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Abstract

Urothelial carcinoma (UC), including upper tract urothelial carcinoma (UTUC) and urinary bladder
urothelial carcinoma (UBUC), is a common malignant disease in developed countries. Oncogenic
metabolic lesions have been associated with UC development.

Methods: Using data mining, a series of studies were performed to study the involvement of SLC14Al
in UC specimens, animal models and UC-derived cell lines.

Results: In two cohorts of UTUC (n = 340) and UBUC (n = 295), the SLC14Al protein level was an
independent prognostic factor. Epigenetic silencing contributed to SLC14A1 downregulation in UCs.
Total and membranous SLC14Al played tumor suppressive roles through the inhibition of cell
proliferation and metastasis in distinct UC-derived cells and animal models. Functional SLC14Al
prevented the accumulation of arginine and urea, enhanced mitochondrial fusion and aerobic respiration,
inhibited glycolysis by altering the expression levels of several related proteins and sensitized
arginine-deprivation treatment in ASS|-deficient UC-derived cells. In vitro and in vivo, SLC14A1 inhibited
the mTOR signaling pathway and subsequently tumorigenesis, supported by reduced arginine
concentrations in vitro. Nuclear SLC14Al transrepressed HK2 and DEGSI genes via recruitment of
HDACI and/or SIN3A to maintain metabolic homeostasis and thereafter impeded tumorigenesis.

Conclusion: Clinical associations, animal models and in vitro indications provide solid evidence that the
SLCI4A] gene is a novel tumor suppressor in UCs. Total and membranous SLC14A1 prevents urea and
arginine accumulation via the mTOR signaling pathway. Nuclear SLCI14Al recruits HDACI to
transrepress oncometabolite genes.
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Introduction

Urothelial carcinoma (UC), also known as
transitional cell carcinoma, is one of the most common
malignancies worldwide [1]. Among UCs, urinary
bladder urothelial carcinoma (UBUC) accounts for the
majority of UC (90-95%), while only ~5-10% of UC
cases occur in the upper urinary tract (upper tract
urothelial carcinoma, UTUC) [2]. An unusually high
prevalence of UTUC has been reported in certain
areas including Taiwan [3]. Environmental, infectious
and genetic factors impact UC development [4-6].
Genetic and clinical heterogeneity identified in UC
patients additionally complicates the usage of
standard therapies. To avoid side and adverse effects
of chemotherapies, targeted therapies with drugs
directed at specific molecular pathways have emerged
as encouraging strategies to improve patient
outcomes.

The human SLCI14A1 gene encoding the type B
urea transporter protein was mapped to chromosome
18q12.3, adjacent to another wurea transporter,
SLC14A2, locus [7]. This protein was found to be
expressed in multiple cells and tissues including
erythrocytes, kidneys and bladder. SLC14A1l
facilitates passive urea transport, which is responsible
for establishing an osmotic gradient in the inner
medulla and preventing intracellular toxicity in
extrarenal cells [8]. In SLC14A1 knockout mice, high
urea concentrations caused DNA damage and
apoptosis in bladder urothelium [9]. Recently, a
meta-analysis of genome-wide association studies of
UBUCs revealed that SLC14A1-rs10775480, a variant
at intron 6, is highly associated with susceptibility in
bladder cancer [10], suggesting that SLC14A1 may
play a causal or regulatory role.

High SLCI1I4A1 mRNA was correlated with
low-stage lung adenocarcinoma [11] as well as benign
and androgen-divested prostate cancers [12].
High-grade UBUCs displayed low SLC14A1 mRNA
and its corresponding protein levels [13].
Accordingly, it is rational to hypothesize that
SLC14A1 downregulation possibly leads to the
accumulation of urea followed by the accumulation of
cytotoxic agents in the urothelial cells, inducing
critical damage. We therefore aimed to study the
correlations between the SCL14A1 protein level and
clinicopathological features, its potential regulatory
elements, downstream targets and underlying
molecular signaling pathway(s) by using two
independent UTUC and UBUC cohorts, animal
models and distinct UTUC- and UBUC-derived cell
lines.

Materials and methods

Data mining, tumor materials, patients,
QuantiGene assay and immunohistochemistry

Data mining is described in the Supplementary
materials. For the QuantiGene branched DNA assay
and immunohistochemistry, the Institutional Review
Board of Chi Mei Medical Center approved the
retrospective retrieval (IRB10302015) of 42 and
another 340 primary UTUCs, as well as 36 and
another 295 UBUCs with available tissue blocks from
patients who underwent surgical treatment with
curative intent between 1996 and 2004, while samples
from those who underwent palliative resection were
excluded (Supplementary materials). To determine
the clinical relevance of the SCL14A1 transcript level,
36 UBUCs and 42 UTUCs with normal, pTa-pT1 and
pT2-pT4  specimens  were  evaluated. For
immunohistochemistry, another 340 primary UTUCs
and 295 UBUCs with available tissue blocks were
used (Supplementary materials). One specific probe
targeting the SLCI14A1 transcript was designed for
QuantiGene™ Sample Processing Kit, formalin-fixed
paraffin-embedded  (FFPE) samples (QS0107,
ThermoFisher, USA) and QuantiGene™ Plex Assay
Kit (QP1013, ThermoFisher) based on the user guides
(Supplementary materials). Immunohistochemical
(IHC) staining was performed on representative
tissue sections cut from FFPE tissues at 4-um
thickness as in our previous study [14] by probing
specific anti-human antibodies (Supplementary
materials).

Cell culture and preparation of
replication-incompetent viruses for stable
overexpression and knockdown of specific
genes in UC-derived cells

UBUC-derived cell lines including J82 (ATCC,
USA), UMUC3 (ATCC) and BFTC905 (Food Industry
Research and Development Institute, Taiwan) and
one UTUC-derived cell line, RTCC1 (from Professor
LC Chiang, Kaohsiung Medical University, Taiwan)
[15], were wused. Cell line authentication was
performed by short tandem repeat DNA profiling
(Mission Biotech, Taiwan). Culture conditions and
preparation of replication-incompetent viruses are
described in the Supplementary materials. Cells were
transduced with viral particles carrying the target
gene or small hairpin RNA (shRNA), and stable
clones were selected with 2 pig/mL puromycin.

Quantitative RT-PCR, immunoblot analysis,

next-generation and bisulfite sequencing
Quantitative RT-PCR, immunoblot analysis and

extraction of total cell lysate and membranous and
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nuclear proteins are described in the Supplementary
materials. The total genomic DNA was extracted and
used to construct the coding sequences library of the
SLC14A1 gene. Purified amplicons from the library
were ligated to adapters with barcodes and loaded
into a MiSeq System (Illumina, USA) for exon 3-11
sequencing. The bioinformatics analysis workflow
was performed (Supplementary materials). One
GC-rich region in the SLC14A1 promoter was
identified with MethPrimer software [16]. Genomic
DNA was extracted using the QlAamp DNA Mini Kit
(Qiagen, Hilden, Germany) and subjected to bisulfite
conversion with the EpiTect Fast DNA Bisulfite Kit
(Qiagen) followed by a pyrosequencing assay
(PyroMark Q24 system, Qiagen). Bisulfite sequencing
for genomic DNA from UC tissues was performed by
Mission Biotech (Supplementary materials).

Quantitative chromatin immunoprecipitation

The quantitative chromatin immunoprecipi-
tation assay was performed using the SimpleChIP®
Enzymatic Chromatin IP Kit (#9003, Cell Signaling,
USA). Cells were treated with paraformaldehyde to
crosslink proteins and DNA, followed by glycine
treatment to terminate the reaction. Chromatin was
digested into 150- to 900-bp DNA/protein complexes
by micrococcal nuclease. Sonication was further used
to breakdown the nuclear membrane. Fragmented
crosslinked chromatins were collected and incubated
with the complex of protein G and the antibody
against H3K27me3 (#ab6002, Abcam, UK), H3K9
me2/3 (#5327, Cell Signaling) or HDACI1 (#34589,
Cell Signaling). Purified ChIP DNA was subjected to
quantitative PCR (Supplementary materials).

