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with Efficacy of Trastuzumab Therapy in Metastatic HER2-Positive
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Abstract—Increased expression or amplification of HER2 receptor tyrosine kinase gene ERBB2 is well-known and widely
used as a prognostic biomarker of breast cancer (BC) response to the targeted treatment with trastuzumab and its analogs.
Considering that part of the BC patients overexpressing HER2 does not respond to trastuzumab, clinical trial NCT03521245
was initiated to identify additional gene expression and molecular pathway activation response biomarkers to trastuzumab
treatment in HER2-positive BC. Using RNA sequencing gene expression in 23 formalin-fixed, paraffin embedded HER2
positive BC tissue blocks from patients who either responded or not responded to trastuzumab treatment was profiled.
Differentially regulated genes and molecular pathways were identified in the groups of trastuzumab responders and non-
responders. These results were next compared with the 42 previously published BC trastuzumab responder and non-respon-
der RNA sequencing profiles from the clinical trials NCT00513292 and NCT00353483. No correlation was observed between
the response status and the expression levels of ERBB2 gene in the HER?2 positive BC samples. Analysis of the differentially
expressed genes and molecular pathways in the combined dataset revealed 15/27 commonly up/down regulated genes and
15/25 pathways, respectively. However, only the intersection of molecular pathways upregulated in trastuzumab responders vs
non-responders was statistically significantly enriched compared to the random expectation model. A classifier built using the
most significantly upregulated molecular pathway — cAMP Pathway Protein Retention — demonstrated the best performance
for prediction of the HER2 positive BC response to trastuzumab for both our experimental and previously reported data. This
pathway also predicted time to recurrence in the combined dataset with Log-rank p-value 0.041.
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INTRODUCTION prognostic biomarkers such as overexpression or amplifi-

cation of HER2 tyrosine kinase receptor, expression of

Breast cancer (BC) research and treatment strategies  estrogen (ER) and progesterone (PR) receptors. Breast
have been largely impacted by the discovery of potent tumors lacking significant ER and PR expression with

Abbreviations: AUC, area under ROC-curve; BC, breast cancer; ER, estrogen receptor; PAL, pathway activation level; PR, proges-

terone receptor.
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MARKERS OF TRUSTUZUMAB EFFICACY IN BC

basal HER2 level are referred as triple-negative BC.
ERBB?2 gene amplification and pathologically increased
expression of its encoded protein HER2 is observed in 15-
35% of all invasive BC tumors [1-3]. Amplification/over-
expression of ERBB2/HER?2 referred to as HER2 positive
tumor phenotype strongly positively correlates with the
patient response to trastuzumab, a HER2-specific mono-
clonal antibody used for targeted therapy of BC and gas-
tric cancer [4]. The HER2-targeted trastuzumab therapy
is usually recommended for HER2 positive cancers inde-
pendently on ER and PR status, and important gains in
survival has been reported in recent years for this treat-
ment strategy. HER2-targeted therapy is often combined
with conventional chemotherapy or with hormone thera-
py. Most of the HER2-negative tumors are resistant to
HER2-specific drugs and their exclusion greatly decreas-
es failure of the targeted therapy [5, 6].

However, clinical practice demonstrated that only
25-80% of women with HER2 positive BC (determined
by immunohistochemistry and in situ hybridization)
respond to trastuzumab [7-9]. In general, response rate
was higher when trastuzumab was administered in combi-
nation with chemotherapy or other targeted therapeutics
and lower when the patients had metastatic cancer [10].

Therefore, finding additional molecular biomarkers
associated with trastuzumab response in HER2 positive
BC is of great fundamental and practical interest.
Molecular biomarkers can include diagnostically relevant
mutations or gene expression levels measured at the
mRNA or protein levels [11]. In addition, molecular
pathway activation levels calculated based on high
throughput gene expression data [5, 12, 13] can serve as a
new generation biomarkers with enhanced diagnostic val-
ues, when compared with the single gene expression lev-
els or mutations [14-17].

