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Abstract

Large-scale epigenetic changes take place when epithelial cells with cell-cell adhesion and apical-
basal polarity transition into invasive, individual, mesenchymal cells through a process known as
epithelial to mesenchymal transition (EMT). Importantly, cancers with stem cell properties
disseminate and form distant metastases by reactivating the developmental EMT program. Recent
studies have demonstrated that the epigenetic histone modification, H2BKS5 acetylation
(H2BK5AC), is important in the regulation of EMT. For example, in trophoblast stem (TS) cells,
H2BK5ACc promotes the expression of genes important to the maintenance of an epithelial
phenotype. This finding led to the discovery that TS cells and stem-like claudin-low breast cancer
cells share similar H2BK5Ac-regulated gene expression, linking developmental and cancer cell
EMT. An improved understanding of the role of H2BK5Ac in developmental EMT and stemness
will further our understanding of epigenetics in EMT-related pathologies. Here, we examine the
binders and regulators of H2BK5Ac and discuss the roles of H2BK5Ac in stemness and EMT.
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Epithelial cells are nonmatile cells that maintain cell-cell adhesion and apical-basal polarity.
The process of epithelial to mesenchymal transition (EMT) allows epithelial cells to acquire
a mesenchymal phenotype with front-back polarity, diminished cell-cell adhesion, and
invasiveness. The regulation of EMT is important during development, wound healing, organ
fibrosis, and cancer metastasis. Several recent studies support the hypothesis that EMT is
regulated by acetylation of histone H2B at lysine 5 (H2BK5Ac).

Contexts of EMT

EMT is a tightly regulated developmental process that generates cells with mesenchymal
phenotypes in several distinct contexts [1, 2]. During development, trophoblast stem cells
(TS cells) differentiate, undergo EMT, and establish implantation by invading the uterus and
forming the placenta [3-5]. During tissue regeneration and wound healing, EMT generates
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new cells that migrate and promote reepithelialization [6-8]. Persistent inflammation can
lead to aberrant EMT and organ fibrosis [9, 10]. In addition, epithelial carcinoma cells may
undergo EMT in response to signaling in the tumor microenvironment, leading to metastatic
disease [11]. Cancer cells with characteristics of EMT often show signs of stemness,
including self-renewal and multipotency [11-14]. These invasive, stem-like cells digest
through the basement membrane and into the vasculature, eventually undergoing
mesenchymal to epithelial transition and initiating secondary tumors [13-15].

These distinct contexts of EMT activation share several molecular mechanisms. During
EMT, epithelial cells lose cell-cell adhesion through the dissolution of cell-cell junctions
[16, 17]. The loss of expression of cell-cell junction components like E-cadherin is
accompanied by increased expression of mesenchymal markers, N-cadherin and Vimentin
[17]. The transition from groups of cells to individual cells also involves a change from
epithelial, apical-basal polarity to a more mesenchymal, spindle shaped front-back polarity
[18]. In the nucleus, EMT progression is associated with the increased expression of Snail,
Twist, and Zeb family EMT-inducing transcription factors (EMT-TFs). The most definitive
and clinically relevant feature of EMT is the acquisition of invasiveness [18]. In many
instances, these large-scale changes in cell phenotype have been associated with epigenetic
changes in histone modification. In this review, we will briefly discuss histone modification
and more specifically, examine the relationship between H2BK5Ac, stemness, and EMT.

Histone Modifications

The organization of the genome into nucleosomes containing ~147 base pairs wound around
a core histone octamer allows cell types to access the genes necessary to specify their
phenotype [19]. The core histones each have several transcript variants that are arranged in
multi-copy clusters within the genome [20]. Once histones are transcribed, translated, and
incorporated into nucleosomes, the modification of amino-terminal histone tails controls the
availability of genes, allowing cells to adjust their phenotype [21, 22]. Further, histone
modification allows for the specification of cell lineages at precise times during
development. Many studies have detailed how covalent histone modifications either promote
or repress specific transcriptional activity in developmental and pathological contexts. The
most well studied histone modifications are methylation and acetylation of lysine residues.
Other histone modifications include phosphorylation, sumoylation, ADP-ribosylation,
deimination, proline isomerization, crotonylation, and ubiquitination [22—24].

