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ABSTRACT

The PAPPA2 mutation is one of the oncogenic mutations that interact with other cancer-causing mutations to promote
tumour formation. Studying the presence of co-mutations in PAPPA2 gene could provide valuable prognostic and
predictive information to help improve the therapeutic management of cancer treatment. In our study, we examined the
co-mutation patterns of PAPPA2 in LUSC, HNSCC, ESCC and CSCC. Mutation data for LUSC, HNSC, ESCC, and CSCC
were obtained from The Cancer Genome Atlas via cBioPortal. Data were analyzed using R (v4.4.3). For each cancer type,
the 20 most frequently mutated genes were identified, and their co-occurrence with PAPPA2 was evaluated using Fisher’s
Exact Test (p < 0.05). Mutation landscapes were visualized using oncoprint plots. In LUSC, PAPPA2 mutations (18%)
significantly co-occurred with SPTA1, RYR2, and TTN. Additional associations were found with LRP1B, MUCI6,
PKHD1, RYR3, and USH2A. In HNSC, PAPPA2 alterations (8%) showed strong co-occurrence with NSD1, PKHD1L1,
and TP53, as well as with FLG, SYNE1, and CSMD3. In ESCC, PAPPA2 mutations (8%) co-occurred significantly with
FMN2 and NFE2L2. In CSCC, PAPPA2 mutations (29%) exhibited extensive co-occurrence with DNAH5, USH2A, and
APOB, along with several structural genes including COL11A1, HMCN1, and FAT4. No significant mutually exclusive
relationships were identified in any cancer type. Oncoprint analyses demonstrated diverse mutation spectra, primarily
composed of missense and multi-hit events. A better understanding of co-mutational profiles is crucial for improving
oncology strategies and personalising treatment for SCC patients. The findings may be able to improve cancer prognosis
and treatment if they are put into practice in a clinical setting.
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Introduction

Squamous cell carcinoma (SCC) is a common type
of cancer that can develop in various organs,
including the skin, lungs, lips, head and neck,
bladder, stomach, vagina, and cervix. Around 1.8
million cases of SCC are diagnosed each year, with
numbers having increased by up to 200 per cent
over the past three decades(1). Each year, over 1
million people worldwide are affected by lung
squamous cell carcinoma (LUSC), head and neck
squamous cell carcinoma (HNSCC), oesophageal
squamous cell carcinoma (ESCC) and cutaneous
squamous cell carcinoma (CSCC)(2-5).

The PAPPA2 (pappalysin 2) gene, which encodes
a member of the pappalysin family of metzincin
metalloproteinases, is an important regulator of
insulin-like growth factor (IGF) binding proteins
(IGFBP). It interacts with IGFBPs to regulate

IGF proteolysis and bioavailability(6). A number
of functions are performed by IGFs, which
include the regulation of cell proliferation,
differentiation and survival. In addition, these
peptides play a significant role in
formation(7). The interaction between growth
factor binding proteins, extracellular matrix
proteins and proteolytic enzymes constitutes the
IGF-IGFR-IGFBP axis, which is crucial for tumor
progression(8). Any changes to this delicate
balance (e.g., the overexpression of an effector)
can trigger a cascade of molecular events that can
ultimately lead to malignancy. The development of
cancer at various sites has been shown to be
associated with abnormal IGF signalling. Evidence
is growing that PAPPA2 is involved in the
development of tumours and the spread of cancer
to other parts of the body(9). However, the role of
the PAPPA2 mutation in different types of cancer
remains unclear and requires further investigation.

tumour
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Current treatment methods still fail to benefit the
majority of cancer patients due to the difficulty of
identifying and prioritising targetable proteins on
tumor cell surfaces. It is crucial to understand
PAPPA2 mutations in SCC in order to develop
personalised treatment strategies. Furthermore,
because these mutations often coexist with other
genetic  alterations, identifying  co-mutation
patterns is a critical step in guiding treatment
strategies for squamous cell carcinomas.

