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Histone Variant Macroh2a In The Gut And Beyond: A Study Of Intestinal
Fortitude

Abstract

Epigenetic factors guide chromatin remodeling during cell state transitions and confer resistance to genotoxic
stressors that could induce deleterious transformations. A particularly peculiar component of the epigenome
with emerging roles in fine-tuning cell identity and upholding genomic stability is the structural histone
variant macroH2A. Relatively little is currently known about macroH2A’s influence on overall cell
developmental potency and less still is known about macroH2A’s contributions to adult stem cell identity and
function in vivo. In this work, we use induced pluripotent stem cell (iPSC) reprogramming and the murine
intestinal stem cell (ISC) system to model macroH2A’s overall impact on cell epigenetic identity from embryo
to adult. We manipulated macroH2A content during iPSC reprogramming and concluded that macroH2A
removal from somatic chromatin constitutes a mild, but present epigenetic bottleneck to pluripotency
acquisition. Using epitope-tagged-macroH2A-expressing cells, we demonstrated that embryonic stem cells
(ESCs) display significantly more dynamic macroH2A incorporation and turnover than fibroblasts,
particularly proximal to the promoters of highly transcribed genes, concluding that macroH2A is less stably
associated with ESC chromatin. In a separate study, we bred macroH2A double germline knockout (DKO)
and strain-matched wildtype (WT) mice into reporter strains for ISC subpopulations, enabling us to
functionally test active and reserve ISCs during homeostasis and following y-irradiation injury. We showed
that macroH2A DKO intestine is host to elevated numbers of putative reserve ISCs, suggesting that
macroH2A may normally limit the size of the reserve ISC pool. We further determined that although
macroH2A is unnecessary for intestinal homeostasis, macroH2A strongly bolsters the intestinal regeneration
response following irradiative injury by promoting reserve ISC radioresistance. We thus conclude overall that
macroH2A imposes a minor resistance to induced pluripotency, limits the size of the reserve ISC pool in adult
mice and finally upholds genomic stability by providing resistance to genotoxic stress in vivo.
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ABSTRACT
HISTONE VARIANT MACROH2A IN THE GUT AND BEYOND:
A STUDY OF INTESTINAL FORTITUDE
Ryan J. Cedeno

Christopher J. Lengner

Epigenetic factors guide chromatin remodeling during cell state transitions and
confer resistance to genotoxic stressors that could induce deleterious transformations. A
particularly peculiar component of the epigenome with emerging roles in fine-tuning cell
identity and upholding genomic stability is the structural histone variant macroH2A.
Relatively little is currently known about macroH2A’s influence on overall cell
developmental potency and less still is known about macroH2A’s contributions to adult
stem cell identity and function in vivo. In this work, we use induced pluripotent stem cell
(iPSC) reprogramming and the murine intestinal stem cell (ISC) system to model
macroH2A’s overall impact on cell epigenetic identity from embryo to adult. We
manipulated macroH2A content during iPSC reprogramming and concluded that
macroH2A removal from somatic chromatin constitutes a mild, but present epigenetic
bottleneck to pluripotency acquisition. Using epitope-tagged-macroH2A-expressing cells,
we demonstrated that embryonic stem cells (ESCs) display significantly more dynamic
macroH2A incorporation and turnover than fibroblasts, particularly proximal to the
promoters of highly transcribed genes, concluding that macroH2A is less stably
associated with ESC chromatin. In a separate study, we bred macroH2A double

germline knockout (DKO) and strain-matched wildtype (WT) mice into reporter strains for

vi



ISC subpopulations, enabling us to functionally test active and reserve ISCs during
homeostasis and following y-irradiation injury. We showed that macroH2A DKO intestine
is host to elevated numbers of putative reserve ISCs, suggesting that macroH2A may
normally limit the size of the reserve ISC pool. We further determined that although
macroH2A is unnecessary for intestinal homeostasis, macroH2A strongly bolsters the
intestinal regeneration response following irradiative injury by promoting reserve ISC
radioresistance. We thus conclude overall that macroH2A imposes a minor resistance to
induced pluripotency, limits the size of the reserve ISC pool in adult mice and finally

upholds genomic stability by providing resistance to genotoxic stress in vivo.
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Histones and their modifications

Histones are proteins that compose the fundamental units around which
eukaryotic genomic DNA is wound and assembled into organized, compact structures.
The main category of histones consists of the core histones: H2A, H2B, H3, and H4.
Two H2A-H2B dimers and one H3-H4 tetramer combine to form a histone octamer,
around which 145 to 147 base pairs of DNA encircle to form the nucleosome core
particle (NCP). The NCP is further stabilized by a second category of histone — the linker
histone H1 — which secures DNA to nucleosome octamers and thus makes possible

higher-order chromatin organization (Luger et al., 1997).

In addition to their histone-fold domains, histones also contain highly basic N-
terminal histone tails, which protrude from the nucleosome octamer and are available for
a wide array of covalent modifications (Bannister and Kouzarides, 2011; Luger et al.,
1997). Histone modifications include acetylation, methylation, phosphorylation, and ADP-
ribosylation to name a few (Bannister and Kouzarides, 2011). The precise modifications
in combination with the specific histone tail amino acid residues that are modified

determine the functional outcome(s) of the adjacent chromatin.

Histone acetylation occurs at various lysine residues on histone tails, introducing
a negatively-charged functional group which destabilizes histone-DNA interactions,
‘opening’ chromatin for greater access by transcriptional machinery (Bannister and
Kouzarides, 2011). Histone acetylation and deacetylation are governed by the actions of
histone acetyltransferase (HAT) and histone deacetylase (HDAC) proteins, respectively

(Bannister and Kouzarides, 2011).



Histone methylation is unique in the sense that methyl groups do not contribute
any charge, and thus likely do not significantly alter histone-DNA association on their
own. Methylation occurs on lysine and arginine residues, and depending on the amino
acid, mono-, di-, and even tri-methylation events are possible. Methylation of specific
residues makes possible binding by various epigenetic factors, which can in turn alter
chromatin structure. For instance, heterochromatin protein 1 (HP1) is known to bind the
repressive methylation element, H3K9me3 (Bannister et al., 2001) while the active
element H3K4me3 is recognized by other factors including PHD fingers (Bannister and

Kouzarides, 2011).

Histone phosphorylation, like methylation, can either result in chromatin
condensation or decondensation depending on context. Histone phosphorylation is
accomplished by various histone kinases and occurs on serine, threonine, and tyrosine
residues (Bannister and Kouzarides, 2011). It’s somewhat surprising that attachment of
a negatively-charged phosphate group to histone tails does not always result in looser
histone-DNA  affinity. However, some studies suggest that certain histone
phosphorylation events can promote decoupling of HP1 protein from interphase
scaffolding and thus enable mitotic spindle anchoring and further remodeling toward

ultra-condensed metaphase chromosomes (Fischle et al., 2005; Hirota et al., 2005).

PARylation is another form of histone and general protein modification that is
covered in detail in a subsequent section. In sum, covalent modifications of canonical
core histones represent one mode of epigenetic control with many combinatorial
permutations that ultimately dictate chromatin organization, gene expression and by

extension, cell fate and function.



Histone structural variants and their functions

Aside from covalent modification of canonical core histones, another histone-
driven mechanism of epigenetic modification is the substitution of entire core histones for
structural variants encoded by separate genes. Unlike core histones which are largely
transcribed from multiple gene clusters during S phase, histone variants for the most part
are transcribed from single or relatively few genes in a replication-independent manner
(Buschbeck and Hake, 2017). Of the four core histones, H3 and H2A in particular have
the greatest variety of diverse structural variants with unique functional properties that
they contribute to nucleosome assemblies and by extension, local chromatin

architecture.

One H3 variant, known as CENP-A, has a histone domain that specifically
localizes to centromere chromatin (Sullivan et al., 1994). Further, CENP-A is critical for
establishing the domain and function of centromere chromatin, to the extent that CENP-
A knockout is lethal in yeast and human cells (Black et al., 2007). Centromere function
including kinetochore loading, checkpoint signaling during mitosis and chromosome
segregation were all shown to be dependent on the histone domain of H3 variant CENP-
A (Black et al., 2007). Interestingly, CENP-A is overexpressed in some cancers (Zink
and Hake, 2016), suggesting that aberrant histone variant expression and/or deposition

may lead to epigenomic disruption that potentially contributes to oncogenesis.

Another H3 variant described in the literature in some detail is the highly-
conserved H3.3, which has broadly been characterized as a transcriptional activator
(Ahmad and Henikoff, 2002). Interestingly, the amino acid sequence of H3.3 differs from

canonical H3 by only four residues, yet this difference is sufficient to enable H3.3



incorporation independent of DNA replication, displacing canonical H3-containing
nucleosomes in the process (Ahmad and Henikoff, 2002). Beyond general transcriptional
activation, H3.3 also plays a role in maintaining genome integrity during development, as
H3.3 knockout led to lethal chromosomal anomalies (Jang et al., 2015). H3.3 is thus an
important example of how subtle changes in histone sequence can have profound

effects on function.

A well-described structural variant of histone H2A is H2AX. Histone H2AX is
phosphorylated at serine 139 upon DNA double-strand break formation (Rogakou et al.,
1998). This y-H2AX signal is initiated extremely rapidly upon exposure to y-irradiation —
reaching maximum signal intensity within 10 minutes, or phosphorylation of
approximately 1% of total H2AX per 1 Gy of y-irradiation (Rogakou et al., 1998). y-H2AX
subsequently serves as a beacon for components of the DNA-damage response
including 53BP1, which in turn directs further signaling including cell cycle pause,
damage repair, and/or apoptosis dependant on damage extent (Fernandez-Capetillo et

al., 2002).

Another H2A variant of interest is H2A.Bbd (Barr-body deficient), originally
described by its specific exclusion from the inactive X-chromosome, despite robust
localization throughout the active X and autosomes (Chadwick and Willard, 2001a).
Interestingly, H2A.Bbd has a relatively unique histone domain with only 48% sequence
homology to canonical H2A (Chadwick and Willard, 2001a). Functionally, H2A.Bbd has
been implicated in transcriptional activation, yet interestingly H2A.Bbd overexpression
induces nucleosome destabilization and subsequent DNA damage hyper-susceptibility

(Goshima et al., 2014). Thus, one could infer that H2A.Bbd is an example of a histone



variant whose spatiotemporal deposition patterns must be kept at the proper balance to

ensure genomic stability.

H2AZ is another example of a structural variant of canonical core histone H2A.
H2AZ is broadly associated with open and relatively nucleosome-sparse chromatin, and
facilitates both self-renewal and differentiation in ESCs (Creyghton et al., 2008; Hu et al.,
2013). Somewhat paradoxically, H2AZ facilitates both gene activation and silencing,
which it accomplishes by enabling greater chromatin access to both active and
repressive protein complexes (Hu et al., 2013). Additionally, H2AZ-H3.3 composite
nucleosome core particles (NCPs) are particularly labile, and are able to simultaneously
block heterochromatin spread while enabling transcription factor access at promoters
and other regulatory elements (Jin et al., 2009). In this manner, H2AZ-H3.3 NCPs has
been described as a ‘placeholder’ to prevent incorporation of more stable canonical
NCPs and while maintaining local chromatin integrity despite low nucleosome density
(Jin et al., 2009). H2AZ is thus a prime example of the versatility of function that histone
variants can provide as a result spatiotemporal expression, epigenetic context, and the

relative stability of histone-DNA interaction.

Histone variant macroH2A: form and function

Of all the histone variants, none are as drastically structurally distinct from its
canonical counterpart as the histone variant macroH2A. While macroH2A contains an N-
terminal histone domain which shares 64% sequence homology with canonical H2A,
macroH2A also contains a large globular domain on its C-terminus known as a

macrodomain, connected to its histone domain via a short linker (Pehrson and Fried,



1992). MacroH2A’s macrodomain combined with its histone domain renders macroH2A
nearly three times the size of canonical core histone H2A, making macroH2A the largest

histone variant by far (Pehrson and Fried, 1992).

MacroH2A is very highly conserved throughout the vertebrate lineage, and is
present in some sequenced invertebrate species including a sea urchin
(Strongylocentrotus purpuratus), a tick (Ixodes scapularis), and an annelid worm
(Capitella teleta) (Pehrson et al.,, 2014; Pehrson and Fuji, 1998). In mammals,
macroH2A is encoded by two paralogous genes, H2afy and HZ2afy2 (Costanzi and
Pehrson, 2001; Pehrson and Fried, 1992). Alternate splicing of H2afy produces two
distinct protein-coding transcripts, macroH2A1.1 and macroH2A1.2, while H2afy2
produces a single transcript, macroH2A2 (Costanzi and Pehrson, 2001; Pehrson et al.,
1997; Rasmussen et al., 1999). Intriguingly, despite macroH2A’s extensive evolutionary

conservation, relatively little is understood about its function.

MacroH2A displays tissue-specific expression patterns, exhibiting particularly
high expression in adult mouse liver and kidney, yet notably reduced expression in adult
mouse thymus (Pehrson et al., 1997). Strikingly, macroH2A also exhibits age and
developmentally specific expression differences within tissues, with less macroH2A
protein in fetal mouse liver and kidney compared to adult counterpart tissue (Pehrson et
al., 1997), and greater macroH2A chromatin content in old (24 month) mouse liver and
lung compared to young (4 month) mouse chromatin (Kreiling et al., 2011). In agreement
with this observed age and developmental macroH2A expression paradigm, macroH2A
is depleted in undifferentiated mouse embryonic stem cells, yet macroH2A1.2 levels
were shown to increase coincident with induction of embryonic stem cell differentiation in

vitro (Pehrson et al., 1997).



A striking observation of macroH2A’s chromatin deposition patterns is its
localization to heterochromatic regions including the Xi (Costanzi and Pehrson, 1998;
Hernandez-Munoz et al., 2005), senescence-associated heterochromatin foci (Kreiling et
al., 2011; Zhang et al.,, 2005), and centromeres (Foltz et al., 2006). Additionally,
macroH2A is noticeably depleted on transcriptionally active regions of the genome
(Changolkar and Pehrson, 2006), leading to the hypothesis that macroH2A contributes
to transcriptional silencing. Concomitantly, macroH2A was shown to fine-tune the
spatiotemporal expression of HoxA cluster genes during retinoic acid-induced
differentiation of embryonic stem cells (Buschbeck et al., 2009), suggesting a role for
macroH2A in precision control of gene expression. MacroH2A1 was even shown to
downregulate rBRNA transcription, suggesting that macroH2A deposition can have far-
reaching consequences for protein synthesis and thus cell growth and activity as a
whole (Cong et al., 2014). The aforementioned studies highlight the general dogma that
macroH2A is a transcriptional silencer. However, it is also known that macroH2A
protects at least a subset of its target genes from silencing and in some cases even
potentiates transcription (Chen et al., 2014; Gamble et al., 2010), emphasizing that

context specificity should be taken into account with respect to macroH2A deposition.

Additional macroH2A functions and functional partners

While macroH2A remains relatively understudied compared to some histone
variants, a multitude of studies have implicated macroH2A in a diverse array of
mechanisms and functions. Interestingly, macroH2A1 knockout (KO) mice are

significantly leaner, displayed greater glucose tolerance and higher energy expenditure



than their wildtype (WT) counterparts while fed a high fat diet (Sheedfar et al., 2015).
Concomitantly, a separate study showed that macroH2A1 KO mice exhibit differences in
liver lipid metabolic genes (Changolkar et al., 2007), further highlighting a role for
macroH2A in modulating metabolism. This function may carry disease relevance as well,
since in yet another study macroH2A1.2 overexpression was associated with an
aberrant increase in liver fat accumulation, a hallmark of steatosis (Boulard et al., 2010).
Interestingly, overexpression of the other H2AFY splice variant — the PAR-binding
macroH2A1.1, was protective against fat accumulation, suggesting that the macroH2A1
splice variants may have opposing functions (Pazienza et al., 2014). This last result
further suggests that factors that govern macrohistone splicing and/or loading may play

a key role in dictating broad downstream gene expression and phenotypic processes.

MacroH2A has also been shown to participate in mechanisms that influence cell
cycle kinetics. MacroH2A1.2’s macrodomain was shown to suppress mitotic kinase
VRK1’s enzymatic activity during interphase and by doing so ensured proper
spatiotemporal histone phosphorylation necessary for mitotic progression (Kim et al.,
2012). MacroH2A was also shown to silence transcription of the TRPC3 and TRPC6
Ca®* channels, which govern Ca®**-dependent proliferation responses (Kim et al., 2013).
MacroH2A1 knockdown in bladder cancer cells increased TRPC3/6 gene-proximal
histone acetylation, Ca®* influx, and in turn cell growth and invasion (Kim et al., 2013).
It's tempting to speculate that these observed mechanisms may be at least in part
responsible for macroH2A’s purported tumor suppressive properties, yet many cancers
reproducibly exhibit a relative increase in macroH2A1.2 isoform expression compared to

its splice variant macroH2A1.1, suggesting that macroH2A1.1 may have stronger tumor



suppressive influences that have yet to be fully characterized. The influence of

macroH2A on tumorogenesis is discussed in a later section.

With respect to H2AFY splicing, the RNA helicases Ddx17 and Ddx5 have been
shown to influence macroH2A1 isoform choice — Ddx17/5 depletion results in increased
macroH2A1.1 exon inclusion (Dardenne et al., 2012). Additionally, the QKI splicing factor
has been shown to specifically promote macroH2A1.1 exon inclusion (Novikov et al.,
2011). Regarding macroH2A localization, a few histone chaperones have been shown to
promote macroH2A deposition or removal. The chaperone APLF was demonstrated to
deposit macroH2A1 at pluripotency-related genes, which reduced their transcription
during induced pluripotency (Syed et al., 2016). Conversely, the ATRX chaperone was
shown to remove macroH2A1 from chromatin and instead favor loading octomers

containing the transcription-activating H3.3 variant (Ratnakumar et al., 2012).

Several papers reveal mechanistic insights into macroH2A’s methods for
influencing local chromatin architecture and thus regulating transcription. One study
showed that macroH2A preferentially associates with the repressive ACF nucleosome
remodeling complex compared to the activating SWI/SNF complex (Chang et al., 2008).
Interestingly, while macroH2A’s histone domain was shown to reduce SWI/SNF
nucleosome remodeling complex activity, macroH2A’s nonhistone domain (consisting of
the macrodomain plus the linker region) was shown to block chromatin access to the
transcription factor NF-kB (Angelov et al., 2003). Another study showed that macroH2A’s
basic linker binds and stabilizes extranucleosomal DNA, increasing the stability of
chromatin-histone association (Chakravarthy et al.,, 2012). These results together
demonstrate that all three major macroH2A domains have properties that promote DNA

compaction.
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Contrary to dogma that macroH2A is a transcriptional silencer; a few studies
have discovered macroH2A-dependant transcriptional activation mechanisms.
MacroH2A1.2 was shown to bind muscle-specific enhancers in such a conformation that
enabled binding of a muscle-specific transcription factor Pbx1, macronucleosome
repositioning, and subsequent activation of downstream targets (Dell'Orso et al., 2016).
Interestingly PARP1 was shown to specifically recruit the PAR-binding macroH2A1.1
isoform, which in turn directed H2B acetylation at lysines 12 and 120, conferring either
epigenetic activation or silencing respectively (Chen et al., 2014). These results in sum
demonstrate that the macroH2A isoforms have diverse and sometimes opposing
function, and further emphasize the importance of context in understanding macroH2A’s

influence on epigenetic organization.

