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« IQGAP3 network (NW) regulates
mitosis in prostate cancer (PC) and
other cancers.

« IQGAP3 correlates with PLK1 and
TOP2A expression in PC and other
cancers.

« SigIQGAP3NW robustly predicts
recurrence and poor prognosis in PC
and other cancers.

« RELT significantly correlates with
immune checkpoint in PC and across
human cancers.

« SigQIGAP3NW and RELT predict
cancer resistance to immune
checkpoint blockage therapy.
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ABSTRACT

Introduction: IQGAP3 possesses oncogenic actions; its impact on prostate cancer (PC) remains unclear.
Objective: We will investigate IQGAP3's association with PC progression, key mechanisms, prognosis, and
immune evasion.

Methods: IQGAP3 expression in PC was examined by immunohistochemistry and using multiple datasets.
IQGAP3 network was analyzed for pathway alterations and used to construct a multigene signature
(SigIQGAP3NW). SiglQGAP3NW was characterized using LNCaP cell-derived castration-resistant PCs
(CRPCs), analyzed for prognostic value in 26 human cancer types, and studied for association with
immune evasion.

Results: Increases in IQGAP3 expression associated with PC tumorigenesis, tumor grade, metastasis, and
p53 mutation. IQGAP3 correlative genes were dominantly involved in mitosis. IQGAP3 correlated with
PLK1 and TOP2A expression at Spearman correlation/R = 0.89 (p < 3.069e-169). Both correlations were
enriched in advanced PCs and Taxane-treated CRPCs and occurred at high levels (R > 0.8) in multiple can-
cer types. SigIQGAP3NW effectively predicted cancer recurrence and poor prognosis in independent PC
cohorts and across 26 cancer types. SigIQGAP3NW stratified PC recurrence after adjustment for age at
diagnosis, grade, stage, and surgical margin. SigIQGAP3NW component genes were upregulated in PC,
metastasis, LNCaP cell-produced CRPC, and showed an association with p53 mutation. SigIQGAP3NW
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correlated with immune cell infiltration, including Treg in PC and other cancers. RELT, a SigIQGAP3NW
component gene, was associated with elevations of multiple immune checkpoints and the infiltration
of Treg and myeloid-derived suppressor cells in PC and across cancer types. RELT and SigIQGAP3NW pre-
dict response to immune checkpoint blockade (ICB) therapy.

Conclusions: In multiple cancers, IQGAP3 robustly correlates with PLK1 and TOP2A expression, and
SiglQGAP3NW and/or RELT effectively predict mortality risk and/or resistance to ICB therapy. PLK1 and
TOP2A inhibitors should be investigated for treating cancers with elevated IQGAP3 expression.
SiglIQGAP3NW and/or RELT can be developed for clinical applications in risk stratification and manage-

ment of ICB therapy.

© 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Prostate cancer (PC) is the most frequently diagnosed cancer of
men in 112 of 185 countries and remains a major health threat to
men [1]. The disease is associated with a heterogeneous prognosis.
PCs are categorized by the World Health Organization (WHO) into
5 Grade Groups (GG1-5) based on Gleason score (GS) and prognos-
tic implications: GG1 < GS6, GG2 = GS3 + 4, GG3 = GS4 + 3,
GG4 = GS8, and GG5 = GS9 + 10 [2]. Approximately 30% of patients
will develop biochemical recurrence (BCR), defined as an increase
in serum prostate-specific antigen (PSA) following curative thera-
pies such as radiation and/or surgery [3]. BCR is the significant risk
of PC metastasis which is standardly treated with androgen depri-
vation therapy (ADT). While ADT shows initial effectiveness in
treating metastatic PC (mPC), resistance in the form of
castration-resistant PC (mCRPC) commonly re-emerges [4,5] and
constitutes a major cause of PC mortality. Mechanisms governing
PC recurrence, metastasis, and CRPC progression are complex and
involve multiple processes, including cell proliferation, androgen
signaling, and immune evasion. In this regard, CRPC can be treated
with taxane-based chemotherapy, 2nd generation antiandrogens
abiraterone or enzalutamide [5-7], and/or immunotherapy [8].
The taxane class of drugs disrupts microtubule function, which is
required for mitosis.

The 1Q motif GTPase-activating scaffold proteins (IQGAPs) are
an important platform for cytoskeleton dynamics and cell prolifer-
ation in part via their activities in activating small G proteins, PI3K,
and ERK [9,10]. The IQGAP family in humans and mice consists of 3
related proteins: IQGAP1, IQGAP2, and IQGAP3. IQGAP1 and
IQGAP2 have been widely researched, including their contributions
to cancer biology [9,10]. IQGAP3 was the latest addition to the
IQGAP family in 2007 with its expression enriched in the brain
[11]; the current knowledge of IQGAP3 remains lagging compared
to our understanding of IQGAP1 and IQGAP2. Nonetheless, accu-
mulative evidence supports IQGAP3’s role in facilitating cell prolif-
eration involving Ras, ERK [12,13], and cytokinesis [ 14]. In addition
to these cell-based activities, IQGAP3 upregulation and its associa-
tion with poor prognosis have been reported in multiple cancer
types, including hepatocellular carcinoma [15,16], lung adenocar-
cinomas [17], colorectal cancer [18], gastric cancer [19,20], ovarian
cancer [21], breast cancer [22], and other cancer types [23]. Among
urogenital cancers, IQGAP3 expression is associated with poor
prognosis in bladder cancer [23], clear cell renal cell carcinoma
(ccRCC) [24], and PC [25]. While a limited number of papers
(n = 2) reported that PCs with elevated IQGAP3 mRNA expression
were associated with reductions in overall survival (OS) and
progress-free survival (PFS) [23,25], the extent of IQGAP3’s impact,
particularly the involvement of its network in PC or tumorigenesis
in general, remains largely unexplored.

