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pTyr sites corresponding to 117, 95, 111, and 87 proteins,
respectively (Supplementary Table S4). Importantly, 83
unique pTyr sites on 65 proteins identified from mass
spectrometry experiments in PC9 cells were also observed
active in human patient tissues (Supplementary Fig. S11
and Supplementary Table §5). This included: EGFR
(pTyr1172, 1197), MET (pTyr1234), SFKs including SRC
(pTyr 419), FYN (pTyr 214, 420), LYN (pTyr 32, 193, 104,
397), YES1 (pTyr223, 426), MKO1 (pTyr 187), MKO3 (pTyr
204), STAT3 (pTyr 705), and AXL (pTyr 886). These results
in human tumor tissues from patients with EGFR mutations
well validate our findings gained from cell line model,

suggesting the potential of clinical application of our find-
ings in this study.

Activation of Src or MET in human lung tumor samples
with T790M gatekeeper EGFR mutations

To validate that Src phosphorylation is indeed observed
as a target in human NSCLC samples with T790M gate-
keeper mutation, we examined the expression of phos-
phorylated Stc (Tyr 416) in tumor samples with T790M
using immunohistochemical staining. We found pSrc in
all EGFR T790M-positive tissue specimens, including 2
paired samples of pre- and post-EGFR-TKI treatment, with
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Figure 4. (Continued.) C, PC9GR and H1875 cells were treated for 72 hours with increasing concentrations of erlotinib alone, afatinib alone, dasatinib
alone, or afatinib + dasatinib. D, PCOGR and H1975 cells were treated for 72 hours with increasing concentrations of erlotinib alone, WZ4002 alone,
dasatinib alone, or WZ4002 + dasatinib. Data generated by cell viability assay (CellTiter-Glo) are expressed as a percentage of the vaiue for untreated
cells. Determinations were done in triplicate. E, PCOGR cells were infected with lentivirus expressing wild-type and mutant gatekeeper forms of
each indicated Src family kinase for 48 hours. Subsequently, cells were exposed to increasing concentrations of afatinib plus dasatinib for 72 hours,
after which cell viability was assessed by cell viability assay (CellTiter-Glo). Data are expressed as a percentage of the value for untreated cells.
Determinations were done in triplicate. Please view online version for full details.
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varied intensities and cellularity (Table 1; Fig. 5C). These
results confirmed results from cell lines that Src activity
persists in EGFR T790M-positive tumor tissues. We fur-
ther examined changes in tyrosine phosphorylated MET
expression in matched pre- and post-EGFR-TKI treatment
patient tumor tissue specimens. We found evidence for
increased tyrosine phosphorylated MET in one patient
(patient 10 in Table 1) that was not due to increased total
MET protein (Fig. 5D), whereas no evidence was found
in the second patient (patient 9 in Table 1) for which pre-
and posttreatment biopsy tissues were available for study.
These results provide further support using tumor tissues
that MET tyrosine phosphorylation can occur in T790M-
containing tissues and this can be independent of total
MET expression.

Discussion

We applied tyrosine phosphorylation profiling using
LC/MS-MS to directly compare an EGFR-TKI-sensitive
cell line versus its acquired resistance counterpart to
uncover additional resistance mechanisms and propose
cotargeting strategies to enhance the effects of agents
specifically targeting the T790M EGFR allele. To our
knowledge, this is the first such report to apply a mass
spectrometry-based phosphoproteomics approach to
compare the molecular networks between EGFR-TKI-
sensitive and -resistant pairs. The driving force behind
this approach is the limited efficacy of irreversible EGFR-
TKIs in targeting T790M, as shown in both preclinical
and clinical studies (8, 9, 12, 14-19), and the ability of
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Figure 5. (Continued.) C, evidence for activation of Src in the T790M-
positive biopsy specimens. Immunohistochemical staining was used to
detect expression of tyrosine phosphorylation Src (Tyr416) in 10 EGFR
T790M-positive tissue specimens. H score (intensity x cellularity) was
calculated for each sample, with scores 0 and 9 representing the lowest
and highest expression, respectively. Three representative x200 images
show the different levels of pSrc expression in EGFR T790M-positive
human lung specimen. D, evidence for increased MET tyrosine
phosphorylation in posttreatment T790M biopsy specimens. Proximity
ligation assays (PLA) for MET and pY100 were performed to assess MET
phosphorylation in serial biopsy specimens obtained from an
adenocarcinoma patient (right lung, lower lobe, 33 months apart). Original
biopsy confirmed EGFR exon21 L858R mutation; rebiopsy confirmed
1.858R/T790M mutation. Top, evidence of MET-pY PLA signal in
pretreatment biopsy, while clusters of highly phosphorylated MET are
observed in the posttreatment biopsy. MET-pY PLA was localized to
cytokeratin (+)-staining regions (data not shown). Bottom, increased
MET-pY PLA signal is not due to increased total MET protein.

other tyrosine kinases, especially RTKs, to limit EGFR-TKI
efficacy. Through a systematic interrogation of pTyr pep-
tides and proteins using LC/MS-MS, we identified both
RTKs and non-RTKs able to be recruited to confer erlo-

tinib sensitivity. In PCIGR cells, we identified higher
levels of pTyr peptides corresponding to MET signaling,
including more MET, ROR1, and Gab1/2 proteins. Inter-
estingly, this coordinated activation of MET signaling
was not secondary to MET gene amplification, as our
FISH results revealed no amplification of the MET gene.
The results with the basal phosphoproteome corre-
sponded to HGF's strong effects in protecting both PC9
and PCIGR cells from erlotinib or afatinib, respectively.
In addition, these results suggest a form of "lineage"
addiction, whereby resistant cells with T790M can carry
forward RTKs that can cooperate to drive resistance.
Importantly, these results suggest that interrogating pro-
tein activation status or network signaling may highlight
proteins that play a role in protecting cells against EGFR-
TKI, especially when in a microenvironment rich with
cognate growth factor ligands. Despite observing more
AXL pTyr peptides in PCIGR cells, we demonstrated no
ability of AXL pathway activation by Gas6 ligand to drive
resistance to either erlotinib or afatinib. The reasons for
this are not clear, but one limit of our approach was the
lack of absolute measurements of pTyr peptides. It is
possible that, compared with MET or IRS2 pTyr peptides,
pTyr peptides corresponding to AXL are far lower in
absolute amount and thus are inefficient to compete for
downstream signaling effectors. It will be interesting and
important to determine how basal phosphoproteome
measurements can predict the effects of growth factor
protection against targeted agents. As AXL signaling still
remains poorly understood, another explanation for our
results could be the limited or absence of key adaptors or
other effector proteins involved in AXL signaling.
Using pTyr peptide data obtained from both PC9 and
PCIGR cells exposed to erlotinib, we identified proteins
downstream of EGFR in these cells with mutant gain-of-
function EGFR proteins. One of the more interesting
findings was that nearly half of the statistically significant
pTyr peptides were increased in abundance following
erlotinib treatment. It is increasingly recognized that
signaling pathways display large amounts of crosstalk
and that adaptive resistance mechanisms have been
observed in cells exposed to targeted agents (41). Our
results match our investigations using purified Src
homology-2 domains to profile tyrosine kinase signaling
in lung cancer cells, where we observed increased pTyr
signaling in multiple lung cancer cells exposed to TKIs
(42). Similar events have also been observed in crizoti-
nib-treated EML4-ALK cells and dasatinib-treated DDR2-
mutant lung cancer cells, arguing that these paradoxical
changes are consistent across multiple tumor types and
kinase inhibitors (unpublished observations). The
underlying mechanisms of these changes require addi-
tional study, as they could be important in promoting
adaptive resistance to targeted agents and could in some
cases cooperate with microenvironmental factors, such
as growth factors, to limit TKI efficacy. Collectively, these
results suggest that cell intrinsic (receptors, signaling
proteins) and extrinsic (ligands) factors can collaborate
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Table 1. Src phosphorylation detected in human NSCLC samples with T790M gatekeeper mutation
Patient ID EGFR mutant H score Intensity Cellularity
1 T790M/LB58R 3 1 3

