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Abstract

Regulation and Biological Consequence of Retrotransposon Activation in Human
Pluripotency

by

Joseph William Martin

Doctor of Philosophy in Molecular and Cell Biology

University of California, Berkeley

Professor Lin He, Chair

Mammalian genomes contain millions of transposable element sequences, but the overall
impact they have on host biological processes remains poorly characterized. Retrotrans-
poson insertions are known to actively shape embryonic development of model organisms,
mainly by influencing transcription of host genes or by contributing functional protein or
RNA products. Retrotransposons are also transcribed in human preimplantation embryos,
and characterization of exapted retrotransposon families will help explain how human em-
bryogenesis differs from other organisms. The second chapter of this dissertation presents
studies on Human Endogenous Retrovirus-H (HERVH), which is a primate specific retro-
transposon family functional in human embryonic stem cells (hESCs). The human genome
contains over 1000 HERVH insertions and is associated with four distinct promoters, com-
plicating efforts to understand host transcriptional regulation. Also, while HERVH RNA is
clearly essential to maintain stemness, the mechanism of its action is unknown. To inves-
tigate the regulation of HERVH, we utilize bioinformatic prediction and reporter assays to
identify transcription factor binding sites unique to the LTR7Y subfamily. A major finding
of this dissertation is that HERVH regulation is recapitulated in naive and primed hESC
culture, and the LTR7Y can be used to mark the naive state. We also find evidence that
the primary mechanism of the HERVH RNA is in trans. We use genome engineering to
delete an individual HERVH insertion and find it does not phenocopy family-wide HERVH
knockdown or effect adjacent genes. Furthermore, ectopic overexpression of HERVH RNA
effects the dynamics of BMP4/LY294002 induced mesendoderm differentiation, establishing
a trans role for HERVH RNA in the postimplantation primitive streak. HERVH is the most
active endogenous retrovirus (ERV) in preimplantation embryos, but we find other retro-
transposons classes are more likely to modify adjacent cellular genes. In the third chapter of
this dissertation, we identify a short interspersed element (SINE) insertion within ZBTB16,
a developmentally important zinc-finger transcription factor. This SINE element serves as
an alternative promoter, generating a transcript isoform found in the human oocyte that is
capable of producing a truncated protein product. Using in vitro cell culture assays, we find



2

the truncated ZBTB16 protein retains its function as a cell cycle regulator but shows altered
subcellular localization and resistance to post translational degradation, implying it may act
to slow the cell cycle of early human embryos. The studies in this dissertation serve to clar-
ify the complex regulation and mechanisms of function for retrotransposon families that are
essential for human development. These findings advance the field of hESC biology by es-
tablishing clear markers of different pluripotent cell types, and ultimately add substantially
to our understanding of how retrotransposons have shaped human pluripotency.



i

Dedication

To my parents and to Hanna, whose love and support have made this possible.



ii

Contents

Contents ii

List of Figures iii

List of Tables iv

1 Introduction 1
1.1 Transposable elements: a brief history . . . . . . . . . . . . . . . . . . . . . 1
1.2 Retrotranspons: classification, structure, regulation, and exaptation in mam-

mals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Stem cells as a model system to study retrotransposons . . . . . . . . . . . . 7
1.4 Human Endogenous Retrovirus H . . . . . . . . . . . . . . . . . . . . . . . . 11

2 HERVH 19
2.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2 Results - Studies of HERVH Regulation . . . . . . . . . . . . . . . . . . . . 20
2.3 Results - Studies of HERVH Function . . . . . . . . . . . . . . . . . . . . . . 35
2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
2.5 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
2.6 Supplementary Information . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3 Chimeric Isoforms in Human Preimplantation Development 57
3.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
3.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.4 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

Bibliography 71



iii

List of Figures

1.1 Classification and structure of retrotransposons . . . . . . . . . . . . . . 3
1.2 Summary of mammalian development and stem cell derivation . . . . . 10
1.3 Summary of HERVH structure and HERVH derived transcripts . . . . 13
1.4 Proposed mechanisms of HERVH function . . . . . . . . . . . . . . . . . 17

2.1 HERVH transcription dynamics in human embryos and hESCs . . . . 24
2.2 Primary sequence alignment of HERVH subfamilies . . . . . . . . . . . 26
2.3 Regulation of LTR7Y transcription in naive and primed hESCs . . . . 29
2.4 LTR7 activity in primed hESCs and mesendoderm . . . . . . . . . . . . 32
2.5 Brachyury binds LTR7 in mesendoderm differentiation . . . . . . . . . 33
2.6 Model of HERVH regulation . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.7 Effect of HERVH modulation on HERVH adjacent genes . . . . . . . . 37
2.8 Knockout of a highly expressed LTR7 chimeric gene . . . . . . . . . . . 40
2.9 HERVH effects mesoderm differentiation in trans . . . . . . . . . . . . . 42
2.10 Model of HERVH function . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.1 Candidate ZNF:retrotransposon chimeric genes show distinct expres-
sion patterns in human preimplantation embryos . . . . . . . . . . . . . 60

3.2 ZBTB16:MIRb in present in human oocytes and the ZBTB16:MIRb
5’UTR enhances translation efficiency . . . . . . . . . . . . . . . . . . . . 62

3.3 ZBTB16:MIRb generates a stable protein with altered subcellular lo-
calization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.4 ZBTB16:MIRb effects the cell cycle and represses CCNA2 . . . . . . . 66



iv

List of Tables

2.1 HERVH insertions in the human genome . . . . . . . . . . . . . . . . . . . . . . 21
2.2 Gene ontology terms enriched in upregulated genes in LTR7 high cells . . . . . 30
2.3 Putative HERVH-chimeric transcripts . . . . . . . . . . . . . . . . . . . . . . . 55
2.4 Alignment of shRNA sequences against HERVH chimeric transcripts . . . . . . 56

3.1 Gene ontology terms enriched for genes that make chimeric transcripts in human
embryos . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59



1

Chapter 1

Introduction

1.1 Transposable elements: a brief history
Transposable elements are genetic sequences capable of replicating throughout the genomes
of nearly all organisms. They have been extraordinarily proficient, comprising around 10%
of the C. elegans genome([1]), 35-45% of the mouse and human genomes([2],[3]), and up to
80% of the maize genome([4]). Their success may seem somewhat paradoxical, as early work
on the P and I elements in Drosophila showed the activity of mobile DNA can be harmful,
causing increased mutations rates and sterility([5],[6]). The prevailing wisdom became that
transposons were a class of “junk DNA” that were selfish and conferred no selective advan-
tage([7]). However, Barbara McClintock, who had initially discovered transposable elements
in the 1940s, proposed an alternative hypothesis; mobile DNA can regulate genes, and thus
shape evolution. Ultimately, McClintock’s ideas were validated as transposable elements
were shown to be operative in a number of biological processes, including, but not limited
to, the protection of telomeres in Drosophila([8]), the expression of developmental genes in
rodents([9]), and the fusion of cells that occurs during placentation in mammals([10],[11]).
As Christian Biémont points out in his 2010 Genetics review, it is not clear that genomes
with a large transposon load, such as the silkworm Bombyx mori, have more “evolvability”
than those that contain less, like the western honey bee Apis mellifera([12]). What is clear,
however, is that transposable elements have contributed sequence that functions in normal
development; some of which is shared by many organisms, and some that is species-specific.
Studying transposons deepens our understanding of how mammalian evolution occurs and
ultimately contributes to our knowledge of development, health, and disease. This chapter
introduces the pertinent information necessary to contextualize the main chapters by first
reviewing transposon regulation in development and then by detailing the current knowledge
of Human Endogenous Retrovirus H (HERVH) in pluripotency.
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1.2 Retrotranspons: classification, structure,
regulation, and exaptation in mammals

Classification and structure
Transposable elements can be categorized into DNA transposons and retrotransposons. DNA
transposons “jump” through the genome using a single or double stranded DNA intermedi-
ate([13]). They comprise the majority of transposable element content in many protozoan
and insect species, but are less numerous in mammals such as mouse and human([14]).
Retrotransposons replicate using an RNA-intermediate, and can be classified into three ma-
jor categories; Long Interspersed Nuclear Elements (LINES), Short Interspersed Nuclear
Elements (SINES), and Endogenous Retroviruses (ERVs) (Figure 1.1). LINEs, SINEs, and
ERVs replicate using distinct mechanisms. LINEs contain an internal promoter that is tran-
scribed by Pol-II and have two major open reading frames (ORF1 and ORF2). These genes
code for proteins that reverse transcribe retrotransposon RNA into DNA and integrate it into
the genome([15],[16]). SINES lack any open reading frames, instead relying on the proteins
encoded by LINEs to retrotranspose. They are transcribed by Pol-III, and likely evolved from
7SL, the RNA component of the signal recognition particle([17]). Finally, endogenous retro-
viruses (ERVs) are similar in structure to exogenous retroviruses and have an internal region
flanked by long terminal repeats (LTRs). The provirus is transcribed by Pol-II and encodes
the proteins necessary for retrotransposition, including capsid proteins, proteins involved in
retroviral DNA synthesis, integrases, and envelope proteins([18]). ERVs are self-sufficient
for retrotransposition, although there exist rare examples of ERV mobilization in-trans([19]).

Detailing the structure of LTRs is important because these sequences modify the host
transcriptome by serving as developmentally regulated promoters for proviral DNA, alter-
native promoters for cellular genes, or by functioning as classical enhancers([20],[21],[22]).
Intact proviral LTRs contain U3, R, and U5 regions. The U3 sequence is located upstream
of the transcriptional start site and contains a high concentration of transcription factor
binding sites. This sequence is highly variable between subfamilies, and allows for cell type
specific expression([23],[9]). For example, the LTR of the murine endogenous retrovirus-L
(MERVL) binds a number of transcription factors active at the two cell stage, including the
master 2-cell regulator Dux([24]). Human endogenous retrovirus-H (HERVH) binds Nanog
and Oct4 in human embryonic stem cells([25]), and the murine-specific ERV RLTR13 binds
Cdx2, Eomes and Elf5, core factors essential for trophectoderm development([9]). The core
promoter region usually contains a consensus TATA box and recruits Pol-II and core tran-
scription factors([26]). The transcription start site (TSS) defines the start of the R region,
which contains sequence that stabilizes the nascent RNA. The best characterized example is
of the TAR region of human immunodeficiency virus (HIV), which binds the virally encoded
TAT protein and increases polymerase processivity([27],[28]). A similiar phenomenon is also
observed for the murine endogenous retrovirus MLV-SL3([29]).
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Figure 1.1: Classification and structure of retrotransposons

The organization of the major families of LTR and non-LTR retrotransposons found in Metazoa
are depicted. LTR transposons are subdivided into Copia, Gypsy and BEL, which have
extracellular mobility and are similar to retroviruses, and endogenous retroviruses, which are not
infectious but propagate through the germ line. Non-LTR retrotransposons can be subdivided
into long interspersed elements (LINEs), short interspersed elements (SINEs), and composite
SINE retrotransposons.
The genomic structure of endogenous retrovirus, LINE, ALU, and SVA elements are shown.
Endogenous retroviruses have gag, pol, and env genes flanked by LTRs and are transcribed by
Pol-II. LINEs have two internal open reading frames encoding ORF1p and ORF2p polypeptides,
are flanked by non repeating 5’ and 3’ UTRs, and are also transcribed by Pol-II. SINEs are
composed of a left and right subunit derived from 7SL RNA, are transcribed by Pol-III, and are
non-autonomous. Composite retrotransposons such as SVA contain more complex structures with
hexamer repeats, Alu-like and SINE-like regions, and contain a Variable Number of Tandem
Repeats (VNTR). Non-coding sequence is gray and coding regions are in yellow.
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Host repression of retrotransposons
A defining characteristic of both DNA transposons and retrotransposons is their ability to
replicate and then transmit vertically from parent to offspring. However, this activity can
be harmful if it disrupts the function of an essential gene, so multiple mechanisms have
evolved to prevent retrotransposition. This section will briefly mention the major post-
transcriptional mechanisms that repress retrotransposons before focusing on transcriptional
regulation because of its recognized role in modifying host gene expression. One major post-
transcriptional protective pathway involves the Piwi‐piRNA complex, which is well charac-
terized in both Drosophila and mammals. In germ cells and early embryos, small RNAs are
processed from inactivated transposable element clusters and complex with argonaute like
Piwi proteins to target to complementary transposable element RNAs for cleavage(for re-
view see[30]). In Drosophila, Piwi also interacts with linker histone H1 and Heterocromatin
Protien 1 to induce heterochromatin formation around target transposable elements([31]).
However, elimination of nuclear Piwi in Drosophlia ovaries does not impact host gene ex-
pression([32]). Another post-transcriptional repressive mechanism is the APOBEC family of
cytidine deaminases, which target endogenous retrovirus RNA and catalyze extensive C-U
mutagensis(for review see [33]). Finally, other less studied regulators include direct or in-
direct suppression by microRNAs (miRNAs)([34],[35]), endogenous small interfering RNAs
(endo-siRNAs)([36]), and transfer RNA-derived fragments (tRFs)([37],[38]).

Retrotransposons are regulated at the transcriptional level via epigenetic DNA methyla-
tion and histone modification. In post-mitotic germ cells and somatic cells DNA methylation
is critically important. The de novo methyl transferases DNMT1, DNMT3A, DNMT3B, and
DNMT3L act cooperatively to methylate specific retrotransposon families. Dnmt1 knockout
mouse embryonic stem cell (mESC) lines show derepression of both ERV (IAP) and LINE
(L1) families([39]), while Dnmt3a knockout mice show derepression of SineB1. Dnmt3B is
also implicated in IAP and L1 repression([40]). DNMT3L lacks catalytic activity but re-
cruits other methyltransferases to repress L1 activity([41]). However, in early embryogenesis
the genomes of both mouse and human are relatively hypomethylated([42]), suggesting hi-
stone modifications are responsible for retrotransposon silencing at this stage. Deficiency
of maternally deposited LSD1, a histone demethylase, leads to activation of Murine En-
dogenous Retrovirus-L (MERVL) in 2-cell embryos and in mESCs([43]). The H3K9me2
methyltransferase G9A is also required for MERVL repression([44]), while the H3K9me3
methyltransferase SETDB1 is necessary to repress IAP, ETn and MMERVK10C ERVs in
mESC lines([45],[46]). How these repressive factors target specific retrotransposon classes is
unclear, but in some cases they may complex with sequence specific binding proteins. For
example, SETDB1 interacts with the transcriptional corepressor TRIM28 (also known as
KAP1), and in mESCs, the SETDB1/KAP1 complex is recruited to murine leukemia virus
(MLV) elements via the zinc finger protein ZFP809. ZFP809 targets the primer binding site
of MLV, effectively silencing MLV transcription([47],[48]).
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ZFP809 is one charactered example of a Kruppel-associated box-zinc finger protein
(KRAB-ZFP), which is a major protein family responsible for repressing many retrotrans-
poson classes. ZNF subfamilies have rapidly expanded through mammalian evolution([49]),
and it is proposed this diversity results from their role in binding many retrotransposon fam-
ilies with unique promoter sequences. In primates, ZFP91 and ZFP93 have been shown to
repress SVA and LINE1 elements([50]), providing evidence that ZNFs serve a defensive role
in the evolutionary “arms race” against RT activation. Large scale efforts have attempted
to identify the retrotransposon targets of each KRAB-ZFP. One effort used phylogenetic
and genomic studies to identify 222 human KRAB-ZFPs, 159 of which are enriched for
binding to at least one retrotransposon family([51]). It is likely many of these function
as silencing factors, as binding and transcriptional repression were confirmed experimen-
tally using a reporter system. Interestingly, this study found genes nearby retrotransposons
bound by ZFP-KRABs are more active in cell types where those retrotransposons have
active H3K4me1 and H3K27ac marks. Conversely, the same genes are less active in cell
types where these nearby retrotransposons contain the repressive H3K9me3 modification.
This correlation suggests that retrotransposon silencing can prevent aberrant activation of
nearby host genes. Indeed, some cellular genes overlapping retrotransposons are upregulated
in genetic backgrounds that disrupt KRAB-ZFP function([52],[53],[51]). One convincing ex-
ample is in mouse, where an IAP element represses the Zfp575 gene in a TRIM28 dependent
manner([52]). While the mechanism is not entirely clear, it is likely that without ZFP575,
H3K9me3 marks are lost, allowing for the deposition of active H3K4me3 and H3K27me3
marks by an unknown factor. However, this IAP directly overlaps with the 3’ UTR of
ZFP575, and it is still unclear if retrotransposons can actively repress gene transcription at
greater distances. The advancement of genome engineering technology promises to expedite
validation of candidate retrotransposon-gene pairs.

