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ABSTRACT

The inability to effectively identify the formation of advanced-stage tumors poses a challenge in precisely
determining when to intervene in prostate cancer (PCa). Despite the use of PSA as a screening factor, it still falls
short in significantly improving the diagnosis and prognosis of advanced PCa. Identifying novel prognosis
biomarkers to assist in confirming the progression of advanced PCa will contribute to more precise and
effective therapeutic approaches. Through a comparative analysis between late-stage and early-stage TCGA-
PRAD transcriptomes, KHDC4 has been identified as a key and specific member of the KHDC family that shows
increased expression in PCa. The elevated levels of KHDC4 in late-stage and lymph node metastasis are
positively correlated with poorer overall survival and disease-free survival rates in PCa patients. Simulated
molecular regulation networks and in vitro results support the notion that the KHDC4-TRAF2 axis contributes to
tumor malignancy features in late-stage and lymph node metastasis tumor samples, consequently correlating
with worse progression-free interval and disease-free interval prognosis values in TCGA-PRAD. It is noteworthy
that the positive correlation of the distribution of KHDC4 and TRAF2 with the Gleason score is superior to that
of KLK3. Promoter analysis reveals that KHDC4 and TRAF2 share a similar upstream regulator, E2F4, for their
transactivation. Molecular simulated profiles, mimicking downstream effectors under both KHDC4 and TRAF2
regulation, can be utilized as signatures for overall survival and disease-free survival prognosis purposes. In
conclusion, this systematic analysis study indicates that the axis of KHDC4-TRAF2 may serve as a valuable
prognostic model for evaluating advanced PCa.
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INTRODUCTION

According to Rebecca L. Siegel’s long-term analysis of
annual cancer incidence in the United States, it is
revealed that PCa has consistently ranked first in the
past five years. From 2020 to 2024, the incidence in the
male population increased from 21% to 29%, while the
mortality rate rose from 10% to 11%, placing it second
only to lung cancer [1, 2]. Although the detection
method of prostate-specific antigen (PSA) improves
PCa diagnosis, its accuracy is still influenced by non-
tumor-related symptoms in the prostate. Therefore,
there is a necessity to develop novel adjunctive
prognosis biomarkers. Given that hormone therapy was
discovered in 1942 as an effective means to block PCa
progression, it has become the primary treatment
strategy for patients, with over 70% showing significant
responses in the early stages [3, 4]. However, despite
this, a majority of patients still develop castration-
resistant prostate cancer (CRPC) after undergoing
androgen deprivation. Although abiraterone and
enzalutamide are employed as antagonists targeting
androgen biosynthesis and its receptor, leading to
further extension of CRPC patients’ survival, they are
accompanied by the formation of drug resistance.
Therefore, the development of alternative treatments as
a strategy for addressing advanced PCa becomes
imperative for overcoming this challenge.

Heteronuclear ribonucleoprotein K homology domain-
containing protein 4 (KHDC4) is also known as
KIAA0907 or BLOM7. According to the Alliance of
Genome Resources databases, the initial analysis of
gene ontology annotates KHDC4 with RNA binding
activity [5]. Yeast two-hybrid experiments have
demonstrated that the alpha form of KHDC4 promotes
the localization of the CDCSL-SNEV (Prp19-Pso4)
complex to mRNA splice sites, thereby enhancing
various pre-mRNA splicing activities [6]. In HeLa cells,
the AC-rich RNA aptamer can interact with KHDC4
alpha to form pre-mRNA splicing catalysis [7]. An
increased level of KHDC4 has been observed in
colorectal cancer tissues and is correlated with a worse
survival rate. Knockdown of KHDC4 suppresses the
proliferation and migration activity of colorectal tumor
cells [8]. Single-cell RNA  sequencing-based
computational analysis suggests that the distribution of
KHDC4 associated with the binding affinity of
oxfendazole and mevastatin in advanced osteosarcoma
can serve as a potential model for predicting treatment
outcomes [9]. Interestingly, in lung cancer or PCa, the
transcript of KHDC4 is found to undergo alternative
splicing at the 10th intron, producing small nucleolar
RNA 42 (SNORA42). siRNA-based loss of function on
SNORA42 has been shown to inhibit tumor growth in
lung or PCa [10, 11]. In breast cancer, the expression of

KHDC4 is involved in the regulation by miR-641,
contributing to tumor malignancy [12]. However, the
prognostic role and molecular mechanism of KHDC4 in
PCa remain unclear.

The Tumor Necrosis Factor Receptor Associated Factor
2 (TRAF2) is classified within the TNF receptor-
associated factor (TRAF) protein family. TRAF2
functions as a stress response protein, participating in
programmed cell death, autophagy, and ER stress
processes. The protein-protein interaction between
TRAF2 and TRADD can activate NF-kB signaling to
counteract apoptotic and non-canonical NF-kB events
[13—18]. The residual Thr117 of TRAF2 in the RING-
type zinc finger domain has been identified as necessary
for TNF-a induced JNK or NF-«xB signaling
transduction and has been developed as an inhibitor
strategy [19]. The expression of TRAF?2 is implicated in
Epstein-Barr virus infection by interacting with LMP1
and Na protein, contributing to nasopharyngeal
carcinoma or gastric cancer oncogenesis [20]. In
multiple myeloma and lymphoma, the negative
regulation of TRAF2 has been found to assist in
inhibiting oncogenesis by suppressing non-canonical
NF-kB signaling activation [20]. The interaction of
TRAF2 with different protein partners has been
identified to participate in the development of various
cancer cells. In colorectal cancer, B-catenin protein
stability can be stabilized and activate Wnt signaling
through its interaction with TRAF2 [20]. However, the
relationship between TRAF2 and KHDC4 remains
unclear.

In this study, an analysis of the transcriptome profiles
of TCGA-PRAD identified the increased expression
of KHDC4 and TRAF2 in the late stage, serving
as biomarkers for distinct prognostic approaches. The
positively correlated upstream and downstream
effectors of the KHDC4-TRAF2 axis could be
employed as a signature for the prognosis of advanced
PCa.

RESULTS

Elevated KHDC4 levels are associated
progression of late-stage prostate cancer

with the

To identify novel biomarkers capable of distinguishing
early-stage from late-stage PCa, transcriptome files
related to the pathological T classification according to
the 7th edition of AJCC, ranging from tumor confined
within the prostate (pathological T2a stage) to tumor
invading adjacent structures of pathological pT4 stage,
were obtained from The Cancer Genome Atlas Program
(TCGA) — prostate adenocarcinoma (PRAD). A volcano
plot was utilized to profile genes that exhibited
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differential and increased expression in pathologic T4
stage compared to T2a (Figure 1A) (Supplementary
Table 1). Among approximately 7,828 upregulated
genes in the T4 stage, KHDC4 (KIAA0907) was
identified as a potential novel biomarker for PCa

