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ABSTRACT

Sushi domain-containing protein 4 (SUSD4) is a complement regulatory protein whose primary function is to
inhibit the complement system, and it is involved in immune regulation. The role of SUSD4 in cancer
progression has largely remained elusive. SUSD4 was studied across a variety of cancer types in this study.
According to the results, there is an association between the expression level of SUSD4 and prognosis in
multiple types of cancer. Further analysis demonstrated that SUSD4 expression level was related to immune
cell infiltration, immune-related genes, tumor heterogeneity, and multiple cancer pathways. Additionally, we
validated the function of SUSD4 in colorectal cancer cell lines and found that knockdown of SUSD4 inhibited cell
growth and impacted the JAK/STAT pathway. By characterizing drug sensitivity in organoids, we found that the
expression of SUSD4 showed a positive correlation trend with IC50 of Selumetinib, YK-4-279, and
Piperlongumine. In conclusion, SUSD4 is a valuable prognostic indicator for diverse types of cancer, and it has
the potential to be a target for cancer therapy.

INTRODUCTION downregulation of SUSD4 in breast malignancy cells
was related to a poor prognosis, and knockdown of
Complement fragments play a pivotal role in the SUSD4 in breast malignancy cell lines reduced cell
defense against foreign pathogens, representing a migration and invasion [5, 6].
cornerstone of the innate immune system [1]. Moreover,
the activation of the complement system contributes Nevertheless, the exploration of SUSD4’s involvement
significantly to anticancer defense mechanisms, with in tumor immunity and prognostic implications across
Sushi domain-containing protein 4 (SUSD4) emerging various cancer types remains limited in prior research
as a notable regulatory player within this context. efforts. Adopting a systematic pan-cancer approach, the
Structurally akin to the membrane complement inhibitor present investigation aims to elucidate the multifaceted
CD46, the immunological significance of SUSD4 dynamics of SUSD4 expression levels vis-a-vis cancer
warrants particular scrutiny, given the pivotal role of its prognosis. Leveraging data extraction from diverse
analogous protein, CD46, in T cell functions [2]. databases, coupled with bioinformatics analyses, we
Additionally, CD46 is closely associated with IL-10 and endeavor to delineate the intricate interplay between
TH1 cells, suggesting that SUSD4 may have a similar SUSD4 expression and the immune microenvironment,
function to CD46 [3, 4]. Emelie et al. demonstrated that along with its ramifications on immune-related genes.
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Additionally, we employ a pharmacological lens to
identify potential therapeutics targeting SUSD4.

In sum, our study provides pioneering insights into the
prognostic and immunological significance of SUSD4,
offering a valuable foundation for the exploration of
novel immunotherapeutic targets and informing the
development of more efficacious treatment modalities
by aiding clinicians in optimizing therapeutic strategies.

RESULTS

SUSD4 expression level in normal and tumor

samples

SUSD4 expression levels in normal and tumor samples
were compared using the TCGA database (Figure 1A).
It was observed that SUSD4 expression was
significantly upregulated in 9 tumors, such as BRCA,
CESC, CHOL, LIHC, LUAD, LUSC, PCPD, THCA,
and UCEC. Conversely, significant downregulation of
SUSD4 expression was observed in COAD, COREAD,
GBM, HNSC, KICH, KIPAN, KIRP, KIRC, PRAD,
STAD, STES, and READ. Comparison of SUSD4
expression levels in normal and tumor samples was also
performed using data obtained from the GTEX database
(Figure 1B). Significant upregulation of SUSD4
expression was noted in 12 tumors, including BRCA,
CESC, CHOL, LGG, LIHC, LUAD, LUSC, PAAD,
PCPG, THCA, UCEC, and UCS. In the other 13 tumors
(ACC, COREAD, GBM, HNSC, KICH, KIRC, KIPC,
LAML, OV, PRAD, SKCM, STAD, and TGCT),
SUSD4 expression was downregulated.

We obtained the expression matrix of SUSD4 in various
cancer cell lines through the CCLE database and found
that the expression level of SUSD4 was highest in
breast cancer, while it was lowest in lymphoma,
rhabdoid, and myeloma (Figure 1C). However, overall,
the expression level of SUSD4 is not high across
multiple cell lines.

