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Abstract It is speculated that estrogens play important roles
in the male breast carcinoma (MBC) as well as the female
breast carcinoma (FBC). However, estrogen concentrations or
molecular features of estrogen actions have not been reported
in MBC, and biological significance of estrogens remains
largely unclear in MBC. Therefore, we examined intratumoral
estrogen concentrations, estrogen receptor (ER) o/ERf status,
and expression profiles of estrogen-induced genes in MBC
tissues, and compared these with FBC. 17f-Estradiol concen-
tration in MBC (n=4) was significantly (14-fold) higher than
that in non-neoplastic male breast (n=3) and tended to be
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higher than that in FBC (n=7). Results of microarray analysis
clearly demonstrated that expression profiles of the two gene
lists, which were previously reported as estrogen-induced
genes in MCF-7 breast carcinoma cell line, were markedly
different between MBC and FBC. In the immunohistochem-
istry, MBC tissues were frequently positive for aromatase
(63 %) and 17B-hydroxysteroid dehydrogenase type 1
(67 %), but not for steroid sulfatase (6.7 %). A great majority
(77 %) of MBC showed positive for both ER« and ER, and
its frequency was significantly higher than FBC cases. These
results suggest that estradiol is locally produced in MBC
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tissue by aromatase. Different expression profiles of the
estrogen-induced genes may associate with different estrogen
functions in MBC from FBC, which may be partly due to their
ERo/ER status.

Introduction

Male breast carcinoma (MBC) is an uncommon disease, and
its incidence is less than 1 % of that in female breast
carcinoma (FBC). However, it has been increasing in recent
years [1]. Because of the low incidence, MBC has not been
studied well, and limited information is available regarding
the epidemiology, pathogenesis, and treatment [2]. There-
fore, it is very important to examine the biological features
of MBC in order to improve clinical outcome of the patients.

It is well known that estrogens contribute immensely to the
development and/or progression of FBC. Concentration of
biologically active estrogen estradiol is significantly high in
FBC tissues, and it is locally produced from circulating inac-
tive steroids by estrogen-producing enzymes, such as aroma-
tase (conversion from circulating androstenedione to estrone or
testosterone to estradiol), steroid sulfatase (STS; hydrolysis of
circulating estrone sulfate to estrone), and 17f3-hydroxysteroid
dehydrogenase type 1 (178HSDI1; conversion of estrone to
estradiol) [3]. Estrogen actions are initiated by binding of
estrogens with estrogen receptors (i.e., ERx or ER ), followed
by transactivation of the target genes. Various estrogen-
responsive genes have been identified in the breast carcinoma
[4, 5], and analyses of these genes have greatly contributed to
better understanding of molecular functions of estrogen actions
in FBC [6]. The estrogen actions are considered to be mainly
mediated through ERe in FBC [7, 8], and endocrine therapies,
such as anti-estrogens (tamoxifen, etc.), aromatase inhibitors,
and gonadotropin-releasing hormone (GnRH) agonists, are
used in patients with ERo-positive FBC patients.

Estrogens are also speculated to play important roles in
MBC, and tamoxifen is used in MBC patients as an endocrine
therapy [9]. Various studies have demonstrated frequent ex-
pression of ERa in MBC tissues as well as ER3 and proges-
terone receptor (PR) [10-12], and immunolocalization of
aromatase has been also reported in MBC [13]. However,
intratumoral concentration of estrogens or expression of other
estrogen-producing enzymes has not been reported in MBC.
Moreover, no information is available regarding the expres-
sion profiles of estrogen-responsive genes in MBC, to the best
of our knowledge. Therefore, it remains unclear whether
estrogen actions and/or effectiveness of endocrine therapy in
MBC could be the same as that in FBC.

Therefore, in this study, we examined intratumoral con-
centrations of estrogens, immunolocalization of estrogen-
producing enzymes, and expression profiles of estrogen-
induced genes in MBC tissues, and compared these findings
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with those in FBC, in order to examine the significance of
estrogens in MBC.

Materials and Methods
Patients and Tissues

Two sets of tissue specimens were used in this study. The first
set is composed of 14 snap-frozen specimens. Among these,
four MBC tissues were obtained from patients who underwent
surgical treatment from 2009 to 2010 at Tohoku University
Hospital (Sendai, Japan), Tohoku Kosai Hospital (Sendai,
Japan), Tohoku Rosai Hospital (Sendai, Japan), and Kansai
Electric Power Hospital (Osaka, Japan). The mean age of
these patients was 65 years (range, 62—67). Three non-
neoplastic breast tissues were also collected from patients
who underwent surgical treatment at Tohoku University Hos-
pital, Tohoku Kosai Hospital, and Saitama Cancer center
(Saitama, Japan; mean age, 65 years; range, 62—67 years),
which were not matched with the carcinoma specimens. As a
control group, seven specimens of FBC were obtained from
postmenopausal patients who underwent surgical treatment
from 2001 to 2003 at Tohoku University Hospital (mean
age, 57 years; range, 50-69 years). These specimens were
stored at —80 °C for subsequent hormone assays. Eight speci-
mens of MBC and FBC were also used in microarray analysis.

The second set is composed of 102 specimens of breast
carcinomas fixed in 10 % formalin and embedded in paraf-
fin wax. Among these, 30 MBC tissues were obtained from
patients who underwent surgical treatment from 1975 to
2010 at Tohoku University Hospital, Tohoku Kosai Hospi-
tal, Tohoku Rosai Hospital, Saitama Cancer Center, Sendai,
and Kawasaki Medical School Hospital (Okayama, Japan).
As a control group, we also used 72 FBC tissues collected
from postmenopausal women who underwent surgical treat-
ment from 1984 to 1992 at Tohoku University Hospital.

Research protocol was approved by Ethics Committee at
Tohoku University School of Medicine.

Liquid Chromatography/Electrospray Tandem Mass
Spectrometry (LC-MS/MS)

Concentrations of estradiol, estrone, testosterone, and
androstenedione were measured by LC-MS/MS analysis in
ASKA Pharma Medical Co., Ltd. (Kawasaki, Japan), as
described previously [14, 15]. In the evaluation of estradiol
concentration, we measured only 17f-estradiol, but not
17oa-estradiol in this study. Briefly, tissue specimens were
homogenized in 1 mL of distilled water, and steroid fraction
was extracted with diethyl ether. In this study, we used an
LC (Agilent 1100, Agilent Technologies, Waldbronn, Ger-
many) coupled with an API 4000 triple-stage quadrupole
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mass spectrometer (Applied Biosystems, Foster City, CA,
USA) operated with electron spray ionization in the
positive-ion mode, and the chromatographic separation
was performed on Cadenza CD-C18 column (3x150 mm,
3.5 mm, Imtakt, Kyoto, Japan).

