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Heterochromatin mostly constitutes
tightly packaged DNA, decorated
with repressive histone marks, including
histone H3 methylated at lysine 9, his-
tone H4 methylated at lysine 20 and his-
tone H3 methylated at lysine 27. Each of
these marks is incorporated by specific
histone lysine methyl transferases. While
constitutive heterochromatin enriched
with H3K9me3 and H4K20me3 occur
within repetitive elements, including cen-
tromeres and telomeres, the facultative
heterochromatin resides on the inactive
X-chromosome and contains H3K27me3
mark. Origin recognition complex-asso-
ciated (ORCA/LRWDI1) protein is
required for the initiation of DNA repli-
cation and also plays crucial roles in het-
ORCA
associates with constitutive and faculta-
tive heterochromatin in human cells and
binds to repressive histone marks. We
demonstrate that ORCA binds to multiple
repressive histone methyl transferases
including G9a, GLP, Suv39%hl (H3K9
me2/3), Suv420h1/h2 (H4K20me2/3)
and EZH2 (H3K27me3). Removal of

ORCA from human cells causes aberra-

erochromatin  organization.

tions in the chromatin architecture. We
propose that ORCA acts as a scaffold pro-
tein that enables the formation of multiple
histone lysine methyltransferase complexes
at heterochromatic sites thereby facilitat-
ing chromatin organization.

Introduction
Every cycling cell needs to duplicate its

genetic material accurately and then segre-
gate the chromosomes faithfully to the
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daughter nuclei. Furthermore, the epige-
netic information must also be restored
from one cell generation to the next. Pro-
teins involved in DNA replication play
crucial roles in the inheritance of chroma-
tin domains."? However, the mechanism
that ensures that chromatin architecture is
reestablished once the replication has been
accomplished remains to be elucidated
and is an intense area of research.>* Sev-
eral studies in budding yeast, fission yeast,
Drosophila and humans have pointed out
that DNA replication proteins coordinate
heterochromatin organization and gene
silencing either by facilitating nucleosome
assembly of heterochromatin or by
recruiting factors that are key to the estab-
lishment and maintenance of heterochro-
matin or by coordinating with the siRNA
machinery to maintain heterochromatin.”
Whether the role of replication initiation
factors in heterochromatin assembly is
independent of their replication initiation
function remained to be determined.
Initiation of DNA replication in eukar-
yotes requires the sequential assembly of a
multiprotein complex at the origins of
replication.” Origin Recognition complex
(ORC) consisting of 6 subunits serves as
the landing pad for the establishment of
pre-replication complex during G1 phase
of the cell cycle.® ORC-Associated
(ORCA)/LRWD1 is an ORC interacting
protein that is required for stabilizing
ORC onto chromatin.” In diploid fibro-
blasts, depletion of ORCA causes an accu-
mulation of cells in G1 phase of the cell
cycle.® In addition, previous work from
our laboratory has shown that ORCA reg-
ulates replication initiation by modulating
the interaction between pre-replicative
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complex component Cdtl and its inhibi-
tor Geminin.?

