
www.elsevier.com/locate/humpath

Human Pathology (2019) 84, 81–91
Original contribution
Nuclear immunoreactivity of BLM-s, a proapoptotic

BCL-2 family member, is specifically detected in
salivary adenoid cystic carcinoma☆,☆☆
Mu-Shiun Tsai MDa,b, Min-Shu Hsieh MD, PhDa,c,
Hsin-Yi Huang MD, PhDc, Pei-Hsin Huang MDa,c,⁎

aGraduate Institute of Pathology, College of Medicine, National Taiwan University, Taipei 100, Taiwan, ROC
bDepartment of Pathology, Landseed Hospital, Taoyuan 324, Taiwan, ROC
cDepartment of Pathology, National Taiwan University Hospital, Taipei 100, Taiwan, ROC

Received 2 June 2018; revised 12 September 2018; accepted 14 September 2018
tr
0

M

h
0

Keywords:
Salivary adenoid cystic
carcinoma (ACC);

BLM-s;
C-KIT;
Immunohistochemistry;
MYB (MYBL) FISH
Summary Tumor cells frequently evade apoptosis triggered by cellular stress via aberrant regulation of the
BCL-2 family members, which are key players in regulating cell death under physiological and pathological
situations. Previously, we have identified a novel BH3-only protein of the BCL-2 family, BLM-s (BCL-2–like
molecule, short form), that modulates apoptosis of postmitotic immature neurons during corticohistogenesis.
Whether BLM-s expression correlates with any subtype of human tumors has not been investigated. Here,
via BLM-s immunohistochemistry performed in various kinds of human tumors, we demonstrate that
BLM-s is specifically expressed in tumors derived from salivary gland (specificity, 0.76 [95% confidence in-
terval, or CI], 0.65-0.85]; sensitivity, 1 [95%CI, 0.99-1]). Stratification of BLM-s immunointensity and its sub-
cellular localization in correlation with salivary gland tumor subtype shows a statistically significant increase in
proportion and in intensity of nuclear staining for adenoid cystic carcinoma (ACC; specificity, 0.92 [95% CI,
0.88-0.95]; sensitivity, 0.82 [95%CI, 0.66-0.92]), a locally aggressive head and neckmalignancy. Comparison
among salivary ACC in correlation withMYB/MYBL fluorescence in situ hybridization, c-KIT immunohis-
tochemistry, and BLM-s immunohistochemistry shows that BLM-s' nuclear immunoreactivity has lower
false-negative detection rate (18.5% compared with 26.3% [MYB/MYBL fluorescence in situ hybridization]
and 34.2% [c-KIT], respectively). Intriguingly, ACC derived from other cell origins such as breast shows
negative BLM-s immunoreactivity. We thus propose that nuclear localization of BLM-s detected by immu-
nohistochemistry could be potentially used as an ancillary diagnostic marker for ACC originating from the
salivary gland, especially when the biopsy specimen is small with an unknown tumor origin.
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1. Introduction

Apoptosis is one of the key tumor-suppressionmechanisms
and is mainly regulated by the BCL-2 family [1]. Cancer
cells frequently dysregulate BCL-2 family members to evade
apoptosis triggered by hypoxia and genomic instability [2].
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Table 1 BLM-s immunohistochemistry in various types of human tumors (some paired with normal tissues)

Organ Diagnosis Case
no.

Negative
(%)

Positive (%)

Cytoplasmic Nuclear

Brain Normal 12 12 (100) 0 (0) 0 (0)
Low-grade astrocytoma 6 6 (100) 0 (0) 0 (0)
Pilocytic astrocytoma 4 4 (100) 0 (0) 0 (0)
Anaplastic astrocytoma 6 6 (100) 0 (0) 0 (0)
Glioblastoma 5 5 (100) 0 (0) 0 (0)
Medulloblastoma 3 3 (100) 0 (0) 0 (0)
Central neurocytoma 2 2 (100) 0 (0) 0 (0)
Dysembryoplastic neuroepithelial tumor 1 1 (100) 0 (0) 0 (0)
Meningioma 12 12 (100) 0 (0) 0 (0)

Lung Normal 12 12 (100) 0 (0) 0 (0)
Squamous cell carcinoma 15 15 (100) 0 (0) 0 (0)
Adenocarcinoma 18 18 (100) 0 (0) 0 (0)
Mucoepidermoid carcinoma 2 2 (100) 0 (0) 0 (0)
Small cell carcinoma 8 8 (100) 0 (0) 0 (0)