This study addresses this knowledge gap. We observed the
dominant association of IQGAP3 correlative genes with mitosis
and chromosome segregation. For instance, the top 8 genes with
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correlative expression to IQGAP3 expression are NUSAP1 (Spear-
man R = 0.914, p = 4.75e-196), TPX2 (R = 0.911, p = 4.38e-192),
ESPL1 (R = 0.907, p = 1.42e-187), KIF4A (R = 0.906, p = 4.43e-
187), KIF20A (R = 0901, p = 2.37e-181), GTSE1 (R = 0.892,
p = 4.91e-173), PLK1 (R = 0.890, p = 3.07e-171), and TOP2A
(R = 0.888, p = 5.35e-169). In addition to these correlative genes
functioning in chromosome segregation, the impressive correla-
tions observed with PLK1 and TOP2A are particularly appealing
owing to their commercially available inhibitors. Furthermore,
the high-level correlations between IQGAP3 and PLK1 or TOP2A,
and their enrichment in mPC and CRPC as well as in 6 other cancer
types imply a therapeutic potential of PLK1 and TOP2A in treating
PCs and other cancers with elevated IQGAP3 expression. From the
IQGAP3 network (NW), a 13-gene panel (SiglIQGAP3NW) was
derived. The panel robustly stratifies PC recurrence, associates with
alterations in immune cells in PC and other cancer types and pre-
dicts response to immune checkpoint blockade (ICB) therapy. We
also demonstrated RELT as a novel and effective biomarker of ICB
treatment. Collectively, this investigation advances our under-
standing of PC and tumorigenesis in general.

Materials and methods
Patients

Tissues from PC patients were obtained from Hamilton Health
Sciences, Hamilton, Ontario, Canada under approval from the local
Research Ethics Board (REB# 11114). Patient details are presented
in Table S1.

Data sources

PC datasets used in this research included TCGA, MSKCC, and
SU2C organized by CBioPortal [26,27] and Sawyers’s DNA microar-
ray dataset [28]. TCGA PanCancer Atlas datasets across 32 cancer
types were also utilized.

Programs and websites

The tools used in this research included: R2: Genomics Analysis
and Visualization Platform (https://r2.amc.nl https://r2plat-
form.com), UALCAN [29], Metascape [30], TISIDB [31], TIDE [32],
TIMER [33], CIBERSORT [34], and LinkedOmics [35]. The R glmnet,
immunedeconv, tidyverse, rstatix, ggpubr, dplyr, survival, Maxstat,
and other packages were used.

Profiling PC-associated immune cells

Immune cells presented in PC and other cancer types were
determined from RNA-seq data with CIBERSORT [34], Epic [36],
MCP [37], Quantiset [38], xCell, and ssGSEA [39] within the R im-
munedeconv and SMDIC packages.
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Construction of a multigene panel to assess PC biochemical recurrence

The construction was based on our previously published condi-
tions [40,41]. Briefly, differentially-expressed genes (DEGs,
n = 281) concerning IQGAP3 expression were derived from the
TCGA PanCancer Atlas PC dataset within cBioPortal [26,27]
(https://www.cbioportal.org/). Training and Testing populations
were obtained via randomization at the ratio of 7:3 using R. From
these DEGs within the Training dataset, elastic-net logistic regres-
sion of Cox model (the gimnet package in R) was used to select a
multigene panel to predict BCR. We set the mixing parameter of
o at 0.5, performed 6 rounds of selection, and pooled all unique
genes from all 6 rounds of selection to form the 13-gene panel
SiglQGAP3NW.

Tumor-associated signature score assignment

Coefficient (coef) of SigIQGAP3NW component genes (n = 13) in
predicting BCR was produced using multivariate Cox PH regression
with the R Survival package. Tumor-associated signature scores
were calculated as: Sum (coef; x Genejeyp + coef, x Genesexp +
“““ + coef, x Genepexp), Where coef; ... coef, are the coefs of indi-
vidual genes and Genejexp Genepexp are the expression of
individual genes.

Immunohistochemistry (IHC)

IHC was performed as we have previously described [42]. Slides
were deparaffinized in xylene and cleared in ethanol. Antigens
were retrieved via heat treatment in a sodium citrate buffer
(pH = 6.0), blocked for non-specific binding sites in PBS containing
1% BSA and 10% normal goat serum (Vector Laboratories) for 1 h.
The slides were incubated with an anti-IQGAP3 antibody
(ab219354, Abcam; 1:400) overnight at 4 °C, followed by the addi-
tion of biotinylated goat anti-rabbit IgG and Vector ABC reagent
(Vector Laboratories). Chromogenic reaction (Vector Laboratories)
and slide counterstaining with hematoxylin (Sigma Aldrich) were
performed. Images were analyzed with ImageScope software (Leica
Microsystems Inc.); staining intensity was quantified as H-Scores
using the formula [H-Score = (% Positive) x (intensity) + 1] [42].
Secondary antibody alone was used as a negative control.

Ethics statement

All experiments involving animals were performed according to
the ethical policies and protocols approved by McMaster Univer-
sity Animal Research Ethics Board (16-06-23).

Generation of CRPC in animal models

LNCaP cells (5x10°)-derived subcutaneous (s.c.) xenografts
were generated in NOD/SCID mice (The Jackson Laboratory) with
tumor volume determined [42]. Tumor growth was monitored by
serum PSA levels (PSA kit, Abcam). Surgical castration was per-
formed at a time when tumor size was reaching 100-200 mm?®.
Serum PSA was determined before and following castration. A rise
in serum PSA reflects CRPC growth.

Quantitative real-time PCR

Total RNA was isolated from tumors produced by LNCaP cells in
both intact and castrated mice with the Iso-RNA Lysis Reagent (5
PRIME). Reverse transcription was carried out with Superscript III
(Thermo Fisher Scientific). Quantitative real-time PCR was run
with the ABI 7500 Fast Real-Time PCR System (Applied Biosystems,
Foster, California, USA) using SYBR-green (Thermo Fisher Scien-
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tific). Fold changes were calculated using the formula: 224
The real-time PCR primers for all 13 SiglQGAP3NW component
genes are documented in Table S2.

Statistical analysis

Kaplan-Meier curves and logrank test were conducted by R Sur-
vival package and tools provided by cBioPortal. Cox regressions
were analyzed using R survival package. ROC (receiver-operating
characteristic) profiles were constructed using the PRROC package
in R. Multiple t-test with p value adjusted by the Holm method
(Holm-Bonferroni method) was carried out using R. Other statisti-
cal analyses were performed using specific website programs and
by GraphPad Prism 7 and SPSS 26. Data were presented as
mean + SEM/SD. A value of p < 0.05 was considered statistically
significant.

