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A B S T R A C T   

Background: KMT2D mutation (KMT2DMT) was found to play an important role in cancer im-
munity and response to immune checkpoint inhibitors (ICIs). The present study aims to investi-
gate the association between KMT2D exon 39 mutation (K-ex39MT) and molecular and clinical 
characteristics in colorectal adenocarcinoma (CRAD). 
Methods: We performed profiling of KMT2DMT and K-ex39MT via Kaplan–Meier analysis, cBio-
portal, Immune-related functional analysis and correlation analysis with TCGA and MSK cohorts 
to explore their effects on the prognosis, immune landscape, molecular characteristics and drug 
sensitivity in CRAD. Panel gene sequencing of 30 in-house CRAD tissues and multiple immuno-
fluorescences (mIF) were also used. 
Results: In multi-cancer, patients with KMT2DMT have a worse overall survival (OS), and CRAD 
with K-ex39MT exhibited a greater degree of immune cellular infiltration. For CRAD, compared 
with KMT2D exon39 wild type (K-ex39WT), K-ex39MT patients had higher tumor mutational 
burden (TMB) and lower copy number alteration (CNA), and were accompanied by more immune 
cell infiltration including activated T cells, NK cells, Treg cells and exhausted T cells and 
enrichment of immune-related genes and pathways. In drug sensitivity prediction, K-ex39MT 

patients have a lower CTX-S score and IC50 of 5-Fluorouracil and irinotecan, and higher Tumor 
Immune Dysfunction and Rejection (TIDE) dysfunction score. 
Conclusions: CRAD patients with K-ex39MT have more abundant immune cell infiltration and 
enrichment of immune-related pathways and signatures. And they may be more sensitive to some 
chemotherapies but less to cetuximab.   

1. Introduction 

Immunotherapy has gradually become the mainstay of cancer treatment in recent years, with immune checkpoint inhibitors (ICIs) 
such as programmed cell death protein ligand 1 (PD-L1) antibodies and cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) 
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antibodies becoming the first-line treatment for a range of advanced cancer patients [1–3]. Although several studies have indicated 
that ICIs improve survival and treatment tolerance, the medication’s limits and long-term benefits vary per patient [4]. Several 
predictive markers, such as PD-L1 expression [5], high microsatellite instability (MSI-H) [6–8], and tumor mutational burden (TMB) 
[5] have been steadily validated and employed in the clinic to predict the treatment response of cancer patients to ICIs. Additionally, 
copy number alteration (CNA) [9] and tumor immune microenvironment (TME) [10] were also discovered to be associated with ICI 
response. However, there are several restrictions to the use of these markers. In a phase II trial KEYNOTE-158, for example, the 
majority of MSI-H/deficient mismatch repair (dMMR) patients reacted to pembrolizumab (objective response rate: 34.3%), although a 
small percentage of patients did not respond to ICI treatments [11]. In another KEYNOTE-042 trial, patients with low PD-L1 expression 
also benefited from ICIs [12]. As a result, new markers for predicting immunotherapy in cancer patients are needed. 

Mutations in genes are a common cause of cancer. It has also been linked to the response to various treatment regimens and has the 
potential to disrupt the immunological microenvironment. KRAS mutations are found in a wide range of malignancies, and treatment 
options for people with KRAS mutations, such as chemotherapy and targeted therapy, are ineffective [13]. Early in tumor growth, 
KRAS mutation-driven cancer cells alter the cellular composition and TME vascularity and structure, as well as induce inflammatory 
signaling, while interacting with external stimuli to create an inflammatory environment that improves oncogenicity [14]. Further-
more, mutations in gene exons are linked to cancer patient prognosis and have become therapeutic targets. Lung cancer patients with 
EGFR exon 20 deletion mutations are resistant to targeted therapies and have a poor prognosis [15,16]. Therefore, cancer patients will 
be affected by both gene and exon alterations. 

Mutations in KMT2D are also prevalent in malignancies, including lung cancer [17,18] and prostate cancer [19,20]. KMT2D 

Fig. 1. KMT2DMT and K-ex39MT in pan cancer; (A) Proportion of patients with KMT2DMT in 21 malignancies; (B) Kaplan-Meier curves of OS in 
KMT2DMT and KMT2DWTof 21 malignancies in TCGA and MSK-IMPACT cohorts; (C) Distribution of KMT2DMT according to KMT2D domains and 
exons in the TCGA cohort; (D) Proportion of mutation types in the top six exons with the highest mutation rate in KMT2D; (E) Immune infiltration in 
K-ex39MT patients of 21 malignancies. KMT2DMT: KMT2D mutation type; K-ex39MT: KMT2D exon 39 mutation type; KMT2DWT: KMT2D wild type. 
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mutation type (KMT2DMT) has been demonstrated to cause genomic instability and transcriptional stress, both of which promote 
tumorigenesis reported in the previous investigations [21]. KMT2DMT tumor samples displayed much higher infiltration of 
antigen-presenting cells and T cells in preclinical experiments, making them more vulnerable to ICIs [22]. Using the TCGA cohort, we 
first explored the predictive impact of KMT2DMT in 21 solid tumors. The predictive function of KMT2D exon39 mutation type 
(K-ex39MT) in colorectal adenocarcinoma (CRAD) patients was then investigated in depth. We discovered that CRAD patients with 
K-ex39MT had a worse prognosis than wild-type patients, but that these mutations were closely linked to improved antitumor immunity 
and consequently higher chemotherapy and ICI sensitivity. 

