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Abstract

Hepatocellular carcinoma (HCC) accounts for ~85% of malignant liver tumors and results in
600,000 deaths each year, emphasizing the need for new therapies. Upregulation of menin was
reported in HCC patients and high levels of menin correlate with poor patient prognosis. The
protein-protein interaction between menin and histone methyltransferase Mixed Lineage
Leukemia 1 (MLL1) plays an important role in the development of HCC, implying that
pharmacologic inhibition of this interaction could lead to new therapeutic strategy for the HCC
patients. Here, we demonstrate that the menin-MLL inhibitor M1-503 shows anti-tumor activity in
in vitro and /n vivo models of HCC and reveal the potential mechanism of menin contribution to
HCC. Treatment with MI-503 selectively kills various HCC cell lines and this effect is
significantly enhanced by a combination of MI-503 with sorafenib, the standard of care therapy for
HCC. Furthermore, MI-503 reduces sphere formation and cell migration in /in vitro HCC models.
When applied /n vivo, M1-503 gives a strong anti-tumor effect both as a single agent and in
combination with sorafenib in mice xenograft models of HCC. Mechanistically, treatment with
MI-503 downregulates expression of several genes known to play a critical role in proliferation
and migration of HCC cells, including PEG10, and displaces the menin-MLL1 complex from the
PEG10promoter, resulting in reduced H3K4 methylation and transcriptional repression. Overall,
our studies reveal a mechanistic link between menin and genes involved in HCC and demonstrate
that pharmacologic inhibition of the menin-MLL interaction might represent a promising
therapeutic approach for HCC.
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Introduction

Hepatocellular carcinoma (HCC) accounts for ~85% of primary malignant liver tumors and
is the fifth most common cancer in the world, leading to over 600,000 deaths each year
(1,2). The majority of HCC patients are diagnosed at a late stage of the disease, when
curative therapies are no longer effective (3), and most patients die about 6 months after
diagnosis (1,4,5). Furthermore, patients who initially respond to curative therapies
frequently experience disease recurrence, resulting in an overall 5-year survival of only 7%
(6), while patients with surgically resectable tumors have survival rates still below 40% (7).
All these findings strongly support the need for new and more effective therapies for HCC.
One recent new treatment strategy for advanced HCC patients is the use of the multitargeted
kinase inhibitor sorafenib (3), which blocks the activity of Raf serine/threonine kinases and
various receptor tyrosine kinases (8). Sorafenib inhibits the proliferation of HCC cells and
blocks tumor angiogenesis, resulting in an increase of about three months in the median
survival of HCC patients (8). However, sorafenib has only limited clinical efficacy with
undesired side effects (9), strongly implying the need for more efficacious therapies for
HCC.

Recently it has been demonstrated that menin, a scaffold protein encoded by the multiple
endocrine neoplasia type 1 (MENI) gene, is involved in promoting hepatocellular carcinoma
(10). Menin is a highly specific binding partner of Mixed Lineage Leukemia 1 (MLL1, also
known as KMT2A) (11,12), a histone methyltransferase that catalyzes the trimethylation of
H3K4 (H3K4me3) (13), and is required for the recruitment of the MLL1 complex to the
target genes (14). Menin upregulation was reported in HCC patients, and high levels of
menin correlate with poor patient prognosis (10). Indeed, menin knockdown substantially
represses HCC cell proliferation, blocks colony formation and inhibits tumor growth in the
xenograft model of HCC (10). Likewise, heterozygous loss of Men1 reduces development of
HCC /n vivo (10).

The function of menin in liver tumorigenesis has been linked to the transcriptional regulation
of the Yes-associated protein (Yapl), an important oncogene in HCC (15) and a downstream
target of the Hippo pathway (16,17). Menin occupancy at the promoter region of YapI has
been noted to coincide with H3K4me3, a histone mark regulated by MLL1 (10), implying a
potential involvement of the menin-MLL1 interaction in HCC development. We, and others,
have previously shown a critical role of the menin interaction with MLL1 and/or MLL
fusion proteins in acute leukemias with translocations of the MLL gene (12,18), as well as in
solid tumors, including metastatic prostate cancer (19). All these studies imply that the
menin-MLL1 interaction might play a more general role in cancer, including liver
tumorigenesis; therefore inhibition of this interaction with small molecules might represent a
novel therapeutic approach for HCC treatment. On the other hand very limited effect
observed in HCC cells following treatment with a weak menin-MLL inhibitor MI-1 (no
significant effect on cell viability in liquid culture and <25% inhibition of colony formation
and cell migration when applied as a single agent at 4 uM) (20) raises questions regarding
the potential therapeutic value of blocking the menin-MLL1 interaction as a treatment for
liver cancer.
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We have recently reported very potent small molecule inhibitors of the menin-MLL1
interaction with optimized drug-like properties, including MI-503 (IC5p = 14 nM, K4 =9
nM), which demonstrated very potent activity in both /in vitroand in vivo models of MLL
leukemia (18,21-23) as well as in castration resistant prostate cancer (19). Since the /in vitro
potency of MI-503 is >140-fold better than MI-1 and it demonstrates strong and selective
activity in cancer cells, we selected MI-503 to study the effect of pharmacologic inhibition
of the menin-MLL interaction in liver cancer. Here, we performed a systematic evaluation of
the MI-503 in HCC models to assess whether pharmacologic inhibition of the menin-MLL1
interaction might represent a new therapeutic strategy for liver cancer. Treatment with
MI-503 had a very pronounced effect in various models of HCC, both /in vitro and in vivo,
and this effect was enhanced when MI-503 was combined with sorafenib, the current
standard of care therapy in patients with advanced HCC. Pharmacologic inhibition of menin-
MLL1 by MI-503 strongly downregulated the expression level of genes previously linked to
HCC, including PEG10(24,25), thereby providing a new mechanistic insight into the role of
menin-MLL1 and H3K4me3 in HCC. Overall, our findings demonstrate that pharmacologic
inhibition of the menin-MLL1 interaction can block progression of HCC, thus validating this
protein-protein interaction as an attractive target for therapeutic intervention in liver cancer.

