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ABSTRACT 
 
 

Structural and Biochemical Characterization of the XPC DNA Repair and Stem 
Cell Coactivator Complex 

 
by 

Elisa Tiannuo Zhang 
 

Doctor of Philosophy in Molecular and Cell Biology 
University of California, Berkeley 

Professor Robert Tjian, Chair 
 
 

 The regulation of eukaryotic gene expression is critical for proper cell 
homeostasis and development and relies largely on appropriate initiation of 
transcription. Transcriptional regulators, such as sequence-specific transcription 
factors, coactivators, general transcription factors, and chromatin remodelers, are 
often expressed in a cell-type specific manner to drive cell fate decisions and 
developmental transitions. Recently, the XPC DNA repair factor was identified as 
the Stem Cell Coactivator (SCC) complex, a key transcriptional coactivator 
required to assist OCT4 and SOX2 in driving the expression of key pluripotency 
genes in embryonic stem cells.  
 Chapter 1 provides an introduction to mechanisms of eukaryotic 
transcriptional regulation, eukaryotic DNA repair, and the involvement of the 
XPC/SCC complex in both of these capacities.  
 In chapter 2, I describe the first structures of the human apo and DNA-
bound XPC holo-complex, as solved by electron microscopy. Comparison of the 
apo and DNA-bound structures identified key regions that become locally 
disordered upon engagement with DNA. Using a combination of sequence 
homology, computational docking of a partial homolog crystal structure into the 
EM density, and mapped interaction domains, I present a predictive model 
illustrating regions of key contacts on the XPC/SCC complex. 
 In chapter 3, I describe the involvement of largely non-specific RNA but 
not DNA or heparin in mediating the interaction between SOX2 and SCC in a 
dose-dependent fashion, a novel mode of potentially RNA-mediated 
transcriptional regulation. I provide evidence that there are little or no sequence 
or structural requirements for the RNA I also show that while this interaction is 
RNA-dependent, direct contacts can be formed between SCC and SOX2, 
suggesting that RNA is stabilizing and possibly even multimerizing existing 
protein-protein contacts between SCC and SOX2.  
 In summary, the findings described in this dissertation provide a structural 
and biochemical framework for understanding the molecular and cellular 
mechanisms of SCC-driven gene regulation. 
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CHAPTER ONE 
 

Mechanisms of Eukaryotic Genome Manipulation: Transcription 
Initiation and DNA Repair 

 
 
 
 
Abstract 
 

The genomes of living organisms are both the vehicle for hereditary 
information and the carrier of information necessary for establishing and 
maintaining an organism’s development and survival in interfacing with its 
surrounding environment. Safeguarding the integrity of the genome is critical to 
cellular and organismal health. Central to maintaining the health of genomes in 
the face of intrinsic and extrinsic sources of DNA damage are a suite of DNA 
repair pathways, each dedicated to handling specific lesions. Using this well-
groomed genomic landscape, an organism responds to environmental stimuli 
and develops properly through the appropriate selective and combinatorial usage 
of the genes within its genome – in other words, transcriptional regulation. While 
transcription and repair operate as distinct molecular processes, a growing body 
of literature suggests that there is an appreciable amount of overlap between 
these two functions, not only due to the increased DNA damage observed at 
sites of transcription, but also through the activity of dual- or multi-function 
proteins. A prime example of such a dual repair and transcription factor is the 
SCC (Stem Cell Coactivator) or XPC (Xeroderma pigmentosum complementation 
group C) complex. This study presents a series of structural and biochemical 
experiments to better characterize the central role of SCC in its divergent 
functions in transcriptional regulation and DNA repair.  
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Part One: Transcription 
 
 

Gene expression in eukaryotes is often regulated at the level of 
transcription initiation. Appropriate switching of genes on or off is regulated by a 
multitude of factors. ATP-dependent chromatin remodelers and histone 
chaperones, as well as DNA- and histone-modifying enzymes, render the 
chromatin environment amenable for binding to the DNA by DNA-binding factors. 
Sequence-specific transcription factors are unique in their recognition of and 
binding to specific DNA sequences, thus often initiating this chromatin 
remodelling as “pioneer factors” while subsequently also gaining the capacity to 
bind as a result of this chromatin alteration. The combinatorial binding of 
sequence-specific transcription factors to cognate binding sites in enhancers and 
promoters provides specificity of gene control as well as the coordination of the 
recruitment of the general transcription factors (TFIIA, TFIIB, TFIID, TFIIE, TFIIF, 
TFIIH) and RNA polymerase II to assemble the transcription pre-initiation 
complex (PIC). This recruitment is often performed with the help of transcriptional 
coactivators such as CRSP/Mediator, CPB, and p3001, as well as TFIID2, which 
is also considered a coactivator by virtue of its TAF subunits. These coactivators 
are recruited by sequence-specific transcription factors to stabilize larger 
assemblies involving the PIC without direct DNA binding themselves2. Though 
less is known about them, corepressors such as histone deacetylases and NCoR 
are the corollary to coactivators for transcriptional repressors3. A summary of 
these regulatory factors is illustrated in Figure 1. 
 
 
Sequence-specific transcription factors 
 

Sequence-specific transcription factors bind to specific DNA sequences 
and control the rate of transcription of genetic information by either promoting or 
blocking the recruitment of RNA pol II as activators or repressors, respectively. 
Unlike chromatin remodelers, histone-modifying enzymes, and coactivators, 
sequence-specific factors contain one or more DNA-binding domains that allow 
for specific recognition of DNA sequences and therefore often specifically 
localize these many classes of factors to the appropriate locations in the 
genome4.  
 

Sequence-specific transcription factors can be subdivided into 4 
superfamilies on the basis of the DNA-binding domains and structural homology: 
basic domain transcription factors, zinc-coordinating proteins, helix-turn-helix 
proteins, and β-scaffold factors with minor groove contacts5.  
 

Basic domain factors are characterized by their high density of positive 
charge, which prevents their formation of structured motifs until binding to DNA, 
upon which they fold α-helically; GCN4 is an example of a factor that display 
such behavior. Associated dimerization domains include leucine zippers (ZIP) 
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and helix-loop-helix domains. Examples of factors in this superclass include 
MyoD, OLIG2, and NeuroD16.  
 

Zinc-coordinating domains or zinc-finger (Znf) domains are ~25-30 amino 
acid structures that generally contain cysteine and histidine residues that 
coordinate one or more zinc ions to stabilize the fold7. Although they were first 
identified as a DNA-binding motif, zinc finger proteins are now recognized to bind 
DNA, RNA8,9, protein10, and even lipid substrates11. Znf domains are typically 
found in clusters with each carrying different binding specificities, thus allowing 
for combinatorial assemblies that allow for targeting to specific sequences12. 
Examples of Znf DNA-binding proteins include TFIIIA, Sp1, Krüppel, GATA-1, 
and Zif26811,13.  
 

Helix-turn-helix domains are composed of two or three α-helices joined by 
a short strand of amino acids and bind DNA in its major groove. In the case of 
the subclass winged-helix domain, an additional, small beta-sheet flourish 
connects a 3-helix bundle. Other subclasses include homeobox domains, heat 
shock factors, and tryptophan cluster proteins. Examples of helix-turn-helix 
transcription factors include Oct114, Myb15, and TEAD16.  
 

The fourth major transcription factor superfamily is the β-scaffold proteins 
with minor groove contacts. There does not appear to be any one particular 
feature common to all factors in this superfamily, although the eponymous β-
scaffold is shared by many of them. Prominent examples in this superfamily 
include TBP (TATA-box binding protein)17, Mef218, p535, and NFAT5 family 
members. 
 
 
 
Coactivators in transcriptional regulation 
 

Coactivators and corepressors function as intermediaries by facilitating the 
action of sequence-specific activators or repressors to manage various aspects 
of transcriptional regulation2,3,19. Many coactivators are multi-protein complexes 
that interact with or are themselves components of the RNA polymerase II 
transcriptional machinery or are chromatin-directed coactivators.  
 

The development of the coactivator model began in the mid-1980s when it 
was observed that while the TATA-binding protein (TBP) was a component of 
TFIID, it was incapable of supporting activator-dependent transcription in vitro. 
This and the fact that TFIID consistently fractionated at much larger sizes than 
purified TBP led to the proposal that TFIID contains TBP and a set of TBP-
associated factors (TAFs), which acted as adaptors to bridge DNA sequence-
specific activators and the basal transcriptional machinery, such as GTFs and 
RNA pol II. Subsequent experiments demonstrated that TFIID is composed of 
TBP and 10 or more TAFs, depending on the organism, and that these TAFs are 
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not required for basal transcription but are required for transcriptional activation 
by several classes of activators2,20.  
 

Mediator complexes were purified as RNA pol II-interacting coactivator 
complexes that stimulated activator-dependent transcriptional activity in 
reconstituted transcription reactions. Yeast Mediator and related metazoan 
complexes are capable of binding to the long, disordered carboxy-terminal 
domain (CTD) of RNA pol II and stimulating TFIIH-dependent CTD 
phosphorylation. The ~1.5 MDa NAT and SMCC are two human Mediator-like 
complexes that appear to instead inhibit activated transcription in purified 
transcription reactions, and in contrast to yeast Mediator, are not able to directly 
interact with the RNA pol II CTD. However, because of their ability stimulate CTD 
phosphorylation, presumably via association with the underphosphorylated 
largest pol II subunit through another portion of the protein, these complexes may 
regulate lesser-understood steps in pre-initiation complex formation and the 
transition to transcript elongation. As another example, a smaller ~700 kDa- 1 
MDa Mediator-like coactivator CRSP was isolated on the basis of its ability to 
activate Sp1-dependent transcriptional activation. A whole host of Mediator-
related complexes have since been identified: ARC, TRAP21, DRIP, and PC22.  
 

In addition to those that bridge interactions between sequence-specific 
transcription factors and RNA pol II, many transcriptional coactivators contain 
activities that allow them to help other factors navigate the eukaryotic chromatin 
environment. For example, many transcriptional coactivators and corepressors 
are constituents of complexes that contain subunits with histone acetylase (HAT) 
or histone deacetylate (HDAC activities, respectively. The CREB-binding protein 
(CBP) and the related p300 protein, as well as the p160 family of coactivators 
and the TAF1 subunit of TFIID, are examples of mammalian transcriptional 
coactivators exhibiting HAT activity. The acetylation of nearby nucleosomes 
allows for local chromatin depression, a critical step in the regulatory cascade 
towards activated transcription. These acetyltransferases also act on other 
transcriptional components besides histones; for example, p300 acetylates p53, 
thus increasing its sequence-specific DNA binding. TAF1, P/CAF, and p300 also 
acetylate GTFs, such as TFIIE and TFIIF, although the functional relevance of 
these events are still unknown2.  
 

It is important to note that many of these coactivator complexes are not 
necessarily mutually distinct species. For example, the human GCN5 and P/CAF 
complexes and the yeast SAGA complex contain various TAFs but no TBP. 
CRSP and PC2 contain larger subunits that are also present in SMCC, TRAP, 
and ARC preparations2. 
 
 
 
 
 

4



non-protein transcription factors: RNA in transcriptional regulation 
 

It has become increasingly clear that RNA plays a critical role in 
transcriptional regulation, most classically perhaps at the post-transcriptional 
level in the form of microRNAs (miRNAs), but also in regulating processes such 
as splicing and mRNA translation22. Increasingly, their role in regulating 
transcriptional initiation is becoming better understood. Regulation by RNAs can 
be broadly classified based on the size of the RNA species: short siRNAs (small 
interfering RNAs; ~21-23 nt) or long non-coding RNAs (lncRNAs; >200 nt). 
 

In S. pombe, siRNAs participate in a self-sustaining loop of siRNA 
production and chromatin modification via the Clr4-Rik1-Cul4 methyltransferase 
to promote H3K9 methlylation spreading in a phenomenon known as RNA-
induced transcriptional silencing23. In Arabidopsis, 24-nucleotide siRNAs direct 
de novo DNA methylation and subsequent transcriptional silencing23; similarly, 
piRNAs (PIWI-interacting RNAs) silence transposons via DNA methylation in 
mouse testes and histone methylation in Drosophila ovaries.  
 

A number of lncRNAs and mRNAs have been demonstrated to impact 
transcriptional regulation. Perhaps the best-known example of a lncRNA 
functioning in gene regulation is XIST, which mediates X chromosome 
inactivation in females 23. XIST is thought to direct the Polycomb repressive 
complex 2 (PRC2), an H3K27 methyltransferase, to chromatin in order to 
mediate global inactivation of a randomly chosen X chromosome. Similarly, the 
lncRNAs Kcnq1ot1 and HOTAIR are capable of recruiting PRC2 in cis and trans, 
respectively. The lncRNA Airn mediates silencing of the gf2r/Slc22a2/Slc22a3 
gene cluster on the paternal allele in the murine placenta lncRNAs are also 
involved in allosteric regulation of transcriptional regulators: the CCND1 5’ 
regulatory sequence stimulates the inhibitory effect of the repressor TLS on the 
coactivators CBP and p30024. The possibility of formation of RNA-DNA triplexes, 
reminiscent of CRISPR/Cas9 binding, was exemplified by the lncRNA transcribed 
from the minor promoter of the human DHFR gene. This transcript forms a triplex 
with the major promoter of DHFR and binds to TFIIB, thus displacing it and 
blocking gene expression. Similarly, murine B2 and human Alu RNA, which are 
derived from SINEs, bind to and deactivate RNA pol II at heat shock genes22.  
 

In addition to repressive lncRNAs, lncRNAs also function in an activating 
fashion. Ironically, Xist expression is in fact activated upon eviction of a CTCF 
repressor by the Jpx RNA. Some activating lncRNAs have also been found to 
associate with Mediator, acting to help dictate chromatin architecture and 
enhance kinase activity22. In some cases, simply the act of reading through a 
gene is sufficient to have a regulatory effect; the transcription of lncRNA SRG1 
and not the RNA itself appears to have an effect on expression of the SER3 ORF 
in yeast24. Yet another mechanism by which lncRNAs regulate transcription is 
influencing nuclear organization to gather otherwise distant genes; Firre is an 
example of an lncRNA that brings genes involved in metabolism and 
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adipogenesis to a common locus via the nuclear matrix protein HNRNPU24. 
ncRNAs with already-known functions are also being found to have effects on 
transcription. For example, the U1 snRNA, a component of the spliceosome, also 
interacts with TFIIH to boost transcription initiation rates22.  
 

Another class of ncRNA involved in transcriptional regulation is enhancer 
RNAs (eRNAs). These eRNAs are transcribed from enhancer elements and 
appear to promote the transcription of neighboring genes in cis by mediated 
chromatin looping between enhancers and promoters and recruiting coactivators 
such as Mediator23. An example of an eRNA functioning in trans is NeST, which 
activates the IFN-γ locus contributing to microbial susceptibility25. Others bind to 
activators and directly enhance their activities22. The expression of eRNAs 
typically precedes that of their putative target genes, and knockdown of these 
eRNAs often results in downregulation of their target genes22,25. However, some 
data seem to question the functionality of the actual eRNAs themselves22. 
 
 
Cell-type-specific transcriptional gene networks  
 

In multi-cellular organisms, proper cell fate specification is critical for 
development and for responses to extrinsic stimuli. Cell fate is largely determined 
by gene regulatory networks, which are often set as responses to soluble 
signaling factors and biomechanical forces. Examples of cell-type specific 
transcriptional regulators include MyoD in muscle cells, PPAR-γ in fat cells, Oct4 
in embryonic stem cells26, and HNF-4α in the liver (Table 1).  
 

While most known cell-type-specific factors are sequence-specific factors, 
other classes of transcriptional regulators are also key for establishing and 
maintaining cell identity. For example, the esBAF chromatin remodeling complex 
is found in embryonic stem cells27,28 (Table 1). Similarly, CHD7 is important for 
neural crest cell function29. The Mediator coactivator subunit MED1 is important 
for hepatocyte function30, while MED23 is involved in adipocytes31 and PGC-1α is 
key for myocyte function32. Amongst general transcription factors, the TAF9b 
subunit of TFIID has been found to be required for motor neuron differentiation33 
while the TAF7L subunit of TFIID is involved in adipogenesis34 and 
spermatogenesis35. Recently, the XPC (Xeroderma pigmentosum 
complementation group C) complex has been identified as a transcriptional 
coactivator in embryonic stem cells36 and HeLa cells37. Interestingly, many of 
these factors seem to be functioning in transcriptional regulation beyond 
necessarily just establishing initiation. For example, TAF3 in ES cells also directs 
CTCF-cohesin to establish proper DNA looping38, and TAF12 has been shown to 
promote DNA demethylation at ribosomal RNA genes by recruiting GADD45A39.  
 

Even beyond protein factors are ncRNA species involved in transcriptional 
regulation, many of which are enriched in different cell types. In addition to some 
of the examples provided earlier, prominent tissue-specific ncRNAs include 
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Braveheart (cardiac development), RMST (neurons), RNCR2 (retinal progenitor 
cells), and linc-MD1 (myoblasts)40.  
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Figure 1

Figure 1: Key players in the regulation of eukaryotic transcription initiation
The activation of gene transcription by RNA polymerase II requires the coordinated and often
combinatorial action of sequence-specific transcription factors, coactivators, chromatin
remodeling complexes, DNA- and histone-modifying enzymes, and general transcription factors
to direct RNA pol II to the appropriate locations. 
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Table 1: Mammalian tissue-specific and cell-fate determination transcriptional regulators 
 
Sequence-specific transcription factors 

Factor Full name Cell or tissue type(s) 

OCT426 Octamer-binding transcription factor 4 or  
POU domain, class 5, transcription factor 1 
(POU5F1) 

Embryonic stem cells 

SOX226 SRY (sex determining region Y)-box 2 Embryonic stem cells 
Neural stem cells 

NANOG26 NANOG Embryonic stem cells 
Fetal germ cells 

ESRRB41 Estrogen-related receptor beta Embryonic stem cells 
KLF442 Krüppel-like factor 4 Embryonic stem cells (naïve) 
SALL443 spalt-like transcription factor 4 Embryonic stem cells 
PPAR-gamma44 Peroxisome proliferator-activated receptor 

gamma 
Adipocytes 

  Adipocytes 
C/EBP-alpha44 CCAAT/enhancer binding protein, alpha Adipocytes 
Krox2045 Egr2 Adipocytes 
KLF246 Krüppel-like factor 2 Pre-adipocytes 
HNF-4alpha47 Hepatocyte nuclear factor 4 alpha Hepatocytes 
MyoD48 MyoD Myocytes 
MEF-249 Myocyte enhancer factor 2 Myocytes, neural crest cells, 

vascular endothelial cells, 
chondrocytes 

NeuroD150 NeuroD1 Neurons 
ASCL151 Achaete-scute homolog 1 or Mammalian 

achaete-scute homolog-1 (MASH1) 
Neurons 

Chromatin-remodelling complexes and histone chaperones 

Complex Function(s) Unique subunits 
esBAF28 Maintains pluripotency in embryonic stem cells Brg, BAF155, BAF60A  
npBAF52 Enriched in neural progenitors BAF53a, BAF45a,d, SS18 
nBAF52 Enriched in neurons BAF53b, BAF45b,c, CREST 
SNF2L53 Promotes neurite outgrowth  
CHD729 Neural crest formation  
Histone-modifying enzymes 

Enzyme Function(s) Key subunits 
CARM1 (PRMT4)54 H3 arginine methyltransferase and coactivator; regulates ICM 

vs. trophectoderm decision 
 

TrxG54 H3K4 methylation of pluripotency genes; regulates 
proliferation and expansion of pancreatic beta-cells 

MLL 

PRC154 Repressing tissue-specific genes in embryonic stem cells RING1A/B 
PRC254 Repressing tissue-specific genes in embryonic stem cells SUZ12 
PRC254 Silences muscle-specific genes in undifferentiated myoblasts in 

conjunction with YY1 and HDAC1; regulates neurogenesis 
EZH2 

JMJD1A, JMJD2C54 Remove repressive methylation marks from H3K9me from 
pluripotency gene promoters 
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Histone-modifying enzymes (cont.) 

Enzyme Function(s) Key subunits 
HDAC154 Expressed in 2-cell embryo and regulates histone 

acetylation until pre-implantation stage; represses brachyury 
expression to prevent mesoderm differentiation 

 

NuRD complex Required for early cell fate decisions; regulates transition of 
ICM cells to late epiblast after implantation; represses 
trophectoderm cell lineage 

MBD3, p66A 

HDAC1, HDAC2 Cardiac development; development of synaptic networks   
SAGA   
General transcription factors components 

Factor Function(s) 
TAF7L spermatogenesis35, adipogenesis34,55 
TAF9b motor neuron differentiation33 
TAF8 adipogenesis56 
TAF3 myogenesis57-59, hematopoiesis60, mouse primitive 

endoderm specification38 
TAF4b oogenesis61-65, spermatogenesis66 
TRF2 spermatogenesis67,68 
TRF3 embryogenesis60, hematopoiesis60, myogenesis57,58, 

oogenesis69,70 
Transcriptional Coactivators 

Factor Cell type  Subunits 
SCC (XPC complex)36 Embryonic stem cells XPC,RAD23B, CETN2 
SCC-A (Dyskerin complex)71 Embryonic stem cells DKC1, GAR1, NHP2, NOP10 
PGC-1alpha32 Myocytes   
MED130 Hepatocytes  
MED2331 adipocytes  
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Part Two: DNA Repair 
 
 

Both exogenous factors from environmental insults and endogenous 
factors from normal cellular metabolic processes lead to DNA damage at the rate 
of approximately 10,000 to 1,000,000 lesions per cell per day72. These lesions 
can be caused by UV radiation, reactive oxygen species, certain plant toxins, or 
simply replication errors in spite of the high fidelity of the Family B replication 
DNA polymerases. Although lesions occurring at the estimated rates represent 
only a tiny fraction of the human genome’s approximately 6 billion bases73, 
unrepaired lesions in critical genes or regulatory elements can impede a cell’s 
normal function and increase the likelihood of tumor formation when tumor 
suppressor genes are affected. 
 

