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ARTICLE INFO ABSTRACT

Keywords: Studies on the mechanism of clear cell renal cell carcinoma (ccRCC) progression are lacking. In this study, TOX3
TOX3 was identified as a novel cancer suppressor gene in ccRCC. Hypermethylation of CpG probes in the promoter
Cl?ar CF“ renal cell carcinoma (ccRCC) region was associated with the functional loss of TOX3 in ccRCC cancer tissues. Downregulation of TOX3 mRNA
xiir:igsn was strongly associated with poor clinical outcomes in ccRCC. Immunohistochemistry confirmed TOX3 was

downregulated in primary tumors without metastasis (n = 126) and further downregulated in primary meta-
static tumors (n = 23) compared with adjacent noncancerous tissues (n = 92). In vitro, overexpression of TOX3
inhibited RCC cell growth, migration and invasion. Mechanistic investigations showed that TOX3 deficiency
facilitates the epithelial-mesenchymal transition due to impairment of transcriptional repression of SNAIL
members SNAI1 and SNAI2 and promotes cancer cell migration and invasion. In vivo, restoring TOX3 expression
reduced lung metastatic lesions and prolonged survival of mice. TOX3 combined with SNAI1 or SNAI2 predicted
overall survival in ccRCC patients. Blockage of this pathway could be a promising therapeutic target for ad-

Transcriptional regulation

vanced ccRCC.

1. Introduction

Renal cell carcinoma (RCC) represents 3%—-4% of adult malig-
nancies with clear cell the most common pathological type [1]. Me-
tastases often occur in advanced stages of cancer and imply poor
prognosis; the 5 year survival rate of metastatic RCC (mRCC) is less
than 10% because of resistance to chemotherapy and radiotherapy [2].
Tyrosine kinase inhibitors, have been widely used to control mRCC
progression [3,4]; however, they were associated with limited survival
benefit and severe side effects [5]. Poor clinical outcomes and limita-
tions of treatment urgently require further mechanistic studies of tumor
progression for more efficient anti-tumor treatments. In this study, we
used a screening program and identified TOX high mobility group box
family member 3 (TOX3) as a novel cancer suppressor gene of ccRCC.

TOX3 (also known as TNRC9 and CAGF9) is a conserved protein and
belongs to the HMG-box protein family [6]. HMG-box family proteins
can distort DNA and affect their transcription, potentially allowing

* Corresponding author.
** Corresponding author.

E-mail addresses: zhaoxz@nju.edu.cn (X. Zhao), dr.ghg@nju.edu.cn (H. Guo).
! These authors contributed equally to this work.

https://doi.org/10.1016/j.canlet.2019.02.020

simultaneous binding of other transcriptional regulators to DNA [7,8].
TOX3 has been reported to interact with CBP/CREB or CBP/CITED1
complex [9,10], and protect the nervous system against spinal cord
injury [11]. In addition, single nucleotide polymorphisms (SNPs) of
TOX3 were found closely associated with breast cancer and lung cancer
risk [12,13], however, the role of TOX3 in renal cancer progression and
metastasis have not been revealed.

Metastatic dissemination is often initiated by reprogramming of
cells associated with the epithelial-mesenchymal transition (EMT)
[14,15]. To achieve mobility and invasiveness, cancer cells are con-
sidered to use loss of apical-basal polarity and cell-cell junctions and
gain of a mesenchymal phenotype [16,17]. Functional loss of E-cad-
herin, a hallmark of EMT, is associated with metastatic progression in
human RCC [18]. In addition, expression of SNAIL family members,
such as the EMT-inducing transcription factors SNAI1/Snaill and
SNAI2/Slug, contribute to the invasion ability of cells in renal cancer
[19,20] and other malignancies [21-23].

Received 25 October 2018; Received in revised form 7 February 2019; Accepted 10 February 2019

0304-3835/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/03043835
https://www.elsevier.com/locate/canlet
https://doi.org/10.1016/j.canlet.2019.02.020
https://doi.org/10.1016/j.canlet.2019.02.020
mailto:zhaoxz@nju.edu.cn
mailto:dr.ghq@nju.edu.cn
https://doi.org/10.1016/j.canlet.2019.02.020
http://crossmark.crossref.org/dialog/?doi=10.1016/j.canlet.2019.02.020&domain=pdf

B. Jiang, et al.

In this study, we found that TOX3 significantly downregulated in
ccRCC tissue and associated with cell invasive activity in ccRCC. Loss of
TOX3 was verified to be correlated with advanced clinical stage and
adverse prognosis of ccRCC. Downregulation of TOX3 could accelerate
the EMT by decreasing transcriptional repression of SNAI1 and SNAI2.
These data support a novel cancer suppressor role of TOX3 and provide
new insights into the progression of ccRCC.

