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1  | INTRODUC TION

Adenoid cystic carcinoma (AdCC) is one of the most common ma-
lignant tumours affecting salivary glands (Tian, Li, Wang, Hu, & Li, 
2010). AdCC has an indolent growing pattern, but the long-term 
prognosis, mainly the solid type, is poor due to frequent local re-
currence, distant metastasis and tendency for perineural invasion. 

AdCC tumours exhibit biphasic differentiation of epithelial and 
myoepithelial cells with tubular, cribriform and solid growth pat-
terns. Solid AdCC is considered a high-grade, more aggressive 
cancer with poorer prognosis than other subtypes (Du, Zhou, & 
Gao, 2016; Persson et al., 2009). Our previous study demonstrated 
that the cribriform or tubular subtype of AdCC predominantly con-
sists of myoepithelial cells, whereas the solid growth pattern shows 
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Objective: We aimed to investigate Notch pathway dysregulation in solid adenoid 
cystic carcinoma (AdCC) and to define the association of Notch activation with cell 
differentiation and prognosis in AdCCs.
Materials and Methods: Notch1 mutations were detected from 125 AdCCs (62 cri-
briform-tubular; 63 solid). RNA-seq was performed in 16 AdCCs (6 Notch-mutant; 10 
wild type). Notch activation indicator NICD and myoepithelial marker p63 were de-
tected using immunohistochemistry and double-labelling immunofluorescence. The 
effect of exogenous NICD overexpression on p63 expression and cell proliferation 
was investigated using Western blotting and live-cell imaging.
Results: We identified 33 Notch1 activating mutations in 27 AdCCs including 26 solid 
and 1 cribriform-tubular subtypes. Six tumours harboured more than one Notch1 
mutation, and 18 Notch1 mutations were novel. Most (47/63, 74.6%) solid AdCCs 
showed NICD overexpression, whereas 61 of 62 (98.4%) cribriform-tubular tumours 
were negative. NICD and p63 exhibited mutually exclusive expression, and exog-
enous NICD overexpression promoted cell proliferation and decreased p63 expres-
sion. NICD overexpression and Notch mutations were poor indicators for overall 
survival and metastasis, especially bone metastasis.
Conclusions: Dysregulated Notch signalling plays a critical role in AdCC severity. 
Notch activation may contribute to loss of myoepithelial differentiation as well as 
high proliferation and metastasis rates in solid AdCC.
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luminal differentiation with loss of myoepithelial differentiation (Du 
et al., 2016). However, the molecular pathogenesis underlying the in-
terplay of these subtypes or the formation of high-grade solid AdCC 
is poorly understood.

The Notch pathway is crucial for cellular morphogenesis. Notch 
receptor, ligands, DNA-binding transcription factor CSL, DNA-
binding protein and regulators mediate stem/progenitor cell main-
tenance, proliferation, differentiation and apoptosis (Fortini, 2009). 
The Notch pathway is key for binary cell-fate decisions in mammary 
glands, with Notch activation promoting commitment to luminal 
rather than myoepithelial cell lineage (Bouras et al., 2008). Notch sig-
nalling is also critical for ductal cell differentiation in salivary glands 
(Dang et al., 2009). This pathway triggers a series of proteolytic 
cleavage events initiated through ligand binding. The activated form 
of Notch protein, the Notch intracellular domain (NICD), is generated 
through γ-secretase cleavage (Francis et al., 2002). After release 
and translocation to the nucleus, NICD forms a Notch transcription 
complex with the DNA-binding factor CSL, interacts with specific 
transcriptional factors and then activates downstream target genes 
(Nam, Weng, Aster, & Blacklow, 2003). Consequently, NICD expres-
sion is a vital indicator of Notch signalling activation (Ramakrishnan 
et al., 2012; Stoeck et al., 2014). Some patients with AdCC, who 
showed poor prognosis with distant metastasis, exhibited Notch1 
mutations and diffuse NICD staining (Ferrarotto et al., 2017; Sajed 
et al., 2017).

