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Abstract

Purpose: Metaplastic breast cancer (MpBC) is a rare subtype of breast cancer that is commonly
triple-negative and poorly responsive to neoadjuvant therapy (NAT) in retrospective studies.

Experimental Design: To better define clinical outcomes and correlates of response, we
analyzed the rate of pathological complete response (pCR) to NAT, survival outcomes, and
genomic and transcriptomic profiles of the pre-treatment tumors in a prospective clinical trial
(NCT02276443). 211 patients with triple-negative breast cancer (TNBC), including 39 with
MpBC, received doxorubicin-cyclophosphamide-based NAT.

Results: Although not meeting the threshold for statistical significance, patients with MpBCs
were less likely to experience a pCR (23% vs 40%; p=0.07), had shorter event-free survival

(29.4 vs 32.2 months, p=0.15), metastasis-free survival (30.3 vs 32.4 months, p=0.22) and overall
survival (32.6 vs 34.3 months, p=0.21). This heterogeneity is mirrored in the molecular profiling.
Mutations in PI3KCA (23% vs 9%, p=0.07) and its pathway (41% vs 18%, p=0.02), were
frequently observed and enriched in MpBCs. The gene expression profiles of each histologically
defined subtype were distinguishable, and characterized by distinctive gene signatures. Among
non-Mp TNBCs, 10% possessed a metaplastic-like gene expression signature and had pCR rates
and survival outcomes similar to MpBC.

Conclusions: Further investigations will determine if metaplastic-like tumors should be treated
more similarly to MpBC in the clinic. The 23% pCR rate in this study suggests that patients

with MpBC should be considered for NAT. To improve this rate, a pathway analysis predicted
enrichment of HDAC and RTK/MAPK pathways in MpBC, which may serve as new targetable
vulnerabilities.

INTRODUCTION

Metaplastic breast cancer (MpBC) is a rare and aggressive subset of breast cancer that is
often characterized by an admixture of histologically distinct morphological components (1).
MpBC comprises less than 1% of invasive breast cancers and is frequently triple-negative
(>90%) (2). The National Comprehensive Cancer Network (NCCN) guidelines recognize
metaplastic histology as an independent, negative prognostic indicator, as patients with
MpBC usually have worse clinical outcomes compared to those with non-Mp triple-negative
breast cancer (TNBC) (3,4).
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The optimal treatment strategy for patients with localized MpBC remains controversial.
Retrospective analyses of patients with MpBC treated with neoadjuvant therapy (NAT) have
demonstrated pathological complete response (pCR) rates of ~10%, which is substantially
lower than the 30-54% reported for non-Mp TNBC (5-7), prompting some to suggest that
patients with MpBC should not receive NAT (7,8) or even chemotherapy as standard of

care (9). Furthermore, survival outcomes associated with pCR are unknown in MpBC.
Notably, most reported analyses of clinical outcomes in patients with MpBC are performed
on retrospectively assembled datasets from larger, tertiary cancer centers where referral bias
may enrich for more aggressive cases (10) or datasets generated through searches of national
claims databases where the diagnosis of MpBC cannot be histologically confirmed (11).

To identify more effective treatments, genomic profiling has been done on MpBC. Like
TNBCs, MpBCs commonly have mutations in 7P53 (~50-75% of cases). However,
mutations in PIK3CA (~20-50%), PTEN (~5-25%), and other members of the PI3K/AKT/
mTOR pathway are enriched in MpBC relative to TNBC (12-16), suggesting that this
pathway may be a rational therapeutic target for MpBC. Indeed, the combination of
liposomal doxorubicin, bevacizumab, and mTOR inhibition with either temsirolimus or
everolimus (DAT or DAE) demonstrate promising activity in patients with metastatic MpBC
(17). Additionally, genomic profiling studies have sometimes identified frequent mutations
in beta-catenin (18), although this finding has been controversial (13,19,20). Another
frequent target of mutations or copy number changes are receptor tyrosine kinases (RTKS),
including ERBB4 (15), FLT3(15), and EGFR (21-24). However, a neoadjuvant strategy to
target these aberrations has not yet been established.

As another approach to identify vulnerabilities, transcriptomic and proteomic studies have
been performed in MpBC, demonstrating that epithelial-mesenchymal transition (EMT)

and stem cell pathways are frequently up-regulated (19,25-28), potentially explaining the
increased resistance to systemic therapy observed in these tumors (29). Further complicating
the search for targets, considerable heterogeneity has been seen to exist across the subtypes
of MpBC. For example, the spindle subtype of MpBC were claudin-low and enriched with
mesenchymal stem-like characteristics, while other MpBC subtypes were more diverse (30).
However, thus far, a gene- or pathway-based analysis of the subtypes of MpBC has not yet
been reported, potentially due to limitations in sample number from this rare tumor type.

To better understand the heterogeneity in the biology, responses to NAT, and survival
outcomes, we performed a prospective study of the patients and the genomic and
transcriptomic profiles of the tumors from the ARTEMIS trial (NCT02276443).

