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ABSTRACT
The timely and precise duplication of cellular DNA is essential for maintaining genome integrity and is thus
tightly-regulated. During mitosis and G1, the Origin Recognition Complex (ORC) binds to future replication
origins, coordinating with multiple factors to load the minichromosome maintenance (MCM) complex onto
future replication origins as part of the pre-replication complex (pre-RC). The pre-RC machinery, in turn, remains
inactive until the subsequent S phase when it is required for replication fork formation, thereby initiating DNA
replication. Multiple myeloma SET domain-containing protein (MMSET, a.k.a. WHSC1, NSD2) is a histone
methyltransferase that is frequently overexpressed in aggressive cancers and is essential for normal human
development. Several studies have suggested a role for MMSET in cell-cycle regulation; however, whether
MMSET is itself regulated during cell-cycle progression has not been examined. In this study, we report that
MMSET is degraded during S phase in a cullin-ring ligase 4-Cdt2 (CRL4Cdt2) and proteasome-dependent manner.
Notably, we also report defects in DNA replication and a decreased association of pre-RC factors with chromatin
in MMSET-depleted cells. Taken together, our results suggest a dynamic regulation of MMSET levels throughout
the cell cycle, and further characterize the role of MMSET in DNA replication and cell-cycle progression.
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Introduction

Precise duplication of genomic DNA is essential to maintain
genome stability and prevent genetic abnormalities associated
with cancer and other diseases. Accordingly, DNA replication
includes an ordered and highly-regulated series of steps, both
before and during synthesis (S) phase.1 In preparation for S
phase, DNA replication origins are generated in a process called
replication licensing that occurs during late mitosis and G1.
During this process, the origin recognition complex (ORC) is
recruited to specific genomic sites where it binds and recruits
the ATPase cell division cycle 6 (Cdc6) and chromatin licensing
and DNA replication factor 1 (Cdt1), forming the pre-replica-
tion complex (pre-RC) which in turn facilitates the loading of
the heterohexameric minichromosome maintenance 2–7
(MCM2-7) complex onto chromatin.2-4 Once S phase begins,
the MCM complex is activated to serve as the replicative heli-
case in coordination with Cdc45 and GINS (Go, Ichi, Nii, and
San; 5,1,2,3), unwinding DNA at the replication fork.5,6 The
replication fork is then loaded with Proliferating cell nuclear
antigen (PCNA), a sliding processivity clamp for DNA synthe-
sis in coordination with the replicative polymerases Pold or

Pole.7 Once replication initiates at a given origin, the MCM
helicase is displaced ahead of the replication fork and is there-
fore never associated with newly-replicated DNA.3

Importantly, in order to prevent multiple rounds of replica-
tion in a single cell cycle, replication licensing factors are
degraded or inhibited during S phase, thereby limiting replica-
tion initiation to previously-established replication origins.3,8-10

A well-described mechanism for the degradation of licensing
proteins during S phase has been elucidated for the ubiquitin E3
ligase complex Cullin-ring ligase 4-Cdt2 (CRL4Cdt2).11 This
complex utilizes a cullin scaffold (Cul4), an adaptor protein
(DNA damage-binding protein 1, Ddb1), and Cdt2 which is a
DCAF (Ddb1- and Cul4-associated factor) that directly binds to
Ddb1 and provides substrate specificity.11-16 Importantly, the S-
phase specific degradation of multiple licensing factors including
Cdt1, the cyclin-dependent kinase inhibitor p21, and the H4K20
methyltransferase SET domain-containing protein 8 (Set8) have
been shown to be degraded by this pathway.15,17-20 The majority
of CRL4Cdt2 substrates bind to chromatin-bound PCNA specifi-
cally during S phase; these PCNA-bound substrates are then rec-
ognized by the substrate receptor Cdt2, recruiting the CRL4Cdt2

complex to polyubiquitinate the substrate, thereby targeting the
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substrate for proteasome-mediated degradation.11 Notably, inhi-
bition of CRL4Cdt2, or stabilization of its substrates, during S
phase results in aberrant rounds of re-replication in a single cell-
cycle, underscoring the importance of CRL4Cdt2 in regulating
replication licensing factors.4,12,20-23

MMSET (Multiple myeloma SET domain-containing pro-
tein), also known as Wolf-Hirschhorn syndrome candidate 1
(WHSC1) and Nuclear SET domain-containing protein 2
(NSD2), is a histone methyltransferase with multiple implications
in human diseases. MMSET’s role in cancers was first described
in the t(4;14) subgroup of multiple myelomas, which make up
15–20% of all multiple myelomas, result in MMSET overexpres-
sion, and correlate with extremely-poor prognosis.24-26 Impor-
tantly, MMSET is considered the principle oncogene driving
tumorigenesis in multiple myelomas harboring t(4;14) transloca-
tions.25,27,28 MMSET is also overexpressed in many cancers in
which its expression levels are associated with tumor aggres-
siveness.29-31 Recently, a recurrent MMSET hyper-activating
mutation (E1099K) which effectively mimics MMSET overex-
pression was reported in lymphoid malignancies, further rein-
forcing a role for MMSET in oncogenesis.32,33 Beyond an
association with cancers, MMSET has also been linked to the
developmental disorder Wolf-Hirschhorn syndrome; in these
patients, one copy of MMSET is absent due to a deletion of the
subtelomeric region of the short arm of chromosome 4. Patients
affected by this syndrome suffer from mental retardation, severe
growth delays, cranio-facial dysgenesis, and other developmental
effects.34-38 Consistently, MMSET heterozygous mice have been
shown to have severe growth defects and Wolf-Hirschhorn-like
features, while homozygous MMSET¡/- mice die shortly after
birth due to fatal growth retardation.39 Understanding MMSET’s
cellular functions is critical to elucidate MMSET’s roles in devel-
opment as well as the tumor aggressiveness correlating with
MMSET overexpression inmany cancers.

