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Abstract

Background:

Due to lack of early biomarkers, pancreatic cancer (PanCa), often manifests late, with few
treatment options and poor prognosis,. Although epigenetic regulators—particularly lysine
methyltransferases like KMT2C—are becoming increasingly linked to cancer biology, their
function in PanCa is still poorly understood.

Objectives:

This study aims to investigate KM72C'’s mutational and expression landscape in Indian PanCa
patients, to explore it’s possible role in carcinogenesis and immune modulation, and to assess
its druggability through computational docking and dynamic simulations.

Methods:

Clinical samples from Indian PanCa patients were used for differential expression and mutation
studies. Differential expression, methylation, mutation, and immune cell infiltration profiling
were also conducted using public databases (TCGA, GEO, CPTAC, and CCLE). Regulatory
networks, scRNA-seq analysis, and protein-protein interaction networks were mapped. To
evaluate ligand binding to KMT2C, molecular docking and 100-ns molecular dynamics
simulations were used.

Results:

KMT2C was overexpressed and exhibited a significantly higher mutational frequency (62.5%)
in Indian PanCa samples in contrast with Western cohorts. Its role in immune suppression was
implicated by positive correlations observed between KMT2C expression and several
immune-checkpoint receptor expression and regulatory T-cell infiltration. KMT2C was
connected by functional enrichment to inositol phosphate metabolism and chromatin
remodelling. The therapeutic potential of protodioscin was suggested by its strong binding
affinity to KMT2C and the formation of stable interactions confirmed by MD simulations.
Conclusion:

This study suggests KMT2C to be a putative oncogene in Indian PanCa patients in contrast with
Western PanCa patients, with immunomodulatory effects and therapeutic potential, implicating
its role as a promising biomarker, requiring additional clinical validation, emphasizing the

necessity of ethnically informed precision oncology.
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Introduction:

Pancreatic cancer (PanCa) is a fatal malignancy, predominantly seen in men, characterized by
non-specific symptoms, often making PanCa diagnosis a late-stage affair, accompanied with
worse clinical management [1].GLOBOCAN 2022 estimates 510,566 PanCa cases worldwide,
contributing about 2.6% of cancer cases worldwide, with a much higher rate of global cancer-
associated mortality at 4.8%. PanCa incidence shows wide geographical variations, with North
America and Europe recording a much higher incidence rate as compared to Asian nations,
with pancreatic adenocarcinoma (PAAD) the most common form (85-90%) of PanCa [2]. In
India, however, PanCa is a comparatively rare site, ranking 24™ amongst all cancer incidences,
however North-East India records a much higher incidence rate compared to rest of India [3].
Risk factors for PanCa include diabetes mellitus, smoking, chronic pancreatitis, obesity,
African-American ethnic origin, high-lipid diet, Helicobacter pylori infection in pancreas, etc
[4]. However, treatment options in PanCa is vastly limited, owing to late diagnosis, with most
patients presenting with distant metastases at the time of detection and thus median survival
even after surgery is approximately 10-12 months[5] [6] [7]. It is of utmost importance, thus to
better understand the molecular genetics and pathophysiology contributing to PanCa
tumorigenesis, to effectively fight this deadly disease.

Histone methylation involves addition of methyl groups to amino acids of histone proteins of
nucleosomes and thus play a crucial role in chromatin remodelling and consequent gene
transcriptional expression [8] . The histone-lysine N-methyltransferase 2 (KMT2) family plays
a potent role in the methylation of histone H3 tail at lysine 4 (H3K4) [9]. All members of the
KMT?2 family consist of an evolutionary conserved SET domains and include KMT24 (MLL1),
KMT2B (MLL2), KMT2C (MLL3), KMT2D (MLL4), KMT2E (MLL5), KMT2F (SET1A), and
KMT2G (SETIB) [10]. KMT2C (MLL3) regulates DNA damage response and repair by
directly binding to DNA damage sites and mediating histone methylation, which in turn, relaxes
the chromosomal structure near the damaged DNA, enabling DNA repair proteins to access the
damaged sites and repair the damage [11]. KMT2C thus can be considered as an important
epigenetic regulator and is believed to be mutated in a variety of human cancers, contributing
to tumorigenesis, with exon sequencing revealing KMT2C to be the most common mutated
gene in diffuse gastric adenocarcinoma (DGA) [12]. Furthermore KMT2C expression records

wide variances in expression levels across different types of cancer, with overexpression in



some cancers, while downregulation in others; thus the role of KMT2C dysregulation in
tumorigenesis still remains an enigma [13].

In this study, we intend to look into the role of KMT2C as a potential epigenetic modulator in
the development and prognosis of PanCa. Our study offer insights into the wide ethno-
demographic variations of differential expression and mutational frequency of KMT2C in
PanCa, and consequent correlation with immune infiltration in tumor microenvironment
(TME). The study also looks into the possible pharmacological targeting of KMT2C in PanCa
through molecular docking analysis as a future therapeutic strategy.

Methods:

Sample collection and ethical clearance

Approved by the Institutional Review Board (IRB) of Indian Statistical Institute, Kolkata, the
clinical samples were collected, only after informed consent. Our study included samples of 25
PanCa patients, collected from, Medical College and Hospital, LP.G.M.E&R and SSKM
Hospital, Tata Medical Center and Appollo Multi-speciality Hospital, Kolkata, during 2013—

2022. Detailed methods were described in supplemental information section.

KMT2C/MLL3 mutation profiling across TCGA PanCa dataset
Mutational ~ profile  of KMT2C/MLL3  was  assessed  using  cBioPortal

(https://www.cbioportal.org) in TCGA PanCa dataset, to deduce a racial correlation with

KMT2C/MLL3 mutations. In order to gain a deeper understanding of the underlying
mechanism linking KMT2C/MLL3 mutation, an investigation was conducted to assess the
impact of KMT2C/MLL3 mutation on tumor mutational burden (TMB) and microsatellite
instability (MSI) in TCGA PanCa dataset.

