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Thomas H. Huxley 

Suppose it were perfectly certain 
that the life and fortune of every 
one of us would, one day or other, 
depend upon his winning or losing 
a game of chess. Don’t you think 
that we should all consider it to be 
a primary duty to learn at least the 
names and the moves of the pieces; 
to have a notion of a gambit, and a 
keen eye for all the means of giving 
and getting out of check?  





Abstract
A fundamental step in embryo development is the transition through 
pluripotency. There are two known sequential states of pluripotency termed 
naïve and primed pluripotency. Considerable efforts have been made to 
characterize these two cell identities using gene expression, protein, metabolic 
and epigenetic profiling; here we explore an additional regulatory layer, at the 
level of alternative pre-mRNA splicing (AS).  We performed deep coverage 
RNA sequencing on embryo-derived stem cell lines and identified a regulated 
AS landscape between the two states involving over 900 splicing events. 
These events show distinct cis-regulatory features and can also be observed 
in vivo and in the equivalent human pluripotency states. Differential gene 
expression analyses helped to identify two regulatory axes that contribute to 
shape these AS landscapes: the Rbmx/RbmxL2 and the Rbm47/Esrp axes. 
We further performed a high-throughput screen to test the effect of 1,500 
single knockdowns of RNA binding proteins and chromatin modifiers on 
naïve-to-primed AS switches. This led us to the identification of Qki as an 
additional master naïve-to-primed AS regulator. Functional assays show 
that depletion of these splicing regulators affect the differentiation dynamics 
of embryonic stem cells. Overall, our results provide new insights into the 
regulatory programs governing naïve and primed pluripotency and the gain 
of differentiation potential.





Index
Abbreviations  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  pg. 9

Introduction  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  pg. 13

Objectives  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  pg. 61

Results  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  pg. 65

Discussion  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  pg. 139

Conclusions  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  pg. 173

Materials & Methods  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  pg. 177

Bibliography  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  pg. 209

Annex  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  pg. 247



Table of Contents

4



5

Table of Contents

Introduction
The rise and fall of pluripotency: embryogenesis at the peri-implantation 
stage 14

Preimplantation: the dawning of lineage restriction 15
First cleavage divisions 15
First lineage decision: inner cell mass & trophectoderm 17
Second lineage decision: Epiblast & primitive endoderm 18
Plasticity and the regulatory nature of preimplantation embryo 
development 19

The continuum of pluripotency and the starting point of embryonic 
pattern formation 22

Implantation & axis formation in the embryo 24
Regionalization of pluripotency in the post-implantation embryo. 28

Capturing Naïve and Primed pluripotent stem cell identities 31
The awakening of pluripotency research 31
Naïve embryonic stem cells 33

Derivation & maintenance of ESCs 33
Molecular signatures of ESCs 34
In vivo versus in vitro: locking the naïve pluripotency state 35
The ground state model of pluripotency 36
Identity & developmental potential of ESCs 38

Primed Epiblast stem cells 40
Derivation & maintenance of EpiSCs 40
Molecular signatures of EpiSCs 41
In vivo versus in vitro: capturing primed pluripotency 42
Identity & developmental potential of EpiSCs 43



Table of Contents

6

Shaping cell identities with master splicing regulators 47
The types of alternative splicing choices & its implications 48
The mechanistic insights of splicing 50

The Rules of Alternative Splicing Regulation 53
The Regulatory role of cis-acting sequence features 53
The regulatory role of trans-acting splicing regulators 54
Building cell identities with alternative splicing regulatory networks 56
Alternative splicing in the maintenance & establishment of 
pluripotency  56

Results
Chapter 1: Transcriptomic alternative splicing profiling of naïve and 
primed pluripotency 67

Alternative splicing profiling in naïve and primed samples 67
Dynamics of differentially spliced cassette exons in the naïve-to-primed 
transition and beyond 72
Genomic features of differentially included naïve-to-primed 
alternatively spliced exons 75
Conservation of naïve-to-primed alternative splicing profile in human 
pluripotency 77
Transcriptomic profiling of in vivo naïve-to-primed alternative splicing 
variants during mouse early embryo development 80

Chapter 2: Alternative splicing regulation by RNA Binding Proteins in 
naïve and primed pluripotency 81

Part I: Rbmx/RbmxL2 regulatory axis 85
Altering the Rbmx/RbmxL2 regulatory axis in naïve pluripotency 87
Impact of Rbmx/RbmxL2 regulatory axis on cell differentiation 96

Part II: Rbm47/Esrp regulatory axis 107
Altering the Rbm47/Esrp regulatory axis in naïve pluripotency 108
Impact of Rbm47/Esrp regulatory axis on cell differentiation 115

Part III: Large-scale search for alternative splicing regulators 123



7

Discussion
Regulation of naïve and primed pluripotency states by Rbmx family 
proteins 141

The complex family of Rbmx in mammals 141
Opposing and complementary roles for Rbmx and RbmxL2 in the 
Naïve-to-primed transition 143
Non-splicing roles of Rbmx family members 153

Regulation of naïve and primed pluripotency states by the Esrp/Rbm47 
regulatory axis 157

On the role of ESRP1 and ESRP2 in pluripotency state definition and in 
differentiation 157
On the role of RBM47 in pluripotency state definition and in 
differentiation 161
Regulatory crosstalk and co-regulation of Rbm47 and Esrp in 
pluripotency and differentiation 163

Regulation of naïve and primed pluripotency states by Quaking 167
On the binary lens through which we look at the naïve-to-primed 
transition 171

Conclusions 173

Materials & Methods 177

Bibliography 209



Introduction

Discussion

Bibliography

Objectives

Conclusions

Annex

Results

Materials and Methods



Abbreviations



Abbreviations

10

2iL – 2 inhibitors (MEK inhibitor and GSK3 inhibitor) and LIF
AJs – Adherens junctions
AP – Alkaline Phosphatase
AS – Alternative Splicing
ASSEA – Alternative splicing enrichment analysis
bp – base pair
C-to-U RNA editing – Cytidine-to-Uridine RNA editing
CLIP – Crosslinking and immunoprecipitation
cRPKMs – corrected-for-mappability Reads per Kilobase pair and Million 
mapped reads
DKO – Double knockout
EBs – Embryoid Bodies
EMT – Epithelial to mesenchymal transition
EpiLC – Epiblast-like stem cells
EpiSC – Epiblast stem cell
EPS – Extended pluripotent stem cell
EPSC – Expanded potential stem cell
ESC – Embryonic stem cell
gRNA – CRISPR/Cas9 guide RNAs
GSEA – Gene Set Enrichment Analysis
ICM – Inner Cell Mass
KD – Knockdown
KO – Knockout
m6A – N6-Methyladenosine 
miRNAs – MicroRNAs
mRNA – messenger RNA
NLS – Nuclear localization signal
nt – nucleotide
NTD – Nascent transcript targeting domain
PGCs – Primordial germ cells
PIR – percentage of transcript with intron retained
PrE – Primitive Endoderm
PSI – Percentage of Spliced in
RBP – RNA binding protein
RGG – Arginine-glycine-glycine
RNA-seq – RNA sequencing
RRM – RNA recognition motif

Abbreviations



11

RT-PCR – Reverse transcription polymerase chain reaction
RTqPCR – Reverse transcription quantitative polymerase chain reaction
SL – Serum and LIF
SPAR-seq – Systematic Parallel Analysis of Endogenous RNA Regulation 
Coupled to Barcode Sequencing
TE – Trophectoderm
TKO – Triple knockout
TSCs – Trophoblast stem cells
UTR – Untranslated region
XEN – Extraembryonic endoderm



Abbreviations

Discussion

Bibliography

Objectives

Conclusions

Annex

Results

Materials and Methods



Introduction



Introduction

14

The rise and fall of pluripotency: 
embryogenesis at the peri-implantation stage

Throughout embryogenesis, a meticulous program of coordinated events 
enables a single cell to develop into a multicellular organism. A critical step in 
this process is the establishment and exit from pluripotency. Pluripotency is 
defined as the potential to differentiate into any somatic and germ cell lineage 
but not into extraembryonic tissues. In placental mammals, this state arises in 
the epiblast cells of the early embryo over the course of implantation. Shortly 
after implantation, these epiblast cells will arrange into a unilaminar epithelium 
that will start the differentiation process into all tissues in the embryo 
proper through gastrulation and subsequent organogenesis. Consequently, 
pluripotency is lost.

The pluripotent epithelial structure of the epiblast is conserved among all 
amniotes, however its morphogenesis can follow different strategies1. Within 
amniotes, placental mammals are unique in that their embryos are nourished 
by interfacing with the maternal reproductive tract. For this purpose, during 
embryogenesis, embryos must synchronize epiblast formation with the 
formation of extra-embryonic tissues (trophoblast and hypoblast) specialized 
in mediating their implantation and securing their nutritional supply. Despite 
the differences that this specialization entails (mainly to do with yolk reduction 
and placentation), the specification of the epiblast as a pluripotential cell 
lineage is also synchronized with the appearance of extraembryonic tissues in 
all other amniotes1,2. It is therefore considered that the earliest phylotypic stage 
in amniote embryogenesis shares two characteristics: the epithelialization 
of the pluripotent epiblast and the specification of the embryonic versus 
extraembryonic lineages1.

In the coming pages, I will describe the appearance, progress and loss 
of pluripotency during mouse embryogenesis. This period represents 
approximately one quarter of the total murine gestation period, starting after 
two waves of lineage specification that segregate pluripotent epiblast cells from 
extraembryonic lineages, and finishing upon gastrulation. Bear in mind that 
although several of the features described here are conserved among other 
placental mammals, many others are not, thus caution must be taken when 
extrapolating species-specific features.



15

Preimplantation: the dawning of lineage restriction

Lineage restriction is a complex phenomenon that dubiously occurs in a 
single-step. Instead, it is considered to have three phases: an initiation phase, 
a commitment phase and a maintenance phase, reviewed in3. At the initiation 
phase, differences in cell states will emerge in a homogenous cell population 
driven by external cues or by stochastic fate choices4. Here, cells will remain 
receptive and interconverting to different states in response to inducing 
signals. In the commitment phase, specific fate programs are activated, cells 
are no longer as malleable and do not respond to the initial inducing stimuli. 
These fate programs mostly become dependent on cell-intrinsic cues through 
the activity of early response transcription factors and epigenetic regulators3,5. 
These act primarily by strengthening their expression through feedback-
loops or by activating downstream late response transcription factors that will 
later become the hallmarks of that cell lineage, reviewed in3,6. Finally, in the 
maintenance phase, cells must lock the expression of these hallmark genes and 
avoid deviating into other cell states. This, however, does not necessarily mean 
that during the maintenance phase cells remain refractory to differentiation 
cues. In fact, in many cases during development, the transcription of many 
differentiation genes remains poised, waiting for an activating cue. Thus, being 
in a maintenance phase of lineage restriction does not necessarily mean being 
non-responsive and we will see examples of this in the following sections.

First cleavage divisions

After fertilization of an oocyte by a sperm, a 1-cell embryo termed zygote is 
generated. This zygote is totipotent by definition because it can produce all 
embryonic as well as extraembryonic lineages and can organize them into 
a coherent body plan7. The zygote will then travel through the oviduct as it 
undergoes the first five cell cycles, known as cleavage divisions. Cleavage takes 
place with no interphasic cell mass growth8 and relies on the vast cytosolic 
compartment that the oocyte had. Therefore, cells at these stages, termed 
blastomeres, become progressively smaller with each division. Undeniably, 
individual 2-cell blastomeres can form a full conceptus as demonstrated by 
the existence of dichorionic identical twins and confirmed elegantly in mouse 
embryogenesis by Tarkowski who in 1959, inspired by seminal work in 
mammals using rabbit9 and rat10 blastomeres, obtained viable embryos after 
destruction of one of the two blastomeres at the 2-cell stage11.
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There is clear evidence that the blastomeres generated after the two subsequent 
cell divisions (4-cell and 8-cell stages) show molecular differences between 
them12–18, yet cell fates remain plastic and thus, blastomeres remain totipotent19. 
In fact, the 8-cell embryo forms at around embryonic day 2.5 after fertilization 
(E2.5) and individual blastomeres will remain totipotent until the first lineage 
decision.

Introduction Figure 1: Electron microscopy showing changes in cell surface 
during compaction of mouse embryos, the first manifestation of cell polarity in 
embryogenesis. (1) Four-cell embryo with a dividing blastomere with a clear cleavage 
furrow (arrow) showing all blastomere surfaces uniformly coated with microvilli. x1500 
magnification (2) Eight-cell embryo commencing compaction showing blastomeres 
flattening with each other and some apical microvilli (arrow) located in the grooves 
of their membrane. x1700 magnification (3) Blastomeres of a compacting embryo 
showing microvilli in the apices between two blastomeres. x3200 magnification (4) 
Apical localization of microvilli in 4 blastomeres of a compacting eight-cell embryo. 
x1500 magnification (5) Surface of a compacting blastomere at the border region 
between the smooth area (top left) and the apical localization of microvilli (bottom 
right). x8000 magnification. (6) Embryo close to compaction completion with few 
areas of smooth membrane remaining exposed. x1600 magnification (7) Compacted 
embryo with no visible smooth surfaces. x2200 magnification (8) Compacted embryo 
with smooth areas between cell-cell contacts and apical localizations of microvilli. 
x1500 magnification. All images are taken from Ducibella et al. 197721.
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First lineage decision: inner cell mass & trophectoderm

This begins with compaction during the morula stage at E2.75, followed by 
segregation of the inner cell mass (ICM) and the trophectoderm (TE) in the 
blastocyst at E3.5. The outer cells of the morula are biased towards becoming the 
first extraembryonic lineage, the TE, which is then pivotal for the implantation 
process. The TE will develop into the foetal part of the placenta, key for 
nourishment and detoxification but also key in the induction of differentiation 
of certain lineages in the embryo20. On the other hand, the inner cells of the 
morula are biased towards becoming the ICM.

First, during compaction blastomeres that were once loosely adhered to one 
another, broaden their cell-cell contacts through E-CADHERIN mediated 
adherens junctions (AJs) resulting in close intercellular apposition and 
triggering blastomere apico-basal polarization. The apical domain (outward 
domain) will increase its contents on F-actin, myosin, clathrin, cell-surface 
glycoproteins and microvilli21–25 (Introduction figure 1).

After compaction and polarization there are two rounds of cell divisions. 
Depending on their relative cleavage position to the apico-basal plane, these 
divisions can either be symmetrical or asymmetrical and daughter cells will be 
polarized or not accordingly. Consequently, polarized cells will remain outside 
and maintain an apical domain while apolar cells will remain inside and have 
a higher degree of cell contacts26. Simultaneously, the differential cellular 
localization of the transcriptional co-activator YAP1 among blastomeres, will 
tune their positional information into lineage specification27. The absence 
of an apical domain triggers cell-cell contact-dependent YAP1 cytoplasmic 
localization and degradation through E-CADHERIN mediated adherens 
junctions28. Conversely when an apical domain is present, YAP1 is nuclear and 
can upregulate the expression of the TE-specific master transcription factor 
CDX2 in outside blastomeres27,29. This way key positional information (inside 
versus outside) is translated into ICM or TE- specific transcriptional programs.

Single-cell profiling of transcription factors at 16- and 32-cell stage embryos 
first showed that SOX2 and ID2 were the earliest markers of inner and outer 
cells respectively30. Additionally, as segregation of the ICM and the TE occurs, 
the expression of CDX2 is gradually lost in inside cells and becomes upregulated 
in outside cells. Although CDX2 expression is not essential in the initial 
specification of the TE lineage, it is required for its later commitment29,31,32. 
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Antagonistically, ICM cells maintain the expression of the transcription factor 
OCT4 while it is lost in TE. OCT4 is essential for the pluripotential identity of 
ICM cells as Oct4-null ICM cells fail to maintain that identity and differentiate 
into TE cells33. Importantly, although OCT4 together with SOX2 coordinate 
pluripotency gene expression, at this stage, the full pluripotency network has 
yet to be stabilized and these cells will keep a certain degree of developmental 
plasticity until the second lineage decision34,35.

At around E3.25, the blastocoel cavity appears. This constrains the ICM to 
one pole and the embryo becomes an early blastocyst. At this stage, the 32-
cell stage, the transcriptomes of individual ICM cells are indistinguishable, but 
modest transcriptional changes arise within the following hours30,36. At that 
moment, the second lineage specification starts.

Second lineage decision: Epiblast & primitive endoderm

During the second lineage decision, the ICM segregates into the pluripotent 
epiblast and the primitive endoderm (PrE). The epiblast will later develop into 
the embryo proper whereas the PrE will be a vital constituent of the yolk sac 
and provide crucial signals for embryo patterning, reviewed in37. Whilst for 
the first lineage decision, positional cues were decisive; the second lineage 
decision relies upon stochastic cell-to-cell expression heterogeneity and 
gradual acquisition of transcriptional identity through signal reinforcement36. 
This is directed, but not originated, by fibroblast growth factor (FGF) 
signalling, reviewed in38,39. Interestingly, a recent study showed that blastocoel 
cavity expansion also seems to play a critical role in specifying epiblast and PrE 
cell fates and cell positioning within the blastocyst since reduced expansion 
impairs lineage specification and spatial lineage sorting in an FGF-signalling 
dependent manner40.

Precisely, the drivers of this second lineage restriction are three FGF signalling 
components: on one side, the receptors FGFR1 and FGFR2, and on the other 
side, their ligand, FGF441–44. At E3.25, before cells have made a fate choice, 
FGFR1 is expressed across all ICM cells whereas FGF4 already shows a bimodal 
distribution and from then on, its expression will be restricted to the epiblast 
lineage36,43,44. FGFR2 is expressed later, by E3.5, and only in PrE-biased cells36. 
Importantly, since all ICM cells possess FGF receptors, they are all receptive 
to FGF4, but unique feedback from the receptors generates differential FGF 
signalling activity in each ICM cell and promotes bias towards PrE or epiblast 
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lineages43,44. Additionally, this differential FGF signalling may also stem from 
differential exposure to FGF4 levels, which in turn depends on the FGF4 
expression of surrounding cells39. Depletion of Fgf4 or Fgfr1/2 or inhibition of 
the MEK1/ERK pathway, a downstream signalling cascade of FGF receptors, 
blocks PrE differentiation, leading to an ICM entirely composed of epiblast 
cells43–47. Reversely, exposure to exogenous FGF4 biases ICM cells towards the 
PrE lineage48.

Two transcription factors are the first to display the second lineage specification 
in ICM cells in response to FGF signalling: NANOG and GATA636,49,50. They 
gradually become mutually exclusive starting at E3.25 (32-cell stage), and, 
by E3.75 (64-cell stage) NANOG is expressed in the epiblast-biased cells and 
GATA6 in PrE-biased cells45,50. Importantly, this specification is asynchronous 
among ICM cells41,50,51. The driving function of these two master regulators 
is evidenced by the phenotypes of their deletion mutants. While in Nanog 
mutants, all ICM cells express GATA6 and acquire a PrE fate52, in Gata6 
mutants, all ICM cells express NANOG and acquire a epiblast fate41,53. PrE-
biased cells will progressively trigger PrE transcription factor expression 
including SOX17, GATA4 and SOX7 while epiblast-biased cells will express 
SOX254. Additionally, these two populations will first appear in a seemingly 
mixed “salt and pepper” fashion within the ICM but PrE cells will gradually 
migrate, gain apico-basal polarity and epithelialize to form a layer adjacent to 
the blastocoelic cavity by E4.536,51. By then, epiblast and PrE cell fates become 
resistant to FGF4-mediated fate remodelling, indicating that the window of 
lineage commitment has already closed48,55. One interesting fact however, is 
that epiblast cells appear be the first to specify their lineage and also to lose 
their lineage plasticity compared to PrE cells35,55. Therefore, symmetry in 
ICM is not only broken through transcriptional regulators that drive lineage 
divergence but also through the asymmetrical restriction of plasticity itself.

Plasticity and the regulatory nature of preimplantation embryo 
development

The question of how transcriptional asymmetries are first generated in the 
embryo and how they are amplified to direct lineage divergence has gained a 
lot of attention over the last decades. Despite causing an intense debate in the 
field, it remains an open question. We do however know that transcriptomic 
differences between blastomeres appear as early as the first cleavage division 
and are mainly due to random segregation during cell partitioning56–58. 
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These initial blastomere-to-blastomere biases may be further amplified by 
transcriptional noise at zygotic genome activation at the two-cell stage56. Noise 
can be generated through a burst of transcription of a given gene but also 
through the propagation of fluctuations upstream of that gene, reviewed by59. 
The random stochastic fluctuations of protein activity and gene expression 
that these generate, enable diversity among genetically identical cells while 
maintaining the flexibility to respond to external cues59,60. Accordingly, cells 
can explore a larger landscape of differentiation possibilities while being 
poised to change61. By introducing biological noise into the embryo early 
on, it allows for it to be fine-tuned by positive and negative feedback loops 
to tilt the balance of lineage specifiers in each blastomere. Hence, cells in the 
embryo would gradually acquire a specific fate but keep a narrowing window 
of plasticity granted by certain noise levels that allow for redirection towards 
another fate.

One very debated example of symmetry breaking during preimplantation 
development is precisely the transition in ICM cells from NANOG and GATA6 
coexpression to the mutually exclusive “salt and pepper” disposition in the 
early blastocyst. What breaks the symmetry? What originates the divergence 
of epiblast and PrE lineages starting from a seemingly homogenous population 
of cells in the first place? There are two opposing theories that try to answer 
these questions: a probabilistic model and a deterministic model.

In the first, some suggest that stochastic transcriptomic fluctuations followed 
by signal reinforcement are enough to establish the lineage decision36,50,62. 
In fact, Nanog transcription is pulsatile and occurs in bursts in embryonic 
stem cells which hints at the source for its heterogeneous expression at the 
blastocyst stage63,64. However, this pulsatile transcription has not been seen in 
embryos so far. Additionally, other studies suggest that it is possible to predict 
cell fate already by the 4-cell stage just by looking at the dynamics of SOX2-
DNA binding65 or at the levels of SOX2115 in each blastomere. This implies that 
there is a previous lineage determination event much earlier than expected, 
and thus constitutes hidden variables in the probabilistic model. Importantly, 
many seemingly probabilistic mappings turn out to be more deterministic as 
hidden variables get exposed66.

Others have a more deterministic model to explain symmetry breaking whereby 
the timing and origin of the ICM cell influences its future fate67,68. This model 
proposes that ICM cells that internalize during the first wave of asymmetric 
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cell division (8-to-16 cell stage) are epiblast-biased and cells that internalize in 
the second and third wave of asymmetric cell division (16-to-32 and 32-to-64 
cell stage) are PrE-biased67,68. An independent study however, had contrasting 
results48. After some apparent controversy, the discrepancies among the 
studies were attributed to the different mouse strains and experimental set-up 
used69,70. Indeed, embryos from different strains produce differing numbers 
of ICM cells during the first division71. In the light of following studies, these 
differences became obvious and relevant30,35,52,72. Taking this into account, a 
model now posits that if fewer cells are internalized in the first wave, they 
won’t secrete enough FGF4 to inhibit Nanog transcription, so they would 
acquire an epiblast fate72. On the other hand, if more cells are internalized in 
the first wave, the FGF4 they secrete would be enough to induce PrE fate in 
some of the newly formed ICM cells72. Importantly, it is widely accepted that 
no matter the origin, PrE and epiblast cells are specified independently from 
their position within the ICM and generate a “salt-and-pepper” pattern that 
will later reorganize.

Another thought-provoking concept revolving around early embryonic 
fate specification and plasticity is that many of the factors driving lineage 
specification are in fact, members of the same transcription factor families. One 
example of such family is the Gata family. Gata3 is involved in TE specification 
early on73. Then, Gata6 and later, Gata4 are sequentially activated during PrE 
specification53. The later have a key position in PrE fate determination, as 
expression of either of them is sufficient to drive differentiation towards PrE74. 
It might be that while blastomeres express Gata6, they are biased towards PrE 
specification but still remain plastic towards other lineages. Later, when Gata4 
is expressed, blastomeres would have already acquired the PrE fate.

Another compelling example of evolutionary relationships between master 
lineage regulators lies in the Sox family of transcription factors. While SOX2 
is the first marker of ICM cell specification, afterwards, Sox17 and Sox7 are 
activated sequentially in PrE-biased cells54. Additionally, SOX2 is part of 
the core pluripotency network in epiblast cells (together with OCT4 and 
NANOG). The close similarity across these family members might point at 
a scenario where OCT4 is easily allowed to switch its Sox-binding partner 
to adjust rapidly to fate-determining cues75. Accordingly, an OCT4- binding 
partner switch from SOX2 to SOX17 would disrupt the pluripotency network 
and initiate specification towards the PrE fate.
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All in all, the fundamental outcome of this tight developmental regulation is 
that by E4.5 the blastocyst is composed of three clearly distinguishable cell 
populations with the trophectoderm constituting an epithelium enclosing a 
fluid-filled cavity (blastocoel cavity); the epiblast constituting an aggregation 
of cells on one side of that cavity; and the PrE constituting the epithelium 
separating the epiblast from the cavity. Some view the whole process of 
formation of this blastocyst as a “preembryonic stage”, a deterministic 
preparatory system necessary to generate the extraembryonic tissues76,77. In 
this line, the epiblast can be viewed as a “ground state” or tabula rasa, a state 
that harbours the developmental potency and plasticity needed to make all 
embryonic lineages.

The continuum of pluripotency and the starting point of 
embryonic pattern formation

The pluripotency state exists in the epiblast of the mouse embryo from the 
early blastocyst stage at E3.5 and is lost progressively during gastrulation at 
E8.0, reviewed in78. Over this period, the pluripotent cell population likely 
progresses through a broad continuum of pluripotency states characterized 
mainly by differences at the level of gene expression, epigenetic signatures, 
metabolic status and functional properties. To this date, however, it has only 
been possible to stably capture in vitro two of these pluripotency states: the 
naïve and primed state, which in turn correspond to the states in the pluripotent 
epiblast of pre- and post- implantation embryos respectively (Introduction 
figure 2).

Additionally, we are now capable of deriving and stably maintaining in 
vitro stem cell populations of the three developmental lineages at the peri-
implantation stage. On one side, the aforementioned epiblast lineage can be 
recapitulated by either embryonic stem cells (ESCs)79–81 or by epiblast stem 
cells (EpiSCs)82,83, depending on whether this lineage is in the naïve or primed 
state of pluripotency, respectively. On the other side, trophoblast stem cells 
(TSCs) from the trophoblast lineage84 and extraembryonic endoderm (XEN) 
cells from the PrE lineage85 can also be maintained in culture. Importantly, 
all these cell lines contribute to their corresponding lineage in chimaeras 
generated by their injection into developing embryos at their corresponding 
stages.
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The crucial establishment of these culture techniques revolutionized the field 
of developmental biology and led to a growing number of studies that have 
resulted in the discovery of many developmental gene functions. Importantly, 
we have been able to identify key building blocks of stem cell identities, and 

Introduction Figure 2: Early mouse embryonic development and pluripotency 
states. The zygote goes through three rounds of cleavage events, to become an 8-cell 
embryo which after compaction and polarization, will produce two populations of 
cells in the first lineage specification. Outside cells become trophectoderm while 
inside cells become the inner cell mass. The inner cell mass then undergoes the second 
lineage specification which separates two populations: the primitive endoderm (PrE) 
and the epiblast (EPI). After implantation, at around E4.75-E5.0, the epiblast turns 
into a columnar epithelium, the trophectoderm forms the extraembryonic ectoderm 
(ExE) and the primitive endoderm forms the parietal and the visceral endoderm 
(VE). A continuous layer of visceral endoderm covers the epiblast (EmVE) and the 
extraembryonic ectoderm (ExVE). The two types of pluripotency states are shown 
indicating the time that they are present in the embryo. Naïve pluripotency appears at 
the blastocyst stage and persists until implantation whereas primed pluripotency arises 
after implantation and is gradually lost during gastrulation. The days of embryonic 
development are depicted (E, embryonic day). Embryo artwork is based on schematics 
from Zernicka-Goetz et al. 20096 and Nowotschin et al. 2019580.
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continue to do so as new technologies advance. Nevertheless, we should not 
overlook that during embryogenesis, pluripotency is a highly dynamic and 
transient process, but when it is captured in vitro, it is maintained indefinitely 
in a self-renewal state. Self-renewal is not a defining feature of pluripotency 
but rather a by-product that came from the derivation of these cells, and this 
together with additional adaptations to the ex vivo environment might result 
in de novo regulative properties. Consequently, one must be careful when 
interpreting experiments using in vitro stem cells and extrapolating them to 
their in vivo cellular states as these cell lines have been artificially stabilized 
and lack a number of extracellular, morphological and positional cues that are 
present in vivo.

In the next section, I will thoroughly discuss the discoveries made on the two 
pluripotency states captured in vitro and describe the molecular mechanisms 
that shape the naïve and primed cellular identities. In this section however, 
I will focus on describing what happens in vivo. Particularly, I will describe 
the cross talk between embryonic and extraembryonic tissues in the embryo 
that promotes morphogenetic reorganizations and cell state switches in the 
epiblast and that sets the stage for the establishment of the body plan through 
embryonic pattern formation.

Implantation & axis formation in the embryo

Embryonic pattern formation is the cornerstone of embryogenesis. It arises 
from the establishment of the three body axes (anterior-posterior, dorsal-
ventral and left-right) and the three germ layers (ectoderm, mesoderm and 
endoderm). These key establishments start in the epiblast embryonic stem cells 
upon implantation and continue through the first days of post-implantation. It 
is a complex process that is spatiotemporally controlled and involves numerous 
regulatory levels and coordinated interactions between multiple tissues. 
Coordinated tissue movement and growth is decisive. Ultimately, epiblast cells 
go through symmetry breaking and start lineage specification concomitantly 
with a general morphological reorganization of the whole embryo.

During implantation at E4.75-E5.0, trophoblast cells tightly anchor the embryo 
to the endometrial stroma. For this, the blastocyst must attach to the uterine 
luminal epithelium and trigger local apoptosis so that trophoblast cells can 
penetrate through the uterine apoptotic epithelium and reach the underlying 
stroma, reviewed in86. Importantly, for successful implantation to occur the 
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uterus must be receptive and the embryo must have gained full implantation 
competency. This depends on many signalling players that serve as paracrine, 
autocrine and juxtacrine factors coming from both the mother and the embryo. 
These include cytokines, homeobox transcription factors, adhesion molecules, 
growth factors, receptors, lipid mediators and morphogens, reviewed in87. All 
coordinate the essential crosstalk between blastocyst and uterus for a successful 
implantation.

Subsequently, implantation triggers a series of morphogenetic reorganizations 
through which the first axial asymmetry is established. First, implantation 
stimulates polar trophectoderm cells to form the ectoplacental cone. This 
is the anchor point to the endometrial stroma. The endometrial cells then 
react by proliferating, decidualizing and surrounding the whole conceptus88. 
Importantly, ectoplacental cone cells will later ensure adequate maternal 
blood supply and, hence, nutrients and oxygen by penetrating deeply into the 
maternal decidua and contacting with the spiral arteries, reviewed in89. Polar 
trophectoderm cells also form the extraembryonic ectoderm at the distal part 
of the ectoplacental cone90. Specially at these early stages, extraembryonic 
tissues formed by the trophectoderm and the PrE, will not only have a key role 
in nutrition and homeostasis of the embryo but will also be critical players in 
its patterning and lineage segregation; as I will summarize below.

What was once a ball of epiblast cells in the blastocyst will undergo cell growth 
and consequently, the embryo will change both in size and shape, elongating 
from the anchor point (the proximal region, where the ectoplacental cone is). 
Cells in the epiblast will continue dividing and expanding, forcing the epiblast 
to cavitate and form a cup-shaped epithelium. The contact of these epiblast 
cells with the basement membrane will trigger their apico-basal polarization. 
The luminal space that is generated in the interior is the proamniotic cavity 
and is key for polarization and naïve pluripotency exit91,92. Therefore, at this 
point, the embryo has a clear elongated structure with a proximal and a distal 
region and has expanded distally into the blastocoel cavity93. This structure is 
termed egg cylinder.

Concomitantly, cells of the PrE which at the blastocyst stage were contacting 
only the epiblast cells, now grow and divide to cover both the epiblast cells 
and the extraembryonic ectoderm in a continuous single-cell layered 
epithelium (reviewed in94,95). This epithelium is termed visceral endoderm96. 
It will ultimately develop into the visceral yolk sac and will also be part of 
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the definitive endoderm that contributes to the internal lining of the gut97–99. 
Depending on the developmental stage and the place within the tissue, the 
cells constituting the visceral endoderm have a varying morphology from 
columnar to cuboidal or squamous.

At E5.5, a gradient of NODAL signalling will be set up through the reciprocal 
interactions of embryonic and extraembryonic tissues. The extraembryonic 
ectoderm adjacent to epiblast cells secretes FURIN and PACE4, two proprotein-
convertases required for the maturation of NODAL. NODAL, in turn, is 
secreted by the epiblast cells100. Additionally, NODAL triggers BMP expression 

Introduction Figure 3: Egg cylinder stages upon distal visceral endoderm induction 
and migration showing the initiation of anterior-posterior axis formation. Mouse 
embryos at the E5.0 stage have a single continuous layer of visceral endoderm which 
covers the epiblast and the extraembryonic ectoderm. Distal visceral endoderm cells 
are induced at the most distal edge of the egg cylinder and switch from having a 
squamous epithelial morphology to having a columnar one at embryonic stage E5.5. 
Then, these cells migrate unidirectionally to one side of the egg cylinder, forming the 
anterior visceral endoderm, and by doing so they determine the anterior of the embryo. 
The primitive streak will form on the epiblast cells opposite to and furthest from the 
anterior visceral endoderm as a consequence of repressive signals from the anterior 
visceral endoderm. At the most proximal location, the anterior visceral endoderm 
cells retain their columnar morphology. Modified from Arkell and Tam 2012581.
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in extraembryonic ectoderm, which in turn, amplifies NODAL signalling by 
activating WNT3 in the epiblast cells100. These two independent feedback loops 
originating at the epiblast-extraembryonic ectoderm interphase will signal the 
visceral endoderm covering the area and will trigger the subsequent regional 
pattern acquisition.

At the same time, the visceral endodermal cells at the most distal tip of the egg 
cylinder change from having a cuboidal morphology to having a columnar 
morphology101–103. This small change has crucial consequences as it is the first 
step towards transforming the proximal-distal asymmetry that the embryo has 
at this point, into the anterior-posterior asymmetry that is fundamental for 
later development104 (Introduction figure 3). This group of cells, termed the 
distal visceral endoderm, will move across from the distal position where they 
were to the interphase dividing epiblast and extraembryonic ectoderm, but 
restricted to one side of the egg cylinder103. NODAL signalling provides the 
driving source of this movement by stimulating the proliferation of visceral 
endodermal cells whereas its inhibitors LEFTY1 and CER1 determine the 
direction of migration by asymmetrically inhibiting its activity105. This will 
signal the underlying epiblast and will mark the anterior position of the embryo, 
reviewed by95. The anterior visceral endoderm will secrete NODAL and WNT 
antagonists, which will produce an anterior-posterior gradient of NODAL and 
WNT activity signalling across the epiblast 105. At this time, these cells become 
known as the anterior visceral endoderm. The anterior visceral endoderm 
becomes a major signalling centre that by E5.75 is clearly distinguishable on 
one side of the egg cylinder104. The underlying epiblast however, continues to 
grow steadily and remains morphologically uniform until E6.25106.

At E6.25, a thickening of the epiblast starts to be visible on the most proximal-
posterior side of the embryo, opposite to where the anterior visceral endoderm 
is (Introduction figure 3). In this structure, termed the primitive streak, cells 
undergo epithelial-to-mesenchymal transition (EMT) by dissociating from 
the epithelial epiblast, ingressing and migrating to form cell layers constituting 
the mesoderm and endodermal lineages of the embryo, reviewed in107. 
This process is called gastrulation and as the primitive streak progressively 
advances towards the distal tip of the embryo, different cell identities will be 
positioned along the way, generating the basic body plan (Introduction figure 
4). Therefore, by E6.5, the embryo is clearly asymmetrical with the anterior 
side still composed of epithelial epiblast cells but with the posterior already 
composed of progenitor cells of the future definitive endoderm and embryonic 
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Regionalization of pluripotency in the post-implantation embryo.

The transcriptional regulatory network of naïve state pluripotency collapses 
after implantation110. At this stage, the epiblast is unpatterned110,111 and 
expresses core pluripotency factors such as SOX2, OCT4 and NANOG112–115. 
NODAL116 and BMP117 signalling safeguard this pluripotent identity but as 
development advances, the extraembryonic ectoderm and visceral endoderm 
will trigger the regional patterning of these cells and therefore the epiblast will 
irrevocably become an heterogeneous population of cells with different cell 
identities. Importantly, during post-implantation development, epiblast cells 
must transit from the naïve to the primed pluripotency state. It is thought that 

Introduction Figure 4: Light sheet microscopy capturing mouse gastrulation at 
high spatiotemporal resolution. Ventral view projections of an H2B-eGFP expressing 
mouse embryo over a 44-hour period, shows the localization of single cells starting 
from early streak E6.5 stage until the E8.5 somite stage. Time (hh.mm). Image from 
McDole et al. 2018582.
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and extraembryonic mesoderm. Later, the anterior epiblast cells will mainly 
form the future neuroectoderm. Concomitantly, BMP signals emerging from 
the extraembryonic ectoderm will induce around four to eight primordial 
germ cells (PGCs) in the posterior pre-streak epiblast cells108,109. These are the 
embryonic precursors of the gametes and will be the founder cells of the future 
germline.
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they do this in an orderly sequence of events passing through a continuum of 
intermediate pluripotency phases. These must be spatially regulated within the 
embryo. However, we are only starting to understand how, when and where 
do epiblast cells transit through these states after implantation. Additionally, 
in the recent years, research in the field is starting focus on characterizing 
the intermediate steps in this continuum as it has been proposed that an 
intermediate phase, termed the formative state, is required for epiblast cells 
to acquire the competence they need for multi-lineage induction, previous to 
acquiring the primed state118.

Characterizing this phase and other phases in the pluripotency continuum of 
the embryo is key to understanding multi-lineage decision-making processes 
and pluripotency states. A key step towards it was accomplished recently in 
an inspiring study that generated the spatiotemporal transcriptome of epiblast 
cell populations from the peri-implantation to the gastrulating mouse embryo, 
thus exactly covering the time window when pluripotency arises and is lost 
in the embryo110. Previous studies such as111,119 also provided high resolution 
transcriptomes of the pluripotency continuum of the mouse embryo but these 
lacked the spatial information that is so crucial when interpreting the role of 
pluripotency loss in body plan formation. Peng et al. describe that after the 
naïve pluripotency network collapses upon implantation, the continuum 
of pluripotency advances and by E5.5, the entire epiblast expresses what 
they defined as the formative pluripotency transcriptional network110. The 
expression of this regulatory network will regionalize to the anterior epiblast 
by E6.5 and then be retained there by E7.5. On the other hand, they posit that 
the primed pluripotency regulatory network appears in the posterior epiblast 
by E6.5, concomitantly with EMT markers. The expression of this primed 
pluripotency state markers is still present at E7.0 but starts diminishing by 
E7.5.

This finding clashes with what was previously described by Kojima et al.120, 
in which by carefully analysing the transcriptional and functional properties 
of EpiSCs and post-implantation epiblasts, they proposed that primed 
pluripotency largely occurs in the anterior epiblast cells of E7.5 embryos. At 
this stage, the anterior ectoderm is poised for neuroectoderm differentiation 
which is in line with primed pluripotency propensities78, as we will discuss in 
the upcoming section. Additionally to this, the fact that Kojima et al. detected 
primed pluripotency at the anterior epiblast instead of at the posterior epiblast, 
goes in line with the inefficiency that EpiSCs show when being induced to 
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form PGCs 121. Most probably, the two studies clash because Peng et al. used an 
unconventional set of markers to define primed pluripotency. In fact, most of 
the widely accepted primed markers were actually included in their formative 
pluripotency marker list.

All in all, one could speculate that primed pluripotency could emerge at the 
post-implantation epiblast, then be restricted to the anterior epiblast by the 
late gastrula stage to then be extinguished upon differentiation.
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Capturing Naïve and Primed pluripotent 
stem cell identities

The awakening of pluripotency research

Pluripotency research started with the finding of a mouse strain that 
spontaneously developed testicular teratocarcinomas122. These tumours were 
composed of both somatic tissues and undifferentiated malignant proliferative 
cells. These cells, termed embryonal carcinoma cells, could be maintained 
in vitro with their full pluripotential capabilities but were karyotypically 
abnormal123. Fortunately, the culture conditions that were optimized for 
growing embryonal carcinoma cells in vitro also allowed the derivation of 
pluripotent stem cells directly from mouse blastocysts80,81. These stem cells 
were karyotypically normal and had the remarkable ability to contribute 
to chimaeric mice without forming tumours124, this included germline 
colonization, which announced the era of targeted mouse genome editing125.

Originally, pluripotency was viewed as a unique cell identity yet it was 
clear quite early on that pre- and post- implantation epiblast cells were very 
different in morphology and function. While pluripotent cells taken from 
pre-implantation embryos could incorporate back into host blastocysts and 
contribute to chimaeras, cells taken from post-implantation embryos could 
not126. Looking back, this finding was the first reflection that more than one 
class of pluripotency was attainable.

In mouse, the two stable pluripotent cell types derived from the peri-
implantation embryo were named according to the tissue they were derived 
from in the embryo. Thus, while ESCs were isolated from the ICM of 
preimplantation embryos80,81, EpiSCs were isolated from epiblast of post-
implantation embryos82,83. Importantly, other pluripotent stem cell types 
have been isolated, including: extended pluripotent stem cells, derived from 
blastocysts but with an additional extraembryonic developmental potential127; 
expanded-potential stem cells, derived from mouse cleavage-stage embryos128; 
embryonic germ cells, derived from early migrating PGCs129; and germ 
stem cells, derived from neonatal130 or adult spermatogonial131 stem cells. 
Additionally, an alternative road for pluripotent stem cell isolation is somatic 
cell reprogramming by ectopic expression of a set of defined transcription 
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factors that yield induced pluripotent stem cells132, or by nuclear transfer, 
yielding nuclear transfer stem cells133.

Irrespective of the stem cell origin, the growth conditions in which stem cells 
are expanded will define their pluripotent state. For example, if stem cells 
are derived from the ICM they can either be naïve or primed depending on 
whether they are grown in ESC or EpiSC conditions, respectively80,81,134. This 
puts forward the interest in unravelling the molecular determinants that are 
involved in the definition of these states to capture them properly in vitro.

A good example to illustrate the widespread of this rationale are the extensive 
attempts undertaken to capture the naïve state in human pluripotent stem 
cells, and the large number of culture conditions they have led to, reviewed 
in135. Human and rhesus macaque stem cells resemble EpiSCs136–139 and for 
some time it was believed that the naïve pluripotency state could simply not 
be stably isolated from certain species either because it was not a stable state 
in those species or because it was not a universal pluripotency state to begin 
with. This included human stem cells140 and non-permissive mouse strains141, 
among others. However, a seminal study from Hanna et al found that naïve 
conditions of a non-permissive mouse strain could, in fact, be stabilized by 
replacing certain factors of the in vitro reprogramming cocktail141. This hinted 
at the idea that stem cells from diverse genetic backgrounds could stably 
acquire other pluripotency states if the endogenous genetic determinants were 
regulated with the correct exogenous factors. Hence, the quest for human naïve 
pluripotency started and brought about many studies that found alternative 
ways to regulate the endogenous genetic determinants towards that state. 
These include overexpression of transcription factors as well as transgene-free 
inducing or inhibiting chemical protocols, that led to the derivation of human 
naïve stem cells from either established primed human stem cells, human 
induced pluripotent stem cells, de novo reprogrammed human induced 
pluripotent stem cells or directly from the human blastocyst142,143,152–154,144–151.

