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Summary Androgen-deprivation therapy has been used to treat salivary duct carcinoma (SDC). The andro-
gen receptor splice variant-7 (AR-V7) has been detected in castration-resistant prostate cancer and impli-
cated in resistance to androgen receptor (AR)—targeted therapies. Given the potential role of AR/AR-V7
in SDC treatment, this study focuses on AR/AR-V7 expression in SDC specimens collected before
androgen-deprivation therapy. RNA in situ hybridization (ISH) and immunohistochemistry (IHC) to detect
total AR and AR-V7 were performed on formalin-fixed, paraffin-embedded SDC specimens from 23 pa-
tients. Full-length AR and AR-V7 transcripts were quantified in a subset of tumors by reverse-transcription
polymerase chain reaction. Twenty SDCs were positive for total AR by ISH and IHC. Among AR-positive
SDCs, 70% (14/20) were positive for AR-V7 messenger RNA by ISH, whereas 15% (3/20) were positive
for AR-V7 protein by IHC. The 3 SDCs that expressed the highest levels of AR-V7 were all from female
patients; one of them expressed a significant amount of AR-V7 and barely detectable full-length AR tran-
scripts by reverse-transcription polymerase chain reaction. IHC expression of Forkhead box protein Al,
prostate-specific antigen, prostatic acid phosphatase, and NKX3.1 was observed in some SDCs regardless
of patient sex. Five SDCs demonstrated strong human epidermal growth factor receptor 2 expression. We
conclude that treatment-naive SDCs may express AR-V7 at levels comparable to or even exceeding the
levels detected in castration-resistant prostate cancer. Our data support the feasibility to incorporate AR-
V7 assessment via ISH and/or IHC in the ongoing clinical trials evaluating the therapeutic benefit of AR-tar-
geted therapies in SDC patients.
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1. Introduction

Salivary duct carcinoma (SDC) is a rare and aggressive sal-
ivary gland malignancy often presenting with locally ad-
vanced disease or distant metastasis. Standard treatment of
SDC is surgical resection with or without radiation therapy.
The tumor is resistant to chemotherapy, and the mortality rate
is high. Currently, there are only a few treatment modalities
available for recurrent and metastatic SDC [1]. Amplification
of human epidermal growth factor receptor 2 (HER2) has been
detected in 15% to 50% of SDC. Trastuzumab, a HER2 inhib-
itor, has been tested with some clinical benefit in SDC patients
[1,2]. However, controlled studies have not been done partly
because of the rarity of this disease.

Normal salivary gland tissue expresses very little androgen
receptor (AR) and is largely negative for AR by immunohisto-
chemistry (IHC) staining. However, IHC staining of AR is
positive in SDC, with a reported positivity rate ranging from
67% to 83%. In fact, a recent study has demonstrated up to
98% AR positivity by IHC in SDCs [3]. Androgen-deprivation
therapy (ADT), a mainstay treatment of metastatic prostate
cancer, has been used in the treatment of metastatic and recur-
rent AR-positive SDC. Case series have reported clinical ben-
efit of ADT for patients with recurrent and/or metastatic AR-
positive salivary gland cancer; most of these were patients
with SDC or adenocarcinoma not otherwise specified [4-6].
Given the resistance of SDC to chemotherapy, as well as the
emergence of AR as a promising treatment target, ADT has
been considered a potential first-line systemic treatment for
SDC patients. Clinical trials (NCT02749903, NCT01969578,
and NCT02867852) are currently ongoing to investigate the
efficacy of ADT in the treatment for male and female patients
with recurrent or metastatic AR-positive salivary gland can-
cers [7]. These trials will shed light on the clinical benefits
and limitations of ADT in AR-positive salivary gland cancers,
most of which are SDCs. Among the questions to be interro-
gated are whether AR expression may be a clinically useful in-
dication for ADT in SDC patients and how to select SDC
patients who will benefit the most from ADT.