MacroH2A in stem cells and development

Several studies suggest that macroH2A guides cell fate during development and
differentiation. Interestingly, macroH2A is present on the chromatin of oocytes, but upon
fertilization this maternal macroH2A is actively depleted in a microtubule-dependant
process as the zygote undergoes the first few divisions (Chang et al., 2005), suggesting
that macroH2A may not be crucial for chromatin rearrangements in the early,
epigenetically plastic embryo. At approximately the 8-cell embryo stage, zygotic
macroH2A transcription and chromatin deposition initiates, and further globally increases
thereafter in development (Chang et al., 2005), suggesting that macroH2A helps ‘lock in’
cell fate toward functional specialization in differentiation and development. In agreement

with this, morpholino-based translational inhibition of macroH2A2 in the 24 hour
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zebrafish embryo leads to severe developmental abnormalities in gross body structure
(Buschbeck et al., 2009), suggesting that macroH2A may indeed be necessary for early

developmental processes in the vertebrate embryo.

MacroH2A has been suggested to broadly promote cellular differentiation at the
expense of stem cell self-renewal (Creppe et al., 2012). Specifically, macroH2A1
knockdown during differentiation of ESCs into embryoid bodies (EBs) significantly
reduced the size and phenotypic cavitation of EBs compared to control knockdown
(Creppe et al., 2012). Additionally, teratomas formed from macroH2A1-depleted ESCs
were larger than control, yet found to contain more undifferentiated malignant
carcinoma-like tissue and significantly less differentiated tissue (Creppe et al., 2012). In
another assay, primary human keratinocyte (PHK) grafts containing stem cells were
cultured in in vitro 3D cultures and concomitantly depleted of macroH2A1, and were
found to have reduced expression of the differentiated skin cell marker involucrin
compared to controls (Creppe et al., 2012). Additionally, PHKs were dissociated, seeded
at low cell density, and plated to induce stem cell self-renewal and holoclone colony
formation. Knockdown of either macroH2A1.1 or macroH2A1.2 increased colony
formation, and macroH2A1.2 overexpression had the opposite effect — reduced colony
formation, and by extension reduced stem cell self-renewal (Creppe et al., 2012). These
striking results strongly suggest that macroH2A1 potentiates stem cell differentiation and

limits stem cell self-renewal, even in adult stem cell populations.
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Macrodomain-containing proteins other than macroH2A

Looking beyond macroH2A, several other macrodomain-containing proteins have
been identified in all domains of life - bacteria, archaea and eukarya and even in some
ssRNA viruses (Karras et al., 2005). Karras and colleagues describe macrodomains as
functional binders of poly ADP-ribose (PAR) and other byproducts of NAD* metabolism.
Karras et. al. extensively biochemically characterized the macrodomain-containing
thermophile protein Af1521. In their work, they describe Af1521’s ability to bind ADP-
ribose and PAR with high affinity and hydrolyze a phosphoester bond in ADP-ribose in
vitro (Karras et al., 2005). Crystal structure analysis of Af1521 and other macrodomain
containing proteins revealed a highly-conserved ligand-binding pocket specific to ADP
ribose, yet interestingly outside of this pocket the structure of the examined

macrodomains varied considerably (Karras et al., 2005).

Interestingly, Karras and colleagues also demonstrated that the PARP-family
member Bal/PARP9 protein has the capacity to bind both ADP-ribose and PAR,
suggesting that it is capable of interacting with its own metabolic products (Karras et al.,
2005). The authors conclude by suggesting that multiple macrodomain-containing
proteins evolved with the specific capacity to bind ADP-ribose, albeit in different contexts
dependant on protein location and function (Karras et al.,, 2005). The authors further
postulate that ADP-ribosylation may be a general mechanism for guiding chromatin
remodeling by attracting both soluble macrodomain proteins with chromatin-interacting
functions as well as chromatin-bound macrodomain proteins such as macroH2A (Karras
et al., 2005). It is thus unusual that only the macroH2A1.1 isoform displays an affinity for
ADP-ribose, a feature that even its splice variant macroH2A1.2 lacks (Karras et al.,

2005). As such, caution must be taken when interpreting studies that investigate
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macroH2A1 mechanisms but do not employ methodologies that distinguish between
macroH2A1.1 and macroH2A1.2, as both PAR-binding-dependant and PAR-binding-

independent processes may be at play.

Poly ADP-ribosylation, Parp-1, and interactions with macroH2A

Since the macrodomain of only one macroH2A isoform, macroH2A1.1, has the
unique functional capacity to bind poly-ADP ribose (PAR) and PARylated moieties,
(Karras et al., 2005; Kustatscher et al., 2005), PARylation is worth exploring in some
detail. In brief, PAR synthesis is catalyzed from a nicotinamide adenine dinucleotide
(NAD") donor via the actions of a family of proteins known as poly ADP ribose
polymerases (Parps), the most well-studied being Parp-1 (Kim et al., 2005). In brief,
Parps catalyze the transfer of ADP-ribose units from NAD* onto protein substrates,
generating free nicotinamide in the process (Kim et al., 2005). Poly-ADP ribose
glycohydrolase (Parg) proteins accomplish the converse reaction: hydrolysis of ADP
ribose units from PARYylated proteins, producing free ADP ribose in the process (Kim et

al., 2005).

PAR has been described as the “third type of nucleic acid” in addition to DNA and
RNA due to its unique polymeric structure, which can consist of as many as 200
consecutive ADP-ribose units in vitro with approximately one branching structure per 20-
50 units (D'Amours et al., 1999). PAR chains are highly negatively charged and as such
PARylation can serve as a highly dynamic mechanism for insertion of a particularly

attractive (or repulsive) polymer (Kim et al., 2005). Both chromatin-associated and freely
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diffusing proteins are capable of being PARylated, and the specific contexts of these

modifications have far-reaching implications for epigenetics, cell fate and function.

One consequence of histone PARylation is regional chromatin decondensation,
perhaps in part by PAR increasing local electrostatic repulsion (Poirier et al., 1982).
Another mechanism of PAR-induced euchromatinization was discovered when linker
histone H1 was shown to have a higher affinity for PAR than DNA itself; thus H1
PARylation highly destabilizes H1-DNA interaction and in turn locally relaxes chromatin
(Malanga et al., 1998). Interestingly, it was shown that PAR-binding macroH2A1.1, but
not non-PAR-binding macroH2A1.2, is capable of binding localized PAR signal and
inducing chromatin re-condensation (Timinszky et al., 2009), perhaps suggesting that
macroH2A1.1 sequesters PAR to reform heterochromatin. In another study, macroH2A
was shown to inhibit Parp-1 enzymatic activity, suggesting that macroH2A maintains
heterochromatin at least in part by limiting Parp-1’s ability to PARylate histones and

open up chromatin (Nusinow et al., 2007).

PARylation, Parp-1, and macroH2A all have roles in bolstering genotoxic stress
responses. Parp-1 was shown to promote survival following exposure of mice and
murine cells to y-irradiation induced DNA damage (de Murcia et al., 1997). Of particular
interest, Parp-1 knockout mice exposed to 8 Gy of whole-body irradiation died of acute
small intestine injury, suggesting that Parp-1 contributes to the intestinal stem cell driven
regeneration response (de Murcia et al., 1997). Interestingly, both Parp1 and macroH2A
have been shown to guide DNA damage repair (DDR). Parp1 is recruited to DNA break
sites where it PARylates itself and local chromatin, ultimately enabling access for DDR
machinery including the DDR protein scaffold, Xrcc1 (Mortusewicz et al., 2007). In

another example, PARP-1 and macroH2A together were shown to bolster homology-
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driven repair by ultimately recruiting BRCA1 to break sites (Khurana et al., 2014). Finally,
excess accumulation of PAR as a consequence of DNA damage can induce cell death
by a unique mechanism known as parthanatos, which in the briefest of terms is
characterized by Parp-1 overactivation, recruitment of the macrophage mitigation
inhibitory factor nuclease into the nucleus, and ultimately widespread genomic DNA lysis
(David et al., 2009; Gupte et al., 2017). Overall, one might speculate that since
macroH2A is known to limit Parp-1 activity (Nusinow et al., 2007), by extension
macroH2A may also limit excessive Parp-1 activation and in turn protect against at least
one mechanism of cell death. Thus, it’s apparent that Parp-1, PARylation, and
macroH2A together are key players on a cooperative axis of the DDR, and can impose
checks and balances upon one another to guide cells toward DNA damage repair and

survival, or alternatively cell death in the advent of overwhelming genotoxic insult.

MacroH2A'’s contribution to genomic stability and the DNA damage response

MacroH2A has been shown in several contexts to uphold genome integrity
against genotoxic stressors. In one study, macroH2A1 was shown to buffer against gene
expression changes and reduce transcriptional “noise” in Namalwa cells following
induction of genotoxic stress by Sendai virus infection (Lavigne et al., 2015). Specifically,
macroH2A1 was shown to maintain robustness of gene expression against
environmental perturbations, and this property was shown to depend at least in part on
macroH2A’s interaction with the transcription factor NRF-1 (Lavigne et al., 2015).
Interestingly, this study provides another example of macroH2A’s ability to ‘fine-tune’

gene expression by showing that macroH2A nucleosomes stably block activator-binding
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sites of repressed genes and silencer-binding sites of active genes, effectively
minimizing promiscuous gene activation or silencing (Lavigne et al., 2015). In another
example of this phenomenon, macroH2A1.1 and PARP-1 were shown to cooperatively
occupy the promoter of the hsp70 gene in HelLa cells, effectively silencing transcription
(Quararhni et al., 2006). Upon heat shock initiation, macroH2A1.1 and PARP-1 were
shown dissociate from the hsp70 promoter and enable transcription of components of
the heat shock response (Ouararhni et al., 2006), providing yet another example of
macroH2A enabling a robust and dynamic response to changing conditions, and

upholding genomic integrity.

In several other studies, macroH2A has been shown to safeguard gene
expression by promoting, directing, and bolstering the DNA damage response (DDR). In
one example, 293T cells were rendered significantly more radiosensitive following
macroH2A1 knockdown (Xu et al., 2012). In this system, 53BP1 foci formation following
Y-IR was reduced in macroH2A1-depleted 293T cells, and phosphorylation of 53BP1-
target Chk2 at threonine 68 was correspondingly reduced as well (Xu et al., 2012). In
another study, the PAR-binding isoform macroH2A1.1 was recruited to DNA double-
strand break (DSB) sites within seconds of targeted laser microirradiation of HelLa cells
in a PARP1-dependant manner (Timinszky et al., 2009). Interestingly, the non-PAR
binding splice variant, macroH2A1.2, was not recruited to DSB sites over the same time
span. PAR-ylation of DSB-proximal elements by PARP1 is known to be an early
signaling hallmark of the DDR (de Murcia et al., 1997), thus it’s interesting to note that
macroH2A1.1 deposition proximal to DSB sites is an early event in the DDR response as

well.
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Interestingly, while PAR-binding macroH2A1.1 is recruited to DSB sites within
seconds of DSB induction and non PAR-binding macroH2A1.2 is initially depleted, 15
minutes later macroH2A1.2 is re-deposited and further enriched at DSB sites (Khurana
et al.,, 2014). This initial macroH2A1.2 removal (and by extension macroH2A1.1
recruitment by PARP-1) is associated with a relative de-condensation of DSB-proximal
chromatin, and the later macroH2A1.2 deposition phenomenon coincides with a relative
local chromatin re-condensation (Khurana et al., 2014). This local heterochromatin is
formed in part by macroH2A1.2’s recruitment of the histone methyltransferase PRDM2,
which locally increases the H3K9me2 heterochromatin mark (Khurana et al., 2014).
PRDMZ2 then recruits BRCA1 to the DSB site, which in turn promotes key components of
homology-directed repair (HDR) at the DSB site, without altering recruitment of 53BP1, a
known mediator of the less-proofreading process of non-homologous end joining (NHEJ)
(Khurana et al., 2014). Overall, macroH2A1.1 and macroH2A1.2 appear to work in
concert to direct the DDR response and promote the choice of HDR over NHEJ

(Khurana et al., 2014; Timinszky et al., 2009).

MacroH2A and cancer

Many studies identify macroH2A expression patterns in several cancers that
suggest that macroH2A may have tumor suppressor properties (Cantarifio et al., 2013),
consistent with macroH2A’s known role in upholding genomic integrity. For instance,
macroH2A1.1 and macroH2A2 expression was shown to anti-correlate with tumor
proliferation in lung cancer (Sporn et al., 2009). Further, macroH2A1.1 was shown to be

up-regulated in lung tumor cells undergoing senescence, providing more granular insight
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into macroH2A’s tumor suppressive quality since senescence protects cells from
malignant transformation (Sporn et al., 2009). MacroH2A loss or knockdown was also
shown to correlate with increased melanoma proliferation and malignancy (Kapoor et al.,
2010). This increased malignancy as a result of macroH2A knockdown coincided with

transcriptional up-regulation of the CDK8 oncogene (Kapoor et al., 2010).

Importantly for the purposes of our study, macroH2A’s purported tumor
suppressor role has been shown to extend to colorectal cancer. In one study, the splice
variants macroH2A1.1 and macroH2A1.2 were revealed to have distinct, and often
opposing expression patterns across different colorectal cancer cell states (Sporn and
Jung, 2012). Specifically, loss of macroH2A1.1 and gain of macroH2A1.2 expression
was observed in primary human colorectal cancers compared to healthy tissue (Sporn
and Jung, 2012). Additionally, observed macroH2A1.1 loss was correlated with greater
metastatic phenotype in vitro and worse prognostic outcome in human patients, further
highlighting the PARP-binding macroH2A1.1 as the true tumor suppressor isoform of

macroH2A (Sporn and Jung, 2012).

Intriguingly, another study showed an opposing role for macroH2A in cancer;
specifically that macroH2A1 can also potentiate silencing, heterochromatin formation,
and hypermethyllation of the promoter of the tumor suppressor gene p16 in colorectal
cancer (Barzily-Rokni et al., 2011). While Barzili-Rokni and colleagues also found that
macroH2A1 knockdown in combination with DNA demethylation reversed p16 silencing
and decreased cell proliferation, the pan-macroH2A1 knockdown cannot distinguish
between the effects of knockdown of the individual splice variants of macroH2A1
(Barzily-Rokni et al., 2011). It’s tempting to speculate that the non PAR-binding

macroH2A1.2 was the isoform primarily responsible for p16 silencing as described in this
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study, since the PAR-binding macroH2A1.1 splice variant has been described as a
tumor suppressor in other systems, with minimal such behavior convincingly attributed to

macroH2A1.2.

Induced pluripotent stem cell reprogramming

The in vitro dedifferentiation of somatic cells back to a pluripotent state via
induced pluripotent stem cell (iPSC) reprogramming technology holds tremendous
promise for the generation of cells for regenerative medicine. In 2006, Takahashi and
Yamanaka first demonstrated in a Nobel-prize winning body of work that differentiated
cells can be reprogrammed back into pluripotency via expression of just four
transcription factors — Oct4, Sox2, KIf4 and c-Myc (Takahashi and Yamanaka, 2006).
During this drastic transition, a somatic nucleus must undergo considerable chromatin
remodeling to undo epigenetic marks of differentiation and reacquire a pluripotent
epigenetic identity. Due to the stochastic nature of iPSC reprogramming, It’s understood
that such chromatin-remodeling events can be rate limiting (Hanna et al., 2009). Since
iPSC generation is a time and labor-intensive process, greater understanding of the
epigenetic transitions between cell states is paramount to reducing the costs and

increasing the efficiency of iPSC reprogramming.

Several groups have manipulated components of the epigenome and achieved
improvements in iPSC reprogramming efficiency. One group showed that
supplementation of valproic acid, an HDAC inhibitor, dramatically increased
reprogramming efficiency (Huangfu et al., 2008). Another study found that treatment of

cells with the maintenance methyltransferase Dnmt1 inhibitor 5-aza-cytidine also
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resulted in significant increase in iIPSC reprogramming efficiency (Mikkelsen et al.,
2008). Yet another group showed that overexpression of constituents of the BAF ATP-
dependent chromatin remodeling complex improved reprogramming efficiency by
allowing greater Oct4 binding at pluripotency promoters (Singhal et al., 2010). These
studies in sum suggested that certain forms of euchromatinization might enable greater
Yamanaka factor access and thus accelerate reprogramming. This notion is consistent
with the idea that ESC chromatin is globally transcriptionally hyperactive compared to

somatic chromatin (Efroni et al., 2008).

Interestingly however, another study suggested that at least some forms of
heterochromatin are necessary to induce and maintain pluripotency. H3K27
methyltransferase EZH2 inhibition was shown to antagonize iPSC generation due to a
reduction of repressive H3K27me3 accumulation at fibroblast-specific loci during
reprogramming (Onder et al., 2012). This result suggests that histone methylation may
be an important mechanism for silencing lineage-specific genes in pluripotent cells, and
highlights the importance of context and location of specific epigenetic marks in defining
the epigenetic landscapes of pluripotent and differentiated cells. Therefore, it’'s easy to
imagine the need for acquisition of ‘repressive’ marks such as macroH2A at some sites
during iPSC reprogramming, and conversely the loss of macroH2A at other loci to

remove silencing at some genes and induce silencing at others.

MacroH2A'’s role in induced pluripotent stem cell reprogramming

Since macroH2A chromatin content increases during development, and

macroH2A has been shown to promote stem cell differentiation and limit stem cell self-
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renewal, it follows that macroH2A removal at key genes, particularly those of the

pluripotency network may be epigenetic bottlenecks during iPSC reprogramming.

With respect to epigenetic differences between pluripotent and somatic cells, one
study in particular detailed key differences between the epigenome of mMESCs and MEFs
as pertaining to phenomena of macrohistone deposition, localization and dynamic
incorporation and turnover (Yildirim et al., 2014). Histone turnover has previously been
described as a mechanism for establishing boundaries that prevent the lateral spread of
epigenetic states, including the spread of heterochromatin (Dion et al., 2007; Mito et al.,
2007). To address whether rapid histone turnover occurs for macroH2A, Yildirim and
colleagues employed dox-inducible HA-tagged macroH2A2 expressing mESCs and
MEFs. Using these cell lines, Yildirim et al. conducted a pulse-chase study in which anti-
HA ChIP was performed over a time course to visualize kinetics of macroH2A2 genome-
wide incorporation. Importantly, HA-tagged macroH2A2 was shown to not incorporate
into ectopic genomic loci, as commercial macroH2A2 antibody ChIP was performed in
parallel and vyielded a nearly identical collection of macroH2A2 incorporation loci

throughout the genome.

In comparison with the native macroH2A2 ChIP, the anti-HA ChIP revealed
subsets of total macroH2A2-enriched loci that exhibited particularly rapid incorporation
and turnover kinetics. An especially interesting subset of genes in mESCs exhibited
dynamic macroH2A2 incorporation and turnover proximal to the transcriptional start sites
(TSS), and this category of genes trended toward particularly high transcription when
compared to genes with relatively little macroH2A turnover. Interestingly, the overall
proportion of genes in MEFs that exhibited this particular TSS-proximal turnover quality

was significantly reduced compared to mESCs, highlighting an important distinction
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between pluripotent and somatic chromatin. Further, MEFs were also observed to
acquire large domains of stable macroH2A incorporation compared to mESCs. These
results in sum suggest that during the reprogramming of a somatic nucleus toward
pluripotency, removal of stable-associated macroH2A from certain loci likely occurs in
tandem with re-emergence of dynamic macroH2A incorporation and turnover at other
loci. This study highlights the importance of distinguishing between stable histone
incorporation versus dynamic incorporation and turnover, a distinction that standard

ChIP-Seq assays alone typically overlook.