The simultaneous occurrence of multiple
mutations within the same tumor, referred to as
co-mutation ofr mutation co-occurrence, has
gained growing interest as a means to identify
cooperative genetic alterations or pathways that
drive cancer development. Large-scale genomic
resources such as The Cancer Genome Atlas
(TCGA) have greatly advanced our understanding
of cancer biology and gene regulation. TCGA
offers comprehensive information on
mutations and mutually exclusive mutations across
numerous cancer types, supporting diverse studies
ranging from tumor classification to the
elucidation of oncogenic pathways. Our study
aims to comprehensively investigate the co-
mutation patterns of PAPPA2 in four different
types of squamous cell cancer (HNSCC, LUSC,
ESCC and CSCC) by analyzing the TCGA
database.

CO-

Materials and Methods

This study investigated the co-mutation profile of
the PAPPA2 gene across four distinct squamous
cell carcinoma types: LUSC, HNSC, ESCC, and
CSCC. All datasets were obtained from TCGA
repository, which provides publicly accessible,
high-quality genomic information from a wide
range of human cancers.

Data Retrieval and Preparation: Mutation
datasets for LUSC, HNSC, ESCC, and CSCC were
accessed through the cBioPortal for Cancer
Genomics(10), an open-access platform that
provides harmonized TCGA mutation data and
clinical annotations. This portal was used to
download  mutation profiles in  Mutation
Annotation Format (MAF) files, ensuring
consistency with TCGA’s genomic pipelines.

Mutation Profiling and Annotation: All
retrieved mutation files were processed using R
(v4.4.3). The maftools package was employed for
mutation annotation and exploration, providing
detailed information on variant classifications,
affected genes, and mutation frequencies(11). For
each cancer cohort, cases were divided into

PAPPA2-mutant and wild-type groups to facilitate
comparative assessment of genomic alterations.

Identification of Co-mutation Patterns: Within
each squamous carcinoma dataset, the 20 most
frequently mutated genes were determined using
maftools functions. The statistical relationship
between PAPPA2 and these recurrently mutated
genes was then evaluated through Fisher’s Exact
Test. Co-occurrence and mutual exclusivity events
were identified, with significance defined at p <
0.05.

Visualization and Statistical Analyses: To
visualize the genomic interplay between PAPPA2
and other recurrently mutated genes, oncoprint

diagrams were generated using the
ComplexHeatmap package in R(12). These
visualizations ~ display mutation types and

frequencies across individual samples, allowing
clear identification of co-mutational trends and

mutual  exclusivity  patterns. All  statistical
computations were performed within the R
environment, utilizing relevant Bioconductor

packages for reproducibility and data integrity.
This workflow provides a robust framework for
evaluating co-mutation signatures associated with
PAPPA2 and facilitates cross-cancer comparisons
of its molecular interactions.

Results

The mutation frequency of each gene was
determined by counting them in patients with
LUSC. Figure 1A shows the top 20 genes in the
TCGA mutation database. The highest mutation
frequency was observed among TP53, TTN,
CSMD3, MUC16 and RYR2. In LUSC, PAPPA2
mutations  (prevalence  18%)  demonstrated
significant co-occurrence with several genes. The
strongest associations were with SPTA1 (p
0.0000349, OR = 2.87), RYR2 (p = 0.000336, OR
2.27), and TTN (p = 0.00125, OR 2.37).
Other significant co-occurring partners included
LRP1B, MUC16, PKHD1, RYR3, and USH2A
(Figure 1A). Oncoprint analysis revealed that
PAPPA2 mutations are characterized by various
mutation types, including missense and multi hit
events (Figure 1B).

