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Abstract: Background: Adenoid cystic carcinoma (ACC) of the salivary glands is a slow-growing, aggressive
malignancy with perineural invasion and late metastasis. Although it has an indolent course, ACC poses a
formidable clinical problem due to diagnostic difficulties and limited treatment options.

Materials and Methods: This systematic review was conducted according to PRISMA guidelines. Electronic
searches were conducted on PubMed, Scopus, and Web of Science databases, incorporating literature between
2005 and 2025. Included studies varied across clinical, molecular, imaging, and computational studies
investigating salivary gland ACC. Selected articles were evaluated based on study type, sample size, diagnostic
markers, treatment protocols, and prognostic outcomes.

Results: The final review included six relevant studies. ACC mostly occurs in patients aged between their fifth to
seventh decade of life and is more common in females. Tumors most frequently develop in parotid and
submandibular glands and show cribriform, tubular, or solid histologic patterns. Molecular studies identified
recurrent MYB-NFIB and MYBL1-NFIB gene fusions and NOTCH pathway mutations. Immunohistochemical
analysis showed prevalence M2 macrophage invasion and increased angiogenesis. Imaging technologies,
especially machine learning-based models of ultrasound, greatly enhanced the diagnostic rate. High survival rates
and low recurrence were observed with surgical resection and radiotherapy. MicroRNA profiling also indicated
tumor aggressiveness-related miRNAs.

Conclusion: ACC of the salivary glands is a biologically complex neoplasm with unpredictable clinical behavior.
Integration of molecular genetics, immunopathology, radiologic innovation, and artificial intelligence maximizes
diagnostic accuracy and may dictate future therapeutic directions. Despite promising findings, long-term
multicenter trials are essential to validate new strategies.

Keywords: Adenoid cystic carcinoma, salivary gland tumor, MYB-NFIB fusion, perineural invasion,
radiotherapy, immunohistochemistry, machine learning, microRNA, ultrasound imaging.
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INTRODUCTION

Salivary gland neoplasms are a diverse group of tumors with disparate biological behavior,
clinical presentation, and prognosis. Of these, adenoid cystic carcinoma (ACC) is unique in its
paradoxical nature of having indolent growth but displaying aggressive histological
characteristics and a strong tendency for perineural invasion.!'! ACC is found to account for
about 10% of all salivary gland malignancies and up to 30% of minor salivary gland tumors.
While uncommon, its clinical importance is highlighted by its multifaceted pathobiology and
propense to metastasize hematogenously to the distant organs, most importantly the lungs and
bones, many years following initial therapy.?! The disease occurs most commonly in patients
in their fifth to seventh decades of life with a slight female predominance.!

Clinically, ACC typically appears as a painless, slowly growing mass and can be asymptomatic
until it has caused neurological deficits from perineural spread. The disease's insidious nature
explains the late diagnosis, and its biology makes long-term control very difficult. Even with
extensive surgical resection and adjuvant radiotherapy, local or distant recurrence is common.
This is largely attributed to the subclinical extension of the tumor within nerve sheaths and
vascular routes, which undermines the effectiveness of standard local therapy.[*]

In addition, the rarity and histological heterogeneity of ACC have precluded the conduct of
large-scale, randomized clinical trials. Thus, there is a continuous need to discover molecular
biomarkers and to devise new diagnostic and therapeutic approaches. The development in next-
generation sequencing has clarified seminal genetic changes, including MYB-NFIB and
MYBLI-NFIB gene fusions and NOTCH pathway mutations, with potential to target
therapy.®) Also, new developments in immunohistochemistry, radiologic evaluation, and
computational imaging—most importantly the application of machine learning algorithms—
are transforming the diagnostic scenario.

In this context, the present systematic review aims to provide a comprehensive synthesis of the
current understanding of salivary gland ACC, drawing upon clinical, molecular,
immunological, and imaging perspectives. By evaluating the latest evidence, this review seeks
to support clinicians and researchers in optimizing diagnostic accuracy and informing
evidence-based therapeutic decision-making.

MATERIALS AND METHODS

This systematic review was conducted in adherence to the PRISMA (Preferred Reporting Items
for Systematic Reviews and Meta-Analyses) guidelines!®! (Figure 1). Comprehensive literature
search was conducted on PubMed, Scopus, and Web of Science databases from January 2005
to March 2025.

Search Strategy: The search utilized keywords and Boolean operators, including: “adenoid
cystic carcinoma,” “salivary gland cancer,” “MYB-NFIB fusion,” “radiotherapy,” “perineural
machine learning,” and “microRNA.”