Another interesting observation is that macroH2A is actively removed from
somatic chromatin during somatic cell nuclear transfer reprogramming independent of
cell division (Chang et al., 2010). This study suggests that at least a subset of chromatin-
bound macroH2A may be antagonistic to pluripotency. Additionally, macroH2A1
knockdown experiments in mESCs during retinoic acid induced differentiation
demonstrated that that macroH2A facilitates differentiation at least in part by silencing
pluripotency genes (Creppe et al.,, 2012). Indeed, it was also shown that macroH2A
knockdown in various cells including murine dermal fibroblasts, adult neural stem cells,
and human keratinocytes increased pluripotency induction efficiency and macroH2A
overexpression reduced efficiency (Barrero et al., 2013a; Gaspar-Maia et al., 20183;
Pasque et al.,, 2012), reinforcing the idea that macroH2A is an epigenetic barrier to
pluripotency induction. However, the exact extent to which macroH2A is an epigenetic
barrier to iPSC generation and the specific mechanisms by which macroH2A ostensibly

impedes reprogramming remain somewhat nebulous.

One hint toward a mechanism of macroH2A’s antagonism toward iPSC

reprogramming was revealed by macroH2A ChIP-gPCR studies, which showed greater
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macroH2A deposition at pluripotency genes Oct4 and Sox2 in mouse embryonic
fibroblasts relative to ESCs (Pasque et al., 2012). However, macroH2A overexpression
in ESCs did not drastically alter pluripotency gene expression or interfere with ESC
maintenance (Pasque et al., 2012; Yildirim et al., 2014). Indeed, it's possible that
macroH2A histone variants, while overexpressed, were simply not being stably
incorporated into ESC chromatin to induce silencing. Indeed, the macroH2A-loading
histone chaperone APLF — which is lowly expressed in ESCs — was shown to deposit
macroH2A1 at pluripotency-related genes in MEFs (Syed et al., 2016). Additionally, it’s
possible that even if macroH2A were being incorporated into pluripotent gene-proximal
chromatin, such incorporation might be insufficient or insufficiently stable to induce
heterochromatin formation and subsequent transcriptional silencing of the robust ESC

pluripotency gene expression network.

Another piece of insight into macroH2A’s mechanism of pluripotency antagonism
was demonstrated via examining UCSC Genome Browser ChlP-Seq profiles, which
showed a broad presence of macroH2A1 and macroH2A2 domains that extend along
and beyond the gene bodies of pluripotency network genes Oct4 and Nanog (Gaspar-
Maia et al., 2013). These macroH2A-enriched domains were co-occupied with
transcriptional silencing mark H3K27me3, and relatively depleted of transcriptional
activating mark H3K27ac (Gaspar-Maia et al., 2013). Interestingly, however, the global
H3K27me3 profile of macroH2A DKO genes in adult murine dermal fibroblasts was not
strikingly different from that of macroH2A WT dermal fibroblasts, suggesting that other
layers of epigenetic transcriptional silencing may be epistatic to macroH2A, and thus
macroH2A knockout may be of little consequence (Gaspar-Maia et al., 2013), and under

normal circumstances may not drastically alter gene expression.
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Interestingly, Gaspar-Maia & colleagues also overlayed their macroH2A ChlP-
Seq profiles in dermal fibroblasts with a published gene subset that exhibited aberrant
H3K27me3 patterns upon depletion of the Utx histone demehtylase (Gaspar-Maia et al.,
2013), a demethylase shown to be crucial for early iPSC reprogramming events
(Mansour et al., 2012). A portion of these genes contained domains co-occupied by
H3K27me3 as well as macroH2A, and included transcription factors activated early on in
pluripotency induction including Sall1 and Sall4 (Gaspar-Maia et al., 2013). Strikingly,
Salll and Sall4 activation kinetics following reprogramming factor infection were
significantly accelerated in macroH2A DKO fibroblasts relative to WT (Gaspar-Maia et
al., 2013), suggesting that one possible mechanism of macroH2A’s blocking of
reprogramming is the impediment of Uix-mediated demethylation of H3K27 and

subsequent activation of these early pluripotency genes.

Another group suggests that macroH2A antagonizes iPSC reprogramming by
preventing the regain of H3K4me2 at key genomic loci including pluripotency genes
(Barrero et al.,, 2013a). Barrero and colleagues performed macroH2A1 ChlIP-Seq in
human keratinocytes and observed robust co-localization with the repressive H3K27me3
mark at lowly transcribed genes, and similar macroH2A enrichment at bivalent chromatin
domains (Barrero et al., 2013b). Knockdown of macroH2A during iPSC reprogramming
increased re-deposition of H3K4me2 at pluripotency genes and other bivalent domains,
and concomitantly iPSC reprogramming efficiency was enhanced (Barrero et al., 2013Db).
Barrero and colleagues present an interesting mechanism in which macroH2A prevents
acquisition of activating chromatin marks (H3K4me2/3) at certain bivalent loci, effectively

guarding against otherwise aberrant cellular reprogramming or differentiation events.
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This study further supports the increasingly apparent notion that macroH2A ‘locks in’ cell

epigenetic identity and in turn upholds cell identity and function.

The intestinal epithelium

The mammalian intestinal epithelium is an especially attractive model for the
study of adult stem cell dynamics. The tissue is effectively a single epithelial cell layer
primarily tasked with nutrient absorption and highly compartmentalized into repeating
units of fingerlike projections known as villi continuous with invaginations into
surrounding mesenchyme known as crypts of Lieberkihn (crypts). Intestinal stem cells
(ISCs) reside at the base of the crypt where they progressively migrate up the crypt-villus
axis and differentiate as a result of Notch signaling input (Fre et al., 2005). Cells slated to
become enterocytes first generate transit-amplifying (TA) intermediates, which rapidly
divide to expand the numbers of absorptive cells that are produced from a single ISC.
These absorptive progenitors migrate further upward and form enterocytes, which

constitute the vast majority of differentiated villus cells.

Secretory progenitors result from Notch ligand DII1 expression, which in short
order induces terminal differentiation and cell cycle exit (Stamataki et al., 2011).
Secretory progenitors then migrate up the villus to form mucous-producing Goblet cells
or hormone-producing enteroendocrine cells, or migrate back downward into the crypt to
produce Paneth cells, which produce antimicrobial defenses including Lysozyme C.
Excluding the long-lived crypt-resident Paneth cells, differentiating intestinal epithelial
cells continually migrate upward into the villus where they terminally differentiate prior to

ultimately undergoing apoptosis and sloughing off into the intestinal lumen. This process
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qualifies the intestinal epithelium as the most highly proliferative solid tissue, with a
complete turnover of cells from crypt to villus taking place over 3-5 days in the adult

mouse.

Due to such high turnover and potential for tissue injury as a result of
environmental perturbations and DNA replication errors, the intestinal epithelium relies
on a robust and responsive ISC compartment with high proliferative capacity. This
proliferative capacity is made possible by canonical Wnt signaling (Pinto et al., 2003),
which is ‘on’ at the base of the intestinal crypt and ‘off’ further up toward the villus. The
ISC niche — specifically the source of Wnt ligand — was originally proposed to be the
Paneth cell (Sato et al., 2011). However, direct Paneth cell ablation was shown to not
alter ISC function, and rather a population of Wnt ligand-secreting Fox1I" subepithelial
mesenchymal cells were elegantly shown to constitute the ISC niche (Aoki et al., 2016).
This localized source of Wnt defines the intestinal stem cell zone, and therefore a Wnt™e"
genetic signature and the proliferative capacity it bestows defines the most abundant

and best characterized ISC subpopulation, the crypt-based columnar ISC.

Crypt-based columnar intestinal stem cells

The base of the intestinal crypt was originally thought to only contain the
differentiated Paneth cells until slender cells interspersed between the Paneth cells were
first observed (Cheng and Leblond, 1974). Cheng and Leblond termed these cells crypt-
based columnar cells (CBCs) based upon their location and appearance, and observed
that CBCs divided quite rapidly — about once a day — and appeared to self-renew and

give rise to other cell types within the intestine, suggesting stem cell activity. In the
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intervening years, the Clevers group has extensively characterized CBC ISCs via
insertion of reporter genes into and under the control of the canonical Wnt target gene,

Lgr5 (Barker et al., 2007).

Lgr5® CBCs divide roughly daily and give rise to sufficient numbers of all
differentiated intestinal cell types to accommodate the tissue’s rapid turnover (Barker et
al., 2007). CBCs undergoing differentiation migrate up the crypt-villus axis, initially
producing transit-amplifying (TA) cells that divide rapidly prior to terminal differentiation
and ultimate shedding into the intestinal lumen (Barker et al., 2007; Cheng and Leblond,
1974). These results suggest that CBCs, also termed ‘active’ ISCs, are responsible for
much of the day-to-day homeostatic maintenance of the intestinal tissue. Interestingly,
isolated whole intestinal crypts (which contain on average 15 Lgr5* ISCs — significantly
more than other putative ISC types), or even FACS-sorted single Lgr5 cells can be
induced to produce organoid structures containing analogous in vivo structures ex vivo,
demonstrating further that Lgr5 cells contain the capacity to recapitulate the intestinal

tissue as a whole (Barker et al., 2010; Sato et al., 2009).

Through utilization of a Lgr5-driven Confetti reporter, Lgr5* ISCs were also shown
to clonally compete for crypt dominance, with CBCs at the Wnt"9" crypt base harboring a
competitive advantage compared to CBCs at the Wnt'" transit-amplifying zone (Ritsma
et al., 2014). This result is strong evidence that CBCs are driven to proliferate and self-
renew via canonical Wnt activity. Canonical Wnt activity was also shown to specifically
sensitize CBCs to y-irradiation-induced damage irrespective of cell cycle kinetics (Tao et
al., 2015). Concomitantly, Lgr5* CBCs have been largely characterized as radiosensitive
with widespread CBC apoptosis observed at doses 12Gy and above (Asfaha et al.,

2015; Barker et al., 2007; Hua et al., 2012; Metcalfe et al., 2014; Yan et al., 2012). As
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such, whole-body irradiation is a useful tissue regeneration model to quantitatively ablate

CBCs and test the regenerative capacity of non-CBC ISCs.

Significantly, although Lgr5" CBCs strongly contribute to homeostasis (Barker et
al., 2007; Ritsma et al., 2014), they are dispensable for intestinal homeostasis as well
(Metcalfe et al., 2014; Tian et al., 2011). This result strongly suggests the presence of a
reserve ISC compartment or an otherwise compensatory cell population that can
replenish the intestinal epithelium upon Lgr5" cell loss. Indeed, specific Lgr5" cell
ablation leads to greater lineage tracing from cells marked with a Bmi1-CreER knock-in

allele, one genetic marker of putative reserve ISCs, which | will discuss in detail below.

Reserve ISCs and their relationship with CBCs

The idea that the intestinal epithelium is host to a long-term, quiescent stem cell
population that is resistant to genomic mutations has existed for decades. However, the
notion that a reserve ISC population exists that is molecularly, functionally and
positionally distinct from the relatively recently described Lgr5® CBC population has
generated a modicum of controversy. In the 70s, Potten and colleagues described a
label-retaining cell at position +4 with respect to the base of the crypt that was postulated
to be a crypt stem cell population (Potten et al., 1974). Counter-intuitively, Potten’s +4
label-retaining cell (LRC) was shown to be radiation-sensitive (Potten, 1977). However,
several more recent reports have argued that there is at least one population of reserve,
radioresistant stem cells at the +4 position (Montgomery et al., 2011; Sangiorgi and

Capecchi, 2008; Takeda et al., 2011).
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Sangiorgi and Capecchi originally described a +4-positioned crypt stem cell
marked by insertion of a tamoxifen-inducible CreER into the locus of Bmi1, a Polycomb
complex protein-encoding gene. The authors demonstrated that Bmi1-CreER" cells are
slow-cycling, give rise to all differentiated intestinal cells, and Bmi1 cell ablation results in
crypt depletion (Sangiorgi and Capecchi, 2008). Importantly, another group revealed that
unlike Lgr5* CBCs, Bmi1-CreER" ISCs aren’t dependent upon Wnt for survival, are
highly radioresistant, and rarely divide during homeostasis (Yan et al.,, 2012).
Importantly, upon Lgr5+ CBC ablation, greater lineage tracing is induced from Bmili-
CreER’ cells, suggesting that these cells may represent a reserve ISC population (Tian
et al., 2011). It was further shown that single sorted Bmi1-CreER’ cells are capable of
generating intestinal organoids containing Lgr5" cells in vitro, suggesting that Bmi1-

CreER’ reserve ISCs sit at the top of the ISC hierarchy (Yan et al., 2012).

Another group revealed that a mouse telomerase reverse transcriptase (mTert)-
driven tamoxifen-inducible CreER transgene could recapitulate many of the phenotypic
properties of Bmi1-CreER-marked cells, including rare cell division, radioresistance,
multipotent differentiation and contribution to post-irradiation regeneration (Montgomery
et al., 2011). This result is particularly interesting, as telomerase is known to provide
cellular senescence resistance by preventing the loss of telomerase ends during iterative

rounds of cell division, a likely useful property for a putative long-lived reserve stem cell.

Another body of work led by Takeda and colleagues demonstrated that insertion
of a tamoxifen-inducible CreER into the Hopx locus, which encodes the atypical
homeobox protein Hopx, marks an ISC population at least partially functionally
overlapping with Bmi1-CreER* ISCs. Hopx-CreER" reserve ISCs were further shown to

be radioresistant and regenerate intestinal epithelium (Yousefi et al., 2016). These
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results further suggest a hierarchical stem cell model for the intestinal crypt that places
rare, quiescent, radioresistant reserve stem cells above the more abundant mitotically
and radiosensitive active stem cells. Interestingly however, Lgr5* cells were also shown
to give rise to Hopx™ cells — suggesting that interconversion between ISC populations is
possible and perhaps further suggests that ISC populations are relatively epigenetically

plastic with respect to one another (Takeda et al., 2011).

The Clevers group has argued against the existence of functionally distinct ISC
populations and interconversion thereof, and instead suggest a single or continuum ISC
model by proposing that putative ISC subpopulations exhibit at least partial
transcriptional and functional overlap (ltzkovitz et al., 2011; Mufioz et al., 2012). One
study showed via fluorescent in-situ hybridization that Lgr5, mTert and Bmi1 mRNA co-
localize within many intestinal crypt cells (ltzkovitz et al., 2011). Another study revealed
via bulk transcriptome and proteome analysis of Lgr5-CreER derived cells that Bmii,
mTert and Hopx mRNA and protein were all present within at least a subpopulation of

the aforementioned cells (Mufioz et al., 2012).

However, single-cell transcriptomic studies performed in the Lengner lab
revealed that while indeed Hopx and Bmi1 mRNA was present to a higher degree in
Lgr5™" cells versus Lgr5°", Hopx/Bmi1-CreER nevertheless marked a molecularly and
functionally distinct population of cells compared to Lgr5-CreER* CBCs (Li et al., 2014).
While Li and colleagues place reserve ISCs marked by Hopx/Bmi1-CreER (in which
Hopx-CreER marks a more uniform population) at the top of a hierarchical model, they
and others acknowledge that Hopx™ ISCs conduct at least some of their function,
including post-irradiation intestinal regeneration through generation of Lgr5* cells. This

hypothesis is particularly supported by work from the de Sauvage group, which
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employed an Lgr5-driven diptheria toxin ablation model to specifically eliminate Lgr5*
cells. While Lgr5" cell destruction during homeostasis was inconsequential — suggesting
a compensatory cell population (Tian et al., 2011), Lgr5* cell ablation in combination with
intestinal irradiation led to complete tissue catastrophe (Metcalfe et al., 2014). This result
supports the notion that reserve-ISC-driven intestinal regeneration depends on the
generation of mitotically active and proliferative Lgr5" CBC intermediates, and reinforces

the hierarchical model of ISC dynamics.

In sum, current literature underscores controversy in the field with respect to
reserve ISCs and ISC delineation as a whole. However, all studies strongly argue in
favor of a high degree of epigenetic plasticity within the intestinal epithelium — whether
through interconversion of distinct ISC subtypes or a continuum of epigenetic identities
within one large and highly heterogeneous ISC population. The specific epigenetic
factors that govern ISC and intestinal epithelial cell identity at large require further

characterization.

Epigenetics of the intestinal epithelium

The influences of epigenetic modifiers within ISCs and how chromatin
organization relates to cell identity and function within the intestinal epithelium remain
relatively understudied. Indeed, much remains to be characterized with respect to DNA
modifications, histone modifications, and particularly histone variant substitution within

the intestinal epithelium and the consequences thereof.

With respect to DNA modification, the DNA methyltransferase Dnmt1 was shown
to be necessary for proper ISC differentiation and genomic stability in concert with the
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de-novo DNA methyltransferase Dnmt3b (Elliott et al., 2016; Elliott et al., 2015).
Additionally, DNA hydroxymethylation by the Tet1 enzyme was shown to be a critical
process for governing expression of Wnt signaling related genes within ISCs (Kim et al.,

2016), thus upholding ISC function.

Undoubtedly, a variety of histone modifications, histone modifying proteins and
histone variant substitutions influence adult intestinal epithelial cell identity and function,
yet few have been described in great detail. The DOT1L methyltransferase was shown
to promote Wnt target gene transcriptional activation via deposition of the H3K79me2
mark in murine intestinal epithelial cells (Mahmoudi et al., 2010). In another study, the
repressive histone mark H3K27me3 was shown to be acquired at key developmental
genes in adult intestinal epithelial cells versus embryonic progenitors (Kazakevych et al.,
2017). Further, Kazakevych and colleagues showed that the histone variant H2A.Z was
shown to undergo broad depletion during ISC differentiation, suggesting that differential

histone variant deposition may fine-tune intestinal epithelial cell identity.

Despite studies that point to the influence of epigenetic factors on intestinal cell
identity, evidence interestingly also exists that at least a subset of intestinal epithelial
cells’ chromatin is quite epigenetically labile (Kim et al., 2014). Enhancers and regulatory
elements for both secretory and absorptive progenitor lineage-specific genes were
demonstrated to be ‘primed’ for activation within CBCs by the presence of activating
chromatin marks H3K4me2 and H3K27ac, and these marks persisted during
differentiation (Kim et al., 2014). In line with this finding, DII1* secretory progenitors were
shown to be able to dedifferentiate into ISCs following irradiative damage (van Es et al.,
2012), suggesting early ISC progeny retain considerable epigenetic plasticity. Even

alkaline phosphatase expressing transit amplifying cells were shown to be able to
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replenish ISCs upon Lgr5* cell ablation (Tetteh et al., 2016), suggesting that a sizable
population of differentiated intestinal epithelial cells may retain sufficient epigenetic

plasticity to revert back to an ISC-like state when returned to a Wnt"" niche.

In sum, many facets of the epigenome contribute to intricate chromatin
rearrangements during cell state transitions in the intestinal epithelium and beyond, and
the histone variant macroH2A has been described in several contexts to influence
chromatin organization, remodeling, and cell state. In this work, we broadly sought to
characterize the contributions of histone variant macroH2A to cell identity and epigenetic

remodeling during iPSC reprogramming and adult ISC dynamics.
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Chapter Two:

Materials and Methods
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Mouse strains

All mouse experiments were performed under the purview of the University of
Pennsylvania’s Institutional Animal Care and Use Committee under protocol 803415
granted to Dr. Lengner. Lgr5-eGFP-IRES-CreERT2 (JAX strain 008875) mice were
acquired from The Jackson Laboratory. Hopx-CreERT2 (JAX strain 017606) mice were a
kind gift from Dr. Jon Epstein, and macroH2A DKO (JAX strain 025481) were kindly
provided by Dr. John Pehrson. MacroH2A DKO and strain-matched 129S1/Svim mice
were crossed with Lgr5-eGFP-IRES-CreERT2 or Hopx-CreERT2::Rosa26-LSL-
tdTomato mice. C57BL/6J-APC™/J mice were obtained from Jackson Laboratory (JAX
strain 002020) and bred into a macroH2A DKO background in parallel with WT

129S1/Svim mice.

