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Abstract: The histone lysine demethylase KDM4 subfamily, comprised of four members (A, B, C, and D), play critical
roles in controlling transcription, chromatin architecture and cellular differentiation. We previously demonstrated
that KDMA4C is significantly amplified and overexpressed in aggressive basal-like breast cancers and functions as
a transforming oncogene. However, information regarding the genomic and transcriptomic alterations of the KDM4
subfamily in different subtypes of breast cancer remains largely incomplete. Here, we conducted a meta-analysis
of KDM4A, B, C and D in breast cancer and identified associations among recurrent copy number alterations, gene
expression and breast cancer subtypes. We demonstrated that KDM4A and D are also significantly overexpressed
in basal-like breast cancer, whereas KDM4B overexpression is more dominant in estrogen-receptor-positive, luminal
breast cancer. Next, we investigated the therapeutic potential of a novel histone demethylase inhibitor, NCDM-32B,
in breast cancer. The treatment of basal breast cancer cell lines with NCDM-32B resulted in the decrease of cell via-
bility and anchorage independent growth in soft agar. Furthermore, we found that NCDM-32B impaired several criti-
cal pathways that drive cellular proliferation and transformation in breast cancer. Our findings demonstrate genetic
amplification and overexpression of the KDM4 demethylases in different subtypes of breast cancer. Furthermore,
histone methylation is reversible and KDM4 demethylases are druggable targets. Thus, KDM4 inhibitors may serve
as a novel therapeutic approach for a subset of aggressive breast cancer.
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Introduction mulate in different types of breast cancer, as
well as the identification of new subtype-specif-

Breast cancer is a heterogeneous disease, con- ic therapeutic targets.

sisting of tumors with varying pathologic and

molecular characteristics. The primary biologi- Histone lysine demethylases (KDMs) regulate

cal subtypes of breast cancer include Luminal
A, Luminal B, human epidermal growth factor
receptor 2 (HER2/ERBB2)-enriched, basal-like,
and normal-like [1]. Both Luminal A and Luminal
B breast cancers are estrogen receptor (ER)
positive, but Luminal B cancers have poorer
outcomes [2]. Basal-like breast cancer acco-
unts for some of the most aggressive types of
breast cancer, marked by high rates of relapse,
visceral metastases, and poor prognoses [1,
3]. Novel therapeutic regimens are likely to
result from a growing understanding of both
genetic and epigenetic abnormalities that accu-

histone methylation dynamics and play critical
roles in modulating chromatin architecture,
gene transcription, and cellular differentiation
[4-6]. The fundamental unit of chromatin is a
nucleosome that is composed of two copies of
each core histone: H2A, H2B, H3, and H4. The
core histones are predominantly globular ex-
cept for the N-terminal tails, which are targets
for posttranslational modifications [7]. Lysine
(K) methylation, controlled by histone lysine
methyltransferases and KDMs, is one of the
most common modifications on histone tails.
Methylation of lysines can result in different
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transcriptional and biological outcomes de-
pending on the site and degree of methylation
[mono-, di-, or trimethylation (mel/me2/me3)].
The KDM4 demethylases A, B, C and D, were
the first identified demethylases to act on tri-
methylated lysines [8, 9]. KDM4A, B and C are
uniquely defined by N-terminal Jumonji N (JmjN)
and JmjC domains, followed by C-terminal plant
homeodomain (PHD) and Tudor domains [6].
KDM4A, B and C catalyze the demethylation of
H3K9me3/me2 with a preference for the tri-
methyl state, a histone mark associated with
gene repression and found in heterochromatin
[10-12]. KDM4A, B and C also catalyze the
demethylation of H3K36me3, a mark linked to
transcriptional elongation, albeit at a lower rate
[12]. In comparison, KDM4D lacks the C-ter-
minal region, including the PHD and Tudor do-
mains, and mainly catalyzes the demethylation
of H3K9me3/me2 [13].

