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Modifying metabolically sensitive histone marks
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The interplay of metabolism and epigenetic regulatory mechanisms has become a focal point for a better understanding
of cancer development and progression. In this study, we have acquired data supporting previous observations that
demonstrate glutamine metabolism affects histone modifications in human breast cancer cell lines. Treatment of non-
invasive epithelial (T-47D and MDA-MB-361) and invasive mesenchymal (MDA-MB-231 and Hs-578T) breast cancer cell
lines with the glutaminase inhibitor, compound 968, resulted in cytotoxicity in all cell lines, with the greatest effect
being observed in MDA-MB-231 breast cancer cells. Compound 968 treatment induced significant downregulation of 20
critical cancer-related genes, the majority of which are anti-apoptotic and/or promote metastasis, including AKT, BCL2,
BCL2L1, CCND1, CDKN3, ERBB2, ETS1, E2F1, JUN, KITLG, MYB and MYC. Histone H3K4me3, a mark of transcriptional activation,
was reduced at the promoters of all but one of these critical cancer genes. The decrease in histone H3K4me3 at global
and gene-specific levels correlated with reduced expression of SETD1 and ASH2L, genes encoding the histone H3K4
methyltransferase complex. Further, the expression of other epigenetic regulatory genes, known to be downregulated
during apoptosis (e.g., DNMT1, DNMT3B, SETD1 and SIRTT), was also downregulated by compound 968. These changes in
gene expression and histone modifications were accompanied by the activation of apoptosis, and decreased invasiveness
and resistance of MDA-MB-231 cells to chemotherapeutic drug doxorubicin. The results of this study provide evidence
to a link between cytotoxicity caused by inhibiting glutamine metabolism with alterations of the epigenome of breast
cancer cells and suggest that modification of intracellular metabolism may enhance the efficiency of epigenetic therapy.

Introduction

Accumulated evidence in recent years indicates an existence of
an intimate link between the metabolic status and epigenetic
regulation of cells." This is evident by the fact that a variety of
small molecules derived from intermediary intercellular metabo-
lism, including S-adenosylmethionine, pyruvate, flavin adenine
dinucleotide, nicotine adenine dinucleotide, folate, acetyl coen-
zyme A, a-ketoglutarate and iron, are essential for proper main-
tenance of the cellular epigenome.>*> The metabolic status and
epigenetic regulation are well-balanced in normal cells, but they
are profoundly disturbed in cancer cells, including breast cancer
cells.*® In a previous study using a panel of human breast cancer
cell lines, we demonstrated that metabolite levels, metabolically
sensitive epigenetic histone marks and the expression of metabolic
and histone modifying enzyme genes are associated with different
stages of breast carcinogenesis.” For example, highly invasive and
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drug-resistant MDA-MB-231 and Hs-578T mesenchymal breast
cancer cells were characterized by altered glutamine-glutamate lev-
els indicative of increased glutamine metabolism, a greater expres-
sion of glutaminase (GLSI) and histone deacetylase 9 (HDAC9)
genes and a lower level of histone H4 lysine 20 trimethylation
and H4 lysine 16 acetylation (H4K16ac) as compared with non-
invasive epithelial T-47D and MDA-MB-361 breast cancer cells.’

The results of recent studies have suggested that glutamate is

a key player in tumorigenesis,'**?

including breast cancer devel-
opment and progression.'">" Specifically, Wang et al.” dem-
onstrated that an aberrant increase in glutaminase-catalyzed
hydrolysis of L-glutamine to L-glutamate contributes to tumori-
genesis, and Asiago et al.'" reported that an elevated level of gluta-
mate is associated with disease outcome in breast cancer patients;
however, the mechanism by which the aberrant glutamine-gluta-
mate metabolic pathway may influence breast cancer tumorigen-
esis has not been elucidated.
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Figure 1. Compound 968 is cytotoxic in multiple human breast cancer cell lines. Cell survival was determined as described in “Materials and Methods”
in MCF-10A, MDA-MB-361, T-47D, Hs-578T and MDA-MB-231 breast cancer cells following 2 and 4 d treatments with 10 uM compound 968 or DMSO
control (n = 3). Percent survival was determined by dividing the number of remaining 968 treated cells by the number of remaining viable DMSO
treated cells. Assays were performed in triplicate and error bars represent the standard deviation between replicate independent experiments. Aster-
isks indicate a significant difference from DMSO control; *p < 0.05; **p < 0.01.

