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ABSTRACT

Background: Trastuzumab treatment for women with HER2-positive breast
cancer (BC) resulted in the significant improvement of both relapse free survival
(RFS) and overall survival (0S). However, many women who are classified as HER2-
positive do not respond. Many studies have focused on the role of somatic mutations
rather than germline polymorphisms in trastuzumab resistance.

Results: We completed an Agena MassArray screen of 10 ERBB-family single
nucleotide polymorphisms (SNPs) in 194 adjuvant trastuzumab treated HER2-positive
BC patients. SNPs in EGFR genes have a significant association with RFS and OS.
Patients with the minor allele of EGFR N158N had significantly worse OS (hazard ratio
(HR) = 4.01, (confidence interval (CI) = 1.53-10.69), p = 0.05) relative to those with
either the heterozygous or wild-type (WT) allele. Patients with the minor allele of EGFR
T903T (HR = 3.52, (CI = 1.38-8.97), p = 0.05) had worse RFS relative to those with
either the heterozygous or WT allele.

Patients and methods: Using next generation sequencing (NGS) we identified
ERBB-family (EGFR, HER2, HER3 and HER4) single nucleotide polymorphisms (SNPs)
that occurred in 2 or more patients of a 32 HER2-positive BC patient cohort. Agena
MassArray analysis confirmed the frequency of these SNPs in 194 women with HER2-
positive BC who received trastuzumab in the adjuvant setting. Using Kaplan-Meier
estimates and Cox regression analysis we correlated the presence of ERBB-family
SNPs with both RFS and OS.

Conclusions: The presence of germline ERBB-family SNPs may play an important
role in how a patient responds to adjuvant trastuzumab, and clinical assessment of
these SNPs by targeted genetic screening of patients’ blood may be important to
stratify patients for treatment.
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INTRODUCTION

Breast cancer (BC) remains the most common form
of malignancy in women with over 25% of all cancers
being diagnosed as BC in 2012 [1]. In HER2-positive BC,
which accounts for approximately 20% of all human BCs,
HER?2 gene amplification and overexpression is associated
with an aggressive phenotype and poor prognosis [2].
Trastuzumab, a monoclonal antibody targeted to HER2,
has well established efficacy in the treatment of HER2-
positive BC [3, 4]. However, a significant proportion of
patients with the disease have tumors that initially do
not respond or that acquire resistance to trastuzumab
after an initial period of response [3, 4]. Many potential
mechanisms of trastuzumab resistance in HER2-positive
BC have been proposed which have been discussed in
detail by us and others [2, 5]; including altered intracellular
signaling involving loss of PTEN, reduced p27kipl,
increased PI3K/Akt activity (e.g. PIK3CA mutations) or
altered signaling via non-HER family receptor tyrosine
kinases such as IGFIR .

However, few studies have been conducted to
understand the role of innate resistance to trastuzumab. The
advent of next generation sequencing (NGS) has allowed
researchers access to the information stored in the genome.
Whilst much focus has been targeted towards the somatic
mutations in cancer, less attention has been focused on the
role of germline single nucleotide polymorphisms (SNPs)
and their role in cancer development and therapy response.
In fact, recent studies have identified that SNPs can be
biomarkers of the likelihood of developing cancer and
several have been implicated in targeted therapy response
and resistance [6].

ERBB-family genes which encode the HER family
of proteins EGFR, HER2, HER3 and HER4 are commonly
studied in HER2-positive BC, and some studies have
identified the role of HER2 SNPs in response to trastuzumab
[7]. Here we have determined the frequency of germline
ERBB-family SNPs in HER-2 positive BC patients by
NGS and correlated their genotype with the progression of
HER2-positive BC and trastuzumab response.

RESULTS

Identification of ERBB-family SNPs in 194
HER2-positive BC patients

We identified 10 individual common ERBB-family
SNPs present in at least 2 samples in our 194 HER2-
positive BC patients (Table 1). 5 of the EGFR SNPs
occurred in the kinase, transmembrane or growth factor
receptor (GFR) domains of the protein. The EGFR-
D994D SNP occurred in a non-defined domain of the
protein. HER2-P1170A occurred in a non-defined domain
of the protein, whilst HER2-I655V occurred in the
transmembrane domain of the protein. The HER3 SNP

R1116R occurred in the non-defined region of the protein,
whilst HER3-13901 is found in the receptor ligand domain
of the protein.