Naïve and primed stem cells differ in morphology, functional potential, 
culture conditions and transcriptional, epigenetic and metabolic composition. 
In the upcoming pages, I will compare the features of these two known stable 
attractor states of pluripotency.
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Naïve embryonic stem cells

Derivation & maintenance of ESCs

ESCs retain a certain degree of developmental flexibility and can diverge 
or reverse from the usual developmental path given the proper permissive 
conditions to do so. Although ESCs are functionally, epigenetically and 
transcriptionally similar to the epiblasts of E3.5-E4.5 embryos from which 
they are regularly derived79–81,155, they can also be derived from embryos as 
early as E0.5155–157 and as late as E7.5141,158. Importantly, early embryos will 
develop in vitro as far as a late blastocyst stage before ESCs can appear whereas 
gastrulating embryos must be dissociated for ESCs to be derived, hinting at 
the idea that a refractory niche is present at this stage. In fact, most attempts 
to derive ESCs from whole explants of post-implantation embryos largely 
failed, consistent with the notion that pre- and post- implantation epiblast 
cells have differing identities. The ESCs that are derived from embryos at 
that stage are termed reprogrammed epiblast ESC-like-cells (rESCs) as they 
are reprogrammed to an earlier state through a series of transcriptional and 
epigenetic reversals during a derivation procedure where the disruption of 
existing cell-cell interactions is key158. An analogous reprogramming can also 
be done to revert EpiSCs to ESCs141,158–162. This reversal is highly inefficient but 
can be enhanced by genetic or chemical manipulation162–171.

ESC cultures were first obtained by coculture of ICM cells with a layer of 
mitotically inactivated fibroblasts, the so-called feeder layer, grown in a 
calf serum containing medium80,81. Co-culture with feeders was a standard 
technique at the time to enhance cell culture viability and proliferation, yet, 
these conditions where far from the physiological setting of pluripotent cells 
in preimplantation embryos and deconvolution of serum components and 
feeder layer interactions soon became a priority in the field. We now know 
that the key factors provided by serum and the feeder layer are activators 
of bone morphogenetic proteins (BMPs)172 and the leukaemia inhibitory 
factor (LIF)173–175 pathways, respectively. Together, BMP and LIF stimulate 
pluripotency and block differentiation172,176,177. More specifically, BMP inhibits 
neural differentiation117 through the inhibition of mitogen-activated protein 
kinase/extracellular signal-regulated kinase (MAPK/ERK) signals178,179 and 
through the induction of Id genes172 while LIF maintains self-renewal through 
the activation of signal transducer and activator of transcription 3 (STAT3)180–

184. All in all, despite the fact that BMP can replace serum for ESC maintenance, 
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the combination of serum and LIF (SL) is preferred for ESC culture due to its 
enhanced plating efficiency172 and lower price.

Molecular signatures of ESCs

ESCs keep an open chromatin structure185, analogous to preimplantation 
embryos186, with global transcriptional hyperactivity187 and expression 
heterogeneity188. This open and accessible chromatin state of ESCs is 
characterized by having extensive regions of DNA hypomethylation189, 
histone acetylation and H3K4me3 marks185,190 and is partly attributed to 
citrullination of histone H1191,192. Additionally, ESCs derived from female 
embryos maintain both X chromosomes active, in the same way as their 
in vivo counterparts165,193,194. Curiously, upon exit of naïve pluripotency, X 
chromosome inactivation is gender independent and is initiated in both 
male and female ESCs 195–197. In males, this X chromosome inactivation-like 
state is rapid and transient, while in females it results in the inactivation of 
one X chromosome196. Then, as differentiation commences, the ESC genome 
undergoes large-scale silencing187,198.

ESCs maintain the expression of a naïve transcription factor network that is 
also present in preimplantation embryos and that includes OCT4 (regulated 
by a distal enhancer element199), SOX2, NANOG, KLF4, STELLA and REX1, 
among others. These transcription factors are essential for sustaining naïve 
pluripotency gene expression, reviewed in200. These transcription factors also 
regulate the expression of key microRNAs (miRNAs) which, in turn, play crucial 
roles in cell cycle progression and self-renewal201–205. Furthermore, the ectopic 
expression of a set of these transcription factors or these miRNAs is sufficient 
to promote reprogramming of somatic cells to naïve pluripotency132,206–208.

Importantly, the naïve pluripotency transcriptional program is highly dynamic 
in ESCs. This was widely accepted after two discoveries were made: first, showing 
fluctuations over time in the expression levels of Nanog and other pluripotency 
regulators209–213; and secondly, showing that different subpopulations of 
ESCs have different capacity to differentiate and self-renew214. It has since 
been postulated that ESCs fluctuate in multiple interconvertible states and 
this metastability and plasticity might be fundamental for their pluripotent 
identity215–221. In line with this, single-cell RNA-seq analysis has revealed 
that ESCs are highly heterogeneous in their gene expression when grown in 
standard SL medium conditions220. Particularly, two classes of transcriptional 
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heterogeneity have been described according to the gene expression 
distribution amongst ESCs: bimodal expression, with transcripts present in 
some cells and not in others; and sporadic expression, with transcripts in a 
reduced number of cells but at high levels220. This transcriptional heterogeneity 
in ESCs has been proposed to arise from stochastic fluctuations in gene 
expression, cell cycle phase asynchrony, transcriptional bursting, differential 
epigenetic regulation, partial differentiation and differences in colony size and 
morphology188,214,220,222. As a result of this heterogeneity, ESCs in culture do not 
simply exhibit transcriptional similarities with the preimplantation epiblast but 
also contain subpopulations of cells sharing transcriptional similarities with 
the post-implantation epiblast214,223, the primitive endoderm224 and the 2-cell 
embryo225,226. While in ESC culture these subpopulations interconvert, there is 
no evidence showing that this also happens in the peri-implantation embryo. 
What we do know, however, is that preimplantation E3.5 embryos and the 
uncommitted epiblast of E6.5 embryos also show an elevated transcriptional 
heterogeneity111,119. This transcriptional heterogeneity has been proposed 
to aid in symmetry breaking and cell-fate decision making as it may create 
competence for subpopulations of cells to respond to signalling cues111.

In vivo versus in vitro: locking the naïve pluripotency state

ESCs are sustained at a naïve pluripotency state. However, this is a transitory 
state in the epiblast cells of the embryo. Consequently, ESCs must make use 
of distinct mechanisms, not found in the early embryo, to sustain infinite 
self-renewal and to retain naïve pluripotency. One example is the expression 
of genes such as Esrrb or Tbx3, essential for ESC pluripotency but not for 
pluripotency in the early embryo227,228. Another example is the distribution 
of bivalent chromatin domains, which differs in ESCs and preimplantation 
epiblast cells229. Bivalent chromatin are histone-bound DNA regions that 
have both permissive and repressing histone marks. In the case of ESCs and 
preimplantation epiblast cells, there is co-enrichment of H3K4me3, a permissive 
histone modification and of H3K27me3, a repressing histone modification, in 
promoters linked to developmental signalling functions229. Despite differing 
in localization between in vivo and in vitro pluripotency, bivalent chromatin 
has been interpreted in both systems as a mechanism by which pluripotent 
cells silence their permissive chromatin enriched genome while ensuring a 
mechanism for rapid activation or repression of developmental genes upon 
differentiation230,231.
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Another reported difference between in vivo and in vitro naïve pluripotency 
is a higher expression of repressive epigenetic factors in ESCs compared to 
preimplantation embryos232. These include DNA methyltransferases, histone 
deacetylases, H3K9 methyltransferases and H4K20 methyltransferases232. One 
hypothesis is that they function to firmly block the differentiation program. 
Upon ESC derivation from the ICM, this increase in repressive epigenetic factors 
is accompanied by a decrease in activating epigenetic factors including histone 
acetyltransferases, H3K9 demethylases, H3K27 demethylases and H3K4 
methyltransferases232. In line with this, thousands of genes are differentially 
expressed. These differentially expressed genes are strongly enriched in 
transcriptional related processes such as transcription factor activity and DNA-
dependent regulation of transcription232. Much more research is needed to 
truly understand the effects of these epigenetic and transcriptional differences, 
but overall, they suggest that preimplantation embryos may require greater 
epigenetic flexibility due to their transient identity.

The ground state model of pluripotency

ESCs exist in a constant equilibrium between pluripotency and lineage 
commitment driven by the endogenous production of two factors with 
antagonistic roles: on one hand, LIF supports self-renewal233 and on the other, 
FGF4 promotes differentiation234. Inhibiting one of the factors drives cells 
towards the opposing direction. Given that ESCs are routinely grown with 
exogenous LIF, this equilibrium is largely tilted towards self-renewal. In line 
with this, inhibiting FGF4 signalling confines ESCs in a cell state with reduced 
lineage commitment, termed “the ground state”235. In fact, the confinement of 
cells in this ground state might be one of the main reasons why the efficiency of 
ESC derivation from ICM cells is notably enhanced with genetic or chemical 
inhibition of FGF4236.

The ground state model of pluripotency coins that ESCs have an innate 
programme for self-renewal that is reached when cells are insulated from their 
endogenous differentiation stimuli235. To insulate cells from these stimuli they 
are grown in serum-free (N2B27) medium containing two small molecule 
inhibitors (2i). These two inhibitors are: PD0325901, a MEK inhibitor acting 
downstream of FGF signalling; and CHIR99021, a GSK3 inhibitor that activates 
WNT signalling and frees pluripotency-associated genes from TCF3-mediated 
repression237. Although LIF is not necessary for ESC growth in 2i medium, it 
does enhance clonogenicity237 and thus 2i plus LIF (2iL) medium is regularly 
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used. Importantly, the use of 2iL provides highly efficient ESC derivation which 
validates the ground state model of pluripotency. Additionally, it has granted 
the derivation of ESCs from the ICM of refractory and non-permissive mouse 
strains and from rat embryos235,238.

2iL ESCs show minimal lineage commitment marker expression and minimal 
spontaneous differentiation but a similar differentiation potential compared to 
SL ESCs239. Furthermore, 2iL ESCs have a high degree of homogeneity in terms 
of pluripotency transcription factor expression which is not the case for SL 
ESCs222,240. Instead, 2iL ESCs show heterogeneity in cell cycle gene expression 
and contain small subpopulations sharing some transcriptional similarities 
with the 2-cell stage (2C-like cells) and extraembryonic endoderm222,241.

2iL ESCs have extensive global DNA demethylation, even at imprinting 
control regions. Consequently, several groups reported that prolonged culture 
of 2iL ESC leads to genetic instability and impairment of their developmental 
potential242,243. Since then, other ESC culture conditions with modifications 
to the 2iL cocktail supporting higher genomic integrity in the ground state 
have been reported. These include: alternative 2i (a2i) where PD0325901 is 
replaced by an SRC kinase inhibitor244; titrated 2i (t2i) where PD0325901 
dosage is reduced242,243; or R2i where both TGFb and FGF pathways are 
inhibited245. Furthermore, another modification of the 2iL chemical cocktail, 
named LCDM, substituted PD0325901 for (S)-(+)-dimethindene maleate and 
minocycline hydrochloride and enabled the derivation of a novel type of stem 
cells named extended pluripotent stem (EPS) cells127. EPS cells not only show 
genomic stability but also have both embryonic and extraembryonic potential 
at the single-cell level127,246. Finally, a similar type of stem cells can be derived 
by using the 2iL cocktail with addition of SB203580, a MAPK inhibitor; JNK 
inhibitor VIII; XAV939, an axin stabilizer; and A-419259, an inhibitor of 
SRC family kinases128. Derivation of stem cells with this cocktail results in the 
generation of expanded potential stem cells (EPSCs), which share features with 
EPS cells (both can contribute to embryonic and extra-embryonic lineages), but 
EPSCs can be readily differentiated to trophoblast stem cells by the standard 
in vitro protocols128 while EPS cells need to be converted into self-organized 
three-dimensional blastocyst-like structures (termed blastoids) for TSCs to 
be derived246. Remarkably, these blastoids are able to undergo implantation, 
induce decidualization and generate live, yet disorganized, tissues in utero246. 
All in all, the SL and 2iL continue to be the prevailing ESC growth conditions 
in the field, while other conditions are still emerging.
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Identity & developmental potential of ESCs

Comparative transcriptional profiling has shown that the embryonic 
counterpart of ESCs can vary depending on the culture conditions that the 
ESCs are grown in. While SL ESCs are transcriptionally similar to the epiblast 
of E4.5-E5.5 embryos and extraembryonic lineages, 2iL ESCs are more similar 
to the epiblast of E4.5 embryos155,222,232,241,247,248. Although this could be regarded 
as different culture conditions capturing specific stages of the pluripotent 
embryo, care must be taken when interpreting them given that ESC cultures 
contain underlying subpopulations among them (as we have commented on 
earlier sections). In line with this, single-cell sequencing of SL ESCs showed 
that cells exist in three distinct states within the whole population222. The most 
numerous subpopulation exhibits high levels of pluripotency factors, another 
exhibits a differentiation permissive profile while the smallest subpopulation is 
already in the differentiation path222. Another study found two subpopulations 
instead: one with a transcriptional signature similar to E2.5-3.5 embryos and 
another, similar to the E5.5 epiblast249. They proposed that the transcriptional 
similarity to the E4.5 epiblast was to be interpreted as the combination of these 
two subpopulations249.

Although transcriptional profiling sheds light on ESCs identity, what truly 
measure pluripotency are functional assays. The most established and fast 
way of assessing functional potential directed to a specific lineage is through 
low-density monolayer differentiation assays. In their simplest versions, 
SL ESCs differentiate into endodermal and mesodermal lineages upon LIF 
removal but require N2B27 medium without serum to differentiate into 
neural lineages250. Other in vitro differentiation assays have also been used 
to test ESC differentiation into PrE, but the fact that many of the markers 
used to determine PrE differentiation overlap with definitive endoderm is a 
great disadvantage for their interpretation251,252. Throughout the years, many 
other directed differentiation protocols have been reported. These mostly 
employ small molecule inhibitors and cytokines to force ESC differentiation 
towards a precise developmental path. Although they usually result in a close 
approximation of the desired cell type, on many occasions, they do not result 
in fully functional cells.

Another widely used protocol to investigate the differentiation potential 
of stem cells is through the formation of three-dimensional aggregates 
named embryoid bodies (EBs)253. This protocol mimics certain processes 
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of embryogenesis and can inform us of differentiation biases or defects in 
ESCs. More precisely, in this protocol, stem cells are allowed to aggregate 
and differentiate into various developmental lineages while self-organizing 
morphogen gradients are established254. In the recent years, EBs have been 
used to produce organ-like formations, named organoids255,256, and embryo-
like formations, named embryoids257–260. While these two are very valuable 
tools to study lineage specification and self-organization, they are still in their 
early days of development and more research has to be done for them to fully 
assess the functional potential of ESCs.

Doubtlessly, the gold standard to fully assess the functional potential of stem 
cells is to test the ability of cells to integrate into an embryo and resume normal 
embryonic development78,261. On that account, cells are injected in groups or 
as single cells into host embryos and resulting chimaeras are analysed261. ESCs 
integrate into preimplantation embryos at many different stages155,247,261–263 
but cannot integrate into post-implantation embryos264. This indicates that 
naïve pluripotency is not compatible with the post-implantation niche and 
demonstrates functional equivalence between ESCs and the preimplantation 
embryo. Specifically, ESCs contribute most efficiently to epiblast derivatives, 
meaning that they integrate and differentiate into all three embryonic germ 
layers and the germline. ESCs can also contribute to extraembryonic lineages 
but this usually occurs at low levels225,241,247,261. This extraembryonic contribution 
can be incremented by selecting particular subpopulations of cells within the 
culture224,241 or by growing ESCs in the 2iL condition241,247. The latter is consistent 
with the idea that 2iL ESCs correlate with an earlier developmental stage 
compared to SL ESCs. One of the most significant observations in chimaeras 
is that live-born fertile mice can be generated entirely from ESCs when they 
are injected into developmentally compromised tetraploid embryos265. In these 
chimaeras, the placenta and the yolk sac endoderm are of tetraploid origin 
while the yolk sac mesoderm, amnion and foetus are almost entirely of ESC 
origin265–267. Finally, while the tetraploid complementation approach results 
in F0 generation mice with almost complete ESC origin, it is also inefficient, 
presents non-specific lethality and around 2% host contamination265–267. More 
novel techniques such as laser-assisted injection of ESCs into eight-cell stage 
embryos yield healthy F0 generation mice that are entirely ESC-derived and 
show total germline transmission263.
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Primed Epiblast stem cells

Derivation & maintenance of EpiSCs

EpiSCs can be derived from the epiblast of post-implantation embryos ranging 
from the E5.5 to the E8.0 stage82,83,268. Importantly, derivation efficiency 
declines as pluripotency declines120. EpiSCs can also be derived from ICMs of 
preimplantation embryos but these must first be grown in minimal medium 
conditions before being transferred to EpiSC medium given that ICM cells 
differentiate when cultured directly in EpiSC medium82,134. This intermediate 
step probably grants the window of opportunity that ICM cells need to 
developmentally progress and adapt their signalling networks towards the 
primed pluripotency state. Additionally, EpiSCs can also be derived directly 
from ESCs by growing them in EpiSC medium163,269, however, this requires a 
long and tedious process involving a great deal of cell death and differentiation. 
This strongly contrasts with the in vivo situation where the naïve-to-primed 
transition occurs in less than 2 days. To date, no study has directly assessed the 
differences in functional potential or performed full transcriptome comparisons 
between ESC-derived EpiSCs and embryo-derived EpiSCs. Nonetheless, they 
have been reported to be both morphologically and transcriptionally alike.

EpiSCs are grown in a defined serum-free medium (N2B27) containing Activin 
A and FGF282,83. Activin A is a member of the TGF-beta superfamily of proteins 
that has overlapping signalling features with NODAL, which, in the embryo, 
supports pluripotency and blocks premature neural differentiation270,271. 
Activin A is thought to be doing the same role as NODAL in vivo to maintain 
self-renewal in vitro160,272. Additionally, FGF2 blocks neural differentiation too 
and blocks rare events of reprogramming into the naïve state82,83,160. The role of 
FGF2 in the epiblast of post-implantation embryos remains unclear but some 
studies suggest it regulates cell proliferation273.

In contrast to ESCs, which can be kept in a relatively steady state of self-
renewal, EpiSCs show a high degree of spontaneous differentiation274. 
Additionally, ESCs can produce endogenous fibronectin when simply grown 
on gelatin275, while EpiSCs cannot. In fact, EpiSCs require an exogenous supply 
of fibronectin which is key for their self-renewal. In line with this, dissociation 
of EpiSCs into single cells triggers extensive cell death and differentiation, thus, 
passages must be done as cell clusters by scraping cells or by mild enzymatic 
colony dissociation. 
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Molecular signatures of EpiSCs

EpiSCs express OCT4, SOX2 and NANOG, the core pluripotency 
transcription factors, also expressed in ESCs. However, the gene expression 
of Oct4 changes from being regulated mainly by its distal enhancer element in 
naïve pluripotency to being mainly regulated through its proximal enhancer 
element in primed pluripotency276. Additionally, while NANOG is still present 
in EpiSCs, its expression is clearly lower than in ESCs, which actually reflects 
what occurs in the embryo upon implantation277–279. Along these lines, the 
expression of naïve pluripotency genes such as Rex1, Stella, Klf4, Klf2, Prdm14, 
Nr0b1, Fgf4 and Gbx2 is completely shut down while the expression of post-
implantation epiblast genes such as Oct6, Fgf5, Otx2, Lefty and Nodal is turned 
on82,83. Additionally, genes that are not expressed in the post-implantation 
epiblast, are highly expressed in EpiSCs mainly due to their culture conditions. 
This is the case for Tgf1-beta, Mapk and Wnt-related genes120.

Other molecular regulatory players also switch in the naïve-to-primed 
transition and their effects help shape the two identities. In fact, in comparison 
with ESCs, EpiSCs show a more closed chromatin structure280, use different 
enhancer elements276 and possess a different set of epigenetic regulators281 and 
miRNAs278. Additionally, even if the regulatory players are in the same levels 
in both naïve and primed states, sometimes, their distribution changes. This is 
the case of H3K4me1, an active enhancer mark whose distribution changes in 
the naïve-to-primed transition282. This change in H3K4me1 distribution plays 
a key role in establishing the primed identity as perturbing it results in the 
resetting of EpiSCs towards a more naïve pluripotent state282.

Additionally, the naïve-to-primed transition also comprises a metabolic switch. 
ESCs have a bivalent metabolism consisting of both oxidative phosphorylation 
and glycolysis, whereas EpiSCs have low rates of oxygen consumption and 
full dependence on glycolysis283. In this way, EpiSCs uncouple ATP synthesis 
from mitochondrial respiration to produce energy through the Krebs cycle 
by using amino acids and lipids. The resulting glycolytic intermediates may 
be consumed for one-carbon metabolism or anabolism83,146,283,284. Curiously, 
although mitochondrial electron transport genes are downregulated in EpiSCs, 
they have longer mitochondria with improved cristae definition compared to 
ESCs283. The trigger of this naïve-to-primed metabolic switch is still unknown, 
although some factors such as HIF1A283 and RAS285 have been implicated, 
it is thought to reflect the oxygen and metabolic substrate availability in the 
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embryo. Thus, EpiSC dependence on glycolysis might reflect the implantation 
of the embryo into the hypoxic uterine wall. Metabolites can directly influence 
transcriptional and epigenetic programs and hence influence also on cell 
identity and stem cell fate. Understanding the true roles of the metabolic 
switch in naïve-to-primed transition and finding the factors governing that 
metabolic switch will allow us to fully understand the drivers of cell fate and 
pluripotent state establishment (reviewed in286).

In vivo versus in vitro: capturing primed pluripotency

EpiSCs can be derived from a variety of embryonic stages. This does not 
facilitate the identification of their embryonic counterpart if any. Initially, they 
were thought to correspond to the E5.0-E6.0 epiblast, however, it was later 
detected that their transcriptional signature fitted more with cells emerging at 
gastrulation. In line with this, EpiSCs express mesodermal and primitive streak 
genes such as Mixl1, Brachyury, Eomes, Gsc and Fgf8 but also endodermal 
genes such as Gata6, Gata4, Sox17 and Foxa282,83,120,155,161. In fact, E5.75 pre-
gastrulation epiblasts show a stronger global transcriptional correlation with 
2iL ESCs than with EpiSCs121. Actually, EpiSCs are more correlated to E7.25-
8.0 embryos, where gastrulation has already started120. A more recent study 
used single-cell RNA-seq and found that the posterior epiblast cells in pre-
gastrulating embryos at E5.25- E6.5 stage closely resembled EpiSCs119, yet, later 
embryonic stages were not included in this study and this could change that 
interpretation. What is clear is that EpiSCs monoallelically express imprinted 
genes287 and female EpiSC lines show an inactive X chromosome83,158,163, both 
of which are traits found at embryonic stages from E6.5 on194.

All in all, caution must be taken when interpreting EpiSCs traits as they 
could be a partial reflection of the spontaneous differentiation found in their 
colonies. In line with this, endodermal genes have been shown to be mainly 
expressed in differentiated cells within EpiSC colonies288. Also within EpiSC 
colonies, there are subpopulations of cells that coexpress pluripotency genes 
such as Nanog, Oct4 and Sox2 together with lineage markers such as Foxa2 and 
Brachyury288,289. Moreover, mesodermal and endodermal markers have been 
shown to be inversely correlated with neuroectodermal markers in EpiSCs289, 
which might be indicative of two other subpopulations within EpiSC colonies. 
Importantly, EpiSCs expressing Brachyury show a tendency to differentiate274 
but, if isolated, they re-establish mixed cultures289 which points at the idea 
that the Brachyury-expressing subpopulation is not on a settled road towards 



43

differentiation. Additionally, within EpiSC cultures, small subpopulations of 
cells also express naïve pluripotency genes, use the distal enhancer of Oct4 
for its expression and downregulate Brachyury and Fgf5 gene expression214,277. 
These subpopulations are transcriptionally distinct from ESCs277, but 
potentially show a naïve-to-primed intermediate.

Finally, there is an extensive amount of variability in subpopulation composition 
across different EpiSC lines. However, the composition of individual lines is 
remarkably stable and barely varies as sub-clones are grown across different 
research labs120. Furthermore, this subpopulation variability across EpiSC lines 
does not seem to correlate with the derivation protocol with which they were 
obtained (meaning, there is no correlation with whether they were ESC- or 
embryo-derived or with the embryonic stage from which they were derived)120. 
Therefore, the origin of the variability that exists between individual EpiSCs 
remains a mystery.

Identity & developmental potential of EpiSCs

As all pluripotential cell types, EpiSCs can differentiate into all germ layers. 
This has been tested both by in vitro differentiation protocols and by grafting 
cells into embryos. Different subpopulations of EpiSCs have distinct biases 
towards specific lineages. Brachyury-expressing subpopulations, for instance, 
have a bias towards the mesodermal lineage289. Since different EpiSC lines 
show distinct subpopulation compositions, a variety of differentiation biases 
have been reported among different EpiSC lines.

Similarly to ESCs, in vitro differentiation protocols of EpiSCs use a serum-
based medium to direct differentiation toward mesodermal and endodermal 
lineages, and, serum-free medium for neuroectodermal differentiation83. 
Additionally, the withdrawal of FGF2 and Activin A from EpiSC media or 
the inhibition of their signalling pathways also results in neuroectodermal 
differentiation82,83,268 whereas BMP and WNT signalling direct EpiSC 
differentiation into mesodermal and endodermal lineages274. BMP was also 
reported to direct EpiSC differentiation into extraembryonic lineages82, 
however as mentioned earlier, extraembryonic markers can sometimes be 
confounding as they tend to also be markers for mesoderm (in the case of 
trophoblast) and epiblast-derived definitive endoderm (in the case of PrE). In 
EpiSCs, BMP activates neuroectodermal differentiation through the activation 
of the WNT pathway, which in turn induce the expression of Nodal and Fgf8274. 
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Precisely, this same group of factors coordinate gastrulation initiation which 
suggests that in vitro differentiation of EpiSCs recapitulates, in part, what 
occurs during embryogenesis. In ESCs, however, BMP and WNT support self-
renewal, not differentiation. This is yet another evidence showing that ESCs 
and EpiSCs are differently wired to respond to developmental cues.

EpiSCs have a very low capacity to integrate into preimplantation embryos. 
This is consistent with the fact that epiblast cells of E6.0-7.0 embryos cannot 
generate chimaeras if injected into blastocysts126. In the uncommon cases where 
EpiSCs integrate into preimplantation embryos, female EpiSCs reactivate their 
inactivated X-chromosome290. This possibly indicates that reprogramming to 
the naïve state is required for integration into preimplantation embryos.

The low capacity of EpiSCs to integrate into preimplantation embryos has 
been partially attributed to adhesion incompatibilities. Indeed, ESCs and 
EpiSCs show very different morphological features. ESCs grow in dome-
shaped colonies while EpiSCs colonies have a flat morphology. Also, ESCs 
have homogenously high levels of E-CADHERIN at cell-cell junctions while 
EpiSCs show a low and irregular distribution of E-CADHERIN and an 
upregulation of N-CADHERIN274. This shift also occurs in the gastrulating 
embryo as E-CADHERIN expression is downregulated and coordinated with 
N-CADHERIN upregulation291. This allows for epiblast cells to delaminate 
from the primitive streak and grants mesoderm formation through EMT 
resulting in neural tube closure. Furthermore, E-CADHERIN has been 
reported to regulate naïve-to-primed transition as ESCs with E-CADHERIN 
depletion adopt a primed phenotype292,293. In line with this, overexpression 
of E-cadherin in EpiSCs increases their contribution to preimplantation 
embryos290. However, in this case, their contribution is still very small which 
indicates that E-cadherin expression is not the main discordancy between 
EpiSCs and preimplantation embryos.

EpiSCs have also been grafted into embryos at the post-implantation stage. 
Importantly, dissociated EpiSCs do not incorporate into the embryo but cell 
clumps do264. These also disperse from the graft site and initiate proper lineage 
marker expression. Importantly, EpiSC incorporation into post-implantation 
embryos is most efficient when injected into the anterior or mid primitive 
streak and yields unincorporated cell clumps when injected into the posterior 
primitive streak120. Furthermore, Brachyury-expressing EpiSCs preferentially 
form mesoderm and definitive endoderm when grafted into the primitive 



45

streak while Brachyury-non-expressing EpiSCs fail to incorporate264,289. This 
agrees with the idea that EpiSCs that do not express Brachyury are the in vitro 
counterpart of the anterior neuroectoderm, and thus, do not enter the primitive 
streak. Finally, EpiSCs that are grafted into E8.5 embryos, when pluripotency 
is lost, can also survive but do not efficiently disperse from the graft site or 
initiate proper lineage marker expression264.

EpiSCs are known to contribute to all germ layers but their contribution to 
the germline has not been demonstrated yet. This is mainly due to technical 
barriers in the testing of that competency. First, it is not possible to re-insert 
post-implantation chimaeras into recipient females for those embryos to 
terminate embryogenesis. In the rare cases where EpiSCs were able to integrate 
into preimplantation embryos, they did not contribute to the germline of the 
chimaeras82,290. In post-implantation chimaeras, EpiSCs contribute to cells that 
express Alkaline Phosphatase, a trait of primordial germ cells, precisely in the 
localization where primordial germ cells arise264,289. This suggests that EpiSCs 
might be able to contribute to the germline. On the other hand, EpiSCs can 
generate primordial germ cell-like cells in vitro, yet at very low efficiency121,294. 
This low efficiency might be a reflection of their in vivo counterpart as E7.25-
8.0 embryos have virtually lost their capacity to generate primordial germ 
cells295.

In this line, ESCs just after two days of differentiation in EpiSC medium with 
1% KOSR supplement differentiate into a transient cell type termed Epiblast-
like stem cells (EpiLCs)121. These cells display the hallmarks of pluripotency 
and are believed to be in an intermediate state between naïve and primed 
pluripotency121. They are transcriptionally similar to the epiblast of E5.75 
embryos and downregulate naïve markers such as Klf4, Stella and Rex1 while 
upregulating early primed markers such as Fgf5 and Oct6 to the levels of 
EpiSCs. In contrast, they do not upregulate differentiation markers such as 
Brachyury and Foxa2 to the levels of EpiSCs121. Importantly, unlike EpiSCs, 
EpiLCs can efficiently generate primordial germ cell-like cells in vitro121.
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Shaping cell identities with master splicing 
regulators

One of the most unexpected and revolutionary findings in molecular biology 
came in 1977 with the discovery of the sequences that interrupt genes, namely 
the introns296,297. Before this major breakthrough, molecular biology seemed to 
follow one simple rule: DNA encoded the genetic information in the form of 
genes298, these were transcribed into RNA and then translated into proteins299. 
Introns broke that rule as they generated an extra RNA sequence that must 
be removed by subsequent RNA processing to produce the protein-coding 
mature messenger RNA (mRNA) that will be translated. The removal of 
introns was denominated intron splicing and sequences that remained in the 
mature mRNA were denominated exons300.

Introns and the molecular tools that remove them from the final transcript, 
namely the spliceosome, are ubiquitous in eukaryotes. In fact, most 
eukaryotic genes have at least one intron and generally many301,302. The mouse 
transcriptome, for example, contains on average ~8 introns per protein-coding 
transcript303. Curiously, in evolutionary history, there were long stages in which 
a small number of introns were gained or lost, separated by episodes of intense 
and rapid intron gain and loss301,302. While many hypotheses have been drawn 
towards how introns are gained304–308, to date, only one has been experimentally 
validated at a genomic scale309. This hypothesis proposed that short non-
autonomous DNA transposons carrying a splice site in one end independently 
generated hundreds of intron gain episodes by inserting a novel splice site 
and co-opting another from the genomic sequence that was duplicated upon 
transposon insertion309. Accordingly, this mechanism intrinsically guarantees 
the splicing out of the intronic RNA and likely explains some episodes of rapid 
intron gain in the evolutionary history of eukaryotes.

A year after introns were discovered, Walter Gilbert wrote a seminal perspective 
article that anticipated the vast implications of having “genes in pieces”300. The 
concepts he presented still invite to think more profoundly on evolution and 
the functional meaning of genome architecture. Firstly, the different decisions 
of intron splicing and exon re-joining, in other words, the decision of which 
exons to join with which, can result in different mature mRNA sequences 
originating just from a single gene. This process was later named alternative 
splicing and the different mature mRNA sequences generated were referred to 
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as alternative splice isoforms. Most importantly, alternative splicing provides 
a window of opportunity for greatly expanding the molecular diversity of the 
cell. In fact, in his perspective article, Gilbert already foresaw the impact that 
this molecular diversity could have precisely on promoting differentiation 
pathways. He proposed that new differentiation pathways could be determined 
by “splicing enzymes” that could call forth a specific set of splice isoforms. This 
view is a central principle in my thesis.

Two other key features of “genes in pieces” were proposed by Gilbert300. First, 
that single mutations have the potential to dramatically alter the coding 
sequence by changing the splicing patterns. Second, that alternative splicing 
enables genes to sample new functions without affecting the ancestral function 
of the gene, or as Gilbert cleverly stated: “evolution can seek new solutions 
without destroying the old”. Introns provide a mechanism primed to sample 
evolutionary innovations while alternative splicing grants that evolutionary 
innovation potential.

The types of alternative splicing choices & its implications

An alternatively spliced exon can be recognized as a single unit and be either 
included or skipped in the final transcript; in contrast, constitutively spliced 
exons are always included in the final transcript. This distinction, however, 
is empirical and a growing number of exons that were once considered to be 
constitutively spliced have been found to be alternatively spliced as whole-
transcriptome sequencing data keeps growing310,311. The alternative choice 
of exon-intron boundaries, termed splice sites, can give rise to diverse types 
of alternative splicing (Introduction figure 5). In most of the cases, different 
mutually exclusive splice sites are simultaneously present on the pre-mRNA. 
Consequently, alternative splicing cannot be simply viewed as a “spliced or 
not” decision process, where only the intrinsic properties of splice sites are 
determinating the final outcome, but it should be conceived as a competition 
where the splicing machinery must discriminate and choose among different 
splice sites.

Ultimately, alternative splicing plays a major role in expanding transcriptomic 
and proteomic diversity by generating a wide range of isoforms312,313. These 
isoforms might have similar, slightly different or even opposite functions. 
Alternative splice site location within the transcript determines whether 
isoforms will differ in their coding sequence (CDS) or in their untranslated 



49

regions (UTRs). The usage of alternative splice sites might affect the translation, 
the stability or the localization of the final transcript. Additionally, alternative 
splice site usage can change the reading frame of the transcript resulting in 
different protein isoforms with different functionalities or localizations.

In vertebrates, a large percentage of multiexonic genes undergo alternative 
splicing314,315. In humans, for example, it is estimated to be up to 95% of 
multiexonic genes316. Many of these alternative splicing decisions, or events, 
contribute to proteome complexity. In humans, for example, high-resolution 
mass spectrometry analyses revealed that around 37% of the protein-coding 
genes generate multiple protein isoforms317. Despite this huge contribution 
to proteome complexity, we know very little on the functional impact of the 
vast majority of alternative splicing events311. Notably, alternatively spliced 
exons located in protein-coding transcripts are often situated within predicted 
intrinsically disordered protein regions, which are usually sites of protein-
protein interactions and protein post-translational modifications318–320. 
This grants alternative splicing the potential to diversify protein interaction 
capabilities. A smaller number of conserved alternatively spliced exons directly 
overlap with critical protein domains and affect various important protein 
functions such as transcriptional regulation or enzymatic activity321–323.

Introduction Figure 5: Types of alternative splicing patterns. Overview of splicing 
decisions, or “events”. From top left: exon skipping events are produced when a full exon 
is recognized as an individual unit and consequently is included or skipped in the final 
transcript; intron retention events are produced when full introns are unrecognized by 
the splicing machinery and are kept in the final transcript; alternative 5’ and 3’ events 
are produced when consecutive 5’ and 3’ splice sites are alternatively used, respectively; 
alternative start sites are often generated when splicing is coordinated with alternative 
promoters; and, alternative terminations are generated when splicing is coordinated 
alternative poly-adenylation events, poly(A). Adapted from Park et al. 2018583.

Alternative 5’ splice siteExon skipping Alternative first exons

Intron retention Alternative 3’ splice site Alternative last exons
poly(A) poly(A)
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Moreover, not all alternative splicing events produce functional proteins. 
Firstly, because the transcript could be non-coding and thus, not be translated 
into protein; secondly, because the stability of the transcript could be affected; 
thirdly, because transcript localization could be affected and this could modify 
its function or translation; and finally, because the translated protein could 
include a domain that renders it non-functional. In line with this, it is important 
to point out that alternatively spliced transcripts that are non-coding can still 
have a function as, for example, they could be modulating other RNAs by 
competing for their regulators.

In recent years, the alternative splicing field has moved from reporting single 
splicing events and their impact on protein function to describing whole 
alternative splicing networks and how they are regulated. Despite the great 
advances in uncovering regulatory networks, we still have a very limited view 
of their true functional consequence.

The mechanistic insights of splicing

The identification of exon-intron boundaries and the subsequent removal of 
the intron is guided by four consensus sequence motifs in the pre-mRNA: 
the 5’ splice site, the 3’ splice site, the branch point and the polypyrimidine 
tract (Introduction figure 6a). The 5’ splice site is the upstream boundary 
of the intron and determines where the intron starts while the 3’ splice site 
is the downstream boundary, and determines where it ends. The branch 
point contains an adenosine and catalyses the first reaction. Finally, the 
polypyrimidine tract is at the 3’ end of the intron and helps in its recognition. 
The remainder of the intronic sequence is generally variable, evolutionarily 
unconstrained and, in some cases, can extend up to a million nucleotides324. 

Intron removal occurs in two transesterification steps, starting with the 
nucleophilic attack of the 5’ splice site by the adenosine in the branch point 
and the cleavage of the phosphodiester bond between the last nucleotide of the 
upstream exon and the first nucleotide of the intron (Introduction figure 6b). 
This generates an intron lariat intermediate and a free 3’OH group at the end 
of the 5’ exon. This free 3’OH group then carries out a nucleophilic attack on 
the 3’ splice site which leads to the release of the intron and the joining of the 
two exons325,326.
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Introduction Figure 6: Intron recognition and removal. (A) Depiction of consensus 
sequence motifs mediating the identification of exon-intron boundaries and the 
factors that recognize them. The height of the residues represented in the motif 
indicates its relative frequency in a given position within the sequence. (B) The two 
transesterification reactions occurring in pre-mRNA splicing. BP: branch point, ss: 
splice site. Adapted from Scotti and Swanson 2016584.

The spliceosome is a remarkably complex ribonucleoprotein machinery that 
executes intron removal in eukaryotes. These introns, named spliceosomal 
introns, are removed from the pre-mRNA in the nucleus soon after they are 
transcribed. Spliceosomal introns originated from pre-existing self-splicing 
introns, and expanded abruptly and at the time of the origin of eukaryotes301,327. 
More specifically, it is thought that the ancestors of these spliceosomal introns 
are self-splicing group II introns301. These are mobile ribozymes present in 
bacterial, mitochondrial and chloroplast genomes but absent from eukaryotic 
nuclear genomes that self-splice through a very similar process as that of 
spliceosomal introns327,328.

The spliceosome is composed of five small ribonucleoproteins complexes: 
U1, U2, U4, U5 and U6 snRNP and over two hundred proteins329. The core 
components of the spliceosome recognise the sequence motifs in the pre-
RNA and mediate the structural rearrangements to catalyse the splicing 
reaction. Unlike many other enzymes, the spliceosome does not possess a 
preformed catalytic centre and must build it de novo on the pre-mRNA in a 
step-wise manner for every splicing event. First, the U1 snRNP recognises 
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and binds the 5’ splice site while the U2-auxiliary factors U2AF1 and U2AF2 
(also known as U2AF35 and U2AF65) recognise and bind the 3’ splice site 
and the polypyrimidine tract, respectively329–332 (Introduction figure 6a). 
Concomitantly, SF1 binds to the branch point sequence329. The binding of these 
snRNA and proteins forms what is known as the E complex. Next, U2 snRNP 
is recruited to the branch point in an ATP-dependent manner, this displaces 
SF1 and forms the A complex332. Then, the U4/U6.U5 tri-snRNP is recruited, 
forming the pre-B complex. This leads to conformational changes that displace 
both the U1 and the U4 snRNPs and generate a catalytically active complex, 
named the B* complex333. Splicing proceeds with the two transesterification 
steps (C and C* complex) after which the spliceosome components disengage 
and are recycled, the intron lariat dissociates and the two exons are ligated333–335. 
Very recently, cryo-electron microscopy has validated years of genetic and 
biochemical research providing major insights into the assembly, activation, 
catalysis and disassociation of the spliceosome (reviewed in 336). 

One of the most fascinating things in the splicing field is that, despite having 
so much knowledge on many of the smallest details of spliceosome assembly, 
activation, catalysis and disassembly, we still do not know the process by which 
the spliceosome components at the splice sites interact with each other and 
recognise the primary unit to splice. Two models have been suggested: the 
intron definition model and exon definition model337–339. The use of one or the 
other has been proposed to depend on intron-exon architectures. In the intron 
definition model, the splicing machinery pairing occurs across introns, and thus, 
the intronic unit is recognized. In principle, this type of recognition would be 
impaired in long introns suggesting that intron-defined introns could be under 
evolutionary selection to remain short. However, vertebrates have markedly 
long introns along with shorter exons in comparison to other animals340,341. 
This prompted the need for an alternative model, the exon definition model, 
where the splicing machinery forms across the exon337. Importantly, in this 
model, the exon unit is recognized instead of the intron unit. This then leads to 
a second step that swaps the splice site pairing configuration from one where 
the splice sites pair across the exon to one where the splice sites pair across an 
intron. This conversion from exon definition to intron definition is essential 
for subsequent steps of spliceosome assembly. If it is obstructed, it could result 
in exon skipping342.
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The Rules of Alternative Splicing Regulation

The regulation of alternative splicing determines when and where a specific 
isoform is produced. Several players are key in this regulation. On one hand, 
sequence features on the pre-mRNA, termed cis-acting features, promote or 
repress splicing at particular sites. On the other hand, RNA-binding proteins 
(RBPs), termed trans-acting regulators, bind on the pre-mRNA at particular 
cis-regulatory sites and regulate splicing (Introduction figure 7). The regulatory 
roles of trans-acting factors are highly context-dependent, in part due to the 
combinatorial, synergistic and competitive effects among them343. In this 
section, will give a brief overview of the relative contributions of both cis- and 
trans-acting factors.

The Regulatory role of cis-acting sequence features

The cis-acting features involved in alternative splicing can be grouped into: (i) 
the splice sites needed for spliceosome assembly; (ii) the motifs recognized by 
splicing enhancers or silencers; and (iii) other sequence features, such as exon-
intron architecture and mRNA secondary structure.

Splice sites are highly conserved motifs with leading sequences (GU and AG 
dinucleotides at the 5’ and 3’ splice sites, respectively) that are essential for 
splicing and with a surrounding nucleotide context that can vary. Splice sites 
can be described as being “weak” or “strong” depending on how favourable the 
sequence is for splice site recognition, which, in turn, greatly depends on the 
surrounding nucleotide context. Weak splice sites are particularly common in 
alternative 3’ and alternative 5’ splicing in which exons have a different start or 
end coordinates, respectively. Strong splice sites are common in constitutively 
spliced exons. Splice site strength can be calculated using entropy-based 
modelling of the exon-intron boundary344, which largely serves as a measure 
of how dissimilar a splice site sequence is to the complementary sequences in 
the snRNAs that bind them.