Dysregulation of the KDM4 demethylases has
been documented in a variety of cancers, in-
cluding lymphoma, medulloblastoma, and bre-
ast, prostate, colorectal, lung, gastric, esopha-
geal, renal cancers [14-20]. The KDM4C gene,
originally termed GASC1 (gene amplified in
squamous cell carcinoma 1) was identified and
cloned from the 9p24 amplified region of
esophageal cancer cell lines [21]. Previously we
demonstrated that KDMA4C is significantly am-
plified and overexpressed in aggressive basal-
like breast cancers [18]. KDM4C serves as a
transforming oncogene: stable KDM4C overex-
pression in human non-tumorigenic mammary
epithelial MCF10A cells induces transformative
phenotypes, whereas KDM4C knockdown in
breast cancer cells inhibits proliferation in vitro
and in vivo [18, 20]. Furthermore, KDM4A and
B are co-activators of the estrogen receptor
(ER) and stimulate the transcriptional potential
of the ER in breast cancer [22-24]. Recent evi-
dence has suggested that alteration of the
KDM4 demethylases is associated with breast
cancer. However, our current knowledge of the
specificity of KDM4 demethylases in different
types of breast cancer is still incomplete. Fur-
thermore, targeting epigenetic proteins such as
KDMs is currently a highly active frontier of
anti-cancer drug development. Here, we con-
ducted a meta-analysis of KDM4A, B, C and D
in breast cancer and identified associations
among recurrent copy number alterations, gene
expression and breast cancer subtypes. We
tested a novel inhibitor of the KDM4 demethyl-
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ases, small molecule NCDM-32B, for its ability
to attenuate breast cancer cell growth. We
investigated the downstream pathways that
are altered by NCDM-32B in basal breast can-
cer. Our studies demonstrate different patterns
of DNA copy number, mRNA, and protein ex-
pression levels of the four KDM4 subfamily
members across the subtypes of breast can-
cer. Furthermore, KDM4 inhibitors may serve
as a novel therapeutic approach for a subset of
aggressive breast cancer.

Materials and methods
Cell culture

The cultures for the SUM series of breast can-
cer cell lines and an immortalized, non-trans-
formed human mammary epithelial MCF10A
cell line have been described in detail previ-
ously [25, 26]. The Colo824 cell line was
obtained from DSMZ (Braunschweig, Germany),
and HCC70, HCC1937, HCC1428, HCC1954,
MDB-MA-468, T47D, and ZR-75-1 cell lines
were obtained from ATCC (Manassas, VA, USA).

The Cancer Genome Atlas (TCGA) data for
breast cancer

The DNA copy number, mutation, and RNA se-
quencing datasets of 976 breast cancer sam-
ples used in this research were obtained from
the cBio Cancer Genomics Portal [13, 27]. The
copy number of each KDM was generated from
the copy number analysis algorithms GISTIC
(Genomic Identification of Significant Targets in
Cancer) and categorized as copy number level
per gene: “-2” is a deep loss (possibly a homo-
zygous deletion), “-1” is a heterozygous dele-
tion, “0” is diploid, “1” indicates a low-level
gain, and “2” is a high-level amplification. For
MRNA expression data, the relative expression
of an individual gene and the gene expression
distribution in a reference population were ana-
lyzed. The reference population was either all
tumors that are diploid for the gene in question,
or, when available, normal adjacent tissue. The
returned value indicates the number of stan-
dard deviations away from the mean of expres-
sion in the reference population (Z-score). So-
matic mutation data were obtained from exome
sequencing [13, 27]. The breast cancer sub-
type information was from a previous publica-
tion and the cBio Cancer Genomics Portal [3,
13, 27].
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Examination of cell growth

