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ABSTRACT

Breast cancer remains the second leading cause of cancer-related death in
women despite stratification based on standard hormonal receptor (HR) and HER2
testing. Additional prognostic markers are needed to improve breast cancer treatment.
Chromothripsis, a catastrophic genome rearrangement, has been described recently
in various cancer genomes and affects cancer progression and prognosis. However,
little is known about chromothripsis in breast cancer. To identify novel prognostic
biomarkers in breast cancer, we used molecular inversion probe (MIP) microarray
to explore genome-wide copy humber aberrations (CNA) and breast cancer-related
gene alterations in DNA extracted from formalin-fixed paraffin-embedded tissue. We
examined 42 primary breast cancers with known HR and HER2 status assessed via
immunohistochemistry and FISH and analyzed MIP microarray results for correlation
with standard tests and survival outcomes. Global genome-wide CNA ranged from
0.2% to 65.7%. Chromothripsis-like patterns were observed in 23/38 (61%) cases
and were more prevalent in cases with =10% CNA (20/26, 77%) than in cases with
<10% CNA (3/12, 25%; p<0.01). Most frequently involved chromosomal segment
was 17q12-q21, the HER2 locus. Chromothripsis-like patterns involving 17q12 were
observed in 8/19 (42%) of HER2-amplified tumors but not in any of the tumors
without HER2 amplification (0/19; p<0.01). HER2 amplification detected by MIP
microarray was 95% concordant with conventional testing (39/41). Interestingly,
21% of patients (9/42) had fibroblast growth factor receptor 1 (FGFR1) amplification
and had a 460% higher risk for mortality than those without FGFR1 amplification
(p<0.01). In summary, MIP microarray provided a robust assessment of genomic
CNA of breast cancer.

INTRODUCTION and remains the second leading cause of cancer-related
death in women [1]. Breast carcinoma is often associated
Breast cancer is the most prevalent malignancy with high-level, complex, genome-wide copy number
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aberrations (CNA) [2, 3]. Standard biomarker testing
for breast cancer includes assessment of estrogen
receptor (ER), progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2) expression
by immunohistochemistry (IHC) and HER2 amplification
by fluorescence in situ hybridization (FISH) to determine
patient eligibility for hormonal and anti-HER2 therapy
[4-6]. Breast cancer patients with hormone receptor-
positive (HR+) tumors have better clinical outcomes after
receiving endocrine therapy than those with HR-negative
(HR-) tumors; however, nearly half of ER-positive (ER+)
breast cancers do not respond to or develop resistance to
hormonal therapy [7-9]. HER2 protein overexpression
and gene amplification are present in approximately 15%
of breast cancers, and patients with these tumors have an
aggressive clinical course [10, 11]. HER2 overexpression/
amplification predicts response to effective therapy
targeting HER2 [12], however approximately 30% or
more patients do not respond to anti-HER2 therapy [13,
14]. Patients with triple-negative breast cancer have the
worst clinical outcome, possibly owing to the lack of
specific therapeutic targets. Genome-wide mutational
analysis and expression profiles have been extensively
explored to search for novel therapeutic targets and to
identify patients for whom conventional therapy will
not be effective [2]. Gene expression profiling has been
reported to help predict clinical outcomes for breast
cancer patients [7-9]. Fibroblast growth factor receptor 1
(FGFR1) protein expression recently has been associated
with poor prognosis of ER+/HER2-negative (HER2-
) and triple-negative breast cancer [15-17]. However,
alternative robust and reproducible technologies that
provide quantitative assessment of HER2 and FGFRI
copy number are needed, and application of assays for
these and other genes using genome-wide approaches
provide a potentially efficient solution for diagnostic labs
going forward.

