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Fig. 2 Reduction in SUV ,,, of primary breast cancers measured by
FDG PET/CT during neoadjuvant letrozole therapy. a Plots for all 12
tumors. In two tumors (nos. 8 and /2), only baseline PET and PET2
were performed. A clear threshold at the points of PET2 appears to
exist between tumor no. 5 (31.4% decrease) and tumor no. 2 (43.4%
decrease). b Plots for average % reductions in SUV ,,, in metabolic
responders and metabolic non-responders. Metabolic responders and
metabolic nonresponders were tentatively defined as tumors with 40%
or more reduction or with less than 40% reduction, respectively, in
SUVyax at PET2 compared with SUV,,,, at baseline PET. The
average reduction in SUV at PET2 compared with baseline PET was
60.9% [+£21.3 standard deviation (SD)] in metabolic responders
(p = 0.0009) and 14.2% (£12.0 SD) in metabolic nonresponders
(p = 0.03). Likewise, the average reduction in SUV.. at PET3
compared with baseline PET was 64.5% (£18.7 SD) in metabolic
responders (p = 0.0004) and 16.7% (F14.1 SD) in metabolic
nonresponders (p = 0.06)

Cell cycle response measured by the Ki67 labeling
index

Five of six metabolic responders showed a marked

decrease in the Ki67 labeling index at 2 weeks and/or at
surgery compared with the index at baseline (Fig. 5). In
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contrast, the degree of decrease in the Ki67 labeling index
was relatively small or inverse in six metabolic nonre-
sponders (Fig. 5). Compared with the baseline Ki67
labeling index, metabolic responders showed a significant
decrease in the labeling index during therapy by Wilcoxon
signed-ranks test: mean 62.9% (435.9 SD) after 2 weeks
of treatment (Z = 2.0, p = 0.04) and mean 91.7% (£10.7
SD) at surgery (Z = 2.2, p = 0.03). Conversely, metabolic
nonresponders showed no significant decrease in labeling
index by the Wilcoxon signed-ranks test: mean 9.8%
(£26.3 SD) after 2 weeks of treatment (Z = 0.8, p = 0.4)
and mean —49.5% (4+138.8 SD) at surgery (Z = 0.5,
p = 0.6) (Fig. 5). That analysis supported the validity of
40% SUV ,.x reduction of the cutoff value between the
metabolic responders and the metabolic nonresponders.

Discussion

This study revealed that FDG PET/CT measurements were
correlated with cell-cycle response to neoadjuvant letrozole
in HR-positive breast cancers. When the 12 tumors were
divided into metabolic responders and nonresponders
according to a tentative cutoff value of 40% reduction in
SUV,ux at PET2 compared with the baseline PET, the
former showed a further decline of SUV,,., at PET3
(p = 0.0004), whereas the latter showed no significant
change of SUV .« at PET3 (p = 0.06). On the contrary,
the assessment of morphological response did not reveal
significant differences between pre-therapeutic and post-
therapeutic tumor sizes in both metabolic responders
(» = 0.3) and nonresponders (p = 0.5).

Previous studies have concluded that 3 or 4 months of
treatment with neoadjuvant letrozole for postmenopausal
patients with breast cancer provides incremental clinical
benefit for these patients. However, these studies did not
determine the optimum duration of treatment. Therefore,
Krainick-Strobel et al. [25] investigated the optimal dura-
tion of neoadjuvant letrozole therapy in postmenopausal
patients with HR-positive breast cancer. Their data sug-
gested that prolonged treatment for up to 8 months could
result in greater tumor shrinkage compared with treatment
for 4 months. From the present observations of metabolic
response as well as a decrease in the Ki67 labeling index
after the initiation of endocrine therapy, we suggest pro-
longed treatment duration of neoadjuvant letrozole therapy
for 3 months or longer might be effective, especially in
metabolic responders.

In recent studies of neoadjuvant chemotherapy, early
metabolic response monitored by serial FDG PET scans
after one or two cycles of chemotherapy was correlated
with the pathological response of primary breast cancer
[17, 18, 26-28]. With regard to pathological response in
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Fig. 3 Transversal slice
images from FDG PET/CT of
breast lesions before
neoadjuvant letrozole therapy
(left), at 4 weeks after the
initiation of therapy (middle),
and after 12 weeks of therapy
and prior to surgery (right). A
tumor classed as a metabolic
responder (serial no. 6; upper
row) shows SUV ., values of
6.01 (left), 3.13 (middle), and
2.44 (right). A tumor classed as
a metabolic nonresponder
(serial no. 1; lower row) shows
SUVax values of 4.92 (left),
5.29 (middle), and 4.91 (right)
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Fig. 4 Box plot of tumor size before and after neoadjuvant letrozole
therapy of hormone-receptor-positive primary breast cancers. Among
the six tumors with a metabolic response, four (67%) showed a
decrease in tumor size, whereas two (33%) showed no change or an
increase in tumor size. Among the six tumors with a metabolic
nonresponse, three (50%) showed a decrease in tumor size, whereas

neoadjuvant endocrine therapy, it was shown that histo-
logical criteria for evaluation of therapeutic effect
remained good not only for neoadjuvant chemotherapy, but
also for neoadjuvant endocrine therapy [29]. In the present
study, neither tumors of metabolic responders nor those of
metabolic nonresponders achieved remarkable changes of
grade 2 or 3 after surgery. However, the therapeutic effect
of grade 1b was observed only in metabolic responders,
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the other three (50%) showed an increase in tumor size. Tumors with
a metabolic response showed an average 3.2-mm reduction in size,
ranging from 0.5 to 5.9 mm (p = 0.3), and tumors with a metabolic
nonresponse also showed an average 3.2-mm reduction in size,
ranging from —4.4 to 10.4 mm (p = 0.5). Each serial number in the
box plot corresponds to a tumor

and, if a larger number of cases were studied, metabolic
response may be able to predict pathological response to
neoadjuvant endocrine therapy.

Cell-cycle responses or decreases in the Ki67 labeling
index both after 2 weeks of endocrine therapy and at sur-
gery in comparison with the labeling index at the baseline
were significantly greater in metabolic responders than in
metabolic nonresponders. These data suggest that the
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Fig. 5 Box plot of the Ki67 labeling index in primary breast cancers
at baseline, at 2 weeks after initiation of neoadjuvant letrozole
therapy, and at surgery. Five of six metabolic responders showed a
marked decrease in the Ki67 labeling index at 2 weeks and/or at
surgery compared with the index at baseline. In contrast, the degree of
decrease in the Ki67 labeling index was relatively small or inverse in
six metabolic nonresponders. Metabolic responders showed an
average 62.9% (+35.9% SD) decrease in the Ki67 labeling index at

metabolic response of tumors to endocrine therapy might
be underpinned by this marked suppression of proliferative
activity in the 2 weeks after initiation of treatment.

Dowsett et al. [8] compared neoadjuvant endocrine
therapy using anastrozole or tamoxifen or the combination
of anastrozole plus tamoxifen in 158 patients with hormone
receptor-positive primary disease and reported that the
higher Ki67 labeling index after 2 weeks of endocrine
therapy was significantly associated with shorter recur-
rence-free survival. However, measurement of the tumor
Ki67 labeling index has limitations in that tissue samples
obtained by means of CNB might be too small for proper
assessment, since Ki67 expression in tumors may not be
evenly distributed [3, 6]. Because tumor SUV,,,, values
closely correlate with proliferative activity, FDG PET
appears to be a less invasive and more easily applicable
method for assessing response than measurement of the
Ki67 labeling index in CNB samples.

Currently, a prospective clinical trial of neoadjuvant
endocrine therapy using FDG PET and 16 alpha BE_flu-
oroestradiol (FES) PET, which uses a radio-labeled estra-
diol tracer as a marker for hormone sensitivity of breast
cancer, to assess response is ongoing (see ClinicalTri-
als.gov, http://clinicaltrials.gov). The trial (NCT00362973)
will investigate whether FDG PET and FES PET are useful
for evaluating early response to treatment in patients
receiving hormone therapy or trastuzumab for HR-positive
primary breast cancer. Patients will undergo PET scans at
baseline and at 2 weeks after the initiation of neoadjuvant
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2 weeks after initiation of therapy (z = 2.0, p = 0.04) and an average
91.7% (£10.7% SD) decrease at surgery (z = 2.2, p = 0.03),
compared with baseline. Metabolic nonresponders showed no signif-
icant change in the Ki67 labeling index at 2 weeks after initiation of
therapy (z = 0.8, p = 0.4) or at surgery (z = 0.5, p = 0.6) compared
with baseline. These analyses were performed by Wilcoxon signed-
ranks test. Each serial number corresponds to a tumor

endocrine therapy. CNB is also performed after 2 weeks of
therapy to monitor tumor proliferation by the Ki67 index.
The trial will assess the predictive value of FDG PET and/
or FES PET for determining endocrine sensitivity in
patients with HR-positive breast cancer.

