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Abstract

Purpose: HERZ2 copy number by fluorescence in situ hybridization (FISH) is typically reported
relative to the centromere enumeration probe 17 (CEP17). HERZICEP17 ratio could be impacted
by alterations in the number of chromosome 17 copies. Monosomy of chromosome 17 (m17) is
found in ~1,900 cases of early stage HER2-positive breast cancer annually in the United States,
however the efficacy of HER2-directed trastuzumab therapy in these patients is not well
characterized. Here we retrospectively identified HERZ-amplified, stage I-111 breast cancers with
m17 and characterized the impact of trastuzumab treatment.

Methods: From January 1, 2000 to June 1, 2011 we identified 99 women with HERZ-amplified
m17 breast cancers, as defined by a CEP17 signal of <1.5 per nucleus and a HERZ/ICEP17 ratio of
>2.0.

Results: Most HERZ-amplified m17 patients were treated with trastuzumab plus chemotherapy
(51%, n=50), whereas 31% (n=31) received chemotherapy alone and 18% (n=18) received no
chemotherapy. The 4-year overall survival (OS) was superior with trastuzumab compared to
chemotherapy alone or no chemotherapy (100% vs 93% vs. 81%, respectively; p=0.005). OS was
not influenced by estrogen/progesterone-receptor (ER/PR) status, tumor stage, or degree of FISH
positivity. A proportion of patients who would be considered HER2-negative by standard
immunohistochemistry staging criteria (0-1+) were HER2 amplified by FISH.

Conclusions: In the largest series reported to date, patients with HERZ-amplified m17 cancers
treated with trastuzumab have outcomes comparable to patients from the large phase 111 adjuvant
trastuzumab trials who were HER2-positive, supporting the critical role of HER2-directed therapy
in this patient population.
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Introduction

The gene for human epidermal growth factor receptor 2 (HER2) is located on the long arm
of chromosome 17, and when amplified, is generally associated with overexpression of the
oncoprotein [1,2]. HER2-“positive” tumors have extra copies of the HERZ gene by
fluorescence in situ hybridization (FISH) and/or high levels of the HER2 protein by
immunohistochemistry (IHC). HERZ copy number by FISH has typically been reported
relative to a control for the expected number of chromosomes, namely the centromere
enumeration probe 17 (CEP17) nuclear signal, although some tests increasingly report only
the total HERZ copy number. The successful development of HER2-directed therapies, such
as trastuzumab, has dramatically improved breast cancer specific outcomes in HER2-
positive breast cancers [3,4]. However, HERZ2/CEP17 ratio as a diagnostic tool is influenced
by the number of chromosome 17 copies and the impact of this on treatment decisions is
unknown.

A relatively small proportion of HER2-positive early stage breast cancers exhibit a gain of
HERZ copy number and loss of chromosome 17 copy number, suggestive of HERZ2-
amplified monosomy 17 (m17). While the overall incidence is unknown, HERZ-amplified
m17 can be identified in the clinic using standard-of-care HER2-testing with dual-probe
FISH, which uses enumeration probes to quantify copy numbers of both the #ERZ2 gene and
CEP17. By this method, m17 is detected in an estimated 4.2% of HER2-positive cases,
which translates to an incidence of approximately 1,900 cases annually in the United States
[5,6].

The clinical implications of HERZ-amplified m17 in early stage breast cancer are unknown.
In the N9831 adjuvant trastuzumab trial, a small number of patients with m17 (n=79) were
treated with or without trastuzumab, and the hazard ratio for benefit with trastuzumab was
not statistically significant (HR = 1.21, Cl = 0.43-4.62, p = 0.78), raising the possibility that
patients may not benefit from trastuzumab in this subgroup [5]. Notably, a retrospective
series of patients with metastatic, HER2-positive breast cancer identified inferior response
rates to trastuzumab-containing chemotherapy regimens in subjects with m17, compared to
those with normal or increased chromosome 17 copy number (response rate: m17 = 53%,
non-m17 = 92%) [7].