Materials and Methods

Chemistry

Cell culture

Chemical synthesis and chemical characterization of M1-503 and MI-372 compounds have
been described previously (18).

The HepG2 (low-metastatic) (26) and Hep3B (low-metastatic) (27) human HCC cell lines
were obtained from ATCC in 2014 while the remaining cell lines (MHCC97, PLC/PRF/5,
SNU449, and SNU423) were received from Dr. llona Kryczek, University of Michigan.
HepG2, Hep3B and PLC/PRF/5 cells were maintained in Eagles Minimum Essential
Medium (EMEM) (ATCC) with 10% fetal bovine serum (FBS) and 1% penicilin/
streptomycin (Pen Strep, Gibco) antibiotics. SNU449, SNU423 and MHCC97 were cultured
in RPMI-1640 media with 10% FBS and 1% penicillin/streptomycin (Pen Strep, Gibco).
ASC52 cell line was received from Dr. Elizabeth Lawlor and cultured in Mesenchymal Stem
Cell (MSC) Basal Medium with Mesenchymal Stem Cell Growth Kit for Adipose and
Umbilical-derived MSCs Low Serum Components and G418 (ATCC). All cell lines were
used in the described experiments before reaching the 10t passage after thawing the cells
out and were negative for mycoplasma prior performing these studies as assessed by the
TOKU-E PCR Mycoplasma Detection Kit.

Cell viability assay

Cell viability assays are described in the Supplementary Information.

Cellular thermal shift assay

Cellular thermal shift assay (CETSA) was performed as described before (19,28).
Experimental details are provided in the Supplementary Information.
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Real-time qPCR

Cells were plated at a concentration of 0.25x108 cells/ml in the 12-well plate in duplicates
and treated with MI1-503 or DMSO for 6 and/or 13 days followed by RNA isolation
according to the manufacturer’s protocol (RNeasy kit Qiagen), RNA reverse transcription to
cDNA and quantitative PCR (see Supplementary Information for details).

RNAseq studies

HepG2 cells were plated in the 12-well plates at the initial concentration of 0.4x108 cells/ml
and treated with 3 pM MI-503 or DMSO (0.25%) in triplicates. After 3 days of treatment
cells were trypsinized, counted and viable cell number was adjusted to the original
concentration. Media was changed and compound or DMSO was re-supplied at that time.
Cells were harvested after 3 more days of incubation. Total RNA was isolated from cells
using RNeasy kit (Qiagen), amplified, and quality was assessed using the TapeStation
(Agilent). Sequencing was performed at the University of Michigan DNA Sequencing Core.
Samples with RINs (RNA Integrity Numbers) of 8 or greater were prepped using the
[llumina TruSeg mRNA kit (Illumina). RNA was converted to mRNA using a polyA
purification. cDNA library was created using reverse transcriptase, barcoded and sequenced
using 4 samples per lane on a HiSeq 2000 (Illumina) in High Output mode. Sequenced reads
were aligned to human reference genome using Bowtie and Tophat (version 2.0.3).
Differential gene expression analysis was done using program Cuffdiff. Genes with p < 0.05
and a fold change greater that 2-fold were considered significant. Gene Set Enrichment
Analysis (http://www.broadinstitute.org/gsea/index.jsp) was performed on gene expression
of MI-503 treated versus DMSO treated cells.

Sphere formation and cell migration assays

Sphere formation and cell migration assays are described in Supplementary Information.

In vitro combination studies

HepG2 and Hep3B cells were plated at a concentration of 0.45x105cells/ml in a 24-well
plate and treated with 0.25% DMSO, sorafenib, MI-503 or both compounds. After 4 days
(for HepG2) or 5 days (for Hep3B) of incubation cells were transferred to the 96-well plate
in quadruplicates. The MTT cell proliferation assay kit (Roche) was then applied. Plates
were read for absorbance at 570 nm using a PHERAstar BMG microplate reader. Drug
interactions were analyzed by CalcuSyn program (Biosoft, Cambridge, UK) based on the
analytical method of Chou and Talalay (29).