Retrotransposon exaptation
Retrotransposons have contributed to mammalian evolution in two primary ways. Firstly,
the conflict between retrotransposon activation and host silencing mechanisms is a driving
force that contributes to mammalian evolution, ultimately resulting in both new retrotrans-
poson sequences and novel cellular proteins. Secondly, retrotransposon sequences have been
directly co-opted by their hosts and are utilized as protein coding genes or gene regulatory
elements in development.

Retrotransposons are constant conflict with their hosts. They are actively silenced
through previously described mechanisms, but new elements can colonize the genome exist-
ing retrotransposons can mutate to escape repression. The risk of insertional mutagenesisis
places the host under selective pressure to evolve a response, setting up a scenario for an
evolutionary arms race. It has been proposed the KRAB-ZFP protein family is the result of
such conditions, as it has rapidly expanded through primate evolution to become the largest
transcription factor family in humans([54],[49]). While the arms race hypothesis is difficult to
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prove experimentally, it was shown that ∼15 MYA, ZFP93 evolved in the primate genome to
repress an active LINE1 element. Then, ∼12.5 MYA, a L1PA3 insertion deleted the ZFP93
binding site responsible for its repression. This allowed rapid amplification through ape
genomes before being silenced by an unknown factor, providing evidence of the mechanism
that drives the co-evolution of retrotransposons and species specific zinc-finger proteins([50]).

Retrotransposon derived proteins can also be captured by the host to perform essential
cellular functions. This is seen in placentation, a process that involves the cell-cell fusion
of trophectoderm cells to form the syncytiotrophoblast layer that invades the uterine wall.
In the viral life cycle, envelope (env) proteins mediate fusion between the viral and host
cell membranes, and multiple env genes have been “captured” by mammals to serve this
function in development. In humans, SYNCYTIN-1 and SYNCYTIN-2 are proteins derived
from env genes of HERVW and HERV-FRD retrotransposons. Knockdown of SYNCYTIN-2
prevents cell-cell fusion in a trophoblast cell line([55]), implying this protein may be neces-
sary for human development. Interestingly, retrotransposons have contributed to placental
evolution independently in multiple organisms([56]). For example, the previously mentioned
SYNCINTIN-2 is unique to primates and is produced from a relatively intact ERVFRD-1
element on chromosome 6. However, Bovidae have their own co-opted env gene, Fematrin-1,
which is derived from the BERV-K1 ERV and mediates the formation of trinucleate cells in
the placenta([57]). Trinucleate cells are unique to Bovidae and are important for supporting
long gestation periods, providing evidence that exapted retrotransposons proteins can con-
tribute to speciation.

Retrotransposon promoters contain numerous transcription factor binding sites and some
have been repurposed to enhance nearby gene expression. Chuong et al([58]) investigated
the role of ERV enhancers in the STAT1 mediated proinflammatory cytokine interferon-γ
(IFNG) immune response. The authors identified MER41 elements adjacent to genes in-
duced by IFNG, some of which contain numerous STAT1 binding sites. CRISPR deletion
of candidate MER41 insertions decreased the induction of nearby genes, directly implicat-
ing MER41 in the human immune response. There is also evidence that retrotransposons
can serve enhancers in development. In hESCs, many retrotransposons are unmethylated,
marked by active histone marks, and bound by transcription factors such as ESR1, TP53,
POU5F1, SOX2, and CTCF([59]). This signature is correlated with nearby gene expression
and suggests productive enhancer-promoter loops, but experimental evidence is needed to
identify retrotransposon derived enhancers important for mammalian development.

If a retrotransposon insertion is disrupted but the promoter remains intact, it can be
repurposed to transcribe a nearby protein coding gene. Often the retrotransposon promoter
alters the gene’s expression pattern, changes the transcript isoform, or both. In mice, this
is shown convincingly for the Dicer gene, where an intronic MTC element drives an oocyte
specific Dicer isoform (Dicer-O) that lacks the n-terminal DExD helicase domain. This trun-
cation fundamentally changes the enzyme’s activity as Dicer-O, unlike the full length Dicer,
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can cleave double stranded RNAs into endo-siRNAs. Genetic deletion causes upregulation of
siRNA targets and female sterility, showing the insertion of this MTA element in the Dicer
locus has become essential for murine development([21]). Other examples include but are not
limited to an ORR1A0 driven dominant negative isoform of PU.1 that is functional in ery-
throid differentiation([60]), and an ERV9-driven isoform of p63 that functions in the male
germline to regulate DNA-damage induced apoptosis([61]). High-throughput sequencing
of pluripotent stem cells and preimplantation embryos has revealed the presence of many
more retrotransposon driven chimeric transcripts for protein coding genes([62],[63]), long
non-coding RNAs (lincRNAs)([64]) and ERV derived antisense transcripts([65]). It is still
unclear what percentage of putative chimeric transcripts may be functional. Additionally,
the activation of a single retrotransposon family can coordinately activate many chimeric
transcripts across the genome([66]), so it is possible that obvious phenotypes may not be ob-
served unless multiple chimeric transcripts are disrupted. One well characterized example of
coordinated gene expression comes from mouse, where MERVL is among the first sequences
transcribed from the murine zygotic genome at the two cell stage. The MERVL associated
LTR is found to drive not only the full length MERVL transcript but also a number of nearby
cellular genes([67]). It appears as though MERVL has been wired into the transcriptional
network of early development, and because it is no longer mobile, MERVL activation is not
harmful but rather helps define the murine 2-cell transcriptome([68]). Another possibility
is that MERVL gag protein, which is detectable at the two-cell stage, may preform some
function important for the first few cell divisions of the fertilized egg([69]). Indeed, one
report shows knockdown of MERVL transcripts induces arrest of 2-cell embryos([70]), but
additional work is needed to establish MERVL as essential for murine development.

1.3 Stem cells as a model system to study
retrotransposons

The developing embryo is the ideal system to study the effects of retrotransposon activation.
However, embryos are a scarce resource, can be difficult to manipulate, and the use of hu-
man embryos in research is of ethical concern. Therefore, most research on retrotransposon
function is done in-vitro using cell lines derived from the embryo, which will be reviewed here.

Much our knowledge about the molecular underpinnings of mammalian pluripotency
comes from mESCs, which were first derived by culturing cells of the inner cell mass on a
layer of mouse embryonic fibroblast cells([71],[72]). The defining characteristics of mESCs
are their capacity to self renew and their ability to contribute to all tissues of a develop-
ing embryo. Early studies used the chimera assay and other techniques to establish the
importance of cell signaling pathways stimulated by the cytokine leukemia inhibitory fac-
tor (LIF), which functions by signaling through the JAK-STAT, PI3K/AKT and MAPK
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pathways to maintain the expression of a complex, interconnected network of transcrip-
tion factors([73],[74], for review see[75]). These proteins, which include OCT4, SOX2, and
NANOG, serve as self-reinforcing core network that promote mESC self renewal and inhibit
differentiation([76]). Other markers for the murine pluripotent state include widespread ge-
nomic hypomethylation([77]) and the presence of two active X-chromosomes([78]). Many
retrotransposon families are regulated in mESCs. As reviewed in the previous section, the
ERVs IAP, MLV, and MERVL, as well as the LINE family L1 and SINE family SineB1,
are repressed ([39],[40],[41],[43],[44],[45],[46],[47],[48]). It is unclear if baseline expression of
ERVs is important for pluripotency, but recently LINE1 RNA was directly implicated in
mESC maintenance. Knockdown experiments revealed that in mESCs, LINE1 RNA medi-
ates the binding of NUCLEOLIN and KAP1 to ribosomal DNA (rDNA), facilitating ribo-
some biosynthesis and mESC self-renewal([79]). Interestingly, LINE1 knockdown induces
the master 2-cell transcription factor Dux, which in turn activates 2-cell specific MERVL
transcripts. This mirrors many other studies that show perturbation of mESC factors can
elevate levels of MERVL([67],[35], for review see([68]). Cells marked by MERVL expression
are considered to have expanded cell fate because, unlike pluripotent mESCs, they can con-
tribute to extraembryonic lineages in morula injection assays. However, a functional role for
MERVL in this process remains to be established.

Like mESCs, hESCs were first derived from the inner cell mass and grown on a layer of
mouse embryonic fibroblasts([80]). However, they lack a requirement for LIF and instead
require the cytokine Fibroblast Growth Factor 2 (FGF2), which signals through the SMAD
pathway to maintain the expression of the OCT4/SOX2/NANOG transcription factor net-
work. Furthermore, hESCs differ from mESCs in their morphology, have one inactivated
X-chromosome, and differ in their expression of pluripotency associated transcription factors
such as TFCP2L1(reviewed in[81]). In fact, conventional hESCs are proposed to be more
like the post implantation epiblast, and while still pluripotent, are considered “primed” for
differentiation and are less capable of contributing to chimeric animals([82]). Understanding
why conventional hESCs resemble the primed version of mESCs remains an active area of
research, but recent work has attempted to generate ground state or “naive” hESCs that
more resemble ground state mESCs and the human preimplatation epiblast. One promising
effort is by Theunissen et al. 2014, who used a ground state fluorescent reporter for the
OCT4 distal enhancer and screened a library of small molecule inhibitors that modulate
cell signaling pathways. They found media supplemented with human LIF and inhibitors
of MEK, GSK-3, B-Raf, and SRC was sufficient to activate naive state markers TFCP2L1,
KLF4, and STELLA, and these preimplantation epiblast like cells were able to differenti-
ate into all three germ layers in a teratoma assay([83]). Takashima et al. 2015 adopted a
transgene approach, where ectopic expression of KLF2 and NANOG was combined with a
media formulated with human LIF, protein kinase C (PKC) inhibitor Gö6983, and GSK3
inhibitor CH. These “reset”, or “naive” cells also showed expression of ground state markers,
enhanced single cell recovery, and differentiated efficiently into all three germ layers([84]).
Importantly, later work showed this media can be used to derive naive hESCs directly from
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the human embryo, without the need for transgenes([85]). In summary, conventional human
embryonic stem cells are similar to postimplantation epiblast, while recently generated naive
cells represent preimplantation epiblast and are more similar to mouse ESCs (Figure 1.2 A-
B). While it is not known why hESCs require special conditions to reach the ground state,
recent work has revealed some primate-specific retrotransposons are differentially expressed
between primed and naive conditions([86]). It has been proposed that if these sequences
have been exapted during evolution and are functional, they may partially explain how the
human pluripotent state has diverged from other animals([87],[86]). Currently, the only
retrotransposon family implicated in hESC maintenance is HERVH, which will be reviewed
in detail in the next section.
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Figure 1.2: Summary of mammalian development and stem cell derivation

A. Development of human preimplantation (left) and postimplantation (right) embryos. Human
embryogenesis is marked by the development of a mature blastocyst containing distinct
trophectoderm (CDX2+), epiblast (NANOG+) and primitive endoderm (GATA6+) by embryonic
day 6-7. After implantation, the distal epiblast cells mature into the embryonic disk while the
proximal epiblast cells differentiate into amniotic epithelial cells, a cell type not found in murine
embryos. The primitive endoderm differentiates into the parietal endoderm, visceral endoderm,
and extraembryonic mesoderm. The trophectoderm generates the trophoblast and the
syncytiotrophoblast that invades the endometrium (uterus). By embryonic day 13-15, the visceral
endoderm expands and the embryonic disc further matures, forming the primitive streak which is
the site of gastrulation. (E) is shorthand for embryonic day. Adapted from ([88]). For review
see([88]). B. Diagram showing the source of human embryonic stem cells. hESCs are derived
from the epiblast of human blastocysts. Under conventional culture conditions, outgrowths will
generate flat monolayers with transcriptional profiles that resemble post implantation embryos
and rely on TGFβ signaling. Outgrowth in media containing LIF and inhibitors results in naive
hESCs with a rounded morphology, expression of naive transcription factors, and reliance on LIF
with independence from TGFβ signaling. Figure adapted from Boroviak et al. 2017([88]).
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1.4 Human Endogenous Retrovirus H
Background
Human endogenous retrovirus H (HERVH) is an endogenous retrovirus that is highly tran-
scribed in hESCs cells and its non-coding RNA product has been shown to be necessary for
the maintenance of the pluripotent state ([89],[87]). Although this primate specific retrovirus
has clearly contributed to human evolution, elucidating the mechanism of its function has
proved difficult. In order understand HERVH regulation and function, a more complete un-
derstanding of HERVH proviral structure and its evolution in the human genome is necessary.

Human endogenous retrovirus H (HERVH) bears similarity to gammaretroviruses and
its possesses a classical ERV proviral structure with two LTRs flanking an internal region.
The ancestral HERVH provirus likely became endogenized in higher primates approximately
30 to 35 million years ago, as HERVH-like elements can be found in both old and new world
monkeys([90],[91],[92]). There is evidence of significant HERVH amplification from approx-
imately 13 to 9 million years ago as homininae, the primate subfamily that contains gorilla,
chimpanzee, and human, share a number of HERVH insertions that orangutans lack([93]).
The sequence of the ancestral HERVH provirus has been approximated using an in silico
approach that involves alignment of 926 relatively complete HERVH insertions from the hu-
man genome([94]). This work revealed a putative 9-kb ancestral provirus with gag, pro, pol,
and env genes and a consensus histidine tRNA primer binding site. Ancestral HERVH con-
tains a consensus TATA box, multiple SP1 transcription factor binding sites, and conserved
splice donor (SD) and splice acceptor (SA) sites (Figure 1.3 A). Interestingly, the authors
observed a skewed 15% G and 33%C nucleotide frequency not present in other ERVs, as well
as an elongated 5’ leader region between the primer binding site and the gag protein, but
any functional significance of these unique features is unknown. It is likely that HERVH
was silenced via extensive mutation before the split of gorilla from homininae, as there is no
evidence of any unique HERVH insertions in humans or chimpanzee and no copies remain
that encode for all of the full length ERV proteins([64]). Most HERVH insertions contain
some DNA that originally coded for gag and pol, but almost all lack large stretches of env
sequence([95]). The lack of predicted protein coding potential([87]), as well as the nuclear
localization of HERVH in hESCs([89]), suggest the full length HERVH RNA product likely
functions as a lincRNA.