Recent advances in high-throughput molecular
technologies have allowed the identification of common
targetable genomic alterations in solid tumors, including
breast cancer. However, degradation of DNA derived from
formalin-fixed paraffin-embedded (FFPE) tissue and the
yield of DNA from solid tumors limit the use of many
of these new technologies for cancer genome analysis in
clinical practice. In this respect, molecular inversion probe
(MIP)-based single nucleotide polymorphism microarray
technology can provide high-quality genomic data and
genome-wide analysis of CNA in solid tumors when
only nanograms of degraded DNA are extracted from
FFPE tissue [18-20]. In comparison with FISH assay,
the conventional standard for detecting single biomarker
status such as HER?2 amplification, MIP microarray can
provide accurate and quantitative assessment of copy
number gain/amplification and loss for nearly 900 cancer
related genes as well as copy neutral loss of heterozygosity
(LOH) of genes within chromosomal segments [19, 21].

Additionally, MIP microarray can distinguish polysomy
versus co-segmental amplification of genes and genomic
loci that cannot be distinguished by FISH.

Chromothripsis, recently described in cancer
genomes, is a single catastrophic event of massive
chromosome shattering and complex genomic
rearrangement involving localized regions of a single
or a few chromosomes [22-24]. Chromothripsis can be
modeled and detected by single-nucleotide polymorphism
microarray as a distinct genomic pattern with oscillations
among 2 or 3 copy number states with tens to hundreds
of breakpoints within a localized region and presence of
a copy number state alternating between maintenance
of heterozygosity versus LOH [25, 26]. Chromothripsis
has been reported in at least 2%—5% of all cancers and
in 20%—40% of bone cancers, prostate cancers, and brain
tumors [22, 27, 28] and has been reported to involve
amplification of oncogenes and inactivation tumor
suppressor genes [23, 25]. In certain tumor types, such as
neuroblastoma, chromothripsis has been associated with a
poor clinical outcome [23]; however, chromothripsis also
can be beneficial [29]. Chromothripsis-like patterns have
been suggested in breast cancers via spectral karyotyping
analysis, array comparative genomic hybridization,
and whole-genome sequencing [30-35]. Unlike whole
genome sequencing, spectral karyotyping analysis
and array comparative genomic hybridization cannot
provide the allelic information required to distinguish
massive chromosome rearrangements owing to a single
catastrophic event (chromothripsis) versus those owing
to progressive rearrangements. Alternating regions of
heterozygosity and LOH are present in chromothripsis but
are absent in progressive rearrangements [22]. HER2 copy
number assessment in breast cancer by MIP microarray
has recently been reported [20, 36]; however, there is
limited information on chromothripsis and CNA in breast
cancer. Furthermore, additional prognostic markers and
potential molecular targets are needed to improve the
treatment of patients with breast cancers. We explored
global genome-wide CNA in breast cancer by MIP
microarray. We examined chromothripsis-like pattern and
its association with HER2.

RESULTS

Genome-wide copy number aberrations

Genome-wide analysis results showed that CNA
(more than 1 copy number gain and any copy number loss)
ranged from 0.2% to 65.7% of the genome in all the breast
cancer cases examined (mean, 22.7%; median, 18.2%;
Figure 1, Table 2). The mean genomic CNA were 29.7%
in the HR+/HER2+ group, 19.5% in the HR+/HER2-
group, 19% in the HR-/HER2- group, and 16.4% in the
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Table 1: Clinicopathologic features of patients with breast cancer (V= 42)

Characteristic
Age at diagnosis, years

Median 48

Mean 50

Range 31-74
Gender, n (%)

Female 41 (98)

Male 1(2)
Histological type, n (%)

Ductal 34 (81)

Ductal with micropapillary features 1(2)

Ductal with mucinous differentiation 1(2)

Ductal with neuroendocrine differentiation 2 (5)

Ductal with squamous differentiation 1(2)

Lobular 1(2)

Mixed ductal and lobular 2(5)
Tumor nuclear grade, n (%)

2 9(21)

3 33(79)
Nottingham grade, n (%)

2 10 (24)

3 32 (76)
Primary tumor, n (%)

T1 21 (50%)

T2 14 (33%)

T3 4 (10%)

T4 3 (7%)
Axillary lymph node metastasise, n (%)

Absent 21 (50%)

Present 21 (50%)
Distant metastasise, n (%)

Absent 26 (62%)
Present 16 (38%)
Estrogen receptor?, n (%)