While the role of ORC in replication
initiation has been extensively studied
and is relatively well understood, the role
of ORC and ORCA in heterochromatin
remained unclear. Others and we have
previously shown that ORCA binds to
heterochromatin, including at centro-
meres and telomeres in human and mouse
cells.””'" By using Stable Isotope Label-
ing in Cell Culture (SILAC) and modified
N-terminal histone tails as baits, it was
shown that ORCA binds specifically to
repressive trimethylated H3K9, K27 and
H4K20 marks."" We recently conducted
a study to investigate the function of
ORCA at H3K9me3-containing hetero-
chromatic domains."> We found that
ORCA interacts with multiple H3K9
KMTs G9a/GLP and Suv39H1. A multi-
meric complex containing all the H3K9
KMTs including G9a, GLP, Suv39hl
and SETDBI is recruited to pericentric
heterochromatin and aids in maintenance
of H3K9me2 and me3."? By using Single
Molecule Pulldown assays we found that
ORC-ORCA-H3K9 KMTs exist in a sin-
gle complex. The existence of a complex
containing ORC and H3K9 KMTs is
very exciting as it reiterates the impor-
tance of a cross-talk between eukaryotic
DNA replication proteins and the repres-
sive epigenetic machinery. ORCA also
directly binds to H3K9me2 and me3 with
stronger binding to the trimethylated
mark. The loss of ORCA resulted in the
global reduction of H3K9me3, consistent
with the observation that loss of ORCA
also showed reduced association of
Suv39H1 on chromatin. In addition to
the reduction in the levels of H3K9me3,
there was also a reduction of H3K9me2
upon depletion of ORCA. By using chro-
matin immunoprecipitation we further
showed that ORCA binds to specific
regions on the chromatin that are
enriched for H3K9me2 and me3. Fur-
thermore, the H3K9me2 and 3 are lost
specifically from these regions when
ORCA was depleted from human cells. In
order to understand the role of ORCA in
the complex containing G9a and
Suv39H]1, we investigated the stability of
these complexes upon the loss of ORCA.
We found that the loss of ORCA resulted
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in the reduction of the complexes contain-
ing G9a and Suv39HI.

Furthermore, aberrant chromatin orga-
nization also resulted in defective DNA
replication in cells depleted of ORCA.
Specifically, we found that loss of ORCA
showed a reduction of late replication pat-
terns and aberrant replication timing.
This was specifically at the regions that
showed loss of H3K9me2 and me3. To
tease out the role of ORCA in DNA repli-
cation initiation versus chromatin organi-
zation, we depleted ORCA at the G1/S
transition and then probed for defects in
DNA replication. We found that postG1
cells showed aberrant chromatin organiza-
tion as evident by the mislocalization of
HPla and H3K9me3. Our results
showed that ORCA regulates chromatin
organization independent of its role in
DNA replication initiation.

ORCA Interacts with Multiple
Repressive Methyltransferases

Our work has demonstrated that
ORCA interacts with repressive H3K9
KMTs G9a/GLP and Suv39HI1. Since
ORCA has been shown to bind to repres-
sive histone lysine methylation marks, spe-
cifically H3K9me3, H3K27me3 and
H4K20me3,” "> we investigated whether
ORCA also associates with the KMT's that
catalyze H4K20 and H3K27 methylation.
To investigate this we utilized U20S 2-
6-3 CLTon cells."*'> This cell line has a
tandem array of Lac operator (LacO)
sequences inserted into a single locus in
the cells. The locus is heterochromatic
and can be visualized by the stable expres-
sion of mCherry-Lac repressor (Lacl) in
the cells. As observed earlier, tethering of
H3K9 KMT G9a to the locus showed
robust accumulation of ORCA at this site
(Fig. 1A). In order to examine whether
ORCA interacts with H3K27 KMT
EZH2, we tethered YFP-Lacl-EZH2 to
the locus and found that CFP-ORCA is
also recruited to the locus (Fig. 1A). This
is interesting because a recent report shows
that there is a functional cross-talk
between H3K9 and H3K27 KMTs in
mouse embryonic stem cells.'® H3K9
KMTs were found to cooperate with the
H3K27 the

methylation  complex,
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Polycomb  Repressive ~ Complex 2
(PRC2)."” G9a and GLP double knock-
outs showed reduction in PRC2 recruit-
ment and H3K27me3 levels. In addition,
the authors showed that G9a monomethy-
lates H3K27 and this aids PRC2-depen-
dent trimethylation of H3K27. It would
be interesting to investigate whether
ORCA functions in a complex that con-
tains both G9a and EZH2 and whether it
regulates the function of this complex.
Further, how would such a multimeric
complex be recruited to chromatin sites?
In addition, it would be important to
investigate whether loss of ORCA leads to
upregulation of PRC2-regulated genes.
Previous work has shown that loss of
ORCA in mouse cells leads to upregula-
tion of centromeric transcription.10 It
would be crucial to determine whether
this transcriptional control by ORCA is
restricted to repetitive heterochromatic
regions or whether it extends to repressed
euchromatic regions controlled by G9a/
GLP and/or PRC2.