2. Materials and methods
2.1. Patients and clinical samples

Frozen ccRCC tissues and noncancerous kidney tissues for quanti-
tative real-time PCR (n = 22) and western blot (n = 8) as well as for-
malin-fixated ccRCC tissues (n = 151) and noncancerous kidney tissues
(n = 92) for immunohistochemistry were collected from patients un-
dergoing surgical resection from 2008 to 2017. Cancerous tissues was
classified as the clear cell type according to the WHO classification at
the Medical School of Nanjing University affiliated Nanjing Drum
Tower Hospital. Microvascular invasion was defined as tumor thrombus
or invasion of tumor cells in microscopic vessels (excluding renal vein
and its segmental branches and inferior vena cava) [24]. Patients’
clinical and pathological information were collected and written in-
formed consent was obtained from each patient.

2.2. Bioinformatics analysis

Array data for GSE14994, GSE15641, GSE11151, GSE6344, GSE781
were obtained from the Oncomine database (https://www.oncomine.
org/). Processed TCGA (The Cancer Genome Atlas) Level 3 RNA-seq
data (Illumina HiseqV2), DNA methylation microarray data (Illumina
Infinium Human Methylation450 BeadChip) and Level 1 clinical data
(version: 2016-01-28) were obtained from the Broad Institute Genome
Data Analysis Center (GDAC) Firehose, gene normalized abundance
estimates were calculated with the RSEM method and then RNA-Seq
normalized counts were log-transformed. Gene Set Enrichment Analysis
(GSEA) was used to analyze TCGA data according to the manufacturer's
protocol.

2.3. Cell lines and cell culture

Human RCC cell line (A498) was purchased from National
Infrastructure of Cell Line Resource (Beijing) and 769-P, 786-0, Caki-1
and ACHN cell lines were obtained from the Cell Bank of the Chinese
Academy of Science (Shanghai). Murine RCC cell line (Renca) was
purchased from the American Type Culture Collection (Rockville, MD,
USA). 769-P, 786-O and Renca cells were cultured in RPMI 1640
medium with 10% fetal bovine serum (FBS) (Gibco). Caki-1 and ACHN
cells were cultured in McCoy’ 5A medium and DMEM medium with
10% FBS, respectively. All complete medium was supplemented with
100 U/mL penicillin and 100 pg/mL streptomycin.

2.4. Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted with TRIzol reagent (Invitrogen Biotech).
cDNA synthesis of genes involved using PrimeScript RT Master Mix
(TaKaRa Biotech). gqRT-PCR involved use of SYBR Premix Ex Taq
(TaKaRa Biotech) with the StepOne Real-Time PCR System. Relative
mRNA expression was normalized to that of ACTB by the 2AACT
method. The primer sequences are in Supplementary Table S2.

2.5. Immunohistochemistry (IHC)
Clinical ccRCC and noncancerous specimens and pulmonary meta-

static samples were used for IHC. Staining intensity was scored as 0
(negative), 1 (low), 2 (moderate), and 3 (high). Staining range was
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scored as 0 (0% stained), 1 (1%-25% stained), 2 (26%-50% stained), 3
(51%-75% stained) and 4 (> 75% stained). The final score was ob-
tained by multiplying the intensity scores by staining range, for the
final scores (intensity score X percentage score); a score <4 was de-
fined as low expression and > 4 high expression.

2.6. Transwell migration and invasion assay

For migration assay, cells were digested and resuspended in con-
ditioned medium, 786-O cells (2 x 10*cells) and 769-P cells
(5 x 10% cells) were seeded in the upper transwell chamber (8pum,
Corning Inc.); the lower chamber was covered with complete medium.
Transwell chambers were collected after 12 h. For invasion assay, di-
luted matrigel (BD Biosciences) was spread on the bottom of the upper
chamber, and 786-O cells (2 x 10* cells) and 769-P cells (5 x 10* cells)
were seeded in the upper chamber; chambers were collected after 12 h.
Finally, cells were fixed, then stained with the Crystal Violet Staining
Solution (Beyotime Biotech).