This improved biomarker quality of the molecular
pathways is due to their fundamental property of aggregat-
ing individual gene expression data into a resulting metric
termed pathway activation level (PAL). Functional associ-
ation of multiple gene products in molecular pathways
provides a theoretical basis for measuring an overall path-
way activation metric instead of the single gene expression
levels [5, 18]. In addition, it has been shown for many can-
cers that PALs can efficiently suppress artifacts or batch
effects in gene expression levels by decreasing technical
errors of major experimental platforms [19, 20].
Knowledge of molecular pathway activation can be con-
verted into a clinically relevant estimation of individual
tumor response to targeted therapeutics, e.g., cetuximab
[21] and tyrosine kinase inhibitors [22-24].

Clinical trial NCT03521245 was initiated to identify
additional gene expression and molecular pathway activa-
tion biomarkers of trastuzumab response in HER2 posi-
tive BC. RNA sequencing was used to establish gene
expression levels as a gold standard approach in cancer
transcriptomics [11].
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MATERIALS AND METHODS

Biological samples from 23 women patients with
mean age of 53.3 years (range 33-77 years old), who were
diagnosed with HER2-positive BC and received either
trastuzumab monotherapy or trastuzumab in combina-
tion with other anticancer drugs: docetaxel/paclitaxel +
carboplatin/paclitaxel/docetaxel + carboplatin/aro-
matase inhibitor/pertuzumab/capecitabine/vinorelbine/
gemcitabine, were included in the study. Clinical annota-
tions of the investigated BC biosamples are summarized
in Table S1 of the Supplement. Totally, nineteen patients
received adjuvant therapy and four patients received
neoadjuvant therapy.

All biosamples were formalin fixed, paraffin embed-
ded (FFPE) tumor tissue blocks. Prior to further analysis,
all biosamples were examined by pathologist to confirm
the tumor tissue origin, and only specimens with the con-
tent of tumor cells greater than 70% were investigated.
Among them, 19 breast cancer (BC) tissue samples were
obtained from the Karelia Republic Oncological
Hospital, Petrozavodsk, and 4 sample from the Vitamed
Oncological Clinical Center, Moscow. Majority (21) of
the biosamples were fragments of primary tumors and 2
represented node metastases. The complete dataset
included RNA sequencing profiles for 23 patients with
breast cancer, of which only nine met the following inclu-
sion criteria: adjuvant therapy, negative ER/PR-status,
patient had metastasis. Luminal B breast cancer subtype
was excluded from the further analysis, because it was
reported to have better prognosis than the rest of the
HER2-positive subtypes [25, 26]. Immunohistochemical
assays of the BC samples for HER2, ER, and PR proteins
were done at Oncological Dispensary of the Republic of
Karelia clinical diagnostic laboratory using antibody kits
(Roche Diagnostics, USA) to identify the respective
tumor status. For HER2, the output statuses were: (i)
baseline staining (0), (ii) “+” (1), (iii) “++” (2) and (iv)
“+++” (3). The “++” and “+++” statuses were con-
firmed using ISH DNA Probe Cocktail assay (Roche
Diagnostics). For ER and PR status, scale 0-8 was used.

Nine patients selected for further analysis were
women with HER2-positive ER/PR-negative BC, the
mean age was 55.2 years (range 44-77 y.0.), who received
adjuvant trastuzumab monotherapy or trastuzumab in
combination with other therapeutics: docetaxel/paclitaxel
+ carboplatin/paclitaxel/docetaxel + carboplatin/
capecitabine/vinorelbine/gemcitabine (Table 1). Of them,
eight BC tissue samples were obtained from the Karelia
Republic Oncological Hospital, Petrozavodsk, Russia,
and one sample from the Vitamed Oncological Clinical
Center, Moscow, Russia. Eight samples corresponded to
primary tumors and one to lymph node metastasis (BC-
20). The metastatic sample was included into the analysis
because we aimed at identification of robust trastuzumab
resistance biomarkers, which could potentially be applica-
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Table 1. Clinical and molecular annotation of nine HER2+ BC patients who received adjuvant therapy, were ER/PR-

negative, and had metastases

Responder/
Non-respon-
der (R/NR)

ID Age

Stage at diagnosis

Time
to recurrence
(months)

Time
of remission
(months)

Therapy

BC-3 55 T2N1MO, Ila R

BC-4 58 T2NIMO, IIB R

BC-7 53 T2N3MO, IIIC NR

BC-14 49 T2N2MO, I1JA R

BC-20 51 T2NOMO, II R

BC-21 49 TIN3MO, ITIC NR

BC-25 77 TINIMO, ITA NR

BC-27 44 T2NOMO, ITA R

BC-71 61 T2NOMO NR

- 29 2 courses: doxorubicin + cyclophos-
phamide - discontinued, then —
6 courses: docetaxel + trastuzumab;
trastuzumab monotherapy (every

three weeks, 18 injections)

