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Abstract

TNBC is the most aggressive breast cancer subtype, with a higher recurrence rate. TNBC proportion within breast
cancer incidence in the Indian population is 22-30%. Despite the high incidence rate, the heterogeneity within
TNBC subtype in Indian cohorts is not studied at scale.
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Introduction

Here, leveraging an Indian cohort of 93 TNBC patients, we evaluated the
basal and LAR subtypes in terms of the expression of known markers such
as EGFR and AR and further assessed the association of marker gene
expression with patient outcome and treatment response.

In our cohort, 65% of the patients were EGFR-positive, 38% had positive
AR expression, where both the subsets showed shorter disease-free survival
outcomes. Additionally, 25% of the cohort showed AR and EGFR co-
expression. Upon closer observation, using IHC and duplex staining, we

noted that 15% of the tumors, in fact, had double-positive cancer cells, i.e.,
cellular co-expression of AR and EGFR. Patients with double-positive cells
had poorer disease-free survival compared to the ones with the tissue-level
co-expression of EGFR and AR but without cellular co-expression. The
presence of EGFR+AR+ double-positive cells was further validated in
publicly available single-cell data sets for TNBC patients from other ethnic
backgrounds, albeit to a lesser extent than what was observed in our Indian
cohort. Overall, our results highlight the heterogeneous nature of Indian
TNBC tumors and provide further insight into ethnic variation in TNBC
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presentation that can be further exploited for precision and personalized
targeted therapy.

Triple-negative breast cancer (TNBC) is a clinically aggressive subtype of
breast cancer, i.e., it presents more often with high-grade disease, node
involvement, and up to 42% of the patients recur within two years of primary
diagnosis 1-3. TNBC in India, due to the lack of targetable markers and
unreasonable costs for newly introduced immunotherapy, is still largely
treated with standard cytotoxic chemotherapy regimens with only 25-35%
percent responding to treatment (Das et al, 2024, 4). 65-75% of the percent
of patients who do not respond do worse within first two years of treatment
(Das et al,2024, 4,5). Therefore, identifying prognostic signatures to predict
treatment response and disease recurrence and its applicability to Indian
cohorts must be investigated if we were to tackle increasing incidence rates
of breast cancer in India6. In a recent meta-analysis have shown that,
compared to western cohorts, TNBC in Indian cohorts presents at an even
earlier age (47 years vs 51 years), with high-grade tumors (2.57 OR) and
greater lymph node involvement compared to non-TNBC patients 7. Most
importantly, it was observed that TNBC prevalence is higher in India at 22-
30% 7-9 as compared to 10-17% in western cohorts 2.

Previous studies in the western cohorts have investigated tumor
heterogeneity at gene expression level to understand unpredictable treatment
response and outcomes. Lehmann et al identified six subtypes of TNBC
based on the gene-signature profiles 10, out of which four were tumor-
specific subtypes; basal-like 1 (BL1), basal-like 2 (BL2) with high EGFR
expression, mesenchymal (M), and luminal androgen receptor (LAR) with
high AR expression, each showing distinct response to chemotherapy and
survival outcomes 11. EGFR expression by immunohistochemistry in TNBC
is higher 12 and is associated with poorer survival in TNBC cohorts from
various ethnicities, including Egyptian, Greek, Chinese, and Japanese
cohorts 13-16. Based on these studies, anti-EGFR and anti-AR trials have
been initiated for TNBC subtype 12,17-20. There are currently at least three
clinical trials investigating the efficacy of anti-EGFR therapies in
TNBCs/basal breast cancers, all in phase

2. These trials have been focused on breast cancer patients in western
cohorts. The expression of EGFR and AR in TNBC tumors in an Indian
cohort and its effect on patient outcome is not well-studied in an Indian
cohort.

In order to understand extent of AR and EGFR expression in TNBC from an
Indian cohort, we set out to assess basal type (EGFR and/or CK5/6 positive)
and LAR type (AR positive) TNBC in an Indian cohort of breast cancer
patients. We further evaluated if these subtypes had implications towards
patient outcomes. In a cohort of 93 TNBC, we noted CK5/6 expression had
no correlation with survival outcomes. While EGFR-positivity was at 65%
and AR-positivity was at 38%, both, with worse survival outcomes, though
not significant. We also showed 25% of the TNBC tumors with clonal
population of tissue and cell co- expression of EGFR and AR; such high
frequency is unique to our cohort when compared to Western cohort data.

Methods:
Sample selection:

All the samples were taken from a biobank21 with appropriate ethics
approvals (#IECHR/VB/2018/016 and an extension
#EC/NEW/INST/2021/2443) built from a single surgeon's practice in a
tertiary breast cancer clinic. Formalin-fixed-paraffin-embedded blocks for
invasive ductal carcinoma (IDC) and TNBC subtype were for patients
diagnosed between 2012 to 19th August 2022. Metastatic patients and
samples of non-Indian origin were excluded from the cohort (Figure S1). All
the samples were processed for this study after appropriate patient consent
and study-specific ethics approvals.

Collection of clinical, radiological, and follow-up data:

Patient data such as age at diagnosis, menopausal status, tumor
characteristics such as tumor grade, lymph vascular invasion (LVI) were
obtained from patient clinical reports. Clinical tumor size and lymph node
involvement data were obtained from sonomammography, mammography,
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and PET reports. Post-surgery pathological assessment showing overall
tumor size and the number of involved lymph nodes to which the tumor had
metastasized were also extracted for staging. Follow-up information of
patients up to November 2023 was retrieved from the biobank database.

Treatment regimens:

Within this cohort, patients were treated by a single medical oncologist,
therefore ensuring uniform treatment decisions according to NCCN
guidelines for breast cancer 22,23. Despite the standard regimen
recommendation, small variability in final treatment decision is observed due
the socio-economic conditions of individual patients. In case of no lymph
node involvement, treatment-naive tumor was surgically excised, followed
by adjuvant chemotherapy (ACT) and radiotherapy where needed. In a
cohort of 93 patients, 27 received NACT. AC (Anthracycline +
Cyclophosphamide) + Taxane was the preferred chemotherapy option in
both settings for 15 patients. Remaining 12 patients were given either AC
alone, AC

+ 5-Fluoro-uracil, FEC (Fluoro-uracil + Epirubicin + Cyclophosphamide),
or Gemcitabine.