progression. In TCGA-PRAD patients, KHDC4
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exhibited a significant increase in tumor groups
compared to normal groups (p < 0.0001) (Figure 1B)
(Supplementary Table 2). Currently, four KH domain-
containing protein members have been identified. A
heatmap profile illustrates their respective related
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Figure 1. Increased KHDC4 levels are associated with the development of advanced prostate cancer. (A) The volcano plot
illustrates an elevation in KHDC4 levels among patients in the late stage of TCGA-PRAD. (B) The associated expression intensity of KHDC4 in
patients from TCGA-PRAD. (C) The correlated expression levels of KHDC members in patients from TCGA-PRAD. (D) The correlated
expression intensity of KHDC4 in normal solid tissue and primary prostate tumor. (E) The difference in the level of KHDC4 between late-
stage or lymph node metastasis in TCGA-PRAD patients. (F) The correlation of KHDC4 levels with advanced prostate cancer across different
sources of prostate cohorts (GSE21032, GSE35988, GSE6919). (G) The correlation of KHDC4 levels with prognosis values in cancer across
different cohort sources. (H) KHDC 4 expression levels across diverse racial backgrounds. (I) Analysis of single-cell sequencing profiles
(GSE176031) reveals the relative expression intensity of KHDC4 across different cell types. (J) The prognostic impact of KHDC4 on overall

survival and disease-free survival rates in prostate cancer.
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(Figure 1C) (Supplementary Table 3). Based on their
related expression, the distribution of KHDC4 was the
most highly expressed member and increased in the
tumor group (p < 0.0001) (Figure 1D) (Supplementary
Table 3). Furthermore, higher KHDC4 expression was
observed in advanced invasive stages (pathologic
T3+T4) and regional lymph node metastasis stage
(pathologic N1) (p < 0.0001) (Figure 1E)
(Supplementary Table 4). Consistently, a similar trend
was obtained through the analysis of PCa-related
cohorts, including Taylor (GSE21032), Tomlins
(GSE35988), and Monzon (GSE6919) cohorts (Figure
1F) (Supplementary Table 5). From a pan-cancer
perspective, KHDC4 was found to be increased in
multiple cancer types (Supplementary Figure 1) and
correlated with worse prognosis values (Figure 1G)
(Supplementary Table 6), including PCa. Importantly,
the expression of KHDC4 did not significantly vary
across different ethnicities (p = ns) (Figure 1H). Notably,
a single-cell level dataset (GSE176031) profiling the
distribution of KHDC4 revealed that malignant cell
types (highlighted in red boxes) exhibited the highest
intensity level (0.4 (log (TPM/10+1))) compared to other
major cell lineages in the tumor microenvironment
(Figure 1I). Using KHDC4 as a prognostic factor for
PCa patients demonstrated that those with higher
KHDC4 expression had a worse overall survival rate (p
= 0.0015, HR = 14) and disease-free survival rate (p =
0.003, HR = 1.9) (Figure 1J). To investigate the role of
KHDC4 in driving malignancy in PCa, we generated
KHDC4 knockdown models using the C4-2 and PC-3
cell lines. The effectiveness of KHDC4 silencing
was confirmed by qPCR (Supplementary Figure 2A),
with subsequent immunoblotting assays verifying
a significant decrease in KHDC4 protein levels
(Supplementary Figure 2B). Functional assays revealed
that KHDC4 knockdown led to a notable reduction in
tumor growth rates, as evidenced by colony formation
and cell proliferation assays (Supplementary Figure 2C,
2D). Moreover, KHDC4 depletion significantly impaired
tumor cell motility, as demonstrated by wound healing
assays (Supplementary Figure 2E). The migratory and
invasive capacities of the PCa cells, assessed through
fibronectin and Matrigel-coated Boyden chambers, were
also markedly diminished following KHDC4 knoc-
kdown (Supplementary Figure 2F, 2G). These results
underscore the critical role of KHDC4 in PCa tumor
progression and highlight its potential as a prognostic
biomarker for advanced disease.

TRAF?2 is implicated in KHDC4-mediated adverse
prognosis outcomes in prostate cancer

To further elucidate the primary molecular mechanisms
underlying KHDC4-mediated malignancy in PCa, a
simulated molecular regulation network based on

KHDC4 correlations was established using three
distinct TCGA-PRAD transcriptome profiles from Cell
2015, Firehose Legacy, and PanCancer Atlas datasets
[21-24]. A total of 1998 positively (Spearman values >
+0.3) or 425 negatively (Spearman values > —0.3)
correlated molecules with KHDC4 were selected by
Venn diagrams across the three TCGA-PRAD datasets
(Figure 2A) (Supplementary Table 7). Graphical
summaries generated from IPA (Ingenuity Pathway
Analysis) software revealed that KHDC4 primarily
influences cellular functions, with a major involvement
in proliferation and repair processes (Figure 2B). These
biological functions are likely mediated by wvarious
signaling transductions regulated by KHDC4, as listed
in Figure 2C (Supplementary Table 8). A molecular
interaction analysis supports the notion that this
simulated molecular model can identify numerous genes
reported to be involved in KHDC4 regulation (Figure
2D). Notably, according to the gene ontology results,
TRAF2 was identified as participating in each potential
signaling pathway (Figure 2C) (Supplementary Table
8). Similar to KHDC4, TRAF2 also exhibited an
increase in expression in pathologic T4 stage compared
to T2a in the volcano plot (Figure 2E) (Supplementary
Table 1). The related expression levels of KHDC4 and
TRAF2 were significantly positive in TCGA-PRAD
(Spearman’s correlation = 0.3464, p < 0.0001) (Figure
2F) (Supplementary Table 4). This relationship was also
reflected in PCa cell lines according to the CCLE
(Cancer Cell Line Encyclopedia) database (Spearman’s
correlation = 0.800, p = 0.0231) (Figure 2QG)
(Supplementary Table 9). The expression of TRAF2
was increased in the tumor group compared to normal
(» <0.0001) (Figure 2H) (Supplementary Table 2). PCa
patients in advanced invasive stages (pathologic T3+T4)
(» < 0.0009) and regional lymph node metastasis stage
(pathologic N1) (p < 0.0027) exhibited higher TRAF2
expression (Figure 2I) (Supplementary Table 4).
Consistently, a similar trend was observed in PCa-
related cohorts, including Taylor (GSE21032), Tomlins
(GSE35988), and Monzon (GSE6919) cohorts (Figure
2J) (Supplementary Table 5). From a pan-cancer
perspective, TRAF2 was increased in multiple cancer
types (Supplementary Figure 3), including PCa. Similar
to KHDC4, the distribution of TRAF2 indicated a
malignant cell type (highlighted in red) with the highest
intensity level compared to other major cell lineages in
the PCa tumor microenvironment (GSE176031) (Figure
2K). Using TRAF2 as a prognostic factor for PCa
patients revealed that higher TRAF2 levels were
associated with worse overall survival rate (p = 0.034,
HR = 7) and disease-free survival rate (p = 0.00038, HR
=2.2) (Figure 2L).

To assess the role of TRAF2 in PCa, knockdown
models were developed using C4-2 and PC3 cell lines.

www.aging-us.com

1547

AGING



A Positive B C

Eviaceiuier Space ther
" Proiiferati n'»e\ I cel i .
Cell 201 Firehose Legacy — rumaiiomias ren fal ot rjes CD27 Signaling in Lymphocytes
Role of RIG1-like Receptors in Antiviral Innate Immunity -jss
Biiary ffercinoma 14-3-3-mediated Signaling -
: TAK1-dependent IKK and NF-kappa-B activation
‘Small Cell Lung Cancer Signaling s
Melwmomtx”s TNFR2 Signaling -jummn
Death Receptor Signaling -
" TNF signaling =
Biliary trac{ rcinoma Deublquitination ]
¥ Induction of Apoptosis by HIV1-
_ Bile au*(.‘m TWEAK Signaling]
T~ B Cell Activating Factor Signaling
e 4-1BB Signaling in T Lymphocytes -
~~__ Generc Trar§flipton Pathway April Mediated Signaling-
“\.__‘ Unfalded protein response =
S~ —Rep o cell ines. Endoplasmic Reticulum Stress Pathway -]
Repair qf.: e —
S~
PanCancer Atlas " ) ~dE 0.0 g.ls 13;-15l2|)) 25
~
. ~_ Double-stranded nNA'EOmpaimlmmm cell lines -log (p-vaiue,
Negative N

e ~ i T——
ST TN e puct anffscarciroma
~ ™, h
~ ~, S Bl
~ \\
~ S repalBiona
NN N d

.,
NN

@ st s &
o ——

Cell 201 Firehose Legacy

7

@ i &
& hissie ©
« N
e e
InRetion| o cell linls T -
~ .