There are at least two possible reasons that patients with HERZ2-amplified m17 may exhibit
unique prognostic or therapeutic response patterns when compared to other HER2-“positive
tumors. First, chromosome 17 contains additional genes that are central to breast cancer
pathogenesis and DNA repair, including topoisomerase |l-a (7TOPZA), breast cancer 1
(BRCAI), tumor protein P53 ( 7P53), and others, and therefore loss of chromosome 17 may
have biologic implications that may influence prognosis or therapeutic response [8]. For
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example, TOP2A expression may be associated with anthracycline sensitivity and therefore
loss of TOPZA may mediate chemoresistance [9,10].

In addition, tumors that test positive for m17 by FISH may in fact not actually have
increased copy numbers of HERZ2. Specifically, genetic alterations that impair CEP17
binding may result in falsely elevated HERZICEP17 ratios without true HERZ-amplification,
and therefore these tumors may not respond to anti-HER2 therapy. Peri-centromeric
genomic alterations, for example mutations/amplifications or translocation events, may
perturb binding of the CEP17 probe and lead to modest elevations in HERZICEP17 ratio
without copy number increases in HERZ. For example, an isochromosome [i.e. i(ql17)]
translocation event by which the long (q) arm is duplicated with a tandem loss of the short
(p) arm would yield a HERZICEP17 ratio of 3, whereas a heterozygous mutational event that
disturbs CEP17 binding would yield a HERZICEP17 ratio of 2.

A better understanding of the clinical characteristics of HERZ-amplified m17 could help to
inform clinical management. The current standard-of-care is to treat patients with these
cancers the same as patients with HER2-positive early stage disease. Most commonly this
means using trastuzumab plus chemotherapy, either in the neoadjuvant or adjuvant setting
[3]. However, in light of the US Food and Drug Administration (FDA) approval of next-
generation HER2-directed therapies such as lapatinib, trastuzumab-emtansine (T-DM1) and
pertuzumab, the standard may soon evolve to include these agents and, for lower risk
cohorts, we may reduce or fully eliminate conventional chemotherapy in early stage disease
in the future. Therefore, overtreatment of m17 could lead to added cost and toxicity while
undertreatment could compromise breast cancer specific outcomes. Thus, understanding the
impact of m17 is important across the spectrum of HER2-positive disease.

Here we undertook a retrospective single-institution study to explore the impact of m17 on
outcomes for women with HER2-“positive” stage I-111 breast cancer treated at Memorial
Sloan Kettering Cancer Center (MSKCC) between 2000 and 2011. We evaluated the
treatment course and clinical outcomes of all patients with elevated HERZ2/CEP17 ratio
(=2.0) and low CEP17 (<1.5) on routine, dual-probe FISH. We further compared HERZ/
CEP17 ratio levels to HER2 protein levels using IHC.

Materials and Methods

Study Population & Definitions

Under an investigational review board approved waiver of consent, the MSKCC breast
cancer database was interrogated. All women diagnosed between 1/1/2000 and 6/1/2011
with HER2-amplified m17 early stage breast cancer by dual-probe FISH (defined as HERZ/
CEP17 ratio=2.0 and CEP17<1.5 per nucleus) for whom clinical follow up was available for
review were identified. Because no standard definition for monosomy 17 is established, the
definition derived from the largest reported series was used, which defines monosomy 17 as
<1.5 CEP17 signals per nucleus (Table 1 and Figure 1) [11, 12]. These criteria highly enrich
for, but do not exclusively identify HERZ-amplified m17, because alternative genomic
alterations (for example, peri-centromeric translocations or mutations) may disturb binding
of CEP17 to the chromosome and may generate a falsely elevated HERZICEP17 ratio with
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low CEP17. However, for clarity unless otherwise specified, HERZ-amplified m17 will refer
to all cases meeting the above criteria.

A clinical chart review was conducted on subjects with HERZ-amplified m17 tumors to
ascertain whether trastuzumab and or chemotherapy was employed in the neoadjuvant or
adjuvant setting. The inclusion of anthracycline was documented.

