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Abstract

Background: Overexpression of HER2 plays an important role in cancer progression
and is the target of multiple therapies in HER2-positive breast cancer. Recent studies
have also highlighted the presence of activating mutations in HER2, and HER3 that
are predicted to enhance HER2 downstream pathway activation in a
HER2-dependent manner.

Methods: In this report, we present two exceptional responses in hormone receptor-
positive, HER2-nonamplified, HER2/HER3 co-mutated metastatic breast cancer
patients who were treated with the anti-HER2-directed monoclonal antibodies, tras-
tuzumab and pertuzumab.

Results: Both patients acheived exceptional responses to treatment, suggesting that
combined trastuzumab, pertuzumab, and endocrine therapy could be a highly effec-
tive therapy for these patients and our observations could help prioritize trastuzumab
deruxtecan as an early therapeutic choice for patients whose cancers have activating
mutations in HER2.
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breast cancer occurs with homodimerization of HER2 in the context
of HER2 amplification or via ligand dependent HER2 heterodimeriza-

Human epidermal growth factor receptor 2 (HER2) is overexpressed
in approximately 20% of breast cancer.!” HER2-positive breast can-
cers are treated successfully in both the curative and metastatic set-
tings with the HER2-targeted monoclonal antibodies, trastuzumab
and pertuzumab.*” Gain-of-function (GOF) mutations in HER2 have
been found to be present in 2%-5% of endocrine therapy-resistant
metastatic breast cancer tissues, generally in the absence of HER2

gene amplification.® Carcinogenic signaling of wild-type HER2 in

tion, most commonly with human epidermal growth factor 3 (H ER3;%).
While signaling of wild-type HER2 is typically dependent on ligand
interaction, mutations affecting the extracellular domain, transmem-
brane domain, or kinase domain of HER2 can lead to constitutive
HER2 signaling in the absence of ligand, either due to enhanced
ligand-independent kinase activity'® or enhanced HER2 dimeriza-
tion.!? Breast cancers with certain HER2 GOF mutations can be inhib-
ited by anti-HER2 tyrosine kinase inhibitors (TKIs),*? while other GOF
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mutations have been shown to confer resistance to TKIs.»® Results
from the SUMMIT trial have demonstrated significant activity of the
pan-HER TKiI, neratinib, alone or in combination with trastuzumab and
fulvestrant, in treating non-amplified, HER2-mutated metastatic breast
cancer (MBC) patients.***>

In contrast to HER2, wild-type HER3 is considered to have
weak kinase activity alone and carcinogenic signaling of wild-type
HER3 in breast cancer occurs mainly via ligand dependent hetero-
dimerization with HER2, making HER3 a critical co-receptor of
HER2.271” Mutations in the HER3 gene have been observed in
1%-3% of primary breast cancers.’’ These mutations most com-
monly occur in the extracellular domain of HER3, which enhances
HER2/HER3 protein dimerization even in the absence of HER3
ligand interaction, with downstream signaling being dependent on
functional HER2 kinase activity.2%?? While it has historically been
unclear how patients with HER3-mutant MBC will respond to
HER2-directed therapy, recent results from the SUMMIT trial
demonstrated general non-response to neratinib among patients
with HER3-mutant breast cancer.!* Conversely, a recent case
study highlighted an exceptional response to trastuzumab in a
patient with HER3-mutated metastatic breast cancer.?? Other stud-
ies have identified the presence of HER2/HER3 co-mutations in a
small subset of metastatic breast cancer patients; however, it is
unknown these patients will respond to HER2-directed therapy.?®
Pre-clinical studies have demonstrated that breast cancer cells
with co-occurring HER2/HER3 mutations are inhibited by neratinib,
but not by combined trastuzumab or pertuzumab.?® It is unknown
whether these preclinical data are relevant to patients with HER2/
HER3 co-mutant MBC and whether such patients can benefit from
trastuzumab and pertuzumab therapy. Here we describe two
patients with hormone receptor positive (HR+), HER2 non-
amplified, HER2/HER3 co-mutant MBC who have had exceptional
and ongoing responses to trastuzumab and pertuzumab. We also
describe the frequency of HER2 or HER3 mutations and of
HER2/3 co-mutations in MBC samples within the Tempus

database.
2 | METHODS
2.1 | xT Solid Tumor Next-Generation

Sequencing Assay

The Tempus xT assay (V4) detects single nucleotide variants
(SNVs), insertions/deletions (indels), and copy number variations
(CNVs) in the entire coding region of 648 genes by DNA
Sequencing (DNA-Seq), in addition to targeted detection of
22 gene fusions by DNA-Seq, and unbiased gene fusion detection

by whole transcriptome RNA Sequencing (RNA-Seq;?#2°

). Somatic
alterations are distinguished from incidental germline findings using
a tumor-normal match testing approach. Average depth of cover-
age is 500x for DNA-Seq of tumor tissue and 150x for matched

normal specimens.

2.2 | Gene Expression Collection, Processing, and
Normalization in Tempus xT Cohort

Gene expression was generated through RNA-seq of FFPE tumor
samples using an exome capture-based protocol.?* Transcript-level
quantification to GRCh37 was performed using Kallisto 0.44. Tran-
script counts were then corrected for GC content and length using
quantile normalization and adjusted for sequencing depth via a size
factor method. Normalized counts in protein coding transcripts cov-
ered by the exome panel were then summed to obtain gene-level
counts. Subsequent expression analyses were performed on
log10-transformed counts.

2.3 | Reverse Phase Protein Array (RPPA) Analysis
of Laser Capture Microdissected (LCM) Tumor
Epithelium

RPPA analysis was performed as previously described using lysates
derived from LCM enriched tumor epithelium cell populations (~95%
purity; Arcturus Pixcell lle LCM system (Arcturus, Mountain View,
CA);23-28). Briefly, approximately 10 000 epithelial cells were captured
for each sample. LCM material was stored at —80°C and cellular mate-
rial lysed as described.2¢3%31 LCM RPPA was performed at two sepa-
rate CAP/CLIA accredited RPPA laboratories, one an academic
laboratory and one a commercial laboratory that in-licensed the tech-
nology from GMU: Laboratory 1 (Center for Applied Proteomics at
George Mason University) and Laboratory 2 (Theralink Technologies,
Inc., Golden CO) using the exact same analytical workflow, reagents,
methodology and instrumentation. RPPA analysis was performed
using triplicate spot printing (approximately 10 nL per spot) onto
nitrocellulose coated slides (Grace Biolabs, Bend, OR) using a Quan-
terix 2470 Arrayer (Quanterix, Billerica, MA). RPPA analysis was per-
formed as previously described using florescent detection
methodology under a CLIA developed and validated calibrated assay
method.>?> The RPPA data output for Laboratory 2 was generated
based on individual patient values compared to a population database
of similar sample specimen in order to provide both a percentile-based
score (0%-100%) and an IHC-like ranked score (0-3+) for the sample

and relative amount of each protein/phosphoprotein measured.