Laser-Capture Microdissection (LCM)/Microarray Analysis

Gene expression profiles of MBC and FBC cells were exam-
ined by microarray analysis. Four MBC and four FBC tissues
were subjected to the study. LCM was conducted using the
MMI Cellcut (Molecular Machines and Industries, Flughof-
strase, Glattbrugg, Switzerland) according to previous reports
[14, 16]. Briefly, breast carcinoma specimens (one specimen
for each case) were embedded in Tissue-Tek optimal cutting
temperature compound (Sakura Finetechnical Co., Tokyo,
Japan), and serial sections were made at a thickness of
10 um. Sections were stained with toluidine blue according
to manufacturer’s recommendation, and subsequently, breast
carcinoma cells in each specimen (approximately 5,000 cells)
were dissected under light microscopy and laser transferred
from the serial sections. The total RNA (approximately
200 ng) was subsequently extracted from these cell fractions
isolated by LCM using the RNeasy® Micro Kit (QIAGEN,
Mannheim, Germany). Gene expression profiles were exam-
ined by microarray analyses. Whole Human Genome Oligo
Microarray (G4112F, ID: 012391, Agilent Technologies),
containing 41,000 unique probes, was used in this study, and
sample preparation and processing were performed according
to the manufacturer’s protocol.

In our present study, we focused upon the expression
profiles of two gene lists which were previously reported as
estrogen-induced genes in FBC cell line MCF-7 [4, 5]. One
was Frasor’s list which consisted of 50 genes [4], and the other
was Creighton’s list which consisted of 63 genes [5]. If a gene
was represented multiple times on the platform, the probe with
strongest positive correlation with ESR1 (ER«) was selected.
In order to compare the expression profiles of these genes,
unsupervised hierarchical clustering analysis was performed
using the Cluster and TreeView programs (the software copy-
right Stanford University 1998—1999, http://rana.stanford.edu)
to generate tree structures based on the degree of similarity, as
well as matrices comparing the levels of expression of indi-
vidual genes in each specimens. Expression of genes was
statistically evaluated by Student’s ¢ test, and P<0.05 was
considered significant in this study.

Immunohistochemistry

The characteristics of primary antibody of aromatase [13],
STS [17], and 17BHSD1 [15] were described previously.
Monoclonal antibodies for ERx (ER1DS5), ERf (14C8), PR
(MAB429), and Ki-67 (MIB1) were purchased from

Immunotech (Marseille, France), Gene Tex (San Antonio,
TX, USA), Chemicon (Temecula, CA, USA), and DAKO
(Carpinteria, CA, USA), respectively. Rabbit polyclonal anti-
body for HER2 (A0485) was obtained from DAKO. Rabbit
polyclonal antibody for receptor interacting protein 140
(RIP140) and retinoic acid receptor o« (RAR«) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

A Histofine Kit (Nichirei Biosciences, Tokyo, Japan),
which employs the streptavidin-biotin amplification meth-
od, was used in this study. Immunoreactivity of estrogen-
producing enzymes was detected in the cytoplasm, and the
cases that had more than 10 % of positive cells were con-
sidered positive [18, 19]. Immunoreactivity of ERx, ERf,
PR, Ki-67, RIP140, and RAR« was detected in the nucleus.
These immunoreactivities were evaluated in more than
1,000 carcinoma cells, and subsequently, the percentage of
immunoreactivity, i.e., labeling index (LI), was determined
[20]. HER2 immunoreactivity was evaluated according to a
grading system proposed in HercepTest (DAKO), and the
cases with strongly circumscribed membrane staining of
HER2 in more than 10 % carcinoma cells (i.e., score 3+)
were considered positive in this study.

Results
Tissue Concentration of Estrogens and Androgens in MBC

We first examined tissue concentration of sex steroids in
non-neoplastic male breast, MBC, and FBC tissues by LC-
MS/MS. Median with minimum-max value of the estradiol
level was 37.0 (8.0-74.0)pg/g in non-neoplastic male
breast, 523 (267-633)pg/g in MBC, and 190 (15.7-540)
pg/g in FBC (Fig. 1a). Tissue concentration of estradiol was
significantly (P=0.03 and 14-fold) higher in MBC than non-
neoplastic male breast tissues. Moreover, intratumoral estra-
diol concentration was 2.8-fold higher in MBC than in FBC
tissues, although P value did not reach a significant level
(P=0.09). On the other hand, tissue concentration of estrone
was in 83.0 (56.0-359)pg/g in non-neoplastic male breast,
134 (67.0-280)pg/g in MBC, and 75.0 (13.0-555)pg/g in
FBC, respectively, and the estrone level in MBC was not
significantly different from that in non-neoplastic male
breast or FBC (P=0.72 and P=0.71, respectively; Fig. 1b).

Tissue concentration of testosterone was high both in
non-neoplastic male breast [1,519 (23.0-3,287)pg/g] and
MBC [2,540 (1,454-3,483)pg/g], compared to that in FBC
[133 (70.0-240)pg/g; P=0.008 in MBC vs. FBC], but no
significant difference was detected between these two
groups (P=0.48; Fig. 1c). Androstenedione has similar levels
in these three groups [620 (53-7,525)pg/g in non-neoplastic
male breast, 1,021 (291-1,805)pg/g in MBC, and 561 (160—
5,785)pg/g in FBC] in this study (Fig. 1d).
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Fig. 1 Tissue concentration of estradiol (a), estrone (b), testosterone
(c), and androstenedione (d) in non-neoplastic male breast, MBC, and
FBC tissues. Each value was represented as a circle, and the grouped
data were shown as box-and-whisker plots. The median value is
demonstrated by a horizontal line in the box plot, and the gray box

Expression Profiles of Estrogen-Induced Genes in MBC
Compared with Those of FBC

We then performed microarray analysis in order to examine
gene expression profiles of MBC cells isolated by LCM.
Statistical analysis using Student’s ¢ test demonstrated that
12,295 probes showed significantly different expression be-
tween MBC and FBC cases. We then focused upon the
expression profiles of two gene lists which were previously
reported as estrogen-induced genes in FBC cell line MCF-7
(i.e., Frasor’s list [4] and Creighton’s list [5]) in order to
examine molecular characteristics of estrogen actions in
MBC. In the Frasor’s list, 28 out of 50 (56 %) genes showed
significantly different expression levels in MBC compared to
FBC, and among these genes, 14 genes were highly expressed
in MBC while 14 genes were lowly expressed (Table 1). In the
Creighton’s list, expression levels of 32 genes out 063 (51 %)
genes were significantly different between in MBC and FBC,
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denotes the 75th (upper margin) and 25th percentiles of the values
(lower margin). The upper and lower bars indicated the 90th and
tenth percentiles, respectively. Statistical analysis was done by
Mann—-Whitney’s U test; P values <0.05 were considered signifi-
cant and indicated in bold

and 18 genes were highly expressed in MBC while the other
14 genes were lowly expressed (Table 2). Five genes
(RASGRP1, RARA, ADCY9, CXCL12, and NRIP1) were
also included in these two gene lists, and expression levels of
NRIP (P=0.0045) and ADCY?9 (P=0.046) were significantly
higher in MBC than FBC, and those of RARA (P=0.0012),
RASGRP1 (P=0.011), and CXCL12 (P=0.012) were signif-
icantly lower in MBC.

As demonstrated in Fig. 2, results of unsupervised hier-
archical cluster analysis revealed that MBC (n=4) and FBC
cases (n=4) formed independent clusters regardless of the
gene lists examined.