In HNSC, PAPPA2 alterations (prevalence 8%)
showed strong co-occurrence, most significantly

with NSD1 (p = 0.0000514, OR =
4.86), PKHDI1L1 (p = 0.000785, OR = 4.10),
and TP53 (p = 0.000863, OR = 4.74). Other

notable associations were with FLG, SYNET1,
XIRP2, CSMD3, TTN, PCLO, and MUCIO6
(Figure 2A). Oncoprint analysis demonstrated that
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Fig. 1. Co-mutation and mutation profile of PAPPA2
in Lung Squamous Cell Carcinoma (LUSC) (n=544).
(A) Co-mutation analysis of PAPPA2 (*: p < 0.05). (B)
Oncoprint visualization of PAPPA2 and the top 20
mutated genes
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Fig. 3. Co-mutation and mutation profile of PAPPA2
in Esophageal Squamous Cell Carcinoma (ESCC)
(n=97). (A) Co-mutation analysis of PAPPA2 (*: p <
0.05). (B) Oncoprint visualization of PAPPA2 and the
top 20 mutated genes
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Fig. 2. Co-mutation and mutation profile of PAPPA2
in Head and Neck Squamous Cell Carcinoma (HNSC)
(n=510). (A) Co-mutation analysis of PAPPA2 (*: p <
0.05). (B) Oncoprint visualization of PAPPA2 and the
top 20 mutated genes

PAPPA2  mutation  spectrum is  diverse,
encompassing mostly missense and nonsense
events (Figure 2B).

In ESCC, PAPPA2 mutations (prevalence 8%)
were significantly co-mutated with FMN2 (p =
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Fig. 4. Co-mutation and mutation profile of PAPPA2
in Cutaneous Squamous Cell Carcinoma (CSCC)
(n=83). (A) Co-mutation analysis of PAPPA2 (*: p <
0.05). (B) Oncoprint visualization of PAPPA2 and the
top 20 mutated genes

0.0173, OR = 9.60) and NFE2L2 (p = 0.0237, OR
= 0.23) (Figure 3A). Oncoprint analysis revealed
that PAPPA2 mutations are only missense
mutations (Figure 3B).
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Using TCGA datasets, we screened genes with
high mutation rates linked to CSCC. In CSCC,
PAPPA2 mutations (prevalence 29%) exhibited
extensive co-occurrence, most strongly
with DNAHS5 (p 1.29x107 ¢,  OR
16.62), USH2A (p = 5.64x10” ¢, OR = 14.22),
and APOB (p 1.91x10™ ® | OR 9.88).
Numerous other significant associations were
identified, including SPTA1, COL11A1, COLGA3,
HMCN1, FAT4, CSMD3, DNAH7, LRPI1B,
SYNE2, PCDH15, and RELN (Figure 4A).
Oncoprint analysis shown that PAPPA2 mutations
are characterized by missense and multi hit events
(Figure 4B).

No significant mutually exclusive relationships (p
< 0.05) were identified for PAPPA2 in any of the
cancer types studied. Comutation analysis data is
given as supplementary file.

Discussion

Although many studies on somatic mutations
focus on the effect of individual mutations,
researchers have recently started to pay more
attention to the combined effects of multiple
mutations occurring simultaneously in a tumor.
Numerous studies suggest that co-mutations are a
key determinant of oncogene-driven cancers, with
these mutations occurring when different genes in
a cell become altered at the same time(13).

SCC accounts for 90-95% of all cancer types(14).
Furthermore, although squamous cell carcinoma
has a lower incidence rate than adenocarcinoma, it
has a lower cure rate(15). The clinical management
and prognosis of SCCs have generally been
unsatisfactory to date, making the urgent need for
effective therapeutic strategies to reduce mortality
a necessity. Advances in metrology technology,
such as TCGA worldwide, have enabled us to
obtain large amounts of data that reveal the
genetic changes caused by SCC progression. This
facilitates the identification of gene targets for the
early diagnosis, treatment and prognosis of the
disease. In the present study, we analysed the
common mutation status of PAPPA2 in different
cancer types.

Mutations in PAPPA2 frequently co-occur with
alterations in other genes in SCCs. These co-
mutations play a pivotal role in shaping tumor
biology and influencing therapeutic responses.
Significant co-mutations include TP53, TTN and
MUCI16 rearrangements. The coexistence of these
mutations with PAPPAZ2 alterations in SCCs may

contribute to enhanced tumor aggressiveness and
increased resistance to therapeutic interventions.