2.7. Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) assay of 769-P cells in-
volved use of the SimpleChIP Plus Sonication Chromatin IP Kit (Cell
Signaling Technology) with an antibody for TOX3 and anti-rabbit IgG
as the negative control according to the user's manual. Lysates were
immunoprecipitated with an antibody for TOX3, normal rabbit IgG, and
antibody for H3 as positive control. The ChIP DNA samples were de-
tected with specific primers listed in Supplementary Table S2.

2.8. Animal experiments

Six-week-old male BALB/c mice were purchased from the Animal
Core Facility of Nanjing Medical University. Cells in each groups
(2 x 10° in 0.1 mL sterilized PBS) were injected into the right axilla of
mice. Subcutaneous tumors were resected after 2 weeks. Tumor volume
(longest diameter x shortest diameter"2/2) and weight were measured.
For pulmonary metastatic models, cells in each group (1 x 10° cells)
were injected in the tail vein of mice; mice were killed after 1 month,
then lungs were harvested to assess pulmonary metastasis. For analysis
of survival, cells in each group (1 x 10° cells) were injected in the tail
vein of mice; the survival time of mice was recorded for survival ana-
lysis. For evaluating the therapeutic effect of 5-azacytidine (5-Aza)
(Sigma), one week after subcutaneous tumor incubation, mice were
intraperitoneal injected with 2.5 mg/kg 5-Aza three times a week for
two weeks, then tumors were resected and measured. Same treatment
was immediately delivered after establishment of lung metastatic model
with Renca-luci (luciferase) cells (1 x 10° cells), lungs were harvested
to assess metastasis after three weeks drug intervention. Lung meta-
static nodules were monitored in vivo with IVIS spectrum imaging
system. The signal intensity of luci-labeled cells from lung tissues re-
presented the amount of lung metastatic lesions. All animal studies
were conducted according to the guidelines of the Institutional Animal
Care and Use Committee of Nanjing Drum Tower Hospital.

2.9. Statistical analysis

IBM SPSS Statistics 21 and Graphpad prism 6 were used for analysis.
Normally distributed data are expressed as mean + SD and were
compared by Student t-test. Categorical data were analyzed by Fisher
exact test or chi-square test. Correlations analysis involved the Pearson
coefficient. Kaplan-Meier and Log-rank tests were used for analysis of
overall survival and metastatic-free survival. p < 0.05 was considered
statistically significantly.

Other experimental methods please refer to the Supplementary
Methods for details.
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Fig. 1. Identification of TOX3 as a candidate cancer suppressor gene in ccRCC. (A) Screening program of candidate cancer suppressor genes of ccRCC in the

Oncomine database and TCGA database. FC = fold change, N

= noncancerous tissues, T = cancerous tissues. (B) Venn-diagram analysis of down-regulated genes in

five independent GEO datasets Beroukhim Renal (GSE14994), Gumz Renal (GSE6344), Jones Renal (GSE15641), Lenburg Renal (GSE781) and Yusenko Renal
(GSE11151) from the Oncomine database. (C) Boxplots with TOX3 (representative probe: 214774 _x_at) mRNA levels (log2) on the y-axis and N vs T on the x-axis.
Data are from GSE14994 (a), GSE15641 (b), GSE11151 (c), GSE781 (d), GSE6344 (e). (D) The mRNA level of TOX3 in ccRCC tissues (n = 534) from the TCGA
database and adjacent noncancerous tissues (n = 72). (E) Clinical characteristics of TOX3 expression for ccRCC patients in the TCGA database by clinical T stage,
distant metastasis or not (MO and M1) and recurrence status (Rec). (F-G) Kaplan-Meier analysis of overall survival (p < 0.0001) and metastatic-free survival
(p < 0.0001) for ccRCC patients with low or high levels of TOX3 in the TCGA database.

