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ABSTRACT

Some transcription factors that specifically bind
double-stranded DNA appear to also function as
RNA-binding proteins. Here, we demonstrate that the
transcription factor Sox2 is able to directly bind RNA
in vitro as well as in mouse and human cells. Sox2
targets RNA via a 60-amino-acid RNA binding mo-
tif (RBM) positioned C-terminally of the DNA bind-
ing high mobility group (HMG) box. Sox2 can as-
sociate with RNA and DNA simultaneously to form
ternary RNA/Sox2/DNA complexes. Deletion of the
RBM does not affect selection of target genes but
mitigates binding to pluripotency related transcripts,
switches exon usage and impairs the reprogramming
of somatic cells to a pluripotent state. Our findings
designate Sox2 as a multi-functional factor that as-
sociates with RNA whilst binding to cognate DNA se-

quences, suggesting that it may co-transcriptionally
regulate RNA metabolism during somatic cell repro-
gramming.

INTRODUCTION

Multi-functionality and cell context specific activities are
features of many nucleic acid-binding proteins. Global nu-
cleic acid interaction assays revealed that ∼8.1% of hu-
man nucleic acid-binding proteins are dual DNA- and
RNA- binding proteins (DRBPs) (1). These DRBPs are
widespread, and are implicated in biological processes such
as mRNA processing, transcriptional regulation, DNA
replication, DNA repair, stress response and apoptosis (1).
DRBPs primarily act by initiating mRNA synthesis and
by regulating alternative splicing (AS). Several transcrip-
tional and chromatin regulators have been reported to bind
RNA with diverse consequences on gene regulation. RNAs
transcribed from cis-regulatory elements contribute to en-
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hanced YY1 occupancy at these sites and thus consolidate
gene expression programs (2). PARP1 associates with nucle-
osomes harbouring exonic H3K4me3 marks, binds nascent
RNA and co-transcriptionally regulates splicing by recruit-
ing splicing factors (3,4). The growth arrest-specific 5 (Gas5)
noncoding RNA competitively binds to the DNA-binding
domain of the glucocorticoid receptor and modulates its
transcriptional activity (5). However, there are few con-
crete examples as to the mechanism how dual RNA/DNA
binders affect RNA metabolism and chromatin regulation,
and the impact of DRBPs on gene regulation in a biologi-
cally relevant context is still largely unknown.

Sox transcription factors (TFs) are well-established reg-
ulators of cell fate determination during embryonic devel-
opment and cellular reprogramming (6,7). They are char-
acterized by a highly conserved 79-amino-acid-long high-
mobility group (HMG) box domain that binds short and
degenerate DNA sequences 5′-(A/T)(A/T)CAA(A/T)G-3′
through the minor groove of the DNA (8). Mammalian
species contain 20 Sox TFs that are classified into nine
groups (A, B1, B2, C, D, E, F, G, H) based on their amino
acid sequences. The SoxB1 group includes Sox1, Sox2 and
Sox3. SoxB1 group members are composed of short N-
terminal regions, HMG boxes, and long C-terminal se-
quences including a conserved ‘group B homology’ com-
prised mainly of basic amino acids immediately adjacent
to the HMG box (9). Sox2 is the best studied SoxB1 pro-
tein for its prominent roles in a large array of cell and tis-
sue types including pluripotent and neural stem cells (10).
The HMG box not only mediates DNA binding but also
doubles as a protein-protein interaction interface for differ-
ent cofactors including the Pit-Oct-Unc (POU) family fac-
tor Oct4 (11,12). The formation of Oct4/Sox2 complexes on
the enhancers of pluripotency gene loci is essential for the
induction and maintenance of pluripotent stem cells (PSC)
(13–15). The staggeringly diverse and often seemingly op-
posing regulatory roles of Sox2, i.e. in the maintenance of
pluripotency as well as in the regulation of neural differen-
tiation, are believed to rely on dynamically changing and
cell-context dependent molecular interactions.

Several Sry-related box (Sox) proteins have been re-
ported to interface with RNA. In oocytes of Xenopus trop-
icalis, Sox9 interacts with the ribonucleoprotein matrix of
the lampbrush chromosomes lateral loops in an RNA-
dependent manner and regulates post-transcriptional pro-
cesses (16). Sry and Sox6 colocalize with splicing factors
in the nucleus and block pre-mRNA splicing in HeLa cells
(17). Recent work suggested that Sox2 is also a node of the
RNA network. Ng et al. reported that the lncRNA ES1 and
lncRNA ES2 play a role in the maintenance of pluripo-
tency in human embryonic stem cells (hESCs) in a Sox2-
dependent manner (18). The lncRNA RMST was found to
be necessary for Sox2 to bind to a subset of promoter re-
gions of neurogenesis-relevant TFs, leading to the regula-
tion of genes critical for neural stem cell development (19).
Bioinformatic analyses predicted that Sox2 interacts with
the 5′-end of lncRNA ES1 (18,20). RNA immunoprecipi-
tation with hESC and neural stem cell lysate revealed Sox2
in the interactome with several RNAs (18,19).

Given the implications that Sox2 links regulatory net-
works involving DNAs and RNAs, we sought to elucidate

whether Sox2 is a DRBP and how its DNA- and RNA-
binding activities coordinate somatic cell reprogramming to
pluripotency. We set out to scrutinise the proposed RNA-
binding function of Sox2 to tackle several unresolved ques-
tions. Does Sox2 bind RNA directly? Which domains of
Sox2 mediate the interaction? How DNA and RNA bind-
ing functions can be reconciled in the process of cellular
reprogramming? To address these, we used chemilumiles-
cent photoactivatable ribonucleoside-enhanced crosslink-
ing and immunoprecipitation (PAR-CLIP), systematic evo-
lution of ligands by exponential enrichment (SELEX), elec-
trophoretic mobility shift assays (EMSA) and RNA im-
munoprecipitation assays (RIP) to show that Sox2 is an
RNA-binding protein with a preference for G/C-rich se-
quences. In the C-terminal region of Sox2, we identify a
60-residue-long RNA binding motif (RBM) encompass-
ing the group B homology domain that directs the pref-
erence for RNA sequences. We show that Sox2 employs
the RBM and HMG domain to associate with RNA and
DNA simultaneously. Deletion of the RBM significantly
reduces the ability of Sox2 to induce pluripotency. Co-
immunoprecipitation assays show that Sox2 interacts with
Zcchc8, Skiv2l2, SFPQ and hnRNP K, which are involved
in RNA processing/splicing, and deletion of the RBM does
not perturb this association. Nevertheless, deletion of the
RBM causes a series of pluripotency-related AS changes.
This study highlights a hitherto unknown interplay of dis-
tinct Sox2 domains with RNA during somatic cell repro-
gramming.

MATERIALS AND METHODS

Preparation of wild-type and truncated Sox2 proteins

Mouse Sox2 (Gene ID: 20674), Sox2-�HMG, Sox2(1–180),
Sox2(1–120), Sox2(120–319), Sox2(180–319), Sox2-HMG,
Sox2-�RBM, Sox11 (Gene ID: 20666) and Sox11N2C cD-
NAs were amplified with Phusion® High-Fidelity DNA
Polymerase (NEB, Cat#M0530S) and cloned into the
pET28a (Novagen, Cat# 69864-3) vector with NdeI and
XhoI restriction sites. Primers used are shown in Supple-
mentary Table S4. pETG20a-Sox1 (Gene ID: 20664) was
kindly provided by Dr Calista Keow Leng Ng. All recom-
binant proteins were expressed in Escherichia coli Rosetta
(DE3) cells (Tiangen, Cat#CB108-02). The transformed
cells were cultivated at 37◦C until reaching OD600 = 0.4–
0.6 and protein expression was induced with 0.2 mM IPTG
for Sox2 variants and Sox11 or 0.5 mM IPTG for Sox1 at
30◦C for 4 h. Cells were harvested by centrifugation, re-
suspended in a buffer containing 8 M urea, 50 mM Tris–
HCl pH 7.4, 150 mM NaCl and 1 mM PMSF and dis-
rupted by ultrasonification (Xinzhi JY92 Ultrasonic ho-
mogenizer; 400 W, 20 min for 30 ml suspension). The pro-
teins were captured with Ni-NTA resin (ThermoFisher Sci-
entific, Cat#88222) under denaturing condition. Purified
proteins were subsequently refolded by gradually dialyz-
ing to 6, 4 and 2 M urea followed by buffer exchange with
PD-10 desalting columns (GE Healthcare, Cat#17-0851-
01) and refolding buffer (50 mM Tris–HCl pH 7.4, 150 mM
NaCl (Sox2 variants and Sox11) or 500 mM NaCl (Sox1),
1 mM PMSF). The His6-TrxA was removed from Sox1 by
digestion with TEV (tobacco etch virus) protease (w/w =
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1:5) at 4◦C for 16 h and purification with a RESOURCE™ S
column (GE Healthcare, Cat#17-1180-01) followed by de-
salting with PD-10 columns (GE Healthcare, Cat#17-0851-
01). Protein concentrations were determined by measuring
the UV absorbance at 280 nm or by measuring the intensity
of bands after SDS-PAGE.