Association between ERBB-family
polymorphisms and survival in HER2-positive
patients who received trastuzumab as part of
their therapeutic regimen

Patients with the HER2 SNP 1655V who were
homozygous for the minor allele (G) were significantly
more likely to have a worse RFS rate than those who were
homozygous for the WT allele (A) or were heterozygous
for the allele (A/G) (HR = 1.79 (CI = 1.00-3.19),
p 0.05, Table 1, Figure 1(A)). However, when
adjusting for multiple testing HER2-1655V did not
remain significant (p = 0.17) (Table 1, Figure 2(A)).
After multivariate analysis the difference in the rate of
RFS remains significant when adjusted for ER status,
Age and LN status (HR = 2.36 (CI = 1.02-5.50), p =
0.04). Again however, no benefit was observed for OS
for either of the alleles tested. This is consistent with
previous findings by Han et al., 2014 [8]. We analyzed the
frequency differences of the ERBB-family SNPs between
the Irish, UK and Chinese populations to determine if
ERBB SNPs differ greatly between the two populations
(Table 2). We found that the ERBB-1655V SNP did not
differ significantly between the Chinese Han, Irish or UK
populations, providing added support to the hypothesis
that the minor allele of ERBB2-1655V has a negative
impact on response to adjuvant trastuzumab therapy.

We also found that patients who received adjuvant
trastuzumab and were heterozygous for the allele (T/C)
were significantly more likely to have a worse RFS
relative to those that were homozygous for the reference
allele (T) (HR =1.99 (CI=1.01-3.90), p = 0.04) (Table 1).
However, after multivariate analysis or correction for
multiple testing (p = 0.17) ERBB3-13901 did not remain
significant.

Patients who received adjuvant trastuzumab and
were homozygous for the minor allele (T) of the EGFR
SNP T903T were found to have worse RFS relative to
those who were homozygous for the reference allele (C) or
were heterozygous for the allele (C/T) (HR =3.52, (CI =
1.38-8.97), p =4.94 x 1073, Table 1, Figure 1(B)). After
correction for multiple testing T903T remained significant
(p=0.05) (Table 1, Figure 2 (A)). Multivariate analysis of
the impact of adjuvant trastuzumab on RFS in the EGFR
SNP T903T was still significant when adjusted for ER
status, tumor grade and Age (HR = 6.51 (CI = 1.98-21.36),
p = 0.01). The impact of EGFR-T903T on RFS survival
did not extend to a significant benefit in OS.

We also found in our population two EGFR SNPs
(D994D and N158N) that were associated with better OS
when patients were treated with adjuvant trastuzumab.
Patients who were homozygous for the minor allele (C) of
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Table 1: Impact of ERBB-family SNPs on relapse free and overall survival of HER2-positive BC
patients who have received adjuvant trastuzumab as part of their therapeutic regimen (7 = 194)

Protein Accession RFS Adjusted (01 Adjusted
Gene ) main  number SNP RMAallele  yp g5, cry  P¥alUe lawe  HRO5%cCr VAN Calue
Rﬁzzﬂg’r 152072454  NI58N C/T 1.03 (0.43-2.48)  0.96 096  4.01(1.53-10.69) 48x10°  0.05
GFR  rs2227983 TS84T T/A 0.90(0.38-2.14)  0.80 089  1.51(043-538)  0.52 0.95
meT;lir;:ne 1510258429  H656H C/T 072 (038-138) 032 078  1.41(0.583.44) 044 0.95
EGFR
Protein
e 1s1050171 Q787Q G/A 1.17(0.39-3.55)  0.78 089  1.11(031-3.93)  0.88 0.95
Protein ,
e 11140475 T903T CIT 3.52(1.38-8.97) 4.94x10°  0.05  1.05(0.25-4.40)  0.95 0.95
NDD  1s2293347  D994D G/C 138 (0.66-2.91) 039 078  2.60(1.16-5.82)  0.02 0.08
Trans
menper 1511362011655V A/G 179 (1.00-3.19)  0.05 0.17  1.07(0.52-223)  0.85 0.95
ERBB2
NDD  rs1058808  P1170A C/G 0.68(0.23-1.95) 047 078  0.87(0.29-2.57)  0.80 0.95
Rﬁ;iﬂg’r 152229046 13901 T/C 1.99 (1.01-3.90)  0.04 017  1.85(0.81-3.67)  0.15 0.51
ERBB3
NDD  rs2271189  RIII6R G/A 1.28 (0.54-3.07)  0.57 081  0.94(0.322.70)  0.90 0.95

SNP = Single nucleotide polymorphism; RFS = Relapse Free Survival; OS = overall survival; HR = Hazard Ratio;

R = reference allele; MA = minor allele.