3. Results
3.1. Identification of TOX3 as a candidate cancer suppressor gene in ccRCC

To identify the novel suppressor genes in ccRCC, we screened genes
by analyzing all GEO datasets containing Affymetrix U133A Array or
U133 Plus 2.0 Array data for ccRCC cancerous and noncancerous tis-
sues in the Oncomine database (GEO accessions: GSE14994, GSE15641,
GSE11151, GSE6344, GSE781) (Fig. 1A) [25-29]. A five-way Venn
diagram shows the 37 shared downregulated probes in ccRCC tissues
compared with noncancerous tissues (Log,FC > 2.5, p < 0.05)
(Fig. 1B). Genes corresponding to these probes were verified in the
TCGA ccRCC cohort [fold change > 2.0, p < 0.05, Logs(normalized
count) > 6.0]; 14 candidate ccRCC suppressor genes were identified
and are listed in Supplementary Table S1. While some of them, such as
SCNN1A, MAL, ACSF2, did not show very significant correlation

(p > 0.0001) with overall survival (OS) compared with TOX3, ALDOB
and ALDH6AI (p < 0.0001, Supplementary Fig. S1). Besides, several
studies have revealed that genetic polymorphisms in TOX3 were asso-
ciated with clinical outcome of breast and lung cancer (12, 13), so we
focused our attention on the role of TOX3 in ccRCC progression. TOX3
showed significantly decreased expression in cancerous tissues
(Fig. 1C-D) which was strongly associated with prognosis in ccRCC
(p < 0.0001, Supplementary Fig. S1). TOX3 downregulated in papil-
lary RCC (pRCC) cancerous tissues as well (Supplementary Fig. S2C).
Clinical association studies of data for the TCGA cohort revealed
downregulated TOX3 mRNA significantly associated with advanced T
stage, distant metastasis and recurrence (Fig. 1E). TOX3 level and his-
tological grade or lymphatic metastasis were not associated despite the
downward trend of TOX3 level in higher-grade and lymph node-posi-
tive tumors (Supplementary Figs. S2A-B). Moreover, OS and meta-
static-free survival (MFS) were shortened for ccRCC patients with TOX3
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Fig. 2. Validation of TOX3 down-regulation in ccRCC clinical specimens and cell lines. (A) Quantitative RT-PCR assay of relative TOX3 mRNA expression in 22 pairs
of human clinical ccRCC tissues (T) and adjacent noncancerous tissues (N, left panel), and paired Student t-test result with relative expression to internal reference
ACTB showed in the right panel (p < 0.001). (B) Western blot assay of TOX3 protein level in 8 pairs of human clinical ccRCC samples. (C) Representative ITHC
staining of TOX3 in primary T1-T4 stage and primary metastatic (PM-T) ccRCC tissues compared with paired adjacent noncancerous tissues. (D-E) TOX3 staining
scores in clinical T1-T4 stage tumors (D) and TNM stage tumors (E). (F) Frequency of TOX3 staining scores in noncancerous tissues (N), primary tumors without
metastasis (P-T) and primary metastatic tumors (PM-T); Blue: 9-12, pink: 5-8, red: 0-4. (G) Western blot analysis of TOX3 protein level in RCC cell lines and control
cell lines 293T and HK-2. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

deficiency (Fig. 1F-G), with no prognostic difference observed in pRCC
patients (Supplementary Fig. S2D). These data suggest that loss of TOX3
may play an important role in the development of ccRCC.

3.2. Validation of TOX3 down-regulation in ccRCC clinical specimens and
cell lines

After the identification of TOX3, we detected TOX3 with its family
genes TOX2 and TOX4 in 22 pairs of ccRCC tissues and adjacent non-
cancerous tissues by qRT-PCR: as compared with adjacent non-
cancerous tissues, 19 of 22 (86.4%) cancerous specimens showed de-
creased TOX3 mRNA level (p < 0.001, Fig. 2A), with no significant
differences in levels of TOX2 and TOX4 (Supplementary Figs. S3A-B).
Consistently, the reduced expression of TOX3 was further confirmed at
the protein level by western blot analysis (Fig. 2B) in 8 paired surgical
resected specimens and by IHC assay (Fig. 2C). Furthermore, expression
of TOX3 decreased gradually with increased clinical T stage of ccRCC
tissues (Fig. 2C-D). Moreover, advanced TNM stage was associated with
low TOX3 staining score (Fig. 2E). To further investigate the association
between TOX3 protein level and ccRCC metastasis, clinical specimens
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were divided into three groups — N (adjacent noncancerous tissues), P-
T (primary tumors without metastasis) and PM-T (primary metastatic
tumors) — to assess the staining intensity of TOX3. PM-T specimens
showed high frequency of low TOX3 staining scores compared with the
two other groups (Fig. 2F, Supplementary Fig. S3C).