In this study, we examined the cell-cycle-dependent regula-
tion of MMSET protein levels, and found MMSET levels fluctu-
ate dynamically during cell-cycle progression. We further show
that MMSET is ubiquitinated and degraded by the proteasome,
and MMSET degradation is downstream of the CRL4Cdt2 ubiq-
uitination pathway. Furthermore, like many CRL4Cdt2 sub-
strates, MMSET interacts with PCNA and is degraded during S
phase in a PCNA-dependent manner. Notably, we also report
replication defects and pre-replication complex assembly
abnormalities in MMSET-depleted cells, potentially suggesting
a role for MMSET upstream of pre-RC assembly. Taken
together, our findings elucidate the dynamic regulation of
MMSET expression throughout the cell cycle and further
describe the importance of MMSET in normal DNA replication
and cell-cycle progression.

Results

MMSET levels are dynamically regulated during the
cell-cycle and MMSET is degraded by the ubiquitin-
proteasome pathway during S phase

To examine whether MMSET may be regulated during cell-
cycle progression, we synchronized U2OS cells at the G1-S bor-
der, released the cells, and prepared whole-cell lysates at various

time points to analyze MMSET protein levels by immunoblot.
As can be seen in Figure 1A, MMSET levels were lower in G1-S
synchronized cells compared to unsynchronized cells. Notably,
MMSET levels were also further reduced as S phase progressed,
and then increased again at later time points (Fig. 1A). To fur-
ther confirm the reduction in MMSET levels as cells enter S
phase, we also examined MMSET expression at the single-cell
level. Asynchronous cells were plated on coverslips, fixed, and
stained for MMSET and cyclin E1 as a marker for the G1-S
transition 40 (Fig. 1B). Consistent with our observations in
Figure 1A, cyclin E1C cells had lower MMSET expression com-
pared to cyclin E1¡ cells (Fig. 1B). Taken together, these find-
ings suggest that MMSET levels are dynamically regulated
during the cell cycle, with a decrease in MMSET expression
observed starting at the G1-S transition and decreasing further
as S phase progresses.

We next sought to identify the molecular mechanism regu-
lating this decrease in MMSET levels. To test whether MMSET
is degraded by the ubiquitin-proteasome pathway during S
phase, we synchronized cells in G1-S and released them into
fresh media either in the absence or presence of the protea-
some-inhibitor MG132. After release into S phase, whole-cell
lysates from both groups were collected and MMSET levels
were examined by immunoblot (Fig. 1C). While the control
group confirmed the MMSET decrease during S phase,
MMSET levels were stabilized in the presence of the protea-
some inhibitor MG132. This suggests that MMSET is degraded
during S phase in a proteasome-dependent manner. Next, we
examined whether MMSET is also ubiquitinated during S
phase. We transfected cells with His-tagged ubiquitin along
with Flag-only or Flag-tagged MMSET plasmid, and synchro-
nized the cells in S phase. Prior to harvest, MG132 was added
and His-ubiquitinated species were pulled down under dena-
turing conditions (Fig. 1D). Indeed, MMSET was polyubiquiti-
nated in S-phase-synchronized cells. Taken together, we
conclude that MMSET levels are dynamically-regulated
throughout the cell cycle and MMSET undergoes ubiquitina-
tion and proteasome-mediated degradation during cell-cycle
progression.

CRL4Cdt2 Promotes MMSET degradation

Based on our finding that MMSET is degraded by the ubiqui-
tin-proteasome pathway during S phase, we next sought to
examine potential pathways involved in MMSET’s regulation.
The cell-cycle regulator cullin-ring ligase 4-Cdt2 (CRL4Cdt2) is
an E3 ubiquitin ligase complex that promotes the S-phase-
specific degradation of several substrates including Cdt1, p21,
and N-lysine methyltransferase SETD8 (Set8).15,17-20 Interest-
ingly, we observed an interaction between MMSET and the
CRL4Cdt2 substrate specificity factor Cdt2 (Fig. 2A). To test
for a potential significance of this interaction, we next asked
whether MMSET levels may be regulated by the CRL4Cdt2