Chemiicals, site-directed mutagenesis,
plasmids, in vitro and in vivo assays

All chemicals were purchased from Sigma-
Aldrich (USA) wunless stated otherwise. The
pLVX-puro-6HIS-SLC14A1_v1 plasmid served as the
template to generate a double-mutant pLVX-puro-
6HIS-SLC14A1-C255/C305_v1 using the QuikChange
Lightning Site-Directed Mutagenesis Kit (Agilent,
USA) (Supplementary). The SLCI4A1 gene was
ligated to a DNA fragment corresponding to the SV40
nuclear localization signal (NLS: PKKKRKYV) at the 3’
end to generate the pLVX-pur-pHIS-SLC14A1-
NLS_vl plasmid. Cell viability, proliferation,
migration, invasion and tube formation with
HUVECs were performed according to the methods
used in our previous study [17] and are shown in the
Supplementary materials.

A plasmid containing a mitochondrial targeting
sequence fused to a red fluorescence tag
(pLV-MitoDsRed) = was used to  generate

replication-incompetent lentivirus. Transduction of
the lentiviral particles containing MitoDsRed showed
the morphology and localization of each
mitochondrion ~ within a single cell, and
4',6-diamidino-2-phenylindole (DAPI) staining was
used to identify nuclei. Mitochondrial fusion and
fission were measured as in our previous study [18].
For immunocytofluorescence, cells were fixed with
paraformaldehyde and permeabilized with Triton
X-100. After blocking with BSA, cells were incubated
with anti-human SLC14A1 (ab23872, Abcam), plasma
membrane markers and conjugated secondary
antibodies (Supplementary). Cells were visualized
with a confocal microscope for mitochondrial
morphology and immunostaining in cellular
compartments.

The cellular oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) were measured
using the Seahorse XFp Analyser (Agilent) according
to the manufacturer's instructions (Supplementary).
Glucose uptake (colorimetric, #ab136955, Abcam) was
performed according to the manual. NOD/SCID mice
(LASCO, Taiwan) were randomly grouped and
subjected to subcutaneous and tail vein injections
with UMUC3 cells (Supplementary materials). All
animal treatments (#109041701) were performed
according to the guidelines of Institution Animal Care
and Use Committee, and all the protocols were
approved by the Chi-Mei Medical Center, Tainan,
Taiwan.

Coimmunoprecipitation

Coimmunoprecipitation was performed using
the Pierce™ Co-Immunoprecipitation Kit
(ThermoFisher). Protein lysates were incubated with
anti-human SLC14Al antibody and subsequently,
magnetic beads. The protein complexes were eluted
from antibody/beads after washing and subjected to
immunoblot analysis by probing anti-SIN3A
(Proteintech, USA), -HDAC1 (Cell Signalling, USA),
-ARID4B (Proteintech) or -SUDS3 (Novus Biologicals,
USA) antibody.

Luciferase reporter assay

pKM2L-phHKII (region #1, RDB05882, RIKEN,
Renilla luciferase) and pGL4.54[luc2/TK] Vector
(E5061, Promega, USA) were cotransfected into the
mock- and SLC14A1-NLS-overexpressing ]J82 cells in a
96-well white plate by using PolyJet™ In Vitro DNA
Transfection Reagent (Signagen®, USA). After
transfection for 24 h, the medium was replaced and
incubated for another 24 h. The luminescence
intensities were measured using the Dual-Glo®
Luciferase Reporter Assay System (Promega)
(Supplementary).
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Statistics

Statistical analysis was performed using the
SPSS software (version 14.0, IBM, USA). The protein
expression levels of SLC14A1 and those involved in
glycolysis and mTOR activation as determined by
IHC were dichotomized into high (= median H-score)
and low (< median H-score). The associations of these
proteins were evaluated by Chi-square test. The
correlations between the SLC14A1 protein level and
specific  clinicopathological =~ parameters  were
evaluated wusing the Chi-square test. The
disease-specific survival (DSS) and metastasis-free
survival (MeFS) were estimated by the log-rank test
and plotted wusing Kaplan-Meier curves. A
multivariate Cox proportional hazards model was
used to evaluate independent prognostic impacts for
selected parameters. A two-tailed t-test was used to
examine significant differences in the relative mRNA
levels, different phases of the cell cycle, percentages of
cell viability, ability of cell migration, invasion,
HUVEC tube formation and mouse xenografts (tumor
volume). The comparison of SLC14A1 transcription
levels between different groups were determined
using the Mann-Whitney U test.

Results

SLCI14A1 downregulation confers a poor
prognosis in UC patients

In two Gene Expression Omnibus (GEO)
datasets, GSE32894 and GSE31684, downregulation of
the SLC14A1 transcripts was found to be significantly
correlated with a high pT status in UBUC patients
(Figure 1A, Supplementary Table S1, Table S2). In the
UTUC (n = 42) and UBUC (n = 36) subsets, SLC14A1
mRNA levels were downregulated in tumor
specimens compared to their normal counterparts
(Figure 1B, 1C). High SLC14Al protein levels were
correlated with early primary tumor status (P < 0.001),
negative nodal metastasis (P < 0.001), low histological
grade (P < 0.001), negative vascular invasion (P <
0.001), negative perineural invasion (P < 0.05) and low
mitotic rate (P < 0.01) in two large cohorts of UTUC (n
= 340) and UBUC (n = 295) patients (Supplementary
Table S3). Interestingly, SLC14A1 protein is expressed
in the cytoplasm, nucleus and cell membrane. In the
front end, during the invasion process, SLC14A1
protein levels gradually decreased and eventually
vanished in the cytosol (Figure 1D). Moreover,
univariate and multivariate analyses indicated that, in
addition to several important clinicopathological
parameters, high SLC14A1 protein levels predict high
disease-specific, metastasis-free survivals (P < 0.0001;
Figure 1E, 1F) and serve as an independent prognostic
marker in UTUC (Table 1) and UBUC patients (Table

2). Thus, SLC14A1 plays a clinical role as a tumor
suppressor in UCs.

Epigenetic silencing contributes to SLCI14Al
downregulation in UCs

As shown in Figure 2A, SLC14A1 mRNA and its
corresponding protein levels were highly expressed in
RTCC1 compared to other UC-derived cell lines.
SLC14A1 protein was highly expressed in low-grade
Ta specimens compared to high-grade ones (Figure
2B). However, no variant/mutation was found in the
coding DNA sequence of the SLC14A1 gene in the
following UC-derived cell lines: RTCC1, BFTC905,
J82, UMUC3 (Supplementary Table S4) and 67 UC
specimens with various SLC14Al protein levels
(Supplementary Table S5), implying that other
regulatory machinery may impact SLC14A1 mRNA
and its corresponding protein levels in UC patients.

One CpG island between exons 2 and 3 in the
SLC14A1 gene was identified (Supplementary Figure
S1A). Hypermethylation from positions 2 to 5 of the
SLC14A1 promoter was found in J82 and UMUC3
cells (Supplementary Table S4). In 67 clinical
specimens, hypermethylation at position 1 or 5 of the
SLC14A1 promoter was negatively correlated with
SLC14A1 protein levels (P < 0.05, Supplementary
Table S5 and data not shown). Treatment with
5-aza-2'-deoxycytidine (5-Aza) in J82 and UMUC3
cells upregulated SLC14A1 mRNA and its
corresponding protein levels (Supplementary Figure
51B). Low methylation burdens were found in RTCC1
and BFTC905 cells and specimens with high SLC141
protein levels, while high methylation rates in J82,
UMUCS cells and specimens with low SLC14A1l
protein levels were detected in the CpG region of the
SLC14A1 gene (Figure 2C, Supplementary Table S4,
S5). These observations indicate that SLCI4Al
promoter hypermethylation downregulates its mRNA
and protein levels in UC-derived cells and UC tissues.
Our findings were also supported by cases of invasive
bladder cancer deposited in The Cancer Genome
Atlas (TCGA) database (http://www.cbioportal
.org/), indicating that SLC14A1 mRNA levels and
methylation status are negatively correlated (n = 408,
P ~0, Supplementary Figure S2).