To determine the clinical relevance of TOX3 expression in human
ccRCC, we used IHC of TOX3 in 151 ccRCC patient specimens. TOX3
expression was not correlated with gender and age, with no significant
correlation between TOX3 level and N stage or recurrence (p > 0.05,
Table 1). However, TOX3 staining score was low in tumors with high
histological grade (3 + 4) (p < 0.050) or advanced T stage (T3+T4)
(p < 0.001) (Table 1). Representative images of microvascular inva-
sion were showed in Supplementary Figs. S3D-E, accompanying vein
next to artery was filled with the tumor thrombus, CD31 staining was
performed to further confirm the microvascular sites. Tumors with low
TOXS3 expression frequently showed distant metastasis (p = 0.035) and
microvascular invasion (p = 0.003) (Table 1).

In addition, we further detected the expression of TOX3 in the
human embryonic kidney cell line 293T, the immortal renal tubular
epithelial cell line HK-2 and a panel of RCC cell lines. As compared with
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Table 1
Correlation of TOX3 expression to clinicopathological features in 151 ccRCC
patients.

Variables TOX3 p-value
Low High

Gender male 58 (61.7%) 34 (59.6%) 0.802
female 36 (38.3%) 23 (40.4%)

Age, y <50 28 (29.8%) 16 (28.1%) 0.822
> 50 66 (70.2%) 41 (71.9%)

Histological grade 1 14 (14.9%) 14 (24.6%) 0.050
2 41 (43.6%) 30 (52.6%)
3+4 39 (41.5%) 13 (22.8%)

T stage T1 42 (44.7%) 43 (75.4%) < 0.001
T2 17 (18.1%) 10 (17.5%)
T3+T4 35 (37.2%) 4 (7.0%)

N stage NO 88 (93.6%) 54 (94.7%) 1.000
N1 6 (6.4%) 3(5.3%)

Distant metastasis MO 75 (79.8%) 53 (93.0%) 0.035
M1 19 (20.2%) 4 (7.0%)

Recurrence no 86 (91.5%) 56 (98.2%) 0.154
yes 8 (8.5%) 1 (1.8%)

Microvascular invasion no 69 (73.4%) 53 (93.0%) 0.003
yes 25 (26.6%) 4 (7.0%)

Note: TNM stage grouping was assigned according to the 2009 TNM staging
classification system. Statistical significance was calculated by the Fisher exact
test or the Chi-square test.

293T and HK-2cells, RCC cells showed lower TOX3 expression
(Fig. 2G). ACHN and Caki-1 cells were derived from metastatic sites of
pleural effusion and skin, respectively, and 786-O cells were originally
derived from a primary tumor of an individual with extensive meta-
static disease [30]. These three cell lines showed lower TOX3 protein
level than two other cell lines, 769-P and A498.

3.3. Loss of TOX3 promotes ccRCC aggressiveness in vitro

To uncover the role of TOX3 deficiency in ccRCC progression, we
overexpressed TOX3 in the ccRCC cell lines 786-O and 769-P and
knocked down TOX3 in 769-P cells. MTT assay revealed remarkably
enhanced growth in 769-P cells that were transiently transfected with
TOX3 siRNAs as compared with the siRNA normal control (siNC) group
(Fig. 3A). Conversely, TOX3 overexpression in 786-O and 769-P cells
significantly inhibited cell proliferation as compared with the empty
vector group.

Afterwards, the lentivirus system was used to construct stable TOX3
overexpression and knockdown cell lines (Fig. 3B, Supplementary Figs.
S4A-C). Double-color immunofluorescent staining showed that over-
expressed TOX3 protein was mainly localized in the nuclei of most 786-
O and 769-P cells (Fig. 3C, Supplementary Fig. S4E).