MATERIALS AND METHODS
METHODS - PATIENTS

Written informed consent was obtained for all patients included in this study. All patients
were enrolled in our prospective, IRB-approved clinical trial, “A Robust TNBC Evaluation
FraMework to Improve Survival” (ARTEMIS, NCT02276443), which was conducted in
accordance with the ethical standards of the 1964 Declaration of Helsinki and its later
amendments or comparable ethical standards. Treatment-naive patients with localized
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TNBC (stage I-111) underwent a biopsy and breast ultrasound prior to starting a planned
four cycles of doxorubicin-cyclophosphamide (AC) chemotherapy regimen (Fig 1). Patients
deemed to have chemotherapy-sensitive disease after four cycles of AC (=70% volumetric
reduction by breast ultrasound) were recommended to receive standard paclitaxel-based
chemotherapy as the second phase of NAT. Patients with chemotherapy-resistant TNBC
(disease progression during AC or <70% volumetric reduction by breast ultrasound after
four cycles of AC) were offered therapy on molecularly targeted “bucket” clinical trials
using targeted therapy or immunotherapy in combination with chemotherapy based on

the specific molecular characteristics of their tumor as the second phase of NAT (Fig

1). Upon completion of NAT, patients underwent surgical resection and residual cancer
burden (RCB) status (31) was determined by dedicated breast pathologists. Patients who
experienced disease progression precluding curative surgical resection while receiving NAT
were classified as having RCB-I1I disease.

MATERIALS

TNBC was defined as breast cancer that is estrogen receptor (ER)-negative (<1%) or low
positive (1 to <10%), progesterone receptor (PgR)-negative (<1%) or low positive (1 to
<10%), and human epidermal growth factor receptor 2 (HER2)-negative according to HER2
testing guidelines from the American Society of Clinical Oncology/College of American
Pathologists (32). Clinical anatomic stage was determined at the time of diagnosis using the
American Joint Committee on Cancer Staging Manual (7! edition). The diagnosis of MpBC
was made according to World Health Organization criteria using histologic evaluation

of hematoxylin and eosin (H&E) stained slides (33). Tumors that exhibited metaplastic
features in either the pre-treatment core needle biopsy or post-NAT surgical specimens
were designated as MpBC and classified into squamous, spindle, and mesenchymal/matrix-
producing (referred to as matrix-producing hereafter) subtypes. Stromal tumor-infiltrating
lymphocytes (sTIL) were quantified according to guidelines set by the International TILs
Working Group (34).

Tissue Processing and Immunohistochemistry—Pre-treatment core needle biopsies
of tumors were immediately placed in RNAlater (1-2 cores) or embedded in paraffin

(1-2 cores). Slides from paraffin-embedded cores underwent IHC staining for Ki-67 (if

not recorded in pathology reports from the referring center), androgen receptor (AR),
vimentin, PTEN, and PD-L1. IHC staining for Ki-67, androgen receptor (AR), vimentin,
and PTEN, were performed on unstained 4-um thick tissue sections that had been prepared
from a representative paraffin block of tumor, using the polymeric biotin-free horseradish
peroxidase method on the Leica Microsystems Bond |11 autostainer (Leica Microsystems,
Buffalo Grove, IL, USA). Slides were incubated at 60°C for 25 minutes. Heat-induced
epitope retrieval was performed with TRIS-EDTA buffer for 20 minutes at 100°C (for Ki-67,
PTEN), citrate buffer for 25 minutes at 100°C (for AR), or citrate buffer for 5 minutes at
100°C (for vimentin). Slides were incubated with mouse monoclonal antibodies to Ki-67
(clone MIB-1, Dako; 1:100), AR (clone AR441, Dako, Carpinteria, CA, USA; 1:30),
vimentin (clone V9, 1:900, Dako), or PTEN (clone 6H2.1, 1:100, Dako North America Inc.,
Carpinteria, CA). The Refine Polymer Detection kit was used to detect bound antibody, with
3,3-diaminobenzidine serving as the chromogen (Leica Microsystems). IHC staining for
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programmed death-ligand 1 (PD-L1) was performed using the PD-L1 IHC 22C3 pharmDx
kit (Dako) on the Dako AutostainerLink 48 according to the manufacturer’s instructions.
Slides were counterstained with Mayer’s hematoxylin. Results were evaluated with known
positive and negative tissue controls.

For Ki-67, the percentage of tumor cells with any nuclear staining of any intensity was
recorded (low/moderate: <35% and high: >35%). For AR, the percentage and intensity of
any nuclear staining in tumor cells were recorded (AR-negative: <10% and AR-positive:
=210%). The threshold for AR-positivity was selected based on data from an earlier study
suggesting that = 10% AR-positivity was associated with response to enzalutamide in TNBC
(35). For vimentin, positive staining was defined as moderate or strong cytoplasmic staining
in =50% invasive tumor cells. For PTEN, unequivocal nuclear or cytoplasmic staining of any
intensity in any proportion of invasive tumor cells was considered positive, and the stain was
considered negative if there was no staining in invasive tumor cells. PD-L1 expression was
quantified as the percentage of tumor area occupied by PD-L1-expressing tumor-infiltrating
immune cells (PD-L1 negative: <1% and PD-L1-positive: =1%).

Whole exome sequencing—Genomic DNA was extracted and quantified (PicoGreen
dsDNA quantitation assay; Invitrogen) and quality assessed (Genomic DNA ScreenTape;
Agilent). 100-500 ng of genomic DNA was sheared (Covaris E220evolution Focused-
ultrasonicator), and fragment size was assessed (Agilent 2200 TapeStation, High Sensitivity
DNA Kit). Library preparation was performed using the optimized “with-bead” protocol
(KAPA). PCR primers were removed (AMPure PCR Purification kit; Agencourt Bioscience)
and samples quantified (KAPA Library Quantification Kit). Equimolar quantities of DNA
were pooled (2-6 samples per pool) and captured (NimbleGen SeqCap EZ v3.0 Enrichment
Kit). Captured libraries were sequenced on a HiSeq 4000 Illumina Sequencer on a version
3 TruSeq paired end flowcell for 2 x 100 paired end reads. BCL files were demultiplexed
using CASAVA 1.8.2 with no mismatches.