24 | Exceptional responder case presentations

241 | Patient1

A now 65-year-old woman was diagnosed in January 2010 at age
52 with a 1.8 cm, grade 3 invasive pleomorphic lobular carcinoma
with IHC demonstrating 90% positive for both ER/PR, Ki-67 40%,
HER-2/neu IHC equivocal (2+ in 40% of cells), and 3+ in 5% of cells.
HER-2 was negative on fluorescence in situ hybridization (FISH), with
a HER-2/CEP17 ratio of 1.18 and average HER2 gene copy number of
2.7. She underwent a right breast lumpectomy and was found to have
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TABLE 1 Genomic mutations of patient 1 case presentation.
Date of
Lab (Assay) analysis Sample Patient 1
Ashion Analytics (NGS) (% allele 1/2016 Liver Metastasis ERBB2 V777L (15% allele frequency)
frequency) ERBB3 (E928G) (16% allele frequency)
Missense: BAI3, BCOR
Gained: BCLY, FGF3, FGF4, FGF19, GATAS, IKBKE
Frameshift: CDH1
Ambry Genetics 7/2016 Primary BC Germline VUS in CHEK2 E239K
Laboratory 1: GMU (RPPA) 3/2020 Liver Metastasis HER2-negative [Above cutoff: c Abl, Erk, PTEN]
pHER2; c Abl, Erk, HER2, p70s, PTEN
Tempus (NGS) 8/2020 Liver Metastasis Tempus CDH1 ¢.1509_1512del p.E504fs 26.6%
= ERBB3 c.2783A > G p.E928G 22.5%
ERBB2 c. 2329G > T p.V777L 22.3%
Pertinent negatives: ESR1, PIK3CA, PTEN
VUS: BCOR C.1030C > A p.H344N, ATM
c.4424A > G p.Y1475C, CHEK2 ¢.715G > A
p.E239K
Laboratory 2: Theralink® (RPPA) 8/2021 Primary BC & Liver 3+: HLA-DRA (BC and liver met)

2021 Assays Metastasis

2+: p-ERK1/2, TROP2 (liver met only)
1+: AR, p-ERK1/2, p-FGFR, p-HER3, p-JAK2, p-mTOR,
p-PDGFRDb, p-STAT (BC), HER2, p-PDGFRDb (liver met)

Note: Table 1 Primary Tumor Biopsy Collected 2/2010. Metastatic Liver Biopsy Collected 12/2015.
Abbreviations: BC, breast cancer; GMU, George Mason University; NGS, next generation sequencing; RPPA, reverse phase protein array.

an 8 mm grade 2 invasive carcinoma, with mixed lobular and ductal
features, LVI absent, and a background of extensive atypical lobular
hyperplasia. ER was 2-3+ positive in 95% tumor cells, PR 1-3+ posi-
tive in 80%-90% tumor cells, Ki-67 5%-10%, HER-2 1-2+ on IHC in
50%-75% of tumor cells. HER-2 FISH was negative, with HER2/
CEP17 ratio of 1.68 and average HER2 gene copy number of 4.4. The
pathologist noted that approximately 23% of invasive tumor cells
showed HER-2 amplification with an average HER2/CEP17 ratio of
3.21 and an average HER-2 gene copy number of 6.4. One of 8 axillary
lymph nodes contained 4 mm of metastatic carcinoma. Her mother
and sister had breast cancer, and her maternal grandmother may have
had ovarian cancer. Germline testing revealed a CHEK2 p.E239K vari-
ant of unknown significance.

She was treated with docetaxel and cyclophosphamide adju-
vant chemotherapy followed by right breast and regional lymph
node radiotherapy, as well as with adjuvant tamoxifen as she
was peri-menopausal. In March 2015, her CA 27-29 serum
tumor marker was found to be elevated at 62 U/mL and abdom-
inal CT scan showed a mass in the posterior segment of the
right hepatic lobe concerning for metastatic disease. PET/CT
scan showed a moderate size hypermetabolic lesion in the pos-
terior segment of the right hepatic lobe and no other evidence
of metastatic disease. Biopsy of the hepatic mass showed meta-
static carcinoma, E-cadherin positive, ER 80% positive, PR 100%
positive, Ki-67 5%, and HER-2 negative by FISH with a HER2/
CEP17 ratio of 1.0 with an average of 3.9 HER-2 signals
per cell.

She was treated with palbociclib and letrozole from March 2015
through December 2015. Restaging PET/CT scan showed a complete
metabolic response, but MRI showed a residual 1.5 cm hepatic lesion
consistent with partial response. She underwent laparoscopic liver
biopsy and radiofrequency ablation of the solitary hepatic lesion.
Pathology revealed residual carcinoma with evidence of fibrosis.
Androgen receptor (AR) IHC was evaluated in this specimen and
showed 2+ expression in 60% of tumor cells.

DNA sequencing of the December 2015 metastatic liver biopsy
tissue by Ashion Analytics showed gain of function mutations in HER2
and HER3. The complete genomic alterations findings are summarized
in Table 1. As treatment with palbociclib plus letrozole had led to a
partial response, and the residual disease harbored HER2/HER3 co-
mutations, she was treated with 6 cycles of docetaxel, carboplatin,
trastuzumab and pertuzumab, followed by maintenance therapy with
trastuzumab, pertuzumab and letrozole. She has remained without
evidence of recurrent disease on continuous trastuzumab, pertuzu-
mab therapy (and letrozole) since January 2016.

xT DNA sequencing was subsequently performed on the 2015
metastatic liver biopsy tissue with blood normal match sequencing by
Tempus and confirmed the presence of activating mutations in HER2
and HER3, both with variant allelic frequency of 22%, as well as a loss
of function CDH1 mutation (Table 1). The tissue was negative for
homologous recombination deficiency (genome-wide LOH was
14.5%,; threshold for HRD positivity is 29%).