6 courses: paclitaxel + doxorubicin;
trastuzumab monotherapy

(18 injections)

25 no remission | 3 courses: adjuvant chemotherapy,
radiotherapy; trastuzumab
monotherapy

6 courses: doxorubicin + cyclophos-
phamide; paclitaxel (12 injections);
trastuzumab monotherapy every

21 day

6 courses: docetaxel + carbo-
platin + trastuzumab; trastuzumab
monotherapy (every three weeks
for 12 months)

10 no remission | 2 courses: paclitaxel + doxorubicin;
3 courses: paclitaxel; trastuzumab
monotherapy (5 months)

6 courses: doxorubicin + cyclophos-
phamide; paclitaxel + carboplatin +
trastuzumab; trastuzumab
monotherapy

14 no remission

- 26 paclitaxel (12 injections) +

trastuzumab
13 no remission | 5 courses AC (doxorubicin +
cyclophosphamide); paclitaxel +
trastuzumab; trastuzumab
monotherapy

ble not only for biopsies derived from the primary site but
also for metastases. The patients were considered respon-
ders if remission was observed for at least 25 months after
biopsy. Totally, five patients were classified as the respon-
ders and four as the non-responders.

Preparation of libraries and RNA sequencing. To
isolate RNA, 10 pm-thick slices were cut from each
FFPE tissue block using a microtome. RNA was extract-
ed from FFPE slices using a QIAGEN RNeasy FFPE Kit
according to the manufacturer’s protocol. RNA 6000
Nano Assay kits were used to measure RNA concentra-
tion. RNA Integrity Number (RIN) was evaluated using
an Agilent 2100 bio-Analyzer. For depletion of ribosomal
RNA and library construction, KAPA RNA Hyper with
rRNA erase kit (HMR only) was used. Different adapters

were used for multiplexing samples in one sequencing
run. Library concentrations and quality were measured
using a Qubit ds DNA HS Assay kit (Life Technologies,
USA) and Agilent Tapestation (Agilent, USA). Single-
end RNA sequencing, 50 bp read length, for approxi-
mately 30 million raw reads per sample was performed at
the Omicslab LLC, Moscow, and at the Department of
Pathology and Laboratory Medicine, University of
California Los Angeles, using an Illumina HiSeq 3000
equipment. Data quality check was done using an
Illumina SAV and de-multiplexing was performed with an
Illumina Bcl2fastq2 v 2.17 software. Sequencing data
were deposited to the NCBI Sequencing Read Archive
(SRA) under accession ID PRINAS565016 and
PRINAS578290.
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Processing of RNA sequencing data. RNA sequenc-
ing FASTQ files were processed with STAR aligner [27] in
“GeneCounts” mode with the Ensembl human transcrip-
tome annotation (Build version GRCh38 and transcript
annotation GRCh38.89). Ensembl gene IDs were con-
verted to HGNC gene symbols using the Complete
HGNC dataset (https://www.genenames.org/, database
version from July 13, 2017). In total, expression levels
were established for 36,596 annotated genes with the cor-
responding HGNC identifiers. Minimum number of
uniquely mapped reads was 1.40 million for studied
biosamples, with the mean value of 7.35 min (8.03 for all
23 samples). Differential gene expression analysis was
done using the DESeq?2 software [28] and DESeq2-nor-
malized counts of differentially expressed genes between
responders and non-responders were used for further
analysis.

