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Introduction

Amplification of 8p11-12 occurs in approximately 15% of human breast cancer (HBC),
and this region of amplification is significantly associated with disease-specific survival and
distant recurrence in breast cancer patients (1-5). Earlier, we used genomic analysis of copy
number and gene expression to perform a detailed analysis of the 8p11-12 amplicon for
identifying candidate oncogenes in breast cancer (4). We identified Wolf-Hirschhorn syndrome
candidate 1-like 1 (WHSC1L1) as a candidate oncogene based on statistical analysis of copy
number increase and overexpression (4). The WHSC1L1 gene encodes a PWWP domain protein
that regulates gene transcription and differentiated function of cells through regulation of histone
methylation (6, 7). In this proposal, we hypothesize that WHSC1L1 is the major driving
oncogene in the 8p11 amplicon that is found in aggressive forms of ER positive, luminal breast
cancers. Furthermore, we hypothesize that genetic deregulation of WHSC1L1 induces
alterations in the epigenetic histone code resulting in the acquisition of cancer stem cell
phenotypes. Based on this hypothesis, we predict that WHSC1L1 will be a good therapeutic
target in breast cancer, particularly for those ER positive breast cancers that are, or become,
refractory to endocrine therapy.



Body
1. Specific Aims

This project consists of 3 specific aims:

Aim 1: To investigate the molecular mechanism, including the structural details, of WHSC1L1
that are involved in transforming function through the alteration of the epigenetic histone code in
human breast cancer cells.

Aim 2: To determine whether the histone modulation function of WHSC1L1 is linked to cancer
stem cell phenotypes.

Aim 3: To examine the potential of WHSC1L1 as a therapeutic target in aggressive, ER-positive
breast cancers that harbor the 8p11 amplicon.

2. Studies and Results

Task 1. To investigate the molecular mechanism, including the structural details, of
WHSC1L1 that are involved in transforming function through the alteration of the
epigenetic histone code in human breast cancer cells. Month 1-16

In our previous report, we demonstrated that we identified 21 candidate oncogenes within
the 8p11-12 amplicon in breast cancer based on statistical analysis of copy number increase and
gene overexpression. Using gain- and loss-of- function approaches, we found that WHSC1L1 is
the most potently transforming oncogene we tested from the 8p11-12 region. Expression of the
WHSCL1L1 gene results in two alternatively spliced variants, a long isoform and a short isoform,
that are derived from alternative splicing of exon 10. The WHSC1L1 long isoform encodes a
1437 amino acid protein containing 2 PWWP domains, 2 PHD-type zinc finger motifs, a TANG2
domain, an AWS domain, and a SET methytransferase domain. The short isoform encodes a 645
amino acid protein containing only a PWWP domain. Importantly, we found that amplification
and overexpression of the WHSC1L 1 short isoform was predominant in a subset of aggressive
breast cancers, suggesting an important role for the short isoform of the protein in breast cancer
development.

PWWP proteins, including
WHSCL1L1, constitute a new family of
methyl lysine histone binders. Recently, the
PWWP domain has been identified to bind -
trimethylated Lys36 on histone H3 (8, 9). k
Thus, WHSC1L1 likely involves the et N
regulation of epigenetic methylation on
histone tails. In our previous report, we chip-seq Lﬂ oy T
detailed that we performedexpression e
profiling and identified a large set of genes
with altered expression upon WHSC1L1
knockdown in breast cancer cells. To _ s o _
determine WHSC1L1 binding sites across Figure 1. Representative view of ChIP-seq peak of a histone

. . modifying factor at the UBR2V2 genomic locus in the
the human genome, and to identify the Affymetrix Integrated Genome Browser.
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direct target genes of WHSC1L1 short isoform, we expected to profile the genome-wide
occupancy of WHSC1L1 in an unbiased manner by using chromatin immunoprecipitation
(ChIP)-on-chip or ChiP-sequencing (ChIP-Seq) assays. To successfully establish ChlIP assays
and ensure ChIP efficacy, especially given the absence of good commercially available ChlP-
grade antibodies to most histone-modifying factors, including WHSC1L1, we chose to perform
the ChIP with an anti-V5 ChIP-grade antibody (Abcam, #ab9116) in MCF10A model cells stably
expressing the VV5-tagged histone-modifying factors [60, 61]. Briefly, cells were fixed with
formaldehyde, harvested, and rinsed with ice-cold PBS. The resultant cell pellet was sonicated,
and DNA fragments were enriched by immunoprecipitation with ChIP-grade anti-V5 antibody.
The DNA samples obtained from ChIP were subjected to chip and sequence analysis. As shown
in Fig. 1, we demonstrated that ChIP assays with the anti-VV5 ChIP-grade antibody can identify
specific ChIP peaks (bound regions) of the histone-modifying factor (unpublished data). We
further confirmed the ChlP-on-chip and ChlP-seq data with the conventional ChIP-PCR assays.
Thus, we demonstrated that ChIP assays with anti-tag antibodies in MCF10A models are
feasible. We initiated the ChIP assay in MCF10A cells stably expressing the VV5-tagged
WHSCL1L1 short isoform. Unfortunately, our first ChIP-on-chip assay did not show the specific
ChlIP peaks in MCF10A-WHSC1L1 model cells. During the no-cost extension period, we will
continue to test and modify the experimental condition for the ChIP assays using MCF10A-
WHSCL1L1 models cells. Alternatively, we will test commercially available WHSC1L1
antibodies for the ChIP assay in our WHSC1L 1-amplified breast cancer cells. Since WHSC1L1
family proteins have been identified to modify H3K36 methylation, we will modify our original
plan in which we proposed to test the association between WHSC1L1 expression and H3K4- and
H3K27-methylation levels to H3K36 methylation in breast cancer cells in the no-cost extension
period.

Task2. To determine whether the histone modulation function of WHSC1L1 is linked to
cancer stem cell phenotypes. Months 12-30

The cancer stem cell (CSC) hypothesis suggests that only a subset of tumor cells with
stem-cell-like properties is primarily responsible for the growth, progression, and recurrence of
cancer (10-12). Two in vitro clonogenic assays have been used as methods to evaluate stem-cell-
like properties. In the colony formation assay, soft agar or methylcellulose is used as the
semisolid support media to prevent the migration of cells, which also leads to the formation of
spatially distinct colonies (13). In the sphere

formation assay, cells are plated at a clonal [ w b
density so that individual cells will form W wo o
spatially distinct spheres (10, 14). To a°
determine whether overexpression of ‘ o &
WHSC1L1 enhances the colony-formation in i S
vitro, we seeded MCF10A cells stably Yo

expressing the WHSC1L1short isoform, and Fiaure 2. R ative pict ¢ MCE10A cells that

- - lgure 2. kepresentative pictures o cells tha
C(_)ntrOI cells in soft agar plates' AS_ShOWﬂ In stably over express WHSC1L1 short isoform and control
Fig. 2, MCF10A cells overexpressing cell soft agar colonies. Cells were grown for 3 weeks in
WHSC1L1 short isoform grew into robust soft agar and stained with the vital dye p-
colonies in soft agar, a property not observed | ‘odonitrotetrazolium violet.




in the parental MCF10A cells or in MCF10A cells containing the control vector. In addition, we
performed mammosphere formation assays in MCF10A cells and MCF10A-WHSC1L1 cells.
We found MCF10A-WHSC1L1 cells have higher capacities to generate mammospheres rather
than MCF10A control cells after 10-12 days in the mammosphere cultures. These data suggest
that WHSC1L1 is likely linked to the phenotypes of cancer stem cells. To determine whether
WHSCLL1 also enhances self-renewal capacity in vitro, the first generation of the MCF10A-
WHSC1L1 cell-derived mammospheres were collected and replated in the mammosphere culture
condition. However, we did not detect the mammosphere formation in the replated culture. More
recently, measuring the expression of aldehyde dehydrogenase (ALDH), an enzyme previously
found to be expressed in hematopoietic and neuronal stem cells, has been established as a new
tool to detect normal and malignant human mammary stem cells (15, 16). ALDH can be assessed
by the Aldefluor assay to detect cells displaying aldehyde dehydrogenase activity (Stem Cell
Technologies, Inc). As demonstrated in previous reports, we have successfully detected ALDH
expression by using an immunohistochemistry staining assay in breast cancer cells with high
cancer stem-like cell population. However, ALDH assays did not show direct evidence that
overexpression of WHSC1L1 in MCF10A cells results in expansion of cell pools with the stem
cell ALDH marker. In summary, overexpression of the WHSC1L1 short isoform likely, or at
least in part, induces the acquisition of stem cell-like properties in vitro, but unlikely influences
the self-renewal potential of breast cancer
stem cells.
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Figure 3. (A) WHSC1L1 expression in SUM-44 cells was
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WHSC1L1-shRNAs #2 and #6 resulted in decreases in mRNA and protein levels to
approximately 20% to 30% of the level seen in the nonsilencing control-infected cells (Fig. 3).
WHSCL1L1 knock-down with these ShRNA#2 and #6 suppressed proliferation of WHSC1L1
amplified breast cancer cell lines, including aggressive, ER-positive SUM-44 and SUM-52 lines,
while WHSC1L1 shRNAs had an undetectable effect on the cell growth of WHSC1L1 non-
amplifed breast cancer cells, as well as MCF10A control cells. In addition, recently published
data from the other lab also indicated that knockdown of WHSC1L1 inhibits cell growth of the
8p12 amplified, ER-positive breast cancer cells (17).

Remaining work for no-cost extension: Very recently, WHSC1L1 family proteins have been
shown to bind methylated histones, specifically H3K36 methylation marks. Thus, chromatin
immunoprecipitation-sequence (ChlP-seq) and ChIP-PCR experiments are required to determine
the WHSCL1L1 binding sites across the human genome and identify the direct targets of
WHSC1L1. We need to examine the correlation between genome-wide WHSC1L1 binding and
histone H3K36 methylation marks in normal and cancer cells. Furthermore, we will determine if
overexpression of WHSC1L1 in MCF10A cells results in expansion of cell pools with other stem
cell-surface markers.