Phosphoproteomic analysis by reverse phase protein array was
performed on the patient's primary breast cancer and 2015 liver
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Laboratory 2: Theralink® Health Scoring Methodology. Evaluation of the activation level of protein and phosphoprotein across

primary and metastatic samples was determined by extrapolating the RPPA data to a population referent obtained for each of the protein/
phosphoproteins measured in order to provide both a percentile-based score (0%-100%) of relative activation units (RAU) for each protein/
phosphoprotein compared to the reference population, as well as an IHC-like ranked score (0-3+) for the sample and protein/phosphoprotein
level based on the patient-specific value obtained by interpolation to the referent population data. An example of the population distribution of
the phopshoHER2 (Y1248) levels in the referent population is shown as an example. Zero = tumors who have none (below limit of detection) to
very low relative amounts of the protein/phosphoprotein (O score = 0-10th percentile); 1+ = tumors who have low to modest relative amounts
protein/phosphoprotein (11th-40th percentile); 2+ = tumors who have moderate relative amounts protein/phosphoprotein (41st-70th
percentile); 3+ = tumors who have high to very high relative amounts protein/phosphoprotein (71st-100th percentile) (Figure 1).

metastasis at Laboratory 1 as well as at Laboratory 2 (Table 1 and
Figure 2). The primary breast cancer tissue and liver metastasis
showed phosphorylation and activation of the HER2 pathway, as
well as activation of c-Abl, ERK, FGFR, JAK/STAT, and the mTOR
pathway. Strong overexpression of HLA-DRA and PTEN were also
noted.

Low expression/activation

242 | Patient2

A now 59-year-old woman presented at age 36 in 1999 with a palpa-
ble left breast mass and left breast mammogram showed microcalcifi-
cations. Excisional biopsy was performed and showed 1 cm ductal
carcinoma in situ, ER 70%, PR 30%, with no evidence of invasion. She

High expression/activation

»

FIGURE 2 Reverse Phase Protein
Array on patient tissue samples.
Phosphoproteomic analysis via RPPA
performed via the Theralink Assay

(Laboratory 2). Strong overexpression of

HLA-DRA shown. Source: BC = primary

breast cancer; Met = metastasis;

| I
Date Tissue
Patient ID Obtained Date of Analysis | HLA-DRA
Patient 1 - Primary BC 2/2010 8/2020
Patient 1 - Liver Met 12/2015 8/2020
Patient 2 - Liver Met 7/2014 7/2020

RPPA = reverse phase protein array.
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Date of
Lab (Assay) analysis Sample Patient 2
Treatment MAP/Molecular Health (NGS) 8/2014 Liver Variants of uncertain significance AR.pR619W, ERBB2.pA1216D,
Metastasis ERBB2.pD1058G, ERBB3.pK118R
JAK2.pL393V, KDR.pR57T, PDGFRA.pQ551K
FGFR3, FGFR4, CDK6, SHH, MYC, NOTCH1, HRA5, CCND1
Laboratory 2: Theralink® (RPPA) 2014 8/2014 Liver 3-+: p-HER2, p-mTOR, HER3, p-JAK2, p-STAT3 2+: HER1,
Assay Metastasis p-HER1, p-4EBP1
1+: p-HERS, p-MEK1/2
Tempus (NGS) 7/2020 Liver Tempus Amplification of ERBB2, FOXA1, GNAS, MYC,
Metastasis xT ZNF217
ERBB2 gene copies: 7
VUS: AR, FANCA, FLT4, OLIG2, SOX10, STK11
Pertinent negatives: ESR1, PIK3CA, PTEN
No pathogenic germline variants found
Laboratory 2: Theralink® (RPPA) 8/2021 Liver 2+: HLA-DRA
2021 Assay Metastasis 1+: p-H2AX
TROP2

Note: Table 2 Metastatic Liver Biopsy Collected 7/2014. Patient's primary tumor biopsy was unavailable for analysis.
Abbreviations: BC, breast cancer; NGS, next generation sequencing; RPPA, reverse phase protein array.

had no family history of breast or ovarian cancer, and panel germline
testing showed no pathogenic mutation.

She underwent bilateral mastectomy with silicone implant recon-
struction. Left mastectomy showed focal residual ductal carcinoma in
situ, solid and comedo types in the lower inner quadrant, with no evi-
dence of invasion and with clear margins. In 2013, she was noted to
have bilateral axillary adenopathy and breast MRI followed by biopsy
revealed poorly differentiated invasive carcinoma with mixed spindle
and epithelioid cells in the lower inner quadrant of the reconstructed
left breast, ER-positive and E cadherin positive. The extent of disease
on MRI was 3.6 cm. Biopsy of an enlarged left breast axillary lymph
node demonstrated silicone lymphadenopathy and no carcinoma. A
PET/CT scan performed in September 2013 revealed multifocal meta-
static disease in the liver measuring up to 10 mm in size, confirmed by
MRI. Liver biopsy showed metastatic carcinoma, ER strongly positive
(99%), PR weakly positive (14%), Ki-67 47%. Pathology tested and
interpreted at Neogenomics showed the biopsy to be HER2-negative
by FISH with HER2/CEP17 ratio of 1.7 with an average of 5.6 HER2
gene copies per cell.

She was treated with 6 cycles of docetaxel, carboplatin, trastuzu-
mab and pertuzumab from November 2013 through February 2014
and had a partial response in the recurrent chest wall and liver disease
on MRI and PET/CT scans. She then continued on therapy with tras-
tuzumab and pertuzumab, as well as underwent oophorectomy and
began letrozole. In July 2014, she underwent laparoscopic biopsy of a
liver metastasis and resection of two 1 cm lesions. The remaining met-
astatic lesions that were not resected were 2-3 mm in size on liver
MRI. Pathology revealed metastatic carcinoma, ER+ 95%, PR-
negative, Ki-67 1%, HER2 IHC 2+ and FISH performed and inter-
preted at Neogenomics was equivocal with HER2/CEP17 ratio of 2.1
with an average of 6.98 HER2 gene copies per cell. She has continued

on trastuzumab and pertuzumab (and letrozole) since 2013 with no
evidence of progression of disease in liver nor chest wall on breast
and abdominal MRI scans and on PET/CT scan.

