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Mixed lineage leukaemia-4 regulates cell-cycle progression and
cell viability and its depletion suppresses growth of xenografted

tumour in vivo

KI Ansari', S Kasiri', BP Mishra' and SS Mandal™'
'Department of Chemistry and Biochemistry, The University of Texas at Arington, Arlington, TX 76019, USA

BACKGROUND: Mixed lineage leukaemia-4 (MLL4) is one of the MLL family of histone H3 lysine-4 (H3K4)-specific methyl transferases
that have critical roles in gene expression and epigenetics in human. Though MLLs are well recognised as crucial players in histone
methylation and gene regulation; little is known about the biochemical functions of MLL4 and its roles in cancer.

METHODS: Herein, we have investigated the roles of MLL4 in cell viability, cell-cycle progression and explored its potential roles in
tumour growth using antisense-mediated knockdown experiments, flow-cytometry analysis, chromatin immunoprecipitation,
immunofluorescence staining and animal models.

RESULTS: Our studies demonstrated that knockdown of MLL4 severely affects cell-cycle progression and induces apoptotic cell death
in cultured tumour cells. Knockdown of MLL4 induced nuclear condensation, fragmentation, cytochrome-c release from mitochondria
to cytosol and activated caspase-3/7 indicating apoptotic cell death. The MLL4 regulates expression of various critical cell-cycle
regulatory genes such as cyclin D, cyclin E, p27, HOXA5 and HOXB7 via histone H3K4 trimethylation and recruitment of RNA
polymerase Il. Interestingly, application of MLL4 antisense suppressed tumour growth in vivo in colon cancer xenograft implanted in
nude mouse. The MLL4 antisense specifically knocked down MLL4 in tumour tissue and also downregulated the expression of various
growth and angiogenic factors resulting in tumour suppression.

CONCLUSION: Our results demonstrated that MLL4 is a crucial player in cell viability, cell-cycle progression and is critical for tumour

growth in vivo.
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Histone modifications have critical roles in gene expression,
epigenetics and human diseases (Bannister and Kouzarides, 2005;
Kouzarides, 2007). Among various histone modifications, func-
tions of histone acetylation, methylation and phosphorylation have
been extensively investigated and are recognised as crucial players
in gene activation and silencing. In general, histone acetylation
is associated with gene activation, while histone methylation is
associated with both gene activation and silencing (Ajiro and Allis,
2002; Bannister and Kouzarides, 2005). Histone H3 lysine-4
(H3K4) methylation is linked with gene activation (Bhaumik
et al, 2007). In human, there are several H3K4-specific histone
methyl-transferases (HMTs) that include mixed lineage leukaemia
(MLL) family of proteins (MLL1, MLL2, MLL3, MLL4 and MLL5),
Set1A/SetlB and others (Ansari and Mandal, 2010). The MLLs are
well known as master regulators of HOX genes that are crucial
players in cell differentiation and embryonic development (Hess,
2004; Guenther et al, 2005). The MLLs and their target genes are
often associated with oncogenic transformation. For example,
MLLI is often rearranged in myeloid and lymphoid leukaemias
(Hess, 2004; Marschalek, 2010). The MLL2 and MLL3 are
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frequently get mutated in medulloblastoma and large B-cell
lymphoma (Parsons et al, 2011; Pasqualucci et al, 2011). High
frequency of MLL2 mutation was also observed in Kabuki
syndrome (Paulussen et al, 2010). The MLL1 and its fusion
proteins are potential targets for developing novel cancer therapy
(Marschalek, 2010; Hoeksema et al, 2011).

Because of the importance of MLLs in gene regulation and
diseases, their biochemical functions and protein-protein interac-
tion profiles have been investigated in great detail. These studies
demonstrated that MLLs (MLL1-4) and SetlA/B exist as multi-
protein complexes with several common subunits including Ash2,
Wdr5, Rbbp5, Dpy30 and CGBP (Dou et al, 2006; Ansari and
Mandal, 2010). The MLL1 is critical for cell-cycle progression and
stress response (Mishra et al, 2009; Ansari and Mandal, 2010).
Beyond their crucial roles in histone methylation, MLLs especially
MLL2, MLL3 and MLL4 interact with nuclear hormone receptors
(NRs) and coordinate in NR-dependent gene expression (Tan and
Chow, 2001; Mo et al, 2006; Lee et al, 2009; Ansari et al, 2012).
ASCOM complex that contains either MLL3 or MLL4 acts as
co-activators in retinoic acid receptor (RXR)- and liver-x-receptor-
mediated gene activation (Lee et al, 2008b). ASCOM containing
MLL3 and MLL4 also acts as a p53 co-activator and regulate
expression of p53-target genes in response to DNA damage
(Lee et al, 2009). Thus, MLLs appear to be involved in diverse
functions during gene expression, cell signalling and cancer.
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Though MLLs are well recognised as crucial players in histone
methylation, gene regulation and cancer, most of the biochemical
studies are focused towards understanding the functions of MLL1
and its fusion proteins. Biochemical functions of other MLLs
such as MLL2, MLL3 and MLL4 in gene regulation, cell-cycle
progression and tumorigenesis are mostly unexplored. Herein,
we investigated the cellular functions of MLL4 and its roles in
tumour growth in vitro and in vivo. Our studies demonstrated that
MLL4 is critical for cell viability and cell-cycle progression and its
knockdown suppressed the tumour growth in vivo in subcuta-
neously implanted colon cancer xenograft.

