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Recent trials have shown remarkable efficacy from combined trastuzumab and chemotherapy in the adjuvant

setting of breast cancer. In spite of these successes, refractory breast cancer has emerged as a clinically

problematic outcome for a subset of patients managed this way. In an effort to clarify and optimize the treatment

regimens for breast cancer patients who are candidates to receive trastuzumab, we sought to analyze whether a

distinctive genetic signature could be characterized that would reliably predict the treatment outcome. The

ability to predict who will respond and who will become refractory to this agent will allow for improved, rational

clinical management of these patients and further stratify the personalized nature of this treatment regimen. In

this study, 41 consecutive cases of breast carcinoma with well-documented amplification of the human

epidermal growth factor receptor-2 gene and corresponding banked fresh-frozen tissue were identified and

divided into two separate groups based on whether they received trastuzumab or not. The first group consisted

of 12 patients who had received trastuzumab in the adjuvant setting, of which three later experienced tumor

recurrence. The second group consisted of 10 patients not treated with trastuzumab, of which 6 were

later found to have recurrence. Differentially expressed genetic profiles were determined using human genome-

wide Illumina Bead Microarrays. The differentially expressed genes for non-recurrence vs recurrence in the

trastuzumab-treated group were distinct from those in the same comparison group in the untreated group.

Differential expression of key genes indentified in this study might offer an insight into a possible mechanism of

trastuzumab resistance in breast carcinoma, and may emerge as potential predictive biomarkers indicative of

trastuzumab resistance.
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Human epidermal growth factor receptor-2 (HER2)
belongs to the type I family of tyrosine kinase
receptors involved in the signal transduction
pathways that regulates epithelial cell growth,
differentiation, apoptosis and metastasis. With the
exception of HER2, which has no ligand, the HER

proteins exist at the plasma membrane in an
inactivated form that activates on ligand binding.1,2

Overexpression of HER2 occurs in approximately
18–20% of invasive breast cancers.3,4 HER2 over-
expression deregulates downstream signaling net-
works, which in turn affect tumor cell growth and
survival and have been previously documented to
predict for a poor clinical outcome.5 A ‘crosstalk’
between signaling networks that regulate growth
and survival is known to exist in epithelial tumors.
In breast cancers, this crosstalk has been shown to
exist between the HER2 pathway and estrogen
receptor a and a key regulator of cell growth and

Received 6 January 2010; revised 26 May 2010; accepted 27 May
2010; published online 23 July 2010

Correspondence: Dr Thaer Khoury, MD, Roswell Park Cancer
Institute, Elm & Carlton streets, Buffalo, NY 14263, USA.
E-mail: thaer.khoury@roswellpark.org

Modern Pathology (2010) 23, 1364–1378

1364 & 2010 USCAP, Inc. All rights reserved 0893-3952/10 $32.00

www.modernpathology.org

http://dx.doi.org/10.1038/modpathol.2010.125
mailto:thaer.khoury@roswellpark.org
http://www.modernpathology.org


survival, insulin-like growth factor receptor 1, the
latter of which is also upregulated in breast
cancers.6–8

Trastuzumab, a monoclonal antibody that targets
HER2, has significantly improved disease-free and
overall survival when combined with chemotherapy
for patients with breast cancers treated in both the
adjuvant and metastatic settings.2,9–11 Pre-clinical
studies indicate synergistic antitumor activity when
trastuzumab is combined with a number of anti-
cancer drugs. As well, additive cytotoxic interactions
between trastuzumab and other agents, including
paclitaxel, have been shown.12 However, a subset
of patients who initially received trastuzumab in
the adjuvant setting eventually develop recurrent,
resistant tumor within 1 year of treatment.13 The
emergence of refractory tumors has become a
significant clinical problem, with numerous pre-
clinical studies already having investigated such
possible etiologies for this resistance as HER2
downstream signaling, crosstalk pathways and
HER2 gene mutations.14

The clinical, financial and emotional implications
of a trastuzumab treatment regimen cannot be
overlooked. An entire year must be committed to
intravenous therapy for those patients that will
receive this agent. Notable side effects include a
significant risk for cardiotoxicity especially follow-

ing adjuvant anthracyclines.15,16 Although initially
thought to be reversible, the idea of the transient
nature of this therapy-related cardiac dysfunction
has been recently called into question.15 Finally, for
the estimated 15 000 patients predicted to be eligible
to receive trastuzumab, the collective financial
burden has been calculated to be as high as $750
million per year.17 Therefore, the ability to predict
trastuzumab resistance will have a tremendous
effect in all aspects of the health care for breast
cancer patients. The intent of this study was to
identify a genetic signature that could predict
trastuzumab resistance and poor clinical outcome.
To our knowledge, this is the first study to deter-
mine whether a distinct molecular signature of gene
expression exists in patients known to clinically
show resistance to trastuzumab.

Materials and methods

Patients’ Selection

A total of 151 patients with amplified HER2
detected by fluorescence in situ hybridization were
identified from the files of the Roswell Park Cancer
Institute between the years 2001 and 2009. For all
cases, tissue was collected on extirpation and
delivered to the Department of Pathology in under

Figure 1 Box plot of expression-detection P-value for all 42 samples. The expression-detection P-value is to test the null hypothesis of
whether the expression intensity of a given gene is indistinguishable from the background intensity. Y axis: expression-detection P-value;
X axis: samples (patients). Patient 11142 (shown in gray) stand out as an outlier showing majority of genes undetectable (large P-value).
For data quality control, we filtered out this sample for further analysis. This led to 41 samples for further clinicopathologic and
microarray data analysis.

