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Abstract
Advanced Bladder Cancer (BLCA) remains a clinical challenge that lacks effective therapeutic measures. Here, we show
that distinct, stage-wise metabolic alterations in BLCA are associated with the loss of function of aldehyde oxidase (AOX1).
AOX1 associated metabolites have a high predictive value for advanced BLCA and our findings demonstrate that AOX1 is
epigenetically silenced during BLCA progression by the methyltransferase activity of EZH2. Knockdown (KD) of AOX1 in
normal bladder epithelial cells re-wires the tryptophan-kynurenine pathway resulting in elevated NADP levels which may
increase metabolic flux through the pentose phosphate (PPP) pathway, enabling increased nucleotide synthesis, and
promoting cell invasion. Inhibition of NADP synthesis rescues the metabolic effects of AOX1 KD. Ectopic AOX1
expression decreases NADP production, PPP flux and nucleotide synthesis, while decreasing invasion in cell line models
and suppressing growth in tumor xenografts. Further gain and loss of AOX1 confirm the EZH2-dependent activation,
metabolic deregulation, and tumor growth in BLCA. Our findings highlight the therapeutic potential of AOX1 and provide a
basis for the development of prognostic markers for advanced BLCA.

Introduction

Urinary bladder cancer (BLCA) is the ninth most common
cancer worldwide and is more prevalent in men [1]. The
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American Cancer Society estimated about 81,190 new cases
of bladder cancer and about 17,240 deaths from bladder
cancer occurred in the United States in 2018 [2]. Low-grade
tumors are generally noninvasive and carry a low risk of
progression though disease recurrence is frequent. How-
ever, high-grade papillary tumors and carcinoma in situ are
associated with a high risk of recurrence and disease pro-
gression, warranting close surveillance and intravesical
therapy. Monitoring and repeated treatment, accounts for
the relatively high cost of BLCA management compared to
other cancers [3]. Molecular studies of non-muscle-invasive
urothelial carcinoma of the bladder (NMIBC) have clearly
shown the effects of genomic instability, chromosomal
alterations, and allelic loss on the development and pro-
gression of BLCA [4, 5]. However, the metabolic changes
associated with these genetic aberrations remain unknown.
Here, we aimed to understand the potential metabolic dys-
regulations resulting from chromatin alterations that trigger
the advanced bladder carcinogenesis.

Aldehyde oxidase 1 (AOX1) is a phase I xenobiotic
enzyme that belongs to the xanthine oxidase family of
cytosolic molybdoenzymes [6, 7]. AOX1 plays an impor-
tant role in xenobiotic and drug metabolism by catalyzing
the oxidation of endogenous and exogenous aldehydes and
aromatic N-heterocycles [8]. Previous metabolomic ana-
lyses have shown altered patterns in phase I/II metabolism
and the adverse effects of methylation-driven gene silencing
on xenobiotic metabolism in BLCA tissues [9]. Promoter
hypermethylation is a common mechanism for transcrip-
tional silencing of tumor suppressor genes, such as RB1 and
p16INK4A [10–12]. Enhancer of Zeste homolog 2 (EZH2),
an enzymatic subunit of the polycomb repressive complex 2
(PRC2), catalyzes methylation to induce chromatin com-
paction and transcriptional silencing [13]. Consistent with
its previously known function as an epigenetic silencer in
tumorigenesis and tumor progression [14], we sought to
examine the role of EZH2 in AOX1 silencing during BLCA
progression.

In this study, we show that AOX1 is epigenetically
silenced by EZH2-mediated chromatin alterations in its
promoter. Loss of AOX1 resulted in distinct metabolic
alterations that are highly predictive of the different stages
of BLCA progression. In normal bladder epithelial cells,
knockdown of AOX1 led to the activation of the
tryptophan-kynurenine pathway. This resulted in elevated
nicotinamide-adenine dinucleotide phosphate (NADP)
levels, which enhanced carbon flux via the pentose phos-
phate pathway (PPP), nucleotide synthesis and cell inva-
sion. Ectopic expression of AOX1 in cancer cells resulted in
decreased PPP metabolic flux, cell invasion, and nucleotide
synthesis. Also, ectopic AOX1 expression reduced tumor
xenograft growth in mice, possibly via a reduction in

nucleotide synthesis. Together, our findings suggest a novel
oncogenic role for AOX1 in BLCA progression, suggest a
metabolic basis for early tumor detection, and targeted
therapies for BLCA.

Results

Detection of stage-specific metabolic alterations
and risk prediction of BLCA tissues

To identify key altered metabolic pathways at different
stages of BLCA, we analyzed metabolomic data collected
from BLCA tissue samples obtained from the University of
Texas Southwestern Medical Center, Dallas (clinical
information in Supplementary Table 1). A total of 94
metabolites showed significantly altered levels in stages T1
to T4 compared with the Ta stage (Fig. 1a). Interestingly, a
subset of the altered metabolites was associated with reac-
tions catalyzed by AOX1 (Fig. 1a). A network-based
pathway enrichment method NetGSA was [15] used to
identify several enriched biochemical pathways such as
nicotinamide, glycolysis, fatty acid, purine, and pyrimidine
metabolism (Fig. 1b). These identified pathways were
associated with several metabolic reactions catalyzed by
AOX1 (Fig. 1c). Integration of metabolomics mapped genes
from our study and transcriptomics from TCGA data
revealed that AOX1 ranked second in the list of genes
downregulated in cancer (Supplementary Fig. 2a). We
analyzed the predictive power of the identified stage-
specific BLCA-associated metabolites in an independent
tissue cohort for validation. We used 119 tissue specimens
collected at three institutions (clinical information in Sup-
plementary Table 2). We selected a subset of seven meta-
bolites (nicotinamide, methyl adenosine, asparagine, methyl
histidine, indolacetaldehyde, tyrosine, and gentisatealde-
hyde) associated with AOX1 metabolic pathways and cal-
culated the activity scores for each pathway based on Z-
score transformed data. The activity score represents the
likelihood that a metabolic pathway is active inside the cell
and provides a basis for comparing metabolic pathway
activities. A logistic regression model was used to build a
classifier using activity scores derived from a training
dataset comprised of two-thirds of the tissue samples (n=
80, randomly selected). We validated the predictive per-
formance of the classifier by applying it to the remaining
one-third of the samples (n= 39). The resultant receiver
operating characteristic (ROC) curve was statistically sig-
nificant (p= 0.023) with an area under curve (AUC) value
of 0.689 (Fig. 1d). These results suggest AOX1-associated,
stage-specific metabolites can be used as reliable prognostic
markers for BLCA.
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Fig. 1 Metabolic analysis of different-staged tissues, alterations in the
AOX1-associated pathways and AOX1 expression in BLCA. a Heat
map of hierarchical clustering of 95 differential metabolites from 25
BLCA tissue samples at different stages of BLCA. Columns represent
individual tissue samples arranged according to BLCA stage, and rows
represent distinct metabolites. Shades of yellow and blue represent
higher and lower levels of metabolites, respectively, relative to the
median metabolite levels (false discovery rate, FDR < 0.25). b Net-
work representation of pathways (solid green colored circles: enriched
pathways after integrative analysis using combined gene/metabolite-
derived enrichment scores) altered in aggressive BLCA (stage Ta vs
stages T1–T4). Arrow thickness correlates with the number of inter-
acting components between two pathways. c Overview of metabolic
pathway reactions associated with AOX1 (indicator represents exact
reaction catalyzed by AOX1 in the pathway). d The plot describes the

ROC based on the overall activity score for a select group of AOX1
associated metabolites (n= 7) in the logistic regression which yields a
significant p-value (p= 0.03) with an AUC of 0.689. e Tissue
microarray analysis of AOX1 expression comparing low-grade (Ta-
Tis) and high-grade (T1-T4) BLCA. The scores of 0–3 were con-
sidered low and scores from 4 to 8 were considered high. The score
represents a combination of staining intensity and percentage of tumor
cells showing protein expression. f Representative photomicrograph of
AOX1 immunostaining in stages Ta, T1, T2, T3, and T4 of BLCA.
The bar graphs show relative AOX1 expression levels for the same
slides. For normalization, AOX1 staining of Ta was used as 100% and
AOX1 expression in other stages are shown as relative percentages. g
Photographic representation of AOX1 mRNA expression in all cancers
in TCGA dataset
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AOX1 is significantly downregulated during BLCA
progression