Cell culture media

MEFs, 293Ts, PlatEs, CRCs, and most other general cell types unless otherwise
stated were cultured in what I'll hereafter refer to as ‘MEF media’ — DMEM supplemented
with 10% fetal bovine serum, penicillin/streptomycin, sodium pyruvate, nonessential

amino acids and B-mercaptoethanol.

mESCs, iPSCs, and iPSC reprogramming experiments were cultured in what I'll
hereafter refer to as ‘ES media’ — Knockout-DMEM/F12 media (Thermo Fisher)
supplemented with 10% fetal bovine serum (Lonza), penicillin/streptomycin, I-glutamine,

nonessential amino acids, B-mercaptoethanol and ESGRO LIF (Millipore).
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Transfections and lenti/retroviral infections

For lentivirus production, 293T cells were grown to 60% confluence and
transfected with 10 pg of backbone vector along with 7.5ug p-PAX2 and 2.5ug pMD.G
packaging plasmids using Fugene HD transfection reagent (Promega) per
manufacturer’s instruction. Transfection media was changed the following morning and
virus-containing media was strained through a 0.45-micron filter the following day. Viral
media was then diluted 50/50 with fresh MEF media. MEFs were infected at 60%
confluence and supplied 1x Polybrene (Millipore). Two consecutive days of infection

were carried out followed by replacement of viral media.

For retrovirus production, platinum-E cells were transfected with 10ug backbone
vector at 60% confluence using Lipofectamine transfection reagent (Thermo Fisher).

Infection of target MEFs was carried out per method listed above for lentivirus.

iPSC reprogramming

MEFs were infected as described above with lentivirus encoding Yamanaka
factors in a STEMCCA cassette — either 4F (OSKM) or 3F (OSK)-mCherry with either a
Tet-inducible or constitutively active (CMV) promoter, experiment depending. Specific
iPSC reprogramming experimental details are outlined within figure legends and
diagrams in Chapter 3. BrdU incorporation assay was performed using BD Pharmingen
BrdU Flow kit per manufacturer’s instruction. Alkaline phosphatase positivity was
determined using Vector Labs’ Red AP kit per manufacturers’ instructions on wells fixed
with 4% paraformaldehyde. Images of AP-stained wells were captured using an iPhone
4S camera (Figures 3.4 & 3.6) or Samsung Galaxy S6 camera (Figure 3.7) — entirely
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dependent upon which phone | had that particular year. Composite images of nanog
immunofluorescence were taken using an EVOS FL Auto Imaging System (CDB

microscopy core).

MacroH2A ChIP-Seq and ChIP-qPCR

In brief, Coll1: TetO-macroH2A2-HA; Rosa26R: rTTA mESCs were trypsinized
and plated onto gelatinized tissue culture plates. Subsequently, mMESCs were exposed to
2 pg/mL doxycycline for 3, 6 and 12 hours after which they were crosslinked in 1%
formaldehyde then lysed in SDS-Lysis Buffer with protease inhibitors. Chromatin was
subsequently sonicated to 150-400 base pairs using a Bioruptor (UCD-200). Anti-HA
(Abcam), anti-macroH2A2 (Abcam), anti-macroH2A1.2 (Abcam) or IgG control ChIP was
then performed. ChIP-enriched chromatin was subsequently phenol-chloroform isoamyl
alcohol and treated with RNAse (Qiagen) and CIP (NEB). Further in depth ChlIP-Seq
methods including library construction for deep sequencing, mapping and normalization
and tile-based data analysis are further outlined in a previous report (Yildirim et al.,

2014). Data is accessible via Gene Expression Omnibus Accession #GSE57665.

TetO-MacroH2A2-HA generation and mESC targeting

MacroH2A2 cDNA (MacroH2A2-MMM103-9201250, Open Biosystems) was
subcloned in-frame with the HA-tag and then cloned via a unique EcoRl site into the
pBS31 vector downstream of a PGK promoter and ATG start codon and an FRT

recombination site along with a splice acceptor-double polyA cassette, tetracycline
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operator (TetO) with a minimal CMV promoter, unique EcoRl site and an SV40
polyadenylation signal. This construct along with Flpe recombinase-expressing vector
was then electroporated into KH2 mouse embryonic stem cells (which contain M2riTA in
the RosaZ26 locus and FRT-flanked PGK-neomycinR cassette upstream of promoterless
ATG-less hygromycinR). Hygromycin-resistant colonies following flip-in reaction resulted
in multiple iPSC clones that were verified for site-specific recombination at the Coll1a1
locus via Southern blotting. The mESC products were functionally verified in Chapter 3,

Figure 2.

Chimera generation and MEF isolation

mESC or iPSC clones for chimera generation were injected into BDF2
blastocysts and subsequently transplanted into pseudopregnant females. For MEF
isolation, pregnant females were euthanized and E12.5 embryos were harvested,
internal organs and brain tissue removed, and subsequently remaining embryo was
diced and then trypsinized in 0.25% Trypsin-EDTA at 37°C for 20 minutes. Digested
embryos were then suspended in MEF media and plated onto two 15 cm plates per
embryo. For further selection of transgenic MEFs, 2 pyg/mL puromycin was added for 2

days and surviving MEFs were trypsinized for cryostorage.

Histology

Histology was performed at the Molecular Pathology & Imaging Core (MPIC) of

the Penn Center for Molecular Studies in Digestive and Liver Diseases. In brief, mouse
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small intestines were washed with DPBS and fixed overnight at 4°C in Zinc formalin
(Polysciences Inc.). Following sectioning and tissue deparaffanization, antigen retrieval

was performed with 10mM Tris base (pH 9.0) buffer using a pressure cooker.

For immunohistochemistry, sections were quenched of endogenous peroxidases
by 3% H202, and sequentially blocked with Avidin D, biotin, and protein blocking
reagents. Primary antibody incubation was conducted at 4°C overnight. Secondary
biotinylated antibody was added at a dilution of 1:200, and incubated 2 hours at room
temperature. Finally, sections were stained according to the ABC peroxidase protocol
(Vector Laboratories) and counterstained with haematoxylin. Images were taken using
an inverted Leica DM IRB microscope and analysis was performed using iVision

software.

For immunofluorescence, sections were blocked with protein blocking reagent
and incubated with primary antibody overnight at 4°C. Sections were washed in PBS and
stained with fluorescent secondary antibodies (Jackson Laboratories) and
counterstained with DAPI (Vector Laboratories). For immunofluorescence using mouse
primary antibodies, a mouse-on-mouse (MOM) kit was employed (Vector Laboratories).
Images were taken using a Nikon E600 microscope and fluorescent channel overlay and
analysis was performed using iVision software. Specific primary antibodies and dilutions
used were as follows: macroH2A1 (Abcam Ab37264, 1:200), macroH2A1.1 (CST
#12455, 1:200), tdTomato (ClonTech 632392, 1:200), Ki67 (Abcam Ab15580, 1:200),
Lysozyme C (Santa Cruz sc-27958, 1:200) ChgA (Abcam Ab15160, 1:1000), GFP
(Abcam Ab6673, 1:200), cleaved caspase-3 (CST #9661) y-H2AX (CST #9718, 1:200)

and nanog (Bethyl laboratories # A300-397A, 1:100).

40



Isolation of intestinal epithelial cells

Mice were sacrificed and small intestine was dissected and cut open
longitudinally. Villi were then scraped off using a microscope slide cover slip. Remaining
tissue was then incubated with 5mM EDTA in HBSS for 30 min at 4°C to loosen crypts,
and then manually pipetted up and down for mechanical dislodgement. Crypts were

subsequently digested to single-cells with 0.66mg/ml Dispase (BD Biosciences).

Flow cytometry

Flow cytometry was performed on a BD LSR Fortessa cytometer (BD
Biosciences). Single cells were selected by FSC height vs. FSC width and SSC height
vs. SSC width plots. For Hopx-CreERTZ2::Rosa26-LSL-tdTomato mice, mice were
injected with 2mg tamoxifen 18h prior to sacrifice and tdTomato* cells were determined
via a threshold established by an injected Hopx-WT::Rosa26-LSL-tdTomato negative
control. For Lgr5-eGFP-IRES-CreERTZ2 mice, eGFP+ threshold was established by an
Lgr5 WT mouse. All analysis was performed using FlowJo software. Cleaved-caspase 3
alexa-fluor 488 antibody (CST #9669) employed via BD Cytofix/Cytoperm (554714) kit
per manufacturer’s instructions. Fixable viability dye (Thermo Fisher 65-0865-14) was

used to gate out dead cells.
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Irradiation & regeneration, post-IR lineage tracing and apoptosis assays

For post-irradiation regeneration assessment, mice were treated with 12 Gy
whole-body y-irradiation and sacrificed 72h later at which point intestines were harvested
and fixed overnight at 4°C in 4% paraformaldehyde, and processed for histology by the
MPIC. Tissue sections were stained for proliferation marker Ki67. Ki67* crypts per

500um were quantitated in each section.

For post-IR lineage tracing, macroH2A WT or DKO Hopx-CreERTZ2::Rosa26-
LSL-tdTomato mice were injected with 2mg tamoxifen 48h and 24h prior to 12 Gy whole-
body y-irradiation, and 72h later they were sacrificed. Tissues were subsequently
sectioned and stained for tdTomato using the MOM immunofluorescence kit (Vector

Laboratories), and tdTomato* crypts were scored per 500um.

For cleaved caspase-3 (CC3) flow cytometry, macroH2A WT or DKO Hopx-
CreERT2::Rosa26-LSL-tdTomato mice were injected with 2mg tamoxifen 24h prior to 12
Gy whole-body y-irradiation, and sacrificed 1 day later. Single crypt epithelial cells were
isolated and stained with fixable viability dye (FVD) (eBioscience 65-0865-14) before BD
Cytofix/Cytoperm fixation (554714) for 20 minutes at 4°C. Cells were then washed with
BD Perm/Wash buffer before incubation with Pacific Blue-conjugated cleaved caspase-3
antibody (CST #8788S, 1:50) for 1 hour at 4°C. Hopx-tdTomato/CC3 double positive,

FVD negative cells were then analyzed by flow cytometry.
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In vitro organoid formation assay

Organoid culture was performed according to a published protocol(Sato et al.,
2009). Crypt culture media consisted of Advanced DMEM/F12 supplemented with 1x
B27 and N2 supplements (Invitrogen), 50 yM N-Acetylcysteine (Sigma-Aldrich), 50 ng

" mouse EGF (Invitrogen), 1ug pL" R-Spondin (Wistar institute), 1ug uL" Noggin

mi
(Peprotech), and 3 yM GSK inhibitor CHIR99021 (Stemgent). After 7 days, intestinal
organoids were qualitatively and quantitatively assessed. Organoid images were taken

on a Nikon E600 microscope.

EdU incorporation assay

Hopx-Cre-ERT2::Rosa26-LSL-tdTomato mice were injected with 2mg of
tamoxifen 18 hours prior to sacrifice, and then injected with 0.3mg of 5-EdU (Thermo
Fisher) per 10g of body weight 2 hours prior to sacrifice. Lgr5-eGFP-IRES-CreERT2
mice were injected with EAU 2 hours prior to sacrifice. Crypt epithelial cells were fixed
and stained for EAU according to Click-iT® EdU Alexa Fluor® 647 protocol (Thermo
Fisher). DNA was counterstained with DAPI. Flow cytometric analysis was performed as
stated above on populations of tdTomato® or GFP* cells, comparing Alexa fluor 647

fluorescence to DNA content (DAPI).

Colorectal cancer cell proliferation (MTT) assay

RKO (ATCC stock number CRL-2577) or HCT116 (ATCC stock number CCL-

247) cells were seeded in 6-well plates at 50,000 cells/well and cultured in DMEM with
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10% FBS, 1% sodium pyruvate, and 1% L-glutamine 24 hours before siRNA
transfection. The lipofectamine RNAiMax reagent (Invitrogen) was employed per
manufacturer’s instruction. Cell proliferation was assessed using Cell Proliferation kit |
protocol (Roche). Absorbance of MTT assay was measured at 570nm. The Stealth
RNAis™ (Thermo Fisher) employed were siluciferase control (Thermo Fisher
12935146), siH2AFY (Thermo Fisher HSS114259) and the macroH2A1 isoform-specific

siRNAs used were of the following sequences:
siMacroH2A1.1: CACUGACUUCUACAUCGGUGGUGAA

siMacroH2A1.2: AGGCCAUAAUCAAUCCUACCAAUGC
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Table 2.1: Sequences of qRT-PCR primers

Gene name 5'-3' forward sequence 5'-3' reverse sequence
Esrrb TSS TAAGCTACGCCACTCAAGAAGCCA |ACGTGTCATGTATGGGCAAAGGG
hGAPDH AGGGCTGCTTTTAACTCTGGT CCCCACTTGATTTTGGAGGGA

hMacroH2A1.1

GGCCAAATCAATCCTACCAATG

TTCTCCAGCGTGTTTCCTAGGT

hMacroH2A1.2 [GCCTCTTCCTTGGCCAGAA CACTGTCGATCGAGGCAATGT
hMacroH2A2 CCATTCTGTCTTCTAAGAGCCTTGT |[GGCTGATGTCACTCTGGGTTAAG
mActin TGAACCCTAAGGCCAACC AGGTCTCAAACATGATCTGGGTC
mMacroH2A1.1 [GACATTGCCTCGATCGACAGT CACCGGTGTAGAAGTCAGTGTTTG
mMacroH2A1.2 [CCTCGGCCAGAAGCTGAA TGGCCTCCACCTCAAAGC
mMacroH2A2 [TGGCTGCGGTCATTGAGTAC CAGCGTTCCCAGCCAACT
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Table 2.2: Antibodies and dilutions

Antibody Supplier, catalog # | Dilution/concentration | Applications
beta actin Abcam, ab8227 1:1000 Western
CC3-AF-488 CST #9669 1:50 Flow cytometry
Chromogranin A Abcam, ab15160 1:1000 IF
Cleaved caspase-3 |CST #9661 1:200 IHC
GFP Abcam, ab6673 1:200 IF
HA tag Abcam, Ab18181 1:1000 ; 1:100 Western/IF ; ChlIP
Histone H2A Abcam, ab18255 5 ug/ml ChiP
Ki67 Abcam, ab15580 1:200 IHC
Lysozyme C Santa Cruz sc-27958 |1:200 IF
MacroH2A1 (pan) Abcam, ab37264 1:200 IHC
MacroH2A1.1 #1 John Perhson, Ph.D. |1:1000 Western, IHC
MacroH2A1.1 #2 CST #12455 1:200 IHC
MacroH2A1.2 John Perhson, Ph.D. |1:1000 Western, IHC
MacroH2A2 John Perhson, Ph.D. |1:1000 Western, IHC
mGAPDH Abcam, ab9485 1:2000 Western
Nanog Bethyl #A300-397A (1:100 IF
tdTomato ClonTech, 632392 1:200 IF
y-H2AX CST #9718 1:200 IF
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Chapter Three:

The histone variant macroH2A imposes a subtle

epigenetic barrier to pluripotency induction
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Abstract

Epigenetic remodeling mechanisms are at the core of cellular transitions during
development, differentiation and induced reprogramming. Induced pluripotent stem cells
(iPSCs) show great promise for applications in regenerative medicine, yet questions
remain about whether iPSCs are epigenetically similar or distinct from embryonic stem
cells (ESCs). Furthermore, much remains to be known about which factors contribute to
pluripotency at the epigenetic level, and how such epigenetic factors could be
manipulated to increase efficiency of iPSC generation and therapeutic quality of the
resulting cells. Studies of the epigenetics of pluripotency have placed much emphasis on
differential epigenetic marks such as histone and DNA modifications, and the enzymes
that catalyze the addition or removal of these modifications, but little investigation has
been carried out with respect to the functional consequences of substituting canonical
core histones for structural variants. One histone variant in particular, macroH2A, has
been implicated in reinforcing a cell’s epigenetic state during development,
differentiation, and epigenetic reprogramming by somatic cell nuclear transfer (SCNT).
Here, we develop and employ a macroH2A2 overexpression system to study macroH2A
dynamics during iPSC reprogramming. We also generate ‘secondary’ macroH2A DKO
MEFs with genome-integrated doxycycline-inducible iPSC reprogramming cassettes to
determine whether addback of individual macroH2A isoforms alters reprogramming
efficiency. We strikingly find that macroH2A undergoes significant dynamic incorporation
and turnover behavior proximal to transcriptional start sites in mMESCs compared to
MEFs, and this behavior is associated with greater gene expression. We surprisingly

observe little consequence as a result of macroH2A manipulation during iPSC
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reprogramming, excluding a slight but statistically significant difference in macroH2A
DKO MEFs achieving Yamanaka factor transgene independence at an earlier time point
than comparable WT MEFs. In sum, we demonstrate that macroH2A imposes a subtle,
but significant epigenetic barrier to acquisition of pluripotency, a more nuanced outlook

than current literature suggests.

Introduction

Pluripotent stem cells have unlimited self-renewal capacity and are able to
differentiate into any cell type within an organism. Understanding this unique quality is
paramount to harnessing the power of pluripotency for applications ranging from disease
modeling to regenerative medicine. While it’s possible to derive patient-specific
pluripotent cells through ectopic expression of transcription factors (Takahashi and
Yamanaka, 2006), many challenges remain before induced pluripotent stem cells
(iPSCs) may be used in the clinic. One such challenge is whether iPSCs are identical or
similar to ESCs at the genetic and epigenetic level (Dai and Rasmussen, 2007; Hanna et
al., 2010). Much attention in the field of the epigenetics of cellular developmental
potency has been placed on studying histone and DNA modifications, yet an important
and poorly understood facet of a cell’s epigenetic signature is the substitution of
canonical core histones for structural variants. One histone variant implicated in

establishing or reinforcing specific epigenetic states is macroH2A.

MacroH2A is about three times the size of canonical core histone H2A (Pehrson
and Fried, 1992), and is highly conserved from mammals to fish (Chakravarthy et al.,

2005; Changolkar and Pehrson, 2006). In mammals, macroH2A exists as two genes
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encoding three isoforms: macroH2A1.1, macroH2A1.2 and macroH2A2 (Costanzi and
Pehrson, 2001; Pehrson et al., 1997). During development, macroH2A chromatin
content progressively increases, particularly within transcriptionally silent domains
(Chang et al., 2010; Chang et al., 2005; Nashun et al., 2010) such as the female silent X
chromosome (Xi) (Changolkar and Pehrson, 2006; Herndndez-Mufoz et al., 2005).
Concomitantly, macroH2A content is markedly enriched within differentiated cells
compared to pluripotent ESCs (Dai and Rasmussen, 2007; Hernandez-Munoz et al.,
2005). MacroH2A content also increases with cell age and during senescence (Kreiling
et al.,, 2011), consistent with the loss of overall cell and tissue proliferative capacity
during ageing. MacroH2A was further shown in human pluripotent cell differentiation
experiments to localize to both pluripotency and developmentally related genes during
differentiation concomitant with their silencing (Barrero et al., 2013b). Thus, macroH2A

may play a role in cell specialization via heterochromatin formation and gene silencing.