Trastuzumab resistance gene signature

T Khoury et al 1365

Modern Pathology (2010) 23, 1364–1378



5min. Thereafter, appropriate portions of tumor
were selected and snap frozen within 5min. The
biospecimen inclusion criteria for this study inclu-
ded the existence of banked, fresh-frozen tumor,
tumor occupying 480% of the tissue and extracted
RNA that met the Illumina platform’s workable
criteria (see below). Of the 151 patients initially
identified, only 42 were found to fulfill the afore-
mentioned criteria and therefore warrant inclusion
into this study.

Clinicopathologic data including patient’s age at
diagnosis, race, tumor histologic type, stage, grade,
size, hormonal receptor and lymph node status were
abstracted from their medical records. Data on
receipt of adjuvant chemotherapy, receipt or no
receipt of trastuzumab, and duration of disease-free
survival were recorded. Two separate groups were
readily identified: those treated with trastuzumab
and those not treated with trastuzumab. The first
group was further subcategorized based on whether
or not they developed resistance to trastuzumab
therapy. Patients were considered resistant to this
therapeutic approach if they showed local or distant
tumor recurrence within 2 years of being treated
with trastuzumab. In contrast, patients who did not
receive adjuvant trastuzumab therapy were divided
into two groups; a poor-prognosis group if they had
local or distant tumor recurrence within 2 years, and
a good-prognosis group if they were disease free
for 42 years. These groups did not include patients
who presented with distant organ metastases
(stage 4). Review of the patients’ medical records
along with performing the gene array of the patients’
samples was approved by the institutional review
board.

RNA Preparation

Total RNA from 42 patients were prepared using
the TRizol Reagent (Invitrogen, Carlsbad, CA, USA)
following the manufacturer’s instructions. After
elution, RNA samples were concentrated by EtOH
precipitation at �20 1C overnight and resuspended
in nuclease-free water. Before labeling, RNA
samples were quantitated using a ND-1000 spectro-
photometer (NanoDrop) and evaluated for degrada-
tion using a 2100 Bioanalyzer (Agilent Technologies,
Sanat Clara, CA, USA). By Illumina criteria, samples
were required to have a RIN 47, an OD 260:280
of 1.9–2.0, an OD 260/230 41.8 and 41.5 28S:18S
ratio of the ribosomal bands for gene expression
array analysis.

Gene Expression Assay

Expression profiling was accomplished using the
HumanHT-12 v3 whole-genome gene expression
direct hybridization assay (Illumina). Initially,
250ng total RNA was converted to cDNA, followed
by an in vitro transcription step to generate labeled

cRNA using the Ambion Illumina TotalPrep RNA
Amplification Kit (Ambion, Austin, TX, USA) as
per the manufacturer’s instructions. The labeled
probes were then mixed with hybridization reagents
and hybridized overnight to the HumanHT-12 v3
BeadChips. Following washing and staining, the
BeadChips are imaged using the Illumina BeadArray
Reader to measure fluorescence intensity at each
probe. The intensity of the signal corresponded to
the quantity of the respective mRNA in the original
sample.

Table 1 Clinicopathologic findings of patients

Age, median (range) 49 (28–82)

Race
White 31 (75.6)a

Black 9 (22)
Others 1 (2.4)

Menopause status
Pre 19 (46.3)
Post 18 (43.9)
Unknown 4 (9.8)

Type of surgery
Mastectomy 16 (39)
Conservative 25 (61)

Histology
Ductal 40 (97.6)
Lobular 1 (2.4)

SBR grade
2 12 (29.3)
3 29 (70.7)

Hormone receptor
+ 23 (56.1)
� 18 (43.9)

Stage
1 1 (2.4)
2 17 (41.5)
3 18 (43.9)
4 5 (12.2)

Trastuzumab
Yes 27 (65.9)
No 13 (31.7)
Unknown 1 (2.4)

Adjuvant therapy
Yes 31 (75.6)
No 5 (12.2)
Unknown 5 (12.2)

Recurrence
No 25 (61)
Local 1 (2.4)
Distant 8 (19.5)
Unknown 7 (17.1)

Alive
Yes 30 (73.2)
No 5 (12.2)
Unknown 6 (14.6)

a
No. (%).
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Data Analysis

BeadChip data files were analyzed with Illumina’s
GenomeStudio gene expression module and Bio-
conductor package to determine gene expression
signal levels.18 Briefly, the raw intensity of Illumina
Human HT-12 v3.0 gene expression array was
scanned and extracted using BeadScan, with the
data corrected by background subtraction in
GenomeStudio module. The lumi module in the
R-based Bioconductor Package was used to trans-
form the expression intensity into log2 scale.19 The
log2 transformed intensity data were normalized
using the Quantile normalization algorithm.