HERVH can be classified into four separate subfamilies based on the primary sequence
of its associated LTRs; LTR7, LTR7B, LTR7C, and LTR7Y. It is thought these subfamilies
were mobile at different points during primate evolution, and LTR7Y is considered the most
recent to evolve([93]). However, a comprehensive study describing HERVH subfamily radi-
ation in primate evolution has not been published. The core promoter region surrounding
the TATA box is well conserved among subfamilies, but the U3 region from 100 bp to 230
bp is highly variable (Figure 1.3 B). The U3 region of ERVs is known to be a hotbed for
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transcription factor binding sites([96]). Indeed, only the LTR7 family is expressed in hESCs,
so it is possible a transcription factor binds a unique motif in this region. The solo-LTRs of
some ERV subfamilies, such as the MERVL associated MT2C-Mm, remain active and can
serve as an alternative promoter for cellular protein coding genes([67],[43]). But in contrast
to complete HERVH insertions, solo LTR7, LTR7B, LTR7C, and LTR7Y loci show little
evidence of transcription in either pluripotent or somatic cells([87]). The mechanistic reason
for this is unknown, but it is possible solo LTR7/B/C/Y loci contain extensive mutations
or the HERVH-internal region is somehow necessary to prevent cell mediated LTR silenc-
ing, possibly via an internal enhancer similar to that seen in HIV viruses([97]). In hESCs,
LTR7-HERVH loci are highly active, contributing close to 2% of all poly-adenylated cellular
RNA([25]). Most of this is full length, non spliced RNA representing the HERVH internal
region and the transcribed portion of the 5’ and 3’ LTRs. However, a number of insertions
show extensive splicing, either with adjacent non-coding genomic sequence or with nearby
protein coding genes, creating a diverse array of unique transcripts (Figure 1.3 C).
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Figure 1.3: Summary of HERVH structure and HERVH derived transcripts

A. Ancestral HERVH proviral structure, containing flanking LTRs, extended pre-gag region, gag,
pol, and env proteins. Identified poly-A signal site, splice donor (SD) and splice acceptor (SA)
sites are shown. Drawing not to scale. B. Diagram of the four HERVH subfamilies, identifying
the U3, R, and U5 regions, the TATA box, and the variable region within U3. Scale is in base
pairs. C. Representative depictions of HERVH transcript classes with identified examples from
the literature. HERVH insertions producing full-length RNA products are most common in
hESCs, followed by HERVH spliced lincRNAs and then HERVH gene chimeras. Transcripts that
splice with non-HERVH sequence are termed “chimeric transcripts”. Transcriptional activity
reported in primed hESCs from Wang et al. 2014([87]). ESRG characterized in Wang et al.
2014([87]). lincRoR characterized in Loewer et al. 2010([98]). The approximate number of loci in
each class identified in Wang et al. 2014([87]).
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Role of HERVH in pluripotency
The observation that many HERVH insertions are coordinately activated activated in pluripo-
tent cells was first made by Jeremy Luban’s group in 2012, almost 15 years after the derivation
of the first hESCs line. The authors used publicly available RNA-Seq data to establish that
HERVH is the most transcriptionally active ERV in hESCs (H1, H9 and I3 lines) and iPSCs
(iPS-15b and iPS-11a lines), and makes up approximately 2% of all poly-adenylated RNA.
HERVH activity falls rapidly upon differentiation into neural progenitor cells and is highly
correlated with the pluripotency factors NANOG and OCT. Analysis of existing ChIP-Seq
data showed that NANOG and OCT4 bind directly the HERVH LTR, further establishing
that HERVH has been wired into the core pluripotency network([25]). The authors did not
consider the individual LTR subfamilies associated with HERVH, but subsequent studies
have shown the LTR7 family is most active in hESCs, suggesting the expression patterns
and transcription factor binding profiles described in this study describe LTR7 insertions.

HERVH was shown to be essential for the maintenance of pluripotency by two sepa-
rate groups in 2014([89],[87]). These studies induced family-wide HERVH knockdown using
shRNAs targeting the internal region of multiple highly expressed copies. A 60% family-wide
knockdown was sufficient to produce a loss of pluripotency phenotype in both the H1 and
H9 lines, as measured by a reduction in pluripotency markers and upregulation of differenti-
ation genes. While a detailed mechanism was not addressed, the authors suggested HERVH
knockdown may effect the expression of HERVH adjacent genes, which will be discussed in
more detail in the following section. These studies established HERVH as necessary for stem
cells maintenance, but its importance in human development was still unproven. This was
addressed by Durruthy-Durruthy et al. 2015, who characterized HERVH derived chimeric
linc-RNAs in human embryos. The authors identified three lincRNAs with high expression
in development; two derived from HERVH and one derived from HUERS-P1, an LTR8 retro-
transposon. The authors injected siRNAs targeting all three lincRNAs into one cell of a two
cell embyro and observed the injected cells did not contribute to the inner cell mass([99]).
The interpretation of this result with regards to HERVH is complicated by two factors.
One, the authors simultaneously targeted HERVH and HUERS-P1 lincRNAs, and thus it
is possible the phenotype is caused by the HUERS-P1 knockdown. Two, the authors only
analyzed three embryos for each condition, raising worries about low sample size. Despite
these caveats, this work ultimately provided much needed evidence that retrotransposon
lincRNAs, possibly HERVH derived ones, are important in human development.

A number of groups have found HERVH RNA enhances cellular reprogramming. Knock-
down of HERVH greatly reduces the efficiency of iPSC generation([100],[87],[89]). Further-
more, overexpression of the HERVH internal region can enhance reprogramming efficiency,
showing HERVH RNA can function in-trans([87]). This result may be in agreement with
previous work done by John Rinn’s lab at Harvard. His group identified a non-coding RNA
transcript important for iPSC generation and termed it linc-Regulator of Reprogramming
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(linc-RoR). Linc-ROR is actually an HERVH derived lincRNA, containing sequence from
the pre-gag and gag region of an HERHV insertion from chromosome 18. In agreement with
the previously mentioned studies on HERVH reprogramming, linc-RoR knockdown impairs
reprogramming efficiency and linc-RoR overexpression enhances it([101]). However, it is
currently unknown if the function of linc-ROR is dependent its unique sequence (i.e. unique
to this transcript) or on its HERVH derived sequence.

Proposed mechanisms of HERVH function
HERVH is transcribed from many insertions and produces a diverse array of full length,
spliced, and chimeric transcripts. Thus, it is possible HERVH contributes to pluripotency
through multiple, possibly distinct mechanisms acting in cis or in trans (Figure 1.4 A-B).
The field has primarily addressed HERVH function as an enhancer or as a scaffold for cellular
transcription factors.

A number of reports suggest HERVH functions by enhancing the expression of adjacent
cellular genes. LTR7 can enhance the expression of luciferase when placed downstream
in a plasmid([89]), suggesting it does have enhancer capability. Furthermore, multiple
groups report that after shRNA knockdown, nearby cellular genes are preferentially down-
regulated([87],[89]), and there is at least one report that shows genes nearby HERVH loci
are preferentially upregulated in reprogramming intermediates([102]). However, HERVH is
known to serve as the promoter for a number of coding and non-coding chimeric transcripts.
Because chimeric transcripts were not removed, these studies are describing both promoter
activity and enhancer activity. Ultimately, because no example case of cis-regulation has
been characterized, it is still not clear if HERVH functions as an enhancer in hESCs. As-
suming that it does, it is also unknown if this effect has any impact on the maintenance of
pluripotency.

To our knowledge the only experiments studying HERVH trans activity explore its po-
tential as a scaffolding RNA. Lu et al. 2014([89]) performed RNA cross-linking and immuno-
precipitation (RNA-CLIP) assays in H1 hESCs, and found that HERVH RNA is associated
with activators CBP, P300, MED6, MED12, and OCT4, but not with repressors ESET,
HDAC1 and PRC2. This is not surprising as HERVH is actively transcribed by these fac-
tors, but the authors confirmed this interaction via RNA-CLIP after transfection of HERVH
and flag-tagged OCT4 into HEK293T cells. To our knowledge OCT4 does not have RNA
binding domains, and no efforts were made to characterize the OCT4-HERVH interaction,
so how the RNA may bind OCT4 is unclear. The authors speculated this interaction was
important for directly regulating cellular genes, but it is still unknown if the interaction be-
tween HERVH RNA and cellular transcription factors contributes to HERVH’s function in
pluripotency. More unbiased approaches characterizing HERVH interaction partners could
be performed using RNA-Antisense Purification (RAP), giving insight into a more compre-
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hensive HERVH RNA interactome.

Determining the mechanism of HERVH function in pluripotency remains elusive. How-
ever, the phenotype described by multiple groups does have one commonality; published
shRNAs that cause loss of stemmness all target conserved sequence in the HERVH internal
region. Because the internal region is spliced out of the vast majority of chimeric lincRNAs
and chimeric protein coding genes, it appears likely the full length HERVH RNA is indeed the
primary effector of HERVH function. This model does have direct experimental evidence, as
overexpression of a portion of the HERVH internal region can enhance reprogramming effi-
ciency([87]). Chimeric transcripts or adjacent cellular genes may then contribute a secondary
effect, becoming downregulated only after the pluripotency network has been disrupted by
loss of the HERVH full length RNA.
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Figure 1.4: Proposed mechanisms of HERVH function

A. Cis action for HERVH function. HERVH as an promoter for cellular genes. LTR7 drives the
expression of a number of protein coding genes uncharacterized in pluripotency, including
RPL39L, ABHD12B, and SCGB3A2([Wang2015]), suggesting chimeric transcripts could be
functional. HERVH as an enhancer for cellular genes. Evidence for an enhancer effect includes
the observation that genes nearby HERVH loci are downregulated after HERVH knockdown([89])
as well as ChIP seq data showing binding of the enhancer related factor P300 to HERHV
loci([103]). B. Trans action for HERVH function. HERVH as a protein scaffold. HERVH may
bind cellular transcription factors such as OCT4, CDK8, and P300 to modify their function.
Other mechanism. HERVH may function through another mechanism described for lincRNAs,
such associating with chromatin, acting as an enzyme cofactor, or participating in higher order
structures (for review see([104])).
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HERVH: a marker for the naive state?
Wang et al. 2014([87]) reported that HERVH transcription, while active in primed hESCs,
actually marks a rare cell population that possesses transcriptional signatures of the human
naive state. To show this, the authors used the piggyBac transposon system to generate
a stable HERVH-reporter line in H9 hESCs. This reporter uses the LTR7 promoter to
drive GFP expression, and after generating clones containing a single copy insertion, they
observed heterogeneity in GFP signal. After sorting for cells with highest GFP intensity,
the authors report these cells have high levels of TBX3, NANOG, OCT4 and PRDM14, all
transcription factors that are enriched in the the naive state. Furthermore, the LTR7-high
cells propagate in 3i-LIF (naive) media and differentiate with a delay relative to normal
primed hESCs. Finally, they report that microarray data of these cells cluster with human
ICM using principle component analysis. The interpretation that LTR7-HERVH marks the
naive state was drawn into question by Rudolf Jaenisch’s group, who published a paper
detailing transcripts differentially expressed after primed to naive reversion. They found
LTR7-HERVH was not induced in the naive state and suggested other retrotransposons
such as SINE-VNTR-Alu (SVA) may serve as better markers([86]). Additionally, Goke et
al. reported that in human embryos, the LTR7 family is active in human epiblast (ground
state) but is upregulated after outgrowth into hESCs (primed conditions). They suggested
the LTR7Y subfamily may be be a better marker, and generated a LTR7Y reporter using a
3’LTR from an inactive LTR7Y insertion. While it did show basal activity in the H1 hESC
line, its activity was increased in some cells after naive reversion in 3i-LIF, implying LTR7Y
may be a better marker than LTR7 for the naive state. Currently there is a need to better
understand the regulation of HERVH subfamilies as this promises not only to clarify how
HERVH is regulated but also will assist in generating high quality naive state hESCs.
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Chapter 2

HERVH

2.1 Background
Retrotransposons are mobile genetic elements that replicate using an RNA intermediate.
While generally silenced via DNA methylation in somatic cells and the germ line([39], [105],
[106], [107]), some endogenous retrovirus (ERVs) escape this repression in early embryonic
development. Most of the transcriptionally active ERVs are no longer mobile (for review
see[108]), and some families show evidence for purifying selection([43],[109],[110],[59],[111]),
suggesting they may have been co-opted by the host to to play an active role in develop-
mental processes. For example, work in mouse has revealed the murine-specific endogenous
retrovirus MERVL is highly expressed at the two-cell stage and drives the expression of
a number of protein coding genes that help define the two cell transcriptome([67], [68],
[22]). Humans have their own unique suite of ERV insertions, and analysis of single cell
RNA-sequencing of human embryos([112],[113]) reveals the many ERVs are active, including
HERV9, THE1A, ERV1, HERVL, HERVK and HERVH([95]). Determining the functional
importance of ERV activation in human embryogenesis is difficult because of ethical concerns
surrounding the use of human embryos for research. However, the HERVH family is highly
transcribed in human embryonic stem cells and is regulated by OCT4 and NANOG([25]),
giving researchers a model system to study the biological consequences of ERV activation.
Knockdown of HERVH RNA causes a loss of stemness phenotype([87],[89]), establishing this
primate-specific ERV is essential to maintain human pluripotency.

Two main outstanding questions remain to address the role HERVH plays in human de-
velopment. Firstly, the regulation of HERVH subfamilies is not well understood. HERVH-
internal region is associated with four LTR subfamilies that display distinct primary se-
quences; LTR7, LTR7B, LTR7C, and LTR7Y (reviewed in detail in chapter 1, Figure
1.3). Only the LTR7 class is transcribed in hESCs, but one paper suggests LTR7 tran-
scription actually marks naive stem cell state, which is more representative of the human
preimplantation epiblast([87]). Other reports suggest LTR7 is transcribed in both naive
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and conventional (primed) hESCs, and that LTR7Y may serve a better marker for naive
pluripotency([95],[86]). Elucidation of the transcription factors that regulate these sub-
families promises to resolve this discrepancy, may identify key regulators of the primed to
naive transition, and ultimately will allow for the derivation of more high quality naive
hESCs. Secondly, while HERVH is clearly essential to maintain human pluripotency, the
main mechanism of its action is unknown. HERVH is proposed to function either in cis,
through regulation of adjacent genes, or in trans, via an RNA-scaffold (reviewed in detail in
chapter 1, Figure 1.4). HERVH does act as an alternative promoter for a few protein coding
genes([114],[115],[20]), and it is possible that LTR7 possesses enhancer activity([89]), but
whether these phenomenon explain the HERVH knockdown phenotype is unknown. There
is also evidence to support a trans model of HERVH function. HERVH RNA is reported
to act as a protein scaffold by interacting with OCT4, P300, and members of the mediator
complex([89]). But again, it remains to be shown if this interaction is necessary for HERVH
function. This chapter presents studies elucidating how HERVH transcription is regulated in
development and in hESC culture, and clarifies the likely mechanisms of HERVH function.

2.2 Results - Studies of HERVH Regulation
HERVH transcription in the human embryo and in pluripotent
stem cells
Recent advancements in single cell RNA-seq technology has revealed the transcriptome of
individual blastomeres from human pre-implantation embryos([113],[112]). Multiple groups
have described RT expression patterns by developmental stage, and they have recognized
the HERVH family as the most highly transcribed ERV at the blastocyst stage([95],[87]),
however, the degree to which individual HERVH loci expression is recapitulated in pluripo-
tent stem cell culture has not been systematically addressed.

The RepeatMasker annotation identifying human retrotransposon sequences separates
the HERVH internal region from adjacent LTRs, complicating RNA-seq quantification. In
order to assign RNA-seq reads that fall inside the internal region to the proper subfamily,
we wrote a python script that rationally annotates full length, incomplete, and solo-LTRs
(see methods for details). Our analysis reveals 2,615 independent HERVH insertions in the
human genome. When considering all subfamilies together, we find similar numbers of solo-
LTR and complete structures, while the incomplete and internal only structures are relatively
rare. LTR7 is the largest subfamily, but the LTR7B, LTR7C, and LTR7Y subfamilies have
a higher percentage of complete insertions (Table 2.1).
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Table 2.1: HERVH insertions in the human genome

All LTR7 LTR7B LTR7C LTR7Y Complex
Complete 946 639 95 42 51 20
Solo LTR 1286 664 393 183 71 91
Incomplete 383 199 82 25 14 10

Internal Only 36
Total 2615 1502 570 250 136 121

Complete insertions are defined as 2 LTRs flanking an internal region. Incomplete LTRs are
defined as insertions with an LTR present on only one side an internal region. Solo-LTRs have no
associated internal region. Complex insertions are defined as those having LTRs of at least two
different subfamilies.