% ¢ 29 ¢

29 ¢

invasion,
Inclusion Criteria:

> Original studies published in English
> Clinical or preclinical investigations on salivary gland ACC
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> Studies evaluating histology, molecular markers, treatment, imaging, or computational
diagnostics

> Studies with clear methodological and outcome data

Exclusion Criteria:

> Narrative reviews, case reports, editorials, or commentaries
> Studies not specific to salivary gland ACC

A total of six studies met the eligibility criteria after full-text assessment and were included in

the qualitative synthesis.

Records identified through
database searching (n=132)

Records after duplicates
removed (n=108)

Records screened (Title
and abstracts) (n=108)

Records excluded (n=90)

Full-text articles assessed
for eligibility (n=18)

Full text articles excluded
(n=12)

Studies included in
qualitative synthesis (n=6)

Figure 1: PRISMA Flowchart
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RESULTS

Table 1: Summary of Included Studies

Author Study Focus Area Study Type Key Findings
Su et al. | Machine Imaging & Al ML-based diagnostic | SVM  model
(2025)7 learning model model achieved
for diagnosing >90% AUC in
salivary gland distinguishing
adenoid cystic ACC vs. non-
carcinoma ACC
based on
clinical and
ultrasound
features.
Michaelide | Adenoid cystic | Inmunopatholog | Immunohistochemistr | M2
s et al |carcinoma of|y y macrophage
(2023)181 the salivary dominance,
glands: a pilot high
study of angiogenesis,
potential absent PD-L1
therapeutic
targets and
characterizatio
n of  the
immunological
tumor
environment
and
angiogenesis.
Zanon et al. | Identification | Molecular miRNA expression Identified
(2023)P! of MicroRNA | biology miRNAs
Expression associated
Profiles with
Related to the perineural
Aggressiveness invasion and
of Salivary aggressive
Gland Adenoid subtypes
Cystic
Carcinomas.
Bin Liu et | Spatio- Genomics Whole-genome Identified
al. Temporal sequencing MYB/MYBL
(201719 | Genomic 1 fusions,
Heterogeneity, NOTCH
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Phylogeny, and mutations,
Metastatic and subclonal
Evolution in heterogeneity
Salivary
Adenoid Cystic
Carcinoma.
Sumida et | Estrogen Hormonal Cell line study Estrogen
al. Enhances regulation receptor
(2016)11 Malignant expression
Phenotypes in promoted
Human proliferation
Salivary in engineered
Adenoid Cystic ACC cells
Carcinoma
Cells.
Gurney et | Adenoid cystic | Treatment Retrospective Surgery +
al. carcinoma of | outcomes radiotherapy
(2005)!12] the major gave 85% 5-
salivary glands year survival,
treated  with 69% at 10
surgery  and years
radiation.
DISCUSSION

The multifactorial etiology of ACC makes it difficult to diagnose and treat. Histologically,
solid architecture tumors have a worse prognosis than cribriform or tubular variants. This was
confirmed by Zanon et al. (2023)"), who identified upregulated miRNA profiles in solid
variants, with a corresponding more aggressive clinical behavior and perineural invasion.
Concurrently, Bin Liu et al. (2017)!!% exhibited the genomic complexity of ACC and
highlighted that solid variants tended to show more spatial and temporal heterogeneity in
MYB-related fusions, postulating a molecular basis for the reported clinical aggressiveness.

In terms of etiopathogenesis, ACC is primarily driven by genetic alterations, most notably the
MYB-NFIB and MYBLI-NFIB fusion genes, which result from chromosomal translocations
such as t(6;9)(q23;p23). These fusions result in overexpression of the MYB or MYBLI
oncogenes that code for transcription factors controlling genes that are important for cell cycle
progression, resistance to apoptosis, angiogenesis, and invasion. Zanon et al. (2023)"] have
demonstrated that the truncated MYB proteins generated by these fusions are able to evade
regulation by microRNA binding as a consequence of deletion of the 3'-UTR, enhancing
oncogenic signaling. In addition, NOTCH pathway mutations, particularly in NOTCHI,
correlate with ACC aggressiveness and poor prognosis, especially for solid histological pattern
tumors. They promote tumor survival and growth by determining cell fate. Hormonal pathways
have also been suggested, as per Sumida et al. (2016)'!], where the expression of estrogen
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receptors promoted the proliferation of ACC cells, with another added complexity to its
etiopathogenesis. In general, these results suggest a complex interplay of genetic, epigenetic,
and hormonal elements in the pathogenesis and progression of ACC.