H4K20mel and H4K20me2
shown to be involved in DNA replication,
whereas H4K20me3 is required for peri-

are

centric heterochromatin organization.'®
Suv4-20H1 and H2 catalyze the di- and
tri methylation of H4K20." We tethered
YFP-Lacl-Suv420H1.1 to the CLTon
that CFP-ORCA is
recruited to the locus indicating that
ORCA also interacts with Suv420H]1.1
(Fig. 1A). The presence of H3K9me3 is
essential for H4K20 trimethylation at
pericentric heterochromatin.?’*2

locus and found

The mode of recruitment of different
KMTs to specific target sites in mamma-
lian cells is not clearly understood.”
None of the KMTs, except PRDM family
members, can bind to DNA directly. The
association of KMTs to specific DNA-
binding proteins/chromatin binding pro-
teins may provide a means by which they
could be targeted to specific sites. The rep-
lication protein ORCA associates with
specific chromatin marks and the histone
modifying machinery via its WD domain.
It remains to be determined if ORCA
binds to DNA and the DNA modifying
machinery directly.

Post-translational modifications on his-
tones are preserved at specific genomic
regions from one cell generation to
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Figure 1. ORCA interacts with H3K9, K27 and H4K20 histone lysine methyltransferases. (A) U20S 2-6-3 CLTon cells co-transfected with individual
YFP-Lacl-KMTs and CFP-ORCA. Inset represents 200% magnification of the boxed region.

another. It is largely believed that during
DNA replication the modified histones
present on the parental DNA are ran-
domly segregated to the daughter strands
and this is required for the further addi-
tion of modifications on the newly assem-
bled

modifications are transmitted with the

histones. Post-translational

parental histones to the newly formed
DNA strand.** Interestingly, H3K9me3
and H3K27me3 were found to propagate
by modification of the parental and newly
generated histones and this was found to
extend over several cell generations.24
Recent evidence from Drosophila has

pointed  out that  the  histone

www.tandfonline.com

modifications, specifically H3K4me3 and
H3K27me3, are lost during DNA replica-
tion and that histone-modifying machin-
ery associates with specific genomic loci
that persists during DNA replication and
enables the re-establishment of the histone
modifications.?’ During DNA replication,
the DNA methyl transferase (DNMT1)
and the H3K9 KMT G9a physically and
functionally cooperate at the replication
fork to coordinate DNA and histone
methylation.?® The association of ORCA
with the histone modifying machinery
brings many interesting questions: Is this
association occurring at specific stages of
the cell cycle, is it occurring at specific
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origins, if this association is disrupted can
this affect replication timing?

The WD-40 Domain of ORCA
Interacts with Suv420H2

WD repeat-containing proteins bind
to histone and nucleosomes and func-
tion in a diverse array of cellular func-
tions.”” ORCA consists of leucine rich
repeats at its N-terminus and a WD-
repeat domain at its C-terminus.” We
have found that the WD domain of
ORCA associates with the modified his-

tones and also mediates the association
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to H3K9 KMTs.'? In order to map the
interaction of ORCA with H4K20
KMT-Suv420H2, we cotransfected HA-
Suv420H2 and T7-ORCA in human
U20S  cells. This was followed by
immunoprecipitation with the T7 ant-
body (Fig. 2B). ORCA interacted
robustly with Suv420H2 (Fig. 2ADb).
This interaction could be indirect or
meditated by multiple of
Suv420H2. Different truncation
mutants of ORCA including 1-127a
(Spanning LRR), 1-270aa (LRR
+linker), 128-647 (linker+WD) and
270—647aa (WD alone) were co-trans-
fected with HA-Suv420H2 (Fig. 2Aa).
Immunoprecipitation using T7 anti-
body revealed that the WD domain of
ORCA mediates the association of
ORCA to Suv420H2 (Fig. 2Ab). It is
interesting to note that the Linker+WD
mutant shows reduced association to
Suv420H2 compared to the WD alone.
Determination of the structure of
ORCA would provide insights into the

organization of these domains.