We then asked to what extent HERVH subfamilies may contribute to overall HERVH
expression in human development and in ESCs. Single-cell RNA-seq data is published for
every stage of human preimplantation development([112]). We used our custom HERVH
annotation to quantify the expression of HERVH subfamilies from the zygote through blas-
tocyst stages, as well as in multiple hESC lines. We find distinct patters of expression for
each subfamily. LTR7 is activated from the 2-4 cell stages, and then again only in the epi-
blast cells of the blastocyst, and further increases after the outgrowth of epiblast into hESCs.
LTR7B activity peaks at the 8-cell stage, while LTR7C is restricted to the pre-blastocyst
stages. LTR7Y is expressed in all cells of the blastocyst, including trophoblast cells, and
is silenced after the outgrowth epiblast into hESCs (Figure 2.1 A). In summary, it appears
HERVH subfamilies show cell type specific expression, but together HERVH assocated LTRs
express HERVH throughout preimplantation development and into hESC culture.

We next explored the expression of individual loci. Visualizing differentially expressed
HERVH loci in heatmap form reveals the LTR7 insertions active in early development are
largely different than those expressed at blastocyst and in hESCS (Figure 2.1 C). However,
most active LTR7 loci in the blastocyst are also upregulated in hESCs.

To validate these findings, we turned to available cell culture systems. Conventional, or
“primed” hESCs are thought to model post implantation epiblast, while ground state, or
“naive” hESCs are proposed to resemble preimplantation epiblast([116]). We reverted wild
type hESCs to the naive state using 5i/Lif/ActA media and tested for LTR7 and LTR7Y
transcription using qPCR primers targeted at the family level and at individual loci. In
agreement with our predictions from the RNA-seq of the human embryo, overall HERVH
levels are slightly reduced in naive cells. We find that while LTR7 lincRNAs are downreg-
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ulated, multiple LTR7Y loci are significantly increased, suggesting the overall reduction of
HERVH transcription is due to LTR7 (Figure 2.1 B). We detected no amplification of spliced
LTR7Y lincRNAs in primed cells, but did detect amplification when using primers targeted
at multiple LTR7Y family members. This suggests that some LTR7Y loci are extremely
specific to the naive stage, while other LTR7Y are expressed in both cell types. An alternate
explanation is that LTR7Y family primers have some off target amplification.
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Figure 2.1: HERVH transcription dynamics in human embryos and hESCs

A. Expression of HERVH by subfamily in preimplantation development and in hESCs. Each data
point is the average expression of an HERVH insertion among all single cell blastomers from that
stage, displayed as box plot with outliers shown as points (data from([112]). Tro - trophectoderm,
PE - primitive endoderm, Epi - Epiblast. B. Experimental validation of RNA seq predictions
using primed and naive hESC culture. After reversion from primed (FGF2 media) to naive
(5i/LIF/ActA media), naive hESC colonies were recovered and expression of naive and primed
genes were assayed by qPCR for two passages. Data presented is representative data from three
independent primed to naive reversions. Error bars are SEM from three technical measurements.
C. Heat map of differentially expressed HERVH insertions from same dataset as in A.
Differentially expressed HERVH loci are displayed in rows and sorted with heiarchical clustering.
Developmental time is fixed on the x-axis. LTR7C was excluded due to its relatively low
expression. Tro - trophectoderm, PE - primitive endoderm, Epi - Epiblast.

Sequence Alignment of expressed HERVH insertions
We next asked if the active subfamilies contained obvious differences in their primary
sequences that may account for their differential expression or suggest divergent function.
We aligned the LTR7, LTR7Y, and LTR7B loci expressed in naive hESCs and compared
them to the ancestral HERVH sequence([94]). Interestingly, the sequence encoding for gag
and the first half of pol is relatively intact, with large stretches of over 95% sequence
identity between all subfamilies. The region directly preceding gag is marked by a number
of small insertions, all of which appear in at least two HERVH loci. We believe this region
was likely intact in the ancestral provirus, possibly encoding for a larger gag protein, and
has since been extensively mutated. We find large deletions in the second half of the pro
gene, and very few HERVH copies have env sequence, confirming these insertions are likely
non-coding (Figure 2.2 A). While the majority of internal sequence is conserved between
subfamilies, a subset of LTR7Y loci are divergent in their pre-gag and pro regions (Figure
2.2 B). It is possible these insertions represent an independent radiation event.
Interestingly, a subset of LTR7Y loci appear similar to LTR7B in their 5’ LTR promoters,
which we term “LTR7Y-2” or “B-Like” (Figure 2.2 C). To determine if LTR7Y-2/B-like is
regulated differently, we compared LTR7 and LTR7Y-2/B expression from primed and
naive cells([86]). We find that when compared to LTR7, both LTR7Y subgroups are more
specific to the naive state (Wilcoxon test, p< 0.001). When comparing between LTR7Y
subgroups, we find LTR7Y-2/B-like loci are on average higher upregulated than LTR7Y-1,
but not significantly so (Figure 2.2 D). However, 5 out of 6 of the most differentially
expressed loci belong to the LTR7Y-2/B-like group, suggesting it may be useful to
subdivide LTR7Y when analyzing other datasets.
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Figure 2.2: Primary sequence alignment of HERVH subfamilies

A. Primary sequence alignment of LTR7, LTR7B, and LTR7Y HERVH insertions expressed in
naive hESCs compared to the ancestral HERVH consensus sequence (green, on top). Gaps in
alignment caused by a single sequence were removed. B. Example of divergent sequences within
the pre-gag and pro internal regions, with subset of LTR7 loci shown. C. Examples of divergent
sequences within the 5’ and 3’ LTR regions, with subset of LTR7 loci shown. D. Box and whisker
plot showing the fold change of HERVH loci after reversion of primed to naive cells. Negative fold
change value signifies upregulation in naive cells and positive fold change value indicates
upregulation in primed cells. Pairwise comparisons are performed using a Wilcoxon rank sum
test. RNA-Seq data from Theunissen et al. 2016([86]).

Regulation of LTR7Y transcription in the naive state
We find LTR7Y activity is specific to naive state hESCs. To confirm this is the result of
biological regulation, we aimed to determine protein factors important for its transcription.
Presumably, LTR promoters that obtain mutations in important transcription factor
binding sites will be lose activity or become silenced. Using this logic, the DNA sequence of
highly transcribed LTR7Y promoters was compared to inactive loci using the HOMER
motif analysis tool. A number of known transcription factor sequence motifs were
significantly overrepresented (supplementary Table 2.2). One promising candidate is the
CCCCACCC motif which is found one time in LTR7Y loci and in three tandem copies in
LTR7Y-2/B-like and LTR7B loci (Figure 2.3 A, B). This is the consensus binding sequence
for KLF4 and KLF17, transcription factors that are markers of the naive state([86]).
Furthermore, this motif is absent in LTR7 promoters, suggesting it may contribute to
differences observed in the expression pattern of LTR7 and LTR7Y (Figure 2.3 B).

To determine the importance of the CCCCACCC motif to LTR7Y transcription, we
cloned LTR7Y promoters containing all three motifs into a reporter vector driving
tdTomato, as well as a mutant reporter lacking all three motifs (LTR7∆). We also cloned
an LTR7 reporter (similar to those previous published([87])), for comparison. In agreement
with our previous results, the LTR7 reporter was highly active in almost every cell in
primed hESCs, while the LTR7Y reporter showed no signal. Reversion to the naive state
activated both LTR7Y and LTR7 promoters, while LTR7∆ showed no activity, suggesting
these motifs are essential for LTR7Y transcription (Figure 2.3 D). Of note, the LTR7
reporter shows a higher signal in the naive state compared to the LTR7Y reporters, which
is surprising because RNA-seq data predicts these two subfamilies are transcribed at
roughly equal levels.
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To address if KLF4 is sufficient to drive the expression of LTR7Y, we cloned KLF4 into
the piggyBac system and overexpressed it in hESCs. We observed widespread cell death
and were not able to recover cells with stable KLF4 expression, suggesting the expression
of this naive specific transcription factor is not compatible with primed culture. However,
overexpression of KLF4 in HEK293Ts was sufficient to activate silenced LTR7Y loci, but
not LTR7 loci (Figure 2.3 C). In all, these data suggest KLF proteins, possibly KLF4 or
KLF17, specifically activate LTR7Y transcription via a conserved CCCCACCC motif.
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Figure 2.3: Regulation of LTR7Y transcription in naive and primed hESCs

A. KLF4 motif enriched in active LTR7Y loci, generated from the HOMER motif analysis tool.
The primary sequence of active LTR7Y LTRs were used as querry and inactive LTR7Y loci were
used as background. B. Sequence alignment showing expressed LTR7B, LTR7Y, and LTR7 loci
from naive hESCs. The identified CCCCACCC motif is highlighted in yellow.
C. Overexpression of KLF4 in HEK293Ts. pCPB-KLF4 or control vector was transfected into
HEK293Ts, and after 48 hours cells were assayed for HERVH transcripts via qPCR. Data is
representative of two independent experiments. Error bars are standard error of three technical
measurements. D. Reporter vectors in primed and naive hESCs. Reporters lines with LTR7,
LTR7Y, or LTR7Y∆ driving tdTomato were generated in primed culture and then revered to
Naive culture conditions. Naive hESC images taken 10 days after beginning naive reversion using
brightfield and fluorescence microscopy. Scale bar is 100 µM. D. Timecourse of mesendoderm
differentiation. Mesendoderm differentation was induced with a BMP4/Ly based protocol and
pluripotency, mesendoderm, and HERVH transcripts were determined at various time points with
qPCR. Data is representative from 3 independent experiments. Error bars are standard error of
three technical measurements.

Regulation of LTR7 in Primed Pluripotency
An existing report suggests primed hESCs with high LTR7 transcription are linked to the
naive state([87]). However, our data and other groups have observed LTR7 is highly active
in the primed state, suggesting LTR7 may not be a good naive marker([86]). We
reanalyzed the published microarray data from HERVH high cells, and found they do not
show upregulation of naive transcription factors such as KLF17 and DUSP1([86]), but
rather genes involved in the specification of the primitive streak, including T, EOMES, and
MESP1 (Figure 2.4 A, Table 2.2). To further investigate this we generated clonal cell lines
for our LTR7 promoter, and observed clones that showed reporter activity in every cell,
but with heterogeneity in signal intensity within a colony (Figure 2.4 B). After sorting into
high and low populations, we find enrichment for primitive streak markers but not naive
markers (Figure 2.4 C). HERVH derived transcripts have been shown to be essential for the
maintenance of the pluripotent state, but its potential role in the specification of early cell
fate decisions has not been explored. Because there is enrichment for primitive streak
markers after sorting for LTR7-high cells, we hypothesized HERVH may remain active after
exit of pluripotency into mesendoderm, which is a precursor to endoderm and mesoderm
and representative of the embryonic primitive streak([117]). We subjected hESCs to
mesendoderm differentiation mediated by BMP4 and PI3 kinase inhibitor LY294002. In
agreement with previously published reports([118]), we observed an early peak in mRNA
level for the pluripotency factor NANOG, as well as induction of mesendoderm transcripts
EOMES, GSC, MESP1, T (BRACHYURY) TBX6, and MIXL1. LTR7 was induced after
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only 24 hours and remained elevated throughout the treatment (Figure 2.4 D). This
induction appears specific, as multiple LTR7Y lincRNAs were not detected.

Table 2.2: Gene ontology terms enriched in upregulated genes in LTR7 high cells

GO biological process complete expected Fold raw P value FDR
Enrichment

Endodermal cell fate specification 0.04 84.17 1.65E-05 1.51E-02
Primitive streak formation 0.07 45.91 6.98E-05 3.63E-02
SMAD protein signal transduction 0.36 16.83 2.56E-06 9.98E-03
Somatic stem cell population main-
tenance

0.31 15.88 2.36E-05 1.85E-02

Mesoderm formation 0.4 12.56 6.76E-05 3.64E-02
Regulation of anatomical structure
morphogenesis

5.93 2.87 9.91E-05 4.69E-02

Positive regulation of developmental
process

7.75 2.71 3.11E-05 2.31E-02

Positive regulation of multicellular
organismal process

9.37 2.46 5.70E-05 3.56E-02

Regulation of multicellular organis-
mal development

11.23 2.32 5.25E-05 3.42E-02

Animal organ development 18.28 1.97 6.03E-05 3.49E-02
Negative regulation of biological
process

30.22 1.72 2.15E-05 1.76E-02

False Discovery Rate < 0.05
Data from Wang et al. 2014([87])
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Figure 2.4: LTR7 activity in primed hESCs and mesendoderm

A. Volcano plot of gene expression after sorting for LTR7 high cells. Genes involved in primitive
streak formation are highlighted in red and labeled. Data from Wang et al. 2014([87]). B. LTR7
Reporter vector in primed hESCs. Clonal LTR7 reporter lines driving tdTomato were generated
and imaged with brightfield (BF) and fluorescence microscopy. LTR7 sequence is from a highly
expressed insertion on chromosome 4. Bottom panels show closeup of hESC colony to reveal
heterogeneity in signal. Scale bar is 100 µM. C. qPCR analysis of LTR7 high vs low cells (sorted
top 5% vs lower 95% of cells). Data is representative from three independently generated clones
and error bars are standard deviation from three technical measurements. D. Timecourse of gene
expression during BMP4/LY294002 induced mesendoderm differentiation. Data presented is
representative from 4 independent experiments. Error bars are standard error from 3 technical
measurements.

Regulation of LTR7 in mesendoderm specification
NANOG is proposed to regulate LTR7 transcription via directing binding to the LTR7
promoter, and LTR7 regulation is highly correlated with NANOG expression([25]).
However, during mesendoderm differentiation, LTR7 remains elevated at 96 hours while
NANOG trends down. Therefore, we hypothesized that additional transcription factors
may regulate LTR7 during this process. To address this we analyzed existing ChIP-seq
data generated by Faial et al. 2015([119], accession GSE60606). The authors differentiated
the H9 hESC line to mesendoderm using similar Bmp4 / LY294002 based protocol and
performed ChIP-seq at 36 hours using an antibody against endogenous Brachyury protein.
Because the original analysis did not consider retrotransposon sequences, we reannotated
the called peaks using the Homer Annotate Peaks software. We found significant
enrichment of peaks nearby to or overlapping with LTR7 loci (p=2.35e-5, hypergeometric
probability test), suggesting direct binding of Brachyury to LTR7 during Bmp4/Ly
induced differentiation. Brachyury binding appears specific to LTR7, as ChIP-seq peaks do
not significantly overlap with HERVK, an ERV of similar size to HERVH([66]) elements
(p=0.35). We visually inspected the Brachyury ChIP-Seq peaks and identified they are
centered around both 5’ and 3’ LTR7s (Figure 2.5).
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Brachyury ChIP Seq

ChIP - T(BRA) -FlyA Media

ChIP - T(BRA) -FlyB Media

Figure 2.5: Brachyury binds LTR7 in mesendoderm differentiation

Visualization of Brachyury binding to LTR7 in mesendoderm. ChIP seq data from Faial et al.
2015([119]) was analyzed for repetitive element content. Fly-A media contains FGF2, LY294002,
and Activin A. Fly-B media contains FGF2, LY294002, and BMP4. Visualization done using IGV
browser and shows a representative HERVH insertion on chromosome 5.
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Figure 2.6: Model of HERVH regulation

A. HERVH regulation in preimplantation development. LTR7, LTR7B, and LTR7Y
combine to express HERVH RNA throught every cell of preimplantation development.
Human post implantation RNA seq data does not exist, but we propose LTR7 is expressed
post implantation because LTR7-HERVH transcripts increase during hESCs derivation and
again during mesendoderm differentiation. B. LTR7 and LTR7Y regulation in
development and in hESC culture. LTR7 and LTR7Y are both active in the epiblast and in
naive stem cell culture. The transition from primed to naive cells upregulated silenced
LTR7Y loci, and this is likely dependent on KLF4 or KLF17. Primed hESCs show
heterogeneous LTR7 expression and high cells are marked by a primitive streak gene
signature. Upon mesendoderm differentiation, LTR7Y remains silenced but LTR7 is
further upregulated, a process possibly regulated by direct binding of Brachyury to the
LTR7 promoter. While RNA-seq data does not exist for human post implantation, we
speculate LTR7-HERVH may be active at the primitive streak at the onset of gastrulation.
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2.3 Results - Studies of HERVH Function
Functional validation of LTR7Y transcripts in naive pluripotency
LTR7 is necessary to maintain pluripotency, but it is currently unknown if LTR7Y RNA is
also functional. There are a multiple of reasons to believe LTR7Y may be necessary for the
maintenance of naive pluripotency even while LTR7 is expressed. One, LTR7 is
downregulated in naive cells, so LTR7Y transcription may be important to maintain
HERVH levels over a critical threshold. Two, there are differences in transcribed sequences
within the the pre-gag and pol internal regions that may bind distinct protein effectors.
Finally, LTR7Y is obviously located next to different cellular genes and LTR7Y
cis-regulation could be important for the naive state. We attempted to address a potential
functional difference between LTR7 and LTR7Y loci by specifically targeting LTR7Y with
shRNAs before reverting primed cells to naive. Due to limited sequence differences between
LTR7 and LTR7Y internal regions, only 10 shRNAs were designed, none of which
successfully knocked down LTR7Y during naive reversion (data not shown). Investigating
LTR7Y function in naive cells using a knockdown strategy seems non-feasible with our
shRNA systems. CRISRPi, which silences genes by recruiting inactive Cas9-KRAB to
promoters and enhancers([120],[121]), could theoretically target the CCCCACCC motif
and provide an alternative method for future work.