Table 2: Comparison of the allele frequencies of ERBB-family SNPs between the Irish HER2-
Positive BC cohort and the 1000 Genomes UK and Chinese Han cohorts

.  HER2IRE 1KG-GBR 1kG-CHB  ER2IREvs HERZ IRE vs
Gene g;(:::; ":lc:f;zz’r“ MAF MAF MAF LS (;]ZI,{ — LS CAI?
n=478 n=182 n=206  P-value Justed p v alue justed
P-value P-value
NIS8N 152072454  0.416 0.54 0.44 0.014 0.04 0566  0.57
TS84T 152227984  0.125 0.3 048  9.12x%%  4.56x°%  127x%'¢  1.91xe1S
H656H 1510258429  0.088 0.07 0.05 0.591 0.81 0.135  0.17
EGER 07870 11050171 0.357 0.64 0.17  9.80x°%  7.35x°% 9.86x°% 2.11x*%S
T903T  rs1140475 0.125 0.11 0.05 0.760 0.88 0.007 0.0l
D994D 12293347  0.092 0.07 0.26 0.481 072 2.18x%%  5.45xe0
1655V 151136201 0.247 0.27 0.17 0.653 0.82 0.049  0.07
ERBB2 - b1170a  rsiosssos 0275 0.65 052 2.34x*™  3.50x" 2.02x%7  1.01xe%
13901 152229046 0.09 0.04 0 0.034 0.08  1.40x°% 4.2]1x°%
ERBB3 P 1116R 12271189 0.42 0.42 0.38 0.921 0.99 0438 047

MAF = Mutant Allele Frequency; IRE = Ireland (rn = 239); 1 kG GBR = 1000 Genomes Study participants from Great Britain
(n=91); 1kG CHB = 1000 Genomes Study participants from Beijing, China (n = 103).

D994D were significantly more likely to have a worse OS
rate than those who were homozygous for the reference
allele (G) (HR =2.60 (CI =1.16-5.82), p = 0.02), Table 1,
Figure 1(C)). After multivariate analysis however we found
that EGFR D994D did not remain significant (p = 0.08).
When we performed multivariate analysis we found that
OS impact of the EGFR SNP D994D is still significant

when adjusted for ER status, grade and age (HR = 3.46
(CI=1.10-10.90), p = 0.02).

Patients who received trastuzumab and were
homozygous for the reference allele (C) or had the
heterozygous allele (C/T) in the EGFR SNP N158N were
significantly more likely to have better OS than those who
had the minor allele (T) (HR = 4.01 (CI = 1.53-10.69),
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p=4.8x1073, Table 1, Figure 1(D)). Multivariate analysis
reveals that the OS impact of the EGFR SNP N158N is
still significant when adjusted for ER status, age and tumor
grade (HR = 3.47 (CI = 1.11-10.90), p = 0.03). After
correcting for multiple testing EGFR- N158N remained
significant (p = 0.05) (Table 1, Figure 2(B)). Neither
EGFR-D994D nor N158N had an impact on RFS.

DISCUSSION

Synonymous mutations have been well established
as substantial contributors to human disease [9]. Whilst
trastuzumab revolutionized the treatment of HER2-
positive BC, many women either receive no initial benefit
from the treatment or subsequently develop resistance.

RFS: ERBB2 [655V

RFS: EGFR T903T

A rs1136201 B rs1140475
g e ‘ Qo |
E M go
: . 50 -
S S =
HR 1.79 (CI=1.00-3.19) p=0.17 HR =3.52 (CI=1.38-8.97) p=0.05*
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C OS: EGFR D994D D OS: EGFR N158N
s 2293347 rs 2072454
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Figure 1: The prognostic role of 4 SNPs in trastuzumab

treated primary tumours (7 = 194). In each plot the black, grey and

dotted grey lines represent the samples with the wild type (reference), heterozygous and mutant (minor) alleles respectively. Kaplan Meier
estimates of (A) the ERBB2-1655V SNP where RFS is the survival endpoint (HR =1.79 (CI = 1.00-3.19), p = 0.17), (B) the EGFR-T903T
SNP, where RFS is the survival endpoint (HR = 3.52, (CI = 1.38-8.97), p = 0.05), (C) the EGFR-D994D SNP, where OS is the survival
endpoint (HR = 3.13 (CI = 1.19-8.33), p = 0.08), and in this case there were no samples with the minor allele (no green line) and (D) the
EGFR-N151N SNP, where OS is the survival endpoint (HR = 4.01 (CI = 1.53-10.69), p = 0.05). * indicates a significant p-value after

multiple testing correction.
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Many studies focus on the role of somatic mutations in
acquired and innate resistance to trastuzumab [5] however
few have analyzed the impact of germline SNPs. Eight of
the 10 ERBB-family SNPs we identified are synonymous.
Our analysis found that patients who had specific EGFR
and HER2 family SNPs had worse RFS and OS.