Immunolocalization of Estrogen-Producing Enzymes
in MBC

We next immunolocalized estrogen-producing enzymes in
30 MBC tissues. Immunoreactivity of aromatase (Fig. 3a),
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Table 1 List of genes identified

as estrogen-induced genes by Symbol P MBC vs. FBC Symbol P MBC vs. FBC
Frasor et al. (Frasor’s list) [4]
CCND1 0.041 L TGIF2 0.076 -
MYBL2 0.027 L EGR3 0.36 -
RASGRP1* 0.011 L CcxXcCLi2* 0.012 L
PKMYTI1 0.13 - GLRB 0.23 -
CBFA2T3 0.36 - CHEK2 0.051 -
CDC20 0.046 L FOS 0.056 -
IGFBP5 0.18 - SLK 0.056 -
CCBP2 0.0064 L ELL2 <0.0001 H
MYC 0.015 L RFC4 0.0084 H
CCNA2 0.0097 L ADCY9* 0.046 H
POLE2 0.019 L MYB 0.011 H
BRCA2 0.022 L BIRCS 0.047 H
RARA® 0.0012 L NRIP1* 0.0045 H
HOXC5 0.0043 L MCM3 0.0021 H
CALCR 0.0023 L RBBP7 0.0031 H
c . ¢ . POLA2 0.011 L RAB31 0.0022 H
omparison of gene expression
between MBC and FBC was AREG 0.0021 H WISP2 0.52 -
performed by Student’s ¢ test. P PCNA 0.0093 H MCM2 0.52 -
<0.05 was considered positive OSTF1 0.0039 H MCM5 0.31 _
and described as boldface GADD45B 0.048 H cpe2 0.051 -
“H” means th?t the gene is high- VEGF 0.27 _ AURKA 033 _
ly expressed in MBC compared
to FBC, and “L” means that the PPP2RIB 0.30 - BUBI1 0.76 -
gene is lowly expressed in MBC STC2 0.020 H TMF1 0.66 -
compared to FBC TSPANS 0.088 - CDC6 0.81 -
#Genes contained by both IGFBP4 0.12 _ JAK1 0.96 _

Frasor’s and Creighton’s lists

STS (Fig. 3b), and 178HSDI (Fig. 3c) was detected in the
cytoplasm of carcinoma cells in MBC tissues, but STS immu-
noreactivity was weaker and focal. The number of positive
cases was as follows: aromatase, 19/30 (63 %); STS, 2/30
(6.7 %); and 17BHSD1, 20/30 (67 %). Non-neoplastic mam-
mary glands and intratumoral stroma were negative for aro-
matase (Fig. 3d), STS, and 173HSD1 in this study.

Immunolocalization of ERs and Estrogen-Induced Genes
in MBC Compared with FBC

We also evaluated an association of several immunohisto-
chemical parameters between MBC (n=30) and FBC tissues
(n=72). As shown in Table 3, ERx and ERf3 LIs were
significantly (£<0.0001 and P=0.001) higher in MBC than
FBC. When cases with ER LI of 10 % were considered ER-
positive breast carcinoma [17, 18], all MBC cases examined
were positive for ERe, while 67 % (48/72) of FBC were
positive for ERce. In addition, a great majority (77 %) of
MBC cases showed double positive for ERa and ERf3, and
its frequency was significantly (P=0.0009) higher than that
in FBC (39 %). PR LI was also significantly (P=0.011)
higher in MBC than FBC, and it was positively associated

with ERec LI [P=0.03 and 7*=0.16 (data not shown)]. On
the contrary, Ki67 LI was significantly (P=0.019) lower in
MBC than FBC. HER2 status was not significantly different
between these in this study.

Since our microarray analyses demonstrated different ex-
pression profiles of estrogen-induced genes in MBC from
those in FBC (Fig. 2), we also performed immunohistochem-
istry for two representative genes included in both Frasor’s and
Creighton’s lists [RARA (RARe) and NRIP1 (RIP140)] to
confirm the results. RAR o immunoreactivity was sporadically
detected in the nuclei of MBC cells (Fig. 4a), and its LI was
significantly (P=0.0034 and 0.62-fold) lower in MBC than
FBC (Fig. 4b). On the other hand, RIP140 immunoreactivity
was frequently detected in the nuclei of MBC cells (Fig. 4c),
and RIP140 LI in MBC was significantly (P=0.002 and 1.91-
fold) higher than FBC (Fig. 4d).

Discussion
To the best of our knowledge, this is the first study to have

demonstrated intratumoral estrogen concentrations in MBC
tissues. In the present study, tissue concentration of estradiol

@_ Springer
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Table 2 List of genes identified

as estrogen-induced genes by Symbol P MBC vs. FBC Symbol P MBC vs. FBC
Creighton et al. (Creighton’s list)
[51 ATAD2 0.0074 L PAK1IP1 0.61 -
CISH 0.056 - CAl2 0.80 -
GREB1 0.051 - MYBLI 0.23 -
RASGRP1* 0.011 L IRS1 0.37 -
ADSL 0.0048 L KLF10 0.94 -
FLJ22624 0.026 L ADCY9? 0.046 H
IGFIR 0.015 L FLJ11184 0.0064 H
BRIP1 0.0079 L TIPARP 0.0045 H
IL17RB 0.0082 L TPBG 0.076 -
TEX14 0.0004 L ZWILCH 0.25 -
PLK4 0.012 L MCM4 0.046 L
RARA® 0.0012 L CXCL12* 0.012 L
PTGES 0.066 - DSU 0.024 L
SNX24 0.016 L OLFM1 0.11 -
HSPBS 0.38 - EEF1E1L 0.43 -
TFF1 0.45 - LOC56902 0.079 -
SIAH2 0.25 - NOL7 0.041 H
OGFOD1 0.83 - SDCCAG3 0.030 H
WDHD1 0.32 - PPIF 0.0046 H
ZNF259 0.50 - MRPS2 0.024 H
SLC39A8 0.83 - ALGS8 0.0066 H
WHSCI1 0.63 - SLC9A3R1 0.014 H
Comparison of gene expression CTNNALL 0.17 B XBP1 0.021 H
between MBC and FBC was DLEUI1 0.18 - CSPP1 0.76 -
performed by Student’s ¢ test. FERI1L3 0.019 H THBS1 0.66 -
P<0.05 was considered positive  LRRC54 0.024 H ENST00000379534 0.90 -
and described as boldface SGK3 0.0068 H ENST00000278505  0.35 -
“H” means that the gene is highly CTPS 0.0059 H PPAT 0.61 _
expressed in MBC
compared to FBC, and “L” means LRP8 0.054 - MYB 0.029 H
that the gene is lowly expressed in FHL2 0.0005 H THRAP2 0.20 -
MBC compared to FBC NRIP1® 0.0045 H TPD52L1 0.57 -
“Genes contained by both DNAJC10 0.042 H

Frasor’s and Creighton’s lists

was significantly higher (14-fold) in MBC [523 (267-633)
pg/g] than the non-neoplastic male breast tissues (Fig. 1a),
whereas estrone, testosterone, and androstenedione levels
did not significantly change between in these two groups
(1.6-fold, 0.83-fold, and 1.6-fold, respectively). Serum es-
tradiol concentration in men is known to be similar to that in
postmenopausal women [21]. Chetrite et al. [22] previously
showed that estradiol level was significantly higher in breast
carcinomas in postmenopausal women [388+106 pg/g
(mean+SEM)] than in the areas considered as morphologi-
cally normal in the same patients, which is currently
explained by intratumoral production of estradiol [3]. Al-
though serum estradiol level in MBC patients has been
reported twofold higher than that in healthy subjects [23],
our present results suggest possible local production of
estradiol in MBC tissues as well as FBC.