Transwell and wound-healing assays were used to assess migratory
and invasive activity of ccRCC cells. Cell migration and invasion was
accelerated when TOX3 was stably knocked down in 769-P cells
(Fig. 3F). Correspondingly, stable overexpression of TOX3 notably re-
duced 786-0O and 769-P cells migration and invasion (Fig. 3D-E). Two
molecular phenotype markers related to the EMT process, E-cadherin
and fibronectin, were detected by immunofluorescent staining. E-cad-
herin was significantly upregulated with TOX3 overexpression and
decreased with TOX3 knockdown, and fibronectin showed the opposite
pattern (Fig. 3G). All these results, imply that TOX3 might suppress the
EMT of ccRCC cells and therefore inhibit metastasis.

3.4. TOX3 inhibits EMT by transcriptionally repressing SNAI1 and SNAI2

To reveal the potential mechanism of TOX3 inhibiting ccRCC ag-
gressiveness, we analyzed the gene sets altered by TOX3 expression by
using GSEA in TCGA ccRCC database. EMT was the second top pathway
negatively associated with TOX3 augmentation (NES = -4.00,
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p < 0.001, Fig. 4A-B, supplementary file 2) which indicated that TOX3
was likely to inhibit the EMT.

Then, we used qRT-PCR to analyze a series of classical molecular
markers and EMT-related transcription factors, including CDH1, CDH2,
VIM, FN1, FOXC2, ZEB1, SNAI1 and SNAI2. In 786-O and 769-P cells
with stable TOX3 overexpression, CDH1 mRNA level was significantly
increased, whereas that of the mesenchymal marker FN1and EMT-in-
ducing transcription factors SNAI1 and SNAI2 was inhibited (Fig. 4C).
Also, when we knocked down TOX3 769-P cells, the mRNA levels of
FN1, SNAI1 and SNAI2 were increased and that of CDH1 was decreased
(Fig. 4C). Similar results were found on western blot assay (Fig. 4D).
The malignant shift of marker expression was also reflected in cellular
morphological changes: overexpression of TOX3 in 786-O and 769-P
cells disturbed cell polarity, whereas TOX3 knockdown in 769-P cells
transformed cells from a rounded, epithelial type morphology to a
spindle-shaped, mesenchymal-like contour (Fig. 4E).

Loss of E-cadherin is considered as the feature of activated EMT and
is directly driven by SNAIL. Recent studies also discovered that Slug
could modulate E-cadherin expression [22,24]. TOX3 may inhibiting
SNAIl1 and SNAI2 expression and lead to deregulation of E-cadherin.
The inverse correlation between TOX3 and SNAI1 or SNAI2 was further
confirmed in clinical ccRCC tissues. SNAI1 or SNAI2 expression was
progressively reduced with TOX3 overexpression (SNAIl: R
[2] = 0.725, p = 0.0036; SNAI2: R [2] = 0.482, p = 0.038) (Fig. 4F).

Previous study showed that TOX3 could bind to BRCA1 promoter
and downregulate BRCA1 promoter activity in breast cancer [31]. Si-
milarly, we investigated whether TOX3 binds to the promoter of SNAI1
and SNAI2 by ChIP assay. Results showed that TOX3 binds to the target
segments more than does IgG (Fig. 4G), which indicates that TOX3
could transcriptionally suppress SNAI1 and SNAI2 expression. Then we
use Transwell assay to identify the combined biologic effect of TOX3
and SNAII or SNAI2. The suppressed migration and invasion of 786-O
cells due to TOX3 overexpression was restored with transient trans-
fection of SNAI1 or SNAI2 (Fig. 4H). Thus, TOX3 might inhibit EMT via
binding to promoters of SNAI1 and SNAI2 and suppressing their tran-
scription.

3.5. Tox3 overexpression suppresses cancer cell growth and metastasis in
vivo

We further investigated the comprehensive function of TOX3 in
mice. We overexpressed Tox3 in the murine RCC cell line Renca
(Fig. 5A, Supplementary Fig. S4D). Cells of different groups were sub-
cutaneously injected into the right side of mice. At 2 weeks later, stable
overexpression of Tox3 significantly reduced the volume (p < 0.05)
and weight (p < 0.01) of subcutaneous tumors compared with the
control group (Fig. 5B-C).