Key Research Accomplishments

In the present study, we systematically investigated the transforming properties of the
newly identified 8p11-12 candidate oncogene WHSC1L1 in vitro. We demonstrated that
WHSCLL1 acts as a transforming gene: stable WHSC1L1 overexpression in nontumorigenic
MCF10A cells induces transformed phenotypes, whereas WHSC1L1 knockdown in 8p12
amplified, ER-positive breast cancers cells inhibits proliferation in vitro. We also revealed that
overexpression of WHSC1L1 likely induces the acquisition of stem cell-like properties in vitro.
We successfully established ChIP-seq and ChIP-PCR assays with anti-tags antibodies in
MCF10A models. During the course of these studies, we found a high frequency of genetic
alterations in histone-modifying genes, including GASC1, UHRF2 and KDM5A, in breast
cancer. We further demonstrated that KDM5A plays an important role in mediating both
transforming and drug resistance phenotypes in a subset of aggressive breast cancer
(Appendices).

Reportable Outcomes

Abstracts:
“Oncogenic role of PWWP-domain protein WHSC1L1 in breast cancer” DOD BCRP Era
of Hope Meeting, August 2-5, 2011, Orlando, Florida.

Manuscript:

“Identification and functional analysis of 9p24 amplified genes in human breast cancer”
Oncogene. 2012. 31:333-41. (see Appendices)

“Genomic amplification and a role in drug-resistance for the KDMS5A histone demethylase
in breast cancer' American Journal of Translational Research, Accepted (see Appendices)

Conclusion

In the past year, we continued to investigate whether WHSC1L1 is the major driving
oncogene in the 8p11-12 amplicon in a subset of breast cancer, and how over-expression of
WHSC1L1 is linked to transforming and cancer stem cell phenotypes. Gain-and loss-of-function
approaches provided strong evidence that WHSC1L1 possesses transforming properties, and
likely plays a critical role in a subset of 8p11-12 amplified, aggressive breast cancer. The
WHSCLL1 protein is involved in histone code modification and epigenetic regulation of gene
expression. We have established ChlP-sequencing assays that will be used to determine how
WHSC1L1 contributes to its transformation through the alteration of epigenetic histone marks in
breast cancer cells.
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Identification and functional analysis of 9p24 amplified genes in human

breast cancer

J Wu', S Liv?, G Liu', A Dombkowski®, J Abrams*, R Martin-Trevino?, MS Wicha?, SP Ethier!

and Z-Q Yang'
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Medicine, University of Michigan, Ann Arbor, MI, USA, 3Department of Pediatrics, Wayne State University, Detroit, MI, USA
and *Biostatistics Core, Karmanos Cancer Institute, Department of Oncology, Wayne State University, Detroit, MI, USA

Previously, our group identified a novel amplicon at
chromosome 9p24 in human esophageal and breast
cancers, and cloned the novel gene, GASCI (gene
amplified in squamous cell carcinoma 1, also known as
JMJD2C|KDM4C), from this amplicon. GASC1 is a
histone demethylase involved in the deregulation of histone
methylation in cancer cells. In the current study, we aimed
to comprehensively characterize the genes in the 9p24
amplicon in human breast cancer. We performed extensive
genomic analyses on a panel of cancer cell lines and
narrowed the shortest region of overlap to approximately
2Mb. Based on statistical analysis of copy number
increase and overexpression, the 9p24 amplicon contains
six candidate oncogenes. Among these, four genes
(GASC1 UHRF2, KIAA1432 and C9Y0rf123) are over-
expressed only in the context of gene amplification while
two genes (ERMPI and IL33) are overexpressed
independent of the copy number increase. We then focused
our studies on the UHRF2 gene, which has a potential
involvement in both DNA methylation and histone
modification. Knocking down UHRF2 expression inhib-
ited the growth of breast cancer cells specifically with
9p24 amplification. Conversely, ectopic overexpression of
UHRF2 in non-tumorigenic MCF10A cells promoted cell
proliferation. Furthermore, we demonstrated that UHRF2
has the ability to suppress the expression of key cell-cycle
inhibitors, such as p16™¥4 p21W=/Ciel qnd p27%*!, Taken
together, our studies support the notion that the 9p24
amplicon contains multiple oncogenes that may integrate
genetic and epigenetic codes and have important roles in
human tumorigenesis.

Oncogene (2012) 31, 333-341; doi:10.1038/onc.2011.227;
published online 13 June 2011
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Introduction

Cancer results from an accumulation of genetic and
epigenetic aberrations. Genetic aberrations include
chromosome number changes and translocations, gene
amplifications, mutations and deletions (Vogelstein and
Kinzler, 2004). Epigenetic abnormalities involve both
altered patterns of histone modifications as well as losses
or gains of specific DNA methylation (Esteller, 2007;
Jones and Baylin, 2007). Genetic and epigenetic altera-
tions in cancer cells interact directly and indirectly. For
example, a genetic alteration in the gene encoding an
‘epigenetic regulator’ can lead to changes within the
histone code and DNA methylation, which are subse-
quently involved in tumorigenesis in multiple tumor
types. Identification and characterization of genetic and
epigenetic aberrations, as well as their interconnections,
will provide important insights into the pathogenesis of
cancer.

Gene amplification, which can affect gene expression
by increasing gene dosage, is a well-known oncogene-
activating mechanism (Albertson et al., 2003; Albertson,
2006). Canonical oncogenes, such as ERBB2, CCNDI
and M YC, have previously been identified as amplifica-
tion targets linked to the development, progression
or metastasis of human cancers, including breast, pro-
state, lung and other cancers (Albertson et al., 2003;
Vogelstein and Kinzler, 2004). Previously, mapping of
the 9p24 amplicon in esophageal cancer cell lines led
us to the positional cloning of the gene amplified
in squamous cell carcinoma 1 (GASCI also known as
JMJID2C/KDM4C) gene. More recently, we identified
GASCI as one of the amplified genes at the 9p24 region
in breast cancer, particularly in basal-like subtypes.
Our in vitro assays demonstrated that GASCIl can
induce transformed phenotypes when overexpressed
in immortalized, non-transformed mammary epithelial
MCF10A cells (Liu et al., 2009).

In the past, focal amplicons found in cancer speci-
mens were considered to harbor a single driving
oncogene, such as the ERBB2 oncogene in the 17q12
amplicon (Fukushige et al., 1986). However, recent
extensive genomic analysis and functional studies
provide evidence to suggest that common amplicons in
cancer cells contain multiple oncogenes that can act
independently or cooperatively in mediating neoplastic
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transformation. For example, we and several other
laboratories have demonstrated that the 8p11-12 ampli-
con harbors several driving oncogenes with transform-
ing function when the amplicon is present in breast
cancers, particularly in luminal subtypes (Yang et al.,
2004, 2006, 2010; Garcia et al., 2005; Gelsi-Boyer et al.,
2005; Pole et al., 2006). In the current study, we aimed to
comprehensively characterize the 9p24-amplified genes
for potential roles in human breast cancer. Results
obtained from our studies support the notion that the
9p24 amplicon contains multiple candidate genes,
including GASC!I and ubiquitin-like with plant home-
odomain and ring finger domains 2 (UHRF?2), that may
integrate genetic and epigenetic codes and thus have
important roles in human tumorigenesis.

Results

High-resolution array comparative genomic hybridization
(CGH) narrowed a focal chromosomal amplification
at 9p24 in cancer
Previously, our group identified an amplicon at the 9p24
chromosomal region in human esophageal cancer and
identified the novel oncogene GASCI from this ampli-
con (Yang et al., 2000). Later studies showed a gain/
amplification of the GASCI region in 7 of 50 breast
cancer cell lines, including HCC1954, Colo824, SUM-
149, HCC70, HCC38, HCC2157 and MDA-MB-436
(Neve et al., 2006; Liu et al., 2009). To further demon-
strate that the 9p24 region is amplified in various tumor
specimens, we searched the recently published array
CGH database in a collection of 3131 copy-number
profiles across multiple cancer types (Beroukhim et al.,
2010). Copy number increases at the 9p24 region mostly
occurred in small-cell lung, breast and esophageal squa-
mous cancers. In 243 breast cancer samples, approximately
15% contained 9p24 gains, and 4.53% of cases had
high-level amplification based on Genomic Identifica-
tion of significant Targets in Cancer (GISTIC) analysis
(Supplementary Figure S1) (Beroukhim et al., 2010).
The frequent occurrence of the 9p24 amplicon in
various human tumors underscores its importance in
tumorigenesis. For the purpose of further characteriza-
tion of the 9p24 amplicon, we carried out high-resolution
array CGH (Agilent 244 K chip, Santa Clara, CA, USA)
analysis of four cancer cell lines, including three breast
cancer cell lines, Colo824, HCC1954 and HCC70, and
one esophageal cancer cell line, KYSEI50 (Shimada
et al., 1992; Yang et al., 2000; Liu et al., 2009). In our array
CGH study, high-level copy number gain (amplification)
was defined by a log2 ratio >1 and low-level copy number
gain by a log2 ratio between 0.3 and 1. The 244K array
CGH confirmed our previous findings that all four cell
lines contain 9p24 amplification, and provided the
amplicon boundaries at high resolution (Figure la and
Supplementary Table 1A) (Yang et al., 2000; Liu et al.,
2009). Of note, we found that the centromeric boundary
of the 9p24 amplicon in KYSE150 cells is located within
the coding region of a protein tyrosine phosphatase,
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receptor type, D (PTPRD) gene, resulting in amplifica-
tion of the C-terminal region, but deletion of the N-
terminal region of the gene (Supplementary Table 1A
and Supplementary Figure S2). The PTPRD gene spans
approximately 2.3 Mb, from 8.30 to 10.60 Mb, and is
represented by 201 probes in Agilent 244k CGH arrays
(Supplementary Table 1A). We validated our CGH
results by real-time PCR using primers specific for the
PTPRD’s intron 7-exon 8 and intron 8-exon 9
sequences (Supplementary Figure S3). As shown in
supplementary Figure S4, compared with the control
cells that do not have 9p24 amplification, KYSE150
cells had an elevated copy number of PTPRD intron
8—exon 9, whereas the copy number of PTPRD intron
7—exon 8 in KYSE150 was lower than that of the control,
implying that the amplification/deletion break point is
located in this region. Interestingly, recent published
genomic data indicated that the centromeric boundaries
of the 9p24 gain/amplification region in basal-like
primary breast tumor (~8.28Mb), brain metastasis
(~8.88 Mb) and xenograft samples (~7.78 Mb) are also
adjacent to or located at PTPRD genome region
(Supplementary Figure S5) (Ding et al., 2010).

