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Abstract

Histone lysine methylation is essential for mammalian development and maintenance of
somatic cell identity, as evidenced by a group of Mendelian diseases and cancers linked with
mutations in lysine methyltransferases (KMTs). The transcriptional silencing of a class of
retrotransposons known as endogenous retroviruses (ERVs) in murine embryonic stem cells
(mESCs) provides a unique model system in which to investigate epigenetic regulation by
the H3K9 family of KMTs and characterize novel molecular mechanisms of relevance to
human biology and disease. In mESCs, class I and II ERVs are silenced by the
SETDB1/KAP1 complex, which deposits histone H3K9 trimethylation (H3K9me3). In
contrast, class III MERVL ERVs are silenced by the G9a/ GLP complex, which deposits
H3K9me2. The molecular mechanisms governing the recruitment of these KMTs to their
genomic ERV targets remain poorly understood. The goal of this work was to identify and
characterize novel factors that regulate the functions of these KMTs in ERV silencing.

In the first part of my thesis work, I identified the RNA-binding protein and transcription
factor hnRNP K as a novel co-repressor for the SETDB1/KAP1 complex. HnRNP K
coordinates recruitment of the KMT SETDB1 by KAP1 to its ERV targets. This function of
hnRNP K involves a previously uncharacterized influence on the levels of chromatin protein
SUMOylation. In the second part of my thesis work, I demonstrated that MERVL elements
are also repressed by hnRNP K and can remain inactive in the absence of H3K9me2, likely
due to the lack of transcriptional activators. HnRNP K forms a novel RNA-dependent
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complex with G9a/GLP, is required for global H3K9me2 and provides a repressive barrier to
MERVL expression in the presence and absence of H3K9me2.

Taken together my work has provided significant insights into the epigenetic repression of
ERV transcription by KMTs and demonstrates that hnRNP K is a novel co-repressor for two
different KMT complexes. As recent studies have linked mutations in HNRNPK to the novel
Mendelian disorder Au-Kline syndrome and cancer, these insights should also guide future
studies on the role of hnRNP K in regulation of KMT-mediated signaling pathways in human
disease.
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1. Introduction
1.1 Epigenetic control of the genome
Information in the form of chemical modifications of DNA and histones, the positioning and
composition of nucleosomes and the occupancy of regulatory proteins and RNA species on
the chromatin fibre is crucial for organism development, cell identity and function. This
information is epigenetic (literally ‘above the genetic’ reviewed by Bird1) and dictates the
expression, replication and repair of the genome in a manner that does not alter the
underlying DNA sequence, thus providing a dynamic medium through which organisms can
sense, remember and adapt to changes in their environment (reviewed by Berger et al.2). In
addition to being stable through mitotic division and thus serving as the basis for memory of
cellular state and identity, a growing body of evidence suggests that epigenetic information
may be transmitted across generations in mammals3 (reviewed by Heard4). Moreover, the
dysregulation of epigenetic systems is a feature of particular Mendelian diseases, including
congenital malformation syndromes, imprinting disorders and some forms of malignancy.
Therefore, a better understanding of epigenetic regulation of the genome is critical for the
prevention and treatment of human disease.

1.2 Chromatin modification by lysine methylation
In eukaryotes, nuclear DNA is wrapped around an octamer of core histones H2A, H2B, H3
and H4 to form the nucleosome particle,5,6 which is stabilized by the linker histone H1 to
form chromatin (reviewed by Cutter and Hayes7). Histone proteins can be post-translationally
modified in many different ways including lysine or arginine methylation, lysine acetylation,
serine or threonine phosphorylation, lysine ubiquitination, proline isomerization, arginine
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citrullination, glutamine methylation and lysine SUMOylation (reviewed by Tessarz and
Kouzarides8). A growing body of evidence from model organisms and humans has
consistently demonstrated that histone modifications impart a complex information system to
nuclear signalling pathways, which translates into a variety of distinct functional states in the
genome.8

Histone lysine methylation, which is conserved from yeast to humans, is one of the most
extensively studied epigenetic marks. This chromatin modification is catalyzed by a diverse
group of KMTs that can specifically target different lysines. Conversely, removal of these
marks is catalyzed by KDMs (Illustration 1A).The vast majority of histone lysine
methylation in mammalian cells occurs on the histone H3 and H4 N-terminal tails,8 which
protrude from the nucleosome. Lysines may be mono-, di- or trimethylated predominantly at
positions H3K4, H3K9, H3K27, H3K36 and H4K20 (Illustration 1B). Such marks correlate
with (if not confer) a variety of transcriptional and structural states depending on the position
of the lysine, location in the genome, number of methyl groups, presence of methyl-lysine
binding proteins and the co-occurrence of other chromatin modifications. For instance, early
genomewide mapping studies using ChIP-seq in mESCs, mouse embryonic fibroblasts
(MEFs) and neural progenitors showed for the first time that H3K4me3 and H3K36me3 are
associated with transcriptionally active genes, while H3K9me2/3, H4K20me3 and
H3K27me3 are associated with transcriptional repression at distinct loci.9,10 Notably, the
dynamics of these modifications change during cell differentiation.9,10 Unlike lysine
acetylation, methylation does not neutralize the positive charge on the epsilon amino group
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(Illustration 1A) and thus predominantly exerts its effects through crosstalk or inhibition of
other histone modifications and recruitment or exclusion of methyl-lysine-binding proteins.
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Illustration 1. Chromatin regulation by lysine methylation in mammals. (A) Left panel:
Iterative catalysis of lysine methylation by KMTs and demethylation by lysine demethylases
(KDMs). Right panel: The basic catalytic mechanism of KMTs utilizes SAM as a cosubstrate to transfer the methyl group to the epsilon amino group on the lysine, producing
SAH as a by-product. (B) Schematic of a core nucleosome particle, showing the H2A, H2B,
H3 and H4 histone subunits and their N-terminal tails. The N-terminal tails of H3 at K4, K9
K27 and K36 and H4K20 are the major sites subjected to mono-, di- and trimethylation by
the SET domain-containing KMTs indicated.

1.3 Biochemistry of mammalian KMTs
All known KMTs fall into one of two classes: those with a highly conserved SET catalytic
domain named after its founding members identified in Drosophila (Su(var)3-9, Enhancer of
zeste, Trithorax) and KMTs without a SET domain (reviewed by Herz et al.11). Among the
SET domain family, a distinct class of SET domain KMTs termed SET and Myeloid-NearvyDEAF1 domain (SMYD) possess a MYND domain within the SET domain, which will not
be discussed further here (reviewed by Spellmon et al.12). The second class of KMT includes
only one member, DOT1L in mammals and Dot1 in yeast, which is active towards H3K79.13
The focus of my thesis is on KMTs in the SET domain family.

The SET domain is ~130 amino acids in length and consists of regulatory modules called
pre-SET and post-SET.11 Recent analysis of the human genome suggests there are ~60
annotated SET domain-containing proteins, most of which have not been characterized
biochemically or genetically (reviewed by Binda14). For their catalytic activity, all KMTs
require the co-substrate S-adenosyl L-methionine (SAM), which is generated from
metabolism of the amino acid methionine. A methyl group from SAM is transferred to the
epsilon amino group on the lysine residue in a 1:1 stoichiometry, leaving the product S4

adenosyl homocysteine (SAH) (Illustration 1A). In vitro enzymatic assays indicate that the
methylated histone and SAH products can competitively inhibit SET domain activity.15,16
Site-specificity for SET domains includes several residues surrounding the targeted lysine15
although some SET domains and recombinant full-length KMTs exhibit promiscuity in their
target sites during in vitro assays.11 Further evidence indicates KMTs are active towards
histone-like epitopes in non-histone substrates,17 suggesting that there are consensus residues
for catalysis. KMT activity towards non-histone substrates greatly increases the complexity
of signaling information conferred by these enzymes. Although many non-histone substrates
have been identified for specific KMTs, the effects of methylation on most non-histone
proteins remains to be determined.11 In several cases the methylation of non-histone proteins
can regulate the association of binding partners, exert effects on the catalytic activity, or alter
the chromatin/DNA binding of the target protein.11 As would be predicted based on their site
specificity, methylation of different lysines on the same histone tail, or the presence of other
histone modifications can specifically block the activity of KMTs for their lysine target. For
example, methylation of H3K4 or phosphorylation of H3S10 can inhibit H3K9
methylation.18,19Although purified SET domains generally possess activity towards
recombinant or bulk histones in vitro, their specificity and activity towards nucleosomal
targets both in vitro and in vivo is often potentiated by their accessory domains and protein
interaction partners.11,14

Most KMTs are known to function in conserved multi-protein assemblies, which serve to
enhance catalysis, promote substrate specificity, enhance chromatin binding and otherwise
regulate the stability of the KMT.11 For instance, the H3K4-specific family of KMTs
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including MLL1-4 interact in a large multi-protein complex called COMPASS in yeast or
COMPASS-like in mammals, including the core subunits ASH2L, WDR5 and RBBP5.11
ASH2L and WDR5 are required for global H3K4 di- and trimethylation in mESCs.20,21
Similarly, the H3K27-specific KMTs EZH1/2 interact in the PRC2 complex, containing
EED, SUZ12, AEBP2, JARID2, PCL1/2/3 and RBBP4/7 in mammals.11 EED and SUZ12 are
required for global H3K27me322 and EED promotes EZH2 catalytic activity toward
H3K27me3.23 AEPBP2, JARID2, and PCL proteins are thought to regulate PRC2 targeting
and also enhance catalytic activity (reviewed by Margueron and Reinberg24).

H3K9-specific KMTs G9a and GLP interact in a heteromeric complex25 that includes the
DNA-binding zinc finger proteins Wiz and/or ZNF644/Zfp644.26,27 Wiz controls G9a protein
stability27 and both Wiz and ZNF644 can target G9a/GLP to distinct target genes by direct
DNA binding.26 The KMTs SUV39H1/2 and SUV420H1/2 form complexes with HP1,28–30
which bind the H3K9me3 mark.31,32 SETDB1 forms heteromeric complexes with MCAF1
(also called ATF7IP) which enhances its catalytic activity.33 These H3K9 KMTs have also
been identified in a large multimeric assembly consisting of SETDB1, SUV39H1/2, G9a,
GLP and HP1 proteins,34,35 however the functional significance of this complex remains
unclear. In addition to the core subunits in these KMT complexes, other accessory binding
partners have been shown to enhance catalysis, promote genomic recruitment via other
histone or DNA modifications and/or serve as adaptors to transcription factors or RNA
molecules to enable sequence-specific targeting.
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1.4 The roles of KMTs in mammals
The roles of specific KMTs were first identified well before it was known that they could
actually methylate histones. Forward mutagenesis screens in fruit flies identified polycomb
group (PcG) and Trithorax group (TrxG) genes, which when mutated resulted in homeotic
transformations in the embryo as a result of transcriptional de-repression or loss of
transcriptional activation of the Hox genes, respectively, in the embryonic segments
(reviewed by Grimaud et al.36). These genes were later identified as either encoding KMTs or
KMT binding partners and were shown to promote methylation on H3K4 or H3K27,
respectively.36 Strikingly orthologues of the genes were subsequently shown to play
conserved roles in mammalian body plan organization, underscoring the crucial role of
methylation at H3K4 and H3K27 for metazoan development. In addition, homeotic
transformation phenotypes, the Drosophila eye provided a unique model system to identify
mutations which either enhanced or suppressed position-effect variegation (PEV). In classic
PEV, the white gene (whose mutant phenotype results in white eye colour) was differentially
silenced or expressed in ommatidia comprising the eye, depending upon stochastic expansion
or contraction of heterochromatin into this gene, a phenomenon influenced by the levels of
chromatin regulatory proteins in the cells.37 Enhancers of PEV were genes that normally
promoted an open, transcriptionally active chromatin structure, while Suppressors of PEV
were genes necessary for heterochromatin formation and/or spreading, including HP1 and
Suv3-9, a KMT specific for H3K9.37

The finding that KMTs targeting H3K4 and H3K36 are found in lower organisms such as
yeast suggests a fundamental importance of methylation at these residues in the processes
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shared by uni- and multicellular organisms. In contrast, while H3K9 methylation occurs in
the fission yeast Schizosaccharomyces pombe, the budding yeast Saccharomyces cerevisiae
lack H3K9 methylation, indicating that this mark is dispensable for some unicellular
organisms. In contrast, both of these yeast species lack H3K27 methylation, indicating that
this mark was acquired during metazoan evolution. Although most KMTs that methylate
histones exert their effects by regulating transcription, they also play diverse roles in DNA
repair, recombination and genome stability, among other functions.11

There are six H3K4-specific KMTs in mammals: SETD1A, SETD1B and MLL1, MLL2,
MLL3 and MLL4 (Illustration 1B), which are orthologous to Drosophila Trx and Trr and
yeast Set1.11 These KMTs play crucial roles in transcriptional activation via regulation of
H3K4 methylation states at promoters and enhancers. While SETD1A, SETD1B, MLL1 and
MLL2 control levels of H3K4me2 and H3K4me3 at the promoters of active genes,11,38 MLL3
and MLL4 are the major H3K4me1-specific KMTs in mammals and control H3K4me1 at
enhancers.39 In mESCs, MLL1 and MLL2 redundantly control H3K4me3 at bivalent gene
promoters,38 which encode developmentally-regulated proteins whose silencing is necessary
to maintain mESC pluripotency.9,10 Although catalytically redundant, both SETD1A and
SETD1B are essential for embryogenesis, as Setd1a-/- embryos die at E8.5 but Setd1b-/embryos die at E11.5.40 SETD1A is responsible for global H3K4me2 and H3K4me3 and
some H3K4me1 in early embryos.40 In contrast, MLL2 controls global H3K4me2 and
H3K4me3 in oocytes.41 The high degree of redundancy in H3K4 KMTs in mammals as
compared with fly and yeast suggests that gene duplication of these KMTs co-occurred
during the expansion in tissue and organism complexity during evolution. Transcriptional
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activation by H3K4 methylation is likely to be achieved by several mechanisms, which likely
includes promotion of histone acetylation,42 inhibition of H3K9 KMT activity and countering
the expansion of H3K9me318,20 and recruitment of activating chromatin remodelling
complexes that bind H3K4me3.43

There are only two major H3K27-specific KMTs in mammals: EZH1 and EZH2
(Illustration 1B), which are orthologous to Drosophila Ez but absent in yeast. Similar to Ez,
EZH1/2 proteins are responsible for global H3K27me1, H3K27me2 and H3K27me3,44 and
generally mediate transcriptional silencing in the context of PRC2. Although EZH2 is
responsible for most of the H3K27me3 deposited during development, EZH1 contributes to
H3K27me3 and is responsible for most of the H3K27me1.45 A modest contribution of
H3K27me1 and H3K27me2 was also shown for H3K9-specific KMTs G9a and GLP, which
can interact with PRC2.46 Notably, EZH1 and EZH2 show cell-type specificity in their
incorporation into PRC2, as EZH1 is preferentially found in both dividing and non-dividing
cells while EZH2 is found in dividing cells only24,44 and EZH1-PRC2 complexes show
reduced KMT activity in vitro as compared with EZH2.44 Consistent with the essential role
of H3K27 methylation for developmental progression, genetic ablation of Ezh2 is lethal by
E7.5 with embryos displaying severe growth defects.47 Early reports also showed that PRC2
and H3K27 methylation are involved in random X chromosome inactivation in embryonic
cells,48,49 however, the precise mechanism by which H3K27me3 and PRC2 spread with Xist
RNA across the inactive X remains unclear (reviewed by Froberg et al.50 ). Genome-wide
analyses showed that H3K27me3 targets developmentally regulated bivalent promoters in
mESCs9,10 and EZH1/2 in the PRC2 complex is essential for maintaining developmental gene
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silencing, pluripotency and subsequent lineage commitment.51 Consistent with a highly
conserved functional role, PRC2 complexes also silence Hox gene expression in mammals.51
The molecular basis for transcriptional repression by H3K27me3 remains a matter of debate,
but a long-standing model contends that PRC2-dependent repression requires subsequent
recruitment of PRC1 complexes, which bind the H3K27me3 mark52,53 and promote histone
H2AK119 monoubiquitination and chromatin compaction, and these together exclude Pol II
and transcriptional activators.24 However, it should be noted that PRC2-dependent
transcriptional repression is not generally dependent on PRC1 and in many instances PRC1,
which lacks KMT activity, still can be recruited and repress transcription independently of
PRC2.54–56 PRC2 complexes also bind nascent RNAs as a surveillance mechanism to
regulate its activity57,58 suggesting that nascent RNAs are integral in H3K27me3 deposition
and PRC2 function. Notably, PRC2 recruitment and H3K27me3 can be induced ectopically
by inhibition of Pol II transcription59, indicating that transcriptional inactivity at some
promoters may be sufficient to promote PRC2 binding and H3K27me3. In addition to
transcription, it has been shown that PRC2/EZH2 functions in repair of DNA double strand
breaks in human cell lines.60 Together these studies illustrate the high degree of complexity
associated with PRC2/EZH1/2 function in transcriptional silencing and genome regulation.

There are six H3K36-specific KMTs in mammals: SETD2, NSD1, NSD2, NSD3, ASH1L
and SETMAR11 (Illustration 1B). SETD2 is conserved from yeast to human, while NSD and
ASHL1 orthologues are found in Drosophila and C. elegans but not yeast.11 The extensive
conservation of H3K36 KMTs from yeast to human indicates a fundamental role of this
modification in many different contexts and many studies indicate predominant role for
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H3K36 methylation in transcription elongation.11 Out of the six KMTs, SETD2 performs the
majority of H3K36me3 in mammals.61 In contrast, NSD proteins catalyze the majority of
H3K36me1 and H3K36me2.62 ASH1L also catalyzes the formation of H3K36me1 and
H3K36me263 and regulates H3K36me2 in a localized fashion over the bodies of active Hox
genes.64 SETMAR regulates DNA repair via H3K36me265 while SETD2 has also been
shown to promote DNA repair via H3K36me3.66 ChIP-seq in mammalian cells reveals that
H3K36me2/3 generally marks active gene bodies10 and earlier studies in yeast demonstrated
that H3K36 methylation can inhibit cryptic transcription initiation via recruitment of HDAC
activity to promote Pol II elongation (reviewed by Lee and Shilatifard67). H3K36
methyltransferases have also been found to regulate alternative splicing68 and to promote de
novo DNA methylation in gene bodies.69 Consistent with a fundamental role of H3K36me3
in transcriptional dynamics by Pol II in mammals, mice deficient for Setd2 exhibit embryonic
lethality by E10.5.70 Despite their overlapping catalytic specificity, Nsd1 null mutants show
lethality by E1071 and Nsd2 null mutants show lethality by P10, due to skeletal and
respiratory system defects72 demonstrating unique roles of NSD family of KMTs during
development in vivo.

There are eight H3K9-specific KMTs in mammals: SUV39H1, SUV39H2, SETDB1,
SETDB2, G9a, GLP, PRDM3 and PRDM1611 (Illustration 1B). H3K9 KMTs are generally
involved in transcriptional repression and genome stability, since H3K9 di- and
trimethylation is associated with transcriptional repression both at pericentric and facultative
heterochromatin including repressed genes, transposable elements, ribosomal RNA genes
and the inactive X chromosome in females.73,74 The H3K9me3 mark may promote
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transcriptional silencing by a variety of mechanisms including recruitment of H3K9me3binding proteins,32 exclusion of Pol II binding and/or deposition of active histone
modifications75 and chromatin compaction.76 SUV39H1/2 were the first KMTs to be
discovered that could methylate histones and were found to be conserved with orthologues in
fission yeast, Drosophila and C. elegans.19 SUV39H1/2, which catalyzes the bulk of
H3K9me3 at major satellite repeats in pericentric heterochromatin, is required for DNA
methylation and maintenance of genome stability.77,78 Moreover, SUV39H1/2 proteins also
contribute to H3K9me3 deposition at IAP ERVs and are required for silencing of a subset of
LINE1 retrotransposons in mESCs.79 In contrast, G9a/GLP perform the bulk of H3K9me2
primarily in euchromatic regions25,80 and can bind the H3K9me2 mark with their ankyrin
repeats leading to propagation of the mark to neighbouring nucleosomes to repress genes
during mESC differentiation.81 H3K9me2 deposition by G9a/GLP spreads over large,
transcriptionally inactive domains82 and represses late-replicating genes on the nuclear
periphery.83 Deletion of G9a or Glp is embryonic lethal by E9.5,25,80 underscoring the crucial
and non-redundant role of these KMTs and H3K9me2 in mammalian development. G9a/GLP
are also required for efficient DNA methylation of specific LTR retrotranspons84 and
transcriptional silencing of the class III MERVL retrotransposon in mESCs.85,86 SETDB1 and
SETDB2 perform H3K9 mono-, di- and trimethylation and whereas SETDB1 performs the
bulk of H3K9me3 in euchromatin,33 SETDB2 is reported to promote H3K9me3 at pericentric
regions.87 SETDB1 is essential for early embryogenesis, as Setdbl-/- embryos die at around
the expanded blastocyst stage (E4.5-5.5).88 In addition, SETDB1-dependent H3K9me3 is
required for transcriptional silencing of class I and II LTR retrotransposons during early
embryogenesis89,90 and also establishes H3K9me3 on imprinted alleles.91 PRDM3 and
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PRDM16 are differentiated from the other H3K9 KMTs in that they possess an N-terminal
PR domain, which is related to the SET domain11 and are largely cytoplasmic.92 PRDM3/16
perform H3K9me1 on newly synthesized histone H3 in the cytoplasm to facilitate subsequent
H3K9me3 by SUV39H1/2 proteins at pericentric heterochromatin and maintenance of
repression at major satellite repeats.92 Genome-wide analyses by ChIP-seq in specific
mammalian cell types reveals marking of retrotransposons by H3K9 methylation10,79,93–96 and
the S. pombe orthologue of mammalian SUV39H1/2, Clr4, is also essential for H3K9
methylation-dependent silencing of retrotransposons (reviewed by Allshire and Ekwall97)
demonstrating that this role is conserved. Thus it is clear that one of the central functions of
H3K9 KMTs in diverse organisms is the repression of repetitive elements, which is the
subject of this work and will be the focus of the discussion in later chapters.

There are three H4K20 KMTs in mammals: SETD8, SUV420H1 and SUV420H211
(Illustration 1B) and Drosophila and C. elegans have SETD8 and SUV420 orthologues.
While SETD8 performs H4K20me1,98 SUV420H1/2 perform H4K20me2 and H4K20me3.99
As with H3K9me2/3, H4K20me2 and H4K20me3 are generally associated with
transcriptional silencing of genes and transposable elements. SETD8 apparently functions
both in gene repression and activation,11 since H4K20me1 by SETD8 generally occurs at
transcriptionally inactive promoters100 as well as active gene bodies.96 In addition, SETD8
also facilitates mitotic division, possibly due to the effect of H4K20me1 on compaction of
chromatin.98,101 H4K20me2/3 deposited by SUV420H1/2 is tightly correlated with the
presence of H3K9me3 at repetitive loci including rRNA genes, retrotransposons and
pericentric heterochromatin.74,89,102 H4K20me2/3 deposition depends on H4K20me1
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generated by SETD8 and consistent with this, genetic ablation of Setd8 in mice leads to very
early embryonic arrest at the 8-cell stage103 underscoring the essential function of this KMT
in the early embryo. In contrast, Suv420h1 and Suv420h2 double null mice exhibit perinatal
lethality, with defects in chromosome segregation and rearrangements.99 Notably, while
H4K20me3 requires the presence of SETDB1/H3K9me3 in mESCs for its deposition at LTR
retroelements, it is generally dispensable for their silencing.89

1.5 Mutation of KMTs in human disease
As would be predicted given their essential roles in the mouse, KMTs are also crucial for
human development. This is most clearly evidenced from the Mendelian overgrowth and
malformation disorders arising from loss of KMT function. A common theme that has
emerged from a large group of studies is that Mendelian diseases are caused by heterozygous
mutations in KMTs, which results in dominant phenotypes due to haploinsufficiency,
indicating that the dosage of these enzymes is critical for normal development. For example,
the cognitive development and malformation disorder Kleefstra syndrome (OMIM:607001)
results from heterozygous loss-of-function mutations in EHMT1 encoding GLP.104,105 Sotos
syndrome 1 (OMIM:117550) is a growth disorder in which patients are heterozygous for
loss-of-function mutations in the NSD1 gene,106 whereas Wolf-Hirschhorn syndrome
(OMIM:194190) is a contiguous gene syndrome encompassing NSD2.107 Similarly,
heterozygous loss-of-mutations in the gene encoding MLL2 have been found in patients with
Kabuki syndrome108 (OMIM:147920) an autosomal dominant congenital malformation
disorder with associated severe intellectual disability. Weaver syndrome (OMIM:277590), a
malformation and overgrowth disorder exhibiting clinical overlap with Sotos syndrome, is
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caused by heterozygous loss-of-function mutations in EZH2.109 Autosomal dominant mental
retardation 23 (MRD23, OMIM:615761) and intellectual disability were recently shown to be
associated with loss-of-function heterozygous mutations in the SETD5 gene110,111 encoding a
putative KMT for which the substrate specificity is currently unknown. Therefore, the
existence of Mendelian disorders due to germline mutations of KMT-encoding genes
demonstrates that although KMTs often have broad cellular functions, the effects of their
dysfunction may be tissue- or cell-type restricted and are not generally compensated for by
their paralogues.