NACT treatment response:

To compute the response for patients treated with NACT, we compared
clinical and post- surgery pathological tumor size and node involvement
status. Out of 27 NACT-treated patients, clinical (cTcN) and pathological
stage (ypTypN) data was available for a subset 25 TNBC patients. On
pathological assessment, if ypTO/ypTis and ypNO and no metastasis was
observed post-treatment, response was considered as pathological complete
response (pCR). If downstaging of tumor was observed from cTcN it was
recorded as partial response (PR). If no change in tumor size and number of
nodes involved was observed, response was taken as stable disease (SD). In
case of patients with increased tumor size and node involvement at post-
surgery pathology report compared to what was reported at clinical
diagnosis, response was reported as progressive disease (PD). Patients with
partial response, stable, and progressive disease were pooled for final
analysis into residual disease group since the number of patients in each
group was too small to compare across variables.

H&E and IHC staining and scoring:

All the FFPE tissue were sectioned into 3-5 pum sections and H&E staining
was done for all samples.

Immunohistochemistry for EGFR, CK5/6 and AR protein expression was
standardized for each antibody (Table S1). DAB staining kit (Thermo
Scientific, TL-125-QHD) was used to ensure uniform staining for all the
samples.

Tumor and TILs percent for each sample and IHC expression scoring for
each of the markers was done by a certified pathologist (AN).

Whole-slide scanning:

H&E and IHC slides were scanned at OptraScan facility using OptraSCAN,
0S-15 bright field digital scanner at 400X resolution for whole-slide
scanning. Images obtained at JP2000 (.jp2) are then converted to big tiff
format.

Multiplex Immunofluorescence staining (mIF):

To assess for co-expression of EGFR and AR protein within the tumor, tumor
tissues with EGFR- and AR-positive IHC expression were stained for duplex
EGFR and AR after optimization and validation with monoplex staining
(Table S1). Duplex IF staining for AR and EGFR was done following the kit
protocol from Akoya Biosciences, (OP7TL3001KT). Whole slide images of
duplex staining were imaged with Leica Aperio VERSA automated scanning
microscope. Images were processed on Aperio ImageScope software to
identify areas of co-expression within the tumor tissue. Duplex images were
annotated with tissue segmentation and cell segmentation based on DAPI
staining, using HALO by Indica Lab version 3.6. EGFR-positive and AR-
positive cells were quantified using the Highplex plug-in on HALO by Indica
Lab version 3.6.
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FFPE RNA extraction, RNA-sequencing and analysis:

Total RNA was extracted from 10-15um curls from FFPE tissue samples.
Out of 25 NACT- treated TNBC samples with response data available, RNA
was isolated from eighteen samples for which tissue was available, using a
standardized RNA extraction method. Quality assessment by RNA integrity
number (RIN) and DV200 values was done using Agilent RNA 6000 Nano
Kit on Agilent 2100 Bioanalyzer. cDNA library preparation was done using
KAPA HyperPrep Kit for cDNA Synthesis & Amplification Module
(KK8544) from 200 ng — 1 pg of total RNA. rRNA was removed by
Ribodepletion using QlAseq FastSelect -rRNA (HMR) kit by suspending the
input RNA in Fragment, Prime and Elute Buffer (1X). (Vaid et al, 2024,
manuscript in submission). Upon passing the quality checks, all the samples
were sequenced on Illumina platform by NovoSeq 6000. Raw reads were
checked for base quality and aapter content using FastQC (v0.11.9). Fastp
(v0.20.1) was used to remove adapter content and to trim low-quality bases.
Hisat2 (v2.1.0) was used to map reads on the Homo Sapiens reference
genome. Differential gene expression was performed using Deseq?2 (v1.40.1)
with a cut-off of FDR <0.1. Only samples which passed the sequencing
quality check for higher mapping percentage and samples with higher gene
count >5 were included in the final analysis.Co-expression analysis for
EGFR and AR at cellular level using publicly available single-cell
RNAseq.We downloaded the single-cell RNA sequencing raw data of TNBC
patients from two different studies: (a) Wu et al. [PMID 34493872]24 and
(b) Qian et al. [PMID 32561858]25. For Qian et al. dataset, count matrices
from single-cell RNA sequencing (scRNA-seq) data of TNBC tumors
(obtained using 10X v2 sequencing) were downloaded from
http://blueprint.lambrechtslab.org along with cell annotations provided by
the authors. To ensure data quality, the miQC package [PMID 34428202]
was employed to eliminate non- viable cells, using a probability threshold of
0.5 to retain cells deemed to be of high quality. Likewise, for Wu et al.
dataset, the count matrix and gene annotation were downloaded from the
GEO ID ED71078

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE176078).

Next, we created the Seurat Object using “Read10X” function for both the
studies using Seurat version 4.0. As a part of quality control, we removed the
cells which had more than 5% mitochondrial genes and the cells with unique
feature count less than 200 or over 5000. To get TNBC specific samples with
enrichment of cancer/epithelial cells we used ‘subset’ function on the
selected samples. Next, we performed normalization and scaling to mitigate
technical variability across cells. After Log normalization and scaling,
principal component analysis (PCA) was performed. Subsequently, cluster
of cells were characterized based on gene expression profiles using function
‘FindNeighbors’ with dims = 1:10 and ‘FindClusters’ with resolution as 0.5.
Next, to visualize this high dimension data in lower-dimensional space to
facilitate the exploration and interpretation of cell populations, we utilized
dimensionality reduction method, uniform manifold approximation and
projection (UMAP). ‘RunUMAP’ function was used to do the same with
‘reduction = pca’ and ‘dims = 1:10°. As our goal was to look at the cells
expressing both Androgen Receptor (AR) and Epidermal Growth Factor
Receptor (EGFR) genes, we extracted the list of ‘cell_ids’ expressing both
the genes and highlighted them in the plot using “group.by” function. We
also highlighted those cells which were expressing only AR or EGFR.
Remaining cells were depicted as “Others” in the plot. “ggplot2” R package
was used to create the final figures. The above analysis was performed for
individual patient specific sample as well as for pooled samples in default
manner (clusters of cells showing similar gene expression).