Fig. 2. (A) Kaplan-Meier curves of OS in K-ex39MT and K-ex39WT patients of CRAD in the TCGA cohort; (B) Forest plot depicting subpopulation 
analysis in TCGA cohort; (C–F) Log2 (TMB), MSI, CNA and AJCC stage in K-ex39MT and K-ex39WT patients; (G) The Kaplan-Meier curves of OS 
among K-ex39MTMSI-H, K-ex39MTMSI-L/MSS, K-ex39WTMSI-H, and K-ex39WTMSI-L/MSS groups in CRAD patients; (H) The Kaplan-Meier curves 
comparing OS among K-ex39MTCNAHigh, K-ex39MTCNALow, K-ex39WTCNAHigh, and K-ex39WTCNALow groups in CRAD patients. OS: overall survival; 
K-ex39MT: KMT2D exon 39 mutation type; K-ex39WT: KMT2D exon 39 wild type; TMB: tumor mutation burden; MSI: microsatellite instability; CNA: 
copy number alteration; MSS: microsatellite stability. 
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2. Results 

2.1. KMT2DMT and K-ex39MT in pan cancer 

From the TCGA database, a total of 9072 patients of the above 21 malignancies were included, with 958 developing KMT2DMT 

(Supplementary Table S3). We examined the ratio of the number and kind of mutations to learn more about how individuals with 
KMT2DMT are affected by each cancer type. As depicted in Fig. 1A, uterine corpus endometrial cancer (UCEC) patients had the highest 
mutation rate (162/529, 30.6%), followed by bladder carcinoma (BLCA) patients (114/412, 27.67%) and lung squamous cell carci-
noma (LUSC) patients (116/491, 23.63%), while ovarian carcinoma (OV) patients had the lowest mutation rate (6/436, 1.38%). 
Missense mutations were the most common type of tumor-causing mutation, accounting for the largest proportion of all 21 cancer 
types (Fig. S1A). Furthermore, only UCEC covers all six types of mutations. 

To better understand the impact of KMT2DMT on the prognosis of cancer patients, we mapped overall survival (OS) and excluded 
individuals with a survival time of fewer than 30 days. As illustrated in Fig. 1B, KMT2DMT patients in the TCGA cohort had a longer OS 
(median OS 25 months versus 23.92 months, hazard ratio [HR] = 0.976 [95% CI: 0.846–1.012], P = 0.693). Nevertheless, in the MSK- 
IMPACT cohort, KMT2DWT patients exhibited a longer OS (median OS 26.56 months vs 21.66 months, HR = 1.189 [95% 
CI:1.029–1.373], P = 0.018). The disparity in outcomes between the two cohorts prompted us to dig deeper into the reasons. Previous 
research has demonstrated that gene exon mutations cause carcinogenesis and alter cancer patient prognosis, such as the EGFR exon 20 
mutation and the MET exon 14 mutation in lung cancer patients [23,24]. As a result, we study deeper into the KMT2D exon mutation. 
As shown in Fig. 1C and Fig. S1E, KMT2DMT was mainly found in exon 31, exon 39, exon 10, and exon 48. We looked at the top six 
exons with the highest mutation rate, and found that while exon 31 and exon 39 had the highest mutation rate (Fig. 1D). A previous 
study illustrated that the frequency of nonsense mutation was the highest in KMT2D [25], which leads to the tumorigenesis. And exon 
39 had the highest nonsense mutation rate, so we chose it for further study. 

To further understand the role of K-ex39MT in malignancies, we performed a prognostic analysis of patients with mutations in exon 
39. In both the TCGA cohort and the MSK-IMPACT cohort, however, the difference in OS of patients with K-ex39MT versus K-ex39WT 

was not statistically significant (Figs. S1B and S1C). In each tumor, the inflammation score was compared between K-ex39MT with K- 
ex39WT, and the results showed that inflammatory scores differed in CRAD and LUSC. In detail, patients with K-ex39MT had greater 
inflammation score than K-ex39WT patients in CRAD, while K-ex39WT patients had higher inflammation levels in LUSC (Fig. S1D), 
indicating that K-ex39MT play diverse roles in various malignancies. To get a particular understanding of immune infiltration, Immune 
infiltration in patients with K-ex39MT in 21 malignancies from individuals with K-ex39MT in each cancer was measured. CRAD 
exhibited a greater degree of immune cell infiltration than other malignancies (Fig. 1E), further defining the relevance of K-ex39MT in 
CRAD patients. 