FISH and IHC

As per the MSKCC institutional standard, IHC was performed routinely on all early stage
breast cancer cases according to standard methods as previously published, using ASCO
guidelines as negative (0,1+), equivocal (2+), or positive (3+) [13, 14]. FISH was conducted
reflexively to define HER2 status in the setting of equivocal IHC expression since 2009, and
was performed in all invasive breast cancer cases before 2009. FISH was also performed on
selected IHC HER2-negative cases, for example for women who are enrolled on
investigational protocols requiring FISH or when requested by the treating clinician. In all
cases, deparaffinized tissue sections were evaluated using the US FDA-approved Vysis
PathVysion probe set, which consists of a SpectumGreen-conjugated probe (CEP17) to the
alpha satellite DNA located on 17p11.1-g11.1 of chromosome 17, and a SpectrumOrange-
conjugated probe to the HERZ gene (Abbott Diagnostics, Chicago, IL) [15].

Statistical Methods

Results

This was a retrospective study designed to explore potential associations of various
(neo)adjuvant treatment strategies (chemotherapy plus trastuzumab, chemotherapy alone,
versus no chemotherapy) with long-term outcome in patients harboring monosomy 17. The
chi-squared test was used to identify clinicopathologic imbalances across treatment groups,
including estrogen/progesterone-receptor (ER/PR) status, age, chemotherapy agent
(anthracycline versus no anthracycline), and American Joint Committee on Cancer Staging
(AJCC) stage. The principle outcome measure was overall survival, although other
endpoints as defined by Standardized Definitions for Efficacy End Points (STEEP) were also
evaluated [16]. Kaplan-Meier survival curves were generated for graphical analysis, and
when feasible based on sample size, differences in outcome were compared across treatment
groups by the log-rank test. Analyses were conducted using the R statistical software
package and Graphpad Prism.

Summary of Study Population

From 1/1/2000 to 6/1/2011, 99 subjects with HERZ-amplified cancers and m17 had clinical
follow-up data available. The clinicopathologic features of these patients are summarized in
Table 2 and are stratified by the type of chemotherapy regimen received in the curative
setting (chemotherapy + trastuzumab, chemotherapy alone, or no chemotherapy). About half
of the subjects received chemotherapy + trastuzumab (51%, n=50), whereas a smaller subset
of patients received chemotherapy without trastuzumab (31%, n=31) or no chemotherapy
(18%, n=18). With a median follow-up of 7.1 years (0.16-13.4 years), the median overall
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survival (OS) was not reached, and the landmark 4-year OS was 95% (CI1=88%-98%, Figure
2).

We conducted chi-squared analyses to evaluate potential confounders in baseline
characteristics between patients in the three treatment groups (Table 2). Subject age and
tumor histology were balanced across treatment groups, whereas hormone receptor status
and AJCC stage were not. The chemotherapy + trastuzumab group contained more ER/PR-
positive tumors relative to the chemotherapy only and no-chemotherapy groups (p=0.04),
whereas the no-chemotherapy group had lower AJCC stage tumors compared to the
chemotherapy + trastuzumab and chemotherapy groups (p=0.01). There was also a trend
(p=0.1) towards imbalance in anthracycline use, with a smaller proportion of trastuzumab-
treated subjects receiving an anthracycline (82%) compared to chemotherapy only subjects
(97%, Table 2).

Improved outcomes for patients treated with trastuzumab-based chemotherapy

We performed Kaplan-Meier analyses to evaluate the potential influence of therapy on
outcomes. Despite receiving less intensive chemotherapy, as indicated by a trend towards
less anthracycline use (Table 2), subjects receiving chemotherapy + trastuzumab
demonstrated a statistically superior OS compared to subjects receiving either chemotherapy
alone or no-chemotherapy (p=0.001; Figure 3). Furthermore, subjects receiving
chemotherapy + trastuzumab had improved STEEP outcomes, with recurrence free survival
(RFS, p=0.04; Figure 3) and distant recurrence free survival (DRFS, p=0.005; data not
shown) reaching statistical significance.

To assess the potential influence of imbalance in AJCC staging and hormone receptor status,
we repeated the above analysis independently for each AJCC subgroup (stage I/11 versus
stage 111) and each ER/PR subgroup (ER/PR-positive versus ER/PR-negative). OS was
superior in the chemotherapy + trastuzumab group relative to chemotherapy alone or no-
chemotherapy in AJCC Stage I/11 subjects (p=0.003; (Figure 3) and in ER/PR-positive
subjects (p=0.0006; Figure 3). The ER/PR-negative (n=12) and AJCC Stage Il (n=15)
subgroups were too small for further statistical analyses, however chemotherapy +
trastuzumab appeared to be superior in each of these subgroups.