Molecular studies also converged to identify key oncogenic drivers. Bin Liu et al.l'% and Zanon
et al.’”) both indicated the importance of MYB/MYBLI fusions but while Liu!'! emphasized
mutational burden and clonal heterogeneity, Zanon!® provided depth by identifying post-
transcriptional regulators such as microRNAs that govern oncogenic pathways. Taken together,
these studies indicate a requirement for multi-layered molecular diagnostics to address genomic
as well as epigenomic complexity.

From an immunologic point of view, Michaelides et al. (2023)[®! identified the tumor
microenvironment to be immunosuppressive, with a preponderance of M2 macrophage
invasion and with very low PD-L1 expression. Such low immunogenicity is consistent with
that reported by Liu et al.'% with minimal T-cell invasion reported in high-grade types.
Collectively, these studies caution against the sole reliance on checkpoint inhibitors and instead
imply a necessity for methods to modulate the immune microenvironment or to combine
immunotherapy with other forms of therapy. Of special note, the immune microenvironment
observed in Michaelides et al.’¥) study aligns with that described by Zupancic et al. (2024)13],
who also identified concordant macrophage infiltration and vascular proliferation patterns and
emphasized the key role of tumor-associated macrophages in ACC pathoegenesis.

Su et al. (2025)"1 made diagnostic contributions through machine learning. Their support
vector machine model was able to differentiate ACC from other salivary tumors with AUCs >
0.90. Compared to conventional histopathology or IHC studies such as those by Michaelides
et al.®] Su et al’s. computational method provides a reproducible, non-invasive diagnostic
adjunct. Additionally, the imaging features employed—such as rat tail sign and polar vessels—
could be associated with perineural invasion patterns observed in Zanon's®”) molecular and
histological analysis, acting as a bridge between imaging phenotypes and molecular pathology.

On the treatment side, Gurney et al. (2005)!!? reported good survival with surgery and
radiotherapy, in accord with contemporary clinical practice. They did not consider molecular
heterogeneity or immune profiling—shortcomings remedied in subsequent research. For
example, Sumida et al. (2016)!'!! supplemented potential endocrine therapies by showing that
estrogen receptor-positive ACC cells are responsive to hormonal stimulation with increased
proliferation. Although their results are preclinical, they reveal a novel therapeutic window for
biomarker-based treatments in ER-positive ACC subgroups. In addition, evidence by Tomoki
Sumida et al. (2016)'!! supports the estrogen receptor function of upregulating cell cycle and
motility genes, lending mechanistic evidence to observations from previous molecular studies.

In addition, Maicon Zanon et al. (2023)) correlated certain miRNAs (e.g., miR-21, miR-29c,
and miR-195) with aggressive tumor phenotypes, proposing potential markers for prognosis.
These results complement Bin Liu et al.'s!'” discovery of MYB fusion-positive subtypes
correlated with upregulated miRNA expression, together indicating integrated gene—miRNA—
phenotype axes. Significantly, the coincidence of clinical aggressiveness, perineural invasion,
and solid histology in both studies reinforces the suggested miRNA-based risk stratification
models.
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Collectively, these studies document an increasing consensus that ACC management needs to
incorporate surgical, radiologic, molecular, and computational knowledge. They also identify
complementary strengths: Liu et al.['% and Zanon et al.’! investigate genetic and post-genetic
drivers, Michaelides et al.’®! and Sumida et al.'!! provide immune and hormonal background,
Su et al.l’! contributes diagnostic innovation, and Gurney et al.l'?l grounds these advances in
clinical outcome standards. However, variability in methodologies, small cohort sizes, and
uneven follow-up periods continue to be major limitations. In order to progress, there will need
to be standardized multicenter protocols combining molecular diagnostics, radiomics, and
immunoprofiling.

CONCLUSION

Salivary gland adenoid cystic carcinoma is still a rare but formidable cancer. Though
conventional management with surgery and radiotherapy results in reasonable survival results,
new genomic, immunologic, and radiologic discoveries offer hopeful hopes for targeted
therapies in salivary gland cancer. The convergence of molecular diagnostics, artificial
intelligence, and targeted therapeutics has the potential to enhance prognostic discriminability
and therapeutic efficacy. It is essential that future multicenter, prospective studies are necessary
to confirm these methods and optimize evidence-based treatment protocols.
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