L
N
U N
i Mu\a\mﬂm‘nmwllhnss
NN
o
|
Infection Ml;ec\al:am:e! cellnes
2

Repdjiaj oells

bt @

Prosteraton of @flvonic gell ines

PanCancer Atlas
p< 0.0001
E, Foitoen G H
2 c
- £ 101 g _ 0257 (=) g
o 6 a o [}
2 3 He 4
] ] o & 0204
g * =5 9
& O 94 oy o
2 4 2 o F 0154 x
P I =0 4]
= b £ 4 004 ~
S 2 2 8 R G2 [
: Z Z
ﬁ Spearman's o = 0.3464 E E 0.054 Spearman's ¢ = 0.800 é
~¥ P <0.0001 oz P =0.0231 =
0 r . r ! 7 T T T T 1 o Z 000 T T T |
- -4 -2 0 2 4 7 8 9 10 1 12 FL 0.1 0.2 0.3 0.4 74
log2(fold change) Relative TRAF2 expression ¥ 0057 kHpCa Gene Effect (DEMETER2) N T
RNAi (Achilles, DEMETER2) onmal  1umor
= n=497]
| J (n=53)  (n=d97)
11 p=0.0009 11+ p=0.0027
GSE21032
- 5 Prostate normal transcri Prostate tumor transcript ID_REF  Gene Symbol
0 ‘0 Hij Low # 16192 TRAF2
g g Eh- — n=28) n=150)
g <
a Q e Metastatic castrate resistant prostate
5 5 Benign prostate tissue Localized prostate cancer cancer P ID_REF Gene Symbol
& N A_23_P169331 TRAF2
(r=2®) e8] (n=38)
é é GSE6919
L = Normal prostate tissue Normal prostate tissue adjacent to Metastatic prostate tumor ID_REF  Gene Symbol
An=18). n=62) An=28) s
T2 T3+T4 NO N1
(n=187) (n=304) (n=345) (n=80) . B
K KHDC4 mtens'w . TRAF2 mtens'ty L Overall Survival Disease Free Survival
- ' ? e e i
o s u Al
4 = Camype (majorinesge) P ol o | HR{high)=T o
; y: e o K| 3 000 3
b o N} “ £ | 2
y i z 2 z e
.. ~ s 2° i’
: d v "R - H - |
. . : . B g3
Q“ ' & &
-00 -an g - g -
I r——
015 02 ez 014 017 [HEEEE o2 |MGSTRNEEEEEN 0c: 21 . . g9 .
012 0.4 0.16 Mnf?o?:lau 01 0,13_ 0.07 o.wz_ t.l2 TRAF2 o o 00 5 0 © 00 0
Treg CDST  Plasma . Mast  Progenitor Fibroblasts Epithelial Malignant Months Months

Figure 2. KHDC4-mediated adverse prognosis outcomes in prostate cancer are linked to the involvement of TRAF2. (A) A
Venn diagram analysis was conducted to gather molecules that are positively or negatively correlated with KHDC4 in TCGA-PRAD datasets,
including Cell 2015, Firehose Legacy, and PanCancer Atlas. (B) The graphical abstract illustrates the potential biological roles influenced by
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KHDC4 regulation in prostate cancer. (E) Volcano plot depicts elevated TRAF2 levels in late-stage TCGA-PRAD patients. (F) The correlation
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cohorts (GSE21032, GSE35988, GSE6919). (K) Analysis of single-cell sequencing profile (GSE176031) to examine the relative expression
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The successful knockdown of TRAF2 was validated
through gPCR (Supplementary Figure 4A) and
immunoblotting (Supplementary Figure 4B). Our
findings showed that reducing TRAF2 levels led
to a significant decrease in colony formation
(Supplementary Figure 4C) and cellular proliferation
(Supplementary Figure 4D), aligning with previous
research that implicates TRAF2 in tumor progression
[25]. Furthermore, TRAF2 depletion impaired the
migratory (Supplementary Figure 4E, 4F) and invasive
(Supplementary Figure 4G) capabilities of PCa cells,
emphasizing its critical role in tumor malignancy. These
results demonstrate that the correlation-based simulated
molecular regulation can reflect the potential role of
KHDC4 in PCa, and the positive correlation of
pathologic features linking TRAF2 involvement in
KHDC4-mediated PCa malignancy.

The pathological correlation between KHDC4 and
TRAF?2 contributes to an advanced Gleason score

To further confirm whether the results between KHDC4
and TRAF2 in PCa patients can serve as a prognosis
factor in different pathologic stages, a series of
correlations were conducted. In the early pathologic T2
stage, KHDC4 showed a positive correlation with
TRAF2 (Spearman’s correlation = 0.3089, p < 0.0001).
Similar positive correlations were observed in
pathologic T3 stage (Spearman’s correlation = 0.3213, p
< 0.0001), pathologic T4 stage (Spearman’s correlation
= 0.6818, p = 0.0251), and pathologic T2-T4 stage
(Spearman’s correlation = 0.3444, p < 0.0001) (Figure
3A). Regarding lymph node metastasis, in pathologic N,
KHDC4 exhibited a positive correlation with TRAF2
(Spearman’s correlation 0.3481, p < 0.0001).
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The correlation between KHDC4 and TRAF2 in distinct pathologic stages of TCGA-PRAD data. (B) The correlation between KHDC4 and TRAF2
in different pathologic lymph node metastasis stages of TCGA-PRAD data. (C) The related levels of KHDC4, TRAF2, and KLK3 in TCGA-PRAD
data across various Gleason scores. (D) The correlation of KHDC4, TRAF2, and KLK3 with Gleason scores in TCGA-PRAD data.
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Positive correlations were also observed in pathologic
N1 stage (Spearman’s correlation = 0.3352, p < 0.0024)
and pathologic NO-N1 stage (Spearman’s correlation =
0.3673, p < 0.0001) (Figure 3B) (Supplementary Table
4). Furthermore, the Gleason grading system was used
to assess the correlation between KHDC4 and TRAF2
in PCa biopsy stages. Importantly, the levels of KHDC4
and TRAF2 increased with rising Gleason scores, in
contrast to using KLK3 (PSA) as a prognosis factor,
which did not exhibit a positive trend (Figure 3C)
(Supplementary Table 10). In a more detailed analysis,
the correlation results indicated that KHDC4
(Spearman’s correlation = 0.3241, p < 0.0001) and
TRAF2 (Spearman’s correlation = 0.2072, p < 0.0001)
were positively correlated with Gleason score, while
a negative correlation was observed with KLK3

(Figure 3D) (Supplementary Table 10). These findings
suggest that utilizing KHDC4 and TRAF2 as prognosis
factors in PCa may provide greater practical value than
using PSA as a biomarker.