Systematic evolution of ligands by exponential enrichment
(SELEX)

Oligonucleotides containing a random 25 bp sequence
flanked by two primer binding sites [5′-TGGGCACTAT
TTATATCAAC(N)25AATGTCGTTGGTGGCCC-3′]
were procured from BGI and amplified by nine cycles of
PCR as described (21,22) with primers listed in Supple-
mentary Table S5 followed by gel extraction (GeneJET
gel extraction kit, ThermoFisher Scientific, Cat#K0691).
The RNA library was transcribed using the T7 RNA
polymerase (ThermoFisher Scientific, Cat#EP0111) and
purified from a 10% denaturing polyacrylamide gel after
DNase treatment. Binding reactions were performed in
RNA binding buffer (10 mM Tris–HCl (pH 7.4), 1 mM
MgCl2, 10 mM ZnCl2, 1 mM DTT, 10 mM KCl, 5%
glycerol, 1 unit/�l RNase inhibitor). Before binding, the
purified RNA library was first incubated with anti-His con-
jugated Dynabeads® Protein G (ThermoFisher Scientific,
Cat#10004D) in RNA binding buffer at 4◦C for 1 h to elim-
inate RNA un-specifically binding to the beads. Around
1.4 nmol unbound RNA was collected and gently mixed
with 41.6–55.6 pmol recombinant His6-Sox2 immobilized
to anti-His antibody conjugated Dynabeads® Protein G at
4◦C for 2 h in a 200 �l reaction volume. After six times of
washing with RNA binding buffer, the Sox2 bound RNA
was eluted with TRIzol reagent (ThermoFisher Scientific,
Cat#15596026), precipitated with 2.5 volumes of ice-cold
100% ethanol and resuspended into RNase- and DNase-
free water (Tiangen, Cat# RT121-01). The RNA was then
reverse-transcribed with M-MLV Reverse Transcriptase
(ThermoFisher Scientific, Cat#28025013) and amplified by
nine cycles of PCR using primers encoding a T7 promoter
(underlined) in the forward primer (5′-CGCGGATC
CTAATACGACTCACTATAGGGGCCACCAACGAC
ATT-3′) and a reverse primer (5′-CCCGACACCCGCGG
ATCCATGGGCACTATTTATATCAAC-3′). The DNA
was subjected to another round of SELEX. Selection strin-
gency was increased in the last six rounds by increasing the
amount of RNA from 1.4 to 7.7 nmol. Counterselections
were done in Round 5 and Round 8. After the 12th round
of SELEX, the PCR products were subcloned into vector
pTZ57R/T and transformed into chemically competent
Top10 E. coli cells (Tiangen, Cat#CB104-02). Seventy-two
colonies were picked for plasmid DNA extraction and
Sanger sequencing.

Mouse induced pluripotent stem cell (iPSC) generation

OG2 mouse embryonic fibroblasts (OG2 MEFs) were ob-
tained from E13.5 mouse embryos carrying the Oct4-GFP
transgene (JAX ID #004654) following standard proce-
dures (23). MEFs were maintained in DMEM/high glucose

(Hyclone, Cat#SH30022-2B) containing 10% fetal bovine
serum (FBS) (Natocor, Cat#SFBE), 1× GlutaMax (Gibco,
Cat#35050079), 1× MEM nonessential amino acids (Corn-
ing, Cat#25-025-CI), and 0.5× penicillin/streptomycin
(Hyclone, Cat#SV30010). Virus producing Plat-E cells were
maintained in DMEM/high glucose containing 10% FBS.
Around 15 000 OG2 MEFs in a well of 12-well plates
were transduced twice with 0.5 ml of each viral super-
natants in the presence of polybrene. Each reprogram-
ming condition was assessed with at least three biologi-
cal repeats for each individual experiment. After the sec-
ond transduction, the medium was changed to mouse em-
bryonic stem cells (mESCs) medium (DMEM/high glucose
(Hyclone, Cat#SH30022-2B) containing 15% FBS (Nato-
cor, Cat#SFBE), 1× GlutaMax (Gibco, Cat#35050079),
1× MEM nonessential amino acids (Corning, Cat#25-025-
CI), 1× sodium pyruvate (Corning, Cat#25-000-CI), 0.055
mM 1× 2-Mercaptoethanol (Gibco, Cat#21985023), 0.5×
penicillin/streptomycin (Hyclone, Cat#SV30010) with the
presence of 1000 U/ml leukemia inhibitory factor (LIF,
produced at the GIBH core facility)) at day 1 post-infection
and renewed daily. At day 12 post-infection, GFP+ colonies
were counted.

Mouse embryonic stem cell (mESC) culture

The OG2 mESCs were plated at feeder-free and gelatin-
coated 6-cm plates, and were grown in standard mouse ESC
medium containing DMEM (Hyclone, Cat#SH30022-2B),
15% FBS (Natocor, Cat#SFBE), 1× recombinant leukemia
inhibitory factor (LIF, produced at the GIBH core facil-
ity), 0.055 mM �-mercaptoethanol (Gibco, Cat#21985023),
0.5× penicillin/streptomycin (Hyclone, Cat#SV30010), 1×
GlutaMax (Gibco, Cat#35050079), 1× pyruvate sodium
(Corning, Cat#25-000-CI) and 1× MEM non-essential
amino acids (Corning, Cat#25-025-CI). To avoid differen-
tiation, we also added two inhibitors: 3 �M ChIR099021
(Selleck; #S2924-25mg) and 1 �M PD0325901 (Selleck;
#S1036-25mg). Cells used for different analyses were har-
vested in exponential growth phase (∼70% confluent).

PAR-CLIP-biotin chemiluminescent nucleic acid detection
and PAR-CLIP sequencing

The experiment was performed as described (24). In
brief, HEK293T cells were transfected with pMX-FLAG-
Sox2 plasmid with 1 �g/�l polyethylenimine (Polyscience,
Cat#23966). Twenty-four hours after transfection, the cells
were treated with 0.2 mM 4-thiouridine (4-SU) (Sigma-
Aldrich, Cat#T4509) for 16 h. OG2 mESCs and repro-
gramming cells were treated with 0.2 mM 4-SU for 16
h when cells grew to 50% confluence or on day 5 after
transfected with pMX-FLAG3-Sox2, pMX-Oct4, pMX-c-
Myc and pMX-Klf4 plasmids. Cells were crosslinked with
0.4 J/cm2 of 365 nm UV light and harvested by cen-
trifugation at 500 g for 5 min at 4◦C. Lysis was per-
formed in 300 �l (for each plate) NP40 lysis buffer (50
mM HEPES pH 7.5, 150 mM KCl, 2 mM EDTA, 1 mM
NaF, 0.5% NP40, 0.5 mM DTT, RNase inhibitor (Ther-
moFisher Scientific, Cat#EO0384) and protease inhibitor
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cocktail (Roche, Cat#11873580001)) by 10 min incubation
on ice and followed homogenization with a 0.4 mm syringe
needle. The cleared lysates were digested with RNase T1
(Sigma-Aldrich, Cat#R1003) at a final concentration of 1
U/ml at 22◦C for 15 min and then were incubated with
Anti-FLAG® M2 Magnetic Beads (Sigma, Cat#F3165)
(10 �l for each plate) for 2 h at 4◦C. The beads were washed
with washing buffer (50 mM HEPES–KOH pH 7.5, 300
mM KCl, 0.05% NP40, 0.5 mM DTT and protease in-
hibitor cocktail) at 4◦C and incubated in washing buffer
with RNase T1 at a final concentration of 10 U/ml for 15
min at 22◦C. After washing with high-salt washing buffer
(50 mM HEPES–KOH pH 7.5, 500 mM KCl, 0.05% NP40,
0.5 mM DTT and protease inhibitor cocktail) at 4◦C, beads
were dephosphorylated in dephosphorylation buffer (50
mM Tris–HCl, pH 7.9, 100 mM NaCl, 10 mM MgCl2 and 1
mM DTT supplemented with calf intestinal alkaline phos-
phatase at a final concentration of 0.5 U/ml) at 37◦C for
10 min. The beads were then washed with phosphatase
washing buffer (50 mM Tris–HCl, pH 7.5, 20 mM EGTA
and 0.5% NP40) and with T4 polynucleotide kinase buffer
without DTT (50 mM Tris–HCl pH 7.5, 50 mM NaCl
and 10 mM MgCl2). For PAR-CLIP-biotin chemilumines-
cent nucleic acid detection, RNAs co-immunoprecipitated
with the proteins were labelled with biotin according to
the instructions of the Chemiluminescent Nucleic Acid De-
tection Module Kit (ThermoFisher Scientific, Cat#89880).
After labelling, beads were washed with washing buffer
and incubated with SDS-PAGE loading buffer. The beads
were heated at 95◦C for 5 min and the released RNA–
protein complexes were separated in NuPAGE® Novex 4–
12% Bis–Tris Gel in Novex™ NuPAGE™ MOPS SDS Run-
ning Buffer followed by western blotting or chemilumines-
cence nucleic acid detection. For PAR-CLIP sequencing,
RNAs co-immunoprecipitated with proteins were phos-
phorylated with 1 U/�l T4 polynucleotide kinase (NEB,
Cat#M0201L) for 1 h at 37◦C. Samples were washed, eluted
and separated in NuPAGE® Novex 4–12% Bis–Tris Gel
in Novex™ NuPAGE™ MOPS SDS Running Buffer. RNA–
protein complexes were then transferred onto nitrocellulose
membranes. One membrane was applied for PAR-CLIP-
biotin chemiluminescent nucleic acid detection to identify
the position of the captured RNAs. The other membrane
was cut into small slices and processed with 4 �g/�l of pro-
teinase K (ThermoFisher Scientific, Cat#25530049) at 37◦C
for 20 min. Thereafter, equal volume of urea buffer (100
mM Tris–HCl pH 7.4, 50 mM NaCl, 10 mM EDTA and
7 M urea) was added and incubated for 20 min at 37◦C.
RNAs were extracted with acid phenol/CHCl3 (pH 4.3–
4.7) and was precipitated in 75% ethanol supplemented with
glycogen and NaAcO3 (pH 5.5) at −20◦C overnight. The
extracted RNAs were first ligated with 3′ RNA adapter and
subsequent 5′ RNA adapter. cDNAs were synthesized with
SuperScript™ III Reverse Transcriptase (ThermoFisher Sci-
entific, Cat#18080093) and amplified by 18 cycles of PCR.
PCR products were screened based on size using from
PAGE gels according to instructions of TruSeq® Small
RNA Sample Prep Kit (Illumina, Cat#15019892). The pu-
rified library products were evaluated using the Agilent 2200
TapeStation and diluted to 10 pM for cluster generation and