The mechanisms for castration resistance in prostate cancer
have been studied extensively, and it has been generally ac-
cepted that despite castration levels of circulating androgen,
AR signaling is sustained by bypassing the requirement for
physiological levels of serum androgen in most castration-re-
sistant prostate cancers (CRPCs). The mechanisms for sus-
tained AR signaling under castration include the following:
(1) adrenal and intratumoral androgen synthesis; (2) AR gene
amplification resulting in elevated AR expression in tumor
cells, which become supersensitive to castration levels of an-
drogens; (3) AR gene mutations; and (4) constitutively active
AR splice variants [8]. It remains largely unknown, however,
whether similar mechanisms operate in SDC patients.

The AR gene consists of 8 canonical exons, of which exon
1 encodes the N-terminal domain, exons 2 and 3 encode the
DNA binding domain (DBD), and exons 4 to 8 encode the

hinge region and the ligand binding domain. In comparison
to the full-length AR (AR-FL), the splice variants retain the in-
tact N-terminal domain and DBD but often do not have the li-
gand binding domain, mainly because of splicing of an
intronic sequence to exons 1 to 3 (creating a cryptic exon) or
exon skipping [9]. Among all AR splice variants identified
so far, AR-V7 is the most abundant and most extensively char-
acterized [8]. Although usually only expressed at a fraction of
the levels of AR-FL, these splice variants are capable of main-
taining AR signaling in the absence of ligands and therefore
represent an important mechanism for castration resistance
[10]. Several studies have shown that detection of AR-V7
messenger RNA (mRNA) or protein in circulating tumor cells
from metastatic CRPC patients can be used as a biomarker to
predict resistance to abiraterone or enzalutamide, 2 Food and
Drug Administration—approved novel hormonal therapy
agents for CRPC patients [11,12].

Despite the initial efficacy of ADT in SDC with an approx-
imate 65% overall response rate, some patients have had dis-
ease recurrences subsequent to initial response, a scenario
similar to those seen in CRPC. Furthermore, a small portion
of AR-positive SDC patients do not respond to ADT therapy
at all [5,6]. A study using frozen tissue has demonstrated the
presence of AR splice variant AR-V7 mRNA in SDCs by re-
verse-transcription polymerase chain reaction (RT-PCR). This
may represent an important molecular mechanism for resis-
tance to ADT in SDC patients, similar to what is seen in pros-
tate cancer [13]. A more recent study has shown the presence
of AR-V71in 8 of 16 SDC frozen specimens by RNA sequenc-
ing [14].

It is reasonable to hypothesize that AR-V7 may play impor-
tant roles in the de novo or acquired ADT resistance developed
initially or during disease recurrence subsequent to initial re-
sponse to ADT in AR-positive SDC. Accordingly, SDC pa-
tients with AR-V7 overexpression may portend lack of
benefit from ADT at treatment initiation. To investigate the
mechanisms underlying the potential benefit of ADT and re-
sistance to ADT in AR-positive SDC, this study aimed to in-
terrogate AR and AR-V7 expression in SDC. We focused on
establishing a clinically useful, reliable assay to detect AR-
V7 in formalin-fixed, paraffin-embedded (FFPE) tissue and
determining the frequency and pattern of AR and AR-V7 over-
expression in SDC clinical specimens. By studying AR signal-
ing using routine surgical pathology specimens, we sought to
contribute to a strategic plan for the selection of SDC patients
who may benefit the most from ADT.

2. Materials and methods
2.1. SDC tissue specimens

This study was performed in accordance with our institu-
tion’s institutional review board approval. The Pathology De-
partment electronic database for surgical pathology specimens
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was searched for the diagnosis of “salivary duct carcinoma”
between January 1, 2000, and January 1, 2017. Archived
slides and FFPE blocks of available cases were retrieved.
One FFPE block from each tumor was selected for studies.

2.2. Cell culture and cell block

Prostate cancer cell lines with known AR/AR-V7 status
were used as controls, as described previously [15]. Briefly,
PC3 cells were cultured in Dulbecco modified Eagle medium
supplemented with 10% fetal bovine serum at 37°C in 5%
CO,. LNCaP95 cells of an androgen-independent cell line de-
rived from parental LNCaP cell line were cultured in phenol
red—free RPMI 1640 medium supplemented with 10% char-
coal-stripped fetal bovine serum (CSS; Invitrogen, Carlsbad,
CA). Cell pellets were fixed in 10% neutral-buffered formalin
and embedded in paraffin.

