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ABSTRACT

A helpful evaluation system is crucial for the postoperative prognosis prediction of clear cell renal cell
carcinoma (ccRCC) patients. This study determined the prognostic value of combining intratumoral
RASSF10 expression and tumor-associated macrophages (TAMs) with the established clinicopathological
indicators in ccRCC patients. RASSF10 expression was analyzed in ccRCC patient data from online
databases and ccRCC cell lines. Two independent ccRCC patient cohorts were employed to examine
the prognostic value of RASSF10 and other markers by immunohistochemistry (IHC) and statistical
analyses. We found that RASSF10 expression was downregulated in ccRCC specimens from the TCGA
datasets and three independent institutions. RASSF10 expression was negatively correlated with disease
progression and TAM infiltration in ccRCC. In addition, low RASSF10 expression and high TAM infiltration
predicted a high TNM stage, SSIGN score, WHO/ISUP grading, and a poor prognosis in two independent
ccRCC patient cohorts. Moreover, RASSF10, CD68 or CD163, TNM stage, and SSIGN score were identified
as independent risk factors in predicting ccRCC patients’ prognosis. Time-dependent c-index analyses
revealed that the combination of RASSF10 and TAMs resulted in a higher index than that resulting from
each alone in the postoperative prognosis of ccRCC patients, and the integration of RASSF10 and TAMs
with the TNM stage or SSIGN score achieved the best accuracy in assessing the prognosis of ccRCC
patients. These findings were validated in the randomized training, validation, and combined cohorts.
Taken together, the combination of the RASSF10-TAM classifier and current clinical parameters yields
superior accuracy in predicting the ccRCC patients’ postoperative outcome.
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Introduction

Kidney cancer is among the most common cancers world-
wide, with a high number of estimated new cases and deaths."
The most common pathological type of kidney cancer is clear
cell renal cell carcinoma (ccRCC).? Patients with localized
ccRCC are commonly treated with surgery, but the 5-year
overall survival rates are still poor.” Therefore, it is necessary
to identify helpful indicators for the risk stratification and
postoperative surveillance of ccRCC patients, which would
contribute to timely and effective clinical decision-making
and improve the prognosis of ccRCC patients.*

Currently, treatment decisions for ccRCC patients remain
heavily dependent on the tumor-node-metastasis (TNM) staging
system and clinicopathological parameters. However, these factors
are difficult to distinguish between different subgroups of ccRCC
patients for the development of personalized therapies.” Thus,
molecular indicators have been identified to evaluate the post-
operative prognosis of ccRCC patients. Many previous studies

have reported that elevated levels of oncogenes or decreased levels
of tumor suppressors predicted a poor prognosis in ccRCC
patients, but many of them serve as a single model that is inferior
in evaluating postoperative prognosis compared with multiple
integrated biomarkers.”” Integrated prognostic scoring systems,
including the University of California Los Angeles Integrated
Staging System and the Mayo Clinic stage, size, grade, and necrosis
score (SSIGN), have been developed,” and our previous study
demonstrated that the integration of gankyrin expression and
the established clinical indicators, such as TNM and SSIGN
score, presented better accuracy in the predicted prognosis of
RCC patients.®

Although the above studies are promising, additional valida-
tion and the clinical follow-up of patients are necessary in routine
clinical practice because these indicators are based only on ccRCC
tissues and are limited to these tissues. In fact, the relapse and
recurrence of ccRCC vary widely among patients and are influ-
enced not only by tumor factors but also by stromal cells.”'°
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Tumor-associated macrophages (TAMs), one of the important
components of the stroma, can be influenced by tumors and
facilitate the progression and metastasis of tumors."
Additionally, a recent study indicated that TAM-derived interleu-
kin-23 (IL-23) enhances regulatory T cell (Treg) functions in
glutamine-addicted tumors and promotes immune evasion.'”
Furthermore, CD163" TAMs are useful for assessing the clinical
prognosis of patients with ccRCC."> However, literature reporting
whether the combination of intratumoral biomarkers, stromal
markers, and the existing clinical parameters better predicts the
postoperative prognosis of ccRCC patients is lacking. Thus, this
study aimed to determine the prognostic value of the combination
of intratumoral ras association domain-containing protein 10
(RASSF10) expression and TAMs into the set of clinicopathologi-
cal indicators in patients with ccRCC.

RASSF10, a member of the ras association domain family,
acts as a tumor suppressor in various types of malignant tumors,
including lung cancer, hepatocellular carcinoma, breast cancer,
and esophageal squamous cell carcinoma.'*"” Mechanistically,
RASSF10 inhibits tumor proliferation and progression by acti-
vating the p53 signaling pathway or deregulating the JNK/c-Jun/
AP-1 pathway.'®'” Moreover, recent studies have demonstrated
that RASSF10 methylation is a potential docetaxel-resistant mar-
ker for human breast cancer and hepatocellular carcinoma,
suggesting that RASSF10 is also a potential therapeutic
target.'®** Additionally, RASSF10, which is usually downregu-
lated in tumor specimens, has been reported to be an indicator
for patients’ prognosis.”' The epigenetic silencing of RASSF10 is
usually observed in tumors, and its hypermethylation serves as
an independent prognostic factor in patients.””> However, the
expression and clinical significance of RASSF10 in ccRCC
patients remain unknown.