2 T790M/19del(E746-A750) 4 2 2

3 T790M/18del(E746-A750) 6 2 3

4 T780M/L858R 6 2 3

5 T790M/19del(E746-A750) 6 2 3

6 T790M/18del(E746-A750) 9 3 3

7 T790M/18del(E746-A750) 9 3 3

8 T790M/LB58R 9 3 3

9 (Pre-TKl 19del(E746-A750) 9 3 3

9 (Post-TKI) T790M/19del(E746-A750) 9 3 3

10 (Pre-TKl) L858R 4 2 2

10 (Post-TKI) T780M/L858R 9 3 3

NOTE: Patient 9 was treated with "gefitinib and erlotinib." Patient 10 was treated with "gefitinib and erlotinib 4+ ARQ197 (MET-TKI)."

to drive resistance (o kinase inhibitors in a systems-level
manner.

Our phosphoproteomics analyses in PC9 and PCIGR
cells demonstrated that SFKs are also critical as an EGFR-
independent cosignal in NSCLC cells with T790M. These
results were enabled by tyrosine phosphorylation profil-
ing combined with analysis of proteins based on known
protein-protein interactions. We validated the inferences
derived from the phosphoproteomics by showing
that afatinib combined with dasatinib resulted in antitu-
mor activity regarding cell proliferation and apoptosis in
PCIGR, H1975, HCC4006-T790M, and HCC827-T790M
cells (each harboring T790M). These results appear to be
generalized (o additional T790M EGFR-TKIs, as dasatinib
demonstrated similar combination effects with the
T790M-selective EGFR-TKI WZ4002 (40). We did not
observe combination effects with afatinib plus dasatinib
compared with either agent alone in cells with TKI-sen-
sitive EGFR mutation only (PCY, HCC4006, and HCC827
cells) or wild-type EGFR (H460, A549, and H1299 cells).
The enhanced apoptosis with combined afatinib and
dasatinib in the cells with T790M translated into
improved in vivo effects on tumor growth in PCIGR cells.
Collectively, our results suggest that dasatinib can be
generally used as a combination therapy with irreversible
or T790M-selective EGFR-TKIs for patients with NSCLC
who acquired EGFR-TKI resistance associated with
T790M.

As our approach was limited to examining the tyrosine
phosphoproteome, we were unable to detect serine/thre-
onine signaling including mTOR/AKT or MEK/Erk path-
ways both of which are also essential for carcinogenesis.
Previous studies have indicated that mTOR inhibitor
combined with MEK inhibitor or irreversible EGFR-TKI
is potential strategy to overcome T790M (21, 43). Further
studies examining the global phosphoproteome, such as
with immobilized metal affinity chromatography which

can detect serine/threonine phosphopeptides (44), could
identify other proteins and pathways that may play roles
in EGFR TKI resistance.

Although single-agent dasatinib has no activity in
patients with NSCLC with TKI-sensitive EGFR mutation
who acquired resistance to EGFR-TKI (45), our results
suggest a role for SFKs in maintaining downstream sig-
naling despite irreversible EGFR-TKIs and support further
studies of irreversible EGFR-TKIs combined with dasati-
nib in patients with NSCLC who acquire resistance to
EGFR-TKI. Sic is known o be both an upstream activator
and a downstream mediator of EGFR, and its phosphor-
ylation is detected in about one-third of lung cancer
tumors (46, 47). Although MET activation might not be
always observed in the presence of T790M based on our in
vitro and tumor tissue analysis, pSrc seems to be generally
detected in our NSCLC tumor samples harboring T790M,
consistent with our results of cell models. In addition, our
mass spectrometry data from tumor samples with TKI-
sensitive EGFR mutation demonstrated a high degree of
overlap with results from cell models, thereby validating
the overall approach. These results from tumor samples
suggest that our results from lung cancer cell line models
are applicable to translate in to the clinic. Our previous
chemical and phosphoproteomic characterization iden-
tified nearly 40 different kinase targets of dasatinib and
showed that SRC, FYN, and EGFR are relevant targets [or
dasatinib action in NSCLC (32). Our recent phase I/II
study showed that dasatinib combined with erlotinib is
tolerable, with 63% of patients with advanced NSCLC
showing disease control, including two having partial
response and one having bone response (48). Another
group also showed that dasatinib combined with erloti-
nib is safe and feasible in NSCLC (49).

On the basis of these clinical studies along with the
experiments reported here, dasatinib has potential clinical
activity in NSCLC treatment, but this is limited to
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combinations with T790M-targeted agents and in genotype-
specific patients. This will be formally tested in a phase I trial
of afatinib and dasatinib (NCT01999985). Our results also
highlight the ability of phosphoproteomics to identify other
important mediators of drug sensitivity, and examination of
these proteins may be important in clinical studies of
T790M-targeting agents.
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Abstract Several trials have confirmed that the pathological
complete response (pCR) rates after neoadjuvant chemother-
apy (NAC) are significantly lower in HER2-positive/ER-posi-
tive patients than in HER2-positive/ER-negative patients. To
understand this phenomenon, we investigated the association
between NAC resistance and CCNDI, which is frequently
overexpressed in ER-positive tumors. Pretreatment formalin-
fixed tumor tissues were collected from 75 HER2-positive
patients receiving NAC comprised anthracyclines, taxanes, and
trastuzumab. Seventeen gene transcripts along with PIK3CA
mutations were detected using MassARRAY (Sequenom, San
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Diego, CA). The gene expression levels were dichotomized
according to the median values. The immunohistochemical
expression of ER, PTEN, BCL-2, and cyclin D1 was scored.
The relationship between the variables was assessed using the
Spearman correlation. A logistic regression analysis was per-
formed to detect predictors of pCR, which was defined as no
invasive tumor in the breast or axilla. Forty-seven percent of the
cases were ER-positive and 52 % (40/63 % in ER-positive/ER-
negative) achieved a pCR. Among the ER-positive patients, the
CCND1 gene expression level was 2.1 times higher than that in
ER-negative patients and was significantly correlated with the
expression of cyclin D1 protein. In a univariate analysis, a pCR
was associated with high mRNA levels of ESRI, PGR, LMTK3,
HER?2, IGFIR, INPP4B, PDL-1, BCL-2, and CCNDI (P <
0.05). In contrast, none of these genes were significantly cor-
related with a pCR among the ER-negative tumors and only
EGFR was significantly correlated with a pCR. PIK3CA
mutations or PTEN loss were not associated with a pCR in
either group. After excluding ESRI (r = 0.58), PGR (r =
0.64), and IGFIR (r = 0.59), the expressions of which were
correlated with CCNDI, a multivariate analysis revealed that
CCNDI [P = 0.043; OR, 0.16] and HER2 [P = 0.012; OR,
11.2] retained its predictive value for pCR among ER-positive
patients, but not among ER-negative patients. A High
Level of CCNDI gene expression is a poor predictor of a pCR
and provides a rationale for evaluating CDK4/6 inhibitors in
HER2-positive/ER-positive breast cancer patients.