Next generation sequencing of the July 2014 liver biopsy was
performed at Molecular Health and showed somatic variants of uncer-
tain significance in AR, HER2 and HER3 and no HER2 amplification
(Table 2). Phosphoproteomic analysis via RPPA was performed on the
patient's liver metastasis by Laboratory 1 in 2014 (liver biopsy of July
2014) (Figure 2) and again in August 2021 (liver biopsy from
July 2014) (Figure 3). RPPA showed activation of HER1, HER2, and
HER3, with strong activation of the JAK/STAT and mTOR pathways,
with accumulation of 4EBP1 (Figure 3). Activation of ERK1/2, FGFR,
and H2AX were also noted, as was 2+ overexpression of HLA-DRA
(Figure 2).

xT DNA sequencing was performed by Tempus on the July 2014
liver biopsy, with sequencing of blood normal matching and showed
copy number gain/amplification in ERBB2 (7 copies; research use
only), MYC, FOXA1, GNAS, ZNF217, and no activating mutations in
HER2 or HER3. Homologous recombination deficiency was not found
with genome wide LOH of 22.7%; threshold for HRD positivity is
29%). Liver biopsy performed in April 2015 was negative for

carcinoma.

24.3 | Analysis of ERBB2/ERBB3 mutations in the
Tempus database

Among 10 208 breast cancers with clinical Tempus xT DNA and RNA
sequencing reports, pathogenic ERBB2 mutations (3.52%) are roughly
half as common as ERBB2 amplifications (7.38%). ERBB3 mutations
occur in 1.03% of breast cancers. Intriguingly, ERBB2 mutations are
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FIGURE 3 Reverse Phase Protein Array on patient 2 liver metastasis. Phosphoproteomic analysis via RPPA performed via the Theralink Assay
(Laboratory 2). Activation of HER1, HER2, and HER3, strong activation of the JAK/STAT and mTOR pathways, and accumulation of 4EBP1

demonstrated.

more likely to co-occur with ERBB2 amplification (OR = 1.8,
p = .0008969), suggesting that amplification enhances the pathoge-
nicity of mutations. ERBB3 mutations are much more likely to co-
occur with ERBB2 mutations (OR = 11.3, p = 1.29e-18). Notably, the
only patient with a reported ERBB3 amplification also harbored an
ERBB2 amplification, and ERBB3 mutations are also likely to co-occur
with ERBB2 amplification (OR = 1.8, p = .0005422). These data sug-
gest that ERBB3 activation is more likely to be observed in the context
of ERBB2 activation and may enhance ERBB2-driven oncogenesis

(Figure 4).

3 | DISCUSSION

The two exceptional responders described in this report have both
had prolonged and ongoing benefits from trastuzumab and pertuzu-
mab therapy, in combination with an aromatase inhibitor. Complete
timelines for each patient including diagnosis, treatment, and bio-
marker analysis information can be found in Figures 5 and 6. Both
patients were peri-menopausal, healthy, Caucasian women with over
30 years of hormonal contraceptive use. Next generation sequencing
(NGS) analysis demonstrated activating mutations in HER2 and HER3
in the setting of HER2- disease by conventional IHC and FISH in both
patients' cancer as well as variants of unknown significance in DNA

damage repair genes, CHEK2 and ATM, and FANCA respectively.

Proteomic evaluation shows that both patients' cancers had strong
HLA-DRA expression, indicating increased immunogenicity of their
cancer. Additionally, reverse phase protein array of the patients' liver
biopsies showed that both patients had strong activation of both
p-HER2 and p-HER3.

Increasing utilization of tumor NGS and plasma ctDNA analyses
in clinical practice are identifying an increasing number of patients
with HR+, HER2 not-amplified metastatic breast cancer that harbors
co-mutations in HER2 and HERS. The first patient's HER2 and HER3
co-mutation status was confirmed by Tempus NGS analysis of a meta-
static liver biopsy sample. NGS of patient 2's metastatic liver disease
initially conducted in 2014 show somatic variants in HER2 and HERS,
without HER2 amplification. Phosphoproteomic analysis supported
the observation of activation of the HER family with elevated levels
of phosphorylated HER1, 2, 3 with downstream pathway activation.
However, NGS by Tempus in 2021 of a 2014 liver biopsy did not
show activating mutations in HER2 or HER3 and showed low level
HER2 gene copy number gain. It is possible that the discordance in
the NGS results performed in 2014 and 2021 may have occurred
because of aging of the paraffin- embedded tissue with deterioration
in DNA quality, however, RPPA analyses done in 2014 and in 2021
also yielded differing results (Table 2) suggesting tumor heterogeneity
within the biopsy/resection specimens. Neither of these patients'
metastatic cancers harbored mutations in ESR1, PIK3CA or PTEN,
which have been associated with resistance to HER2-targeted
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FIGURE 4 Prevalence of
HER2/HERS3 alterations from the
Tempus database. Analysis of
10 208 breast cancers with
clinical Tempus xT reports for
comparison across ERBB2 and
ERBB3 amplification and
mutatioan.
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therapy.t®3® Interestingly, both patients' liver metastases showed
strong overexpression HLA-DRA on RPPA which has been shown to
predict for benefit from immune checkpoint inhibitor therapy to a
greater extent than does PDL-1 expression in TNBC.3* This intriguing
finding suggests that patients who are exceptional responders to com-
bined trastuzumab and pertuzumab therapy may have immunologi-
cally active metastatic disease that overexpresses HLA-DRA.