Literature gene expression data. The previously
reported gene expression data for BC patients were
extracted from the Database of Genotypes and
Phenotypes (dbGAP), accession ID: phs001291.v1.pl,
published in [4]. The patients were women with invasive
breast cancer, not pregnant, mean age was 50.14 years
(range 36-70 years old), who received neoadjuvant
chemotherapy and trastuzumab. 31 cases were accessed
from the American College of Surgeons Oncology Group
71041 trial (NCT00513292) that compared the pCR rate
of patients with HER2-positive breast cancer. Patients
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were randomly assigned to one of two arms: the first
received fluorouracil 500 mg/m?, epirubicin 75 mg/m>,
and cyclophosphamide 500 mg/m? (FEC-75) on day 1 of
a 21-day cycle for four cycles followed by paclitaxel
80 mg/m? and trastuzumab 2 mg/kg (after a 4-mg/kg
loading dose) once per week for 12 weeks, while the sec-
ond group received paclitaxel and trastuzumab once a
week for 12 weeks followed by four cycles of FEC-75 (on
day 1 of each 21-day cycle) and once-weekly trastuzumab
at the same doses as the first group. In addition to the
patients enrolled in the Z1041 trial, eleven HER2-posi-
tive breast cancer cases included in the phs001291.v1.pl
were enrolled in a local trial at Washington University
School of Medicine (NCTO00353483) and received
neoadjuvant treatment with trastuzumab in combination
with other chemotherapeutics: trastuzumab +
paclitaxel + carboplatin, or doxorubicin + carboplatin
then trastuzumab + paclitaxel, or FEC then
trastuzumab + paclitaxel [4].

All cases were identified as HER2-positive by
immunohistochemistry and/or by fluorescence in situ
hybridization (FISH). RNA samples were extracted from
the pre-treatment snap-frozen tumor biopsies of BC
patients and sequenced. The complete published dataset
included RNA sequencing profiles for 42 patients with
breast cancer (Table S2 in the Supplement), of which sev-
enteen met the inclusion criteria of double negative hor-
monal ER and PR status.

Table 2. Clinical and molecular annotation of seventeen HER2+, hormone-negative BC biosamples from

phs001291.v1.pl

1D Source Age T stage N stage Grade pCR (yes/no) Run Recurrence

time (days)
BRC251 | Z1041 52 T2 N1 3 yes SRR6447437 1679
BRC261 | Z1041 61 T2 NI 2 yes SRR6498562 1665
BRC262 | Z1041 45 T4 N1 3 yes SRR6447573 1674
BRC263 | Z1041 49 T3 NO 3 yes SRR6447580 1582
BRC271 | Z1041 70 T4 N2 3 yes SRR6447458 1285
BRC272 | Z1041 47 T2 NO 3 no SRR6447472 112
BRC274 | Z1041 52 T3 NO 3 no SRR6447567 1064
BRC276 | Z1041 39 T2 NO 2 yes SRR6498531 NA
BRC277 | Z1041 57 T2 NO 2 yes SRR6498535 936
BRC278 | Z1041 53 T3 N1 3 yes SRR6498552 874
BRC279 | Z1041 61 Tl NI 3 yes SRR6498528 352
BRC280 | Z1041 48 T3 N1 3 no SRR6498538 216
BRC284 | NCT00353483 50 T2 N2 3 no SRR6498557 NA
BRC286 | NCT00353483 47 T3 NI 3 yes SRR6447563 NA
BRC288 | NCT00353483 61 T2 N1 3 no SRR6447558 NA
BRC290 | NCT00353483 50 T3 NO 2 yes SRR6447556 NA
BRC295 | Z1041 54 T2 N2 3 yes SRR6447565 1674

BIOCHEMISTRY (Moscow) Vol. 85 No. 7 2020
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For twelve of these profiles, the patients demonstrat-
ed a pathological complete response (pCR) after treat-
ment, while five patients showed residual disease as the
primary outcome. Clinical annotation of the biosamples
and outcomes are summarized in Table 2.

Molecular pathway analysis. Pathway activation lev-
els (PALs) were calculated using Oncobox method and
software [29]. For the analysis 1754 molecular pathways
containing each at least 10 gene products were extracted
from the public databases Reactome [30], NCI Pathway
Interaction Database [31], Kyoto Encyclopedia of Genes
and Genomes [32], HumanCyc [33], Biocarta [34], and
Qiagen Pathway Central and listed in Table S3 in the
Supplement.

For calculating PALs, all the experimental BC gene
expression profiles for the responders were normalized to
the non-responders profiles. Similarly, all the literature BC
gene expression profiles for the responders were normal-
ized to the non-responders profiles. Molecular pathways
were visualized using the Oncobox pathway visualiza-
tion/reconstruction tool [16, 29, 35-37].

RESULTS

In this study we compared differential gene expres-
sion and molecular pathways activation levels between the
experimental and literature BC samples with better and
worse responses to trastuzumab treatment.