The motifs acting as binding sites for trans-factors also play a crucial role 
in promoting or repressing spliceosome assembly by recruiting RBPs345. 
Additionally, they can alter the accessibility of nearby features. These motifs 
are classified depending on their effect in splicing (enhancer or silencer) and 
their location (exonic or intronic). Importantly, these sequences may not be 
motifs in the classical sense as they can be quite short and degenerate or simply 
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consist of repeat-rich elements. As a consequence, the identification of these 
motifs has proven to be quite challenging. Ongoing efforts are systematically 
mapping the binding sites of RBPs in the transcriptome346 and could shed some 
light on the binding preferences of RBPs. However, some motifs are multivalent 
and recruit a diverse number of RBPs. In fact, many RBPs have been found 
to act cooperatively to interact with repetitive multivalent motifs that are 
located within or close to their regulated alternative exons347–350. Biophysical 
studies showed that these multivalent interactions can trigger condensation 
into dynamic complexes through liquid-liquid phase separation351–353. This 
condensation, termed RNP condensation, likely enables RBPs to bind with 
more stability to multivalent motifs in pre-mRNA transcripts than to a single 
RBP binding motif353.

Exon-intron architecture and mRNA secondary structure also influence splice 
site recognition. In the case of exon-intron architecture, early observations 
reported that expanding the size of mammalian exons led to exon skipping 
and that these same exons were also excluded if the flanking introns were 
made smaller354. This is likely to do with the mechanism by which splice sites 
pair but, while efforts have been done in trying to understand how exon-
intron architecture impacts splice site recognition341,355,356, it remains largely 
unknown. On the other hand, mRNA secondary structure affects splice site 
recognition by modulating the accessibility to splice sites or RBP binding 
motifs357. One simple example would be and RNA hairpin concealing a splice 
site and keeping it from being recognized by the spliceosome. In this case, 
mRNA secondary structure would drive exon exclusion358,359. Another example 
would be the formation of RNA duplexes, which have been found to “loop 
out” entire exons360,361 and to mediate long-range interactions (RNA-bridges) 
with other parts of the transcript362. These structures can help in bringing 
splicing elements into close proximity363 or in exposing enhancer or silencer 
motifs364. Moreover, RBPs sometimes recognize RNA structures rather than 
linear sequences, which implies that sometimes RNA structure can be critical 
in alternative splicing regulation365.

The regulatory role of trans-acting splicing regulators

There are two main RBP families involved in alternative splicing regulation: 
the heterogeneous nuclear ribonucleoproteins (hnRNPs)366 and the serine/
arginine-rich proteins (SR proteins)367. RBPs from both families generally bind 
to the pre-mRNA in a sequence-specific manner368. In most cases, hnRNPs 
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contain various types of RNA-binding domains and interact with other proteins 
through unstructured regions369. On the other hand, SR proteins usually have 
one or two RNA-recognition motifs (RRM) domains at their N-terminus 
and an arginine/serine-rich (RS) domain with which they interact with other 
proteins at the C-terminus370. SR proteins are mostly considered to promote 
exon inclusion. This largely occurs through the recruitment of either U1 snRNP 
to the 5’ splice site or of U2AF to the 3’ splice site370,371. On the other hand, 
hnRNPs are commonly considered to promote exon skipping by binding to 
intron splicing silencers343. However, this view of positive and negative splicing 
regulators has turned out to be overly simplistic. Firstly, because the role of 
these proteins changes considerably depending on their position within the 
pre-mRNA. Secondly, because there are potent competitive and cooperative 
binding effects among SR and hnRNP family members343,372. These include 
strong auto- and cross-regulatory loops among the proteins themselves.

There are many different modes of action among SR proteins and hnRNPs but 
they mainly involve recruiting spliceosomal components, changing the spatial 
proximity between exons and obstructing splice site access349,373. Additionally, 
one splicing regulator may possess multiple mechanisms to regulate splicing. 
One good example of this is the many ways the polypyrimidine tract-binding 
protein (PTBP1), an hnRNP family member, regulates splicing. When 
PTBP1 binds within introns, it blocks the recruitment of factors needed for 
spliceosomal assembly374, but it can also result in the “looping out” of entire 
exons to promote exon skipping375. Additionally, when it binds to the 3’ or 5’ 
end of introns flanking an alternative exon, it mostly promotes its exclusion but 
if it binds closer to the adjacent downstream exon, it promotes its inclusion376. 

Introduction Figure 7: Regulation of alternative splice site recognition.  The 
binding of splicing regulators to cis-acting sequence features can influence spliceosome 
assembly and splice site recognition. ESS: Exonic splicing silencer, ESE: Exonic splicing 
enhancer, ISS: Intronic splicing silencer, ISE: Intronic splicing enhancer, hnRNP: 
heterogeneous nuclear ribonucleoprotein, SR: serine/arginine-rich protein. Adapted 
from Scotti and Swanson 2016584.
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Furthermore, PTBP1 has been reported to block the switch from exon to 
intron definition showing that it can also inhibit splicing even if both the 5’ 
and 3’ splice sites have already been properly bound by U1 and U2 snRNPs, 
respectively377.

Building cell identities with alternative splicing regulatory networks

Isoform composition changes profoundly across tissues315,316,378. In fact, to date, 
dynamic alternative splicing networks have been identified in adult tissues 
such as muscle, brain, heart, liver, kidney, adipose tissue, testis, adrenal glands 
and ovaries311,378–383. Moreover, specific splicing programs have been reported 
in embryonic stem cells and precursor cells384,385, throughout differentiation 
and reprogramming of different cell lineages386–389, and in epithelial-to-
mesenchymal transitions390,391. Additionally, other splicing networks have been 
associated with particular physiologic cellular states such as thermal regulation 
or stress response392–395. Many splicing regulators function in a tissue-, cell 
type-, or condition-specific manner and can coordinate functionally coherent 
networks of introns and exons. This is partially due to different tissue-
dependent expression patterns of some splicing regulators, but also due to RBP 
binding preferences, as specific RBP motifs can also be specifically enriched in 
genes involved in the development of a specific cell type or tissue (reviewed 
in382,396,397).

Alternative splicing in the maintenance & establishment of pluripotency 

Several pluripotency factors have distinct isoforms that vary in function, 
stability or intracellular localization due to their different alternative splicing 
events affecting either their coding sequences or their untranslated regulatory 
regions. One example is OCT4, which has two isoforms. One, OCT4A, is the 
canonical pluripotency transcription factor expressed in pluripotential cells; 
the other, OCT4B, is a cytoplasmic protein with unidentified functions and 
expressed in non-pluripotential cells398. Other examples include TCF3, which 
has two isoforms with different degrees of Nanog and Oct4 transcriptional 
inhibition capabilities399; NANOG, which has three isoforms with varying 
efficiencies in pluripotency maintenance400; and, DNMT3B which has over 40 
isoforms that are differentially expressed in pluripotent cells and differentiated 
cell types401. However, to date, the most captivating example of regulated 
isoforms in pluripotency is that of FOXP1, a transcription factor. The transcript 
of Foxp1 bears a conserved exon that is alternatively spliced and uniquely 
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included in ESCs384. This alternative splicing event changes the DNA-binding 
preference of FOXP1. When this ESC-specific exon is included in the final 
transcript, FOXP1 stimulates the expression of pluripotency transcription 
factor genes including Oct4 and Nanog, represses the transcription of genes 
involved in differentiation and lineage specification, promotes self-renewal as 
well as maintenance of ESC pluripotency and contributes to efficient somatic 
cell reprogramming to induced pluripotent stem cells384.

Different high-throughput analyses have profiled alternative splicing networks 
during somatic cell reprogramming to pluripotency389,402–405. Importantly, 
all have shown a multiphasic rewiring of alternative splicing landscapes 
from diverse differentiated cell states towards a pluripotent state, suggesting 
that rewiring of alternative splicing networks is required for pluripotency 
acquisition. Various splicing regulators have been shown to facilitate the 
acquisition of pluripotency during reprogramming, these are SON, RBFOX2, 
SRSF2, SRSF3, MYC, GCN5, ZCCHC24, U2AF1, RBM47, ESRP1 and 
ESRP2389,402,404,406–409. In contrast, MBNL1, MBNL2, RBM24 and SFRS11 have 
been shown to promote the differentiated cell state and act as repressors for 
reprogramming385,405,410. Additionally, the splicing factor SFRS11 regulates 
alternative splicing events in MBNL1, SFRS3 and U2AF1 which indicates that 
it could be regulating reprogramming via the splicing of downstream splicing 
factors405.

While all previous studies have broadened our understanding of how alternative 
splicing can shape pluripotency, none of them has ever made distinctions 
between naïve and primed pluripotency. Over the course of this thesis, one 
study found that the splicing factor HTATSF1 played a role in naïve-to-primed 
pluripotency transition411. More specifically, HTATSF1 mediates intron removal 
from around 45 ribosomal protein transcripts and thus mediates ribosomal 
abundance and protein-synthesis. The authors reported that HTATSF1 is 
essential for the naïve pre-implantation epiblast to be able to transition into the 
primed post-implantation epiblast as Htatsf1 KO embryos failed to undergo 
amniotic cavity fusion. Furthermore, they reported that downregulation 
of HTATSF1 is crucial in the establishment of primed pluripotency as they 
were not able to derive EpiSCs from Htatsf1-overexpressing ESCs. Conversely, 
they showed that overexpressing Htatsf1 facilitated the conversion of EpiSCs 
into reverted ESCs. To our knowledge, this has been the only study reporting 
alternative splicing differential regulation in naïve and primed pluripotency. 
Thus, for years, the naïve and primed pluripotency alternative splicing 
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networks have been overlooked. We believe that alternative splicing networks 
are part of what defines a cell state and that their regulation not only helps 
in building robust transcriptomes but also drives critical cell state transitions. 
Therefore, we consider that by identifying the alternative splicing regulatory 
networks of naïve and primed pluripotent stem cells, we will be able to learn 
more about these two pluripotent cell identities.
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Objectives

To determine alternative splicing dynamics in the naïve-to-primed transition, 
uncover how they are regulated and understand their impact on cell identity, 
we established the following aims in this thesis:

1- Profile the alternative splicing landscapes of naïve and primed 
pluripotency using transcriptomics

2- Identify potential alternative splicing regulators responsible for 
establishing these alternative splicing landscapes:

a. Candidate-based approach for identification of alternative 
splicing regulators in mESCs

b. High-throughput identification of alternative splicing 
regulators using SPAR-seq 

3- Detailed in vitro characterization of the impact of master regulators 
on alternative splicing and of their function in pluripotency, naïve-to-
primed transition and cell differentiation.
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Chapter 1: Transcriptomic alternative 
splicing profiling of naïve and primed 
pluripotency

To examine the alternative splicing profiles of naïve and primed pluripotency, 
we performed deep coverage paired-end polyA-selected RNA sequencing 
(RNA-seq) of mouse embryonic stem cells (ESCs) cultured in two different 
media with either two inhibitors/LIF (2iL) or serum/LIF (SL); and of mouse 
epiblast stem cells (EpiSCs) cultured with Activin A and bFGF (Figure 1A). We 
used three independent well-characterized ESC cell lines: E14412, 46C 250 and 
DizFx 413 and the corresponding mEpiSC cell lines derived directly from them. 
On average, we sequenced ~90 million reads per sample. 

First, we assessed the overall transcriptomic similarity between samples 
based on their gene expression profiles. Principal component analysis (Figure 
1B) and sample-to-sample correlation distances (Figure 1C) consistently 
clustered our nine samples based on culture conditions and not by cell line. 
Additionally, mESCs grown in 2iL and SL were more similar to each other 
than they were to EpiSCs (Figure 1C), in line with their presumed naïve 
and primed pluripotency cell identities. The expression of naïve and primed 
markers across our nine samples further corroborated their naïve and primed 
pluripotency cell identities (Figure 1D).

Alternative splicing profiling in naïve and primed samples

We used vast-tools380 for detecting alternative splicing events and quantifying 
their inclusion levels in each sample using the Percent Spliced-In [PSI] 
metric. We compared transcriptome-wide inclusion levels of alternatively 
spliced (AS) cassette exons across our samples through principal component 
analysis (Figure 2A) and sample-to-sample correlation distances (Figure 2B) 
and found that the nine samples clustered according to their pluripotency 
state. We obtained similar results with transcriptome-wide retention levels of 
alternatively retained introns (Figure 2C, D). Importantly, the percentage of 
the variance explained by the clustering according to cell culture condition 
was lower for alternative splicing than for gene expression, which pointed at 
higher variability across cell lines at the level of alternative splicing (Figure 1B, 
C). This was especially evident for transcriptome-wide inclusion levels of AS 
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Figure 1: Experimental strategy to characterize the alternative splicing profile of 
naïve and primed pluripotency (A) Three independent cell lines were used: E14, 46C 
and DizFx. These were grown in either naïve (2iL mESCs or SL mESCs) or primed 
conditions (AF EpiSCs). A representative image of each condition and each cell line is 
shown. (B) Principal component (PC) analysis of the 9 RNA-seq samples generated, 
based on their gene expression profiles. The two components accounting for most of 
the variability between samples are represented. (C) Heatmap of sample-to-sample 
gene expression correlation distances. (D) Expression levels of several classical 
markers of naïve (left) and primed (right) pluripotency. cRPKM: reads per kilobase 
and million mapped reads, corrected for mappability. 2iL: 2i/LIF ESCs; SL: Serum/LIF 
ESCs; AF: Activin/bFgf EpiSCs.
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cassette exons, where the DizFx cell line consistently had lower correlation 
levels with the other two cell lines across all culture conditions (Figure 2A, B).
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Figure 2: Global alternative splicing landscape in naïve and primed pluripotency 
(A) Principal components analysis based on the transcriptome-wide inclusion 
levels of alternatively spliced (AS) cassette exons. The two first components (PC) are 
represented. (B) Sample-to-sample spearman correlation distance matrix based on 
the inclusion profile of alternatively spliced exons. (C) Principal components analysis 
based on the retention levels of alternatively retained (AR) introns transcriptome-
wide. The two components (PC) explaining most of the variability are represented. 
(D) Sample-to-sample spearman correlation distance matrix based on the genome-
wide profile of alternatively retained introns. 2iL: 2i/LIF ESCs; SL: Serum/LIF ESCs.

Next, we performed pairwise comparisons between each of our culture 
conditions. We defined differentially spliced events following two rules. 
First, the average PSI change (dPSI) between the two compared conditions 
in the three cell lines had to be of at least 15%. Second, we performed a 
paired comparison by cell line, requiring a minimum dPSI of 5% in the same 
direction in the three cell lines independently. With these cut-offs, we detected 
1499 differentially regulated alternative splicing events across all pairwise 
comparisons, with over 84% of them (1266 events) being AS between naïve 
and primed conditions, i.e. events that are differential when comparing 2iL 
ESCs vs. EpiSCs and/or SL ESCs vs. EpiSCs (Figure 3A). The majority of these 
events are AS cassette exons, namely, exon skipping events, with no clear bias 
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Figure 3: Alternative splicing switch between naïve and primed pluripotency 
(A) Genome-wide numbers of alternative splicing (AS) events for each pairwise 
comparison of pluripotent samples. Each of the comparisons was paired by cell line, 
requiring a minimum difference in percentage of inclusion/retention of 15% and a 
range of 5% in each cell line. (B) Scatter plot of differential cassette exon inclusion 
estimated using RT-PCR or RNA-seq across the different cell lines and cell culture 
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towards inclusion or exclusion between the two pluripotent states. In contrast, 
over 95% of the identified differentially retained introns are more retained in 
primed pluripotency (Figure 3A).

We analysed by RT-PCR 41 naïve-to-primed differentially spliced cassette exons 
in each of the three cell lines and each of the three culture conditions using 
independent samples from the ones used for RNA-seq analysis. Comparison 
with RNA-seq PSI estimations displayed overall satisfactory correlations in 
all three cell lines and cell states (Figure 3B). Thus, we concluded that our in 
vitro culture system reproducibly recapitulated changes in alternative splicing 
matching their state of pluripotency.

When comparing alternative splicing events that were differentially regulated 
between culture conditions - 2iL ESCs vs. EpiSCs; SL ESCs vs. EpiSCs and 2iL 
ESCs vs. SL ESCs - we found significantly fewer differential events occurring 
in the 2iL ESCs vs. SL ESCs comparison (16% of the total events identified) 
(Figure 3A). This suggests that the alternative splicing landscape in our dataset 
is shaped by the pluripotency state more than it is driven by media conditions. 
Additionally, we found that over 50% of differentially spliced events overlap 
when comparing 2iL ESCs vs. EpiSCs and SL ESCs vs. EpiSCs, further 
supporting this finding (Figure 3C). 

conditions. Pearson correlation coefficient between estimated exon inclusion values in 
RT-PCR and RNA-seq is shown on the bottom right corner of each plot. All RT-PCR 
validations were performed on independent samples with respect to the RNA-seq. 
(C) Venn diagram of overlapping alternative splicing events among the three different 
cell culture media comparisons showing considerable overlap between 2iL vs. EpiSC 
and SL vs. EpiSC comparisons. (D) Predicted effect of differentially spliced exons on 
their cognate transcripts for 5 exon categories: higher inclusion in 2iL samples, higher 
inclusion in EpiSC samples, alternative exons not differentially spliced (AS exons), 
exons with very low inclusion levels or “cryptic” and exons with very high inclusion 
across samples or “constitutive” exons. CDS-disrupt: disruption of coding sequence, 
Exc: exon exclusion or skipping, Inc: exon inclusion, “?”: uncertain effect, UTR: 
untranslated region. (E) Venn diagram of number of genes regulated by differential 
gene expression (GE) and differential alternative splicing (AS) in the 2iL vs EpiSC 
comparison. (F) Gene Ontology (GO) terms enriched in the genes with alternative 
exons differentially spliced between the 2iL and EpiSC conditions. Bars correspond to 
the p-values of the enrichment of each GO term.
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To evaluate the potential impact on the proteome of the identified alternative 
splicing isoform diversity, we predicted the effect of cassette exon inclusion 
on their corresponding transcripts. Over 70% of the differentially spliced 2iL 
ESCs vs. EpiSCs cassette exons mapped to the coding sequence (Figure 3D). 
Around one-third of them were disruptive, i.e. altered the reading frame of the 
transcript, but with no bias towards being disruptive either in the naïve or the 
primed state. Still, the majority of differentially spliced 2iL ESCs vs. EpiSCs 
cassette exons potentially code for alternative protein isoforms, in a higher 
proportion than the average AS exon for the case of exons higher included in 
naïve samples (Figure 3D, p-val from Fisher’s exact test = 6.6x10-4). Remarkably, 
only 18% of differentially spliced 2iL ESCs vs. EpiSCs events occurred in 
transcripts that were differentially expressed (Figure 3E), suggesting that 
regulation at the level of gene expression and of alternative splicing are two 
independent regulatory layers in the naïve-to-primed transition.

To understand if specific biological processes or pathways are affected by 
alternative splicing in the naïve-to-primed transition, we performed Gene 
Ontology (GO) analyses of the genes with differential 2iL ESCs vs. EpiSCs 
frame-preserving AS exons. We found significant enrichment in gene ontology 
terms related to neuronal biology or classically associated with neural splicing 
such as actin cytoskeleton311, as well as a mild enrichment in genes associated 
with transcriptional regulation  (Figure 3F).

Dynamics of differentially spliced cassette exons in the naïve-to-primed 
transition and beyond

For subsequent analyses, we focused on cassette exons differentially spliced 
in the 2iL ESCs vs. EpiSCs comparison (Figure 2A), termed “2iL-EpiSC 
differential AS exons”. We examined the regulation of these 2iL-EpiSC 
differential AS exons across embryonic and adult differentiated tissue samples 
to understand if there was any tendency towards a specific differentiated cell 
type alternative splicing profile. As expected, hierarchical clustering based on 
the correlation in the inclusion levels of these exons clusters the two naïve 
conditions together, and separately from primed EpiSCs (Figure 4A; each 
condition is represented by the average PSI across the three lines). Curiously, 
the primed samples cluster together with neural tissues and particularly of 
those of early embryonic origin and separately from the rest of differentiated 
tissues and pluripotent samples. Another interesting observation is that the 
inclusion levels of 2iL-EpiSC differential AS exons had a very poor correlation 
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between neural tissues and naïve ESCs, notably much lower than with any 
other differentiated tissue.

We then investigated the distribution of PSI levels of 2iL-EpiSC differential 
AS exons across tissues. We found that while 2iL ESCs have intermediate 
inclusion levels of these exons, the distribution becomes bimodal with a 
tendency towards higher inclusion in EpiSCs, with an even more pronounced 
bimodality in differentiated tissues, where more extreme inclusion and 
exclusion values are predominant (Figure 4B). Importantly, 2iL ESCs and SL 
ESCs have evident differences in the average distribution of inclusion levels of 
differential alternatively spliced 2iL-EpiSC exons: although both show mostly 
intermediate PSI levels, there is a clear bimodal distribution of inclusion levels in 
SL ESCs. SL ESCs are morphologically heterogeneous and show transcriptional 
fluctuations of some pluripotency factors compared to 2iL ESCs. Some claim 
that these fluctuations represent a dynamic equilibrium between self-renewal 
and differentiation and that SL ESCs are in fact in a metastable pluripotency 
state preceding primed pluripotency 239 (see introduction section). Our results 
may reflect this phenomenon also at the level of alternative splicing.

To better understand the inclusion patterns of differential cassette exons in 
the naïve-to-primed transition, we separated 2iL-EpiSC differential exons 
into six groups according to their inclusion level dynamics (Figure 4C). The 
vast majority of 2iL-EpiSC differential exons had state-specific dynamics, 
either primed or naïve. On the other hand, 2iL-specific events (either towards 
inclusion or exclusion) represented only 16% of the total 2iL-EpiSC differential 
AS exons. This agrees with our previous observations pointing towards a naïve 
vs primed specific AS landscape, modestly affected by the choice of naïve cell 
culture conditions.

To explore the inclusion dynamics beyond pluripotency, we compared 
the inclusion levels of 2iL-EpiSC differential AS exons in EpiSCs with their 
average PSI in differentiated tissues, for each of the six groups independently. 
Interestingly, for the majority of exons, the inclusion levels of differentiated 
tissues tended to change towards the 2iL inclusion patterns (Figure 4D). This 
suggested that the primed AS landscape was far from being an intermediate 
towards the AS profiles of differentiated cell states, at least in respect to 2iL-
EpiSC differential AS exons.
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Figure 4: Inclusion dynamics of 2iL-EpiSC differential AS exons. (A) Heatmap 
of Spearman correlation values across pluripotent samples and differentiated tissues 
generated using 2iL-EpiSC differential AS exon PSI values. (B) Distribution of average 
2iL-EpiSC differential AS exon PSIs in pluripotent samples and differentiated tissue 
samples shows bimodality among differentiated samples and central distribution 
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according to their inclusion “dynamics”. On the right, each plot represents the PSI 
dynamics for each exon group. Grey lines represent the scaled inclusion dynamic of 
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Genomic features of differentially included naïve-to-primed alternatively 
spliced exons

We examined the intronic and exonic features of naïve and primed differentially 
included cassette exons to shed light on how they are potentially regulated. For 
this, we subdivided the 2iL-EpiSC differential AS exons into two categories: 
higher inclusion in 2iL and higher inclusion in EpiSCs. We found that exons 
that were highly included in EpiSCs (in blue), were significantly longer (p < 
0.01, Mann-Whitney U test), had shorter flanking introns and had a higher 
GC content than those that were more included in 2iL ESCs (Figure 5A-C). 
These features have been previously associated with exon vs intron-defined 
splicing and would suggest that exons more included in 2iL ESCs have a 
strong signature of exon-definition whereas those more included in EpiSC 
show features closer to those associated with intron-definition. The exonic 
and intronic length patterns of exons with higher inclusion in 2iL ESCs were 
similar to those of alternative non-differential exons whereas those exons 
which inclusion is higher in EpiSCs are more similar to constitutive exons 
(Figure 5A, B).

We sought to find whether this association between exon-intron lengths 
and inclusion in naïve vs primed conditions occurred genome-wide for 
all AS exons. Indeed, we detected that longer exon length as well as shorter 
intron lengths were associated with increased exon inclusion levels in EpiSCs 
compared to 2iL ESCs (Figure 5D, E). Additionally, higher exonic GC content 
was also associated with higher inclusion in EpiSCs compared to 2iL ESCs 
(Figure 5F). We tested these traits for AS genome-wide in the three cell lines 
and found the same results in each of them independently (Figure 5G). Finally, 
we constructed an exon-vs-intron definition score that considers exon GC-
content and the difference in intron and exon lengths to summarize these 
features in a single metric (see materials and methods). Using this score, we 
investigated whether 2iL-EpiSC differential AS exons with different dynamics 
could have different exon vs. intron definition biases and thus, potentially 
have intrinsically different splicing regulatory features. This analysis revealed 

one exon across the 9 samples. Coloured lines represent the mean scaled inclusion 
dynamic of each group. Numbers of cassette exons belonging to each group are 
indicated between brackets. (D) Stacked plot illustrating the percentage of 2iL-EpiSC 
differential AS exons that either increase, decrease or maintain their average PSI levels 
in differentiated tissues with respect to their EpiSC PSI levels.
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Figure 5: Splicing regulatory features of alternative splicing events in naïve and 
primed pluripotency (A) Boxplot of exon lengths across 5 exon categories: 2iL-high: 
AS exons that have an inclusion level in 2iL at least 15% higher than in EpiSC. EpiSC-
high: AS exons that have an inclusion level in EpiSCs at least 15% higher than in 2iL. 
AS: all other alternatively spliced exons (PSI between 10% and 90% in any sample). 
Cryptic: lowly included exons with a maximum PSI lower than 10% across all samples. 
Constitutive: highly included exons with a minimum PSI higher than 90% across all 
samples. bp: base pairs. (B) Boxplot of the average surrounding intron lengths across 
different exon groups. kb: kilobases. (C) Boxplot of exonic GC content (fraction of 
bases in the exon corresponding to guanine or cytosine residues) across different exon 
groups. P-values from Mann-Whitney U-tests are indicated for several comparisons. * 
p < 0.01, ** p < 0.001, *** p < 0.0001. (D-F) Distribution of changes in PSI (dPSI) values 
between EpiSC and 2iL conditions, for all alternative exons genome-wide classified in 
six quantiles based on the exonic length (D), intronic length (E) and exonic GC content 
(F). White lines correspond to the median value of each sextile group. In brackets, 
the interval values for each corresponding to each sextile. (G) Bar plot depicting the 
average difference in dPSI (between EpiSC and 2iL ESCs) between the first and last 
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a strong gradual association between the inclusion dynamics in 2iL vs EpiSCs 
and the exon-vs-intron definition score, with the highest difference found 
between the naïve-specific vs primed-specific exons (Figure 5H).

Conservation of naïve-to-primed alternative splicing profile in human 
pluripotency

To test whether similar changes in the alternative splicing profile also occur 
in human naïve and primed pluripotency, we first compiled all studies to date 
that have in vitro naïve and primed pluripotent human samples isolated from 
embryos 146,150,152,414–416. We selected those with enough coverage and number of 
replicates for robust alternative splicing quantification and used vast-tools for 
mapping, profiling and comparing alternative splicing events in each dataset. 
To ensure robust comparisons across species, we then ranked the different 
datasets according to their differential gene expression (DGE) similarity 
with our mouse naïve and primed dataset. For this, we selected the top 1200 
differentially expressed genes between our 2iL ESCs and EpiSCs samples and 
studied if there was a gene expression change in the same direction of the 
orthologous genes in naïve and primed human samples for each independent 
experiment (Figure 6A). We selected the three top datasets with more 
satisfactory results (over 70% of differentially expressed genes changed in the 
same direction as in our naïve vs. primed mouse samples). These samples came 
from the following studies: Collier et al 2017414, Takashima et al 2014146 and 
Guo et al 2017152.

To investigate whether the genomic features associated with 2iL-EpiSC 
differential AS exons are conserved in the naïve-to-primed transition in 
humans, we scored intron length, exon length, intron GC content, exon GC 
content and exon-intron definition features for differentially spliced exons in 
the three selected datasets (Figure 6B). Remarkably, the observed patterns were 
exceptionally well conserved in all three human naïve-primed comparisons. 
Indeed, flanking introns are significantly longer in alternative exons more 

quantiles for each genomic feature, separated by cell line. We calculated the “Exon-
intron definition score” considering the combined effect of exon GC content and the 
difference in intron and exon lengths (see methods for further details and complete 
definition). (H) Boxplot of exon-intron definition scores across the different exon 
categories based on their “dynamics” across pluripotent samples (as in Figure 4C).
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Figure 6: Conservation of naïve-to-primed alternative splicing profile in human 
pluripotency and overlap with in-vivo pluripotency (A) Bar plot depicting the 
degree of mouse naïve-to-primed differential gene expression (DGE) conservation 
across human naïve and primed stem cell comparisons coming from different 
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included in human naïve samples and these exons were also shorter and had a 
lower GC content than exons more included in human primed samples. This 
indicates that the association between exon-vs-intron definition and lower 
inclusion levels in primed pluripotency could potentially be a common feature 
for the naïve-to-primed transition at least since the last common ancestor of 
mice and humans. 

Beyond the mode of splicing regulation, one key remaining question was 
whether the orthologue exons in human were regulated in the same way 
as their mouse counterparts in naïve vs primed samples. Overall, 67% of 
regulated exons in the naïve-to-primed transition in mouse have a human 
ortholog (ranging from 62.3% in Primed-specific to 75% in progressive exons). 
Interestingly, for the orthologous exons that were differentially spliced between 
naïve and primed in the two species, we found that regulatory consistency was 
different across the six defined groups based on their splicing dynamics (Figure 
6C).  On average, primed or naïve-specific exons were more consistent than 
progressive and 2iL-specific events (69%, 55% and 47% average consistency 
across studies, respectively), with the experiment from Collier et al showing 
the highest rate of conservation for primed-specific exons. 

studies (indicated as the first author name). Numbers at the base of the bars indicate 
the number of consistent genes in each comparison: genes changing expression 
with the same directionality in human and mouse, corresponding to genes laying 
on the I and III quadrants, divided by the total number of DGE genes. (B) Bar plot 
of splicing regulatory feature scores for human naïve-primed dPSI comparisons 
across three different studies (as in Figure 5G, see Methods for further details and 
complete definition of each score). (C) Bar plot illustrating percentage of differential 
naïve-to-primed cassette exon alternative splicing consistency in human and mouse 
pluripotency shows higher consistency among primed-specific and progressive events. 
The number at the base of each bar represents the number of orthologue alternative 
exons identified. Percentage of consistency was calculated as depicted on (A). (D) 
Principal component analysis of in-vitro and in-vivo naïve and primed samples and 
other stages of early mouse development using gene expression data for the top 5000 
most variable genes. VE: Visceral endoderm. Epi: Epiblast. PrE: Primitive endoderm. 
ICM: Inner cell mass. (E) Bar plot of splicing regulatory feature scores for in-vivo 
naïve-primed PSI comparisons shows intron length is significantly higher in exons 
differentially included in E4.5 epiblast vs. E6.5 epiblast. (F) Bar plot displaying 
percentage of consistent changes in naïve-to-primed cassette exon alternative splicing 
across in-vivo and in-vitro samples. The number at the base of each bar represents the 
number differential alternative exons identified.
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Transcriptomic profiling of in vivo naïve-to-primed alternative splicing 
variants during mouse early embryo development

We set out to find whether the naïve-to-primed alternative splicing switch that 
we observed in vitro, also occurs in vivo. To rigorously interrogate exclusively 
epiblast lineage identity and avoid transcriptional signals coming from other 
lineages, we performed pure ICM isolation from E4.5 mouse blastocysts as well 
as pure epiblast isolation (discarding visceral endoderm and extraembryonic 
ectoderm) from E5.5 and E6.5 embryos (see Figure 1 in Methods section). 
We then performed deep coverage RNA sequencing to identify in vivo naïve-
to-primed alternative splicing variants. Principal component analysis of 
differential gene expression across in vivo and in vitro samples collected by 
us and Boroviak et al248, clustered samples according to their pluripotency 
state (Figure 6D). This agreement at the level of gene expression led us to ask 
whether the alternative splicing profiles that we had observed in naïve and 
primed pluripotency in vitro were also consistent with the ones occurring in 
vivo.

We first identified alternative exons that were differentially spliced between 
naive and primed conditions in vivo. For this, we compared E4.5 and E6.5, 
finding 1,789 exons with a dPSI of at least 15%. Of all alternatively spliced 
cassette exon switches changing between E4.5 and E6.5 epiblast that are also 
changing between 2iL ESCs and EpiSCs, 73% are in the same direction of 
change (p= 4.1 x 10-8, Binomial test). These changes were more consistent for 
the primed and naïve-specific and progressive groups, similar to the results 
obtained when comparing mouse vs human AS exons in this transition 
(Figure 6E). With respect to the characterized splicing regulatory features, 
and in line with what we found in vitro, intron length was significantly higher 
in exons that were differentially more included in the inner cell mass (Figure 
6F). However, we did not find any other significant enrichment in the rest 
of the splicing-associated genomic features we looked at. This suggests that 
alternative splicing regulation of pluripotent cells might occur at different 
levels in vivo and in vitro, while still maintaining a certain degree of similarity 
and consistency, potentially linked to regulation driven by the action of state-
specific RNA binding proteins.
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Chapter 2: Alternative splicing regulation by 
RNA Binding Proteins in naïve and primed 
pluripotency

We set out to find the regulators that were shaping the alternative splicing 
profiles of naïve and primed pluripotency. For this, we first looked at how 
the expression levels of known alternative splicing factors, spliceosomal 
components and splicing-associated factors change during the naïve-to-primed 
transition (Figure 7A) and validated the change in protein levels of some of 
these factors via western blot (Figure 7B). We found no bias in the expression 
of core spliceosomal components between naive and primed pluripotent 
cells. It was thought-provoking to see that among the most changing factors, 
some regulator pairs with allegedly redundant or complementary roles were 
positioned on opposing states of pluripotency. This was the case for two 
regulatory axes: Rbmx/RbmxL2 and Rbm47/Esrp1.

In the case of RBMX (RNA Binding Motif protein, X-linked) and RBMXL2, 
the latter is a eutherian-specific retrocopy of Rbmx with over 83% amino acid 
similarity. Both have been involved in the regulation of alternative splicing 
417–424 but only three studies to date have tested both factors in parallel to check 
their relative effect and only on a few specific splicing events417,423418. Two of 
these studies, both using the minigene system on a particular exon, showed 
that RBMX and RBMXL2 impact exon inclusion in the same direction. 
Particularly, they found that both RBMX and RBMXL2 promote inclusion of 
an alternative exon of the human transducing-like enhancer of split 4 (TLE4) 
transcript, albeit RBMXL2 did so more efficiently417. Additionally, both RBMX 
and RBMXL2 promote the exclusion of a cryptic exon in the mouse lysine-
specific demethylase 4d (Kdm4d) transcript with similar efficiency423. Another 
study found that overexpression of Rbmx but not of RbmxL2 induced exclusion 
of an exon in the thioredoxin-like 4A (TXNL4a) transcript and inclusion of 
exons in nucleolar Protein 5A (NOL5A) and in Tyrosine-Protein Kinase Fyn 
(FYN) transcripts418. No study has ever reported RBMX and RBMXL2 having 
opposing effects on splicing. However, we hypothesized that naïve-to-primed 
transition may have laid the stage for retrocopy subfunctionalization in the 
case of Rbmx and RbmxL2 and thus that they may have opposing regulatory 
features in the context of pluripotency.
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Figure 7: Expression level changes in splicing factors, splicing-associated factors 
and spliceosome components in naïve and primed pluripotency. (A) Scatterplot 
depicting the fold-change difference in expression between 2iL ESCs and EpiSCs 
for genes under the “splicing” gene ontology (GO) category. Only genes with a false 
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factors (Tia1, Esrp1 and Rbm47). Representative image of experiment repeated in 
triplicate.

RBM47 and ESRP1 were also a fascinating case primarily because both are 
key regulators of the EMT splicing program with known coregulated events 425 
and with known enhancing effect on induced pluripotency reprogramming 389. 
Notably, although RBM47 and ESRP1 regulate many alternative cassette exon 
events in the same direction of inclusion/exclusion and thus, are considered 
to have a functional combinatorial co-regulation promoting epithelial traits, 
some other events seem to be regulated in opposing directions425. However, 
to date, no study has explored this further than speculating a more complex 
pattern of interactions among these two factors during EMT. Given their 
expression levels in the different states of pluripotency, we hypothesized 
that their contrasting roles might acquire protagonism in naïve and primed 
pluripotency.

Moreover, we sought to identify additional factors that could be playing a role 
in regulating the alternative splicing profile of naïve and primed pluripotency. 
We wanted to go a step further from our differential expression-based 
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approach to find factors that were not notably changing at the level of gene 
expression or that were simply not known splicing regulators to begin with. 
Hence, we carried out a quantitative functional genomics screen that allowed 
us to interrogate the role of hundreds of transacting factors on the inclusion 
levels of differentially spliced naïve-to-primed alternative splicing events.

Part I and Part II of this chapter will centre on the candidate-based approach 
that we followed. We will describe the results obtained on the Rbmx/RbmxL2 
axis and Rbm47/Esrp1 axis, respectively. Subsequently, Part III will aim to 
describe the screening, the research direction that emerged from it, and the 
results we obtained.
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Part I: Rbmx/RbmxL2 regulatory axis

We found that there is a complete switch in Rbmx and RbmxL2 expression 
levels in the naïve-to-primed pluripotency transition. While Rbmx expression 
levels in naïve pluripotency are low, they rise in primed pluripotency (Figure 
8A). The contrary occurs for RbmxL2 whose expression drops to zero in 
primed pluripotency (Figure 8A) and was consistently by far the RNA binding 
protein (RBP) with most changing expression levels in the naïve vs. primed 
state that we detected (Figure 7A). Additionally, Rbmx has another known 
retrocopy in mice named RbmxL1. The expression levels of RbmxL1 remained 
constant across naïve and primed pluripotency.

Interestingly, the sequence similarity among these proteins is remarkable- 
in comparison to RBMX, RBMXL2 has 83% similarity (75% identity) and 
RBMXL1 has 97% similarity (96% identity). All three have an RNA recognition 
motif (RRM) with two conserved RNP motifs (RNP1 and RNP2) at the 
N-terminus and a C-terminus highly enriched in disordered regions (Figure 
8B). This C-terminus has a very high content of serine, arginine, glycine 
and proline in its amino acid composition. Specifically, 68%, 68% and 65% 
in RBMX, RBMXL1 and RBMXL2 respectively. Additionally, RBMX has two 
RGG boxes on each side of this region each containing three RGG repeats. 
Curiously, RBMXL1 lacks one of these RGG repeats and RBMXL2 lacks two, 
one at each side (Figure 8B).

Rbmx itself has an alternative splicing event occurring in the last coding exon, 
which precisely codes for the region containing the last RGG box (Figure 8B). 
The skipping of this exon predictably results in a stop codon at the start of the 
C2 exon that could predictably result in a truncated protein lacking the last 
C-terminal 102 amino acids. This exon is alternatively spliced in the naïve-to-
primed transition. In the naïve state, it has an intermediate inclusion whereas, 
in the primed state, it remains highly included in the majority of transcripts 
(Figure 8C). Therefore, naïve pluripotent stem cells not only have lower Rbmx 
expression, but also around half of its transcripts produce a shorter version of 
the protein if translated. We found that the human ortholog of this cassette 
exon is also alternatively spliced in naïve and primed human pluripotency 
(Figure 8D).
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Altering the Rbmx/RbmxL2 regulatory axis in naïve pluripotency

To understand the functional roles of Rbmx, RbmxL2 and RbmxL1 on 
pluripotent cell identity, we made a set of full gene knockout (KO) ESC 
lines using the CRISPR/Cas9 gene-editing system on E14 ESCs. In all cases 
when making ESC KO lines, we generated control ESC lines transfected in 
parallel with an empty vector (named px, from px459/330). Specifically, we 
first generated an RbmxL2 KO ESC line by deleting ~1000bp of the RbmxL2 
genomic sequence. This deletion was directed by the use of two guide RNAs 
(gRNAs) targeting two distant sites in the coding sequence of the gene (Figure 
9A). The strategy allowed us to generate three full RbmxL2 KO clones. One 
had an extremely aberrant karyotype with most of the cells having a high 
chromosome number (33% had 76-82 chromosomes), thus we discarded 
that clone for further analysis. The other two remaining clones had normal 
karyotypes (see material and methods) but one, clone 2.8, had an extreme 
propensity for differentiation, with most of the cells showing a differentiated 
morphology. This clone had a low number of ESC colonies and overall very 
low AP staining after few days in SL culture (Supplemental Figure 1).

Given the high protein sequence similarity across RBMX, RBMXL1 and 
RBMXL2, it is possible that some regulatory effects of their depletion may be 
masked by the other retrocopies undertaking functionalities that normally 
are carried out by the depleted factor. Thus, using gRNAs that simultaneously 
target both Rbmx and RbmxL1 coding sequences, we first generated Rbmx 
RbmxL1 DKO cell lines (Figure 9A). Next, we used the RbmxL2 clone with the 
milder phenotype, clone 2.5, as background to generate double and triple KOs. 
Interestingly, while we obtained multiple Rbmx/RbmxL2 KO clones, after an 
intense screening of clones we were not able to obtain a single Rbmx RbmxL1 
RbmxL2 triple KO clone, suggesting the triple KO may be lethal. Finally, to 
understand the role of the differentially included last coding exon of Rbmx, we 
generated a cell line that lacked that last exon. This line, from now on referred 
to as Rbmx Exon KO, was generated using the CRISPR/Cas9 gene-editing 
system targeting the introns flanking the exon.

Numbers at the bottom are PSI levels based on direct gel quantifications. (D) Bar plot 
illustrating the inclusion of the conserved Rbmx alternative splicing switch in the last 
coding exon from human naïve and primed samples shows conservation of the pattern 
of regulation of this event. PSI values for naïve (red) and primed (blue) human stem 
cells were calculated using RNA-seq from Takashima et al. 2014146 and Collier et al. 
2017414.
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For all of the above lines, various clones were obtained. All of them were 
karyotyped and expanded for subsequent experiments (see Materials and 
methods for further details). The following results were generated using two 
clones for each genotype to ensure solid reproducible conclusions.

We expanded our KO cell lines in SL conditions. As discussed before, this 
condition maintains ESCs in the naïve state but is permissive for primed 
pluripotency and occasional differentiation which precisely allows us to 
observe whether any of our KOs has an evident bias towards differentiation. 
Indeed, one of the most obvious phenotypes that we observed in our cell 
lines was that clones that had depleted RbmxL2 showed a higher number of 
cells with a differentiated morphology (Figure 9B; as mentioned before, this 
was particularly extreme in the RbmxL2KO clone 2.8, which could not be 
maintained in SL culture and was not used for further analyses). Another 
striking observation was that one of the Rbmx RbmxL1 DKO clones had 
rounder and more dome-shaped colonies than the rest of the clones. The 
remaining clones did not show any discernible morphological phenotype.