Esophagus Normal 10 10 (100) 0 (0) 0 (0)
Squamous cell carcinoma 10 10 (100) 0 (0) 0 (0)

Stomach Normal 12 12 (100) 0 (0) 0 (0)
Adenocarinoma, intestinal type 10 10 (100) 0 (0) 0 (0)
Adenocarcinoma, diffuse type 6 6 (100) 0 (0) 0 (0)

Colon Normal 16 16 (100) 0 (0) 0 (0)
Adenocarcinoma 21 21 (100) 0 (0) 0 (0)

Salivary gland Normal 8 2 (25) 6 (75) a 0 (0)
Post irradiated 4 0 (0) 4 (100) b 0 (0)
Tumor c 299 115 (38.5) 144 (48.2) 40 (13.4)

Gallbladder Normal 2 2 (100) 0 (0) 0 (0)
Adenocarcinoma 2 2 (100) 0 (0) 0 (0)

Liver Normal 12 12 (100) 0 (0) 0 (0)
Hepatocellular carcinoma 18 18 (100) 0 (0) 0 (0)
Intrahepatic cholangiocarcinoma 6 6 (100) 0 (0) 0 (0)

Kidney Normal 11 11 (100) 0 (0) 0 (0)
Clear cell renal cell carcinoma 12 12 (100) 0 (0) 0 (0)
Chromophobe renal cell carcinoma 8 8 (100) 0 (0) 0 (0)
Papillary renal cell carcinoma 1 1 (100) 0 (0) 0 (0)
Renal cell carcinoma, unclassified 1 1 (100) 0 (0) 0 (0)
Invasive urothelial carcinoma 12 12 (100) 0 (0) 0 (0)

Adrenal gland Normal 9 9 (100) 0 (0) 0 (0)
Pheochromocytoma 14 14 (100) 0 (0) 0 (0)
Neuroblastoma 5 5 (100) 0 (0) 0 (0)

Parathyroid Hyperplasia 2 2 (100) 0 (0) 0 (0)
Breast Normal 16 16 (100) 0 (0) 0 (0)

Invasive ductal carcinoma, no special type 25 25 (100) 0 (0) 0 (0)
Invasive lobular carcinoma 8 8 (100) 0 (0) 0 (0)
Mucinous carcinoma 2 2 (100) 0 (0) 0 (0)
Medullary carcinoma 2 2 (100) 0 (0) 0 (0)
ACC 3 3 (100) 0 (0) 0 (0)
Metaplastic carcinoma 2 2 (100) 0 (0) 0 (0)

Eye Normal 1 1 (100) 0 (0) 0 (0)
Malignant melanoma 1 1 (100) 0 (0) 0 (0)

Skin Non-neoplastic 15 15 (100) 0 (0) 0 (0)
Chondroid syringoma 5 5 (100) 0 (0) 0 (0)

Soft tissue Paraganglioma 8 8 (100) 0 (0) 0 (0)
Olfactory neuroblastoma 2 2 (100) 0 (0) 0 (0)
Ewing sarcoma 2 2 (100) 0 (0) 0 (0)

a Cytoplasmic stain in striated ductal epithelia.
b More intense cytoplasmic stain than nonirradiated salivary gland.
c Salivary gland tumors listed in Table 2.
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For example, overexpression of prosurvival BCL2 family
members has been reported in lung cancers [3] and glioma
[4]. Inactivation or down-regulation of proapoptotic BAX
is observed in ovarian cancer [5], prostate cancer [6], and
hematopoietic malignancies [7]. Genomic loss of BH3-only
proapoptotic BIM or PUMA was reported in lymphoma [8]
and renal cell carcinoma [9].
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Fig. 1 BLM-s immunohistochemistry in normal human tissues. BLM-s is
not detectable in other organs (D-O). Noticeably, BLM-s immunointensi
irradiation treatment, which is evidenced by glandular atrophy and stromal
epithelia; white arrowhead, acini. Scale bar, 50 μm.
Wehave previously identified a proapoptotic BH3-onlymem-
ber of the BCL-2 family, BLM-s (BCL-2–like molecule, short
form), whichmodulates apoptosis of postmitotic immature mi-
gratory neurons in response to DNA double-strand breaks dur-
ing murine neocortical development [10]. Whether BLM-s
plays a role in the pathophysiology of human diseases remains
unexplored. Overexpression of the human homolog of BLM-s
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detected in salivary gland, normal (A) or postirradiated (B and C), and
ty is much increased in ductal epithelia of salivary glands receiving
fibrosis with lymphocyte infiltrate. Black arrowheads, striated ductal