For data quality control, we first filtered out
sample 11142 from further analysis as it stood out
as an outlier with the majority of genes undetected
(Figure 1, Table 3). This led to 41 samples for
further clinicopathologic and microarray data
analysis. Then, we filtered out the genes whose
expression-detection P-value was 40.05 (ie, indis-
tinguishable from the background intensity) across
475% of samples. Approximately 17 000 genes
among 37849 genes passed this filtering for down-
stream analysis. Several notable genes including

PIK3CA, MUC4 and AKT were filtered out from
subsequent analysis. For example, PIK3CA was not
expressed (P40.05) in all but one sample.

We then performed eight separate comparisons
based on the following collected patients’ character-
istics: age (o50 vs Z50 or o40 vs Z40), race (black
vswhite), tumor stage (advanced vs early), hormonal
receptor status (hormonal receptor– vs hormonal
receptorþ ), menopausal status (pre- vs post-), non-
recurrence vs recurrence in the trastuzumab-
non-treated group and responsive vs resistant in
the trastuzumab-treated group. We used the Limma
program in the R-based Bioconductor package to
calculate the level of gene differential expression for
each comparison.20 Briefly, for each comparison, a
linear model was fit to the data (with cell means
corresponding to the different conditions and a
random effect for array). For each comparison, we
obtained the list of differentially expressed genes
constrained by P-value o0.05.

Following single gene-based significance testing,
we use the expression value of differentially
expressed genes (Po0.05) to cluster the patients
for each comparison. Our purpose was to test
whether the identified differentially expressed genes

Table 2 Patients who treated with trastuzumab and had recurrence

Patienta Age Type of surgery Hormone receptor Stage Site of recurrence DFS (months)

1 46 Mastectomy Positive 2 Multiple organs 3
2 52 Conservative Positive 3 Brain 18
3 44 Conservative Positive 3 Breast 19
4 51 Conservative Negative 3 None 41
5 52 Conservative Negative 2 None 51
6 41 Conservative Positive 3 None 56
7 47 Mastectomy Positive 2 None 44
8 34 Mastectomy Negative 3 None 35
9 44 Mastectomy Positive 2 None 42
10 28 Mastectomy Negative 3 None 34
11 58 Conservative Positive 3 None 34
12 75 Conservative Positive 2 None 33

a
All patients treated with adjuvant therapy in addition to trastuzumab.

Table 3 Patients who were not treated with trastuzumab and have 43 years follow-up unless tumor recurred before then

Age Type of surgery Hormone receptor Stage Adjuvant therapy Site of recurrence DFS (months)

1 78 Conservative Positive 2 Yes None 108
2 52 Mastectomy Negative 2 Yes None 92
3 63 Conservative Positive 2 Yes None 76
4 74 Conservative Positive 2 No None 49
5a 73 Mastectomy Positive 3 No Multiple organs 24
6 57 Mastectomy Negative 3 Yes Chest wall 10
7 67 Mastectomy Negative 2 Yes Multiple organs 23
8 38 Mastectomy Positive 2 No Multiple organs 3
9 39 Conservative Positive 2 No Multiple organs 8
10 46 Mastectomy Positive 3 Yes Multiple organs 13
11 43 Mastectomy Positive 3 NA Bone 8

a
For data quality control, we filtered out this patient (sample ID: 11142) from further microarray data analysis as it stood out as an outlier with the
majority of genes undetected (Figure 1). This resulted four no recurrence subjects vs six recurrence subjects.
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for each comparison were able to serve as gene
signature to classify patients into their correspond-
ing clinicopathologic groups. Hierarchical clustering
based on the average linkage of Pearson correlation
was used.21 All calculations were carried out using
statistical software available in the R package.

Results

Clinicopathologic Findings

A total of 41 HER2-positive breast cancer patients
treated between 2001 and 2009 at the Roswell Park
Cancer Institute had tumors amenable to microarray
analysis for this study. Patient characteristics are
shown in Table 1. In total, 21 of 41 cases (51%)
analyzed were o50 years at time of diagnosis; the
median age was 49 years (range 28–82). Two-thirds
of the cases had high-grade tumors and the majority
of individuals had ductal histology. The median and
range of follow-up was between 3 and 111 (median
29 months). Five patients died, two because of
breast cancer and three of unknown reason. Patients
were composed of 12 with trastuzumab treated, 10
not treated with trastuzumab, 5 who presented with
distant organ metastases (stage 4), 4 who were lost
to follow-up and 9 that had o2 years follow-up but
with no tumor recurrence. In the trastuzumab-
treated group, three patients had tumor recurrence
at 3, 18 and 19 months, respectively. In the group
not treated with trastuzumab, six patients had tumor
recurrence after a median of 10 months and range
of 3 and 24 months (Tables 2 and 3).

Gene Expression Findings

Identification of differentially expressed genes
Eight separate comparisons were performed based
on the following collected patients’ characteristics:
trastuzumab-treated group (responsive vs resistant),
trastuzumab-non-treated group (no recurrence vs
recurrence), age (o50 vs Z50 or o40 vs Z40), race
(black vs white), tumor stage (advanced vs early),
hormonal receptor status (hormonal receptor– vs
hormonal receptorþ ) and menopausal status
(pre- vs post-).