This study has certain limitations. The chief weakness is
a small number of patients. A much larger study with long-
term follow-up would be necessary to determine directly
whether FDG PET/CT has any role to play in the early
prediction of hormone responsiveness. Second, we failed in
a simultaneous comparison between Ki67 levels of the
biopsy and SUV measured by PET at 2 weeks after the
initiation of treatment because of patient availability.
Third, we were only able to set tentatively the optimal
cutoff of SUV ... change for differentiating responders and
non-responders due to the lack of comparison data between
metabolic response and clinicopathologic outcomes.

Recently, some investigators proposed the concept of a
“cell cycle response” as a post-treatment endpoint based
on the Ki67 value with 1% or less in the infiltrating com-
ponent of the tumor that might have properties similar to
the pathological complete response used as an endpoint in
trials of neoadjuvant chemotherapy [30, 31]. Therefore, it
is of note that when tumors with 1% or less of postthera-
peutic Ki67 value are considered as having a favorable
outcome, receiver operating characteristic (ROC) curve
analysis provided a 43.4% decrease in SUV .« as the
optimized cutoff value with sensitivity of 100% and
specificity of 87.5%. This cutoff value was almost
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consistent with the tentative cutoff SUV of 40% made by
this study. '

In conclusion, this pilot study demonstrated that an early
reduction in SUV .. at 4 weeks after initiation of neoad-
juvant letrozole compared with the baseline SUV ., was
closely associated with reduction in Ki67 labeling index.
Therefore, we suggest that incorporation of FDG PET or
PET/CT scans into assessment protocols could be feasible
for accurate evaluation of the endocrine responsiveness of
tumor cells.
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MEK-ERK pathway regulates EZH2 overexpression in association

with aggressive breast cancer subtypes

S Fujii', K Tokita!, N Wada?, K Ito’, C Yamauchi', Y Ito* and A Ochiai'
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EZH?2 overexpression occurs in various malignancies and
is associated with a poor outcome. We have so far
demonstrated that EZH2 downregulates the important
genes such as FE-cadherin and RUNX3 by increasing
histone H3K27 trimethylation. However, the mechanism
of EZH2 overexpression in various cancer cells remains
unclear. In this study we carried out a promoter analysis
of the EZH2 gene and investigated whether a survival
signal that is upregulated in cancer cells is related to
overexpression at the transcription level. We also explored
the clinical relevance of the signaling pathway that leads
to EZH2 overexpression in breast cancer and demon-
strated that MEK-ERK1/2-Elk-1 pathway leads to
EZH2 overexpression. The triple-negative and ERBB2-
overexpressing subtypes of breast cancer are known to
contain more rapidly proliferating breast cancer cells. The
signaling pathway connected to EZH?2 overexpression was
associated with both aggressive subtypes of breast cancer.
We show the significance that overexpression of histone
modifier protein EZH?2 in cancer cells and our study could
pave the way for EZH2 inhibition to become an efficient
treatment for more aggressive breast cancers.

Oncogene (2011) 30, 4118-4128; doi:10.1038/onc.2011.118;
published online 18 April 2011

Keywords: EZH2/MEK-ERK pathway; histone; triple
negative; breast cancer; ERBB2-overexpressing breast cancer

Introduction

Enhancer of zeste homolog 2 (EZH2) is well known
to be a histone modifier protein that functions as a
methytransferase at lysine 27 of histone H3 (Cao et al,,
2002). EZH2 is also a member of the polycomb group of
proteins and belongs to the polycomb repressive
complex 2 (PRC2) subgroup (Schuettengruber et al.,
2007), and EZH2 has an important role in X-chromo-
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some inactivation (Plath er al., 2003). On the other
hand, there have been several reports that overexpres-
sion of EZH2 occurs in various malignancies and that it
is associated with a poor outcome in prostate cancer and
breast cancer (Varambally et al., 2002; Kleer et al.,
2003). In an attempt to determine the functional role of
EZH2 overexpression in cancer tissue, we have already
demonstrated that EZH2 downregulates important
genes, such as E-cadherin and RUNX3, by increasing
histone H3K27 trimethylation, which suggests that it
may be an oncogene (Fujii et al., 2008; Fujii and Ochiai,
2008). However, the mechanism of EZH?2 overexpres-
sion in various cancer cells remains unclear. Although
overexpression of EZH2 protein detected by immuno-
histochemical staining in various clinical tissue samples
is associated with a poor outcome (Bachmann et al.,
2006), the mechanism responsible for the differences in
rates of cancer cell positivity between individual cases
also remains unclear.

