impact of hnRNPK

on SOX2-ARBM in Eif4a2 transcript splicing. RT-PCR assays examining the splicing patterns of £if4a2 and the control gene Gapdh in the control
group (shscramble) of E14 ESCs, E14 ESCs expressing GST-SOX2-ARBM (Sox2-ARBM), hnRNPK-KD E14 ESCs (shhnRNPK-1), and hnRNPK-KD E14 ESCs
expressing GST-SOX2-ARBM. The histogram shows quantifications of each RT-PCR measurement. In this figure, error bars represent the mean+SD
from three biological replicates. Differences were compared using ANOVA (¥*** *** ** and * indicate P-values of <0.0001,<0.001,<0.01 and <0.05,

respectively; ns indicates not significant). Pr: SV40 promoter; Ex: exon
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influencing transcription and splicing programs [8, 9, 47].
In the interactome of SOX2, alongside an enrichment of
transcriptional regulators, there is a subset of interactors
have versatile functions, especially a group of hnRNPs
[13, 14, 48]. Nevertheless, the specific co-functions of
these interactors remain largely unexplored. Recent stud-
ies have begun to shed light on the roles of hnRNPA2/
Bl and hnRNPK. It has been demonstrated that the
nuclear IncRNA RMST interacts with hnRNPA2/B1 and
SOX2, collectively regulating the expression of SOX2
target genes [49]. hnRNPK is linked to various cellular
processes, including transcription activation, pre-mRNA
splicing, mRNA stability control, and the regulation of
mRNA translation [36]. Numerous studies have under-
scored the significance of hnRNPK in pluripotent stem
cells and development. However, its role in ESCs remains
elusive. In one study, #nRNPK KD led to the downregu-
lation of OCT4 and NANOG in murine ESCs, result-
ing in reduced cellular proliferation [50]. Conversely, an
RNA-seq analysis provided different insights, indicating
that inRNPK KD has no effect on the expression of Oct4
or Nanog and does not lead to overt differentiation [51].
A recent research revealed that in ESCs, hnRNPK co-
localizes with SOX2 and OCT4 at pluripotency-related
gene sites on chromatin but plays a minimal role in the
transcriptional regulation of Oct4 [22]. This observation
implies that hnRNPK might not primarily function as a
transcriptional regulator for pluripotency-related genes
alongside SOX2 in ESCs.

In our study, we first investigated the roles of hnRNPK
and SOX2 in transcriptional regulation for the main-
tenance of pluripotency in mESCs. During ESC differ-
entiation, both hnRNPK and SOX2 gradually disengage
from the chromatin (Fig. 1A, B). KD of either hinRNPK
or Sox2 prompts ESC differentiation (Fig. 1C, G). It’s
noteworthy that their impact on pluripotency appears
to be mutually dependent. KD of #nRNPK results in a
decrease in Sox2 expression, and vice versa (Additional
file 2: Figure S1). Similar to OCT4, hnRNPK directly
associates with SOX2 at its HMG domain (Fig. 2A-C, E)
[4], suggesting hnRNPK’s potential involvement in tran-
scription modulated by Sox2. As a transcription regula-
tor, hnRNPK enhances the binding strength of CTCFE
at chromatin boundaries, thereby promoting the tran-
scription of developmental genes [52]. Distinctively, the
interaction between hnRNPK and the HMG domain
of SOX2 doesn’t necessarily imply a direct influence on
DNA binding. Our findings indicate that hnRNPK does
not influence the transcription induced by SOX2 through
enhanced DNA binding (Fig. 3A-C). In mESCs, hnRNPK
has been found to bind to the enhancer region of the
Oct4 gene along with SOX2 and other factors. However,
reducing hnRNPK expression by approximately 50% did
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not significantly affect the mRNA levels of Oct4, indicat-
ing that hnRNPK may not directly modulate the binding
of SOX2 to DNA. Notably, hnRNPK predominantly tar-
gets open chromatin regions in ESCs [22]. Therefore, its
interaction with the HMG domain of SOX2 may primar-
ily facilitate chromatin accessibility rather than directly
influencing DNA binding. Nevertheless, hnRNPK’s role
appears to extend beyond this, as the abundance of the
hnRNPK-SOX2 complex significantly affects the mainte-
nance of ESC pluripotency (Figs. 1C-G, 2D, F, G).