Clinical data. We used experimental data obtained
during observational clinical investigation NCT03521245
“Molecular pathway activation markers predicting effica-
cy of trastuzumab therapy for HER2-positive breast can-
cer”. The patients were residents of north-western and
central parts of the Russian Federation who underwent
treatment in Vitamed Oncological Clinic, Moscow, or in

Fig. 1. Representative histological image of breast cancer tissue
under investigation. Microphotograph of hematoxylin and eosin
stained sample showed moderately differentiated infiltrative ductal
cancer (BC71 HER2+/ER—/PR—). (Colored versions of Figs. 1-
6 are available in on-line version of the article and can be accessed
at: https://www. springer.com/journal/10541)

SOROKIN et al.

Oncological Dispensary of Karelia Republic, Petro-
zavodsk, Russia. The inclusion criteria were: adult
females with histologically confirmed HER2 positive
breast cancer and available formalin fixed paraffin
embedded (FFPE) samples of BC tissue; patients treated
with Trastuzumab alone or in combination(s) with other
chemotherapy regimens with known outcome according
to RECIST 1.1; patients with BC stage II or higher who
have signed an informed consent to participate in this
clinical trial. The exclusion criterion was presence of less
than 70% of intact tumor cells in the available FFPE BC
tissue samples (Fig. 1). Totally, 23 patients were enrolled,
and the respective tumor tissue specimens were profiled
by RNA sequencing (Table S1 in the Supplement). The
mean age of the patients was 53.3 years. The tumor
response criteria used was remission for 25 months since
the biopsy. The patients were then classified accordingly
as either responders or non-responders to treatment with
trastuzumab containing therapies. However, we could not
directly compare trastuzumab response statuses for all the
patients included because they had different types of
HER2+ breast cancer (HER2+ luminal B type, or
HER2+ ER—/PR— type). These two types of BC have
different prognosis [25, 26] and it seems inadequate to
compare them directly. For further analysis we selected a
cohort of patients who received adjuvant therapy, had
ER/PR-negative BC, and had metastases; in total five
treatment responders and four non-responders were
selected. All patients received trastuzumab in various
combinations. The most common combinations included
taxanes (paclitaxel or docetaxel, » = 7) and doxorubicin
(n =6, Table 1).

The previously published [4] collection of 42 RNA
sequencing BC gene expression profiles available in the
Database of Genotypes and Phenotypes (dbGAP) with
accession ID phs001291.v1.pl1 (Table S2 in the Supple-
ment) was used for comparison.

The patients were females with invasive BC, mean
age of the patients was 50.14 years. Only samples corre-
sponding to the patients with ER/PR negative BC were
selected for further analysis. Based on the outcomes, the
patients were also classified as trastuzumab responders
(pathological complete response) and non-responders
(residual disease). In total, seventeen patient profiles were
included corresponding to twelve responders and five non-
responders (Table 2).

Differentially regulated genes and molecular path-
ways. In both experimental and literature datasets, we
identified differentially expressed genes between the
trastuzumab responder and non-responder tumors using
the DESeq2 software. In total, 1600 genes passed thresh-
old p-value < 0.05 for the experimental dataset (402 genes
were upregulated and 1198 downregulated in the respon-
ders group). In the literature dataset, we found 2235 dif-
ferentially expressed genes (p < 0.05), where 1049 genes
were upregulated and 1186 downregulated in the non-
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Fig. 2. Intersection of differentially expressed genes between the experimental and literature datasets. Venn diagrams show numbers of down-
regulated (a) and upregulated (b) differentially expressed genes between the experimental dataset (NCT03521245) and the literature dataset
(dbGAP accession: phs001291.v1.pl). Histograms (c, d) show actual numbers of differentially regulated genes and random permutation mod-
els, number of cycles = 1000. ¢) Commonly downregulated differentially expressed genes, g-value of observing higher number of intersecting

genes is 0.98.d) Commonly upregulated differentially expressed genes, g-value of observing higher number of intersecting genes is 0.17.

responders group), Table S4 in the Supplement. Further
intersection of differentially regulated gene sets for both
experimental and literature data identified in total 15
commonly upregulated and 27 downregulated genes in