Breast cancer is a heterogeneous disease with respect
to outcome and response to treatment. The clinical
course and treatment of breast cancer patients are to a
large extent driven by the biological characteristics of
their tumors, and accurate classification of breast
cancers is of major importance. Expression of estrogen
receptor (ER) or progesterone receptor (PgR) and
epidermal growth factor receptor 2 (ERBB2) identified
by immunohistochemical staining has long guided the
classification of breast cancer, and the classification has
proved useful in terms of predicting outcome and
guiding treatment recommendations. Hormone recep-
tor- (ER or PgR) positive breast cancers and ERBB2-
positive breast cancers currently account for 75-80%
and 15-20%, respectively, of all breast cancers. About
half of ERBB2-positive cancers co-express hormone
receptors (Slamon er al., 1989; Konecny et al., 2003),
and the other 10-15% of breast cancers fall into the so-
called triple-negative category, defined by the absence of
expression of all three proteins. As a result, triple-
negative breast cancers are resistant to existing targeted
therapies, namely, trastuzumab and hormonal therapies.
The pathways that drive proliferation of triple-negative
breast cancer cells are still poorly understood. Five
distinct subtypes of breast cancer, that is, a luminal
subtype A, a luminal subtype B, an ERBB2-over-
expressing subtype, a basal subtype and a normal
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breast-like subtype have been defined by RNA  upregulated in cancer cells is related to overexpression
expression arrays (Perou e al., 2000), and this classifica-  at the transcription level. We also explored the clinical
tion has been refined by cytokeratin (CK) expression  relevance of the signaling pathway that leads to EZH2
patterns. Although most basal-type breast cancers do not  overexpression in breast cancer.
express ER, PgR or ERBB2 (Nielsen ef al., 2004), as a
small number do, the overlap between basal-type breast
cancer and triple-negative breast cancer is not complete. Results
However, characteristically these tumors have a high
mitotic count, scant stromal content, exhibit central Promoter analysis
necrosis, a pushing border of invasion, frequent apoptotic =~ The —2874 to + 599 (transcription start site designated
cells and a stromal lymphocytic response. The classifica-  as + 1) long 5 flanking region of EZH?2 was obtained by
tion of breast cancers is clinically relevant because a ~ PCR amplification of human placenta genomic DNA.,
higher proportion of patients with basal-type breast  The fragment was then subcloned into the promoter-less
cancer have a poor outcome than patients with luminal  luciferase reporter vector pGL3-Basic, and the putative
type-breast cancer (Korsching et al., 2008). promoter activity was measured by a dual-luciferase
Previous studies have shown that increased expression  assay (Figure 1a). pGL3-Basic had basal strength in the
of EZH?2 is associated with aggressive behavior of breast ~ form of luc+ /Rluc activity, and that strength was set
cancers and a high breast cancer cell proliferation rate  equal to 1. The deletion variants of the EZH2 promoter
(Kleer et al., 2003; Bachmann et al., 2006). In this study  region yielded different basal levels of expression of
we carried out a promoter analysis of the EZH2 gene the luciferase gene. One of them, pGL3-696 exhibited
and investigated whether a survival signal that is  about twofold increase in relative luciferase activity in
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STATI -260~-254 CTTCCTG —» CTACCTG
- T
346 CCCGCCACCT ATCCTCCCCG CCTECCGTCC GCGGCGGGC;(.:JCGGGCCCCC 207201 CTTOOAG —» GTACCAC
296 GCGATGTCTC CCGGTCCCCG CGTGCCTGCA CACCGCCTTC CTGAGAGGCG
i
246 CCOTGTGTTC AGCGAAAGAA CAAAGAGACG GCGCCGGOGC TTCCACACGG  PGL3-Elk-1
196 CCAGTGECOT CCCTTACAGE GAACCCCOCC GCCGOCCOCE CGCGCACECE wr
ﬁ-l NF-kB pGL3-Elk-1
146 CTGCCAGTGC CCGLTCGCCC ACGAGCCCTG AGCGCACTCT GCOTGGGGCT MT
96 GGCTCGGCGC CTCCGAGCCC GGCGGGCCCT GTGATTGGAC GGGCOCCCET 0 20 40 60 80 100120140
CCAAT box GC box. +1 . " "
-46 CTCGCGTCCC GCCAATCGGG GCGGCGCTTG ATTGGGCTGG GGGGGCEXAA Relative luciferase activity
Figure 1 Promoter analysis of the EZH2 promoter. (a) Construction of reporter plasmids with the EZH2 promoter region and
deletion variants inserted. The gene accession number is NC_000007.12. The reporter plasmid pGL3-2874 was constructed by inserting
the PCR product of the putative EZH2 promoter region into the MCS between the M/ul and Bglll sites of pGL3-Basic. + 1 means the
transcriptional start site. (b) Deletion variants of the EZH2 promoter pGL3-2704, 2282, 2106, 1839, 1516, 1182, 1089, 696, 456 and 151
were derived from pGL3-2874. Asterisk mark focuses a difference of relative luciferase activity between pGL3-696 and pGL3-151
constructs. (¢) Bioinformatic analysis of transcriptional factor binding sites in the EZH2 5'-flanking upstream region. Software was
used to make the predictions. The numbers on the left side indicate the order upstream to the first base of the transcriptional start site.
The transcription factors that bind to the region are labeled below their corresponding binding sites. The DNA sequence surrounded
by two arrows was for mutation construct. (d) Three Elk-1 binding motifs were located within —453 nt and —180nt. White and gray
triangles indicate a wild or mutant sequence for Elk-1 binding motifs. respectively. WT, wild type: MT, mutant type.
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comparison with that of pGL3-2874, and its activity was ~ wild and mutant DNA sequences of the EZH2 promoter
higher than that of the full-length promoter (pGL3-  region encompassing the all three Elk-1 binding sites
2874) (Figure 1b). A significant difference in relative = (the length is 274 bp) were synthesized, respectively,
luciferase activity between pGL3-696 and pGL3-151 and inserted into pGL3-Basic Vector. Theafter, dual
was exhibited as about twofold difference between the luciferase assays were carried out. The pGL3-Elk-1-MT
deletion variants (P<0.05), and pGL3-151 displayed  exhibited almost a half decrease in relative luciferase
much lower relative luciferase activity than pGL3-696. activity compared with that of wild-type construct
We focused on the region responsible for the difference  (Figure 1d). The decreased level was similar to the
in relative luciferase activity and carried out a computa-  difference between deletion construct without three
tional analysis with the TRANSFAC 6.0 software Elk-1 binding sites (pGL3-151) and pGL3-696 construct.
program (BIOBASE, Beverly, MA, USA; http://www.
biobase-international.com/pages/index.php?id = transfac).
The results revealed the expected enhancer sequences, Effect of inhibition of the M EK-ERK~EIlk-1 pathway on
such as CCAAT box and GC box, as well as tran- EZH2 expression
scription factor-binding sites. Within the —696nt of the ~ We proceeded to investigate whether inhibition of the
EZH?2 5 flanking region, there were three Elk-1 binding MEK-ERK-EIk-1 pathway would affect EZH2 over-
motifs, as well as many general transcription factors  expression. First, the cytotoxic effect of the MEK
that constitute the basal transcription apparatus and inhibitor (U0126) on MDA-MB-231 cells was assessed
response elements, including NF-xB, ¢-Myb, STATI by analyzing the cell growth curve. The results showed
and SRF (serum response factor), which is known to  that the 40 pm concentration of the MEK inhibitor did
cooperate with EIk-1 for transcriptional activation  not significantly affect cell survival, but as a higher
(Figure 1c). There were three binding sites of Elk-1 concentration (400 pum) caused significant cell death,
between —696nt and —~151nt of the EZH2 5 flanking 40 pM was chosen as the optimal concentration to use in
region (Figure 1d), suggesting that the MEK-~ERK-Elk-1 all experiments on MDA-MB-231 cells. The MDA-MB-
pathway, which is known to be upregulated in various 231 cells were treated with 10 and 40 um concentrations
cancer cells, contributes to the EZH2 overexpression. of the MEK inhibitor for 12 and 24h, EZH2 mRNA
Next, we made wild and mutant constructs with one expression started to decrease at 12, and at 24 h it had
point mutation for each Elk-1 binding sites. At first,  reached one-third the level in the control (Figure 2a).
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Figure 2 EZH2 mRNA expression decreased after MEK inhibitor treatment and knockdown of Elk-1 in breast cancer cell line MDA-
MB-231. (a) EZH2 mRNA decreased after MEK inhibitor treatment (10 and 40 um) at 12 and 24 h. (b) The level of EZH2 mRNA
decreased after MEK inhibitor treatment and knockdown by Elk-7 siRNA transfection, and it decreased after a combination of MEK
inhibitor treatment and Elk-I siRNA transfection. Two kinds of Elk-1 siRNAs (Elk-1 siRNA-1 and Elk-1 siRNA-2) were used to
confirm the results. The EZH2 mRNA expression levels were quantified by real-time RT-PCR. (c) The level of Elk-1 after knockdown
by siRNA transfection was also quantified by real-time RT-PCR. (d) After the transfection of pGL3-2874 constructed reporter
plasmid and addition of MEK inhibitor at a concentration of 40 pm, MDA-MB-231 cells were incubated for 24h and the reporter
assays were carried out. (e) After the transfection of E/k-7 siRNA, MDA-MB-231 cells were incubated for 24 h. Thereafter, four kinds
of constructed reporter plasmids were transfected and incubated for 24 h, and the reporter assays were carried out. The results of the
real-time RT-PCR and relative lucifierase activity are shown in the form of diagrams and the results were statistical analyses by
Student’s 7 test. *Indicates P<0.05, ** indicates P<0.01. and all data are means +s.d. of data from at least three experiments.
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Knockdown of Elk-1, the functional transcription factor  luciferase activity of EZH2 promoter was not affected
present in the downstream of the MEK-ERK pathway, by Elk-1 knockdown (Figure 2e).
by small interfering RNA (siRNA) transfection caused a
decrease in level of EZH2 mRNA expression that was
similar to the decrease caused by MEK inhibitor  Phospho-Elk-1 binds to the promoter of EZH2
treatment (Figure 2b). A combination of MEK inhibitor =~ Computational analysis identified three Elk-1 binding
treatment and Elk-1 siRNA transfection resulted in a  sites within —696nt of the EZH2 5-flanking region
decrease in level of EZH2 mRNA expression that was  (Figure lc). We designed the three sets of PCR primers
almost the same as in response to treatment with the  for the chromatin immunoprecipitation (ChIP) assay so
MEK inhibitor or Elk-I siRNA transfection alone  that the amplified region would include or would not
(Figure 2b). The efficiency of Elk-1 knockdown by siRNA  include Elk-1 binding sites (Figure 3a). We carried out
transfection is shown in Figure 2c. We tested whether the  the ChIP assay to determine whether phospho-Elk-1 or
MEK inhibitor treatment or Elk-1 knockdown by siRNA  generic Elk-1 binds to a region of EZH2 gene
transfection affected the relative luciferase activity of  (Figure 3a). After treatment with the MEK inhibitor,
EZH?2 promoter. Both treatments affected the relative  the level of phospho-Elk-1 binding to the promoter
luciferase activity of EZH2 promoter. However, in case region of the EZH2 gene decreased significantly in
that pGL3-151 constructed reporter plasmids without  comparison with the control (P<0.05) (Figures 3b and
predicted Elk-1 binding sites was transfected, the relative  ¢), and it also decreased significantly in comparison with
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Figure 3 The decrease in EZH2 mRNA expression after MEK inhibitor treatment and Efk-1 knockdown was accompanied by a
decreased level of phospho-Elk-1 binding to the EZH?2 promoter. (a) The three sets of primers for the ChlP assay were designed to
encompass Elk-1 binding motif sites or not to encompass Elk-1 binding motif sites. The representative electrophoretic figures on 6%-
acrylamide gel were shown and nonspecific immunoprecipitation was excluded. (b) ChIP primer 1. (c) ChIP primer 2. (d) ChIP primer 3
and ChIP primer for GAPDH gene promoter. ChIP assay was performed by using DNA-protein complex isolated from MDA-MB-231
cells treated with the MEK inhibitor for 24 h or transfected with Elk-] siRNA for 48 h, and immunoprecipitated with phospho-Elk-1
(pElk-1) or generic Elk-1 (Elk-1) antibody. The ratio of immunoprecipitated DNA to input DNA was quantified by performing a
DNA 1000 assay with the Agilent 2100 bioanalyzer. Individual ChIP assays were carried out a total of at least three times to confirm
the reproducibility of the PCR-based experiment. The results of the ChIP assays are shown in the form of diagrams and statistical
analyses by Student’s 7 test. *Indicates P<0.05, and all data are means +s.d. of data from at least three experiments.
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the control after E/k-1 siRNA transfection (P<0.05)  asa regulator of EZH2 mRNA overexpression in triple-
(Figures 3b and c). The binding level of Elk-1 to the  negative breast cancer MDA-MB-231. In the next step,
EZH2 promoter that was detected using a generic anti- - we investigated whether the pathway has a role in
Elk-1 antibody also decreased after MEK inhibitor  regulating EZH2 protein expression in the three
treatment or Elk-1 knockdown (Figures 3b and c), different types of breast cancer cell lines, that is,
which suggests that the generic anti-Elk-1 antibody used the triple-negative/basal-type (MDA-MB-231 and
here recognizes phosphorylated Elk-1, as well as non- MDA-MB-468), ERBB2 overexpressing/luminal B type
phosphorylated Elk-1. On the other hand, it was so (SKBr3), and hormone receptor-positive type (HCC1500).
difficult to detect signal intensity reflecting binding levels As shown in Figure 4a, the western blot analysis showed
of phospho-Elk-1 to the EZH2 promoter region without  that MEK inhibitor (U0126) treatment decreased EZH2
any predicted Elk-1 binding motif and to the non-  protein expression in MDA-MB-231 cells. The decrease
targeted gene such as GAPDH by PCR-based method  of EZH2 protein started 4h after U0126 treatment
(Figure 3d). These results suggest that the level of and it was accompanied by a disappearance of
phospho-Elk-1 binding to the EZH2 promoter region  phosphorylation of FElk-1. The decrease of EZH?2
with the predicted Elk-1 binding sites regulates the  protein after U0126 treatment for 12h was accompanied
transcription of EZH2 mRNA. by a decrease in phosphorylation of both ERK1/2 and
Elk-1 (Figure 4b). Knockdown of Elk-1 by siRNA
transfection also decreased EZH2 protein expression
MEK-ERK-Elk-1 pathway regulates EZH?2 protein and decreased Elk-1 of phosphorylation, without
expression in triple-negative and ERBB2-overexpressing decreasing the phosphorylation level of pERKI/2,
breast cancer cell lines because Elk-1 is a downstream protein of the MEK—
The findings described thus far demonstrated the ERK1/2 pathway (Figure 4c). These results were the
existence of MEK-ERK-Elk-1 pathway that functions same as obtained in regard to EZH2 mRNA after MEK
DA-MB-
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Figure 4 EZH2 protein expression after MEK inhibitor treatment and E/k-/ siRNA transfection in triple-negative, ERBB2-
overexpressing, hormone receptor-positive breast cancer cell lines assessed by western blot analysis. (a) Effects of U0126 treatment for
4, 8 and 12h on Elk-1 phosphorylation, Elk-1 and EZH2 in MDA-MB-231 cells (triple-negative). (b) Effects of U0126 treatment for
12h on EZH2, ERK1/2 phosphorylation, ERK1/2, Elk-1 phosphorylation and Elk-1 in MDA-MB-231 cells. (¢) Effects of U0126
treatment and Elk-1 knockdown on EZH2, ERK1/2 phosphorylation, ERK 1/2, Elk-1 phosphorylation and Elk-1 in MDA-MB-231
cells. Protein was extracted 24 h after MEK inhibitor treatment and 48 h after Elk-/ siRNA transfection. (d) Effects of U0126 treatment
for 12 and 24h on EZH2, ERK1/2 phosphorylation, ERK1/2, Elk-1 phosphorylation and Elk-1 in MDA-MB-468 cells (triple-
negative). (e) Effects of U0126 treatment for 12 and 24h on EZH2, ERK /2 phosphorylation, ERK1/2, Elk-1 phosphorylation and
Elk-1 in SKBr3 cells (ERBB2-overexpressing). (f) Effects of U0126 treatment and Elk-1 knockdown on EZH2, ERK1/2
phosphorylation. ERK1/2, Elk-1 phosphorylation and Elk-1 in HCC1500 cells (hormone receptor-positive). Protein was extracted
24 h after MEK inhibitor treatment and 48 h after E/k-] siRNA transfection. (g) Effects of LY294002 (10 um) or Akt inhibitor (20 um)
treatment on EZH2, ERK /2 phosphorylation, ERK1/2, Elk-1 phosphorylation, Elk-1, Akt phosphorylation and Akt in MDA-MB-
231 cells. Protein was extracted 24 h after MEK inhibitor treatment and 48h after E/k-/ siRNA transfection. (h) EZH2 mRNA
decreased after PI3K inhibitor treatment (1, 5. 10 and 25 um) at 24 h in MDA-MB-231 cells.
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inhibitor treatment and Elk-I siRNA transfection
(Figure 2). MEK inhibitor treatment for 12 or 24h
decreased EZH2 protein expression in MDA-MB-468
cells and SKBr3 cells, and the decrease was also
accompanied by a decrease in phosphorylation of both
ERK1/2 and Elk-1 (Figures 4d and e), results that were
similar to those observed in MDA-MB-231 cells. On the
other hand, U0126 treatment or Elk-/ knockdown by
siRNA transfection did not have any effect on EZH2
expression in HCCI1500 cells (Figure 4f). Next, we
treated MDA-MB-231 cells with Akt inhibitor or PI3K
inhibitor to determine the specificity of MEK inhibitor
with respect to EZH?2 expression. AKT inhibitor did not
affect EZH2 expression, phospho-AKT was not de-
tected in MDA-MB-231 cells by western blot analysis
(Figure 4g), which was same as previous published data
(Kenny et al., 2007). EZH2 mRNA expression also did
not change after treatment with Akt inhibitor (Supple-
mentary Figure 1). PI3K inhibitor (LY294002) did
affect negatively EZH2 expression. PI3K inhibitor
decreased the phosphorylation level of ERK1/2 and
Elk-1 (Figure 4g), however, the decrease was not
remarkable. The result of real-time reverse-transcription
PCR (RT-PCR) showed that PI3K inhibitor decreased
EZH2 mRNA expression level (Figure 4h). These results
suggest that PI3K inhibitor affect EZH2 expression
negatively by downregulating MEK-ERK-EIk-1 path-
way. The previous report shows that Rac exerts an effect
downstream of PI3K to have enhancing role in
regulation of the Raf/Erk signaling pathway down-
stream of Ras activated. PI3k inhibitor, LY294402
inhibited Erk activation by inhibiting Rac activation
(Arai et al., 2002). However, another downstream
effector of PI3K may have a role in activation of Erk/
Elk-1, further studies on signaling downstream of PI3K
for regulation of EZH2 expression will be required to
elucidate the molecular mechanisms.
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EZH?2 overexpression induced by the activated MEK—
ERKI]2 pathway occurs in ERBB2-overexpressing and
triple-negative breast cancer subtypes

