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SUMMARY
Chromatin dynamics play a central role in maintaining genome integrity, but how this is achieved
remains largely unknown. Here, we report that microrchidia CW-type zinc finger 2 (MORC2), an
uncharacterized protein with a derived PHD finger domain and a conserved GHKL-type ATPase
module, is a physiological substrate of p21-activated kinase 1 (PAK1), an important integrator of
extracellular signals and nuclear processes. Following DNA damage, MORC2 is phosphorylated
on serine 739 in a PAK1 dependent manner, and phosphorylated MORC2 regulates its DNA-
dependent ATPase activity to facilitate chromatin remodeling. Moreover, MORC2 associates with
chromatin and promotes gamma-H2AX induction in a PAK1 phosphorylation-dependent manner.
Consequently, cells expressing MORC2-S739A mutation displayed a reduction in DNA repair
efficiency and were hypersensitive to DNA-damaging agent. These findings suggest that the
PAK1-MORC2 axis is critical for orchestrating the interplay between chromatin dynamics and the
maintenance of genomic integrity through sequentially integrating multiple essential enzymatic
processes.
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INTRODUCTION
Cellular DNA is constantly being damaged by exogenous and endogenous DNA-damaging
agents. Cell survival and maintenance of genomic integrity are dependent on the efficient
and accurate repair of DNA double-strand breaks (DSBs) in the context of chromatin (Chen
et al., 2008). The basic building block of chromatin is the nucleosome, which consists of 146
base pairs of DNA wrapped around an octameric protein complex composed of a histone
H3-H4 tetramer and two histone H2A-H2B dimers (Kornberg and Lorch, 1999). By its very
nature, the highly condensed structure of chromatin presents a formidable barrier to the
DNA repair machinery gaining access to DNA lesion. Accordingly, chromatin must be re-
structured to facilitate the access of DNA repair machinery to sites of DNA lesion, thus
establishing a mechanism for the function of ATP-dependent chromatin remodeling factors
during DNA repair (Bao and Shen, 2007; Morrison and Shen, 2009). These factors can
modify chromatin structure through distinct mechanisms including covalent histone
modifications, ATP-dependent chromatin remodeling, and histone variant exchange. Once
DNA repair is completed, the affected chromatin regions have to be restored to the pre-
existing chromatin structure through clearance of post-translational modifications imposed
during lesion detection and repair and turning off checkpoint signaling (Groth et al., 2007;
Soria et al., 2012). Therefore, mechanistic insights into the dynamics of DSB-containing
chromatin are crucial for understanding the regulation of DSB signaling and repair.
However, the precise mechanism underlying chromatin dynamics in the process of the
signaling, access, and repair of DNA damage is largely unknown.

The microrchidia (MORC) protein family, consisting of five members in humans including
MORC1, MORC2, MORC3, MORC4 and the divergent SMCHD1, is characterized by a
gyrase, histidine kinase, and MutL (GHKL) domain combined with a C-terminal S5 domain
(Inoue et al., 1999; Iyer et al., 2008a; Iyer et al., 2008b). These domains constitute an
ATPase module, which is also seen in heat shock protein 90 and several ATP-dependent
DNA-manipulating enzymes (such as mismatch repair protein MutL) and the ATPase
subunits of different topoisomerases (Iyer et al., 2008a; Iyer et al., 2008b). The presence of a
conserved lysine in the S5 domain that is expected to stabilize the hypercharged
intermediate during phosphoester hydrolysis predicts that the GHKL domain in MORC
family is likely to function as an active ATPase. This conserved basic residue is inferred to
function similar to the arginine or lysine finger observed in various phosphohydrolase
reactions (Iyer et al., 2008a). In addition, members of the MORC family show fusions to
other domains that play a critical role in recognizing different epigenetic marks on
chromatin proteins and DNA. Although the exact biochemical roles of eukaryotic MORC
proteins remain unknown, the evolutionary contextual and gene neighborhood studies on
prokaryotic MORCs and their relatives allowed us to predict that their eukaryotic
counterparts could be involved in chromatin remodeling through a yet-to-be defined
mechanism.

Here, we discovered that MORC2 (also called ZCWCC1, ZCW3, KIAA0852, or
AC004542.C22.1) is a physiological substrate of p21-activated kinase 1 (PAK1), a
ubiquitous serine/threonine protein kinase that is widely up-regulated in human cancers and
functions as downstream nodes for various oncogenic signaling pathways (Kumar et al.,
2006). PAK1 phosphorylation of MORC2 on serine 739 regulates an ATPase-dependent
chromatin remodeling following DSB damage and facilitates efficient DSB repair. These
findings define a critical role for the PAK1-MORC2 pathway in maintaining chromatin
dynamics and genomic stability through sequentially orchestrating multiple essential
enzymatic processes.
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RESULTS
MORC2 is A Physiologic Substrate of PAK1 Kinase

During an earlier study aimed to identify PAK1 interacting proteins, we discovered MORC2
as a novel PAK1 binding partner by a yeast two-hybrid screen using a human mammary
gland cDNA library and PAK1 as bait (Figure 1A). We next confirmed that there was an
interaction between PAK1 and MORC2 proteins at the endogenous levels by reciprocal
immunoprecipitation (IP) assays using protein extracts from HeLa cells (Figure 1B). In vitro
glutathione S-transferase (GST) binding assay further demonstrated that in vitro-translated
PAK1 interacted with amino acids 719–843 of GST-MORC2 (Figures 1C, 1D and S1A),
while MORC2 specifically bound to amino acids 1–52 as well as 150–270 of PAK1 protein
(Figures 1E, 1F and S1B).