Survival and prognosis analyses

We evaluated the prognostic significance of SUSD4
expression levels in various tumor types using the log-
rank test. Our analysis revealed notably high SUSD4
expression in KIRP (p=1.2e-3, hazard ratio (HR)=1.48
(1.16,1.89)), KIPAN (p=4.4e-3, HR=1.17 (1.05,1.31)),
KIRC (p=0.01, HR=1.18 (1.04, 1.34)), COADREAD
(p=1.8e-3, HR=1.85 (1.25, 2.74)), THYM (p=4.4e-3,
HR=2.18 (1.22, 3.89)), LIHC (p=0.04, HR=1.10
(1.00,1.22)), and DLBC (p=0.03, HR=2.59 (1.05,6.38)),
which was associated with shorter overall survival (OS).
In contrast, low SUSD4 expression levels were
observed in five tumors (GBMLGG (p=2.5e-25,

HR=0.56(0.50,0.63), LGG (p=8.6e-9, HR=0.57
(0.47,0.69), CESC (p=0.02, HR=0.86 (0.76,0.98),
LUSC (p=0.01, HR=0.89 (0.82,0.98), and PAAD
(p=4.8e-3, HR=0.79 (0.67,0.93)), which was
accompanied by a poor prognosis (Figure 2A).
Interestingly, high expression of SUSD4 in LGG is a
prognostic protective factor, while in GBM, the
expression level of SUSD4 is not significantly
associated with survival.

Based on the optimal cutoff value, patients were divided
into two groups, and the prognostic differences were
further analyzed using the ‘survfit’ function of the
‘survival’ R package. Differences in prognostic
significance were assessed using the log-rank test,
and the Kaplan-Meier (KM) survival curves were
plotted (Figure 3B—3N). Overall, SUSD4 exhibits a
dichotomous relationship with prognosis in different
types of cancer.

Immunological genes and SUSD4

SUSD4, a complement regulator, is associated with a
variety of immune-related genes. Therefore, a
correlation was found between SUSD4 expression
levels and the expression levels of multiple immune-
related genes in different tumor tissues (Figures 3, 4).
The correlation of SUSD4 expression level with
expression levels of immunoinhibitory and immuno-
stimulatory genes is shown using a heatmap in Figure
3A, 3B.

Among the immunoinhibitory genes, VTCN1
expression level was positively correlated with SUSD4
expression level in many types of cancer (Figure 3A).
However, SUSD4 expression level was negatively
correlated with the expression levels of LGG, SARC,
BRCA, LUSC, and BLCA. Conversely, SUSD4
expression level was positively correlated with the
expression levels of KIRP, COADREAD, PRAD, OV,
THCA, HNSC, UVM, THYM, and LIHC. Interestingly,
in CHOL, there was no statistically significant
correlation between the expression level of SUSD4 and
inhibitory-related genes. Similarly, in UCS, only the
expression levels of VTCN1 and SUSD4 showed a
positive correlation. Additionally, in cancers with poor
prognosis and high SUSD4 expression (including
DLBC, THYM, COADREAD, KIRP, LIHC), a positive
correlation trend was observed with inhibitory-related
genes.

Figure 3B shows the correlation between the expression
levels of stimulatory genes and SUSD4. We found a
positive correlation in UVM, DLBC, LAML, THYM,
KIRP, PCPG, PRAD, THCA, and COADREAD.
Conversely, there is a general trend of a negative
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Figure 1. The expression of SUSD4 in pan-cancer. (A) Pan-cancer analysis of SUSD4 expression across cancers from TCGA.
(B) Expression profiles across GTEx tissues and TCGA. (C) Expression of SUSD4 in cell lines from CCLE dataset. *p < 0.05, **p < 0.01, ***p <
0.001, and ****p < 0.0001. Abbreviation of cancers are available in the Supplementary Table 1.
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Figure 2. Pan-cancer survival analysis of SUSD4. (A) Forest plot of the pan-cancer survival analysis. (B—N) The Kaplan-Meier
plot of TCGA pan-cancer survival profiles with significant differences. The red and blue line represents high and low SUSD4

expression group respectively. HR, hazard radio. Cl, confidence interval.
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Figure 3. The relationship between SUSD4 and immune checkpoint genes in pan-cancer. Correlation Heatmap of SUSD4 with Two
Types of Immune Checkpoint Pathway Genes: (A) Inhibitory and (B) Stimulatory. *p < 0.05, **p < 0.01, ***p < 0.001. P-values were adjusted
by false discovery rate (FDR) method.
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correlation in SARC, LGG, MESO, LUSC, BLCA, and
BRCA. The correlation is relatively weak in other types.