We called variants using the BETSY system using a consensus-based pipeline previously
described (36,37). In short, reads were aligned to hg19 using BWA, pre-processed using the
GATK Best Practices workflow, and variants called with six callers, accepting ones found
by at least 2 callers not seen in high discrepancy regions (38), using custom software. We
annotated variants with Annovar and found copy number alterations using FACETS.

Whole transcriptomic sequencing—RNA was extracted (NORGEN Total RNA
Purification Kit; Cat. 37500), treated with DNase | and purified (AMPure XP beads;
Beckman Coulter Life Sciences). cDNA was prepared (Ovation RNA-Seq System

V2; NUuGEN). Up to 200 ng of cDNA was sheared (Covaris E220evolution Focused-
ultrasonicator). Library preparation and hybridization was performed (Sciclone G3 NGSx
Workstation; PerkinElmer, Inc.) using Agilent SureSelect XT Low Input Reagent Kit with
indexes 1-96 and Agilent SureSelect Human All Exon v.4 probes. 500-1000 ng of library
were hybridized as single sample reactions and sequenced on the Illumina NovaSeq 6000
platform for 2 x 150 paired end reads using Cycle Sequencing v3 reagents (lllumina). Data
was pre-processed using the STAR aligner, HTSeqCount, RSEM, and FastQC.
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Bioinformatics methods—The tumor samples were sequenced for gene expression
across seven different batches. We noticed, via a principal components analysis (PCA) that
two of the batches had a distinct expression profile from the other ones, despite having no
discernible difference in biological covariates. Therefore, we believed this difference to be a
technical artifact, and to correct for this, we applied the ComBat algorithm (39) and verified
its ability to remove the batch effects using PCA.

Using the batch corrected data, we looked for genes that were differentially expressed
between the metaplastic and non-metaplastic tumors using an empirical Bayes method (40).
We controlled for multiple hypothesis using a false discovery rate (FDR) calculated using
the Benjamini and Hochberg method, accepting as significant genes with at least a 2-fold
change and less than 5% FDR.

For pathway analysis, we scored pathways using the ssGSEA algorithm implemented in the
GSVA package (41). We calculated the scores for the Hallmarks signature set (42) as well
as the Canonical pathways from the C2 set from the Molecular Signatures Database (43).
We compared the ssGSEA scores of the metaplastic and non-metaplastic samples using a
two-tailed unpaired Student’s t-test.

We calculated the Vanderbilt TNBC signatures using the TNBCtype web server. We
performed the analysis on the data after removing batch effects with ComBat as described
above. One sample had high gene expression of ESR1, despite being an ER-negative tumor
by immunohistochemistry. We set the expression value to 0 so that it could be processed by
TNBCtype.

To perform hierarchical clustering on gene expression profiles, we compared gene
expression using a Euclidean distance with complete linkage agglomeration. We calculated
the clusters using Cluster 3.0 .

We downloaded the processed gene expression data and cell type annotations for data set
GSE57544 from the GEO database. We filled missing values with zeroes, removed duplicate
genes by selecting the highest variance, log, transformed, and then quantile normalized

the data. We then merged this data set with our metaplastic samples by matching gene
names, and then removed batch effects using ComBat, as above. We verified the batch effect
removal using PCA plots.

To find the differentially expressed genes for each metaplastic subtype, we used the
corrected gene expression data, and then compared the expression of genes from samples of
each subtype against those from all other subtypes using a Student’s t test. We accepted as
significant genes that had at least a 2-fold change in expression and a 5% FDR.

Statistical methods—~Patient demographic and clinical characteristics were summarized
by their count and frequency across patients with metaplastic and non-metaplastic TNBC
(by histology). We compared these frequencies using the nonparametric Fisher’s exact test.
We excluded subjects with missing data and did not perform any imputation.

Clin Cancer Res. Author manuscript; available in PMC 2023 January 01.
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Event-free survival (EFS) was defined as the time from diagnosis to disease progression
during NAT to an extent that precludes curative surgical resection, local and/or distant
recurrence after curative surgical resection, or death from any cause, whichever occurred
first. Metastasis-free survival (MFS) was defined as the time from diagnosis to the
development of distant metastatic disease or death from any cause, whichever occurred
first. Overall survival (OS) was defined as the time from diagnosis to death from any cause.
All time-to-event endpoints were censored at the time of last known follow-up.

The Kaplan-Meier method was used to visualize and estimate survival curves for time-to-
event outcomes, including EFS, MFS, and OS. The log-rank test was used to compare
survival times between groups. Univariate Cox proportional hazards models were fit to
evaluate the effects of histology on the time-to-event outcomes. Restricted mean survival
times were also calculated to perform inference on survival times when evidence of non-
proportional hazards was observed. To jointly model the incidence of local and distant
recurrences, competing risk regression analyses were employed. Differences in binary
outcomes across treatment groups were compared with Fisher’s exact test. All p-values
were two-sided, and those less than 0.05 were considered statistically significant. We
acknowledge the multiple testing burden, and we emphasize that the primary motivation
for this study is a descriptive analysis as opposed to hypothesis testing.