Co-occurring activating mutations in HER2 and HER3 are known
to enhance ligand independent activation of the HER2/HERS3 signal-
ing pathway independent of downstream activation by phosphoinosi-
tide 3-kinase (PI3K) mutations.*®> A recent analysis of the cBioPortal
database showed that in breast cancers with HER2 mutations, co-
occurring mutations occurred in HER3 8.7%, HER4 10.09%, PIK3CA
18.23%, and EGFR 8.5%.'% Pre-clinical studies have shown that co-
activating mutations in HER2 and HER3 are generally nonresponsive
to the HER2-targeting antibodies, trastuzumab and pertuzumab. Inter-
estingly, patients with HR+, HER2-non-amplified metastatic breast
cancer that contains an activating HER2 mutation are known to
respond to neratinib, but prolonged benefit from neratinib, with
responses lasting 24 weeks or longer, was found not to occur in
patients with co-activating mutations in HER2 and HER3.3° Patients
with clinical benefit from neratinib with responses lasting 24 weeks
longer were found to have a HER2 activating mutation in the absence
of a HER3 activating mutation.> In addition, patients with HR+,
HER2- metastatic breast cancer that contained a HER3 activating
mutation with wild type HER2 did not garner significant benefit from
neratinib.2® Therefore, the accumulated evidence suggests that acti-
vating co-mutations in HER2 and HER3 are less responsive to inhibi-
tion by HER2-directed antibodies in preclinical models and by
neratinib in the SUMMIT trial.2**523 |nstead, a dual blockade
approach for patients with HR+/HER2 mutant breast cancer may be
more appropriate.®”:38

Breast cancers harboring ERBB2 mutations, ERBB3 mutations, or
both, absent reportable HER2 amplification, have significantly higher
HER2 expression. Tumors with ERBB2 amplification have even
higher HER2 expression than mutant samples, but tumors harboring
both HER2 mutation(s) and amplification had HER2 levels intermedi-
ate between mutation-only and amplified-only samples. This suggests
that in the presence of HER2 mutations, breast cancers can be driven
by lower HER2 amplification levels than seen in HER2 non-mutant,
HER2-amplified tumors, and that higher HER2 expression may be
selected for in tumors with HER3 mutations. Note that not all patients
in the Tempus xT database who had ERBB2 and/or ERBB3 mutations
had gene expression data available from RNA sequencing (Figure 7A).

Tumors with mutations in either ERBB2 or ERBB3, but partic-
ularly with both, displayed increased HER3 expression. Notably,
samples with HER2 amplification did not display increased ERBB3
expression, and samples with both HER2 mutation and HER2
amplification display intermediate ERBB3 expression. This suggests
that HER2 amplification may be an independent driver of disease,
while mutations in ERBB2/ERBB3 may co-operate and generate
oncogenic clonal expansion and cause higher expression of both

genes (Figure 7B). The Tempus database shows that only 0.28%

of patients were found to have ERBB2 and ERBB3 co-mutations
(Figure 4). With only two exceptional responder cases presented,
it is difficult to distinguish whether the main genomic alterations
that underlie the mechanism of the patients' exceptional responses
were due to co-mutations in HER2 and HER3, or mutation(s) in
HER2 combined with HLA-DRA overexpression. It is possible that
the upregulated expression of HLA-DRA may have played a role
in the patients' exceptional responses, as these cancers may have
been more immunogenic.

Most of the Tempus samples analyzed were obtained from meta-
static breast cancer sites. Cancer gene expression analyses in metasta-
ses can be confounded if normal tissue in the metastatic organ site
over-expresses genes of interest. However, the ERBB2 and ERBB3
expression changes we observed when the genes had activating
mutations or were amplified are seen in both primary and metastatic
biopsy tissues, corroborating the findings in the overall cohort
(Figure 8A-D).

Our analysis of HER2 expression levels in HER2 and/or HER3
mutant metastatic breast cancer is of interest in the context of
the clinical availability of trastuzumab deruxtecan as treatment for
patients with HER2 low metastatic breast cancer, and for meta-
static lung cancer patients whose cancers harbor an activating
HER2 mutation. Our analyses showed that breast cancers that
harbor activating mutations in both HER2 and HER3 have signifi-
cantly higher HER2 expression levels compared with breast can-
cers that do not contain these mutations. As shown in Figure 7A,
breast cancers, primary or metastatic, that harbor a HER2 activat-
ing mutation, with or without an activating mutation in HERS3,
demonstrate significantly higher HER2 expression levels than can-
cers that have wild type HER2 genes. These observations could
help prioritize trastuzumab deruxtecan as an early therapeutic
choice for patients whose cancers have activating mutations in
HER2. There are also antibody drug conjugates under develop-
ment that target HERS3, and recent findings from Krop et al. from
ASCO 2022 demonstrated significant activity of patritumab, an
anti-HER3 directed antibody-drug conjugate with a deruxtecan
payload in patients with metastatic breast cancers that overex-
pressed HER3.2? We found that tumors with mutations in either
HER2 or HER3, but particularly with both, displayed increased
HER3 expression, while breast cancers with HER2 amplification
alone do not overexpress HER3.4°

Given that activating mutations in HER2, with or without HER3
co-mutation generally lead to overexpression of HER2, it is likely that
trastuzumab deruxtecan will be the treatment choice for patients
whose cancers are found to harbor HER2 activating mutations with or
without HER3 co-mutation, although clinical efficacy data demon-
strating this are not yet available. A recent update of the SUMMIT
trial has shown a 49% overall response rate in patients with HR+,
HER2-, CDK 4/6 inhibitor-pretreated metastatic breast cancer with
activating HER2 mutations treated with neratinib, trastuzumab, and
fulvestrant.!> Our current report of two exceptional responders with
HR+ HER2 and HER3 co-mutant metastatic liver disease suggests
that combined trastuzumab, pertuzumab and endocrine therapy can
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FIGURE 8 HER2 and HER3 gene expression on RNA sequencing by tumor type. (A) HER2 gene expression in the primary tumor stratified by
wild type (WT), ERBB2 mutation only, ERBB3 mutation only, ERBB2/3 co-mutation, ERBB2 mutation and amplification, and ERBB2 amplification
only. (B) HER2 gene expression in the metastatic tumor stratified by wild type (WT), ERBB2 mutation only, ERBB3 mutation only, ERBB2/3 co-
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type (WT), ERBB2 mutation only, ERBB3 mutation only, ERBB2/3 co-mutation, ERBB2 mutation and amplification, and ERBB2 amplification only.
(D) HER3 gene expression in the metastatic tumor stratified by wild type (WT), ERBB2 mutation only, ERBB3 mutation only, ERBB2/3 co-
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also be a highly effective therapy for these patients and is worthy of
further study.