Chromatin Immunoprecipitation

1.5x10% HepG2 cells plated in 10 cm dish were treated with DMSO (0.25%) or MI-503 at 4
UM, 2 UM and 1 pM concentrations for 6 days. After 3 days of incubation cell number was
adjusted to the starting concentration, media was changed and fresh compound was added.
Following 6 days of incubation, cells were fixed with 1% paraformaldehyde for 10 min at
room temperature. Cells were then quenched with glycine for 5 min at room temperature.
ChIP was performed using Magna ChIP A/G kit (Millipore) according to the manufacturer’s
protocol. The cell lysate was prepared and equal amounts of DNA isolated from either
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DMSO or MI-503 treated samples was immunoprecipitated using antibodies against Menin
(Bethyl), MLL1 (Millipore), H3 (Abcam), H3K4me3 (Abcam) and 1gG (Millipore)
overnight at 4°C. The DNA was eluted and subjected to quantitative PCR using SYBR
Green primers for PEG10 (see Supplementary Information for primer sequences and
corresponding genomic reference coordinates).

Animal studies

All animal studies were performed in compliance with the guidelines of the University of
Michigan Committee for Use and Care of Animals and Unit for Laboratory Animal
Medicine (ULAM) under the protocol PRO00005043. Freshly thawed HepG2 or Hep3B
cells (ATCC) were cultured in EMEM media with 10% fetal bovine serum (FBS) and 1%
Pen Strep antibiotics. On the day of injection, cells were re-suspended in serum free medium
at 1x107 cells/mL and mixed 1:1 with Matrigel. 0.5x107 cells/mL were injected to the flank
of the 6 week old female athymic nude mice. When tumor size has reached ~100 mm?3 mice
were randomized into four groups with each group containing 8-9 mice to provide over 80%
power to detect 50% effect. Mice were then treated with vehicle (25% DMSO, 25%
PEG400, 50% PBS), MI-503 (dissolved in vehicle), sorafenib (dissolved in 12.5%
Cremophor, 12.5% Ethanol and 75% water), or both compounds once daily at the designated
doses using intraperitoneal, i.p. (vehicle and MI-503) or oral, p.o. (sorafenib) administration.
Body weight and tumor sizes were monitored 3 times per week. The tumor volume was
calculated according to the formula: tumor volume = a x b?/2 (a, long diameter; b, short
diameter). Treatment continued until the mean tumor size in the vehicle group reached
~1200 mm?3. The experimenters were not blind to group assignment and outcome
assessment.

Statistical analysis

Results

Student’s t-test (unpaired, two-tailed) was used to calculate significance level between
treatment groups to calculate p values. P values of less than 0.05 were considered
significant. Graph generation and statistical analysis were performed using GraphPad Prism
version 6.02 software (GraphPad, La Jolla, CA).

Menin is overexpressed in liver cancer cells

To understand the tumorigenic function of menin in hepatocellular carcinoma we compared
the expression level of MENZ, which encodes menin, in normal liver and liver tumor
samples by analyzing the Oncomine datasets (30). Comparison of the MENI expression
level between the two sets of normal liver and HCC patient samples (31) revealed a
significant upregulation of MENZ in the liver tumor samples, Fig. 1A, consistent with the
previous studies (10). We further investigated the role of menin in liver cancer by assessing
the level of menin in several human HCC cell lines: HepG2, Hep3B, SNU449, SNU423,
MHCC97, PLC/PRF/5. Western Blot analysis confirmed that menin is expressed and
detectable in each of these HCC cell lines, although some variability in the menin expression
was observed, Supplementary Fig. S1A.
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Studies by Xu et al (10) support the importance of the menin interaction with MLL in
hepatocellular carcinoma. Therefore, we used the panel of HCC cell lines to evaluate the
expression level of two MLL family members, MLL1 (KMT2A) and MLL2 (KMT2B),
which are both capable of strong interaction with menin (11). Interestingly, we found much
higher expression level of MLLIthan MLLZ2in all HCC cell lines tested, Supplementary
Fig. S1B, which suggests that MLL 1, rather than ML L2, plays an important role in liver
cancer through a direct interaction with menin.