In this study, we aimed to investigate the clinical signifi-
cance of intratumoral RASSF10 expression and TAMs in
ccRCC progression and prognosis and determine the benefit
of combining the RASSF10-TAMs classifier with the existing
clinical indicators, namely, TNM stage and SSIGN scores, to
improve the accuracy of predicting postoperative prognosis of
ccRCC patients over that of reported means.

Materials and methods
Analysis of The Cancer Genome Atlas (TCGA)

TCGA data were first downloaded using the FirebrowseR package,
and the kidney renal clear cell carcinoma (KIRC) was selected
from the TCGA cohorts. Then, we filtered out the ccRCC samples
with barcodes and gene mRNA expression profiles. Gene expres-
sion profiles were then normalized using DESeq2 package, and
RASSF10 expression was compared firstly between 479 tumor
samples and 72 normal samples and was also compared in 62
paired samples. Wilcox test was used to compare the expression of
RASSF10 between ccRCC and paracancerous tissues.

Patients and samples

A total of 375 paired ccRCC tissues and adjacent tissues of patients
from three clinical centers (cohort 1, n = 110, Fudan University
Shanghai Cancer Center, Shanghai, China; cohort 2, n = 143,

Changhai Hospital, Shanghai, China; cohort 3, n = 122, Yijishan
Hospital, Wuhu, China) were used to detect RASSF10 expression
in ccRCC in the present study. Among the patients, cohort 1 and
cohort 2 of ccRCC patients who were pathologically diagnosed
between 2010 and 2013 were employed for this study to examine
the prognostic value of RASSF10, TAMs and other markers. Two
pathologists were blinded to the clinicopathological data and
scored all samples independently. Another 55 paired ccRCC
specimens were used for real-time PCR, and 20 paired ccRCC
samples were used for Western blot assays. This study followed
the recommendations from prognostic studies on tumor biomar-
kers (REMARK).>® The clinical data of ccRCC patients such as
age, gender, World Health Organization/International Society of
Urological Pathology grading system (WHO/ISUP grading),**
TNM stage, and SSIGN score are summarized in Supplementary
Table S1. Furthermore, the two cohorts of ccRCC patients were
randomly divided in a 1:1 ratio into a training set (n=126) and
a validation set (n=127). The primary outcomes were overall
survival (OS) and progression-free survival (PES). OS is the dura-
tion of follow-up from surgery to the date of death or last clinic
visit, and PES is the duration of follow-up from surgery to the data
of disease progression identified by MRI, CT or ECT, or last clinic
visit. All experiments were approved by the institutional ethical
review board of each hospital, and written informed consent was
obtained from all ccRCC patients.

Real-time PCR

The Real-time PCR assays were carried out as described in our
previous study.*” Briefly, total RNA from different cell lines and
human tissues was extracted using TRIzol reagent (Gibco,
15596018). The cDNA was synthesized using the PrimeScript
One Step RT reagent Kit (Takara, RR064A) following the manu-
facturer’s instructions. Quantitative RT-PCR was performed using
a StepOnePlus Real-Time PCR System (Applied Biosystems) and
SYBR Green Real-Time PCR Master Mix (Toyobo, QPK201). All
results were normalized to the expression of glyceraldehyde
3-phosphate dehydrogenase (GAPDH). The fold change relative
to the mean value was determined by the 27**“" method. The
primer sequences were as follows: RASSF10 (forward primer, 5'-
TCGTCCTGTTCGTCCACTTCGT-3', and reverse primer, 5'-
CAGATGCACCAGCGTCTCCATG-3") and GAPDH (forward
primer, 5-TGGCACCGTCAAGGCTGAGAA-3', and reverse
primer, 5-TGGTGAAGACGCCAGTGGACTC-3).

Western blot analysis

Western blot was performed as previously reported.” Briefly,
whole cell extracts or ccRCC tumor specimens were prepared
in RIPA lysis buffer and centrifuged at 12,000 g for 15 min-
utes. Protein concentrations were measured using the Pierce
BCA Protein Assay Kit (Thermo Scientific). Immunoblotting
was performed using specific primary antibodies, and immu-
nocomplexes were incubated with the corresponding fluores-
cein-conjugated secondary antibody and then detected using
the Amersham Imager 600 (General Electric Company). The
primary antibodies used were rabbit anti-RASSF10 antibody
(PA5-48377, Thermo Fisher) and rabbit anti-GAPDH anti-
body (2118S, Cell Signaling Technology). The secondary



antibodies were anti-rabbit IgG HRP-linked antibodies
(70748, Cell Signaling Technology).