2.3. Total AR and AR-V7 RNA in situ hybridization

RNA in situ hybridization (ISH) with probes targeting total
AR and AR-V7 was performed using the RNAscope 2.5 HD
Detection Reagent—RED (Advanced Cell Diagnostics, Hay-
ward, CA). RNAscope Probe—Hs-AR-E1-E3 targeting AR
exons 1 to 3 was used for total AR mRNA including AR-FL
and AR splice variants. RNAscope Probe—Hs-AR-V*E target-
ing the cryptic exon 3 was used for AR-V7 mRNA detection
(Fig. 1). Each probe consists of 18 to 20 pairs of oligonucleo-
tides, which complementarily hybridize to their target se-
quences and span regions up to 1 kb long. ISH was
performed as described previously [11]. LNCaP95 and PC-3
cell blocks were used as positive and negative controls, respec-
tively, for the ISH. Briefly, freshly cut sections from FFPE
clinical specimens or cell line blocks were baked at 60°C for

Full Length AR
Total AR probe
T BEECEEE
N-Terminal Domain DBD Ligand Binding Domain
AR-V7
AR- V7 probe

1 [EIE]

N-Terminal Domain DBD

Cryptic Exon 3

Fig. 1  Schematic illustration of exon compositions for the mRNA
of AR-FL and AR-V7. Functional domains encoded by the exons as
well as the ISH probe locations are marked. AR-V7 contains the intact
N-terminal domain (encoded by exon 1) and DBD (encoded by exons
2/3) but lacks the ligand binding domain (encoded by exons 4/5/6/7/
8). The total AR probe was designed to target exons 1 to 3 shared by
AR-FL and AR splice variants. The AR-V7 probe was designed to
target cryptic exon 3 (CE3) present in the AR-V7 mRNA but absent
in the AR-FL mRNA.

1 hour. The sections were then deparaffinized in xylene for
10 minutes before dehydration in 100% ethanol. The sections
were air-dried and then hybridized with target probes at 40°C
for 2 hours, followed by a series of preamplifier and amplifier
steps. Slides were counterstained with 50% hematoxylin be-
fore signal detection.

2.4. Immunohistochemistry

IHC stains for total AR, HER2, prostate-specific antigen
(PSA), prostate-specific acid phosphatase (PSAP), NKX3.1,
and Forkhead box protein A1 (FOXAT1) were performed on
the Roche Ventana Medical System’s Discovery XT auto-
mated platform. All reagents were Roche-Ventana (Tucson,
AZ) proprietary reagents except for the primary antibody dilu-
ent (Biocare Medical, Pacheco, CA) and Harris modified he-
matoxylin (ThermoFisher, Waltham, MA). The following
primary antibodies were used: total AR (AR441; Dako,
Carpinteria, CA), HER2 (SP3; ThermoFisher Scientific),
PSA (ER-PRS; Cell Marque, Rocklin, CA), PSAP (PASE/
4LJ; ThermoFisher), NKX3.1 (EP356; Cell Marque), and
FOXAT1 (ab5089 polyclonal IgG; Abcam, Cambridge, United
Kingdom). Deparaffinization was carried out on the instru-
ment, as was heat-induced epitope retrieval in the form of “cell
conditioning” with CC1 (Tris-based, pH 8.5 for PSA, PSAP,
NKX3.1, FOXAL) or with CC2 (citrate-based, pH 6.0 for
HER?2) for a duration of 44 minutes (HER2, FOXA1) or 28
minutes (PSA, PSAP, NKX3.1) at 95°C to 100°C. For primary
antibody incubation, 100 pL of 1:50 (total AR), undiluted
(PSA), 1:100 (HER2), 1:200 (NKX3.1, FOXAL1), or 1:1500
(PSAP) antibody was diluted in DaVinci Green (PBS-based,
pH 6.0; Biocare Medical; HER2, PSAP, NKX3.1) or Renoir
Red (Tris-based, pH 6.2; Biocare Medical; FOXA1) diluent
and was applied to tissue for 16 minutes (PSA), 28 minutes
(PSAP, NKX3.1), or 60 minutes (HER2, FOXA1) at 37°C.
After rinsing, Discovery OmniMap antirabbit (HER2,
NKX3.1), antimouse (PSA, PSAP), or antigoat (FOXA1)
horseradish peroxidase—conjugated secondary antibody was
applied for 8 minutes at 37°C followed by rinsing. Discovery
ChromoMap DAB detection kit (Ventana) was applied for a
preset time, followed by rinsing and offline counterstaining
with diluted Harris modified hematoxylin. Subsequent routine
histology steps resulted in slides with permanent mounting
media and No. 1.5 glass coverslips.

