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Gene expression patterns in adenoid cystic carcinoma with and without diffuse NOTCH1 
intracellular domain (NICD1) immunohistochemistry staining   

Introduction 

Adenoid cystic carcinoma (ACC) is a rare salivary gland cancer with 
diverse tumour growth kinetics. Studies have applied proteo-genomic 
approaches to identify poorer prognostic subgroups [1–5]. Most 
recently, Ferrarotto et al. described two groups: ACC-I characterised by 
NOTCH1 activating mutations, MYC and NOTCH1 intracellular domain 
(NICD1) protein expression and reduced survival; and ACC-II differen-
tiated by TP63 and EGFR protein overexpression and better outcomes 
[5]. 

In our previous study of 120 ACC patients, we demonstrated adverse 
clinical outcomes with NOTCH1 activating mutations and/or NICD1 
diffuse immunohistochemical (IHC) staining [6]. We have now used 
comprehensive transcriptome analysis to determine the differential gene 
expression patterns in tumour samples with and without NICD1 diffuse 
staining from a cohort of the above patients. To examine whether these 
patterns allow for stratification in an independent dataset, we used the 
differentially expressed gene-sets identified from these tumours to 
analyse the ACC transcriptomic dataset reported by Ferrarotto et al. [5]. 

Results 

Of 92 ACC tumour samples successfully evaluated for NICD1 protein 
expression on IHC, 8 (9%) were positive for diffuse NICD1 staining (see 
Supplementary data for methods). The median overall survival (OS) 
from diagnosis in the NICD1-positive (n = 8) and NICD1-negative (n =
84) tumours was 3.5 and 14.3 years, respectively (p < 0.0001) 
(Figure 1A); whilst median OS from recurrence/metastatic disease was 
1.1 years for the NICD1-positive group and 6 years for the NICD1- 
negative cohort (p < 0.0001) (Figure 1B). Median recurrence-free sur-
vival (RFS) was 1.6 years for NICD1-positive ACC compared with 4.5 
years for NICD1-negative tumours (p = 0.08). 

Bulk RNA sequencing was successful in 5/8 NICD1-positive tumours, 
which were selected for further analysis. NOTCH1 genomic alterations 
were detected in 4/5 NICD1-positive tumours (three tumours having 
gain-of-function mutations; one with copy number gain) using targeted 
DNA-based next generation sequencing (NGS). However, certain 
NOTCH1 mutations (e.g., gene rearrangements, intronic insertions) are 
missed by targeted DNA NGS [7]. These samples were analysed along-
side six NICD1-negative ACC tumour samples (see Supplementary data) 
and a tumour sample with a NOTCH1 loss-of-function mutation. 

Multi-dimensional scaling (MDS) analysis of the RNA gene expres-
sion data showed that the samples separate into two groups reflecting 
NICD1 status (Figure 2A). More heterogeneity was observed in the 

NICD1-negative tumours, two of which (p-6 and p-8) clustered with the 
NICD1-positive samples. Notably, p-6 harboured two likely loss-of- 
function mutations in SPEN, a negative regulator of NOTCH target 
genes [8], R1418* and Q1250fs*27; whereas p-8 possessed a TP53 loss- 
of-function mutation, which has also been associated with reduced 
survival [9]. One NICD1-positive sample (p-2) possessing a NOTCH1 
copy number gain rather than a NOTCH1-activating mutation placed 
proximally to the NICD1-negative samples. 

Differential gene expression analysis identified 340 significantly 
differentially expressed genes (false discovery adjusted p-value < 0.05) 
between NICD1-positive and NICD1-negative tumours. MYB was 
significantly more expressed (p = 0.003) in NICD1-positive ACC 
compared to NICD1-negative disease. MYC, BCL2 and HEY1, also 
characteristic of ACC-I, showed higher expression in the NICD1-positive 
group but this was not statistically significant. 

Unsupervised hierarchical clustering of significantly differentially 
expressed genes based on NICD1 status revealed two distinct RNA 
expression patterns. We applied these acquired gene sets to the data of 
Ferrarotto et al. [5], including only genes evaluated in both our cohort 
and that of Ferrarotto et al. This divided the tumours within Ferrarotto et 
al.’s dataset into two subgroups which closely correlated with ACC-I and 
-II subtypes. However, these subgroups showed less concordance with 
NICD1 status (Figure 2B). Using a Support Vector machine model 
trained on the gene sets to separate NICD1 status, we found that the 
classification accuracy was higher in predicting ACC type than NICD1 
status in the Ferrarotto et al. dataset (Figure 2C). However, our differ-
entially expressed gene sets performed similarly to several random gene 
sets (13/100) in predicting ACC or NICD1 status in the Ferrarotto et al. 
dataset. This could be indicative of more widespread gene expression 
changes that distinguish ACC subtype and NICD1 status, respectively, 
and warrants further analysis. 