We then wondered whether there was any compensation of expression 
levels by the retrocopies when one or the other were depleted. Certainly, 
we observed that upon RbmxL2 depletion, Rbmx expression levels raised 
(Figure 10A). Naturally, this could be due to the differentiated phenotype 
that RbmxL2 KO ESCs showed and therefore might not compose a direct 
compensation of RbmxL2 levels. However, we also detected higher levels 
of RbmxL2 in Rbmx RbmxL1 DKOs (Figure 10A). Considering that SL 

Figure 9: Generation of ESC lines with Rbmx, RbmxL1 and/or RbmxL2 CRISPR/
Cas9 gene and alternative exon depletions. (A) CRISPR/Cas9 strategy for depletion 
of Rbmx, RbmxL2 and RbmxL1 genes and Rbmx alternatively spliced exon. Red 
arrows illustrate the gRNAs that were used to delete ~1000bp from RbmxL2 coding 
sequence between them. Green arrows illustrate the gRNAs that were used to delete 
the alternatively spliced last coding exon from Rbmx. These gRNAs targeted intronic 
sequences flanking the exon of interest and generated deletions of ~1600bp between 
them. Orange arrows illustrate the gRNAs that were used to delete both Rbmx and 
RbmxL1. These were two promiscuous guides targeting Rbmx, generating deletions of 
~4300bp between them, but with only 1 or 2 mismatches with the RbmxL1 sequence, 
where they generated deletions of ~900bp. (B) Bright-field images of KO cell lines 
grown in SL conditions show discernible aberrant morphology in all RbmxL2 KO 
cell lines and dome-shape morphology of the colonies from Rbmx RbmxL1 DKO A2 
clone.



89

A

Rbmx

gRNA strategy for exon KO
gRNA strategy for gene KO

RbmxL1 RbmxL2

B

Rbmx RbmxL1 DKO

Empty vector

Rbmx RbmxL2 DKO

RbmxL2 KO

Rbmx exon KO

100um

px3 px5

E1 B2

H3 A2

G1 H1

B1 D1



Results

90

conditions maintain a heterogeneous population of pluripotency states, these 
results could be pointing us that Rbmx RbmxL1 DKOs would have a more 
prevalent naïve population of ESCs as this would translate into a higher level 
of RbmxL2 expression compared to the rest. Nonetheless, 2iL ESCs are a more 
homogenously naïve cell population and they maintain the same expression 
levels of RbmxL2, actually, even lower (Figure 8A). Therefore, in this case, this 
might be suggesting a clear compensation among retrocopies (see discussion). 
Finally, the deletion of the terminal alternative Rbmx exon downregulated 
the expression levels of Rbmx but did not seem to affect the expression levels 
of RbmxL2 or RbmxL1 (Figure 10A). In fact, RbmxL1 levels did not seem to 
markedly change throughout the various KOs.

To understand the effect that the depletion of Rbmx, RbmxL1 or RbmxL2 had 
on naïve pluripotency, we monitored the expression levels of naïve pluripotency 
markers. Compared to controls, Rbmx RbmxL2 DKOs had significantly lower 
levels of all naïve markers we studied (Figure 10B). RbmxL2 KOs also showed 
lower levels of most of the naïve markers we studied, but unlike Rbmx RbmxL2 
DKOs, did not show lower expression levels of Oct4, a general pluripotency 
marker. This seemed to suggest that the depletion of RbmxL2 might affect the 
pluripotency state and the simultaneous depletion of Rbmx might exacerbate 
this effect. On the other hand, both Rbmx exon KOs and Rbmx RbmxL1 DKOs 
did not seem to have substantial differences in the expression of most of the 
naïve markers compared to controls. We therefore wondered whether part of the 
ESCs population of these KO clones grown in SL had exited naïve pluripotency 

Figure 10: Naïve pluripotency markers upon depletion of Rbmx/RbmxL2 
regulatory axis in ESCs. (A) Bar plots of Rbmx, RbmxL1 and RbmxL2 relative gene 
expression levels measured by quantitative PCR across all KO lines show high levels 
of Rbmx in RbmxL2KOs and high levels of RbmxL2 in Rbmx RbmxL1 DKOs. (B) 
Bar plots depicting relative gene expression levels of general pluripotency (Oct4), 
naïve pluripotency (Prdm14, Klf4, Rex1, Nanog), formative pluripotency (Oct6 and 
Dnmt3b) and primed pluripotency (Fgf5) markers measured by quantitative PCR in 
all KO lines show lower levels of naïve pluripotency genes and a modest increment of 
Oct6 in RbmxL2 KOs and Rbmx RbmxL2 DKOs. P-values from two-sided Student’s 
t-tests joining together the two clones per genotype and comparing them with controls 
are indicated: * p < 0.05, ** p < 0.01, *** p < 0.005. (C) Microscopy images of KO 
clones immunostained for naïve pluripotency markers shows higher heterogeneity in 
their expression among Rbmx RbmxL1 DKO colonies and lower heterogeneity in their 
expression among RbmxL2 KO and Rbmx RbmxL2 DKO colonies.
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and was primed pluripotent instead. We monitored the expression levels of 
Oct6 and Dnmt3b, two formative and primed state markers; and Fgf5, a primed 
state marker in all our KOs and found that RbmxL2 KOs and Rbmx RbmxL2 
DKOs had a modest increase of Oct 6 but no noticeable increase in Fgf5 
(Figure 10B). Moreover, Rbmx RbmxL2 DKOs also showed a modest increase 
in Dnmt3b expression, again pointing at a more exacerbated phenotype than 
RbmxL2 KOs. As SL ESC colonies are heterogeneous, the modest increase in 
formative state marker levels seen upon RbmxL2 depletion could mean that 
a small population of cells were, in fact, exiting naïve pluripotency but not 
yet primed. However, the considerable drop in naïve pluripotency markers 
upon RbmxL2 depletion could not solely be explained by the modest increase 
in formative pluripotency and probably points towards a proportion of the 
population being differentiated cells.

The heterogeneity level of a population of cells can only be assessed by 
looking at the single-cell level, thus we performed immunostainings for 
naïve pluripotency markers across all our KO clones. Interestingly, Rbmx 
RbmxL1 DKOs showed higher heterogeneity of NANOG and KLF4 levels than 
controls, with cells showing a wide spectrum of levels among the population 
(Figure 10C). Additionally, we found that most cells of RbmxL2 KOs and 
Rbmx RbmxL2 DKOs had generally lower levels of naïve markers, and thus 
were more homogenous in that respect. Sadly, we were not able to successfully 
perform immunostainings using a primed pluripotency marker to identify the 
potential primed colonies in RbmxL2 KOs and Rbmx RbmxL2 DKO clones.

To elucidate the general pluripotency state and the extent of the depletion 
effect of Rbmx, RbmxL1 and RbmxL2, we performed RNA-seq in SL KO ESCs. 
Again, we chose to perform the experiment in SL conditions as it presents a 
permissive setting that is ideal to detect a bias towards a given cell state. Using 
Gene Set Enrichment Analysis (GSEA)426, we found that RbmxL2 KO and Rbmx 
RbmxL2 DKOs had a very strong bias towards a primed pluripotency gene 
expression profile and downregulated the naïve pluripotency gene expression 
profile (Figure 11 A, B). Oppositely, Rbmx exon KOs were more enriched 
in the differential gene expression profile of naïve pluripotency and showed 
significantly lower primed pluripotency gene expression profile compared to 
controls (Figure 11A, B). This suggested a bias in these cells towards a more 
naïve state of pluripotency. Finally, we found that Rbmx RbmxL1 DKOs 
downregulated both naïve and primed gene expression (Figure 11A, B). This 
suggested the induction of a different cell identity and probably reflected 
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Figure 11: Gene set enrichment analysis shows RbmxL2 KOs and Rbmx RbmxL2 
DKOs upregulate primed pluripotency genes whereas Rbmx exon KOs upregulate 
naïve pluripotency. GSEA depicting enrichment in naïve (A) or primed (B) gene 
expression profiles for the differentially expressed genes across Rbmx alternative exon, 
Rbmx, RbmxL1 and RbmxL2 depleted lines. Ranked lists of naïve and primed markers 
were defined by establishing the differential gene expression profile across paired 
comparisons of 2iL vs. EpiSCs in our three independent cell lines (E14, 46C, DizFx) 
and E4.5 vs. E6.5 epiblasts (see methods for further details). RbmxL2 KOs and Rbmx 
RbmxL2 DKOs downregulate naïve genes and upregulate primed ones; Rbmx exon 
KOs significantly upregulate naïve pluripotency genes and downregulate primed ones; 
and Rbmx RbmxL1 DKOs show significant downregulation of both naïve and primed 
pluripotency genes. NES: Normalized enrichment score.

We then set out to find whether the effect of Rbmx, RbmxL1 and RbmxL2 
depletion on gene expression of pluripotency state profiles reflected their effect 
on the alternative splicing landscape. More importantly, this could potentially 
hint at whether alternative splicing landscapes in pluripotency were consonant 
with the gene expression profiles driven by pluripotency state. Hierarchical 
clustering of all samples by differential alternative splicing profiles grouped 
samples according to their genotype (Figure 12A). Interestingly, there was a 

the cell population heterogeneity that we had observed by immunostaining 
(Figure 10C).
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Figure 12: Differential alternative splicing profiles upon depletion of Rbmx/
RbmxL2 regulatory axis in ESCs. (A) Heatmap depicting scaled PSI levels of 
differential AS events (cassette exon, intron retention, alternative 5’ss or alternative 
3’ss events) occurring across Rbmx alternative exon, Rbmx, RbmxL1 and RbmxL2 
depleted lines, depicting unsupervised clustering of samples in the top dendrogram. 
(B-E) Alternative Splicing Set Enrichment Analysis (ASSEA) using our previously 
identified differentially spliced exons between naïve and primed pluripotency. (B-C) 
RbmxL2 KOs and Rbmx RbmxL2 DKOs show enrichment for the exclusion of exons 
with higher inclusion in naïve pluripotency (higher in naïve) and for the inclusion of 
exons with higher inclusion in primed pluripotency (higher in primed).  (D) Rbmx 
exon KOs show enrichment for the inclusion of exons more highly included in primed 
pluripotency. (E) Rbmx RbmxL1 DKOs show enrichment in inclusion of exons more 
highly included in primed pluripotency. For ASSEA, ranked lists of differentially 
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cluster of all cell lines with depleted RbmxL2. This cluster in turn also clustered 
with Rbmx RbmxL1 DKOs, indicative of having a more closely related 
alternative splicing profile with them than with controls. Additionally, Rbmx 
exon KOs clustered with controls, separately from gene KOs, suggestive of a 
potentially milder and contrasting effect on alternative splicing.

To impartially evaluate the transcriptome-wide changes in alternative splicing 
among the different splicing factor depletions, we designed a novel method 
which we termed Alternative Splicing Set Enrichment Analysis (ASSEA). This 
method determines whether a defined set of alternative splicing events holds 
statistically significant inclusion differences between two biological states. 
In this case, we defined the set of alternative splicing events using naïve and 
primed pluripotency differentially included exons, more specifically using the 
2iL ESCs vs. EpiSCs comparison (see materials and methods). With this, we 
were able to test whether the effect of each KO on naïve-to-primed differential 
AS exons was significant, and more importantly, whether the isoform landscape 
of the ESCs would be more similar to the one found in 2iL ESCs or EpiSCs. 

Compared to controls, RbmxL2 KOs and Rbmx RbmxL2 DKOs showed an 
enrichment in inclusion of exons that are more highly included in primed 
pluripotency and an enrichment in exclusion of exons that are more highly 
included in naïve pluripotency (Figure 12B, C). This suggested a clear 
profile of isoform change towards primed pluripotency, albeit with a greater 
enrichment score in the Rbmx RbmxL2 DKOs compared to RbmxL2 single 
KOs. This hinted at the possibility that a set of naïve-to-primed exons might 
be co-regulated by both RbmxL2 and Rbmx and thus depleting the two factors 
has a greater effect. However, it must be noted that the increase in enrichment 
is minimal and thus is probably due to very few events. Additionally, we found 
that Rbmx exon KOs were significantly enriched in inclusion of alternatively 
spliced exons that were also more included in EpiSCs (Figure 12D). This came 
as a surprise given that, as we discussed earlier, in terms of differential gene 
expression Rbmx exon KOs were closer to the naïve state (Figure 11A, B). This 
might be a case where the regulation of alternative splicing and gene expression 
seem to be independent from one another. Rbmx RbmxL1 DKOs also were 

included exons were defined using paired comparisons of 2iL vs. EpiSCs across our 
three independent cell lines (E14, 46C, DizFx; see methods for further details). NES: 
Normalized enrichment score.
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significantly enriched in the inclusion of alternatively spliced exons that were 
also more included in EpiSCs (Figure 12E), which in this case, did coincide 
with the trend observed in gene expression where they were more primed. 

Impact of Rbmx/RbmxL2 regulatory axis on cell differentiation

As discussed in the introduction, LIF is indispensable to maintain the 
pluripotent state of ESCs in serum-based media. LIF signalling pathway 
promotes self-renewal and inhibits differentiation but when it is removed 
from the culture media that inhibition is cleared away and differentiation 
starts. Thus, to explore the influence of the Rbmx/RbmxL2 regulatory axis on 
cell differentiation, we performed simple LIF-removal differentiation assays 
testing Rbmx alternative exon, Rbmx, RbmxL1 and RbmxL2 depleted cell lines.

Firstly, we performed clonal monolayer differentiation assays. These consisted 
on plating KO ESC lines and controls in SL media and at clonal density and 
later removing LIF for two or four days. After this time, alkaline phosphatase 
(AP) staining was performed to detect the proportion of pluripotent colonies 
that remained (see material and methods). Importantly after four days of LIF 
removal, cell lines that have a limited capacity for differentiation will maintain 
a high proportion of pluripotent colonies which are highly AP stained, 
whereas lines with a tendency to differentiate will have a high proportion of 
differentiated colonies and thus low AP stained colonies (Figure 13). We found 
that RbmxL2 KOs and Rbmx RbmxL2 DKOs had a very strong tendency to 
differentiate, with most of the colonies showing low AP staining by day four of 
differentiation (Figure 13). This goes in line with what we had observed before 
and suggested that depletion of RbmxL2 primes ESCs for differentiation. 
Additionally, we found that one of the Rbmx RbmxL1 DKO clones, clone A2, 
had a delayed exit from pluripotency as many highly AP stained colonies still 
remained by day four of LIF removal. This was the same clone that we reported 
to have an unusual morphology, with rounder dome-shaped colonies compared 
to the other Rbmx RbmxL1 DKO clone and with controls (Figure 9B). These 
dome-shaped colonies are typical of 2iL ESCs and could be indicating a more 
naïve state, however, we did not detect an increase in most naïve pluripotent 
markers for this specific clone (Figure 10B).

To better pinpoint the dynamics of exit of naïve pluripotency, entry and exit of 
primed pluripotency as well as to identify any biases towards specific lineages 
in our KO lines, we performed embryonic body (EB) assays. We took samples 
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Figure 13: Pluripotency decrease assessed by AP staining during LIF removal 
clonal differentiation assay in ESCs depleted of Rbmx/RbmxL2 regulatory axis. 
ESCs were plated in SL at clonal density, LIF was removed for two or four days after 
which colonies were stained with AP staining. Colonies were counted and classified 
according to their level of AP staining (high, medium or low). Stacked plot depicts 
the population distribution of stained colonies and shows a clear delay in loss of 
pluripotency for Rbmx RbmxL1 KO clone A2 and a faster acquisition of differentiated 
characteristics in RbmxL2 KOs and Rbmx RbmxL2 DKOs. A minimum of 60 colonies 
were counted per condition per clone. n=3.
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Figure 14: Cell death, Rbmx, RbmxL1 and RbmxL2 gene expression and Rbmx 
alternative exon inclusion dynamics during embryoid body differentiation. (A) 
Western blot analysis displaying protein levels of cleaved Caspase-3 as a marker of 
apoptosis during embryoid body differentiation shows higher levels of cell death in 
Rbmx Rbmxl1 DKO clones compared to controls. (B) Line charts depicting Rbmx, 
RbmxL1 and RbmxL2 gene expression levels throughout EB differentiation as 
measured by RTqPCR show differential expression dynamics of RbmxL2 in Rbmx 
RbmxL1 DKOs and of Rbmx in Rbmx exon KOs. Expression values are normalized 
relative to the expression of Beta-actin (Actb1) and further normalized by the average 
maximum expression in the control cell lines across each differentiation experiment. 
For each genotype, central lines indicate mean values of both clones and ribbons, the 
standard error of the mean. P-values from two-sided Student’s t-tests comparing each 
genotype with controls are indicated for each time point: * p < 0.05, ** p < 0.01, *** p 
< 0.005, coloured by genotype. Experiment repeated in duplicate. (C) Left, gel images 
showing RT-PCR amplification of Rbmx alternative exon usage across controls and 
RbmxL2 KOs during EB differentiation. Numbers at the bottom of each lane under 
each image indicate PSI levels based on gel quantification. Right, line chart illustrating 
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every day for the first three days and every other day in the following 8 days 
and monitored gene expression levels by reverse transcription quantitative 
polymerase chain reaction (RTqPCR). One thing that was particularly striking 
when we performed these experiments was that both Rbmx RbmxL1 DKO 
clones had increased cell death (Figure 14A) and low attachment rates at later 
time points. Indeed, although the normal EB cell aggregates were formed, 
these persisted for longer with a low plate attachment rate and did not grow 
to the size that other KOs and controls did. This, together with the high levels 
of cell death observed, suggested that Rbmx RbmxL1 DKOs were refractory to 
differentiation.

First, we examined the relative expression levels of Rbmx, RbmxL1 and 
RbmxL2 during EB formation. Interestingly all KOs downregulated RbmxL2 
upon differentiation (Figure 14B). This included the Rbmx RbmxL1 DKOs that 
had higher expression levels of RbmxL2 to begin with, as we had previously 
observed in ESCs (Figure 10A). Importantly, Rbmx RbmxL1 DKOs start 
from higher levels of RbmxL2 but they adjust to the same expression levels 
as controls and Rbmx exon KOs by day 2 of differentiation (Figure 14B). We 
observed, however, a succeeding increase in RbmxL2 expression levels in 
Rbmx RbmxL1 DKOs at day seven of differentiation and these levels were then 
stably higher than controls for the rest of the differentiation. Nonetheless, we 
cannot rule out the possibility that this increase in RbmxL2 expression levels 
is a consequence of the high cell death that we observed. Certainly, it could be 
that those cells that remain alive are remaining in a pluripotent state and that 
those that die are cells that are differentiating. Indeed, this hypothesis could 
potentially explain what seems like a regain of RbmxL2 gene expression levels. 
Additionally, we observed that it was precisely the Rbmx RbmxL1 KO clone 
A2 that had higher levels of RbmxL2, therefore, a more acute phenotype than 
the other clone (clone H3). This more extreme phenotype could be reflecting 
what we saw in our previous LIF withdrawal experiments where clone A2 
had clear and distinct augmented maintenance of pluripotent colonies during 
differentiation (Figure 13).

inclusion levels based on gel quantifications for two clones of each genotype. Central 
line represents mean value per genotype and ribbons, the maximum and minimum 
(range) values.
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Figure 15: Gene expression profiles of naïve and primed markers during embryoid 
body differentiation in cell lines depleted of the Rbmx/RbmxL2 regulatory axis. 
(A) Line charts depicting Oct4 (general pluripotency marker), Klf4 (early naïve 
pluripotency marker), Klf2 and Rex1 (naïve pluripotency markers) gene expression 
levels throughout EB differentiation as measured by RTqPCR showing differential 
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Rbmx expression levels increase upon differentiation until they stabilize at 
around day 5 (Figure 14B). Curiously, although Rbmx expression levels in 
RbmxL2 KOs start at a higher level at ESCs (Figure 10A, Figure 14B), they 
tend to stabilize at the same level as controls also by day 5. This could suggest 
that a regulatory mechanism is in place to stabilize Rbmx expression levels to a 
specific range during differentiation and that this regulatory mechanism is not 
present in ESCs, allowing for higher Rbmx levels in RbmxL2 KOs in that state. 
Another interesting observation is that in Rbmx exon KOs, Rbmx expression 
levels are maintained low throughout differentiation hinting at a possible 
regulatory mechanism executed by the alternative splicing of this exon.

RbmxL1 gene expression levels, on the other hand, seem to show a similar 
pattern throughout differentiation in KOs and controls, albeit RbmxL2 depleted 
clones steadily maintain lower levels than the rest (Figure 14B). Interestingly, 
RbmxL1 expression levels go down upon pluripotency exit and stabilize by day 
seven.

In the light of Rbmx gene expression dynamics during EB differentiation, 
we decided to look at the inclusion dynamics of Rbmx terminal alternatively 
spliced exon. We found that exon inclusion is also differentially regulated upon 
differentiation, starting at intermediate levels of PSI and increasing inclusion 
at the exit of naïve pluripotency (Figure 14C). By day 5, exon inclusion is at 
its highest and then seems to stabilize at high inclusion levels for the rest of 
the differentiation. Curiously, this exon is also highly included in RbmxL2 
KO ESCs and this high inclusion is maintained thought EB formation. This 
compelling observation could potentially indicate a regulatory role of RbmxL2 
in the inclusion of this exon.

expression dynamics in KO cell lines. (B) Line charts depicting Otx2, Oct6, Dnmt3b 
(formative state, early primed pluripotency markers) and Fgf5 (primed pluripotency 
marker) gene expression levels throughout EB differentiation as measured by RTqPCR 
show differential expression dynamics of KO cell lines. Expression values are first 
normalized relative to the expression of Beta-actin (Actb1) and further normalized 
by the average maximum expression in the controls across each differentiation 
experiment. Central lines depict the mean value for two replicates and two clones 
per genotype and ribbons, the standard error of the mean. P-values from two-sided 
Student’s t-tests comparing each genotype with controls are indicated for each time 
point: * p < 0.05, ** p < 0.01, *** p < 0.005, coloured by genotype.
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To explore the potential differences in exit from naïve pluripotency, entry into 
primed pluripotency and the following exit from primed pluripotency, we 
examined the levels of naïve and primed markers during EB differentiation 
in our KOs and controls. First, the expression levels of Oct4, a general 
pluripotency marker showed that by day five RbmxL2 KOs and Rbmx RbmxL2 
DKOs had completely exited pluripotency whereas controls still showed 
detectable levels (Figure 15A). Expression levels of Klf4, an early marker of 
naïve pluripotency exit showed no difference among KOs. Importantly, the 24-
hour time window we set might be too lengthy to look at the dynamics of early 
naïve-exit markers. On the other hand, Klf2 and Rex1, two naïve pluripotency 
markers clearly showed that RbmxL2 KOs and Rbmx RbmxL2 DKOs have 
faster naïve pluripotency exit dynamics than controls. Furthermore, Otx2 and 
Oct6, two formative stage and early primed pluripotency markers, and Fgf5 
and Dnmt3b, two primed pluripotency markers, also showed faster exit from 
primed pluripotency of RbmxL2 KOs and Rbmx RbmxL2 DKOs compared to 
controls (Figure 15B). Notably, Oct6 gene expression dynamics also suggested 
an earlier entry into primed pluripotency for RbmxL2 KOs and one of the 
Rbmx RbmxL2 DKO clones, however, we did not detect this trend when 
looking at the other primed pluripotency markers.

Gene expression profiles of primitive streak markers Brachyury (T) and 
Eomes showed that RbmxL2 KOs and Rbmx RbmxL2 DKOs had substantial 
differences in dynamics compared to controls (Figure 16A). While at day three 
of EB differentiation RbmxL2 KOs and Rbmx RbmxL2 DKOs had a higher 

Figure 16: Gene expression profiles of primitive streak, mesoderm and endoderm 
markers during embryoid body differentiation in cell lines depleted of the Rbmx/
RbmxL2 regulatory axis. (A) Line charts depicting primitive streak markers Eomes and 
Brachyury (T) expression levels throughout EB differentiation as measured by RTqPCR 
showing differential expression dynamics in KO cell lines. (B) Line charts depicting 
mesodermal markers Snail and Flk1 expression levels throughout EB differentiation 
as measured by RTqPCR show differential expression dynamics of KO cell lines. 
Line charts depicting endodermal markers Sox17, Gata4 and Gata6 expression levels 
throughout EB differentiation as measured by RTqPCR show differential expression 
dynamics of KO cell lines. Expression values are first normalized relative to the 
expression of Beta-actin (Actb1) and further normalized by the average maximum 
expression in the controls across each EB differentiation experiment. Central lines 
depict the mean value for two replicates and two clones per genotype and ribbons, the 
standard error of the mean. P-values from two-sided Student’s t-tests comparing each 
genotype with controls are indicated for each time point: * p < 0.05, ** p < 0.01, *** p 
< 0.005, coloured by genotype.
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Figure 17: Gene expression profiles of neuroectoderm markers during embryoid 
body differentiation in cell lines depleted of the Rbmx/RbmxL2 regulatory axis 
and gene expression profile differences among Rbmx RbmxL1 KO clones. (A) 
Line charts depicting Blbp, Nestin and Musashi expression levels throughout EB 
differentiation as measured by RTqPCR show differential expression dynamics of KO 
cell lines. Expression values are first normalized relative to the expression of Beta-actin 
(Actb1) and further normalized by the average maximum expression in the controls 
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expression, by day five this expression was lower than controls. This change in 
the amplitude and duration of primitive streak marker expression levels could 
suggest greater synchronicity of RbmxL2 KOs and Rbmx RbmxL2 DKOs 
upon exit of pluripotency. This could be explained by a greater homogeneity 
of pluripotency factor levels across RbmxL2 KO and Rbmx RbmxL2 DKO cell 
populations as we observed previously (Figure 10C). 

We then investigated whether depletion of the components of the Rbmx/
RbmxL2 regulatory axis had any bias towards differentiation into any specific 
lineage. For this, we studied the gene expression of mesodermal, endodermal 
and neuroectodermal markers. In the case of mesoderm markers, we 
found that RbmxL2 KOs had differentially higher expression of Snail, a key 
inducer of epithelial-to-mesenchymal transition (EMT)427 and a lateral plate 
mesoderm marker by day eleven of differentiation (Figure 16B). Additionally, 
RbmxL2 KOs and Rbmx RbmxL2 DKOs showed an earlier Flk1 expression 
peak than controls. Flk1 is a marker for mesoderm and angiogenic precursors, 
it supports an endothelial fate and is expressed in the lateral plate mesoderm 
but more restricted to blood vessels and cardiac lineages428–431 thus these results 
suggested an earlier determination towards that fate. 

Regarding induction of the endodermal lineage during EB differentiation, we 
found a clear bias of RbmxL2 KOs towards overexpressing Gata4 and a trend 
to overexpress Sox17 (Figure 16C). Additionally, RbmxL2 KOs and Rbmx 
RbmxL2 DKOs seemed to have an increased expression of Gata6 throughout 
EB differentiation compared to controls. Together these results seemed to 
indicate that RbmxL2 KOs have a clear bias towards endomesodermal lineage 
whereas this bias is more restricted in Rbmx RbmxL2 DKOs. This might point 
to the need for a right balance between Rbmx and RbmxL2 expression for an 
unbiased lineage differentiation to occur.

across each EB differentiation experiment. Central lines depict the mean value for two 
replicates and two clones per genotype and ribbons, the standard error of the mean. 
(B) Line charts showing the high level of variability between the two clones of Rbmx 
RbmxL1 DKOs for some of the studied markers. Central lines indicate the average of 
two experiments and the ribbons mark the values for each individual replicate. P-values 
from two-sided Student’s t-tests comparing each genotype with controls are indicated 
for each time point: * p < 0.05, ** p < 0.01, *** p < 0.005, coloured by genotype.
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Concerning the neuroectodermal lineage, we observed that both RbmxL2 KOs 
and Rbmx RbmxL2 DKOs had clear difficulties to differentiate into it (Figure 
17A). On the other hand, as with the rest of the lineage markers, we did not 
observe substantial differences in neuroectodermal marker gene expression 
profiles of Rbmx exon KOs. 

Rbmx RbmxL1 DKO clone A2 showed a deviating phenotype compared to the 
other Rbmx RbmxL1 DKO clone, clone H3. In clone A2, we detected a regain 
of pluripotent markers by day seven and a prolonged expression of Dnmt3b 
and Oct6 (Figure 17B). Having a delay in primed pluripotency downregulation 
potentially goes in line with the hypothesis we proposed previously in which 
differentiating cells were dying and thus the expression signals could come 
from the pluripotent cells that remained, however this hypothesis clashes with 
the fact that both Rbmx RbmxL1 DKO clones behave differently. Furthermore, 
Rbmx RbmxL1 DKO clone H3 showed an increase in amplitude in primitive 
streak marker expression dynamics compared to control that was similar to 
what we saw for RbmxL2 KOs and Rbmx RbmxL2 DKOs (Figure 16A, Figure 
17B). Rbmx RbmxL1 DKO clone A2, however, did not seem to activate gene 
expression of Brachyury or Eomes to the levels of control cell lines although 
there was a slight gain in expression by day five of EB differentiation (Figure 
17B). Also, Snail and Flk1 hardly changed expression and maintained very low 
levels during EB differentiation in the A2 clone whereas in clone H3, Snail levels 
were similar to controls and Flk1 seemed to be downregulated sooner than 
controls (data not shown). Lastly, Blbp expression also showed a contrasting 
profile across the two RbmxL1 DKO clones with clone A2 upregulating Blbp 
expression sooner than controls and clone H3 (Figure 17B).
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Part II: Rbm47/Esrp regulatory axis

Epithelial splicing regulatory protein 1 (ESRP1), Epithelial splicing regulatory 
protein 2 (ESRP2), and RNA-binding protein 47 (RBM47) are three regulators 
that play a combinatorial regulation over a splicing program that is reverted 
during epithelial to mesenchymal transition (EMT)425,432,433.  Although RBM47 
mostly promotes epithelial splicing patterns by coregulating targets with 
ESRP1 and ESRP2, it also promotes different or opposite inclusion patterns in 
some alternative splicing events425. So far, these contrasting patterns have been 
overlooked.

We found that Rbm47 is expressed in naïve pluripotency while it is very lowly 
expressed in primed pluripotency (Figure 18A). Esrp1 expression however is 
low in 2iL ESCs but increases in SL ESCs and EpiSCs (Figure 18A). This led us 
to hypothesize that there could be a functional substitution for the regulation of 
RBM47/ESRP1 co-targets in the naïve-to-primed transition. This substitution 
could be responsible for partly switching the alternative splicing landscape 
from a naïve pluripotency state to a primed pluripotency state.

Esrp2 is a paralog of Esrp1; however, ESRP1 has been shown to be the primary 
driver of the ESRP-regulated alternative splicing programme390,432,433. Esrp2 
is expressed in both naïve and primed pluripotency, however, in 2iL ESCs 
the mean levels are twice the expression levels in EpiSCs (Figure 18A). 
Importantly, the expression levels of Esrp1 in both SL ESCs and EpiSCs are 
much higher than Esrp2 (4 times and 12 times higher, respectively). However, 
Esrp2 expression levels in 2iL ESCs are more than 8 times higher than Esrp1 
(Figure 18A). ESRP1 and ESRP2 have a similar amino acid sequence (60% 
identity) and possess three highly similar RRM domains (89%, 68% and 
76% identity) (Figure 18B). These three RRM domains have a high degree of 
conservation in ESRP orthologs of chicken, Drosophila melanogaster (Fusilli) 
and Caenorhabditis elegans (sym-2), specially RRM1434, suggesting similar RNA 
target sequences and interaction partners of splicing regulatory complexes. 
Additionally, ESRP2 has been shown to partially compensate for Esrp1 loss390 
suggesting functional redundancy.
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Altering the Rbm47/Esrp regulatory axis in naïve pluripotency

To understand the functional roles of RBM47 and ESRP1 on pluripotent cell 
identity, we made a set of full gene knockout (KO) ESC lines using the CRISPR/
Cas9 gene-editing system. Additionally, since it was possible that in our system 
ESRP2 could be compensating for Esrp1 depletion too, we also generated full 
gene KO ESC lines combining Esrp1 and Esrp2 deletions. Specifically, Rbm47 
deletions were directed by the use of two guide RNAs (gRNAs) targeting two 
different sites in the first coding exon of the gene (Figure 19A). This strategy 
generated deletions of ~750bp. Esrp1 deletions were directed by two gRNAs 
targeting exon 7 and intron 9 (Figure 19A). This generated Esrp1 deletions of 
over 550bp. Esrp2 was targeted by two gRNAs that bound to introns 2 and 5 
(Figure 19A). This resulted in deletions of over 900bp. 
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Figure 18: Expression level and protein features of RBM47, ESRP1 and ESRP2 in 
naïve and primed pluripotency. (A) Expression levels of Rbm47, Esrp1 and Esrp2 
across three independent cell lines in naïve and primed cell culture conditions show 
differing expression patterns. (B) Protein features of RBM47, ESRP1 and ESRP2. Blue 
lines depict exon-exon junctions. RRM: RNA recognition motif.
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We generated single KO ESC cell lines for each splicing factor Rbm47, Esrp1 
and Esrp2 to analyse the roles of each axis component separately. Additionally, 
we generated double KO ESC cell lines for Esrp1 together with Esrp2 to study 
the compensatory role of ESRP2, and double KO ESC cell lines for Esrp1 
together with Rbm47 to examine the impact of this regulatory axis on naïve 
and primed pluripotency. Moreover, we generated triple KO ESC cell lines for 
Rbm47, Esrp1 and Esrp2 to abolish any possible compensatory effect that Esrp2 
expression could render. All of the above cell lines were generated in parallel, 
and various clones were obtained. Furthermore, we generated control ESC 
lines transfected in parallel with an empty vector (termed px). We validated 
the depletion of ESRP1 and RBM47 by western blot analysis (Figure 19B). 
Sadly, we were not able to validate ESRP2 depletion via western blot analysis 
due to the absence of a specific antibody. However, Esrp2 transcript was clearly 
diminished in all confirmed Esrp2 KOs (Figure 20A). All of the cell lines 
were subsequently karyotyped and expanded for the following experiments 
(see Materials and methods for further details). We carried out subsequent 
experiments using two clones for each genotype to ensure solid reproducible 
conclusions. Morphologically, all twelve KO cell lines had a similar appearance 
to controls when grown in the permissive SL conditions (Figure 19C).

We found that Rbm47 depletion in ESCs under SL conditions leads to a 
slight increase in Esrp1 mRNA and protein levels (Figure 19B, Figure 20A). 
Additionally, both Esrp1 Esrp2 DKO clones show a slight downregulation 
of Rbm47 expression at the transcript (Figure 20A) and at the protein level 
(Figure 19B). Finally, one Esrp2 KO clone, clone 75.2, consistently shows an 
increase in Esrp1 expression both at the transcript level (Figure 20A) and at the 
protein level (Figure 19B). Together, these results might suggest a moderate 
compensatory regulation across the components of the Rbm47/Esrp regulatory 
axis.

To investigate the effect that the depletion of Rbm47, Esrp1 and/or Esrp2 had 
on pluripotency, we tested the general expression patterns of naïve and primed 
pluripotency markers in our KO ESC lines in SL conditions and found no 
significant differences (Figure 20A). Yet, we did detect higher KLF4 protein 
levels in Esrp1 Esrp2 DKOs and Esrp1 Esrp2 Rbm47 TKOs (Figure 19B) 
suggesting that the interplay between these splicing factors may affect naïve 
pluripotency state. However, this was not reflected at the transcript level (Figure 
20A). Furthermore, all KO cell lines grown in SL conditions display similar 
levels of heterogeneity in the expression of NANOG, OCT4 and KLF4 with 
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the sole exception of Esrp2 KOs which show higher heterogeneity among the 
population of cells (Figure 20B). More specifically, in Esrp2 KOs more cells in 
the population have high levels of OCT4, NANOG and KLF4 showing a wider 
spectrum of levels among the population compared to controls. Interestingly, 
these higher levels of naïve pluripotency markers in subpopulations of Esrp2 
KOs did not translate into higher levels in the whole population as seen by 
western blot (Figure 19B).

We performed RNA-seq of Esrp1 Esrp2 DKOs, Rbm47 KOs and Esrp1 Esrp2 
Rbm47 TKOs ESCs grown in parallel with controls in SL conditions to examine 
the effect of these gene depletions on the general pluripotency state. Gene Set 
Enrichment Analysis (GSEA)426 shows that Esrp1 Esrp2 DKOs are significantly 
more enriched in the differential gene expression profile of naïve pluripotency 
compared to controls (Figure 21A). Additionally, they display a significant 
downregulation of primed pluripotency gene expression profile (Figure 21B). 
In contrast, Rbm47 KOs exhibit an upregulation of primed pluripotency gene 
expression profile (Figure 21B) and a downregulation of naïve pluripotency 
gene expression profile (Figure 21A). These results support the hypothesized 
opposing roles for Esrp1/2 and Rbm47 in the control of pluripotency states. 
Finally, disrupting the whole Rbm47/Esrp axis elicits a gene expression profile 
that is neither enriched in naïve pluripotency upregulated genes (Figure 21A) 
or in primed pluripotency upregulated genes (Figure 21B).

Hierarchical clustering of all samples by differential alternative splicing profiles 
determined the effect of Esrp1 Esrp2 and/or Rbm47 depletion on alternative 
splicing landscapes. Interestingly, Esrp1 Esrp2 DKOs cluster separately from 
Esrp1 Esrp2 Rbm47 TKOs and Rbm47 KOs (Figure 21C). This indicates that 

Figure 19: Generation of ESC lines with Rbm47, Esrp1 and/or Esrp2 CRISPR/
Cas9 gene depletions. (A) CRISPR/Cas9 strategy for depletion of Rbm47, Esrp1 and 
Esrp2 genes. Red arrows illustrate the gRNAs that were used to delete a region of over 
750bp in the first coding exon of Rbm47. Orange arrows illustrate the gRNAs that were 
used to delete a region of over 550bp from exon 7 to intron 9 of Esrp1. Green arrows 
illustrate the gRNAs that were used to delete a region of over 900bp between intron 
7 and 9 of Esrp2. (B) Western blot analysis displaying protein levels of ESC cell lines 
grown in SL conditions shows complete depletion of ESRP1 and RBM47 proteins in 
KO cell lines. Protein levels of pluripotency markers OCT4, KLF4 and NANOG are 
also shown. Empty vector controls are labelled as px1 and px4. Representative image of 
experiment repeated in triplicate. (C) Bright-field images of ESC KO cell lines grown 
in SL conditions show similar morphology across in all cell lines.
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Figure 20: Naïve pluripotency markers upon depletion of Rbm47/Esrp regulatory 
axis in ESCs. (A) Bar plots displaying relative gene expression levels of Rbm47, 
Esrp1 and Esrp2 measured by quantitative PCR across all ESC KO lines grown in SL. 
Experiment performed in triplicate. (B) Bar plots depicting relative gene expression 
levels of general pluripotency (Oct4), naïve pluripotency (Prdm14, Klf4, Nanog, Rex1), 
formative pluripotency (Oct6, Dnmt3b) and primed pluripotency (Fgf5) markers 
measured by quantitative PCR in all KO lines. P-values from two-sided Student’s 
t-tests comparing each genotype with controls are indicated: * p < 0.05, ** p < 0.01, *** 
p < 0.005. Experiment performed in triplicate. (C) Microscopy images of KO clones 
immunostained for naïve pluripotency markers (NANOG and KLF4) and general 
pluripotency marker (OCT4) shows higher heterogeneity in their expression among 
Esrp2 KO colonies.

Rbm47 deletion drives the alternative splicing switch in Esrp1 Esrp2 Rbm47 
TKOs over the potential effect of Esrp1 Esrp2 depletion on isoform diversity. 
Alternative Splicing Set Enrichment Analysis (ASSEA) confirmed this 
observation. Firstly, Esrp1 Esrp2 DKOs are significantly enriched in a more 
naïve pluripotency alternative splicing landscape than controls (Figure 21D). 
This is accomplished by both including more naïve highly included exons 
and by excluding more primed highly included exons, suggesting that ESRP1 
influences both exon inclusion and exclusion in the naïve-to-primed transition. 
RBM47, however, seems to affect mainly exon inclusion as ASSEA shows a 
significant enrichment in excluding alternatively spliced exons that were also 
more excluded in EpiSCs but does not show an enrichment in including exons 
that were more included in EpiSCs (Figure 21E). Finally, Esrp1 Esrp2 Rbm47 
TKOs also show this trend towards a primed pluripotency exon exclusion 
profile, albeit with a greater enrichment score than Rbm47 KOs (Figure 21F). 
This hinted at the possibility that a set of naïve-to-primed exons might be co-
regulated in the same direction by Rbm47 and Esrp1/Esrp2. Nevertheless, it 
must be noted that the increase in enrichment is modest which implies that 
probably these are not many events.
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Figure 21: Gene set and alternative splicing set enrichment analysis shows Esrp1 
Esrp2 DKOs upregulate naïve pluripotency whereas Rbm47 KOs upregulate 
primed pluripotency. (A) GSEA depicting enrichment in naïve gene expression 
profile of differentially expressed genes across Esrp1 Esrp2 and/or Rbm47 depleted 
SL ESC lines compared to controls shows Esrp1 Esrp2 DKOs significantly upregulate 
naïve pluripotency whereas Rbm47 KOs and Esrp1 Esrp2 Rbm47 TKOs downregulate 
it.  (B) GSEA depicting enrichment in primed gene expression profile of differentially 
expressed genes across Esrp1 Esrp2 and/or Rbm47 depleted SL ESC lines compared 
to controls shows Esrp1 Esrp2 DKOs and Esrp1 Esrp2 Rbm47 TKOs significantly 
downregulate primed pluripotency whereas Rbm47 KOs upregulate it. Ranked lists 
of naïve and primed markers were made with the differential gene expression profile 
defined using paired comparisons of 2iL vs. EpiSCs across our three independent 
cell lines (E14, 46C, DizFx) and E4.5 vs. E6.5 epiblasts (see materials and methods 
for further details). (C) Heatmap depicting scaled PSI levels of differential AS events 
(cassette exon, intron retention, alternative 5’ss or alternative 3’ss events) occurring 
across Esrp1 Esrp2 and/or Rbm47 depleted SL ESC lines. Empty vector controls are 
labelled as px1 and px4. (D) ASSEA of Esrp1 Esrp2 DKOs shows enrichment in 
inclusion of primed excluded exons (higher in naïve) and in exclusion of primed 
included exons (higher in primed) compared to controls. (E) ASSEA of Rbm47 KOs 
shows enrichment in exclusion of primed excluded exons compared to controls. 
(F) ASSEA of Esrp1 Esrp2 Rbm47 TKOs shows enrichment in exclusion of primed 
excluded exons. In all cases for ASSEA we used ranked lists of differentially included 
exons made with the differential PSI profile defined using paired comparisons of 2iL 
vs. EpiSCs across our three independent cell lines (E14, 46C, DizFx) (see materials 
methods for further details). NES: Normalized enrichment score.

