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A B S T R A C T   

Background: Adenoid cystic carcinoma (ACC) is a rare salivary cancer. The highest rates of disease recurrence are 
in patients with NOTCH pathway activation, reported in up to 20%. Novel drugs targeting NOTCH signaling are 
under investigation in the recurrent/metastatic (R/M) setting. To understand their clinical utility, there is an 
urgent need to better characterize the disease course and outcomes following current standard of care treatment. 
Methods: 120 patients with R/M ACC underwent clinical review at a single UK Cancer Centre. Patients were 
retrospectively assessed for tumor NOTCH pathway activation using next generation sequencing (NGS) targeting 
NOTCH1/2/3 genes and/or NOTCH1 intra-cellular domain (NICD1) immunohistochemistry. Demographic and 
treatment data were extracted from the clinical notes. Kaplan-Meier survival analysis was performed using log 
rank test. 
Results: NOTCH pathway activation was identified in 13/120 patients (11 %). In 12/101 patients analyzed by 
NGS, NOTCH1/3 activating somatic mutations were identified, and a further patient was identified with NICD1 
diffuse nuclear staining in whom NGS testing was not possible. Patients with NOTCH pathway activation had 
shorter median RFS (1.1 vs 3.4 years, p = 0.2032) and significantly reduced median OS from diagnosis (4.0 vs 
16.3 years, p < 0.0001). There was significantly reduced median OS from time of disease recurrence/metastasis 
(1.9 vs 9.6 years, p < 0.0001). 
Conclusion: This study clearly demonstrates a reduction in OS from time of first confirmed disease recurrence/ 
metastasis for patients with NOTCH pathway activated ACC. This provides support for developing new drugs for 
this sub-group of patients, for whom clinical outcomes are significantly worse and effective treatments are 
lacking.   

Background 

Adenoid cystic carcinoma (ACC) is a rare cancer which is resistant to 
systemic therapies in most cases [1]. The majority originate within 
salivary glands with a smaller number occurring in other secretory 
glands within the trachea, lung and breast [1]. Most cases present with 
localized disease, however, ACC is characterized by high rates of 
recurrence and distant metastasis [2]. 

Whole exome sequencing of ACC tumour samples has identified 
NOTCH pathway activating alterations in up to 20 % of patients [3,4]. 

The NOTCH family consists of four transmembrane protein receptors 
(NOTCH-1, − 2, − 3, − 4). There are five ligands involved in the activa
tion of NOTCH receptors: Delta-like ligand (DLL) − 1, − 3 and − 4 and 
Jagged (JAG) − 1 and − 2 [5]. Ligand activation results in pathway 
activation via release of the NOTCH intracellular domain (NICD) and 
transcriptional activator complex formation. NOTCH signaling is 
involved in a number of oncogenic processes including cell proliferation, 
survival, migration, angiogenesis, stem cell renewal and metastasis. 

In addition to next generation sequencing (NGS) to identify NOTCH 
mutations, immunohistochemistry (IHC) staining for NICD1 is another 
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established approach to identifying NOTCH pathway activation. NOTCH 
pathway activation, as indicated by increased NICD protein expression 
in the nucleus has been observed in patients with gain-of-function 
NOTCH1 and NOTCH3 mutations compared to those with wild-type 
NOTCH [6,7]. These authors reported that NOTCH1/3 mutations were 
significantly associated with decreased relapse-free survival and overall 
survival following primary diagnosis compared to NOTCH1/3 wild-type 
patients. 

Therapies are under development to target NOTCH including re
ceptor/ligand antibodies, gamma secretase inhibitors and transcription 
complex inhibitors [8,9,10]. The majority of ACC patients have resec
tion of localized disease followed by a disease-free interval of many 
years prior to recurrence [7] and drug therapies are being evaluated in 
the recurrent or metastatic setting. To better understand the clinical 
utility of candidate drug therapies targeting NOTCH pathway activated 
ACC there is a need to better characterize the disease course and survival 
outcomes following disease recurrence, as the point from which sys
temic therapies are being evaluated. 

Patients and Methods 

Patient consent 

One hundred and twenty patients with ACC provided informed 
consent to an ethically approved study permitting analysis of their 
clinical and genomic data. The study was granted research ethics 
approval under the MCRC Biobank Research Tissue Bank Ethics (NHS 
NW Research Ethics Committee 18/NW/0092) and was performed in 
accordance with the Declaration of Helsinki. 

NOTCH-1, − 2 and − 3 analysis by next generation sequencing 

DNA was extracted from FFPE tumour blocks from 101 ACC patients 
in the Manchester Centre for Genomic Medicine and assessed for alter
ations in NOTCH1, NOTCH2 and NOTCH3 genes by next generation 
sequencing (Illumina TST-170, using a minimum DNA input of mini
mum 40 ng per sample) covering the entire exonic regions of NOTCH1/ 
2/3 genes. 