The progression of lung metastasis was evaluated 4 weeks after
Renca cells were injected into the tail vein of mice. Representative gross
views of lung samples and hematoxylin and eosin-stained slides of lungs
dissected from each group are shown in Fig. 5D and E. The size of
metastatic nodules was smaller in Tox3-overexpressed mice and the
number of pulmonary metastatic nodules was significantly lower
(p < 0.01, Fig. 5F). Moreover, we detected the expression of Tox3,
Snaill and Slug in pulmonary metastatic lesions. As compared with
controls, Tox3-overexpressed mice showed significant Tox3 upregula-
tion and down regulation of Snaill and Slug (Fig. 5G). Accordingly,
Tox3 overexpression prolonged the survival of mice (Fig. 5H).

Prognostic values with the combination of TOX3 level and SNAI1 or
SNAI2 levels were evaluated to obtain the guidance in predicting pa-
tient outcome with these gene patterns. We analyzed the clinical data
for ccRCC patients in the TCGA database. Patients with low TOX3 and
high SNAI1 levels exhibited the worst clinical outcome (Fig. 5I, left). In
agreement, patients with high TOX3 and low SNAI1 levels had the
longest OS (p < 0.0001). Similarly, patients with low TOX3 and high
SNAI2 levels had the shortest OS (p < 0.0001, Fig. 51, right).
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promoted tumor aggressiveness in 769-P cells (F). (G) Immunofluorescent staining to detect altered EMT-related proteins (E-cadherin and fibronectin) after TOX3

overexpression or downregulation in related cell lines. Scale bar =

3.6. Aberrant CpG methylation of promoter reduced TOX3 expression

Aberrant promoter hypermethylation is one of the causes of tumor
suppressor silencing in RCC [32-35]. To determine whether DNA

50pm. *,p < 0.05, **,p < 0.01,

#*% p < 0,001

methylation is associated with TOX3 downregulation in ccRCC tissues,

we analyzed DNA methylation microarray data in the TCGA database.
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Ten CpG probes located at the promoter region of TOX3 were identified
(Supplementary Fig. S5A); Methylation levels of the TOX3 promoter
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and four of 10 CpG probes (cg02709321, cg26648818, cg01404163,
cg027934521) were significantly increased in ccRCC tissues, and were
further increased in primary metastatic ccRCC tissues (Fig. 6C). Ac-
cordingly, the hypermethylation of TOX3 promoter and the four CpG
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probes was negatively correlated with TOX3 expression (p < 0.0001,
Fig. 6A-B), whereas the methylation of the remaining six CpG probes
was not significantly correlated with TOX3 expression or metastatic
status (Supplementary Figs. S5B-C).
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Fig. 5. Tox3 overexpression suppresses growth and metastasis of renal cancer cells in mice. (A) Efficiency of Tox3 overexpression validated in Renca cells. (B)
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Renal cancer cells with relatively low TOX3 expression were treated
with concentrations of the DNA methyltransferase inhibitor 5-Aza,
which led to a dose-dependent restoration of TOX3 expression, which
suggests a negative correlation between DNA methylation and TOX3
expression (Fig. 6D-E). Taken together, these data indicate that func-
tional loss of TOX3 in ccRCC is attributed to hypermethylation of four
potential CpG probes located in the TOX3 promoter region.

After that, we further evaluated the therapeutic effect of 5-Aza in
vivo. After treatment of 5-Aza, mice showed significant lower lumi-
nescent signal in lungs (Fig. 6F-G), HE staining of pulmonary slides also
showed less and smaller lung metastatic nodules in treatment group
(Fig. 6H). Tox3 expression was restored after 5-Aza treatment (Fig. 6I).
Beyond that, mice also showed lower subcutaneous tumor burden
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(Supplementary Figs. 6A-C).

4. Discussion

In this study, we demonstrated that TOX3 participates in suppres-
sing RCC progression. TOX3 was downregulated in ccRCC tissues from
GEO datasets and the TCGA database as well as in clinical cancer spe-
cimens from our department as compared with normal tissues. Loss of
TOX3 was correlated with advanced T stage, distant metastasis, cancer
recurrence and microvascular invasion and showed strong prognostic
value for OS and MFS in ccRCC patients. Microvascular invasion was
tightly correlated with adverse clinicopathological features and was an
independent predictor of metastatic spread in RCG; it occurs in nearly 1
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of 5 RCC patients [24], which involved 29/151 (19.2%) patients in this
study. The significant correlation between TOX3 level and micro-
vascular invasion indicates that TOX3 may promote RCC metastasis via
facilitating cancer cells cross the vessel wall to form tumor thrombus,
then spread to distant organs.

