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SUMMARY 

 

Our understanding of the transcriptional control of cellular identity is rapidly emerging. 

Mediator complex enriches at active enhancers, forms a protein bridge to target genes, 

and recruits RNA Polymerase II (RNA-Pol II). Thus, Mediator plays an essential role in 

transcriptional regulation. However, precisely how Mediator complex completes these 

critical steps remains unclear. In this study, we delve into the intricacies of Mediator 

interactions with newfound transcriptional regulators. For this, we establish and employ 

a proximity-ligation assay (PLA) to characterize protein interactions in the nucleus by 

immunofluorescence and quantitative imaging. We detect changes in the Mediator-Pol II 

interaction between different cell types. Moreover, we show that small molecule 

manipulation of the Mediator-Pol II interaction correlates with subsequent changes in cell 

identity. This suggests an important role for the Mediator-Pol II interaction in establishing 

cell identity transitions. We chose Mediator ́s biggest subunit: MED1 (Mediator of RNA 

polymerase II transcription subunit 1) and performed immunoprecipitation followed by 

mass spectrometry (IP-MS) analysis of mouse ESCs with the aim of identifying its protein 

interactome. We observe a strong overlap between the proteins and biological functions 

of our mouse Mediator interactome and previously reported Mediator interactomes. 

Beyond the already know interactors. We present an updated interaction network of 

MED1 with novel proteins connected with Mediator. We further explored the particularly 

strong interaction with all the constitutive subunits of the Pyruvate Dehydrogenase 

complex (PDH). We provide evidence that the nuclear PDH is not randomly distributed 

in the nucleus, but instead tightly associates with Mediator and RNA-Pol II. Chromatin 

Immunoprecipitation combined with DNA Sequencing (ChIP-Seq) of the DLAT subunit 

of PDH complex confirms that the nuclear PDH complex is enriched at enhancers and 

super- enhancers, it coincides with highly acetylated regions of the DNA and is involved 

in biological processes that regulate cellular identity and chromatin maintenance and 

regulation. Experimental manipulation of the PDH complex reflects the functional 

significance of this nuclear complex in the transcriptional regulation of cell identity and 

viability independently of the mitochondrial PDH activity. Taken together, our data 

provide novel insights about how the Mediator-PDH axis controls cell identity. 
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1. CELLULAR IDENTITY AND PLASTICITY 
 

1.1. Cellular identity  
 

Cellular identity is a fundamental characteristic of each cell. It determines cell phenotype, 

function, and interaction with other cells of the organism, underpinning the division of 

labour and coordination required in multi-cellular species. 

 

While an adult and developed organism is composed of a rich variety of cells with many 

different phenotypes, them all have differentiated from successive divisions initiated from 

a single fertilized cell: the zygote. This means that they all share the same genetic 

background and, through development and differentiation, cells not only multiply in 

number, but diversify and specialize into a wide variety of distinct identities.  

 

This process integrates complex signaling decisions to selectively activate the cell-type-

specific transcriptional program, involving multiple regulatory layers that we are in the 

process of understanding. 

 

It was in the late 50s, when Conrad Waddington proposed the “epigenetic landscape” 

(Waddington, 1957) illustrating this process of acquisition of a terminal cellular identity 

(differentiation) with a hill, where a totipotent (zygote and blastomers) cell starts rolling 

down while progressively acquiring a more and more differentiated identity (Figure 1).   

 

It is important to emphasize that every cell has an identity, and toti- or pluripotent cells 

are not cells that “lack” an identity they need to gain, but in contrast, they are cells that 

express specific pluripotency markers and transcription factors. Their identity is to be 

progenitors for other tissues and cells (De Los Angeles et al., 2015).  
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Figure 1 Schematic representation of an updated Waddington’s epigenetic landscape model. 

 In the course of embryonic development, a totipotent cell undergoes a journey “rolling down” a hill with distinct 

segments on an incline. Depending on the specific segment it lands in, it will adopt distinct cell fates. Some cells have 

a high plasticity potential and are capable of trans-differentiating. In those cases, a cell specific to a particular tissue 

transforms directly into a related tissue-specific cell without passing through an enduring intermediate pluripotent 

state.  In the context of cellular reprogramming, a specialized cell ascends from the base to the peak, thus regaining 

its pluripotent potential.  

 
1.2. Embryonic Development 

This process of differentiation operates embryonic development (Figure 2) initiated from 

a totipotent cell: the zygote, that starts its journey to develop a full organism through 

sequential divisions and cell fate decisions.  

In mice, the first cell fate decision occurs at the eight-cell stage E2.5 (Embryonic day 

2.5), also known as “Morula”, at this stage, cells become pluripotent, they start gaining 

differentiation marks and loosing potency; two different identities emerge: the Inner Cell 

Mass (ICM) and the Trophoectoderm (TE).  

One day after, at E3.5, the TE cells will again differentiate, giving raise to the 

extraembryonic placenta (Tanaka et al., 1998), and a second cell fate decision is made, 

and the ICM cells differentiate into two identities: the Primitive Endoderm (PE), which 

will give raise to the extraembryonic yolk sac (Kunath et al., 2005) and the Epiblast (EPI), 

Differentiated cells

TRANS-
DIFFERENTIATION

UnipotentMultipotent

Pluripotent

Totipotent

EMBRYONIC 
DEVELOPMENT
(Differentiation)

CELLULAR 
REPROGRAMMING
(De-differentiation)
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that will form the three germinal layers (endoderm, mesoderm and ectoderm) (G. R. 

Martin, 1981).  

The stage E4.5 is determined by the movement of the PE cells to the cavity side before 

the implantation. When the implantation occurs, the anterior and posterior domains get 

stablished and the EPI structures in a cup-shaped epithelial that surrounds the luminal 

space and is covered by the PE (Shahbazi & Zernicka-Goetz, 2018). At this point, 

gastrulation starts, and EPI cells undergo Epithelial-to-Mesenchymal Transition (EMT) 

to develop the three germ layers. 

Cells continue dividing and differentiating, giving raise to the adult organism, where cells 

are either multipotent Adult Stem Cells (ASCs) or (and mostly) unipotent and terminally 

differentiated. 

 

Figure 2. Overview of mouse embryonic development. Schematic representation of the main differentiation events 

that occur during embryonic development in mice, from the zygote, until the adult organism. 

 

1.3. In vitro Pluripotent Stem Cells 
 

The last years of research we have progressively provided us with powerful tools to study 

this plasticity of pluripotent cells, Embryonic Stem Cells (ESCs) represent a prototypical 

model of how cells change their identity by re-directing their transcriptional program, 

faithfully reflecting the changes that occur naturally in the mouse early embryo. 

 

TE
PE
EPI
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blastocyst
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ES cells are Pluripotent Stem Cells (PSCs), this means that they have the ability to 

differentiate into any of the cell types that make up an adult organism (Hackett & Azim 

Surani, 2014). ES cells are obtained from the inner cell mass of developing blastocysts, 

whereupon they can divide indefinitely in vitro, while retaining their physiological cell 

identity. Interestingly, ES cells in vitro can exist in either of two different states that reflect 

two successive developmental stages in vivo and which are driven by discrete 

transcriptional activity: (i) naïve state and (ii) primed state (Figure 3).  

 

1.3.1. Pluripotent "naïve" stem cells 

 

Naïve stem cells recapitulate in vitro the state of undifferentiated pluripotency that exists 

transiently in vivo in the E4.5 pre-implantation epiblast of the early embryo (Boroviak et 

al., 2014; Marks et al., 2012).  

 

Naïve ES cell cultures are homogenous in cellular morphology, forming colonies that 

aggregate in a characteristic “dome” shape. Naïve cells uniformly express a set of markers 

that configurate the pluripotency transcriptional program (Ying et al., 2008) and they lack 

expression of differentiation genes. Their chromatin is in an open and highly accessible 

configuration (Leitch et al., 2013) and their developmental potential is unbiased. 

From a metabolic point of view, Naïve embryonic stem cells are able to perform oxidative 

phosphorylation, glycolysis and fatty acid oxidation (Mathieu & Ruohola-Baker, 2017). 

 

1.3.2. Pluripotent “primed” stem cells 

 

Primed pluripotent stem cells in vitro represent a subsequent developmental stage 

corresponding to the post-implantation E6.5 epiblast (Nichols & Smith, 2009; Shahbazi 

& Zernicka-Goetz, 2018) They display heterogeneous cell morphologies, and start 

expressing early differentiation markers, and global epigenetic remodeling with higher 

levels of DNA methylation(Manor et al., 2015; Torres-Padilla & Chambers, 2014). 

Primed ESCs rely almost exclusively on glycolysis to meet their bioenergetic demands 

(Martinez-Val et al., 2021; Mathieu & Ruohola-Baker, 2017). 
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While both identities can differentiate into the three germ layers and form teratomas, only 

naïve cells can contribute to the formation of chimeras (Nichols & Smith, 2009; Ying et 

al., 2008).  

Supporting these differences in transcriptional program of expressed genes and 

developmental potential, several studies suggest specialized metabolic adaptions. From a 

metabolic point of view, Naïve embryonic stem cells are able to perform oxidative 

phosphorylation, glycolysis and fatty acid oxidation (Mathieu & Ruohola-Baker, 2017). 

(It would be good to expand this point, either here or further below in the Metabolism 

Section) 

 
 

Figure 3. Naive and primed pluripotent ESCs states comparison. A comparative of some of the main differential 

characteristics that can be found between pluripotent naïve and pimed cells. 
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2. TRANSCRIPTION FOR CELL IDENTITY 

 

2.1. General overview 
 

The central dogma of molecular biology, proposed by Francis Crick  in 1958, and 

revisited afterwards (Crick, 1970) serves as a foundational framework for understanding 

the flow of genetic information within living organisms.  

Initially it described the flow of genetic information as a unidirectional process: DNA is 

transcribed into RNA, and RNA is translated into proteins. This concept emphasized the 

unidirectional transfer of genetic information. 

 

However, our understanding of molecular biology continues to evolve, and the central 

dogma has been refined to accommodate new findings. This paradigmatic concept 

outlines the sequential processes of replication, transcription, and translation that govern 

the transmission of genetic instructions from DNA to RNA to proteins. (Figure 4.). 

 

Replication, the initial phase of the central dogma, is a meticulously orchestrated process 

during cell division. Its primary objective is to ensure the faithful duplication of the 

genetic material. DNA, the double-stranded helical molecule housing the genetic code, 

undergoes replication, giving rise to identical copies. This meticulous duplication process 

safeguards the integrity and consistency of genetic information across generations of 

cells. 

 

Transcription, the second component of the central dogma, is a crucial step in the 

conversion of genetic information from DNA to RNA. Transcription occurs in the cell 

nucleus, where the enzyme RNA polymerase reads the DNA template and synthesizes a 

complementary RNA strand. This newly formed RNA, known as messenger RNA 

(mRNA), carries the genetic instructions from the nucleus to the cytoplasm, serving as an 

intermediary messenger for subsequent protein synthesis. While the central dogma 

emphasized unidirectional flow, we now know that some RNA molecules can be reverse 

transcribed into DNA (Baltimore, 1970; Mizutani & Temin, 1970). This process, called 
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reverse transcription, is catalyzed by enzymes like reverse transcriptase, allowing the 

synthesis of complementary DNA (cDNA) from an RNA template. 

 

Translation: As genetic information reaches the cytoplasm, the final stage of the central 

dogma, translation, takes place. Ribosomes, the cellular machinery responsible for protein 

synthesis, decode the mRNA sequence. Transfer RNA (tRNA) molecules ferry amino 

acids to the ribosome, where they are assembled into a polypeptide chain. This chain 

ultimately folds into a functional protein, embodying the genetic information initially 

encoded in the DNA. Initially, the focus was on protein-coding genes. However, the 

discovery of non-coding RNAs (ncRNAs), such as microRNAs (miRNAs) and long non-

coding RNAs (lncRNAs), highlighted the importance of RNA molecules beyond their 

role as templates for protein synthesis(Inouye & Delihast, 1988; Mizuno et al., 1984). 

These non-coding RNAs participate in various regulatory processes, influencing gene 

expression. 

 

The original central dogma did not account for the impact of epigenetic modifications on 

gene regulation, unknown at the time. Epigenetic changes, such as DNA methylation and 

histone modifications, can alter chromatin structure and affect gene expression without 

changing the underlying DNA sequence (Mathieu & Ruohola-Baker, 2017). Also, RNA 

molecules were initially seen as intermediaries in the transfer of genetic information. 

However, discoveries like RNA interference (RNAi) revealed that certain RNAs play 

active roles in regulating gene expression by targeting and silencing specific mRNAs. 

 

The coordination of replication, transcription, and translation is fundamental to cellular 

function. Known regulatory relationships and feedback loops are shown in Figure 4. 
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Figure 4. Schematic of molecular biology's central dogma. Illustration of the central dogma with nucleus (blue) and 

cytoplasm (yellow) distinctions. Continuous arrows represent original processes, while non-continuous arrows 

denote new modifications. Key events: DNA replication, transcription, RNA processing (blue), translation, post-

translational modifications (yellow), and emerging RNA-mediated processes. 

 

Eukaryotic cells employ three distinct RNA polymerases—RNA Polymerase I, II, and 

III—to transcribe different classes of RNA. RNA Polymerase I (RNA Pol I) is responsible 

for rRNA synthesis, RNA Polymerase II (RNA Pol II) transcribes mRNA and some small 

nuclear RNAs (snRNAs), while RNA Polymerase III (RNA Pol III) synthesizes tRNA 

and other small RNAs (Roeder & Rutter, 1969). 

 

Transcription driven by RNA Pol II stands as the primary decission point for gene 

expression, wielding a pivotal role for efficient regulation of cellular processes. This 

critical step in the central dogma is the moment when genetic information encoded in 

DNA is transcribed into mRNA, effectively determining which genes are activated or 

repressed. The regulation of transcription driven by RNA Pol II allows cells to finely tune 

gene expression in response to internal and external cues.  

 

In essence, transcription serves as the command center, dictating the blueprint for protein 

synthesis and, consequently, determining the functional characteristics of a cell. The 

regulation of gene expression through transcription is a finely tuned mechanism that 
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enables cells to adapt and respond to their environment, contributing to the diversity and 

complexity of biological systems. Understanding this central role of transcription 

provides valuable insights into the molecular orchestration of cellular activities and the 

maintenance of cellular homeostasis. 

 

The concept of transcriptional control extends beyond the initiation of transcription. Post-

transcriptional modifications and RNA processing further influence the fate of the mRNA 

transcript. These modifications can dictate the stability, localization, and translatability of 

the mRNA, ultimately impacting the abundance and functionality of the corresponding 

protein (Filtz et al., 2014). 

 

2.2. Enhancer-driven transcription  
 

As described above, RNA Pol II governs gene transcription. To do so, it relies on two 

primary classes of regulatory elements: promoters and enhancers. 

 

Promoters reside proximal to the transcription start site (TSS) and play a central role in 

initiating transcription. They comprise a core promoter with essential motifs (TATA box, 

TFIIB recognition element (BRE), initiator (Inr) (Butler & Kadonaga., 2002) and the 

downstream promoter element (DPE)(Kutach & Kadonaga., 2000). Promoters facilitate 

the binding of RNA Pol II and general transcription factors. Adjacent cis-regulatory 

modules (CRMs) further contribute to their regulatory complexity, binding sequence-

specific transcription factors to determine the specificity of transcriptional initiation and 

ensuring basal transcription (Berman et al., 2002). 

 

Transcription factor proteins that bind to specific DNA sequences, either promoting or 

inhibiting the recruitment of RNA Pol II (Orphanides et al., 1996). This dynamic interplay 

ensures that only the necessary genes are transcribed under specific conditions (Becker et 

al., 2002). 

 

Enhancers are DNA regions found distally located (Serfling et al., 1985). Their 

remarkable feature lies in their ability to activate transcription over long distances. 

Independent of orientation and distance, enhancers interact with promoters, influencing 
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the initiation of transcription. They are composed of clusters of recognition sites for 

transcription factors, enhancers respond to cellular cues and environmental signals, 

providing specificity to gene expression patterns.  

Landmark studies have revealed the existence of two general classes of enhancer, divided 

by genomic size and strength of influence over cell identity (Hnisz et al., 2013). Typical 

enhancers (TEs) are small. In contrast, Super-enhancers are bigger. 12-25 Kb or larger. 

Consists of the amalgamation of multiple typical enhancers, which form constituents that 

coverge to more than the sum of their parts. They are defined by being exponentially 

larger than typical enhancers. Defined by the amount of enhancer and transcription 

proteins contained, in a system known as R.O.S.E Rank Order of Super-enhancers. Super-

enhancers are of particular note as crucially, super-enhancers are the key drivers of cell-

type-specific gene expression (Hnisz et al., 2013; Whyte et al., 2013). 

 

The intricate interplay between promoters and enhancers defines enhancer-driven 

transcription, and it is crucial for the nuanced and context-dependent regulation of gene 

expression and cellular identity, contributing to the diversity and adaptability of cellular 

functions. 

 

The concept of transcriptional control extends beyond the initiation of transcription. Post-

transcriptional modifications and RNA processing further influence the fate of the mRNA 

transcript. These modifications can dictate the stability, localization, and translatability of 

the mRNA, ultimately impacting the abundance and functionality of the corresponding 

protein (Filtz et al., 2014). 

 

2.3. Mediator Complex and Cellular Identity 
 

Our understanding of the transcriptional control of cellular identity is rapidly emerging. 

Each cell type has a specific tightly regulated chromatin configuration, determined by the 

patterns of DNA packing, and their unique epigenetic and histones modifications.  

 

Each cell type possesses a repertoire of active DNA enhancer regions, characterised by 

the presence of high concentrations of particular histone marks and transcription 

factors(Heinz et al., 2015; Hnisz et al., 2013; Whyte et al., 2013). 
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Active enhancer regions are recognized by the Mediator complex, which recruits RNA 

Pol II to the pre-initiation complex (PIC) of target genes. Thus, Mediator forms a protein 

bridge between active enhancers and the promoters of the genes that have to be 

transcribed (Malik & Roeder, 2016).  

 

Moreover, the largest concentrations of Mediator and RNA Pol II co-exist s super-

enhancers. These extensive enhancer networks act as hubs for the recruitment of various 

proteins involved in transcriptional regulation, making them particularly potent regulators 

of gene expression. Super enhancers have been implicated in driving the expression of 

genes critical for cell fate determination and are associated with the maintenance of cell 

identity in both normal development and disease states (Hnisz et al., 2013; Whyte et al., 

2013).  

 

These regions are also characterized by enrichment of bromodomain containing 4 

(BRD4), chromatin modifiers such (Ep300 and Kdm1a: LSD1 complex), and chromatin 

remodelers (Chd7, Brg1: SWI-SNF complex; Chd4 NuRD: complex; Smc1a: Cohesin 

complex). Together these regulate the transcription of key cell identity genes and master 

transcription factors (Hnisz et al., 2013; Whyte et al., 2013). Thus, super-enhancers are 

central to the control of cellular identity. 

 

The flexibility and specificity provided by enhancer- and super-enhancer- driven 

transcription plays a crucial role in the complexity and adaptability of eukaryotic gene 

regulation. This mechanism allows for the fine-tuning of gene expression patterns, 

ensuring that genes are activated or repressed in a context-dependent manner during 

development, differentiation, and in response to various stimuli. 

Mediator complex consists of 30 subunits, contained in four main domains. The head, 

central and tail domains constitute the core of Mediator and their roles are mainly 

structural, participating in the binding to enhancers and in the recruitment of RNA Pol II 

to TSSs.  

The fourth domain is the kinase module, containing Cyclin dependent Kinase 8 (CDK8) 

or its paralogue Cyclin dependent Kinase 19 (CDK19) and their catalytic binding partner 
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Cyclin C (Verger et al., 2019). CDK8 and CDK19 possess an identical kinase domain, 

and in each Mediator complex, the presence of CDK8 or CDK19 is mutually exclusive, 

such that only one may occupy Mediator at any given time (Fant & Taatjes, 2019). It acts 

as a negative regulator of RNA Pol II recruitment by Mediator (Galbraith et al., 2010; 

Hengartner et al., 1998). 

In accordance with this, it has been observed that CDK8/19 phosphorylates multiple 

subunits of Mediator (Poss et al., 2016) and chemical inhibition of its kinase activity 

results in hyperactivation of enhancer function (Lynch et al., 2020; Pelish et al., 2015). In 

addition, CDK8/19 binds and dissociates from Mediator dynamically and, interestingly, 

the association of CDK8/19 to Mediator prevents the recruitment of RNA Pol II by steric 

hindrance (Clark et al., 2015; Jeronimo & Robert, 2017; Poss et al., 2016)  (Figure 5). 

CDK8/19 may also regulate transcription through phosphorylation of the C-terminal 

regulatory domain of RNA Pol II (Hsin & Manley, 2012), regulators of chromatin, and 

transcription factors (Galbraith et al., 2010; Soutourina, 2018).  

Lastly, in addition to phospho-regulation of Mediator, it was recently reported that 

Mediator and the proximal transcriptional machinery are heavily acetylated (Weinert et 

al., 2018). Many questions remain regarding how the 30 subunits of Mediator work 

together, receive post-translational inputs, and achieve gene-specific control of 

transcription. 
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Figure 5. Transcription and Mediator complex. The role of Mediator complex and its CDK8/19 kinase module in the 

regulation of Pol II recruitment and transcription mediated by enhancers. 

 

2.4. Manipulating the transcriptional machinery to toggle ES cell identity 
 

When mouse ESCs are cultured in standard conditions, we obtain an heterogenous culture 

where both naïve and primed identities are present (Canham et al., 2010), this two 

identities are interchangeable, in a constant fluctuation driven by Leukemia Inhibitory 

Factor (LIF)/STAT3 and FGF/ERK pathways (Hackett & Azim Surani, 2014; Kunath et 

al., 2007; Yeo et al., 2014). This phenomenon is driven by the relative strength of LIF or 

MAPK signaling (Chambers et al., 2007), stablishing a transcriptional antagonism 

between the pluripotency program and the differentiation programs that will give raise to 

the three germ layers. (Figure 6)  

 

Remarkably, ES cells can be reprogrammed quickly, efficiently, and reversibly, between 

these two states of pluripotency (Hackett & Azim Surani, 2014). Specifically, the 

heterogeneity of the primed state is rapidly eliminated, and its transcriptional program is 

rapidly re-configured, by blocking the MEK/ERK and GSK3ß signaling pathways 

(Hackett & Azim Surani, 2014; Ying et al., 2008) (Ying et al., 2008; Hackett and Surani., 

2014). This is achieved using two small chemical inhibitors, commonly called "2i", which 
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together reset primed ES cells back into the naïve state in a matter of days (Figure 6). 

Importantly, the inhibition of the MEK pathway has been identified as the key element in 

triggering these effects on PSCs (Ficz et al., 2013; Marks et al., 2012; Nichols & Smith, 

2009; Ying et al., 2008). However, it remains unclear how mechanistically 2i can rapidly 

re-direct the transcriptional program.  

 
 
Figure 6. In vitro naïve pluripotent mESCs stabilization and transcriptional reinforcement by Mediator 

hyperactivation. Stabilization and transcriptional reinforcement of in vitro naïve pluripotent mouse embryonic stem 

cells (mESCs) facilitated by Mediator hyperactivation. Strong pluripotent transcriptional activity is observed in naïve 

cells, contrasting with weakened pluripotent transcriptional programs in primed cells. The latter marks the initiation 

of new transcriptional programs associated with the differentiation process into the three distinct germ layers. 

 

Previously, we developed a method to inhibit the CDK8/19 subunit of Mediator based on 

a small chemical compound abbreviated as CDK8i (Lynch et al., 2020).  
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Figure 7. Mediator complex hyperactivation through CDK8 inhibition. lustration depicting the enhanced activation 

of the Mediator complex through CDK8 inhibition. The removal of CDK8 negative modulation results in a strengthened 

and more potent interaction between RNA Polymerase II (Pol II) and the Mediator complex. 

 

Surprisingly, we found that CDK8i mimics the effect of 2i on ES cell identity and restores 

the naïve transcriptional program (Figure 7).  

 

Given the similarity in the effects of 2i and CDK8i on ES cell identity, the known role of 

CDK8/19 module within the Mediator complex, and the ability of Mediator to control 

RNA Pol II, we have hypothesized that 2i and CDK8i may affect the Mediator complex 

in a similar way, resulting in a recruitment and control of RNA Pol II, in a manner which 

reinforces the naïve PSC program.  

 

Indeed, our previous data found that 2i and CDK8i appear to boost the activity of 

Mediator, such that more RNA Pol II is recruited to the promoters of target genes. 

Therefore, this enhanced Mediator-RNA Pol II interaction may explain the stabilization 

of the naïve state transcriptional program.  
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2.5. Transcriptional condensates. Mediator Complex-RNA Polymerase II 

interaction. 

The Mediator-RNA Pol II interaction has been directly observed in living cells. Live-cell 

super-resolution microscopy has revealed that RNA Pol-II-mediated transcription takes 

place at nuclear condensates (Cho et al., 2018; Y. E. Guo et al., 2019a).  

Core subunits of Mediator: Mediator of RNA polymerase II transcription subunit 1 

(MED1) and RNA Pol II: RNA polymerase II subunit A (POLR2A) were fused to 

fluorescent-protein labels by genetic modification, and this led to the conclusion that 

multiple complexes of Mediator and RNA Pol II concentrate in close proximity as phase-

separated transcriptional condensates, exhibiting properties of liquid, as a fast recovery 

of fluorescence after photobleaching and sensitivity to 1,6-hexanediol. Phase separated 

liquid transcriptional condensates are formed by the LLPS of RNA Pol II and various 

factors harboring intrinsically disordered regions (IDRs), as Mediator complex and 

transcription factors (TFs).  

Moreover, the largest condensates of Mediator and RNA Pol II with phase-separation 

properties appear to co-exist at the largest and most powerful enhancers, known as super-

enhancers (see above).  

However, fusion to a fluorescent protein label may affect Mediator-RNA Pol II function. 

Furthermore, to observe the co-localization of major complexes in the transcriptional 

machinery, it is useful to consider their size, and the imaging resolution limits of 

microscopy. The Mediator complex is approximately 15-20 nm in diameter, while the 

RNA Pol II complex is ~10 nm across (Hahn, 2004; Tsai et al., 2017)  (Figure 8).  

By comparison, using standard confocal microscopy, the resolution limit is 200 nm 

(Kaufmann et al., 2014). More recently, sub-diffraction limit super-resolution approaches 

as stochastic optical reconstruction microscopy (STORM) can approach a resolution limit 

of ~10-30 nm (Rust et al., 2006), while fluorescence resonance energy transfer (FRET) 

also operates at a distance of <10 nm (Sekar & Periasamy, 2003). However, quantification 

of fluorescent protein co-localization using super- resolution microscopy or FRET 

requires significant expertise and optimization.  
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Figure 8. RNA Pol II and Mediator complex interacting. Mediator head, tail and middle modules are shown. Also, 

subunits referred to in this study (MED1 and POLR2A are indicated). Below, resolution limits of microscopy. Figures 

adapted from Kaufmann et al., 2014 and Tsai et al., 2017 

2.6. Proximity Ligation Assay 

Proximity Ligation Assay (PLA) (Jarvius et al., 2007) is a method that allows the 

detection of protein-protein interactions in situ using standard confocal fluorescence 

microscopy, yet it can demonstrate an interaction distance within less than 40 nm  (Bagchi 

et al., 2015). Thus, the resolution conferred by PLA compares well with advanced 

imaging techniques like STORM (Rust et al., 2006). PLA relies on two antibody- 

conjugated oligonucleotides that can hybridize to two other “connector” oligonucleotides 

only if sufficiently proximal, that is, specifically within 40 nm due to the restriction of 

the oligo length (Figure 9). After hybridization, the connector oligonucleotides are 

ligated, forming a circular DNA molecule which can be amplified by the phi29 DNA 
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polymerase in a rolling circle amplification (RCA) mechanism primed by 

oligonucleotides on one of the antibodies. This results in a localized single-stranded DNA 

molecule that can be detected through fluorescently labeled complementary 

oligonucleotides.  

 

Figure 9. Schematics of a PLA reaction. (i) primary antibody incubation (ii) PLA probe incubation, (iii) hybridization 

of connector nucleotides, (iv) ligation and (v) amplification  

 

2.7. Post-translational and epigenetic modifications 
 

Finally, to have a complete overall picture of how transcription is regulated, we need to 

understand the role of post-translational modifications (PTMs) of histones and DNA. As 

they dictate chromatin architecture and therefore Mediator accessibility to chromatin and 

RNA Pol II. PTMs have been extensively studied since the early 1960s, and their 

understanding and identification is in constant growth.  

 

Distinct histone PTMs are locally enriched in specific genomic locations and genes 

determining transcriptional activity (both positively and negatively) by relaxation or 

condensation of chromatin. 

 

PTMs also include complex and non-direct mechanisms of regulation as recruitment of 

different binding proteins implicated in the regulation of gene expression. The most 
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extensively studied histone and DNA PTMs are acetylation and methylation; but many 

others are being characterized. They are classified in four main groups that include 

acylations, ubiquitin-like, and others (Methylation and Non-lysine PTMs) (Millán-

Zambrano et al., 2022). 

 

Depending on the modification and the target histone residue, the outcome of the 

modification in cell activity and transcription will be different, with local genomic 

activation or repression. 

 

A correct pattern and distribution of the complex histone and DNA PTMs is carefully 

coordinated in the nucleus by histone modifiers, a process which is essential to carry out 

fundamental cellular processes, such as chromatin phase transitions, development, 

recombination, DNA repair, replication, and gene topology. Despite efforts to understand 

the involved mechanisms, many unknowns remain.  

 

We will further elaborate on methylation and acetylation during this introduction, after 

having explained some key metabolic concepts that are key to understand this PTMs. 

 

3. METABOLISM 
 

3.1. General overview 
 

Metabolism is the set of chemical reactions that occur within cells to fuel organisms with 

energy to sustain life. It is a complex process that encompasses many interconnected and 

tightly regulated cellular pathways, which together are responsible for energy production, 

the synthesis of biomolecules, and the signaling and regulation of cellular processes. 

 

We can classify metabolic processes in two main categories: anabolic and catabolic 

processes.  

(i). Anabolic processes include all the metabolic reactions that build 

complex molecules. Anabolism forms bonds between small molecules 

consuming energy.  
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(ii). On the other hand, catabolic reactions, are the ones that produce 

energy through the breakdown of bonds in large and complex molecules. 

The products of catabolic reactions are simpler, smaller molecules and 

energy. This energy will be used by anabolic processes in a continuous 

cycle.  

 

The balance of intermediate metabolites and molecules are sensed by the cell and become 

signaling factors that regulate cellular activity (Schuster et al., 2000). 

 

Within cells, a multitude of meticulously coordinated metabolic pathways operate in 

concert, akin to the intricate components of a clock, to orchestrate cellular function, 

maintain energy equilibrium, and facilitate the biosynthesis of molecules.  

The exploration of each of these pathways and their interrelation is extensive.  

 

3.2. Mitochondria and energy production 

 

Mitochondria are the cellular organelles responsible for energy production (Nunnari & 

Suomalainen, 2012). Through cellular respiration, mitochondria generate adenosine 

triphosphate (ATP), the primary currency of cellular energy (Mitchell, 1961). 

 

Among the myriad of metabolic routes, cellular respiration involves three main stages: 

glycolysis in the cytoplasm, the tricarboxylic acid (TCA) cycle in the mitochondrial 

matrix, and oxidative phosphorylation on the inner mitochondrial membrane (Figure 10). 

 

Glycolysis: Glycolysis is the central pathway for the breakdown of glucose to produce 

energy in the form of ATP. It involves a series of enzymatic reactions that convert one 

molecule of glucose into two molecules of pyruvate. Along the way, ATP and NADH are 

generated. Glycolysis is a common pathway in both aerobic and anaerobic conditions. 

 

Tricarboxylic Acid (TCA) Cycle: Also known as the Krebs cycle or citric acid cycle, the 

TCA cycle involves a series of biochemical reactions that complete the oxidation of 

acetyl-CoA derived from carbohydrates, fats, and proteins. It generates NADH and 
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FADH2, which carry high-energy electrons to the electron transport chain for ATP 

production. The TCA cycle is a key hub connecting various metabolic pathways. 

 

Oxidative Phosphorylation: Oxidative phosphorylation is the final stage of cellular 

respiration, where electrons from NADH and FADH2, produced in glycolysis and the 

TCA cycle, move through a series of protein complexes in the electron transport chain. 

This movement creates a proton gradient across the inner mitochondrial membrane. ATP 

synthase utilizes the energy from this gradient to phosphorylate ADP to ATP, a process 

known as chemiosmosis. 

 

These three pathways are interconnected and crucial for energy production in eukaryotic 

cells. Glycolysis breaks down glucose to pyruvate, the TCA cycle oxidizes the products 

of glycolysis to generate electron carriers, and oxidative phosphorylation uses these 

carriers to produce ATP, completing the process of cellular respiration (Spriet et al., 2020). 

 

 
 

Figure 10. Overview of Interconnected Metabolic Pathways. Schematic illustration of the interconnections of 

metabolic pathways with biomolecules serving as sources of energy. Catabolic processes are highlighted in red, 

representing energy-releasing pathways, while anabolic processes are depicted in blue, symbolizing energy-consuming 

pathways. This visual representation provides a clear overview of the dynamic balance between catabolism and 

anabolism in cellular metabolism. 
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3.3. Metabolism: A source of signaling molecules for the control of 

transcription 

 

There is a rapidly increasing amount of evidence pointing out the signaling role of 

metabolic intermediates, traditionally deemed important for biosynthetic purposes. These 

intermediates are now recognized as signaling molecules with pivotal functions in 

controlling chromatin modifications, DNA methylation, the hypoxic response, and 

immunity (Chandel, 2015). 

 

For the interest of this thesis, we will focus into the metabolic processes that generate 

methyl and acetyl groups.  

3.3.1. Production of methyl groups: One-carbon metabolism 

 

Methyl groups, consist of a carbon atom bonded to three hydrogen atoms (CH3), and are 

involved in numerous biological processes, including DNA methylation, nucleotide 

metabolism, maintenance of redox status and the synthesis of key molecules like 

neurotransmitters and phospholipids. 

 

One-carbon (1C) metabolism is comprised by a set of interlinked metabolic pathways, 

that utilize a variety of nutrients including glucose, vitamins, and amino acids, 

encompassing the methionine and folate cycles, and the pathway of homocysteine 

remethylation and transsulfuration. The methionine cycle is directly linked to histone 

methylation through the generation of S-adenosylmethionine (SAM) (Ducker & 

Rabinowitz, 2017) (Figure 11). 

 

Folate cycle: Derived from dietary sources, folate (B9) is a B-vitamin crucial for one-

carbon metabolism. Folate is firstly converted to dihydrofolate (DHF) and then into its 

active form, tetrahydrofolate (THF). THF serves as a carrier of one-carbon units, which 

can be added to various molecules in subsequent reactions. These reactions include the 

conversion of serine to glycine, threonine also contributes as a precursor for the synthesis 

of glycine (Bailey & Gregory, 2018). 
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Methyonine cycle: Vitamin B12 serves as a cofactor for methionine synthase (MS), the 

enzyme responsible for transferring a methyl group from 5-methyl-tetrahydrofolate (5-

methyl-THF) to homocysteine (hCys), generating methionine (MET). Methionine, an 

essential amino acid, is converted to SAM, through the action of methionine 

adenosyltransferase 2A (MAT2A). SAM donates its methyl group to various substrates, 

in different cellular reactions that include DNA methylation, histone methylation, and the 

methylation of lipids and neurotransmitters. During methylation reactions catalyzed by 

methyltransferases (MTs), SAM donates its methyl group, leading to the formation of S-

adenosylhomocysteine (SAH). Adenosylhomocysteinase (AHCY) catalyzes the 

hydrolysis of SAH, producing homocysteine and adenosine. Homocysteine then can 

participate in subsequent reactions within the methionine cycle (Sanderson et al., 2019). 

