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Fig. 1 Selection of specifically methylated regions by a genome-
wide screening. a Specific genomic regions not methylated in normal
cells and fully methylated in cancer cells were selected by a genome-
wide screening using an Infinium HumanMethylation450 BeadChip
array. Eighteen CpG sites derived from 16 genomic regions were
isolated. b Five regions of five genes (OSR2, VAV3, PPFIA3,
LTB4R2, and DIDOI) were selected because of their genomic
structure and the availability of quantitative methylation-specific PCR
(qMSP) primers. The genomic structure, including the location of a
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CpG island, transcription start site, introns, and exons, is shown at the
top. The f values of the CpG sites analyzed using the bead array are
shown in the middle, and the broken lines show the threshold used in
the screening. A CpG map around the CpG site(s) is shown at the
botiom. Vertical lines (solid or broken) show CpG sites, with broken
lines showing CpG sites whose f§ values were measured by the bead
array. Arrows show locations of primers for gMSP. M methylated,
U unmethylated
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exclude genes influenced by H. pylori infection, the
methylation levels of the four genes were analyzed in 23
gastric mucosa samples of H. pylori-positive (n = 14) and
H. pylori-negative (n = 9) individuals, as well as four
samples of peripheral leukocytes different from the one
used for the initial screening. The LTB4R2 methylation
level in the H. pylori-positive individuals was higher than
that in the H. pylori-negative individuals and the four
samples of peripheral leukocytes, showing that the LTB4R2
methylation level was affected by H. pylori infection. On
the other hand, OSR2, VAV3, and PPFIA3 were almost
unmethylated in the three groups (Fig. 2).

We also analyzed the expression of OSR2, VAV3, and
PPFIA3 using 17 normal gastric mucosa samples of
H. pylori-positive (n = 11) and H. pylori-negative (n = 6)
individuals. VAV3 was highly expressed in both H. pylori-
positive and H. pylori-negative gastric mucosae, whereas
OSR2 and PPFIA3 were only weakly expressed (Fig. S2).

High incidence of methylation of the three genes
and their specificity using LCM-purified cells

To examine the incidence of methylation of the three genes
in primary GCs, we performed gMSP using 26 independent
primary GCs, and observed that at least one of the three
genes was methylated in all of the 26 GCs (Fig. 3a). These
data showed that if these three genes were used as a panel,

they would have a higher coverage (100 %) of primary
GCs.

To confirm that the three genes were highly methylated
only in GC cells but not in coexisting noncancer cells, four
pairs of cancer and noncancer cells were collected by
LCM. We found that at least one of the three genes was
highly methylated in GC cells (more than 85 %), but that
all of them were barely methylated in noncancer cells (less
than 5 %) (Fig. 3b). The highest methylation level of the
three genes was considered to reflect the fraction of cancer
cells, and we defined the panel of the three genes as a DNA
methylation marker to estimate the cancer cell fraction in a
GC sample.

Because DNA methylation levels of some genes can be
influenced by age [24], we also analyzed the correlation
between the methylation of the three genes and age. The
methylation levels of the three genes were found to be
independent of age (Fig. S3).

CNAs of the three genes

CNAs of a marker gene can affect the methylation level of
its region in cancer samples [25]. Therefore, we analyzed
CNAs of the three regions in the 20 GCs used for the bead
array analysis (Fig. 4). VAV3 and PPFIA3 showed no
CNAs of more than twofold or less than 0.5-fold. In con-
trast, OSR2 showed CNAs at low frequencies (more than
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Fig. 3 High incidence of

methylation of the three genes a 100

and specificity of methylation
using cells purified by laser-

OSR2
m VAVS
=R PPFIA3

capture microdissection (LCM). 80

a The incidence of
hypermethylation of the three

genes was analyzed in 26 50

independent primary gastric
cancers (GCs) by quantitative

methylation-specific PCR. At
least one of the three genes was
methylated in all of the 26 GCs.

Methylation level (%)

b Methylation levels of the three 20

genes were analyzed in four
primary GCs before LCM and

S —

T

'm"w""iA‘m""'” G 5

CC————

L

four pairs of purified cancer and —
noncancer cells after LCM. At 3Be
least one of the three genes was ”
highly methylated in GC cells

S257 fo
$267T fan
$397

S44T L
S51T
S537T ko
SH4T
S1UT L
S1317T
S137T
S141T
81787
S1937 &=
S2717 |
8$3337
S47T

{more than 85 %), but all the b 100
three genes were barely

methylated in noncancer cells

. (less than 5 %). Dotted 80
rectangles show the panel of the
three genes as a DNA

methylation marker 60

40

Methylation level (%)

20

OSR2
@ VAV3
== PPFIA3

$23T 2

S43T
S457

S5T_N

1
z}
5
<t
[72]

S23T_N
S43T_N

Non-cancerous
cells

Cancer cells

Before LCM

twofold in one GC and less than 0.5-fold in two GCs). It
was calculated that the deviation of the methylation level
from the true cancer cell fraction would be 17.2 % when
twofold or 0.5-fold CNA was present in cancer cells [11].
Therefore, the effect of the CNA of OSR2 was considered
to be minimal in the estimation of the cancer cell fraction.

Correlation between the cancer cell fraction estimated
by DNA methylation and that estimated by a genetic
alteration

To evaluate the accuracy of the DNA methylation marker,
13 GCs with TP53 mutation were identified among the 30
GCs used for the bead array analysis, and the cancer cell
fraction estimated by the marker was compared with the
TP53 mutant frequency. A high correlation between the

) @ Springer

After LCM

two methods was observed (r = 0.77, P < 0.001; Fig. 5).
This result showed that the cancer cell fraction estimated
by the DNA methylation marker accurately reflected the
true fraction of cancer cells in a tumor sample.

Application of the DNA methylation marker
to correction of the bead array data

We applied the DNA methylation marker to correct the
influence of contamination by normal cells in the data from
the epigenomic analysis. For the 30 primary GCs used for
the bead array analysis, we measured the fraction of cancer
cells using the marker, and corrected the bead array data by
division with the evaluated fraction. Unsupervised hierar-
chical clustering analysis was conducted using 263 ge-
nomic blocks selected because their downstream genes
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Fig. 4 Copy number alterations (CNAs) of the three genes. CNA of
the three genes was analyzed by real-time PCR of the 20 gastric
cancers (GCs) used for the bead array analysis. Significant CNA (gain
or loss) was defined as a twofold or greater increase or a 0.5-fold or
smaller decrease, respectively. Only OSR2 showed CNAs at low
frequencies (twofold or greater in one GC; 0.50-fold or smaller in two

GCs)
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Fig. 5 Correlation between the cancer cell fraction estimated by
DNA methylation and that estimated by a genetic alteration. The
cancer cell fraction estimated by the DNA methylation marker was
compared with the TP53 mutant frequency. A high correlation
between the two methods was observed (r = 0.77, P < 0.001)

were silenced by aberrant methylation [1] (Fig. 6b).
Compared with the heatmap before the correction
(Fig. 6a). two samples, S20T and S22T, moved from the
CpG island methylator phenotype (CIMP)-negative group
to the CIMP-high group. The cancer cell fraction in these
two samples was less than 20 % (Fig. 3a). After exclusion
of these two samples and correction of the methylation
levels, the clustering of the CIMP-high, CIMP-moderate,
CIMP-low, and CIMP-negative GCs became much clearer
(Fig. 6¢). From these data, we concluded that the DNA
methylation marker could be used to identify and exclude
samples with an extremely low fraction of cancer cells, and
to ‘correct the molecular data.
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Discussion