Image of Fig.�1


84 M. -S. Tsai et al.

Image of Fig.�2


85Immunohistochemistry of novel BH3-only protein BLM-s in human tumors
isoform—CCDC132 gene (also known as BLM-l [10],
mVPS50 [11], Syndetin [12], or VPS54L [13])—has been re-
ported in T cells in atopic dermatitis [14]. However, whether
BLM-s participates in tumor formation has not been investigated.

In this report, we have used immunohistochemistry to in-
vestigate the expression of BLM-s in various kinds of human
tumors. Particularly, BLM-s' nuclear immunoreactivity is
highly correlated with salivary adenoid cystic carcinoma
(ACC), one of the most common malignancies of salivary
gland. Salivary ACC accounts for approximately 1% of all
head and neck malignancies with a tendency for perineural in-
vasion and multiple local recurrences [15,16]. The pathologi-
cal feature of ACC is basaloid cells arranged in 3 main
architectural patterns: tubular, cribriform, or solid. Similar
ACC histologic feature could be observed in other head
and neck tumors, including cellular pleomorphic adenoma,
basaloid squamous cell carcinoma, neuroendocrine carci-
noma, and small blue round tumors. Therefore, ancillary
immunohistochemistry or other genetic tools are required for
diagnosis. Recently, reclassification of salivary gland tumors
by tumor subtype-specific fusion oncogenes suggests that
most salivary ACCs are associated with t(6;9)(q22-23;p23-
34) translocation that results in MYB-NFIB–fused gene [17].
Here, BLM-s immunohistochemistry is compared with
MYB/MYBL fluorescence in situ hybridization (FISH) in
correlation with the diagnosis of salivary ACC.

2. Materials and methods

2.1. Case selection

All human tissue samples were obtained from the Depart-
ment of Pathology, National Taiwan University Hospital
(NTUH), from 1996 to 2014 with approved written informed
consent by the patients and under the approval of NTUH
Research Ethics Committee (registered under NTUH Research
Ethics Committee Number: 201412108RIND). All cases
included in this study were reviewed and diagnosed indepen-
dently by at least 2 pathologists at NTUH. Cases of formalin-
fixed, paraffin-embedded tumor tissues of different organs
paired with normal tissue were randomly retrieved from the ar-
chives and selected for sectioning and immunohistochemistry.
For pilot BLM-s' immunohistochemistry screening, cases of
formalin-fixed, paraffin-embedded tumor tissues of different
Fig. 2 BLM-s is specifically expressed in salivary gland neoplasms. A, R
ticeably, strong nuclear staining of BLM-s is seen in most tumor cells of ACC
staining pattern is seen in some cases of salivary mucoepidermoid carcinom
tumors, as representatively shown in anaplastic astrocytoma, World Health
meningioma,WHO grade I (E), lung small cell carcinoma (F), lung adenoca
(I), breast invasive carcinoma of no special type (NOS; J), renal clear cell c
type; M), esophageal squamous cell carcinoma (N), and hepatocellular carc
tissue sections probed by Blm-s riboprobe and immunodetected by AP with
stained adjacent tissue section. Scale bar, 50 μm.
organs paired with normal tissue were randomly retrieved from
the archives (numbers ranging from 2 to 12). For those with
positive BLM-s immunoreactivity, more than 100 cases were
retrieved for immunohistochemistry and/or FISH.

2.2. Antibodies

Polyclonal chicken antimouse BLM-s antibody and poly-
clonal rabbit anti–BLM-l antibody were house generated [10],
and the feasibility for usage in human tissues by immunohisto-
chemistry is described in Supplementary Fig. S1. Anti-
CCDC132 (human homolog of mouse BLM-l) antibody
(Santa Cruz Biotech, Dallas, TX), antihuman c-KIT antibody
(Sigma-Aldrich, St. Louis, MO), and anti-SNAIL/SLUG
antibody (Abcam, Cambridge, United Kingdom) were
commercially purchased.
2.3. Immunohistochemistry and RNA in situ
hybridization in paraffin sections