Reappraisal on the public genome-wide
database showed negative correlations between
SLC14A1 and EZH2 mRNA levels in a fetal
lung-derived TIG-3 cell line (Supplementary Figure
S3). Thus, J82 and UMUCS3 cells were treated with an
EZH2 (an H3K27 methyltransferase) inhibitor,
DZNep; an EHMT2 (an H3K9 methyltransferase)
inhibitor, UNCO0638; and a histone lysine methylation
inhibitor (a-ketoglutarate/ AKG).
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Figure 1. Downregulation of the SLCI4A] mRNA levels are correlated with poor clinical outcomes, and low SLC14Al1 protein levels confer worse survival
in UTUC and UBUC patients. (A) Repeated analysis of the transcriptomes of UBUCs from the GEO database (GSE32894 and GSE31684) demonstrated that the SLCI4A]
transcript is downregulated during UBUC progression in two independent datasets. Heat maps from both datasets are shown, and red and green lines represent upregulated and
downregulated SLC14A1 mRNA levels, respectively, in different specimens. The primary tumor status is shown above each tissue specimen. (B, C) In two subsets of UTUC and
UBUC patients, the QuantiGene branched DNA assay identified that the SLCI4A] mRNA level (the means + SD) was decreased during progression. A distinction between
outliers that are more than 1.5 box lengths from one hinge of the box (using a circle) and outliers that are more than 3 box lengths from a hinge (using an asterisk) is present.
(D) Immunohistochemistry showed high SLC14A1 protein levels in the membrane, cytoplasm and nucleus in low-stage and low-grade urothelial carcinomas but low expression
in high-stage and invading UCs. In the process of tumor cell invasion, the SLC14Al protein level initially declined at the membranous (from M+ to M-) and nuclear (from N+ to
N-) compartments and subsequently disappeared from the cytoplasm (from C+ to C-). (E, F) Kaplan-Meier plot estimating that a low SLC14Al protein level confers poor
prognoses in terms of disease-specific and metastatic-free survival in UTUC (n = 340) and UBUC (n = 295) patients. Statistical significance: *P < 0.05; n.s: not significant.
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Table 1. Univariate log-rank and multivariate analyses for disease-specific and metastasis-free survival in upper urinary tract urothelial

carcinomas (UTUCs)

Parameter Category n  Disease-specific survival Metastasis-free survival
Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis
n P value AR.R. 95% BC.I. Pvalue n P value AR.R. 95% BC.I. P value
Gender Male 158 28  0.8286 - - - 32 0.7904 - - -
Female 182 33 - - - 38 - - -
Age (years) <65 138 26 0.9943 - - - 30 0.8470 - - -
265 202 35 - - - 40 - - -
Tumor side Right 177 34  0.7366 - - - 38 0.3074 - - -
Left 154 26 - - - 32 - - -
Bilateral 9 1 - - - 0 - - -
Tumor location Renal pelvis 141 24  0.0079* 1 - 0.666 31 0.0659 1 - 0.379
Ureter 150 22 0.782 0.420-1.455 25 1.642 0.510-5.293
Renal pelvis & ureter 49 15 1.095 0.302-3.970 14 1.393 0.430-4.516
Multifocality Single 273 48  0.0026* 1 - 0.003* 52 0.0127* 1 - 0.025*
Multifocal 62 18 3.391 1.538-7.486 18 3.313 1.163-9.439
Primary tumor (T) Ta 89 2 <0.0001* 1 - 0.072 4 <0.0001* 1 - 0.583
T1 922 9 2.255 0.456-11.452 15 1.791 0.551-5.824
T2-T4 159 50 3.679 0.754-17.958 51 1.666 0.479-5.796
Nodal metastasis Negative (NO) 312 42 <0.0001* 1 - <0.001* 55 <0.0001* 1 - <0.001*
Positive (N1-N2) 28 19 5.252 2.800-9.851 15 3.149 1.669-5.940
Histological grade Low grade 56 4 0.0215* 1 - 0.062 3 0.0027* 1 - 0.036*
High grade 284 57 2.892 0.950-8.806 67 3.679 1.087-12.456
Vascular invasion Absent 234 24 <0.0001* 1 - 0.100 26 <0.0001* 1 - 0.002*
Present 106 37 1.665 0.906-3.058 44 2.678 1.429-5.017
Perineural invasion Absent 321 50 <0.0001* 1 - 0.001* 61 <0.0001* 1 - 0.015*
Present 19 11 3.567 1.707-7.454 9 2572 1.197-5.527
Mitotic rate <10 173 27 0.167 - - - 30 0.0823 1 - 0.521
(per 10 high power fields)
>10 167 34 - - - 40 0.851 0.520-1.393
SLC14A1 level High 170 11  <0.0001* 1 - 0.033* 16 <0.0001* 1 - 0.012*
Low 170 50 2.182 1.065-4.470 54 2.252 1.195-4.246

ARelative Ratio (R.R.); BConfidence Interval (C.1); *Statistically significant

Table 2. Univariate log-rank and multivariate analyses for disease-specific and metastasis-free survival in urinary bladder urothelial

carcinomas (UBUCs)

Parameter Category n  Disease-specific Survival Metastasis-free Survival
Univariate analysis =~ Multivariate analysis Univariate analysis =~ Multivariate analysis
n P value AR.R. 95% BC.L Pvalue n P value AR.R. 95% BC.I P value
Gender Male 216 41  0.4446 - - - 60  0.2720 - - -
Female 79 11 - - - 16 - - -
Age (years) <65 121 17 0.1136 - - - 31 0.6875 - - -
265 174 35 - - - 45 - - -
Primary tumor (T) Ta 84 1 <0.0001* 1 - <0.001* 4 <0.0001* 1 - 0.010*
T1 88 9 4.960  0.547-44.980 23 4.574 1.333-15.701
T2-T4 123 42 14.978 1.697-132.221 49 5.892 1.684-20.624
Nodal metastasis Negative (NO) 266 41  0.0002* 1 - 0.498 61  <0.0001* 1 - 0.040*
Positive (N1-N2) 29 11 1.275  0.632-2.570 15 1.915 1.031-3.556
Histological grade Low grade 56 2 0.0013* 1 - 0.998 5 0.0007* 1 - 0.710
High grade 239 50 1.002  0.219-4.579 71 0.809 0.275-2.383
Vascular invasion Absent 246 37  0.0024* 1 - 0.063 54 0.0001* 1 - 0.820
Present 49 15 0521  0.262-1.035 22 0.931 0.502-1.726
Perineural invasion Absent 275 44  0.0001* 1 - 0.023* 66 0.0007* 1 - 0.107
Present 20 8 2650 1.143-6.144 10 1.845 0.876-3.884
Mitotic rate <10 139 12 <0.0001* 1 - 0.016* 23  <0.0001* 1 - 0.031*
(per 10 high power fields)
>10 156 40 2269  1.164-4.422 53 1.764 1.054-2.954
SLC14A1 level High 147 5 <0.0001* 1 - 0.005* 16  <0.0001* 1 - 0.031*
Low 148 47 3.972  1.502-10.505 60 1.961 1.063-3.618

ARelative Ratio (R.R); BConfidence Interval (C.1.); *Statistically significant

Treatment with any of the above chemicals
upregulated SLC14A1 mRNA and the corresponding
protein levels (Supplementary Figure S4A-54C).
Stable knockdown of the EZH2 and EHMT2 genes
downregulated EZH2 and EHMT2 mRNA and the
corresponding protein levels, respectively
(Supplementary Figure 54D, S4E), while upregulated