We successfully established a panel of three genes (OSR2,
VAV3, and PPF TA3) as a marker to estimate the fraction of
cancer cells in primary GCs. Using the DNA methylation
marker, we were also able to identify and exclude samples
with a low fraction of cancer cells, and to correct the
methylation levels by the fraction of cancer cells. After
this, the genome-wide DNA methylation profiles yielded
clearer clustering of CIMP by unsupervised hierarchical
clustering analysis. This is the first molecular marker for
the cancer cell fraction in GC. '

The DNA methylation marker has the advantages of
simplicity without the need for experienced pathologists or
paired normal samples, compared with microscopic ex-
amination and genomic alterations. Also, the DNA
methylation marker is likely to have a broad coverage in
primary GCs because the DNA methylation marker was
methylated in 100 % of the 26 primary GCs used for
validation. Further, we were easily able to use the DNA
methylation marker to assess the cancer cell fraction, even
in diffuse-type GCs, for which even an expert pathologist
has difficulty in estimating the cancer cell fraction. Finally,
since the methylation levels of the three genes were inde-
pendent of age, this marker was regarded to be useful to
estimate the cancer cell fraction irrespective of age.

The correlation of the cancer cell fraction estimated by
the DNA methylation marker with TP53 mutant frequency
was high (r = 0.77, P < 0.001). However, in two samples,
the cancer cell fraction estimated by the marker was twice
as large as that estimated by the TP53 mutant frequency.
Since loss of heterozygosity can coexist with a mutation of
TP53 in GCs, we speculated that the discrepancy between
the two methods in the two GC samples might have been
caused by the loss of heterozygosity of TP53.

Gastric mucosae, especially when infected with H. py-
lori, can have very high levels of DNA methylation, so we
paid special attention to isolation of marker genes in this
study. The panel of the three genes was not affected by
H. pylori infection because the genes were barely methy-
lated in H. pylori-positive mucosae. Only two samples in
H. pylori-negative individuals had a high methylation of
VAV3 or PPFIA3, respectively. One possible reason for
detection of such high methylation levels in H. pylori-
negative samples is that these two samples were con-
taminated with cancer cells because they were resected
from samples from GC patients. Another possible reason is
that they were methylated in noncancer cells during past
H. pylori infection.

A CNA can affect the methylation level of a marker
gene. Therefore, we analyzed the CNAs of the three genes
in 20 primary GCs used for the bead array analysis, and
found CNAs of the three genes had little influence on the
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Fig. 6 Application of the DNA
methylation marker to the
correction of the bead array
data. a Unsupervised
hierarchical clustering analysis
of the 30 primary gastric
cancers using DNA methylation
profiles of 263 genomic blocks.
b Two samples surrounded by a
red square (S20T and S22T)
moved from the CpG island
methylator phenotype (CIMP)-
negative group to the CIMP-
high group after the Infinium
HumanMethylation450
BeadChip array data had been
corrected by the DNA
methylation marker. ¢ After
exclusion of two samples with a
low fraction of cancer cells, a
heatmap using the corrected
bead array data showed a much
clearer clustering of CIMP-high,
CIMP-moderate, CIMP-low,
and CIMP-negative gastric
cancers

estimation of the cancer cell fraction. Regarding the ex-
pression of the three marker genes, only VAV3 was highly
expressed in normal gastric mucosae. The region of VAV3,
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for which DNA methylation was analyzed, was outside the
nucleosome-free region, suggesting that its transcription is
not necessarily suppressed by the methylation.
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In summary, a DNA methylation marker—namely, the
panel of the three genes—was isolated, and was shown to
be qualified to estimate the cancer cell fraction in GCs.
Application of the marker to correction of the bead array
data showed promising results for improving the accuracy
of molecular analysis. The DNA methylation marker is
expected to be useful in many aspects of GC research.
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High-sensitivity troponin T as a marker to predict
cardiotoxicity in breast cancer patients with
adjuvant trastuzumab therapy
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Abstract

predict trastuzumab-induced cardiotoxicity.

therapy.

cardiotoxicity.

Echocardiography

The humanized monoclonal antibody trastuzumab has been in routine use for chemotherapy for human epidermal
growth factor receptor Il (HER2)-positive breast cancer. A major adverse effect of trastuzumab is cardiotoxicity.
Well-established biomarkers or echocardiographic parameters to predict trastuzumab-induced cardiotoxicity have
not vet been determined. We attempted to identify useful biomarkers and/or echocardiographic parameters to

We prospectively investigated the cases of 19 women who received chemotherapy including anthracyciines and
trastuzumab for HER2-positive breast cancer. We measured cardiac biomarkers and echocardiographic parameters
before their chemotherapy and every 3 months up to 15 months until the end of the adjuvant trastuzumab

We divided the patients into two groups: group R was the nine patients who showed a reduction of left ventricular
ejection fraction (LVEF) 25%, and group N was the 10 patients who showed a reduction of LVEF <5%. The high-sensitivity
troponin T (hs-TnT) level at 6 months was significantly higher in group R than in group N (11.0 + 7.8 pg/mL vs. 40+
14 pg/mL, p < 001). The hs-TnT level with a cutoff value of 5.5 pg/mL at 6 months had 78% sensitivity and 80%
specificity for predicting a reduction of LVEF at 15 months. In our evaluation of echocardiographic parameters at
baseline, the diastolic function was more impaired in group R than in group N.

The hs-TnT and echocardiographic parameters of diastolic function could be useful to predict trastuzumab-induced

Keywords: Trastuzumab; Anthracycline; Chemotherapy; Cardiotoxicity; Heart failure; Cardiac Troponin; Biomarker;

Background

Trastazumab is a humanized monoclonal antibody that
has been in routine use for chemotherapy for human epi-
dermal growth factor receptor 1l (HER2)-positive breast
cancer. Several clinical trials revealed evidence that com-
bination therapy with trastuzumab and anthracyclines im-
proved the survival rate of patients with HER2-positive
breast cancer, which is detected in 20% to 30% of all breast

cancers and has both a poor prognosis and a high risk of

recurrence (Hudis 2007). However, a known major ad-
verse effect of trastuzumab is cardiotoxicity, which can
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cause the development of heart failure and necessitate the
withdrawal of a therapeutic agent for breast cancer (Chen
et al. 2008). The assessment of a reduction of the ven-
tricular ejection fraction (LVEF) by echocardiography or
cardiac scintigraphy has been used to detect trastuzumab
induced-cardiotoxicity. It is an important issue to eluci-
date the markers to predict trastuzumab-induced cardio-
toxicity before which show a reduction of LVEF.