Results

IQGAP3 expression at the mRNA but not the protein level correlates
with PC pathogenesis and progression

The relevance of IQGAP3 mRNA expression to tumorigenesis
has been commonly analyzed across cancer types including PC
(23, 25). Nonetheless, little is reported on IQGAP3’s protein expres-
sion. We observed a heterogeneous expression of IQGAP3 protein
in primary PCs (see IQGAP3 H-scores in Table S1A). Due to the
small number of patients, we grouped PC with GS < 8 into the
low-grade group and PC with GS9 and 10 into the high-grade
group. Typically, GS7 PCs displayed more intensive staining com-
pared to GS9 and GS10 PCs, which is supported by quantification,
i.e. a reduction of IQGAP3 protein expression in high-grade PCs
(Fig. 1A). Re-assignment of GS8 tumors into the high-grade group
did not change the outcome (data not shown). We further analyzed
a small set of organ-confined PC with known outcomes of CRPC
(CRPC potential). Decreases in IQGAP3 protein expression occurred
in primary PCs with positive CRPC potential (Fig. 1B, also see
Table S1B for details). A heterogeneous expression pattern for
IQGAP3 protein expression in PC was also presented in “The
Human Protein Atlas” (https://www.proteinatlas.org/
ENSG00000183856-1QGAP3/pathology/prostate + cancer). We
acknowledge the small patient population used for this analysis;
nonetheless, the data does not support a positive association
between IQGAP3 protein expression and PC severity (grade) or pro-
gression. These observations were surprising considering the pos-
itive associations of IQGAP3 mRNA expression with adverse
clinical features of various cancers [10].

We subsequently analyzed IQGAP3 mRNA expression following
PC pathogenesis. In comparison to normal prostate tissues, primary
PC generally expresses substantially elevated IQGAP3 mRNA
(Fig. 1C). The magnitude of upregulation correlates with PC sever-
ity from GS7 - GS9 (Fig. 1D). The lack of significant increase
(p > 0.05) of IQGAP3 mRNA expression in GS10 tumors was likely
attributed to the small number of patients. IQGAP3 mRNA expres-
sion was further elevated in PCs with TP53 mutation vs those with-
out the mutation (Fig. 1E), lymph node metastasis (Fig. 1F), and
distant metastasis (Fig. 1G). Collectively, the above evidence sup-
ports the positive associations of IQGAP3 mRNA expression with
PC pathogenesis, severity, metastasis, and signaling events.

A potential reason for the difference between the mRNA and
protein expression of IQGAP3 during PC pathogenesis could be a
potential rapid degradation of the IQGAP3 protein in advanced
PC (see Discussion for details). While this possibility needs valida-
tion, the above observations nonetheless suggest that the mRNA
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Table 1
Univariate and multivariate Cox analysis of SiglQGAP3NW for PFS in PC.
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Factors Univariate Cox Analysis Multivariate Cox Analysis

HR 95% CI p-value HR 95% CI p-value
Sig ! 2.72 2.14-3.45 <2e-16™** 1.83 1.33-2.52 0.0002***
Age 2 1.02 0.99-1.05 0.189 0.99 0.96-1.02 0.491
WHO GG2 3 3.53 0.48-27.64 0.219 3.33 0.43-25.69 0.248
WHO GG3 5.27 0.69-40.57 0.110 4.01 0.51-31.43 0.185
WHO GG4 9.76 1.28-74.61 0.028* 6.44 0.82-50.54 0.076
WHO GG5 21.34 2.96-154.5 0.002** 10.6 1.4-80.16 0.022*
Margin * 2.3 1.52-3.48 8.1e-5" 1.26 0.8-2.0 0.317
Stage ° 3.69 2.08-6.52 7.45e-6"** 1.59 0.83-3.06 0.164

1 SigIQGAP3NW score; 2 Age at diagnosis; > WHO grade group (GG) 2-5 in comparison to WHO GG1; # Compared to no surgical margin status; > Stage 3 + 4 in comparison to

Stage 1 + 2; *, ™, *** for p < 0.05, 0.01, and 0.001 respectively.

expression may better reflect IQGAP3’s involvement in PC patho-
genesis and prognosis.

Dominant association of IQGAP3 with mitosis and chromosome
segregation

Individual factors regulate biological events or processes via
network (NW) actions. To identify the major processes or network
components of the IQGAP3 network relevant to PC, a set of IQGAP3
correlative genes (genes with their expression correlating with
IQGAP3 mRNA expression) were derived from the TCGA PC dataset
(n = 497) (Fig. S1) using the LinkedOmics platform [35]. Among
these correlative genes, the top enriched GO (gene ontology) bio-
logical processes are related to chromosome segregation, DNA
replication, spindle organization, and others facilitating DNA meta-
bolism (Fig. 2A); the enrichment is quite robust based on the pro-
files of core enrichment (Fig. 2B). Similar enrichments were also
demonstrated using the KEGG gene sets (Fig. S2A). Consistent with
this enrichment pattern, we noticed the top correlative genes,
which show robust correlations with IQGAP3, being highly rele-
vant to mitosis and chromosome segregation (Fig. S2B,
Table S3A). For instance, the top 8 correlative genes are at Spear-
man R values of 0.888 to 0.914 and p value < 5.35e-169
(Fig. 2C); NUSAP1 (nucleolar and spindle associated protein 1),
TPX2 (TPX2 microtubule nucleation factor), ESPL1 (extra spindle
pole bodies like 1, separase), KIF4A (kinesin family member 4A),
KIF20A (kinesin family member 20A), GTSE1 (G2 and S-phase
expressed 1), PLK1 (polo like kinase 1), and TOP2A (DNA topoiso-
merase II alpha) all function in chromosome segregation
(Table S3B). Both PLK1 and TOP2A promote chromosome segrega-
tion in mitosis [43,44]; TOP2A is required for cancer cell cycle pro-
gression [44]. Of importance, inhibition of TOP2 (DNA
topoisomerase II) is a classic action of cancer therapy; recently,
PLK1 inhibitors have been approved by FDA for cancer therapy
[45,46]. The above evidence thus indicates a potential vulnerability
of PCs with elevated IQGAP3 expression to inhibitors targeting
either PLK1, TOP2A or both. This concept is further supported by
the high-level correlations between IQGAP3 and PLK1 in the TCGA
Cell 2015, SU2C, and MSKCC cohorts as well as between IQGAP3
and TOP2A in the TCGA Cell 2015 and SU2C datasets (Fig. S3A).
Of relevance, correlations of IQGAP3 with either PLK1 or TOP2A
were enriched in high-grade PC and metastatic CRPCs (the SU2C
cohort) treated with taxane drugs (Fig. S3A).