As the PAK1 kinase acts on its targets mainly through phosphorylation (Kumar et al., 2006),
we next investigated whether PAK1 might phosphorylate MORC2. Interestingly, we found
that PAK1 phosphorylates GST-MORC2 containing the C-terminus within amino acids
719–843 (lanes 3–5), but not the N-terminal amino acids 63–718 (lane 2) (Figures 1G and
S1C). Sequence analysis of amino acids 719–843 of MORC2 predicted four potential PAK1
phosphosites on serine 725, 730, 739 and 773, respectively. These sites were individually
substituted with alanine (termed S725A, S730A, S739A and S773A, respectively) and then
subjected to in vitro PAK1 kinase assays. Results showed that the MORC2 mutant
containing an alanine substitution on serine 739 (lane 5) but not on other serines (lanes 2–4
and 6) lost PAK1-mediated phosphorylation (Figures 1H and S1D), suggesting that the
serine 739 is the PAK1 phosphorylation site in MORC2 protein. Together, these results
suggest that MORC2 is a binding partner of PAK1 and is phosphorylated on serine 739 by
PAK1 kinase.

MORC2 is a DNA Damage-induced Phosphoprotein via PAK1 Kinase
The MORC2 protein has not been well characterized, but it is ubiquitously expressed in
human cancer cell lines and tissues and localized predominantly in the nucleus as evaluated
by cell fractionation, immunofluorescence and immunohistochemical staining studies
(Figures S2A–S2C). Given that MORC2 contains a conserved GHKL-type ATPase domain,
related to those found in DNA repair proteins of the MutL family (Iyer et al., 2008a), we
speculated that MORC2 might have a previously unrecognized role in the DNA damage
response (DDR) pathway. To test this idea, we first questioned whether ionizing radiation
(IR), which induces DNA DSBs and is widely being used for cancer radiotherapy by
damaging the DNA of cancer cells, could activate PAK1 kinase. Immunofluorescent
staining with a specific phospho-PAK1 (Thr212) antibody revealed a marked accumulation
of phospho-PAK1 in the nucleus of IR-exposed cells in a time-dependent manner (Figure
2A); phospho-PAK1 was detected as early as 5 min after IR treatment, similar to the kinetics
of H2AX phosphorylation in response to IR (Figure S2D). In addition, phospho-PAK1
partially co-localizes with γH2AX foci after DNA damage (Figure S2D). In vitro PAK1
kinase assay using myelin basic protein (MBP) as a substrate also demonstrates that PAK1
kinase activity was dramatically increased in response to IR and reached the maximum level
by about 60 min post IR treatment (Figure 2B). Moreover, phosphorylated PAK1 co-
localized with MORC2 protein in a time-dependent manner; the maximum level of these co-
localizations occurred at 1 h after IR treatment (Figures 2C and 2D). These results suggest
that IR promotes phosphorylation and activation of PAK1 kinase, which could be recruited
to sites of DNA lesions and involved in early DSB response.

The response to IR-induced DSBs occurs primarily through ataxia telangiectasia mutated
(ATM) protein kinase, which phosphorylates downstream targets critical for checkpoint
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activation and DNA repair (Shiloh, 2003). To examine whether ATM is required for PAK1
activation by IR, an ataxia-telangiectasia cell line (AT22IJE-T) stably expressing either
wild-type ATM (AT22IJET/ATM) or empty vector (AT22IJE-T/vector)(Ziv et al., 1997)
and HeLa cells expressing high levels of endogenous ATM (Gately et al., 1998) were
assayed for PAK1 phosphorylation status after IR treatment by in vivo labeling with [32P]-
orthophosphoric acid. As shown in Figure 2E, IR induced PAK1 phosphorylation in the
AT22IJE-T/ATM and HeLa cells but not in the AT22IJET/vector cells, suggesting that IR
activates PAK1 kinase via an ATM-dependent phosphorylation cascade.

As IR activates PAK1 (Figures 2A, 2B and S2D), which phosphorylates (Figures 1G and
1H) and co-localizes with MORC2 (Figure 2C), we next determined whether IR treatment
could induce MORC2 phosphorylation via PAK1 kinase. Interestingly, we discovered that
IR exposure led to a rapid increase in the phosphorylation levels of endogenous MORC2 in
HeLa cells as early as 15 min post-IR treatment, and the levels of MORC2 phosphorylation
reached maximum at 30–60 min after IR treatment (Figure 2F). Moreover, depletion of
endogenous PAK1 by specific siRNAs resulted in a reduction of MORC2 phosphorylation
following IR treatment (Figure 2G, compare lane 4 with 2). Furthermore, ATM deficiency
did not significantly affect the protein levels of MORC2 in the presence or absence of IR
treatment (Figure S2E, compare lanes 5–8 with 1–4), and in vitro ATM kinase assay
demonstrated that ATM directly phosphorylated its known substrate p53 (Canman et al.,
1998) but not MORC2 (Figure S2F, compare lane 4 with 2 and 3). Thus, these results
establish an essential role for PAK1 in MORC2 phosphorylation in response to IR.

To further establish the significance of PAK1 kinase in MORC2 phosphorylation, we next
generated the stable pooled clones of MCF-7 cells expressing T7-tagged wild-type MORC2
(T7-MORC2) or the PAK1 phosphosite mutation (T7-MORC2-S739A) using a doxycycline
(DOX)-inducible system (Figure S2G). Incubation of cells with a very low concentration of
DOX (10 ng/ml) effectively induced T7-MORC2 expression in a time-dependent manner
(Figure S2H). As shown in Figure 2H, cells expressing PAK1 phosphosite mutation
exhibited a significant decrease in MORC2 phosphorylation in response to IR (compare lane
4 with 3), suggesting that PAK1 may be the primary upstream kinase responsible for
increase in MORC2 phosphorylation and that the serine 739 is the primary IR-inducible
phosphorylation site in MOCR2 following IR treatment. Together, these findings establish
that IR induces MORC2 phosphorylation in a PAK1-dependent manner and the PAK1-
MORC2 pathway is involved in the early stage of DDR.