We also explored the relevance of the signaling pathway
that leads to EZH2 overexpression in breast cancer
tissue. The result of immunohistochemical staining of
the representative case with triple-negative breast cancer
was shown in Figure 5. The cancer cells showed
positivity for EGFR and pElk-1. The EZH2 that is
supposed to be a downstream protein of MEK/ERK/
Elk-1 pathway from the findings thus far demonstrated
was overexpressed, and high MIB-1 index was also
observed in the same area (Figures 5b-e). The two
continuous and thin tissue sections showed the synchro-
nized co-overexpression of EZH2 and pElk-1 proteins in
individual cancer cells (Figures 5b and c¢). Among 178
breast cancer tissues, there was a significant correlation
between EZH2 overexpression and breast cancer phe-
notype, the EZH2 protein expression positive rates of
the ERBB2-overexpressing and triple-negative subtypes
were much higher than that of the hormone receptor-
positive subtype (Figure 6a). The percentages of cases
classified as EZH2-overexpressing cases in the ERBB2-
overexpressing subtype and triple-negative breast cancer
subtype were much higher than in the hormone
receptor-positive subtype (Figure 6b), suggesting that
the MEK-ERK pathway mainly causes EZH2 over-
expression in ERBB2-overexpressing and triple-negative
breast cancer cells. In addition, the percentages of cases
classified as RUNX3-negative or RUNX3-weakly ex-
pressed in cytoplasm in the triple-negative breast cancer
subtype were much lower than in the hormone receptor-
positive subtype (Figure 6¢). We treated MDA-MB-231
cells with Elk-1 siRNA transfection and examined
whether the expression of RUNX3 mRNA changed.
As shown in Figure 6d, the expression of RUNX3
mRNA started to increase 72 h after Elk-1 knockdown.

Figure 5 Immunohistochemical staining of breast cancer tissue of the triple- negative subtype. (a) H&E (hematoxylin and eosin),
(b) EZH2, (¢) pElk-1. (d) Ki-67 and (e) EGFR. Immunohistochemical stainings for EZH2 protein and pElk-1 protein were performed
using the two continuous and thin tissue sections to show the positive correlation of expression of EZH2 protein and pElk-1 protein in
individual cancer cells. The individual cancer cells surrounded by square box (marked by black arrow) were magnified to show the
synchronized co-overexpression of EZH2 protein and pElk-1 protein.
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Figure 6 The relationship between EZH2 overexpression and three breast cancer subtypes. (a) EZH2 protein expression positive rates
of the hormone receptor-positive subtype, ERBB2-overexpressing subtype and triple-negative subtype. The results of the positive rates
of cancer cells are shown in the form of diagrams and statistical analyses by Kruskal-Wallis test followed by Dunn’s method. All data
are means +s.d. of data from all cases of each subtypes. NS; not significant by Dunn’s method. (b) Percentages of cases with EZH2
overexpression among triple-negative, ERBB2-overexpressing and hormone receptor-positive breast cancers. The case with more than
10% positive cells for EZH2 protein expression is regarded as EZH2 overexpression case. The results of the percentages of cases with
EZH?2 overexpression of each subtypes are shown in the form of diagrams and statistical analyses by Kruskal-Wallis test followed by
Dunn’s method. NS; not significant by Dunn’s method. (¢) Percentages of cases with RUNX3-negativity or cytoplasmic RUNX3-
weakly expression among triple-negative, ERBB2-overexpressing and hormone receptor-positive breast cancers. The results of the
percentages of cases with RUNX3-negativity or cytoplasmic RUNX3-weakly expression of each subtypes are shown in the form of
diagrams and statistical analyses by Kruskal-Wallis test followed by Dunn’s method. NS; not significant by Dunn’s method. (d) The
level of RUNX3 mRNA expression after Elk-1 knockdown by siRNA transfection was quantified by real-time RT-PCR in MDA-MB-
231 cells. *Indicates P<0.05, and all data are means +s.d. of data from at least three experiments. () Proposed pathway leading to

EZH?2 overexpression.