SLC14A1 mRNA and corresponding protein levels
were found (shLacZ) in J82 and UMUC3 cells
compared to the control (Figure 2D, 2E). Treatment
with AKG decreased H3K27me3 and H3K9me2/3
histone methylation levels in the CpG region of the
SLC14A promoter compared to the control (HxO)
(Supplementary Figure S4F, S4G). Stable knockdown
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of the EZH2 and EHMT?2 genes further suppressed  (Figure 2F, 2G). All of these findings suggested that
histone methylation states in the SLC14A1 promoter =~ SLC14Al1 downregulation in UCs is attributed to
CpG region in J82 and UMUCS cells, respectively  epigenetic silencing.
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Figure 2. Impact of epigenetic modifications on SLC14A] mRNA and its corresponding protein levels in distinct UC-derived cells and tumor specimens.
(A) Quantitative RT-PCR and immunoblot analysis indicated that SLC/4A] mRNA and its corresponding protein are highly expressed in RTCCI cells, while they are barely
detected in J82 and UMUCS3 cells. (B) Immunohistochemistry showed that SLCI14Al protein is highly expressed in UCI5 cells (a low-grade Ta specimen), whereas it is lowly
expressed in UC16 cells (a high-grade T2 specimen). (C) A quantitative DNA methylation analysis identified low methylation burdens in the CpG island (a large number of CpG
dinucleotide repeats that are located within and close to sites of approximately 40% of mammalian gene promoters) of the SLCI4A| promoter region in RTCCI1 and BFTC905
cells and UCI5 specimens with high SLCI4AI levels. However, hypermethylation was found in J82 and UMUCS3 cells and UC16 tumors with low SLCI4A[ levels. (D-E) Stable
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knockdown of the EZH2 or EHMT2 gene with 2 distinct shRNA clones notably upregulated SLC4A] mRNA and the corresponding protein levels in |82 and UMUCS cells. (F-G)
A quantitative ChlP assay performed by probing anti-H3K27me3 (aH3K27me3) or -H3K9me2/3 (aH3K9me2/3) antibody and quantitative PCR demonstrated that knockdown
of the EZH2 or EHMT2 gene suppressed histone methylation status at the CpG island of the SLCI4A| promoter region compared to that of the control (shLacZ) in J82 and
UMUCS cells. All experiments were performed in triplicate, and the results are expressed as the mean + SD. For immunoblot analysis and immunohistochemistry, representative
images are shown. Actin, beta (ACTB) and IgG served as a loading and negative control, respectively, for the immunoblot and quantitative ChlP assay, respectively. Statistical

significance: *P < 0.05.

Total and membranous SLC14A1 play tumor
suppressive roles in vitro and in vivo

A double mutation at cysteine 25 and 30 to serine
(C255/C30S) in the SLCI4A1 gene was created
(Supplementary Figure S5A) to abolish its urea
transport function following the deficiency in
membranous SLC14A1 trafficking [19].
Overexpression of SLC14A1 and SLC14A1(C255/C30S)
genes was verified by mRNA upregulation
(Supplementary Figure S5B). Overexpression of the
SLCI14A1(C255/C30S) gene did not upregulate
membranous (ATP1A1: membrane marker) or nuclear
SLC14A1 protein (H2B: nuclear marker) level
compared to those in SLCI14Al-overexpressing J82
and UMUCS3 cells (Supplementary Figure S5C, S5D).
Overexpression of the SLC14A1(C255/C30S) gene was
not able to induce G cell cycle arrest, reduce HUVEC
tube formation (Supplementary Figure S5E-S5G),
suppress cell viability (Figure 3A), or decrease cell
proliferation (Figure 3B) from 24 to 72 h after seeding,
migration (Figure 3C), or invasion (Figure 3D), while
it upregulated TYMS and DHFR protein levels in J82
and UMUCS3 cells (Supplementary Figure S5H). On
the other hand, knockdown of the SLC14A1 gene in
RTCC1 and BFTC905 cells downregulated SLC14A1
mRNA (P < 0.05) and the corresponding protein
levels, while it promoted cell cycle progression to S
and G phases (P < 0.05; Supplementary Figure S6A,
S6B), enhanced HUVEC tube formation (P < 0.05)
(Supplementary Figure S6C), increased cell viability
(P < 0.05), increased cell proliferation (P < 0.05) from
24 to 72 h after seeding (Figure 3E, 3F), promoted cell
migration (P < 0.05) and cell invasion (P < 0.05)
(Figure 3G, 3H) and upregulated TYMS and DHFR
protein levels (Supplementary Figure S6D) compared
to the control (shLacZ).

In mouse xenograft experiments, the average
tumor size at day 14 after transplantation was smaller
in SLC14A1-overexpressing UMUCS3 cells than in the
mock (P < 0.05), while it was restored to the similar
size as the mock in  xenografts from
SLC14A1(C255/C30S)-overexpressing cells (Figure 3I).
TYMS and DHER protein levels were downregulated
in xenografts from SLC14AI-overexpressing UMUC3
cells, while they were restored in xenografts from
SLCI14A1(C255/C30S)-overexpressing UMUC3 cells
compared to the mock (Supplementary Figure S7A).
Tail vein injection showed that
SLC14A1-overexpressing UMUC3 cells suppressed

metastasis  development, whereas mock and
SLC14A1(C255/C30S)-overexpressing UMUC3 cells
metastasized (Figure 3]) in the mouse model. High
rates of lung metastasis were observed in mock
(UMUCS3 cells) and SLC14A1(C255/C30S) compared to
SLC14A1l-overexpressing UMUC3 cells
(Supplementary Figure S7B). Hence, a series of in
vitro and animal model experiments suggested that
SLC14A1 protein, particularly the membranous form,
plays a tumor suppressive role in UC. Along with the
observations from Figure 3A, 3B and Figure 3E, 3F,
SLC14A1 may inhibit cell proliferation in vitro and in
vivo accompanied by negative regulation of TYMS
and DHER protein levels.

SLCI14A1 prevents the accumulation of urea
and arginine in vitro

As shown in Supplementary Figure S8A-SSF,
overexpression of the SLC14A1 gene downregulated
arginine, urea, putrescine, spermidine and spermine,
while it upregulated L-ornithine in J82 and UMUC3
cells. However, overexpression of the
nonmembranous SLCI14A1(C255/C30S) gene in ]82
and UMUC3 cells showed the opposite pattern.
Knockdown of the SLCI4A1 gene in RTCC1 and
BFTC905 cells displayed similar results to those from
overexpression of the nonmembranous
SLC14A1(C255/C30S) gene, suggesting that SLC14A1
regularizes the urea cycle by continually releasing
urea and subsequently maintains the catabolism of
arginine and prevents excessive biogenesis of
polyamines. Particularly, arginine was upregulated in
SLC14A1-knockdown and ASS1-deficient RTCC1 cells
(P < 0.05), indicating that SLC14Al-suppressed
arginine synthesis is independent of ASSI.
Manipulation of the SLC14A1l level was not able to
consistently alter the mRNA abundance of several
metabolic enzymes including OTC, ASS1, ASL and
ARG in 4 UC-derived cell lines (Supplementary
Figure S8B). Furthermore, the SLCI14A1 mRNA level
was not correlated to OCT, ASS1, ASL or ARG mRNA
levels in vivo (Supplementary Figure S8C). All of the
above suggest that SLC14Al-prevented accumulation
of arginine was due to regulation of the expression
levels of these metabolic enzymes. On the other hand,
in the process of polyamine biosynthesis, both
ornithine decarboxylase (ODC) and arginine
decarboxylase (ADC) are key enzymes for putrescine
production [20]. Since dysfunctional SLCI14A1l
downregulated L-ornithine (a precursor of canonical
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polyamine biosynthesis) but upregulated arginine  which may be driven by dysfunctional SLC14A1, was
and downstream polyamines (Supplementary Figure  considered. AZIN2 (an ADC) is a key enzyme to
S8A-S8F), an alternative pathway via agmatinase to  synthesize agmatine from arginine.

convert arginine to agmatine and then putrescine,
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Figure 3. SLCI4AI plays a tumor suppressive role in vitro and in vivo. XTT, cell proliferation and Boyden chamber assays were performed to examine cell viability,
proliferation, migration and invasion in vitro. (A-D) Compared to the control (mock), overexpression of the SLCI4Al gene decreased while overexpression of the double
mutation SLCI4A1(C25S5/C30S) gene (defects in membrane trafficking) restored cell viability (A), cell proliferation (B), cell migration (C) and cell invasion (D) at each indicated
time point in J82 and UMUCS cells. On the other hand, knockdown of the SLCI4A| gene with 2 distinct shRNA clones in RTCCI and BFTC905 cells increased cell viability,
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proliferation, migration and invasion at each indicated time point compared to the shLacZ control (E-H). (I) In a mouse xenograft model, subcutaneous injection of
SLCI4AI-carrying UMUCS3 cells (n = 8) reduced tumor growth, while SLC/4A(C255/C305)-carrying UMUCS3 cells (n = 8) enhanced tumor growth compared to the mock (n = 8)
in NOD-SCID mice. (J) Tail vein injection of UMUCS3 cells without manipulation (mock), SLCI4Al- or SLCI14A(C255/C30S)-carrying UMUCS3 cells in NOD/SCID mice (n = 6 for
each group) were performed. Bioluminescence images captured by an in vivo imaging system (IVIS) showed that the tumor sizes were reduced in SLCI4Al-overexpressing
mice compared to the mock group (day 14), while lung metastases were identified in both the SLCI14A[(C255C30S)-overexpressing and mock groups at day 34 after injection.

