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Targeted therapeutics are needed for triple-negative breast cancer (TNBC). In this study, we investigated
the activation of Src family of cytoplasmic tyrosine kinases (SFKs) and two SFK substrates—CUB-domain
containing protein 1 (CDCP1) and protein kinase C 8 (PKC3)—in 56 formalin-fixed, paraffin-embedded
(FFPE) TNBCs. Expression of SFK phosphorylated at Y416 (SFK_pY416™) in tumor cells was strongly asso-
ciated with phosphorylation of CDCP1 and PKC3 (CDCP1_ pY743" and PKC3_pY311"), as assessed by
immunohistochemistry, indicating increased SFK activity in situ. To enable biochemical analysis, protein
extraction from FFPE tissue was optimized. Cleaved CDCP1 isoform (70 kDa) was expressed to a varying
degree in all samples but only phosphorylated in TNBC tumor cells that expressed SFK_pY416. Interestingly,
active SFK was found to be biphosphorylated (SFK_pY416"/pY527"). Biphosphorylated active SFK was
observed more frequently in forkhead box protein A1 (FOXA1) ™ TNBCs. In addition, in SFK_pY416~ samples,
FOXA1" TNBC tended to be SFK_pY527™" (classic inactive SFK), and FOXA1~ TNBC tended to be SFK_pY527~
(SFK poised for activation). Strong SFK_pY416 staining was also observed in tumor-infiltrating lymphocytes
in a subset of TNBCs with high tumor-infiltrating lymphocyte content. This report will facilitate protein
biochemical analysis of FFPE tumor samples and justifies the development of therapies targeting the SFK/
CDCP1/PKCd pathway for TNBC treatment. (Am J Pathol 2020, 190: 484—502; https://doi.org/
10.1016/j.ajpath.2019.10.017)

Triple-negative breast cancer (TNBC) is a heterogeneous
group of malignant neoplasms defined by the absence of
estrogen receptor, human epidermal growth factor 2 recep-
tor, and progesterone receptor.l’2 Because TNBCs are
frequently aggressive and are defined by a lack of known
therapeutic targets, effort has been made toward under-
standing the biology of TNBC. Gene expression analysis
initially identified a subgroup of TNBCs with an androgen
receptor (AR)—driven expression profile.”* More impor-
tant, AR-driven transcription is mediated by forkhead box
protein Al (FOXA1), the master regulator of steroid re-
ceptor function in cancer.”® Since then, gene expression
analysis and integrated genomic/gene expression analyses
have consistently identified three main types of TNBC:
luminal AR (LAR), basal-like (BL), and mesenchymal.”'”

Moreover, several independent gene expression analyses
have identified a subset of BL-TNBC with an activated
immune gene expression signature.””'" The role of immune
activation in LAR and mesenchymal TNBC is not well
defined. Despite progress in understanding the biological
heterogeneity of TNBC, there remains a clear need for
development of new targeted molecular therapies and
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companion biomarkers for each subtype of these aggressive
neoplasms.

Activation of Src kinase, the first identified protein tyro-
sine kinase'” and founding member of the Src family of
cytoplasmic tyrosine kinases (SFKs), has been implicated in
the progression of multiple solid tumors, including breast
cancer.””'® Increased SFK activity was identified in breast
cancer tissue relative to normal breast tissue, particularly in
high-grade cancers.'” Early studies concluded that increased
SFK activity in solid tumors was the result of increased
specific activity and/or increased expression of the Src iso-
form of SFK.”""* Recently, several studies have suggested
that other SFK isoforms, particularly leukocyte C-terminal
Src kinase (Lck) and Lck/yes-related novel protein tyrosine
kinase (Lyn), are highly expressed in breast cancer and play a
significant role in TNBC.”* ?® The results of large-scale
genomic sequencing projects indicate that gene amplifica-
tion and activating mutations in SFK do not play a significant
role in human tumor biology.”’ *’ This suggests that acti-
vation of SFK in human cancers results from dysregulation of
allosteric activation mechanisms and/or dysregulated
expression.

Similar to most protein kinases, SFK activity is tightly
regulated by phosphorylation of several key residues.”’
SFKs are negatively regulated via phosphorylation by C-
terminal Src kinase at a conserved C-terminal tyrosine
(Y527 in chicken Src and Y530 in human Src; the chicken
protein sequence numbering is commonly used in literature
and in this article). Phosphorylation of Y527 stabilizes an
inactive SFK conformation through an intramolecular
interaction between phosphorylated Y527 and the Src ho-
mology domain 2 in SFK that lies on the N-terminus side of
the kinase domain. Dephosphorylation at Y527 is the first
step in the canonical pathway of SFK activation.’” Full
activation of SFK requires phosphorylation of Y416 in the
activation loop, which locks the catalytic domain in an
active conformation.”” Phosphorylation of SFK at Y416 is
known to occur in the context of dimerized and activated
receptor tyrosine kinases and af-integrin complexes and
likely primarily occurs by transautophosphorylation.” °
Activated SFKs control a host of cellular functions,
including proliferation, differentiation, and cell migration/
invasion, through multiple downstream effectors.*>*’

CUB-domain containing protein 1 (CDCPI) is a trans-
membrane glycoprotein that is both an SFK substrate™*’
and an SFK activator. CDCP1 also acts as an SFK
signaling regulator, directing phosphorylation of specific
SFK substrates, including protein kinase C & (PKCJ).**"!
CDCPI is expressed in embryonic stem cells and many
cancer cell types.”” CDCPI1 is highly expressed and acti-
vated in TNBC,"*** driving tumor progression and metas-
tasis in animal models. CDCP1 can be expressed at the cell
membrane as a full-length approximately 140-kDa form
and/or a cleaved approximately 70- to 80-kDa form.*’ The
protumorigenic effects of CDCP1 depend on co-expression
of SFK, which is capable of phosphorylating CDCP1 at
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multiple cytoplasmic tyrosine residues.”®*****" Accord-
ingly, in this pathway of oncogenic SFK signaling, SFK
phosphorylation of CDCP1 at Y734 generates a high-
affinity binding site for the Src homology domain 2 of
SFK,*"* which is critical for SFK phosphorylation of
CDCP1 at other residues (including Y743) and for CDCP1
downstream signaling.”®*’ PKC3 binding to CDCP1 stim-
ulates PKCJ phosphorylation at Y311 by SFK*'"** and in-
creases cell migration and invasion.”” PKCJ signaling has
been implicated in several types of cancer and appears to
have a role in both regulation of cell proliferation and
apoptosis, as well as the migratory behavior of cancer
cells.”” "% The role of PKC3 in TNBC pathogenesis re-
mains unclear. Nevertheless, the SFK/CDCP1/PKC3
signaling pathway appears to be clinically relevant because
CDCP1 tyrosine phosphorylation has been correlated with
the phosphorylation of SFKs and PKC3 in non—small-cell
lung cell tumor samples™ and breast tumor samples.*
Although the SFK/CDCP1/PKCd pathway was shown to
be active in TNBC cell lines and cell line—based animal
models, there is a lack of studies directly analyzing this
signaling pathway in a cohort of TNBC patient samples.

Analysis of an integrated mRNA/protein database indi-
cated that phosphorylation of SFKs at Y416 (SFK_pY416™)
is associated with an active immune response in TNBC. To
study SFK/CDCP1/PKCd signaling in TNBC and its
possible connection to immune activation, we evaluated the
expression of phosphorylated isoforms of SFK, CDCPI1,
and PKC3 by immunohistochemistry (IHC). These proteins
were then examined by Western blot analysis after opti-
mizing a method to extract protein from formalin-fixed,
paraffin-embedded (FFPE) tissue samples. Western blot
analyses confirmed IHC observations and allowed analysis
of expression of several phosphoproteins that were not
detected by IHC. Immunoprecipitation (IP) of solubilized
FFPE tissue allowed characterization of the phosphorylation
pattern of SFK isoforms in histologically distinct tumors.
Our results reveal a pattern of SFK, CDCP1, and PKC3
phosphorylation that suggests biphosphorylated (pY4167/
pY527") SFK is expressed in TNBC and is active in signal
transduction to CDCP1 and PKCS3 in a subset of TNBCs. In
addition, we report on SFK activation in tumor-infiltrating
lymphocytes of TNBC and its association with expression
of immune checkpoint proteins cytotoxic T-lymphocyte
protein 4 (CTLA4), programmed cell death protein 1 (PD1),
and programmed cell death 1 ligand 1 (PD-L1).