One possible mechanism is associated with the fact that metab-
olites involved in intracellular glucose and glutamine metabolic
pathways are substrates for several histone modifying enzymes,
including histone acetyltransferases (HATs) and histone demeth-
ylases (HDMs). Specifically, acetyl-CoA is required for the
proper functioning of HATSs, and 2-oxoglutarate is a co-factor for
HDMs; affecting the levels of these substrates influences histone
modifications, gene expression and cellular phenotype. For exam-
ple, inhibiting the production of acetyl-CoA by siRNA silenc-
ing of ATP-citrate lyase, reduces global and gene-specific levels
of histone acetylation and influences gene expression and cellu-
lar phenotype.” Further, we have demonstrated that low levels
of H4K16ac in human MDA-MB-231 breast cancer cells can be
partially reversed by using compound 968, a dibenzophenanthri-
dine, to block glutamate production via highly specific inhibition
of glutaminase,'® and that the compound 968 treatment signifi-
cantly reduces the global level of histone H3 lysine 4 trimeth-
ylation (H3K4me3).” Therefore, it is plausible that glutamate
production influences histone modifications to reprogram cells.

In this study, we investigated whether metabolic targeting of
the epigenome using compound 968 influences gene expression
and affects the cellular phenotype. We found that compound
968 treatment substantially reduces cell survival of T-47D,
MDA-MB-361, Hs-578T and, especially, MDA-MB-231 human
breast cancer cells. The activation of apoptosis, decreased survival
and invasiveness of MDA-MB-231 cancer cells, and increased drug
sensitivity was accompanied by downregulation of gene expression
and reduced histone H3K4me3 at the promoters of oncogenes and
tumor suppressor genes, particularly at genes playing a fundamen-
tal role in apoptosis, cell cycle, cell adhesion and metastasis.

Results

Effect of compound 968 treatment on human breast can-
cer cells. A previous report by Wang et al.’>!® showed that
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blocking glutamine metabolism via GLS1 inhibition in human
breast cancer cells with compound 968 decreases prolifera-
tion of MDA-MB-231 cells and hampers tumor formation and
progression in vitro and in vivo. Indeed, Figure 1 shows that
repeat-dose treatment of MDA-MB-361, T-47D, Hs-578T and
MDA-MB-231 breast cancer cell lines with compound 968 was
cytotoxic for all studied cancer cells (p < 0.05), with the great-
est cytotoxic effect being found in MDA-MB-231 cancer cells
(p < 0.01 for both acute single dose and repeat-dose treatments).
In contrast, compound 968 had a less pronounced cytotoxic
effect on normal breast epithelial MCF-10A cells.

Compound 968 alters the expression of cancer-related genes
in MDA-MB-231 cancer cells. Figure 2A shows that treatment
of MDA-MB-231 cells with compound 968 resulted in the down-
regulation of 20 genes (fold change = 2.0 and p < 0.05), whereas
expression of 52 genes (62%) showed either no difference, or
changed below the = 2.0-fold cut off values (Table S1). Among
these genes, several genes, including critical VHL, MGMT and
FHIT tumor suppressor genes, were upregulated 1.6-, 1.8- and
1.9-fold, respectively. Additionally, 12 genes displayed Ct val-
ues > 33 cycles, suggesting that these genes are not expressed
in MDA-MB-231 cells (Table S1). The majority (75%) of the
genes downregulated by compound 968 treatment are involved
in the regulation of apoptosis, including 11 anti-apoptotic genes,
eg, AKT, BCL2, BCL2L1, CCNDI1, CDKN3, ERBB2, ETSI,
JUN, KITLG, MYB and MYC, which were downregulated 2.0-
to 5.5-fold; 2 pro-apoptotic genes, e.g., RASSFI and RBI, which
were downregulated 4.1- and 2.4-fold; and, two genes that pos-
sess anti-apoptotic and pro-apoptotic functions, e.g., E2FI and
TP73, that were downregulated 3.4- and 3.8-fold, respectively
(Table 1). Treatment of MDA-MB-231 cells with compound
968 resulted also in a decreased expression of 11 genes involved
in cell adhesion, migration, and invasion (Table 1).