For IHC stain of AR-V7, deparaffinized FFPE sections
underwent antigen retrieval in antigen unmasking solution,
Tris-based high pH (H-3301; Vector Laboratories, Burlin-
game, CA), at 95°C for 20 minutes. The sections were incu-
bated with monoclonal antihuman AR-V7 antibody (clone
RM7, 1:200; RevMAD Biosciences, South San Francisco,
CA) for 70 minutes at room temperature, rinsed, and then incu-
bated with secondary antirabbit polyclonal IgG horseradish
peroxidase (PowerVision, PV6118; Leica Biosystems, Buf-
falo Grove, IL) for 30 minutes at room temperature.
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Standardized 3,3’-diaminobenzidine and hematoxylin coun-
terstains were used for signal development and detection.

2.5. Histologic scoring system

The ISH and IHC results were scored in a blinded semi-
quantitative fashion by 2 pathologists (authors R. H. and
R. Y.). ISH was scored 0 to 3+: a score of 3+ was given to sig-
nal that could be readily visualized at x40 magnification (x4
objective, x10 ocular); 2+ was signal that could be seen at
x100; and 1+ was signal that was only seen at x400. For
IHC stain, a semiquantitative score determined by the percent-
age of positively stained cells and the intensity of the stain be-
tween negative and 3+ was recorded holistically in a blinded
fashion for nuclear stain (total AR, AR-V7, NKX3.1, and
FOXAT1) and cytoplasmic stain (PSA and PSAP) in the fol-
lowing manner: negative, no staining; 1+, less than 25% cells
with weak staining; 2+; 25% to 75% cells with moderate

Table Baseline patient characteristics

intensity; 3+, more than 75% cells with strong intensity. For
HER2 staining, a score of 3+ was given to strong circumferen-
tial membranous staining of tumor cells, 2+ staining was
weakly circumferential, and 1+ staining was partially membra-
nous and noncircumferential staining. Contingency tables,
Fisher exact tests, and x 2 analysis testing were performed on
GraphPad Prism version 7.02 (GraphPad Software, La Jolla,
CA).

2.6. Reverse-transcription polymerase chain reaction

RT-PCR was performed to quantify the AR-FL and AR-
V7 transcripts, respectively, as described previously [11].
Total RNA was extracted from FFPE sections (with target le-
sions marked by R. H.), followed by cDNA synthesis, creating
template for quantitative RT-PCR. The RT-PCR primer se-
quences and reaction conditions used were described previ-
ously [11].

Patient subtypes No. % Median OS after CT (mo) 2 Median OS after surgery (mo) 2

Overall 23 100 28.0 27.1

Sex .658° 759
Male 13 56.5 28.0 27.1
Female 10 43.5 45.8 44.4

Age (y) .0009* .0017%
<50 4 17.4 28.0 27.1
50-70 13 56.5 61.4 56.8
>70 6 26.1 11.5 9.4

Clinical stage 0010° .0019°
[-11T 7 30.4 NR NR
IVa 12 52.2 28.0 27.1
Ve 4 17.4 9.7 9.3

XRT or chemotherapy 963 735
Yes 16 69.6 28.0 27.1
No 7 30.4 57.3 56.8

Tumor size (cm) 0187° .0424°
0.0-2.0 9 39.1 NR NR
2.01-4.0 10 434 25.5 24.2
>4.0 4 17.4 16.25 12.2

Primary site .988? 921*°
Parotid 21 91.3 28.0 27.1
Submandibular 2 8.7 30.25 19.2