Thus, the expression levels of SLC14A1 and
AZIN2 genes were adjusted to clarify their
relationships. Stable knockdown of the AZIN2 gene in
RTCC1 and BFTC905 cells and in
SLC14A1-knockdown RTCC1 and BFTC905 cells
downregulated AZIN2 mRNA and the corresponding
protein levels compared to their respective controls,
shLacZ, shSLC14A1#1 and shSLC14A1#2
(Supplementary Figure S8I, S8]). Double knockdown
of SLC14A1 and AZIN2? genes further downregulated
putrescine concentrations compared to knockdown
the SLC14A1 gene alone in RTCC1 and BFTC905 cells
(Supplementary  Figure S8I), suggesting that
dysfunctional SLC14A1 upregulated arginine and
downstream putrescine concentrations may be
mediated through the AZIN2/agmatine axis.

SLCI14A1 enhances mitochondrial fusion and
aerobic respiration yet inhibits glycolysis in
UCs and sensitizes arginine-deprivation
treatment in ASSI-deficient UC-derived cells

Exogenous expression of the SLCI14A1 gene in
J82 (Figure 4A-4F) and UMUC3 (Supplementary
Figure S9A-S9F) cells enhanced mitochondrial fusion
(Figure 4A, Supplementary Figure S9A), increased the
OCR at the indicated time points (P < 0.05; Figure 4B,
Supplementary Figure S9B), upregulated the levels of
a mitochondrial membrane protein, MFN2 (one
GTPase), which participates in mitochondrial fusion
and as a key enzyme and PDHA1, which catalyzes
pyruvate to acetyl coenzyme A (acetyl-CoA) (Figure
4C, Supplementary Figure S9C), whereas it decreased
ECAR (Figure 4D, Supplementary Figure S9D) and
glucose uptake (Figure 4E, Supplementary Figure
S9E) and downregulated SLC2A1 (GLUT-1), HK2,
PKM and LDHA/C protein levels (Figure 4F,
Supplementary Figure S9F). However, overexpression
of the mutated SLC14A1(C255/C30S) gene in J82 and
UMUCS cells promoted mitochondrial fission (Figure
4A, Supplementary Figure S9A), downregulated
MFEN2 and PDHA1 protein levels (Figure 4C,
Supplementary Figure 9C), increased glucose uptake
(Figure 4E, Supplementary Figure S9E) and increased
SLC2A1, HK2, PKM and LDHA/C abundances
(Figure 4F, Supplementary Figure S9F). Knockdown
of the SLC14A1 gene with 2 distinct shRNA clones in
RTCC1 (Figure 4G-4L) and BFTC905 (Supplementary
Figure S9G-S9L) cells showed thoroughly opposite
phenotypes compared to overexpression of the
wild-type SLC14A1 gene in J82 and UMUC3 cells.

Quantification of the mitochondrial morphological
changes are shown in Supplementary Figure 9M
based on our previous study [18] (see also the
Supplementary material).

Compared to high-grade UCs, SLC14Al,
PDHA1 and MFH2 proteins were highly expressed,
while SLC2A1, HK2, PKM and LDHA/C proteins
were barely expressed in low-grade UCs (Figure 4M).
Accordingly, the SLC14Al protein level was
negatively correlated to those of SLC2A1, HK2, PKM
and LDHA/C, while it was positively correlated to
those of PDHA1 and MFN2 in UTUCs (n = 170) and
UBUCs (n = 148) (Supplementary Table S6, S7). In
murine xenografts from SLCI4Al-overexpressing
UMUCS cells, the protein levels of SLC2A1, HK2,
PKM, and LDHA/C were notably downregulated,
while MFN2 and PDHA1 were upregulated, and
overexpression of SLC14A1(C255/C30S) counteracted
these effects in UMUCS3 cells (Figure 4N). All of these
findings suggested that SLC14Al enhances
mitochondrial fusion and aerobic respiration, while it
inhibits mitochondrial fission and aerobic glycolysis
in vitro, in UC patients and in vivo.

Interestingly, = under  arginine-deprivation,
knockdown of the SLCI4A1 gene in ASSI-deficient
RTCC1 cells showed mitochondrial fusion instead of
fission (Figure 40), while the OCR (Figure 4P), MFN2
and PDHAT1 protein levels remained constant (Figure
4Q), ECAR was decreased (Figure 4R), and the
expression levels of SLC2A1, HK2, PKM and
LDHA/C were not altered (Figure 4S), suggesting
that arginine-deprivation neutralized the effects of
dysfunctional SLC14A1. Treatment with an arginine
deiminase, ADI-PEG 20, in UMUC3 (mock) and
ASS1-deficient RTCC1 (shLacZ) cells decreased cell
viability (Figure 4T, 4W). ADI-PEG 20 treatment
further reduced and increased cell viability in
SLC14Al-overexpressing ASS1-positive UMUCS3 cells
(P < 0.05, Figure 4S) and SLCI14A1-knockdown
ASSI-negative RTCC1 cells (P < 0.05, Figure 4W),
respectively, at each indicated time point compared to
the corresponding control (mock and shLacZ). These
observations indicated that regarding cell viability,
arginine upregulation due to SLCI4A1- knockdown in
ASS1-deficient cells enhances the resistance to
arginine removal by ADI-PEG 20. Accordingly,
functional ~SLCI4A1  promotes  mitochondrial
fusion/respiration; nevertheless, it inhibits aerobic
glycolysis along with altering the expression levels of
several related proteins in UC specimens and
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UC-derived cells. Furthermore, upregulation of
SLC14A1 sensitizes arginine-deprivation treatment in

ASS1-deficiency cells.
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Figure 4. Dysfunctional SLCI14A1 protein induces metabolic reprogramming. Cells were transduced with lentiviruses carrying a MitoDsRed tag to label each
mitochondrion. Immunocytofluorescence and confocal microscopy, Seahorse XFp Analyser, immunoblot, glucose uptake, immunohistochemistry and XTT assays were
performed to examine mitochondrial status, the oxygen consumption rate (OCR) and extracellular acidification rate (ECAR), protein levels, glucose uptake by cells and protein
levels in cells and tissue specimens, respectively. (A-F) In J82 cells, stable overexpression of the SLC14A| gene suppressed mitochondrial fragmentation/fission (A), increased the
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OCR (B), upregulated MFN2 and PDHA protein levels (C), decreased the ECAR (D) and glucose uptake (E) and downregulated SLC2A1, HK2, PKM and LDHA/C protein
levels (F) compared to the mock. Similar to SLCI4A1(C255/C30S)-overexpressing J82 cells (A-F), stable knockdown of the SLCI4A [ gene with 2 distinct shRNA clones in RTCCI
cells showed opposite phenotypes to those of SLCI4A[-overexpressing J82 cells (G-L). Inmunohistochemistry showed that SLC14A1, PDHAI and MFH2 were highly expressed,
while SLC2AI1, HK2, PKM, LDHA/C were barely expressed in low-grade, compared to high-grade UCs (M), and the protein levels of SLC2A1, HK2, PKM, and LDHA/C were
downregulated, while PDHAI and MFN2 were upregulated in xenografts from SLCI4Al-overexpressing UMUC3 cells compared to the mock. Mutated SLCI4A1(C25S/C305)
abolished these effects (N). (O-S) Knockdown of the SLCI4A| gene in ASSI-deficient RTCCI cells in arginine-free medium showed mitochondrial fusion and a decreased ECAR,
while other phenotypes remained unchanged. (T, W) Treatment with an arginine deiminase, ADI-PEG20, in SLCI4A]-overexpressing UMUC3 cells decreased, while the same
treatment in SLCI4Al-knockdown RTCCI cells increased cell viability at each indicated time point compared to the control (mock or shLacZ). For the OCR and ECAR
measurements, the arrows indicate oligomycin, carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), rotenone (RA), glucose and 2-deoxy-glucose (2-DG) that were
loaded at each indicated time point. All experiments were performed in triplicate, and the results are expressed as the mean + SD. For immunocytofluorescence, immunoblot and
immunohistochemistry, representative images are shown. Actin-beta (ACTB) served as a loading control for immunoblot analysis. Statistical significance: *P < 0.05.