In order to define the minimal common region of
gain/amplification, we also analyzed our previous 44k
array CGH data obtained from the SUM-149 breast
cancer cell line (Supplementary Table 1B) (Liu et al.,
2009). Compared with HCC1954 and Colo824 cells,
SUM-149 cells exhibited low-level copy number gain
(0.3<log, ratio <1.0) at the 9p24 region. In agreement
with this data, we demonstrated in our previous
fluorescence in situ hybridization study that 10-14
copies of the GASC1 BAC probe were observed in the
interphase nuclei of HCC1954 cells, while only 5-7
copies of the probe were observed in the SUM-149 cells
(Liu et al., 2009). Furthermore, our array CGH revealed
the distal boundary of 9p24 gain in SUM-149 cells maps
to 5.53-5.76-Mb site (Supplementary Table 1B). Com-
bination of our array CGH data with that published by
other groups allowed us to narrow down the commonly
gained/amplified 9p24 region to approximately 2Mb,
from 5.53 to 7.78Mb (Figure 1b, Supplementary Table 1
and Supplementary Figure S5).

The 9p24 amplicon contains multiple candidate oncogenes
Accumulated evidence suggests that the common
amplicons occurring in breast and other cancers contain
multiple oncogenes that could have a role in cancer
initiation and progression. As mentioned above, the
shortest region of overlap of the 9p24 amplicon spans
approximately 2 Mb, and excluding pseudogenes, con-
tains 11 genes (Figure 1b and Table 1). We carried out
real-time RT-PCR to measure the expression level of
these genes in a panel of cancer cell lines with or without
9p24 amplification (Figure 2a and Table 1). We then
used Kendall’s tau, a measure of association, to assess
if the association between copy number and expression
for each gene is statistically significant. Using P=0.01
as a cut-off for a statistically significant association,
we confirmed that GASCI is a target of the amplicon.
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Figure 1 Genomic analysis of the 9p24 region in human cancer cell lines. (a) Genome view of chromosome 9p analyzed on the Agilent
oligonucleotide array (Agilent Technology) in Colo824, HCC1954 and KYSE150 cells. (b) Schematic representation of the 9p24-
amplified region in four breast cancer cell lines (HCC70, HCC1954, Colo824 and SUM-149), one esophageal cancer cell line
(KYSEI150) and the recently published genomic data of basal-like primary breast tumor (P), brain metastasis (BM) and xenograft (X)
samples (Ding et al., 2010). Localization of the 9p21-24 genes is shown to the right of the chromosome 9 ideogram. The lines at far
right represent the amplified region of each sample based on our array CGH data and Ding et al.’s published data. SRO, shortest
region of overlap.
In addition, we identified three new potential targets, without gene amplification (Figure 2b). Thus, we
UHRF2, KIAA1432 and C9orf123 (Table 1). In contrast, propose that the 9p24 amplicon contains five candidate
the elevated expression of two genes, ERMPI and /L33,  oncogenes in addition to GASCI, including UHRF2,
is independent of their copy number status in human KIAA1432, C9orf123, ERMPI1 and IL33, all of which
cancer cells (Figure 2a and Table 1). However, ERMP1 could have a role in tumorigenesis.
and J7L23 are also potential oncogene candidates
because of their frequent overexpression. We measured
protein levels of GASC1 and UHRF?2 by western blot UHRF?2 gene amplification and overexpression promotes
analysis in a panel of breast cancer cell lines. These  cell proliferation
experiments demonstrate that Colo824, HCC1954, The UHRF?2 is a nuclear protein involved in cell-cycle
HCC70 and SUM-149 cells expressed higher levels of  regulation (Mori et al., 2002; Bronner et al., 2007). We
GASC1 and UHRF2 than breast cancer cell lines therefore sought to examine the biological effect of
Oncogene
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Table 1 Statistical analysis of association between copy number and
expression of genes within the 9p24 amplicon

Kendall’s
tau

Gene Description P-value

KIAA1432
ERMP1

KIAA1432

Endoplasmic reticulum
metallopeptidase 1
Melan-A

KIAA2026
RAN:-binding protein 6
Interleukin 33

Tumor protein D52-like
3

Ubiquitin-like with PHD
and ring finger domains 2
Glycine dehydrogenase
(decarboxylating)

Lysine (K)-specific
demethylase 4C
Chromosome 9 open-
reading frame 123

0.78
0.67

<0.01
0.02

MLANA
KIAA2026
RANBP6
IL33
TPDS52L3

0.44
0.61
0.61
0.33
0.56

0.12
0.03
0.03
0.25
0.05
UHRF2

0.78 <0.01

GLDC 0.28 0.35

GASCl1 0.78 <0.01

C9orf123 0.83 <0.01

Abbreviation: PHD, plant homeodomain.

UHRF2 knockdown on
cancer cells with 9p24

the proliferation of breast
amplification. To perform
knockdown experiments, we obtained two pGIPZ-
UHREF2 short hair pin RNA (shRNA) expression
constructs from OpenBiosystems (http://www.openbio
systems.com/). In this pGIPZ vector, TurboGFP and
shRNA are part of a single transcript allowing the visual
marking of the shRNA-expressing cells. HCC1954 cells
were transduced with the pGIPZ-UHRF2 shRNA, and
a non-silencing sShRNA lentivirus at a similar titer was
used in parallel as the negative control. We selected cells
with puromycin 48 h after infection. Pooled cell clones
were monitored for TurboGFP expression by fluores-
cence microscopy. UHRF2 expression levels were
measured by real-time RT-PCR, which revealed that
the UHRF2-shRNA cell clones showed downregulation
of UHRF2 expression to 30-45% of the level seen in the
non-silencing shRNA-infected cell clones (Figure 3a).
UHRF2 shRNA#2 more effectively knocked down
expression than shRNA#I, and thus we used it in five
cell lines: HCC1954 and HCC70 with UHRF2 gene
amplification, SUM-52 and SUM-102 without the
amplification as well as the non-tumorigenic MCF10A
cells, which also lack the amplification. Subsequently,
the effect of decreased UHRF2 expression on cell
proliferation was examined. Knocking down UHRF2
inhibited the growth of HCC1954 and HCC70 cells by
approximate 50%, but had only a minor effect on SUM-
52, SUM-102 and MCF10A cells (P<0.01) (Figures 3b
and c). The inhibition of HCC1954 cell growth by
knockdown of UHRF2 was reproduced with the
UHRF2 shRNA#1 (data no shown). Thus, UHRF2
knockdown has a more profound growth inhibition
effect on cells with UHRF2 gene amplification than in
cells without the amplification.

The effects of UHRF2 on cell growth and transfor-
mation were further examined by ectopic overexpression
in the non-tumorigenic MCF10A cells. Lentivirus
carrying either the control vector or a UHRF2 expres-
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Figure 2 (a) Expression level of six genes in the 9p24 amplicon.
Gene expression was examined in cancer cells with 9p24 gain/
amplification (KYSE150, Colo824, HCC1954, SUM-149 and
HCC70) or without the gain/amplification (SUM-44, SUM-52,
SUM-190 and SUM-225). mRNA expression levels in the
MCFI10A cells, an immortalized but non-tumorigenic breast
epithelial cell line without 9p24 gain/amplification, were arbitrarily
set as 0. Relative expression levels were shown as log, values.
(b) UHRF2 and GASCI protein levels were analyzed by western
blot in eight breast cancer cell lines with or without 9p24
amplification, as well as in MCF10A control cells.



08 -

9p24-amplified genes in human cancer
JWu et al

o

c B cti-sh = UHRF2-shi2

125 —

100 —

75—

0.6 -

0.4 -

Relative expression level

0.2 4

0] T T 1

50 —

Relative growth (%)

25 —

Cirl-sh UHRF2-sh#1 UHRF2-sh#2

Ctrl-sh

UHRF2-sh#2

I I I I
HCC1954 HCC70 SUM-52 SUM-102 MCF10A
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different sShRNAs was confirmed by real-time RT-PCR. The real-time RT-PCR data were normalized with a GAPDH control and is
shown as the mean + s.d. of triplicate determinations from two independent experiments. The baseline for the cells infected with control
shRNA was arbitrarily set as 1. (b) Top panel shows TurboGFP images of HCC1954 cells after viral infection with control shRNA and
UHRF2 shRNA#2. After seeding the same number of HCC1954 cells with or without UHRF2 knockdown, cells were stained with
crystal violet at day 7 (bottom panel). (¢) Relative cell growth after knocking down UHRF2 in five cell lines: HCC1954 and HCC70
with 9p24 amplification, SUM-52 and SUM-102 without the amplification as well as non-tumorigenic MCF10A cells. The same
number of cells were seeded and allowed to grow for 7 days after attachment. Relative growth is shown as the mean * s.d. of triplicate
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Figure 4 (a) Stable overexpression of UHRF2 in MCF10A cells
with the pLenti6/V5-UHRF?2 construct (MCF10A-UHRF2). Over-
expression of UHRF?2 protein in two cell clones (UHRF2#1 and
UHRF2#2), and knockdown of UHRF2 in clone #2 cells were
confirmed by western blot. (b) Ectopic overexpression of UHRF2
confers a growth advantage to MCF10A cells, which can be
reversed by UHRF2 shRNA (*P<0.05).

sion construct was transduced into MCF10A cells and
stable, independent clones were isolated. Western blot
confirmed the overexpression of UHRF2 protein in
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these clones (Figure 4a). Compared with the control,
MCF10A cells overexpressing UHRF2 grew more
rapidly than control cells (P<0.05), and this growth
advantage was reversed by UHRF2 shRNA (Figure 4b).
However, MCF10A-UHRF2 cells retained the parental
cells’ characteristics of anchorage- and growth factor-
dependent growth (data no shown). Taken together with
the UHRF2 knockdown results, our data indicate that
UHRF?2 has a role in cell proliferation in breast cancer
cells with the 9p24 amplification.

