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Background: MLL5 protein regulates cell cycle progression.

Results: MLL5 regulates the expression of E2F1-target genes through an association with HCF-1.
Conclusion: MLL5 stimulates H3K4 trimethylation at E2F1 responsive promoters and cause transcriptional activation of E2F1

target genes to facilitate the G, to S phase transition.

Significance: Our results reveal a novel molecular mechanism of MLL5 protein in the regulation of cell cycle progression.

Trithorax group proteins methylate lysine 4 of histone 3
(H3K4) at active gene promoters. MLL5 protein, a member of
the Trithorax protein family, has been implicated in the control
of the cell cycle progression; however, the underlying molecular
mechanism(s) have not been fully determined. In this study, we
found that the MLL5 protein can associate with the cell cycle
regulator “host cell factor” (HCF-1). The interaction between
MLL5 and HCF-1 is mediated by the “HCF-1 binding motif”
(HBM) of the MLL5 protein and the Kelch domain of the HCF-1
protein. Confocal microscopy showed that the MLL5 protein
largely colocalized with HCF-1 in the nucleus. Knockdown of
MLLS5 resulted in reduced cell proliferation and cell cycle arrest
in the G, phase. Moreover, down-regulation of E2F1 target gene
expression and decreased H3K4me3 levels at E2F1-responsive
promoters were observed in MLL5 knockdown cells. Addition-
ally, the core subunits, including ASH2L, RBBP5, and WDR5,
that are necessary for effective H3K4 methyltransferase activi-
ties of the Trithorax protein complexes, were absent in the
MLL5 complex, suggesting that a distinct mechanism may be
used by MLL5 for exerting its H3K4 methyltransferase activity.
Together, our findings demonstrate that MLL5 could associate
with HCF-1 and then be recruited to E2F1-responsive promot-
ers to stimulate H3K4 trimethylation and transcriptional acti-
vation, thereby facilitating the cell cycle G, to S phase transition.
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Polycomb and Trithorx group proteins play opposite roles in
the regulation of gene repression and activation by methylating
lysine 27 (H3K27) or lysine 4 (H3K4), respectively, on histone
H3 at the promoter regions of target genes (1). Two polycomb
repressive complexes (PRC1 and PRC2) have been identified to
date. The Ezh1/2 subunits in the PRC2 complex first catalyze
the trimethylation of H3K27, then the Ring1A/B subunits of the
PRC1 complex monoubiquitylate histone H2A on lysine 119
(H2AK119Ubl), resulting in strong transcriptional repression
(2). In contrast, there are at least seven Trithorax group pro-
teins in mammals, MLL,> MLL2/ALR, MLL3, MLL4/WBP7,
MLL5, SET1A, and SETI1B, all of which contain a SET
(Su(var)3-9, enhancer-of-zeste, Trithorax) domain that pos-
sess H3K4 methyltransferase activity (1).

It has been reported that the founding member of the Tritho-
rax family, MLL, is located within the chromosome 11q23
region and is involved in chromosome translocations, partial
tandem duplications, and amplifications in human leukemia
(3). Studies on Ml gene knock-out mice showed that M// plays
a key role in both embryonic and adult hematopoiesis (4—6).
Similarly, MLLS is located within chromosome band 7q22,
which is frequently deleted in human myeloid leukemia (7-9).
Several recent studies on MII5 gene knock-out mice have also
revealed that MII5 is an important regulator of hematopoietic
stem cells (10—13). Thus, both MLL and MLL5 have been
implicated in the regulation of hematopoiesis, indicating that a
common molecular mechanism might be used by these two
Trithorax proteins. It has been shown that MLL3 plays a vital
role in adipogenesis (14, 15), whereas MLL4/WBP7 (also
known as MLL2) is essential for mouse embryonic develop-
ment (16), proper embryonic stem cell differentiation (17), and
macrophage activation (18). The precise roles of MLL2/ALR,

3 The abbreviations used are: MLL, mixed lineage leukemia; HCF, host cell
factor; HBM, HCF-1-binding motif; RB, retinoblastoma; HSC, hematopoietic
stem cell; OGT, O-GlcNAc transferase.
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SET1A, and SET1B in embryonic development or hematopoi-
esis remain to be determined.

Like other members of the Trithorax family, the MLL5 pro-
tein contains a SET domain. However, H3K4 methyltransferase
activity of the SET domain of the MLL5 protein had not been
revealed until a recent study showed that the MLL5 protein
exhibits its histone H3K4 methyltransferase activity only after
O-GlcNAcylation at Thr-440 in the SET domain by O-GIcNAc
transferase (OGT) (19). Additionally, several previous studies
demonstrated that overexpression or down-regulation of the
MLLS5 protein resulted in cell cycle arrest at the G,/S and G,/M
phases, and up-regulated p21 and de-phosphorylation of pRb
may contribute, at least in part, to cell cycle arrest in MLL5
knockdown cells (20, 21). Nevertheless, whether additional
mechanisms, especially the H3K4 methyltransferase activity of
the MLL5 protein, are involved in MLL5-mediated cell cycle
modulation is still unclear.

HCF-1 was originally discovered as a host cell factor for
human herpes simplex virus infection, and it plays a crucial role
in transcriptional regulation at specific cell-cycle phases (22).
HCEF-1-Pro protein undergoes a post-translationally proteo-
lytic maturation process and results in two stably associated
HCF-1-N and HCF-1-C fragments (23). Two recent reports
showed that O-GlcNAcylation of HCF-1 by OGT was required
for HCF-1 proteolytic maturation (24, 25). The HCF-1-N sub-
unit promotes G; phase progression, whereas the HCF-1-C
subunit ensures proper mitosis and cytokinesis at the M phase.
Moreover, it has been reported that HCF-1 and the associated
SET-1/MLL histone H3K4 methyltransferase complex can be
recruited at transcription factor E2Fs-responsive promoters to
facilitate cell cycle S phase progression or induce E2F1-medi-
ated DNA damage and apoptosis (26, 27).