Common gene ontology regulated by TRAF2 and
KHDC4 contributes to a deteriorated prognosis

To establish a molecular simulated model, molecules
positively (Spearman values > +0.3) and negatively
(Spearman values > —0.3) correlated with TRAF2 were
identified from three TCGA-PRAD datasets (Cell 2015,
Firehose Legacy, and PanCancer Atlas). Approximately
3117 positive and 2411 negative molecules correlated
with  TRAF2 were selected using Venn diagrams
(Figure 4A) (Supplementary Table 7). Graphical
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Figure 4. Shared gene ontology between TRAF2 and KHDC4 is associated with adverse prognosis outcomes. (A) A Venn
diagram analysis collecting molecules positively or negatively correlated to TRAF2 in TCGA-PRAD datasets (Cell 2015, Firehose Legacy, and
PanCancer Atlas). (B) Graphical abstract illustrating the potential biological roles influenced by TRAF2 in prostate cancer. (C) Canonical
pathways affected by TRAF2-related molecules. (D) Molecular links to TRAF2 regulations in prostate cancer. (E) The correlation of KHDC4
and TRAF2 individually with Progression-Free Interval (PFl) and Disease-Free Interval (DFI) in TCGA-PRAD. (F) The correlation of Progression-
Free Interval (PFI) and Disease-Free Interval (DFI) in TCGA-PRAD with the combined distribution of KHDC4 and TRAF2.
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software revealed that TRAF2 primarily influences
cellular functions, predominantly participating in
functions such as growth and tumorigenesis (Figure
4B). Interestingly, these biological functions, conducted
by different signaling transductions by TRAF2, were
similar to those of KHDC4 (Figure 4C) (Supplementary
Table 8). The molecular interaction of TRAF2 also
supported that these correlated molecules have been
found to participate in TRAF2 regulation (Figure 4D).
Furthermore, the correlation of KHDC4 and TRAF2
with Progression-Free Interval (PFI) and Disease-Free
Interval (DFI) values was investigated to provide
insight into the correlation between clinical
deterioration and recurrence after treatment. The results
showed that patients with higher KHDC4 or TRAF2
expression levels in TCGA-PRAD data had poor PFI
(KHDC4: p < 0.0001, HR = 3.233 (2.152-4.8560;
TRAF2: p < 0.0001, HR = 2.389 (1.596-3.575)) and
DFI prognosis values (KHDC4: p < 0.0001, HR = 7.386
(3.521-15.50); TRAF2: p <0.0001, HR = 4.023 (1.977-
8.188)) (Figure 4E). Importantly, combining the
prognosis values of KHDC4 and TRAF2 revealed that
patients with high KHDC4 and high TRAF2 levels were
significantly distinguished with the worst PFI and DFI
values compared to patients with low KHDC4 and low
TRAF2 (Figure 4F). These results indicate that the
correlation between KHDC4 and TRAF2 in PCa
involves regulating similar gene ontologies, con-
tributing to worse prognosis associated with malignancy
and recurrence.

The regulatory control of the KHDC4-TRAF2 axis
involves E2F4 as an upstream modulator

To investigate the potential regulation between KHDC4
and TRAF2, an upstream regulators analysis was
performed using IPA software, revealing E2F4 as a
potential activated transcription factor for TRAF2
transactivation (Supplementary Figure 5). Analysis of
the TRAF2 promoter, approximately 3000bp upstream,
through JASPAR datasets, identified eight potential
E2F4 binding sites with an 84% relative profile score
threshold (Figure 5A). Surprisingly, a similar analysis
of the KHDC4 promoter also revealed six potential
E2F4 binding sites. In TCGA-PRAD, E2F4 showed a
positive  correlation with KHDC4 (Spearman's
correlation = 048, p 3.3E-29) and TRAF2
(Spearman’s correlation = 0.28, p = 2.2E-10) (Figure
5B). In PCa, higher expression levels of E2F4 were
associated with worse overall survival prognosis values
(» = 0.043, HR = 3.4) and disease-free survival (p =
0.043, HR = 1.7) (Figure 5C). The involvement of E2F4
in cell cycle regulation within PCa has been
documented in earlier studies [26]. To investigate this in
our models, we generated E2F4 knockdown in C4-2 and
PC-3 cell lines (Supplementary Figure 6A, 6B). Colony

formation and proliferation assays confirmed that E2F4
plays a consistent role in promoting tumor growth in
PCa (Supplementary Figure 6C, 6D). Additionally,
knockdown of E2F4 significantly reduced wound
healing capacity (Supplementary Figure 6E) and
impaired the invasive potential of the cells, as shown
by transwell migration assays (Supplementary Figure
6F, 6G). To explore whether E2F4 regulates the
transcription of KHDC4 and TRAF2, we performed
gPCR assays, revealing that E2F4 predominantly
influences TRAF2 transcription in androgen receptor-
positive C4-2 cells, while notably decreasing KHDC4
levels in androgen receptor-negative PC-3 cells
(Supplementary Figure 7A). Treatment with the E2F4
inhibitor HLMO006474 produced comparable effects
(Supplementary Figure 7B). As an upstream regulator,
E2F4 was found to influence the transactivation of
KHDC4 and TRAF2, subsequently leading to decreased
protein levels in PCa cells, as evidenced by
immunoblotting (Supplementary Figure 7C). To further
determine whether E2F4 regulates KHDC4 and TRAF2
in an androgen receptor-dependent manner, we
employed both androgen receptor-positive 22RV1 cells
and androgen receptor-negative DUI145 cells. qPCR
analysis demonstrated that inhibition of E2F4 via
HLMO006474  suppressed KHDC4 and TRAF2
expression in 22RV1 cells, mirroring the expression
profile observed in PC-3 cells (Supplementary Figure
7B). However, in DU145 cells, E2F4 downregulation
resulted in the upregulation of KHDC4 and TRAF2
(Supplementary Figure 8A). Moreover, analysis of
human prostate cancer datasets from TCGA (Cell,
Firehose Legacy, and PanCancer) did not reveal
a significant positive correlation between KHDC4
or TRAF2 and androgen receptor expression
(Supplementary Figure 8B). These findings suggest that
E2F4-mediated transactivation of KHDC4 and TRAF2
occurs independently of androgen receptor signaling.
Furthermore, combining E2F4 with either KHDC4 or
TRAF2 resulted in even worse overall survival rate
(E2F4+KHDC4: p < 0.025, HR = 5; E2F4+TRAF2: p <
0.029, HR = 4.8) (Supplementary Figure 9A) and
disease-free survival rate (E2F4+KHDC4: p < 0.0001,
HR = 2; E2F4+TRAF2: p < 7.3E-05, HR = 2.3)
(Supplementary Figure 9B). These results suggest that
E2F4 transactivation of KHDC4 or TRAF2 may
contribute to increased malignancy in PCa. By
combining KHDC4 and TRAF2 positive-correlated
molecules from three TCGA-PRAD datasets,
approximately 1054 positive molecules (Spearman
values > +0.3) were identified using a Venn diagram
(Figure 5D) (Supplementary Table 11). The molecular
interaction network indicated that BANP, EWSRI1, and
NRF1 were co-regulated by KHDC4, TRAF2, and
E2F4 according to current publications (Figure 5E).
These three molecules showed positive correlations
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with KHDC4, TRAF2, and E2F4 in PCa patients
(Spearman’s correlation > 0.3, p < 0.001) (Figure 5F).
Interestingly, beyond the known associated molecules,
these 1054 molecules, when considered as signatures
(the number of genes, excluding IncRNA, snoRNA, and
pseudogenes, is 1026), exhibited positive correlations
with KHDC4 (Spearman’s correlation = 0.77, p = 4E-
96) and TRAF2 (Spearman’s correlation = 0.61, p =
1.6E-51) (Supplementary Figure 10A). Combining
KHDC4 and TRAF2 with these downstream effectors
as a signature also showed a positive correlation to
E2F4 in TCGA-PRAD datasets (Spearman’s correlation
= 0.43, p = 3.6E-23). Moreover, this signature can be
used for prognosis on overall survival (p = 0.048, HR =
4.3) and disease-free survival rate (p = 3.8E-07, HR =
3.1) (Supplementary Figure 10B). These results indicate
that E2F4, as a potential upstream regulator of the
KHDC4-TRAF?2 axis, leads to worse prognosis values.
The KHDC4-TRAF2 axis, in addition to serving as a
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Figure 5. E2F4 is positioned as an upstream controller in the regulatory cascade of KHDC4 and TRAF2. (A) Promoter assays
outlining potential E2F4 binding sequences in the promoter sequences of TRAF2 and KHDC4. (B) The correlation of E2F4 with KHDC4 or
TRAF2 in TCGA-PRAD. (C) The prognosis values of E2F4 on overall survival or disease-free survival rate in prostate cancer. (D) A Venn
diagram analysis collecting molecules positively correlated to KHDC4 and TRAF2 in TCGA-PRAD datasets (Cell 2015, Firehose Legacy, and
PanCancer Atlas). (E) Downstream effectors co-regulated by KHDC4 and TRAF2. (F) The correlation of downstream effectors of KHDC4 and