Strikingly, mutations leading to a gain of KMT function have been identified in many
different forms of cancer. Numerous studies have revealed a key role for specific KMTs in
the maintenance of somatic cell identity and proliferation, as somatic gain-of-function
mutations in several KMTs have been associated with malignancy and metastatic
development (reviewed by McGrath et al.112). For example, MLL genes are frequently
translocated in hematological malignancies, leading to chimeric proteins that disrupt normal
gene expression patterns by rewiring the transcriptome (reviewed by Ford and Dingwall113).
SETDB1 is recurrently amplified and acts as an oncogenic factor in several cancers including
melanoma,35 lung114 and prostate carcinoma.115 Similarly, heterozygous gain-of-function
somatic mutations of NSD2 are frequently found in pediatric acute lymphoblastic
leukemia.116 Moreover, NSD1, NSD2 and NSD3 are frequently overexpressed or amplified in
malignancy in multiple tissues (reviewed by Vougiouklakis et al.117). Heterozygous gain-offunction mutation of EZH2 at Y641 is a frequent feature of diffuse large B-cell and follicular
lymphomas.118 The Y641F or Y641N mutations were shown to enhance the ability of EZH2
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to catalyze H3K27me2 to me3 but abrogate the activity of the enzyme towards unmodified
H3, leading to a shift towards increased H3K27me3 in vivo.118,119 It should be noted,
however, that the propensity towards increased KMT expression and/or activity in
malignancy is a unique feature of the cell type. This is clearly demonstrated by the recent
finding that a H3K27M mutation occurring in pediatric glioblastoma leads to reduced PRC2
binding and globally lower H3K27me3 levels.120

The general effect of overexpression of KMTs with repressive activities is increased binding
to chromatin and higher levels of their cognate methylation marks, leading to ectopic
transcriptional repression of tumour suppressor genes and promotion of malignant tumour
growth.35,121 In addition to methylation of histone residues, overexpression of KMTs also
exerts oncogenic effects via their ability to directly target tumour suppressor proteins for
methylation, such as p53 and NFkB, which may alter their functions.70,122 The growing
number of studies linking somatic gain-of-function mutations in KMT genes with specific
malignancies has led to the development of novel therapeutic strategies based on KMT
inhibition. For instance, recent evidence suggests that small-molecule inhibition of EZH2 in
cancers that show a gain-of-function is a promising therapeutic strategy.121,123 As inhibitors
for other KMTs with oncogenic effects are characterized, small-molecule KMT inhibition
may become a viable therapeutic option for patients suffering from other malignancies.112
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1.6 Regulation of KMTs by long non-coding RNAs
An emerging area of regulatory control over KMTs is the role for RNA molecules, such as
long non-coding RNAs (lncRNA) in mediating KMT activity and recruitment (reviewed by
Wang and Chang124). LncRNAs are defined as RNA species >200 bases in length that are
transcribed by RNA Pol II from genes that lack protein-coding potential124 and may serve to
recruit KMTs by acting as molecular scaffolds that stabilize their binding on chromatin.125 A
classic example is the ~17 kb Xist transcript, which guides PRC2 and H3K27me3 and other
chromatin modifiers to establish silencing in cis on the inactive X chromosome126,127 but
there is a growing list of other shorter lncRNAs with specific functions in mammals
(reviewed by Batista and Chang128). For example, HOTAIR is expressed from the HOXC
gene cluster that acts to recruit PRC2 and H3K27me3 to silence genes in trans in the HOXD
cluster.129 In contrast, the HOTTIP lncRNA is transcribed from the HOXA cluster, binds to
WDR5 in the MLL-containing COMPASS-like complex and governs its recruitment to the
other genes in cis in the HOXA cluster to activate transcription via H3K4me3.130 G9a is
recruited by the lncRNA Air to repress imprinted genes Slc22a2, Slc22a3 and Igf2r in cis in
the placenta.131 Similarly, G9a and PRC2 are also recruited by the lncRNA Kcnq1ot1 in the
placenta to repress nearby imprinted genes in cis via H3K9 and H3K27 methylation.132 More
recently, the roles of several lncRNAs, including Hotair have been characterized by genetic
knockout which has shown their important roles in development including defects in H3K27
methylation in the case of Hotair null mice.133,134 HOTAIR is also overexpressed in a variety
of malignancies, including breast carcinoma where it promotes metastasis in a
PRC2/H3K27me3-dependent manner.135 These studies highlight the important role of
lncRNAs in regulating KMT recruitment and function in mammals.
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1.7 The heterogeneous nuclear ribonucleoprotein (hnRNP) family of RNA-binding
proteins
The hnRNP group of proteins was first characterized as a large multi-subunit assembly
associated with pre-mRNA in the nucleus of HeLa cells.136 There were ~20 proteins in the
complex, which were termed hnRNP A/B through hnRNP U, using a different letter for each
protein on the basis of demonstrating their distinct biochemical properties, including
molecular weights and isoelectric points in 2D PAGE.136 HnRNPs are also identified as core
subunits of the ~40S spliceosome assembly.137 The hnRNPs are not related as paralogues,
however, they generally function together and possess different RNA binding domains,
including the RNA-recognition motif (RRM) and K-homology (KH) domains.138 HnRNP K,
which is the focus of my thesis work, is one of the hnRNPs found in the spliceosome and
also plays roles in transcription, splicing and translation in diverse contexts (reviewed by Han
et al. and Bomsztyk et al.138,139). Recent evidence also points to a role for hnRNP K in
lncRNA-mediated gene regulation.126,140,141

1.8 SUMOylation and chromatin regulation
SUMOylation is a post-translational modification in which SUMO protein paralogues,
SUMO1, SUMO2/3 (which are ~97% identical) can be covalently added to lysine residues
on target proteins via the action of conserved SUMO E1 activating and E2 conjugating
enzymes, often with the aid of specific SUMO E3 ligases (reviewed by Cubenas-Potts and
Matunis142 ). SUMOylation is reversed by the activity of SUMO isopeptidases known as
SENPs, which exhibit specific proteolytic activity for the SUMO-lysine isopeptide bond
(reviewed by Drag and Salvesen143). Unlike ubiquitination, which tags proteins for
degradation by the proteasome, SUMOylation is a highly versatile regulatory mechanism
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that can control protein-protein interactions, cellular localization, enzymatic activity and
protein stability.142 A growing body of evidence indicates that SUMOylation of chromatinbound proteins plays an important role in transcription and may impact KMT-dependent
regulation of heterochromatin structure. For example, the E2 conjugating enzyme Ubc9 binds
chromatin in S. pombe and promotes SUMOylation of the Suv39 orthologue Clr4 to promote
its activity and maintain gene silencing at centromeres and mating loci. 144 Similarly,
SUMO2/3 is enriched in heterochromatin and MBD1 recruits the SETDB1/MCAF1 complex
to heterochromatin in a manner dependent on its SUMOylation in HeLa cells.145 Mutation of
Ubc9 is lethal shortly after E3.5 and mutants show gross defects in chromosome structure
and nuclear organization146 consistent with a critical role for SUMOylation in growth and
proliferation by maintaining genome stability. Together these studies point to an important
role for SUMOylation in regulating chromatin structure and KMT function in diverse
contexts in yeast and mammals.

1.9 Transcriptional silencing of retrotransposons as a model system for studying H3K9specific KMT function
The diverse roles played by KMTs in development and their dysfunction in developmental
syndromes and cancer as discussed above are highly variable, context-dependent and
complex necessitating the use of model systems in which to focus on specific aspects of their
functions and elucidate novel mechanisms. As mentioned above, one of the central functions
of H3K9-specific KMTs is the transcriptional silencing of transposable elements, which is
conserved from yeast to human. Recent advances in the mechanisms governing
transcriptional repression of retrotransposons in the preimplantation embryo, pluripotent stem
cells and adult somatic cells have laid the foundation for more in-depth mechanistic
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investigations into the molecular basis of targeting of H3K9 KMTs to these parasitic genetic
elements (reviewed by Leung and Lorincz147), the focus of my thesis work.

1.10 Phylogeny and structure of retrotransposons in the mammalian genome
Approximately 40-45% of mammalian genomes are comprised of repetitive elements, the
majority of which (~30%) are retrotransposons (reviewed by Cordaux and Baxter148
Illustration 2A). These parasitic elements replicate themselves via a ‘copy-and-paste’
mechanism, which involves transcription and subsequent reverse transcription of the RNA
intermediate, followed by integration of the resultant cDNA into the genome. Mammalian
retrotransposons are further divided into those that are flanked by LTRs, also called
endogenous retroviruses (ERVs), or those lacking LTRs (Illustration 2B). LTR
retrotransposons are thought to have colonized the genome as a consequence of retroviral
infections of the host germline and are subsequently transmitted in a Mendelian fashion,
having lost the ability to exit the cell in the manner of a typical envelope-encoding
replication-competent retrovirus.149 Non-LTR retrotransposons are the most numerous and
active, comprising ~25-27% of the mouse and human genomes148 (reviewed by Stocking and
Kozak150). This family consists of the autonomous LINE1 (L1) elements, which are ~6 kb in
length and present in ~950,000 copies in the human genome of which ~100 are predicted to
remain retrotranspositionally competent (reviewed by Friedli and Trono151). L1s harbour two
ORFs for their replication and retrotransposition and are flanked by UTRs, of which the 5’
UTR harbours a Pol II promoter (Illustration 2B). Related to these are the non-autonomous
SINE elements, the majority of which are the ~300 bp long Alu elements in primates, which
essentially lack ORFs and therefore can only retrotranspose in trans using gene products
from L1 elements.148 Alu elements are flanked by left and right monomers (Illustration 2B),
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of which the left or 5’ monomer possesses two canonical Pol III promoters in tandem and are
present in ~1,800,000 copies in the human genome of which ~1000 are active.151 The
remaining non-LTR retrotransposons with active members in humans are SVA elements,
which are ~2 kb long and present in ~5500 copies, of which ~50 are active.151
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Illustration 2. Repetitive elements in the human genome and structure of
retrotransposons. (A) Breakdown of the types of repetitive elements in the human genome
based on Cordaux and Baxter.148 “Others” indicate inactive LINE2 and MIR sequences. (B)
Structure of major classes of retrotransposons in the human genome. White arrows indicate
Pol II promoters and TSSs. Dashed arrow indicates the presence of a Pol II promoter and
TSS in the 3’LTR of some ERVs, which can support antisense transcription. Green arrows
indicate Pol III promoter and TSS. The Δenv represents the observation that the vast majority
of ERV env genes in class I and II ERVs are mutated and thus non-functional. Major
sequence units of each element are shown and element size is not to scale.

These elements harbour sequences derived from SINE, VNTR and Alu elements, hence their
name, but lack an obvious Pol II promoter region and ORFs involved in retrotransposition
and thus are also non-autonomous (Illustration 2B).

Approximately 8-10% of the mouse and human genomes are composed of ERVs, which form
a superfamily with three distinct classes based on the homology of their reverse transcriptase
(pol) genes.148,150 Their nomenclature in humans are based on their primer-binding site (PBS)
tRNA (reviewed by Katoh et al.152) and they can be classified into 31 different subfamilies
representing 50 independent waves of retroviral integration into the ancestral human
lineage.151 ERVs from all three classes are generally ~7-11 kb in length and typically possess
Pol II promoters in their 5’ and 3’ LTRs. They also harbour a tRNA primer-binding site
(PBS) immediately downstream of the 5’ LTR, which is used to prime reverse transcription,
along with two other ORFs in addition to their pol gene: gag encoding a group-specific
antigen polyprotein and env encoding an envelope protein, although most ERVs actually lack
this gene (Illustration 2B, reviewed by Jern and Coffin153). While the vast majority of
ERVs in both mouse and human have accumulated inactivating mutations, some subfamilies
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have been shown to be retrotranspositionally competent including the HERVK (HML-2)
family in humans154 and the IAP and MusD ERVs in mice.151

1.11 Evolutionary impacts of retrotransposons on the genome
The differences in retrotranspositional activity of ERVs and non-LTR retroelements in
mammals demonstrates evidence for lineage-specific evolutionary forces shaping their
activity. For example, in the mouse many class I, II and III ERVs including MLV, IAP and
MERVL elements remain intact and transcriptionally active and de novo retrotransposition,
although rare, has been estimated to account for up to ~10% of spontaneous mutations in the
C57BL/6 strain (reviewed by Maksakova et al.155). In contrast, virtually all human ERVs
(HERVs) are thought to have acquired mutations and there are no reports of de novo HERV
retrotransposition.148 While ~99.9% of L1 elements are also inactive due to 5’UTR deletions
and point mutations (reviewed by Beck et al.156), a small subset have continued to
retrotranspose throughout primate evolution and remain highly active in humans.148 Although
retrotransposition is generally deleterious to the host genome due to its mutagenic potential,
retrotransposons that have escaped negative selection have played important roles in host
fitness by increasing genetic diversity,148,150 providing the building blocks for gene regulatory
networks157,158 (reviewed by Cowley and Oakey159) and tissue-specific promoters,160 serving
as essential promoters or exons,161 seeding the generation of new gene families,162,163 and
stimulating the evolution of transcriptional repressive mechanisms to counteract the invasion
of exogenous retroviruses.153,164,165
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1.12 Mutagenic mechanisms of retrotransposons and their roles in human disease
A variety of mutagenic mechanisms of retrotransposons have been observed in mammalian
genomes affecting gene expression and genome stability and causing Mendelian
disease.153,155,159 Insertional mutagenesis occurs as a consequence of retrotransposition into a
gene, disrupting the ORF or regulatory sequences and was first shown to occur in humans by
an L1 insertion into the gene encoding Factor XIII, resulting in Hemophilia A166
(OMIM:306700). De novo retrotransposition of L1s are an ongoing source of mutagenic
activity in humans and has been shown to cause Mendelian disorders in over 60 different
cases.148 De novo germline retrotransposition or the presence of retrotransposon-derived
sequences such as LTRs can also disrupt gene regulation by introducing novel regulatory
sequences such as promoters/enhancers, splice acceptors/donors and polyadenylation
signals.152,153 For example, the proto-oncogene CSF1R gene is aberrantly activated by an
LTR from the human ERV THE1B, promoting Hodgkins lymphoma.167 L1
retrotransposition has also been shown to occur in colon epithelial cells, leading to a familial
adenomatous polyposis (OMIM:175100) as a consequence of insertional mutagenesis into
the APC gene.168 In addition, retroelements can also induce ectopic epigenetic modifications,
such as DNA methylation to silence the expression of neighbouring genes, first demonstrated
in mammals in the report of the Agouti viable yellow mouse169 although thus far, this has not
be definitively shown as an etiological factor in any Mendelian disease in humans.

In addition to mutagenic effects on single genes, retrotransposons also exert mutagenic
effects on a larger structural scale.148,156 Retrotransposition in itself leads to double-stranded
breaks in the genome, increasing the propensity for sequences to be deleted during DNA
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repair and in turn decreasing genome stability. In addition, ERV-derived sequences such as
LTRs can mediate recombination events, leading to structural rearrangements, deletions and
duplications.148,153,156 Retrotransposons can be induced in particular cancers, however, the
exact contribution or influence of retrotransposon expression on oncogenesis remains to be
determined (reviewed by Kassiotis170).

1.13 DNA methylation and retrotransposon silencing
The most well-studied transcriptional silencing mechanism for retrotransposons is DNA
methylation, which is required for silencing of these parasitic elements in somatic cells and
late in male germline development.171,172 DNA methylation in mammals is catalyzed by the
three DNMT enzymes and occurs at the fifth position on the cytosine base (5mC) in the
context of CpG dinucleotides (Illustration 3A, reviewed by Schübeler173). High-resolution
DNA methylation profiling studies have consistently reported that retrotransposons including
LINE1 elements and ERVs are marked by high levels of DNA methylation in differentiated
somatic cells in mouse and human173 (reviewed by Messerschimidt et al.174). DNA
methylation in the promoter region or CpG island of genes is thought to mediate
transcriptional silencing via direct exclusion of specific TFs and Pol II and recruitment of
methyl-CpG-binding domain proteins.173
It was previously believed that DNA methylation was stable and generally irreversible with
the exception of replication-coupled dilution in the absence of its maintenance. However,
over the past six years a large body of work (reviewed by Kohli and Zhang175) has revealed
that 5mC is a substrate for the TET family of Fe2+-dependent dioxygenases including TET1,
TET2 and TET3176 that catalyze its iterative oxidation into 5hmC, 5fC and 5caC,177 which
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can be removed by the DNA glycosylase TDG and subsequently replaced with C by the
base-excision repair machinery178,179 (Illustration 3A). Moreover, 5hmC and other oxidized
cytosine derivatives are not recognized by the DNMT1 maintenance methylation machinery,
leading to passive loss of DNA methylation after mitotic division.173Therefore, DNA
methylation can be actively and passively removed from mammalian DNA as a consequence
of TET activity, which has important implications for understanding the regulatory
mechanisms that maintain 5mC at retrotransposons. In addition to active TET-mediated
demethylation, passive demethylation due to the decreased expression of DNMTs also
contributes to 5mC reprogramming in the early embryo and germline.180–182
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Illustration 3. DNA methylation, its oxidation and reprogramming during
embryogenesis in the mouse. (A) Enzymatic pathway for production and oxidation of DNA
methylation (5mC) and removal from DNA. 5mC catalyzed from C by DNMTs with the cosubstrate SAM, which is oxidized to 5hmC, 5fC (not shown) and 5caC by the TET family of
Fe2+-dependent dioxygenases, which also require α-ketoglutarate and DTT as co-factors.
5caC can be recognized and its glycosidic bond hydrolyzed by TDG, leaving an abasic site
that is repaired by the base excision repair (BER) pathway resulting in C. (B)
Reprogramming of DNA methylation during embryogenesis. Mouse embryonic development
is depicted above the plot with approximate stages (embryonic days) shown below.
Paternal/male PGC DNA is shown in blue while maternal/female PGC DNA is shown in red.
Solid black line represents the genome as a whole (maternal and paternal) and includes most
CpG islands, introns, exons and intergenic regions. The orange line represents imprinted or
differentially methylated regions, whose methylation is only reset in PGCs during their
development and these regions are among the last to be demethylated. Green dashed line
indicates repetitive elements including retrotransposons, which are generally hypomethylated
during both waves of reprogramming. The green circles in the embryo represent the PGCs.
After sexual differentiation at E13.5, male prospermatogonia DNA is fully re-methylated by
birth while female immature oocyte DNA is only re-methylated after the oocytes fully
mature at puberty.

Although DNA methylation patterns are stably inherited in mitotic somatic cells as a
consequence of the maintenance methyltransferase DNMT1 and its associated binding
partners, 5mC must be reprogrammed initially for the embryo to achieve a totipotent state
and subsequently to program lineage commitment decisions and germline development.174
To this end, DNA methylation is removed from the genome and re-established de novo
during two windows of embryogenesis (Illustration 3B). The first wave of DNA
methylation reprogramming occurs immediately following fertilization of the oocyte, where
the maternal and paternal genomes undergo programmed loss of DNA methylation during the
first cleavage divisions of the zygote. Immunostaining and fine-scale mapping using bisulfite
sequencing analyses together indicate that DNA methylation is removed from the maternal
and paternal genomes via a combination of passive and active TET3-mediated demethylation
mechanisms183–186 leading to low levels of 5mC and high 5hmC in the paternal genome as
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compared with the maternal genome by the 4-8 cell stages184 (Illustration 3B). By the early
blastocyst stage at E3.5, the vast majority of 5mC is lost throughout the genome with the
exception of imprinted loci and repetitive elements including retrotransposons, the latter of
which are nevertheless hypomethylated relative to differentiated adult somatic cells187–190
(Illustration 3B). Interestingly, during the early erasure of DNA methylation in the paternal
genome, the maternal genome is protected from active demethylation activity by
PGC7/Stella,191 which binds the H3K9me2 mark on maternally derived chromatin.192 Upon
implantation of the blastocyst at ~E5.5-6.5, DNA methylation is restored de novo to facilitate
differentiation during gastrulation and germline specification. The second major wave of
demethylation occurs in the primordial germ cells (PGCs), which are set aside at E6.5-7.5
and subsequently begin proliferating and migrating to the genital ridge (Illustration 3B).174
PGCs undergo passive demethylation facilitated by 5hmC formation during their
proliferation and migration which is essentially complete by E12.5-13.5.182,193–197 As a result
of this global demethylation process, virtually all 5mC is removed including at promoters,
CpG islands, exons, introns, intergenic regions and imprinted regions to allow for the
adoption of parental-specific DNA methylation on imprinted alleles. Retrotransposons are
among the very few sequences found to be at least partially protected from demethylation in
PGCs.95 DNA methylation patterns are re-established de novo after E13.5, coincident with
sexual differentiation. The maternal and paternal imprints are reset in male prospermatogonia
prenatally, while immature oocytes in the female remain hypomethylated until after birth,
and are de novo methylated in the growing oocyte (Illustration 3B). While retroelements are
generally protected from total DNA demethylation both in the early embryo and in PGCs,
their hypomethylated state in conjunction with the expression of TET proteins during these
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stages presents a unique window in which DNA methylation turnover is more dynamic,
necessitating the requirement for additional epigenetic mechanisms to ensure their
repression.147 A growing body of evidence points to a critical role for H3K9 methylation as
the predominant silencing mechanism for retroelements both in the blastocyst and E13.5
PGCs where DNA methylation is erased genome-wide and retrotransposons become
hypomethylated.89,90,95 Together, these findings have demonstrated specific windows in
development that may serve as models for investigating the role of H3K9-specific KMTs in
transcriptional silencing of retrotransposons.

1.14 Transcriptional silencing of retrotransposons by H3K9-specific KMTs

Early studies suggesting DNA methylation-independent transcriptional silencing of
retrotransposons and related sequences in the embryo used retroviral vectors based on the
naturally occurring type C ecotropic retrovirus MLV and investigated production of
intracisternal A-type particles derived from IAP ERVs.198–200 Initially, it was observed that
DNA methylation accumulated on integrated proviruses and the incubation with the DNA
methylation inhibitor 5azaC could induce expression of both newly integrated proviruses and
IAP ERVs in MEFs lines.198,199 In contrast with these observations, it was subsequently
shown that a distinct mechanism operated in pluripotent mouse embryonal carcinoma cells
(mECCs), which suppressed transcription from integrated proviral DNA and was unaffected
by 5azaC.200 Intriguingly, when mECCs were induced to differentiate they then reverted to a
DNA methylation-dependent proviral silencing pathway.200 Notably, this mechanism was
generally independent of retroviral integration site and critically relied upon specific
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sequences in the PBS and 5’UTR, which when mutated relieved proviral silencing.201,202 The
PBS was particularly important, since a single A to G point mutation in the PBSPro of the
vector, termed B2, relieved silencing.201 Moreover, specifically engineering the MLV-based
retroviral vectors by replacing the proline tRNA complementary PBS (PBSPro) sequence with
PBSGln resulted in modest proviral expression in both mECCs and mESCs203 indicating that
sequences within the provirus directed transcriptional silencing. Later experiments in which
Dnmt3a-/-; Dnmt3b-/- mESCs were infected with MLV-based retroviral vectors confirmed the
earlier work and showed that proviral silencing is established by day 3-4 and is unaffected by
the absence of de novo methylation.204 The main conclusions of this early body of work on
retroviral silencing was later extended to ERVs in a definitive study by Hutnick et al.205 that
showed that undifferentiated mESCs lacking Dnmt1 and thus globally depleted of DNA
methylation nevertheless maintained silencing of IAP ERVs, but upon their differentiation
IAP was dramatically induced. Moreover, this DNA methylation-independent silencing
pathway in mESCs was shown to be unaffected by deletion of Dicer1, demonstrating that it
was not dependent on the production of siRNAs.205

The first component of this apparently pluripotent stem cell-specific retroviral silencing
pathway to be unequivocally identified was the transcriptional co-repressor KAP1 (also
called TRIM28).206,207 Previous work had demonstrated that KAP1 is a co-repressor for
KRAB-ZFPs, which represent the single largest family of transcriptional repressors in the
mouse and human genomes (reviewed by Lupo et al.208). KRAB-ZFPs were identified on the
basis of the N-terminal KRAB domain,209 which was found to be a strong transcriptional
repression module and later shown to exert its effects on transcription through direct
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interactions with the RBCC domain of KAP1.210–213 In HeLa cells, KAP1 was found to
repress transcription from KRAB domain-bound promoter constructs via recruitment of
different repressive chromatin modifying activities including chromatin remodelling by
CHD3, histone deacetylation by HDAC1 and HDAC2214 and H3K9 methylation by
SETDB1.215 In addition, KAP1 was also found to directly interact with HP1 proteins216,217
and direct their recruitment to chromatin to enforce a heterochromatic environment and gene
silencing.218 Despite that the involvement of these additional repressive factors in proviral
silencing had not been established, mutation of the HP1 binding site on KAP1 perturbed the
silencing of newly integrated MLV-based retroviral vectors in mECCs pointing to the
involvement of HP1 proteins.219 Subsequently, the finding that the KRAB-ZFP ZFP809
could directly bind the PBSPro sequence and target KAP1-dependent silencing to MLV-based
retroviral vectors220 was the seminal observation that led to the general model positing that
KRAB-ZFPs evolved to bind diverse retrovirus-derived sequences and could recruit KAP1
and repressive chromatin modifications to enforce their silencing (reviewed by RobbezMasson and Rowe221). However, it remained unclear whether this KRAB-ZFP/KAP1
silencing pathway actually acted on retrotransposons and whether it was indeed independent
of DNA methylation.

The last pieces of this puzzle came together with two studies that reported the requirement
for KAP1 and SETDB1 in transcriptional silencing of ERVs and MLV-based retroviral
vectors specifically in mESCs and preimplantation embryos.89,90 ERVs including IAP, MusD
and MLV were found to be highly de-repressed upon deletion of Kap1, concomitant with
loss of H3K9me3 and importantly, KAP1-dependent silencing was shown to be directed by
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sequences within the IAP element.90 SETDB1 was shown to be the crucial H3K9 KMT for
class I and II ERV silencing in mESCs, since deletion of G9a, Glp, Suv39h1 and Suv39h2
had no effect on silencing of these ERVs and SETDB1 catalytic activity recruited by KAP1
was essential for maintenance of silent proviral chromatin.89 Furthermore, total loss of DNA
methylation in undifferentiated mESCs due to deletion of all three catalytic DNMTs (Dnmt
TKO) had only a modest effect on IAP silencing and did not de-repress the newly integrated
MLV-based vector MSCV-PBSGln or affect its H3K9me3 levels.89 These data were consistent
with the results of Rowe et al. who reported that KAP1 deletion was synergistic with 5azaC
treatment of mESCs.90 More recently it has been shown that the SETDB1/KAP1 complex
regulates de novo DNA methylation of proviral sequences222 and that SETDB1 regulates
DNA methylation turnover at ERV LTRs in mESCs.223 SETDB1 is also required for ERV
silencing in E13.5 PGCs and directs DNA methylation at H3K9me3-enriched ERV
sequences,95 supporting the notion that the SETDB1/KAP1 silencing machinery can direct
DNA methylation to maintain retroelement silencing. Although it was thought that the
SETDB1/KAP1 ERV silencing pathway would only operate in cell types derived from
embryonic stages where DNA methylation is being reprogrammed consistent with the earlier
work described89,147 several studies have now shown that SETDB1/KAP1 are also required
for ERV silencing in more differentiated cell types including neural progenitors224,225 and B
lymphocytes226 suggesting a higher degree of cell type specificity than previously assumed.
Moreover, recent studies have also pointed to the conservation of the KRABZFP/KAP1/SETDB1 pathway in silencing an evolutionarily distinct subset of ERV, L1 and
SVA elements in human embryonic stem cells.165,227,228 In summary, this comprehensive
body of work has demonstrated KRAB-ZFP/KAP1/SETDB1 complexes to be the essential
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epigenetic silencing machinery that acts independently of the presence of DNA methylation
to silence newly integrated retroviral vectors and ERVs in specific cell types.

In addition to the role of SETDB1 in retrotransposon silencing, other H3K9-specific KMTs
have also been shown to promote retroelement silencing in mESCs. For example, while
G9a/GLP is not necessary for maintaining ERV silencing, its catalytic activity is required for
de novo DNA methylation and establishing a silent state at newly integrated MSCV PBSGln
proviruses.229 In addition, class III MERVL elements, which are not targeted by SETDB1 or
H3K9me3 are enriched in H3K9me2 and are de-repressed in G9a-/- and Glp-/- mESCs.85,86
Furthermore, G9a is also necessary and sufficient to silence L1 retrotransposons in
spermatogonia.230 Similarly, SUV39H1/2 are not necessary for ERV silencing yet they
contribute to H3K9me3 at class I and II ERVs and are required for maintaining this mark and
silencing a distinct subset of L1 elements in mESCs but not more differentiated somatic cell
types.79

1.15 Thesis Objectives

An emerging theme from prior work is that H3K9-specific KMTs are critical for DNA
methylation-independent retrotransposon and retroviral vector silencing in specific cell types,
including pluripotent stem cells in mouse and human. These findings pave the way for
detailed mechanistic analyses of these silencing pathways with the aim of elucidating novel
insights of relevance to Mendelian diseases and cancers linked with mutations in these
KMTs. Many questions still remain regarding the mechanisms of retrotransposon silencing
by H3K9-specific KMTs in these contexts. The primary objective of this work was to
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identify novel factors that interact with the SETDB1/KAP1 and G9a/GLP complexes and
characterize their role in ERV silencing pathways, using mESCs as a model system.