Positive 29 (69)

Negative 13 (31)
HER2? n (%)

Positive 20 (48)

Equivocal 1(2)

Negative 21 (50)
Group, n (%)

HR+/HER2+ 14 (33)

HR+/HER2-° 15 (36)

HR-/HER2+ 6 (14)

HR-/HER2- 7(17)
Neoadjuvant therapy, n (%) 14 (33)

aEstrogen receptor status was assessed by immunohistochemistry (IHC) analysis; HER2 status was assessed by IHC and/
or fluorescence in situ hybridization (FISH) analysis. Both were interpreted according to the American Society of Clinical
Oncology/College of American pathologist guidelines with modification [4, 5].

*The HR+/HER2- group includes one case with equivocal HER2 results by IHC and FISH.

Abbreviations: HER2, human epidermal growth factor 2; HER2+, HER2—positive; HER2-, HER?2 test with negative and
equivocal results; HR, hormone receptor; HR+, HR—positive; HR-, HR—negative.
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Table 2: Genomic change detected by molecular inversion probe microarray in patients with breast cancer (N = 38)*
Total HR+/HER2+ | HR+/HER2- | HR-/HER2+| HR-/HER2-
Patients, n (%) 38 (100%) 14 (33%) 12 (36%) 6 (14%) 6 (17%)
Genomic CNA, %
Range 0.2-65.7 0.2-65.5 3.6-65.7 1-63.9 6.5-38.2
Mean 22.7 29.7 19.5 16.4 19
Median 18.2 25.8 15.9 7.3 16.5
Chromothripsis-like pattern,
n (%) 23 (61) 10/14 (64) 6/12 (50) 3/6 (50) 4/6 (67)
Genomic CNA<10% 3/12 (25) 0/2 (0) 1/5 (20) 2/4 (50) 0/1 (0)
Genomic CNA>10% 20/26 (77)° 10/12 (83) 57 (71) 2/2 (100) 4/5 (80)

“Four cases with noisy background due to poor DNA quality were excluded from the analysis for genomic CNA (more than
1 copy number gain and any copy number loss) and chromothripsis-like pattern.
*The chromothripsis-like pattern was more prevalent in cases with >10% genomic CNA than in cases with <10% genomic

CNA (p <0.01).

Abbreviations: CNA, copy number aberrations; HER2, human epidermal growth factor receptor 2; HER2+, HER2-
positive according to fluorescence in situ hybridization; HER2-, HER2—negative and equivocal results according to
immunohistochemistry and/or fluorescence in situ hybridization; HR, hormone receptor; HR+, HR—positive according to
immunohistochemistry; HR-, HR—negative according to immunohistochemistry.

HR-/HER2+ group and did not significantly differ among
the four subtypes of breast cancer (p = 0.15). Genomic
analysis revealed substantial copy number gain at 8pl1 in
the HR+/HER2- group, substantial copy number gain at 8q
in the HR+ and HR-/HER2- groups, and substantial copy
number gain at 17q12-q21 in the HER2+ group.

Chromothripsis-like patterns detected by
molecular inversion probe microarray

We observed chromothripsis-like patterns involving
a single chromosomal segment (n = 15) or 2-5 segments
(n = 8) in 23 breast cancer cases (61%; Figure 2, Table
2). The most frequently involved segment was 17q12-q21,
the locus for HER2 (n = 8), followed by 17q21-q25 (n
=3), 8q12-q21 (n = 3), 8q23-q24 (n =2), 1p32 (n = 3),
11pl4-pl5 (n=3), 11q13-ql4 (n = 3), 20q12-q13 (n = 3),
and 6q13 (n = 2). Other single-event loci included 1923,
2p16-p25, 6p12-p22, 9q31-q33, 10p11-p13, 12q15-q23,
13q12, 20p11-p12, and 21q11-q22. Chromothripsis-like
patterns involving multiple chromosomal segments were
more frequent in the HR+/HER2+ group (7/10) than in the
other groups (1/13; p < 0.01). Chromothripsis-like patterns
were not detected in the 6925, 14q23, or 11q22 loci for
ESR1, ESR2, and PGR, respectively. Chromothripsis-like
patterns involving any chromosome were more frequent
in cases with > 10% genomic CNA (20/26, 77%) than in
cases with < 10% CNA (3/12, 25%; p < 0.01).