Materials and Methods

Selection and Preparation of Tumor Punch Biopsy
Samples

Archival triple-negative breast cancer resections were
identified by review of pathology records at Hoag Memorial
Hospital Presbyterian (Newport Beach, CA). Tumors that
were reported to be estrogen receptor/progesterone receptor/
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Table 1  Antibodies and Dilutions Used for IHC and Western Blot Analysis

Antigen Antibody information, manufacturer/catalog no. Western blot dilution IHC dilution Antigen retrieval®
FOXA1 Abcam/ab173287 NA 1:4000 1
Vimentin Agilent/M0725 NA 1:2000 2
Sox10 Bio SB/BSB2583 NA 1:100 1
CK5/6 Thermo Fisher Scientific/180267 NA 1:50 2
CDCP1 Cell Signaling Technology/4115 1:1000 1:100 1
CDCP1_pY743 Cell Signaling Technology/14965 1:1000 1:800 1
CDCP1_pY734 Cell Signaling Technology/9050 1:1000 NA NA
Src Cell Signaling Technology/2108 1:1000 NA NA
Lck Cell Signaling Technology/2752 1:1000 NA NA
Lyn Cell Signaling Technology/2732 1:1000 NA NA
SFK_pY416 Cell Signaling Technology/2101 1:1000 1:200 1
SFK_pY527 Cell Signaling Technology/2105 1:1000 NA NA
PKCd Cell Signaling Technology/2058 1:1000 NA NA
PKC3_pY311 Abcam/ab76181 1:2500 1:3000 1
N-cadherin Cell Signaling Technology/13116 NA 1:200 1
Slug Cell Signaling Technology/9585 NA 1:100 1
AMPKa Cell Signaling Technology/2532 1:1000 NA NA
AMPKa,_pT172 Cell Signaling Technology/2535 1:1000 NA NA
B-Actin Leica Biosystems/A5441 1:5000 NA NA
CD3 Novocastra/NCL-L-CD3-565 NA 1:50 2
PD1 Cell Signaling Technology/86163 NA 1:200 2
PD-L1 Cell Signaling Technology/13684 NA 1:400 2
CTLA4 Santa Cruz Biotechnology/sc-376016 NA 1:400 2

*Antigen retrieval 1: heat 20 minutes off-line in Leica ER2 buffer in steamer; repeat online with Leica ER2 buffer for 20 minutes. Antigen retrieval 2: dewax

and antigen retrieval online in Leica ER2 buffer for 20 minutes.

AMPK, AMP-activated protein kinase; CDCP, CUB-domain containing protein; CK5/6, cytokeratin 5/6; CTLA4, cytotoxic T-lymphocyte protein 4; FOXA1,
forkhead box protein A1; IHC, immunohistochemistry; Lck, tyrosine-protein kinase Lck; Lyn, tyrosine-protein kinase Lyn; NA, not applicable; PD1, programmed
cell death protein 1; PD-L1, programmed cell death 1 ligand 1; PKC, protein kinase C; Sox10, Sry-box transcription factor 10.

human epidermal growth factor 2 receptor negative, ac-
cording to American Society of Clinical Oncology—College
of American Pathologists guidelines, were considered
TNBC. Case slides were selected for review on the basis of
availability of slides and blocks, adequate tumor size (>15
mm), and a histologic diagnosis of invasive ductal carci-
noma. TNBC:s of special types, including lobular carcinoma
and low-grade metaplastic carcinoma, were excluded. High-
grade metaplastic carcinomas were included. Tumors from
patients who had received neoadjuvant chemotherapy were
included in the slide review, but tumors with morphologic
evidence of response to neoadjuvant chemotherapy were
excluded from further study. A total of 56 TNBCs were
selected. Most of the tumors were resected between 2011
and 2016. Five of the 56 tumors selected for study were
from patients who had received neoadjuvant chemotherapy
(TNBC2, TNBC10, TNBC11, TNBC36, and TNBC41).
None of these tumors demonstrated high levels of SFK
activation (Supplemental Table S1).

Foci of carcinoma were microdissected from the original
paraffin block using a 3- or 4-mm punch biopsy tool and
reembedded in a 10 x 10-mm paraffin block with a unique
identifier. Areas of tumor that contained a high proportion of
tumor cells were targeted for microdissection. Tumor-cell
rich areas were often located near the tumor-stromal inter-
face, but tumor near the tumor-stromal interface was not
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targeted per se. Only intratumoral areas were targeted for
microdissection, but some foci contained a small amount of
peritumoral stroma. Areas of tumor with extensive necrosis
or a high percentage of stroma were avoided. Standard
clinicopathologic data, including patient age, tumor size,
histologic grade, node status, and history of neoadjuvant
chemotherapy, were linked to the tumor sample identifier.
The study design was reviewed by the Western Institutional
Review Board (number 1-890338-1) and determined to pose
less than minimal risk to participants and, therefore, exempt
from the informed consent requirement.

Reagents and Antibodies

The following primary antibodies were used: SFK_pY416
number 2101, SFK_pY527 number 2105, Src number 2108,
Lyn number 2732, Lck number 2752, CDCP1 pY734
number 9050, CDCP1 pY743 number 14965, CDCPI1
number 13794, CDCP1 number 4115, PKCS pY311 num-
ber 2055, PKCd number 2058, AMP-activated protein ki-
nase alpha (AMPKa) pT172 number 2535, AMPKa
number 2532, N-cadherin number 13116, Slug number
9585, PD1 number 86163, and PD-L1 number 13684 (Cell
Signaling Technology, Danvers, MA); PKC3 pY311 num-
ber ab76181 and FOXA1 number ab173287 (Abcam,
Cambridge, MA); vimentin number MAS511883 and
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cytokeratin 5/6 (CKS5/6) number 180267 (Thermo Fisher
Scientific, Waltham, MA); B-actin number A5441 (Milli-
pore Sigma, St. Louis, MO); vimentin number MO0725
(Agilent, Santa Clara, CA); Sry-box 10 (Sox10) number
BSB2583 (Bio SB, Santa Barbara, CA); CD3 number NCL-
L-CD3-565 (Leica Biosystems, Wetzlar, Germany); and
CTLA4 number sc-376016 (Santa Cruz Biotechnology,
Dallas, TX). Antibody dilutions for each method are listed
in Table 1.

Immunohistochemical Staining

Immunohistochemical staining was performed on the
BOND III automated immunostainer (Leica Biosystems). In
brief, sections (3 pwm thick) of microdissected tumor foci
were mounted on adhesive slides and baked for 60 minutes
at 60°C. Up to eight tumor foci were evaluated per slide. For
phosphoprotein staining, slides were dewaxed and rehy-
drated manually, and antigen retrieval was performed in a
pressure cooker for 20 minutes in Leica epitope retrieval
solution 2. When offline antigen retrieval was performed,
cover tiles were applied to wet slides, the immunostainer
programmed to run with the dewax step was turned off, and
a second antigen retrieval step was programmed (Table 1).
All slides were stained using a 73-minute protocol that
included a 30-minute ambient temperature antibody incu-
bation step, except CD3, which had a 15-minute antibody
incubation. Bound antibody was detected using the Bond
Polymer Refine Detection system (Leica Biosystems), and
the slides were counterstained with hematoxylin.

Scoring of Immunohistochemical Stains

SFK_pY416, CDCP1_pY743, and PKC3_pY311

The percentage of tumor cells staining as well as the locali-
zation of the stain (membrane, cytoplasm, or nucleus) were
recorded. The staining of tumor cells with these antibodies
was predominantly membranous. The following criteria were
used to score the intensity of staining: strong (3*), intense
circumferential membrane staining; moderate (21, moderate
circumferential membrane staining; and weak (1 ), weak
circumferential membrane staining or weak/moderate stain-
ing that is incomplete. The intensity of SFK_pY416 staining
in lymphocytes was scored as follows: strong (3"), intense
staining that is visible with 4x objective; moderate 2",
moderate staining that is visible with 10x objective; weak
(1), staining that can only be appreciated with 40x objec-
tive; and negative (0), no visible staining with 40 x objective.
The percentage of lymphocytes with each stain intensity was
recorded to calculate a histoscore.

FOXA1, Vimentin, CK5/6, and SOX10

For FOXAI, the percentage of tumor cells with nuclear
staining was recorded. Nuclear staining of any intensity was
considered positive. For vimentin, the percentage of tumor
cells with cytoplasmic and/or nuclear staining was recorded.
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Staining of any intensity was considered positive. The per-
centage of tumor cells with nuclear SOX10 staining or cyto-
plasmic CK5/6 staining was recorded. Any intensity of staining
was considered positive. For all these markers, tumors were
recorded as positive if >1% of the tumor cells were positive.