Intracellular Ca?* release channels are comprised
of a number of components, one of which is
RYR2. The role of RYR2 in calcium regulation is
important(16). In this study, we demonstrated a
significant  co-mutation  relationship  between
PAPPA2 and RYR2 in LUSC patients. This high
co-mutation relationship of PAPPA2 suggests that
PAPPA2 may play a role in processes related to
calcium regulation. Currently, research on TTN
mutations in tumors is quite limited. Furthermore,
as mutated products of the SPTA1, TTN and
RYR2 genes are frequently expressed in
LUSCs(15, 17), these mutations can be used in
LUSC patients both in the prognosis of the
disease and as new treatment targets.

Findings from the TCGA-HNSC dataset, based
on the TCGA database, demonstrated that
PAPPA2 co-mutates significantly with NSDI,
PKHDI1L1 and TP53. A relationship has been
reported between PKHDIL1 and tumour
progression and genetic modifications in recent
studies(18). Additionally, the NSD1 gene plays a
significant role in histone methyltransferase
activity(19, 20). Taken together, these findings
suggest that the high co-mutation rate of PAPPA2
could contribute to more aggressive tumour
progression and epigenetic deregulation.

PAPPA2 co-mutations and oncoprint analyses in
ESCC reveal a complex mutational landscape
characterised by both concurrent and mutually
exclusive relationships. The top 20 genes in the
TCGA mutation database are shown in Figure 3.
Among these, TP53, TTN, CSMD3, KMT2D and
MUC16 showed the highest mutation frequency.
Approximately 8% of the samples were found to
have PAPPA2 mutations, which were all missense
variants. Co-mutation analysis revealed that,
among these genes, PAPPA2 significantly co-
occurred with NFE2L2 and FMN2. The protein
known as nuclear factor erythroid-2-related factor-
2, or NRF2 (also called NFE2L2), plays a crucial
role in regulating the body's antioxidant response.
It also plays a significant role in tumour
progression and prognosis in many types of
cancer(21). formin-2 (FMN2) is a versatile actin-
binding  protein  that regulates important
cytoskeletal ~processes in various biological
contexts, facilitating the movement of chromatin
and repair factors following DNA damage. Our
study suggests that the simultaneous presence of
PAPPA2, NFE2L2 and FMN2 may be
important driver gene in tumor progression in
patients with ESCC.

an
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CSCC is the second most prevalent form of non-
melanoma skin cancer in the word. Previous
studies have demonstrated that genetic factors
play a key role in the formation and development
of melanoma and that genetic mutations are an
important biomarker for melanoma. This study
found that, in CSCC patients, the co-mutation
rates of PAPPA2 were highest with DNAHS5,
USH2A and APOB, as determined through TCGA
data Recent studies have shown that DNAHS5,
which encodes the microtubule-associated motor
protein dynein, and apolipoproteins (APOs),
which play a key role in lipid exchange and
metabolism, can activate the ERK1/2 pathway
and thereby mediate lung tumour formation and
progression in many cancers(22, 23). Taking all
these factors into account, the results of the co-
mutation analysis suggest that there may be a
synergistic effect between the above genes.

In summary, our study investigated the co-
mutation patterns of the PAPPA2 gene in four
different squamous carcinoma types. Concurrent
genomic alterations in genes have emerged as
fundamental principles of molecular diversity in
squamous cell carcinoma types. Therefore, prior
knowledge of co-mutations may provide more
detailed information about squamous cell
carcinoma biology; facilitate the development of
improved clinical response prediction algorithms,
and enable the prediction and prevention of
acquired resistance.

Among the limitations of the study, as the
analyses were entirely in silico, the results
obtained reveal only possible correlations rather
than causal relationships. Furthermore, these co-
mutation relationships do not evaluate functional
outcomes.

By reducing the cost of confirmatory experiments
compared to traditional methods, the TCGA has
provided valuable insights into the molecular
processes of various cancers, offering unparalleled
insight into tumour-type specificity. Future studies
should focus on confirming these co-mutational
associations experimentally and investigating their
functional consequences. Doing so could improve
cancer prognosis and treatment when these
findings are translated into clinical practice.
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