In Chapter 3 of this thesis, I isolated SETDB1-associated proteins in mESCs with the
intention of finding novel co-repressors. I identified and validated a novel SETDB1
interactor, the RNA binding protein hnRNP K, which was previously shown to play roles in
transcriptional regulation in various contexts. Biochemical analysis demonstrated that hnRNP
K interacts with SETDB1 indirectly via its direct binding to KAP1 and thus is associated
with the SETDB1/KAP1 complex. Genetic analysis showed a critical function for hnRNP K
in maintenance of ERV and retroviral vector silencing, via its impact on H3K9me3
deposition and SETDB1 recruitment. HnRNP K was also found to repress a cohort of
germline genes directly targeted by SETDB1 and H3K9me3, indicating that its role in
SETDB1-mediated transcriptional repression extends to genes. I further showed that SUMO
conjugation, which is necessary for SETDB1 to bind to KAP1 in vitro, is also important for
proviral silencing. Importantly, the depletion of hnRNP K generally phenocopied the
depletion of SUMO conjugating enzyme Ubc9 with respect to proviral silencing pointing to a
novel role for hnRNP K in promoting SUMOylation of chromatin-associated proteins to
ensure efficient SETDB1 recruitment at proviral chromatin. Additional analysis of the role of
hnRNP K in protein SUMOylation suggested that although hnRNP K deficiency leads to loss
of SUMOylation detected on proviral chromatin by ChIP, it does not generally regulate
KAP1 SUMOylation in vitro and thus might require additional factors or otherwise control
SUMOylation of an unidentified protein(s) or histones themselves at proviral chromatin.
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In Chapter 4 of this thesis, I performed a detailed mechanistic investigation of the roles of
hnRNP K, G9a/GLP and H3K9me2 in silencing class III MERVL elements. By analyzing
H3K9me2 ChIP-seq datasets generated in the Lorincz lab and investigating the silencing of a
newly integrated MERVL LTR construct, I found that H3K9me2 is not recruited to MERVL
elements in an autonomous fashion as with H3K9me3 at class I and II ERVs, but instead
marks MERVLs as a general consequence of their genomic location in large transcriptionally
inert domains. Depletion of hnRNP K led to reduced H3K9me2 both at a global level and as
detected by ChIP at MERVL elements and other loci, implicating hnRNP K in G9a/GLP
function. Moreover, hnRNP K physically interacted with the G9a/GLP complex in a manner
dependent on intact RNAs, demonstrating that it forms a novel complex with these KMTs.
Interestingly, hnRNP K and G9a/GLP mutually supported the chromatin binding of each
other in that loss of either factor leads to reduced chromatin enrichment of the other. In an
effort to identify RNAs associated with hnRNP K/G9a/GLP complexes, I verified
interactions between hnRNP K and GLP with MERVL RNA in mESCs and showed that
hnRNP K can bind to MERVL transcripts in a manner dependent on one of its RNA binding
domains. A point mutation which abolishes binding of this domain to DNA or RNA leads to
upregulation of MERVL elements in wt but not G9a-/- cells, implicating hnRNP K binding to
nucleic acids in G9a/GLP-dependent MERVL repression.

Taken together, this work provides novel insights into the mechanisms of retrotransposon
silencing by H3K9-specific KMTs in mammals. While class I and II ERV silencing by
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SETDB1/KAP1 and H3K9me3 is coordinated in an autonomous, hierarchal fashion and
promoted by hnRNP K, class III MERVL elements are likely repressed by combination of
H3K9me2, hnRNP K, G9/GLP and the absence of transcriptional activators. Since
heterozygous loss-of-function mutations in HNRNPK have been recently found to cause a
new Mendelian disorder231–233 and HNRNPK is overexpressed and exerts oncogenic activity
in several malignancies,234–236 my work linking this factor with H3K9-specific KMTs during
development has important implications for understanding the epigenetic pathways affected
in these diseases.
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2. Materials and methods
2.1 Cell lines and cell culture
The following previously characterized mESC lines were used in this study: TT2 wt and
33#6 Setdb1lox/- (expressing the Cre-ER transgene, hereafter referred to as Setdb1 CKO)
infected with a silent MSCV PBSGln vector,89 Setdb1 CKO expressing 3XFLAG-Setdb1,89
HA36 IAP-GFP,237 J1 wt and Dnmt1-/- ; Dnmt3a-/-; Dnmt3b-/- (Dnmt TKO),238 G9a-/- clone
22-10 and Glp-/- clone cd1225,80 and A2lox.239 MERVL LTR-Gfp-T2A-Puro reporter
(2C::Gfp) mESC line was generated as previously described for the tdTomato reporter85 and
provided by Dr. Todd Macfarlan. The pcDNA3-Hygro vector was modified by exchange of
the CMV promoter for the MERVL clone #9 5’LTR-PBS-gag region (737 bp) and a GfpT2A-Puro construct was cloned downstream of the LTR. The MERVL LTR reporter
construct was transfected into the A2lox line using lipofectamine 2000 and stable clones
were isolated upon selection with hygromycin. The 2C::Gfp cell line was not viable grown in
feeder-free conditions in serum media (data not shown) and therefore was cultured in a
modified form of the previously described 2i media with LIF240: 3μM MEK1/2 inhibitor
PD03259010 (Stemgent), 1 μM GSK3β inhibitor CHIR99021 (Stemgent) , 0.05% BSA,
48.5% neurobasal media (Gibco), ~10-50 ng/ml recombinant LIF (purified in-house from
BL21 E.coli expressing a thrombin-cleavable GST-LIF fusion protein and assayed on TT2
mESCs for supporting self-renewal), 48.5% Dulbecco’s modified Eagle’s Medium
(DMEM)/F12 (Gibco), 1% B-27 supplement (Gibco), 0.5% N-2 supplement (Gibco) and
100U/ml penicillin-streptomycin (HyClone). All other mESC lines were cultured in standard
feeder-free conditions on 0.2% type A gelatinized tissue culture plates in complete mESC
media: DMEM high glucose, 15% fetal bovine serum, 20 mM HEPES, 1 mM L-glutamine
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(HyClone), 100 U/ml penicillin-streptomycin (HyClone),1 mM nonessential amino acids
(HyClone), ~10-50 ng/ml of recombinant LIF, 1 mM sodium pyruvate (HyClone) and 0.1
mM β-mercaptoethanol. Human 293T cells were cultured in DMEM high glucose containing
10% FBS and 100 U/ml penicillin-streptomycin. The Hnrnpk homozygous genetrap mutant
mESC line and the corresponding parental wt line generated by Horie et al.241 were cultured
on a MEF feeder layer in complete media. MEFs feeders were prepared by culturing HM1
immortalized MEFs to confluence in MEF media (DMEM high glucose containing 10%
FBS, 1 mM glutamine, 100 U/ml penicillin-streptomycin) and incubation for 2-3 h in 10
μg/ml mitomycin C (Sigma-Aldrich). MEF feeder plates were used within 7 days from
preparation. All cell lines were grown at 37C with 5% CO2. Cells were generally passaged
every 2-3 days and experiments were performed between passages 2-16 and frozen after
passage 16. For induction of endogenous Setdb1 deletion in the Setdb1lox/- 3XFLAG-Setdb1
line, cells were cultured in 800 nM 4-OHT for 4 days as described.89 For blocking SUMO E1
activity, anacardic acid (Sigma-Aldrich) diluted to 5–100 μM in DMSO was incubated with
mESCs for 18 h prior to harvest. For inhibition of Pol II, mESCs were cultured in 100 μM
Triptolide in DMSO for 8.5 h prior to harvest. For growth curve assays, after the second
siRNA transfection, 30,000 cells were plated in triplicate wells of a 24-well plate and wells
were cultured for the indicated time-points in complete mESC media which was changed
every ~24 h. Viable cells were counted using an automated counter (BioRad) and trypan blue
staining.

2.2 RNA interference
RNAi by siRNA transfection of mESCs was performed as described.89,237 SMARTpool
siRNAs containing 4 independent siRNAs to the target gene were synthesized by Dharmacon
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(ThermoFisher). Cells were grown to ~70-80% confluence in the absence of antibiotics and
transfected with 100 nM siRNA using Opti-MEM serum-free media (Life Technologies).
After passaging, cells were transfected again with 50 or 100 nM siRNA (determined
empirically based on mRNA or protein depletion and effects on cell viability). Twenty-four
hours later, cells were generally harvested to assay mRNA and/or protein depletion.
Downstream phenotypes were often assessed 48-96 h post-transfection, where indicated.

2.3 Site-directed mutagenesis and plasmid transfection
The pcDNA3.3-T7-HNRNPK plasmid expressing N-terminal T7 epitope-tagged full-length
human hnRNP K isoform 1242 (NCBI accession NP_001288270) was mutagenized using the
Quickchange II lightning kit (Stratagene). To generate the G400R, Y458D, and ΔRGG
(Δ240-338 a.a.) mutants, primer sequences were as follows where the asterisk denotes the
mutant base: 5’ ACT ATT CCC AAA GAT TTG GCT A*GA TCT ATT ATT GGC AAA
GGT G 3’ (G400R), 5’ CAG AAC AGT GTG AAG CAG G*AT GCA GAT GTT AAG
GGA T 3’ (Y458D) and 5’GAA ACC TAT GAT TAT GGT GGT TTT ACA*----TTC AGT
GCT GAT GAA ACT TGG 3’ (Δ-RGG). Successful mutagenesis was verified by Sanger
sequencing using a CMV promoter primer: 5’CGC AAA TGG GCG GTA GGC GTG 3’.
The hnRNP K expression constructs were transiently transfected into TT2 or G9a-/- mESCs
using lipofectamine 3000 (Life Technologies) according to the product instructions. The
pSG5 plasmid harbouring FLAG-tagged mouse Setdb1 cDNA243 and the pcDNA3.3-T7HNRNPK plasmid were transiently transfected into 293T cells using lipofectamine 3000
according to the product instructions. Cells were harvested at 48 h post-transfection for IP
and western blot analysis. The pET16b-HNRNPK plasmid expressing 6X-His-tagged human
hnRNP K isoform 1 was expressed in BL21(DE3) E.coli and purified as described.244
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2.4 Immunofluorescence and Flow Cytometry
Indirect immunofluorescence staining was performed using standard methods. Cells were
grown on coverslips or harvested by trypsinization were crosslinked with 4% formaldehyde,
permeabilized with 0.25% triton-X-100 and blocked with 1% bovine serum albumin (SigmaAldrich). Cells were then incubated with anti-hnRNP K (Abcam ab70492) overnight at 4°C
and subsequently incubated with Alexa Fluor 488-labeled secondary antibody (Life
Technologies). DNA was counterstained with 10 μg/ml Hoescht 33342 (Sigma-Aldrich).
Flow cytometry was performed according to previous methods.89,237,245 Cells were
trypsinized and incubated in 0.5 μg/ml propidium iodide (Sigma-Aldrich) in FACS buffer
(phosphate buffered saline containing 3% FBS) and analyzed on a BD LSRII flow cytometer
using BD FACS Diva software. Cells were successively gated on forward and side scatter,
then PI- (live cells) and lastly GFP+ cells, using the untransfected mESC line (MSCV-GFP,
IAP-GFP or 2C::Gfp) as a GFP- population to set the gates. 10,000 PI- cells were sampled in
each replicate. SSEA1 and Annexin V staining were detected on mESCs using 1:400 antiSSEA1 PE-conjugate (BD Pharmigen) or 1:1000 anti-Annexin V Alexa Fluor 488-conjugate
(Life Technologies). Where indicated, cells were gated for the SSEA1+ population prior to
GFP gating to identify SSEA1+; GFP+ (double-positive) cells. Cell cycle distributions were
determined by PI staining. Cells were trypsinized, washed with phosphate buffered saline and
fixed for >2 h in ice-cold 70% ethanol. Cells were subsequently incubated with 10 μg/ml PI
stain (Sigma-Aldrich) for 15-30 minutes on ice and analyzed on the BD LSRII flow
cytometry with FACS Diva software. Profiles were fitted to the Dean-Jett-Fox cell cycle
model using FlowJo software to determine percentages of cells in G1, S and G2/M.
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2.5 Native and crosslinked ChIP
For native ChIP of histone lysine methylation, equivalent numbers of cells per line
(approximately 1, 2 or 3x106) were lysed in NChIP buffer (20 mM HEPES pH 7.9, 50 mM
KCl, 1 mM MgCl2, 3 mM CaCl2, 1 mM DTT, 0.5% NP-40, 10% glycerol) containing
protease inhibitors (Roche). Cells were digested with 50 U/ml MNase (Worthington
Biochemicals) at 37C for 7-10 minutes to produce mono- and di-nucleosomes, quenched
with 5 mM EDTA and 5 mM EGTA and clarified by centrifugation. KCl concentration was
adjusted to 150 mM and soluble chromatin was subsequently immunoprecipitated with: 5 μg
of anti-H3K9me3 (Active Motif 39161), 5 μg anti-H4K20me3 (Active Motif 39180), 5 μg
anti-H3K9me2 (Abcam Ab1220) or 5 μg of mouse IgG (Sigma-Aldrich I8765) overnight at
4C. Native ChIP for H3K9me2 in TT2 wt and Glp-/- cells for ChIP-seq was performed
according to a previous method246 by Carol Chen in Lorincz lab. Crosslinked ChIP for
hnRNP K, KAP1, G9a, SETDB1 or SUMO1 was performed according to a previous
method.86 Crosslinked chromatin was sonicated to a size range of ~200-600 bp and
immunoprecipitated overnight at 4C with anti-hnRNP K (ab70492), anti-KAP1 (ab22553),
anti-G9a (R&D Systems PP-A8620A-00), anti-SETDB1 (sc-66884) or anti-SUMO1 (Santa
Cruz Biotechnology FL-101, sc-9060). After reversal of crosslinks samples were RNAse Atreated and DNA was purified over silica columns. Quantitative PCR was performed with
primers indicated in Table 1.
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Table 1. List of PCR primers used in this study.
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2.6 Immunoprecipitation
Nuclear extracts were prepared from mESCs as previously described.86 Extracts were
prepared with or without 10 or 20 mM NEM and phosphatase inhibitors (Roche), as
indicated, diluted to ~170 mM KCl and immunoprecipitated overnight at 4C with antihnRNP K (Abcam ab39975), anti-GLP (R&D Systems PP-B0422-00), anti-SETDB1 (kind
gift from Dr. H.H., Ng Singapore Genome Institute), anti-KAP1 (ab22553), rabbit IgG
(Sigma-Aldrich I8640) or mouse IgG (Sigma-Aldrich I8765). Where indicated 40 U/ml
Ribolock (-RNAse) or 40 μg of RNAse A and 100 units of RNAse T1 as a mix (Fermentas)
(+RNAse) was added to the extracts. DNAse and RNAse treatment together were performed
by adding 50 U/ml of DNAse I (Promega) and 50 μg/ml RNAse A (BioShop) to the diluted
extract. Complexes were collected with protein A and G dynabeads (Life Technologies),
washed three times in IP wash buffer (20 mM HEPES pH 7.9, 170 mM KCl, 1.5 mM MgCl2,
0.3% NP-40, 10% glycerol) and eluted by boiling in NuPAGE LDS sample buffer (Life
Technologies). For IP of FLAG-tagged SETDB1 from the Setdb1lox/- cells expressing
3XFLAG-Setdb1, the endogenous Setdb1 was first deleted using 4-OHT and then nuclear
extracts were prepared from these cells with uninduced Setdb1lox/- lacking the FLAG-Setdb1
construct, as a negative control. Extract was diluted to ~170 mM KCl, NEM was added to 10
mM and immunoprecipitated overnight at 4C with anti-DYKDDDDK (FLAG) antibodies.
Antibodies were captured on protein G dynabeads, washed in IP wash buffer and eluted with
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phosphate buffered saline containing 0.1% Tween-20 and 500 μg/ml 3XFLAG peptide
(Sigma-Aldrich).

2.7 Silver staining of SDS-PAGE gels
After SDS-PAGE gels were stained with silver nitrate or colloidal coomassie. For silver
staining, gels were first fixed in 40% methanol 10% acetic acid for 1 h or overnight at room
temperature. Gels were washed 3 times for 5 minutes each in deionized water then incubated
in 0.02% sodium thiosulfate for 1 minute and subsequently rinsed in water for 1 minute. Gels
were then incubated for 15-20 minutes in chilled 0.1% silver nitrate solution in the dark. The
impregnated silver was reduced with two washes of 2% sodium carbonate, 0.04%
formaldehyde until bands developed. Staining was stopped by washes in 10% acetic acid and
gels were stored in 1% acetic acid prior to drying in cellophane.

2.8 Western blot analysis
Western blots were performed using standard methods.86 Nuclear extracts, IP samples,
whole-cell extracts prepared with RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% NP40, 0.25% sodium deoxycholate, 0.1% SDS), total cell lysates prepared in 1X NuPAGE
loading buffer containing 100 mM DTT or 0.2 M HCl-extracted histones were separated by
SDS-PAGE transferred to nitrocellulose or PVDF membranes, blocked in 5% skim milk in
Tris-buffered saline (20 mM Tris-HCl pH 7.5, 150 mM NaCl) or Odyssey blocking reagent
(LiCOR Biosciences). Blots were probed with primary antibodies overnight at 4C including:
anti-hnRNP K (Abcam ab39975 or ab70492), anti-LSD1 (Abcam ab37165 or ab17721),
anti-G9a (R&D systems PP-A8620A-00), anti-GLP (R&D systems PP-B0422-00), antiKAP1 (Abcam ab22553), anti-T7 (EMD Millipore 69522), anti-GAPDH (EMD Millipore
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ABS16), anti-H3K9me2 (Abcam Ab1220), anti-H3 (Active Motif 39163), anti-SETDB1
(H300 sc-66884), anti-Ubc9 (Santa Cruz sc-5231), anti-SUMO1 (Santa Cruz sc-9060), antiSENP1 (Novus Biologicals NB100–92101), anti-H3K9me3 (Active Motif 39161), anti-pan
H3ac (Millipore 06–599), anti-H4 (Millipore 04–858), anti-GST (GenScript A00097–100),
anti-DYKDDDDK (FLAG epitope, GenScript). Primary antibodies were detected with
IRDYE-conjugated secondary antibodies and scanned on the Odyssey imaging system.
Quantification of bands was performed with Odyssey software (or Image J v1.6 for data
shown in Figure 7G) and band intensities were normalized to loading controls (typically
GAPDH). For experiments involving SUMO-modified KAP1, extracts were typically
prepared with 10 or 20 mM NEM to enrich for SUMOylation.

2.9 Sucrose gradient sedimentation
Sedimentation of nuclear proteins over sucrose gradients was performed according to
previous methods.247,248 Approximately ~2 mg of mESC nuclear extract or ~4 μg of
recombinant proteins in 500 μl was layered onto a 5 ml linear 5–50% gradient and
centrifuged in parallel with identical gradients containing purified molecular weight
standards (blue dextran 52.6S/~2 MDa, thyroglobulin 19.4S/670 kDa, catalase 11.4S/250
kDa, BSA 4.3S/67 kDa all from Sigma-Aldrich) at 27,500 rpm (~91,900 g) in a SW-55Ti
rotor (Beckman Coulter) at 4°C for18.5 h. Fractions of 200 μl were collected from top to
bottom including the pellet fraction and 20 μl samples were assayed by western blot. Peaks
for migration of the molecular weight standards were determined by absorbance at 280 nm.
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2.10 Mass spectrometry of SETDB1 complexes
Nuclear extracts were prepared from TT2 mESCs with or without 10 or 20 mM NEM and
clarified by centrifugation. For immunoprecipitation of SETDB1 complexes after anionic
column fractionation, approximately 12–15 mg of TT2 mESC nuclear extract (4 ml) was
prepared without NEM, diluted with 2 volumes with 56 mM HEPES pH 7.9, 5% glycerol and
passed over a 2 ml column of Macro HiQ anionic exchange media (BioRad) in an
equilibration buffer (50 mM HEPES pH 7.9, 100 mM KCl, 10% glycerol). Bound proteins
were washed with 5 column volumes of equilibration buffer and then eluted stepwise in 2
volumes of buffer containing 250 mM KCl, then 2 volumes of buffer containing 500 mM
KCl. The 500 mM KCl fraction containing SETDB1 and depleted of SENP1 (4 ml) was then
diluted with 2 volumes IP dilution buffer (20 mM HEPES pH 7.9, 0.5% NP-40, 10% glycerol
containing 2 mM PMSF) and divided into two equal aliquots and immunoprecipitated
overnight at 4°C with protein G sepharose beads crosslinked with ~100 μg of rabbit IgG
(Sigma Aldrich) or rabbit anti-SETDB1 H300 (Santa Cruz Biotechnology) using
dimethylpimelimidate as described.249 Beads were washed extensively with a wash buffer (20
mM HEPES pH 7.9, 200 mM KCl, 1% NP-40, 0.1% sodium deoxycholate, 10% glycerol)
and eluted by boiling in SDS-PAGE loading buffer. For direct SETDB1 IP from mESC
nuclear extract, ~7–8 mg of nuclear extract (1.5 ml) was diluted with 2 volumes of IP
dilution buffer as above and incubated with 30 μg rabbit IgG or anti-SETDB1 H300
overnight at 4°C. Immunocomplexes were captured on protein G dynabeads, washed
extensively with wash buffer as described above except omitting deoxycholate, eluted with
0.1 M glycine pH 2.5 and neutralized with 1.5 M Tris pH 8.8. Immunoprecipitated samples
were analyzed by SDS-PAGE, western blot and silver staining.
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For mass spectrometry, IgG and SETDB1 IP samples were resolved by SDS-PAGE and
stained with colloidal coomassie as described above. The IgG heavy (~50 kDa) and light
(~25 kDa) chain bands were removed first and discarded then the rest of each gel lane was
excised and subjected to in-gel tryptic digestion as described.250 Extracted peptides were then
analyzed by nano-flow liquid chromatography-tandem mass spectrometry (LC-MS/MS) on a
LTQ-Orbitrap Velos Pro mass spectrometer (ThermoFisher).251 Tandem mass spectra were
searched against the UniProt mouse database using Mascot (v2.4,Matrix Science). Each IP
sample was analyzed independently twice. The final refined hit list of proteins was filtered
for nuclear proteins with enrichment ratios of SETDB1 IP/IgG IP (medium/light) of >2, >2
unique peptides and >2 independent spectra.

2.11 Recombinant proteins
GST-tagged hnRNP K and GST-tagged KAP1 and KAP1PxVxL (residues 379–524)
were purchased from Novus Biologicals. GST-KAP1PB (residues 624–811) was from
Cayman Chemical. Purified GST was from Sigma-Aldrich, the C-terminal GST-RanGAP1
fragment (residues 419–587) and GST-SUMO2 were from Enzo Life Sciences and GST-p53
was from Millipore. Purified FLAG-tagged SETDB1 protein was from Active Motif. 6XHistagged wt hnRNP K was purified from E.coli as described above and the hnRNP K Cterminal deletion mutant (hnRNP K ΔC a.a. 1-276) was from Novus Biologicals.
Recombinant full-length human ZIK1 was from Abcam.
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2.12 In vitro SUMOylation and GST pulldown assays
In vitro SUMOylation assays were previously described245 and performed according to
previous methods252 with minor modifications. For most assays, approximately 500 ng of
GST-fused proteins were mixed with 125 ng Aos1/ Uba2 SUMO E1 heterodimer (Enzo Life
Sciences BML-UW9330–0025), 500 ng SUMO E2 Ubc9 (Enzo Life Sciences BMLUW9320–0100) and 2 μg 6X-His-tagged SUMO1 (Enzo Life Sciences ALX-201–045-C500)
and incubated in 20 μl of 1X SUMOylation buffer (50 mM Tris pH 8.0, 50 mM KCl, 5 mM
MgCl2, 1 mM DTT, 1 mM ATP) for 90 minutes at 30°C. For the in vitro SUMOylation of
KAP1 under limiting conditions, the amounts of SUMO E1 and SUMO E2 were reduced to
62.5 ng and 250 ng, respectively and reactions were incubated for 15 minutes at 30°C. To
determine the influence of various factors on SUMOylation efficiency of KAP1 and p53, 2, 4
or 6 μg of 6XHis-tagged hnRNP K was added (for titration experiments) or 1 μg of ZIK1 was
added. Experiments with presence/absence of hnRNP K used 4 μg in each reaction. Negative
control reactions were performed by omitting SUMO1. Following this, reactions were
stopped either by addition of SDS-PAGE loading buffer for western blotting or prepared for
pulldown assays. For pulldown assays, GST-tagged proteins (from SUMOylation reactions
or just purified proteins) were immobilized on glutathione-agarose paramagnetic beads
(GenScript), washed twice with pulldown buffer (50 mM Tris pH 8.0, 100 mM NaCl, 0.1
mM EDTA, 1 mM DTT, 0.01% Tween-20, 10% glycerol) and incubated with 0.5–5 μg
recombinant prey proteins (SETDB1, Ubc9 or hnRNP K) in 150 μl pulldown buffer for 1.5 h
at 4°C. For pulldowns with GST-tagged KAP1 mutant baits and 6X-His-tagged hnRNP K
prey, BSA was included in the binding reaction at 1 mg/ml. Beads were washed again three
times pulldown buffer for SETDB1 and Ubc9 or in pulldown buffer containing 300 mM
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NaCl for hnRNP K and subsequently eluted with SDS-PAGE loading buffer for western
blotting. Alternatively, glutathione elution buffer was used to elute bound proteins (50 mM
Tris pH 8.0, 20 mM reduced L-glutathione, 1 mM DTT).

2.13 In vitro de-SUMOylation assays
GST-tagged KAP1 was SUMOylated in vitro as described above and purified from the
reaction using glutathione-agarose paramagnetic beads (GenScript). DTT was added to 10
mM with bead-bound SUMOylated KAP1 and then mixed with 0-100 nM recombinant
SENP1 catalytic domain (SENP1CD) (Cayman Chemical) in de-SUMOylation buffer (50 mM
Tris pH 8.0, 100 mM NaCl, 10 mM DTT, 0.01% Tween-20, 10% glycerol) and incubated at
30C for 1 h. This determined that ~50-80 nM was the minimal concentration needed to deSUMOylate KAP1 under these conditions. To test the influence of various factors on
SENP1CD de-SUMOylation, 500 ng of the following recombinant proteins were added to the
reaction: FLAG-tagged SETDB1, T7-tagged ZIK1, or 6XHis-tagged hnRNP K. To confirm
the specificity of de-SUMOylation, NEM was added to the reaction to 10 mM.

2.14 Native RNA immunoprecipitation
Native nuclear RIP assays were performed as described with modifications.253
Approximately 108 TT2 mESCs were resuspended and lysed hypotonic lysis buffer (10 mM
HEPES, pH 7.9, 10 mM KCl, 0.5 mM DTT, 1.5 mM MgCl2) containing protease inhibitor
cocktail (Roche), phosphatase inhibitors (Roche) and 40 U/ml Ribolock RNAse inhibitor
(Fermentas) with a dounce and tight pestle. After collection of the nuclear pellet by

51

centrifugation at 5000g for 5 minutes at 4C the pellet was extracted for 30 minutes with
high-salt nuclear extraction buffer (20 mM HEPES pH 7.9, 500 mM KCl, 1.5 mM MgCl2,
20% glycerol) containing protease and phosphatase inhibitors and 40 U/ml Ribolock. The
soluble nuclear extract was clarified 16,000g for 10 minutes and approximately 10% of the
RIP volume of nuclear extract was set aside for input RNA isolation. The remaining nuclear
extract was diluted with two volumes of IP dilution buffer (20 mM HEPES pH 7.9, 1.5 mM
MgCl2, 0.5% NP-40) and immunoprecipitated overnight at 4C with 5 μg of anti-hnRNP K
(Abcam ab39975), anti-GLP (R&D systems PP-B0422-00) or mouse IgG (Sigma-Aldrich
I8765). Immunocomplexes were collected with protein G dynabeads (Life technologies) and
washed 3 times in RIP buffer (20 mM HEPES pH 7.9, 170 mM KCl, 1.5 mM MgCl2, 0.17%
NP-40, 8.5% glycerol) containing protease inhibitors, phosphatase inhibitors and 40U/ml
Ribolock. Bound protein-RNA complexes were incubated with RIP elution buffer (10 mM
Tris pH 8.0, 10 mM DTT, 0.5 mM EDTA, 1% SDS) at 37C for 15 minutes. For western blot
analysis 50% of the bead volume was boiled in 1X NuPAGE loading buffer. RNA was
isolated from the eluted volume with Trizol reagent (Sigma-Aldrich or Ambion) and
precipitated with isopropanol in the presence of 300 mM sodium acetate and 20 μg glycogen
at -80C overnight. Pellets were washed with 75% ethanol, air-dried and resuspended in
RNAse-free 10 mM Tris pH 8.5 (Sigma-Aldrich) and stored at -80C until cDNA synthesis.