Homocysteine remethylation and transsulfuration: Homocysteine, generated from 

the demethylation of SAM, can follow two paths: it can be remethylated to methionine 

through betaine-homocysteine S-methyltransferase (BHMT), using methyl groups that 

come from THF or betaine; or alternatively, it can enter the transsulfuration pathway, 

forming cystathionine through the cystathionine beta-synthase (CBS) and finally 

leading to the synthesis of cysteine by the cystathionine gamma-lyase (CSE), cysteine is 

a precursor for antioxidant glutathione (Selhub, 1999). 
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Figure 11. Overview of One-Carbon Metabolism. concise summary of the mammalian folate and methionine cycles, 

collectively known as one-carbon (1C) metabolism, alongside the transsulfuration pathway. Crucial enzymes 

involved in these processes are highlighted in pink.. Additionally, it illustrates the connection to histone methylation, 

emphasizing the integrated nature of 1C metabolism with epigenetic regulation. 

3.3.2. Production of acetyl groups: Acetyl-CoA metabolism 

Acetyl-CoA is a crucial metabolite, it occupies a central position at the crossroads of 

various metabolic pathways (Figure 11), playing a pivotal role in regulating cellular 

functions.  

It is synthesized through diverse metabolic sources and pathways. The formation of 

acetyl-CoA is intricately linked to the catabolism of different macronutrients, reflecting 

the adaptability of cells to varying nutritional conditions. There are distinct metabolic 

sources and pathways contributing to the synthesis of acetyl-CoA. Here we highlight the 

main sources of Acetyl-CoA (Figure 12): 

Glucose à Pyruvate: Glucose undergoes glycolysis to produce pyruvate. Pyruvate is the 

substrate that gets converted into acetyl-CoA through the pyruvate dehydrogenase 
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complex (PDH). This process can occur both in the mitochondria and in the nucleus  

(Sutendra et al., 2014). 

Citrate: Citrate is a TCA cycle intermediate. It can be transported to the cytoplasm and 

to the nucleus, where the ATP citrate synthase (ACLY) enzyme cleaves it into acetyl-

CoA (Sivanand et al., 2017). 

Acetate: Acetate can be converted to acetyl-CoA in the mitochondria by the acetyl-CoA 

synthetase 1 (ACSS1);or in the cytosol and nucleus through the action of acetyl-CoA 

synthetase 2 (ACSS2) (X. Li et al., 2017).  

Amino acids: Certain amino acids can be converted into acetyl-CoA through 

intermediary metabolic pathways (Shi & Tu, 2015). 

 

Fatty acids: Fatty acids, derived from dietary fats or adipose tissue, are broken down 

through beta-oxidation in the mitochondria. Each round of beta-oxidation generates 

acetyl-CoA molecules, contributing to the pool of acetyl-CoA available for energy 

production or other metabolic processes (Shi & Tu, 2015). 

 

Ketone bodies: During periods of fasting or low carbohydrate intake, ketone bodies 

(acetone, acetoacetate, and beta-hydroxybutyrate) are produced in the liver. These ketone 

bodies can be converted into acetyl-CoA in extrahepatic tissues, providing an alternative 

energy source, especially for the brain, heart, and skeletal muscles (Puchalska & 

Crawford, 2017). 
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Figure 12. Acetyl CoA metabolic sources. Scheme showing the main different sources and uses of Acetyl-CoA in the 

three compartments: Mitochondria, Cytosol and Nucleus. Implicated enzymes appear represented in pink and the 

different substrates and products in blue. 

Acetyl-CoA serves as a sentinel metabolite, providing cells with essential information 

about their metabolic state. This guidance is achieved through unique protein acetylation 

modifications that are intricately linked to the abundance of acetyl-CoA (Galdieri et al., 

2014). 

In a state of growth or nourishment, elevated nucleocytosolic acetyl-CoA levels serve as 

a signature, promoting its utilization for processes such as lipid synthesis and histone 

acetylation. Conversely, during survival or fasting states, acetyl-CoA is preferentially 

directed into the mitochondria, contributing to mitochondrial-dependent functions like 

ATP synthesis and ketone body formation. This adaptive metabolic shift highlights 

acetyl-CoA's versatility in responding to the dynamic energy needs of the cell. 
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The fluctuation of acetyl-CoA within distinct subcellular compartments facilitates 

substrate-level regulation of acetylation modifications. This process necessitates the 

activity of sirtuin deacetylases. These enzymes play a crucial role in catalyzing the 

removal of spontaneous acetylation modifications that may occur unintentionally. 

Finally, histone acetylation is fueled by acetyl-CoA. Histone acetylation emerges as a 

central switch that controls DNA transcription, replication and repair; allowing 

interconversion between permissive and repressive chromatin structures and domains 

(Grunstein, 1997; Vogelauer et al., 2002).  

3.4. Metabolic enzymes in the nucleus 
 

The direct influence of metabolites on transcriptional decisions is emerging. Of note, 

enzymes traditionally associated with mitochondria have been recently detected in the 

nucleus, and they are turning out to be newly discovered major players in processes such 

as transcriptional regulation and chromatin organization: 

 

In 2006, ACSS2 was firstly located in the nucleus of cells, and directly linked to 

chromatin regulation (Takahashi et al., 2006). Three years later, another metabolic 

enzyme: ACLY was found in the nucleus, working as a source of Acetyl-CoA for histone 

acetylation (Wellen et al., 2009). All of the pyruvate dehydrogenase complex enzymes 

where found in the nucleus, where they were found to have a critical role in histone 

acetylation (Sutendra et al., 2014). In 2016 the group of Dr. Beato described how 

chromatin remodeling energy can be derived from poly-ADP-ribose by nucleoside 

diphosphate linked moiety x-type motif 5 (NUDIX5) within the nucleus, bypassing the 

usual reliance on ATP from the cytoplasmic mitochondria. (Wright et al., 2016). A portion 

of folate pathway enzyme methylenetetrahydrofolate dehydrogenase, cyclohydrolase and 

formyltetrahydrofolate synthetase 1 (MTHFD1) was recently found to be present in the 

nucleus, where it is recruited to specific genomic locations through a direct interaction 

with BRD4, implying a direct involvement in the regulation of gene expression (Sdelci et 

al., 2019). 
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As nuclear metabolism is an emerging field of study, many unknowns regarding the 

regulation of these enzymes, the subnuclear localization and their working partners 

remain to be unveiled.  

The direct readout is that nuclear metabolic enzymes and intermediates may drive, nuclear 

processes, of which RNA Pol II-driven transcription is perhaps the most relevant for the 

control of cell identity.  

3.4.1. . The pyruvate dehydrogenase complex 

The PDH complex is, , a crucial enzyme complex that plays a central role in cellular 

energy metabolism and in the generation of acetyl groups. It is abundant in the 

mitochondria, where it catalyzes the oxidative decarboxylation of pyruvate, to produce 

acetyl-CoA, a critical metabolic intermediate for several processes (Linn et al., 1969). 

The intact PDH complex of ~30-40 nm diameter has been reported to reside not only in 

the mitochondria, but also in the nucleus (Sutendra et al., 2014). 

Importantly, the transcriptional machinery and histones are heavily acetylated, as 

mentioned above, to maintain the chromatin in an open or accessible state during active 

transcription(Clayton et al., 2006; Cramer, 2019; Hebbes et al., 1988; Weinert et al., 

2018). 

Global levels of histone acetylation respond to the abundance of acetyl-CoA, although 

the mechanisms of specificity in gene regulation by acetyl-CoA are unclear. Acetyl-CoA 

is produced in three main cellular compartments: the mitochondria, cytosol, and the 

nucleus through several direct and undirect pathways (Sivanand et al., 2017) (Figure 12). 

Although acetyl-CoA is permeable through nuclear pores, recent metabolic evidence 

suggests that nuclear and cytosolic pools of acetyl-CoA may be, in large part, functionally 

distinct. This is explained by the obstruction of metabolite diffusion by macromolecular 

crowding. The nucleus is highly packed with high concentrations of proteins and DNA. 

Moreover, the use of exogenous acetate at physiological concentrations is inefficient for 

histone acetylation in cells with impaired acetyl-CoA production (Sivanand et al., 2017). 
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While the PDH complex is not the exclusive source of acetyl-CoA for chromatin 

acetylation, its role in the maintenance of a correct pattern of histone acetylation is critical 

(Chen et al., 2018; Nagaraj et al., 2017; Sutendra et al., 2014) 

The pyruvate dehydrogenase Complex (Figure 13) is constituted by three catalytic 

enzymes: pyruvate dehydrogenase: E1 (PDHA1 and PDHB), dihydrolipoamide 

transacetylase: E2 (DLAT), and dihydrolipoamide dehydrogenase: E3 (DLD and PDHX), 

as well as the tethering protein, E3-binding protein (E3BP) (Behal et al., 1993). 

 

DLAT, the catalytic core subunit of the PDH complex, is known to use a lipoyl side-chain 

in its enzymatic centre to catalyse a rate-limiting step in acetyl-group production. 

 
Figure 13. The Pyruvate Dehydrogenase Complex reaction. PDH catalyzes multiple reactions in its three different 

subcomplexes (E1, E2 and E3) for the conversion of pyruvate into acetyl-CoA.  

Since histone acetylation marks sites of active RNA Pol II-transcription, the presence of 

PDH in the nucleus may provide a mechanism by which the abundance of the acetyl-CoA 

intermediate can directly modify the transcriptional program. However, nothing is known 

about the sub-nuclear distribution of the PDH or its nuclear partners.  
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4. ORGANIZATION AND METABOLIC CONTROL OF 

TRANSCRIPTION 

4.1. Chromatin structure and histone marks 

Chromatin is the complex structure formed by DNA, histone proteins, and other 

regulatory proteins in the nucleus of eukaryotic cells. It serves as the packaging material 

for genetic information, allowing the cell to efficiently organize, compact, and regulate 

access to its DNA (Kornberg, 1974). 

The structural hierarchy of chromatin extends from the fundamental nucleosome level to 

higher-order conformations, ultimately forming chromosomes. Nucleosomes are 

comprised of DNA wound around histone octamers, and they serve as the basic repeating 

unit. Beyond nucleosomes, chromatin undergoes folding and compaction, leading to the 

formation of chromosomal territories. The spatial organization of these territories is 

orchestrated by factors, including DNA sequence, architectural proteins, and non-coding 

RNAs (Boyle et al., 2001). 

Chromosomal organization governs the spatial arrangement of genetic material within the 

nucleus. This organization plays a pivotal role in regulating gene expression, DNA 

replication, and repair processes(Schneider & Grosschedl, 2007).  

Epigenetic modifications, particularly histone marks and DNA methylation, contribute 

significantly to chromosomal organization. Histone tails undergo various post-

translational modifications, such as methylation, acetylation, and phosphorylation, 

influencing chromatin structure and gene accessibility. DNA methylation, often 

associated with transcriptional repression, further refines chromatin domains. The 

intricate crosstalk between different epigenetic marks dynamically shapes the functional 

chromatin landscape, delineating regions into heterochromatin and euchromatin (Handy 

et al., 2011) (Figure 14). 

Heterochromatin: It is the tightly compacted form of chromatin. It is transcriptionally 

repressive, characterized by condensed nucleosomes and enriched in specific histone 

modifications from which we can highlight a global increase in methylation and the role 

of non-coding RNAs. Heterochromatin plays a role in gene silencing, genome stability, 

and centromere function. 
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Euchromatin: Euchromatin represents a more open and transcriptionally active state of 

chromatin. It is associated with high levels of histone acetylation and actively transcribed 

genes. Due to the high levels of acetylation, it exhibits a more accessible nucleosome 

structure, facilitating the binding of regulatory proteins. 

 

Figure 14. Chromatin States and Transitions. This schematic illustrates the distinctive characteristics of 

heterochromatin, euchromatin, and the intermediate state of bivalent chromatin. Key features include chromatin 

compaction and methylation in heterochromatin, an open, acetylated and accessible structure in euchromatin, and a 

bivalent state during the transition between both. Additionally, the figure highlights main events mediating transitions 

between these states. 

Chromosomes are not randomly distributed within the nucleus; instead, they exhibit 

specific spatial arrangements. The positioning of chromosomes is influenced by factors 

such as gene density, transcriptional activity, and interactions with nuclear structures. 

Emerging techniques, including Hi-C and 3C-based methods, provide unprecedented 

insights into the spatial organization of chromosomes, revealing intricate patterns of 

interactions between genomic loci (Akgol Oksuz et al., 2021). 
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Topologically Associated Domains (TADs) represent genomic regions with enhanced 

internal interactions, delineating functionally distinct chromatin domains. TAD 

boundaries, often demarcated by architectural proteins, act as insulators, preventing 

inappropriate interactions between neighboring genomic regions. The disruption of TAD 

organization has been implicated in diseases, emphasizing the functional significance of 

these chromatin domains (Dekker & Heard, 2015). 

Chromosomal organization is not static but exhibits dynamic changes in response to 

cellular cues and developmental stages. Chromatin loops, formed within TADs, facilitate 

long-range interactions between distant genomic elements, allowing enhancers and target 

genes to coincide, despite being distantly located. Transient chromatin interactions play 

a crucial role in orchestrating rapid responses to environmental stimuli, contributing to 

the adaptability and plasticity of the genome (Yu & Ren, 2017). 

4.2. Phase separation and chromatin organization 

As introduced before, liquid-liquid phase separation (LLPS) is a biophysical phenomenon 

demanding significant attention as it appears to underlie most processes in cell biology. 

LLPS, also referred to as phase-separation involves the formation of distinct liquid phases 

within cellular compartments. Up to 50% of human proteins are calculated to contain 

repetitive amino acid sequences with unstructured character. These are referred to as 

intrinsically disordered repeat regions or IDRs. Protein-protein interactions via their IDRs 

are weak and transient, permitting liquid-like freedom of movement, all of which 

resemble the interaction and qualities of water molecules, leading to the concept of 

protein-liquids within which proteins containing IDRs of similar chemical character, can 

collate within proximity to achieve their collective fuction. These protein-based liquids 

can be rapidly dissolved or nucleated by post-translational modifications. Thus, LLPS 

achieves a high degree of compartmentalization that is also rapid and highly regulatable, 

all without a membrane. Essentially, LLPS achieves the formation of membraneless 

organelles.  

Well-studied examples of phase separated membranless organelles include P-granules 

(Brangwynne et al., 2009) and stress granules (Molliex et al., 2015) in the cytoplasm, and 

the nucleolus (Feric et al., 2016), histone locus bodies (Hur et al., 2020), and nuclear 

speckles (Lu et al., 2018), in the nucleus (Sabari et al., 2020). Heterochromatin formation 
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has also been proposed to be influenced by LLPS condensates of HP1(Larson et al., 

2017). 

Although these examples primarily involve proteins and RNA, comparable phase 

behavior is observed in complexes formed by proteins and DNA. 

The orchestration of transcriptional events within the nucleus and specifically during 

transcription are of particular interest in the context of understanding mediator complex 

role in the control of cellular identity and transcription. 

Biomolecular phase separation happens through multiple weak interactions between 

proteins and/or (ribo)nucleic acids, that separate a single homogeneous phase into 

multiple phases, similar to what happens between oil and water. Typically, proteins that 

phase separate include IDRs in their structure that act as biophysical addresses to localize 

interactor proteins, and they contribute an essential structural component to stabilize the 

LLPS condensates (Dignon et al., 2020). Overall, this suggests the minute compartments 

of nuclear organization, such that regulators are held in proximity to target regions. 

Chromatin can undergo LLPS to form condensates, dynamic structures that influence the 

spatiotemporal organization of gene expression.  

Super-resolution imaging has allowed to observe how Mediator and RNA polymerase II 

association happens through phase separation, forming transcriptional condensates (Cho 

et al., 2018).These transcriptional condensates, or "transcriptional hubs," are implicated 

in coordinating the assembly of transcriptional machinery and regulatory elements. 

Importantly, super-enhancers, which contain the highest amounts of Mediator complex 

and drive robust expression of genes with critical roles in cell identity, are phase 

separated, compartmentalizing, and concentrating the transcription apparatus. IDRs from 

Mediator complex other co-ativators, and transcription factors are key in this process 

(Sabari et al., 2018) (Figure 15).  
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Figure 15. Phase Separation, Enhancers, and Super Enhancers. Visual representation of phase separation, 

highlighting the distinctions between typical enhancers and super enhancers. It illustrates how super enhancers 

undergo liquid-liquid phase separation (LLPS), creating distinct condensates. The figure further emphasizes the high 

concentration of the mediator complex within super enhancer condensates. Intrinsically disordered regions of 

transcription factors and mediator complex are depicted, showcasing their interactions within the dynamic 

environment of super enhancers. 

 

The mechanisms implied in the regulation of transcriptional condensates are being 

studied, and modifications as phosphorylation or acetylation, that affect the charge of the 

proteins implicated have been shown to have a direct impact in the formation and 

dissolution of these condensates. For example, the phosphorylation of the carboxyl 

terminal domain (CTD) of RNA Pol II regulates a switch between the transcriptional 

initiation phase separated condensates (Figure 16), and elongation and splicing 

condensates (Y. E. Guo et al., 2019a). Histone acetylation driven by the multifunctional 

transcriptional co-activators CBP/p300 also regulates transcriptional phase separation by 

dissolving and forming new phase-separated droplets and therefore modulating the 

organization of nuclear chromatin subdomains (Gibson et al., 2019; Weinert et al., 2018) 
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Figure 16. Transcription Initiation Phase-Separated Condensates. transcription initiation, emphasizing the formation 

of phase-separated condensates at gene promoters. The illustration highlights the condensation of RNA Polymerase II 

(Pol II) and the Mediator complex at gene promoters, showcasing the localized concentration of key transcription 

initiation components. 

4.3. Metabolic control of transcription: A nexus of histone methylation 

and acetylation. 

Two key histone epigenetic marks, methylation and acetylation, are of particular interest 

for this thesis, given the previously mentioned connections between chromatin 

organization, and metabolic pathways. Studies of histone acetylation and methylation will 

likely shed light on how metabolic cues shape the chromatin landscape and influence gene 

expression (Filtz et al., 2014; Gibney & Nolan, 2010; Grunstein, 1997; Vogelauer et al., 

2002). 

Above, we described the source of both acetyl and methyl groups. Next, we will better 

understand their presence and impact in chromatin. 

Histone acetylation consists of the addition of acetyl groups to lysine residues on histone 

tails. It is catalyzed by histone acetyltransferases (HATs), generally correlates with 

transcriptional activation by neutralizing the positive charge on histones, leading to a 

more open chromatin structure. That facilitates the binding of transcriptional machinery 

and regulatory proteins (Marmorstein & Zhou, 2014).  

Conversely, histone methylation is the process of addition of methyl groups to lysine or 

arginine residues on histone tails. Histone methyltransferases (HMTs) are the enzymes 

that add methyl groups. It can be associated with both activation and repression, 
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depending on the specific lysine or arginine residue modified and the degree of 

methylation (mono-, di-, or trimethylation) (Andrew J et al., 2002). 

In the table below (Table 1), we provide a list of some of the best documented acetylation 

and methylation marks, with a very brief description of their role in transcription. 

 

Table 1. Summary of Key Acetylation and Methylation Histone Marks. This table provides a comprehensive overview 

of histone modifications relevant to understanding this thesis. Acetylation marks are highlighted in pink, representing 

their role in transcriptional activation and chromatin accessibility. Methylation marks are shown in yellow, indicating 

their involvement in diverse regulatory functions, such as gene activation or repression, depending on the specific 

lysine residue. The brief descriptions offer insights into the functional roles of each modification in shaping chromatin 

structure and gene expression. 

It is important to note that the functional outcomes of each histone modifications can vary 

depending on the context of specific genomic regions and the presence of other 

modifications. Additionally, crosstalk between different histone marks adds a layer of 

Neutralizes positive charge, opens chromatin,marks active promoters,
facilitates binding of transcriptional activators.ActivationH3K9Ac

Open chromatin, marks active gene promoters and also a subset of
active enhancersActivationH3K122Ac

Linked to open chromatin and active gene expression. Enhances
accessibility of chromatin.ActivationH3K18Ac

Mark for active enhancers and actively transcribed genes. Marks
regions of high transcriptional activity.Activation.H3K27Ac

Contributes to open chromatin structure. Supports binding of
transcriptional activators.ActivationH4K5Ac

Contributes to open chromatin structure. Supports binding of
transcriptional activators.ActivationH4K8Ac

Generally associated with transcriptional activation. Involved in
preventing chromatin compaction.ActivationH4K16Ac

Repressed but inducible enhancersBivalentH3K4me1

Mark for active enhancersActivationH3K4me3

Primarily associated with transcriptional repression. Establishes
repressive chromatin, promotes heterochromatin formation.RepressionH3K9me3

Strongly associated with transcriptional repression. A hallmark of
polycomb-repressed chromatin. Contributes to facultative 
heterochromatin formation.

RepressionH3K27me3

Associated with transcriptional activation and elongation. Marks 
actively transcribed regions. Facilitates transcriptional elongation.ActivationH3K36me

Primarily associated with transcriptional activation. Found in actively
transcribed genes. Transcriptional regulation and DNA repair.ActivationH3K79me

Implicated in both transcriptional activation and repression, 
depending on the degree of methylation. BivalentH4K20me
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complexity to the regulation of chromatin structure and gene expression (Suganuma & 

Workman, 2008). 

The nucleus, once considered a place for the storing and processing of genetic 

information, is now recognized as a dynamic hub where metabolic and epigenetic 

pathways converge. As we mentioned above, more and more metabolic enzymes have 

been found in the nucleus during the last years.  

Traditionally associated with cellular energy production in mitochondria and the 

cytoplasm, more recently these metabiolic enzymes also appear to operate within the 

nuclear envelope. This challenges conventional roles and expands our view of metabolic-

epigenetic connections. 

These discoveries prompt crucial questions as for example, where precisely within the 

nucleus do these enzymes reside, and how do they interact with and regulate chromatin 

sub-regions. 
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The primary objective of this thesis is to enhance our comprehension of the Mediator's 

complex role in transcriptional control of cellular identity and plasticity. Additionally, this 

project seeks to uncover potential novel regulators influencing cell identity. To 

accomplish these overarching goals, our specific aims are as follows: 

 

1. Examine Changes in Mediator-Pol II Interaction: 

1.1.Develop and apply novel visualization methods to efficiently capture the 

Mediator-Pol II interaction dynamics. 

1.2.Investigate alterations in the interaction dynamics between the Mediator complex 

and RNA Polymerase II (Pol II) during transitions in cellular identity. 

 

2. Identify Novel Mediator Interactors: 

2.1.Uncover and characterize previously unrecognized interactors of the Mediator 

complex that may play pivotal roles in regulating cellular identity. 

 

3. Explore Mediator Interaction with Nuclear PDH Complex and Manipulate their 

Interaction: 

3.1.Delve into the intricacies of the interaction between the Mediator complex and the 

nuclear Pyruvate Dehydrogenase (PDH) complex. 

3.2. Explore the potential functional activity of PDH in the nucleus. 

3.3.Investigate PDH chromatin relation through ChIP-Seq analysis. 

3.4.Experimentally manipulate the interaction between the Mediator complex and the 

nuclear PDH complex to gain deeper insights into the functional significance of 

this complex in the transcriptional regulation of cell identity. 

 

In summary, we explore new aspects of the Mediator complex interactome, including 

RNA Pol II and the control of cell identity. Furthermore, we reveal a new interaction with 

the PDH complex within enhancers inside the nucleus and study its regulation. 
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Cell culture  
 

Mouse ES cells: E14Tg2a.4 (wild-type parental, 129/Ola background) were from 

BayGenomics/MMRRC resource, University of California; Wild-type ES cells were 

derived at the Transgenic Mouse Unit of CNIO from E4.5 C57BL6 blastocysts, or mixed 

background C57BL6/129 blastocysts. All ES cells were cultured on gelatin-coated plates 

in “Serum/LIF”: 15%FBS (Gibco) in DMEM (high glucose) basal media with LIF (1000 

Units/mL), non-essential amino acids, glutamax and ß-mercaptoethanol plus antibiotics 

(penicillin/streptomycin 100U/mL). (i) Primed media: no extra drugs were added to the 

culture conditions mentioned above; (ii) “2i” treated ES cells: “2i” drug cocktail, 1 μM 

Mek-inhibitor (PD0325901, Axon Medchem, #1408) plus 3 μM GSK3ß- inhibitor (CHIR 

99021, Axon Medchem #1386) as described (Ying et al., 2008); (iii) CDK8/19i treated 

cells: 1μM CDK8/19i (developed and validated in vitro and in vivo by the Experimental 

Therapy Unit from the CNIO).  

Primary mouse embryo fibroblasts (wild-type, MEFs, passage 2) were obtained at E13.5 

from pure inbred C57BL6 background mice as described previously (Palmero and 

Serrano., 2001) and were maintained in DMEM medium with 10% FBS (Gibco) with 

antibiotics (penicillin/streptomycin 100 U/mL).  

Human melanoma SKMEL-103 and mouse melanoma B16 cells were obtained from the 

ATCC. Both cell lines were maintained in standard DMEM medium supplemented with 

10% heat inactivated fetal bovine serum (FBS) (Gibco) and 1% antibiotics 

(penicillin/streptomycin 100 U/mL; Gibco). 

Galactose media: galactose media was prepared using as basal media no glucose DMEM 

medium (Life Technologies #11966025) suplemmented with 10 mM galactose (Sigma) 

10% knockout serum replacement (KSR, Invitrogen) and 1mM pyruvate (Agilent). 

mESC differentiation with LIF removal and retinoic acid. LIF was first removed for 24 h 

by culturing in LIF-free differentiation medium (as described for serum/ LIF medium, 

except LIF was omitted). Next, retinoic acid was added (10 μM) from 24 h to 72 h, 

followed by LIF-free differentiation medium alone for 5-9 days as indicated in the figure 

legends. 

All cultures were routinely tested for mycoplasma.  
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Nuclear/cytoplasmic and Cytoplasmic/mitochondrial fractionation. .  
 

Nuclear and cytoplasmic fractionation was performed with Thermo Scientific NE-PER 

Nuclear and Cytoplasmic Extraction Kit (Following the protocol provided in the 

commercial kit). Cytoplasmic and mitochondrial fractions were prepared using the 

Mitochondria Isolation Kit (89874, Thermo Fisher Scientific). Fresh protease inhibitors 

(Roche #11873580001) were added in the required steps.  

 

Immunoblot 
 

Cell pellets were lysed in 50mM Tris-Hcl pH 7.4, 0.5% NP-40, 250mM NaCl, 5mM 

EDTA, with freshly added 1mM Sodium Orthovanadate, 1mM NaF, protease inhibitors 

(#87785, Thermofisher) and phosphatase inhibitors (#4906837001, Roche). 15-25mg of 

proteins were run on NuPage 4-12% gradient Bis-Tris gels in NuPAGE™ MES SDS 

Running Buffer (20X) and wet-transferred to 0.2mM nitrocellulose membranes 

(#10600001, GE Healthcare). Blots were blocked in Intercept (TBS) Blocking Buffer 

(#927-60001, LI-COR) for 30 minutes and then incubated with the primary antibodies 

indicated in (table 2) over-night. The following day the membranes were incubated with 

the following secondary antibodies: IRDye 800 CW anti-rabbit (1:5000, #926-32211, 

Licor Odissey) and IRDye 800 CW anti-mouse (1:5000, #926-32210, Licor Odissey). 

 

Cell immunofluorescence  
 

PSCs and MEFs were grown on chamber slides using the same protocols as for the rest 

of the experiments. In addition, to aid cell attachment to the slides, slides were pre-treated 

for 30 minutes with fibronectin 5μg/mL (R&D Systems #1918-FN-02M) diluted in PBS. 

Cells were fixed 24 hours after plating on chamber slides with 4% paraformaldehyde for 

3 minutes at room temperature, washed with PBS and permeabilized with PBS containing 

0.1% Triton X100 for 1 hour. Cells were blocked in 10% FBS/1xPBS for 1h and incubated 

with antibodies (for a list of the antibodies used, see Antibodies Table) at 1:200 to 1:1000 

in PBS-4%BSA, for 3 hours at 37oC or overnight at 4oC, washed with PBS and further 

incubated with secondary anti-rabbit or anti mouse antibodies conjugated with Alexa-



MATERIALS AND METHODS 

 55  

488, Alexa-555 and/or Alexa-647 (1:500 in PBS-4%BSA). Nuclei were counter-stained 

with DAPI.  

Proximity Ligation Assay (PLA)  
 
PSCs and MEFs were grown on chamber slides using the same protocols as for the rest 

of the experiments. In addition, to aid cell attachment to the slides, slides were pre-treated 

for 30 minutes with fibronectin 5μg/mL (R&D Systems #1918-FN-02M) diluted in PBS. 

Cells were fixed 24 hours after plating on chamber slides with 4% paraformaldehyde for 

3 minutes at room temperature, washed with PBS and permeabilized with PBS containing 

0.1% Triton X100 for 1 hour. Cells were blocked in Duolink® Blocking Solution in a 

previously heated humidity chamber for 60 minutes at 37 °C and incubated with 

antibodies (for a list of the antibodies used, see Antibodies Table) diluted in Duolink® 

Antibody Diluent at 1:80 to 1:100 for 1 hour at 37oC in a humidity chamber. After 

antibody incubation, Duolink® PLA probes PLUS and MINUS diluted in Duolink® 

Antibody Diluent at 1:3 were incubated for 1 hour at 37oC in a humidity chamber. Probes 

were ligated adding 1x Duolink Ligation Buffer with ligase for 30 minutes at 37oC in a 

humidity chamber. Finally, 1x Duolink® Amplification Buffer with polymerase was 

added and the slides were kept amplifying for 50-100 minutes in a humidity chamber at 

37oC. Amplification time was optimized for each combination of antibodies and the same 

amplification time was always used between different treatments. Nuclei were counter 

stained with the Duolink® In Situ Mounting Media which contains DAPI.  

 

siRNA transfection  
 

All the siRNAs were purchased from siTOOLs. siRNAs have been used at 3nM final 

concentration. SK-Mel-103, E14Tg2a.4, and V6.4 (Wild type mESCs) were transfected 

with siRNAs for 5 days before performing viability assays. Lipofectamine reagent 

RNAiMAX (Cat. 13778075) was used at 2mL/mL diluted in Opti-MEM (Cat. 31985062) 

to perform the transfection. 

After 5 days from the transfection, cell viability assays were performed (Crystal Violet 

Assay). 

 



MATERIALS AND METHODS 

 56  

Cell viability assay 
 

Cell viability assay were performed after siRNAs transfections (5 days) in proliferating, 

SK-Mel-103 and E14Tg2a.4 background mES cells in control media; in galactose media 

or in control media supplemented with 5 mM acetate (#S2889) using Crystal Violet 

(#C6158, Merck). 

For crystal violet staining, cells were first washed once with PBS and then fixed stained 

through the crystal violet solution (6.179mM crystal violet in 20% methanol solution in 

H2O) for 30 minutes. The solution was then removed from the plates and cells were 

washed in H2O at least 5 times and dry under a chemical hood overnight. Images were 

taken using an HP scanner. For quantification, the staining was lysed using lysing solution 

(0.1M sodium citrate, 50% ethanol at pH 4.2). Absorbance was measured using a 

SYNERGY HTX Absorbance microplate reader (Agilent Technologies) at 570nM. 

 

Chromatin Immunoprecipitation (ChIP) sample preparation  
 

mESCs were cultured in standard 2i mESC media, were fixed with 1% (v/v) PFA (Fisher 

Sceintific #50980487) then, chromatin was prepared by using the iDeal ChIP-seq kit for 

Transcription Factors (Diagenode # C01010055), then sonicated using a Diagenode 

BioRuptor Pico (Diagenode #B01060010) for 12 cycles (30’ on, 30’ off) at 4°C. Lysates 

were clarified for 10 minutes at 8000 x g, 1% input samples were reserved, and 

supernatant was used for immunoprecipitation with Diagenode Protein A-coated 

Magnetic beads ChIP-seq grade (Diagenode #C03010020-660) and DLAT mAb 

(MyBioSource # MBS9404684) with 0.1% BSA (Sigma #10735094001). The following 

day, cells were washed once with the iDeal ChIP-seq kit for Transcription Factors 

(Diagenode # C01010055) buffer  and eluted in 1% SDS, 100mM NaHCO3 buffer. Cross-

links were reversed with RNaseA (ThermoFisher #EN0531), proteinase K (Merck 

#3115879001) and sodium chloride (Sigma #71376), and chromatin fragments were 

purified using QIAquick PCR purification kit (Qiagen #28104).  

 

ChIP sequencing 
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The concentration of the DNA samples (inputs and IPs) was quantified with Qubit dsDNA 

HS kit and fragment size distribution was assessed on a TapeStation4200 using the D5000 

HS assay (Agilent). Libraries for ChIP-Seq were prepared at IRB Barcelona Functional 

Genomics Core Facility. Briefly, dual-indexed DNA libraries were generated from 2.66 – 

10.26 ng of DNA samples using the NEBNext Ultra II DNA Library Prep kit for Illumina 

(New England Biolabs). 14 and 15 cycles of PCR amplification were applied to all 

libraries of projects ICalvoJan23_ChIPSeq, ICalvoMay23_ChIPSeq, respectively. 

The final libraries were quantified using the Qubit dsDNA HS assay (Invitrogen) and 

quality controlled with the Bioanalyzer 2100 DNA HS assay (Agilent). Two equimolar 

pools were prepared, containing the libraries of each project and sequenced using the 

PE150 strategy on a NovaSeq 6000 (Illumina). A minimum of 44 million of reads were 

obtained for all samples. 

 
 
ChIP sequencing analysis 
 
Adapters and low‐quality bases (<Q20) were removed from DLAT and MED15 ChIP-

Seq reads with Cutadapt (v4.4) (Martin., 2011) and TrimGalore (v0.6.10) 

(https://github.com/FelixKrueger/TrimGalore). Trimmed reads were mapped to the 

mouse reference genome mm10 with Bowtie2 (v2.5.1)  (Langmead and Salzberg., 2012) 

using default paired-end parameters. PCR duplicates were removed with Picard Tools 

MarkDuplicates (v1.97). BigWig files were created using DeepTools bamCoverage 

(v3.0.2) (Ramírez et al., 2014) with the following parameters: --normalizeUsingRPKM –

ignoreForNormalization chrX chrY –samFlagInclude 64 –extendReads --binSize 20 --

smoothLength 40. Reads overlapping problematic, blacklisted regions (mm10-

blacklist.v2.bed) (Amemiya et al., 2019) were excluded from the computation of 

coverage with the option --blackListFileName. Peak calling was performed using 

MACS2 callpeak (v2.2.9.1) (Zhang et al., 2008) (-q 0.05) on deduplicated bam files, using 

a ChIP-Seq for IgG as control. After discarding peaks overlapping blacklisted regions, 

peaks laying less than 5kb apart were merged. 