Several reports showed that plasma concentration of
high-sensitivity troponin I (hs-Tnl) or a myocardial strain
measured by echocardiography correlates with the risk of
trastuzumab-induced cardiotoxicity, and thus the mea-
surement of these parameters may be able to predict
cardiotoxicity (Sawaya et al. 2011, 2012; Fallah-Rad et al.
2011). However, specific biomarkers or echocardiographic

s aruicle distripuied under rhe terms of the Creative Commons
1. which permits unrestricied use, distribution, and reproduction
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parameters to predict trastuzumab-induced cardiotoxicity
remains to be established.

In this study, we prospectively investigated whether
cardiac biomarkers and/or echocardiographic parame-
ters predict the incidence of trastuzumab-induced car-
diotoxicity, and we compared the operating characteristics
of these parameters with those reported before.

Methods

Study design and patient selection .

Twenty women with HER2-positive breast cancer and
scheduled to receive adjuvant chemotherapy including
anthracyclines, taxanes and trastuzumab at Jichi Medical
University Hospital between June 2010 and March 2012
were prospectively enrolled. The patient population was
evaluated before chemotherapy and every 3 months up
to 15 months until the end of trastuzumab therapy: be-
fore the initiation of anthracycline therapy (at baseline),
the completion of the anthracycline therapy (before the
initiation of trastuzumab therapy: at 3 months), and at 6,
9, 12 and 15 months. At each time point, cardiac bio-
markers and echocardiographic parameters were mea-
sured (Figure 1).

In accordance with the guideline of the Cardiac Review
and Evaluation Committee for trastuzumab-associated
cardiotoxicity, we defined trastuzumab-induced cardio-
toxicity as a reduction of LVEF 25% to <55% with symp-
tomatic heart failure or an asymptomatic reduction of
LVEF 210% to <55%. Because none of the present 20 pa-
tients showed cardiotoxicity in accordance with this defin-
ition, we defined cardiac damage as a reduction of LVEF
25%, and we divided the patients into two groups: group
R (reduction of LVEF 25%) and group N (reduction of
LVEF <5%) for analysis. The Ethics Committee of Jichi
Medical University approved the study protocol. All pa-
tients enrolled in this study provided informed consent.

Measurement of biomarkers

The biomarkers assessed in this study were high-
sensitivity troponin T (hs-TnT), high-sensitivity troponin |
(hs-Tnl), high-sensitivity C-reactive protein (hs-CRP),

Page 2 of 7

N-terminal pro-brain natriuretic peptide (NT-proBNP),
serum creatinine (Cr), and the estimated glomerular filtra-
tion rate (eGFR). The levels of hs-TnT, hs-CRP and NT-
proBNP were measured by an electrochemiluminescence
immunoassay, latex-enhanced nephelometry, and an elec-
trochemiluminescence sandwich immunoassay, respec-
tively, according to the manufacturer’s instructions (Roche
Diagnostics, Mannheim, Germany). The hs-TnT assay has
an analytic range of 3-10,000 pg/mL, and the 99th per-
centile cutoff point has been reported as =14 pg/mL in
healthy individuals (Giannitsis et al. 2010). The hs-Tnl
levels were measured using a chemiluminescence sandwich
immunoassay according to the manufacturer’s instructions
(Siemens Medical Solution Diagnostics, Tarrytown NY,
USA). The hs-Tnl assay has an analytic range of 6—
50,000 pg/mL, and the 99th percentile cutoft point has
been reported as 240 pg/mL in healthy individuals
(Melanson et al. 2007). Cr was determined by a standard
assay at Jichi Medical University Hospital, and the eGFR
was calculated by the method defined by the Japan
Association of Chronic Kidney Disease (eGFR = 194 x
Cr "% x age % % 0.739).

Measurement of echocardiographic parameters
Transthoracic echocardiography was performed using
the iE33 (Philips, Eindhoven, Netherlands) or ARTIDA
(Toshiba Medical Systems Corp., Tochigi, Japan). All
echocardiographic examinations were performed by ex-
perienced cardiologists (K.K. and M.L) blinded to the
biomarker results. Echocardiographic parameters were
measured in accordance with the guidelines of the
American Society of Echocardiography, and the follow-
ing parameters were assessed: LVEF, left ventricular end-
diastolic diameter (LVDd), mitral E-wave filling velocity/
mitral A-wave filling velocity (E/A), deceleration time
{DcT), peak early diastolic velocity of septal mitral annu-
lus (e).

LVEF was measured by a modified Simpson’s method
except in one patient. Because this patient’s apical view
was difficult to visualize due to expanders, the LVEF
was measured by the M-mode method using the
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parasternal view, and the E/A, DcT, and e’ could not be
evaluated.

Statistical analysis

All data are expressed as the mean + SD. Categorical vari-
ables are expressed as percentages and were analyzed
using the x-square test or Fisher’s exact test. The variables
that were not normally distributed were logarithmically
transformed before the analysis. The comparisons of vari-
ables between group N and group R at the same time
points were done with Student’s (-tests. The comparison
of variables within each group versus the baseline was
performed with a repeated-measures analysis of variance
(ANOVA) followed by Tukey's test. Pearson’s correlation
was used to test relationship between the changes of
hs-TnT and LVEF. A receiver-operator characteristic (ROC)
curve analysis was applied to determine the cutoff values,
sensitivity and specificity for hs-TnT. A p-value <0.05 was
considered significant. The software program SPSS (version
16.0, Chicago, IL) was used to perform the analysis.

Page 3 of 7

Results
Twenty women were prospectively enrolled in this study;
one patient was excluded from the study because her
chemotherapy protocol was changed because a ma-
lignant lymphoma developed during her breast cancer
treatment. Therefore, 19 patients participated in and
completed the study. They were divided into two groups:
group R was nine patients and group N was 10 patients.
The baseline characteristics are listed in Table 1. The
body mass index values were significantly higher in
group R than in group N (25+3 vs. 22+2, p<0.05).
There was no significant difference between the two
groups in age, cardiovascular risk factors, side of breast
cancer, radiation use, dose of anthracyclines, or renal
function. In the evaluation of echocardiographic parame-
ters at baseline, there was no significant difference in
LVEF or LVDd between the two groups. The E/A and
e’ values were significantly lower in group R than in group
N (1.00 £ 0.36 vs. 1.44£041, p<0.05 and 7.6 £2.0 cm/s
vs. 11.2+3.2 cm/s, p <0.05, respectively), and DcT was

Table 1 Baseline characteristics of the 19 patients with HER2-positive breast cancer who showed normal (N) or reduced