EGFR and AR protein and RNA data from TCGA PanCancer dataset:

To compare RNA and protein levels for EGFR and AR, z-scores from RPPA
data and mRNA Expression levels from RSEM (Batch normalized from
IHlumina HiSeq_RNASeqV2) were downloaded from
https://www.chioportal.org/ (accessed on 15th May 2024) for 874 breast
cancer patients from TCGA BRCA-PanCan cohort 26. Associated clinical
and histological information was obtained from GDC using TCGA bio links
as described elsewhere 27. Only 429 IDC patients were included in the
analysis for accurate comparison to our cohort. TNBC patients were
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identified if IHC showed ER-negative, PR-negative, and HER2-negative or
her2 FISH-negative in case of samples with equivocal HER2 IHC scores.
mRNA levels were log2 normalised before correlating with protein levels.

Statistical analysis:

All the statistical tests were done using GraphPad Prism v8.0. Chi-square test
was done to assess unequal distribution of categorical variables. For
continuous and discrete data, such as expression scores of EGFR, AR and
CK5/6, percent tumor, Shapiro Wilk’s normality test was done to test if the
data is normally distributed. If data was normally distributed, unpaired t- test
was done to test mean differences between two variables and one-way
ANOVA for more than two variables testing. If data was not normally
distributed, Mann Whitney was performed to test the median differences
between two variables and Kruskal Wallis to test median differences
between more than two variables.

Survival analysis:

Disease outcomes were computed as follows: disease-free survival (DFS)
was calculated as time in months from the date of surgery to the date of
recurrence or last follow-up date. Recurrence within the first five years from
the date of surgery is taken as an event. The patients who did not recur within
the first five years from the date of surgery were censored at the of five years
follow-up. Overall survival (OS) was calculated as time in months from the
diagnosis date (biopsy date) till the last follow-up date or date of death
(within the first five years). Kaplan-Meier survival plots for DFS and OS for
up to 5-years follow-up time were plotted and Log-rank, Breslow, and
Tarone-Ware computed survival probabilities towards 5- years DFS and OS.
Log-rank Hazard ratio and 95% confidence interval (CI) were also computed
for the higher hazard of having early DFS and OS. All plots were prepared
using GraphPad Prism v.8.

Results:

Triple-negative breast cancer cohort characteristics:

EGFR, CK5/6 and AR expression was assessed by immunohistochemistry
in a cohort of ninety-three TNBC patient samples from a breast cancer
biobank 21. Demographic characteristics of the TNBC cohort are
summarised in Table 1. At diagnosis, 45.45% of TNBC patients were below
50 years of age (n=48) and 40.79% were pre-menopausal (n=45). Three-
fourths of TNBC patients had grade Il primary tumors (76.09%, n=70).
Upon assessment of clinical characteristics of the tumor, 69.5% of patients
in the cohort presented with the larger tumor size, (cT2, n=57) and 71.08%
had lymph node metastasis at the diagnosis (cN-positive, n=59). Therefore,
higher number of patients in the cohort are presented with late stage (>1IB)
(63.75%) at diagnosis. Out of 93 patients, 27 patients underwent neo-
adjuvant chemotherapy (NACT) followed by surgery, and 61 patients went
for upfront surgery. Amongst the patients who went for upfront surgery,
68.72% patients had pathological tumor size between 2cm-5¢cm (pT2, n=33),
26.53% showed lymph node involvement (pN-positive, n=13) and 27.98%
were late-stage patients (late pStage, n=13). Post-NACT, 42.31% (n=11) had
ypT1 and 19.23% (n=5) were ypT2 stage, while 23.08% (n=6) patients had
nodal involvement. 8% of NACT-treated patients were found to have
pathological stage of 11B or above (n=2). The median follow-up time for the
entire cohort is 29 months and the mean follow-up time is 35 months.

Proliferation marker — Ki67, mesenchymal marker —Vimentin, and
angiogenic marker -CD31, were also analysed by IHC on the serial sections
of TNBC tumors within the same cohort. Ki67-positivity was noted for 64
(73.56%) patients, where more than 25% of the tumor section expressed
Ki67(Figure S2A, Table 1). Vimentin-positivity was noted for 47 (54.02%)
patients with 10% or more expression within tumor (Figure S2B, Table 1).
For CD31, positivity was determined if any tumor cells expressed CD31
(>1%), stromal CD31 was not considered as positive (Figure S2C, Table 1).
28 out of 93 TNBC patients were positive for CD31 (31.81%).

EGFR-positive tumors were clinically aggressive and associated with worse
survival.

FFPE tumor sections of the TNBC patients from the cohort were stained for
EGFR and CK5/6 expression by IHC to identify basal tumors. EGFR-
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positivity was determined when more than 10% of the tumor section had
EGFR membrane expression (Figure 1A). Out of 93 TNBC samples, 65.2%
of patients were EGFR positive for expression.
To test if EGFR expression is associated with clinically aggressive tumors,
EGFR-positive and EGFR-negative tumors were analysed for association
across various clinical and pathological parameters (Table 2). We noted a
trend, where EGFR-positive tumors were presented with a higher grade
(50.55%, n=46) and late clinical-stage; >IIB (43.04%, n=34) compared to
EGFR-negative tumors EGFR expression was analysed for association with
treatment response for 25 patients treated with NACT. We observed that
45% (9 out of 20) of the EGFR-positive tumors showed complete response
(pCR) compared to EGFR-negative tumors, where no patients showed pCR
(0 out of 5) (p-value = 0.061) (Figure 1E). EGFR-positive patients with pCR
show better disease-free and overall survival outcomes compared to EGFR-
positive patients with residual tumors (RD) (Figure 1F and 1G).
For the overall cohort, we noted that EGFR-positive tumors showed around
20% higher recurrence rate compared to EGFR-negative tumors (p-
value=0.078) with a hazard ratio of 3.514 (1.187 to 10.40) (Figure 1H).
However, EGFR expression did not show any association with overall
survival outcomes for the entire cohort of TNBC patients (Figure 11).

Frequency of vimentin-positivity was significantly higher in EGFR-positive
(63%, 36 out of 57, p-value = 0.026) tumors compared to that in EGFR-
negative tumors (38%, 11 out of 29) (Figure 1C) indicating that EGFR
tumors were more mesenchymal in nature. Ki67 and CD31 positive
expression did not show any association with EGFR expression (Figure 1B,
D).