The wuse of immune checkpoint inhibitor-based
immunotherapy is exponentially increasing in the
treatment of patients with advanced cancer. It was
revealed that SUSD4 expression level was positively
correlated with immune checkpoints by analyzing the
correlation of SUSD4 expression level with the
expression levels of immune checkpoint-related genes
in PCPG, LIHC, OV, PRAD, THCA, COADREAD,
UVM, DLBC, and LAML (Figure 4A, 4B). The
expression levels of immune checkpoint-related genes
were negatively correlated with SUSD4 expression
level in GBM, LGG, SARC, BRCA, LUSC, and BLCA.

Chemokines and their receptors recruit different
subpopulations of immune cells into the TME, which
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are associated with  tumor progression and
immunotherapeutic outcomes [7]. We analyzed the
correlation of chemokines with SUSD4 expression level
and found a positive correlation of chemokines with
SUSD4 expression level in COREAD, THYM, UVM,
THCA, and LIHC. CXCL17 and CX3CL1 were
positively correlated with SUSD4 expression level in
most types of cancer (Figure 4C). Genes of the major
histocompatibility complex (MHC) are essential for
immune response to infections. We evaluated the
correlation between the expression levels of MHC-
related genes and SUSD4 expression level in tumor
cells and found that the expression levels of MHC-
related genes were negatively correlated with SUSD4
expression level in LGG, MESO, BLCA, LUSC, ESCA,
SARC, HNSC, BRCA, and KIRC (Figure 4D).
However, the expression levels of MHC-related genes
were positively correlated with SUSD4 expression level
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Figure 4. Relationship of SUSD4 expression with immune-related genes. The correlation of SUSD4 expression level with
immunostimulatory (A) and immunoinhibitory genes (B). Correlation of chemokine genes (C), MHC genes (D) and receptor genes (E) and
SUSD4. *p < 0.05, **p < 0.01, ***p < 0.001. P-values were adjusted by false discovery rate (FDR) method.
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in UVM, COADREAD, LIHC, OV, THCA, LAML,
PRAD, and PCPG.

Finally, we examined the correlation between the
expression level of an immunoreceptor gene and
SUSD4 expression level and found similarities with
previous results. In THCA, KIRP, HNSC, LAML,
LIHC, COADREAD, OV, PCPG, and PRAD, the
correlations were positive, while in ESCA, LUSC,
BLCA, and BRCA, the correlations were mainly
negative.

Through correlation analysis between SUSDA4
expression and immune-related genes, we found a
general positive correlation between SUSD4 and
immune-related genes in cancers where high
expression of SUSD4 is a poor prognostic factor.
Conversely, a significant negative correlation trend
was observed in cancers with a better prognosis
associated with high SUSD4 expression. Based on
these findings, we propose that SUSD4 may have a
mechanism that affects immune regulation and thus
influences tumor prognosis.

TME and immune cell infiltration analysis

Malignant tumor tissues encompass not only tumor cells
but also normal epithelial and stromal cells, immune
cells, and vascular cells associated with the tumor.
Stromal cells are closely linked to tumor growth,
disease progression, and tumor resistance. We utilized
the ESTIMATE algorithm, which includes stromal
score, immune score, and ESTIMATE score, to assess
the relationship between SUSD4 expression level and
the TME (Supplementary Figure 1A). We observed a
positive correlation between SUSD4 expression and
three immune scores in LAML, UVM, COADREAD,
and THCA. However, it is noteworthy that the immune
score and ESTIMATE score in UVM did not exhibit
statistical significance, consistent with the previously
mentioned correlation results with immune-related
genes. Conversely, in LGG, SARC, MESO, BLCA,
UCEC, LUSC, and BRCA, a significant negative
correlation was noted between SUSD4 expression and
the three immune scores.