@ Springer

In the breast carcinoma of postmenopausal women, intra-
tumoral estradiol is produced by aromatase and/or STS
pathways [24]. In our present study, aromatase immunore-
activity was detected in 63 % of MBC cases. Its frequency
was in good consistent with a previous report [13], and
similar to that in FBC reported previously (55-77 %) [25,
26]. The positivity of 17HSD! immunoreactivity in MBC
in our present study (67 %) was also similar to previous
reports in FBC (47-61 %) [27, 28]. On the other hand, STS
immunoreactivity was detected only in 7 % of MBC cases in
this study, which was much lower (approximately 0.1-fold)
than that in FBC reported (60-90 %) [29, 30]. Therefore, it
is suggested that estradiol is mainly synthesized by aroma-
tase pathway in MBC rather than STS.

Results of our present study also showed that estradiol con-
centration was 2.8-fold higher in MBC than postmenopausal
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expression level of each gene,
compared to the average in eight
breast carcinoma samples. Five
genes included in both lists (e,
RASGRPI, RARA, ADCY9,
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Fig. 3 Immunohistochemistry
of estrogen-producing enzymes
in MBC tissues. Immunorecac-
tivity for aromatase (a), STS
(b), and 17BHSDT was visual-
ized with 3,3"-diaminobenzi-
dine (DAB; brown) and
detected in the cytoplasm of
carcinoma cells. Aromatase
immunoreactivity was not
detected in non-neoplastic
mammary gland or stroma {(d).
Bar=100 ym, respectively
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Table 3 Immunohistochemical features of MBC compared with FBC

MBC FBC P value
n=30 n=72
ERo. LI (%)° 90.5 (43-98.0) 40.0 (0.0-92) <0.0001
ERu status

Positive 30 (100 %) 48 (67 %)

Negative 0 (0 %) 24 (33 %) <0.0001
ERB LI (%)° 27.5 (0-95) 8.5 (0~72) 0.001
ERB status

Positive 23 (77 %) 35 (49 %)

Negative 7 (23 %) 37 (51 %) 0.017
ERo/ER status

Positive/positive 23 (717 %) 28 (39 %)

Others 723 %) 44 (61 %) 0.0009
PR LI (%)? 43.5 (6-95) 17.5 (0-93) 0.011
HER2

Positive 5117 %) 24 (33 %)

Negative 25 (83 %) 48 (67 %) 0.099
Ki67 LI (%)* 15.5 (1.0-30) 20.0 (2.0-67) 0.019

“Data was presented as median with minimum-max or the number of
cases with percentage. P value <0.05 was considered significant and
described as boldface

higher in men [21]. Therefore, estradiol may be mainly
produced from circulating testosterone by aromatase in
MBC tissues. These findings also suggest that aromatase
inhibitors are possibly effective in a selective group of
MBC patients, A phase 2 trial used aromatase inhibitor,
and GnRH analogue (SWOG-S 0511 trial) is currently
ongoing in MBC patients [32].

The biological effects of estrogens are mediated
through an initial interaction with ERa and/or ERP,
and ERs functions as hetero- or homodimers. In this
study, both ERc and ERf3 were more frequently immu-
nolocalized in MBC than in FBC, which was in good
agreement with previous reports [10—-12]. Moreover, we
also found that a great majority (77 %) of MBC cases
showed double positive for ERx and ERf, and its
frequency was significantly (2.0-fold) higher than FBC
cases (Table 1). Therefore, it may be possible to spec-
ulate that ERs are frequently heterodimerized in MBC
tissues. Heterodimerization of ERa and ER3 modulates
biological functions of each ER [33, 34], and FBC
patients double positive for ERx and ERB had longer
disease-free and overall survival than those showed pos-
itive for ERe only [35, 36]. On the other hand, Weber-
Chappuis et al. [37] suggested that functions of ER in
MBC were different from that in FBC, and Johansson et
al. [38] recently demonstrated that MBC was classified
into two groups (i.e., luminal M1 and M2), those

@ Springer

differed from the intrinsic subtypes of ER-positive
FBC, by microarray analyses. Therefore, estrogen
actions in MBC may not be necessarily the same as
those in FBC, which is partly due to the different ERo/
ERB status from FBC.

Results of our microarray analysis did demonstrate
that a majority of estrogen-induced genes (56 % in
Frasor’s list and 51 % in Creighton’s list) showed
significantly different expression between in MBC and
FBC, and MBC cases formed a different cluster from
FBC cases. We also confirmed these results by employ-
ing immunohistochemistry for representative genes (i.e.,
RAR« and RIP140). Therefore, it is reasonably postu-
lated that molecular functions of estrogens in MBC may
be different from those in FBC based on the results
above. However, it is also true that estrogen-induced
genes examined in this study were identified in female
breast cancer cell line MCF-7, and it is still not clarified
whether these genes were similarly regulated by estro-
gen in MBC tissues or not, which also suggests that all
the genes detected at markedly different levels in MBC
compared to FBC were therefore not necessarily regu-
lated by estrogens. In addition, only two genes on
Creighton’s list (CA12 and SIAH2) were included in
the gene list, which was recently identified as MBC-
specific genes by Johansson et al. [38]. Estrogen-
induced genes are not determined yet in MBC because
of unavailability of appropriate cell line and/or its rele-
vant in vivo model. Therefore, further examinations are
required to clarify the molecular features of estrogen
actions in MBC.

Among the genes overexpressed in FBC (summarized
in Tables 1 and 2), MYC (C-MYC) was well known to
be associated with poor prognosis or adverse clinical
outcome of ER-positive breast cancer patients [39],
and RARA (RARa) upregulated 173HSD1 and contrib-
uted to in situ production of estradiol in FBC [40].
IGFIR (insulin-like growth factor receptor) has been
considered to promote breast carcinoma cell growth by
interacting with estrogen signaling [41]. In addition, Ma
et al. and Wang et al. independently reported that
IL17RB (interleukin-17 receptor B) expression was sig-
nificantly associated with increased risks of recurrence
in ERe-positive breast cancer patients [42, 43]. Howev-
er, among the genes highly expressed in MBC, MYB
(c-myb) was associated with a good prognosis in the
patients [44]. NRIP1 (RIP140) is a negative transcrip-
tional regulator of hormone receptor [45, 46] and
inhibited ERo activity in the breast carcinoma cells
[43]. RBBP7 (RBAP46) also modulated estrogen re-
sponsiveness in breast carcinoma cells through an inter-
action with ERa [47] and inhibited an estrogen-
stimulated progression of transformed breast epithelial
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Fig. 4 Immunohistochemistry of RARex {(a, b) and RIP140 (¢, d) in
MBC tissues. RARx (a) and RIP140 (¢) immunoreactivity was visu-
alized with DAB (brown) and detected in the nuclei of carcinoma cells.
Bar=100 pm, respectively. Relative immunoreactivity of RARx and
RIP140 was summarized in b and d, respectively. Each value was
represented as a circle, and the grouped data were shown as box-and-

cells [48]. In addition, FHL2 (four and a half LIM
domains 2) was reporied to inhibit proliferation and
invasion of breast carcinoma cells by suppressing the
function of ID3 (inhibitor of DNA binding 3), which
was also known as one of the adverse prognostic factor
of patients with breast cancer [49, 50]. Considering the
functions of these gene above, estrogens may more
efficiently promote aggressive clinical behavior in FBC
than MBC, although some genes highly expressed in
MBC were indeed associated with aggressive phenotypes
of the breast carcinoma, such as AREG (amphiregulin)
and XBP1 (X-box binding protein 1) [51, 52]. To date,
tamoxifen is used as an endocrine therapy for MBC
patients. However, it has been reported that expression
profile of estrogen responsive gene was closely related to
the response to tamoxifen in FBC patients [53]. Further
examinations are required to clarify molecular functions