Ex-PA .849¢ 938
Yes 4 17.4 19.5 18.45
No 19 82.6 36.9 27.1

EtOH abuse Hx 371° .691°
Yes 8 34.8 25.5 24.2
No 15 65.2 45.8 44.4

Smoking Hx 452° 435
Yes 14 61.9 57.3 44.4
No 9 39.1 23.1 22.0

Abbreviations: EtOH, Ethanol; Ex-PA, carcinoma ex-pleomorphic adenoma; NR, not yet reached median overall survival; XRT, radiation; OS, overall survival;

CT, computed tomography; mo, month.
? Denotes P value using log-rank testing.
° Denotes P value for trend.
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Fig. 2  Representative images from 3 SDC cases with various levels of total AR and AR-V7. Total AR was detected by AR ISH (mRNA) and
AR THC (protein), whereas AR-V7 was detected by V7 ISH (mRNA) and V7 THC (protein). The specimen identification number is indicated on
the top. Case 19 is negative for AR and AR-V7. Original magnification x100; inset magnification x600.
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2.7. Survival analysis

Overall survival time in months was defined as the date of
initial diagnostic computed tomography (CT) scan or date of
surgical resection to the date of death or the date of last clinical
evaluation if no death was documented. Survival (Kaplan-
Meier) curves were created, and Mantel-Cox log rank analysis
testing was performed on Prism version 7.02 (GraphPad). Be-
cause of the exploratory nature of these analyses, no correc-
tions for multiple comparisons were made.

3. Results
3.1. SDC patient characteristics

The University of Wisconsin Health and Clinics Pathology
archives were queried for histologically confirmed SDCs be-
tween January 1, 2000, and January 1, 2017. FFPE specimens
from 23 SDC patients (13 men, 10 women) were retrieved. Pa-
tient ages ranged from 31 to 88 years, with a mean (SD) of 61
(14.5) years. Tumor sizes ranged from 0.8 to 10.0 cm, with a
mean (SD) of 3.12 (2.2) cm. Sixteen (70%) of 23 patients were
staged between stages [Va to IVc (American Joint Committee
on Cancer), having at least moderately advanced local disease
(pT4a), any nodal disease with a tumor size of greater than 3

cm (pN2), or metastatic disease (cM1). Three (13%) patients
were staged between stages I to II, with tumors of 4 cm or less
(pT1 or pT2) without nodal or distant metastatic disease. Four
tumors (17%) were carcinoma ex-pleomorphic adenoma, 1
was minimally invasive and 3 were widely invasive. All pa-
tients underwent surgical resection of the tumor. Sixteen pa-
tients (70%) received adjuvant radiation therapy, 2 of whom
also received adjuvant chemotherapy (Table), and none re-
ceived ADT. Median overall survival was 27.1 months after
surgery and 28 months after diagnostic CT scan. Both param-
eters demonstrated statistically significant associations with
clinicopathological stage (Supplementary Fig. S1).

3.2. Total AR and AR-V7 expression in SDC clinical
specimens

The LNCaP95 and PC-3 cell lines served as positive and
negative controls for the ISH testing, respectively. ISH analysis
demonstrated positive (3+) signal for both total AR and AR-V7
in LNCaP95 cells and was negative for both in PC-3 cells (data
not shown). Twenty (87%) of 23 SDCs, 7 from female patients,
were positive for total AR mRNA expression as demonstrated
by the probe targeting total AR (Figs. 1 and 2, Supplementary
Table S1). Most of the AR ISH—positive cases scored 2+ or 3+
(Fig. 2, Supplementary Table S1) in cancer tissue, whereas the