Our computational analysis suggested AOX1 may be a
useful biomarker for BLCA progression. To examine this
idea further, we used a tissue microarray to evaluate AOX1
expression in 188 human BLCA tissue samples at varying
cancer stages. Low-grade (stages Ta and Tis) BLCA tissue
specimens had higher AOX1 protein expression than high-
grade (stages T1–T4) BLCA tissues (Fig. 1e). Immunohis-
tochemical analysis also showed AOX1 downregulation in
high-grade BLCA tissues (Fig. 1f). A comparison of AOX1
mRNA expression in the TCGA dataset revealed that BLCA
had the lowest AOX1 mRNA expression levels across all
cataloged tumors (Fig. 1g). AOX1 expression was lower in
high-grade BLCA cell lines (UMUC3, J82, and T24) than
low-grade RT4 BLCA cells, suggesting AOX1 expression
may be lost during BLCA progression (Supplementary Fig.
1a). Analysis of data from public BLCA cohorts (Kim [16],
TCGA [17], Sanchez [18]) showed significantly lower
expression of AOX1 in cancerous tissue compared with
normal bladder tissue (Supplementary Fig. 2b, c). Moreover,
analysis of AOX1-associated substrate metabolites (Sup-
plementary Fig. 3a) and product metabolites (Supplementary
Fig. 3b) coupled with the AOX1 expression pattern suggest
AOX1 levels decrease during BLCA progression.

AOX1 is silenced by EZH2

To determine if AOX1 loss during BLCA progression is
controlled by epigenetic regulation, we treated UMUC3 cells
with methyltransferase inhibitors, 5-aza-2′-deoxycytidine
(AZA) and Adenosine dialdehyde (Adox). Both AZA and
Adox treatments resulted in increased mRNA and protein
expression of AOX1. Treatment of UMUC3 cells with Tri-
chostatin A, a histone deacetylase inhibitor, had no effect
(Fig. 2a and Supplementary Fig. 4a), suggesting AOX1
expression in these cells was suppressed by methylation. To
identify the methyltransferase(s) responsible for silencing
the AOX1 locus, we performed a correlation analysis of
AOX1 with EZH2, DNMT1, DNMT3A, or DNMT3B,
using data from public cohorts (TCGA [17], Choi [19], Kim
[16], and Sanchez [18]). We observed a strong negative
correlation between AOX1 and EZH2 in all cohorts (Fig. 2b,
c). In addition, we found the potential methylated CpG
islands at the AOX1 promotor region (Supplementary Fig.
5a) and have moderate negative correlation of DNMT3B
with AOX1where as DNMT1 and DNMT3A showed no
correlation with AOX1 (Supplementary Fig. 5b).

To examine the regulatory relationship between EZH2
and AOX1, we treated, UMUC3 BLCA cells, with a highly
selective pharmacological EZH2 inhibitor GSK126 [20],
and found the increase in AOX1 expression. (Fig. 2d).

Next, we examined AOX1 and EZH2 protein expression in
BLCA specimens and found that EZH2 expression
increased while AOX1 expression decreased in a stage-
dependent manner (Fig. 2e). Moreover, EZH2 knockdown
resulted in a significant increase of AOX1 expression in
UMUC3 and T24 cells (Fig. 2f, g).

EZH2 alters chromatin structure at the AOX1
promoter locus

EZH2 regulates epigenetic silencing by methylation of his-
tone H3 on lysine 27 (H3K27) at the gene promoter locus
[20] or controls DNA methylation [21]. To determine the
mechanism by which EZH2 silenced AOX1 expression, we
performed bisulfite sequencing and chromatin immunopreci-
pitation (ChIP) experiments. Stage-specific DNA from BLCA
tissues were used for bisulfite conversion and pyrosequen-
cing. We observed high levels of methylation at the AOX1
promoter locus in stage T1–T4 BLCA tissues. Methylation
was absent at the AOX1 promoter locus in benign, normal,
and Ta tissues (Fig. 3a). We performed ChIP assays to assess
enrichment of EZH2 and H3K27me3 at the AOX1 promoter
in EZH2 knockdown and GSK126-treated BLCA cells.
Quantitative real-time PCR (ChIP-qPCR) was used to mea-
sure the H3K27 trimethylation and EZH2 occupancy at the
AOX1 promoter locus. EZH2 levels were significantly
reduced at the AOX1 promoter locus in EZH2 knockdown
cells, but remained unchanged in GSK126-treated cells.
However, both EZH2 knockdown and GSK126-treated
BLCA cells showed a significant reduction in H3K27 tri-
methylation at the AOX1 promoter, which correlated with
increased AOX1 expression in these cells (Fig. 3b).

Next, we examined the role of EZH2 methyltransferase
activity in AOX1 silencing. We transfected normal immorta-
lized bladder epithelial cells (SV-HUC-1) with adenovirus
constructs expressing wild type EZH2 and a mutant version
of EZH2 (ΔSET) that had a truncated C-terminal SET domain
and lacked methyltransferase activity [22]. SV-HUC-1 cells
that expressed wild type EZH2 showed decreased AOX1
mRNA and protein levels compared with control cells. In
contrast, cells expressing the ΔSET construct showed no
significant decrease in AOX1 mRNA and protein levels (Fig.
3c). These results indicate EZH2 binds and methylate the
AOX1 promoter, silencing AOX1 expression (Fig. 3d).

Knockdown of AOX1 altered cell morphology and
increased cell proliferation, NADP levels, glucose
metabolism, and nucleotide synthesis

To examine phenotypic responses to AOX1 modulation, we
introduced AOX1shRNA or control shRNA constructs into
SV-HUC-1 cells. Cells with AOX1 shRNA showed sig-
nificant reduction in both AOX1 mRNA and protein (Fig.
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4a). AOX1 knockdown (KD) cells grew faster (Fig. 4b) and
were significantly smaller (Fig. 4c) than control cells,
showed altered cell growth and morphology. They also had

a significantly elevated growth rate compared with control
cells (Fig. 4b). Cells were labeled with Alexa 594-
conjugated phalloidin and the major and minor axis
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lengths were calculated for each cell area. A significant
decrease in cell size and major to minor axis length ratio was
observed in AOX1 KD cells compared with control cells
(Fig. 4c). A wound-healing assay to assess cell migration
potential showed that the rate of wound closure was accel-
erated in AOX1 KD cells compared with control (Fig. 4d).

AOX1 is one of the key enzymes of tryptophan catabo-
lism and loss of AOX1 may lead to the accumulation of
kynurenine and NADP (Fig. 4e). To address this, we per-
formed metabolomic analyses of AOX1 KD and control
cells using liquid chromatography-mass spectrometry (LC-
MS). AOX1 KD cells showed elevated levels of kynur-
enine, NADP, and a higher NADP/NADPH ratio compared
with control cells (Fig. 4f). Isotropic tracing experiments
with 15N-labeled tryptophan demonstrated elevated levels of
15N kynurenine in AOX1 KD cells (Fig. 4g) suggesting
tryptophan may be shunted to the kynurenine pathway in
the absence of AOX1.

We analyzed changes in the transcriptome in AOX1 KD
cells by RNA sequencing and observed significant differ-
ences in levels of metabolic enzymes and epithelial-
mesenchymal transition [23] markers (Fig. 4h). Metabolic
flux analysis, using (U)13C glucose demonstrated, enrich-
ment of glucose derived carbon in glucose-6-phosphate (M
+ 6), fructose 1,6-bisphosphate (M+ 6), glyceraldehyde-3-
phosphate (M+ 3), and lactate (M+ 3) in AOX1 KD
compared with control (Fig. 4i). This suggested that the
glycolytic pathway was activated in the absence of AOX1.
PPP metabolites such as 6-phosphogluconate (M+ 6),
ribulose/xylose 5-phosphate (M+ 5), and sedoheptulose 7-
phosphate (M+ 7) were also significantly increased in
AOX1 KD compared with control (Fig. 4i). However, tri-
carboxylic acid (TCA) metabolites such as citrate (M+ 2),
succinate (M+ 2), and malate (M+ 2) showed lower
incorporation of 13C (Fig. 4i), which indicated reduced flow

of glucose into the TCA cycle in AOX1 KD. Nucleotide
flux analysis showed a significant increase in the synthesis
of adenosine monophosphate (M+ 5), guanosine mono-
phosphate (M+ 5) cytidine monophosphate (M+ 5), and
inosine monophosphate (M+ 5) in AOX1 KD (Fig. 4i).
Immunoblotting assays showed elevated levels of the reg-
ulatory enzymes involved in glycolysis and PPP in AOX1
KD cells (Fig. 4j), which is consistent with the activation of
glycolysis and PPP in cells without AOX1. Together, our
results suggested that AOX1 played a critical role in reg-
ulating central metabolic pathways to divert glucose
towards the PPP, which is a major source of intermediates
for nucleotide synthesis in rapidly dividing cells.

