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SRT1720 inhibits the growth of bladder cancer in organoids and
murine models through the SIRT1-HIF axis
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There are unmet clinical needs for novel therapeutic targets and drugs for bladder cancer. Majority of previous work relied on
limited bladder cancer cell lines, which could not well represent the tumor heterogeneity and pathology of this disease. Recently, it
has been shown that cancer organoids can recapitulate pathological and molecular properties of bladder cancer. Here, we report,
by our knowledge, the first bladder cancer organoid-based small molecule screening for epigenetic drugs. We found that SRT1720,
a Sirtuin 1 (SIRT1) activator, significantly inhibits the growth of both mouse and human bladder cancer organoids. And it also
restrains the development of mouse in situ bladder cancer and human PDX bladder cancer. Mutation of Sirt7 promotes the growth
of cancer organoids and decreases their sensitivity to SRT1720, which validate Sirt7 as the target of SRT1720 in bladder cancer.
Mechanistically, SRT1720 treatment represses the hypoxia pathway through deacetylating HIF1a by activating Sirt1. Genetic or
pharmaceutic inhibitions of HIF mimic the anti-tumor effect of SRT1720. Furthermore, the SIRT1-repressed gene signature is
associated with the hypoxia target gene signature and poor prognosis in human bladder cancers. Thus, our study demonstrates the
power of cancer organoid-based drug discovery and, in principle, identifies SRT1720 as a new treatment for bladder cancer.
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INTRODUCTION

Muscle-invasive bladder cancer (MIBC), consisting of about 20% of
newly diagnosed bladder cancer, is an aggressive malignancy with
poor prognosis [1, 2]. The current treatments for MIBC are radical
cystectomy and systemic chemotherapy, which were first
introduced more than 40 years ago. Regimens featuring
platinum-based agents (such as gemcitabine and cisplatin) are
the backbone of current first-line systemic chemotherapy for
patients with advanced-stage bladder cancer. Despite initial
objective response in some patients, chemoresistance inevitably
develops in nearly all patients and the tolerance of systemic
chemotherapy is poor [3]. Thus, new treatments could precisely
target tumor cells with fewer side effects desperately needed
for MIBC.

Targeted therapy is a type of personalized medical therapy with
improved effectiveness and fewer side effects. The first targeted
drug, Erdafitinib, was approved for metastatic bladder cancer with
FGFR alterations recently [4]. The objective tumor response to
Erdafitinib therapy was 40% and the median progression-free
survival and overall survival were 5.5 and 13.8 months, respec-
tively [4]. However, it is only applicable to patients with FGFR
mutations, which only account for 10-20% of MIBC patients.
Therefore, novel therapeutic targets and drugs are in need for
those without FGFR alterations.

Efforts have been made to identify therapeutic targets and
corresponding drugs for MIBC. However, the majority of these

studies were performed on 2D cultured bladder cancer cell
lines. It has been shown that cancer cell lines have alterations in
biologic properties, including genetic expression alteration,
biological behaviors change, and heterogeneity loss [5]. Thus,
these cell line models fail to recapitulate the histopathological
features of human disease, and as a result, these studies have
poor translational potential. In contrast, recently developed
cancer organoids from colorectum, brain, stomach, lungs, liver,
and pancreas, as well as bladder can closely mimic the key
characteristics of parental tumors including molecular proper-
ties, tumor heterogeneity, and most importantly its responses
to clinic drugs of the corresponding patient [6-11]. These 3D
cultured cancer organoids provide unprecedented opportu-
nities to screen novel drugs. However, bladder cancer orga-
noids from patients showed a large heterogeneity due to
individual variation [12, 13]. Genetics-defined cancer organoids
can be established from animal models, which could represent
the pathological features of this disease with specific mutations.
Overall, drivers-defined cancer organoids from model animals
are of value to screen novel drugs and yield new therapeutics
for the treatment of this disease.

Among the potential target drugs, those involved in
epigenetic regulations emerge as new candidates for bladder
cancer treatment. It has been shown that 50-90% of bladder
tumors contain DNA hypermethylation, and nearly 90% of MIBC
have at least one histone modification alteration, including
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histone deacetylases (HDACs), histone acetyltransferases
(HATs), histone methyltransferases (HMTs), and histone
demethylases (HDMs) [13-16]. These epigenetic modifications
play significant roles in gene regulation, DNA repair, cell cycle,
and cell invasion, which are involved in tumorigenesis and
treatment responses of MIBC [17, 18]. Therefore, it would be
interesting to test whether drugs targeting these dysregulated
epigenetic factors would be effective to treat MIBC.

In this study, we developed genetic-defined bladder cancer
organoids with mutations of Trp53, Rb1, and Pten, and amplifica-
tion of Kras®’?® and c-Myc from an orthotopic primary bladder
cancer mouse model. We performed screening of an epigenetic
drug library using mouse bladder cancer organoids. One of the
top candidates, SRT1720, a SIRT1 activator [19], was scored and
then validated in vitro and in vivo. Furthermore, the potential
molecular mechanism of SRT1720 in MIBC was explored by
transcriptional analysis.