Paraffin-embedded, 5-μm-thick sections were deparaffinized
and rehydrated. For immunohistochemistry, antigen retrieval
was performed through microwaving in 10 mM citrate sodium
(pH 6.0). After being blocked with 5% goat serum in Tris-
buffered solution (TBS), the sections were incubated with pri-
mary antibody (including anti–BLM-s, 1:50 dilution; anti-
CCDC132, 1:300 dilution; anti-c-KIT, 1:50 dilution, anti-
SNAIL+SLUG, 1:100 dilution) overnight at 4°C. After several
washes with TBS, the sections were incubated with biotin-
labeled secondary antibody (1:200 dilution; Vector Laborato-
ries, Burlingame, CA) for 1 hour at room temperature,
followed by amplification with avidin-biotin complex with
avidin-conjugated peroxidase (ScyTek Laboratories, Logan,
UT) and colorization with 3,3′-diaminobenzidine (Vector
Laboratories). For RNA in situ hybridization, a BLM-s ribop-
robe composed of sequences corresponding to human homo-
log CCDC132 nucleotide 2528-3005 (accession number
NM_017667) was synthesized with digoxigenin-labeled
dUTP (Roche, Basel, Switzerland) and used as described be-
fore [18]. The postwashed hybridized signal was immunode-
tected by antidigoxigenin AP antibody (Roche) and color
developed by HighDef red IHC chromogen (Enzo Life Sci-
ences, Farmingdale, NY).
epresentative BLM-s immunoreactivity in salivary gland ACC. No-
. B, Cytoplasmic BLM-s immunoreactivity mixed with some nuclear
a. C-O, BLM-s immunoreactivity is not detected in other nonsalivary
Organization (WHO) grade III (C), glioblastoma, WHO grade IV (D),
rcinoma (G), adrenal gland neuroblastoma (H), colon adenocarcinoma
arcinoma (K), Ewing sarcoma (L), gastric adenocarcinoma (intestinal
inoma (O). P, Representative RNA in situ hybridization performed in
red chromogen. Shown in each left lower boxed area is hematoxylin-



Fig. 3 Strong nuclear BLM-s immunoreactivity in ACC of salivary gland. A, Representative images for subcellular localization and immunoin-
tensity of BLM-s in salivary gland tumors. Immunohistochemistry of BLM-s in various subtypes of salivary gland tumors (B-J), pulmonary
mucoepidermoid carcinoma (K), breast ACC (L), and skin chondroid syringoma (M). Noticeably, strong nuclear immunointensity of BLM-s in
ACC derived from salivary gland (B) in comparison with negative BLM-s immunoreactivity in mucoepidermoid carcinoma derived from lung
(K) or breast ACC (L). Scale bar, 50 μm.
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2.4. Fluorescence in situ hybridization

Paraffin-embedded, 4-μm-thick sections were deparaffi-
nized, rehydrated, and treated with protease K followed by com-
mercially provided pretreatment buffer (Abbott Molecular, Des
Plaines, IL, USA) at 80°C for 50 minutes. MYB Split FISH
probes (Abnova, Taipei, Taiwan, ROC) or self-generated
MYBL1 FISH probes (RP11-707 M3: 3′ toMYBL1 with green
fluorescence; RP11-110 J18: 5′ to MTBL1 with orange fluo-
rescence) were applied to the pretreated sections. After being
hybridized overnight at 4°C, sections were washed with TBS
and counterstained with H33258. The slides were analyzed
by scoring 100 nonoverlapping nuclei for each case indepen-
dently by 2 pathologists using a fluorescence microscope
(Zeiss, Oberkochen, Germany, AXIO Imager.D2) and Axio-
Vision 4.5 software. Cases were considered to have MYB or

Image of Fig.�3
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MYBL1 abnormality when at least 20% of the tumor cells har-
bored split signals that were at least 2-signal diameter apart.

2.5. Statistical analysis

The comparison of BLM-s expression between different sal-
ivary gland neoplasms was evaluated by SPSS 20 χ2 test with
post hoc z test (SPSS, Chicago, IL). Sensitivity and specificity
of BLM-s immunohistochemistry among different types of
tumor were performed by online software MedCalc, Ostend,
Belgium (https://www.medcalc.org/calc/diagnostic_test.php),
and the confidence intervals (CIs) of sensitivity and specificity
are measured by Clopper-Pearson CIs. Statistical analysis of
demographic characteristics of patients with ACC was per-
formed using the Student t test for age and the Fisher exact test
for sex, local recurrence, distant metastasis, and death.