Discussion 

NOTCH1 activating mutations occur in approximately 18% of 
recurrent/metastatic ACC; whilst alterations of other components of the 
NOTCH pathway are present in up to 40% of cases [4]. Diffuse NICD1 
staining has been shown to be a sensitive marker of NOTCH1 activating 
mutations and solid histopathology [1,3,5]. In our study, 9% of tumours 
exhibited diffuse NICD1 staining; similar to the prevalence described by 
Sajed et al. [3] but fewer than reported by Ferrarotto et al. [5]. This may 
be partly explained by the different thresholds used to define NICD1 
positive staining by IHC. Ferrarotto et al. defined NICD1 positivity as 
nuclear staining in ≥70% tumour cells; whilst a cut-off of >90% was 
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used in this study and by Sajed et al. 
Our results show reduced survival rates for NICD1-positive ACC 

compared with NICD1-negative tumours, corroborating the results of 
previous studies [3,6]. NICD1-positive and -negative ACC tumours 
clustered into two groups following MDS analysis of RNA data. Outlying 
samples may result from genetic alterations outside of the NOTCH genes. 
For example, p-6 – an NICD1-negative sample found adjacent to NICD1- 
positive tumour – harboured biallelic SPEN loss-of-function mutations, 
thus potentially resulting in the upregulation of NOTCH target genes, 
independent of NICD1 activity. 

The gene expression patterns identified through RNA-sequencing in 
our study more accurately predicted ACC subtype than NICD1 status in 

the Ferrarotto et al. dataset [5]. One possible explanation is that diffuse 
NICD1 staining is not wholly representative of the ACC-I subtype, which 
may include tumours with “off-NOTCH1” mutations that influence 
Notch target gene expression, such as SPEN mutations. Indeed, in Fer-
rarotto’s study, 3/19 samples in the ACC-I subgroup were NICD1- 
negative. A possible confounding factor is the different definition of 
NICD1 positivity used in Ferrarotto et al.’s study, which may explain the 
higher number of ACC-II tumours (9/31) deemed NICD1-positive and 
why OS differences between NICD1-positive and -negative ACC were 
non-statistically significant (p = 0.07). 

In summary, our data suggest that while NICD1-positive ACC has 
distinct biological characteristics and is predictive of worse outcomes, it 

A 

Median OS, years (95% CI) 
NICD1-positive: 3.5 (2.5 – Not Available)  
NICD1-negative: 14.3 (10.3 - 16.4) 
p<0.0001 

B 

Median OS, years (95% CI) 
NICD1-positive: 1.1 (0.9 - Not Available) 
NICD1-negative: 6.0 (5.3 - 9.9)  
p<0.0001 

Figure 1. A. Kaplan-Meier survival curve 
demonstrating overall survival from diagnosis, 
defined as time from diagnosis of any stage ACC 
to death from any cause, dashes indicate censored 
events. Red colour indicative of patients with 
NICD1-positive tumours; blue colour indicative of 
patients with NICD1-negative tumours. Upper 
limit of the confidence interval for the median 
survival time of NICD-positive tumour group 
could not be estimated due to insufficient 
numbers. B. Kaplan-Meier survival curve 
demonstrating overall survival from recurrence/ 
metastatic disease, defined as time from first 
recurrence or metastatic disease to date of death 
from any cause, dashes indicate censored events. 
Red colour indicative of patients with NICD1- 
positive tumours; blue colour indicative of pa-
tients with NICD1-negative tumours. Upper limit 
of the confidence interval for the median survival 
time of NICD-positive tumour group could not be 
estimated due to insufficient numbers.   
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A 

B 
Ferrarotto et al. This study 

Figure 2. A. Multidimensional Scaling of RNA differential gene expression data of NICD1-positive and NICD-1 negative ACC tumour samples. Red colour indicative 
of NICD1-positive status; blue colour indicative of NICD1-negative status. Yellow colour indicative of unknown NICD1 status; this sample possessed a NOTCH1 loss- 
of-function mutation. B. Combined Heatmaps of this cohort (left) and Ferrarotto et al. (right). Heatmaps of statistically significant differentially expressed genes that 
are shared between both datasets. NICD1 status as determined by IHC, ACC class and histology subtypes are colour coded. Red colour indicative of NICD1-positive 
status; blue samples indicative of NICD1-negative status. Yellow colour sample had unknown NICD1 status and possessed a NOTCH1 loss-of-function mutation. 
Expression values for each gene (row) are normalized across samples of the respective cohort - red and blue shadings represent higher and lower relative expression 
levels, respectively. Hierarchical clustering dendrograms are indicated above the samples. C. Box-violin plot for observed classification accuracies for ACC subtype or 
NICD1 staining status predictions. Random or statistically differentially expressed gene sets (green dot) were used to construct SVM model based on this study 
samples and predict sample class in the Ferrarotto et al. samples. 
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may not be representative of all aggressive cases of ACC. Additional 
work with larger ACC cohorts incorporating clinical, genomic, tran-
scriptomic, and proteomic data is merited to further elucidate the role of 
various biomarkers in ACC prognostication. 
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