Menin-MLL inhibitor blocks proliferation of HCC cells

Knock down of menin substantially represses proliferation and reduces colony formation in
HCC cells (10). To determine whether pharmacologic inhibition of the menin-MLL1
interaction affects growth of liver cancer cells we used our recently reported and very potent
menin-MLL1 inhibitor MI-503 (Supplementary Fig. S1C), which has demonstrated strong
activity in MLL leukemia (18) and prostate cancer (19) models. Treatment with M1-503
inhibited the proliferation of HepG2 liver cancer cells in a dose- and time-dependent
manner, with a more pronounced effect observed upon prolonged treatment (over 7 days),
Fig. 1B. The need for a prolonged treatment in the HCC cells is consistent with the effects
we observed in MLL leukemia (18) and prostate cancer cells (19). Further examination of
MI-503 in a panel of HCC cell lines revealed a strongly decreased viability of these cells
after 7 and 12 days of treatment, with a half-maximal growth inhibitory (Glsg) concentration
ranging from 0.5 — 3.2 uM after 12 days of treatment, Fig. 1C, Supplementary Table 1.
Importantly, treatment with a structurally similar but much weaker menin-MLL inhibitor
MI-372 (Supplementary Fig. S1C) did not show an effect on HCC cell proliferation,
Supplementary Fig. S1D, Supplementary Table 1. These results validate that targeted
inhibition of the menin-MLL1 by MI-503 inhibits the growth of HCC cells. We have also
tested the effects of MI-503 treatment in normal adipose-derived ASC52 mesenchymal stem
cells, which served as a negative control cell line, and observed no substantial effect on cell
growth up to 6 uM of MI-503, Fig. 1D, Supplementary Table 1. These data are consistent
with no or limited effect of MI-503 in other negative control cell lines as we reported
previously (18,19) and demonstrate specificity of MI-503 on proliferation of liver cancer or
other menin-MLL dependent cells (18). To assess whether cell growth inhibition correlates
with menin engagement by MI-503 we performed the cellular thermal shift assay (CETSA).
MI-503 treatment of HepG2 cells at 45°C induced a thermal stabilization of menin when
compared to the DMSO treated cells, Fig. 1E, Supplementary Fig. S1E, confirming that
MI-503 binds to menin in HCC cells.

MI-503 blocks cell migration and sphere formation in HCC cells

The menin-MLL1 interaction was shown to contribute to the aggressive nature of HCC (10).
As cell migration is a property of cancer cells associated with cancer metastasis, we assess
the effect of menin inhibition on HCC cell migration using the cell culture wound closure
assay (32) by measuring the rate of wound closure after treatment with MI-503. The
migration of both HepG2 and Hep3B cells was markedly reduced upon treatment with
MI-503 when compared to the DMSO treated cells, Fig. 2A-D and Supplementary Fig.
S2A,B. Furthermore, we have also evaluated the effect of MI-503 on sphere formation in
HepG2 and Hep3B cell lines, both of which were previously shown to retain the capacity of
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sphere formation (33,34), a propensity of cancer stem cells (35). Treatment with MI-503
strongly inhibited sphere formation in both cell lines as indicated by markedly reduced
sphere numbers (Fig. 2E,G) and substantially smaller sphere sizes when compared to
DMSO-treated cells, Fig. 2F,H. Overall, all these data confirm strong effect of the MI-503
menin-MLL inhibitor in HCC cell lines, supporting a potential therapeutic value of menin-
MLL inhibitors in HCC.

MI-503 affects expression of genes linked to HCC

Previous studies have suggested that menin promotes liver tumorigenesis by regulating the
expression and function of YAPZ, an important “driver gene” in HCC, through an epigenetic
mechanism involving the H3K4me3 histone mark (10). To investigate whether
pharmacologic inhibition of the menin-MLL1 interaction affects YAPZ expression we have
treated HepG2 cells with MI-503 and assessed YAPI expression by gRT-PCR. We found a
dose dependent reduction in YAPZ expression after 6 days of treatment with M1-503, but
this effect was relatively modest, with only ~40% downregulation of YAPZ observed
following treatment with 2 uM MI-503, Fig. 3A. Furthermore, downregulation of YAPI
expression did not become more pronounced after prolonged (13 days) treatment of HepG2
cells with MI-503, Fig. 3A.

To further investigate the effect of menin-MLL1 inhibition on gene expression changes in
HCC cells we performed the RNA sequencing (RNA-seq) studies in HepG2 cells following
treatment with MI1-503. We found 291 and 552 genes down- and upregulated, respectively,
that showed at least 2-fold change in the expression level following treatment with M1-503,
Supplementary Table 2. We then have performed the GSEA analysis and found significant
enrichment for genes up and down-regulated in a subclass of HCC with activated CTNNB1
gene encoding B-catenin (36). A set of genes up- and down-regulated upon treatment with
MI-503 is, respectively, down and up-regulated in this subtype of HCC, Fig. 3B,C. The
CTNNBI1 gene encodes B-catenin and its mutations lead to the activation of Wnt signaling,
which plays an essential role in development of HCC by controlling cell proliferation,
apoptosis, cell cycle and motility (37-39). Mutations in CTNNBI are highly prevalent in
HCC, representing the second most frequently mutated gene in HCC (40). Indeed, the
HepG2 cell line represents the liver cancer cell line characterized by activated Wnt signaling
and expresses a truncated p-catenin lacking the Ser/Thr domain that regulates its degradation
(41), Supplementary Table 3. The observation that MI1-503 reverses gene expression
signature in HCC with activating CTNNBI mutations supports the potential application of
menin-MLL1 inhibitors in HCC with activated Wnt-signaling pathway.

The RNA-seq data for HepG2 cells treated with MI-503 showed only a minor reduction
(~20%) in the YAPI expression, which did not reach statistical significance, Supplementary
Table 2; this was likely due to a lower sensitivity of this method compared to gRT-PCR (see
above). Interestingly, within the top genes strongly downregulated following treatment with
MI-503 we found several genes known to promote proliferation or migration of HCC cells,
including PEG10, SLC38A4 and SEMAS3C (Supplementary Table 2). These results were
further validated by the gRT-PCR studies in both HepG2 and Hep3B cells, demonstrating a
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strong reduction in the expression level of these genes following treatment with MI1-503, Fig.
3D,E.