For the trastuzumab-treated group (responsive vs
resistant), we identified 770 differentially expressed
genes at the statistically significant level of Po0.05,
with 281 genes upregulated in patients found to
be responsive to trastuzumab while 489 genes were
downregulated. For the trastuzumab-non-treated
group, we identified 509 statistically significant
(Po0.05) differentially expressed genes with 329
genes upregulated in patients with no recurrence
while 189 were genes downregulated. The number
of identified differentially expressed genes with a
Po0.05 and the subgroup restricted by desired fold
change for each comparison are summarized in
Table 4. T
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Figure 2 Hierarchical clustering of patient samples based on differentially expressed genes (Po0.05) obtained from the trastuzumab-
treated group, responsive vs resistant. (a) Clustering dendrogram: Y initial means resistant while N initial means responsive.
(b) Clustering heat map: red means upregulated while green means downregulated.

Figure 3 Hierachical clustering of patient samples based on differentially expressed genes (Po0.05) obtained from the trastuzumab-
non-treated group, non-recurrence vs recurrence. (a) Clustering dendrogram: Y initial means recurrence while N initial means
non-recurrence. (b) Clustering heat map: red means upregulated while green means downregulated.

Trastuzumab resistance gene signature

T Khoury et al 1369

Modern Pathology (2010) 23, 1364–1378



Patients clustering based on differentially expressed
genes
The expression value of differentially expressed
genes identified from each comparison was used to
cluster the patients into their corresponding clinico-
pathologic groups. As shown in Figure 2, the 770
differentially expressed genes derived from the
trastuzumab-treated group separated into three tras-
tuzumab-resistant and nine trastuzumab-responsive

patients. In the same way, the 509 differentially
expressed genes derived from those not treated with
trastuzumab separated into six patients with recur-
rence and four with no recurrence (Figure 3).

The patient clustering results using differentially
expressed genes derived from the other seven
comparisons is shown in Figure 4. The results
show that those respective differentially expressed
genes can more or less separate the patients

Figure 4 Hierarchical clustering of patient samples based on differentially expressed genes (Po0.05) obtained from comparing (a) age
(o50 vs Z50); (b) age (o40 vs Z40); (c) race (black vs white); (d) tumor stage (advanced vs early); (e) hormone receptor status (hormone
receptor– vs hormone receptorþ ); (f) menopause status (pre- vs post-).
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into their corresponding clinicopathologic groups.
As expected, better clustering performance was
obtained in hormonal receptor status and tumor
stage categories, and worse clustering performance
was observed in age and menopause status.

Few overlap between differentially expressed gene
sets
We grouped the differentially expressed genes from
age (o50 vs Z50 or o40 vs Z40), race (black vs
white), tumor stage (advanced vs early), hormonal
receptor status (hormonal receptor– vs hormonal
receptorþ ) and menopausal status (pre- vs post-)
into one non-redundant differentially expressed
genes set. This differentially expressed gene set,
termed ‘other’, is composed of 3456 unique genes
showing differential expression in at least one of the
six comparisons above.

As shown in Figure 5, we found that there
was little overlap between the three differentially
expressed gene sets: trastuzumab-treated, untreated
and ‘others’. Only two differentially expressed genes
were shared by all three differentially expressed
genes sets. The lack of overlap between the gene sets
derived from the trastuzumab-treated and non-
treated groups were of particular interest. Only 23
differentially expressed genes were shared between
the 770 (3.0%) trastuzumab-treated group and the
509 (4.5%) trastuzumab-untreated group and only
1 differentially expressed gene was shared when
a Ztwofold change was included as a restrictive
criteria.

Further functional annotation of differentially
expressed genes with at least a twofold change
showed that the composition of enriched function
term was different between the two different groups
(Figure 6). Remarkably, the trastuzumab-treated
differentially expressed genes were enriched for
genes involved in nucleic acid binding while the
trastuzumab-untreated profile was enriched in

immunity and defense. The complete differentially
expressed gene list between these two groups with
the stipulation of at least a twofold change is listed
in Tables 5 and 6.

Previously described significant genes in
trastuzumab resistance of pre-clinical studies
Previous studies have shown that the HER2 signal-
ing pathway might have an important role in
trastuzumab resistance.14 Therefore, we tested the
hypothesis whether the HER2 signaling pathway
members were significantly dysregulated in the
trastuzumab-treated comparison group. Briefly, the
17 000 genes were ranked based on the t-statistics
score for comparing the mean expression value
of trastuzumab treatment (responsive vs resistant).
This ranked list was used to analyze whether the
t-statistical score of genes from the HER2 signal-
ing pathway were significantly deviated from those
in the rest of the gene sets. Statistical significance
was estimated by Kolmogorov–Smirnov test.22 The
HER2 pathway data set was obtained from KEGG
database with manual addition from existing
literature.

The HER2 pathway was significantly dysregulated
in the trastuzumab-treated group response compa-
rison (K–S test, Po0.017). However, only the
PTPN11 gene in the HER2 pathway showed a
statistically significant differential expression at
the single gene level (Po0.05). The HER2 pathway
was not found to be significantly dysregulated in the
other six comparisons (eg, P¼ 0.21 in trastuzumab-
non-treated comparison).

We further checked a compiled list of genes that
might have a role in trastuzumab resistance as
suggested by previous literature that included
PTEN, PIK3, mTOR, MAPK and vascular endo-
thelial growth factor (VEGF) (Table 7). However,
there was no evidence of differential expression.