Analysis of adjacent gene expression in primed hESCs
Previous studies of HERVH suggest it functions to maintain the pluripotent state in cis by
acting as a classical enhancer or an alternative promoter to regulate adjacent protein
coding genes and lincRNAs([89],[87],[102]). To investigate a potential enhancer role, we
reanalyzed published microarray data of hESCs after HERVH knockdown as well as hESCs
sorted into HERVH-high and HERVH-low populations. We hypothesized that if HERVH
functions as an enhancer, nearby genes will decrease after HERVH knockdown and increase
in cells with high HERVH transcription.

Using the GREAT gene association tool (http://great.stanford.edu/), we identified the
two closest genes within 50 kb of active HERVH loci. In agreement with previous
results([89]), we find genes nearby HERVH loci are significantly downregulated after
HERVH knockdown (Chi-square with Yates’ correction, p=1.2e-06). However, inspection of
these genes reveals that ABHD12B, SCGB3A2, RPL39L, and PCSK9 are HERVH-gene
chimeras, where the transcript is under the control of the LTR promoter. Removing these
genes makes the enrichment no longer statistically significant(p=0.20, Figure 2.7 A, left
panel). This analysis was repeated for HERVH high vs low cells, and again it showed
significant upregulation of adjacent genes, but not when direct chimeric transcripts are
removed (p=4.13e-06 and p=0.2963, Figure 2.7 A, right panel). In summary, we do not
find widespread evidence that active HERVH loci can regulate adjacent cellular genes
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through a classical enhancer type mechanism. We then repeated this analysis using
inactive HERVH loci. Surprisingly, we do find significant enrichment of downregulated
adjacent genes adjacent to inactive HERVH loci after shRNA knockdown (p=3.67e-10,
Figure 2.7 B, left panel), as well as upregulation of adjacent genes after sorting (p=0.001,
Figure 2.7 B, right panel). This analysis suggests it is not active but inactive loci that may
function as enhancers.
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Figure 2.7: Effect of HERVH modulation on HERVH adjacent genes

A. Volcano plot showing gene expression after HERVH knockdown (left) and after sorting for
LTR7 high cells (right). The two closest adjacent genes nearby active HERVH are labeled in red
(50 kb window). Log2 fold change cutoff of -1 and 1 is indicated with a dashed line. HERVH
adjacent genes that are differentially expressed are labeled. Data from Wang et al. 2014([87]). P
values are calculated using Chi-square with Yates’ correction
B. Identical to A, except adjacent genes nearby inactive HERVH loci are for selected for analysis.
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Investigation of HERVH chimeric transcripts
Previous papers have shown HERVH maintains the pluripotent state by knockdown with
shRNAs targeting the HERVH-internal region([89],[87]). However, the majority of LTR7
chimeric transcripts splice out this sequence, suggesting they are not primary effectors of
HERVH function. To determine if any chimeric transcripts are targeted by published
shRNAs, we systematically identified all putative HERVH driven chimeric transcripts using
the AceGene database, which is a comprehensive database of available mRNA and EST
data([122]). We find 145 total putative HERVH-chimeric transcripts (supplementary Table
2.4). All previously identified HERVH chimeric transcripts are found([87],[114],[103]),
indicating this is a comprehensive method that likely overestimates the true number of
HERVH-driven chimeric transcripts in hESCs. We then we made a custom BLAST
database of all HERVH putative HERVH chimeric transcripts and blasted the most
effective HERVH shRNA sequences against it (shRNAS #3 and #4 from Wang et al.
2014([87])). We found no protein coding genes expressed in hESCs that are targeted by
either shRNA. The only expressed chimeric lincRNA that was targeted was a lincRNA
annotated as Embryonic Stem Cell Related Gene (ESRG). ESRG is actually the highest
expressed HERVH derived transcript in hESCs and is targeted by all published shRNAs we
are aware of([89],([87], [100]). This led us to the hypothesize that if chimeric transcripts are
primary effectors of HERVH function, disrupting ESRG locus should phenocopy family
wide shRNA knockdown.

We deleted ESRG using CRISPR/Cas9 by targeting unique sequence flanking the
HERVH insertion that drives ESRG expression (Figure 2.8 A). Screening 56 clones revealed
5 heterozygous and 1 knockout clone, which was sequenced validated as a homozygous
deletion of ESRG. Initially, we observed normal morphology and normal expression of
pluripotency factors in the ESRG knockout cell line. We continued culturing for 8 passages
(48 days), and observed no upregulation of differentiation factors or abnormal morphology.
Furthermore, the genes nearby ESRG, which are silenced in hESCs, were not activated
(Figure 2.8 B). After comparing these data to the phenotype induced by shRNA mediated
knockdown (Figure 2.8 C), we conclude loss of a single HERVH chimeric loci does not
phenocopy family wide knockdown. Because ESRG knockout does not effect stemness, and
other spliced chimeric HERVH transcripts are not predicted targets of published shRNAs,
chimeric transcripts are likely not primary effectors of HERVH function.
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Figure 2.8: Knockout of a highly expressed LTR7 chimeric gene

A. Schematic showing the strategy for the CRISPR deletion of ESRG. Visualization uses the
UCSC genome browser. RNA-seq data is from the ENCODE RNA-seq track of the UCSC
genome browser for H1 hESCs. B. ESRG knockout clone was passaged with wildtype clones for 8
pasages and differentiation markers were tracked with qPCR. Data is from the single ESRG
knockout clone. Error bars are standard error from three technical measurements. Empty data
signifies these genes were not detected with qPCR (ct >32). C. shRNA knockdown of HERVH.
HERVH knockdown was induced by two separate shRNAs targeting the HERVH-internal region
(sequence from Wang et al. 2014 [87]). Data is representative from three independent
experiments. Error bars are standard error from three technical measurements.

HERVH effects differentiation dynamics in trans
Our previous results suggest full length HERVH RNA may be the primary effector of
HERVH function. To test this, we asked if full length HERVH RNA can impact the
pluripotent state in trans. We cloned what represents the HERVH RNA product, selected
from the same insertion as our LTR7 reporter construct, into the piggBac transposon
system (Figure 2.9 A). To obtain levels of overexpression significantly higher than
background, we replaced the LTR7 promoter with the Human Elongation Factor-1 alpha
(EF-1-α) promoter, and also selected for successfully transected cells using puromycin.
Ectopic overexpression of LTR7-HERVH RNA did not effect pluripotency transcripts or
induce detectable levels of mesendoderm associated genes in primed culture conditions
(Figure 2.9 B). However, upon mesendoderm differentiation, we observed a significant
increase in the induction of T, EOMES, and MIXL, but not NANOG or POU5F1 (OCT4)
(Figure 2.9 C). In all, these experiments show LTR7 is active in mesoderm and the
LTR7-HERVH RNA product can act in trans to effect the dynamics of early cell fate
decisions.
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Figure 2.9: HERVH effects mesoderm differentiation in trans

A. Diagram of the pCPB-HERVH overexpression construct. B. Overexpression of HERVH does
not effect pluripotency. HERVH overexpression in hESCs was obtained by transfection with
either pCPB-HERVH or control vector and subsequent selection of positive clones with
puromycin. Data is representative from 5 independent experiments. Error bars are standard error
from 3 technical measurements. C. HERVH overexpression effects mesendoderm differentiation.
pCPB-HERVH was overexpressed in hESCs and mesendoderm differentation was induced.
Transcripts are quantified with qPCR for various timepoints. Data is representative from 3
independent experiments. Error bars are standard error of three technical measurements.



CHAPTER 2. HERVH 43

HERVH

A

HERVH

Active

HERVH lincRNAs

2 3HERVH

1 2HERVH

e.g. RPL39L, SCGB3A2

1 2
p300

OCT4

e.g. GAL, DNMT3B
Inactive

 Mechanism

Protein 
Scaffold?

RNA
Dependent?

B 2° effectors

1

1° effectors

rRNA biogenesis?

T
ra

n
s

C
is

Cis-regulatory element 
(HERVH RNA dependent)

HERVH 1 2

H
3K

27
-A

c

p300
OCT4

e.g. GAL, DNMT3B
Inactive

Enhancer

Enhancer

C
is

T
ra

n
s

Unknown Mechanism

Functional HERVH RNA

e.g. “ESRG”, “lincROR”

HERVH driven protein gene

Cis-regulatory element 
(HERVH RNA independent)

Figure 2.10: Model of HERVH function

A. Primary effectors of HERVH function. We propose that HERVH full length RNA is the
primary effector of HERVH function because it is preferentially targeted by published shRNAs.
The exact mechanism by which it functions is still unknown. One possibility is that the potential
enhancer activity of inactive loci may be somehow dependent on the full length RNA. B.
Secondary effectors of HERVH function. We provide evidence that HERVH lincRNAs and protein
coding genes are not primary effectors of HERVH function as they are downstream of shRNA
knockdown. However, they may constitute a secondary effect that contribues to loss of
pluripotency after full length HERVH RNA knockdown. The observed enhancer effect may also
be a secondary effector if it functions independently of the HERVH full length RNA.
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2.4 Discussion
In recent years there has been a surge of interest surrounding the phenomenon of
retrotransposon activation in early development. In mouse, the MERVL and LINE1
families have been directly implicated in zygotic genome activation([70],[79]), and an
individual insertion from the MTA family has clearly been co-opted to drive a Dicer
isoform essential for germ line maturation([21]). In humans, many retrotransposon families
are also activated, showing distinct expression patters from zygote to late blastocyst([95]).
However, the HERVH family is by far the highest expressed family in pluripotent stem cell
culture([25]), and so far is the only one demonstrated to be essential for
pluripotency([89],[87]). Here we propose that HERVH is expressed in multiple pluripotent
cell types and that its primary mechanism of action is in trans.

We find that the LTRs for HERVH combine to promote the expression of HERVH
internal region in every cell of the human preimplantation embryo, and in cell culture,
through the formation of the primitive streak. Furthermore, we find that the LTR7 may
not be a good marker of the naive state as previously reported([87]), as we show it is
expressed in naive and primed hESCs, and is further activated during differentiation into
mesendoderm. Of note, we observe upregulation of LTR7 reporter activity in naive cells
but see downregulation of endogenous LTR7 trancripts. It is possible full length LTR7
insertions have internal regulatory sequence that is not included in the LTR7-tdTomato
reporter. An interesting candidate factor is the repressive KRAB-ZFP ZNF534, which
binds HERVH in vitro and is differentially regulated between naive and primed
states([86]). We also find that Brachyury binds directly to LTR7 loci in differentiating
cells. This implies that upregulation of LTR7 in mesendoderm is biolgically relevant, and
also suggests there is positive feedback loop between LTR7 and Brachyury, as HERVH
overexpression increases T levels during differentiation.

We find certain members of the LTR7Y subfamily are excellent markers of naive hESCs,
and this transcriptional specificity is likely conferred by a consensus KLF binding motif.
KLF4 and KLF17 are promising candidate factors to bind this sequence because they are
both differentially expressed between primed and naive states. Because multiple KLF
proteins have highly similar binding motifs, it also possible other KLF family members
could bind the identified CCCCACCC motif and contribute to LTR7Y transcription.
Ultimately, ChIP-seq experiments should address which factors bind LTR7Y in naive
hESCs. Our method used to identify the CCCCACCC motif could be applied to other
active ERVs. For example, repeating this analysis for LTR7B could identify transcription
factors important for human 8-cell or morula.

While the primary mechanism of HERVH function is still unclear, we do narrow
potential possibilities. First, we show HERVH chimeric transcripts are likely not essential
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to maintain pluripotency. The only chimeric transcript predicted to be targeted by
published shRNAs is ESRG, and after genetic knockout we find no loss of stemness. This is
in contrast to work from Wang et al. 2014, who report ESRG knockdown causes
upregulation of differentiation markers. This discrepancy could be explained by the use of
different hESCs lines (H9 in Wang et al. 2014, WIBR3 in this study). Alternatively, it is
possible that during clonal selection, surviving colonies adapted in some way to the loss of
ESRG. However, we feel our genetic knockout does show ESRG is not fundamentally
essential for pluripotency. We also show that active HERVH loci are unlikely to enhance
the expression of adjacent genes, as genes within 50 kb of active HERVH loci are not
dynamic with HERVH knockdown or high HERVH transcription. However, we find
differentially expressed genes are more likely to be near inactive HERVH copies. Enhancer
sequences are normally not transcribed but rather serve to bind transcription factors and
engage in DNA loops with nearby promoters(for review see[123]). We speculate that if
inactive loci are enhancers, they likely retain the binding motifs for pluripotency related
transcription factors that bind LTR7, such as NANOG, OCT4, and P300([25]), and are
free to engage in productive DNA loops with adjacent genes. It is important to
acknowledge that if LTR7 does serve as an enhancer, it may do this independently from
the RNA produced by active HERVH insertions. Alternatively, this observation could be
purely circumstantial. It is possible HERVH preferentially integrated nearby active genes
in pluripotency, as many viruses show a bias for integration near active genes([124]). If so,
these genes may simply be pluripotency genes, and are downregulated upon differentiation
independent of nearby HERVH loci. Ultimately, experimental validation by deletion of
candidate HERVH enhancers is needed to show if inactive HERVH loci can function as
enhancers and determine if this effect is important for pluripotency.

We find that overexpression of HERVH internal region is able to effect the dynamics of
primitive steak formation. This result supports the trans model of function, as ectopic
expression of HERVH is being driven by the EIF1α promoter from randomly integrated
insertions. This is in agreement with studies done in reprogramming, where overexpression
of HERVH transcripts enhance reprogramming efficiency([87],[101]). Future work could use
this differentiation assay to identify the minimal region necessary to enhance mesendoderm
differentiation and identify the protein factors that bind it.