The PEG10 (Paternally Expressed Gene 10) gene is not expressed in normal adult liver (24)
but is highly overexpressed in HCC (24,25). Indeed, the Oncomine (30) analysis has
confirmed the high overexpression of PEG10in HCC in different sets of patient samples
when compared to normal liver samples, Fig. 3F. Furthermore, significant correlation of
PEG10and MEN1 expression was found in the HCC patient samples but not in normal liver
samples (Fig. 3G,H), suggesting a positive regulation of PEG10by menin. Importantly,
PEG10promotes cancer cell growth in HCC and is associated with poor patient survival and
with tumor recurrence (24,25). Therefore, inhibition of HCC cell growth induced by
MI-503, Fig. 1C, could, at least in part, result from the downregulation of PEG10. As
mentioned above, treatment of HCC cells with M1-503 also leads to downregulation of both
SLC38A4, a gene activated in HCC that confers growth and survival advantages in the pre-
malignant and malignant lesions (42), and SEMA3C (semaphorin 3C), which plays an
important role in migration of HCC cells (43), Fig. 3D,E and Supplementary Table 2. These
results suggest that pharmacologic inhibition of the menin-MLL interaction can block
hepatocellular carcinoma by its effects on pathways associated with the proliferation and
migration of HCC cells.

Interestingly, among genes markedly upregulated upon treatment of HepG2 cells with
MI-503 we found GDF15 (Growth Differentiation Factor 15), Supplementary Table 2. The
gRT-PCR studies performed in HepG2 and Hep3B cells demonstrated ~3-fold increase in
GDF15 expression following treatment with MI-503, and this effect was dose dependent,
Fig. 3D,E. Downregulation of GDF15was previously found to be associated with HCC
development, while restoration of GDF15 level attenuated the progression of HCC (44);
however the role of this gene in HCC seems to be quite complex (45). Nevertheless, we
selected this gene as a positive control in the gene expression studies as its level increases
following menin-MLL1 inhibition, but the functional consequences of GDF15 changes due
to MI-503 treatment of HCC cells still need further investigation.

PEG10 is a direct target of menin-MLL1 complex

The finding that treatment of HCC cells with MI-503 resulted in downregulation of PEG10
prompted us to perform chromatin co-immunoprecipitation (ChiP) experiments in HepG2
cells to determine whether the menin-MLL1 complex regulates PEG10expression through a
direct binding to this gene. We first assessed menin binding to PEG10and found strong
enrichment of menin at two sites (P-B and P-C), Fig. 4A,B. We then assessed the effect of
MI-503 on the binding of the menin-MLL1 complex to PEG10 at the sites with highest
menin occupancy, Fig. 4A,B. We observed a strong, dose-dependent reduction in both menin
and MLL1 binding to the PEG10promoter after 6 days of treatment with MI1-503, Fig.
4C,D. MLL1 is a histone methyltransferase that catalyzes H3K4 tri-methylation,
representing a chromatin activation mark. Therefore, we assessed whether reduced binding
of the menin-MLL1 complex to PEG10induced by MI-503 affects the H3K4 tri-methylation
mark at those sites. We found that M1-503 treatment resulted in marked reduction in
H3K4me3 at both sites on PEG10, Fig. 4C,D, consistent with the reduced expression of
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PEG10, Fig. 3D. These results support an epigenetic regulation of PEG10by the menin-
MLL1 complex and demonstrate that pharmacological inhibition of the menin-MLL1
interaction releases this complex from PEG10and leads to a reduction in H3K4 tri-
methylation and downregulation of PEG10expression.

Sorafenib sensitizes HCC cells to MI-503 treatment

Sorafenib, a multikinase inhibitor of tyrosine protein kinases with a validated therapeutic
activity against HCC, has been approved for clinical use in patients with unresectable
hepatocellular carcinoma (1). We explored whether sorafenib would sensitize HCC cells to
pharmacologic inhibition of the menin-MLL1 interaction by testing a combination of
sorafenib and MI-503. Both sorafenib and MI-503 were used at concentrations required for
effective growth inhibition in HCC cells (4), Fig. 5A,C. The inhibitory effect of MI-503 on
HepG2 cell growth was strongly enhanced by a combination with sorafenib, Fig. 5A. The
combination indices (Cls) calculated for the simultaneous treatment of HepG2 cells with
MI-503 and sorafenib ranged from 0.45 — 0.66, suggesting strong synergistic effect, Fig,
5A,B. Similarly, the combination of MI-503 and sorafenib resulted in a more pronounced
inhibition of cell growth in Hep3B cells when compared to treatment with either compound
individually, Fig. 5C. The calculated CI values (<0.66) support synergistic effect of MI1-503
and sorafenib, Fig. 5C,D. Overall, these results demonstrate that sorafenib sensitizes HCC
cells to the pharmacologic inhibition of the menin-MLL1 interaction.