&

RARo labeling index (%)

o

)

dex (%

ing in

RIP140 label

100 7 P = (}.334

80 7

60

40 7

20

0o 00 OO0

0

MBC

100 7 P=0.002

)1050]

80 7

60 7

CEIEED

40 7

om O aeo

n=72
FBC

whisker plots. The median value is demonstrated by a horizontal line in
the box plot, and the gray box denotes the 75th (upper margin) and
25th percentiles of the values (lower margin). The wpper and lower
bars indicate the 90th and tenth percentiles, respectively. Statistical
analysis was performed by Mann-Whitney’s U test; P values <0.05
were considered significant and indicated in bold

of estrogen actions in MBC to improve the effectiveness
of endocrine therapy for MBC patients.

In summary, intratumoral concentration of estradiol
was significantly higher in MBC than non-neoplastic
male breast fissues in this study, and aromatase and
17HSD1 were frequently immunolocalized in MBC
tissues. In addition, a great majority (77 %) of MBC
cases showed positive for both ERa and ERB, and its
frequency was significantly higher than FBC cases.
Results of microarray analysis revealed that expression
profiles of genes known to be regulated by estrogen
were markedly different between MBC and FBC. These
results suggest that estradiol is mainly produced by
aromatase from circulating testosterone in MBC tissues,
and expression profiles of estrogen-induced genes in
MBC are different from FBC, which may be partly
due to their different ERo/ERB status.

@ Springer
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Abstract Nomogram, a standard technique that utilizes
multiple characteristics to predict efficacy of treatment and
likelihood of a specific status of an individual patient, has
been used for prediction of response to neoadjuvant che-
motherapy (INAC) in breast cancer patients. The aim of this
study was to develop a novel computational technique to
predict the pathological complete response (pCR) to NAC
in primary breast cancer patients. A mathematical model
using alternating decision trees, an epigone of decision
tree, was developed using 28 clinicopathological variables
that were retrospectively collected from patients treated
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with NAC (n = 150), and validated using an independent
dataset from a randomized controlled trial (n = 173). The
model selected 15 variables to predict the pCR with
yielding area under the receiver operating characteristics
curve (AUC) values of 0.766 [95 % confidence interval
(CD)1, 0.671-0.861, P value < 0.0001) in cross-validation
using training dataset and 0.787 (95 % CI 0.716-0.858,
P value < 0.0001) in the validation dataset. Among three
subtypes of breast cancer, the luminal subgroup showed the
best discrimination (AUC = 0.779, 95 % CI 0.641-0.917,
P value = 0.0059). The developed model (AUC = 0.805,
95 % CI 0.716-0.894, P value < 0.0001) outperformed
multivariate logistic regression (AUC = 0.754, 95 % CI
0.651-0.858, P value = 0.00019) of validation datasets
without missing values (n = 127). Several analyses, e.g.
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bootstrap analysis, revealed that the developed model was
insensitive to missing values and also tolerant to distribu-
tion bias among the datasets. Our model based on clini-
copathological variables showed high predictive ability for
pCR. This model might improve the prediction of the
response to NAC in primary breast cancer patients.

Keywords Breast cancer - Data mining - Neoadjuvant
chemotherapy - Nomogram - Prediction model

Introduction

Neoadjuvant chemotherapy (NAC) is the administration of
chemotherapy before surgical treatment of cancer. The
clinical advantages of NAC include tumour size reduction,
which improves the breast conservation rate, and deter-
mination of chemosensitivity to help design later adjuvant
therapy [1]. Several meta-analyses have revealed that
patients with pathological complete response (pCR) after
NAC showed higher survival rates than those without pCR
[1-4], indicating that pCR might represent a surrogate
prognostic indicator in these patients. Thus, predicting pCR
using information collected before NAC has been pro-
posed, with the most commonly used predictive factors
including oestrogen receptor (ER) status, human epidermal
growth factor receptor 2 (HER2/neu) status, histological
grade and proliferative activity [5-7]. Recent studies
showed that the sensitivity to chemotherapy differs
according to cancer phenotype classified mainly by ER and
HER2 status [8-10]. Luminal A subtype (ER-positive,
HER2-negative and low-grade or low-proliferative pheno-
type) exhibited lower sensitivity to chemotherapy despite
better prognosis than other phenotypes, and hormonal
therapy alone is the preferred treatment for this subtype
[11].

Nomograms, which integrate clinical and pathological
variables using multiple logistic regression (MLR), have
been developed and are well validated to predict pCR after
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NAC [12, 13]. These tools are now widely used by on-
cologists via sophisticated web interfaces. In comparative
studies using prospective cohorts, nomograms showed
similar performance to molecular tests designed to predict
pCR following NAC [14, 15]. The gene signatures to
predict prognosis were also expected to predict chemo-
sensitivity [16-19], although the predictive ability was
limited in those studies. Thus, new prediction tools, even
with the use of molecular/clinicopathological factors, are
now needed.

MLR has several limitations. First, it can deal with only
few independent variables to avoid over-fitting to the given
datasets. Second, MLR is sensitive to missing values, a
frequent occurrence in retrospectively collected data.
Third, MLR cannot tolerate the distribution bias of vari-
ables among multiple datasets (usually obtained from dif-
ferent institutes), which reduces its generalizability. Thus,
we used a data mining technique to address the following
problems: (1) limits in the number of variables that can be
included in a model, (2) missing values and (3) bias among
datasets. Using alternating decision tree (ADTree), an
accurate and versatile decision-tree type data mining
method [20], we developed and validated a mathematical
model to predict pCR after NAC in patients with primary
breast cancer.

Materials and methods

Participants and treatments

. The study protocol was approved by the institutional

review board of Kyoto University Hospital. We disclosed
the details of the study to all of the participants in lieu of
obtaining informed consent because the Japanese ethics
guidelines for epidemiologic research allow observational
studies to use anonymous clinical data after disclosing the
study details to the potential participants.

We included patients who had participated in the Orga-
nisation for Oncology and Translational Research (OOTR)
NOO03 trial. This was a randomized trial of patients with
operable breast cancer treated with docetaxel with or without
capecitabine after four cycles of NAC consisting of 5-fluo-
rouracil, epirubicin and cyclophosphamide (FEC) (UMIN
ID: C000000322, http://www.umin.ac.jp/ctr/index.htm).
Patients who received the same chemotherapy regimen in
regular clinical practice were also included in this study.
Only patients with a tumour size of <5 cm and who had
completed >75 % of the planned courses of NAC were
included.