Genomic somatic alterations were detected from raw reads using 
Illumina’s somatic variant caller Pisces (with min-variant-frequency 
filter 0.02 and min-depth-filter 100). We assessed only mutations fall
ing inside two specific areas of the NOTCH1/2/3 gene, one area span
ning the heterodimerization-negative regulatory region (NRR) and the 
other area spanning the proline, glutamic acid, serine, threonine-rich 
(PEST) domain. Alterations were classified as gain of function if the 
mutations disrupted the NRR or PEST domains. A further patient was 
found to have a NOTCH activating mutation from an existing Founda
tionOne® report and was therefore included in NGS analysis. 

NICD1 analysis by immunohistochemistry 

FFPE sections from 88 ACC patients were stained for NOTCH1 
intracellular domain (NICD1) immunohistochemistry (IHC) using 
cleaved NOTCH1 (Val1744 (D3B8) rabbit mAb (Cell Signaling mAb 
#4147) on Leica Bond Max instrument [11]. MDA-MD-157 cell line and 
normal tonsil tissue were used as positive controls. Normal tonsil tissue 
stained without the primary antibody were used as negative controls. 
Cases were classed as NICD1 positive if on pathology review there was 
diffusely positive nuclear staining in tumor cells. 

Clinical data collection 

Patients who were referred to assess their suitability for systemic 
therapies within clinical trials underwent clinical review at a single UK 
Cancer Centre from 2017 to 2020. Treatment data including surgery, 
radiotherapy and systemic therapies were extracted and patients 

followed up for survival outcomes. 

cBioportal analysis of NOTCH pathway activation 

One thousand and two hundred patients were reviewed via cBio
portal. One hundred and fifty with complete survival data were identi
fied. Twelve were identified as having NOTCH1/3 pathway activation 
mutation with criteria applied as in section 2.2. 

Statistical analysis 

To evaluate for any difference in the clinical characteristics between 
patients with and without NOTCH pathway activation, univariable 
analysis was performed between the groups using the Fisher’s exact test 
for categorical data and an unpaired t test for continuous variables. 

Recurrence free survival (RFS), survival from recurrence and overall 
survival (OS) rates were estimated using the Kaplan-Meier method and 
the log-rank test. Data was censored on December 2020. RFS was 
calculated from diagnosis to the date of first confirmed disease recur
rence or metastasis. Survival from recurrence was calculated from the 
date of first confirmed disease recurrence or metastasis to the date of 
death of any cause or last known follow up. OS was calculated from 
diagnosis to the date of death of any cause or last known follow up. 
Statistical analyses were conducted using GraphPad Prism (Version 9.0, 
Graph- Pad Software, San Diego, CA, USA) and SPSS (version 27.0; IBM 
Corporation, Somer, NY, USA). 

Results 

Patient and disease characteristics 

For all patients in this study, median age at diagnosis was 48 years 
(range 17 to 75 years), with 50 (42 %) male and 70 (58 %) female pa
tients. The primary site was major salivary gland in 58 (48 %) patients, 
with 62 (52 %) from a minor salivary gland site. Ninety-six percent 
(115/120) of patients had confirmed recurrent or metastatic disease, 
with lung being the most common site of recurrence (n = 80, 79 %). 
Other sites of recurrence include localized (n = 38, 33 %), liver (n = 16, 
13 %) and bone (n = 13, 11 %). 

Classification of NOTCH pathway activation by NGS 

As the predominant mechanism for NOTCH pathway activation in 
ACC is a gain of function mutation in the NOTCH1/2/3 genes [6], NGS 
was performed to determine NOTCH1/2/3 status in patients for whom 
sufficient DNA was available for analysis. NOTCH1/3 activating somatic 
mutations which were predicted to disrupt the function of the NRR or 
PEST domains were identified in 12 % (12/101) of ACC patients by NGS 
(Fig. 1Ai and ii and Table 1). The majority of the alterations were in 
NOTCH1 (9/12) with 3 patients having gain of function mutation in 
NOTCH3. These NOTCH1/3 alterations are consistent with those 
described in 15 % (n = 22/144) of ACC patients in cBioportal (Fig.  1Bi- 
ii). The majority of alterations affecting the NRR were missense single 
amino acid substitutions (5/6), with one insertion. Of the alterations 
disrupting the PEST domain, almost all (8/9) resulted in truncating 
frameshifts, with one missense substitution. 

Of the 12 patients who had a NOTCH1/3 activating mutation iden
tified using NGS, 58 % (7/12) were analyzed on DNA extracted from the 
primary tumour site and 42 % (5/12) were from sites of metastatic 
disease (Table 1). In comparison, of the 89 patients with wild-type 
NOTCH1/3 identified using NGS, 47 % (42/89) were analyzed on 
DNA from the primary tumour site and 44 % (39/89) were from meta
static disease. The site of biopsy was unknown in 9 % (8/89) of patients 
in the NOTCH wild-type group. 