Concordant interpretation of HER2 amplification
by fluorescence in situ hybridization and
molecular inversion probe microarray

Of the 20 breast cancer cases positive for HER2
amplification according to FISH results, 18 (90%) were
positive for HER2 amplification by MIP microarray
analysis, using a threshold of 4 and more copies for tumor
cells (Table 3). One of the discordant results was due to
intratumoral genetic heterogeneity. The second discordant
result was a borderline case with an equivocal IHC result
(2+) and a borderline positive interpretation for the FISH
result (HER2/CEP17 ratio, 2.12; average HER2 copy/cell,
4.65). The only HER?2 case with equivocal IHC and FISH
results was not included in the concordance study but was
positive for HER2 amplification by MIP microarray. All 21
breast cancer cases negative for HER2 overexpression by
IHC and/or HER?2 amplification by FISH were negative for
HER?2 amplification by MIP microarray. MIP microarray’s
detection of HER?2 amplification status was 95% (39/41)
concordant with conventional testing (FISH and IHC) in
breast cancer.

Association of HER2 amplification with a
chromothripsis-like pattern at 17q12

Of the 19 breast cancer cases with HER2
amplification by MIP microarray, 14 cases (74%)
showed co-segmental amplification of both chromosome
17q12, the locus for HER2, and 17pll1.2-q11.2, the
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Table 3: Genetic aberration of breast cancer—related oncogenes and regions detected by MIP microarray

Total HR+/HER2+ | HR+/HER2- | HR-/HER2+ | HR-/HER2- | P value
n (%) n (%) n (%) n (%) n (%)
Patients 42 (100) 14 (33) 15 (36) 6 (14) 7(17)
HER2
Amplification by MIP 19 (45) 13 (93)° 1 (7)° 5(83) 0 <0.001
CLPat 17q12 8(19) 6 (43) 0 2(33) 0 <0.01
17p11.2-q11.2
Amplification by MIP 14 (33) 8(57) 1 (7)° 5(83) 0 <0.001
17p11.2 amplification by MIP 5(12) 4(29) 0 1(17) 0 0.06
17q11.2 amplification by MIP 13 (31) 7 (50) 1 (7)° 5(83) 0 <0.001
qizand 17pl1ogl12bynip| 1469 | 86D | 10r | 569 0| <ooon
FGFRI
Amplification by MIP 9(21) 3(21) 3 (20) 1(17) 2(29) 1.0

?One case showed HER?2 genetic heterogeneity. The immunohistochemistry results were equivocal; fluorescence in situ
hybridization results were positive in the tumor area with HER2—amplified tumor cells; the overall HER2 gene status in
tumors was negative by MIP microarray.

*One case was equivocal for both HER2 overexpression (2+) and HER2 amplification by fluorescence in situ hybridization
(HER?2 copy number/cell, 4.22; HER2/CEP17 ratio, 1.1). MIP microarray results were positive for HER2 amplification (4
copies) and 17q11.2 amplification.

dOne case was equivocal for HER2 overexpression (2+) and positive for HER2 amplification by fluorescence in situ
hybridization (HER2 copy number/cell, 4.65; HER2/CEP17 ratio, 2.12). MIP microarray results were negative for HER?2
amplification (2.33 copies) and negative for 17p11.2-q11.2 amplification.