(R) left ventricular ejection fraction

Group N (n=10) Group R (n=9) p-value
Age (yrs) 49+7 57+9 0.071
Body mass index (kg/m2) 2+2 25%3 0.037
Cardiovascular risk factors
Hypertension 1 (10%) 1 (11%) 0.941
Diabetes 0 (0%) 0 (0%)
Hyperlipidemia 2 (20%) 2 (22%) 0912
Smoking 2 (20%) 4 (44%) 0277
Family history of CAD 1 (10%) 0 (0%) 0.357
Side of breast cancer
Right 6 (60%) 8 (89%) 0171
Left 4 (40%) 1(11%)
Bilateral 0 (0%) 0 (0%)
Radiation 7 (70%) 5 (56%) 0.541
Chemotherapy
Doxorubicin 240 mg/m2 1 (10%) 4 (44%) 0.098
Epirubicin 300 mg/m2 9 (90%) 5 (56%)
Creatinine (mg/dL) 0.55+0.10 0.50+0.07 0.225
eGFR (ml/min/1.73 m2) 939+ 190 1005 +21.1 0.509
Echocardiographic parameters
LVEF (%) 68+5 71+3 0.103
LvDd (mm) 44+3 44 + 4 0.756
E/A 144 + 041 100036 0.028
DcT (ms) 185+26 227 £48 0.040
e' (cm/s) 112+32 76+20 0.019

CAD: coronary artery disease, eGFR: estimated glormerular filtration rate, LVEF: left ventricular ejection fraction, LVDd: left ventricular end-diastolic diameter,
E/A: mitral E-wave filling velocity/mitral A-wave filling velocity, DcT: deceleration time, e’ peak early diastolic velocity of septal mitral annulus.
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significantly longer in group R than in group N (227 + 48 ms
vs. 185 £ 26 ms, p < 0.05), showing that diastolic function
was more impaired in group R than in group N.

The changes of LVEF at 3, 6, 9, 12 and 15 months ver-
sus baseline are shown in Figure 2. At 9, 12 and
15 months, the LVEF was significantly reduced in group
R compared to group N. In group R, the LVEF was sig-
nificantly reduced at 6, 9, 12, and 15 months compared
to baseline, whereas in group N, the LVEF was not
changed at any time point. The reduction of LVEF at
15 months in group R was 9%.

The changes in cardiac biomarkers are shown in
Table 2. In group R, the hs-TnT levels were significantly
elevated at 3 and 6 months compared to baseline. In
group N, the hs-TnT levels were significantly elevated at
3 months compared to baseline. At 6 months, the hs-
TnT levels in group R were significantly higher than
those in group N (11.0+ 7.8 pg/mL vs. 4.0+ 1.4 pg/mL,
p<0.01).

In group R, the hs-Tnl levels were significantly ele-
vated at 3, 6, 12 and 15 months compared to baseline. In
group N, the hs-Tnl levels were significantly elevated at
3, 6 and 15 months compared to baseline. There was no
significant difference in hs-Tnl levels between the two
groups at any time point.

In both group R and group N, the hs-CRP levels were
significantly elevated at 3 months compared to baseline.
There was no significant difference in hs-CRP levels bet-
ween the two groups at any time point.

In both group R and group N, the NT-proBNP levels
were not significantly different from the baseline levels
at any time point. There was no significant difference
in NT-proBNP levels between the two groups at any
time point.

Page 4 of 7

Figure 3A shows the changes of hs-TnT levels at
6 months significantly correlated with the changes of
LVEF at 15 months (r = -0.56, p < 0.05). The distribution
of hs-TnT levels at 6 months and the ROC curve ana-
lysis of hs-TnT levels at 6 months are shown in Figure 3B
and Figure 3C, respectively. At 6 months, seven of the
nine patients in group R were above the hs-TnT cutoft
value of 5.5 pg/mL, providing 78% sensitivity and 80%
specificity for predicting a reduction of LVEF at
15 months.

Discussion

In this study’s search for predictors of cardiotoxicity in
breast cancer treatment, two findings are notable. First,
elevated hs-TnT levels at 6 months showed a possible
ability to predict a subsequent reduction of LVEF. Se-
cond, the cardiac diastolic function at baseline was more
impaired in group R than in group N.

Cardiac troponins are contractile regulatory peptides,
and with cardiac muscle injury they spill into circulating
blood. They are used as diagnostic biomarkers, especially
for acute coronary syndrome (Donnelly and Millar-Craig
1998; Antman et al. 1996; Apple et al. 2005; Aviles et al.
2002; Lindahl et al. 2000). A high-sensitivity cardiac
troponin assay that can detect low levels of circulating
cardiac troponin has emerged, and its diagnostic and
prognostic accuracy have been reported in several
groups of patients with cardiovascular diseases such as
subclinical cardiovascular diseases (deFilippi et al. 2010),
heart failure (Latini et al. 2007), and stable coronary
artery disease (Omland et al. 2009). This high-sensitivity
troponin assay can measure two kinds of troponin,
troponin T and 1. There are several differences between
troponin T and I; for example, troponin T has a larger
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Figure 2 The changes of left ventricular ejection fraction (ALVEF) at 3 months (3 m), 6 months (6 m), 9 months (9 m), 12 months
(12 m) and 15 months (15 m) versus baseline. Bars represent mean = S0 *p = 0.05, “p < 001 and *¥p < 0.001 comparing group N vs. group R
at the same time point. *p < 0.05, *p < 0.01 and ***p < 0.001 within each group vs. baseline with a repeated ANOVA followed by Tukey's test.
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Table 2 Biomarker levels in the HER2-positive breast
cancer patients who showed normal (N) or reduced (R)
left ventricular ejection fraction

Biomarkers Group N (n=10) Group R (n=9) p-value
hs-TnT (pg/mL)
Baseline 30 30
3 months 70+£58" 92+6.6* 0.524
6 months 40+14 11.0+7.8* 0.005
9 months 44+27 3617 0457
12 months 39+16 49+21 0321
15 months 38+10 44+2.1 0.588
hs-Tnl (pg/mL)
Baseline 42+40 28+29 0426
3 months 141 + 7.0%** 19.7 £17.3%** 0649
6 months 106 £ 6.7* 216+ 164 0.246
9 months 73+48 73x61 0621
12 months 78+59 87+£50™ 0634
15 months 103+ 35% 109 + 6.4*** 0.788
hs-CRP (mg/dL)
Baseline 0.04+002 0.14+0.18 0112
3 months 035+£027* 0.71 £0.64* 0.283
6 months 0.09+0.09 0.11+0.12 0.393
9 months 0.04 £0.03 0.05+0.03 0.521
12 months 0.18 £0.42 0.08+0.11 0.867
15 months 0.07 £0.07 0.85+143 0.219
NT-proBNP (pg/mL)
Baseline 66.0+305 466 £ 435 0.071
3 months 564+419 994 + 769 0337
6 months 453+328 229+135 0.112
9 months 395+274 59.1+272 0.093
12 months 599+514 52.1+£280 0.886
15 months 61.1 £440 529+264 0.795

*p < 0.05, **p < 0.01 and ***p < 0.001 vs. baseline within each group with a
repeated ANOVA followed by Tukey’s test.

molecular weight and a longer half-life in blood, and it is
more affected by renal dysfunction than troponin 1
(Tsutamoto et al. 2009, 2010; Fehr et al. 2003). A recent
report discussed the differences between the roles of
troponin T and [ in the prediction of cardiovascular
events in stable coronary artery disease patients, and in
that report, hs-Tnl correlated moderately with hs-TnT
(r =0.44), and hs-Tnl was associated with the incidence
of myocardial infarction (Omland et al. 2013).