In this study, we used affinity purification and a mass spec-
trum assay to search for MLL5-interacting proteins. We found
that MLL5 associated with the cell cycle regulator HCF-1.
Additionally, OGT, which has been reported to O-GlcNAcylate
both MLL5 and HCF-1, also exists within the MLL5 complex.
Common Trithorax scaffold proteins, such as ASH2L, RBBP5,
and WDRS5, are absent from the MLL5 complex, suggesting that
the MLL5 protein may use a unique mechanism to exert its
H3K4 methyltransferase activity. Knockdown of MLL5 caused
impaired cell proliferation and cell cycle arrest at the G,/S
phase. The transcriptional activation of E2F1 target genes and
H3K4me3 levels at E2F1-responsive promoters were decreased
significantly in MLL5 knockdown cells, suggesting that MLL5
protein could be recruited to E2F1 target promoters through an
association with HCF-1. Collectively, our results reveal a novel
molecular mechanism of MLL5 protein in the regulation of cell
cycle progression at the G, /S phase.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—All cell cultures were main-
tained in a humidified atmosphere at 37 °C with 5% CO,. The
HEK293T and HeLa cell lines were cultured in Dulbecco’s
modified Eagle’s medium complemented with 10% fetal bovine
serum (FBS, Hyclone), nonessential amino acids, 3-mercapto-
ethanol, and penicillin/streptomycin antibiotics (Invitrogen).
Cells were counted and seeded on 96-, 48-, 12-, and 6-well or

JUNE 14, 2013 +VOLUME 288-NUMBER 24

10-cm tissue culture plates (Corning). On the next day, they
were either infected with specified lentiviruses or transfected
with different plasmid DNAs using Lipofectamine 2000 (Invit-
rogen) following the manufacturer’s instructions.

Antibodies and Plasmids— Antibodies specific to the follow-
ing proteins were purchased from the manufacturers as indi-
cated: anti-FLAG M2 antibody (F1804, Sigma), anti-HA anti-
body (11583816001, Roche Applied Science), anti-V5 antibody
(SC-271944, Santa Cruz), anti-B-actin antibody (A5316,
Sigma), anti-MLL5 antibody (AP14173a, Abgent), anti-HCF-1
antibody (ab110896, Abacm), anti-trimethyl-H3K4 antibody
(ab12209, Abcam), anti-WDR5 antibody (ab22512, Abcam),
anti-ASH2L antibody (A300-112A, Bethyl Laboratories), anti-
RBBP5 antibody (A300-109A, Bethyl Laboratories), anti-OGT
antibody (SC-74547, Santa Cruz), anti-Cyclin A2 antibody
(4656; Cell Signaling), anti-CDC2 antibody (9112, Cell Signal-
ing), anti-CDC6 antibody (3387; Cell Signaling), anti-E2F1
antibody (SC-193; Santa Cruz), and anti-HCF1 antibody
(A301-400A; Bethyl Laboratories).

Mammalian expression plasmid encoding the HCF-1 protein
with V5-tag was a kind gift from Prof. Thomas M. Kristie,
National Institutes of Health. Plasmids expressing MLL5
(tagged with 3X FLAG or HA) in mammalian cells were con-
structed by in-frame insertion of a human MLL5 cDNA into
pCDEEF3 expression vector.

Immunofluorescence and Confocal Microscopy—Cells were
fixed for 15 min using 2% paraformaldehyde in PBS, permeabi-
lized in PBS containing 0.25% Triton X-100 for 10 min. Follow-
ing incubation in blocking solution (PBS-T containing 1%
BSA), cells were stained with the polyclonal anti-HCF-1 anti-
body (ab110896, Abcam) and the monoclonal anti-FLAG
(F1804, Sigma). Anti-mouse Alexa Fluor® 555 (A21422; Invit-
rogen) and anti-rabbit Alexa Fluor® 488 (A110081, Invitrogen)
were used as secondary antibodies. Nuclei were stained with
DAPI. Images were acquired using Leica DMRE microscope,
HCXPL APO X63/1.32—-0.6 OIL CS objective, and Retiga Ex
(Qimaging) camera.

Immunoprecipitation and MS of MLL5-containing Molecu-
lar Complexes—HEK293T cells were seeded to 24 10-cm tissue
culture plates; on the next day, half of the plates were trans-
fected with the pCDEF3-MLL5-3XFLAG expression vector,
whereas the other half was mock-transfected. About 48 h post-
transfection, cells were lysed with lysis buffer (0.05% Nonidet
P-40, 20 mm HEPES, 20 mm KCI, 150 mMm NaCl, 5 mm EDTA, 1
mM NazVO, and complete protease inhibitor mixture
(04693132001, Roche Applied Science), pH 7.4, 3 X 107 cells/
ml), and rotated at 4 °C for 30 min. Cell lysis supernatants were
added to 100 pl of Sepharose beads covalently conjugated to
FLAG-specific mAb (A2220, Sigma). Samples were incubated
for 2 h with rotation at 4 °C. Beads were washed 3 times with
wash buffer (0.05% Nonidet P-40, 20 mm HEPES, 20 mm KCl,
150 mm NaCl, 5 mm EDTA, 1 mm NazVO,, pH 7.4). Bound
proteins were eluted by boiling for 5 min in sample buffer, and
the eluted samples were loaded on a 12% SDS-PAGE gel and
separated. Gels were stained with silver staining. IgG heavy
chain and light chain were excised out from the experiment and
control lane; the left whole lane was digested with trypsinogen
and analyzed by LC-MS/MS using an LTQ mass spectrometer.
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Cell Lysis, Co-immunoprecipitation, and Western Blot Analysis—
HEK293T cells were cultured on 10-cm tissue culture plates
and co-transfected with the relevant plasmids as described
above. Forty-eight hours post-transfection, cells were lysed
with lysis buffer (0.05% Nonidet P-40, 20 mm HEPES, 20 mm
KCl, 150 mm NaCl, 5 mm EDTA, 1 mm Na;VO, and complete
protease inhibitor mixture (04693132001, Roche Applied Sci-
ence), pH 7.4, 3 X 107 cells/ml), and incubated on ice for 15
min. Cell lysates were centrifuged for 10 min at 1,3000 X g, at
4 °C. Supernatants were incubated with Protein G-Sepharose
beads (P3296, Sigma) coupled to specific antibodies for 2 h with
rotation at 4 °C. Beads were washed 3 times with wash buffer
(0.05% Nonidet P-40, 20 mm HEPES, 20 mm KCl, 150 mm NaCl,
5 mMm EDTA, 1 mm NazVO,, pH 7.4). Bound proteins were
eluted by boiling for 10 min in sample buffer, separated by SDS-
PAGE, electrotransferred to PVDF membranes, and blocked
for 1 h with 5% nonfat milk solution, followed by Western blot-
ting with the appropriate antibodies and detection by enhanced
chemiluminescence (ECL).