P-TEFb governs the transcription elongation phase
by Pol II, countering negative elongation factors and
enhancing transcript elongation and processing [53].
In dividing cells, P-TEFb activity is regulated negatively
when it binds with HEXIM1/2 in the 7SK snRNP com-
plex and positively by various transcription factors and
the super elongation complex [53]. Beyond its role in
the transcription initiation, hnRNPK also plays a neces-
sary role in the partitioning of 7SK snRNA among dis-
tinct ribonucleoproteins (RNPs) [54]. Additionally, SOX2
directly interacts with the P-TEFb subunit CYCLINT1
(Fig. 3D, F). We hypothesized that hnRNPK may modu-
late Pol II-mediated transcription elongation of SOX2
targeted genes. Interestingly, akin to its regulation of
Oct4 [22], hnRNPK does not significantly impact on the
transcriptional regulation of SOX2. Despite the interac-
tion of SOX2 and hnRNPK in the P-TEFb-interactome
(Fig. 3D-F) and hnRNPK’s ability to rescue 7SK snRNA
from Hexim1 (Fig. 3G-I, the RNA-seq data reveals that
the expression of only a few genes is perturbed simulta-
neously in #nRNPK-KD, Sox2-KD and Cdk9-KD ESCs
(Fig. 3]). Nevertheless, being part of the P-TEFb interac-
tome signifies more than mere participation in transcrip-
tion elongation, as P-TEFb also serves as a platform for
alternative splicing of nascent pre-mRNA [55]. Though
P-TEFb does not cooperate with SOX2 and hnRNPK in
transcription, it may still serve as a platform for them in
alternative splicing.

Both hnRNPK and SOX2 are reported as splicing regu-
lators with roles in the regulation of alternative splicing
events in cells [9, 19]. Despite their divergent effects on
transcriptional regulation, hnRNPK and SOX2 consist-
ently exert influence on pluripotency at the splicing level
in ESCs (Additional file 2: Figure S2, Additional file 2:
Figure S3). This phenomenon of disparate effects on
transcriptional and splicing targets has been observed in
the interaction between SOX9, another member of SOX
transcription factors, and Y14, a component of the core
exon junction complex, where Y14 shares 60% of SOX9
splicing targets but less than 5% of its transcriptional tar-
gets [56]. Moreover, analysis of a transcriptome dataset
from the mouse fetal and adult cerebral cortex revealed
nearly 400 differential alternative splicing events, with
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31% of the genes found to be differentially regulated by
alternative splicing during brain development showing
no change in their total expression levels [57]. Upon com-
paring RNA-seq data from AnRNPK-KD and Sox2-KD
ESCs, we have identified 819 alternative splicing events in
301 genes that changed in both types of ESCs, with 82.7%
(677) of splicing events occurring in the same direction
(Fig. 4A). Analysis of APSI for these events revealed a
strong correlation (R=0.89, P-value<2.2e-16) between
splicing events after the KD of #/nRNPK and those follow-
ing the KD of Sox2 (Additional file 2: Figure S3A), sug-
gesting potential co-regulation of splicing by hnRNPK
and SOX2. Among these genes with altered alternative
splicing, some are pivotal for maintaining pluripotency
(Additional file 1: Table S2), including transcription
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factors (ASH2L, SON, MAX, MTEF2, SRSF11) [40, 58—
61], splicing regulators (DDX56, MBNL1, hnRNPF)
[62—64], and a translation initiation factor (eIF4A2) [43].
SOX2 has been suggested to play a role in co-transcrip-
tionally regulating RNA metabolism [9]. We validated the
alternative splicing of the transcription factor Ash2[ and
the translation initiation factor Eif4a2, both of which have
a proximal SOX2 binding in mESCs [65] and are among
the top 10 genes with the highest occurrence of alterna-
tive splicing events out of 677 splicing events (Additional
file 2: Figure S3B), using RT-PCR. Ash2l-b and Eif4a2"™¢
are key splicing isoforms essential for maintaining pluri-
potency in ESCs (Fig. 4E, Additional file 2: Figure S4) [41,
43]. Compared to the control group of ESCs, the reduc-
tion of either SOX2 or hnRNPK resulted in decreased

Pre-mRNA of pluripotent gene
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5’ splicing site 3’ splicing site
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2
Exon SOX2 Z  Exon Exon SOX2 Exon
~