Studies of MacroH2A in different epigenetic states suggest that macroH2A is
crucial for developmental processes but antagonistic to pluripotency. MacroH2A was
shown to have a role in fine-tuning the spatiotemporal expression of HoxA genes upon
RA-induced ESC differentiation (Buschbeck et al., 2009), suggesting that macroH2A
guides and fine-tunes gene expression and chromatin orgaization during development.
Conversely, in somatic cell nuclear transfer reprogramming, macroH2A is removed from
somatic donor nuclei prior to the onset of cell division (Chang et al., 2010), implying that
macroH2A removal may be an epigenetic roadblock to pluripotency acquisition. Further,
macroH2A1 was shown to regulate the balance of self-renewal and differentiation in
mouse ESCs (mESCs) (Creppe et al.,, 2012), specifically by potentiating stem cell

differentiation at the expense of self-renewal. Correspondingly, macroH2A1 depletion in
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mESCs impaired both RA-induced neural lineage differentiation and the formation of
embryoid bodies, while simultaneously reducing the ability of differentiating cells to
silence pluripotency genes (Creppe et al., 2012). This is strong evidence that macroH2A
has a role in establishing epigenetic cell states, and specifically that macroH2A

maintains cell differentiation at the expense of overall cell potency. Therefore, it’'s
tempting to speculate that artificial maintenance of high macroH2A chromatin content
during induced pluripotency of somatic cells may indeed impair the reprogramming

efficiency.

Here, we show that although macroH2A exhibits differential genome localization
and turnover patterns at key pluripotency genes in mESCs vs. MEFs consistent with the
degree of transcription, macroH2A overexpression during iPSC reprogramming
surprisingly doesn’t significantly alter reprogramming efficiency. Further, macroH2A DKO
MEFs do not reach certain early pluripotency hallmarks at an elevated rate than
macroH2A WT counterparts when sex was not accounted for. Additionally, addback of
individual macroH2A isoforms in macroH2A DKO MEFs did not significantly alter
reprogramming efficiency relative to control. Intriguingly, we did observe a slight but
significant increase in early pluripotency acquisition when comparing macroH2A WT
female MEFs, which contain the macroH2A-rich Xi, to macroH2A DKO male MEFs.
Finally, we determined that female macroH2A DKO MEFs have the capacity to achieve
transgene-independent pluripotency at a slightly but significantly earlier time point than
female macroH2A WT MEFs. In sum, our results suggest that the histone variant
macroH2A has a minor influence on iPSC generation efficiency, and corroborate
literature that suggests macroH2A removal is a key epigenetic remodeling event that

occurs during induced pluripotency. However, our data caution against the notion that
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relatively high macroH2A chromatin content in and of itself is a significant barrier to
pluripotency induction, as in our hands the degree of macroH2A’s retardation of

reprogramming was determined to be quite subtle.

Results:

MacroH2A deposition at pluripotency genes in MEFs and mESCs

To gain insight into whether macroH2A content may influence both iPSC
reprogramming efficiency and differential gene expression in mESCs and MEFs, we
collaborated with Dr. Oliver Rando’s lab at The University of Massachusetts Medical
School to perform macroH2A2 chromatin immunoprecipitation followed by deep
sequencing (ChIP-Seq) in MEFs and mESCs. Strikingly, we observed significant
macroH2A2 enrichment in MEFs and concomitant depletion in mESCs across the bodies
of genes that encode key pluripotency factors including including Oct4 (Pou5f1), alkaline
phosphatase (Alp7), Nanog (Nanog) and Esrrb (Esrrb) (Figure 3.1 A). Of note, we
observed patrticularly stronger peaks proximal to the promoters of Pou5f1 and Esrrb in
MEFs but not mESCs (Figure 3.1 A). Esrrb encodes a nuclear receptor critical for
pluripotency that can substitute for KiIf genes as a reprogramming factor (Feng et al.,
2009). Next, wildtype mESCs and MEFs underwent ChiP for macroH2A2 or
macroH2A1.2, and gPCR for the Esrrb transcription start site (TSS) was performed on
resulting enriched DNA fragments (Figure 3.1 B). MacroH2A2, but not macroH2A1.2,
was enriched at the Esrrb TSS in MEFs compared to ESCs. Since Esrrb undergoes
lower transcription in MEFs versus ESCs, it’s tempting to speculate that macroH2A2’s

Esrrb localization confers transcriptional silencing, and could suggest one mechanism by
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which macroH2A may serve as an epigenetic barrier to pluripotency. Thus, macroH2A2
removal from Esrrb may be an important epigenetic bottleneck that a somatic cell must
pass through during iPSC reprogramming. Conversely, macroH2A2 overexpression

during iPSC reprogramming may hinder Esrrb activation and thus delay pluripotency.

Generation of a doxycycline-indcible macroH2A2 overexpression system

In order to test whether maintaining high macroH2A2 expression levels during
iPSC reprogramming impairs reprogramming efficiency, we first generated drug-
inducible macroH2A2-expressing mESCs to derive somatic cells for reprogramming
experiments. Embryonic stem cells harboring a reverse tetracycline transactivator
(M2rtTA) at the constitutively active ROSA26 locus were targeted with a tetracycline
operator (TetO)-macroH2A2-HA cassette in safe-haven chromatin downstream of the
Collagen | locus (Beard et al., 2006). We initially confirmed that these ESCs overexpress
transgenic HA-tagged macroH2A2 protein upon doxycycline (dox) administration (Figure
3.2 A). Further, ESCs overexpressing macroH2A2 were morphologically and
phenotypically normal (Figure 3.2 B). ESCs were injected into blastocysts and
introduced into pseudopregnant mice, and MEFs were harvested from E12.5 embryos.
The resulting MEFs exhibited robust dox-induced macroH2A2 overexpression and were

morphologically normal (Figure 3.2 C).
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Genome-wide macroH2A dynamic incorporation and turnover in mESCs.

In processes dependent on epigenetic remodeling such as iPSC reprogramming,
studying stable histone variant deposition may be insufficient without taking into account
the dynamic histone incorporation and turnover that occurs during epigenetic transitions.
It has been shown in yeast that histone turnover is not random, and that high turnover
regions flanking promoters enable chromatin architecture amenable to active
transcription (Dion et al., 2007). Such a mechanism could account for macroH2A’s less
understood ability to protect a subset of its target genes from transcriptional silencing
(Creppe et al.,, 2012; Gamble et al., 2010). To address this possibility, we took
advantage of our mESCs with dox-inducible expression of HA-epitope-tagged

macroH2A2 (Figure 3.2 A) to study macroH2A turnover dynamics.

MacroH2A2 overexpression in mESCs was induced for 3, 6, and 12 hours by dox
addition. Anti-HA ChIP pulled down induced macroH2A2 protein, and sequencing
identified sites of macroH2A2 incorporation into chromatin during these time intervals
(Figure 3.3 A). Importantly, ChIP performed in parallel with a commercial anti-
macroH2A2 antibody revealed a nearly identical macroH2A localization profile (Yildirim
et al., 2014), strongly suggesting that transgenic macroH2A2 does not incorporate into
any ectopic genomic loci. Patterns of macroH2A2 incorporation divided the genome into
four groups: those with little incorporation, those with robust incorporation proximal to
genes’ TSS, and those with incorporation up- or downstream of the TSS (Figure 3.3 A).
Transcriptome profiling determined the average gene expression levels for each

category (Figure 3.3 B).
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We observed clear transcriptional trends among distinct macroH2A2 turnover
categories. Genes with little macroH2A2 turnover were the least expressed (however,
these genes may contain high levels of stable endogenous macroH2A2, undetectable in
this assay). Interestingly, genes with robust macroH2A2 incorporation near the TSS
were the most transcribed on average (Figure 3.3 C), and included the pluripotency
factor Esrrb (data not shown). These observations suggest that macroH2A2 turnover
may maintain open promoter chromatin and thus enable transcription of at least some
mESC genes. Interestingly, macroH2A2 turnover at promoters within more differentiated
MEFs was shown to be significantly reduced compared to mESCs (Yildirim et al., 2014).
Concomitantly, additional macroH2A2 was acquired in stable association with gene-poor
regions of the MEF genome compared to mESCs (Yildirim et al., 2014). In sum, these
results strongly suggest that the histone variant macroH2A exhibits distinct dynamic and
stable deposition patterns within mESCs and MEFs, and further highlights the possibility
that artificial macroH2A2 overexpression during iPSC reprogramming may disrupt the

epigenetic transition from MEF to mESC.

Overexpression or knockdown of macroH2A during iPSC reprogramming.

To determine whether maintaining macroH2A2 expression levels high during
iPSC reprogramming disturbs pluripotency acquisition, we initiated reprogramming via
lentiviral infection with a STEMCCA-3F-mCherry cassette (Carey et al., 2009; Sommer et
al., 2009) in our doxycycline-inducible macroH2A2 overexpressing MEFs (Figure 3.4 A).
In parallel, we also reprogrammed MEFs isolated from mice without macroH2A histones

(macroH2A DKO) (Pehrson et al., 2014). To assess induction of pluripotency, we stained
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for early pluripotency marker alkaline phosphatase (AP) (Brambrink et al., 2008;
Stadtfeld et al., 2008; Wernig et al., 2007) and strikingly noticed little difference in AP
induction irrespective of macroH2A overexpression or absence (Figure 3.4 B). This could
suggest that macroH2A has little to no influence on reprogramming efficiency, or
perhaps that the effect is so subtle that it cannot be ascertained by this method. To
further test this, we next infected macroH2A WT or DKO MEFs with STEMCCA-3F-
mCherry, performed FACS to select for cells infected with lentivirus, plated infected cells
at low density onto inactivated MEF feeders, and observed reprogramming efficiency
over 2 weeks (Figure 3.4 C-D). Once again, reprogramming efficiency was not
significantly altered by macroH2A presence or absence (Figure 3.4 E). These results in
sum suggest that macroH2A has no significant effects on iIPSC reprogramming

efficiency.

Reprogramming efficiency is proportional to not only the rate of epigenetic
remodeling events, but also the number of cell divisions a cell undergoes (Hanna et al.,
2009). To rule out the possibility that macroH2A presence, absence or overexpression
alters the cell division rate and thus confounds iPSC reprogramming efficiency
assessment, we performed BrdU-incorporation assays on MEFs prior to infection with
reprogramming factors. MacroH2A2 overexpressing, macroH2A DKO, and macroH2A
WT MEFs were subjected to a 45-minute BrdU pulse, then stained with an anti-BrdU
antibody and counterstained for total DNA with 7-AAD followed by flow cytometry
analysis (Figure 3.5). All samples showed similar distribution of cells within each phase
of the cell cycle (Figure 3.5), demonstrating that neither macroH2A2 overexpression nor

macroH2A germline knockout alters cell division rate. This suggests that any further
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observed effects of macroH2A overexpression or knockdown on reprogramming kinetics

are independent of effects on cell cycling.

The influence of individual macroH2A isoforms on iPSC reprogramming

efficiency.

Thus far, we’ve shown that total macroH2A knockout and overexpression of the
macroH2A2 isoform within MEFs does not significantly alter iPSC reprogramming
efficiency. To rule out the possibility that individual macroH2A isoforms, particularly the
splice variants of H2ZAFY — macroH2A1.1 and macroH2A1.2 have unique and perhaps
opposing influence on iPSC reprogramming, we performed a macroH2A isoform
addback experiment (Figure 3.6 A). In brief, ‘secondary’ macroH2A DKO MEFs were
generated with a genomically-inserted doxycycline-induclbe STEMCCA-3F-mCherry
cassette (Nakagawa et al., 2008; Wernig et al., 2008). These MEFs were then supplied
with macroH2A-mCherry overexpression retrovirus or FUW-GFP control, FACS-purified
to select for this infection, plated at low density onto feeder MEFs and lastly
reprogramming was initiated via dox addition (Figure 3.6 A-B). We observed robust
maintenance of FUW-GFP expression within resulting iPSC colonies concomitant with
STEMCCA-3F-mCherry expression (Figure 3.6 C), suggesting that macroH2A-mCherry*
expression was maintained throughout iPSC reprogramming as well. However,
irrespective of the macroH2A isoform added back to macroH2A DKO MEFs, no
significant effects on iPSC reprogramming efficiency were observed (Figure 3.6 D),
suggesting that presence or absence of even single macroH2A isoforms has no major

effect on the epigenetic remodeling events during iPSC reprogramming.
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Nuanced analysis of macroH2A’s influence on iPSC reprogramming efficiency

Although our studies thus far indicate that macroH2A presence, absence,
overexpression or addback have no discernable effects on iPSC reprogramming
efficiency, we next took a more nuanced approach to assessing pluripotency induction.
We isolated single-embryo-derived and thus sex-segregated MEFs from macroH2A DKO
and strain-matched WT mice. We then initiated iPSC reprogramming via infection with
STEMCCA-4F. Once again, macroH2A presence or absence did not have markedly
distinct outcomes on reprogramming efficiency in most comparisons (Figure 3.7 A).
However, when we compared macroH2A DKO male to macroH2A WT female MEF
efficiency, we noticed a slight but statistically significant increase in pluripotency
induction of the DKO male compared to the WT female (Figure 3.7 A). While the
difference was subtle, this could indicate that macroH2A removal from the WT female
somatic chromatin, particularly from the macroH2A-rich Xi, may represent a more
significant barrier to pluripotency acquisition than in the case of macroH2A WT male
MEFs, which lack the Xi. Next, we took female MEFs of macroH2A WT or DKO
background, simultaneously infected with TetO-STEMCCA-4F and FUW-rTTA and
supplied dox to initiate reprogramming (Figure 3.7 B). We then withdrew dox at different
time points during iPSC reprogramming to assess for differential attainment of
Yamanaka factor transgene independence as gauged by expression of Nanog, an
important protein for maintenance of late-stage pluripotency (Mitsui et al., 2003).
Pluripotent, Nanog" iPSCs begin to emerge following approximately 8-10 days of
transgenic Yamanaka factor expression (Brambrink et al., 2008; Hanna et al., 2009;
Stadtfeld et al., 2008), thus we chose to withdraw dox and thus withdraw Yamanaka

factor expression around these time points (Figure 3.7 B). Strikingly, dox withdrawl at
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day 8 revealed that significantly more macroH2A DKO MEFs had achieved Nanog
positivity by this time point than macroH2A WT, but interestingly this differential was
progressively less significant when dox was withdrawn at day 10 (p = 0.116) and day 12
(p = 0.606) (Figure 3.7 C). This result indicates that macroH2A DKO MEFs indeed do
achieve Yamanaka factor transgene independence with slightly quicker kinetics
compared to macroH2A WT MEFs. However, these results in sum also indicate that
while macroH2A removal from chromatin during iPSC reprogramming may indeed be a
necessary epigenetic remodeling event, macroH2A removal is ostensibly not significantly
rate-limiting overall to warrant being considered an epigenetic ‘bottleneck’ to pluripotency

acquisition.

Discussion

Our study revealed a number of insights that refine our understanding of the
histone variant macroH2A’s contribution toward epigenetic identity and iPSC
reprogramming efficiency. While macroH2A overexpression, knockout, and individual
isoform addback each did not significantly alter reprogramming kinetics on their own,
macroH2A DKO male MEFs interestingly did reprogram at a quicker rate than macroH2A
WT female MEFs when this particular comparison was made. In addition, female
macroH2A DKO MEFs achieved a slightly but significantly greater degree of Yamanaka
transgene-independence at an earlier time point compared to macroH2A WT MEFs,
furthering evidence that macroH2A’s influence on iPSC reprogramming is quite subtle.
Further, macroH2A is known to be expressed within pluripotent ESCs, and macroH2A2

was shown to undergo a greater degree of dynamic incorporation and turnover in
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mESCs compared to MEFs at the promoters of highly-transcribed genes including Esrrb.
Thus, it’s possible that overall macroH2A levels may not be especially influential when it
comes to determining a given cell’s epigenetic state, and entirely possible that epigenetic
mechanisms epistatic to macroH2A determine the degree, stability and location of

macroH2A incorporation.

It's particularly interesting that macroH2A WT female MEFs reprogrammed into
pluripotency at a slightly, but significantly slower rate than macroH2A DKO male MEFs.
One study indicated that upon macroH2A depletion, a slight but significant increase in an
Xi-linked reporter gene expression was observed, indicating that macroH2A removal
from the Xi may be a epigenetic rate-limiting step that occurs during nuclear
reprogramming (Pasque et al., 2011). Indeed, Xi reactivation is a hallmark epigenetic
remodeling event during reprogramming of female somatic cells toward pluripotency
(Maherali et al.,, 2007; Pasque et al., 2014). Thus, it’s not difficult to imagine that
macroH2A removal from the Xi is an epigenetic remodeling event that must occur in a
somatic nucleus transitioning toward pluripotency. Interestingly, however, macroH2A
itself is not necessary for X chromosome inactivation during ESC differentiation
(Tanasijevic and Rasmussen, 2011), further suggesting that macroH2A removal from the
Xi during reprogramming may only be a relatively minor and perhaps not rate-limiting
epigenetic remodeling event. Additionally, male and female macroH2A DKO mice are
viable and fertile, and macroH2A DKO female pups are birthed and survive to adulthood
at normal ratios (Pehrson et al., 2014). Thus, while macroH2A removal may pose a
minor challenge to pluripotency induction, undoubtedly other epigenetic factors, which

unlike macroH2A are necessary for X chromosome silencing, are more likely to impose
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epigenetic bottlenecks with respect to their removal from the Xi during iPSC

reprogramming.

Interestingly, several other studies have suggested in stronger terms than we
suggest here that macroH2A acts as an epigenetic barrier to induced pluripotency
(Barrero et al., 2013a; Gaspar-Maia et al., 2013; Pasque et al., 2012). Our results, which
indicate that macroH2A exerts minor influence on iPSC reprogramming, are not entirely
inconsistent with these studies. In our work we initiated iPSC reprogramming in MEFs,
which are less differentiated and perhaps contain less stably-deposited macroH2A
(Chang et al., 2010; Chang et al., 2005; Nashun et al., 2010; Yildirim et al., 2014) than
the dermal fibroblasts reprogrammed by Gaspar-Maia and colleagues. Thus, it’s perhaps
not surprising that macroH2A knockdown or overexpression had a more pronounced
effect on iPSC reprogramming efficiency over a greater developmental distance. Further,
one methodology employed by Gaspar-Maia and colleagues that could account at least
in part for an exaggerated iPSC reprogramming differential was the process of
trypsinizing and replating dermal fibroblasts undergoing reprogramming 4-6 days after
STEMCCA-4F infection. Replating at this time could select for clones successfully
undergoing reprogramming at this intermediate stage and thus amplify the number of

total colonies that result upon pluripotency marker assessment.

Pasque and colleagues performed iPSC reprogramming of adult neural stem
cells (NSCs), which contained demonstrably more macroH2A than MEFs, under
macroH2A knockdown conditions (Pasque et al., 2012). Thus, it’s perhaps not surprising
that macroH2A knockdown in a cell type with more macroH2A, would have a more
pronounced effect on iPSC reprogramming efficiency. Interestingly, Pasque and

colleagues also reported a marked reduction in iPSC reprogramming efficiency upon
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macroH2A overexpression when reprogramming epiblast stem cells (EpiSCs) into iPSCs
(Pasque et al., 2012). EpiSCs contain demonstrably less macroH2A than MEFs (Pasque
et al,, 2012) and thus one might expect macroH2A overexpression to have a more
pronounced influence on iPSC reprogramming in this cell type than in MEFs. Peculiarly,
Pasque and colleagues subjected EpiSCs infected with Nanog and macroH2A
overexpression cassettes to a 2-week selection process (Pasque et al., 2012). It's
possible that this queer selection process for Nanog and macroH2A resulted in greater
and iteratively inherited epigenetic changes within dual macroH2A-Nanog selected
EpiSCs compared to Nanog and empty vector selected clones and thus exaggerated

any observed differential iPSC reprogramming.