We further analyzed the network components within the top
correlative genes, which were defined as Spearman R > 0.6
(n =140, Table S3A). Among these genes, the mitotic cell cycle pro-
cess is the top process enriched along with other pathways rele-
vant to mitosis including the PLK1 pathway (Fig. 2D). The
correlations of CDK1 (Spearman R = 0.857 and p = 2.24e-144)
and its activator CCNA2 (encoding cyclin A2; R = 0.868 and

198

p = 6.42e-153; Table S3A) support the IQGAP3NW-associated
enrichment in the mitotic cell cycle process. The protein network
connection among these top correlative genes and details of the
enrichment are presented in Fig. S3B and Table S3C.

To further investigate the dominant association of IQGAP3NW
with the mitotic cell cycle observed in PC, we obtained genes with
correlations with IQGAP3 expression at Spearman R > 0.6 in other
32 TCGA cancer types and performed pathway enrichment analy-
sis. Except CESC (cervical squamous cell carcinoma), DLBC (dif-
fused large B-cell lymphoma), ESCA (Esophageal carcinoma),
LUSC (lung squamous cell carcinoma), and UCS (uterine carci-
noma), the rest of the 27 cancer types revealed “mitotic cell cycle”
or “mitotic cell cycle process” as the top enriched process except
TGCT (testicular germ cell tumor) and THYM (thymoma)
(Fig. 3A). Additionally, numerous cancer types possess high-level
correlations (Spearman R > 0.6) of IQGAP3 with PLK1, TOP2A,
and both (Fig. 3B, 3C), indicating inhibition of either or both factors
as potential therapies for these cancer types with elevated IQGAP3
expression, for instance, ACC (adrenocortical carcinoma) and LGG
(low-grade glioma) (Fig. 3B, 3C).

Construction of a multigene panel from IQGAP3-related DEGs

The main participants of the IQGAP3 correlative genes with pro-
cesses highly relevant to not only PC but across cancer types (Figs. 2
and 3) are consistent with the observed prognostic values of
IQGAP3 in numerous cancers [10]. However, to our best knowl-
edge, the prognostic potential of the IQGAP3 network has not been
explored in any cancer types. To fulfill this knowledge gap, we first
screened IQGAP3-based stratification of BCR risk using a set of cut-
off points within the TCGA PanCancer PC dataset (Fig. S4). At the
2.5 SD (standard deviation), the risk stratification was the most
effective (Fig. S4). From these two groups, differentially expressed
genes (DEGs, n = 281) were obtained, which were defined as
q < 0.05 and fold change > |2| (Table S4A). A dataset was retrieved
from the TCGA PanCancer PC dataset which contained the expres-
sion of these DEGs along with relevant clinical features. We ran-
domized the dataset into a Training (n 340) and Testing
(n = 152) population at the ratio of approximately 7:3 using an R
program. With the Training population, covariate selection for pre-
dicting PC recurrence (BCR) was performed using Elastic-net
within the R glmnet package (see Materials and Methods for
details), resulting in SigIQGAP3NW signature consisting of 13 com-
ponent genes (Table S4B).

We calculated SiglQGAP3NW score for individual tumors as > (-
coef; x Genejexp)n (coefi: Cox coefficient of gene;, Genejexp: expres-
sion of Gene;, n = 13). Coefs were generated with the multivariate
Cox model. SigIQGAP3NW score effectively stratifies BCR risk in
the Training, Testing, and Full cohort (Fig. 4A). SigIQGAP3NW score
displays a high level and significant correlation with IQGAP3
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Fig. 1. Association of IQGAP3 with PC tumorigenesis and progression. A., B. Inmunohistochemistry staining of IQGAP3 expression in PC. PCs in the B panel were primary
PCs with (yes) or without (no) progression to CRPC. Typical images and quantification (mean + SD/standard deviation) are shown. GS: Gleason score; the marked regions are
enlarged 3-fold. * and ****: p < 0.05 and p < 0.0001 respectively by 2-tailed Student’s t test. C-F. Analyses of IQGAP3 mRNA expression (TMP: transcripts per million) in the
indicated tissues using the TCGA dataset organized by UALCAN (29). Statistical analyses were performed by UALCAN. ****: p < 0.0001 in comparison to Normal; $$: p < 0.01
compared to PC without TP53 mutation (NonMut) (E), $$$$: p < 0.0001 in comparison to GS6 PCs (D) or PC without lymph node metastasis (NO) (F); ## and ####: p < 0.01
and p < 0.0001 respectively in comparison to GS7 tumors (D). G. The analyses were performed using Sawyers’s DNA microarray dataset (28) within the R2: Genomics Analysis
and Visualization Platform (http://r2.amc.nl http://r2platform.com).

expression (Fig. 4B), which supports the construction of SiglQ- (Fig. 4D). SiglQGAP3NW scores predict the risk of recurrence in
GAP3NW from IQGAP3-related DEGs. Of importance, SiglQ- TCGA PanCancer PC dataset (Training, Testing, and Full cohort)
GAP3NW effectively stratifies PC recurrence in an independent and MSKCC cohort as well as the risk of fatality in the SU2C dataset
primary PC MSKCC cohort (Fig. 4C) and survival probabilities in (Fig. 5E). In two independent (MSKCC and SU2C) cohorts, SiglQ-
another independent metastatic CRPC (mCRPC) SU2C cohort GAP3NW discriminates PC recurrence (MSKCC) and fatality risk
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Fig. 2. Association of IQGAP3 correlative genes with mitosis and chromosome segregation in PC. IQGAP3 correlative genes were determined with Spearman correlation
using the TCGA dataset (n = 497) organized by LinkedOmics (35). A. Analysis of IQGAP3 correlative genes for the enrichment of GO-BP (gene ontology biological process) gene
sets by GSEA. All enrichments were at FDR (false discovery rate) < 0.05. B. Details of GSEA enrichment for the indicated GO-BP gene sets. C. Correlations of IQGAP3 mRNA
expression with the indicated gene expression in PC (TCGA dataset, n = 497). D. Genes with expression in PC at Spearman R > 0.6 (Table S3A) were analyzed for enrichment

using the Metascape platform (30). The top 10 enriched processes are shown (see Table S3C for detailed enrichment).