2.15 Nuclear RNA pulldown assays
Nuclear RNA was purified fromTT2 mESCs by first preparing nuclei as outlined above for
native RIP. After cell lysis and centrifugation the nuclear pellet was washed once in PBS
containing 40U/ml Ribolock inhibitor and then RNA was extracted with Trizol reagent
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(Sigma-Aldrich or Ambion) and precipitated with isopropanol. Contaminating genomic DNA
was removed with RNAse-free DNAse I (Promega) incubation for 1 h at 37C. For pulldown
assays, approximately 10 μg of recombinant 6X-His-tagged wt hnRNP K or C-terminal
deletion mutant (Δ277-464 a.a.) purchased from Novus Biologicals were immobilized on
Ni2+ HIS-select affinity gel (Sigma-Aldrich). After removal of ~0.6 μg DNAse I-digested
nuclear RNA as the 10% input, bound hnRNP K proteins were incubated with ~6 μg of the
nuclear RNA for 1 h at 4C rotating in a binding buffer (50 mM Tris, 150 mM NaCl, 5 mM
MgCl2, 10 mM DTT, 0.01% Tween-20, 10% glycerol) containing 40 U/ml Ribolock
inhibitor. Beads were washed once in binding buffer and twice in binding buffer except
containing 350 mM NaCl and eluted in RIP elution buffer, as outlined in the RIP protocol
above. RNA was purified with Trizol, precipitated with isopropanol and stored at -80C until
cDNA synthesis.

2.16 EMSA
For electrophoretic mobility shift assays, approximately 100-200 pmol of 5’IRDYE700conjugated DICE probe (prepared by IDTDNA) was incubated with 2.5 or 10 μg of purified
6X-His-tagged wt hnRNP K or the hnRNP K ΔC mutant protein (Δ277-464 a.a.) (Novus
Biologicals) in 10 μl of EMSA buffer (10 mM Tris pH 7.5, 50 mM NaCl, 15 mM DTT, 0.5%
Tween-20) at 23C. Purified recombinant 6X-His-tagged wt hnRNP K was produced in
BL21(DE3) E.coli as previously described.244 Samples were run on 5% (37.5:1
acrylamide:bisacrylamide) non-denaturing gels in 50 mM Tris pH 7.5, 380 mM glycine, 2
mM EDTA at 60-80 V until the free probe had reached the bottom of the gel. Gels were
imaged on the Odyssey scanner (LiCOR Biosciences).
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2.17 Cellular fractionation RNA extraction and RT-PCR
For RT-PCR assays on cell fractionated RNA, nuclear RNA was isolated as described above
for RNA pulldown assays. After cell lysis and centrifugation, the supernatant was kept as the
cytoplasmic RNA fraction. RNA was isolated from nuclei and the cytoplasmic supernatant
with Trizol reagent (Ambion). Total RNA was extracted from mESCs using the GenElute
total RNA Kit (Sigma-Aldrich) according to product instructions. For end-point RT-PCR
assays, RNA was treated with 500 U/ml DNAse I (Promega), and first strand cDNA was
synthesized with SuperScript IV (Life Technologies) and random 15-mer oligos, oligo
d(T)18, 5’LTR forward (for antisense RNA) or gag reverse (for sense RNA) primers
according to the product instructions. MERVL sequences were amplified by 24-30 cycles,
whereas rRNA was amplified by 17-20 cycles.

2.18 Quantitative RT-PCR, qPCR, RNA-seq and ChIP-seq bioinformatics
For expression and enrichment analysis by qRT-PCR, RIP and nuclear RNA pulldown, total
RNA, or RNA isolated from 10% input and native RIP and RNA pulldown samples was
DNase I-treated and first-strand cDNA synthesis was performed using SuperScript III or
SuperScript IV reverse transcriptase (Life Technologies) as described with random 15mers.86,245 Quantitative PCR was performed on cDNA and isolated input or ChIP DNA as
described86 with primer sequences indicated in Table 1. For all RT-PCR-based assays, the
specificity of the PCR for detecting cDNA was confirmed using samples lacking reverse
transcriptase (-RT). Gapdh or Actb (β actin) mRNAs were amplified in qRT-PCR
experiments as endogenous control genes.
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Strand-specific, paired-end mRNA-seq on poly(A) RNA was performed as previously
described.245,246 Libraries were sequenced on the Illumina HiSeq 2000 at the BC Genome
Sciences Centre. Reads per kilobase per million mapped reads (RPKM) was calculated and
genes up- or downregulated relative to control siRNA KD cells were determined
by applying fold-change threshold of 2 and minimum read count of 25 for genes up
(down) regulated in hnRNP K KD (control) cell lines by Dr. M. Karimi. Gene ontology
analysis was performed with DAVID bioinformatic resource version 6.7 at
http://david.abcc.ncifcrf.gov/home.jsp. RNA-seq coverage over RefSeq annotated genes and
Repbase annotated retrotransposons in control or hnRNP K KD cells was calculated Dr. M.
Karimi. Dr. Karimi also generated a list of genes upregulated >2-fold in G9a and Glp KO
mESCs, from previous RNA-seq analysis of these cells in the lab. ChIP-seq RPKM coverage
for H3K9me2 in TT2 wt and Glp-/- cells and corresponding track files were generated by
Carol Chen of the Lorincz lab. Chase software http://chase.cs.univie.ac.at/ was used to
generate H3K9me2 heatmaps over the flanking 6 kb 5’ upstream or 3’ downstream of 656
individual MERVL elements in the C56Bl/6 genome. For the H3K9me2 ChIP-seq data, only
uniquely aligned reads were used in generating RPKM values, heatmaps and UCSC browser
track files.

2.19 Statistics and data analysis
Experiments were generally repeated at least once, with most of the major experiments
performed 3 or more times to gauge the level of reproducibility. Data presented are from
representative experiments. To determine statistical significance, student’s two-tailed T-tests
were performed on n = 3 replicates, where indicated.
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3. hnRNP K is a novel co-repressor for the SETDB1/KAP1 complex in proviral
silencing

The results presented in this chapter have been published: Peter J. Thompson, Vered
Dulberg, Kyung-Mee Moon, Leonard J. Foster, Carol Chen, Mohammad M. Karimi and
Matthew C. Lorincz (2015) hnRNP K coordinates transcriptional silencing by SETDB1
in embryonic stem cells. PLoS Genetics 11(1):e100493.
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3.1 Background and Summary
As detailed in the introduction, undifferentiated PGCs and pluripotent stem cells derived
from the inner cell mass of the blastocyst, such as murine embryonic stem cells (mESCs) and
mECCs utilize a DNA methylation-independent pathway to maintain ERV silencing .205 Key
effectors in this silencing pathway are the conserved KRAB-ZFPs.208 KRAB-ZFPs are
thought to function in retroviral silencing by binding to specific proviral sequences such as
the PBS, to direct the recruitment of a large silencing complex that includes the obligate corepressor KAP1212,220 and KMT SETDB1, which deposits H3K9me3 to maintain a repressive
chromatin state89,215 (Illustration 4). Although prototypical KRAB-ZFP candidates for this
pathway have been identified, such as ZFP809 and ZFP819,220,254 and other work has shown
that SETDB1/KAP1 are recruited to specific loci by other KRAB-ZFPs outside the context
of ERV silencing, such as ZNF274, ZNF350 and ZFP5791,255,256 it remains unclear whether
PBS binding is a general property of most KRAB-ZFPs or only a select few. Consistent with
observations that PBS sequences alone are insufficient to confer SETDB1/KAP1-mediated
silencing ,90 the transcription factor YY1 was shown to be required for silencing of the newly
integrated MLV-based retroviruses in F9 embryonal carcinoma cells and mESCs,254
revealing that additional sequence-specific factors may collaborate with KRAB-ZFPs. In
addition, KAP1 is apparently recruited to IAP elements via sequences in the 5’UTR90 and in
the gag coding region.257

In mESCs but not MEFs, both class I and II ERVs and newly integrated MLV-based
retroviral vectors are marked with H3K9me3 by a SETDB1/KAP1-containing complex89 and
similarly ERVs are also marked by H3K9me3 and are silenced in a SETDB1-dependent
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manner in E13.5 PGCs.95 Conditional knockout of Setdb1 in undifferentiated mESCs or
E13.5 PGCs abolishes H3K9me3 at ERVs and leads to reduced levels of DNA methylation
and increased 5-hydroxymethylation223, concomitant with pervasive de-repression of distinct
class I and II ERV families including MLV, IAP, MMERVK10C and MusD elements.89,95,246
A similar phenotype is apparent upon deletion of Kap1 in mESCs90 and KAP1 is required for
SETDB1 recruitment, since depletion of KAP1 leads to a loss of SETDB1 binding and
H3K9me3 at ERVs and newly integrated MLV-based vectors89,90 (Illustration 4). Although
global DNA methylation at most ERVs is unperturbed in Setdb1 deletion mESCs,89 in the
absence of de novo methylation the Setdb1 KO leads to reduced 5mC and increased 5hmC at
ERVs223 suggesting that a proportion of 5mC is maintained by H3K9me3 and SETDB1 in
mESCs (Illustration 4).

The Small ubiquitin-like modifier (SUMO) paralogue SUMO1 is conjugated to KAP1 via
the autocatalytic SUMO E3 ligase activity of the plant homeodomain (PHD) zinc finger
towards the bromodomain at the major lysine acceptor sites K554, K779 and K804 to direct
SETDB1 recruitment and H3K9 methylation at heterologous promoters.258,259 SUMOylation
of KAP1 is also required for SETDB1 binding in vitro,258 however, the role of SUMOylation
in SETDB1-mediated repression of ERVs and the involvement of additional co-repressors in
ERV silencing have not been addressed (Illustration 4). For example, although HP1 proteins
participate in silencing heterologous promoters in transformed human cell lines218 and are
bound at ERVs in a SETDB1-dependent manner in mESCs,89 Maksakova et al.237 reported
that knockout of the genes encoding HP1α or HP1β in mESCs, or siRNA KD of the
paralogous members in each KO line did not reactivate MLV-based or IAP LTR-driven
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proviral reporter constructs in mESCs. In addition, siRNA KD screening of other known
H3K9me3-binding proteins indicated that they were dispensable for proviral silencing.237
This raises the intriguing possibility that H3K9me3-binding proteins are not required for
SETDB1/KAP1-mediated ERV silencing in mESCs and that the mark itself might be
sufficient to prevent transcriptional activity on proviral elements. Similarly, KD of HDAC1
and MBD1, the latter of which was shown to associate with SETDB1 in HeLa cells,260 does
not de-repress newly integrated MSCV proviruses in mESCs.89 Furthermore, mESCs
deficient for the chromatin remodeler ATRX only show modest de-repression of ERVs and
de-repression is potentiated in Setdb1 KO cells,257 suggesting it acts in a different pathway.

Although SETDB1-containing complexes have been purified from human transformed cell
lines (e.g. HeLa and HEK293T),33,34 no studies have systematically investigated the binding
partners of SETDB1 in a pluripotent stem cell type where this KMT functions in ERV
silencing. In addition, both of the previous reports of purifying the SETDB1 complex made
no attempts to address the presence of SUMOylation in stabilizing the binding of SETDB1
with KAP1 and other binding partners. To investigate the mechanisms governing the
function of the SETDB1/KAP1 complex in proviral silencing in mESCs, I initially used a
biochemical approach of isolating SETDB1 binding partners under different conditions with
the aim of identifying novel co-repressors. This led to the identification of hnRNP K as a
novel SETDB1-interacting protein in mESCs. Subsequent genetic analyses supported the role
for hnRNP K as a unique member of the SETDB1/KAP1 assembly by virtue of its influence,
chromatin protein SUMOylation, H3K9me3 deposition and SETDB1 recruitment,
independently of an effect on KAP1 binding at proviral chromatin.245
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Illustration 4. Current model for transcriptional silencing of class I and II ERVs by the
SETDB1/KAP1 complex. ERV and retroviral vector sequences are recognized by KRABZFPs and other zinc finger proteins such as YY1, some of which may bind the PBS region.
KRAB-ZFPs recruit their co-repressor KAP1, which in turn recruits SETDB1 to deposit
H3K9me3 and maintain proviral silencing. Although KAP1 is known to be SUMOylated at 3
major lysines, which enables its direct binding to SETDB1 in vitro it is unclear what role
KAP1 SUMOylation plays in SETDB1 recruitment and proviral silencing in mESCs.
Furthermore, it is unknown whether additional co-repressors are required for proviral
silencing with SETDB1/KAP1. Note: additional proteins are known to bind to ERV
sequences and/or interact with KAP1, including HP1 proteins, HDACs and the chromatin
remodeler ATRX, which are not shown above, as their role in the maintaining silencing is
either unclear or not required. DNA methylation at ERVs is promoted by H3K9me3, but is
generally dispensable for proviral silencing.

3.2 Proteomic analysis of SETDB1 complexes in mESCs
To identify novel factors involved in SETDB1-dependent ERV repression, I first
characterized endogenous SETDB1-containing complexes from mESCs by IP-MS (Figure
1). In the first approach, I utilized conditions that minimize de-SUMOylation of proteins
given the SUMO-dependent interactions between SETDB1 and KAP1.258 This approach was
necessary because the SUMO-specific proteases SENP1 and SENP7 are known to deSUMOylate KAP1261,262 and are expressed in mESCs.263 To enrich for candidate SUMOdependent binding partners of SETDB1, I performed an anionic exchange step which
efficiently depleted SENP1 followed by IP of endogenous SETDB1 with a specific Nterminal antibody264 (Figures 1A and 1B). MS analysis revealed the specific enrichment of
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KAP1 along with the previously described SETDB1 co-factor MCAF1 (also called
mAM/Atf7ip) (Figure 1C), which directly interacts with SETDB1 independent of
SUMOylation.33,258 Detection of MCAF1 and KAP1 supported the validity of this approach
to identify candidate SUMO-independent and SUMO-dependent binding partners.

In addition, among the high-confidence hits were several novel factors including: hnRNP K,
BAF155, TRIP12, Nup155, MCM5, ZFP161 and PRMT1 (Figure 1C). Among these,
BAF155, hnRNP K, ZFP161 (a BTB/POZ domain zinc finger protein) and arginine
methyltransferase PRMT1 are known to play roles in transcriptional regulation265,266 (work
on hnRNP K reviewed by Han et al.138, work on PRMT1 reviewed by Nicholson et al.267). In
contrast, MCM5 is a subunit of the eukaryotic MCM2-7 helicase complex active during Sphase,268 Nup155 is a conserved nuclear pore complex protein269 and TRIP12 an essential E3
ubiquitin ligase.270 With the exception of BAF155, which can interact with KAP1 as a
subunit of the mESC-specific BAF chromatin remodelling complex,271,272 none of these
factors had been shown to interact with SETDB1 or KAP1 or to be involved in ERV
silencing in any cell type.

To identify factors associated with SETDB1 in mESCs under conditions where
SUMOylation is not protected, I performed a SETDB1 IP directly from mESC nuclear
extract without prior SENP depletion (Figure 1D). MS analysis revealed a different set of
polypeptides associated with SETDB1 (Figure 1E). While MCAF1 was identified among the
high-confidence hits in this direct IP approach, KAP1 was not (Figure 1E), indicating that
the presence of SENPs in mESC nuclear extracts precludes the association of SETDB1 with
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its SUMO-dependent binding partners, including KAP1. In addition, there were several
unique interactors including: Nucleolin , DDX21, PAPBC1, TOP2A, RUVBL1, ILF2,
NOLC1, and hnRNP A/B (Figure 1E). With the exception of TOP2A and RUVBL1, all of
these factors are known to bind RNA and to regulate RNA processing and/or
trafficking138,273–275 (roles of Nuclelolin are reviewed by Durut and Sáez-Vásquez276) . ILF2
also can regulate transcription.277 TOP2A is a DNA topoisomerase with functions in genome
stability (reviewed by Chen et al.278) and RUVBL1 is an ATP-dependent helicase and
subunit of the NuA4 histone acetyltransferase complex and the SWR1-like complex
(reviewed by Nano and Houry279 ).

I hypothesized that among these novel interactors, the factors associated with SETDB1 in the
SENP-depleted IP but not the direct IP would be good candidates for involvement in the
SETDB1/KAP1 ERV silencing pathway, since the pathway would likely require SUMOdependent interactions between SETDB1 and KAP1. Among these, I focused on the most
enriched protein after KAP1, hnRNP K (Figure 1C), which is a broadly expressed nuclear
protein originally identified as part of the ~20 subunit heterogeneous nuclear RNA protein
complex136 that binds to DNA and RNA, regulates mRNA stability and translation and
functions as a transcriptional co-activator or co-repressor in different contexts.138 Notably,
Hnrnpk is highly expressed in the inner cell mass and in mESCs relative to earlier stages of
development in the preimplantation embryo 263 and was previously reported to directly
interact with the KRAB-ZFPs Zik1 and Kid1.139,280 HnRNP K domain structure includes
three KH domains, which bind C-rich DNA and RNA sequences,281,282 and a core protein-
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protein interaction RGG box, comprised of repeats of Arg-Gly-Gly, which mediates most of
its protein-protein interactions (Figure 1F, reviewed by Bomsztyk et al.139).
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Figure 1. Proteomic analysis of SETDB1 complexes in mESCs. (A) Left panel:
Purification scheme to enrich for SUMO-dependent SETDB1-interacting proteins. FT, flowthrough, 0.25 M and 0.5 M KCl are elution fractions. IgG is a negative control IP. Details are
given in the materials and methods section. Right panel: Silver stained gel showing the
protein content of the indicated fractions (B) Western blot analysis showing the presence of
SETDB1 and SENP1 during the purification. (C) Table of top 10 nuclear proteins in the
SETDB1 IP with enrichment values >2 relative to IgG detected by MS. Shown in red are
SETDB1 and known binding partners MCAF1 and KAP1. (D) Silver stained gel of a
SETDB1 IP directly from mESC nuclear extract without prior anionic column fractionation.
Western blot below confirms the presence of SETDB1 in the IP material. (E) Table of top 10
proteins in the SETDB1 IP with enrichment values >2 relative to IgG detected by MS. (F)
Domain structure of hnRNP K showing three DNA/RNA binding KH domains and a internal
protein-protein interaction domain, the RGG box.

3.3 hnRNP K is associated with the SETDB1/KAP1 complex in mESCs
I next performed experiments to corroborate the interactions between hnRNP K and SETDB1
and further determine whether hnRNP K also interacts with KAP1 using a combination of
co-IP, immunostaining and co-sedimentation assays. Both KAP1 and hnRNP K were
detected in 3XFLAG-tagged SETDB1 complexes immunopurified from mESCs in the
presence of the general alkylating agent and cysteine protease inhibitor NEM, which blocks
SENP activity252 (Figure 2A). Moreover, using a specific antibody raised against an internal
epitope of SETDB1,283 both KAP1 and hnRNP K co-precipitated with SETDB1 from mESC
nuclear extract only in the presence of NEM (Figure 2B). Notably, hnRNP K exists as two
different sized isoforms in human cell lines284 and mESCs and the faster migrating band is
known to be generated by alternative splicing that removes a.a. 111-134 (Uniprot accession
P61978-3). However, the full-length hnRNP K was consistent enriched in the SETDB1 IP
(Figures 2A and 2B). The association of hnRNP K and SETDB1 was also apparent by
immunostaining, which revealed that hnRNP K and SETDB1 colocalize in the nucleus and to
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a lesser extent the cytoplasm of mESCs upon a short incubation with NEM.245 Reciprocally,
SETDB1 co-precipitated with both KAP1 and hnRNP K in the presence of NEM and hnRNP
K and KAP1 also co-precipitated with each other (Figure 2C), indicating that these proteins
are present in a single complex. Notably, the IP of KAP1 was clearly more efficient in the
presence of NEM (Figure 2C), revealing that SENP inhibition may stabilize KAP1
oligomeric state, as KAP1 is known to form oligomers.285 In addition, although hnRNP K
binds to both DNA and RNA sequences,282,286 the interaction between SETDB1 and hnRNP
K was not perturbed in the presence of RNAse A and DNase I (Figure 2D) suggesting that it
is not dependent upon nucleic acid.

To characterize the complexes formed by SETDB1, KAP1 and hnRNP K in mESCs, sucrose
gradient ultracentrifugation was performed on purified KAP1 and hnRNP K proteins and
compared with sedimentation profiles of the endogenous proteins in nuclear extracts in the
presence and absence of NEM (Figures 2E and 2F). Purified GST-tagged KAP1 and hnRNP
K proteins sedimented around a relative mobility of ~4.3S (Figure 2E) which likely
represents monomeric species. In the absence of NEM, SETDB1, KAP1 and hnRNP K all
co-sedimented at a relative mobility around ~11.3S in fractions 5-9 (Figure 2F) which could
be consistent with them remaining uncomplexed or forming a small complex. In the presence
of SENP inhibitor NEM, the stability of SETDB1/KAP1/hnRNP K complexes was increased
and the three proteins co-sedimented at a higher density (larger size) at a relative mobility of
~19.4S in fractions 9-11, as compared with their profiles in the absence of NEM and the
profiles of purified GST-KAP1 and GST-hnRNP K (Figures 2E and 2F). KAP1 showed the
most dramatic change in mobility in NEM and sedimented across a broad range at high
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densities in fractions 11-19 (Figure 2F), consistent with the better efficiency of KAP1 IP in
the presence of NEM (Figure 2C). Interestingly, in both the presence and absence of NEM,
the majority of hnRNP K sedimented at a relative mobility of ~4.3S-11.3S (Figure 2E),
which is much smaller than the previously determined size of the heterogeneous nuclear
RNA-protein spliceosomal complexes at ~40S,137 suggesting that only a minority of total
hnRNP K exists in these large complexes in mESCs. Together these results support the
conclusion that hnRNP K is associated with the SETDB1/KAP1 complex under
SUMOylation-enriched (or SENP-protected) conditions in mESCs.
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Figure 2. hnRNP K interacts with the SETDB1/KAP1 complex in mESCs. (A) Silver
stain and western blot of an IP of FLAG-tagged SETDB1 from nuclear extracts of a Setdb1
CKO mESC line deleted for endogenous Setdb1 and expressing a 3XFLAG-Setdb1 transgene
(KO+FLAG-SETDB1). The uninduced Setdb1 CKO line was a negative control. IP was
performed in the presence of SENP inhibitor NEM. KAP1 and hnRNP K were detected by
western blot in the FLAG-SETDB1 IP. Asterisk marks a non-specific IP band in the silver
stained gel. (B) Co-IP assay and western blot of endogenous SETDB1 with KAP1 and
hnRNP K from mESC nuclear extract in the presence or absence of NEM, using an
independent antibody as compared with data shown in Fig 1. IgG was a negative control IP.
Note: hnRNP K is expressed as two isoforms, the shorter isoform was termed hnRNP J (~60
kDa by SDS-PAGE) and lacks an ~30 a.a. internal region.284 SETDB1 interacts with the fulllength hnRNP K. (C) Reciprocal co-IP assays of KAP1 and hnRNP K and western for
SETDB1 in the presence or absence of NEM. (D) Co-IP assay and western blot of KAP1 and
hnRNP K with SETDB1 in the presence of NEM on mESC nuclear extract with or without
DNAse I and RNAse A. (E) Sucrose gradient ultracentrifugation of recombinant GST-tagged
KAP1 and hnRNP K and western blot showing their sedimentation profiles. Sedimentation of
purified standards are shown above. (F) Sucrose gradient ultracentrifugation and western blot
as in (E) except on endogenous SETDB1, KAP1 and hnRNP K in mESC nuclear extracts in
the absence or presence of NEM.

3.4 hnRNP K directly interacts with KAP1
To determine whether hnRNP K directly binds to SETDB1, GST pulldown assays were
performed with recombinant SETDB1 or Ubc9 as a positive control protein for hnRNP
K.242,287 Although KAP1 is SUMOylated in the SETDB1 complex under standard tissue
culture conditions,258 hnRNP K was also reported to be SUMOylated but only following
DNA damage.242,287 Indeed, whereas SETDB1 complexes from mESCs contained both
SUMOylated and unmodified KAP1, I found no evidence of SUMOylated hnRNP K (Figure
3A) and thus used unmodified hnRNP K in subsequent pulldown assays. In contrast with
Ubc9, which bound to SUMO2 and hnRNP K, SETDB1 bound to SUMO2 but not hnRNP K
(Figure 3B). In addition, no interaction was detected between FLAG-tagged SETDB1 and
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T7-tagged hnRNP K upon co-expression and FLAG IP from 293T cells (Figure 3C).
Together these data indicated that hnRNP K does not directly interact with SETDB1.

To determine whether hnRNP K directly binds SUMOylated and/or unmodified KAP1, in
vitro SUMO1-conjugated GST-tagged KAP1, GST-p53 as a positive control binding partner
of hnRNP K,287 or a GST-tagged fragment of RanGAP1 as a model SUMO1 substrate were
prepared and used as baits in pulldown assays with recombinant SETDB1 or hnRNP K preys.
Using purified SUMOylation cascade components,RanGAP1 was efficiently monoSUMOylated at K526288 and KAP1 was mono-, di-, tri- and tetra-SUMOylated (Figure 3D)
at its major SUMO acceptor lysines including K554, K676, K779 and K804.258,259 p53 was
mono-SUMOylated which occurs at K386289 although this was less efficient in the absence
of a SUMO E3 ligase (Figure 3D). While SETDB1 directly bound to p53 independently of
SUMOylation, it bound to KAP1 in a SUMO1-dependent manner (Figure 3E), consistent
with previous observations.258 HnRNP K binding to p53 was enhanced by SUMOylation but
surprisingly, its binding to KAP1 was decreased upon SUMOylation (Figure 3F).

KAP1 harbours several functional domains that participate in protein-protein interactions,
including an N-terminal RING-B-box-coiled-coil (RBCC) domain, which mediates binding
to KRAB-ZFPs and other proteins,213,290,291 a proline-x-valine-x-leucine (PxVxL) motif,
which binds to HP1 proteins216 and a C-terminal PHD finger-bromodomain that binds to
Ubc9 and chromatin-modifying factors, including SETDB1 and CHD3 upon its
SUMOylation.214,215,258 While hnRNP K bound to wt full-length KAP1, it failed to bind to the
deletion fragments containing only the PxVxL motif or only the PHD finger-bromodomain
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(Figure 3G), indicating that hnRNP K binding requires the N-terminal RBCC domain. Taken
together, these observations indicate that hnRNP K and SETDB1 indirectly interact with
each other via their binding to unmodified or SUMOylated KAP1 subunits. Consistent with
this model, SETDB1 complexes in mESCs contain both unmodified and SUMOylated KAP1
(Figure 3A), despite SETDB1 exhibiting binding affinity for only SUMOylated KAP1
(Figure 3C). In addition, endogenous KAP1 also co-precipitated with hnRNP K from 293T
cell extracts (Figure 3H), indicating that this interaction is not limited to mESCs.
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Figure 3. hnRNP K directly interacts with KAP1. Western blot detection of KAP1 and
hnRNP K in a SETDB1 IP from mESC nuclear extract in the presence of 20 mM NEM to
visualize protein SUMOylation. (B) GST pulldown assays using GST-SUMO2, GST-hnRNP
K and GST alone as baits and recombinant SETDB1 or Ubc9 as prey proteins. (C) Co-IP
assay of FLAG-tagged SETDB1 and T7-tagged hnRNP K upon co-expression in 293T cells.
(D) Western blot validation of in vitro SUMOylation reactions for GST-RanGAP1 (Cterminal fragment), GST-KAP1 and GST-p53. GST antibodies were used to detect
RanGAP1 and p53 SUMOylation, while KAP1 antibodies were used to detect KAP1
SUMOylation. (E) GST pulldown (PD) assays using in vitro SUMOylated bait proteins
indicated with recombinant SETDB1 prey protein. Negative control PDs were performed by
omitting SUMO1. (F) GST PD assays, as in (E) except using 6XHis-tagged recombinant
hnRNP K prey protein. GST was also included as an additional negative control. (G) GST
PD assays with GST-tagged KAP1 wt or mutants indicated and recombinant hnRNP K prey
protein. (H) Co-IP assay of KAP1 with hnRNP K from 293T cell protein extracts. Mouse
IgG IP was a negative control.