Compound 968 affects the gene-specific histone H4K16ac
and H3K4me3 patterns in MDA-MB-231 cancer cells. Next,
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Figure 2. Compound 968-induced downregulation of gene expression correlates with reduced histone H3K4me3 at corresponding gene promot-

ers. (A) Differentially expressed genes (fold change > 2.0 and p < 0.05; n = 3) in MDA-MB-231 cancer cells in response to 2 d treatment with 10 .M
compound 968 (black bars) or DMSO control (white bars) are shown. The data are presented as an average fold-change in the expression of each gene
in the compound 968-treated cells relative to expression in the untreated control cells, which were assigned the value 1. Fold-changes were deter-
mined by normalizing expression to B2-microglobulin and RPL13A. Error bars = SD. Relative changes in histone H4K14ac (B) and histone H3K4me3 (C)
at the promoters of differentially expressed genes. A ChIP assay was performed with primary antibodies against acetyl-histone H4 lysine 16 (H4K16ac),
trimethyl-histone H3 lysine 4 (H3K4me3), or rabbit IgG. Purified DNA from immunoprecipitates and from input DNA was analyzed by qPCR with the
Human Oncogenes and Tumor Suppressor Genes EpiTect ChIP PCR Arrays (Qiagen). The data are presented as fold-change in compound 968-treated
MDA-MB-231 cells relative to the DMSO control MDA-MB-231 cells after normalization to input DNA and control IgG. Error bars = SD. Asterisks denote a
difference (fold change > 1.5) from the untreated control cells.
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Table 1. Differentially expressed genes in MDA-MB-231 breast cancer cells treated with compound 968 (fold change > 2.0 and p < 0.05; n = 3)

Gene el Fold Transcription
symbol change factor
AKT1 v-akt murine thymoma viral 25
oncogene homolog 1
BCL2 B-cell CLL/lymphoma 2 -5.5
BCL2L1 BCL2-like 1 2.7
BRCA1 breast cancer 1, early onset -2.0
BRCA2 breast cancer 2, early onset -2.5 X
CCND1 cyclin D1 -2.0
CDH1 E-cadherin -2.6
CDKN3 cyclin-dependent kinase inhibitor 3 29
E2F1 E2F transcription factor 1 -34 X
ERBB2 v-erb-b2 erythroblastic leukemia 21
(HER2) viral oncogene homolog 2
G e x
HIC1 hypermethylated in cancer 1 -2.3
JUN proto-oncogene c-Jun -2.2
KITLG KIT ligand 2.5
MYB myeloblastosis oncogene -2.1 X
e e o x
NF2 neurofibromin 2 (merlin) -2.6
RASSF1 Ras association domain family 41
member 1
RB1 retinoblastoma 1 2.4
TP73 tumor protein p73 -3.8

we determined if the gene expression changes induced by com-
pound 968 are associated with gene-specific changes in the his-
tone modification pattern at the promoters of the same tumor
suppressor genes and oncogenes. Figure 2B shows that among
the genes that displayed significant gene expression changes only
three genes exhibited an increase in histone H4K16ac at their
promoters, whereas in six genes the level of histone H4K16ac did
not change, and in 11 other genes histone H4K16 significantly
decreased (fold change = 1.5). In contrast, as expected, in 19 out
of 20 genes, we observed a decrease in the gene-specific histone
H3K4me3 level (Fig. 2C) similar to what was found previously
at the global level.’

Compound 968 alters the expression of DNA and histone
modifying genes in MDA-MB-231 cancer cells. To evaluate
further the effect of compound 968 treatment on the function-
ing of the DNA and histone methylation machinery, gqRT-PCR
was conducted to examine the expression of DNA methyl-
transferases (DNMTs) DNMT1, DNMT3A and DNMT3B,
histone methyltransferases (HMTs), including, histone H3K4
methyltransferases SETDIA and ASH2L,"”' histone H3K9
methyltransferase EHMT2Y and histone H4K16 deacetylase
SIRT1.*®

1416 Epigenetics

Cell adhesion,

Anglo.- Apoptosis migration and b dama.ge
genesis 2 . cycle and repair
invasion
X X X X
X
X
X
X
X X
X X X X
X X X
X
X
X
X
X
X X X
X
X

Figure 3 shows that treatment of MDA-MB-231 cells with
compound 968 resulted in the significant downregulation of
DNMTI, DNMT3B, SETDIA, ASH2L and SIRT (p < 0.05). In
contrast, expression of DNMT3A and EHMT2 was not affected
by the compound 968 treatment.