(SU2C) with AUC values as effective or better than its discrimina-
tion of PC recurrence in the TCGA dataset (Fig. 5F). Collectively
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these results validate the prognostic potential of SigIQGAP3NW
in PC.
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Fig. 3. Top enrichment of mitosis in the IQGAP3 correlative genes across human cancers. IQGAP3 correlative genes were determined in 32 human cancer types using
LinkedOmics. Those genes with Spearman R > 0.6 (p < 0.001) in all 32 cancer types were analyzed for pathway enrichment using Metascape. A. Cancer types with Mitotic Cell
Cycle being the top (#1) enrichment are shown; the exceptions are THYM and TCGC, in which Mitotic Cell Cycle was enriched as #2 (THYM) and #3 (TCGC) enrichment. The -
log10(p) for KICH is indicated. B., C. Cancer types showing the correlations of IQGAP3 mRNA expression with PLK1 and TOP2A mRNA expression. The respective TCGA datasets
used for these analyses include - ACC: adrenocortical carcinoma; BLCA: bladder urothelial carcinoma; BRCA: breast invasive carcinoma; CHOL: cholangiocarcinoma; COAD:
colon adenocarcinoma; GBM: glioblastoma multiforme; HNSC: head and neck squamous cell carcinoma; KICH: kidney chromophobe; KIPR: kidney renal papillary cell
carcinoma; KIRC: kidney renal clear cell carcinoma; LAML: acute myeloid leukemia; LGG: brain lower grade glioma; LIHC: liver hepatocellular carcinoma; LUAD: lung
adenocarcinoma; MESO: mesothelioma; OV: ovarian serous cystadenocarcinoma; PAAD: pancreatic adenocarcinoma; PCPG: pheochromocytoma and paraganglioma; PRAD:
prostate adenocarcinoma; SARC: sarcoma; SKCM: skin cutaneous melanoma; STAD: stomach adenocarcinoma; TGCT: testicular germ cell tumors; THCA: thyroid carcinoma;
THYM: thymoma; UCEC: uterine corpus endometrial carcinoma; and UVM: uveal melanoma.

Consistent with IQGAP3’s biomarker potential in other cancer
types (10) and IQGAP3-associated enrichment of mitotic cell cycle
process across cancer types (Fig. 3A), SigIQGAP3NW predicts poor
0S in 23 cancer types and progression-free survival (PFS) in 3 can-
cer types all at AUC > 0.5 (Fig. 5A). Even for the 23 cancer types in
which SiglQGAP3NW displayed the predictive ability of their fatal-
ity risks, SigIQGAP3NW also effectively evaluated their recurrence
risk (data not shown). The predictions are at AUC > 0.7 for PFS in
THYM as well as for poor OS in ACC, UVM (uveal melanoma), pRCC
(papillary renal cell carcinoma), ccRCC, MESO (mesothelioma), UCS
(uterine carcinosarcoma), and LAML (acute myeloid leukemia)
(Fig. 5A), which once again either matched or outperformed SiglQ-
GAP3NW'’s prediction of PC recurrence in the TCGA PanCancer
dataset (AUC = 0.7), the dataset in which SigIQGAP3NW was orig-
inally constructed in. With optimized cutoff points, SiglQGAP3NW
robustly stratifies the fatality risk of ACC, UVM, pRCC, and ccRCC
(Fig. 5B-E) as well as the recurrence risk in THYM (Fig. 5F). Collec-

tively, we have validated SiglIQGAP3NW'’s prognostic biomarker
potential not only in independent PC cohorts but also in multiple
other cancer types.

Characterization of SigIQGAP3NW

SiglIQGAP3NW is a novel multigene prognostic biomarker.
Among its 13 component genes, except CDC25C, DNMT3B, PTTG1,
CCNE1 and DNMTT1, the involvement of other component genes in
PC was either limitedly studied or unexplored (OIP5, GINS4, and
RNF34) (Table S4B). For OIP5, KIF2C, TPX2, and ZNF695, we pro-
vided evidence for their upregulations in PC tissues compared to
normal prostate tissues, following advances in PC grades, and in
lymph node metastasis compared to non-metastatic PCs (Fig. 6A-
D). Increases in OIP5, KIF2C, and TPX2 expression were also associ-
ated with p53 mutations in PC (Fig. 6A-C). Significant upregula-
tions of OIP5, KIF2C, TPX2, GINS4, DNMT3B, WHSC1, DNMT1,
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Fig. 4. SigIQGAP3NW-mediated stratification of PC recurrence and fatality risk. A. Separation of PCs in the Training, Testing, and Full TCGA PanCancer PC dataset with
SiglIQGAP3NW score. Cutoff points were estimated with Maximally Selected Rank Statistics within the R Maxstat package. Kaplan Meier curves and log-rank test were
performed using the R survival package. B. Correlation between IQGAP3 mRNA expression and SiglQGAP3NW score within the TCGA PanCancer PC dataset. C., D. Stratification
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PTTG1, CCNE1, and RNF34 also occurred in distant metastasis com-
pared to local PCs (Fig. 7A). Furthermore, we demonstrated that
LNCaP cell-derived xenografts generated in castrated NOD/SCID
mice displayed increases in KIF2C, GINS4, DNMT3B, RELT, WHSC1,
DNMT1, and CCNE1 compared to LNCaP cell tumors generated in
intact NOD/SCID mice (Fig. 7B), supporting upregulations of these
component genes of SigIQGAP3NW in CRPC.