(D3, PD1, PD-L1, and CTLA4

CD3 staining was scored as positive or negative to estimate
the number of T cells in a tumor. PD1, PD-L1, and CTLA4
stains were assessed visually to assess the percentage of
tumor surface area occupied by cells expressing these an-
tigens and the intensity of staining. The criteria for inter-
preting the intensity of staining were identical to the criteria
used to score the intensity of SFK_pY416 staining in lym-
phocytes: strong (31), intense staining that is visible with
4x objective; moderate (2"), moderate staining that is
visible with 10x objective; weak (1), staining that can
only be appreciated with 40x objective; and negative (0),
no visible staining with 40x objective.

Weighted Histoscores and Overall Scores for Tumor
SFK_pY416, Lymphocyte SFK_pY416, PD1, PD-L1, and CTLA4
Weighted histoscores and overall scores were determined
for five markers in a subset of the tumors (n = 38 for
CTLA4; n = 43 for the others): the weighted histoscore for
each marker was calculated by the formula: (%3" x
3) + (%27 x 2) + (%l17).

The overall score for each marker was calculated as the
product of the fraction of surface area occupied by cells
expressing the marker and the weighted histoscore.

Extraction of Protein and Western Blot Analysis

Protein extraction from FFPE tissue was performed as fol-
lows: sections (40 pm thick) of FFPE were placed in 2-mL
screw cap vials. Paraffin was removed by two washes of
xylene. Xylene was removed with two washes of reagent
alcohol and one wash of methanol. The deparaffinized tissue
was rehydrated in ultrapure water. For Western blot anal-
ysis, the rehydrated tissue sections were suspended in 50
volumes of extraction buffer (4% SDS, 125 mmol/L Tris-
HCI, 100 mmol/L dithiothreitol (DTT), and 20% glycerol)
and placed in a heating block set at 99°C for 60 minutes.
After cooling to room temperature, the samples were
centrifuged for 5 minutes at 12,100 x g to separate the
insoluble material. An aliquot (4 pL) of the supernatant was
transferred to 3 mL of 8 mol/L urea/10 mmol/L Tris-HCI,
pH 8.0, to determine protein concentration by fluorescence
spectroscopy, as previously described.”® For IP, the solu-
bilization procedure was identical, except that the extraction
buffer contained 1% SDS and 10 mmol/L. DTT.

For cell line lysates, cells grown on 10-cm dishes were lysed
in ice-cold lysis buffer (20 mmol/L Tris, pH 7.5, 1% Triton X-
100, 150 mmol/L NaCl, 1 mmol/L EDTA/EGTA, 10 mmol/L
sodium pyrophosphate, 10 mmol/L. B-glycerophosphate, 1
mmol/L sodium orthovanadate, and 50 mmol/L sodium
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fluoride) and scraped into chilled tubes, then incubated on ice
for 10 minutes, with brief vortexing every 2 to 3 minutes.
Samples were centrifuged at 12,000 x g for 10 minutes at 4°C
to pellet insoluble material. The soluble fraction was mixed
with 5x sample buffer (312 mmol/L Tris, pH 6.8, 10% SDS,
10% B-mercaptoethanol, 50% glycerol, and 0.05% bromo-
phenol blue) and boiled for 5 minutes at 95°C, then cooled on
ice. Total protein content of cell line lysates was assessed using
bicinchoninic acid assay (Thermo Fisher Scientific; catalog
number 23225).

Protein lysates were loaded onto 10% polyacrylamide
gels and run for 30 minutes at 90 V, then approximately 90
minutes at 120 V. Proteins were transferred to 0.2 pmol/L
pore nitrocellulose membranes and blocked for 60 minutes
with 5% nonfat milk in phosphate-buffered saline/0.05%
Tween-20. Primary antibodies were diluted in 5% bovine
serum albumin/phosphate-buffered saline/0.05% Tween-20,
and incubations were performed overnight at 4°C with
gentle shaking. Secondary antibodies were diluted in
blocking buffer, and incubations were performed for 1 hour
at room temperature. Images were acquired on the Bio-Rad
ChemiDoc XRS™ imaging system (Bio-Rad Laboratories,
Hercules, CA).

Immunoprecipitation

Protein lysates from cell lines or FFPE tumors (see above;
FFPE tumors were extracted in buffer containing 1% SDS,
125 mmol/L Tris-HCI, 10 mmol/L DTT, and 20% glycerol
for IP) were diluted 1:12 with ice-cold lysis buffer (20
mmol/L Tris, pH 7.5, 1% Triton X-100, 150 mmol/L NaCl,
1 mmol/L EDTA/EGTA, 10 mmol/L. sodium pyrophos-
phate, 10 mmol/L B-glycerophosphate, 1 mmol/L. sodium
orthovanadate, and 50 mmol/L sodium fluoride). The
diluted lysates were precleared with Protein A magnetic
beads (Cell Signaling Technology). Antibodies for Src
(1:200), SFK_pY416 (1:200), or IgG control (Cell Signaling
Technology; number 3900, 1:200) were added to the lysate
and incubated overnight at 4°C with gentle rocking. Protein
A magnetic beads (20 pL) were then added to the solution
and incubated for 1 hour at 4°C with gentle rocking. The
beads were collected and washed five times with 1-mL lysis
buffer, and then bound proteins were eluted by heating the
beads in 2x SDS sample buffer (125 mmol/L Tris, pH 6.8,
4% SDS, 20% glycerol, 100 mmol/L DTT, and 0.02%
bromophenol blue) at 95°C for 5 minutes, followed by
removal of the beads. The resulting IP eluate was analyzed
by Western blot analysis, as described above.

Analysis of Public Data Sets

The Cancer Genome Atlas BRCA RNAseq data set was
downloaded using Xena (University of California, Santa
Cruz, https://xenabrowser.net/datapages/, last accessed
December 12, 2018). Samples were separated into TNBC
and non-TNBC subsets on the basis of human epidermal
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growth factor 2 receptor, estrogen receptor, and progesterone
receptor expression. RNA expression data are presented as
fragments per kilobase million-upper quartile (FPKM-UQ)
values. Reverse phase protein array expression data were
obtained from The Cancer Proteome Atlas (TCPA; MD
Anderson Cancer Center, https://tcpaportal.org/tcpa/
download.html, last accessed December 12, 2018). The two
data sets were aligned in R version 3.5.1 (R Foundation for
Statistical Computing, Vienna, Austria) by matching
sample identifiers. To confirm matching of samples, it was
checked that reverse phase protein array expression values
correlated well with The Cancer Genome Atlas (TCGA)
mRNA expression values for the same gene.

Statistical Analysis

Statistical significance of immunohistochemical staining
results was performed using the Pearson % test. All corre-
lation tests of TCGA/TCPA data were performed using the
Pearson product moment correlation test, with significance
of multiple comparisons tested by the false discovery rate
method.”” Direct comparisons of two sample groups used
unpaired #-test. All statistical analyses were performed in R
version 3.5.1.

Results

FOXA1 Expression Identifies TNBC Subsets with Distinct
Clinical and Pathologic Characteristics

To investigate SFK activation in TNBC and its interaction
with CDCP1/PKCS3 signaling, a set of FFPE blocks, repre-
senting 56 primary TNBCs resected between 2011 and 2017,
was gathered. A punch biopsy sample of each tumor was
removed from the parental block and reembedded to facilitate
the manual assembly of small tissue microarrays and the
extraction of individual samples for biochemical analysis.
The full cohort of TNBC patient samples was characterized
by IHC to evaluate expression of FOXA1, a nuclear chro-
matin binding protein required for AR function that is
differentially expressed by LAR-TNBC,"’ and vimentin, a
mesenchymal intermediate filament protein. A complete list
of samples used in this study and relevant clinical informa-
tion are shown in Supplemental Table S1. Of the 56 TNBC
foci, 24 (43%) were FOXA1 positive (FOXA1™). The clin-
ical and pathologic features of the TNBC cohort are shown in
Table 2 in relation to expression of FOXAI. Patients with
FOXA1™ tumors were on average nearly 20 years older than
those with FOXAl-negative (FOXA1") tumors
(P = 0.0008). All patients who presented with locally
advanced disease (T3 or T4; 5 of 56 patients) had FOXA1™
tumors. FOXA1 expression was not significantly associated
with nodal stage; however, FOXA1~ tumors were more
likely to be histologically high grade (P = 0.03) and to have
a Ki-67 proliferation index >30% (P = 0.006). These
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Table 2  Clinical and Pathologic Features of TNBC Patient Samples in Relation to FOXA1 Expression
Total FOXA1 negative FOXA1 positive
Characteristic Value % Value % Value % P value*
Patients, n 56 32 57 24 43
Age, years
<50 11 20 10 31 1 4 0.0008
50—70 25 45 16 50 9 38
>70 20 36 6 19 14 58
T stage
1 15 27 7 22 8 33 0.04
2 36 64 20 63 16 67
3/4 5 9 5 16 0 0
N stage
NA 7 2 5
0 33 67 23 77 10 53
1 10 20 4 13 6 32
2/3 6 12 3 10 3 16
Nottingham histologic grade
1 0 0 0 0 0 0.03
2 6 11 3 5 21
3 50 89 31 97 19 79
Ki-67
<30 8 14 1 3 7 29 0.006
>30 48 86 31 97 17 71
Mesenchymal and myoepithelial markers
Vimentin
Negative 18 32 5 16 13 54 0.002
Positive 38 68 27 84 11 46
Sox10
Negative 14 41 2 11 12 75 0.0002
Positive 20 59 16 89 4 25
CK5/6
Negative 10 48 6 46 4 50
Positive 11 52 7 54 4 50
SFK_pY416
Negative 33 59 17 53 16 67 0.1
Positive, 5%—20% 10 18 5 16 5 21
Positive, >20% 13 23 10 31 3 13

*P values calculated using Pearson 2 test.