Therefore, this study aimed to investigate Notch signalling 
pathway dysregulation in a large cohort of solid AdCCs. We ex-
amined Notch1 mutations and NICD expression in all AdCC sub-
types and determined the possible relationship between activated 
Notch signalling and the characteristics of solid AdCC, especially 
the loss of myoepithelial differentiation and bone metastasis in 
tumour cells.

2  | MATERIAL S AND METHODS

2.1 | Patients and tissue samples

This retrospective study reviewed cases diagnosed as AdCC 
from 2001 to 2017 in the files of Peking University School and 
Hospital of Stomatology and selected 125 cases. Slides were rer-
eviewed by two senior pathologists in our department to ensure 
histological confirmation of the diagnosis and grading. Formalin-
fixed, paraffin-embedded (FFPE) tumour samples (n = 125) were 
obtained for DNA sequencing, among which corresponding frozen 
tissues (n = 16) were available for RNA-based molecular analysis. 
Clinicopathologic variables were reviewed, including histologi-
cal subtype, sex, age, disease site, T and N classification, clinical 
stage, recurrence, metastasis, survival status and treatment mo-
dality. Tumours were classified according to the World Health 
Organization's histological classification of salivary gland tumours 
(Stenman, Licitra, Said-Al-Naief, van Zante, & Yarbrough, 2017). 

Patient follow-up data were obtained by reviewing medical 
records, telephone interviews and/or clinical examinations. 
Experiments and follow-up procedures of this study were ap-
proved by the University Institutional Ethics Committee (2017/
NSFC/33), and the informed consent was obtained from patients.

2.2 | Mutation analysis after DNA extraction

The FFPE DNA Tissue Kit (Qiagen, Hilden, Germany) was used for 
standard genomic DNA extraction from FFPE samples, following the 
manufacturer's protocol. PCR was performed with 19 primer pairs 
(sequences in Table S1) covering 10 Notch1 coding exons (exons 
25–34). Amplicons were subjected to Sanger sequencing (Beijing 
Genomics Institute, Beijing, China). Detected mutations were con-
firmed through reverse-sequencing and at least two more independ-
ent PCRs from the same samples. Mutations were validated through 
matched normal tissue sequencing (Table S3), and the novelty of 
Notch1 mutations was tested at cBioPortal (http://www.cbiop artal.
org).

2.3 | Immunohistochemistry and 
immunostaining evaluation

A total of 125 FFPE samples of AdCC were obtained for immu-
nohistochemistry. Serial sections (4 µm) were subjected to im-
munohistochemical staining using ChemMate Envision (Tsuneki 
et al., 2010). Primary antibodies (NICD, D3B8, 1:100, Cell Signaling 
Technology, Boston, USA; p63, 4A4, 1:250, Gene Tech, Shanghai, 
China; Ki-67, MIB1, 1:250, Gene Tech, Shanghai, China) were 
added to perform immunostaining. For negative control, the pri-
mary antibody was omitted and replaced with phosphate-buffered 
saline 1×. For positive control, sections of tumour tissues bearing 
activating Notch1 mutation in codon 2,467 that results in deletion 
of the C-terminal PEST degron domain were used for NICD im-
munostaining. The myoepithelial and basal cells in normal salivary 
gland tissues were used for p63 immunostaining. Images were ac-
quired with Olympus microscope (BX51) and its matched camera 
(DP70) in ×200 magnification.

Two independent, blinded observers analysed the staining 
intensity and ratio of positive cells semiquantitatively. Reactivity 
was determined according to the percentage of positive cells: 
0, up to 1%; 1, 2%–25%; 2, 26%–50%; 3, 51%–75%; and 4, over 
75%. Intensity was graded as follows: 0, negative (no staining); 
1, weakly positive; 2, moderately positive; and 3, strongly posi-
tive. The product of reactivity and intensity yielded a final score, 
graded as negative (0–1, −); weak (2–4, +); moderate (5–8, ++); and 
strong (9–12, +++) (Li, Zhou, & Gao, 2015). According to the immu-
nostaining score, negative and weak staining were defined as low 
expression, while moderate and strong staining were defined as 
high expression (overexpression).