MATERIALS AND METHODS

Cell culture, antisense design and transfection

Human cervical cancer (HeLa), colorectal adenocarcinoma (SW480),
non-malignant colon fibroblast (CCD-18Co), human adenocarcinoma
mammary (MCF7), non-malignant mammary gland fibrocystic
(MCF10), human bronchioalveolar carcinoma (H358), non-malignant
lung fibroblast (HFL1) and human choriocarcinoma placenta (JAR)
cells were obtained from ATCC (Manassas, VA, USA). Except H358
cells, all other cells were grown and maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Sigma, St Louis, MO, USA) supplemented
with 10% fetal bovine serum, 1% L-glutamine and 0.1% penicillin/
streptomycin in a humidified CO, incubator (Ansari et al, 2012).
H358 cells were grown in RPMI-1640 media with all the supplements.

Two antisense oligonucleotide sequences for MLL4 (MLL4-Al:
5'-CCTTCTCTTCTCCCTCCTTGT-3'; MLL4-A2: 5-CTTCCTTCTC
TTCTCCCTCCT-3') corresponding to +1123-1144, and + 1126
-1147 nt of MLL4 open reading frame (ORF) were designed and
commercially synthesised (IDT-DNA). Each phosphodiester bond
of the antisense oligonucleotides was replaced with phosphor-
othioate linkages to increase in-vivo stability. For the transfection,
a cocktail of transfection reagents (12 ul, iFECT; KD medicals Inc.,
Columbia, MD, USA) and antisense (3, 5 and 7 ug per 60 mm
culture plate) were made in 300 ul media (without supplements)
and applied to the cells (60% confluency) in presence of 2ml of
growth media (without supplements). Cells were then grown for
18 h and the growth media was replaced with normal media with all
supplements, grown for additional times and harvested at 48 h post
antisense treatment and subjected for RNA/protein extraction and
chromatin immunoprecipitation (ChIP) analysis (Ansari et al, 2012).

RNA/protein extraction, RT-PCR and western blots

For the RNA extraction, control and antisense-treated cells (48 h
post transfection) were harvested by centrifugation (500g) for
10 min, resuspended in diethyl pyrocarbonate (DEPC) treated
buffer A (20 mm Tris-HCI, pH 7.9; 1.5 mm MgCl,; 10 mm KCI and
0.5mM DTT; 0.2mm PMSF), incubated on ice for 10min,
centrifuged at 3500 g for 5 min. The supernatant was subjected to
phenol-chloroform extraction followed by LiCl precipitation of
mRNA (Ansari et al, 2012). The quality of the RNA was analysed
based on integrity of the 28S and 18S ribosomal RNA (rRNA) by
agarose gel electrophoresis. The RNA was quantified using UV-Vis
spectroscopy (A260 nm) and the amounts of RNA in the antisense-
treated samples were normalised against the untreated or scramble
antisense-treated control RNA.

Reverse transcription reactions were performed in a total volume of
25 ul containing 500 ng of normalised total RNA, 2.4 um of oligo dT
(Promega, Madison, WI, USA), 100 units of MMLV reverse trans-
criptase, 1 x first strand buffer (Promega), 100 um each of dNTPs
(Invitrogen, Grand Island, NY, USA), 1mM DTT and 20 units of
RNaseOut (Invitrogen) and the cDNA was subjected to PCR amplifica-
tion (28 cycles) with gene-specific primers (Table 1; Ansari et al, 2012).

For real-time PCR analysis, 5ul of cDNA was mixed with 5 ul
of SsoFast Eva Green super mix (Bio-Rad, Hercules, CA, USA)
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containing 200 um PCR primers for 40 cycles (94 °C for 155, 60 °C
for 30s, 72 °C for 30 followed by a final extension for 5 min at 72 °C)
using CFX96 real-time PCR detection system (Bio-Rad). GAPDH was
used as control. The experiments were repeated at least twice with
three replicates each time (n=6). The real-time PCR results were
analysed using the CFX Manager software (Bio-Rad) and the
expression of each gene relative to GAPDH was plotted.

For the protein extraction, control and antisense-treated (48 h)
cells were suspended in whole cell protein extraction buffer (20 mm
Tris-HCI pH 8.0, 350 mM NaCl, 5mM EDTA, 0.05% NP-40, 0.2 mm
PMSF and 1 x protease inhibitors (1 mgml ")) on ice for 20 min
and centrifuged at 10000g for 10 min. The supernatant (protein
extract) was subjected to western blotting using antibodies against
MLL1 (Abgent, San Diego, CA, USA), MLL2 (Lifespan Biosciences,
Seattle, WA, USA), MLL3 (Abgent), MLL4 (Sigma) and anti-f-actin
(Sigma) and developed using alkaline phosphatase method.