The following public datasets were downloaded for comparison against the DLAT ChIP-

Seq: Pol II ChIP-Seq in V6.5 mESc (GSE178848; (Sun et al., 2021)), ), MED1 ChIP-Seq 

in V6.5 mESc (GSE178848; (Sun et al., 2021)), MED4 ChIP-Seq in V6.5 mESc 

(GSE178848(F. Sun et al., 2021)), H3K9Ac ChIP-Seq in V6.5 mESc (GSE178848; (Sun 
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et al., 2021), H4K5Ac ChIP-Seq in E14 mESc (GSE158736; (Radzisheuskaya et al., 

2021)), H4K8Ac ChIP-Seq in E14 mESc (GSE158736; (Radzisheuskaya et al., 2021), 

H3K27Ac ChIP-Seq in V6.5 mESc (GSE200120; (Zhao et al., 2021)), H3K4me1 ChIP-

Seq in V6.5 mESc (GSE200120; (Zhao et al., 2021)), H4K16Ac ChIP-Seq in E14 mESc 

(GSE43102; (Taylor et al., 2013)), H3K122Ac ChIP-Seq in 129S4/SvJae J1 mESc 

(GSE141525; (Zhang et al., 2020)), and H3K18Ac ChIP-Seq in 129S4/SvJae J1 mESc 

(GSE141525; (Zhang et al., 2020)). Processing of these experiments was done as 

described above for the in-house DLAT and MED15 datasets. 

 

Annotation of DLAT, MED1, and H3K27Ac peaks over genomic features was done using 

the R libraries ‘ChIPseeker’ (Wang et al., 2022) and 

‘TxDb.Mmusculus.UCSC.mm10.knownGene’. DLAT target genes were defined as 

having a DLAT peak in their promoter (TSS +/- 3kb). DLAT target genes were then tested 

for enrichment in Gene Ontology (BP: Biological Process) terms (Ashburner et al., 2000; 

Gene Ontology Consortium et al., 2023).  

Average plots of signal over enhancers were generated with Deeptools computeMatrix 

(v3.0.2) (Ramírez et al., 2014) and in-house scripts. 

ChromHMM (Ernst et al., 2012) was used to understand how DLAT associates with 

Mediator and Pol II. The genome was analyzed at 200-bp intervals and a model of 8 states 

was chosen to characterize it according to the relative enrichment for DLAT, Pol II (Sun 

et al., 2021) MED1 (Sun et al., 2021), MED4 (Sun et al., 2021), H3K27Ac (Zhao et al., 

2021), and H3K4me1 (Zhao et al., 2021). 

 
Image acquisition  
 

All immunofluorescence and PLA images were captured using a Leica SP5 confocal 

microscope. Once the settings were decided for each experiment, all the acquired images 

shared the same laser power settings for each channel independently of the cell type or 

treatment.  
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CHIP-qPCR 
Quantitative real-time PCR (RT-qPCR) was performed using GoTaq PCR Master Mix 

(Promega, #A6002) and specific primers listed below (Table 3). The reaction was 

performed in a QuantStudio 6 Flex thermocycler (Applied Biosystems).-         

All the reactions were performed in triplicates.  

 

Quantification and statistical analysis  
 

The number of PLA interactions were quantified using an image analysis script developed 

in collaboration with the Advanced Microscopy Unit from the IRB. This script was 

designed to count the number of foci detected inside the nucleus of each cell. This script 

not only allows foci quantification, but also, it gives information about the size and signal 

intensity of each focus. Importantly, it discriminates between background and signal, and 

includes a flexible threshold for spot size, thereby providing an unbiased count of foci per 

nucleus. The script has been trained and tested on multiple confocal immunofluorescent 

images followed by manual inspection, one nucleus at a time, to confirm accuracy. It 

performs an automated counting of foci per nucleus on max intensity projections of 

several z-slices through each nucleus. In this way, foci throughout the full height of each 

nucleus were included (not simply a single random section through part of the nucleus). 

This script uses a mask adjusted by DAPI that discards the cytoplasm and keeps the 

nuclei. A second mask counts the dots which are above a threshold of intensity (to discard 

possible noise and false positives). Quantitative data acquired with the image analysis 

script specifically designed for PLA quantification, was presented as mean +/- SD and 

significance was assessed by the two-tailed Student’s t test; *p < 0.05; **p < 0.01; ***p 

< 0.001; ****p < 0.001.  

 

Table of antibodies 

 

Antibodies used in this study 

Target Company Code 

MED1 Cell Signaling Technology #51613 

POLR2A NTD DTLY  Cell Signaling Technology #14958 
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POLR2A CTD 4H8  Cell Signaling Technology #2629 

POLR2A CTD 8WG16  Abcam #ab817 

PDHA1 Abcam #ab110330 

DBT Novus NBP1-89522 

DLA T MyBioSource MBS9404684 

TOM20 Santa Cruz Biotechnology sc-11415 (FL-145) 

LAMIN A/C Santa Cruz Biotechnology sc-6215 (N-18) 

GAPDH Sigma G8795 

SMC1 Bethyl Laboratories # A300-055A 
 

Table 2. List of the antibodies used in this study. Targets, commercial brands and code appear as indicated. 

Table of primers 
 

Primers used in this study 

Primer Forward sequence Reverse sequence 

Random TGCACTCCCGTCTCTGCTCT TGCCTCCCTCACTGGAGCTT 

Nanog Promoter ACAATGTCCATGGTGGACCC ACCCTACCCACCCCCTATTC 

Peak 21 ATTGCTGGTCGGAGCGTAAA ACGTCAGTCATGTCACGTCC 

Peak 85 CCGCATGACGTCTGTACTCA TAGGCTCCTGTATTTCCGGT 

Peak 125 CCGATCTTCGGGGCAAAAAT ACTCCAAAAACCGCAACCCT 

 

Table 3. List of the primers used in this study. Target regions and sequences appear as indicated. 
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1. MEDIATOR COMPLEX AND RNA POL II INTERACTION 
 
1.1. Mediator Complex and RNA Polymerase II interaction 
 

Mediator and RNA Pol II are large complexes, and to our knowledge, their proximity and 

direct interaction has not been studied using Proximity Ligation Assay (PLA). In order to 

directly observe and quantify the Mediator-RNA Pol II interaction in the nuclei of PSCs 

using PLA, we first needed to decide which protein subunits t subunits could successfully 

be used as surrogates to track these complexes, to identify specific antibodies for these 

subunits, and to confirm that these antibodies could also function in a PLA assay. 

Mediator consists of 30 subunits, while RNA Pol II consists of 12 subunits (Hahn, 2004; 

Verger et al., 2019). Previously, the localization of Mediator was tracked using one of its 

largest subunits, MED1, while the localization of RNA Pol II was tracked by its largest 

subunit, POLR2A (Cho et al., 2018; Y. E. Guo et al., 2019a; Sabari et al., 2018). 

Therefore, we tested antibodies for MED1 and POLR2A.  

 

For MED1, we identified an antibody which stained one band of the expected size by 

Western blotting (Figure 17), and which detected a signal that was highly enriched in the 

nucleus as shown by nuclear/cytoplasmic fractionation. 

 

 
Figure 17. Western Blot analysis of the indicated targets in both nuclear and cytoplasmic fractions of ES cells and 

MEFs. To confirm successful fractionation, we used TOM20 as a marker for the cytoplasmic fraction and LAMIN A/C 

as a marker for the nuclear fraction. 
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We were also able to locate it in the nucleus by immunofluorescence (Figure 18). These 

data were consistent with the known size of MED1, and the expected location of the 

Mediator complex. Taken together, the data indicate that this antibody is specific for 

MED1 and could be used to track the position of the Mediator complex in the nucleus as 

previously shown (Sabari et al., 2018).  

 

 

 
 

Figure 18. Immunofluorescence for the indicated markers in mouse ES cells. Scale bar represents 10 μm. 

 

For POLR2A, we tested three antibodies which have been used to monitor Pol II for many 

years. Two antibodies were specific for POLR2A CTD: 4H8 and 8WG16. It is important 

to mention that POLR2A CTD 4H8 antibody specifically binds to POLR2A Ser5P CTD 

(phospho-RNA Pol II, engaged in active transcription), while POLR2A 8WG16 antibody 

binds to POLR2A CTD independently of its phosphorylation status (identifying all forms: 

total-Pol II). In addition, a third antibody specific for POLR2A amino terminal domain 

(NTD): POLR2A NTD DTLY was tested (also marking the location of total RNA Pol II). 

While all three antibodies against POLR2A showed the expected staining pattern in the 

nuclear fraction (Figure 17), we selected the two targeting POLR2A CTD (4H8 and 

8WG16) as these had a cleaner and stronger signal, for further application in the PLA 

assay.  
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We next tested the selected antibodies for our target proteins (MED1 and POLR2A), to 

test their ability to track their parent complex (Mediator or RNA Pol II, respectively) by 

PLA assay. Although Mediator and RNA Pol II are known to interact directly (Cho et al., 

2018; Y. E. Guo et al., 2019b), it was not known if MED1 and POLR2A would lie within 

the known limit of the PLA assay of 40 nm  (Bagchi et al., 2015), or if these antibodies 

would function in the PLA conditions. Nevertheless, we were able to detect MED1-

POLR2A co-localization signals by PLA with both 4H8 and 8WG16 antibodies against 

the phosphorylated or total CTD of POLR2A respectively (Figure 19). This was detected 

in euchromatic regions of the nucleus (DAPI-low), as expected. Importantly, we also 

performed negative controls for the PLA assay. As previously noted in the introduction, 

the Pol II complex is ~10 nm in diameter, the Mediator complex is ~15-20 nm in diameter 

(Hahn, 2004; Tsai et al., 2017; Verger et al., 2019), and the interaction-distance limit of 

the PLA assay is ~40 nm (Bagchi et al., 2015). Therefore, taken together, these data 

provide strong evidence that MED1 and POLR2A lie in close proximity if not direct 

contact in nuclei, and that it is possible to use the PLA assay to selectively observe 

Mediator-RNA Pol II complexes, via coincidence of their MED1-POLR2A sub-units 

within the PLA proximity limit of ~40 nm.  
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Figure 19. Proximity Ligation Assay (PLA) in ES cells. Top: MED1- POLR2A CTD 4H8 (phospho-Pol II). Bottom: 

MED1- POLR2A CTD 8WG16 (total- Pol II). Scale bar represents 10 μm.Below: zoom image showing the number of 

foci per nucleus. 
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Mediator and RNA Pol II interact at thousands of enhancer-promoter loops at any one 

moment in one nucleus. However crucially, not all enhancers are equivalent in size. 

Super-enhancers are the largest ~1% of enhancers, and they contain the largest 

concentration of Mediator and RNA Pol II, in order to drive very high expression of the 

master transcription factors and cell identity genes (Hnisz et al., 2013; Whyte et al., 2013). 

In agreement with this well-established model, a recent confocal study using 

fluorescently-labelled MED1 and POLR2A in live ES cells, reported the first visual 

observation of the Mediator-RNA Pol II interaction, with a relatively small number of 

large and stable foci (10-50 per nucleus) (Figure 19). In fact, the authors found that each 

large Mediator-RNA Pol II focus was co-localized with a super-enhancer, hence their 

observation of 10-50 foci per nucleus at any one moment in living cells (Cho et al., 2018; 

Guo et al., 2019). In our experiment, we found that using the PLA assay, we also detected 

10-50 foci per nucleus (Figure 19). Based on this, we speculate that our PLA assay is 

capturing a similar set of the largest Mediator-RNA Pol II interactions, which most likely 

represent the super-enhancers active at the moment of cell fixation. 

 

1.1.1. Mediator Complex and RNA Polymerase II interaction in naïve vs primed 

mESCs 

 

When active, Mediator recruits RNA Pol II to promoters (Malik & Roeder, 2016). 

Therefore, we hypothesized that the number of Mediator-RNA Pol II interaction foci 

detected per nucleus could be used to infer the level of activity of Mediator.  

We next quantified the number of interactions per nuclei, in order to detect possible 

differences between the number, or magnitude, of interactions in ES cells in different 

states of cellular identity. We did a first experiment regarding our second objective in 

which we compared primed ES cells versus 2i-induced naïve ES cells. We were able to 

quantify the number of interactions per nucleus between RNA Pol II and the Mediator 

complex, and to compare the two ES cell identity states. Interestingly, we found a 

significant increase of the number of foci/nuclei in the 2i-naïve state compared to primed 

state ES cells (Figure 20). Firstly, these results indicate that PLA can detect and quantify 

changes in Mediator and RNA Pol II interactions. Secondly, the data suggests that ES 

cells in the naïve state may display significantly more Mediator-RNA Pol II interactions 
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than cells in the primed state. This conclusion is in agreement with a reported decrease in 

RNA Pol II-Mediator interactions observed using fluorescently labelled proteins, during 

ES cell differentiation from the 2i-naïve state passing through to the primed state (Cho et 

al., 2018).  

We then aimed to assess whether small molecule CDK8/19 inhibition (CDK8i) can also 

promote the naïve state by a similar mechanism to 2i, that is, by changing the activity of 

Mediator (Lynch et al., 2020). Therefore, we next quantified the Mediator-RNA Pol II 

interaction in ES cells in their primed and naïve states (where 2i treatment instills the 

naïve identity) and compared the effect of CDK8i treatment, using PLA as described 

above.  

Given that the POLR2A CTD regions undergoes complex patterns of phosphorylation 

during Pol II translocation along genes (Hsin & Manley, 2012), we chose an antibody for 

the PLA assay which would detect the POLR2A CTD independently of its 

phosphorylation status. Thus, we decided to use the POLR2A CTD 8WG16 (total-RNA 

Pol II) antibody in the subsequent experiments.  

By combining PLA with the POLR2A CTD 8WG16 (total-RNA Pol II) antibody and 

image quantification as above, we investigated the number of Mediator-RNA Pol II 

interactions per nucleus in ES cells under CDK8i treatment. We again detected a 

significant increase in the number of MED1-POLR2A proximity foci/nucleus compared 

to primed ES cells Lastly, we did not find significant differences between 2i-naïve ES 

cells and CDK8i treated ES cells regarding the frequency of MED1-POLR2A proximity 

foci (Figure 20). This data suggested that the parent complexes Mediator and Pol II 

interact with higher frequency in ES cells in the naïve state (induced with 2i), and in 

CDK8i treated ES cells, compared to primed state ES cells.  

In summary, PLA results suggest that both 2i and CDK8i promote the association of 

Mediator and RNA Pol II, confirming our initial hypothesis that 2i and CDK8i may 

influence the core transcriptional machinery in a similar manner.  
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Figure 20. Above: Quantification of the number of MED1-POLR2A CTD 8WG16 (total-RNA Pol II) interactions 

detected by PLA in mouse in primed condition (n=88 nuclei), 2i-naïve cells (n=100 nuclei), CDK8/19i-naïve ES cells 

(n=78 nuclei) and background/negative control (n=20 nuclei) as indicated. Below: representative microscopy images 

of the assay. 

 



RESULTS 

 70  

2. MEDIATOR COMPLEX INTERACTORS 
 
2.1. Mediator Complex MED1 interactome: IP-MS identification of novel 

Mediator putative partners 
 

As a central hub in the transcriptional machinery, the Mediator complex interacts with 

many critical factors and other complexes. To gain an overview of Mediator’s 

interactome, we immunoprecipitated the Mediator complex from nuclear chromatin 

lysates and performed mass spectrometry to identify all accessory proteins. 

 

With this aim, we choose Mediator´s biggest protein subunit: MED1 and performed 

Immunoprecipitation followed by Mass Spectrometry (IP-MS) analysis with the aim of 

further understanding Mediator dynamics. 

 

Our MED1 IP-MS performed in mESCs showed high peptide counts for MED1.  

the highest peptide counts for the target MED1, suggesting a successful 

immunoprecipitation. We performed our MED1 IP-MS in mESCs grown in control or 

primed state cells, versus 2i-naïve and CDK8i-naïve states, and we discarded reported 

common contaminants from the analysis. Also, we only considered as specific MED1 

interactors, proteins that were represented with FC<2 compared to our IgG control. We 

observed a strong overlap in many of the proteins and biological functions of the Mediator 

interactome with transcription as expected, but also  between yeast and our mouse cells 

(Quevedo et al., 2019; Uthe et al., 2017a). We short-listed previously reported core and 

conserved mediator interactors, which appear written in red in table 2. As expected 

Mediator interacted with many elements of the transcriptional process in the nucleus, 

including RNA Pol II itself, cohesin (Smc2/4) which Mediator associates with to form 

enhancer-promoter bridges, and 5 subunits of the MCM helicase complex 

(MCM2/3/5/6/7), which is typically associated with DNA unwinding during replication, 

but which has also been reported as part of the core RNA Pol II transcriptional machinery 

(Yankulov et al., 1999), where it assists in separating transcriptional elongation and 

replication (Liu et al., 2021). Altogether, these data further suggested a successful 

immunoprecipitation of the Mediator complex and its protein interactome. 
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Figure 21. Top: Mediator complex interactome derived from Med1 IP-MS.Bottom:  List of names from the top enriched 

proteins FC <-2 in our interactome. Highlighted in red appear the previously reported interactors. 
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Abcf2; Tfrc; Ruvbl1; Acadm; Qars; C3; Sf3b1; Adh5; Gnb1; Gnb2; Gnb4; 
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Pitrm1; Oxct1; H1f0; Fkbp5; Vtn; Cnot1; Huwe1; Flg2; Hars; Hdac6; Wdr82; 
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Having validated that our MED1 IP-MS successfully represented in terms of peptides 

detected the previous knowledge about Mediator interactors network, we next focused 

our attention on some of the novel/unexpected interactors detected. 

 

Regarding novel interactors, we noted a particularly strong interaction with several 

subunits of the PDH complex and the Branched Chain Ketoacid Dehydrogenase 

(BCKDH) (highlighted in pink in Table 2). This led us to elaborate an updated interaction 

network of Mediator with novel and potentially important proteins connected with 

Mediator complex (Figure 21). 

 

In summary, the IP-MS of the Mediator complex and its interactome revealed the relative 

extent to which Mediator associates with accessory proteins in the enhancer-driven 

control of the transcriptional program. Overall, the Mediator interactome contained a 

large number of interactors and highly associated with proteins related to enhancers, 

chromatin, and transcriptional activity, consistent with a central role for Mediator in this 

process.  

 

In addition, this overview suggested a number of surprising aspects to Mediator function. 

It is notable that while elements of the RNA Polymerase II complex were identified, their 

relative extent of detection within the Mediator interactome suggests that while the 

Mediator-RNA Pol II interaction is critical, Mediator may interact transiently with RNA 

Pol II, and also spend significant time associated with other factors. In particular, the high 

detection of elements of the PDH complex was striking and unexpected, leading us to 

further investigate this novel feature of Mediator occupancy. 

 

3. MEDIATOR COMPLEX CONEXION TO THE PYRUVATE 

DEHYDROGENASE COMPLEX 

 

3.1. Nuclear pyruvate dehydrogenase complex 
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From the list of novel Mediator interacting candidates, the presence and abundance in 

peptide count of different subunits of the Pyruvate Dehydrogenase Complex (PDH) 

specially called our attention (Figure 21).  

Interestlingly, the PDH complex shares it´s E3 subunit (DLD) with another 

dehydrogenase: the BCKDH complex. The rest of BCKDH subunits were also detected 

by Mediator IP-MS. 

 

Given the growing interest in the nuclear role of PDH in the maintenance of chromatin 

architecture and acetylation we decided to put our efforts in validating and further 

understanding the interplay between MED1 and PDH. 

We first checked by microscopy the subcellular localization of two subunits from the PDH 

complex: PDHA1 and DLAT.  

 

For E1 component Pyruvate Dehydrogenase E1 Subunit Alpha 1(PDHA1), we obtained 

a clean staining, showing that while the majority of PDHA1 was found in the cytoplasm 

of our samples, within mitochondria and co-localizing with the mitochondrial marker 

TOM20, there was some PDHA1 in the nuclear compartment of both Mouse Embryonic 

Fibroblasts (MEFs) and ES cells. We noticed that the staining of PDHA1 was similar to 

the MED1 pattern, observing a coincidence in the location of MED1 (which is nuclear as 

expected) and PDHA1. This nuclear PDHA1 was more abundant in ES cells compared to 

MEFs (Figure 23). 
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Figure 22. Immunofluorescences for the indicated markers in mouse ES cells and MEFs. Scale bar represents 10 μm. 

For E2 component Dihydrolipoamide S-Acetyltransferase (DLAT) our imaging results 

again revealed a mostly cytoplasmic localization, consistent with its expected location in 

mitochondria, but also some presence of the enzyme in the nucleus. Again, while the 

majority of DLAT protein was detected in the cytoplasm with a mitochondrial distribution 

pattern, we also found DLAT in the nucleus of both ES cells and MEFs (Figure 23). 
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Figure 23. Immunofluorescences for the indicated markers in mouse ES cells and MEFs. Scale bar represents 10 μm. 

We confirmed the immunostainings by western blotting the nuclear and cytosolic 

fractions of the samples. We were able to detect that the bands for each protein were 

detected at the expected size and the patterns of subcellular distribution were the same as 

the ones observed by microscopy (Figure 24). 

 

 
Figure 24. Western Blot analysis of the indicated targets in both nuclear and cytoplasmic fractions of ES cells and 

MEFs. To confirm successful fractionation, we used TOM20 as a marker for the cytoplasmic fraction and LAMIN A/C 

as a marker for the nuclear fraction. 
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The DLAT western blot from the fractionated samples showed that while nuclear DLAT 

had one band, the cytoplasmic fraction (including both mitochondrial and cytoplasmic 

compartments) had two migration fronts (Figure 24).  

 

We explored in the literature and found that the lipoylated and non-lipoylated forms of a 

protein migrate at different rates (Tsvetkov et al., 2022), where the lipoylated form is 

bigger/slower in migration speed. In order to be functional and generate Acetyl-CoA from 

Pyruvate, PDH needs it´s DLAT subunit to be lipoylated. It is well known and reported 

that mitochondrial PDH is active and lipoylated, playing an essential role in the TCA 

cycle. In contrast, nothing is known about the lipoylation status of nuclear PDH. 

 

We therefore decided to further study DLAT state in the 3 main cellular compartments: 

nucleus mitochondria and cytoplasm. Subcellular fractionation showed that while in the 

total cell extract there were two forms of DLAT protein, the nuclear and the mitochondrial 

compartments only had the big/slow version of DLAT (Figure 25).  

 

 
Figure 25. Western Blot analysis of DLAT in Total, nuclear, cytoplasmic, and mitochondrial fractions of SKMEL 

cells 

 

To confirm that this band corresponded to the lipoylated/active version of DLAT, we 

performed a specific staining against Lipoic acid, that detects any lipoylated protein in 

the sample.  

 

To the date, only four mammal multimeric metabolic enzymes have been reported to be 

lipoylated (Rowland et al., 2018), where the proteins that get lipoylated are: GCSH (19 

kDa), DLST (49 kDa), DBT (53 kDa), PDHX (54 kDa) and DLAT (70 kDa). Given that 

the staining for lipoic acid that we see in the fractionation is above PDHA1 (48 kDa) and 

in the expected size of the slow band of DLAT, the results pointed to an active form of 

nuclear DLAT (Figure 26). 

DLAT

Total Nuc Cyto Mito
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Figure 26. Western Blot analysis of the indicated targets in Total, nuclear, cytoplasmic, and mitochondrial fractions 

of SKMEL cells 

 

To confirm this result, we used Small Interfering RNA (siRNA) technology to generate 

cells that did not express PDHA1 and DLAT subunits of PDH and repeated the lipoic 

acid western blots (Figure 27). Confirming that nuclear DLAT is lipoylated and after it´s 

knockdown, the band of lipoic acid disappears.  

We could also see that interfering with the mitochondrial pyruvate carrier (MPC) did not 

affect the expression of either PDHA1 or DLAT, nor did it affect the lipoylation pattern.  

 

Figure 27 . Western Blot analysis of the indicated targets in Total, nuclear, cytoplasmic, and mitochondrial fractions 

of mES cells in control (siSCR), depleted MPC (siMPC1 + siMPC2) or depleted PDH complex (siPDHA1 + siDLAT) 

as appear in the figure.  

Altogether, this data strongly suggests the presence of an active form of the PDH in the 

nucleus. 

 

3.2. The nuclear pyruvate dehydrogenase complex as part of core 

transcriptional machinery 
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Having confirmed the presence of an active nuclear PDH, we wanted to confirm that, as 

predicted from Mediator IP-MS, the nuclear form of PDH was tightly related to the 

transcriptional machinery. To assess this question, we performed PLA.  

 

As described before in this Thesis, because of the inherent distance limit of PLA (Figure 

8), this assay can detect proximity between proteins that are located in a range of 40 nm 

inside the studied cell or tissue.  

Interestingly, we were also capable of confirming that, as predictable from our 

immunostainings (Figure 23), a high abundance of the DLAT subunit from the PDH 

complex tightly interacted with POLR2A subunit of RNA Pol II (Figure 28). 

 

Figure 28. POLR2A CTD 8WG16 (total-RNA Pol II)- DLAT Proximity Ligation Assay (PLA),  in mouse ES cells. Scale 

bar represents 10 μm. 

In conclusion, we demonstrated that the nuclear distribution of the PDH complex is not 

random, but tightly associated with the core transcriptional machinery, where it exists in 

an active form (lipoylated-DLAT in the PDH complex). 
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3.3. Pyruvate dehydrogenase complex association with chromatin: DLAT 

ChIP-seq 
 

In order to more deeply understand the localization of the PDH enzymatic complex with 

specific chromatin regions, we performed Chromatin Immunoprecipitation combined 

with DNA Sequencing (ChIP-Seq). We focused on ChIP of the DLAT subunit as a 

surrogate of the remainder of the PDH complex given the central structural position of 

DLAT, and its critical catalytic role in the PDH complex for the formation of acetyl-

groups for histone acetylation (Figure 12), together with the practical advantage of a good 

antibody for DLAT which we had validated above. In addition, we chose to perform 

DLAT ChIPseq in mouse ES cells given their physiological relevance of this cell -type, 

and the availability of extensive datasets for chromatin-associated proteins for mouse ES 

cells.  

 

ChIP for DLAT was performed under homeostatic/basal ES cell culture conditions. 

Following standard ChIP alignment and peak calling, we identified a total of 32,053 peaks 

in mouse ES cells. As a first check, we validated randomly chosen DLAT ChIPseq peaks, 

a peak located at Nanog promoter and a random region of the chromatin by ChIP-qPCR. 

Importantly, we could see that silencing DLAT subunit from PDH (siPDH) in ES cells 

resulted in the disappearance of DLAT ChIP-signal, confirming the ChIPseq dataset by a 

second approach (Figure 29).  
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Figure 29. Quantitative real-time PCR for the confirmation of ChIP-seq peaks % enrichment of PCR products from 

DLAT ChIP compared to IgG ChIP are shown as bar graphs. Dark green corresponds to control siNEG mES cells and 

light green corresponds to mES cells with depleted PDH (siDLAT). 

ChromHMM analysis uses published datasets of transcriptional activity, histone marks, 

and chromatin accessibility, to interpret and divide the genome into functional units (Bogu 

et al., 2016; Pintacuda et al., 2017). For a general insight into the role of DLAT on 

chromatin, DLAT-associated chromatin loci were annotated  and the genomic distribution 

of DLAT-binding was assessed according to ChromHMM-defined regions. DLAT-

chromatin loci were observed within euchromatic regions of actively transcribed 

chromatin together with more distal intergenic regions (Figure 30). Importantly, this 

observed genomic pattern of DLAT/PDH complex was consistent with the previously 

reported localization of the Mediator complex at enhancers and promoters (Hnisz et al., 

2013; Whyte et al., 2013).  
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Figure 30. Top left: Left graph: Proportion of DLAT peaks overlapping genomic features. Top right: For comparison, 

annotation of MED1 (L. Sun et al., 2021)) and H3K27Ac (Zhao et al., 2021) peaks over genomic features. Bottom: Pie 

charts showing the proportion of peaks for each ChIP-Seq that overlap with ChromHMM states in mESc defined by 

(Bogu et al., 2016; Pintacuda et al., 2017).In both cases, DLAT peaks accumulate at transcriptionally active promoters. 

In comparison, MED15 peaks mostly accumulate at enhancer regions.  

 

To understand how DLAT associates with Mediator and Pol II throughout the genome, 

and whether there are ‘flavours’ of Mediator that do not include DLAT, we used 

ChromHMM to bin the genome into 8 states according to their enrichment for DLAT, Pol 

II (L. Sun et al., 2021) MED1 (L. Sun et al., 2021), MED4 (L. Sun et al., 2021), H3K27Ac 

(Zhao et al., 2021), and H3K4me1(Zhao et al., 2021). The choice of 8 states is the result 

of  

selecting the number of genomic partitions that is most informative. Overall, we can 

conclude that the strongest binding of DLAT to the chromatin occurs in positions bound 
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by Mediator. DLAT mostly interacts with Pol II in the presence of Mediator. And there 

are no genomic fragments bound by Mediator where DLAT is not present. (Figure 31).  

 

 

 
Figure 31. ChromHMM  8 states of the genome according to their enrichment for DLAT, Pol II (Sun et al., 2021) 

MED1 (Sun et al., 2021), MED4 (Sun et al., 2021), H3K27Ac (Zhao et al., 2021), and H3K4me1(Zhao et al., 2021).  

 
More broadly, we observed significant genomic coincidence of DLAT with regions of 

histone acetylation marks, all of which are associated with enhancers and active 

transcription, specifically H3K9ac, H3K27ac, H3K18ac, H3K122ac, H4K5ac, H4K8ac, 

and H4K16ac (Figure 32). Of note, DLAT associated more closely with enhancers 

compared to promoters and transcription start sites (Figure 32).  
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Figure 32. Pearson correlation heatmap of ChIP signal intensity across the genome for the indicated histone post-

translational acetylation modifications with each other and versus DLAT. DLAT enriches with several forms of 

acetylated histones in chromatin. 

We observed that 97.83% of superenhancers (SE) and 44.47% of typical enhancers (TE) 

contain a DLAT peaks (Figure 33). To determine if this degree of overlap is above what 

is expected by chance, we shuffled the lists of SE and TE 10 times and computed the 

overlap with DLAT peaks (represented in grey) this data allowed us to determine that the 

overlap of DLAT peaks at enhancers and super enhancers is not random but in contrast 

specific. 

 

 
 

Figure 33. Intersection of DLAT peaks with typical enhancers (n = 9,981) (Hnisz et al., 2013) and superenhancers (n 

= 231) (Whyte et al., 2013).  
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Moreover, among enhancer loci in mouse ES cells, DLAT associated to a greater extent 

with the largest enhancers (Super-Enhancers; SEs) versus smaller “typical” enhancers 

(TEs) (Figures 33-35).  

 

 

 
 

Figure 34. Metagene average ChIP signal intensity at TEs or SEs for DLAT/PDH complex versus the indicated histone 

post-translational modifications that mark enhancers (H3K27ac, H3K4me1) and Mediator subunits (MED1, MED4). 

DLAT/PDH complex enrichment coincides closely with enhancer loci, with the largest enrichments observed within 

the largest 1% of enhancers -the SEs. 

 

SEs are known to contain up to 40% of Mediator complex in mouse ES cells, and they 

drive the expression of the master regulators and transcriptional factors for cell identity 

(Whyte et al., Hnisz et al., 2013, Cell). Similarly, we observed a majority of DLAT signal 

within SEs, further suggesting that PDH chromatin localisation mimics the pattern of 

Mediator at enhancers. In agreement, association-analysis of DLAT-bound chromatin 

regions and putative cis-regulated target genes revealed a strong enrichment for the 

control of pluripotency and cell proliferation, two key features of ES cell identity (Figure 

35).  
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Figure 35. Bubble plot depicting the statistical significance of the top 10 most significantly enriched GO terms among 

DLAT targets, where the size of the points reflects the number of genes in each term, and the statistical significance is 

encoded by the colour of the points. 

 

Taken together, ChIPseq of the key subunit of the PDH complex, DLAT, further supports 

the specific enrichment of the PDH complex within enhancers, and strongly suggests the 

proximal production of acetyl groups by the PDH complex within enhancers and 

transcription units, which are major sites of acetyl-group consumption by histone 

acetylation. 

 

3.4. Pyruvate dehydrogenase complex manipulation 

 

Given the results obtained in our DLAT ChIP-seq experiment we decided to start a 

preliminary exploration of the effects caused by manipulating the PDH complex by 

different means in different cell types and models in vitro. 

 

Our first approach was to knockdown DLAT, the core catalytic subunit from the PDH 

with Short Hairpin RNA (shRNA) technology. We performed the knockdown in two 

different mES cell lines, trying different shRNAs. In subsequent experiments, we chose 

shDLAT #1 as it knocked down DLAT most efficientlyin the two mESC lines that we 

tested (Figure 36). 
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Figure 36.. Western Blot analysis of the DLAT knockdown by shRNA in E14 and V6.4 mES cell lines. SMC1 has been 

used as a housekeeper and sh for Green Fluorescent Protein (shGFP) has been used as a control. 

 

Upon shRNA knockdown of DLAT, mESCs grown in 2i-naïve state culture conditions 

did not show great changes, and cells could be maintained in culture. We challenged the 

system and induced differentiation. We did so by removing LIF and “2i” cocktail from 

the media and adding retinoic acid. In this culture conditions, ES cells start differentiating 

in an undirected manner, dramatically rewiring their transcriptional programs and 

establishing new identities.  

 

After 7 days in differentiating media, we could see that while control Scramble shRNA 

(shSCR) cells were successfully differentiating, cells with shDLAT- knockdown, not only 

failed to differentiate, but could not survive the differentiation stimulus (Figure 37). 
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Figure 37.. Brightfield microscopy analysis of theeffects of DLAT knockdown by shRNA in E14 and V6.4 mES cell 

lines. Scramble sh (shSCR) was used as control. Cells were grown as indicated: left: 2i-naïve culture media; right 

differentiation (no LIF + retinoic acid) media for 7 days. 

Chromatin acetylation is important during periods of homeostasis, however  duing cell 

identity transitons, when chromatin architecture is remodeled and new regions of the 

chromatin need to be acetylated and opened to stablish new active SE and TE enhancers 

that will stablish a new identity, we speculate that the efficient supply of Acetyl-CoA 

proximal to its site of consumption (histone acetylation) may be particularly critical. 

 

As our knockdown depleted the whole pool of cellular PDH, we wanted to explore 

whether the observed effects were due to the nuclear PDH linked to the transcriptional 

machinery, the mitochondrial PDH linked to energy production or the combination of 

both. 

 

To enter to the inner membrane of the mitochondria, pyruvate goes through a specific 

transport channel, named the mitochondrial pyruvate carrier (Figure 38), there are two 

proteins that behave as mitochondrial pyruvate carrier: MPC1 and MPC2. These two 

proteins are the only known manner of pyruvate entering through the mitochondrial 

inner membrane, and there are two well validated (Linden & Corbet, 2018; Zhong et al., 

2015)inhibitors of the MPC: 7ACC2 and UK5099. 
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Figure 38. Schematics of metabolic pathway related to the entrance of Pyruvate to the mitochondria fot acetyl Co-A 

production by the Pyruvate Dehydrogenase complex. Mitochondrial Pyruvate Carrier (MPC) inhibitors 7ACC2 and 

UK5099 are shown in red. 

 
By using those two inhibitors, we were able to inhibit the mitochondrial PDH activity 

by restricting the availability of its substrate: pyruvate.  We repeated the previous 

experiment with +/- DLAT shRNA-knockdown, and induced mESC differentiation, but 

in this occasion, we included +/- MPC inhibitors.  