ShRNA-mediated Knockdown of MLL5 or HCF-1—Specific
knockdown of MLL5 or HCF-1 in cultured cells was induced by
expression of corresponding shRNAs (shRNAs were cloned
into the lentivirus vector pLKO.1 plasmid). In these experi-
ments, MLL5 or HCF-1 are targeted by two different short hair-
pin-coding sequences (sh-MLL5-1063, 5'-ATC ATT GAA
TAC AGA GGG AAG-3'; sh-MLL5-1248,5'-GGT GAG GCA
TGA AAT TCA AGA-3'; sh-HCF-1-889, 5'-GCT TGT CTC
AACCTG GAT ACC-3'; sh-HCF-1-2018, 5'-GCA GTG CTC
TGA TTT CCA ATC-3’; sh-Scramble, 5'-TTC TCC GAA
CGT GTC ACG TAC-3'), and their expression is driven by the
ubiquitously expressed U6 promoter. pLKO.1 plasmids were
first purified from bacterial cultures using a miniprep kit (Qia-
gen). Purified plasmids were used together with packaging plas-
mids (PSPAX2 and PMD2.G) to cotransfect HEK293T cells
cultured in 10-cm dishes. Lentiviral stocks were used to trans-
duce the HeLa cell line.

Chromatin Immunoprecipitation (ChIP) and Real-time PCR
Quantification—HeLa cells or HEK293T cells were formalde-
hyde cross-linked, DNA were isolated and sonicated, and sam-
ples were immunoprecipitated, washed, and reverse cross-
linked, the cells were lysed in 5 mm PIPES, pH 8.0, 85 mm KCl,
and 0.5% Nonidet P-40, and the DNA was sonicated for 16
cycles of 10 s pulse at 25% amplitude using a Bioruptor
(VCX500; Sonics & Materials, INC). ChIP DNA was detected
by Gel-Red staining of PCR products after gel electrophoresis
or by real-time PCR. Real-time PCR of ChIP DNAs was per-
formed in triplicate using a SYBR Green quantitative PCR kit
(DRR420A, Takara) and ABI 7900HT Fast Real-time PCR Sys-
tem (Applied Biosystems) under conditions standardized for
each primer set (E2F1-Forward, 5'-GTG AGC ACA GCT GCT
AGG GGA AG-3', E2F1-Reverse, 5'-GAA GGC CTC CCA
GCC AGG AG-3'; CYCLIN A-Forward, 5'-CTG GAT TAG
CAT CTG ATA CCA GAA AGT GAC AC-3', CYCLIN A-Re-
verse, 5'-TGA CTC AAT ATC CCT AGG GCA AAG AAA
TAG-3'; CDC2-Forward, 5'-ATC TAG GTA ATT ATG CCT
GGA GTT CTG ACG-3’, CDC2-Reverse, 5'-TGA GGT CAC
AGA CAA ACA TGC TCA AGA C-3'; CDCé6-Forward,
5-TGT TAT TGC ATC GCT CAA TTG GTT AAG AAC-3/,
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CDC6-Reverse, 5'-GCT GACATT TGT TGT CTA CCT ACT
ACG TGG-3'; U2C-Forward, 5'-TTT GCT CCC ACT GCC
GTC-3', U2C-Reverse, 5'-CTG AGT CTT TCG GTG CCC-
3'). PCR quantification was done with A relative C-quantifica-
tion, in which the values are calculated relative to input as fol-
lows: AC,- = C, (input) — C. (sample); relative unit = 247,
Inputs correspond to 10% of total ChIP input DNA.

Cell Proliferation and Flow Cytometric Analysis—Bromode-
oxyuridine (BrdU) incorporation and flow cytometric analysis
were utilized to quantitate DNA-synthesizing cells in vitro. Cell
proliferation was measured using an APC-BrdU Flow Kit
(552598, BD Pharmingen). The BrdU assay was performed
according to the manufacturer’s protocol. Infected HeLa cells
(1 X 10°) were exposed to BrdU at a final concentration of 10
uM in DMEM for 1 h at 37 °C. After removing the labeling
solution, cells were fixed and permeabilized in 100 ul of BD
Bioscience Cytofix/Cytoperm buffer per well, incubated for 30
min on ice, finally washed 1 time with 1 ml of 1X BD Perm/
Wash buffer and centrifuged at 300 X g for 5 min. The cells
were incubated with 100 ul of BD Bioscience Cytoperm Plus
buffer for 10 min on ice and refixed with 100 ul of BD Biosci-
ence Cytofix/Cytoperm for 5 min on ice as the above fixation.
Then cells were treated with 100 ul of diluted DNase (300
pg/ml) for 1 h at 37 °C to expose incorporated BrdU and fol-
lowed by staining with anti-BrdU-APC for 20 min at room tem-
perature and 20 ul of 7-aminoactinomycin D solution. Finally,
the cells were resuspended and analyzed with a flow cytometer
(BD LSRII). Data analysis was done using FlowJo 7.6 software.

RESULTS

Identification of MLLS-associated Proteins by Immunopre-
cipitation and Mass Spectrometry—Although MLL5 protein
has been demonstrated to play critical roles in cell cycle regu-
lation and hematopoiesis, the underlying molecular mecha-
nisms have not been fully determined. To further explore the
molecular mechanism of MLLS5 in cell-cycle control, we sought
to identify MLL5-interacting proteins using purification affin-
ity combined with a mass spectrum assay. As described previ-
ously, the expression of a short N-terminal isoform of the MLL5
protein is more abundant than the long forms of MLL5 in
human tissues (19). We therefore decided to use this short iso-
form of the MLL5 protein (1-609 amino acids) with both the
PHD and SET domain in our research (Fig. 1A). Briefly, the
expression vector for 3X FLAG-tagged MLL5 was transiently
expressed in the HEK293T cell line, and extracts were prepared
and immunoprecipitated with anti-FLAG antibody followed by
SDS-PAGE gel separation and silver staining. The stained
bands were excised from the gel and analyzed by mass spec-
trometry (Fig. 1B).