Cell viability assay, cytochrome-c immunostaining and
cytotoxicity (MTT assay) analysis

For cell viability and microscopy assay, cells were transfected with
MLL4 or scramble antisense for 48 h, stained with trypan blue for
10min and observed under a light microscope (Nikon Eclipse
TE2000-U, Tokyo, Japan). For cytochrome-c immunostaining,
MLLA4 transfected or control cells were immunostained with anti-
cytochrome-c antibody followed by FITC-conjugated secondary
antibody, subjected to nuclear staining with DAPI and observed
under fluorescence microscope (Ansari et al, 2009). For caspase
assay, cells were transfected with MLL4 or scramble antisense for
48h, harvested, lysed, centrifuged and the supernatant was
subjected to caspase-3/7 activity assay using SensoLyte TM
Homogenous AMC Caspase-3/7 Assay Kit (AnaSpec Inc., Fremont,
CA, USA) (Ansari et al, 2009). For TUNEL assay, MLL4 antisense-
transfected cells were fixed in 1% formaldehyde, permeabilised in
0.2% Triton X-100, and subjected to dUTP-end labelling (ApoAlert
DNA Fragmentation Assay Kit; Clontech, Mountain View, CA,
USA), stained with DAPI and propidium iodide (PI) and visualised
under fluorescence microscope (Ansari et al, 2009). For MTT
assay, ~ 10000 cells were seeded into each well of a 96-well micro
titer plate overnight, transfected with MLL4/scramble antisenses
(for 48h) and analysed by using MTT assay (Ansari et al, 2009).
The percent viable cells (calculated based on absorbance of the
control untreated sample) were plotted. Each experiment (with five
replicates) was repeated at least twice.

Flow-cytometry analysis

SW480 cells were transfected with MLL4 and scramble antisense
oligonucleotides separately using iFECT transfection reagents
(48 h), harvested, fixed in 70% ethanol for 2h, washed twice with
PBS and stained with PI (final concentration, 0.5 ug ml™1). The
cells were analysed by flow cytometry, using a Fusing Beckman
Coulter Cytomics FC500 flow cytometry analyser (Beckman
Coulter Inc., Brea, CA, USA) (Mishra et al, 2009).

ChIP assay

SW480 cells were transfected with MLL4 or scramble antisenses for
48h, fixed with 4% formaldehyde, washed, lysed, and sonicated
until chromatin was sheared to an average DNA fragment length of
0.2-0.5kb and subjected to ChIP assay using various antibodies as
described previously (Mishra et al, 2009).

Colon cancer xenograft and MLL4 antisense-mediated
tumour suppression

For animal studies, the mice were hosted in the UT Arlington
animal care facility under the supervision of trained personal and
the experiments were carried out using Institutional animal care
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Table I Nucleotide sequence of antisense and primers used in PCR analysis

Gene Forward primer (5' —3) Reverse primer (5 —3')
MLL4 (ORF) CCCTCCTACCTCAGTCGTCA CAGCGGCTACAATCTCTTCC
MLLI (ORF) GAGGACCCCGGATTAAACAT GGAGCAAGAGGTTCAGCATC
MLL2 (ORF) AGGAGCTGCAGAAGAAGCAG CAGCCAAACTGGGAGAAGAG
MLL3 (ORF) CATATGCACGACCCTTGTTG ACTGCTGGATGTGGGGTAAG

Cyclin A (ORF)
Cyclin B (ORF)
Cyclin B (Promoter)
Cyclin D (ORF)

AAGAAGCAGCCAGACATCACGGAA
TTGATACTGCCTCTCCAAGCCCAA
ACAATTGGCCTTGGGAAACTGGAC
AGAAGCTGTGCATCTACACCGACA

AGCTGCAGTTTCCCTCTCAGAACA
TTGGTCTGACTGCTTGCTCTTCCT
AGATGACTTTGCCAGGGTCACACA
TGATCTGTTTGTTCTCCTCCGCCT

Cyclin D (Promoter) CCGACTGGTCAAGGTAGGAA ACAACCCCTGTGCAAGTTTC
Cyclin E (ORF) TTTCAGGGTATCAGTGGTGCGACA ACAACATGGCTTTCTTTGCTCGGG
P27-ORF ATGGCCTTAACTGTGCTTGG AGGAGTAGACGCGGCACTTA
P27-Promoter ATGGCCTTAACTGTGCTTGG AGGAGTAGACGCGGCACTTA
HOXAS5 (ORF) GGCTACAATGGCATGGATCT GCTGGAGTTGCTTAGGGAGTT
HOXAS5 (Promoter) AGTAAGTCCCGAAGGGCATC GAGAGACTGGGCTCTGTTGG
HOXB7 (ORF) CAGCCTCAAGTTCGGTTTTC CGGAGAGGTTCTGCTCAAAG
HOXB7 (Promoter) CTCGGCTTTCCCATTCATTA AAAAGGACCCCCTTTTTCCT
HIF o (ORF) CCACCTATGACCTGCTTGGT TATCCAGGCTGTGTCGACTG
HIF2a (ORF) CAACAGAGGCCGTACTGTCA TGCTGGATTGGTTCACACAT
CD31 (ORF) GAGTCCTGCTGACCCTTCTG TCAGGTTCTTCCCATTTTGC
CD3! (Promoter) TTGGTGCCATGAACAAAGAA ACCGGCACTGATAACCACTC
VEGF (ORF) TCCACCATGCCAAGTGGTCCC TGGATGGCAGTAGCTGCGCT
bFGF (ORF) ATCCAAAACAGGACCTGGGC AACTCCCATCACCAGCAGAG
TGFfB2 (ORF) GACCCCACATCTCCTGCTAA CTAAAGCAATAGGCCGCATC
TGFB2 (Promoter) GGAAAGGGTGGGAGTCCAA TTGCTCCAAACGCCAACC
NRGI (ORF) CGGAGGAGCTGTACCAGAAG GCTTTTTCCGCTGTTTCTTG
NRGI (Promoter) CCCGACCACAACACAAGAGTA TGAAACCTACTCCTTCCCTTGTC
Actin (ORF) AGAGCTACGAGCTGCCTGAC GTACTTGCGCTCAGGAGGAG
Antisense

MLL4-A CTTCCTTCTCTTCTCCCTCCT?