Abbreviations: CLP, chromothripsis-like pattern; FGFRI, fibroblast growth factor receptor 1; HER2, human epidermal growth
factor receptor 2; HER2+, HER2—positive according to fluorescence in situ hybridization; HER2-, HER2—negative and
equivocal results according to immunohistochemistry and/or fluorescence in situ hybridization; HR, hormone receptor; HR+,
HR-—positive according to immunohistochemistry; HR-, HR—negative according to immunohistochemistry; MIP, molecular
inversion probe.

pericentromeric region of chromosome 17 (Table 3). The
other five cases (26%) showed segmental amplification
of HER?2 without amplification of 17p11.2-q11.2. Of the

23 breast cancer cases negative for HER2 amplification
according to MIP microarray, none showed amplification
of 17p11.2-q11.2. Polysomy 17 was not detected in any
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Figure 1: Genome view of copy number status in breast cancer subtypes based on hormonal receptor (HR) and human
epidermal growth factor receptor 2 (HER2) status. Blue bars indicate the percent of cases with copy number gain (3 or more
copies). Red bars indicate the percent of cases with copy number loss. Abbreviations: CA, cancer; HER2+, HER2-positive according to
fluorescence in situ hybridization; HER2-, HER2-negative and equivocal results according to immunohistochemistry and/or fluorescence
in situ hybridization; HR-positive according to immunohistochemistry; HR-, HR-negative according to immunohistochemistry.
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Table 4: Correlation of HER2 amplification and chromothripsis-like pattern at chromosome 17q12 in breast cancer.*

. HER?2 amplified . _
MIP microarray results by MIP (n = 19) HER? not amplified by MIP (rn = 19)
Chromothripsis-like pattern at 17q12 (n = 8) 8 0
No chromothripsis-like pattern at 17q12 (n = 30) 11 19

2P=0.003 (Fisher exact test). Four cases with noisy background were excluded from the analysis for chromothripsis-like
pattern.
Abbreviations: HER2, human epidermal growth factor receptor 2; MIP, molecular inversion probe.

of the cases. A chromothripsis-like pattern involving
17q12 was observed in eight (42%) HER2+ cases by MIP
microarray but was not detected in any of the HER2-
cases by MIP microarray (p = 0.003; Figure 2, Table 4).
Of the 8 cases with chromothripsis-like pattern involving

A

17q12, five cases showed co-segmental amplification
of both HER2 and 17p11.2-q11.2; the other three cases
showed amplification of HER2 without amplification of
17pl11.2-q11.2.
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Figure 2: Chromothripsis-like pattern in breast cancer. A. An example of chromothripsis-like pattern involving the known
breast cancer gene human epidermal growth factor receptor 2 (HER2) shows the copy number signal in log2R tracing in proximal 17q
oscillates between two states (3 to 4 copies), which is confirmed by oscillating changes in the allelic difference pattern in B allelic frequency
(BAF) and allelic peak (AP). The oscillation involves more than 10 breakpoints. Chromothripsis-like pattern at 17q12 involves HER2
amplification (arrow). Log2R, log2 ratio of sample signals to pooled reference. B. Distribution of chromothripsis-like pattern in breast
cancer. Upright triangles indicate hormone receptor-positive (HR+)/HER2-positive (HER2+) cases; inverted triangles indicate HR+/HER2-
negative (HER2-) cases; diamonds indicate HR-negative (HR-)/HER2+ cases; and rectangles indicate HR-/HER2- cases. Open symbols
indicate chromothripsis-like pattern involving a single chromosomal segment. Closed symbols indicate chromothripsis-like pattern
involving multiple chromosomal segments.
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Correlation of FGFRI gene amplification with
poor overall survival

Since substantial copy number gain at 8pll was
observed in this study, we assessed for potentially
targetable oncogenes in 8pll and observed FGFRI
amplification by MIP microarray in nine of 42 cases
(21%). Seventeen of the 42 cases including 5 that show
FGFR1 amplification by MIP were also analyzed by NGS

B .