To manage the consequences of various assaults on genome integrity, 
eukaryotic cells employ a wide variety of DNA repair pathways, many of which 
have parallels in prokaryotes as well. For example, direct reversal mechanisms 
can eliminate certain types of DNA damage by chemically reverting them to the 
correct base. Methyl guanine methyl transferase (MGMT) is capable of reversing 
the methylation of guanine bases as a form of direct reversal74. Single-stranded 
lesions are more typically handled by excision repair mechanisms that take 
advantage of complementarity to the undamaged strand as a template. Of these 
excision repair mechanisms, base excision repair (BER) repairs small, non-helix-
distorting lesions such as 8-oxoguanine75,76. Nucleotide excision repair (NER) 
repairs bulky, helix-distorting lesions such as pyrimidine dimers caused by UV 
radiation77. Mismatch repair corrects bases misincorporated by replication or 
recombination specifically on the newly-synthesized strand. In addition to these 
single-stranded repair processes, homologous recombination (HR)78 or non-
homologous end joining (NHEJ)79 repair double-stranded breaks (DSBs), which 
are particularly hazardous because of their tendency to lead to genomic 
rearrangements. When these repair mechanisms fail, translesion synthesis 
allows for DNA replication past lesions as a last resort with the help of 
specialized translesion DNA polymerases and the replication processivity factor 
PCNA80.  
 
 
Nucleotide excision repair 
 

Nucleotide excision repair (NER) is composed of two branches: global 
genomic NER (GG-NER) and transcription-coupled NER (TC-NER), which differ 
only in the initial stages of damage recognition. GG-NER repairs damage 
throughout the genome and employs several damage-sensing proteins, most 
notably the XPC and DNA-damage binding (DDB) complexes to scan the 
genome for helix distortions, such as UV-induced thymidine dimers or bulky 
chemical adducts. In contrast to GG-NER, TC-NER does not require XPC81,82 or 
DDB (dimer of DDB1/p127 and DDB2/p48) but instead initiates when RNA 
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polymerase stalls at a lesion, after which the Cockayne syndrome proteins CSA 
and CSB bind and recruit additional factors for TC-NER to proceed. These key 
differences at the initiation of damage recognition are reflected by the different 
human diseases associated with GG-NER and TC-NER. Whereas defects in GG-
NER result in Xeroderma pigmentosum characterized by severe photosensitivity 
and a susceptibility to skin cancer, TC-NER defects are responsible for genetic 
disorders such as Cockayne syndrome (CS), characterized also by 
photosensitivity, mental retardation, microcephaly, and progeria-like features, 
and trichothiodystrophy (TTD), characterized by photosensitivity in some 
individuals, mental and growth retardation, and ichthyosis77. 
 
	  

Upon identification of a lesion, XPC and DDB recruit downstream factors, 
such as XPA, TFIIH83,84, and XPG84. The helicase subunits XPD and XPB of 
TFIIH unwind the DNA in an ATP-dependent fashion; interestingly, the XPD 
subunit serves as a helicase only in repair and instead functions only as a 
structural unit in TFIIH’s transcriptional role85. In addition to stabilizing TFIIH, the 
endonuclease XPG then cuts DNA on the 3’ end of the lesion while the XPF-
ERCC1 endonuclease cuts at the 5’ end. These incision events lead to the 
removal of a ssDNA fragment, leaving behind a single-stranded, 25-30 nt gap. 
RPA (replication protein A) and XPA protect the single-stranded DNA after 
cleavage. DNA repair now begins at the 3’ incision via the loading of PCNA 
(proliferating cell nuclear antigen) by RFC (replication factor C) and the 
recruitment of DNA polymerases δ, ε, and/or κ to copy the undamaged strand. 
The newly-synthesized strand is then joined by DNA ligase I and Flap 
endonuclease 1 or the ligase-III-XRCC1 complex77. 
 
 
Base excision repair 
 

Base excision repair (BER) is responsible for removing small, non-helix 
distorting lesions that would otherwise cause mutations by mispairing or leading 
to breaks in DNA during replication. BER processes lesions such as 8-
oxoguanine, 3-methyladenine, hypoxanthine resulting from deamination of 
adenine, and uracil resulting from inappropriate incorporation or deamination of 
cytosine. Thymidine resulting from deamination of 5-methylcytosine is more 
difficult to recognize but can be repaired by mismatch-specific glycosylases75. 
 

BER begins with recognition of the lesion by one of at least 11 DNA 
glycosylases. These enzymes flip the base out of the double-helix and cleave the 
N-glycosidic bond to leave behind an apurinic/apyrimidinic site or abasic site (AP 
site). Examples of DNA glycosylases include OGG1, which recognizes 8-
oxoguanine, TDG, which recognizes U:G and T:G mismatches and 5-hmU to a 
lesser degree, and UNG2, which removes uracil from DNA. Some glycosylases 
also contain lyase activity, thus obviating the need for a subsequent class of 
enzymes: AP endonucleases75.  
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After the removal of the damaged base via initiation of BER by a DNA 

glycosylase, further processing takes place via either “short-patch” or “long-
patch” BER. Short-patch BER requires various specialized proteins: DNA 
glycosylase, AP-endonuclease APE-1, DNA polymerase β (pol β), and DNA 
ligase I or III. Pol β’s importance in BER is underscored by its mutation in a large 
number of epithelial cancers. Poly(ADP-ribose) polymerase 1 (PARP1) and 
XRCC1 also participate in certain forms of short-patch BER75.  
 

Long-patch BER takes place primarily in proliferating cells and largely 
uses replication proteins to fill the gap left behind after APE-1 glycosylase and 
strand cleavage activity. DNA polymerase β in non-proliferating cells and DNA 
polymerase δ/ε in proliferating cells, PCNA, FEN1, and LIG1 are the predominant 
players in this branch of BER75. High mobility group box 1 (HMGB1) binds 
chromatin and has been shown to regulate DNA repair pathways such as BER.75 
 

What is particularly intriguing is that XPC also appears to play a role in 
BER, in addition to its repair activities in GG-NER and transcription. Mutant XPC 
human fibroblasts displayed higher levels of oxidative damage86 and levels of 
reactive oxygen species (ROS)87. Xpc-/- mice display a propensity for lung 
defects88 that might be explained by their mouse embryonic fibroblasts (MEFs) 
displaying an elevated sensitivity to oxygen88. XPC is involved in the removal of 
oxidative DNA damage89, possibly via its ability to recognize AP sites90 and 5-
formyluracil (5-fU)91 and its ability to stimulate various DNA glycosylases such as 
OGG186 and TDG92, as well as MPG via the RAD23B subunit93.  
 
 
XPC in other repair capacities 
 

Interestingly, it is worth noting that XPC may also be involved in DNA 
interstrand crosslink (ICL) repair, given its ability to bind psoralen-induced ICLs94 
with high affinity and specificity95.  
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Part Three: The XPC complex at the intersection between 
transcription and repair 

 
 

As described above, the Xeroderma pigmentosum complementation group 
C (XPC) protein complex functions in both global nucleotide excision repair (GG-
NER) by recruiting downstream effectors for the removal of bulky adducts as well 
as in base excision repair to repair oxidative damage (BER). More recently, the 
XPC complex has also been found to perform crucial duties with respect to the 
regulation of gene transcription. XPC was found to localize in the absence of 
exogenous genotoxic stress to active but not inactive RNA pol II gene promoters, 
and genetic disruption of XPC resulted in a significant transcription defect at 
target promoters37. In addition, biochemical fractionation, genetic validation, and 
genomic binding analysis demonstrated that SCC/XPC performs yet another, 
possibly mechanistically distinct transcriptional function in embryonic stem cells 
(ESCs) by acting as a co-activator of OCT4/SOX2-driven expression of 
pluripotency genes, most notably Nanog36, all of which are transcription factors 
central to the gene regulatory network that buttress the unique self-renewal and 
pluripotency properties of ESCs (Figure 2). 
 

Deficiencies in XPC result in greater sensitivity to UV radiation and a 
higher disposition toward skin cancer77 and premature skin aging96 in human 
patients and in two different XPC knockout mouse models97,98, with heterozygous 
Xpc(+/-) mice displaying partial repair deficiencies99. Interestingly, deletion of Xpc 
in mice also lead to lung tumors, which parallels data from other studies showing 
allelic loss of Xpc in most human lung tumors97. Indeed, certain organs in the 
mouse are more sensitive to Xpc deficiency than others100. 
 
 
Substituent components of the SCC/XPC complex 
 

The SCC/XPC complex is composed of three subunits: the 125 kDa 
subunit XPC, the 58 kDa RAD23B101, and the 18 kDa CETN2 whose combined 
mass is approximately 195 kDa (Chapter 2, Figure 1), corresponding well to the 
molecular mass of ~160 kDa found for the factor purified from HeLa cells found 
to complement XP-C extracts102. The XPC subunit is believed to be the primary 
determinant of the repair and transcriptional functions of the SCC/XPC complex. 
This is supported by evidence demonstrating that RAD23B does not appear to 
contribute directly or indirectly to XPC’s activity in an in vitro excision repair 
assay103, though a different study observed a stimulatory effect by RAD23B on 
XPC’s excision repair activity104. The stimulatory effect of RAD23B on XPC in 
vivo is primarily via stabilization105 of the XPC protein from proteasome-mediated 
degradation106,107. This stabilization is thought to occur perhaps as the result of 
an intramolecular interaction between the UbL and UBA domains of RAD23B, 
perhaps by blocking the association between RAD23BUbL and the S5a subunit of 
the proteasome108, thus preventing RAD23B from serving as a proteasome 
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shuttling factor109,110  for XPC. Accordingly, the UbL domain is required for the 
DNA repair function of Rad23 in yeast111. In an in vitro transcription assay 
transcription, RAD23B and CETN2 are not absolutely required or sufficient for 
the SCC complex’s co-activation activity 36. This finding may be due at least in 
part to the sufficiency of the XPC subunit in the complex for interaction with 
SOX2 and OCT4112. In addition to the recently-identified SOX2- and OCT4-
interaction domains, a number of other domains on XPC have been identified by 
mutagenesis and are illustrated in Chapter 2, Figure 7113-115  

 
Though XPC is capable of interaction with either RAD23B or its paralog 

RAD23A116, the composition of the complex is determined primarily due to the 
vast overabundance of RAD23B in cells117,118; indeed, functionally, the two 
Rad23 homologs are equivalent in biochemical assays with XPC36. RAD23B 
functions in proteasome-mediated degradation independently of XPC109,119. This 
involvement presumably leads to defects in erythropoiesis in midgestation mouse 
embryos120, impared embryonic development, a high rate of intrauterine or 
neonatal death, and abnormalities such as retarded growth, facial dysmophology, 
and male sterility, which are not observed in XPC and other NER-deficient 
mouse mutants121. Since mouse embryonic fibroblasts (MEFs) from RAD23B-/- 
mice are not UV-sensitive, it appears that the primary function of RAD23B is not 
NER-related121. This agrees with biochemical fractionation data demonstrating 
that the majority of RAD23B in HeLa cells is free and not associated with XPC122. 
However, it is possible that the role of Rad23 is more essential for NER in yeast; 
although Δrad23 yeast strains are UV-sensitive, the overexpression of the yeast 
XPC homolog Rad4 only partially rescues this defect, suggesting that there may 
be additional involvements of Rad23 in protection against phototoxic stressors, 
possibly via a proteasomal role123. The XPC-binding domain on RAD23B and the 
RAD23B-interaction domain on XPC, solved by NMR124, are indicated in Chapter 
2, Figure 7125. 
	  

Centrin2 (CETN2), the smallest subunit in the SCC/XPC complex, 
stimulates binding of XPC-RAD23B to bulky DNA adducts in vitro126. 
Interestingly, this stimulation and possible stabilization of XPC119 is mutual: 
CETN2 levels also decrease upon XPC silencing, albeit via possibly indirect 
mechanisms127. The strong association between CETN2 and XPC, thought to be 
CETN2’s strongest binding partner and sufficient to pull CETN2 out of the 
cytoplasm into the nucleus126-128, is rather surprising given CETN2’s cytoplasmic 
role at the centrioles129,130 and its involvement in homologous recombination131. 
Only one motif on XPC from residues 847-863 was found to interact with CETN2; 
only the C-terminal of the 2 EF-hand domains on CETN2 interacts with XPC132. 
This mode of interaction is conserved in Arabidopsis133 and in yeast, where the 
homolog of CETN2 is thought to be Rad33134 and/or Cdc31119. CETN2 also 
interacts with the proteins transducin β, Sfi1, and Sac3 via a motif that is the 
opposite orientation of the CETN2-interaction peptide on XPC135,136. Residue 
E148 of CETN2 is particularly critical for discriminating between XPC and the 
centrosomal Sfi1137. The interaction between XPC and CETN2 is also regulated 
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by SUMOylation on CETN2, which enhances its binding to the XPC protein as 
well as nuclear import138. In terms of structural information, structures of full-
length and truncated CETN2 in complex with an XPC peptide have been solved 
by X-ray crystallography128,139 and NMR140. 
 
 
Recognition of DNA by the XPC complex in vitro 
 

The XPC complex is known to bind a large number of substrates141 with 
differing strengths142, including bulky, helix-distorting lesions, typically on one 
strand, such as UV thymidine dimers with higher affinity for 6-4 photoproducts (6-
4 PP) as compared to cyclobutane (CPD) dimers142; cisplatin intrastrand 
adducts142, “bubble” substrates (citation), undamaged DNA143,144, and even 
ssDNA102,145 with either lower146 or higher affinity147, depending on the assay 
used. Though the XPC complex typically binds bulky DNA lesions, those with 
extensive base-stacking interactions with aromatic lesions148 prevent insertion of 
an XPC β-hairpin into the duplex149 and thus normal recruitment of downstream 
NER effectors. Interestingly, biochemical150 and structural149 data indicate that 
XPC binds the undamaged strand opposite the lesion and discriminates between 
damaged and undamaged DNA primarily via kinetic means151,152. Upon binding, 
the XPC complex induces DNA bending at the site of damage153. 
 
 
Recognition of DNA by the XPC complex in vivo 
 

Although XPC is thought to be the first factor to bind NER damage 
substrates in vivo and initiate subsequent steps in GG-NER154, some studies 
seem to indicate that UV-DDB is an even earlier step, at least for certain 
scenarios. XPC does not interact well with CPD’s in vivo, whereas DDB binds 
both CPDs and 6-4 PP’s; overexpression of the p48 subunit of DDB boosts 
XPC’s localization to CPDs, indicating that perhaps DDB may recruit XPC to 
certain types of damage155. One model is that UV-DDB-dependent damage 
recognition, particularly of 6-4 PPs, prevails over XPC when damage is limited156. 
 

It is interesting to note that in vivo, DNA-binding might be required for 
stability of XPC since the W690S DNA-binding-defective mutant is far less stable, 
although this might also be due to structural instabilities unrelated to DNA-
binding capabilities157. In the in vivo context of chromatin, the mobility of XPC is 
reduced in the presence of DNA-damaging agents, with UV damage having the 
most prominent effects158, consistent with its role as the initiator of damage 
recognition and repair. To make sites of UV damage in a chromatin context 
accessible by XPC since it is incapable of binding nucleosomal DNA159, the 
BRG1 catalytic subunit of the human SWI/SNF-like BAF chromatin remodeling 
complex is required for the recruitment of XPC to UV lesions160. However, though 
a separate study detected similar effects of Brg1 knockdown on elimination of 
UV-induced lesions and an interaction between XPC and BRG1 on chromatin, 
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they observe no effect on the assembly of XPC and DDB2 at the damage site161, 
indicating that the exact molecular connection between BRG1 and XPC remains 
to be fully understood. The SNF5 subunit of the human SWI/SNF complex 
interacts with XPC and colocalizes with XPC at sites of damage and plays a role 
in the recruitment and activation of ATM checkpoint kinase to those sites of 
damage162, consistent with prior observations that cells lacking Snf5 displayed 
greater UV sensitivity and apoptosis163. On a biochemical level, XPC stimulates 
SWI/SNF’s remodeling activity, suggesting that perhaps XPC also indirectly 
renders chromatin more amenable for subsequent repair activities164.  
 
 
Regulation of the DNA repair activity of the XPC complex 
 

XPC’s activity in vivo is regulated by a number of additional mechanisms: 
transcriptional activation, post-translational modifications, and subcellular 
localization. 
 

ARF (alternative reading frame) is one factor required for Xpc gene 
transcription. ARF disrupts the interaction between E2F transcription factor 4 
(E2F4) and DRTF polypeptide 1 (DP1), ARF disrupts the E2F4-p130 repressor 
complex to ensure high levels of XPC expression165. Both basal and UV-induced 
transcription of the XPC gene is upregulated by p53, likely in a direct fashion 
given the identification of p53 binding motifs in the XPC gene promoter166,167. 
Consistent with this role, functional characterization demonstrated that p53 is 
required for GG-NER but not TC-NER168,169, with a greater effect on CPD repair 
than 6-4 PP repair170. Interestingly, the connection between p53 and XPC might 
be mutual: XPC appears to stabilize levels of p53, possibly via an interaction 
mediated by RAD23B171. Hypermethylation of the XPC promoter leads to the 
accumulation of p53 (and presumably other) mutations upon reduction of XPC 
expression172. p53 also appears to be required for appropriate recruitment of 
XPC and TFIIH in vivo, though the mechanism behind this is still unclear173. 
 

UV-irradiation induces both SUMOylation and ubiquitination of XPC in a 
DDB2- and XPA-dependent manner; ubiquitination is surprisingly proteasome-
mediated174. SUMOylation appears to stabilize XPC from degradation149. 
Interestingly, XPC is degraded by the proteasome upon UV irradiation 
independently of its ubiquitination; even more intriguingly, XPC’s degradation is 
necessary for recruitment of XPG and efficient NER149,175. Proteasome-mediated 
degradation is necessary not only for XPC activity: CUL4A ubiquitin ligase-
mediated ubiquitination and subsequent degradation of DDB2 is necessary for 
full recruitment of XPC to damaged foci and CPD repair36,114,157,176.  
 

At the level of subcellular localization control, the potentially toxic effects 
of low-specificity of DNA binding by XPC is controlled by a continuous export 
from and import into the nucleus that is disrupted in the presence of NER lesions, 
thus allowing for a faster response to genotoxic stress101. Another potential 
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mechanism for suppressing low-affinity, spurious undamaged DNA binding by 
XPC is the presence of nucleosomes, which inhibit recognition of both damaged 
and undamaged sites by XPC132,139,177,178. 
	  

Whether XPC or UV-DDB is the true first step of GG-NER is somewhat 
unresolved. Part of this uncertainty stems from the fact that it is not clear whether 
damage recognition is the sole step regulating the initiation of GG-NER. For 
instance, one study underscores the central role of XPC in GG-NER by showing 
a strong correlation between XPC binding affinity to damaged substrates and the 
efficiency of their repair in an in vitro NER assay179. However, although XPC 
recognizes 6-4 PPs more readily, it repairs CPDs better, suggesting that tight 
binding by XPC is not always productive180. Indeed, since XPC can bind many 
different substrates very well, the fact that it only initiates incision for sites with 
actual damage suggests that other factors are also very important for dictating 
the initiation of GG-NER181. There is also evidence that the DDB1 subunit of UV-
DDB displays residence times that are independent of XPC, suggesting that DDB 
might bind independently or even upstream of XPC182. Nevertheless, it is clear 
that there is crosstalk between the XPC and DDB factors157,182. The XPC 
complex’s activity, particularly toward CPDs, can be stimulated by DDB in a 
defined system183. This stimulation is due in part to the polyubiquitination of XPC 
by the DDB-ubiquitin ligase complex184. 
 
 
XPC in transcriptional regulation 
 

The XPC complex has been identified to function in two intriguing forms of 
transcriptional regulation: the first in which it was first identified as the embryonic-
stem-cell-enriched Stem Cell Coactivator (SCC) complex36, and the second in 
which the XPC complex, along with other NER factors, accumulated at active 
gene promoters in HeLa cells in the absence of genotoxic stress37.  
 

The discovery of the SCC/XPC complex in embryonic stem cells stemmed 
from a biochemical fractionation approach of nuclear extracts derived from 
mouse embryonic stem cells or human NTera2 teratocarcinoma cells in search of 
new coactivators that could potentiate OCT4/SOX2-driven expression of a target 
gene. The SCC complex was one of three activities identified using this 
approach36,71. shRNA knockdown of the complex negatively impacted both the 
maintenance of pluripotency in embryonic stem cells and the acquisition of 
pluripotency during iPSC reprogramming36. Extensive genomic occupancy 
overlap between SCC and OCT4/SOX2, as well as the abrogation of those 
overlapping peaks upon OCT4/SOX2 knockdown112 indicate that SCC is 
recruited to enhancers and promoters by OCT4/SOX2 to robustly maintain the 
pluripotency gene regulatory network. Interestingly, mutagenesis experiments 
indicate that TFIIH, a known NER partner of SCC/XPC with a well-understood 
role in transcription initiation, is not required in order for gene activation to 
occur36,112. 
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In its second role as a transcriptional regulator in HeLa cells, XPC appears 

to be central to nucleating NER factors at active gene promoters in the absence 
of genotoxic stress. This localization of NER factors is sensitive to transcription 
inhibitors and seems to be required to achieve proper DNA demethylation and 
histone post-translational modifications37. This function appears to be 
mechanistically distinct from the role of XPC in embryonic stem cells since the 
XPC complex does not require other NER factors, DNA methylation and 
demethylation factors, or chromatin in the in vitro assay in which it was 
discovered to play a role with OCT4 and SOX2.  