RESULTS

Organoid-based epigenetics drug screening for MIBC

We established bladder cancer organoids derived from primary
orthotopic MIBC mouse models with disruption of Trp53, Rb1,
and Pten, and overexpression of Kras®’?® and c-Myc. These
mice MIBC organoids represented the features of highly
proliferation and expressed the marker of human MIBC,
indicated by highly expression of Edu and Cytokeratin 7
(CK7) (Fig. 1A). Furthermore, a platform to identify potential
drugs based on these drivers-defined MIBC organoids was
established (Fig. 1B).

A total of 276 compounds targeting epigenetic factors, HMTs,
HDMs, HATs, DNA methyltransferase, and epigenetic readers
[20, 21] (Fig. 1C), were screened on our organoid-based
screening platform. The survival of the organoids was measured
by Cell Counting Kit-8 (CCK-8) and inhibition scores were
calculated by 100% minus the percentages of CCK-8 reads
normalized to those treated with vehicle for each molecule (Fig.
1D). All of these drugs were ordered according to their
inhibition scores (Fig. 1E). Among the library, 24 molecules
inhibited the growth of the MIBC organoids for more than 90%
and 50 inhibited for 50-90%. The top candidates included nine
HDAC inhibitors, six HMT inhibitors, and two epigenetic reader
inhibitors (Fig. 1F). Panobinostat and Chaetocin, inhibitors of
HDAC and HMT, respectively, were also scored in our screening
(Fig. 1G), which were able to repress the growth of bladder
cancer [22, 23].

Identifying SRT1720 as a new inhibitor for MIBC

Among the top candidates, SRT1720, a sirtuin 1 agonist [19],
was especially interesting to us (Fig. 1E). Sirtuin 1 has been
heavily studied in aging and other human pathological
conditions. Its agonists have been reported to be safe and
beneficial, at least, for some patients in clinical trials [24-26].
However, the roles of sirtuin 1 and its agonists in cancers are
controversial [27]. In the screening, treatment of 10 uM SRT1720
reduced the growth of cancer organoids to 7% of vehicle-
treated ones (Fig. 1G).

To validate the library screening, we re-tested the effect of
SRT1720 with different concentrations on MIBC organoids. The
results showed that SRT1720 inhibited the growth of bladder
cancer organoids in a dosage-dependent manner (Fig. 2A) with
ICso of 0.35 uM (Fig. 2B). In contrast to its significant repression
on MIBC organoids, SRT1720 presented low cytotoxicity on
normal bladder organoids at concentrations between 0.1 and
2.5 uM.

To further test the in vivo therapeutic effect of SRT1720, an
orthotopic MIBC mouse model was generated by transplanting
the aforementioned MIBC organoids into the bladder of recipient
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mice. Five days after transplantation, the mice with similar initial
fluorescence signal intensities were signed into two groups
treated with vehicle or 40 mg/kg SRT1720, respectively (Fig. 2C).
The fluorescence intensities of recipients treated with vehicle
increased 60 folds over 9 days, while SRT1720 treatment
significantly restrained the tumor growth in vivo (Fig. 2D, E).
Consistent with the fluorescence signal intensities, tumors in
SRT1720-treated mice were significantly smaller than those in
vehicle-treated mice (p < 0.05, Fig. 2F-H). H&E showed that there
were larger necrotic areas in tumors treated with SRT1720 than
those with vehicle (Fig. 2H). Collectively, the data demonstrated
that SRT1720 substantially inhibited the growth of MIBC both
in vitro and in vivo.

Validating Sirt1 as a therapeutic target for MIBC

SRT1720 had been shown to be an activator of SIRT1 [19] and
therefore we wondered whether SRT1720 would repress MIBC
through activating SIRT1, a potential new therapeutic target for
MIBC. IHC staining showed that SRT1720 treatment increased the
expression of SIRT1 in MIBC from mice (Fig. 3A, B). Then, we
checked the expression levels of SIRTT in human MIBC by
analyzing the TCGA cohort [28]. The result showed that the
expression levels of SIRTT were significantly lower in MIBC than
normal bladder tissues (Fig. 3C). We also confirmed the reduced
expression of SIRT1 in bladder cancer tissues compared with
paired normal urothelial tissues by IHC staining from five patients
(Fig. 3D, E).

Next, we tested the roles of SIRT1 by CRISPR/Cas9-mediated
mutation in MIBC organoids. Cas9 and sgRNAs targeting Sirt7
or Scramble sequence were introduced into cancer organoids
with lentivirus. The results of blotting revealed that SIRT1 was
efficiently disrupted (Fig. 3F). Sirt7 mutation significantly
enhanced the growth of bladder cancer organoids, compared
to those with Scramble sgRNA (Fig. 3G, H). This result
suggested that SIRT1T might have tumor suppression activity
on MIBC.