MI-503 inhibits tumor growth in vivo in HCC xenograft models

The pronounced effects of MI-503 observed in HCC cell lines prompted us to assess the
therapeutic potential of the menin-MLL inhibitor in in vivo models of HCC. We have
recently shown that MI-503 has a favorable pharmacokinetic (PK) profile in mice and have
demonstrated strong /n vivo efficacy in mice models of MLL leukemia (18) and in castration
resistant prostate cancer (19), which emphasizes its suitability as a candidate for /n vivo
studies. Here, we used MI-503 both as a single agent and in combination with sorafenib to
assess the /n vivo efficacy of the menin-MLL1 inhibition in two mouse models of HCC:
HepG2 and Hep3B xenograft models. The HepG2 or Hep3B cells were implanted into the
flank of athymic nude mice. Treatment with MI-503 and/or sorafenib was then initiated
when the tumors reached ~100 mms3 volume and was continued until the volume of the
tumor in the vehicle treated mice reached ~1,200 mm3 (2-3 weeks). Once daily
intraperitoneal (i.p.) administration of MI-503 at a 35 mg/kg dose caused a strong reduction
(>50%) in the tumor growth in both HepG2 and Hep3B xenograft models, Fig. 6A,B.
Furthermore, an 85% inhibition of the tumor growth was observed in both xenograft models
when MI-503 was combined with sorafenib, Fig. 6A,B. Importantly, no substantial signs of
toxicity (e.g. no significant changes in mouse body weight or liver enzymes level), were
observed in the mice during the treatment, Supplementary Fig. S3. These results support a
potential therapeutic value of menin-MLL inhibitors in HCC. Since sorafenib alone leads to
>50% tumor growth inhibition in both xenograft models, Fig. 6A,B, it remains to be
explored whether lower doses of both compounds could result in even stronger
combinatorial effect /n vivo.
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We next examined gene expression in the tumor samples collected from the HepG2
xenograft mice treated with MI-503, sorafenib, combination of both agents or vehicle. The
tumor samples collected from mice treated with MI-503 as a single agent showed a marked
reduction in the expression level of PEG10and SLC38A4, which are both growth promoting
genes in HCC cells, Fig. 6C. Upregulation of GDF15was also observed in MI-503-treated
mice when compared to vehicle-treated control mice, Fig. 6C. These results were consistent
with the on target activity of MI-503 and gene expression studies performed /n vitro in the
HepG2 and Hep3B cells, Fig. 3D,E. In contrast, we did not observe statistically significant
effect on the expression level of PEG10, SL C38A4 or GDF15in the tumor samples isolated
from mice treated with sorafenib alone, Fig. 6C. These results indicate a different
mechanism of action for sorafenib and MI-503 in HCC cells. Interestingly, combinatorial
treatment of MI-503 and sorafenib in mice resulted in a similar trend in the gene expression
changes as observed for MI-503 alone (especially for the downregulated genes), but the
effects are less pronounced and did not reach statistical significance, Fig. 6C. Taken
together, the reduction in the tumor growth in the /n vivo models of HCC induced by MI-503
correlated with the decrease in the expression level of genes linked to HCC, thereby
validating the on target mechanism of action of MI-503. These results demonstrate that
pharmacologic inhibition of the menin-MLL interaction and/or its combination with
sorafenib could represent an effective approach for HCC treatment.

Discussion

Hepatocellular carcinoma represents an aggressive and incurable cancer that requires new
therapies for effective patient treatment. Menin is upregulated in HCC, Fig. 1A, and a high
level of menin expression correlates with poor patient survival, emphasizing an important
role of menin in HCC (10). Since menin interaction with MLL1 was indicated to play an
important role in the development of hepatocellular carcinoma, we hypothesized that
pharmacologic inhibition of this interaction could represent a new therapeutic approach in
HCC. Here, we established that MI-503, a potent small molecule inhibitor of the menin-
MLL1 interaction, has a pronounced anti-tumor effect in both /in vitroand in vivo models of
HCC. Treatment with MI-503 results in effective killing of HCC cells and reduces sphere
formation and cell migration. The combination of MI-503 with sorafenib, multi-kinase
inhibitor currently used in the clinic for HCC treatment, synergistically enhanced the effects
of MI-503 on proliferation of HCC cells. Furthermore, /n vivo application of MI-503
resulted in marked reduction in tumor growth in HepG2 and Hep3B xenograft models, and
these effects were enhanced by combination of M1-503 with sorafenib. Overall, our studies
demonstrate that pharmacologic inhibition of the menin-MLL interaction has a pronounced
effect in HCC models, both /n vitroand in vivo, and this approach might be promising as
therapy for HCC patients.