TRAF2 with E2F4 in TCGA-PRAD.
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Homology Domain-Containing Protein family with
higher expression in prostate tissues, further elevated in
tumor groups (Figure 1B). Systematic analysis results
from both TCGA and GEO databases demonstrated that
increased KHDC4 in PCa tissues is associated with
malignancy, including advanced stages and metastasis
activity. Compared to other upregulated molecules
identified in the sequencing profiles of patients with
advanced-stage PCa (Supplementary Table 1), higher
KHDC4 transcript levels were significantly associated
with poorer overall survival and disease-free survival
outcomes, underscoring KHDC4 as a valuable
prognostic factor in PCa (Figure 1). However, without
further histopathological validation, the prognostic
relevance of protein levels for these other upregulated
molecules in PCa patients cannot be excluded either.
Through a KHDC4-based molecular simulated model
[21-24], abnormal elevation of KHDC4 levels was
implicated in participating in epithelial proliferation
and repair-related functions in tumor cells. This
involvement may occur through the regulation of
signaling pathways such as endoplasmic reticulum
stress and unfolded protein response (Figure 2C). In
colorectal cancer, an increase in KHDC4 was associated
with GALC expression in patients treated with
oxaliplatin and capecitabine [8]. In this study, the
knockdown of KHDC4 supports its role in contributing
to tumor growth and motility features in the PCa cell
model (Figure S2). Given that TRAF2 is known to
respond to stress and attenuate apoptosis events, the
KHDC4-mediated gene ontology also consistently
observed TRAF2 involvement in multiple signaling
pathways (Figure 2C) (Supplementary Table 8). Thus,
KHDC4 may serve as an environmental stress response
factor. Although the molecules involved in the gene
ontology mediated by KHDC4 exhibited significant
correlations according to Spearman analysis, their
prognostic significance was not as pronounced as that
observed for TRAF2. Moreover, single-cell profiling
indicated that although the expression intensity of
KHDC4 and TRAF2 in malignant cells was higher than
in other clusters or cell types, the differences in the
proportion of positive cells may be attributed to distinct
tumor cell populations. This suggests that the regulatory
relationship between KHDC4 and TRAF2 might not be
direct at the cellular level, with paracrine, endocrine, or
autocrine signaling potentially playing a role (Figure
2K). Consistent with previous findings [25], the
knockdown of TRAF2 in PCa cells demonstrated
effects on biological functions that align with its
established role in promoting tumor growth and
malignant activity (Supplementary Figure 4). The
molecular simulated model, however, could not confirm
whether KHDC4 can activate TRAF2 through E2F4 in
response to stress. Nevertheless, the KHDC4-based
molecular interaction model showed that other

molecules are reported to be associated with drug
stimulation (Figure 2D). Induction of ZRSR2 was found
to contribute to the development of castration-resistant
PCa during Androgen deprivation therapy [30]. The
expression of NRF1 has been reported to be associated
with a response to oxidative stress and androgen
signaling [31, 32]. Therefore, these molecules
associated with KHDC4 suggest that KHDC4 can serve
as a molecular response to environmental stimuli in
PCa. Analyzing these signaling pathways in more
detail, TRAF2 was found to be involved in all the
KHDC4-mediated gene ontologies, although with
different ranking orders. However, in the TRAF2-based
simulated molecular interaction model, these signaling
scores significantly increased, indicating a more
extensive involvement of molecules in TRAF2
regulation (Figure 4C). Thus, it is speculated that
KHDC4 primarily influences these signaling pathways
and biological functions, especially environmental
stress, through TRAF2. Considering past findings that
TRAF2 is associated with poor prognosis in PCa
(Figure 2L) [33], the increased levels of KHDC4 and
TRAF2, observed in both TCGA and GEO databases,
positively correlated in advanced PCa patients. This
correlation was also observed in CCLE-PCa cell lines
and tumor microenvironments (Figure 2G and 2K).
Importantly, the correlation between KHDC4 and
TRAF2 among different pathologic tumor stages and
lymph node metastasis was reflected in the Gleason
score evaluation system based on PCa tissue biopsy.
Compared to using PSA (LKL3), the levels of KHDC4
and TRAF?2 significantly increased with rising Gleason
scores and exhibited positive correlations (Figure 3),
supporting the potential of the KHDC4-TRAF2 axis
as a biomarker for prognosis purposes in PCa.
Interestingly, the molecular simulated model analysis
revealed that TRAF2 and KHDC4 can influence similar
gene ontologies to regulate PCa malignancy (Figure 2C
and 4C) (Supplementary Table 8). The Venn diagram
and IPA analysis showed that KHDC4 and TRAF2 can
regulate similar downstream effectors, including BANP,
EWSR-1, and NRF1 (Figure 5E). In TCGA-PRAD,
BANP, EWSR-1, and NRF1 were positively correlated
with KHDC4 and TRAF2 (Figure 5F). Although the
molecular interaction relationship can be obtained
through software analysis, the roles of BANP and
EWSR-1 in PCa remain unknown. Overexpression of
NRF1 is known to be associated with the growth and
motility of PCa [34], supporting the link between the
E2F4-transactivated KHDC4 and TRAF2 axis and
metastasis activity. Additionally, this study identified
1051 molecules not previously associated with KHDC4
or TRAF2 (Figure 5D) (Supplementary Table 11).
These downstream effectors exhibited significant
positive correlations with KHDC4 or TRAF2 and
served as a prognosis signature for overall survival and
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disease-free survival in PCa (Supplementary Figures 10
and 11). With this molecular correlation support,
patients with high expression levels of KHDC4 or
TRAF2 were observed to have a significantly correlated
progression-free interval (PFI) and disease-free interval
(DFI) in clinical outcomes. Patients with both high
KHDC4 and high TRAF2 levels showed worse
prognostic outcomes (Figure 4E, 4F).