Furthermore, we conducted an analysis of the
correlation between SUSD4 expression and immune-
infiltrating cells using three different algorithms.
Supplementary Figure 1B displays the correlation
between SUSD4 expression, calculated using the EPIC
algorithm, and immune-infiltrating cells. We observed a
positive correlation between CD4 T cells and SUSD4
expression in multiple cancers. Conversely, cancer-
associated fibroblasts showed a negative correlation
with SUSD4 in THYM, LUSC, BLCA, GBM, and

SARC. Interestingly, in these particular types of cancer,
higher expression of SUSD4 was associated with better
prognosis. However, no statistically significant
correlation was found in CHOL, LUAD, UCEC, ACC,
STAD, and KICH. Supplementary Figure 1C, 1D
present the correlation analysis between SUSD4
expression and tumor immune-infiltrating cells using
the TIMER algorithm and MCP counter algorithm,
respectively. Similar results were also observed in
THYM, LGG, SARC, LUSC, BLCA, and BRCA,
where a negative correlation was observed with various
immune cell infiltration scores. Conversely, significant
positive correlations were found in COADREAD,
LAML, PRAD, LIHC, and KIRP. These results suggest
that SUSD4 may influence tumor immune infiltration,
and there is a trend that cancers with high infiltration
scores and high SUSD4 expression may have a poorer
prognosis.

Tumor heterogeneity analysis

Cancer therapy has made significant advances, but the
persistence of tumor heterogeneity poses a barrier to
successful treatment. We evaluated the correlation
between the expression level of SUSD4 and tumor
heterogeneity using four metrics: microsatellite
instability (MSI), tumor mutational burden (TMB),
mutational burden-assessed tumor heterogeneity
(MATH), and homologous recombination deficiency
(HRD). Homologous recombination is a crucial
process involved in DNA repair and replication. When
DNA damage cannot be repaired through homologous
recombination repair, it results in homologous
recombination deficiency [8]. As displayed in Figure
5A, SUSD4 expression level was negatively
correlated with HRD in SARC and TGCT, while
positively correlated in STAD, HNSC, KIRC, ESCA,
STES, UCEC, LIHC, and THYM. MATH is an
algorithm used to calculate intratumor genetic
heterogeneity, where higher values indicate a worse
prognosis [9, 10]. The relationship between MATH
and SUSD4 expression level was significantly
correlated in 13 tumors, with a positive correlation in
11 tumors and a negative correlation in 2 tumors
(Figure 5B). Microsatellite instability (MSI) arises
from defects in the mismatch repair system, leading to
hypermutation patterns. MSI is frequently utilized to
guide treatment decisions, such as in colorectal
cancer, where immune checkpoint blockade treatment
decisions are made based on a patient’s MSI status
[11]. Figure 5C, 5D display the relationship between
SUSD4 expression level and MSI and TMB,
respectively. A correlation was found between MSI
and SUSD4 expression level in 10 tumors. However,
there were negative and positive correlations between
SUSD4 expression level and TMB in only 3 tumors.
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Figure 5. Relationship between tumor heterogeneity and SUSD4 expression. Lollipop plot illustrating the relationship between
(A) Homologous recombination deficiency, (B) mutant-allele tumor heterogeneity, (C) Microsatellite Instability, and (D) Tumor mutational
burden and SUSD4 expression. The color of dots is used to distinguish significance, and red represents P < 0.05. HRD, Homologous
recombination deficiency. MATH, mutant-allele tumor heterogeneity. MSI, Microsatellite Instability. TMB, Tumor mutational burden.
P-values were adjusted by Benjamini Hochberg (BH) method.
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Genetic alteration analysis

Our analysis of SUSD4 genetic alterations in pan-
cancer datasets from TCGA was conducted using the
cBioPortal. The results revealed a relatively high overall
frequency of SUSD4 alterations in various types of
cancer, primarily driven by copy number variations
(CNVs). Notably, fibrolamellar carcinoma exhibited the
highest frequency, surpassing 30% (Figure 6A).
Considering that CNAs may be associated with cancer
progression, we investigated the association between
SUSD4 expression level and CNV. Our analysis
demonstrated a positive correlation between CNV and
SUSD4 expression level across diverse types of cancer
(Figure 6B). Furthermore, we assessed the relationship
between SUSD4 expression level and DNA
methylation, as DNA methylation is known to play a
role in the epigenetic mechanisms of cancer.
Interestingly, we found a negative correlation between
SUSD4 expression level and DNA methylation
mutations in 18 types of cancer (Figure 6C).
Additionally, our analysis revealed strong correlations
between SUSD4 expression level and both CNV and
DNA methylation in various cancers (Figure 6D, 6E).