More than 30 putative MLL5-interacting proteins were iden-
tified by the mass spectrum analysis (Table 1 and Fig. 1C), sug-
gesting that MLL5 may be involved in a wide range of biological
processes. Among these putative MLL5-interacting proteins,
HCEF-1 and OGT attracted our attention. HCF-1 is a transcrip-
tional coregulator, conserved among animal species, which is
required for herpesvirus gene expression, cell cycle regulation,
stem cell pluripotency, stress, and development (28 -31). OGT
is the only enzyme in the human genome that catalyzes the
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FIGURE 1. Purification and identification of MLL5-associated proteins. A,
schematic representation of 3 X FLAG-tagged short isoform of MLL5 protein
with a newly identified HBM motif (63-66 amino acids), a PHD (111-182
amino acids), and a SET domain (324-468 amino acids). B, the scheme for
purification and identification of MLL5-associated proteins. G, silver staining
analysis of MLL5-associated proteins using 3X FLAG-tagged short isoform of
MLLS5 protein as a bait. MLL5-associated proteins were purified by using anti-
FLAG antibody from 2 X 107 MLL5 transfected HEK293T cells, and separated
by SDS-PAGE and silver staining. The positions of molecular weight markers
are indicated on the left, the overexpressed 3 X FLAG-tagged MLL5 protein,
the light and heavy chains of the anti-FLAG antibody, the bands of HCF-1 and
OGT proteins are indicated on the right.

addition of O-GlcNac to many nuclear and cytoplasmic pro-
teins in many fundamental cellular processes (32). Interest-
ingly, a recent study demonstrated that the MLL5 protein can
be GlcNAcylated by OGT, and possesses a histone H3K4 meth-
yltransferase activity (19). Additionally, two recent studies
showed that OGT could O-GlcNAcylate HCF-1 and induce
HCE-1 proteolytic maturation in the cell-cycle regulation (24,
25). Thus, these results suggest that MLL5, HCF-1, and OGT
may be associated in forming a protein complex and may play
critical roles in diverse cellular processes.

The Kelch Domain of HCF-1 and the HBM Motif of MLL5
Mediate Their Interaction—To further investigate the interac-
tion between MLL5 and HCF-1, HEK293T cells were tran-
siently co-transfected with plasmids encoding HA-tagged
MLL5 protein and V5-tagged HCF-1 protein, and then sub-
jected to immunoprecipitation and Western blotting analysis
with either anti-HA or anti-V5 antibodies. As shown in Fig. 24,
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HA-tagged MLL5 protein was able to immunoprecipitate with
V5-tagged HCF-1, and V5-tagged HCF-1 was pulled down with
HA-tagged MLL5 protein. Thus, the co-immunoprecipitation
analysis confirmed the interaction between MLL5 and HCF-1,
consistent with our previous mass spectrum results.

We next sought to determine which regions of MLL5 and
HCEF-1 proteins were responsible for their interaction. HCF-1
exists as a heterodimer of the N- and C-terminal subunits
derived from a precursor protein, which undergoes an unusual
proteolytic maturation process (31). As shown in Fig. 2B, the
HCEF-1,, subunit contains an N-terminal Kelch domain, which
was first identified to bind to the HCF-1-binding motif (HBM)
of herpesvirus protein VP16, followed by a basic domain; the
HCEF-1. contains an acidic domain and a C-terminal Fn3
domain. To identify the MLL5-interacting domains within
HCEF-1, we generated HA-tagged truncated versions of HCF-1
proteins and performed co-immunoprecipitations with FLAG-
tagged MLL5. As shown in Fig. 2B, we found that the HCF-1,
subunit was essential for binding of the MLL5 protein, whereas
the HCF-1. subunit was dispensable for binding. Further anal-
ysis indicated that the Kelch domain of the HCF-1,; subunit was
crucial for binding the MLL5 protein (Fig. 2B).

We next decided to map the domain or motif of the MLL5
protein responsible for the binding to HCF-1. As mentioned
above, the Kelch domain of HCF-1 is required for binding to the
MLL5 protein. Moreover, it is known that the Kelch domain
can recognize and bind to a conserved tetrapeptide motif
(D/E)HXY, known as the HBM, and HBM motifs are found
frequently in many known HCEF-1-binding proteins, such as
VP16 and OGT. Thus, we examined the protein sequence of
MLLS5 for possible HBMs. We found a previously unidentified
HBM motif (PYADHNYGAR, HBM underlined) in the N ter-
minus of the MLL5 protein (Figs. 14 and 2C). To test whether
this HBM motif in MLL5 was responsible for interacting with
HCEF-1, we generated MLL5 mutant proteins lacking either the
HBM motif or with a mutant HBM motif (PYADHNYGAR to
PYAAAAAGAR, HBM underlined). As shown in Fig. 2C, the
MLL5 proteins without the HBM motif and with the mutant
HBM motif showed no ability to bind to HCF-1. In contrast, the
MLL5 protein lacking either the PHD or SET domains retained
their ability to bind to HCF-1. Thus, these results indicate that
the newly identified HBM motif in the MLL5 protein was cru-
cial for binding to HCF-1.