First, we conducted an exploratory analysis using a
dataset of 58 patients collected consecutively from Tokyo
Metropolitan Cancer and Infectious Diseases Centre
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Komagome Hospital. Additional patients were then col-
lected from Osaka National Hospital and Tsukuba Uni-
versity Hospital to develop the prediction model. The
training dataset consisted of 150 patients treated at the
three institutions from 2005 to 2009. This included 89
patients who participated in the OOTR NOO3 trial. The
newly developed prediction model was applied to an
external validation dataset consisting of 173 patients from
the OOTR NOO3 trial. This validation dataset was obtained
from three randomly selected institutions that had partici-
pated in the OOTR NOO3 trial (Niigata Cancer Centre
Hospital, National Kyushu Cancer Centre and Aichi Can-
cer Centre).

All of the patients included in this study received the
same treatment protocol, consisting of four courses of FEC
(5-fluorouracil 500 mg/m?, epirubicin 100 mg/m” and
cyclophosphamide 500 mg/m?, i.v., every 3 weeks) fol-
lowed by four courses of docetaxel (75 mg/m?, i.v., every
3 weeks) with or without capecitabine (1,650 mg/m?/day,
oral administration, for 14 days every 3 weeks).

Data collection

Data for 28 clinicopathological variables were retrospec-
tively collected from databases maintained at each insti-
tation (Table 1). All of the mammography and
ultrasonography images were reviewed by physicians cer-
tified in imaging diagnosis by the relevant accreditation
organizations in Japan. The Response Evaluation Criteria
in Solid Tumours (RECIST) were used to classify the
clinical response to NAC. According to the protocol of the
OOTR NOO3 trial, the clinical response was evaluated after
both the FEC treatment (i.e. the clinical response after
anthracycline) and the taxane-containing regimen (i.e. the
clinical response after taxane). Information pertaining to
histological type, ER status, progesterone receptor (PgR)
status, HER2 status and histological/nuclear grade of nee-
dle biopsy specimens were collected from the original
pathology report of each patient. At each institution, the
surgical specimen obtained following NAC was serially
sectioned, stained with haematoxylin and eosin (H&E) and
diagnosed by experienced pathologists. pCR was defined as
the absence of residual invasive cancer cells in the breast
and the axillary Iymph nodes (ypT0/is -+ ypNO).

Data analysis

For statistical analyses, we quantitatively graded the vari-
ables using the criteria established by a committee of
specialists from the fields of breast surgery, diagnostic
radiology and pathology.

The ADTree model was developed using the training
dataset and validated using the independent validation

Table 1 Characteristics of patients in the training and validation
datasets

Variables Training dataset  Validation dataset P value®
n Yo n %
No. of patients 150 173
Age (years)
Median 50 48 0.131
Range (27-71) (29-68)
Body mass index (kg/m?)
Median 22.7 21.2 0.0004
Range (16.9-35.8) (15.6-43)
Menopausal status
Pre- 75 50.0 105 60.7  0.054
menopause
Post- 75 50.0 68 39.3
menopause
Physical examination
Palpable lump
Yes 149 99.3 166 96.0 0.136
No 1 07 5 29
Unknown 0 0 2 12
Skin dimpling
Yes 31 20.7 28 162  0.281
No 116 773 143 82.7
Unknown 3 20 2 1.2
Mammography
Presence of a mass
Yes 92 613 113 653  0.102
Focal 19 12.7 35 20.2
asymmetry
No 26 173 20 11.6
Unknown 13 87 5 29
Presence of calcifications
Yes 45 30.0 80 46.2  0.035
No 87 58.0 88 50.9
Unknown 15 100 5 29
Architectural distortion
Yes 27 18.0 22 127 0.110
No 108 72.0 145 83.8
Unknown 15 10.0 6 3.5
Ultrasonography
Presence of masses
Yes 148 98.7 172 99.4  0.480
No 2 13 1 0.6
Maximum tumour size (mm)
Median 26 29 0.012
Range (11-48) (11-49)
Unknown 0 0 8 4.7
Depth/width ratio
Median 0.67 0.58 <0.0001
Range (0.23-2.06) (0.22-1.18)
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Table 1 continued

Table 1 continued

Variables Training dataset  Validation dataset P value® Variables Training dataset Validation dataset P value?
n % n % n % n %
Unknown 3 20 21 12.2 FEC-TX 42 28.0 79 45.7
Echogenic halo NS not significant, NC not collected, FEC 5-fluorouracil + epirubi-
Yes 68 459 56 326  0.026 cin + cyclophosphamide, T taxane, 7X taxane + capecitabine
No 79 534 109 63.4 2 ER-positive or PgR-positive was defined as 10 % or more of cells
Unknown 1 07 7 4.1 with positive staining or Allred score of 3 or more
Posterior acoustic features ® HER2-positive was defined as a score of 3+ on immunohisto-
Enhancement 33 223 61 355 0.024 ?he@cal terting or a positive score on fluorescence in situ hybrid-
1zation testmg
None s 50766 38.4 © Triple negative was defined as ER, PgR and HER2 negative
Shadowing 37 250 41 23.8 d .2 .
¥~ test, Mann—Whitney U or ¢ test
Unknown 3 20 4 23
Interruption of the anterior border of the mammary gland
Yes 123 831 146 849  0.694 dataset. To enhance model accuracy, we used ensemble
No 2 149 23 134 methods: multiple ADTree models were developed and the
Unknown 3 20 3 17 rnear.l Prediction of these models vs{as. used as the ﬁne.ll
Histological type pre.dlctxon [21]. The model was optimized .by cross-vzlih~
Invasive ductal 146 973 170 083 0.566 dation (?V? and the area under. thc? 1'.ece1.ver operating
carcinoma characteristics curve (AUC) for discriminating pCR from
Invasive 4 27 3 17 non-pCR was determined.
lobular The importance of variables in the ADTree model was
carcinoma evaluated based on the decrease in prediction accuracy
ER status® (AUC values) by replacing the actual value with a random
Positive 105 70.0 102 59 0.024 value for each variable (sensitivity analysis). To evaluate
Negative 42 280 70 40.5 the significance of missing values in the developed model,
Unknown 3 20 1 0.6 the missing values were replaced with random values and
PgR status® the decrease in AUC value was assessed (missing value
Positive 69 46.0 84 486 0735 analysis). The prediction accuracy was evaluated using a
Negative 78 52.0 88 509 smaller number of ADTrees in the developed model than
Unknown 3 20 1 0.6 the optimized number (pruning analysis). To elucidate the
HER? status® relationship between generalizability and variable distri-
Positive 19 127 38 220  0.026 bution bias between the training and the validation dataset,
Negative 125 833 127 73.4 we integrated all of the data and randomly split it into two
Unknown 6 40 8 4.6 datasets. The ADTree model was developed using one of
Triple-negative phenotype® these datasets and validated using the other dataset (ran-
Yes 31 207 44 254  0.293 dom split analysis). Each analysis was repeated 200 times
No 113 753 121 70.0 with different random values.

Unknown 6 40 8 46 We also developed an MLR model using the training
Histological/nuclear grade dataset. Details of this model and the software used are
12 94 627 89 514 0446 described in the Supplementary Materials and methods.