domains

Reciprocal immunoprecipitation
from cells expressing HA-Suv420H2
and T7-ORCA using HA antibody
showed the association of Suv420H2
with  ORCA (Fig. 2Bb). To further

that interacts with ORCA, we made 2
truncation mutants of  Suv420H2
(Fig. 2Ba), the N terminal fragment
(1-250aa) containing the SET domain
of Suv420H2 and the C-terminal frag-
ment (250-462aa) containing  the
region required for heterochromatiniza-
tion. Co-transfection of these HA
tagged mutants with T7-ORCA fol-
lowed by HA immunoprecipitation
showed that both the N and C-terminal
fragments independently interact with
ORCA (Fig. 2B, lanes 1 and 2). In the
future we will investigate whether the
interaction  between  ORCA  and
Suv420H2 is direct by using purified
proteins. Furthermore, we would also
determine if this interaction is DNA-
dependent.

ORCA was also found to interact
with H4K20 monomethylase, PR-SET7
(data not shown). These observations
that ORCA with  H4K20
KMTs raises many interesting possibili-
Work from Reinberg’s lab®®
pointed toward the possibility that dur-
ing DNA replication initiation Orcl
and ORCA bind to H4K20me2 and
me3 respectively, thereby establishing

interacts

ties.

the origins poised for replication in S-
phase. While this is an intriguing possi-

conclusively determine whether this
binding of ORC/ORCA to methylated
H4K20 is related to the function of
these proteins in DNA replication initi-
ation as opposed to chromatin organiza-
tion in repressive environments.

Based on our results, we speculate that
ORCA acts similar to HP1a and facili-
tates the establishment and maintenance
of H3K9 methylation-containing hetero-
chromatin. ORCA acts as a scaffold to
hold together the H3K9 KMTs megacom-
plex and stabilizes them on chromatin.
This leads to the establishment of methyl-
ated H3K9, thereby providing more bind-
ing sites for ORCA and this process
continues with the end result of establish-
ment of heterochromatin domains. It is
quite possible that ORCA’s binding to
methylated H4K20 and interaction with
PR-SET7 and Suv4—20H1/2 could be
geared toward the exact same purpose at
heterochromatin and could be indepen-
dent of its role in DNA replication initia-
tion. Another hypothesis is that ORCA
regulates  specific subsets of origins,
namely late replicating ones that reside
within heterochromatin. In that case,
ORCA could have multiple, interdepen-
dent functions in heterochromatin, which
can be broadly classified into those

determine the domain of Suv420H2 bilicy, it would be crucial to required for heterochromatin replication
Aa Ba Dumaw;ur:!quired
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Figure 2. ORCA interacts with Suv420H2. (A) a. Schematic representation of various truncation mutants of ORCA containing a T7-epitope on the N-termi-
nus. The specific domains that can associate with Suv420H2 are depicted as ‘+'. IP in U20S cells expressing various T7-ORCA mutants and HA-Suv420H2
using T7 Ab and analysis by T7 and HA- IB. (B) a. Schematic representation of various truncation mutants of Suv420H2 containing a HA-epitope on the N-
terminus. The interaction domains of Suv420H2 that interact with ORCA are denoted as '+'. b. IP in U20S cells expressing various HA-Suv39H1 mutants
and T7-G9a using HA Ab and analysis by T7 and HA IB.
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initiation and its organization. Determin-
ing the ORCA binding sites on the
genome would provide important insights
into its role in replication initiation and
heterochromatin function. This would
allow us to investigate whether ORCA
associates with all the origins or predomi-
nantly with the later firing ones.

There is also increasing evidence for
a functional cross-talk between multiple

KMT complexes. For example, the
G9a/GLP and the PRC2 interact physi-
cally as well as functionally,16 Further,
the activity of G9a dictates the recruit-
of PRC2 to specific target
genes.'® Such a functional cross-talk
may exist between multiple histone
modifying complexes and further stud-
ies would be critical to determine mech-

ment

anistic details of this interaction.