Pharmacological inhibition of NAD synthesis
rescued the metabolic effects caused by loss of
AOX1

Because levels of kynurenine and NAD were elevated in the
absence of AOX1, we tested whether pharmacological inhi-
bition of NAD synthesis altered the metabolic effects caused
by the loss of AOX1. NAD is predominantly synthesized via
the kynurenine pathway and tryptophan 2,3-dioxygenase
(TDO2) is the rate-limiting enzyme for this pathway [24].
AOX1 KD cells were treated with the TDO2 inhibitor,
680C91 [25], for 24 h. Levels of kynurenine, NAD, and PPP
intermediates were measured by LC-MS (Fig. 4k). Inhibition
of TDO2 resulted in decreased NAD synthesis leading to a
reduction in 6-phosphogluconate and ribose/ribulose 5-
phosphate in AOX1 KD cells compared with untreated
AOX1 KD (Fig. 4k). These findings suggest loss of AOX1 in
BLCA cells may enable increased NADP production.

Ectopic expression of AOX1 in BLCA cells affects
NADP production, PPP metabolite levels, and
nucleotide synthesis

To further assess the impact of AOX1 on central carbon
metabolism, we ectopically expressed AOX1 in BLCA
cells. UMUC3, and T24 cells were infected with adenovirus
constructs expressing AOX1 (Ad-AOX1) and mRNA and
protein levels were detected by western blotting and qPCR
(Fig. 5a). Ectopic expression of AOX1 in BLCA cells sig-
nificantly reduced the levels of kynurenine and NADP,
suggesting activation of the regular tryptophan pathway
(Fig. 5b). 15N-labeled tryptophan flux also demonstrated
decreased levels of 15N kynurenine in Ad-AOX1 cells,
confirmed the rewiring of the tryptophan-kynurenine path-
way (Fig. 5c).

Next, we studied the effect of ectopic AOX1 expression
on central carbon metabolism using U13C-labeled glucose in
Ad-AOX1 UMUC3 BLCA cells. Ectopic AOX1 expression
resulted in a decrease in levels of the glycolytic

Fig. 2 EZH2-mediated suppression of AOX1 in BLCA. a Immunoblot
analysis of AOX1 in UMUC3 cells treated with methylation and
histone deacetylation inhibitors. Cells were treated with Azacitidine,
Adox, and trichostatin A, respectively, for 24 h and the bar graphs
show relative protein expression levels for the same blots. Protein
levels were normalized using β-actin expression levels. b Negative
correlation between AOX1 and EZH2 mRNA expression in TCGA.
c Significant negative correlation (p < 0.05) between AOX1 and EZH2
mRNA expression in Choi, Kim, Sanchez, and TCGA cohorts.
d Immunoblot analysis of AOX1 in UMUC3 cells treated with
GSK126 for 24 h and the bar graphs show relative protein expression
levels for the same blots. Protein levels were normalized using β-actin
expression levels. e Immunoblot analysis of AOX1 and EZH2 at
different stages of matched BLCA tissues and bar graphs show relative
protein expression levels for the same blots. AOX1 quantification in
NMIBC (n= 10) and MIBC (n= 15). Protein levels were normalized
using β-actin expression levels. f qPCR and western blot of
EZH2 shRNA knockdown in UMUC3 and T24. g qPCR and western
blot of AOX1 in UMUC3 and T24 EZH2 knockdown cells. mRNA
levels were normalized using GAPDH expression levels
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intermediates, glucose-6-phosphate (M+ 6) and fructose
1,6-bisphosphate (M+ 6) (Fig. 5d). However, levels of the
TCA cycle intermediates, citrate (M+ 2), succinate (M+
2), and malate (M+ 2), were elevated (Fig. 5d), suggesting
a shift in carbon metabolism toward the TCA cycle.
Accordingly, levels of PPP intermediates, 6-
phosphogluconate (M+ 6), ribulose/xylose 5- phosphate
(M+ 5), and sedoheptulose 7-phosphate (M+ 7) were
decreased in Ad-AOX1 BLCA cells (Fig. 5d). Analysis of
nucleotide flux in Ad-AOX1 BLCA cells showed decreased
levels of adenosine monophosphate (M+ 5), guanosine
monophosphate (M+ 5), cytidine monophosphate (M+ 5),
and inosine monophosphate (M+ 5) (Fig. 5d).

To further examine the role of AOX1 in metabolic regula-
tion of tryptophan and PPP pathways in BLCA, we compared

the effect of gain and loss-of-function of AOX1 in the UMUC3
cells. UMUC3 does not natively express meaningful amounts
of AOX1. Therefore, UMUC3 cells were maintain in a sub-
lethal dose of GSK126 until AOX1 expression was achieved
(Fig. 5e). The enzymatic activity of AOX1 was active in
GSK126-treated cells as evidenced by low levels of kyneur-
enine, NADP and PPP pathway metabolites (Fig. 5f). In con-
trast, the knockdown of AOX1 under these conditions
significantly increases the abundance of kynuerenine, NADP
and PPP pathway metabolites (Fig. 5f), further corroborating
the role of AOX1 in metabolic rewiring of tryptophan towards
increased NADP synthesis. Together, these experiments sug-
gest AOX1 plays a pivotal role in central carbon metabolism
by rewiring the tryptophan metabolic pathway, which further
regulates PPP pathway through NADP.

Fig. 3 EZH2-mediated hypermethylation at AOX1 promoter locus. a
Quantification of DNA methylation using bisulfite repetitive PCR and
pyrosequencing and percentage of DNA CpG methylation of the
AOX1 promoter region at different stages of BLCA (n= 4, Normal,
Benign Ta, T1, T2, T3, and T4). b qPCR analysis from ChIP shows
significant reduction of the H3K27tri methylation at the AOX1 pro-
moter in UMUC3 and T24 BLCA cell lines. 100 nM GSK126 reduces
the H3K27 trimethylation at AOX1 promoter without affecting EZH2
levels. On the other hand, EZH2 knockdown significantly affected
EZH2 occupancy and H3K27 trimethylation at the AOX1 promoter

locus. EZH2 enrichment is normalized to IgG and H3K4me3/K27me3
markers are normalized to IgG and H3. c mRNA analysis and
immunoblots of SV-HUC-1 cells infected with adenovirus encoding
EZH2 or Δ SET mutant and vector adenoviruse for 48 h. Ectopic
overexpression of EZH2 significantly reduces AOX1 expression but
ΔSET mutant does not have effect on AOX1 expression, the bar
graphs show relative protein expression levels for the same blots.
Protein levels were normalized using β-actin expression levels. d
Graphical representation of AOX1 suppression by EZH2-mediated
promoter methylation
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Loss of AOX1 induces EMT phenotype and invasion
in BLCA

EMT is a crucial mechanism by which cancer cells gain
migratory and invasive properties [26, 27]. Our results
demonstrate SV-HUC-1 AOX1 KD cells display altered cell
growth, morphology, and metabolic phenotype. To further
examine the link between AOX1 and EMT, we measured
mRNA and protein expression levels of EMT markers such
as E-cadherin, vimentin, and N-cadherin in AOX1 KD and
Ad-AOX1 cells. AOX1KD cells showed lower levels of E-
cadherin and higher levels of vimentin and N-cadherin (Fig.
6a). In contrast, Ad-AOX1 BLCA cells showed increased
expression of E-cadherin and decreased expression of
vimentin (Fig. 6b). Therefore, loss of AOX1 during BLCA
progression may contribute to the EMT phenotype of cancer
cells. Cell invasion assays showed loss of AOX1 resulted in
increased invasiveness of SV-HUC-1 cells (Fig. 6c) and
Ad-AOX1 decreased invasiveness of high-grade UMUC3
and T24 BLCA cells (Fig. 6d). These results suggest loss of

AOX1 contributes the transition from low-grade to high-
grade during BLCA progression.