 
 
 
 
 
 
 

Concluding remarks 
 
 

 Though both DNA repair and transcription have been well-studied over the 
last few decades, a number of interesting, open questions remain. Continued 
mechanistic exploration is important to begin understanding fundamental 
questions, such as the exquisite specificity of control of these processes and the 
interplay between DNA repair and transcription, an area that is beginning to 
garner more attention. Eventually, the contributions to these processes from 
other classes of macromolecules besides proteins, such as RNA, lipids, and 
sugars, the latter two of which have been appreciated primarily as ligands or 
covalent modifications of various protein factors, will need to be better 
understood.  
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Figure 2: The SCC/XPC complex participates in multiple processes
Schematic illustrating the global genomic nucleotide excission repair (GG-NER), base excision
repair (BER), and transcription functions of the XPC (Xeroderma pigmentosum 
complementation group C) or Stem Cell Coactivator (SCC) complex, composed of the subunits
XPC, RAD23B, and CETN2.

20



CHAPTER TWO 
 

Architecture of the Human XPC DNA repair and Stem Cell 
Coactivator Complex 

 
 
 
 
Abstract 
 
 The Xeroderma pigmentosum complementation group C (XPC) complex is 
a versatile factor involved in nucleotide excision repair and transcriptional 
coactivation as a critical component of the Nanog, Oct4, and Sox2 pluripotency 
gene regulatory network. Here we present the structure of the human holo-XPC 
complex determined by single-particle EM to reveal a highly flexible, human ear-
shaped structure that undergoes remarkable, localized loss of order upon DNA 
binding. We also determined the structure of the complete yeast homolog RAD4 
holo-complex to find a similar overall architecture to the human complex, 
consistent with their shared DNA repair functions. Localized differences between 
these structures reflect a striking phylogenetic divergence in transcriptional 
capabilities that we present here. Having positioned the constituent subunits by 
tagging and deletion, we docked in available crystal structures and used 
sequence homology of interaction domains to present a model of key interaction 
interfaces. Together, our findings establish a framework for understanding the 
structure-function relationships of the XPC complex in the interplay between 
transcription and DNA repair.  
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Introduction 
 
 Genomes of living organisms serve two primary functions: as vehicles for 
hereditary information and as the template for gene products involved in an 
organism’s development and responses to environmental stimuli. Vital to 
maintaining the health of genomes in the face of intrinsic and extrinsic sources of 
DNA damage are a suite of DNA repair pathways, each dedicated to handling 
specific lesions. Similarly, proper usage and expression of this essential genomic 
information is regulated by a host of transcription factors, chromatin remodelers, 
and epigenetic modifiers and readers185. The Xeroderma pigmentosum 
complementation group C (XPC) protein complex performs crucial roles in all of 
these capacities by participating in nucleotide excision repair (NER), base 
excision repair (BER), and transcriptional regulation, in addition to other 
processes186.  

The XPC complex is one of 7 XP complementation groups A-G187 and is 
composed of the 125 kDa XPC, the 58 kDa RAD23B, and the 18 kDa Centrin 2 
(CETN2) subunits77. RAD23B and CETN2 associate tightly with XPC as 
stabilizing factors and stimulators of DNA repair104,107,123,188,189 and transcriptional 
coactivation36. The XPC complex is the initiator and main DNA damage sensor in 
global genome nucleotide excision repair (GG-NER), one of two branches of 
nucleotide excision repair pathways that repairs a wide array of bulky, helix-
distorting lesions179; the second form of NER or transcription-coupled repair (TC-
NER) targets lesions blocking transcription in order to re-activate proper gene 
expression77,190. Defects in GG-NER lead to photosensitivity and a predisposition 
to certain cancers in human patients with Xeroderma pigmentosum and in animal 
models89. In conjunction with the UV-damage DNA-binding protein (UV-
DDB)155,183,187,191,192, the XPC complex recruits >30 downstream factors, such as 
XPA113, TFIIH114,177,193, and the endonucleases XPF and XPG, to remove these 
adducts77. In addition to its role in GG-NER, XPC is also involved in base 
excision repair (BER). BER is responsible for removing primarily non-helix-
distorting lesions from the genome. In BER, the XPC complex helps repair 
oxidative damage by stimulating the activities of DNA glycosylases such as 
OGG1 and TDG92 to target lesions including 8-oxoguanine, independently of 
other downstream GG-NER factors86,194.  
 More recently, the XPC complex has also been found to perform crucial 
duties in the regulation of gene transcription, the second primary function of the 
genome. In embryonic stem cells (ESCs), the XPC complex acts as a coactivator 
to enhance the expression of Oct4- and Sox2-driven target pluripotency genes, 
most notably Nanog36, buttressing the gene regulatory network that establishes 
and maintains the unique self-renewal and pluripotency properties of ESCs. The 
XPC complex performs its coactivator functions independently of DNA 
binding36,157, presumably by bridging interactions between the sequence-specific 
transcription factors Oct4 and Sox2 and the general transcriptional machinery 
such as TFIID and RNA pol II, which is a mechanism reminiscent of other 
coactivator complexes such as Mediator195 and p300/CBP196. In a separate 
study, XPC was found to localize in the absence of exogenous genotoxic stress 
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to active but not inactive RNA pol II gene promoters, and genetic disruption of 
XPC resulted in a significant transcription defect at target promoters37.  
 Although both repair and transcriptional functions of mammalian XPC 
complexes have been well-characterized biochemically and genetically, 3D 
structural information of the holo-complex has been unavailable. The crystal 
structure of RAD4, the yeast homolog of the human XPC subunit, in complex 
with the RAD4-interaction domain of yeast Rad23, has been informative of 
structural elements that dictate RAD4/XPC’s biochemical behavior and certain 
phenotypic outcomes149. However, given XPC’s low sequence homology with the 
yeast homolog RAD4149,175, the absence of key domains in the available crystal 
structure, and the divergence of requirements for transcriptional vs. repair 
activities36,114,157,176, structural information of the complete, 3-subunit native 
human XPC complex will add to our understanding of the functional versatility of 
the XPC complex. At present, there was no information about the overall 
architecture of the holo-complex, nor how the individual subunits of the XPC 
complex might relate to one another in 3D, or what global conformational 
changes might occur upon DNA-binding.  
          Here, we sought to address these questions by generating 3D single-
particle reconstructions of the human XPC complex from an ab initio model that 
would allow us to locate the relative positions of the constituent subunits via 
tagging and computational docking. Employing a distinct advantage of electron 
microscopy to capture multiple conformational states assumed by protein 
complexes, we were able to assess the continuous conformational landscape 
occupied by the highly flexible XPC complex. Given the evolutionary 
conservation of GG-NER, we queried the extent of structural and functional 
conservation over evolutionary time by solving the structure of the complete 
yeast homolog RAD4 complex and testing whether the OCT4/SOX2 
transcriptional coactivation function is supported by the yeast complex. 
Synthesizing the information we collected with existing biochemical data113,114, 
we incorporated these conserved and non-conserved structural elements into a 
model that predicts the approximate regions of contact between the XPC 
complex and its partner proteins OCT4, SOX2, XPA, and TFIIH. 
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Results 
 
Reconstitution of the human XPC complex 
 

We purified the complete, 3-subunit human XPC-RAD23B-CETN2 
complex (Figure 1A) produced in Sf9 insect cells to near-homogeneity using a 
two-step affinity purification procedure (Figure 1B). SDS-PAGE analysis 
indicated that the purified complex was nearly homogeneous and stoichiometric 
(Figure 1C, left). This is consistent with previous data showing that XPC and 
RAD23B interact in a 1:1 ratio101 and that XPC and CETN2 interact in a 1:1 
ratio132,139,177. Indeed, the size of the cross-linked product at approximately 200 
kDa (Figure 1C, right) is consistent with a 1:1:1 complex. The RAD23B subunit is 
required to maintain stability of the holo-complex, as its exclusion also led to 
increased lability of the XPC-CETN2 interaction as seen by glycerol gradient 
centrifugation (Figure 3).  

 
Initial attempts to generate grids suitable for data collection were 

hampered by the extremely heterogeneous appearance of the particles in both 
size and shape, as well as poor definition of single particles (data not shown). 
Taken as an indication of complex instability when applied to grids, extreme 
conformational flexibility, and/or intolerance of the uranyl formate (UF) stain, 
optimal cross-linking conditions were identified and subsequently used for 
downstream data collection and analysis (Figure 1C, right; Figure 5A). 
Visualization of the native complex was only possible with the use of 
phosphotungstate (PTA) stain at pH 7-7.4 (Figure 6A-C).  
 

The 2D reference-free class averages (Figure 2B) show a wide variety of 
structures, presumably representing different views of the same state and/or 
different conformational states. These diverse shapes include C-shaped views, 
multi-lobed structures, and some very small, compact, globular shapes. Many of 
the particles appear elongated, which could either be certain side views or simply 
“open,” fully extended particles. This latter interpretation is consistent with 
observations that the XPC complex runs as a relatively broad peak centered 
slightly larger than its predicted size at 275 kDa on a Superose 6 size exclusion 
column (Figure 2), though this difference could also be attributed to the margin of 
error from gel filtration.  
 
 
Building an ab initio model by random conical tilt  
 

To generate a 3D reconstruction and thus gain a better understanding of 
the relationship of these 2D views to one another, we generated ab initio 3D 
volumes using the technique of random conical tilt197 (Figure 4). For each of the 
33 reference-free class averages calculated from the untilted classes (Figure 
4B), RCT reconstructions were generated using the corresponding tilted images. 
An elongated shape was evident in nearly all of the initial RCT reconstructions.  
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One initial volume was selected as a representative model on the basis of 

resolution, number of particles, and the extent of its features (Figure 4C, left). In 
addition, the 3D re-projections of this particular volume best matched the 2D 
class averages for RCT, as determined by average cross-correlation values 
(Figure 4C, right). Using this selected initial volume, we generated final 
reconstructions first by low-pass filtering the model to 80 Å resolution, refining 
through multiple rounds of projection-based angular refinement with ~2,500 
untilted particles from the small RCT data set, and then low-pass filtering again to 
60 Å resolution for further iterative projection-based refinement with a separate 
data set of ~46,000 particles (Figure 5), half of which were included in the final 
reconstruction with the application of a stringent cross-correlation cut-off. This 
reconstruction attained a final resolution of ~25 Å based on the 0.5 Fourier shell 
correlation criterion198 (Figure 5E). The Euler angular distribution plot illustrates 
that there is a relatively even distribution of views (Figure 5F), which is likely one 
reason for the degree of heterogeneity observed in the raw images (Figure 5A) 
and in the 2D reference-free class averages (Figure 5B). Therefore, as expected, 
treatment of grids with poly-lysine to maximize the angular distribution of particles 
did not significantly change the representation of views obtained (data not 
shown). The structure is approximately 170 Å by 100 Å by 70 Å and roughly 
resembles the shape of a human ear. The quality of this representative model 
was validated by comparison of re-projections of the 3D reconstructed model 
with reference-free 2D class averages (Figure 5D). To gain greater confidence 
that the reconstruction obtained using this particular initial volume is 
representative of our data, we generated additional reconstructions using other 
initial volumes, all of which matched the 2D class averages less well and 
generated lower cross-correlation values upon Situs199 rigid-body docking of the 
RAD4/Rad23 crystal structure (data not shown).  
 

To ensure that the cross-linking and the use of stain did not significantly 
compromise the integrity of the structure obtained, we also analyzed the native, 
uncross-linked complex and used cryo-electron microscopy (cryo-EM). The 
cross-linked complex, the native complex in phosphotungstate stain (Figure 6A-
C), the cross-linked complex purified in the absence of detergent (Figure 6D-F), 
and the cross-linked complex under cryo conditions (Figure 6G) all concurred 
with remarkable consistency. Though the native complex appears to have better 
definition between the “earlobe” and the rest of the structure, this difference 
density is only present at σ=2 and not at the statistically-significant σ=3. (Figure 
6B). To determine the correct handedness of our complex, we performed a 
freehand test using projection matching of particles between a 0° and 30° tilt pair 
and observed agreement with the handedness of the reconstruction (Figure 6H).  
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Subunit localization 
 

Localization of the CETN2 subunit was performed using two strategies: 
tagging with the ~40 kDa maltose-binding protein (MBP) at its N-terminus and 
removal of the CETN2 subunit from the holo-complex (Figure 7A-B, Figure 8A-
B). As seen in the 3D difference maps, the MBP density is localized primarily 
outside the shorter end or “earlobe” of the XPC complex, whereas the CETN2 
density is localized primarily inside the density at the shorter, “earlobe” end 
(Figure 7B). Similarly, MBP-tagging at the C-terminus of CETN2Δ168-end also 
revealed difference densities at the bottom of the earlobe (Figure 8C). Consistent 
with these results is the rigid-body docking of the crystal structure of 
RAD4/Rad23RAD4-BD to the upper end of the “ear”. This docking places 
RAD4/Rad23RAD4-BD in such an orientation that the C-terminus of RAD4 points 
downward toward the “earlobe”, which is consistent with placement of CETN2 to 
the earlobe by Situs amongst the top matches (Figure 7C).   
 
 
 
Conformational landscape  
 

These results suggested that the XPC complex may be flexible and adopt 
multiple conformations, as judged by the resolution attained (~25 Å vs. the 
theoretical ~20 Å resolution limit of negative-stained-samples), though this may 
also be due to poor alignment of these small, relatively featureless, and pseudo-
symmetric particles. Nevertheless, to gain an understanding of the possible 
range of these conformational states, we used a significantly larger data set of 
~210,000 particles, 3D sorting and classification with the program RELION200 to 
produce 3 models representing a range of possible conformations (Figure 9A) 
with Situs docking of available crystal structures shown. Most notably, the XPC 
complex adopts elongated (Figure 9A, top) as well as more compact (Figure 9A, 
middle and bottom) shapes. Comparison of 3D re-projections from each of these 
3 models with reference-free 2D class averages substantially validates the 
representation of data for all 3 models (Figure 9B).  
 

To determine whether specific regions were especially responsible for the 
extent of flexibility observed, we examined the truncation mutants containing 
XPCΔ1-195 and RAD23BΔ1-177, which have regions of predicted113,201 and 
demonstrated177 disorder removed (Figure 10). The XPCΔ1-195 and RAD23BΔ1-177 
truncation mutants are active in in vitro transcription experiments (Cattoglio et al. 
2015 and Y.W. Fong unpublished). The XPCΔ338-519 mutant was less active in 
transcription and did not produce well-defined particles suitable for subsequent 
analysis (data not shown). None of the regions tested seemed to contribute as 
sole determinant(s) of the XPC complex’s conformational heterogeneity (Figure 
10). Other combinations of regions subjected to truncation rendered the 
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complexes prone to extensive aggregation, thus precluding their use in structural 
evaluation.  

 
 

Structural changes imposed by DNA binding 
 

To visualize the structural changes imposed on the XPC complex when 
binding to DNA, we used a monomeric avidin-biotinylated DNA affinity 
purification strategy to isolate only DNA-bound XPC molecules (Figure 11A,B). 
The 48-bp DNA bubble mismatch duplex was chosen from a validated EMSA 
probe175 that demonstrated one of the strongest affinities for the XPC complex. 
The addition of DNA primarily affected the lobe immediately above the “earlobe” 
(Figure 11C) and did not appear to lock the structure into a single conformation, 
judging by the 2D class averages (Figure 11D) and the resolution of ~24 Å. While 
the structural changes imposed are subtle, the changes are nevertheless 
consistent with the possibility of pulling the BHD domains of XPC toward the face 
of DNA-binding, based on comparisons between the changes imposed by DNA 
binding in the RAD4 crystal structure and the position of the crystal structure in 
rigid-body docking into the EM density (Figure 11C, Figure 12A). A second 
interesting possibility is that certain portions of RAD23B become disordered upon 
DNA-binding, thus resulting in a loss of observed density; this is consistent with 
ordered portions of Rad23 becoming disordered in the DNA-bound state149. 
 

The XPC complex has also been demonstrated to bind other substrates, 
such as single-stranded DNA152. Therefore, we also prepared ssDNA-bound 
XPC molecules using the same strategy of biotinylated-DNA pull-down (Figure 
12A-B). 3D difference maps indicate that this structure is indistinguishable from 
the mismatch-DNA-bound XPC complex (Figure 12B).  

 
 

Conservation of structure and function  
 

The human XPC complex and the yeast homolog RAD4 complex appear 
to function equivalently in nucleotide excision repair, given their similar binding 
properties to damaged DNA175. Though they share very little sequence-
conservation, it is thought that they are similar structurally. To examine this 
question, we obtained a 3D reconstruction at ~23 Å resolution of the complete 
yeast RAD4 complex, composed of RAD4, Rad23, and the purported CETN2 
homolog Rad33134 (Figure 13A-B). The overall architecture between the 
complexes from the two species is remarkably similar at both the 3D and 2D 
levels (Figure 13B and 6D right vs. Figure 2C and 2B), though there were areas 
of difference between the human and yeast complexes, as seen with the 3D 
difference maps (Figure 13C). 

 
These structural similarities between human and yeast suggested that 

other functions of the XPC complex, in particular its transcriptional roles in ES 
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cells might also be conserved. To our surprise, we observed that unlike the 
human and mouse XPC complexes, the RAD4 complex exhibited no coactivator 
activity in our in vitro transcription assay (Figure 13E) and was completely 
incapable of forming a stable interaction with SOX2, the primary requisite 
activator for in vitro activation of nanog gene transcription36 (Figure 13F). 
Therefore, in spite of strong structural conservation, small differences in 
structural elements not observable at ~23-25 Å resolution may be what 
predominate the phylogenetic differences in transcriptional function. Using 
information on XPC’s interaction domains with partner proteins from Cattoglio et 
al. 2015 and other studies113,114,116,132 (Figure 14A), sequence homology between 
yeast RAD4 and human XPC, as well as the docking of the RAD4/RAD23 crystal 
structure, we were able to generate a model indicating the predicted locations of 
the interaction domains on SCC (Figure 14B). 
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Discussion 
 

In this study, we selected our most representative random conical tilt initial 
model to build both single- and multi-model reconstructions of the human XPC 
complex (Figure 5, 9), revealing an overall human “ear-like” shape and a range of 
conformational possibilities for this highly-flexible complex. We show that the 
yeast RAD4 homolog holo-complex presents a similar architecture, in spite of its 
functional non-equivalence in biochemical assays (Figure 13). Using labeling, 
mutational, and docking strategies, we localize the individual subunits of the 
complex within the structure (Figure 7-8). The binding to both DNA substrates 
used in this study resulted in a structural change to the left domain immediately 
above the “earlobe,” consistent with previous observations with the RAD4/Rad23 
crystal structures86 (Figure 11).  
 

One of the most noteworthy findings of this study is the large degree of 
flexibility exhibited by the XPC complex, in large part mirroring the XPC 
complex’s flexibility of function. The flexibility of the complex stems at least in 
part from RAD23B since regions of Rad23 beyond the RAD4-binding domain 
were found to be disordered in the RAD4 crystal structure149. Part of the 
conformational heterogeneity seen in these structures may be due to variations 
in the interaction between the UbL and UBA1 and UBA2 domains of RAD23B. 
The role of RAD23B’s domains beyond its XPC-binding domain in determining 
flexibility could not be easily probed given the reduction in size upon their 
exclusion as well as poorer cross-linking to XPC. The observed flexibility is likely 
to stem from the XPC subunit as well, since disorder predictions88 (Figure 10), 
limited proteolysis88, and NMR89 have implicated the N-terminus of XPC from 
residues approximately 1-154, the C-terminus of XPC from residues 816-940, 
and a loop inserted into the TGD domain from residues approximately 331-517 to 
be highly disordered. CETN2 may also contribute to this overall flexibility since it 
can adopt different conformations depending on its metal-binding state90. The 
requirement of RNA for the XPC complex to interact with its partner in 
transcription, Sox2, invokes the idea of low-complexity domains or regions112, 
perhaps interspersed throughout the protein and thus linking their inherent 
flexibility to a critical aspect of the XPC complex’s function. The possibility of the 
mammalian-specific insertion within the TGD domain being responsible for the 
observed structural heterogeneity is particularly intriguing. Indeed, it seems quite 
remarkable that without requiring major changes to the overall evolutionarily 
conserved 3D shape and structure of the mammalian XPC complex, it has 
nevertheless adopted entirely new transcriptional coactivator functions in the 
context of ES cell regulatory pathways that are not relevant in yeast. We note 
that the RAD4 structure is of slightly higher resolution, though the extent to which 
this may be in part due to model bias affecting the refinement process is unclear 
since no RCT models of the RAD4 complex are available.  
 

With the use of an MBP-tag as a labeling strategy as well as the exclusion 
of CETN2 from the complex, we were able to localize CETN2 to the “earlobe” of 
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the structure. Extending these findings, we used rigid-body docking in an 
unbiased manner to place the RAD4/Rad23 crystal structure at the top of the ear 
and the CETN2 crystal structure in the earlobe. Attempts to tag the XPC and 
RAD23B subunits were not successful for a variety of reasons. The absence of 
CETN2 does not appear to impose large conformational rearrangements, as 
seen by the comparison between the full complex and the XPC-RAD23B sub-
complex (Figure 5, Figure 7). This is consistent with the less substantial 
consequence of removing CETN2 than of removing RAD23B in transcriptional 
coactivation assays91, as well as with the inconsequential removal of the C-
terminal CETN2-interaction domain on XPC (res. 814-940). We were not able to 
localize RAD23B in the structure via this same deletion strategy for two reasons: 
1) XPC alone or a complex containing XPC-CETN2 co-purified with a ~40 kDa 
contaminating protein from Sf9 cells that is weakly recognized by an anti-
hRAD23B antibody (Figure 3) and 2) the XPC-CETN2 interaction is somewhat 
destabilized in the absence of RAD23B, pointing to the RAD23B protein as a 
central linchpin for the structural and functional stability of the complex. Though 
beyond the scope of this study, it is interesting to note that the stabilization 
effects of RAD23B and CETN2 on XPC are also reciprocated: the presence of 
the XPC subunit seems to stabilize the levels of CETN286 (J.J. Ho and E.T. 
Zhang, unpublished) and RAD23B (J.J. Ho and E.T. Zhang, unpublished) in 
overexpression experiments, suggesting a tight, mutual co-dependence of these 
proteins in vivo. In our experience, XPC does not associate well with RAD23B if 
expressed and purified separately, further highlighting the possibility for 
involvement of a co-assembly pathway or mutual stabilization effect upon co-
expression.  
 