Analysis of differential expression and methylation status of KM72C/MLL3 in PanCa
from TCGA dataset

mRNA expression status of KM7T2C/MLL3 across 32 normal tissue types was assessed using
GTEx database. Differential mRNA expression of KMT2C/MLL3 in PanCa and adjoining
normal pancreas, along with stage-wise mRNA expressions in TCGA PAAD dataset was
evaluated using GEPIA2. Overall survival (OS) of PanCa patients between low and high
KMT2C/MLL3 expression groups were studied using Kaplan-Meier (KM) survival analysis
with TCGA dataset using GEPIA2 [14]. Protein levels of KMT2C/MLL3 were assessed using

Clinical Proteomic Tumor Analysis Consortium (CPTAC) dataset. Methylation extent in
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transcription start sites (TSS) of KMT2C/MLL3 gene and correlations between KMT2C/MLL3
gene expression and methylation in PanCa was analysed with the help of TCGA-PAAD dataset
using SMART APP (http://www.bioinfo-zs.com/smartapp/) [ 15].

Validation of KMT2C/MLL3 expression using independent Indian patient sample cohort
RNA was isolated from tumor and normal tissue samples by RNeasy Kit (Qiagen) following
manufacturers protocol (Cat No. 74104). cDNA was synthesised by RT-PCR using iTaq
Universal SYBR Green Supermix (Bio Rad Life Sciences Research, Cat No.
1725125). Detailed methods are described in the supplemental information section. OS of

Indian patients (n=20) was analyzed using R Studio based Kaplan—Meier analysis.

KMT2C/MLL3 differential expression and mutation analysis across cell lines

Expression profile of KMT2C/MLL3 mRNA and degree of KMT2C/MLL3 mutation was
evaluated across different PanCa cell lines using Cancer Cell Line Encyclopedia (CCLE)
(https://depmap.org/portal ) [16]

Relevant dataset-based validation of KMT2C/MLL3 expression in PanCa.

Differential expression of KMT2C/MLL3 was evaluated in several GEO based PanCa RNA-
Seq datasets: GSE211398 (16 tumor vs 12 adjoining normal tissues), GSE16515 (36 tumor vs
16 normal tissues) and GSE15471 (36 tumor vs 41 normal tissues). Similarly, differential
methylation of KMT2C in tumor and adjacent normal tissues was evaluated from GEO based

PanCa 450K methylation microarray — GSE74071 (14 tumor vs 7 normal tissues).

Immune Cell Infiltration and Immune Checkpoints Analysis

We conducted an analysis to investigate the relationship of KMT2C/MLL3 expression and
mutation with immune cell infiltration in PanCa. Tregs are important immunosuppressive cells
of immune system and promote cancer progression through their ability to limit anti-tumor
immunity [17]. Therefore, to draw a relationship of KMT2C/MLL3 expression and mutation
with immune infiltration level, we, used the consensus value employing multiple algorithms
using the TIMER3.0 database [18]. Judging the importance of immunotherapy in PanCa, we
further investigated the correlation between KMT2C/MLL3 expression and the major T cell co-
inhibitory receptors in PanCa using TIMER2.0 database and conducted survival analysis of
KMT2C/MLL3 high and low expression groups with variance in immune infiltration levels to

investigate the clinical relevance of different tumor-immune subsets [19].
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Functional Enrichment of KMT2C/MLL3 along with its correlated genes.

LinkedOmics, containing multi-omics data for 32 TCGA cancer types, with submodules like,
LinkFinder (for gene association) and LinkInterpreter (for enrichment analysis) was used to
investigate genetic co-expression and KEGG pathway analysis of KMT2C/MLL3 along with

its associated genes in PanCa [20].

Constructing pathway interaction network of KM72C/MLL3

To gain deeper insights into the involvement of KMT2C/MLL3 in PanCa, we conducted
screening of genes and proteins interacting with KMT2C/MLL3 utilizing the GeneMANIA
database (https://genemania.org/) and STRING database (https://string-db.org/) respectively.

The String database was also used to conduct Gene Ontology (GO) analysis among functionally
associated genes, covering three aspects: cellular component, molecular function and
biological process [21]. The analyses were set according to the parameters: Similarity: >0.8
and Maximum FDR 0.0001 to trims tails of the least significant terms between 0.01 and 0.0001,

thus directing the focus of our analysis on the most significant terms (<=0.0001).

Analyzing RNA-seq datasets to identify lysine methyltransferase and SET domain family
genes in PanCa:

Initially, we downloaded a list of 55 lysine methyltransferase genes and 35 SET domain family
genes from HUGO Gene Nomenclature Committee (HGNC)
(https://www.genenames.org/data/genegroup/#!/group/487) . Next, we combined results from
three sequencing data sets (GSE211398, GSE16515, and GSE15471) to generate a list of
differentially expressed lysine methyltransferase genes and SET domain family genes for
PanCa. The list of differentially expressed genes (DEGs) were prepared for both the groups by
considering a cut off of adjusted P< 0.05 and |log2FC|> or <0. Functional enrichment and
cluster analysis of the DEGs for both groups were done in Metascape[22] . Cytohubba plug-
in of cytoscape was used to identify top 10 hub genes from amongst the set of both lysine

methyltransferase genes and SET domain family genes using the maximal clique centrality

(MCC) method [23].
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Identification of transcription factors and microRNAs regulating KMT7T2C/MLL3
expression

The transcription factors (TFs) and microRNAs (miRNAs) regulating KMT2C/MLL3
expression were identified in our analysis with the help of RegNetwork database

(http://www.zpliulab.cn/RegNetwork/home) [24].