Patients who had the non-synonymous HER2-1655V
SNP and who were homozygous for the minor allele G
were significantly more likely to have a worse RFS than

those patients who had the major allele A, however the
result did not survive multiple testing. This result is
consistent with the Han et al. study of 2014 [8] which
found that the minor allele of HER2-1655V resulted in
worse RFS of Chinese HER2-positive BC patients. Our
analysis found no significant difference in allele frequency
of the ERBB2-1655V SNP between the Chinese Han and
UK/Irish populations, providing further support that
the minor allele of ERBB2-1655V may be a negative

A Gene Protein Accession
Change number Forest Plot
NI158N  rs2072454 t
T584T 1s2227983
——
EGFR H656H 1s10258429
Q787Q rsl1050171
T903T rs1140475 p=0.05*
D994D 1s2293347
) =0.17
ERBB? 1655V 1rs1136201 p
P1170A 1rs1058808 ——
- =0.17
ERBB3 13901  1s2229046 p
RI1116R rs2271189 'S
[ [ [ [ |
0 1 2 3 4 5
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Figure 2: Forest plot of the impact of ERBB-family SNPs on (A) relapse free survival and (B) Overall survival of
HER2-positive BC patients who have received adjuvant trastuzumab as part of their therapeutic regimen (n = 194).
Hazard ratios, confidence intervals and p-values were calculated using Cox regression analysis, where an adjusted p-value of <= 0.05 was
considered significant. Significant SNPs are marked on the plot.
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prognostic marker of adjuvant trastuzumab response in
women who suffer from HER2-positive BC. Interestingly,
neither Han et al’s. [8] nor our study found that patients
with either the minor or heterozygous allele had a worse
OS relative to those that were WT allele. HER2-1655V
has also been implicated in being causative of HER2-
positive BC but the evidence is inconclusive [7, 10, 11].
However, recent studies which implicate the minor allele
of HER2-1655V in trastuzumab cardiotoxicity have been
more conclusive with the valine allele being associated
with increased likelihood of cardiotoxicity [12, 13].

In addition, patients who received trastuzumab
and had the minor allele (T) of EGFR-T903T were
significantly more likely to have a worse RFS survival
relative to those who were either heterozygous for the
allele (C/T) or who had the major allele (C). However
the impact of the SNP was not associated with a worse
OS relative to patients who had both the heterozygous
or major allele. Interestingly no previous study has
implicated the EGFR-T903T SNP with any prognostic
or predictive role, but previous studies have shown that
synonymous SNPs such as this can impact a cell’s ability
to respond to therapeutics [14]. Indeed, previous studies
have shown that synonymous mutations affect splicing
accuracy, translation fidelity, mRNA structure and protein
folding, all of which of the potential to contribute to drug
response [14]. Supporting this hypothesis EGFR-D994D
had been previously demonstrated to functionally impact
the rate of protein translation [14].

The EGFR-T903T and HER2-1655V SNPs occur
in the protein kinase and trans-membrane domains of the
protein respectively. Alterations in these protein domains
have been long associated with functional impact on
cellular signaling [15, 16]. Future proteomic analysis of
the impact of synonymous SNPs will provide important
functional information as to how these SNPs impact on
cellular signaling.

Previous studies of EGFR-D994D found that lung
patients who received gefitinib as part of their therapeutic
regimen were more likely to have a worse OS [17].
Separate studies have shown that EGFR-D994D plays
a role in lung cancer susceptibility and that it also plays
a role in sensitivity to chemotherapy [9, 18]. Our study
whilst borderline significant showed that D994D had an
impact on OS in trastuzumab treated HER2-positive BC
patients. The published evidence of gefitinib sensitivity in
lung cancer and our observation of trastuzumab sensitivity
in HER2-positive BC, suggests that this SNP may be a
general rather than a therapeutic specific marker.