UHRF?2 mediates tumor suppressor gene inactivation

in breast cancer

UHRF family members, including UHRFI1 and
UHRF2, are multi-domain proteins that participate in
methylation-dependent  transcriptional  regulation
(Bronner et al., 2007; Unoki et al., 2009; Rottach
et al., 2010). Recent studies revealed that UHRFI
functions as a transcriptional co-repressor and partici-
pates in transcriptional regulation of p21Wafl/Crl by
recruitment of DNA and histone methyltransferases
(Kim et al., 2009; Unoki et al., 2009). Knocking down
UHREF?2 affects the expression level of p21%+/! in [ung
cancer cells (He et al., 2009). To determine whether
UHRF2 affects p21W/Cr! expression in human breast
cancer cells, we examined p21%*/“P" mRNA and protein
levels after UHRF2 knockdown in HCC1954 cells. As
shown in Figures 5a and b, UHRF2 knockdown
resulted in increased expression of p21W1/Crl gt both
the mRNA and protein levels. p21W/r! is a well-
known target gene of p53-mediated transcriptional
regulation (el-Deiry et al., 1993). However, HCC1954
cells harbor an inactivating mutation (Tyr163 — Cys163)
in the p53 gene (Sjoblom et al., 2006). As expected, our
western blot demonstrated that the expression level
of p53 was not affected by UHRF2 knockdown in
HCC1954 cells (Supplementary Figure S6), indicating
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Figure 5 UHRF2 influences expression of pl6™Ké p2[War/ciel
p27%r" and pRB. (a) mRNA levels of p21Waf/cirl p]ENKsa and
p27%r! were examined by real-time RT-PCR after knocking down
UHRF?2 in HCC1954 cells. The baseline for the cells infected with
control shRNA was arbitrarily set as 1. (b) Protein levels of p21Wa™/
Cirl pl6™NKda p27%irt and pRB in HCC1954 cells stably expressing
control shRNA, UHRF2 shRNA#1 or shRNA#2 were analyzed
by western blot. The migration control for the hypophosporylated
(p) form of RB protein is shown in Supplentmentary Figure S7.
(¢) Overexpression of UHRF2 in MCF10A cells results in reduced
protein levels of pl16™NK42 p2]Wall/Ciel apnd p27%ir! but not of pRB as
determined by western blot.

that the increased expression of p21Wa/Cr! in UHRF2
knockdown cells was achieved through a p53-indepen-
dent pathway.

To determine whether UHRF?2 affects the expression
of other cell-cycle inhibitors and/or classical tumor
suppressors, we examined the expression levels of
plo™*4 p27%"t and pRB after UHRF2 knockdown in
HCC1954 cells. As shown in Figures 5a and b, when the
expression of UHRF2 was decreased, there was a
concomitant increase in the expression levels of p16™&4,
p27%*" and pRB. We further examined the expression
levels of p21Watticirl plE™NKia p27XIPL and pRB in
MCF10A-UHRF2 clones. As shown in Figure 5c,
overexpression of UHRF2 in MCFI10A cells led to
reduced expression of p21Wal/Cirl  p]6NK4 apnd p27%IPL,
However, the level of pRB protein was not affected in
MCFI10A-UHRF?2 cells (Figure 5¢). These data suggest
that amplification and overexpression of UHRF2
suppresses the expression of tumor suppressor genes in
cancer cells, which may explain its growth-promoting
capability.
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Discussion

Recent studies have demonstrated that regions of
amplification such as 8pl1-12, 11q13, 17q22-23 and
20q12-13 can be complex and frequently contain multi-
ple genes that can work individually and/or in combina-
tion to influence the transformed phenotype in human
cancer cells (Santarius et al., 2010). Previous studies
revealed the existence of 9p24 amplification in various
tumor types (Italiano et al., 2006; Han et al., 2008;
Vinatzer et al., 2008; Liu et al., 2009; Natrajan et al.,
2009; Northcott et al., 2009). In human breast cancer, it
had been determined that 9p24 amplification more
frequently occurs in the basal-like subtype, which is
clinically characterized as highly aggressive and is
usually associated with a poor prognosis (Han ez al.,
2008; Liu et al., 2009). In the present studies, we extended
our previous work on the 9p24 amplicon and examined
9p24 genes in a thorough and systemic way (Yang et al.,
2000; Liu et al., 2009). Our array CGH analyses at a
higher resolution enabled us to narrow the amplicon
to approximately 2Mb, which contains 11 genes. We
identified four genes, GASCI, UHRF2, KIAA1432 and
C9orf123, that were overexpressed in association with
copy number increase at the P<0.01 level (see Table 1).
In addition, two genes, ERMPI and IL33, were found
to be overexpressed in breast cancer cells both with
and without copy number increases. Thus, like other
focal amplicons found in cancer, the 9p24 amplicon
also contains multiple candidate oncogenes.

Based on the known biological functions of the six
candidate oncogenes, GASCI and UHRF2 appear to
have a role in the regulation of gene expression by acting
as epigenetic regulators. The KIAA1432 gene encodes
a binding partner of a gap junction protein (GJAI,
also known CX43). The association with KIAA1423
protein is important for GJA1 to have a role as a gap
junctional channel (Akiyama et al., 2005). The C9orf123
gene encodes a putative transmembrane protein, and its
biological function is currently unknown. The ERMP1
is an endoplasmic reticulum-bound peptidase and required
for normal ovarian histogenesis (Garcia-Rudaz et al.,
2007). As a cytokine, interleukin-33 may function as an
alarm in that it is released upon endothelial or epithelial
cell damage (Kurowska-Stolarska et al., 2011). By contrast,
the PTPRD gene, likely inactivated by partial deletion
and/or rearrangement, is increasingly thought to be a
tumor suppressor gene. Recent studies indicate that
inactivation of PTPRD by gene deletion or mutation
contributes to the pathogenesis of a wide range of human
cancers, including colon, lung, glioblastoma and mela-
noma (Ostman et al., 2006; Solomon et al., 2008; Veeriah
et al., 2009; Kohno et al., 2010; Giefing et al., 2011).
In breast cancer cells, it has been reported that PTPRD
can also be inactivated at the transcriptional level by
DNA hypermethylation (Chan et al., 2008). Future
investigations are required to more precisely address the
role of each candidate gene in cancer development.

Using esophageal cancer lines, we originally identified
and cloned the GASCI gene from an amplified region at
9p24 (Yang et al., 2000). Based on the presence of a



bipartite nuclear location sequence and two plant
homeodomain fingers, we had initially predicted a role
in transcriptional regulation for GASCI (Yang et al.,
2000). Indeed, subsequent studies identified GASCI as a
member of the JIMJD2 (jumonji domain containing 2),
subfamily of jumonji genes that alter chromatin
architecture through histone lysine demethylase activity
(Katoh, 2004; Cloos et al., 2006; Tsukada et al., 2006;
Whetstine ef al., 2006). Specifically, GASCI can activate
transcription by removing the repressive tri- and
dimethylated histone H3 lysine 9 marks (H3K9me3/
me?2) at specific genomic loci (Chen et al., 2006; Cloos
et al., 2006; Whetstine et al., 2006; Klose and Zhang,
2007; Shi and Whetstine, 2007). We and several other
laboratories showed that GASCI regulates the expres-
sion of several classical oncogenes, including MYC,
NOTCHI1, SOX2 and MDM?2 in normal and cancer cells
(Loh et al., 2007; Ishimura et al., 2009; Liu et al., 2009;
Wang et al., 2010). Importantly, stable overexpression
of GASCI1 in the non-tumorigenic breast cell line
MCF10A induces transformed phenotypes, whereas
knockdown in tumor cells inhibits proliferation, con-
sistent with GASCI as a member of a new class of
oncogenes that are involved in the deregulation of
histone methylation in cancer cells.

A finding of particular interest from our current study
is that the newly identified candidate UHRF?2 also has a
potential involvement in methylation-dependent tran-
scriptional regulation. UHRF2, and its close homolog
UHRFI1, contain similar functional domains. These
domains include an ubiquitin-like domain, a plant
homeodomain domain, a tudor domain, a SRA domain
and a RING domain (Hopfner et al., 2000; Mori et al.,
2002; Bronner et al., 2007; Rottach et al., 2010). Recent
studies demonstrated that UHRF1 has the ability to
bind hemi-methylated DNA and methylated H3K9
through its SRA domain and tudor domain, respectively
(Bronner et al., 2007; Qian et al., 2008; Rottach et al.,
2010). UHRF1 can repress transcription of tumor
suppressor genes including pl6"¥%* and p21""<"! via
recruitment of DNA methyltransferases (DNMT1 and
DNMT3A/B), H3K9 methyltransferases (G9a), and
HDACI, interconnecting DNA methylation and histone
modification pathways (Kim et al., 2009; Unoki et al.,
2009). Interestingly, an unbiased proteomic screen for
binding proteins to modified lysines on histone H3 also
determined that UHRF2 interacts with dimethylated
H3K9 peptide (Chan et al., 2009). In the current study,
we demonstrated that UHRF2 has the ability to repress
transcription of key cell-cycle inhibitors and tumor
suppressors, including p16™*4* p21Cipl and p27%P!,
Thus, we speculate that UHRF2 may have an oncogenic
role by mediating tumor suppressor gene inactivation
via both DNA methylation and histone modification
pathways.

During the review of this manuscript, Rui er al.
(2010) published their studies on 9p24 amplification
in primary mediastinal B-cell lymphoma (PMBL) and
Hodgkin lymphoma. They identified a 9p24 amplicon,
which largely overlaps with the 9p24 amplicon described
in this report. They revealed that within an approximately
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3.5-Mb minimal common region of copy number gain,
10 genes (JAK2, CYorf46, CD274, PDCDI1LG2, KIAA1432,
KIAA2026, RANBP6, UHRF2, GLDC and GASCI)
were upregulated in expression in association with gene
amplification. Further, they demonstrated that two genes,
JAK2 and GASCI, cooperate to modify the epigenome
of 9p24-amplified lymphomas, thereby promoting pro-
liferation and survival. Their data and our studies share
in common the observation that three genes, GASCI,
UHRF?2 and KIAA1432, are upregulated via gene copy
number gains, and that GASC/ is an important gene
for the proliferation and survival of cancer cells with
9p24 amplification (Liu et al., 2009; Rui et al., 2010).
Notably, our array CGH and previous fluorescence
in situ hybridization analysis found that JAK2 is not
gained/amplified in KYSE150 esophageal cancer cells
or SUM-149 breast cancer cells (Yang et al., 2000; Liu
et al., 2009). Our new finding suggests that the epigenetic
regulator UHRF?2 likely contributes to cell proliferation
in a subset of breast cancer with 9p24 amplification.
It will be important to further investigate whether the
two 9p24 co-amplified genes, GASCI and UHRF2,
promote tumor growth co-operatively or independently.

Materials and methods

Cell culture

The culture of cancer cells KYSE150, Colo824, HCC70,
HCC1954, SUM-44, SUM-52, SUM-149, SUM-190, SUM-
225, and the immortalized non-tumorigenic MCF10A cells is
described in the Supplementary Materials and methods.