Fig.3  Cancer-specific expression of ARs in a SDC ex pleomorphic adenoma. A, A relatively sharp demarcation between the benign-appearing
pleomorphic adenoma (lower half of the image) and the SDC component (left and right upper corners) in a SDC ex-pleomorphic adenoma (original
magnification x100). B, Higher magnification (x400) of the pleomorphic adenoma. C, Higher magnification (x400) of the SDC component. D,
Distinct overexpression of AR proteins in the carcinomatous component but not in the cells in the maternal pleomorphic adenoma by AR IHC
(x100). E and F, Distinct overexpression of total AR (E) and AR-V7 (F) mRNA in the carcinomatous component but not in the cells in the maternal
pleomorphic adenoma by ISH. Left lower corner insets in panels D to F are amplified images (x600) from the benign-appearing pleomorphic ad-
enoma. Right upper corner insets in panels D to F are amplified images (x600) from the carcinomatous component.
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Fig. 4  Quantitation of AR-FL and AR-V7 mRNA by RT-PCR in
eight SDCs. The x-axis represents specimen identification numbers.
The y-axis measures the transcript copy numbers of AR-FL (white)
and AR-V7 (black) mRNA transcripts per 10* copies of RPLI3A (a
housekeeping gene used for data normalization) transcripts.

adjacent benign salivary gland tissue was AR ISH negative.
The total AR mRNA expression was corroborated by protein
expression demonstrated by IHC detecting all AR forms with
an antibody targeting the N-terminal domain (Figs. 1 and 2,
Supplementary Table S1). Notably, the total AR mRNA and
protein binary (positive/negative) expression statuses demon-
strated a 100% concordance. Three cases of AR-positive
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SDCs were carcinoma ex-pleomorphic adenoma. One particu-
lar tumor (no. 12) showed a relatively sharp demarcation be-
tween the concurrent benign appearing pleomorphic
adenoma and SDC (Fig. 3A-C) and was used to demonstrate
cancer cell-specific expression of AR. As shown in Fig. 3D
and E, the total AR mRNA and proteins were overexpressed
in the carcinomatous component but largely negative in the be-
nign-appearing pleomorphic adenoma component.

Fourteen (70%) of 20 AR-positive SDCs, 5 of which were
from female patients, expressed AR-V7 mRNA detected by
ISH. Expression signals in the 14 ISH-positive cases were gen-
erally lower in comparison to total AR, with the majority (n =
9) scoring 1+ (Fig. 3, Supplementary Table S1). Five tumors
(nos. 15, 16, 21, 22, and 24), 4 of which were from female pa-
tients, expressed high AR-V7 mRNA (scores 2+ to 3+, ISH-
high) at levels comparable to CRPC (Fig. 2, Supplementary
Table S1). When stratified by sex, there seemed to be a statis-
tically nonsignificant trend toward female patients expressing
higher levels of AR-V7 mRNA by ISH (x? test, P = .0625).
Similar to total AR, AR-V7 mRNA was expressed in the car-
cinomatous component in case 12, but not in the benign-
appearing pleomorphic adenoma component (Fig. 3F).

AR-V7 protein expression was detectable by [HC in 3 of 5
AR-V7ISH-high SDCs (nos. 15, 21, and 24), but was not seen
in the ISH-negative or ISH-low cases (Fig. 2, Supplementary
Table S1). The AR-V7 protein expression was particularly
strong in nos. 15 and 21 (Fig. 2). Interestingly, all 3 patients
were women (Supplementary Table S1). A Fisher exact test
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Fig. 5 Representative images of PSA, PSAP, NKX3.1, and FOXA1 IHC expression in SDCs. The panels portray cytoplasmic staining of PSA and
PSAP and nuclear staining of NKX3.1 and FOXA1, respectively (original magnification x400). The specimen identification number is indicated in
parenthesis.
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Representative images of HER2 IHC in SDCs scored as negative (Neg), 1+, 2+, and 3+ based on the membranous staining (original mag-

nification x400). The specimen identification number is indicated in parenthesis.

demonstrated a trend toward statistical significance (P =
.0596) for this association.

3.3. Confirmation of AR-V7 mRNA overexpression in
SDCs by RT-PCR

Eight SDCs were selected for quantitative RT-PCR analy-
sis using primers specific for AR-FL and AR-V7, respectively.
AR-FL was positive by RT-PCR in 6 SDC tumors, all of
which were positive for total AR by ISH and IHC analyses
(Fig. 4, Supplementary Table S1). Three tumors (nos. 15, 21,
and 22) were positive for AR-V7 mRNA by RT-PCR. Nota-
bly, case 15 demonstrated an unusual pattern of AR expres-
sion, showing extremely high AR-V7 expression, whereas
AR-FL mRNA was barely detectable by RT-PCR (Fig. 4).
Case 15 also demonstrated the highest AR-V7 expression by
both ISH and IHC (Fig. 2, Supplementary Table S1). There-
fore, the signals of total AR demonstrated by the ISH and
IHC analyses were mostly attributed to AR-V7 in this case.
Case 9 was RT-PCR negative for AR-FL/AR-V7 transcripts,
a finding consistent with AR/AR-V7 ISH.