Our results suggest that being either homozygous for
the minor allele or being heterozygous for the allele (C/T)
for the SNP EGFR-N158N is significantly associated with
a worse OS relative to those that are homozygous for the
reference allele. The SNP EGFR-N158N has previously
been associated with a higher risk of developing head
and neck cancer [6], but its role in the development of

lung cancer is unclear. Our study is the first to associate
EGFR-N158N with worse OS in women who have HER2-
positive BC. The impact of EGFR and ERBB2 SNPs
warrant further study in a larger cohort of HER2-positive
BC patient samples, to ascertain the impact of common
ERBB2 and EGFR SNPs on trastuzumab response and
survival in HER2-positive BC.

In conclusion, we have determined via high depth
NGS the most common SNPs which occur in the ERBB-
family genes of women who have HER2-positive BC. We
found that 2 different SNPs in the HER2 and EGFR genes
play a negative role in both the response to trastuzumab
and OS. Overall our results indicate that SNPs which
occur in genes which are frequently amplified or mutated
in HER2-positive cancer may play a role in how a patient
responds to therapies to treat the disease. The use of
targeted genetic screening of patient’s blood may allow for
the stratification of patients who will benefit from adjuvant
trastuzumab treatment.

MATERIALS AND METHODS

Patients

A total of 122 patients with operable primary BC
were treated at Beaumont Hospital and St. Vincent’s
University Hospital between 1996 and 2012. 72 patients
from the TCHL study were also included in the analysis.
TCHL (NCT01485926) was a Phase Il neo-adjuvant study
assessing TCH (docetaxel, carboplatin and trastuzumab)
and TCHL (TCH and lapatinib) in early-stage HER-2
positive BC [19]. This study, approved by the Research
Ethics Committees of all hospitals, included women
who are confirmed as clinically HER2-positive by a
3+ HER2 immunohistochemistry score and or/ a FISH
ratio of > 2. Detailed clinical information is available in
Supplementary Tables 1 of the 194 patients who received
trastuzumab in the adjuvant setting and were included in
the survival analysis.

High depth sequencing

In our initial screen for ERBB-family related SNPs,
we selected for high depth sequencing 32 tumor formalin-
fixed, paraffin-embedded (FFPE) samples from patients
with HER2-positive BC. Haematoxylin and eosin sections
cut from the patient’s FFPE surgical blocks were analyzed
by a pathologist for tumor content and those with > 50%
tumor cellularity had a further 7*10 uM sections cut, from
which DNA was extracted using the Qiagen QIAamp DNA
FFPE kit. Beta-globin PCR was carried out on all samples
to ensure that DNA fragment lengths were greater than
300 bp. Samples were prepped and sequenced by Source
Biosciences using an Agilent SureSelect panel using
SureSelect QXT chemistry. The custom library designed
comprised of the ERBB-family genes and included 132
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regions. The total library size was 50 kbp, with average
coverage of 98.87%. The custom library included coding
exons of the target genes. The constructed libraries were
sequenced using an [llumina MiSeq Sequencer.

Sequencing analysis

Reads were trimmed using Trimmomatic [20] and
aligned with BWA mem (version 0.7.5a-r405: http://bio-
bwa.sourceforge.net/) under default parameters. Duplicate
reads were marked by Picard tools (http://broadinstitute.
github.io/picard/) and local realignment and base
recalibration were conducted with GATK [21] (version
v3.2-2-gec30cee, human genome version 19). Pileup
files were generated using Samtools [22] (version 0.1.19—
44428cd), excluding reads with mapping quality <20, and
variants were called with Varscan [23] (version v2.3.7) at
positions with coverage > 20. Variants were annotated by
Variant Effect Predictor [24].

Agena massarray

Mass spectrometry-based genotyping (Agena
MassARRAY, Agena Bioscience, San Diego, CA) was
applied to confirm the allele calls of the 10 SNPs which
are listed in Table 1 from the NGS screen of ERBB-family
genes. We also then tested a further 162 HER2-positive
BC patient samples to increase our test population to 194
patients focusing only on the 10 most significant SNPs
from the initial 32 sample screen. Reactions where > 15%
of the resultant mass ran in the mutant site were scored as
positive.

Statistical analysis

Survival analysis was only performed using data
from trastuzumab treated samples, using both relapse free
survival (RFS) and overall survival (OS) as the survival
endpoints (n = 194). Survival curves are based on Kaplan-
Meier estimates and the log-rank p-value is shown for
difference in survival. Cox regression analysis was used to
calculate hazard ratios and perform multivariate analysis.
The R package survival is used to calculate and plot the
Kaplan-Meier survival curves. A fisher exact test was
used to compare SNP frequencies between the different
public datasets. All p-values are adjusted for multiple
testing using the Benjamini-Hochberg method [25]. All
calculations are carried out in the R statistical environment
(http://cran.r-project.org/).
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