Keywords CCND! - cyclin D1 - HER2 - ER -
Pathological complete response - MassARRAY

Introduction

A pathological complete response (pCR) after neoadjuvant
chemotherapy (NAC) predicted the long-term outcome in
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two meta-analyses [1, 2]. In human epidermal growth
factor receptor 2 (HER2)-overexpressing breast cancer,
the addition of trastuzumab to chemotherapy resulted in a
pCR rate nearly twice that compared with chemotherapy
alone [2]. However, even after NAC with trastuzumab,
several trials [3-5] and a meta-analysis [2] have shown
that pCR rates are consistently and significantly 12-20 %
lower in HER2-positive/ER-positive patients than in
HER2-positive/ER-negative patients. In the Translational
Breast Cancer Research Consortium 006 (TBCRC 006)
trial [6], neoadjuvant lapatinib and trastuzumab with
hormonal therapy and without chemotherapy in HER2-
positive/ER-positive breast cancer patients yielded a pCR
rate of 21 %. Although this study indicated the importance
of blocking both HER2 and ER, predictive biomarkers or
new agents to combat the endocrine resistance resulting
from the relatively low pCR rate are still needed.

Crosstalk between ER and growth factor receptors such
as HER3 [7, 8], IGFIR [7], EGFR [8, 9], and FGFR1 [10]
has been implicated as part of this resistance mechanism,
and Bcel-2 [11], SRC-1 [12], FOXAT1 [13], LMTK3 [14],
and cyclin D1 [15] have been identified as ER regulators.
Moreover, several PI3 K pathway genes are related to
trastuzumab resistance, including PIK3CA mutations [16,
171, PTEN [17], INPP4B [18], and DUSP4 [19]. There-
fore, in HER2-positive patients receiving NAC with
trastuzumab, the precise mechanism and promising
molecular targets of endocrine resistance remain unclear.

Cyclin D1 is a key mediator of cell cycle progression that
is overexpressed in approximately 50 % of breast cancer
specimens with the corresponding CCND/ gene amplified
in 15 % [20]. Cyclin D1, which has been shown to bind and
activate ER [15], binds to cyclin-dependent kinase CDK4/6
[21, 22] and activates CDK4 [23], therefore, it could be a
potential molecular biomarker of CDK4/6 inhibitors
including palbociclib, which has received a breakthrough
therapy designation for ER-positive breast cancer from the
Food and Drug Administration (FDA).

Based on this background information, we conducted a
hypothesis-generating study using MassARRAY analyses
of 17 gene transcripts mentioned above and PIK3CA
mutations in addition to immunohistochemical analyses to
investigate the predictive value of CCNDI in resistance to
NAC with trastuzumab for patients with HER2-over-
expressing breast cancer.

Patients and methods
Patients

Formalin-fixed paraffin-embedded (FFPE) pretreatment
biopsy tissues were collected from 75 subjects diagnosed as
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having stage 1-III HER2-positive breast cancer at the Hy-
ogo Cancer Center between 2006 and 2013. All the patients
received neoadjuvant chemotherapy with FEC (5-FU
[500 mg/m’], epirubicin [100 mg/m?*], and cyclophospha-
mide [500 mg/m’]) every 3 weeks for four cycles followed
by trastuzomab and taxane (paclitaxel or docetaxel) and
subsequent surgery. The weekly paclitaxel plus trast-
uzumab regimen consisted of the weekly administration of
paclitaxel (80 mg/m”) and trastuzumab (at a loading dose
of 4 mg/kg, followed by 2 mg/kg) for 12 cycles. The tri-
weekly docetaxel plus trastuzumab regimen consisted of
the triweekly administration of docetaxel (75 mg/mz) and
trastuzumab (at a loading dose of 8§ mg/kg, followed by
6 mg/kg) for four cycles. Tissues were obtained under
written general consent for discarded tissues, and the
present study was approved by the institutional review
board at the Hyogo Cancer Center and Kinki University
Hospital. pCR was defined as no invasive tumor in the
breast or axilla.

Tissue macrodissection, DNA, and RNA isolation

Five-micrometer-thick sections were prepared and stained
with hematoxylin and eosin (H&E). Nine additional sec-
tions with a 5-um thickness were cut, mounted onto glass
slides, and used for macrodissection. Tumor areas corre-
sponding to the sampled H&E-stained section were scraped
off with a disposable scalpel to ensure a minimum of 70 %
of the tumor cells. The samples were collected into plastic
tubes.

DNA and RNA were prepared using the AllPrepDNA/
RNA FFPE kit (Qiagen, Valencia, CA). DNA/RNA quality
and quantity were determined using NanoDrop spectro-
photometry (NanoDrop Technologies, Wilmington, DE).
RNA was reverse transcribed to produce cDNA.

Quantitative gene expression analysis

The gene expression levels were assayed for 75 tumor
samples using the MassARRAY system (Sequenom, San
Diego, CA) [24, 25]. The MassARRAY technology
involves a three-step process composed of real-time com-
petitive PCR, primer extension, and matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry separation of products on a matrix-loaded
silicon chip array to detect several initial molecules.

For the competitive RT-PCR, all the assays and their
competitive template (90-110 bp) at known quantities
were plexed into a single reaction mix, using the Sequenom
iPLEX mass spectrometry platform. Six reactions for each
individual cDNA species were performed using six serial
dilutions of the competitor, ranging from 107'% to 1073
M. In this manner, a single base change can then be
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discriminated from the target allele using a primer exten-
sion reaction with product resolution according to the mass.
The results of spectra were analyzed using QGEAnalyzer
software (Sequenom). When the peak areas of the tar-
get allele and competitive template allele were equal, the
concentrations of the two molecules were at a 1:1 ratio,
representing the amount of target DNA in the reaction. The
MassARRAY analysis is very specific, since a given pri-
mer extension product can be discerned down to a reso-
Iution of 40 Daltons. Moreover, the expression levels
evaluated using the MassARRAY are directly correlated
with real-time PCR expression data [25].