Finally, we offer an explanation for the claim that LTR7-HERVH high cells mark the
naive state. We find that every cell in hESCs culture is positive for a LTR7 reporter, but
we do observe heterogeneity in signal intensity. We find that sorting for LTR7-HERVH
does not reveal markers of naive pluripotency (TFCP2L1, DPPA3, KLF17), but rather
markers of the primitive streak (T, MIXL1, EOMES). However, a number of genes show
elevated transcription in both naive hESCs and in the primitive streak, including NANOG,
NODAL, LEFT2, GDF3, WNT5B, WNT3, and WNT3A. During primed to naive
reversion, primed cells with naturally elevated NANOG levels and high Wnt signaling are
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reported to be more likely to survive([125]). The LTR7 high cells display such a signature,
and isolating them before reversion to naive would explain the observation of increased
reversion efficiency. In summary, LTR7 high cells in primed culture are poised for
differentiation into mesendoderm. However, they also possess the capacity to revert
efficiently to the naive state, presumably due to high levels of NANOG and Wnt signaling
necessary for mesendoderm differentiation.

The major outstanding challenge for future studies of HERVH is to demonstrate the
mechanism LTR7 employs to maintain human pluripotency. Additionally, it remains to be
determined if other HERVH subfamilies function similarly, or have unique functions earlier
in development. Our data suggest that the unspliced, non-chimeric HERVH RNA is likely
to be the primary effector of HERVH function in hESCs, and additional experiments
identifying proteins that bind this RNA are likely to be informative. The HERVH
overexpression experiments provide an assay that should allow the identification of a
minimal functional region, and mutation of putative RNA motifs could be used to
interrogate a hypothetical RNA binding protein-HERVH interaction. In all, this work
significantly contributes to the understanding of HERVH regulation and function in
pluripotency. It will likely assist with future efforts to derive new pluripotent cell cultures
and also helps explain how pluripotency and human development differs from other
mammals.
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2.5 Methods
Custom HERVH annotation
The repeat masker database was downloaded from the UCSC genome browser for the Feb.
2009 assembly of the human genome (hg19, GRCh37, (GCA000001405.1)). HERVH
elements within 50 base pairs were merged into a single annotation suing a custom python
script. The new merged annotations were then assigned a class (LTR7, LTR7B, LTR7C, or
LTR7Y), a strand (+/-), and a structure(complete, incomplete, or solo-LTR). Complete
insertions are defined as an annotation with 2 LTRs flanking an internal region.
Incomplete LTRs are annotations with an LTR present on only one side an internal region.
Solo-LTRs have no associated internal region. Complex insertions are defined as those
having LTRs of at least two different subfamilies.

Bioinformatic analysis of single cell RNA seq data from human
embryos
Single cell RNA-seq data from the human embryo was retrieved from Gene Expression
Omnibus (GSE36552,([112])). RNA-Seq data was mapped using TopHat with the -G
option, which first mapped reads to virtual transcriptome containing genes in ensebml
release 74 and our custom HERVH annotation. The reads that did not fully map to custom
transcriptome were then mapped onto the genome. Up to two mismatches were allowed.
For reads that aligned multiple times, alignments with the best score were reported (up to
20, default parameters). Read counts per gene were quantified using FeatureCounts([126])
using fragments that have both ends successfully aligned (options -B -p). Gene expression
was normalized by gene length and differential expression between stages was performed
using DESeq (negative binomial distribution). For the box plot, the expression of each
HERVH loci was determined by taking the average expression value in all blastomeres for
each developmental stage. The cell types of the blastocyst (primitive endoderm,
trophectoderm, and epiblast) were defined in Guo et al. 2015([127]). The heat map was
generated using all differentially expressed HERVH loci (log2 fold change >1 or <1) using
the Superheat package in R.

Statistical Analysis
All numerical results are presented as the mean with standard deviation from three
technical replicates or the number of biological replicates (independent experiments) stated
in the figure legend. Comparison between control and experimental or between timepoints
was performed using a two-sided upaired Student’s T test using with significance level of
0.05.
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Quantitative real-time PCR
RNA was prepared from harvested cells using TRIZOL according to manufacturers
instructions (Life Technologies, Cat. 15596). RNA was treated with DNAse for 15 minutes
(Invitrogen, cat. 18068015) and reverse transcribed using iScript Advanced
Reverse-Transcriptase (Bio-Rad, Cat. 1725037). Quantitative real time PCR was
performed with SYBR FAST qPCR Master Mix (Kapa Biosystems, cat. KK4604) and
Applied Biosystems StepOnePlus Real Time System. The primer sequences are included in
the supplemental data.

Cell culture
For primed hESC culute, hESCs lines WIBR3 ( NIH stem cell registry 0079) and H9 (NIH
stem cell registry 0062) were cultured on irradiated mouse embryonic fibroblast (MEFs)
feeder layers in hESC media (DMEM/F12 supplemented with 20% knockout serum
replacement (Gibco Cat. 10828028), 1 mM glutamine, 1% non-essential amino acids
(Invitrogen Cat. M7145), 0.1 mM β-mercaptoethanol (Sigma-Aldrich Cat. M6250), and 5
ng/ml FGF2 (Stem Cell Technologies, Cat. 78003.1). hESCs were passaged every 5 to 7
days. To passage, cells were washed in PBS and then incubated in DMEM/F12 containing
Collagenase IV (2 mg/mL, Cat. 17104019). After 20 minutes, cells were dislodged with
hESC wash media (DMEM/F12 supplemented with 5% FBS) and feeder cells were
removed using gravity separation in a 15 mL conical tube and broken into small clumps
and plated. hESCs used in experiments were maintained under passage 40.
For naive hESC culture, naive hESCs were generated using the WIBR3 cell line cultured
on irradiated MEFs feeder layers. For conversion of primed to naive, 2 x 105 primed hESCs
were first incubated in physiological oxygen conditions (5%O2, 3%CO2) for 10 days. Before
conversion, cells were incubated with primed hESC media supplemented with 10 µM
Y27632 (Stemcell Technologies) for 24 hours. Cells were then passaged using Accutase
(Gibco) onto a MEF feeder layer and incubated with hESC media supplemented with 10
µM Y27632 for two days. Media was switched to 5i/L/A (naive media) and widespread cell
death was observed. After 10 days cells recovered cells were passaged polyclonally using
Accutase. Naive culture media is defined as follows: a base media of 50% DMEM/F12
(Invitrogen Cat. 11320) and 50% Neurobasal media (Invitrogen Cat. 21103) supplemented
with 1x N2 (Invitrogen Cat. 17502048), 1x B27 (Invitrogen Cat. 17504044), 1 mM
glutamine (Invitrogen), 1% non-essential amino acids (Gibco Cat. 11140076),
penicillin-streptomycin (Invitrogen), 50 µg BSA (Sigma Cat. 9048-46-8), 0.5% knockout
serum replacement (Gibco Cat. 10828028), 8 ng/uL FGF2 (Stemcell technologies Cat.
78003), 20 ng/µ Human LIF (Stemgent Cat. 03-0016), 20 ng/µL ACTIVIN-A (Peprotech
Cat. 120-14E) and the following small molecule inhibitors: 10 µM Y27632 (Stemcell
Technologies) 1 µM PD0325901 (Stemgent Cat. 04-0006), 1 µM WH-4-0230 (Stemgent Cat.
4-0079), 0.5 µM SB5908850 (Stemgent Cat. 4-0080), 1 µM IM-12 (Stemgent Cat. 04-0081).
HEK293T cells were cultured in DMEM/F12 with 10% FBS and 5% Penn/Strep
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(ThermoFisher Cat. 15070063) and passaged at 90% confluence using trypsin (Gibco).

Plasmid Transfections
Transfection of HEK293T cells: HEK293T cells were seeded onto a 6 well plate
(0.5x106 cells). The next day 3 ug pCPB control or pCBP-KLF4 vector was incubated
with 1 mg/ml PEI (Sigma Cat. 408727) in reduced serum OptiMEM (ThermoFisher Cat.
31985062) for 10 minutes and then added to cells. Cells were harvested at 48 hours.
Transfection of WIBR3 hESCs: WIBR3 cells were passaged according to normal
protocol onto MEF feeders. When cells reached 40$ confluence, they were transfected with
Lipofectamine Stem transfection reagent (ThermoFisher Cat. STEM00001). For a six well
plate, 6 µg total DNA was incubated with 12 uL Lipofectamine Stem transfection reagent
in OptiMEM reduced serum media for 10 minutes before adding to hESCs. For
experiments involving stable cell generation, cells were allowed to recover until confluencey
before splitting onto puromycin resistant feeders. The next day, media was changed to
hESC media supplemented with 1 ug/mL puromycin (Gibco Cat. A1113802) and selection
continued for 3 days before chagning back to normal hESC media.

Definition of expressed and non-expressed HERVH loci
The alignment of HERVH used a subset of highly expressed HERVH loci. HERVH loci
were defined as highly expressed if their RPKM value exceeded 20 in either epiblast,
trophectoderm, naive hESCs or primed hESCs. RPKM values were determined for
epiblast, trophectoderm, and primed hESCs from our analysis of single cell human embryos
(see Bioinformatic analysis of single cell RNA seq data from human embryos), resulting in
a list of 95 expressed HERVH insertions.

HERVH primary sequence alignment
The primary sequence of insertions expressed in naive hESCs were aligned to the HERVH
ancestral sequence using MUSCLE with the -stable option (do not rearrange sequences).
Gaps in the sequence alignment caused by only 1 alignment were removed. Visualization
was done using UGENE software (ugene.net). Sequences (rows) were manually rearranged
within families in order to emphasize sequence similarities between loci. Hover, this
ordering was only done once and all alignments show the same ordering of loci.

Motif analysis
The HOMER (Hypergeometric Optimization of Motif EnRichment) suite was downloaded
and the findMotifs.pl script was used to find motifs enriched in expressed HERVH
sufamilies. To do this the primary sequences of loci defined as either highly or lowly
expressed loci were downloaded from UCSC genome browser in fasta format. These
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sequences were passed to findMotifs.pl and highly expressed loci were used as input and
lowly expressed loci were selected as user defined background genes (-bg option).

Analysis of LTR subfamilies fold changes between naive and
primed cells
Fold changes of retrotransposon insertions from primed to naive were downloaded from
Theunissen et al. 2016([86]). Fold change values for LTR7, LTR7Y, LTR7Y-2(B-Like) were
extracted for HERVH insertions previously defined as highly expressed and were plotted
using ggplot2 and ggpubr in R. Pairwise statistical analysis was performed using a
Wilcoxon rank sum test.

LTR7 and LTR7Y reporter lines
hESCs with stable of expression of LTR7 and LTR7Y reporters were generated in WIBR3s
using the PiggyBac transposon system. 4.5 µg pCPB transfer vector containing the LTR
reporter was cotransfected with 1.5 µg pBASE transposase vector according to the protcol
detailed in the Plasmid Transfections section of the methods. Cells were selected using
puromycin (1 µg/mL) to insure 100% transfection efficiency. Lines were then reverted to
the naive state using the protocol described in the Cell Culture section and images were
taken at 10 days using a Zeiss Z1 fluorescence microscope. RNA samples were harvested at
10 and 16 days (passage 1 and 2).
To generate clonal lines for the LTR7 reporter, stable LTR7 reporter lines were incubated
with primed hESC media supplemented with 10 µM Y27632 (Stemcell Technologies) for 24
hours. Cells were then passaged using Accutase (Gibco) onto a MEF feeder layer and
incubated with hESC media supplemented with 10 µM Y27632 for two days. After 10
days, clones were picked and expanded. To ensure clonal selection, this process was
repeated before clonal lines were used for experiments. To sort LTR7 reporter lines into
high and low populations, clonal LTR7 lines were expanded to confluence in 6 well plates.
hESCs were trypsinized to single cell and passed through a 35µm nylon mesh (Corning Cat
352235) to remove clumps. 5 x 106 cells were sorted into total, high (top 5% of signal), and
low (lower 95% of signal)) populations using the BD Influx Cell Sorter (UC Berkeley, Li Ka
Shing Builidng).

Genome editing in hESCs
Guide RNAs targeting unique region flanking the ESRG locus were designed using the
MIT crispr design tool (http://crispr.mit.edu/). The top hits were synthesized as oligos
and cloned into the px458 vector (Addgene 48138). This vector was cotransfected into
hESCs with pCPB-GFP vector, which contains EF1a promoter driving GFP. This
transfection protocol is described in Plasmid Transfections. After 48 hours, GFP
positive cells were isolated using the BD Influx Cell Sorter (UC Berkeley, Li Ka Shing
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Builidng). Cells were plated in media supplemented with 10 µM Y27632 (Stemcell
Technologies) for 3 days. The media was then switched to normal hESC media and
surviving colonies were picked approximately 12 days later. These clones were genotype
using PCR and WT and KO cells were passaged for 8 passages.

Differentiation of hESCs into mesendoderm
Before mesendoderm induction, conditioned media was prepared by incubating hESC
media without FGF2 overnight on MEF feeders and the media was collected the next day.
hESCs were passaged onto plates coated with 80 µg/mL Matrigel (Corning Cat. 356231)
using standard passaging procedure (see Cell culture) and incubated overnight in
conditioned media supplemented with 10 ng/mL (Stemcell technologies Cat. 78003).
Mesendoderm induction was initiated by changing the media to conditioned media without
supplemented FGF but with 10 ng/mL BMP4 (Gibco Cat. PHC9534) and 10uM
LY294002 (Invitrogen Cat. PHZ1144) for 96 hours.

Analysis of published Brachyury ChIP-seq data
To analyze Brachyury binding to HERVH loci in mesendodederm, we downloaded
published called ChIP seq peaks from Faial et al. 2015([119]). To determine if ChIP seq
peaks were enriched for LTR7 sequences, we used the HOMER Annotate Peaks software to
label peaks within 100 basepairs of ERV sequences. To determine enrichment for HERVH
LTRs, we calculated the number of members of each ERV family that contain a ChIP seq
peak. After normalizing for the size and number of insertions for each family, statistical
enrichment was determined using a hypergeometric probability test.

shRNA knockdown of LTR7 and LTR7Y transcripts
Viral transfer vectors containing shRNAs targeting HERVH were generated in either the
SGEP or PLKO.1 vectors (see DNA plasmids section. To generate infectious lentivirus
containing the desired shRNAs, HEK293T cells in 10 cm dish were transfected at 30%
confluence using 24 uL PEI in OptiMEM with 2.5 µg g shRNA construct, 1.875 µg
psPAX2 (Addgene 12260), and 0.625 µg pMD2.g (Addgene 12259). Virus was harvested at
48 h and 72 h after transfection. hESCs were transduced using 1 mL of virus containing
supernatant supplemented with 5 µ/mL polybrene (SC Biotechnology, Cat. #sc-134220)
for 12 h before switching to back regular hESC media. Positive cells were selected using 2
µ/ml pyromycin for 3 days. For shRNAs targeting LTR7Y insertions, cells were then
reverted to the naive state using the protocol described in the Cell culture section.
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Analysis of published LTR7 high vs low microarray data
LTR7 high vs low microarray data was downloaded from Gene Expression Omnibus
(accession GSE54726). Differential expression of gene probes was determined using an R
script provided by GEO2R (https://www.ncbi.nlm.nih.gov/geo/geo2r) which calculates
differential expression using the limma package. Differentially expressed genes were defined
as those with a log2fold change >1 or <1. Gene ontology was performed using
differentially expressed genes and the online PANTHER gene ontology tool
(http://pantherdb.org/). Gene ontology analysis was done using PANTHER
Overrepresentation Test (Released 20171205) and statistics were calculated using Fisher’s
Exact with FDR multiple test correction.

Analysis of published HERVH knockdown microarray data
HERVH knockdown microarray data was downloaded from Gene Expression Omnibus
(accession GSE54726) and differential gene expression was done identically to the LTR7
high vs low microarray analsysis. To determine HERVH adjacent genes, we used the
GREAT online gene association tool (http://great.stanford.edu/), and genes adjacent to
transcribed HERVH loci were retrieved using the “Two Nearest Genes” option (50 kb).
This generated a list of 177 genes. Duplicate entries (i.e. adjacent to more than one
HERVH loci) were removed, yielding a list of 114 genes. To determine if the genes nearby
HERVH are enriched in the list of differentially expressed genes, statistical tests were
performed (Chi-square with Yates’ correction). Differentially expressed genes were defined
as genes with a log2Fold change of >1 or <-1.