MORC2 Associates with Chromatin in a PAK1 Phosphorylation-dependent Manner
We next examined the sub-cellular localization of MORC2 and PAK1 in HeLa cells treated
with or without IR, and found a distinct enrichment of MORC2, as well as of PAK1, to the
chromatin fraction in response to IR (Figure 3A, compare lane 10 with 9). Interestingly,
MORC2 translocation to the IR-exposed chromatin was accompanied by a simultaneous loss
from the nuclear matrix compartment (compare lane 8 with 7), suggesting that MORC2 and
PAK1 are dynamically co-recruited to chromatin in a cell state-dependent manner. The
nuclear matrix is a dynamic nuclear compartment that plays both direct and indirect role in
many nuclear functions including DNA replication and repair (Tsutsui et al., 2005). As the
process of association of regulatory molecules with the nuclear matrix is primarily regulated
by phosphorylation (Ben-Yehoyada et al., 2003), we next determined whether IR-induced
phosphorylation of MORC2 on serine 739 was required for its chromatin association. As
shown in Figure 3B, following IR wild-type MORC2 protein became more strongly
associated with chromatin as compared with the PAK1 phosphosite mutant (S739A)
(compare lane 1 with 3), suggesting that PAK1-mediated MORC2 phosphorylation regulates
its association with chromatin following DNA damage. In support of this notion, selective
knockdown of endogenous PAK1 significantly reduced the association of MORC2 with
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chromatin (Figure 3C, compare lane 4 with 3). Similarly, depletion of endogenous MORC2
also compromised the recruitment of PAK1 to damaged chromatin (Figure 3D, compare lane
4 with 3). Collectively, these results suggest that both PAK1 and MORC2 proteins are
required for the optimum recruitment of one another to chromatin following IR treatment
and that phosphorylation of MORC2 on serine 739 by upstream signaling is essential for this
process.

MORC2 Promotes γH2AX Induction but Does not Affect PIKK kinase Expression or Their
Activation

One of the first chromatin-associated events in response to DSBs is the rapid
phosphorylation of a serine residue (S129 in S. cerevisiae and S139 in mammals) at the C-
terminal region of the histone variant H2AX (Rogakou et al., 1998). This phosphorylation of
H2AX (termed γH2AX) is necessary for subsequent recruitment or retention of DNA repair
proteins and chromatin remodeling complexes on damaged chromatin and hence the
maintenance of genomic integrity (Celeste et al., 2002; Morrison and Shen, 2009; Park et al.,
2006; Paull et al., 2000). Given that MORC2 associates with chromatin following DNA
damage (Figure 3), we next tested whether MORC2 regulates γH2AX induction in response
to IR. Interestingly, we found that induced expression of MORC2 dramatically increased the
levels of γH2AX expression (Figure 4A) and γH2AX focus formation (Figure 4B). In
contrast, selective knockdown of MORC2 significantly reduced the levels of γH2AX
(Figure 4C, compare lane 4 with 3) and the formation of γH2AX repair foci following IR
treatment (Figures 4D and S3A). Moreover, knockdown of endogenous PAK1 significantly
reduced the levels of γH2AX (Figure 4E) and the formation of γH2AX repair foci (Figure
4F), suggesting that MORC2 facilitates γH2AX induction in a PAK1 phosphorylation
dependent manner. In support of this notion, cells expressing MORC2-S739A mutation
exhibited a decreased induction of γH2AX after DNA damage (Figures 4G–4I). Given that
γH2AX induction is a surrogate marker of DSBs and is an early event in DSB repair (Paull
et al., 2000), these results establish a role for MORC2 in the early stage of DDR due to its
ability to regulate γH2AX induction. In support of this notion, immunofluorescence staining
revealed thatMORC2 partially co-localizes with γH2AX following DNA damage (Figure
S3B) and quantitative real-time PCR analysis demonstrated no obvious effect of MORC2
knockdown on the expression of major DSB repair genes (Figure S3C).

To further explore how MORC2 regulates γH2AX induction, we next examined the effect
of MORC2 on the expression and activation status of members of the phosphoinositide 3-
kinase-related kinase (PIKK) family. Of these PIKKs, ATM and DNA-dependent protein
kinase (DNA-PK) phosphorylate H2AX in response to DSBs in a partially redundant
manner (Stiff et al., 2004), whereas ATM- and Rad3-related (ATR) mediates H2AX
phosphorylation in response to replication stress (Ward and Chen, 2001). As shown in
Figure S3D, we found that induced expression of MORC2 had no effect on the expression of
ATM, DNA-PK and ATR or their activation status in response to IR. Consistently, MORC2
also did not affect the expression and phosphorylation of KRAB-associated protein 1
(KAP1), checkpoint 2 (Chk2) and p53, putative downstream targets of ATM and DNA-PK
kinases in response to IR (Matsuoka et al., 1998; Tomimatsu et al., 2009; Ziv et al., 2006).
These results suggest that the PAK1-MORC2 pathway may lie downstream of the ATM/
DNA-PK-mediated phosphorylation events in response to IR and that MORC2 facilitates
γH2AX induction probably by influencing the higher-ordered chromatin structure in such a
way as to increase the accessibility of the H2AX-containing nucleosomes to PIKK kinases
but not by acting on the expression or activation of these PIKK kinases.
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Growth Factor Signaling Modulation of DDR via the PAK1-MORC2 pathway
Experimental evidence from others (Riballo et al., 2004; Stiff et al., 2004) and this work
(Figure S2F, compare lanes 3 and 4 with 1) has shown that IR can efficiently induce
γH2AX occurrence in human cells lacking ATM. Given that the suggested role of ATM
was to activate PAK1 and the fact that PAK1 activity can be effectively stimulated by other
extracellular signals such as growth factors (Kumar et al., 2006), we next tested the
possibility that growth factor signaling can activate the PAK1-MORC2 pathway
independently of ATM, which in turn regulates γH2AX induction following IR treatment.
Interestingly, we found that epidermal growth factor (EGF) treatment resulted in a
significant increase in γH2AX focus formation in both AT22IJE-T/vector and AT22IJE-T/
ATM cells following IR treatment (Figures S4A and S4B), suggesting that EGF-mediated
signaling promotes γH2AX induction in response to IR in an ATM-independent manner.
Furthermore, knockdown of endogenous MORC2 (Figures S4Cand S4D) or PAK1 (Figures
S4E and S4F) compromised the levels of EGF-stimulated γH2AX induction in AT22IJE-T/
vector cells following IR treatment, suggesting that growth factor signaling other than ATM
also can activate the PAK1-MORC2 pathway, which in turn regulates γH2AX induction in
an ATM-independent manner. Since ATM-dependent signaling accounts for no more than
20–25% of overall DSB repair (Goodarzi et al., 2008), these findings may explain the
residual DNA repair activity in the ATM-null cells. Thus, we discovered a new pathway to
promote γH2AX induction in an ATM-dependent as well as -independent manner following
IR treatment, and these findings provide novel insights into the emerging role of the growth
factor signaling in the regulation of cellular radiation response and DNA repair in
mammalian cells.