Qur study is the first to reveal that in group R, both the
hs-TnT levels and the hs-Tnl levels not only at 3 months
but also at 6 months were significantly higher than the
corresponding values at baseline. Sawaya et al. (2012) re-
ported the utility of hs-Tnl to predict trastuzumab-
induced cardiotoxicity. Their report showed that elevated
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hs-Tnl levels at 3 months after the completion of anthra-
cycline therapy could predict subsequent cardiotoxicity in
breast cancer patients with adjuvant trastuzumab therapy,
and that hs-Tnl with a cutoff value of 30 pg/mL had 48%
sensitivity and 73% specificity for detecting cardiotoxicity.
However, when we look into the report in detail, Sawaya’s
report showed that there were no significant differences in
hs-Tnl levels between the group with cardiotoxicity and
the group without cardiotoxicity (32 pg/mL vs. 17 pg/mlL,
p=0.18). In our study, the hs-TnT levels but not the
hs-Tnl levels at 6 months were significantly different be-
tween the two groups (11.0 + 7.8 pg/mL vs. 4.0 + 1.4 pg/mL,
p<001), and hs-TnT with a cutoff value of 55 pg/mL
was predictive of a subsequent reduction of LVEF by
nearly 10% at 15 months, suggesting that hs-TnT could be
a more useful marker to predict cardiotoxicity than
hs-Tnl. The molecular size of troponin I is smaller than
that of troponin T, which may facilitate transfer of tropo-
nin 1 spill into circulating blood, and induce a large va-
riation in the hs-Tnl levels of group N. This may indicate
that the leakage of troponin T could more specifically
reflect severe myocardial damage causing reduction of
LVEF.

It is a novel finding that a continuous elevation of
high-sensitivity troponins at 3 and 6 months, not only at
3 months, is correlated with the subsequent develop-
ment of cardiotoxicity. Anthracycline therapy for breast
cancer patients is generally completed at 3 months and
then adjuvant trastuzumab therapy is initiated, and our
results thus suggest that anthracycline-induced cardio-
toxicity remains and trastuzumab-induced myocardial
injury is added at 6 months. Trastuzumab is thought to
inhibit a process of repairing myocardial injury caused
by anthracyclines, leading to a subsequent reduction of
LVEF. This hypothesis is in agreement with the previous
report that the incidence of cardiotoxicity ranges from
2% to 7% when trastuzumab is used as a monotherapy,
and up to 27% when trastuzumab is used with anthracy-
clines as adjuvant therapy (Yeh and Bickford 2009).

Onitilo et al. (2012) showed that elevated hs-CRP
(0.3 mg/dL) during trastuzumab therapy had 93% sensi-
tivity and 46% specificity for detecting cardiotoxicity, and
that this value was useful especially for identifying patients
at low risk of developing cardiotoxicity. Our study also
showed that hs-CRP levels were significantly elevated at
3 months compared to baseline, although there were no
significant differences between the two patient groups.
This result is in agreement with Onitilo’s report and might
reflect inflammations due to anthracycline-induced car-
diotoxicity. On the other hand, in our study as well as
in several previous reports (Sawaya et al. 2011, 2012;
Fallah-Rad et al. 2011), the NT-proBNP levels of both
group R and group N patients were not significantly dif-
ferent compared to those at baseline at any time points.
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Our study is the first to show that the diastolic function
at baseline was more impaired in group R than in group
N. Several studies indicated the utility of decreased longi-
tudinal strain (Sawaya et al. 2011, 2012; Fallah-Rad et al.
2011) and systolic velocity of septal mitral annulus (s)
(Fallah-Rad et al. 2011) measured by echocardiography for
predicting the cardiotoxicity of adjuvant trastuzumab
therapy. In our study, s" was not significantly different at
any time point because there was no patient with severe
systolic dysfunction such as reduction of LVEF 210% to
<55% (data not shown). However, we showed that at base-
line, the E/A and e’ values were significantly lower and the
DcT was significantly longer in group R than in group N,
suggesting that echocardiographic parameters of diastolic
function could be useful to identify patients at high risk of
developing cardiotoxicity. These findings seem to be sup-
ported by some previous reports showing that diastolic
dysfunction precedes or coexists with systolic dysfunction
for various conditions, such as hypertensive heart disease

and ischemic heart disease (Vasan and Levy 1996;
Nishimura and Tajik 1997).

Our study has several limitations. First, we used a reduc-
tion of LVEF 25% as a surrogate marker of trastuzumab-
induced cardiotoxicity. None of our patients developed
heart failure, and the incidence of trastuzumab-induced
cardiotoxicity was lower than in some other previous
studies. The following points can be given as the reasons.
In our patient population, the prevalence of underlying
diseases such as diabetes, hypertension and obesity were
lower than those in previous studies. These diseases are
known to be conventional cardiac risk factors and have
been reported as robust predictors of anthracycline-
induced cardiotoxicity (Lotrionte et al. 2013). Another
point was that the sensitivity for chemotherapy-induced
cardiotoxicity could be different between races. In ad-
dition, myocardial strains measured by echocardiography
were not assessed in our study. Moreover, our study was
prospective but the population was small. Further studies
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with larger populations are needed to test the significance
of hs-TnT in trastuzumab-induced cardiotoxicity.

Conclusions

Our study clearly showed that the continuous elevation of
hs-TnT at 3 and 6 months during adjuvant trastuzumab
therapy could predict the subsequent reduction of LVEE,
and diastolic function at baseline was more impaired in
group R than in group N. In breast cancer patients treated
with anthracyclines and trastuzumab, hs-TnT and echo-
cardiographic parameters of diastolic function may be use-
ful to predict cardiotoxicity, and they may be helpful as
guides to avoid adverse cardiac effects.
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Abstract Therapy-resistant cancer cells are a major problem
in cancer research. Recent studies suggest that the epithelial-
mesenchymal transition (EMT) is a key mechanism in therapy
resistance. Yet, the expressions of EMT markers, EMT core
regulators, and a stem cell marker of BMI1 during chemother-
apy have been poorly analyzed in clinical breast cancer spec-
imens. [n the present study, we investigated the roles of RhoC
under chemotherapy to follow up on earlier findings demon-
strating the involvement of RhoC in prostate cancer resistance
to endocrine therapy. Immunohistochemically, E-cadherin ex-
pression was significantly lower in human breast cancer spec-
imens analyzed after chemotherapy than specimens biopsied
before chemotherapy. Significant upregulation of fibronectin,
a mesenchymal EMT marker, was found in post-
chemotherapy analysis. A study of the EMT core regulators
of SNAIL1, SNAIL2, TWISTI, and a well-known stem cell
marker of BMI1 revealed no post-chemotherapy upregulation
of these molecules. In contrast, RhoC expression was signif-
icantly upregulated in post-chemotherapy breast cancer spec-
imens. MCF-7 cells stably transfected with the constitutive
active (CA) RhoC plasmid manifested a reduced level of E-
cadherin at the peripheries and disorganization of actin fibers,
with no accompanying upregulation of SNAILI, SNAIL2,
TWISTI, or BMII in Western blots. Exposure of etoposide
on MCF-7 cells showed RhoC upregulation together with
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reduced membranous expression of E-cadherin and disorga-
nization of actin fibers. In MTT assay, however, the CA-
RhoC-expressing MCF-7 cells failed to show chemotherapy
resistance under etoposide treatment. Taken in sum, RhoC
may contribute to an EMT-like process in human breast cancer
during chemotherapy.