high-throughput sequencing (50 bp single end) on HiSeq
2500 (Illumina).

Electrophoretic mobility shift assay (EMSA)

RNA binding reactions were carried out at 4◦C for 2 h in
a 20 �l system containing 10 mM Tris–HCl pH 7.4, 1 mM
MgCl2, 10 mM ZnCl2, 1 mM DTT, 10 mM KCl, 5% glyc-
erol, 1 U/�l RNase inhibitor, 50 nM Cy3- or Cy5-labelled
RNA and indicated amounts of proteins with or without
oligonucleotide competitors. DNA binding reactions were
performed as previously described (25,26). Reaction sam-
ples were then resolved on a 8% native polyacrylamide gel
in dark in 0.5× TAE at 4◦C, 200 V. Signals were visualized
with a FLA-7000 image reader (FUJIFILM/GE Health-
care) and quantified using the ImageQuant TL software
(GE Healthcare).

RNA immunoprecipitation assay (RIP)

In vitro RIP was performed with purified His6-Sox2. Af-
ter washing with buffer 1 (10 mM Tris–HCl pH 7.4, 1 mM
MgCl2, 10 mM ZnCl2, 1 mM DTT, 10 mM KCl, 5% glyc-
erol, 1 unit/�l RNase inhibitor) for three times, 250 �l
Dynabeads® Protein G (Lifetech, Cat#10004D) was incu-
bated with 50 �l of anti-His antibodies (CW0083, 1 mg/ml)
with gentle rotating at room temperature (RT) for 1 h. Wash
with 1 ml buffer 1 for three times and then incubate with
Sox2 with gentle rotating at 4◦C for 2 h. Repeat three times
of washing with buffer 1. Combined fluorescently-labelled
RNAs with the beads and incubated with gentle rotating
at 4◦C for 2 h. After six times of washing with buffer 1,
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 resolved on a 8% native polyacrylamide gel
in dark in 0.5× TAE at 4◦C, 200 V. Signals were visualized
with a FLA-7000 image reader (FUJIFILM/GE Health-
care) and quantified using the ImageQuant TL software
(GE Healthcare).

RIP using cell lysate was performed as previously de-
scribed (27). Briefly, cells were detached with 0.25% Trypsin
(Gibco, Cat#25200114). The cell pellet was resuspended
in equal volume of lysis buffer (100 mM KCl, 5 mM
MgCl2, 10 mM HEPES (pH 7.0), 0.5% NP40, 1 mM
DTT, 100 U/ml RNase Out, 400 �M VRC, Protease in-
hibitor cocktail), kept on ice for 5 min and then immedi-
ately used for immunoprecipitation or transfer to liquid ni-
trogen for storage. The lysate was thawed on ice and cell
debris were removed by centrifugation at 4◦C, precleared
with Dynabeads® Protein G (Lifetech, Cat#10004D) be-
fore adding anti-Sox2 antibodies (Abcam, Cat #ab97959)
pre-bound to Dynabeads® Protein G for 4 h at 4◦C. In
all, 5 �g of antibodies was used for each RNA-IP. Beads
were then washed five times in ice-cold NT2 buffer (50
mM Tris–HCl (pH 7.4), 150 mM NaCl, 1 mM MgCl2,
0.05% NP40). RNAs were released from ribonucleopro-
tein complexes with Proteinase K (ThermoFisher Scientific,
Cat#25530049) at 55◦C for 30 min. RNA was isolated with
Trizol reagent (ThermoFisher Scientific, Cat#15596026)
and precipitated in 75% ethanol, resuspended into RNase-
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and DNase-free water (Tiangen, Cat#RT121-01) for fur-
ther analysis.

Co-immunoprecipitation (co-IP)

Around 107 cells expressing FLAG3-Sox2 or FLAG3-Sox2-
�RBM at day 6 of reprogramming were lysed in TNE ly-
sis buffer (50 mM Tris–HCl pH 7.5, 150 mM NaCl, 0.5%
NP40, 0.1% SDS and 1 mM EDTA) containing protease
inhibitor cocktail on ice for 15 min. Lysates were homog-
enized with a 0.4 mm needle and centrifuged at 13 000 g
for 15 min at 4◦C. Supernatants were incubated with 20 �l
of Anti-FLAG® M2 Magnetic Beads (Sigma, Cat#F3165)
or Dynabeads® Protein G (Lifetech, Cat#10004D) covered
with anti-IgG antibody (Abcam, Cat#ab124055) and ro-
tated overnight at 4◦C. The next day, beads were washed five
times with wash buffer (20 mM Tris–HCl, pH 7.4, 137 mM
NaCl, 0.05% NP40 and protease inhibitor cocktail) and
eluted by boiling in 50 �l SDS loading buffer and followed
by for western blotting with antibodies (anti-Sox2, Ab-
cam, Cat#ab97959; anti-hnRNP K, Abcam, Cat#ab52600;
anti-Zcchc8, Proteintech, Cat#23374-1-AP; anti-FLAG,
Sigma, Cat#F3165; anti-Skiv2l2, Abcam, Cat#ab70551;
anti-SFPQ, Abcam, Cat# ab11825).

Chromatin immunoprecipitation assay (ChIP)

The experiment was performed as described (28). Briefly,
∼107 reprogramming cells at day 4 were crosslinked with 1%
formaldehyde and then were disrupted on ice successively
with Lysis Buffer 1 (50 mM HEPES–KOH, pH 7.5, 140 mM
NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP40, 0.25% Tri-
ton X-100, 1× protease inhibitors), Lysis Buffer 2 (10 mM
Tris–HCl, pH 8.0, 200 mM NaCl, 1 mM EDTA, 0.5 mM
EGTA, 1× protease inhibitors) and Lysis Buffer 3 (10 mM
Tris–HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5 mM
EGTA, 0.1% Na-deoxycholate, 0.5% N-lauroylsarcosine,
1× protease inhibitors). The cell suspension was sonicated
at high amplitude for 35 × 30 s cycles using a Bioruptor
sonicator to yield DNA fragments ∼200–300 bp. Cell de-
bris were pelleted in 1% Triton X-100 by spinning at 20 000
g for 10 min at 4◦C. The supernatant was then incubated
with 2–5 �g of anti-FLAG (CST, Cat#14793S) antibod-
ies overnight at 4◦C with gently rotating. The next day, 20–
50 �l Dynabeads® Protein G (Lifetech, Cat#10004D) was
added to the mixture and incubated for 4–5 h. The beads
were washed with Low Salt Buffer (0.1% SDS, 1% Triton-
100, 2 mM EDTA, 20 mM Tris–HCl pH 8.0 and 150 mM
NaCl), High Salt Buffer (0.1% SDS, 1% Triton-100, 2 mM
EDTA, 20 mM Tris–HCl pH 8.0 and 500 mM NaCl), LiCl
Buffer (0.25 M LiCl, 1% NP40, 1% deoxycholate, 1 mM
EDTA and 10 mM Tris–HCl pH 8.0) and TE Buffer (10
mM Tris–HCl and 1 mM EDTA pH 8.0). Protein–DNA
complexes were eluted with TE buffer at 65◦C for 30 min.
Coeluted RNA was cleaned with Rnase A (ThermoFisher
Scientific, Cat#EN0531) at 37◦C for 1 h and bound proteins
were eliminated with Proteinase K (ThermoFisher Scien-
tific, Cat#25530049) at 55◦C for 2 h. DNA fragments were
extracted and precipitated in isopropanol for further anal-
yses. qPCR was performed using iTaq™ Universal SYBR®

Green Supermix (BIO-RAD, Cat#172-5124) following the

manufacturer’s instructions. Primer sequences are listed in
Supplementary Table S6.

mRNA-sequencing (mRNA-seq)

RNA-seq samples were isolated using the TRIzol™ Reagent
(ThermoFisher Scientific, Cat#15596026) from reprogram-
ming OG2 MEFs at day 12 post-infection. A total amount
of 1 �g RNA per sample was used as input material for
the library preparation. The sequencing libraries were gen-
erated using the VAHTS mRNA-seq v2 Library Prep Kit
for Illumina® (Vazyme, Cat#NR601) following the manu-
facturer’s recommendations and sequenced on an Illumina
Hiseq X Ten platform with 6G base 150 bp paired end reads
(Vazyme Biotech Co., Ltd).