Figure 5 Venn diagrams show little overlap for differentially expressed genes derived from different comparisons, including three
groups, trastuzumab-treated, trastuzumab-non-treated and other. The latter group represents the unions of differentially expressed genes
from the other six separate comparisons of clinicopathologic data (age, race, tumor stage, hormonal receptor status and menopause
status). (a) Differentially expressed genes as defined by Po0.05. (b) Differentially expressed genes with at least 1.5-fold change.
(c) Differentially expressed genes with at least twofold change.
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Discussion

Human breast tumors are diverse in their natural
history and in their responsiveness to treatments.23 The
revelation of distinctive molecular portraits for human
breast cancers has had tremendous implications on
breast cancer therapy and research. Breast cancers can
now be subdivided into three categories: ERþ /lumi-
nal-like, basal-like and HER2þ ; the latter of which can
be further subdivided into ERþ and ER–.24,25 This
discovery had enabled further work into identifying
predictors for survival through the identification of
distinctive gene signatures. Two tests are now clinically
available that can predict clinical outcome and indicate
therapy in ‘estrogen receptor-positive lymph node-

negative’ breast cancer patients with Mammaprint
and Oncotype DX gene profiles.26,27

The advent of immunotherapy and the implica-
tions it may have on tumors have recently intro-
duced another variable that needs to be taken into
consideration. The therapeutic humanized mono-
clonal antibody trastuzumab is still a mystery in its
mechanism of action and lately, the reason for the
emergence of resistance to it. The suggested mecha-
nism of action is disruption of functional dimers
involving HER2, reduction of extracellular domain
shedding (which is thought to result in a constitu-
tively active receptor (p95HER2)), and the recruit-
ment of immune effector cells, which results
in antibody-dependent cellular cytotoxicity.28,29
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Figure 6 Enriched function annotation for differentially expressed genes with at least twofold change. Functional annotations are
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Table 5 List of differentially expressed genes with at least twofold change obtained from comparisons of responsive vs resistant in the trastuzumab-treated group

Illumina ID Log2 FC P-value ENTREZ Symbol Description

Upregulated genes in responsive vs resistant comparisons
PROM1 2.84 0.039668414 8842 PROM1 Prominin 1 (PROM1), mRNA
IRX2 2.32 0.003410016 153572 IRX2 Iroquois homeobox 2 (IRX2), mRNA
SFRP1 2.31 0.038195927 6422 SFRP1 Secreted frizzled-related protein 1 (SFRP1), mRNA
SLPI 2.11 0.044623642 6590 SLPI Secretory leukocyte peptidase inhibitor (SLPI), mRNA
RBP1 1.81 0.019037657 5947 RBP1 Retinol binding protein 1, cellular (RBP1), mRNA
CBS 1.54 0.027181514 875 CBS Cystathionine-b-synthase (CBS), mRNA
AKR1C3 1.33 0.017252118 8644 AKR1C3 Aldo-keto reductase family 1, member C3 (3-a hydroxysteroid dehydrogenase, type II) (AKR1C3), mRNA
HBA2 1.32 0.028969714 3040 HBA2 Hemoglobin, a 2 (HBA2), mRNA
BEX2 1.24 0.022108561 84707 BEX2 Brain expressed X-linked 2 (BEX2), mRNA
SELM 1.19 0.004761542 140606 SELM Selenoprotein M (SELM), mRNA
ZDHHC8 1.14 0.00890043 29801 ZDHHC8 Zinc finger, DHHC-type containing 8 (ZDHHC8), mRNA
HS.143018 1.11 0.004880672 NA NA BX105338 Soares_pregnant_uterus_NbHPU Homo sapiens cDNA clone IMAGp998C114347, mRNA sequence
ZNF462 1.10 0.01458557 58499 ZNF462 Zinc-finger protein 462 (ZNF462), mRNA
SNORD13 1.08 0.022404087 692084 SNORD13 Small nucleolar RNA, C/D box 13 (SNORD13), non-coding RNA
TMPRSS2 1.08 0.020808082 7113 TMPRSS2 Transmembrane protease, serine 2 (TMPRSS2), mRNA
HS.193557 1.07 0.027078069 NA NA cDNA FLJ32401 fis, clone SKMUS2000339
HS.193767 1.06 0.012013642 NA NA cDNA FLJ26188 fis, clone ADG04821
TIMP1 1.02 0.043050055 7076 TIMP1 TIMP metallopeptidase inhibitor 1 (TIMP1), mRNA