Cell growth was assessed by using a Coulter
counter or the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay.
For the MTT assay, cells were seeded in 24-well
plates at a density of 6-8 x 103 cells per well
and allowed to attach overnight. At designated
time points, thiazolyl blue tetrazolium bromide
(Molecular Probes, Carlsbad, CA, USA) was
added to each well (final concentration 0.5 mg/
ml) and incubated for 4 h at 37°C. After remov-
ing the growth medium, dimethyl sulfoxide was
added. Absorbance of the solution was read at
a test wavelength of 540 nm against a refer-
ence wavelength of 570 nm. Soft agar assays
were done as previously described [25]. Briefly,
dishes were coated with a 1:1 mix of the appro-
priate 2 x medium for the cell line being stud-
ied and 1% Bactoagar. Cells were plated in
12-well plate, fed thrice per week for 3 to 4
weeks, stained with 500 pg/mL p-iodonitrotet-
razolium violet (Sigma, St. Louis, MO) overnight,
and counted with an automated mammalian
cell colony counter (Oxford Optronix GELCOUNT,
Oxford, United Kingdom).

Immunoblotting and antibodies

Whole cell lysates were prepared by scraping
cells from the dishes into cold RIPA lysis buffer.
Nuclear protein extracts from breast cancer
cells and the MCF10A cells were prepared with
an NE-PER Nuclear Protein Extraction Kit (Th-
ermo Scientific, Rockford, IL, USA). Histone pro-
teins from cells were isolated with the EpiQuik
Total Histone Extraction Kit (Epigentek, Far-
mingdale, NY, USA). Antibodies used in the
study included anti-KDM4D (Abcam ab93694,
Cambridge, MA, USA), anti-KDM4B and C (Be-
thyl Laboratories A301-478A, Montgomery, TX,
USA), anti-KDM4A, anti-H3, anti-H3K4me2,
anti-H3K4mel, anti-H3K9mel, anti-H3K36-
me3, anti-H3K36me2 (Cell Signaling, Danvers,
MA, USA), anti-H3K4me3, anti- H3K9me3, anti-
H3K36mel (Active Motif, Carlsbad, CA, USA).

MRNA microarray analysis

Total RNA from NCDM-32B treated HCC1954
breast cancer cells and non-treated control
cells was extracted using an RNeasy Plus Mini
Kit (Qiagen) and then used for subsequent
mRNA expression profiling. The quality and
quantity of total RNA were assessed by optical
density (Nanodrop ND-2000 spectrophotome-
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ter) and Agilent Bioanalyzer. Human HT-12 v4
Expression BeadChip (lllumina) arrays were
performed by the Genomics Core of the Kar-
manos Cancer Institute. Data were processed
for quality control and normalized across com-
pared arrays by quantile normalization. Pathway
and gene ontology analysis was performed
using Ingenuity Pathway Analysis software.

Statistical analysis

Statistical analyses were performed using R
software (http://www.r-project.org) and Stata
[28]. The correlations between copy numbers
and mRNA levels of each KDM from 976 se-
quenced breast cancer specimens were ana-
lyzed using Spearman, Kendall, and Pearson
correlation tests. The Spearman and Kendall
tests are rank correlations: the Spearman coef-
ficient relates the two variables while conserv-
ing the order of data points, and the Kendall
coefficient measures the number of ranks that
match in the data set. Although the Pearson
correlation coefficient is the most widely used,
it was deemed the least relevant to our study,
as it measures only the strength of linear rela-
tionships and ignores all others. We used the
“cor” function in R statistical software for com-
putation, specifying in the code which type of
test we wanted (Spearman, Kendall, or Pear-
son). The difference in mMRNA expression level
for each KDM between the basal-like and the
other cancer subtypes was calculated using
Student’s t-test.