pathway. We examined MMSET levels during S phase after
overexpressing Cdt2. Notably, Cdt2 overexpression resulted in
a reduction in MMSET levels in S-phase-synchronized cells
(Fig. 2B). To further confirm this finding, we fixed Flag-Cdt2
transfected cells for immunofluorescence staining of Flag
(Cdt2) and endogenous MMSET (Fig. 2C). Consistent with
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our findings by immunoblot (Fig. 2B), we observed decreased
MMSET levels in cells overexpressing Flag-Cdt2. As a recipro-
cal confirmation that MMSET is negatively regulated by
CRL4Cdt2, we also examined MMSET levels during S phase in
cells depleted of Cdt2. As shown in Figure 2D, depletion of
Cdt2 with 2 different siRNAs increased MMSET levels in S-
phase-synchronized cells, further suggesting a role for the
CRL4Cdt2 pathway in MMSET’s S-phase degradation. Impor-
tantly, we did not observe a dramatic change in cell-cycle pro-
file following Cdt2 depletion in our transient knockdown
system (Fig. S1), ruling out the possibility of indirect cell-cycle
effects affecting MMSET levels.

Given our finding that MMSET is ubiquitinated in S-phase-
synchronized cells, we next wondered whether MMSET
ubiquitination may also be regulated in a CRL4Cdt2-dependent
manner. To examine this possibility, we transfected cells with
His-ubiquitin and Flag-MMSET in combination with either
Flag-only or Flag-Cdt2 plasmids. We then synchronized cells
by serum starvation and release into S phase, treated cells with
MG132, and performed His pull-downs under denaturing
conditions as in Figure 1D (Fig. 2E). We detected an increase
in MMSET ubiquitination following Cdt2 overexpression,
consistent with a role for CRL4Cdt2 in promoting MMSET ubiq-
uitination. Furthermore, we detected reduced MMSET ubiqui-
tination following Cdt2 knockdown (Fig. 2F). Taken together,
we conclude that CRL4Cdt2 promotes the ubiquitination and
degradation of MMSET in cells.

MMSET interacts with PCNA through its N terminus
and PCNA depletion promotes MMSET stability

Many CRL4Cdt2 substrates, including Cdt1, p21, and Set8, uti-
lize PCNA binding as a ubiquitin- and proteasome-dependent
degradation signal at replication forks.15,17-20 The PCNA-
bound substrate is recognized by CRL4Cdt2 and thereby tar-
geted for ubiquitination and proteasome-mediated degradation
during S-phase.11 However, reports of CRL4Cdt2 substrates
degraded in a PCNA-independent manner have also recently
emerged.41,42 We therefore next asked whether MMSET’s
degradation downstream of CRL4Cdt2 could be occurring
in a PCNA-dependent manner. Substrates degraded in a
PCNA-dependent manner are typically found to co-immu-
noprecipitate with both Cdt2 and PCNA.43 Therefore, we first
examined whether we could detect an interaction between
MMSET and PCNA. Indeed, we confirmed that endogenous
PCNA co-immunoprecipitated with endogenous MMSET in
asynchronous lysates (Fig. 3A). This result suggested that
MMSET could be degraded downstream of the CRL4Cdt2-
PCNA ubiquitination pathway. To further examine whether
MMSET may be degraded by the CRL4Cdt2-PCNA pathway, we
next examined whether MMSET levels are also stabilized by
PCNA depletion. To address this, we treated cells with either
control or PCNA-targeting siRNAs followed by synchroniza-
tion in S phase (Fig. 3B, right panels). MMSET levels were then
examined by immunoblot (Figure 3B, left panels). Indeed, we

Figure 1. MMSET is regulated in a cell-cycle-dependent manner and degraded by the ubiquitin-proteasome pathway during S phase. (A) Asynchronous U2OS cells or cells
synchronized at the G1-S border were released into S phase for the indicated times. Lysates were collected for each time point and blotted for the indicated proteins. (B)
Asynchronous U2OS cells were plated on coverslips, fixed, and stained for either Cyclin E1 (red) or MMSET (green). Nuclei were visualized with 4’,6-Diamidino-2-Phenylin-
dole, Dihydrochloride (DAPI, blue). Scale barD10 mm. (C) U2OS cells were synchronized at the G1-S border by double-thymidine block and released into S phase for the
indicated times either in the absence (top) or presence (bottom) of MG132. Lysates were collected at each time point and blotted for the indicated proteins. (D) His-pull-
downs were performed under denaturing conditions using lysates from HEK293 cells transfected with the indicated plasmids and synchronized in S phase using the
serum starvation and release method. Purified species were subjected to SDS-PAGE and immunoblotted with the indicated antibodies. Arrowhead and a bar indicate
monoubiquitinated and polyubiquitinated MMSET, respectively. Data shown are representative of 3 independent experiments.
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observed an increase in MMSET levels following PCNA knock-
down in S-phase synchronized cells. This result suggests that
MMSET’s degradation by CRL4Cdt2 may be dependent upon
PCNA, similar to the degradation mechanism observed in the
canonical CRL4Cdt2 substrate pathway.11 This result was some-
what unexpected, as MMSET lacks a canonical PCNA-interac-
tion degron motif that is typical of substrates degraded by the
PCNA-CRL4Cdt2 ubiquitination pathway.11 We therefore next
decided to delineate the region on MMSET responsible for the
observed MMSET-PCNA interaction. We prepared 3 non-

overlapping fragments of MMSET fused with glutathione S-
transferase (GST) at the N-terminus (Fig. 3C). The ability of
these fragments to interact with recombinant PCNA was then
tested using a GST-MMSET pull-down assay (Fig. 3D). While
GST alone, MMSET-mid, and MMSET-C’ showed no interac-
tion with PCNA, the MMSET-N’ fragment successfully pulled
down PCNA. Taken together, we conclude that MMSET is
degraded in a PCNA-dependent manner during S phase, and
MMSET interacts directly with PCNA through MMSET’s N
terminus.