Eighteen target genes and two internal controls were
designed into separate multiplexed assays using the
MassARRAY QGE assay design software (Sequenom, CA)
based on the transcript sequences found at the Ensembl
genome browser (http://www.ensembl.org/Homo_sapiens/
index.html). The target gene panel was comprised
of growth factor receptors (EGFR, HER2, HER3, IGFIR,
FGFR), ER-related genes (ESRI, PGR, FOXAI, LMTK3),
PI3 K pathway genes (PTEN, INPP4B, SRC-1, DUSP4),
T-cell regulators (CD274[PDL-1], PDCDI[PD-1],CTLA-4),
and oncogenes (BCL-2, CCNDI[cyclinD1]). The primers
for the gene expression analysis are listed in Table 1. Of
the 18 genes, PDCD] was undetectable in more than half
of the samples, and was filtered out in subsequent analysis.
The internal control genes used for normalization were
GAPDH and B2-microglobulin. The normalization factor
was calculated for each sample using the GEOMEAN
function according to the validated algorithm [26], then
every expression value was corrected by its sample-specific
correction factor. The final gene expression levels were
dichotomized according to the median values.

Mutation detection by the MassARRAY system

We analyzed 25 somatic mutations in PIK3CA, PIK3RI,
AKTI, HER2, GATA3, and HER? from 10 ng of DNA in 75
samples using the iPLEX Pro genotyping assay (Seque-
nom). These mutations were selected from public databases
including the NCI somatic mutation data base (http:/tcga-
data.nci.nih.gov/docs/somatic_mutations/tcga_mutations.
htm) and COSMIC (http://www.sanger.ac.uk/genetics/
CGP/cosmic/). The iPLEX assay involves a three-step
process composed of a multiplexed PCR step to amplify a
100-150-bp fragment spanning the mutation of interest,
then removes unincorporated primers and deoxyribonu-
cleotide triphosphates (dNTPs) using ExoSAP available as
part of the iPLEX Pro kit, followed by a single-base primer
extension assay using the iPLEX Pro Taq. The extension
primers were designed for the region immediately adjacent
to the mutation site and were extended by a single nucle-
otide at the mutation site, dependent on the template

105

sequence [wild type or mutant]. The allelic-specific "dif-
ference in mass between the extended products, was
measured using MALDI-TOF. The data analysis was per-
formed using MassArray Typer Analyzer software 4.0.4.22
(Sequenom), which compares the peaks of the wild type
and all suspected mutations. Reactions with >10 % of the
detected mass corresponding to the mutated allele were
regarded as being positive for mutations. Then a mutation
report was generated detailing the specific mutations and
the ratios of wild type and mutation peaks with the corre-
sponding confidence levels. When a mutation was detected
with a low confidence, the spectra were visually checked
and abnormal peak was removed from the mutation report
manually. Multiplexed assays were designed using the
Assay Design Sequenom software. The PCR primers and
extension primers for the various mutations are described
in Supplementary Table 2.

Immunohistochemical (IHC) analysis

An HER2-overexpression status was defined as a 3+ stain-
ing intensity, that is, more than 10 % of the cancer cells were
markedly positive according to IHC using the DAKO Her-
ceptTest (DAKO, Glostrup, Denmark) or as the presence of
HER?2 gene amplification, that is, a HER2/CEP17 signal ratio
of 2.0 according to the fluorescent in situ hybridization
(PathVysion FISH; Abbott, Abbott Park, IL).

Biomarker expression based on the IHC assays was
scored by two pathologists (T.S for ER, PTEN, and BCL-2
and K.K for cyclin D1), who were unaware of the patients’
clinical data. Immunostaining for ER and cyclin D1 was
performed on a Ventana Autostainer (Ventana Medical
Systems, Tuscon, AZ) using standard laboratory protocols.
Briefly, the slides were dried at 60 °C for 1 h and depa-
raffinized using EZ Prep (Ventana Medical Systems) at
75 °C for 4 min. The cells were conditioned (heat pre-
treatment) using a CC1 solution containing Tris/borate/
ethylenediaminetetraacetic acid at 100 °C for 60 min.
Endogenous peroxidase was blocked with 1 % hydrogen
peroxidase (H202) at 37 °C for 4 min. The antibody for
ER (Ventana, SP1, diluted solution) or Cyclin D1 (Nic-
hirei, SP4, 1:2) was incubated at 37 °C for 32 min. Anti-
body incubation for Cyclin D1 was followed by 8 min
incubation with Amplifier A (Ventana) and 8 min incuba-
tion with Amplifier B (Ventana). Blocker A and B (Ven-
tana) were added for 4 min, respectively. Signals were
detected using an i-view DAB detection kit (Ventana
Medical Systems) based on the labeled streptavidin—biotin
method. The protocol for using the kit included treatment
with biotinylated immunoglobulin (8 min), streptavidin-
horseradish peroxidase (8 min), diaminobenzedine (chro-
mogen -+ substrate) (8 min), and copper (4 min) at 37 °C.
Immunostaining for PTEN and Bcl-2 was detected using
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Table 1 PCR (F, forward; R, reverse) and extension (EXT) primers for quantitative gene expression analysis

Gene

F primer

R primer

EXT Primer

EGFR
DUSP4
FGFRI
LMTK3
IGFIR
INPP4B
PDCDI
CTLA
PGR
CCND1
NCPOA1
PTEN
GAPDH
ERBB3
ESRI
B2M
BCL2
ERBB2
FOXAI
CD274

ACGTTGGATGGTATGCACTCAGAGTTCTCC
ACGTTGGATGCGACATCTGCCTGCTCAAAG
ACGTTGGATGCATCAACCACACATACCAGC
ACGTTGGATGAGATGGGTTTCCCAGCAACG
ACGTTGGATGAGTCGTTGCGGATGTCGATG
ACGTTGGATGAGACATCGTCTTCAGCCAAG
ACGTTGGATGTTCGGTCACCACGAGCAGG
ACGTTGGATGTTTCTCCTCACAGCTGTTTC
ACGTTGGATGGAGCTCACAGCGTTTCTATC
ACGTTGGATGTGCATCTACACCGACAACTC
ACGTTGGATGATCTTGAGGAGAAAGCCCAC
ACGTTGGATGAAAGACATTATGACACCGCC
ACGTTGGATGTTAAAAGCAGCCCTGGTGAC
ACGTTGGATGTCATGGGCAAATTCTCGAGG
ACGTTGGATGAGGGAGAGGAGTTTGTGTGC
ACGTTGGATGCGAGACATGTAAGCAGCATC
ACGTTGGATGTACAGTTCCACAAAGGCATC
ACGTTGGATGACAGCTGGTGGCAGGCCAGG
ACGTTGGATGATGAAACCAGCGACTGGAAC
ACGTTGGATGGTTTGTATCTTGGATGCCAC