MORC2 Exerts PAK1 Phosphorylation- and DNA-dependent ATPase Activity
As MORC2 contains a conserved GHKL-type ATPase domain at its N-terminus (Inoue et
al., 1999; Iyer et al., 2008a) (Figure 5A), we speculated that MORC2 possesses an intrinsic
ATPase activity, which might be required for ATP-dependent chromatin remodeling
following DNA damage. To test this notion, we carried out the ATPase assay to analyze the
ability of MORC2 to hydrolyze ATP in the presence or absence of equal amounts of naked
DNA, core histones, or nucleosomes purified from HeLa cells (Bochar et al., 2000). We
discovered that MORC2 possessed the ATPase activity in the presence of DNA or
nucleosome, whereas did not observe any ATP hydrolysis in presence of core-histones alone
or absence of DNA (Figure 5B). Furthermore, the noted ATPase activity of MORC2 was
stimulated following IR treatment in the presence of DNA or nucleosome (compare lane 5
with 4), suggesting that IR-induced DDR signaling cascade is essential for activation of the
ATPase activity of MORC2. In support of this notion, mutation of PAK1 phosphosite
(S739A) in MORC2 resulted in a loss of the ATPase activity (Figure 5B, lanes 8 and 9).
Consistently, depletion of endogenous PAK1 (Figure S5A) compromised the ATPase
activity in the presence of DNA (Figure 5C, compare lane 8 with 6 and compare lane 9 with
7, respectively) or nucleosomes (Figure 5C, compare lane 17 with 15). These findings
suggest that MORC2 is a DNA-dependent ATPase that requires PAK1 phosphorylation and
IR-dependent upstream signals.

To further map the amino acids essential for the ATP-hydrolysis and ATP-binding activities
of MORC2, we mutated conserved, predicted catalytic aspartic acid residue at (D68) and its
neighboring residue D69 (Iyer et al., 2008a) to alanine individually or in both (termed
D68A, D69A, or DD68/69AA) and determined the ATP binding and hydrolysis activity
(Figure 5D and S5B) We found that mutation of D68 (lanes 5 and 6) but not D69 (lanes 7
and 8) abolished the ATP binding and ATPase activities of MORC2 as compared with its
wild-type counterpart (lanes 3 and 4). Moreover, the double mutant, DD68/69AA, did not
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show any ATPase activity (lanes 9 and 10), suggesting that the amino acid D68, but not
D69, is indeed a key catalytic residue for the ATPase activity of MORC2.

Phosphorylated MORC2 Facilitates ATPase-dependent Chromatin Remodeling
As MORC2 associates with chromatin (Figure 3) and possesses an intrinsic DNA-dependent
ATPase activity (Figures 5B–5D) following DNA damage, we next examined whether
MORC2 alters chromatin structure by analyzing the sensitivity of chromatin to micrococcal
nuclease (MNase), which preferentially digests the linker region of DNA between
nucleosomes (Ziv et al., 2006). Therefore, increased MNase sensitivity is generally
interpreted to reflect relaxed chromatin, which is more rapidly digested with MNase and is
frequently associated with DNA repair (Ziv et al., 2006). We found that induced expression
of wild-type MORC2 (Figure S5C) resulted in a moderate increase in MNase accessibility in
chromatin (Figure 5E, compare lanes 2 with 1) and the effect was significantly enhanced
following IR treatment (compare lanes 4 with 3). In contrast, chromatin from cells
expressing mutant MORC2 S739A did not display the significantly altered sensitivity to
MNase (Figure 5F, compare lanes 8 with 7). These findings demonstrate that MORC2
facilitates chromatin relaxation in response to DSBs in a PAK1-phosphorylation dependent
manner.

We next depleted endogenous PAK1 and examined the extent of chromatin relaxation
following DNA damage (Figure S5D), and found that the magnitude of chromatin relaxation
was markedly reduced in PAK1-knocked down cells as compared with control siRNA
transfected cells (Figure 5G, compare lanes 8 with 7). Furthermore, selective knockdown of
endogenous MORC2 (Figure S5E) also reduced chromatin accessibility to MNase (Figure
5H, compare lanes 6 with 5). More interestingly, the observed MORC2-mediated chromatin
relaxation in response to IR was compromised in cells expressing ATPase mutants (D68A
and DD68/69AA) (Figure 5I, lanes 3 and 4, and lanes 7 and 8, respectively), indicating that
ATPase activity of MORC2 is required for chromatin relaxation in response to IR-induced
DSBs. Together, these findings suggest that MORC2 regulates chromatin remodeling
through a sequential set of events including PAK1 phosphorylation and ATP hydrolysis.