Previous studies have suggested that menin function in liver tumorigenesis is associated with
transcriptional activation of YAPZ, an important oncogene in HCC (10,15). However, here
we found that pharmacologic inhibition of the menin-MLL1 interaction had only a modest
effect on the YAPI expression in HepG2 cells. Instead, we found strong downregulation of
other genes involved in HCC cell growth or migration, including PEG10, SLC38A4 and
SEMAS3C, following treatment with the MI-503 menin-MLL inhibitor. We further validated
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that M1-503 reduces the binding of menin and MLL1 to PEG10and decreases the H3K4me3
level at PEG10, providing an important mechanistic link between PEG10and the menin-
MLL1 axis in HCC, Fig. 6D. Furthermore, global gene expression studies have identified
that MI-503 affects expression of genes associated with a sub-class of HCC with mutations
in CTNNBI1, which encodes B-catenin, thereby providing a link to the Wnt signaling
pathway that is known to play a crucial role in a subset of HCC (37-39). Overall, our studies
demonstrate that the role of menin in HCC is much more complex than the transcriptional
regulation of YAPZ and Hippo pathway, as previously suggested (10). The menin-MLL1
complex participates in epigenetic activation of several genes involved in HCC pathogenesis,
rather than regulating a specific pathway in HCC.

We have previously demonstrated strong anti-tumor effects of the MI-503 menin-MLL1
inhibitor in /n vitroand in vivo models of MLL leukemia (18), prostate cancer (19) and
Ewing sarcoma (46). In addition, our earlier menin-MLL1 inhibitor, MI-2, also strongly
inhibited tumor cell growth in pediatric gliomas with H3.3K27M mutations (47) and
downregulated genes involved in the estrogen receptor positive breast cancer (48). In the
study presented here we demonstrate that pharmacologic inhibition of the menin-MLL1
interaction by MI-503 leads to the effective killing of HCC cells and pronounced /n vivo
tumor growth inhibition, providing an another example of the anti-tumor effect resulting
from blocking the menin-MLL1 interaction. The results of these studies might suggest a
novel and promising treatment for HCC patients by using the menin-MLL1 inhibitors either
as single agents or in combination with known drugs, including sorafenib. While menin-
MLL1 inhibitors may represent valuable anti-cancer agents, further studies are needed to
assess inhibition of the menin-MLL1 interaction in the context of tumor suppressor function
of menin in endocrine tissues (49). Although loss of menin results in MEN1 tumors, many
MENI missense mutations are outside of the MLL binding site on menin (50), suggesting
that other menin interactions may be required for the tumor suppressor activity of menin.
Clinical studies are needed to address the utility of menin-MLL1 inhibitors in HCC and
other cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of MI1-503 menin-MLL inhibitor on HCC cell lines growth
A. MENI expression in normal versus tumor liver cells based on the analysis of the

Oncomine datasets (30). B. Growth curves demonstrating the effect of MI1-503 on cell
growth in HepG2 cells. Viable cells were counted at days: 3, 6, 9, 13. Data are normalized to
DMSO treated cells and represent mean of duplicates + SD. C. MTT cell viability assay
performed in HCC cell lines after 12 days of treatment with MI-503. Data are normalized to
the DMSO treated cells and represent mean of quadruplicates = SD. D. MTT cell viability
assay performed for MI-503 in normal adipose-derived mesenchymal stem cells, ASC52.
Data are normalized to the DMSO treated cells and represent mean of quadruplicates  SD.
E. Results from the Cellular Thermal Shift Assay (CETSA) performed in HepG2 cells.
Detection of menin and GAPDH is shown on the SDS-PAGE gel. MI-503 was used at 2 uM.
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Figure 2. M1-503 blocks sphere formation and cell migration in HCC cell lines
A-D. Inhibition of cell migration in HepG2 (A, B) and Hep3B (C, D) cells upon treatment

with MI-503 measured by the wound closure assay. Data in panels A and C represent mean
of duplicates + SD. * indicates p < 0.05, ** indicates p < 0.01. E, G. Quantification of
spheres in the sphere formation assay performed in HepG2 (E) and Hep3B (G) cells upon 14
days of treatment with MI1-503 and DMSO. Data represent mean of duplicates + SD. F, H.
Pictures of spheres upon treatment of HepG2 (F) and Hep3B (H) cells with MI-503 or
DMSO.

Mol Cancer Ther. Author manuscript; available in PMC 2019 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kempinska et al. Page 17

A HepG2 D HepG2 GDF15
4
day 6 day 13
1.00 o
c
52 5% °
§3 o7 50
S0 o= 21 PEG10 SLC38A4
3o 050 g2
T2 3 SEMA3C
5 025 °
N =
0.00
§2.0 06 0.2 {4020 06 0.2 0
S MIS03(M) & ML503 (uM) S43 o043 o043 o4 3
S MI-503 53 MI-503 & MI-503 & MI-503
O M S @ 9 M) S (M)
B HepG2 E
3 o
genes down-regulated in @ 2
= o