CK, cytokeratin; FOXA, forkhead box protein A; NA, not applicable; Sox, Sry-box; TNBC, triple-negative breast cancer.

findings indicate that FOXA1 expression identifies a clini-
cally and pathologically distinct subset of TNBCs.

BL and mesenchymal TNBCs are reported to frequently
express vimentin, a marker for epithelial-mesenchymal
transition,”® % but the extent to which vimentin is
expressed in LAR-TNBC is not well defined. To address
this, vimentin expression was assessed in our TNBC cohort.
In fact, 46% (11/24) of FOXA1" TNBCs expressed
vimentin. In contrast, vimentin expression was observed in
84% (27/32) of FOXA1™ TNBCs (Table 2). A subset of the
cohort for putative BL-TNBC markers SOX10 and CK5/6
was also stained. SOX10 expression was significantly
associated with absence of FOXAI1, but CK5/6 was
expressed in approximately 50% of both FOXA1" and
FOXA1™ tumors (Table 2). In summary, 43% of this TNBC
cohort expressed FOXAL1, a nuclear protein associated with
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the LAR-TNBC subtype.”” FOXA1" tumors were from
significantly older patients and more frequently were his-
tologic grade 2, clinical features associated with LAR-
TNBC.’ In addition, FOXA1 expression had a significant
negative correlation with expression of SOX10, a marker
associated with BL-TNBC.’ On the basis of these findings,
we suggest that most of the FOXA1" tumors in this cohort
are LAR-TNBC.

High Levels of SFK_pY416 Are Observed Predominantly
in FOXA1~/Vimentin* TNBC

To identify TNBC with active SFK signaling, tissue sec-
tions were stained with a commercially available antibody
recognizing multiple SFK isoforms phosphorylated at Y416.
SFK_pY416 was detected immunohistochemically in tumor
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Protein Protein expression heat map for cohort of 56 TNBC Expression Scale
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Figure 1

SFK substrates CUB-domain containing protein 1 (CDCP1) and protein kinase C & (PKC3) are phosphorylated in SFK_pY416 positive triple-negative

breast cancer (TNBC). A: Representative patient sample with diffuse immunohistochemical staining of tumor cells for SFK_pY416, CDCP1_pY743, and
PKC&_pY311. Staining for each marker was detected primarily on the cell membrane. Negative cells are predominantly stromal lymphocytes. B: Representative
patient sample with a focal/low (<20%) pattern of staining for SFK_pY416, CDCP1_pY743, and PKC&_pY311 in tumor cells. C: Representative patient sample
with negative staining. Insets: Areas of interest at higher magnification to show detail. D: Summary of staining results in panel of 56 TNBC samples. Main
images were acquired using a 10x objective, and insets were acquired using a 40x objective. Scale bars = 100 um (A—C). FOXA, forkhead box protein.

cells in 23 of the 56 TNBCs (41%). The staining pattern was
predominantly membranous (Figure 1, A and B). This
finding is consistent with reports indicating that SFK acti-
vation occurs predominantly at the cell membrane.** A
similar staining pattern was reported by Anbalagan et al®” in
their study of TNBC samples. The percentage of
SFK_pY416™ tumor cells ranged from 5% to 100% (me-
dian, 50%) (Supplemental Table S1). There was no asso-
ciation between SFK_pY416 expression and patient age,
tumor stage, nodal stage, histologic grade, or Ki-67 prolif-
eration index (Table 3). Expression of SFK _pY416 was
detected more often in FOXA1~ samples, but this trend did
not reach statistical significance (P = 0.1), likely because of
the limited cohort size. There was also an association be-
tween high levels of SFK_pY416 expression and expression
of vimentin. Of the 13 tumors in which >20% of tumor cells
expressed SFK_pY416, 12 also expressed vimentin
(P = 0.03). The association between SFK_pY416 expres-
sion and vimentin was not observed in tumors with focal/
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low (<20% positive cells) expression of SFK_pY416. A
subset of the TNBC foci in this cohort was evaluated for
expression of additional markers associated with epithelial-
mesenchymal transition, including Slug and N-cadherin,
and no clear association with SFK_pY416 was identified
(data not shown). In summary, IHC analysis identified
SFK_pY416 staining in 41% of TNBCs. High expression of
SFK_pY416 (>20% of tumor cells) was observed more
frequently in FOXA 1 /vimentin* tumors.

Expression of SFK_pY416 Is Associated with
Phosphorylation of SFK Substrates CDCP1 and PKCd in
Tumor Cells

To confirm that positive SFK_pY416 staining is an indi-
cation of SFK activity, the phosphorylation of two SFK
substrates, CDCP1 and PKC93,>”*® was evaluated by IHC
(Figure 1). Like SFK_pY416, the staining pattern of
CDCP1 phosphorylated at Y743 (CDCP1_pY743) and
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Table 3  Clinical and Pathologic Features of TNBC Patient Samples in Relation to High (>20%) SFK_pY416 Expression
Total SFK_pY416 negative/low (<20%) SFK_pY416 positive (>20%)
Characteristic Value % Value % Value % P value*
Patients, n 56 43 77 13 23
Age, years
<50 11 20 9 21 2 15
50—70 25 45 20 47 5 38
>70 20 36 14 33 6 46
T stage
1 15 27 12 28 3 23
2 36 64 27 63 9 69
3/4 5 9 4 9 1 8
N stage
NA 7 5 2
0 33 67 27 63 6 46
1 10 20 7 16 3 23
2/3 6 12 4 9 2 15
Nottingham histologic grade
1 0 0 0 0
2 6 11 5 12 1 8
3 50 89 38 88 12 92
Ki-67
<30 8 14 6 14 2 15
>30 48 86 37 86 11 85
Vimentin
Negative 18 14 17 40 1 8 0.03
Positive 38 86 26 60 12 92
FOXA1
Negative 18 14 22 51 10 77
Positive 38 86 21 49 3 23
Src substrates
CDCP1 pY743
Negative 40 71 40 93 0 0 <0.0001
Positive 16 29 3 7 13 100
PKC3 pY311
Negative 44 79 40 93 4 31 <0.0001
Positive 12 21 3 7 9 69

*P values calculated using Pearson 2 test.

CDCP, CUB-domain containing protein; FOXA, forkhead box protein; NA, not applicable; PKC, protein kinase C; TNBC, triple-negative breast cancer.

PKC3 phosphorylated at Y311 (PKCd_pY311) was almost
entirely membranous. Twenty-four foci (43%) were
CDCP1_pY743™" and 17 foci (30%) were PKC3_pY311™*.
The percentage of CDCP1_pY743" tumor cells ranged
from 5% to 100% (median, 55%); the percentage of
PKC3_pY311" tumor cells ranged from 20% to 100%
(median, 60%). Expression of the three phosphoproteins in
the SFK/CDCP1/PKC3 pathway was highly correlated
using >20% positive cells as a threshold (P < 10°%
(Table 3). Furthermore, CDCP1_pY743 and PKC3_pY311
staining colocalized with SFK_pY416, even in samples with
focal/low (<20%) expression of SFK_pY416 (Figure 1, B
and D). Together, these results suggest that SFK_pY416
staining is a valid marker for SFK activation in TNBC and
that SFK activation in TNBC tumor cells is usually
accompanied by phosphorylation of the SFK substrates
CDCP1 and PKC3.