The extent of similarities between the DNA bound-structures is consistent 
with the fact that the XPC complex is capable of binding a large suite of different 
DNA structures, including UV-induced thymine dimers92, mismatch bubbles93, 
ssDNA-dsDNA junctions94, apurinic/apyrimidic (AP) sites95, and even undamaged 
duplex and certain single-stranded DNA substrates37. The reduction of density in 
these DNA-bound structures may indicate either a conformational or 
compositional change, the latter arising from a subpopulation of the particles 
experiencing the eviction of RAD23B upon DNA binding. Although cell-based 
imaging experiments suggest that DNA-binding leads to the dissociation of 
RAD23B from XPC36, in our experiments, RAD23B cross-linked just as efficiently 
within the complex upon DNA binding. In addition, Rad23 remains bound to the 
RAD4 DNA-bound structure101, indicating that the observed structural change is 
likely not compositional, but more likely, conformational. A conformational 
change in the affected region is consistent with two phenomena observed in the 
RAD4 crystal structure: 1) the C-terminal portion of RAD4 shifts toward the DNA 
substrate, and in the context of our docking, away from the region of reduced 
density; 2) portions of Rad23 originally contributing to ordered density in the apo 
crystal structure become disordered upon binding to DNA149. We favor this latter 
model given the magnitude of the density difference, which does not reflect well 
the modest shift in RAD4 observed in the crystal structure. Thus we propose that 
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DNA binding by the XPC complex induces specific conformational changes and 
possible formation of locally disordered domains. 
 

The overall similarities between the human XPC structure and the yeast 
RAD4 structure, in spite of their vastly divergent primary amino acid sequences, 
provide additional, indirect validation of the accuracies of the 3D models. The 
extent of structural conservation is consistent with their equivalence in repair175; 
regions displaying difference may reflect the divergence in functional capabilities 
in a transcriptional context that we observe (Figure 13). Indeed, one of these 
regions at the top portion of the SCC “ear” (Figure 13) corresponds to a region 
predicted to interact with OCT4 and SOX2 (Figure 14). From an evolutionary 
point of view, a conserved process, such as nucleotide excision repair, would be 
expected to exhibit functional conservation between the yeast and human XPC 
homologs, whereas a non-conserved process, such as regulating genes only or 
primarily expressed in mammalian embryonic stem cells, would not. Indeed, a 
number of mutations that have differential effects in repair vs. transcription 
support this idea. For instance, though deletion of the N-terminal UbL domain of 
yRad23 and the W690S mutation of XPC have adverse consequences on 
nucleotide excision repair capabilities145,157, neither an N-terminal hRAD23BΔ1-177 

nor the XPCW690S mutation affected the ability to coactivate transcription36 (Y.W. 
Fong, unpublished). Similarly, though the N- and C-termini of XPC are critical for 
recruitment and stimulation of TFIIH at sites of damage for global nucleotide 
excision repair84,202, the removal of the N-terminal (res. 1-195) and C-terminal 
TFIIH-binding domains (res. 814-940) of XPC only impacts repair but not 
transcriptional activity36,112. 
 

Reflecting the ever-expanding repertoire of reported XPC roles is the 
number of known physical and functional interactors with the XPC complex, e.g. 
TFIIH203, OGG1176, TDG92, Usp7204, SOX236,112 (Figure 13), OCT436,112, amongst 
others205. It is possible that the XPC complex serves as a coactivator for not just 
OCT4 and SOX2, especially given that its transcriptional activities do not appear 
to be cell-type-restrained; therefore, the list of XPC’s functional and physical 
partners is likely to grow. Though the residues on XPC through which some of 
these known interactions have been mapped, there is a large degree of overlap 
between many of these regions, suggesting the need for more fine-tuned 
characterization and structural elucidation in the future. Our recent work 
describing the involvement of RNA in mediating the XPC-SOX2 interaction adds 
an additional and potentially intriguing dimension to future structural studies in 
this regard (Cattoglio et al. 2015). Additionally, it would be interesting to explore 
whether structural changes are imposed on the XPC complex upon binding to its 
partner proteins; further biochemical and structural work to assemble such larger 
protein assemblies is required. In summary, this work provides a structural 
framework for integrating biochemical and structural information into a 
mechanistic understanding of the XPC complex’s undoubtedly complicated roles 
in DNA repair and transcriptional regulation.  
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Figure 1: Purification of the XPC complex for EM
    A. Schematic representation of the subunits and domains of the human XPC 
 complex. Transglutaminase homology domain (TGD), β-hairpin domains 1-3 
 (BHD), ubiquitin-like domain (UbL), ubiquitin-associated domains 1 & 2 (UBA, 
 EF-hand domains (EF), and protein- and DNA-binding domains (BD) are 
 indicated accordingly. 
    B. Purification and sample preparation strategy for EM for the XPC complex 
 recombinantly expressed in Sf9 insect cells.
    C. SDS-PAGE and Coomassie staining of the purified fractions of XPC (left) and 
 the complex cross-linked with glutaraldehyde (right). Gel cropped for clarity.  
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Figure 2: The molecular weight of the XPC complex as estimated by gel filtration.
    A. Gel filtration profile of SCC and insulin on a Superose 6 column, included as a 
 stabilizing protein. 
    B. Migration of the XPC complex at ~275 kDa in size on a Superose 6 gel filtration 
 column, as calculated by fitting to the Kav values (Kav = (Ve-Vo)/(Vt-Vo), where 
 Ve = elution volume of the protein, Vo= column void volume, and Vt= total bed volume) 
 of the molecular weight standards ferritin (440 kDa), aldoloase (158 kDa), conalbumin 
 (75 kDa), and ovalbumin (44 kDa).
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Figure 3: RAD23B is required for stability of XPC-CETN2 interaction.
A. Glycerol gradient of the XPC-RAD23B-CETN2 holo-complex.
B. Glycerol gradient of the XPC-CETN2 subcomplex.
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Figure 4: Generation of ab initio model by random conical tilt
    A. Representative tilt pair of images used for RCT.
    B. 2D class averages of the RCT data set of 2,384 particles.
    C. Front and back views of the top RCT initial volume #1 selected for subsequent 
 refinement (left) and comparisons between its 3D reprojections and 2D class 
 averages from the entire RCT data set.

Figure 4

35



17
0 

Å

24.7 Å 

180° 

17
0 

Å

A B

C E

2D

3D

Figure 5:  3D reconstruction of the apo human XPC complex
A. Representative image (left) with DoG-picker selected particles indicated in red (right) 
 of uranyl-formate stained sample taken at 80,000x magnification. Scale bar = 200 nm.
B. Representative 2D class averages of ~46,000 total particles.
C. Front and back views of the single model reconstructed in EMAN2 using the top RCT 
 volume low-pass filtered to 60 Å as the initial reference. Estimated dimensions are 
 indicated.
D. Fourier shell correlation (FSC) curve indicating the estimated resolution to be 24.7 Å 
 using the FSC=0.5 criterion. 
E. Comparison of 3D reprojections of the refined model to their corresponding 
 reference-free 2D class averages.
F. Euler angular distribution plot.
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Figure 6: Model validation
A. Front (top) and back (bottom) views of cross-linked (pink) vs. uncross-linked (yellow) models 
 generated in RELION using ~20,000 particles each.
B. Positive (blue) and negative (purple) 3D difference maps at σ=3 and σ=2 between the 
 cross-linked and native complexes.
C. Corresponding 2D class averages of cross-linked (left) and native (right) particles.
D. Alternate, detergent-free purification procedure.
E. Elution profile from the Heparin column (left) and Coomassie-stained SDS-PAGE showing the 
 final purified product.
F.  Front and back views of SCC prepared under detergentless conditions described in (D)-(E).
G. Negative stain 3D reprojections and cryo-EM reference-free 2D class averages (left) and 3D 
 reconstruction (right) from ~22,000 particles. 
H. Free-hand test of the XPC complex using 93 particles taken at a 30° tilt.
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Figure 7: Localization of XPC complex subunits 
    A. Positive (yellow) and negative (blue) 3D difference densities at σ=4 between the 
 complex containing MBP-CETN2 and untagged complex. 
    B. Positive (yellow) and negative (blue) 3D difference densities at σ=5 between the 
 full complex and the XPC-RAD23B subcomplex indicating the likely position for 
 the CETN2 subunit.
    C. Docking of the yeast Rad4/Rad23 (PDB ID: 2QSF; cyan / green) into the model 
 with the human CETN2 & XPC interaction peptide (PDB ID: 2GGM; pink / cyan) 
 by Situs in a manner consistent with the difference density data in A and B.

Figure 7
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Figure 8: Localization of the CETN2 subunit by molecular tagging and deletion 
    A. SDS-PAGE and Coomassie staining of purified XPC complex containing 
 MBP-CETN2 (M-C) (left) and the complex cross-linked with glutaraldehyde 
 (right). 
    B. SDS-PAGE and Coomassie staining of the purified and cross-linked 
 XPC-RAD23B subcomplex.
    C. 3D difference density at σ=3 between the complex containing C-terminally-
 tagged CETN2Δ168-end-MBP and untagged complex.
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Figure 9: The XPC complex adopts highly-flexible conformations
    A. 3 models of the XPC complex generated in RELION with Situs-based docking 
 of the yeast Rad4/Rad23 (PDB ID: 2QSF; cyan / green) and the human CETN2 
 & XPC interaction peptide (PDB ID: 2GGM; pink / cyan) crystal structures.
    B. Comparison of 3D reprojections of the models to their corresponding 
 reference-free 2D class averages.
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Figure 10: Flexible regions alone do not contribute to observed flexibility.
    A. Schematic (top), predicted disorder plot (middle), and 2D class averages 
 (bottom) of the complex containing XPCΔ1-195.
    B. Schematic (top), predicted disorder plot (middle), and 2D class averages 
 (bottom) of the complex containing RAD23BΔ1-177.
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Figure 11: Largescale but localized conformational changes imposed by DNA binding
    A. Strategy for purification of DNA-bound complexes.
    B. SDS-PAGE and Coomassie of XPC-RAD23B-CETN2 co-purifying with indicated DNA substrates 
 (top); gel cropped for clarity. Native PAGE and SYBR Gold staining of DNA substrates eluted 
 during sample preparation (bottom).
    C. Front and side views of the XPC complex bound to a mismatch bubble substrate generated in 
 RELION (yellow) shown with the apo structure (mesh gray) with the 3D [apo] – [DNA-bound] 
 difference density at σ=3 shown in blue and the [DNA-bound] - [apo] difference density shown in 
 light purple. Also shown is the Situs-based docking of the yeast Rad4/Rad23 apo (PDB ID: 2QSF; 
 purple / orange) structure with the DNA-bound (PDB ID: 2QSH; green / yellow) structure aligned to 
 the apo via the Rad23 subunit. 
    D. Comparison of 3D reprojections of the model to their corresponding reference-free 2D class 
 averages.
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Figure 12: Alternate DNA-bound structural models
    A. Alternative docking of the Rad4/Rad23 crystal structure to better illustrate the proposed overlap 
 between the primary difference density and the observed positional shift of Rad4 in the crystal 
 structure. Shown are front and top-side views of the XPC complex bound to a mismatch bubble 
 substrate generated in RELION (mesh yellow) with the apo structure (solid gray) and the 
 [apo] – [DNA-bound] 3D difference density at σ=4  (for clarity) in light blue and [DNA-bound] - [apo] 
 3D difference density in purple. Here, the N- and C-terminal portions of the TGD domain are split 
 to better reflect the human loop insertion (see Figure 1A). Rad4TGD2-Rad23 structures were docked 
 manually and are shown with their Rad23b domains aligned to one another. Rad4TGD1 was docked 
 in the contest of the full crystal structure with Situs and Chimera. Rad4TGD1 is shown in blue, 
 Rad4-TGD2apo is in purple, Rad23apo is in orange, Rad4-TGD2DNA-bound is in green, and 
 Rad23DNA-bound is in yellow. 
    B. Front and side views of the ssDNA-bound XPC complex (mesh pink) shown with the mismatch-
 bound structure (solid yellow) with the [mismatch] – [ssDNA] difference density at σ=3 shown in 
 blue. No difference density is observed at σ=4. 
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Figure 13: Comparative studies of the human and yeast SCC complexes
A. Purification and cross-linking of the homologous yeast Rad4-Rad23-Rad33 complex.
B. 3D model of the yeast Rad4 complex as solved by EMAN2. 
C. Fourier shell correlation (FSC) curve indicating the estimated resolution to be 22 Å using 
 the FSC=0.5 criterion. 
D. Comparisons of 3D reprojections with 2D class averages.
E. In vitro assay of yeast, mouse, and human XPC homolog complexes co-activating 
 Oct4/Sox2-driven transcription
F. Co-immunoprecipitation of yeast and human XPC complex homologs with HA-tagged 
 Sox2 or RFP. 
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Figure 14: Model of key interaction interfaces on the XPC complex
A. Schematic representation of XPC with interaction domains indicated by colored bars. 
 Green (XPA), red (OCT4), orange (SOX2), and TFIIH (cyan) interaction domains are 
 indicated.
B. Model of predicted interaction surfaces based on docking and sequence homology with 
 the yeast Rad4 crystal structure (PDB ID: 2QSF).
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Materials and Methods 
 
Expression and Purification of SCC Complexes 
 
N-terminal His6-TEV or FLAG-tagged XPC, N-His6- or FLAG-tagged RAD23B, 
and untagged or N- and C-terminally HA-tagged CETN2 sequences were 
amplified and cloned into pFastBac Dual vectors (Invitrogen). Recombinant 
bacmids were generated from pFastBac Dual constructs in E. coli DH10Bac cells 
and transfected into Sf9 cells using Cellfectin II (Life Technologies) according to 
the manufacturer’s instructions for the generation of recombinant baculovirus, 
which was then twice-amplified in Sf9 cells. ES-Sf9 suspension cells (~1.5-
2x106/mL) were then infected with amplified baculovirus, collected 48 hr post-
infection, and washed 3x with ice-cold PBS. For biochemical analyses, 
complexes were purified as described in Fong et al. 2011. For EM samples, 
harvested cells were resuspended in 6 packed-cell volumes of high-salt lysis 
buffer HSNG (550 mM KCl, 50 mM HEPES, pH 7.6, 10% glycerol, 3% 1-
propanol, 0.5% NP-40, 1 mM benzamidine, 1:1000 aprotinin solution from bovine 
lung (Sigma-Aldrich), 0.5 mM PMSF, 1 mM TCEP, 1 mM DTT, and EDTA-free 
protease inhibitor tablet (Roche) and lysed with a B dounce after a 10 min. 
incubation on ice. Lysates were cleared by centrifugation and were incubated for 
~2 hr. anti-FLAG resin (Sigma-Aldrich), washed extensively with buffer HSNG, 
and subsequently equilibrated into and eluted in HSNG with no DTT 
supplemented with 0.3 mg/mL FLAG peptide (Sigma-Aldrich). The eluate was 
incubated with Ni-NTA agarose resin (Qiagen) in the presence of 10 imidazole. 
After washing with buffer HSNG –DTT +10 mM imidazole, the resin was 
equilibrated into elution buffer B (300 mM KCl, 50 mM HEPES, pH 7.6, 0.1% NP-
40, 10% glycerol, 0.1 mM EDTA, 1 mM MgCl2, 1 mM TCEP) and eluted with 
buffer B + 250 mM imidazole. The sample was then dialyzed overnight to remove 
imidazole and to reintroduce DTT prior to cross-linking with 0.2% glutaraldehyde.  
 
 
EM preparation and electron microscopy 
 
For negative stain, 4 uL of sample diluted to ~5-20 ng/µL or ~25-100 nM was 
applied for 30-60 sec. to freshly glow-discharged continuous carbon films on 400 
mesh copper grids, washed 2x in 40 uL of buffer G (300 mM KCl, 25 mM 
HEPES, pH 7.6, 3% trehalose, 0.01% NP-40, 1 mM TCEP, 1 mM DTT, 0.1 mM 
EDTA, and 1 mM MgCl2) and 4x 40 uL of 1% uranyl formate (UF) for 10 seconds 
per wash. Grids were then blotted dry with Whatman paper and allowed to air-dry 
rapidly in a chemical fume hood. For random conical tilt, negative stain samples 
were similar prepared as described above with the exception of the usage of a 
holey Formvar carbon film covered with a continuous thin-carbon support206. For 
cryo-EM, 4 uL of sample were applied to glow-discharged continuous carbon 
supports covering a carbon-thickened C-flat grid (Protochips) with 2 µm holes 
spaced 2 µm apart, incubated for 30-60 sec. at 100% humidity at 22°C, blotted 
for 4 sec., and then plunge-frozen into liquid ethane using a Mark IV Vitrobot 
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(FEI). Negative stain mages were collected on a Tecnai F20 equipped with a field 
emission gun at an acceleration voltage of 120 kV and at a nominal magnification 
of either 50,000x (2.29 Å/pixel at the specimen level) for random conical tilt 
images or 80,000x (1.51 Å/pixel at the specimen level) for untilted images with an 
electron dose of 20-30 e-/Å2. Cryo-EM images were collected at a nominal 
magnification of 100,000x (1.15 Å/pixel at the specimen level) with an electron 
dose of 20 e-/Å2 at defocuses ranging from -1.5 to -2.5 nm. Leginon software was 
used in a semi-automated fashion to collect exposure images207. 
 
Random conical tilt reconstruction 
 
Tilt pairs at 0° and 50° were collected using Leginon208. Ab initio models were 
generated using the RCT module in the Appion pipeline. Particles were picked 
using DoG picker209 and correlated between tilt pairs using TiltPicker209.	  Particle 
picks were then manually curated and extracted from the raw micrographs. 
Untilted particles were subjected first to iterative 2D classification and alignment 
using neural-network classification210 and multi-reference alignment in 
IMAGIC211; these initial class averages were then used as templates in 
reference-based classification in SPIDER212 after binning the stack of particles by 
a factor of 2. RCT volumes were calculated for each class average using back-
projection in SPIDER. These initial volumes were stringently low-pass filtered to 
80 Å resolution and subjected to iterative projection-matching refinement in 
EMAN2213 using the untilted particle images with a total of 2,282 particles; 1,161 
particles contributed to this initial reconstruction after applying a cross-correlation 
of 0. 
 
Image Preparation and Analysis 
 
Particles were automatically selected using DoG picker209 and manually curated 
at the level of the raw images and the 2D class reference-free class averages to 
remove large aggregates and misfolded or bad particles. Contrast transfer 
function (CTF) estimations were performed using CTFFIND3214, and CTF 
corrections via either phase-flipping or Wiener-filtering were performed using 
ACE2215 . All steps were performed within the Appion image processing 
environment216. 
 
2D reference-free image analysis was performed within Appion using iterative 
rounds of multivariate statistical analysis and multi-reference alignment.  
 
 
Three-dimensional Reconstruction and Analysis 
 
3D reconstructions were performed using iterative projection-matching 
refinement in EMAN2 and in RELION200 on particles from Wiener-filtered images. 
Reconstructions performed in EMAN2 were conducted using the refined RCT 
model low-pass filtered to 60  Å resolution. Three-dimensional reconstruction was 
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conducted using an iterative multi-reference projection-matching approach 
containing libraries from the EMAN2 software package213. Refinement began at 
an angular step of 25° and progressed down to 2° angular increments. For the 
human apo structure, a stringent cross-correlation value of 0 was applied, thus 
discarding approximately 50% of the data; the final particle number contributing 
to the final human XPC complex reconstruction was 22,777 of 46,219 pre-
selected by mean and standard deviation filtering in XMIPP in the Appion 
package to remove bad particles; using a less-stringent cross-correlation value of 
1 for the yeast apo structure, 22,476 of 26,510 pre-selected particles contributed 
to the final reconstruction.  
 
Reconstructions obtained in RELION were also conducted using the refined RCT 
model low-pass filtered to 60  Å resolution, 15° angular steps, a T regularization 
parameter value of 2, an offset search range of 10 pixels, and an offset search 
step of 4 pixels. A total of 30,026 particles contributed to the native, 
uncrosslinked apo complex; a total of 206,680 particles contributed to the 3 
models, with 75,567 contributing to model 1, 73,713 to model 2, and 57,382 to 
model 3.  
 
3D difference densities were calculated using SPIDER212. Volumes are first 
normalized identically and subtracted from one another as volume1-volume2 
(positive densities) and volume2-volume1 (negative densities).  
 
Interaction regions were predicted using the ColorZone function in Chimera at a 
radius of 12 for the appropriately selected residues.  
 
 
 
 
Purification of DNA-bound complexes 
 
Oligonucleotides used were: 
5’-biotin-
CTATGGCGAGGCGATTATCAACCCATTGCAGTGGGTCTTCCGAACGAC and 
5’- GTCGTTCGGAAGACCCTGACGTTGCCCAACTTAATCGCCTCGCCATAG 
(Integrated DNA Technologies).  
For the dsDNA-bound complex, oligos were annealed in 40 mM Tris-HCl pH 7.5, 
50 mM NaCl, and 10 mM MgCl2 by incubation at ~95°C in a water bath and 
cooling overnight. Annealed products were separated on an 8% 1x TBE native 
polyacrylamide gel, cut out via UV shadowing, electroluted, and ethanol-
precipitated. For the ssDNA-bound complex, the 5’-biotin-oligo was used at 100 
µM upon resuspension.  
The dsDNA or ssDNA substrates were then applied to monomeric avidin resin 
prepared according to the manufacturer’s instructions (cat. no. 20228, Thermo 
Scientific). Protein sample was then applied. After extensive washing of the resin, 
DNA-bound protein complexes were eluted with the addition of biotin. Samples  
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were then cross-linked for 15 min. at room temperature in 0.2% glutaraldehyde 
and prepared for subsequent EM analysis.  
 