This result is similar to our previous result that RUNX3
expression is restored 72-96h after knockdown of
EZH2 (Fujii et al., 2008). We would like to propose
the signaling pathway leading to EZH?2 overexpression
in breast cancer cells (Figure 6e).

Discussion

The results of this study showed that the MEK-ERK-
Elk-1 pathway, which is one of the signal transduction
pathways that are upregulated in cancer cells, is linked
to overexpression of EZH2, which is one of the histone
modifier proteins. EZH2 -has been reported to be
overexpressed in various cancer cells (Raaphorst er al.,
2000; Varambally et al., 2002; Kleer er al., 2003;
Bachmann et al., 2006; Fujii and Ochiai, 2008; Fujii
et al., 2008), suggesting that the overexpression is caused
by a variety of signals and pathways, some of which are
specific to certain kinds of cancer cell and others of
which are universal. The results provided evidence that
Elk-1 is a critical factor downstream from ERK not only
as a transcription factor for several other genes, but also
for EZH?2, resulting in chromatin remodeling at certain
specific foci, such as RUNX3 and E-cadherin (Fujii and
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Ochiai, 2008; Fujii et al., 2008). We concluded that ERK
has a pleiotropic role in gene regulation by controlling the
phosphorylation of transcription factors, including Elk-1,
and chromatin remodeling via EZH2 and histone H3
methylation. These effects seemed to be critical to the
aggressiveness and high growth rate of triple-negative
breast cancer (Figure 6). However, other transcriptional
factors may bind to certain binding motifs in the EZH?2
promoter, and further experiments are needed to identify
the factors that regulate EZH2 expression and are
associated with the character of cancer cells, specifically
with cancer cell phenotypes. The mechanism proposed
here may be just one of several different mechanisms that
impact EZH2 levels and function in cancer cells. There is
precedent for microRNA regulation that affects both
EZH?2 mRNA and protein levels (Varambally et al., 2008)
and also non-coding RNA that can control EZH2
targeting in cancer cells (Gupta et al, 2010). The
comprehensive understanding of these multiple modes of
controlling EZH2 expression is necessary and further
studies are needed to clarify the connection of these modes
related to cancer aggressive phenotypes such as invasive-
ness and metastasis.

The full-length reporter plasmid constructed did not
exhibit the peak relative luciferase activity. A positive
transcriptional effect of phospho-Elk-1 binding on the
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promoter was shown in this study, but the longer
deletion variants of the constructed reporter plasmid
exhibited relative low luciferase activity, suggesting that
there may be binding sites for repressive transcriptional
factors in those regions of the EZH2 promoter. The
plausible possibility that EZH2 transcription is regu-
lated by a variety of tranmscriptional factors would
suggest that histone modification by a histone modifier
protein such as EZH2 may be reversible in response to
several factors in the microenvironment, including
inflammation, hypoxia and carcinogen exposure around
normal or cancer cells. Histone modifier proteins are
capable of the transcription of a whole set of genes
simultaneously. Further study will be needed to devise a
methodology for cancer treatment by regulating the
expression of histone modifier proteins.

Western blot analyses of ERBB2-positive and triple-
negative breast cancer cell lines were carried out to
explore the extent of the inhibitory effect of MEK
inhibitor treatment or Elk-1 knockdown on EZH2
protein expression (Figure 4). The remarkable effect of
the MEK inhibitor on EZH2 protein in triple-negative
and ERBB2-overexpressing cells suggests that the
MEK/ERK pathway activated via KRAS mutation,
EGFR amplification and ERBB2 amplification contri-
bute strongly to EZH2 overexpression. In fact, MDA-
MB-231 and MDA-MB-468 cells are KRAS mutant and
EGFR amplified breast cancer cells, respectively (Hol-
lestelle et al., 2010). Tissue microarray studies have
shown a high rate of EGFR overexpression in triple-
negative breast cancers (Cleator et al., 2007). In this
study, the EZH?2 protein expression positive rates of the
ERBB2-overexpressing and triple-negative subtypes
were much higher than that of the hormone receptor-
positive subtype (Figure 6a). On the basis of the results
of this study, we think that EZH?2 inhibition is a critical
treatment in triple-negative and ERBB2-overexpressing
breast cancer cells.

Many phenotypical and molecular features, including
ER negativity, high nuclear grade, high Ki-67 staining,
CK5/6 expression, EGFR expression and p53 mutation,
are shared by sporadic triple-negative breast cancers and
tumors that arise in carriers of the BRCAI mutation
(Crook et al., 1998; Sgrlie et al., 2001; Foulkes et al.,
2004). BRCAI is rarely mutated in sporadic breast
cancers (Futreal et al., 1994), however, the histopatho-
logical similarity of the two categories; triple-negative
breast cancers and tumors with the BRCAI mutation
leads us to speculate that common pathways may be
associated with cancer cell proliferation. Interestingly, a
recent study immunohistochemically demonstrated a
clear increase in EZH2 protein levels in tumors from
BRCAI mutation carriers (Puppe et al., 2009). It also
showed that BRCA[-deficient cancer cells are selectively
dependent on their elevated EZH2 levels and that
inhibition of EZH?2 is about 20-fold more effective in
killing BRCAI-deficient cells than in killing BRCAI-
proficient mammary tumor cells, suggesting that EZH2
may be a target for drug therapy of a specific subtype of
breast cancer. The results of our present study suggest
that inhibition of EZH2 may critically block cancer cell
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proliferation in aggressive breast cancer phenotypes,
including triple-negative breast cancers and BRCAI-
deficient breast cancers.

The findings in this study showed that EZH2
overexpression was caused by activated MEK-ERK 1/
2-Elk-1 pathway. The signaling pathway connected to
EZH2 overexpression is associated with aggressive
phenotypes of breast cancer including triple-negative
and ERBB2-overexpressing breast cancers. Our study
could pave the way for EZH2 inhibition to become an
efficient treatment for more aggressive breast cancers.

Materials and methods

Bioinformatic analysis and cloning of the EZH2 gene promoter
region

By using the 5’ complementary DNA sequence of the EZH2
gene as a probe, exons of the EZH2 gene were identified as
corresponding to the sequences of the nucleotides on human
chromosome 7 (Gene Accession Number NC_000007. 12) by a
BLAST search. The promoter and transcription binding sites on
the 5" flanking region of EZH?2 were predicted by conducting a
TRANSFAC 6.0 analysis. The full-length EZH2 gene promoter
region from the 5 flanking 2874-bp upstream region to 599-bp
downstream region from the transcription starting site of the
EZH2 gene (148135408-148212347) was amplified by using
human genomic placenta DNA (50ng/ul) as a template and a
PCR primer with an incorporated Ml site (EZH2-2874), and
a primer with an incorporated Bg/l site (EZH2+ 599R)
(Supplementary Table 1). The PCR product after digestion
with Bg/ll and M/ul was inserted into the pGL3-Basic vector
(Promega, Madison, WI, USA), and the entire length of the
inserted PCR product was sequenced by using an ABI PRISM
3100 Genetic Analyzer (Applied Biosystems, Carlsbad, CA, USA)
and the designed sequence primers (Supplementary Table 1).

Construction of recombinant luciferase reporter plasmids with
the full-length EZH2 gene promoter region, deletion variants
and mutation variant

The whole Bg/lI-M!ul fragment of the recombinant plasmid
was subcloned into the Bg/ll-Mlul site of the MCS of the
pGL3-Basic vector (Promega), and the plasmid obtained was
designated as pGL3-2874. Several deletion variants designated
as pGL3-2704, pGL3-2282, pGL3-2106, pGL3-1839, pGL3-
1516, pGL3-1182, pGL3-1089, pGL3-696, pGL3-456, pGL3-
151 and pGL3-9 were generated using primer sets of the
forward primer with an incorporated M/ul site or the reverse
primer with an incorporated Bg/II site (Supplementary Table 1)
as described above. The wild and mutant DNA sequences of
the EZH2 promoter region encompassing all the three Elk-1
binding sites (—453nt to —180nt) were synthesized, respec-
tively and inserted into pGL3-Basic Vector. The wild-type and
mutant-type constructs were designated as the pGL3-Elk-1-
WT and pGL3-Elk-1-MT, respectively. T was replaced into A
in each Elk-1 binding motif of pGL3-Elk-1-MT construct.