Introduction

Breast cancer is the leading cause of cancer death in women
worldwide. Recent advances in molecular biology allow us to
draw a clear landscape of the molecular networks in breast
cancer [1]. Highly effective drugs are being continuously
developed based on this information [2]. Yet, novel therapeu-
tic approaches are still clearly needed, as tumors tend to
relapse after undergoing existing therapies of various types.
Recent studies have revealed that the epithelial-mesenchymal
transition (EMT) takes part in chemotherapy and endocrine
therapy resistance in breast cancer [3-5]. The EMT is also
shown o be involved in the generation of cancer stem cells
(CSCs) [6], a class of cells believed to be highly therapy
resistant [7]. Further, the CSC-related molecule BMI1 has
been shown to both contribute to chemotherapy resistance
[8] and induce the EMT [9]. These findings, taken together,
suggest that the EMT and CSCs are strongly linked to che-
motherapy resistance. The EMT was originally described as a
loss of E-cadherin and gain of mesenchymal markers in cancer
cells, a process that mimicked mesoderm and neural crest
formation during embryogenesis [10, 11]. The Snail and
Twist homologs are defined as core transcriptional repressors
that directly bind to the E-cadherin promoter [10, 11]. While
several immunohistochemical analyses have focused on the
expressions of BMII and the Snail and Twist homologs in
human breast cancer [12, 13], none before now have
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compared these molecules in human breast cancer specimens
of the same patient before and after chemotherapy.

We have recently shown that RhoC is linked to cancer cell
survival through a partial epithelial-mesenchymal transition
(EMT) process after endocrine therapy in cultured mouse
breast cancer cells and human prostate cancer specimens
[14]. The Rho small GTPases are major regulators of actin
dynamics and play a role in cell motility [15]. The Rho
GTPases are subdivided into three subfamilies respectively
descended from the prototypal proteins RhoA, Racl, and
Cdc42 [16]. The activation of RhoA. RhoB, and RhoC, the
three highly homologous isoforms of the RhoA family, facil-
itates amoeboid cell movement by stimulating the organiza-
tion of actin stress fibers (ASFs) [15, 16]. Among the three
isoforms, RhoC was found to play a key role in tumor pro-
gression [17-20]. Two earlier studies on human breast cancer
have shown a correlation between RhoC expression and ag-
gressive phenotypes {21, 22]. Little is known, however, about
the roles of RhoC in human breast cancer during
chemotherapy.

In the present comparison of human breast cancer speci-
mens between pre- and post-chemotherapy, the upregulation
of RhoC and the downregulation of E-cadherin were both
significantly increased after the chemotherapy. In contrast,
we found no significant upregulation of SNAILI1, SNAIL2,
TWISTI, or BMII. Lastly, transfection of the constitutive
active (CA) RhoC plasmid into human breast cancer MCF-7
cells reduced the membranous localization of E-cadherin.
These findings implicate RhoC as a key factor in breast cancer
progression under chemotherapy.

Materials and Methods
Cases

Tumor specimens from 50 breast cancer cases resected after
chemotherapy were retrieved from the archives of the
Pathology Department of Jichi Medical University Hospital.
All cases, diagnosed as invasive ductal carcinomas, had un-
dergone core needle biopsy before chemotherapy, and each
biopsied specimen was compared to the resected specimen
from the same patient. The patient characteristics are summa-
rized in Table 1 and shown in detail in Supplementary
Table S1. The chemotherapy protocols, which varied consid-
crably from case to case, are also shown in Supplementary
Table S1. Data on the estrogen recepior (ER), progesterone
receptor (PgR), and Her2 were retrieved from the clinical
records. The duration of chemotherapy was 63 to 504 days
(mean 152 days). Immunohistochemical studies were per-
formed with the approval of the local ethics committee at
Jichi Medical University.

Table 1 Characteristics of the patients

Cases (n=50)

Age (years) 52.5 (32~85)
Menopause 27
Clinical stage LA 20

1B 13

A 3

B 9

e 5
Tumor size (Imm) 32.7 (14~80)
Duration of primary systemic therapy (PST) (days) 152 (63~504)

Interval between PST and operation (days) 29 (1~214)

Cells

Estrogen-sensitive human breast cancer MCF-7 cells were
maintained in a DMEM medium supplemented with 10 %
fetal bovine serum (FBS) in the presence of insulin (4 pg/ml)
and 17f-estradiol (E2) (100 nM).

Plasmids, Mutagenesis, and Isolation of Stable Translectant
Cells

The method for constructing the mouse constitutive active
(CA) RhoC (G12V) expression plasmid was described previ-
ously [14]. MCF-7 cells were transfected with the CA-RhoC
plasmid by a Lipofectamin (Invitrogen, Carlsbad, CA) meth-
od and then selected using 800 pg/ml of G418 sulfate
(GIBCO/Invitrogen). Two clones with standard expression
of the tagged protein in Western blots were used in further
experiments.

Immunohistochemistry and Antibodies

Supplementary Table S2 summarizes the antibodies used in
this study and the methods for antigen retrieval and detection.
In general, formalin-fixed and paraffin-embedded sections
were pre-treated in a microwave oven or an autoclave for the
indicated times. Nex(, the sections were allowed (o interact
with each antibody at 4 °C overnight, subjected to either
standard treatment with avidin-biotin complex or incubation
with Envision (DAKO JAPAN, Tokyo, Japan), and stained
with DAB. The immunostaining was scored as follows ac-
cording to the criteria previously reported by our group [14]:
(—). negative; (%), weakly positive in less than 20 % of cancer
cells; (+). distinctly positive in 20 to 80 % of cancer cells: and
(++), strongly positive in more than 80 % of cancer cells.
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Rho Activation Assay

An Rho activation assay was performed using the Rho
Activation Assay Kit (Upstate/MILLIPORE, Temecula, CA)
by the method described in our earlier report [14]. Briefly, cell
extracts were prepared by incubation for 48 h in a DMEM
medium containing 10 % FBS in the presence of E2 and
insulin. The extracted proteins were incubated with Rhotekin
Rho-binding domain agarose beads for 45 min at 4 °C with
¢entle agitation. The beads were washed three times with the
buffer provided, and then the pellets were resolved by a
standard sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to the polyvinylidene

Fig. 1 Immunohistochemical
comparison of E-cadherin.
B-catenin, N-cadherin, and
fibronectin between pre- and
post-chemotherapy of the same

case in human breast carcinoma [l
specimens. lmmunostaining of -
[E-cadherin (a, b), B-catenin g
(¢, d), N-cadherin (e, f), and fi- b
bronectin (g, h) in human 8 :
breast cancer specimens surgical- [
ly resected after chemotherapy L
(afrer)
(a. ¢, e, g) and in biopsied speci-
men of the same case
betore chemotherapy (before)
(b, d. f. h). The arrowhead indi-
cates nuclear transiocation [ont
of -catenin in one case (d). The o
immunohistochemical scoring is _‘0_3
also shown as (=), (£), (+), and 8
(++) i
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difluoride (PVDF) membrane. The blots were incubated with
the Rho antibody provided in the kit and then detected with an
ECL prime kit (GE Healthcare, Buckinghamshire, UK).