Bioinformatics analysis

For PAR-CLIP sequencing analysis, adapters and reads
shorter than 15 nucleotides were removed. PCR duplicates
were ignored using the FASTQ/A Collapser. Data were
then aligned to hg19 human genome assembly using
Bowtie (v1.1.2) (29) with the settings ‘-v 2 -m 1 -best
-strata’. Aligned reads were used for peak calling with
PARalyzer (v1.5) (30), requiring a minimum cluster (equal
as ‘peak’) size of 10 nucleotides, a minimum T>C con-
version count of 2 and a minimum of 5 reads for cluster
inclusion (BANDWIDTH=3, CONVERSION=T>C,
MINIMUM READ COUNT PER GROUP=10,
MINIMUM READ COUNT PER CLUSTER=5,
MINIMUM READ COUNT FOR KDE=5, MINI
MUM CLUSTER SIZE=15, MINIMUM CONVERSI
ON LOCATIONS FOR CLUSTER=2, MINIMUM
CONVERSION COUNT FOR CLUSTER=1,
MINIMUM READ COUNT FOR CLUSTER IN
CLUSION=5, MINIMUM READ LENGTH=15,
MAXIMUM NUMBER OF NON CONVERSION MI
SMATCHES=3). Peaks were used for de novo motif
finding using DREME (MEME suite) (31) and annotated
according to GENCODE v19. For splicing analysis, all the
samples were first aligned to mm10 using Tophat (v2.1.0)
(32) with default settings. Differentially spliced genes
were detected using rMATS (v4.0.1) (33) according to
GENCODE vM15 transcript models with false discovery
rate (FDR) lower than 0.05. The G/C content of the 5′
splice site was analysis for 400 nt windows centered at the
5′ splice sites of the 1102 AS-affected exons. The control
set contains corresponding regions for 22 752 exons. GO
analysis was performed using metascape (34). Based on the
alternative splicing information produced from rMATS,
all AS events in the same cluster were pooled and the AS
events with FDR <0.05 were included for downstream
analysis. Duplicated events were identified manually ac-
cording to the flanking sequences and the exon sequences.
The number of AS events or genes in different AS types
was recorded and plotted with the Venn function in gplotss.
To perform the correlation analysis between Sox2-�RBM
and Sox2-�HMG, gene ID, gene name, FDR, IncLevel
difference information of AS events were collected from
rMATS analysis results. Correlation analysis between
Sox2-�RBM and Sox2-�HMG was performed by gene
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symbol with the pearson method (cor R package). For
ChIP-seq anlaysis, Sox2 ChIP-seq were taken from Gene
Expression Omnibus database (GSE90895) (35). Data were
first aligned to the mm10 mouse genome assembly using
Bowtie2 with the settings ‘-very-sensitive’. Low quality
reads were removed using Samtools with the settings ‘-q
30’. Binding peaks were called using MACS2 (36) with
default settings and further annotated by ChIPSeeker (for
promoter, –3 kb to 3 kb to TSS; for intergenic binding
events, peaks are assigned to nearest gene) (37). DESeq2
(38) with log2(fold change) > 2 and adjusted P-value
< 0.05 criteria was used for differential gene expression
analyses.

RNA isolation, RT-PCR and qRT-PCR

Total RNA was extracted from cells using TRIzol™ Reagent
(ThermoFisher Scientific, Cat#15596026) according to the
manufacturer’s instructions. cDNA was synthesized by Re-
verTra Ace® qPCR RT Master Mix with gDNA Remover
(TOYOBO, Cat#FSQ-301) from 2 �g of total RNA. Low-
cycle PCR was then performed with Cy5-labelled forward
primers and unlabelled reverse primers with DreamTaq
PCR Master Mix (ThermoFisher Scientific, Cat#K1071)
(39). Primers sequences are listed in Supplementary Table
S7. Gapdh and Tada2a were used as controls. PCR products
were analyzed on 8% PAGE gel and visualized using with
a FLA-7000 image reader (FUJIFILM/GE Healthcare)
and quantified using the ImageQuant TL software (GE
healthcare). For qPCR, iTaq™ Universal SYBR® Green
Supermix (BIO-RAD, Cat#172-5124) was used following
the manufacturer’s instructions.

RESULTS

Sox2 directly binds to RNA

Previous studies showed that Sox2 functionally synergizes
with lncRNAs to control pluripotency and neuronal dif-
ferentiation, unveiling potential roles of Sox2/RNA com-
plexes in cell fate transitions and development (18,19).
However, it remained unclear whether the interaction of
Sox2 with RNAs was direct or indirect. To investigate
this, we first performed a chemilumilescent photoactivat-
able ribonucleoside-enhanced crosslinking and immuno-
precipitation (PAR-CLIP) assay in HEK293T cells using
overexpressed FLAG3-Sox2 (Figure 1A) (40). Sox2 showed
robust binding to RNA, similar to a FLAG3-hnRNP K pos-
itive control whilst a FLAG3-GFP negative control does
not bind RNA. We verified the Sox2-RNA interaction with
retrovirally expressed FLAG3-Sox2 during the reprogram-
ming of mouse embryonic fibroblasts (MEFs) to induced
pluripotent stem cells (iPSCs) as well as with endogenous
Sox2 in mouse embryonic stem cell (mESCs) (Figure 1B).
To probe the RNA binding activity of purified Sox2 in
vitro, we performed systematic evolution of ligands by ex-
ponential enrichment (SELEX) with an RNA library tran-
scribed from DNAs containing 25 random nucleotides and
bacterially-expressed full-length Sox2 with N-terminal hex-
ahistidine tag (His6-Sox2) (Supplementary Figure S1). To
verify the complexity of the library, we sequenced 17 ran-
domly selected elements and observed non-redundant se-

quences with similar overall base composition (A = 20.47%,
C = 26.12%, T = 28.94%, G = 24.47%; Supplementary Ta-
ble S1). After 12 rounds of selection, 51 unique sequences
were identified from 72 sequenced clones (Supplementary
Table S2). Motif discovery using MEME (41) identified two
G/C-rich consensus motifs in all 51 selected RNAs: a core
motif defined as ‘GCCCY (Y: A or U) and a side motif
with consensus ‘CGCG’ sequences as Sox2-binding motifs
(Figure 1C and Supplementary Table S2). Consistent with
this, FLAG3-Sox2 binding sites obtained from PAR-CLIP
sequencing in HEK293T cells are also enriched for a simi-
lar ‘CCCY’ motif, which is often found in intronic regions
(Figure 1D and Supplementary Figure S2).

We next tested the RNA-binding activity of Sox2 using
electrophoretic mobility shift assays (EMSA) with two en-
riched sequences (12th-15 RNA, 12th-24 RNA), one con-
trol sequence (RL RNA) from the initial RNA library and
a cognate double-stranded DNA (dsDNA) (Figure 1E-G
and Supplementary Table S3). The 12th-15 RNA contains
one side motif and one core motif, and 12th-24 RNA con-
sists of two side motifs flanking one core motif. RL RNA
is a CA-rich RNA harbouring neither of the selected mo-
tifs. Strong binding was observed between Sox2 and both
enriched RNAs as well as the cognate dsDNA control (left
panel and middle panel in Figure 1F and G). In contrast,
Sox2 only poorly binds to RL RNA (right panel in Figure
1F). This difference was then verified using an in vitro RIP
assays in which RNA–protein complexes were immunopre-
cipitated with antibody specific to Sox2 (Figure 1H). The
RIP assay includes a wash with binding buffer that removes
low-affinity RNAs from immobilized Sox2 and is therefore
more stringent than EMSAs. We observed 12th-15 RNA
and 12th-24 RNA in the elution fraction but the RL RNA
was not detectable. By contrast, the homologous Sox11 pro-
tein solely bound dsDNA but does not exhibit detectable
affinity for RNA (Figure 1I). Collectively, these data estab-
lish Sox2 as a bona fide RNA binding protein with a prefer-
ence for G/C-rich sequences.