HER2-positive m17 patients with potential alterations in CEP17 binding still benefit from
trastuzumab

We next examined patients with potential m17-related genetic alterations that could impair
CEP17 binding, which would result in artificially elevated HERZICEP17 ratios due to
decreased CEP17 rather than increased HERZ2 copy number. We separately evaluated
outcomes for patients with HERZICEP17 ratios between 2 and 3.5, which are more likely to
include non-m17 causes of low CEP17 binding, including i(q17) translocation and
heterozygous mutational events. Such cases would still be classified as HER2-positive by
2015 NCCN guidelines [17]. In our series, tumors with FISH ratios within this range
constituted only 23% of HERZ-amplified m17 cases (n=23/99), and were much less likely to
test positive by IHC (only 13% IHC 3+, versus 84% IHC 3+ for tumors with FISH ratio
23.5). These patients had Kaplan-Meier survival curves which overlapped with those of
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FISH-high patients (p=0.321; Figure 4). Despite the small sample size, subjects in this group
who received chemotherapy + trastuzumab had improved OS compared to subjects who did
not receive trastuzumab (p=0.018; Figure 4).

Some patients with CEP17 copy number loss had discordant HER2-status by FISH versus

IHC

All but two subjects (2/97, 2%) in this series were tested by both FISH and IHC, thereby
providing the opportunity to evaluate concordance of these two testing modalities in
determining HER2-positivity in subjects with loss of CEP17 binding. The majority (61%,
n=59/97) of cases were concordantly HER2-positive, with HERZICEP17 ratios =2.0 by
FISH and 3+ expression by IHC (Figure 5). An additional 26% (n=25/97) had HERZICEP17
ratios =2.0 and IHC in the equivocal range (2+); these cases are still considered concordant
because NCCN guidelines recommend reflexive FISH testing in the setting of equivocal IHC
[14,17]. However, 13% of cases (n=13/97) were IHC negative (0-1+) and FISH-positive
(HERZICEP17 ratio =2.0), which represents a subset of putatively HER2-positive patients
(by FISH) who may not be identified as HER2-positive by standard-of-care IHC testing
alone.

Figure 5 illustrates the distribution of IHC scores and the corresponding HERZ/ICEP17 ratios
for each patient. Overall, the intensity of HER2 staining by IHC correlated with FISH ratios.
However, FISH ratios were widely distributed across each IHC score, with a proportion of
IHC-negative patients (n=4/13) exhibiting FISH ratios greater than 4.0. While sample size
precluded statistical assessment of outcomes in the IHC/FISH-discordant subjects, OS
appeared similar to the entire cohort, with 4-yr OS of 93%. Three of the 13 IHC/FISH-
discordant subjects received chemotherapy + trastuzumab, and all of these subjects remain
alive with a minimum follow-up of 5.2 years. However one of these subjects experienced an
in-breast recurrence at 6 years which was resected with no subsequent recurrence.

Conclusion

The large absolute annual incidence of breast cancer makes even uncommon events, such as
HERZ-amplified m17, potentially important. Based on national registries and the largest
prospective analysis of chromosome 17 copy number in trastuzumab-treated early stage
breast cancers, the best estimate for incidence of HER2-amplified m17 early stage breast
cancer is 1,900 patients annually in the United States [5]. This is a comparable population to
male breast cancer or synovial sarcoma [18]. Despite this, HER2-amplified m17 is under-
investigated, and trastuzumab-based chemotherapy remains an unproven and largely empiric
standard-of-care for these patients.

Here, we report the largest case series describing outcomes for women with HERZ-amplified
m17 early stage breast cancers. We found that the survival of these subjects (4-year OS 95%)
was comparable to all-comer HER2-positive early stage breast cancers as reported in large
phase Il clinical trials such as the N9831, which reported a 4-year OS of ~89% following
trastuzumab-containing chemotherapy [5]. Second, we found that HERZ2-amplified m17
subjects appeared to benefit from trastuzumab, as indicated by improved survival and
STEEP outcomes, despite less anthracycline-based chemotherapy in these subjects
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compared to similar subjects who were not treated with trastuzmab. These findings were
consistent across all ER/PR and AJCC stage subgroups, addressing the potential concern of
confounders based upon imbalances in baseline characteristics across the treatment groups.
These data support the current standard treatment of HER2-amplified m17 early stage breast
cancers with trastuzumab-based chemotherapy and suggest that prognosis is similar to that
of HER2-positive breast cancers.