BIOCHEMISTRY (Moscow) Vol. 85 No. 7 2020

the trastuzumab responders group (Fig. 2, a and b). Next
statistical significance of this intersection by randomly
permutating gene names and by intersecting random gene
groups of the same sizes as above for the actual data was
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examined. It was found that there was no statistically sig-
nificant enrichment in the number of intersecting genes
for both upregulated and downregulated genes, which
implied that commonly regulated genes could appear due
to a random coincidence (Fig. 2, ¢ and d). Expression of
the ERBB2 gene encoding HER2 protein, a molecular

a

Down-regulated pathways

SOROKIN et al.

target of trastuzumab, was also compared between the
trastuzumab responders and non-responders; no signifi-
cant difference between these groups in both datasets was
observed (Fig. S1 in the Supplement).

Pathway activation level (PAL) values for 1754 intra-
cellular molecular pathways containing each at least 10
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Fig. 3. Intersection of differentially regulated molecular pathways between the experimental and literature datasets. Venn diagrams show num-
bers of downregulated (a) and upregulated (b) differential pathways between the experimental dataset (NCT03521245) and the literature
dataset (dAbGAP accession: phs001291.v1.p1). Histograms (c, d) show actual numbers of differentially regulated pathways and random per-
mutation models, number of cycles = 1000. ¢) Commonly downregulated differentially expressed pathways, g-value of observing higher num-
ber of intersecting pathways is 0.53. d) Commonly upregulated differentially expressed pathways, g-value of observing higher number of inter-
secting pathways is 0.002
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Fig. 4. Pathway activation profile of CAMP Pathway Protein Retention in the trastuzumab responders normalized to the non-responders data
in (a) experimental dataset (NCT03521245) and (b) literature dataset (dlbGAP accession: phs001291.v1.p1).

gene products was calculated for the differentially regu-
lated gene sets using the Oncobox software [29].
Statistically significant differentially regulated molecular
pathways (p < 0.05) were identified including 246 path-
ways for the experimental dataset (79 upregulated and 167
downregulated in the trastuzumab responders group) and
424 pathways for the literature dataset (161 upregulated
and 263 downregulated in the trastuzumab responders
group), Table S5 in the Supplement. Next, we intersected
commonly regulated differential pathways and observed a
highly likely random intersection for the 25 downregulat-
ed pathways, but non-random, significantly enriched
intersection for the 15 upregulated pathways in the
responders group, p = 0.002 (Fig. 3).

Among the latter fifteen molecular pathways
(Table 3), the following two were the most statistically sig-
nificantly (Wilcoxon rank sum test) upregulated in the
trastuzumab responders group: PPAR Pathway and cAMP
Protein Retention Pathway. Pathway activation profile for
the cAMP Protein Retention Pathway, which is also asso-
ciated with the progression-free survival in further analy-
sis, is provided for trastuzumab responders and non-
responders in Fig. 4.

In addition, we identified the ErbB Family Pathway
that included ERBB2 gene product among the intersected
molecular pathways that were downregulated in the
trastuzumab responders group (Fig. 5). However, as was
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shown previously, the intersection of the downregulated
pathways between the datasets could be due to coinci-
dence (Fig. 3c).

Hazard Ratio and Log-rank test p-values for each of
the fifteen pathways upregulated in the trastuzumab
responders group was calculated next to analyze their abil-
ities to discriminate between the trastuzumab treatment
responders and non-responders. To perform this analysis,
we pooled patients with the time to progression informa-
tion available from the both datasets. The patients were
then divided into two groups that had the pathway activa-
tion levels higher and lower than the median value,
respectively. It was established that all the pathways tested
could be predictive of the progression-free survival,
except the PPAR, noradrenaline and adrenaline degrada-
tion and Drug metabolism cytochrome P450 pathways, for
which Log-rank p-value exceeded 0.05 (Table 3). The
cAMP Protein Retention pathway showed the best per-
formance for both discriminating trastuzumab responders
from non-responders and for predicting time to tumor
recurrence (Fig. 6). To evaluate that we calculated area
under the receiver-operating characteristic curve (AUC)
value, which is the universal characteristic of biomarker
robustness depending on its sensitivity and specificity
[38]. This statistical approach is broadly applicable to dif-
ferent types of biomarkers in oncology [14, 16, 17, 39-
41]. AUC positively correlates with the quality of a bio-
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Fig. 5. Pathway activation profile of ErbB Family Pathway in the trastuzumab responders normalized to the non-responders data in (a) exper-
imental dataset (NCT03521245) and (b) literature dataset (dIbGAP accession: phs001291.v1.p1).
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marker and varies from 0.5 to 1. The standard discrimina-
tion threshold is 0.7 and the parameters with greater AUC
are considered high-quality biomarkers, and vice versa
[42]. The top ranked molecular pathway was the cAMP
Pathway Protein Retention, which showed the highest
AUC and the lowest hazard ratio observed [AUC 1 for the
experimental dataset and 0.867 for the literature dataset;
hazard ratio 0.34 (95% CI: 0.11-1, p-value = 0.05)],
Table 3. Total number of genes per pathway, as well as the
number of differentially expressed genes in both sets are
provided in Table S6 in the Supplement.