2.2. K-ex39MT predicts worse prognosis, higher TMB and lower CNA in CRAD 

To study further the differences between K-ex39MT and K-ex39WT in CRAD patients, we first conducted a survival analysis using the 
TCGA cohort (n = 477, the rate of K-ex39MT: 3.56%). Patients with the K-ex39MT showed a worse survival rate (P = 0.083) when 
compared to K-ex39WT patients (Fig. 2A). Across sex, age, AJCC stage, N stage, TMB level, CNA level, and MSI status, the survival 
advantage of K-ex39WT versus K-ex39MT was identical (Fig. 2B). TMB levels, CNA levels, MSI status, and stage were subsequently 
compared between the K-ex39MT and the K-ex39WT, and it was shown that patients with K-ex39MT showed higher levels of TMB but 
lower levels of CNA (P < 0.0001) (Fig. 2C and E). Furthermore, the proportion of MSI-H patients was higher in the K-ex39MT, as was the 
proportion of patients with Stage I-II (Fig. 2D and F). Then, we obtained another cohort (MSK-Colorectal cancer). The results showed 
that KMT2DMT showed higher levels of TMB but lower levels of CNA (P < 0.0001), and the proportion of MSI-H patients was higher in 
the KMT2DMT (P < 0.0001) (Figs. S1E and S1G). 

We separated patients into four groups based on their K-ex39MT status and MSI status: K-ex39MTMSI-H, K-ex39MTMSI-L/MSS, K- 
ex39WTMSI-H, and K-ex39WTMSI-L/MSS. K-ex39WTMSI-H individuals, as expected, had the longest OS of any group, andK-ex39WT 

successfully identified patients with greater survival benefit among MSI-H patients (Fig. 2G). The same analysis was performed on 
CNAs, which were separated into high and low CNAs to divide CRAD patients into four groups combined with K-ex39MT status. 
Notably, the K-ex39WT predicted better survival in patients with high or low CNA (Fig. 2H). 

2.3. K-ex39MT is characterized by enriched immune infiltration in CRAD 

The expression matrix of the TCGA cohort was used to analyze how K-ex39MT alters gene expression and function in CRAD. The GO 
results show that the differentially expressed genes between K-ex39MT and K-ex39WT are mainly enriched in pathways such as T cell 
activation, regulation of cell-cell adhesion, and regulation of T cell activation, indicating that K-ex39MT may affect immune infiltration 

Fig. 3. (A–B) GO enrichment analysis and KEGG pathway analysis of differential genes between K-ex39MT and K-ex39WT; (C) Representative 
pathways between K-ex39MT and K-ex39WT identified by GSEA analysis, mainly related to immunity; (D) Heatmap of immune infiltrating cells in K- 
ex39MT and K-ex39WT; (E–F) Exhausted T cells, tolerance T cells and Treg cells in K-ex39MT and K-ex39WT patients; (G–J) CIRC enrichment score, 
immune scores, stromal scores, and tumor purity in K-ex39MT and K-ex39WT patients. K-ex39MT: KMT2D exon 39 mutation type; K-ex39WT: KMT2D 
exon 39 wild type; CIRC: Co-ordinate Immune Response Cluster. 
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and tumor immune response (Fig. 3A). Besides, it was mostly enriched in the immune pathway in the KEGG enrichment study, 
confirming the influence of the K-ex39MT on tumor immunity (Fig. 3B). A GSVA analysis was used to compare the functional dif-
ferences between K-ex39MT and K-ex39WTpatients. As shown in Fig. 3C, K-ex39MT was involved in both innate and adaptive immune 
responses and allograft rejection (IFN-gamma, normalized enrichment score (NES) = 0.80, P = 0.017; allograft rejection, NES = 0.75, 
p = 0.025; IFN-alpha, NES = 0.83, P = 0.041). The preceding findings further implied that the mutation on K-ex39 mostly impacts 
CRAD patients’ immunity. 

Using a range of gene sets of immune cells, we examined the difference in their infiltration between K-ex39MT and K-ex39WT. Both 
activated tumor immunity (activated CD8+ T cells, activated CD4+ T cells and NK cells) and suppressor tumor immunity (Treg cells and 
exhausted T cells) were detected in K-ex39MT samples, as illustrated in Fig. 3D. In K-ex39MT patients, other regulatory and helper 
immune cells were also more prevalent (Fig. 3D). We additionally exhibit exhausted T cells, CD8+ tolerance T cells, and Treg cells to 
further illustrate how different between the two groups of patients (Fig. 3E and F). 

The CIRC signature encompasses a variety of inhibitory immune-related genes and is used to assess a patient’s immune response 
[26]. The CIRC enrichment score of K-ex39MT was much greater than that of K-ex39WT, as shown in Fig. 3G, indicating a more 
immunosuppressive condition in K-ex39MT. In addition, we utilized the ESTIMATE algorithm to quantify the immune 

Fig. 4. (A–B) The expressions of CD68, CD56, CD8, HLA-DR and PanCK in KMT2DMT and KMT2DWT CRAD were detected by immunofluorescence. 
(C–E) Heatmap depicts immune-related gene expression levels in K-ex39MT and K-ex39WT patients. KMT2DMT: mutation type; KMT2DWT: KMT2D 
wild type; K-ex39MT: KMT2D exon 39 mutation type; K-ex39WT: KMT2D exon 39 wild type; CRAD: colorectal adenocarcinoma. 
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microenvironment of CRAD patients, and the results demonstrated that patients with K-ex39MT had higher immune scores and stromal 
scores, but lower tumor purity, suggesting a higher degree of immune infiltration in patients with K-ex39MT (Fig. 3H–J). 