Proper splicing of pre-mRNA

Improper splicing of pre-mRNA
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Fig. 5 Proposed mechanism for the coordinated regulation of splicing by SOX2 and hnRNPK. hnRNPK boosts SOX2 interaction with target
pre-mRNAs of pluripotent genes and collaborates in regulating alternative splicing to maintain ESC pluripotency
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levels of Ash2l-b and Eif4a2""C, and a simultaneous KD
of both Sox2 and hnRNPK further intensified the reduc-
tion (Fig. 4B-D, F-G). Therefore, the maintenance of
ESC pluripotency is likely orchestrated through the col-
laborative regulation of the splicing process by hnRNPK
and SOX2 in a co-transcriptional manner, and the RBM
domain of SOX2, operating independently of the HMG
DNA-binding domain, is plausibly the functional compo-
nent collaborating with hnRNPK.

hnRNPs contain diverse RNA-binding domains,
including RRM and KH domains [17]. Functioning as
alternative splicing regulators, they can either activate
or repress specific splice sites based on the location of
their binding site and interactions with other factors
[66]. hnRNPK exhibits a strong and selective binding
affinity to transcripts or promoters, primarily at poly(C)
or CU-rich RNA stretches [45, 67]. SOX2 is implicated
in splicing processes due to its RNA-binding activity.
It exhibits a high affinity for G/C-rich RNA, particu-
larly RNA with a poly(C) core [9]. We identified com-
parable G/C-rich sequences adjacent to the 5’ splice site
and CU-rich sequences adjacent to the 3’ splice site in
exons undergoing alternative splicing in both hnRNPK-
KD and Sox2-KD E14 ESCs (Additional file 2: Figure
S5). This finding suggests the intriguing possibility that
hnRNPK may modulate splicing by collaborating with
SOX2 in the binding to pre-mRNA targets. As expected,
KD of hnRNPK reduces the binding of SOX2 to its tar-
get RNA (Eif4a2) and consequently influences alterna-
tive splicing (Fig. 4H). Both the HMG domain and RBM
domain of SOX2 exhibit RNA-binding activity, but only
the RBM domain possesses a G/C preference. Therefore,
even lacking the RBM domain, SOX2-ARBM can still
bind the Eif4a2 transcript, but with a decrease (Fig. 4I).
However, without the RBM domain, the KD of inRNPK
does not affect either its binding to the Eif4a2 transcript
or the alternative splicing pattern of the Eif4a2 tran-
script (Fig. 4H-J), suggesting that the coordination of
SOX2 with hnRNPK in splicing is determined by its RBM
domain. This result confirms that SOX2’s role in splicing
regulation is distinct from its HMG domain-related func-
tions [9]. Take together, our data suggest that hnRNPK
collaborates with SOX2 in splicing by enhancing the
binding of Sox2 to its target RNAs.

Furthermore, SOX2 is involved in the transcrip-
tion elongation machinery (Fig. 3D, F). This observa-
tion implies that SOX2 links transcription, splicing
and transcription elongation. The intricate interplay
between the elongation machinery and transcrip-
tion factors forms a critical regulatory layer in both
transcription and splicing processes. For instance,
¢-MYC engages in an interaction with the elongation
factor SPT5, recruiting it to promoters and thereby
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augmenting the processivity of Pol II [68]. Moreover,
¢-MYC binds to the promoter of the RNA-binding pro-
tein Sam68, exerting regulatory control over both its
expression and splicing dynamics. Specifically, c-MYC
modulates Sam68 splicing by influencing the variation
in Pol II elongation rates [69]. Future research endeav-
ors should delve into unraveling the intricate crosstalk
between SOX2-regulated transcription and splicing,
particularly in association with the transcription elon-
gation machinery.

Conclusions

In summary, our investigation unveils a previously
unrecognized collaborative role for SOX2 and hnRNPK
in the regulation of alternative splicing during pluri-
potency maintenance (Fig. 5). SOX2 directly interacts
with hnRNPK via its HMG domain, and they colocalize
in the chromatin, playing essential roles in maintain-
ing ESC pluripotency. Despite both hnRNPK and SOX2
participating in transcription and being associated with
the transcription elongation machinery, hnRNPK has
a limited impact on the transcriptional regulation of
SOX2. The modulation of splicing by hnRNPK involves
the enhancement of SOX2 binding to its target pre-
mRNAs. These data mark the inception of the SOX2-
mediated alternative splicing network.
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