MLL4-A2 CCTTCTCTTCTCCCTCCTTGT?

Scramble CGTTTGTCCCTCCAGCATCT?

Abbreviations: MLL4 = mixed lineage leukaemia-4; ORF = open reading frame. *Antisense oligonucleotides specific to MLL4 (all linkages are phosphorothioate linkages).

and use committee (IACUC)-approved protocol. For analysing
toxicity, 6-week-old Athymic nude (nu/nu) mice (Harlan, India-
napolis, IN, USA) were injected intraperitoneally with three doses
(100, 300 and 500 ug per 20 g body weight) of MLL4 or scramble
antisense (three replicates each). Health conditions (body weight,
growth and behaviour) of each mouse were monitored on a daily
basis for a month. For the xenograft experiments, 2 x 10° colon
cancer cells (in 100 ul PBS) were subcutaneously injected near the
right back limb (Wang et al, 2002; Singhal et al, 2007). Mice were
examined daily for signs of tumour growth and behaviour. Once
the tumour size reached ~32mm? MLL4 antisense (300 ug per
20 g body weight in PBS) was administered intraperitoneally at 4
days interval for 4 weeks. Experiments (with three replicate mice)
were repeated at least twice. Control mice were injected with equal
volume of the diluents (PBS) or scramble antisense alone.
Bidirectional measurement of tumour sizes was done at every 2
days intervals and cross-sectional areas (tumour size) were plotted.

RNA/protein extraction and immunohistological analysis
of tumour xenograft tissue

For RNA and protein extraction, tumour xenografts were excised from
euthanised mice, flash frozen in liquid nitrogen, homogenised, and
subjected to RNA (ZyGEM kit, Hamilton, New Zealand) and protein
extraction. The RNA was reverse transcribed to cDNA and subjected
to qPCR. The protein extract was subjected to western blotting. For
ChIP and immunohistochemical staining, mice were sequentially
perfused with cold PBS (pH 7.4), followed by 4% paraformaldehyde
(in PBS), and then the xenografted tumours were removed, cryo-
protected in PBS containing 30% sucrose and sectioned.

For immunohistochemical staining (fluorescent), the xeno-
grafted tumour sections were blocked with goat serum, incubated

© 2012 Cancer Research UK

(2h) with antibodies specific to MLL4 washed and incubated with
FITC or rhodamine-conjugated secondary antibodies (Jackson
Immuno Research Laboratories, West Grove, PA, USA). Nuclear
counterstaining was performed with DAPI. Immunostained tissues
were mounted and observed under a fluorescence microscope.

RESULTS AND DISCUSSION

MLILA is critical for cell viability and its knockdown
induces apoptosis in cultured cells

To examine the importance of MLL4 in cell viability we knocked
it down in different types of cultured human cells using MLL4-
specific phosphorothioate antisense oligonucleotide. Initially, we
designed and screened two MLL4-antisense oligonucleotides
(MLL4-Al and MLL4-A2, see Table 1) that hybridise at the
1123-1144 and 1126-1147 nucleotide positions of the MLL4 ORF
which is 8148 nucleotides, encoding a 2715 aa long protein.
Notably, there are four MLL homologues (MLL1, MLL2, MLL3 and
MLL4) in human that have H3K4-specific HMT activities, exist as
similar multi-protein complexes inside cells and have crucial roles
in gene activation (Dou et al, 2006). Sequence alignment showed
that MLL4 antisenses do not posses any significant homology to
other MLL (MLL1-3) ORFs. Nevertheless, we examined both
MLL4 antisenses (MLL4-Al and MLL4-A2) for their efficacy and
specificity towards knocking down MLL4 in cultured human
cell lines. The data showing the knockdown efficacy and specificity
of MLL4-A2 (the more active antisense, termed as MLL4 antisense)
are shown in Figure 1 and this antisense was used for all
experiments in our study.