as part of clinical testing (Figure 3). NGS confirmed high
level of FGFRI amplification detected by MIP microarray
(> 8 copies) in 4 cases; however failed to detect low level
of FGFRI amplification detected by MIP microarray (4
copies) in one case (supplementary Table 1). FGFRI
amplification was observed in all four subtypes of breast
cancer (Table 3). Breast cancer patients with FGFRI
amplification had a 460% higher risk of mortality (95%
confidence interval, 2.172-87.28; log-rank test) than those
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Figure 3: Fibroblast growth factor receptor 1 (FGFR!) amplification in breast cancer. A. High-grade hormone receptor-
negative (HR-)/human epidermal growth factor receptor 2-positive (HER2+) breast cancer (hematoxylin eosin stain; magnification, 20x.
B. Molecular inversion probe (MIP) microarray analysis of chromosome 8 showed FGFRI amplification. The estimated tumor fraction
was 40% per MIP microarray analysis similar to that obtained via visual estimation by pathologist. Log2R, the log2 ratio; BAF, B allele

frequency and AP, allelic peak.
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without FGFRI amplification. Breast cancer patients with
FGFRI amplification also had worse overall survival
(median survival, 48.1 months) than patients without
FGFRI amplification (median survival, 104.9 months; p
<0.01; Figure 4).

DISCUSSION

In this study, we investigated for genomic CNA
in breast cancer using MIP microarray. Consistent with
the results of a previous report [20], we found that MIP
microarray results provided accurate and quantitative
assessment of HER2 status and were 95% concordant with
conventional FISH and IHC results. We also observed
consistent results between MIP microarray and NGS in
detecting HER2 and FGFR1 amplification in breast cancer,
which supports findings from a previous study [36].

Compared with FISH, MIP microarray minimizes
operator counting bias and distinguishes polysomy 17
from co-amplification of HER2 and the pericentromeric
region of chromosome 17. Operator counting bias not
infrequently encountered in FISH assay may contribute
to the discrepant HER2 interpretations in clinical practice
and ultimately affect treatment decision. MIP microarray
assay is automated for signal detection and thus avoids
counting bias introduced from operators in FISH assay.
FISH analysis frequently misinterprets increased counts
from both HER2 and CEP17 probes as a polysomy-like
pattern. Several reports have attempted to use FISH
analysis to distinguish co-amplification of HER2 and
the pericentromeric region of chromosome 17 from true
polysomy 17 using multiple probes on chromosome

17 (tumor protein p53 [TP53], topoisomerase Il alpha
[TOP2A], and retinoic acid receptor alpha [RARA]) and
probes on other chromosomes [37, 38]. Some probes such
as TOP24 in 17q21-q22, near the HER?2 locus at 17q12,
may provide information about molecular targets for
anticancer therapy; however, confirming aneusomy 17
via multiple FISH probes is challenging without using
comparative genomic hybridization or single-nucleotide
polymorphism microarray. Indeed, we observed co-
segmental amplification of HER2 and the pericentromeric
17p and/or 17q region in 74% of HER2—amplified cases
according to MIP microarray; none of these cases were
true polysomy 17, which supports previous studies’
conclusions that true polysomy 17 in breast cancer is
rare [37, 39, 40]. Next-generation sequencing (NGS) is a
powerful platform for multiplex mutational analysis and
for the detection of high-level amplification ( > 8 copies)
and deletion. However, the lower level amplification
(6-7 copies) detected by FISH may not be detected by
NGS if the tumor fraction is low (20%-30%) [41]. MIP
microarray, a multiplex platform, shows promise in
detecting both high-level and low-level amplification
detected by FISH.

As MIP microarray integrates the whole genome,
it can provide information on chromothripsis-like
pattern. There are few reports about chromothripsis in
breast cancer [31, 32, 34] and little information about
the effect of chromothripsis on clinical outcomes. In
this study, chromothripsis-like patterns occurred in 61%
of breast cancer cases in all four subtypes and most
frequently involved the 17q12 locus for HER2, which
was associated with amplification of HER2. Some cases
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Figure 4: Patients with breast cancer and fibroblast growth factor receptor 1 (FGFRI) amplification have worse
overall survival than those without FGFR1 amplification (p < 0.01).
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with co-amplification of HER2 and the pericentromeric
region of chromosome 17 also had a chromothripsis-
like pattern. Owing to the limited sample size and short
follow-up, survival analysis did not show survival benefit
of HER2+ cases with a chromothripsis-like pattern. The
clinical significance of this finding needs to be further
evaluated in a large-scale study to assess the ability of
genomic profiling to provide prognostic and therapeutic
information beyond conventional biomarker analysis.