Western Blots

Cell extracts were prepared in the DMEM-maintained medi-
um in a sub-confluent condition with a cell lysis reagent of
CelLytic M (Sigma-Aldrich, St. Louis, MO). In the study of
RhoC expression under etoposide treatment, MCF-7 cells
(1.2x10%dish) were plated in a phenol-red-free RPMI 1640
medium supplemented with 2 % FBS treated with dextran-
coated charcoal (dec) in the absence of E2 and insulin. The

chemotherapy
before

after
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cells were further cultured for 5 days in a phenol-red-tree
RPMI 1640 medium containing 2 % dcc-treated FBS in the
absence or presence of 100 nM E2 and/or 10 uM of etoposide
(Wako Pure Chemical Industries, Osaka, Japan), with medium
changes every other days. Cell extracts were similarly pre-
pared. In general, 20 pg of lysates was separated by SDS-
PAGE electrophoresis and transferred onto PVDF mem-
branes. The blots were reacted with the antibodies listed in
Supplementary Table S2, and the signals were detected with
an ECL prime kit. For loading controls, the membranes were
stripped with reprobe buffer [62.5 mM Tris—HCI (pH 6.8),
100 mM 2-mercaptoethanol, 2 % SDS] at 60 °C for 30 min
and then immunoblotted with an anti-GAPDH antibody
(MILLIPORE, Temecula, CA) followed by the secondary
antibody.

Phalloidin Staining and lmmunocytochemistry of E-cadherin

The method for phalloidin staining was described previously
[14]. Briefly, MCF-7 cells (1.2x 10%well) were plated onto a
4-well chamber slide. The next day, the medium was
changed to the DMEM-maintained medium. After a
6 h culture, the cells were fixed in a PBS solution with
4 % paraformaldehyde for 60 min, treated with 0.1 %
Triton-X for 5 min, and stained with rhodamine-labeled
phalloidin. The specimens were observed with a fluo-
rescence microscope. In the study of etoposide treal-
ment, cells were plated and culture onto a 4-well cham-
ber slide using a phenol-red-free RPMI1640 medium
containing 2 % dcc FBS in the absence or presence of
E2 and/or etoposide. After culture for 5 days, cells were
similarly fixed and stained with rhodamine-labeled
phalloidin. In immunocytochemistry of E-cadherin. cells
were similarly cultured, fixed, incubated with the anti-E-
cadherin antibody, and then reacted with a fluorescein
isothiocyanate (FITC)-conjugated secondary antibody.
The slide was observed with a fluorescence microsocpe.

Table 2 Immunohistochemical results

MTT Assay

Parental and transfectant MCF-7 cells (6.0x 10°/well) were
plated onto a 96-well plate in a phenol-red-free RPMI 1640
medium supplemented with 2 % dcc-treated FBS in the ab-
sence of insulin and E2. The next day (day 1), the medium was
changed to the phenol-red-free RPMI 1640 medium with 2 %
dcc-treated FBS in the presence or absence of E2 and/or
10 uM of etoposide. The medium was changed once on day
3. and MTT was added to the medium at a final concentration
of 1 mg/ml on day 5. After 4 h of incubation with the MTT,
formazan substrates were collected, resolved with DMSO, and
measured at an absorbance of 570 nm. with reference at
690 nm.

Statistical Analysis

The statistical significance of value changes was determined
by the Wilcoxon signed-ranks test or Mann-Whitney’s U test
using Statcel software (OMS, Saitama. Japan). Results were
considered significant when the P values were less than (.05,

. Results

Membranous E-cadherin localization is reduced
after chemotherapy in human breast cancer

To confirm the involvement of the EMT process in chemo-
therapy resistance, we began our experiment by comparing E-
cadherin expression in cancer specimens biopsied before sur-
gery with specimens surgically resected after chemotherapy.
In spite of considerable variation in the chemotherapy proto-
cols from case to case, E-cadherin expression was significant-
ly more downregulated after chemotherapy compared to be-
fore (P<0.0002) (Fig. 1a, b and Table 2). Next, we sought to

(n=15D)

E-cadherin

after before

B-catenin

after before

N-cadherin Fibronectin

after before after  before

(++) 30 47 36 40 1 1 0 0
(+) 172 13 9 2 0 34 3
(%) 3 1 0 0 13 13 15 18
-) 0 0 1 1 34 36 1029

1 ] L i 1 }
P < 0.0002 P=0.248 P=0.317 P<0.0001
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determine whether any enhancement of the nuclear transloca-
tion of B-catenin accompanied the reduction of E-cadherin. 3-
catenin expression in cytoplasmic membranes was unchanged
afler chemotherapy (P=0.248), and the nuclear translocation
of f-catenin was almost undetectable in all but one post-
chemotherapy specimen (Fig. lc, d and Table 2). On exami-
nation of mesenchymal markers, significant upregulation was
found in fibronectin, but not in N-cadherin, between pre- and
post-chemotherapy (P<0.0001 and £=0.317) (Fig. le-h and
Table 2). The induction of a partial EMT seems very likely
after breast cancer chemotherapy, given the great importance
of the membranous expression of E-cadherin as a factor in
epithelial phenotypes.

Fig. 2 Immunohistochemical
comparison of SNAILL.
SNAIL2, TWISTI, and BMI]
between pre- and post-
chemotherapy of the same case in
human breast carcinoma speci-
mens. Immunostaining of
SNAILT (a, b), SNAILZ (¢, d).
TWISTI (e. ), and BMI1 (g, h) in
human breast cancer specimens
surgically resected after chemo-
therapy (afier) (a, ¢, e. g) and in
biopsied specimen of the same
case before chemotherapy
(hefore) (b, d, 1, h). The immu-
nohistochemical scoring is also
shown

TWIST1 SNAIL2 SNAIL1

BMI1
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Neither SNAIL1, SNAIL2, TWISTI, nor BMI1 expression
was upregulated after chemotherapy in human breast cancer.

Next, we compared the expressions of SNAILI,
SNAIL2, TWIST1, and BMI1 between pre- and post-
chemotherapy. The nuclear expressions of SNAILI,
SNAIL2, and TWIST1 were shown to be significantly
downregulated, not upregulated, after chemotherapy
(P<0.05) (Fig. 2a—f and Table 3). We also observed a
significant downregulation of BMI1 expression after che-
motherapy (P<0.05) (Fig. 2g, h and Table 3). These
findings suggest that SNAIL1, SNAIL2, TWISTI, and
BMI! are less likely to be involved in the partial EMT
under chemotherapy in human breast cancer.

chemotherapy

before
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Table 3 Immunohistochemical results

(n = 50)
SNAILL SNAIL2 TWIST1 BMI1L RhoC NET1
ahter  before after  before after  vefore after  before after  pefore after  before
(++) 2 0 1 0 0 0 41 48 45 29 0 &
(+) 6 26 o 7 2 0 7 2 s 21 11 30
(€3] 13 33 3 6 28 48 2 a 0 o 17 8
) 29 1 46 37 20 2 0 0 0 9 22 6
RN | S— | | S | ST e J I
P <0.0001 P<0.05 P < 0.0005 P<0.05 P <0.0002 P <0.0001

RhoC is expressed at a higher level after chemotherapy
than before in human breast cancer.