DATA AVAILABILITY STATEMENT

RESULTS

The genomic and transcriptomic data supporting this study were generated in the ARTEMIS
trial (NCT02276443). A superset of this data is being made publicly available with a
manuscript describing the trial and molecular profiling. Before this occurs, the data used for
this trial will be made available upon reasonable request from the corresponding authors.

Patient Characteristics and Clinical Outcomes

A total of 211 patients with TNBC were included in this study (Table 1, STable 1). Of
these, 18% (39/211) had MpBC. Of the 39 patients with MpBC, 37 were diagnosed as
having MpBC based on the pre-treatment tumor biospecimens and the remaining 2 patients
were diagnosed as having MpBC based on the post-NAT surgical specimen. All patients
received NAT: 148 (70%) received standard AC plus paclitaxel with or without carboplatin
chemotherapy, and 63 (30%) received AC followed by therapy on a clinical trial; of the
latter patients, 44 (21%) received chemotherapy and targeted therapy, and 19 (9%) received
chemotherapy and atezolizumab. Of the 39 patients with MpBC, eight (21%) received less
than four cycles of standard AC during the first phase of NAT. Among these eight patients,
seven (18%) stopped AC early due to disease progression or lack of clinical response on
breast imaging and were enrolled on a clinical trial. The last patient stopped AC early
because of infectious complications. Of the 172 patients with non-metaplastic TNBC, eight
(5%) received less than four cycles of standard AC during the first phase of NAT. All

eight patients discontinued AC due to disease progression or lack of clinical response.
Seven of these enrolled on a clinical trial, and the last patient received standard of care
chemotherapy with carboplatin and paclitaxel for the second phase of NAT. Of the 31
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patients with MpBC who received four cycles of AC, 16 had suboptimal clinical response
as assessed by breast ultrasound after four cycles (<70% reduction in tumor volume). Of
these 16 patients, 10 were enrolled on clinical trials and the remaining six received standard
taxane-based chemotherapy (ineligible for clinical trial enrollment [n=2]; patient preference
[n=2]; physician recommendation [n=2]). Of the 164 patients with non-metaplastic TNBC
who received four cycles of AC, 161 had a breast ultrasound done after four cycles of

AC. Among these 161 patients, 62 had suboptimal clinical response (assessed as above).

Of these 62 patients, 35 were enrolled on clinical trials and the remaining 27 received
standard taxane-based chemotherapy (ineligible for clinical trial enrollment [n=1]; insurance
denial [n=3]; patient preference [n=6]; physician recommendation [n=17]). Three patients
(one MpBC and two non-Mp) developed metastatic disease during NAT, which precluded
curative surgical resection and one (non-Mp) experienced disease recurrence within one
month of surgery. Among the remaining 207 patients, the MpBC and non-Mp patients
received adjuvant systemic therapy (p=0.45) or radiation (p=0.26) at similar rates.

Compared to patients with non-Mp TNBCs, features strongly associated with MpBCs
included node negativity (p<0.001), lower histologic grade (p=0.04), lower Ki67 (p=0.03),
high vimentin (p<0.001), and lower rates of PD-L1 expression (p=0.04). There was a trend
towards lower TIL infiltration (p=0.08) (Table 1), which has previously been associated with
poor prognosis in hormone receptor-negative breast cancers (44). Patients with MpBCs were
less likely to experience a pCR (23% vs 40%; p=0.07), had shorter EFS (restricted mean
EFS: 29.4 months vs 32.2 months, p=0.15), MFS (restricted mean MFS: 30.3 months vs
32.4 months, p=0.22), and OS (restricted mean OS: 32.6 months vs 34.3 months, p=0.21)
(Fig 2), although these differences did not achieve statistical significance likely due to

small sample size. Among the patients with pCR, metaplastic histology had no impact on
the favorable MFS and OS (Fig 2). One patient with MpBC with pCR who underwent
breast-conserving surgery followed by radiation developed local disease recurrence that was
treated with additional chemotherapy (gemcitabine and carboplatin) without response. She
underwent a mastectomy, which showed residual disease, and has remained disease-free for
29 months. Of note, among the 38 patients with metaplastic breast cancer who underwent
surgical resection with curative intent, 19 underwent a segmental mastectomy and the
remaining 19 underwent a mastectomy. We estimated the risk of local recurrence by fitting a
competing risk regression model and found no difference in the rates of local recurrence at
18 months (8% [segmental mastectomy] vs 6% [mastectomy], p=0.98).

MpBCs are histologically heterogeneous and categorized into spindle, squamous, or matrix-
producing subtypes (1) based on WHO classifications, although some tumors can have
ambiguous features in histology. We found that there was a trend towards higher rates of
pCR rates in patients with MpBC of squamous histology (3/5, 60%) compared to those
with spindle (3/14, 21%), matrix-producing (3/16, 19%), or mixed (0/4, 0%, including the 2
tumors diagnosed from the surgical specimen) histologies (p=0.07, squamous vs all others),
although the numbers are not large enough to achieve statistical significance.
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Metaplastic TNBC is enriched in PI3K pathway mutations