Cell culture and transfection of reporter plasmids

Human breast cancer cell line MDA-MB-231 was routinely
grown in RPMI medium containing 10% fetal bovine serum
and 10% glutamine. The reporter plasmids were transfected
with Lipofectamine 2000 (Invitrogen, Camarillo, CA, USA).

Dual-luciferase reporter assay
Dual-luciferase reporter assays with the constructed reporter
plasmids were carried out according to the manufacturer’s
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instructions (Promega). pRL-SV40 plasmid (Promega) was
co-transfected to normalize the transfection efficiency. Trans-
fections were carried out on 12-well plates, and the reporter
assays were carried out on 96-well plates. Briefly, 4h after
transfection, the cell culture medium was replaced with fresh
complete growth medium, and the cells were incubated for
another 20h. The activity of firefly (Photinus pyralis) and
Renilla (Renilla reniformi) luciferases (luc+ and Rluc,
respectively) in cell lysates was measured sequentially with a
96-well plate luminometer (Luminescencer-JNR AB-2100,
Atto Bio-Instrument, Tokyo, Japan). Promoter strength was
expressed as luc+ activity/Rluc activity.

Breast cancer cell lines

Three breast cancer cell lines, that is, MDA-MB-231, MDA-
MB-468, SKBr3, and HCC1500, all obtained from the
American Type Culture Collection (Manassas, VA, USA),
were maintained at 37°C in RPMI supplemented with 10%
heat-inactivated fetal bovine serum and 1% glutamine under a
5% CO, atmosphere. MDA-MB-231 and MDA-MB-468 are
basal-type breast cancer cell lines, which are defined by triple
negativity for ER, PgR and ERBB2. SKBr3 cells are charac-
terized by ERBB2 expression, HCC1500 cells are characterized
by hormone-receptor expression (Hollestelle et al., 2010).

RNA isolation and real-time RT-PCR

Total RNA from the cell lines was isolated with TRIzol
Reagent (Invitrogen) and reverse transcribed to complemen-
tary DNA with ExScript RT Reagent (Takara, Yokkaichi,
Mie, Japan). Real-time RT-PCR was carried out with specific
primers for EZH2 and Elk-/ and a Smart Cycler (Cepheid,
Sunnyvale, CA, USA). GAPDH expression was used to
normalize for variance. Real-time fluorescence monitoring
of the PCR products was performed with SYBR Green I
fluorescent dye (Takara). The levels of expression of specific
genes are reported as ratios to the level of expression of
GAPDH in the same master reaction. The PCR primer pairs
(5 to 3") used for each gene were: EZH2, CCCTGACCTCTG
TCTTACTTGTGGA and ACGTCAGATGGTGCCAGCA
ATA; Elk-1, CACTTCTGGAGCACCCTGAGTC and AGA
GGCCATCCACGCTGATA; and GAPDH, GCACCGTCA
AGGCTGAGAAC and ATGGTGGTGAAGACGCCAGT.
These primer sets were designed by Takara.

MEK inhibitor, PI3K inhibitor and Akt inhibitor treatment
MDA-MB-231 cells were treated with a MEK inhibitor (U0126)
(Promega) at a concentration of 40 pm for 4, 8, 12 and 24 h, and
the other cell lines, including MDA-MB-468 and SKBr3 cells,
were treated with the MEK inhibitor at 50 um. MDA-MB-231
cells were treated with a PI3K inhibitor (1.Y294002) (Calbiochem,
Darmstadt, Germany) or an Akt inhibitor (Akt inhibitor V,
Triciribine) (Calbiochem) at a concentration of 1, 5, 10, 25,
50 um for 24 h. Total RNA from the treated cell lines was then
isolated and used for real-time RT-PCR for EZH2, Elk-1 and
GAPDH, ChIP assay and western blot analysis.

RNA interference

Two 21-nucleotide duplex siRNA for E/k-1 and one negative
control siRNA were synthesized by Ambion (Carlsbad,
CA, USA), Inc. (Elk-1 siRNA ID, s4634; Eik-1 siRNA-1
and s4633; Elk-1 siRNA-2), and 24 h after plating the cells they
were transfected with Elk-1 siRNA or control siRNA by using
the DharmaFECT transfection reagent (Dharmacon, Lafayette,
CO, USA) according to the manufacturer’s instructions. Cells
were harvested 48 h after transfection and subjected to several
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assays, including real-time RT-PCR, ChIP assay and western
blot analysis.

Chromatin immunoprecipitation assay )

The ChIP assay was carried out as previously described (Fujii
et al., 2003). The PCR conditions for the EZH2 gene (Gene
Accession Number NC_000007.12) promoter, which contains
or does not contain Elk-1 biding motifs, were applied with the
following three primer pairs: ChIP primer 1 which contains
three Elk-1 binding motifs (5’ to 3): TTAAAACCGTTACCA
CCCCCGAGTTTTGAA and TTCGCTGTAAGGGACGCC
ACTGGCCGTGT, ChIP primer 2 which contains two Elk-1
binding motifs (5 to 3): AACTCTGCGGCGCCGGTT
CCCGCCAAGA and TTCGCTGTAAGGGACGCCACTG
GCCGTGT and ChIP primer 3 which does not contain any
Elk-1 binding motifs (5 to 3): ACGAACAGTGGA
AGGGTCTG and GGAGTTTCGCTCTGGTTGTC. A
ChIP primer pair for GAPDH as negative control for Elk-1
binding was used (5 to 3'): CACCGTGTGCCCAAGACCTC
and CAGCCCTGTAGCCTGGACCT (Morris et al., 2005).
A Spg amount of antibody was used in this assay. The
antibodies used were phospho-Elk-1 and generic (pan-reactive)
Elk-1 antibody purchased from Spring Bioscience (Pleasanton,
CA, USA). Individual ChIP assays after treatment with the
MEXK inhibitor and Elk-1 siRNA transfection were carried out
at least three times to confirm the reproducibility of the PCR-
based experiment. Preliminary PCR reactions were carried out
to determine the optimal PCR conditions to assure linear
amplification of the DNA. To measure the level of phospho-
Elk-1 or generic Elk-1 binding in each immunoprecipitate, the
ratios of immunoprecipitated DNA to input DNA were
calculated by measuring the intensity of the PCR product in
immunoprecipitated DNA versus input DNA (total chromatin)
amplified by PCR in a linear range. The ratios were calculated
using the PCR products by performing a DNA 1000 assay with
the Agilent 2100 bioanalyzer and using DNA chips for electro-
phoresis (Agilent Technologies, Santa Clara, CA, USA).

Western blot analysis

Cells were lysed with whole-cell lysis buffer (80 mm glycero-
phosphate, 20 mm EGTA, 15mwm MgCl,, 20 mMm NAF, 150 mm
NaCl, | mm EDTA, 0.5% NP-40, 10 mm Na;VO,, 1 mm phenyl-
methylsulfonyl fluoride and a protease inhibitor tablet (Roche,
Mannheim, Germany), and the lysates were frozen in liquid
nitrogen and thawed three times to rupture the cell membranes.
Samples of the lysates were incubated for 30 min on ice to lyse
the nuclei and then centrifuged at 8900 rpm. The protein concen-
tration of each sample was determined with a BCA Protein Asssay
Kit (Pierce, Rockford, IL, USA). Equal amounts of protein (20 pg)
from each cell line were subjected to western blot analysis. The
probing antibodies were EZH2 antibody (1:1000) (BD Trans-
duction Laboratories, Sparks, MD, USA), phospho-p44/42
MAPK (ERK1/2) antibody (1:1000) (Cell Signaling Technology,
Boston, MA, USA), p44/42 MAPK (ERK1/2) antibody (1:1000)
(Cell Signaling Technology), phospho-Elk-1 antibody (1:200)
(Santa Cruz, Santa Cruz, CA, USA), Elk-1 antibody (1:200)
(Santa Cruz), Akt antibody (1:1000) (Cell Signaling Techno-
logy), pAkt antibody (Ser 473) (Cell Signaling Technology),
and B-actin antibody (1:50) {Santa Cruz).

Breast cancer tissue samples

A total of 178 breast cancer specimens that had been
histologically diagnosed as invasive ductal carcinoma were
studied and classified into three types: a hormone receptor-
positive type (ER- and/or PgR-positive), an ERBB2-

— 271 —



overexpressing type (ERBB2-overexpressing with/without
hormone-receptor-positive) and triple-negative type (hormone
receptor-negative and ERBB2 not overexpressed). All speci-
mens were obtained from females (mean age 58.3 years;
s.d.+11.1) by surgical resection at the National Cancer
Hospital East, and the histological diagnosis was carried out
by routine microscopic analysis of sections of formalin-fixed,
paraffin-embedded specimens. None of the patients had
received any preoperative treatment, including radiation
therapy, hormone therapy or chemotherapy. A representative
section that included the maximum diameter of the tumor was
used for the immunohistochemical analysis. All clinicopatho-
logical data were according to the TNM classification (UICC)
and obtained from the clinical and pathology records. Several
clinicopathological factors were shown in Supplementary Table 2.