Compound 968 activates apoptosis, decreases invasiveness,
and increases drug sensitivity in MDA-MB-231 cancer cells.
Finally, we studied whether compound 968-mediated alterations
in gene expression and histone modifications in MDA-MB-231
cancer cells affects their key phenotypic features, such as evasion
to apoptosis, invasiveness, and resistance to chemotherapeutic
drugs. Figure 4A shows that the activity of effector caspases 3/7
was 1.7-times greater in compound 968-treated MDA-MB-231
cells than in untreated cells. Additionally, the expression of ini-
tiator caspase 8 was significantly upregulated also (Fig. S1).

Treatment of MDA-MB-231 breast cancer cells with com-
pound 968 substantially reduced the invasiveness of cells (Fig.
4B). Additionally, compound 968-treated MDA-MB-231 cells
exhibited an increased sensitivity to doxorubicin (DOX), a drug
that is commonly used to treat breast cancer. This was evidenced
by the fact that compound 968 strongly lowered IC,, for DOX
from 5.5 pM to 1.8 M, or 67% in MDA-MB-231 cells (Fig. 4C).
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Figure 3. Expression of DNMT1, DNMT3A, DNMT3B, SETD1A, ASH2L, EHMT2 and SIRT1 histone-modifying genes in the DMSO control and compound
968-treated MDA-MB-231 human breast cancer cells. Total RNA from the untreated and compound 968-treated cells was used to evaluate transcript
abundance of DNMT1, DNMT3A, DNMT3B, SETD1A, ASH2L, EHMT2 and SIRT1 genes. The gene expression was determined by qRT-PCR as detailed in “Ma-
terials and Methods.” Data are presented as an average fold change in the expression of each gene in the compound 968-treated cells relative to that
in the corresponding DMSO control cells, which were assigned a value 1. Asterisks denote a significant (p < 0.05) difference from the DMSO control

Discussion

Emerging evidence has indicated that targeted blocking of glu-
taminase and glutamine metabolism in cancer cells via either
small molecules, e.g., compound 968 and bis-2-(5-phenylacet-
amido-1,2,4-thiadiazol-2-yl)ethyl sulfide (BPTES), or siRNA?
may improve disease outcome in cancer, including breast can-
cer.!322 In the present study we demonstrate that treatment of
human breast cancer MDA-MB-231 cells with compound 968
reduces cancer cell survival, which was accompanied by down-
regulation of critical cancer-related genes closely associated with
breast cancer progression, particularly at genes playing a funda-
mental role in apoptosis, cell cycle, and cell adhesion and metas-
tasis. The majority of the downregulated genes are involved in the
regulation of apoptosis (Table 1). Importantly, 11 of the down-
regulated apoptotic pathway genes were anti-apoptotic oncogenes,
a number substantially greater than the two downregulated pro-
apoptotic tumor suppressor genes. This may shift the balance
between apoptotic and anti-apoptotic processes in MDA-MB-231
cells toward activation of apoptosis, with a resultant increase in the
cytotoxic effects of compound 968. This suggestion is supported
by a wealth of data showing that inhibition of several anti-apop-
totic oncogenes, which were found to be downregulated by com-
pound 968 treatment, including AKT1, BCL2, CCNDI, ERBB2,
ETSI, JUN and MYC, induces apoptosis in cancer cells of differ-
ent cancer types, including breast cancer cells.?*° Furthermore,
there is convincing evidence that the loss of the RBI gene, one
of the tumor-suppressor genes downregulated by compound 968
treatment, may trigger unscheduled apoptosis.>"#