We observed that when we only inhibit mitochondrial (and not global) PDH activity, 

cells are able to successfully differentiate when we remove LIF and add retinoic acid to 

the culture medium (Figure 39). 
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Figure 39. Brightfield microscopy analysis in mES cells of the effects of Mitochondrial Pyruvate Carrier (MPC) 

inhibition by either 7ACC2 or UK5099. Cells were grown as indicated: left: control S/L mES cell media; right 

differentiation (no LIF + retinoic acid) media for 7 days. 

 

We then tested the effects of silencing DLAT in a different cell type: we used siRNA 

technology to silence DLAT in B16 melanoma cells. We again used the two previously 

mentioned MPC inhibitors: MPC:7ACC2 and UK5099. Under the described conditions, 

we observed that the effects of DLAT silencing in B16 melanoma cell viability were 

strong. After 5 days of siDLAT knockdown, B16 cells were mostly dead. In contrast, 

when we added either 7ACC2 or UK5099 inhibitors without siDLAT knockdown, B16 

melanoma cells did not show any defects in either proliferation or viability (Figure 40). 
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Figure 40. Left: Western Blot analysis of the DLAT depletion by siRNA in mouse B16  melanoma cells. SMC1 has been 

used as a housekeeper and si Scramble (-) has been used as a control.Right: Brightfield microscopy analysis inmouse 

B16 melanoma cells of the effects of siRNA depletion of DLAT vs control si Scramble (siNEG)  in combination with 

Mitochondrial Pyruvate Carrier (MPC) inhibition by either 7ACC2 or UK5099 as indicated cells were grown for 5 

days in the indicated conditions. .  

 

We then tried this siRNA technology in mouse ES cells, but now, we silenced not only 

one (DLAT), but two subunits from the PDH complex (siPDH=siPDHA1+siDLAT). We 

were able to observe that the combinatorial effect of the double knockdown was greater, 

and by this method we could see the effects in cell viability without the need of 

challenging the system with differentiation. While at day 3 of siPDH infection cells did 

not show any phenotype, at day 6 of infection the culture of mESCs that lacked PDH was 

not viable. We used the silencing technology as an alternative way to genetically impair 

the entrance of pyruvate to the mitochondria and therefore the mitochondrial PDH. To do 

so we combined siMPC1 and siMPC2 (siMPC) again, limiting the mitochondrial PDH 

activity did not affect cell viability (Figure 41). 
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Figure 41. Brightfield microscopy analysis in E14 mES cells of the effects of siRNA depletion of PDHA1 and DLAT 

(siPDH) and MPC1 + MPC2 depletion (siMPC) vs control si Scramble (siNEG) at day 3 and day 6 of the depletions 

as indicated. 

 

To confirm that siMPC was successfully impairing mitochondrial PDH activity, we grew 

the cells in galactose media. Mitochondrial PDH role is crutial in the convertion of 

pyruvate to acetyl-CoA, which then enters the TCA cycle. The activity of pyruvate 

dehydrogenase is essential for cells utilizing oxidative metabolism. In cells grown in 

galactose media, the reliance on mitochondrial metabolism is higher, and therefore, the 

activity of pyruvate dehydrogenase converting pyruvate to acetyl-CoA becomes crucial. 

 

In contrast, cells grown in glucose media primarily rely on glycolysis for energy 

production, and the entry of pyruvate into the mitochondria is not as critical for their 
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survival (Wallace et al., 1992). In these cells, pyruvate can be converted to lactate or 

undergo other metabolic fates without entering the TCA cycle.  

 

When we cultured our ES cells in galactose media, we again observed that cells that 

lacked PDH were severely affected, but in this case, siMPC-knockdown also resulted in 

cell death, indicating that our MPC-depletion worked as expected. Moreover, when we 

blocked mitochondrial PDH activity in cells that rely in oxidative phosphorylation to 

obtain energy (in galactose media), they did not survive this intervention (Figure 42). 

 

 
 

Figure 42. Brightfield microscopy analysis in E14 mES cells of the effects of siRNA depletion of PDHA1 and DLAT 

(siPDH) and MPC1+ MPC2 (siMPC) vs control si Scramble (siNEG). Cells were grown in either control (day 6) or 

Galactose media (day 3) as indicated. 

 

We observed the same effect when we reproduced the experiment in different cell types, 

such as SKMEL cells (Figure 43). 

 

Previous studies have shown that global histone hypoacetylation linked to a partially 

reduced PDH activity, could be rescued by an external supplementation of acetate (Y. Li 

et al., 2020). 

We were able to rescue the lethality of total PDH silencing by supplementation of the 

culture media with 5mM acetate, providing the cells with an external source for nuclear 

acetylation. This allowed us to relate the absence of PDH with the absence of a main 

source of acetyl-CoA needed to maintain cell function and chromatin acetylation 

(Figure 43).   
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Figure 43. Left: Viability assay at day 6 of control (siNEG/SCR), silenced MPC (siMPC1+siMPC2) or silenced PDH 

(siDLAT+siPDHA)1 cells in either control media, galactose media or control media supplemented with 5mM acetate 

as indicated. Right: Scale bar representation of the % of proliferation  of  the cells with the different indicated 

depletions relative to the levels of control (siNEG/CTRL) cells in each corresponding media.
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PROXIMITY LIGATION ASSAY (PLA) REVEALS NEW INSIGHTS INTO THE 

DYNAMICS OF MEDIATOR-POL II INTERACTIONS 

We used standard mammalian cell culture and molecular methods such as Western 

blotting, nuclear- cytoplasmic fractionation, and immunofluorescence, and also 

established a new technique in this laboratory (PLA) to study interactions among the 

transcriptional machinery. To our knowledge, the PLA assay has not been applied for this 

purpose previously. Moreover, we have demonstrated that quantification of the Mediator-

Pol II interaction is possible using the PLA assay by standard confocal 

immunofluorescence, while previously super-resolution microscopy and advanced 

imaging analysis were required (Cho et al., 2018; Guo et al., 2019). We have found that 

PLA is a suitable method to observe and quantify endogenous POLR2A-MED1 

interactions in a rapid and single-cell manner.  

After establishing the PLA assay, we employed it to observe and quantify the interaction 

between the Mediator complex and RNAPol II in the context of several different cell 

identities. We have focused on their role in the establishment of the naïve and primed 

states ES cell pluripotency, a highly characterized prototypical in vitro model of cell 

identity transitions that faithfully reflects developmental events in the embryo (Weinberg 

et al., 2016; Hackett and Surani, 2014). Altogether, our data suggests that 2i-naïve ES 

cells in the naïve state show an increased amount of Mediator- RNA Pol II interactions 

compared to primed ES cells.  

This increase can also be detected in CDK8i treated ES cells. These findings agree with 

our previous data, which suggested that both 2i and CDK8i treatments may hyper-activate 

Mediator activity (Lynch et al., 2019), resulting in increased recruitment of RNA Pol II 

to enhancer-target genes.  

We previously observed the link between 2i and CDK8i effects by different means: we  

performed phospho-proteome analyses d in mESCs cultured in 2i or to CDK8i, observing 

a high overlap. Of note, we also observed that 2i down-regulates CDK8/19 activity, 

whereas CDK8i does not affect MEK activity (Lynch et al., 2020). This suggests a simple 

model by which the effects of MEK and GSK3 inhibition converge on the transcriptional 

machiner y, and that CDK8/19 may lie downstream of these pathways (Figure 44). 
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Figure 44. Model of convergence of 2i and CDK8i in promoting Mediator complex/RNA Pol II interaction.  

We interpret the increased number of Mediator-Pol II interaction foci in 2i or CDK8i to 

be evidence that Mediator is indeed more active, more frequently recruiting Pol II. This 

would explain our previous observations that 2i or CDK8i can boost the ability of existing 

enhancers to drive transcription of their target genes, reinforcing cell identity circuitry, 

and in the case of ES cells, favor the stabilization of the naïve state (Figure 6). Thus, our 

quantification of the Mediator-Pol II interaction provides mechanistic insight into a 

transition in cell identity. Moreover, the naïve-primed developmental transition of ES 

cells is regarded as a standard model, and thus in the future, we predict that a similar 

approach would reveal insights in other transitions in cell identity. 

However, some outstanding questions remain. Currently, we cannot exclude the 

possibility that the lower number of Mediator-Pol II interactions in primed ES cells could 

be due to structural rearrangements of the Mediator complex (Tsai et al., 2017), which 

could in theory move the MED1 subunit outside the proximity-detection limit of the PLA 

assay (~40 nm) (Bagchi et al., 2015). Nevertheless, combining the changes observed by 

PLA, with our previous data which shows that 2i or CDK8i can boost enhancer-driven 

gene expression, we would suggest that such putative structural rearrangements of 

Mediator may reflect changes in Mediator activity. Also, looking forwards, it would be 

informative to probe these putative changes in interaction frequency using antibodies for 

other subunits of Mediator and Pol II, an approach which could assess the possibility 

described above, where structural rearrangements of Mediator could exceed the 40 nm 

limit for the subunits chosen in the PLA. In another direction, we hypothesize that 
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modification of the length of the antibody-bound oligos might permit the PLA to detect 

protein interactions across specific distances.  

In summary, our data suggests that PLA can be used to observe and quantify the 

Mediator- Pol II interaction, and that the frequency of this interaction may differ between 

cell types. We suggest that the changes we observe in Mediator-Pol II interactions may 

in fact be causal to the changes which occur in transcriptional programs as cells transition 

between alternate identities. It will be important to pursue this question further, given the 

central role of Mediator and Pol II in defining cell identity. In this context, changes in 

Mediator activity may not only stabilize the transcriptional program of naïve ES cells. In 

the future, this concept could also be applied to stabilize other unstable cellular identities 

by reinforcing the number of Mediator-Pol II interactions and thus, the transcriptional 

program of one of those identities. In essence, this would constitute a new approach to 

toggle plasticity and decisions in cellular identity. Recently, inhibition of CDK8 was 

reported to modulate T cell identity by inducing the conversion of antigen-specific 

effector/memory T cells into Foxp3-expressing Treg cells, thus forming an therapy against 

auto-immunity (Akamatsu et al., 2019; Z. Guo et al., 2019). Moreover, there is an 

increasing number of studies that use CDK8i as a therapy to treat cancer, either by directly 

attacking cancer cells which are known to have a high plasticity potency or by modulating 

the activity of immune cells (Ding et al., 2022; Hofmann et al., 2020; Philip et al., 2018). 

The mechanisms involved in the modulation of cancer cell progression and 

aggressiveness could be related to the effects of hyperactivation of the interaction 

between Mediator and RNA Pol II. This hypothesis should be further explored. 

IP-MS MED1 ANALYSIS EXPANDS THE MEDIATOR INTERACTION 

NETWORK 

Following our interest in obtaining a better understanding of Mediator complex, we 

performed an interactome by using MED-immunoprecipitation, its largest subunit 

(Verger et al., 2019) by Mass Spectrometry (IP-MS) to identify accessory proteins 

associated with Mediator. 

The high peptide counts for MED-related proteins in addition to other Mediator subunits 

and known interactors of Mediator (Quevedo et al., 2019; Uthe et al., 2017b)in the IP-

MS analysis conducted on ES cells validates the robustness of the chosen approach 
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validating the obustness of the chosen approach in effectively capturing Mediator-

associated proteins. We generated an updated interaction network of Mediator, 

incorporating novel proteins, with potential significance in Mediator complex 

functionality. While we found RNA Polymerase II complex elements within the Mediator 

interactome, the detection levels where moderate,  suggesting that while the Mediator-

RNA Pol II interaction is crucial, it might be transient. Indeed, this would be consistent 

with models of transcriptional bursting (Dar et al., 2012). This dynamics of transient but 

strong interactions fit well in the landscape of phase separated transcriptional condensates 

(Cho et al., 2018; Y. E. Guo et al., 2019a) 

While we could not elaborate into all the interesting putative novel interactors, we provide 

the scientific community with a list of interesting candidates to study. 

THE PDH COMPLEX STANDS OUT AS A NEW MEDIATOR INTERACTOR. 

We found different novel and unexpected interactors through MED1 IP-MS, with a 

particularly strong interaction observed with several subunits of the Pyruvate 

Dehydrogenase complex. While the PDH complex had been found in the nucleus, and its 

critical role in histone acetylation has been reported (Chen et al., 2018; Srivastava et al., 

2023; Sutendra et al., 2014), the precise subnuclear localization, its interacting neighbor 

proteins and its potential link to specific chromatin regions remained unknown. 

We performed different techniques including fractionation of the different cellular 

compartments of the cell, immunofluorescence imaging in different cell types and 

proximity ligation assay to not only localize the enzymes of the pyruvate dehydrogenase 

complex in the nucleus, but also confirm the proximity of these enzymes and RNA Pol 

II, therefore situating the PDH complex at the core transcriptional machinery. This raised 

the provocative possibility that the nuclear PDH complex could generate acetyl groups 

proximal to sites of consumption for histone acetylation in transcription units.  

 

Once we confirmed the interaction, we further explored wether this nuclear PDH was 

active. We confirmed the presence of the active isoform of DLAT which is lipoylated 

form of DLAT (Mathias et al., 2014; Rowland et al., 2018; Tsvetkov et al., 2022), 

indicating a local source for acetyl-CoA production. 
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PDH IS LOCATED AT ENHANCER REGIONS AND HIGHLY ACETYLATED 

AND ACTIVELY TRANSCRIBED CHROMATIN 

 

Uncovering the specific localization of the Pyruvate Dehydrogenase (PDH) complex 

within chromatin and its associations with distinct genomic elements was the next 

challenge. Understanding the specific genomic regions where PDH binds chromatin 

represented by the DLAT subunit, localizes adds a layer of specificity to PDH functional 

implications in chromatin regulation. Ourdentification of PDH within proximity to 

enhancers, promoters, and transcription units underscores its regulatory role. In particular, 

alignment within Super-Enhancers (SEs) particularly stands out, given their crucial role 

in driving cell identity and transcriptional programs. The detection of active PDH in the 

nucleus suggests a local source of acetyl groups, potentially contributing to the 

acetylation landscape within chromatin. Notably, our Chromatin Immunoprecipitation 

(ChIP-Seq) analyses revealed a strong genomic coincidence of DLAT-bound chromatin 

regions with various histone acetylation marks. 

PDH's potential to supply acetyl groups locally suggest that it could work as a partner 

with Mediator in orchestrating precise and localized chromatin modifications and 

allowing transcriptional control of cellular identity and plasticity. PDH's local acetyl 

group generation points to a role of PDH in facilitating the activity of CBP/E300 (Rahman 

et al., 2004) histone acetyltransferases (HATs) by locally providing acetyl CoA that will 

be used at high demand (Weinert et al., 2018). 

CBP/E300 HATs could then use the acetyl groups to modify histones, leading to 

chromatin relaxation and creating a permissive environment for transcription (Hebbes et 

al., 1988; Marmorstein & Zhou, 2014; Yamada et al., 2004) (see suggested model  Figure 

45).  
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Figure 45. Suggested model: The Mediator Complex - PDH Complex Axis as a Central Hub for Acetyl Moiety 

Supply. Our proposed working model places the Mediator complex-PDH complex axis as a central hub orchestrating 

the efficient supply of acetyl moieties to the transcriptional machinery. This regulatory network could play a pivotal 

role in chromatin opening, histone acetylation, and transcriptional regulation. Regions of the chromatin enriched in 

DLAT appear indicated. 

 

The interaction and the convergence of PDH and the Mediator complex within specific 

chromatin regions points towards a synergistic relationship in the fine-tuned control of 

transcription. Together, PDH and Mediator may coordinate their activities to influence 

the local chromatin landscape, ensuring precise control over genes requiring 

transcriptional activation. A possible hypotheses is that when Mediator-RNA Pol II are 

more actively transcribing genes, they also recruit more PDH acetyl enzymes close to the 

rest of the transcriptional machinery given that an insufficient amount of acetyl moiety 

supply to the active transcription sites could have a dramatic effect in transcription 

(Mallm et al., 2019; Sterner & Berger, 2000; J. P. Taylor et al., 2003). This recruitment 

could happen via phase separation, as acetylation isone of the few studied mechanisms of 

regulation in the formation and dissolution of LLPS transcriptional condensates. In this 

regard, it would be interesting to manipulate the presence of these acetyl-producing 

enzymes in a controlled manner inside the nucleus. 

 

 

 

The manipulation of the Pyruvate Dehydrogenase (PDH) complex, specifically the 

knockdown of its core catalytic subunit DLAT, unraveled critical insights into the 

functional implications of PDH in cellular processes, particularly during cellular 
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differentiation. This suggests a specific requirement for PDH during dynamic cellular 

states, particularly when chromatin undergoes remodeling and new regions demand 

acetylation for transcriptional changes (Gregory et al., 2001; Rahman et al., 2004; 

Yamada et al., 2004). 

 

We found that external acetate supplementation rescue of the lethality of total PDH 

knockdown in SKMEL cells. This underscores the crucial role of PDH as a major source 

of acetyl-CoA essential for cell function and chromatin acetylation. 

 

Future investigations should delve into the specific molecular mechanisms through which 

PDH-generated acetyl groups influence chromatin dynamics. 

The identification of PDH as a potential local acetyl group generator in collaboration with 

Mediator opens avenues for future research and potential therapeutic interventions. 

Modulating the local generation of acetyl groups could have implications for diseases 

involving dysregulated transcriptional control and cellular transitions, as cancer (Bradner 

et al., 2017), neurodegenerative diseases (Labadorf et al., 2018), autoimmune diseases 

(Wu et al., 2018), diabetes (Moin & Butler., 2019)and more . 

In summary, the novel association between PDH and Mediator, coupled with the 

significant overlap of DLAT with enhancers and super-enhancers, emphasizes the 

importance of PDH in the regulation of gene expression and chromatin structure. This 

finding expands our understanding of the intricate network governing transcriptional 

control and highlights a previously unrecognized player in the complex landscape of 

cellular identity regulation. Our study not only elucidates the functional significance of 

PDH in cellular processes but also provides a foundation for future investigations into the 

intricate interplay between metabolic pathways and transcriptional regulation. The 

findings underscore the complexity of cellular identity transitions and highlight potential 

avenues for therapeutic interventions targeting PDH-mediated processes. 
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1. Proximity ligation assay represents a novel visualization technique that allows 

us to comprehensively capture the dynamics of Mediator-Pol II interactions. 

1.1.The use of PLA allows the observation and quantification of 10-50 foci per 

nucleus, suggesting the capture of the largest Mediator-RNA Pol II interactions. 

1.2.The number of Mediator-RNA Pol II interaction foci per nucleus significantly 

increase in number in 2i- and CDK8i- induced naïve ES cells compared to primed 

ES cells. 

1.3.There is a common mechanism influenced by both 2i and CDK8i, promoting the 

association of Mediator and RNA Pol II. 

 

2. Immunoprecipitation followed by Mass Spectrometry (IP-MS) analysis to 

encrich the interactors of the Mediator complex has provided new insights into 

the protein interaction network of the Mediator complex. 

2.1.Known core and conserved Mediator interactors are detectable through IP-MS of 

MED1, confirming the representation of the previously reported Mediator 

interactome in mouse ES cells. 

2.2.Novel and potentially crucial proteins linked with the Mediator complex are found 

in our updated interaction network of Mediator. 

2.3.Mediator closely interacts with all subunits of the Pyruvate Dehydrogenase (PDH) 

complex. 

 

3. Mediator Interacts with a functional nuclear PDH Complex and its targeting 

affects cellular identity and viability. 

3.1.There is a lipoylated/active form of nuclear DLAT, distinct from the mitochondrial 

form.  

3.2. The DLAT subunit of the PDH complex exhibits a high abundance in proximity 

to the POLR2A subunit of RNA Pol II, indicating a close association between the 

PDH complex and the core transcriptional machinery. 

3.3.ChIP-Seq analysis of the genomic distribution of DLAT as a surrogate of the rest 

of the PDH complex identifies binding loci within euchromatic regions of actively 

transcribed chromatin and distal intergenic regions associated with enhancer 

marks (H3K27ac and H3K4me1) and active transcription, aligning with the 

localization of Mediator. 
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3.4.DLAT/PDH complex-bound chromatin regions are linked to the control of 

pluripotency and cell proliferation, crucial features of ES cell identity. 

3.5.Experimental manipulation of the PDH complex unveils the functional 

significance of this complex in the transcriptional regulation of cell identity and 

viability. These effects are independent of the mitochondrial PDH activity.
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A B S T R A C T   

Human naïve pluripotent stem cells (PSCs) represent an optimal homogenous starting point for molecular in-
terventions and differentiation strategies. This is in contrast to the standard primed PSCs which fluctuate in 
identity and are transcriptionally heterogeneous. However, despite many efforts, the maintenance and expansion 
of human naïve PSCs remains a challenge. Here, we discuss our recent strategy for the stabilization of human PSC 
in the naïve state based on the use of a single chemical inhibitor of the related kinases CDK8 and CDK19. These 
kinases phosphorylate and negatively regulate the multiprotein Mediator complex, which is critical for enhancer- 
driven recruitment of RNA Pol II. The net effect of CDK8/19 inhibition is a global stimulation of enhancers, 
which in turn reinforces transcriptional programs including those related to cellular identity. In the case of 
pluripotent cells, the presence of CDK8/19i efficiently stabilizes the naïve state. Importantly, in contrast to 
previous chemical methods to induced the naïve state based on the inhibition of the FGF-MEK-ERK pathway, 
CDK8/19i-naïve human PSCs are chromosomally stable and retain developmental potential after long-term 
expansion. We suggest this could be related to the fact that CDK8/19 inhibition does not induce DNA deme-
thylation. These principles may apply to other fate decisions.   

1. A new approach to human pluripotency 

Human embryonic pluripotent stem cells (PSCs) provide a chal-
lenging parallel to our understanding of pluripotency based in rodents. 
The extent to which human PSCs can be captured in a stable naïve state, 
its similarity to rodent naïve pluripotency, and even its clinical useful-
ness, remain in question [1–3]. Inhibition of the FGF-MEK-ERK signaling 
pathway is central to naïve pluripotency across multiple mammalian 
species, however the application of this in culture media appears to 
require species-specific adaptations to avoid genomic instability [4–7]. 
Understanding the mechanisms by which MEK-inhibition leads to the 
transition from primed to naïve pluripotency remains in progress. 

The Mediator complex operates at enhancers and is a pivotal 
orchestrator of the transcriptional program of cell identity [8,9] (Fig. 1). 
Moreover, several data suggest that Mediator function may lie down-
stream of the MEK-ERK pathway (see below). Indeed, we recently 
identified an important role for the Mediator complex in stabilizing 
naïve pluripotency both in mouse and human PSCs, which recapitulates 
many aspects of MEK-inhibition [10]. In this review, we introduce the 
role of Mediator in cell identity, in particular during pluripotency, and 

we summarize our recent report of a pharmacological strategy for the 
manipulation of Mediator that stabilizes the naïve state in mouse, 
human, and non-human primate PSCs [10]. We also discuss the impli-
cations for other states of cellular plasticity beyond pluripotency, and its 
application in directing the resolution of cellular fate decisions. 

2. Enhancers, super-enhancers, and cell identity 

Each cell-type contains a unique repertoire of active enhancer 
complexes at specific DNA regions, which arise by high concentration of 
lineage-specific transcription factors [11–14]. Collectively, the tran-
scription factors, associated chromatin regulators, and the epigentic 
marks that they generate, serve as the platform to recruit a single large 
multi-protein complex known as Mediator [8,9,15] (Fig. 1). In a sense, 
the diverse combinatorial information input present at enhancers is 
reduced into a single output, namely, the Mediator complex, which 
thereby can be considered the universal transducer of enhancers. The 
main function of Mediator is, in turn, the recruitment of RNA poly-
merase II (RNA Pol II) to nearby and distant promoters, thus having a 
major contribution to the transcriptional program characteristic of each 
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cell type [8,9,13,16] (Fig. 1). 
Super-enhancers (SEs) constitute a relatively novel concept that re-

fers to a small fraction of unusually large and powerful enhancers [12, 
13]. SE’s are multipartite, as they arise by coallescing clusters of smaller 
typical enhancer constituents in close proximity, and these large ag-
gregates display emergent properties that distinguish them functionally 
from the smaller typical enhancers (TEs) [17] (Fig. 1). In particular, SEs 
are extraordinarily potent in driving transcription and they rely on 
phase separation to confer their stability and flexibility to change [17]. 
Interestingly, the most influential genes determining cell identity are 
often found under the control of SEs [11–13]. SEs drive high expression 
of master transcription factors, which in turn, enrich within the 
enhancer loci, completing a positive-feedback loop and establishing the 
regulatory network that maintains cell identity [11–13]. In agreement 
with its critical role in recruiting RNA Pol II, Mediator is highly abun-
dant at SEs [13] and therefore, we reasoned that it could be an action-
able point to manipulate SEs and cell identity (Fig. 1). Below, we 
summarize the current understanding of Mediator function, and regu-
lation by CDK8 and CDK19 kinases (abbreviated as CDK8/19). 

3. Mediator: a bridge between enhancers and promoters 

There have been great advances in recent years regarding the 
structure and mechanistic functioning of Mediator [8,9,15,18–20]. The 
30 subunits of Mediator are organized in four general domains: the 
“head”, “middle”, and “tail” domains that constitute “core-Mediator”, 
plus a fourth accessory domain known as the “CDK8/19-module” 
(Fig. 1). The Mediator tail-domain interacts with the enhancer chro-
matin, including transcription factors and cofactors, while the middle- 
and head-domains form contacts with RNA Pol II and the pre-initiation 
complex at target promoters [8,18,19]. While the many subunits of 

Mediator can undergo extensive structural re-arrangements, the 
CDK8/19-module contains the only enzymatic activity of Mediator, 
namely the kinase CDK8 or its highly similar, but poorly studied, paralog 
CDK19 [9,21,22]. Completing the kinase module are: cyclin C (CCNC), 
and subunits MED12 and MED13. CDK8/19 activity appears restricted 
by its requirement for proper quaternary structure [23]. For full activity, 
CDK8/19 must associate simultaneously with cyclin C and with MED12, 
the latter embraces CDK8 allowing it to attain proper opening of its 
T-loop [23]. Evidence suggests that only CDK8, or CDK19, can occupy 
Mediator at one time, and the same is true for the paralog subunits 
MED12L and MED13L (reviewed elsewhere) [8,9,22]. Collectively, 
these may represent alternate combinations of the CDK8/19-module, 
providing opportunity for subtle modulation of Mediator function. 

The Mediator complex must associate with the many different tran-
scription factors that define an enhancer locus. This constitutes one arm 
of the Mediator bridge at the enhancer. Recent evidence hints at how 
this may be achieved. Mediator subunits in its tail sub-module have been 
shown to engage in a high number of low specificity and weak in-
teractions via phase separation, thereby achieving a “fuzzy” interaction 
between Mediator and the activation domains of many different tran-
scription factors [24–27]. The second arm of the Mediator bridge ex-
tends to interact with the pre-initiation complex, inducing the 
recruitment of RNA Pol II at target promoters [20] (Fig. 1). Compre-
hensive cryo-EM studies and in vitro biochemical assays have collec-
tively revealed how Mediator undergoes extensive structural 
re-arrangements to achieve this [8,9,18,19]. Notably, the 
CDK8/19-kinase module plays a key role, associating with 
core-Mediator and repressing RNA Pol II recruitment [8,9,18,19] (see 
below). In addition to its structural aspects, the Mediator bridge is dy-
namic and programmable, integrating many upstream signals [8,28]. 
Precisely how upstream signals modulate Mediator function is only 

Fig. 1. The Mediator complex integrates multiple 
signals and bridges enahcers to promoters to 
regulate pluripotent cell identity. Mediator acts as 
a central hub which links enhancers and target pro-
moters, integrates combinatorial signals, and recruits 
RNA Pol II, to guide the transcriptional program of 
cell identity. The core transcriptional machinery is 
shown simplified, within a phase-separated tran-
scriptional condensate (light green, membrane-less 
region). The largest enhancers, known as super- 
enhancers emerge by coalescing multiple smaller 
constituent enhancer regions (purple thick lines), 
each enriched in lineage-specifying transcription 
factors, histone marks, and chromatin regulators 
(indicated by small coloured circles). Mediator asso-
ciates with these many factors and receives upstream 
signaling inputs from pathways, including MEK-ERK. 
Mediator recruits RNA Pol II to the pre-initiation 
complex, a function which can be hindered by the 
CDK8/19 kinase-module, via structural or kinase- 
dependent activities of CDK8/19. In PSCs, the 2i in-
hibitor cocktail is known to rapidly alter the tran-
scriptional program to promote naïve pluripotency, of 
which, MEK-inhibition is the key feature. However, 
how MEK-inhibition resets the transcriptional ma-
chinery to the naïve program remains to be clarified. 
In PSCs, we find that MEK-inhibition leads to global 
up-regulation of enhancer activity via increased RNA 
Pol II recruitment. We find that the reorganization of 
the transcriptional machinery by MEK inhibition 
operates largely via controling the activity of CDK8/ 
19 downstream. In this way, both treatments induce a 
highly overlapping set of phospho-changes focused on 
the transcriptional machinery, hyper-activating en-
hancers and Mediator, triggering increased RNA Pol II 
recruitment, and promoting the transcriptional pro-
gram of naïve pluripotency.   
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recently emerging. Acetylation [29] and phosphorylation [10,30–33] of 
multiple sites and subunits of Mediator have been detected, implicating 
p300 acetyl-transferase activity, and the MEK-ERK pathway, as major 
inputs. 

4. CDK8/19: the sub-module of Mediator that represses RNA Pol 
II recruitment 

The CDK8/19-kinase module (CDK8/19-CCNC-MED12/L-MED13/L) 
associates with core-Mediator and plays a central role in the regulation 
of how Mediator recruits RNA Pol II during each transcription cycle [8,9, 
22]. The detailed mechanisms of how CDK8/19 operates during the 
transcription cycle remain to be fully understood [22,34], and the 
relative contribution of CDK8/19 kinase activity versus its 
kinase-independent structural effects are unclear. However, we and 
others have observed that the ultimate outcome of CDK8/19 
kinase-inhibition is increased recruitment of RNA Pol II by Mediator, 
and stimulation of transcription [10,35]. In the context of leukemia, this 
global hyperactivation of Mediator function results in cancer cell death 
[35]. Intriguingly, in pluripotent stem cells, we found that 
CDK8/19-inhibition and global hyperactivation of Mediator did not 
result in transcriptional dysfunction, instead, a coherent shift occurred 
in the transcriptional program, transitioning from one cell identity to 
another [10]. This raises the possibility of 
pharmacologically-modulating cell identity of non-cancer cells in a 
non-deleterious manner. 

As mentioned above, currently it is not possible to fully understand 
the mechanism of CDK8/19 during the transcription cycle. Nevertheless, 
it is useful to consider the temporal order of events when interpreting 
the literature, and we summarize the role of CDK8/19 below in this 
order. CDK8/19 can sterically hinder the initial approach of Pol II to the 
Mediator complex based on several data and crystal structures [18,19, 
36], and indeed, this was how CDK8 was first identified in yeast [37]. 
Thus, CDK8/19 must transiently vacate its initial position to permit 
Mediator-Pol II interaction [8,9,18,19,38]. In yeast, this process in-
volves CDK11-catalyzed phosphorylation of Mediator subunits MED4 
and MED27 [39]. Also, we and others have found that CDK8/19 can 
phosphorylate itself and several other Mediator subunits [10,30,[36] 
37], raising the possibility that the kinase activity of CDK8/19 may 
somehow influence its structural role hindering the approach of Pol II to 
the Mediator complex. In reciprocal, extensive Mediator structural 
rearrangements re-position CDK8/19 with respect to RNA Pol II [18,19, 
23]. 

Later in the transcription cycle, following recruitment of RNA Pol II 
to Mediator, the pre-initiation complex is completed, and CDK8/19- 
Mediator undergoes further structural re-arrangements to participate 
in the release of RNA Pol II into productive elongation [8,9,18,19]. 
CDK8/19 has been reported to phosphorylate RNA Pol II directly in vitro 
[36,37], and to affect Pol II-CTD phosphorylation in vivo [40–45]. Also, 
CDK8/19 is reported to phosphorylate and orchestrate the function of 
positive and negative elongations factors including NELF, DSIF, TFIIH 
and the super-elongation complex [8,9]. However, we suggest that these 
reported roles of CDK8/19-mediated phosphorylation in elongation may 
be to some extent redundant, gene-specific, and/or compensated by 
other kinases such as CDK7 and CDK9. In this regard, we and others have 
used potent CDK8/19 small molecule inhibitors where transcription is 
modulated but can still proceed and cells are viable [10,30,35,43–46]. 
Here, it is notable that while the other transcriptional CDKs, namely 
CDK7 and CDK9, play general roles positively promoting transcriptional 
elongation, the role of CDK8/19 appears more nuanced. Thus, while 
chemical inhibition of CDK7 and CDK9 are lethal, abolishing tran-
scription [47–49], CDK8/19 chemical inhibition appears to modulate 
the transcriptional program, triggering global hyperactivation of 
Mediator, and increased Mediator-RNA Pol II interaction [10]. 

In summary, CDK8/19 has an overall effect of repressing RNA Pol II 
recruitment and, thereby, CDK8/19 kinase inhibition increases 

recruitment of RNA Pol II by Mediator and stimulates global hyper-
activation of transcription of enhancer target genes [10,35]. 

5. Mediator, intrinsically disordered regions, and 
transcriptional condensates 

RNA Pol II is known to participate in discrete membrane-less protein 
aggregates previously described as transcription factories [50–52]. More 
recently, studies have elucidated how these factors efficiently 
co-segregate from the nuclear milieu based on a shared propensity for 
phase separation, leading to the term transcriptional condensates [24, 
25,50–53]. Mediator and several other protein elements of the tran-
scriptional machinery contain intrinsically-disordered regions (IDRs) 
that confer their phase separation [24,25,50,52–54]. Thus, IDRs act as 
biophysical addresses to localize each protein, and they contribute an 
essential structural component to stabilize the transcriptional conden-
sate. In particular, approximately half of Mediator’s 30-subunits contain 
conserved IDRs, including CDK8 and CDK19 [54]. This shift in our un-
derstanding has been essential to explain the efficient assembly and 
structural stability of transcriptional condensates, but also their dy-
namic flexibility to changes in signaling. Specifically, transcriptional 
condensates possess vulnerability to perturbation via sharp transitions 
in their phase separation [17], a regulatory feature conferring dual ca-
pacity to stably drive high gene expression, or dissolve rapidly, as 
required. The ability of transcriptional condensates to switch between 
formation or dissolution may be essential to rapid transcriptional 
changes [17,22,55]. Pluripotent cells contain a discrete number of 
particularly large condensates containing Mediator and RNA Pol II that 
are thought to correspond to SEs [45,47,48]. Post-translational modifi-
cations within protein IDRs have been shown to control transitions in 
phase separation [53]. Thus, given the central role of the 
CDK8/19-module for Mediator, we speculate that its kinase activity 
could affect the entry or exit of proteins into the condensates, or even the 
formation and dissolution of the condensates themselves. In support of 
this, we recently identified CDK8/19-dependent phosphosites in the 
Mediator subunit Med1-IDR domain in mouse PSCs [10], a particularly 
large IDR previously shown to play a crucial role in transcriptional 
condensates in mouse PSCs [50]. 