According to the molecular simulated model results,
E2F4 was identified as an upstream regulator for TRAF2
transactivation, and it was found that KHDC4 also has
multiple E2F4 transcription factor binding regions
(Figure 5A). The positive correlation between E2F4 and
KHDC4 or TRAF2 was observed in TCGA-PRAD
profiles (Figure 5B), indicating that the clinical
relevance of E2F4 regulating KHDC4 or TRAF2. In the
E2F4 knockdown model, E2F4 was confirmed to
contribute to tumor malignancy features, including
tumor growth and motility (Supplementary Figure 6).
Additionally, selective regulation of TRAF2 and
KHDC4 was observed in cells with differential
androgen receptor expression, as evidenced by qPCR
(Supplementary Figure 7A) and immunoblotting
(Supplementary Figure 7C) results. Interestingly,
treatment with an E2F4 inhibitor also demonstrated a
similar regulatory trend (Supplementary Figure 7B).
Electrophoretic mobility shift assays have demonstrated
that HLM006474 inhibits the DNA-binding ability of
E2F4 and downregulates its protein levels in A375 cells
[35]. Similarly, treatment with HLM006474 in PCa cells
resulted in the suppression of both E2F4 RNA and
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Figure 6. The diagram illustrates how E2F4 potentially functions as a transcription factor to activate the KHDC4-TRAF2 axis,
leading to the generation of downstream effectors and promoting the development of advanced prostate cancer. The
molecules identified in this model can be employed as valuable prognosis biomarkers or signatures for predicting potential outcomes in

prostate cancer patients.

protein levels, which subsequently altered the
transcription of its downstream effectors (Supplementary
Figure 7). Notably, the androgen receptor-independent
transactivation of KHDC4 and TRAF2 by E2F4 was
demonstrated using multiple prostate cancer cell lines
(Supplementary Figures 7B and 8A) and further
validated through clinically relevant transcriptome
datasets (Supplementary Figure 8B). Interestingly, E2F4
also appears to exert a transrepressive effect on KHDC4
and TRAF2 regulation in DU145 cells. Moreover, the
downstream effectors of KHDC4 and TRAF2 were
observed to be positively correlated with E2F4 (Figure
5B, Supplementary Figure 9A), suggesting that E2F4, in
addition to affecting KHDC4 and TRAF2 directly,
indirectly influences their downstream regulators to
participate in cancer malignancy. These results partially
explain why combining E2F4 with KHDC4 or TRAF2
results in even worse overall survival rate
(Supplementary Figure 8A) or disease-free survival rate
(Supplementary Figure 8B). Subsequently, trans-
activating KHDC4 or TRAF2 by E2F4 may lead to
increased malignancy in PCa. In this study, E2F4 was
proposed for the first time as a potential upstream
regulator for KHDC4 and TRAF2 in PCa. Overall, the
positive correlation between KHDC4 and TRAF2 in PCa
can be considered a potential prognostic biomarker. Both
the upstream and downstream regulators of KHDC4 and
TRAF2 consistently indicate that, apart from
participating in tumor malignancy, the molecules

centered around the KHDC4-TRAF?2 axis can be further
utilized as a PCa prognosis signature, as illustrated in
Figure 6.
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MATERIALS AND METHODS

Transcriptomic profiles associated with clinical
prostate adenocarcinoma

The expression transcriptome profiles of KHDC4,
TRAF2, E2F4, and their associated downstream
effectors in prostate cancer were gathered from
The Cancer Genome Atlas Program (TCGA) database
(Cell 2015, Firehose Legacy, and PanCancer
Atlas) (https://www.cancer.gov/ccg/research/genome-
sequencing/tcga). Additional transcriptome profiles
from cohorts (GSE21032, GSE35988, GSE6919, and
GSE176031) of prostate cancer patients were
downloaded from the Gene Expression Omnibus (GEO)
database (https://www.ncbi.nlm.nih.gov/geo/).

Molecular  simulation model depicting the

interaction between KHDC4 and TRAF2

The Venn diagram outcomes were employed to compile
molecules based on their positive or negative scores,
with a Spearman score exceeding +0.3, correlated
to KHDC4 and TRAF2 across TCGA datasets (Cell
2015, Firehose Legacy, and PanCancer Atlas).
Subsequently, these molecules underwent analysis in
the Ingenuity Pathway Analysis (IPA) database
(https://digitalinsights.qiagen.com/products-overview/
discovery-insights-portfolio/analysis-and-visualization/
giagen-ipa/) to generate a graphical abstract, a list of
gene ontologies, and the identification of upstream
regulators associated with KHDC4 and TRAF2.

Prognostic assessment and evaluation of molecular
correlations

The correlation analysis of KHDC4, TRAF2, E2F4, and
their associated downstream effectors in prostate
cancer was conducted using the GEPIA2 database
(http://gepia2.cancer-pku.cn/#index).  This  analysis
generated correlation scores and prognosis values.

Identification of upstream regulators

The potential transcription factors of TRAF2 were
identified using the IPA database. Approximately 3000bp
promoter region sequences of KHDC4 and TRAF2 were
downloaded from NCBI (https:/www.ncbi.nlm.nih.gov/
gene) and subsequently analyzed in the JASPAR database
(https://jaspar.elixir.no/) to identify potential transcription
factor binding regions.

Lentivirus and small compound-based gene
downregulation model establishment

Human prostate cancer cell lines C4-2, 22RV1, DU145
and PC-3, obtained from ATCC, were cultured under

conditions previously described [36]. Briefly, the cells
were maintained in RPMI-1640 medium supplemented
with 10% fetal bovine serum, 4 mM I-glutamine, and
1% penicillin at 37°C in a 5% CO; atmosphere.
Knockdown of KHDC4, TRAF2, and E2F4 was
achieved using pLKO.1-shRNA constructs, sourced
from the National RNAi Core Facility at Academia
Sinica, Taiwan, following the provided lentivirus
production protocol. For E2F4 inhibition, PCa cells
were treated with 30 pM HLMO006474 for 24 hours
[35]. The efficiency of both gene knockdown and drug
treatment was confirmed via qPCR and immuno-
blotting, as previously described [22, 37]. The qPCR
primers used in this study were as follows: E2F4-F:
ACAGTGGTGAGCTCAGTTCA; E2F4-R: GAGGT
AGAAGGGTTGGGTCC, TRAF2-F: AGAGCCTGGA
GAAGAAGACG; TRAF2-R: CTCCAAGACCTTCT
GCTCCA, and KHDC4-F: AGGGCTGGAGTTTG
GGATAC; KHDC4-R: CAGGCCCCAGAGTCTT
GTTA. Antibodies for KIAA0907 (Catalog No. 25419-
1-AP), TRAF2 (Catalog No. 67315-1-Ig), and E2F4
(Catalog No. 67812-1-Ig) were purchased from
Proteintech. B-Actin (A5441) was obtained from Sigma-
Aldrich. The protein ladder marker used was TD-
PM10315 (BIOTOOLS).