Partial Colocalization of MLL5 and HCF-1 Protein in the
Nucleus—The experiments described above identified an inter-
action between MLL5 and HCF-1 proteins. We next sought to
examine the subcellular localization of these two proteins and
determine whether they could colocalize together within cells.
Although several previous studies have shown that a short form
of the MLL5 proteins (1-560 amino acids) was located mainly
in the cell nucleus (20), and the HCF-1 has been detected pri-
marily in the nucleus (30, 31, 33—39), whether they are able to
colocalized within the cell nucleus has not been well investi-
gated. To address this, HeLa cells were transiently co-trans-
fected with plasmids encoding HCF-1 protein and FLAG-
tagged MLL5 protein. Then 48 h after transfection, MLL5 and
HCEF-1 proteins were detected by immunofluorescent staining
using a mouse anti-FLAG antibody (M2) and a rabbit anti-
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TABLE 1
List of MLL5-associated proteins identified by mass spectrum
Molecular
Gene symbol Hits mass Activity
HCF-1 26 213 kDa Nuclear coactivator
XRCC6 12 70 kDa Ku70
DHX9 10 14 1kDa Putative RNA helicases
XRCC5 9 83 kDa Ku80
DDX21 9 87 kDa Putative RNA helicases
DDX3X 8 73 kDa Putative RNA helicases
ILF2 7 43 kDa Interleukin enhancer-binding factor
HNRNPU 7 90 kDa RNA-binding protein
SYNCRIP(HNRNPQ) 7 70 kDa RNA-binding protein
SSB Lupus La protein 7 49 kDa Lupus La protein
HNRNPR 6 71 kDa RNA-binding protein
IGF2BP1 6 63 kDa IGF-II mRNA-binding protein
OGT“ 5 117 kDa O-Linked N-acetylglucosamine (O-GlcNAc)
transferase
YBX1 5 36 kDa YB1
DDX5 5 69 kDa Putative RNA helicases
HNRNPA1 5 39 kDa RNA-binding protein
ILF3 4 96 kDa Interleukin enhancer-binding factor
FOXK1 4 75 kDa Forkhead box protein K1
PARP1 4 113 kDa Ribosyltransferase
HNRNPM 4 76 kDa RNA-binding protein
KPNB1 4 97 kDa NLS import receptor
PABPC1 4 71 kDa Poly(A)-binding protein
CSDA 4 40 kDa DNA-binding protein A
NPM1 3 32 kDa Assembly and/or transport of ribosome
TRIM28 3 89 kDa E3 sumo; ligase
DDX17 3 80 kDa Putative RNA helicases
U2AF2 3 54 kDa A non-snRNP protein
HNRNPF 3 46 kDa RNA binding protein
DDX1 3 80 kDa Putative RNA helicases
HNRNPA2B1 3 28 kDa RNA-binding protein
HNRNPAB 3 36 kDa RNA-binding protein
HNRNPD 3 38 kDa RNA-binding protein
NSUN2 3 86 kDa RNA methyltransferase
IGF2BP3 3 64 kDa mRNA-binding protein
SNRNP200 3 245 kDa Putative RNA helicases
G3BP1 3 52 kDa DNA-unwinding enzymes
DNAJA1 3 45 kDa DnaJ (Hsp40)homolog subfamily A member

“HCEF-1 and OGT were confirmed by co-immunoprecipitation assay in our study and are in boldface type.

HCE-1 polyclonal antibody (N-18), respectively. As shown in
Fig. 3, the MLL5 protein was detected almost exclusively in the
cell nucleus, but largely excluded from the nucleoli. Also,
HCEF-1 was found predominantly in the nucleus, with a weaker
signal also detected in the cytoplasm. Thus, these results show
that MLL5 and HCF-1 proteins are largely colocalized in the
cell nucleoplasm, consistent with the physical interaction
between these two proteins in the co-immunoprecipitation
assay.

MLLS5 Protein Does Not Associate with Core Component Pro-
teins ASH2L, RBBPS, and WDRS5—It has been demonstrated
previously that MLL1/2, MLL3/4, and SET-1A/B complexes
share common core components, including ASH2L, RBBP5,
and WDRS5, which are required for proper complex assembly
and modulation of H3K4 methyltransferase activity (1). For
example, the MLL1 protein is cleaved by Taspase-1 into two
associated N-320 and C-180 fragments, and the C-180 frag-
ment then interacts with ASH2L, RBBP5, and WDR5 proteins
(40, 41). However, whether such common core components
also associate with the MLL5 protein remained unclear; we thus
sought to examine the possible association between MLL5 and
those core component proteins by co-immunoprecipitation
analysis.

The C-180 fragment of MLL was used as a positive control
for the binding of these core component proteins in our exper-
iment. HEK293T cells were transiently transfected with plas-
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mids encoding 3X FLAG-tagged MLL5 protein or the C-180
fragment of the MLL protein, and the presence of endogenous
ASH2L, RBBP5, and WDR5 in the MLL C-180 fragment or
MLLS5 precipitates was detected by using polyclonal antibodies
against ASH2L, RBBP5, and WDR5, respectively (Fig. 4A4). As
shown in Fig. 4B, the expected co-immunoprecipitations were
observed between the C-180 fragment of MLL and ASH2L,
RBBP5, and WDR5. In contrast, none of these core components
was detected in the MLL5 precipitates. Additionally, we found
that OGT could associate with the MLL5 protein but not the
MLL protein (Fig. 4B). Thus, along with a previous study (19),
our results suggest that, unlike other members of the Trithorax
protein family, the MLL5 protein may rely on the OGT-medi-
ated O-GIcNAcylation rather than these common core compo-
nent proteins for its H3K4 methyltransferase activity.
Knockdown of MLL5 Caused Cell Proliferation Defects, and
the Levels of Both H3K4 Trimethylation at E2F1-responsive Pro-
moters and the E2F1 Target Gene Expression Are Down-regu-
lated in MLLS Knockdown Cells—MLL5 has previously been
implicated in cell-cycle regulation; overexpression or down-
regulation of the MLL5 protein can induce cell-cycle arrest (20,
21). Interestingly, HCF-1 has also been identified as an impor-
tant regulator of cell-cycle progression (42, 43). HCF-1 is a het-
erodimeric complex of two subunits: the HCF-1,; subunit pro-
motes passage through the G,/S phase, whereas the HCF-1.
subunit controls the proper exit from mitosis in the M phase
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FIGURE 2. Mapping of interacting domains of MLL5 and HCF-1 protein. A, shown is the association of MLL5, HCF-1, and E2F1 proteins. HEK293T cells were
co-transfected with plasmids encoding HA-tagged MLL5, V5-tagged HCF-1, and FLAG-tagged E2F1. Left panel, V5-tagged HCF-1 protein was immunoprecipi-
tated (IP) with anti-V5 antibody, and the presence of HA-tagged MLL5 and FLAG-tagged E2F1 protein were examined by Western blotting using anti-HA and
anti-FLAG antibodies, respectively. Right panel, HA-tagged MLL5 protein was immunoprecipitated with anti-HA antibody, and the presence of V5-tagged
HCF-1 and FLAG-tagged E2F1 proteins were examined by Western blotting using anti-V5 and anti-FLAG antibodies, respectively. B, mapping the MLL5
interacting domain in the HCF-1 protein. Left panel, a schematic representation of the domain structures of the full-length HCF-1 protein and truncated
mutants. Right panel, HEK293T cells were co-transfected with plasmids encoding 3X FLAG-tagged MLL5 and HA-tagged full-length HCF-1 and truncated
mutants; HA-tagged HCF-1 and truncated mutants were co-immunoprecipitated with anti-HA antibody, and the presence of 3X FLAG-tagged MLLS5 protein
was examined by Western blotting using anti-FLAG antibody. C, mapping the HCF-1 interacting domain in MLL5 protein. Left panel, a schematic representation
of the domain structures of full-length MLL5 and truncated mutants. Right panel, HEK293T cells were co-transfected with plasmids encoding HA-tagged HCF-1
and 3X FLAG-tagged full-length MLL5 and truncated mutants, 3X FLAG-tagged MLL5 and truncated mutants were co-immunoprecipitated with anti-FLAG
antibody, and the presence of HA-tagged HCF-1 protein were examined by Western blotting using anti-HA antibody.