 
 
Co-immunoprecipitation assays 
 
pCMV5a-Sox2-HA or control pLKO.1-FLAG-HA-RFP expression plasmids were 
transfected using calcium phosphate into HEK293T cells. 2.5x106 cells were 
seeded on 10 cm dishes 24 hrs. prior to transfection and harvested 48 hrs. post-
transfection in 1 mL of co-IP buffer per 10 cm dish (0.2 M KCl, 50 mM HEPES pH 
7.6, 0.1% NP-40, 10% glycerol, 0.1 mM EDTA, 1 mM MgCl2, 1 mM DTT, 1 mM 
TCEP, 1 mM benzamidine, 1:1000 aprotinin, 0.5 mM PMSF, 1x Roche Complete 
Protease Inhibitor tablet per 50 mL of co-IP buffer) by direct lysis on the plates 
and passing the lysate through a 25-gauge needle 2 times. Cleared lysates were 
incubated overnight at 4°C with ~50 ug of human His6-XPC:FLAG-
RAD23B:CETN2 or yeast His6-RAD4:FLAG-RAD23:RAD33 pre-purified from Sf9 
cells using the 2-step Ni-NTA and FLAG affinity purification described earlier. 
Following the overnight incubation, anti-HA resin (Sigma-Aldrich) was added and 
incubated for an additional 4 hrs., followed by 6 washes in co-IP buffer. Co-
immunoprecipitating proteins were specifically eluted with the addition of 0.2 
mg/mL HA peptide (Sigma-Aldrich) and analyzed by Western blotting with 
HisProbe HRP (Thermo Scientific), anti-HA (HA.C5, Abcam), and anti-FLAG M2 
(Sigma-Aldrich) antibodies as indicated. 
 
 
In vitro transcription assays 
 
In vitro transcription reactions with the factors TFIIA, TFIIB, TFIID, TFIIE, TFIIF, 
TFIIH, RNA polymerase II, Oct4, Sox2, fraction Q36, and the human, mouse, and 
yeast homologs of the XPC complex were carried out as previously described217, 
except immuno-affinity purified TFIIH and RNA pol II were used. Plasmids 
encoding FLAG-tagged Oct4 or Sox2 were transiently transfected into HeLa cells 
using Lipofectamine 2000 (Invitrogen) and purified as previously described218.  
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CHAPTER THREE 
 

RNA in transcription regulation: a novel RNA-mediated activator-
coactivator interaction between SOX2 and the XPC complex 

 
Based in part on Cattoglio et al. (2015) PNAS – see Appendix 

 
 
 
 
Abstract 
 
 The Xeroderma pigmentosum complementation group C (XPC) complex is 
one of three complexes required for robust activation of Oct4/Sox2-target genes 
as a component of the embryonic stem cell pluripotency gene regulatory network. 
The physical interaction between the XPC complex (SCC or Stem Cell 
Coactivator complex) and its partner activators OCT4 and SOX2 is presumably 
required for its activity in transcription. Here we present data showing an unusual 
requirement for general RNA in mediating the SOX2-SCC interaction. We 
demonstrate that heparin and DNA do not have this effect and that this RNA 
specifically enhances the interaction between human SCC and SOX2. RNA 
species that can mediate this interaction are likely to be relatively non-specific, 
given that both total HEK293T and E. coli RNA are capable of enhancing the 
SOX2-SCC interaction. Consistent with this observation, the RNA species 
associated with SOX2 and SCC largely resemble the abundance and species of 
input total RNA, although with notable exceptions that indicate a mode of 
promiscuous RNA binding by SOX2 and SCC. Both SCC and SOX2 are capable 
of binding RNA independently of one another, and interestingly, although the 
yeast SCC and SOX2 do not interact, the yeast SCC is capable of associating 
with RNA, indicating that RNA binding may not be sufficient for an interaction to 
occur. Consistent with this hypothesis, SCC-SOX2 do form direct protein-protein 
contacts. Together, these observations present a novel model for transcription 
factor and cofactor interactions via a sequence non-specific RNA intermediate, 
perhaps enlisting the participation of the transcribed target mRNA itself, 
enhancer RNAs produced from enhancers looped to the promoter, or any 
available, highly-abundant RNA in the nucleoplasm.  
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Introduction 
 
 
 Embryonic stem cells (ESCs) are derived from the inner cell mass of the 
mammalian blastocyst and can be maintained in culture to retain their defining 
properties of self-renewal (propagation without loss of cellular identity) and 
pluripotency (ability to generate all embryonic lineages upon appropriate 
developmental stimuli). In the case of murine ESCs (mESCs), a minimal culture 
media supplemented with serum and LIF (leukemia inhibitory factor) can 
perpetuate the pluripotency state219. Such culture conditions, among others, 
provide the external cues to counteract differentiation programs hardwired in 
ESCs [e.g., the autocrine FGF4 signaling220], by fueling an intricate network of 
transcription factors (TFs) at the core of which stands the autoregulated and self-
sustained OCT4 (POU class 5 homeobox 1), SOX2 (sex determining region Y-
box2), and NANOG (Nanog homeobox) circuit221,222. These “core” pluripotency 
factors orchestrate ESC transcriptional programs in conjunction with “ancillary” 
TFs (e.g., ESRRB, KLF2, KLF4, SALL4, TBX3, TFCP2L1), various cofactors223, 
noncoding RNAs224, histone modifiers, and chromatin remodelers225, ultimately 
conveying regulatory inputs to specialized basal transcriptional 
machineries38,226,227. Identifying components of these complex regulatory 
circuitries and their interplay has an obvious impact on both developmental 
biology and regenerative medicine by instructing the efficacious and safe use of 
ESCs, as well as the current methods for induction and differentiation of 
pluripotent stem cells and direct somatic cell reprogramming.  
 

Unbiased approaches, such as transcriptional, epigenetic, and proteomic 
profiling, siRNA screenings, large-scale proteomics, and genome-wide TF 
occupancy studies (ChIP-seq), have been used by many investigators to uncover 
new players in the maintenance of pluripotency. Although effective, such 
experimental strategies often fail to establish a direct role for identified elements 
in the transcriptional regulation of pluripotency. To circumvent this limitation, we 
recently established an unbiased in vitro transcription-biochemical 
complementation assay and used it to search for the minimal components 
required for OCT4- and SOX2-mediated transcriptional activation in murine and 
human ESCs. We uncovered three distinct activities, one of which has been 
identified as the Xerodoma pigmentosum, complementation group C (XPC)-
RAD23B-CETN2 trimeric complex, referred to as the stem cell coactivator (SCC) 
complex in our studies36,71. 
 

SCC was previously well established as a DNA damage sensor in the 
global genome nucleotide excision repair pathway (NER)228,229. Within SCC, the 
XPC subunit scans the genome and recognizes helix-distorting lesions (e.g., UV-
induced pyrimidine dimers) through its DNA-binding domain. CETN2 (centrin, 
EF-hand protein, 2) and RAD23B (RAD23 homolog B) stabilize the XPC protein 
and potentiate its interaction with damaged DNA106,188,230. XPC also initiates the 
NER repair cascade through direct recruitment of XPA and general transcription 
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factor IIH (TFIIH), which mediate damage verification and DNA unwinding, 
respectively113,114. Subsequent DNA damage excision, DNA synthesis through 
the gap, and ligation complete the repair process229.  

 
The identification of a number of mutations that have differential effects on 

SCC’s function in DNA repair vs. transcription, most notably a DNA-binding-
deficient mutant that does not impact transcription, cements the role of SCC as a 
canonical, non-DNA-binding coactivator36 (Appendix Figure 6). Accordingly, the 
expectation would be that the molecular mechanism underlying SCC’s function in 
transcription regulation rests on its ability to interact with its partners OCT4 and 
SOX2 to presumably bridge their interaction with the general transcriptional 
machinery and RNA pol II. Indeed, in an analysis of different homologs of the 
SCC complex, we observed that the ability to interact with SOX2 correlated with 
ability to coactivate transcription of an Oct4/Sox2-target reporter construct 
(Chapter 1, Figure 6). This suggests a model by which OCT4 and SOX2 recruit 
SCC to key loci in the genome to stimulate transcription of target pluripotency 
genes; indeed, ChIP-seq and RNA-seq data strongly support this hypothesis 
(Appendix).  

 
To further elucidate the molecular determinants behind these functionally-

relevant interactions, we queried whether other factors are required to bridge the 
SOX2-SCC and OCT4-SCC interactions and similary, whether there exist direct 
protein-protein contacts between SOX2 and SCC and between OCT4 and SCC. 
By investigating mechanistic and functional aspects of the interaction between 
OCT4, SOX2, and the XPC-RAD23B-CETN2 DNA repair complex, our findings 
provide new insights into how this multisubunit factor executes and integrates 
functions beyond DNA repair.  
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Results 
 
 
Our experiments demonstrated that XPC is the major driver of SCC interaction 
with O/S and that SCC can independently bind to either SOX2 or OCT4, because 
the absence of one has no effect on the pull-down efficiency of the other through 
either XPC or RAD23B (Appendix Figure 5 A and B, sets 1–3). Searching for 
domains within XPC that might mediate interactions with these two distinct TFs, 
we overexpressed either full-length XPC or progressive C-terminal truncations in 
293T cells and individually tested their binding to cotransfected SOX2 or OCT4 
by co-IP (Appendix Figure 6A). Removal of the C-terminal CETN2/ TFIIH-
interaction domain of XPC114,188 did not impair its interaction with either SOX2 or 
OCT4 (Figure 1A and B, 1–808: “–Benz” panels). This finding was consistent 
with previous observations that this region is dispensable for SCC transcriptional 
activity in vitro36. In contrast, deletion of a region encompassing the DNA binding 
domain and part of the RAD23B interacting residues113,114 drastically reduced 
XPC interaction with SOX2 but not with OCT4 (Figure 1A and B; 1–599, “–Benz” 
panels). OCT4 binding to XPC was only abolished upon removal of the whole 
RAD23B interaction domain (Figure 1A and B, 1–511, “–Benz” panels). XPC thus 
independently binds OCT4 and SOX2, whereas its N terminus is dispensable for 
interaction with both.  
 
For SOX2, we recapitulated the above truncation results using internal XPC 
fragments and verified that the XPC DNA binding domain is critical for its 
interaction with SOX2 (Appendix Figure S7 A and B). We next tested whether 
nucleic acids play any role in XPC binding to SOX2. Benzonase treatment of cell 
lysates before co-IP, as well as co-IP assays with the XPC DNA-binding mutant 
W683S157, confirmed that XPC binding to nucleic acids is indeed important for its 
interaction with SOX2 but not OCT4 (Figure 6 B and C, “+ Benz” panels, and 
Figure S7 C and D). Interestingly, the W683S mutation enhanced XPC binding to 
OCT4 (Appendix Figure S7D); we surmise that this alteration may compensate 
for the loss of SOX2 interaction and could explain why the XPC W683S DNA-
binding mutant retains near normal transcription coactivator activity in vitro36.  
 
To further confirm that nucleic acids mediate SCC/SOX2 interaction, and to 
investigate which class might be involved, we carried out reconstitution 
experiments using an orthologous system in which the human SSC complex was 
recombinantly expressed in Sf9 insect cells, purified, and mixed with lysates of 
293T cells overexpressing human SOX2 (Figure 2). Reactions were either left 
untreated or treated with ethidium bromide, benzonase, or RNase A to assess 
dependence of SCC/SOX2 interaction on double-stranded DNA, nucleic acids in 
general, or RNA, respectively. Although benzonase treatment was confirmed to 
abrogate SOX2 interaction with SCC, ethidium bromide had minimal, if any, 
effect on this interaction. More interestingly, RNase A treatment completely 
abolished SOX2 binding to SCC, suggesting that an RNA component might be 
involved in bridging the two proteins or influencing either the stability or the 
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conformation of one for binding to the other (Figure 2A). We confirmed that SCC 
does not interact non-specifically with a control protein (Figure 2B).  
 
To further investigate this RNA-dependent SCC-SOX2 interaction, we performed 
co-IPs with purified proteins in the presence or absence of total RNA extracted 
from 293T cells (Figure 3A).  We were able to verify that RNA is capable of 
boosting the SCC interaction with SOX2 in the absence of any other protein 
component (Figure 3B-C). The addition of extra RNA increased SCC pull-down 
efficiency through SOX2 by a factor of 2- to >10-fold, depending on the 
experiment. The ability for additional RNA enhance interaction does not extend to 
those proteins that normally do not interact well, e.g. RFP with human SCC 
(Figure 3B) or yeast SCC with SOX2 (Figure 3C), indicating that this effect has a 
degree of specificity to human SCC and SOX2. The phenomenon observed in 
these RNA add-back experiments are not due to a contaminant from the RNA 
preparation since RNaseA digestion completely abolishes the interaction through 
additional RNA (Figure 4).  
 
To exclude that the boost of SCC/SOX2 interaction is simply a result of RNA 
acting as an ion exchanger, we performed a similar experiment in the presence 
of increasing amounts of heparin, and observed that this ionic polymer actually 
hampered, rather than facilitated, SCC binding to SOX2, probably competing 
away the required RNA (Figure 5). Similarly, DNA cannot substitute for the role of 
RNA in mediating the SCC-SOX2 interaction, as judged by the insensitivity of the 
co-IP reaction to DNaseI digestion (Figure 6A) and the weakening of the 
interaction in the presence of additional DNA (Figure 6B-C).  
 
We next tested the level of specificity of the SCC and SOX2 interaction for 
particular species of RNA. Unlike total HEK293T RNA, a short, 101 nt RNA 
species provided a small boost above the no-RNA control but was not capable of 
mediating the SCC-SOX2 interaction in a dose-dependent manner (Figure 6C), 
even though this particular RNA is shifted by both SCC and SOX2 in an EMSA 
assay (Figure 9A). Both mRNA and non-mRNA are equally capable of enhancing 
the SCC-SOX2 interaction (Figure 7A), indicating that structural features such as 
a poly-A tail or a 5’ cap are not requirements or impediments to the SCC-SOX2 
interaction. As further extension of this observation, the addition of equal 
amounts of total RNA extracted from Escherichia coli also enhanced SCC/SOX2 
interaction (Figure 7B), suggesting that the required RNA species are not 
mammalian- or even eukaryotic-specific. In accord with these data, the RNAs 
associated from a tandem SCC and SOX2 IP do not look markedly different from 
total RNA, suggesting there is little preference for specific RNA species (Figure 
7C). It is interesting to note, however, that no tRNAs (Figure 7C, blue) or large 
ribosomal RNAs (Figure 7C, orange arrow) are associated with these proteins. 
Similarly, certain RNAs are enriched above input levels or proportions, thus 
indicating a mild level of selectivity for certain RNA species (Figure 7C). Taken 
together, these experiments point to a model in which an RNA scaffold mediates 
SCC-SOX2 interactions.  

54



 
To further probe the molecular properties behind the SCC-SOX2-RNA 
interactions, we first tested whether the DNA-binding capabilities of SCC are 
required for the RNA enhancement of the interaction. Using a mutation in XPC 
that greatly reduces its DNA binding, we find that SCC containing XPCW690S also 
displays increased interaction with SOX2 in the presence of additional RNA 
(Figure 8), indicating that the RNA- and DNA-binding residues of SCC might not 
overlap. To test whether SCC, SOX2, or both are capable of interacting with 
RNA, in particular because neither protein has any predicted RNA-binding 
domains, we performed EMSAs with human SCC and SOX2 and found that both 
are capable of independently binding to RNA (Figure 9A). As a negative control, 
bovine serum albumin (BSA) does not shift any RNA, even at the same 
concentration as the highest concentrations used for human and yeast SCC and 
human XPCW690S SCC (Figure 9B). Consistent with its ability to interact with 
SOX2 in an RNA-dependent fashion, the XPCW690S SCC shifts RNA very 
strongly, although it should be noted that the shifted RNA remains in the well, 
pointing to the possibility of aggregation or multimerization of XPCW690S SCC on 
RNA (Figure 9B). Surprisingly, though the yeast SCC displays little to no ability to 
interact with SOX2 in either the presence or absence of RNA (Figure 3), it is still 
able to shift the RNA probe with approximately the same affinity as human SCC 
(Figure 9B).  
 
Although RNA is required to mediate the SCC-SOX2 interaction, it is conceivable 
that SCC and SOX2 nevertheless engage in direct protein-protein contacts and 
that the RNA merely stabilizes this existing interaction. To test this hypothesis, 
we performed far-Western blotting and cross-linking assays. The far-Western 
blotting procedure, illustrated in Figure 10A, entails the immobilization of prey 
proteins to a nitrocellulose membrane, slowly refolding them, allowing a bait 
protein to recognize their prey binding partners, and then using antibodies to 
detect for the presence of the bait at particular bands corresponding to known 
prey proteins. Indeed, SCC appears to engage in direct protein-protein contacts 
with SOX2, OCT4, and SOX1, but not OCT1 (Figure 10B). Similarly, cross-linking 
followed by SDS-PAGE/Coomassie staining (Figure 11A) and Western blot 
analysis (Figure 11B) shows that SCC and SOX2 form direct contacts, resulting 
in a distinct size shift of SCC that corresponds to the mass of SOX2 (Figure 
11A). This larger species is recognized by a SOX2 antibody, whereas both this 
and the SCC-only species are recognized by XPC and FLAG antibodies 
(recognizing FLAG-RAD23B and FLAG-SOX2) (Figure 11B). In addition, cross-
linking shows that SCC and OCT4 also appear to make direct protein-protein 
contacts (Figure 12), although this interaction appears to be weaker (Figure 
12A).  
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Discussion 
 
 
These data taken together can be used to generate a model for both the protein 
and RNA aspects of the mode of SCC-SOX2 interaction (Figure 13). Given the 
far-Western blot and cross-linking data, it appears that SCC-SOX2 engage in 
direct protein-protein contacts strengthened by the presence of RNA, as opposed 
to either an indirect interaction mediated solely through a piece of DNA or an 
RNA-mediated allosteric conformational change of either SCC or SOX2 to 
potentiate one for interaction with the other. As for the specificity for RNA in this 
particular reaction, it is clear from the ability of E. coli RNA to mediate this 
interaction that there is little to no sequence- or structure-specificity. However, 
the exclusion of certain classes of RNA and the enrichment for other species of 
RNA strongly suggest that the SCC-SOX2 interaction is via promiscuous as 
opposed to specific or completely non-specific binding to RNA.  
 
Among the various mechanistic aspects of SCC and OCT4/SOX2 interactions 
revealed by our studies, the most intriguing one is probably that RNA species 
might help mediate direct SOX2–XPC interactions. Interestingly, it was reported 
by others that binding to a noncoding RNA allows SOX2 recruitment to promoter 
regions of neurogenic TFs (50). It is tempting to speculate that a similar role for 
RNA exists at pluripotency genes regulated by SOX2 in ESCs. Our preliminary 
data indicate that the RNA facilitating SOX2–XPC binding is neither ESC- nor 
eukaryotic-specific, because we observed comparable results when using total 
RNA extracted from either 293T or bacterial cells. However, since both heparin 
and DNA failed to boost SCC association with SOX2, some property of RNA 
other than its strong charge (e.g., secondary structure or 2’OH group on its 
sugar-phosphate backbone) is responsible for the effect. Although our data are 
very preliminary and more experiments will be needed to fully address this issue, 
we regard it with particular interest, in light of recent emerging evidence for a 
more pervasive role of both specific and promiscuous RNA binding in the 
regulation of Pol II-dependent transcription (51–54).  
 