http://www.cbiopartal.org
http://www.cbiopartal.org
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2.4 | Double-labelling immunofluorescence

The same slide was used for in situ detection of NICD and p63 with 
DAPI. Same as regular IHC’s protocol, slides were deparaffinized and 
rehydrated, antigen retrieval and blocked. Primary monoclonal an-
tibodies against NICD (D3B8, rabbit, monoclonal antibody, 1:100, 
Cell Signaling Technology) and p63 (4A4, 1:250, Gene Tech) were 
incubated at 4°C overnight. Slides were incubated sequentially with 
HRP-conjugated secondary antibodies for 30 min at room tem-
perature, followed by tyramide-based HRP activation for 2 min. 
The secondary antibodies were anti-rabbit Envision reagent (Dako, 
Santa Clara, USA) and anti-mouse Envision reagent (Dako). HRP ac-
tivators were biotinylated Fluorescein amplification reagent (1:50, 
PerkinElmer, Boston, USA) and Cyanine 3 amplification reagent 
(1:50, PerkinElmer), respectively. Images were acquired by confocal 
laser scanning microscopy.

2.5 | Plasmid transfection, cell proliferation and 
protein expression

AdCC cell line SACC-83 and NICD plasmid were obtained from the 
Department of Central Laboratory, Peking University School and 
Hospital of Stomatology, and the authenticity and purity of SACC-
83 were confirmed by short tandem repeat analysis comparing DNA 
fingerprinting of SACC-83 with HeLa cells (Dong et al., 2011; Yang 
et al., 2017). Cells were incubated in RPMI 1640 medium (Gibco, 
Waltham, USA) containing 10% foetal bovine serum at 37°C and 5% 
CO2. Cells were transfected with plasmids (NICD and empty vector) 
using Lipofectamine 3000 reagent (Invitrogen, Waltham, USA) and 
seeded in 96-well plate. The plate was monitored in real time every 
3 hr from 0 to 60 hr with the IncuCyte ZOOM Live-Cell Imaging sys-
tem (Essen Bioscience, Ann Arbor, USA). The percentage of cell con-
fluence was calculated over time.

Cells were harvested at 72 hr post-transfection. Whole-cell 
proteins were extracted, subjected to 12% SDS-PAGE and then 
transferred onto a PVDF membrane (Millipore, Waltham, USA). 
Membranes were blocked and shaken at 4°C overnight with primary 
antibodies (β-actin, 1:1,000, Santa Cruz Biotechnology, Texas, USA; 
NICD, 1:1,000, Cell Signaling Technology; DeltaN p63, E6Q3O, 
1:1,000, Cell Signaling Technology). After incubation of secondary 
antibodies (Cell Signaling Technology), immunoreactive proteins 
were detected using an enhanced chemiluminescence reagent (CW 
Bio, Beijing, China).

2.6 | Statistical analysis

Survival data were collected from a systematic follow-up database. 
All analyses were performed in SPSS 16.0. For immunostaining data, 
Pearson chi-square and Spearman's rank correlation tests were 
performed to compare the variables between groups. Recurrence-
free survival was defined as the duration from the date of surgery 

to recurrence. Metastasis-free survival was defined as the dura-
tion from the surgery date to metastasis. Overall survival time was 
calculated the date of diagnosis to the date of AdCC-related death 
or follow-up cut-off date (31 December 2017). Five- and ten-year 
survival rates, as well as survival curves, were estimated using the 
Kaplan–Meier method and compared using log-rank tests. The Cox 
proportional hazards model was used to test the independent prog-
nosis factors for OS. Potential prognostic factors were identified by 
univariate analysis, and significant variables were further analysed 
in the multivariate analysis. All tests were two-sided. A p value ≤ .05 
was considered statistically significant.