Immunohistochemistry (IHC)

The THC assay was performed as previously reported.”” Briefly,
all ccRCC tissues were fixed in 4% methanol and embedded in
paraffin, and then cut into 5-pm-thick sections. Deparaffinization
and rehydration was according to routine methods, and antigen
recovery was performed in heated citrate buffer (pH 6.0) or EDTA
buffer (PH 8.0) for 30 min. The tissue microarray slides were then
incubated with the UltraSensitive SP (Mouse/Rabbit) IHC Kit
(KIT-9710, Maixin Biotechnologies), which contains endogenous
peroxidase blockers, normal animal nonimmune serum, a biotin-
labeled second antibody, and streptomyces antibiotic protein-
eroxidase. Specifically, endogenous peroxidases were blocked in
each slide by incubating the slides with endogenous peroxidase
blockers for 30 minutes, and nonspecific binding sites were
blocked with normal animal nonimmune serum for 20 minutes.
The following primary antibodies were used in the incubation at 4°
C overnight: rabbit anti-RASSF10 antibody (1:200, PA5-48377,
Thermo Fisher) or rabbit anti-RASSF10 antibody (1:200,
ab113105, Abcam), rabbit IgG antibody (1:200, Cell Signaling
Technology), mouse anti-CD68 (1:200, ab53444, Abcam), rabbit
anti-CD163 antibody (1:100, ab189915, Abcam), mouse anti-
FOXP3 (1:200, ab2004, Abcam,), rabbit anti-alpha smooth muscle
actin (a-SMA, 1:200, ab5694, Abcam), and rabbit anti-CD8 (1:200,
ab4055, Abcam). Then, the slides were incubated with a biotin-
labeled secondary antibody and streptomyces antibiotic protein-
eroxidase for 30 minutes separately. Diaminobenzidine (DAB)
(DAB-2031, Maixin Biotechnologies) staining was applied. Then,
the sections were counterstained with hematoxylin, and quantified
by two independent investigators in a double-blinded manner.
RASSF10 staining was scored by the H-score, which was generated
by the fraction of each component observed in the tissue sections
(as calculated as the intensity score [range 0-3] multiplied by the
percentage of positive cells [range 0-300]), as described in our
previous study.’ Briefly, the whole slide was first observed under
alow-power microscope (x40 or x100 magnification). Then, three
randomly representative fields of view were selected under a high-
power microscope (x200 magnification) and scored according to
the previous grading method. Subsequently, the mean value was
calculated. For the immune cells, the whole slide was also first
observed at x40 or X100 magnification magnification. Then, three
randomly representative areas of the tumor were evaluated at x200
magnification to score the density of stained stromal immune cells.
Finally, the mean value was calculated. The total cell count was
defined as the number of nucleated stained cells per field and is
presented as the density (cells/mm?).*®

Cell culture

The ccRCC cell lines and renal cell lines used in the present
study were obtained from the Cell Bank of the Type Culture
Collection of the Chinese Academy of Sciences in 2018. HK-2
cells were maintained in high-glucose Dulbecco’s Modified
Eagle’s Medium (DMEM) (Gibco, 11995-065). ACHN cells
were cultured in Minimum Essential Medium (Gibco,
11095-080), and 786-O, 769-P and OS-RC-2 cells were
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maintained in RPMI-1640 medium (Gibco, 22400-089). The
culture media of all cell lines were supplemented with fetal
bovine serum (FBS, 10%, Gibco) and 1% penicillin/strepto-
mycin (Gibco). ccRCC cell lines were cultured at 37°C in 5%
Co,. Sunitinib- and pazopanib-resistant 786-O cell lines were
maintained in RPMI-1640 medium supplemented with 10%
(v/v) FBS and 10 pM sunitinib or 8 pM pazopanib. All cell
lines in the present study were authenticated by short tandem
repeat (STR) profiling and examined for mycoplasma con-
tamination using a Mycoplasma Detection Kit (Selleck
Chemicals), and the most recent tests were conducted in
June 2019. All cell lines used in the study were cultured within
40 passages.

Cell proliferation assays

Cell proliferation assays were performed as previously
reported.”” Briefly, the proliferation of pazopanib-resistant
and naive 786-O cells under the indicated conditions was
evaluated using a Cell Counting Kit-8 (CCK-8) assay
(Dojindo). A total of 1000 viable cells were seeded in triplicate
in 96-well plates. At the indicated time points, each well was
mixed with 10 pl CCK-8 and maintained for another 1 hour.
Then, the OD values were measured using a microplate reader
(BioTek-ELx800) at an absorbance of 450 nm. The prolifera-
tion rates are presented as a proportion of the control value,
which was obtained from the treatment-free groups.

Statistical analysis

Numerical data are expressed as the means + standard devia-
tion (SD). Statistical differences between variables were ana-
lyzed by a two-tailed Wilcoxon test. Survival curves were
plotted using the Kaplan-Meier method and compared via
log-rank analysis. Variables with p values < .1 in the univari-
ate analysis were included in the multivariate Cox propor-
tional hazards analysis. Differences were considered
significant at p < .05. Time-dependent receiver operating
characteristic (ROC) analysis was used to determine the cutoff
value of the H-score of RASSF10 and CD68 with the “survival
ROC” package, R software 3.4.4. The time-dependent AUC
was computed with the “time ROC” package. The prognostic
accuracy of the RASSF10-CD68 classifier and other prognos-
tic indicators was assessed by Harrell's concordance index
(c-index). All experiments were performed independently at
least three times. All the analyses were performed using
GraphPad Prism 5 software (GraphPad Software, Inc.), SPSS
17.0 (IBM Corporation) software, and R software (ver-
sion 3.5.3).