Sox2 possesses a novel RNA binding module

We next sought to identify the domains responsible for the
RNA binding by Sox2. To this end, we constructed Sox2
proteins with internal domain deletions and purified them
to homogeneity (Figure 2A and B) (42,43). We selected the
12th-24 RNA for these assays and designed three mutants
where each of the three motifs was mutated (Figure 2C
and Supplementary Table S3). EMSAs showed that bind-
ing of full-length Sox2 to 12th-24 Mut2, 12th-24 Mut3 and
12th-24 Mut6 was reduced (Figure 2D and Supplemen-
tary Figure S3A). Recent studies showed that the HMG
box proteins, such as Hmgb1 and Hmgb2, are enriched in
the proteins of the HeLa and mESC mRNA interactome,
and the HMG box could act as an RNA-binding domain
(44,45). However, surprisingly, deletion of the HMG box
of Sox2 (Sox2-�HMG) did not disrupt RNA-binding, in-
dicating that regions outside the HMG box contribute to
RNA binding (Figure 2E). We hypothesized that a 60 amino
acids motif C-terminal of the HMG box might be an RNA-
binding motif (RBM) because this region is rich of amino
acids highly favoured in RNA–protein interfaces (46). Re-
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Figure 1. Sox2 preferentially binds G/C-rich RNA sequences. (A) RNA binding activity of Sox2 was detected by PAR-CLIP. The upper panel shows
the protein-bound RNA detected by biotin chemiluminescence. Antibody against FLAG tag was used to confirm the protein size and as loading control.
FLAG-tagged Sox2, GFP (negative control) and hnRNP K (positive control) were expressed in HEK293T cells. (B) Same as in (A), FLAG-tagged Sox2
was expressed in MEFs at day 6 of pluripotency reprogramming, and endogenous Sox2 antibody was used in mESCs. Antibody against Sox2 or FLAG
tag was used to confirm the protein size and as loading control. (C) Consensus motifs discovered by MEME in sequences enriched after 12 rounds of
RNA SELEX with full length His6-Sox2 as bait (Supplementary Table S2). (D) Consensus motifs found by MEME in PAR-CLIP sequencing data for
Sox2 expressed in HEK293T cells. (E) Nucleic acid ligands used for the EMSAs in (F–I). Bases highlighted in red are the SELEX consensus. 12th-15 RNA
and 12th-24 RNA are Cy3- or Cy5-labelled RNA selected by SELEX after 12-round enrichment; RL RNA is a randomly chosen CA-rich RNA from the
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labelled RNAs. The concentrations of Sox2 are as indicated above each panel. Shift patterns of free RNA and RNA bound by Sox2 (Sox2-RNA complex)
are labelled to the right. (G) EMSAs of Cy5-labelled Prox1 DNA (50 nM) with increasing concentrations (0–100 nM) of Sox2. (H) In vitro RIP with 100
nM Sox2 and 100 nM fluorescently-labelled RNAs. In: input; FT: flow-through; El: elution. (I) EMSAs of Cy5-labelled Prox1 DNA (50 nM) (left panel)
or Cy3-labelled 12th-15 RNA (50 nM) (right panel) with increasing concentrations of Sox11.
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Figure 2. Identification of a novel RNA binding motif of Sox2. (A) Schematic representation of the His6-Sox2 constructs used for binding assays. (B)
Coomassie stained 12% SDS-PAGE with purified His6-Sox2 constructs. M: protein marker and sizes are given in kDa. (C) RNA ligands used for the
EMSAs. Bases shaded in black denote sequences that are altered between the SELEX consensus (12th-24) and mutant versions (12th-24 Mut1, 12th-24
Mut2, 12th-24 Mut3 and 12th-24 Mut6). (D–F) Comparison of the binding activities of Sox2 constructs to the 12th-24 RNA and mutants thereof. Fractions
of bound RNA (left panels) were determined by EMSAs (right panels) using densitometric analysis using the ImageQuantTL software. Barplots represent
the mean ± SD (n = 3). (G) In vitro RIP with 100 nM Sox2 construct and 100 nM fluorescently-labelled RNAs. The names of Sox2 constructs and RNA
substrates are as indicated above each panel. In: input; FT: flow-through; El: elution. Relative levels of eluted 12th-24 and 12th-24 Mut3 are noted.

moval of the 60-amino-acid motif (Sox2-�RBM) next to
the HMG box retained RNA-binding activity but could
not discriminate between original and mutated RNA ele-
ments (Figure 2F and Supplementary Figure S3A). To con-
firm the function of the RBM, we performed in vitro RIP
assays with 12th-24 RNA and 12th-24 Mut3 RNA. Sox2
and Sox2-�HMG showed preferential binding to 12th-24

RNA, whilst Sox2-�RBM showed similar binding to 12th-
24 RNA and mutants thereof (Figure 2G).

To further clarify whether the RBM is sufficient for RNA
binding, we next generated Sox2 truncations containing the
short N-terminal sequence followed by the HMG domain
with (Sox2(1–180)) or without (Sox2(1–120)) the RBM
(Supplementary Figure S3B and C). Sox2(1–120) bound the
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Figure 3. The group B homology domain does not confer sequence selective RNA binding. (A) Multiple sequence alignment of mouse SoxB1 group done
with ClustalX 2.0.9 (http://www.clustal.org/download/2.0.9/). The DNA-binding HMG domains are framed in red. The RNA-binding motif (RBM) of
Sox2 and its N-terminal part corresponding to the group B homology domain are boxed in green or blue, respectively. (B) Recombinant Sox1 resolved
by SDS-PAGE and visualized by Coomassie staining. M: protein size markers in kDa. (C, D) Comparison of the binding of Sox1 to 12th-24 RNA and
its mutants. Representative EMSAs are shown in (C) and the fractional RNA binding is plotted in (D). The concentrations of Sox1 are as indicated and
complexes are labelled to the right. Data are represented as mean ± SD (n = 2).

SELEX consensus and mutants thereof with indistinguish-
able affinity, while addition of the RBM (Sox2(1–180)) re-
stored the sequence selectivity (Supplementary Figure S3D
and E). To exclude that the extended C-terminus also con-
tributes to RNA binding, we generated N-terminal dele-
tions in the absence of presence of the RBM (Sox2(120–319)
and Sox2(180–319); Supplementary Figure S3B and C).
The construct without RBM abolished the RNA-binding
capacity of Sox2(180–319) in contrast to Sox2(120–319)
(Supplementary Figure S3F). Collectively, these analyses
identified a 60-amino-acid RNA binding motif (RBM) C-
terminally of the HMG box that endows Sox2 with a pref-
erence for GC-rich RNA sequences.

The SoxB1 subfamily members- Sox1, Sox2 and Sox3
share a highly conserved HMG box immediately followed

by a ‘group B homology (GBH)’ domain comprised largely
of basic amino acids (Figure 3A) (47). To test whether the
RNA binding of Sox2 is directed by the GBH and shared
by other SoxB1 factors, we performed binding assays with
recombinant Sox1 and the 12th-24 RNAs. Sox1 is able to
bind RNA with high affinity but the binding is not weak-
ened upon mutations of consensus elements (Figure 3B–D).
These results suggest that the G/C directed RNA binding
is not shared within the SoxB1 subfamily and likely driven
by features encoded outside the GBH.

Next, we asked whether the Sox2-RNA interaction is
driven by dedicated structural units. To this end, we pre-
dicted the RNA structures using Mfold (48), and generated
mutants predicted to either retain or disrupt the stem-loop
architecture of the 12th-24 RNA (Supplementary Figure
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S4A–G). The ‘CCC’ core motif is predicted to map to a loop
region and its conversion into ‘UUU’, ‘GGG’ or ‘AAA’ does
not change the secondary structure (Supplementary Figure
S4A, C, E and F). All three mutations reduced the binding
to Sox2 (Supplementary Figure S4H). Mutations predicted
to perturb the stem-loop architecture have varying conse-
quences, suggesting that structural changes pleiotropically
influence binding modalities (12th-24 Mut1, Mut3, Mut6;
Supplementary Figures S4B, D, G, S3A and Figure 2D).
The Sox2-�RBM construct indistinguishably bound to the
12th-24 RNA and both classes of mutants (Figure 2F and
Supplementary Figure S4I). We conclude that the RBM me-
diated binding of Sox2 to RNA can occur in the context
of alternatively structured RNA scaffolds with a contextual
preference for the ‘CCC’ element.

Sox2 is capable of binding DNA and RNA simultaneously via
distinct domains

Sox2 is constantly exposed to both DNA and RNA in a
cellular or physiological environment. To mimic the simul-
taneous exposure of Sox2 to both types of nucleic acids,
we decided to dissect the binding of Sox2 with DNA and
RNA in single tube reactions. We established RNA fish-
ing assays with a Sox consensus dsDNA element carrying
both 5′-Cy5 and 3′-biotin labels and 5′-Cy3-labelled 12th-
15 RNA (Figure 4A and Supplementary Table S3). The
protein/RNA/DNA complexes were assembled, captured
with streptavidin beads, washed, and then electrophoresed
on a 10% PAGE gel and scanned twice with different lasers
(532 nm laser line for Cy3; 647 nm laser line for Cy5) to
successively detect DNA and RNA in input, flow through
and elution fractions. We verified that the streptavidin beads
capture biotin- and Cy5-labelled DNA efficiently (Figure
4B, upper panel). Neither the biotin-labelled DNA nor
Sox2 alone can capture the 5′-Cy3-labelled 12th-15 RNA
(lanes 4–9 and 13–15 in Figure 4B, bottom panel). Yet,
if the DNA and Sox2 were present simultaneously, the
co-elution of RNA was observed (lanes 16–20 in Figure
4B), demonstrating that Sox2 can bind DNA and RNA
simultaneously. However, when the RBM was deleted the
RNA did no longer co-elute with the Sox2/DNA complex,
showing that the formation of ternary RNA/Sox2/DNA
complexes critically relies on the RBM (lanes 21–25 in
Figure 4B).