Lastly, Barrero and colleagues demonstrated that macroH2A knockdown
increased iPSC generation efficiency and conversely macroH2A overexpression reduced
reprogramming of human Kkeratinocytes (Barrero et al., 2013a). The authors
demonstrated that macroH2A1 in particular was robustly differentially expressed upon
ESC differentiation and further enriched within human keratinocytes (Barrero et al.,
2013a). The upward efficiency trend for macroH2A knockdown and downward efficiency
trend for macroH2A overexpression were quite remarkable within each individual
experiment (Barrero et al., 2013a). Peculiarly, however, the negative controls — empty
vector and shRD for the overexpression and knockdown experiments respectively —
yielded ostensibly drastically different alkaline phosphatase staining patterns by
themselves when compared across experiments (Barrero et al., 2013a). Nevertheless,
it’s entirely possible that macroH2A may reduce reprogramming efficiency to different

degrees across distinct species and in different cell types. Overall, our results remain
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consistent with the notion that macroH2A imposes an epigenetic bottleneck, albeit in our

hands a minor one, to induced pluripotency.
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Figure 3.1: MacroH2A deposition at pluripotency genes in mESCs and MEFs.
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Figure 3.1: MacroH2A deposition at pluripotency genes in mESCs and MEFs. (A)
Genome browser subsets of macroH2A2 ChlIP-Seq reads proximal to pluripotency genes
in mMESCs and MEFs. Four genes are depicted: Pou5f1 (Oct4), Alp1 (alkaline
phosphatase), Nanog and Esrrb respectively ordered top to bottom. For each gene,
reads from mESCs and MEFs are shown in the bottom and top orientations respectively.
(B) ChlIP-gPCR results for dox-induced TetO-macroH2A1.2-HA and TetO-macroH2A2-
HA incorporation in mESCs and MEFs. Anti-HA or IgG control ChIP was performed in
aforementioned cells Ixh after 2 pg/mL doxycycline administration and PCR was
performed using Esrrb TSS-proximal primers. N=3 per condition, ***p<0.0005, Student’s

-test.
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Figure 3.2: Generation of a doxycycline-inducible macroH2A2 overexpression
system. (A) Anti-HA immunoblot depicting time course of TetO-macroH2A2-HA
induction in Coll1: TetO-macroH2A2-HA; Rosa26R: rTTa mESCs following 2 pg/mL
doxycycline administration. (B) Representative immunofluorescence images of Coll1:
TetO-macroH2A2-HA; Rosa26R: rTTa mESCs Ixh before and after 2 yg/mL doxycycline
administration, stained with anti-HA (top) and anti-Oct4 (bottom) antibodies. (C)
Representative immunofluorescence images of Coll1: TetO-macroH2A2-HA; Rosa26R:
rTTa MEFs Ixh before and after 2 ug/mL doxycycline administration, stained with DAPI
(left) and anti-HA (middle) antibody. Merged channels shown at right. Scale bars =

100um.

67



A
+Dox HA-ChIP HA-ChIP HA-ChIP

mESCs
TetO- MacroH2A2-HA « v v
3h 6h 12h

3hrs
— 6hrs
— 12hrs

% of genes

10

8

6

4
ZlM
0

mRNA abundance

Figure 3.3: Genome-wide macroH2A dynamic incorporation and turnover in

mESCs.

Modified courtesy of Ozlem Yildirim (Yildirim et al., 2014).

68



Figure 3.3: Genome-wide macroH2A dynamic incorporation and turnover in
mESCs. (A) Scheme depicting TetO-macroH2A2-HA induction and subsequent anti-HA
ChIP-Seq timepoints (3, 6, and 12 hours after dox administration) in mESCs. (B) Left:
Heat map showing four categories of macroH2A2-HA incorporation (yellow traces) of
genes with respect to TSS locus. Category | (green box) exhibited diffuse macroH2A2-
HA incorporation across the body of genes, category Il (red box) exhibited greatest
macroH2A2-HA incorporation directly flanking genes’ TSS, and categories Il and IV
(purple and blue boxes) exhibited greatest incorporation upstream or downstream,
respectively, of genes’ TSS. Right: Graphical traces of heatmap densities proximal to
TSS, with indicated colors highlighting traces for 3, 6 and 12 hour induction times. TSS is
situated in the middle for both heatmaps & heatmap traces. (C) Graphical depiction of
the four aforementioned categories of macroH2A2 incorporation and turnover related to
the relative number of genes with a given transcriptional level within each category.

MacroH2A2 incorporation category colors are as described in (B).
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Figure 3.4: Overexpression or knockdown of macroH2A during iPSC
reprogramming. (A) iPSC reprogramming scheme for TetO-macroH2A2 MEFs +
macroH2A2 overexpression and macroH2A DKO MEFs. MEFs were infected with
STEMCCA 3F-mCherry lentivirus, trypsinized 2 days later and seeded at 10,000 cells
per 6-well plate well with or without 2 yg/mL doxycycline. 2 weeks later, cultures were
fixed with PFA and assessed for alkaline phosphatase (AP) positivity. (B) Left: images of
AP colonies in assayed wells. Right: quantitation of AP* colonies per well. N=1 well per
condition. (C) iPSC reprogramming scheme for macroH2A WT or DKO MEFs. MEFs
were infected with STEMCCA 3F-mCherry lentivirus, and FACS-sorted 2 days later onto
inactivated feeder MEFs at a density of 1,000 cells per 6-well plate. 2 weeks later,
cultures were fixed with PFA and assessed for alkaline phosphatase (AP) positivity. (D)
Representative phase contrast (top) fluorescence (native) images of pre (left) and post
(right) FACS-sorted cultures. (E) Left: representative images of AP* colonies in assayed
wells. Right: quantitation of AP* colonies per well. Scale bars = 100um. N=3 wells per

condition. ns = not significant, Student’s t-test.
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Figure 3.5: Cell cycle parameters of MEFs with altered macroH2A expression.
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Figure 3.5: Cell cycle parameters of MEFs with altered macroH2A expression. Left:
representative flow cytometry plots of BrdU content vs. 7-AAD within MEFs. Right:
quantitation of cell cycle subpopulations within TetO-macroH2A2-HA; Rosa26R: rTTa
MEFs + doxycycline (macroH2A2 o/e and macroH2A WT respectively) and macroH2A

DKO MEFs. N = 3 wells per condition, mean + SD, ns = not significant, Student’s t-test.
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Figure 3.6: The influence of individual macroH2A isoforms on iPSC
reprogramming efficiency. (A) General scheme for secondary reprogrammable TetO-
STEMCCA-3F-mCherry; FUW-rTTA; macroH2A DKO MEF generation followed by iPSC
reprogramming. MacroH2A DKO MEFs were infected with STEMCCA-TetO-3F-mCherry
in parallel with FUW-rTTA-puro lentivirus and iPSC reprogramming was induced via 2
ug/mL doxycycline administration. Successful iPSC colonies were then picked,
expanded, and dox was withdrawn to further select for transgene-independent stable
pluripotent clones. Said clones were then injected into blastocysts which were
subsequently injected into pseudopregnant female mice for chimeric embryo generation.
MEFs from chimeric pups were then isolated and subjected to 2 days of 2 yg/mL
puromycin selection to eliminate non-transgenic MEFs. At this point, these ‘secondary’
MEFs were infected with pLPC-macroH2A-mCherry or pBabe-GFP retroviruses and two
days later FACS-sorted for mCherry or GFP and plated at 1,000 cells/well onto 6-well
plates with inactivated feeder MEFs. At this point, iPSC reprogramming of secondary
MEFs was initiated by 2 pyg/mL doxycycline administration, and 2 weeks later AP*
colonies per well were scored. (B) Representative phase contrast (top) fluorescence
(native) images of pre (left) and post (right) FACS-sorted cultures. (C) Representative
iPSC colony from GFP infection displayed in phase contrast (left), native GFP
fluorescence (top right), and native mCherry expression (bottom right). (D) Left:
Representative images of AP colonies in assayed wells. Right: quantitation of AP*
colonies per well. N=2 wells GFP condition, N=1 all other conditions. Scale bars =

100pum. ns = not significant, Student’s t-test.

75



1 Male

MacroH2AWT  MacroH2A DKO o _
A %1 0004 3 Female
2 8004 *
2
Male: » 600+
g
= 2 400-
- c
B 2
' 8 2004
+
o
Female: < 0 ! !
£ 80
& o
O N
B Q’bo (}O
+ TetO STEMCCA 4F; Replated 10k/well, g
Female FUW rTTA +dox -dox  Analysis: nanog
MacroH2A WT MEFs; , | | | .
MacroH2A DKO MEFs ! 2 days I 8,10,or | 7days | 7
12 days
MacroH2A WT MacroH2A DKO

-Dox Day 8

Il MacroH2A WT

100 [ MacroH2A DKO
ns

a

80- P=0.116

-Dox Day 10

Nanog* colones per are

@ O

o

Q ors\ o"’*

-Dox Day 12

Figure 3.7: Nuanced analysis of macroH2A’s influence on iPSC reprogramming

efficiency.



Figure 3.7: Nuanced analysis of macroH2A’s influence on iPSC reprogramming
efficiency. (A) Male or female macroH2A DKO or strain-matched WT MEFs were
infected simultaneously with STEMCCA-TetO-4F and FUW-rTTA and 2 days later were
seeded at 10,000 cells / 6-well plate well. iPSC reprogramming was subsequently
initiated by 2 pg/mL doxycycline administration. Left: Representative images of AP*
colonies in assayed wells. Right: quantitation of AP* colonies per well. N=3 wells per
condition. (B) iPSC reprogramming scheme for female macroH2A WT or DKO MEFs.
MEFs were infected with both STEMCCA-TetO-4F and FUW-rTTA and 2 days later were
trypsinized and seeded at 10,000 cells / 6-well plate well. iPSC reprogramming was
subsequently initiated by 2 pg/mL doxycycline administration and 8-12 days from this
point doxycycline was withdrawn from cultures for exactly one week prior to fixation of
wells with PFA and nanog immunofluorescence. (C) Left: Representative composite
images of nanog immunofluorescence in center partitions of 6-well plate wells one week
following dox withdrawl. Right: quantitation of nanog* colonies per well partition. *p<0.05,

p = 0.116, ns = not significant, Student’s ttest.
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Chapter Four:

The histone variant macroH2A confers functional

robustness to the intestinal stem cell compartment
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Abstract:

A stem cell’s epigenome directs cell fate during development, homeostasis, and
regeneration. Epigenetic dysregulation can lead to inappropriate cell fate decisions,
aberrant cell function, and even cancer. The structural histone variant macroH2A has
been shown to influence gene expression, guide cell fate, and safeguard against
genotoxic stress. Interestingly, mice lacking functional macroH2A histones (hereafter
referred to as macroH2A DKO) are viable and fertile; yet suffer from increased perinatal
death and reduced weight and size compared to wildtype (WT). We set out to investigate
whether the ostensible reduced vigor of macroH2A DKO mice extends to intestinal stem
cell (ISC) function during homeostasis, post-injury regeneration, and oncogenesis. Lgr5-
eGFP-IRES-CreERT2 or Hopx-CreERT2::Rosa26-LSL-tdTomato 1SC reporter strains or
the C57BL/6J-APC™/J murine intestinal adenoma model were bred into a macroH2A
DKO or strain-matched WT background and assessed for macroH2A DKO versus WT
ISC functionality, regeneration and tumorigenesis. High-dose (12Gy) whole-body Y-
irradiation was used as an injury model. MacroH2A was dispensable for intestinal
homeostasis and macroH2A DKO mice had similar numbers of active crypt-base
columnar ISCs (CBCs). MacroH2A DKO intestine had impaired regeneration following
injury, despite having significantly more putative reserve ISCs. DKO reserve ISCs
disproportionately underwent apoptosis compared to WT after DNA damage infliction.
Interestingly, a macroH2A DKO background did not increase tumorigenesis in the
APC™ model of intestinal adenoma. MacroH2A influences ISC number and function
during homeostasis and regeneration. These data support a model in which macroH2A
enhances ISC survival after DNA damage and thus confers functional robustness to the

intestinal epithelium.
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Introduction:

The intestinal epithelium is the most highly proliferative mammalian tissue. Its
rapid turnover and tremendous regenerative capacity following injury necessitate a
robust and highly organized ISC compartment. ISCs are located within the intestinal
crypt where they self-renew and produce progenitors, which in turn proliferate and
terminally differentiate along the crypt-villus axis prior to being shed into the lumen. To
accommodate this rapid turnover and respond to environmental cues, the intestine is
served by at least two functionally distinct ISC populations, including the fast-cycling

CBCs and slow-cycling reserve ISCs (Li and Clevers, 2010).

CBCs are marked by expression of Wnt-responsive G-protein coupled receptor
Lgr5, are driven to actively proliferate by canonical Wnt pathway activity, strongly
contribute to intestinal homeostasis (Barker et al., 2007; Cheng and Leblond, 1974) and
are ablated by vy-irradiation (Asfaha et al., 2015; Barker et al., 2007; Hua et al., 2012;
Metcalfe et al., 2014; Yan et al.,, 2012). In contrast, reserve ISCs are rare, largely
quiescent, radioresistant, and can be marked by CreER reporter genes inserted into the
Bmi1, or Hopx loci, as well as by transgenes driven by the mTert and Lrig1 promoters (Li
et al., 2016; Li et al., 2014; Montgomery et al., 2011; Powell et al., 2012; Sangiorgi and
Capecchi, 2008; Takeda et al., 2011; Tian et al., 2011; Yan et al., 2012). Following DNA
damage and CBC loss, reserve ISCs awaken en masse and play a critical role in
epithelial regeneration — in part by producing CBCs (Tao et al., 2015; Yan et al., 2012;
Yousefi et al., 2016). Epigenetic mechanisms governing the identities of these two

classes of ISCs have not been investigated.
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An underappreciated facet of epigenetic control is the substitution of canonical
core histones for structural variants. One such variant — macroH2A (Pehrson and Fried,
1992), is highly conserved (Pehrson et al., 2014; Pehrson and Fuji, 1998) and is
implicated in reinforcing cell identity in vitro (Buschbeck et al., 2009; Changolkar et al.,
2007; Grigoryev et al., 2004; Pehrson et al., 1997). Structurally, macroH2A consists of a
histone domain, a linker, and a large globular non-histone domain that renders
macroH2A about three times the size of canonical core histone H2A (Pehrson and Fried,
1992). MacroH2A is enriched at both facultative and constitutive heterochromatin
including the Xi, (Chadwick and Willard, 2002; Changolkar and Pehrson, 2006; Costanzi
and Pehrson, 1998; Costanzi et al., 2000; Hernandez-Mufioz et al., 2005; Mermoud et
al., 1999) senescence-associated heterochromatin foci, (Kreiling et al., 2011; Zhang et
al., 2005) the nuclear lamina (Douet et al.,, 2017; Fu et al., 2015), and other
transcriptionally silent chromatin (Changolkar and Pehrson, 2006; Gamble et al., 2010;
Mermoud et al., 2001). MacroH2A has been implicated in transcriptional silencing via
mechanisms including blocking recruitment of the SWI/SNF nucleosome remodeling
complex, (Angelov et al., 2003; Chang et al., 2008) repressing p300 and Gal-VP16-
driven RNA pol Il transcriptional initiation, (Doyen et al., 2006) and modulating Parp-1
(Chen et al., 2014; Ouararhni et al., 2006) and by simply physically blocking transcription
factors from accessing chromatin (Angelov et al., 2003). Interestingly, some active
chromatin domains also contain macroH2A, (Gamble et al., 2010) but at least a subset
of these sites undergo dynamic macroH2A incorporation and turnover (rather than long-

term, stable deposition) and remain transcriptionally accessible (Yildirim et al., 2014).

In mammals, macroH2A exists as 3 isoforms encoded by 2 genes — HZ2afy

encodes splice variants macroH2A1.1 and macroH2A1.2, and HZ2afy2 encodes
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macroH2A2 (Chadwick and Willard, 2001b; Costanzi and Pehrson, 2001; Pehrson et al.,
1997). MacroH2A1.1 facilitates chromatin remodeling by binding Parp-1 and ADP-
ribosylated chromatin, a property the other macroH2As lack (Karras et al., 2005;
Kustatscher et al.,, 2005). Global macroH2A chromatin content increases during
development, (Chang et al., 2005; Pasque et al., 2012; Pehrson et al., 1997) and
macroH2A removal has been described as an epigenetic bottleneck to induced
pluripotency (Gaspar-Maia et al., 2013; Pasque et al.,, 2011; Pasque et al., 2012).
Interestingly, macroH2A chromatin content also increases with tissue age, (Kreiling et
al., 2011) coincident with the known loss of stem cell vigor in aging. Similarly, macroH2A
overexpression limits stem cell self-renewal in vitro (Creppe et al., 2012). Interestingly,
germline macroH2A DKO mice are viable and fertile during homeostasis, yet are
peculiarly less robust than WT as evidenced by increased perinatal death and reduced
body weight and size throughout life compared to WT (Pehrson et al., 2014). In line with
a role for macroH2A in conferring robustness, macroH2A has been shown in cell lines to
provide resistance against varied forms of genotoxic stress (Khurana et al., 2014;
Lavigne et al., 2015; Ouararhni et al., 2006; Timinszky et al., 2009; Xu et al., 2012).
These in vitro studies suggest that macroH2A, while perhaps dispensable during
homeostasis, may similarly provide cells and even tissues at large with stress resistance

in vivo.

Here, we show that macroH2A DKO mice have normal intestinal epithelial
function during homeostasis. However, macroH2A DKO intestine exhibits reduced
regeneration following y-irradiation injury. Seemingly paradoxically, macroH2A DKO
intestine contains markedly more reserve ISCs, but these ISCs are significantly more

radiosensitive than WT counterparts. Lastly, we observe no elevated levels of intestinal
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adenoma formation in the APC™* intestinal transformation model in a macroH2A DKO
background, corroborating the observed lack of spontaneous tumorigenesis in
macroH2A DKO mice (Pehrson et al., 2014) despite evidence that suggests macroH2As
may have tumor suppressive properties (Cantarifio et al., 2013; Kapoor et al., 2010;
Novikov et al., 2011; Sporn and Jung, 2012; Sporn et al., 2009). Our study demonstrates
that the histone variant macroH2A, despite being dispensable during intestinal
homeostasis and of limited overall influence on intestinal adenoma growth, nevertheless
bestows the ISC compartment with functional robustness, specifically by providing

resistance to genotoxic stress.

Results:

MacroH2A expression within the intestinal epithelium

We first sought to characterize the expression of macroH2A isoforms within the
intestinal epithelium. While macroH2A expression was at least 4-fold lower in the
intestine relative to the macroH2A-rich liver,(Costanzi and Pehrson, 2001; Pehrson et al.,
1997) H2AFY splice variants macroH2A1.1 and macroH2A1.2 were robustly expressed
within the crypt and villus (Figure 4.1 A). In contrast, H2AFY2 — which encodes
macroH2A2 — was not appreciably transcribed within the small intestine (Figure 4.1 A).
Of note, the PAR-binding macroH2A1.1 was slightly enriched within the crypt versus
villus (Figure 4.1 A). Next, we FACS-purified CBCs and reserve ISCs by using the Lgr5-
eGFP-IRES-CreER(Barker et al., 2007) and Hopx-CreERTZ2::Rosa26-LSL-tdTomato
reporter strains respectively (Takeda et al., 2011). We use Hopx-CreERT2 to mark

reserve ISCs as we and others have shown this population to be molecularly and
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functionally overlapping with other reserve ISC markers including Bmi1-CreER and
mTert-CreER, and single cell expression profiles indicate that the Hopx-CreERTZ2
population is more homogenous that the commonly used Bmi1-CreER marker (Li et al.,
2014; Montgomery et al., 2011; Sangiorgi and Capecchi, 2008; Takeda et al., 2011; Tian
et al,, 2011; Yan et al., 2012). Interestingly, the non PAR-binding macroH2A1.2 was
slightly but significantly enriched within CBCs compared to reserve ISCs (Figure 4.1 B).
Further, both macroH2A1 isoforms were readily detectable at the protein level in FACS-
purified ISCs (Figure 4.1 C), and macroH2A1.1 and/or macroH2A1.2 protein was
observed within most cells along the crypt-villus axis (Figure 4.1 D). These data together
suggest that macroH2A variant expression and deposition may guide or fine-tune

intestinal epithelial cell identity and function.