WES was completed in pre-treatment tumor biospecimens from 22 patients with MpBC
and 151 patients with non-Mp TNBC. 7P53was the most frequently mutated gene in both
MpBCs (59%) and non-MpTNBCs (51%). However, PIK3CA was more frequently mutated
in MpBCs (23% vs 9%, p=0.07) (SFig 1A). Mutations in other members of the PI3K
pathway were found in 41% of MpBCs compared to 18% of non-Mp TNBCs (SFig 1B,
p=0.02). Mutations frequently occurred in established hotspots, with the //IK3CA H1047R
mutation, previously reported to be the most common somatic P/IK3CA mutation (45),
seen in eight of thirteen (62%) non-Mp TNBCs with P/IK3CA mutations, and two of five
(40%) MpBCs. The next two most common mutations, E545K, was present in one MpBC
and one non-Mp TNBC, and E542R was seen in two non-MpTNBCs. Other previously
reported somatic mutations were seen in one non-MpTNBCs each: AK71E17K (46) and
MTORE1799K (47). Thus, there is an enrichment of pathogenic alterations among the
detected PI3K pathway mutations. In this cohort of MpBCs, there were no mutations in
CTNNBI or enrichment in Wnt pathway genes (data not shown). EGFR amplifications
were seen in 17% of MpBCs and in one tumor, a frameshift mutation was seen in the C2
loop of PTEN in a codon previously deemed to be necessary for proper PTEN localization
(48). Additionally, we saw no differences in the domains frequently mutated in either
TP530r PIK3CA (SFig 1C). Collectively, these data show that both MpBCs and non-Mp
TNBCs have similar genetic alterations, although mutations in the PI3K pathway are more
frequently observed in MpBCs. Neither the presence of 7P53 or PIK3CA mutations was
associated with pathological response to NAT (data not shown).

Metaplastic and non-metaplastic TNBCs express distinct genes

We next examined differences in gene expression using 178 tumors (including 25 MpBCs)
with high-quality samples by RNA-Seq. 115 genes were differentially expressed (=

2 fold change, FDR <5%) (SFig 2A-C) in MpBCs vs non-MpTNBCs and many of

the differentially expressed genes were associated with cell-type identity. The non-Mp
TNBCs were enriched with markers for epithelial differentiation, such as EPCAM, CDH1,
ESRPI, as well as classical markers for luminal epithelial cells, including cytokeratins,
KRTS8, KRT18, and KRT19. The MpBCs had significantly higher expression of SNA/Z,

a potent inducer of epithelial to mesenchymal transition (EMT) (49) as well as a driver

of the mammary stem cell state (50). Further, many components of the extracellular

matrix, including COL5A3, COL11AZ, COL2A1, and FBNZ, were enriched in MpBC.

To determine whether the differences in transcriptomic profiles observed between MpBCs
and non-Mp TNBCs can be grouped into specific pathways, we used sSGSEA to predict

the activation of pathways in each individual sample, and then compared the scores

seen in MpBC and non-Mp samples using a Student’s t-test. At a 5% FDR cutoff, two
Hallmarks pathways were significant: hypoxia and EMT (Fig 3A). Further, we tested
whether the MpBCs were associated with the mesenchymal TNBC subtype using Vanderbilt
classification (51) and found enrichment for mesenchymal (M) and mesenchymal stem-like
(MSL) subtypes (Fig 3B). These data suggest that MpBCs exhibit a strong mesenchymal
gene expression signature that indicates a divergence from an epithelial phenotype. These
findings are consistent with other studies showing enrichment of EMT in MpBC (25,29,52).
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Notably, enrichment in EMT has correlated with poor survival and lack of pCR to
neoadjuvant therapy (NAT) in breast cancer (29).

Subtypes of MpBC have divergent, yet overlapping, gene expression profiles

To identify distinctions in the gene expression profiles across the MpBC subtypes, we
categorized our cohort of 25 MpBCs with RNA-Seq profiles into squamous, spindle, or
matrix-producing subtypes based upon tumor histology. Three of these tumors did not

fit these categories cleanly and were classified as Other. Then, to increase the number

of samples, we integrated publicly available data from another MpBC study (30). This
increased the number of samples with both transcriptome profiling and subtype information
from 22 to 41 (SFig 3A).

Following batch effect correction (SFig 3B), we performed an unbiased principal component
analysis across the samples and found that the squamous and spindle subtypes of MpBC
have the most visually distinct gene expression profiles; however, not every tumor clustered
cleanly with others of its subtype, reminiscent of the ambiguities seen in the histology.

For each of the principal components, we associated the values of the tumors from each
subtype against the values of the tumors from the other subtypes using a two-tailed non-
parametric Wilcoxon rank-sum test (SFig 3C). The first principal component (20% of
variance) distinguished the squamous subtype tumors from the others (0.4% FDR), while
the second (18% of variance) distinguished the spindle subtype (0.3% FDR) and matrix-
producing subtypes (2% FDR) (SFig 3D). No other principal components were significantly
associated with any of the subtypes. We interpreted this finding to mean that each of the
subtypes have identifiable gene expression profiles, although there are some similarities.
There was one matrix-producing tumor that clustered closely among the spindle tumors,
and upon further examination of the histology, it was confirmed to be sarcomatoid with
mesenchymal differentiation. Although this tumor did not resemble a typical spindle cell
carcinoma histologically, it nevertheless appeared to share a similar gene expression profile
as the spindle-type tumors.

Noting expression differences across the subtypes, we next tried to understand the nature of
these differences. Using the Vanderbilt TNBC signatures (53), we found that the squamous
subtype was enriched for BL2 tumors, whereas the spindle and matrix-producing subtypes
were enriched for the MSL and M tumors, respectively (Fig 4A). We also evaluated genes
that were specifically expressed (either higher or lower) in each of the three subtypes (SFig
4). Each subtype expressed a distinctive set of genes.