Array CGH

Genomic array CGH experiments were done using the Agilent
244K human genome CGH microarray chip (Agilent Tech-
nologies, Palo Alto, CA, USA) as described previously (Yang
et al., 2006). Briefly, for each array, female DNA (Promega,
Madison, WI, USA) was used as a reference sample and
labeled with Cy-3. The samples of interest were each labeled
with Cy-5. Agilent’s CGH Analytics software was used to
calculate various measurement parameters, including log2
ratio of total integrated Cy-5 and Cy-3 intensities for each
probe. Array data have been posted at the NCBI GEO data-
base (GEO accession: GSE28989, GSM 718287, GSM718288,
GSM718289, GSM718290).

Real-time RT-PCR

Total RNAs were prepared from cells by using the RNeasy
Plus Mini Kit (Qiagen, Valencia, CA, USA) and were converted
into complementary DNAs with the qScript complementary
DNA SuperMix (Quanta Biosciences, Gaithersburg, MD, USA).
Primers were purchased from Invitrogen (Carlsbad, CA, USA).
Real-time RT-PCR was performed using the iQSYBR Green
Supermix (Bio-Rad, Hercules, CA, USA).

Lentivirus-mediated UHRF2 shRNA knockdown or
overexpression

UHRF2 knockdown was achieved by using the Expression
Arrest GIPZ lentiviral sShRNAmir system (OpenBiosystems).
The lentiviral expression construct expressing the UHRF2 gene
(pLenti-UHRF2-V5) was established as described previously
(Yang et al., 2006). Lentivirus was produced by transfecting
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293FT cells with the combination of the lentiviral expression
plasmid DNA and viral packaging mix (OpenBiosystems). Cells
were infected with the virus by incubating with the mixture of
growth medium and virus-containing supernatant (1:1 ratio),
supplemented with polybrene at a final concentration of 5 pg/ml.
An equal volume of fresh growth medium was added after 24 h
and selection of stable cells was started after 48 h.

Examination of cell growth

Cell growth was assessed by using a Coulter counter or
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay (Mosmann, 1983). For MTT assay, cells
were seeded in six-well plates at a density of 2 x 10* cells per
well and allowed to attach overnight. At designated time
points, thiazolyl blue tetrazolium bromide (Sigma-Aldrich,
St Louis, MO, USA) was added to each well of cells (final
0.5mg/ml) and incubated for 3-5h at 37°C. After removing
the growth medium, dimethyl sulfoxide was added to solubilize
the blue MTT-formazan product, and the samples were
incubated for a further 30 min at room temperature. Absor-
bance of the solution was read at a test wavelength of 570 nm
against a reference wavelength of 650 nm.

Immnuoblotting and antibodies

Whole cell lysates were prepared by scraping cells from the
dishes into cold radioimmuno precipitation assay lysis buffer
and sonicating for 10s. After centrifugation at high speed in
the cold, protein content was estimated with the Bradford
method. A total of 20-100 pg of total cell lysate was resolved
by SDS—polyacrylamide gel electrophoresis and transferred
onto polyvinylidene difluoride membrane. Antibodies used in
the study were as follows: anti-UHRF2 (Abcam ab28673,
Cambridge, MA, USA), anti-GASCI1 (Bethyl Laboratories
A300-885A, Montgomery, TX, USA), anti- p21V/cel (Cell
Signaling 2947, Danvers, MA, USA), anti-p53 (Calbiochem
Ab-2 OP09, Gibbstown, NJ, USA), anti-p27%*' (Oncogene

References

Akiyama M, Ishida N, Ogawa T, Yogo K, Takeya T. (2005).
Molecular cloning and functional analysis of a novel Cx43 partner
protein CIP150. Biochem Biophys Res Commun 335: 1264-1271.

Albertson DG. (2006). Gene amplification in cancer. Trends Genet 22:
447-455.

Albertson DG, Collins C, McCormick F, Gray JW. (2003). Chromo-
some aberrations in solid tumors. Nat Genet 34: 369-376.

Beroukhim R, Mermel CH, Porter D, Wei G, Raychaudhuri S,
Donovan J et al. (2010). The landscape of somatic copy-number
alteration across human cancers. Nature 463: 899-905.

Bronner C, Achour M, Arima Y, Chataigneau T, Saya H, Schini-Kerth VB.
(2007). The UHRF family: oncogenes that are drugable targets for
cancer therapy in the near future? Pharmacol Ther 115: 419-434.

Chan DW, Wang Y, Wu M, Wong J, Qin J, Zhao Y. (2009). Unbiased
proteomic screen for binding proteins to modified lysines on histone
H3. Proteomics 9: 2343-2354.

Chan TA, Glockner S, Yi JM, Chen W, Van Neste L, Cope L et al.
(2008). Convergence of mutation and epigenetic alterations identi-
fies common genes in cancer that predict for poor prognosis. PLoS
Med 5: el 14.

Chen Z, Zang J, Whetstine J, Hong X, Davrazou F, Kutateladze TG
et al. (2006). Structural insights into histone demethylation by
JMIJD?2 family members. Cell 125: 691-702.

Cloos PA, Christensen J, Agger K, Maiolica A, Rappsilber J, Antal T
et al. (2006). The putative oncogene GASCI demethylates tri- and
dimethylated lysine 9 on histone H3. Nature 442: 307-311.

Oncogene

17

NA35, Cambridge, MA, USA), anti-p16™** (Oncogene NA29),
anti-RB (Proteintech Group 10048-2-Ig, Chicago, IL, USA),
anti-GAPDH (Cell Signaling 2118, Danvers, MA, USA)
and anti-B-actin (Sigma-Aldrich A5441).

Statistical analysis

Kendall’s tau was used to assess the statistical significance of
the association between copy number and expression for each
gene. Holm’s step-down procedure was used to adjust signi-
ficance level for the large number of estimates to reduce the
likelihood of false positive results. We used P=0.01 as a cut-off
for a statistically significant association between copy number
and expression. For analyzing the results of cell growth, a two-
tailed independent Student’s #-test was performed. A value of
P <0.05 was considered statistically significant.

Conflict of interest

The authors declare no conflict of interest.

Acknowledgements

This work was supported by Grants from the Department of
Defense Breast Cancer Program (BC086177 and BC083945) to
Zeng-Quan Yang, a grant from the National Institutes of
Health grant RO1 CA100724 to Stephen P. Ethier, and the
Taubman Scholar Award from Taubman Institute to Max S.
Wicha. The Biostatistics Core of the Karmanos Cancer
Institute is supported by the National Institutes of Health
Grant P30-CA022453-29. We thank Michele L. Dziubinski for
technical assistance on the cell culture. We thank Dr Steve
Guest, Dr Aliccia Bollig-Fischer and Kimberly Lyons for
discussions and careful reading of a draft manuscript.

Ding L, Ellis MJ, Li S, Larson DE, Chen K, Wallis JW et al. (2010).
Genome remodelling in a basal-like breast cancer metastasis and
xenograft. Nature 464: 999-1005.

el-Deiry WS, Tokino T, Velculescu VE, Levy DB, Parsons R, Trent
IM et al. (1993). WAFI, a potential mediator of p53 tumor
suppression. Cell 75: 817-825.

Esteller M. (2007). Cancer epigenomics: DNA methylomes and
histone-modification maps. Nat Rev Genet 8: 286-298.

Fukushige S, Matsubara K, Yoshida M, Sasaki M, Suzuki T, Semba K
et al. (1986). Localization of a novel v-erbB-related gene, c-erbB-2,
on human chromosome 17 and its amplification in a gastric cancer
cell line. Mol Cell Biol 6: 955-958.

Garcia MJ, Pole JC, Chin SF, Teschendorff A, Naderi A,
Ozdag H er al. (2005). A 1 Mb minimal amplicon at 8pl1-12 in
breast cancer identifies new candidate oncogenes. Oncogene 24:
5235-5245.

Garcia-Rudaz C, Luna F, Tapia V, Kerr B, Colgin L, Galimi F et al.
(2007). Fxna, a novel gene differentially expressed in the rat ovary at
the time of folliculogenesis, is required for normal ovarian
histogenesis. Development 134: 945-957.

Gelsi-Boyer V, Orsetti B, Cervera N, Finetti P, Sircoulomb F, Rouge
C et al. (2005). Comprehensive profiling of 8p11-12 amplification in
breast cancer. Mol Cancer Res 3: 655-667.

Giefing M, Zemke N, Brauze D, Kostrzewska-Poczekaj M, Luczak M,
Szaumkessel M et al. (2011). High resolution ArrayCGH and
expression profiling identifies PTPRD and PCDHI17/PCH68 as



tumor suppressor gene candidates in laryngeal squamous cell
carcinoma. Genes Chromosomes Cancer 50: 154—166.

Han W, Jung EM, Cho J, Lee JW, Hwang KT, Yang SJ et al. (2008).
DNA copy number alterations and expression of relevant genes in
triple-negative breast cancer. Genes Chromosomes Cancer 47: 490-499.

He X, Duan C, Chen J, Ou-Yang X, Zhang Z, Li C et al. (2009). Let-
7a elevates p21(WAF1) levels by targeting of NIRF and suppresses
the growth of A549 lung cancer cells. FEBS Lett 583: 3501-3507.

Hopfner R, Mousli M, Jeltsch JM, Voulgaris A, Lutz Y, Marin C et al.
(2000). ICBP90, a novel human CCAAT binding protein, involved
in the regulation of topoisomerase Ilalpha expression. Cancer Res
60: 121-128.

Ishimura A, Terashima M, Kimura H, Akagi K, Suzuki Y, Sugano S
et al. (2009). Jmjd2c histone demethylase enhances the expression of
Mdm?2 oncogene. Biochem Biophys Res Commun 389: 366-371.

Ttaliano A, Attias R, Aurias A, Perot G, Burel-Vandenbos F, Otto J
et al. (2006). Molecular cytogenetic characterization of a metastatic
lung sarcomatoid carcinoma: 9p23 neocentromere and 9p23-p24
amplification including JAK2 and JMJD2C. Cancer Genet Cyto-
genet 167: 122-130.

Jones PA, Baylin SB. (2007). The epigenomics of cancer. Cell 128:
683-692.

Katoh M. (2004). Identification and characterization of JMJD2 family
genes in silico. Int J Oncol 24: 1623-1628.

Kim JK, Esteve PO, Jacobsen SE, Pradhan S. (2009). UHRF1 binds
G9a and participates in p21 transcriptional regulation in mamma-
lian cells. Nucleic Acids Res 37: 493-505.

Klose RJ, Zhang Y. (2007). Regulation of histone methylation by
demethylimination and demethylation. Nat Rev Mol Cell Biol 8:
307-318.