Overall, in our cohort, EGFR-positive tumors were observed to be of
mesenchymal nature and associated with poor disease-free survival.

EGFR expression detects the clinical outcome of Basal tumors:

Basal tumors were defined as with either EGFR (>10% membrane
expression) and/or CK5/6 positive (>1%) expression. Non-basal tumors
were defined with EGFR expression less than 10% and CK5/6 less than 1%
(Figure 2A, B, C). 76 out of 88 tumors (81.7%) stained for either of the
marker were identified as basal tumors, while 18.3% were negative for both
the markers and were referred as non-basal tumors (Figure 2B and 2C).

Basal tumors were analysed for association with aggressive clinical
characteristics (Table S2). Higher proportion of post-menopausal patients
(47.37%, n=36) and higher-grade tumor were observed (64.13%, n=59) in
basal tumors, similar to that of EGFR-positive tumors.

Basal tumors showed poor disease-free survival with a HR of 3.63 (CI -
1.021-12.90) for recurrence compared to non-basal tumors (Figure 2F). The
long-term survival outcome for basal tumors associated with EGFR
expression specifically as demonstrated by the outcome comparisons for
EGFR or CK5/6 expression independently, as shown in Figures 1F and 2D.
Unlike EGFR, CK5/6 positive tumors showed no association with the
recurrence rate, with a hazard ratio of 1.41 (Figure 2D). No association was
noted for Ki67 expression with basal and/or CK5/6 +ve tumors (Figure S3D
and S3G). Basal tumors were significantly associated with high Vimentin
expression scores compared to non-basal tumors (60%, n=43 vs 27%, n=4)
(Figure S3H), suggesting they are more mesenchymal. We also noted that
64% of CK5/6 tumors (p-value = 0.0238) showed significant association
with Vimentin-positivetumors (Figure S3E). A trend indicating a negative
association between CD31 scores and basal tumors, compared to non-basal
tumors (72%, n=52 vs. 50%, n=8) was observed (Figure S3lI).

Overall, these results suggest that EGFR alone seems to be strongly
associated with the patient survival outcomes within basal tumors, even
though CK5/6+ tumors are more mesenchymal in nature. Therefore, in our
cohort, EGFR alone stood out as an independent prognostic marker for
TNBC patient survival outcomes.

Androgen Receptor (AR) expression within TNBC tumors and patient
outcomes:

We assessed for the role of AR expression within TNBC cohort towards the
clinical outcomes of TNBC patients. Of 93 samples stained for AR, 35 (38%)
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patients showed AR-positive expression with nuclear AR expression of more
than >10% (Figure 3A). 46% of AR-positive tumors presented at early-stage,
less than 11B, while 30% of AR-negative tumors presented at early stage
(Table 3).

Expression of Ki67, Vimentin, and CD31 were assessed for association with
AR positivity within TNBC tumors. AR-positivity did not show a marked
association to Ki67 expression in TNBC tumors. 76% of AR-positive tumors
(26 out of 34) and 72% of AR-negative tumors (38 out of 53) were positive
Ki-67 expression (Figure 3B). Vimentin was positive in 42% (14 out of 33
patients) AR-positive tumors compared to 61% (33 out of 54) of the AR-
negative tumors. (Figure 3C). CD31 was low in both AR-positive (29%, 10
out of 34) and AR- negative tumors (33%, 18 out of 54), showing
angiogenesis marker was independent of AR expression in tumors (Figure
3D).

For this cohort, we observed that AR-positive tumors were associated with
marginally poorer disease-free and overall survival (Figure 3H and 3I). AR-
positive tumors had lower disease- free survival probability of 0.78 (5 out of
35 recurred) compared to 0.71 for AR-negative tumors (9 out of 58 recurred)
at 60 months of follow-up (Figure 3H).

Out of 27 patients who received NACT, 9 were AR-positive. Although this
is a very small number to assess the response to treatment, we observed that
the AR-positive patients showed a slightly higher rate of pCR (44.4%, n=4/9)
compared to AR-negative tumors (31.3%, n=5/16) (Figure 3E). To
understand whether there is any significant correlation between AR and
NACT response, the effect of AR expression needs to be studied in a larger
cohort of NACT-treated patients. Within AR-positive tumors, patients with
residual disease (RD) had worse disease-free and overall survival compared
to patients who achieved pCR (Figure 3F and 3G).

Co-expression of EGFR and AR in TNBC tumors:

Overall, our Indian TNBC cohort showed 38% AR-positivity and 64%
EGFR-positivity. AR- positivity rate is noted to be higher than the previously
reported studies 28-31 Lehman et al 2011 and 2016 classify TNBC tumors
into distinct basal and LAR subtypes based on EGFR and AR expression,
respectively, which precludes the possibility of co-expression of EGFR and
AR. Interestingly, in our cohort, we observed a substantial fraction of tumors
to co- express AR and EGFR. Twenty-five TNBC tumors out of ninety-three
were positive (26.8%) for AR and EGFR expression on IHC assessment
(representative images shown in Figure 4A).

Our current understanding is that TNBC that are of luminal origin express
AR and those of basal origin express EGFR 10,32,33. In particular, the same
tumor is not likely to express both the markers, unless it originates in both
luminal and basal epithelium 10,33. To test if AR and EGFR transcript levels
are indeed high in these tumors, we extracted total RNA from FFPE sections
of these TNBC tumor blocks. Transcript levels were then compared with the
protein expression by IHC for both the markers. We noted an RNA-to-
protein concordance for individual TNBC samples as plotted in Figure 4D
despite the heterogeneity. We did notice a significant concordance between
EGFR and AR transcript and protein expression (Figure 4B). However, on
closer inspection we found that residuals are non-randomly distributed (data
not shown), and the relationship between transcript for AR transcript and
protein is non- linear. The Spearman correlation between RNA and protein
levels for AR was r = 0.66, and for EGFR was r = 0.40. We assessed the
TCGA Breast Cancer dataset for their co-relation at mMRNA and protein level,
since the dataset had RNAseq and RPPA data available in the public domain
for 429 IDC samples. (Figure 4C, Figure S4). We noted similar co-relation
to our cohort. AR mRNA and protein levels were correlated within the entire
IDC cohort with r =

0.76 (Figure S4A) and for the TNBC patients it was r = 0.78 (Figure 4B),
while EGFR showed a correlation of r = 0.52 for the IDC cohort (Figure
S4B) and r = 0.47 for TNBC patients (Figure 4B).