Lollipop plots of NOTCH1/3 mutated genes are shown in Fig. 1. 265 
distinct NOTCH alterations (missense, frameshift or inframe-indels) 
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were observed, with 14 considered activating mutations found in hot- 
spot regions (NRR and PEST domains). 

Identification of additional patients with NOTCH pathway activation 
using NICD immunohistochemistry. 

As it is possible for NOTCH pathway activation to occur indepen
dently of NOTCH gene gain of function mutation [5], where FFPE tumor 
blocks were available (88/120 patients), patients were analyzed for 
NICD1 diffuse nuclear staining by IHC (Fig. 2A). This approach identi
fied one further patient with NOTCH pathway activation in whom there 
was insufficient tumour for DNA based NGS. In total, combining patients 

with NOTCH gain of function mutation by NGS and diffuse NICD1 nu
clear staining by IHC, 13/120 (11 %) patients had evidence of NOTCH 
pathway activation. Of the 5 patients with NICD-positive IHC staining, 
all 5 were analyzed on tissue samples obtained from the primary tumour 
site (Table 1). 

Comparison of the clinical characteristics for ACC with and without 
NOTCH pathway activation. 

The clinical characteristics of patients with and without NOTCH 
pathway activation are summarized in Table 2. In NOTCH pathway 
activated ACC, primary site was major salivary gland in 7/13 (54 %). 

Fig. 1. NOTCH1/3 gain of function mutations in ACC in the current study (Ai-ii) and in the cBioportal analysis (Bi-ii). NRR = negative regulatory region; ANK =
ankyrin; PEST = Pro-Glu-Ser-Thr-rich domain. 
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Table 1 
Summary of cases with NOTCH pathway activation.  

NOTCH 
mutation (1) 

Amino acid change (1) NOTCH 
mutation (2) 

Amino acid change 
(2) 

NOTCH 
Domain 

NICD1 IHC Primary Site Histology NGS biopsy 
site 

NICD1 IHC 
biopsy site 

NGS analysis alone identifying NOTCH 1/3 gain of function mutation 
NOTCH1 His2428AlafsTer5 NA NA PEST NA Minor (sphenoid 

sinus) 
NA Primary 

tumour 
NA 

NOTCH1 Val1599Gly NOTCH1 Val2476CysfsTer9 NRR/PEST NA Major NA Metastatic NA 
NOTCH3 Arg1546Cys NA NA NRR NA Minor (maxillary 

sinus) 
NA Primary 

tumour 
NA 

NOTCH3 Ala1608Thr NOTCH3 Ser2248Phe NRR/PEST NA Major NA Primary 
tumour 

NA 

NGS and NICD1 analyses identifying both NOTCH1/3 gain of function mutation and diffuse NICD1 nuclear staining 
NOTCH1 Leu2482AlafsTer100 NA NA PEST Positive Major Solid & Tub/ 

Crib 
Metastatic Primary tumour 

NOTCH1 Pro1582_Glu1583insSerValProValLeuMetProPro NA NA NRR Positive Major Solid & Tub/ 
Crib 

Metastatic Primary tumour 

NOTCH1 His2428ProfsTer7 NA NA PEST Positive Minor (palatal) Solid & Tub/ 
Crib 

Primary 
tumour 

Primary tumour 

NOTCH1 His2428ProfsTer7 NA NA PEST Positive Minor (carinal) Solid Primary 
tumour 

Primary tumour 

NGS and NICD1 analyses identifying NOTCH1/3 gain of function mutation without diffuse NICD1 nuclear staining 
NOTCH1 Ile1714Leu NA NA NRR Negative (H-score 

100) 
Major Tub/Crib Primary 

tumour 
Primary tumour 

NOTCH1 Leu2468CysfsTer9 NA NA PEST Negative (H-score 
10) 

Major Scant NOS Primary 
tumour 

Primary tumour 

NOTCH1 His2428ProfsTer7 NOTCH1 Val2476ArgfsTer6 PEST Negative (H-score 
60) 

Minor (tracheal) Solid & Tub/ 
Crib 

Metastatic Metastatic 

NOTCH3 Ala1529Pro NA NA NRR Negative (H-score 
30) 

Minor (floor of 
mouth) 

Solid & Tub/ 
Crib 

Metastatic Metastatic 

NICD1 analysis alone identifying diffuse NICD1 nuclear staining 
NA NA NA NA NA Positive Major Solid NA Primary tumour  
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These patients had a higher proportion of metastases to the liver (23 % 
vs 12 %; p = 0.379) and bone (15 % vs 10 %; p = 0.632) compared to 
NOTCH wild-type patients. All patients had a specialist multi- 
disciplinary review to determine their suitability for treatment with 

curative intent at their first clinical presentation. Significantly fewer 
patients with NOTCH activated ACC presented with operable disease 
and underwent surgery (69 % vs 92 %; p = 0.035) or received adjuvant 
radiation/chemoradiation (46 % vs 86 %; p = 0.002) due to either the 
presence of inoperable locally advanced disease or of distant metastasis. 
A higher percentage of patients with NOTCH activated ACC received 
palliative systemic therapy (46 % vs 25 %; p = 0.184) compared to 
NOTCH wildtype patients. This clinical decision making followed na
tional guidelines and took place prior to any knowledge of the individual 
patients NOTCH status. 