Determination of HERVH-chimeric genes
To identify HERVH driven chimeric transcripts, we utilized the AceGene database, which
is a comprehensive database of available mRNA and EST data([122]). To generate a list of
putative chimeric genes driven by HERVH, we intersected the transcriptional start site of
each Acegene transcript with all HERVH loci. This list contains 431 total transcripts, 45 of
which are listed in the UniProt database. All previously identified HERVH chimeric
transcripts are found([87],[114],[103]), indicating this is a comprehensive method that likely
overestimates the true number of HERVH-driven chimeric transcripts.

Prediction of HERVH chimeric trancripts targeted by published
shRNAs
To determine what putative chimeric transcripts are targeted by published shRNAs, we
made a custom BLAST database of all HERVH putative HERVH chimeric transcripts. We
then used blastn (NCBI) to compare the shRNA targeting sequence from published shRNA
sequences([87]) with the following parameters; -task blastn-short -penalty -1. Alignments
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with three or more mismatches in core positions 3-19 were removed, generating separate
lists of putative chimeric transcripts targeted by each shRNA.

DNA constructs
shRNA constructs To generate LTR7 knockdown constructs, the sequence of shRNAs #2
and #3 from Wang et al. 2014([87]) were synthesized as oligos and ligated into the pLKO.1
vector (Addgene 10878) using AgeI and EcoRI sites. For LTR7Y knockdown, sequences
unique to the LTR7Y internal region were analyzed with the SplashRNA algorithm.
http://splashrna.mskcc.org/([128]). The top 5 hits were synthesized as oligos and cloned
into the SGEP vector (Addgene 111170). These unique sequences were also analyzed with
the Broad Institute pLKO shRNA design tool (https://portals.broadinstitute.org) and the
top 5 hits were synthesized as oligos and cloned into the pLK0.1 vector.
KLF4 Overexpression Vector: kpCPB-EF1-α Empty Vector: The piggyback destination
vector was modified to contain a BSMBI cloning site directly after the EF-1α promoter,
making it suitable for Golden Gate Cloning. KLF4 open reading frame was amplified from
the pCXLE-hSK vector (Addgene 27078) and cloned into pCPB-Empty vector using a
BsmbI restriction enzyme based Golden Gate Cloning.
HERVH Overexpression Vector: An HERVH insertion at location
chr4:180087630-180091722 (hg19 genome) was amplified from the human genome using a
nested PCR strategy. The first PCR used primers flanking the HERVH insertion, allowing
for unique amplication, and the second PCR amplified HERVH from the predicted TSS to
the end of the 3’ LTR. This transcript was cloned into pCPB-EF1-α Empty Vector using a
BsmbI restriction enzyme based Golden Gate Cloning reaction.
LTR reporter constructs: pCPB-Empty Vector: The piggyback destination vector was
modified to contain a BSMBI cloning site proceeded by no promoter. LTR sequences were
amplified directly from the human genome. The forward primer for all constructs lies
directly before the 5’ LTR in unique genomic sequence and the reverse lies approximately
110 basepairs inside the HERVH-internal region. The tdTomato protein was amplified from
the 2c:tdTomato reporter (Addgene 40281) and constituted a second piece in a BsmbI
restriction enzyme based Golden Gate Cloning reaction.



CHAPTER 2. HERVH 54

2.6 Supplementary Information
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Table 2.3: Putative HERVH-chimeric transcripts

Protein Coding lincRNA annotated lincRNA (Acegene Annotation)

ABHD12B ESRG basmer nunayu waglaw
ACTR3C FLJ26245 beewer peeter warubo
ATXN3 LOC100126447 blydawbu pervawbu watumi
CALB1 LOC100133317 cherchee plajorbo wyku
CCDC141 LOC100287242 chodybo ploydaw yayayu
CLEC12A LOC146880 chyfaw pober yutora
CYP11A1 LOC348926 dybo porrobo zarswoy
DNAJC15 LOC349408 fergar poydybo zyskawby
FUCA1 LOC729739 flachabu poytabo
FUT3 LRRC2-AS1 flajabu ranare
GABRP MGC32805 florstuby rarkey
GSDMB NCRNA00263 gardybo rarspubu
GZMA UCA1 gawdybo rusimo
HHLA1 LOC79015 geedybo sardybo
HRG psiTPTE22 geyskeybu sawame
HTR7 glospubu shawlabu
IL34 gojey sheespar
KIF1B hamuyo sheyfeyby
KLKB1 hanaya shorblabu
LRRC61 jerdaw siyamu
MACC1 jufloy skarporbu
MOK jyree skerpu
PCSK9 jyshorbu skoyvarbo
PMM2 kawame slardybo
RPL39L kerpu sleegar
SCGB3A2 klawnerbu sleeger
SEC23B kleyspeybu slorswoybu
SELP kloswoybu smarrarby
SEMA3E klygorbo smublerby
SLCO1B1 kogerbo snarkerbo
SLCO1B3 kohumu snoyvy
SPG20 leegar snudybo
SPTLC1 leyspeybu sorseyby
TFPI lywawby spurar
TUBB2A meysorby sutime
VRK2 moyboy swarubo
VWA3B moyneybu sygabo
WDR41 muhumi syzo
ZNF107 muklyby tacho
ZNF114 naya tygoybo
ZNF177 noyvy vardy
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Table 2.4: Alignment of shRNA sequences against HERVH chimeric transcripts

Targeting sequence GCAACTCGTCCCAAATCTTCCT
>HESRG. dAug10 range=chr3 :54666151−54673884 strand=− Length=3138
Score = 44.1 b i t s (22) , Expect = 4e−07
I d e n t i t i e s = 22/22 (100%) , Gaps = 0/22 (0%)
Strand=Plus/Plus

Query 1 GCAACTCGTCCCAAATCTTCCT 22
| | | | | | | | | | | | | | | | | | | | | |

Sbjct 1197 GCAACTCGTCCCAAATCTTCCT 1218

>MOK.wpAug10 range=chr14 :102700027−102707527 strand=− Length=335
Score = 30.2 b i t s (15) , Expect = 0.005
I d e n t i t i e s = 18/19 (95%) , Gaps = 0/19 (0%)
Strand=Plus/Minus

Query 1 GCAACTCGTCCCAAATCTT 19
| | | | | | | | | | | | | | | | | |

Sbjct 38 GCAACTCATCCCAAATCTT 20

Targeting sequence GCCGAGCTAGGTCCCAATTCTT
>FUT3. fAug10 range=chr19 :5844837−5848812 strand=− Length=629
Score = 44.1 b i t s (22) , Expect = 4e−07
I d e n t i t i e s = 22/22 (100%) , Gaps = 0/22 (0%)
Strand=Plus/Minus

Query 1 GCCGAGCTAGGTCCCAATTCTT 22
| | | | | | | | | | | | | | | | | | | | | |

Sbjct 59 GCCGAGCTAGGTCCCAATTCTT 38

>HESRG. eAug10 range=chr3 :54667622−54673900 strand=− Length=1412
Score = 44.1 b i t s (22) , Expect = 4e−07
I d e n t i t i e s = 22/22 (100%) , Gaps = 0/22 (0%)
Strand=Plus/Plus

Query 1 GCCGAGCTAGGTCCCAATTCTT 22
| | | | | | | | | | | | | | | | | | | | | |

Sbjct 314 GCCGAGCTAGGTCCCAATTCTT 335

>zarswoy . aAug10 range=chr14 :38660249−38662219 strand=+ Length=735
Score = 36.2 b i t s (18) , Expect = 9e−05
I d e n t i t i e s = 21/22 (95%) , Gaps = 0/22 (0%)
Strand=Plus/Plus

Query 1 GCCGAGCTAGGTCCCAATTCTT 22
| | | | | | | | | | | | | | | | | | | | |

Sbjct 204 GCCGAGCTAGTTCCCAATTCTT 225

>VRK2. rAug10 range=chr2 :58344552−58373563 strand=+ Length=630
Score = 36.2 b i t s (18) , Expect = 9e−05
I d e n t i t i e s = 18/18 (100%) , Gaps = 0/18 (0%)
Strand=Plus/Minus

Query 5 AGCTAGGTCCCAATTCTT 22
| | | | | | | | | | | | | | | | | |

Sbjct 30 AGCTAGGTCCCAATTCTT 13
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Chapter 3

Chimeric Isoforms in Human
Preimplantation Development

3.1 Background
Retrotransposons are genetic elements that replicate throughout the genome using an RNA
intermediate. Most sequences that remain in mouse and human are no longer mobile, and
a subset have been exapted by their hosts for use as enhancers([52],[129]), promoters for
cellular genes([21],[9],[130]), or as non-coding RNA products([64],[79] for review see[131]).
In humans, retrotransposons are most active in germ cells and in preimplantation embryos,
leading to the hypothesis that some have been exapted and are functional in development.
The endogenous retrovirus HERVH is involved in the maintenance of human
pluripotency([89],[87]), but the potential benefit of of LINES and SINES is in early human
development is less clear. There is evidence to suggest some SINE families may be
functional. Mammalian-wide interspersed repeats (MIRs), which are SINEs that actively
transposed around 130 million years ago, are enriched in enhancer sequences, implying they
have been selected to function as regulators of gene expression([132]). Alu elements,
another SINE family present in over 1 million insertions in the human genome, are found in
the protein coding regions of around 4% human genes([133]). Many of these present in
alternatively spliced transcripts that create premature stop codons or frameshift mutations
and are deleterious, but some may generate functional protein products([134]). Recent
advancements in singe-cell RNA sequencing promises to expedite the identification of
promising candidates for characterization. This chapter presents studies on one such
candidate, ZBTB16, a developmentally important zinc finger protein whose expression and
protein product is altered by a MIRb/Alu retrotransposon insertion.
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3.2 Results
Identification of retrotransposon-gene chimeric transcripts in
human development
To investigate the potential role retrotransposon-gene chimeric genes have in human
development, a collaborator, Anne Bitton Ph.D. (Institut Pasteur), analyzed publicly
available single cell RNA-seq data from blastomeres of human preimplantation embryos
and human embryonic stem cells (unpublished, data from accession GSE36552, [112]). She
identified 48,501 active retrotransposon loci (at least 1 count per million reads), and found
over 20% are correlated with the expression of an adjacent gene. Around 20% of these
gene-retrotransposon pairs contain junction reads directly joining the gene and
retrotransposon, suggesting activation of retrotransposons is directly modifying the
transcriptome and possibly the proteome of human preimplanation embryos. In all, Dr.
Bitton’s work has identified hundreds of protein coding genes that splice with nearby
retrotransposon sequences. These junctions are highly expressed (> 30 junction read
counts in at least one stage, see Methods), and can be found in multiple data sets and with
multiple mapping methods. It is likely these transcripts exist in the human embryo, as a
postdoc in our lab, Andrew Modzelewski, was able to validate many blastocyst specific
chimeric transcrips using hESCs (data not shown).

We investigated if the genes found to make chimeras are statistically enriched for any
biological terms. Using Gene Ontology enrichment analysis, we identified
overrepresentation of genes with WD repeat, RNA binding, or Pleckstrin homology
domains, AAA ATPAses, developmentally relevant transcription factors and Zinc Finger
proteins, among others (Table 3.1). We chose to further explore the enrichment of
zinc-finger containing proteins due to their recognized role in retrotransposon regulation.

Structure of ZNF-retrotransposon chimeric transcripts
To understand how the ZNF-chimeric transcripts are regulated, we selected four candidates
where the chimeric isoform comprises at least 50% of the total transcription of the gene in
at least one stage; ZNF226, ZNF605, ZNF544, and ZBTB16. Visualization of these
transcripts reveals they all disrupt the ZNF protein product in some way, although through
different mechanisms. The retrotransposons that splice with ZNF226 and ZNF544 are both
downstream of the transcript and replace the last canonical exon (Figure 3.1 A, B).
ZNF605 contains an antisense, intronic MER75-int element that appears to terminate the
transcript after the first coding exon (Figure 3.1 C). Finally, MIRb is intronic to ZBTB16,
but appears to act as an alternate promoter, potentially creating a truncated protein
lacking the n-terminal domains (Figure 3.1 D). We also quantified the expression of the
canonical and chimeric isoforms, and observe their expression patterns can be independent.
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Table 3.1: Gene ontology terms enriched for genes that make chimeric transcripts in
human embryos

Term p.value p.adj significance
Protein phosphatase 1 regulatory subunits 0.0000006 0.00011 100.00
WD repeat domain containing 0.0000005 0.00011 100.00
AAA ATPases 0.0000209 0.00265 64.98
Pleckstrin homology domain containing 0.0002442 0.01885 43.49
RNA binding motif containing 0.0002474 0.01885 43.49
Zinc fingers 0.0005023 0.03190 37.73
Anaphase promoting complex 0.0010413 0.04408 34.19
C2 and WW domain containing 0.0009820 0.04408 34.19
MutS homologs 0.0009820 0.04408 34.19
Adjusted p-value significance cutoff of 0.05.

For example, the canonical ZNF226 is detected from 4-cell through morula, but the
chimeric ZNF226:ERVL-E-int is specific to 4-cell (Figure 3.1 A-D).

We chose to further characterize the ZBTB16:MIRb chimera because it is (1) the highest
expressed retrotransposon:ZNF transcript in human preimplantation embryos, (2)
generates a putative protein product that may differ in function from the canonical
protein, and (3) is a previously studied gene that is known to be important for
development([135],[136]). Characterizing the properties of the ZBTB16:MIRb protein could
give insight into how retrotransposons shape the development of the human embryo.