Impact of Rbm47/Esrp regulatory axis on cell differentiation

We used clonal monolayer differentiation upon LIF-removal assays to test 
the influence of Rbm47/Esrp regulatory axis on cell differentiation. Firstly, 
we found that Esrp1 Rbm47 DKOs have a greater proportion of highly AP 
stained colonies compared to controls and all other Esrp1, Esrp2 and/or 
Rbm47 depletion mutants when grown in SL (Figure 22). This fits in with 
our previous observation of high KLF4 protein levels in Esrp1 Rbm47 DKOs 
compared to controls (Figure 19B). However, Esrp1 Esrp2 Rbm47 TKOs also 
showed higher levels of KLF4 but do not seem to have a greater proportion 
of highly AP stained colonies compared to controls (Figure 19B, Figure 22), 
thus pointing at another possible explanation. Importantly, after two days of 
LIF removal, Esrp1 Rbm47 DKOs still retain a greater proportion of highly 
AP stained colonies compared to controls. At this point, the Esrp2 KO clone 
75.2 also shows the same high degree of AP stained colonies. This clone has 
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Figure 22: Pluripotency decrease assessed by AP staining during LIF removal 
clonal differentiation assay in ESCs depleted of Rbm47/Esrp regulatory axis. 
ESCs were plated in SL at clonal density, LIF was removed for two or four days after 
which colonies were stained with AP staining. Colonies were counted and classified 
according to their level of AP staining (high, medium or low). Stacked plots depict 
the population distribution of stained colonies and shows a significant delay in loss 
of pluripotency for Esrp2 KO clone 75.2 and Esrp1 Rbm47 DKOs. A minimum of 88 
colonies were counted per condition per clone. n=3.

higher Esrp1 expression levels than the other Esrp2 KO clone when cultured 
in SL (Figure 19B, 20A). This difference might account for the differences in 
pluripotency exit between the two. Curiously, however, these clones did not 
show differences in the proportion of AP stained colonies in SL conditions 
(Figure 22). By day four of differentiation, Esrp2 KO clone 75.2 retains this 
higher level of undifferentiated colonies in comparison to controls and the 
other Esrp2 KO clone (Figure 22). Additionally, Esrp1 Rbm47 DKOs retain 
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a greater proportion of undifferentiated colonies compared to controls and 
all other Esrp1, Esrp2, Rbm47 depletion mutants. This indicates that Esrp1 
Rbm47 DKOs have a delayed exit from pluripotency.

Given that Esrp1 Esrp2 DKOs display a more naïve differential gene expression 
profile and Rbm47 KOs display a more primed differential gene expression 
profile compared to controls (Figure 21A, B), it was unexpected to see that 
these cell lines do not show different pluripotency exit dynamics (Figure 22). 
Moreover, Esrp1 Esrp2 Rbm47 TKOs seem to display an alternative differential 
gene expression profile relative to controls, which does not relate to either 
naïve or primed pluripotency (Figure 21A, B) yet they also don’t seem to have 
different pluripotency exit dynamics (Figure 22). This prompted us to study the 
levels of naïve and primed markers during the EB differentiation time-course 
of these KOs relative to controls. We did this in two independent rounds of 
experiments. First, testing Esrp1 Esrp2 DKOs, Rbm47 KOs and controls, and 
separately, testing Esrp1 Esrp2 Rbm47 TKOs and controls.

Importantly, during the first days of EB differentiation, Rbm47, Esrp1 and Esrp2 
expression levels seem to follow a similar pattern: first they increase, reaching a 
peak at 1 or 2 days of differentiation and then decrease until day 5 or 7 (Figure 
23A). Throughout most of it, Rbm47 expression levels are steadily higher in 
Esrp1 Esrp2 DKOs compared to controls, whereas Esrp1 and Esrp2 expression 
levels show a slight tendency to be higher in Rbm47 KOs compared to controls 
(Figure 23A). This might suggest a moderate compensatory regulation across 
the components of the Rbm47/Esrp regulatory axis.

Over the course of EB differentiation, the expression dynamics of naïve 
and primed pluripotency markers in Rbm47 KOs are similar to controls 
(Figure 23B). On the other hand, Esrp1 Esrp2 DKOs show a very modest, 
but significant tendency for a slower downregulation of naïve pluripotency 
markers. Furthermore, they also show a slower downregulation of the primed 
pluripotency markers Otx2 and Fgf5 but not of Oct6 or Dnmt3b. In fact, 
Dnmt3b expression levels in Esrp1 Esrp2 DKOs are lower than in controls at 
the maximum peak of its expression, 48hrs after LIF-withdrawal (Figure 23B). 
This might suggest a role for ESRP1 and/or ESRP2 in DNA methyltransferase 
regulation. All in all, this is indicative of an atypical primed pluripotency and 
suggested that the dynamics of entry and exit from primed pluripotency are 
slightly affected in Esrp1 Esrp2 DKOs but not in Rbm47 KOs.
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On the other hand, in Esrp1 Esrp2 Rbm47 TKOs, the dynamics of naïve 
pluripotency marker expression levels match those in the controls (Figure 23C), 
suggesting that they do not show differences in the exit from naïve pluripotency. 
Furthermore, entry and exit dynamics from primed pluripotency are also not 
significantly affected as the timings of upregulation and downregulation of 
Otx2, Oct6, Fgf5 and Dnmt3b gene expression are similar to controls (Figure 
23D). However, we did find that Dnmt3b expression levels in Esrp1 Esrp2 
Rbm47 TKOs tended to be lower than controls at the maximum peak of its 
expression and although this trend is not significant, it parallels what we 
saw for Esrp1 Esrp2 DKOs (Figure 23B). Together, these results confirm our 
previous observation that Esrp1 Esrp2 Rbm47 TKOs do not have a delayed 
exit from pluripotency.

During EB differentiation, Esrp1 Esrp2 DKOs display a higher peak in the 
gene expression profiles of primitive streak markers Brachyury (T) and Eomes 
compared to controls (Figure 24A left). Rbm47 KOs, on the other hand, do not 
show substantial differences. Furthermore, simultaneous depletion of Esrp1, 
Esrp2 and Rbm47 does not change Brachyury expression dynamics but does 
slightly decrease Eomes gene expression peak (Figure 24A right). Importantly, 
both Brachyury and Eomes are EMT drivers 435–438, therefore together these 

Figure 23: Gene expression profiles of splicing factors and naïve and primed 
markers during embryoid body differentiation in cell lines depleted of the Rbm47/
Esrp regulatory axis. (A) Line charts showing the expression dynamics along the 
EB differentiation time course for the three candidate splicing factors: Esrp1, Esrp2 
and Rbm47 in control and KO lines. (B) Top row, line charts depicting Oct4 (general 
pluripotency marker), Klf4 (early naïve pluripotency marker), Klf2 and Rex1 (naïve 
pluripotency markers) gene expression levels throughout EB differentiation as 
measured by RTqPCR show expression dynamics of Esrp1 Esrp2 KO, Rbm47 KO and 
control (px1, px4) cell lines. Bottom row, line charts depicting Otx2, Oct6, Dnmt3b 
(formative state, early primed pluripotency markers) and Fgf5 (primed pluripotency 
marker) gene expression levels throughout EB differentiation as measured by RTqPCR 
show expression dynamics of Esrp1 Esrp2 DKO, Rbm47 KO and control cell lines. 
(C) Same as (A) but testing Esrp1 Esrp2 Rbm47 KO cell lines and controls in an 
independent set of experiments. Expression values are first normalized relative to the 
expression of Beta-actin (Actb1) and further normalized by the average maximum 
expression in the controls across each EB differentiation experiment. Central lines 
depict the mean value for two replicates and two clones per genotype and ribbons, the 
standard error of the mean. P-values from two-sided Student’s t-tests comparing each 
genotype with controls are indicated for each time point: * p < 0.05, ** p < 0.01, *** p 
< 0.005, coloured by genotype.
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results might suggest that the right balance between Rbm47 and Esrp1 Esrp2 
expression is necessary for EMT induction. If Esrp1 and Esrp2 are depleted, it 
results in a stronger EMT induction but when Rbm47 is depleted concomitantly 
with Esrp1 and Esrp2, this stronger induction is diminished.

We studied the gene expression of mesodermal, endodermal and 
neuroectodermal markers to investigate whether depletion of the components 
of the Rbm47/Esrp axis provided any bias of differentiation induction into any 
specific lineage. Firstly, Esrp1 Esrp2 DKOs show a clear downregulation of 
endodermal and neuroectodermal lineage markers (Figure 24C, D left), yet the 
disparity of mesodermal marker expression across the two Esrp1 Esrp2 DKOs 
clones and experimental replicates impedes drawing conclusions for the possible 
impact of Esrp1 and Esrp2 depletion on mesodermal differentiation (Figure 
24A, B left). Secondly, Rbm47 KOs seem to show a significant downregulation 
of endodermal induction (Figure 24C left). Finally, simultaneous depletion of 
Esrp1, Esrp2 and Rbm47 strongly inhibits mesendodermal induction (Figure 
24B, C right) and promotes neuroectoderm differentiation (Figure 24D right). 
Taken together, this suggests that Rbm47 and Esrp1/Esrp2 coregulate key 
pathways involved in lineage differentiation.

Figure 24: Gene expression profiles of primitive streak, mesoderm, endoderm 
and neuroectoderm markers during embryoid body differentiation in cell lines 
depleted of the Rbm47/Esrp regulatory axis. (A) Line charts depicting primitive 
streak markers Brachyury (labelled as T) and Eomes expression levels throughout 
EB differentiation as measured by RTqPCR. (B) Line charts depicting mesodermal 
markers Snail and Flk1 expression levels throughout EB differentiation as measured 
by RTqPCR. (C) Line charts depicting endodermal markers Sox17, Gata4 and Gata6 
expression levels throughout EB differentiation as measured by RTqPCR. (D) Line 
charts depicting Blbp and Musashi expression levels throughout EB differentiation as 
measured by RTqPCR. Expression values are first normalized relative to the expression 
of Beta-actin (Actb1) and further normalized by the average maximum expression 
in the controls across each EB differentiation experiment. Central lines depict the 
mean value for two replicates and the two clones per genotype and ribbons, the 
standard error of the mean. P-values from two-sided Student’s t-tests comparing each 
genotype with controls are indicated for each time point: * p < 0.05, ** p < 0.01, *** p 
< 0.005, coloured by genotype. Results shown are from two independent experiments 
performed in duplicate: one done using Esrp1 Esrp2 KO, Rbm47 KO and control cell 
lines (left) and the other using Esrp1 Esrp2 Rbm47 KO and control cell lines (right).
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Part III: Large-scale search for alternative 
splicing regulators

To find additional regulatory networks that control naïve-to-primed alternative 
splicing landscape switch, we performed a Systematic Parallel Analysis of 
Endogenous RNA Regulation Coupled to Barcode Sequencing (SPAR-seq)439 
screen in collaboration with Dr. Hong Han and Dr. Ben Blencowe (University 
of Toronto). Briefly, SPAR-seq is a multiplex quantitative genomics screen 
that generates a sequencing output able to comprehensively test the effect of 
hundreds of trans-acting factors on dozens of alternative splicing events.

We examined a library of 1536 small interfering RNA (siRNA) single 
knockdowns and controls for their effect on 41 naïve-to-primed alternative 
splicing events. These comprised 38 cassette alternative exon events and three 
intron retention events (Figure 25A). These events were selected based not 
only on their differential splicing between naïve and primed samples but also 
on the possibility of obtaining robust results when combined in a multiplex 
PCR, what required several rounds of primer testing and adjustments. 
Additionally, three gene expression events corresponding to naïve, primed and 
housekeeping markers (Klf4, Fgf5 and Gapdh respectively) were monitored as 
internal controls. All 44 events were simultaneously amplified by multiplex 
RT-PCR on RNA extracted from siRNA knockdowns in 96-well plates (Figure 
25B). Then, to identify each well, a second PCR was performed to add dual-
index barcodes. Finally, the barcoded amplicons were pooled and sequenced.

As discussed in previous sections, SL maintains cells in naïve state but remains 
permissive for primed pluripotency and occasional differentiation thus it 
presents an ideal platform for testing the effect of gene depletions on stem 
cell identity as it is sensitive enough to expose both positive and negative 
regulators of the naïve alternative splicing network. Accordingly, siRNA-
knockdowns were performed on CGR8 mESCs grown in SL culture conditions. 
Specifically, 1416 genes were targeted and these included 654 splicing- and 
RNA- associated factors; 858 chromatin and transcription-associated factors; 
and 65 signalling and post-translational associated factors related to splicing 
regulation. Additionally, siRNAs targeting 32 positive controls (simultaneous 
knockdown of Mbln1 and Mbln2) and 88 negative controls (including non-
targeting siRNAs, mock controls and untreated samples)439 were included.
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Using a pipeline developed to quantify alternative splicing events from the 
SPAR-seq read output by employing a manually constructed exon-exon and 
exon-intron junction library, we were able to calculate the percentage of 
transcripts with the exon spliced in (PSI) and the percentage of transcripts 
with intron retained (PIR) values. These values were normalized to correct for 
variation among plates across the two biological replicates to ensure specificity 
and reproducibility (see materials and methods).

For each alternative splicing event, we identified candidate regulators that 
significantly shifted normalized PSI levels in the same direction in both 
biological replicates (Figure 26A). Then, for each valid event based on read 
coverage and PSI range (see Methods), we scored the regulators for which 
both replicates were among the top 50 induced changes in inclusion levels. We 
focused on those regulators that were identified in at least two or more naïve-
to-primed events and that only changed events towards the isoforms found 
in one pluripotency state or the other. With this, we were able to identify two 
potential primed regulators whose knockdown drives the expression of 2iL 
ESCs isoforms and ten potential naïve regulators whose knockdown drives 
the expression of EpiSC isoforms (Figure 26B). To investigate if these factors 
could be regulating alternative splicing in the naïve-to-primed transition, we 
examined their expression levels across naïve and primed samples in three 
independent stem cell lines (Figure 26C). Interestingly, among all potential 
regulators, there was only one, Quaking (QKI), whose transcript abundance 
changes consistently between 2iL ESCs and EpiSCs. All other potential splicing 
factors do not substantially change the mRNA expression levels between 2iL 
ESCs and EpiSCs. 

QKI is a STAR (signal transduction and activation of RNA) family RBP that 
has been shown to be key in oligodendrocyte differentiation440–444, monocyte/
macrophage differentiation445, vascular development446, myocyte cell 
function447,448, EMT425,449, and cell adhesion signalling450. It is involved mainly 
in alternative splicing regulation441,443,445,447,451–453 but roles in circular RNA 
production449, micro-RNA processing454,455, mRNA stability456 and translation457 
have also been described. In the case of alternative splicing regulation, QKI 
acts as a trans-acting factor by binding to QKI responsive elements (QRE), 
which are mainly found in introns458. As many other splicing regulators, it 
generally favours exon inclusion if bound downstream of the regulated exon, 
and exon skipping, if bound upstream of the regulated exon447,450. Since the 
SPAR-seq indicated us that QKI was regulating some of our tested events in 
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Figure 25: Systematic Parallel Analysis of Endogenous RNA Regulation Coupled to 
Barcode Sequencing (A) RT-PCR primer validations of naïve-to-primed alternative 
splicing events across three different cell lines (E14, DizFx and 46C) in three different 
culture conditions (2iL ESCs, SL ESCs, EpiSC). Please refer to materials and methods 
section for a complete list of the multiplex primers used in the screen. (B) SPAR-seq 
strategy. A total RNA pool was extracted from 1536 siRNA knockdown and control 
treatments that were performed with two biological replicates in SL ESCs (CGR8 cell 
line). In total, 32 96-well plates were used for SPAR-seq. For each well, a multiplex 
RT-PCR was applied to simultaneously amplify 44 transcript regions which assessed 
naïve-to-primed alternatively spliced exon inclusion, intron retention and gene 
expression. In this first RT-PCR, primers with universal adaptor sequences were used. 
Subsequently, unique dual-index barcodes were added by a second PCR for multiplex 
barcode sequencing. Barcoded sequencing libraries were pooled and sequenced using 
Illumina HiSeq2500. A total of four sequencing reads were produced: Read 1 (R1) and 
Read 2 (R2) were mapped to exon-exon junctions and exon-intron junctions and the 
two other reads were barcode sequencing reads to identify each unique siRNA sample. 
Adapted from Han et al. 2017439.
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Figure 26: Identification of potential naïve-to-primed alternative splicing 
regulators using SPAR-seq output (A) Box plot depicting normalized PSI values for 
exon 13 in Picalm, one of the events monitored by SPAR-seq, as an example. Each dot 
in the plot represents one sample and each box plot corresponds to one 96 well plate. 
Both biological replicates are shown. The top three samples are marked with their 
respective siRNA knock-down target showing only Qki knock-down reproducibly 
increases the normalized PSI value of Picalm exon 13. KD: knock-down. (B) Bar plot 
of top candidate regulators identified by SPAR-seq depicts siRNA knock-down targets 
that reproducibly switched normalized PSI values of naïve-to-primed events towards 
their 2iL ESC (red) or EpiSC (blue) isoforms. For each candidate regulator, the number 
of regulated events is shown. (C) Transcript abundance levels of candidate regulators 
calculated using RNAseq across three different cell lines (E14, DizFx and 46C) in three 
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ESCs, we set out to explore the possible regulatory role of QKI in naïve and 
primed alternative splicing landscape maintenance.

Firstly, we analysed a formerly published Quaking knockdown RNA-seq 
dataset from Hayakawa-Yano et al. performed in primary neural stem cells450 
using vast-tools to identify alternative splicing switches. We cross-compared 
these alternative splicing exon switches with those occurring in the naïve-
to-primed transition to find out whether other QKI-regulated exons were 
differentially regulated in the naïve-to-primed transition with the same 
direction of change. We found that co-occurring alternative exon switches in 
naïve-to-primed transition and in neural stem cells after diminishing Quaking 
levels substantially correlated (Figure 27A). Additionally, all types of naïve-
to-primed events (primed specific, progressive and 2iL-excluding) had a high 
degree of consistency with the Quaking knockdown (Figure 27A bottom). This 
suggested a possible regulatory role for QKI in the naïve-to-primed transition. 
However, although Quaking had higher transcript levels in 2iL ESCs, they were 
very similar in SL ESCs compared to EpiSCs (Figure 26C).

If QKI has a regulatory role in the alternative splicing switch occurring in 
the naïve-to-primed transition, both naïve culture conditions would have 
to maintain higher levels of active QKI than in primed samples. At the 
transcriptional level, SL ESCs and EpiSCs had similar Quaking levels (Figure 
26C). This hinted at a possible post-transcriptional or post-translational 
regulation of the QKI protein. Therefore, we first investigated the protein levels 
in SL ESCs and EpiSCs and found that both had similar QKI protein levels 
(Figure 27B). Additionally, we did not detect substantial QKI isoform changes 
in the naïve-to-primed transition. In terms of post-translational modifications, 
to our knowledge, just one QKI phosphorylation has been described to date. 
It takes place at QKI’s highly conserved c-terminal tyrosine cluster459. This 
phosphorylation is carried out by Src family protein tyrosine kinases and 
decreases the ability of QKI to bind target RNA in vivo and in vitro459. This goes 
in line with the impact of tyrosine phosphorylation of other STAR proteins, 
in which tyrosine phosphorylation lowers the affinity to mRNA targets and 

different conditions (2iL ESCs, SL ESCs and EpiSCs) shows Quaking (Qki) is the only 
factor that substantially changes among 2iL ESCs and EpiSCs (FDR < 0.01). cRPKMs: 
Corrected-for-mappability Reads per Kbp and Million mapped reads.
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Figure 27: Regulatory role of QKI in naïve pluripotency (A) Scatter plot depicting 
the cross comparison of inclusion levels of differential naïve-to-primed alternative 
spliced exons changing upon Quaking shRNA knockdown (Qki KD) in primary 
neural stem cells from Hayakawa-Yano et al. 2017450. NSC: Neural stem cells. dPSI: 
difference in PSI. On the bottom right, bar plot illustrating the level of consistency of 
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abolishes the ability to regulate splice site selection460,461. Additionally, although 
it has not been described for QKI, other STAR proteins can have serine/
threonine phosphorylations which in turn increase the RNA-binding affinity 
of the protein462. Therefore, we hypothesized that if the QKI phosphorylation 
levels were different in SL ESCs and EpiSCs, this would potentially explain the 
difference in the alternative splicing patterns of QKI targets. Using Phos-tag 
western blots we found that QKI phosphorylation levels are the same in SL 
ESCs compared to EpiSCs (Figure 27C).

Another possibility for the downregulation of QKI activity at the primed state 
of pluripotency would be the shortage of a co-factor that could be cooperating 
in the splice site selection. To our knowledge, only two factors have been 
proposed to have cooperative regulation of alternative splicing with QKI, these 
are PTBP1 and RBFOX2425,447. We found that the transcript levels of these two 
factors were not changing in the naïve-to-primed transition suggesting that they 
were not responsible for QKI’s diminished activity in primed cells. Curiously, 
one study had suggested that QKI alternative splicing regulation opposes that 
of ESRP1 and RBM47425. This study, however, provided no evidence of shared 
targets between ESRP1 and/or RBM47 with QKI425. Considering first, that we 
found opposing regulatory roles between ESRP1 and RBM47 and secondly, 
that RBM47 is expressed in 2iL ESCs and increases expression levels in SL 
ESCs but is completely depleted in EpiSCs; we speculated that RBM47 could 
be cooperating with QKI in naïve-to-primed alternative splicing regulation.

differential naïve-to-primed cassette exon alternative splicing in neural stem cell Qki 
KD. The number at the base of each bar represents the number of shared differential 
alternative exon events. (B) Western blot showing similar QKI protein levels across 
SL ESCs and EpiSCs. KLF4 and OTX2 are shown as markers of naïve and primed 
pluripotency, respectively. (C) Phos-tag western blot showing no phosphorylation 
events occurring in QKI protein across SL ESCs and EpiSCs. (D) Bar plot showing Qki 
mRNA expression levels in wild type (WT) and Qki KD lines grown in SL conditions 
and of EpiSCs as a reference for primed pluripotency levels. Expression values are 
normalized relative to the expression of Beta-actin (Actb1). (E) Western blot showing 
QKI levels in the two Quaking knockdown (Qki KD) lines and wild type (WT) ESCs 
grown in SL condition. (F) Gel images showing RT-PCR amplification of differential 
naïve-to-primed events across across Quaking knockdowns (Qki KD), and wild type 
(WT) ESCs grown in SL condition and EpiSCs reveal strong isoform switches. -RT: 
minus reverse transcriptase control (G) Microscopy images of Quaking knockdown 
(Qki KD) and wild type (WT) ESCs grown in SL condition immunostained for naïve 
pluripotency markers show comparable heterogeneity levels among colonies.
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In collaboration with Dr. Alessandro Dasti and Dr. Elias Bechara from the 
Tartaglia lab, who provided the mutant cell lines, we set out to explore the 
impact of QKI depletion on naïve-to-primed transition. We used two cell lines 
generated by CRISPR/Cas9-mediated targeting of Quaking in E14 ESCs: one, 
clone 2.2, showed a very strong reduction of QKI protein levels and the other, 
clone 2.4, had an almost complete depletion of QKI protein but none of them 
downregulated Quaking at the transcriptional level (Figure 27D, E). We found 
both cell lines show a strong switch in inclusion levels in a set of naïve-to-primed 
alternative exons when grown in SL conditions (Figure 27F).  Specifically, the 
mutants mostly show a change in inclusion levels towards the primed form, 
however they usually showed more extreme inclusion or exclusion levels 
compared to EpiSCs (Figure 27F). We then investigated the impact that this 
had on naïve pluripotency. Interestingly, the Quaking knockdown (Qki KD) 
cell lines seem to have similar levels of naïve marker expression heterogeneity 
compared to wildtype controls (Figure 27F); however, unexpectedly they show 
higher naïve marker gene expression levels (Figure 28A).

We performed RNA-seq of these Qki KD ESC cell lines grown in parallel with 
wildtype ESCs in SL conditions to examine the effect of Quaking depletion 
on the general pluripotency state and alternative splicing landscape. Gene 
Set Enrichment Analysis (GSEA) shows that Qki KD ESCs are significantly 
more enriched in the differential gene expression profile of naïve pluripotency 

comparing each genotype with controls are indicated: * p < 0.05, ** p < 0.01, *** p < 
0.005. (B) GSEA depicting enrichment in naïve gene expression profile of differentially 
expressed genes across Quaking depleted SL ESC lines compared to wildtype cell lines 
shows mutants upregulate naïve pluripotency gene expression profiles. (C) GSEA 
depicting enrichment in primed gene expression profile of differentially expressed 
genes across Quaking depleted SL ESC lines compared to wildtype cell lines shows 
mutants downregulate primed pluripotency gene expression profiles. Ranked lists of 
naïve and primed markers were made with the differential gene expression profile 
defined using paired comparisons of 2iL vs. EpiSCs across our three independent cell 
lines (E14, 46C, DizFx) and E4.5 vs. E6.5 epiblasts (see materials and methods for 
further details). (D) ASSEA of Quaking depleted SL ESC lines compared to wildtype 
cell lines shows enrichment in the exclusion of naïve highly included (higher in naïve) 
exons. (E) ASSEA of Quaking depleted SL ESC lines compared to wildtype cell lines 
shows enrichment in inclusion of primed highly included (higher in primed) exons. 
For ASSEA, we used ranked lists of differentially included exons made with the 
differential PSI profile defined using paired comparisons of 2iL vs. EpiSCs across our 
three independent cell lines (E14, 46C, DizFx) (see methods for further details). NES: 
Normalized enrichment score.
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Figure 28: Pluripotent markers together with gene set and alternative splicing 
set enrichment analysis show that Qki KD upregulate naïve pluripotency and 
downregulate primed pluripotency gene expression profiles whereas they are 
significantly biased towards a more primed pluripotency alternative splicing 
landscape. (A) Bar plots of naïve and primed pluripotency markers depicting gene 
expression levels in Quaking knockdown (Qki KD) and wild type (WT) ESCs grown 
in SL condition as measured by RTqPCR. Expression values are normalized relative 
to the expression of Beta-actin (Actb1). P-values from two-sided Student’s t-tests 
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compared to wildtype ESCs (Figure 28B). Additionally, they display a 
significant downregulation of primed pluripotency gene expression profile 
(Figure 28C). Contrarily, Alternative Splicing Set Enrichment Analysis 
(ASSEA) shows that Qki KD ESCs are significantly enriched in a more primed 
pluripotency alternative splicing landscape than wildtype ESCs with higher 
exclusion of naïve highly included exons (Figure 28D), and higher inclusion of 
primed highly included exons (Figure 28E).

Together, these results strongly suggested that QKI control over the regulatory 
layers of gene expression and alternative splicing is antagonistic. On one 
hand, at the level of gene expression, it supports naïve pluripotency, on the 
other hand, at the level of alternative splicing, it supports primed pluripotent 
alternative splicing landscape. This could imply a complex relationship 
between the alternative splicing profile that is controlled by QKI and the 
pluripotent state. Additionally, the strong depletion of Quaking levels could 
have artefactual consequences on the transcriptomic state of the Quaking 
mutant cells. Subsequently we wondered whether the misregulation of QKI 
and of QKI-regulated alternative splicing events had an effect on the exit 
from pluripotency. Firstly, to test the influence of Quaking depletion on cell 
differentiation we used clonal monolayer differentiation assays. Qki KD ESCs 
show a delayed exit from naïve pluripotency as after four days of LIF removal, 
Quaking depleted cells retain a greater proportion of mildly AP stained 
colonies compared to their wildtype counterparts (Figure 29). This goes in line 
with the enriched naïve pluripotency differential gene expression profile that 
we had previously observed (Figure 27I, 28A). 

Secondly, to better pinpoint the dynamics of exit from naïve pluripotency, 
entry and exit from primed pluripotency as well as to identify any biases 
towards specific lineages upon Quaking depletion, we performed EB assays. 
Importantly, although we were able to perform EB differentiation assays of 
all clones, the Qki KD clone 2.2 notably starts having a high cell death rate by 
day five of differentiation. This is, roughly when primed pluripotency is exited. 
Curiously, we did not detect this for the other, more severe Qki KD clone.

We found that during EB differentiation Quaking depleted cells downregulate 
Oct4 more rapidly than wildtype cells (Figure 31A). However, by day three 
of EB differentiation Oct4 expression levels in mutants closely match those 
in wildtypes. Additionally, the gene expression profiles of naïve pluripotency 
markers Klf4 and Rex1 in mutants also closely match those in wildtypes during 
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Figure 29: Pluripotency decrease assessed by AP staining during LIF removal 
clonal differentiation assay in ESCs depleted of Qki. ESCs were plated in SL at 
clonal density, LIF was removed for two or four days after which colonies were stained 
with AP staining. Colonies were counted and classified according to their level of AP 
staining (high, medium or low). Stacked plots depict the population distribution of 
stained colonies and shows a delay in loss of pluripotency for Qki KDs. A minimum of 
120 colonies were counted per condition per clone. n=3.

the whole differentiation. Nonetheless, Klf2 expression profiles show faster 
downregulation in Quaking depleted cells. Using primed pluripotency marker 
expression profiles, we found that Quaking depleted cells had similar entry 
dynamics into primed pluripotency compared to wildtype cell lines (Figure 
31B). However, in the case of primed pluripotency exit dynamics it was less 
clear as Otx2 and Dnmt3b showed a delay in Quaking depleted cells but Oct6 
and Fgf5 did not. Additionally, Otx2 expression levels did not decrease after 
day three. Although OTX2 has been shown to stabilize the EpiSC state463,464, 
the fact that the other three primed markers do show downregulation of 
the primed pluripotency network at days five and seven suggests that Otx2 
expression stabilization, in this case, might have more to do with its regulatory 
role in neuroectoderm specification.

During EB differentiation, Qki KD cells display a prominent delay in the 
gene expression profile of primitive streak markers Brachyury (T) and Eomes 
compared to wildtype cells (Figure 31C). Additionally, this induction peak is 
also very mild in comparison. This observation could go in line with the alleged 
role of QKI in driving EMT processes425,449.  Furthermore, we investigated 
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whether Quaking depletion provided any bias of differentiation induction into 
any specific lineage. Curiously, we found Qki KD clones show different gene 
expression profiles among them, with the Qki KD clone 2.2 always showing a 
more severe phenotype.

On one hand, Qki KD clone 2.2 shows an extremely modest induction of 
Snail gene expression compared to wildtype cells while Qki KD clone 2.4 
show an expression profile close to wildtype cells (Figure 31D). This could 
suggest a reduction in lateral plate mesoderm differentiation, in Qki clone 
2.2. Furthermore, another lateral plate mesoderm marker, Flk1, showed a 
similar trend, albeit less extreme than Snail. Also, in this case, Qki KD clone 
2.4 has similar Flk1 expression profiles to wildtype cells while Qki KD clone 
2.2 showed a milder induction. Secondly, endoderm differentiation is clearly 
inhibited in Qki clone 2.2 while this is not the case for Qki KD clone 2.4 that 
shows an induction pattern similar to wildtype cells (Figure 31E). Finally, both 
Qki KD clones show a notable induction of the neuroectoderm lineage (Figure 
31F). However, again the phenotype is significantly more extreme in Qki KD 
clone 2.2. Taken together, these results might suggest not only that QKI is a key 
regulator involved in lineage differentiation, as was previously known, but also 
that these regulatory functions are tightly dependent on QKI expression levels. 
However, we must be cautious in our interpretation as these results might be 

Figure 30: Gene expression profiles of naïve, primed, primitive streak, mesoderm, 
endoderm and neuroectoderm markers during embryoid body differentiation in 
Qki depleted cell lines. (A) Line charts depicting Oct4 (general pluripotency marker), 
Klf4 (early naïve pluripotency marker), Klf2 and Rex1 (naïve pluripotency markers) 
gene expression levels throughout EB differentiation as measured by RTqPCR. (B) 
Line charts depicting Otx2, Oct6, Dnmt3b (formative state, early primed pluripotency 
markers) and Fgf5 (primed pluripotency marker) gene expression levels throughout 
EB differentiation as measured by RTqPCR (C) Line charts depicting primitive streak 
markers Brachyury (T) and Eomes expression levels throughout EB differentiation 
as measured by RTqPCR. (D) Line charts depicting mesodermal markers Snail and 
Flk1 expression levels throughout EB differentiation as measured by RTqPCR. (E) 
Line charts depicting endodermal markers Sox17, Gata4 and Gata6 expression levels 
throughout EB differentiation as measured by RTqPCR. (F) Line charts depicting Blbp, 
Nestin and Musashi expression levels throughout EB differentiation as measured by 
RTqPCR show differential expression dynamics of Qki KD and wildtype cell lines. 
Experiments performed in duplicate. Expression values are normalized relative to the 
expression of Beta-actin (Actb1). Central lines indicate the average of two experiments 
and the ribbons mark the values for each individual replicate.
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affected by the high level of cell death upon EB differentiation that the Qki 
KD clone 2.2 cell line possess. Additionally, further experiments would be 
required to elucidate whether the differences in differentiation biases we see 
here are solely to do with QKI levels as opposed to other genetic variations in 
the two Qki KD clones.



137



Abbreviations

Results

Bibliography

Introduction

Conclusions

Annex

Objectives

Materials and Methods



Discussion



Discussion

140



141

Regulation of naïve and primed pluripotency 
states by Rbmx family proteins

The complex family of Rbmx in mammals

In mouse, the Rbmx family is composed of four members: RBMX, RBMY, RBMXL1 
and RBMXL2. Rbmx and Rbmy are thought to be amongst the earliest sex chromosomes 
genes, deriving around 130 million years ago from the ancient X-Y proto pair (before 
the divergence of eutherian and metatherian)465. While Rbmx is described as being 
ubiquitously expressed and subject to X-inactivation466, Rbmy remains testis-specific 
implying an important evolutionarily conserved role in male fertility467–469 (it is 
estimated that only 3% of ancestral genes survived decay in the Y-chromosome470). 
Mouse RBMX and RBMY show 44% overall identity (58% similarity), this increments 
to 60% identity (and 80% similarity) within the RNA recognition motif (RRM). The 
other two family members, RbmxL1 and RbmxL2, are retrocopies of Rbmx. RbmxL1 
and RbmxL2 have 96% and 75% amino acid identity with Rbmx, respectively (97% 
and 83% similarity). Just within the RRM, identity increments to 99% and 87% 
(100% and 92% similarity). We have shown that despite the high similarity amongst 
RBMX, RBMXL1 and RBMXL2, these family members have contrasting effects in the 
definition of naïve and primed pluripotency identities.

No study to date has ever reported divergent functionality amongst Rbmx and its 
retrocopies however it is particularly compelling to ponder on the evolutionary aspects 
of the shared and divergent functionality in Rbmx family members as retrogene 
conservation is indicative of function471. Most retrocopies are “dead on arrival” and 
degenerate rapidly without functional selection, however, retrogenes can be conserved 
if they are advantageous. Importantly, while RbmxL1 seems to have generated from a 
more recent retrotransposition, RbmxL2 evolved from a retrotransposition that took 
place about 65 million years ago and RbmxL2 is found in all placental mammals423. 
This conservation highlights functional importance; however, it was not until very 
recently that the function of RBMXL2 was assessed in a study. In this study, Ehrmann 
et al found that RbmxL2 deletion blocks spermatogenesis, where it is essential for 
meiosis423.

It is widely known that testis possess a vast transcriptomic complexity mainly 
generated by high levels of transcription, relaxed chromatin and altered expression 
of RNA-binding proteins312,316,472–478. Up to 90% of all protein coding genes are 
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expressed in a single sperm cell by the end of its maturation478 so maintaining a robust 
differentiation program through a strong post-transcriptional regulation is essential 
for fertility. RBMXL2 was suggested to play an important role towards it by protecting 
the meiotic transcriptome from cryptic splice site poisoning and aberrant splice site 
usage423. RbmxL2 has been repeatedly described as being exclusively expressed in 
testis, specifically during the meiotic and post-meiotic phase417,423,479–481 albeit we have 
shown here that this is not the case as it is also expressed during naïve pluripotency. 
Indeed, several autosomal retrogenes originate from X-linked progenitor genes and are 
expressed in testis482. It has been commonly hypothesized that conservation of these 
testis-specific autosomal retrogenes is driven by the functional compensation they 
might accomplish during silencing of the X chromosome in male meiosis. In the case 
of the RBMX family of proteins, Rbmx and Rbmy transcription is inactivated during 
male meiosis due to the segregation of sex chromosomes to the “XY body”482 and 
RbmxL2 expression was proposed to provide a like-for-like replacement417,418,423,479,483. 
The results presented in this thesis suggest that independently from being important 
in spermatogenesis, RbmxL2 expression might have been co-opted for the regulation 
of naïve pluripotency. Secondly, we show that the expression of Rbmx and RbmxL2 can 
have antagonistic effects on pluripotency states, therefore we suggest that RBMXL2 
does not simply substitute RBMX as has been repeatedly implied.

Finally, it is important to add here that Rbmx has been found to be essential in human 
by three independent studies that screened for essential genes484–486, however, this is 
not the case in mouse487. Also, in mouse, RbmxL2 is not essential but leads to male 
infertility423. In line with this, we found that all the ESC knock-out cell lines we 
generated were viable although Rbmx RbmxL1 depletion led to high cell death upon 
differentiation. Assessing the viability and impact on differentiation of single depletion 
of Rbmx or RbmxL1 independently, would shed light on the roles of each family 
component. In any case, our results suggest that in mouse RBMX and its retrocopies 
may compensate for depletion of each other. Three evidences are in line with this 
hypothesis. First, that upon Rbmx depletion, expression of RbmxL2 is enhanced 
and vice versa. Secondly, that Rbmx RbmxL2 depleted mutants have a more severe 
phenotype than RbmxL2 depleted mutants. Thirdly, that despite our efforts and clear 
evidence of good CRISPR-Cas9 gRNA efficiency for Rbmx and RbmxL1 co-occurring 
deletion, we were not able to generate a Rbmx RbmxL1 RbmxL2 triple-knockout cell 
line, hinting that it is not viable.
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Opposing and complementary roles for Rbmx and RbmxL2 in the Naïve-
to-primed transition

We found that RBMXL2 is the splicing factor with the biggest change in expression 
levels in the naïve-to-primed pluripotency transition. This, together with the 
observation that RBMX expression levels go in the opposite direction, we hypothesized 
that RBMX functionally replaced RBMXL2. Here, we report that RbmxL2 depletion 
pushes cells towards a more primed pluripotent state. These cells not only exit naïve 
pluripotency faster but also exit primed pluripotency sooner and enter differentiation 
before their wild type counterparts. This suggests that RbmxL2 might be playing a 
role in safeguarding the naïve pluripotency network from differentiation cues. 
Additionally, in differentiation assays of RbmxL2 depleted cells, we observed that the 
wave of activation of primitive streak markers had a bigger amplitude and less duration 
than control cells. This could hint at a larger degree of synchronicity among RbmxL2 
depleted cells at the onset of differentiation.

RbmxL2 depletion causes a switch toward a more primed alternative splicing network 
consisting on both exclusion of primed pluripotency excluded exons and inclusion 
of primed included exons. This suggests that the molecular function of RBMXL2 
in naïve pluripotency might be regulation of alternative splicing. Furthermore, it 
could be that the general transcriptional change towards primed pluripotency in 
RbmxL2 depleted cells is kindled by this alternative splicing landscape switch towards 
primed pluripotency isoforms. However, a note of caution is due here since in this 
thesis we did not provide evidence for a direct function of RBMXL2 in alternative 
splicing regulation, and thus, this output could be product of an indirect effect. 
Despite all known functions of RBMXL2 are alternative splicing-related417,423, RBMX 
also has non-splicing related functions that could indirectly impact the alternative 
splicing landscape such as involvement in DNA-damage response488, transcriptional 
regulation489,490 and heterochromatin formation491. Considering the high sequence 
similarity that these two proteins share, it is possible that RBMXL2 might share some 
of these functions or have other yet unknown functions that could also explain the 
alternative splicing switch that we detect upon RbmxL2 depletion towards a primed 
pluripotency network.

We found that there are two RBMX isoforms whose expression is differentially 
regulated in the naïve-to-primed pluripotency state transition in both human and 
mouse. Specifically, these isoforms differ in the 3’end of the Rbmx transcript due to 
the alternative splicing inclusion of an 1253bp exon that codes for the last 102 amino 
acids of the protein and contains the 3’UTR of the transcript. The alternative transcript 
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termination contains a stop codon and an alternative 3’UTR. Therefore, this alternative 
transcript could potentially generate a shorter protein isoform and have a different 
post-transcriptional regulation due to its contrasting 3’UTR sequence. However, 
this alternative splicing event has only been reported in one study, which was in 
fact when Rbmx was first mapped to the genome492. It was largely disregarded ever 
since and the effect of inclusion or exclusion of this exon and its function have never 
been investigated. Interestingly, this region of RBMX is a low complexity region that 
contains an RGG box, is highly conserved, is necessary and sufficient to bind RNA493, 
can bind m6A-methylated RNAs421 and is responsible for the interaction of RBMX with 
Transformer 2 beta homolog (TRA2B1)419 and the phosphorylated C-terminal of RNA 
polymerase II422. Additionally, a frameshift mutation in this terminal region of RBMX 
causes an intellectual disability syndrome494. All this suggests an enormous potential 
for a regulatory role in the alternative inclusion of this exon.

We found that the two Rbmx transcript isoforms were expressed in naïve pluripotency 
and this switched to almost exclusively expressing the long isoform in primed 
pluripotency. Depletion of this long isoform in SL ESCs led to an enriched naïve 
state expression profile and downregulated primed state gene expression compared 
to controls. However, in terms of alternative splicing landscape, depletion of the long 
isoform prompted inclusion of primed highly included exons. This is contrary to what 
we expected and could suggest that the main role of the c-terminal region of Rbmx 
in pluripotency state regulation might not be through its function as an alternative 
splicing regulator as we will discuss later. The alternative splicing profile of Rbmx exon 
mutants rendered them to cluster separately from whole Rbmx gene deletion mutants 
and of other family members (RbmxL1 and RbmxL2), hinting that the alternative 
splicing regulatory role of the long isoform might be different than that of the short 
isoform. On the other hand, Rbmx exon depletions and all Rbmx depletions showed 
an enrichment towards more inclusion of primed highly included exons compared 
to controls, suggesting that RBMX mainly promotes primed highly included exon 
exclusion.

We detected that as cells exit naïve pluripotency and differentiation progresses the 
Rbmx terminal exon is more included. Interestingly, this coincides with an increase 
in Rbmx transcript levels. The fact that we didn’t detect that increase in Rbmx exon 
mutants could suggest that the inclusion of this exon has a regulatory role on Rbmx 
expression. One possibility could be that the alternative 3’UTR of the alternative 
termination bears sequences such as miRNA target sequences that render less stability 
to the transcript. Another possibility is that the inclusion of the short isoform triggers 
nonsense mediated decay of the transcript. The stop codon in this transcript is 84bp 
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away from the exon-exon junction which complies with the nonsense mediated decay 
55nt-rule that states that when the distance between stop codons and the exon-exon 
junction closest 3’ end is over 55nts in length, this transcript triggers the nonsense 
mediated decay pathway and is degraded495.

One unanticipated finding was that RbmxL2 depletion induced the inclusion of Rbmx 
alternative exon. Indeed, it could be that this effect is indirect and just a consequence 
of the tendency towards primed pluripotency that these mutants have. However, it 
could also suggest that RBMXL2 promotes the skipping of this event as the cross-
regulation of splicing regulators through alternative splicing of transcripts encoding 
for other splicing regulators is a common theme in alternative splicing networks496. 
This finding would be consistent with the fact that upon RbmxL2 depletion in ESCs, 
Rbmx expression levels are higher. Also, upon Rbmx RbmxL1 depletion, RbmxL2 
expression increases. Together these results suggest a cross-regulation among Rbmx 
family members in naïve and primed pluripotency.

Human and mouse RBMXL1 and other Rbmx retrocopies have been formerly 
described as conceptual proteins as the open reading frame was maintained and their 
translation to protein was possible but not confirmed466. The predicted amino-acid 
sequence of RBMXL1 mainly differs in three amino acids, these are one arginine and 
two glycines in the first RGG box of RBMX which are deleted in RBMXL1. Thus, 
antibody specificity discriminating the two proteins is quite dubious and, to our 
knowledge, has not been achieved to date. Despite this, most functional studies of 
mouse RBMX completely disregard the possible expression of RbmxL1. We scanned 
the literature for evidence for translation of RbmxL1 transcripts in pluripotency and 
found a proteomic study where RBMXL1 unique peptides were identified497. Using 
data from this study, we observed that RBMXL1 was expressed in a constant manner in 
naïve pluripotent stem cells and during a 2-day differentiation to primed pluripotency 
time course. In this thesis, we tested the combined depletion of Rbmx and RbmxL1 
in ESCs and found that it resulted in the downregulation of both naïve and primed 
gene expression patterns, suggesting that cells acquired another fate. Rbmx RbmxL1 
depleted mutants also had increased cell death and clear defects in endomesodermal 
gene expression during differentiation.