Treatment of MDA-MB-231 cells with compound 968 also
resulted in a decreased expression of 11 genes involved in cell

www.landesbioscience.com

migration, invasion and metastasis (Table 1). Previously, we
demonstrated that reversing the highly metastatic mesenchymal
phenotype of MDA-MB-231 cancer cells increases their sensi-
tivity to chemotherapeutic agents via activation of apoptotic
program.’® Similarly, several studies have shown anti-oncogenic
effects by suppressing the expression of invasion and metastasis
genes, including AKT1, CCNDI, E2F1, ERRB2 and JUN.*"34%
This suggests that the compound 968 cytotoxicity may be also
actributed to a downregulation of genes that promote invasion
and metastasis. Importantly, the observed changes in gene-
expression in MDA-MB-231 cells treated with compound 968
were accompanied by the activation of apoptosis, and decreased
invasiveness and resistance of cancer cells to chemotherapeutic
drug doxorubicin.

Taking into consideration our previous findings that treat-
ment of MDA-MB-231 breast cancer cells with compound 968
caused substantial alterations in metabolically sensitive histone
H4K16ac and H3K4me3 marks’ and the evidence that histone
modifications are important determinants of gene expression
changes,***® we investigated if downregulation of cancer-related
genes in the MDA-MB-231 cells treated with compound 968 is
associated with the gene-specific histone modification changes.
The results of our study demonstrate that the majority of down-
regulated genes were characterized by a decrease in gene-specific
histone H3K4me3, a main epigenetic modification linked to acti-
vation of transcription.’*” Therefore, one of the mechanisms of
decreased gene expression caused by the compound 968 treat-
ment appears to be the loss of histone H3K4me3 at the corre-
sponding gene promoters. In addition, we show that the loss of
histone H3K4me3 at global and gene-specific levels is associated
with inhibition of the expression of SETDI and ASH2L genes.
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Figure 4. Compound 968 activates apoptosis, decreases invasiveness, and increases drug sensitivity in MDA-MB-231 cancer cells. (A) Activity of
caspase 3/7 in MDA-MB-231 cells treated with DMSO (white bar) or compound 968 (black bar). The data are presented as percent change from DMSO-
treated cells. (B) Cell invasion activity of MDA-MB-231 cells treated with DMSO (white bar) or compound 968 (black bar). The data are presented as
percent change of migrating MDA-MB-231 cells treated with compound 968 to the lower surface of the membrane from DMSO-treated cells. (C) Sen-
sitivity of MDA-MB-231 cells treated with DMSO (white bar) or compound 968 (black bar) to doxorubicin treatment. The data are presented as mean +
SD (n = 3). Asterisks indicate a significant difference from DMSO-treated cells.

It is well-established that ASH2 is overexpressed in most human
tumors and inhibition of ASH2 expression by siRNA markedly
decreases cancer cell proliferation." Also, our finding of reduced
expression of DNMT1, DNMT3B, SETDIA, ASH2L and SIRT
in compound 968-treated MDA-MB-231 cells concurs with pre-
vious reports demonstrating that the expression of chromatin-
modifying genes, including DNMT1, DNMT3B,** SETDI* and
SIRT1,* is decreased during apoptosis.

In conclusion, the results of this study provide evidence that
the cytotoxicity of compound 968 is associated with a marked
reduction of the expression of critical cancer genes, especially
anti-apoptotic and metastasis-related oncogenes. Our study also
indicates that this downregulation is linked to epigenetic mecha-
nisms that affect the gene-specific level of metabolically sensi-
tive histone modification marks, especially loss of histone H3K4
methylation. Importantly, the results of the present study pro-
vide experimental proof of interdependence between cancer cell
metabolism and epigenetic regulatory mechanisms and suggests
that modification of intracelluar metabolism may enhance the
efficiency of epigenetic therapy.

Materials and Methods

Cell lines and treatment with compound 968. MCEF-10A,
MDA-MB-361, T-47D, Hs-578T and MDA-MB-231 breast
cell lines were obtained from the American Type Culture
Collection (ATCC) and maintained according to ATCC’s
recommendations. The GLS1 inhibitor compound 968
{5-[3-bromo-4-(dimethylamino) phenyl]-2,2-dimethyl-2,3,5,6-
tetrahydrobenzo[a] phenanthridin-4(1H)-one} was purchased
from SPECS. In experiments with compound 968, media con-
taining 10 wuM compound 968 and supplemented with 1% fetal
bovine serum was added to the cells 5 h after seeding. After 2 and
4 d of treatment, cell survival was determined by counting the
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viable cells using the Trypan Blue exclusion method. The experi-
ments were repeated and each cell line at each time interval was
tested in triplicate.