6. The naïve and primed PSC states reflect developmental stages 

Pluripotent stem cells (PSCs) transition between cell states in vitro 
which faithfully reflect developmental stages in the early embryo [1,2,6, 
7] (Fig. 2A–C). Culture conditions to shield mouse PSCs from 
extra-cellular differentiation stimuli involve chemical inhibition of MEK 
and GSK3 kinases with a two inhibitor cocktail known as “2i” [6,56]. 
Mouse PSCs cultured in 2i (referred to as “2i-naïve” cells) phenocopy the 
stable and homogenous state of undifferentiated naïve pluripotency 
which exists transiently in vivo around the E4.5 mouse pre-implantation 
embryo epiblast (Fig. 2A–C). In contrast, culture of PSCs with standard 
serum/LIF media, in the absence of 2i, triggers a shift in cell identity 
towards post-implantation epiblast, also known as the primed state, 
analogous to the mouse ~ E5.5–6.5 stage. It is important to clarify that 
in serum/LIF cells are more properly described as heterogenous, fluc-
tuating between the naïve and primed state [6]. Full primed identity is 
achieved in FGF/Activin media and this recapitulates the cellular 
identity of the E6.5 mouse embryo epiblast [1,6,7]. Importantly, PSCs 
can be maintained during long-term passage in each of these develop-
mental stages. Also, by simply changing the media to alter the signaling 
inputs to the transcriptional machinery, cells can be directed forward or 
reverse in developmental identity. In this way, PSCs provide a proto-
typical model of cellular plasticity, whose transcriptional program can 
be stabilized, extinguished or re-captured. Notably however, much re-
mains unclear regarding how changes in extrinsic stimuli reset the 
transcriptional machinery to a new program. 
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7. The transcriptional brain during cellular fate decisions in 
pluripotency 

Here we consider the transcriptional decision-making process. Cell 
identity is the aggregate outcome of the entire set of active enhancers in 
a cell at any one moment. During identity transitions, enhancers are 
activated and decommissioned individually. Thus, the events at each 

enhancer can be rapid (consistent with the sharp transitions conferred 
by phase separation), while the aggregate shift in cell identity (all active 
enhancers) appears relatively slower and incremental. We use as a 
model the developmental window of naïve-to-primed pluripotency, 
outlined above. Extensive analyses over the past ~15 years have shown 
how this path in embryos is followed in close parallel by PSCs in vitro [1, 
2,6,7]. Pluripotency first arises at ~ E3.5–4.5 in mice, and at this initial 

Fig. 2. A summary of CDK8/19 function in early embryo cell identity transitions. (A) Schematic overview of mouse early embryo development. Naïve PSCs can 
be isolated from the E4.5 epiblast, and they can retain this cell identity homogenously in vitro. Primed PSCs can be isolated from the E6.5 epiblast, and they can be 
maintained in the fluctuating and heterogenous primed state in vitro. The 2i inhibitor cocktail can stabilize naïve identity, and promote primed PSCs to transition into 
the naïve state. (B) Similar to small molecule 2i-treatment of PSCs in vitro, in the embryo, MEK-signaling is naturally repressed by down-regulation of the FGF 
receptor. We find that CDK8/19 kinase inhibition, by genetic or pharmacological methods, can phenocopy these effects of 2i: stabilizing naïve identity, and pro-
moting primed cells to transition into the naïve state. Interestingly, we observe that in the embryo, CDK8 activity appears to be naturally repressed, with down- 
regulation of CDK8 levels and decreased nuclear availability of its essential binding partner Cyclin C. The table below summarizes the developmental phenotypes 
observed by genetic- or pharmacological-inhibition of CDK8 in the mouse. (C) A summary of the molecular and morphological differences reported for naïve and 
primed pluripotent states. 
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boundary, cellular identity is very well defined in the naïve state, where 
cells are effectively deaf to developmental signals and lack any trace of 
differentiation programs. This is analogous to 2i-naïve PSCs in vitro [1,2, 
6,7,56,57]. Subsequently, cells progress through a gradient of interme-
diate pluripotency stages, where they gradually become receptive to 
differentiation stimuli, collectively referred to as being “primed” for 
development [1,2,6,7]. This period reflects mouse embryo epiblast 
development from E4.5–5.5. A multitude of studies have captured and 
defined specific intermediate states with PSCs in vitro, referring 
sequentially, for example, to formative, primed-like, epiblast-like, or 
rosette states [58] of pluripotency (thoroughly reviewed elsewhere [1,2, 
6,59]. However, now, and with the benefit of hindsight, we favour the 
idea that a continuum of pluripotency states exists, marked by incre-
mental changes in gene expression and other detailed molecular 
characteristics. 

Ultimately, around E5.5–6.5, mouse embryo epiblast cells exit from 
pluripotency, and choose between three competing transcriptional 
programs for lineage-specification, into one of the embryonic germ 
layers: ectoderm, mesoderm, and endoderm [1,6,7,60] (Fig. 3). This 
decision-making process remains to be fully understood, however evi-
dence suggests that while naïve cells possess a single homogenous un-
differentiated transcriptional program, cells in the primed stages begin 
to receive simultaneous and competing signals drawing them to activate 
lineage-specific transcriptional programs of one of the 3 germ layers 
[61–66] (Fig. 3). 

Crucially, lineage-specifying transcriptional programs attempt to 
reinforce themselves, and repress other competing programs [67–70]. 
The antagonistic and heterogenous behaviour of transcriptional pro-
grams within individual cells at this time is thought to represent a 
prototypical example of plasticity. Here, cells exist in a super-position, 
simultaneously expressing the early lineage-specifiers of opposing 
future fates [61–66]. Thus the cell population is also heterogenous; with 
individual cells expressing genes that suggest a moderate bias toward 
one or other fate. Such stochastic decision-making may have evolved to 
allow cells to sense and respond to diverse environmetal stimuli, 
ensuring that from one population of cells, three developmental fates 
emerge. In vivo, this is transient, and resolves in a few hours, with each 
cell choosing a single germ-layer program. In vitro, it is possible to 
capture this decision-making process, as a population of primed PSCs, 
with heterogenous and fluctuating gene expression programs, literally 
“priming” themselves to fully-activate ectoderm, mesoderm, or endo-
derm [1,2,6,7]. It is interesting to consider the events that occur at 
super-enhancers, and Mediator function, during this competition be-
tween transcriptional programs, as these processes may represent 
common features of many, if not all, transitions in cellular identity. For 
example, similar co-expression of competing lineage-specifiers has been 
observed in other fate decisions throughout development and regener-
ation [71,72]. Thus, the naïve-primed pluripotency window provides a 
model to elucidate the transcriptional basis of cell plasticity. The mo-
lecular lessons learned here are likely to apply to other fate decisions. 

8. The role of Mediator in pluripotent cell identity 

We recently hypothesized that manipulation of the transcriptional 
machinery during states of plasticity, might toggle cellular identity to-
ward one path or another. We chose PSCs in the naïve-primed pluripo-
tency window as our model of plasticity. As an actionable strategy, we 
began by targeting the transcriptional CDKs, CDK7, CDK8/19, and 
CDK9, since these kinases represent direct regulators of the transcrip-
tional machinery, they are amenable to pharmacological inhibition, and 
indeed, several highly selective small molecule inhibitors exist [10]. We 
found that selective inhibition of CDK7 and CDK9 produced a general 
inhibition of transcription, and was ultimately deleterious, consistent 
with their known general roles in RNA Pol II transcription. In contrast, 
small molecule kinase inhibition of CDK8/19 (CDK8/19i) produced a 
striking and characteristic shift in mouse PSC identity, from primed to 
naïve. 

We explored a possible mechanism, following the role of CDK8/19 as 
a transcriptional CDK, located within the Mediator complex [10]. Also, 
we compared the induction and stabilization of naïve pluripotency by 
CDK8/19i versus the well-characterized 2i inhibitor cocktail. 2i is 
highly-effective in mouse, but not in human PSCs [1,4,73,74], and the 
effects of 2i on the transcriptional machinery have not been explored. 
Importantly, we found that 2i-naïve and CDK8/19i-naïve mouse PSCs 
were highly similar according to their transcriptome and proteome [10]. 
Collectively, our data suggest that 2i and CDK8/19i rapidly induce a 
highly overlapping set of phospho-changes focused on the transcrip-
tional machinery (Fig. 1). We also found that Mediator activity was 
increased in 2i and CDK8/19i, consistent with a repressive role of 
CDK8/19 in the ability of Mediator to recruit RNA Pol II. Thus 2i and 
CDK8/19i triggered enhancer hyperactivation, global increase in RNA 
Pol II recruitment to promoters, and resetting of gene expression. This 
included the upregulation of enhancer-derived RNAs (eRNAs), and the 
resetting of endogenous retroviral and repeat element expression. In 
sum, the ability of 2i and CDK8/19i to induce naïve features appears to 
originate from their common effect on Mediator and RNA Pol II tran-
scriptional activity. This model is consistent with the concept that 
transitions in cell identity are driven by early reconfiguration of the 
active enhancer network, which resets the transcriptional machinery to 
the new program [14,67,70,75–77]. In summary, targeting Mediator 
through its kinase module selectively stabilizes an early pluripotent cell 

Fig. 3. Emergence and dissolution of transcriptional programs in the 
naïve to prime transition. A putative model of dominance and antagonism in 
transcriptional programs. Binary cell fate choices are common though devel-
opment and regeneration. In the case of the naïve-primed developmental 
window of pluripotency, global hyperactivation of enhancers and Mediator- 
recruitment of RNA Pol II produces a coherent outcome: up-regulation and 
stabilization of naïve epiblast identity. Here, we suggest a putative mechanism. 
In primed identity, cells are plastic and heterogenous due to co-existence of 
lineage-specifying transcriptional programs for forward development into the 3 
embryoinc germ layers, however, they are moderately expressed, antagonistic, 
and weakly established. Powerful naïve-specifiying transcription factors and 
super-enhancers have begun their decline, but are not yet decommissioned. 
Upon global hyperactivation of enhancers and Mediator-recruitment of RNA Pol 
II (by treatment with 2i or CDK8/19i), the naïve-specifiying transcription fac-
tors and super-enhancers become dominant, and suppress the nascent germ 
layer programs. 
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identity, repressing differentiation, favoring self-renewal, and 
up-regulating pre-implantation naïve epiblast gene expression patterns. 

As mentioned before, the induction of naïve identity using 2i or 
CDK8/19i treatments can stimulate Mediator function, which we detect 
by a global increase in RNA Pol II recruitment, global hyper-activation of 
existing mouse PSC enhancer loci, and upregulation of enhancer-driven 
transcription. We propose that this reinforces the pluripotency network 
underlying naïve PSC identity. In agreement with a recent report [78], 
we observe that in 2i, mouse naïve-specific enhancer activity is partially 
resistant to enhancer/Mediator destabilization by BRD4-inhibition. 
Importantly, this property can also be conferred by expression of 
CDK8-kinase dead mutant protein. This suggests a simple mechanism 
where removal of the inhibitory influence of CDK8/19, hyperactivates 
Mediator function at enhancers, and that this occurs similarly in 2i or via 
CDK8/19 inhibition. In support of global activation of super-enhancers 
in the naïve state, a recent study of chromatin looping has revealed 
that super-enhancers interact with more target promoters, and engage in 
more long-range interactions, during mouse naïve pluripotency 
compared to primed pluripotent cells [79], while furthermore, a state of 
global hyper-transcription has been suggested in PSCs [80,81]. Lastly, 
we note that the induction of naïve features in human PSCs was recently 
associated with a significant global increase in the enhancer mark 
H3K27ac, including at SEs [82]. These data may be consistent with our 
mechanistic insights, where CDK8/19 inhibition up-regulates enhancer 
activity, in particular at super-enhancers, thereby driving the stabiliza-
tion of naïve pluripotency. 

9. DNA methylation separates CDK8/19i from 2i 

As outlined above, CDK8/19i recapitulates a significant proportion 
of 2i-associated effects on mouse naïve cell identity, however, global 
DNA hypomethylation was an exception [10] (Fig. 4). The ability of 2i to 
trigger global DNA hypomethylation is thought to be due to the inhi-
bition of MEK signaling [1,83–87]. It is important to mention that 
transient DNA hypomethylation is a characteristic of embryonic naïve 
pluripotency at E4.5 [6]. However, both mouse and human 2i-naïve 
PSCs differ significantly in the genomic methylation pattern compared 
to pre-implantation epiblast cells [6,73]. Moreover, it has been reported 
that 2i-naïve mouse PSCs lose developmental potential after long-term 
passage [88,89]. This loss of developmental potential has been attrib-
uted to the continued inhibition of DNA methylation that resulted in 
chromosomal instability and loss of imprinting. Moreover, female cells 
turned out to be more sensitive to the long-term effects of MEK inhibi-
tion, consistent with the expression of MEK inhibitory factors from the 

two active X chromosomes. Transcriptional mechanisms have been 
proposed to connect MEK-inhibition with DNA demethylation, specif-
ically through upregulation of PRDM14, a transcriptional repressor of 
the DNA methyl-transferase DNMT3 gene family, and activity of the 
Tet-family of dioxygenases [83,84,86,87,90]. 

In contrast to 2i, CDK8/19i recapitulates the same transcriptional 
changes as 2i, but does not trigger global DNA hypomethylation [10] 
(Fig. 4). In CDK8/19i-naïve mouse PSCs, DNA methylation remains 
unchanged. We speculate that MEK inhibition must contribute to DNA 
demethylation through direct phosphorylation events, such as direct 
phosphorylation of DNMTs [91]. The DNA hypo-methylation following 
inhibition of MEK signaling was recently attributed to the 
down-regulation of UHRF1 protein levels, resulting in a failure to recruit 
DNMT1 to the replication fork for methylation maintenence [85]. We 
have confirmed that 2i (which includes MEK-inhibitor) leads to UHRF1 
down-regulation, and that this is associated with global DNA 
hypo-methylation as expected [10]. Interestingly, CDK8/19i treatment 
did not down-regulate UHRF1 protein levels, thus providing a likely 
mechanism to explain how CDK81/9i can preserve global DNA 
methylation [10]. The ability of CDK8/19i to implement naïve plurip-
otency, without global DNA hypomethylation, may avoid the detri-
mental side effects of imprint erasure recently reported during extended 
passage of mouse PSCs under conditions of MEK-inhibition [73,88,89]. 
Indeed, we have observed that mouse ES cells long-term adapted to 
CDK8/19i retain full developmental potential upon withdrawal of 
CDK8/19i, as demonstrated by mouse chimera generation assays, where 
highly chimeric off-spring developed to adulthood and achieved germ-
line transmission [10]. Since DNA hypo-methylation is part of the naïve 
stage of pluripotency and is required for normal development [92], the 
possibility remains that upon withdrawal of CDK8/19i and aggregation 
of the pre-treated PSCs within a developing blastocyst inner cell mass, a 
transient wave of DNA hypo-methylation may occur, permitting suc-
cessful development. 

10. Application of CDK8/19i for human pluripotency 

Species-specific differences exist between human PSCs and our prior 
understanding of pluripotency based on rodent models [1,5]. In 
particular, while 2i treatment has a dramatic efficiency in stabilizing 
naïve features in mouse PSCs, 2i-based media cocktails generally pro-
duce extensive cell death during adaption of human and primate PSCs, 
and are associated with impaired developmental capacity [4,73]. 
Importantly, CDK8/19i upregulates and stabilizes multiple features of 
the naïve state in human PSCs, with minimal cell death, shifting the 
identity of all cells gradually. Cultivation of human PSCs in the presence 
of a chemical inhibitor of CDK8/19 is sufficient to recapitulate the 
majority of molecular characteristics associated with a transition from 
the primed to the naïve state. Other molecular features associated with 
the more naïve end of this spectrum in human naïve PSCs include SSEA4 
down-regulation [73]. However, SSEA4 down-regulation may not be a 
strict requirement, since there are chemical cocktails that induce a naïve 
state in human PSCs withouth downregulating SSEA4 [4,93]. Similarly, 
CDK8/19i also installs naïve features in human PSCs while maintaining 
SSEA4 (Fig. 4). 

11. CDK8/19i-naïve human pluripotent cells retain long-term 
developmental potential 

Stabilization of the human naïve pluripotent state in vitro has proven 
to be challenging and remains to be optimized [73,74,94]. In particular 
the genomic instability and loss of imprinting observed with 2i-induc-
tion of induce naïve features are associated with striking loss of devel-
opmental potential in human PSCs [73,94,95]. This includes inability, or 
heavy bias, in forming all 3 embryonic germ layers upon differentiation, 
for example in embryoid body or teratoma assays, which are normally 
straight-forward methods for primed human PSCs to express their 

Fig. 4. Unified model of 2i and CDK8/19i naïve pluripotency. A summary 
of the signaling hierarchy between MEK, CDK8/19-kinase, and Mediator. A 
large proportion of the effect of MEK signaling channels through CDK8/19- 
Mediator to affect the transcriptional program of cell identity. CDK8/19- 
independent effects of MEK inhibition that we have identified include global 
DNA hypo-methylation in mouse and human PSCs, specification of the primi-
tive endoderm in the mouse pre-implnatation blastocyst, and, in human PSCs, 
SSEA4 down-regulation. 
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developmental potency. All this is probably caused, as in mouse, by 
MEKi-driven DNA demethylation. Indeed, 2i-naïve human PSCs present 
reduced global methylation, however, the methylation patterns differ 
significantly from the methylation pattern in pre-implantation epiblast 
cells [73]. 

Similar to our observations in mouse PSCs, CDK8/19i does not 
induce MEK-inhibition or global DNA hypo-methylation in human PSCs 
[10]. Accordingly, multiple CDK8/19i-naïve human PSCs preserved a 
normal karyotype after >16 passages [10]. Importantly, upon removal 
of CDK81/9i chemical inhibition, full developmental potency is main-
tained [10]. Specifically, following prolonged adaption to CDK8/19i, 
human PSCs could develop into all three embryonic germ layers in 
embryoid body and teratomas assays. Moreover, CDK8/19i-pre-treated 
human PSCs displayed clonal survival and low level chimerism in 
human-rabbit blastocyst interspecies assays [10]. Altogether, these data 
suggest that the role of CDK8/19 in pluripotency is conserved in mouse 
and human, and therefore perhaps across mammalian species. 

12. The CDK8/19-kinase during early development 

Since CDK8/19 kinase inhibition favours up-regulation of naïve 
pluripotency in vitro, we have explored the possible role of CDK8/19 in 
the embryo, where the naïve state arises naturally in the absence of 
chemical inhibitors [10] (Fig. 2A). Firstly, we found that CDK8 mRNA 
and protein expression is ~5×–20× fold higher than CDK19 in mouse 
and human early embryo development up to day ~ E6.5, suggesting that 
CDK8, rather than CDK19, is the major player at this stage. Thus we 
focused on CDK8 function across early mouse embryonic development 
(Fig. 2B), and its role may be summarized in three periods [10]:  

(i) CDK8 is required during 1C to morula development, where its 
expression is high. In support of this, CDK8-knockout is embry-
onic lethal before the 4C stage [96], and CDK8/19i blocked 
development at the 2C stage [10].  

(ii) During morula to blastocyst pre-implantation development, 
CDK8 and cyclin C expression declines. This coincides with the 
emergence of the E4.5 pre-implantation naïve epiblast and, 
accordingly, small molecule CDK8/19i does not interfere with 
naïve epiblast specification [10]. Also, in contrast to MEK inhi-
bition, CDK8/19i does not affect the epiblast/primitive endo-
derm (EPI/PE) lineage segregation [10] (Fig. 4). In agreement, 
CDK8-knockout starting in ~E3.5 embryos permitted naïve 
epiblast specification, and EPI/PE segregation [97]. Specification 
of the PE is highly sensitive to MEK inhibition [98–100]. The 
phosphorylation of the transcription factor GATA6 by MEK has 
been recently shown to be a key event in the determination of the 
PE [101]. Since CDK8/19i does not affect the kinase activity of 
MEK [10], it is possible that the presence of an active MEK/-
GATA6 circuit is sufficient to determine PE formation in the face 
of CDK8/19 inhibition.  

(iii) During the subsequent developmental transition of pre- 
implantation naïve epiblast to the post-implantation primed 
state, CDK8 expression becomes increased and its activity is 
required for the morphogenic events during this transition [10]. 
Moreover, genetic evidence has very recently emerged of an 
essential role for CDK8 in post-implantation development around 
~ E5.5-E10.5 [97], and we speculate that here upstream signals 
such as FGF-MEK-ERK may guide CDK8 function (as discussed 
below in the section on MEK signaling). Therefore, overall, CDK8 
function in early embryonic development mirrors its expression 
pattern (Fig. 2B), with elevated expression and essential roles at 
the 1–2C stage and during post-implantation development, In 
contrast, between these periods, a physiological minima in CDK8 
expression and function exists around E4.5 that equates to naïve 
PSCs in vitro [10]. In sum, we conclude that the physiological 
minimum in CDK8 function coincides with the emergence of 

naïve pluripotent epiblast identity in vivo, a feature which can be 
exploited to stabilize naïve PSC culture by CDK8/19i in vitro. 

In further support of these data, mouse PSCs are known to include an 
additional form of transcriptional heterogeneity involving infrequent, 
but dramatic and transient, re-activation of the gene expression program 
of the 2C embryo stage [102–104]. It has been shown that 2i treatment 
represses this 2C fluctuation [102,104], and we have confirmed that 
CDK8/19i also represses this additional example of transcriptional het-
erogeneity [10]. We suggest an analogy between the high expression 
and developmental requirement for CDK8 in the 2C embryo stage, and 
repression of the 2C transcriptional fluctuation in mouse PSCs by 
CDK8/19i. 

13. A signaling hierarchy: CDK8 inhibition downstream of MEK 
inhibition 

Better understanding of the downstream signaling from MEK-ERK, 
and how it links to the transcriptional machinery, may improve our 
control over cellular plasticity and aide stabilization of cell identity ex 
vivo. The high degree of overlap in phospho-changes and RNA Pol II 
regulation induced by 2i and CDK8/19i kinase inhibitors immediately 
suggests that these chemical inducers of the naïve state might operate 
within the same pathway [10]. Importantly, analysis of kinase activity 
has implied a signaling hierarchy (Figs. 1 and 4), where 2i treatment 
decreases CDK8/19 kinase activity, yet CDK8/19i has no effect on 
MEK-mediated phosphorylation of ERK. Thus, downstream of MEK-ERK 
signaling, CDK8/19 activity is down-regulated, explaining how 2i and 
CDK81/9i treatments functionally overlap in the control of Mediator 
and the transcriptional machinery [10]. 

Significant evidence supports the direct input of MEK-ERK signaling 
into Mediator and the control of the core transcriptional machinery in 
PSCs. Consistent with this model, it has been recently reported that MEK 
signalling during exit from the naïve state, directly or indirectly, results 
in phosphorylation of Mediator subunits and alter eRNA transcription 
within PSC super-enhancers [32]. All current PSC media cocktails that 
stabilize the naïve state contain small molecule inhibitors targeting one 
or more factors in the MEK signalling pathway (FGFRi, RAFi, SRCi, PKCi, 
p38i, JNKi, MEKi) [1]. It is notable that many components of the MEK 
pathway have also been shown to regulate CDK8 activity, including 
KRAS, RAF, SRC, PKC, p38, JNK, MEK, and ERK [105–108]. Thus, 
CDK8/19-inhibition may be a common feature of media cocktails for 
stabilizing PSCs in the naïve state. Further studies are required to reveal 
the precise mechanism by which MEK-ERK signaling regulates CDK8/19 
activity in PSCs. 

14. Model: dominant programs resolve transcriptional decisions 
in cell identity 

A better understanding of the intracellular competition between 
transcriptional programs may apply widely to human disease. In this 
regard, global enhancer hyperactivation was recently identified as a 
common feature across all human cancers tested [109], while addiction 
to globally up-regulated transcription also appears to be a unifying 
aspect of cancer [110]. Using the model of PSCs to study these phe-
nomena, we observe that following exposure to 2i or CDK8/19i, the 
trans-activating potential of existing enhancers and Mediator complexes 
become globally hyper-activated [10]. This raises an important ques-
tion: why is the naïve pluripotent state favoured by global enhancer/-
Mediator hyperactivation? A general feature of lineage-specifying 
transcription factors is that they act to promote their own lineage, but 
repress alternative fates. This is known to also apply for the transcription 
factors that specify for the 3 embryonic germ layers as cells exit plu-
ripotency [61–66,111–113]. For example, the pluripotency factors 
OCT4 and SOX2 are known to repress ectodermal- and 
mesendodermal-lineage enhancers, respectively [65,99,111–113]. 
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Within individual primed cells, these lineage-specifying gene expression 
programs are in competition with each-other, and they are also 
moderately expressed and not fully established. Indeed, there is evi-
dence that nascent germ layer programs rely on relatively weak en-
hancers which are not yet fully established [70,82,114,115], while the 
naïve enhancers retain a capacity to rapidly return to full strength, 
retaining their plasticity [10]. Thus, upon global hyperactivation of 
enhancers by 2i or CDK8/19i, the naïve program becomes dominant, 
quickly suppressing forward differentiation of the nascent germ layer 
programs (Fig. 3). In this way, the transcriptional landscape of naïve 
pluripotency can be up-regulated, establishes dominance, and remains 
stabilized, by Mediator stimulation, and this can be directly achieved by 
chemical inhibition of CDK8/19 [10]. 

15. Other applications of Mediator stimulation via CDK8/19i 

We note that a similar mechanism of Mediator hyperactivation via 
CDK8/19 inhibition has been reported in cancer cells [35]. However, 
intriguingly, this resulted in cell death in acute myeloid leukemia (AML) 
cells [35], while we find that a similar approach in PSC reinforces naive 
cell identity [10]. Cancer cells commonly develop novel oncogenic SEs 
[110,116,117] that can result in addiction to a defined range of 
enhancer-driven transcription. Thus cancer cell oncogenic SEs may be 
sensitive to perturbation, either when hyperactivated, as in the case of 
CDK8 inhibition [35], or when inhibited, as in the case of BRD4 inhi-
bition [78]. This provides an interesting parallel with MEK inhibition, 
which is also detrimental to many cancer cells, but is beneficial to the 
naïve state. 

Binary fate decisions are common throughout development and 
regeneration. We speculate that other cell fate decisions may operate via 
processes in the transcriptional machinery similar to the naïve-primed 
pluripotency equilibrium. Thus, we suggest that other examples of 
CDK8/19i influencing cell identity may exist. Recently, CDK8/19-kinase 
inhibition was found to produce an anti-inflammatory effect in mouse 
tissues. This was attributed to the ability of genetic and small molecule 
CDK8/19-inhibition to promote the production of immuno-suppressive 
regulatory T cells (T-regs) from their progenitor population of naïve T 
cells [118–120]. We hypothesize that this process may operate, at least 
in part, through hyper-activation of enhancers, biasing the outcome of 
naïve T-cell differentiation toward the production of T-reg cells. It will 
be interesting to apply CDK8/19i and global hyperactivation of en-
hancers and Mediator in other examples of cellular plasticity to toggle 
cell fate, where each system may display a naturally dominant fate. 

16. Conclusions 

Mediator is a central hub (Fig. 1) which we can target pharmaco-
logically using small molecule inhibition of CDK8/19. CDK8/19i 
removes a repressive influence from Mediator function, effectively 
triggering hyperactivation of enhancers via the ability of Mediator to 
more efficiently recruit RNA Pol II [10]. In vitro, we identify that 
CDK8/19i shifts the equilibrium between naïve and primed pluripotent 
states, favouring naïve features in mouse and human pluripotent cells 
(Fig. 2). In vivo, we observe CDK8 down-regulation in the E4.5 epiblast, 
coinciding with the natural emergence of the naïve pluripotent state 
(Fig. 2). Thus CDK8 down-regulation in vivo appears to parallel the 
ability of CDK8/19i to stabilze the naïve state in PSCs in vitro. 

The effects of CDK8/19i are not dependent on direct MEK-inhibition 
and this has the advantage of avoiding some deleterious effects of MEK- 
inhibition such as DNA hypo-methylation and genomic instability in 
PSCs [10] (Fig. 4). Nevertheless the majority of the other effects of 
MEK-inhibition can be phenocopied by CDK8/19i10. Thus, current evi-
dence suggests that the control of CDK8/19 activity lies downstream of 
MEK-ERK signaling (Fig. 4). Further studies are required to reveal pre-
cisely how MEK-ERK signaling regulates CDK8/19 activity in PSCs. 
However, we suggest this model to explain how CDK8/19-inhibition can 

recapitulate many, but not all, molecular events typically observed 
during the induction of the naïve state downstream of MEK inhibition. 
Thus chemical inhibition of CDK8/19 offers a new approach that may 
help to solve remaining challenges in human naïve PSC culture associ-
ated with direct MEK-inhibition [10]. 

Molecular analyses reveal how the RNA Pol II transcriptional ma-
chinery is reorganized by CDK8/19i to coordinate cell identity conver-
sion [10]. In the primed state, multiple lineage-specifiying transcription 
programs are in competition, and we suggest that CDK8/19i resolves 
this by up-regulating enhancers and forcing one dominant program to 
suppress the others (Fig. 3). In this way, heterogenous gene expression 
constituting a plastic cell state, is resolved into a single homogenous 
expression program and a stable cell identity. This may reveal insights 
into how the transcriptional machinery resolves other cell fate decisions, 
and surprisingly, how it can be directly manipulated to produce a 
coherent outcome, favouring one local cell identity over others. We 
hypothesize that CDK8/19i may similarly toggle between cell fate out-
comes in other systems of cellular plasticity. Indeed, there is some evi-
dence to support this in AML cancer cells, and in T cell differentiation 
pathways in vivo. 

The extent to which CDK8/19i mimics 2i suggests a central role of 
Mediator during the induction of naïve pluripotency, and it provides a 
mechanism by which naïve pluripotency may arise in vivo [10]. Lastly, 
chemical inhibition of CDK8/19 may help to stabilize other intrinsically 
unstable cell states, and it will be of interest to transfer these principles 
to other contexts of cellular plasticity. 
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Each cell type contains a unique repertoire of active enhancer 
complexes at specific DNA regions that arise due to a high 
concentration of lineage-specific transcription factors and sig-

nalling pathways1–3. The Mediator complex is enriched at enhanc-
ers, where it integrates multiple upstream signals and recruits 
RNA Pol II to nearby and distant promoters4–6. A large fraction of 
Mediator clusters within a small number of unusually long multi-
partite enhancers, which are known as super enhancers (SEs)2,3,7. 
SEs drive high expression of master transcription factors that main-
tain cell identity, yet SEs are also vulnerable to perturbation through 
sharp transitions in their phase separation2,3,7. Given the central 

role of Mediator in enhancer-driven transcription, modulation of 
its activity may influence cellular identity and plasticity7,8. Indeed, 
global enhancer activation was identified across multiple types of 
cancer in humans9. The kinase CDK8 and its similar, albeit poorly 
studied, paralogue CDK19 represent the only enzymatic activity of  
the thirty-subunit Mediator complex4–6. This CDK8/19 submod-
ule negatively regulates the recruitment of RNA Pol II through its 
kinase activity, and it may also sterically hinder the association 
between Mediator and RNA Pol II5,6,10–13. Accordingly, chemical 
inhibition of CDK8/19 results in global hyperactivation of enhancer 
function within cancer cells14. There are additional layers of  

Global hyperactivation of enhancers stabilizes 
human and mouse naive pluripotency through 
inhibition of CDK8/19 Mediator kinases
Cian J. Lynch1,2, Raquel Bernad1,2, Ana Martínez-Val3, Marta N. Shahbazi! !4,5,  
Sandrina Nóbrega-Pereira! !6, Isabel Calvo! !1,2, Carmen Blanco-Aparicio! !7, Carolina Tarantino8,  
Elena Garreta8, Laia Richart-Ginés9, Noelia Alcazar1,2, Osvaldo Graña-Castro10,  
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Pluripotent stem cells (PSCs) transition between cell states in vitro, reflecting developmental changes in the early embryo. 
PSCs can be stabilized in the naive state by blocking extracellular differentiation stimuli, particularly FGF–MEK signalling. Here, 
we report that multiple features of the naive state in human and mouse PSCs can be recapitulated without affecting FGF–MEK 
signalling or global DNA methylation. Mechanistically, chemical inhibition of CDK8 and CDK19 (hereafter CDK8/19) kinases 
removes their ability to repress the Mediator complex at enhancers. CDK8/19 inhibition therefore increases Mediator-driven 
recruitment of RNA polymerase II (RNA Pol II) to promoters and enhancers. This efficiently stabilizes the naive transcriptional 
program and confers resistance to enhancer perturbation by BRD4 inhibition. Moreover, naive pluripotency during embryonic 
development coincides with a reduction in CDK8/19. We conclude that global hyperactivation of enhancers drives naive pluri-
potency, and this can be achieved in vitro by inhibiting CDK8/19 kinase activity. These principles may apply to other contexts 
of cellular plasticity.
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complexity—CDK8 can phosphorylate multiple Mediator subunits, 
the RNA Pol II C-terminal regulatory domain, chromatin regulators 
and transcription factors4–6,11–17.

PSCs provide a prototypical model of cellular plasticity, the 
transcriptional program of which can be stabilized, extinguished 
or recaptured18–23. Although human PSCs offer great therapeutic 
promise, successful clinical applications remain limited, as human 
pluripotency is less characterized and less stable in vitro compared 
with in mice21,22,24. Chemical inhibition of MEK and GSK3 kinases 
with a two-inhibitor cocktail known as 2i shields mouse PSCs from 
extracellular differentiation in a state that is known as naive pluri-
potency25. Mouse PSCs cultured in 2i (referred to as 2i-naive cells) 
phenocopy the stable and homogenous state of undifferentiated 
naive pluripotency that exists transiently in embryonic day 4.5 (E4.5) 
preimplantation embryo epiblast18,19,25. By contrast, culture of PSCs 
without 2i shifts cell identity towards the postimplantation epiblast 
at ~E6.5, also known as primed pluripotency18,19,23. Enhancer desta-
bilization by chemical blockade of BRD4, which is a key compo-
nent of enhancers and SEs, triggers the loss of Mediator-driven gene 
expression in many cell types and induces differentiation in primed 
PSCs26–28. Notably, 2i-naive PSCs are highly resistant to enhancer 
destabilization28, indicating that there is an association between 
naive pluripotency and enhancer stability/resilience. MEK inhibi-
tion has been implicated upstream of potent and rapid reconfigura-
tion of the transcriptome, proteome and DNA methylome, within 
embryonic or 2i-naive pluripotency18–20,23. However, the molecu-
lar mediators of 2i that are responsible for enhancer stabilization 
remain unclear.

Here we assessed the effect of inhibiting the activity of the 
Mediator CDK8/19 kinases, in order to elucidate the transcriptional 
basis of PSC identity and their plasticity. In summary, stimulat-
ing Mediator through its kinase module represses differentiation, 
favours self-renewal and upregulates preimplantation naive epiblast 
gene expression in mouse and in human.