Interestingly, we found that the phenotypes among the two Rbmx RbmxL1 depletion 
mutants differed. More specifically, the flawed differentiation phenotype is milder in 
the mutant with a smaller deletion in RbmxL1 (1bp insertion plus a 3bp deletion in the 
coding sequence vs. a 566bp deletion, a 4bp deletion and 2 substitutions in the coding 
sequence). In this line, we also observed that the two Rbmx RbmxL2 depletion mutants 



Discussion

146

also differed in the severity of their phenotypes in the same direction, albeit in a more 
modest manner. Again, the mutant with a smaller deletion, this time in the Rbmx 
gene (2905bp vs. 4299bp), had a milder phenotype towards primed pluripotency 
gene expression. This, of course, could be due to arbitrary causes like intrinsic clone 
variability or off-target effects but it could also suggest genetic compensation through 
transcriptional adaptation498, a process by which a mutation enhances the expression 
of related genes that can compensate for the expression loss of the mutated gene. In 
line with this, a recent study showed that premature termination codon-containing 
mRNAs can lead to transcriptional adaptation in a process dependent on mutant 
mRNA decay499. This finding might therefore imply that bigger deletions may trigger 
less compensatory effects in our mutant cell lines. To validate this, a bigger number 
of mutant clones should be analysed in the context of naïve and primed transition 
and entry into differentiation. Additionally, single gene deletion mutants would be 
necessary to further study genetic compensation among the Rbmx family, therefore 
Rbmx knockout cell lines and RbmxL1 knockout cell lines would still need to be 
generated.

We found that RbmxL2 depletion had antagonistic effects on naïve and primed gene 
expression profiles compared to Rbmx terminal exon depletion. This confirmed our 
hypothesis for a functional replacement of RBMXL2 by RBMX in the naïve-to-primed 
transition. However, the double Rbmx RbmxL2 depletion mutants slightly augmented 
the enrichment in primed pluripotency gene expression profile and increased the 
downregulation of naïve pluripotency gene expression that we detected in RbmxL2 
depletion mutants. This finding suggests that RBMX can slightly compensate for 
RBMXL2 deficiency and implies that RBMXL2 and RBMX share some roles in naïve 
pluripotency maintenance. RbmxL2 single depletion mutants and Rbmx RbmxL2 
depletion mutants show similar naïve-to-primed transition dynamics, pluripotency 
exit dynamics and differentiation dynamics overall. However, we found that RbmxL2 
single depletion mutants had a strong bias towards endomesodermal fate during 
differentiation and that this bias was not as strong in Rbmx RbmxL2 depletion mutants. 
This could indicate that a certain equilibrium of RBMX-RBMXL2 is needed for 
balanced differentiation. When this equilibrium is broken by RBMXL2 depletion, cells 
are biased to an endomesodermal fate, but when both players, RBMX and RBMXL2, 
are absent then the fate equilibrium is reached again. This phenomenon is particularly 
intriguing as we saw that RbmxL2 is not expressed at the onset of differentiation.

Proteins in the Rbmx family are highly modular proteins with multifunctional 
roles. One of their most significant features is that they contain a combination of 
multiple RNA binding domains. This modular domain structure is frequently seen 
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in RNA binding proteins and can contribute to RNA binding affinity and specificity, 
organization of RNA topology, spacing between binding sites, promote protein-protein 
interactions or binding to several RNA molecules500. So far, the role that each domain 
plays in alternative splicing regulation has been characterized using only a handful of 
minigenes417,419,420,423,424,482,501,502 and more work still needs to be done specially to clarify 
divergence among the different family members. Precisely, it would be interesting to 
understand how Rbmx and RbmxL2 can have such contrasting effects in pluripotency 
while sharing a high degree of identity. Still, we can try to interpret the origin of these 
differences by focusing on previously published observations and by pinpointing 
potentially relevant amino acid substitutions or deletions among the domains. 
Importantly, RBMX, RBMXL2 and RBMXL1 all have the same modular structure. 
They have an N-terminus with an RNA recognition motif (RRM) containing two 
conserved ribonucleoprotein domains (RNP1 and RNP2), and a long low complexity 
C-terminus containing a nascent transcript targeting domain (NTD) and two RGG 
boxes.

The RRM motif renders RBMX specificity to two consecutive adenines in single 
stranded RNA424 but also to 5’-CCC-3’ and 5’-CCA-3’ motifs418 albeit with less affinity. 
RBMX RRM does not show any specific binding preference to hairpin structures418. 
Also, the RRM of RBMXL2 was reported to preferentially interact with 5’-GUU-
3’ containing single stranded RNAs, but this binding preference was tested using a 
limited set of sequences and could potentially be biased417. The sequences of RNP1 and 
RNP2 domains are identical in RBMX and RBMXL2 and both predictably maintain 
the canonical RRM b1a1b2b3a2b4 fold structure but their RRMs also contain various 
differences that could account for the differing binding preferences of the two proteins. 
While the structure of RBMX’s RRM bound to RNA has been resolved by NMR, we 
still lack the structural insight of RBMXL2’s RRM. Specifically for RBMX, the RNA 
lies as a single strand on its b-sheet surface while the C-terminal region of the RRM 
interacts directly with the two consecutive adenines in the RNA424. Notably, in this 
C-terminal region there two key amino acid differences among RBMX and RBMXL2 
that may explain their RNA binding affinities, these are in a glutamic acid and a serine 
at positions 82 and 88, respectively. In RBMX, the first consecutive adenine in the 
bound RNA is specifically recognized by three hydrogen bonds formed with the side 
chains of Lys80 and Glu82 and the backbone amide of Thr85424. In RBMXL2, this 
Glu82 was substituted by an alanine and the hydrogen bond with the adenine cannot 
form. Another amino acid substitution in RBMXL2 predictably stops a hydrogen bond 
from forming, in this case with the second consecutive adenine in the bound RNA. 
When RBMX RRM binds, a hydrogen bond is formed between the phosphate group 
of the second adenine and the backbone amide of Ser88424. Importantly, this contact is 
not involved in the recognition of the adenine as the previous case, this is recognized 
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by Lys9 and Thr85 which are conserved, but instead stabilizes the RNA-protein contact 
which likely contributes to enhancing the binding affinity of RBMX424. Predictably this 
might not occur in RBMXL2 as this hydrophilic serine, is substituted by a hydrophobic 
valine which likely reduces the binding affinity of RBMXL2.

Motif analysis of transcriptome-wide RBMX binding sites by crosslinking and 
immunoprecipitation (CLIP) of in vivo RNA did not render the same motifs as those 
in the studies mentioned above which evaluated binding affinities specifically for the 
RRM. Actually using CLIP, AGAAC/AGGAC was the most enriched binding motif421. 
Another study using in-vitro RNA-protein binding assays concluded that RBMX 
could bind very efficiently but non-specifically to RNA419, however, it could be that 
it was tested on biased sequences and these experiments should be repeated with 
appropriate controls. Notably, this disparity in reported binding motifs also occurs for 
RBMXL2 as a recent study using CLIP reported RBMXL2 binds AA dinucleotides423. 
This goes in line with the notion that the RRM is not the only domain in RBMX that 
binds RNA, indeed the last 57 amino acids in the c-terminus can also bind RNA421,493. 
This, however, has never been tested for RBMXL2. Additionally, even if it is eventually 
shown that the RRM is not necessary for RBMXL2 to bind RNA either, RRM 
binding would predictably help stabilize possible protein-RNA interactions. Thus, 
understanding disparities between the RRM binding affinities of RBMXL2 and RBMX 
would be key to understand how these proteins modulate interactions with distinct 
targets in naïve and primed pluripotency. Moreover, a recent study has found that the 
RRM of RBMX is important in maintaining a balanced expression of genes related to 
epithelial cell development422 which hints at a possible role in primed pluripotency. 
An important factor to note here is that the RRM of both RBMX and RBMXL2 have 
been shown to be superfluous for RBMX and RBMXL2 splicing activity in a number of 
splicing events417,418,420,423,424,482,502 but not for others422. This is relevant first because it is 
an indication that the binding and recognition of target sequences by the RRM might 
not be necessary for splice-site selection while other domains might be essential and 
secondly because it indicates that RBMX and RBMXL2 might affect splicing indirectly 
and not by binding with RNA.

Interestingly, a few studies have reported the association of RBMX with nascent 
transcripts422,493,503. RBMX associates with most transcription units in the oocytes 
of the newt Pleurodeles waltl503 and in Xenopus laevis493 and this recruitment could 
be dependent on active transcription as RBMX re-localizes to nucleolar caps after 
inhibition of transcription501. The nascent transcript targeting domain (NTD), a 50 
amino acid span in the middle of RBMX’s sequence,  is autonomously responsible 
for targeting RBMX to nascent transcripts in Xenopus oocytes493. It does not contain 
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the consensus nuclear localization signal (NLS), the RRM is not implicated in this 
recruitment418,493 and the NTD lacks RNA affinity493 suggesting that probably it is 
recruited through protein-protein interactions. Together, these studies paint a picture 
where NTD associates to nascent transcripts indirectly first, maybe fulfilling a more 
general role and then RBMX engages in direct binding to RNA when appropriate 
cis-acting signals appear from the emerging RNA. Importantly, this domain has not 
been studied in RBMXL2, neither has RBMXL2 ever been reported to associate with 
nascent transcripts. However, the homologous region has 74% identity with RBMX 
(86% similarity). It is difficult to speculate whether this degree of similarity would 
be enough for the recruitment of RBMXL2 to active transcription sites, whether it 
would be recruited with the same affinity as RBMX and if that recruitment affects their 
respective regulatory roles on splicing. Investigating it would be important for a deep 
understanding on the molecular mechanisms behind RBMXL2 and RBMX alternative 
splicing regulation in naïve and primed pluripotency.

Another relevant feature of RBMX and its retrocopies is the presence of two arginine-
glycine-glycine (RGG) boxes. RGG boxes are highly conserved motifs rich in arginines 
and glycines, often as arginine-glycine-glycine repeats, that add high functional 
versatility to the proteins harbouring them. They grant key roles influencing 
physiological processes such as transcription, alternative splicing, DNA-damage 
response, translation and apoptosis by conferring crucial biochemical properties like 
RNA-binding, protein-protein interaction and protein localization504,505. The RGG 
motif is the second most common RNA binding domain506 but its specificity has been 
described as degenerate for features that are widely shared, thus granting promiscuous 
binding507. However, they are not entirely indiscriminate as most studies agree in a 
preference for GC-rich sequences and complex RNA structures507. This fits in well with 
the pattern we saw for primed included exons which were precisely high in GC-content. 
In line with this, a recent study examining target nucleotide composition bias across 
different splicing factors reported that RBMX-dependent exons are highly GC-rich 
and predicted that they are embedded in stable secondary structures508. Considering 
that the reported preference of RBMX RRM (discussed above) is not high GC content 
in complex RNA structures, it is possible that this propensity might be given by RGG.

The sequences in RGG boxes in RBMXL1 and RBMXL2 slightly diverged from RBMX. 
RBMXL1 has a deletion of a whole RGG repeat on the first RGG box (RGG1) and 
RBMXL2 has two relevant substitutions on the first and the second RGG box (RGG1 
and RGG2, respectively). More specifically, RBMXL2 substituted a glycine in one 
of the three RGG repeats of the RGG1 box to a threonine. This substitution locates 
precisely in the boundary between two consecutive RGG repeats and might affect the 
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functionality of both RGG repeats in the RGG1 box. The second possibly influential 
substitution in RBMXL2 lies in the second RGG repeat of the RRG2 box, where a 
glycine is substituted by a valine. Both valine and threonine are branched-chain amino 
acids which implies more bulkiness near the protein backbone whereas glycine, the 
amino acid they substitute, is the smallest amino acid as it instead contains a hydrogen 
as its side chain509. This could mean that these two key substitutions could reduce the 
flexibility and add rigidity to the RGG1 and RGG2 domains. The arginine in RGG 
repeats is frequently the residue establishing hydrogen bonding and amino-aromatic 
interactions, thus, it is often responsible for mediating the protein’s interactions to 
nucleic acids and proteins. Therefore, since RBMXL2 conserves all arginines in both 
RGG boxes it might be that RBMXL2 is still capable to establish interactions albeit with 
restriction compared to RBMX. Importantly, RGG boxes are intrinsically disordered, 
with no stable structure and no compacted form given their low hydrophobicity. 
Accordingly, the peptide chain is solvent, exposed and with a large interaction surface 
area507. This guarantees plasticity and freedom to sample different conformational 
states in a fast and efficient way. In agreement with this, RBMX has been shown to bind 
both structured and unstructured RNAs421,422, this however, has not been investigated 
for RBMXL1 or RBMXL2.

Although the relationship of RGG domains with RRMs remains unexplored, the fact 
that RGG motifs seem to have greater binding affinity might suggest that binding 
might be largely driven by RGG and then fine-tuned by the RRM. The RRM might 
then add structural stability to the interaction and thus increase the affinity to the 
target. It is also tempting to think that the long and disordered structure between both 
RGG boxes allows RBMX family of proteins to bind with more than one RNA or with 
distant motifs of the same RNA. The later would bridge distant RNAs close together 
and could potentially aid in splice site selection by generating RNA looping as PTB 
does375. We propose here that the RGG boxes of RBMXL2 and RBMXL1 might have 
a reduced conformational flexibility compared to RBMX and that this might reduce 
RNA sequence recognition or shift RNA preference and account for the differing 
impact of protein depletion in the context of pluripotency.

Various yeast two-hybrid studies have shown multiple protein-protein interactions 
of RBMX including RNA processing factors such as hnRNPC, SAM68, YT521B, 
SAFB, TRA2B and hnRNPK418,419,467,510–513. Also, RBMX seems to interact with itself 
and with RBMXL2 and this interaction is not nucleic acid-mediated418. Together, it 
seems that RBMX might build protein-protein interaction hubs to grant regulation 
of protein-RNA interactions and RNA metabolism. In line with this, one of the most 
compelling interactions of RBMX has been very recently discovered, this is, with the 
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phosphorylated C-terminal of RNA polymerase II422. Together with binding to nascent 
RNA, this renders RBMX the ability to associate co-transcriptionally, modulate 
RNA polymerase II occupancy in regulated exons and fine-tune alternative splicing 
transcriptome wide. Interestingly, the RGG boxes of RBMX are responsible for this 
binding422. Thus, given their subtle differences in RGG boxes, RBMXL2 and RBMXL1 
might bind RNA polymerase II with less affinity compared to RBMX. In this line, 
Zhou et al tested the impact on splicing regulation of RBMX mutations in the RRM, 
RGG1 and RGG2422. Curiously, RGG1 mutations affected the inclusion of much less 
targets compared to mutations in RGG2 or RRM, which had overlapping effects. This 
may hint that RBMXL1 might still retain most of RBMX splicing targets, and the effect 
of losing an RGG repeat in RGG1 might not be so severe on the alternative splicing 
regulatory function. Additionally, as discussed previously, we found that the short 
isoform of RBMX does not contain the RGG2 box. Interestingly, rescue of RBMX 
knockdown by overexpressing an RBMX RGG2 mutant has a more severe phenotype 
on alternative splicing landscape than non-rescued mutants422. This is suggestive of a 
dominant negative effect implying that while RBMX RGG2 mutant loses RNA binding 
capabilities and maintains the ability to interact with RNA polymerase II, it blocks 
other proteins from binding. Thus, our observations together with results from Zhou 
et al422, allows to speculate that the short isoform of RBMX might have a similar effect.

Protein-protein interactions of RBMX (and potentially, RBMXL1 and RBMXL2) with 
other RNA binding proteins can be either synergistic or antagonistic with respect 
to the functional role of the bound protein. These effects may be independent from 
RBMX RNA binding, either because RBMX might aid in the interaction with other 
proteins or, in the case of the antagonistic effect, because RBMX might sequester 
that protein and inhibit its binding to target RNAs. One relevant interaction is with 
the splicing factor TRA2B as RBMX has been shown to have both synergistic419 
and antagonistic417,502 effects depending on the splicing event being regulated. 
Specifically, in the case of Lysine Demethylase 4 (Kdm4) and Tra2b exons, RBMX 
has an antagonistic effect because it either competes for binding sites with TRA2B1 
or because it sequesters TRA2B1417,423,502. In the case of Survival motor neuron gene 
2 (Smn2) exon, RBMX has a synergistic effect as it is recruited by TRA2B1 bound 
to RNA, binds upstream and enhances exon inclusion424. Interestingly, those levels 
of inclusion cannot be reached if either TRA2B1 or RBMX are expressed separately, 
indicating an additive effect probably in recruiting spliceosomal components419. 
Interestingly, the domain in RBMX responsible for TRA2B binding was mapped 
to the c-terminus, spanning just a few amino acids more than the region coded by 
the alternative exon419. A mutation in this region didn’t just abolish RBMX-TRA2B 
binding but it also abrogated binding to the synergistically regulated RNA target Smn2 
exon 7 transcript419. Additionally, the RRM domain was shown not to be necessary for 
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the regulation of this exon418,424, possibly indicating that RBMX RNA binding is not 
necessary. Precisely Drosophila melanogaster transformer locus (tra) protein, one of 
the main players in sex determination, regulates splicing without binding to RNA. Tra 
binds to Tra2, which does have a RNA binding domain, forming a complex in female 
flies that regulates the splicing of target transcripts and determines the sex of the fly514.

On the other hand, only antagonistic effects for RBMXL2 with TRA2B have been 
reported so far 417,423. RBMXL2 amino acid sequence diverges from RBMX more in 
this c-terminal alternative exon compared to the whole protein (70% identity and 
76% similarity vs. 75% identity and 83% similarity). This, together with our results 
indicative of contrasting roles in pluripotency, might hint that the binding to TRA2B 
by RBMXL2 might be diminished or at least different to that of RBMX. However, no 
study to date has investigated the role of TRA2B in pluripotency. Curiously, by looking 
into our data and VastDB, we have seen that TRA2B is equally highly expressed in 
naïve and primed pluripotency (125cRPKMs) and it is an early gene that is upregulated 
upon reprogramming of mouse fibroblast to iPSCs (by day 4). It would certainly be 
interesting to study the cross-talk, if any, between RBMX, RBMXL2 and TRA2B1 in 
pluripotency as it could potentially pinpoint the molecular mechanism behind specific 
regulatory differences among RBMX and RBMXL2.

RBMX has been recently identified as a N6-Methyladenosine (m6A) reader421. m6A is the 
most abundant internal modification of mRNA in eukaryotes, it is reversible, deposited 
co-transcriptionally and involved in a number of RNA processes such as splicing, RNA 
stability and translation515–518. Most m6A modifications occur in exonic regions near 
splice sites516,517 and can regulate splicing by recruiting m6A readers that can either 
recruit splicing factors or be splicing factors themselves421,519,520. Additionally, high levels 
of m6A in introns is associated with alternative splicing events517. RBMX recognises 
m6A-methylated RNA but not through direct recognition of the m6A, instead, RBMX 
binds a purine-rich motif that becomes accessible upon m6A modification of the RNA 
structure421. This suggests that m6A aids in the recognition and binding of RBMX to 
part of its targets. RBMX-bound m6A sites are highly enriched in RNA polymerase 
II occupancy and are largely located in splice sites of RBMX-regulated exons422. This 
suggests that the inclusion of a part of RBMX-regulated exons is m6A-dependent.

Interestingly, m6A weakens mRNA stability in mESCs, and is not required for stem 
cell maintenance or preimplantation embryo development but its depletion promotes 
naïve pluripotency and blocks naïve-to-primed transition leading to early post-
implantation lethality521,522. Depletion of m6A in EpiSCs leads to faster differentiation, 
disruption of the primed state and cell death521. With this, it would be interesting to 
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understand how m6A regulation and splicing converge to functionally regulate naïve 
and primed pluripotency. Specifically, it would be very useful to know whether m6A-
marks are enriched in exons regulated in the naïve-to-primed transition. Given our 
observation of high cell death upon differentiation of Rbmx RbmxL1 depleted cells, 
one possibility is that RBMX and RBMXL1 might be playing a role in the exit from 
pluripotency by regulating m6A-marked exons. Additionally, RBMX binds m6A-
methylated RNA through its RGG2 box421. The RGG repeats at RGG2 are essential for 
the recognition421. We propose that since RBMX short isoform does not contain this 
RGG2 box, it might not recognize m6A-methylated exposed motifs, and thus in the 
naïve state, stem cells don’t regulate those exons. Also, RBMXL2 might have a lower 
capacity to bind to the m6A-methylated exposed motifs given its substitution in one 
of the RGG repeats (discussed above). Therefore, in naïve stem cells m6A-methylated 
RNA might be unrecognized by the most part of the expressed RBMX family whereas 
in primed pluripotency, m6A-methylation might be playing a role in fine-tuning 
alternative splicing through RBMX. In contrast with other m6A readers, RBMX binds 
directly to the m6A-methylated site which might also allow to control RNA fate by 
modulating the binding of other m6A readers.

Non-splicing roles of Rbmx family members

It is also possible that the main role of the Rbmx family of proteins in the naïve-to-
primed transition is not related to their role in alternative splicing regulation. In the 
upcoming section I will give a brief overview of the additional possible roles RBMX, 
RBMXL1 and RBMXL2 might have over naïve and primed pluripotency and speculate 
on their impact on cell state determination.

Waisman et al reported that stalls in DNA replication, as the ones generated by the 
DNA-damage response, inhibit the naïve-to-primed pluripotency transition523. Also, 
upon DNA damage, RBMX is recruited at the site of damage and associates with double 
strand breaks in a Poly(ADP-ribose)-dependent manner488. Rbmx depletion sensitizes 
cells to DNA-damaging agents488. The mechanism by which RBMX contributes to 
the DNA-damage response remains unknown and intriguing as RBMX localization 
to the damaged sites is not necessary for repair488. One possibility is that RBMX is 
post-translationally modified at the sites of DNA damage, then released to perform 
an adjusted alternative splicing regulation. Additionally, Rbmx depletion reduces 
the expression levels of Brca2, a key protein in homologous recombination488. Thus, 
the effect on DNA-damage response could be indirect through regulation of BRCA2 
levels. It has been suggested that this regulation is through alternative splicing but it 
has never been tested. Interestingly, depletion of RbmxL2 induces the utilization of a 
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cryptic splice site of the Braca2 transcript, generating an aberrant splice isoform423. 
This again suggests that the Rbmx family might be regulating the alternative splicing 
of Braca2. Another possible explanation is that given its association to nascent RNA422, 
RBMX responds to DNA damage (or RNA damage) by changing RNA processing 
or transcription to ensure correct gene expression. In any case, we believe it is quite 
unlikely that the RBMX family might be regulating the naïve-to-primed transition 
through its function on DNA-damage as the exit from naïve pluripotency is not a 
DNA-damaging process.

On a different note, RBMX binds to H3K9me3-marked heterochromatin and maintains 
the sonication-resistance of heterochromatin presumably to inhibit transcription 
factor activity and cell identity conversion491,524. In human cells, double-knockdown 
of Rbmx and RbmxL1 loosens sonication-resistant heterochromatin but does not 
upregulate many genes in absence of ectopic relevant transcription factors491. Also, it 
does not reduce sonication resistance of non-heterochromatic sites491. One possibility 
is that this is mediated by the RGG domains of RBMX and RBMXL1 as they could 
be involved in phase separation which is key for heterochromatin formation525,526. 
Curiously, double-knockdown of Rbmx and RbmxL1 on fibroblasts also renders a 
higher reprogramming efficiency in induced hepatocyte reprogramming491. Mouse 
and human stem cells broadly show open chromatin and decompaction in both naïve 
and primed pluripotency and this clearly separates them from somatic cells185, even if 
it is not as open as earlier stages of preimplantation embryo development527. There is 
a gradual increase of H3K9me3 foci when directly comparing 2iL ESCs, SL ESCs and 
EpiSCs528. In EpiSCs, these H3K9me3 foci are essential for silencing the major satellite 
repeats at pericentromeric heterochromatin528. Additionally, the heterochromatin 
architecture also changes from naïve to primed pluripotency from widely disperse 
10nm fibres to peripheral heterochromatin186,529. It could be that RBMX recruitment 
to H3K9me3 foci is important to establish the heterochromatic architecture of EpiSCs. 
Importantly, H3K9me3 removal in EpiSCs does not change the primed identity528 
suggesting that the effect of RBMX on pluripotency state through heterochromatic 
architectural change might not be enough to explain the shift we see towards naïve 
state in Rbmx exon KOs.

RBMX has also been directly implicated in transcriptional regulation in two 
independent studies that reported either transcriptional repression or transcriptional 
enhancement controlled by Rbmx expression. Zhao et al reported RBMX binding to 
the promoter of Gonadotropin-releasing hormone 1 (GnRH1) gene and showed that 
overexpression of Rbmx downregulates its expression489. In the other hand, Takemoto 
et al reported RBMX binding to the promoter of the Sterol regulatory element (SRE)-
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binding protein 1c (Srebp1c) gene and showed that RBMX acts as an enhancer of its 
expression490. We cannot rule out that RBMX might be acting as a transcriptional 
regulator in the naïve-to-primed transition and that part of the phenotypes that we 
observe in our knock-out mutants might be due to transcriptional regulation as well 
as post-transcriptional regulation.
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Regulation of naïve and primed pluripotency 
states by the Esrp/Rbm47 regulatory axis

On the role of ESRP1 and ESRP2 in pluripotency state definition and in 
differentiation

ESRP1 and ESRP2 are two paralogous RNA-binding proteins that coordinate an 
epithelial-associated splicing program mainly by regulating splicing events in genes 
involved in actin cytoskeleton organization, cell-cell adhesion, cell polarity and cell 
migration433,434. To date, only two studies have touched upon ESRP functions in stem 
cells389,530. A first study investigated the role of ESRP1 in mESC pluripotency and 
found that knockdown of Esrp1 induces an increase in expression of the pluripotency 
factors Oct4, Sox2 and Nanog which in turn enhance self-renewal and impair early 
differentiation in vitro530. The authors described this fact as “paradoxical” considering 
that Esrp1 expression is downregulated simultaneously with pluripotency factors 
during pluripotency exit. Importantly, they completely overlooked the distinction 
between naïve and primed pluripotency. Mechanistically, this study proposed 
that ESRP1 controls pluripotency through the binding to the mRNA of the above-
mentioned pluripotency factors, sequestering them and reducing their polysomal 
loading530. However, the study lacked sufficient data to support such a claim as the 
researchers based their argument on an RNA immunoprecipitation of ESRP1 in ESCs, 
which lacked proper controls. A later study stated that ESRP1 and ESRP2 were not 
required for pluripotency maintenance389. However, this study did not present any 
evidence towards it as data was not shown, and based the argument on the observation 
that Esrp1 Esrp2 DKO ESCs could be maintained indefinitely in stem cell culture 
without pluripotency marker expression loss389. A more thorough examination is 
needed to fully understand the functions of Esrp1 and Esrp2 on distinct pluripotency 
states, pluripotency exit and lineage determination.

The more general role of the ESRP regulatory programme in development has 
previously been studied390,391. Importantly, deficiency of the programme does not lead 
to early embryonic lethality in mice. Instead, the depletion of Esrp1 in mice results in 
neonatal lethality at postnatal day 0 due to deficient craniofacial development with fully 
penetrant cleft lip and cleft palate390. On the other hand, Esrp2 depleted mice are viable 
and fertile but have an abnormal liver development with higher expression of foetal 
markers and low mature hepatocyte characteristics379,390. Furthermore, the combined 
depletion of both Esrp1 and Esrp2 in mice results in marked organogenesis defects 
associated to epithelial-cell specific deficiencies390. More specifically, Esrp1 Esrp2 
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DKO mice are smaller and have more profound craniofacial phenotypes, malformed 
forelimbs, forepaw syndactyly, lung and salivary gland agenesis and thin transparent 
skin with less hair follicles390. The severity of Esrp1 Esrp2 DKO mice phenotypes 
compared to single Esrp1 or Esrp2 KOs clearly implies functional redundancy. This 
functional redundancy has also been observed at the level of alternative splicing 
regulation390,434.

In this thesis, we show that Esrp1 and Esrp2 are differentially expressed in 2iL ESCs, 
SL ESCs and EpiSCs, indicating regulated expression levels in the naïve-to-primed 
pluripotency transition. Specifically, Esrp1 expression is completely absent in 2iL ESCs 
but present in both SL ESCs and EpiSCs. Conversely, Esrp2 expression is detectable in 
2iL ESCs and SL ESCs but downregulated in EpiSCs. Additionally, Esrp1 expression 
is much higher than Esrp2 expression in both SL ESCs and EpiSCs. This goes in line 
with reports showing that in most tissues where both genes are expressed, Esrp1 is 
more highly expressed relative to Esrp2390,531. We observed that Esrp1 depletion in SL 
ESCs does not induce a significant change in Esrp2 expression while Esrp2 depletion 
in SL ESCs induced an increase of Esrp1 expression in one of the Esrp2 KO clones but 
not in the other. A previous study using full thickness epidermis from E18.5 KO mice 
also examined the cross regulation of Esrp1 and Esrp2 expression upon depletion390. It 
showed a trend to increase Esrp1 expression upon Esrp2 depletion, in line with what 
we have observed in our KO ESC lines. Also, in line with our results, in this study they 
did not observe a decrease of Esrp2 expression upon Esrp1 depletion. Nonetheless, 
further research is needed to fully uncover the cross regulation between these two 
paralogues specially to find whether there are any cell type specific compensatory 
networks in the ESRP1 ESRP2 regulatory axis.

In contrast to previously published results530, we found that Esrp1 depletion in ESCs 
does not substantially affect pluripotency exit dynamics. More specifically, Fagoonee 
et al reported that Esrp1 knockdown cells had higher AP staining levels compared 
to controls both in SL ESC conditions and upon differentiation530 whereas we found 
that the distribution of AP stained colonies was not significantly different in Esrp1 
KOs in either of the two conditions. Importantly, Fagoonee used short hairpin RNA 
(shRNA)-mediated knockdowns of Esrp1 whereas we made complete gene knockouts 
of Esrp1. Thus, the discrepancy in the results might be due to off-target effects or 
genetic compensation through transcriptional adaptation.

In the case of Esrp2 depletion, however, we found that although both Esrp2 KO clones 
have similar AP staining levels in SL ESC conditions, they have differing levels of AP 
staining upon differentiation. Specifically, one Esrp2 KO clone (clone 75.1) showed 
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similar AP staining levels compared to controls while the other (clone 75.2), showed 
higher levels of AP staining compared to controls. This is indicative of a slower exit 
from pluripotency of Esrp2 KO clone 75.2 but not of Esrp2 KO clone 75.1. It might be 
that Esrp2 KO clone 75.2 takes longer to exit pluripotency because it expresses some 
components of the pluripotency network at higher levels in comparison to controls 
causing it to take longer to completely dismantle the pluripotent regulatory system, 
however, we did not find such a difference. If that were the case, we would expect 
that Esrp2 KO clone 75.2 also showed higher levels of AP staining in SL conditions, 
which is not the case. Thus, a deeper analysis would be needed to fully understand 
the disparity between the two Esrp2 KO clones. Curiously, one of the most striking 
differences between both clones is that Esrp2 KO clone 75.2 displays much higher 
ESRP1 protein levels compared to Esrp2 KO clone 75.1. The impact that this may have 
on pluripotency exit, however, remains to be explored.

The simultaneous depletion of both Esrp1 and Esrp2 expression in SL ESCs leads to 
upregulation of naïve pluripotency differential expression profile and downregulation 
of primed pluripotency differential expression profile. Additionally, depletion of Esrp1 
and Esrp2 expression also generates a more naïve differential alternative splicing profile 
with both more inclusion of naïve highly included exons and more exclusion of primed 
highly included exons. This tendency towards a naïve pluripotency transcriptional 
landscape in Esrp1 Esrp2 DKO cells might be the cause for the subtle yet significant 
changes in the exit dynamics from naïve pluripotency. Specifically, Esrp1 Esrp2 DKOs 
show a slight delay in the downregulation of naïve pluripotency marker expression 
upon EB differentiation. Additionally, Esrp1 Esrp2 DKOs show a slight delay in the 
downregulation of the expression of two primed pluripotency markers (Fgf5 and 
Otx2), but not of other primed markers such as Oct6 or Dnmt3b. This might indicate 
a subtle influence of the alternative splicing landscape switch regulated by ESRP1 and 
ESRP2 on primed pluripotency exit. However, much more work would still be needed 
in this direction to understand precisely which alternative splicing event switches are 
relevant in naïve and primed pluripotency exit.

ESRP1 and ESRP2 are epithelial-associated master regulators of alternative splicing 
events involved in epithelial-to-mesenchymal transitions (EMT), among other 
processes 532. EMT is the morphogenetic process by which polarized epithelial 
cells become mesenchymal cells (see introduction). ESRP1 and ESRP2 negatively 
regulate EMT by maintaining an epithelial-specific alternative splicing programme432. 
Together with ESRP1 and ESRP2 downregulation, the EMT program is driven by a 
series of transcription factors that concomitantly inhibit the expression of cell-cell 
adhesion proteins, trigger mesenchymal morphology and increase cellular migratory 
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capabilities532,533. We found that Esrp1 Esrp2 DKO cells have higher induction levels 
of EMT drivers such as Brachyury and Eomes435–438 during EB differentiation. This 
was expected because EMT is promoted by depletion of Esrp1 and Esrp2; however, 
it somewhat clashes with Fagoonee’s previously published study where the single 
knockdown of Esrp1 was shown to downregulate the expression of Brachyury during 
EB differentiation530. This suggests that ESRP1 depletion has a different effect on EB 
differentiation potential than simultaneous and complete depletion of both ESRP1 and 
ESRP2. It is nonetheless counterintuitive to think that the effect would be antagonistic 
as ESRP1 and ESRP2 are considered to play functionally redundant roles532. With the 
work I present here, we cannot rule out that possibility given that we have not performed 
EB differentiation experiments with Esrp1 KO clones. However, as discussed above, 
this study also claimed slower exit from pluripotency of Esrp1 KD ESCs, which we did 
not observe in our Esrp1 KO ESCs. Again, this discrepancy might be due to off-target 
effects or genetic compensation through transcriptional adaptation and encourages 
a deeper understanding of the potential role of ESRP1 and ESRP2 in differentiation.

During EB differentiation of Esrp1 and Esrp2 depleted cells, after a boost of 
primitive streak marker induction, we would expect a differentiation bias enriched 
towards mesenchymal lineages. What we found is that Esrp1 Esrp2 DKOs precisely 
downregulate neuroectodermal lineage induction. However, this is also accompanied 
by a downregulation of endodermal lineage induction, and while there is a trend 
towards an enhanced expression of mesodermal markers, this is not significant due to 
clone disparity. These differences could be explained by different genetic compensatory 
mechanisms among clones, yet they remain to be explored. Curiously, Fagoonee et al 
reported that teratomas derived from Esrp1 KD ESCs show greater neuroepithelium 
content compared to controls albeit only when ESCs were injected under non-
saturating conditions530. This finding could go against our results, as we did not see 
a bias towards neuroectoderm lineage in Esrp1 Esrp2 KO ESCs. Again, to clarify this 
discrepancy, it would be key to explore the differentiation bias of our Esrp1 KO clones.

Finally, it is important to add that independently from the role of ESRP1 and ESRP2 
on alternative splicing regulation there could be other roles that might impact on 
naïve and primed pluripotency such as translational regulation. In line with this, Esrp1 
expression was reported to affect polysomal loading of a number of RNAs in ESC and 
cancer cell lines530,534. Furthermore, Esrp1 expression negatively affects the translation 
efficiency of reporter mRNAs mediated by several 5’UTR sequences530,534. The intensity 
of translational inhibition by ESRP1 depends on the complexity of the secondary 
structure of the mRNA 5’UTR534. Interestingly, the 5’UTR of c-Myc was found among 
the most strongly regulated 5’UTR sequences in cancer cells534. MYC protein levels 
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correlate with pluripotency state: naïve pluripotent stem cells have high MYC levels, 
while primed pluripotent stem cells express lower levels535. Importantly, differing MYC 
levels trigger competitive interactions among stem cells to ensure embryos preserve 
the naïveness of the stem cell pool before gastrulation535. Cells containing high levels 
of MYC eliminate those with lower levels by cell competition (by triggering apoptosis 
after repeated contact)535. It is possible that ESRP1 might be playing a role in this by 
downregulating MYC protein levels in stem cells and more research remains to be 
done in this direction to assess the extent of ESRP1’s translational regulatory role in 
pluripotency.

On the role of RBM47 in pluripotency state definition and in 
differentiation

RBM47 has previously been involved in developmental processes. Its knockdown in 
zebrafish results in complete loss or reduced head development536. In contrast, Rbm47 
in mice is critical for embryonic viability and postnatal growth537. Most Rbm47 KO 
mice die during gestation from E10-11 onward537. The few that are born, are consistently 
smaller in size compared to controls and do not close that size gap throughout their 
whole life537. Furthermore, restoring Rbm47 expression in the embryo proper and not 
in extraembryonic tissues in Rbm47 KO mutants results in phenotypically normal 
rescued mutants with growth and viability similar to controls537, indicating a critical 
role for Rbm47 expression specifically in the embryo proper.

Examining the role of RBM47 in the regulation of naïve and primed pluripotency 
alternative splicing landscapes was compelling in many ways. First, Rbm47 is 
differentially expressed in naïve-to-primed transition. Second, it was previously 
described that RBM47 mostly promotes epithelial splicing patterns with a significant 
overlap of coregulated EMT-associated targets with ESRP425, yet Rbm47 expression 
in 2iL ESCs and EpiSCs showed an inverse pattern compared to Esrp1 expression. 
Curiously, it had been previously shown using a cancer cell line that 39% of the 
RBM47-ESRP overlapping targets were regulated in a different or opposite direction425. 
Although the effects of this different regulation were overlooked, they are likely crucial 
to decisively uncover the true degree of functional compensation of each factor.

We found that Rbm47 depletion in ESCs leads to a downregulation of naïve pluripotency 
differential expression profile and an upregulation of primed pluripotency differential 
expression profile. Additionally, it leads to higher exclusion of naïve highly included 
exons. Despite this tendency towards a primed pluripotency transcriptional landscape, 
Rbm47 KO ESCs do not show substantial changes in the dynamics of exit from naïve 
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pluripotency or from primed pluripotency. However, we did find a differentiation bias 
of Rbm47 KO ESCs towards endoderm induction downregulation. This goes in line 
with previous findings showing that Rbm47 is expressed in the definitive endoderm 
of E8.5 mouse embryos and afterwards restricted to endoderm-derived organs538. 
Together with our results, this might indicate that Rbm47 expression is important for 
endoderm specification, but more work is needed in this direction.

RBM47 has been previously reported to play a role in alternative splicing regulation389,539. 
However, other roles have also been reported and it is thus possible that the phenotypes 
we and others have observed upon Rbm47 depletion might be due to the sum of 
different molecular roles of RBM47. For example, recently, RBM47 was shown to 
interact with microRNA (miRNA) precursors in a large-scale screen for RBP-pre-
miRNA interactions540, suggesting that RBM47 might be involved in the biogenesis 
of specific miRNAs. Naïve and primed pluripotent stem cells have different miRNA 
signatures278,541–543 and miRNAs play a key role in the naïve-to-primed transition as 
shown using miRNA-deficient Dgcr8 KO ESCs541,544. This is the case of the miRNA 
miR-302 cluster, which is more highly expressed in primed pluripotency541,542,545 and 
its increase in expression levels promotes exit from naïve pluripotency by enhancing 
the MEK pathway278. It would be interesting to know whether RBM47 plays any role 
in shaping the naïve miRNA landscape in addition to its impact on the alternative 
splicing landscape. Furthermore, RBM47 was reported to bind to NANOG546 however, 
the effect of this binding remains unexplored. NANOG is a key transcription factor in 
naïve pluripotency maintenance, its expression fluctuates and is finally downregulated 
in primed pluripotency209,547,548 (see introduction). Its binding to RBM47 might have a 
relevant effect on naïve pluripotency stabilization and would be an interesting aspect 
to explore. Finally, RBM47 is an essential co-factor of APOBEC1-mediated Cytidine-
to-Uridine (C-to-U) RNA editing538. Although C-to-U RNA editing has never been 
examined in stem cells, it would be interesting to know if it occurs and whether it 
has an important impact on pluripotency. Curiously, the only other known cofactor 
of the APOBEC deaminase, is A1CF and it is not expressed in naïve or primed stem 
cells. This could suggest a complete dependency of C-to-U RNA editing on Rbm47 
expression in the context of pluripotency.
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Regulatory crosstalk and co-regulation of Rbm47 and Esrp in 
pluripotency and differentiation

We found that Rbm47 depletion in ESCs leads to an upregulation of Esrp1 expression 
levels. This upregulation in ESRP1 levels might be contributing to the downregulation 
of naïve pluripotency that we observed in Rbm47 KOs, as Fagoonee et al reported 
that overexpression of Esrp1 in ESCs leads to the downregulation of Oct4, Sox2 and 
Nanog expression levels530. Furthermore, Esrp1 Esrp2 DKO clones showed decreased 
levels of Rbm47 expression compared to controls. Despite the disparity in the different 
molecular contexts,  this agrees with the results from Yang et al in cancer cell lines425, as 
they reported that Esrp1 and Esrp2 depletion reduced the levels of Rbm47 expression. 
Together, these results suggest a complex crosstalk among these three molecular 
players that still remains to be elucidated.

Interestingly, Esrp1 Rbm47 DKOs show a strong delay in the exit from pluripotency, 
but the simultaneous depletion of Esrp2, together with Esrp1 and Rbm47, abrogates 
this phenotype. This indicates that ESRP2 must play a role in delaying pluripotency 
exit in the absence of ESRP1 and RBM47. We did not find a significant change in Esrp2 
expression upon Esrp1 and Rbm47 depletion, however, we did not test ESRP2 at the 
protein level or during pluripotency exit. In any case, it would be important to further 
explore the role of ESRP2 in the context of RBM47 and ESRP1 depletion. Particularly, 
whether ESRP2 carries specific functions that are masked upon RBM47 or ESRP1 
expression. In this line, previous reports using cancer cell lines and immortalized 
epithelial cell lines have shown that ESRP2 is a weaker splicing regulator compared to 
ESRP1 and that they share many of their targets432,549,550. Target preference, however, is 
likely context-dependent and can be affected by expression levels of the target mRNAs 
and by posttranslational modifications of the regulators. Importantly, to date, no 
study has examined the functional redundancy of ESRP1 and ESRP2 in ESCs but the 
results I present in this thesis clearly point that it would be a very interesting path to 
explore. One possibility could be that ESRP2 has specific alternative splicing targets 
which have an impact on pluripotency exit only in the context of Esrp1 and Rbm47 
depletion. Another possibility is that ESRP2 has splicing-independent roles in this 
context. In line with this, previous studies have suggested that ESRP2 has specific 
splicing-independent roles550 but to date, there is no direct evidence that corroborates 
that hypothesis in ESCs. 

We found that Esrp1 Esrp2 Rbm47 TKO ESCs downregulate both naïve and primed 
pluripotency differential expression profiles. This could suggest that the right balance 
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of either ESRP or RBM47 is needed in pluripotency and when both are not present, the 
cells acquire an identity that is neither naïve nor primed.