Comparison of recurrence free survival and overall survival from 
primary diagnosis. 

Consistent with previous reports [6], patients with NOTCH pathway 
activation (n = 13) had shorter RFS (median RFS 1.1 vs 3.4 years, p =
0.2032) and significantly reduced OS from diagnosis (median OS 4.0 vs 
16.3 years, p < 0.0001) (Fig.  3A). Median follow up from diagnosis was 
7 years (range 0 to 38 years). 

Comparison of recurrence free survival and overall survival from first 
confirmed recurrence. 

As drug therapies are being evaluated in ACC in the recurrent or 
metastatic setting, our primary aim was to characterize the clinical 
outcomes following disease recurrence in patients with and without 
NOTCH pathway activation. There was significantly reduced OS from 
time of first confirmed disease recurrence or metastasis (1.9 vs 9.6 years, 
p < 0.0001) (Fig.  3B). This reduction in OS for NOTCH activation 
following recurrence was seen consistently whether patients were clas
sified using NGS (2.2 vs 9.6 years, p < 0.0001) or NICD1 IHC (0.8 vs 9.6 
years, p < 0.0001) (Fig. 3Bii and iii). 

Fig. 4 highlights the significant reduction in RFS, OS from diagnosis 
and OS from first recurrence in patients with NOTCH pathway activation 
compared to those without. At time of censoring, only 2/13 (15 %) 
patients with NOTCH pathway activation were alive compared to 76/ 
107 (71 %) of patients without NOTCH pathway activation. 

Previous studies have reported an association with poor overall 
survival in ACC patients with TP53 loss of function mutations [11]. TP53 
status was available for 102/120 patients in the current study; 12/13 
patients with NOTCH pathway activation and 90/107 patients without. 
One patient (1/12, 8 %) in the NOTCH pathway activation group was 

Fig. 2. NOTCH intracellular domain IHC in ACC in A) NICD1 positive cases, B) NICD1 negative cases.  

Table 2 
Baseline characteristics.  

Characteristic Total 
population 
(n ¼ 120) 

NOTCH 
activation 
(n ¼ 13) 

No NOTCH 
activation (n 
¼ 107) 

p 
value 

Age at diagnosis, 
median (range) 

48 (17 to 75) 46 (22 to 74) 48 (17 to 75)  0.614 

Sex (%)     1.000 
Male 50 (42) 5 (38) 45 (42)  
Female 70 (58) 8 (62) 62 (58)  
Primary site     0.773 
Major 58 (48) 7 (54) 51 (48)  
Minor 62 (52) 6 (46) 56 (52)  
Site of metastasis     
Local 38 (32) 5 (39) 33 (31)  0.547 
Lung 80 (67) 7 (54) 73 (68)  0.355 
Liver 16 (13) 3 (23) 13 (12)  0.379 
Bone 13 (11) 2 (15) 11 (10)  0.632 
Lymph node 5 (4) 1 (8) 4 (4)  0.442 
Skin 5 (4) 1 (8) 4 (4)  0.442 
Treatment     
Surgery 107 (89) 9/13 (69) 98/107 (92)  0.035* 
Adjuvant RT/ 

CRT 
98 (82) 6/13 (46) 92/107 (86)  0.002* 

Palliative SACT 33 (28) 6/13 (46) 27/107 (25)  0.184 
Lines of 

palliative SACT 
n ¼ 33/120 n ¼ 6/13 n ¼ 27/107  0.379 

1 21/33 (64) 5/6 (83) 16/27 (59)  
2þ 12/33 (36) 1/6 (17) 11/27 (41)  
Chemotherapy 14/33 (42) 3/6 (50) 12/27 (44)  1.000 
TKI 12/33 (36) 0 12/27 (44)  1.000 
Experimental 

therapy/ 
clinical trial 

14/33 (42) 4/6 (67) 12/27 (44)  0.229 

Abbreviations: RT - radiotherapy; CRT - chemo-radiotherapy; SACT - Systemic 
anti-Cancer Therapy; TKI - Tyrosine Kinase Inhibitor. * denotes a statistically 
significant p value. 
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identified as having a TP53 loss of function mutation (Fig. 4). A similar 
percentage (8/90, 9 %) of patients were identified as having a TP53 loss 
of function mutation in the group without NOTCH pathway activation 
(Fig. 4). 