3  | RESULTS

3.1 | Clinical and pathological profiles

Table 1 summarizes the clinicopathologic characteristics of 125 pa-
tients. All cases were presented in individuals with 62 cribriform-
tubular and 63 solid variants. Women (69/125, 55.2%) had slightly 
higher incidence than men. The mean first-onset age was 49 (range: 
19–75). The main primary tumours were more frequently located 
in the palatal gland (65/125, 52%). Other lesions were presented in 
the sublingual gland (29/125, 23.2%), submandibular gland (17/125, 
13.6%), parotid gland (8/125, 6.4%) and cheek area (6/125, 4.8%). 
Solid variants were more likely to occur at the palate. Mean tumour 
size was 2.87 cm (range: 0.8–6.0 cm). More patients presented with 
T classification 3/4 (78/125, 62.4%), N classification 0/1 (110/125, 
88%) and clinical stage III/IV (90/125, 72%) disease. Less than half 
(54/123, 43.9%) patients developed disease relapse. In 64 patients 
exhibited metastases, lung was the most common metastasis site, 
and other sites such as the bone and liver tissue were involved, es-
pecially for solid subtypes (p = .000 in the bone). Mortality rate was 
higher in solid subtypes (18/61, 29.5%) than cribriform-tubular types 
(36/62, 58.1%). Most (124/125, 99.2%) patients received surgery op-
eration, and 93 patients went on postoperative therapy, including 80 
with adjuvant radiation therapy only, 3 with adjuvant chemotherapy 
only and 10 with radiotherapy plus chemotherapy.

3.2 | Notch1 mutations in AdCC occurred at two 
hotspot regions associated with pathway activation

Sanger sequencing identified 33 Notch1 mutations in 27 patients, 
with six patients harbouring two Notch1 mutation, which exhibited 
26 single-occurrence mutations and 3 recurrent mutations (Figure 1, 
Table S2). Furthermore, we confirmed 18 Notch1 mutations as novel 
mutations. Detected Notch1 mutations were mainly concentrated 
at two hotspot regions: negative regulatory region (NRR) and Pro-
Glu-Ser-Thr-rich (PEST) domain (Figure 1). Because the physical 
dissociation of the Notch extracellular domain is linked to receptor 
activation, many gain-of-function mutations occur at the NRR (Rand 
et al., 2000; Sanchez-Irizarry et al., 2004). Additionally, the “PEST” 
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sequence targets NICD for degradation, and thus, PEST mutations, 
that mostly were short insertions or deletions causing shifts in the 
reading frame, lead to increased protein expression of NICD and ac-
tivity (Weng et al., 2004).

It was noted that Notch1 mutations were defined in 41.3% 
(26/63) solid tumours and 1.6% (1/62) cribriform-tubular subtypes. 
Only one cribriform-tubular AdCC was found harbouring Notch1 
mutation, which showed a predominant tubular pattern with a solid 
component representing no more than 30% of the tumour. All the 
other Notch1-mutant tumours were solid subtypes. This finding indi-
cated that Notch1 mutations were associated with the solid growth 
pattern of AdCC.

3.3 | Diffuse NICD immunostaining correlated with 
Notch1 activating mutations, solid subtype and the 
loss of myoepithelial differentiation in AdCC

Representative histological (Figure 2a–d) and immunohistochemi-
cal (Figure 2e–l) images are shown in Figure 2. Most (61/62, 98.4%) 
cribriform-tubular tumours were negative for NICD, or else only a 
subset of cells was stained (Figure 2e, f), while 47 of 63 (74.6%) solid 
growth AdCCs were strongly positive for NICD (Figure 2g). Normal 
salivary gland tissue was negative for NICD (Figure 2h). On the 
contrary, p63 staining was positive in cribriform and tubular-type 
AdCC (Figure 2i, j), mainly at the periphery of cribriform arrange-
ments and non-luminal cells of two-layered tubular structures, 
while its expression obviously decreased in solid AdCC (Figure 2k). 
P63 immunoreactivity was also detected in the myoepithelial and 
basal cells in normal gland tissue (Figure 2l). Furthermore, we found 
that NICD overexpression was significantly negatively correlated 
with that of myoepithelial marker p63 (Table 2, Figure 2e–l), im-
plying the relationship of Notch activation with the loss of my-
oepithelial differentiation in AdCC. Furthermore, all 27 patients 
with Notch1 activating mutations exhibited high NICD expression 
(Table 2, Table S2), among which 26 were solid subtypes and one 
was defined as a cribriform-tubular subtype, showing a predomi-
nant cribriform-tubular pattern with a solid component represent-
ing no more than 30% of the tumour. This case with a mixture of 
tubular and solid growth patterns showed NICD overexpression 
(Figure 3a–c). Our findings revealed that diffuse NICD immu-
nostaining is significantly correlated with Notch1 activating muta-
tions, solid growth pattern and loss of myoepithelial differentiation 
marked by p63.