AOX1 suppresses the tumor potential of BLCA cells
in vivo

To examine the tumor-suppressive potential of AOX1
in vivo, we introduced Ad-AOX1 into UMUC3 BLCA
cells, which were then injected into the flank region of
immunocompromised mice. UMUC3 BLCA cells with
empty adenoviral vectors were used as control. Tumors
were collected for analysis after 4 weeks of growth. We
found that tumors of Ad-AOX1 showed significantly
reduced growth rate and size compared with control tumors
(Fig. 7a, b). To determine whether AOX1 regulated the
same biochemical pathways in vitro and in vivo, we ana-
lyzed AOX1-associated metabolites and nucleotides by LC-
MS. We found that the Ad-AOX1 tumors were enriched in
energy metabolites and AOX1-product metabolites, and
showed lower levels of nucleotides and AOX1-substrate
metabolites (Fig. 7c). To further examine the role of AOX1
in tumor growth, we performed chicken embryo chor-
ioallantoic membrane [5] xenografts [28] to assess the
effects of gain and loss-of-function of AOX1. GSK126
treated cells were used for AOX1 gain, followed by
shAOX1 knockdown for loss of AOX1 in the same setting.
One million cells from each experimental group (control,
GSK, GSK+ luc, and GSK+ shAOX1) were grafted on
the embryo’s CAM and allowed to expand for 5 days. We
found AOX1 expression resulted in a significant reduction
in tumor growth while AOX1 knockdown enhanced growth
(Fig. 7d). Immunohistochemistry (IHC) analysis of the
CAM tumors demonstrated the expected experimental loss
and gain of AOX1 (Fig. 7d). In addition, we have per-
formed EZH2 overexpression followed by AOX1 over-
expression in cell line model (Supplementary Fig. 6a). The
results demonstrated reduced tryptophan pathway metabo-
lites, NADP, and PPP intermediates (Supplementary Fig.
6b) and increase in ovivo tumor growth (Supplementary
Fig. 6c). Overall these results indicate expression of AOX1
reduces nucleotide synthesis and suppresses tumor growth
in vivo.

Discussion

Previous metabolomic studies have investigated disease-
specific metabolite signatures in BLCA [9, 29, 30]. Our
study is the first to identify stage-specific metabolic markers
associated with AOX1 that are predictive of BLCA pro-
gression. We found the metabolic state of bladder tumors at
the Ta stage was markedly different from that of tumors at
the T1–T4 stages. The accumulation of AOX1-substrate

Fig. 4 Knockdown of AOX1 altered cell morphology and increased
cell proliferation, glucose metabolism, and nucleotide synthesis.
a shRNA knockdown (KD) of AOX1 in SV-HUC-1 leads to sig-
nificant reduction in mRNA and protein levels. b Cell viability and
proliferation of AOX1 KD cells. The cytotoxicity was determined by
MTT assay. For proliferation assay 0.5 × 106 vector control and AOX1
KD cells were cultured in 100-mm culture dishes in triplicate. Total
cells were counted on days 2, 3, 4, 5, and 6 using a Countess auto-
mated cell counter. c AOX1 KD causes the reduced cell size. Cell size
and the ratio between the major axis length and the minor axis length
were compared between control (n= 76) and AOX1 KD (n= 159)
cells. d Wound-healing assay shows high migration rate of AOX1 KD
cells compared to control. AOX1 KD and vector control cells were
plated in 96-well image lock plate and grown to full confluency.
Scratch was made using IncuCyte wound maker. The images were
captured every 2 hours using Incucyte ZOOM. The images were
analyzed for relative wound density (%) on Integrated cell migration
analysis module. e Tryptophan-kynurenine pathway for the synthesis
of NADP. f Kynurenine, NADP, and NADP/NADPH ratio levels in
control and AOX1 KD measured by LC-MS. Metabolite levels were
normalized using 13C labeled internal standards to represent relative
abundance level. g 15N tryptophan flux shows elevated levels of 15N
kynurenine (M+ 2) in AOX1 KD1 compared to control. h Heat map
showing differential (P < 0.05) genes in AOX1 KD compared with
vector control. i 13C-labeled metabolic flux results in elevated levels of
glycolytic intermediates, glucose-6-phosphate (M+ 6) and fructose 1,
6-bisphosphate (FBP) (M+ 6); increased levels of PPP intermediates,
ribulose 5-phosphate (M+ 5), sedoheptulose 7-phosphate (M+ 7),
and erythrose 4-phosphate (M+ 4); increased levels of nucleotides,
AMP, GMP, CMP, and IMP; decreased levels of TCA intermediates,
citrate (M+ 2), succinate (M+ 2), and malate (M+ 2) in AOX1 KD.
j Western blot analyses for HK1, G6PD, and PFKB4 expression in
AOX1 KD cells and the bar graphs show relative protein expression
levels for the same blots. Protein levels were normalized using β-actin
expression levels. k NADP, kynurenine, 6PG, and ribose/ribulose 5-P
relative measurements by LC-MS analysis. M+ 2, M+ 5, M+ 6, and
M+ 7 indicate two, five six, and seven Dalton shift respectively
compare to unlabeled metabolites
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metabolites, such as tryptophan, tyrosine, retinol, nicotina-
mide, and indole acetaldehyde and the reduction of AOX1-
product metabolites, such as gentisate, retinoic acid, indole

acetate, and TCA metabolites in advanced BLCA tissues
suggests AOX1 loss is an indicator of high-grade BLCA.
Previous studies have shown that some of these metabolites
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play a significant role in the development of various cancers
[31–35]. It is possible that some of these metabolites play a
crucial role in the clinical outcome of the BLCA and thus
may be useful prognostic markers for BLCA. Our study
also found high-grade BLCA tumors showed low levels of
AOX1 expression, thus, highlighting the possible prog-
nostic potential of AOX1 in BLCA. Recent studies have
shown that AOX1 expression is low in breast, prostate,
colorectal, and ovarian cancers [23, 36–38], but the meta-
bolic significance of AOX1 levels in these cancers remains
unknown. Our study has identified the predictive power of
AOX1 associated metabolites for BLCA prognosis. How-
ever, the practical clinical implications of these prognostic
markers for BLCA need to be further elucidated.

EZH2 is an epigenetic modulator that is commonly
expressed at high levels in many types of cancers, such as
melanoma, glioblastoma, breast, prostate, endometrial,
liver, and lung [39–43]. We found that EZH2 expression
was up-regulated in aggressive BLCA compared with
benign and Ta stage tumors. This result supports a recent
study demonstrating loss of tumor suppressor KDM6A (a
H3K27 demethylase) amplifies PRC2-regulated transcrip-
tional repression by EZH2 in BLCA [42]. GSK126 [44],
treatment leads to reactivation of AOX1 by inhibiting
EZH2, which suggests that small molecule drugs that target
epigenetic enzymes provide a promising target to develop
effective therapeutic agents against advanced BLCA. The
EZH2 small molecule inhibitors Tazemetostat, EPZ005687,
GSK343, UNC1999, and EPZ-6438 are in clinical trials to
treat various advanced cancers [45, 46] ChIP experiments,
and SET domain studies also demonstrated that the
methyltransferase activity of EZH2 was essential for

H3K27 methylation at AOX1 promoter. Our results add
merit to the emerging mechanisms of epigenetic gene
silencing of xenobiotic enzymes during BLCA develop-
ment. Hypermethylated genes have been shown to be pro-
mising cancer markers for early detection of BLCA
[47, 48]. DNA hypermethylation is a common mechanism
to silence many tumor suppressor genes [48, 49]. Muscle
invasive bladder cancer (MIBC) shows distinct patterns of
CpG island hypermethylation at the AOX1 promoter when
compared with NMIBC [49]. Hyper DNA methylation of
AOX1 promoter in advanced stage BLCA patients and
AOX1 negative correlation of AOX1 with DNMT3b in
public cohorts also suggests the occupied EZH2 at AOX1
promoter may be interacts with DNMT3b and associated
with it DNA methyltransferase activity in vivo [21].