ORCA could Act as a Scaffolding
Factor in Multiple Repressive
Environments

We have previously shown that ORCA
associates with constitutive heterochroma-
tin present at centromeres and telomeres.”
In a genome wide RNAI screen to identify
factors involved in Xi silencing, ORCA
along with ORC was found to be involved

Constitutive
heterochromatin

Facultative
heterochromatin

Origins

H4K20
H3K9

( KMTs KMTs
ORCA

H3K9
KMTs

H4K20
me

H4K20
H3K9 e
me

ORCA
H3K9
me

Xist

Figure 3. Model depicting the role of ORCA in organizing different chromatin domains. Model representing the mode of regulation of chromatin at con-
stitutive and facultative heterochromatin and at origins by ORCA. Inactive X chromosome is depicted as an example of facultative heterochromatin.
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in the maintenance of X-chromosome
inactivation.”? ORCA was also uncovered
in the Xist interactome as a Xist interact-
ing protein.30 Since ORCA interacts with
EZH2 and associates with H3K27me3,"!
this could be the mechanism of association
of ORCA with the inactive X chromo-
some and perhaps Xist and thereby facili-
tating silencing. In this context it is
interesting to note that Orc2 localizes on
Xi and impacts Xi silencing.”” Tt is likely
that ORCA functions in the same path-
way as Orc2 in mediating Xi silencing.
Based on our previous data'® and data
shown here we hypothesize that ORCA
functions as a scaffolding factor for
H3K9, H4K20 and H3K27 methyltrans-
ferases at multiple repressive environments
such as centromeres, telomeres and inac-
tive X, to name a few (Fig. 3). ORCA
seems to be crucial for constitutive as well
as facultative heterochromatin organiza-
tion. Constitutive heterochromatin repre-
Sents gene-poor pericentromeric regions
enriched with H3K9me3 and
H4K20me3.”' Our data supports the
model that ORCA acts as a scaffold that
enables the KMTs to carry out their func-
tion. Since facultative heterochromatin
represents genomic regions that can adopt
open or closed conformations depending
on temporal and spatial contexts,” it
would be crucial to understand the role of
ORCA in establishing or maintaining the
facultative heterochromatin.

SILAC based proteomic studies has
also revealed that ORCA/ORC can bind
to methylated CpG DNA.” The authors
showed that ORCA/ORC bind to methyl-
ated DNA and histones in a cooperative
fashion. It is interesting to note that the
tethering of the repressive KMTs to the
CLTon locus enhances ORCA’s interac-
tion with the locus in multiple ways. First,
ORCA localizes to the locus by interacting
with the KMTs. Second, ORCA can also
bind to the methylated H3K9, K27 and
H4K20 that are established by the KMTs.
Third, the presence of methylated histones
could aid ORCA’s binding to methylated
DNA. A natural segue to this would be
investigating whether ORCA interacts
with DNA  methyltransferases. Another
avenue of investigation that would be
exciting to pursue in the light of this data
would be to examine the possible role of
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ORCA in silencing of LINEs and SINEs.
Finally, since bivalent (H3K27 me3 and
H3K4me3 marked)®® and trivalent
(H3K9me3, H3K27 me3 and H3K4me3
marked) domains®® exist in embryonic
stem cells and regulate key events during
differentiation, it would be important to
investigate the role of ORCA during

development.

Perspectives

ORCA is turning out to be a multiface-
ted protein playing key roles in hetero-
chromatin  organization and DNA
replication. Determining genome wide
association of ORCA will be crucial for
gaining a better understanding of its func-
tion. In addition, it will be important to
determine the full complement of histone
modifications to which ORCA interacts
with. Such studies will provide crucial
insights into the possible role of ORCA in
different chromatin
Finally, in the light of its association with
EZH2, it will be exciting to investigate

environments.

the function of ORCA in embryonic stem
cells and in the context of development
and differentiation.
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