Due to the lack of detection of exon mutations, we selected KMT2D mutant and wild-type tissues for mIF. We compared the in- 
house CRAD sample between KMT2DMT and KMT2DWT. It showed that KMT2DMT sample showed higher proportions of CD56, 
CD8, CD68 and HLA-DR, confirming the impact of KMT2DMT on the immune microenvironment of CRAD patients (Fig. 4A and B). 
While the roles of K-ex39MT in TME need to be confirmed further. We further analyzed immune-related gene expression in K-ex39MT 

and K-ex39WT and discovered that K-ex39MT had higher MHC-related antigen-presenting molecules expression than K-ex39WT 

(Fig. 4C). To compare immunomodulatory molecules in K-ex39MT and K-ex39WT, we employed a variety of co-stimulatory and co- 
inhibitory molecules. The results demonstrated that immunomodulatory molecules were expressed more in K-ex39MT than in K- 
ex39WT (most P < 0.05, Fig. 4D and E). 

2.4. Higher other mutations and immune-related genes expression in K-ex39MT 

We examined K-ex39MT and K-ex39WT patients in the TCGA dataset to determine the genetic profile of CRAD patients and 
discovered many genes with considerably different mutation rates. The mutation rate in K-ex39MT was greater than that of K-ex39WT 

among several tumor-related pathway genes (such as the WNT pathway, JAK pathway, and NOTCH pathway) (Fig. 5A). Gens in other 
pathways, such as CCND3, ERBB2, FGFR2, KRAS, NRAS, EZH2, and PRDM1, had increased mutation rates in K-ex39WT individuals but 

Fig. 5. (A) Comparison of gene mutation rates in the different pathways in K-ex39MT and K-ex39WT; (B) Comparison of gene mutation rates in the 
DDR pathway in K-ex39MT and K-ex39WT; (C) Comparison of common proto-oncogene and tumor suppressor gene mutations in CRAD patients 
between K-ex39MT and K-ex39WT patients; (D) The gene mutation status of 30 CRAD patients, and the incidence of KMT2D mutation was 3.3%. K- 
ex39MT: KMT2D exon 39 mutation type; K-ex39WT: KMT2D exon 39 wild type; CRAD: colorectal adenocarcinoma. 
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were not statistically significant (P > 0.05) (Fig. 5A). Genes with higher mutation rates in K-ex39MT CRAD were mainly enriched in 
DNA damage repair (DDR) (such as POLE: 52.9% vs. 3.1%; BRCA2: 35.3% vs. 4.4%; MSH2: 29.4% vs. 2.2%); MSH6: 23.5% vs. 2.3%; 
MLH1: 17.6% vs. 2.0%; RAD50: 23.5% vs. 1.8%, all P < 0.05) (Fig. 5B). In addition, we investigated alterations in oncogenes and 
tumor suppressor genes that had been implicated in the genesis of CRAD cancers. As indicated in Fig. 5C, tumor suppressor genes (APC, 
TP53) had a greater mutation rate in K-ex39WT, whereas oncogenes had a higher mutation rate in K-ex39MT, and both results were 
similar in the TCGA and MSK-IMPACT cohorts. Then, among the 30 in-house CRAD patients, TP53, APC and KRAS were the most 
frequently mutated genes, and three of them had KMT2D mutation (Fig. 5D). The results validated that KMT2DMT patients has lower 
APC and TP53 mutation. 

2.5. K-ex39MT is more sensitive to some chemotherapies but less to cetuximab 

Following the determination of the influence of K-ex39MT on the immunological milieu of CRAD patients, it was reported that 
genetic mutations also affect the patient’s treatment sensitivity. To further investigate the impact of K-ex39MT on treatment, we 
predicted the sensitivity of targeted therapy and chemotherapy in both K-ex39MT and K-ex39WT patients. IPRES signatures are 
composed of genes that regulate interstitial transition, cell adhesion, ECM remodeling, angiogenesis, and wound healing, and their 
high enrichment signals that patients may be resistant to immunotherapy. We compared IPRES signatures in K-ex39MT and K-ex39WT 

patients, and found that approximately half of the signatures were enriched in K-ex39MT patients (such as Poola invasive breast cancer 
UP and MS RESP to wounding UP in MAPKi aPDL1 NR, P < 0.05) (Fig. 5A). In K-ex39MT patients, the rest of the signatures showed no 
significant differences (Fig. 6A). Furthermore, we compared K-ex39MT and K-ex39WT patients using genes from multiple immune 
pathways, as described by Ryul et al. [27]. T cell infiltration and costimulatory pathways (anti-inflammatory and immunomodulatory) 
were considerably enriched in K-ex39MT samples (P < 0.05), implying that K-ex39MT activates immune cells (Fig. 6A). The TIDE al-
gorithm can generate two scores (dysfunction score and exclusion score) that are used to assess tumor patients’ immune function and 