Figure 2. MMSET is degraded by CRL4Cdt2. (A) HEK293T cells were transfected with the plasmids denoted above each lane. Lysates were prepared 48 hours post transfec-
tion, immunoprecipitated with anti-Flag, and examined for MMSET. Arrowheads denote Flag-YFP (lower) and Flag-Cdt2 (upper). (B) HEK293T cells were transfected with
the plasmids denoted above each lane and synchronized in S phase by the serum starvation and release method. Lysates were prepared and examined for the indicated
proteins. The numbers beneath the blots provide the densitometric ratio of MMSET signal to Actin, setting the value for the control group as 1. (C) HEK293T cells were
transfected as in B, fixed, and stained for either Cdt2 (Flag, red) or MMSET (green). Nuclei were visualized with 4’,6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI,
blue). Scale barD 10 mm. (D) HEK293T cells were treated with the indicated siRNAs for 24 hours, followed by an aphidicolin block to synchronize cells into S phase. Cells
were released into S phase for 4 hours in the presence of cycloheximide and lysates were prepared and examined for the indicated proteins. The numbers beneath the
blots provide densitometric ratio of MMSET or Cdt2 signal to Tubulin, setting the value for the control group as 1. �Denotes a non-specific band detected by the Cdt2 anti-
body. (E) His-pull-downs were performed under denaturing conditions using lysates from HEK293 cells transfected with the indicated plasmids and synchronized in S
phase using the serum starvation and release method. Purified species were subjected to SDS-PAGE and immunoblotted with the indicated antibodies. Arrowhead and a
bar indicate monoubiquitinated and polyubiquitinated MMSET, respectively. (F) His-pull-downs were performed under denaturing conditions using lysates from HEK293
cells transfected with the indicated plasmids and synchronized in S phase using the serum starvation and release method. Purified species were subjected to SDS-PAGE
and immunoblotted with the indicated antibodies. Arrowhead and a bar indicate monoubiquitinated and polyubiquitinated MMSET, respectively. Data shown are repre-
sentative of 3 independent experiments.
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MMSET is required for normal S-phase progression

We next wondered the functional significance of MMSET levels
during the cell cycle. MMSET deregulation is well established in
cancers and has been associated with defects in cell prolifera-
tion and viability in various cell types.44-49 Given our finding
that MMSET is degraded during S phase, we decided to exam-
ine the effect of depleting MMSET on cell-cycle profile. We
transfected cells with either control or 2 different MMSET-tar-
geting siRNAs, stained DNA with propidium iodide (PI), and
examined cell-cycle profiles by flow cytometry (Fig. 4A). Nota-
bly, we observed a significant accumulation of S phase cells fol-
lowing MMSET depletion (Fig. 4A and B).

Multiple scenarios could potentially cause an increase in
cells with S-phase DNA content. One potential scenario is
slower or stalled S-phase progression due to defects in DNA
replication.50 To examine whether MMSET depletion may
affect DNA replication, we examined MMSET’s effect on the
ability of cells to incorporate the nucleotide analog bromodeox-
yuridine (BrdU), a marker of active DNA replication. Cells
depleted of MMSET were pulse-labeled with BrdU for 30
minutes, and BrdU-incorporating cells were detected by flow
cytometry. For control cells, 38.61% of cells incorporated DNA
during the pulse period under these experimental conditions
(Fig. 4D, top left). Remarkably, the majority of MMSET-
depleted cells failed to incorporate BrdU during the same
period (Fig. 4D and Fig. S3A, B). Reconstituting these cells with
WT MMSET, but not mutant MMSET (648-1365) that was
depleted of the region required for PCNA interaction, restored
BrdU incorporation (Fig. 4C and D, bottom panels). Taken
together, we conclude that MMSET is required for normal
DNA replication.

MMSET promotes pre-RC component association
with chromatin

The cell-cycle regulation of MMSET expression by the
CRL4Cdt2 pathway as well as the defective DNA replication
observed in MMSET-depleted cells suggested an interesting
potential role for MMSET in cell-cycle control. During the
initial replication licensing step occurring in mitosis/G1,
the origin recognition complex (ORC) binds to replication
origin sites where it recruits Cdt1 and Cdc6 in order to
load the minichromosome maintenance (MCM) complex
onto chromatin. The complex formed (pre-RC) mediates
formation of replication forks once S-phase begins and is
therefore required for DNA replication initiation. Interest-
ingly, many substrates regulated by CRL4Cdt2 have impor-
tant roles in this tightly-regulated process of replication
licensing, and are then degraded during S phase to prevent
aberrant re-replication.4,12,20-23 In addition, the replication
defects after MMSET depletion are similar to those
observed following pre-RC component depletion.51,52 We
therefore hypothesized that, like other CRL4Cdt2 substrates,
MMSET may also be important for the replication licens-
ing process.