3.4 | Notch activation contributed to loss of 
myoepithelial differentiation and enhancement of 
proliferation in AdCC

We investigated the association of NICD expression with myoepi-
thelial differentiation in 125 AdCCs and found that NICD staining 

TA B L E  1   Clinicopathologic characteristics of 125 patients with 
adenoid cystic carcinoma

Characteristics

Case number (%)

Total
Cribriform-
tubular Solid

Sex

Male 56 27 (48.2) 29 (51.8)

Female 69 35 (50.7) 34 (49.3)

Age (year)

<60 98 52 (53.1) 46 (46.9)

≥60 27 9 (33.3) 18 (66.7)

Disease site

Palatal gland 65 25 (38.5) 40 (61.5)

Sublingual gland 29 20 (69.0) 9 (31.0)

Submandibular gland 17 7 (41.2) 10 (58.8)

Parotid gland 8 4 (50.0) 4 (50.0)

Cheek area 6 5 (83.3) 1 (16.7)

T classification

1/2 47 27 (57.4) 20 (42.6)

3/4 78 35 (44.9) 43 (55.1)

N classification

0/1 110 58 (52.7) 52 (47.3)

2/3 15 4 (26.7) 11 (73.3)

Clinical stage at diagnosis

I/II 35 20 (57.1) 15 (42.9)

III/IV 90 42 (46.7) 48 (53.3)

Disease recurrence

No relapse 69 33 (47.8) 36 (52.2)

Relapse 54 28 (51.9) 26 (48.1)

Not known 2 1 (50.0) 1 (50.0)

Disease metastasis

Distant metastasis 64 27 (42.2) 37 (57.8)

Lung 47 26 (55.3) 21 (44.7)

Bone 25 3 (12.0) 22 (88.0)

Liver 7 2 (28.6) 5 (71.4)

Others 5 1 (20.0) 4 (80.0)

Survival statue

Alive 68 43 (63.2) 25 (36.8)

Dead 55 18 (32.7) 37 (67.3)

Not known 2 1 (50.0) 1 (50.0)

Treatment modality to the primary tumour

No treatment 1 0 1 (100.0)

Surgery only 31 17 (54.8) 14 (45.2)

Surgical resection and postoperative therapy

Radiotherapy only 80 40 (50.0) 40 (50.0)

Chemotherapy only 3 1 (33.3) 2 (66.7)

Radiotherapy plus 
chemotherapy

10 3 (30.0) 7 (70.0)
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was significantly negatively associated with expression of myoepi-
thelial marker p63 (R = −.685, p = .000), and they tended to exhibit 
mutually exclusive expression in luminal and myoepithelial cells 
(Figure 2). NICD expression was observed only in luminal epithelial 
cells, whereas p63 staining was conspicuously absent from them, 
instead of being visible at the periphery of cribriform arrange-
ments and non-luminal cells of two-layered tubular structures. 
Immunofluorescence double-labelling assays with NICD and p63 
confirmed the immunohistochemical findings by showing mutually 
exclusive expression of NICD and p63 in luminal and myoepithelial 
cells (Figure 3a–g).

To further investigate the effect of Notch activation on myo-
epithelial differentiation and proliferation of tumour cells in AdCC, 
we analysed the cell proliferation rate and p63 expression using the 
IncuCyte ZOOM Live-Cell Imaging system and Western blotting 
after introduction of exogenous NICD in AdCC. We found the in-
troduction of exogenous NICD in AdCC tumour cells significantly 
downregulated p63 expression and, in the meantime, promoted 
cell proliferation (Figure 3h). Furthermore, the evident correlation 
of NICD overexpression with a high cell proliferation rate labelled 
by Ki-67 was found in AdCC specimens with a mixture of the crib-
riform and solid component (Figure 3i). The Ki-67 labelling index 
in different subtypes of AdCC revealed that solid tumours have a 
higher proliferation rate than cribriform-tubular tumours (Figure S1). 
Our findings indicated Notch activation contributes to loss of myo-
epithelial differentiation and promotion of cell proliferation in high-
grade solid AdCC.