These findings may become more clinically relevant with the advent of newer HER2-
targeted regimens. For example, the anti-HER2 antibody drug conjugate, T-DM1, is how
FDA approved as monotherapy for use in metastatic HER2-positive breast cancer, based on
a phase 111 trial demonstrating improved OS compared to capectibine plus lapatinib [19].
One potential concern is that if subjects with m17 by FISH do not benefit from trastuzumab,
then monotherapy with T-DM1—which uses a trastuzumab moiety to deliver cytotoxic
therapy to HER2-positive cells—may not be clinically active. Our retrospective analysis
showed that m17 patients appear to benefit from trastuzumab, providing indirect reassurance
that T-DM1 should also be effective in this patient population. T-DM1 is being evaluated for
expanded clinical indications, potentially as a first-line regimen in metastatic breast cancer
based on phase Il and phase 11l data comparing T-DM1 to taxane/trastuzumab, and in the
neoadjuvant/adjuvant setting with several ongoing trials such as the ATEMPT trial
comparing T-DM1 to paclitaxel/trastuzumab in stage | breast cancer [20-22]. In light of
these possible expanding indications, we would urge investigators of all T-DM1 trials to
conduct a subset analysis of m17-treated patients to confirm that these patients benefit from
the therapy. Meta-analyses of similar trials may be necessary to obtain sufficient sample size
to accomplish this goal.

Our data highlight another potential clinical implication of HERZ-amplified m17, namely
that a proportion of patients with HER2-amplified tumors and m17 may potentially be
misdiagnosed as HER2-negative. In our series, we identified a subset of patients with IHC
0-1+ and concomitant FISH HER2Z/ICEP17 ratios above 2.0. Since FISH testing is not
reflexively requested if IHC protein expression is in the 0-1+ range, per ASCO CAP or
NCCN guidelines, these patients would not be identified as HER2-positive in the absence of
FISH testing [17]. Our series is too small to provide information on the prognosis or impact
of trastuzumab in these patients. However, these findings may justify a more extensive
assessment of the prevalence and clinical characteristics of discordant HER2-positive m17
breast cancers across recent phase 111 clinical trials.

A critical limitation of our analysis is that, by standard-of-care dual-probe FISH testing, it
would be impossible to discern cases of true HER2-amplified m17 from false-positive cases
which may be the result of alternative genomic events. For example, heterozygous somatic
mutations in the CEP17 probe binding region may result in a HERZ copy number of 2, a
CEP17 copy number 1, and therefore a HERZICEP17 ratio of 2. Another possible
mechanism of eusomic CEP17 copy number loss is isochromosome 17 [i(17q)], a described
translocation by which the long (q) arm is duplicated with a tandem loss of the short (p) arm.
i(17q) has been previously identified in breast cancer cell lines, is described in hematologic
and CNS malignancies, and is thought to arise from a translocation at a locus of genomic
instability in the 17p11.2 band related to large, palindromic repeats [23,24]. The effect of an
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i(17g) event on CEP17 centromeric probe binding has not been described, but this may
theoretically disturb binding of the probe to the centromere. More sophisticated genomic
testing, such as the use of additional chromosome 17 reference probes, could be conducted
to differentiate true m17 versus other causes of CEP17 probe binding loss, such as i(17q)
[25]. In our data, subjects with FISH between 2.0 and 3.5 appeared to benefit from
trastuzumab and had similar outcomes when compared to subjects with more robust
elevations in HERZICEP17 ratio. These findings suggest that false-positive HER2-amplified
m17 cases may either constitute a small proportion of HERZ-amplified m17, or have similar
prognosis/response patterns compared to true-positive HERZ-amplified cases. Therefore, we
believe that additional genomic testing would be of limited value for this rare subset of
patients.