3.4. Expression of PSA, PSAP, NKX3.1, and FOXA1 in
SDCs

Expression of prostate markers PSA (2 cases; 9%), PSAP (7
cases; 30%), and NKX3.1 (3 cases; 12%) was detected in SDCs
by THC (Supplementary Table S1). Positive staining was often

focal rather than diffuse. Expression of these markers was not
seen in adjacent benign salivary gland tissue. Fourteen SDCs
(61%) demonstrated low (1+) to moderate (2+) FOXA1 expres-
sion by IHC (Supplementary Table S1) in tumor tissue. Expres-
sion of FOXA1 was not observed in the adjacent benign
salivary gland tissue. Moderate expression of PSAP was seen
in one AR-negative SDC (no. 9), whereas none of the AR-neg-
ative SDC expressed PSA, NKX3.1, or FOXA1 (Supplemen-
tary Table S1). Representative [HC images of PSA, PSAP,
NKX3.1, and FOXAL are shown in Fig. 5.

3.5. HER2 overexpression in SDCs

Sixteen (70%) of 23SDCs demonstrated some amount of
membranous HER2 expression by IHC. Five tumors (22%)
showed strong (3+) HER2 expression, whereas HER2 expres-
sion was weaker in 11 SDCs (48%) (Supplementary Table
S1). The HER2 expression levels in the male and female pa-
tients were similar. Expression of HER2 and AR-V7 was not
mutually exclusive. However, SDCs with the highest HER2
expression (3+) were either negative or low for AR-V7 expres-
sion by ISH. Representative images of HER2 membranous
stain are shown in Fig. 6.

4. Discussion

SDC is a rare high-grade salivary gland malignancy. Surgi-
cal resection with or without adjuvant radiation is the primary
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treatment modality. The abysmal prognosis of this disease was
redemonstrated by the follow-up data that we retrieved from
this single-institution cohort. Several clinical trials are under-
way investigating ADT as a systemic treatment of SDC, given
that AR is overexpressed in most SDCs but not in benign sal-
ivary gland tissue. Small case series have shown that some
SDCs do not respond to ADT at all, and some SDCs recur un-
der castration despite an initial response to ADT, a situation
similar to those seen in CRPC, a more common but still lethal
malignancy. During the past few decades, extensive studies on
mechanisms of CRPC have led to the development of strate-
gies to treat CRPC and to select patients who will benefit from
AR-targeted therapies. AR-V7 has been found to play an im-
portant role in the development of CRPC and has been ex-
plored as a biomarker to predict diminished or lack of
response to AR-targeted therapies in prostate cancer patients
[8,10,11].

A few previous studies have demonstrated the presence of
AR-V7 mRNA in SDC frozen tissue [13,14]. This study
sought to develop and validate assays that can be applied to
surgical pathology specimens in the clinical setting by ISH
and [HC. Our data have shown that ISH was a sensitive and
highly specific method to detect both total AR and AR-V7 in
FFPE specimens, and that this test could be done routinely
using commercially available reagents. AR-V7 IHC staining
was less sensitive but highly specific in detecting AR-V7 pro-
tein expressed at levels that may be more clinically relevant.
The specificity of AR-V7 detection was confirmed by quanti-
tative RT-PCR. To the best of our knowledge, this is the first
report demonstrating AR-V7 protein expression in SDCs.