MacroH2A DKO intestine during homeostasis

Next, we examined macroH2A DKO intestinal epithelia under steady-state
conditions compared to WT. No gross architectural abnormalities were observed within
the proximal or distal small intestine of DKO versus WT mice (Figure 4.2 A). The
epithelial height from crypt base to villus tip in both DKO and WT intestine was nearly
identical (Figure 4.2 B), as was the total crypt height (Figure 4.2 C). Both DKO and WT
intestine  had comparable placement and numbers of Paneth, enterocyte,
enteroendocrine, and goblet cells (Figure 4.2 D, Figure 4.3 A-C). These results suggest
that the intestinal epithelium does not require macroH2A histones for homeostatic

maintenance.
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CBC frequency and activity in macroH2A DKO intestine

In order to assess macroH2A DKO intestinal stem cell functionality, we isolated
whole intestinal crypts from DKO and WT mice for in vitro organoid formation assays.
Organoid growth is driven by ISCs, and both active CBCs and reserve ISCs are capable
of initiating organoid formation (Li et al., 2016; Sato et al., 2009). Phenotypically normal
organoids were robustly generated from macroH2A DKO crypts (Figure 4.4 A) at a
strikingly greater frequency than macroH2A WT crypts (Figure 4.4 B), suggesting that
macroH2A DKO crypts may harbor more ISCs per crypt that are able to contribute to
organoid genesis. This result was reproduced in crypts isolated from 2-year old
macroH2A DKO and WT mice (Figure 4.4 B) with 2-year old macroH2A DKO crypts
trending toward retaining nearly more organoid formation capacity during aging
compared to WT (Figure 4.4 C). This result is intriguing as macroH2A chromatin
deposition is known to increase with age (Kreiling et al., 2011), thus the nearly greater
drop-off of WT organoid formation capacity during aging compared to DKO may be due

to continued macroH2A histone deposition in WT ISCs over time.

We next sought to determine whether macroH2A DKO mice have different
numbers of active CBCs. To this end we bred macroH2A DKO and strain-matched WT
mice into the Lgr5-eGFP-IRES-CreERTZ2 reporter strain. Surprisingly, macroH2A DKO
crypts contained equal numbers of CBCs per crypt as WT (Figure 4.4 D) with functionally
identical cell cycle profiles (Figure 4.4 E). These data suggest that the increased DKO
organoid formation was neither due to increased CBC numbers nor increased CBC

proliferation.
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Reserve ISC frequency and activity in macroH2A DKO intestine

To interrogate the reserve ISC compartment in mice without macroH2A, we bred
macroH2A DKO and strain-matched WT mice into the Hopx-Cre-ERT2::Rosa26-LSL-
tdTomato reporter strain (Li et al., 2014; Takeda et al., 2011). Remarkably, macroH2A
DKO crypts contained significantly more putative Hopx-CreER" reserve ISCs than WT
(Figure 4.5 A), suggesting macroH2A may limit reserve ISC numbers. MacroH2A DKO
reserve ISCs also exhibited significantly greater steady-state lineage tracing compared
to WT reserve ISCs (Figure 4.5 B-C). However, this increased tracing could not be
attributed to increased reserve ISC cycling, as although a slight trend in increased EdU
incorporation in macroH2A DKO reserve ISCs was observed, this result was not
statistically significant (Figure 4.5 D). Furthermore, the increased tracing appeared to be
largely a reflection of the increased size of the reserve ISC pool, as normalization of
tracing events to reserve ISC cell numbers revealed no significant difference between
macroH2A DKO and WT cohorts (Figure 4.5 C). Importantly, FACS-isolated macroH2A
DKO Hopx-tdTomato® reserve ISCs were able to produce comparable quantities of
organoids in vitro compared to their WT counterparts when controlled for cell number
(Figure 4.5 E), suggesting that the increased organoid formation capacity of macroH2A
DKO mice is at least in part due to the expanded reserve ISC pool. In sum, these results
reveal that macroH2A DKO reserve ISCs are almost 3 times as abundant as WT, are not
significantly more proliferative than WT, and contribute equally on a cell-to-cell basis to

lineage tracing and in vitro organoid formation.
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Regeneration and DNA damage response in macroH2A DKO intestine

Reserve ISCs are known to be resistant to DNA damage and required for
epithelial regeneration following exposure to high-dose y-radiation that quantitatively
ablates actively cycling cells including CBCs (Asfaha et al., 2015; Metcalfe et al., 2014;
Tao et al., 2015; Tian et al., 2011; Yan et al., 2012; Yousefi et al., 2016). To test the
contribution of macroH2A DKO reserve ISCs to intestinal regeneration following injury,
we subjected macroH2A WT and DKO mice to high-dose (12Gy) y-radiation. Strikingly,
macroH2A DKO intestine exhibited a significantly worse regenerative response
compared to WT (Figure 4.6 A). Somewhat paradoxically, macroH2A DKO and WT
intestine neither showed a significant difference in crypt apoptosis at large (Figure 4.6 B,
C) nor DNA damage signal clearance in the crypt 1 day after irradiation (Figure 4.6 D).
This is perhaps not surprising, as macroH2A was shown to neither affect H2AX
phosphorylation nor y-H2AX signal clearance in vitro (Timinszky et al., 2009). However,
irradiation of mice two days after Hopx-CreER" lineage tracing initiation revealed
comparable numbers of clonal tracing events between macroH2A DKO and WT (Figure
4.7 A-B). This observation reveals a significant decrease in tracing from macroH2A DKO
reserve ISCs versus WT on a per-cell basis (Figure 4.7 B), and suggests that macroH2A
DKO reserve ISCs have increased DNA damage sensitivity. To further test this, we
assayed macroH2A DKO reserve ISCs for apoptosis one day after irradiation. Indeed,
macroH2A DKO reserve ISCs exhibited a higher incidence of cleaved caspase-3
immunoreactivity (Figure 4.7 C), indicating that macroH2A DKO reserve ISCs
disproportionately undergo apoptosis and are aberrantly radiosensitive. Importantly,
macroH2A DKO crypt epithelium at large was not significantly more apoptotic than WT

(Figure 4.7 C), corroborating our previous results (Figure 4.6 B-C). Taken together, these
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data suggest that macroH2A bestows reserve ISCs with resistance to radiation-induced

DNA damage.

Influence of macroH2A on intestinal tumorigenesis

Colorectal cancer (CRC) progression is directly correlated with an increase in the
expression of an ISC transcriptional signature, and both Wnt"" CBCs and Wnt"e%tve
radioresistant cells have been implicated as potential cells-of-origin in colorectal
tumorigenesis (Asfaha et al., 2015; Barker et al., 2009; Merlos-Suarez et al., 2011; Yanai
et al., 2017). Our findings thus far indicate that macroH2A DKO crypts exhibit increased
ISC activity in organoid formation assays (Figure 4.4 A-C), increased reserve ISC
numbers (Figure 4.5 A), and reduced reserve ISC DNA damage tolerance (Figure 4.7 C).
Given that macroH2A has been implicated as a tumor suppressor in several cancers
including CRC (Cantarifio et al., 2013; Kapoor et al., 2010; Novikov et al., 2011; Sporn
and Jung, 2012; Sporn et al., 2009), this prompted us to ask whether macroH2A

absence might influence intestinal tumorigenesis.

Consistent with a prior report (Sporn and Jung, 2012), we observed decreased
macroH2A1.1 expression in several human CRC cell lines relative to healthy human
intestinal crypt epithelium (Figure 4.8 A). Concomitantly, the non-PAR binding
macroH2A1.2 exhibited greater expression in several CRC lines, suggesting selection
for increased macroH2A1.2 vs. macroH2A1.1 isoform splicing disparity in these cancers
(Figure 4.8 A). MacroH2A1.2 and macroH2A1.1 are produced by mutually exclusive
exon inclusion spicing events (Figure 4.8 B) (Rasmussen et al., 1999), therefore our data

corroborate literature that suggests that the PAR-binding isoform macroH2A1.1 has
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tumor suppressive activity (Cantarifio et al., 2013; Novikov et al., 2011; Sporn and Jung,

2012; Sporn et al., 2009).

To simulate the transcriptional environment of macroH2A DKO ISCs in human
CRCs, we used RNAI to knock down macroH2A within two CRC lines that exhibited both
a pronounced increase in macroH2A1.2 and a prominent decrease in macroH2A1.1.
Surprisingly, knockdown of either macroH2A1.1 or macroH2A1.2 modestly but
significantly reduced proliferation (Figure 4.8 C-F). While the siRNA knockdowns were
robust and specific, particularly in RKOs (Figure 4.8 C), we cannot rule out the possibility
of altered macroH2A1 isoform genomic deposition following reciprocal splice variant
depletion, and the functional consequences thereof. Interestingly, pan-H2AFY
knockdown resulted in a modest increase in RKO and HCT116 CRC proliferation (Figure
4.8 D, F) suggesting that total macroH2A loss may increase CRC proliferation slightly

and contribute subtly to oncogenesis.

Finally, to test the influence of macroH2A absence on intestinal tumorigenesis in
a more physiological setting, we bred macroH2A DKO and WT mice into the APC™*
mouse model of intestinal transformation (Su et al., 1992) and quantified adenoma
formation. On average, macroH2A DKO mice did not develop more tumors compared to
WT (Figure 4.9), indicating that macroH2A absence does not hypersensitize the
intestinal epithelium to oncogenic stress caused by loss of heterozygosity in the APC™"*
model. This finding is consistent with prior work which observed no increase in
spontaneous tumor formation in ageing macroH2A DKO mice (Pehrson et al., 2014).
Thus, these data suggest that macroH2A has no significant tumor suppressive function

in the intestinal epithelium.
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Discussion

This study identified for the first time a role for the histone variant macroH2A in
the function of somatic stem cells in vivo. In spite of the observed radiosensitivity within
macroH2A DKO reserve ISCs, macroH2A is ostensibly dispensable during intestinal
homeostasis (Figure 4.10). This is perhaps not surprising, as macroH2A DKO mice are
ordinarily healthy, yet at the same time are described as smaller, more perinatal death-
prone, and less vigorous overall than WT counterparts (Pehrson et al., 2014). It is
therefore interesting that macroH2A DKO mice are more sensitive to genotoxic y-

irradiation, as this is further evidence that macroH2A DKO mice are less robust.

As with our in vivo study, macroH2A perturbation alongside genotoxic stress has
been of great consequence in a number of in vitro studies. In one example, simultaneous
macroH2A knockdown and viral challenge increased the ‘transcriptional noise’ of many
genes (Lavigne et al., 2015). In another study, macroH2A1.1 and PARP-1 were shown
to coordinate proper hsp70 expression following heat-shock induction (Ouararhni et al.,
2006). Further, two notable studies highlight roles for both macroH2A1.1 and
macroH2A1.2 in directing DNA damage response (DDR) element localization following
targeted double strand break (DSB) induction. PAR-binding macroH2A1.1 knockdown
was shown to impair PARP-1 recruitment to DSB sites, a key early step in the DDR
(Timinszky et al., 2009). Additionally, knockdown of non-PAR-binding macroH2A1.2
significantly reduced BRCA1 recruitment to break sites and in turn reduced DSB

resolution via homology-directed repair (HDR) (Khurana et al., 2014).

Based on the literature and our study’s observed increase in cleaved caspase-3

staining within macroH2A DKO reserve ISCs compared to WT, it’s tempting to speculate
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that macroH2A DKO reserve ISCs are less effective at DNA repair than WT, and thus
excessively undergo apoptosis after suffering DNA damage. Specific DDR deficiencies
within macroH2A DKO reserve ISCs remain unknown, but possibilities include reduced
Chk2 kinase phosphorylation, a DDR signaling hallmark shown to be disrupted upon
macroH2A knockdown (Xu et al., 2012). Another possibility is that macroH2A DKO
reserve ISCs are less able to recruit BRCA1 to DSB sites and thus disproportionately
undergo non-homologous end joining rather than the less error-prone HDR (Khurana et
al., 2014). Further studies are needed to determine which DDR deficiencies macroH2A

DKO reserve ISCs may suffer from.

In our study, we discovered that macroH2A DKO intestine has almost 3 times as
many reserve ISCs than WT under steady-state conditions and these DKO reserve ISCs
are at least as able as WT reserve ISCs to contribute to lineage tracing and in vitro
organoid formation. This result is perhaps not surprising as it's been shown that
macroH2A knockdown can increase somatic stem cell self-renewal in vitro (Creppe et
al., 2012). Interestingly, macroH2A DKO reserve ISCs are not significantly more
proliferative than WT. This could suggest that more DKO reserve ISCs are established
early in development, or alternatively that DKO reserve ISCs undergo more frequent self-
renewal versus commitment divisions. Additionally, we cannot rule out the possibility of
non cell-autonomous influences on ISC numbers, including from the macroH2A DKO
ISC niche. Future experiments aimed at understanding macroH2A’s role in ISC
development and specification are needed to further characterize the macroH2A DKO

reserve ISC.

Our research has shed light on macroH2A’s purported tumor suppressive role.

Since macroH2A has been shown to provide functional robustness against genotoxic
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stress in several studies (Khurana et al., 2014; Lavigne et al., 2015; Ouararhni et al.,
2006; Timinszky et al., 2009; Xu et al., 2012) including our own, it follows that macroH2A
may also insulate against oncogenesis, at least in part by bolstering DNA repair. It is
therefore interesting that macroH2A DKO in an APC™* background does not result in
increased tumorogenesis relative to WT, yet this result is in agreement with the
observation that macroH2A DKO mice are not more susceptible to spontaneous cancer
(Pehrson et al., 2014). Another nuance to the study of macroH2A in cancer is that
macroH2A1.1 and macroH2A1.2 may have distinct influences on oncogenesis.
MacroH2A1.1 has more often than macroH2A1.2 been described as a bona-fide tumor
suppressor (Cantarifio et al., 2013; Novikov et al., 2011; Sporn and Jung, 2012; Sporn et
al., 2009; Zhang et al., 2005). Interestingly, another study found that macroH2A1 can
potentiate silencing, heterochromatin formation, and hypermethylation of the tumor
suppressor p16 in CRC, but the work did not distinguish between macroH2A1.1 and
macroH2A1.2 (Barzily-Rokni et al., 2011). These insights highlight the importance of
developing tools that distinguish between the individual effects of macroH2A isoforms,
particularly the macroH2A1 splice variants — both in terms of variant expression as well
as subgenomic localization. Understanding the individual roles of the macroH2A
isoforms will indeed prove critical to further characterizing the role of macroH2A in

cancer, in ISCs, and undoubtedly in other adult stem cell systems as well.
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Figure 4.1: MacroH2A expression within the intestinal epithelium.
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Figure 4.1: MacroH2A expression within the intestinal epithelium. (A) Analysis of
intestinal jejunum crypt or villus tissue fractions for macroH2A variant mRNA levels
compared to mouse liver. AACT method, values normalized to Actb, N=3 per condition,
mean + SD. (B) MacroH2A isoform mRNA level analysis within Lgr5-eGFP"¢" CBCs or
Hopx-tdTomato* reserve ISCs FACS-purified from Lgr5-eGFP-IRES-CreERT2 or Hopx-
CreERT2 Rosa26R-LSL-tdTomato mice. AACT method, values normalized to Actb, N=3
per condition, mean + SD. (C) Western blot showing macroH2A1 isoform protein level
within FACS-purified populations of CBCs (again, Lgr5-eGFP"" from Lgr5-eGFP-IRES-
CreERT2 mice) or reserve ISCs (Hopx-tdTomato* from Hopx-CreERT2 Rosa26R-LSL-
tdTomato mice). Entire protein lysate from 30,000 CBCs or 20,000 reserve ISCs loaded
into each well of gel corresponding to indicated samples on blot. (D)
Immunohistochemical straining of pan-macroH2A1 or macroH2A1.1 in macroH2A WT or
macroH2A DKO proximal small intestine. 10x objective. Scale bars = 100ym. **p<0.005,

***n<0.0005, ns = not significant, Student’s t-test.
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Figure 4.2: MacroH2A DKO intestine during homeostasis. (A) Representative H&E
sections of macroH2A WT and DKO proximal small intestine. 4x objective. (B) Average
height in microns of crypt-villus axis (distance from base of crypt to tip of villus) of
macroH2A WT vs. DKO proximal small intestine. N = 3 mice per condition, mean + SD
(C) Left: Representative Ki67 immunohistochemistry of macroH2A WT and DKO
proximal small intestine. 10x objective. Right: Average Ki67" crypt height in microns of
macroH2A WT vs. DKO proximal small intestine. N = 3 mice per condition, medians,
quartiles and ranges of values shown. (D) Representative immunofluorescence and
immunohistochemical images of proximal small intestines of macroH2A WT or DKO
mice stained for lysozyme (Paneth cells), chromogranin A (enteroendocrine cells),
alkaline phosphatase (enterocytes), or alcian blue (goblet cells). Lysozyme,
chromogranin A and alkaline phosphatase: 20x objective, alcian blue: 10x objective.