British Journal of Cancer (2012) 107(2), 315-324
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Figure | MLL4 knockdown and its effect on cell viability. (A) Effect of MLL4 knockdown on the expression of MLLI—4: colon cancer (SW480) cells were
transfected with varying concentrations of MLL4 antisense for 48 h. RNA was reverse transcribed and subjected to real-time PCR analysis using primers
specific to MLLI, MLL2, MLL3, MLL4 and GAPDH. The expression of different MLLs relative to GAPDH was plotted. GAPDH expression and rRNA levels
were used as loading control. Each experiment was performed in three replicates for at least two times. Bars indicate standard errors. (B) RNA from the
control and MLL4 antisense-treated cells were subjected to RT-PCR using primer specific to MLL4, MLLI (specificity control) and GAPDH (loading control)
and then analysed by agarose gel electrophoresis. Lane |: control cells; lane 2: cells transfected with scramble antisense; lanes 3-5: cell transfected with
3—7 ug of MLL4 antisense. (C) Western blotting: proteins from the control and MLL4 antisense-treated cells were subjected to western blotting using anti-
MLL4 and anti-f-actin antibodies (loading control). (D) Microscopic images showing different cancer and non-cancer cells transfected with MLL4 or
scramble antisense for 48 h. Control cells were treated with PBS (buffer) alone. (E) MTT assay: cells were transfected with 7 ug MLL4 or scramble antisense
for 48 h and then subjected to MTT assay. The relative (%) cell viability (MLL4 antisense vs scramble antisense) was plotted for different cell lines.
Bars indicate standard errors.

To examine the efficacy of the antisense, we transfected colon and control cells were analysed by real-time PCR (qPCR) and

cancer cells (SW480) with varying doses (3-7 ug) of MLL4 and
scramble antisense (that has no homology to MLL4) separately
(Table 1) for 48h. RNA and proteins from the antisense-treated

British Journal of Cancer (2012) 107(2), 315—-324

western blotting. Real-time PCR analysis demonstrated that
transfection with MLL4-antisense oligonucleotide efficiently and
specifically knocked down MLL4, but not MLL1, MLL2 or MLL3

© 2012 Cancer Research UK



(Figure 1A; Supplementary Figure S1). The scramble antisense had
no significant effect on MLL4 expression level (Figure 1A-C).
RT-PCR products from MLL4-knocked down and control samples
were analysed in agarose gel and these results also demonstrated
that MLL4 was specifically and effectively knocked down by
MLL4-antisense transfection (compare lanes 3-5 with lane 1,
Figure 1B). The rRNA, GAPDH and MLLI1 were used as controls
(Figure 1B). Western blot analysis also demonstrated that MLL4
was knocked down at the protein level upon transfection
with MLL4 antisense while other MLLs and f-actin level were
remained mostly unaffected (Figure 1C; Supplementary Figure S2).
These results demonstrated that MLL4 antisense specifically
knocked down MLL4.

To examine the impact of MLL4 kncokdown on cell viability, we
transfected different types of cultured human cells with MLL4
antisense and examined their morphology under microscope
(Figure 1D) and quantified the cell viability using MTT assay
(Figure 1E). These analyses showed that MLL4 knockdown
significantly impaired the growth and morphology of almost all
cell lines examined (Figure 1D and E; Supplementary Figure S3).
Cells were arrested, rounded up and fragmented indicating cell
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npg)

death (Figure 1D). The MTT assay demonstrated that the viability
of most cells was decreased upon MLL4 knockdown (Figure 1E).
Colon and breast cancer cells were more sensitive to MLL4
knockdown in comparison with the corresponding normal cells.
These studies demonstrated that MLL4 is a critical player for cell
viability and its suppression induced cell death. As MLL4
knockdown induced preferential death in colon cancer over colon
normal cells we performed the remaining biochemical and in-vivo
experiments with colon cancer cells (SW480).

MLL4 knockdown affects cell-cycle progression and
induced apoptosis in colon cancer cells

To examine the impact of MLL4 knockdown on cell-cycle
progression, we transfected SW480 cells with MLL4 antisense for
48h and subjected to flow-cytometry analysis. As seen in
Figure 2A, in comparison with the control, the scramble-antisense
treatment induced some cell death (16% apoptosis) and also
effected cell populations at G0/G1 phase (decreased in comparison
with control). This change is likely due to the toxic effect of the
transfection reagent used. Interestingly, however, upon application
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Figure 2 MLL4 knockdown induced apoptosis in colon cancer cell. SW480 cells were transfected with MLL4 antisense or scramble for 48 h then subjected to
different analysis. (A) FACS analysis: MLL4 and scramble antisense-transfected cell was fixed, stained with propidium iodide (Pl) and analysed by using Beckman
Coufter Cytomics FC500 flow cytometry analyser. Percent cell populations at different stages of cell cycle are listed within the panels.
(B) TUNEL assay. MLL4 antisense-treated and control cells were subjected to terminal nicked end-labelling using fluorescent dUTP, stained with DAPI
(nuclear staining, blue fluorescence) and PI (Pl that stains nucleus of dead cells, red colour) and analysed under fluorescence microscope. dUTP-stained green
speckles represent apoptotic cells with fragmented nuclei. (C) Immunostaining of cytochrome-c: MLL4 antisense-treated and control cells were immunostained
with cytochrome-c antibody followed by FITC-labelled secondary antibody, stained with DAPI and visualised under fluorescence microscope. (D) Caspase
analysis: MLL4 antisense (or scramble antisense) cell lysates were analysed for caspase activity using Caspase-3/7 assay kit. Bars indicated standard error.
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of the MLL4 antisense, the cell populations at G0/G1, S as well as
G2/M phases were decreased dramatically in comparison with the
control or scramble antisense-treated cells and most cells (47%)
went into apoptosis (Figure 2A, bottom panel). These results
demonstrated that MLL4 is a key regulator of cell-cycle progres-
sion and its knockdown severely impaired cell-cycle progression
and induced apoptosis in colon cancer cells.