Results

RASSF10 expression is downregulated in human ccRCC
specimens and negatively associated with malignant
features and targeted drug resistance of ccRCC

To determine the expression level of RASSF10 in human ccRCC
specimens, available databases from TCGA were first analyzed.
As shown in Figure 1(a,b), the mRNA expression of RASSF10



e1736793-4 C. WANG ET AL.

a KIRC-TCGA b KIRC-TCGA c = RASSF10
s 8 *kk
° Kk k ) Fkk »
T L6 g 4
n 6 73 5T
2 ¢ 52
g, g4 <83
5 5 3
o 2 o2 €32
9 8 0o b
o o > g
o0 90 = 2 1 | ———
N N EeaeSa] = o
Normal Tumor Normal Tumor & 0!
(n=72)  (n=479) Paired (n=62) Normal Tumor
Paired (n=55)
d e RASSF10 decore
RASSF10 5
Kk §
1.0 w| S0
S 3| & RASSF10
T - 3
> o
=)
g5 T
i
o5 0.5
Sz .
=) o
© = E
2 i
%[ &
0.0- T g%
Normal Tumor S| o
n=20 g
=
RASSF10
S 12 —
2T 10 E
]
2 g 08 .
%< S
¥ O 06 S
0T »
29 04 e
8~ 02
]
R R Stage I-Il Stage III-IV
& A R A tage |-l Stage Ill-|
T n=344 n=31
WHO/ISUP Grading
Grade | Grade Ill RASSF10
200x 20
e
o
o
»
e T
@
2 O
© Grade |-l Grade llI-IV
H-score 270 0 n=256 n=119
' i
RASSF10 c  1s RASSF10
5 15 786-0 s " - 786-0
.% 5 : 786-O+sunitinib 5 ymol/ml-3 days ' ﬁl B 786-O+pazopanib 4 umol/mi-3 days
D 5 = 786-O+sunitinib 5 pmol/ml-5 days g o B 786-O+pazopanib 4 ymol/ml-5 days
[ 1.0 =3 786-O+sunitinib 10 pmol/ml-3 days = % 1.0- =3 786-O+pazopanib 8 pmol/ml-3 days
o g - =3 786-O+sunitinib 10 pmol/ml-5 days % < 3 786-O+pazopanib 8 pmol/ml-5 days
56 I 786-O-SR ©© [ 786-O-PR
0T 2 3 os.
=05 >
28 £
© ©
© 00 x 00
Sunitinib Pazopanib

Figure 1. RASSF10 expression is downregulated in human ccRCC specimens and negatively associated with the malignant features and targeted drug resistance of ccRCC.
(), The mRNA expression of RASSF10 in ccRCC specimens (n = 479) and normal renal tissues (n = 72) was analyzed using the TCGA database. The z-score of RASSF10 was
determined to compare the expression differences (***p < .001; Wilcoxon test). (b), The mRNA expression of RASSF10 was detected in ccRCC specimens and the matched
paracancerous tissues (n = 62) from the TCGA database. The z-score of RASSF10 was calculated to compare the expression differences. (c), The mRNA expression of RASSF10
was analyzed by real-time PCR in paired ccRCC samples and adjacent renal tissues (n = 55; 45/55) (***p < .001; Wilcoxon test). (d), The protein expression of RASSF10 in the
matched ccRCC specimens and paracancerous tissues was determined by Western blot assays (n = 20; 17/20) (**p < .01; Wilcoxon test). (e), The IHC assay was performed in
ccRCC to detect RASSF10 expression (n = 375; the different scale bars have been shown on the images). Representative images of hematoxylin and eosin (H&E) and IHC
staining are presented. The H-score was analyzed to compare the expression of RASSF10 in the matched ccRCC specimens with that in normal renal tissues, which is shown
in the statistical chart (***p < .001; Wilcoxon test). (f), The mRNA expression of RASSF10 was determined by real-time PCR in normal renal cell lines (HK-2) and ccRCC cell lines
(OS-RC-2, 769-P, 786-0, and ACHN). (g-h), Representative H&E and IHC staining and statistical charts for RASSF10 in different comparative groups ((g), TNM stage; h, WHO/
ISUP grading) are presented (the different scale bars have been shown on the images). (i—j), Real-time PCR assays were performed to detect RASSF10 expression in sunitinib-
and pazopanib-treated and -resistant ccRCC cell lines (786-0-SR and 786-O-PR) compared with that in naive 786-0 cells. All p values are defined as *p < .05, **p < .01 and
***p < .001, and the values are presented as the means + SD.
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Figure 2. Low RASSF10 expression indicates a higher TNM stage, SSIGN score, WHO/ISUP grading, and worse survival of ccRCC patients. (a), Representative images of
H&E and IHC staining of RASSF10 in ccRCC specimens from cohort 1 are shown (the different scale bars have been shown on the images). (b), A time-dependent ROC
analysis was used to investigate the optimal H-score cutoff value of RASSF10 in cohort 1 (n = 110). (c-h), Kaplan-Meier analyses of ccRCC patients’ OS and PFS were
performed in cohort 1 (n = 110; ¢, d), cohort 2 (n = 143; (e,f)) and the combined cohort (n = 253; (g,h)) (p value: log-rank test). All p values are defined as *p < .05,