Results
Inhibition of Mediator kinase stabilizes mouse naive pluripo-
tency. GFP knock-in reporters at key stem cell marker genes such as 
Nanog represent well-established and precise indicators of the naive 
(GFPhigh) and primed states (GFPlow)18,22,29. For example, in the 2i-naive 
state, Nanog promoter activity is enhanced, yielding a characteristi-
cally homogenous Nanog-GFPhigh cell expression pattern and uni-
form dome-shaped colonies (Fig. 1a–c and Extended Data Fig. 1a). 
By contrast, the Nanog promoter is metastable in primed-state PSCs, 

reversibly oscillating between high and low activity, presenting a het-
erogeneous Nanog-GFP expression pattern and flattened diffuse col-
onies, indicative of a general underlying switch in the transcriptional 
program18,20,23,29,30. The BRD4 inhibitor JQ1 destabilizes enhancers, 
resulting in colony flattening and a GFPlow status (Fig. 1a), as reported 
previously26–28. In this experimental setting, we tested the effect of 
manipulating the transcriptional cyclin-dependent kinases (CDK7, 
CDK8/19 and CDK9) with a panel of small-molecule inhibitors. 
Several potent and structurally unrelated CDK8/19 inhibitors had a 
positive effect, inducing the formation of homogenous dome-shaped 
colonies, and upregulating both the Nanog-GFP reporter and 
endogenous Nanog expression, similar to PSCs in the 2i-naive state  
(Fig. 1a–e, Extended Data Fig. 1a and Supplementary Table 1), whereas 
inhibition of CDK7 or CDK9 did not. We assessed the potency and 
selectivity of CDK8/19 inhibitors, commercially available or devel-
oped in-house, using multiple methods: (1) selectivity was sug-
gested using a KinomeScan panel of 456 kinases; (2) LanthaScreen 
assays demonstrated inhibitory activity at nanomolar concentrations 
against pure recombinant CDK8–CCNC and CDK19–CCNC; (3) 
luciferase reporter cell assays (TOP-FLASH); and (4) potent inhibi-
tion of phosphorylation of STAT1 at Ser 727 in human PSCs, which 
is a well-documented CDK8 target site11,14,16,31 (Fig. 1f, Extended Data 
Fig. 1b, Supplementary Table 1 and Supplementary Information). 
On the basis of these data, we focused on the molecule that was 
generated at the Centro Nacional de Investigaciones Oncológicas 
(CNIO)—CDK8/19i-ETP-47799 (hereafter, CDK8/19i), which was 
the most effective at improving mouse PSCs (Fig.1a,b and Extended 
Data Fig. 1a; information about the structure and characterization of 
this inhibitor, as well as a comparison with other inhibitors used in 
this study, is provided in Supplementary Table 1 and Supplementary 
Information). In addition to improvements in the Nanog-GFP pro-
file and colony morphology described above, the effect of CDK8/19i 
on mouse PSCs resembled 2i in three other ways: (1) it was observed 
in serum-containing and serum-free-based media (Fig. 1a and 
Extended Data Fig. 1a); (2) it was reversible after CDK8/19i with-
drawal, with kinetics similar to that of 2i removal (Extended Data 
Fig. 1c); and (3) after removal of LIF or inhibition of LIF signalling 
using a JAK inhibitor, the presence of CDK8/19i delayed the down-
regulation of Nanog-GFP expression (Extended Data Fig. 1d,e). We 
conclude that inhibiting Mediator kinase CDK8/19 shifts mouse 
PSC morphology and Nanog expression towards their characteristic 
status in the naive state18,23,29.

As a genetic validation, depletion of CDK8, CDK19 and, most 
successfully, their regulatory partner cyclin C (CCNC; which is 

Fig. 1 | An inhibitor screen for factors that promote the PSC naive state identifies a distinct role for Mediator kinase activity. a, Fluorescence-activated 
cell sorting (FACS) analysis of the effect of the indicated treatments on Nanog expression (Nanog-GFPhigh) per cell, using a mouse Nanog-GFP knockin 
reporter PSC line29 in standard serum/LIF base medium. Data are mean!±!s.d. of n!=!4 independent experiments. ActD, Actinomycin D; Flavo, Flavopiridol; 
compounds 69 and 111 are specific CDK9 inhibitors. Details about inhibitor characterization are provided in Supplementary Table 1 and the Supplementary 
Information b, FACS analysis of Nanog-GFP expression with three different CDK8/19i inhibitor molecules. Nanog-GFPlow and Nanog-GFPhigh cell populations 
in the serum/LIF population (grey). The dotted line indicates the threshold at which >95% cells are Nanog-GFPHigh in 2i-naive culture conditions. Data are 
representative of three experiments. c, PSC colony morphology in the indicated treatments. Bright-field images and Nanog-GFP expression are shown. 
Data are representative of six experiments. d,e, Endogenous Nanog mRNA (d) or protein (e) expression levels in mouse PSCs adapted to the indicated 
conditions. Data are representative of three experiments. Data are mean!±!s.d. Statistical analysis was performed using unpaired two-tailed t-tests; 
*P!<!0.05. f, The levels of the CDK8-target STAT1 phosphorylation at Ser!727 (Ser!727P). HERVH human iPSCs treated with CDK8/19i concentrations for 
3!h with or without the simultaneous induction of STAT1-Ser!727P by interferon-γ for 3!h. Data are representative of two experiments. g, Cell morphology 
and qPCR with reverse transcription (RT–qPCR) analysis of mouse PSCs after 7!d of shRNA-mediated knockdown of CDK8, CDK19 and CCNC (which 
encodes cyclin C). Data are the mean values from two experiments. h,i, Cell morphology and alkaline phosphatase staining (h) and FACS analysis of 
endogenous NANOG and OCT4 protein levels (i) in CDK8/19-dKO iPSCs stably expressing pMSCV-Empty (Empty) or pMSCV-CDK8-kinase dead 
(CDK8-KD). Data are representative of three independent clones. j,k, RT–qPCR analysis (j; data are mean!±!s.d. from n!=!3 independent clones) and 
western blot analysis of protein expression (k; data are representative of two experiments) in WT iPSCs or CDK8/19-dKO iPSCs stably expressing 
pMSCV-Empty or pMSCV-CDK8-KD, adapted to the indicated medium conditions. l, Alkaline phosphatase (AP) staining. Cells were fixed and stained 
14!d after retroviral expression of pMSCV-Empty or pMSCV-CDK8-KD. Staining intensity was scored visually for each colony using ten fields of view. 
Data are mean!±!s.d. from three experiments. m, Immunofluorescence in CDK8/19-dKO iPSCs expressing pMSCV-CDK8-KD-puro-IRES-GFP. Data are 
representative of four experiments. For c, g, h and m, scale bars, 100!μm. 
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essential for full kinase activity8) by short-hairpin RNA (shRNA) 
knockdown led to upregulation of Nanog expression and naive-like 
colony morphology (Fig. 1g and Extended Data Fig. 1f,g). In 
another genetic approach, we generated CDK8/19 double-knockout 
(dKO) mouse PSCs (Extended Data Fig. 1h–k). CDK8/19-dKO 

PSCs could self-renew indefinitely, but CDK8/19-dKO was insuf-
ficient to confer naive morphological features or Nanog upregula-
tion. Importantly, CDK8/19-dKO PSCs no longer responded to 
CDK8/19 inhibitors (Extended Data Fig. 1l,m). Together, this sug-
gested that the beneficial effects observed may require the physical  
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presence of the inactive kinase. In agreement, we found that recon-
stituting CDK8/19-dKO PSCs with exogenous CDK8 rescued the 
ability of these cells to respond to CDK8/19i, observed by naive 
morphological features and Nanog, Klf4 and Oct4 upregulation 
(Extended Data Fig. 1l,m). Moreover, CDK8/19-dKO PSCs that 
were reconstituted with a CDK8 kinase-dead mutant (CDK8-KD; 
D173A) displayed homogenous naive colony morphology, high 
expression of naive-state markers (Fig. 1h–m) and downregulation 
of Fgf5, which is a key marker of the primed state18,19,23 (Fig. 1j), 
all without the need for any chemical inhibitor and despite main-
taining active MEK–ERK signalling (Fig. 1k). Thus, CDK8/19-dKO 
cells expressing CDK8-KD phenocopy the effects of chemical inhi-
bition of CDK8/19. Finally, postimplantation epiblast stem cells 
(EpiSCs; cultured with FGF2 and activin) are in a more develop-
mentally advanced primed state than mouse PSCs in serum/LIF18,19. 
Interestingly, EpiSCs exogenously expressing CDK8-KD lost Fgf5, 
upregulated Nanog, Rex1 and Klf4, and formed dome-shaped col-
onies with high alkaline phosphatase staining; together, these are 
characteristic of conversion to the naive state (Fig. 2a and Extended 
Data Fig. 2a). In summary, CDK8/19 kinase inhibition is sufficient 
to promote key characteristics of naive pluripotency, despite the 
continued presence of MEK–ERK signalling.

Long-term culture of mouse PSCs (>10 passages) in CDK8/19i 
maintained PSC naive features, including colony morphology, high 
alkaline phosphatase, Nanog-GFPhigh, high endogenous Nanog, high 
ICAM1 cell surface expression and nuclear localization of TFE3 
(refs. 21,24,32–34; Fig. 2b–d and Extended Data Fig. 2b,c). Long-term 
CDK8/19i-adapted PSCs displayed typical developmental capac-
ity after inhibitor withdrawal, specifically, retinoic-acid-induced 
differentiation, embryoid body cardiac centre formation, spheroid 
polarization and lumenogenesis35, generation of teratomas con-
taining three germ layers, and robust chimaera contribution after 
morula aggregation and blastocyst microinjection assays (traced by 
constitutive GFP or RFP) evaluated at E4.5, E7.5, E14.5 and in fully 
developed adults that subsequently completed germline transmis-
sion (Fig. 2d–i and Extended Data Fig. 2d–f). Notably, the continued 
presence of CDK8/19i impaired the early developmental events35 of 
polarization and lumenogenesis in vitro (Fig. 2e), an observation 
that is discussed below. Thus, PSCs that are long-term adapted to 
CDK8/19i maintain upregulation of naive features, self-renewal and 
developmental capacity.

CDK8/19i induces and stabilizes the naive state in human PSCs. 
We tested the effect of CDK8/19i on human stem cell identity. 

STAT3 overexpression plus 2i induces the human naive state36, and 
we observed that CDK8/19i could replace 2i in this system (Fig. 2j).  
Even in the absence of STAT3 overexpression, other transgenes 
or chemicals, CDK8/19i treatment progressively converted 
human induced PSC (iPSC) colonies from flat and primed-like, 
to dome-shaped naive-like birefringent morphology. This was 
observed for a total of 7 human PSC lines treated with 0.4 µM or 
1.1 µM CDK8/19i/LIF for 2–3 weeks (Fig. 2k and Extended Data 
Fig. 2g), including human iPSCs carrying a specific HERVH-GFP 
reporter insertion that marks human naive cell identity37 (Fig. 2k 
and Extended Data Fig. 2h). A 2i-based chemical cocktail (hereafter 
2i p38iJNKi) induced naive colony morphology, as expected33,37, and 
combined with selection by cell sorting yielded cultures with homo-
geneous HERVH-GFPhigh (Extended Data Fig. 2h). Interestingly, 
treatment with CDK8/19 inhibitors (CDK8/19i or SnxA) also pro-
duced morphological conversion and increased GFP, similar to 2i 
p38iJNKi (Fig. 2l and Extended Data Fig. 2h). The changes induced 
by CDK8/19 inhibition were gradual, required no selection after 
passage (sorting or manual picking), required no additional sup-
plements except for rhLIF and were stable in the continuous pres-
ence of the inhibitor. By contrast, CDK7 inhibition failed to change 
colony morphology or GFP fluorescence, and produced cell death 
(Extended Data Fig. 2h). Culturing human PSCs in CDK8/19i, 
with or without p38iJNKi, increased their clonogenicity, alkaline 
phosphatase intensity and pluripotency markers32–34,38 NANOG, 
OCT4, SSEA4, TRA1–81, TFCP2L1 and KLF17 (Figs. 2m and 3a, 
and Extended Data Figs. 2i and 3a–c). MYC, which is known to 
be reduced in naive cells25,32, was also reduced in cells maintained 
in CDK8/19i (Fig. 3a). Thus, similar to the observations in mouse 
PSCs described above, treatment of human PSCs with CDK8/19i 
establishes features that are characteristic of the naive state.

Developmental potential of CDK8/19i-adapted human PSCs. 
Chemical induction of the human naive state can trigger genomic 
instability, severely impairing developmental potential24,39. We 
found that CDK8/19i-adapted human PSCs (five lines) had a nor-
mal karyotype over >16 passages (Extended Data Fig. 3d) and, 
after inhibitor withdrawal, maintained the capacity to contrib-
ute towards all three embryonic germ layers by embryoid-body 
differentiation in vitro and by teratoma assay in vivo (Fig. 3b–d 
and Supplementary Table 1), comparable to control primed cells. 
Preimplantation interspecies chimerism tests for naive-specific 
properties, namely, capacity for clonal survival in a host embryo40,41. 
We tested CDK8/19i-adapted human iPSCs carrying a constitutive  

Fig. 2 | Positive effect of long-term treatment of CDK8/19i on PSC self-renewal and pluripotency. a, Morphology and mRNA expression of mouse  
EpiSCs expressing pMSCV-Empty or pMSCV-CDK8-KD, then 7!d in EpiSC medium or standard embryonic stem cell (ESC) medium serum/LIF. Data  
are mean!±!s.d. from n!=!3 experiments. Scale bars, 100!μm. b,c, Clonogenicity of mouse PSCs. Nanog-GFP PSCs were FACS-sorted one cell per well, 
cultured for 7!d and then stained for alkaline phosphatase (b) or scored for Nanog-GFP intensity (c) to assess the pluripotent status of each colony, in 
standard medium serum/LIF, 2i-naive or CDK8/19i conditions. Data are representative of three experiments. d,e, The differentiation capacity of mouse 
PSCs that were previously adapted to serum/LIF, 2i or CDK8/19i. d, PSCs differentiated as indicated in two-dimensional culture. Analysis of PSC exit from 
pluripotency (Nanog downregulation) and differentiation (Nestin upregulation) using RT–qPCR. Data are the mean values of two experiments.  
e, Pluripotency exit assessed using immunofluorescence after PSC culture in three-dimensional Matrigel with or without CDK8/19i/LIF to observe early 
epiblast development (rosette formation and lumenogenesis) in PSC spheroids35. ‘Disorganized’ indicates differentiation failure. Data are representative 
of three experiments, n!=!30 spheroids per condition. Statistical analysis was performed using unpaired two-tailed t-tests; ***P!=!0.0097. Scale bars, 
10!μm. f–i, In vivo assays of developmental capacity. Mouse CDK8/19i-treated PSCs, constitutively labelled with ROSA26–GFP or Tg.CAG–Katushka, 
were aggregated with, or microinjected into, host E2.5 morulae. Embryo chimerism was assessed visually. E4.5 blastocyst, n!=!10 (f); E6.5 egg cylinder, 
n!=!10 (g); E14.5, n!=!2 (h); and perinatal E19.5, n!=!4 (i). In i, three male (M) adult chimaeras (bottom left, the percentage of chimerism on the basis of 
coat colour is indicated) displayed germline transmission, generating three litters (bottom right, coat colour confirmed germline transmission per litter). 
Scale bars, 25!μm (f), 100!μm (g), 1!mm (h), 1!mm (i). H&E, haematoxylin and eosin; BF, bright field. j, Induction of naive colony morphology in human 
OSCAR ESCs. Tamoxifen-inducible constitutively active STAT3/LIF/2i (TL2i)36, or substituting CDK8/19i for 2i (TLCDK8/19i). Data are representative 
of three experiments. Scale bars, 100!μm. k, Induction of naive colony morphology in three human PSC lines; primed or cultured for 14!d with CDK8/19i. 
Scale bars, 100!μm. l, Cytometry analysis of HERVH-GFP intensity per cell in human PSCs; primed or cultured for 14!d with CDK8/19i. For k and l, data are 
representative of >5 experiments. m, Western blots of pluripotency markers in human PSCs; primed or cultured for 14!d with 2i-based or CDK8/19i-based 
medium, with or without p38iJNKi. SMC1 was used as a loading control.
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Tomato-red marker for human–rabbit interspecies chimerism by 
microinjecting them into E2.5 rabbit morulae. Interestingly, the 
presence of human cells (Tomato+) was detected 72 h later in up to 
50% of the injected rabbit blastocysts (Fig. 3e). By contrast, human 
PSCs in the primed state were unable to integrate or survive in rab-
bit embryos (0 out of 24 rabbit embryos), similar to previous reports 
for primed state human PSCs within the embryos of mice, pigs 
and cattle40,41. In summary, long-term adaptation of human PSCs 
to CDK8/19i stabilizes naive pluripotency while preserving their 
developmental potential. We conclude that the role of CDK8/19 in 
pluripotency is conserved in mice and humans and, therefore, pre-
sumably across mammals.

CDK8/19i resets the transcriptome and proteome similar to 2i. 
Using RNA-seq, we compared global gene expression in mouse 
PSCs that were long-term adapted to CDK8/19i versus 2i. Overall, 

CDK8/19i altered gene expression with a magnitude similar to the 
magnitude in 2i conditions, and with a highly significant overlap in 
the identity and biological functions of genes that were up- or down-
regulated in both serum-containing and serum-free media (Fig. 4a, 
Extended Data Fig. 3e,f and Supplementary Table 2). Compared 
with control primed conditions, naive pluripotency markers were 
enhanced in CDK8/19i and 2i (Fig. 4b and Extended Data Fig. 3g), 
whereas differentiation markers were globally downregulated in 
CDK8/19i and 2i conditions (Supplementary Table 2).

Endogenous retrovirus (ERV) expression is highly stage-specific 
during mammalian preimplantation and precisely defines naive 
and primed PSC identity42–46. The transcriptomic overlap between 
CDK8/19i or 2i treatments extended to ERVs; similar viral fami-
lies were significantly up- or downregulated in mouse PSCs (Fig. 4c  
and Supplementary Table 2). In particular, LINE L1 families, 
each with thousands of copies across the genome, were regulated 
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in close parallel, displaying highly similar pattern of expression 
in the CDK8/19i and 2i-naive states (Extended Data Fig. 3g,h). 
Another aspect of the plasticity of mouse PSCs is their ability to 
transition to a two-cell-like (2C) state, specifically marked by hyper-
activation of the MERVL family of ERVs and by Zscan4c expres-
sion46,47. Stabilization of the naive state with 2i impairs the 2C-like 
fluctuation46,47. We also observed this in CDK8/19i-treated PSCs 
using multiple 2C markers, including MERVL and Zscan4c, and 

MERVL-Tomato and Zscan4c-eGFP 2C-reporter models (Fig. 4d, 
and Extended Data Figs. 3i–m and 4a–c). Finally, our CDK8/19i 
and 2i transcriptomic data correlated with published transcrip-
tomes48–51 from independent studies of 2i-naive mouse PSCs and the 
transcriptome of E4.5 epiblast single cells52 (Fig. 4e and Extended 
Data Fig. 4d,e).

RNA-seq analyses of human PSCs that were adapted to CDK8/19i 
or a 2i-based naive cocktail overlapped significantly (Fig. 4f and 
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Supplementary Table 3). Markers of human and primate preimplan-
tation epiblasts and in vitro naive human PSCs32–39 were upregulated 
by CDK8/19i, whereas differentiation markers were repressed53–59 
(Fig. 4g, Extended Data Fig. 4f–j and Supplementary Table 3). 
Moreover, the global human ERV transcriptomes of CDK8/19i- and 
2i-adapted cells overlapped extensively, including upregulation of 
the SVA, LTR7 and HERV families (Fig. 4h–j and Supplementary 
Table 3), consistent with reports of ERV expression in human and 
primate naive PSCs and preimplantation epiblast43–45. Finally, we 
observed that there is a high correlation between RNA expression 
data of CDK8/19i-adapted human PSCs and seven independent 
studies in human and primate PSCs from the in vitro naive state 
and from embryo naive epiblast single-cell analyses39,53–60 (Fig. 4k).

Although PSC plasticity has been examined in terms of RNA 
expression, its proteome remains relatively poorly defined. We ana-
lysed the proteome of mouse PSCs in serum/LIF versus 2i-naive 
or CDK8/19i-adapted conditions. Across five mouse PSC lines, 
CDK8/19i altered the expression levels of 465 proteins, of which 
159 (34%) changed in the same direction in 2i conditions (Fig. 4l,m, 
Extended Data Fig. 5a,b and Supplementary Table 4). Importantly, 
among the overlapping changes in both 2i-naive and CDK8/19i 
conditions, we noted that key pluripotency regulators, such as 
KLF4, and metabolic pathways, such as oxidative phosphoryla-
tion, featured among the most upregulated; by contrast, LIN28A, 
MYC-target genes and differentiation markers were downregu-
lated (Fig. 4m, Extended Data Fig. 5c and Supplementary Table 4).  
Furthermore, proteomic changes in 2i and CDK8/19i conditions 
were significantly correlated with the transcriptomic changes 
observed (Extended Data Fig. 5d,e).

In summary, CDK8/19i upregulates pluripotency markers, 
reshapes the endogenous retroviral transcriptome and represses 
differentiation markers in a manner that is similar to the transcrip-
tomic and proteomic resetting that was observed in previous studies 
of naive pluripotency, in vitro and in vivo, in mice and humans.

CDK8/19i does not reset global DNA methylation levels. Many 
2i-based chemical cocktails induce global DNA hypomethylation, 
both in mouse and human PSCs21. This has been attributed to 
MEK-dependent stabilization of UHRF1, which is a critical fac-
tor for recruiting DNMT1 to the DNA61. Importantly, the pattern 
of demethylation induced by 2i diverges significantly compared 
with the preimplantation naive epiblast state, and is associated 
with PSCs exhibiting genomic instability, chromosomal defects 

and loss of pluripotency24,39,62,63. Recent 2i-variant cocktails (with 
partial MEK inhibition) offer the advantage of largely preserving  
global DNA methylation62–64. Importantly, neither mouse nor 
human CDK8/19i-adapted PSCs showed evidence of global DNA 
hypomethylation (Fig. 5a,b). Moreover, 2i or MEK inhibition alone 
induced demethylation of LINE L1 repeat regions (Fig. 5c) and 
major satellite regions (Extended Data Fig. 5f) but had no effect on 
the methylation of IAP repeats (Extended Data Fig. 5g), all as pre-
viously reported65. By contrast, CDK8/19i did not reduce methyla-
tion at any of these mouse repeat elements (Fig. 5c and Extended 
Data Fig. 5f,g) or UHRF1 protein levels (Supplementary Table 4). 
Thus, CDK8/19i induces naive features in the absence of global 
DNA hypomethylation, and this is probably due to its lack of MEK 
inhibition (Fig. 1k and see below) or UHRF1 downregulation. By 
not recapitulating the partial demethylation of the naive epiblast, 
CDK8/19i has the advantage of preserving chromosomal stability 
and pluripotency after cell expansion (see above), which is particu-
larly relevant for naive human PSCs. This is consistent with variant 
medium cocktails that are based on minimizing MEK inhibition 
both in mouse and human naive PSCs62–64.

X-chromosome reactivation status is another molecular signa-
ture that has been reported in human naive pluripotency during  
MEK inhibition21,66,67, which may be inferred by assessing XIST 
RNA expression in female cells. However, analysis using quan-
titative PCR (qPCR) revealed that there was very low XIST 
expression in our primed human PSCs (Extended Data Fig. 5h), 
suggesting that erosion of X-chromosome silencing may have 
already occurred in the parental cells under primed conditions, 
as observed previously67. Notably, some 2i-based cocktails reac-
tivate XIST expression even in primed human PSCs displaying 
erosion of X-chromosome-silencing66,67, but this was not the case 
for our CDK8/19i-adapted cells (Extended Data Fig. 5h). In sum-
mary, CDK8/19i treatment does not recapitulate the reactivation of 
XIST in X-chromosome-silencing-eroded primed cells, indicating 
another distinction between CDK8/19i and most human medium 
cocktails that are based on MEK inhibition.

CDK8/19i induces phosphorylation changes similar to 2i. We 
assessed the phosphoproteome of mouse PSCs after only 15 min 
exposure to CDK8/19i or 2i to explain their phenotypic similarity.  
Strikingly, out of 622 altered phosphorylation sites, 495 (79.6%) 
were similarly regulated by CDK8/19i and 2i (Fig. 5d,e). The 
co-regulated phosphorylation sites occurred on proteins that 

Fig. 4 | Gene expression in mouse and human PSCs adapted to 2i or CDK8/19i. a,b, Overlap and hypergeometric significance (a) of differentially 
expressed mRNAs in mouse PSCs in 2i-naive or CDK8/19i conditions versus serum/LIF (RNA-seq; n!=!3 biological replicates; false-discovery rate 
(FDR)-adjusted P (q)!<!0.01). b, Heat map of changes in selected pluripotency regulators. c,d, Overlap and hypergeometric significance of differentially 
expressed ERV families (c) and overlap of 2C fluctuation markers (d) in mouse PSCs in 2i-naive or CDK8/19i versus serum/LIF. n!=!3 biological replicates; 
q!<!0.05. e, Heat map of normalized enrichment scores (NES) from a gene set enrichment analysis (GSEA) comparison of the mouse RNA-seq data shown 
in a (n!=!3 biological replicates), or five other studies23,48–51, versus stage-specific marker gene sets that were identified during mouse preimplantation 
development52. PreEPI/PostEPI, refer to pre- or post-implnatation epiblast cells. Significant comparisons are indicated by asterisks; P!<!0.05 and 
q!<!0.05. f,g, Overlap and hypergeometric significance (f) of differentially expressed mRNAs in human PSCs cultured as indicated versus control primed 
cells (RNA-seq; n!=!3 biological replicates; q!<!0.05, threshold >2× fold change). g, Selected human naive pluripotency markers (upregulated), or 
postimplantation primed epiblast markers (downregulated) in human PSCs cultured as indicated. h,i, Heat maps of the correlation in RNA expression 
changes for ERV families (h; n!=!1,066 families, each row shows the mean value of the family) or individual loci of selected ERV families (i; genomic loci n 
values are indicated) in human PSCs cultured as indicated versus control primed cells. HERVH-int refers to the internal transcribed region of the HERVH 
genome. j, RT–qPCR analysis of RNA expression of the ERVs HERVH or HERVK, in human PSCs cultured as described in f. n!=!3 biological replicates. 
Data are mean!±!s.d. k, Heat map of NES scores from a GSEA comparison of our human PSC RNA-seq (n!=!3 biological replicates), or seven other studies 
(indicated at the top)32–34,39,58–60, versus stage-specific marker gene sets identified during human preimplantation development (below each heat map)54–57. 
Bottom, comparison between our data and the other studies. Significant comparisons are indicated by asterisks; P!<!0.05 and q!<!0.05. Colour scale as 
in e above. l,m, Proteomic overview. l, Overlap and hypergeometric significance of differentially expressed proteins averaged across five mouse PSC lines 
in 2i-naive or CDK8/19i versus standard serum/LIF culture. n!=!5 biological replicates; q!<!0.05. m, Heat map of protein changes in selected pluripotency 
regulators per cell line. Data for each cell line are provided in Extended Data Fig. 5a,b. Full gene lists, ERV lists, fold changes and statistical tests in a–i and k 
are provided in Supplementary Table 2. A list of differentially expressed proteins in l and m is provided in Supplementary Table 4.
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or termination subregions of each gene indicated that 2i induces an 
increase in RNA Pol II binding selectively to the promoter region 
(Fig. 5j and Extended Data Fig. 6d). Importantly, this was recapit-
ulated by CDK8/19i, increasing RNA Pol II binding to promoters 
at a similar magnitude to that observed in 2i-induced naive plu-
ripotency, following a gene-specific pattern (Figs. 5j and 6a–f and 
Supplementary Table 6). Thus, 2i- and CDK8/19i-induced naive 
pluripotency is accompanied by widespread accumulation of RNA 
Pol II abundance at promoters. We also observed a correlation 
between changes in the abundance of RNA Pol II at promoters in 2i 
or in CDK8/19i conditions, as well as changes in mRNA expression 
for each gene (Extended Data Fig. 6e–i). In summary, gene-specific 
changes in RNA Pol II promoter loading may explain a significant 
proportion of the mRNA expression profile characteristic of 2i- or 
CDK8/19i-induced naive pluripotency.

CDK8/19i and 2i trigger activation of SEs. The primary role of 
Mediator is at enhancers, regulating the recruitment of RNA Pol II to 
promoters4–6. Using published ChIP–seq datasets2,3 (Supplementary 
Table 7), we confirmed that CDK8/19 was enriched at promoter, 
typical enhancer (TE) and SE regions as previously defined in mouse 
PSCs2 (Fig. 6g and Extended Data Fig. 7a–c). There is a strong corre-
lation between the abundance of CDK8/19, Mediator subunits and 
other factors that are critical for enhancer activity1,6 (such as, p300, 
CBP, Pol II or BRD4; Extended Data Fig. 7d); the highest levels of 
CDK8/19 occurred within SE regions (Fig. 6g and Supplementary 
Table 7); and, finally, putative target genes proximal to genomic 
CDK8/19-binding loci were highly enriched in preimplantation 
functions characteristic of pluripotent cell identity (Extended 
Data Fig. 8a–c). We therefore hypothesized that, in mouse PSCs, 
CDK8/19 inhibition might act through Mediator to trigger changes 
in enhancer activity, explaining the observed increase in RNA Pol 
II loading at promoters and regulation of pluripotent states. As 
CDK8/19 protein was particularly enriched at SE regions, we exam-
ined the impact of CDK8/19i on SE function. Enhancers contain 
RNA Pol II, which transcribes enhancer-derived RNAs (eRNAs)—
a process that faithfully reflects enhancer activity4,8,70. We therefore 
measured the effect of CDK8/19i or 2i on the levels of RNA Pol II and 
eRNAs at SEs. Importantly, the abundance of RNA Pol II was selec-
tively increased at CDK8/19-binding sites and, accordingly, RNA 
Pol II recruitment was also preferentially increased at SEs compared 

with TEs (Fig. 6h,i and Extended Data Fig. 8d). Consistent with 
this, mouse PSCs treated with 2i or CDK8/19i showed an increase 
in enhancer-derived eRNA levels, as well as RNA Pol II abundance, 
within enhancers specific for the naive state71 (Fig. 7a and Extended 
Data Fig. 8e,f). Induction of naive-specific eRNAs and naive marker 
genes was an early event, occurring within 48 h after adding 2i or 
CDK8/19i, and it was rapidly reversible (Fig. 7a and Extended Data 
Fig. 8g). Finally, consistent with naive-specific enhancer activation, 
the expression levels of SE target genes were preferentially upregu-
lated in both 2i and CDK8/19i conditions (Fig. 7b,c and Extended 
Data Fig. 8h). We conclude that, in PSCs, CDK8/19i and 2i hyper-
activate existing SEs and upregulate SE-target genes in a manner 
that reinforces naive pluripotency.

CDK8/19 inhibition compensates for BRD4 inhibition. Loss 
of Mediator function preferentially decreases the expression of 
enhancer target genes across multiple cell types4–6,26–28. In par-
ticular, BRD4 inhibition in primed state PSCs decreases the abil-
ity of Mediator to recruit RNA Pol II, and this results in the loss 
of Mediator-driven transcription, a collapse in pluripotency gene 
expression and differentiation27,28 (Fig. 1a). Compared with primed 
PSCs, naive PSCs are highly resistant to the decreased Mediator 
activity and enhancer destabilization induced by BRD4 inhibi-
tion28. Interestingly, mouse PSCs lacking endogenous CDK8/19 
and reconstituted with kinase-dead CDK8 were resistant to 
enhancer destabilization by BRD4 inhibition for ten passages (>3 
weeks), maintaining naive morphology, and showed high expres-
sion of alkaline phosphatase, naive-specific pluripotency markers 
and naive-specific eRNAs, similar to 2i-naive PSCs (Fig. 7d,e and 
Extended Data Fig. 8i,j). Thus, PSCs expressing kinase-dead CDK8 
phenocopy the robust resistance to enhancer destabilization that is 
characteristic of 2i-naive PSCs.

The roles of CDK8/19 during early embryonic development. 
Given our observations that CDK8/19 inhibition stabilizes naive 
pluripotency, we investigated CDK8/19 function during early 
embryonic development. We focused on CDK8, which we found is 
highly expressed compared with CDK19 in both mouse and human 
PSCs (Extended Data Figs. 1k and 9a). Using a CDK8-specific 
antibody (Extended Data Fig. 1j), we detected CDK8 protein from 
the mouse zygote to morula (Extended Data Fig. 9b). Consistent 

Fig. 8 | CDK8 expression in vivo and the role of Mediator during mouse preimplantation development. a,b, Immunofluorescence imaging and 
quantification of CDK8 expression at the indicated time points during early mouse embryo development. a, A single z section. b, CDK8 protein  
levels per nucleus, quantified per time point, relative to the internal controls. OCT4/GATA6 coexpression marks all ICM cells at E3.5. OCT4/GATA6 
segregation from E4.5 to E5.5 marks epiblast (Epi/OCT4+) and PE (PE/GATA6+), which later forms visceral endoderm (VE) at E5.5. Embryo staging, 
CDK8 quantification and normalization (Methods). Data represent two independent experiments (representative images); ICM, n!=!6 embryos, n!=!64 
nuclei; E4.5, n!=!5 embryos, nuclei: n!=!51 (Epi), n!=!48 (PE); E5.0, n!=!5 embryos, nuclei: n!=!48 (Epi), n!=!52 (PE); E5.5, n!=!6 embryos, nuclei: n!=!100  
(Epi), n!=!84 (PE/VE). Data are mean!±!s.d. Statistical significance was assessed using Kruskal–Wallis tests with Dunn’s multiple-comparison test.  
c,d, CDK8 expression is repressed by MEK inhibition in vivo. Embryos were incubated for 48!h with or without MEKi (8-cell stage to E4.5 blastocyst). 
c, Immunofluorescence analysis of CDK8 protein expression in E4.5 blastocysts. Data are representative of three experiments. d, CDK8 protein levels 
per cell quantified in ICM or trophectoderm (TE), relative to internal controls, per z slice/image. Left, control, n!=!7 embryos, n!=!55 images; MEKi, n!=!12 
embryos, n!=!44 images. Right, control, n!=!22 embryos, n!=!22 images; MEKi, n!=!27 embryos, n!=!27 images. For the Tukey box plot, the centre lines show 
the median values, the box limits represent the upper and lower quartiles, and the whiskers show 1.5× the interquartile range. Statistical significance 
was assessed using unpaired two-tailed t-tests; ***P!<!0.001; ns, not significant. e,f, CDK8/19 inhibition does not prevent Epi/PE segregation. E3.5 
embryos were incubated for 24!h with or without CDK8/19i/LIF during Epi/PE segregation, and then assessed using immunofluorescence (representative 
images; e). f, Quantification of ICM cell number, and lineage allocation in ICM, defined as: Epi/NANOG+; PE/GATA6+; ICM: NANOG+ or GATA6+. Data 
are mean!±!s.e.m. from two experiments. Statistical significance was determined using unpaired two-tailed t-tests. Number of embryos: control, n!=!7; 
CDK8/19i, n!=!9. g, 2i prevents PE formation in the ICM, but CDK8/19i does not. E3.5 embryos were incubated for 24!h with or without 2i or CDK8/19i 
during Epi/PE segregation, and then assessed using immunofluorescence with brightfield overlap (representative images; n!=!8 embryos per condition, 
from two independent experiments). Lineage allocation defined as: ICM/OCT4+, Epi/NANOG+, PE/GATA6+. h, CDK8/19 inhibition interrupts pre- to 
postimplantation morphogenic events. Preimplantation E4.5 embryos were cultured until E5.0 in vitro35 with or without CDK8/19i/LIF. PODXL and 
F-actin staining determines the emergence of the epiblast lumen (future pro-amniotic cavity). Epiblast indicated by the white dashed lines in the left and 
right image, respectively). Right, Lumenogenesis was quantified. Statistical significance was determined using the χ2 test; *P!<!0.05. Data are from two 
experiments. Number of embryos: control, n!=!15; CDK8/19i, n!=!16. For a, c, e, g and h, scale bars, 20!μm.
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with this, CDK8-KO zygotes cannot progress beyond the 4–8-cell 
stage72, and we observed that CDK8/19i impaired the progression of 
zygotes to the two-cell stage (Extended Data Fig. 9c). CDK8 activity 
is therefore essential for the zygote to morula transition.