Drug sensitivity analysis

Through tumor heterogeneity analysis, it was
hypothesized that SUSD4 has the potential to be an
immunotherapeutic target. We used the GDSC database
to analyze potential drugs. Figure 7A, 7B demonstrate
that the drugs in CTRP and GDSC databases are
strongly correlated with SUSD4 expression level. Three
drugs were correlated with SUSD4 expression in both
drug databases through correlation analysis, including
Selumetinib, YK-4-279, and piperlongumine (Figure
7C). Selumetinib is a selective, non-ATP-competitive
MEKZ1/2 inhibitor used for the treatment of
neurofibromatosis. YK-4-279 functions by blocking the
interaction of the oncogenic protein EWS-FLI1 and is
thought to have anti-tumor effects and induce apoptosis
[12]. Piperlongumine, a derivative from Piper longum,
is reported to have antitumor activities [13]. To verify
the correlation between SUSD4 expression and the
three drugs, colorectal cancer samples were harvested,
and organoid cultures were performed. Figure 7D
illustrates the colorectal cancer organoids, with the left
panel showing normal growth and the right panel
indicating changes observed one day after delivering
Selumetinib. We conducted IC50 characterization of the
three drugs in 12 organoids, revealing substantial
heterogeneity in drug sensitivity among different
patient-derived organoids. For Selumetinib, the lowest
IC50 was observed in PDO#3 at 0.44 uM, while the
highest IC50 was recorded in PDO#6 at 10.54 pM.
Among the 12 organoids, relative insensitivity to YK-4-

279 was noted, with the lowest IC50 being 1.42 uM for
PDO#11 and the highest IC50 recorded at 42.16 uM for
PDO#02. There was a trend towards resistance to
piperlongumine in colorectal organoids, with the lowest
IC50 measured at 4.04 pM for PDO#11 and the most
resistant being PDO#07 with an IC50 of 91.45 uM.

To verify the relationship between SUSD4 expression
and the sensitivity of the above drugs, a correlation
analysis was performed based on the SUSD4 expression
levels of the samples and IC50 values. As depicted in
Figure 7F, the IC50 of both Selumetinib and YK-4-279
tended to increase statistically as the expression of
SUSD4 increased. However, in the correlation analysis
of piperlongumine with SUSD4 expression, the FDR
value was not statistically significant, although the R
value reached 0.5175. Additionally, we found that all
three drugs exhibited lower 1C50 values and higher
sensitivity to drug treatment in organoids with the
lowest relative expression of PDO#02 and PDO#12.

Enrichment and pathway analyses

Results showed that the expression level of SUSD4 was
associated with prognosis, immunity, and heterogeneity
in some types of cancer, and we attempted to utilize
enrichment analysis to predict the possible mechanism
of SUSDA4. First, we constructed the PPI network using
the STRING database and visualized it using Cytoscape
software (Figure 8A). Figure 8B displays the results of
the KEGG pathway analysis, revealing that the main
functions of the proteins interacting with SUSD4 were
related to cancer and immune-related pathways. Figure
9C-9E illustrate the results of the GO enrichment
analysis, including biological processes, cellular
components, and molecular functions, which are similar
to the outcomes of the KEGG pathway analysis.

COREAD was prominent in previous results, both in
terms of immune correlation, survival prognosis, and
tumor heterogeneity in association with SUSD4
expression level. We performed GSEA using
COADREAD RNA expression matrix and clinical
information from TCGA. Figure 8F, 8G show the
enriched immune-related pathways and cancer-related
pathways, respectively.

We hypothesized that SUSD4 expression level could be
closely associated with colorectal carcinogenesis
progression, and the enrichment scores of each sample
on common cancer-related pathways were calculated
sequentially according to the ssGSEA algorithm to
obtain the association between samples and pathways.
The results discovered that SUSD4 expression level was
positively correlated with tumor inflammation,
extracellular matrix (ECM), angiogenesis, epithelial-
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Figure 6. Relationship between SUSD4 expression and gene alterations. (A) The stacked bar plot shows the type and frequency of
genetic changes in SUSD4. (B) Heatmap of correlation between methylation and copy number variation and SUSD4 expression.
(C) Correlation between SUSD4 expression and CNV in THYM, CHOL, SARC and HNSC. (D) Correlation between SUSD4 expression and
methylation in DLBC, GBM, THCA and USC. *p < 0.05, **p < 0.01, and ***p < 0.001. CNV, copy number variation. P-values were adjusted by

false discovery rate (FDR) method.
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