Fig. 6. (A) IPRES signature and immune-related pathways described by Ryul et al. in K-ex39MT and K-ex39WT patients; (B) CTX-S score in K-ex39MT 

and K-ex39WT patients; (C–G) IC50 of chemotherapies in K-ex39MT and K-ex39WT patients. K-ex39MT: KMT2D exon 39 mutation type; K-ex39WT: 
KMT2D exon 39 wild type; CTX-S: Cetuximab Sensitivity. 
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immune escape status, and hence indirectly measure the response to ICIs. Although there was no significant difference in the exclusion 
score, the dysfunction score was greater in K-ex39MT patients, indicating a stronger immune evasion ability (Fig. S2A). Patients with 
timely mutations also had more tumor-infiltrating cytotoxic T cells, but they also had higher T cell dysfunction. 

Molecularly targeted medicines and chemotherapy have always been important strategies for tumor treatment, notwithstanding 
the increased emphasis on immunotherapy in recent years. Given cetuximab is a typically targeted medication for patients with 
advanced CRAD, we used the CTX-S score to predict CTX sensitivity in K-ex39MT patients. The findings revealed that K-ex39WT patients 
were more susceptible to CTX and benefited from it (Fig. 6B), implying that K-ex39MT patients may be resistant to EGFR inhibitors, 
which could be related to EGFR and RAS mutations in K-ex39MT patients. In a previous study, it was found that APC and TP53 mu-
tations can cause an increase in CTX-S score. While in our study, the mutation rates of APC and TP53 in K-ex39WT patients were higher 
than those in K-ex39MT patients, and the two conclusions were consistent. 

The Genomics of Drug Sensitivity in Cancer (GDSC) database [28] was then utilized to predict CRAD sensitivity to routinely used 
chemotherapeutic medicines such as 5-Fluorouracil, irinotecan and oxaliplatin. 5-Fluorouracil and irinotecan IC50 were shown to be 
lower in K-ex39MT patients, indicating that they are more sensitive to these two chemotherapeutics. In the case of oxaliplatin, however, 
there was no significant difference between K-ex39MT and e K-ex39WT patients (Fig. 6C–G). 

2.6. CMS subtypes differ in K-ex39MT and K-ex39WT patients 

According to CMS molecular typing, CRAD patients can be divided into CMS1 (microsatellite instability, immune type); CMS2 
(typical, WNT and MYC signaling activation); CMS3 (metabotype, metabolic dysregulation) and CMS4 (mesenchymal type, trans-
formed growth factor-beta activation and angiogenesis) [29]. We used prognostic analysis on the four categories of patients in the 
TCGA cohort to further understand the CMS categorization characteristics of CRAD patients (Fig. 7A). The results revealed that CMS3 
patients had the longest OS, followed by CMS2. The CMS features of K-ex39MT and K-ex39WT patients were then compared. As shown in 
Fig. 7B, in the two groups of patients, the proportions of CMS1, CMS2 and CMS3 types were significantly different (CMS1: 63% vs. 
13%; CMS2: 6% vs. 39%; CMS3: 0% vs. 15%). 

We separated the patients into seven groups based on their KMT2D exon 39 mutant status and CMS classification, with no CMS3 
type in the KMT2D exon 39 mutation patients. We used a heat map to depict the differences between the seven groups’ immune cell 
infiltration in order to better comprehend them (Fig. 7C). Immune cell infiltration was substantially higher in K-ex39MT patients than 
in K-ex39WT patients. CMS4 and CMS1 patients’ immune cells were higher enriched in K-ex39WT individuals. We employ a violin 
diagram to help us grasp the exhausted T cells, CD8+ tolerance T cells, and Treg cells in the seven patient groups (Fig. 7D–G). CMS1, 
CMS2, and CMS4 were not statistically different among patients with K-ex39MT, but CMS4 was considerably higher and CMS3 was the 
lowest among K-ex39WT patients. Among the patients with CMS1, K-ex39MT showed more infiltration of exhausted CD8 T cells (P <
0.05, Fig. 7I). 

Finally, we analyzed CTX-score differences among CRAD patients, and discovered that CMS2 patients had the highest CTX-score, 
while CMS1 patients had the lowest, indicating that CMS2 patients were the most CTX-sensitive (Fig. 7H). We also compared che-
mosensitivity, dysfunction score and exclusion score among the seven patient groups. CMS4 patients exhibited the lowest sensitivity 
for both chemotherapy and immune escape ratings, despite the fact that there was no statistical difference between CMS1 and CMS4 in 
K-ex39MT patients (Figs. S2B–S2F). CMS4 patients are the least susceptible among K-ex39WT patients, while CMS3 patients may be 
more sensitive to chemotherapy and more effective for ICIs (Figs. S2B–S2F). 