Downregulated genes in responsive vs resistant comparisons
TRIM37 �1.00 0.000206185 4591 TRIM37 Tripartite motif-containing 37 (TRIM37), transcript variant 2, mRNA
HIST1H2AE �1.02 0.022459891 3012 HIST1H2AE Histone cluster 1, H2ae (HIST1H2AE), mRNA
C3ORF14 �1.02 0.022097993 57415 C3orf14 Chromosome 3 open reading frame 14 (C3orf14), mRNA
FAM84B �1.03 0.023693796 157638 FAM84B Family with sequence similarity 84, member B (FAM84B), mRNA
UTP18 �1.03 0.002675404 51096 UTP18 UTP18, small subunit (SSU) processome component, homolog (yeast) (UTP18), mRNA
DCK �1.03 0.012380724 1633 DCK Deoxycytidine kinase (DCK), mRNA
NXPH1 �1.05 0.002890777 30010 NXPH1 Neurexophilin 1 (NXPH1), mRNA
LFNG �1.07 0.047483137 3955 LFNG LFNG O-fucosylpeptide 3-b-N-acetylglucosaminyltransferase (LFNG), transcript variant 2, mRNA
ZNF239 �1.07 0.001903216 8187 ZNF239 Zinc-finger protein 239 (ZNF239), transcript variant 4, mRNA
H2AFJ �1.08 0.041969375 55766 H2AFJ H2A histone family, member J (H2AFJ), mRNA
GCHFR �1.09 0.010568552 2644 GCHFR GTP cyclohydrolase I feedback regulator (GCHFR), mRNA
PLA2G7 �1.09 0.03216043 7941 PLA2G7 Phospholipase A2, group VII (platelet-activating factor acetylhydrolase, plasma) (PLA2G7), mRNA
GHR �1.13 0.022948324 2690 GHR Growth hormone receptor (GHR), mRNA
CKS2 �1.13 0.017517717 1164 CKS2 CDC28 protein kinase regulatory subunit 2 (CKS2), mRNA
XYLT2 �1.14 0.009490739 64132 XYLT2 Xylosyltransferase II (XYLT2), mRNA
EPN3 �1.15 0.010136038 55040 EPN3 Epsin 3 (EPN3), mRNA
ZNF296 �1.16 0.002323186 162979 ZNF296 Zinc-finger protein 296 (ZNF296), mRNA
NCAM2 �1.17 0.005972664 4685 NCAM2 Neural cell adhesion molecule 2 (NCAM2), mRNA
RPL29 �1.17 0.01188073 6159 RPL29 Ribosomal protein L29 (RPL29), mRNA
LACTB2 �1.17 0.026369951 51110 LACTB2 Lactamase, b 2 (LACTB2), mRNA
NDST4 �1.19 0.037971974 64579 NDST4 N-deacetylase/N-sulfotransferase (heparan glucosaminyl) 4 (NDST4), mRNA
SLC35B1 �1.20 0.014488949 10237 SLC35B1 Solute carrier family 35, member B1 (SLC35B1), mRNA
HUS1B �1.21 0.04567654 135458 HUS1B HUS1 checkpoint homolog b (S. pombe) (HUS1B), mRNA
ADORA2A �1.21 0.032715778 135 ADORA2A Adenosine A2a receptor (ADORA2A), mRNA
NME1 �1.24 0.023241599 4830 NME1 Non-metastatic cells 1, protein (NM23A) expressed in (NME1), transcript variant 1, mRNA
NME1-NME2 �1.25 0.003986265 654364 NME1-NME2 NME1-NME2 readthrough transcript (NME1-NME2), mRNA
SH3BGRL �1.29 0.007446003 6451 SH3BGRL SH3 domain binding glutamic acid-rich protein like (SH3BGRL), mRNA
MRPL27 �1.33 0.006798205 51264 MRPL27 Mitochondrial ribosomal protein L27 (MRPL27), nuclear gene encoding mitochondrial protein,

transcript variant 3, mRNA
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For resistance, there are many suggested mechan-
isms of action that have included the hypothesis
that they may exist, a reduction of antibody affinity
because of MUC4 overexpression.30,31 We have
previously suggested the existence of a HER2 gene
mutation located in the immunoagent’s correspond-
ing binding site as a mechanism for trastuzumab
resistance. However, DNA sequencing was unable to
validate the initial findings of temperature gradient
capillary electrophoresis except for one case, which
had a single missense point mutation.32 Downstream
signaling pathway members have also been sug-
gested as a potential source for trastuzumab resis-
tance and have included the genes p27 Kip1, PTEN,
PI3K, mTOR and Akt.33–35 Crosstalk with other
pathways including insulin-like growth factor re-
ceptor-1, ER pathway and VEGF has also been
suggested to be involved in trastuzumab resis-
tance.36–38 However, these studies were all pre-
clinical or in cell lines.

Partially based on these previous findings, we
therefore sought to examine whether a distinctive
genetic profile existed that would be able to
discriminate HER2 patients into good and poor
clinical outcomes and into trastuzumab responsive
or resistant. A strength of this study was the use
of actual, well annotated, clinical biospecimens.
We based this assumption on the hypothesis that the
phenotypic diversity of HER2þ breast tumors might
be accompanied by a corresponding diversity in
gene expression patterns that we could capture
using cDNA microarrays.

Although initially stratifying patients into respon-
sive or resistant groups was somewhat artificial,
we found from our data that a 2-year cut-off was
reasonable. In the group treated with trastuzumab,
the three patients who had tumor recurrence did
so within 19 months while the other nine patients
had no recurrence at all after at least a 33-month
follow-up. For the untreated trastuzumab group,
a 2-year cut-off was reasonable based on similar
clinical outcomes. For those patients with tumor
recurrence, all did so within a 24-month timeframe.
Patients who were disease free had no recurrence
after at least a 49-month follow-up period.