Depending on the specific lysine, histone methylation can be associated with transcriptional
activation, poised chromatin, or transcriptional repression. Lysine-methylation has been
detected on all four core histones [25]. Tri-methylation of histone H3 lysines 9 or 27
(H3K9me3 or H3K27me3) is associated with transcriptional repression, while tri-
methylation of histone H3 lysine 4 (H3K4me3) signals active transcription [23]. Regions of
H3K27me3 containing smaller regions of H3K4me3 have been defined as bivalent
chromatin using embryonic stem cells [26]. Bivalent or poised chromatin also controls ZEB1
gene expression in basal-like breast cancer, which allows interconversion of tumor cell and
cancer stem cell phenotypes [27]. The methylation of H2A and H2B has been detected in
several cell types, but the functions of these modifications have not been well characterized

J Nat Sci. Author manuscript; available in PMC 2017 September 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mobley and Abell

Page 3

[25]. Although H2BK5 monomethylation and H2BK5Ac have both been associated with
genes that are highly transcribed, data have shown that H2BK5Ac is a more accurate
predictor of gene transcription [28].

Histone acetylation neutralizes negative charges on the DNA, promoting the formation of
euchromatin and the recruitment of transcription factors [29]. Acetylation sites are found on
each of the four histone tails, and most promote transcription when acetylated [30].
Deacetylation of histones results in the formation of heterochromatin, where the
nucleosomes are condensed, occluding the access of transcriptional machinery [30, 31].
Recent data suggest that H2BK5AC is a reliable predictor of gene expression and an
important modification in the orchestration of the EMT program [4, 28, 32]. To better
understand how H2BK5Ac contributes to cell phenotype, we will discuss the interacting
partners and regulators of H2BK5Ac and their importance in EMT.

Interactors and Regulators of H2BK5Ac

H2BK5AC is a chromatin modification that recruits chromatin modifiers. For example,
bromodomain containing proteins bind acetylated lysine residues to recruit the appropriate
histone modifiers or modify the histone tails themselves. Importantly, several bromodomain
containing proteins, including the SWI/SNF catalytic subunits, SMARCA4 and SMARCA?2,
bind H2BK5Ac (Figure 1). Using NMR, Shen et al. showed SMARCA4 binding to
H2BK5ACc [33]. SMARCA2 binding of H2BK5ACc was detected by Filippakopoulos et al.
using solid phase oligosaccharide tagging (SPOT) peptide arrays [34]. We hypothesize that
SMARCA4 or SMARCAZ2 and the SWI/SNF complex may bind H2BK5Ac and shift
nucleosomes to optimize binding of epigenetic modules and transcription factors during
EMT. SPOT analysis also detected strong H2BK5Ac binding by the p300/CBP-associated
histone acetyl-transferase (HAT), PCAF, as well as the nuclear body protein, SP140. These
findings are less surprising, as these proteins each bind most acetyl-histone marks (Figure 1)
[34]. Our understanding of H2BK5Ac as a binding target for other chromatin modifying
complexes indicates that multiple layers of epigenetic changes regulate the expression of
target genes. Importantly, enzymes that acetylate or deacetylate H2BKS5 often modify other
histone lysine residues as well, further demonstrating the multiple layers of epigenetic
regulation controlling gene expression.

Although direct binding has not been demonstrated, several proteins have been shown to
increase H2BK5AC levels. Researchers have demonstrated the effects of CBP/p300 HAT
activity on H2BK5Ac in several contexts. CBP and p300 have many overlapping functions
with regard to histone acetylation and transcriptional activation due to their homologous
bromodomains and HAT domains [35]. In humans, mutations in CBP or p300 lead to
Rubinstein-Taybi syndrome, resulting in mental and developmental retardation, abnormal
facial patterning, and tumors of the brain and neural crest stem cell-derived tissues [36].
Another study showed that lymphoblastoid cell cultures from patients with heterozygous
mutations of CBP showed decreased acetylation of H2A and H2B [37]. In mice, a 50%
reduction in CBP expression resulted in skeletal malformation and defects in axial skeleton
patterning [38]. The same CBP-heterozygous mice also showed selective loss of H2BAc in
the hippocampus [39]. In mouse epithelial TS cells expressing CBP shRNAs, there was
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selective loss of H2A/H2BK5AC that correlated with the gain of mesenchymal morphology
and invasiveness [4]. In contrast, TS cells expressing p300 shRNAs showed selective loss of
H3K9/H4K8AC, indicating that CBP specifically promoted H2A/H2BK5AC [4]. These data
suggest that CBP HAT activity is important in the maintenance of H2BK5Ac and an
epithelial morphology (Figure 1). Further, CBP mediated H2BK5Ac promotes proper timing
of developmental EMT events, leading to skeletal formation and neural tube closure.