AUTHOR CONTRIBUTIONS

Page E. Blas: Project administration (supporting); resources (equal);
writing - review and editing (equal). Esther San Roman Rodriguez:
Investigation (equal); resources (equal); writing - review and editing
(equal). Heather L. Williams: Project administration (supporting);
resources (equal); writing - review and editing (supporting). Maren
K. Levin: Funding acquisition (equal); project administration (lead);
resources (equal); writing - review and editing (supporting). Joshua
S. K. Bell: Conceptualization (equal); methodology (equal); visualiza-
tion (equal); writing - original draft (equal); writing - review and edit-
ing (equal). Mariaelena Pierobon: Data curation (equal); formal
analysis  (equal); validation (equal); visualization (equal);
writing - original draft (equal). Alexander Barrett: Conceptualization
(equal); writing - original draft (equal); writing - review and editing

(equal). Emanuel F. Petricoin: Data curation (equal); formal analysis

(equal); validation (equal); visualization (equal); writing - review and
editing (equal). Joyce A. O'Shaughnessy: Conceptualization (equal);
investigation (equal); methodology

funding acquisition (equal);

(equal); project administration (equal); supervision (equal);

writing - original draft (equal); writing - review and editing (equal).

ACKNOWLEDGMENTS
We would like to acknowledge and thank Maren Levin for her help

with research coordination and project management.

CONFLICT OF INTEREST STATEMENT

Joshua SK Bell and Alexander Barrett are employees of and share-
holders of Tempus. Joyce O'Shaughnessy has received honoraria for
consulting and/or advisory boards for AbbVie Inc., Agendia, Amgen
Biotechnology, Aptitude Health, AstraZeneca, Bayer, Bristol-Myers
Squibb, Carrick Therapeutics, Celgene Corporation, Clovis Oncology,
Daiichi Sankyo, Eisai, G1 Therapeutics, Genentech, Gilead Sciences,
GRAIL, Halozyme Therapeutics, Heron Therapeutics, Immunomedics,



BLAS ET AL.

Ipsen Biopharmaceuticals, Lilly, Merck, Myriad, Nektar Therapeutics,
Novartis, Ontada, Pfizer, Pharmacyclics, Pierre Fabre Pharmaceuticals,
Puma Biotechnology, Prime Oncology, Roche, Samsung Bioepis,
Sanofi, Seagen, Syndax Pharmaceuticals, Taiho Oncology, Takeda,
TheraLink and Synthon.

DATA AVAILABILITY STATEMENT
The data supporting the findings of this study are available from the

corresponding author upon reasonable request.

ETHICS STATEMENT

Written informed consent was obtained from the two exceptional
responders for whom genetic information is discussed and ethical
approval was obtained from the local Institutional Review Board for
this study. For Tempus data, Tempus database analyses on retrospec-
tive de-identified data was exempt from Institutional Review Board

oversight and informed consent (Pro0002950).

ORCID
Page E. Blas 2 https://orcid.org/0009-0008-5044-1169
REFERENCES

1. Slamon DJ, Clark GM, Wong SG, Levin WJ, Ullrich A, McGuire WL.
Human breast cancer: correlation of relapse and survival with amplifi-
cation of the HER-2/neu oncogene. Science. 1987;235(4785):
177-182. doi:10.1126/science.3798106

2. Paik S, Hazan R, Fisher ER, et al. Pathologic findings from the National
Surgical Adjuvant Breast and bowel project: prognostic significance of
erbB-2 protein overexpression in primary breast cancer. J Clin Oncol.
1990;8(1):103-112. doi:10.1200/JC0.1990.8.1.103

3. Roskoski R. The ErbB/HER family of protein-tyrosine kinases and
cancer. Pharmacol Res. 2014;79:34-74. doi:10.1016/j.phrs.2013.

11.002

4. Slamon DJ, Leyland-Jones B, Shak S, et al. Use of chemotherapy plus
a monoclonal antibody against HER2 for metastatic breast cancer that
overexpresses HER2. N Engl J Med. 2001;344(11):783-792. doi:10.
1056/nejm200103153441101

5. Baselga J, Gelmon KA, Verma S, et al. Phase Il trial of pertuzumab and
trastuzumab in patients with human epidermal growth factor receptor
2-positive metastatic breast cancer that progressed during prior tras-
tuzumab therapy. J Clin Oncol. 2010;28(7):1138-1144. doi:10.1200/
JC0.2009.24.2024

6. Gianni L, Pienkowski T, Im YH, et al. Efficacy and safety of neoadju-
vant pertuzumab and trastuzumab in women with locally advanced,
inflammatory, or early HER2-positive breast cancer (NeoSphere): a
randomised multicentre, open-label, phase 2 trial. Lancet Oncol. 2012;
13(1):25-32. d0i:10.1016/51470-2045(11)70336-9

7. Baselga J, Cortés J, Kim S-B, et al. Pertuzumab plus trastuzumab plus
docetaxel for metastatic breast cancer. N Engl J Med. 2012;366(2):
109-119. doi:10.1056/nejmoal113216

8. Bose R, Kavuri SM, Searleman AC, et al. Activating HER2 mutations in
HER2 gene amplification negative breast cancer. Cancer Discov. 2013;
3(2):224-237. doi:10.1158/2159-8290.CD-12-0349

9. Tzahar E, Waterman H, Chen X, et al. A hierarchical network of inter-
receptor interactions determines signal transduction by neu differen-
tiation factor/neuregulin and epidermal growth factor. Mol Cell Biol.
1996;16(10):5276-5287. doi:10.1128/mcb.16.10.5276

10. Chumsri S, Weidler J, Ali S, et al. Prolonged response to trastuzumab

in a patient with HER2-nonamplified breast cancer with elevated
HER2 dimerization harboring an ERBB2 S310F mutation. J Natl

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

|Cancer Reports
1

sl WILEY |22

Compr Cancer Netw. 2015;13(9):1066-1070. doi:10.6004/jnccn.2015.
0132

Zuo WJ, Jiang YZ, Wang YJ, et al. Dual characteristics of novel HER2
kinase domain mutations in response to HER2-targeted therapies in
human breast cancer. Clin Cancer Res. 2016;22(19):4859-4869. doi:
10.1158/1078-0432.CCR-15-3036