ScRNA data-based screening of differential expression of KMT2C in PanCa

KMT2C expression was assessed in single cells using scRNA-seq datasets CRA001160 (24
tumor and 11 normal tissues) and GSE154778 (10 primary and 6 metastatic tumor tissues) from

TISCH2 database [25].

Identification of small drug molecules targeting KMT2C/MLL3

Depmap portal was used to find out correlation between sensitivity to potential drugs (IC50)
with KMT2C/MLL3 expression in cell lines. Additionally, using the Drug Interaction Database
DGldb (https://dgidb.org/), we identified a potential drug targeting KMT2C/MLL3 [26]. These

predicted small molecules might be useful for disease management in PanCa.

Genomics of drug sensitivity (GDSC) database (https://www.cancerrxgene.org/help) was used

to analyse the sensitivity of 297 drugs between KMT2C/MLL3 wild type and
KMT2C/MLL3 mut PanCa cell lines, to assess the potential implication of KMT2C/MLL3

mutation in drug sensitivity in PanCa [27].

Virtual screening of potential ligands to KMT2C

We conducted a virtual screening of potential ligands against KMT2C protein using the
Schrodinger suite [28]. Homology models of KMT2C were built with SWISS-MODEL and
evaluated using QMEAN. The protein structures were prepped with Maestro. A library of 148
candidate ligands from PubChem was processed with LigPrep and Epik. Docking was
performed with Glide's HTVS, SP, and XP modes. Top-ranked complexes underwent 100 ns
of molecular dynamics (MD) simulation using NAMD to assess stability and dynamics [29].

Detailed protocols mentioned in the Supplementary Information section.
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Results:

KMT2C/MLL3 mutation profiling in our dataset and concurrence with TCGA dataset
Using NGS method in a previous study from our lab, Saha et.al identified 48 somatic mutations
from 8 PanCa patient samples in exons from 412 genes using 4 different variant callers,
Varscan2, MuTect, Strelka, and BbB [30]. Out of the different gene mutations identified,
KMT2C/MLL3 had the highest mutation frequency (62.5%) in our pool of East Indian PanCa
patient population. Of these 5 patient samples, 3 recorded missense mutations, 1 recorded
nonsense mutation, while the remaining 1 recorded silent mutation (Supplementary Table 1).
To further look for KMT2C/MLL3 mutation frequency in PanCa across the geographic
population, we conducted an analysis through cBioPortal (TCGA PanCancer Atlas) dataset.
The somatic mutations identified both in our Indian dataset as well as in TCGA dataset are
recorded (Figure 1A) with KMT2C/MLL3 mutational frequency at a relatively low 5% (8 out
of 175 PanCa cases) in TCGA dataset. Out of the 8 cases, 3 are missense mutations, another 3
truncating mutations, 1 amplification and 1 deep deletion (Figure 1B). A correlation drawn
between race and KMT2C/MLL3 alteration in PanCa patients revealed a statistically significant
(p value <0.05) higher alteration rate at 18.8% amongst Asian patients compared to 3.29%
among Caucasian race (Figure 1C). KM survival curve showed, OS of KM7T2C/MLL3 altered
group conferred poor prognosis with median OS of 12.92 months as compared to
KMT2C/MLL3 unaltered group with median OS of 20.61 months (Figure 1D). Our analysis
also recorded a statistically significant positive correlation between KMT2C/MLL3 mutation
and elevated TMB (p value = 0.0111) (Supplementary Figure 1A), however no correlation was
recorded between KM72C/MLL3 mutation and MSI in TCGA PanCa cohort (Supplementary
Figure 1B).

Genetic Analysis of KM7T2C/MLL3 Expression and its possible regulation by DNA
methylation in Pancreatic Cancer

Expression profile of KMT2C/MLL3 gene, assessed through GTEx targeting all 32 tissue types,
demonstrated a comparatively mediocre expression of KMT2C/MLL3 in normal pancreas
tissues (median TPM = 5.332) (Supplementary Figure 2A), and analysis through TCGA
database indicated that with the exception of breast, esophageal, head and neck, kidney,
prostate and rectum cancer, KMT2C/MLL3 mRNA expression exhibited significant alterations
in tumor tissues as compared to their adjoining normal counterparts (Supplementary Figure

2B).



Differential gene expression in PanCa (tumor vs tumor-adjoining normal, TCGA dataset),
using Wilcoxon signed rank test showed non-significant downregulation of KM7T2C/MLL3 in
PanCa as compared to tumor-adjoining normal pancreas tissues (Figure 2A). Stage-wise
KMT2C/MLL3 expression plot didn’t document a significant variance in KMT2C/MLL3
expression with advancement of PanCa stages (Figure 2B). KM survival curve showed
comparable OS in both low and high KMT2C/MLL3 groups, with similar median OS (Figure
2C). Similarly, assessing KMT2C/MLL3 protein expression through CPTAC in patient samples
(tumor vs normal) demonstrated its downregulation in PanCa compared to normal pancreas
tissues (Figure 2D) and demonstrated that poorly differentiated PanCa reported significant
KMT2C/MLL3 downregulation as compared to moderately and well-differentiated PanCa
(Figure 2E). In contrast, differential gene expression in our paired samples from Indian
population (25 tumor vs 25 adjoining normal), showed a significant overexpression of
KMT2C/MLL3 in PanCa. (Figure 2F). Kaplan—Meier survival analysis showed that patients in
the high KMT2C/MLL3 expression group had a significantly dismal survival with a p-value of
0.012. Our results suggest that KMT2C/MLL3 may be an adverse prognostic marker for Indian
PanCa patients, as opposed to comparable survival in other global datasets. (Figure 2G).