Immunohistochemical staining

The breast cancer tissues were used for the immuno-
histochemical analysis. Immunohistochemistry for EZH2
(1:25) (BD Transduction Laboratories), phospho-Elk-1 (1:25)
(Spring Bioscience), MIB-1 (1:50) (Dako, Tokyo, Japan),
EGFR (1:50) (Novocastra, New Castle, UK) and RUNX3
(1 pg/ml) (R3-6E9) (Ito et al., 2005) was carried out on sections
of formalin-fixed, paraffin-embedded tissue by microwave-
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To examine the radiofrequency ablation (RFA) reliability in early breast cancer, we performed RFA fol-
lowed by delayed surgical resection on 41 patients with invasive or non-invasive breast carcinoma less
than 2 cm. MRI scans were obtained before ablation and resection. Excised specimens were examined
pathologically by haematoxylin-eosin and nicotinamide adenine dinucleotide-diaphorase staining. 40
patients completed 1 RFA session, which was sufficient to achieve complete tumour cell death. Overall
complete ablation rate was 87.8% (36/41). There were no treatment-related complications other than that
of a superficial burn in 1 case. After RFA, the tumour was no longer enhanced on MRI in 25/26 (96.2%)
cases. Residual cancer, which was suspected on MRI in 1 case, was confirmed pathologically. MRI could
be an applicable modality to evaluate therapeutic effect. RFA could be an alternate local treatment option

to breast-conserving surgery for early breast cancer.

© 2011 Elsevier Ltd. All rights reserved.

Introduction

Early breast cancer treatment has evolved over the past decade.
Currently, there has been a trend towards less-invasive approaches
in the local treatment of breast cancer. Breast-conserving surgery
has largely replaced mastectomy for primary breast cancer, as several
large randomized trials have shown no survival difference between
the 2 surgical options.! Conventional axillary lymph node dissection
has been replaced with sentinel lymph node biopsy for clinically
node-negative breast cancer, which affords improved staging and
minimal morbidity.*> With these fundamental changes in the breast
cancer treatment strategy, there is an impetus to replace the less-
invasive surgery with ablation techniques that eliminate the primary
turnour without surgery. Several modalities enable minimally invasive
ablation of the primary tumour, such as cryosurgery, laser ablation,

*
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0960-9776/$ — see front matter © 2011 Elsevier Ltd. All rights reserved,
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thermoablation, and high-intensity focused ultrasound, but radio-
frequency ablation (RFA) appears to be the most promising technique.

One major goal in breast-conserving treatment is to preserve
a cosmetically acceptable breast. Since cosmetic results are related, to
some extent, to the tissue amount removed, treating a tumour
without resection has great appeal. Progress in detection methods,
such as magnetic resonance imaging (MRI) and widespread appli-
cation of screening mammography, will increase the detection of very
small, non-palpable tumours, which further emphasizes the need for
minimally invasive methods to achieve local tumour destruction. RFA
is gaining acceptance as a treatment modality for several tumour
types, but not yet for primary breast cancer, as there is yetinsufficient
evidence for its use as a standard therapy, in particular with regard to
complete tumour cell death within the whole ablated area.

The current study was undertaken to determine the feasibility of
treating early breast cancer with RFA and to evaluate tumour cell
death and marginal clearance of ablated area by pathological study.
Goals of this study were to examine the RFA reliability as a local
treatment option in early breast cancer patients instead of breast-
conserving surgery.
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Materials and methods
Enrolment

Forty-one patients, with pathologically proven invasive or non-
invasive breast carcinoma less than 2 cm and clinically lymph node
negative, were enrolled in this pilot study, conducted between
March 2007 and February 2009. Core needle biopsy or vacuum-
assisted biopsy was performed to determine tumour grade, lym-
phovascular invasion, hormone receptor status and HER2/neu
status. The other inclusion criteria were as follows: tumour easily
imaged by ultrasound and lumpectomy planed as the initial treat-
ment. Exclusion criteria included more than 1 tumour in the same
breast and the presence of extensive suspicious microcalcifications
surrounding the tumour mass. Patients with pacemakers, sensi-
tivity to lidocaine or coagulopathy, or who were pregnant or
lactating were also excluded. Pre-treatment evaluation consisted of
a complete history and physical examination, pathological review
of the carcinoma and laboratory evaluation including a complete
blood count and coagulation profile. Furthermore, bilateral
mammography, enhanced breast MRI and positron emission
tomography-CT were performed within 2 months of RFA. This
study was approved by the institutional review board at Hiroshima
City Hospital. All enrolled patients were informed about this study
and signed a written consent for participation.

Breast ultrasound

Bilateral breast imaging was performed to include the known
tumour and surrounding breast tissue using a 7.5 mHz transducer
(EUB-5500; TOSHIBA, Japan). Three-dimensional tumour measur-
ements were performed and recorded.

Breast MRI scans

Breast MRI scans were performed before ablation and within
48 h before surgical resection. The 3-T system (Signa; G.E. Medical
Systems, Japan) was utilized. Patients were imaged in the prone
position with a dedicated double breast coil. Axial and sagittal T1-
and T2-weighted images were obtained by the following protocol:
(1) axial, T1-weighted spin-echo (500—700/16—17 [repetition time
in milliseconds/fecho time in milliseconds]) sequence with
a 32-36 cm field of view, 3 mm section, 1 mm gap, and 512 x 256
matrix for both breasts; (2) axial, T2-weighted fast spin-echo with
fat saturation sequence of the affected breast, 12—18 cm field of
view, 3 mm section, 1 mm gap, and 128 or 192 matrix; and (3)
sagittal T1-weighted spin-echo with fat saturation sequence after
the intravenous gadodiamide administration (0.5 M, Omniscan;
Nycomed, Japan). A 20 ml gadodiamide bolus was administered,
regardless of body weight, followed by a 20 ml physiological saline
bolus. Imaging was initiated during saline injection.

Radiofrequency ablation

RFA was performed under either general anaesthesia or local
anaesthesia and sedation. In the local anaesthesia group, intra-
venous sedation with midazolam titrated doses were adminis-
tered in preparation for RFA. Under local anaesthesia and
sedation, sentinel lymph node biopsy was first performed, then,
under ultrasound guidance, 0.5% lidocaine was injected around
the tumour. For analgesia, a sufficient volume of lidocaine injec-
ted over the pectoralis major is important. A small skin incision
was made with a number 11 surgical blade. A 3 ¢cm Cool-Tip RF
Needle Electrode (Valleylab, Boulder, CO, USA) was inserted at the
centre of the tumour under ultrasound guidance. For prevention

of skin burn, 5% glucose liquid with a higher electrical resistance
than saline was injected between the skin and tumour to increase
the space between. The needle electrode was attached to

~a 500 kHz monopolar RF generator capable of producing 200 W.

Grounding was achieved by attaching 2 grounding pads to the
patient’s thighs before the procedure. Tissue impedance was
monitored continuously using circuitry incorporated in the
generator. Radiofrequency energy was applied only once not
exceeding 15 min. Power was set at 5 W and increased by 10 W
intervals every 1 min until a rapid increase in impedance occurred
(so-called roll-off). For prevention from skin burn, a sterile ice bag
was placed on the skin over the ablated area. The core temperature
of the ablated area was measured immediately after roll-off. Under
general anaesthesia, the abovementioned procedure was per-
formed but without using lidocaine and midazolam.

Surgery

Breast-conserving surgery (Bp 1.5 cm) was performed imme-
diately after RFA (immediate surgical resection) under general
anaesthesia or 1-2 months after RFA (delayed surgical resection)
under local anaesthesia.

Pathological evaluation

After the specimen removal, pathological evaluation with hae-
matoxylin-eosin (HE) staining was performed to evaluate the
therapeutic effect according to the response criteria of the Japanese
Breast Cancer Society® and to estimate the tumour size and
marginal status. Moreover, to accurately evaluate tumour cell
death, histochemical analysis of tumour viability with nicotinamide
adenine dinucleotide-diaphorase (NADH) staining was performed.’

Follow up

Decisions regarding adjuvant chemotherapy or hormonal
therapy were made based on the pre-treatment tumour size
measured by breast MRI. Axillary lymph node metastasis was
determined by sentinel lymph node biopsy results. Furthermore,
prognostic indications such as estrogen receptor status, proges-
terone receptor status, HER2/neu status, lymphovascular invasion
and grade were determined by pre-treatment core biopsy.
According to each patient’s risk category, adjuvant therapy was
administered in all patients. Whole breast irradiation was also
performed in every case.