In conclusion, here we show a novel mode of transcription factor:coactivator 
interaction via promiscuous binding to RNA. It remains to be seen whether there 
are any sequence, structural, or length requirements for RNA species to boost 
the SCC-SOX2 interaction, although given that E. coli RNA has nearly equal 
activity to HEK293T RNA, these requirements are likely to be relatively 
degenerate. Though the OCT4-SCC interaction displays a much lower sensitivity 
to nuclease digestion, it is nevertheless possible that the interaction is also 
weakly dependent upon RNA to a greater degree than DNA; this question 
remains to be explored. Lastly, from a functional point of view, though the most 
parsimonious interpretation of these data would point to an activating role of RNA 
in transcriptional regulation, at least in vitro, it remains a formal possibility that 
RNA actually sequesters SCC and/or SOX2 in an inactive state, thus repressing 
transcriptional activity. In vivo, whether the source of this RNA is from feedback 
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from the target mRNA, enhancer RNAs (eRNAs), other ncRNAs, or simply 
whatever RNA is available at high local or overall concentration in the 
nucleoplasm, are all questions open for investigation.  
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Figure 1

Figure 1: SCC-SOX2 and SCC-OCT4 interactions are sensitive to nuclease treatment.
A. Pull-down assays in HEK293T cells overexpressing SOX2 and either full-length (FL) or 
 truncated XPC FLAG-tagged proteins by SOX2 (top) and XPC (bottom) antibodies, 
 followed by immunoblotting with anti-FLAG and anti-SOX2 antibodies, respectively. 
 Lysates were (+) or were not (--) treated with benzonase (Benz) to digest nucleic acids. 
 In, 0.5% input; Ig, IgG control pull-downs; IP, specific pull-downs. 
B. Same as (A) but in HEK293T cells overexpressing OCT4 and either full-length (FL) or 
 truncated XPC FLAG-tagged proteins.
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Figure 2: SCC-SOX2 interaction is dependent on nucleic acid.
A. Co-immunoprecipitation assay of HA-SOX2 as bait and SCC as prey in the presence 
 or absence (IP) of ethidium bromide (EtBr), benzonase (benz), or RNaseA.
B. Co-immunoprecipitation assay of FLAG-HA-RFP as bait and SCC as prey.
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Figure 3: RNA specifically increases the association between human SCC and SOX2
A. Schematic of RNA rescue experiments.
B. Co-immunoprecipitation assay using either purified HA-RFP or HA-SOX2 as bait for 
 human SCC as prey in the presence or absence of additional total HEK293T RNA. 
C. Co-immunoprecipitation assay using either purified HA-RFP or HA-SOX2 as bait and 
 either human or yeast SCC as prey in the presence or absence of increasing amounts 
 of total HEK293T RNA. 
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Figure 4: The SCC-SOX2 interaction is not mediated by a contaminant in the exogenously-
 supplied RNA
Co-immunoprecipitation assay using either purified HA-RFP or HA-SOX2 as bait for human SCC 
as prey in the presence or absence of additional total HEK293T RNA and the presence or 
absence of RNaseA treatment. 
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Figure 5: Effect from RNA is not simply charge-based
A. Co-immunoprecipitation assay using purified HA-SOX2 as bait for human SCC as prey 
 in the presence or absence of increasing amounts of heparin from 1-1000 ng.
B. Co-immunoprecipitation assay using purified HA-SOX2 as bait for human SCC as prey in 
 the presence or absence of RNA and the presence or absence of increasing amounts of 
 heparin from 0.5-500 ug heparin.
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Figure 6: DNA does not support the SOX2-SCC interaction
A. SOX2-SCC interaction is insensitive to DNaseI treatment.
B. Co-immunoprecipitation assay using purified HA-SOX2 as bait for human SCC as prey 
 in the presence or absence of dsDNA or RNA.
C. Co-immunoprecipitation assay sing purified HA-SOX2 as bait for human SCC as prey 
 in the presence or absence of increasing amounts of total HEK293T RNA, a 101 nt 
 RNA, and a 100 nt ssDNA oligonucleotide. 0.5% SOX2 input and 1% and 5% SCC input 
 are shown.

B

A

SOX2 SCC 

IN 

DNA2 - DNA1 RNA 

-HA 
(SOX2) 

-His 
(XPC) 

IP: HA 

C

-XPC 

-Sox2 

-FLAG 
(Rad23b) 

-CETN2 

Total RNA sgRNA (~100 nt) ssDNA (100 nt) 
IN 

SCC 

- 
IN 

SOX2 

DNase +-

-XPC 

IP: HA 

IN 

-HA 
(SOX2) 

Figure 6

63



Figure 7: The SCC-SOX2 interaction has minimal requirements for the intermediary RNA
A. Both HEK293T mRNA or non-mRNA (FT = flowthrough) are capable of enhancing the 
 SOX2-SCC interaction in a co-immunoprecipitation assay featuring pull-down of SCC 
 through HA-SOX2.
B. Both HEK293T and E. coli total RNA can enhance the interaction between 
 immunoprecipitated HA-SOX2 and co-imunoprecipitating SCC.
C. SYBR Gold staining of 5% (left) and 3.5% (right) polyacrylamide gels showing input total 
 RNA and RNAs associated with a tandem FLAG and HA IP of either FLAG-HA-RFP or 
 FLAG-RAD23B in SCC and HA-SOX2. (Right) IP indicates FLAG-RAD23B and 
 HA-SOX2 tandem IP. 
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Figure 8: DNA-binding capacity of SCC is not required for RNA-enhanced association with 
 SOX2
Co-immunoprecipitation assay using purified HA-SOX2 as bait for human WT or DNA-binding 
deficient W690S XPC/SCC as prey in the presence or absence of HEK293T total RNA.
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Figure 9: Electrophoretic mobility shift assays (EMSAs) assessing SCC and SOX2 interactions 
 with RNA
A. Human SCC and SOX2 are capable of shifting a 101 nt RNA species.
B. Human and yeast SCC as well as human XPCW690S/SCC are all capable of binding 
 RNA, whereas BSA at the highest concentration of protein tested does not shift any 
 RNA. 
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Figure 10: Far-Western blot demonstrating a direct interaction between SCC and SOX2, SOX1, 
 and OCT4
A. Schematic illustrating the far-Western blot procedure used for detecting SCC 
 interactions.
B. Coomassie-stained SDS-PAGE gel (left) and corresponding far-Western blot for XPC 
 to detect bands corresponding to proteins that interact with XPC.
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Figure 11: Cross-linking experiments demonstrating a direct interaction between SCC and 
 SOX2
A. Coomassie-stained SDS-PAGE gel of SCC +/- SOX2, +/- HEK293T total RNA in the 
 presence or absence of glutaraldehyde cross-linking.
B. Western blot analysis demonstrating the presence of a larger-sized band corresponding 
 to crosslinked SCC and SOX2.
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Figure 12: Cross-linking experiments demonstrating a stronger direct interaction between SCC 
 and SOX2 than between SCC and OCT4
A. Coomassie-stained SDS-PAGE gel of SCC with either SOX2 or OCT4 and 
 glutaraldehyde cross-linking at either room temperature or +4 degrees.
B. Western blot analysis demonstrating the presence of OCT4 protein at a larger 
 consistent in the presence of glutaraldehyde, consistent with cross-linking to SCC.
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Materials and Methods 
 
 
Co-immunoprecipitation of the human XPC complex and SOX2  
 
pCMV5a-Sox2-HA or control pLKO.1-FLAG-HA-RFP expression plasmids were 
transfected using calcium phosphate into HEK293T cells. 7.5x106 cells were 
seeded on 15 cm dishes 24 hrs. prior to transfection and harvested 48 hrs. post-
transfection in 3 mL of co-IP buffer per 15 cm dish (0.2 M KCl, 50 mM HEPES pH 
7.6, 0.1% NP-40, 10% glycerol, 0.1 mM EDTA, 1 mM MgCl2, 1 mM DTT, 1 mM 
TCEP, 1 mM benzamidine, 1:1000 aprotinin, 0.5 mM PMSF, 1x Roche Complete 
Protease Inhibitor tablet) by direct lysis on the plates and passing the lysate 
through a 25-gauge needle 3 times. Cleared lysates were incubated overnight at 
4°C with ~50 ug of human His6-XPC:FLAG-RAD23B:CETN2 pre-purified from 
Sf9 cells. Following the overnight incubation, anti-HA resin (Sigma-Aldrich) was 
added and incubated for an additional 4 hrs., followed by 3 washes in co-IP 
buffer. Resin with immobilized proteins was then evenly divided into separate 
incubations with either 0.1 mg/mL ethidium bromide (Calbiochem), 250 U/mL 
benzonase (Novagen), or 10 ug/mL RNaseA (Fermentas) in co-IP buffer at 37°C 
for 1 hr. After 3 more washes in co-IP buffer, co-immunoprecipitating proteins 
were specifically eluted with the addition of 0.2 mg/mL HA peptide (Sigma-
Aldrich) and analyzed by Western blotting. Commercial antibodies used for co-
immunoprecipitation assays and Western blots were as follows: ChromPure goat, 
rabbit and mouse normal IgG from Jackson ImmunoResearch; anti-OCT4 (sc-
8628) from Santa Cruz Biotechnology; anti-SOX2 (AB5603) from Millipore; anti-
FLAG M2 (F3165) from Sigma-Aldrich; anti-XPC (A301-122A) and anti-RAD23B 
(A302-305A) from Bethyl Laboratories; anti-CETN2 (15977-1-AP) from 
ProteinTech Group. 
 
 
 
Co-immunoprecipitation of purified human XPC complex and SOX2 with 
additional RNA, DNA, or heparin 
 
pCMV5a-Sox2-HA or control pCMV5a-RFP-HA expression plasmids were 
transfected using calcium phosphate into HEK293T cells. 7.5x106 cells were 
seeded on 15 cm dishes 24 hrs. prior to transfection and harvested 48 hrs. post-
transfection in 3 mL of high-salt lysis buffer (HSBL) per 15 cm dish (0.5 M NaCl, 
50 mM HEPES pH 7.6, 1% NP-40, 10% glycerol, 1 mM DTT, 1 mM TCEP, 1 mM 
benzamidine, 1:1000 aprotinin, 0.5 mM PMSF, 1x Roche Complete Protease 
Inhibitor tablet) by direct lysis on the plates and passing the lysate through a 25-
gauge needle 3 times. Lysates were cleared by centrifugation and pre-cleared 
overnight at 4°C with 20 µL of protein A agarose beads for every 400 µL of 
soluble cell lysate. Anti-HA resin (Sigma-Aldrich) was also pre-blocked overnight 
in the presence of 1% BSA in HSLB. SCC purified to homogeneity from insect 
Sf9 cells was pre-cleared overnight using 20 µL of protein A resin per 50 µL of 
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protein at ~0.2 mg/mL. Following the overnight incubation, 10 µL anti-HA resin 
(Sigma-Aldrich) per 400 µL lysate was added and incubated for 3 hrs., followed 
by 5 washes with HSLB buffer and 2 washes in low-salt buffer (LSB) (0.2 M 
NaCl, 25 mM HEPES pH 7.6, 0.1% NP-40, 10% glycerol, 0.1 mM EDTA, 1 mM 
MgCl2, 1 mM DTT, and 1 mM TCEP). 10 µL of pre-cleared SCC was added per 
10 µL of anti-HA resin, along with 150 µL of LSB and either TriZOL-extracted 
(Life Technologies) total HEK293T or E. coli RNA in DNase- and RNase-free 
H2O (Gibco), heparin (Sigma-Aldrich), mRNA purified using the Dynamics mRNA 
purification kit (Life Technologies), an in vitro-transcribed and gel-purified RNA 
fragment (sequence: 
GATCTGAGAATCCGGTGCCGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAA
GGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTT), or 
DNA oligos (DNA1: top strand 5’-GCTACTTTTGCATTACAATGGCC-3’, bottom 
strand 5’-GGCCATTGTAATGCAAAAGTAGC-3’; DNA2: top strand 5’-
TACTCTGCAGCTACTTTTGCATTACAATGGCCTTGGTGAGACT-3’, bottom 
strand 5’-CCAGTCTCACCAAGGCCATTGTAATGCAAAAGTAGCTGCAGAG-3’; 
ssDNA: 5’- 
TCAGCTGCTAGCTCAACTTATCATCATCATCCTTGTAATCGCTCCCGCCTTT
CTCGAACTGCGGGTGGCTCCAAGCGTAGCCGTTTGAATGCATGGGAGA-3’) 
were added to the co-IP reactions. These co-IP reactions were then incubated 
overnight at 4°C, washed 4x with LSB, eluted with 0.3 mg/mL HA peptide in LSB, 
and analyzed by Western blot or 7M urea PAGE and SYBR Gold staining.  
 
 
 
PAGE and SYBR Gold analysis of RNA 
 
Input total HEK293T RNA, SOX2-SCC-, or RFP-associated RNA was extracted 
using TriZOL according to the manufacturer’s instructions (Life Technologies), 
resuspended in urea loading buffer (4 M urea, 15 mM EDTA, pH 8.0), and 
electrophoresed on 0.6x TBE polyacrylamide gels. Gels were subsequently 
stained for 15 min. with SYBR Gold (Life Technologies) in 0.6x TBE and imaged 
on either a Pharos FX Plus (BioRad) or a Typhoon (GE Healthcare Life 
Sciences) 
 
 
 
EMSAs 
 
Electrophoretic mobility shift assays (EMSAs) were performed using a 101-nt 
RNA probe (sequence: 
GATCTGAGAATCCGGTGCCGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAA
GGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTT) 
that was treated with calf intestinal phosphatase (CIP; New England Biolabs). 30 
ng of this RNA was then labeled with T4 PNK with ATP γ-P32 at 37°C for ~2 hrs., 
diluted in the presence of glycogen, 10 mM EDTA pH 8.0, and TE buffer and 
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purified through a Microscopin G-25 column (GE Healthcare Life Sciences). 
Protein-RNA binding reactions with 125 mM labeled probe (estimated based on 
input) and 5-fold dilutions from 1-125 mM of protein were performed in 200 mM 
KCl, 25 mM HEPES pH 7.6, 1 mM MgCl2, 10% glycerol, 1 mM DTT, 1 mM TCP, 
0.05% NP-40, and 0.1 mg/mL BSA. Samples were then run on a 5% 
polyacrylamide, 0.5x TBE pH 8.0, and 4% glycerol gel in 0.5x TBE supplemented 
with 1 mM MgCl2 at 150 V at room temperature and imaged after gel drying with 
a phosphorimager screen or film at -80 for ~7 days.  
 
 
 
Far-Western blotting 
 
Far-Western blotting was performed based on the protocol described in Wu et al. 
2007231. ~600 ng of OCT4, ~150 ng and ~2.4 ug of SOX2, ~1 ug of OCT1, and 
~100 ng of SOX1 were loaded on an SDS-PAGE gel, transferred to nitrocellulose 
membrane, and denatured for 30 min. in 6 M guanidine chloride. The 
immobilized proteins were then slowly refolded at 4°C in 3 M guanidine chloride 
for 30 min., 1 M guanidine chloride for 30 min., 0.1 M guanidine chloride for 30 
min., and finally 0 M guanidine chloride in binding buffer (200 mM NaCl, 25 mM 
HEPES ph 7.6, 0.1% NP-40, 10% glycerol, 0.1 mM EDTA, 1 mM MgCl2, 1 mM 
DTT, and 1 mM TCEP). 20 ug of nuclease-pretreated SCC in 10 mL of binding 
buffer supplemented with 0.2 mg/mL BSA and 1 uL benzonase (Worthington) 
was incubated with the membrane at 4°C for 3 hr. The membrane was then 
washed 3x with binding buffer for 10 min. per wash and blotted using 1:1000 anti-
XPC antibody (Bethyl Laboratories). 
 
 
 
Cross-linking assays 
 
~2 ug of SCC and ~2 ug of SOX2 were incubated overnight in LSB (200 mM 
NaCl, 25 mM HEPES pH 7.6, 0.1% NP-40, 10% glycerol, 1 mM DTT, 1 mM 
TCEP, 0.1 mM EDTA, and 1 mM MgCl2) either in the presence of 0.5% 
glutaraldehyde (4°) or with 0.5% glutaraldehyde for 1.5 hr at room temperature 
the following day (RT). Samples were then quenched with a final concentration of 
300 mM Tris, pH 7.5 and analyzed by SDS-PAGE and Coomassie staining or 
Western blotting.    
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Abstract 
 
The embryonic stem cell (ESC) state is transcriptionally controlled by OCT4, SOX2, and 
NANOG with cofactors, chromatin regulators, noncoding RNAs, and other effectors of 
signaling pathways. Uncovering components of these regulatory circuits and their 
interplay provides the knowledge base to deploy ESCs and induced pluripotent stem 
cells. We recently identified the DNA-repair complex Xeroderma pigmentosum C (XPC)-
RAD23B-CETN2 as a stem cell coactivator (SCC) required for OCT4/SOX2 
transcriptional activation. Here we investigate the role of SCC genome-wide in murine 
ESCs by mapping regions bound by RAD23B and analyzing transcriptional profiles of 
SCC-depleted ESCs. We establish OCT4 and SOX2 as the primary transcription factors 
recruiting SCC to regulatory regions of pluripotency genes and identify the XPC subunit 
as essential for interaction with the two proteins. The present study reveals new 
mechanistic and functional aspects of SCC transcriptional activity, and thus underscores 
the diversified functions of this regulatory complex.  
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Significance 
 
Because of their unique ability to self-renew and generate all cell lineages of an 
organism (pluripotency), embryonic stem cells represent a versatile model for 
developmental biology, and a promising avenue for regenerative medicine. 
Understanding the molecular mechanisms regulating self-renewal and pluripotency 
provides a productive path to effectively use embryonic stem cells, and to improve 
current methods for induction/differentiation of pluripotent stem cells and direct somatic 
cell reprogramming. This study provides novel insights into transcriptional regulation of 
the stem cell state by characterizing interactions between key transcription factors SOX2 
and OCT4, and a recently identified, multifunctional, stem cell coactivator—the 
Xeroderma pigmentosum, complementation group C DNA repair complex—to control 
pluripotency gene-expression networks. 
 
 
Introduction 
 
Embryonic stem cells (ESCs) can be maintained in culture to retain their defining 
properties of self-renewal (propagation without loss of cellular identity) and pluripotency 
(ability to generate all embryonic lineages upon appropriate developmental stimuli). In 
the case of murine ESCs (mESCs), a minimal culture media supplemented with serum 
and LIF (leukemia inhibitory factor) can perpetuate the pluripotency state (1). Such 
culture conditions, among others, provide the external cues to counteract differentiation 
programs hardwired in ESCs [e.g., the autocrine FGF4 signaling (2)], by fueling an 
intricate network of transcription factors (TFs) at the core of which stands the 
autoregulated and self-sustained OCT4 (POU class 5 homeobox 1), SOX2 (sex 
determining region Y-box2), and NANOG (Nanog homeobox) circuit (3, 4). These “core” 
pluripotency factors orchestrate ESC transcriptional programs in conjunction with 
“ancillary” TFs (e.g., ESRRB, KLF2, KLF4, SALL4, TBX3, TFCP2L1), various cofactors 
(5), noncoding RNAs (6), histone modifiers, and chromatin remodelers (7), ultimately 
conveying regulatory inputs to specialized basal transcriptional machineries (8–10). 
Identifying components of these complex regulatory circuitries and their interplay has an 
obvious impact on both developmental biology and regenerative medicine by instructing 
the efficacious and safe use of ESCs, as well as the current methods for induction and 
differentiation of pluripotent stem cells and direct somatic cell reprogramming.  
 
Unbiased approaches, such as transcriptional, epigenetic, and proteomic profiling, 
siRNA screenings, large-scale proteomics, and genome-wide TF occupancy studies 
(ChIP-seq), have been used by many investigators to uncover new players in the 
maintenance of pluripotency. Although effective, such experimental strategies often fail 
to establish a direct role for identified elements in the transcriptional regulation of 
pluripotency. To circumvent this limitation, we recently established an unbiased in vitro 
transcription-biochemical complementation assay and used it to search for the minimal 
components required for OCT4- and SOX2-mediated transcriptional activation in murine 
and human ESCs. We uncovered three distinct activities, one of which has been 
identified as the xerodoma pigmentosum, complementation group C (XPC)-RAD23B-
CETN2 trimeric complex, referred to as the stem cell coactivator (SCC) in our studies 
(11, 12).  
 
SCC complex was previously well established as a DNA damage sensor in the global 
genome nucleotide excision repair pathway (NER) (13, 14). Within SCC, the XPC 
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subunit scans the genome and recognizes helix-distorting lesions (e.g., UV-induced 
pyrimidine dimers) through its DNA-binding domain. CETN2 (centrin, EF-hand protein, 2) 
and RAD23B (RAD23 homolog B) stabilize the XPC protein and potentiate its interaction 
with damaged DNA (15–17). XPC also initiates the NER repair cascade through direct 
recruitment of XPA and general transcription factor IIH (TFIIH), which mediate damage 
verification and DNA unwinding, respectively (18, 19). Subsequent DNA damage 
excision, DNA synthesis through the gap, and ligation complete the repair process (14).  
 
Concomitantly to our study that identified SCC as an OCT4/ SOX2 ESC coactivator (11), 
SCC was shown to assemble onto promoters of activated genes in HeLa cells, along 
with the entire NER machinery, to facilitate DNA demethylation and gene looping (20, 
21). In ESCs, however, the SCC coactivator activity we uncovered is uncoupled from 
DNA repair, and no other NER factors emerged from our biochemical assays, 
suggesting a certain degree of specificity for OCT4/SOX2 transcription. In fact, a 
preliminary analysis of RAD23B genomic occupancy highlighted a striking overlap with 
OCT4/SOX2 binding sites, and depletion of SCC by RNA interference showed that it 
contributes in vivo to maintaining the mESC state and to generating induced pluripotent 
stem cells from somatic cells (11). Nevertheless, several key issues remained 
unaddressed in our initial study: is SCC working as a coactivator in ESCs for TFs other 
than OCT4 and SOX2? What is the transcriptional network orchestrated by SCC in 
ESCs? Which transcriptional changes occur globally upon SCC depletion? Are these 
resulting from SCC transcriptional activity or deriving from a DNA damage response? 
How is SCC recruited to chromatin? What are the biochemical bases for SCC interaction 
with OCT4, SOX2, and possibly other TFs? To address some of these issues, we delved 
into a more thorough analysis of SCC chromatin occupancy in ESCs, combined with 
whole transcriptome profiling of SCC-depleted ESCs. These genome-wide scale studies 
revealed that SCC is indeed recruited to gene regulatory regions mostly through OCT4 
and SOX2. Transcriptional perturbations following SCC depletion resemble those seen 
upon OCT4 and SOX2 knockdown, rather than reflect a p53-mediated DNA damage 
response. We also demonstrate that, within SCC, XPC is the major subunit directly 
interacting with OCT4 and SOX2, and truncation experiments indicate that 
nonoverlapping XPC domains are responsible for interaction with the core TFs.  
 
At a more fundamental level, our studies also underscore the importance of 
multifunctional complexes serving as key regulatory molecular machines that cells have 
evolved to coordinate different biological processes. By investigating mechanistic and 
functional aspects of the interaction between OCT4, SOX2, and the XPC-RAD23B-
CETN2 DNA repair complex, our findings provide new insights into how this multisubunit 
factor executes and integrates functions beyond DNA repair.  
 
 
Results 
 
RAD23B Targets Gene Promoters and Distal Regulatory Regions in mESCs.  
 