The common upregulation of the SigIQGAP3NW component
genes following PC pathogenesis and progression is in accordance
with their functions in multiple pathways relevant to PC
(Table S4C). Both KIF2C and TPX2 contribute to mitosis by regulat-
ing microtubule functions (see Table S4C for references). OIP5
(Mis18B) is essential in centromere formation following mitosis
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[47]. CDC25C (cell division cycle 25C) and CCNE1 (cyclin E1) con-
tribute to cell cycle progression (Table S4C). PTTG1 (pituitary
tumor transforming gene 1) plays an essential role in sister chro-
matid separation during mitosis [48]. OIP5, PTTG1, KIF2C, and
TPX2 regulate essential aspects of mitosis and are clustered
together for their correlations (Fig. S5A); IQGAP3 is within this cor-
relation group (Fig. S5A), supporting IQGAP3’s major role in mitosis
in PC. DNMT3B and DNMT1 contribute to the establishment of
DNA methylation, a required feature in cell cycle division
(Table S4C). WHSC1 is a histone methyltransferase [49]. GINS4 is
required to initiate DNA replication via assembly of the GINS com-
plex (Table S4C). RELT promotes activation of the p38 and JNK-
MAPK cascade (Table S4C). The function of ZNF695 (zinc finger
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protein 695) remains unclear. RNF34 is an E3 ubiquitin ligase and
inhibits p53 function (Table S4C). The above evidence thus sup-
ports the involvement of SigIQGAP3NW in multiple processes rel-
evant to mitosis, DNA metabolism, and others; this property might
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be the basis for SigIQGAP3NW as a potential prognostic biomarker
in PC and other cancer types.

The above concept is supported by the ability of all component
genes to predict PC recurrence as individual genes based on their
gene expression (Fig. 7C). OIP5, KIF2C, ZNF695, GINS4, and RELT
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assess PC recurrence risk independently of age at diagnosis, PC
grade, tumor stage, and surgical margin (see the legend of
Fig. 7C). Consistently, SigIQGAP3NW predicts PC recurrence after
adjustment for these clinical features (Table 1). All individual com-
ponent genes effectively separate PCs into a low-risk and high-risk
group of PC recurrence (Fig. S5B). The risk of PC recurrence is at HR
(hazard ratio) > 2 for all component genes and HR > 4 for SiglQ-
GAP3NW in the high-risk groups compared to low-risk groups
(Fig. S5C).

Properties of immune evasion in PC with high SigIQGAP3NW score

Evading immune response is an essential feature of tumorigen-
esis and cancer progression. Given the observed prognostic poten-
tial of SigIQGAP3NW, its relevance to PC-associated immune
alterations is worthy of investigation. For this purpose, we profiled
the immune cell populations within PC using the TCGA PanCancer
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PC RNA-seq data (n = 492) with multiple computational programes,
xCell and ssGSEA [39], Epic [36], MCPCounter [37], quanTIseq [38],
and CIBERSORT [34]. A set of immune cell changes was detected in
multiple programs. Among 24 immune cell populations detected
by ssGSEA, SiglQGAP3NW score correlated with the alterations of
16 immune cell types in PC at Spearman R > |0.1| and p < 0.05,
including positive correlations with CD8 + T cells, cytotoxic cell,
T regulatory (Treg) cells, and Th2 CD4 + T cells (Th2.cells)
(Fig. 8A). PCs with high-risk of recurrence stratified by SiglQ-
GAP3NW score cutoff point have enriched content of Th2 cells,
Treg cells, and cancer-associated fibroblasts (CAF) (Fig. S6A-C).
Treg cells and CAF are known for their contributions to the
immunosuppressive microenvironment [50]. In addition, Th2 cells
can facilitate immune evasion [51]. The above evidence thus sup-
ports a positive correlation of SigIQGAP3NW with PC immune
evasion.
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age at diagnosis, WHO GG grade, stage, and surgical margin status.

Consistent with SigIQGAP3NW's robust prediction of poor OS
and PFS in ACC, ccRCC, pRCC, UVM, and THYM (Fig. 5), we observed
their SigIQGAP3NW scores correlating with immune cell changes
(Fig. 8B-F). Interestingly, Th2 cells and Treg cells were positively
correlated with SigIQGAP3NW in 4 out of 6 cancer types (PC,
ACC, ccRCC, pRCC, THYM, and UVM) (Fig. 8, Fig. S6A-B). SiglQ-
GAP3NW score correlates with Th2 cells at Spearman R = 0.78
(p < 2.2e-16) in ACC (Fig. 8B), suggesting a major role of Th2 cells
in ACC immune escape, a feature captured by SigIQGAP3NW.
SiglQGAP3NW robustly associates with the content of mesenchy-
mal stem cells (MSCs) in ACC and ccRCC (Fig. S6D, E). MSCs con-
tribute to immune escape in cancer [52]. Collectively, we present
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a comprehensive set of evidence which suggests a role of SiglQ-
GAP3NW in immune escape in PC and other cancers.

SigIQGAP3NW-mediated prediction of response to ICB (immune
checkpoint blockade) therapy

To provide additional support for the positive correlation of
SiglQGAP3NW with PC-associated immune tolerance, we observed
that RELT, a component gene of SigIQGAP3NW (Table S4B),
strongly correlates with the expression of multiple immune check-
points in PC (Fig. 9A). TGFB1 promotes immune evasion via facili-
tating T-cell exclusion [53]. Both ADORA2A (adenosine A2a
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article.)