When assessed for NACT treatment response, EGFR and AR double-
positive tumors showed marginally better pCR than EGFR-positive; AR-
negative tumors (50% vs 42% pCR rate, respectively) (Figure 4E). Within
AR+ve; EGFR-ve (n=1) and AR-ve; EGFR-ve (n=4) tumors, zero patients
achieved pCR.
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We also examined the association of co-expression of AR and EGFR-  tumors, but this distinction was lost over the period of 5 years. While, EGFR-
positive tumors for the entire TNBC cohort with disease-free and overall  negative; AR-positive tumors did show worse DFS at the end of 5 years of
survival of the patients. (Figure 4F and Figure 4G). For Disease-free-survival ~ follow-up time compared to that of EGFR-negative; AR-negative tumors
(Figure 4F), EGFR-positive; AR-negative tumors showed worse outcomes  (Figure 4F). For overall survival (Figure 4G), EGFR-positive; AR-positive
for the first 2 years compared to that of EGFR-positive and AR- negative  tumors did worse compared to the rest.

Total TNBC patients =93
Clinical and pathological parameters n (%)
Age, n = 88(NA Early age 40 (45.45%)
=5) Late age 48 (54.55%)
Menstrual status, n=76 pre-menopausal 31 (40.79%)
(NA=17) post-menopausal 45 (59.21%)
Grade, n=92 Low 22 (23.91%)
(NA=1) High 70 (76.09%)
cT1 19 (23.17%)
cT  n=82 cT2 57 (69.51%)
(NA=11)
¢T3 5 (6.1%)
cT4 1 (1.22%)
cN n=83 LN_negative 24 (28.92%)
(NA=10) LN_positive 59 (71.08%)
Clinical-Stage n=80 Early stage 29 (36.25%)
(NA=13) Late stage 51 (63.75%)
NACT  status n=88 Yes 27 (30.68%)
(NA=5) No 61 (69.32%)
pT1 12 (25%)
pT,  n=48 pT2 33 (68.75%)
(NA=18)*
pT3 2 (4.17%)
pT4 1 (2.08%)
pN, n=49 LN_negative 36 (73.47%)
(NA=17)* LN_positive 13 (26.53%)
pStage, n=49 Early stage 36 (72.92%)
(NA=17)* Late stage 13 (27.08%)
ypTO 10 (38.46%)
%’ﬁ&_l) n=26 ypT1 11 (42.31%)
- ypT2 5 (19.23%)
ypT3 0 (0%)
ypT4 0 (0%)
ypN, n=26 LN_negative 20 (76.92%)
(NA=1) LN_positive 6 (23.08%)
ypStage, NACT n=26 Early stage 24 (92.31%)
(NA=1) Late stage 2 (7.69%)
Ki67, n=87 Positive (>25%) 64 (73.56%)
(NA=6) Negative (<25%) 23 (26.44%)
Vimentin, n=87 Positive (>10%) 47 (54.02%)
(NA=6)
Negative (<10%) 40 (45.98%)
CD31, n=88 Positive (>1%) 28 (31.82%)
(NA=5)
Negative (<1%) 60 (68.18%)
Follow-up Median 28.90
period, n=91 (in
months)
Mean + S.D 35.25 £ 30.87

Table 1 - Demographics of the cohort
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Triple-negative breast cancer patient cohort characteristics are listed here.
Patient data such as age, menopausal status, clinical parameters such as
grade, radiological tumor size (cT), node status (cN) and stage, pathological
parameters for NACT-treated (ypT, ypN, yStage) and untreated patients (pT,
pN, pStage) for 93 TNBC patients is reported in categorical format.
Proliferation marker — Ki67, Mesenchymal marker — Vimentin and
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Angiogenic marker — CD31 scores were obtained for all FFPE sections.
Number of patients with positive and negative scores for each marker are
listed here. Median and Mean follow-up for the 91 patients is shown here.
Distribution across these parameters is shown as total number of patients
(percent distribution). *NA includes patients with excision biopsy, n = 2

N =92 EGFR-positive EGFR-negative 12 p-value
(n=60) (n=32)
Early age 26 (29.89%) 14 (16.09%)
Age, n=87 (n=40) 0.7610
(NA=5) Late age 32 (36.78%) 15 (17.24%)
(n=47)
pre-menopausal 20 (26.67%) 11 (14.67%)
Menstrual status, n=75 (n=31) 0.9377
(NA=17)
post-menopausal 28 (37.33%) 16 (21.33%)
(n=44)
Low 13 (14.29%) 9 (9.89%)
Grade, n=91 (n=22) 0.517
(NA=1) High 46 (50.55%) 23 (25.27%)
(n=69)
cT1 cT2 51 (62.96%) 24 (29.63%)
cT, n=81 (n=75) 0.434
(NA=11) cT3 cT4 5 (6.17%) 1 (1.23%)
(n=6)
LN negative (n=23) 17 (20.73%) 6 (7.32%)
cN, n=82 LN_positive (n=59) 38 (46.34%) 21 (25.61%) 0.4106
(NA=10)
Early stage(n=28) 21 (26.58%) 7 (8.86%)
cStage, n=79 Late stage 34 (43.04%) 17 (21.52%) 0.4411
(NA=13) (n=51)
pT, No NACT, n=49 pT1_pT2 26 (55.32%) 18 (38.30%)
(NA/NACT=43) (n=44) 0.1584
pT3_pT4 3(6.38%) 0 (0.00%)
(n=3)
LN negative (n=35) 24 (50.00%) 11 (22.92%)
pN, No NACT, n=48LN_positive (n=13) 6 (12.50%) 7 (14.58%) 0.154
(NA/NACT=44)
pStage, No NACT, Early stage 23 (47.92%) 12 (25.00%) 0.4504
n=48 (NA/NACT=44) [(n=35)
Late stage 7 (14.58%) 6 (12.50%)
(n=13)

Table 2: Clinical and pathological parameters distributed across EGFR-positive and EGFR- negative tumors

The number of patients across binned clinicopathological characteristics and
percent distribution across EGFR+ and EGFR- tumors are noted in the table.

involvement (cN) and clinical stage (cStage) and pathological features such
as pT, pN and pStage were compared for categorical distribution using chi

Patient characteristics such as age, menopausal status and tumor grade at  square test. ¥2 test was computed using GraphPad Prism v8 for distribution
diagnosis, clinical features including tumor size (cT), lymph node across EGFR+ve and EGFR-ve tumors.