**p < .01 and ***p < .001.

was lower in most ccRCC specimens than in nontumor renal
tissues (both p <.001). To validate these findings, real-time PCR
was performed in 55 paired ccRCC specimens and their matched
adjacent renal tissues, and the results demonstrated that most
ccRCC tissues exhibited lower mRNA expression of RASSF10
(45/55; p < .001) (Figure 1(c)). Western blotting was also used to
determine the protein expression of RASSF10 in 20 paired
ccRCC tissues and matched normal tissues, and consistent
with the above results, RASSF10 protein expression was also
decreased in most ccRCC samples (17/20; p < .01) (Figure 1(d);
Supplementary Figure Sla). Moreover, an IHC assay was con-
ducted in ccRCC patients (n = 375) from three independent
clinical centers, and as expected, most ccRCC specimens showed
lower RASSF10 expression than the paired adjacent tissues
(329/375; p < .001) (Figure 1(e)), which was determined by the
H-score (see Materials and Methods). The IgG antibody was also
performed in c¢ccRCC samples as the negative control for

RASSF10 staining (Supplementary Figure S1b). In addition, the
real-time PCR results indicated that the mRNA expression level
of RASSF10 was lower in various types of ccRCC cell lines than
in normal renal cell lines (HK-2) (Figure 1(f)). Therefore,
RASSF10 expression is commonly downregulated in human
ccRCC.

We next examined whether the expression of RASSF10 was
associated with the aggressive features of ccRCC. First, an ITHC
assay was carried out in ccRCC patients (n = 375), and lower
RASSF10 expression was observed in samples from ccRCC speci-
mens with a higher TNM stage, WHO/ISUP grading, and SSIGN
score (Figure 1(g,h), Supplementary Figure Slc). Given that suni-
tinib and pazopanib are both first-line targeted drugs in treating
advanced or metastatic ccRCC patients in the clinic,> we also
detected RASSF10 expression in sunitinib- and pazopanib-treated
and -resistant ccRCC cell lines (786-O-SR® and 786-O-PR,
Supplementary Figure S1d). As shown in the real-time PCR
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Table 1. The correlation between RASSF10 expression and clinicopathologic
characteristics of patients with clear cell renal cell carcinoma in cohort 1
(n =110).

RASSF10
Low expression  High expression ~ Sum p*
Characteristic (n = 30) (n = 80) (110) value
Age 0.169
<60 16 31 47
=60 14 49 63
Gender 0.886
Male 24 63 87
Female 6 17 23
WHO/ISUP Grading <0.001
-1l 7 61 68
-1 23 19 42
TNM stage 0.010*
-1l 24 77 101
Il 6 3 9
SSIGN 0.012*
0-4 25 78 103
=5 5 2 7
CD68 0.001
Low 16 67 83
High 14 13 27

*Statistical significance was calculated by chi-square test or fisher's exact test for
categorical/binary measures

assay, RASSF10 expression was lower not only in sunitinib- and
pazopanib-treated 786-O cells but also in 786-O-SR and 786-O-PR
cells than in their respective naive 786-O cells (Figure 1(i,j)). These
results demonstrate that decreased RASSF10 expression is
observed in most ccRCC specimens and predicts malignant fea-
tures and targeted drug resistance of ccRCC.

Low RASSF10 expression indicates a higher TNM stage,
SSIGN score, WHO/ISUP grading, and worse survival of
ccRCC patients

To further examine whether RASSF10 serves as a putative
biomarker of ccRCC patients’ prognosis, two independent
cohorts of ccRCC patients (cohort 1, n = 110; cohort 2,
n = 143) were employed, and their clinicopathological char-
acteristics are listed in Supplementary Table S1. Then, IHC
assays were carried out to examine the expression of RASSF10
in ccRCC specimens and to determine the optimal cutoff
values for dividing patients in cohort 1 into low and high
RASSF10 expression groups (Figure 2(a,b)). By performing
a time-dependent ROC analysis using the 5-year OS as the
end point, the best cutoff value was 80, with an AUC of 0.839
(Figure 2(b)). As shown in Table 1, the RASSF10'" group in
cohort 1 exhibited a higher WHO/ISUP grading (p < .001),
TNM stage (p = .01), and SSIGN score (p = .012) compared
with the RASSF10"™8" subgroup. Furthermore, the Kaplan-
Meier survival analysis demonstrated that the RASSF10""
subgroup presented worse OS (p < .001) and PFS (p < .001)
than the RASSF10Msh subgroup (Figure 2(c,d)). Moreover,
another cohort (cohort 2) or the combined cohort was ana-
lyzed using the cutoff value derived from cohort 1, and,
similarly, the RASSF10™" subgroup presented a higher
WHO/ISUP grading, TNM stage, SSIGN score, and worse
OS and PFS than their counterparts (Supplementary Table
S2-3; Figure 2(e-h)). In addition, another RASSF10 antibody

demonstrated similar findings as above (Supplementary Table
S4-6; Supplementary Figure S2a-h).

To further validate the above results, the two cohorts of
ccRCC patients were merged and randomly divided into
a training cohort (n = 126) and a validation cohort (n = 127)
in a 1:1 ratio (Supplementary Table S1). As shown in
Supplementary Table S7 and Supplementary Figure S2i-j, low
expression levels of RASSF10 predicted a higher WHO/ISUP
grading (p = .003), TNM stage (p =.011), SSIGN score (p = .01),
and worse OS (p <.001) and PFS (p < .001) of ccRCC patients in
the training cohort than their counterparts, which was also
confirmed in the validation cohort (Supplementary Table S8;
Supplementary Figure S2k-1). Therefore, RASSF10 expression is
a helpful indicator for predicting ccRCC patients’ prognosis.