We also performed EMSAs that excluded the biotin cap-
ture step using 50 nM of Cy5-DNA/Cy3-RNA and 50
nM or 100 nM of full-length Sox2, Sox2-HMG and Sox2-
�HMG constructs followed by sequential detection of the
DNA and RNA in the same gel (Figure 4C and D). Sox2
bound to RNA and DNA with similar affinities (lanes 2–
5 in Figure 4C). Moreover, we observed no reduction of
the binding when Sox2 was incubated with an RNA/DNA
mixture as compared to incubations with DNA or RNA
alone (lanes 6–7 in Figure 4C), confirming the simulta-
neous binding of DNA and RNA. The HMG domain of
Sox2 (Sox2-HMG) was able to interact with both DNA and
RNA in separate binding reactions (lanes 9–12 in Figure
4C). However, when the Sox2-HMG was incubated with the
DNA/RNA mixture it did not bind to RNA at all but was
exclusively directed to its dsDNA consensus element (lanes

13–14 in Figure 4C). Conversely, a Sox2 construct lacking
the HMG box completely lost DNA binding activity but
RNA binding remained unaffected (lanes 16–21 in Figure
4C).

We next verified the binding preference of the RBM and
the HMG box using competition assays. Without competi-
tor, 50 nM of 5′-Cy5-labelled 12th-24 RNA was retarded
by the Sox2-�HMG (lane 2 in Figure 4E). Competition
with 80 × molar excess of unlabelled Prox1 DNA (lanes 3–6
in Figure 4E) failed to displace Sox2-�HMG from RNA,
whereas 80 × excess of unlabelled 12th-24 RNA displaced
the Sox2-�HMG from the labelled RNA (lanes 7–10 in Fig-
ure 4E). Conversely, a pre-bound Sox2-HMG/DNA com-
plex can be effectively disrupted with DNA competitors
but not with RNA competitors (Figure 4F). Thus, differ-
ent binding preferences of non-HMG domain and HMG
domain contribute to the simultaneous interaction of Sox2
with RNA and DNA. The RNA binding of Sox2-�RBM
was strongly diminished by excess amount of both DNA
and RNA (Figure 4G). Yet, similarly as the Sox2-HMG,
Sox2-�RBM/DNA complexes can be disrupted by DNA
but not by RNA competitors (Figure 4H). Collectively, in
the presence of DNA, Sox2 employs its HMG box exclu-
sively to bind cognate DNA sequences and concurrently
uses a novel RBM to mediate the formation of ternary
RNA/Sox2/DNA complexes in vitro.

Deletion of the Sox2 RBM impairs iPSC generation

RNA-binding proteins are dynamically regulated at the ini-
tial phase of iPSC generation, implicating important roles
of co-transcriptional or post-transcriptional processes dur-
ing pluripotency reprogramming (44). Given that Sox2 is a
core component of pluripotency reprogramming cocktails,
we used iPSC generation as a functional read-out to assess
the biological importance of the RBM domain. We aimed
to compare the efficiency of iPSC generation with 4-factor
cocktails including Oct4, Klf4 and c-Myc (OKM) as well
as different Sox2 variants (Figure 5A, B and Supplemen-
tary Figure S5A). We introduced retroviruses into MEFs
carrying a GFP transgene under the control of an Oct4
promoter (OG2 MEFs) cultured in Serum/LIF conditions
(23). Efficiency was scored 12 days after the transduction
by counting GFP positive colonies. Neither the Sox2-HMG
box alone nor a Sox2 construct lacking the HMG box
(Sox2-�HMG) was able to induce pluripotency alongside
OKM (Figure 5A–C and Supplementary Figure S5B). The
Sox2-�RBM produced 36 times less GFP-positive colonies
than wild-type Sox2, indicating a relevance of the RBM
for efficient iPSC generation (Figure 5A–C and Supplemen-
tary Figure S5B). In addition, deletion of the C-terminal
139 residues succeeding the RBM (Sox2(1–180)) also led
to notable reduction of the reprogramming efficiency (Fig-
ure 5A–C and Supplementary Figure S5B). Reprogram-
ming activity is completely lost when the RBM and the C-
terminal 139 residues are both deleted (Sox2(1–120), Fig-
ure 5A–C), suggesting functional synergies between both
domains. Sox11 shares over 70% sequence similarity with
Sox2 in the HMG domain, while their C-terminal sequences
are devoid of homologous sequences. Sox11 cannot con-
vert somatic cells into iPSCs (49). When the C-termini of
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Figure 4. Sox2 forms a ternary complex with DNA and RNA. (A) Schematic representation of the RNA fishing experiment to test for the simultaneous
binding of RNA and DNA to Sox2. (B) After immobilization of biotinylated DNA on magnetic streptavidin beads and washing, the eluates were analysed
by native 10% PAGE gels. Components of the reaction mixtures are labelled on the top of each gel. The lasers used to sequentially detect Cy5-labelled
DNA and Cy3-labelled RNA are indicated to the left. Results shown in the same column in upper or lower panels were from identical gels but scanned with
different lasers. In: input; FT: flow-through; El: elution. (C) EMSAs of Sox2 constructs with Cy5-DNA and Cy3-RNA. Concentrations of DNA, RNA
and protein are labelled with ‘–’, ‘+’ and ‘++’ indicating 0 nM, 50 nM and 100 nM, respectively. In each column, the upper panel and bottom panel are
results from identical gels but scanned with the Cy5 (top) or the Cy3 excitation wavelength (bottom). (D) Quantification of the results shown in (C). The
barplot shows the mean ± SD (n = 3). (E–H) Competition EMSAs using Sox2-�HMG-Cy5-RNA (E), Sox2-HMG-Cy5-DNA (F), Sox2-�RBM-RNA
(G) and Sox2-�RBM-DNA (H) complexes with increasing concentrations of unlabelled Prox1 DNA or unlabelled 12th-24 RNA (from 500 to 4000 nM).
Control: free Cy5-Prox1 DNA or Cy5-12th-24 RNA only; ‘-’, Cy5-Prox1 DNA or Cy5-12th-24 RNA with Sox2 constructs but without competitor.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/48/7/3869/5722045 by Pokfulam

 U
niv user on 05 April 2022



3880 Nucleic Acids Research, 2020, Vol. 48, No. 7

Figure 5. Deletion of the Sox2 RBM impairs iPSC generation. (A) Morphology of mouse iPSCs generated by Sox2 or Sox11 constructs in combination with
Oct4, c-Myc and Klf4 under LIF/Serum conditions generated from OG2 MEFs expressing a transgenic Oct4-GFP reporter. Colonies were photographed
using a fluorescence microscope 12 days after the viral infection. The scale bar indicates 100 �m. (B) A schematic representation of Sox2 and Sox11
constructs used for iPSCs generation. (C) The iPSC generation efficiency of these constructs is presented by the absolute number of GFP-positive colonies
in a well of a 12-well cell culture. Barplot shows the mean ± SD of three biological replicates and differences between selected samples were compared
using ANOVA (* and ** indicate P-values of < 0.05 and < 0.01, respectively). (D) The numbers of iPSC colonies generated by Sox2 plus empty vector,
Sox2-�RBM or Sox2-�HMG at 1:1 or 1:3 ratio of viral supernatants from three independent experiments are shown. Data are represented as mean ±
SD, and ANOVA was used to assess significance (** indicates P-value of < 0.01). (E) Comparison of the binding activities of Sox2 and Sox2-�RBM to
Prox1 DNA. The reactions were analyzed by EMSAs in 10% native PAGE gels. Concentrations of Sox2 constructs are labelled above each lane. Free DNA
and protein-DNA complex are marked.

Sox2 and Sox11 are interchanged, the chimeric Sox11N2C
protein could produce GFP-positive colonies (Figure 5A–
C). However, deletion of the RBM led to a reprogram-
ming incapacitated construct (Sox11N2C�RBM). To as-
sess the relative significance of RBM compared to the HMG
box, we next performed reprogramming experiments us-
ing mixtures of intact Sox2 and the deletion mutants Sox2-
�RBM or Sox2-�HMG at a 1:1 or 1:3 ratio of viral su-
pernatants. Interestingly, we observed that the presence of

Sox2-�RBM mitigates the ability of Sox2 to reprogram
cells to pluripotency whilst Sox2-�HMG has no effect (Fig-
ure 5D and Supplementary Figure S6). The deletion of the
RBM does not affect DNA binding in vitro (Figure 5E), or
the recognition of cognate chromatin binding sites in repro-
gramming MEFs whilst the deletion of the HMG abrogates
chromatin association (Supplementary Figure S7A). Co-
immunoprecipitation showed that the lack of the RBM had
no effect on the interaction of Sox2 with Oct4 (Supplemen-
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tary Figure S7B). This suggests that deletion of the HMG
prevent the association of Sox2 with its target genes. By con-
trast, Sox2-�RBM remains able to bind cognate chromatin
targets but fails to execute subsequent regulatory processes.
Therefore, Sox2-�RBM acts as a dominant negative and in-
terferes with normal Sox2 function during the reprogram-
ming. Altogether, these findings suggest that the RBM of
Sox2 imparts activities relevant for somatic cell reprogram-
ming in the context of chromatin bound Sox2 and imply a
role of ternary Sox2/RNA/DNA complexes in the context
of cell fate changes.