3.5 Depletion of hnRNP K compromises mESC self-renewal
Having established that hnRNP K interacts with the SETDB1/KAP1 complex, likely via
direct binding to KAP1, I next investigated whether loss of hnRNP K compromises
SETDB1-dependent proviral silencing. During the course of this work, an Hnrnpk
homozygous genetrap mESC line (HnrnpkGt/Gt) became available based on the work of Horie
et al.241 Using a random retroviral mutagenesis approach in a mESC line deficient in the
DNA repair protein Blm, a mESC line was recovered in which a retroviral genetrap vector
integrated into intron 1 of Hnrnpk (Figure 4A). This mutation was predicted to disrupt
Hnrnpk mRNA leading to null mutations at both alleles. However, using qRT-PCR and
western blot analysis, I found that the levels of full-length hnRNP K protein and mRNA were
not affected in the mutant line as compared to wt mESCs (Figures 4B and data not shown).
The presence of the genetrap was verified by PCR (data not shown). Therefore it was
concluded that the Hnrnpk gene likely has one or more downstream TSSs, which are capable
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of compensating for loss of expression from the genetrapped alleles in mESCs. Since
Hnrnpk KO mESCs were not available for my genetic analysis, I instead utilized RNAi to
deplete hnRNP K.

Using siRNA-mediated knockdown (KD), hnRNP K was efficiently depleted at the protein
level by 24 h post-transfection (Figure 4C). Notably, KD of hnRNP K in mESCs
significantly reduced their proliferation by 72 h post-transfection (Figure 4D). However,
there was no gross effect on cell cycle distribution at this time-point and only minimal effects
on expression of the pluripotency marker SSEA1 (Figures 4E and 4F). Furthermore,
reduced proliferation was not associated with induction of apoptosis, as determined by
Annexin V staining (Figure 4F). Thus hnRNP K KD does not result in overt differentiation
or apoptosis at this time-point. These results are consistent with the recent report by Lin et
al.141 who showed that shRNA-mediated depletion of hnRNP K leads to eventual apoptosis
and loss of pluripotency in mESCs. To mitigate the impacts of cell death and differentiation
on proviral silencing phenotypes resulting from the depletion of hnRNP K, cells were
generally harvested at 72-96 h or earlier.
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Figure 4. Depletion of hnRNP K compromises mESC self-renewal. (A) Schematic of the
genetrapped Hnrnpk locus generated by Horie et al.241 zoomed in on exons 1-2 where the
retroviral vector genetrap is in intron 1. A splice acceptor (SA) cassette splices from the
annotated exon 1 precluding the production of full-length transcripts from this exon. (B)
Western blot analysis of hnRNP K in the parental wt (+/+) and Hnrnpk homozygous genetrap
mutant (m/m) mESC line. GAPDH was a loading control. (C) Western blot of hnRNP K in
TT2 mESCs transfected with control or Hnrnpk siRNAs at 24 h post-transfection. GAPDH
was a loading control. (D) Growth curve assay for the cells from (C). *p < 0.001, **p <
0.0001 two-tailed T-test. (E) Cell cycle analysis using PI staining for control and Hnrnpk
siRNA-transfected cells at 72 h post-transfection. (F) SSEA1 and Annexin V flow cytometry
analysis of mESCs transfected with control or Hnrnpk siRNAs at 72 h.

3.6 hnRNP K is required for maintenance of SETDB1-dependent proviral reporter and
ERV silencing

To determine the effect of hnRNP K depletion on proviral silencing, I used previously
established proviral GFP reporter mESC lines, including the MSCV-PBSGln GFP line
(hereafter referred to as MSCV-GFP)89 and the HA36 mESC line, which harbours a silent
IAP LTR-PBS-5’UTR region driving GFP, which is integrated at a defined genomic locus237
(hereafter referred to as IAP-GFP, Figure 5A). These mESC lines allowed for the
interrogation of the role of hnRNP K in proviral silencing at randomly integrated sites (as
with the MSCV-GFP) and at a defined locus (as for the IAP-GFP). Importantly, in both lines,
proviral silencing is dependent upon H3K9me3 deposited by the SETDB1/KAP1
complex.89,237 Furthermore, the silencing of the MSCV-GFP construct is not perturbed in the
DNMT TKO mESC line and deletion of Setdbl leads to loss of DNA methylation at the
LTR,89 indicating that its silencing is totally dependent on the SETDB1/KAP1 complex.

Transfection of siRNAs specific for Setdb1 or Hnrnpk effectively reduced expression of the
relevant mRNAs to ~10-25% of the control siRNA-transfected cells (Figure 5B). While only
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~2-3% of SSEA1+ cells were also GFP+ in the untransfected (MSCV and IAP) and siRNA
transfected controls, KD of Setdb1 de-repressed both reporters, resulting in ~37% and ~20%
SSEA1+; GFP+ cells, respectively (Figure 5C). Strikingly, KD of Hnrnpk also consistently
de-repressed both the MSCV and IAP reporters, resulting in an average of ~29% and ~20%
SSEA1+; GFP+ cells, respectively (Figure 5C).

I next determined whether KD of hnRNP K disrupts silencing of ERVs. In contrast to the
proviral reporter lines, KD of SETDB1 or hnRNP K in TT2 wt mESCs resulted in only
modest de-repression (~2-fold) of class I and II ERVs by 72 h post-transfection (Figures 5D
and 5E), with the exception of robust induction of MMERVK10C elements in SETDB1 KD
cells, despite efficient depletion of the protein. Surprisingly, class III MERVL elements,
which are repressed by KAP1 in a SETDB1-independent manner86, were strongly induced in
hnRNP K KD cells (Figure 5E).

A previous study revealed that DNA methylation, although not strictly necessary for ERV
silencing in mESCs, still plays a role in transcriptional repression of ERVs, particularly of
IAP elements in mESCs cultured in serum.246 Thus the presence of DNA methylation at
ERVs upon transient depletion of SETDB1 or hnRNP K could be sufficient to maintain their
silencing. To preclude the influence of DNA methylation, I knocked down Setdb1 or Hnrnpk
in the Dnmt TKO mESC line238 (Figure 5F), which is devoid of DNA methylation but
maintain SETDB1 binding and H3K9me3 at ERVs89 and thus solely rely on the
SETDB1/H3K9me3 pathway for silencing of these elements. The absence of DNA
methylation alone did not perturb silencing of MLV, MMERVK10C and MusD elements, but
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yielded a ~6-fold upregulation of IAP elements (Figure 5G), consistent with the finding that
IAP elements are modestly upregulated in Dnmt TKO cells.89 In contrast, KD of Setdb1
expression resulted in a substantial induction of ERVs in these cells (Figure 5G). These
ERVs were also de-repressed upon Hnrnpk KD, with IAP elements showing an increase in
expression of ~18-fold, ~3-fold greater than the control KD in the Dnmt TKO line (Figure
5G). Taken together, these results reveal that depletion of hnRNP K disrupts
SETDB1/H3K9me3-mediated silencing of ERVs in mESCs.
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Figure 5. hnRNP K is required for SETDB1-dependent silencing of proviral reporters
and ERVs. (A) Schematic of the MSCV-PBSGln-GFP reporter construct and the IAP LTRPBS-GFP reporter construct. (B) qRT-PCR validation of Setdb1 and Hnrnpk KDs at 24 h
post-transfection. (C) Flow cytometry analysis of SSEA1+;GFP+ cells upon transfection with
control, Setdb1 or Hnrnpk siRNAs at 72 h post-transfection, relative to the untransfected
parental line negative control(-). Data are mean of n = 3 biological replicates, error bars are
s.d. *p < 0.01, **p < 0.001, two-tailed T-test relative to the control siRNA lines. (D) Western
blot analysis of SETDB1, KAP1 and hnRNP K in biological replicates at 24 h posttransfection with the indicate siRNAs. GAPDH was a loading control. (E) qRT-PCR analysis
of ERV expression in the indicated KD cells, relative to the control siRNA, at 72 h posttransfection. (F) qRT-PCR validation of Setdb1 and Hnrnpk KDs in the Dnmt TKO mESC
line at 24 h post-transfection. (G) qRT-PCR analysis of ERV expression in J1 wt or Dnmt
TKO cells at 96 h post-transfection with the indicated siRNAs. All qRT-PCR data are the
mean of n = 3 technical replicates from a representative experiment, error bars are s.d.

3.7 hnRNP K represses a cohort of SETDB1-targeted male germline-specific genes
To investigate whether depletion of hnRNP K disrupts SETDB1-dependent repression of
genes, I performed mRNA-seq from two biological replicates of TT2 mESCs transfected
with control or Hnrnpk siRNA (Figure 6A). A total of 290 genes were consistently
misregulated upon hnRNP K KD, 264 genes were upregulated ≥ 2-fold in both KD lines
while only 26 were downregulated by ≥50% (Figure 6A).245 Gene ontology (GO) analysis
revealed that the upregulated genes were enriched for “apoptosis”245 indicating that although
these KD cells do not show high levels of Annexin V staining at this time-point, their
progressive proliferation block (Figure 3D) may coincide with induction of the apoptotic
pathway. Although hnRNP K regulates the expression of pro-apoptotic genes Bcl-Xs and Bik
under certain conditions,292 these genes were not upregulated in hnRNP K KD mESCs.
Nevertheless, Btg2, Anxa8, Perp, Trp73, Cdkn1a and Casp14 were among the 16 apoptosisassociated genes identified by GO analysis. In addition there was an enrichment of genes
involved in “lung and respiratory system development” including the primitive endoderm
and mesoderm lineage transcription factors Gata6, Gata3, Tbx3, Tbx20, Foxa1, Nkx2-9 and
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Nkx2-2.245 Previous ChIP-seq data indicates that these transcription factor genes harbour the
bivalent chromatin state of H3K4me3 and H3K27me39,10,93 and are subject to PRC2mediated silencing.51 The de-repression of Gata6 and Gata3, which were upregulated ~15fold and ~10-fold in hnRNP K KD cells, respectively as validated by qRT-PCR (Figure 6B),
indicates that hnRNP K KD could eventually lead to a loss of pluripotency, since the
overexpression of these transcription factors is sufficient to drive endoderm lineage
differentiation.293,294 RNA-seq analysis of ERVs in the TT2 hnRNP K KD cells generally
confirmed our qRT-PCR analysis from the same cells (Figure 5B) in that class I and II
elements were only modestly de-repressed (≤2-fold) while MERVL elements were strongly
de-repressed (≥14-fold).245

Comparison of the list of genes upregulated in hnRNP K KD mESCs to the list of
upregulated genes in Setdb1 KO mESCs246 revealed 54 genes in common.245 A cohort of 33
male germline lineage genes were previously determined to be repressed by SETDB1dependent H3K9me3 and DNA methylation.246 Notably, many of these direct SETDB1 target
genes were consistently upregulated >2-fold in hnRNP K KD cells (15 of these genes are
shown in Table 2). In addition, of the 134 SETDB1-bound genes that are upregulated in
Setdb1 KO mESCs,246 30 were consistently de-repressed in hnRNP K KD cells (Figure 6C).
Quantitative RT-PCR analysis of a subset of these genes, including the male germlinespecific genes Dazl, Fkbp6, Mael and Taf7l confirmed that they are indeed upregulated in
hnRNP K KD cells (Figure 6B). Furthermore, hnRNP K was required for H3K9me3 at these
genes, since the levels of H3K9me3 at the promoters of these genes were reduced in hnRNP
K KD cells to a similar extent as in SETDB1 KD cells (Figure 6D).
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A comparison of the genes upregulated in hnRNP K KD and Kap1 KO cells90 also revealed a
significant overlap (Figure 6E) and included other lineage-restricted genes such as Gata6,
Arg2 and Dkk1, which were recently shown to be repressed by the cooperative actions of
KAP1 and PRC1.295 There were 33 genes commonly de-repressed in Setdb1 KO, Kap1 KO
and hnRNP K KD mESCs, most of which were expressed in a lineage-dependent fashion,
including the imprinted gene Igf2 and liver-specific gene Cml2.245 The promoter of Cml2 lies
immediately downstream of an intact ETn family retroelement that is bound by SETDB1 and
marked by SETDB1-dependent H3K9me3, which spreads into the Cml2 promoter (Figure
6F) indicating that this gene is silenced by the spreading of H3K9me3 from the intact ERV.
In conclusion, these results support a role for hnRNP K in transcriptional repression of genes
regulated by SETDB1 and KAP1 as well as PRC2/PRC1, the latter via an undefined
pathway.

Table 2. RNA-seq fold-changes of a subset of SETDB1-targeted tissue-specific genes
upregulated in common in Setdb1 KO and Hnrnpk KD cells.#

# - Genes shown in yellow were analyzed by qRT-PCR and NChIP for H3K9me3, as shown in Figures 6B
and 6D, respectively.
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Figure 6. hnRNP K co-represses genes with SETDB1 and KAP1. (A) mRNA-seq from
two biological replicates of control or Hnrnpk KD cells at 72 h post-transfection, showing the
expression of n= 22,138 ENSEMBL annotated genes and those upregulated (≥2-fold) or
downregulated (≤0.5-fold) relative to the control. (B) qRT-PCR validation of a panel of
genes found to be misregulated by mRNA-seq: PRC2-repressed differentiation genes (Gata6,
Gata3, Nkx2-9), SETDB1-targeted germline genes (Dazl, Mael, Fkbp6, Taf7l) or a
downregulated gene (Egr1) in control and Hnrnpk KD cells at 72 h post-transfection. (C)
Venn diagram of the overlap between genes commonly upregulated (≥2-fold) in hnRNP K
KD cells (264) and genes bound by SETDB1 or marked by SETDB1-dependent H3K9me3
and upregulated in Setdb1 KO mESCs (134).246 p = 8.7x10-30, Fisher’s exact test from n =
22,138 ENSEMBL annotated genes. (D) NChIP for H3K9me3 in control, Setdb1 or Hnrnpk
KD TT2 cells at 72 h post-transfection using primers to amplify the promoters of the
indicated genes. The Egr1 promoter is active in mESCs and was a negative control for the
H3K9me3 mark. Data are mean enrichment relative to input chromatin from n = 3 technical
replicates, error bars are s.d. *p < 0.05, **p < 0.005 two-tailed T-test. (E) Venn diagram
overlap between genes upregulated in Kap1 KO cells(1300)90 and Hnrnpk KD cells (264). p
= 1.3 x 10-36, Fisher’s exact test, on n = 22,138 ENSEMBL annotated genes. (F) Data track
files for SETDB1 ChIP-seq,283 H3K9me3 ChIP-seq in WT and Setdb1 KO cells and RNAseq from WT and Setdb1 KO cells246 alongside RNA-seq from control and Hnrnpk KD cells
biological replicates. Data are shown over the Cml2 locus showing an upstream ETn family
retroelement marked with SETDB1-dependent H3K9me3 that spreads into the adjacent Cml2
promoter. Cml2 is upregulated in Setdb1 KO, Hnrnpk KD and Kap1 KO mESCs.
3.8 hnRNP K is bound at ERVs and its depletion leads to reduced levels of H3K9me3 at
proviral chromatin
To determine whether hnRNP K is bound at ERVs, I performed ChIP analysis with a specific
antibody.296 HnRNP K was enriched at the promoters of the SETDB1-bound, H3K9me3marked germline genes Fkbp6, Dazl, Mael and Taf7l, with the highest level of enrichment
detected at Mael (Figure 7A), indicating that these loci are direct targets of hnRNP K in
mESCs. Relative to the germline gene promoters, the 5’LTRs of class I and II ERVs showed
lower enrichment of hnRNP K, with ETn/MusD and MLV elements showing the highest and
lowest levels, respectively (Figure 7A). Importantly, the signal at ERVs and the germline
gene promoters was specific, since it was reduced upon hnRNP K KD. In contrast, there was
no enrichment of hnRNP K at the Egr1 promoter (Figure7A), which is active in mESCs and
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was shown to be bound by hnRNP K only upon serum stimulation in the HCT116 colon
cancer cell line.296,297

I next determined whether hnRNP K is required for SETDB1-dependent H3K9me3
deposition at ERVs. As shown previously,89 SETDB1 KD resulted in depletion of H3K9me3
at MLV, IAP, MMERVK10C and ETn/MusD 5’LTRs and a similar depletion of H3K9me3
was observed in hnRNP K KD cells (Figure 7B). Furthermore, as early as 24 h after hnRNP
K KD, there was a clear reduction of H3K9me3 at the MSCV 5’LTR-PBS and Gfp regions
(Figures 7C and 7D). The levels of H4K20me3, a mark deposited by SUV420H1/2 enzymes
in a SETDB1/H3K9me3-dependent manner89, were also reduced at the MSCV provirus in
hnRNP K-depleted cells (Figure 7E). Importantly, siRNA-mediated depletion of hnRNP K
or SETDB1 did not affect global H3K9me2 or H3K9me3 levels at the 72 h time-point
(Figure 7F), indicating that the effect of hnRNP K depletion on H3K9me3 at ERVs is not
the result of a general reduction of H3K9me2/3. Thus hnRNP K is required for SETDB1dependent H3K9me3 deposition at proviral chromatin.
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Figure 7. hnRNP K is required for H3K9me3 at proviral chromatin. (A) ERV schematic
showing the position of the primers used for qPCR at the 5’LTR-PBS-gag region to amplify
intact elements. (B) ChIP of hnRNP K at the indicated gene promoters and ERV 5’LTRs in
TT2 control or Hnrnpk KD cells at 24 h post-transfection. The Egr1 promoter was a negative
control locus. Data are mean enrichment normalized into input chromatin from n = 3
technical replicates error bars are s.d. (C) NChIP for H3K9me3 at the indicated ERV 5’LTRs
in control, Setdb1 or Hnrnpk KD TT2 cells at 72 h post-transfection. Data are mean
enrichment relative to input chromatin from n = 3 technical replicates, error bars are s.d. *p <
0.001, **p < 0.0001, two-tailed T-test. (D) Schematic of the MSCV-GFP reporter construct
indicating positions of the LTR-PBS and Gfp amplicons for qPCR. (E and F) NChIP for
H3K9me3 or H4K20me3 as in (C) except in unsorted (GFP+ and GFP-) MSCV-GFP reporter
mESCs at 72 h post-transfection. (G) Western blot analysis of H3K9me2 and H3K9me3 on
whole cell lysates of control, Setdb1 and Hnrnpk KD cells at 72 h post-transfection. Histone
H4 was a loading control. To the right of the blot is the quantification of H3K9me2 and
H3K9me3, relative to total H4 for each.

3.9 hnRNP K is required for SETDB1 but not KAP1 recruitment to ERVs
The reduced levels of H3K9me3 at proviral chromatin upon hnRNP K depletion could be
explained if hnRNP K promotes SETDB1 recruitment. To determine whether hnRNP K is
required for SETDB1 recruitment, I conducted ChIP analysis of SETDB1 in cells depleted of
hnRNP K (Figures 8A and 8B). A reduction of SETDB1 enrichment was apparent at all
class I and II ERV LTRs in SETDB1 KD cells, confirming the specificity of the ChIP
antibody (Figure 8B). Strikingly, KD of hnRNP K also reduced the level of SETDB1
enrichment at ERVs to an even greater extent (Figure 8B). SETDB1 enrichment was also
reduced at the MSCV 5’LTR-PBS and Gfp internal region upon depletion of hnRNP K
(Figure 8C) revealing a link between loss of H3K9me3, de-repression of the MSCV proviral
reporter and reduced SETDB1 recruitment. Importantly, neither SETDB1 nor KAP1 protein
levels were reduced in hnRNP K KD cells (Figure 8A) and SETDB1 still localizes to the
nucleus in hnRNP K-depleted cells.245
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KAP1 is the only factor known to be required for SETDB1 recruitment to proviral
chromatin,89,90 and therefore I hypothesized that hnRNP K might promote SETDB1
recruitment indirectly by KAP1. ChIP analysis showed that while KAP1-depleted cells
showed reduced levels of KAP1 enrichment at ERVs confirming antibody specificity, KD of
hnRNP K did not affect KAP1 enrichment levels (Figures 8C and 8D). In contrast, KD of
KAP1 substantially reduced hnRNP K enrichment at ERVs (Figure 8E). Taken together,
these data reveal that hnRNP K is recruited in a KAP1-dependent manner and facilitates
subsequent SETDB1 binding at proviral chromatin.
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Figure 8. hnRNP K is required for SETDB1 recruitment to proviral chromatin and is
recruited in a KAP1-dependent manner. (A) Western blot validation of Setdb1 and
Hnrnpk KDs on TT2 mESCs at 24 h post-transfection. GAPDH was a loading control. (B)
ChIP of SETDB1 in control, Setdb1 and Hnrnpk KD cells at 72 h post-transfection. (C) ChIP
of SETDB1 as in (B) except on MSCV-GFP cells transfected with control or Hnrnpk siRNAs
at 24 h post-transfection. (C) Western blot validation of Kap1 and Hnrnpk KDs on TT2 cells
at 24 h post-transfection. (D) ChIP of KAP1 in the cells from (C) except at 72 h posttransfection. (E) ChIP of hnRNP K in control and Kap1 KD cells at 72 h post-transfection.
For all ChIP-qPCR, data are mean enrichment relative to input chromatin from n = 3
technical replicates, error bars are s.d. The Ifna5 promoter was a negative control locus for
SETDB1 and KAP1, while the Egr1 promoter was a negative control for hnRNP K. *p <
0.001, **p < 0.0001 two-tailed T-test.

3.10 Depletion of hnRNP K phenocopies inhibition of SUMO conjugation, which
interferes with SETDB1 recruitment and proviral silencing
Previous studies have shown that KAP1 SUMOylation is necessary for recruitment of
SETDB1 and H3K9 methylation to promote transcriptional silencing of heterologous
promoters in transformed cell lines.258,259,298 To determine whether a functional
SUMOylation pathway is also necessary for SETDB1 recruitment to ERVs in pluripotent
stem cells, I used either anacardic acid to inhibit the SUMO E1 activating enzyme299 or
siRNAs to deplete Ubc9 (also called Ube2i) transcripts in the MSCV-GFP cell line and
assayed for de-repression of the proviral LTR by flow cytometry (Figure 9A). In accord with
the inhibitory effect of anacardic acid on the activity of SUMO E1 activating enzyme
Aos1/Uba2 and histone H3 lysine acetyltransferases such as p300,300 this compound blocked
both KAP1 SUMOylation and bulk histone H3 acetylation (Figure 9B). While, anacardic
acid treatment did not affect bulk H3K9me3 (Figure 9B), it consistently de-repressed the
proviral reporter in a dose-dependent manner, resulting in ~15% GFP+ cells at 100 μM
(Figure 9C).
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Using siRNA KD, Ubc9 mRNA was depleted to ~35% of the control (Figure 9D, inset
graph). As Ubc9 is essential for early embryogenesis,146 I monitored changes in MSCV
expression at 48 h post-transfection. KD of Ubc9 expression consistently de-repressed the
proviral reporter resulting in an average of 23% GFP+ cells (Figure 9D). Notably, ChIP
analysis revealed that SUMO1 levels at the MSCV 5’ LTR were dramatically reduced in
Ubc9-depleted cells (Figure 9E) indicating that the loss of SUMOylation on proviral
chromatin correlates with de-repression. Moreover, there was a reduction of SETDB1
enrichment at the MSCV provirus in Ubc9 KD cells (Figure 9F), confirming that
SUMOylation of chromatin proteins associated with ERVs enhances SETDB1 recruitment.
Strikingly, SUMO1 levels were greatly reduced at the 5’ LTRs of MLV, IAP, MMERVK10C
and ETn/MusD elements by 24 h post-transfection of hnRNP K siRNAs (Figure 9G).
Moreover, this effect also occurred at the MSCV provirus (Figures 9H) and coincided with
the timeframe in which SETDB1 recruitment to proviral chromatin was compromised
(Figure 8B). Although the loss of SUMOylation at ERV chromatin upon hnRNP K KD
could be a consequence rather than a cause of reduced SETDB1 recruitment, KD of
SETDB1, which was sufficient to de-repress the MSCV LTR, did not concomitantly
attenuate SUMOylation on proviral chromatin.245 Taken together these results are consistent
with the model that hnRNP K is necessary for SUMOylation of proteins such as KAP1 on
ERV chromatin, which is required for SETDB1 recruitment and in turn proviral silencing.
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Figure 9. Depletion of hnRNP K leads to loss of SUMOylation on ERV chromatin,
which is necessary for SETDB1 recruitment and proviral silencing. (A) Schematic of the
SUMO conjugation pathway showing the activities of the SUMO E1 activating heterodimer
enzyme (Aos1/Uba2 also called SAE1/2) and the SUMO conjugating enzyme Ubc9.
Anacardic acid was used to inhibit the SUMO E1 activating enzyme and siRNAs were used
to target Ubc9 mRNA. (B) Western blot analysis of KAP1 mono-SUMOylation upon
treatment of MSCV-GFP mESCs with indicated concentrations of anacardic acid (AA).
GAPDH was a loading control. AA also inhibits some H3 lysine acetyltransferases, as
indicated by the lower levels of H3 acetylation during AA treatment but total H3K9me3 was
unaffected. (C) Flow cytometry of MSCV-GFP cells untreated (-) or treated with vehicle
(DMSO) or indicated concentrations of AA. Data are mean of n = 3 biological replicates,
error bars are s.d. (D) Flow cytometry as in (C) except for untransfected (-), control or Ubc9
siRNA transfected cells at 48 h post-transfection. Inset, qRT-PCR validation of Ubc9 KD at
24 h post-transfection. (E) ChIP of SUMO1 on unsorted MSCV-GFP control and Ubc9 KD
cells at 48 h post-transfection. (F) ChIP of SETDB1 on the same cells as in (E). ND = not
detected in 40 cycles of qPCR. (G) ChIP of SUMO1 on TT2 control and Hnrnpk KD cells at
24 h post-transfection. (H) ChIP of SUMO1 on unsorted MSCV-GFP control and Hnrnpk
KD cells at 72 h post-transfection. All ChIP-qPCR data are mean enrichment relative to input
from n = 3 technical replicates, error bars are s.d. *p < 0.01, **p < 0.001 two-tailed T-test.

3.11 Depletion of hnRNP K does not affect bulk KAP1 mono-SUMOylation and hnRNP K
does not directly regulate KAP1 SUMOylation in vitro
The results thus far suggested a model in which hnRNP K regulates the SUMOylation of
ERV-bound proteins, such as KAP1. To test this idea, total KAP1 mono-SUMOylation was
assayed by western blot in hnRNP K KD cells (Figure 10A). Although depletion of Ubc9 led
to reduced SUMOylation, at both 24 and 72 h post-transfection, KAP1 mono- and diSUMOylation was not changed in hnRNP K KD cells relative to the control KD cells
(Figure 10A). To determine whether hnRNP K directly stimulates KAP1 SUMOylation
conjugation, in vitro SUMOylation assays were performed using recombinant GST-tagged
KAP1, recombinant KRAB-ZFP ZIK1, which was shown to directly interact with hnRNP
K280 (Figure 10B). However, the presence of either ZIK1 and/or hnRNP K did not
substantially stimulate KAP1 SUMOylation under efficient SUMOylation conditions (Figure
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10B). Under conditions where SUMOylation cascade components were limiting and only
mono-SUMOylation of KAP1 was achieved, only a very modest increase was detected in the
presence of hnRNP K and ZIK1, but this did not follow a dose-dependent trend (Figure
10C). Similarly, hnRNP K did not apparently stimulate mono-SUMOylation of another
direct binding partner p53 (Figure 10D). As KAP1 can be de-SUMOylated by SENP1,261 I
next tested whether hnRNP K would be refractory to SENP1-mediated de-SUMOylation. To
this end, GST-KAP1 was SUMOylated in vitro and incubated recombinant SENP1 catalytic
domain (SENP1CD) to catalyze de-SUMOylation (Figure 10E). SENP1CD de-SUMOylation
was efficient and specific as evidenced by the ability of the alkylating agent and SENP
inhibitor NEM to block its activity (Figure 10E). However, the pre-incubation of the
SUMOylated KAP1 with its binding partners including ZIK1, SETDB1 and/or hnRNP K had
no effect of de-SUMOylation by SENP1CD (Figure 10E). Although a role for hnRNP K in
regulating KAP1 SUMOylation in vivo cannot be excluded on the basis of these experiments,
they nevertheless suggest that hnRNP K may exert a subtle and localized effect in promoting
KAP1 SUMOylation when bound to chromatin and/or that hnRNP K regulates SUMOylation
of an alternative factor(s) at ERV chromatin.