Intratumoral RASSF10 expression is negatively correlated
with TAM infiltration and indicative of ccRCC patients’
prognosis

Tumor progression is attributed not only to intratumoral
signaling pathways but also to the interaction between
tumor cells and tumor-infiltrating immune cells (TIICs).*®
This finding prompted us to examine whether intratumoral
RASSF10 expression is associated with TIIC markers in
ccRCC specimens. IHC was performed to detect the markers
of several common TIICs, including CD68 or CD163 (TAMs),
a-SMA (cancer-associated fibroblasts, CAFs), CD8 (cytotoxic
T lymphocytes, CTLs), and FOXP3 (regulatory T cells,
Tregs),”® in ccRCC specimens (Figure 3(a); Supplementary
Figure S3a-h). The correlation analysis showed that there
was no correlation between RASSF10 expression and TIICs,
except for the inverse correlation between RASSF10 and
CD68 or CD163 (TAMs) in ccRCC samples (Figure 3(b);
Supplementary Figure S3a-h).

Given that recent studies have shown that combined
biomarkers exhibit superiority in evaluating ccRCC patients’
outcomes, we next determined whether integrating RASSF10
expression and TAMs could be helpful for assessing
disease progression and prognosis in ccRCC patients
(Supplementary Figure S3i). First, the optimal cutoff value of
RASSF10 and CD68 for dividing ccRCC patients in cohort 1
was determined by a time-dependent ROC analysis (Figures 2
(b) and 3(c)). Then, cohort 1 of ccRCC patients was divided
into four groups: RASSF10™¢"CD68"", RASSF10"°*CD68"",
RASSF10™¢"CD68"¢", and RASSF10'°VCD68"8" (Table 2). As
shown in Figure 3(d,e) and Table 2, patients with low
RASSF10 expression and high CD68 expression exhibited
not only a higher WHO/ISUP grading (p < .001), TNM
stage (p = .013), and SSIGN score (p = .024) but also worse
OS (p < .001) and PES (p < .001). Furthermore, these findings
were confirmed in ccRCC patients from cohort 2 and the
combined cohort (Figure 3(f-i); Supplementary Table S9-10).
In addition, repeated the analysis with another RASSF10 anti-
body showed similar results as above (Supplementary Figure
S3j-0; Supplementary Table S11-13). Furthermore, integrating
RASSF10 expression and CD163 also predicted disease pro-
gression and prognosis in ¢ccRCC patients (Supplementary
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Figure 3. Intratumoral RASSF10 expression is negatively correlated with TAM infiltration and indicative of ccRCC patients’ prognosis. (a), Representative images of H&E and
IHC staining of RASSF10 and CD68 in ccRCC tissues from cohort 1 are presented (the different scale bars have been shown on the images). (b), Results of the correlation
analysis between the H-scores of RASSF10 and CD68 in the ccRCC samples are shown (n = 253). (c), A time-dependent ROC analysis was employed to detect the optimal
H-score cutoff value of CD68 in cohort 1 (n = 110). (d-i), Kaplan-Meier analyses of OS and PFS in ccRCC patients were performed in cohort 1 (n=110; (d,e)), cohort 2 (n = 143;
(f.9)), and the combined cohort (n = 253; (h,i)) (p value: log-rank test). All p values are defined as *p < .05, **p < .01 and ***p < .001.

Figure S3p-v; Supplementary Table S14-16). Moreover, simi-
lar results were also observed in the randomized training and
validation =~ cohorts  (Supplementary  Figure  S3w-z;
Supplementary Table S17-18). These findings indicate that
the combination of RASSF10 expression and TAM infiltration
predicts disease progression and prognosis in ccRCC patients.

RASSF10 and TAMs are independent risk factors for
predicting OS and PFS in ccRCC patients

To further determine the prognostic value of RASSF10 and TAMs
in assessing the survival of ccRCC patients, univariate and

multivariate Cox regression analyses were performed to determine
whether RASSF10 and TAMs were independent risk factors for
evaluating OS and PFS in ccRCC patients. Even after multivariable
adjustment (including age, gender, WHO/ISUP grading, TNM
stage, SSIGN score, RASSF10, and CD68 or CD163), RASSF10,
CD68 or CD163, TNM stage, and SSIGN score were identified as
independent risk factors for the prognosis of ccRCC patients in
both cohort 1, cohort 2, and the combined cohort (Table 3;
Supplementary Tables S19-23). Additionally, the univariate and
multivariate Cox regression analyses performed in the randomized
training and validation cohorts confirmed these findings
(Supplementary Tables S24-25). The findings were also observed
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Table 2. The correlation between expressions of RASSF10, CD68 and clinicopathologic
characteristics of patients with clear cell renal cell carcinoma in cohort 1 (n = 110).

RASSF10/CD68 expression

RASSF10'" RASSF10M9P RASSF10'™" RASSF10Mah

D68 (D68  (Des"d" (D68 sum  p*
Characteristic  (n = 16) (n = 67) (n=14) (n=13) (110)  value
Age 0.211
<60 10 24 6 7 47
>60 6 43 8 6 63
Gender 0.405
Male 14 51 10 12 87
Female 2 16 4 1 23
WHO/ISUP <0.001*
Grading
1=l 2 52 5 9 68
-1V 14 15 9 4 42
TNM stage 0.013*
1=l 13 66 11 11 101
1] 3 1 3 2 9
SSIGN 0.024*
0-4 12 66 13 12 103
>5 4 1 1 1 7

*Statistical significance was calculated by chi-square test or fisher's exact test for
categorical/binary measures and ANOVA for continuous measures.

using another RASSF10 antibody; thus, validating the above
results (Supplementary Tables S26-28). These results demonstrate
that RASSF10 and TAMs are independent risk factors for ccRCC
patients’ prognosis.