Discussion 

The NOTCH signaling pathway plays a critical role in regulating 
development and homeostasis [11]. However, NOTCH signaling is also 
integral to tumorigenesis and has been shown to facilitate both tumour 
suppression and oncogenesis across numerous tumour types [12]. 
Overall, combining the NOTCH NGS and NICD1 IHC approaches, the 
incidence of NOTCH pathway activation in this cohort was 11 % (13/ 
120). Of these 13, 54 % (7/13) were assessed for both NOTCH1/3 
activating mutation and NICD IHC staining. Of these 7, 71 % (5/7) were 
analyzed using the same biopsy site for both NGS and NICD1 IHC 
(Table 1). Forty-three percent (3/7) showed concordance in NOTCH 
activation (NOTCH activating mutation identified with positive NICD1 
IHC staining), whilst 57 % (4/7) were discordant (NOTCH activating 
mutation identified without NICD1 IHC positive staining). 

There is no established clinical approach to which testing should be 
applied to identify patients with NOTCH pathway activation. This is the 
first study that has shown that when using the combined approach of 
DNA based NGS and NICD1 IHC to a large cohort of patients seeking 
clinical trial therapies that both assays have the potential to provide 
additional utility in patient classification as NOTCH pathway activated. 

As mentioned previously, activation of the NOTCH signaling 

pathway has been reported as a key component in ACC pathogenesis 
with an associated aggressive phenotype and poor prognosis [6]. As 
systemic therapies are being developed in patients with R/M ACC, it is 
important to understand the clinical impact of NOTCH pathway acti
vation on patient outcomes following disease recurrence. Earlier studies 
have reported the outcomes for patients with NOTCH mutated ACC from 
the point of first diagnosis [3,4,6,7]. However this has the potential to 
over-estimate the longevity of these patients as there is frequently a 
significant disease-free interval from primary diagnosis which may be 
many years. In the current study, despite a lower frequency of detection 
of NOTCH activating mutations, a similar association with poor overall 
survival from diagnosis was observed and, notably, from the time of first 
confirmed disease recurrence or metastasis. To our knowledge this is the 
first study to describe clinical outcomes and patient survival times from 
the point of disease recurrence, and the median overall survival of less 
than two years from the point of recurrence demonstrated emphasizes 
the clinical need for the development of new treatments in this group. 
Over the past decade, different classes of drugs therapeutically targeting 
NOTCH have been clinically tested. Novel NOTCH inhibitors have been 
investigated in phase II clinical trials (NCT03691207; NCT03422679). 

To define genomic sub-groups of ACC patients using DNA based NGS, 
only a few studies have variably distinguished between any NOTCH 
mutations and NOTCH activating mutations, and these activating mu
tations have been limited to NOTCH1 mutations [4,6,7]. In the clinical 
characterisation described in this study we have applied the approach of 
secondary functional classification of NOTCH gene mutations as acti
vating only if they were predicted to disrupt the function of the NRR or 

Fig. 3. Kaplan-Meier estimate for: (Ai-iii) Overall survival from diagnosis, defined as time from diagnosis to death from any cause; (Bi-iii) Survival from first 
recurrence, defined as time from first recurrence to date of death from any cause, dashes indicate censored events. 
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PEST domains as NOTCH gene mutation causing NOTCH signaling 
pathway activation was considered to be a biologically relevant popu
lation. This approach is however more restrictive and the current study 
has described a lower described frequency of patients in the NOTCH 
pathway activated sub-group (11 %) compared with those with NOTCH 
mutated ACC reported previously (up to 20 %) [3,4,6]. 

Previous studies have reported a higher prevalence of NOTCH 
pathway activation in R/M ACC compared to primary ACC [4]. This 
distinction was not clearly evident in our cohort with a similar propor
tion of patients with NGS analysis carried out on tissue obtained from 
metastasis in the NOTCH pathway activation (42 %, 5/12) and no 
pathway activation (44 %, 42/89) groups. Furthermore, all patients (5/ 
5) with NICD-positive IHC staining were analyzed on tissue samples 
obtained from the primary tumour site. Comprehensive data on the site 
of biopsy for the majority of patients who underwent NICD1 IHC was not 
available. 

Intra-patient heterogeneity and tumour evolution are very well 

described across multiple cancer types [13]. NOTCH pathway genes 
have been identified as early genetic events in ACC [14]. Previous re
ports including primary and metastatic samples to assess NOTCH gene 
mutations, without any additional functional classification or IHC clas
sification such as carried out in the current study, describe a 23 % fre
quency in primary tumours compared to a 27 % frequency from the 
metastasis [4]. However, there is no secondary functional analysis of 
NOTCH gene mutations to describe the frequency of NOTCH activating 
mutations in this earlier analysis and this remains an area of ongoing 
investigation specifically with respect to NOTCH signaling pathway 
activation in ACC. 