The American Journal of Pathology m ajp.amjpathol.org

Western Blot Analysis Confirms IHC Results and Reveals
Co-Expression of SFK_pY416 and SFK_pY527 in Tumor
Samples

The THC data were validated with Western blot analysis of
protein lysates extracted from FFPE tissue samples: all
samples that tested positive for SFK_pY416 by IHC also
showed a specific band at 60 kDa for SFK_pY416
(Figure 2A). Lysate from the TNBC cell line MDA-MB-
231, which is known to have an active SFK/CDCP1/
PKC3 pathway, was used as a positive control
(Figure 2A).*** The cleavage of the extracellular domain
of CDCP1 promotes its activity.”"°' Western blot analysis
was crucial to investigate the CDCP1 cleavage pattern
associated with SFK activation, as the two CDCP1 isoforms
cannot be distinguished by IHC because of the lack of an-
tibodies that specifically recognize the cleaved isoform.
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CDCP1 was cleaved to varying degrees in all tumor foci
analyzed, independent of SFK phosphorylation at Y416
(Figure 2A). As predicted by IHC findings, CDCP1_pY743
was detected by Western blot analysis almost exclusively in
tumors in which SFK_pY416 and CDCP1_pY743 were
detected by THC (Figure 2A). Interestingly, all tumor foci
that were SFK_pY416™ were also SFK_pY5277, the ca-
nonical marker of inactive SFK (Figure 2A). Analysis of
SFK_pY416~ tumors in the context of FOXA1 expression
revealed differences in SFK phosphorylation patterns. Of
the five SFK_pY416~ samples, two have the classic inactive
SFK phosphorylation pattern pY416~/pY527" (Figure 2A),
and both are FOXA1". The other three samples show no
evidence of SFK phosphorylation at either Y416 or Y527
(Figure 2A), and these tumors are FOXA1 ™.

To investigate the association between SFK_pY416 and
SFK_pY527 further, a public data set from TCPA, an arm of
TCGA that used reverse phase protein array to quantify
protein-level expression data,”” was interrogated. In agree-
ment with the data presented in Figure 2A, of 224 proteins
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Correlation (R)

analyzed in TCPA, SFK_pY416 most strongly correlated
with SFK_pY527 (Figure 2B). Other highly correlated
protein markers included three phosphorylated pro-
teins—Src homology region 2-containing protein tyrosine
phosphatase 2 (SHP2), epidermal growth factor receptor,
and STAT3—all of which are known to be associated with
increased SFK activity.””*** Fatty acid synthetase, known
to be highly expressed in LAR-TNBC,”’ negatively corre-
lated with SFK_pY416 (Figure 2B). CDCP1 and PKCd
phosphorylation were not evaluated in this 224-protein data
set. The co-expression of SFK_pY416 and SFK_pY527,
shown in patient samples in Figure 2, suggests a possibility
that individual SFK molecules are biphosphorylated.

Analysis of SFK_pY416, Isolated by
Immunoprecipitation, Confirms the Presence of
Biphosphorylated SFK in TNBC

To provide more direct evidence for existence of biphos-
phorylated SFK in TNBC, SFK_pY416, isolated by IP,
was analyzed for the presence of SFK_pY527. To perform
IP, FFPE solubilization procedure was optimized to ach-
ieve the SDS concentration compatible with IP. A
reducing agent, such as DTT, is critical for optimal solu-
bilization of proteins from FFPE (unpublished observa-
tions, L.J.N. and F.S.H.). Two FFPE tumor samples were
extracted with buffers that varied in SDS and DTT

Figure 2  SFK_pY416 and SFK_pY527 are co-expressed in triple-negative
breast cancer (TNBC). A: Western blot analysis confirms the co-expression
of phosphorylated SFK/CUB-domain containing protein 1 (CDCP1) pro-
teins, as determined by immunohistochemistry (IHC), and shows the co-
expression of SFK_pY416 and SFK_pY527. Paraffin sections of TNBC were
extracted and analyzed by standard Western blot analysis technique.
forkhead box protein 1 (FOXA1), vimentin, and SFK_pY416 expression levels
in tumor cells, as determined by IHC, are summarized on top. Probing with
SFK_pY416 antibody detects a 60-kDa band in all patient samples that were
SFK_pY416™ by IHC (lanes 4 and 8 to 13) and does not detect the band in
patient samples that were SFK_pY416~ by IHC. Cleaved CDCP1_pY734,
CDCP1_pY743, and SFK_pY527 are co-expressed with SFK_pY416. Whole cell
lysate from the TNBC cell line MDA-MB-231 was used as a positive control
(lane 1). TNBC-2 (lane 4) has granular cytoplasmic staining for SFK_pY416.
All other SFK_pY416™ tumors had membrane staining. Equal amounts of
protein were loaded to each lane, as quantitated by tryptophan fluores-
cence spectrometry. B-Actin was used as a loading control. B: Analysis of
TNBC proteome in silico showing top eight proteins (protein names dis-
played next to data point) whose expression is correlated with SFK_pY416,
with SFK_pY527 exhibiting the strongest correlation. TNBC tumor samples
were isolated from The Cancer Proteome Atlas (TCPA) breast cancer (BRCA)
data set by negativity for estrogen receptor, progesterone receptor, and
human epidermal growth factor 2 receptor and analyzed for correlation of
protein markers. Correlations were derived by Pearson product moment
correlation test. cCDCP1, cleaved CDCP1; EGFR, epidermal growth factor
receptor; FASN, fatty acid synthase; flCDCP1, full-length CDCP1; MEK1, dual
specificity mitogen-activated protein kinase kinase 1; NFKBp65, nuclear
factor NF-kappa-B p65 subunit; PEA15, astrocytic phosphoprotein PEA-15;
RAB25, Ras-related protein rab-25; SFK, Src family kinase; SHP2, Src ho-
mology region 2—containing protein tyrosine phosphatase; STAT3, signal
transducer and activator of transcription 3.
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Figure 3  Optimization of dithiothreitol (DTT) and SDS concentrations
for solubilization of formalin-fixed, paraffin-embedded (FFPE) protein
compatible with immunoprecipitation. A: Representative images of
SFK_pY416 staining of two FFPE triple-negative breast cancer (TNBC) tu-
mors used in extraction optimization and Figure 4. TNBC-47 contains
SFK_pY416™ tumor cells and SFK_pY416~ tumor-infiltrating lymphocytes
(TILs), whereas TNBC-27 contains SFK_pY416™ tumor cells and SFK_pY416™
TILs. B: Western blot analysis of phosphorylated SFK and total Src in pro-
tein samples extracted using variable amounts of DTT and SDS sets the
effective concentrations to 100 mmol/L DTT/1% SDS or 10 mmol/L DTT/4%
SDS. Equal FFPE tissue volumes were used for each extraction, and equal
volumes of extract were loaded to each lane. Scale bars = 50 um (A).

concentrations (Figure 3). TNBC-47 exhibits strong and
diffuse staining for SFK_pY416 in tumor cells and a
tumor-infiltrating lymphocyte (TIL) population that is
SFK_pY416~ (Figure 3A). In contrast, TNBC-27 exhibits
both tumor cells and TILs that are SFK_pY416"
(Figure 3A). Even in the presence of 4% SDS, optimal
solubilization of proteins requires 10 mmol/L DTT; on the
other hand, in the presence of 100 mmol/L DTT, extrac-
tion with 1% SDS is as efficient as 4% SDS (Figure 3B).

Analysis of SFK_pY416, isolated from MDA-MB-231
cells under optimized extraction conditions, clearly dem-
onstrates  biphosphorylation of SFK. Probing the
SFK_pY416 IP with SFK_pY527 antibody detected a
strong protein band, indicating that at least a portion of the
SFK_pY416™" population is also phosphorylated at Y527
(Figure 4A). IP with the SFK_pY416 antibody was spe-
cific because probing the SFK_pY416 IP with an antibody
specific for SFK not phosphorylated at Y416 (SFK_non-
pY416) showed no signal (Figure 4A). A similar result
was obtained with protein extracted from TNBC-47 and
TNBC-27 (Figure 4B). To determine which SFK isoforms
were precipitated by SFK_pY416 antibody from these two
TNBCs, the IP was probed for Src, Lyn, and Lck. Lyn is
reported to be up-regulated and active in TNBC,”*”° and
Lck is essential for T-cell activation.”™® In the TNBC-47
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sample without SFK_pY416" TILs, Src was the only
isoform detected in SFK_pY416 IP (Figure 4B). In the
TNBC-27 sample with SFK_pY416Jr TILs, both Src and
Lck were detected in SFK_pY416 IP (Figure 4B). There is
a correlation between expression of multiple SFK isoforms
[tyrosine-protein kinase Yes (Yes), tyrosine-protein kinase
Fyn (Fyn), and tyrosine-protein kinase Hck (Hck)] and
expression of SFK_pY416 in the TNBC cohort in TCGA
(Supplemental Figure S1), but the presence of other SFK
isoforms in TNBC tumor samples was not addressed in
this study. In summary, these data indicate that SFK is

A MDA-MB-231
<&
>
<L SFK
IP Antibody: -  Src pY416 IgG
Src
/
Src | —— —1gG
—SFK
SFK_pY416 p—

p—— —SFK
SFK_pY527 r- . st

SFK_non-pY416 | ===

B TNBC Tumors

N

¥ N
O O
gz

T Tnecar TNBC-27

(SFK_pY416° TIL) (SFK_pY416* TIL)

SFK SFK
IP Antibody: Src pY416 IgG  Src pY416 IgG

src | PO -

SFK_pY416

2 %
3 g
NN
Narp i

SFK_pY527

SFK_non-pY416 || ?