receptor) and CTLA4 are expressed on tumor-associated T-cell sur-
face and play critical roles in suppressing T-cell response [54]. TIM-
3 (HAVCR2) and its ligand LGALS9 (encoding Galactin-9) con-
tribute to the lack of costimulatory signals in dendritic cells
(DCs) when DCs present tumor-associated antigens (TAAs) to T
cells, leading to T cell anergy [55]. In this regard, RELT mRNA
expression significantly correlated with increases in DCs and neu-
trophils in PC (Fig. 9B). Tumor-associated neutrophil (TAN), macro-
phages, and myeloid-derived suppressor cells (MDSC) are major
cancer-infiltrating myeloid cells, contributing to the immunosup-
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pressive tumor microenvironment (TME) [56]. Additionally, poly-
morphonuclear MDSCs (PMN-MDSCs), the major group MDSCs,
share numerous surface markers (antigens) with neutrophils and
are likely differentially related to neutrophils induced by tumors
[57], supporting the potential contributions of neutrophils to
immune tolerance in PC. MDSCs, Treg cells, and tumor-associated
macrophages (TAM) are major immune cells in TME suppressing
immune responses [58]. Consistent with this knowledge, RELT
expression robustly correlated with Treg and MDSC contents in
PC (Fig. 9B). Furthermore, RELT positively correlated with multiple
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with PD1 blockade. The graphs were produced using TIDE.

immune checkpoint expression at high levels in multiple cancer
types (Fig. S7A) as well as Treg and MDSC infiltration in ccRCC
and pRCC (Fig. S7B). Similarly, RELT mRNA expression significantly
correlated with TAN and DCs at Spearman R > 0.5 (p < 8.34e-11) in
11 cancer types with a few exceptions (Fig. 9C). The above evi-
dence collectively suggests that RELT enhances immune evasion
in PC and multiple cancer types via association with immune
checkpoints’ expression, which leads to a functional disarray in T
cells, DCs, and neutrophils.

In a set of 25 cancer cohorts treated with ICB within the TIDE
(tumor immune dysfunction and exclusion) platform [32), RELT
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predicts resistance to ICB therapy in 14 cohorts at AUC > 0.5
(Fig. S8). Among 4 datasets, the prediction was at AUC > 0.7
(Fig. 9D); RELT assesses resistance to ICB therapy in the
“Zhao2019_PD1_Glioblastoma_Post” and “Rupping2021_PD_NSCL
C” cohorts more effectively than a set of well-established biomark-
ers of ICB therapy, including Merck18 [59], INFG (IFNy) [59], CD8
[60], CD274 (PDL-1) [61], and MSl.score (microsatellite instability)
[62] (Fig. 9D). In this context, the perfect discrimination achieved
by RELT in predicting Glioblastoma response to PD1 therapy is
impressive (Fig. 9D), although further investigations are war-
ranted. These observations are novel and likely significant;
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nonetheless, its potential as a biomarker of ICB therapy is consis-
tent with RELT’s broad associations with multiple immune check-
points across cancer types (Fig. S7), which also suggests an
association of SigIQGAP3NW with response to ICB therapy.

We subsequently determined this possibility using the TIDE
platform [32]. SigIQGAP3NW was found to predict resistance to
ICB therapy at AUC > 0.5 in 8 cohorts treated with ICB including
HNSC, melanoma, bladder cancer, and gastric cancer (Fig. S8).
The prediction achieved by SigIQGAP3NW is better than several
published ICB biomarkers, including TMB (tumor mutational bur-
den), T.Clonality, and B.Clonality (Fig. S8). Of importance, SiglQ-
GAP3NW outperformed the most potent ICB biomarkers in
predicting resistance of melanoma to PD1 therapy in the
“Riadz2017_PD1_Melanoma_lpi.Naive” cohort (Fig. 9E). Compared
to RELT, SiglQGAP3NW displays a unique prediction towards HNSC
(head and neck squamous cell carcinoma) in the “Uppaluri2020_
PD1_HNSC_Post” cohort (comparing Fig. 9E and 9D, Fig. S8), sup-
porting the potential of SigIQGAP3NW as a novel ICB therapy bio-
marker. SiglQGAP3NW stratifies responders from non-responders
in melanoma and glioblastoma (Fig. 9F, G) and SigIQGAP3NW
was the only biomarker capable of this stratification in both data-
sets among a set of published ICB biomarkers (Fig. S9). Collectively,
evidence supports SigIQGAP3NW'’s biomarker potential in assess-
ing response to ICB therapy.

Discussion

As a late member of the IQGAP family, IQGAP3’s biology has yet
to be thoroughly investigated compared to the other two family
members. Notably, the oncogenic aspect of IQGAP1 and IQGAP2
but not IQGAP3 has been studied using knockout mice. Nonethe-
less, the association of IQGAP3 with poor prognosis in multiple
cancer types as well as its activities in promoting cancer cell prolif-
eration and xenograft formation have been reported (10). How-
ever, the network action underlying IQGAP3’s association with
cancer progression remains unclear.

Association of the IQGAP3 network with mitosis and the
implications of this association

We report the first comprehensive analysis for IQGAP3’s domi-
nant association with mitosis, chromosome segregation, and DNA
metabolism not only in PC but also across many cancer types
(Fig. 3A). The associations of IQGAP3 with genes involved in these
processes are at impressively high levels with Spearman R
approaching to or exceeding 0.9 (Fig. 2C; Fig. 3B, C). To our best
knowledge, these observations not only are novel but also possess
potential for clinical applications. Namely, with the FDA approved
PLK1 inhibitors (https://oncoheroes.com/press-releases-content/
2020/10/14/volasertib-a-potential-new-treatment-for-rhab-
domyosarcoma-receives-orphan-drug-designation-from-the-us-
fda) and the development of less toxic TOP2 inhibitors [63], it will
be intriguing to perform clinical trials on PC, ACC, ccRCC, pRCC, and
others with elevated IQGAP3 expression with either one or a com-
bination of both inhibitors. In this regard, we have recently
reported a correlation between OIP5 and PLK1 (Spearman
R = 0.64, p = 3.49e-34) in pRCC, and the PLK1 inhibitor BI2356
potently inhibited pRCC cells with OIP5 overexpression in the
development of xenograft tumors [64]. With much higher correla-
tions observed between IQGAP3 and PLK1 in PC and other cancers,
as well as the presence of OIP5 in SigIQGAP3NW, it is appealing to
examine the therapeutic potential of PLK1 inhibitor with and with-
out inhibition of TOP2A in treating cancers with elevated IQGAP3
expression or high SiglQGAP3NW score.
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Predictive potential of the IQGAP3 network towards prognosis and
response to ICB therapy