3.5 | Activating Notch1 mutation and NICD 
expression were associated with poor outcome of 
solid AdCC

In the 123 cases with follow-up data (2 patients’ information was par-
tially censored), median overall survival was 76 months (range: 4–192), 
with 57.3% at 5 y and 28.9% at 10 y. Kaplan–Meier analysis revealed 
that solid tumours result in poorer prognosis than other tumour sub-
types (p = .000, Figure 4a). AdCCs with Notch1 activating mutations 
were associated with worse outcomes than the wild type (p = .047, 
Figure 4b). In addition, NICD overexpression was a poor prognostic 
indicator compared with the NICD low-expression group (p = .000, 
Figure 4c). In addition, univariable and multivariable Cox models were 
performed for OS (Table S4). Significant predictor variables by the 
univariable analysis were histological subtype, clinical stage, disease 
site, NICD staining and Notch1 mutational status. The subsequent 
multivariable analysis revealed that only histological subtype, clinical 
stage and NICD staining were significant predictors for OS. Notch1 
mutation is not an independent prognosis factor when clinical stage, 
histology and NICD staining were considered. The significant asso-
ciation between Notch1 mutation and III/IV clinical stage (p = .000), 
solid type (p = .000) or NICD staining (p = .000) could dilute the prog-
nostic significance of Notch1 mutation in the multivariable analysis. 
Median recurrence-free survival was 48 months (range: 3–147), while 
we did not identify significant differences in recurrence-free survival 
across mutation type, NICD staining outcome or histological subtype. 
Median metastasis-free survival was 66 months (range: 0–192), and 

F I G U R E  1   Sketch map of Notch1 mutations identified in AdCC. A schematic representation of human Notch1 mutations shows the 
distribution and frequency of NRR and PEST domain mutations in primary AdCC samples (blue triangles). Novel mutations (red words) 
and classic mutations (black words) are presented above. Recurrent mutations are shown at the left panel. Abbreviations: LNR, Lin/Notch 
repeats; HD-N and HD-C, N-terminal and C-terminal halves of the heterodimerization domain respectively; NRR, negative regulatory region; 
TM, transmembrane domain; RAM, RAM domain; ANK, ankyrin repeat domain; TAD, transcriptional activation domain, PEST, Pro-Glu-Ser-
Thr-rich domain [Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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overexpression of NICD was significantly correlated with distant me-
tastasis in AdCC (p = .012, Figure 4d).

Interestingly, we found that Notch1 mutation and NICD over-
expression were significantly correlated with bone metastasis in 
AdCC (Figure 4e–f), but not with lung or other metastases. The 
results of PCA based on RNA-seq showed that 16 AdCC tumours 
fell into two major groups with 6 Notch-mutant and 10 wild-type 

AdCCs exhibiting distinct gene expression signatures (Data S1). 
Compared to the wild-type AdCCs, Notch-mutant AdCCs exhib-
ited upregulation of genes correlated with the osteoclast differ-
entiation and bone metastasis, including AREG, Notch3, ANXA8, 
IRX1, HSD17B2, PRRX2, PTGIS, SHH, GPR132, TGFB2, MTA2, 
CHD7, KAT2A and SIM1, and the downregulation of genes in-
volved in the osteoblast differentiation, including IGF2, SPARC, 