To determine this, we examined the association of pre-
RC component proteins with chromatin in G1-S synchro-
nized cells. We compared the chromatin association of
ORC and MCM complex component proteins in control-
transfected and MMSET-suppressed cells. After depleting
MMSET, we synchronized cells at the G1-S border and
fractionated the cells into chromatin-bound and non-chro-
matin-bound portions or total cell extracts (TCE) (Fig. 4E).
Notably, although total levels of MCM2, MCM7, and ORC2

Figure 3. MMSET interacts with PCNA via its N-terminus and PCNA depletion promotes MMSET stability. (A) U2OS cells were immunoprecipitated with PCNA or mouse
IgG and the resulting samples were examined for MMSET or PCNA by western blot. (B) Left: T98G cells were transfected with the indicated siRNAs and synchronized in S
phase by the serum starvation and release method. Lysates were prepared 48 hours later and examined for the indicated proteins. Right: cell-cycle profiles of the samples.
(C) Schematic representation of MMSET fragments used for the GST pull-down assay. (D) A GST-pull down assay was carried out between purified PCNA and GST-MMSET
fragments. Coomassie blue staining shows GST fusion proteins used in the pull-down assay (middle). Data shown are representative of 3 independent experiments.
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were unaffected by MMSET knockdown (Fig. 4E, left panel
(TCE)), we observed a reduction in chromatin-bound levels
for each of these pre-RC components (Fig. 4E, middle panel
(chromatin bound)). Importantly, MMSET depletion did
not affect the ability of cells to be synchronized at G1-S in
our experimental system (Fig. S2), ruling out the possibility
of indirect cell-cycle effects on chromatin loading following
MMSET depletion. To further confirm this result, we syn-
chronized cells in G1 and examined the pre-RC component
association with chromatin. As shown in Fig. S3C, MMSET
depletion resulted in a reduction of the chromatin loading
of the pre-RC components (MCM2, MCM7, and ORC2) in

G1 cells, while the total levels for these proteins were unaf-
fected by MMSET depletion. Taken together, we conclude
that MMSET is important for the physical association of
several pre-RC components with chromatin, although
MMSET does not affect the total expression levels of these
pre-RC component proteins.

Discussion

Previous reports have shown that depleting known chromatin-
licensing factors in G1-S synchronized cells causes a decreased

Figure 4. MMSET is required for normal cell-cycle progression. (A) HeLa cells were treated with the indicated siRNAs and, 48 hours later, cells were fixed and examined for
DNA content by flow cytometry. (B) Cell-cycle profiles from A were analyzed and S phase was plotted for each condition. Error bars indicate SEM. �P < 0.05. (C) HCT116
cells stably expressing MMSET shRNA were reconstituted with WT MMSET or the MMSET deletion mutant (648-1356) and the indicated proteins were examined by west-
ern blot. (D) A subset of cells from C was examined for DNA content and BrdU incorporation using flow cytometry. (E) HeLa cells were treated with the indicated siRNAs,
synchronized at the G1-S border using aphidicolin, and total cell extracts (TCE) or chromatin and non-chromatin enriched fractionations were prepared 48 hours post-
transfection. The indicated proteins were examined by western blot. The numbers beneath the blots provide the densitometric ratio of ORC2, MCM2, or MCM7 signal to
H3, setting the value for the control group as 100. Data shown are representative (A, C, D, and E) or an average of 3 independent experiments (B).
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association of pre-RC components with chromatin.20 Thus, our
finding that MMSET is required for the association of pre-RC
components with chromatin in G1-S synchronized cells could
suggest a role for MMSET upstream of pre-RC assembly. Nota-
bly, this could, among other factors, contribute to the replica-
tion and proliferation defects observed following MMSET
depletion (Fig. 4A–E). Previous studies have suggested a role
for MMSET in regulating the cell cycle and cell viability
through transcriptional regulation.44-46,48 Although we could
not completely exclude the possibility that MMSET regulates
pre-RC assembly through its role in transcription regulation,
the observation that MMSET does not affect the expression
level of the affected replication factors (Fig. 4E) supports a
potentially transcription-independent role for MMSET in pro-
moting pre-RC assembly. We also show that MMSET levels are
tightly regulated during the cell cycle, consistent with an
important role for MMSET in cell-cycle progression. Impor-
tantly, we found that MMSET is negatively regulated down-
stream of CRL4Cdt2 and PCNA during S phase. Notably,
similar to other proteins important for pre-RC assembly,4,12,20-
23 MMSET’s S-phase degradation reported here might be
important for preventing unwanted replication licensing once S
phase begins. Taken together, our observations help to explain
both the tight regulation of MMSET levels during cell-cycle
progression and the cell-cycle deregulation observed upon
MMSET depletion.