Results

Genetic alterations of KDM4 histone demethyl-
ases across breast cancer subtypes

To systematically investigate genetic altera-
tions of the KDM4 demethylases in breast can-
cer, we first analyzed the genome sequencing
data of 976 primary breast cancer samples
from The Cancer Genome Atlas (TCGA) data-
base via cBioPortal [13, 27]. In cBioPortal, copy
numbers are computed using the GISTIC algo-
rithm, which identifies the putative copy num-
ber level as high-level amplification, low-level
gain, diploid, heterozygous deletion, or homozy-
gous deletion [13, 27]. For mRNA expression
analysis, the Z-score is used to determine
whether a gene is upregulated or downregulat-
ed relative to normal adjacent tissue or relative
to all other tumor samples that are diploid for
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Figure 1. KDM4A-D copy number and expression levels in different sub- ¢ 5
types breast cancer. A. High-level amplification and homozygous deletion 4] = a . .
of KDM4 subfamily members in TCGA breast cancer dataset (n=976). 2 » *
Data are displayed with the Oncoprint tool from cBioPortal. B. Frequen- =
cies of high-level amplification of KDM4A, B, C, and D in different subtypes 0 i % ; é
of breast cancer. C. Expression levels of KDM4A, B, C, and D across five -2

subtypes of breast cancer based on TCGA database. The differences in
KDM4A, B, C, and D mRNA levels among breast cancer subtypes are sta-

tistically significant (P < 0.001).

the gene. As shown in Figure S1, we found that
KDMA4C had the highest frequency (13.4%) of
genetic alteration, including high-level amplifi-
cation, homozygous deletion, mutation, upreg-
ulation, and downregulation, whereas KDM4B
had the lowest frequency (6.1%) of genetic
alteration among the 976 TCGA breast cancer
specimens. For KDM4C, 2.5% of samples had
high-level amplification and 0.7% had homozy-
gous deletion, whereas 1.9% of samples had
high-level amplification or homozygous deletion
of KDM4A, B and D (Figure 1A).

Correlations between gene expression and
copy number have been used widely to priori-
tize driver oncogenes in human cancer, because
MmRNA expression can successfully translate
the effect of elevated copy number to cancer
initiation and progression. Thus, we examined
the association between copy number and
MRNA expression of KDM4A, B, C and D by
using Spearman’s rank correlation in TCGA
breast cancer specimens. We found that the
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correlation between copy number and mRNA
expression was strongest for KDM4C (R=0.61),
followed by KDM4A (R=0.52); remaining KDM4
members had correlation coefficients less than
0.50 (R=0.44 for KDM4D, and R=0.28 for

KDM4B) (Figure S2).

Next, we determined whether the high-level
amplification or expression level of each KDM4
member was related to breast cancer subtype.
Of the TCGA breast cancer samples, 493 had
subtype data available, including 8 normal-like,
220 Luminal A, 121 Luminal B, 55 HER2+, and
89 basal-like breast cancers. Due to the small
sample size (n=8) of the normal-like subtype,
those samples were excluded from this analy-
sis. KDM4C and KDMA4D amplification was
found to have the highest frequency (12.4%
and 3.6%, respectively) in basal-like breast
cancer. The highest frequency of KDM4A ampli-
fication (3.6%) was in HER2-subtype samples,
whereas KDM4B amplification (3.3%) was high-
est in Luminal B breast cancer. To determine
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Figure 2. KDM4 and H3 mark expression in breast cancer. A. mMRNA expression levels of KDM4 demethylases in
a panel of breast cancer cell lines were determined by gRT-PCR. mRNA expression levels in the MCF10A cells, an
immortalized but nontumorigenic breast epithelial cell line, were arbitrarily set as 1. Relative expression levels in
breast cancer cell lines are shown as fold changes compared with that of MCF10A cells. *The HCC1954 line be-
longs to the basal-like subtype even though it contains HER2 amplification. B. KDM4A, B, C, D and ER protein levels
were analyzed by western blot in eight breast cancer cell lines and MCF10A line. Total H3 was used as the loading
control. C. Global H3K4, K9, and K36 methylation levels in seven breast cancer cell lines and MCF10A line. Histone
extracts were prepared from cells using the EpiQuik Total Histone Extraction Kit. Global histone methylation levels
were detected by western blot assays with specific histone methylation antibodies. Total H3 level was used as the
loading control.

whether mRNA expression of each KDM4 sub- lent in aggressive, basal-like breast cancers,
family member is associated with a specific while KDM4B overexpression is more prevalent
subtype of breast cancer, we compared the in ER+, luminal breast cancers.