3. Results

3.1. BLM-s is specifically expressed in salivary gland
neoplasms

Several benign and malignant neoplasms paired with normal
tissue (listed in Table 1) were used to perform BLM-s
Table 2 Subcellular pattern of BLM-s immunoreactivity in different su

Diagnosis Case
no.

Negative,
case no.
(%)

Ex
po

W

Warthin tumor 25 7 (28) 9
Pleomorphic adenoma 26 5 (19) 21
Oncocytoma 16 13 (81) 3
Myoepithelioma 12 9 (75) 3
Basal cell adenoma 21 10 (47.6) 11
Canalicular adenoma 1 0 (0) 1
Cystadenoma 9 5 (56) 3
Mucoepidermoid carcinoma 50 13 (26) 15
ACC 38 5 (13) 9
Acinic cell carcinoma 37 15 (41) 13
Myoepithelial carcinoma 4 3 (75) 1
Basal cell adenocarcinoma 5 4 (80) 1
Epithelial-myoepithelial carcinoma 4 1 (25) 0
Cystadenocarcinoma 2 1 (50) 1
Adenocarcinoma, not otherwise specified 7 3 (42.8) 2
Carcinoma ex pleomorphic adenoma 17 14 (82) 3
Salivary duct carcinoma 9 0 (0) 9
Mammary analogue secretory carcinoma of
salivary gland

4 0 (0) 4

Squamous cell carcinoma 5 3 (60) 2
Small cell carcinoma 1 1 (100) 0
Lymphoepithelial carcinoma 5 2 (40) 3
Adenosquamous cell carcinoma 1 1 (100) 0

⁎ P b .05, χ2 post hoc test for cytoplasmic stain.
⁎⁎ P b .05, χ2 post hoc test for nuclear stain.
immunohistochemistry. The feasibility of using house-
generated anti–BLM-s antibody for immunohistochemistry
in human tissues is shown in Supplementary Fig. S1. For adult
normal human tissues, BLM-s immunoreactivity was gener-
ally not detectable (Fig. 1D-O), except that the epithelia of the
salivary striated ducts showed weak-to-moderate, cytoplasmic
staining of BLM-s (Fig. 1A). Besides, BLM-s immunointensity
was much enhanced in postirradiated ductal epithelia com-
pared with those of normal salivary glands (Fig. 1B and C).
It suggests that human homolog of BLM-s in salivary glands
could be induced by DNA-damaging irradiation in a way
much like what we have shown in murine brains [10].

In line with general null-BLM-s immunoreactivity in adult
normal tissue, all non–salivary gland neoplasms had negative
BLM-s immunoreactivity (Fig. 2C-O and Supplementary
Fig. S2A-L). BLM-s immunoreactivity was only observed in
tumors of salivary gland (see Table 1), as representatively
shown in ACC (Fig. 2A) and mucoepidermoid carcinoma
(Fig. 2B). Both cytoplasmic and nuclear expression patterns
of BLM-s were observed in salivary gland tumors (Figs. 2A
and B and 3A). Furthermore, via RNA in situ hybridization,
we demonstrate that BLM-s transcripts were expressed in sal-
ivary gland tumors (Fig. 2P, left), which is in strong contrast to
no signal in nonsalivary neoplasms, as representatively shown
in colon adenocarcinoma (Fig. 2P, right). Regardless of the
btypes of human salivary neoplasms

clusively cytoplasmic
sitive, case no. (%)

Nuclear positive, case no. (%)

eak-to-moderate Strong Weak-to-moderate Strong

(36) 0 (0) 9 (36) ⁎⁎ 0 (0)
(81) ⁎ 0 (0) 0 (0) 0 (0)
(19) 0 (0) 0 (0) 0 (0)
(25) 0 (0) 0 (0) 0 (0)
(52.4) 0 (0) 0 (0) 0 (0)
(100) 0 (0) 0 (0) 0 (0)
(33) 1 (11) 0 (0) 0 (0)
(30) 14 (28)⁎ 2 (4) 6 (12)
(23.7) 3 (7.9) 0 (0) 21 (55.3)⁎⁎
(35) 9 (24)⁎ 0 (0) 0 (0)
(25) 0 (0) 0 (0) 0 (0)
(20) 0 (0) 0 (0) 0 (0)
(0) 1 (25) 2 (50) ⁎⁎ 0 (0)
(50) 0 (0) 0 (0) 0 (0)
(28.6) 2 (28.6) 0 (0) 0 (0)
(18) 0 (0) 0 (0) 0 (0)
(100)⁎ 0 (0) 0 (0) 0 (0)
(100)⁎ 0 (0) 0 (0) 0 (0)