DISCUSSION

Gene expression in 23 HER?2 positive BC tissue sam-
ples from patients who either responded or not respond-
ed to trastuzumab treatment was examined. Differentially
regulated genes and molecular pathways were identified
in both groups and compared with the 42 published BC
trastuzumab responder and non-responder RNA
sequencing profiles from the previous clinical trials
NCT00513292 and NCT00353483 [4]. No correlation
between the response status and the expression levels of
ERBB2 gene in the HER2 positive BC samples was
observed. 15/27 commonly up/down regulated genes and
15/26 pathways, respectively, were identified in the com-
bined dataset. However, only the intersection of molecu-
lar pathways upregulated in the trastuzumab responders vs
non-responders was statistically significantly enriched
compared to the random expectation model. A classifier
built using the most significant downregulated molecular
pathway — cAMP Pathway Protein Retention — showed
quality of AUC =1 and 0.87 for prediction of HER?2 pos-
itive BC response to trastuzumab in our experimental and
literature data, respectively. This pathway also predicted
time to recurrence in a combined dataset with Log-rank
p-value 0.041.

While numerous studies examining gene expression
in the BC samples from patients treated with trastuzumab
have been published [40, 43, 44], only a minor fraction of
them contained therapy response status linked to the pub-
licly available expression profile for the clinical cases
reported and the longitudinal survival data. Moreover,
most of the studies on trastuzumab resistant phenotype
used microarray technology for tumor profiling [45-47].
Here we used RNA sequencing, which is now recognized
as a gold standard method for profiling gene expression
[48, 49]. In addition, we used total RNA sequencing with-
out poly(A) enrichment, thus our dataset could be used
also to investigate non-coding RNAs association with
trastuzumab resistance in future studies. Finally, this is the
only dataset of BC samples associated with the trastuzum-
ab response, which is fully compatible with the database of
healthy normal tissues, because we used the same experi-
mental protocol as for the previous ANTE database [50].
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Fig. 6. Predictive power of the cAMP Pathway Protein Retention
for BC tumor response and time to progression after trastuzumab
therapy. Area under the ROC curve for separation of the respon-
ders and non-responders using the cAMP Pathway Protein
Retention pathway activation level for (a) experimental patients
and (b) patients from the literature dataset, dbGAP accession:
phs001291.vl.pl. (c¢) Predictive power of the cAMP Pathway
Protein Retention pathway activation level for the progression-
free survival in BC patients from both experimental and literature
datasets. Cohorts of patients with pathway activation level lower or
higher than the median are shown separately. Hazard ratio = 0.34
(95%CI: 0.11-1, p-value = 0.05).
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Table 3. Characteristics of biomarker quality for fifteen intersected non-random differentially upregulated pathways in
the trastuzumab responder groups in both groups of patients

Pathway AUC AUC Hazard ratio Hazard ratio | Log-rank test
experimental dataset | literature dataset (95% CI) p-value p-value