Subramanian J, Katta A, Masood A, Vudem DR, Kancha RK. Emer-
gence of ERBB2 mutation as a biomarker and an actionable target in
solid cancers. Oncologist. 2019;24(12):e1303-e1314. doi:10.1634/
theoncologist.2018-0845

Hyman DM, Piha-Paul SA, Won H, et al. HER kinase inhibition in
patients with HER2-and HER3-mutant cancers. Nature. 2018;
554(7691):189-194. doi:10.1038/nature25475

Amin DN, Campbell MR, Moasser MM. The role of HER3, the unpre-
tentious member of the HER family, in cancer biology and cancer
therapeutics. Semin Cell Dev Biol. 2010;21(9):944-950. doi:10.1016/j.
semcdb.2010.08.007

Jhaveri K, Eli LD, Wildiers H, et al. Neratinib + fulvestrant + trastuzu-
mab for HR-positive, HER2-negative, HER2-mutant metastatic breast
cancer: outcomes and biomarker analysis from the SUMMIT trial. Ann
Oncol. 2023;34(10):885-898. doi:10.1016/j.annonc.2023.08.003
Mishra R, Alanazi S, Yuan L, et al. Activating HER3 mutations in breast
cancer.  Oncotarget. 2018;9(45):27773-27788.  doi:10.18632/
oncotarget.25576

Lyu H, Han A, Polsdofer E, Liu S, Liu B. Understanding the biology of
HERS3 receptor as a therapeutic target in human cancer. Acta Pharm
Sin B. 2018;8(4):503-510. doi:10.1016/j.apsb.2018.05.010

Holbro T, Beerli RR, Maurer F, Koziczak M, Barbas CF, Hynes NE.
The ErbB2/ErbB3 heterodimer functions as an oncogenic unit: ErbB2
requires ErbB3 to drive breast tumor cell proliferation. Proc Natl Acad
Sci U S A. 2003;100(15):8933-8938. doi:10.1073/pnas.1537685100
Lee-Hoeflich ST, Crocker L, Yao E, et al. A central role for HER3 in
HER2-amplified breast cancer: implications for targeted therapy. Can-
cer Res. 2008;68(14):5878-5887. doi:10.1158/0008-5472.CAN-08-
0380

Jaiswal BS, Kljavin NM, Stawiski EW, et al. Oncogenic ERBB3 muta-
tions in human cancers. Cancer Cell. 2013;23(5):603-617. doi:10.
1016/j.ccr.2013.04.012

Kiavue N, Cabel L, Melaabi S, et al. ERBB3 mutations in cancer: bio-
logical aspects, prevalence and therapeutics. Oncogene. 2020;39(3):
487-502. doi:10.1038/s41388-019-1001-5

Parmar S, Keck JM, Kong B, et al. Exceptional response to trastuzu-
mab in a heavily pretreated patient with ERBB3-mutated metastatic
breast cancer. JCO precis Oncologia. 2021;5:32. doi:10.1200/po.20.
00183

Hanker AB, Jayanthan HS, Ye D, et al. Abstract GS6-04: Co-occurring
gain-of-function mutations in HER2 and HER3 modulate HER2/HER3
activation, breast cancer progression, and HER2 inhibitor sensitivity.
Cancer Res. 2020;80(suppl 4):1099-1114.e8. doi:10.1158/1538-
7445 .sabcs19-gs6-04

Beaubier N, Bontrager M, Huether R, et al. Integrated genomic profil-
ing expands clinical options for patients with cancer. Nat Biotechnol.
2019;37(11):1351-1360. doi:10.1038/s41587-019-0259-z

Beaubier N, Tell R, Lau D, et al. Clinical validation of the tempus xT
next-generation targeted oncology sequencing assay. Oncotarget.
2019;10(24):2384-2396. doi:10.18632/oncotarget.26797

Wolf DM, Yau C, Wulfkuhle J, et al. Mechanism of action biomarkers
predicting response to AKT inhibition in the I-SPY 2 breast cancer
trial. NPJ Breast Cancer. 2020;6(1):48. doi:10.1038/s41523-020-
00189-2

Woulfkuhle JD, Yau C, Wolf DM, et al. Evaluation of the HER/-
PIBK/AKT family signaling network as a predictive biomarker of path-
ologic complete response for patients with breast cancer treated with
neratinib in the I-SPY 2 TRIAL. JCO Precis Oncologia. 2018;2:1-20.
doi:10.1200/p0.18.00024


https://orcid.org/0009-0008-5044-1169
https://orcid.org/0009-0008-5044-1169
info:doi/10.1126/science.3798106
info:doi/10.1200/JCO.1990.8.1.103
info:doi/10.1016/j.phrs.2013.11.002
info:doi/10.1016/j.phrs.2013.11.002
info:doi/10.1056/nejm200103153441101
info:doi/10.1056/nejm200103153441101
info:doi/10.1200/JCO.2009.24.2024
info:doi/10.1200/JCO.2009.24.2024
info:doi/10.1016/S1470-2045(11)70336-9
info:doi/10.1056/nejmoa1113216
info:doi/10.1158/2159-8290.CD-12-0349
info:doi/10.1128/mcb.16.10.5276
info:doi/10.6004/jnccn.2015.0132
info:doi/10.6004/jnccn.2015.0132
info:doi/10.1158/1078-0432.CCR-15-3036
info:doi/10.1634/theoncologist.2018-0845
info:doi/10.1634/theoncologist.2018-0845
info:doi/10.1038/nature25475
info:doi/10.1016/j.semcdb.2010.08.007
info:doi/10.1016/j.semcdb.2010.08.007
info:doi/10.1016/j.annonc.2023.08.003
info:doi/10.18632/oncotarget.25576
info:doi/10.18632/oncotarget.25576
info:doi/10.1016/j.apsb.2018.05.010
info:doi/10.1073/pnas.1537685100
info:doi/10.1158/0008-5472.CAN-08-0380
info:doi/10.1158/0008-5472.CAN-08-0380
info:doi/10.1016/j.ccr.2013.04.012
info:doi/10.1016/j.ccr.2013.04.012
info:doi/10.1038/s41388-019-1001-5
info:doi/10.1200/po.20.00183
info:doi/10.1200/po.20.00183
info:doi/10.1158/1538-7445.sabcs19-gs6-04
info:doi/10.1158/1538-7445.sabcs19-gs6-04
info:doi/10.1038/s41587-019-0259-z
info:doi/10.18632/oncotarget.26797
info:doi/10.1038/s41523-020-00189-2
info:doi/10.1038/s41523-020-00189-2
info:doi/10.1200/po.18.00024

120f12| W LEy_ICancer Reports

28.