Kohno T, Otsuka A, Girard L, Sato M, Iwakawa R, Ogiwara H et al.
(2010). A catalog of genes homozygously deleted in human lung
cancer and the candidacy of PTPRD as a tumor suppressor gene.
Genes Chromosomes Cancer 49: 342-352.

Kurowska-Stolarska M, Hueber A, Stolarski B, Mclnnes IB. (2011).
Interleukin-33: a novel mediator with a role in distinct disease
pathologies. J Intern Med 269: 29-35.

Liu G, Bollig-Fischer A, Kreike B, van de Vijver MJ, Abrams J, Ethier
SP et al. (2009). Genomic amplification and oncogenic properties of
the GASCI histone demethylase gene in breast cancer. Oncogene 28:
4491-4500.

Loh YH, Zhang W, Chen X, George J, Ng HH. (2007). Jmjdla and
Jmjd2c histone H3 Lys 9 demethylases regulate self-renewal in
embryonic stem cells. Genes Dev 21: 2545-2557.

Mori T, Li Y, Hata H, Ono K, Kochi H. (2002). NIRF, a novel RING
finger protein, is involved in cell-cycle regulation. Biochem Biophys
Res Commun 296: 530-536.

Mosmann T. (1983). Rapid colorimetric assay for cellular growth and
survival: application to proliferation and cytotoxicity assays. J
Immunol Methods 65: 55-63.

Natrajan R, Lambros MB, Rodriguez-Pinilla SM, Moreno-Bueno G,
Tan DS, Marchio C et al. (2009). Tiling path genomic profiling of
grade 3 invasive ductal breast cancers. Clin Cancer Res 15: 2711-2722.

Neve RM, Chin K, Fridlyand J, Yeh J, Bachner FL, Fevr T et al.
(2006). A collection of breast cancer cell lines for the study of
functionally distinct cancer subtypes. Cancer Cell 10: 515-527.

Northcott PA, Nakahara Y, Wu X, Feuk L, Ellison DW, Croul S
et al. (2009). Multiple recurrent genetic events converge on control
of histone lysine methylation in medulloblastoma. Nat Genet 41:
465-472.

Ostman A, Hellberg C, Bohmer FD. (2006). Protein-tyrosine
phosphatases and cancer. Nat Rev Cancer 6: 307-320.

Pole JC, Courtay-Cahen C, Garcia MJ, Blood KA, Cooke SL,
Alsop AE et al. (2006). High-resolution analysis of chromosome

9p24-amplified genes in human cancer
JWu et al

rearrangements on 8p in breast, colon and pancreatic cancer reveals
a complex pattern of loss, gain and translocation. Oncogene 25:
5693-5706.

Qian C, Li S, Jakoncic J, Zeng L, Walsh MJ, Zhou MM. (2008).
Structure and hemimethylated CpG binding of the SRA domain
from human UHRFI. J Biol Chem 283: 34490-34494.

Rottach A, Frauer C, Pichler G, Bonapace IM, Spada F, Leonhardt H.
(2010). The multi-domain protein Np95 connects DNA methylation
and histone modification. Nucleic Acids Res 38: 1796-1804.

Rui L, Emre NC, Kruhlak MJ, Chung HJ, Steidl C, Slack G et al.
(2010). Cooperative epigenetic modulation by cancer amplicon
genes. Cancer Cell 18: 590-605.

Santarius T, Shipley J, Brewer D, Stratton MR, Cooper CS. (2010).
A census of amplified and overexpressed human cancer genes.
Nat Rev Cancer 10: 59-64.

Shi Y, Whetstine JR. (2007). Dynamic regulation of histone lysine
methylation by demethylases. Mol Cell 25: 1-14.

Shimada Y, Imamura M, Wagata T, Yamaguchi N, Tobe T. (1992).
Characterization of 21 newly established esophageal cancer cell
lines. Cancer 69: 277-284.

Sjoblom T, Jones S, Wood LD, Parsons DW, Lin J, Barber TD et al.
(2006). The consensus coding sequences of human breast and
colorectal cancers. Science 314: 268-274.

Solomon DA, Kim JS, Cronin JC, Sibenaller Z, Ryken T,
Rosenberg SA et al. (2008). Mutational inactivation of PTPRD in
glioblastoma multiforme and malignant melanoma. Cancer Res 68:
10300-10306.

Tsukada Y, Fang J, Erdjument-Bromage H, Warren ME, Borchers
CH, Tempst P et al. (2006). Histone demethylation by a family of
JmjC domain-containing proteins. Nature 439: 811-816.

Unoki M, Brunet J, Mousli M. (2009). Drug discovery targeting
epigenetic codes: the great potential of UHRFI1, which links DNA
methylation and histone modifications, as a drug target in cancers
and toxoplasmosis. Biochem Pharmacol 78: 1279—1288.

Veeriah S, Brennan C, Meng S, Singh B, Fagin JA, Solit DB et al.
(2009). The tyrosine phosphatase PTPRD is a tumor suppressor
that is frequently inactivated and mutated in glioblastoma and other
human cancers. Proc Natl Acad Sci USA 106: 9435-9440.

Vinatzer U, Gollinger M, Mullauer L, Raderer M, Chott A, Streubel
B. (2008). Mucosa-associated lymphoid tissue lymphoma: novel
translocations including rearrangements of ODZ2, JMJID2C, and
CNN3. Clin Cancer Res 14: 6426-6431.

Vogelstein B, Kinzler KW. (2004). Cancer genes and the pathways they
control. Nat Med 10: 789-799.

Wang J, Zhang M, Zhang Y, Kou Z, Han Z, Chen DY et al. (2010).
The histone demethylase JMJD2C is stage-specifically expressed in
preimplantation mouse embryos and is required for embryonic
development. Biol Reprod 82: 105-111.

Whetstine JR, Nottke A, Lan F, Huarte M, Smolikov S, Chen Z et al.
(2006). Reversal of histone lysine trimethylation by the JMJID2
family of histone demethylases. Cell 125: 467-481.

Yang ZQ, Albertson D, Ethier SP. (2004). Genomic organization of
the 8p11-p12 amplicon in three breast cancer cell lines. Cancer Genet
Cytogenet 155: 57-62.

Yang ZQ, Imoto I, Fukuda Y, Pimkhaokham A, Shimada Y,
Imamura M et al. (2000). Identification of a novel gene, GASCI,
within an amplicon at 9p23-24 frequently detected in esophageal
cancer cell lines. Cancer Res 60: 4735-4739.

Yang ZQ, Liu G, Bollig-Fischer A, Giroux CN, Ethier SP. (2010).
Transforming properties of 8pl1-12 amplified genes in human
breast cancer. Cancer Res 70: 8487-8497.

Yang ZQ, Streicher KL, Ray ME, Abrams J, Ethier SP. (2006).
Multiple interacting oncogenes on the 8p11-p12 amplicon in human
breast cancer. Cancer Res 66: 11632-11643.

Supplementary Information accompanies the paper on the Oncogene website (http://www.nature.com/onc)

18

Oncogene



Genomic amplification and a role in drug-resistance for the KDM5A histone

demethylase in breast cancer

Jinling Hou ', Jack Wu !, Alan Dombkowski %, Kezhong Zhang "***, Julie L. Boerner ' and
Zeng-Quan Yang :

Authors’ Affiliations: ' Karmanos Cancer Institute, Department of Oncology, > Department of
Pediatrics, * Center for Molecular Medicine and Genetics, * Department of Immunology and

Microbiology, Wayne State University, Detroit, MI 48201, USA.

Corresponding author: Zeng-Quan Yang, Ph.D., Karmanos Cancer Institute, 4100 John R
Street, HWCRC 815, Detroit, MI 48201 Tel: (313)576-8339; Fax: (313)576-8029; E-mail:

yangz(@karmanos.org




Abstract

Lysine-specific demethylase SA (KDMS5A), an enzyme that removes activating H3K4 di-
and trimethylation marks, plays critical roles in controlling transcription and chromatin
architecture, yet its biological functions largely remain uncharacterized, particularly in the
context of human cancer. In the present study, we found that the KDM5A gene was significantly
amplified and over-expressed in various human tumors, including breast cancer. Reducing the
expression of KDMS5A by shRNA knockdown inhibited proliferation of KDMS5A-amplified
breast cancer cells. More importantly, we demonstrated that KDMSA over-expression was
associated with breast cancer drug resistance. Furthermore, knockdown of KDMS5A gene
expression altered H3K4 methylation and induced upregulation of CDK inhibitors as well as
genes mediating apoptotic cell death. Taken together, our study strongly links KDMS5A histone
demethylase activity to breast cancer proliferation and drug resistance, and suggests KDMS5A is a

potential target for breast cancer therapy.

Key words: KDMS5A, histone demethylases, gene amplification, drug-resistance

20



Introduction

Cancer has been traditionally viewed as a genetic disorder. However, it is increasingly
apparent that epigenetic alterations, including histone modifications, DNA methylation, and
microRNA dysregulation, play fundamental roles in cancer initiation and progression.
Specifically, the use of systematic genome-wide discovery efforts has unexpectedly revealed a
high frequency of cancer-specific alterations in genes involved in epigenetic histone
modification in multiple tumor types [1-3]. The identification of these epigenetic modifier genes
has raised important questions regarding the mechanisms by which they contribute to malignant
transformation and progression. Furthermore, a better understanding of the intertwined
relationship between genetic and epigenetic alterations in tumorigenesis is indisputably

important for the development of new prognostic markers and therapeutic targets.