MRNA expression levels of KDM4A, B, C and D

across different subtypes of breast cancer Expression of KDM4 demethylases and his-
specimens. We found that the mRNA expres- tone methylation marks in breast cancer cell
sion levels of KDM4A, C, and D were significant- lines

ly higher in basal-like breast cancer (P=0.005,

6.01E-05, and 3.04E-07, respectively), where- Breast cancer cell lines retain many of the
as KDM4B mRNA was highly expressed in lumi- molecular characteristics of the tumors from
nal breast cancer and less expressed in basal- which they were derived [29]. To identify suit-
like breast cancer (Figure 1C). Taken together, able cellular models to test the effects of KDM4
these data indicate that amplification and over- inhibitors on breast cancer growth and progres-
expression of KDM4A, C, and D are more preva- sion, we examined the relative mRNA and pro-
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Figure 3. Effects of inhibitor NCDM-32B on breast cancer growth and transformation. A. Chemical structure of the
KDM4 inhibitor NCDM-32B. B. Western blot of H3K4me3/me2 and H3K9me3/me2 levels in HCC1954 cells with
or without NCDM-32B (40 pM) treatment for 48 hours. C. Growth-inhibitory effect of NCDM-32B on HCC1954 and
Colo824 breast cancer cells and non-tumorigenic MCF10A cells. D. The growth of Colo824 breast cancer cells in
soft agar was also significantly inhibited by NCDM-32B treatment in a dose-dependent manner. Data are expressed
as mean = SD. *p < 0.05.
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Figure 4. Gene expression changes with NCDM-32B inhibitor treatment in breast
cancer. A. Ingenuity Pathway Analysis of the top pathways affected in differen-
tially expressed genes in breast cancer after NCDM-32B treatment. The Y-axis
is an inverse indication of P value or significance. B. qRT-PCR-validated mRNA
microarray data in HCC1954 and Colo824 cells after NCDM-32B treatment.

tein expression levels of KDM4A, B, C and D in
a panel of breast cancer cell lines. MCF10A, an
immortalized but non-tumorigenic breast epi-
thelial cell line, was used as the control. Qu-
antitative RT-PCR (qRT-PCR) assays were used
to measure the mRNA expression level of
KDM4A, B, C and D in 17 breast cancer cell
lines, including nine basal-like, two HER2+, and
six Luminal lines. To determine KDM4A, B, C
and D protein abundance more precisely rela-
tive to their histone demethylase function,
nuclear extracts from eight breast cancer cell
lines and MCF10A were isolated and probed
with antibodies that recognize KDM4A, B, C
and D. As shown in Figure 2A and 2B, we found
that KDM4A mRNA is overexpressed in several
ER+ luminal cell lines (such as HCC1428) and
basal-like cell lines (suchas MDA-MB-468).
KDM4B was strikingly overexpressed at the
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mMRNA level in luminal cell
lines, yet nuclear protein
was also abundant in bas-
al-like lines, such as
Colo824. Consistent with
the data from primary
breast cancer specimens

-

) 5

?‘fi % and our previous findings,

£2 ¢ KDMA4C is highly overex-

28 pressed in a set of basal-

g% ;f’ like breast cancer cell

8 2 lines, including HCC1954
2 and Colo824, which both
a

contain high-level KDM4C
gene amplification (Note:
Expression analysis indi-
cate that the HCC1954
line belongs to the basal-
like subtype even though it
contains HER2 amplifica-
tion) [18]. Strikingly, west-
ern blot analysis did not
detect KDMA4C protein ex-
pression in nuclear extr-
acts from four ER+ Luminal
breast cancer cell lines.
Similar to KDM4A, KDM4D
is also overexpressed at
the mRNA level in various
ER+ luminal and basal-like
cell lines. Interestingly, HC-
C1954 and Colo824 cells
also showed KDM4D (11-
g21) gene amplification.
However, KDM4D protein
in these nuclear extracts was likely ubiquitously
expressed in ER+ and basal breast cancers as
well as MCF10A cells (Figure 2B).