Notably, induction of apoptosis by external or internal stimuli
leads to perturbed mitochondrial membrane potential, resulting in
release of cytochrome c to cytosol that ultimately leads to caspase
activation, nuclear fragmentation and apoptosis (Orrenius et al,
2007; Ansari et al, 2009). To further understand the nature of cell
death upon MLL4 knockdwn, we treated SW480 cells with MLL4
antisense for 48 h and subjected to DAPI (a DNA binding dye that
stains nucleus) staining and TUNEL assay (Ansari et al, 2009).
DAPI staining showed that MLL4 knockdown induced nuclear
condensation (intense DAPI staining) (Figure 2B). TUNEL assay
demonstrated that nuclear DNA was fragmented upon MLL4-
antisense treatment (green coloured nuclei, dUTP panels in
Figure 2B). Notably, PI (PI stains nucleus of dead cells) staining
demonstrated that all the cells that were stained green with dUTP
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were also stained with PI indicating apoptotic cell death
(Figure 2B).

To examine mitochondrial membrane potential and integrity,
we have immunostained MLL4 antisense-treated cells with
cytochrome-c. As expected, cytochrome-c is located inside the
mitochondria (speckles outside the nucleus) in both control or
scramble antisense-treated cells (Figure 2C, top panels). However
upon MLL4 knockdown, cytochrome c¢ was released from
mitochondria to cytosol (Figure 2C). In addition, caspase analysis
demonstrated about five-fold higher caspase-3/7 activity in the
cells treated with MLL4 antisense in comparison with untreated or
scramble antisense-treated controls (Figure 2D). The DNA
fragmentation, nuclear condensation, cytochrome-c release and
caspase-3/7 activation demonstrated that MLL4 knockdown
induced apoptosis in SW480 cells.

MLL4 is a key regulator of cell-cycle regulatory genes

As MLL4 knockdown affected the cell-cycle progression and
induced apoptosis in colon cancer cells, we examined the effect of
MLL4 knockdown on expression of cell-cycle regulatory genes
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Figure 3 MLL4 regulates cell-cycle regulatory cyclins, p-protein and HOX genes. SW480 cells were transfected with MLL4 antisense for 48 h and the
subjected to RNA extraction or ChIP assay. (A) RNA from MLL4-knocked down or control cells analysed by RT—PCR by using primers specific to selected
cell-cycle regulatory genes (cyclin A-E, p27, HOXAS and HOXB7) and GAPDH. GAPDH expression and rRNA levels were used as loading control. (B) ChIP
assay: MLL4 and scramble antisense-treated and control cells were subjected to ChIP with MLL4, H3K4 tri-methyl, RNAPII and f-actin (control) antibodies.
The immunoprecipitated DNA fragments were PCR amplified by using primers specific to the f-actin (ORF, as control) and promoters of cyclin B, cyclin D,
p27, HOXAS5 and HOXB7 genes. The real-time quantification is on the bottom panel. Bars indicate standard errors (n = 3).
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such as cyclins, p-proteins and selected HOX genes. Notably, the
dynamic expression and degradation of cyclins and p-proteins are
associated with progression of cell cycle through different phases.
The cyclins (such as cyclin A-E) bind to cell cycle-specific cyclin-
dependent kinases (cdks) and facilitate progression of cell cycle.
Similarly, the p-proteins (such as p21, p27 and p53 ) have both
positive and negative roles in cell-cycle progression (Ansari and
Mandal, 2010). For example, p27 that acts as cdk inhibitor
exerts both positive and negative regulation of cdk4 activity at
G1/S-phase transition (Poon et al, 1995). HOX genes also have
crucial roles in cell-cycle progression. For example, HOXA5 binds
to anti-apoptotic protein, Twist and restore the inhibitory effects
of Twist on p53-target genes during cell cycle (Stasinopoulos et al,
2005). HOXB7 knockdown results in cell-cycle arrest at G1 phase
via downregulation of cyclin D1 and cyclin E (Liao et al, 2011). Our
results demonstrated that MLL4 knockdown downregulated the
expression of cyclin D, cyclin E, p27, HOXA5 and HOXB7 genes
(Figure 3A, real-time quantifications are in right panel). Temporal
studies demonstrated that level of expression of MLL4-target genes
(such as cyclin D and HOXA5) was correlated with the level of
MLL4 knockdown at different times (24, 48 and 72h) after MLL4
antisense treatment (Supplementary Figure S4).

ChIP assay demonstrated that MLL4 was bound to the
promoters of cyclin B, cyclin D, p27, HOXA5 and HOXB7 genes
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and these bindings were decreased upon knockdown of MLL4
(Figure 3B, real-time quantification in the bottom panels).
Similarly, level of RNAPII and H3K4 trimethylation (a critical
mark of gene activation) were also decreased upon MLL4
knockdown (Figure 3B). The f-actin was not bound to the target
gene promoters irrespective of MLL4 knockdown. Scramble
antisense has no significant impact on the binding of MLL4,
RNAPII and level of H3K4 trimethylation in the target gene
promoters. These results demonstrated that MLL4 regulates cell-
cycle regulatory genes via binding to the promoters and increasing
H3K4 trimethylation and facilitating RNAPII recruitment.