The epigenetic modifier gene KDM5A (Lysine-specific demethylase 5A, also known as
RBP2 and JARID1A), encodes a lysine-specific histone 3 demethylase [4-6]. Histone lysine
methylation is a principal chromatin-regulatory mechanism that influences fundamental nuclear
processes [7]. Lysine (K) residues on the tails of histone H3 can accept up to three methyl
groups to form mono-, di-, and trimethylated derivatives (mel, me2, and me3, respectively).
Depending on the site and degree of methylation, lysine methylation can have different
transcriptional and biological outcomes. Specifically, KDMSA can function as a transcriptional
repressor through the demethylation of tri- and dimethylated histone H3 at lysine 4 (H3K4)
active marks [4-6]. KDMS5A has been shown to regulate the expression of multiple genes and
has also been shown to be required for normal development [4-6]. Indeed, KDMS5A was
originally identified as the retinoblastoma-binding protein and was implicated in regulation of
retinoblastoma target genes [8]. Mutations in the Drosophila KDMS5A homolog lid result in
severe defects in cell growth and differentiation and are homozygous lethal [9]. More recently,
several studies have shown that dysregulation of KDMS5A is associated with human cancer.
KDMS5A is over expressed in gastric cancer, and its inhibition triggers cellular senescence of
gastric cancer cells [10]. In acute myeloid leukemia (AML), KDMS5A has been shown to form a
fusion protein with a nucleoporin 98 gene (NUP98), and overexpression of this fusion protein

alone is sufficient to induce AML in murine models. Furthermore, genetic ablation of KDM5SA
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decreases tumor formation and prolongs survival in pRB-defective mice [11]. Very recently,
KDMS5A was found to be a critical epigenetic factor for the development of drug resistance in
lung cancer cells [12]. . However, the role played by KDMS5A in breast cancer remains poorly
understood. In this study, we observed a significant amplification and over-expression of the
KDMB5A gene in various tumors, including breast cancer. We found that breast cancer cells with
KDMB5A gene amplification had intrinsic drug resistance properties and knocking down KDMS5SA
with shRNAs improved the efficacy of epidermal growth factor receptor (EGFR) inhibitors
against these breast cancer cells. Furthermore, increasing the expression of KDMS5A in breast
cancer led to global histone methylation level changes and altered the expression of a subset of
key genes, including tumor suppressor p21 and apoptosis effector BAK1. Our findings suggest

that genetic alteration of KDMSA may play a critical role in the pathogenesis of breast cancer.

Material and methods

Genomic array CGH

The isolation and culture of the SUM series of human breast cancer cell lines, Colo824,
HCC1937, HCC1428, ZR-75-1 and non-tumorigenic mammary epithelial MCF10A cells have
been described in detail previously [13, 14]Genomic array CGH experiments were done using
the Agilent 244K human genome CGH microarray chip (Agilent Technologies, Palo Alto, CA,
USA) as described previously[13]. Briefly, for each array, female DNA (Promega, Madison, WI)
was used as a reference sample and labelled with Cy-3. The samples of interest were each
labelled with Cy-5. Agilent’s CGH Analytics software was used to calculate various
measurement parameters, including log2 ratio of total integrated Cy-5 and Cy-3 intensities for
each probe. Array data have been posted at the NCBI GEO database (GEO accession:
GSE28989, GSM718287, GSM718288, GSM718289, GSM718290).

Lentivirus-mediated KDM5A shRNA knockdown
KDMS5A knockdown was achieved by using the Expression Arrest GIPZ lentiviral
shRNAmir system (OpenBiosystems). Lentivirus was produced by transfecting 293FT cells with

the combination of the lentiviral expression plasmid DNA and viral packaging mix
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(OpenBiosystems). Cells were infected with the virus by incubating with the mixture of growth
medium and virus-containing supernatant (1:1 ratio), supplemented with polybrene at a final
concentration of Spug/ml. An equal volume of fresh growth medium was added after 24 hours and
selection of stable cells was started after 48 hours. Cells expressing ShRNA were selected with
puromycin for 2-4 weeks for functional studies (cell proliferation and colony formation assays)

and for 4 to 10 days after infection for protein and RNA extraction.

Examination of cell growth

Cell growth was assessed by using a Coulter counter or the MTT assay [15]. For MTT
assay, cells were seeded in 6-well plates at a density of 2x10* cells per well and allowed to attach
overnight. At designated time points, thiazolyl blue tetrazolium bromide (MTT, Sigma Aldrich)
was added to each well of cells (final 0.5 mg/ml) and incubated for 3-5 hours at 37°C. After
removing the growth medium, DMSO was added to solubilize the blue MTT-formazan product
and the samples were incubated for a further 30 minutes at room temperature. Absorbance of the

solution was read at a test wavelength of 570nm against a reference wavelength of 650nm.
Cell Growth in soft agar

Soft agar assays were performed as previously described [13]. Briefly, dishes were coated
with a 1:1 mix of the appropriate 2x medium for the cell line being studied and 1% Bactoagar.
ZR-75-1, HCC1937 and SUM149 cells transduced with a control (Ctrl-sh) or with KDMS5A
shRNAs (sh#4 and sh#5) were plated at 1x10° cells/well in a 1:1 mixture of appropriate 2x
medium and 0.3% Bactoagar. Cells were fed 3 times/week for 3-4 weeks, stained with 500pug/ml
p-iodonitrotetrazolium violet (Sigma-Aldrich, St Louis, MO, USA) overnight, photographed (left
panel) , and counted with an automated mammalian cell colony counter (Oxford Optronix

GELCOUNT, Oxford, United Kingdom).

Immnuoblotting and antibodies

Whole cell lysates were prepared by scraping cells from the dishes into cold RIPA lysis
buffer and sonicating for 10 seconds. After centrifugation at high speed in the cold, protein
content was estimated with the Bradford method. A total of 20-100pug of total cell lysate was
resolved by SDS-PAGE and transferred onto PVDF membrane. Antibodies used in the study
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included anti-KDMS5A (Bethyl Laboratories A300-897A, Montgomery, TX, USA) and anti-p3-
Actin (Sigma-Aldrich A5441, St Louis, MO, USA), anti-phospho-EGFR (Tyr1068) antibody
(Cell Signaling #2234, Danvers, MA, USA), anti-EGFR antibody (Cell Signaling #D38B1),
anti-H3K4me3 (Abcam ab8580, Cambridge, MA, USA), p21 (Cell Singnaling #3814) and
BAKI(Cell Signaling #2947) antibodies.

Statistical analysis

Kendall’s tau was used to assess the statistical significance of the association between
copy number and expression for each gene. Holm’s step-down procedure was used to adjust
significance level for the large number of estimates to reduce the likelihood of false positive
results. We used P = 0.01 as a cut-off for a statistically significant association between copy
number and expression. For analyzing the results of cell growth, a two-tailed independent

Student’s t-test was performed. A value of P < 0.05 was considered statistically significant.

Results

KDMb5A is significantly amplified and over-expressed in human tumors

To identify genomic aberrations in human breast cancer, we first performed genomic PCR
and Agilent oligonucleotide array-based comparative genomic hybridization (CGH) on a panel
of breast cancer cell lines and 50 primary human breast cancers. We observed that the KDM5A
gene is located within a focal peak region (12p13.3) of gain/amplification in approximately 15%
of breast cancers (Figure 1a). Of the fifty-one breast cancer lines examined, nine also showed
KDMS5A gain/amplification: Colo824, ZR-75-1, HCC1937, HCC1428, SUM-149, HCC3153,
HCC2185, HCC1187 and HBL100. To obtain further support for the involvement of the
KDMS5A amplification in human tumors, we searched the published array-CGH database that
contains a collection of 3131 copy-number profiles across different solid and liquid cancers.
Using the CGH analysis program, Genomic Identification of Significant Targets in Cancer
(GISTIC), we saw a significant gain/amplification (~23%) of KDMS5A across the entire data set
of 3131 tumors [16]. Thus, KDMS5A is significantly amplified in various tumors, including breast
cancer. To measure expression levels of KDMS5A, we performed quantitative RT-PCR (qRT-

PCR) and Western blot assays in our panel of breast cancer cell lines. As expected, cell lines
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with KDMS5A gene gain/amplification, Colo824, ZR-75-1, HCC1937, HCC1428 and SUM 149
cells, showed higher mRNA and protein levels of KDMS5A than the ones without the gene
amplification (P<0.001) (Figure 1b and c). Thus, KDMS5A gene amplification correlates with

increased expression at both mRNA and protein levels in a subset of breast cancer cells.

Knockdown of KDMB5A inhibits proliferation of KDM5A amplified breast cancer cells

To assess the contribution of endogenous KDMS5A to breast cancer transformation, we
knocked down KDMS5A using a short hairpin RNA (shRNA) approach in breast cancer cells with
or without KDMS5A amplification. We obtained five pGIPZ-KDMS5A shRNA expression
constructs, and identified the two that most effectively knocked down KDMS5A expression in
ZR-75-1, HCC1937, SUM149 and SUM102 cells (Figure 2a). KDMS5A knockdown caused
significant growth inhibition of ZR-75-1, HCC1937 and SUM 149 cells, all of which harbor
KDMS5A amplification (p<0.05). In contrast, there was no significant inhibition on the growth of
SUMI102 cells or the non-tumorigenic human mammary epithelial cells MCF10A, neither of
which harbors the KDMS5A gene amplification (Figure 2b). Furthermore, knockdown of
KDMS5A suppressed anchorage-independent growth of ZR-75-1, HCC1937 and SUM-149 cells
(Figure 2¢). Taken together, these data suggest that KDMSA may play an important role in the in
vitro proliferation and maintenance of transformed phenotypes of breast cancer cells with

KDMS5A gene amplificaiton.

KDMB5A is strongly associated with breast cancer drug resistance

KDMS5A was recently identified as an important factor that is positively associated with
EGFR inhibitor (erlotinib)-resistant phenotypes in lung cancer [12]. EGFR is over expressed in
approximately 60% of basal breast cancers and correlates with poor prognosis, but has yet to
emerge as a good therapeutic target in basal breast cancer [17]. We therefore sought to examine
the EGFR family drug sensitivities of basal breast cancer cell lines with or without KDM5A
gene amplification and over-expression. We found that HCC1937 and SUM 149 cells (with
KDMS5A amplification) exhibited significantly higher EGFR inhibitor ICsy values as compared
with SUM102 and MCF10A cells (without KDM5A amplification), although all cell lines
expressed high-levels of EGFR protein (Figure 3a and data no shown). Next, we treated
HCC1937, SUM149 and SUM102 breast cancer cell lines as well as the MCF10A line with 2uM
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or 4uM erlotinib for six, nine, twelve, and thirty days. Western blot with anti-phospho-EGFR (P-
1068) antibody showed that erlotinib suppressed EGFR kinase activity in all of the treated cell
lines (Figure 3a). As seen in Figure 3b, a subpopulation in the three cancer cell lines survived the
drug treatments, even beyond thirty days. As expected based on the ICsq values of the EGFR
inhibitors, HCC1937 and SUM149 cells had more drug-tolerant cells than SUM102 cells,
whereas no drug-tolerant MCF10A cells were detected after treatment for thirty days (Figure
3b). These data suggest that breast cancer cells with KDMS5A gene amplification are intrinsically
more resistant to EGFR inhibitors than cells without KDMSA amplification.