SLCI14A1 suppresses the mammalian target of
rapamycin signaling pathway in vitro and in
vivo

Reappraisal on a public genome-wide database
showed that among a series of cell lines, high mRNA
levels of SLC14A1 (n = 19) were sensitive, while low

SLC14A1 (n = 7) cell lines were resistant to a
PI3K/mTOR dual inhibitor, BEZ235, treatment
(Supplementary Figure S10), suggesting that

functional SLC14A1 may intervene in the
PIBK/mTOR axis. Since SLC14A1 suppressed cell
proliferation and downregulated arginine in this
study and arginine is one key activator of the
mammalian target of rapamycin complex 1
(mTORC1) [21], we next examined how SLC14Al
regulated the mTOR pathway. Of several molecules
involving in mTOR signaling, active/phospho-MTOR
(52448) [pMTOR(S2448)] and pRPS6(5235) were
notably downregulated in SLCI4AI-overexpressing
cells but restored in SLCI4A1(C25S5/C30S)-
overexpressing J82 and UMUCS cells as well as in
SLC14A1-knockdown RTCC1 and BFTC905 cells.
However, the level of pAKT1(5473) or
pEIF4EBP1(S65) protein in the abovementioned cells
was not consistently correlated to the SLC14A1 status
(Figure 5A, 5B), signifying that SLC14Al-inhibited
mTOR pathways may be irrelevant to Akt signaling.
Intriguingly, under arginine deprivation, pMTOR
(52248) and pRPS6(S5235) were not upregulated in
SLC14A1-knockdown ASSI-deficienct RTCC1 cells
(Figure 5C), indicating that arginine is essential for
MTOR activation upon SLC14A1-knockdown in vitro.

Compared to low-grade UCs, pAKT1(5473),
PMTOR(S2448), pRPS6(S235), pEIF2EP1(S65) and
Ki-67 proteins were highly expressed in high-grade
UCs (Figure 5D). Consequently, the SLC14A1 protein
level was negatively correlated to those of
pAKT1(5473), PMTOR(52448), PRPS6(5235),
pEIF4EP1(S65) and Ki-67 in UTUCs (n = 170) and
UBUCs (n = 148) (Supplementary Table S6, S7). In
murine xenografts from SLCI14Al-overexpressing
UMUC3 cells, SLC14A1 was upregulated, while
PMTOR(52448), pRPS6(5235) and Ki-67 were notably
downregulated, and these downregulated proteins
were restored in xenografts from
SCL14A1(C255/C30S)-overexpressing UMUC3 cells

compared to the mock (Figure 5E), supporting in vitro
and immunohistochemistry observations.

Nuclear SLC14AI1 plays a tumor suppressive
role through recruitment of HDACI to
transrepress HK2 and DEGSI genes

In addition to nuclear SLC14A1 being found in
clinical specimens (Figure 1D), nuclear and
membranous SLC14A1 were further detected in
RTCC1 and BFTC905 cells (Supplementary Figure
S11A, S11B). Stable overexpression of the
SLC14A-NLS gene upregulated SLC14A1 mRNA and
nuclear SLC14A1 protein levels in J82 and UMUC3
cells (Supplementary Figure S11C, S11D) and
promoted nuclear SLC14A1 protein expression
compared to SLCI4Al-overexpressing ]J82 cells
(Supplementary Figure S11E). A series of in vitro
experiments showed that, similar to wild-type
SLC14A1, nuclear SLC14A1-NLS induced G cell cycle
arrest and inhibited cell viability, cell proliferation,
cell migration, cell invasion, HUVEC tube formation,
glucose uptake, while it enhanced mitochondrial
fusion in J82 and UMUC3 cells (Supplementary
Figure S12A-S12G; Figure 6A, 6B). SLC14A1-NLS
regulated proteins related to DNA synthesis,
glycolysis, mitochondrial respiration and mTOR
signaling pathways in the same patterns as those of
wild-type SLC14A1 in ]82 and UMUC3 cells and
xenografts from SLCI14A1- and SLCI14AI1-NLS-
overexpressing UMUCS3 cells (Supplementary Figure
S12H-512K; Figure 6C, 6D). The average tumor size of
xenografts from SLC14A-NLS- was similar to that of
SLC14Al-overexpressing UMUC3 cells and much
smaller than that of the mock (P < 0.01; Figure 6E). The
expression levels of several proteins involved in
glycolysis, mitochondrial respiration and mTOR
signaling were analogous between xenografts from
SLC14A1-NLS- and SLC14A1-overexpressing UMUC3
cells compared to the mock (Figure 6F, 6G).

To evaluate whether nuclear SLC14A1
regulates any genes involved in glycolysis,
mitochondrial respiration or the mTOR signaling
pathway, the expression levels of several transcripts
were evaluated. Overexpression of the SLC14A1-NLS
gene downregulated SLC2A1, HK2, and LDHA mRNA
levels in J82 and UMUC3 cells (P < 0.05
Supplementary Figure S13A, S13B; Figure 6H).
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Figure 5. Total and membranous SLC14Al proteins suppress the mammalian target of rapamycin (mTOR) signaling pathway in vitro and in vivo.
Immunoblot analysis and immunohistochemistry were conducted. (A) pMTOR(52448) and pRPS6(S235) (active, phosphorylated forms) were downregulated in stable SLC14A]-
)82 and UMUCS3 cells, while they were upregulated in stable SLCI4A1(C255/C30S)-overexpressing J82 and UMUCS3 cells. All other examined proteins remained unchanged. (B)
Instead, stable knockdown of the SLCI4Al gene with 2 distinct shRNA clones in RTCCI1 (ASS]-deficient) and BFTC905 cells notably upregulated pMTOR(S2448) and
pRPS6(5235) protein levels. (C) Knockdown of the SLCI14A| gene with 2 distinct ShRNA clones in ASS | -deficient RTCCI cells in arginine-free medium was not able to upregulate
the pMTOR(S2448) or pRPS6(5235) protein level. Immunohistochemistry showed that pAKT1(S473), pMTOR(S2448), pRPS6(S235), pEIF2EP1(S65) and Ki-67 were highly
expressed in high-grade compared to low-grade UCs (D), and SLC14Al was upregulated, while pAKT1(S473), pMTOR(S2448), pRPS6(S235), pEIF4EBP1(S65) and Ki-67 were
downregulated in xenografts from SLCI4A[-overexpressing UMUCS3 cells compared to the mock. Except for the SLC14Al protein, the immunostaining pattern in xenografts
from SLC14A1(C25S5/C30S)-overexpressing UMUCS3 cells was similar to those of the mock. For immunoblot analysis and immunohistochemistry, representative images are shown
and actin, beta (ACTB) served as a loading control for immunoblot analysis.
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Figure 6. Nuclear SLC14A1 plays a tumor suppressor role through recruitment of HDACI to transrepress the HK2 gene. XTT, cell proliferation, and Boyden
chamber assays along with immunocytofluorescence and confocal microscopy were performed in vitro. Either SLCI4Al or SLCI4AI-NLS (nuclear form) overexpression
suppressed cell viability, proliferation, migration and invasion (A) and induced mitochondrial fusion (B) in UMUCS3 cells compared to the mock. (C, D) Either SLCI4Al or
SLCI4A1-NLS overexpression downregulated SLC2A1, HK2, PKM, LDHA/C, pMTOR(S2448), and pRPS6(5235) and upregulated PDHA1 and MFN2 protein levels in UMUC3
cells compared to the mock. (E) Subcutaneous injection of SLCI14A[-NLS-overexpressing UMUCS3 cells into NOD/SCID mice (n = 8) suppressed tumor growth compared to the
mock. (F, G) Immunohistochemistry showed that SLC14A1, PDHAI and MFN2 protein levels were notably upregulated, whereas pMTOR(52448), pRPS6(S235), Ki-67, SLC2A1,
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HK2, PKM and LDHA/C protein levels were markedly downregulated in xenografts from SLCI4AI-NLS-overexpressing UMUC3 cells, similar to those of xenografts from
SLCI4Al-overexpressing UMUC3 cells. (H) Quantitative RT-PCR showed that overexpression of the SLCI4AI-NLS gene downregulated the HK2Z mRNA level. (I)
Cotransfection of the pKM2L-PhHKII (region #1) and pGL4.54[luc2/TK] plasmids into stable SLC/4A[-NLS-overexpressing UMUCS3 cells along with the Dual-Glo® Luciferase
Reporter Assay displayed that HK2 promoter activity was downregulated compared to the mock. (J) Coimmunoprecipitation by probing anti-SLC14A1 antibody (aSLC14Al) and
immunoblot with anti-SIN3A or anti-HDACI antibody confirmed that SLC14Al interacts with SIN3A and HDACI in both RTCCI and BFTC905 cells. (K) The TRANSFAC®
database predicted three putative HDACI-responsive elements in the promoter region of the HK2 gene, and a quantitative ChIP assay validated that SCLI4AI-NLS
overexpression increased the SCL14A1-NLS binding folds at site 1, site 2 and site 3. All experiments were performed in triplicate, and the results are expressed as the mean +
SD. For the immunocytofluorescence, immunoblot and immunohistochemistry assays, representative images are shown. Actin, beta (ACTB) served as a loading control for