(31). Thus, our finding of a physical interaction between MLL5
and HCF-1 prompted us to further investigate the biological
significance of their interaction in cell-cycle progression.

We first used a lentivirus-based short hairpin RNA (shRNA)
approach to knockdown MLL5 expression in HeLa cells. Two
different shRNAs targeted to mRNA sequences starting at 1063
and 1248 bp downstream of the translation start site were used;
both could knockdown MLLS5 protein effectively (Fig. 54). We
then detected cell growth in MLL5 knockdown cells, and
observed a dramatic decrease in cell proliferation in MLL5
knockdown cells (Fig. 5B), consistent with previous results (21).
Moreover, a BrdU incorporation assay was used to monitor cell
proliferation in MLL5 knockdown cells, and we found a dra-
matic decrease in the percentage of S-phase cells in MLL5
knockdown cells (Fig. 5C), suggesting a delay in the G, to S
phase transition may occur in MLL5 knockdown cells.
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The G; to S phase transition is a key regulatory point in the
cell cycle, and E2Fs transcription factors coordinate the expres-
sion of a number of genes involved in cell-cycle progression,
particularly those involved in progression through G, and into
the S phase of the cell cycle (44). At late G, phase, E2F1 disas-
sociates from phosphorylated retinoblastoma (RB) proteins
and binds to promoters of target genes to induce the activation
of transcription of various genes required for S phase entry (45).
Deregulated expression of E2F1 target genes has been shown to
induce inappropriate S phase entry (46). It has been shown pre-
viously that HCF-1 can physically interact with the E2F1 pro-
tein, and is involved in E2F1-mediated transcriptional activa-
tion in the late G, phase (26). Interestingly, in our experiment,
we found that MLL5 could be co-immunoprecipitated with
HCF-1 and E2F1 (Fig. 24), indicating that MLL5 may associate
with E2F1 through binding to HCF-1. This observation
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FIGURE 3. Partial colocalization of MLL5 and HCF-1 in the nucleus. Hela cells were transiently co-transfected with plasmids encoding HCF-1 and 3X
FLAG-tagged MLL5, and then fixed and subjected to indirectimmunofluorescence using anti-HCF-1 polyclonal antibody (N-18) to detect HCF-1 and anti-FLAG

monoclonal antibody to detect MLL5.
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FIGURE 4. MLL5 protein does not associate with core component proteins ASH2L, RBBP5, and WDR5. A, HEK293T cells were transiently transfected with
plasmids encoding 3X FLAG-tagged MLLS5 protein or the C-180 fragment of the MLL protein. Expression of the MLL5 protein and MLL C-180 fragment were
detected by using anti-FLAG antibody. Endogenous ASH2L, RBBP5, and WDR5 proteins were detected by Western blotting using polyclonal antibodies against
ASH2L, RBBP5, and WDRS5, respectively. B, the presence of ASH2L, RBBP5, WDR5, and OGT proteins were detected in the MLL C-180 fragment or MLL5
precipitates using polyclonal antibodies against ASH2L, RBBP5, WDR5, and OGT, respectively.

prompted us to hypothesize that the MLL5 protein could be
recruited by HCF-1 to E2F1-responsive promoters, and then
stimulate H3K4 trimethylation at these promoters and facili-
tate the transactivation of E2F1 target genes during the G,/S
phase.

To test this, ChIP assays were performed using an anti-FLAG
antibody in HEK293T cells transiently transfected with 3X
FLAG-tagged MLL5. As shown in Fig. 5D, an enrichment of
MLLS5 protein was detected at the promoters of E2F1 target
genes, including CYCLIN A (47), CDC2 (48), CDC6 (49-51),
and E2F] itself (44). These results suggest that MLL5 localizes
to the promoters of E2F1 target genes. Moreover, we also found
that the expression levels of these E2F1 target genes were sig-
nificantly down-regulated in MLL5 knockdown cells (Fig. 5A4).
We further examined the H3K4 trimethylation levels at these
E2F1-responsive promoters in both scramble control cells and
MLL5 knockdown cells by a ChIP assay with anti-H3K4me3
antibody followed by real-time PCR analysis. As shown in Fig.
5E, the H3K4 trimethylation levels at the CYCLIN A, CDC2, and
CDC6 promoters were reduced significantly in MLL5 knock-
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down cells. However, H3K4 trimethylation levels at the E2F1
promoter were only mildly decreased in MLL5 knockdown
cells, suggesting that other H3K4 methyltransferases may play
redundant roles in histone H3K4 trimethylation at the E2FI
promoters. Thus, our results suggest that MLL5 localizes to the
promoters of E2F1 target genes and induces H3K4 trimethyla-
tion and gene transcriptional activation.

HCEF-1 Is Required for MLLS5 Recruitment to E2F1-responsive
Promoters—We next examined whether the recruitment of
MLL5 to E2F1-responsive promoters is dependent on HCF-1.
To address this, we used a lentivirus-based shRNA approach to
knockdown HCF-1 expression in HeLa cells. Two different
shRNAs targeted to mRNA sequences starting at 889 and 2018
bp downstream of the translation start site were used; both
could effectively knockdown the HCF-1 expression (Fig. 64).
Consistent with previous reports (42, 43), loss of HCF-1 causes
cell proliferation defects (Fig. 6B). Moreover, the expression
levels of CYCLIN A, CDC2, CDC6, and E2F1 proteins were also
significantly down-regulated in HCF-1 knockdown cells (Fig.
6A).