NAD and NADP are required for various biological
processes, including energy metabolism, oxidative stress,
immunological functions, aging, and cell death [50, 51].
NAD/NADP is produced through the tryptophan- kynur-
enine pathway by the rate-limiting enzyme Tryptophan 2,3-
dioxygenase (TDO2). Loss of AOX1 may disrupt the
tryptophan- kynurenine pathway resulting in production of
NADP and fueling nucleotide synthesis. We also demon-
strated a significant effect on invasion in AOX1 KD and
Ad-AOX1 BLCA cells. It is possible that the effects could
be mediated through either the tryptophan-kynurenine
pathway intermediates or via NAD/NADP. Kynurenine is
an important intermediate of this pathway and can act as an
important signaling molecule. Kynurenine may mitigate
immune suppressive effects by binding to the aryl hydro-
carbon (AhR) receptor there by promoting invasion and
metastasis [52]. NAD also acts as a cofactor for many
enzymes particularly sirtuins, which regulate many cellular
pathways involved in cell invasion and metastasis [53, 54].

Loss of AOX1 leads to upregulation of metabolic
enzymes such as hexokinase 1, phosphofructokinase 1, and
glucose-6-phosphate dehydrogenase, which suggest a pos-
sible role for increased glucose metabolism in activating the
PPP. Ribose 5-phosphate, a major product of the PPP is the
precursor for nucleotide and nucleic acid synthesis [55].
Signaling events that promote flux through PPP could
enhance tumor growth by fueling nucleotide synthesis. Our
results suggest, TDO2 is an important contributor to NADP
synthesis through kynurenine production in AOX1 BLCA.
TDO2 expression is increased in metastatic uterine leio-
myosarcoma and glioma [56, 57]. Moreover, increased
levels of kynurenine is associated with breast cancer
metastasis to lung and brain [58, 59]. The effects of gain
and loss-of-function of AOX1 demonstrated that AOX1
plays an essential role in regulating tryptophan pathway by
modulating NADP production and there by the PPP path-
way. Thus, multiple metabolic pathways may be altered to
provide the necessary precursors for rapidly proliferating

Fig. 5 Ectopic expression of AOX1 in BLCA affects NAD/NADP,
pentose phosphate pathway, and nucleotide synthesis. a Adenoviral
ectopic expression (Ad-AOX1) of AOX1 in UMUC3 and T24 cells
causes upregulation of AOX1 protein levels. b Levels of kynurenine,
NADP, and NADP/NADPH ratio in control and Ad-AOX1 UMUC3
cells. Metabolite levels were normalized using internal standards to
represent relative abundance level. c 15N tryptophan flux shows
decreased levels of 15N kynurenine (M+ 2) in Ad-AOX1 UMUC3
cells compared with control. d 13C-labeled metabolic flux results of
Ad-AOX1 UMUC3 cells shows decreased levels of glycolytic inter-
mediates, glucose-6-phosphate (M+ 6), fructose 1, 6-bisphosphate
(M+ 6); decreased levels of PPP intermediates, ribulose 5-phosphate
(M+ 5), sedoheptulose 7-phosphate (M+ 7), and erythrose 4-
phosphate (M+ 4); decreased nucleotides, AMP, GMP, CMP, and
IMP; and elevated levels of TCA intermediates, citrate (M+ 2), suc-
cinate(M+ 2), and malate (M+ 2). M+ 2, M+ 5, M+ 6, and M+ 7
indicate two, five six, and seven Dalton shift respectively compare to
unlabeled metabolites. e Western blot analysis AOX1 gain and loss
upon 100 nM GSK treatment followed by shAOX1. Protein levels
were normalized using β-actin expression levels for the quantification.
f Levels of kynurenine, NADP, 6-phosphogluconate and ribulose/
xylulose-5-phosphate during AOX1 gain and loss conditions. Meta-
bolite levels were normalized using internal standards to represent
relative abundance level
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cells during tumor progression. Pharmacologic inhibition of
TDO2 in AOX1KD decreases flux through PPP suggesting

a novel therapeutic opportunity to suppress nucleotide
biosynthesis at the level of the kynurenine pathway.

Fig. 6 Loss of AOX1 triggers EMT phenotype and invasion in BLCA.
a mRNA and protein expression of EMT markers (E-cadherin, N-
cadherin, and Vimentin) in AOX1 KD cells and their quantification.
β-actin was used as internal control. Immunoflurescence microscopy of
E-cadherin and vimentin expression in AOX1 KD and control cells. b
Ad-AOX1 in UMUC3 shows increased levels of E- cadherin and
decreased vimentin. c Boyden chamber cell invasion assay of AOX1

KD shows the increased invasion. d Boyden chamber cell invasion
assay of Ad-AOX1 in UMUC3 and T24 cells, shows reduced cell
invasion after 48 hours incubation. Cells were stained with crystal
violet, counted in five individual fields, and the mean values were
determined. e Graphical representation of rewired tryptophan-
kynurenine pathway in AOX1 KD that leads to metabolic activation
of PPP and nucleotide synthesis
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In conclusion, we show that loss of AOX1 expression in
BLCA is mediated by the methyltransferase activity of
EZH2. This leads to rewiring of the tryptophan-kynurenine
pathway resulting in elevated NADP levels that potentially

drive carbon flux through the PPP and promote EMT and
cell invasion during BLCA progression. This is the first
study to demonstrate the generation of NAD/NADP via a
previously unrecognized pathway in response to loss of
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AOX1, thus connecting metabolism and carcinogenesis.
Furthermore, our stage-specific metabolomic data provide a
basis for prognostic and therapeutic measures for advanced
BLCA. Future studies should focus on in-depth analyses of
AOX1 regulation and function to help identify effective
prognostic and therapeutic targets for BLCA.

Materials and methods

Reagents

Acetonitrile, methanol, and water for high-performance
liquid chromatography were purchased from Burdick and
Jackson. Formic acid and internal standards, Gibberellic
acid, Jasmonic acid, [15N]2-Tryptophan, Thymine-d4,
[13C]-Creatinine, [15N] Arginine, [15N]-Anthranilic acid,
and Testosterone-d3 (Supplementary Table 3), were pur-
chased from Sigma Aldrich. U136 glucose was used pur-
chased from Cambridge isotope laboratories, 5-Azacytidine,
Adox, 680C91 were purchased from Sigma and GSK126
was procured from Cayman chemicals.

Tissue microarray

Tissue Microarray [3] slide with all the BLCA stages was
procured from US Biomax. Immunostaining was performed
using AOX1 antibody (Proteintech, 1:100 dilution) and
AOX1 expression was analyzed and scored by a genito-
urinary pathologist. The scores of 0–3 were considered low
and scores from 4–8 were considered high. The score
represents a combination of staining intensity and percen-
tage of tumor cells showing protein expression

Cell culture, generation of stable AOX1, EZH2
knockdown, and Ad-h-AOX1 in BLCA cells

SV-HUC-1, RT4, T24, UMUC3 J82, and TCCSUP were
procured from American Type Culture Collection (ATCC)
and maintained as per ATCC instructions. All cell lines
were verified using Short-Tandem Repeat DNA finger-
printing at the MD Anderson Cancer Center and were tested
negative for mycoplasma contamination using MycoAlert
Detection Kit (Lonza). To generate stable AOX1 and EZH2
KD in SV-HUC-1, UMUC3, and T24 cells, lentiviral
transduction using shRNA (Sigma Aldrich) was carried out
at a viral titer of 5 MOI. Cells with stable KD of the gene
were cultured in respective media with 1 µg/ml of pur-
omycin. Knockdown was assessed by qRT-PCR and wes-
tern blotting. Customized Ad-h-AOX1 was procured from
vector bio labs and transfections carried out according to
manufacturer’s instructions.