Several studies found that the SNPs of TOX3 may be associated with
risk of breast and lung cancer [12,13], but little research has focused on
the function of TOX3 in altering cancer aggressiveness. Research by
Chouchane et al. found that TOX3 may bind to the CREB and BRCA1
promoter and downregulate BRCA1 promoter activity, and deficiency
of TOX3 could suppress the proliferation of the breast cancer cell line
[12]. However, another study by Moore et al. had the opposite result:
silencing TOX3 could promote the growth of breast cancer cell lines
[31]. Therefore, the ability of TOX3 to alter the biology of cancer cells
needs to be further clarified. In this study, restoring the expression of
TOXS3 suppressed the proliferation, migration and invasion of RCC cells.
In contrast, TOX3 knockdown could promote the aggressiveness of 769-
P cells in vitro. These results confirmed the role of TOX3 in suppressing
tumor aggressiveness in RCC cell lines.

To determine the downstream signaling pathways, GSEA was used
to identify the probable pathway related to TOX3. The EMT process was
significantly promoted with TOX3 deficiency. In this study, a series of
phenotype markers and EMT-related transcriptional factors were de-
tected. E-cadherin was downregulated and fibronectin, snail and slug
were upregulated when TOX3 expression was suppressed. Moreover,
the expression of SNAI1 and SNAI2 was negatively associated with
TOX3 level in the GSE781 dataset. Results of ChIP assay confirmed the
direct binding of TOX3 protein and the SNAI1 or SNAI2 promoter re-
gion. Hence, the inhibition of EMT is due to TOX3 binding to the
promoter region of key transcriptional factors of the EMT pathway,
SNAI1 and SNAI2, then suppressing their expression. Furthermore,
TOX3 was associated with P53 and MYC pathways (Fig. 4A), so TOX3
may be involved in modulating these pathways as well to suppress
ccRCC aggressiveness, which needs further research.

Bone-marrow-derived cells, including macrophages, neutrophils
and myeloid-derived suppressor cells, were found involved in the for-
mation of metastatic lesions [36-39]. Meanwhile, the structure and
function of TOX3 protein are highly conserved among species, so BALB/
¢ mice were selected as experimental animals for in vivo experiments.
Overexpression of Tox3 inhibited tumor growth and metastasis and
prolonged the life of mice. In Fig. 5I, TOX3 high and SNAI2 high
seemed to show better OS than TOX3 high and SNAI2 low subgroup,
but in fact the p-value of these two curves pairwise comparison is 0.32
and not statistic significant. As for the unexpected trend of this curve,
one possible explanation is SNAI gene family were also regulated by
other pathways, e.g. WNT and TGF[} signaling pathways (17). Here we
calculated the relationship between RNA levels and prognosis, another
possible explanation is the lack of correlation between the RNA levels
and the activities of proteins and indicate the probable presence of post-
translational control.

Epigenetic regulation of TOX subfamily genes have been evaluated
in lung cancer and breast cancer in previous studies. Dense methylation
of TOX3 promoter was detected in some lung and breast tumors, with
unmethylated in all normal samples [40]. In addition, Han et al. also
found that methylation level of four CpG probes (cg02709321,
cg11410436, cg26648818, and cg01404163) in the promoter region
were also associated with TOX3 expression in breast tumors [41],
which was expanded to ten CpG probes in our work. Correspondingly,
three CpG probes (cg02709321, cg26648818, and cg01404163) were
also associate with functional loss of TOX3 in ccRCC, furthermore, same
pattern was discovered in cg02793451 probe. Taken together, hy-
permethylation of TOX3 promoter was common in various cancer types
and may involve in several specific CpG sites.

In conclusion, we elucidated that the TOX3-mediated transcrip-
tional suppression of SNAI1 and SNAI2 represses the migration and
invasion potential of ccRCC cells, which plays an important role in the
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malignant progression of human ccRCC and has therapeutic implica-
tions.
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