PAK1-MORC2 Axis as A New Arm of the ATM-mediated DDR
Given that ATM also phosphorylates its downstream substrate KAP1, which in turn
regulates chromatin relaxation following DNA damage (Goodarzi et al., 2011a; Ziv et al.,
2006), we next investigated whether the emerging role of the ATM-PAK1-MORC2 axis in
chromatin relaxation following DNA damage depends on the ATM-KAP1 pathway. As
shown in Figure S3C, induced expression of MORC2 did not affect the expression and
activation of KAP1, indicating that both pathways may function independently in the
context of DDR. In support of this notion, we found that depletion of endogenous MORC2
and PAK1 using specific siRNAs did not affect the levels of KAP1 and phosphorylated
KAP1 on serine 824 (Figures S6A and S6B). In contrast, the levels of γH2AX were
compromised in response to DNA damage following knockdown of endogenous PAK1 or
MORC2. Moreover, siRNA-mediated knockdown of KAP1 did not affect MORC2
phosphorylation, whereas knockdown of PAK1 decreased the levels of MORC2
phosphorylation following IR treatment (Figure S6C). These results suggest that the ATM-
PAK1-MORC2 axis and the ATM-KAP1 pathway function independently in response to IR-
induced DNA damage. Moreover, although MORC2 interacted with KAP1 but this
interaction was IR-independent as well as PAK1 phosphorylation-independent (Figures S6D
and S6E). However, whether both KAP1 and MORC2 proteins could be part of the same
complex but independently regulated following DNA damage remains to be investigated.
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MORC2 Disrupts Nucleosomal Structure in a Phosphorylation-dependent Manner
To further elucidate whether MORC2 can alter the nucleosomal structure in an ATP-
dependent manner, we performed mono-nucleosome disruption assay (Hamiche et al., 1999)
in MCF-7 cells expressing wild-type and S739A-mutant MORC2 in the presence or absence
of IR. Results showed that wild-type MORC2 can mobilize nucleosome (increased
sensitivity to DNase Ι digestion) in response to IR (Figure 6A, lane 4). In contrast,
nucleosome remodeling activity was completely compromised when PAK1 phosphosite
mutant MORC2-S739A was substituted in the assay (Figure 6A, lane 8). Further, we
demonstrate that nucleosome remodeling function of phosphorylated MORC2 was
dependent on ATP binding as this activity was completely lost when non-hydrolysable form
ATP-γ-S was used in the assay (Figure 6A, lane 9).

We next utilized an in vitro histone exchange assay to demonstrate the nucleosome
remodeling functions of MORC2. Consistent with the above results, we observed that wild-
type MORC2 could use ATP hydrolysis to perform dimer exchange within a nucleosome,
thereby replacing canonical H2A-H2B dimers with a mixture of H2AZ-H2B dimers (Figures
6B and 6C, lane 4). Interestingly, PAK1 phosphosite mutant MORC2-S739A (Figure 6C,
lane 8) and ATPase mutant MORC2-D68A (Figure 6D, lanes 6 and 10) did not display any
dimer exchange, thus establishing a role for MORC2 in chromatin remodeling events
following DNA damage in a PAK1 phosphorylation- and ATPase-dependent manner.

MORC2 Facilitates DSB Repair in a PAK1 Phosphorylation-dependent Manner
To assess the functional role of MORC2 in DDR, we next examined the effect of induced
expression of MORC2 on cell survival in response to IR using a clonogenic survival assay.
We found that induced expression of MORC2 markedly enhanced the clonogenic survival
following IR treatment as compared with control cells (Figures 7A and S7A). In contrast,
knockdown of endogenous MORC2 using specific siRNAs led to an increased sensitivity to
IR as compared with control siRNA-treated cells (Figures 7B and S7B). Interestingly, cells
expressing S739A mutation were highly sensitive to IR as compared with its wild-type
counterparts (Figure 7C). These results suggest an important role for MORC2 in DSB repair
pathways and cell survival after DNA damage in a PAK1 phosphorylation-dependent
manner.

We next used the neutral comet assay that specifically measures DNA DSBs in individual
eukaryotic cells (Olive and Banath, 2006) to examine DNA-repair efficiency in MORC2-
inducible cells. Results showed that immediately after irradiation (0 h), approximately the
same amount of DNA fragments were generated in cells expressing MORC2 or control
cells. However, when residual unrepaired DNA fragments were monitored at various time
points post IR treatment, induced expression of wild-type MORC2 led to a decrease in the
levels of damaged DNA as compared with un-induced control cells (Figure 7D, upper
panel). In contrast, cells expressing MORC2-S739A mutant exhibited increased levels of
damaged DNA compared to its control cells (Figure 7D, lower panel), suggesting that
MORC2 is required for efficient DSB repair in a PAK1 phosphorylation-dependent manner.

Next, we directly determined the rate of DNA repair after IR treatment in wild-type or
MORC2-S739A mutant expressing cells by pulsed-field gel electrophoresis (PFGE), a
functional assay to measure DSB repair (Joshi and Grant, 2005). The PFGE assay can
measure pre-existing damage as well as induction of DSBs by chemical, physical, or
biological agents, and has been used extensively to study DNA repair by observing the
reduction in migrating DNA when cells are allowed a period of repair following genotoxic
insult (Joshi and Grant, 2005). Consistently, we found that induced expression of wild-type
MORC2 resulted in a significant decrease in the levels of un-repaired DNA damage (Figures
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7E, upper panel, and S7C). In contrast, no significant change in DSBs was observed in
MORC2 S739A mutant expressing cells (Figures 7E, lower panel, and S7C). Collectively,
these results suggest that MORC2 is required for efficient DNA repair and MORC2
phosphorylation on serine 739 plays a pivotal role in conferring improved clonogenic
survival following IR-induced DSBs.

DISCUSSION
In this study, we focused on addressing the role of MORC2 signaling in the DDR. We
demonstrate for the first time that MORC2 exerts an intrinsic DNA-dependent ATPase
activity and regulates chromatin remodeling in a PAK1 phosphorylation-dependent manner,
thus contributing to the fine-tuning of damage signaling and DSB repair (Figure 7F). In this
context, MORC2 ATPase mutant (D68A) cannot bind and hydrolyze ATP (Figure 5D) and
failed to alter nucleosomal structure following DNA damage (Figures 5I and 6D). Moreover,
PAK1 phosphosite mutant (S739A) exhibited intact ATP binding activity but lost its
ATPase activity (Figure 5B), resulting in impaired chromatin remodeling activity, decreased
DSB repair and enhanced sensitivity to DNA-damaging agents. Thus, our findings highlight
a sequential set of events that drives MORC2-mediated chromatin remodeling involving
signaling dependent phosphorylation and its ATPase activity. Given the same experimental
conditions used in these analyses, the observed profound differences in ATPase activity
between wild-type and PAK1 phosphosite-mutant MORC2 would be accounted from the
signaling-dependent modification of MORC2. However, future work will be required to rule
out the possibility that MORC2-interacting proteins are involved in MORC2-mediated
chromatin remodeling. Moreover, although the role of other ATP-dependent chromatin
remodeling factors in chromatin remodeling has been documented after DNA damage (Bao
and Shen, 2007), the mechanistic cooperation between signaling-dependent phosphorylation
and chromatin remodeling activity has not been hitherto observed. Thus, to our knowledge,
MORC2 may represent the first example of a chromatin remodeling factor that can disrupt
nucleosomal structure in a phosphorylation-dependent manner.