Pathway analyses using the Hallmark and Canonical gene sets revealed that the spindle
subtype was increased in the EMT gene expression signature (Fig 4B), consistent with the
histology. The Canonical gene sets predicted that these tumors had an increased HDAC
activity (Fig 4C) suggesting that epigenetic reprogramming maintained through HDACs may
influence tumor biology, potentially indicating subtype sensitivity to HDAC inhibition.

Squamous MpBCs were enriched in Hallmark estrogen receptor (ER) response signaling
compared to spindle MpBCs (Fig 4B) and, given the lack of ER expression by IHC,
we further explored the expression patterns of individual genes within these ER response
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signatures (Fig 4D). The result revealed a set of genes that were up-regulated in all
squamous, as well as a subset of the spindle type MpBCs. Three of these genes were
previously found to be linked to an RTK-activated MAPK signaling pathway: FGFRS3,
MAPK13 (a p38 MAPK), and ELF3(54), suggesting that RTK/MAPK signaling may be an
important driver of squamous MpBCs.

Some non-metaplastic tumors exhibit a metaplastic gene expression profile and response

Given the heterogeneity of gene expression profiles observed across different histologic
subtypes of MpBC, we next investigated whether any non-Mp TNBC tumors exhibit the
metaplastic signature, or share components of the metaplastic phenotype. To do this, we
evaluated the expression data for the entire cohort using unbiased clustering based on

the metaplastic signature, the genes whose expression distinguishes MpBCs from non-Mp
TNBCs (SFig 2C). This revealed three major clusters (SFig 5A). Clusters 2 and 3 were
enriched in MpBCs, while cluster 1 was comprised mainly of non-Mp TNBCs (SFig 5B).
We then compared the subtypes of the MpBCs across clusters 2 and 3, which showed
squamous MpBCs were enriched in cluster 2 and spindle MpBCs in cluster 3 (SFig 5B).

Notably, in cluster 2, several non-Mp TNBCs had gene expression profiles that resembled
MpBCs, though they displayed no metaplastic features on histology, thus deemed
metaplastic-like based on gene signature. Both the metaplastic-like TNBCs and MpBCs
were enriched in the Vanderbilt M and MSL subtypes (Fig 5A). Using Hallmark gene sets,
hypoxia and EMT gene signatures were upregulated in MpBCs and metaplastic-like TNBCs
(SFig 5C). Interestingly, the expression of several gene signatures such as angiogenesis

and TGF-B signaling was significantly higher in metaplastic-like TNBCs but not MpBCs.
The pCR rate observed in patients with metaplastic-like TNBC was 31% (5/16) compared
with 39% (54/137) in patients with non-Mp TNBC without metaplastic-like gene expression
profiles and 20% (5/25) in patients with MpBC. Despite the apparent difference in pCR
rates observed between patients with metaplastic-like TNBC and MpBC, patients with
metaplastic-like TNBCs and MpBCs appeared to have similar survival outcomes (Fig 5B),
suggesting that gene expression profiling may identify a subset of aggressive non-Mp
TNBCs that are phenotypically similar to MpBCs.

DISCUSSION

This analysis represents the largest prospective evaluation of NAT in patients with triple-
negative MpBC. We report a pCR rate of 23%, which is higher compared to historical data
from retrospective studies (~10%) (5,7,8,55-58). Notably, through frequent monitoring of
disease response to NAT by imaging, we were able to identify disease progression or lack of
response resulting in early discontinuation of AC in 18% (7/39) of patients with MpBC. A
further 26% (10/39) of patients with MpBC were enrolled on clinical trials of chemotherapy
plus novel therapeutic agents due to suboptimal clinical response after completing 4 cycles
of AC, for a total of 44% (17/39).

Several reasons could potentially explain the higher pCR rate observed in our study. First,
the ARTEMIS trial only enrolled patients with TNBC. Thus, our study was restricted to
patients with triple-negative MpBC. Although >90% of MpBCs are of the triple-negative
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phenotype (1), earlier retrospective studies of NAT in MpBC included small numbers of
patients with ER-positive MpBC (4,14,55). Thus, the lower rates of pCR observed in
these earlier retrospective studies may be due, in part, to the heterogeneity of the patient
population being studied. Second, patients in our study uniformly received anthracycline-
based NAT while treatment regimens received by patients included in those earlier studies
were more heterogeneous, and possibly less effective (5,7).

The molecular profiles of MpBC elucidated in our study propose novel treatment strategies
for MpBC. First, consistent with earlier studies (12-16), we observed an enrichment of
PI3K pathway alterations which suggests an opportunity for augmenting responses by
targeting this pathway in patients with MpBC. To date, the success of mTOR-based
systemic therapy regimens such as DAT/DAE have not been replicated in the neoadjuvant
setting and chemotherapy remains the only FDA-approved treatment in this setting (17).

In this cohort of MpBCs, there were no mutations in CTANNBI or enrichment in Wnt
pathway genes consistent with some prior studies (13,19), but contradicting others (18,20).
Second, the lack of PD-L1 expression and trend towards lower TIL infiltration in previously
untreated MpBC compared with non-Mp TNBC suggests that immune checkpoint blockade
may only be effective in a small subset of patients with MpBC. There have been two

case reports of patients with advanced, MpBC experiencing dramatic responses to the
combination of chemotherapy and PD-L1 blockade (59,60). However, both these patients
had tumors demonstrating significant PD-L1 expression, which was uncommon in our
cohort of patients. Finally, we observed subtype-specific differences in the molecular profile
of MpBC, with squamous-type and spindle-type MpBCs enriched for RTK/MAPK and
HDAC signaling, respectively. This finding underscores the fact that MpBC, while rare, is
highly heretogeneous. Thus, there is an urgent need for personalized therapeutic strategies in
order to maximize cure rates in this disease.