(40) 0 (0) 0 (0) 0 (0)
(0) 0 (0) 0 (0) 0 (0)
(60) 0 (0) 0 (0) 0 (0)
(0) 0 (0) 0 (0) 0 (0)

https://www.medcalc.org/calc/diagnostic_test.php
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differences in subcellular expression pattern, the specificity
and sensitivity of positive-BLM-s immunoreactivity in corre-
lation with salivary gland tumors, both benign and malignant
included, are 0.76 (95% CI, 0.65-0.85) and 1 (95% CI, 0.99-
1), respectively, in comparison with other non–salivary gland
tumors. It suggests that detection of BLM-s expression in tu-
mor cells is highly correlated with tumor origin derived from
the salivary gland.

3.2. Nuclear expression of BLM-s is specifically
observed in ACC originating from the salivary gland

Although BLM-s in normal salivary gland showed diffuse
weak-to-moderate cytoplasmic staining pattern (Fig. 1A), nuclear
expression pattern of BLM-s seemed to be the predominant fea-
ture observed in some subtypes of salivary gland tumors, espe-
cially for those diagnosed as ACC (Figs. 2A and 3B). To
substantiate this observation, more cases with different tumor
subtypes of salivary neoplasms were archived for BLM-s
immunohistochemistry. We categorize BLM-s immunohisto-
chemistry by its immunointensity and subcellular localization
into 4 patterns: strong nuclear positive (with/without cytoplas-
mic staining), weak-to-moderate nuclear positive (with/with-
out cytoplasmic staining), strong cytoplasmic positive
exclusively (with no nuclear immunoreactivity), and weak-
Fig. 4 Comparison among BLM-s nuclear immunoreactivity, c-KIT imm
sentative salivary ACC cases with images of BLM-s immunohistochemistr
nonsplitMYB signal; arrowheads, splitMYB signal; solid arrowhead,MYB (F
Abnova). Scale bar, 50 μm. B, Comparison of salivary ACC detection rate
to-moderate cytoplasmic positive exclusively (Fig. 3A). As
shown in Fig. 3 and Table 2, most salivary gland neoplasms
had various degree of immunointensity for cytoplasmic
BLM-s. Statistical analysis revealed that stronger cytoplasmic
BLM-s staining tended to be more correlated with malignant
nature of salivary gland tumors (22% versus 5%, P b .001,
χ2 test, with post hoc z test). By contrast, nuclear expression
of BLM-s seemed to be observed only in few subtypes of sal-
ivary gland neoplasms, which include Warthin tumor, ACC,
mucoepidermoid carcinoma, and epithelial-myoepithelial
carcinoma (Table 2). Particularly, ACC had the highest
percentage of nuclear BLM-s immunoreactivity (82%; versus
mucoepidermoid carcinoma [16%] and epithelial-myoepithelial
carcinoma [50%]) and had stronger nuclear-positivity of
BLM-s (74%) in general (Fig. 2B and Table 2). The sensitivity
and specificity of nuclear BLM-s immunoreactivity used to
distinguish salivary ACC from other subtypes of salivary
neoplasms are 0.82 (95% CI, 0.66-0.92) and 0.92 (95% CI,
0.88-0.95), respectively. Alternatively, comparison among
various subtypes of malignant salivary gland neoplasms
showed that the sensitivity and specificity of using nuclear
BLM-s immunoreactivity to distinguish ACC from other
tumors are 0.82 and 0.93 (95% CI, 0.87-0.97), respectively.
Therefore, strong nuclear expression pattern of BLM-s immu-
nohistochemistry is highly specific to salivary ACC.
unohistochemistry, andMYB split FISH in salivary ACC. A, Repre-
y, c-KIT immunohistochemistry, andMYB split FISH. White arrows,
ITC, 780-kb probe; Abnova); empty,MYB (Texas Red, 500-kb probe;
by each indicated method.

Image of Fig.�4


Table 3 BLM-s immunoreactivity, c-KIT immunohistochemistry, andMYB/MYBL1 gene abnormality in subtypes of human salivary ACC

ACC
subtype

Case
no.