«—Lyn

o [ i

«—Lck

o P B

Figure 4 Immunoprecipitation of SFK_pY416 followed by Western blot
analysis of SFK_pY527 shows that SFK molecules are biphosphorylated at
Y416 and Y527 in triple-negative breast cancer (TNBC). Protein lysates from
MDA-MB-231 cells (A) and TNBC-47 and TNBC-27 formalin-fixed, paraffin-
embedded tumor samples (B) were immunoprecipitated with the anti-
bodies indicated on top, and then analyzed by Western blot analysis with
antibodies indicated on the left. Probing the SFK_pY416 precipitate with an
antibody specific for SFK not phosphorylated at Y416 (SFK_non-pY416)
shows no signal after immunoprecipitation (IP). TNBC-47 sample with no
SFK_pY416~ tumor-infiltrating lymphocytes (TILs) shows SFK_pY416™ Src
only. TNBC-27 sample with SFK_pY416™ TILs shows both SFK_pY416™ Src
and leukocyte C-terminal Src kinase (Lck). No SFK_pY416™ Lck/Yes-related
novel protein tyrosine kinase (Lyn) is detected in either sample.
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biphosphorylated at Y416 and Y527 on the same molecule
in a TNBC cell line and patient tumors.

TNBCs without SFK Activation (SFK_pY416~) Have a
Difference in Y527 Phosphorylation between FOXA1™
and FOXA1™ Tumors

Two FOXAI1" tumors that were SFK_pY416~ and
SFK_pY527+ were observed, whereas three FOXA1™ tu-
mors were SFK _pY416~ and SFK_pY527 (Figure 2).
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This prompted us to analyze additional tumors that were
SFK_pY416~ to see if the differential pattern of
SFK_pY527 phosphorylation could be generalized. Indeed,
SFK_pY527 was detected in seven additional
SFK_pY416 /FOXA1" tumors (Figure 5A). A small
amount of SFK_pY416 was detected by Western blot
analysis in three of the samples, which were SFK_pY416™
by IHC (Figure 5). To address this discrepancy between the
Western blot analysis and IHC results, the IHC staining was
reanalyzed and SFK_pY416 was observed in TILs, not
tumor cells (Supplemental Figure S2). When six
SFK_pY416 /FOXA1~ foci were analyzed by Western
blot analysis, five contained no detectable SFK_pY527
(Figure 5B).

In summary, all TNBC samples in this study with >20%
SFK_pY416" tumor cells contained high levels of both
SFK_pY416 and SFK_pY527 (nine of nine samples). In
samples  without SFK pY416 in tumor cells
(SFK_pY4167), FOXAl1* TNBC tended to be
SFK_pY527+ (seven of seven samples; classic inactive
SFK), and FOXA1™ TNBC tended to be SFK_pY527~
(eight of nine samples). Because phosphorylation of
SFK_Y527 stabilizes an inactive SFK conformation,
FOXA1™ TNBC may carry a form of SFK that is poised for
activation.

Expression of SFK_pY416 in TNBC TILs Is Associated
with High TIL Content and Expression of Inflammatory
and Immune Response Genes

To assess the gene expression changes associated with SFK
activation in TNBC, TNBC samples from TCGA were
separated into SFK_pY416™ and SFK_pY416' groups and
differentially expressed genes were identified. A heat map
representing the top 100 genes positively and negatively
correlated with SFK_pY416 is displayed in Figure 6A. The
full heat map of positively regulated genes is shown in
Supplemental Figure S3. The positively correlated genes
were analyzed using Gene Ontology analysis through the

Figure 5  Western blot analysis of SFK_pY416~ triple-negative breast
cancer (TNBC) reveals that forkhead box protein 1 (FOXA1)* samples tend
to be SFK_pY527* and FOXA1~ samples tend to be SFK_pY527~. Paraffin
sections of TNBC were extracted and analyzed by standard Western blot
analysis technique. FOXA1, vimentin, and SFK_pY416 expression levels in
tumor cells, as determined by immunohistochemistry (IHC), are summa-
rized on top. A: All FOXA1"/SFK_pY416~ samples tested were SFK_pY527+.
The presence of SFK_pY416 in lanes 2, 4, and 6 is due to the presence of
SFK_pY416™ lymphocytes in these tumor samples (shown in Supplemental
Figure S1). B: Five of six FOXA1™ /SFK_pY416~ samples tested were
SFK_pY527~ (lanes 2, 3, and 5 to 7). Three FOXA1™/SFK_pY416™ tumor
samples were run as controls. All samples contain phosphorylated AMP-
activated protein kinase alpha (AMPKa) as a uniformly phosphorylated
control for phosphoprotein extraction. Equal amounts of protein were
loaded to each lane, as quantitated by tryptophan fluorescence spec-
trometry. B-Actin was used as a loading control. cCDCP1, cleaved CDCP1;
CDCP1, CUB-domain containing protein 1; flCDCP1, full-length CDCP1; PKC,
protein kinase C.

ajp.amjpathol.org m The American Journal of Pathology


http://ajp.amjpathol.org

Biochemical Analysis of SFK in TNBC

A B

TCGA Transcripts correlate with SFK_pY416 in TNBC

GO terms positively correlated
with SFK pY416 in TNBC

FOR

- (Hog10)

e }
"

I1 - B

l[[‘

0 eIl Signal transduction 9
-1 LIl Cell communication 8
= Ll |lmmune system process 7

mmune response-regulating signaling SEIaEY

[Immune response-activating signal SEELNCERY
Leukocyte cell-cell adhesion
 Positive regulation of immune sysEURLCaey

T T T

3 6 9
FDR (-log10)

LT R BRI

pY416'° samples

o

pY416M samples

*
*
*
*
*
»
L
*
*
*
*

N
)
)

L]

s : A . St
L] L]
001, ! J — ! —F J ! J J

lo mid hi lo mid hi lo mid hi lo mid hi

Figure 6  Insilico analysis of The Cancer Genome Atlas (TCGA)/The Cancer Proteome Atlas data sets reveals that expression of SFK_pY416 in triple-negative
breast cancer (TNBC) is associated with expression of inflammatory and immune response genes. A: Heat map depicting relative expression of mRNA transcripts
that correlate with expression of SFK_pY416 in TNBC. TNBC tumors were isolated from breast cancer (BRCA) TCGA data set on the basis of negativity for
estrogen receptor, progesterone receptor, and human epidermal growth factor 2 receptor. TNBC samples were separated into SFK_pY416™ (top 15%) and
SFK_pY416' (bottom 15%) for presentation purposes to highlight differences in gene expression. The positively correlating gene names are provided in
Supplemental Figure S3. B: Gene Ontology (GO) analysis of top 100 genes correlated with SFK_pY416 expression reveals enrichment in genes involved in
immune and inflammatory responses. No significant enrichment terms were discovered for the top 100 genes negatively correlated with SFK_pY416 expression
(data not shown). C: Expression of immune checkpoint genes increases as SFK_pY416 increases in TNBC samples. PDCD1 encodes PD1 protein; (D274 encodes
PD-L1 protein; and PDCD1LG2 encodes PD-L2 protein. P values were derived by unpaired ¢ test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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FDR, false discovery rate; hi, high; lo, low; mid, middle; PD1, programmed cell death protein 1; PD-L, programmed cell death 1 ligand.

STRING database.”” Samples with high SFK_pY416
showed a strong enrichment for genes involved in immune
and inflammatory processes as well as cytokine/chemokine
signaling (Figure 6B). Several of these genes have been
reported as overexpressed in the immunomodulatory TNBC
phenotype described by Lehmann et al”* and the basal-like
immune activated TNBC phenotype described by Burstein
et al.” The top negatively correlated genes did not show any
significantly enriched Gene Ontology terms with this
method (data not shown). Because an immune signature and
expression of immune checkpoint genes may have signifi-
cance for immunotherapy,”® the expression of genes
encoding CTLA-4, PD-1, PD-L1, and PD-L2 was analyzed
in relation to SFK_pY416. All four genes showed a sig-
nificant increase in SFK_pY416™ samples (Figure 6C).