3 49 32.7 38 22.0
Unknown 7 47 46 26.6
Mitotic index Results
1 68 453 68 393 0.137 o ) _
2 40 267 23 133 The clinicopathological variables of each dataset are
3 33 220 21 121 summarized in Table 1. The training dataset included
Unknown 9 60 61 153 mf)re ER—po.sm\./e or HER2-negative patients compared
. with the validation dataset (P value = 0.024 and 0.026,
Treatment regimen . . . ..
FEC.T 108 2.0 94 543 0001 respectively). Overall, 16 % of patients in the training
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Table 2 Treatment outcomes of the training and validation datasets

Outcomes Training Validation p value®
dataset dataset
n % n %
No. of patients 150 173
Clinical response after anthracycline treatment
CR 4+ PR 99 66.0 151 873 <0.0001
SD 50 333 21 121
PD 0 0 1 0.6
Unknown 1 0.7 0 0
Clinical response after taxane treatment
CR + PR 128 853 164 948 0.006
SD 21 14 7 4
PD 1 0.7 2 12
Breast surgery
Mastectomy 32 213 53 306 0.058
Breast-conserving surgery 118 787 120 694
pCR (ypT0/is + ypNO)
Yes 24 160 39 225 0.139
No 126 840 134 715

CR complete response, PR partial response, SD stable disease, PD
progression disease

2 o2 test

(P value = 0.139) (Table 2). The rates of pCR and breast
conservation were not significantly different between the
institutions (P value = 0.06 and 0.30, respectively). The
clinical responses after anthracycline and taxane, however,
were significantly lower in the training dataset than in the
validation dataset (P value < 0.0001 and P = 0.006,
respectively).

The selected model showing the best AUC value in the
CVs contained 19 ADTrees with three variables on each
tree (Fig. 1a; Supplementary Fig. S1). In total, 15 variables
were included: three general [body mass index (BMI),
menopausal status and the presence of skin dimpling], five
ultrasonographic (maximum tumour size, tumour depth/
width. ratio, echogenic halo, interruption of the anterior
border of the mammary gland and posterior acoustic fea-
tures), three mammographic (the presence of calcifications,
the presence of a mass and architectural distortion), and
four pathological variables (mitotic index and the status of
ER, PgR and HER2). The method used to calculate the
probability of pCR using this model is shown in Fig. 1b
and Supplementary Fig. S2.

The receiver operating characteristics (ROC) curves and
the dot-plots of the pCR for each dataset are shown in
Fig. 2. The AUC values were 0.766 (95 % CI 0.671-0.861,
P value < 0.0001) in the CV using the training dataset and
0.787 (95 % CI 0.716~0.858, P value < 0.0001) using the
validation dataset. The model could discriminate pCR from

non-pCR patients at significant levels in both the training
and the validation datasets (P value < 0.0001). When the
threshold for a low risk of pCR was defined as 20 % for
example, the false-negative rate was 7.7 % and the nega-
tive predictive value was 95.9 % using the validation
dataset. The AUC of bootstrap analysis (200 repetitions)
performed to obtain unbiased estimates was 0.791 (95 %
CI: 0.786-0.796) using the validation dataset.

To assess the prediction ability by integrating early
clinical response, we developed a MLR model comprising
two variables; the predicted probability of pCR determined
by ADTree and the clinical responses after anthracycline or
taxane treatment. The accuracy of the ADTree model was
enhanced by including the clinical response to NAC
(Supplementary Fig. S3). The AUC values for the valida-
tion datasets were 0.820 (95 % CI 0.757-0.883,
P value < 0.0001) and 0.855 (95 % CI 0.794-0.916,
P value < 0.0001) after including the clinical responses
after anthracycline and taxane treatment, respectively.

We evaluated the discriminative ability of our model in
three subgroups of patients with luminal (ER-positive and
any HER2 status; n = 102), HER2-positive (ER-negative
and HER2-positive; n = 24) or triple-negative (ER- and
HER2-negative; n = 44) patterns of receptor expression.
The model showed significant discrimination of the lumi-
nal subgroup (P value = 0.0059), poor discrimination of
the triple-negative subgroup (P value = 0.743) and mod-
erate discrimination of the HER2-positive subgroup
(P value = 0.074) (Fig. 3).

The sensitivity analysis revealed large decreases in AUC
values when ER, PgR, HER2 and echogenic halo were
randomly replaced, indicating high importance of these
factors. On the other hand, the AUC values were hardly
changed when imaging findings were randomly replaced,
indicating little importance of these parameters (Fig. 4a). In
missing value analysis, the median AUC was 0.786 (95 %
CI0.785-0.787) using validation datasets including patients
with at least one missing value (n = 121). As another
approach to evaluate the importance of the variables inclu-
ded in the model, pruning analysis was performed to reduce
the number of trees, which also reduces the number of
variables. In this analysis, the AUC value for the overall
dataset remained high (>0.78) when the number of trees was
>4 and the number of variables was >6 (Fig. 4b). When the
number of variables was reduced to 8 for example, dis-
crimination of ER-positive and, particularly, HER2-positive
subtypes deteriorated (P value = 0.0266 and P value =
0.725), respectively (Supplementary Fig. S4). In random
split analysis, the median AUC value was 0.776 (95 % CI
0.773-0.776), almost identical to the AUC value obtained
using the original validation dataset (0.787).

To compare ADTree and MLR, a MLR model was
developed using our training dataset and consisted of ER,
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Fig. 1 ADTree-based A
prediction model. a Part of the

developed ADTree models. The
1: ER=positive 1: PgR=positive 1: ER=positive
y n y n Y, n

final prediction model consisted
of 19 ADTree-based prediction
0621 >

models; the other 16 models are
depicted in Supplementary

Fig. S1. The method used to
calculate the prediction score in
each mode] is described in
Supplementary Fig. S2. b The
final prediction score was