BLM-s c-KIT, case no. (%) MYB or MYBL1 ab-
normality by FISH,
case no. (%)

Negative,
case no.
(%)

Exclusively cytoplasmic
positive, case no. (%)

Nuclear positive, case
no. (%)

Weak-to-moderate Strong Weak-to-moderate Strong Negative Positive Negative Positive

Cribriform 22
(58)

3
(13.6)

4
(18.2)

1
(4.5)

0
(0)

14
(63.6)

13
(59.1)

9
(40.9)

7
(31.8)

15
(63.2)

Tubular 8
(21)

0
(0)

2
(25)

1
(12.5)

0
(0)

5
(62.5)

0
(0)

8
(100)

2
(25.0)

6
(75.0)

Solid 8
(21)

2
(25.0)

3
(37.5)

1
(12.5)

0
(0)

2
(25.0)

0
(0)

8
(100)

3
(37.5)

5
(62.5)

Total 38 5
(13.2)

9
(23.7)

3
(7.9)

0
(0)

21
(55.3)

13
(34.2)

25
(65.8)

12
(31.6)

26
(68.4)
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Similar morphologic characteristics of salivary ACC are
also found in tumors of other tissue origin such as the breast.
Besides, pulmonary mucoepidermoid carcinoma recapitulates
morphologic characteristics of salivarymucoepidermoid carci-
noma, some of which also expresses cytoplasmic or nuclear
BLM-s. We thus wonder whether BLM-s is also expressed
in these morphologically identical neoplasms of nonsalivary
tissue origin. Because of rarity in mammary ACC and pulmo-
nary mucoepidermoid carcinoma, we have obtained only 2
cases of pulmonary mucoepidermoid carcinoma and 3 cases
of mammary ACC for BLM-s immunohistochemistry (includ-
ing another 5 cases of skin chondroid syringoma for compari-
son). All of the cases are immunonegative for BLM-s
(Fig. 3K-M). Therefore, nuclear expression pattern of BLM-s
immunohistochemistry is highly specific for ACC originating
from salivary gland.

3.3. Comparison among c-KIT immunohistochemis-
try, MYB/MYBL FISH, and BLM-s' nuclear immunore-
activity in salivary ACC

It has been shown that 50% to 60% of ACC overexpresses
MYB resulting from recurrent balanced t(6:9)(q22-23;p23-24)
translocation detected by FISH [19-23]. Besides, overexpression
of c-KIT or EMTmarker SNAIL/SLUGwas reported to correlate
with higher-grade ACC and poor prognosis [24-26]. Accord-
ingly, we performed c-KIT immunohistochemistry, SNAIL/
SLUG immunohistochemistry, and MYB/MYBL1 FISH in
Table 4 Statistical correlation between BLM-s expression pattern and e

Age (y) Sex (male/female)

BLM-s (−) 60 ± 19.8 2/2
BLM-s (+)
Cytoplasmic 58 ± 16.8 3/5
Nuclear 49 ± 17.6 4/10
Cytoplasmic and nuclear 59 ± 16.4 0/4

P .665 .397

NOTE. P value for age is derived using the Student t test, and P for others are deri
our collected ACC cases (Fig. 4A and Supplementary
Fig. S3) and compared the results with that from BLM-s im-
munohistochemistry. As shown in Table 3, there is no differ-
ential expression of BLM-s in ACC subtypes (P = .73, χ2

test). Likewise, c-KIT immunostain, SNAIL immunohisto-
chemistry, or MYB/MYBL FISH could not distinguish among
ACC subtypes (Table 3 and Supplementary Table S1). Com-
parison of each method in correlation with ACC showed that
positive BLM-s nuclear immunoreactivity is more correlated
with ACC than other methods, resulting in less false-
negative (18.5% versus 34.2% and 26.3%) and higher true-
positive detection rate (81.6% versus 65.8% and 73.7%) of
ACC (Fig. 4B).