CTNNB1 subclass Hep3B GDF15

. NES=225
“\._ FDR = 0.001

w

SEMAS3C

expression
relative to DMSO
N

SLC38A4

o

4315 o4 315 4315 o4 315

o o
Qé” M-503 £ MI-503 Qé” M-503 € MI-503

[ RS Y)) WM Q9 um)
C HepG2
3
) 8 g F
genes up-regulated in g =
CTNNB1 subclass 2
. = u Roessler Liver Roessler Liver2
g. - NES =-2.27 43 samples 445 samples
£, “._ FDR=0.002 p=31E7 p=12E49
5 =N / P g
£ ~ = s
i . { 88 6 kol g 8
. et O -4 6
8¢ . 88
L LEN
H I | 22z S 2
— K
~g O ~E O
N E NE
s G g .,
normal  HCC normal  HCC
o o Ve liver
G Roessler Liver2 H Roessler Liver2
225 samples (HCC) 220 samples (normal liver)
p <0.0001 p=0.1201
y=1.205x+2935 ¥ =0.2356 X + 0.2482
.
c
<
g s
8 8
£ g
3 x
3 3
=} * e
) o
o
n &
MEN1 expression MEN1 expression

Figure 3. Menin-MLL inhibitor inhibits genes involved in proliferation and migration of HCC
cells

A. Quantitative RT-PCR analysis of YAPI expression performed in HepG2 cells after 6 and
13 days of treatment with MI-503 or DMSO. Data represent mean of duplicates + SD. B,C.
Gene Set Enrichment Analysis (GSEA) of genes downregulated (B) or upregulated (C) upon
treatment with M1-503 in HepG2 cells as compared with genes from the Wnt signaling
overexpressed in patient samples. The heat maps show genes comprising the leading edge of
the GSEA plots. Red indicates high expression, blue indicates low expression. Triplicate
samples were used for global gene expression studies. NES: Normalized Enrichment Score,
FDR: False Discovery Rate. D, E. Quantitative RT-PCR analysis of PEG10, SEMA3C,
SLC38A4 and GDF15expression performed in HepG2 (D) or Hep3B (E) cells after 6 days
of treatment with MI-503 or DMSO. Data represent mean of triplicates + SD. Expression of
genes in A, D, E was normalized to GAPDH and referenced to DMSO-treated cells. F.
Expression level of PEG10in normal liver samples compared to hepatocellular carcinoma as
obtained from the analysis of two datasets (Roessler liver, Roessler liver 2) in the Oncomine
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database. G, H. Correlation of PEG10with MENI expression in HCC (G) or normal liver
samples (H). Gene expression is shown as log2 median-centered intensity.
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Figure 4. Epigenetic regulation of PEG10 by menin-MLL1 in HCC
A. Diagram showing the location of primers at the promoter and downstream regions of

PEG10. Genomic coordinates are provided in Supplementary Methods. B. Menin binding to
different regions (P-A — P-D) of PEG10obtained from the chromatin immunoprecipitation
(ChiP) experiment performed in HepG2 cells. C, D. ChiP experiments performed in HepG2
cells upon 6 days of treatment with various concentrations of M1-503 or DMSO to detect
menin and MLL1 binding as well as H3K4me3 on PEG10. Real-time PCR was performed
on the precipitated DNAs with P-B (C) and P-C (D) primers for PEG10genomic regions.
IgG was used as a control. Data represent mean of triplicates + SD.
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Figure 5. Sorafenib sensitized HCC cells to the treatment with MI1-503
A. MTT cell viability assay performed after 4 days of treatment of HepG2 cells with

MI-503, sorafenib and both agents tested simultaneously. Data represent mean of
quadruplicates £ SD. B. Isobologram obtained from analysis of the combination of MI-503
and sorafenib in HepG2 cells after 4 days of treatment. Combinatorial indices (Cl < 1)
indicate synergistic effect between these two agents in HepG2 cells. C. MTT cell viability
assay performed after 5 days of treatment of Hep3B cells with MI-503, sorafenib or both
agents tested simultaneously. Data represent mean of quadruplicates + SD. D. Isobologram
obtained from analysis of the combination of MI-503 and sorafenib in Hep3B cells after 5
days of treatment. Combinatorial indices (Cl < 1) indicate synergistic effect between these
two agents in Hep3B cells.
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Figure 6. In vivo efficacy of MI1-503 in HCC models
A, B. /n vivoinhibition of the tumor growth by MI-503 (35 mg/kg, i.p.), sorafenib (20

mg/kg or 40 mg/kg in HepG2 and Hep3B xenografts, respectively, p.o.) or combination of
both agents relative to vehicle control in HepG2 (A) and Hep3B (B) mice xenograft models,
n = 8-9 mice per group. Mice were treated once daily at the doses indicated above. Error
bars represent SEM. C. Expression of PEG10, SLC38A4 and GDF15measured by qRT-
PCR of RNA extracted from tumor samples harvested at the end point of treatment with
MI-503, sorafenib, combination of both agents or vehicle in HepG2 xenograft model (panel
A). PEG10, SLC38A4 and GDF15transcripts levels are normalized to the mean transcript
level in tumors from vehicle treated mice; n =5 per group. p values < 0.05 are considered
significant. NS — not significant. D. Menin interaction with the MLL1 histone
methyltransferase complex leads to increase in the H3K4 tri-methyl mark on PEG10and
possibly other genes relevant to HCC resulting in increased expression of these genes (left
panel). Inhibition of the menin-MLL1 interaction by MI-503 results in reduced H3K4me3
and repression of PEG10and possibly other genes relevant to HCC (right panel).
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