Patients with NOTCH pathway activation mutation have been re
ported to exhibited a higher likelihood of developing liver and/or bone 
metastasis [6]. Several studies have investigated the interplay between 
epithelial-to-mesenchymal transition (EMT) and NOTCH signaling in 
the context of vascular intravasation facilitating distant metastasis 
[15–17]. However, the precise role of NOTCH signaling in this context 

Fig. 4. Swimmer’s plot of time from diagnosis to 
first recurrence (blue bar) and survival from first 
recurrence to death or last known follow-up (red 
bar) for patients with NOTCH pathway activation 
and No NOTCH pathway activation. Each bar rep
resents an individual patient, with the length of the 
bar corresponding to the time of overall survival. 
Arrow indicates patient is alive. Columns along the 
y axis indicate whether the patient was (black box) 
or was not (white box) treated with surgery (cura
tive intent), chemoradiotherapy (CRT)/adjuvant 
radiotherapy or palliative systemic therapy. TP53 
status indicated as mutant (black box), wild-type 
(white box) or unknown (grey box). (For interpre
tation of the references to colour in this figure 
legend, the reader is referred to the web version of 
this article.)   
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remains uncertain. 
Although TP53 is mutated in many cancers, it is not as frequently 

mutated in ACC, as observed in this study with 9/102 (9 %) ACC patients 
reported as having a TP53 mutation [18]. In mouse models, concomitant 
NOTCH activation and TP53 loss of function have been shown to pro
mote epithelial-to-mesenchymal transition (EMT) and enhance invasive 
or aggressive phenotypes [19]. Within this study cohort, there did not 
appear to be an association between NOTCH pathway activation and 
TP53 loss of function mutations. 

A limitation of the current study is the lack of availability of TNM 
staging data at first diagnosis for all the patients studied. This was the 
case as patients were referred from multiple centres in the UK, and 
formal TNM staging at first presentation was performed through 
external centres and sometimes a number of years prior to recurrence. 
There would however be potential utility of comparison between 
genomic classification and TNM classification to provide additional 
insight into this clinical sub-group and further analysis in a surgically 
annotated cohort with TNM data would be of value to investigate this 
further. 

In the cohort of patients included in the study, recurrent or meta
static disease was present in 96 % at the time of analysis. In part, this 
high frequency of recurrent or metastatic disease is due to the long 
duration of follow up for patients included in this analysis, with a me
dian follow up of 7 years and a range of up to 38 years. However, in 
addition, patients included in the current study were undergoing clinical 
review to consider systemic therapies within clinical trials. As the role of 
systemic therapies within clinical trials is predominantly restricted to 
the recurrent or metastatic setting, this results in the high frequency of 
recurrent/metastatic disease described. Although the greatest need for 
new therapies is in the setting of disease recurrence, the results of the 
current study should be interpreted in this context and further studies in 
a cohort of patients having disease resection with curative intent are 
warranted. The authors acknowledge that for this case series patients 
were selected based on recurrence/metastatic disease and by definition 
the cohort is therefore biased towards those with worse outcomes. 
Furthermore, survival from diagnosis may be underestimated as the 
population does not include patients who underwent surgical resection 
with no recurrence. However, the findings of this study are in keeping 
with published data and adds to our understanding of the more rapidly 
progressive disease course experienced by ACC patients with NOTCH 
activating mutations. 

Conclusion 

This is the first study to report OS from time of first confirmed disease 
recurrence or metastasis for patients with NOTCH pathway activated 
ACC. Although R/M ACC is frequently considered an indolent disease, 
this provides support for developing new drugs for the sub-group of ACC 
with NOTCH pathway activation, for whom effective therapies remain 
devastatingly short. 

Funding 

This research was funded by Ayala Pharmaceuticals, Syncona 
Foundation, The Infrastructure Industry Foundation and The Christie 
Charity. 

Institutional Review Board Statement 

The study was granted research ethics approval under the MCRC 
Biobank Research Tissue Bank Ethics (NHS NW Research Ethics Com
mittee 18/NW/0092) and was performed in accordance with the 
Declaration of Helsinki. 

Informed Consent Statement 

All subjects provided informed consent to collection of demographic, 
clinical and genomic data included in this study. 

CRediT authorship contribution statement 

Laura Feeney: Data curation, Writing – original draft, Visualization. 
Brindley Hapuarachi: Formal analysis, Data curation, Writing – orig
inal draft, Visualization. Helen Adderley: Data curation. Sam Rack: 
Formal analysis, Data curation, Visualization. David Morgan: Formal 
analysis. Russell Walker: Conceptualization, Resources, Data curation. 
Rami Rauch: Resources. Elad Herz: Resources. Joel Kaye: Resources. 
Kevin Harrington: . Robert Metcalf: Conceptualization, Methodology, 
Formal analysis, Resources, Data curation, Writing – original draft, 
Writing – review & editing, Supervision, Funding acquisition. 