cAMP Pathway Protein Retention 1 0.867 0.34 (0.11-1) 0.05 0.041
PPAR Pathway 1 0.867 0.46 (0.16-1.4) 0.16 0.155
cAMP Pathway Cell Proliferation 1 0.85 0.34 (0.11-1) 0.05 0.041
cAMP Pathway eNOS Signaling 1 0.85 0.34 (0.11-1) 0.05 0.041
Cardiovascular Homeostasis
cAMP Pathway Glycogen 1 0.85 0.17 (0.043-0.64) 0.0094 0.004
Synthesis
cAMP Pathway Lipolysis 1 0.85 0.34 (0.11-1) 0.05 0.041
cAMP Pathway Oncogenesis 1 0.85 0.34 (0.11-1) 0.05 0.041
Noradrenaline and adrenaline 0.95 0.9 0.59 (0.21-1.7) 0.32 0.316
degradation
Reactome PRC2 methylates his- 1 0.85 0.17 (0.045-0.66) 0.01 0.004
tones and DNA Main Pathway
cAMP Pathway Degradation 1 0.817 0.34 (0.11-1) 0.05 0.041
of Cell Cycle Regulators
Reactome Amyloids Main 0.95 0.85 0.17 (0.045-0.66) 0.01 0.004
Pathway
Reactome Condensation 0.95 0.85 0.17 (0.045-0.66) 0.01 0.004
of Prophase Chromosomes
Main Pathway
Reactome DNA Damage 0.95 0.85 0.17 (0.045-0.66) 0.01 0.004
Telomere Stress Induced
Senescence Main Pathway
Reactome Packaging of 0.95 0.85 0.17 (0.045-0.66) 0.01 0.004
Telomere Ends Main Pathway
KEGG Drug metabolism 0.95 0.817 0.47 (0.16-1.4) 0.17 0.158
cytochrome P450 Main Pathway

Expression of genes and pathways that distinguished
trastuzumab responders and non-responders in our
experimental data and in the previously published clini-
cally annotated RNA sequencing dataset were compared
[4]. The earlier trial aimed to identify biomarkers of
trastuzumab response on the genomic and transcriptomic
level. The authors did not find any gene or gene signature
associated with the trastuzumab response based on the
RNA sequencing data [4]. This is probably due to the fact
that the authors did not stratify patients according to the
ER and PR hormone receptor status, as we did in the
present study. While the number of common differential-
ly expressed genes in both datasets was probably random,
the actual number of significantly upregulated pathways
was significantly higher than expected from the analysis

of random permutations. In particular, the best associa-
tion with trastuzumab sensitivity was observed for a
branch of cyclic AMP pathway that activates protein
retention (Table 3).

Cyclic AMP is the first identified secondary messen-
ger, which has a fundamental role in the cellular response
to various extracellular stimuli [51]. One function of
cAMP molecular pathway is activation of KDELR
(KDEL (Lys-Asp-Glu-Leu) Endoplasmic Reticulum
Protein Retention Receptor) to promote retrieval of pro-
teins (protein retention) from Golgi complex to endo-
plasmic reticulum, thereby maintaining steady state of
the cell [52]. It was shown previously that alterations in
such retrograde trafficking could drive breast cancer
metastasis through receptor mislocalization [53]. In addi-
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tion, intrinsic defects in the endocytic machinery respon-
sible for HER2 downregulation correlate with unrespon-
siveness to trastuzumab therapy [54]. However, to the best
of our knowledge the present study is the first to support
the plausible link between the retrograde trafficking and
resistance to trastuzumab.

Previous studies showed several other potential
mechanisms of trastuzumab resistance in breast cancer
[55]. First, other HER family receptors could be associat-
ed with such resistance; for example, HER2 positive
patients that are negative for HER3 have mostly metasta-
sis-free survival [56]. Non-HER family receptors such as
FGFR and IGF-1R can also play a significant role in
trastuzumab resistance [57, 58]. Androgen receptor (AR)
could be also involved, because AR expression negatively
correlates with the immune cells infiltration, which, in
turn, is associated with trastuzumab resistance [59, 60].

Based on the data generated in this study, activation
level of the “cAMP Pathway Protein Retention” pathway
appeared to be a robust biomarker that separates
trastuzumab responders from non-responders in both our
experimental and previously published datasets.
Moreover, activation of this pathway is associated with
favorable prognosis in terms of predicting time to tumor
recurrence. Thus, activation level of this pathway could
be potentially used for further development of companion
diagnostic tools for early detection of non-responders to
HER2-targeted therapies to avoid ineffective treatment.
This pathway contains 14 genes; hence, such diagnostic
tool may be based on rt-PCR, targeted RNA sequencing,
NanoString assay, or any other platform for gene expres-
sion profiling. However, further clinical investigations of
this approach are needed to validate findings presented in
this manuscript.
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