Depletion of MLL4 suppressed tumour growth in vivo in
colon cancer xenograft

As MLL4 antisense induced efficient and preferential apoptosis in
colon cancer cells, we examined its efficacy in downregulating
tumour growth in vivo using a human colon cancer xenograft.
Initially, we examined toxicity of the MLL4 and scramble
antisenses on nude mice. We injected intraperitoneally three
different doses (100-500 ug per 20 g body weight) of MLL4 and
scramble antisense into 6-week-old mouse (three replicates),
monitored their health and behaviour for a month and we found
that all mice survived grew similarly to control mice without loss
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Figure 4 Regression of colon cancer xenograft by MLL4 antisense. SW480 cells were subcutaneously injected on the right hinge region of 6-week-old
athymic nude (nu/nu) mice. Once the tumour reached about 32 mm* of cross-sectional area, mice were intraperitoneally administered with MLL4 antisense
(300 pug per 20 g body weight) on the left hinge region at 4 days interval for 4 weeks. Control mice were administered with either PBS (diluents) or a same
doze of scramble antisense (with no homology with MLL4). Tumour sizes were measured using a slid caliper at every 2 days intervals. (A) Cross-sectional
area of the tumours was plotted against time. Bars indicated standard errors. (B) Representative pictures of the control and antisense-treated mice at
different stages. (C) Tumour xenografts excised at 28th day of treatment. The cross-section of tumours showing internal issue is in bottom panel. (D) The
RNA extract of the excised tumour was analysed by RT-PCR with primer specific to MLL4 and MLLI (specificity control). rRNA was used as quantitative
control. The real-time quantification is on the right panel. Bars indicate standard errors (n = 3). (E) The westemn blot of the protein extract of the excised
tumour was done with MLL4 and f-actin (control) antibody.
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Figure 5 MLL4 knockdown affects nuclear integrity and expression of growth and angiogenic factors in xenografted tumour. The MLL4 antisense-treated or control
mice with colon cancer xenograft were either euthanised to excise the tumour xenograft or perfused with 4% paraformaldehyde at 28th day of treatment. (A)
Immunolocalisation of MLL4 and nuclear integrity: Formaldehyde-fixed tumours were sectioned, immunostained with MLL4 antibody and DAPI (for nuclear staining)
and analysed under fluorescence microscope. Representative images showing the cellular morphology (DIC), nuclear integrity (DAPI) and MLL4 expression in the
control and MLL4 antisense-treated tumours are shown. (B) MLL4 regulates expression of growth and angiogenic factors in vivo: RT-PCR analysis of the RNA extracted
from MLL4 antisense-treated tumour tissues by using primers specific to MLL4, VEGF, bFGF, TGFf32, CD31, HIFlo and fS-actin (control). The real-time quantification
(relative to GAPDH) is shown in right panel. Bars indicate standard error. (€) The tumour tissue was analysed by ChIP assay using MLL4, H3K4-trimethyl and RNAP |l
antibodies. The ChIP DNA was analysed by PCR with primers specific to the promoter regions of CD31, TGFf2 and NRGI. gPCR data are the right panel.
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of body weight indicating no significant animal toxicity of
MLL4 antisense.

To examine the impact of MLL4 knockdown in tumour growth,
we applied MLL4 antisense on colon cancer xenograft implanted
on nude mouse. Colon cancer xenograft was developed in
nude mice by injecting SW480 cells near the right back limb
(Singhal et al, 2007). Once the tumour size reached ~ 30 mm?, we
administered MLL4 antisense intraperitoneally (300 ug per 20g
body weight, in three parallel replicates) on a different spatial
location (left back limb) away from the xenografted tumour.
Control mice were injected with equal volume of diluents (PBS) or
scramble antisense alone. Growth of tumour (tumour size) was
monitored over time and plotted (Figure 4A). As seen in Figure 4A,
the sizes of the control or scramble antisense-treated tumours
were increased exponentially over time. Interestingly, application of
MLL4 antisense suppressed the growth of colon cancer xenograft
completely with slight regression of original tumour (before
application of antisense; Figure 4A). Representative pictures of mice
bearing tumours are shown in Figure 4B. These results demonstrated
that MLL4 is critical for colon tumour growth in vivo.

To examine the tumour histology and target validation,
we excised out the control as well as MLL4 antisense-treated
tumours from the mice and subjected to mRNA and protein
analysis, and tissue immunohistochemistry analysis. The control
tumours are bigger in size and were tightly attached to the host
mice tissue while the MLL4 antisense-treated tumours were very
small (Figure 4C, tumour dissections are shown in the bottom
panel). The RNA and proteins from homogenised tumour tissue
were subjected to qPCR and western blotting. Our results
demonstrated that application of MLL4 antisense specifically
knocked down MLL4 in both mRNA (but not MLL1, qPCR data
on the right panel) and protein levels (Figure 4D and E). Scramble
antisense has no significant impact on MLL4 gene expression.
These results demonstrated that MLL4 antisense has reached the
xenografted tumour tissue systemically and specifically knocked
down MLL4. Although mechanism of delivery of MLL4 antisense
to the xenografted tumour tissue is not clear at this point, systemic
administration of antisense oligonucleotides and siRNAs
(via intraperitoneal injection) for downregulating various other
target genes and suppressing of tumour growth in xenograft
models has been reported earlier (Wang et al, 2002; Tammali et al,
2006; Singhal et al, 2007).