93

94

Figure 10. Depletion of hnRNP K does not abolish KAP1 mono-SUMOylation and
hnRNP K does not directly regulate KAP1 SUMOylation in vitro. (A) Western blot
analysis of SUMOylated KAP1 in control, Ubc9, or hnRNP K KD TT2 cells at 24 h posttransfection and the control and hnRNP K KD at 72 h. (B) In vitro KAP1 SUMOylation
assay and western blot of KAP1 under reaction conditions with high SUMOylation cascade
components and the presence of ZIK1 and/or hnRNP K. (C) In vitro KAP1 SUMOylation
assay as in (B) except using limiting concentrations of SUMO E1 and E2, with ZIK1 and
increasing amounts of hnRNP K. Quantification shown on the right, where the proportion of
amount of SUMO1-KAP1 is normalized to the total KAP1 (SUMO1-KAP1 + unmodified
KAP1). (D) In vitro p53 SUMOylation assay with increasing amounts of hnRNP K as in (C).
(E) In vitro KAP1 de-SUMOylation assay, with the presence or absence of indicated
recombinant proteins. SENP1 catalytic domain (SENP1CD) was used to de-SUMOylate
KAP1 and was specifically inhibited with NEM. To the right is shown the quantification, as
in panel (C).

3.12 MCAF1/mAM is required for SETDB1-dependent proviral silencing
Among the other SETDB1-associated proteins in mESCs, MCAF1 was found to be the only
factor detected in both IP approaches (Figures 1C and 1E). MCAF1 forms a core
heteromeric complex with SETDB1 and promotes its catalytic activity towards H3K9me2 to
produce H3K9me3.33 I therefore interrogated the role of MCAF1 in SETDB1-mediated
proviral silencing. Interestingly, Setdb1 KD cells showed a ~4-fold upregulation of Mcaf1
expression (Figure 11A) indicating that the level of Mcaf1 expression is sensitive to the level
of SETDB1. Notably, depletion of Mcaf1 transcripts led to de-repression of the MSCV
proviral reporter (Figures 11B), revealing that this catalytic co-factor of SETDB1 also plays
a role in proviral silencing. Similarly, KD of Mcaf1 in the Dnmt TKO cells also resulted in
upregulation of class I and II ERVs beyond what was observed in the Dnmt TKO line alone
with the most dramatic upregulation observed for MMERVK10C elements (Figure 11C)
which are also highly sensitive to SETDB1 KD (Figure 5E). Furthermore, H3K9me3 was
dramatically reduced at both ERVs and the MSCV-GFP proviral reporter in Mcaf1 KD cells,
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phenocopying the Setdb1 KD (Figure 11D). However, in contrast with hnRNP K, KD of
MCAF1 did not perturb SETDB1 enrichment at ERVs or the MSCV provirus (Figure 11E).
Together these results support a role for MCAF1 in maintenance of H3K9me3 by SETDB1 at
proviral chromatin.
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Figure 11. MCAF1 is required for proviral silencing. (A) qRT-PCR validation of Setdb1
and Mcaf1 KDs in the MSCV-GFP cell line. (B) Flow cytometry of GFP+ cells from the
untransfected parent line (-) and cells transfected with control, Setdb1 or Mcaf1 siRNAs at 72
h post-transfection . Data are percentage of GFP+ cells from one replicate of 10,000 cells. (C)
qRT-PCR analysis of ERV expression in J1 wt and Dnmt TKO cells transfected with control
or Mcaf1 siRNAs at 96 h post-transfection. (D) NChIP for H3K9me3 in MSCV-GFP cells
transfected with indicated siRNAs at 72 h post-transfection. The Myc promoter was a
negative control for H3K9me3 (E) ChIP for SETDB1 in the cells from (D) at 72 h posttransfection. The Ifna5 promoter was a negative control for SETDB1. All ChIP data are mean
enrichment normalized to input chromatin from n = 3 technical replicates, error bars are s.d.

3.13 Discussion
KRAB-ZFP/KAP1 complexes220,301 are thought to play a central role in repression of ERV
transcription in pluripotent stem cells via SETDB1 recruitment.89,90 Although the roles of
KAP1 and SETDB1 in this proviral silencing pathway have been defined, the role of
SUMOylation and the presence of additional co-repressors had not been addressed. In this
work, I used biochemical approaches to identify novel candidate co-repressors for the
SETDB1/KAP1 silencing machinery. The results of further genetic analysis support the
conclusion that hnRNP K is a co-repressor required for recruitment of SETDB1 to proviral
chromatin, H3K9me3 and efficient proviral silencing. In contrast, the SETDB1 catalytic cofactor MCAF1 is required for H3K9me3 and silencing, but not SETDB1 recruitment at
proviral chromatin. HnRNP K is a highly conserved, multi-functional protein involved in
transcription regulation, mRNA splicing and translation.139 Although no null mutant has been
characterized in the mouse, studies in flies, yeast and in mammalian cell lines support the
view that hnRNP K plays important roles in development and gene regulation.302,303 Early
work using yeast-two-hybrid screens revealed that hnRNP K could directly interact with
chromatin regulatory proteins, such as the PRC2 subunit EED304 and KRAB-ZFPs Zik1 and
Kid1,139,280 suggesting that it may regulate Polycomb and/or KRAB-ZFP/KAP1 complexes.
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Moreover, recent work has converged upon a novel function for hnRNP K in binding
lncRNAs to regulate gene expression and recruitment of active or repressive histone
modifications at gene promoters in different developmental and cellular
contexts.126,140,141,305,306

My work significantly builds upon the known functions of hnRNP K by demonstrating an
indispensable role for this factor in KRAB-ZFP/KAP1/SETDB1-dependent proviral
silencing. Based on the results presented here, I propose a novel model for the
SETDB1/KAP1 proviral silencing pathway incorporating hnRNP K (Figure 12A). In wt
mESCs, KRAB-ZFPs recruit KAP1 in an oligomeric state, possibly as a homotrimer,213,285 to
proviral chromatin and unmodified KAP1 may recruit hnRNP K. HnRNP K may promote the
SUMOylation of KAP1 and/or other factors on chromatin, which then serves as a ligand for
the SETDB1/MCAF1 complex,258,307, eliciting H3K9me3 deposition at SUMOylated KAP1bound proviral LTRs (Figure 12A). In hnRNP K-deficient cells, SUMOylation on chromatin
may be compromised, leading to reduced SETDB1 recruitment at ERVs, diminution of
H3K9me3 and eventual transcriptional de-repression (Figure 12B). This model is consistent
with recent ChIP-seq analyses of SUMO1, SUMO2 and Ubc9 in human fibroblasts308, which
show co-occupancy with sites of KAP1, SETDB1 and H3K9me3 at the 3’ ends of KRABZFP genes309 indicating that these SETDB1/KAP1-bound, SUMOylated loci are sites of
active KAP1 SUMOylation on chromatin.308 Although a possible contraindication to this
model is the observation of the differing binding affinities of SETDB1 and hnRNP K for
SUMOylated KAP1 in vitro, this could be rationalized by: 1) the existence of multiple KAP1
subunits in each complex such that some are SUMOylated while others are unmodified,
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providing binding sites for both SETDB1 and hnRNP K simultaneously, and/or 2) the
observation that hnRNP K directly binds to certain KRAB-ZFPs such as ZIK1139,280 and
therefore may still indirectly interact with SUMOylated KAP1. Indeed, consistent with the
former possibility, rather than solely containing SUMOylated KAP1, SETDB1 complexes
contained predominantly unmodified KAP1 with only a minority SUMOylated KAP1 under
conditions where mono- and di-SUMOylated KAP1 was preserved in mESC nuclear extracts
(Figure 2A). This observation indicates that SETDB1 binding to KRAB-ZFP/KAP1
complexes in vivo may only require a small proportion of the total KAP1 in the complex to
be SUMOylated. Germane to this possibility is the observation that KAP1 SUMOylation is
highly dynamic and previous investigations have relied on overexpression of SUMO
paralogues to detect it.259,261,291,310 Therefore, it is also possible that hnRNP K facilitates
transient KAP1 SUMOylation events in a cell cycle-dependent manner, such as during Sphase when chromatin modifications must be re-established. How hnRNP K promotes the
SUMOylation of KAP1 or other proteins on chromatin remains to be determined, although
given that hnRNP K is a SUMO target itself and can directly interact with Ubc9,242,287 it may
facilitate recruitment of this SUMO E2 enzyme to KAP1-bound loci. Alternatively, hnRNP
K might also counteract SENP activity toward KAP1 providing an additional layer of
regulation over KAP1de-SUMOylation. Since KAP1 is constitutively phosphorylated at
Ser824 in pluripotent stem cells,271 another intriguing possibility is that hnRNP K counteracts
the activity of the SUMO-targeted ubiquitin ligase RNF4, which conjugates ubiquitin to
Lys676 SUMOylated, Ser824 phosphorylated KAP1 promoting its degradation.310
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Figure 12. Revised model for SETDB1/KAP1-mediated proviral silencing incorporating
the functions of hnRNP K and MCAF1. (A) In wt mESCs, KRAB-ZFPs and other zinc
finger proteins bind proviral sequences to recruit KAP1. KAP1 recruits hnRNP K, which
promotes or enhances the SUMOylation of KAP1 and/or other chromatin bound factors (??).
SUMOylated proteins including KAP1 provide a binding site for SETDB1/MCAF1 which
catalyzes H3K9me3 to enforce a silenced state. (B) In hnRNP K deficient mESCs,
SUMOylation of KAP1 and/or other chromatin-bound factors is reduced, leading to
reductions in SETDB1 binding and H3K9me3 levels and eventual proviral de-repression. (C)
In MCAF1 deficient mESCs, SETDB1 can still be recruited by SUMOylated KAP1 and
other factors, but its catalytic activity is insufficient to support H3K9me3, leading to proviral
de-repression.
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Similar to SETDB1 KD mESCs,246 KD of hnRNP K only resulted in modest upregulation of
class I and II ERVs in wt mESCs cultured in serum. A likely explanation for this observation
is the relatively high level of DNA methylation in mESCs cultured in serum relative to twoinhibitor (2i) media. Under the latter conditions, mESCs adopt a “naïve” hypomethylated
state, more reflective of the inner cell mass of the E3.5 blastocyst from which they are
derived.93 Consistent with this model, depletion of hnRNP K in DNA methylation-deficient
cells led to a more robust upregulation of class I and II ERVs as compared with wt cells and
previous work has shown that IAP elements are synergistically upregulated upon KD of both
SETDB1 and DNMT1 in serum-cultured mESCs.246 Thus siRNA KDs in serum-cultured
mESCs are likely not robust enough to elicit loss of DNA methylation at ERVs controlled by
SETDB1, despite losses of H3K9me3. In contrast with ERVs, for reasons that are not
entirely clear, knocking down SETDB1 in serum-cultured mESCs harbouring a newly
integrated silent MSCV provirus results in losses of both H3K9me3 and DNA methylation at
the 5’LTR concomitant with de-repression.89,237

My work has also defined a crucial role for MCAF1 in SETDB1-mediated proviral silencing,
consistent with its role in enhancing SETDB1 catalytic activity towards H3K9me2 to
generate H3K9me3.33 This is the first report of a developmental role for MCAF1 with
SETDB1 in mammals and consistent with this observation, MCAF1 was also identified in a
recent genome-wide screen of factors required for the establishment of proviral silencing.311
In contrast to hnRNP K-depleted cells, SETDB1 recruitment is maintained but H3K9me3 is
no longer efficiently deposited at proviral chromatin in MCAF1-deficient mESCs (Figure
12C). Thus although MCAF1 like SETDB1 can directly bind SUMOylated proteins,145 this
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activity is apparently not required for recruitment of the SETDB1/MCAF1 complex to ERVs.
The MCAF1 KD phenotype is consistent with the observation that the catalytic activity of
SETDB1 is crucial for full ERV repression.89,237 Notably, a previous report showed that the
MCAF1 orthologue Windei is necessary for dSETDB1/Eggless function in the Drosophila
germline,312 revealing a conserved role for this co-factor in SETDB1 function.

In addition to hnRNP K and MCAF1, several other proteins were associated with SETDB1 in
mESCs and might also play roles in proviral silencing. Key candidates would include the
factors found in the SETDB1 IP under SUMO-enriched conditions with known roles in
transcriptional regulation such as the DNA-binding transcriptional repressor ZFP161, E3
ubiquitin ligase TRIP12 and the arginine methyltransferase PRMT1. Indeed, in the case of
the latter, a recent study reported that histone H2A/H4R3 methylation by a related enzyme,
PRMT5, marks IAP in early stage PGCs and deletion of Prmt5 leads to modest (~2-fold)
reactivation of ERVs in this context.313 Future work could validate these interactions and
determine whether for instance, ZFP161 promotes SETDB1/KAP1 recruitment to ERVs and
TRIP12 ubiquitin ligase activity regulates protein turnover at ERVs to maintain their
silencing.

While this work being completed, Tchasovnikarova and colleagues314 reported the
identification three proteins TASOR, MPP8 and Periphilin, which were required to maintain
the silencing of SETDB1-targeted, H3K9me3-marked genes in human cell lines. These
factors were found via a forward genetic screen in the near haploid human cell line KBM7
and subsequently shown to form a complex that interacts with SETDB1, binds to H3K9me3-
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rich loci to maintain this mark and enforce a silent state.314 Apart from technical differences
in the IP procedure employed by this study314 and my work, the absence of these proteins in
my SETDB1 IP-MS analyses in mESCs suggests that they may only associate with SETDB1
in other cell types, such as adult somatic cell lines. While the role of TASOR and Periphilin
in SETDB1-dependent proviral silencing has not been determined, siRNA KD of MPP8,
which directly binds H3K9me3,315 was found to perturb silencing of specific proviral
elements in mESCs in one study311 but not another,237 indicating that the functions of this
complex could also be involved in this pathway.

Intriguingly, class III MERVL elements, which are marked by H3K9me2 and de-repressed in
mESCs deficient for G9a or Glp,86 were strongly induced in hnRNP K KD cells. Since these
elements are also de-repressed in Kap1 KO but not Setdb1 KO mESCs,86,90 hnRNP K may
play a role in SETDB1-independent chromatin regulatory pathways with KAP1 and
G9a/GLP. This possibility is investigated further in chapter 4.

In addition to ERVs, a cohort of SETDB1/H3K9me3-repressed male germline-specific
genes246 are bound at their promoters by hnRNP K, show reduced H3K9me3 and increased
expression upon hnRNP K KD, indicating a role for hnRNP K in SETDB1/H3K9me3mediated gene repression. Maeda et al.316 showed that the repression of a cohort of these
male germline genes in mESCs requires the TF Max, which recruits G9a/GLP and
H3K9me2. Therefore, these genes are repressed by the combined activities of G9a/GLP and
SETDB1, which could be explained by G9a/GLP producing H3K9me2 to be converted to
H3K9me3 by SETDB1. How SETDB1 and H3K9me3 may be targeted to these promoters by
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hnRNP K remains unclear but it is likely to be KAP1-independent, since these genes are not
upregulated in Kap1 KO cells.90 While this work was underway, Bao et al.306 reported that
hnRNP K forms a complex with SETDB1 mediated by lncRNA-p21 in MEFs undergoing
somatic cell reprogramming, which provides a block to reprogramming by deposition of
H3K9me3 at pluripotency gene promoters. Despite the interactions between hnRNP K and
SETDB1 in mESCs not being sensitive to RNAse A digestion (Figure 3D), this study
nevertheless raises the possibility that some proportion of the nuclear hnRNP K and SETDB1
might participate in a KAP1-indepndent complex that involves lncRNAs. Another possibility
is that hnRNP K promotes SUMOylation of proteins other than KAP1 on chromatin, leading
to SETDB1 binding and transcriptional silencing. In addition to SETDB1/H3K9me3, hnRNP
K may also promote PRC2/H3K27me3-mediated gene repression in mESCs, since a cohort
of PRC2 target genes, including Gata6 and Nkx2-9 were strongly upregulated in hnRNP K
KD cells. This is consistent with a previous report showing that hnRNP K can promote
PRC2-dependent repression via recruitment of the subunit EED to a heterologous
promoter.304 Also, hnRNP K was recently shown to function in Xist-mediated H3K27me3
and transcriptional silencing of genes on the inactive X in mouse cells,126 providing another
link between hnRNP K and PRC2 in gene repression. Further studies will be necessary to
clarify the contributions of hnRNP K to SETDB1- and PRC2-mediated transcriptional
silencing at specific genes in mESCs.
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4. Role of hnRNP K, G9a/GLP and H3K9me2 in silencing of MERVL elements in
mESCs
4.1 Background and Summary
Class III MERVL elements are among the oldest ERVs in placental mammals and are present
as ~37,000 solitary LTRs and ~600-700 full-length copies in the C57BL/6 mouse genome
~350 of which carry intact protein-coding gag, pol and dUTPase genes317 (reviewed by
Schoorlemmer et al.318) Notably, a recent burst of retrotransposition occurred in the mouse
lineage, indicative of emergence of a “new” variant of MERVL elements in this lineage.317
MERVL transcripts are among the most abundant in the 2-cell embryo319 and sequences
derived from these young ERVs have been co-opted as regulatory elements during
embryogenesis with many 2-cell stage-specific genes in the mouse driven by MERVL LTRs
as their promoters.85,319–321 Indeed, MERVL sense transcripts are necessary for progression
beyond the 2-cell stage, as antisense oligo interference leads to arrest at the 4-cell stage.322
Following the 2-cell stage, MERVL is subject to transcriptional repression, which persists in
the blastocyst and mESCs.86,323

In contrast to class I and II ERVs, which are silenced by histone H3K9 trimethylation
(H3K9me3) mediated by the SETDB1/KAP1 complex, MERVL elements are not marked
with H3K9me3 in mESCs, nor are they de-repressed upon Setdb1 deletion.86,95,246
Furthermore, although MERVL sequences are DNA methylated, the loss of DNA
methylation alone has a modest effect on MERVL expression in mESCs246,321,324 perhaps due
to their relatively low C-G density in comparison with many class I and II ERVs. Also,
MERVL elements differ from class I and II ERVs in that the former harbour lower levels of
SUMO1,245 pointing to a SUMO-independent silencing mechanism at these ERVs. Instead
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MERVL elements are generally enriched in H3K9me2 and bound by the G9a/GLP complex
in mESCs86,321 (Illustration 5). The loss of G9a, GLP or the catalytically active G9a leads to
de-repression of MERVL,86 suggesting a direct role for G9a/GLP-mediated H3K9me2 in
MERVL silencing (Illustration 5). The LSD1/CoREST complex325 is also required for
MERVL silencing via deacetylation of histones and demethylation of H3K4me1/2, since
both HDAC inhibition and loss of LSD1 or its catalytic activity perturbs MERVL
silencing.321 Notably, MERVL is also de-repressed upon the loss of KAP1, HP1α and HP1β
although their effects are likely indirect as these factors are not bound at MERVL in
mESCs.86,90 Conditional knockout of the PRC1 subunit RYBP also leads to de-repression of
MERVL elements in mESCs326 but the mechanism by which RYBP influences MERVL
silencing is unknown. Interestingly, the depletion of each of these chromatin modifiers leads
not only to MERVL upregulation, but also to the upregulation of a cohort of 2-cell stage
genes, some of which encode TFs promoted by MERVL LTRs.85,86,321,326 Therefore, an
intriguing possibility which remains to be investigated is that MERVL elements may be
activated by 2-cell stage TFs and that the transcriptional inactivity of MERVL after the 2-cell
stage is a direct result of the absence of activating TFs. Thus while MERVL repression
correlates with the presence of H3K9me2, it remains to be determined whether the
transcriptional inactivity of MERVL elements is inexorably dependent on H3K9me2.
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Illustration 5. Current model for the transcriptional silencing of MERVL elements by
G9a/GLP. MERVL elements are marked by H3K9me2 and bound by G9a/GLP, which are
required for maintaining their silencing in mESCs. It is unknown whether MERVLs can
autonomously recruit G9a/GLP via repressive TFs or whether this KMT complex marks
these elements as an indirect consequence of their genomic location. HnRNP K KD mESCs
de-repress MERVL elements as determined by RNA-seq and qRT-PCR, but the role of
hnRNP K in MERVL repression is unknown.

There are several outstanding questions concerning the mechanism of MERVL repression
that are yet to be addressed. First, previous studies have not unequivocally shown whether
MERVL sequences can independently recruit chromatin modifiers to achieve silencing or
whether silencing is a function of genomic location (Illustration 5). For instance, in contrast
to the silencing of MLV-based retroviral vectors, which require the PBSPro sequence89,220 and
specific IAP elements, which require a ~500 bp 5’UTR sequence or a ~160 bp gag
sequence,90,257 there are no known MERVL sequences that have been shown to
autonomously confer transgene repression. Notably, a ~250 bp region of the LTR is
necessary and sufficient to drive luciferase expression upon transient transfection in Kdm1a
(LSD1) KO mESCs,321 raising the prospect that sequences within the LTR that can act as
promoters may also direct silencing. Similarly, while KRAB-ZFPs and other zinc finger
transcription factors such as YY1 are known to promote the silencing of class I and II ERVs
and their retroviral vector counterparts220,254,301 the specific TFs that direct MERVL silencing
have not been defined. The pluripotency-associated TF Rex1 (also called Zfp42) was
suggested to contribute to MERVL repression in mESCs.324 Rex1 is bound at MERVL in
mESCs, however no upregulation of MERVL is observed in Rex1-/- cells and the degree of
de-repression observed upon RNAi knockdown of Rex1 is relatively modest (~2-fold)324 in
comparison with loss of G9a or GLP (~8-12-fold)86 suggesting that it plays only a minor role.
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As shown in chapter 3, in addition to the reduction in SETDB1 recruitment and H3K9me3 at
class I and II ERVs and MSCV proviral reporter constructs, hnRNP K KD cells also
dramatically de-repress MERVL elements245 suggesting that hnRNP K may also participate
in MERVL silencing. Indeed, hnRNP K is thought to regulate transcription in several
different ways including indirectly as a co-activator327 and directly by binding to singlestranded DNA sequences in the promoter regions of genes in collaboration with other
transcription factors and the preinitiation complex.328–330 HnRNP K also binds along the body
of immediate-early genes, such as EGR1 upon serum stimulation in a co-transcriptional
fashion to promote efficient termination.296,297 HnRNP K can also regulate transcription and
chromatin states via binding to lncRNAs such as lncRNA-p21, Tunar, Xist and EWSAT1 to
direct the deposition of chromatin modifications and regulate cohorts of
genes.126,140,141,305,306,331 As with G9a and Kap1, Hnrnpk expression is also anti-correlated
with MERVL in the preimplantation embryo,263,319 consistent with a potential role for hnRNP
K in repressing MERVL in vivo.

In this study, I found that MERVL elements in the genome can be generally divided into
those that occur in large H3K9me2-rich domains and those that are in regions lacking
H3K9me2. H3K9me2 can be acquired upon inhibition of transcriptionally active elements,
suggesting that it marks a subset of silent elements, rather than establishing a silent state.
Furthermore, a newly integrated MERVL LTR was incapable of autonomously recruiting
H3K9me2 and did not require H3K9me2 to be transcriptionally silent. HnRNP K formed a
novel RNA-dependent complex with G9a/GLP and is required for a proportion of global
H3K9me2 in mESCs, which impacts the repression of MERVLs enriched in H3K9me2.
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However, depletion of hnRNP K also led to upregulation of a MERVL LTR reporter that was
not marked by H3K9me2. Interestingly, hnRNP K and G9a/GLP were bound to MERVL
nuclear RNAs and a point mutation in hnRNP K that abrogates binding of its KH3 domain to
nucleic acids led to de-repression of MERVL in a G9a-dependent manner, indicating that
hnRNP K binding to RNA and/or DNA is important for MERVL repression by G9a/GLP.
Taken together, these data reveal novel insights into the mechanisms governing MERVL
silencing during development and point to an important regulatory role for 2-cell stage TFs in
driving expression of MERVL.

4.2 MERVL elements are marked by H3K9me2 as a consequence of genomic location and
transcriptional inactivity

Since we previously reported that MERVL is enriched in H3K9me2 and de-repressed in G9a
and Glp KO mESCs,86 I first investigated the relationship between MERVL and H3K9me2
enrichment genome-wide using unpublished H3K9me2 native ChIP-seq datasets from TT2
wt and Glp-/- mESCs generated in the Lorincz lab by Carol Chen. Consistent with previous
mapping of H3K9me2 by ChIP-chip in mESCs, this mark forms broad megabase-sized
domains across transcriptionally inactive regions encompassing ~30-50% of the genome.82,332

To determine whether H3K9me2 is recruited autonomously by MERVL sequences and
spreads into the flanking regions, the genome-wide H3K9me2 distribution was analyzed in
the 6 kb up or downstream of full-length MERVL elements in TT2 and Glp KO cells by Dr.
M. Karimi (Figure 13A). IAP elements, which recruit H3K9me3 in an autonomous fashion
by SETDB1/KAP1,90,237,257 frequently exhibit spreading of H3K9me3 ~1-2 kb into flanking
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regions.79,86 In contrast, there was no substantial change in the H3K9me2 distribution over
the flanks of MERVL elements in wt or Glp KO cells (Figure 13A) suggesting that
MERVLs do not exhibit a difference in the levels of H3K9me2 over the transition from the
edges of the elements into flanking regions. H3K9me2 was increased in the flanks of IAPs in
Glp KO cells (Figure 13A), which normally harbour low levels of H3K9me2 but high
H3K9me3. Since Glp KO cells globally lose H3K9me2, this effect may be due to increased
antibody binding that captures the H3K9me2 intermediate in the process of producing
H3K9me3. Importantly, there were clear examples of MERVL elements reactivated in Glp
and G9a KO mESCs that were located in broad, late-replicating H3K9me2 domains (Figure
13B) consistent with the absence of focal H3K9me2 enrichment in the flanks of MERVLs
that decreases to background levels. To examine this relationship at all MERVLs, H3K9me2
levels were sampled using unique reads over 6 kb upstream from 5’ flank of 656 individual
full-length MERVL elements (Figure 13C). This analysis confirmed that H3K9me2 was not
substantially higher towards the immediate 5’ upstream flank of MERVL elements over the 6
kb region (Figure 13C), which suggests against direct recruitment of H3K9me2 and
spreading into the flanks. More importantly, the majority of MERVLs were located in
uniquely mapped regions, as evidenced by the mappability scores in the 5’ flanking region
and these elements were located in high, intermediate and low H3K9me2 regions (Figure
13C). There was a loss of H3K9me2 in the 5’ flanking region in Glp KO cells (Figure 13C),
confirming the general requirement for G9a/GLP in generating H3K9me2 regions near
MERVL elements. Similar results were obtained when H3K9me2 was sampled over 6 kb
downstream of the 3’ end of these 656 MERVLs (data not shown).