F I G U R E  2   Representative 
immunohistochemical staining for NICD 
and p63 in different AdCC subtypes. 
Histological image of tubular (a), cribriform 
(b), solid (c) AdCC and normal salivary 
gland tissue (d). Negative NICD staining 
in tubular (e) and cribriform (f) subtype, 
diffusely positive NICD staining at luminal 
cell bulks in solid (g) subtype and normal 
salivary gland tissue was negative control 
for NICD (h). Positive p63 staining at 
the periphery of the non-luminal cells 
in tubular (i) and cribriform (j) subtype 
with negative NICD staining, negative 
p63 staining in majority of solid mass (k) 
and myoepithelial normal cells of salivary 
gland was positive control for p63 (l). The 
magnification of image (a–l) is ×200, scale 
bar 200 µm [Colour figure can be viewed 
at wileyonlinelibrary.com]

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

(l)

Characteristics

NICD low 
expressiona  (n = 77)

NICD high 
expressiona  (n = 48) Statisticsb 

No. % No. % X2 p

Histological type 70.379 .000

Cribriform-tubular- 61 79.2 1 2.1

Solid 16 20.8 47 97.9

Notch1 mutation 
status

55.246 .000

Wild type 77 100 21 41.7

Mutant type 0 0 27 58.3

p63 staining 84.130 .000

Low expressiona  8 10.4 45 93.75

High expressiona  69 89.6 3 6.25

aAccording to the immunostaining score, negative and weak were defined as low expression, 
moderate and strong were defined as high expression. 
bPearson Chi-Square. 

TA B L E  2   Association of NICD 
expression with the histological subtype, 
Notch1 mutation and p63 staining in 
AdCC

www.wileyonlinelibrary.com
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COL7A1 and COL17A1, and myoepithelial differentiation such as 
TP63 and KRT14 (Figure S2).

4  | DISCUSSION

Our previous study demonstrated that tumour cells in solid AdCC 
subtypes show luminal differentiation but loss of myoepithelial dif-
ferentiation compared with the less aggressive cribriform-tubular 
AdCC (Du et al., 2016). It has been demonstrated by others that 
Notch activation drives luminal epithelial fate by downregulating 
TP63-mediated myoepithelial differentiation during development 
(Dang et al., 2009). Therefore, we hypothesize that Notch activa-
tion might tip the balance towards a luminal epithelial fate and a 
solid growth pattern in AdCC. Herein, we showed that most (47/63, 
74.6%) solid AdCCs were diffusely positive for NICD, a vital indi-
cator of Notch activation, while 61 of 62 (98.4%) cribriform-tubular 
tumours were negative for NICD, or else only a subset of cells was 
stained. In the meantime, we identified 33 Notch1 activating mu-
tations in 27 patients, including 18 novel Notch1 mutations, which 
were concentrated in the NRR (exons 25–27) and PEST (exon 34) do-
mains. Mutations in the former hotspot disrupt a negative regulatory 
region and trigger ligand-independent Notch1 activation. Mutations 
in the latter hotspot create premature stop codons on Notch1 pro-
tein with continual NICD stabilization, leading to pathway activation. 
As expected, Notch1 mutations were significantly associated with 
positive NICD in our study. All 27 tumours with Notch1 activating 
mutations exhibited NICD overexpression, among which 26 were 

solid subtypes and one was defined as a cribriform-tubular subtype. 
This cribriform-tubular AdCC showed a mixture of tubular and solid 
patterns, with a less than 30% solid component, and NICD overex-
pression. Our findings indicate NICD overexpression is significantly 
correlated with Notch1 activating mutations and solid histology in 
AdCC.

Subsequently, we demonstrated that NICD and p63 had mutu-
ally exclusive expression in luminal and myoepithelial cells in both 
cribriform-tubular and solid tumours. Specifically, NICD expression 
was present only in luminal epithelial cells, whereas p63 expres-
sion was observed at the periphery of cribriform arrangements and 
non-luminal cells. Furthermore, exogenous NICD overexpression in 
AdCC tumour cells led to p63 downregulation. This mutual exclu-
sivity of NICD and p63 is in line with previous studies, implicating 
Notch signalling in restricting bipotential progenitors to a luminal 
cell fate and TP63 as a determinant of basal/myoepithelial cell type 
under negative Notch control (Bouras et al., 2008; Dang et al., 2009; 
Drier et al., 2016; Yalcin-Ozuysal et al., 2010). In the meantime, PCA 
based on RNA-seq showed that AdCC tumours fell into two major 
groups with Notch-mutant and wild-type AdCCs exhibiting dis-
tinct gene expression signatures, and myoepithelial markers TP63 
and KRT14 were found downregulated in Notch-mutant group. 
Furthermore, exogenous NICD overexpression in AdCC tumour cells 
promoted tumour cell proliferation, which was consistent with the 
higher cell proliferation rate found in solid AdCC patients with NICD 
overexpression labelled by Ki-67. Our findings indicate Notch activa-
tion contributes to the loss of myoepithelial differentiation and cell 
proliferation in high-grade, solid AdCC.