We next investigated the role of CDK8 post-morula. CDK8 
mRNA expression declines until the blastocyst stage, both in mouse 
and human preimplantation embryos (Extended Data Fig. 9d–f). 
CDK8 protein expression per cell was homogenous in the mouse 
inner cell mass (ICM) at E3.5 (Fig. 8a,b). Interestingly—at E4.5, 
when the ICM segregates into the naive epiblast and the primitive 
endoderm (PE)—CDK8 protein levels diverged, with lower levels in 
the epiblast compared to PE (Fig. 8a,b and Extended Data Fig. 10a). 

This pattern was transient, and it reversed in postimplantation epi-
blast at E5.5 (Fig. 8a,b and Extended Data Fig. 10a). To further doc-
ument that CDK8 levels are reduced in the naive epiblast, embryos 
were cultured from E3.5–E4.5 with MEK inhibitor (MEKi), which 
blocks PE formation and permits only the development of naive 
epiblast73,74. As expected, in MEKi, the ICM contained only naive 
epiblast cells and not PE, this simplified the quantification of CDK8 
in the ICM and trophectoderm and we confirmed reduced CDK8 
expression in the ICM (Fig. 8c,d). The CDK8-binding partner 
and essential activating subunit cyclin C also altered its nuclear– 
cytoplasmic ratio during this developmental window. Specifically, 
E4.5 epiblast contained significantly less nuclear cyclin C compared 
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with E5.5 epiblast in vivo (Extended Data Fig. 10b,c), and a simi-
lar pattern was observed when comparing between 2i-naive and 
primed state PSCs in vitro (Extended Data Fig. 10d). In summary, 
the emergence of naive pluripotency during embryo development 
at E4.5 coincides with decreased CDK8 expression and decreased 
availability of its essential subunit cyclin C. This parallels the effect 
of MEKi on CDK8 expression and stabilization of naive epiblast 
identity in PSCs in vitro (Extended Data Fig. 5).

We wondered whether inhibition of CDK8/19 affects the emer-
gence of naive pluripotency. Similar to MEKi, CDK8/19i treatment 
during E3.5–E4.5 did not interfere with embryo naive epiblast 
development (Fig. 8e–g) and enabled the derivation of PSC lines. 
In contrast to MEKi, CDK8/19i permitted PE formation (Fig. 8e–g). 
This suggests that the critical roles of MEK for PE segregation are 
independent of CDK8/19, and agrees with our observation that 
MEK activity is unaffected by CDK8/19i (Fig. 5f,g).

Finally, we examined the importance of CDK8/19 activity dur-
ing preimplantation-to-postimplantation epiblast developmental 
progression. We focused on lumen formation within the epiblast, 
which marks the initiation of morphogenesis downstream of naive 
pluripotency exit35. We found that CDK8/19i treatment during 
E4.5–E5.5 impaired embryo epiblast lumenogenesis (Fig. 8h; for 
spheroids, Fig. 2e). This indicates that CDK8/19 activity is required 
to support epiblast development, from the naive preimplantation to 
primed postimplantation embryonic stages, consistent with the sig-
nificant increase in CDK8 expression that we observed at this time 
(Fig. 8a,b and Extended Data Fig. 9e).

These data suggest that CDK8/19 expression in early embryonic 
development mirrors its function—the transition from zygote to 
morula, and the formation of the postimplantation epiblast require 
CDK8/19 activity; the intervening naive ICM has low CDK8 
expression and reduced nuclear cyclin C (a summary is provided in 
Extended Data Fig. 10e).

Discussion
Here we uncovered a role for the Mediator kinases CDK8/19 in 
defining the equilibrium between naive and primed pluripotent 
states, in both mouse and human pluripotent cells. Collectively, our 
data indicate the following model: 2i and CDK8/19i rapidly induce 
a highly overlapping set of phosphorylation changes focused on the 
transcriptional machinery, triggering enhancer hyperactivation, a 
global increase in RNA Pol II recruitment to promoters and reset-
ting gene expression. This includes upregulation of eRNAs, as well 
as resetting the expression of endogenous retroviral and repeat ele-
ments, as part of this cell identity conversion. Further evidence sup-
porting transcriptional stabilization of naive pluripotency includes 
repression of 2C fluctuation in PSC identity, similar to in 2i con-
ditions. Thus, the ability of 2i and CDK8/19i to induce naive fea-
tures seems to originate from their common effect on Mediator and 
RNA Pol II transcriptional activity. In support of this, SEs interact 
with more target promoters75, engage in more long-range interac-
tions75 and display increased H3K27ac76 in the naive state versus 
primed. Our model agrees with the concept that transitions in  
cell identity are driven by early reconfiguration of the active 
enhancer network, which resets the transcriptional machinery to 
the new program70,71,77.

The evidence presented here suggests a signalling hierarchy; in 
particular, MEK inhibition results in CDK8/19 inhibition, whereas 
inhibition of CDK8/19 does not affect MEK activity. Accordingly, 
we observed that (1) the ability of MEK and GSK inhibition (2i) to 
induce naive features in PSCs in vitro is recapitulated by CDK8/19i; 
(2) 2i and CDK8/19i exhibit a 79.6% overlap in downstream phos-
phorylation changes; (3) CDK8/19 downregulation coincides with 
the emergence of naive state in vivo, when MEK–ERK signalling 
is decreased18,19; and (4) both MEK–ERK activation18,19,30,73,74 and 
CDK8/19 (refs. 78,79) drive postimplantation epiblast differentiation, 

a process that we found is impaired by CDK8/19i, and a period dur-
ing which CDK8 is upregulated. Thus, we propose that CDK8/19 
inhibition is a common downstream feature of naive-inducing 
medium cocktails. Further studies will elucidate how MEK–ERK sig-
nalling regulates CDK8/19 Mediator activity in PSCs. Interestingly, 
Mediator hyperactivation through CDK8/19 inhibition triggers 
cancer cell death14, while we find a similar approach reinforces naive 
pluripotent identity. Cancer cells commonly develop novel onco-
genic SEs, becoming addicted to a defined range of enhancer-driven 
transcription that seems to be sensitive to perturbation9,80. This  
provides an interesting parallel with MEK inhibition, which is also 
detrimental to many cancer cells, but beneficial to pluripotency.

Stabilization of the human naive pluripotent state in vitro is 
challenging and remains to be optimized21,24. Our understanding of 
stem cell identity indicates a continuum of molecular changes along 
a spectrum from naive to primed states, which also reflects the 
developmental path in early embryos18,19,21,22. Where does CDK8/19i 
position PSCs along this gradient? We found that CDK8/19 inhibi-
tion recapitulates the majority of the molecular characteristics that 
are associated with the primed-to-naive transition. However, other 
molecular features that are associated with the more-naive end of 
this spectrum are not recapitulated by CDK8/19 inhibition, par-
ticularly, global DNA hypomethylation, X-chromosome reactiva-
tion66,67 and SSEA4 downregulation24,39. Achieving these last features 
of naive pluripotency seems to come at a price. Naive-inducing 
medium cocktails that are dependent on MEK inhibition can gener-
ate harmful side effects, specifically acute chromosomal instability 
and imprinting erasure24,39,62,63. Interestingly, those other cocktails 
which do not downregulate SSEA4 and produce modest DNA 
demethylation, are not associated with genomic instability24,33,64. 
Similarly, CDK8/19i installs many naive features in human cells 
while maintaining SSEA4, DNA global methylation and genomic 
stability. CDK8/19i-treated cells retain a normal karyotype after 
prolonged culture. We suggest that these important differences are 
due to CDK8/19i not impinging directly on MEK signalling.

In summary, CDK8/19i stimulates the recruitment of RNA Pol 
II by Mediator. This hyperactivates enhancers and stabilizes the 
transcriptional program of naive pluripotent cell identity. Thus, 
chemical inhibition of CDK8/19 may help to solve remaining chal-
lenges in unstable human naive PSC culture. Similarly, these prin-
ciples of stabilizing cellular identity may apply to other contexts of  
cellular plasticity.
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M et ho ds
A list of primers, antibodies, shRNAs and CRISPR–Cas9 gRNAs is provided in 
Supplementary Table 8.

Pluripotency and di!erentiation assays. Mouse and human research. Animal 
experimentation at the CNIO was performed according to protocols that were 
approved by the CNIO-ISCIII Ethics Committee for Research and Animal Welfare 
(CEIyBA). Animal experimentation at the University of Cambridge was approved 
by the Home O!ce, performed according to Animals (Scienti"c Procedures) Act 
1986 Amendment Regulations 2012 and reviewed by the University of Cambridge 
Animal Welfare and Ethical Review Body (AWERB). Cdk8-#ox/#ox RERT-Cre 
mice were generated by D. Fisher (IGMM, Montpellier).

Human pluripotent stem cell studies were ethically approved at the CNIO, 
Madrid, by the Comisión de Garantías para la Donación y Utilización de Células y 
Tejidos Humanos and signed by Director of Instituto de Salud Carlos III (Nuevas 
fronteras en la Reprogramación Celular: Explotando la plasticidad cellular; 303). 
Studies at the IRB Barcelona, were approved by the Ethics Committee of the 
CMRB, and by Comisión de Seguimiento y Control de la Donación de Células y 
Tejidos Humanos del Instituto de Salud Carlos III and the Ministry of Health from 
Government of Catalonia (project numbers: 0336S/11730/2015; 0336S/11220/2016; 
0336S/2473/2017; and 0336/747/2018).

Mouse cells and culture conditions. The following mouse PSCs were used: E14Tg2a.4 
(wild-type parental, 129/Ola background) from BayGenomics/MMRRC resource, 
University of California; wild-type PSCs were derived at the Transgenic Mouse  
Unit of the CNIO from E3.5 C57BL6 blastocysts, or mixed background 
C57BL6/129 blastocysts; Rosa26–GFP and Tg.CAG–Katushka-red PSC lines  
were derived from 129-Gt(ROSA)26Sortm1(CAG-EGFP)Luo/J mice (Jackson, 006053) 
and from Tg.CAG-Katushka mice81, respectively. Nanog-GFP knock-in mouse 
PSCs (TNGA, TON) were derived as described previously29 and shared by the 
laboratory of A. Smith. MERVL-td:Tomato mouse 2C-reporter PSCs were shared 
by the laboratory of T. Macfarlan46. ZS mouse 2C-reporter PSCs were shared by 
the laboratory of M. Ko82. Mouse PSCs (ESCs and iPSCs) were routinely cultured 
on 0.1% gelatin-coated plates in a base medium of either serum/LIF (15% FBS) or 
knockout serum replacement (KSR, Invitrogen) ‘KSR/LIF’ (15% KSR) in DMEM 
(high glucose) basal medium with LIF (1,000 U ml−1), non-essential amino acids, 
Glutamax and β-mercaptoethanol plus antibiotics. In cases in which the  
2i two-inhibitor cocktail was used with mouse PSCs, 2i comprised 1 μM MEK 
inhibitor (PD0325901, Axon Medchem, 1408) plus 3 μΜ GSK3β inhibitor (CHIR 
99021, Axon Medchem, 1386) as described previously25. Cultures were routinely 
tested for mycoplasma. Primary mouse embryo fibroblasts (MEFs; wild type, passage 
2) were obtained at E13.5 from pure inbred C57BL6 background mice or from 
CDK8-flox/flox RERT-Cre mice. Human HEK293T cells were obtained from ATCC. 
All of the above-mentioned cells were maintained in DMEM and 10% FBS (Gibco), 
supplemented with antibiotics (penicillin–streptomycin, 100 U ml−1). Reprogrammed 
iPSCs were initially derived and expanded on mitomycin-C-inactivated feeder cells 
on gelatin-coated plates, before transfer to gelatin only.

Human PSC resources. HERVH iPSCs were shared by the laboratory of Z. Izsvak 
(Max Delbruck Centre for Molecular Medicine)37. WIBR3 ESCs were shared by 
the laboratory of J. Hanna (Weizmann Institute of Science). OSCAR ESCs carrying 
inducible STAT3 were shared by the laboratory of P. Savatier (SBRI, Stem Cell and 
Brian Research Institute)36. H1 and H9 human ESCs, and CB5, D2#2 and D2#4 
human iPSCs were shared by the laboratory of N. Montserrat (IBEC, Institute for 
Bioengineering).

Human PSC cell culture in the primed state. Human PSCs (H1, H9, WIBR3, 
HERVH, CB5, D2#2, D2#4 and OSCAR) were maintained in conventional 
primed conditions as described previously33,36,37, specifically, by culture on 
growth-factor-reduced phenol-red-free Matrigel (BD Biosciences, 356231) 
with mTeSR1 medium (Stem Cell Technologies). Cultures were passaged every 
5–7 d manually using either 2 mg ml−1 dispase (Gibco), 0.5 μM EDTA/1× PBS or 
Accutase (Gibco).

Resetting human PSCs from primed to naive state using 2i-based medium cocktail. 
The naive human pluripotent state was obtained using two methods. OSCAR 
PSCs were reset to the naive state with 2i (TL2i) or CDK8/19i (1.1 μM or 0.4 μM) 
plus rhLIF and STAT3 transgene induction, as described previously36. In a 
transgene-free approach, human PSCs were cultured in a 2i-based chemical 
cocktail33 referred to here as 2i p38iJNKi. Cells were maintained on Matrigel 
(BD Biosciences, 356231) using mTeSR1 (Stem Cell Technologies). Medium 
was supplemented with 20 ng ml−1 of recombinant human LIF (Peprotech, as 
described previously33), 1 μM PD0325901 (MEKi, Axon Medchem), 1.5 μM CHIR 
99021 (GSK3i, Axon Medchem), 10 μM SP600125 (JNKi, TOCRIS) plus 2 μM 
BIRB796 (p38i, Axon Medchem). To obtain and maintain the naive state using 
the 2i p38iJNKi medium cocktail, cells were selected at each passage by cytometry 
sorting for the top-10% HERVH-GFP levels or by repeated manual picking to select 
colonies with dome-shaped morphology. Conversion of human PSCs from primed 
to naive required three passages/rounds of selection over 14–18 d.

Resetting human PSCs from primed to naive pluripotent state using CDK8/19i. 
To adapt and maintain human PSCs to CDK8/19i culture (CDK8/19i-adapted), 
cells were maintained on Matrigel (BD Biosciences, 356231) using mTeSR1 (Stem 
Cell Technologies). Medium was supplemented with 20 ng ml−1 of recombinant 
human LIF (Peprotech), as described previously33, plus 0.4 μM or 1.1 μM of 
CNIO-CDK8/19 inhibitor, or plus 10 μM of SenexinA-CDK8/19 inhibitor83. This 
adaption process was also successful with 10 μM SP600125 (JNKi, TOCRIS) plus 
2 μM BIRB796 (p38i, Axon Medchem), but these additives were not required with 
CDK8/19i. Following background cell death in the first passage, colonies gradually 
became dome shaped within 10–14 d without additional selection, and could be 
expanded by passage, using 3–5 min treatment with Accutase (Gibco) or 0.5 μM 
EDTA/1× PBS to avoid confluency, usually every 5–7 d due to a slowdown in 
proliferation. The optimal CDK8/19i concentration was 1.1 μM for HERVH-GFP 
human iPSCs, whereas the optimal CDK8/19i concentration was 0.4 μM for all 
other human PSC lines.

Derivation of mouse ESCs. ESC line derivation was performed using standard 
methods. Eight-cell stage mouse embryos obtained from the oviducts of pregnant 
female mice were cultured in serum/LIF on mitomycin-C-inactivated MEF feeders 
plus 2i or CDK8/19i (added fresh every 2 d) until the emergence of colonies 
from hatched blastocysts. The feeders were not compatible with several days of 
CDK8/19i treatment; cells were therefore passed to fresh feeders every 2 d, then 
transferred to 0.1% gelatin only.

Derivation of mouse EpiSCs. PSCs in 2i/LIF cultured on gelatin were first induced 
to differentiate into epiblast-like cells over 48 h by seeding on fibronectin-coated 
plates (10 ng ml−1) and switching to medium containing 1% KSR, N2B27, 
FGF2 (12 ng ml−1) and activin A (20 ng ml−1)50. After 48 h, the cells were in a 
flat epiblast-like cell state, and the medium was switched to include 20% KSR, 
and expanded for five passages to stabilize the EpiSC primed state, which was 
confirmed by typical flat colony morphology and Fgf5 expression. EpiSC colonies 
were passaged as clumps.

Analysis of PSC self-renewal. Mouse or human PSC self-renewal and pluripotency 
was scored by colony morphology, cytometry (in mouse cells, Nanog-GFP 
heterogeneity and overall intensity, and costaining for ICAM1; in human cells, 
HERVH-GFP intensity, and assessing the expression of NANOG, OCT4, SSEA4 and 
TRA1-81), alkaline phosphatase staining (fixed cells; Promega, S3771), and using 
immunofluorescence and RT–qPCR (for pluripotency markers, indicated in each 
figure). The intensity of alkaline phosphatase staining was quantified by scoring 
colonies observed using bright-field microscopy in ten random fields of view per well.

Mouse PSC differentiation with LIF removal and retinoic acid. LIF was first removed 
for 24 h by culturing in LIF-free differentiation medium (as described for serum/
LIF medium, except LIF was omitted). Next, retinoic acid was added (10 μM) from 
24 h to 72 h, followed by LIF-free differentiation medium alone from 72 h to 96 h. 
Differentiation was also assessed using the same protocol of LIF-withdrawal except 
without adding retinoic acid.

Mouse PSC differentiation by hanging-drop culture and as embryoid bodies. 
PSCs were transferred to LIF-free differentiation medium (as described above) 
and suspended in hanging-drop culture at 1,000–5,000 cells per 20 μl for 48 h 
to form embryoid bodies (EBs), followed by transfer to suspension culture in 
low-adherence Petri dishes. Fresh medium was added every 3 d, and development 
of beating cells in cardiac centres was scored daily.

Morula aggregation and blastocyst microinjection in mouse chimaera assays. After 
ten passages in serum/LIF, 2i or CDK8/19i, mouse PSCs labelled constitutively 
with Rosa26–GFP or Tg.CAG–Katushka81 underwent morula aggregation at E2.5 
or blastocyst microinjection at E3.5 as described previously25. The extent of GFP+ 
or Katushka-red+ cell chimeric contribution was assessed on the basis of confocal 
fluorescence at E4.5 or embryos were introduced into CD1 pseudopregnant 
females for implantation, and collected at the following postimplantation time 
points: E6.5, E14.5 or E19.5. Chimaeras that developed to adulthood were assessed 
by coat colour contribution and capacity for germline transmission.

Cardiac-tissue- and endoderm-directed differentiation of EBs derived from hPSCs. 
Human PSC colonies were dissociated and cultured in suspension for 3 d to form 
EBs in DMEM/F12, 15% FBS, 2 mM l-glutamine, non-essential amino acids and 
penicillin–streptomycin. To generate endoderm, EBs were transferred to 0.1% 
gelatin-coated plates for 2 weeks in differentiation medium (DMEM, 20% FBS, 
2 mM l-glutamine, 0.1 mM 2-mercaptoethanol, non-essential amino acids and 
penicillin–streptomycin). To generate cardiac tissue, differentiation medium was 
supplemented with 100 μM ascorbic acid (Sigma-Aldrich). In all conditions, EBs 
spontaneously gave rise to neural cell clusters.

Teratoma assays. For mouse PSCs, 106 cells in 100 μl were injected subcutaneously 
in nude mice. For human PSCs, 2 × 106 cells in 30 μl were injected into the testis of 
male SCID beige mice.
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Mouse embryo manipulation and analysis. Mouse embryo collection, 
culture for preimplantation embryo development in vitro and fixation for 
immunofluorescence analysis was performed as described previously74,35. Pre- to 
postimplantation embryo development in vitro, immunofluorescence analysis of 
CDK8 and cyclin C levels in preimplantation mouse embryos, and lumenogenesis 
by mouse PSC embryoid formation in Matrigel were performed as described 
previously35; further details are available from the corresponding author on request.

Viral production and iPSC reprogramming. Viral production and iPSC reprogram-
ming were performed as described previously84. In brief, retroviral and lentiviral 
supernatants were produced in HEK293T cells. Filtered supernatants were collected 
after 48 h, and added to recipient cells in four infections. Retroviral supernatants 
delivered exogenous CDK8 expression constructs and iPSC reprogramming vectors. 
Lentivirus supernatants delivered shRNA knockdown vectors and CRISPR–Cas9 
vectors. A list of plasmids is provided in Supplementary Table 8.

Interspecies chimaera developmental potency. Primed human iPSCs were 
precultured with ROCK inhibitor for 24 h, prepared as a unicellular suspension 
and electroporated (Neon Transfection System; Invitrogen; 1 pulse at 1,400 V 
for 20 ms) with 10 μg of DNA constructs for constitutive tdTomato expression 
(PB-Hygro-PGK-CAG-tdTomato and PBase pCMV-Transposase). Cells were 
subsequently plated on Matrigel in mTeSR1 medium supplemented with ROCK 
inhibitor for 24 h, then antibiotic selection with 20 μg ml−1 hygromycin was applied 
for 12 d, before cytometric sorting for tdTomato constitutively labelled cells.

Sexually mature NZW female rabbits (HyPharm) were superovulated. Then, 
60 h after artificial insemination, fertilized embryos (eight-cell stage; E1.5) were 
flushed from explanted oviducts using Euroflush (IMV Technologies) and cultured 
in RDH medium (1/3 volume of DMEM–GlutaMAX, 1/3 volume of RPMI–
GlutaMAX and 1/3 volume of Ham’s F10–GlutaMAX; Life Technologies)  
at 38 °C and 5% CO2.

Human PSCs were dissociated into single-cell suspension with trypsin, and 
5–10 cells were microinjected under the mucus coat and zona pellucida of morula 
eight-cell stage rabbit embryos, the day after collection. After microinjection, 
embryos were sequentially cultured in CDK8/19i medium for 4 h, followed by 
20 h incubation with a 1:1 mixture of RDH:CDK8i medium and finally in RDH 
medium for extended in vitro culturing. After 24 h of in vitro culture, early blastocyst 
stage embryos (E3.5) were rinsed three times in embryo-holding medium (IMV 
Technologies) and treated with 5 mg ml−1 protease E (Sigma-Aldrich) for 3 min at 
37 °C to digest the mucus coat and weaken the zona pellucida. Embryos were then 
rinsed three times in 199 HEPES medium (Sigma-Aldrich) and cultured in RDH 
medium for 3 d until the late-blastocyst stage (E5.5). Rabbit embryos were fixed in 
2% paraformaldehyde for 20 min at room temperature, washed in PBS + 0.1% Tween-
20 and permeabilized in PBS + 1% Tween-20 overnight at 4 °C. After 1 h blocking 
with 5% donkey serum, embryo immunofluorescence was performed as described 
previously36. A list of the antibodies used is provided in Supplementary Table 8.

Molecular methods. Transcriptional CDK inhibitors. !e structure and 
characterization of the CNIO CDK8/19 inhibitor (CDK8/19i-47799) as well as 
notes on all of the other transcriptional CDK inhibitors used in this study are 
provided in Supplementary Table 1.

Small-molecule inhibitor characterization assays. In vitro quantitative assays 
of enzyme inhibitors with recombinant proteins were performed using the 
LanthaScreen Eu-Kinase Binding Assay (Invitrogen) for CDK8–cyclin C, 
CDK9–cyclin T; CDKs, DYRK1A, GSK3β, mTOR, PI3K, PIM1/2, FLT3, KDR, 
KIT, PDGR-α and SRC. A summary of data from the small molecule inhibitor 
characterization assays is provided in Supplementary Table 1.

Generation of CDK8/19-dKO iPSCs. To target mouse CDK19, we designed sgRNA 
against CDK19 exon 1, targeting 76 bp downstream of the ATG translation 
start site to generate indels (a schematic of which is provided in Extended Data 
Fig. 1i). sgRNA sequences and plasmid details are provided in Supplementary 
Table 8. Primary CDK8-flox/flox RERT-Cre MEFs of passage 1–4 were infected 
with lenti-CRISPR-Cas9 containing the CDK19 sgRNA (pLenti-CRISPRV2; 
Addgene, 52961) followed by selection with puromycin (1 μg ml−1). CDK19-KO 
was assessed using western blot. The MEFs were reprogrammed to iPSCs, single 
clones were picked and expanded, and CRISPR-induced indels were characterized 
by sequencing the CDK19 target region for frameshift mutations. CDK19-KO 
iPSC clones were compared versus iPSC clones that retained wild-type CDK19 
expression, and no effect of CDK19-KO was observed in MEFs or in iPSCs. 
CDK8-KO was induced by 6 d of culture with 0.5 μM 4-hydroxy-tamoxifen to 
induce Cre-mediated deletion of CDK8 exon 2 (a schematic of which is provided 
in Extended Data Fig. 1j). CDK8-KO was confirmed using allele-specific PCR (to 
demonstrate deletion of exon 2; Extended Data Fig. 1h) and using western blot (to 
demonstrate complete loss of CDK8 protein; Extended Data Fig. 1j,k).

Stable exogenous expression of CDK8. Wild-type CDK8 (CDK8-WT) and 
catalytically inactivated kinase-dead CDK8 (CDK8-KD; D173A) were cloned into 
pMSCV-puro-IRES-GFP (Addgene, 21654) using the BglII and HpaI restriction 

enzymes, and confirmed by sequencing. Retroviral supernatants were generated in 
HEK293T cells with the packaging plasmid pCl-Eco (Addgene, 12371), followed by 
retroviral expression into CDK8/19-dKO iPSCs. Two rounds of FACS-selection by 
GFP expression were performed to enrich for expressing cells, and CDK8-WT or 
CDK8-KD protein expression was confirmed by western blot (a schematic of which 
in addition to western blot data are provided in Fig. 1k and Extended Data Fig. 1l).

FACS cytometry. FACS analysis of SSEA1 or ICAM1 was performed using FlowJo 
v.9.6.2 as described previously84. Live-cell analysis of the Nanog-GFP used 
2i-adapted mouse PSCs to define the threshold (95% of cells) for the homogenous 
Nanog-GFPhigh population, against which other treatment groups were compared 
(Fig. 1a,b). Live-cell sorting for human PSCs carrying HERVH-GFP selected the 
top 10% GFP-expressing cells, as previously described37. The FACS gating strategy 
for live/dead cell discrimination is provided in Extended Data Fig. 9g.

Cell lysis, fractionation and western blot. Cell lysis, fractionation and western blots 
were performed as described previously84. A list of the antibodies used is provided 
in Supplementary Table 8. Nuclear/cytoplasmic fractionation was performed using 
the NE-PER kit (Thermo Fisher Scientific, 78833).

G-banding karyotype methodology. Subconfluent mouse and human PSC lines were 
arrested in metaphase by adding 0.02 μg ml−1 KaryoMax Colcemid (Gibco). Twenty 
metaphase spreads were analysed per condition.

Immunohistochemistry and immunofluorescence analysis of mouse embryos. Mouse 
tissues were fixed in formalin at 4 °C, embedded in paraffin block and sectioned at 
a thickness of 5 µm. Staining was performed using standard methods. A list of the 
antibodies is provided in Supplementary Table 8.

Mouse teratoma and embryoid body immunohistochemistry. Mouse teratoma and 
embryoid body immunohistochemistry analysis was performed as described 
previously84. A list of the antibodies used is provided in Supplementary Table 8.

Cell immunofluorescence. PSCs were grown on chamber slides using culture 
conditions indicated in each experiment. Confocal immunofluorescence staining 
and microscopy was performed as described previously35,84 using a Leica SP5 
microscope. A list of the antibodies is provided in Supplementary Table 8.

DNA methylation. Global DNA methylation status was quantified by mass 
spectrometry (MS). CpG methylation status at individual CpG sites of repeat 
DNA regions was assessed by DNA bisulphite conversion and pyrosequencing. 
A list of the primers used for PCR amplification and sequencing is provided in 
Supplementary Table 8.

Image analysis. All image analyses were performed using Fiji (http://fiji.sc).

Proteomics. Full proteome quantitative analysis of !ve mouse ESC lines. Five mouse 
ESC lines (ZS, TNGA, TON, BL6 and V6.4) were cultured in serum/LIF (as a 
control) or, additionally, with either 2i or CDK8/19i for >2 weeks. Cell pellets were 
collected by trypsinization, washed with cold 1× PBS and preserved immediately at 
−80 °C for further analysis. Protein sample preparation for MS, protein digestion, 
our scheme for isobaric labelling with iTRAQ8plex, detailed settings for high pH 
reverse-phase fractionation, detailed settings for the whole-proteome analysis using 
liquid chromatography coupled with tandem MS (LC–MS/MS) and bioinformatics 
analyses with the whole-proteome data were reported previously84.

Phosphoproteome analysis of mouse PSC lines after 15 min of inhibitor treatment. 
Two mouse ES PSC lines (TON and ZS) were cultured in serum/LIF (as a control) 
or, additionally, with either 2i or CDK8/19i. Cells were treated with inhibitor 
for precisely 15 min, after which the cells were collected rapidly by scraping in 
ice-cold PBS, washed with ice-cold PBS, snap-frozen on dry ice and preserved at 
−80 °C for further analysis. Sample preparation for MS, protein digestion, isobaric 
labelling, phosphopeptide enrichment, micro high pH reverse-phase fractionation, 
settings used for phosphoproteome LC–MS/MS and bioinformatics analyses with 
phosphoproteomic data were performed as described previously11,84.

Transcriptomics. RNA isolation and RT–qPCR. Total RNA was extracted 
(on-column; RNeasy kit with DNA digestion; Qiagen, 74104, 79254) and 
retrotranscribed into cDNA (Superscript Reverse Transcriptase; Biorad, 170–889). 
RT–qPCR was performed using the GoTaq qPCR Master Mix (Promega A6002) in 
an ABI PRISM 7700 thermocycler (Applied Biosystem). Input normalization of all 
RT–qPCR data was performed using the 2!ΔΔCt

I
 method, using housekeeping genes 

Actb or Gapdh as indicated in each "gure. A list of the primers used is provided in 
Supplementary Table 8.

RNA-seq transcriptomic analyses. The complete set of reads has been deposited in 
GEO (GSE112208 and GSE127186). A complete list of meta-analyses expression 
comparisons between this study and multiple mouse and human published 
datasets, in vitro and in vivo, is provided in Supplementary Table 3.
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For RNA-seq analysis in mice, samples of 1 μg of total RNA (RIN numbers:  
9.8–10; Agilent 2100 Bioanalyzer) were used. PolyA+ fractions were processed using 
the TruSeq Stranded mRNA Sample Preparation Kit (Agilent). Adapter-ligated 
library was completed by PCR with Illumina PE primers (8 cycles) and sequenced 
for 40 bases in a single-read format (Genome Analyzer IIx, Illumina).

For RNA-seq analysis in human cells, samples of total RNA (RIN numbers: 
9.0–10; Agilent 2100 Bioanalyzer) were used. For library construction, 10 ng of 
total RNA samples were processed using the SMART-Seq v4 Ultra Low Input RNA 
Kit (Clontech) according to the manufacturer’s instructions. The resulting cDNA 
was processed using the NEBNext Ultra II DNA Library Prep Kit for Illumina 
(NEB, E7645). Adapter-ligated libraries were completed by PCR (8 cycles), and 
sequenced for 50 bases in a single-read format, (Illumina HiSeq2500).

Reads were aligned to the reference mouse genome (GRCm38/mm10) or the 
human genome (GRCh37/hg19) using TopHat-2.0.4 (using Bowtie v.0.12.7 and 
Samtools v.0.1.16, allowing for two mismatches and five multihits). Transcript 
assembly, estimation of abundance and differential expression were calculated 
using Cufflinks v.1.3.0. When comparing samples, total read numbers were 
normalized and visualized using SeqMiner v.1.3.3e or Integrated Genome Viewer 
from the Broad Institute (http://software.broadinstitute.org/software/igv/)

Functional analyses of differential gene expression. Lists of differentially expressed 
genes are provided in Supplementary Table 2 for mouse PSCs adapted to control 
serum/LIF, +2i or +CDK8/19i; and Supplementary Table 3, for human PSCs 
adapted to control/primed, +2i or +CDK8/19i. Genes were ranked using the FDR 
q-value statistic to identify significant genes (q < 0.05), and then by fold change in 
expression. Venn diagrams and hypergeometric testing were performed to assess 
any significant overlaps. GSEA (GSEA_Pre-ranked) was performed with MsigDB 
Hallmarks, C5 GO terms, C2 Curated, KEGG, Reactome and NCI databases, using 
the standard settings, and with 1,000 permutations for Kolmogorov–Smirnoff 
correction for multiple testing. GSEA enrichment data were obtained and ranked 
according to FDR q value (significance threshold, q < 0.25). Heat maps of expression 
data were generated using GenePattern. Rank–rank hypergeometric overlap 
(RRHO) analysis was performed using the ranked list of log2-transformed fold 
changes in gene expression or RNA Pol II abundance using the standard settings85. 
The colour intensity of the RRHO heat map indicates the −log10-transformed  
P value after Benjamini–Yekutieli correction of the hypergeometric overlap  
(http://systems.crump.ucla.edu/rankrank/rankranksimple.php)85.

Analysis of repeat sequences and ERV expression was performed using 
Repbase datasets for rodent or human repeat elements and featureCounts. In 
Extended Data Fig. 3h, the total fragments per kb of transcript per million mapped 
reads for RNA expression of LINE L1 subtypes was calculated by grouping and 
summing by family, and was then arranged by evolutionary age86. A full list of three 
biological replicates for each viral subtype and the calculation for the summary of 
each viral LINE L1 family are provided in Supplementary Table 2.

Differential gene expression comparison of published mouse and human studies. 
Gene expression changes have been comprehensively characterized in mouse, 
primate and human PSCs in response to overexpression of transcription factors 
after culture in various medium cocktails or in vivo during the development of 
the mouse or human embryos87,88; a full list of datasets and references used here is 
provided in Supplementary Tables 2 and 3. We used the marker gene sets for each 
developmental stage to perform GSEA on the ranked list of genes that were up- or 
downregulated in the cellular studies of mice and humans. We also performed the 
analysis in reverse, comparing the gene sets of significantly differentially expressed 
mRNAs that were up- or downregulated in our cells versus the complete ranked  
list of differential gene expression in other studies. GSEA results are shown in  
Fig. 4e (mouse) and Fig. 4k (human). The readout is the NES. Data with P < 0.05 
and q < 0.05 were considered to be significant and are indicated by asterisks in heat 
maps of GSEA NES scores.

ChIP–seq and genomic analyses. ChIP–qPCR was performed as described 
previously84; a list of the primers and antibodies used is provided in Supplementary 
Table 8. ChIP–seq was performed as described previously2,3,68,84. We performed 
six biological replicates for each condition (three conditions: serum/LIF, 2i 
and CDK8/19i) and for each antibody (three antibodies: anti-total RNA Pol II, 
anti-Ser 5P-RNA Pol II and control IgG). Three replicates were used for ChIP–
qPCR validations, and the other three replicates were pooled for sequencing. Note 
that our RNA Pol II ChIP–seq data in this study for serum/LIF and 2i-naive cells 
very closely match previous ChIP–seq data involving the same comparison, that is, 
mouse PSCs in primed versus 2i-naive states23,69 (compare Fig. 5h,i with Extended 
Data Fig. 6c).