Regarding alternative splicing, Esrp1 Esrp2 Rbm47 TKO ESCs show higher exclusion 
of naïve highly included exons. This is comparable to the phenotype that Rbm47 KOs 
showed and in contrast to Esrp1 Esrp2 DKOs. Additionally, the inclusion levels of 
alternative splicing changes in Esrp1 Esrp2 Rbm47 TKO ESCs are closer to those found 
in Rbm47 KOs compared to those found in Esrp1 Esrp2 DKOs, which in turn, cluster 
separately. These results are in disagreement with Yang et al who previously proposed 
that the role of ESRP1 predominates over RBM47 when they have opposing alternative 
splicing functions425. However, this apparent disagreement over the dominance of 
ESRP1 vs. RBM47 could be due to the different systems studied as Yang et al used 
EMT in cancer cells.

We observed that Esrp1 Esrp2 DKO ESCs have a weaker induction of DNA 
Methyltransferase 3 Beta (Dnmt3b) expression during EB differentiation compared to 
controls. Additionally, Esrp1 Esrp2 Rbm47 TKOs had a slight trend in this direction 
but did not show such substantial Dnmt3b expression differences compared to controls. 
Thus, in this case, it seems that RBM47 might not be functionally compensating for 
ESRP loss, on the contrary, it might be enhancing the effect of Esrp1 Esrp2 depletion 
on Dnmt3b downregulation. However, the difference is too small to draw any solid 
conclusions. Together, this might indicate that ESRP1, ESRP2 and RBM47 cooperate 
to regulate Dnmt3b expression. DNMT3B is a de novo DNA methyltransferase whose 
expression is induced during primed pluripotency551,552 (see introduction), thus it 
might be interesting to examine whether Esrp1, Esrp2 and Rbm47 depletion affects 
the epigenetic profile of these differentiating cells. Specifically, it would be compelling 
to look for the genes with differential gene body methylation in DKOs and TKOs 
compared to controls as this differential methylation could also help explain the 
differentiation bias in the mutants.

Previous to this thesis, Yang et al had proposed that reduction of RBM47 levels together 
with reduction of ESRP levels favours the induction of EMT425. We found that during 
EB differentiation Esrp1 Esrp2 Rbm47 TKO ESCs show similar induction levels of 
Brachyury compared to controls but lower induction of other EMT drivers such as 
Eomes and Snail. This came as a surprise since it partially disagreed with what was 
previously predicted: if the downregulation of both ESRPs and RBM47 was important 
for EMT induction, we would have seen a higher induction of EMT drivers upon 
depletion, not lower. Furthermore, there is a clear downregulation of endomesodermal 
lineage induction and an upregulation of neural lineage induction in Esrp1 Esrp2 
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Rbm47 TKOs upon differentiation. Thus, they display a strong epithelial bias, not 
mesenchymal. Together, these data suggest that during stem cell differentiation there 
is a regulatory programme co-regulated by ESRP1, ESRP2 and RBM47 which must be 
shut down for neuroectodermal differentiation to occur, not for EMT (as it was shown 
for cancer cells). Indeed, neural tissues show very low expression levels of Esrp1, Esrp2 
and Rbm47 and it would be very interesting to explore if and how neural progenitors 
downregulate these three factors and the impact this downregulation may have on cell 
function and physiology.
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Regulation of naïve and primed pluripotency 
states by Quaking

One underlying question in this thesis is whether the alternative splicing landscape 
switch in naïve-to-primed transition can actually drive the transition from the naïve 
to the primed cell state. Although with this thesis we have only scratched the surface 
of a possible answer, one of our most meaningful observations towards it came by 
studying the possible regulatory role of QKI in the naïve-to-primed transition. QKI 
has emerged as a crucial factor of many developmental transitions and differentiation 
processes including oligodendrocyte differentiation440–444, monocyte/macrophage 
differentiation445, vascular development446 and EMT425,449,553. Here, we describe that 
QKI regulates many naïve-to-primed alternative spliced cassette exon events and that 
severe or complete depletion of QKI results in a more primed alternative splicing 
profile.

Notably, 2iL ESCs maintain higher mRNA expression levels of QKI than SL ESCs 
and EpiSCs, thus more naïveness entails higher expression levels of QKI, however, 
we also found that QKI depletion promotes the upregulation of a naïve differential 
gene expression profile. The later goes in line with recent findings showing that QKI 
loss maintains stemness and self-renewal of neural stem cells and glioma stem cells by 
modulating RNA stability and alternative splicing554. Mainly, QKI loss downregulates 
the endolysosome-dependent degradation of receptor-ligand complexes. This 
desensitizes cells to ligand-receptor complex-mediated signalling and as a result, cells 
are not poised to receive new fate determination signals555. It is possible that this is also 
the case in naïve pluripotency and more work should be done in this direction.

Taken together our work showed that QKI depletion promotes a naïve differential 
gene expression profile and downregulates a primed differential gene expression 
profile, but also promotes a more primed differential alternative splicing inclusion. 
This disconnection between the gene expression network and the alternative splicing 
landscape occurring upon QKI depletion in ESCs could have various interpretations. 
One possibility is that QKI functionality in the cell strongly depends on its protein 
load. In this model, in the complete absence of QKI, the cell gains a naïve gene 
expression identity and a primed differential alternative splicing network; then upon 
gradual increase of QKI protein levels, gene expression would change towards primed 
pluripotency; finally, at high QKI protein levels, the cell regains a naïve gene expression 
identity. The fact that inclusion/exclusion levels in QKI KDs are more extreme than 
in primed pluripotency, supports this hypothesis. Additionally, we detected disparity 
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in the differentiation potential of both QKI KD clones, which also supports this 
hypothesis. To test it, a key experiment would be to gradually decrease QKI levels 
in naïve stem cells and assess the gene expression profile. It is possible that the QKI 
KDs that we used were too extreme for cells to acquire a primed pluripotency gene 
expression, it might have surpassed that point and acquired a naïve pluripotency gene 
expression instead. Be that as it may, we found that the naïve-to-primed differential 
alternative splicing landscape can, in fact, be uncoupled from the naïve-to-primed 
gene expression network.

One crucial question that emerges from our study of QKI in naïve-to-primed 
transition is: how do primed stem cells downregulate QKI activity? We know that QKI 
is expressed at the same levels in SL ESCs and EpiSCs but that its activity is probably 
partly impaired in EpiSCs. This goes in line with another study that reported that 
QKI promotes EMT but does not change its expression levels during the process425 
(a different study involving QKI in EMT did see differences in QKI expression upon 
EMT albeit using other EMT model449). We will discuss a few possibilities that could 
explain how QKI activity could be regulated during the naïve-to-primed transition in 
the upcoming lines.

One possibility could be that QKI activity in pluripotency is regulated by a co-factor 
or a co-activator that could be interacting and enhancing target recognition only in 
naïve pluripotency. RBM47 could be one possible co-factor given its expression across 
ESCs downregulation in EpiSCs, however, we did not test RBM47’s implication in 
QKI regulatory role. For this, it would be key to identify whether they share RNA 
targets and, if they do, it would be key to know how these RNA targets are recognized. 
Secondly, it would be important to find out if QKI and RBM47 physically interact, 
and if they do, how do both RBPs bind onto the same RNA transcript at different cis-
elements, form a higher-order RNP complex and co-regulate splicing? What are the 
kinetics of binding? Is QKI binding first and then recruiting RBM47 or the other way 
around? Or perhaps both form a heterodimer before binding to the RNA targets? How 
is the secondary structure of RNA targets affected upon dual binding? Answering these 
and many other questions regarding this regulatory axis would certainly be crucial to 
further understand naïve-to-primed alternative splicing regulation.

Another possibility is that, in primed pluripotency, another splicing factor (or set of 
splicing factors) competes for cis-binding in QKI target RNAs. This has been previously 
suggested during skeletal muscle differentiation with poly-pyrimidine tract-binding 
protein (PTBP1)447. PTBP1 coregulates 42% of QKI-regulated alternative splicing 
events during muscle cell differentiation, and either cooperates or competes for 
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binding to regulate them447. In the case of exon 9 of Capping Actin Protein of Muscle 
Z-Line Subunit Beta (Capzb), for example, the inclusion is promoted in myotubes-to-
myoblasts differentiation due to an increase in QKI and a decrease in PTBP1 levels447. 
In this case, exon inclusion is activated by QKI and repressed by PTBP1 and the binding 
motifs of these two splicing factors are in close physical proximity to one another on 
the downstream intron of the regulated exon suggesting a competition among these 
two splicing factors for binding to regulate the event. Curiously, PTBP1 also came up 
in our SPAR-seq screen as a possible regulator of naïve-to-primed alternative splicing 
events. Equally to QKI, its downregulation promoted primed differential alternative 
splicing inclusion. However, unlike QKI, we did not find a change in Ptbp1 expression 
at the transcriptional level. PTBP2, the paralogue of PTBP1 however, does seem to have 
an increase in expression in primed pluripotency. Specifically, Ptbp2 gene expression 
increases over five-fold in EpiSCs compared to 2iL ESCs (and over 4.6-fold compared 
to SL ESCs). Although PTBP2 and PTBP1 share 74% sequence identity and display 
similar RNA binding across the transcriptome, some of their target exons overlap and 
others are unique556–565. It could be that in primed pluripotency PTBP2 is competing 
for binding with QKI to regulate alternative spliced exons, yet this hypothesis remains 
to be tested.

Additionally, another possibility could be that QKI’s activity is modulated through 
a post-translational modification that may be occurring either in naïve or primed 
pluripotency. We did not find differential phosphorylation of QKI in naïve and 
primed pluripotency, however, several other posttranslational modifications could be 
regulating QKI function. For example, QKI has been reported to be arginine methylated 
by PRMT1, although its effect on QKI activity is not known566. Furthermore, other 
STAR family members have been shown to increase their RNA binding capabilities 
upon lysine acetylation567. Thus, the possible post-transcriptional modifications of 
QKI upon naïve-to-primed transition continue to be an interesting subject-matter to 
explore. 

Furthermore, it is important to point out that the regulation of alternative splicing 
is just one role of QKI, but might not be the leading role in naïve and primed stem 
cells. Indeed, roles in circular RNA production449, micro-RNA processing454,455, mRNA 
stability456 and translation457 have been described in other cell states and their specific 
impact on naïve and primed pluripotency maintenance should be studied for a 
complete understanding of QKI’s role in naïve-and-primed pluripotency.

Finally, despite there being a clear difference in QKI protein levels between the two 
QKI KD clones used in this thesis, we found no substantial differences in naïve-to-
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primed transition and exit from pluripotency among them. Importantly, we did find 
a discrepancy in their differentiation potential. More specifically, we found that QKI 
KD clone 2.2 (with higher QKI levels) had a strong deficiency in mesendodermal 
induction in EB differentiation while this was not apparent for the other clone. 
Also, we observed high cell death rates upon EB differentiation only in this QKI KD 
clone 2.2. These results suggested a milder phenotype in the cell line with almost 
undetectable levels of QKI. Firstly, these results should be validated using other clones 
as it could be an artefact resulting from an off-target CRISPR/Cas9 editing effect. If 
confirmed with other clones, it would be hard to explain by genetic compensation 
through transcriptional adaptation498,499 given that both clones have a similar deletion 
(a short deletion in the first coding exon of the Qki loci). This would point instead to a 
compensatory mechanism at the protein level. To our knowledge, there are no reports 
showing this QKI compensation to date. However, QKI null mice have been reported 
to die at E10.5 due to defective vascular remodelling and abnormal vitelline vessels 
in the yolk sac which is attributed to the lack of supporting smooth muscle cells446,568. 
This implies that QKI full KO mutants are capable of developing passed the naïve-to-
primed transition and points at a posterior defect leading to lethality.
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On the binary lens through which we look at 
the naïve-to-primed transition

Cellular differentiation is a continuous process. This poses a fundamental challenge in 
biology as it defies the categorical labels that are given to the different stages during 
differentiation. The prevailing view of cell types can be reduced to static snapshots of 
a continuous process. In the case of embryonic pluripotency, the distinction between 
two types of pluripotency was a conceptual landmark in the field, but it is essentially 
limited by the culture media that stabilizes the two cell states. Thus, there might be other 
intermediate cellular states that remain uncategorized simply because they are not 
stable in vitro or the proper conditions to maintain them are still unknown. Recently, a 
number of studies have defined naïve-to-primed intermediate cell states mostly based 
on in vitro experiments. These include the “naïve-primed intermediate” state569, the 
“poised” state544, the “formative” state570 and the “rosette” state571. Importantly, there is 
no agreement on whether some of these states are the same or how much they diverge 
from one another. Additionally, their definition mainly relies on transcriptional 
differences despite there being many other cellular layers of complexity. As the field 
moves forward, researchers must find a way to unify a classification of these cell states 
and do so beyond their differences in gene expression. Here, we have provided a new 
layer of knowledge in the definition of naïve and primed states that paints a new picture 
of transcriptional complexity that was so far unexplored. However, much work still 
needs to be done to understand how the series of events that turn the naïve alternative 
splicing landscape into primed are temporally controlled and whether there are more 
cell types, and thus, more alternative splicing landscapes in between.

For all that, a pending question remains for future studies, much broader than naïve 
and primed pluripotency states, this is, how do we define a cell type?
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Conclusions

1. The alternative splicing landscape is remodelled during the naïve-to-
primed pluripotency transition.

2. Distinct genomic features characterize the exons alternatively spliced 
in the naïve-to-primed transition in mice as well as humans.

3. Depletion of the splicing regulator RBMXL2 in mESCs leads to 
the downregulation of the naïve pluripotency gene expression and 
alternative splicing profiles, the upregulation of primed pluripotency 
profiles, and causes a faster exit from both pluripotency states. On the 
contrary, simultaneous depletion of RBMX and RBMXL1 in mESCs 
leads to high cell death upon differentiation.

4. Loss of the splicing regulators ESRP1 and ESRP2 shifts the gene 
expression profile of mESCs towards a naïve pluripotency state 
whereas loss of RBM47 causes the opposite trend. However, neither 
the depletion of ESRP family members nor RBM47 affect pluripotency 
exit dynamics.

5. The splicing regulator QKI regulates the alternative splicing of a subset 
of the naïve-to-primed differential cassette exons.
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ESC maintenance

ESCs were grown on 0.1% gelatine-coated (Millipore, ES-006-B) plates 
(Thermo Scientific Nunc Cell-Culture Treated Multidishes, 140675) either in 
Serum-LIF (SL) media or 2-inhibitors-LIF (2iL) media. Gelatine coating was 
left for a minimum of 15 minutes to set.

SL media consisted on Glasgow’s Minimum Essential Medium (GMEM) BHK-
21 (Gibco, 21710-025) supplemented with 10% batch-tested foetal bovine serum 
(Seralab, A1060013 EU-000-H), 0.5mM Sodium Pyruvate (Gibco, 11360-070), 
1mM L-Glutamine (Gibco, 25030-024), Minimum Essential Medium non-
essential amino acids solution (Gibco,11140-050), 0.1mM 2-Mercaptoethanol 
(Millipore, ES-007-E) and 1000U/ml ESGRO recombinant mouse LIF protein 
(Millipore, ESG1107). SL ESCs were routinely dissociated into a single-cell 
suspension using 1x TrypLE Express Enzyme (Gibco, 12605028), split and 
replated after quenching with media and centrifuging at 300g for 3mins. For 
long term storage, ESCs were cryopreserved in FBS (Gibco, 10270106) and 
10% Dimethyl sulfoxide Hybri-Max (Sigma Aldrich, D2650).

2iL media consisted on 50% Neurobasal medium (Thermo Fisher Scientific, 
21103-049), 50% Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 
(Applied Biosystems, 21331-020), 0.5x N-2 supplement (Applied Biosystems, 
17502-048), 0.5x B-27 supplement without vitamin A (Life Technologies, 12587-
010), 1mM L-Glutamine (Gibco, 25030-024), 0.1mM 2-Mercaptoethanol 
(Millipore, ES-007-E), 1000U/ml ESGRO recombinant mouse LIF protein 
(Millipore, ESG1107), 1uM MEK inhibitor PD0325901 (Selleckchem, 
S1036) and 3uM GSK3-beta inhibitor CHIR99021 (Selleckchem, S1263). 2iL 
ESCs were routinely dissociated into a single-cell suspension with Accutase 
(Biolegend, 423201), split and replated after quenching with DPBS 1x (Gibco, 
14190) and centrifuging at 300g for 3mins. For long term storage, 2iL ESCs 
were cryopreserved in N2B27 media (basal 2iL media, without inhibitors or 
LIF) and 10% Dimethyl sulfoxide Hybri-Max (Sigma Aldrich, D2650).

All 2iL ESCs in this study were propagated from SL ESCs for 5 or 6 passages.
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EpiSC maintenance

EpiSCs were routinely grown on FBS (Gibco, 10270106) coated plates (Thermo 
Scientific Nunc Cell-Culture Treated Multidishes, 140675). For the first 10 
passages of derivation from SL ESCs FBS coating is not used, instead, we use 
Human Plasma Fibronectin Purified Protein 10ug/ml (Millipore, FC010) in 
DPBS 1x (Gibco, 14190). Both plate coatings were left to set for a minimum of 
1 hour at 37ºC and 5% CO2.

EpiSC media consisted on 50% Neurobasal medium (Thermo Fisher Scientific, 
21103-049), 50% Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 
(Applied Biosystems, 21331-020), 0.5x N-2 supplement (Applied Biosystems, 
17502-048), 0.5x B-27 supplement without vitamin A (Life Technologies, 12587-
010), 1mM L-Glutamine (Gibco, 25030-024), 0.1mM 2-Mercaptoethanol 
(Millipore, ES-007-E), 20ng/ml of Recombinant Human/Mouse/Rat Activin 
A  (R&D Systems, RYD-338-AC-050) and 12ng/ml Recombinant Mouse 
bFGF (R&D Systems, RYD-3139-FB-025). For passaging, EpiSC colonies were 
manually dissociated with fresh media into smaller clusters by scraping with 
a plastic pipette. Previous to dissociation EpiSCs are incubated for 3 minutes 
with either PBS1x, in case of routine passaging, or with 1mg/mL Collagenase 
Type IV (Stemcell Technologies, 7909), in the case of first 8 passages of 
derivation from ESCs.

For long term storage, EpiSCs were cryopreserved in N2B27 media (basal 
EpiSC media, without factors) and 10% Dimethyl sulfoxide Hybri-Max (Sigma 
Aldrich, D2650).

In all cases, EpiSCs were derived from SL ESCs by passaging over 16 times in 
EpiSC conditions.

Immunosurgery of E4.5 ICMs

Blastocyst embryos were collected at E4.5dpc, at this stage, the epiblast 
and primitive endoderm are fully segregated and thus ICM isolation by 
immunosurgery followed by epiblast dissection is feasible but laborious. We 
incubated whole E4.5 embryos at 37ºC in equilibrated 20% anti-mouse serum 
(Sigma, M5774) in embryo handling medium (N2B27- see above) for 1 hour. 
This was followed by incubation at 37ºC and 5% CO2 in 20% complement 
sera from guinea pig (Merck, 234395) in embryo handling medium for 15 
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minutes. Whole embryos were then transferred to a pre-equilibrated culture 
medium and incubated at 37ºC and 5% CO2 for 30 minutes, until the lysed 
cells separated from the ICM. At this point, residual trophectoderm was 
thoroughly removed by repetitive manual pipetting using a pulled Pasteur 
pipette just bigger than the ICM. ICMs were then incubated at 37ºC and 5% 
CO2 for 4 hours in hanging drops of equilibrated embryo handling medium. 
Finally, pulled Pasteur pipettes of smaller inner diameter were used to gently 
separate the primitive endoderm from the epiblast (MM Figure 1A, B). We 
obtained around 40– 50 cells per embryo and these were frozen immediately 
in RLT buffer for posterior RNA extraction.

MM Figure 1: Procedure for in-vivo sample collection (A) E4.5 blastocysts (B) Two 
stages of the immunosurgery protocol for epiblast dissection. To the left, embryos after 
incubation with complement sera followed by incubation in culture media. Note the 
lysed cells surrounding the ICM. To the right, ICM after 4-hour incubation in hanging 
drops. Note how primitive endoderm cells grow around a central mass of epiblast 
cells. (C) E5.5 embryos (top) and E6.5 embryos (bottom). (D) Two stages of epiblast 
separation from the visceral endoderm in post-implantation embryos. E5.5 embryos 
(top) and E6.5 embryos (bottom).
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Epiblast dissection of E5.5 and E6.5 embryos

Postimplantation epiblast samples were isolated by manual dissection in M2 
medium (Sigma, M7167). All the embryos used had developed a cavity and 
the epiblast had formed an epithelium. Extraembryonic ectoderm was first 
removed with a wide mouth-controlled pipette. Then, the visceral endoderm 
was mechanically separated by drawing the embryo portion through a 
second pulled Pasteur pipette with a narrower aperture (MM Figure 1C, D). 
Postimplantation epiblast samples were then frozen immediately in RLT buffer 
for posterior RNA extraction. Visceral endoderm samples were also collected 
for E6.5 embryos and frozen immediately in RLT buffer for posterior RNA 
extraction.

CRISPR/Cas9 gene-editing

We followed the Ran et al 572 protocol to design, clone, test and employ all 
gRNAs used to generate each KO cell line in this thesis. For every final KO, 
we used two gRNAs that targeted the sequence of interest. For example, in 
the case of exon-specific deletions, each gRNA targeted one of the two 
flanking introns (see Table for further details on targeted sites). For every KO 
generation, the best gRNAs pair was chosen after testing the editing efficiency 
of six independent gRNAs in all possible combinations. For the generation of 
Rbm47/ESRP axis KOs, we employed the multiplex CRISPR/Cas9 assembly 
system573. This allowed us to construct all-in-one CRISPR/Cas9 vectors 
expressing multiple gRNAs for multiple gene KOs.

Lipofectamine 2000 (Invitrogen, 11668019) was used for transfection of 1ug 
of each CRISPR/Cas9 vector into ESCs plated on 6-well plates with ~70-80% 
confluency following manufacturer’s instructions. Importantly, we always 
transfected empty vectors as appropriate controls for each experiment. Media 
was changed 5 hours after transfection. Selection with 1ug/ml puromycin 
(Sigma, P8833) started 24 hours after transfection and lasted ~5-6 days 
(conditioned by the extent of cell death in un-transfected controls) with daily 
media-replacement. After selection, cells were dissociated using 1x TrypLE 
Express Enzyme (Gibco, 12605028) and plated either on 96-well plates at a 0.6 
cells/well concentration, or on 100mm dishes at 1000cells/dish concentration.

If plated on 96-well plates, media was changed after 6 days of re-plating. At day 
12, cells in wells that had grown colonies were dissociated using 1x TrypLE 
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Express Enzyme and plated in parallel on to 48-well plates (for screening for 
positive clones by genotyping) and 24-well plates (for expanding the cell line 
if positive).

If plated on 100mm dishes, media was changed 4 days after re-plating. At day 
7-9, ESC colonies were picked and replated. Briefly, media was replaced by 
DPBS 1x (Gibco, 14190), individual colonies were manually picked using a 
p20 pipette, placed onto drops of TrypLE Express Enzyme and disaggregated 
by pipetting. Individual disaggregated colonies were then plated on 96-well 
plates. Media was changed the next day and every other day. After 3-6 days, 
wells with grown colonies were dissociated using 1x TrypLE Express Enzyme 
and plated in parallel on to 48-well plates (for screening for positive clones by 
genotyping) and 24-well plates (for expanding the cell line if positive).

Efficient gene-editing was identified among ESCs clones by genotyping 
screening and positive clones were karyotyped, expanded and cryopreserved.

Genotyping screening for positive CRISPR/Cas9 gene-edited clones

Confluent ESCs in 48-well plates were dissociated using 1x TrypLE Express 
Enzyme (Gibco, 12605028), washed with DPBS 1x (Gibco, 14190) and pelleted 
by centrifuging at 300g for 3mins. Cell pellets were resuspended in 75ul of 
lysis buffer containing 50mM Tris-HCl pH 8-8.5 (in-house), 1mM EDTA (in-
house), 0.5% Tween-20 (Merck, P9416) and 8ug/ml Proteinase K (Thermo 
Scientific, EO0491) and incubated at 55ºC for a minimum of 5 hours or 
overnight. Samples were then heated at 95ºC for 10 minutes for proteinase K 
inactivation and stored at 4ºC (or at -20ºC for long-term storage). Cell lysis 
was then employed to genotype each clone by PCR using primers flanking 
gRNA binding sites.

GoTaq G2 Flexi DNA Polymerase (Promega, M7806) was used for standard 
genotyping PCR reactions using 3ul of lysed cell solution and a total volume 
of 25ul for each reaction. PCRs were performed in a thermal-cycler (Applied 
Biosystems, 2720) using the following touch-down run-program: Initial 
denaturation step at 94ºC for 3 minutes; 10 cycles of 30 seconds at 94ºC, 30 
seconds annealing at temperatures from 63ºC decreasing 0.5ºC each cycle 
and 2 minutes elongation at 72ºC; 25 cycles of 30 seconds at 94ºC, 30 seconds 
annealing at 58ºC and 2 minutes elongation at 72ºC; and a final elongation step 
of 5 minutes at 72ºC. The resulting PCR product was size-fractioned by 1% 
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ultrapure agarose (Invitrogen, 16500500) gel electrophoresis containing SYBR 
Safe DNA Gel Stain (Invitrogen, S33102) and visualized under blue light.

Depending on the resulting PCR products, gel bands were then extracted from 
the gel using GeneJET Gel Extraction Kit (Thermo, K0691) or PCR products 
were directly purified using QIAquick PCR Purification Kit (Qiagen, 28104), 
following manufacturer’s instructions. The resulting DNA fragments were 
sequenced by Sanger sequencing using BigDye Direct Cycle Sequencing Kit 
(Applied Biosystems, 4458689) to confirm deletions.

Karyotyping of ESC lines

ESCs of ~70% confluency were passaged to a 6-well plate with a splitting ratio 
of 1:2 to 1:4. The next day, the media was changed and 2 hours later 0.2ug/ml 
of KaryoMax Colcemid Solution (Gibco, 15212012) was directly added to the 
media. After a 1-hour incubation at 37ºC and 5% CO2, cells were dissociated 
using 1x TrypLE Express Enzyme (Gibco, 12605028), washed with DPBS 1x 
(Gibco, 14190) and pelleted by centrifuging at 300g for 3mins. Pelleted cells 
were resuspended gently in 5ml of ice-cold hypotonic 0.56% KCl solution, by 
inverting once, and were kept at room temperature for 6 minutes followed 
by cell-pelleting by centrifuging at 300g for 3mins. Cell pellets were then 
resuspended in a drop of supernatant and then by dropwise adding 2ml of 
ice-cold freshly-made fixative consisting of Methanol: Glacial Acetic Acid 
(3:1) (Merck, 1060182500) and mixing continuously with a vortex. Cells were 
pelleted by centrifuging at 300g for 4mins and the fixation step was repeated 
once more. Cell pellets were then resuspended in 1ml of fixative. Metaphase 
chromosome spreads were made by pipetting drops of this cell suspension 
from a height of 1 meter onto fixative-washed slides. Slides were air-dried and 
coverslips were mounted using Fluoroshield with DAPI (Sigma, F6057). Slides 
were examined under an oil immersion microscope at 100x magnification. 
Images were taken and chromosomes were counted of at least 20 spreads per 
clone.

Clonal Monolayer differentiation assay

Each ESC clone was plated on three 0.1% gelatine-coated (Millipore, ES-
006-B) 12-well plates at an 800 cell/well concentration on SL media and grown 
at 37ºC and 5% CO2 for a total of six days. Two days after plating, the media of 
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one of the wells was changed to EB media. Four days after plating, the media 
of another well was changed to EB media. Six days after plating, plates were 
collected, and cells were stained with Alkaline phosphatase staining.

Alkaline Phosphatase staining

Alkaline phosphatase staining was carried out using the Leukocyte Alkaline 
Phosphatase Kit (Merck, 86R). Briefly, ESCs grown on 0.1% gelatine-coated 
(Millipore, ES-006-B) plates (Thermo Scientific Nunc Cell-Culture Treated 
Multidishes, 140675) were fixed with citrate-acetone-formaldehyde fixative 
at room temperature for 30 seconds. Plates were then washed with deionized 
water for 45 seconds and incubated with an alkaline-dye solution (sodium 
nitrite solution, FRV-alkaline solution and Naphthol AS-BI alkaline solution 
at 1:1:1 and diluted in 45 volumes of distilled water) for 20 minutes at room 
temperature and protected from light. Plates were washed with distilled water 
for 2 minutes and air-dried.

Pictures of colonies were taken using an Olympus stereo microscope (DP73) 
with oblique illumination.

Embryoid body formation assays

ESCs were dissociated using 1x TrypLE Express Enzyme (Gibco, 12605028), 
and counted after quenching with SL media with no LIF and centrifuging at 
300g for 3mins. ESCs were then seeded on 90mm non-gelatinised petri dishes 
(Fisher, 11309283) at a density of 300 thousand cells per plate in EB media. 
EB media consisted on Glasgow’s Minimum Essential Medium (GMEM) 
BHK-21 (Gibco, 21710-025) supplemented with 10% FBS (Gibco, 10270106), 
0.5mM Sodium Pyruvate (Gibco, 11360-070), 1mM L-Glutamine (Gibco, 
25030-024), Minimum Essential Medium non-essential amino acids solution 
(Gibco,11140-050) and 0.1mM 2-Mercaptoethanol (Millipore, ES-007-E). 
In each experiment, 6 plates for each clone was plated. ESC samples were 
taken on the day of plating (day 0) and then every day until day 3. After that, 
samples were taken every other day until day 11. On day 5 the media was 
changed, briefly, the suspension cultures were collected onto 50 ml falcons 
and embryoid bodies were left to settle on the bottom of the falcon for 20 
minutes at room temperature. The supernatant media was then removed and 
replaced with fresh media. On day 9, only half of the volume contained in the 
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plate is collected for sampling and replaced with fresh media. The remaining 
embryoid bodies are collected on day 11.

For all sample collection, suspension cultures were collected, embryoid bodies 
were pelleted by centrifuging at 300g for 3mins, washed once in DPBS 1x 
(Gibco, 14190) and pelleted by centrifuging at 300g for 3mins. Cell pellets 
were frozen and stored at -80ºC until RNA or protein extraction.

RNA extraction

Total RNA was extracted with different kits according to different downstream 
applications, importantly, all samples from the same experiments and 
comparable experiments were extracted with a single kit. In the case of RNA 
extracted from in-vitro samples for basic cDNA synthesis and downstream RT-
PCR or RTqPCR analysis, we used the NZY Total RNA Isolation kit (Nzytech, 
MB13402). In the case of RNA extracted from in-vivo samples for basic cDNA 
synthesis and downstream RT-PCR or RTqPCR analysis, we used Arcturus 
PicoPure RNA Isolation Kit (Applied Biosystems, KIT0204). For in-vitro RNA-
seq samples, we used the RNeasy Plus Mini kit (Qiagen, 74136) whereas for 
in-vivo RNA-seq samples we used the RNeasy Plus Micro kit (Qiagen, 74034).

cDNA synthesis

Total RNA was reverse transcribed using SuperScript III Reverse transcriptase 
(Invitrogen, 18080044). For 0.5ug of total RNA, 5uM of anchored oligo(dT)20 
(Sigma, own design) and 1mM dNTP mix (Invitrogen, 10297018) were mixed 
in RNase-free water to a final volume of 10ul. After 5 minutes at 65ºC, samples 
were put in ice and a mix composed of 4ul of RT 5x first-strand buffer, 1ul 0.1M 
DTT, 20 U Ribolock RNase inhibitor (Thermo, EO0381), 4 ul of RNase-free 
water and 100 U SuperScript III Reverse transcriptase was added and mixed by 
pipetting gently. We set one reaction mixture without SuperScript III Reverse 
transcriptase as a negative control for every round of cDNA synthesis. The 
mixtures were incubated at 50ºC for 50 minutes and 70ºC for 15 minutes. The 
cDNA samples were then diluted 1:10 in RNase-free water and stored at -20ºC.
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RT-PCR

GoTaq G2 Flexi DNA Polymerase (Promega, M7806) was used according to 
manufacturer’s instructions, with 1ul of diluted cDNA and a total volume of 
25ul for each reaction. PCRs were performed in a thermal-cycler (Applied 
Biosystems, 2720). For each validation of AS events, RT-PCR conditions 
could vary strongly depending on primers, length of amplicon and amount 
of template, however, here we state the standard RT-PCR conditions we used 
(with varying annealing times, depending on primers; and varying elongation 
times, depending on the amplicon size): Initial denaturation step at 94ºC for 3 
minutes; 10 cycles of 30 seconds at 94ºC, 30 seconds annealing at temperatures 
from 63ºC decreasing 0.5ºC each cycle and 1-minute elongation at 72ºC; 25 
cycles of 30 seconds at 94ºC, 30 seconds annealing at 58ºC and 1-minute 
elongation at 72ºC; and a final elongation step of 5 minutes at 72ºC.

The resulting PCR product was size-fractioned by 2.5% ultrapure agarose 
(Invitrogen, 16500500) gel electrophoresis containing SYBR Safe DNA Gel 
Stain (Invitrogen, S33102). However, the percentage of agarose used for the 
gel varied depending on the DNA sizes to separate. Although 2.5% was the 
standard, if the size to separate was smaller than 30bp, we used 3% agarose 
gels. Gels were run in 1x TBE (89mM Tris, 89mM boric acid, 2mM EDTA) 
at ~80-100V for approximately 40 minutes and visualized under blue light 
in a GelDoc transilluminator (Biorad). Band intensities were subsequently 
quantified using Image J.

RTqPCR

Quantitative real-time PCRs were performed using a LightCycler 480 (Roche) 
and 384-well plates. All primers were designed to anneal to adjacent exons 
where possible to amplify only mature mRNA. Additionally, all generated 
amplicons of 100 – 200nts in length and all were tested for correct amplification. 
Reactions were done in a total volume of 10ul and contained 2x NZYSpeedy 
qPCR Green Master Mix (NZYtech, MB22403), 750nM primers and 1ul of 
diluted cDNA template. The run-programme used was as follows: Initial 
denaturation step at 95ºC for 10 minutes; 45 amplification cycles of 15 seconds 
at 95ºC, 20 seconds at 60ºC and 10 seconds at 72ºC with a single acquisition; 
melting of 30 seconds at 95ºC, 1 minute at 68ºC and increase to 98ºC with 
continuous acquisition followed by 30 seconds cooling at 40ºC. Each reaction 
was performed in duplicate. The output Ct values were normalized relative to 
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the expression of Beta-actin (Actb) as housekeeping gene and calculated using 
the delta-Ct method. All RTqPCRs performed were done in parallel using 
negative controls where cDNAs reactions lacked reverse transcriptase. 

Stranded RNA-seq library preparation and sequencing

The in-vivo RNA sequenced samples were obtained in various days from a total 
of 22 pregnant mice. Each stage was then pooled together before extracting 
RNA. Overall, we isolated 58 E4.5dpc epiblasts, 73 E5.5dpc epiblasts and 60 
E6.5dpc epiblasts. All these in-vivo RNA sequenced samples were obtained in 
collaboration with Professor Jennifer Nichols and all embryos were dissected 
at the Cambridge Stem Cell Institute.

RNA-seq library preparations were performed by the CRG Genomics Core 
Facility using the TruSeq Stranded mRNA Sample Prep Kit v2 (Illumina, RS-
122-2101/2) according to the manufacturer’s instructions. Briefly, 500ng of 
total RNA was used for poly(A)-mRNA selection using streptavidin-coated 
magnetic beads and were subsequently fragmented to approximately 300bp. 
cDNA was synthesized using random primers and SuperScript II reverse 
transcriptase (Invitrogen, 18064-014). Instead of dTTP, the second strand 
of cDNA incorporated dUTP. Double-stranded DNA was then A-tailed and 
barcoded Truseq adapters were ligated. AMPure XP beads were used for 
subsequent purification steps. Finally, libraries were evaluated for quantity 
and size distribution using Agilent DNA 1000 chip and quantified by RTqPCR 
with KAPA Library Quantification Kit (KapaBiosystems, KK4835) before 
amplification with Illumina’s cBot. 20pM of each library was loaded onto a 
flow cell and was sequenced at 4 samples per lane following the 2 x 125bp 
paired-end protocol on Illumina’s HiSeq 2500.

SPAR-seq

The Systematic Parallel Analysis of Endogenous RNA Regulation Coupled to 
Barcode Sequencing (SPAR-seq) protocol followed in this thesis is detailed 
by Han et. al 439. These experiments were done in collaboration with the 
Blencowe lab (University of Toronto) and the siRNA knockdown library 
used in this thesis is the same one used in Han et al 439. Briefly, a total RNA 
pool was extracted from 1536 siRNA knockdown and control treatments that 
were performed with two biological replicates in SL ESCs (CGR8 line), at the 
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Lunenfeld-Tanenbaum Research Institute (LTRI) SMART robotics facility. 
Specifically, SMART pool siRNAs (Dharmacon) targeted 1416 genes including 
654 splicing- and RNA- associated factors (consisting of all known splicing 
factors, spliceosome-associated proteins and known and predicted RBPs); 858 
chromatin and transcription-associated factors (including previously reported 
factors involved in splicing, chromatin associated proteins, proteins with 
known or predicted chromatin binding/remodelling/modifying domains); 
and 65 signalling and post-translational associated factors related to splicing 
regulation. Additionally, siRNAs targeted 32 positive controls (simultaneous 
knockdown of Mbln1 and Mbln2) and 88 negative controls (including non-
targeting siRNAs, mock controls and untreated samples). Please refer to Han 
et al 439 for a complete list of all targeted genes and knock-down efficiencies. 
Cell plating, siRNA transfection and RNA purification were all automated. In 
short, SL ESCs were seeded in 96-well plates at 3000 cells per well, 2 days after, 
they were transfected with siRNAs, and 2 days after transfecting, total RNA 
was purified using RNeasy Plus 96 Kit (Qiagen).

In total, 32 96-well plates were used for SPAR-seq. For each well, a multiplex 
RT-PCR was applied to simultaneously amplify 44 transcript regions spanning 
various exons which assessed naïve-to-primed alternatively spliced exon 
inclusion, intron retention and gene expression. In the case of assessing exon 
inclusion and intron retention, primers were designed near splice site junctions 
to monitor specific splice variants. In some, cases more than one AS event was 
monitored within the same amplified region. The event-specific primer pool 
composition was optimized using several rounds of MiSeq (Illumina) with 
RNA extracted from 2iL ESCs, SL ESCs and EpiSCs. All primers contained a 
5’ universal adaptor sequence. In total, a pool of 88 primers was added to each 
reaction at a final concentration of 0.025uM for each primer. RT-PCRs were 
performed using the OneStep RT-PCR kit (Qiagen, 509210212) with ~40-60ng 
of RNA per 20ul reaction in 96-well Thermal Cyclers (Applied Biosystems) 
with the following program: 30 minutes at 50ºC, 15 minutes at 95ºC, 30 cycles 
of 40 seconds at 94ºC, 1 minute at 58ºC, 3 minutes at 72ºC and 10 minutes at 
72ºC.

Unique dual-index barcodes were used for multiplex barcode sequencing: 
unique 8nt reverse barcodes were used for each sample and forward 8nt 
barcodes were used to mark each half of each 96-well plate. These forward and 
reverse barcodes were added after universal adaptor sequences to the RT-PCR 
amplicons during a second PCR using Phusion High-Fidelity DNA polymerase 
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(Thermo Scientific, F530) following manufacturer’s instructions and employing 
1ul of the multiplex RT-PCR product per 20ul reaction. Barcoded sequencing 
libraries were then pooled and sequenced at the Donnelly Sequencing Centre 
using an Illumina HiSeq 2500 with 4 lanes at 768 samples per lane following 
the 2 x 125bp paired-end protocol.

For the analysis and identification of candidate regulators of naïve-to-primed 
events, we first mapped, profiled and compared the alternative splicing events 
across all samples using manually annotated exon-exon and exon-intron 
junctions. We were able to detect 44 splicing events occurring across our 
samples. To correct for variation among plates, we normalized PSIs differently 
depending on the value of median PSI of the event in all replicates and the 
value of the median PSI of that event in each plate.

For a given event in each sample, if the value of the median PSI across all plates 
was greater than the value of the median PSI in that plate, we calculated the 
normalized PSI with the following formula:

𝑃𝑃𝑃𝑃𝐼𝐼𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =
((100 × (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑛𝑛𝑁𝑁𝑁𝑁𝑁𝑁 − 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑛𝑛𝑝𝑝𝑁𝑁𝑁𝑁𝑝𝑝𝑁𝑁 + 𝑃𝑃𝑃𝑃𝐼𝐼)) − (𝑃𝑃𝑃𝑃𝐼𝐼 × 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑛𝑛𝑁𝑁𝑁𝑁𝑁𝑁))

(100 −𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑛𝑛𝑝𝑝𝑁𝑁𝑁𝑁𝑝𝑝𝑁𝑁)
 

 
 

If on the other hand, the value of the median PSI in that plate was greater than 
the value of the median PSI across all plates, we calculated the normalized PSI 
with the following formula:

 

𝑃𝑃𝑃𝑃𝐼𝐼𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑃𝑃𝑃𝑃𝐼𝐼 ×  𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑛𝑛𝑁𝑁𝑁𝑁𝑁𝑁
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑛𝑛𝑝𝑝𝑁𝑁𝑁𝑁𝑝𝑝𝑁𝑁

 

 

Candidate regulators were identified using normalized PSI levels of each event 
by selecting the top 50 samples that most changed inclusion levels and top 
50 samples that most changed exclusion levels. Candidates were filtered to 
guarantee that both replicates were consistent, only candidates that had both 
replicates in the top 50 were selected. We selected those that appeared to be 
regulating at least 2 or more naïve-to-primed events and that only changed 
events towards the isoforms found in one pluripotency state or the other.



Materials & Methods

190

Western Blot

Total cell extracts were collected directly from plates on ice by scraping using 
m-PER Mammalian Protein extraction reagent (Thermo Scientific, 78501) 
supplemented with 1 tablet per 10ml of Complete Mini EDTA-free Protease 
Inhibitor Cocktail tablets (Sigma, 11836170001) and 1 tablet per 10ml of 
Phostop phosphatase inhibitor tablets (Sigma, 4906845001) after washing with 
cold DPBS 1x (Gibco, 14190). Protein extracts were quantified using the Pierce 
BCA Protein Assay Kit (Thermo, 23227) and adjusted for equal amounts of 
total protein concentration in each sample. Laemmli buffer 4x containing 40% 
Glycerol (Merck, G5516), 250mM Tris-HCl pH6.8 (in-house), 8% SDS (in-
house), 0.1% Bromophenol blue (Sigma, B0126) and 10% 2-Mercaptoethanol 
(Sigma, M6250) was then added to all samples. 

After denaturation of samples at 95ºC for 10 minutes, 9-15ug of total protein 
extracts were loaded and separated in 4–15% Criterion TGX Precast Midi 
Protein Gels (Biorad, 5671085) at 80-120V by gel electrophoresis in running 
buffer (in-house) containing 25mM Tris, 192mM glycine and 0.1% SDS. 
Proteins were transferred into an Immun-Blot PVDF membrane (Biorad, 
1620177) using wet transfer at 100V for 90 minutes kept at 4ºC in transfer 
buffer (in-house) containing 25mM Tris, 192mM glycine and 20% Methanol. 
Membranes were stained with Ponceau solution to confirm uniform transfer. 
Subsequently, they were blocked in 5% skimmed milk (Sigma, 70166) diluted in 
TBS-T (10mM Tris-HCl pH7.4, 100mM NaCl, 0.1% Tween-20) for a minimum 
of 30 minutes, before incubation with primary antibodies overnight at 4ºC. 
Later, membranes were washed with TBS-T three times before incubating 
them with horseradish peroxidase (HRP)-conjugated secondary antibodies 
for one hour at room temperature. Membranes were washed in TBS-T three 
times and chemiluminescence was assayed using Immobilon Forte Western 
HRP substrate (Merck, WBLUF0100) and an Amersham 600 Imager (GE 
Healthcare Life Sciences). All antibodies were diluted in 5%Milk TBS-T.