During mitosis and G1, the ORC and MCM complexes bind
to future replication origin sites, forming the pre-RC where
replication will initiate during the subsequent S phase. Consid-
ering the potential importance of MMSET in pre-RC assembly,
an important resulting question is the underlying mechanism.
Given that MMSET is a histone methyltransferase, one tempt-
ing possibility is that MMSET-mediated histone methylation
promotes loading of the ORC complex at replication origin
sites. Indeed, replication origins have previously been reported
to be associated with several chromatin modifiers such as
human acetylase binding to ORC1 (HBO1, also known as
KAT7 and MYST2), the histone methyltransferase Set8, and
the chromatin-remodeling complex sucrose nonfermenting 2
homolog (SNF2H), which directly modify histones or chroma-
tin structure to promote pre-RC assembly.20,53,54 Set8, for
example, has been shown to associate with replication origins
and provide a chromatin environment conducive to ORC bind-
ing by promoting H4K20 monomethylation.20 The bromo adja-
cent homology (BAH) domain of ORC1, in turn, has been
shown to directly bind H4K20 dimethylation, a mark that
requires Set8-mediated H4K20 monomethylation as a prereq-
uisite.55 Furthermore, H4K20 monomethylation is dynamically
regulated during the cell cycle, with lower levels during S phase,
correlating with reduced Set8 expression.56,57 Based on the
findings presented here, it will be very important and interest-
ing to examine whether MMSET exhibits a similar effect
through direct methylation of histones at origin sites, and
whether MMSET’s S-phase-specific degradation also correlates
with lower levels of its downstream methylation marks during
DNA synthesis. In addition to a direct role in histone methyla-
tion at replication origins, it is also plausible that MMSET
could physically associate with or directly methylate the ORC
complex itself, thereby promoting ORC localization to

replication origins. Finally, a non-mutually-exclusive possibility
is that MMSET may promote the binding of other currently
unknown licensing factors to origins which in turn promote
the recruitment of the ORC complex. Future work elucidating
the mechanism by which MMSET supports pre-RC assembly
will provide important insight into this process.

In this study we also found that MMSET depletion resulted
in an accumulation of cells with S-phase DNA content
(Fig. 4A-B). Interestingly, we also observed a defect in BrdU
incorporation in MMSET-depleted cells (Fig. 4D). One impor-
tant remaining question is whether the defect in DNA replica-
tion after depleting MMSET results in the observed
accumulation of S phase cells and, if so, the mechanism by
which this is occurring. It is possible that MMSET depletion
causes replication stress, activating an S-phase checkpoint and
thereby preventing S-phase progression. Because we also
observed a defect in the chromatin association of both ORC
and MCM complex components, it is tempting to speculate
that MMSET-depleted cells may enter S phase with insufficient
origins licensed, experience replication stress, and thereby
undergo such an S-phase checkpoint. This in turn would
explain the observed accumulation of cells with S-phase DNA
content as well as the defect in BrdU incorporation after
MMSET depletion (Fig. 4A-D). In support of this model, deple-
tion of components of the ORC complex has been shown to
cause a similar accumulation of S-phase cells which exhibit a
BrdU incorporation defect.51,52 One important caveat is that,
while these previous studies demonstrated the effects of overall
depletion of ORC components,51,52 we show that defects in
ORC chromatin association following MMSET depletion corre-
late with a similar cell-cycle phenotype, while total ORC com-
ponent protein levels do not change. Despite this, the similar
phenotypes observed upon depleting ORC components 51,52

and depleting MMSET could be suggestive of an important role
for MMSET-mediated pre-RC formation in maintaining nor-
mal cell-cycle progression. Future studies further elucidating
the signaling pathways involved will be very interesting.

We also report here that MMSET is degraded by the ubiqui-
tin-proteasome pathway during S-phase and MMSET’s ubiqui-
tination is mediated by the E3 ubiquitin ligase CRL4Cdt2. To
date, the degradation of CRL4Cdt2 substrates has been found to
occur either in coordination with PCNA 11 or independent of
PCNA.41,42 Together, the endogenous interaction of MMSET
with PCNA, as well as the increased MMSET levels upon
PCNA depletion, suggests that MMSET may be degraded via
the PCNA-CRL4Cdt2 pathway. Substrates reported to be
degraded by CRL4Cdt2 in a PCNA-dependent manner typically
contain a PCNA interacting protein (PIP) degron motif [Q-X-
X-(L/V/I/M)-T-D-(F/Y)-(F/Y)-X-X-X-(K/R)], which allows
substrate interaction with chromatin-bound PCNA and subse-
quent recognition by CRL4Cdt2 prior to substrate ubiquitina-
tion.11 Surprisingly, MMSET lacks a conserved PIP degron
motif. Previously, other non-canonical PCNA binding motifs
have been identified, such as the KA-box.58 It will therefore be
very interesting to address whether MMSET could be degraded
by the PCNA-CRL4Cdt2 axis through a non-canonical PCNA
interaction domain. Notably, we found a direct interaction of
MMSET with PCNA via MMSET’s N-terminus using a GST
pull-down approach (Fig. 3D). Future studies further
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examining the motif on MMSET responsible for this interac-
tion will be very interesting.