N =93 AR-positive AR-negative x2 p-value
(n=35) (n=58)
Age, n=88 Early age [12(36.36%) 28 (50.91%)
(NA=5) (n=40) 0.2688
Late age 21 (63.64%) 27 (49.09%)
(n=48)
Menstrual status, n=76 |pre-menopausal 11 (40.74%) 20 (40.82%)
(NA=17) (n=31)
post- 16 (59.26%) 29 (59.18%) >0.9999
menopausal
(n=45)
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Grade, n=92(NA=1) Low 13 (38.24%) 9 (15.52%)
(n=22) >0.9999
High 21 (61.76%) 49 (84.48%)
(n=70)
cT, n=84 cT1-cT1 28 (90.32%) 48 (94.12%)
(NA=11) (n=76) 0.6681
cT3-cT4 3(9.68%) 3(5.88%)
(n=6)
cN, n=82 LN_negative 9 (28.12%) 15 (30%)
(NA=11) (n=24) >0.9999
LN_positive 23 (71.88%) 35 (70%)
(n=58)
cStage, n=80(NA=13) Early stage|14 (46.67%) 15 (30%)
(n=29) 0.155
Late stage |16 (53.33%) 35 (70%)
(n=51)
pT, No NACT, n=49 pT1-pT2 15 (100%) 30 (90.91%)
NA/NACT=4 n=45
(NA/NACT=40) (n=45) 0.5421
pT3-pT4 0 (0%) 3(9.09%)
(n=3)
pN, No NACT n=50 LN_negative 15 (100%) 30 (90.91%) 0.5421
(NA/NACT=43) (n=37)
LN_positive 0 (0%) 3 (9.09%)
(n=13)
pStage, n=49 (NA/NACT=44)| Early stage (13 (81.25%) 23 (69.7%)
(n=36) 0.5018
Late stage |3 (18.75%) 10 (30.3%)
(n=13)
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Table 3: Clinical and pathological parameters distributed across AR-positive and AR-negative tumors

Table shows number of patients across clinicopathological characteristics
and percent distribution across AR+ and AR- tumors. Patient characteristics
such as age, menopausal status and tumor grade at diagnosis, clinical features
including tumor size (cT), lymph node involvement (cN) and clinical stage

A.

EGFR-positive (>10%)

’

o4

EGFR-negative (£10%)

(cStage) and pathological features such as pT, pN and pStage were compared
here. 2 test are computed using GraphPad Prism v8 to compare if any of the
number of patients across the clinicopathological parameters compared here
are unequally distributed between AR+ and AR- tumors

oo, |
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Figure 1: EGFR-positive TNBC patients were clinically aggressive and associated with poor survival.

A. Representative images showing positive EGFR expression, negative
EGFR expression and secondary control for IHC. Whole-slide scans of IHC
slides were captured on OptraScan at 400X magnification and representative
ROI are shown with the scale bar (50um) added using Aperio ImageScope
v12.4.3.5008. B, C, D: Distribution of EGFR +ve and -ve tumors across
positive and negative scores of Ki67, Vimentin and CD31; respectively. v8.
E: Response to NACT is shown here as pCR (pathological Complete
response) and RD (residual disease) rate across EGFR+ve and EGFR-ve as
horizontal stacked bars. For plots, B-E; p-values represent the y2 test for the

distribution of number of patients across the parameters compared here. In
each bar, number of patients (percent number of patients) is shown. All
graphs were prepared using GraphPad Prism. F-1: Survival outcomes plotted
for EGFR+ve vs EGFR negative tumors: F. Disease-free survival and G.
Overall survival outcomes across NACT- treated EGFR-positive tumors for
patients who showed pCR or not (RD). H. DFS and I. OS across EGFR-
positive and EGFR-negative tumors for the entire cohort of TNBC patients.
Plots, log-rank p-value and Hazard ratio with respect to AR-negative tumors,
along with confidence interval were analysed using GraphPad Prism 8.0.1.
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Figure 2 — Basal tumors identified based EGFR and CKJ5/6 expression were associated withpoor disease-free survival

A. Representative images showing positive CK5/6 expression, negative  Venn diagram showing distribution of EGFR and CK5/6 positive tumors
CKb5/6 expression and negative control. Whole-slide scans were captured on  within the cohort. Figure made using BioVenn program. C. Table showing
OptraScan at 400X magnification and representative ROIs are shown here  distribution of EGFR and CK5/6 positive tumors within the cohort and
with scale bar (50um) added using Aperio ImageScope v12.4.3.5008. B.  tumors with positive expression of both the markers. D., E.: KM plots

Page 9 of 16



J. Clinical Anatomy Page 10 of 16
depicting survival outcomes associated with CK5/6 expression and F., G.:  log- rank p-value and Hazard ratio, including confidence interval were
Basal and non-tumors and non-basal tumors are plotted. The number of  analysed using GraphPad Prism 8.0.1
patients with event number in brackets is shown for each plot point. Plots,
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Figure 3: AR-positive TNBC patients were associated with poorer disease-free survival.