Notably, we found that amplification of FGFRI
was associated with increased risk of mortality and poor
overall survival. Owing to the limited sample size and
events, multivariate analysis could not be performed.
Previous studies have reported FGFR1 overexpression
and amplification in breast cancer [42-44]. A few reports
showed that patients with FGFR1 overexpression in
HR+/HER2- and triple-negative breast cancers had poor
outcomes [15-17]. Association of FGFRI amplification
status and clinical outcome has not been reported.
Identifying FGFRI status could provide prognostic
information and could help determine eligibility for
targeted therapy, especially for patients with HR+/HER2-
and triple-negative breast cancer.

Although MIP microarray shows promise in using
small amount of FFPE tissue or fine needle aspirate tissue
to detect both high-level and low-level genome-wide
amplification without operator bias, MIP microarray is
not designed to identify intratumoral heterogeneity and is
not able to report the copy number for subpopulations of
tumor cells with an amplified oncogene. MIP microarray
can only report the averaged signals from tumor cells
with both amplified and non-amplified oncogenes
when intratumoral heterogeneity is present. In contrast,
intratumoral heterogeneity can be identified by careful
observers using FISH technology as individual tumor
cells are counted for the final score. This may explain the
discrepancy we observed in one case with intratumoral
heterogeneity with 10% tumor cells staining for HER2 by
IHC; HER?2 amplification was interpreted as negative by
MIP but positive by FISH.

In conclusion, genomic analysis using MIP
microarray provides accurate and quantitative assessment
of breast cancer-related oncogenes including HER2 and
FGFRI. Global genomic CNA and chromothripsis-
like patterns occur frequently in advanced breast
cancer. Amplification of HER2 is associated with
a chromothripsis-like pattern at 17ql2. FGFRI
amplification is associated poor clinical outcomes. The
global assessment of genomic CNA and chromothripsis-
like patterns in a clinical molecular diagnostic laboratory
may provide comprehensive information on prognosis and
potential benefit from targeted therapy.

MATERIALS AND METHODS

Characteristics of patients and samples

We included 42 patients with primary invasive
breast carcinoma of intermediate or high nuclear grade
and Nottingham histological grade 2 or 3 who underwent
biopsy (n = 6) or surgery (n = 36) between May 2005
and September 2014 and whose tumors were included
in the validation studies for breast cancer HER2 copy
number and solid tumor copy number assessment [20,
36]. Table 1 summarizes patients’ demographic, clinical,
and pathological information [45]. On the basis of
HR expression by IHC and HER2 overexpression and
amplification determined by IHC and FISH, we classified
the cases into four groups: HR+/HER2+ (n = 14), HR+/
HER2- (n = 15), HR-/HER2+ (n = 6), and HR-/HER2-
(n=17). HR+ was defined as > 10% tumor cells positive
for either ER or PR modified from American Society
of Clinical Oncology (ASCO)/College of American
Pathologists (CAP) guidelines [4] since patients with
low level of ER or PR overexpression (1-9%) were
treated similarly to patients with negative results.
HER?2 overexpression and amplification was interpreted
according to the ASCO/CAP guidelines [5]. The two
HER2+ groups included 20 HER2+ cases according to
FISH results; the remaining 21 HER2- cases according
to IHC or FISH and one case with equivocal IHC and
FISH results were included in the HER2- groups. Clinical
follow-up ranged from 10 months to 18 years from the
time of diagnosis (mean, 38 months; median, 31 months).
This study was approved by the Institutional Review
Board of The University of Texas MD Anderson Cancer
Center.

Immunohistochemistry analysis

We obtained the ER, PR, and HER2 expression
status from the medical records. Monoclonal antibodies
ER clone 6F11 (Leica Biosystems, Buffalo Grove, IL),
PR clone PgR 1294 (Dako, Carpinteria, CA), and HER2
clone €2-4001 (Thermo Fisher Scientific, Waltham, MA)
were used to detect the alpha forms of ER, PR, and HER2,
respectively.