The primary objectives of this study are to determine the likelihood that ZBTB16:MIRb
chimeric protein is actually transcribed and translated in the human embryo, and to
determine if its expression may have functional consequence in human embryogenesis. The
major limitation in studying a human-specific protein isoform in development is that
human embryos are extremely difficult to obtain and manipulate. While previous studies
have knocked down retrotransposon sequences in developing human embryos([99]), we do
not have access to the material or ethical approval to manipulate ZBTB16 levels during
human preimplantation development. Furthermore, this is a human specific isoform; we
cannot disrupt it using a model system like mouse. Therefore, we aimed to validate that
the ZBTB16:MIRb chimeric transcript is expressed in human oocytes, and we address the
functional importance of the ZBTB16:MIRb chimera in vitro.
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Figure 3.1: Candidate ZNF:retrotransposon chimeric genes show distinct
expression patterns in human preimplantation embryos

A. Schematic showing ZNF226:ERVL-E-int chimeric product B. ZNF606:MER76-int
chimera C. ZNF544:MLT1C chimera D. ZBTB16:MIRB chimeric product. Canonical
transcripts are in blue and retrotransposon containing chimeric transcripts are in red.
Junction dept is the number of uniquely mapped reads that span the junction between the
gene and retrotransposon (for chimeric) or been two exons not part of the chimeric
transcript (for canonical). Error bar is standard deviation from all single cell RNA seq
replicates from that stage. Drawings not to scale.
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Validation of the ZBTB16:MIRb chimera
We first aimed to validate that the ZBTB16:MIRb chimeric transcript is expressed in the
human oocyte. Our ideal experimental strategy was to use cDNA from human oocytes and
perform 5’ Rapid Amplification of cDNA Ends (5’ RACE), capturing the junction between
MIRb and ZBTB16, as well as identifying the transcriptional start site. However, due to
extremely limited quantities of human oocyte derived cDNA, we instead devised a
conventional PCR based strategy. Briefly, we designed four forward primers within the
AluSx/MIRb element and one reverse primer that anneals inside the third exon of
ZBTB16. Collaborators at the Third Military Medical University in Chongqing, China ran
three PCR reactions per primer pair using cDNA generated from human ooctyes. They
successfully amplified bands of the expected size for Fw1/Rv and Fw2/Rv primer pairs, but
not for Fw3/RV or Fw4/RV reverse (Figure 3.2 B-C). Sequencing the products validates
the junction is identical to the one predicted by RNA-seq, verifying the ZBTB16:MIRb
transcript is present in human oocytes (Figure 3.2 C). The actual splice site is within
MIRb and is found inside a splicing motif (TCTgtatgt) recognized by Human Splicing
Finder software([137]), suggesting the splicing may occur via canonical pathways. It is
interesting that the Fw3 and Fw4 primers failed to amplify. We believe this is because they
lie before the predicted transcriptional start site (Figure 3.2 B). However, it is possible
they failed simply due to technical reasons.
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Figure 3.2: ZBTB16:MIRb in present in human oocytes and the
ZBTB16:MIRb 5’UTR enhances translation efficiency

A. Schematic of ZBTB16 and ZBTB16:MIRb protein structure. Canonical ZBTB16 has
n-terminal BTB/POZ and RD2 domains, as well as 9 zinc fingers. The BTB/POZ and RD2
domains are truncated in ZBTB16:MIRb. B. Schematic of the Alu/MIRb promoter active in
human oocytes. Primers used for validatation experiment are shown in purple. RNA seq is from a
representative 2-cell blastomere. C. Table summarizing the validation of ZBTB16 in the human
embryo, with the sequenced junction shown on right. D. ZBTB16:MIRb 5’ UTR luciferase assay.
Depicted 5’ UTRs were in vitro transcribed in front of renilla-luciferase and then transfected into
HEK293T cells. Data is representative from three independent experiments and and error is
standard deviation from three technical replicates. Signficance tested with a two sided Student’s
t-test.
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Stability and localization of ZBTB16:MIRb chimeric protein
While validation of the ZBTB16:MIRb chimeric transcript in oocytes is crucial, it does not
address the likelihood the chimeric mRNA may be capable of translation or that the
truncated protein is stable. To determine if the chimeric 5’ UTR is capable of translation,
we tested its translation efficiency using a luciferase reporter in HEK293Ts. We find
chimeric 5’ UTR produces significantly more luciferase than the canonical ZBTB16 5’ UTR
(Figure 3.2 D). We are not certain of the precise transcriptional start site, so we also
created two truncations which remove sections of the Alu element. Removing the left arm
of ALU while retaining a set of GAA repeats did not effect translation, but when the GAA
repeats are removed we observe an increase in translation efficiency. GAA repeats are
known to form an ordered single-stranded RNA structure due to stacking
interactions([138]), so it is possible the chimeric ZBTB16:MIRb 5’UTR forms secondary
structure that regulates translation. In summary, it appears likely the chimeric
ZBTB16:MIRb transcript is a good substrate for translation initiation.

We next determined if the truncated protein product is stable. We tagged both isofroms
with a 3xFLAG peptide and and overexpressed them in HEK293Ts, finding both proteins
are produced at the expected sizes, with little evidence of degradation. Interestingly, we
observed two bands for ZBTB16:MIRb, suggesting it may be subject to post-translational
modification (Figure 3.3 A). The truncated isoform of ZBTB16:MIRb lacks the n-terminal
BTB/POZ and RD2 domains (Figure 3.2 A), which are important for nuclear-cytoplasmic
shuttling([139]). To determine if ZBTB16:MIRb protein has altered subcellular localization,
we overexpressed both isoforms in U2OS cells. In agreement with previous studies([140])
canonical ZBTB16 showed both nuclear and cytoplasmic signal. However, ZBTB16:MIRb
expression was entirely nuclear, suggesting the Alu/MIRb insertion in human embryos
creates a ZBTB16 protein isoform with altered subcellular localization (Figure 3.3 B).
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Figure 3.3: ZBTB16:MIRb generates a stable protein with altered subcellular
localization

A. To address stability of ZBTB16:MIRb, flag-tagged ZBTB16 and ZBTB16:MIRb were
overexpressed in HEK293T cells and analyzed by anti-flag western blot. KLHL2-FLAG is included
as a positive control and anti-tubulin was used to show equal loading. Data is representative from
4 independent experiments. B. To address protein subcellular localization of ZBTB16:MIRb,
stable U2OS cell lines expressing flag-tagged ZBTB16 and ZBTB16:MIRb were generated and
immunofluorescence was performed. Data is representative from 3 independent experiments.
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Effect of ZBTB16 on the cell cycle
CDK2 phosphorylates ZBTB16 at serine 197 and tyrosine 282 and targets it for ubiquitin
mediated degradation, antagonizing the ZBTB16 repression of Cyclin-A2 and allowing
entry into the cell cycle([140],[139]). However, the truncated ZBTB16:MIRb isoform lacks
these phosphorylation sites (Figure 3.2 A) and shows only nuclear localization, suggesting
it may retain its function as a cell cycle regulator while resisting CDK2 mediated
degradation. To address if ZBTB16:MIRb can regulate the cell cycle, we overexpressed
both isoforms in synchronized HEK293T cells. Both the full length and truncated versions
of ZBTB16 caused an increase in the percentage of cells in G1 phase, before gradually
declining by 12 hours post release (Figure 3.4 A). The expression of Cylin A2 transcripts
was also repressed at 12 hours in both ZBTB16 and ZBTB16:MIRb overexperssion
conditions, suggesting both isoforms slow the cell cycle through repression of Cyclin-A2
(Figure 3.4 B). Data generated in our lab by Sebastian Henkel shows that in HEK293T
cells, canonical ZBTB16 is subject to proteosome mediated degradation while
ZBTB16:MIRb is not (data not shown). In summary, our data suggests ZBTB16:MIRb
retains its function as a cell cycle regulator but is insensitive to ubiquitin mediated
degradation.
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Figure 3.4: ZBTB16:MIRb effects the cell cycle and represses CCNA2

A. To access ZBTB16:MirB activity in the cell cycle, both ZBTB16 and ZBTB16:MIRb isoforms
were overexpressed in HEK293T cells. Asynchonous (A) cells were synchronized using serum
starvation and then released. DNA content per cell was quantified with cytofluorometric analysis
at various timepoints using propidium iodide staining. Stacked bar plot showing percentage of
cells in G2,S, and G2/M. Data is representative from two independent experiments. B. qPCR
analysis of CCNA2(Cyclin-A2) from the cells analyzed in A. Error bars are standard error of
three technical measurements.
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3.3 Discussion
We present evidence that an isoform of ZBTB16, an important cell cycle regulator, is
transcribed from a Alu/MIRb insertion early human preimplantation development. This
isoform produces a truncated ZBTB16 protein that shows altered subcellular localization
and retains is function as a cell cycle regulator. ZBTB16 is acetylated by P300 within the
9th zinc finger, a process that enhances DNA binding and is required for ZBTB16 cell cycle
regulation([141]). This domain is retained in ZBTB16:MIRb, suggesting a possible
mechanistic explanation for how ZBTB16:MIRb maintains cell cycle regulation. Work in
the lab by Sebastian Henkel shows that ZBTB16:MIRb is resistant to proteosome
degradation. Ubiquitin mediated degradation of CDK2 phosphorylates n-terminal residues
that are truncated in the ZBTB16:MIRb isoform, so future studies may determine if
ZBTB16:MIRb is a more potent cell cycle inhibitor than canonical ZBTB16.

We would also like to note that ZBTB16 was first identified in an individual with acute
promyelotic leukemia, where a chromosomal translocation joined ZBTB16 with the RARA
gene coding for Retinoic Acid Receptor Alpha([142]). This translocation event occurred
between exons 2 and 3 of the ZBTB16 gene, generating a RARA-ZBTB16 fusion protein
that contains the same 7 zinc fingers that are retained in the truncated ZBTB16:MIRb
protein. RARA-ZBTB16 was shown to confer retinoic acid resistance in an acute myeloid
leukemia cell line through recruitment of p300 to the promoter of CRABPI([143]). We
believe this observation is circumstantial evidence supporting our model that the terminal
7 zinc fingers constitute a functional protein domain.

Finally, we would like to speculate about the function of ZBTB16 in the human
embryogenesis. Mouse embryos reach the late blastocyst stage after 84-96 hours, while
human embryos take an additional 24-30 hours([144]). Cyclin-A2 is expressed during this
time([145]), so ZBTB16:MIRb expression could effect its dynamics and explain, at least in
part, slower embryonic maturation. Alternatively, ZBTB16:MIRb could act during oocyte
maturation, where Cyclin-A2 is known to regulate the cell cycle in mouse([146]). While
direct manipulation of developing human embryos is unlikely due to ethical concerns,
future experiments could introduce the ZBTB16:MIRb chimera into mouse embryos to test
for effects on the embryonic cell cycle.
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3.4 Methods
Identification of chimeric transcripts in human embryogenesis
RNA seq data from human preimplantation embryos (accession number GSE36552) was
mapped with TopHat (v. 2.0.11) to the hg19 reference genome. Retrotransposon-gene
junctions (chimeric reads) were defined as reads that overlap on one end with an annotated
exon of an Ensembl gene and on the other end with an annotated retrotransposon. We
retained reads that contain at least 10 counts in two samples, and normalized single cell
RNA-seq samples using generalized linear model using edgeR. Gene ontology analysis was
performed for chimeric genes that using MSigDB gene sets
(http://software.broadinstitute.org/gsea/msigdb/collections.jsp) and significance was
calculated using Fisher’s hypergeometric test. This bioinformatic analysis was performed
by our collaborator Anne Biton (Institut Pasteur).

ZNF:retrotransposon candidate evaluation
Candidate chimeric ZNFs were inspected manually using The Integrative Genomics Viewer
(IGV). The top 30 out of 60 expressed zinc finger genes were individually evaluated for the
presence of the RT-exon junction. Junction read depth was determined manually for every
developmental stage. Chimeric junctions with less than 30 reads only appeared in a some
datasets and often showed unrealistic splicing patterns, so the candidate list was refined to
chimeric transcripts showing over 30 reads in at least 50% of the data sets of one
developmental stage. This list was further pruned to candidates that showed a higher
percentage (>50%) of chimeric transcript compared to canonical isoform.

Validation of ZBTB16 in human oocytes
To determine the presence of ZBTB16:MIRb in human oocytes, primers were designed
spanning the junction between MIRb and ZBTB16 exon 3. PCR amplification from using
cDNA from human oocytes was performed by collaborators at the Third Military Medical
University in Chongqing, China. Primer sequences are
ZBTB16 FW1: 5’ GCACCCTGGATGAAGACTCA 3’.
ZBTB16 FW2: 5’ GTTGCACTCCAGCCCAAGAC 3’.
ZBTB16 FW3: 5’ GGCAGGAAAATTGCTTGAAGG 3’.
ZBTB16 FW4: 5’AATTAGCTGGGTGGCAGGTG 3’.
ZBTB16 RV: 5’ GCAAACTATCCAGGAACCGC 3’.

Luciferase assay
Translation efficiency of ZBTB16 was determined using luciferase assays. mRNA was in
vitro transcribed from psiCHECK-2 plasmids containing ZBTB16 and ZBTB16:MIRb 5’
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UTR-renilla luciferase using HiScribe™ T7 ARCA mRNA kit (New England BioLabs, Cat.
E2065S). It was then 5’ capped, and poly-A tailed also using HiScribe™ T7 ARCA mRNA
kit. mRNA was purified using MEGAclear transcription clean up kit (Ambion, Cat:
AM1908) then cotransfected with mRNA encoding firefly luciferase into into HEK293t cells
using lipofectamine 2000. Dual-Luciferase® Reporter Assay (Promega, Cat. E1910) was
performed in triplicate TECAN Infinite® F200 microplate reader. Luciferase signal
between samples was normalized to firefly luciferase.

Western blot
Western blot was used to determine the stability of ZBTB16 protein. pLV-GFP plasmids
encoding ZBTB16-3x FLAG or ZBTB16:MIRb-3x FLAG were transfected into HEK293T
cells using PEI. Cells were collected in RIPA lysis buffer and protein concentration was
measured with DC Protein Assay (Bio-Rad, Cat. 5000111). 20 µg total protein was
subjected to SDS-PAGE and transfered to 0.2 µm nitrocellulose membranes. After
blocking with TBST and 5% non-fat milk, primary antibodies (anti-FLAG M2,
Sigma-Aldrich Cat. F3165, 1:1000 dillution and anti-tubulin, Abcam Cat. ab7291, 1:1000
dillution) were incubated for 1 h at room temperature followed by incubation for 1 h with
the appropriate horseradish peroxidase-conjugated secondary antibodies. Proteins were
visualized by chemiluminescence (Pierce ECL Western Blotting Substrate, Thermo
Scientific Cat. 32109).

Generation of U2OS ZBTB16 expressing stable cell lines
To generate infectious lentivirus containing the desired constructs, HEK293T cells were
transfected with three plasmids: transfer plasmid pLV-eGFP (Addgene plasmid 36083)
containing either ZBTB16-3xFLAG or ZBTB16:MIRb-3xFLAG, packaging plasmid VSVG
and envelope plasmid ∆VPR. Cells were transfected using PEI and virus was harvested at
24 h and 48 h after transfection. U2OS cells were transduced with 1 mL of virus containing
supernatant supplemented with 5 µ/mL polybrene (SC Biotechnology, Cat. sc-134220) for
24 h. Positive cells were selected using 2 µ/ml pyromycin.

Immunofluorescence
Subcellular localization of ZBTB16 protein was determined using immunofluorescence.
U20S cell lines with stable ZBTB16 or ZTB16:MIRb expression were seeded onto
poly-lysine coated glass cover slides (100 µ/ml-poly lysine, Sigma-Aldrich Cat.
25988-63-0). Cells were fixed for 10 minutes with 3.7% formaldehyde and permeabilized for
10 minutes with 0.5% Triton X-100 in PBS. Blocking was performed for 1 h at RT using
PBS containing 3% BSA. Primary antibody staining (rabbit anti-FLAG (SIGMA, Cat.
F7425, 1:300 dilution) was performed overnight, followed by incubation with secondary
antibody (goat anti-rabbit-IgG, Alexa Flour 594, Life technology, Cat. A11005, 1:200
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dillution). (Life technology, Cat. A11037). DAPI staining was performed for 5 min at RT
using 1 µ/ml DAPI in PBS. The slides were mounted with ProLong® Gold Antifade
Reagent (Invitrogen, Cat. P36930) and images were captured with a Zeiss LSM700
confocal laser scanning microscope.

Cell cycle analysis
The effect of ZBTB16 expression on the cell cycle was determined by propidium iodine
staining cell cyle analysis. HEK293T cells were transfected with plasmids encoding
ZBTB16 or ZTB16:MIRb using polyethylene glycol (PEI) and 24 hours later were serum
starved for 18 hours to synchronize the cell cycle. Cells were harvested at six hour
timepoints and fixed in 70% ethanol and then stained with propidium iodide (50 µg/ml).
The cell cycle profiles were determined by flow cytometry using the BD LSRFortessa cell
analyzer. Compensation and final analysis was performed using FlowJo.

Quantitative real-time PCR
RNA was prepared from transfected cells using TRIZOL according to manufacturers
instructions (Life Technologies, Cat. 15596). RNA was treated with DNAse for 15 minutes
(Invitrogen, Cat. 18068015) and reverse transcribed using iScript Advanced
Reverse-Transcriptase (Bio-Rad, Cat. 1725037). Quantitative real time PCR was
performed with SYBR FAST qPCR Master Mix (Kapa Biosystems, Cat. KK4604) and
Applied Biosystems StepOnePlus Real Time System. The primer sequences for CCNA2:
Fw- 5’ CCAGGAGAATATCAACCCGGA 3’, RV- 5’ GGTGCAACCCGTCTCGT 3’ and
GAPDH: Fw- 5’ AGCCACATCGCTCAGACAC 3’, Rv- 5’ GCCCAATACGACCAAATCC
3’.
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