Analysis of methylation extent using probes upstream of the TSS, from TCGA dataset,
primarily impacting the promoter/enhancer regions of KMT2C/MLL3 gene showed a
significantly higher methylation in PanCa as compared to normal pancreas (aggregate p value
of 4.2x10-%) (Supplementary Figure 3A) and correlation analysis documented a significant
negative correlation between KMT2C/MLL3 expression and methylation (p value = 0.026)
(Supplementary Figure 3B). Stage-wise methylation analysis concluded an increase in
methylation value with progression in tumor stages (Supplementary Figure 3C). Strikingly,
however, methylation analysis using the same probes from a GEO dataset— GSE74071 from
Taiwan in Asia documented hypomethylation of TSS of KMT2C/MLL3 in PanCa tissues as

compared to normal pancreas (Supplementary Figure 3D).

KMT2C/MLL3 mutation in various Pancreatic Cancer cell lines

CCLE DepMap portal showed the median expression of KM7T2C/MLL3 across PanCa cell lines
(Supplementary Figure 4A) with a substantial amount of variation in median expression of
KMT2C/MLL3 across cell lines, with individual cell lines KP4, YAPC and SUIT2 showing a
very high level of KMT2C/MLL3 expression, while cell lines PACADD159 and PACADD135
showing a very low level of KMT2C/MLL3 expression (Supplementary Figure 4B).



Interestingly, the origin of all three cell lines KP4, YAPC and SUIT2 with strongest
KMT2C/MLL3 expression are from Asia, specifically Japanese population, while the origin of
both cell lines PACADDI159 and PACADDI135 are from Caucasian population. Careful
examination of PanCa cell lines also revealed that the cell line T3M4, which has the highest
intensity of damaging mutations in KMT2C/MLL3 gene (Supplementary Figure 4C), also has

its origin from Asian (Japanese) population.

Publicly available dataset-based validation of KMT2C/MLL3 expression in PanCa

Further validation of KMT2C/MLL3 expression using 3 publicly available GEO datasets,
showed downregulation of KMT2C/MLL3 in PanCa as compared to adjacent normal tissues,
in concordance with the findings of TCGA dataset (Supplementary Table 2). Notably, all 3
datasets - GSE16515 (USA), GSE211398 (USA), GSE15471 (Romania) are from the

Caucasian population.

Pan-cancer immune profiling deconvolution concerning KMT2C expression in cancer

microenvironment

Our analysis also recorded pan-cancer immune profiling of KMT2C expression using 6 immune
cell types on 32 cancer types, namely CD8+ T cells, CD4+ T cells, B cells, neutrophils,
macrophages and dendritic cells employing multiple algorithms, namely TIMER,
QUANTISEQ, EPIC, MCPCOUNTER, CIBERSORT and XCELL, and documented a
significant positive correlation between KMT2C/MLL3 expression with CD8+ T cell
infiltration, across 5 out of 6 major algorithms - TIMER, EPIC, MCPCOUNTER,
QUANTISEQ, and XCELL, a patttern unique to PanCa and Uveal melanoma (UVM), amongst
all cancer types (Supplementary Figure 5-6).

Correlation of immune cell infiltrates with KM72C/MLL3 in PanCa

Using TIMER 3.0 database, our findings revealed significant positive correlations between
KMT2C/MLL3 expression and infiltration of various immune cell types, in PanCa
microenvironment, including CD4+ T cells (p value = 7.45x107%), CD8+ T cells ( p value =
2.26x10°%), Tregs (p value = 8.21x10°%%), and neutrophils (p value = 1.39x10%) (Figure 3A-
B). Significant negative correlations were observed between KMTC mutation and immune
infiltration level of various immune cell types, including CD4+ T cell (p value = 0.00093),
CD8+ T cell (p value = 0.0018), dendritic cell (p value = 0.008) and macrophage ( p value =
0.026) in PanCa microenvironment (Supplementary Figure 7A-F).



Additionally, our analysis using TIMER2.0 database revealed a statistically significant
correlation between KMT2C/MLL3 levels and expression of several T cell co-inhibitory
receptors, with the most potent positive correlation with CD96, followed by CI0ORF54
(coding for VISTA protein), BTLA, LAG3, IDOI, TIGIT, HAVCR2(TIM-3) and PDCDI
(coding for PD-1 protein) respectively (Supplementary Figure 8A-B).

Survival analysis using Timer 2.0 database between low and high expression groups of
KMT2C/MLL3 with immune infiltration levels revealed a significantly higher survival in high
KMT2C/MLL3 expression and low B cell infiltration group compared to high KMT2C/MLL3
expression and high B cell infiltration group(p value = 0.00939) (Supplementary Figure 9C).
These findings underscore the potential implications of KM72C/MLL3 in moderating immune
responses in PanCa, providing us an idea about possible immunotherapeutic interventions in

improving immune checkpoint inhibitor therapy in treating PanCa.