=HCC1954
=Colo824

KDM4 proteins catalyze the demethylation of
H3K9me3/me2 and H3K36me3/me2 marks.
Next, we assessed the global methylation
(H3K4, H3K9, and H3K36) levels in a panel of
breast cancer cell lines, as well as MCF10A
cells, by western blot. As shown in Figure 2C,
global levels of H3K4me3/me2/mel, H3K9-
me3/me2/mel, and H3K36me3/me2/mel
vary among the different breast cancer cell
lines. Overall, basal breast cancer cell lines
showed moderately lower levels of histone
lysine methylation, including H3K9me3/me2
and H3K4me2 at global levels. It should be
noted that histone methylation is a dynamic
process in the nucleus, and methylation pat-
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terns are also specific to any gene locus in a
particular cell type. However, global levels of
histone methylation are one way to measure
KDM inhibitor activity, and the breast cancer
cell lines with clearly defined histone methyla-
tion levels will be useful in establishing a model
to further investigate the biological and func-
tional roles of histone-modifying regulators in
breast cancer, as well as to develop novel anti-
cancer epidrugs.

KDM4 inhibitor NCDM-32B impairs viability
and transforming phenotypes of basal breast
cancer

Given the significant roles of KDM4 demethyl-
ases in the development of various cancers,
there is rapidly growing interest in developing
highly potent and selective inhibitors [6]. The
enzymatic activity of the KDM4 subfamily
depends on the JmjC catalytic domain which
requires alpha-ketoglutarate as a key cofactor
for the demethylation reaction. Based on the
crystal structure of the KDM4A JmjC domain, a
series of small-molecule inhibitors were de-
signed and synthesized, including the pro-drug
NCDM-32B (Figure 3A) [30-32]. In enzyme
assays, NCDM-32B showed potent and selec-
tive KDM4 inhibition, with IC_ values of 3.0 and
1.0 uM for KDM4A and KDMA4C, respectively
[30, 32]. We tested the effect of NCDM-32B on
the behavior of basal breast cancer cell lines
HCC1954 and Colo824 because these cell
lines have the highest expression of KDM4C.
As shown in Figure 3B, in HCC1954 cells,
NCDM-32B treatment resulted in the increased
global H3K9me3/me2 levels, while H3K4me3/
me2 levels were not affected. NCDM-32B did
not affect KDM4C protein level (data not
shown). To analyze cell proliferation, we treated
HCC1954, Colo824, and MCF10A cells with
NCDM-32B. We found that NCDM-32B impaired
the viability of HCC1954 and Colo824 cellsin a
dose-dependent manner and had only a slight
effect on the control MCF10A cells, even at
higher concentrations of 50 or 100 puM (Figure
3C). In addition, because anchorage-indepen-
dent growth of cancer cells in vitro is a key
aspect of the tumor phenotype, particularly
with respect to metastatic potential, we per-
formed similar studies to assess this feature
[14]. Of note, the Colo824 breast cancer cell
line was originally established from a metastat-
ic site in a breast cancer patient and is known
to form robust colonies in soft agar [33]. We
found that NCDM-32B dramatically inhibited
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Colo824 anchorage-independent growth in soft
agar (Figure 3D). Thus, our studies indicate that
NCDM-32B inhibited KDM4 demethylase activ-
ity, decreased cell viability and anchorage-inde-
pendent growth in soft agar of basal breast
cancer cells.