Targeted metabolomics using mass spectrometry

Human tissue samples were stored at −140 oC until the
analysis. All the BLCA specimens were procured from
UTSW (The University of Texas Southwestern Medical
Center), UWH (Witten-Herdecke University), and BCM
(Baylor College of Medicine) according to a prior written
informed consent under institute review board (IRB)
approved protocols Mice experiments were conducted
according to the guidelines for humane treatment of animals
approved by Baylor College of Medicine. For validation
studies, we used an aliquot of extracted samples from earlier
studies [60, 61].

Sample preparation for mass spectrometric analysis

Metabolites were extracted from tissues, cell lines, follow-
ing the extraction procedure described previously
[9, 62–65] and and mouse liver pool was used as quality
controls. For metabolomics, 25 mg of tissue homogenized
in ice cold water: methanol (1:4) containing an internal
standards (Supplementary Table 3). For cell lines, 3 × 106

cells were subjected to three freeze-thaw cycles in liquid
nitrogen and ice alternatively for three times to rupture the
cell membrane. Following this, cells were sonicated in ice
cold water: methanol (1:4) containing an internal standards
(Supplementary Table 3). This was followed by metabolic
extraction using sequential application of ice cold organic
and aqueous solvents methanol: chloroform: water 4:3:2),
deproteinization and drying of the extract. The latter was
resuspended in injection solvent, and 5 μl used for LC-MS.
LC-MS performed on Agilent 1290 series HPLC system

Fig. 7 AOX1 Suppresses in vivo tumor potential of BLCA cells.
aMice xenograft shows reduced tumor size upon ectopic expression of
Ad-AOX1 in UMUC3 BLCA cells. b UMUC3 xenograft tumors
containing Ad-AOX1 show a significantly lower growth rate com-
pared with controls (n= 5, Ad-h-AOX1 and n= 5 vector control). Y-
axis represents median tumor volumes in mm3 and associated median
absolute deviation (MAD) for each group and Tumor mass after
28 days. c Heat map of hierarchical clustering of differential meta-
bolites in tumor xenograft after 28 days. Shades of yellow and blue
represent higher and lower levels of metabolites, relative to the median
metabolite levels, respectively (false discovery rate, FDR < 0.25).
d The CAM assay for the AOX1 gain and loss conditions after 5 days.
To gain the AOX1 UMUC3 cells continuously treated with 100 nM
GSK in CAM. Tumor size on the CAM was calculated as a percentage
of the total area within the inner, 9 mm portion of the silicon ring.
ImageJ was used to manually segment the area occupied by each of the
tumors in all groups. IHC of CAM tissues confirm the gain and loss of
AOX1 and stained slides were scanned using Aperio CS2 and ana-
lyzed with Aperio positive pixel count algorithm for quantification
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equipped with a degasser, binary pump, thermostatted
autosampler and column oven. The multiple reaction
monitoring (MRM)-based measurement of relative meta-
bolite levels (Supplementary Table 5), used either reverse
phase or normal phase chromatographic separation.

Separation of metabolites

Electrospray ionization (ESI) Positive mode was used to
separate the metabolites. The LC column was Waters
XBridge Amide 3.5 µm, 4.6 × 100mm. Mobile phase A and
B were 0.1% formic acid in water and acetonitrile respec-
tively. Gradient: 0 min-85% B; 3–12min- 85% to 10% B,
12–15min-10% B, 16min- 85% -B, followed by re-
equilibration end of the gradient- the 23min to the initial
starting condition 85% B. Flow rate: 0.3ml/min. ESI negative
mode was also used to separate the metabolites. The HPLC
column was Waters XBridge Amide 3.5 µm, 4.6 × 100mm.
Mobile phase A and B were 20 mM ammonium acetate in
water with pH 9.0 and 100% acetonitrile respectively. Gra-
dient: 0 min-85% B; 0–3min- 85% to 30% B, 3–12min-
30%-2% B, 12–15min- 2% -B, 15–16min- 85% B followed
by re-equilibration end of the gradient- the 23rd min to the
initial starting condition 85% B. Flow rate: 0.3 ml/min.

Statistical analysis

The data was log2 transformed and normalized with internal
standards on a per-sample, per-method basis. For every
metabolite in the normalized dataset, two sample t-tests
were conducted to compare expression levels between Ta
and other stages (T1–T4). Differential metabolites were
identified by adjusting the p-values for multiple testing at an
FDR threshold of <0.25. A hierarchical cluster of the dif-
ferentially expressed metabolites was generated using the R
statistical software system (https://www.r-project.org/).

Generation of the ROC plots

We used 119 tissue specimens collected at three institutions
(clinical information in Supplementary Table 2) and selec-
ted a subset of seven metabolites such as Nicotinamide,
Methyl adenosine, Asparagine, Methyl histidine, Indolace-
taldehyde, Tyrosine, Gentisatealdehyde which are asso-
ciated with AOX1 metabolic pathways to derive an activity
score. The metabolic data was normalized following median
IQR and log2 transformed prior to running the predictive
analyses. The dataset was z-score transformed. These subset
of seven metabolites was used to estimate an overall activity
score for each sample. For each individual sample, out of
those seven metabolites, the total sum of negative z-scores
was calculated and subtracted from total sum of positive z-
scores (measured in a similar manner from remaining

metabolites out of seven) to yield the final activity score for
that sample. Next, using the activity scores as an input, we
implemented a logistic regression model to build a pre-
dictive classifier on the disease status.

Following the method described above, we build a
training model using the activity scores derived from two-
thirds of the samples (selected randomly, n= 80). Next, we
validated the predictive performance of the classifier by
employing it on a test dataset comprised of remaining one-
third of the samples (n= 39). Again the activity scores of
the test samples were the input for the previously built
model and the goal was to test if using those activity scores,
it can predict the actual status (disease vs. control) in the test
dataset. The classifier performance was characterized by
measuring the area under Receiver Operating Characteristic
(ROC) curve. The AUC value was 0.689 with a significance
level of p= 0.023.

Pathway analysis

Networks of all pathways were visualized using the
Fruchterman-Reingold layout algorithm implemented in the
R package ‘igraph’. Each node represents a metabolic
pathway, with node sizes indicating statistical significance
(−log10(adjusted p-value) - larger nodes correspond to
lower p-values). An edge is drawn between two pathways if
they have one or more metabolites in common. The width
of an edge indicates the number of common metabolites
between two pathways.

Promoter methylation analysis by bisulfite
sequencing

The promoter methylation by bisulfite sequencing protocol
used in this study was described earlier [66]. In brief,
genomic DNA isolated from tissues by DNeasy blood and
tissue kit (Qiagen). In all, 600 ng of genomic DNA from
was treated with sodium bisulfite using the EZ DNA
Methylation-Gold Kit (Zymo Research) according to the
manufacturer’s protocol. The samples were eluted in 40 μl
of M-Elution Buffer, and 2 μl (equivalent to 25 ng of
bisulfite-modified DNA) were used for each PCR reaction.
Both bisulfite conversion and subsequent pyrosequencing
analysis were done at the DNA Methylation Analysis Core,
The University of Texas MD Anderson Cancer Center. PCR
primers for the genomic area proximal to the transcription
start site (TSS) of AOX1 (interrogating six CpG sites
between 1-bp and 27-bp from TSS) were designed using the
Pyromark® Assay Design SW 2.0 software (Qiagen). A
sequencing primer is identified within 1–5 base pairs near
the CpG sites of interest, with an annealing temperature of
40 ± 5 oC. After that, forward and reverse primers are
identified upstream and downstream to the sequencing
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primer, with a target annealing temperature ranging from
50 oC to 60 oC and amplicon product size ranging from 100
to 200 bp. Controls for high methylation (SssI-treated
DNA), low methylation (WGA amplified DNA), and no-
DNA template were included in the PCR reaction. PCR
product purification was done with streptavidin-sepharose
high-performance beads (GE Healthcare Life Sciences), and
co-denaturation of the biotinylated PCR products and
sequencing was conducted following the PSQ96 sample
preparation guide. Sequencing was performed on a Pyro-
Mark Q96 ID instrument with the PyroMark Gold Q96
Reagents according to the manufacturer’s instructions. The
degree of methylation for each individual CpG site was
calculated using the PyroMark Q96 software (Biotage AB).
The average methylation of all sites and duplicates was
reported for each sample.