From an unbiased transcriptomic analysis, we identified a cohort of patients with non-Mp
TNBC with gene expression profiles resembling that of patients with MpBC (metap/astic-
like). Although metaplastic-like TNBCs did not have metaplastic features on histology,

the clinical outcomes of patients with metaplastic-like TNBCs more closely resembled
those of patients with MpBC. These data suggest that the poor outcomes associated with
metaplastic histology may be a consequence of an altered biological process reflected in a
gene expression signature that can serve as a prognostic biomarker in patients with non-Mp
TNBC.

Our study has several limitations. First, although our cohort is large for this rare breast
cancer type, the reported 95% confidence intervals for pCR is wide, suggesting that further
validation in larger, prospective studies is required. In addition, the modest sample size
precluded formal hypothesis testing in this study and clinically significant differences in
outcomes did not cross the threshold for statistical significance. Second, because NAT is
considered standard of care for patients with TNBC, pre-treatment molecular profiling in
our study had to be performed on core needle biopsies. This limited our ability to obtain

a more representative sample of the entire tumor. Notably, in two patients with MpBC,
there were no metaplastic features noted on the pre-treatment core needle biopsy and the
diagnosis of MpBC was made in retrospect on the post-NAT surgical specimen. In our

Clin Cancer Res. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yam et al.

Page 13

analysis, this sampling bias might be reflected in the deviations between the histological
subtypes and those seen in the gene expression profiling, as the histological classification
was performed on paraffin-embedded tissue and the transcriptomics on the fresh tissue from
the biopsy. Third, all seven patients (18%) with metaplastic TNBC who stopped AC early
due to progression in our study were subsequently enrolled on a targeted therapy clinical
trial for the second phase of NAT. Thus, based on our data alone, it is not possible to
determine if early progression on AC in metaplastic TNBC implies universal resistance

to chemotherapy and ineffectiveness of standard taxane-based therapy. Finally, because
patients were offered enrollment on clinical trials of experimental therapies only if there
was demonstrable evidence of resistance to initial AC chemotherapy, direct comparisons of
PCR rates between patients receiving experimental therapies and those receiving standard
taxane-based chemotherapy as the second phase of NAT could not be made since such an
analysis would be biased by the enrichment of patients with chemotherapy-resistant disease
among those receiving experimental therapies. Although beyond the scope of this study,
there is a critical need for randomized trials for patients with suboptimal response to initial
standard NAT that reveal the effectiveness of novel experimental therapies compared to
standard NAT.

In summary, the deep molecular characterization of MpBC tumors in this study has revealed
the molecular heterogeneity in this disease and proposed new avenues for the development
of treatments. While these novel therapeutic strategies are investigated, our data suggest that
patients with MpBC should be considered for sequential anthracycline- and taxane-based
NAT. Further, given the heterogeneity in the biology and response to NAT, biomarkers are
needed to ensure appropriate patient selection, and close monitoring by serial breast imaging
can assess for early disease progression during therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TRANSLATIONAL RELEVANCE

Treatment for stage I-111 metaplastic breast cancer (MpBC) is controversial as
neoadjuvant therapy (NAT) has low reported rates of pathological complete response
(pCR). To identify more effective strategies, we have performed a large prospective study
of clinical outcomes and molecular profiles of MpBC. Our observed pCR rate of 23%

is higher than previously reported in retrospective studies, suggesting that NAT may be

a viable treatment strategy in this setting. Further, we observe that histologic subtypes

of MpBC have divergent transcriptomic profiles, underscoring the need to consider
subtype-specific strategies. Finally, we identify a subset of non-metaplastic TNBCs with
metaplastic-like gene expression signatures and poor clinical outcomes, suggesting that
tumor transcriptomics can refine the definition of the metaplastic phenotype and improve
clinical prognostication in TNBC.
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FIGURE 1. ARTEMIS (NCT02276443) Trial Schema.
Patients with stage I-111 TNBC underwent a pre-treatment core needle biopsy prior to

initiating standard of care NAT with doxorubicin and cyclophosphamide (AC). Clinical
response by breast imaging (ultrasound and/or MRI) was performed after AC to determine
if patients should receive standard taxane-based NAT or be offered enrollment on a clinical
trial as part of therapeutic escalation.
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FIGURE 2. Survival outcomesin patientswith metaplastic breast cancer (MpBC) and non-
metaplastic (non-M p) TNBC receiving neoadjuvant therapy (NAT).

(A) Kaplan-Meier plot of event-free survival for patients with MpBC (yellow) and non-

Mp TNBC (blue); (B) Kaplan-Meier plot of event-free survival for patients with MpBC
experiencing a pathological complete response (pCR) (solid yellow), patients with MpBC
with residual disease (dashed yellow), patients with non-Mp TNBC experiencing a pCR
(solid blue), and patients with non-Mp TNBC with residual disease (dashed blue); (C)
Kaplan-Meier plot of metastasis-free survival for patients with MpBC (yellow) and non-Mp
TNBC (blue); (D) Kaplan-Meier plot of metastasis-free survival for patients with MpBC
experiencing a pCR (solid yellow), patients with MpBC with residual disease (dashed
yellow), patients with non-Mp TNBC experiencing a pCR (solid blue), and patients with
non-Mp TNBC with residual disease (dashed blue); (E) Kaplan-Meier plot of overall
survival for patients with MpBC (yellow) and non-Mp TNBC (blue); (F) Kaplan-Meier plot
of overall survival for patients with MpBC experiencing a pCR (solid yellow), patients with
MpBC with residual disease (dashed yellow), patients with non-Mp TNBC experiencing a
pCR (solid blue), and patients with non-Mp TNBC with residual disease (dashed blue).
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FIGURE 3. Metaplastic breast cancers (MpBCs) and non-metaplastic (non-Mp) TNBCs have
distinct gene expression profiles.