The Sox2-RBM regulates splicing during reprogramming

We next sought to explore the mechanism by which the
RBM contributes to reprogramming. To this end, we first
collected RNA-sequencing (RNA-seq) data at day 12 of
reprogramming from cells transduced with Oct4-Klf4-
c-Myc-Sox2 (OKMS), Oct4-Klf4-c-Myc-Sox2-�RBM
(OKM�RBM) and Oct4-Klf4-c-Myc-Sox2-�HMG
(OKM�HMG). qRT-PCR showed that all transduced
factors were expressed at similar levels (Supplementary
Figure S5A). Pluripotency genes (e.g. Nanog, Esrrb and
Sall4) were downregulated in OKM�RBM as well as the
OKM�HMG control compared to OKMS (Figure 6A
and Supplementary Figure S8A). This is consistent with
the observation that deletion of HMG or RBM reduces
reprogramming efficiency (Figure 5B, C). We also found
that the set of differentially regulated genes differs in Sox2-
�RBM versus Sox2-�HMG expressing cells (e.g. Sfrp4,
Fgf18, Sox18, Pax6 and Eomes) indicating that both
deletions have non-redundant functional consequences
(Figure 6B and C). This suggests that the HMG and the
RBM impart different functional modalities which in the
case of the RBM is not tied to target gene selection and
transactivation.

RNA-binding proteins are involved in all steps of RNA
metabolism, including transcription, splicing, RNA modi-
fication and turnover (50). Regulation of alternative splic-
ing (AS) has recently emerged as a critical event in con-
trolling stem cell pluripotency, differentiation and somatic
cell reprogramming (51,52). As splicing can occur co-
transcriptionally (53) and a growing number of TFs has
been reported to concurrently regulate transcription and
splicing (54), we surmised that Sox2 may also regulate splic-
ing. To test this hypothesis, we first analysed the differ-
ential splicing events using rMATS (33) for OKM�RBM
compared to OKMS. This led to an identification of 1176
alternative splicing events of 938 genes. Interestingly, we
also identified 1219 alternative splicing events in 975 genes
for OKM�HMG compared to OKMS. However, the ma-
jority of the genes alternatively spliced in OKM�RBM
and OKM�HMG are unique for the respective condition
(Supplementary Figure S8B and C). This indicates that
perturbations to different regulatory pathways derail the
Sox2-dependent reprogramming activity after excision of
the RBM or the HMG box, respectively. Since the RBM
does not affect the association of Sox2 with chromatin or
its partner factor Oct4 (Supplementary Figure S7), we next
filtered for transcripts that could be concurrently regulated
on the transcriptional and post-transcriptional level. To this

end, we intersected the list of alternatively spliced genes
with genes having a proximal Sox2 binding at early stages
of reprogramming cells (35) and found evidence for di-
rect binding for 91% (857) of the AS genes (Figure 6D).
Gene ontology (GO) analysis for these 857 genes revealed
an enrichment of terms associated with RNA metabolism
and chromatin modification (Figure 6E). The AS genes in-
clude known regulators of cellular reprogramming such as
Lef1 which blocks the reprogramming at early stage (55),
Srebp1 which facilitates reprogramming through interact-
ing with c-Myc (56) and the histone methyltransferases
Ehmt2 which modulates the efficiency of reprogramming
(57,58). We validated a series of AS exons for a panel of
pluripotency-related genes using RT-PCR including Srebf1,
Lef1, Dnmt3b, Ctbp1, Dicer1 and Prmt9 as well as for two
unaffected genes (Tada2a, Gapdh) (Figure 7A) (55–63). Al-
together, these results indicate that the RBM of Sox2 might
regulate pluripotency reprogramming through modifying
splicing.

To test whether the effect of Sox2 on splicing is direct
or indirect, we performed RIP using reprogramming MEFs
at day 12 and found that many of the alternatively spliced
transcripts co-immunoprecipitated with intact Sox2 but the
deletion of the RBM mitigates the association (Figure 7B).
As an additional control we performed RIP for the lncRNA
RMST that was reported to physically interact with SOX2
in human neural and embryonic stem cells (19). Our RIP
data in reprogramming MEFs verified the physical associa-
tion of Sox2 and RMST in mouse cells during reprogram-
ming and shows that the deletion of the RBM alleviates
this interaction (Figure 7B). A subset of the AS transcripts
is also bound by Sox2 in mESCs (Supplementary Figure
S9). Because splicing is extensively regulated by a plethora
of proteins, we next used co-immunoprecipitation to test
whether Sox2 interacts with splicing factors. We validated
the interaction of Sox2 with several splicing factors includ-
ing hnRNP K, Skiv2l2, SFPQ and the spliceosome associ-
ated protein Zcchc8 (64–66) at day 6 of pluripotency repro-
gramming (Figure 7C and D). These protein-protein inter-
actions of Sox2 were not affected by the deletion of RBM
or treatment with RNase A.

As the Sox2-RBM prefers G/C-rich RNA sequences and
the 5′ splicing site is essential for spliceosome assembly, we
compared the G/C contents around the 5′ splicing site for
exons affected under Sox2-�RBM with unaffected exons.
Intriguingly, we found an enrichment of G/C rich sequences
around the 5′ splice site for exons subject to AS but not
for controls (Figure 7E and Supplementary Figure S10).
The G/C content in exons and introns was previously re-
ported to contribute to exon selection by the splicing ma-
chinery (67). To test whether Sox2 can directly bind splice
sites of AS transcripts, we carried out EMSAs with two
25 nucleotide RNA fragments which flank the GC-rich 5′
splicing site of AS exons in Dnmbt3b and Dicer1 mRNA.
Removal of the RBM (Sox2-�RBM and Sox2(180–319))
impairs the Sox2–RNA interaction (Figure 7F and Supple-
mentary Figure S11A), while removal of the HMG (Sox2-
�HMG and Sox2(120–319)) largely maintains association
with RNA (Figure 7F and Supplementary Figure S11B).
Removal of both RBM and HMG completely abolished
RAN binding (Supplementary Figure S11A). The homol-

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/48/7/3869/5722045 by Pokfulam

 U
niv user on 05 April 2022



3882 Nucleic Acids Research, 2020, Vol. 48, No. 7

Figure 6. Deletion of the Sox2-RBM and Sox2-HMG have different effects on gene expression and splicing. (A) The Venn diagram compares gene sets
differentially upregulated (determined with DESeq2 (38)) in OKMS versus OKM�RBM with OKMS and OKM�HMG. Examples of genes related to
pluripotency that are depleted in both Sox2 deletion mutants compared to the OSKM control are marked. (B) Volcano plot highlighting differentially
expressed genes determined with DESeq2 from OKM�RBM and OKM�HMG RNA-seq data. Genes at –log10(P-value) > 2 and absolute log2(fold
change) value >0.5 are in red. Representative genes related to differentiation in OKM�RBM are labelled on the right. (C) Differentially expressed genes
upon OKSM, OKM�HMG and OKM�RBM are shown. The names of representative genes related to differentiation are depicted. (D) 938 transcripts
were detected to undergo alternative splicing under Sox2-�RBM compared to Sox2 control conditions at day 12 of iPSC generation using rMATS (33).
The Venn diagram shows the overlap genes bound by Sox2 (blue) at early reprogramming stages (35) and genes affected by alternative splicing after RBM
deletion (orange). (E) The top five GO terms provided by metascape (http://www.metascape.org) of 857 genes shown in (D). The number of genes in each
GO term is labelled in brackets.

ogous Sox11 protein does not exhibit detectable affinity for
Dicer1 and Dnmt3b RNA (Supplementary Figure S11C).
These findings suggest that the Sox2-RBM may contribute
to exon selection via interacting with the 5′ splice site during
reprogramming.

DISCUSSION

Multi-functionality and cell context specific activities are
features of many nucleic acid-binding proteins. A list of

transcription factors, such as TFIIIA and p53, have been
defined as dual DNA and RNA binding proteins, partici-
pating in multiple, sometimes unrelated biological pathways
(68–72). Here, we provide direct evidence that for the inter-
action between Sox2 and RNA. We first identified this inter-
action in a cellular context using PAR-CLIP. Next, we used
purified Sox2 to verify this interaction in vitro by RNA SE-
LEX. Both assays indicated that Sox2 preferentially targets
a ‘CCCY’ core motif and a secondary motif with consen-
sus ‘CGCG’. EMSA (Figure 2D and Supplementary Fig-
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Figure 7. Deletion of the Sox2-RBM affects exon selection and RNA binding. (A) RT-PCR assays examining mRNA splicing levels of a group of
pluripotency-related genes (Srebf1, Ctbp1, Lef1, Prmt9, Dnmt3b and Dicer1) and control genes (Tada2a, Gapdh) at day 12 of iPSC generation under
Sox2-�RBM or Sox2 control conditions. Histograms show quantifications of each RT-PCR measurements. Error bars represent the mean ± SD from
two biological replicates. Differences were compared using ANOVA (** indicates P-value of < 0.01). (B) RIP of FLAG3-Sox2 and FLAG3-Sox2-�RBM
using anti-FLAG. RIP enrichment was measured by qRT–PCR, and values were normalized to background immunoprecipitation measured by isotype
IgG. ANOVA was used to assess statistical significance (* and ** indicate P-values of <0.05 and <0.01, respectively). (C) FLAG3-Sox2 was transfected
into MEF cells along with Oct4, Klf4 and c-Myc. Co-immunoprecipitations were performed with IgG or anti-FLAG antibody and immunoblots with
anti-FLAG, anti-Zcchc8, anti-hnRNP K, anti-Skiv2l2 and anti-SFPQ. (D) FLAG3-Sox2 or FLAG3-Sox2-�RBM was transfected into MEF cells along
with Oct4, Klf4 and c-Myc. Co-immunoprecipitations were performed with anti-FLAG antibody and immunoblots with anti-FLAG, anti-Zcchc8, anti-
hnRNP K, anti-Skiv2l2 and anti-SFPQ. (E) G/C content around the 5′ splice sites of exons affected by AS (red, n = 749) and exons not affected by AS
(control, green, n = 14 342). The dotted black line highlights the 5′ splicing sites. (F) Comparison of the binding activities of Sox2 constructs to Dnmt3b
and Dicer1 RNA. The locations and sequences of RNAs are marked under each panel. Fractions of bound RNA were determined by EMSAs on 10%
native gels.