It is generally accepted that unperturbed heterochromatin is a barrier to the DDR and repair
processes and thus, the nature of the heterochromatic activity must be alleviated to enable
DSB repair (Goodarzi et al., 2011b; Goodarzi et al., 2008). Recent studies have
demonstrated a role for MORC proteins in heterochromatin condensation and gene silencing
(Moissiard et al., 2012; Shao et al., 2010). If MORC2 is a heterochromatic/repressive factor,
one question is how MORC2 contributes to the DDR? Our data showed that MORC2 plays a
role in reorganizing higher order chromatin structure following DNA damage through
inducing chromatin relaxation in a PAK1 phosphorylation- and ATPase-dependent manner
(Figure 5). Given that phospho-PAK1 and MORC2 only partially co-localized with γH2AX
(Figures S2D and S3B), a surrogate marker of DDR triggered by IR, we propose a model
wherein the PAK1-MORC2 axis contributes to global chromatin relaxation in response to
DNA damage, which, in turn, regulates DSB signaling. Conceivably, MORC2 would enable
faster access of DNA repair proteins to the DSBs, allowing efficient DSB repair to occur. As
the PAK1-MORC2 pathway may lie downstream of ATM (Figure S3D), our findings
support the notion that ATM is required for the efficient repair of DNA lesions in
heterochromatin by affecting the transcriptional silencing complex formed by the
heterochromatin-building factors (Goodarzi et al., 2008). As chromatin affects DDR
signaling as well as gene transcription (Sulli et al., 2012), it remains to be addressed whether
MORC2 also potentially participates in the DDR through transcriptional regulation of yet
unidentified DDR gene expression. Another mechanism for altering chromatin compaction
following DNA damage is the ATM-dependent KAP1 phosphorylation, which triggers
heterochromatin de-condensation and facilitates efficient DSB repair in heterochromatin
(Goodarzi et al., 2008; Sulli et al., 2012; Ziv et al., 2006). Interestingly, several lines of
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evidence suggest that the ATM-PAK1-MORC2 axis might function independently of the
ATM-KAP1 pathway in the context of DDR (Figures S3D and S5). Thus, our study
proposes a new model that ATM kinase regulates chromatin remodeling through a
previously unrecognized ATM-PAK1-MORC2 pathway.

In support of the established role of MORC2 in chromatin remodeling, we discovered that
MORC2 regulates γH2AX induction that is regardless with the expression and activation of
ATM and DNA-PK kinases (Figure S3C). One possible mechanism is that, following DNA
damage, MORC2 promotes chromatin relaxation in a phosphorylation- and ATPase-
dependent manner, resulting in an increase of the accessibility of the H2AX-containing
nucleosomes to PIKK kinases and enhanced γH2AX induction. Given the crucial role for
γH2AX in efficient DSB repair (Celeste et al., 2002; Morrison and Shen, 2009; Paull et al.,
2000), these findings suggest that the PAK1-MORC2 pathway facilitates DSB repair, at
least in part, by stimulating γH2AX formation by acting on chromatin (Park et al., 2006).
Interestingly, the emerging role of MORC2 in the regulation of H2AX phosphorylation is
similar to that of the SWI/SNF chromatin remodeling complex, whose inactivation
compromises γH2AX induction but does not affect the expression of ATM, DNA-PK and
ATR, or their activation and/or recruitment to DSBs following DNA damage (Park et al.,
2006). Thus, it will be particularly interesting to determine whether there is a crosstalk
between MORC2 and the SWI/SNF complex in chromatin organization in the future study.

In summary, we report a previously unknown function of the PAK1-MORC2 axis in the
DDR through facilitating phosphorylation-dependent, ATPase-coupled chromatin
remodeling. The MORC2 protein, in particular, shows a conserved domain architecture that
is only preserved in deuterostomes (chordates and echinoderms), suggesting that its role in
DNA repair-associated chromatin remodeling is likely to be of particular significance in
vertebrates that lacks direct cognates in model systems from fungi (Saccharomyces),
nematodes (Caenorhabditis) or arthropods (Drosophila). Given that PAK1 is up-regulated in
a wide variety of human cancers and linked to cancer progression and therapeutic resistance
(Kumar et al., 2006), targeting the PAK1-MORC2 DNA repair pathway might sensitize
cancer cells to DNA-damaging based radio- and chemo-therapy by the accumulation of
unrepaired DNA breaks.

EXPERIMENTAL PROCEDURES
Cell Culture and Ionizing Radiation

MCF-7, HEK293T, and HeLa cells were obtained from American Type Culture Collection.
AT22IJE-T/vector and AT22IJE-T/ATM cell lines were provided by Dr. Yosef Shiloh. For
ionizing radiation, cells were irradiated with a Nasatron 137Cs irradiator (Li et al., 2009).

Immunofluorescence Staining
Immunofluorescence staining was performed as described previously (Vadlamudi et al.,
2002). Cells were incubated with primary antibodies, washed in PBS, and then incubated
with secondary antibody conjugated with 555-Alexa (red) or 488-Alexa (green),
respectively. The blue DNA dye 4', 6-diamidino-2-phenylindole (DAPI) was used as a
nuclear staining. Microscopic analyses were performed using a Zeiss LSM 710 or an
Olympus FV1000 confocal microscope.