Tumor cells growth and metility biological assessment

The methods for assessing tumor growth and motility
in artificially manipulated knockdown cell models
were adapted from previous publications [22, 37]. For
the colony formation assay, control and experimental
tumor cells (~2 x 103 cells/well) were seeded in six-
well plates and cultured for two weeks. Cells were
then fixed using a methanol-acetic acid solution and
stained with crystal violet for visualization. For the
cell proliferation assay, cells (~1 x 10* cells/well) were
seeded in 96-well plates and monitored over five days.
Cell growth was assessed daily using Alamar Blue
with absorbance measured at 570 nm. Wound healing
assays were conducted using a two-well silicone insert
from Ibidi, according to the manufacturer’s protocol.
PCa cells (~3 x 10°/ml) were seeded in the silicone
insert for 24 hours. After removal of the insert, the
degree of wound closure was observed in the presence
of 10% serum-medium. Tumor cell migration and
invasion were evaluated using a Boyden chamber
system [22]. Cells were seeded in the upper chamber in
serum-free medium after coating with fibronectin
(migration) or Matrigel (invasion). The lower chamber
contained medium with 10% serum to act as a
chemoattractant. Infiltrated cells were fixed with
methanol and stained with Giemsa for visualization.
Images of experimental data were captured using an
optical microscope and analyzed with ImageJ Software
for cell quantification.
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Statistical analysis

Differential expression results among different groups
in the transcriptome profiles were assessed for
statistical significance using unpaired Student’s #-tests.
Significance levels were indicated by “p < 0.05; *p <
0.01; *p < 0.001. Prognosis analysis generated
Cox  regression values using IBM  SPSS
(https://www.ibm.com/products/spss-statistics).
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SUPPLEMENTARY MATERIALS

Supplementary Figures

Supplementary Figure 1. The associated expression levels of KHDC4 across various cancer types.
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Supplementary Figure 2. The role of KHDC4 depletion in modulating growth and invasion in prostate cancer. (A) Quantitative
PCR was utilized to validate the effectiveness of lentivirus-mediated KHDC4 knockdown in prostate cancer cell lines. (B) KHDC4 expression
levels were analyzed through immunoblotting in shLuc and shKkHDC4 knockdown cells. (C) The effects of KHDC4 knockdown on tumor
growth were examined in the C4-2 and PC-3 prostate cancer cell lines. (D) The impact of KHDC4 knockdown on cell proliferation was
quantified by comparing the proliferation rates of shLuc and shKHDC4-transduced cell lines. (E) Wound healing capacity in shLuc and
shKHDC4 cells was evaluated to ascertain the impact of KHDC4 expression on wound closure. (F) Cell migration ability following KHDC4
knockdown in prostate cancer cells was evaluated through the Boyden chamber assay. (G) The Boyden chamber assay was employed to
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Supplementary Figure 3. The expression patterns of TRAF2 observed in a variety of cancer types.
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Supplementary Figure 4. Silencing TRAF2 restricts oncogenic traits in human prostate cancer cell lines. (A) The efficiency of
TRAF2 knockdown by lentiviral transduction in prostate cancer cell lines was confirmed using qPCR. (B) The expression of TRAF2 in cells
transduced with shLuc or shkHDC4 was determined by immunoblotting. (C) TRAF2 knockdown-mediated changes in tumor growth were
assessed in C4-2 and PC-3 prostate cancer cells. (D) The proliferation of shLuc- and shTRAF2-expressing cells was evaluated through
quantitative proliferation assays to determine the effects of TRAF2 knockdown. (E) The effect of TRAF2 levels on wound closure was
assessed using wound healing assays in both shLuc and sh TRAF2-transduced cells. (F) Changes in prostate cancer cell migration due to
TRAF2 knockdown were investigated through the Boyden chamber assay. (G) TRAF2 knockdown’s effect on the invasion potential of
prostate cancer cells was quantified using the Boyden chamber assay.
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Upstream Regulator Molecule Type Predicted Activation State Activation z-score p-value of overlap Target Molecules in Dataset
GABA chemical - endogenous mammalian Inhibited -2.292 0.00127 TRAF2
TRAPPC1 other -1.698 0.0014 TRAF2
E2F4 transcription regulator 1.41 0.00105 TRAF2
POUS5F1 transcription regulator Activated 2.685 0.253 TRAF2
STAT5A transcription regulator Inhibited -2.169 1 TRAF2

Supplementary Figure 5. The simulated model based on KHDC4 identified multiple potential upstream regulators for TRAF2.
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Supplementary Figure 6. E2F4 gene suppression impairs tumor growth and cellular motility in prostate cancer models. (A)
gPCR was employed to assess the extent of E2F4 suppression following lentiviral transduction in prostate cancer cells. (B) Immunoblotting
was employed to detect E2F4 protein expression in cells subjected to shLuc or shkHDC4 transduction. (C) The impact of reducing E2F4
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expression on tumor growth was analyzed in both C4-2 and PC-3 cell lines. (D) Proliferation assays were utilized to measure and compare
the cell growth rates of shLuc- and shE2F4-transduced cells. (E) The role of E2F4 in wound healing was evaluated by conducting wound
healing assays in cells with either shLuc or shE2F4 expression. (F) The Boyden chamber assay was used to measure changes in migration
ability of prostate cancer cells upon E2F4 knockdown. (G) Changes in the invasion ability of prostate cancer cells due to E2F4 knockdown
were investigated using the Boyden chamber assay.
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Supplementary Figure 7. The expression levels of KHDC4 and TRAF2 in prostate cancer are modulated by E2F4. (A) The
influence of E2F4 knockdown on KHDC4 and TRAF2 transactivation in prostate cancer was determined through gPCR analysis. (B) The effect
of the E2F4 DNA binding inhibitor HLM006474 on KHDC4 and TRAF2 transcription levels in prostate cancer cells was measured by gPCR. (C)
Immunoblotting was employed to determine the impact of E2F4 on the protein levels of KHDC4 and TRAF2 in prostate cancer cells.

www.aging-us.com 1564 AGING



5 7 == DMSO 5 7 == DMSO p=0.0025 —
s HLM006474 2 HLMO006474
o c
O 1.0+ .2 1.0-
(7] p=0.0077 (]
3 3
a E- p<0.0001
5 p<0.0001 5
0.5 0.5+
< p<0.0001 <
P4 P4
£ t
0.0- T T T 0.0- T T T
E2F4 KHDC4 TRAF2 E2F4 KHDC4 TRAF2
B (TCGA, Cell 2015) (TCGA, Firehose Legacy) (TCGA, PanCancer Atlas)
KHDC4 vs. AR KHDC4 vs. AR KHDC4 vs. AR
13
13-
° Spearman: -0.27 12 . Spearman: -0.08 - ° ‘Spearman: -0.14
L. ® (p=52607) . (p=00712) g ° (p~135803)
E Pearson: 021 g Pearson: 001 : Pearson: .10
Z g (p=7.89505) £ (p=0906) E . (p=00262)
P — 034 1233 g™ - y=001x+879 38 — y=018x+ 1086
% 10 Wi § 9 gg 10 =001
3 £ 3 s
§ % g
i i d
7 . § .
& 3
75 8 85 9 95 10 105 n ns 12 75 8 85 9 95 10 105 1 ns 12 75 8 85 9 95 10 105 un ns 12
'mRNA expression (RNA Seq V2 RSEM): KHDCA4 (1q22) (log2) R (RNA V2 RSEM): KHDCA MANA Ex Nwﬂ\d&;?a&c:g&w;g@g:wz:ﬂmm
(TCGA, Cell 2015) (TCGA, Firehose Legacy) (TCGA, PanCancer Atlas)
TRAF2 vs. AR TRAF2vs. AR TRAF2 vs. AR
13 i
& ° Spearman: 045 12- L4 Spearman: 057 » . Spearman: -0.50
. (p=2800-18) _ (p=8.78043) i . ° (p=193032)
g Poarson: 043 g ks Pearson: -0.59 £ Pearson: -0.49
g u (= 3.19-16) % (p=2010-47) E» 1" (p=9580-31)
& - y=-106x+ 1856 H 10 —yu-188¢42548 58 —ye141e 2144
¢ " R*=018 £ i Rw035 g; 10 /w024
I g P
g I 5 .
g 8 g 6 %'g 7-
H 3 s |
g, 1 ° S
4 %o ' 5
6 3
75 8 85 9 95 10 105 75 8 85 9 95 10 105 75 8 85 9 95 10 105
mRNA expression (RNA Seq V2 RSEM): TRAF2 (9g34.3) (log2) mRANA axpression (RNA Seq V2 RSEM): TRAF2 (9G34.3) (log2)