3. Discussion 

Gene exon mutations are key causes of cancers, such as EGFR exon 20 deletion mutation and MET exon 14 mutation. The KMT2D 
mutation is a common mutation in cancer [30], and its exon 39 mutation has yet to be evaluated in CRAD patients. To investigate more, 
we assessed the significance of K-ex39MT in 21 malignancies and their impact on immune infiltration and inflammatory scores. 
Furthermore, although not statistically significant, individuals with K-ex39MT had a worse prognosis than patients with K-ex39WT. 
Patients with K-ex39MT had an immunosuppressive milieu and increased expression of a variety of immune-related genes, according to 
our findings. Moreover, we discovered that K-ex39MT patients are more likely to produce immunological escape and resistance to 
immunotherapy, but are relatively more susceptible to chemotherapy when comparing the drug sensitivity prediction of K-ex39MT and 
K-ex39WT. 

KMT2D is an epigenetic regulator, and the encoded protein is a histone methyltransferase, which has been linked to cancer in 
earlier research [31]. KMT2D has a vital function in promoting epidermal differentiation and ferroptosis, according to Shaun et al. and 
mice lacking epidermal KMT2D exhibited hallmarks of human precancerous tumors as well as altered the expression of essential genes 
and ferroptosis markers [32]. KMT2DMT is linked to the production of early normal epithelial tissue, and it is more pronounced in 

Fig. 7. Combined with CMS subtype of K-ex39MT in CRAD; (A) Kaplan-Meier curves of OS of CMS subtype in CRAD patients; (B) Proportion of CMS 
subtype in K-ex39MT and K-ex39WT patients; (C) Immune infiltration in different CMS subtype in K-ex39MT and K-ex39WT patients; (D–G) Exhausted 
T cells, tolerance T cells and Treg cells in different CMS subtype in K-ex39MT and K-ex39WT patients; (H) CTX-S score in different CMS subtype in K- 
ex39MT and K-ex39WT patients; (I) Exhausted T cells in different CMS subtype in K-ex39MT and K-ex39WT patients. CMS: Consensus molecular 
subtype; CRAD: colorectal adenocarcinoma; K-ex39MT: KMT2D exon 39 mutation type; K-ex39WT: KMT2D exon 39 wild type; CTX-S: Cetuximab 
Sensitivity. 
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squamous cell carcinoma and basal cell carcinoma than in normal tissue [33,34]. The KMT2DMT was discovered to influence the 
prognosis of tumor patients in our investigation. Although the results of the TCGA and MSK cohorts are inconsistent, we cannot rule out 
the possibility of exon mutation, thus we chose to conduct a particular exon analysis. Previous research on KMT2D exon mutations had 
been limited to Kabuki syndrome [35,36], with few breakthrough discoveries in cancer. A prior study discovered that missense 
mutations in exon 39 of KMT2D cause a new polymorphic disease separate from Kabuki syndrome, demonstrating the exon’s speci-
ficity [37]. Exon 39 was chosen for additional investigation because it contains the highest proportion of missense and nonsense 
mutations in the KMT2D exon. Among 21 multiple solid tumors, the exon 39 mutation frequency is relatively high in CRAD, which 
means its importance. And we also found that samples with K-ex39MT in CRAD were more enriched in preliminary results of immune 
infiltrating cells and inflammatory scores, indicating that K-ex39MT had a greater impact on CRAD, thus we did more investigation on 
it. 

We discovered gene mutations in epigenetic regulation, RTK/MAPK/PI3K, and DDR pathways when screening for genes that co- 
occur with K-ex39 alterations. RNAPII transcriptional elongation/transcriptional stress is a common hallmark of KMT2DMT cancer 
cells, which explains the link between histone modifier gene alterations and KMT2DMT. Indeed, epigenetic alterations provide 
intriguing novel targets for anticancer therapy, such as Tazemetostat, a histone methyltransferase inhibitor that has been shown to be 
effective in refractory B-cell non-Hodgkin lymphoma and epithelioid sarcoma [38]. The mutation rate of genes in both the ARID1A and 
DDR pathways was higher in patients with K-ex39MT, showing that it plays an essential role in DNA repair function, which is consistent 
with earlier research [21,39]. We recognize that mutations in genes in the RTK/MAPK/PI3K pathway cause anticancer treatment 
resistance based on prior publications [40]. Genes like EGFR had considerably higher mutation rates in this study, however, more 
research is needed to determine whether CRAD with the K-ex39MT is responsive to MAPK/PI3K pathway inhibitors. In addition to gene 
mutations in tumor-related pathways that are associated with K-ex39MT, their relationship with frequent gene mutations in CRAD 
patients is investigated in further detail. APC and TP53, which are frequent tumor suppressor genes in CRAD, had greater mutation 
rates in K-ex39WT, implying that K-ex39MT negatively influences both. 