PAK1 Kinase Assay
In vitro PAK1 kinase assays were performed in HEPES buffer (50 mM HEPES, 10 mM
MgCl2, 2 mM MnCl2, and 1 mM DTT) containing 20 µg of MBP, 10 µCi of [γ-32P] ATP,
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and 25 µM cold ATP (Vadlamudi et al., 2002). Samples were resolved by SDS-PAGE and
auto-radiographed using Storm™ 865 scanner.

In Vivo [32P] Orthophosphate Labeling
Cells were incubated with freshly prepared phosphate-free DMEM medium supplemented
with 20 µCi/ml [32P] orthophosphate overnight and then subjected to IR treatment. Protein
extracts were subjected to IP analysis with the indicated antibodies, followed by isolation by
SDS-PAGE and autography using Storm™ 865 scanner.

Clonogenic Survival Assay
The clonogenic survival assay has been described previously (Franken et al., 2006).
Colonies were counted and the plating efficiency and surviving fraction for given treatments
were calculated on the basis of the survival rates of non-irradiated cells.

Micrococcal Nuclease (MNase) Assay
MNase assay was carried out as previously described (Ziv et al., 2006). Freshly isolated
nuclei were digested at 25°C with MNase at a concentration of 5 U per 250 µl of digestion
buffer (15 mM Tris–HCl at pH 7.4, 60 mM KCl, 15 mM NaCl, 0.25 M sucrose, 1 mM
CaCl2 and 0.5 mM DTT). Genomic DNA was purified and separated by electrophoresis in
1.2% agarose gel.