ure S4) emphasized the importance of the ‘CCCY’ motif
in Sox2-RNA interaction whilst the role of the side mo-
tif is less certain. Splicing regulatory elements (SRE) are
short cis motifs that generally associate with splicing fac-
tors that regulate the spliceosome assembly on an adjacent
potential splice site (73). Some SREs are contained in in-
trons. RNA binding protein Nova-1 regulates AS by bind-
ing to intronic SREs, such as YCAY, and enhancing the
downstream splicing (74,75). Since the ‘CCCY’ core motif
of Sox2 is enriched in intron regions (Supplementary Figure
S2), we propose that it constitutes a SRE targeted by Sox2
to regulate AS. Interestingly, the Sox2 interaction partner
PARP1 also binds G/C-rich RNA sequences and plays a
role in the co-transcriptional AS regulation (3,41), suggest-

ing that Sox2 might cooperate with PARP1 to regulate AS
co-transcriptionally during reprogramming.

The HMG domain is primarily deemed as a sequence-
specific DNA-binding domain. Recent studies revealed that
it could also interact with RNA. In mESCs, Hmgb1 and
Hmgb2, which belong to the class of non-sequence spe-
cific HMG box proteins, were identified as RNA-binding
proteins (44). In HeLa cells, a series of HMG box pro-
teins were also detected in mRNA interactomes (45). Con-
sistently, our results show that the Sox2-HMG domain is
able to bind to RNA but without sequence specificity (Sup-
plementary Figure S3E). Moreover, in the presence of cog-
nate DNA elements the HMG box is readily removed from
RNA to bind DNA (Figure 4C and D). The region out-
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side HMG box of Sox2 exhibits RNA-, rather than DNA-,
binding activity (Figure 4C and D). We found that a group
B homology-containing motif (RBM) mediates binding to
GC-rich RNA elements (Figures 2 and 3A). This RBM
shares no similarity with known RNA-binding domains
(76). We hypothesized that the G/C-rich sequence-biased
RNA binding is a common activity of the SoxB1 group.
However, Sox1 does not discriminate between mutants and
the SELEX enriched 12th-24 RNA variant, suggesting that
this activity is unique for Sox2 (Figure 3). Indeed, although
there is some degree of functional redundancy, individual
SoxB1 members still have their own unique roles. For ex-
ample, Sox1 is required during the differentiation and mi-
gration of ventricular zone neurons (77). Sox2 and Sox3 se-
quential act during neurogenesis from ESC to neural pro-
genitor cells (78). Furthermore, an RNA-binding domain
succeeding the DNA-binding domain seems a common
modular organization for dual activity DNA- and RNA-
binding proteins. In PARP1, the DNA-binding domain is
composed of the first two Zinc fingers, and the following
third Zinc finger is responsible for RNA binding (3,79).
ADAR family members pose one to three copies of RNA-
binding domains after the N-terminal DNA-binding do-
main (80). p53 has a centrally-located DNA-binding do-
main and a C-terminal RNA-binding domain (81). These
could be important for orchestrating functions associated
with DNA as well as RNA binding.

Co-operativity of Sox2 with Oct4 is critical to convert
somatic cells into iPSCs and to maintain pluripotency and
mediated by the HMG box of Sox2 and the POU domain
of Oct4 (15,82,83). Yet, the C-terminus of Sox2 confers
the potency of reprogramming. Chimeric Sox2 with the C-
terminal region of Sox17 enhances its potency in iPSC gen-
eration, while chimeric Sox17 with the C-terminus of Sox2
is not able to activate the pluripotency network reminis-
cent to wild-type Sox17 (49). In agreement with this, the re-
moval of the C-terminus of Sox2 impairs reprogramming
(Figure 5). Our observation that the replacement of the
TAD of Sox11 with the intact C-terminal region of Sox2
inclusive of the RBM converts Sox11 into an iPSC inducer
prompted us to further study how the RBM of Sox2 regu-
lates the pluripotency network. The efficiency of iPSC gen-
eration sharply decreased in the absence of the RBM (Fig-
ure 5A–C). Yet, deletion of the RBM does not influence
DNA and chromatin association. This is consistent with a
recent report showing that the interaction of Sox2 with the
non-coding RNA 7SK does not significantly affect binding
to regulatory chromatin regions (84). Consistently, Sox2-
�RBM acts as dominant negative and compromises the
ability of Sox2 to reprogram whilst the expression of the
Sox2-�HMG does not interfere with the activity of Sox2
as its unable to bind its target genes (Figure 5D and Sup-
plementary Figure S6B). Apparently, Sox2-�RBM occu-
pies the same genomic locations as Sox2 but fails to fulfill
functions subsequent to target gene selection that require
an intact RBM. A proteomic study in mESCs revealed that
9% of Sox2-interacting proteins take part in RNA process-
ing and two of them (Zcchc8, Skiv2l2) are prominent RNA
splicing-associated factors (64). Spliceosome components,
such as SFPQ, hnRNP K, were also detected in Sox2 inter-
actome (65,66). Indeed, we found that Sox2 interacts with

splicing factors (hnRNP K, SPFQ, Skiv2l2 and Zcchc8) in-
dependently of its RBM, suggesting a role in splicing (Fig-
ure 7C and D). In addition, Zcchc8 is also a component of
the nuclear exosome complex, implicating that Sox2 may
be a regulator of 3′ processing after splicing (85). Compar-
ison of the RNA-seq data from OKSM and OKM�RBM
samples uncovered AS in 857 Sox2-bound genes, many of
which have roles in RNA metabolism and chromatin mod-
ification (Figure 6D and E). Amongst the proteins linked
to RNA metabolism, some play important roles in cell fate
determination such as transcription factors (Srebf1, Lef1),
m6A binding proteins (YTHDF1, YTHDF2, YTHDF3)
and methyltransferases (Ehmt2). Chromatin modifications,
mainly DNA methylation and histone modification, are piv-
otal in regulating higher-ordered chromatin structure dur-
ing early embryonic development, and are reported as ma-
jor barriers to iPSC generation (86,87). We validated AS
for the chromatin modifiers (Ctbp1, Dnmt3b, Dicer1) and
RNA metabolism participators by RT-PCR (Figure 7A).
During the late stage of iPSC induction, the expression of
Dnmt3b is upregulated to ensure full pluripotency mat-
uration and the full-length isoform predominates (88). A
Lef1 variant lacking exon 6 (Lef1Δ6) is the predominant
isoform in PSC whilst the isoform including the exon is
present in MEF cells (89). Therefore, full-length Dnmt3b
and Lef1Δ6 can be treated as hallmarks of pluripotency.
At day 12 of reprogramming, dominant amount of full-
length Dnmt3b and Lef1Δ6 were detected in cells trans-
duced with OKMS but not in OKM�RBM-induced cells,
suggesting that OKMS-induced cells are in the maturation
phase, whereas the OKM�RBM-induced cells are still in
the transition of MEF cells to iPSCs. Yet, further studies
are needed to clarify how Sox2 and splicing factors syner-
gistically regulate alternative splicing during somatic cell re-
programming. Since AS is often regulated by the selection
of 5′ splicing site, we studied the sequence composition of
the 857 genes exhibiting AS in Sox2-�RBM versus Sox2
wild-type conditions. The AS-affected exons possess higher
G/C content in contrast to the unaffected ones (Figure 7E
and Supplementary Figure S10). As the Sox2-RBM targets
G/C-rich sequences and deletion of this region attenuates
binding of Sox2 to transcripts subject to alternative splic-
ing during pluripotency reprogramming (Figure 7A, B, F
and Supplementary Figure S11), we surmised that Sox2 di-
rectly regulates their exon selection. A connection between
G/C content and splicing site selection has previously been
posited for other splicing modifiers (67,90). Taken together,
our data suggest that the RBM of Sox2 might influence re-
programming via splice site selection. Moreover, Sox2 asso-
ciates with RNA and DNA simultaneously (Figure 4). This
observation implies that Sox2 links RNA and chromatin.
In human cells, pre-mRNA splicing is initiated during tran-
scription (53), and factors regulating chromatin and tran-
scription affect the splicing process (91). Hirsch et al. found
that Gcn5 associates with Myc to induce AS in the early
stages of somatic cell reprogramming (92). Therefore, we hy-
pothesize that Sox2 regulates splicing co-transcriptionally
employing its RBM whilst bound to cognate enhancers
through its HMG box. Further work should explore the
crosstalk between Sox2-regulated transcription and splicing
at different stages of reprogramming.
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