VOLUME 288+NUMBER 24-+JUNE 14, 2013



MLL5 Controls Cell Cycle Progression through Binding to HCF-1

& 8 sh-Scramble sh-MLL5-1063 sh-MLL5-1248
© b 4 S o s o S
6\0 :\Q :\‘L * 44.6% 35.7% 35.0%
g NN 2
S & wB _ o
: G2M
I- - - IMLL5 2 ] o' 521.5% 5.60%

o — | cbc2 7-AAD
— eoe D 0.003 W ChIP FLAG
L0034 *
O3 ChiP IgG
- :
| /\ctin oo xax *
=
£ SRS
B .
0.001
8000004 41 sh-Scramble
a1 -4 sh-MLL5-1248
é 6000001 -~ sh-MLL5-1063 0:000° Q\- &- o"' . e
2 Q:" 00 00 ooé \)"'
Z 4000004 G\
[0)
o
. E ChIP: anti-H3K4me3
3- —
v '*:* v s [ sh-Scramble
—— 3 sh-MLL5-1063
Nl B sh-MLL5-1248
5
o
£
=
14
0-
\s v © P O
& < (¢) A <Y
G&Q o & & N

FIGURE 5. Knockdown of MLL5 caused cell proliferation defects, and the levels of both H3K4 trimethylation at E2F1-responsive promoters and the
E2F1 target gene expression are down-regulated in MLL5 knockdown cells. A, knockdown of MLL5 protein in HeLa cells leads to down-regulation of E2F1
target genes. Two different lentivirus-based shRNAs target to an mRNA sequence starting 1063 and 1248 bp downstream of the translation start site were used
to knockdown MLL5 expression in HeLa cells. Whole cell lysates were harvested at day 6 post-infection. The expression of endogenous E2F1, CYCLIN A, CDC2,
and CDC6 were detected by polyclonal antibodies. Actin was used as a loading control. B, defective cell proliferation in MLL5 knockdown cells. 3 X 10* cells
were seeded in 48-well plates at day 1, at each indicated time point, triplicates of cells from each group were harvested and counted in a hemocytometer. C,
BrdU incorporation assay in MLL5 knockdown cells. BrdU was added to the culture medium for 1 h, and cells were collected, fixed, and then stained with
anti-BrdU antibody conjugated with allophycocyanine, and 7-aminoactinomycin D (7-AAD) was used to stain genomic DNA. D, MLL5 localizes to E2F1-
responsive promoters. HEK293T cells were transiently transfected with plasmids encoding 3X FLAG-tagged MLLS5, and the cells were harvested 48 h later.
Quantitation of ChIP analysis of transfected HEK293T cells with an anti-FLAG antibody by triplicate real-time PCR of the indicated promoters is shown. E, the
H3K4 trimethylation levels at E2F1 target promoters were decreased significantly in MLL5 knockdown cells. Quantitation of H3K4 trimethylation ChIP analysis
of Hela cells infected with lentivirus-based scramble control or shRNA by triplicate real-time PCR of the indicated promoters is shown. Two-tailed unpaired
Student's t tests were performed, *, p < 0.05; **, p < 0.01; ***, p < 0.001.

Next, HEK293T cell lines stably expressing lentivirus-based ~DISCUSSION
HCEF-1 shRNA or scramble control were transiently transfected
with 3X FLAG-tagged MLL5 protein. The association of MLL5
with the E2F1-responsive promoters were then detected by a
ChIP assay with anti-FLAG antibody followed by real-time PCR
analysis. As shown in Fig. 6C, knockdown of HCF-1 markedly

reduces the binding of MLL5 to the promoters of E2F1 target

In the current study, we revealed a new molecular mecha-
nism to explain how the MLL5 protein regulates cell cycle pro-
gression. We demonstrated that the MLL5 protein physically
associated with the cell cycle regulator HCF-1 and the
O-GlcNAc transferase OGT, and then was recruited to E2F1-

genes, suggesting that HCF-1 is required for MLL5 recruitment
to these E2F1-responsive promoters.

Taken together, our results demonstrate that the MLL5 pro-
tein could be recruited to E2F1-responsive promoters through
association with HCF-1, and could stimulate H3K4 trimethyla-
tion at these promoters and then facilitate transcriptional acti-
vation of E2F1 target genes during the G, to S phase transition.
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responsive promoters to stimulate H3K4 trimethylation at the
promoters and cause transcriptional activation of E2F1 target
genes to facilitate the G, to S phase transition. Thus, our results
provide new insights into the molecular mechanism of MLL5
action in the cell-cycle transition from G, to S phase (Fig. 7).
The HCE-1 protein was discovered originally as a host cell
factor for human herpes simplex virus infection, and later stud-
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FIGURE 6. HCF-1 is required for MLL5 recruitment to E2F1-responsive promoters. A, knockdown of HCF-1 in HeLa cells leads to down-regulation of E2F1
target genes. Two different lentivirus-based shRNAs target to an mRNA sequence starting 889 and 2018 bp downstream of the translation start site were used
to knockdown HCF-1 expression in HeLa cells. Whole cell lysates were harvested at day 6 post-infection. The expression of endogenous HCF-1, E2F1, CYCLIN
A, CDC2, and CDC6 were detected by polyclonal antibodies. Actin was used as a loading control. WB, Western blot. B, defective cell proliferation in HCF-1
knockdown cells. 1 X 10* HeLa cells were seeded in 48-well plates at day 1, at each indicated time point, triplicates of cells from each group were harvested and
counted in a hemocytometer. C, binding of the MLL5 protein to E2F1 target promoters were markedly reduced in HCF-1 knockdown cells. 3X FLAG-tagged
MLL5 were transiently transfected in HEK293T cell lines that have been infected with lentivirus-based HCF-1 shRNA or scramble control, and the cells were
harvested 72 h later. ChIP analyses were performed with an anti-FLAG antibody in HEK293T previously infected with lentivirus-based scramble control or HCF-1
shRNA. Two-tailed unpaired Student's t tests were performed, * p < 0.05.

previously unknown HBM motif in the MLL5 protein mediated
the interaction with the Kelch domain of the HCF-1 protein.
Interestingly, we found that the O-GlcNAc transferase OGT
protein can also be co-immunoprecipitated with MLL5 and
HCE-1. It has previously been shown that OGT-mediated
GlcNAcylation at Thr-440 in the MLL5 SET domain is essential
for its H3K4 methyltransferase activity (19). Moreover, OGT-
directed GlcNAcylation of HCF-1 is necessary for proteolytic
maturation of HCF-1 (24, 25). Thus, these results suggest that
MLL5 and OGT/HCE-1 may form a protein complex to mod-
ulate cell-cycle progression. Interestingly, several lines of evi-
dence suggest that HCF-1/OGT complexes are not only limited
to cell cycle regulation, but are also implicated in a wide range of
biological processes, including gluconeogenesis (52) and leuke-
mia transformation (53). Thus it is of particular interest in the
future to study whether MLL5 also contributes to these HCE-
1/0OGT-involved biological processes.