Although the sample size was too small for a
definitive conclusion, we believe that our findings
shed meaningful insights into the clinical care of
breast cancer patients that warrant further investiga-
tion. From the clinical data, it was expected that
clustering based on trastuzumab-treated (responsive vs
recurrence) and trastuzumab-non-treated (recurrence
vs no recurrence) would have distinctive profiles. In
addition, to a lesser extent, it was expected that the
other clinicopathologic variables would have some
differences in the expression profiles as they related to
hormonal receptor status and tumor stage but not age,
race or menopausal status. There was little overlap
between the treated, and untreated trastuzumab
groups with those in the ‘other’ groups. This implies
that clinicopathologic differences may involve alter-S
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Table 6 List of differentially expressed genes with at least twofold change obtained from comparisons of no recurrence vs recurrence in the TNT group

Illumina ID Log2 FC P-value ENTREZ Symbol Description

Upregulated genes in no recurrence vs recurrence comparisons
ALB 3.40 0.022763 213 ALB Homo sapiens albumin (ALB), mRNA
LOC647450 2.71 0.014532 647450 LOC647450 Predicted: homo sapiens similar to Ig k chain V-I region HK101 precursor (LOC647450), mRNA
LOC652493 2.68 0.012371 652493 LOC652493 Predicted: homo sapiens similar to Ig k chain V-I region HK102 precursor (LOC652493), mRNA
LOC651751 2.57 0.000492 651751 LOC651751 Predicted: homo sapiens similar to Ig k chain V-II region RPMI 6410 precursor (LOC651751), mRNA
CEACAM6 2.57 0.031912 4680 CEACAM6 Homo sapiens carcinoembryonic antigen-related cell adhesion molecule 6 (nonspecific

cross-reacting antigen) (CEACAM6), mRNA
LOC642113 2.41 0.01145 642113 LOC642113 Predicted: homo sapiens similar to Ig k chain V–III region HAH precursor (LOC642113), mRNA
LOC652694 2.39 0.002864 652694 LOC652694 Predicted: homo sapiens similar to Ig k chain V–I region HK102 precursor (LOC652694), mRNA
HLA-DRB5 2.38 0.029661 3127 HLA-DRB5 Homo sapiens major histocompatibility complex, class II, DR b 5 (HLA-DRB5), mRNA
LOC649923 2.16 0.006045 649923 LOC649923 Predicted: homo sapiens similar to Ig gamma-2 chain C region (LOC649923), mRNA
LOC652775 2.01 0.002943 652775 LOC652775 Predicted: homo sapiens similar to Ig k chain V–V region L7 precursor (LOC652775), mRNA
LOC652102 1.74 0.000466 652102 LOC652102 Predicted: homo sapiens similar to Ig heavy chain V–I region HG3 precursor (LOC652102), mRNA
IGLL1 1.62 0.014304 3543 IGLL1 Homo sapiens immunoglobulin l-like polypeptide 1 (IGLL1), transcript variant 2, mRNA
ACOX2 1.60 0.000967 8309 ACOX2 Homo sapiens acyl-coenzyme A oxidase 2, branched chain (ACOX2), mRNA
MGC29506 1.59 0.014185 51237 MGC29506 Homo sapiens hypothetical protein MGC29506 (MGC29506), mRNA
HLA-DQA1 1.51 0.015729 3117 HLA-DQA1 Predicted: homo sapiens major histocompatibility complex, class II, DQ a 1, transcript variant 10 (HLA-DQA1), mRNA
LYZ 1.47 0.042465 4069 LYZ Homo sapiens lysozyme (renal amyloidosis) (LYZ), mRNA
HLA-DRB4 1.46 0.013791 3126 HLA-DRB4 Homo sapiens major histocompatibility complex, class II, DR b 4 (HLA-DRB4), mRNA
HLA-DRA 1.44 0.023102 3122 HLA-DRA Homo sapiens major histocompatibility complex, class II, DR a (HLA-DRA), mRNA
SLC5A1 1.39 0.021721 6523 SLC5A1 Homo sapiens solute carrier family 5 (sodium/glucose cotransporter), member 1 (SLC5A1), mRNA
HLA-DMA 1.39 0.009901 3108 HLA-DMA Homo sapiens major histocompatibility complex, class II, DM a (HLA-DMA), mRNA
GZMK 1.36 0.014311 3003 GZMK Homo sapiens granzyme K (granzyme 3; tryptase II) (GZMK), mRNA
C6ORF192 1.34 0.027143 116843 C6ORF192 Homo sapiens chromosome 6 open reading frame 192 (C6orf192), mRNA
SOSTDC1 1.30 0.007454 25928 SOSTDC1 Homo sapiens sclerostin domain containing 1 (SOSTDC1), mRNA
MGP 1.24 0.047067 4256 MGP Homo sapiens matrix Gla protein (MGP), mRNA
LOC644151 1.24 0.013498 644151 LOC644151 Predicted: homo sapiens similar to calpain 8 (LOC644151), mRNA
CAMK1G 1.21 0.00353 57172 CAMK1G Homo sapiens calcium/calmodulin-dependent protein kinase IG (CAMK1G), mRNA
HLA-DRB3 1.21 0.016937 3125 HLA-DRB3 Homo sapiens major histocompatibility complex, class II, DR b 3 (HLA-DRB3), mRNA
FAM46C 1.20 0.020803 54855 FAM46C Homo sapiens family with sequence similarity 46, member C (FAM46C), mRNA
HLA-DMB 1.18 0.009027 3109 HLA-DMB Homo sapiens major histocompatibility complex, class II, DM b (HLA-DMB), mRNA
CFD 1.17 0.043992 1675 CFD Homo sapiens complement factor D (adipsin) (CFD), mRNA
VIPR1 1.17 0.007108 7433 VIPR1 Homo sapiens vasoactive intestinal peptide receptor 1 (VIPR1), mRNA
JSRP1 1.16 0.000782 126306 JSRP1 Homo sapiens junctional sarcoplasmic reticulum protein 1 (JSRP1), mRNA
HLA-DRB6 1.14 0.037486 3128 HLA-DRB6 Homo sapiens major histocompatibility complex, class II, DR b 6 (pseudogene) (HLA-DRB6), non-coding RNA
CPVL 1.09 0.022705 54504 CPVL Homo sapiens carboxypeptidase, vitellogenic-like (CPVL), transcript variant 1, mRNA
MYB 1.08 0.026033 4602 MYB Homo sapiens v-myb myeloblastosis viral oncogene homolog (avian) (MYB), transcript variant 2, mRNA
PIM2 1.05 0.002093 11040 PIM2 Homo sapiens pim-2 oncogene (PIM2), mRNA
CD79A 1.01 0.005757 973 CD79A Homo sapiens CD79a molecule, immunoglobulin-associated a (CD79A), transcript variant 1, mRNA
LPXN 1.01 0.015139 9404 LPXN Homo sapiens leupaxin (LPXN), mRNA