ACGTTGGATGAGGGAATGCGTGGACAAGTG
ACGTTGGATGGGGCCTTGGTTTTAGAACAG
ACGTTGGATGTGTTTTGTTGGCGGGCAACC
ACGTTGGATGGGAAATCCTCCGCCCACTC
ACGTTGGATGTCCTGTTTCTCTCCGCCGC
ACGTTGGATGGCCTGGGTCATACAGACTTG
ACGTTGGATGTGCTACAACTGGGCTGGCG
ACGTTGGATGGGCATTTTCACATAGACCCC
ACGTTGGATGTTCAAGCAGTACAGATGAAG
ACGTTGGATGTCCACTTGAGCTTGTTCACC
ACGTTGGATGCAAAGTCCAGACATGCAACC
ACGTTGGATGTCTAGCTGTGGTGGGTTATG
ACGTTGGATGCACATCGCTCAGACACCATG
ACGTTGGATGCGAAATTATAGCCGAGGAGG
ACGTTGGATGCCTTCTCTTCCAGAGACTTC
ACGTTGGATGAGCAAGCAAGCAGAATTTGG
ACGTTGGATGGGATGACTGAGTACCTGAAC
ACGTTGGATGACCAAGCTCTGCTCCACACT
ACGTTGGATGTGAGTTCATGTTGCTGACCG
ACGTTGGATGTATGCCTTGGTGTAGCACTG

CTTGGCTCACCCTCCAG
CTGCTCAAAGGCGGCTA
TGGATGTCGTGGAGCGG
TACAGCGGCTTTGGAGGC
CCGGCCCGCAGATTTCTCC
TCAGCCAAGCACTTGCTGG
GGTGTCTGGGGAGTCTAAG
TTTGAGCAAAATGCTAAAGA
GATAACTTGCATGATCTTGTC
TAGAGGAGCTGCTGCAAATGG
CAGCCCACTGTGCTCCCTGTCG
GAATTTAATTGCAGAGTTGCAC
ACAATACGACCAAATCCGTTGAC
TCAAATTCTCGAGGCTCCCCATTC
CTTATTTTGCTTAATTCTGGAGTG
GTAAGCAGCATCATGGAGGTTTGA
AAAGTTCCACAAAGGCATCCCAGCC
CGGCCAGGCCCTCGCCCACACACTCG
ACTACGCAGACACGCAGGAGGCCTAC
GTTTCACATCCATCATTCTCCCTTTTC

1R01], SO J90uB)) ISBAIg
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Table 2 PCR (F, forward; R, reverse) and extension (EXT) primers for mutations analysis