RNA isolations and quantitative reverse-transcription PCR
(qQRT-PCR) array analysis. After 2 and 4 d of treatment with
compound 968, the cells were harvested by treatment with
0.05% trypsin-EDTA (Invitrogen Corporation), washed in
phosphate-buffered saline (PBS), and RNA was isolated imme-
diately. Total RNA was extracted from MDA-MB-231 breast
cancer cells using the RNeasy Plus Mini kits (Qiagen) accord-
ing to the manufacturer’s instructions. cDNA was synthesized
from 1 pg RNA, using a RT? First Strand Kit (Qiagen). The
gene expression profiles in untreated and compound 968-treated
MDA-MB-231 cells were determined by qRT-PCR using Human
Oncogenes and Tumor Suppressor Genes RT? Profiler™ PCR
Arrays (Qiagen) according to the manufacturer’s protocol.

qRT-PCR analysis. Total RNA (2 pg) was reverse tran-
scribed using random primers and high capacity cDNA archive
kits (Applied Biosystems). The following gene expression
assays (Applied Biosystems) were used for QqRT-PCR: DNMT1
(Hs00154749_m1); DNMT3A (Hs01027166_m1l), DNMT3B
(Hs00171876_ml), SETDIA (Hs00322315_ml), ASH2L
(Hs00983120_m1), EHMT2 (Hs00198710_ml) and SIRTI
(Hs01009005_m1). Reactions were performed in a 96-well assay
format using the 7900HT Fast Real-Time PCR System (Applied
Biosystems). Each plate contained one experimental gene and a
housekeeping gene GAPDH (Hs02758991_gl) and all samples
were plated in duplicate. The relative amount of each mRNA
transcript was measured using the 244 method.®

Chromatin immunoprecipitation assay. Formaldehyde cross-
linking and chromatin immunoprecipitation (ChIP) assays,
with primary antibodies against histone H4K16ac (Millipore)
and H3K4me3 (Millipore), were performed by using a Magna
Chromatin Immunoprecipitation Assay Kit (Millipore). Purified
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DNA from immunoprecipitates and from input DNA was ana-
lyzed by quantitative PCR (qPCR) with Human Oncogenes and
Tumor Suppressor Genes EpiTect ChIP PCR Arrays (Qiagen)
according to the manufacturer’s protocol.

Apoptosis assay. Twenty-four hours after treatment of
MDA-MB-231 cells with compound 968, apoptosis was deter-
mined by caspase 3/7 activation using Caspase-Glo® 3/7 Assay
kit (Promega) according to the manufacturer’s protocol. The
protein concentration was determined by Bradford assay (Pierce),
and caspase activities for all samples were normalized to an equal
protein amount. The experiments were repeated twice, and each
cell line tested in triplicate.

Cell invasion assay. Cell invasion activity of MDA-MB-231
cells treated with compound 968 was assessed by using a BD
BioCoat™ Matrigel™ Invasion Chamber (BD Biosciences)
according to the manufacturer’s instructions. Cells (5 x 10* cells/
ml) were loaded into chamber inserts containing an 8-pm pore
size membrane with a thin matrigel matrix layer. Cells migrat-
ing to the lower surface of the membrane during 48 h were
fixed with 100% methanol. The membranes with migrated

cells were then stained with hematoxylin, scanned, and digital
images were obtained with an Aperio Scanscope System (Aperio
Technologies).

Drugsensitivityassay. Toassay drugsensitivity, MDA-MB-231
cells were treated either with DMSO and 0.1, 1.0 or 10.0 pM
DOX, or compound 968 and 0.1, 1.0 or 10.0 uM DOX. After
48 h of incubation, the IC, | (inhibitory concentration to produce
50% cell death) values were determined. The experiments were
repeated twice, and each cell line tested in triplicate.

Statistical analyses. Results are presented as mean + SD.
Statistical analyses were conducted by one-way analysis of vari-
ance, with pair-wise comparisons being conducted by Student-
Newman-Keuls test.
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