SigIQGAP3NW consists of genes regulating mitosis, chromo-
some segregation, and DNA metabolism, which recapitulates the
major features of IQGAP3 correlative genes in PC. In line with our
demonstrated conservation of these features across a spectrum of
cancer types, SigIQGAP3NW possesses effective prognostic values
towards OS in many cancer types (Fig. 5), despite the panel being
initially derived in the context of predicting PFS in PC. SiglQ-
GAP3NW predicts PC recurrence risk in the TCGA PanCancer data-
set at AUC of 0.7 (Fig. 4F) and PFS and OS at AUC > 0.7 in both
independent PC cohorts (Fig. 4F). A similar trend is observed for
additional cancer types including ACC, UVM, KIPR (pRCC), KIRC
(ccRCC), and others (Fig. 5A). The high level of robustness observed
warrants SigIQGAP3NW’s clinical potential as a prognostic biomar-
ker in multiple cancer types. This concept is supported by not only
SiglQGAP3NW-associated prediction of responses to ICB therapy in
multiple cohorts and cancer types (Fig. S8), but also its ability to
outperform several well-established ICB therapy biomarkers in
some cohorts during this process (Fig. 9E). As a component gene
of SiglQGAP3NW, RELT displays a novel association with multiple
immune checkpoints in PC and other cancer types (Fig. 9A;
Fig. S7), providing a rationale for RELT and SigIQGAP3NW as poten-
tial ICB biomarkers. As a single gene, RELT’s potency as a biomarker
of ICB therapy is novel and intriguing. Additionally, our observa-
tions are in accordance with its reported actions in activating the
NF-xB pathway [65] and RELT-derived negative impact on the
early phase of T-cell responses in animals [66].

Outlook: IQGAP3-related unknowns

The function of another SigIQGAP3NW component gene ZNF695
remains unknown (Table S4C). Given its high correlations (Spear-
man R > 0.6) with OIP5, KIF2C, CDC25C, and TPX2 (Fig. S5A), it is
tempting to suggest its potential roles in mitosis at least in PC. This
deserves a future investigation. While IQGAP3 is known to facili-
tate cell proliferation, its mechanisms in mitosis, chromosome seg-
regation, and DNA metabolism should also be further investigated.
This potential is particularly intriguing considering the high level
of conservation among IQGAP1, IQGAP2, and IQGAP3 [10]; the cell
membrane residence of both IQGAP1 and IQGAP2 in PC [40,67];
and the largely nuclear localization of IQGAP3 in PC observed in
this study (Fig. 1A, B). We noted a disparity between IQGAP3
mRNA and protein expression for its association with PC pathogen-
esis (Fig. 1); the mechanisms underlying this disparity remain
unknown. In addition to the small sample size used to analyze
IQGAP3 protein expression, other potential contributing factors
include possible reductions in IQGAP3 mRNA translation and rapid
IQGAP3 protein degradation in advanced PCs. Among these possi-
bilities, we believe the protein degradation possibility is more
likely. This is based on the current knowledge of IQGAP3 in pro-
moting tumorigenesis and the frequent scenarios of functional pro-
teins being dynamically degraded; this is particularly relevant to
proteins functioning in cell cycle progression including cyclins
and others. Given the major association of IQGAP3 with mitosis
observed in this study, it is tempting to suggest that IQGAP3 is
under dynamic degradation in advanced PCs. Nonetheless, this
possibility requires future investigation.

Outlook: Clinical potential of this research

PC is a highly heterogeneous disease even among human can-
cers; its heterogeneous nature along with PC’s high prevalence
underlines the reactive patient care being complex and high cost
[68]. Comprehensive management of PC has been recently recog-
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nized as 3PM: predictive, preventive, and personalized medicine
[69-71]. Should our capacity in risk prediction and PC treatment
(or personalized medicine) meet the clinical challenges, 3PM will
bring substantial benefits to patients and society (at least with
the reduction of economic burden). Although numerous PC
biomarkers, including serum-based cell-free nucleic acid [72], have
been reported, risk stratification for PC needs substantial improve-
ment. Future research on SigIQGAP3NW and its component gene
RELT may improve the current ability in predicting PC risk, progno-
sis for other cancers, and management of ICB therapy. Despite the
numerous options available for managing PC patients at different
stages, these therapeutic approaches are largely ineffective, partic-
ularly for advanced PCs. The association of IQGAP3 with PC pro-
gression and particularly its impressively high levels of
correlation with PLK1 and TOP2A in advanced PC highlight the
potential for future clinical efforts to examine this possibility using
PLK1 and TOP2A inhibitors, which are either approved by the FDA
or clinically available.

Conclusions

We have demonstrated a comprehensive association of IQGAP3
with PC and other human cancer types via its network actions in
mitosis and chromosome segregation. The impressively high corre-
lation levels of IQGAP3 with PLK1 and TOP2A in local PC, mCRPC
(the SU2C cohort), ACC, glioma, KIRP, KIRC, and other cancers pro-
vide a strong scenario for targeting either PLK1, TOP2A or the com-
bination of both in these cancers with elevated IQGAP3 expression.
In this regard, our study may revive the concept of targeting PLK1
in cancer therapy with FDA-approved inhibitors with one addi-
tional caveat: consideration for IQGAP3 expression. We con-
structed a multigene panel SigIQGAP3NW,; the panel correlates
with IQGAP3 expression, recapitulates the feature of the IQGAP3
network, and robustly predicts the recurrent risk in PC and poor
survival in multiple cancer types. SigIQGAP3NW is associated with
escaping immune surveillance not only in PC but also in ACC,
ccRCC, pRCC, THYM, and UVM. SiglQGAP3NW makes a unique con-
tribution to assessing responses to ICB therapy. As part of the anal-
ysis for IQGAP3-derived genes, we also identified RELT as a novel
and potent biomarker of ICB therapy. Collectively, our research
produced a platform to develop SiglQGAP3NW into a risk predic-
tion tool for PC and multiple cancer types and to launch clinical tri-
als on FDA-approved PLK1 inhibitors and the existing TOP2 cancer
therapy in PC.
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