Unlike in prostate cancer, in which AR-V7 is usually over-
expressed after ADT, we found validated AR-V7 expression
in SDC patients without prior exposure to ADT. There seemed
to be a nonsignificant trend toward female patients expressing
higher levels of AR-V7 mRNA by ISH. In addition, all 3 AR-
V7 protein—positive SDC patients were women. Unexpect-
edly, 2 tumors expressed AR-V7 protein at levels comparable
to or even exceeding the levels detected in CRPC. It is reason-
able to speculate that tumor cells overexpressing AR-V7, a
constitutively active variant in the absence of ligands, may
have a growth advantage over tumors only expressing AR-
FL, which requires androgen for functioning, in the female pa-
tients in whom androgen levels are low and comparable to
those in castrated male patients. We anticipate that patients
with high levels of AR-V7 expression would be less likely to
benefit from ADT based on analogous data from prostate can-
cer studies [11,15]. This hypothesis needs to be tested in large
cohorts of SDC patients treated with AR-targeted therapies
(none of the patients in our cohort received ADT). Therefore,
it is important to incorporate testing of AR-V7 in SDCs at var-
ious stages (before and after treatment) during the ongoing
multi-institutional clinical trials using ADT in treatment regi-
mens to determine whether AR-V7 can serve as a prognostic
or predictive biomarker for hormonal therapy response. Based
on our findings, the testing can be done conveniently by stan-
dard ISH and/or IHC using commercially available reagents if

validated by independent studies. Questions that need to be an-
swered in these clinical trials may include the following: (1)
Does SDC expressing high levels of AR-V7 respond to ADT
at initiation? (2) Does AR-V7 expression increase during
ADT treatment? and (3) If so, does the tumor lose the respon-
siveness to ADT as CRPC does?

The mechanisms underlying AR/AR-V7 overexpression in
SDCs are still unclear. The role that AR singling may play in
the development of SDC has not been well characterized.
We observed total AR and AR-V7 overexpression in the
SDC, but not in its concurrent maternal pleomorphic adenoma
in a SDC ex-pleomorphic adenoma (Fig. 3). This finding
needs validation from a larger cohort study and may suggest
arole for AR in the pathogenesis of AR-positive SDCs.

FOXAL is a key member of the AR transcriptional com-
plex, and overexpression of FOXA1 has been noted in meta-
static prostate cancers and CRPC [16]. Mutations within the
DBD of FOXAT1 have been reported in CRPC. Similarly, mu-
tations of FOXA1 within the DBD have been described in
SDCs [14]. Our IHC analysis showed some amount of
FOXA1 expression in 61% of SDCs, all of which were posi-
tive for AR. Focal expression of prostate-specific markers
PSA, PSAP, and NKX3.1 was found in a few AR-positive
SDCs irrespective of patient sex, and moderate PSAP expres-
sion was observed in one AR-negative SDC. These findings
are somewhat different from those observed in prostate cancer,
suggesting potentially distinct and context-specific AR signal-
ing pathways between prostate cancer and SDC. These data
are relevant to pathology practice; IHC staining of prostate-
specific markers should be interpreted with caution in appro-
priate morphologic context when determining whether a met-
astatic tumor is of prostate origin, especially when the
patients have a history of salivary gland malignancy.

We found that 70% of SDCs expressed some amount of
HER2 and that strong, robust expression (3+) by IHC was
present in 5 tumors (22%), likely due to HER2/neu gene am-
plification. Although overexpression of HER2 and AR-V7
was not mutually exclusive, SDCs with the highest HER2 ex-
pression (3+) were either negative or low for AR-V7 expres-
sion (Supplementary Table 1), suggesting possible
independent pathways in the oncogenesis of these SDCs.

To summarize, we have detected overexpression of AR-
V7, a constitutively active splice variant of AR, at both tran-
script and protein levels in ADT-naive SDCs. We hypothesize
that this subset of patients may benefit less from ADT. This
hypothesis needs to be tested by studying patients treated with
ADT. Therefore, it is crucial to incorporate AR-V7 testing dur-
ing the ongoing clinical trials giving ADT to SDC patients.
Data retrieved from such studies will help build a strategic plan
to select patients who may benefit the most from ADT in the
future. The testing can be done conveniently on FFPE clinical
specimens by standard RNA ISH and/or [HC without the need
to obtain frozen tissue. Given the interesting results that we
have obtained so far, we believe that further exploration on
the mechanisms underlying AR-V7 overexpression in SDC
is also warranted.
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Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.humpath.2018.09.009.
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