3.4. Study of demographic correlation with BLM-s ex-
pression pattern in salivary ACC

We also examine a possible correlation of nuclear-
expressed BLM-s with any demographic characteristic in sal-
ivary ACC. Because of lost follow-up of some patients, only
30 of our collected 38 cases with salivary ACC were available
for analysis. As shown in Table 4, BLM-s–positive and BLM-
s–negative patient groups showed no statistical difference in
age and sex. Local recurrence seemed to be detected only in
BLM-s–positive groups, although statistical analysis did not
reveal significance (P = .798). The disease-free survival rate
is not statistically significant (P = .265, log-rank test of
Kaplan-Meier estimator), given that local recurrence and/or
ach clinical characteristic in 30 patients with salivary ACC

Local recurrence Distant metastasis Death

0 0 0

1 2 1
1 0 0
0 2 1
1.000 .018 .202

ved using the Fisher exact test.
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distant metastasis developed only in 4 of the 30 patients. Given
that most salivary gland malignancies are not lethal by their bi-
ological nature and that only 2 of the 30 patients in this study
died of ACC, the overall survival rate followed for up to 10
years was hard to be interpreted properly (P = .255, log-rank
test of Kaplan-Meier estimator).
4. Discussion

Diagnosis of salivary neoplasms by fine-needle aspiration/
biopsy in the head and neck regions is challenging because of
high false-negative result [27]. Particularly, the histologic fea-
ture of ACC simulates other basal cell neoplasms, necessitat-
ing the development of ancillary immunohistochemistry or
molecular tools. It has been reported that MYB is immunohis-
tochemically detectable in most ACCs and could be used to
distinguish ACC from MYB-negative pleomorphic adenoma
in fine-needle aspiration biopsy specimen [28]. More recently,
recurrent balanced t(6;9)(q22-23;p23-24) translocation that re-
sults in overexpressed MYB-NFIB–fused transcript and pro-
tein is reported in 50% to 60% of ACC detected by FISH
and in 38.2% of ACC detected by immunohistochemistry
[20-24]. However, MYB-NFIB fusion gene is also detected in
mammary ACC such that MYB-NFIB–fused transcript could
not be used as a signature for salivary ACC. Another candidate
molecule as a diagnostic marker of salivary ACC is the recep-
tor tyrosine kinase c-KIT, which is uncovered as one of the fre-
quently mutated genes bywhole genome or exome sequencing
[29,30]. Although c-KIT overexpression is reported to corre-
late with grade 3 ACC and with poor prognosis, usage of
c-KIT expression as a diagnostic marker of salivary ACC is
questionable because its expression level has not been fully
examined in other subtypes of salivary gland tumors [31]. In
addition, the specificity of usage of c-KIT expression to diag-
nose salivary ACC is compromised because other tumors such
as triple-negative breast ACCs also express c-KIT [32]. Here,
our study suggests that nuclear BLM-s immunoreactivity
could potentially serve as an ancillary diagnostic tool for
ACC originating from the salivary gland, even when the tissue
size of the tumor is small (Supplementary Fig. S4).

Nuclear localization of BLM-s in salivary ACC is quite
unique, given that BLM-s usually localizes in the mitochondria
and endoplasmic reticulum to function as a proapoptotic mole-
cule [10]. Because BCL-2 family member executes cell death
depending much on its subcellular localization, aberrant local-
ization of BCL-2 family is a common strategy used by cancer
cells to escape apoptosis. For example, ectopic nuclear locali-
zation of proapoptotic BAX is frequently reported in lung can-
cer [33] and colorectal cancer [34]. We thus suspect that
aberrant BLM-s localization in the nucleus of salivaryACC tu-
mor cells might render tumor cells more resistant to apoptosis.

Whole genome and exome sequencing of ACC reveals that
increased ATM kinase activity in DNA damage repair pathway
through missense mutation in ATM gene is one of the major
mechanisms underlying salivary ACC tumorigenesis [29,30].
Intriguingly, BLM-s gene is one of the target genes down-
stream of ATM/p53 signaling in response to DNA damage
[10]. Besides, stronger BLM-s immunoreactivity in postirra-
diated human salivary glands (Fig. 1B and C) also suggests in-
duction of BLM-s by DNA-damage signaling pathways in
salivary glands. Accordingly, we suspect that overexpression of
BLM-s in salivary ACC might be partly attributed to activating
mutation of ATM during ACC tumorigenesis. Noticeably,
ACC overexpresses other BCL-2 family members including
the prosurvival BCL-2 and BCL-xL [35], which are the target
genes of MYB [36]. Therefore, aberrant expression of the
BCL-2 family members in salivary ACC is a common readout
as being downstream targets of key mutator genes such as
ATM and MYB genes during ACC tumorigenesis.
Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.humpath.2018.09.005.
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