Gene amplification detection assays

We obtained FISH based HER?2 amplification status
from the medical records and the previous validation study
[20]. FISH analysis was performed with a dual-color
PathVysion HER-2 DNA Probe kit (Abbott Molecular,
Des Plaines, IL) using standard laboratory procedures
according to the manufacturer’s recommendations.
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Additionally, we also reviewed amplification status of
HER?2 and FGFRI generated by NGS as part of routine
clinical testing. NGS was performed using an Ion Torrent
Personal Genome Machine and AmpliSeq Cancer Hotspot
panel v2 (50 genes; Thermo Fisher Scientific). Linear
copy number was assessed and based on the normalized
coverage depth for the gene of interest in the sample
compared with that in the population in our lab—developed
OncoSeek database [46, 47].

Molecular inversion probe microarray analysis

We circled invasive carcinoma on hematoxylin and
eosin-stained slides as a visual reference and manually
micro-dissected tumor tissue from consecutive unstained
sections of FFPE blocks for genomic DNA extraction
and purification using PicoPure DNA extraction kit
(ThermoFisher Scientific) and Agencourt AMPureXP kit
(Beckman Coulter, Brea, CA) [19]. DNA was quantified
using Qubit DNA HS assay Kit (ThermoFisher Scientific).
We subjected genomic DNA (50-80 ng) to MIP microarray
using an OncoScan FFPE Assay kit and processed the
genome data with OncoScan Console software, version
1.1 (Affymetrix, Santa Clara, CA) [18, 20, 48].

OncoScan Console software reports the actual value
of copy number for either tumor cells only or mixed tumor
and normal stromal cells. The true copy number for only
tumor cells is reported when the percent of aberrant cells
is computed. The average copy number of tumor and
normal stromal cells within a selected area is reported
when the tumor genome is either homogeneous and not
distinct from normal stromal cells or too heterogeneous
to compute tumor percentage accurately; thus, the percent
of aberrant cells is reported either as homogeneous or
as not available (NA), respectively. Data visualization
of genomic copy number and LOH was performed by
Chromosome Analysis Suite (Affymetrix) and Nexus
Copy Number software, version 7.5 (BioDiscovery, El
Segundo, CA).

Molecular inversion probe microarray data
analysis

We used Nexus Copy Number software for
individual case and group analysis to detect genome-wide
CNA and chromothripsis-like pattern. The percentage of
genomic change from the normal baseline (2 copies) was
recorded to include copy number gains greater than 1 copy
and any copy number losses. Copy number gains less than
1 copy were excluded from the percentage of genome
change to minimize baseline noise. Gene amplification
was defined with a designated cut-off of 4 copies for tumor
cells [20, 49]. Copy number loss was recorded as 1 copy
for tumor cells. Polysomy was recorded when the copy

recorded if there was hemizygous loss (copy number of 1)
for tumor cells or copy neutral LOH in tumor cells with
a copy number of 2. When the average copy number of
tumor and normal stromal cells (CN,_ ) was reported, the
true copy number for tumor cells (CN,) was approximated
on the basis of the visual estimate of tumor percentage by
the pathologist (%T) using the following formula: CN_ =
(CN, - (1 - %T) x 2) / %T. However, it should be noted
that this formula cannot address the issue associated with
intratumoral heterogeneity.

Chromothripsis-like patterns were recorded using
modified criteria from previous reports [22, 24]: (1) copy
number oscillations of 2 or 3 copy number states deviated
significantly from normal baseline variation; (2) copy
number oscillation involved 10 or more potential breaks;
(3) localized copy number oscillation was within 20 Mb
of a chromosomal segment; and (4) copy number states
alternated between heterozygosity and LOH.

Statistical analysis

We correlated gene copy number and
chromothripsis-like pattern status with gene expression
level, gene amplification by conventional assays, and
various clinical parameters. Bivariate analysis between
categorical variables was performed using the Fisher
exact test. Survival analysis was performed using the log-
rank test using GraphPad Prism 6 software (GraphPad
Software, La Jolla, CA). The cutoff value for statistical
significance was 0.05.
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