ATPase Assays
ATPase assays were performed as described previously (Bochar et al., 2000). Briefly, 25 µl
of reaction mixture containing 20 mM Tris-HCl, pH 7.4, 8 mM MgCl2, 0.1 mM DTT, 50
mM KCl, 2% glycerol, 50 µg/ml of BSA, 0.5 µCi [γ-32P]ATP and where indicated 100 ng
of double-stranded plasmid DNA, core histones, or nucleosomes purified from HeLa cells.
Samples were incubated for 30 min at 30°C, and resolved on a 12% polyacrylamide gel
containing 7 M urea for 1.0 h at 150 V. Wet gels were auto-radiographed for 10 min at
−80°C.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MORC2 is A Physiologic Substrate of PAK1 Kinase
(A) Yeast cells were cotransfected with control GAD vector, GAD-MORC2, or GAD-FLNa
(filamin-A; positive control) along with GBD vector, or GBD-PAK1. Cotransformants were
plated on selection plates lacking leucine and tryptophan (-LT) or adenosine, histidine,
leucine, and tryptophan (-AHLT). (B) Lysates from HeLa cells were immunoprecipitated
with control IgG, anti-MORC2, or anti-PAK1 antibody, and blotted with the indicated
antibodies. (C-D) 35S-labeled, in vitro transcribed-translated PAK1 was incubated with
GST-MORC2 deletion constructs and bound proteins were analyzed by SDS-PAGE (C).
Schematic representation of the domains of MORC2 for PAK1 binding is shown in D. (E-
F) 35S-labeled, in vitro transcribed-translated MORC2 protein was incubated with GST-
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PAK1 deletion constructs and bound proteins were analyzed by SDS-PAGE (E). Panel F
shows the schematic representation of the domains of PAK1 for MORC2 binding. (G)
PAK1 phosphorylation of GST-MORC2 deletion constructs by in vitro PAK1 kinase assay.
(H) PAK1 phosphorylation of GST-MORC2 (719–1032 amino acids) or its individual
mutants.
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Figure 2. IR Induces MORC2 Phosphorylation in a PAK1-dependent Manner
(A) HeLa cells were untreated or treated with 10 Gy of IR, harvested at the indicated time
points for immunofluorescence staining with the indicated antibodies. Nuclei were
visualized by DAPI staining (blue). (B) HeLa cells were untreated or treated with 10 Gy of
IR and harvested at the indicating time points. PAK1 immunocomplex was subjected to in
vitro kinase assay in the presence of [32P]ATP and MBP as substrates. (C-D) HeLa cells
were treated with or without IR and harvested at the indicated time points for
immunofluorescence staining of MORC2 and phospho-PAK1 (Thr212). The representative
images (C) and quantitation results of co-localization of MORC2 with phospho-PAK1 (D)
are shown. (E) Cells were radiolabeled with [32P] orthophosphate overnight. After 1 h of IR
treatment, protein extracts were immunoprecipitated with an anti-PAK1antibody, separated
by SDS-PAGE, and analyzed autoradiography. Total lysates were immunoblotted with the
indicated antibodies for internal controls. (F) HeLa cells were metabolically labeled with
[32P] orthophosphoric acid overnight and treated with or without IR. Nuclear extracts were
immunoprecipitated with an anti-MORC2 antibody and analyzed by autoradiography. Total
lysates were immunoblotted with anti-MORC2 antibody for internal control. (G) HeLa cells
were transfected with control siRNA or PAK1 siRNA, metabolically labeled with [32P]
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orthophosphoric acid overnight. After 1 h of IR treatment, nuclear extracts were subjected to
in vivo MORC2 phosphorylation assay. Total lysates were immunoblotted with anti-PAK1
and anti-MORC2 antibodies for internal controls. (H) MCF-7 cells stably expressing wild-
type or MORC2-S739A mutant were labeled with [32P]-orthophosphoric acid overnight and
treated with or without IR. After 1 h of IR treatment, nuclear extract were
immunoprecipitated with anti-T7 agarose beads and subjected to in vivo phosphorylation
assay. In F-H, the band densities were quantified using ImageJ software and the results were
normalized to the signal for lane 1. NS, non-specific.
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Figure 3. MORC2 Associates with Chromatin following DNA Damage in a PAK1
Phosphorylation-dependent Manner
(A) Subcellular fractions were prepared from HeLa cells after 1 h of IR treatment and
immunoblotted with the indicated antibodies. (B) Chromatin fractions were isolated from
MCF-7 cells stably expressing wild-type or MORC2-S739A mutant after 1 h of IR treatment
and then immunoblotted with the indicated antibodies. (C-D) HeLa cells were transfected
with control siRNA or specific siRNA targeting PAK1 (C) or MORC2 (D). After 48 h of the
second transfection, cells were treated with or without IR. Chromatin fractions were isolated
after 1 h of IR treatment and then immunoblotted with the indicated antibodies. In B-D, the
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band densities were quantified using ImageJ software and the results were normalized to the
signal for lane 1. TCL, total cellular lysates; NS, non-specific.
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Figure 4. MORC2 Promotes γH2AX Induction in a PAK1 Phosphorylation-dependent Manner
(A-B) MCF-7 cells expressing T7-MORC2 were treated with DMSO or 10 ng/ml of DOX
for 12 h and irradiated with or without IR. Cells were harvested at the indicated time points
(A) or after 1 h of IR treatment (B), and then subjected to Western blotting (A) or
immunofluorescence staining (B) with the indicated antibodies. (C-D) HeLa Cells were
transfected with control or MORC2 siRNA. After 48 h of the second transfection, cells were
irradiated with or without IR and subjected to immunoblot analysis (C) or
immunofluorescence staining (D) with the indicated antibodies. (E-F) HeLa cells were
transfected with control or PAK1 siRNA. After 48 h of the second transfection, cells were
irradiated with or without IR and then subjected to immunoblot analysis at the indicated
time points (E) or immunofluorescence staining after 30 min of IR treatment (F) with the
indicated antibodies. (G-I) MCF-7 Cells expressing wild-type or MORC2-S739A mutation
were treated with 10 ng/ml DOX for 12 h, irradiated with or without IR, and subjected to
immunoblot analysis (G) or immunofluorescence staining (H) with the indicated antibodies.
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The quantitation results of the immunofluorescence staining of γH2AX foci are shown in
panel I.
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Figure 5. MORC2 Possesses An Intrinsic ATPase Activity and Facilitates Chromatin Relaxation
in Response to DNA Damage
(A) Schematic diagram shows the conserved ATPase domain in the N-terminus of MORC2.
(B) MCF-7 cells expressing wild-type MORC2 or S739A mutant were incubated with
DMSO or 10 ng/ml of DOX for 12 h. After 1 h of IR treatment, nuclear extracts were
immunoprecipitated with T7-tagged agarose beads and subjected to ATPase assays using
100 ng of double-stranded plasmid DNA, histone, or mononucleosomes from HeLa cells.
(C) MCF-7 cells expressing wild-type MORC2 were transfected with control or PAK1
siRNA, and treated with or without IR after 48 h of the second transfection. Nuclear extracts
were subjected to ATPase assays. (D) HEK293T cells were transfected with the indicated
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expression vectors. After 48 h of transfection, cells were treated with or without 10 Gy of IR
and harvested after 1 h of IR treatment for ATPase assays. (E–F) MCF-7 cells expressing
wild-type (E) or S739A mutant (F) were treated with DMSO or 10 ng/ml of DOX for 12 h.
After 1 h of IR treatment, nuclear extracts were incubated with 5 units of MNase for 10 min,
and DNA was visualized by ethidium bromide staining. (G-H) HeLa cells were transfected
with control or specific siRNA targeting PAK1 (G) or MORC2 (H). After 48 h of the second
transfection, cells were treated with or without IR and nuclear extracts were subjected to
MNase assays. (I) HEK 293T cells were transfected with the indicated expression vectors.
After 48 h of transfection, nuclei were prepared after 1 h of IR treatment and subjected to
MNase assay. In E-I, the band densities were quantified using ImageJ software and the
results were normalized to the signal for a1.
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Figure 6. MORC2 Exhibits a Histone-exchange Activity and Promotes Signaling-dependent
Nucleosome Mobilization
(A) Nucleosome remodeling assay was carried out using 30 µl of T7-MORC2 or its mutant
(S739A) using salt gradient exchange. Total 100 ng of end labeled nucleosomal template
was incubated with T7 immunoprecipitates and further digested with DNase1 (0.5U) for 1
min at room temperature. Reaction mix was precipitated, electrophoresed on 10% urea-TBE
gel, and exposed to phosphor screen. (B) Schematic for the preparation of native
biotinylated chromatin on streptavidin-magnetic beads. (C) Histone exchange assay was
carried out using 30 µl of T7-MORC2 with 100 ng of Flag-H2A.Z-H2B dimer and 50 ng of
streptavidin bound native chromatin in total of 50 µl exchange reaction at 37 °C for 2 h.
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Beads were washed with 400 mM KCl and bound proteins were eluted using SDS-Laemmli
buffer and analyzed on 16% SDS-PAGE using indicated antibodies. Presence of Flag-H2AZ
in elutes demonstrates the exchange of H2AZ for H2A due to chromatin remodeling. (D)
HEK293 cells were transfected with the indicated expression vectors. After 48 h of
transfection, cells were harvested after 1 h of IR treatment for histone exchange assay as
describe above.
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Figure 7. MORC2 Promotes DSB Repair and Enhances Radioresistance Following DNA Damage
(A) MCF-7 cells expressing wild-type MORC2 were treated with DMSO or 10 ng/ml of
DOX for 12 h, and then subjected to clonogenic survival assays. (B) HeLa cells were
transfected with control or MORC2 siRNA. After 48 h of the second transfection, cells were
treated with or without IR at the indicated doses and then subjected to clonogenic survival
assays. (C) MCF-7 cells expressing wild-type MORC2 or its S739A mutant were treated
with DMSO or 10 ng/ml of DOX for 12 h and then subjected to clonogenic survival assays.
(D-E) MCF-7 cells expressing wild-type MORC2 or its S739A mutant were incubated with
DMSO or 10 ng/ml of DOX for 12 h, and treated with or without IR. Cells were harvested at
the indicated time points for comet assays (D) or PFGE assays (E). (F) The proposed
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working model for MORC2 functions in the DDR. Extracellular signals, such as IR and
growth factors (GFs), activate the PAK1 kinase, which interacts with and phosphorylates
MORC2 on serine 739. Phosphorylated MORC2 associates with chromatin and facilitates an
ATPase-dependent chromatin relaxation in response to DNA damage, which, in turn, might
regulate DSB signaling.
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