(A) Bar plot showing the 10 Hallmarks pathways predicted to be most significantly activated
in MpBC or non-MP TNBC. The x-axis shows the —log; of the false discovery rate (FDR),
where the values for the pathways associated with non-Mp TNBCs are inversed so that the
most significant ones go to the left. The pathways most significantly associated with MpBCs
go to the right and are shown in red. The dotted lines indicate a 5% FDR. (B) Stacked bar
graph showing the distribution of TNBC subtypes (legend) within MpBCs (left) and non-Mp
TNBCs (right).
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FIGURE 4. Histologic subtypes of metaplastic breast cancer (MpBC) have heter ogeneous gene
expression profiles.

(A) Stacked bar graphs showing the distribution of TNBC subtypes within each histologic
subtype of MpBC. The distribution of TNBC subtypes across the columns were compared,
and the statistical significance is indicated according to: * p < 0.05, ** p < 0.01, *** p
<0.001, and **** p < 0.0001. (B) The Hallmarks pathways that are predicted to be up-

or down- regulated (false discovery rate [FDR] < 5%) in each of the histologic subtypes

of MpBC are shown. (C) The Canonical pathways that are enriched in the spindle (red
bars, towards the left) and squamous (blue bars, towards the right) at a 5% FDR cutoff are
shown. (D) Heatmap showing the expression levels of the significant genes (rows) from the
Hallmarks Estrogen Response pathways across the MpBCs (columns). The colors indicate
the normalized expression values of the genes, where warm and cold colors indicate higher
and lower expression, respectively. The first row of boxes under the dendrogram show the
subtype of the metaplastic tumors, and the second row indicates the data set. Beeswarm plots
(right panel) show the expression level of FGFR3 and MAPK13 across each of the histologic
subtypes of MpBCs (x-axis). The statistical significance is denoted using the same notation
as in Fig 4A.
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FIGURE 5. Metaplastic-like TNBCs are a subset of non-metaplastic (non-Mp) TNBCs with gene
expression profilesresembling metaplastic breast cancers (M pBC) and are associated with poor

long-term outcomes.

(A) The distribution of TNBC subtypes for non-Mp TNBC, metaplastic-like TNBC, and
bona-fide MpBCs are shown in the columns. The statistical significance is annotated as

in Fig 4A. (B) Kaplan-Meier plots of event-free, metastasis-free, and overall survival for
patients with MpBC (yellow line), non-Mp TNBC (blue line), and metaplastic-like TNBC

(gray line).
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Table 1.

Clinicopathological characteristics and neoadjuvant therapy received.

Metaplastic  Non-metaplastic Total
Characteristic n=39 n=172 n=211 pvalue

Median age at diagnosis — years

(interquartile range) 56.2 (45.6-63.5) 549 (45.1-61.1) 55.1 (45.4-61.6) 0.47

Race - n (%) White 27 (69.2) 100 (58.1) 127 (60.2)
Black 4(10.3) 34 (19.8) 38 (18.0)
Hispanic 5 (12.8) 24 (14.0) 29 (13.7) 0.64
Asian 3(7.7) 12 (7.0) 15 (7.1)
Other 0 2(1.2) 2(1.0)
:\;Isg(ign tumor size — cm (interquartile 34(2.2-5.2) 27 (2.1-39) 2.8 (2.1-4.0) 0.09
T category - n (%) T1 7 (18.0) 27 (15.7) 34 (16.1)
T2 22 (56.4) 118 (68.6) 140 (66.4)
T3 7(18.0) 20 (11.6) 27 (12.8) 037
T4 3(7.7) 7(4.1) 10 (4.7)
Nodal Status - n (%) Negative 33(84.6) 90 (52.3) 123 (58.3)
Positive 6 (15.4) 82 (47.7) 88 (41.7) <0001
TNM Stage - n (%) I 5(12.8) 15 (8.7) 20 (9.5)
I 28 (71.8) 114 (66.3) 142 (67.3) 0.35
I 6 (15.4) 43 (25.0) 49 (23.2)
Histologic grade - n (%) 1 1(2.6) 0 1(0.5)
2 9(23.1) 22 (12.8) 31(14.7) 0.04
3 29 (74.4) 150 (87.2) 179 (84.8)
Ki-67 - n (%) Low 3(7.7) 8 (4.7) 11 (5.2)
Moderate 12 (30.8) 28 (16.3) 40 (19.0) 0.03
High 21 (53.9) 133 (77.3) 154 (73.0)
Missing 3(7.7) 3(1.7) 6 (2.8)
Metaplastic Subtype - n (%) Matrix producing 18 (46.2) "
Spindle 14 (35.9)
Squamous 5(12.8)
Mixed spindle / matrix 2(5.0)

producing

*
Two of the 18 tumors were diagnosed as MpBC based on the post-NAT surgical specimen.
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