To further investigate the correlation between SFK acti-
vation and expression of immune checkpoint proteins in
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TNBC, a large subset of our TNBC cohort was stained for
CD3, CTLA-4, PD-1, and PD-L1. Their protein expression
in each tumor was estimated by visual assessment of the
density of positively staining cells and the intensity of the
staining. The results were compared with similar measure-
ments of SFK_pY416 in tumor cells and lymphocytes. No
correlation was observed between tumor SFK_pY416 and
any of the immune markers examined (Figure 7A and
Table 4). In contrast, there was a modest, but significant,
correlation between lymphocyte SFK_pY416 and all five
measures of immune cell infiltration (Figure 7B and
Table 4). The correlation between lymphocyte
SFK_pY416 and TIL, CD3, and immune checkpoint
proteins was driven by tumors that expressed high levels
of all of these markers (Figure 7B), and limited by tumors
that expressed relatively little lymphocyte SFK_pY416
but high levels of CD3" T cells and immune checkpoint
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SFK is phosphorylated at Y416 in tumor-infiltrating lymphocytes in a subset of triple-negative breast cancer (TNBC). Scatterplots showing rela-

tionship between SFK_pY416 expression and immune proteins. A: Tumor SFK_pY416 does not correlate with PD1/PD-L1 or T-cell marker CD3. B: Lymphocyte
SFK_pY416 positively correlates with all three markers. Axes represent immunohistochemical (IHC) staining overall score (Materials and Methods). Enlarged blue
and green points represent samples depicted in C and D. C: Representative IHC staining of TNBC-16 tumor with CD3"/PD17/PD-L1" immune infiltrate and
SFK_pY416 expression in both lymphocytes and tumor cells. D: Representative IHC staining of TNBC-45 tumor with CD3%/PD17/PD-L1" immune infiltrate but no
SFK_pY416 expression. *P < 0.05, ***P < 0.001 between the two variables (Pearson product moment correlation test). Scale bars = 100 um (C and D).

proteins (Figure 7, B—D). Photomicrographs of two tu-
mors demonstrating the variation that can be observed in
TIL SFK activation in TNBC are shown in Figure 7, C
and D. Both tumors have abundant PD1, PD-L1, and
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CD3 staining in TILs. TNBC-16 contains abundant
intratumoral and stromal lymphocytes with active SFK
(Figure 7C), whereas TNBC-45 contains almost no lym-
phocytes with active SFK (Figure 7D).
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Table 4 Correlation of Immune Protein Staining with SFK_pY416
in FFPE TNBC Tumors

Tumor SFK_pY416

Lymphocyte SFK_pY416

Immune

protein  Correlation (R)* FDR  Correlation (R)*  FDR
CTLA-4 0.05 0.66 5% 10°°
PD1 —0.14 0.52 4 x 107*
PD-L1 0.07 0.32 0.036
TIL —0.16 0.43 4 x 103
(D3 —0.12 0.59 6 x 1074

*Correlation (R) derived by Pearson product moment correlation test.

CTLA4, cytotoxic T-lymphocyte protein 4; FDR, false discovery rate; FFPE,
formalin fixed, paraffin embedded; PD1, programmed cell death protein 1;
PD-L1, programmed cell death 1 ligand 1; TIL, tumor-infiltrating lympho-
cyte; TNBC, triple-negative breast cancer.

In summary, IHC and Western blot analysis shows that
SFK activation exists in a subset of TNBC tumors and is
accompanied by phosphorylation of the SFK substrates
CDCP1 and PKC3. Active SFK exists in a biphosphorylated
form (pY416'/pY527%) and is seen more often in
FOXA1 /vimentin” TNBC. Finally, active SFK in TILs,
but not tumor cells, correlates with the expression of im-
mune response markers in a subset of TNBC tumors.

Discussion

TNBC is a heterogeneous aggressive breast cancer subtype
that disproportionately affects young women, African
American women, and women with a germline mutation in
BRCA-1. Loss of tumor suppressor functions in TNBC is
well described, but the signaling pathways that drive the
high proliferation rate and metastatic efficiency of TNBC
are less well understood. Our research groups and others
have investigated an oncogenic signaling pathway in TNBC
in which SFK activation and PKCS are coupled through a
receptor-like  oncoprotein—CDCP1.****3%%°  CDCPI is
highly expressed and associated with poor prognosis in
TNBC." TNBC cell lines are susceptible to growth inhi-
bition by dasatinib, an SFK and Abl kinase inhibitor, but
dasatinib had limited activity when used as a single agent in
TNBC patients with chemotherapy-resistant disease.'®’"
These findings suggest that successful targeting of SFK in
TNBC requires a better understanding of SFK activation
states and its downstream pathways driving tumorigenesis.
This report presents a biochemical analysis of SFK activa-
tion based on its phosphorylation state and phosphorylation
of its downstream substrates CDCP1 and PKC3 in clinical
samples of 56 TNBCs. The cohort was annotated with
FOXAT1 and vimentin expression data, determined by IHC,
based on reports that FOXA1 is highly expressed in LAR-
TNBC™’ and vimentin is highly expressed in basal-like and
mesenchymal TNBC.”"-**

To identify TNBC with active SFK by IHC, an antibody
that recognizes multiple SFK isoforms with a phosphory-
lated tyrosine residue in their activation loop (SFK_pY416)
was used. Phosphorylation of the activation loop is a general
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mechanism for activation of protein kinases, ' and has

been shown to lock the SFK kinase domain in an active
conformation.”” Expression of SFK_pY416 was detected in
tumor cells in 41% of this TNBC cohort. To determine
whether expression of SFK_pY416 is a valid indication of
SFK activity in TNBC, IHC was performed for phosphor-
ylated substrates of SFK. Indeed, expression of SFK_pY416
was highly associated with phosphorylation of known SFK
substrates CDCP1 and PKCS (P < 107% (Table 3).
Immunohistochemical detection of SFK_pY416 has been
used previously to characterize TNBC.°*"? In this study, the
SFK_pY416 analysis was complemented with analysis of
phosphorylation of two SFK substrates, which strengthened
the conclusion that SFK_pY416™ samples have active SFK
signaling in TNBC.

The strong correlation between expression of
SFK_pY416 and CDCP1_pY734/pY743 in TNBC clinical
samples supports the conclusion previously made in cancer
cell lines that CDCP1 activates SFK by serving as a binding
platform for SFK autophosphorylation, and that active SFK,
in turn, phosphorylates CDCP1 at multiple sites at its C-
terminus.*'"*> The observation that SFK_pY416 is not
detected immunohistochemically in the absence of CDCP1
phosphorylation further supports this signaling relationship.
Multiple studies in cell lines and animal models have clearly
identified CDCP1 and PKC9 as crucial downstream effec-
tors of SFK that directly contribute to aggressive behavior
of cancer cells.”®**440499399 Qur discovery that this
pathway is active in clinical samples of TNBC builds on
these studies and solidifies the rationale for targeting this
pathway in TNBC. Because of the well-established role of
SFK in solid tumor progression,’” efforts have been focused
on small-molecule discovery for direct targeting of SFK.
However, SFK inhibition as a monotherapy has so far
shown minimal efficacy in treating solid tumors, including
TNBC.”""" Clinical trials of SFK inhibitors have also been
hampered by drug toxicity and serious adverse effects.’*
Targeting either CDCP1 or PKC3 directly may be a better
therapeutic strategy because CDCP1 knockout mice are
viable with no known pathology.”” Recently, several stra-
tegies for inhibiting CDCP1 and/or PKCd have been
developed: i) anti-CDCPI1 blocking antibodies prevented
tissue colonization and caused poly (ADP-ribose) poly-
merase 1—mediated apoptosis in vivo in a mouse metastasis
model®'; ii) a small molecule blocking the interaction be-
tween CDCP1 and PKCS showed promising antitumor ef-
fects in mouse models of gastric cancer and pancreatic
cancer’®; and iii) a CDCPI blocking fragment that acts
extracellularly inhibited CDCP1 dimerization and PKC3
activation and decreased tumor progression and metastasis
in two mouse models of TNBC.**”” Thus, targeting CDCP1
or PKC9 directly to inhibit this protumorigenic arm of SFK
signaling may prove to be an effective therapeutic strategy
for a subset of TNBC patients.