Promoter and gene body regions were defined and RNA Pol II total and 
Ser 5P abundance along genes was calculated as described previously by Young 
and colleagues68,84 (a schematic of which is provided in Fig. 5; Pol II abundance 
data are provided in Supplementary Table 6). RNA Pol II abundance was 
assessed by normalizing the total number of reads between treatments, and using 
featureCounts to calculate the background-subtracted log2-transformed RPKM 
of RNA Pol II abundance in the indicated regions. TSS and the transcription 
termination zone were identified using the Database of Transcriptional Start Sites 

(http://dbtss.hgc.jp). Metagenes were aligned to ±5 kb or ±2 kb around the TSS, 
and visualized using SeqMiner.

The promoter, gene body and transcription termination zone, as well as the 
ratios between these three regions for each gene (Fig. 5j, Extended Data Fig. 6d 
and Supplementary Table 6), were defined similar to that described previously68,84. 
Total and Ser 5P RNA Pol II abundance were quantified at the promoter, gene 
body and transcription termination zone for 31,167 RefSeq gene loci in which 
the transcription start and stop sites are known (Supplementary Table 6), in four 
steps, similar to previous reports68: (1) the number of reads per nucleotide was 
computed using BEDTools genomecov; (2) to extend this number to the number 
of reads per gene promoter or gene body, BEDTools map was used; (3) to correct 
for region size, the RNA Pol II abundance was calculated as follows: ((number of 
reads in region/region size) × scaling factor) × 105, where the scaling factor = (total 
number of reads in sample/genome length); (4) for the analysis of Pol II abundance 
according to inhibitor treatment, genes were first filtered for high-confidence Pol 
II detected at a threshold of >3,000 units at the promoter, and detected in all three 
conditions (serum/LIF, 2i or CDK8/19i), yielding 12,072 genes (Supplementary 
Table 6, for filtering and calculations). In Fig. 5h and Extended Data Fig. 6a,c, 
genes were arranged in rank by the abundance of RNA Pol II at the promoter 
region in the control serum/LIF condition.

CDK8/19 enrichment across the genome of wild-type mixed background V6.5 
(C57BL/6–129) mouse PSCs was determined using a published dataset (GSE44286, 
GSM1082346) as previously described2,3; peak calling was performed with MACS 
v.1.4.1 using the standard settings and compared to the input negative control. 
Note that the ChIP antibody for this ChIP–seq analysis (Santa Cruz, sc-1521) 
is reported to bind to both CDK8 and CDK19 (ref. 89). Peak annotation within 
local genomic features was performed using HOMER and the enhancer regions 
previously defined as constituent regions of TEs (n = 9,981) or SEs (n = 646)2,3, and 
of SE extended regions (n = 231) as defined previously2,3, where enhancers were 
defined by coenrichment for OCT4, SOX2, NANOG and MED1. Details about 
peak calls, CDK8/19 abundance at called peaks and loci annotations are provided 
in Supplementary Table 7. Naive-specific or primed-specific enhancer regions 
were defined by filtering the PREStige database of enhancers77, which identifies 
enhancers by enrichment of H3K4me1 monomethylation in multiple tissues 
and lineages. Using the PREStige dataset, we identified enhancer regions with 
H3K4me1 enrichment of >20 units, and that were specific to only preimplantation 
naive PSCs or postimplantation EpiSCs versus all other tissue-specific enhancer 
regions listed in the database (~120,000), by subtracting overlapping enhancers 
(1 bp overhang threshold) as outlined in Extended Data Fig. 8e. Source data are 
available online, including lists of naive ESC-specific enhancers (n = 1,424) and 
EpiSC-specific enhancers (n = 1,005). To identify the single nearest target gene to 
each PSC SE and analyse their biological functions, we performed an analysis using 
GREAT v.3.0.0 (ref. 90) with the standard settings, using the list of CDK8/19 peaks 
identified above (Supplementary Table 7). We used GREAT v.3.0.0 for GO analysis 
of target-gene functions, reporting the −log10-transformed binomial P value with 
conservative Bonferroni correction for multiple-hypothesis testing90. Correlation 
matrix of ChIP–seq data in Extended Data Fig. 7d was produced using Morpheus, 
which is available from the Broad Institute (https://software.broadinstitute.org/
morpheus/).

For Fig. 7b,c, GSEA was run with a gene set of the single nearest genes to SEs 
(as identified in the GREAT analysis described above using the standard settings 
(GREAT v.3.0.0)90, using the SEs that were previously described in mouse PSCs2,3 
versus the ranked list of differential gene expression determined by RNA-seq  
for serum/LIF control compared with CDK8/19i-adapted mouse ES PSCs.  
Source data are available online, including lists of SE-target and 
expression-matched control genes.

For Extended Data Fig. 8h, GREAT analysis using the standard settings 
(GREAT v.3.0.0)90 was used to identify the set of single nearest genes (n = 3,553 
genes) to enhancer regions that were previously identified in mouse PSCs 
(n = 10,627)2,3. The log2-transformed fold change in RNA expression of these genes 
from this study was then ranked from high to low (serum/LIF versus 2i; serum/LIF 
versus CDK8/19i), and the extent of the overlap, calculated using a hypergeometric 
test of significance of these two ranked lists, is shown as a heat map in Extended 
Data Fig. 8h, performed using RRHO85 with the standard settings (http://systems.
crump.ucla.edu/rankrank/rankranksimple.php). The colour intensity of the RRHO 
heat map indicates the −log10-transformed P value after Benjamini–Yekutieli 
correction of the hypergeometric overlap.

Statistics and reproducibility. Unless otherwise specified, quantitative data are 
presented as mean ± s.d. and significance was assessed using two-tailed Student’s 
t-tests; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. RRHO was performed as 
described previously85 using the standard settings and after Benjamini–Yekutieli 
correction of the hypergeometric overlap. Except when annotated otherwise, each 
experiment shown was performed three times with similar outcomes. Statistical 
analyses are described in detail for each panel. No statistical methods were used 
to predetermine the sample size. In brief, for differential gene expression using 
RNA-seq analysis, a threshold of q < 0.05 or q < 0.01 was applied, as indicated 
in each case. For GSEA, the standard threshold for significance was applied 
(P < 0.05 and q < 0.25). Genes that were differentially expressed in the RNA-seq 
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analysis were called using DESeq2 or Cufflinks v.1.3.0 (as described above). 
Immunofluorescence image analysis is described in detail above in the section 
about embryo analysis. Statistics were performed using MACS for peak calling of 
the ChIP–seq experiments. Statistical analyses of ChIP–qPCR, quantitative  
RT–qPCR and cell culture experiments was performed using Prism  
(v.7.03; GraphPad) or Microsoft Excel.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
RNA-seq and ChIP–seq data are available from the GEO database under accession 
numbers GSE112208 and GSE127186. The MS proteomics data are available from 
the ProteomeXchange Consortium/PRIDE repository under the dataset identifier 
PXD009200. Details on the published datasets used in Fig. 4e,k are provided in 
Supplementary Table 3. All other data supporting the findings of this study are 
available from the corresponding author on reasonable request. Source data are 
provided with this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | An Inhibitor Screen for Promotion of ES Naïve State identifies a distinct role for Mediator kinase activity. a, FACS: Percent 
cells Nanog-GFPhigh in indicated treatments with serum-free KSR/LIF culture. Mean±SD, n=4 independent experiments. b, Western blot: CDK8-target 
STAT1-Ser727-Phosphorylation; n=3 experiments with indicated cell lines. STAT1-Ser727P induction by 3h Interferon-γ, ± simultaneous 1!µM CDK8/19i. 
c–e, FACS histograms: mouse Nanog-GFP knockin reporter PSC previously adapted to 2i or CDK8/19i, tested at intervals. Decreased proportion of 
Nanog-GFPHigh cells indicates loss of naïve state. c, Changes similar by 2i-removal or CDK8/19i-removal. d, 2i protects Nanog-GFPHigh cells longer than 
CDK8/19i following LIF removal. e, Only [CDK8/19i+2i] protects Nanog-GFPHigh naïve-cells completely following JAK-STAT inhibition. Representative 
of n=2 experiments. f, Western blots: lentiviral shRNA-mediated knockdown of CDK8, CDK19 or Cyclin C (CCNC) in mouse PSC. Efficient shRNAs 
(red). Representative of n=2 experiments. g, Pluripotency marker mRNA expression (qRT-PCR) in mouse PSCs following 7d lentiviral shRNA-mediated 
knockdown of CDK8, CDK19, or CCNC. Data are the mean of two experiments. h, Upper schematic: inducible-CDK8-knockout. 4-hydroxy-tamoxifen 
(4OHT)- inducible Cre drives excision of Exon2. Lower: PCR confirmation of CDK8 Exon2 deletion using indicated primers. Mouse Cdk8(fl/fl)-RERT-Cre 
iPS (n=3–4 independent clones) treated 6d with 0.5!µM 4OHT. i, Indel mutation in one mouse CDK19-KO iPS clone, induced by indicated CRISPR 
guide-RNA against CDK19 Exon1, using lentiviral CRISPR-Cas9. Indel is 10 bp deletion at predicted CRIPSR target site, generating a frameshift immediately 
downstream of ATG start codon. j, Western blots: 4-OHT-inducible 8Cdk8-knockout mouse iPS clones as in (h). Schematic summarizes generation 
of these cells. Data representative of 4 experiments with n=3 iPS clones. k, Western blots: 4-OHT-inducible CDK8/19-double-knockout mouse iPS 
clones, generated as in (J). CDK8-knockout confirmed at protein level after 4-OHT-inducible Cre treatment. CDK19 protein was undetectable in PSCs, 
but readily detectable in intestinal organoid controls. Arrow indicates CDK19, confirmed by CRISPR-knockout as shown; *non-specific band. Data: 
CDK8/19-knockout with n=10 independent iPS clones. l, Left, Western blot: CDK8/19-double knockout (dKO) iPSCs ± empty-vector, catalytically-active 
CDK8 wild-type (WT), or CDK8 Kinase-Dead (KD). Right, bright field images: mouse iPS lines as indicated. Arrows: naïve-like colony morphology in cells 
expressing CDK8-WT plus treatment with CDK8/19i. Importantly, CDK8/19-dKO iPS with empty vector do not respond to CDK8/19-inhibitor. Images 
representative n=3 iPS clones. Scale bars 100!µm. m, Re-expression of CDK8-WT in null background rescues response to CDK8/19i. Left, overview. Right, 
mRNA expression of naïve pluripotency markers (qRT-PCR; Mean, 2 experiments) in CDK8/19-dKO mouse iPS with empty-vector, or catalytically-active 
CDK8-WT, in serum/LIF or CDK8/19i.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Positive effect of long- term CDK8/19i on mammalian ES self- renewal and pluripotency. a, Cell morphology and alkaline 
phosphatase staining of WT mouse EpiSC infected with pMSCV-Empty or pMSCV-CDK8-KD, plus 7d/1 passage in either EpiSC media (Fgf2/ActivinA/
fibronectin; Methods) or serum/LIF ES media (see schematic). Images representative of day 7 after pMSCV infection and selection, n=2 cell experiments. 
Scale bars 100 µm. b, FACS: maintenance of pluripotency markers in mouse PSCs. Percentage of double- positive Nanog-GFP+/ICAM1+ PSCs following 3 
weeks culture in control serum/LIF, 2i- naïve, or CDK8/19i. Data: Mean, n=2 cell experiments. c, Immunofluorescence: TFE3 expression and localization 
in mouse PSCs adapted to control serum/LIF, 2i-naïve, or CDK8/19i, as in (b). Scale bar 10 µm. d, Embryoid body (EB) differentiation with beating cardiac 
centre demonstrates developmental capacity of mouse PSCs previously adapted to indicated conditions. Data: Mean±SD, n=3 cell experiments, two 
technical replicates each. e, Differentiation in vitro demonstrates developmental capacity of mouse PSCs previously adapted to control, 2i or CDK8/19i 
conditions. PSC differentiation was by LIF-removal or LIF-removal plus retinoic acid, and assessed by qRT-PCR to show loss of pluripotency (Oct4) and 
induction of differentiation (Brachyury, T). Data: Mean, 2 experiments. f, Teratoma assay in vivo demonstrates developmental capacity of mouse PSCs 
previously adapted to CDK8/19i conditions. Three embryonic germ layers confirmed in teratomas using histology (H+E stain; upper panels), and staining 
for germ layer markers: NESTIN (ectoderm), VIMENTIN (mesoderm), and Alpha-feto-protein (AFP, endoderm). Data representative of n=6 teratomas. 
Scale bar 200 µm. g, Brightfield images showing colony morphology in 3 human PSC lines in primed state (upper panels), or 14d treatment with 
CDK8/19i. Images representative n=5 independent experiments. Scale bar 100µm. h, Brightfield and live-cell GFP-fluorescence images of human iPS cells 
(HERVH-GFP reporter) in primed conditions, or following 14d treatment with indicated media cocktails. To derive and maintain the 2i p38iJNKi condition. 
Images representative of n=5 independent experiments. Scale bar 100 µm. i, FACS analysis of pluripotency markers in human PSCs (HERVH iPS or WIBR3 
ES), following 3 weeks adaption to indicated culture conditions, as in (g, h). Data represent one experiment with n=2 independent PSC lines. Primed or 
CDK8/19i PSCs were routinely passaged in bulk using collagenase. In contrast, for the 2i p38iJNKi condition, cytometric sorting was required to select the 
top 10% HERVH-GFP cells at each passage, for 3 passages, before fixing the cells 4d after third passage/selection- round.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Self-renewal, genomic stability, and gene expression analysis in mouse and human PSCs in CDK8/19i. a, Single cell clonogenicity: 
human PSCs in primed or CDK8/19i conditions. Cells were FACS-selected for top or bottom 5% HERVH-GFP intensity, seeded at clonal density in primed 
or CDK8/19i culture (±p38iJNKi) for 7d (individual colonies arise separately), then Alkaline phosphatase stained (inset, example colonies) to visually 
score maintenance of pluripotent status. Data: n=10 fields of view, multiple colonies per view, one experiment. b, Western blots: naïve pluripotency marker 
KLF17 in primed or CDK8/19i conditions. SMC1: nuclear internal loading control; n=4 human PSC lines. c, Mean pluripotency marker mRNA expression 
levels (qRT-PCR) in each of n=5 human PSC lines, in primed or CDK8/19i conditions >14d. d, Karyotyping indicates genomic stability: Human PSC lines 
(n=5), 16–19 passages in primed or CDK8/19i conditions. Inset, representative example: karyotype maintenance. e, Rank-Rank Hypergeometric Overlap 
(RRHO):85 RNA-seq differential expression in mouse PSCs adapted to 2i-naïve or CDK8/19i conditions, versus serum/LIF (n=3 biological replicates; 
n=12,629 genes). Genes arranged by magnitude-change, then assessed for overlap by RRHO sliding window of 100 genes. Colour intensity: -log10 p- value 
after Benjamini-Yekutieli correction of hypergeometric overlap. f, Overlap and hypergeometric significance of differentially-expressed mRNAs in mouse 
PSCs in 2i or CDK8/19i, versus control KSR/LIF (serum-free conditions) RNA- seq; n=3 biological replicates; FDR<0.05. g, Pluripotency marker and LINE 
L1 repeat RNA expression (qRT-PCR) in mouse PSCs cultured as in (e). Data: n=3 experiments, Mean±SD, t-test, unpaired, two-tailed, *P<0.05. h, Effect 
of 2i or CDK8/19i on LINE L1 super-family expression (RNA-seq) in mouse PSCs cultured as in (e). Data: Mean, n=3 biological replicates, for each LINE 
L1 family, arranged by evolutionary age, which also reflects transcriptional activity and regulatory mechanisms86. 2i and CDK8/19i similarly regulate the 
youngest and most transcriptionally-active families (calculations, notes: Source Data). i, Dot plot: RNA-seq expression, in mouse PSCs, cultured as in 
(e). Pluripotency markers (red, n=18); 2C-fluctuation markers (green, n=112);46,47,82 lists: Source Data). Below: effect of 2i or CDK8/19i (current study), 
or CDK8-knockdown87, on these genesets. Significance: GSEA FDR q-values<0.25, indicated. j, Western blots, mouse PSCs. Markers of pluripotency, 
or 2C-fluctuation (ZSCAN4). Representative: n=2 experiments. k, l, RNA expression: 2C-fluctuation markers (qRT-PCR), mouse PSCs cultured as in 
(e), or after 10d CDK8/19i-withdrawal (l). Data: Mean, n=2 experiments. m, FACS quantification, percent fluorescencehigh cells in 2C-fluctuation in two 
independent mouse PSC 2C-reporter lines, cultured as in (e). Induction of 2C- fluctuation: inducible-Kdm1a-knockout46, or 48h TSA46. Data: Mean±SD, 
n=3 experiments.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Comparison of CDK8/19i and 2i in the current work versus published studies. a, b, FACS quantification, percent fluorescencehigh 
cells in 2C-fluctuation: n=2 independent mouse PSC 2C-reporter lines46,82, cultured as indicated. 2i and CDK8/19i repress the 2C-fluctuation, reversible by 
2–10d inhibitor-removal. Data: Mean, n=3 experiments. c, Bright field or fluorescencehigh cells in 2C-fluctuation: n=2 independent mouse PSC 2C-reporter 
lines46,82, cultured as indicated. Induction of 2C-fluctuation: 7d inducible- Kdm1a-knockout46, or 48h TSA46. d, e, Overlaps between RNAseq published 
datasets versus current study in mouse PSCs adapted to 2i or CDK8/19i versus control serum/LIF. Differentially expressed mRNAs in current study 
(FDR<0.01 and 2-fold change), versus three published studies23,48,49 (d), or, versus developmental stage-specific marker genesets from preimplantation 
mouse embryos52 (e). (D,E) Overlap hypergeometric significance, and number of genes changing in same direction, are reported below each 2-way 
comparison. f, Pluripotency (NANOG, POU5F1/OCT4, KLF4, CDH1/E-cadherin) or differentiation (CDH2, NESTIN) marker expression (qRT-PCR) 
in human PSCs adapted to indicated conditions. Mean±SD, n=1–3 biological experiments. g, Human embryo stage-specific developmental genesets 
(scRNA-seq), defining pre- implantation naïve epiblast (n=242 genes) and post-implantation primed epiblast (n=620 genes), can distinguish human 
PSCs between naïve and primed pluripotent states in vitro by up/down-regulation39,53,55 (listed in: Source Data). RNA-seq expression of these genesets is 
shown in the current study in human PSCs adapted to indicated conditions. Tukey box plots; box reflects 25th -75th percentile; horizontal line is median; 
white-cross indicates mean. Data: n=3 biological replicates, Mean± SD, t-test, unpaired, two-tailed, ****P < 0.0001. h, i, Human embryo lineage-specific 
genesets38 defining early/late pre-implantation naïve epiblast (n=22/24 genes), and late primitive endoderm (n=50 genes), were assessed by GSEA in 
our human PSC cultured in 2i-naïve or CDK8/19i. h, 1.1 μM CDK8/19i, one PSC line. i, 0.4 μM CDK8/19i, 4 PSC lines. Significance indicated by GSEA FDR 
q-values<0.25, and up/down-regulation (red arrows), in each panel. j, Human embryo lineage-specific scRNA-seq genesets88, defining pre-implantation 
naïve epiblast (n=417 genes), primitive endoderm (n=83 genes), or trophectoderm (n=111 genes), were assessed by GSEA in our human PSC cultured in 
0.4 μM CDK8/19i versus primed culture (n=4 PSC lines). Significance indicated by GSEA FDR q- values<0.25, and up/down-regulation (red arrows), in 
each panel.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | CDK8/19i regulates the phospho-proteome and proteome similar to 2i- naïve pluripotency, but not DNA methylation. a, Left: 
Overlap and hypergeometric significance (P-value) of differentially expressed proteins (FDR<0.05), in mouse PSC lines adapted to 2i-naïve or CDK8/19i, 
versus standard serum/LIF (n=5 lines, displayed individually). Right: table compares overlap in proteins up/down-regulated, per cell line and per condition, 
to highlight that the positive correlation (proteins changing in same direction) is greater than the negative correlation in all PSC lines. Supplementary  
Table 4: list of differentially expressed proteins. b, Summary, all proteomic changes, shown per mouse PSC line, adapted to 2i-naïve or CDK8/19i 
conditions, versus control serum/LIF, as in (a). c, Heatmap: normalized enrichment of biological pathways identified as significantly up/down-regulated 
(blue/yellow), by GSEA of proteomic changes, shown per cell line, in mouse PSCs cultured as in (a). Significance was confirmed in all pathways shown 
(GSEA FDR q-values<0.25). d, e, Rank-Rank Hypergeometric Overlap (RRHO):85 differential mRNA expression (X- axis) in mouse PSCs adapted to 
2i-naïve conditions (d) or CDK8/19i (e), versus, differential protein expression (Y-axis), for the same genes (n = 5289). Genes arranged by magnitude- 
change, then assessed for overlap by RRHO sliding window of 100 genes. Colour intensity: -log10 p-value after Benjamini-Yekutieli correction of  
hyper geometric overlap. f, g, DNA methylation changes (5-methyl-cytosine; pyrosequencing) in n=4 mouse PSC lines adapted to 2i or CDK8/19i.  
f, Methylation levels at two CpG sites in Major Satellite repeats, shown independently (right), or Mean±SD across the CpG loci (left). g, Methylation 
levels at four CpG sites in IAP repeats, shown independently (right), or Mean±SD across the CpG loci (left). h, XIST RNA levels in human PSC lines in this 
study (qRT-PCR). Female (n=3: WIBR3, CB5 and H9) and Male (n=1: D2#2) PSCs display low/undetectable XIST expression compared to control adult 
female human somatic cells (lung fibroblasts), suggesting X-silencing erosion may have already occurred in parental cells, as previously observed67. Data: 
n=3 technical replicates. i, Functional analysis of proteins containing a CDK phospho-target motif that displays phosphorylation decrease (FDR<0.05) 
within 15 min treatment of mouse PSCs with 2i or CDK8/19i. Data: n=2 PSC lines. j, Western blots: ERK1/2 phosphorylation after long-term adaption  
(3 weeks) of mouse PSCs to serum/LIF, 2i, or CDK8/19i. Above: relative ERK1/2 phospho-levels, normalized by total ERK1/2 levels. k, Western blots: 
CDK8 kinase-target STAT1-phospho-serine727, in human PSCs, with indicated culture media. l, CDK8 protein levels per cell measured by cytometry in 
mouse PSCs treated with indicated inhibitors. j–l Representative, n=2 independent experiments.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Analysis of RNA Pol II genomic distribution and corellation with RNA gene expression. a, ChIP-seq: RNA Pol II Serine 5 
phosphorylation (Ser5P) abundance at all Refseq Transcription Start Sites (TSS; n=28,441), in mouse PSCs, treated as indicated. Left: Heatmap, TSS 
+/−5 Kb. Right: Metagene average +/−2 Kb. ChIP-seq n=3 pooled replicates. b, ChIP-qPCR: RNA Pol II and histone marks at the Nanog TSS. RNA Pol II 
and H3K4me3 (active euchromatin) are increased. Data: Mean±SD, n=4 ChIP replicates. c, Re-analysis of published23,69 ChIP-seq: RNA Pol II abundance 
at all Refseq Transcription Start Sites (TSS; n=28,441), in mouse PSCs, treated as indicated, (similar conditions to current study, compare with Fig. 5h, i). 
Left: Heatmap, TSS +/−5Kb. Right: Metagene average +/−2Kb. ChIP-seq n=3 pooled replicates. d, Schematic: defining gene regions and Pol II loading 
ratios used in this study, similar to previous reports68. Lower panel: schematic summarizing results in Fig. 5h, i, where Promoter Loading Index is increased 
(Promoter/Body). e, f, Rank-Rank Hypergeometric Overlap (RRHO):85 differential mRNA expression (RNA-seq data; Y-axis) in mouse PSCs adapted to 
2i-naïve conditions (e; n=10,117) or CDK8/19i (f; n=10,136), versus, differential RNA Pol II abundance at promoter-TSS (ChIP-seq data; X-axis), for the 
same genes. Genes arranged by magnitude-change, then assessed for overlap by RRHO sliding window of 100 genes. Colour intensity: - log10 p-value 
after Benjamini-Yekutieli correction of hypergeometric overlap. g, h, Venn diagrams: genes with differential mRNA expression up/down-regulated (green 
circles; FDR<0.01) in 2i (g) or CDK8/19i (h) overlap significantly with genes where the promoter has the greatest/least change in RNA Pol II abundance 
(red circles; promoters with fold change > one standard deviation from mean). Overlap significance: hypergeometric test; P-values, and number of genes 
“n”, indicated in each panel. Genes up (top Venn diagrams), and genes down (lower Venn diagrams), refer to inhibitor-treated cells versus control serum/
LIF conditions. i, Genes with the greatest change in RNA Pol II abundance (lower panel; ranked list of promoters by magnitude of RNA Pol II abundance 
fold-change; n=12,693; ChIP-seq) correlate with the top 100 most differentially expressed mRNAs up/down-regulated in 2i-naïve conditions (upper two 
panels; RNA-seq). All changes refer to 2i-treated cells versus control serum/LIF conditions.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | ChIP-seq for CDK8 and analysis of its genomic distribution. a, CDK8/19 average ChIP-seq enrichment2,3 density in mouse PSCs 
at Promoter-TSS regions +/− 2 Kb, n=28,441 TSS (Refseq). b, CDK8/19 binding loci defined in mouse PSCs by ChIP-seq2,3, MACS peak calling, and 
categorized by functional annotation of the region by HOMER (n=21,703, see Supplementary Table 7). Note: ChIP antibody binds both CDK8 and CDK19, 
see Methods. Promoter-TSS: TSS+/− 1Kb. Gene Body: Exons, Introns, and transcription termination site TTS +/− 1Kb. Enhancer constituent regions, 
as defined2,3. c, Percentage of SE-constituent regions2,3 enriched for CDK8/19 binding (see also Supplementary Table 7). d, CDK8 is an integral part of 
Enhancer-Mediator in mouse PSCs. Pearson correlation Matrix summarizes correlation/co-occupancy between 59 factors in 10627 Enhancers in mouse 
PSCs, based on comparison of ChIP-seq signal intensity in published datasets. Enhancer loci and ChIPseq data extracted from2,3. The 59 factors indicated 
are a range of chromatin modifiers and transcription factors. Each square of the matrix represents a comparison between the corresponding pair of factors 
for their similarity in ChIP signal ranking across the 10,627 enhancer regions, to calculate a r2 correlation of their similarity, where 1.0 = exactly similar. An 
example of a single correlation between two factors is shown for the Mediator subunit Med1 and CDK8/19 abundance within mouse PSC enhancers, in the 
upper-right of the panel. Hierarchical clustering groups those factors by similarity in ChIP signal pattern across all 10,627 enhancers. Thus, high correlation 
between two factors (red), indicates co- enrichment to similar levels and at the same set of enhancers, which is suggestive of functional co-operation. 
Co-enrichment patterns for subunits and co-factors of the Mediator, RNA Pol II and Cohesin complexes can be observed (indicated), consistent with their 
reported combinatorial roles at enhancers. CDK8/19 clusters most closely with the Mediator complex and other critical regulators of enhancer function. 
See Methods, Supplementary Table 7, and Source Data for analysis of the published ChIP datasets and enhancer loci defined by2,3.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | RNA Pol II and CDK8 genomic distribution. 2i and CDK8/19i hyper- actívate naïve-state enhancer activity. a–c, Gene ontology 
enrichment and functional annotation of CDK8/19-target genes identified by the single-nearest gene to each CDK8/19 binding site in mouse PSCs 
(ChIP-seq, n=21,703 peaks: Supplementary Table 7) using GREAT analysis90. Data: -log 10 binomial P-value with Bonferroni correction for multiple 
hypothesis testing indicating the significance of each gene ontology category. d, Metagene enrichment in the indicated genomic regions for CDK8/19 
or RNA Pol II abundance, as determined by ChIP-seq in mouse PSCs above. Genomic regions were defined in groups by the CDK8/19 peak intensity as 
defined in (a). e, Identification of mouse PSC super-enhancer (SE) loci specific to pre-implantation naïve epiblast, or post-implantation primed epiblast. 
Enhancer loci were extracted from the Prestige Database77. The SEs in naïve or primed epiblast were first identified, and then any SEs common to a 
panel of 16 somatic tissues (threshold: 1 bp overlap) were subtracted (Methods). Enhancer loci lists: Source Data. f, RNA Pol II abundance in mouse 
PSC primed-specific super-enhancers (on left, n=1005), or naïve-specific super-enhancers (on right, n=1424), as defined in (e). RNA Pol II levels are 
significantly higher in 2i or CDK8/19i conditions versus serum/LIF control: t-test, unpaired, two-tailed, Welchs correction, **P<0.01; ****P<0.0001). 
Tukey box plot centre lines show median values, box limits represent upper and lower quartiles, and whiskers show 1.5× interquartile range. g, qRT-PCR: 
pluripotency marker genes and naïve-specific eRNA71 abundance in mouse PSC at short time intervals after withdrawal of 2i or CDK8/19i from culture. 
Data: Mean±SEM, n=3 experiments. h, Rank-Rank Hypergeometric Overlap (RRHO)85: heatmap shows differential mRNA expression (RNA-seq) of the 
single-nearest target genes (n=3,553; GREAT analysis) identified for all PSC enhancers2,3 (n=10,627) in 2i-naïve conditions (X-axis) or CDK8/19i (Y-axis), 
compared to control serum/LIF conditions. The enhancer-target mRNA expression changes are arranged by magnitude, then assessed for overlap by 
RRHO sliding window of 100 genes. Colour intensity: -log10 P value after Benjamini- Yekutieli correction of hypergeometric overlap. Highly significant 
overlap along the diagonal indicates similar regulation of enhancer-target gene mRNA expression in 2i and CDK8/19i. i, FACS: NANOG and OCT4 protein 
expression following 7d treatment with 500 nM BRD4i(JQ1) in CDK8/19-dKO iPS clones expressing pMSCV-Empty or pMSCV-CDK8- Kinase-Dead 
(CDK8-KD). Representative of n=3 cell experiments. j, qRT-PCR: expression of naïve marker genes following 48h treatment with 500 nM BRD4i(JQ1). 
CDK8/19-dKO iPS ± CDK8-KD were cultured in 2i or standard serum/LIF, as indicated. Mean±SD, n=3 independent clones.

NATURE CELL BIOLOGY | www.nature.com/naturecellbiology



ANNEX 

 178 

 
  

ARTICLESNATURE CELL BIOLOGY

Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | CDK8 expression in vivo and the role of Mediator during mouse preimplantation development. a, CDK8 and CDK19 mRNA 
relative expression levels in PSCs, as detected by RNAseq in 5 mouse datasets23,49–51 and 6 human datasets32,34,39,58,66 (including the current study). 
Mean±SD of independent RNAseq replicates in each published study (see: n replicates indicated in panel; data calculation, see: Source Data).  
b, Immunofluorescence for CDK8 protein levels during mouse preimplantation development from 1-Cell to early blastocyst stage (E3.5), representing one 
set of embryos. Scale bars 25μm. c, CDK8/19-inhibition blocks embryo development at 1–2 Cell stage. Day E0.5 zygotes were harvested from females and 
immediately cultured in vitro in KSOM ± CDK8/19i for 2 days, with assessment of their developmental progression by visual inspection of cell number 
and morphology at intervals. Data represents n=30 embryos per condition, across two independent experiments. d, e, CDK8 mRNA expression levels 
in specific embryo stages and lineages during mouse preimplantation development. CDK8 mRNA expression declines until blastocyst stage, both in 
mouse and human pre-implantation embryos. In (d), mean data values from published microarray studies (Methods). In (e), CDK8 mRNA expression 
levels detected by RNA-seq in specific embryo stages and lineages during mouse preimplantation development; data from52, Mean±SD, n=2–3 replicates 
per time point, significance assessed by one-way ANOVA unpaired T-test. *P<0.05; **P<0.01. (see Source Data). f, CDK8 mRNA expression levels 
during mouse or human embryo pre-implantation development, as detected by microarray in published datasets. Mouse: https://www.ncbi.nlm.nih.
gov/geo/tools/profileGraph.cgi?ID=GDS812:96726_at Human: https://www.ncbi.nlm.nih.gov/geo/tools/profileGraph.cgi?ID=GDS3959:1553112_s_at 
(g) Schematic showing example of FACS gating strategy in this study. DAPI was added to live cell suspension 2mins before analysis, as a live/dead 
discriminator. Gates 1, 2, and 3, sequentially act to exclude cell doublets, and debris, thus selecting live single cells for analysis of Nanog-GFP profile in 
mouse PSCs.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Cyclin C expression localization during mouse preimplantation development. a, Immunofluorescence: CDK8, OCT4, and 
F-ACTIN in mouse early embryos from E4.5 to E5.5. Scale bars 20 μm. Images representative of n=3 experiments. b, c, Immunofluorescence (b): cyclin 
C protein levels during mouse development from preimplantation blastocyst stage (E4.5) to post-implantation cylinder stage (E5.5). Co-staining with 
OCT4 to mark epiblast, and GATA6, to mark primitive endoderm at E4.5 and its maturation into post-implantation visceral endoderm. c,, Cyclin C 
nuclear-cytoplasmic ratio was quantified and plotted, where each data point represents the mean Nuc-Cyto ratio for epiblast cells of one embryo (Source 
Data). As internal control, the Nuc-Cyto ratio for OCT4 was also quantified. Nuclear abundance of cyclin C increases in epiblast cells during development 
from E4.5 to E5.5. In contrast, OCT4 nuclear-cytoplasmic ratio does not follow this pattern. This implies that cyclin C pattern is not related to staining or 
imaging artefacts. b,, representative examples shown; n=2 experiments. c,, data: Mean±SD, T-test, unpaired, two-tailed, P-values and number of embryos 
“n” is indicated. d, Western blot: cyclin C localization by sub-cellular localization. Nuclear and cytoplasmic fractions were prepared from mouse cells 
across developmental spectrum: naïve (adapted to 2i), primed (adapted to serum/LIF), or epiblast-like stem cells (abbreviated EpiLC; derived by treating 
PSCs for 48 h with EpiSC media50) (Methods). Relative abundance of nuclear cyclin C is greater in primed state EpiLC and in serum/LIF conditions, 
compared to 2i-naïve. Data represent n=2 experiments. e, Summary: The developmental requirement for CDK8 activity mirrors its embryonic expression 
pattern. Maxima in CDK8 expression coincide with a requirement for development around the zygote-morula and post-implantation stages. Between 
these two periods, a transient minima in CDK8 expression occurs during emergence of naïve epiblast, where CDK8 function appears dispensable. We 
suggest that CDK8/19 chemical inhibition in vitro mimics CDK8 downregulation during pre-implantation development in vivo, providing mechanistic 
insight on how naïve pluripotency may arise in the embryo: (i) CDK8/19 is required during zygote-to-morula development, where its expression is high. 
(ii) During morula-to-blastocyst pre-implantation development, CDK8 expression declines, and nuclear cyclin C decreases. This coincides with the 
emergence of E4.5 pre-implantation naïve epiblast and, accordingly, CDK8/19 inhibition does not interfere with naïve epiblast specification. In contrast  
to MEK inhibition, CDK8/19 inhibition does not affect the epiblast/PE lineage segregation. (iii) During the subsequent developmental transition  
of pre-implantation naïve epiblast to post-implantation primed state, CDK8 expression becomes increased and CDK8/19 activity is required for 
morphogenic events.

NATURE CELL BIOLOGY | www.nature.com/naturecellbiology



ANNEX 

 182 

 
  



ANNEX 

 183 

 
  



ANNEX 

 184 

 
  



ANNEX 

 185 

 
  



ANNEX 

 186 

 
  



ANNEX 

 187 

  



ANNEX 

 188 

 