As immunotherapy has gradually become an important treatment for CRAD in recent years, it has brought prognostic benefits to 
patients, such as anti-PD-1 antibody and anti-PD-L1 antibody [41,42]. Our results showed that K-ex39MT is associated with markers of 
immunotherapy efficacy, including MSI, TMB, PD-L1 expression, and immune cell infiltration. In patients with K-ex39MT, TMB was 
higher, which may be related to the high mutation rate of other genes. Recently, Wang et al. using CRISPR-GEMM, found that KMT2D 
is the main mechanism for blocking immune checkpoints by recruiting antigen-presenting cells and T cells [22], but more studies are 
needed to confirm the predicted value of K-ex39MT on the efficacy of immunotherapy. Interestingly, immunosuppressive cells and 
immune co-suppressive molecules, including exhausted T cells and Treg cells, were significantly elevated in patients with K-ex39MT 

compared with K-ex39WT. Furthermore, both IPRES signatures and TIDE results imply that K-ex39MT may promote immunological 
escape, resulting in immunotherapy resistance, and several studies have verified their predictive potential [43–45]. In addition to 
immunotherapy, K-ex39MT patients are resistant to EGFR inhibitors, indicating that the K-ex39MT diminishes the effectiveness of the 
patient’s treatment and consequently impacts the patient’s prognosis. We investigated the therapeutic sensitivity of K-ex39MT patients 
combined with CMS typing, and the results showed that CMS4 patients were the least responsive to the three therapies, regardless of 
whether they were K-ex39MT or K-ex39WT. CMS4 has been demonstrated to have a bad prognosis in earlier investigations [46], which is 
consistent with the findings of this study. CMS3 paired with wild patients had the highest treatment sensitivity and could be utilized as 
a predictive marker in the future, but the treatment cohorts are needed to validate the results further. 

In conclusion, we confirmed that KMT2DMT and K-ex39MT play an essential role in CRAD. CRAD patients with K-ex39MT have more 
abundant immune cell infiltration and enrichment of immune-related pathways and signatures, which suggested its predictive role in 
immunotherapy response. Besides, K-ex39MT CRAD patients may be more sensitive to some chemotherapies but less to cetuximab. 

4. Material and methods 

4.1. Data of patients 

Mutation and RNA-seq data (FPKM) for 21 selected solid tumors with a clear diagnosis (cancer types are described in Supple-
mentary Table S1) were obtained from TCGA (https://www.portal.gdc.cancer.gov/) and the accompanying clinical data were gath-
ered from cBioPortal (https://cbioportal.org/). In addition, the mutation and follow-up data from the MSK-IMPACT cohort of the same 
cancer types and MSK-Colorectal cancer were retrieved from cBioPortal [47,48]. In this study, KMT2DMT was classified as patients who 
had mutations in the KMT2D gene, whereas KMT2D wild (KMT2DWT) was characterized as patients who did not have KMT2D gene 
mutations but may be accompanied by other gene mutations. K-ex39MT was defined as a mutation that only appeared in exon 39 of 
KMT2D, whereas KMT2D exon39 wild (K-ex39WT) was defined as no mutation in any exon of the KMT2D gene, and patients with 
mutations in other exons were excluded. 

The resected 30 CRAD patient tissues were obtained from the First Affiliated Hospital, Zhejiang University School of Medicine from 
2018 to 2021, which were fixed with 4% paraformaldehyde before embedding in paraffin. And this study was approved by the Ethics 
Committee of the First Affiliated Hospital, Zhejiang University School of Medicine. 

4.2. Gene sequencing, TMB and CNA data analysis 

On the HiSeq4000 platform (Illumina), the target enriched libraries were sequenced using 2150 bp pair-end reads. Demultiplexing 
the sequencing data with bcl2fastq (version 2.19) was followed by analysis with Trimmomatic to weed out low-quality (quality 15) or 
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N bases. Burrows-Wheeler Aligner (bwa-mem) was used to align the data to the hg19 reference human genome, and the Picard suite 
(found at: https://broadinstitute.github.io/picard/) and Genome Analysis Toolkit were then used to process the results (GATK). The 
mutant allele frequency cut-off was set at 0.5% for calling SNPs and indels in GATK using VarScan228 and HaplotypeCaller/Uni-
fiedGenotyper. The 1000 Genome Project and dbSNP were used to exclude frequent variations. By contrasting with patient whole 
blood controls, germline mutations were eliminated. 

TMB stands for the total amount of coding errors, base substitutions, gene insertion and deletion errors per megabase (Mb) of the 
discovered somatic gene after germline mutations have been eliminated from the tumor genome. Recent evidence indicates that TMB 
influences the therapeutic efficacy of ICIs, suggesting its usage as a biomarker of efficacy. There is no clearly defined threshold for high 
and low TMB, and the cutoff value for high and low TMB in this investigation was the highest 20% of TMB in all cancer samples of 
TCGA cohort [49]. 

CNA data from the TCGA cohort and MSK-IMPACT cohort were retrieved from the cBioPortal and characterized as the proportion 
of copy number changed genomes. The median of all cancer samples was used as the cutoff value for CNA. 