immunoblot analysis. Statistical significance: *P < 0.05.

In particular, exogenous SLCI14A1-NLS-
overexpression downregulated HK2 promoter activity
in J82 and UMUCS cells (P < 0.05, Supplementary
Figure S13C; Figure 6l). Further data mining on two
independent experimental series in the Gene
Expression Omnibus (GEO, NCBI) identified that
CDC25B, DEGS1, CLIC4 and COLGALT1 were
negatively correlated with SLC14A1 mRNA levels (P
< 0.05, Supplementary Figure S13D). Among these,
DEGS1 mRNA levels and promoter activities were
consistently = downregulated in SLCI4A1-NLS-
overexpressing J82 and UMUCS3 cells (Supplementary
Figure S13E, S13F). Stable knockdown of the DEGS1
gene with 2 distinct sShRNA clones downregulated
DEGS1T mRNA (P < 0.05) and the corresponding
protein levels (Supplementary Figure S13G) and
decreased cell proliferation (Supplementary Figure
S13H). These data suggested that SLC14A1 may
suppress HK2 and/or DEGS1 transcription along with
cell proliferation.

The lack of NLS in the SLCI4A1l protein
suggested that SLC14A1 may translocate into the
nucleus through interaction with other proteing(s).
Three potential SLC14A1l-interacted proteins, namely,
ARID4B, SIN3A and SUDS3 were identified in
UMUCS3 and ]82 cells (Supplementary Figure S14A),
and their interactions were verified by
coimmunoprecipitation in distinct cell lines
(Supplementary Figure S14B). Among these, ARID4B
and SUDS3 are components of the SIN3A/HDAC
corepressor complex, which is essential for
transcriptional repression [22]. The interaction
between SLC14A1 and SIN3A or HDAC1 protein was
next confirmed in RTCC1 and BFTC905 cells (Figure
6]). Three and one HDACI responsive elements in the
HK2 and DEGS1 promoter regions, respectively, were
predicted  (Supplementary Figure S14C). A
quantitative chromatin immunoprecipitation assay
further confirmed the binding of HDAC1 to putative
HDACI1-responsive elements in the HK2 promoter in
J82 (Supplementary Figure S14D) and UMUC3
(Figure 6K) cells as well as the DEGS1 promoter in
both cell lines (Supplementary Figure SI14E),
suggesting that nuclear SLC14A1 recruits HDAC1
with the coordination of SIN3A, ARID4B and/or
SUDS3 to transrepress HK2 and DEGSI genes in
UC-derived cells (Supplementary Figure S15).

Discussion

In this study, we uncovered that the nuclear as
well as membranous SLC14A1 proteins play tumor
suppressive roles through several signaling pathways
in UC in clinical specimens, in vitro and in vivo. We
initially performed data mining on the GEO dataset
and identified that the SLCI4A1 mRNA level is
frequently and gradually downregulated during UC
progression and further validated this finding in
UTUC and UBUC specimens at both the mRNA and
protein levels. Data mining on the TCGA portal in
cases of invasive bladder cancer reinforced our
observations.

Although SLC14A1 was originally identified as
a transmembrane urea transporter, we found that
SLC14A1 protein was also expressed in the nucleus
and cytosol in UC specimens. Importantly, the fact
that nuclear SLC14A1 protein gradually faded away
in the invasive front of UC specimens promoted us to
investigate the nuclear roles of SLC14A1. We found
that nuclear SLC14A1 is able to recruit
HDAC1/SIN3A complex to transrepress the HK2
gene. Since the interactions between SLC14Al and
HDAC1 were weaker than those between SLC14A1
and SIN3A, this interaction might be indirect. Tumor
cells including urothelial cancer cells rely upon a
particular switch from mitochondrial respiration to
aerobic glycolysis/the Warburg effect as a major
energy source to maintain rapid cell proliferation [23].
In the first step of most glucose metabolism pathways,
HK2  phosphorylates  glucose to  produce
glucose-6-phosphate. Indeed, a high HK2 level in
cancer cells is the foundation of 2-[(18)F]Fluoro-
2-deoxyglucose positron emission tomography
(*®FDG-PET) imaging technology for clinical tumor
detection. A meta-analysis showed that high HK2
levels conferred a poor prognosis in solid tumors of
the digestive system [24]. HK2 promoted tumor
growth in human glioblastoma multiforme [25] and
was integral to pathogenesis of medulloblastoma [26].
Clinical, in vitro and in vivo evidence strongly
suggested that upregulation of HK2 in ovarian cancer
was correlated with metastasis and poor survival and
mediated migration, invasion and stemness via
PTK2/MAPK1/3/MMP9/NANOG/SOX9 signaling
cascades in vitro and in a nude mouse model [27].
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Conditional knockout mice showed that Hk2 was
required for tumor initiation and maintenance in
Kras-driven lung cancer and Erbb2-driven breast
cancer. Without any adverse effects, mice with lung
tumors could be controlled by systematic Hk2 deletion
[28]. Therefore, SLC14A1 may suppress cell
proliferation, migration and invasion through
inhibition of HK2 transcription and subsequent
translation.

Another SLC14Al-transrepressed gene is
DEGS1, and its protein product catalyzes the final
step of de novo biosynthesis from dihydroceramide to
ceramides in the sphingolipid signaling pathway.
Knockdown of the DEGS1 gene using small inhibitor
RNA led to the accumulation of endogenous
dihydroceramide, reduced cell growth and induced
G cell cycle arrest in SMS-KCNR neuroblastoma cells
[29]. In addition, cell proliferation was defective in
DEGS1-knockout  embryonic  fibroblasts  [30].
Loss-of-function through pharmacological or genetic
ablation of DEGS1 in preadipocytes prevented
adipogenesis, resulting in an increase in oxidative
stress, cellular death and cell cycle arrest due to
dihydroceramide upregulation [31]. In mitochondria
isolated from mouse brain, either ischemia-induced or
exogenously added ceramide caused respiratory
chain damage [32]. Pathological dyslipidemia causes
fat oversupply to tissues not for lipid storage and
induces cellular dysfunctions (i.e., lipotoxicity)
including disruption of mitochondrial metabolism in
insulin-resistant heart [33]. Accordingly, followed by
suppression of DEGS]1 transcription and translation,
SLC14A1 may also inhibit tumor growth/cell
proliferation in UC-derived cells through hindering
lipotoxicity.