Functional enrichment of KM7T2C/MLL3 and associated co-expressed genes

LinkedOmics, based functional and pathways enrichment analysis of KMT2C/MLL3 and its
associated genes in a cohort of 178 PanCa patients, having a total of 19,774 genes were
enriched in this study; where 10805 genes depicted positive correlations, while remaining 8939
genes depicted negative correlations with KM7T2C/MLL3, in terms of co-expression when
analysed through LinkFinder submodule (Figure 4A). The most significantly positive and
negative correlated genes associated with KMT2C/MLL3 are represented in the heatmap
(Figure 4B-C). For functional enrichment of the correlated genes with KMT2C/MLL3, analysis
conducted using Gene Set Enrichment Analysis (GSEA) method and KEGG pathways category
in the LinkInterpreter submodule of LinkedOmics, showed that the KM7T2C/MLL3 correlated
genes showed the most prominent positive association with inositol phosphate metabolism,
while the most prominent negative association with ribosome-linked pathways (Figure 4D).
The enrichment plot of the most prominent inositol phosphate metabolism (Figure 4E) and

ribosome-linked pathways (Figure 4F) were demonstrated.

Interaction network analysis of KMT2C/MLL3

We established a comprehensive gene interaction network involving KMT2C/MLL3,
encompassing KMT2A4, KMT2B, KMT2D and KMT2E, leveraging the GeneMania database,
with physical interactions amongst their expressed proteins to be the major form of interaction
(Supplementary Figure 10A). Additionally, we utilized the STRING platform to explore the
protein—protein interaction (PPI) network associated with KMT2C/MLL3, uncovering 86 edges



and 14 nodes, notably encompassing KMT2A4, KMT2B, KMT2D and KMTZ2E, having
significantly more interaction than expected for a random set of similar size drawn from the
genome (enrichment p-value< 0.001) (Supplementary Figure 10B), with RBBPS5, ASH2L and
WDRS to be the most functionally related proteins with KM72C/MLL3.

GO enrichment analyses were performed from three aspects using String database. The results
suggest that KMT2C/MLL3 and its closely associated genes are intricately related with
chromatin organization and modification in humans, predominantly playing a role in histone
H3-K4 methylation in biological process (Figure 5A), and H3-K4 histone methyl transferase
activity and histone binding in molecular function (Figure 5B). Similarly, in cellular component,
most of them are part of MLL3/4 complex (Figure 5C), belonging to lysine methyltransferases,

involved in chromatin modification.

PPI Enrichment Analysis of differentially expressed lysine methyltransferase genes and
SET domain family genes for PanCa

Using the HGNC database, we identified two separate sets of genes — 55 lysine
methyltransferase genes and 35 SET domain family genes. Differential expression of two
separate list of genes were obtained by combining the results from GEO datasets - GSE211398,
GSE16515, and GSE15471. The expression (log2FC) of up-regulated and down-regulated
lysine methyltransferase genes, and SET domain family genes are shown in Figure 6A and
Supplementary Figure 11A respectively. Next, we generated a PPI network of both lysine
methyltransferase genes and SET domain family genes in Metascape. Subsequently, the
functional enrichment and MCODE cluster analysis of lysine methyltransferase PPI network
showed methylation and lysine degradation to be the most enriched biological processes
(Figure 6B-D). Similarly, the functional enrichment and MCODE cluster analysis of SET
domain containing PPI network showed lysine degradation and histone modification to be the

most enriched biological processes (Supplementary Figure 11B-D).

Using, cytohubba plug-in of cytoscape, KMT2C/MLL3 was found to be one of the top 10 hub
genes discovered from both amongst lysine methyltransferase group as well as SET domain

family genes, having the most extensive gene interaction network (Supplementary Figure 12).

Transcription factors and microRNAs regulating the expression of KM72C/MLL3
Using RegNetwork database at high confidence level, we identified 5 TFs that regulate
KMT2C/MLL3 expression in humans, namely SPI, MZFI, TGIFI, EGRI, and NKX6-



I(Supplementary Figure 13A). Our analysis also identified the list of miRNAs, which interact
with KMT2C/MLLS3 to regulate its expression (Supplementary Figure 13B).

ScRNA data-based differential expression of KMT2C in PanCa

Analysis of scRNA-seq studies showed similar KMT2C expression in PanCa TME across
malignant and stromal cells in dataset PAAD_CRA001160 from Chinese population, while
elevated KMT2C expression in malignant cells as compared to stromal cells and immune cells
in PanCa TME in dataset PAAD GSE154778 from Korean population (Supplementary Figure
14A-C).

Identification of small molecule/ drugs targeting KMT2C/MLL3

On analysis through depmap portal, the drug sensitivity to two drugs ABT-737 and Navitoclax
recorded a nearly moderate negative correlation at -0.358 and -0.341 respectively with KMT2C
expression in cell lines (Supplementary Figure 15A-B). A negative correlation with IC50
means the drug is more effective, when KMT2C/MLL3 expression is higher. On using the
DGIdb database, we could identify Aromatase inhibitor, blocking a key aromatization step in
estrogen biosynthesis, with a significant drug-interaction score of 26.1 as a potential drug (NCI
Thesaurus code: C1740; CHEBI 1d: 50790) targeting KMT2C/MLL3 mutation. However, the
drug is yet awaiting regulatory approval. Analysis of the GDSC assay of the sensitivity of
PanCa cell lines to 297 drugs indicated KM7T2C/MLL3 mutant PanCa cell lines to be
significantly more resistant to drugs- Lestaurtinib, Docetaxel, Sorafenib, Pyridostatin,
Epirubicin, Pevonedistat, Sepantronium bromide and Ulixertinib, compared to wild type PanCa

cell lines (Supplementary Figure 16).