KDM4 inhibitor NCDM-32B affects cell growth
pathways

To examine changes in gene expression
induced by NCDM-32B, we conducted mRNA
microarray analysis in HCC1954 cells after
NCDM-32B treatment. Cells treated with NC-
DM-32B were compared with corresponding
controls, and a cutoff of log2 change > 0.4 was
assigned to select the genes modulated by
NCDM-32B. We found that, in HCC1954 cells,
597 genes were upregulated, and 463 genes
were downregulated by NCDM-32B treatment.
Ingenuity pathway analysis and gene ontology
analysis showed that genes altered by NCDM-
32B were enriched in pathways that control cel-
lular growth and proliferation, DNA replication,
recombination, and repair, as well as in cell
cycle progression (Table S1). The top canonical
pathways included mismatch repair in eukary-
otes, cell cycle control of chromosomal replica-
tion, the role of BRCA1 in the DNA damage
response, hereditary breast cancer signaling,
and interferon signaling (Figure 4A). We also
validated our mRNA microarray data in both
HCC1954 and Colo824 cells after NCDM-32B
treatment (Figure 4B). Notably, we found that
several classical oncogenes, including the met
proto-oncogene (MET), and key cell-cycle regu-
lator genes, including cell division cycle 26
(Cdc26, a component of the cell cycle ana-
phase-promoting complex) and cyclin-depen-
dent kinase 6 (CDK6), were inhibited by NCDM-
32B. These data suggest that NCDM-32B con-
tributes to the impairment of several critical
pathways that drive cell growth and transfor-
mation in breast cancer.

Discussion

Utilizing The Cancer Genome Atlas breast can-
cer database and cell line models, we analyzed
KDM4A, B, C and D gene amplification and
expression relative to different breast cancer
subtypes. Consistent with our previous find-
ings, KDM4C amplification had the highest fre-
quency (12.4%) in basal-like breast cancer
compared with other subtypes [18]. Fur-
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thermore, we found high expression of KDM4A,
C, and D in the basal type and KDM4B in ER+
luminal-type breast cancers. We also tested a
novel KDM4 inhibitor, NCDM-32B, and found
that it decreased cell viability and anchorage
independent growth in soft agar of basal breast
cancer cells. NCDM-32B inhibited both the
activity of KDM4 demethylases and gene
expression of several pathways related to cel-
lular growth and transforming phenotypes.

Within the KDM4 subfamily, KDM4A, B, and C
show a high degree of homology in sequence
and domain organization [6]. Although KDM4
demethylases all catalyze via the same demeth-
ylation reaction, recent evidence indicates that
their normal cellular functions are not com-
pletely redundant. Possible reasons for these
unique functions are: (1) a distinct pattern of
intracellular location, (2) cell-type-specific ex-
pression, (3) selective recruitment of the differ-
ent KDM4 demethylases to their target genes,
and (4) demethylase specific non-histone pro-
teins. Indeed, recent studies revealed that
KDMA4A is equally present in the cytoplasm and
nucleus, KDM4B is more prevalent in the nucle-
us, and KDM4C strongly associates with chro-
matin [34, 35]. Furthermore, meta-analyses of
next-generation sequencing profiles revealed
considerable variation in mRNA expression lev-
els of the KDM4 subfamily members in differ-
ent normal human tissues [6]. By querying pro-
teomic profiling of 30 normal fetal and adult
human tissues in the Human Proteome Map
database, we also found a distinct expression
pattern of KDM4 family (Figure S3). It was also
reported that protein levels of KDM4A and B,
but not KDM4C, are highly regulated by ubiqui-
tination and the proteasome since KDM4A and
B are direct substrates of the E3 ubiquitins
RNF8 and RNF168 [36]. In contrast, inositol
pyrophosphates regulate KDM4C-dependent
histone demethylation [37]. More recent stud-
ies showed that KDM4B and C have distinct
and combinatorial functions in mouse embry-
onic stem cell identity [38]. Most likely, the four
KDM4 subfamily members have substantially
overlapping but not completely redundant func-
tions, and their functions are cell-type specific
and context-dependent.