111

Under normal serum culture conditions, a small proportion of cells in a mESC population
cycle in and out of a 2-cell-like state where they express MERVL.85 To determine whether
H3K9me2 deposition on MERVL elements occurs as a consequence of transcriptional
inactivity, Pol II initiation was inhibited by the small-molecule inhibitor triptolide (Trp),
which blocks TFIIH function.333 Consistent with previous results,59 incubation of mESCs for
3.5 h in Trp led to depletion of transcriptionally engaged Pol II and total Pol II due to
proteasomal degradation (Figure 13D). After 8.5 h Trp, ChIP for H3K9me2 revealed
increased levels at MERVL LTRs (Figure 13E) suggesting that H3K9me2 deposition can
occur as a consequence of Pol II inactivity. Taken together these data indicate that MERVLs
do not show evidence of spreading of H3K9me2 into their flanks, which is a hallmark of
autonomous recruitment of H3K9 methylation and that a subset of MERVLs are located in
genomic regions with low H3K9me2. In addition, the H3K9me2 mark may be ectopically
deposited at a subset of MERVL LTRs as a result of transcriptional inactivity.
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Figure 13. MERVL elements are marked by H3K9me2 as a consequence of genomic
location and transcriptional inactivity. (A) H3K9me2 binned ChIP-seq coverage over the
-6 kb upstream or +6 kb downstream of the flanks of MERVL or IAP elements in TT2 wt or
Glp-/- mESCs. Note: in the absence of GLP, global H3K9me2 is lost, which likely results in
an erroneously high level of H3K9me2 ChIP signal at regions where H3K9me2 is converted
to H3K9me3 (e.g. IAPs). (B) IGV screenshot with trackfiles for ChIP-seq of H3K9me2 in
TT2 wt and Glp KO, annotation for RepliChIP showing early and late replicating regions in
mESCs from ENCODE and annotations for MERVLs upregulated (≥2-fold) in G9a and/or
Glp KO mESCs. (C) Heatmap plot showing normalized H3K9me2 coverage binned over -6
kb upstream of 656 individual MERVL elements (each line represents a 6 kb region on the 5’
flank a single element) in TT2 wt and Glp-/- cells. Mappability is a measure of the uniqueness
of the genomic sequence, with dark grey representing high mappability (unique) and white
representing lower mappability (repetitive). (D) Western blot analysis of transcriptionally
engaged Pol IISer2-P and total Pol II in TT2 mESCs 3.5 h after incubation in vehicle (DMSO)
or Pol II inhibitor triptolide (Trp). HnRNP K was a nuclear loading control, GAPDH was a
cytoplasmic loading control. (E) NChIP for H3K9me2 at MERVL 5’LTR-gag regions in
vehicle or Trp-treated cells after 8.5 h. Data represent mean enrichment relative to input
chromatin from n = 3 technical replicates, error bars are s.d.

4.3 hnRNP K promotes global H3K9me2 and represses MERVLs in H3K9me2-rich
domains

RNA-seq analysis of hnRNP K KD mESCs revealed that MERVL LTRs and internal regions
(annotated as MT2_Mm and MERVL-int, respectively) are the most highly de-repressed
retrotransposon (~12-16-fold),245 suggesting a role for hnRNP K in transcriptional repression
of MERVL. To determine whether hnRNP K has an effect on MERVL silencing via its
binding at these ERVs and promoting H3K9me2, ChIP assays were conducted on KD cells
(Figure 14A). HnRNP K showed a similar level of enrichment at MERVL 5’LTRs and pol
regions as compared with IAP elements, which was decreased in the KD cells, confirming
specificity (Figure 14B). Strikingly, depletion of hnRNP K led to dramatic reduction of
H3K9me2 levels at many loci by 24 h post-transfection including at the positive control
Magea2 promoter, which is bound by G9a/GLP and enriched in H3K9me2 in mESCs,80 in
addition to MERVL LTRs and two different intergenic regions (Figure 14C). These results
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suggested that depletion of hnRNP K generally reduces H3K9me2. To quantify the changes
in total H3K9me2, western blot analysis was performed on hnRNP K KD cells in parallel
with G9a and Glp KO cells (Figure 14D). While G9a and Glp KO cells had a ~75-80%
reduction in total H3K9me2 as previously reported80 hnRNP K KD cells showed a consistent
~25% reduction in H3K9me2 at 24 h post-transfection (Figure 14E). Importantly, there were
examples of MERVLs located in H3K9me2-rich regions that were de-repressed upon KD of
hnRNP K similarly to KO of G9a or Glp (Figure 14F), indicating that the loss of hnRNP K
impacts the repression of H3K9me2-marked MERVL elements. Therefore hnRNP K helps to
maintain global H3K9me2 and contributes to repression of MERVLs in H3K9me2-rich
domains.
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Figure 14. hnRNP K contributes to global H3K9me2 and promotes repression of
H3K9me2-marked MERVL elements. (A) Western blot validation of hnRNP K siRNA KD
in TT2 mESCs at 24 h post-transfection. GAPDH was a loading control. (B) ChIP of hnRNP
K in the cells from (A). Schematic above shows the positions of amplicons for LTR-gag and
pol regions on ERVs. (C) NChIP for H3K9me2 in the cells from (A). ChIP data are mean
enrichment relative to input chromatin from n = 3 technical replicates, error bars are s.d. *p <
0.0001 two-tailed T-test. (D) Western blot analysis of H3K9me2 and total H3 on acidextracted histones from the indicated mESC lines. (E) Quantification of H3K9me2 bands
from the experiment in (D) for G9a and Glp KO cells relative to the TT2 wt control line, or
Hnrnpk KD cells relative to the control siRNA KD. H3K9me2 band intensity was normalized
to total H3 band intensity. Data for the hnRNP K KD cells is from two independent KD
experiments, error bar is s.e.m. (G) UCSC genome browser trackfiles H3K9me2 ChIP-seq
from TT2 and Glp KO cells, alongside RNA-seq from Hnrnpk KD cell replicates (see
Chapter 3) and RNA-seq from TT2, G9a and Glp KO cells (generated in the Lorincz lab).
Data for each wt/control and KD/KO pair are shown on equal scales and displayed over a
region harbouring an intact full-length MERVL element on the antisense strand. Note: the
TT2, G9a-/- and Glp-/- RNA-seq datasets are strand-specific and show the read coverage over
the antisense strand, while the strand-specific Hnrnpk KD and control KD datasets have been
collapsed into single coverage track files. All datasets were built from uniquely mapping
reads.

4.4 hnRNP K is required for repression of a MERVL LTR reporter that lacks H3K9me2
To determine how newly integrated MERVL LTRs are repressed, a clonal mESC line stably
transfected with a MERVL LTR reporter construct was derived by the Macfarlan lab, as
described previously.85,321 This mESC line, termed 2C::Gfp, harbours a ~700 bp fragment
containing a near consensus MERVL 5’LTR, PBSLeu and a portion of the gag coding
sequence cloned upstream of a GFP-T2A-Puro cDNA (Figure 15A) stably transfected into
A2lox mESCs.239 In transient transfection assays this MERVL LTR reporter is not active in
wt mESCs but is highly active in Kdm1a, Kap1 and G9a KO mESCs, which also express 2cell stage genes,85 suggesting that the cellular milieu becomes permissive for LTR activity in
the absence of these factors. However, it has not been determined whether the
transcriptionally inactive state of the integrated reporter is dependent on H3K9me2.
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To determine whether the integrated MERVL LTR construct can autonomously recruit
H3K9me2, ChIP was performed on the 2C::Gfp cell line using primers that amplify the
unique gag-Gfp or Gfp-T2A-Puro sequences of this construct (Figure 15A). To preclude the
use of MEF feeder cells in these experiments, this cell line was cultured in 2i media, which
also leads to lower basal expression of MERVL,85 probably as a consequence of a
homogeneous cell population in ‘ground-state’ pluripotency.93 Unexpectedly, ChIP analysis
demonstrated that while endogenous MERVL elements had high levels of H3K9me2
enrichment in the 2C::Gfp line, the integrated MERVL LTR reporter construct was devoid of
H3K9me2 as judged by primers spanning the unique gag-Gfp and Gfp-T2A regions (Figure
15B). This indicates that despite its transcriptional inactivity, the integrated reporter construct
is not marked by H3K9me2, nor is it integrated into an H3K9me2-rich domain.

To determine the requirement for hnRNP K in repression of such MERVL LTRs that lack
H3K9me2, hnRNP K was depleted by siRNAs alongside KAP1 as a positive control.86 Both
proteins were depleted by 24 h post-transfection, as judged by western blot and the levels of
KAP1, LSD1 or G9a were unaffected by hnRNP K KD (Figure 15C). ChIP in the control
and hnRNP K KD 2C::Gfp cells demonstrated that hnRNP K was specifically enriched at the
2C::Gfp reporter at a level similar to that observed for IAP and endogenous MERVL ERVs
(Figure 15D). Strikingly, flow cytometry analysis revealed a dramatic increase in the
average proportion of live GFP+ cells upon depletion of either KAP1 or hnRNP K (Figure
15E) and qRT-PCR confirmed increased mRNA levels from the 2C::Gfp reporter in both
KDs (Figure 15F). Taken together, these data confirm that newly integrated MERVL LTRs
can remain transcriptionally inactive even in the absence of H3K9me2 enrichment and reveal
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that hnRNP K exerts a repressive effect on MERVL LTRs independently of the presence of
H3K9me2.
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Figure 15. hnRNP K is required for repression of a newly integrated MERVL LTR
reporter lacking H3K9me2. (A) Schematic of the 2C::Gfp MERVL LTR reporter, showing
positions of the unique gag-Gfp and Gfp-T2A amplicons. (B) NChIP for H3K9me2 in the
2C::Gfp mESC line, at endogenous MERVL LTR-gag sequences and at the integrated
2C::Gfp reporter construct. The Myc promoter was a negative control locus for H3K9me2
and mouse IgG was a negative control ChIP. (C) Western blot validation of KAP1 and
hnRNP K KDs in 2C::Gfp cells, also showing levels of G9a and LSD1 in the KDs. GAPDH
was a loading control. (D) ChIP for hnRNP K in control or Hnrnpk KD 2C::Gfp cells at
endogenous IAP and MERVL 5’LTR-gag and pol regions and the 2C::Gfp construct at 24 h
post-transfection. (E) Flow cytometry analysis of GFP+ cells in the parental 2C::Gfp line
(untransfected) and cells transfected with indicated siRNAs at 72 h post-transfection. Data
are mean percentage of GFP+ cells from n = 3 biological replicates, error bars are s.d. (E)
qRT-PCR of mRNA from the 2C::Gfp construct, amplifying the gag-Gfp region in 2C::Gfp
control siRNA or Kap1 and Hnrnpk KDs at 72 h post-transfection. Data are mean foldchange relative to control siRNA from n = 3 technical replicates, error bars are s.d. *p < 0.01,
two-tailed T-test. ChIP data are the mean enrichment relative to input from n = 3 technical
replicates, error bars are s.d.

4.5 hnRNP K forms an RNA-dependent complex with G9a/GLP
The depletion of H3K9me2 upon hnRNP K KD (Figures 14C and 14D) suggested a
functional interaction between hnRNP K and G9a/GLP. To determine whether hnRNP K
physically interacts with G9a/GLP in mESCs, endogenous hnRNP K complexes were
immunoprecipitated for western blot analyses (Figure 16A). KAP1, which directly interacts
with hnRNP K in association with SETDB1245 was detected in the hnRNP K IP along with
G9a and GLP, but LSD1 was not (Figure 16A). Reciprocally, hnRNP K co-precipitated with
GLP and the interactions between hnRNP K and G9a/GLP were sensitive to phosphatase
activity, since in the absence of phosphatase inhibitor an interaction was not detected (Figure
16B). Since hnRNP K interacts with several of its binding partners in RNA-dependent
complexes141,306,334 and G9a/GLP also associates with lncRNAs,131,132 I tested whether this
interaction was sensitive to RNAse activity. While GLP co-precipitated with hnRNP K from
mESC nuclear extracts in the absence of RNAses, the presence of single-stranded RNAses A
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and T1 clearly weakened their interaction (Figure 16C), suggesting that intact RNA
stabilizes this complex. Although G9a/GLP forms core complexes with DNA-binding zinc
finger proteins Wiz and ZNF644,26,27 due to lack of antibodies that would recognize the
mouse proteins, I could not determine whether hnRNP K is also present in a complex with
Wiz and Zfp644 (the murine orthologue of ZNF644) (data not shown).

Consistent with the physical interactions between hnRNP K and G9a/GLP and the loss of
H3K9me2 upon hnRNP K depletion, G9a enrichment was significantly decreased at the
Magea2 promoter and MERVL LTRs as early as 24 h post-transfection of Hnrnpk siRNAs
(Figure 16D), indicating that hnRNP K is required for G9a/GLP recruitment to its chromatin
targets. Surprisingly, hnRNP K enrichment at a variety of targets including MERVL and
H3K9me3-marked loci IAP and Mael245,246 was significantly reduced in G9a KO cells
(Figure 16E). The same results were observed within 5 days upon acute deletion of G9a in a
conditional KO mESC line (data not shown), indicating that this is not a result of prolonged
absence of G9a or accumulated secondary changes. Furthermore, depletion of hnRNP K or
G9a/GLP had similar effects on the mESC transcriptome. Comparison of genes upregulated
>2-fold by mRNA-seq analysis of hnRNP K KD cells245 and G9a KO or Glp KO cells
(generated previously in the Lorincz Lab) revealed that a significant proportion (~49%,
130/264) of the hnRNP K-repressed genes were also upregulated upon loss of G9a and/or
GLP (Figure 16F). This included many of the previously reported 2-cell stage-specific
genes, some of which are driven by MERVL LTRs.86,245
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Figure 16. hnRNP K forms an RNA-dependent complex with G9a/GLP. (A) Co-IP assay
and western blot for hnRNP K with G9a, GLP, KAP1 and LSD1 in TT2 mESC nuclear
extracts. IP of hnRNP K complexes was performed where nuclear extract was prepared with
phosphatase inhibitor (+PPi). In all IP experiments, IgG is a mouse IgG negative control IP.
(B) Co-IP assay and western blot for GLP, G9a and hnRNP K. IP was performed for hnRNP
K and GLP complexes from TT2 mESC nuclear extracts prepared with or without PPi,
respectively. (C) Co-IP assay and western blot for hnRNP K with GLP where TT2 mESC
nuclear extract was prepared in the absence or presence of single-stranded RNAses A and
T1 (-/+RNAse). (D) ChIP for G9a in TT2 cells transfected with control or Hnrnpk siRNAs at
24 h post-transfection. (E) ChIP for hnRNP K in TT2 wt or G9a KO mESCs. For both ChIPqPCRs, data are mean enrichment relative to input chromatin from n = 3 technical replicates,
error bars are s.d. *p < 0.0001 two-tailed T-test. (F) Venn diagram of the overlap between
genes upregulated in Hnrnpk KD (264), G9a KO (880) and Glp KO (1026). p = 9.9 x 10=68,
Fisher’s exact test using n = 22,138 ENSEMBL annotated genes.

To rule out effects on hnRNP K protein levels and localization in G9a KO cells,
immunofluorescence staining and western blot analyses were performed. Notably, the loss of
G9a did not substantially alter hnRNP K protein levels (Figure 17A) and similarly,
immunostaining confirmed that hnRNP K remains exclusively localized to the nucleus in
G9a-deficient cells (Figure 17B). Since hnRNP K is required for SETDB1 recruitment to
class I and II ERVs,245 I determined whether SETDB1 binding at ERVs was altered upon
deletion of G9a. Strikingly, SETDB1 enrichment was dramatically increased in G9a-/- cells
compared with TT2 wt at IAP and ETn/MusD 5’LTRs, but not at the germline gene Mael
(Figure 17C) indicating that SETDB1 binding at these ERVs is antagonized by G9a. Taken
together these data demonstrate a complex regulatory relationship between hnRNP K and the
G9a/GLP complex in mESCs.
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Figure 17. G9a KO cells do not show changes in hnRNP K localization or protein levels,
but have increased SETDB1 binding at ERVs. (A) Immunofluorescence staining to detect
hnRNP K in TT2 and G9a KO cells. Hoescht was used to counterstain nuclei. Scale bar is 30
μm. (B) Western blot analysis of hnRNP K in TT2 and G9a-/- cells. GLP was a loading
control. (C) ChIP for SETDB1 in TT2 and G9a-/- mESCs. The Ifna5 promoter was a negative
control. Data are mean enrichment relative to input from n = 3 replicates, error bars are s.d.
*p < 0.0001, two-tailed T-test.

4.6 hnRNP K and G9a/GLP are associated with nuclear MERVL transcripts in mESCs
In order to identify hnRNP K-G9a/GLP-associated RNAs, I took a candidate approach. I
hypothesized that hnRNP K-G9a/GLP complexes may bind to MERVL-derived RNAs,
which may be involved in targeting genomic regions harbouring MERVL sequences.

To determine whether MERVL transcripts are present in the nucleus in wt mESCs, RT-PCR
assays were performed on total, nuclear and cytoplasmic RNA. Efficient cell fractionation
was confirmed in that 45S pre-rRNA was detected in only in the nuclear fraction while 28S
rRNA was detected in both nuclear and cytoplasmic fractions (Figure 18A). Interestingly,
MERVL LTR-gag-spanning transcripts were detected in both the nuclear and cytoplasmic
compartments (Figure 18A). The presence of cytoplasmic MERVL mRNA is consistent with
the previous finding that a small proportion of mESCs and cells of the inner cell mass in the
blastocyst cycle into a 2-cell-like state and express MERVL Gag protein.85 Using random 15mers, oligo d(T), sense or antisense LTR-gag primers to prime cDNA synthesis from nuclear
RNA, MERVL transcripts were detected with each RT primer (Figure 16B) indicating that
nuclear MERVL transcripts occur in both the sense and antisense orientations and are
polyadenylated, consistent with previous RT-PCR assays on preimplantation embryos.319,335
Next, to test whether hnRNP K interacts with these nuclear MERVL-derived RNAs, native
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RNA immunoprecipitation (RIP) was performed. HnRNP K complexes were
immunoprecipitated from mESC nuclear extracts under native RNAse-protected conditions
(Figure 18C) and co-precipitated RNAs were analyzed by qRT-PCR. Egr1 transcripts,
which are bound by hnRNP K in HCT116 cells upon serum stimulation296,297 and are
downregulated upon hnRNP K KD in mESCs245 were enriched in the anti-hnRNP K RIP as
expected, but Gapdh transcripts were ~8-fold less enriched (Figure 18C) confirming the
specificity of the anti-hnRNP K RIP. Strikingly, MERVL LTR-gag RNA was enriched in the
anti-hnRNP K RIP to a similar extent as Egr1 mRNA. In contrast, the mouse IgG RIP failed
to enrich any of the RNAs tested (Figure 18C), further confirming anti-hnRNP K RIP
specificity. Strand-specific RT-PCR demonstrated the presence of both sense and antisense
MERVL transcripts in the RIP with hnRNP K antibodies, but not with mouse IgG (Figure
18D). Furthermore, RIP with GLP antibodies under native conditions also revealed the
enrichment of nuclear MERVL LTR-gag transcripts relative to the IgG RIP (Figure 18E)
indicating binding of MERVL RNA by G9a/GLP.
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Figure 18. hnRNP K and G9a/GLP associate with nuclear MERVL transcripts. (A) RTPCR assay on total, nuclear or cytoplasmic RNA for the indicated transcripts. 45S pre-rRNA
is the unspliced precursor transcript while 28S rRNA is amplified from both the mature
species in the cytoplasm and the precursor in the nucleolus. For all RT-PCR assays, RT
indicated presence or absence of reverse transcriptase (+ or - respectively), while PCR temp
indicated presence or absence of template cDNA. (B) Strand-specific RT-PCR assay from
nuclear RNA, using random 15-mers, oligo dT (18Ts), or MERVL LTR-gag antisense (AS)
or gag sense (S) primers to prime reverse transcription. (C) hnRNP K RIP assay, where
hnRNP K antibodies or mouse IgG was used for the IPs. Upper panel: western blot validation
of hnRNP K IP. Lower panel: qPCR of indicated RNA species in the mouse IgG or hnRNP K
RIPs. For all RIPs, data are mean enrichment relative to input RNA from n = 3 technical
replicates, error bars are s.d. *p < 0.001, **p < 0.0001 two-tailed T-test, relative to the
Gapdh negative control in the hnRNP K RIP. (D) Strand-specific RT-PCR on mouse IgG or
hnRNP K RIPs, using primers to amplify sense or antisense MERVL LTR-gag-spanning
transcripts. (F) GLP RIP assay, where GLP antibodies or mouse IgG were used for the RIPs.
Left panel: western blot validation of the IP. Right panel: qRT-PCR of MERVL LTR-gag
transcripts in the IPs. Data are mean enrichment relative to input RNA from n = 3 technical
replicates, error bars are s.d. Mouse IgG was a negative control for RIP. (G) Upper panel:
Schematic of the nuclear RNA pulldown assay with recombinant hnRNP K proteins. wt or a
C-terminal deletion mutant (hnRNP K ΔC) lacking the third KH domain were used as baits in
a pulldown of purified nuclear RNAs. Lower panel: qPCR of MERVL LTR-gag RNA
associated with the hnRNP KΔC mutant relative to the wt. Data are mean enrichment from
input RNA of n = 3 technical replicates, and normalized to the wt hnRNP K pulldown. Error
bars are s.d. *p < 0.01, two-tailed T-test.

The KH3 domain of hnRNP K is a well-characterized nucleic acid recognition module that
binds with high affinity to C-rich RNA and DNA sequences336,337 and contributes to the
functions of hnRNP K in developmental regulation of mRNA translation244,338 and class
switch recombination.334 To determine whether hnRNP K directly binds MERVL transcripts
in a KH3 domain-dependent manner, an in vitro nuclear RNA pulldown assay was performed
using recombinant 6X-His-tagged wt hnRNP K or a C-terminal deletion mutant that lacks the
KH3 domain (hnRNPK Δ-C, Figure 18F). This assay showed that the hnRNPK Δ-C mutant
was dramatically impaired in binding MERVL LTR-gag transcripts as compared with wt
(Figure 18F). However, EMSA confirmed that the hnRNP K Δ-C mutant binds to the DNA
analogue of the LOX 3’UTR differentiation control element (DICE)244 even more efficiently
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than wt hnRNP K (Figure 19), indicating that this mutant is not generally deficient in nucleic
acid binding, consistent with previous results.281 Taken together these data demonstrate direct
binding of hnRNP K to nuclear sense and antisense MERVL-derived RNAs in a KH3
domain dependent manner in vitro and in mESCs and further reveal association of the
G9a/GLP complex with nuclear MERVL transcripts in mESCs.

Figure 19. Comparison of the nucleic acid binding activities of wt and Δ-C mutant
hnRNP K proteins. EMSA was performed using the wt or Δ-C mutant hnRNP K, as in
Figure 18F, using the DNA analogue of the DICE element (shown above). Underlined
regions indicate C-rich regions bound by hnRNP K.
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4.7 G400R point mutation of the nucleic acid binding KH3 domain of hnRNP K perturbs
MERVL silencing
To determine whether DNA/RNA binding by the KH3 domain of hnRNP K is necessary for
maintaining repression of MERVL in mESCs, a dominant-negative approach was employed,
since hnRNP K can forms homodimers when bound to nucleic acids.337,339 To this end, I
overexpressed the previously characterized KH3 domain point mutants G400R and Y458D,
which are significantly impaired in their ability to bind nucleic acids in vitro338,340 (Figure
20A). For comparison, I also generated a deletion mutant lacking the RGG box/KI domain
(Δ-RGG a.a. 240-338, Figure 20A), which is required for hnRNP K homodimeric
interactions and protein-protein interactions339 but leaves its KH3 domain intact.

Although stable transfection was preferred to transient transfection with these constructs,
after several attempts I found that stable overexpression of wt hnRNP K was not tolerated by
mESCs, as the ectopic hnRNP K could not be detected by western blot in several
independent antibiotic-resistant clones that were recovered (data not shown). Therefore, the
N-terminal T7-tagged wt and mutant hnRNP K constructs were transiently transfected into
TT2 wt mESCs and the exogenous and endogenous total hnRNP K were monitored by
western blot (Figure 20B). Notably, while wt hnRNP K and the G400R mutant were stable,
the Y458D mutant was not detected (Figure 20B) suggesting that this mutation, which
mimics constitutive phosphorylation by the c-Src kinase,338 is unstable under steady-state
conditions in mESCs. Similarly, the Δ-RGG mutant was also consistently expressed at a
lower level compared with the wt and G400R mutant (Figure 20B). Due to these differences
in expression, further analyses were focused on the wt and G400R mutant. In independent
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experiments, expression of the wt and G400R mutant hnRNP K proteins were equivalent
(Figure 20C).

ERV transcripts were quantified in the transfected cells by qRT-PCR (Figure 20D). While
overexpression of the wt hnRNP K had no effect on MERVL expression, the G400R mutant
induced de-repression of MERVL by ~3-fold (Figure 20D). In contrast, IAP elements were
not similarly de-repressed in the hnRNP K G400R mutant-expressing cells (Figure 20D)
indicating that IAP silencing is not sensitive to this mutation. To confirm that the G400R
point mutant specifically interferes with endogenous hnRNP K in G9a/GLP-dependent
MERVL silencing, the wt hnRNP K or G400R mutant were overexpressed in G9a KO cells
(Figure 20E), where endogenous hnRNP K is no longer bound at MERVL (Figure 16E) and
MERVL elements are already de-repressed. Consistent with previous results,86 MERVL
expression was upregulated ~5-fold in the mock-transfected G9a KO cells relative to TT2 wt
(Figure 20F). However, the wt and G400R mutant hnRNP K proteins failed to significantly
enhance or suppress the MERVL de-repression phenotype in G9a KO cells (Figure 20F),
indicating that the MERVLs de-repressed upon loss of G9a cannot be further influenced by
overexpression of wt hnRNP K or the G400R mutant. Taken together these results
demonstrate that hnRNP K contributes to G9a/GLP-dependent repression of MERVL in a
manner dependent on nucleic acid binding activity by the KH3 domain.
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Figure 20. G400R point mutation of the nucleic acid binding KH3 domain of hnRNP K
perturbs G9a-dependent MERVL silencing. (A) Schematic of hnRNP K mutagenesis. (B)
Western blot analysis of T7-tagged hnRNP K wt or indicated mutants transiently transfected
into TT2 mESCs at 24 h post-transfection. Endogenous/total hnRNP K and G9a were also
detected, GAPDH was a loading control. Asterisk indicates a non-specific band detected in
the untransfected line. (C) Quantification of T7-hnRNP K protein levels upon transient
transfection into TT2 cells. Data are mean signal for the T7-hnRNP K band, normalized to
GAPDH from two independent experiments, error bars are s.e.m. (D) qRT-PCR analysis of
IAP or MERVL LTR-gag amplicons in untransfected TT2 cells (Mock) or cells transfected
with the wt or G400R mutant at 72 h post-transfection. Data are mean fold-changes relative
to the untransfected line from n = 3 technical replicates, error bars are s.d. *p < 0.001 twotailed T-test. (E) Western blot analysis of T7-hnRNP K expression upon transient
transfection into G9a-/- mESCs. Endogenous/total hnRNP K was also detected and GAPDH
was a loading control. (F) qRT-PCR analysis of MERVL and IAP LTR-gag regions as in (D)
except on TT2 or G9a-/- cells transfected with the wt or G400R hnRNP K constructs.