Prominently, we found that SLCI14Al
overexpression promotes mitochondrial fusion and
inhibits glycolysis, which was supported by
mitochondrial elongation, an increased OCR,
decreased ECAR and glucose uptake, downregulation
of several glycolysis-related enzymes including
SLC2A1, HK2, PKM, enzymes for the final step of
anaerobic glycolysis, and LDHA/C and upregulation
of MFN2 and PDHA1 protein levels in vitro and/or in
an animal model. These aspects were also supported
by significant correlations between SLC14Al and
related protein levels in UC specimens. Indeed,
mitochondria are dynamic organelles and constantly
change owing to coordinated fission, fusion or
movement with the microtubular structure [34]. A
dynamic  balance  between = MFN-dependent
mitochondrial ~ fusion and DNMIL-mediated
mitochondrial fission determines the dimension and
morphology of mitochondria [35]. Mitochondrial
fusion allows mingling of these organelles within a

cell, avoiding losses of indispensable constituents [36].
Mitochondrial fission and MFN2 downregulation are
often found in various cancer cells [37]. PDHA1
belongs to the PDH complex, which is comprised of
multiple copies of three enzymatic members. It
catalyzes the overall conversion of pyruvate to
acetyl-CoA and COz. Of these, PDHA1 contains the E1
active site and plays a pivotal role in the function of
the PDH complex. Furthermore, downregulation of
protein levels involving the glycolytic pathway
suggests that SLC14A1 disfavors glycolysis. Thus,
earlier studies strongly fortified our findings,
consistent with the development of novel glycolytic
inhibitors as a new class of anticancer agents.

We verified that functional SLC14A1 maintains a
normal urea cycle by the prevention of arginine and
urea accumulation and downregulation of
downstream polyamines in vitro. Increasing evidence
substantiates that tumor cells reprogram metabolism
to expand nitrogen and carbon usage for -cell
proliferation. In normal cells, enzymes involved in the
urea cycle are dynamically expressed to adapt to
cellular requirements. However, in cancer cells,
expression levels of these enzymes are adjusted to
exploit nitrogen for DNA and/ or protein biosynthesis
[38]. Our in vitro and in vivo studies showed that
dysfunctional SLC14Al upregulated TYMS and
DHFR proteins, which participate in de novo DNA
synthesis and repair, providing another indication to
support our conclusions.

Moreover, we identified that functional
SLC14A1 sensitizes arginine deprivation treatment in
an ASSI-deficient UC-derived cell line. Arginine is a
nonessential amino acid in humans, and ASS1
catalyzes the penultimate step of the arginine
biosynthetic pathway in the urea cycle. Arginine
auxotrophy due to ASSI loss/mutation is one
recurrence characteristic in human malignancies [39].
Recently, ASS1 negativity was detected in ~40% of
bladder cancer, and a multivariate analysis indicated
worse disease-specific and metastasis-free survival
rates [40]. Surprisingly, functional SLC14A1 sensitizes
ADP-PEG20 treatment (arginine deprivation) in
ASS1-deficient RTCC1 cells, strengthening the finding
that SLC14A1 also prevents arginine accumulation in
addition to urea. Thus, SLC14A1 is critical to maintain
a normal urea cycle and metabolic homeostasis in the
urothelial system.

In vitro and in the animal model, we identified
that SLC14A1 downregulated pMTOR(S2448), which
is an active component of mTORC1 [41]. The
mTORC1 complex comprises MTOR kinase and
several accessory proteins. Increasing evidence shows
that  several = mechanisms  including  the
PI3K/Akt/mTOR pathway affect cancer cell
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metabolism [42]. However, manipulation of SLC14A1
levels was not able alter pAKT1(5473) protein
abundance in vitro and in the animal model,
excluding that SLC14A1 regulated MTOR through the
PI3BK/Akt signaling. These notations were also
reinforced by significant correlations between
SLC14A1 and related protein levels in UC specimens.
Spatiotemporal regulation of mTORC1 at the
lysosome level identified that mTORC1 is a key
signaling hub coordinating nutrient status and cell
growth [43]. Arginine is able to disrupt the complex
CASTOR1/GATOR2 by binding to CASTOR1 and
activates mTORCT in cells [44]. In this study, activated
mTORC1 next phosphorylates RPS6 in the kinase
domain, which is involved in multiple pathways
including ribosome biogenesis and protein synthesis.
RPS6 encodes the 70 kDa serine/ threonine kinase and
regulates the translation of a subset of mRNA with an
oligopyrimidine fragment at the 5 untranslated
region. These mRNAs represent ~20% of entire
cellular mRNA and are central components for
translation apparatus [45]. Phosphorylated/active
RPS6 protein, which plays a crucial and positive role
in controlling the cell cycle, growth and survival has
been well documented [46]. Further, mTORC1
promotes glycolysis by increasing HK2 translation in
prostate cancer cells [47]. Thus, SLC14A1 directly
transrepresses HK2 and inhibits arginine/MTOR-
mediated HK?2 translation. Instead, DEGS1 ablation
activates the Akt/mTOR signaling pathway in mouse
embryonic fibroblasts [30]; no negative feedback loop
has been reported so far. As shown by our data,
SLC14A1 inhibits the mTOR signaling pathway by
restraint of arginine rather than by PI3K/AKT
signaling.

In clinical specimens and UC-derived cell lines,
we unearthed that negative mutations in the coding
DNA sequence in the SLCI4A1 gene and both
hypermethylation and histone/lysine methylation in
CpG island of the SLCI4A1 promoter region cause
low transcriptional and subsequent translational
activities. Truly, epigenetics catalyzes diverse
biochemical modifications to either the DNA or the
histone proteins to adjust chromatin conformation,
which further regulates gene expression temporally
and spatially. Akin to most human malignancies,
urological cancers are characterized by extensive
epigenetic changes, especially histone methylation in
euchromatin, resulting in the silencing of tumor
suppressor genes and genomic instability [48], such as
the SLCI4A1 gene in this study. The mRNA and
protein levels of the EZH2 gene, which encodes a
polycomb-group protein catalyzing H3K27me2/3,
were upregulated in muscle-invasive urothelial
carcinoma [49]. As a predominant methyltransferase,

EHMT2 is required for overall mono- and
dimethylation of H3K [50]. Overexpression of EHMT2
in distinct carcinomas including esophageal
squamous cell carcinoma, hepatocellular carcinoma,
aggressive lung cancer, brain cancer, aggressive
ovarian cancer and multiple myeloma were observed
[61]. The first approval of an EZH2 inhibitor,
Tazverik™, by the USA FDA [52] and the rapidly
development of EHMT2 inhibitors [53] as anticancer
agents are consistent with our in vitro observations
using EZH2 and EHMT?2 inhibitors and knockdown
of EZH2 and EHMT?2 genes. Although the SLC14A1
protein was frequently lowly expressed in several and
advanced cancers, this is the first study to identify
that epigenetic silencing contributes to its low
transcription and subsequent low translation.

Taken together, we identified that low SLC14A1
is a poor prognostic factor for disease-specific and
metastasis-free survival in UTUC and UBUC patients.
Epigenetic modifications including DNA
hypermethylation and H3K27 and H3K9 histone
methylations on the SLCI4A1 promoter resulted in
low SLC14A1 transcription and subsequent
translation. In vitro, xenograft and/or tail vein
injection experiments in mouse models provided
evidence that total and membranous SLC14Al
inhibited cell viability, proliferation, migration,
invasion, ECAR, tumor growth and metastasis,
induced mitochondrial fusion, increased the OCR
along with upregulation of proteins related to
mitochondrial respiration and downregulated
proteins associated with aerobic glycolysis, which
may be mediated by downregulation of arginine and
phosphorylated/active MTOR and RPS6. Functional
SLC14A1 further sensitized arginine deprivation
therapy in ASSI-deficient cells. Nuclear SLC14A1l
recruited HDAC1 to transrepress HK2 and DEGS1
genes to maintain metabolic homeostasis.
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