Molecular docking Analysis of the Protodioscin—-KMT2C Protein Complex

Among the evaluated ligands, protodioscin, a steroidal saponin, exhibited the most favorable
docking score (-10.725 kcal/mol), indicating the strongest binding aftinity for KMT2C/MLL3
(Supplementary Table 3). The interaction profile of the Protodioscin—-KMT2C/MLL3 protein
complex is presented in Figure 7A-E, where Protodioscin demonstrates a specific and
chemically coherent binding pattern within the active site of KMT2C/MLL3. The 2D
interaction diagram (Figure 7B) reveals that the spirostane steroidal core of protodioscin is
embedded in a predominantly hydrophobic cleft, engaging in n-c (2.83 A) and m-alkyl (5.13 A)

interactions with the aromatic side chain of PHE4689, thereby anchoring the nonpolar core



within a lipophilic sub-pocket illustrated in the hydrophobicity surface map (Figure 7E). The
adjoining sugar chains, rich in hydroxyl functionalities, extend toward the rim of the binding
site and engage a diverse network of polar and charged residues. (Detailed analysis described
in supplementary information section).

Overall, the molecular interactions captured in Figure 7A—E reflect a finely tuned ligand—
receptor recognition mechanism: the hydrophobic core of the spirostane moiety is sequestered
within the nonpolar central groove, while the sugar hydroxyls participate in extensive and
directional hydrogen bonding with strategically positioned ionizable and polar residues at the
cavity surface. This interaction landscape, reinforced by hydrophobic and electrostatic
complementarity, aligns well with the high docking score (Glide GScore: —10.725 kcal/mole;
Emodel: —83.327 kcal/mole) observed for the Protodioscin—-KMT2C/MLL3 complex.

MD Simulation Analysis of the Protodioscin—-KMT2C Complex

To evaluate the dynamic stability of the protein—ligand complex, a 100-nanosecond MD
simulation was conducted for the Protodioscin-KMT2C/MLL3 complex. The simulation
results are summarized in Supplementary Figure 15A—F. The global structural stability of the
complex was assessed using the root-mean-square deviation (RMSD) of the protein backbone
(Supplementary Figure 17A). Following an initial equilibration phase within the first 15 ns, the
RMSD stabilized around 19.2 A+ 1.3 A, with minimal fluctuations (<2 A) throughout the
remaining simulation time, indicating the absence of large-scale conformational drift. Local
flexibility of amino acid residues was analyzed using root-mean-square fluctuation (RMSF)
(Supplementary Figure 17B). The majority of residues exhibited moderate fluctuations (mean
RMSF: 2.4 A+1.4 A), with lower values (<1.8 A) observed for residues lining the binding
interface, such as PHE4689, TYR4691, and ARG4779, suggesting tight and stable interactions
with the ligand. (Detailed analysis in supplementary information section). Thus the
Protodioscin-KMT2C/MLL3 complex exhibited excellent structural and dynamic stability
throughout the 100-ns MD simulation. The low and consistent RMSD and radius of gyration
(Rg) values, reduced flexibility at the ligand-binding interface, persistent hydrogen bond
network, and stable SASA/PSA profiles collectively indicate a robust and tightly bound
complex. These results reinforce the strong binding affinity predicted by molecular docking
and highlight the pharmacological potential of protodioscin as a stable KMT2C/MLL3

interactor.



Discussion

PanCa is one of the most lethal condition of digestive system with dismal prognostic outcomes
with significant variations in frequency of incidence across regions, races and ethnic groups.
Ethnic variations are considered as a high-risk feature influencing the occurrence of PanCa [29,
30, 31]. Furthermore, PanCa survival outcome in blacks and hispanics have been reported to
be poorer as compared to Whites, suggesting an ethnic influence in the prognosis of PanCa

[32].

Histone proteins are subject to post-translational modifications, with the most important being
lysine methylation - which play an important role in regulating chromatin structure, nuclear
architecture and thus gene expression [33]. A large number of histone lysine methyltransferase
(KMT) enzymes are involved in catalyzing lysine methylation primarily involving histones H3
and H4 — mutations or aberrant expression of these KMTs have been frequently linked with
neoplastic transformation[34]. Noteworthy in this respect is the epigenetic modification of
H3K4 methylation, which has both tumor inhibiting and promoting effects, thus the prognostic

value of H3K4 methylation in cancer remains controversial [35].

One such member, contributing to H3K4 methylation - KMT2C/MLL3, is aberrantly expressed
and/or mutated in various cancers [36]. Pan-cancer analysis of KM7T2C/MLL3 revealed
contrasting roles of KMT2C/MLL3 in multiple cancers — while it was overexpressed in certain
cancer types, it was downregulated in some others [37]. A recent study demonstrated that
silencing of KMT2C/MLL3 in PanCa cell lines resulted in a significant reduction in cell
proliferation, indicating to the oncogenic property of KMT72C/MLL3 in PanCa. The same study
from United Kingdom, also recorded favourable survival outcomes in KMT2C downregulated

PanCa patients as compared to the KM72C/MLL3 unaltered groups [38] .

In concordance with previous work published from our lab where we have revealed ethnic
variations of KRAS mutational frequency and KCNJ5 expression pattern in development of
PanCa, and identified two novel hypermethylated epigenetic genes — NPY and FAIM?2 in Indian
PanCa [29, 39, 40], this study, based on Indian PanCa subjects documents a significant
overexpression of another epigenetic gene KM72C in PanCa as compared to adjacent normal
tissues, in stark contrast to the TCGA dataset primarily from the Western world, which
document KMT2C/MLL3 downregulation in PanCa as compared to adjacent normal tissues.