Downregulated genes no recurrence vs recurrence comparisons
CASC3 �1.10 0.04282 22794 CASC3 Homo sapiens cancer susceptibility candidate 3 (CASC3), mRNA
SNCG �1.26 0.00869 6623 SNCG Homo sapiens synuclein, gamma (breast cancer-specific protein 1) (SNCG), mRNA
HIST1H2BD �1.35 0.008322 3017 HIST1H2BD Homo sapiens histone cluster 1, H2bd (HIST1H2BD), transcript variant 2, mRNA
HIST1H4H �1.52 0.005711 8365 HIST1H4H Homo sapiens histone cluster 1, H4h (HIST1H4H), mRNA
ERBB2 �1.66 0.037147 2064 ERBB2 Homo sapiens v-erb-b2 erythroblastic leukemia viral oncogene homolog 2,

neuro/glioblastoma derived oncogene homolog (avian) (ERBB2), transcript variant 2, mRNA
PNMT �1.87 0.028033 5409 PNMT Homo sapiens phenylethanolamine N-methyltransferase (PNMT), mRNA
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native molecular mechanisms and therefore perhaps,
underlying distinctive gene sets.

Multiple genes had variable expression profiles in
both the trastuzumab-treated and -untreated groups.
Although the predominant genes that were differ-
entially expressed in the trastuzumab-treated group
involved DNA binding, those in the untreated group
were found to be annotated to immunity and
defense. Therefore, we suggest that the mechanism
(DNA binding) by which patients who were treated
with trastuzumab and subsequently developed
recurrence may be different from those who were
not treated and had a poor clinical outcome
(immunity and defense). However, given the small
sample size, these findings should be interpreted
with caution as a larger group will be needed to
validate these findings.

We further examined the genes that were
previously reported to be involved in trastuzumab
resistance including PTEN, PIK3, mTOR, MAPK and
VEGF and found no significant changes.33–38 There
are three possible explanations; these genes may not
exert their role at the transcriptional level, the study
sample size was too small or an actual absence in
the role of trastuzumab resistance. The latter might
be true because our study was conducted on actual
patients and their tissues rather than in the
pre-clinical setting. AKT, IGF-R1, p27 Kip1 and
MUC4 were filtered out. In addition, we looked into
HER2 pathway members. Interestingly, we found
that known participants in this pathway were signi-
ficantly dysregulated in the trastuzumab-treated
group. However, only the PTPN11 gene in the
HER2 pathway showed significant alterations at
the single gene level, indicating that there were
modest but consistently coordinated changes in the
HER2 pathway components that can lead to sig-
nificant dysregulation. Remarkably, the HER2 path-
way was not found to be significantly dysregulated
in all other seven comparisons.

Of particular note was our observation on the
expression levels of tissue inhibitor metallopeptidase
1, which was found to be upregulated in patients
noted to be responsive to trastuzumab (Table 5).
Tissue inhibitor metallopeptidase 1 is one of the
naturally occurring inhibitors of matrix metallopro-
teinases that affects cellular proliferation, apoptosis
and angiogenesis, both dependent on and inde-
pendent of its matrix metalloproteinase-inhibiting
function. The prognostic value of tissue inhibitor
metallopeptidase 1, on mRNA or protein level, was
extensively studied in breast cancers with conflicting
results.39 However, all of these studies did not
correlated tissue inhibitor metallopeptidase 1 with
HER2 overexpression. In our study, tissue inhibitor
metallopeptidase 1 was upregulated in the respon-
sive patients. Therefore, tissue inhibitor metallopep-
tidase 1 can be included with the gene set that could
potentially predict trastuzumab responsiveness.

In conclusion, there were distinctive gene signa-
tures for trastuzumab resistance in trastuzumab-T
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treated patients and poor clinical outcome in those
patients not treated with this agent. Additional
studies with larger group will be needed to validate
our results and to pare down the number of genes
that could serve as reliable predictors for trastuzu-
mab resistance. Such a gene set may have clinical
utility in the planning of which therapeutic strategy
to use as well as a prognostic tool for HER2-positive
breast cancer patients
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