mRNA Expression. RSEM (Batch normalized from llumina
HiSeq_RNASeqV2): TRAF2 (9634.3) (1og2)

Supplementary Figure 8. E2F4-mediated regulation of KHDC4 and TRAF2 in prostate cancer occurs independently of AR
signaling. (A) KHDC4 and TRAF2 transcriptional responses to the E2F4 inhibitor HLM006474 in prostate cancer cells were measured by
gPCR. (B) The co-expression patterns of KHDC4, TRAF2, and the androgen receptor were investigated within the TCGA-PRAD datasets Cell,

Firehose Legacy, and PanCancer.
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Supplementary Figure 9. The impact of E2F4 as an upstream regulator of KHDC4 and TRAF2 on prognosis in prostate cancer.
(A) The impact of the combination with E2F4 on the overall survival rate of KHDC4 and TRAF2. (B) The influence of the combination with E2F4
on the disease-free survival of KHDC4 and TRAF2.
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Supplementary Figure 10. The correlation of downstream effectors from the KHDC4-TRAF2 axis serving as signatures for
the prognosis of prostate cancer. (A) The correlation between KHDC4, TRAF2, and E2F4 with downstream effectors from the KHDC4-
TRAF2 axis in TCGA-PRAD. (B) The prognosis values of downstream effectors from the KHDC4-TRAF2 axis in TCGA-PRAD.
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Supplementary Figure 11. The raw data corresponding to the

provided.
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Supplementary Tables
Please browse Full Text version to see the data of Supplementary Tables 1-5, 7, 8, 10, 11.

Supplementary Table 1. Genes upregulated and downregulated in late-stage TCGA-PRAD transcriptome profiles.

Supplementary Table 2. Correlation of expression between KHDC4 and TRAF2 in TCGA-PRAD transcriptome
profiles.

Supplementary Table 3. Members of the KHDC family in TCGA-PRAD transcriptome profiles.

Supplementary Table 4. Related levels of KHDC4 and TRAF2 in pathologic_T and pathologic_N in TCGA-PRAD
transcriptome profiles.

Supplementary Table 5. Related expression of KHDC4 and TRAF2 in GSE21032, GSE35988, GSE6919 datasets.

Supplementary Table 6. Correlation of KHDC4 expression in different cancers with prognosis.

HR (95% Cilow —

Dataset Cancer type Endpoint Probe ID N Cox P-Value Ciupp)
GSE22138 Eye cancer Distant é\det?‘mm Free 530028 at 63 0.000005 3.24 (1.96-5.38)
urvival
GSE4412-GPL97 Brain cancer Overall Survival 230028 at 74 0.000311 0.22 (0.09-0.50)
GSE2658 Blood cancer Disease Specific 202220 at 559 0.000708 3.54 (1.70-7.34)
Survival —
GSE4271-GPL96 Brain cancer Overall Survival 202220 at 77 0.001858 4.54 (1.75-11.76)
GSE30929 Soft tissue Distant Recurrence Free 5,55 o 140 0.006484 1.77 (1.17-2.66)
cancer Survival —
GSE17710 Lung cancer Overall Survival 10376 56 0.006624 0.40 (0.21-0.77)
GSE17537 C‘é;‘;{fgﬁal Disease Free Survival 230028 at 55 0.006874 0.25 (0.09-0.68)
GSE17537 C‘;L‘;rcegrtal Overall Survival 230028 at 55 0.008948 0.31 (0.13-0.74)
GSE5287 Bladder cancer Overall Survival 202220 at 30 0.010998 0.32 (0.13-0.77)
GSE17710 Lung cancer Relapse Free Survival 10376 56 0.012073 0.46 (0.25-0.84)
GSE17537 Colorectal Disease Specific 230028 at 49 0.0163 0.23 (0.07-0.76)
cancer Survival -
GSE17710 Lung cancer Relapse Free Survival 29802 56 0.016317 0.49 (0.27-0.88)
GSE8841 Ovarian cancer Overall Survival 16646 81 0.017736 5.12 (1.33-19.75)
GSE17536 C‘;L‘ffgrtal Overall Survival 202220 at 177 0.018268 2.05 (1.13-3.73)
GSE17710 Lung cancer Overall Survival 29802 56 0.020272 0.49 (0.27-0.89)
MGH-glioma Brain cancer Overall Survival 33885 at 50 0.027691 3.15(1.13-8.74)
GSE17536 Colorectal Disease Specific 202220 at 177 0.039201 2.06 (1.04-4.08)
cancer Survival -
GSE9891 Ovarian cancer Overall Survival 202220 at 278 0.040115 1.51 (1.02-2.24)
GSE11595 Esc‘);lhcﬁus Overall Survival 729937 34 0.045063 4.00 (1.03-15.48)
GSE16560 Prostate cancer Overall Survival DAP3_1225 281 0.048955 1.21 (1.00-1.47)
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Supplementary Table 7. Molecular correlation of KHDC and TRAF2 in TCGA-PRAD datasets.

Supplementary Table 8. Gene ontology list of potential impacts of KHDC and TRAF2 in TCGA-PRAD transcriptome

profiles.

Supplementary Table 9. Related expression of KHDC and TRAF2 in prostate cancer cell lines.

KHDC4 Gene Effect TRAF2 Gene Effect
(DEMETER?2) RNAi (DEMETER?2) RNAi . . . . . .
Depmap ID (Achilles, (Achilles, Primary disease Cell line name Lineage Primary_disease
DEMETER?2) DEMETER2)
ACH-000979 0.256586324 0.100725037 Prostate Adenocarcinoma DU145 Prostate Prostate
Adenocarcinoma
ACH-000977 0.060982617 —~0.000962466 Prostate Adenocarcinoma  LNCAPCLONEFGC  Prostate Prostate
Adenocarcinoma
. Prostate
ACH-000952 0.368814511 0.190593519 Prostate Adenocarcinoma MDAPCA2B Prostate .
Adenocarcinoma
. Prostate
ACH-000090 0.217512898 0.118068124 Prostate Adenocarcinoma PC3 Prostate .
Adenocarcinoma

Supplementary Table 10. Distribution of KHDC, TRAF2, and KLK3 in TCGA-PRAD datasets with Gleason score.

Supplementary Table 11. Downstream effectors co-regulated by KHDC and TRAF2 in TCGA-PRAD datasets.
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