Results
Patient characteristics

Of the 41 patients in this pilot study, 9 initially underwent
breast-conserving surgery immediately after RFA under general
anaesthesia (immediate surgical resection). RFA was subsequently
performed under local anaesthesia and sedation in the remaining
32, following which breast-conserving surgery was performed
under local anaesthesia 1-2 months after RFA (delayed surgical
resection). All but 1 patient completed 1 RFA session. Patient
characteristics are summarized in Table 1 (median tumour size as
assessed by enhanced MRI scan, 13 mm [range, 5~18 mm]; median
volume of 0.5% lidocaine administered, 42 ml [range, 32—55 ml];
median RFA application time, 9 min [range, 6—15 min]; median
tumour core temperature immediately after RFA, 85 °C [range,
64-100 °C]). There were no treatment-related complications other
than that of a superficial burn in 1 case right above the ablated area.
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Table 1
Characteristic of patients and primary tumour characteristics (n = 41).
No. of cases

Age (years)

Range 38-92

Median 59
Tumour size on MRI

Median (mm) 13

< 10 mm 6

10 mm >= 35
Histology

IDC 36

DCIS 5
Tumour grade

1 26

2 3

3 2
ER

+ 38

= 3
PgR

+ 35

. 6
HER2

+ 1

= 40
Anaesthesia

General 9

Local 32
Ablation time (minutes)

Range 6-15

Median 9
Core temperature (°C)

Range 65—-100

Median 85
Complication

Superficial skin burn 1

None 40

IDC, invasive ductal carcinoma.
DCIS, non-invasive ductal carcinoma.

Breast MRI imaging

On post-RFA MRI scans, 25/26 studies (96.2%) in which the
patient had pre-RFA enhancement displayed no residual enhance-
ment of the breast lesion. In 1 case (3.8%), in which intolerable pain
prevented completion of 1 RFA session, post-MRI scans demon-
strated residual enhancement consistent with residual invasive and
intraductal tumour, which was confirmed histologically. Therefore,
a post-ablation MRI scan appears to predict therapeutic effect by
RFA for breast cancer. An ablation zone, characterized by altered
signal intensity and architectural distortion, with a minor degree of
peripheral enhancement was easily visible in all cases. This ablation
zone measured 3.0—6.1 cm at its greater diameter (median, 3.7 cm)

and 1.8—5.5 cm at its lesser diameter (median, 2.5 cm). We termed
this peripheral enhancement the protein degenerative ring, within
which NADH staining demonstrated complete cell death. Repre-
sentative pre- and post-RFA MRI scans demonstrating successful
ablation and the protein degenerative ring are shown in Fig. 1.
Residual cancer, which was suspected on MRI in 1 case, was
confirmed pathologically (Fig. 2).

Pathological evaluation

HE staining of the ablated lesion removed immediately after RFA
could not demonstrate complete tumour cell death, because cancer
cell was diagnosed as viable cell only by HE staining. According to
the response criteria of the Japanese Breast Cancer Society,® no
pathological complete response (Grade 3) was observed in speci-
mens removed immediately after RFA; however, it was observed in
4 (12.5%) specimens removed by delayed surgical resection. As
times elapses after ablation, tumour cell death in a tissue sample by
delayed surgical resection could be more easily diagnosed than in
resection immediately after RFA. However, even in delayed surgical
resection specimens, HE staining alone could not reveal all patho-
logical complete cell death (Table 2). Therefore, to evaluate more
accurate tumour cell death, NADH staining was performed in
specimens from 12 patients, in all (100%) of whom no viable cancer
cells (i.e., complete cell death) within the whole ablated area and
surgical margins were demonstrated. Of these 12 cases, only 2
showed complete pathological response by HE staining (Table 3).
Therefore, NADH staining is indispensable for evaluating tumour
cell death, even in delayed surgical resection specimens. The
macroscopic and histological findings are shown in Fig. 3. In 5 cases,
complete histological ablation could not be achieved, with only
non-invasive components remaining in 4 cases. Complete ablation
was indicated on imaging examination in these 4 cases, yet path-
ological evaluation revealed residual non-invasive ductal cancer
outside the degenerative protein ring. This may indicate the limi-
tations of imaging-based diagnosis (in particular with regard to the
extent of ductal spread, accurate diagnosis of which is not easy).
Invasive and non-invasive components were found in 1 case
(Fig. 2), where uncontrolled pain resulted in treatment failure.
Adequate analgesia is also essential for successful ablation. Overall,
a complete ablation rate of 87.8% (36/41) was observed, based on
the findings of HE and NADH staining.

Discussion

Various thermal ablation treatments have been attempted for
breast cancer, including cryosurgery,? laser ablation,® MR-guided

(1) Before RFA

{2) 1.5 Months after RFA

Fig. 1. Enhanced MRI scans demonstrate successful RFA ablation. An irregular, enhancing lesion is observed in the pre-RFA image. After RFA, the tumour is no longer enhanced.

A zone of ablation within the protein degenerative ring is demonstrated.
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(1) Before RFA

(2) 1.5 Months after RFA

Fig. 2. The post-RFA MRI demonstrates residual enhancement consistent with a residual invasive and intraductal tumour, which was confirmed histologically.

high-intensity focused ultrasound’® and RFA. Although each of
these offers theoretical advantages, each also carries significant
disadvantages. Cryoablation, requiring expensive and often bulky
equipment, appears to be less effective because of incomplete
freezing and a subsequent high rate of residual disease. Laser
ablation is not effective for larger areas and requires another probe
to measure temperature. MR-guided focused ultrasound also
requires very expensive and extensive equipment; moreover it
takes a few hours for a single treatment.

RFA for breast cancer appears to be the most promising
modality. Many investigators have attempted feasibility studies on
RFA followed by resection, as shown in Table 4, whose results
support RFA use in localized breast cancer treatment.!! %!

Our study was designed to gain further evidence on RFA
reliability.

This study investigated delayed surgical resection performed
1—2 months after RFA to better assess tumour cell death over the
entire ablated area; most RFA feasibility studies have investigated
resection performed immediately after RFA, although 1 study
reported on delayed surgical resection undertaken 1-3 weeks after

Table 2
Histological analysis of ablated area by RFA.

Resection immediately after RFA (9 cases) Delayed surgical resection (32cases)

Grade 1a: 4 cases (44.4%) Grade 1a: 1 case (3.1%)
Grade 1b: 1 case (11.1%) Grade 1b: 6 cases (18.8%)
Grade 2: 2 cases (22.2%) Grade 2: 21 cases (65.6%)
Grade 3: 0 case (0%) Grade 3: 4 cases (12.5%)
unknown: 2 cases (22.2%)

Evaluation by response criteria of Japanese Breast Cancer Society

Response criteria of Japanese Breast Cancer Society

Grade O No response
Almost no change in cancer cells alter treatment
Grade 1 Slight response
Grade 1a Mild response
Mild change in cancer cell regardless of the area,
or marked changes in cancer cell seen in less than
one third of cancer cells
Grade 1b Moderate response
Marked changes in one third or more but less two thirds
of tumor cells
Grade 2 Marked response
Marked changes in two thirds or more of tumor cells
Grade 3 Complete response

Necrosis or disappearance of all tumor cells. Replacement
of all cancer cells by granuloma-like and/or fibrous tissue,
In the case of complete dassapearance of cancer cells,
pre-treatment pathological evidence of the presence
of cancer is necessary

RFA."" At the beginning of our study, we also performed immediate
resection after RFA, however, pathological HE evaluation failed to
demonstrate tumour cell death within the ablated zone. A delay in
resection facilitates more physiological assessment. Therefore, we
decided to excise the ablated area 1-2 months after RFA. To our
best knowledge, no report has estimated tumour cell death in
specimens resected 1-2 months after RFA. In specimens examined
1-2 months after RFA, complete tumour cell death could not be
demonstrated by HE staining alone, whereas this was demon-
strated by NADH staining in same specimens. NADH staining is easy
and reliable in this study field. Interestingly, the cell nuclei disap-
pearance was observed both from the centre and the ablated zone
periphery by HE staining, and a cell death area was clearly
demarcated from the surrounding viable tissue by a band of foam
cells, which we termed the protein degenerative ring. Following
resection of the ablated area 6 months after RFA, all cell nuclei in
that area will disappear; complete tumour cell death may be
demonstrated by HE staining alone if resection is performed over 6
months after RFA.

Another feature of this study is that RFA was performed under
local anaesthesia and sedation as day surgery, a protocol that was
extremely well tolerated, successful in eradicating tumours and
which may point the way forward. Adequate analgesia over the
pectoralis major is important in RFA, and no complications
occurred, apart from the 1 case where intolerable pain obviated
successful completion. On post-RFA MRI scanning, this patient had
residual enhancement consistent with invasive and intraductal
residual tumour, which was confirmed histologically. RFA perfor-
mance under local anaesthesia by day surgery is ideal for minimally
invasive treatment for breast cancer, which was one of our aims.

According to a predetermined standardized algorithm, radio-
frequency energy was often applied more than once in breast
cancer, but several investigators have implied that a single appli-
cation is sufficient."*'>® Qur results are concomitant with their
view for achieving complete tumour cell death within the whole
ablated area, and are thus significant. Excess ablation leads to side
effects such as skin burn, and multiple sessions require increased
analgesia levels, which run contrary to performing RFA as day

Table 3
Comparison of pathological evaluation by NADH and HE staining.

NADH staining

No viable cell: 12 cases (100%)
Viable cell: 0 case (0%)

HE staining

Grade 1a: 0 case (0%)
Grade 1b: 1 case (8.3%)
Grade 2: 9 cases (75%)
Grade 3: 2 cases (16.6%)
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