RASSF10 and the TAM-based classifier serve as a more
accurate evaluation method for the prognosis of ccRCC
patients

Our study as well as previous studies have demonstrated that
integrated biomarkers or combined intratumoral biomarkers and
the existing clinical indicators exhibit better accuracy in predicting
the prognosis of ccRCC patients.>*> Thus, we next examined
whether combining the RASSF10-TAM-based classifier and the
clinical indicators (TNM stage and SSIGN score) yielded better
accuracy in predicting ccRCC patients’ prognosis compared with
that of any one of the indicators alone. A time-dependent c-index
analysis was also performed in cohort 1. As expected, the RASSF10-
CD68 (or CD163)-based classifier showed better accuracy in pre-
dicting the postoperative OS and PES of ccRCC patients, in contrast
to that of RASSF10, CD68 or CD163, or any one of the clinical
indicators alone (Table 4; Supplementary Tables S29). Furthermore,
the combination of the RASSF10-CD68 (or CD163)-based classifier
and the clinical indicators TNM stage or SSIGN score presented the
best prediction accuracy of ccRCC patients’ prognosis (Table 4;
Supplementary Tables S29), which was further validated in cohort 2
and the combined cohort (Supplementary Tables S29-30), and
confirmed by using another RASSF10 antibody (Supplementary
Tables S31). Moreover, these results were further validated in the
randomized training cohort and validation cohort (Supplementary
Tables S30). In summary, more accurate prognostic accuracy for
ccRCC patients” prognosis can be achieved by combining the
RASSF10-CD68-based classifier with the current clinical indicators.

Discussion

Although many studies have demonstrated prognostic biomarkers
for ccRCC patients, most of them are single biomarkers that may

not accurately predict the progression and prognosis of ccRCC
patients. In addition, intratumoral biomarkers seem to be inade-
quate to comprehensively reflect tumor heterogeneity, while the
tumor microenvironment should simultaneously be given more
attention.® Accordingly, the present study not only assessed the
expression and prognostic value of the novel biomarker RASSF10
in ccRCC but also examined its correlation with common immune
cells (e.g., TAMs, CAFs, Treg, and CTLs) in the microenvironment
and compared the prognostic value and accuracy of RASSF10 with
TAMs and the existing clinical indicators in ¢ccRCC patients. We
conclude that RASSF10 expression is negatively associated with
disease progression, OS, PFS, and the infiltration of TAMs.
RASSF10, TAMs, TNM stage, and SSIGN score are independent
prognostic factors for ccRCC patients. Moreover, the combination
of RASSF10 and TAMs resulted in a higher index than that of each
alone in the postoperative prognosis of ccRCC patients, and the
integration of RASSF10 and TAMs with the TNM stage or SSIGN
score resulted in better accuracy in predicting the prognosis of
ccRCC patients.

RASSF10 has been shown to serve as a tumor suppressor in
many types of cancers, including glioma, colorectal cancer,
and childhood leukemias.>®>* In addition, RASSF10 is
a useful prognostic indicator for evaluating the prognosis of
tumor patients.”’ The methylation and downregulation of
RASSF10 could be associated with an advanced tumor stage
and an advanced age of patients with prostate cancer.’
However, whether RASSF10 is also downregulated in ccRCC
and could be a prognostic indicator for ccRCC patient prog-
nosis remains unknown. Thus, we first analyzed the mRNA
expression level of RASSF10 in ccRCC specimens (n = 551)
through the online TCGA datasets, which demonstrated that
most ccRCC tissues exhibited lower RASSF10 expression than
the adjacent renal tissues. The same results were also observed
in ccRCC samples (n = 375) from our institutions.
Additionally, low RASSF10 expression predicted a higher
TNM stage, SSIGN score, and WHO/ISUP grading and
worse survival of ccRCC patients. Therefore, a negative cor-
relation between RASSF10 expression and the prognosis of



P Value

Progression free survival
Multivariate
HR (95% Cl)
0.28

P Value

Univariate

HR (95% CI)
0.58 (0.216-1.558)

P Value

Multivariate

HR (95% Cl)

Overall survival
Univariate
P Value
0.256

HR (95% Cl)
0.564 (0.21-1.515)

Table 3. Univariate and multivariate cox regression analysis of RASSF10, CD68 and clinicopathologic characteristics with overall survival and progression-free survival in cohort 1 (n = 110).