To more thoroughly investigate how SCC works as a transcriptional coactivator 
responsive to OCT4/SOX2 and possibly other sequence-specific TFs in mESCs, we 
performed chromatin immunoprecipitation followed by deep sequencing (ChIP-seq) 
using murine D3 ESCs. Because none of the commercially available antibodies gave 
reliable ChIP signals, we raised and affinity-purified polyclonal antibodies against the 
RAD23B and XPC subunits of SCC. Although antibodies against both proteins were 
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specific and efficient at immunoprecipitating SCC complex (Fig. S1 A–C), only the anti-
RAD23B antibody showed robust and reproducible enrichment in ChIP experiments (Fig. 
S1 D and E; see also Fig. 2C, Upper). We therefore used RAD23B-specific antibodies to 
immunoprecipitate the holo-SCC complex from D3 cells. Two RAD23B ChIP-seq 
biological replicates identified 59,768 and 42,364 RAD23B binding sites in the mESC 
genome, respectively. Of these, 40,671 of the RAD23B binding sites were common 
between the two independent experiments (R = 0.86), indicative of high experimental 
reproducibility (Fig. S1 D and E). The top 50%, high-confidence RAD23B binding sites 
with the strongest enrichment (P < 10−5, 29,884 peaks) were selected for further 
analysis (see Dataset S1 for a full list). To determine where RAD23B binds with respect 
to genes, for each ChIP-seq peak midpoint we calculated the distance to the 
transcription start site (TSS) of the closest RefSeq gene. About 18% of RAD23B binding 
occurs within 200 bp of a TSS, a significant enrichment with respect to the control 
dataset (preimmune IgGs) (Fig. 1A). This genome-wide distribution is consistent with our 
previous biochemical data suggesting that SCC facilitates transcriptional initiation by 
OCT4 and SOX2 (11). However, promoters (±500 bp from TSS) only account for one-
fourth (24%) of all RAD23B binding sites, whereas proximal (500bp<TSS<5kb) and 
distal (5kb<TSS<50kb) gene regions contain the majority of RAD23B target sites (Fig. 
1B). To probe whether these other RAD23B binding regions are, in fact, distal regulatory 
elements, we compared them to prototypic enhancer features mapped by others in 
mESCs such as H3K4me1 and H3K27ac chromatin marks, as well as p300 coactivator 
binding sites (22). We observed a significant (twofold and higher) overlap between 
RAD23B proximal and distal binding sites at all of the tested enhancer features, 
irrespective of whether they mark active (H3K27ac) or poised (H3K4me1, p300) 
enhancers (Fig. S2 A and D). In line with this observation, we found both active and 
inactive genes targeted by RAD23B (i.e., genes with at least one RAD23B ChIP-seq 
peak within 5 kb of their TSS) (Fig. 1C).  
 
A gene ontology (GO) analysis of these putative targets revealed an overrepresentation 
of genes involved in transcriptional regulation among both active and inactive genes 
(Fig. 1D; full list in Dataset S1). There was also a specific enrichment of developmentally 
regulated, Polycomb-bound genes among the inactive target genes (Fig. 1D and Fig. 
S2B). Interestingly, RAD23B binding sites are enriched for regions co-occupied by 
cohesin and Mediator, but not CTCF (Fig. S2 C and D), which have been reported to 
favor enhancer-promoter looping and transcriptional activation in mESCs (23). Taken 
together, our genome-wide analyses reveal that RAD23B binds to promoter and distal 
gene regulatory regions of both actively transcribed and silenced genes in mESCs.  
 
RAD23B Extensively Colocalizes with OCT4/SOX2 Binding Sites in mESCs.  
 
As part of the DNA-damage recognition and repair machinery, the XPC subunit of SCC 
has been reported to bind DNA directly (13), although the interaction is neither 
sequence-specific nor required for SCC transcriptional activity (11). We therefore 
hypothesized that the observed RAD23B recruitment to regulatory regions was more 
likely to depend on protein–protein-mediated transactions involving other sequence-
specific TFs. Compared with a series of mESC enriched TFs, RAD23B binding sites 
showed the strongest colocalization with OCT4/SOX2 (>sevenfold enrichment over 
control), followed by NANOG (>fivefold), and STAT3, ESRRB, TFCP2L1, and KLF4 
(two- to threefold) (Fig. 1E, blue bars). Importantly, RAD23B overlap with TFs other than 
OCT4 and SOX2 dropped to background levels when we subtracted from the analysis 
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peaks located nearby OCT4/SOX2 sites (Fig. 1E, gray bars), suggesting that the 
observed colocalization between these TFs and RAD23B mostly depended on 
concurrent OCT4/SOX2 binding.  
 
Given the strong correlation observed between OCT4 and SOX2 (O/S) binding and 
RAD23B enrichment at mESC regulatory regions, we further characterized their 
interaction with RAD23B. About 60% of the strongest (P < 10−9) RAD23B binding sites 
do, in fact, overlap with O/S, and for the most part the colocalization occurs away from 
core promoters (>500 bp from TSS) (Fig. 2A), in line with preferential binding of O/S at 
distal regulatory regions (24). This finding still holds true for weaker (10−9< P < 10−5) 
RAD23B binding sites, although the O/S overlap drops to ∼25%, indicating a direct 
correlation between RAD23B enrichment and O/S colocalization. De novo motif dis- 
covery within DNA sequences surrounding RAD23B peaks (±125 bp from peak 
midpoint) identified two prominent motifs: the top-ranking one was virtually identical to 
the O/S composite recognition element (P < 10−10) (Fig. 2B); a second motif showed 
moderate resemblance to both KLF4 (P < 10−5) and SP1 (P < 10−4) binding sites (Fig. 
S3A). The overlap between RAD23B and O/S binding is even more robust when 
superimposing their ChIP-seq tracks at specific loci such as Nanog, Pou5f1, Klf4, Sox2, 
Lefty2, and Stat3 (Fig. 2C, Lower, and Fig. S3), confirming the selective enrichment of 
RAD23B at pluripotency genes that we previously observed by ChIP-qPCR (Fig. 2C, 
Upper) (11).  
 
RAD23B Recruitment Follows Activator Binding.  
 
If SCC works mostly as a canonical O/S transcription coactivator, one would expect it 
not to bind DNA directly but rather rely on OCT4 or SOX2 for recruitment onto 
chromatin. Indeed, our in vitro biochemical studies demonstrated that SCC DNA binding 
activity is dispensable for transcription (11). To confirm in vivo that SCC is not preloaded 
onto chromatin through its DNA-binding subunit XPC, but rather recruited to gene 
regulatory elements by activators, we performed ChIP-quantitative PCR (qPCR) of 
RAD23B in D3 mESCs at selected loci upon knockdown of activators by RNA 
interference. For OCT4, we selected two lentiviral shRNA constructs that gave us the 
strongest OCT4 mRNA and protein depletion with the lowest effect on SOX2 and 
RAD23B levels at 24, 48, and 72 h postinfection compared with uninfected cells (Fig. 3 A 
and B). Under these experimental conditions, OCT4 levels remained high enough to 
prevent overt differentiation of mESCs into trophectoderm, although we did observe a 
reduction in cell proliferation at the latest time point. As expected, OCT4 binding to DNA 
dropped almost to background levels 72 h postinfection with shRNA constructs, with 
different kinetics depending on the investigated genomic locus (Oct4/Pou5f1, Nanog, or 
Klf4) (Fig. 3C). To ensure that the drop was not a result of intrinsic differences in 
chromatin properties and processing across time points, we performed ChIP on the 
same samples with Pol II and TBP antibodies, and checked their enrichment at the 
promoter of the housekeeping β-actin gene (Actb) (Fig. 3C, Bottom Right). Both Pol II 
and TBP signals were actually somewhat higher in OCT4-depleted cells than in 
uninfected ones, at both 48 and 72 h postinfection, thus controlling for any experimental 
bias. We next proceeded to check for SOX2 and RAD23B binding at various 
pluripotency loci upon OCT4 knockdown. Consistent with cooperative OCT4/SOX2 
binding to their target genes (25), SOX2 recruitment was significantly reduced 72 h after 
OCT4 knockdown, even though SOX2 protein levels remained unchanged (Fig. 3 A and 
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C). Interestingly, at an earlier time point (48 h postinfection), SOX2 ChIP signal on Klf4 
and Nanog enhancers was equal to uninfected cells, if not higher, indicating that at these 
loci OCT4 depletion is initially compensated by an increase in SOX2 binding. This result 
is not unreasonable, given that both OCT4 and SOX2 were shown to independently bind 
to the O/S composite motif (26) and that single-molecule imaging indicates that SOX2 
engages the target DNA first, followed by OCT4 (27). Most importantly, when we 
checked SCC chromatin binding in OCT4-depleted cells using RAD23B antibody, we 
observed that it closely followed SOX2 kinetics at all tested loci, reaching background 
levels 72 h post OCT4 depletion (Fig. 3C). We also performed complementary 
experiments knocking down SOX2 and checking OCT4 and RAD23B levels on 
chromatin, but failed to obtain conditions where SOX2 levels could be reduced without 
also affecting RAD23B and OCT4 protein levels. Nonetheless, from the OCT4 
knockdown experiments we can conclude that RAD23B requires at least a prebound 
SOX2 to be recruited to gene regulatory regions.  
 
Impaired Stemness of SCC-Depleted mESCs.  
 
We previously reported that depletion of SCC by RNA interference compromises 
transcription of some pluripotency genes, resulting both in impaired pluripotency of ES 
cells and defective somatic cell reprogramming (11). To confirm these earlier results 
obtained by RNA interference and to gain a more comprehensive view of the 
transcriptional program coregulated by SCC in mESCs, we generated an independent 
Rad23b knockout mESC line (Rad23b−/− JM8.N4). Next, we depleted Xpc by RNA 
interference to obtain two Rad23b ablated/Xpc shRNA-depleted cell lines (SCC KD1 and 
SCC KD2 JM8.N4), and compared genome-wide transcription profiles of these lines to 
WT mESCs by poly(A)-RNA-seq (see Material and Methods and Fig. S4 for details on 
the cell line generation). RNA-seq analysis revealed that ∼15% of protein-coding genes 

in mESCs are either up- or down-regulated (1.5-fold or more) in Rad23b−/− and SCC 
KD1/KD2 cells compared with WT cells (Fig. S5A; full gene list in Dataset S2). As 
expected, Rad23b and both Rad23b and Xpc are among the most dramatically down- 
regulated genes in Rad23b−/− and SCC KD1/KD2 mESCs, respectively (Fig. S5A). To 
assess the impact of SCC depletion on mESC properties, we selected the genes up- 
and down-regulated in both SCC KD1 and SCC KD2 mESCs, averaged their expression 
levels, and compared them to WT cells. We then manually curated a list of genes 
involved in ESC maintenance (“pluripotency signature”) or differentiation (“differentiation 
signature”) and compared their transcript levels in WT and SCC KD mESCs (see 
Materials and Methods for details). SCC KD cells showed a preferential down-regulation 
of “pluripotency signature” genes (e.g., Tfcp2l1, Klf4, Esrrb, Nanog, Lefty1, Lefty2) and a 
concomitant up-regulation of “differentiation signature” genes, including several 
trophectoderm markers (e.g., Hand1, Cdx2, Wnt7b, Gata3, Bmp4, Ascl2) (Fig. 4A; RT-
qPCR validation in Fig. S5B). This phenotype is consistent with the underlying 
hypothesis of SCC working as an O/S transcriptional coactivator, because knockdown of 
either TF results in loss of pluripotency and induction of trophectoderm differentiation 
(26, 28–30). Down-regulation of pluripotency genes also translated to a reduction in 
protein levels (Fig. 4B and Fig. S5C) and impaired clonogenic ability of SCC KD cells 
compared with WT cells (Fig. 4C). Interestingly, three of the most down-regulated genes 
(Tfcp2l1, Klf4, Lefty2) were previously reported as downstream of the LIF/STAT3 
pathway (31–33). A further analysis revealed that Stat3 itself was down-regulated in both 
Rad23b−/− and SCC KD1 samples, but did not pass the threshold in the SCC KD2. To 
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further validate these results, we also performed an unbiased GO analysis on the list of 
deregulated transcripts in SCC KD mESCs (Fig. 4D; full table in Dataset S2). In 
accordance with the accentuated “differentiation signature” of SCC KD cells, among the 
up-regulated genes we observed a significant overrepresentation of categories related to 
tissue development and morphogenesis (placenta, urogenital system, heart, blood 
vessels, and so forth). The same GO analysis performed on down-regulated genes was 
less informative, with overrepresentation of gene categories like RNA processing, 
chromatin organization, and M-phase regulation. Interestingly, the GO analysis also 
highlighted an overrepresentation of genes involved in the positive regulation of cell 
death among the up-regulated transcripts (Fig. 4D). This finding agrees with our 
observation that SCC KD cells exhibit reduced cell growth (Fig. S5F). Knowing that SCC 
KD mESCs are defective for DNA repair of UV-induced damage (34), we became 
concerned that some of the observed phenotypes (reduced pluripotency, increased 
differentiation, and cell death) could result from a DNA damage response mediated by 
the tumor protein p53 rather than a direct transcriptional defect. Indeed, several reports 
suggest that p53 can suppress pluripotency and self-renewal in ESCs and activate 
differentiation programs (reviewed in ref. 35). To control for potential complicating p53 
effects in our analysis, we checked p53 RNA and protein levels, as well as p53 
activation and induction of p53-response genes (p21, Mdm2, Gadd45α) in SCC KD 
mESCs (Fig. 4B and Fig. S5G). We did not detect any elevated p53 activation in SCC 
KD cells relative to WT cells, and under normal culture conditions, no p53-mediated 
DNA damage response was elicited, suggesting that the phenotypes we observed are 
likely p53-independent.  
 
To identify genes that might be direct SCC transcriptional targets, we correlated 
transcriptional deregulation in SCC KD mESCs with RAD23B binding by juxtaposing 
ChIP-seq and RNA-seq data. Globally, there is no preferential RAD23B binding within 5 
kb of TSSs of genes, either unchanged, down-regulated, or up-regulated upon SCC 
knockdown (Fig. S5D). Up-regulated genes are actually somewhat underrepresented 
among RAD23B ChIP targets compared with unchanged or down-regulated genes, 
suggesting that the up-regulation of differentiation genes is likely an indirect effect of 
depleting SCC. However, when we repeated the same analysis to include only those 
genes with both RAD23B and O/S binding within 5 kb of their TSS, there was clear 
down-regulation upon SCC knockdown (Fig. 4E), suggesting a direct, positive role for 
SCC and O/S in the transcriptional regulation of these target genes. This finding 
prompted us to investigate whether genes affected by SCC KD are also direct targets of 
O/S. For this purpose, we used a previously described list of OCT4 direct targets in 
ESCs (36) and checked how many of them are deregulated in our SCC KD cell lines. 
Again, we observed that genes positively regulated by OCT4, and hence down-regulated 
upon OCT4 KD, are more likely to be down-regulated than up-regulated upon SCC KD. 
The reverse does not hold true: genes repressed by OCT4 (i.e., up-regulated in OCT4 
KD ESCs) are not preferentially up-regulated in SCC KD cells (Fig. S5E), consistent with 
these genes being perhaps indirect, downstream targets of OCT4 and thus not 
necessarily SCC-dependent.  
 
Collectively, these RNA-seq data confirm that SCC indeed functions as an O/S 
coactivator in vivo on a genome-wide scale, directly fueling the expression of a subset of 
pluripotency genes. Loss of SCC partially impairs mESC self-renewal and pluripotency, 
leading to a derepression of differentiation genes, mostly related to the trophectoderm 
lineage, via a mechanism that seems to be independent of SCC DNA repair activity.  
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SCC Interaction with OCT4/SOX2 Requires XPC.  
 
Having established OCT4 and SOX2 as the key TFs driving SCC recruitment to specific 
genes in mESCs, we set out to further characterize the molecular mechanism 
underpinning the relationship between SCC and its partner TFs. As previously shown 
(11), mouse SCC coimmunoprecipitates (co-IP) with OCT4 and SOX2 when all four 
proteins (RAD23B, XPC, OCT4, and SOX2) are ectopically expressed in 293T cells by 
transient transfection (Fig. 5 A–D, set 1). To assess which protein subunits dictate this 
interaction, we repeated the co-IP assays excluding one protein at a time in all possible 
combinations (Fig. 5 A–D, sets 2–5). We did not evaluate the requirement of CETN2 for 
the interaction, because previous data suggested that this small subunit is dispensable 
for SCC transcriptional activity (11). Without the large XPC subunit of SCC, RAD23B 
failed to pull-down either SOX2 or OCT4 (Fig. 5B, compare sets 1–3 to 4). Similarly, in 
the absence of XPC, neither SOX2 (Fig. 5C, compare sets 1 to 3–4) nor OCT4 (Fig. 5D, 
compare sets 1–2 to 4) were able to interact with RAD23B. As expected, loss of XPC 
had no effect on the ability ofOCT4tobindSOX2(Fig.5CandD,sets1and4).On the other 
hand, excluding RAD23B from the transfection mixture did not significantly alter the 
interaction of XPC with either SOX2 or OCT4 (Fig. 5A, set 5). We conclude that within 
holo-SCC, the large XPC subunit is necessary and likely sufficient for interaction with 
OCT4 and SOX2 (Fig. 5E). This finding agrees well with our previous observation that 
XPC alone—but not RAD23B—can partly serve to coactivate OCT4 and SOX2 
transcription (11).  
 
To confirm in vivo that SCC interaction with OCT4 and SOX2 occurs via XPC, we again 
mapped RAD23B binding sites by ChIP-seq in XPC-depleted mESCs (Xpc−/−) and 
compared them to the sites of RAD23B interaction found in WT cells (see Materials and 
Methods for details on the cell line generation). ChIP efficiency of RAD23B in Xpc−/− 
mESCs was overall much lower than in WT cells, revealing a total of only 828 binding 
sites, about 65% of which (534) corresponding to the RAD23B ChIP-seq peaks mapped 
in WT cells. These 534 peaks were used for further analysis (full list in Dataset S1). 
About 30% of the RAD23B binding sites retained in Xpc−/− mESCs still colocalize with 
O/S, but OCT4 and SOX2 signal at these overlapping peaks is much weaker than what 
was normally found in WT cells (Fig. 5F). In fact, XPC depletion abolishes RAD23B 
binding at strong, prototypic O/S targets like pluripotency genes (Oct4/Pou5f1, Sox2), 
whereas it only partially affects RAD23B binding at those genomic regions with little O/S 
enrichment (Fig. 5F and Fig. S6B). Concordantly, de novo motif discovery within DNA 
sequences surrounding the RAD23B peaks retained in Xpc−/− mESCs identifies only a 
motif that matches either SP1 (P < 10−7) or KLF4 (P < 0.01) binding sites but no O/S 
composite recognition elements (Fig. 5G). These observations confirm on a genome-
wide scale the biochemical evidence that XPC is the main and direct determinant of 
SCC interactions with OCT4 and SOX2.  
 
 
 
 
OCT4 and SOX2 Independently Interact with XPC.  
 
In addition to identifying XPC as the major driver of SCC interaction with O/S, the co-IP 
experiments above also revealed that SCC can independently bind to either SOX2 or 
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OCT4, because the absence of one has no effect on the pull-down efficiency of the other 
through either XPC or RAD23B (Fig. 5 A and B, sets 1–3). Searching for domains within 
XPC that might mediate interactions with these two distinct TFs, we overexpressed 
either full-length XPC or progressive C-terminal truncations in 293T cells and individually 
tested their binding to cotransfected SOX2 or OCT4 by co-IP (Fig. 6A). Removal of the 
C-terminal CETN2/ TFIIH-interaction domain of XPC (17, 19) did not impair its 
interaction with either SOX2 or OCT4 (Fig. 6 B and C, 1–808: “–Benz” panels). This 
finding was consistent with previous observations that this region is dispensable for SCC 
transcriptional activity in vitro (11). In contrast, deletion of a region encompassing the 
DNA binding domain and part of the RAD23B interacting residues (18, 19) drastically 
reduced XPC interaction with SOX2 but not with OCT4 (Fig. 6 B and C; 1–599, “–Benz” 
panels). OCT4 binding to XPC was only abolished upon removal of the whole RAD23B 
interaction domain (Fig. 6 B and C, 1–511, “–Benz” panels). XPC thus independently 
binds OCT4 and SOX2, whereas its N terminus is dispensable for interaction with both. 
We note that the first 200 amino acids of XPC, rather than its C terminus, were recently 
reported to recruit TFIIH onto damaged chromatin (37). To further verify that SCC 
coactivation of O/S transcription occurs independently of TFIIH recruitment, we 
performed in vitro transcription assays with recombinant human SCC containing either 
WT or N-terminal truncated XPC (Δ1–195, hXPCΔN) (Fig. 6 A and D) (11). ΔN-SCC 
enhanced OCT4/SOX2-dependent activation of the Nanog promoter to levels 
comparable with using WT-SCC, confirming that SCC transcriptional activity is unlikely 
related to the ability of XPC to bind TFIIH.  
 
For SOX2, we recapitulated the above truncation results using internal XPC fragments 
and verified that the XPC DNA binding domain is critical for its interaction with SOX2 
(Fig. S7 A and B). We next tested whether nucleic acids play any role in XPC binding to 
SOX2. Benzonase treatment of cell lysates before co-IP, as well as co-IP assays with 
the XPC DNA-binding mutant W683S (38), confirmed that XPC binding to nucleic acids 
is indeed important for its interaction with SOX2 but not OCT4 (Fig. 6 B and C, “+ Benz” 
panels, and Fig. S7 C and D). Interestingly, the W683S mutation enhanced XPC binding 
to OCT4 (Fig. S7D); we surmise that this alteration may compensate for the loss of 
SOX2 interaction and could explain why the XPC W683S DNA-binding mutant retains 
near normal transcription coactivator activity in vitro (11).  
 