The basal-like subtype of breast cancer is often
aggressive and has a poorer prognosis [1, 3].
Previous studies from our lab demonstrated
that KDM4C is prevalently amplified and
overexpressed in the basal-like subtype [18].
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Using a large-scale cancer genomics data set,
we validated that KDM4C is amplified at high
levels in 12.4% of basal-like tumors. If we
incorporate low level-gain (39 of 89 cases,
43.8%), then more than half of basal-like
tumors had an increased KDM4C copy number.
Furthermore, we revealed that KDM4A, C, and
D had high mRNA expression levels in basal-
like breast cancer. As shown in Figures 1A and
S1, high-level amplification and expression of
KDM4A, C, and D tended toward mutual
exclusivity. Thus, KDM4A, C, and D might in-
dividually contribute to the aggressive phe-
notypes of basal-like breast cancer.

Considering that epigenetic changes are revers-
ible and histone demethylases are druggable,
the KDM4 members are promising therapeutic
targets. The NCDM-32B inhibitor was synthe-
sized on the basis of the crystal structure model
of the KDM4A Jumonji domain complexed with
alpha-ketoglutarate [30-32]. In vitro biochemi-
cal assays demonstrated that NCDM-32B
inhibits the activity of KDM4 subfamily demeth-
ylases with high selectivity for KDM4C (9000-
fold) compared to other demethylase members
[30, 31]. We have shown that NCDM-32B im-
paired the proliferation and transforming phe-
notypes of KDM4C-amplified HCC1954 and
Colo824 cells in vitro. Furthermore, we obser-
ved that NCDM-32B suppressed expression of
a classical oncogene, MET, as well as other
genes related to cellular growth and prolifera-
tion. Elevated MET expression and activation is
associated with basal-like breast cancer [39,
40]. Future investigations are required to fur-
ther investigate the mechanism of NCDM-32B
inhibition of MET by directly blocking the de-
methylase function of KDM4 subfamily, particu-
larly KDM4C.

In conclusion, our findings add layers of infor-
mation to the genomic and transcriptomic pro-
files of the KDM4 subfamily in different sub-
types of breast cancer. First, we corroborated
our earlier findings of amplification and overex-
pression of KDM4C in breast cancer, with
greater prevalence in basal-like subtypes. We
also presented new data revealing different
patterns of DNA, mRNA, and protein levels of
the four KDM4 members across the subtypes
of breast cancer in breast cancer specimens
and cell lines. We provide the first evidence that
a novel KDM4 demethylase inhibitor, the small
molecule NCDM-32B, decreases cell viability
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and anchorage-independent growth in soft
agar of basal breast cancer cells. These find-
ings lay the foundation for future studies to pre-
clinically validate KDM4 inhibition as a thera-
peutic strategy for different subtypes of breast
cancer.
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Table S1. Ingenuity pathway analysis of molecular and cellular functions associated with altered genes
in HCC1954 breast cancer cells after NCDM-32B treatment

#
Name p-value Molec
ules
Cellular Growth and Proliferation 6.62E-08 - 259
2.24E-02
DNA Replication, Recombination, and Repair 1.55E-07- 134
2.13E-02
Cell Cycle 3.77TE-07 - 137
2.24E-02
Cell Death and Survival 1.94E-06 - 248
2.24E-02
Cellular Development 1.56E-05- 144
1.96E-02
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Figure S1. KDM4A, B, C, and D were queried in the cBio Cancer Genomics (http://cbioportal.org) database. Fre-
quencies of alteration are expressed as a percentage of all 976 breast cancer cases. Alterations included: high-level
amplification, homozygous deletion, somatic mutation, mRNA upregulation, or downregulation. A grey rectangle
indicates an unaltered case.
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Figure S2. KDM4A, B, C, and D mRNA expression (y axis) versus copy humber (x axis) in 976 TCGA breast cancer
samples. Amp: high-level amplification; Gain: low-level gain, Hetloss: heterozygous deletion; and Homdel: homozy-

gous deletion.
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Figure S3. KDM4A, B, C, and D protein expression levels in 30 normal fetal and adult human tissues obtained
through proteomic profiling in the Human Proteome Map (http://www.humanproteomemap.org) database.
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