29.

30.

31.

32.

33.
34.

35.

BLAS ET AL

Gonzalez-Ericsson PI, Wulfkuhle JD, Gallagher RI, et al. Tumor-
specific major histocompatibility-Il expression predicts benefit to
anti-PD-1/L1 therapy in patients with HER2-negative primary breast
cancer. Clin Cancer Res. 2021;27(19):5299-5306. doi:10.1158/1078-
0432.CCR-21-0607

Pierobon M, Robert NJ, Northfelt DW, et al. Multi-omic molecular
profiling guide's efficacious treatment selection in refractory meta-
static breast cancer: a prospective phase Il clinical trial. Mol Oncol.
2022;16(1):104-115. doi:10.1002/1878-0261.13091

Pierobon M, Silvestri A, Spira A, et al. Pilot phase I/1l personalized
therapy trial for metastatic colorectal cancer: evaluating the feasibility
of protein pathway activation mapping for stratifying patients to ther-
apy with imatinib and panitumumab. J Proteome Res. 2014;13(6):
2846-2855. doi:10.1021/pr401267m

Hanker AB, Brown BP, Meiler J, et al. Co-occurring gain-of-function
mutations in HER2 and HER3 modulate HER2/HER3 activation,
oncogenesis, and HER2 inhibitor sensitivity. Cancer Cell. 2021;39(8):
1099-1114.e8. doi:10.1016/j.ccell.2021.06.001

Pierobon M, Ramos C, Wong S, et al. Enrichment of PISK-AKT-mTOR
pathway activation in hepatic metastases from breast cancer. Clin Cancer
Res. 2017;23(16):4919-4928. doi:10.1158/1078-0432.CCR-16-2656
Smyth LM, Piha-Paul SA, Won HH, et al. Efficacy and determinants of
response to her kinase inhibition in her2-mutant metastatic breast
cancer. Cancer Discov. 2020;10(2):198-213. doi:10.1158/2159-8290.
CD-19-0966

Yuan Y, Lee JS, Yost SE, et al. Phase Il study of neratinib in older
adults with HER2 amplified or HER2/3 mutated metastatic breast
cancer. J Geriatr Oncol. 2021;12(5):752-758. doi:10.1016/j.jg0.2021.
02.020

Razavi P, Dickler MN, Shah PD, et al. Alterations in PTEN and ESR1
promote clinical resistance to alpelisib plus aromatase inhibitors. Nat
Cancer. 2020;1(4):382-393. doi:10.1038/s43018-020-0047-1

36.

37.

38.

39.

40.

Zhang X, Park JS, Park KH, et al. PTEN deficiency as a predictive
biomarker of resistance to HER2-targeted therapy in advanced
gastric cancer. Oncologia. 2015;88(2):76-85. doi:10.1159/
000366426

Croessmann S, Formisano L, Kinch LN, et al. Combined blockade of
activating ERBB2 mutations and ER results in synthetic lethality of ER
+/HER2 mutant breast cancer. Clin Cancer Res. 2019;25(1):277-289.
doi:10.1158/1078-0432.CCR-18-1544

Pérez-Pena J, Tibor Fekete J, Pdez R, et al. A transcriptomic immuno-
logic signature predicts favorable outcome in neoadjuvant chemo-
therapy treated triple negative breast tumors. Front Immunol. 2019;
10:2802. doi:10.3389/fimmu.2019.02802

Krop IE, Masuda N, Mukohara T, et al. Results from the phase 1/2
study of patritumab deruxtecan, a HER3-directed antibody-drug con-
jugate (ADC), in patients with HER3-expressing metastatic breast
cancer (MBC). ASCO Annual Meeting. IL, USA; 2022.

Koyama K, Ishikawa H, Abe M, et al. Patritumab deruxtecan
(HER3-DXd), a novel HERS directed antibody drug conjugate, exhibits
in vitro activity against breast cancer cells expressing HER3 mutations
with and without HER2 overexpression. PLoS One. 2022;17(5):
e€0267027. doi:10.1371/journal.pone.0267027

How to cite this article: Blas PE, Rodriguez ESR, Williams HL,
et al. Targeting HER2/HER3 co-mutations in metastatic breast
cancer: Case reports of exceptional responders to trastuzumab
and pertuzumab therapy. Cancer Reports. 2024,7(3):e1954.
doi:10.1002/cnr2.1954


info:doi/10.1158/1078-0432.CCR-21-0607
info:doi/10.1158/1078-0432.CCR-21-0607
info:doi/10.1002/1878-0261.13091
info:doi/10.1021/pr401267m
info:doi/10.1016/j.ccell.2021.06.001
info:doi/10.1158/1078-0432.CCR-16-2656
info:doi/10.1158/2159-8290.CD-19-0966
info:doi/10.1158/2159-8290.CD-19-0966
info:doi/10.1016/j.jgo.2021.02.020
info:doi/10.1016/j.jgo.2021.02.020
info:doi/10.1038/s43018-020-0047-1
info:doi/10.1159/000366426
info:doi/10.1159/000366426
info:doi/10.1158/1078-0432.CCR-18-1544
info:doi/10.3389/fimmu.2019.02802
info:doi/10.1371/journal.pone.0267027
info:doi/10.1002/cnr2.1954

	Targeting HER2/HER3 co-mutations in metastatic breast cancer: Case reports of exceptional responders to trastuzumab and per...
	1  BACKGROUND
	2  METHODS
	2.1  xT Solid Tumor Next-Generation Sequencing Assay
	2.2  Gene Expression Collection, Processing, and Normalization in Tempus xT Cohort
	2.3  Reverse Phase Protein Array (RPPA) Analysis of Laser Capture Microdissected (LCM) Tumor Epithelium
	2.4  Exceptional responder case presentations
	2.4.1  Patient 1
	2.4.2  Patient 2
	2.4.3  Analysis of ERBB2/ERBB3 mutations in the Tempus database


	3  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ETHICS STATEMENT
	REFERENCES