Declaration of Competing Interest 

The authors declare the following financial interests/personal re
lationships which may be considered as potential competing interests: 
[KH conflict of interest includes Arch Oncology, AstraZeneca, Bristol- 
Myers Squibb, Boehringer Ingelheim, Merck Sernon, MSD, Oncolys 
BioPharma, Replimune, Inzen Therapeutics, Pfizer, Codiak Biosciences 
and Merck Sharp & Dohme. RM conflict of interest includes Bristol- 
Myers Squibb, Merck Sharp & Dohme, Roche, Bayer, Achillies Thera
peutics, Aptus Clinical, PCI Biotech, Ayala Pharmaceuticals and 
OxSonics. All other authors declare no conflict of interest. The funders 
had no role in the design of the study; in the collection, analyses, or 
interpretation of data; in the writing of the manuscript, or in the decision 
to publish the results.]. 

Data Availability Statement: 

Data will be made available to clinical and academic partners upon 
request within the terms of the relevant ethical agreements provided. 

Acknowledgments 

The authors are grateful for the assistance of Jenni Hill and Lesley 
Drain for their technical support. 

References 

[1] El-Naggar AK. Editor’s perspective on the 4th edition of the WHO head and neck 
tumor classification. J Egypt National Cancer Inst 2017;29(2):65–6. 

[2] Ellington CL, Goodman M, Kono SA, Grist W, Wadsworth T, Chen AY, et al. 
Adenoid cystic carcinoma of the head and neck: Incidence and survival trends 
based on 1973–2007 Surveillance, Epidemiology, and End Results data. Cancer 
2012;118(18):4444–51. https://doi.org/10.1002/cncr.27408. 

[3] Stephens PJ, Davies HR, Mitani Y, Van Loo P, Shlien A, Tarpey PS, et al. Whole 
exome sequencing of adenoid cystic carcinoma. J Clin Invest 2013;123(7):2965–8. 
https://doi.org/10.1172/JCI67201. 

[4] Ho AS, Ochoa A, Jayakumaran G, Zehir A, Valero Mayor C, Tepe J, et al. Genetic 
hallmarks of recurrent/metastatic adenoid cystic carcinoma. J Clin Invest 2019; 
129(10):4276–89. https://doi.org/10.1172/JCI128227. 

[5] Kopan R, Ilagan MXG. The Canonical Notch Signaling Pathway: Unfolding the 
Activation Mechanism. Cell 2009;137(2):216–33. https://doi.org/10.1016/j. 
cell.2009.03.045. 

[6] Ferrarotto R, Mitani Y, Diao L, Guijarro I, Wang J, Zweidler-McKay P, et al. 
Activating NOTCH1 mutations define a distinct subgroup of patients with adenoid 
cystic carcinoma who have poor prognosis, propensity to bone and liver metastasis, 
and potential responsiveness to Notch1 inhibitors. J Clin Oncol 2017;35(3): 
352–60. https://doi.org/10.1200/JCO.2016.67.5264. 

[7] Sajed DP, Faquin WC, Carey C, et al. Diffuse Staining for Activated NOTCH1 
Correlates with NOTCH1 Mutation Status and Is Associated with Worse Outcome in 
Adenoid Cystic Carcinoma. Am J Surg Pathol 2017;41(11):1473–82. https://doi. 
org/10.1097/PAS.0000000000000945. 

[8] Briot A, Iruela-Arispe ML. Blockade of specific NOTCH ligands: A new promising 
approach in cancer therapy. Cancer Discov 2015;5(2):112–4. https://doi.org/ 
10.1158/2159-8290.CD-14-1501. 

L. Feeney et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S1368-8375(22)00317-7/h0005
http://refhub.elsevier.com/S1368-8375(22)00317-7/h0005
https://doi.org/10.1002/cncr.27408
https://doi.org/10.1172/JCI67201
https://doi.org/10.1172/JCI128227
https://doi.org/10.1016/j.cell.2009.03.045
https://doi.org/10.1016/j.cell.2009.03.045
https://doi.org/10.1200/JCO.2016.67.5264
https://doi.org/10.1097/PAS.0000000000000945
https://doi.org/10.1097/PAS.0000000000000945
https://doi.org/10.1158/2159-8290.CD-14-1501
https://doi.org/10.1158/2159-8290.CD-14-1501


Oral Oncology 133 (2022) 106028

9

[9] Shih IM, Wang TL. γ-Notch signaling, secretase inhibitors, and cancer therapy. 
Cancer Res 2007;67(5):1879–82. https://doi.org/10.1158/0008-5472.CAN-06- 
3958. 

[10] Hurtado C, Safarova A, Smith M, Chung R, Bruyneel AAN, Gomez-Galeno J, et al. 
Disruption of NOTCH signaling by a small molecule inhibitor of the transcription 
factor RBPJ. Sci Rep 2019;9(1). https://doi.org/10.1038/s41598-019-46948-5. 