When needed for re-blotting, membranes were mildly stripped using a mild 
stripping buffer at pH 2.2 composed of 1,5% glycine (Sigma, G8898), 0.1% SDS 
(Sigma, L3771) and 1% Tween-20 (Merck, P9416). Membranes were incubated 
with stripping buffer for 10 minutes at room temperature, stripping buffer 
was then replaced and membranes were incubated further for 5 minutes. 
Membranes were then washed in PBS twice for ten minutes and in TBS-T 
twice for 5 minutes. Then membranes were ready to block and re-blot.



191

For Phos-tag western blots, we used SuperSep Phos-tag 12.5% Precast Gels 
(Fujifilm, 195-17991). Gel electrophoresis were run at constant 30mA for 45 
minutes in running buffer (see above). The gels were then washed in 0.01mM 
EDTA transfer buffer three times for 20 minutes at room temperature for the 
elimination of metal ions, and once with transfer buffer without EDTA for 
10 minutes more. Then proteins were transferred to an Immun-Blot PVDF 
membrane using wet transfer at 100V for 1 hour kept at 4ºC in transfer buffer 
(see above) and western blot developing protocol was followed as normally 
(see above).

Immunofluorescence

ESCs were grown on gelatine-coated glass coverslips of 13mm diameter (VWR, 
631-1578) placed on 22mm plates, and EpiSCs, on 10ug/ml fibronectin-coated 
glass coverslips (see cell maintenance section above for further details). Plates 
were washed once with PBS (in-house) and fixed in 4% Paraformaldehyde 
in PBS (Merck, 158127) for 10 minutes. Cells were washed again with PBS 
and then permeabilized using 0.4% Triton X-100 in PBS (Sigma, X100) for 5 
minutes. Cells were washed again with PBS and blocked in 10% BSA (Sigma, 
A2153) 0.1% Triton X-100 in PBS for 30 minutes at room temperature. 
Coverslips were then withdrawn from plates and incubated overnight at 4ºC 
in a wet chamber with primary antibodies in 1% BSA, 0.1% Triton X-100 in 
PBS. The following day, coverslips were washed twice in PBS and incubated 
with secondary antibodies in 1% BSA, 0.1% Triton X-100 for 45 minutes in a 
wet chamber in the dark. Subsequently, coverslips were washed twice in PBS, 
excess PBS was removed and coverslips were mounted using Fluoroshield with 
DAPI (Sigma, F6057). Samples were visualized using a Leica TCS SP8 with 40x 
oil immersion objective. For each plane, 10 z-stacks were taken with a step size 
of 2um. Images were analysed using ImageJ.

Sample-to-sample correlation distance matrices and principal component 
analysis

Read alignment and gene-level quantification were done using vast-tools 
(based on bowtie574) for our starting dataset: 3 cell lines 46C, E14 and DizFx 
in 3 culture conditions 2iL, SL and AF. Gene levels counts were processed 
using edgeR575 for filtering and normalization following the standard pipeline. 
Principal component analysis (PCA) was done using the top 1000 most variable 
genes and plotted using the R package “factoextra”. Spearman correlation was 
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calculated pairwise for our 9 samples using gene expression values and plotted 
as a heatmap, using “1-correlation” as the distance measure for clustering 
samples. 

For global alternative splicing (AS) analyses an equivalent procedure was 
performed. Briefly, AS quantification was done using vast-tools and events 
were filtered by a minimum level of variability across samples of 10% PSI. We 
performed PCA and sample-to-sample correlation clustering using the same 
approach as above independently for AS exons and alternatively retained (AR) 
introns, with roughly 3000 events for both AS exons and AR introns.

Differential Gene Expression (DGE) analysis

Gene counts were used as input to edgeR for differential gene expression 
analysis. DGE was calculated for the 2iL vs EpiSC comparison using the quasi-
likelihood (QL) F-test and a design matrix taking into consideration cell culture 
conditions and the cell line (~ culture condition + line). P-values were corrected 
using Benjamini & Hochberg method to generate FDR (false discovery rate) 
values. We used a 0.01 FDR cut-off to call differentially expressed genes.

Naïve and primed differential alternative splicing analysis using VAST-
tools

Read alignment, alternative splicing profiling and comparison was made 
using Vertebrate Alternative Splicing and Transcription Tools (vast-tools)311,380 
version 2.3.0. Strand-specific mappings to mm10 or hg19 libraries were 
performed. Actual reads, meaning reads before mappability correction, were 
considered for the profiling of each alternative splicing event. For the definition 
of alternatively spliced cassette exons, we established that a minimum of either 
10 actual reads all mapping to exclusion splice junctions or 10 reads mapping 
to one of the two inclusion splice junctions and 5 to the other, were necessary 
for the events to be considered (VLOW quality score). For retained introns 
defined with our dataset, we considered only those with a minimum of either 
10 actual reads mapping to skipping splice junctions or 10 actual reads mapping 
to one of the inclusion exon-intron junctions and 5 actual reads mapping to 
the other (VLOW quality score). For the definition of alternative splice site 
usage (alternative 3’ splice site or alternative 5’ splice site), we established that 
a minimum of 15 actual reads mapping to the sum of all the splice junctions 
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were necessary for the events to be considered (VLOW quality score). Percent 
spliced in (PSI), percent of intron retention (PIR) and percent splice site usage 
(PSU) for each sample were calculated.

We used the analysis of our starting dataset (3 cell lines 46C, E14 and DizFx 
in 3 culture conditions 2iL, SL and AF) for establishing the differential naïve-
to-primed alternatively spliced event set and for subsequent analyses. Samples 
were paired according to the cell line. Unless stated otherwise in the text, 
determination of differential alternatively spliced event sets was done by 
comparing non-overlapping PSI distributions across samples with a minimum 
difference of 15% PSI between paired samples, if possible, and a minimum 
range of 5% PSI considering all samples in each condition. Differentially 
retained introns were defined using binomial testing across samples576. Finally, 
for the definition of differential alternative splice site usage, only alternative 
splice sites of host exons with a minimum 25% PSI were considered.

Protein impact prediction of alternative splicing event usage

The impact of the inclusion or exclusion of differential alternatively spliced 
exons was predicted according to their position in either the coding sequence 
(CDS), untranslated regions (either 5’ or 3’ UTRs) or non-coding RNA. 
Exons located in the coding sequences were then predicted to be disruptive or 
CDS-preserving. Alternative exons were considered disruptive if either their 
exclusion or inclusion supposed a frameshift in the open reading frame (ORF); 
if the included exon contained a premature stop codon predicted to undergo 
non-sense mediated decay (NMD) meaning it was located over 50nt upstream 
an exon-exon junction; or if the included exon contained a premature stop 
codon that supposed a truncation of the protein by more than 300 amino 
acids. Alternative exons were considered CDS-preserving if none of the above 
cases was met and either the number of nucleotides in the exon was multiple 
of three, thus preserving the open reading frame (ORF); if the exon contained 
a start codon; if the exon contained a stop codon; or if the exon contained a 
premature stop codon not predicted to undergo non-sense mediated decay 
(NMD). 
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Transcriptome-wide alternative exon feature scores

To assess the genomic features associated with exons regulated in the naïve-to-
primed transition, we grouped exons genome-wide into 5 groups. The first two 
groups correspond to exons classified as differentially spliced in the 2iL-vs-
EpiSC comparison, divided by their direction of change: “higher in 2iL ESCs” 
or “higher in EpiSCs”. We compared these exons to three reference groups of 
exons: alternative exons with a PSI value between 10% and 90% in at least one 
sample and that do not change (dPSI < 3%) in the 2iL-vs-EpiSC comparison; 
“cryptic” exons with a maximum PSI value across our samples lower than 
10%, and “constitutive” exons with a minimum PSI of 90% or higher across all 
compared samples. For the latter two categories, one 1000 random exons were 
selected for genomic feature analyses.

For the splicing analysis of all alternative exons grouped by their genomic 
features, we used all alternative exons genome-wide as defined above, without 
any dPSI filtering. For each genomic feature we generated six equally sized 
groups or sextiles and quantified the dPSI between EpiSCs and 2iL ESCs and 
plotted the distribution of dPSI values. 

For summarizing the effect of each genomic feature on the dPSI between 
EpiSCs and 2iL ESCs, we computed a single score per feature corresponding to 
the dPSI difference (ddPSI) between the first and last quantiles of each feature. 
For exon length scoring, the median ddPSI between exons in the 250nt to 200nt 
group and the shorter-than-50nts group was calculated. For intron length 
scoring, the difference in dPSI between exons with average flanking introns 
longer than 10kb and those with introns shorter than 200nts was calculated. 
For exonic GC content scoring, the ddPSI between exons with GC content 
over 58% and exons with GC lower than 40% was estimated, and for intron GC 
content, the limits were set at 50% and 33% respectively.

Exon-intron definition score was calculated for each exon considering exon 
GC-content together with the difference in intron and exon lengths. More 
specifically, we estimated relative values for each feature by making use of 
the categories defined above for GC-content and exon length. For exon GC 
content relative score (GCCexon), exons in the “over 58%” category scored 1 
point; exons in the “58% to 50%” category scored 2 points; exons in the “50% 
to 45%” category scored 3 points, exons in the “45% to 40%” category scored 
4 points and exons in the “less than 40%” category scored 5 points. For exon 
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length relative score (Lengthexon), exons in the “350nt to 250nt” and “250nt to 
200nt” categories scored one point, the rest, scored 2 points. For exon-intron 
difference length relative score (Lengthdiff), first we calculated a value for the 
ratio of the exon length and the average length of the flanking upstream and 
downstream introns (ExonIntronlength diff) with the following formula:

 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐿𝐿𝐸𝐸𝑔𝑔10 ( 𝑙𝑙𝑒𝑒𝑒𝑒𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ
𝑎𝑎𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎𝑙𝑙𝑙𝑙 𝑑𝑑𝑙𝑙𝑎𝑎𝑙𝑙𝑓𝑓𝑑𝑑𝑙𝑙𝑙𝑙 𝑑𝑑𝑙𝑙𝑙𝑙𝑎𝑎𝑒𝑒𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ

) 

 
 

Subsequently, the length relative score (Lengthdiff) was calculated for each exon 
using the exon-intron differential length value (ExonIntronlength diff): if it was 
over -0.25, Lengthdiff was 1 point; if it was between -0.25 and -0.75, Lengthdiff 
was 2 points; if it was between -0.75 and -1.25, Lengthdiff was 3 points; if it was 
between -1.25 and -1.5, Lengthdiff was 4 points; if it was between -1.5 and -1.75, 
Lengthdiff was 5 points; and if it was below -1.75, Lengthdiff was 6 points. Finally, 
the exon-intron definition score was calculated following the formula:

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑖𝑖𝐸𝐸𝑖𝑖𝑖𝑖𝐸𝐸𝐸𝐸 𝑑𝑑𝑑𝑑𝑑𝑑𝑖𝑖𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝐸𝐸𝐸𝐸 𝑠𝑠𝑠𝑠𝐸𝐸𝑖𝑖𝑑𝑑 = 𝐺𝐺𝐺𝐺𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 𝐿𝐿𝑑𝑑𝐸𝐸𝐿𝐿𝑖𝑖ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 𝐿𝐿𝑑𝑑𝐸𝐸𝐿𝐿𝑖𝑖ℎ𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 − 3 

 
 
 Gene set enrichment analysis (GSEA)

GSEA was performed using GSEA 4.0.0 software426. The gene set used to 
test enrichment in naïve markers and primed markers was established using 
our RNA-seq dataset. Specifically, lists of naïve and primed markers were 
generated using the differential gene expression profile in paired comparisons 
of 2iL vs. EpiSCs across our three independent cell lines (E14, 46C, DizFx) 
and E4.5 vs. E6.5 epiblasts. Differentially expressed genes were identified using 
VAST-tools. Briefly, the fold change in normalized cRPKMs (corrected-for-
mappability Reads per Kbp and Million mapped reads577) between naïve and 
primed samples was calculated and 263 genes were established as naïve markers 
and 207, as primed markers. These markers had a minimum of 5-fold change 
of the average cRPKMs between the two groups and a minimum difference 
between each of the individual replicates of 2-fold. Additionally, markers had 
a minimum cRPKM of 5 in at least one of the compared groups.

Subsequently, we tested the enrichment of these markers within lists of 
differentially expressed genes in each of our comparisons (control vs. KO) 
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ranked by cRPKM fold change. Enrichment maps were generated to visualize 
GSEA results and normalized enrichment scores (NES) were calculated for 
each dataset comparison.

Alternative splicing set enrichment analysis (ASSEA)

ASSEA was performed using GSEA 4.0.0 software426. We used the differential 
naïve-to-primed alternatively spliced event set (see the section above on naïve 
and primed differential alternative splicing analysis using VAST-tools) to test 
for enrichment in primed included events and primed excluded events. We 
tested the enrichment of this alternative splicing exon switches within ranked 
lists of all alternative splicing exons that had coverage across all compared 
samples (KO and control) and which had PSI values between 10% and 90% 
in at least one of the samples. The exons in these ranked lists were ordered 
according to their difference in average PSI between samples (control vs. KO). 
Enrichment maps were generated to visualize GSEA results and normalized 
enrichment scores (NES) were calculated for each dataset comparison.

Consistency tests

Consistency tests evaluated the similarity among comparisons either of 
differential gene expression or differential alternative splicing events, as stated 
in the text. The values for each comparison was plotted on a scatter-plot (see 
Figure 6A) and the percentage of events occurring in the quadrants I and 
III were calculated in relation to the total number of events. We term this 
percentage as percentage of consistency.

For differential gene expression consistency tests comparing mouse and human 
naïve and primed datasets, differentially expressed genes were identified using 
VAST-tools. The fold change in normalized cRPKMs between mouse naïve 
and primed in-vitro paired samples was calculated. Differentially expressed 
genes were identified using a minimum of 5-fold change of the average 
cRPKMs between the two groups and a minimum difference between each of 
the individual replicates of 2-fold. Subsequently, the fold change in normalized 
cRPKMs between human naïve and primed samples was calculated and 
differentially expressed genes were identified using a minimum 2-fold change. 
Finally, human differentially expressed genes that were also differentially 
expressed in mouse were subjected to consistency tests.
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In the case of alternative splicing consistency tests, differentially spliced events 
were identified in each group with a minimum difference of PSI of 15%, unless 
stated otherwise. Subsequently, consistency tests were done using events that 
were differentially spliced in both comparisons.

Gene Ontology term enrichment analysis

We used GOrilla software578 to analyse the gene ontology (GO) enrichment 
of genes harbouring 2iL-vs-EpiSCs alternatively spliced exons. Specifically, we 
used the “two unranked lists of genes” module. As backgroup set, we used 
multiexonic genes meeting similar read coverage criteria as the genes with 
differentially spliced events. Statistical significance of GO-term enrichment 
was defined using p-values. Similar GO terms were joined together using 
semantic similarity as implemented by REViGO579.

Orthologue exon identification

Human orthologue exon identification of mouse naïve-to-primed alternatively 
spliced cassette exons was done using the alternative splicing event-level 
orthology from VastDB311. Briefly, coordinate conversions were performed 
using Galaxy Liftover (from hg19 to mm9). Mouse exons with a LiftOver hit in 
human are evaluated for the presence of at least a canonical splicing acceptor 
site or donor site in the flanking introns (allowing for non-conserved 3’ or 5’ 
splice sites), if positive, these then were considered to be genome conserved. 
These exons were then examined for alternativity as defined in VastDB (events 
having PSI levels between 10% and 90% in at least 10% of tissue samples with 
coverage or with a 25% PSI range).

External human pluripotent samples, mouse in-vivo samples and 
differentiated tissue datasets

Human naïve and primed pluripotency RNA-seq samples were paired within 
each study, all datasets used and the corresponding samples are specified 
bellow. Mouse in-vivo published RNA-seq datasets were taken from Boroviak 
et al248. Differentiated tissue RNA-seq datasets were taken from VastDB311.
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Target protein Usage Host Brand & reference

KLF4 1:200 Rabbit Sigma, HPA002926

NANOG 1:500 Rat eBioscience, 14-5761-80

OCT4 1:100 Mouse Santa Cruz, sc5279

Rabbit IgG (Alexa Fluor 
647) 1:300 Goat Thermo, A32733

Rat IgG (Alexa Fluor 488) 1:300 Goat Thermo, A11006

Mouse IgG (Alexa Fluor 
594) 1:300 Donkey Thermo, A32744

MM Table 1: Antibodies used for Immunofluorescence experiments

Target protein Usage Host Brand & reference

KLF4 1:1000 Rabbit Sigma, HPA002926

NANOG 1:250 Rat eBioscience, 14-5761-80

OCT4 1:250 Mouse Santa Cruz, sc5279

RBM47 1:500 Rabbit Novus, NBP1-83664

ESRP1 1:500 Rabbit Sigma, HPA023720

QKI 1:1000 Rabbit Abcam, ab126742

OTX2 1:1000 Goat R&D Systems, AF1979-SP

TUBULIN 1:2000 Mouse Cell Signaling, 3873S

E-CADHERIN 1:500 Rat Sigma, U3254

TIA1 1:500 Goat Santa Cruz, sc-1751

RBFOX2 1:300 Rabbit Bethyl, A300-864A

Rabbit IgG (HRP) 1:10000 Goat Cell Signalling, 7074S

Mouse IgG (HRP) 1:10000 Goat Abcam, ab205719

Rat IgG (HRP) 1:5000 Chicken Santa Cruz, sc-2956

Goat IgG (HRP) 1:5000 Mouse Santa Cruz, sc-2354

MM Table 2: Antibodies used for Westernblot experiments
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SRA code Cell line & Culture State Study

SRR1736688 WIS2_NHSM4i naïve Irie 2015

SRR1736689 WIS2 primed Irie 2015

SRR1736690 WIS2 primed Irie 2015

SRR2297451 H1_NHSM4i naïve Sperber 2015

SRR2297450 H1_NHSM4i naïve Sperber 2015

SRR1561941 H1 primed Sperber 2015

SRR7460677 RH5_2a2iL naive Taei 2018 (a)

SRR7460678 RH5_2a2iL naive Taei 2018 (a)

SRR7460680 RH5 primed Taei 2018 (a)

SRR7460675 RH6_2a2iL naive Taei 2018 (b)

SRR7460676 RH6_2a2iL naive Taei 2018 (b)

SRR7460679 RH6 primed Taei 2018 (b)

SRR5151102 NK2_5iLA naive Collier 2017

SRR5151103 NK2_5iLA naive Collier 2017

SRR5151104 NK2_5iLA naive Collier 2017

SRR5151105 NK2 primed Collier 2017

SRR5151106 NK2 primed Collier 2017

SRR5151107 NK2 primed Collier 2017

SRR1660342 ELF1_3iL naive Grow 2015

SRR1660343 ELF1_3iL naive Grow 2015

SRR1660344 ELF1_3iL naive Grow 2015

SRR1660345 ELF1 primed Grow 2015

SRR1660346 ELF1 primed Grow 2015

SRR1660347 ELF1 primed Grow 2015

MM Table 3: Human RNAseq datasets
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Lines Clone Deletion Karyotype

Empty 
vector

px3 80%

px5 70%

RbmxL2 
KOs

2.1 1048bp deletion in CDS 33%

2.8 1047bp deletion in CDS 60%

2.5

998bp deletion + 6 substitutions in CDS

62%

G1 60%

H1 81%

Rbmx 
exon KOs

E1 1619 bp deletion in exon 9 & flanking introns 55%

B2 1604 bp deletion in exon 9 & flanking introns 53%

Rbmx 
RbmxL1 

DKOs

H3
Rbmx 4307bp deletion in exons & introns

75%
RbmxL1 1bp insertion + 3bp deletion in CDS

A2
Rbmx 4296bp deletion in exons & introns

70%
RbmxL1 566bp & 4bp deletions in CDS + 2 substi-

tution

Rbmx 
RbmxL2 

DKOs

B1
Rbmx 4299bp deletion in exons & introns

72%
RbmxL2 998bp deletion + 6 substitutions in CDS

D1
Rbmx 2905bp deletion in exons & introns

67%
RbmxL2 998bp deletion + 6 substitutions in CDS

MM Table 4: CRISPR-Cas9 mESC knockout clones generated for
Rbmx/RbmxL2/RbmxL1 Project
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Lines Clone Deletion Karyotype

Empty 
vector

px1 62%

px4 60%

Rbm47 
KOs

73.1 754bp in CDS 59%

73.7 753bp in CDS 55%

Esrp1 
KOs

74.1 570bp deletion in CDS & introns 81%

74.3 572bp deletion in CDS & introns 63%

Esrp2 
KOs

75.1 918bp deletion in CDS & introns 61%

75.2 918bp deletion in CDS & introns 65%

Rbm47 
Esrp1 
DKOs

A26
Rbm47 752bp in CDS

70%
Esrp1 572bp deletion in CDS & introns

A28
Rbm47 752bp in CDS

70%
Esrp1 554bp deletion in CDS & introns

Esrp1 
Esrp2 
DKOs

B3
Esrp1

554bp deletion in CDS & introns

62%556bp deletion in CDS & introns

Esrp2 909bp deletion in CDS & introns

B11

Esrp1 572bp deletion in CDS & introns

67%
Esrp2

906bp deletion in CDS & introns

907bp deletion in CDS & introns

Esrp1 
Esrp2 

Rbm47 
TKOs

C11

Rbm47
752bp in CDS

59%
758bp in CDS

Esrp1 1297bp deletion in CDS & introns

Esrp2 2747bp deletion in CDS & introns

C14

Rbm47 753bp in CDS

55%Esrp1 1149bp deletion in CDS & introns

Esrp2 909bp deletion in CDS & introns

MM Table 5: CRISPR-Cas9 mESC knockout clones generated for
Esrp1/Esrp2/Rbm47 Project
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Plasmid Primer # Primer name Sequence Back-
bone

bVR2 45 RbmxEx2_2F caccgCACCAATAAAGAGCTTTCCT px459

46 RbmxEx2_2R aaacAGGAAAGCTCTTTATTGGTGc

bVR8 57 RbmxEx9_2F caccgCTTCCACCATAAGATGGCGG px459

58 RbmxEx9_2R aaacCCGCCATCTTATGGTGGAAGc

bVR12 65 RbmxInt8_3F caccgTTCCCTCTTATGGCCAGCAA px459

66 RbmxInt8_3R aaacTTGCTGGCCATAAGAGGGAAc

bVR15 71 RbmxInt9_3F caccgGACACTTAGAGGCATTAATG px459

72 RbmxInt9_3R aaacCATTAATGCCTCTAAGTGTCc

bVR 17 3 RmbxL2_2F caccgCAACCTCGAGACCGACGAGA px459

4 RmbxL2_2R aaacTCTCGTCGGTCTCGAGGTTGc

bVR 22 13 RmbxL2_7F caccgCTGTAGGAATCCCGCGGCGC px459

14 RmbxL2_7R aaacGCGCCGCGGGATTCCTACAGc

bVR44 89 Rbm47_1F caccgGAAGACCTCACAGCCACGCT px330A-
1x690 Rbm47_1R aaacAGCGTGGCTGTGAGGTCTTCc

bVR47 95 Rbm47_4F caccgGCTGGCCAAGCCCGTGGACA px330S2

96 Rbm47_4R aaacTGTCCACGGGCTTGGCCAGCc

bVR52 105 Esrp1_3F caccgGTTCCATCTTGCTGCTGTGA px330S3

106 Esrp1_3R aaacTCACAGCAGCAAGATGGAACc

bVR53 107 Esrp1_4F caccgGTTCTTTCCTAGTGAAATGT px330S4

108 Esrp1_4R aaacACATTTCACTAGGAAAGAACc

bVR58 117 Esrp2_3F caccgGGCCTTTTACTTCCCAGGCA px330S5

118 Esrp2_3R aaacTGCCTGGGAAGTAAAAGGCCc

bVR59 119 Esrp2_4F caccgGAAGGTCACAAGTCAGCAAG px330S6

120 Esrp2_4R aaacCTTGCTGACTTGTGACCTTCc

bVR66 89 Rbm47_1F caccgGAAGACCTCACAGCCACGCT px330A-
1x290 Rbm47_1R aaacAGCGTGGCTGTGAGGTCTTCc

bVR67 105 Esrp1_3F caccgGTTCCATCTTGCTGCTGTGA px330A-
1x2106 Esrp1_3R aaacTCACAGCAGCAAGATGGAACc

bVR68 117 Esrp2_3F caccgGGCCTTTTACTTCCCAGGCA px330A-
1x2118 Esrp2_3R aaacTGCCTGGGAAGTAAAAGGCCc

bVR69 107 Esrp1_4F caccgGTTCTTTCCTAGTGAAATGT px330S2

108 Esrp1_4R aaacACATTTCACTAGGAAAGAACc

bVR70 119 Esrp2_4F caccgGAAGGTCACAAGTCAGCAAG px330S2

120 Esrp2_4R aaacCTTGCTGACTTGTGACCTTCc
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Plasmid Primer # Primer name Sequence Back-
bone

bVR71 117 Esrp2_3F caccgGGCCTTTTACTTCCCAGGCA px330A-
1x4118 Esrp2_3R aaacTGCCTGGGAAGTAAAAGGCCc

bVR72 89 Rbm47_1F caccgGAAGACCTCACAGCCACGCT px330A-
1x490 Rbm47_1R aaacAGCGTGGCTGTGAGGTCTTCc

bVR73 Rbm47 gRNAs: Ligation into bVR66 of insert in bVR47 px330A-
1x2

bVR74 Esrp1 gRNAs: Ligation into bVR67 of insert in bVR69 px330A-
1x2

bVR75 Esrp2 gRNAs: Ligation into bVR68 of insert in bVR70 px330A-
1x2

bVR76 Rbm47 + Esrp1 gRNAs: Ligation into bVR72 of inserts in bVR47, bVR52, 
bVR53

px330A-
1x4

bVR77 Esrp1 + Esrp2 gRNAs: Ligation into bVR71 of inserts in bVR52, bVR53,  
bVR70

px330A-
1x4

bVR78 Rbm47 + Esrp1 + Esrp2 gRNAs: Ligation into bVR44 of inserts in bVR47, 
bVR52, bVR53, bVR58, bVR59

px330A-
1x6

MM Table 6: Plasmids generated for CRISPR-Cas9 mediated gene targeting
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Gene Sequence ID

Actb F ACGCACGATTTCCCTCTCAGC 29

Actb R GGCCCAGAGCAAGAGAGGTAT 30

Blbp F AACCTGGAAGCTGACAGACAGT 199

Blbp R TCACAGTTGGTTTGGTCACG 200

Dnmt3b F CGAGAACAAAAGTCGAAGACG BP1

Dnmt3b R GGGTTCTTCTTTCCACAGGAC BP2

Eomes F TTCACCTTCTCAGAGACACAGTTCAT 7

Eomes R GAGTTAACCTGTCATTTTCTGAAGCC 8

Esrp1 F CTGTCTCCTCCCTCCTACACA 89

Esrp1 R CTATTAGGCGAACCTGGGGG 90

Esrp2 F1 CTACTTGAAGGGTCCAATGGTCA 183

Esrp2 R1 GGCCTGTCTCGTATTTCTGCT 184

Fgf5 F CCTTGCGACCCAGGAGCTTA 17

Fgf5 R CCGTCTGTGGTTTCTGTTGAGG 18

Flk1 F AGAACATTTGTCCGAGTTCACA BP5

Flk1 R CGGACTTGACTGCCCACT BP6

Gata4 F TCAACCGGCCCCTCATTAAG 13

Gata4 R CACCCTCGGCATTACGACG 14

Gata6 F GACTCCTACTTCCTCTTCTTCTAATTCAGA BP7

Gata6 R ACCTGAATACTTGAGGTCACTGTTCTC BP8

Klf2 F AAGAGCTCGCACCTAAAGGC 149

Klf2 R CGCATCCTTCCCAGTTGC 150

Klf4 F ACCTATACCAAGAGTTCTCATC 15

Klf4 R TCTGGCACTGAAAGGGCCGG 16

Musashi1 F ACGACCCCTGCAAGATGTTC 203

Musashi1 R GACACTCTTTCACCTCCCCG 204

Nanog F CTTACAAGGGTCTGCTACTGAGATGC 3

Nanog R TGCTTCCTGGCAAGGACCTT 4

Nestin F GAGGTGACCCTTGGGTTAGA 202

Nestin R TAGCCCTACCACTTCCTGCT 201

Otx2 F AATCAACTTGCCAGAATCCAGGG 153

Otx2 R GCTGTTGGCGGCACTTAGC 154

Pou3f1 F TTTCTCAAGTGTCCCAAGCC 155

Pou3f1 R ACCACCTCCTTCTCCAGTTG 156

Pou5f1 F CGTGGAGACTTTGCAGCCTG 1
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Gene Sequence ID

Pou5f1 R GCTTGGCAAACTGTTCTAGCTCCT 2

Qki F TCAAGCTGAAGAGAGCGGTT 197

Qki R AGGCAAGGGCTGGTGATTT 198

Rbfox2 F ATGGAGTGCCACACACTCAG 187

Rbfox2 R TGTGCTCCACCTTCTGTCTG 188

Rbm47 F CACATGATCAGCCCCATTGC 193

Rbm47 R TCTGAACATTTGGTGCCACG 194

Rbmx F AAGGATGCTGCCAGAGACATGA 43

Rbmx R AGTCCACGTCTACCACTTTCAA 44

RbmxL1 F GTTACCTTCGAAAGCCCAGC 47

RbmxL1 R GTCCACGCCTGCCACTTT 48

RbmxL2 F CGGCTCTTCACCACCTCAAT 141

RbmxL2 R CTCGATGATGCGGCCATACT 142

Rex1 F GGCTGCGAGAAGAGCTTTATTCA 19

Rex1 R AGCATTTCTTCCCGGCCTTT 20

Snail F CACACGCTGCCTTGTGTCT BP3

Snail R GGTCAGCAAAAGCACGGTT BP4

Sox17 F AGCCATTTCCTCCGTGGTGT 27

Sox17 R AACACTGCTTCTGGCCCTCAG 28

Sox7 F ATGCTGGGAAAGTCATGGAAG BP9

Sox7 R CGTGTTCTGGTCACGAGAGA BP10

T F TTGAACTTTCCTCCATGTGCTGA 23

T R TCCCAAGAGCCTGCCACTTT 24

MM Table 7: RTqPCR primers
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Gene Main event 
(VASTDB ID)

Sequence ID

1700029G01
Rik

MmuEX0000517 CCCTACACGACGCTCTTCCGATCTCACCCCATCAACTCTCGGGA 1

1700029G01
Rik

MmuEX0000517 TTCAGACGTGTGCTCTTCCGATCTTGGGGTAATTGGCGGTATGT 2

App MmuEX0005609 TTCAGACGTGTGCTCTTCCGATCTTCCCCGGGTGTCTCCAGGT 199

App MmuEX0005609 CCCTACACGACGCTCTTCCGATCTGTCCCATTCTTTTACGGCGG 127
Arhgap17 MmuEX0005804 TTCAGACGTGTGCTCTTCCGATCTGTGGCCTTACATCCTCAGTGC 5
Arhgap17 MmuEX0005804 CCCTACACGACGCTCTTCCGATCTGATGTGGCCAGGCACTTCTTT 6
Arhgap39 MmuEX0005870 CCCTACACGACGCTCTTCCGATCTCTGGCTTTCTTCCCACCAAC 75
Arhgap39 MmuEX0005870 TTCAGACGTGTGCTCTTCCGATCTCCTTCTGCAGTTTGTGGTAAC 76
Baiap2 MmuEX0007650 CCCTACACGACGCTCTTCCGATCTGGTCTGGATGACTACGGGGC 7
Baiap2 MmuEX0007650 TTCAGACGTGTGCTCTTCCGATCTAGAGTGTCGATGCAGAGGAG 8
Dennd1b MmuEX0014234 CCCTACACGACGCTCTTCCGATCTCTCTTAAATCACTCTATAAC-

CACCCA
13

Dennd1b MmuEX0014234 TTCAGACGTGTGCTCTTCCGATCTACTCTCCGGTATCGTTGGGAG 14
Dennd4c MmuEX0014291 CCCTACACGACGCTCTTCCGATCTGTGGTATTTTCTTGTGGACGAAA 131
Dennd4c MmuEX0014291 TTCAGACGTGTGCTCTTCCGATCTCGTAGCCCTGGTCAGACTG 132

Dnmt3b MmuEX0015337 CCCTACACGACGCTCTTCCGATCTCCCACGGTGGCTTCAAGCC 178
Dnmt3b MmuEX0015337 TTCAGACGTGTGCTCTTCCGATCTGGGACTCAGAAGCAGCAGAG 179
Ehbp1 MmuEX0016447 CCCTACACGACGCTCTTCCGATCTTCGATGCGGAGTGAAGATGT 79
Ehbp1 MmuEX0016447 TTCAGACGTGTGCTCTTCCGATCTGCCTCAAGTCCACCACCTTA 80
Enox1 MmuEX0016887 CCCTACACGACGCTCTTCCGATCTCTGTGACAGCCCGACTAAAA 15
Enox1 MmuEX0016887 TTCAGACGTGTGCTCTTCCGATCTCTCCACCTCGTTCCTGTAGG 134
Fgf5 MmuEX0019139 CCCTACACGACGCTCTTCCGATCTCCGGATGGCAAAGTCAATGG 183
Fgf5 MmuEX0019139 TTCAGACGTGTGCTCTTCCGATCTAGTTCTGTGGATCGCGGAC 184
Gapdh CCCTACACGACGCTCTTCCGATCTCCAAGTATGATGACATCAAGAA-

GGT
185

Gapdh TTCAGACGTGTGCTCTTCCGATCTTCCTTGGAGGCCATGTAGGC 186
Hook3 MmuEX0023183 CCCTACACGACGCTCTTCCGATCTGCAAGAATGAGCTGGAGACG 87
Hook3 MmuEX0023183 TTCAGACGTGTGCTCTTCCGATCTTCGAGATCTTCAATAATGGCTCT 135
Idh3g MmuEX0023592 TTCAGACGTGTGCTCTTCCGATCTGTTCTGGCTGCCCATGTGG 17
Idh3g MmuEX0023592 CCCTACACGACGCTCTTCCGATCTCCCCTGGGATCATAGTCACTGT 18
Insr MmuEX0024247 CCCTACACGACGCTCTTCCGATCTGCACAACGTGGTTTTTGTCCC 61
Insr MmuEX0024247 TTCAGACGTGTGCTCTTCCGATCTCTGTCACATTCCCCACCTCT 62
Klc1 MmuEX0025679 CCCTACACGACGCTCTTCCGATCTAGAGCATGGAGAAGCGGAG 97
Klc1 MmuEX0025679 TTCAGACGTGTGCTCTTCCGATCTCGTTTTCCACACAAAGAGGC 98
Klf4 F CCCTACACGACGCTCTTCCGATCTACCTATACCAAGAGTTCTCATC 191
Klf4 R TTCAGACGTGTGCTCTTCCGATCTTCTGGCACTGAAAGGGCCGG 192
Ktn1 MmuEX0025961 CCCTACACGACGCTCTTCCGATCTTCCATGAGAAAGATGGACAGATCA 19
Ktn1 MmuEX0025961 TTCAGACGTGTGCTCTTCCGATCTAAGTTCTGCAGCTCCTGGACT 20
Lpin1 MmuEX0026737 CCCTACACGACGCTCTTCCGATCTCCTCGATTTCAACGTACCCCC 21
Lpin1 MmuEX0026737 TTCAGACGTGTGCTCTTCCGATCTCAGCCAGAGCATTTCCAGGTT 22
Lrch2 MmuEX0026786 TTCAGACGTGTGCTCTTCCGATCTTGACAAAGAACAGTTACTTCCAGA 23
Lrch2 MmuEX0026786 CCCTACACGACGCTCTTCCGATCTTGCCATGCAAGAGGTGATAATGG 24
Mapt MmuEX0027903 CCCTACACGACGCTCTTCCGATCTACTGAGAACCTGAAGCACCA 49
Mapt MmuEX0027903 TTCAGACGTGTGCTCTTCCGATCTGTCACTTTGCTCAGGTCCACC 50
Mtmr2 CCCTACACGACGCTCTTCCGATCTCTCCAGCTGCGAGAGTCTC 141
Mtmr2 TTCAGACGTGTGCTCTTCCGATCTTGCACCGAGTTCTCTGAATG 82
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Gene Main event 
(VASTDB ID)

Sequence ID

Myo1b MmuEX0030478 CCCTACACGACGCTCTTCCGATCTGCTCGAAAAATCCTGCGGGAG 193
Myo1b MmuEX0030478 TTCAGACGTGTGCTCTTCCGATCTTCATAGATTTTCTTTCCAGCAT-

TTGC
194

Nbeal1 MmuEX0031005 CCCTACACGACGCTCTTCCGATCTCCCGTTCTTCAGGCCATTTT 27
Nbeal1 MmuEX0031005 TTCAGACGTGTGCTCTTCCGATCTACAGCCAAGCAATCCAACTG 28
Nf1 MmuEX0031550 CCCTACACGACGCTCTTCCGATCTATCAGCTCTTCCTCAGAATTCCC 176
Nf1 MmuEX0031550 TTCAGACGTGTGCTCTTCCGATCTTCTGAGAAACATGGCACTTCCTAC 177
Nf2 MmuEX0031553 CCCTACACGACGCTCTTCCGATCTGGACGTCCTACACAGCGA 142
Nf2 MmuEX0031553 TTCAGACGTGTGCTCTTCCGATCTGGGTCACCTGCTAGAGTTCT 144
Nktr MmuEX0031809 CCCTACACGACGCTCTTCCGATCTGGTGGAGAATCAATTTATGGTGG 95
Nktr MmuEX0031809 TTCAGACGTGTGCTCTTCCGATCTCCCTCGATTTGCCATTGACA 96
Npr1 MmuINT0110282 TTCAGACGTGTGCTCTTCCGATCTTTGCCCTAAGAAGTGGGGTC 145
Npr1 MmuINT0110282 CCCTACACGACGCTCTTCCGATCTCAGATCCATGGAAGGTCGGA 146
Nrf1 MmuEX0032327 CCCTACACGACGCTCTTCCGATCTACTCGGACATCCTCAACTCCA 67
Nrf1 MmuEX0032327 TTCAGACGTGTGCTCTTCCGATCTTTCCGTTTCTTCCCTGTTGCC 68
Numb MmuEX0032648 CCCTACACGACGCTCTTCCGATCTCGTAGAAGTTGATGAGTCAA-

GAGG
174

Numb MmuEX0032648 TTCAGACGTGTGCTCTTCCGATCTCGTCCACAACTCTGAGCCCA 175
Picalm MmuEX0035017 TTCAGACGTGTGCTCTTCCGATCTTCTGTCCACGCCATGTCG 150
Picalm MmuEX0035017 CCCTACACGACGCTCTTCCGATCTAAGGCCAGCTGAAGAATGTG 151
Ppm1b MmuEX0036621 CCCTACACGACGCTCTTCCGATCTGCGCCATGTTATTGAAGCTGT 31
Ppm1b MmuEX0036621 TTCAGACGTGTGCTCTTCCGATCTCTTCCGGGCTCTTGGTAGGTC 32
Rab24 MmuINT0130443 CCCTACACGACGCTCTTCCGATCTGCAAGGAATACGTGGGCAAG 113
Rab24 MmuINT0130443 TTCAGACGTGTGCTCTTCCGATCTCATCACCTTGGCCACGAAAG 114
Rnf138 MmuEX0040027 CCCTACACGACGCTCTTCCGATCTTGTCAAGAGTCAAATTTCACCAG 155
Rnf138 MmuEX0040027 TTCAGACGTGTGCTCTTCCGATCTGACTCTTCCACAGCAGTTTGA 156
Sorbs1 MmuEX0044358 TTCAGACGTGTGCTCTTCCGATCTGAGGCCATTGGTGAAAACCC 157
Sorbs1 MmuEX0044358 CCCTACACGACGCTCTTCCGATCTAATCCAGTGAGGGCTGACTCC 48
Stk11ip MmuINT0154024 CCCTACACGACGCTCTTCCGATCTTTCCTGCCCTAAAAGAGCCC 111
Stk11ip MmuINT0154024 TTCAGACGTGTGCTCTTCCGATCTTCCACACTACTGAATCCCGC 112
Supt5h MmuEX0045761 CCCTACACGACGCTCTTCCGATCTCCAGTGGGAAGATGGAGCTGA 33
Supt5h MmuEX0045761 TTCAGACGTGTGCTCTTCCGATCTTTCTGCAGACGACGAGCC 34
Tcf12 MmuEX0046651 TTCAGACGTGTGCTCTTCCGATCTGAGGGCAAGCTCCTTCATCTC 35
Tcf12 MmuEX0046651 CCCTACACGACGCTCTTCCGATCTCAACTGCATGGTTTCGTAGC 158
Thrap3 MmuEX0047240 CCCTACACGACGCTCTTCCGATCTCAGAAAGAGGAGAGTGCTGC 159
Thrap3 MmuEX0047240 TTCAGACGTGTGCTCTTCCGATCTACGGAACTCCTGCTCCTTTT 160
Tnrc6b MmuEX0048388 TTCAGACGTGTGCTCTTCCGATCTAAACCTGCCTACCCCAATGA 161
Tnrc6b MmuEX0048388 CCCTACACGACGCTCTTCCGATCTCTCCGTCATCCTCCTCTTCC 162
Uspl1 MmuEX0051128 CCCTACACGACGCTCTTCCGATCTATGCGAAGAAGGAGCGTACT 91
Uspl1 MmuEX0051128 TTCAGACGTGTGCTCTTCCGATCTCAATGCCCGTCTGTTGTGAC 92
Yap1 MmuEX0052491 TTCAGACGTGTGCTCTTCCGATCTGCAGCAGTTACAGATGGAGA 197
Yap1 MmuEX0052491 CCCTACACGACGCTCTTCCGATCTATCCCAGGAGAAGACACTGC 198
Zc3h18 TTCAGACGTGTGCTCTTCCGATCTCCCACCTGCCGATTCTTCAT 83
Zc3h18 CCCTACACGACGCTCTTCCGATCTCCGTTGGGTGGAAAAGGTTC 84
Zfp934 CCCTACACGACGCTCTTCCGATCTTGTCATGCTGGAGACCTACA 170
Zfp934 TTCAGACGTGTGCTCTTCCGATCTCAAAGGCTTTATCACGTTGAGT 171

MM Table 8: SPARseq primers
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Supplementary Figure 1: Distinct morphology of RbmxL2 KO cell line in SL 
condition. Bright-field images of cell lines generated using CRISPR/Cas9 gene editing 
system for RbmxL2 gene depletion shows evident morphology difference in one of the 
KO clones. Control cell lines correspond to cells transfected with the empty CRISPR/
Cas9 vector, clones were selected and expanded in parallel to the KO cell lines.
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The naïve-to-primed AS triangle. Each corner represents pluripotent cells grown 
in one condition (2iL, SL and AF), each line represents a comparison with another 
condition with the length representing the total number of differential AS exons 
identified. Finally, each angle connects two lines and represents the overlapping exon 
skipping events in the two connected comparisons.



Alternative
splicing control 
over naïve & primed 
pluripotency
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