4.8 Discussion
While MERVL LTRs have been co-opted for regulation of a cohort of 2-cell stage
genes,85,86,319,321 these ERVs are repressed prior to the first major differentiation in the
embryo from totipotency to pluripotency at the late morula stage.323 Curiously, the repressive
mechanisms acting on MERVL in mESCs are very different than those at young class I and
II ERVs. This is evidenced by the observations that ~0.5-1% of mESCs in a population
naturally cycle in and out of a 2-cell-like state where MERVL is expressed85 and that
MERVL repression is sensitive to depletion of several different chromatin
modifiers86,321,324,326 but not to the loss of DNA methylation.246,321 In addition, unlike young
class I and II ERVs, MERVL silencing may require removal of histone modifications
associated with transcriptional activation.321 The evolutionary basis for the distinct epigenetic
mechanisms acting on MERVL ERVs are unclear, but given their co-opted regulatory role at
the 2-cell stage, KRAB-ZFP recognition and associated robust SETDB1/H3K9me3dependent silencing may not provide a selective advantage.86
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It remained unclear whether intact MERVL sequences can autonomously recruit H3K9me2
and more importantly, whether the H3K9me2 mark is always necessary for MERVL
repression in mESCs. This study provides the first evidence that MERVLs are
transcriptionally inactive whether or not they are marked by H3K9me2 and that these
elements do not show evidence of autonomously recruiting this mark, but rather their
H3K9me2 enrichment is likely to be a general consequence of their integration in H3K9me2rich genomic domains. Furthermore, since H3K9me2 can be acquired on MERVL sequences
upon Pol II inhibition, similar to what has been shown for ectopic targeting of PRC2 and
H3K27me3 upon treatment of mESCs with Pol II inhibitors,59 it is probable that some
MERVLs are marked by H3K9me2 as a consequence of their transcriptionally inactivity.
These findings together support a model in which MERVL repression during embryogenesis
may be defined by the absence of transcriptional activators, such as 2-cell stage TFs and the
low levels or absence of such activators accounts for their transcriptional inactivity (Figure
21A). Transcriptional inactivity may or may not result in the acquisition of H3K9me2
depending on genomic context (Figure 21A). Once marked, H3K9me2 forms a repressive
barrier that must be removed for such elements to be re-expressed, explaining the
requirement of G9a/GLP in MERVL silencing for those elements marked by H3K9me2
(Figure 21A). However, in the case of MERVLs that are not located in H3K9me2-rich
domains, these elements may be induced as a consequence of de-repression of 2-cell stage
TFs that directly promote MERVL LTR transcriptional activity (Figure 21A). In support of
this idea, a similar cohort of 2-cell stage genes are induced upon loss of KAP1, HP1α ,HP1β,
LSD1, RYBP, G9a/GLP and hnRNP K and includes TFs from the Zscan4 gene family
among others, which are not driven by MERVL LTRs.85,86,245,321,326 Indeed, it was recently
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shown that Zscan4 expression is transient in mESC populations and Zscan4-expressing cells
(~1-5% of cells in culture) exhibit transcriptional activation of normally inactive 2-cell stage
genes concomitant with globally increased histone acetylation.341 Therefore, this model
predicts that the MERVLs that are expressed in a cyclical fashion in a small percentage of
mESCs in the population and are not marked by H3K9me2 might be driven by MERVL
activator TFs (Figure 21A), which could include Zscan4 proteins. Future studies should test
this hypothesis by determining whether ectopic expression of Zscan4 induces MERVL
expression in mESCs and the expression of such TFs during the cell cycle and in serum
versus 2i conditions could then be investigated to provide a correlation with cyclical
expression of MERVL.
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Figure 21. Revised model for the mechanisms governing MERVL silencing in mESCs.
(A) Role of 2-cell stage TF activators of MERVL in the periodic expression of MERVL
elements. In wt mESCs, MERVL elements can be classified as those in large H3K9me2-rich
domains and those in regions with low H3K9me2, both of which are normally
transcriptionally inactive in most cells. Low levels of 2-cell stage TFs (e.g. Zscan4 proteins)
precludes expression from MERVL LTRs in low H3K9me2 regions, but the levels of these
TFs could increase in a small percentage of mESCs in the population, permitting expression
from this subset of MERVLs. In contrast, MERVL LTRs located in H3K9me2-rich regions
are protected from activation by these 2-cell stage TFs. The means by which these states may
cycle back and forth is unknown. (B) Role of hnRNP K and G9a/GLP in MERVL repression.
In wt mESCs, hnRNP K forms an RNA-dependent complex with G9a/GLP and promotes
maintenance of H3K9me2-rich domains over MERVL elements. G9a/GLP is ultimately
required for repression of MERVLs located in broad H3K9me2-rich domains. HnRNP K also
maintains transcriptional inactivity at MERVL LTRs that lack H3K9me2, possibly by
binding to their LTR sequences. In hnRNP K KD cells, there is a reduction of H3K9me2 due
to reduced G9a/GLP targeting to chromatin, concomitant with a shift towards expression of
MERVL TF activators, leading to high level MERVL expression. Overexpression of the
G400R hnRNP K mutant that abrogates nucleic acid binding activity induces a dominantnegative effect and leads to de-repression of MERVLs that are repressed by H3K9me2-rich
domains and G9a/GLP, and possibly also those in low H3K9me2 regions.

G9a/GLP form a core complex with Wiz in mESCs27 and Wiz and ZNF644 in 293T cells.26
Here I demonstrated the presence of a novel complex between hnRNP K and G9a/GLP in
mESCs and found that hnRNP K was required for a proportion of total H3K9me2 and G9a
recruitment to its targets, suggesting that it plays a general role in the recruitment and
function of G9a/GLP. Unlike the interactions between hnRNP K and SETDB1/KAP1,245 the
interactions between hnRNP K and G9a/GLP were sensitive to RNAse digestion pointing to
a role for intact RNA in assembly of this complex. Consistent with this, nuclear MERVLderived sense and antisense RNAs are associated with both hnRNP K and G9a/GLP,
suggesting a possible role for RNA in chromatin recruitment of this complex. The reason as
to why hnRNP K is required for G9a/GLP recruitment to some of its chromatin targets is
unclear, but it may serve as an adaptor protein to link these KMTs with RNA at particular
genomic loci. It is also probable that hnRNP K and G9a/GLP associate with many other
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nuclear RNAs that contribute to G9a/GLP chromatin recruitment and global H3K9me2.
These could be identified by next-generation sequencing of hnRNP K and G9a/GLP-bound
RNAs (RIP-seq). It remains to be determined whether Wiz and/or Zfp644 are in any way
associated with hnRNP K in this RNA-dependent G9a/GLP complex.

Unexpectedly, G9a was required for hnRNP K binding to all target loci tested, including
those marked by H3K9me3/SETDB1, pointing to an integral role for this KMT in hnRNP K
binding to chromatin in mESCs. Although hnRNP K is required for SETDB1 recruitment to
ERVs in wt mESCs245 in G9a-/- mESCs where hnRNP K enrichment at ERVs is dramatically
reduced, for reasons that are unclear, SETDB1 binding at ERVs is increased. This may
indicate a possible antagonism between G9a and SETDB1 binding at ERV chromatin.
Indeed, G9a is also bound at IAP elements86 and is required for maintaining their DNA
methylation, however loss of G9a does not affect H3K9me3 or IAP silencing84 consistent
with the results reported here. In addition, deletion of Setdb1 in mESCs leads to increased
levels of H3K9me2 concomitant with loss of H3K9me3 on proviral chromatin,89 consistent
with a scenario in which G9a binding to ERVs may increase in Setdb1 null mESCs. Based on
these observations it is tempting to speculate that in G9a null cells where SETDB1 binding at
ERVs is apparently enhanced, the requirement of hnRNP K in recruiting SETDB1 to ERVs
may cease. A key test for this hypothesis would be to determine whether deletion of G9a
suppresses the effect of hnRNP K depletion on SETDB1 recruitment and H3K9me3 at ERVs.
If hnRNP K promotes SETDB1 recruitment to ERVs via influence on chromatin-bound
protein SUMOylation (as predicted in the model from Chapter 3), then this would also
implicate G9a in this pathway.
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The molecular basis for the loss of hnRNP K enrichment on its chromatin targets in G9a null
cells is unclear, however a recent proteomic study demonstrated that hnRNP K is
monomethylated at K139 in 293T cells.342 Therefore, hnRNP K could be methylated by
G9a, which in turn may regulate its chromatin occupancy or binding stability, either directly
or indirectly via crosstalk with other post-translational modifications and methyl-lysine
binding proteins. Further experiments to determine whether K139 is indeed methylated by
G9a/GLP and whether mutation of K139 affects hnRNP K chromatin binding in cells are
clearly warranted.

Surprisingly, despite their physical interactions, the depletion of hnRNP K led to derepression of MERVL elements enriched and devoid of H3K9me2, suggesting that hnRNP K
can influence MERVL repression in the presence or absence of G9a/GLP activity. Similarly,
the loss of G9a or GLP is likely to influence expression of MERVLs located in H3K9me2rich domains and possibly those outside such domains, the latter indirectly due to the
induction of 2-cell stage-specific TFs85,86 such as Zscan4. Taken together these data are
consistent with a model in which hnRNP K and different RNA species might recruit the
G9a/GLP complex to its chromatin targets, including transcriptionally inactive domains
harbouring MERVL elements to deposit H3K9me2 (Figure 21B). Indeed, sense and/or
antisense MERVL transcripts could promote the broad spreading of hnRNP K and G9a/GLP
in cis or trans, based on complementarity to other elements, to replenish H3K9me2 during
DNA replication, which maintains a repressive barrier to transcription (Figure 21B). Upon
hnRNP K depletion, some aspect of G9a/GLP recruitment to chromatin is compromised
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leading to reduction of H3K9me2 and eventual transcriptional de-repression of genes and
MERVL LTRs located in these H3K9me2-rich domains (Figure 21B). Notably,
overexpression of wt hnRNP K in wt or G9a-/- mESCs failed to either enhance MERVL
repression or suppress the G9a null phenotype suggesting that hnRNP K is necessary but not
sufficient to promote MERVL silencing and acts upstream of G9a/GLP. The role of hnRNP
K in promoting MERVL repression is likely dependent on its binding to RNAs (Figure 21B)
since hnRNP K can directly bind nuclear MERVL RNA in a KH3 domain dependent manner
and overexpression of a KH3 domain DNA/RNA-binding mutant hnRNP K perturbed
MERVL repression. However, since hnRNP K binds to single-stranded C-rich DNA in
addition to RNA, the possibility that hnRNP K also binds to MERVL and other DNA
sequences to direct G9a/GLP recruitment cannot be excluded. Indeed the G400R point
mutation abolishes both RNA and DNA binding activity by the KH3 domain of hnRNP
K336,337,340 and therefore, MERVLs that harbour or lack H3K9me2 enrichment may be derepressed upon overexpression of this mutant, due to loss of hnRNP K binding to DNA
(Figure 21B). In parallel or upstream of this complex, the LSD1/CoREST complex may
counteract active chromatin modifications at MERVL including H3K4 methylation and
histone acetylation,321 which may facilitate subsequent G9a/GLP activity by providing an H3
tail epitope towards which it is highly active.18

While this work was in progress, Ishiuchi and colleagues343 showed that the S-phase histone
H3/H4 chaperone complex CAF-1 is required for MERVL silencing. This study
demonstrated that MERVLs, along with a large proportion of 2-cell stage-specific genes, but
not IAP or L1 are dramatically induced upon loss of CAF-1 nucleosome assembly activity in
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mESCs, increasing the number of mESCs showing characteristics of a totipotent 2-cell-like
state. These data point to an important role for chromatin assembly in suppressing
transcription from MERVL LTRs. Notably, this study also reported that 2-cell-stage genes
that are induced upon loss of CAF-1 are generally located within relatively close proximity to
MERVL LTRs and there was also substantial transcriptional read-through from LTRs into
such genes,343 revealing that activation of MERVL LTRs can be directly linked to expression
of 2-cell stage genes. Given the broad role for CAF-1 in H3/H4 deposition into nucleosomes
during S-phase and the extremely high upregulation of MERVL detected in this study (~200fold by qRT-PCR and RNA-seq) it is likely that depletion of CAF-1 affects MERVLs located
in H3K9me2-rich domains as well as those outside such regions, as observed in this study.
Since nucleosome deposition is necessary for G9a/GLP to deposit H3K9me2, it is probable
that hnRNP K and G9a/GLP function downstream of CAF-1 and provide a further repressive
barrier to MERVL expression and prevent reacquisition of 2-cell stage transcriptome
characteristics in pluripotent mESCs. Therefore, a major unifying theme for the diversity of
factors that are required to maintain MERVL silencing may be that these factors exert a
globally repressive effect on chromatin, similar to CAF-1-mediated nucleosome assembly,
which is necessary for preventing full scale dedifferentiation into a 2-cell-like state, perhaps
as a consequence of activation of specific MERVL LTRs, which are “poised” for induction
in mESCs.
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5. Concluding Remarks and Future Directions
5.1 KMT-dependent silencing of ERVs involves the co-repressive activities of hnRNP K
The transcriptional silencing of retrotransposons during mammalian development provides a
biologically relevant model system to characterize the functions of the H3K9 family of
KMTs with the goal of increasing our understanding of their roles in human disease. In the
present work, by investigating the regulatory mechanisms governing ERV repression by
SETDB1/KAP1 and G9a/GLP in mESCs, I identified and characterized hnRNP K as a novel
co-repressive factor for both of these KMT complexes and uncovered important mechanistic
themes in the function of these KMTs in transcriptional silencing.

The mechanisms by which different ERVs are silenced by H3K9-specific KMTs in mESCs
are very different. While this conclusion was generally evident from previous findings, my
work now extends and builds upon these data and provides new insights into the molecular
basis of this difference. The deposition of H3K9me3 by SETDB1 at class I and II ERVs
follows an apparently hierarchical mechanism. This was initially supported by the
observation that SETDB1 recruitment at ERVs requires KAP1,89,90 which in turn requires
KRAB-ZFPs and other zinc finger proteins.220,254,301 However, my work shows that
H3K9me3 at ERVs ultimately requires not only KRAB-ZFP/KAP1 binding, but also
SUMOylation of chromatin-bound proteins (including KAP1), making the regulation of
chromatin SUMOylation a critical feature of this pathway. To date, there are only a few
studies which have investigated SUMOylation of chromatin-bound proteins genomewide.308,311,344 Consistent with the results presented here, a recent RNAi screen for proviral
silencing factors demonstrated essential roles for SUMO2 and Ubc9 and ChIP-seq
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confirmed the co-occupancy of KAP1 and SUMO2 on ERV chromatin.311 Moreover,
SUMO1 and/or SUMO2 are also found at the 3’ ends of KRAB-ZFP genes308 which are also
bound by SETDB1/KAP1 and ZNF274 and enriched in H3K9me3 in human transformed
cell lines.255,309 Thus a hallmark of SETDB1/H3K9me3 recruitment by KAP1 at both ERVs
and genes is chromatin SUMOylation. In this context, hnRNP K may exert a co-repressive
effect by promoting or enhancing chromatin protein SUMOylation at KAP1-bound ERVs. It
is important to note that SETDB1 and H3K9me3 can be recruited to the genome in other
ways including direct binding to TFs,283,345 binding to lncRNA306 and binding to short
promoter-associated RNAs with AGO2.346 Therefore, recruitment by chromatin protein
SUMOylation is a unique mechanism for SETDB1 binding at ERVs. SUMOylation at
KAP1-bound loci provides an additional regulatory mechanism whereby SETDB1
recruitment can be decoupled from KRAB-ZFP/KAP1 binding at ERVs. This feature may be
important during S-phase, where H3K9me3 is re-established at ERVs by SETDB1 and the
presence of chromatin-bound SUMOylated KAP1 and other proteins serving as essential
“epigenetic” signalling marks in this process. Another intriguing possibility is that histones
occupying ERV sequences may themselves be SUMOylated, since histone H4 is
SUMOylated in human cells347 and it is tempting to speculate that histone H4 SUMOylation
could be promoted by KAP1 SUMO E3 ligase activity,258 which can act on its binding
partners.348,349 Interestingly, although SUMOylation is an ancient posttranslational
modification, as evidenced by the conservation of SUMOylation and de-SUMOylation
machinery from yeast to human, there is currently no decisive evidence linking chromatin
protein SUMOylation to H3K9 methylation and retrotransposon silencing in other species.
Thus, its involvement in retrotransposon silencing may be a unique feature of the KRAB-
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ZFP/KAP1 system in tetrapod vertebrates. Further investigations of protein SUMOylation in
retrotransposon silencing in other eukaryotes would address this question.

In contrast with class I and II ERVs, MERVLs harbour low levels of SUMO1-marked
proteins,245 indicating that chromatin protein SUMOylation is unlikely to play a central role
in their repression. Previous studies suggested that class III MERVL elements may be
capable of autonomously recruiting H3K9me2 and G9a/GLP to maintain their silencing.85,86
However, my work supports the conclusion that MERVL does not autonomously recruit
G9a/GLP/H3K9 dimethylation, but is likely to acquire H3K9me2 as a consequence of
genomic location and transcriptional inactivity. Indeed, H3K9me2 occupies broad megabase
sized domains in mammalian cells including mESCs82,332 and a recent study found that
H3K9me1/2-marked nucleosomes stimulate G9a/GLP activity towards neighbouring
unmodified nucleosomes, catalyzing the expansion of H3K9me2 marked regions and
silencing cohorts of genes during embryonic development.81 Therefore, unlike the relatively
local enrichment of H3K9me3 over specific ERV sequences and limited spreading into the
surrounding chromatin,350 H3K9me2 by G9a/GLP is a broadly spreading mark that may only
be inhibited by the presence of other chromatin modifications at its boundaries such as
H3S10 phosphorylation, H3K4 methylation and histone acetylation. MERVLs and a subset
of other genes located in these broad H3K9me2-rich domains apparently require hnRNP K
for G9a/GLP recruitment and this may involve an association with lncRNA or other RNA
species that contributes targeting information. Alternatively, since after replication only
~50% of the H3K9me2 will need to be re-established, the remaining H3K9me2 may be
sufficient to recruit G9a/GLP. In contrast with MERVLs located in H3K9me2-rich domains,
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the lack of expression from MERVL LTRs lacking H3K9me2 suggests that the lack of
transcriptional activators is important for maintaining their inactivity. Clearly this model is
speculative and there are many outstanding questions to be addressed concerning the
recruitment and function of hnRNP K and G9a/GLP to MERVL sequences.

5.2 HNRNPK mutations in Mendelian disease links with G9a/GLP
The roles of HNRNPK in human development remained unknown until very recently. Au et
al.232 reported two different de novo mutations in HNRNPK identified by whole-exome
sequencing in two independent male probands currently ages 17 and 11 with a distinct
spectrum of congenital anomalies and intellectual disability, termed Au-Kline syndrome
(OMIM:616580). Proband 1 had the mutation c.953+1dup, which is a frameshift in exon 12
and proband 2 had the mutation c.257G>A, which abolishes a splice site in exon 6. Both
mutations affect all known HNRNPK transcripts and likely lead to loss of function via
NMD.232 These variants were implicated as causative for the phenotype due to their absence
from dbSNP, the Exome Server, 1000 genomes project, parents of the probands and
additional in-house controls.232 In addition, western blot analysis of proband fibroblasts
demonstrated ~50% reduction in hnRNP K protein levels relative to controls.232 Clinical
features of Au-Kline syndrome include craniofacial anomalies such as rigid metopic sutures,
an elongated face, long palpebral fissures, wide nasal ridge, open downturned mouth with
high palate and long tongue groove, cardiac anomalies, skeletal anomalies including hip
dysplasia and scoliosis, cryptorchidism, hypotonia and mild to moderate intellectual
disability with language delay232 (Table 3). Prior to this report, two other studies showed
evidence of a novel microdeletion syndrome associated with loss of ~2-2.6 Mb of
9q21.231,233 These studies reported two female probands with de novo microdeletions
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identified by aCGH one encompassing a 2.565 Mb region at 9q21.32-q21.33 including
HNRNPK and 11 other genes, the second encompassing a 2 Mb region at the same site
including HNRNPK with six other genes. Both probands showed clinical features
overlapping with those identified by Au et al.,232 including similar craniofacial and cardiac
anomalies, dysmorphic features, hypotonia, and moderate to severe developmental
delay.231,233 However, the phenotype presented each of these studies was more severe, and
the proband described by Hancarova et al.233 had very severe developmental delay including
intellectual disability, which may be due to the loss of dosage of the additional genes in their
probands. Notably, an earlier study had also identified a microdeletion at 9q21 encompassing
HNRNPK and four other genes in a proband with multiple congenital anomalies and
moderate developmental delay,351 providing further evidence of a clinically distinct
microdeletion syndrome which includes loss one HNRNPK allele. Therefore, taken together,
these studies collectively demonstrate that haploinsufficiency of HNRNPK causes a clinically
distinct Mendelian disorder, which involves congenital defects and developmental delay.

My work is consistent with these recent findings that demonstrate an important role for
HNRNPK in human development and lend important insights into the functions of hnRNP K
on a molecular level in embryonic cells in showing that it contributes to epigenetic regulation
by G9a/GLP and SETDB1 (Illustration 6). I postulate that hnRNP K promotes SETDB1 and
G9a/GLP recruitment to gene promoters, thereby ensuring H3K9 methylation and gene
repression during embryonic development (Illustration 6). As discussed in the introduction,
mutations in genes encoding KMTs result in Mendelian disorders due to haploinsufficiency.
This paradigm is clearly in accord with the genetic etiology of Au-Kline syndrome and it is
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apparent that some of the clinical features of this phenotype could be explained by defects in
epigenetic regulatory pathways governed by H3K9 methylation. This is specifically
evidenced by a comparison of Au-Kline syndrome with Kleefstra syndrome (KS), which is
characterized by intellectual disability and a distinct spectrum of congenital anomalies due to
heterozygous mutations in GLP.104,105 A comparison of these disorders reveals that KS shares
some clinical features common with Au-Kline syndrome (Table 3). These observations
support the notion that hnRNP K is involved in developmental regulation of transcription by
G9a/GLP and reduced dosage of either leads to congenital malformation syndromes, where
the most prominent unifying feature is intellectual disability (Table 3). Consistent with this
idea, while intellectual disability is a complex genetic disorder, the disruption of chromatin
modifiers is a recurrent theme (reviewed by Benevento et al.352). For example, mutations in
genes encoding chromatin regulators such as MBD5, MLL3, SMARCB1 and NR1l3 have been
found to contribute to the locus heterogeneity in the KS spectrum of clinical features, where
probands were negative for EHMT1 mutations.353 Obviously an important caveat here is that
hnRNP K is involved in many different cellular processes138 and contributes to hippocampal
neuronal function and morphology via post-transcriptional regulation and cytoskeletal
pathways.354,355 Thus it is likely that hnRNP K deficiency also affects cognitive phenotypes
in a G9a/GLP-independent manner.

Previously there were no studies that characterized the phenotypes of Hnrnpk null mutations
in mice. However, while this thesis was in preparation, Gallardo et al. (2015) generated mice
carrying a genetrap integration into intron 2 of Hnrnpk.356 In contrast with the mESC line
generated by Horie et al.241 carrying a genetrap integration into intron 1, which apparently
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had no effect on hnRNP K protein levels this genetrap efficiently blocked all Hnrnpk
transcripts from its associated allele as evidenced by the depletion of hnRNP K protein in the
heterozygous mice.356 This study demonstrated that hnRNP K is essential for embryonic
development, as hnRNP K homozygous mutants (Hnrnpk-/-) died prior to E13.5.356 Notably,
this study did not determine the developmental time at which the Hnrnpk KO embryos
showed lethality, nor did it investigate the cause of the lethality. However, based on my work
and that of Lin et al.141, which collectively show that hnRNP K depletion abolishes mESC
self-renewal and pluripotency, the Hnrnpk KO could result in very early lethality, possibly
by the expanded blastocyst stage at ~E4.5-5.5 when mESCs can be derived. Intriguingly,
Hnrnpk+/- mice also showed abnormal phenotypes, including postnatal lethality at ~30%
penetrance and those surviving past weaning exhibited a profound growth defect,356
consistent with the idea that hnRNP K is haploinsufficient for embryonic development in
mammals. Unfortunately, this study did not characterize the developmental phenotypes of the
Hnrnpk+/- mice in greater detail, leaving open the question of whether these mice display
evidence of similar craniofacial malformations and cognitive impairment found in Au-Kline
syndrome patients. Such an investigation is clearly warranted and it would also be of great
interest to determine whether Hnrnpk+/- blastocysts show evidence of upregulation of
different ERV families and whether these embryos and/or adult mice exhibit global
H3K9me2 deficiencies, as suggested by my work in mESCs. Moreover, it would also be of
interest to determine whether Hnrnpk+/-; Glp+/- mice show an enhancement of the KS
phenotypes observed in Glp+/- mice,357 which would indicate that hnRNP K actually
promotes G9a/GLP activity during development.
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Illustration 6. Proposed role of hnRNP K in human development with the G9a/GLP and
SETDB1/MCAF1 KMT complexes. During development, hnRNP K may function in
chromatin regulatory pathways with the G9a/GLP and SETDB1/MCAF1 complexes. In
association with G9a/GLP, hnRNP K may facilitate H3K9me2 at gene promoters as well as
broad transcriptionally inactive domains. HnRNP K may also participate in the recruitment
of SETDB1/MCAF1 complexes to deposit H3K9me3 and repress developmental genes.
These functions collectively would contribute to appropriate developmental progression and
tissue specification.
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Table 3. A comparison of major clinical features in Au-Kline syndrome and Kleefstra
syndrome caused by mutations in EHMT1

5.3 Role of HNRNPK in KMT-dependent gene silencing in cancer
Recent evidence suggests that hnRNP K may function as either a tumour-suppressor or
oncogene depending on the cell type. A novel role for hnRNP K as a tumour-suppressor was
shown in the same study generating the Hnrnpk KO. Hnrnpk+/- mice were shown to exhibit
decreased lifespan as a result of their very high propensity to develop hematological
malignancies, particularly of the myeloid lineage.356 Bone marrow samples also revealed
very high levels of genomic instability, as evidenced by chromosomal fusions, breakage and
polyploidy in Hnrnpk+/- mice.356 These phenotypes were linked with the previously reported
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ability of hnRNP K to act as a co-activator for p53 in attenuating cell cycle progression by
activating p21.327,356 Similarly, mono-allelic loss of HNRNPK is found in ~2% of acute
myeloid leukemia (AML) patients,356 which show somatic microdeletion of the 9q21 region
encompassing five other genes.358 Notably, G9a was recently shown to function as an
oncogenic factor in AML in mice, where loss of G9a or inhibition of its catalytic activity
leads to reduced leukemic stem cell frequency.359 Therefore, these studies suggest that
hnRNP K and G9a/GLP have different functions in the regulation of hematopoietic cell
proliferation and differentiation programs.

In addition to a role for hnRNP K as a tumour-suppressor in hematological malignancy,
earlier reports demonstrated overexpression and oncogenic activity of hnRNP K in
malignancy (reviewed by Barboro et al.360). Higher expression of HNRNPK has been found
in melanoma in addition to colorectal, prostate, lung and breast carcinomas and in chronic
myeloid leukemia as compared with normal non-neoplastic tissues.235,236,361–363 Notably,
while hnRNP K expression is stimulated by growth factors363 and is generally higher in the
nucleus of proliferating versus quiescent cells,364 in studies reporting its overexpression in
cancer aberrant cytoplasmic localization was also frequently observed and associated with
poor prognosis.360 Thus, the erroneous cytoplasmic activity of hnRNP K rather than its
nuclear functions may play a dominant role in its oncogenic activity. HnRNP K was shown
to activate the Myc promoter and gene encoding the translation factor eIF4E during
neoplastic transformation, which promotes oncogenesis.281,365,366 However, no studies have
investigated the contribution of hnRNP K overexpression to the dysfunction of chromatin
regulatory pathways in malignancy. As described in the introduction, KMTs including
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SETDB1 and G9a are frequently overexpressed in various cancers. Therefore, it is possible
that part of the oncogenic mechanism of hnRNP K action involves the promotion of
H3K9me2/3 by these KMTs at tumour suppressor genes, which promotes malignant tumour
growth and metastasis in such cancers.35,367 Future studies could investigate this by
determining whether depletion of hnRNP K affects H3K9me2/3 levels at tumour suppressor
genes and influences tumor phenotypes in malignancies where SETDB1 and/or G9a are
overexpressed.

In conclusion, my work points to hnRNP K as a novel co-repressor for SETDB1 and
G9a/GLP during embryonic development and specifically in embryonic stem cells. Recent
evidence from basic and clinical genetic studies is consistent with my work and indicates that
hnRNP K is important for human development and somatic cell identity. Further
investigation into the role of hnRNP K in transcriptional regulation mediated by these and
other KMTs may guide the design of novel therapeutic strategies for the treatment and
prevention of intellectual disability and cancer.
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