The transcription factor ATF2 also acetylates H2B (Figure 1). Using purified proteins,
Kawasaki et al. demonstrated that ATF2 directly acetylates H2BKS5 [40]. Another study
found that when bound to amino acid response elements, ATF2 acetylates H2B [41]. Unlike
CBP, neither ATF2 deletion nor mutation of ATF2 phosphorylation sites resulted in EMT-
related developmental defects [42, 43]. These data suggest that compensation by other HATS
may maintain H2BK5Ac in the absence of ATF2.

Histone deacetylases (HDACS) antagonize the activity of HATSs by removing acetylation
from lysine residues of histone tails. Loss of CBP is associated with loss of H2BK5Ac in
several model systems, and inhibition of HDAC activity using broad-spectrum inhibitors
(HDACI) partially restores H2BK5Ac. For example, HDACI partially restored H2A/H2BAc
in lymphoblastoid cell lines from patients carrying heterozygous CBP or p300 mutations,
demonstrating the dual-control of H2BAc by HATs and HDACs [37] (Figure 1).
Overexpression of class I, lla, and I1b HDACSs has been implicated in several human
cancers, making HDACI an attractive therapeutic strategy [44]. Selective inhibition of
HDAC1 and HDAC?2 has been shown to increase tumor H2BK5ACc in an epithelial human
colorectal carcinoma (HCT116) xenograft model [45]. In multiple myeloma cell lines,
treatment with entinostat, an inhibitor selective for HDAC1 and HDACS3, resulted in greater
increases in H2BK5Ac than treatment with Merck60, an inhibitor selective for HDAC1 and
HDAC2 [46]. Together, these studies demonstrate that H2BK5Ac can be controlled by HATs
and HDACs, and that an overall shift towards hypoacetylation of histones is associated with
several EMT related pathologies (Figure 1).

H2BK5Ac and Maintenance of Epithelial Stem Cell Phenotype

The dual-control of H2BK5Ac by HATs and HDACs has been demonstrated in detail in
mouse TS cells. Mice with a targeted, inactivating mutation of MAP3K4 (K1361R) (K14
mice) show EMT-related defects [3, 47]. In addition to failed neural tube closure, KI4 mice
are born with craniofacial defects similar to Rubenstein-Taybi patients and abnormal axial
skeleton patterning like CBP-deficient mice [47]. As stem cells, mouse TS cells can be
cultured indefinitely and undergo EMT upon differentiation by withdrawal of FGF4 and
mouse embryonic fibroblast conditioned medium. TS cells from K14 mice (TS cells)
retain stemness properties, but also display characteristics of EMT including mesenchymal
morphology, loss of epithelial keratins and tight junction proteins, increased expression of
EMT-TFs, and increased invasiveness [4, 32]. /n vivo, TSKM cells exhibit hyperinvasiveness,
resulting in defective decidualization [4]. TSK!“ cells show a loss of gene expression that
overlaps significantly with that of mesenchymal claudin-low breast cancer lines,
highlighting the commonality of EMT in development and disease [4].
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In TS cells CBP (HAT) and HDAC6 (HDAC) control H2BK5Ac [4, 32]. MAP3K4
phosphorylates and activates a signaling cascade that leads to the phosphorylation and
activation of CBP. This pathway allows the epithelial TS cell phenotype to be maintained
through CBP-mediated H2A/H2BK5AC (Figure 2A). Additionally, MAP3K4 activity is
required for the ubiquitination and destruction of HDACG6 [32]. Importantly, during normal
TS cell differentiation-induced EMT HDACG6 message, protein, and activity levels are
elevated [32]. Loss of MAP3K4 signaling in TSK!4 cells results in the loss of CBP-mediated
acetylation of H2BKS5 and an increase in HDACS protein and activity levels in the cytoplasm
and nucleus [4, 32]. Increased cytoplasmic HDACS leads to decreased acetylation of tubulin
[32]. In the nucleus, increased HDACS activity, coupled with decreased CBP HAT activity,
leads to a global reduction in promoter H2BK5Ac and ultimately loss of epithelial gene
expression. (Figure 2B) [4, 32]. shRNA knockdown of HDAC6 in TSK!4 cells restores
H2BK5AC at specific gene promotors, allowing the expression of genes important to the
epithelial phenotype (Figure 2C) [32]. In TSK!4 cells with HDAC6 knockdown, acetylation
is restored at the promoters of many genes important to the epithelial phenotype, including
several tight junction components, Cldné, Ocin, and Tjp1 [32]. HDAC6 knockdown in
TSKI4 cells increases epithelial barrier formation that is lost in TSKM cells, indicating that
epithelial function is also restored [32]. Conversely, TS cells with CBP knockdown show
loss of epithelial features and loss of H2BK5Ac (Figure 2D) [4]. Relative to the embryonic
stem cells of the inner cell mass, TS cells show low levels of H3K27me3, suggesting that TS
cells rely on the deacetylation of histones to repress gene expression at stages before
implantation [48]. These data illustrate a dual-control network of epigenetic regulation in a
developmental model of EMT that relies on histone deacetylation to repress gene expression.