Well Gene Expected aminoacid substitutions F primer R primer EXT Primer

Wi PIK3CA E542 K ACGTTGGATGGCAATTTCTACACGAGATCC ACGTTGGATGTAGCACTTACCTGTGACTCC CACGAGATCCTCTCTCT

Wi AKTI EI7 K ACGTTGGATGTCTGACGGGTAGAGTGTGC ACGTTGGATGTTCTTGAGGAGGAAGTAGCG CCCGCACGTCTGTAGGG

Wi HER2 V8421 ACGTTGGATGTACATGGGTGCTTCCCATTC ACGTTGGATGGACTCTTGACCAGCACGTTC TGGAGGATGTGCGGCTC

Wi PIK3CA HI047Y ACGTTGGATGCATTTTTGTTGTCCAGCCAC ACGTTGGATGTCGAAAGACCCTAGCCTTAG GTTGTCCAGCCACCATGAT

Wi PIK3CA Q546R ACGTTGGATGTAGCACTTACCTGTGACTCC ACGTTGGATGGCAATTTCTACACGAGATCC CTCCATAGAAAATCTTTCTCC

Wi PIK3CA C420R ACGTTGGATGCCTTTTGGGGAAGAAAAGTG ACGTTGGATGAGTTTATATITCCCCATGCC TTCTTTGTTTTTTAAGGAACAC

Wi PIK3RI N345 K ACGTTGGATGGGGTTATAAATAGTGCACTC ACGTTGGATGGCATCAGCATTTGACTTTACC AATTCTTTGTGCAACCTACGTGAA

Wi HER2 D769H/Y ACGTTGGATGTGAAAATTCCAGTGGCCATC ACGTTGGATGTCCTTCCTGTCCTCCTAGC CCCCCAAAGCCAACAAAGAAATCTTA

w2 GATA3 G315delGGinsAGC ACGTTGGATGTCTCTCCCCACTCTCAGTCT ACGTTGGATGTTGTGGTGGTCTGACAGTTC TGCAGCCAGGAGAGCAG

w2 PIK3CA E545 K ACGTTGGATGTACACGAGATCCTCTCTCTG ACGTTGGATGTAGCACTTACCTGTGACTCC CCTCTCTCTGAAATCACT

w2 HER2 V777L ACGTTGGATGTTGTCCCCAGGAAGCATACG ACGTTGGATGAGAAGGCGGGAGACATATGG AGCATACGTGATGGCTGGT

w2 GATA3 R331delAGG ACGTTGGATGAACTGTCAGACCACCACAAC ACGTTGGATGTGAAGCTTGTAGTAGAGCCC CACAACCACACTCTGGAGGA
R331insTGGAGGA

w2 PIK3CA D440G ACGTTGGATGTGGGATGTGCGGGTATATTC ACGTTGGATGCTTTCTAGGATCAAGTTGTC TTTCCCTACAGCTTCAATATTA

w2 HER2 S310F ACGTTGGATGCTGTCACCTCTTGGTTGTGC ACGTTGGATGAGACAACTACCTTTCTACGG GCAGGGGGCAGACGAGGGTGCAG

w2 GATA3 P409insG ACGTTGGATGTCAGCATGTGGCTGGAGTG ACGTTGGATGAGAACAGCTCGTTTAACCCG CATGTGGCTGGAGTGGCTGAAGGGC

W3 GATA3 R399delGA ACGTTGGATGAGAACAGCTCGTTTAACCCG ACGTTGGATGTCAGCATGTGGCTGGAGTG CCCGGCCGCCCTCTCCA

W3 HER2 L7558 ACGTTGGATGTGAAAATTCCAGTGGCCATC ACGTTGGATGTCCTTCCTGTCCTCCTAGC CAGTGGCCATCAAAGTGT

w3 PIK3CA ES45A/G ACGTTGGATGTACACGAGATCCTCTCTCTG ACGTTGGATGTAGCACTTACCTGTGACTCC CCTCTCTCTGAAATCACTG

W3 HER2 G309A/E ACGTTGGATGAGACAACTACCTTTCTACGG ACGTTGGATGCTGTCACCTCTTGGTTGTGC CTACCTTTCTACGGACGTGG

w3 PIK3CA HIO47R/L ACGTTGGATGTCCATTTTTGTTGTCCAGCC ACGTTGGATGTCGAAAGACCCTAGCCTTAG TTTTGTTGTCCAGCCACCATGA

198unidg @
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the EnVision™ 4system (DAKO, Copenhagen, Denmark).
Formalin-fixed, paraffin-embedded sections were depa-
raffinized in xylene and rehydrated in a series of graded
concentrations ol ethanols. Heat-induced epitope retrieval
using Target Retrieval Solution, pH9 (DAKO, Copenha-
gen, Denmark) was performed at 98 °C for 30 min and
then cooled at room temperature for 20 min. Endogenous
peroxidase was blocked in 3 % hydrogen peroxide in water
for 5 min. The sections were then rinsed with TBS-
Tween20 (TBS containing 0.1 % Tween20), treated with
protein block (DAKO, Copenhagen, Denmark) for 10 min
to block nonspecific background staining, and incubated
with mouse monoclonal antibodies against PTEN (DAKO,
clone 6H2.1, 1:100) or Bcl-2 (DAKQ, clone 124, 1:200)
overnight at 4 °C. The sections were rinsed with TBS-
Tween20 and incubated with secondary goat anti-mouse
antibody (DAKO, HRP labeled polymer) at room temper-
ature for 30 min. The color reaction was developed using
3,3’-diaminobenzidine for 5 min. The sections were then
counterstained with Meyer’s hematoxylin and mounted.
Only nuclear staining was considered to be specific in
IHC for ER and cyclin D1. ER was classified as positive if
more than 1 % of the cancer cell nuclet were stained
regardless of the staining intensity and was scored as fol-
lows: 0, 0 %,; 1, 1-9 %; 2, 10-49 %; or 3, >50 %. These
criteria were modified from the J-score, which provide
results that are very similar to Allred score [27]. Cyclin D1
was scored by staining intensity (0, negative; 1, weak; 2,
moderate; and 3, strong staining) and the percentage of
positive cells (0, none; 1, <1 %; 2, 1-10 %; 3, 10-33 %; 4,
33-67 % and 5, >67 %.) according to a previous report
[28]. The proportion and intensity scores were then added
to obtain a total score, which ranged from O to 8. The
tumors were then categorized into three groups: negative/
weak expression (total score, 0-2), intermediate expression
(total score, 3-5), and strong expression (total score, 6--8).
PTEN and BCL-2 staining were located mainly in the
cytoplasm and were scored semiquantitatively on staining
intensity (0, negative; 1, weak; 2, moderate; and 3, strong
staining) and percentage of positive cells (0, <1 %; 1,
1-10 %; 2, 11-50 %; 3, 51-80 %; and 4, >80 %)
according to the previous reports [29, 30]. The PTEN or
BCL-2 IHC score was calculated as (staining inten-
sity) x (percentage of positive cells). PTEN loss was
defined as an THC score of 3 or less [30, 31]. The BCL-2
expression scores were categorized into four groups: neg-
ative (score of 0-2), weak (score of 3-4) intermediate
(score of 6-8), and strong expression (score of 9-12).

Statistical methods

The Spearman rank correlation analysis was used to assess
the correlation between the transcriptional expression
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Table 3 Patient characteristics

Characteristics Alln =75 ER-negative ER-positive
(%) n = 40 (%) n =35 (%)
Median age, years 58 (26-71) 58 (40-69) 58 (26-71)
Histology
Invasive ductal 7397) 39 (97) 34 (97)
carcinoma
Apocrine 23 1(3) 1 (3)
carcinoma
Primary tumor
T1-2 59 (79) 27 (67) 32 91
T34 16 21 13 (33) 39
Axillary node
NO 1307 6 (15) 7 (20)
NI-3 62 (83) 34 (85) 28 (80)
Stage
I 2(3) 0O 2 (6)
11 43 (57) 20 (50) 23 (66)
m 30 (40) 20 (50) 10 29
PgR THC positive 12 (16) 0 12 (34)
Neoadjuvant regimens
FEC and PTX with 68 (91) 37 (93) 31 (89)
trastuzumab
FEC and DTX with 7 (9) 3(8) 4.(11)
trastuzumab
pCR (ypT0/is ypNO) 39 (52) 25 {63) 14 (40)

HR hormonal receptor, ER estrogen receptor, PgR progesterone
receptor, FEC, 5-FU epirubicin and cyclophosphamide, PTX paclit-
axel, DTX docetaxel, pCR pathological complete response

levels of CCNDI and other genes, which were treated as
continuous variable. The P value indicates the level of
significance. An analysis of predictors of pCR among gene
expression, mutation, and clinicopathological parameters
stratified according to the ER protein status was performed
using logistic regression analysis. Excluding genes whose
expressions were highly correlated with CCNDI, variables
with P values of < 0.05 in univariate analysis of patients
with ER-positive tumors were included in the multivariate
analysis. All the statistical analyses were performed using
IBM SPSS Statistics 20 (Armonk, NY, USA).

Results

The patient characteristics are shown in Table 3. Almost
all the patients had stage II or III disease. Forty-seven
percent of the patients had HER2-positive/ER-positive
tumors. The pCR rates were 52 % for all 75 patients, and
40 % for in the ER-positive patients; this latter value was
significantly lower than the value of 63 % observed for
ER-negative patients (P = 0.054, odds ratio [OR] 0.40
[95 % CI 0.16-1.02)).
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Gene expression analysis and correlation with THC
protein expressions

In an expression analysis of 1,275 genes (17 genes, 75
samples), 1,245 (97.6 %) were successfully analyzed. For
the HER2-positive/ER-positive tumors, the median
CCNDI and BCL-2 levels (3,540 and 141 molecules) were
2.1 and 2.2 times higher than those for the HER2-positive/
ER-negative patients (1,714 and 63.0 molecules), respec-
tively. Representative staining patterns of PTEN, cyclin
D1, and BCL-2 protein expression are shown in Fig. 1.

The transcriptional mRNA expression of ESR] ranged
from 5.6 to 9,405.0 (median, 95.0) and was highly corre-
lated with the THC classification of ER protein expression
(Spearman’s rho = 0.78; P < 0.001). Figure 2a shows the
ESRI mRNA levels in different THC scoring groups. The
correlation between ESR1 gene expression (> median) and
pCR was marginally significant (P = 0.062; OR 041
[95 % CI 0.16-1.05]), which was very similar to that of ER
protein expression.

The correlations between the gene and protein expres-
sion levels of cyclin D1 or BCL-2 were also significant
(Spearman’s rho = 0.53; P < 0.001 or 0.50; P < 0.001,
respectively) and are shown according to the IHC scores in
Fig. 2b, c, respectively. In the PTEN IHC analysis, 12
tumors (16 %) were classified as exhibiting PTEN loss.