Chromatin immunoprecipitation

ChIP assays were performed using a high throughput pro-
tocol as described [67]. In brief, cells were crosslinked in
1% formaldehyde for 10 min at room temperature, followed
by incubation with glycine for 5 min to stop crosslinking.
Cells were collected and washed with ice cold PBS and
lysed for 30 min on ice using lysis buffer (12 mM Tris-HCl
pH 7.5, 6 mM EDTA pH 8.0, 0.5% SDS) supplemented
with a protease inhibitor. Lysates were fragmented with a
Bioruptor (Diagenode) to obtain DNA fragments ranging
200–600 bp. After centrifugation, the supernatant was col-
lected and incubated with respective antibodies conjugated
with Dynabeads Protein G (Invitrogen) overnight at 4 °C.
The immunocomplexes were collected using Dynamag,
washed as described in the protocol, treated with RNase and
Proteinase K, and reverse crosslinked overnight followed by
DNA extraction. The DNA region of interest was detected
by SYBR green real-time quantitative PCR using primer
encompassing EZH2 binding and H3K4me3/H3M27me3
enrichment locus on human AOX1 promoter determined
using ENCODE database. The sequences of the forward
and reverse primers used for ChIP-qPCR at AOX promoter
are described in Supplementary Table 4.

Boyden Chamber invasion assay

Cell migration and invasion were measured using trans well
chambers (Corning, USA) according to the manufacturer’s
protocol. AOX1 KD and Ad-AOX1 UMUC3 and T24 cells
were incubated for 48 hours. Then, the cells in the upper
chamber were removed with sterile cotton buds, and the
remaining cells were fixed in 4% paraformaldehyde and
stained with crystal violet solution. Cells were quantified in
five randomly selected fields for each membrane, and the
average cell number was used for calculations.

Wound healing

AOX1 KD and vector control cells were plated at 5 × 104

cells/ml in each well of 96-well image lock plate (Essen
Bioscience) grown to full confluency and growth-arrested
by adding mitomycin 1 ug/mL for 2 h. Following growth-
arresting period, the media was replaced and a scratch was
made using IncuCyte wound maker. The plates were then
incubated in the 37° incubator, 5% CO2 connected to
IncuCyte and images were captured every 2 h using Incu-
cyte ZOOM. The images were later analyzed for relative
wound density (%) on Integrated cell migration analysis
module (Essen Bioscience)

Cell size and morphology analysis

AOX1 KD and vector control cells were fixed, labeled with
Alexa 594-conjugated phalloidin for 30 min and imaged
with an IC200 (Vala Sciences) high throughput microscope
using a Nikon 20 × /0.75 Plan Apo VC objective. Image
analysis was performed in Matlab (R2016b). In brief,
images were binarized using the Otsu’s method, and single
cells were filtered by size. For each single cell, area, major
axis length and minor axis length values were extracted.
Cell size and the ratio between the major axis length and the
minor axis length were then compared between control
(n= 76) and knocked down (n= 159) cells.

Metabolic flux analysis using U13C-glucose

AOX1 KD (SVH) and Ad-AOX1 (UMCU3) BLCA equal
cells (3 × 106) were seeded into 10-cm plates. After 24 h of
incubation at 37 °C, the cells were washed twice with
glucose-free RPMI containing 10% FBS, 2 mM glutamine,
and penicillin-streptomycin. After overnight starvation,
12 mM U13C-glucose (Cambridge isotope laboratories) was
added, and cells were incubated for 3 h for glycolysis and
6 h for TCA, PPP metabolites. The plates were then washed
with PBS, and snap-frozen in liquid nitrogen. The frozen
plates were then used for extraction and LC-MS analysis.

Isotope labeling by targeted MS

Plates were scraped into a 500-µL water:methanol (1:1),
sonicated for 1 min (two 30-s pulses) and then mixed with
450 μL ice cold chloroform. The resulting homogenate was
then mixed with 150 μL ice cold water and vortex for 2 min.
The homogenate was incubated at –20 °C for 30 min and
centrifuged at 4 °C for 10 min to partition the aqueous and
organic layers. The aqueous and organic layers were com-
bined and dried at 37 °C for 45 min in an automatic envir-
onmental speed vac system (GeneVac). The extract was
reconstituted in a 500-µL solution of ice cold methanol:
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water (1:1) and filtered through a 3-kDa molecular filter
(Amicon Ultracel) at 4 °C for 90 min to remove proteins.
The filtrate was dried at 37 °C for 45 min in a speed
vacuum. For MS analysis, the dried extract was resus-
pended in a 50-µL solution of methanol:water (1:1) con-
taining 0.1% formic acid and then analyzed using MRM.
Solution (10 µL) was injected and analyzed using a 6495
QQQ triple quadrupole mass spectrometer (Agilent Tech-
nologies) coupled to a 1290 series HPLC system. Metabo-
lites were targeted in negative ion modes: the electrospray
source ionization (ESI) voltage was −3500 V. Approxi-
mately 9–12 data points were acquired per detected meta-
bolite. To target the glycolysis, TCA, PPP flux, the samples
were delivered to the mass spectrometer via normal phase
chromatography using a Luna amino column (3 μm, 100A
2 × 150 mm). The mobile phase containing water (solvent
A), with solvent A modified by the addition of 5 mM
ammonium acetate (pH 9.9), and 100% acetonitrile (ACN)
solvent B). The binary pump flow rate was 0.2 ml/min with
a gradient spanning 80% B to 2% A over a 20-min period
followed by 2% solvent B to 80% solvent A for a 5-min
period and followed by 80% B for 13-min time period. The
flow rate was gradually increased during the separation
from 0.2 mL/min (0–20 mins), 0.3 mL/min (20.1–25 min),
0.35 mL/min (25–30 min), 0.4 mL/min (30–37.99 min), and
finally set at 0.2 mL/min (5 min).

Metabolic flux to measure the nucleosides,
nucleotides, and kynurenine

AOX1 KD (SV-HUC-1) and Ad-AOX1 UMCU3 cells were
seeded into 10-cm plates. After 24 h at 37 °C, the cells were
washed twice with glucose-free RPMI. After overnight
starvation, 12 mM U13C-glucose was added and incubated
for 72 h. For tryptophan flux 25 µM 15N2 tryptophan was
added for 6 h. Cell pellets were stored at −80 °C until the
metabolite extraction.

DNA extraction and digestion

Genomic DNA was isolated using Qiagen DNeasy blood
and tissue kit, the quantity and quality of the DNA was
determined by absorbance using a Biotek microplate reader
and digestion procedure was followed from earlier pub-
lications [60]. In brief, 1 µg of DNA was denatured by
heating at 100 °C for 3 min and subsequently chilled in ice.
One-tenth volume of 0.1 M ammonium acetate (pH 5.3) and
2 units of nuclease P1 (Roche Molecular Biochemicals)
were added. The mixture was incubated at 45 °C for 2 h. To
the solution were subsequently added 1/10 volume of 1M
ammonium bicarbonate and 0.002 units of venom phos-
phodiesterase I. The incubation was continued for an

additional 2 h at 37 °C. Thereafter, the mixture was incu-
bated for 1 h at 37 °C with 0.5 units of alkaline phosphatase.
Samples were dried and stored at –80 °C until MS analysis.
Prior to MS analysis, the dried extract was resuspended in a
50 μL of methanol:water (1:1) containing 0.1% formic acid
and then analyzed using MRM. Targeting the nucleosides
and nucleotides, the samples were delivered to the MS via
reverse phase chromatography using RRHD SB-CN column
(1.8 μm, 3.0 × 100 mm, Agilent Technologies) at 300 μl/
min. The initial flow rate was 0.2 ml/min with 2% mobile
phase B and 98% mobile phase A. The gradient was set at
2% B at time 0, increased to 5% at 5 min, then increased to
80% at 5.1 min. After that, the gradient was kept at 80% B
for 2 min and then decreased to 2% for 3 min. The flow rate
was gradually increased during the separation from 0.2 mL/
min (0–5 mins), 0.4 mL/min (5.1 to 7 min), 0.2 mL/min
(7–10 min), and finally set at 0.2 mL/min (5 min). Buffers A
and B were comprised of 0.1% formic acid in water and
acetonitrile, respectively.