Stemness and EMT: Future Directions

The investigation of TS cells allows for the isolation and manipulation of stemness and EMT
features in cells with a normal karyotype. TS cells regulate stemness and EMT using
different sets of histone acetylation marks. Differentiated TS cells show loss of acetylation
of all four core histones (H2A, H2B, H3, and H4) [4, 32]. However, the mesenchymal TSK!4
cells show selective loss of H2A/H2BAC and retain stemness features. Together, these data
indicate that H2A/H2BK5AcC may be less important in maintaining the stem cell state and
more important in promoting an epithelial phenotype, suggesting a role for H2BK5Ac in
protection against EMT-related pathologies.

Improving our current understanding of EMT in pathologies like cancer requires an
interdisciplinary effort to better understand the stable reactivation of developmental
processes, the role of stemness, and how large-scale phenotypic changes are orchestrated by
diseased cells in vivo. Some of the most malignant cancer cells exist in a stem-like state.
These “cancer stem cells” produce stem-like tumor initiating cells and highly proliferative
tumor-building cells, while displaying hallmarks of EMT [12]. Our work has led to the
discovery of several genes with decreased promoter H2BK5Ac and expression in both
mesenchymal TSK!4 cells and claudin low-breast cancer cells [4, 32]. There is great clinical
value in understanding how cancer cells independently regulate stemness and EMT.
However, epigenetic regulation of cancer cell stemness and EMT is undoubtedly more
complex than that of the TS cells, and likely relies more heavily on gene repression by
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histone and DNA methylation. Cancer cells repress epithelial gene expression and activate
mesenchymal gene expression through several epigenetic changes, including histone
acetylation, histone methylation, DNA methylation, and nucleosome remodeling [49].
Further, a host of genetic mutations and chromosomal aberrations influence cancer cell gene
expression. It is important to acknowledge that H2BK5Ac occurs in concert with a host of
other histone modifications such as H2AK5Ac [4, 32]. Also, the specific nature of
H2BK5AC is difficult to define due to its multi-copy nature and multiple transcript variants.
Specific roles have not been defined for each of the sixteen H2B isoforms, but it has been
shown that the H2B isoforms have similar acetylation levels [50]. Further investigation in
these fields of research will better define the significance of specific histone modifications in
development and disease.

In an attempt to simplify a single aspect of pathological EMT, we have presented a basic,
developmental model of EMT controlled by H2BK5Ac. Recent data demonstrate that
important similarities between developmental and pathological EMT need to be investigated
further. Our goal is that findings from the investigation of histone acetylation, stemness, and
EMT in TS cells will translate into clinically relevant insight for EMT-related pathologies.
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Figure 1. Interactorsand Regulators of H2BK5Ac
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