4.2. Immune-related functional enrichment analysis 

To study the infiltration status of immune cells, we evaluated K-ex39MT samples of each cancer type and compared K-ex39MT with 
K-ex39WT of CRAD patients in the TCGA cohort using the ssGSEA algorithm [50]. The “GSVA” package was used to generate the 
inflammation score, and normalized enrichment scores and immune cell signatures were gathered and summarized in Supplementary 
Table S2. Among them, previous investigations had provided gene sets for exhausted T cells and tolerance T cells. 

To further explore the enrichment characteristics of in patients with K-ex39MT, we analyzed the differential gene expression of K- 
ex39MT and K-ex39WT patients using the “DESeq2′′ package and performed the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway and Gene Ontology (GO) enrichment analyses. Meanwhile, gene set enrichment analysis (GSEA) software was used to 
perform GSEA [51] with nominal P value, and the ESTIMATE method was used to characterize the tumor microenvironment, which 
included immune score, stromal score, and tumor purity [52]. In addition, we also compared the Co-ordinate Immune Response 
Cluster (CIRC) signature [53] and Innate anti-PD-1 Resistance (IPRES) signature [54] between K-ex39MT and K-ex39WT, which are 
related to tumor immune responses. Additionally, the expression of immune-related genes was compared between K-ex39MT and 
K-ex39WT, based on the functional classification of Thorsson et al. [55]. 

4.3. Multiple immunofluorescences (mIF) 

The resected CRAD patient tissues were obtained from the First Affiliated Hospital, Zhejiang University School of Medicine. The 
prepared tissue sections (4 μm) were dewaxed with xylene and rehydrated with graded alcohol, and chose a K-ex39MT tissue and a K- 
ex39WT tissue to accomplish mIF to identify a series of immune cells (such as T cells, and NK cells) (panel: CD68, CD56, CD8, HLA-DR, 
PanCK). Tissue sections were treated with goat serum blocking solution (WiSee Biotechnology, A10015-100, China) for 1 h at room 
temperature before exposing them to the primary and secondary antibodies for an additional 30 min at room temperature (the primary 
antibodies: CD8, 1:300, BX50036-C3; CD68, 1:400, BX50031; CD56, 1:100, #3576, HLA-DR, 1:1000, ab92511, PanCK, 1x, 
GM351507. The fluorescent secondary antibodies: Neon TSA620, Neon TSA570, Neon TSA670, Neon TSA440, 1:100). Tissue samples 
were stained using an IHC assay kit (WiSee Biotechnology, DS9800, China) according to the manufacturer’s instructions. Mounted 
sections were examined by light microscopy (Leica, Germany), and Halo software was used to analyze the captured pictures (Indica 
Lab, USA, version 3.3). 

4.4. Prediction of the sensitivity to different treatments 

The Cetuximab Sensitivity (CTX-S) score is based on the gene expression values of 800 cancer-related genes, and the details on the 
score’s derivation and validation have already been disclosed [56]. The R package of “oncoPredict” was used to estimate the 50% 
inhibiting concentration (IC50) of chemotherapeutic and targeted therapy for CRAD, where IC50 refers to a substance’s ability to 
inhibit a specific biological or metabolic activity [57]. The clinical response of CRAD patients to immunotherapy was predicted using 
the Tumor Immune Dysfunction and Exclusion (TIDE) algorithm (http://tide.dfci.harvard.edu/) [44]. 

4.5. CMS analysis 

The Consensus molecular subtype (CMS) system is currently the most comprehensive and influential molecular subtype model for 
CRAD. Using network clustering analysis, it separates CRAD into four CMS molecular kinds based on the massive data from six in-
dependent CRAD sequencing projects in the past [29]. We employed the “CMScaller” algorithm to perform CMS categorization of 
CRAD samples applying gene expression data from CRAD patients in TCGA [58]. 

4.6. Statistical analysis 

R software (version4.1.1) or SPSS (version 25.0) were used for all statistical analyses. The OS curve was drawn using the Kaplan- 
Meier survival analysis, and the significance of the curve was determined using the log-rank test. Cox proportional hazards models 
were used to perform multivariate survival analyses that were adjusted for available confounders, including age, sex, AJCC stage, N 
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stage, TMB level, CNA level, and MSI status. Differential expression genes were defined as those with adjusted P < 0.01 and |LogFC|>
1.5. TMB, CNA, IC50, tumor immune cells, gene expression, and gene signatures in K-ex39MT and K-ex39WT samples were compared 
using the Mann-Whitney test. 

5. Limitations of the study 

There are several limitations to this research. First, KMT2DMT was shown to be associated with immunotherapy efficacy in chol-
angiocarcinoma [59,60], while the role in CRAD requires further validation in other cohorts. Second, while the sample size of the 
K-ex39MT is limited, it is prone to statistical significance when performing survival and immunotherapy response correlation analyses, 
which should be confirmed in bigger samples. Finally, further immunotherapy cohorts and trials are required to confirm the effects of 
K-ex39MT on immunotherapy. 
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