To investigate the effect of MLL4 knockdown on tumour tissue,
we immunostained tumour sections with MLL4 antibody
and DAPI and analysed under a fluorescence microscope. In the
control tumour, cell nuclei were normal, round to oval shaped,
and stained uniformly with DAPI, indicating healthy states
of cells (Figure 5A). In the MLL4-knocked down xenograft, the
cell nuclei were fragmented and condensed indicating dead cells.
Immunostaining showed higher level of MLL4 localisation
primarily in the cell nuclei of the control xenograft tissues,
while in the MLL4 antisense-treated xenograft, MLL4 was localised
in patches of fragmented nuclei and the level of expression
of the protein was relatively less compared with the untreated
control. These condensation and disintegration of cell nuclei upon
MLL4 knockdown indicated that MLL4 is critical for tumour
cell survival and growth in vivo and therefore, knockdown
of MLL4 induced cell death inside the xenografted tumour
leading to disintegration of core tumour tissue and tumour
suppression.

As MLL4 knockdown induced suppression of tumour growth,
we examined if MLL4 knockdown also affected the expression of
tumour growth and angiogenic factors such as TGFf1, bFGF,
NRG1, HIFlo, VEGF and CD31 wusing qPCR (Roskoski,
2007; Wendt et al, 2010; Favaro et al, 2011). These analyses
demonstrated that MLL4 knockdown suppressed the expression of
CD31, bFGF, TGFf2, NRG1 along with MLL4 (Figure 5B). ChIP
(with tumour tissue) analysis showed that knockdown of MLL4
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resulted in decreased level of histone H3K4 trimethylation and
RNAPII recruitment (as well as MLL4 recruitment) at the
promoters of CD31, TGFf2, NRGI but not bFGF genes
(Figure 5C). The decrease in H3K4 trimethylation at the promoters
of CD31, TGFf2, NRGI genes, upon MLL4 depletion, suggested
that MLL4-mediated histone methylation is crucial for expression
of tumour growth factors. These results demonstrated that MLL4 is
a key regulator of tumour growth factors and hence tumour
growth.

In summary, our results demonstrated that MLL4 is a key player
in cell-cycle regulation. Knockdown of MLL4 resulted in cell-cycle
defect and induced apoptosis in colon cancer cells. The MLL4
regulates the expression of various cyclins, p-proteins and HOX
genes that are critical players in cell-cycle progression, via histone
H3K4 trimethylation and RNAPII recruitment in the target gene
promoters. Importantly, systemic application of MLL4 antisense in
nude mice bearing colon cancer xenograft resulted in specific
knockdown of MLL4 in xenografted colon tissue, inducing cell
death and suppression of tumour growth almost to the basal level.
Knockdown of MLL4 suppressed expression of various tumour
growth and angiogenic factors such as CD31, bFGF, TGFf2 and
NRGI in the tumour tissue via downregulation of promoter H3K4
trimethylation and RNAPII recruitment and thus resulting in
suppression of the growth of xenografted tumour. Notably, there
are four different MLL family of histone H3K4-specific HMTs,
MLLI1, MLL2, MLL3 and MLL4 in human. Both MLL3 and MLL4
are part of the ASCOM complex and have an important role in NR-
mediated gene activation (Lee et al, 2008b; Ansari and Mandal,
2010). The MLL3 and MLL4 functionally interacts with oestrogen
receptors, RXRs and liver-x-receptors during respective ligand-
dependent gene activation (Lee et al, 2008b; Ansari and Mandal,
2010). The MLL3 and MLL4 also participate in PPAR-mediated
adipogenesis (Lee et al, 2008a). In addition, MLL2 has also been
shown to interact with NRs, regulate hormone-induced gene
expression and has an important role in oocytes (Dreijerink et al,
2006; Mo et al, 2006). Because of similar catalytic SET domains
present in all four MLL proteins (MLL1-4), it may be possible that
they have redundant functions. In fact, recent studies demon-
strated that MLL2 and MLL3 bindings were exchanged with MLL1
and MLL4 at the HOXC6 promoter during oestrogen-induced
HOXC6 expression, indicating distinct roles of different MLLs
during basal and activated gene transcription, beyond their histone
methylation activity (Ansari et al, 2011). However, in the present
study, we did not observe any replacement of MLLs (MLL1-3) in
the MLL4-target gene promoters (cyclin D, cyclin E, p27, HOXAS5,
HOXB7, CD31, bFGF, TGFf32 and NRG1) under MLL4-knockdown
environment (data not shown). However, histone H3K4 trimethy-
lation level along with RNAPII was decreased upon knockdown of
MLL4 (Figure 3B and 5C). These observations indicated that MLL4
is a crucial regulator of promoter histone H3K4 trimethylation and
transcription of target genes and this may not be compensated by
the presence of other MLLs in the cell at least in set of target
genes examined. Overall, our studies demonstrated that MLL4 is
critical for survival and growth of tumour cells both in vitro and
in vivo and therefore open up new avenues for potential cancer
therapy.
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