Although defective cell-cycle progression has been observed
in MLL5 knockdown cells, the roles of HCF-1 and E2F1 in this

S Phase
Gene Activation

(CyclinA, CDC2, CDC6)
H3K4

Tri-methylation

FIGURE 7. Model for MLL5-mediated cell cycle control. MLL5 form a com-
plex with HCF-1 and OGT, and then was recruited to E2F 1 responsive promot-
ers (CYCLIN A, CDC2, and CDC6) to stimulate H3K4 trimethylation and cause
transcriptional activation of E2F1 target genes to facilitate the G, to S phase
transition. See text for details.

ies indicated that HCF-1 plays a key role in cell-cycle progres-

sion, partially through its interactions with various members of
the E2F transcription factor family to induce cell cycle-specific
transcription (22, 26). In this study, we further showed that
MLL5 could associate with HCF-1 within the nucleus, and a
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process have not been well investigated previously. The E2F
family of transcription factors plays a pivotal role in coordinat-
ing the transcriptional activation of genes important for the G,
to S phase cell-cycle transition. In late G, phase, the E2F1 pro-
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tein disassociates from phosphorylated RB protein and then
transactivates E2F1 target genes, facilitating the G, to S phase
transition. In a previous study, Cheng et al. (21) found up-reg-
ulation of the dephosphorylation of the RB protein in MLL5
knockdown cells, suggesting that the RB-E2F1 pathway may
play a role in MLL5 knockdown-induced cell-cycle arrest. In
this study, we further provide new evidence showing that the
MLL5 protein can be recruited to E2F1-responsive promoters
through association with HCF-1, and stimulate the transcrip-
tion of E2F1 target genes, thereby ensuring proper execution of
the G; to S phase transition.

H3K4 trimethylation at gene promoters has been implicated
in transcriptional activation, and Trithorax group proteins are
responsible for H3K4 methylation (1). Interestingly, the H3K4
methyltransferase activity of the MLL5 protein had not been
verified until a recent study by Fujiki et al. (19) showed that the
H3K4 methyltransferase activity of MLL5 can be evoked by
OGT-mediated GlcNAcylation at Thr-440 in the MLL5 SET
domain. Consistent with this, we found that levels of H3K4
trimethylation at E2F1 target promoters were decreased signif-
icantly in MLL5 knockdown cells, suggesting that the MLL5
protein may possess H3K4 methyltransferase activity at E2F1
target gene promoters and stimulate gene transcription. Inter-
estingly, MLL complexes could also be recruited to E2F1-re-
sponsive promoters by HCF-1 to stimulate H3K4 trimethyla-
tion and transcriptive expression during the G, to S phase cell
cycle transition (26). Thus, our results, along with the previous
observations (26), suggest that MLL and MLL5 may use a sim-
ilar molecular pathway to promote E2F1 target gene expression
during cell-cycle progression.

A core protein scaffold composed of WDR5, RBBP5, and
ASH2L subunits is essential for the H3K4 methyltransferase
activities of the Trithorax protein complexes (1, 54 -56). How-
ever, we were unable to find these core subunits in MLL5 pro-
tein complexes using either mass spectrum or co-immunopre-
cipitation assays, suggesting that these core subunits may be
dispensable for the H3K4 methyltransferase activity of the
MLL5 protein. Moreover, the MLL5 protein is structurally dif-
ferent from other members of the Trithorax family, as evi-
denced by the observation that the SET domain of the MLL5
protein is located in the N-terminal region, rather than at the C
terminus of the protein, as well as the fact that a post-SET motif
is present in other Trithorax family proteins, whereas it is
absent from the MLL5 protein (7). Thus, these results suggest
that, unlike the other Trithorax family proteins, MLL5 may use
a distinct mechanism to exert its H3K4 methyltransferase
activity.

Although MLL5 was originally identified as a novel Trithorax
family member and a potential tumor suppressor in human
myeloid leukemia, its biological function iz vivo had not been
revealed until recently (7, 13). Several recent studies on MII5
knock-out mice, including one of ours, showed that M//5 plays
an important role in hematopoiesis (10-12). Inactivation of
MII5 in hematopoietic stem cells (HSCs) causes a severe
impairment in long-term hematopoietic reconstitution under
competitive conditions. Intriguingly, M//-deficient HSCs also
exhibit impaired long-term reconstitution ability (5, 6).
Because one of the cellular bases for hematopoietic reconstitu-

JUNE 14, 2013 +VOLUME 288-NUMBER 24

tion is the cell cycling of transplanted HSCs in the recipients, it
seems reasonable to hypothesize that the impaired reconstitu-
tion ability of MIl- or MII5-deficient HSC might result, at least
in part, from the altered cell cycle progression of the trans-
planted M- or MII5-deficient HSC. Furthermore, it is of inter-
est to determine whether other members of the Trithorax fam-
ily also regulate cell cycle progression or HSCs self-renewal.

In summary, our study provides new insights into the molec-
ular mechanisms of MLL5 in cell-cycle regulation. MLL5 and
MLL proteins may share a common molecular mechanism to
control cell-cycle progression; it will, therefore, be of interest to
further investigate the roles of other Trithorax family members,
particularly in cell-cycle progression and the regulation of
HSCs, in the future. Moreover, increasing evidence shows that
the HCF-1/OGT complex is involved in a wide range of biolog-
ical processes. Therefore, future studies should determine
whether MLLS5 is involved in these HCF-1/OGT complex-re-
lated biological processes.
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