A.Representative images showing positive AR expression, negative AR  positive and negative tumors analysed with Chi square test. All graphs were
expression, and secondary IHC controls. Whole-slide scans were imaged  prepared using GraphPad Prism v8. E: Response to NACT is shown here as
using OptraScan at 400X magnification and representative ROl are shown  rate of pCR (pathological complete response) and RD (residual disease)
with scale bar (50um) added using Aperio ImageScope v12.4.3.5008. B, C,  across AR+ve and AR-ve tumors. In each bar, number of patients (percent
D: Distribution of Ki67, Vimentin and CD31 tumor expression across AR~ number of patients) is shown. F-I: Association of AR expression with
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survival outcomes: F. Disease-free survival and G. Overall survival
outcomes across NACT-treated AR-positive tumors and AR-negative TNBC
patients according to their pCR status. H. DFS and I. OS across AR-positive
and AR-negative tumors for the entire cohort of TNBC patients. The number
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of patients with event number in brackets is shown for each plot point. Plots,
log-rank p-value and Hazard ratio with respect to AR-negative tumors, along
with confidence interval were analysed using GraphPad Prism 8.0.1.
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Figure 4: AR and EGFR tissue co-expressing TNBC tumors were clinically relevant

A. Representative IHC images taken at 40X showing AR and EGFR positive
expression in the same ROI of adjacent serial sections of the same patient
samples. AR and EGFR IHC scores are given on the top. Scale bar = 200um.
B. Scatter plots showing a linear correlation between protein and RNA
expression levels of EGFR and AR in the study cohort. C. Correlation plots
for protein expression levels detected by Reverse-phase protein assay
(RPPA) and log2 (value+1) normalised mRNA expression levels for 70
TNBC patient samples from TCGA BRCA-IDC cohort. Orange dots show
individual data points. Cyan dots show the data for samples with EGFR-AR
cell-expression. The blue line indicates a linear regression line, and the

dotted lines show confidence intervals. Pearson correlation tests were done
to test if the two variables showed a significant correlation. R values and p-
values are shown at the top left corner of the plots. Significant p-values are
shown in bold. All graphs were prepared using GraphPad Prism v8. D. Plot
showing EGFR and AR Transcript and Protein expression of individual
patient sample. DE-seq2-normalized transcript levels are shown on Y-axis
on the left, as bar graphs. Protein expression scores evaluated by IHC are
shown on the Y-axis on the right, as black dots for individual samples joined
by a smooth line. The red bar and line graph show EGFR RNA and protein
levels. The blue bar and line graph show AR RNA and protein levels. Dotted
red line indicates average EGFR transcript levels for all EGFR-ve samples
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and dotted blue line indicates average AR transcript levels for all AR-ve
samples. The EGFR+ve AR+ve group is enclosed in a black box for
representation purposes. E. Response to NACT is shown here as pCR
(pathological Complete response) and RD (residual disease) rate across
EGFR-AR-, EGFR-AR+, EGFR+AR- and EGFR+AR+ groups as horizontal
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stacked bars. F. Disease-free survival and G. Overall survival outcomes
(right panels) across EGFR-AR-, EGFR-AR+, EGFR+AR- and EGFR+AR+
TNBC subgroups. The number of patients with event number in brackets is
shown for each plot point. Plots and log-rank p-value along with confidence
interval were analysed using GraphPad Prism 8.0.1.
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Figure 5: Hybrid cells co-expressing EGFR+AR+ cell was abundant and are associated with poor survival in TNBC patients

Representative image of multiplex IF-stained TNBC-tissue for AR and
EGFR is shown here. Whole-slide scans were imaged using Leica Aperio
VERSA 8 at 200X magnification (Scale bar — 3mm). Zoomed-in version
of the inset image is shown on the right, was captured using Aperio

ImageScope v12.4.3.5008. AR expression is shown in magenta and EGFR
in cyan. Orange arrows indicate cells with AR and EGFR co-expressing
tumor cells. All images were captured on HALO Indica software v3.6.
Scale bar-100um. The figure at the right corner shows image with the mask
for as quantified cells by Highplex plug-in on HALO for the respective
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marker. Box-whisker plots showing percent distribution of EGFR+AR+,
EGFR+AR-, EGFR-AR+ and EGFR-AR- cell proportion for B. Eight
TNBC samples within our cohort based on mIF expression where cell
proportions were quantified on HALO Indica software v3.6 and total cell
number were normalised to total DAPI+ve cell count; C. Eight TNBC
samples from Qian et al study 26 based on scRNAseq expression
normalised to total tumor cell count; D. Seven samples from Wu et al study
25 bhased on scRNAseq expression normalised to total tumor cell count.
Cyan box indicates positive EGFR expression, white box indicates
negative EGFR expression; pink dots indicate positive AR expression,
white dots indicate negative AR expression. ‘+’ indicates mean values, and
the median value is shown by the horizontal line in the box, while error
bars indicate minimum and maximum cell proportion for all samples. E.
Disease-free and F. Overall survival outcomes compared between patients
with EGFR+AR tissue-(blue) and cell-(red) co-expression. Plots, log-rank
p-value, Hazard ratio, and confidence interval were analyzed using
GraphPad Prism 8.0.1.

AR and EGFR cellular co-expression

To understand whether EGFR and AR co-expression was due to different
cells of origin contributing to the clonal heterogeneity, we assessed the
tumors for AR and EGFR expression using IHC and duplex staining. In 14
of the 25 tumors, we observed expression of AR and EGFR in concordant
regions of the tumor in the serial sections (Figure S5). We validated this
observation by performing duplex immunofluorescence staining for AR
and EGFR on those 14 samples. Out of 14, tissue was available for further
sectioning for 11 samples, which were processed for duplex staining. We
obtained high-resolution whole slide scans for eight out of these 11
samples (Figure 5A and S6A).

We analysed the whole slide scanned images of EGFR and AR duplex
staining with the Halo Indica software. We quantified the number of nuclei
with EGFR-AR-, EGFR+AR-, EGFR+AR+ and EGFR-AR+ expression
for each sample; we noted an average of 10.4% (range = 3.5 — 20.0%) of
total DAPI+ cells with EGFR and AR co-expression, average 8.3% (range
= 1.2 — 25.2%) of tumor cells with only AR expression and 23.3% (range
=7.1-47.4%) with only EGFR expression (Figure 5B). Around 58% (29.1
— 74.9%) of the remaining cell types (including non-tumor cell types such
as stromal and immune cells) were negative for both EGFR and AR
expression.

The exact origin and occurrence of such AR+EGFR+ cell population in
TNBC tumors needs to be evaluated further. Within the scope of this study,
we next aimed to assess if AR and EGFR co-expression are associated with
patient prognosis and response to therapy.

Samples with AR+EGFR+ tissue co-expression and the ones with
AR+EGFR+ cellular co- expression was analysed for survival outcomes.
Samples with cellular co-expression had worse disease-free (p-value =
0.19) and overall survival (p-value = 0.11) compared to the patients with
tissue co-expression (Figure 5E and 5F).