Scale bars = 100um. ns = not significant, Student’s t-test.
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Figure 4.3: Differentiated intestinal epithelial cell quantitations. (A) Quantitation of
Lysozyme C* Paneth cells per crypt, N=3 per condition, mean + SD. (B) Quantitation of
chromogranin A" enteroendocrine cells per villus, N=3 per condition, mean + SD. (C)
Quantitation of Alcian Blue stained goblet cells per 500 microns, N=3 per condition,

mean + SD. *p<0.05, ns = not significant, Student’s t-test.
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Figure 4.4: CBC frequency and activity in macroH2A DKO intestine. (A)
Representative phase contrast images of macroH2A WT and DKO crypt-derived
organoids, 7 days into culture. Left: 4x objective. Right: 10x objective. (B) Average
resulting organoids per well (24-well tissue culture plate) from 100 crypts from
macroH2A WT or DKO proximal small intestine from 2-month or 2-year old mice. N=6
mice per condition, medians, quartiles and ranges of values shown. (C) Aged organoid
formation capacity as defined by the average number of organoids that formed as a
percent of the number of corresponding organoids that formed from 2-month old crypts
per genotype. 10x objective. (D) Left: representative anti-eGFP immunofluorescence of
macroH2A WT and DKO proximal small intestine. Right: average Lgr5-eGFP* cells per
crypt. N = 6 mice per condition, medians, quartiles and ranges of values shown. (E) Left:
representative flow cytometry plots of EdU content vs. DAPI of within Lgr5-eGFP*
subpopulations of macroH2A WT and DKO proximal small intestinal crypt cells. Right:
quantitation of Lgr5-eGFP/EdU double positivity as defined by boxed subpopulation on
left. N=4 mice per condition, medians, quartiles and ranges of values shown. *p<0.05, ns

= not significant, Student’s ttest. Scale bars = 100um.
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Figure 4.5: Reserve ISC frequency and activity in macroH2A DKO intestine.
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Figure 4.5: Reserve ISC frequency and activity in macroH2A DKO intestine. (A)
Left: representative flow cytometry plots of SSC-A vs. Hopx-tdTomato* signal in proximal
small intestine crypt cells from macroH2A WT or DKO mice. Right: quantitation of Hopx-
tdTomato” population as a percentage of crypt epithelial cells. N=5 mice per condition,
mean + SD. (B) Top: homeostatic lineage-tracing scheme: macroH2A WT and DKO
Hopx-CreERTZ2::Rosa26-LSL-tdTomato mice were injected with 2mg tamoxifen for 2
consecutive days followed by a 2-week chase. Bottom: representative anti-tdTomato
immunofluorescence of macroH2A WT and DKO proximal small intestine 2-weeks after
induction of Hopx-tdTomato lineage tracing. 4x objective. (C) Left: quantitation of
percentage of villi with tracing events after 2 week chase, N=3 mice per condition, mean
+ SD. Right: percentage of villi with tracing events normalized to percentage of Hopx-
tdTomato® ISCs during homeostasis (values in Figure 4A). N=3 mice per condition,
mean + SD. (D) Left: representative flow cytometry plots of EdU content vs. DAPI of
within Hopx-tdTomato® subpopulations of macroH2A WT and DKO proximal small
intestinal crypt cells. Right: quantitation of Hopx-tdTomato/EdU double positivity as
defined by boxed subpopulation on left. N=7 mice per condition, medians, quartiles and
ranges of values shown. (E) Left: representative Hopx-tdTomato® immunofluorescence
of organoids after 7 days culture. Right: Quantitation of cystic and budding organoids per
4000 FACS-sorted Hopx-tdTomato* cells plated, day 7, N = 2 mice per condition, mean

+ SD, *p<0.05, ns = not significant, Student’s t-test. Scale bars = 100uym.
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Figure 4.6: Regeneration and DNA damage response in macroH2A DKO intestine.
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Figure 4.6: Regeneration and DNA damage response in macroH2A DKO intestine.
(A) Left: representative images of Ki-67 immmunohistochemistry within macroH2A WT
and DKO proximal small intestine 3 days after exposure of mice to 12 Gy whole body y-
irradiation. 10x objective. Right: quantitation of Ki67* nascent crypt foci per mm. N = 3
mice per condition, mean + SD. (B) Left: representative images of cleaved-caspase 3
(CC3) immunohistochemistry within macroH2A WT and DKO proximal small intestine 24
hours after exposure to 12 Gy. 40x objective. Right: quantitation of percent of crypts with
CC3 signal during homeostasis or 24 hours after 12Gy. N = 3 mice per condition, mean
+ SD. (C) Quantitation of average CC3* cells per crypt with at least one CC3" cell 24
hours after y-irradiation. N=3 per condition, mean + SD. (D) Left: representative images
of YH2AX immunofluorescence within macroH2A WT and DKO proximal small intestine
24 hours after exposure to 12 Gy. 10x objective. Middle: quantitation of percent of crypts
with YH2AX signal during homeostasis or 24 hours after 12Gy. N = 3 mice per condition,
mean + SD. Right: quantitation of average YH2AX cells per crypt with at least one CC3"*
cell 24 hours after y-irradiation. N=3 per condition, mean + SD. Scale bar = 100um. ns =

not significant, Student’s t-test.
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Figure 4.7: Radiosensitivity of macroH2A WT and DKO reserve ISCs.
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Figure 4.7: Radiosensitivity of macroH2A WT and DKO reserve ISCs. (A) Top: post-
IR lineage tracing scheme: macroH2A WT or DKO Hopx-CreERTZ2::Rosa26-LSL -
tdTomato mice were injected with 2mg tamoxifen 48h and 24h prior to treatment with 12
Gy whole-body gamma irradiation, and 72h later sacrificed for analysis. Bottom:
representative immunofluorescence of tdTomato lineage tracing within macroH2A WT
and DKO crypts 120 hours after initial Hopx-tdTomato induction and 72 hours after y-
irradiation. 30x objective (B) Left: quantitation of tdTomato tracing events per 500um,
N=3 mice per condition, mean + SD. Right: quantitation of tdTomato tracing events per
500um normalized to percentage of Hopx-tdTomato” ISCs during homeostasis (values in
Figure 4A), N=3 mice per condition, mean + SD. (C) Left: flow cytometry plots of SSC-A
vs. cleaved caspase-3 content within total crypt epithelium or Hopx-tdTomato®
subpopulations of macroH2A WT and DKO proximal small intestinal crypt cells 24 hours
after y-irradiation. Right: quantitation of total crypt epithelium CCS3 positivity and Hopx-
tdTomato*/CC3 double positivity as defined by boxed subpopulation on left. N=3 mice
per condition, mean + SD. *p<0.05, ***p<0.0005, ns = not significant, Student’s t-test.

Scale bars = 100um.
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Figure 4.8: MacroH2A’s influence on human colorectal cancer.
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Figure 4.8: MacroH2A’s influence of human colorectal cancer. (A) MacroH2A
mMRNA level analysis of healthy human intestinal crypt epithelium and human CRC cell
lines. AACT method, values normalized to GAPD. N=3 per condition, mean + SD. (B)
Graphical depiction of the H2AFY gene and its exons, including the mutually-exclusive
exons of the macroH2A1.1 and macroH2A1.2 splice variants. (C) MacroH2A siRNA
knockdown validation in RKO CRC cell line. AACT method, values normalized to GAPD
independently per macroH2A primer relative to luciferace knockdown control. N=3 per
condition, mean + SD. (D) MTT cell proliferation assay of RKO cell line during
macroH2A1.1, 1.2, H2AFY, or control luciferace RNAi knockdown. N=3 per condition,
mean = SD. (E) MacroH2A siRNA knockdown validation in HCT116 CRC cell line. AACT
method, values normalized to GAPD independently per macroH2A primer relative to
luciferace knockdown control. N=3 per condition, mean + SD. (F) MTT cell proliferation
assay of HCT116 cell line during macroH2A1.1, 1.2, H2AFY, or control luciferace RNAI
knockdown. N=3 per condition, mean + SD. *p<0.05, **p<0.005, ***p<0.0005, ns = not

significant, Student’s t-test.
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Figure 4.9: MacroH2A’s effect on murine intestinal adenoma.
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Figure 4.9: MacroH2A’s effect on murine intestinal adenoma. Left: representative
H&E images of macroH2A WT and DKO APC™" derived tumors within proximal small
intestine. 4x objective. Right: quantitation of average total tumors within entire small
intestine of macroH2A WT and DKO. N=8 mice per condition, mean + SD, ns = not

significant, Student’s t-test. Scale bars = 100um.

110



Homeostasis Regeneration

Injury
i}
> & ’ @ Reserve ISC
“% @ Active ISC
o |SC
$ (dead)
Injury :
i}

Figure 4.10: Model: Histone variant macroH2A confers intestinal fortitude.

Original intestinal crypt-villus image courtesy of Sarah Rauers
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Figure 4.10: Model: Histone variant macroH2A confers intestinal fortitude. In sum,
we show that macroH2A DKO intestine has approximately 3 times as many Hopx-
tdTomato® reserve ISCs compared to WT, yet the DKO intestinal epithelium is otherwise
normal and healthy during homeostasis. However, following 12 Gy Yy-irradiation,
macroH2A DKO intestinal epithelium is notably radiosensitive. The radiosensitivity
phenotype is particularly evident within the macroH2A DKO Hopx-tdTomato* reserve
ISCs, which disproportionately undergo apoptosis following irradiative damage
compared to WT. We thus conclude that macroH2A confers intestinal fortitude by
promoting reserve ISC survival and improving regeneration following Yy-irradiation

damage.
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Chapter Five:

Conclusions and future directions
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In the preceding chapters, | have extensively described the histone variant
macroH2A’s contributions to cellular identity and function. In my own work, | have
employed two models of stem cell dynamics: induced pluripotent stem cell
reprogramming and the murine intestinal stem cell system. Using these tools, | have
contributed to the field of stem cell epigenetics by answering fundamental questions
about the role macroH2A plays in governing stem cell homeostasis, post-injury
regeneration, oncogenesis, and transgene-driven cell reprogramming. | broadly conclude
that macroH2A confers epigenomic stability to cells by ‘locking in’ cell epigenetic identity,
limiting stem cell pool size, safeguarding against genotoxic stress, and overall resisting
epigenetic changes including those of both malignant transformations such as during
oncogenesis and artificial transitions as a result of induced reprogramming.

My work, while largely in agreement with what others in the field observe,
significantly is the first of its kind to describe the consequence of macroH2A germline
knockout on stem cell dynamics in vivo. It is especially interesting that | observe that
macroH2A DKO intestine is more radiosensitive than WT (Figure 4.6, 4.7), since several
studies reveal that macroH2A contributes to the DNA damage response (Timinszky et
al., 2009; Xu et al., 2012) despite the known fact that macroH2A DKO mice are viable
and fertile (Pehrson et al., 2014). This result is even more interesting as many other
studies indicate that macroH2A isn’t necessary for many processes its implicated in, yet
macroH2A is thought to provide epigenetic reinforcement over a range of conditions.
One example is X-inactivation, which at baseline doesn’t depend on macroH2A
(Csankovszki et al., 1999), yet evidence exists that macroH2A is necessary for ‘stable’
X-inactivation (Hernandez-Mufioz et al., 2005). Another example is the fact that

macroH2A is not necessary for development (Pehrson et al., 2014), yet macroH2A is
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necessary for proper spatiotemportal expression of key developmental genes
(Buschbeck et al., 2009). It’s therefore tempting to speculate that macroH2A provides an
additional layer of epigenetic reinforcement or even redundancy, which increases the

stability of chromatin architecture and thus gene expression.

It’'s also interesting that macroH2A has been implicated in regulating cell cycle
kinetics (Kim et al., 2013; Kim et al., 2012), despite the fact that | do not observe
differences in cell proliferation with and without macroH2A (Figures 3.5, 4.4, 4.5). It could
be that acute macroH2A disruption in the aforementioned studies may elicit more
profound effects on the cell cycle than my methodology, which utilizes germline
macroH2A knockout, potentially allowing adaptation back to baseline cell cycle kinetics
long-term. Nevertheless, it’s especially interesting that | observe nearly 3 times as many
reserve ISCs in macroH2A DKO mice, despite not observing significant differences in
reserve ISC proliferation. This result, while consistent with a prior report that suggests
macroH2A limits stem cell self-renewal (Creppe et al., 2012), could indicate that in
macroH2A DKO mice reserve ISC numbers are specified earlier in development or are
otherwise influenced by a macroH2A DKO niche. Further studies should employ targeted
macroH2A deletion regimens, including using a Hopx-driven Cre, to determine whether

the observed increased reserve ISC number is cell autonomous.

| observe that macroH2A confers a slight epigenetic barrier to iPSC
reprogramming, consistent with prior reports (Barrero et al., 2013a; Gaspar-Maia et al.,
2013; Pasque et al.,, 2012). However, | contend that those studies exaggerate the
degree to which macroH2A is an actual epigenetic barrier, and | discuss such nuances in
detail in Chapter 3. Further, our data highlight that the notion that macroH2A is removed

from somatic chromatin during the epigenetic transition toward a macroH2A-depleted
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pluripotent state is too simplistic an overall view, since it doesn’'t take into account
differential incorporation patterns of the functionally distinct macroH2A isoforms. Others
and we have shown that macroH2A does indeed function in mMESCs, where among other
tasks it localizes to lineage-specific genes (Yildirim et al., 2014). We have also shown
that macroH2A2 engages in dynamic behavior in mESCs to a greater extent than MEFs,
and such rapid macroH2A2 incorporation and turnover proximal to mESC promoters
correlates with high transcription (Yildirim et al.,, 2014) (Figure 3.3). It would be
interesting to determine whether this phenomenon also exists for other macroH2A
isoforms, and determine which genes exhibit differential macroH2A incorporation

patterns in mESCs vs. MEFs and the functional consequences thereof.

Another interesting theme with respect to macroH2A’s influence on gene
expression is the reported metabolic gene disruption that mice with altered macroH2A
expression experience, particularly with respect to fatty acid metabolism and lipid
storage (Boulard et al., 2010; Changolkar et al., 2007; Pazienza et al., 2014; Sheedfar et
al., 2015). It's especially curious that macroH2A mice tend to be smaller in body
dimensions and lighter in weight than WT counterparts (Pehrson et al., 2014), and that
liver macroH2A1 expression increases substantially during the transition of neonatal
mice into young adulthood (Changolkar et al., 2007). It’s tempting to further speculate
that macroH2A may influence nutrient absorption or other metabolic functions within the
intestinal epithelium as well as the liver. It would be interesting to determine whether
macroH2A DKO mice respond similarly as WT to varied diets, including calorie
restriction, as gauged by functional outputs such as activation of the mTOR pathway — a

known sensor of growth factors and nutrient availability. It would also be interesting to
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determine whether the gut microbiome of macroH2A DKO mice differs from WT, and

whether macroH2A DKO mice may be more sensitive to disruption of intestinal flora.

My observation that macroH2A DKO mice bred into the APC™ model of
intestinal adenoma do not experience increased tumor burden relative to WT, despite
literature evidence that suggests that macroH2A is a tumor suppressor is somewhat
surprising (Figure 4.9). Nevertheless, this result is consistent with the notion that
macroH2A-deficient mice are not more prone to spontaneous cancer than WT (Pehrson
et al., 2014) and macroH2A’s tumor suppression has mostly been described in human
patient samples and cell lines (Barzily-Rokni et al., 2011; Cantarifio et al., 2013; Kapoor
et al., 2010; Novikov et al.,, 2011; Sporn and Jung, 2012; Sporn et al., 2009).
Interestingly, | see in human CRC lines that distinct macroH2A isoform selection patterns
are prevalent — enrichment of the macroH2A1.2 isoform and loss of macroH2A1.1. This
result could suggest that loss of both macroH2A1.1 and macroH2A1.2, as is the case for
my macroH2A DKO mice, may be zero-sum with respect to tumorogenesis.
Development of tools to selectively express or knockdown individual H2AFY isoforms is
paramount for fully characterizing macroH2A’s role in cancer. Another possibility is that
the epigenetic interspecies differences between mouse and human gastrointestinal
tumorogenesis are sufficiently distinct with respect to macroH2A influence that

attempting to model macroH2A loss in humans using mice is ultimately uninformative.

My work has uncovered many interesting facets of histone variant macroH2A,
particularly properties of the macroH2A DKO reserve ISC, which create opportunities for
additional experiments to address novel and ongoing questions. An important question is
whether there exist key differences in the transcriptome of macroH2A DKO vs. WT

reserve ISCs — therefore RNA-Seq on sorted Hopx-tdTomato® populations would be
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especially informative. Further, it would be interesting to relate this information to which
genomic loci macroH2A localizes to in WT reserve ISCs, and relate this behavior to gene
expression. Another interesting experiment to perform would be single-cell multiplexed
gRT-PCR on sorted DKO and WT Hopx-tdTomato® populations using the Fluidigm
platform for principle component analysis. This would enable population-wide
visualization of cell-to-cell mRNA variability within Hopx-tdTomato™ cells, and cross-
comparison of this population to the Lgr5-eGFP™ active ISC population within macroH2A
DKO and WT mice. Given that macroH2A DKO reserve ISCs are more abundant and
radiosensitive than WT, | hypothesize that DKO Hopx-tdTomato* ISCs are more ‘CBC-
like’ than their WT counterparts. This result would be interesting as it would suggest that
macroH2A might play a role in ‘locking down’ reserve ISC identity and function in the
intestinal epithelium, that macroH2A loss may effectively blur the line between the

epigenetic identity of at least these two stem cell populations.

While the Lgr5-eGFP* CBCs of macroH2A WT and DKO mice do not differ in
number or heretofore observed function, nevertheless it would be interesting to compare
the transcriptome of these populations and perform the same experiments on these cells
as described above for the Hopx-tdTomato™ reserve ISC population. It would be
interesting to determine whether macroH2A deposition within this cell type as well as
reserve ISCs differs with age, since macroH2A has been shown to increase with age. If
so, it may be possible that macroH2A DKO and WT active ISCs experience differential
degrees of stem cell exhaustion over time, yet the observation that macroH2A DKO
CBCs do not proliferate quicker than WT suggest against this notion. It would also be
interesting to determine whether single-sorted Lgr5-eGFP"™" DKO CBCs can

outcompete their WT counterparts in organoid formation assays. Despite my current
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data strongly suggesting that observed increased organoid genesis originates from
greater numbers of Hopx-tdTomato™ reserve ISCs, it’s important to rule out whether DKO
CBCs disproportionately contribute as well. Further experiments will need to be
performed to determine whether there are indeed any differences in macroH2A DKO

CBCs that thus far have gone unnoticed.

Another interesting intersection between macroH2A and reserve ISCs is that
macroH2A is enriched on heterochromatin, and reserve ISCs are largely quiescent and
mitotically inactive. Staining sorted Hopx-tdTomato® ISCs for total DNA and RNA content
using Hoescht and Pyronin would indicate the relative degree of GO occupancy that
macroH2A DKO and WT reserve ISCs experience. One might also hypothesize that
macroH2A DKO reserve ISC chromatin is less heterochromatic than WT, and thus more
accessible to various transcription factors and other DNA-binding proteins. Chromatin
accessibility assays including micrococcal nuclease sensitivity and ATAQ-Seq assays

should be employed to determine whether this idea holds merit.

It would also be interesting to further analyze the DNA damage hypersensitivity
phenotype of macroH2A DKO reserve ISCs. MacroH2A has been shown to direct
genomic deposition of DNA damage repair effectors such as BRCA1 to double-strand
break sites (Khurana et al., 2014). Thus, it would be particularly interesting to perform
BRCA1/y-H2AX co-localization assays within sorted Hopx-tdTomato™ reserve ISCs at
various time points after y-irradiation. It could be that macroH2A absence within reserve
ISCs reduces BRCA1 localization and subsequent recruitment of downstream homology-
directed repair factors. It would also be interesting to determine whether other hallmarks
of DDR and apoptosis are detectable and exhibit differential expression within DKO and

WT reserve ISCs after y-irradiation. One potential example is the Chk2 kinase, whose
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phosphorylation and activation was shown to be slightly diminished following macroH2A
knockdown (Xu et al.,, 2012). It would also be informative to generate a y-irradiation
dose-response curve for DKO and WT organoids in vitro, with the anticipation that

macroH2A DKO organoids are more sensitive to even lower doses than WT.

In conclusion, | have shown that while the histone variant macroH2A imposes
only a minor barrier to iPSC reprogramming efficiency and is dispensable for intestinal
homeostasis, macroH2A nevertheless maintains intestinal fortitude in response to
genotoxic stress. MacroH2A confers this resilience through maintaining robust DNA
damage resistance and promoting survival within the reserve ISC compartment. This
study represents to the best of our knowledge the first time that functional consequences
of macroH2A absence within an adult stem cell compartment have been demonstrated in
vivo. Despite macroH2A ostensibly improving genomic stability, macroH2A DKO mice
are no more sensitive to tumorogenesis via APC loss of heterozygosity. In collaboration
with the Rando lab, we have also shown for the first time that histone variant macroH2A2
undergoes dynamic incorporation and turnover at diverse loci in the genome in addition
to stable incorporation, and relate this behavior to gene expression. In sum, we broadly
characterize histone macroH2A as an epigenetic reinforcer that upholds cell identity and
function by multiple mechanisms including protecting chromatin from DNA damage,
directing repair, maintaining robust gene expression control, and limiting aberrant drift of
cell epigenetic identity. Our study opens the door to future research aimed at further
characterizing macroH2A within the intestinal crypt, during iPSC reprogramming, within
other stem cell systems, in other forms of malignant cell transformation, and during other

forms of directed cellular reprogramming for regenerative medicine.
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