F I G U R E  3   Correlation of NICD 
overexpression with downregulation 
of p63 and upregulation of cell 
proliferation in AdCC. Histological 
(a) and immunofluorescence in situ 
detection of NICD and p63 (b, c) image of 
tubular–solid-combined AdCC subtype. 
Histological (d) and immunofluorescence 
in situ detection of NICD and p63 
(e–g) image of cribriform–solid-combined 
AdCC subtype. The Cyanine 3 (red) 
marked NICD, the Fluorescein (green) 
is recognized for P63, and the DAPI 
(blue) marked nucleus. Western blotting 
analysis and proliferation analysis using 
IncuCyte ZOOM Live-Cell Imaging system 
in AdCC tumour cells with or without 
the introduction of exogenous NICD (h). 
Representative photo of immunostaining 
for Ki-67 (i) in cribriform-solid-combined 
AdCC. The magnification of image (a, b, 
d, e, i) is ×100, the magnification of image 
(c, f, g) is ×200, scale bar 200 µm [Colour 
figure can be viewed at wileyonlinelibrary.
com]

(a) (b) (c)

(d)

(h)
(i)

(e) (f)

(g)
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In addition, potential prometastatic and poor prognostic role 
of NICD overexpression in AdCC suggests that the pathway may 
be an oncogenic target. We identified a significant association 
between NICD overexpression and distant AdCC metastasis. In 
previous studies, Notch1 mutations were more frequent in recur-
rent/metastatic AdCCs and were associated with distant metas-
tases to the liver, bone and other atypical sites, rather than the 
more common AdCC metastasis sites such as lungs (Ferrarotto 
et al., 2017; Ho et al., 2019). Interestingly, comparing with wild-
type AdCCs, Notch-mutant AdCCs exhibited upregulation of 
genes associated with osteoclast differentiation and bone metas-
tasis, including AREG, Notch3, ANXA8, IRX1, HSD17B2, PRRX2, 
PTGIS, SHH, GPR132, TGFB2, MTA2, CHD7, KAT2A and SIM1, 
and the downregulation of genes involved in the osteoblast differ-
entiation, including IGF2, SPARC, COL7A1 and COL17A1, based 
on RNA-seq analysis. Previous research demonstrated that Notch 
signalling stimulates osteogenesis, with continuous activation of 
the pathway linked to osteopenia in adult mice; the mechanism 
appears to involve impaired differentiation of mesenchymal stem 
cells into osteocytes (Ji, Ke, & Gao, 2017). Increased Notch1 
expression has been reported in osteonectin-null osteoblasts 
(Kessler & Delany, 2007). These findings corroborate our results 

of Kaplan–Meier analysis that revealed significantly higher bone 
metastasis proliferation rate in AdCCs with NICD overexpression. 
With limited data, our findings indicate that Notch pathway acti-
vation in solid AdCC might contribute to bone invasion and me-
tastasis, and further research is required to clarify the underlying 
mechanisms, including large cohorts enrolled together with func-
tional studies.

In summary, our findings provide important evidence regard-
ing the critical role of dysregulated Notch signalling in AdCC se-
verity. Although more research is required to clarify the genetic 
mechanism of intratumour heterogeneity and the pathogenesis 
of tumour progression in AdCC, we showed that Notch pathway 
activation may contribute to the loss of myoepithelial cell differ-
entiation, as well as to higher proliferation and metastasis rates 
in solid AdCCs.
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