Deregulation of MMSET has been well-described in cancer
and human developmental disorders due to MMSET overex-
pression or insufficiency, respectively. This work provides a
framework for further insight into both disease states. Given
the important role for MMSET in replication origin assembly
described here, we speculate that the overexpression of MMSET
reported in multiple cancer types 29-31 may result in deregulated
replication and genomic instability. Notably, overexpression or
failure to degrade licensing proteins prior to S phase in many
cases results in additional rounds of replication and genomic
instability.4,20,22,23 It will thus be useful to examine whether
high-levels of MMSET overexpression or expression of a non-
degradable MMSET mutant are sufficient to induce re-replica-
tion and resulting genomic instability in cancer cells. Given the
observation that MMSET has an important role in DNA repli-
cation, it will be interesting to determine whether MMSET defi-
ciency contributes to the replication defects observed in WHS
patient cell lines,59,60 and whether the developmental defects in
patients suffering from WHS may be due to defects in the same
underlying replication pathway. Taken together, our results
elucidate a role for MMSET in supporting normal DNA repli-
cation, demonstrate the dynamic regulation of MMSET during
cell-cycle progression, and provide further insight into poten-
tial molecular mechanisms underlying MMSET’s roles in
human disease.

Materials and methods

Plasmids and transfections

Full-length MMSET was cloned into the pCI2 plasmid in-frame
with FLAG or pLenti6.3 in frame with FLAG for transient
transfection or stable overexpression, respectively. Plasmid
transfections were performed using Lipofectamine 2000 (Invi-
trogen) according to the manufacturer’s instructions or using
polyethylenimine (PEI) following standard transfection proce-
dures. siRNAs were purchased from Dharmacon and trans-
fected using Oligofectamine (Invitrogen) according to the
manufacturer’s instructions. MMSET was targeted using
MMSET siRNA-1 (50-AGGGATCGGAAGAGTCTTCAA-30)
and MMSET siRNA-2 (5’-CCATGAGGCTTGTGTGAAA-30).
PCNA was targeted using PCNA siRNA-1 (50-GGAG-
GAAGCTCTTACCATA-30) and PCNA siRNA-2 (50-GCCGA-
GATCTCAGCCATAT-30). Cdt2 was targeted using Cdt2
siRNA-1 (50-GAATTATACTGCTTATCGA-30) and Cdt2
siRNA-2 (50-ATACAAGAGTGACTCTATA-30).

Cell culture, drug treatments, and synchronization

U2OS (ATCC, Cat No. HTB-96) and HCT-116 (ATCC, Cat
No. CCL-247) cells were cultured in McCoy’s 5A Medium
(HyClone, Cat No. SH3020001) supplemented with 10% fetal
bovine serum (Atlantic Biologicals, Cat No. S11150). HEK293
(ATCC, Cat No. CRL-1573) and HeLa (ATCC, Cat No CCL-2)
cells were cultured in Dulbecco’s Modified Eagle Medium
(Invitrogen, Cat. No. 11965-092) supplemented with 10% fetal
bovine serum.

MG132, aphidicolin, thymidine, and cycloheximide were
purchased from Sigma and used at 20 mM, 4 mM, 2 mM, and
100 mg/mL, respectively. Synchronization at the G1-S border
was performed by aphidicolin treatment for 24 hours, or a dou-
ble-thymidine block in which cells were treated with thymidine
for 16 hours, released for 8 hours, and treated with a second
thymidine block for an additional 16 hours prior to release. To
synchronize cells in S phase, serum starvation was performed
by treating cells with 0.1% FBS for 48 hours followed by release
into normal culture medium for 16–18 hours. To synchronize
cells in G1 phase, cells were treated with a Thymidine-Nocoda-
zole block (2 mM Thymidine for 24 h, release 3 h, 100 ng/ml
nocodazole for 12 h) and a 6 h release into G1 phase.

Antibodies

Antibodies for MMSET (ab75359, mouse monoclonal) and
Histone H3 (ab1791, rabbit polyclonal) were purchased from
Abcam. An anti-MMSET antibody (NBP1-82633, rabbit poly-
clonal) was purchased from Novus for co-staining in immuno-
fluorescence. Anti-a-tubulin (T9026, mouse monoclonal), anti-
FLAG (clone M2, F1804, mouse monoclonal), and anti-Actin
(A2228, mouse monoclonal) antibodies were purchased from
Sigma. Anti-ORC2 (4736S, rat monoclonal), anti-MCM2
(D7G11, rabbit monoclonal), and anti-MCM7 (D10A11, rabbit
monoclonal) antibodies were purchased from Cell Signaling.
Antibody for Cyclin E1 (3327, rabbit monoclonal) was pur-
chased from Epitomics. Anti-PCNA (clone PC10, sc-56, mouse
monoclonal) antibody was purchased from Santa Cruz. Anti-
Cdt2 (ABS500, rabbit polyclonal) was purchased from Milli-
pore and anti-BrdU-FITC (11202693001, mouse) antibody was
purchased from Roche.

Immunoprecipitations and western blots

Cells were lysed with cell lysis buffer (25 mM HEPES, 25 mM
NaCl, 1 mM EDTA, 0.5 mM CaCl2, 0.5% NP40) containing
protease inhibitors and 1.0 mg of clarified whole cell lysates
was incubated overnight at 4�C with antibody or IgG as indi-
cated. Complexes were recovered by incubating with protein
G-Sepharose (Amersham Biosciences) for 2 hours at 4�C.
Immunocomplexes were then washed with cell lysis buffer and
recovered by boiling with 40 mL SDS loading buffer. Eluted
proteins were resolved by SDS-PAGE and transferred to Immo-
bilon-P membranes (Millipore) for western blotting.