For 13C labeling experiments, glycolysis, TCA, PPP and
nucleosides, and nucleotides expected SRM transitions
were calculated for 13C incorporation into various mole-
cules for targeted LC-MS. To assess the validity of our
method for calculating isotopomers, we determined the
complete isotopomer distribution for each metabolite. Data
analysis was performed using Mass Hunter quantitative
B.07 software version (Agilent Technologies) and the esti-
mated percent of isotopomer incorporation was calculated
using the formula: percent fractional incorporation= 13C/
13C+ 12C × 100 and corrected for isotopomeric distribution
and natural abundance.

680C91 Treatment

AOX1 KD and normal bladder epithelium cells were treated
with 10 μM TDO2 inhibitor 680C91 (Sigma) for 24 h. After
the 24 h, an equal number of cells were collected, processed
for the metabolite extraction, and LC-MS analysis.

Kynurenine and NADP measurements

Metabolites extraction procedure adopted from earlier
publications [9, 62–65]. The extract was resuspended in
an injection solvent, and analyzed by LC-MS. ESI Posi-
tive mode was used to separate the metabolites. The LC
column was Waters XBridge Amide 3.5 µm, 4.6 ×
100 mm. Mobile phase A and B were 0.1% formic acid in
water and ACN respectively. Gradient: 0 min-85% B;
0–10 min-85% to 2% B, 10–12 min-2% B, 12–12.1 min-
85%-B, followed by re-equilibration end of the
gradient–the 4 min to the initial starting condition 85% B.
Flow rate: 0.3 ml/min.
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Immunofluorescence (IF) microscopy

In all, 2 × 104 AOX1 KD and 1 × 104 Ad-AOX1 UMUC3
cells were seeded in 12-well plates for 48 and 24 h
respectively, later cells were fixed in 4% paraformaldehyde
for 20 min at room temperature, quenched in 100 mM
ammonium chloride and permeabilized with 0.1% TritonX-
100 in PBS. After blocking for 1 h in 5% milk/TBST, cells
were incubated overnight at 4 °C with rabbit anti-vimentin
(1:250, Cell Signaling) or mouse anti-E-cadherin (1:250,
Cell Signaling) in TBST/5% milk. After extensive washes,
cells were incubated with secondary Alexa647 anti-rabbit
(1:1000) or Alexa488 anti-mouse (1:2000) for 1 hour at RT,
respectively. Coverslips were mounted with Slow Fade
Gold anti-fade reagent (Life Technologies). Images were
then acquired on a Biotek Cytation5 image reader using
10X objective, or on a GE Healthcare DeltaVision LIVE
high-resolution deconvolution microscope using a 60X plan
Apo/1.4 N.A., oil objective.

Western blot

Antibodies to AOX1 (Proteintech, 1:500), EZH2 (BD
Biosciences, 1:1000), E-cadherin, vimentin, N-cadherin
(Cell Signaling, 1:1,000) and Actin (Sigma, 1:3000), were
used. Protein lysates were prepared using RIPA buffer
(Sigma) as per the manufacturer’s instructions. Secondary
anti-rabbit/mouse HRP antibodies (Sigma) were used.
Super signal westpico chemiluminescent substrate (Thermo
Scientific) used for western blot development.

RNA and qPCR analysis

Standard RNA extraction was carried out by RNeasy Mini
Kit (Qiagen), reverse transcription (Quanta Biosciences)
and SYBR green (Life Technologies) qPCR were per-
formed. Primers used in this study are listed in Supple-
mentary Table 4.

RNA-seq analysis

Total RNA quality assessment using BioRad Experion
Automated Electrophoresis Station and Quantification using
Qubit 3.0 fluorometer (Qubit RNA BR Assay Kit). Sample
libraries were prepared using the Illumina TruSeq Stranded
mRNA Sample Preparation Kit and IDT-TruSeq RNA UD
Index, 24 Idx-96 samples. This process purifies the poly A
containing mRNA molecules using poly-T oligo attached
magnetic beads using two rounds of purification. During the
second elution of the poly A RNA, the RNA was also
fragmented and primed for cDNA synthesis. DNA was
subjected to end repair, A-tailing and adapter ligation. Post
ligation cleanup was performed using AMpure XP beads

(Agencourt). DNA fragments were amplified using PCR
and purified using AMpure XP beads (Agencourt). The
quality of the amplified libraries was checked on an Agilent
4200 Tape Station System using the D1000 Screen Tape
Assay. The libraries were normalized to 2 nM and pooled
(16 samples/flow cell) in equal volumes and sequenced on
Illumina NextSeq 550 using Next Seq 500/550 High Output
reagent kit V2 (150 cycles). The bcl files were converted to
fastq files using Illumina BaseSpace.

In vivo xenograft studies

Animal experiments were performed in accordance with the
Baylor College of Medicine (BCM) Institutional Animal
Care and Use Committee. Male SCID-Beige fox chase mice
(6–8 weeks of age) were obtained from Michael Lewis
laboratory at BCM. The mice were used to generate xeno-
grafts using SV-HUC-1 cells that were stably transduced
with either control shRNA or shRNA targeting AOX1 and
Ad-AOX1 UMUC3 and vector control. To generate the
xenografts, subcutaneous injection of 100 µL of a mixture
containing cells (50 µl of 1 × 106 Ad-AOX1 UMUC3 in
1xDPBS) and 50 µl matrigel (BD Biosciences) was carried
out in the hind-flank area of the mice under isoflurane
anesthesia. Tumors were measured using calipers thrice per
week for a minimum of 4 weeks. Tumor volume was cal-
culated using the formula TV= (length × width2) × 0.52
[68]. At the end of the study, the tumors were harvested and
flash frozen and later used for metabolomic analysis.

Chorioallantoic membrane assay (CAM)

Fertilized chicken eggs were purchased from Charles River
(Norwich, Connecticut, US). The chick chorioallantoic
membrane was accessed as previously described [69] on
embryonic day 7, and the eggs were inoculated with 5 × 105

UMUC3 control, 100 nM GSK, GSK+ Luc and GSK+
shAOX1 cells per egg. Photographs of the CAM were taken
on 3rd and 5th days of post engraftment. Imaging was
conducted on embryonic days 10 and 13, (3 and 5 days after
seeding the tumor cells). On the 5th day after inoculation,
the eggs were euthanized as per the AVMA guidelines.
Tumor size on the CAM was calculated as a percentage of
the total area within the inner, 9 mm portion of the silicon
ring. In brief, ImageJ was used to manually segment the
area occupied by each of the tumors in all groups. The
percent tumor area was calculated by dividing the seg-
mented tumor area by the total area within the inner portion
of the ring and multiplied by 100. Prism was used to plot
the average tumor size per group on a bar graph and to run
statistical tests on the data. The CAM tumors were har-
vested followed by fixed in 10% formalin and embedded in
paraffin. To achieve this, the eggshell opening was widened
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to allow excision of the CAM and tumor. The paraffin-
embedded for used immunohistochemistry (IHC). IHC was
performed with AOX1, EZH2, E CAD, N CAD, and
Vimentin to check the EMT.

Immuno histochemstry

Tissues were de-paraffinized in xylene and rehydrated in
graded alcohols. For antigen retrieval the slide was pressure-
cooked for 10min. Endogenous peroxidase activity was
quenched with 3% hydrogen peroxide for 5 min. Slides were
blocked by 3% goat serum then incubated with AOX1 anti-
body (Proteintech, IL), at room temperature for 1 h in
humidity chambers. The HRP conjugated goat anti- anti-
rabbit secondary antibody (Jackson Immunoresearch
Laboratories Inc, West Grove, PA) was applied for 40min.
The antigen–antibody reaction was visualized after diamino-
benzidine (Sigma-Aldrich, MO) was applied for 7 min. The
slides were counterstained with hematoxylin (Sigma-Aldrich,
MO) for 1 min. Positive controls were included in each
staining run; negative controls were obtained by omitting the
primary antibody. Slides were then dehydrated in alcohols
and cleared in three xylene baths before being mounted with
Permount (Sigma-Aldrich, MO) media. Stained slides were
scanned using Aperio CS2 and analyzed with Aperio positive
pixel count algorithm (Leica Biosystems, IL).
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