To determine whether the drug-tolerant subpopulation has increased KDMS5SA expression, we
treated SUM 149 and SUM102 cells with erlotinib for six, nine and thirty days and then isolated
total RNA and protein. qRT-PCR and immunoblotting experiments revealed that both mRNA
and protein expression of KDMS5A were increased in drug-tolerant cells as compared with
parental control cells (Figure 3¢). Thus, similar to the study done in lung cancer cells, KDM5A
expression underwent up-regulation in the drug-tolerant subpopulations of breast cancer cells
[28]. Next, to determine whether suppressing KDMS5A in breast cancer cells circumvents
erlotinib resistance, we challenged stable KDMS5A-knockdown HCC1937 and SUM149 cell lines
with erlotinib for thirty days. KDM5A knockdown significantly reduced the number of drug-
tolerant cells in both cancer cell lines (Figure 3d). Taken together, our data reveal a strong

association between KDMS5A expression and breast cancer drug resistance.

Knockdown of KDM5A alters H3K4 methylation and induces upregulation of CDK
inhibitors and genes mediating apoptotic cell death.

Because KDMS5A is the key histone demethylase that specifically targets H3K4me3 and me2
active marks, the possibility exists that knocking down KDMS5A in breast cancer cells would
result in increased H3K4me3/me?2 levels, and consequently the up-regulation of a specific set of
genes. Thus, we first sought to examine the global H3K4me3 methylation status in KDM5A-
knockdown SUM 149 cells. As expected, shRNA-mediated inhibition of KDMS5A expression in
SUM149 cells resulted in increased H3K4me3 levels (Figure 4). Next, to identify genes with
altered expression upon KDMS5A knockdown, we performed a genome-wide expression profiling

analysis. Knockdown of KDMS5A in SUM149 cells yielded 208 up-regulated genes and 188
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down-regulated genes with at least a two-fold change relative to control (data no shown).
Previous studies demonstrated that KDMSA can inhibit the expression of cyclin-dependent
kinase inhibitor p21 via its H3K4 demethylase activity in gastric cancer cells [10]. Our
expression profiling analysis and Western blot experiments (Figure 4a), which showed p21 up-
regulation with KDMS5A knockdown, corroborate this finding and suggest that p21 is a KDM5A

target gene in breast cancer cells.

Bioinformatic analyses of the results obtained from the genome-wide expression profiling
study were performed with the Pathway-Express (PE) and Onto-Express (OE) programs [18]. In
SUM149 cells, the pathways most affected by KDMS5A knockdown included those involved in
the regulation of transcription, organismal development, oxidation reduction and apoptosis (data
no shown). Of particular interest is the apparent inverse relationship in expression between
KDM5A and BAK1 (BCL2-antagonist/killer 1). BAK1 plays a key role in trigging apoptosis
and its altered expression may help explain the drug reistance phenotypes associated with
KDMS5A amplification and over expression [19]. To validate these array-based observations, we
examined expression of BAK1 by quantitative RT-PCR and Western blot in SUM149 cells
following KDMS5A knockdown (Figure 4). Depletion of KDMS5A in SUM149 cells resulted in
up-regulation of BAK1, indicating that KDMS5A regulates the expression of this target gene.
Thus, KDMS5A may regulate a subset of genes involved in various functional pathways in breast

cancer.

Discussion

In the present study, we demonstrated that the H3K4 demethylase KDMS5A is amplified and
over-expressed in various tumors, including breast cancer. Knockdown of KDMS5A with
shRNAs inhibited the growth of breast cancer cells harboring the KDMS5A amplification.
Furthermore, breast cancer cells with KDM5A gene amplification have intrinsic drug resistance
properties and knocking down KDMS5A improves the efficacy of EGFR inhibitors against these
breast cancer cells. Our finding that KDMS5A up-regulation alters H3K4 methylation status, and
thus may repress the expression of a set of key genes including CDK inhibitors as well as genes

mediating apoptotic cell death, provides a potential mechanism for KDM5A mediated drug
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resistance. Our study points to an important role for the histone demethylase KDMSA in human
breast cancer, and this protein represents a potential target for the development of novel

anticancer drugs.

A growing body of evidence indicates that amplification, translocation or mutation of histone
methyltransferases and demethylases is linked to the development of many human cancers. For
example, we originally identified and cloned the histone demethylase GASC1 gene from an
amplified region at 9p24 in esophageal cancer [20]. Later studies showed GASC1 amplification
in other tumor types, including lymphoma, medulloblastoma, lung and breast cancers [21-23].
We subsequently demonstrated that stable over-expression of GASCI in the non-tumorigenic
MCF10A cell line induces transformed phenotypes whereas knock-down in tumor cells inhibits
proliferation, supporting a role for GASC] as a transforming oncogene [13]. Houvras et al.
revealed that the histone methyltransferase SETDBI is recurrently amplified in melanoma and
cooperates with oncogenic BRAF in accelerating oncogenesis [24]. Amplification and
translocation of the NSDI1, 2 and 3 methyltransferase genes has been found in breast and lung
cancers, and leukemia [25-29]. Very recently, Kuo et al. demonstrated that NSD2, via
H3K36me? catalysis, promotes transcription and cell transformation [30]. Here, we identified
and investigated a frequently amplified region of DNA located on chromosome 12p13.3.
Integration of copy number and gene expression data revealed the KDMS5A gene as a candidate
oncogene responsible for driving recurrent 12p13.3 amplification (data no shown). Furthermore,
we validated the biologic effect of KDMS5A upregulation by showing that KDMS5A suppression
impedes cell proliferation and anchorage-independent growth in breast cancer cell lines with
KDMS5A amplification. Our studies, together with others, indicates that genetic alteration in
components of the histone modification machinery plays a central role in cancer initiation and

progression.

Histone lysine methylation is a key regulator of gene transcription and chromatin
architecture. In the case of H3K4 methylation, this mark is generally associated with active
transcription [31]. KDMS5A is capable of removing the H3K4me3/me2 mark from histones,
which makes it a potential player in the downregulation of tumor suppressors. Indeed, previous

studies revealed that KDMSA can inhibit the expression of p16, p21, and p27 via its H3K4
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demethylase activity in gastric cancer cells [10]. In this study, we demonstated that up-
regulation of KDMS5A alters H3K4 methylation status and may regulate a subset of genes,
including p21 and BAK1, a protein that effects apoptosis-triggering cues[19]. Apoptosis is a
predominant mechanism by which targeted or chemotherapeutic agents kill cancer cells. Genetic
or epigenetic perturbations resulting in a defective execution of an apoptotic response could
potentially result in drug-tolerant tumor cells [32]. Thus, although we cannot rule out the
possibility that other target genes regulated by KDMS5A are involved in drug reistance, our
findings suggest that BAK1 migh be an important downstream mediator of this phenotype.
Furthermore, targeting histone demethylases is currently an active frontier in novel epigenetic
drug development [33, 34]. Given that KDMS5A is amplified and over-expressed in various
tumors, and plays a critical role in mediating transforming and drug resistance phenotypes,
KDMS5A may represent a potentially excellent target for the development of novel anticancer

drugs.
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Figure Legend

Figure 1. KDMS5A is amplified and over-expressed in human breast cancer. (a) The
representative array-CGH image showing chromosome 12p and KDMSA amplification in one
breast cancer sample. (b) The mRNA expression level of KDMSA was examined by qRT-PCR
assays in breast cancer cells with KDMS5A gain/amplification (Colo824, ZR-75-1, HCC1937,
HCC1428 and SUM149) or without the gain/amplification (SUM102, SUM190 and HCC70).
mRNA expression level in the MCF10A cells was arbitrarily set as 1. Significance was set as
P<0.05 by the student’s t-test (P<0.05). (c) KDMS5A protein levels were analyzed by Western
blot in eight breast cancer cell lines with or without gene amplification, as well as in MCF10A

control cells.

Figure 2. Reducing KDMS5A expression by shRNA knockdown resulted in decreased cell
proliferation and colony formation in soft agar. (a) Knockdown of KDMS5A in four breast cancer
cell lines with two different shRNAs was confirmed by Western blot assays. (b) shRNA-
mediated knockdown of KDMS5A inhibits cell growth in breast cancer cells with gene
amplification. Cells (ZR-75-1, HCC1937 and SUM 149 with KDMS5A amplification, SUM102
without the amplification, as well as non-tumorigenic MCF10A) infected with control (Ctrl-sh)
or KDM5A shRNAs (sh#4 and sh#5) were plated at equal density and selected with puromycin
for 4 weeks. Surviving cells were stained with Crystal Violet (left panel) or counted (right
panel). Relative growth was shown as the mean + SD of triplicate determinations (*P<0.05 and
** P<0.01, Student’s t test). (¢) Knockdown of KDMS5A impeded the anchorage-independent
growth of breast cancer cells. Relative colony number (right panel) was shown as the mean +

SD of triplicate determinations (*P<0.05 and ** P<0.01, Student’s t test).

Figure 3. KDMS5A is associated with breast cancer drug resistance. (a) EGFR inhibitor erlotinib
(ERL) suppressed EGFR kinase activity in HCC1937, SUM149 and SUM102 breast cancer cell
lines and MCF10A control line. Cells were treated with 4 uM erlotinib or vehicle for 1 hour.
Protein extracts were immunoblotted with anti-phospho-EGFR (Tyr1068 and anti-EGFR
antibodies. (b) Breast cancer cell lines HCC1937, SUM149 and SUM102 as well as the control
MCF10A line were plated and left either untreated (Ctrl) or treated with 2 and 4 uM erlotinib for
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30 days. Cells were fixed and stained with Crystal Violet or counted. Each experiment was
performed in triplicate, and a representative image is presented. (c) Drug-tolerant subpopulation
of SUM149 and SUM102 cells had increased KDMS5A expression. Cells were plated and treated
with 4 uM erlotinib for 6, 9 and 30 days with media/drug changes every two days and then
isolated total RNA and protein. Protein extracts were immunoblotted with KDMS5A antibody. (d)
KDMS5A knockdown reduced the number of drug-tolerant cells in SUM149 and HCC1937.
Stable KDMS5A-knockdown and control HCC1937 and SUM149 cells were treated with
indicated concentration erlotinib for 30 days. Cell counting was shown as the mean + SD of

triplicate determinations (*P<0.05 and ** P<0.01, Student’s t test).

Figure 4. Knockdown of KDMS5A altered H3K4 methylation and induced upregulation of CDK
inhibitors and genes mediating apoptotic cell death. (a) KDMSA was knocked down in SUM 149
cells and the whole lysate was harvested for Western blot analysis. (b) mRNA levels of BAK1
was examined by real-time RT-PCR after knocking down KDMS5A in SUM149 cells. The

baseline for the cells infected with control shRNA was arbitrarily set as 1.
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Figure 3
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