Rho small GTPases are well established to play a key role
in cytoskeletal actin dynamics involved in the regulation of
cadherin-mediated cell-cell adhesion. Our earlier data on the
involvement of RhoC in endocrine therapy resistance in pros-
tate cancer [14] prompted us to compare the expressions of
RhoC and NET1 (a Rho-specific guanine exchange factor) in
human breast cancer specimens between pre- and post-che-
motherapy. RhoC expression was significantly more upregu-
lated in the specimens resected after chemotherapy than in the
specimens biopsied before the therapy (P<0.0002) (Fig. 3a, b
and Table 3). In contrast to our earlier finding in prostate
cancer [14], the expression of NET1 was significantly down-
regulated after the therapy (£<0.0001) (Fig. 3¢, d and
Table 3). This alteration in RhoC expression suggests that
other Rho guanine nucleotide exchange factors may be

Fig.3 Immunohistochemical
comparison of RhoC and NET1
between pre- and post-
chemotherapy in human breast
carcinoma specimens. RhoC

(a, b) and NETI (¢, d) immuno-
staining in a breast cancer speci-

men surgically resected after che- (@]
motherapy (afier) (a, ¢) and in the _8
biopsied specimen of the same o
case before chemotherapy
(hefore) (b, d). The immunohis-
tochemical scoring is also shown
i
—
L
=

involved in RhoC activation in breast cancer. The findings
also suggest that RhoC activation has the potential to reduce
the membranous expression of E-cadherin, possibly by regu-
lating actin dynamics, under human breast cancer
chemotherapy.

Stable transfection with a CA-RhoC plasmid into MCF-7
cells reduces membranous E-cadherin expression and disrupts
the organization of actin fibers.

We next investigated whether or not stable transfection of a
CA-RhoC expression plasmid into MCF-7 cells induces an
EMT process. An Rho activation assay (Fig. 4a) confirmed
the function of the transfected gene by revealing higher Rho
activity in MCF-7 cells expressing CA-RhoC than in parental
MCF-7 cells. In immunocytochemistry and phalloidin stain-
ing, the CA-RhoC-expressing cells exhibited reduced E-
cadherin expression at the peripheries of the cancer cell nests
and disorganized actin fibers (Fig. 4c, d, f, g). In contrast, no

chemotherapy
before

after
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Fig. 4 Reduction of E-cadherin and disorganization of actin fibers in
CA-RhoC-expressing MCF-7 cells. Rho activation assay in transfectant
and parental MCF-7 cells (a). Cell extracts were prepared from
subconfluent CA-RhoC-expressing MCF-7 cells and parental MCF-7

cells with the lysate solution in the kit. Four hundred micrograms of’

extracted protein was incubated with Rhotekin Rho-binding domain
agarose beads. The pellets were analyzed by Western blots using the
Rho antibody provided in the kit (Rho). The total evels ot RhoA family
GTPases (7otal), namely, RhoA. RhoB, and RhoC, are shown at the
bottom. Immunocytochemistry of E-cadherin (b, ¢, d). Transfectant
(CA-RhoC-1, -2) and parental (MCF) MCF-7 cells (1.2x 10* Awell) were
plated onto a 4-well chamber slide. The medium was exchanged once on
the next day and cultured for 6 h. The cells were fixed with 4 %
paratormaldehyde, incubated with the anti-E-cadherin antibody. and

signs of E-cadherin loss or actin fiber disorganization were
observed in the parental MCF-7 cells (Fig. 4b, e). In Western
blots using whole cell lysates, the overall E-cadherin levels
were comparable in the transfectant and parental cells
(Fig. 4h), suggesting that membranous E-cadherin expression
is disorganized in the CA-RhoC-expressing cells. Nuclear
focalization of B-catenin was undetectable in CA-RhoC-
expressing MCF-7 cells (data not shown). No significant
upregulation of SNAIL1, SNAIL2, TWISTI. or BMI1 was
found in CA-RhoC-expressing MCF-7 cells versus the paren-
tal cells in Western blots (Fig. 4h). These observations suggest
that RhoC is one ol the regulatory factors involved in the
reduction of the membranous localization of E-cadherin.
Rho activity 1s not directly linked with resistance to
eloposide treatment in CA-RhoC-expressing MCF-7 cells.
We next analyzed effects of etoposide treatment on the
EMT process and RhoC expression in MCF-7 cells. RhoC
expression 1s elevated under etoposide treatment in the
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reacted with an FITC-conjugated secondary antibody. The slide was
observed with a fluorescence microscope. Phalloidin staining (e, 1. g).
Transfectant (CA-RhoC-1, -2) and parental (MCF) MCF-7 cells were
similarly plated and cultured onto a 4-well chamber slide. The cells were
fixed with 4 % paraformaldehyde, stained with rhodamine-labeled
phalloidin. and observed with a fluorescence microscope. Westemn blots
(h). Cell lysates were prepared from subconfluent CA-RhoC-expressing
MCEF-7 cells and the parental MCF-7 cells with the lysis solution indi-
cated in the Materials and Methods section. The cell lysates (20 ug) were
separated by SDS-PAGE electrophoresis and transferred onto PVDF
membranes. The blots were reacted with the antibodies of E-cadherin,
SNAILI, SNAIL2, TWISTI, and BMII. Signals were detected with an
ECL prime kit. The bortom panel shows the loading controls of GAPDH

presence of E2 in MCF-7 cells (Fig. 5a). Although overall
levels of E-cadherin expression were unchanged (Fig. 5a),
immunocytochemistry displayed that membranous E-
cadherin expression is reduced at the peripheries of cancer
cell nests under etoposide treatment together with disorgani-
zation of actin fibers (Fig. 5b—i). Upon exposure to etoposide
in the presence of E2, the cell viability of CA-RhoC-
expressing MCF-7 cells was reduced to 49.8 and 51.4 %,
levels similar to that observed in the parental cells (48.8 %)
(Fig. 5, k). In the absence of E2, the treatment with etoposide
mildly lowered the cell viability to 94.2 % (P<0.05) and
73.7 % (P=0.275) in the transfectant cells, versus 67.9 % in
the parental cells (Fig. 5j, k). In view of apoptosis, cleaved
caspase 3, a well-known apoptotic marker, was faintly detect-
ed only in the parental MCF-7 cells in the presence of E2
(Supplementary Fig. S1). In TUNEL assay, labeled cells were
at marginal levels in the parental and the trasfectant MCF-7
cells (data not shown). Both findings suggest that mvolvement
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