Age (<60y vs >60y)

Characteristics
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%558 ccRCC patients was observed in our study, which is similar to
=== the RASSF10 correlations in many other tumor types.
v Most previous studies have focused only on intratumoral
signaling pathways and searched for many tumor biomarkers
s for ccRCC. In fact, carcinogenesis, tumor progression and
g 2 § g R metastasis also largely depend on the tumor microenvironment,
NePox which includes inflammatory cells, immune cells, and their
5 R § § § secreted factors.>* Additionally, biomarkers from the microen-
ScdSe vironment could better predict tumor heterogeneity and the
3 a2 r% = disease diversity of patients.”> A recent study demonstrated
CmEowm that tumor-infiltrating immune cells, including CD8" T cells,
Tregs and macrophages, were important determinants of ccRCC
patients’ prognosis and could be used as potential targets for
8 § 888 g immunotherapy.’® Among the tumor-infiltrating immune cells
°eeQ9T° in the tumor microenvironment, tumor-associated macrophages
promote ccRCC progression and metastasis.”” In addition,
TAMs have served as a helpful indicator for the prediction of
~G @ g =0 the outcome of ccRCC patients.38 However, whether the combi-
BYSYTM nation of intratumoral biomarkers and the indicators from the
T3 é A ; microenvironment, including TAMs, is more accurate in evalu-
% cw3g = ating patient prognosis should be examined in ccRCC patients.
3% % RSB Thus, we next examined whether RASSF10 expression was
TN¥Msd associated with tumor-infiltrating immune cells. The correla-
tion analysis revealed that RASSF10 expression was negatively
associated with CD68" TAMs in human ccRCC specimens
8888 from a total of 253 patients in two independent clinical
cegss centers, while there was no significant correlation between
RASSF10 and other immune cells (e.g., CTLs, Tregs, or
CAFs) in ccRCC. Furthermore, after multivariable adjustment
ex8am for the clinical variables that were examined in the multi-
Ngage variate analysis, RASSF10 and TAMs were identified as inde-
T ég pendent risk factors for predicting the prognosis of ccRCC
s a . g 2 patients.
gong § A potential association between RASSF10 and TAMs in
SmmoS a reverse manner was suggested by the data but not the physical
basis was not addressed in this study. We speculate that one of
the possibilities is that TAMs themselves, but not T cells, also
E g § § é § express RASSF10, which, when overexllnressed, has been shown
Seseso to inhibit cell migration and invasion.'>*” In other words, the
TAM:s observed in ccRCC tissues may have been “pre-selected”
for low RASSF10 expression with increased migratory ability
cnBfam and invasiveness to percolate the tumor stroma. Alternatively,
NS E the downregulation of RASSF10 in ccRCC may cell-intrinsically
; ;:i :_j g ; T result in selective upregulation of TAM-attracting chemokines
NenNRI & but not of the T cell-attracting counterparts. Based on the
E:jg;gi relative looseness of the RASSF10-TAM association we
N8msn observed (Figure 3(b)), it is more likely that TAMs are not
T exclusively regulated by the RASSF10 status.
F TE‘A Table 4. C-index analysis of the prognostic accuracy of RASSF10, CD68 and other
s i '5\ variables for overall survival and progression-free survival in cohort 1.
:g:i % E . Overall survival Progression-free survival
gi'ﬁ* gé C-index (95% Cl) Cohort 1 (n = 110) Cohort 1 (n = 110)
LECHGC TNM stage 0.698 (0.669 ~ 0.727)  0.697 (0.667 ~ 0.727)
237 g g5 SSIGN 0.663 (0.636 ~ 0.689)  0.661 (0.634 ~ 0.689)
=D 9 RASSF10 0.811 (0.738 ~ 0.883)  0.814 (0.741 ~ 0.888)
25513 CD68 0.776 (0.704 ~ 0.849)  0.770 (0.697 ~ 0.843)
g g k4 ; E ; RASSF10+CD68 0.886 (0.812 ~ 0.959)  0.880 (0.806 ~ 0.954)
ST % g 2 x RASSF10+CD68+TNM stage 0.938 (0.865 ~ 1.000)  0.941 (0.867 ~ 1.000)
O=SFHhxO RASSF10+CD68+SSIGN 0.928 (0.854 ~ 1.000)  0.927 (0.853 ~ 1.000)




e1736793-10 (&) C. WANG ET AL.

Moreover, in contrast to any single variable (e.g., RASSF10,
TAMs, TNM stage, and SSIGN classifier), the integrated sys-
tem model (RASSF10-TAMs-TNM stage or SSIGN) exhibited
a better prognostic value for predicting the prognosis of
ccRCC patients. To avoid a potential selection bias in the
recruitment and group division of ccRCC patients, our find-
ings were examined not only in cohort 1 and cohort 2 but also
in the randomized training and validation sets. Although our
study indicates the value of combining RASSF10-TAMs-TNM
stage or SSIGN score to better predict the prognosis of ccRCC
patients, further clinical validation with more, larger cohorts
should be performed to confirm the postoperative value of the
classifier model. In addition, whether RASSF10 serves as
a tumor suppressor in ccRCC through regulating the interac-
tion of ccRCC and TAMs should be explored in depth in
future work.

Abbreviation

AUC area under the curve

C-index concordance index

CAFs cancer-associated fibroblasts

ccRCC Clear cell renal cell carcinoma

CSC cancer stem-like cell

CTLs cytotoxic T cells

H&E hematoxylin and eosin

IHC immunohistochemistry

NK cells natural killer cells

(6N} overall survival; PFS: progression-free survival.
RASSF10 ras association domain-containing protein 10
ROC receiver operating characteristics

SSIGN Stage Size Grade and Necrosis

TAMs tumor-associated macrophages

TCGA The Cancer Genome Atlas

TME tumor microenvironment

TNM tumor node metastasis

Tregs regulatory T cells

WHO/ISUP grading World Health Organization/International Society

of Urological Pathology grading
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