Mutation analysis

The overall incidence of PIK3CA mutations was 33 % (25
tumors), with 25 % (19 tumors) occurring at the three
hotspot sites of E545 K, E542 K, and H1047R and 8 % (6
tumors) consisting of rare mutations (H1047L, N345 K and
C420R). No difference was identified in the PIK3CA
mutation rate between ER-positive tumors (13/35, 37 %)
and ER-negative tumors (12/40, 30 %). Only one mutation
at HER2 (V842I) was found in a patient with an ER-
positive tumor; this patient did not achieve a pCR and
relapsed and died at 7 and 41 months after diagnosis,
respectively. GATA3 (R331delAGG) was found in one
patient with an ER-positive tumor who achieved a pCR.
Because of the low mutation rate, the predictive signifi-
cance of the HER2 or GATA3 mutation could not be
determined. No AKT1 (E17 K) mutation was found.

Predictors of pCR based on a logistic regression
analysis

We conducted separate evaluations of ER-positive and ER-
negative tumors using logistic regression analysis
(Table 4). In the HER2-positive/ER-positive tumors, a
pCR was associated with high mRNA levels of ESRI,
PGR, LMTK3, HER2, IGFIR, INPP4B, CTLA4, PDL-I,
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BCL-2, and CCNDI. In contrast, none of these genes were
significantly correlated with a pCR in the HER2-positive/
ER-negative tumors and only EGFR was significantly
correlated with a pCR. PIK3A mutations or PTEN loss as
determined using IHC were not associated with a pCR in
either group.

In the HER2-positive/ER-positive tumors, a Spearman
rank correlation analysis was used to assess the correlation
between the transcriptional expression levels of CCNDI
and other genes, which were regarded as continuous vari-
ables (Table 5). CCNDI gene expression was significantly
correlated with ESRI (r = 0.58), PGR (r = 0.64), and
IGFIR (r = 0.59); thus, PDL-1, CTLA4, HER2, INPP4B,
BCL-2, and CCND1 were tested in the multivariate model.
CCNDI [P = 0.043; OR, 0.16 (0.03-0.94)] and HER2
[P =0.012; OR, 11.2 (1.7-73.7)] retained a predictive
value for pCR (Table 6).

Discussion

Recently, Denkert et al. [32] demonstrated that HER2
mRNA expression in a neoadjuvant setting was associated
with a pCR in patients with HER2-positive/ESR1-positive
tumors, but not in those with HER2-positive/ESR1-nega-
tive tumors. Our data also showed similar results, with an
association between HER2 mRNA expression and a pCR in
the ER-positive tumors, but not in ER-negative tumors
(Table 5). In addition, the expression of ESRI/ mRNA and
the THC classification for ER were strongly correlated in
our study, consistent with the results of a previous study
[33]. Similarly, the gene and protein expressions of cyclin
D1 and BCL-2 were also correlated. These findings support
the reliability of the gene expression data analyzed using
the MassARRAY system.

Our investigation implies that a high level of CCNDI
mRNA expression, independent of HER2 mRNA, predicts
a poor response to neoadjuvant treatment with trastuzumab
plus anthracyline-taxane chemotherapy in patients with
HER2-positive/ER-positive tumors. In contrast, this phe-
nomenon was not observed in the ER-negative subset with
only EGFR mRNA expression predicting a pCR. Further-
more, considerable differences in gene expression were
observed between ER-positive/HER2-positive and ER-
negative/HER2-positive tumors in the presently reported
neoadjuvant setting. Indeed, pertuzuamb, trastuzumab-
emtansine, PI3K inhibitors, and mTOR inhibitors may
combat chemotherapy resistance driven by HER2/HER3-
PIK3-mTOR pathway alterations, but whether these new
drugs can combat the resistance driven by ER in HER2-
positive tumors remains unclear. Therefore, further studies
are needed to categorize the different treatment strategies
stratified according to ER status.
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«4Fig. 1 Correlation of protein and mRNA expression. Column scatter
graphs were prepared with GraphPad Prism 5 to show the mRNA
levels in different IHC scoring groups. The horizontal line in each
column represents the median transcription value for the specific IHC
score group. a ER protein and ESRI mRNA levels; Spearman’s
rho = 0.78; P < 0.001). b cyclin DI protein and mRNA Jevels;
Spearman’s rho = 0.53; P < 0.001 ¢ BCL-2 protein and mRNA
levels; Spearman’s rho = 0.50; P < 0.001

Cyclin D1 binds to CDK4/6 [21, 22] and activates
CDK4 [23]. Preclinical studies identified the ER subtype,
the elevated expression of cyclin D1 and Rb protein, and a
reduction in p16 expression as being associated with sen-
sitivity to PD 0332991 (palbociclib) [34]. Therefore, cyclin
D1 could be a potential molecular biomarker of CDK4/6
inhibitors including palbociclib, which is development for
the treatment of ER-positive metastatic breast cancer
patients. Although this population has HER2-negative
tumors, our investigation showed that the median CCND/
gene expression levels in HER2-positive/ER-positive
tumors were 2.1 times higher than in HER2-positive/ER-
negative tumors. Palbociclib was synergistic with tamoxi-
fen and trastuzumab in ER-positive and HER2-amplified
cell lines [34]. Based on these evidences, palbociclib might

be effective even in HER2-positive/ER-positive breast
cancer.

Finn et al. reported the final results of a randomized
phase II trial examining the use of palbociclib, a CDK4/6
inhibitor, in ER-positive HER2-negative breast cancer
patients [35]. The participants were divided into two parts:
an unselected population (Part 1) and patients with CCND/
amplification and/or the loss of pl6 (Part 2). The hazard
ratio was much better in Part 1(0.299) than in Part 2
(0.508). Therefore, CCNDI amplification is not presently
regarded as a biomarker of palbociclib. Given that CDK4/6
inhibition was shown to be effective, CCNDI amplification
may be just one of several activators of CDK4/6. In breast
cancer, cyclin D1 is overexpressed in 50 % of breast cancer
specimens, while the corresponding CCNDI gene is
amplified in only 15 % [20]; thus, cyclin D1 is overex-
pressed in the absence of CCNDI amplification in 35 % of
breast cancer patients. Therefore, we hypothesized that the
overexpression of CCNDI mRNA may explain CDK4/6
activation better than CCNDI amplification.