Despite the limitations of a small, retrospective single-institution report, our study provides
the largest single series of HERZ-amplified m17 early stage breast cancer to date and
supports the continued use of trastuzumab in this setting. These data also serve to highlight
the potential utility of studying rare subsets in breast cancer, which despite constituting
small relative proportions of patients, may represent distinct biological entities with large
absolute incidences both across the US and worldwide.
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Figure 1.
Example of FISH images for a possible case of monosomy 17. A: Tumor cells exhibit only 1

copy of CEP17 (green) with an increase in HERZ (red) copy number resulting in an
amplified ratio. B: Magnified view. DAPI stain is in blue.
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Figure 2.
Kaplan-Meier survival estimate from the time of surgical resection. With a median follow-up

of 7.1 years (0.16-13.4 years), the median overall survival (solid line) was not reached and
4-year overall survival was 95%. The 95% confidence interval is illustrated with dotted
lines.
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Kaplan-Meier curves according to treatment group (chemo+tras, chemo alone, and no
chemo). (A) Overall survival (B) Recurrence-free survival by STEEP criterial® (C) Overall
survival, AJCC Stage I/11 only (D) Overall survival, ER/PR-positive only.

Abbreviations: tras, trastuzumab; chemo, chemotherapy; STEEP, standardized definitions for
efficacy end points; AJCC, American Joint Commission on Cancer Staging; ER, estrogen

receptor; PR, progesterone receptor.
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Kaplan-Meier curves according to magnitude of HERZ/ICEP17 FISH ratio: (A) Overall
survival, FISH ratio 2-3.5 versus =3.5 (B) Overall survival among HER2-amplified m17

subjects with FISH ratio 2-3.5, by treatment group.

Abbreviations: tras, trastuzumab; chemo, chemotherapy; HER2, human epidermal growth
factor receptor 2; IHC, immunohistochemistry; FISH, fluorescence in situ hybridization;
m17, monosomy 17.
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Figure5.
Correlation of HER2 expression by IHC versus FISH ratio in HER2-amplified m17 early

stage breast cancers. Solid lines represent group medians and the dotted line crosses at FISH
ratio=2.0, the threshold for HER2-positivity by NCCN guidelines.’

Abbreviations: HER2, human epidermal growth factor receptor 2; IHC,
immunohistochemistry; FISH, fluorescence in situ hybridization; m17, monosomy 17;
NCCN, National Comprehensive Care Network
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Table 1.

Terminologies of HER2 and Chromosome 17 ploidy ™

Term Definition

Ch17 copy # # centromeres / cell

FISH ratio # HER2 signals / CEP17 signals per nucleus
Monosomy ch17  CEP17 signal <1.5 per nucleus

HER2-amplified
HER2-positive

FISH ratio 2.0
IHC 3+ or FISH =2.0

*
From [11,26]

Abbreviations: Ch17, chromosome 17; fluorescence in situ hybridization; HER2, human epidermal growth factor receptor 2; IHC,

immunohistochemistry, CEP17, centromere enumeration probe 17

Breast Cancer Res Treat. Author manuscript; available in PMC 2020 August 05.

Page 15



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Page et al.

Table 2.
Patient characteristics by treatment group
All Patients  TrastChemo Chemo Only Neither

Characteristic n % n % n % n % p value
Total per group 99 100% 50 100% 31 100% 18 100%
Age

<50 42 42% 22 44% 10 32% 10 56%

50-70 42 42% 20 40% 16 52% 6 33%

>70 15  15% 8 16% 5 16% 2 11% NS
Hormone Receptor Status

ER/PR positive 87  88% 48 96% 25 81% 14 78%

ER/PR negative 12 12% 2 4% 6 19% 4 22% 0.04
AJCC Stage

1 82  83% 42 84% 22 71% 18 100%

1l 15  15% 7 14% 8 26% 0 0%

Neoadjuvant 2 2% 1 2% 1 3% 0 0% 0.01
Chemo regimen

Anthracycline 71 88% 41 82% 30 97% 0 0%

No anthracycline 10 12% 9 18% 1 3% 0 0% 0.1
Histology

Ductal 93  94% 46 92% 31 100% 16 89%

Lobular 4 4% 2 4% 0 0% 2 11%

Mixed 2 2% 2 4% 0 0% 0 0% NS

Abbreviations: Tras, trastuzumab; Chemo, chemotherapy; ER, estrogen receptor; PR, progresterone receptor; AJCC, American Joint Commission

on Cancer Staging; NS, non-signficant
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