Interestingly, in conformation with PanCa tissue samples, our analyses also found out wide



variances in KMT2C/MLL3 expression levels across PanCa cell lines derived from different
ethnic populations, with Asian (Japanese) cell lines including KP4, YAPC and SUIT2 showing
the highest expression levels and cell lines from the Caucasian population including
PACADDI159 and PACADDI135 showing the least KMT2C expression levels. Similarly,
validation through GEO datasets from USA and Romania also point out towards KMT2C
downregulation in Caucasian population. Likewise, while hypermethylation of TSS is
associated with KMT2C/MLL3 downregulation, analysis in GEO based PanCa dataset from
Taiwan in Asia documented hypomethylation at TSS of KMT7T2C/MLL3, and consequent
upregulation of KMT2C/MLL3. Our analysis, thus point out towards the oncogenic potential
of KMT2C/MLL3 in Asian (especially Indian) population, in contrast to the Caucasian

population.

Our analysis also detail similar ethnic variations in KMT2C/MLL3 mutation frequency
amongst Caucasian and Asian populations in PanCa, with a relatively low mutation frequency
of 3.29% in Caucasian population, while a relatively high mutation frequency of about 19%
amongst Asian population (Figure 1). Corroborating with the analysis, our study conducted
amongst Indian PanCa patients revealed an inordinately high KM72C/MLL3 mutation
frequency at 62.5%. It is of interest to note that in our Indian cohort of PanCa patients, majority

(60%) of KMT2C/MLL3 mutation was missense mutation (Table 1).

T cells, forming an integral part of our immune system, regulate a fine balance between
tolerance and autoimmunity — either with the help of immunosuppressive subset of CD4" T
cells called the Tregs[41] and/or with the help of T cell co-inhibitory receptors. It is well
established that infiltration of T cells in TME is one of the primary anti-tumor immune response,
and correlates with a positive clinical outcome in several solid tumors [42]. It is in this context,
our immune profiling identified a significant positive correlation of CD4+ T cell and CD8+ T
cell infiltration in PanCa microenvironment with KMT2C expression and a significant negative

correlation with KMT2C mutation.

However, one of the central features exploited by malignant cells in cancer development is the
escape of immune surveillance — primarily by the recruitment of immunosuppressive Tregs
and/or the elevated expression of T cell co-inhibitory receptor molecules, thus contributing to
an immunosuppressive TME and avoiding immune-mediated killing [43]. It is in this respect
our study documented a significant positive correlation between elevated KMT2C/MLL3

expression in PanCa and expression of Tregs in TME.



Recent investigations have started exploring the association between KMT2C
mutation/expression and immunotherapy response, albeit not on PanCa as of date. One such
study in metastatic melanoma (MM) patients identified KMT2C as an independent factor for
anti-PD-1 response with KMT72C mutated MM patients showing significantly higher OS
compared to KMT2C wild-type MM patients, after anti-PD-L1 therapy of pembrolizuab.

[45]Similar observation was recorded in colorectal cancer (CRC) patients with KMT2C
mutated patients showing a higher OS compared to KMT2C wild-type CRC patients following
immune-checkpoint inhibitor (ICI) therapy[46]. Furthermore KMT2C downregulation had
been associated with higher objective response rate (ORR) following immunotherapy in
metastatic gastric cancer patients [47].

Our analysis also demonstrated a strong positive correlation of heightened KM7T2C/MLL3

expression in PanCa with several T cell co-inhibitory receptor proteins including CD96, VISTA,
BTLA, LAG3, TIGIT, TIM-3, PD-1,etc. The results suggest potential manipulation of Treg

cells as a promising anticancer treatment strategy in PanCa cells documenting KM72C/MLL3

overexpression. Given the growing influence of ICIs (blockade of T cell co-inhibitory receptors)
in cancer immunotherapy [44], monoclonal antibodies targeting T cell co-inhibitory receptors

especially CD96, VISTA, BTLA or LAG-3 which have the strongest positive correlation with

KMT2C/MLL3 expression in PanCa might be an effective immunotherapeutic strategy in

KMT2C/MLL3 overexpressed PanCa cells and needs future clinical validation.

Importantly, our structural modelling and in-silico ligand screening further support the
oncogenic role of KMT2C/MLL3 in Indian PanCa by demonstrating the feasibility of selective
molecular targeting. Molecular docking identified protodioscin, a plant steroidal saponin, as a
promising bioactive compound that engages the KMT2C/MLL3 catalytic domain through a
network of hydrogen bonds and hydrophobic interactions with key residues such as PHE4689,
ARGA4779, TYR4691, and HIS4900. These interactions were further validated through 100-ns
molecular dynamics simulation, which showed stable root mean square deviation (RMSD),
consistent radius of gyration (Rg), and persistent hydrogen bonding, collectively confirming
the dynamic stability of the protodioscin-KMT2C/MLL3 complex (Figure 7A-E,
Supplementary Figure 17A—F). This structural integrity under dynamic conditions underscores
the druggability of KMT2C/MLL3 and supports our prediction that it may serve as a
pharmacologically tractable target in Indian PanCa. The complementary chemical and
electrostatic environment of the KMT2C/MLL3 binding cavity further aligns with



protodioscin’s structural features, offering a rationale for its selective affinity and potential
inhibitory function. These findings provide a compelling proof-of-concept for developing
small-molecule inhibitors against overexpressed KMT2C/MLL3 in PanCa and may guide
future drug discovery efforts, particularly in populations showing elevated mutation and

expression burden.