Western blot analysis of SFK_pY416" tumor samples
demonstrated that they were also SFK_pY5277. Analysis of
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TCPA data confirmed a correlation between SFK_pY416™
and SFK_pY527" in TNBC (Figure 2B) and other tumor
types (data not shown). Immunoprecipitation confirmed that
SFK molecules are biphosphorylated (Figure 4). Although
phosphorylation at Y527 is generally known as a negative
regulator of SFK activity,”” biphosphorylated SFK has been
previously reported to exist and be active. Nika et al’®
demonstrated that Jurkat cells and naive human CD4" T
cells contain biphosphorylated Lck. Biochemical reconsti-
tution studies using purified recombinant SFK and C-ter-
minal Src kinase have shown that C-terminal Src kinase can
phosphorylate SFK at Y527 after it is activated by auto-
phosphorylation at Y416, and that this biphosphorylated
enzyme remains active.”” In addition, concurrent phos-
phorylation of both sites has been observed in a nonca-
nonical pathway of SFK activation stimulated by oxidative
stress.”’ Phosphorylation of SFK downstream substrates
CDCP1 and PKC3 in samples with biphosphorylated SFK
confirms that it is active in that state. It is not clear from our
studies whether the phosphorylation of Y527 occurs
concurrently with or subsequent to phosphorylation of Y416
during the activation of SFK. However, the observation that
most FOXA1™ TNBCs are either biphosphorylated or lack
phosphate at both sites suggests that these phosphorylation
events are linked in some way.

Western blot analysis of SFK_pY416~ TNBC also yiel-
ded interesting results. Specifically, in SFK_pY416 /
FOXA1" TNBC, SFK is phosphorylated at Y527, whereas
in SFK _pY416 /FOXA1™ TNBC, SFK is generally not
phosphorylated at Y527. Phosphorylation of Y527 stabilizes
an inactive conformation of pY416~ SFK, and dephos-
phorylation of Y527 produces an SFK isoform with a
flexible tertiary structure that may toggle between active and
inactive conformations.®' In fact, classic biochemical anal-
ysis of recombinant SFK Hck has shown that the kinase
with unphosphorylated Y416 and even Y416F/A mutants
are active in solution.*”*’ Our data suggest that
SFK_pY416™ is not active in TNBC toward CDCP1. This
discrepancy suggests that the mechanisms regulating SFK
activity in cellular systems are more complex than simple
dephosphorylation of Y527 and phosphorylation of Y416.
Dephosphorylation of Y527 also frees the SFK Src ho-
mology domain 2 to bind phosphotyrosine sites on other
proteins, potentially increasing the local concentration of
pY416~/pY527~ isoforms, leading to trans-
autophosphorylation of Y416 and activation. FOXA1™ tu-
mors thus appear to carry an isoform of SFK that is poised
for activation. The absence of phosphate at Y527 in
FOXA1™ TNBC observed in this study suggests that the
equilibrium between kinase and phosphatase activities that
regulates the phosphorylation of Y527 is altered in
FOXA1™ TNBC. However, the mechanism behind this
phenomenon is unknown and warrants further investigation.

In silico analysis of the gene expression profiles of TNBC
revealed a positive correlation between expression of
SFK_pY416 and expression of immunomodulatory genes
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encoding PD1, PD-L1, CTLA-4, and PD-L2, among others.
The IHC analysis reported herein suggests that this corre-
lation is primarily due to SFK activation in TILs. Specif-
ically, it was determined that SFK_pY416 is highly
expressed by lymphocytes in a subset of TNBC with
abundant TILs. This finding is of interest because, although
the abundance of TILs in TNBC has been identified as both
a prognostic and a predictive variable,*" research has begun
to focus on the functional properties of TILs and tumor-
specific factors that interact with TILs that influence the
response of tumors to immunomodulatory therapies.®
Although it was initially considered that SFK activation in
tumor cells might be associated with immune activation on
the basis of our in silico observations, TCGA and TCPA
data sets are not mapped to the multitude of tumor, con-
nective tissue, and immune cell types in tumors. The use of
an in situ method (immunohistochemistry) allowed deci-
phering an interesting correlation initially discovered in
silico.

This study demonstrates the feasibility of Western blot
analysis of proteins extracted from FFPE tissue to assess
signaling pathway activity. Despite the extensive protein
chemical modifications and denaturation associated with
formalin fixation and paraffin embedding, protein antigens
have been analyzed in FFPE tissue by IHC since the advent
of antigen retrieval methods.*® The first successful appli-
cation of shotgun proteomics to FFPE was reported in
2005.%" Since then, several reports have indicated that the
protein composition of tissue in FFPE material is equivalent
to fresh tissue.”** Complete solubilization of proteins in
FFPE is not essential for successful bottom-up proteomic
analysis because proteins are fragmented in this
approach.®””*’'  However, complete solubilization is
essential for methods, such as Western blot analysis, in
which intact proteins are analyzed according to their mo-
lecular weight. The solubilization procedure used in this
study was validated by comparison of Western blot analyses
of extracts prepared from fresh and cognate FFPE tissue
samples (data not shown) and is similar to a solubilization
procedure validated by mass spectroscopy.” The buffer
used to solubilize FFPE for Western blot analysis has 4%
SDS and 100 mmol/L DTT. We found that optimal solu-
bilization of proteins in FFPE tissue requires at least 10
mmol/L. DTT. In the presence of 10 mmol/L DTT, SDS
levels as low as 1% showed no decrease in performance,
facilitating downstream applications requiring a non-
denaturing environment (such as immunoprecipitation).
Other investigators have shown that high pressure improves
the solubilization of proteins from FFPE.”” High-pressure
systems for protein extraction were not used in this study
because all of the proteins of interest could be detected with
the method used; the utilization of high-pressure systems
might be essential for protein extraction to detect other
protein types. Western blot analyses should be ideal for
characterizing proteins in FFPE that are expressed as vari-
able molecular weight isoforms due to proteolysis, as shown
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herein for CDCP1, or isoforms arising from alternate
mRNA splicing. The number of antibodies that are validated
for use in Western blot analysis far exceeds the number of
antibodies validated for use in paraffin IHC. The ability to
evaluate protein expression in FFPE tissue by Western blot
analysis expands the catalog of antibodies that can be used
to study archived tissue.

This study analyzed single 3- or 4-mm punch biopsies of
a selected group of TNBC resections. Patients who received
neoadjuvant chemotherapy were largely excluded, and
therefore older patients and smaller tumors are probably
overrepresented in this cohort of TNBC. The most cellular
areas of primary tumors were selected for analysis, generally
near but not necessarily including the tumor-stroma inter-
face. This approach was essential to our goal of analyzing
individual tumor foci by Western blot analysis. This selec-
tion process may have resulted in overrepresentation or
underrepresentation of some aspects of TNBC biology. The
potential limitations of this approach are similar to those that
have been considered potentially limiting for tissue micro-
array studies.”” The area of a 4-mm punch biopsy is >40-
fold larger than the area of a standard 0.6-mm tissue
microarray core, but still represents a limited part of the
tumor it came from. Bias introduced by examining punch
biopsy samples rather than whole tumor sections may be
particularly relevant to the study of tumor microenviron-
ment. Herein, we analyzed only three immune checkpoint
proteins, and they were scored manually from single marker
IHC stains. An accurate assessment of the tumor immune
landscape requires multiplexed imaging and sophisticated
digital image analysis, as described by Giraldo et al.”*
Another potential limitation of the current study is the use
of resected tumors to evaluate phosphoprotein markers.
Protein phosphorylation may fluctuate significantly during
the period of ischemia that occurs during and after surgical
resection.”””® The stability of the phosphoprotein markers
in our study was analyzed, and they were found to be
generally stable (data not shown), but we recognize that
analysis of more rapidly fixed TNBC tissue could reach
different conclusions. Our observations regarding the
phosphorylation and activity of SFK/CDCP1/PKC3
pathway were highly consistent but were based solely on
tumor foci with activation of SFK in a high percentage of
tumor cells. Samples with more focal activation of SFK
were not analyzed by Western blot analysis in the current
study.

In summary, this study provides evidence that SFK
activation occurs in tumor cells as well as the microenvi-
ronment of TNBC, specifically in TILs. SFK activation in
TNBC tumor cells is associated with phosphorylation of
SFK substrates—CDCP1 and PKCS3. SFK activation in
TNBC was most often observed in FOXA1~ TNBC and
was associated with phosphorylation of both Y416 and
Y527 in SFK. The pattern of SFK phosphorylation was
dependent on the tumor type as well as the SFK activation
status: in FOXAI"™ TNBC, when Y416 1is not
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phosphorylated, Y527 generally is phosphorylated (canonic
inactive state); in FOXA1™ TNBC, Y416 and Y527 are
generally not phosphorylated (poised activation state) or are
both phosphorylated (noncanonic active state). These results
generate novel insights into SFK activation in TNBC sub-
types and strengthen the rationale behind targeting the SFK/
CDCP1/PKC3 signaling in a subset of TNBC patients.
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