To assess if AR+EGFR+ cell population was present in other TNBC
cohorts, we evaluated single-cell RNA sequencing datasets available for
TNBC patients; Wu et al dataset 30 and Qian et al dataset 31(Figure S7).
In Wu et al dataset, 4 out of 7 TNBC samples had cells co- expressing AR
and EGFR (Figure S7B) with an average of 0.8% (range = 0 — 3.2%) cells
showing co-expression (Figure 5C, Figure S7B). In Qian et al dataset, 5
out of 8 TNBC samples showed cellular co-expression (Figure 7C) with
5% (range = 0 — 32.7%) of total cells co-expressing EGFR and AR (Figure
5D, Figure S7D). In both the datasets, with the limited samples numbers,
half of the TNBC patients exhibited cellular level co-expression of AR and
EGFR genes (Figure S7). However, compared to the Indian cohort where
10.4% of cells showed co-expression, a small fraction of cells (0.8% and
5%) showed EGFR and AR co-expression in Wu et al and Qian et al study;
respectively (Figures 5C and 5D).

Overall, we observed that high EGFR and AR expression in TNBC cohort,
where EGFR positive expression was associated with higher recurrence
rate. Serendipitously, we noted a proportion of TNBC patients co-
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expressing EGFR and AR within the same TNBC tissue with a portion of
tumors showing cellular co-expression with a distinct association with the
patient survival. We established our unexpected findings with the
multiplex staining to confirm single-cell co-expression and validated it
with the publicly available single-cell datasets. Therapeutic implications
of such heterogenous cell population in TNBC, with co-expression of AR
and EGFR needs to be explored further.

Discussion:

In this study, we profiled ninety-three TNBC patients from a cohort of
breast cancer patients from India and classified them into basal/nonbasal
and LAR subtypes based on of EGFR, CK5/6 and Androgen Receptor
expression. We observed 65% EGFR-positive tumors and 81.7% were of
basal origin within our cohort that expressed either EGFR or CK5/6,
similar to previously reported for other Indian cohorts where EGFR-
positive/ basal tumors ranged from 58 — 86% of the TNBC patients 34-37.
This percent distribution is similar to what is reported to that of other non-
Indian cohorts as well, where EGFR-positivity ranged from 60-71%
13,16,38-

40. In concordance with these reports, we also noted poor association with
disease-free survival, although the current cohort trend is statistically
insignificant in our cohort.

Here we report the 38% AR-positive TNBC patients at 10% cut-off for
AR-positive expression. To the best of our knowledge this is the highest
proportion of AR positive cases in a TNBC cohort reported so far 28—
31,41-43. In our cohort of 93 TNBC cases, the subset with high AR
expression showed a less definitive association with the patient survival
outcomes, although a trend towards shorter survival outcomes was
observed. This is in contrast to AR associated outcomes reported for other
TNBC cohorts, where AR expression was associated with better survival
28,29,41. Few exceptions to these reports are cohorts from India 42,43 and
a study from US 30where survival outcome association with AR
expression was not reported. The variable outcomes reported in these
studies 28-30,41 is further validated by a study by Bhattarai et al in
201944.

As per Lehmann et al.’s TNBC subtypes, LAR and Basal-like 2 - BL2 are
two distinct TNBC subtypes with specific gene signatures where the LAR
subtype is enriched for the AR gene expression, while high levels of EGFR
expression were observed in the BL2 subtypel0. In previous reports, basal
TNBC has been identified based on EGFR and CK5/6 protein expression
32,40, while luminal TNBC is understood to express AR 33. While
assessing EGFR and AR expression within TNBC tumors, we observed a
unique subset of TNBC tumors with AR and EGFR co-expression at tissue
and cellular levels. Furthermore, patients with cellular co-expression had
worse survival outcomes than those with tissue co-expression.

We validated the cellular co-expression of EGFR and AR with multiplex
immunofluorescence staining of tumor samples. To the best of our
knowledge, tumor clones with double-positive EGFR and AR expression
have not been reported elsewhere. We validated this novel observation in
two independent single-cell RNAseq datasets available in the public
domain 24,25 and confirmed the presence of similar cellular clones with
EGFR and AR co-expression but to a lesser extent than our cohort. TNBC
is well-known as a heterogenous tumor type 45. Tissue and cellular co-
expression of EGFR and AR in 25% of the tumor samples from our cohort
validates the complex heterogeneity within TNBC.

The presence of these clones, even in a small fraction (>1%), shows a
higher hazard for recurrence in TNBC patients when compared to zpatients
with tissue co-expression in our cohort. The exact biological implications
of the EGFR+AR+ double positive tumor cells need to be further
understood in in-vivo studies, which can help design better targeting
strategies for such patients.

A few reports have assessed the expression of both markers in the same set
of TNBC samples. In 2014, Thike et al reported AR expression in 39% of
basal-like TNBC tumors at tissue level, with better survival outcomes
compared to AR-negative basal tumors 46. Our cohort did not observe any
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difference in survival rates for AR-positive and AR-negative within
basal/EGFR positive tumors. But in the absence of EGFR, patients with
AR-positive tumors did marginally worse in our cohort, indicating that in
the absence of EGFR, AR is involved in tumor progression and growth.

One major limitation of the current study is the small cohort size of TNBC
patients. Although a trend is noted, we did not see a statistical significance
towards survival for EGFR and AR or the double-positive tumor cells.
Only 27 out of 93 patients were treated with neo-adjuvant chemotherapy
within our cohort. Therefore, the association of EGFR or AR tumors to
treatment response could be biased. A large-scale study with uniform
distribution of NACT- treated patients with pCR and RD has to be
conducted to validate our preliminary findings from the study.

Overall, we propose anti-AR trials should be taken seriously for breast
cancer patients in India due to association with worse survival outcomes,
as shown by others and our Indian cohorts studies. We propose, while
designing anti-AR trials, double positivity of EGFR and AR should be
considered to identify the group where targeting AR could be most
effective.

This is one of the few molecular profiling studies for an Indian cohort of
TNBC patients. We report 65 % of EGFR-positive and 38% AR-positive
tumors in a cohort of 93 TNBC patients. Significantly, we identified a
novel TNBC subgroup with EGFR and AR co-expression at tissue and at
the cellular level with distinct association with survival outcomes.
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