[11] Adderley H, Rack S, Hapuarachi B, Feeney L, Morgan D, Hussell T, et al. The utility 
of TP53 and PIK3CA mutations as prognostic biomarkers in salivary adenoid cystic 
carcinoma. Oral Oncol 2021;113:105095. https://doi.org/10.1016/j. 
oraloncology.2020.105095. 

[12] Rolle K, Rivero-müller A, Nees M. Progression and Metastasis. Cells 2021;10:94. 
https://doi.org/10.3390/cells10010094. 

[13] Gerlinger M, Rowan AJ, Horswell S, Larkin J, Endesfelder D, Gronroos E, et al. 
Intratumor Heterogeneity and Branched Evolution Revealed by Multiregion 
Sequencing. N Engl J Med 2012;366(10):883–92. 

[14] Liu B, Mitani Y, Rao X, Zafereo M, Zhang J, Zhang J, et al. Spatio-Temporal 
Genomic Heterogeneity, Phylogeny, and Metastatic Evolution in Salivary Adenoid 
Cystic Carcinoma. J Natl Cancer Inst 2017;109(10). https://doi.org/10.1093/jnci/ 
djx033. 

[15] Zhang J, Zheng G, Zhou L, Li P, Yun M, Shi Qi, et al. Notch signalling induces 
epithelial-mesenchymal transition to promote metastasis in oral squamous cell 
carcinoma. Int J Mol Med 2018. https://doi.org/10.3892/ijmm.2018.3769. 

[16] Hultgren NW, Fang JS, Ziegler ME, Ramirez RN, Phan DTT, Hatch MMS, et al. Slug 
regulates the Dll4-Notch-VEGFR2 axis to control endothelial cell activation and 
angiogenesis. Nat Commun 2020;11(1). https://doi.org/10.1038/s41467-020- 
18633-z. 

[17] Mendonça L, Trindade A, Carvalho C, Correia J, Badenes M, Gigante J, et al. 
Metastasis is impaired by endothelial-specific Dll4 loss-of-function through 
inhibition of epithelial-to-mesenchymal transition and reduction of cancer stem 
cells and circulating tumor cells. Clin Exp Metastasis 2019;36(4):365–80. https:// 
doi.org/10.1007/s10585-019-09973-2. 

[18] Gomes CC, Diniz MG, Orsine LA, Duarte AP, Fonseca-Silva T, Conn BI, et al. 
Assessment of TP53 mutations in benign and malignant salivary gland neoplasms. 
PLoS ONE 2012;7(7):e41261. https://doi.org/10.1371/journal.pone.0041261. 

[19] Chanrion M, Kuperstein I, Barrière C, El Marjou F, Cohen D, Vignjevic D, et al. 
Concomitant Notch activation and p53 deletion trigger epithelial-to-mesenchymal 
transition and metastasis in mouse gut. Nat Commun 2014;5(1). https://doi.org/ 
10.1038/ncomms6005. 

L. Feeney et al.                                                                                                                                                                                                                                  

https://doi.org/10.1158/0008-5472.CAN-06-3958
https://doi.org/10.1158/0008-5472.CAN-06-3958
https://doi.org/10.1038/s41598-019-46948-5
https://doi.org/10.1016/j.oraloncology.2020.105095
https://doi.org/10.1016/j.oraloncology.2020.105095
https://doi.org/10.3390/cells10010094
http://refhub.elsevier.com/S1368-8375(22)00317-7/h0065
http://refhub.elsevier.com/S1368-8375(22)00317-7/h0065
http://refhub.elsevier.com/S1368-8375(22)00317-7/h0065
https://doi.org/10.1093/jnci/djx033
https://doi.org/10.1093/jnci/djx033
https://doi.org/10.3892/ijmm.2018.3769
https://doi.org/10.1038/s41467-020-18633-z
https://doi.org/10.1038/s41467-020-18633-z
https://doi.org/10.1007/s10585-019-09973-2
https://doi.org/10.1007/s10585-019-09973-2
https://doi.org/10.1371/journal.pone.0041261
https://doi.org/10.1038/ncomms6005
https://doi.org/10.1038/ncomms6005

	Clinical disease course and survival outcomes following disease recurrence in adenoid cystic carcinoma with and without NOT ...
	Background
	Patients and Methods
	Patient consent
	NOTCH-1, −2 and −3 analysis by next generation sequencing
	NICD1 analysis by immunohistochemistry
	Clinical data collection
	cBioportal analysis of NOTCH pathway activation
	Statistical analysis

	Results
	Patient and disease characteristics
	Classification of NOTCH pathway activation by NGS

	Discussion
	Conclusion
	Funding
	Institutional Review Board Statement
	Informed Consent Statement
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability Statement:
	Acknowledgments
	References