To further confirm that nucleic acids mediate SCC/SOX2 interaction, and to investigate 
which class might be involved, we carried out reconstitution experiments using an 
orthologous system in which the human SSC complex was recombinantly expressed in 
Sf9 insect cells, purified, and mixed with lysates of 293T cells overexpressing human 
SOX2 (Fig. 6E). Reactions were either left untreated or treated with ethidium bromide, 
benzonase, or RNase A to assess dependence of SCC/SOX2 interaction on double-
stranded DNA, nucleic acids in general, or RNA, respectively. Although benzonase 
treatment was confirmed to abrogate SOX2 interaction with SCC, ethidium bromide had 
minimal, if any, effect on this interaction. More interestingly, RNase A treatment 
completely abolished SOX2 binding to SCC, suggesting that an RNA component might 
be involved in bridging the two proteins or influencing either the stability or the 
conformation of one for binding to the other. Finally, we verified that RNA can boost SCC 
interaction with SOX2 in the absence of any other protein component, performing co-IPs 
with purified proteins in the presence or absence of total RNA extracted from 293T cells 
(Fig. 6F). The addition of extra RNA increased SCC pull-down efficiency through SOX2 
by a factor of 2- to >10-fold, depending on the experiment. Importantly, addition of equal 
amounts of total RNA extracted from Escherichia coli also enhanced SCC/SOX2 

97



interaction, suggesting that the required RNA species are not mammalian, or even 
eukaryotic-specific. To exclude that the boost of SCC/SOX2 interaction is simply a result 
of RNA acting as an ion exchanger, we performed a similar experiment in the presence 
of increasing amounts of heparin, and observed that this ionic polymer actually 
hampered, rather than facilitated, SCC binding to SOX2, probably competing away the 
required RNA. Taken together, these experiments point to a model in which different 
domains of XPC independently interact with OCT4 and SOX2, and highlight the potential 
involvement of an RNA scaffold in mediating SCC/SOX2 interactions.  
 
 
Discussion  
 
In this study we analyzed transcriptional function and mechanism of action of the XPC-
RAD23B-CETN2 DNA repair complex, which we recently established as an O/S 
selective coactivator in embryonic stem cells (SCC) (11).  
 
Our high-throughput genome-wide mapping of RAD23B binding sites in mESCs reveals 
enrichment at TSSs and enhancers of both active and developmentally poised genes. 
Such a pattern is more consistent with SCC acting as a TF rather than as a repair 
complex randomly scanning the genome. One alternative explanation we considered 
was the possibility that RAD23B recruitment at regulatory regions might represent a 
byproduct of XPC interacting with TFIIH (39), the latter being an intrinsic component of 
transcription initiation platforms assembled at promoters and tissue-specific enhancers 
(40). Two lines of evidence suggest that TFIIH is not the driver: (i) truncated versions of 
XPC lacking putative TFIIH interaction domains (19, 37) remain competent to interact 
with O/S (Fig. 6 and Fig. S7) and stimulate their transcriptional activity (Fig. 6D) (11); (ii) 
after probing a variety of ESC TFs, RAD23B was found to predominantly colocalize with 
O/S (Fig. 1E), whereas O/S bipartite motifs are faithfully retrieved from RAD23B peaks 
(Fig. 2B) and RAD23B binding relies upon O/S (Fig. 3C). These results strongly suggest 
that SCC is primarily recruited by sequence- specific TFs rather than by components of 
the basal transcription machinery, such as TFIIH.  
 
Using an inducible knockout strategy, Niwa and coworkers recently reported that XPC 
may be dispensable for mESC pluripotency and O/S transcription, and that its loss has a 
modest impact on global gene expression, as measured by microarray analyses (41). 
This finding is in agreement with previous studies showing that Xpc knockout mice are 
viable with no overt developmental defects, although they are UV sensitive (42, 43). 
Similarly, our transcriptome analysis of SCC-depleted mESCs cells shows a relatively 
mild gene deregulation (1.5- to 4-fold). We caution, however, that SCC is only one of 
three coactivators required for fully activating O/S transcription in vitro, and its 
knockdown alone might not be sufficient to severely hamper transcription in vivo (11, 
12). Nonetheless, we observed a clear trend upon SCC depletion in mESCs, with down-
regulation of pluripotency genes and concomitant up-regulation of differentiation 
markers, accompanied by reduced clonogenic ability (Fig. 4 and Fig. S5). It is also worth 
pointing out that in Ito et al. (41), floxing the Xpc gene reduces its mRNA level by half 
even before Cre excision; in these Xpcfl/fl ESCs, Nanog transcripts are reduced 
compared with WT cells as much as we observe upon SCC depletion. These results 
taken in aggregate suggest that, although SCC might be dispensable for mESC self-
renewal and pluripotency because of partial functional redundancy, SCC remains an 
important player in stabilizing stem cell transcriptional programs.  
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To confirm the results from our biochemical assays showing that SCC interacts with 
specific chromatin sites mainly via direct interactions of O/S and XPC, here we 
performed ChIP-seq of RAD23B in Xpc−/− mESCs. Indeed, in the absence of XPC we 
observed a reduced colocalization of RAD23B with O/S, and we retrieved no obvious 
O/S motif from sequences surrounding the remaining RAD23B binding sites. However, 
to our surprise we found regions that retained RAD23B binding even in the absence of 
XPC, pointing at an XPC-independent loading of RAD23B onto chromatin. We speculate 
that this might reflect RAD23B functions beyond NER (i.e., its role as a proteasome 
shuttling factor) (44). Indeed, several studies have documented a role for the 26S 
proteasome in transcription, through proteolytic as well as nonproteolytic activities (45). 
In mESCs, the proteasome safeguards pluripotency by degrading preinitiation 
complexes pre-assembled at tissue-specific enhancers to allow transcription at later 
stages of development (46). Proteasome recruitment was verified at a few permissive 
loci, and our SCC ChIP-seq reveals that the very same sites are also bound by 
RAD23B. A transcriptional role for RAD23B has also been suggested in yeast, again 
through its interaction with the proteasome regulatory subunit (47). Further studies are 
needed to test the contribution of RAD23B alone to transcriptional regulation, which 
might partially explain the developmental abnormalities observed in Rad23b−/− mice 
(48, 49).  
 
Among the various mechanistic aspects of SCC and O/S interactions revealed by our 
studies, the most intriguing one is probably that RNA species might help mediate direct 
SOX2–XPC interactions. Interestingly, it was reported by others that binding to a 
noncoding RNA allows SOX2 recruitment to promoter regions of neurogenic TFs (50). It 
is tempting to speculate that a similar role for RNA exists at pluripotency genes 
regulated by SOX2 in ESCs. Our preliminary data indicate that the RNA facilitating 
SOX2–XPC binding is neither ESC- nor eukaryotic-specific, because we observed 
comparable results when using total RNA extracted from either 293T or bacterial cells. 
However, heparin failed to boost SCC association with SOX2, indicating that some 
property of RNA other than its strong charge (e.g., secondary structure) is responsible 
for the effect. Although our data are very preliminary and more experiments will be 
needed to fully address this issue, we regard it with particular interest, in light of recent 
emerging evidence for a more pervasive role of both specific and promiscuous RNA 
binding in the regulation of Pol II-dependent transcription (51–54).  
 
In conclusion, consistent with observations that ESCs are exceptionally sensitive to 
reduced levels of transcriptional cofactors and chromatin regulators (23, 55–57), herein 
we provide evidence that the DNA repair trimeric complex XPC-RAD23B-CETN2 
participates in the maintenance of mESC identity by working as a transcriptional 
coactivator targeted by the core TFs O/S. The mechanistic and functional insights 
presented herein add another level of insight into how multiprotein complexes can 
accommodate and provide seemingly unrelated and orthogonal functions that stand at 
the point of convergence between diverse biological processes (i.e., transcription and 
DNA repair) to generate the coordinated responses required to maintain cellular identity.  
 
Materials and Methods 
 
Antibodies. Antibodies to immunoprecipitate RAD23B and XPC were raised in guinea 
pigs (Covance) against GST-fused peptides (pGEX-4T-3; GE Healthcare) encompassing 
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residues 108–177 and 155–217 of murine RAD23B (NP_033037) and XPC 
(NP_033557) proteins, respectively. Antisera were affinity-purified using the same 
peptides tagged with MBP (pMAL-c5X, New England Biolabs) or SUMO (pET SUMO, 
Life Technologies) and immobilized to Affygel resins (Bio-Rad). Monoclonal anti-Pol II 
antibody (clone 8WG16) (58) was purified from hybridoma cell culture media using 
Protein G Sepharose (GE Healthcare). Commercial antibodies were as follows: 
ChromPure goat, rabbit and mouse normal IgG from Jackson ImmunoResearch; anti-
OCT4 (sc-8628), and anti-KLF4 (sc-20691) from Santa Cruz Biotechnology; anti-SOX2 
(AB5603) from Millipore; anti-ACTB (A2228), and anti-FLAG M2 (F3165) from Sigma-
Aldrich; anti-TBP (ab51841), anti-c-MYC (ab32072), anti-HA C5 (ab18181), and anti-
LEFTY2 (ab124952) from Abcam; anti-XPC (A301-122A), anti-RAD23B (A302-305A), 
and anti-NANOG (A300-397A) from Bethyl Laboratories; anti-STAT3 (4904), 
antiphospho-STAT3 (9131), and anti-P53 1C12 (2524) from Cell Signaling; anti-CETN2 
(15977-1-AP) from ProteinTech Group. Anti-HA affinity gel (E6779) was from Sigma-
Aldrich.  
 
Cells. WT D3 (ATCC) and JM8.N4 (trans-NIH Knockout Mouse Project Repository, 
https://www.komp.org) mESCs were cultured on gelatin-coated plates in ESC media as 
previously described (11). The Rad23btm1a(KOMP)Wtsi JM8.N4 clone from KOMP (see 
below) was cocultured with irradiated mouse embryonic fibroblasts before and after 
electroporation; hygromycin-resistant clones were selected and expanded on mouse 
embryonic fibroblast feeders for few passages before adaptation to gelatin-coated 
plates. The 293T cells were grown in DMEM high-glucose with GlutaMAX (Invitrogen) 
supplemented with 10% (vol/vol) FBS (HyClone).  
 
Primers. Primers used in this study are listed in Table S1.  
ChIP and ChIP-seq Analysis. ChIP and ChIP-seq experiments were performed as 
previously described (11). ChIP-seq reads from our RAD23B data as well as other 
publicly available mESC TFs were analyzed with Partek Flow (v1.1.1219) and Genomics 
Suite (v6.12.0103) softwares (Partek), using mm9 as a reference genome. All RefSeq 
genes with a RAD23B/SCC binding site within 5 kb from their TSS were considered 
putative SCC targets. Poly-A RNA-seq performed in D3 mESCs by Liu et al. (8) was 
used to assess target gene expression levels; RefSeq genes were classified as active 
when having a reads per kilobase and million mapped reads (RPKM) ≥ 1 and inactive 
when having an RPKM < 1. For GO analysis we used DAVID 6.7 Functional Annotation 
Tool (59, 60) (accessed March 2014). Overlaps between RAD23B/SCC and other mESC 
TFs were calculated with Galaxy (61–63), requiring a minimum 1-bp overlap between 
the ChIP-seq peaks.  
 
DNA Constructs, Lentiviral Vector Production, and Infection of mESCs.  
pLKO.1 shRNA lentiviral constructs (Sigma-Aldrich) were the following: 
TRCN0000009611 (KD1), TRCN0000009612 (KD2), TRCN0000009614 (KD3), and 
TRCN0000009615 (KD4) targeting Oct4; TRCN0000240683 (KD1) and 
TRCN0000240685 (KD2) targeting Xpc; TRCN0000127120 targeting Rad23b. As a 
control, we used a nontargeting pLKO.1 construct (hairpin sequence: 5′-CCGG-
CAACAAGATGAAGAGCACCAA-CTCGAG-TTGGTGCTCTTCATCTTGTTGTTTTT-3′). 
Lentiviral particles for stable knockdown experiments in D3 mESCs were prepared by 
transient transfection of 293T cells, collected and concentrated as described (64), and 
titrated on 293T cells by real-time qPCR following the EPFL transgenic core facility 
protocol (tcf.epfl.ch/). Next, 4.5 × 106 D3 mESCs were seeded to 15-cm plates 24 h 
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before infection and transduced overnight at a multiplicity of infection of 20 in the 
presence of 4 µg/mL polybrene. Twenty-four hours posttransduction infected cells were 
either collected (24-h time point) or selected with puromycin (1.5 µg/µL) for another 24 
(48-h time point) or 48 (72-h time point) h before collection for Western blot, RNA, and 
ChIP analyses.  
The PG00023_C_2_C03 Rad23b targeting vector was obtained from KOMP. The 
neomycin resistance was replaced with a hygromycin cassette by assembly PCR. We 
amplified from the targeting vector a fragment containing part of the LacZ reporter 
cassette (upstream of the BssHII restriction site) up to the self-cleaving T2A peptide. The 
fragment was then assembled with a PCR amplicon containing the hygromycin gene 
from pCoHygro (Life Technologies) preceded by the last 20 nucleotides of the T2A 
peptide and followed by two stop codons and a BssHI restriction site. The assembled 
PCR amplicon was then cloned into the original PG00023_C_2_C03 vector digested 
with BssHI. Before electroporation into mESCs, the hygromycin targeting vector was 
linearized with SalI and XhoI, and gel-purified from low-melting agarose through phenol-
chloroform extraction.  
A lentiviral vector coexpressing an improved Cre recombinase (iCre) and an EGFP was 
generated from the previously described pCCL.GFP/ΔLNGFR bi-directional construct 
(65), by replacing GFP and ΔLNGFR reporters with iCre and EGFP, respectively. For 
transient iCre expression in JM8.N4 mESCs, we used a third-generation, integrase-
defective lentiviral packaging system (66), and titrated the viral supernatant on 293T 
cells by flow cytometry. Next, 3 × 106 JM8.N4 mESCs were seeded to 10-cm plates 24 h 
before infection and transduced overnight at multiplicity of infection of 10 in the presence 
of 4 µg/mL polybrene. Forty-eight hours posttransduction GFP-expressing cells were 
sorted by FACS and expanded for further analyses.  
For 293T pull-down experiments, cDNAs for mouse Pou5f1/Oct4 (NM_013633.3), Sox2 
(NM_011443.3), and Xpc (NM_009531.2) genes were cloned into the pFLAG-CMV-5a 
mammalian expression vector, and Rad23b (NM_009011.4) cDNA was cloned into the 
p3XFLAG-CMV-10 plasmid, both from Sigma-Aldrich. To overexpress mouse HA-SOX2 
protein, the tag was introduced by PCR at the C terminus followed by two stop codons, 
and the PCR product again cloned into a pFLAG-CMV-5a construct. XPC truncations 
and internal fragments were generated by PCR from full-length Xpc cDNA and cloned 
into pFLAG-CMV-5a. The W683S XPC mutant was obtained by a c.2048G > C 
substitution from full-length, WT Xpc cDNA and cloned into pFLAG-CMV-5a. For 
reconstitution experiments, human HA-tagged SOX2 cDNA was cloned into pFLAG-
CMV-5a and HA-tagged RFP into pLKO.1 expression plasmid (Life Technologies). 
Constructs for expression of recombinant SCC were previously described (11).  
 
Generation of SCC Knockdown and Xpc−/− mESCs. Xpc−/− mESCs, in which Xpc exon 
11 and a portion of each of the flanking introns are replaced with a selectable marker 
(43), were a generous gift from J. H. Hoeijmakers (Department of Genetics, Erasmus 
University Medical Center, Rotterdam, The Netherlands). Detailed molecular analysis of 
the cell line showed that the targeted Xpc locus still produces two species of functional 
mRNAs, translated into truncated proteins (Fig. S6A). To avoid interference of these 
truncated products with our experiments, we further depleted Xpc mRNA with shRNA 
lentiviral constructs (see below). Infected cells were selected with puromycin (1.5 µg/µL) 
and used to perform ChIP-seq libraries with the RAD23B antibody.  
To generate SCC-KD mESCs, we started from a KOMP-generated JM8.N4 mESC line 
(allele Rad23btm1a(KOMP)Wtsi, project CSD40373). In these cells, one of the two 
Rad23b alleles is targeted by a reporter-tagged insertion with conditional knockout 
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potential, floxing exon 2 (Fig. S4A). To obtain a complete Rad23b knockout, we 
electroporated these cells with a modified targeting vector containing hygromycin instead 
of the original neomycin resistance to target the second Rad23b allele, and selected for 
hygromycin-resistant colonies. We obtained six clones, and analyzed their Rad23b locus 
by Southern blot. In five of six clones the modified, hygromycin-targeting cassette simply 
replaced the neomycin one, leaving an intact WT allele. In one clone (#6) we could 
target the WT Rad23b allele, resulting in a double-targeted, Rad23b conditional 
knockout mESC line (Fig. S4B). Notably, clone #6 had already reduced, but still 
detectable, Rad23b mRNA levels compared with WT cells (Fig. S4C), because the 
targeting cassette contains a splicing acceptor site and a polyadenylation signal that can 
splice with Rad23b exon 1 and terminate transcription early in the first intron. However, a 
fully functional Rad23b mRNA can still be formed whenever splicing jumps from exon 1–
2. To obtain a full Rad23b knockout, we removed the floxed exon 2 by infecting the cells 
with an integrase-defective lentiviral vector that would transiently express the Cre 
recombinase and a GFP reporter gene. GFP-expressing cells were sorted by FACS and 
checked for complete exon 2 removal by genomic PCR (Fig. S4C). RT-qPCR and 
Western blot analyses confirm that very little Rad23b mRNA and no protein are present 
in these Rad23b−/− cells (Figs. S4C and S5C). XPC protein levels are already reduced 
in Rad23b−/− mESCs compared with WT cells (Fig. S5C), in accordance with previous 
data that RAD23B protects its partner XPC from proteasomal degradation (15, 67). 
Therefore, we could easily obtain an almost complete depletion of SCC by infecting 
Rad23b−/− cells with two independent shRNA lentiviral constructs targeting Xpc, and get 
two SCC depleted cell lines (SCC KD1 and 2) (Figs. S4 A and D and S5C). WT and 
Rad23b−/− JM8.N4 mESCs were also infected with a nontargeting shRNA construct and 
used as a control for RNA-seq and all further analyses.  
 
RT-qPCR and RNA-Seq Analysis. Total RNA was purified from cell pellets using 
RNeasy Plus Mini kit (Qiagen) and quantified by spectrophotometer. For RT-qPCR, 1 µg 
of total RNA was retrotranscribed to cDNA with oligo(dT) primers (Ambion, Life 
Technologies) and SuperScript III (Invitrogen). Two microliters of 1:20 cDNA dilutions 
were used for qPCR with SYBR Green PCR Master Mix (Applied Biosystems) on an ABI 
7300 Real Time PCR system. For RNA-seq, 6 µg of total RNA were used to prepare 
poly-A libraries following the TruSeq RNA Sample Preparation Guide (Illumina). Libraries 
were indexed with the following TruSeq adapters:  
WT JM8.N4 mESCs: AR005-ACAGTG(A); Rad23b−/− JM8.N4 mESCs: AR006-
GCCAAT(A); SCC KD1 JM8.N4 mESCs: AR012-CTTGTA(A); SCC KD2 JM8.N4 
mESCs: AR019-GTGAAA(C).  
Libraries were checked for quality and concentration by Bioanalyzer (2100 DNA, Agilent 
Technologies), Qubit (Life Technologies), and qPCR and sequenced in one lane of the 
HiSeq2000 platform (single-end reads, 50 bp; Illumina). Reads were mapped against 
Ensembl genes using mm9 as a reference genome by TopHat (v2.0.6), and differentially 
expressed genes between WT and Rad23b−/− or SCC KD cells were determined using 
Cufflinks (v2.0.2) (68). Genes with RPKM < 1 in both WT and KO/KD samples were not 
considered for further analysis. For all of the other genes, the cut-off for differential 
expression was set at 1.5-fold change. The list of genes involved in pluripotency and 
differentiation of Fig. 4A was manually curated starting from the TaqMan Array Mouse 
Stem Cell Pluripotency Panel (Applied Biosystems) and the Qiagen Mouse Embryonic 
Stem Cells PCR Array.  
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Clonal Assays. WT and SCC KD JM8.N4 mESCs were trypsinized to single-cell 
suspension, counted, and diluted to 30,000 cells/mL. Ten microliters of this cell 
suspension (containing 300 cells) were then plated to six-well plates in standard mESC 
medium with LIF (1,000 U/mL) and grown for 6–10 d. Emerging colonies were stained 
for alkaline phosphatase activity (Millipore) and counted.  
Pull-Down Assays. Detailed experimental procedures are available in SI Materials and 
Methods.  
 
In Vitro Transcription Assays. Transcription reactions contained purified recombinant 
TFIIA, -B, -E, and -F, immunoaffinity-purified native RNA polymerase II, TFIID and -H, 
and FLAG-tagged OCT4 and SOX2 purified from transiently transfected HeLa cells. 
Human recombinant His6-WTXPC:FLAG-RAD23B:CETN2 and His6-ΔNXPC:FLAG-
RAD23B:CETN2 complexes were purified from Sf9 cells. The transcription template was 
the Nanog human promoter (−312 to +24) containing four additional OCT4/SOX2 
binding sites (NanogCAT). Transcription reactions were supplemented with a partially 
purified Q0.3 fraction from nuclear extracts of N-TERA2 human embryonal carcinoma 
cells. See ref. 11 for detailed experimental procedures.  
 
Datasets and Accession Numbers. The ChIP-seq and RNA-seq data discussed in this 
publication have been deposited in National Center for Biotechnology Information’s 
Gene Expression Omnibus (69) and are accessible through GEO Series accession 
number GSE64040. OCT4 and SOX2 ChIP-seq data were from (24) (GSE11724); other 
mESC TFs from ref. 70 (GSE11431); p300, H3K4me1 and H3K27ac from ref. 22 
(GSE24165), and CTCF, cohesin and Mediator from ref. 23 (GSE22557).  
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