The TCGA breast cancer study showed low levels (less
than 1 %) of RB1 mutations in luminal and HER2 enriched
subtypes of breast cancer [36]. In addition, the RB gene

Fig. 1 continued
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Fig. 2 Representative staining
intensity of PTEN, BCL-2, and
cyclin D1.
Immunohistochemical staining
intensity of a PTEN, b BCL-2,
and ¢ cyclin D1 was scored
semiquantitatively; 0, negative;
1, weak; 2, moderate; and 3,
strong staining
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Table 4 Univariate analysis on predictors of pCR when stratified with ER status
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ER-negative (n = 40)

ER-positive (n = 35)

P value OR (95 % CI) P value OR (95 % CD
Age = 50 years 0.46 1.52 (0.50-4.64) 0.45 1.83 (0.38-8.78)
T34 0.75 0.86 (0.35-2.15) 0.51 1.70 (0.35-8.34)
N1-3 0.90 0.94 (0.38-2.33) 0.31 0.42 (0.08-2.25)
Stage I 0.97 0.98 (0.39-2.49) 1.00 1.00 (0.22-4.47)
PI3 K path alteration 0.12 2.98 (0.74-11.9) 0.22 0.42 (0.10-1.68)
mRNA expression level (>median)
ESRI 0.84 0.88 (0.24-3.26) 0.006 0.11 (0.02-0.54)
PgR 0.17 0.37 (0.09-1.52) 0.003 0.07 (0.01-0.39)
FOXAI 0.74 1.24 (0.34-4.46) 0.13 0.34 (0.08-1.39)
LMTK3 1.0 1.00 (0.26-3.82) 0.032 0.20 (0.05-0.87)
DUSP4 0.33 1.91 (0.52-7.01) 0.58 1.47 (0.38-5.72)
HER2 0.74 0.81 (0.22-291) 0.003 15.0 (2.55-88.2)
HER3 0.74 1.24 (0.34-4.46) 0.41 0.56 (0.14-2.21)
EGFR 0.035 0.22 (0.05-0.90) 0.22 0.42 (0.10-1.68)
FGFRI 0.33 1.91 (0.52-7.01) 0.41 0.56 (0.14-2.21)
IGFIR 0.74 0.81 (0.22-2.91) 0.006 0.11 (0.02-0.54)
PTEN 0.74 1.24 (0.34-4.46) 0.22 2.40 (0.60-9.67)
INPP4B 0.33 0.52 (0.14-1.92) 0.013 0.14 (0.03-0.65)
NCPOAI (SRC1) 0.74 0.81 (0.22-2.91) 0.89 0.91 (0.24-3.52)
CD274 (PDL1) 0.63 1.40 (0.35-5.54) 0.032 5.00 (1.15-21.8)
CTLA4 0.50 1.58 (0.42~5.95) 0.22 2.40 (0.60-9.67)
BCL-2 0.39 0.56 (0.14-2.10) 0.006 0.11 (0.02-0.54)
CCNDI (cyclin D1) 0.74 0.81 (0.22-2.91) 0.006 0.11 (0.02-0.54)

PI3 K path alteration, PIK3CA mutation and/or immunohistochemical PTEN loss; CI, confidence interval; pCR, pathologic complete response

(ypT0/is ypNO)

expression signature is reportedly associated with the
response to chemotherapy or endocrine therapy [37-39].
However, the significance of RB mutations in our sample
set of 75 patients was difficult to determine because of the
low frequency. We think that the significance of CCNDI
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overexpression and RB1 mutations should be clarified in a
larger cohort.

HER3, EGFR, FGFRI, SRCI, FOXAI, and PIK3CA
mutation and/or PTEN loss were not significantly predic-
tive of pCR among HER2-positive/ER-positive tumors.
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Table 5 Spearman’s correlation analysis with CCNDI mRNA

expression (continuous variable)

Table 6 Multivariate analysis on predictors of pCR in patients with
HER2-positive ER-positive breast cancer

ER-negative (n = 40)  ER-positive (n = 35)

n=235 P value QOdds ratio (95 % CI)

P Spearman’s P Spearman’s
rho rho
IHC cyclin D1 0.88 0.03 <0.001 0.53
IHC ER - - 0.50 0.12
PI3K path 0.82 0.03 042 -0.14
alteration
mRNA expression level (continuous variable)
ESRI 085 —0.03 <0.001 0.58
PGR 0.006 -0.47 <0.001 0.64
FOXAl 0.13 0.24 0.55 0.67
LMTK3 0.63 —-0.08 0.027 037
DUSP4 0.007 042 092 -0.02
HER2 052 =011 0.041 -0.35
HER3 0.005 -0.44 0.039 035
EGFR 0.16 -0.23 072 -0.07
FGFRI 0.02 0.37 <0.001 0.56
IGFIR <0.001 0.67 <0.001 0.59
PTEN 0.001 0.50 0.19 0.23
INPP4B 0.33 0.23 0.002 050
NCPOAI 0.02 0.36 0.68 0.07
(SRC1)
CD274 (PDL1) 0.839 -0.02 009 —0.30
CTLA4 094 -0.01 0.10 0.28
BCL-2 0.38 0.15 <0.001 0.40

PI3K path alteration, PIK3CA mutation and/or immunohistochemical
PTEN loss; CI, confidence interval

One possible explanation is that their influence on resis-
tance to neoadjuvant chemotherapy might be so small that
it was difficult to detect in our small subset. DUSP4 might
be an important regulator of mitogen-activated protein
kinase (MAPK) pathway in triple-negative breast cancer,
but might not be as an important in HER2-positive breast
cancer. Similarly, CTLA4 might be important in mela-
noma, but not in HER2-positive breast cancer.

In HER2-positive/ER-negative tumors, only EGFR
was significantly correlated with a pCR. The significance
of EGFR protein expression is controversial in HER2-
postive breast cancer. The benefit of lapatinib, an EGFR
and HER2 dual inhibitor, was greater in patients with
HER2-amplified, ER-negative tumors; however, its ben-
efit was not correlated with EGFR expression [40]. On
the other hand, a high EGFR expression was associated
with a decreased benefit from trastuzumab in the N9831
trial, which assessed the efficacy of adding 52 weeks of
trastuzumab to the standard chemotherapy [41]. The
EGFR pathway is a complex signaling network, and
EGFR-associated prognostic signatures were highly
expressed in HER2-positive/ER-negative tumors [42].
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mRNA expression level (>median)
HER2 0.012
CCNDI (cyclin D1) 0.043

11.2 (1.7-73.7)
0.16 (0.03-0.94)

Variables tested for inclusion in the multivariate logistic regression
model were HER2, CCNDI, INPP4B, BCL-2, LMTK3, and PDLI. CI,
confidence interval

Therefore, the significance of EGFR should be confirmed
in this subset using an EGFR-associated gene expression
signature.

The main limitation of our study was its retrospective
nature and the lack of an analysis of samples in a validation
set. However, the advantages of this study were that a
nearly identical NAC comprised anthracycline, taxane, and
trastuzumab in all the patients, and a precise evaluation of
the gene expression levels using by MassARRAY, the
results of which were directly correlated with real-time
PCR expression data and significantly correlated with the
corresponding protein expression levels. In conclusion, our
results provide evidence that a high level of CCNDI gene
expression is an independent predictor of a poor response
to NAC resistance in addition to provide a rationale for the
evalvuation of CDK4/6 inhibitors in HER2-positive/ER-
positive breast cancer.
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