However, there are a few limitations to our study. Firstly, our gene expression analysis couldn’t
be checked at the protein level through IHC technique, which would have been an additional
validation. Secondly, we couldn’t perform the mechanistic studies to track on the impact of
KMT2C mutation/overexpression in PanCa cell lines due to non-availability of cell lines in our
lab. Future studies should focus on our findings of immune analysis to translational research to
explore the possible association between immunotherapeutic efficacy and KMT2C
mutation/expression in Asian (especially, Indian) PanCa patients, where there’s a
predominantly high KMT2C mutation/expression rate. Furthermore, protodioscin identified as
a potential stable pharmacological interactor with KMT2C with the help of our molecular
docking analysis, provides us with a new direction in future clinical trials in assessing the
drug’s therapeutic efficacy in KMT2C overexpressed PanCa patients, opening a gateway for

personalized treatment opportunities.
Conclusion

We present a complete, ethically-informed characterization of KMT2C/MLL3 in Indian
pancreatic cancer patients with evidence of KMT2C/MLL3 overexpression and greater
mutational frequency in Indian PanCa patients in contrast to other Western study populations.
We used the wealth of bioinformatics, transcriptomic, methylomic, and proteomic profiling to
provide evidence oncogenic potential of KMT2C/MLL3 in Asian PanCa cohort, thus
highlighting the ethnic variability in gene dysregulation. Interestingly, KMT2C/MLL3's
overexpression was associated with dismal overall survival, highlighting KMT2C/MLL3s
possible prognostic importance in a population-specific context. A strong association of
KMT2C/MLL3 expression with immune regulatory pathways, especially with regulatory T
cells and the co-inhibitory receptors, CD96, LAG3, and PD-1, suggested a novel immune
modulating role in PanCa TME. Additionally, we performed molecular docking and 100-ns
MD simulations that provided evidence that protodioscin binds KMT2C/MLL3 with high
affinity and stability, thereby demonstrating the druggability of KMT2C/MLL3 for targeting in
therapeutics. To conclude, this work validates the oncogenic and immuno-regulatory role of



KMT2C/MLL3 in PanCa and underscores the significance of demographic diversities in cancer
genomics landscape. The integration of multi-omics with machine learning and drug discovery
platforms forms the foundation for personalized, precision-based interventions targeting
epigenetic regulators such as KMT2C/MLL3. Future translational and functional studies will
need to re-create the results of this study and evaluate KMT2C-targeted therapeutic approaches

utilizing ethnically diverse patient cohorts.
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Figure Legends

1. Mutational profiling of KMT2C in PanCa. (A) Somatic mutations identified both in
TCGA PanCancer Atlas dataset as well as in our Indian dataset. Black coloured boxes
indicate presence of a particular mutation and white coloured boxes indicate absence of
that particular mutation. (B) Mutational status of KMT2C in 175 patient samples from
TCGA PanCancer Atlas dataset. (C) Racial disparity in KMT72C mutations documented
from TCGA PanCancer Atlas dataset. (D) Comparison of overall survival using Kaplan-
Meier survival analysis amongst KMT2C altered and unaltered groups (KMT2C altered
group = 8, KMT2(C unaltered group = 167). Time is measured in months.

2. Expression profiling of KMT2C in PanCa. (A)Box plot showing differential
expression of KMT2C (TCGA tumour Vs TCGA adjacent normal). (B) Violin plot
showing stage-wise KMT2C expression in TCGA patient samples. (C) Comparison of
overall survival using Kaplan-Meier survival analysis amongst TCGA patient samples
post splitting the samples into high and low KMT2C groups using median group cutoff.
Time is measured in months. (D) KMT2C protein expression evaluated in CPTAC
patient samples (tumor Vs normal). (E) KMT2C protein expression in CPTAC patient
samples across different tumor grades. (F) Violin plot documenting differential

expression of KMT2C in our PanCa samples (tumor/diseased vs adjoining normal). (G)



Kaplan-Meier survival analysis between KMT2C overexpressed and KMT2C normal

expression groups amongst Indian PanCa patients.

The relationship of KMT2C expression/mutation with immune infiltration level in
PanCa using TIMER3.0 database. (A) Correlations of KMT2C/MLL3 expression with
infiltrating levels of CD4+ T cells, CD8+ T cells, Tregs, and B cells. (B) Correlations
of KMT2C/MLL3 expression with infiltrating levels of dendritic cells, neutrophils and

macrophages.

. Functional enrichment of KMT2C/MLL3: (A) Volcanic graph of KMT2C/MLL3
representing positive (red) and negative (green) correlated genes. (B) Heatmap of
KMT2C associated positive correlated genes. (C) Heatmap of KMT2C associated
negative correlated genes. (D) Functional and pathways enrichment analysis of KMT2C
associated positive (blue) and negative (yellow) correlated genes. (E) Enrichment plot
for inositol phosphate metabolism pathways. (F) Enrichment plot for ribosome

associated pathways.

. Functional validation of KMT2C gene. Gene Ontology based enrichment using String

on (A) biological process (B) molecular function and (C) cellular component.

. Identification, functional enrichment and cluster analysis of protein-protein interaction
network of differentially expressed lysine methyltransferase genes in PanCa. (A) Heat
map depicting the average gene expression (logoFC) of 55 lysine methyltransferases in
two datasets - GSE211398, and GSE16515 (B) Pathway and process enrichment
network of differentially expressed lysine methyltransferase genes that are cluster ID-
colored, with nodes with the same cluster ID being closer to one another. Terms with a
p-value < 0.01, a minimum count of 3, and an enrichment factor > 1.5 are collected
and grouped into clusters based on their membership similarities. (C) Bar plot of top
significant GO Biological Processes and KEGG pathways of lysine methyltransferase
genes. (D) MCODE clusters identified in the network of densely connected protein-

protein interactions of lysine methyltransferase genes.

Molecular docking study of Protodioscin to KMT2C Protein. A: 3D diagram of the

complex. B: 2D diagram of interactions of the ligand with the amino acid residues at



the binding site. C-E: Mapping of binding site cavity according to the presence of

ionizability, H-bond donor residues, and hydrophobicity, respectively.
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