calculated by calculating the C1.398 >

mean score of the 19 ADTree-

based models. V;, V, and Vg C0418 D C+0.316 >
indicate the prediction scores of

each ADTree. The probability

of pCR (%) was determined

using the formula

(SCOT€prcq — SCOI€pmin)/

(SCOr€max — SCOr€miny X 100, B
where scOreppeq, SCOTER;, and

score,,, are the predicted and .
theoretical minimum and
maximum final scores,

respectively .@, .& ,{}, 0,

V4 Vo V3 Vig

RN
2: US echogenic l
halo

3: US interruption

I 3: HER2=positive | of ant. border of

y n y n

(VytVptvgte - -y, )
19

Final prediction score =

histological/nuclear grade and interruption of the anterior  In the validation dataset, the AUC values for the FEC-T
border of the mammary gland on US. This MLR model  and FEC-TX groups were 0.789 (P value < 0.0001) and
vielded an AUC value of 0.754 (95 % CI 0.651-0.858,  0.788 (P value = 0.0003), respectively. The GeparQuattro
P value = 0.00019) using a subset of the validation dataset  study reported that adding capecitabine to preoperative
(n = 127, 46 cases were excluded because of missing  docetaxel after four courses of epirubicin and cyclophos-
values). The ADTree model outperformed the MLR model  phamide did not improve the rate of pCR [22]. Accord-
by yielding an AUC of 0.805 (95 % CI 0.716-0.894,  ingly, our model showed a similar performance for both the
P value < 0.0001) using the same patient dataset. regimens.
The proportion of patients with the luminal, HER2-
negative subtype was higher in the training dataset than in
Discussion the validation dataset (65 and 50 %, respectively;
P value = 0.008), which indicated that the training dataset
Here, we developed a prediction mode] for pCR after NAC  included more patients with potentially chemo-insensitive
using ADTree and analyzed the model using several  cancers compared with the validation dataset. This dis-
analyses. The validation dataset was from the OOTR NOO3  proportion may have led to the difference in the clinical
trial, in which patients received FEC treatment and were  response rate between the training and validation datasets
randomly assigned to four cycles of docetaxel alone (FEC- (66 vs. 87 % after anthracycline and 85 vs. 95 % after
T) or four cycles of docetaxel plus capecitabine (FEC-TX).  taxane, respectively; Table 2). However, the training
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Fig. 2 a ROC cuwrves and b the disuibution of the predicted
probabilities. a ROC curves of the prediction model. The area under
the ROC curve (AUC) values were 0.766 (95 % Cl 0.671-0.861,
P value < 0.0001) in the CV using the training dataset, and 0.787
(93 % CI 0.716-0.858, P value < 0.0001) using the validation
dataset. b Box plots showing the distribution of the predicted
probabilities of pCR determined using our model. The box and

dataset included patients with smaller tumours compared
with the validation dataset (median diameter: 26 and
29 mm, respectively; P value = 0.012; Table 1). There-
fore, the differences in the clinical response rate may not be
associated with differences in the pathological response
rate or breast-conserving rate. Although the unequal dis-
tribution of cancer subtypes between the two datasets may
affect the generalizability of our model, the result of ran-
dom split analysis showed that this discrepancy hardly
affected the predictive performance of our model.

There are several criteria used to define pCR after NAC.
Here, we defined pCR as the absence of residual invasive
cancer cells in the breast or the lymph nodes (ypTO/
is -+ ypNO). pCR has also been defined as the complete
disappearance of cancer cells from the breast and the
lymph nodes (ypTO + ypNO), and as the absence of
residual cancer cells in the breast tissue, regardless of
Iymph node status (ypTO + ypNX) [23]. Therefore, we
evaluated the predictive performance of ADTree model
using these three definitions. The AUC values were 0.728
95 % CI  0.640-0.817; P value = 0.0002) for
ypTO + ypNO and 0786 (B35 % 1 0.705-0.867;
P value < 0.0001) for ypTO + ypNX in the validation

whiskers represent the [0th, 25th, 50th, 75th and 90th percentiles, and
the data below the 10th and above the 90th percentile were plotted. In
each figure, the boxes on the left side of the graph represent the
patients without pCR (non-pCR), and the boxes on the. right side
represent the patients who did achieve pCR. The model was able to
discriminate pCR from non-pCR patients at significant levels
(P value < 0.0001)

dataset. Although our model identified patients with and
without pCR at significant Ievels using both the definitions,
the accuracy of our model was decreased when the
ypTO + ypNO definition was used. The rate of pCR
determined by the ypTO + ypNO definition was lower than
that for ypT0/is + ypNO (10 vs. 16 % for the training
dataset and 15 vs. 22.5 % for the validation dataset).
Therefore, further evaluation using a larger dataset is
needed.

It has been reported that an carly clinical response to
NAC might be predictive of pCR [2, 24]. As expected, the
AUC values obtained using validation datasets increased 1o
0.820 after including the clinical responses after anthra-
cycline treatment. Therefore, the ADTree model can pro-
vide highly accurate prediction for pCR by integrating the
carly clinical response to NAC.

The sensitivity analysis suggested that ER, PgR and
HER2 were more important than the other variables.
Among the imaging features that were generally less
important than these three features, echogenic halo was the
most important. Recent studies have indicated that the
subgroup, mainly classified using ER and HER2 status, is
strongly associated with the pathological response to NAC
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number of trees, a bar graph shows the number of variables and a line
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patients who did achieve pCR. Each subgroup was defined as follows:
a Juminal type (ER-positive and any HER2 status; n = 102);
b HER2-positive type (ER-negative and HER2-positive; n = 24)
and ¢ triple-negative type (ER- and HER2-negative; n = 443

[8-10, 18]; however, predicting pCR within each pheno-
type is still challenging. The model showed relatively
higher AUC values in luminal, HER2-negative and HER2-
positive subtypes (Fig. 3). Meanwhile, the model did not
function for the triple-negative phenotype (AUC = 0.531),
which means the clinicopathological variables collected in
this study show limited potential to predict chemosensi-
tivity in this phenotype. One possible reason of this low
AUC is the heterogeneity of triple-negative populations
[25]. Thus, the identification of new variables, including
novel genomic and epigenetic markers, and new models
integrating these variables are needed to overcome this
limitation.

The missing value analysis yielded an AUC value of
0.786 (95 % CI 0.785-0.787). This value was not much
different from the result of bootstrap analysis (AUC =
0.791). It is particularly noteworthy that the difference
between the upper and lower 95 % CI values was very
small, indicating low sensitivity of the developed model to
missing values. This is one of the beneficial features of the
ensemble technique used in this study.

In the pruning analysis, the AUC values for the
validation dataset improved according to the number of
ADTrees in the prediction model {Fig. 4b). Reducing the
number of trees to six climinated many variables corre-
sponding to imaging findings. Althongh the AUC value of
the whole validation dataset remained high, the predictive
performance for the luminal and ER-negative/HER2-posi-
tive subtypes decreased (Supplementary Fig. S4), which
indicates that the variables derived from imaging findings
might contribute the most to chemosensitivity prediction in
both the subgroups.

Nomograms that use MLR to predict response to NAC
have already been introduced {12, 13, 26]. In our study,
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ADTree outperformed MLR using an identical dataset.
MLR offers some advantages, particularly the use of
fewer variables, which facilitates data collection and
interpretation of the model. These features of each mod-
elling method represent trade-offs that should be consid-
ered when applying the models. The combined use of
multiple prediction models could enhance predictive
accuracy [27]. We are currently testing the combination of
our model and available nomograms in a prospective
study.

There are several limitations of this study. Validation
using larger databases will more accurately assess the
model. The use of many features obtained from imaging
studies or physical examination would reduce the number
of users depending on the availability of the features. The
datasets obtained from multiple institutes would contribute
to strict evaluation of the model’s versatility whereas such
datasets sometimes introduce institute-dependent bias. In
this study, we used information from individual pathology
reports and the central pathology review is more preferable
to evaluate the features in a single criteria. A Web-based
interface to facilitate data input and prediction analysis,
like the MD Anderson Cancer Centre nomogram, and an
automated system to update the model will also be useful.
Biomarkers of tamour response, particularly those obtained
from midcourse biopsy samples, may increase the predic-
tive accuracy. Integration with subtype-specific biomarkers
is also needed to improve the accuracy of the developed
model. .

In conclusion, we have established a new ADTree-based
method to predict pCR after NAC using variables readily
collected before NAC. The model could use larger number
of variables with keeping high generalization ability and
showed the outperformed prediction accuracy compared
with MLR as well as was tolerant to missing values and
distribution bias in the datasets.
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