Chromatin Fractionation

Chromatin-enriched fractions were obtained by separating
lysates into Triton X-100 soluble and insoluble fractions essen-
tially as previously described.61,62 Briefly, trypsinized cell pellets
were washed with PBS and then resuspended in cytoskeleton
(CSK) buffer (10 mM PIPES, pH 6.8, 100 mM NaCl, 1.5 mM
MgCl2, 300 mM sucrose) containing 0.5% Triton X-100, 1 mM
ATP, 1 mM dithiothreitol, and protease inhibitors for 20
minutes on ice. Lysates were then spun down at 1000 x g for 5
minutes and the soluble supernatant was saved as the non-
chromatin enriched fraction. The insoluble chromatin-enriched
pellet was washed once with CSK buffer and then resuspended
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in 100 mL CSK buffer followed by 100 mL 2x SDS sample
buffer.

GST and His Pull-downs

GST-conjugated MMSET fragments used here include:
MMSET-N0 (aa 1–647); MMSET-Mid (aa 648–781); and
MMSET-C0 (aa 782–1365). GST Pull-downs were performed as
previously described.63 Briefly, 40 mg of each GST fusion pro-
tein was bound to glutathione (GSH)-agarose slurry in pull-
down buffer (PB: 1 M HEPES, pH 7.2, 50 mM CH3CO2K,
1 mM EDTA, 200 mM D-sorbitol, 0.1% Triton X-100, 1 mM
PMSF, 10 mg/ml of leupeptin, and 5 mg/ml of aprotinin) for
60 min at 4�C. The resin was then washed once in PB, and
incubated with 1.0 mg of clarified whole-cell lysate for 5 hours
at 4�C. Resulting protein complexes were washed twice with
PB, eluted in 40 ml of SDS-sample buffer, and resolved by
SDS-PAGE.

His pull-downs were performed essentially as previously
described,64 with a few modifications. Briefly, cells were trans-
fected with His-tagged ubiquitin followed by serum starvation
for 48 hours and a 16-hour release into S phase. Six hours prior
to harvest, cells were treated with 20 mM MG132. Cells were
then harvested with 500 mL of Urea lysis buffer (8 M Urea,
0.1 M NaH2PO4, 0.1 M Tris pH 8.0, 0.05% Tween 20, 0.01 M
Imidazole), pulse sonicated 10 times at one second intervals,
and incubated at 4�C for 30 minutes with end-to-end rotation.
Lysates were pelleted for 10 minutes at 4�C and lysates were
incubated with pre-washed cobalt metal affinity resin (Clon-
tech) overnight at 4�C. Resin was then washed 2 times with
Urea Wash Buffer (8 M Urea, 0.1 M NaH2PO4, 0.1 M Tris pH
8.0, 0.05% Tween 20, 0.02 M Imidazole) followed by 2 washes
with Native Wash Buffer (0.1 M NaH2PO4, 0.1 M Tris pH 8.0,
0.05% Tween 20, 0.02 M Imidazole) and then boiled with load-
ing dye. Eluted proteins were resolved by SDS-PAGE and
transferred to Immobilon-P membranes (Millipore).

Flow cytometry

For cell-cycle analyses, cells were fixed with 70 percent ethanol
and stained with propidium iodide following standard proto-
cols. DNA content was examined using a FACSCanto II flow
cytometer (BD Biosciences) and analyzed with ModFit (Verity
Software). For analysis of BrdU incorporation, cells were pulsed
with 10 mM bromodeoxyuridine for 30 minutes followed by
trypsinization, PBS wash, and fixation with ice cold 70% etha-
nol. Cells were then resupended in 2N HCl, 0.5% Triton X-100
and incubated for 30 minutes at room temperature. Next, cells
were resuspended in 0.1 M Na2B4O7 (pH 8.5), spun down, and
resuspended in antibody incubation buffer (0.2% BSA, 1%
Tween 20 in phosphate buffered saline) containing Anti-Bro-
modeoxyuridine-Fluorescein (Roche) for 30 minutes in the
dark at room temperature. Cells were then washed with PBS
and resuspended in PI staining solution containing RNase A
for 1 hour at 4�C in the dark prior to running on a FACSCanto
II flow cytometer (BD Biosciences) and analysis with FlowJo
(Tree Star).

Immunofluorescence

Cells previously plated on coverslips were fixed with 4% para-
formaldehyde in PBS and stained with the indicated antibodies
followed by Alexa Fluor 488 or rhodamine-conjugated second-
ary antibodies. Nuclei were counterstained with 4’,6-Diami-
dino-2-Phenylindole, Dihydrochloride

(DAPI). Images were obtained using a LSM-710 laser scan-
ning confocal microscope (Carl Zeiss, Inc.) and Zen2009
software.

Statistical analysis

All statistical analyses in this study were performed using a 2-
tailed Student’s t test.
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