Then, we went to test whether SIRT1 would be required for
the function of SRT1720 on MIBC. We treated the sgScr and
sgSirt1 MIBC organoids with vehicle or SRT1720. SRT1720
displayed a significant inhibition in the growth of cancer
organoids with Scramble sgRNA. In contrast, it had minimal
effect on those with Sirt1 disruption (Fig. 3l, J). Thus, these
results strongly suggested that SRT1720 repressed MIBC
through SIRT1.

SRT1720 treatment repressed the HIF signaling pathway in
MIBC

To explore the molecular mechanisms of SRT1720 on suppres-
sing MIBC tumor, RNA-sequencing was performed to compare
the transcriptomics of MIBC organoids treated with SRT1720 or
vehicle. The heatmap showed the differentially expressed
genes (DEGs) between SRT1720 treatment and vehicle groups.
The DEGs showed the pro-survival factors (such as Eno2), and
oncogenes (including Irs2 and KIf7) were downregulated, while
anticancer agents (such as Tnfsf10), pro-apoptosis factors (such
as Bcl2114 and Dynli1), and DNA repair-related genes (including
Fancm, Faap24, and Nudtl) were upregulated after SRT1720
treatment (Fig. 4A). The KEGG pathway analysis revealed that
downregulated genes were significantly enriched in multiple
cancer-related pathways after SRT1720 treatment (Fig. 4B).
Furthermore, gene set enrichment analyses (GSEA) showed that
the HALLMARK_HYPOXIA gene set was one of the most
significant negative enriched gene signatures in SRT1720-
treated organoids, compared to those with vehicle (NES
=-1.56, FDR g = 0.02), together with the Epithelial_Mesench-
ymal_Transition gene set (NES=-1.89, FDR g=0.00) and
Angiogenesis gene set (NES=-1.26, FDR q=0.16) (Fig. 4C).
Importantly, these pathways were also significantly negative
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Fig. 1 Organoid-based epigenetics drug library screening identified SRT1720 as a candidate drug for bladder cancer. A Representative
images and whole-mount Edu (orange) and CK7 (green) staining of mouse bladder tumor organoids after 7 days of culture. Scale bars, 30 um.
B Schematic showing the drug library screening strategy on bladder cancer organoids. C Summary of drug classification in the epigenetic
drug library. D Representative images showing organoids with indicated inhibition scores after drug treatment. Scale bar, 100 pm. Summary of
epigenetics drug library screening, showing the percentages of surviving organoids treated with each drug, comparing to vehicle.
E Distribution of epigenetics drugs according to their inhibition efficacy of cancer organoids growth. F Incidence of different inhibition scores
(>90%, 50-90%, <50%) in each kind of target, the numbers above every column are the drug numbers of each target. G Representative images
showing cancer organoids treated with vehicle, Panobinostat, Chaetocin, and SRT1720 (10 pM). Scale bars, 100 pm.

enriched in human MIBC patients with high activity scores of as Vegfa, Jun, Pimi1, and Eno2, measured by qRT-PCR (Fig. 4E).
SIRT1, compared to those with low activity scores in the TCGA Furthermore, IHC staining showed that the levels of HIF1a were
cohort (Fig. 4D). decreased in SRT1720-treated MIBC (Fig. 4F, G). These results

The repression of the HIF pathway by SRT1720 in MIBC was indicated that SRT1720 treatment repressed the HIF signaling
confirmed by the reduced expression levels of HIF target genes, such pathway in MIBC.
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Fig. 2 SRT1720 inhibited the growth of mouse bladder cancer organoids in vitro and organoids-derived orthotopic cancer in vivo.
A Representative images showing mouse normal and cancer bladder organoids treated with vehicle or SRT1720 at indicated concentrations.
Scale bars, 200 um. B Survival percentages of normal and cancer organoids treated with SRT1720, comparing to vehicle. **p < 0.01; ***p <
0.001; ****p <0.0001. C Schematic showing the strategy of SRT1720 treatment in mouse organoids-derived orthotopic bladder cancer.
D Fluorescence intensity of mice with organoids-derived orthotopic bladder cancer treated with vehicle or SRT1720 over time. n = 3; *p < 0.05.
E Representative fluorescence images of mice treated with vehicle or SRT1720 over time. F Representative images of bladders from mice
treated with vehicle or SRT1720 for 9 days. Left, bright field. Right, mCherry. Scale bars, 1 mm. G Tumor volumes in mice treated with vehicle or
SRT1720. n = 3; *p < 0.05. H Representative images showing H&E staining of bladder cancer treated with vehicle or SRT1720. Scale bars, left:

1 mm; right: 50 um.

SRT1720 inhibited the growth of bladder cancer through
downregulating the HIF pathway

To evaluate the roles of the HIF pathway in MIBC, we further
disrupted Hifla and Hif1f in cancer organoids with CRISPR/cas9.
Loss of either Hifla or Hif1f significantly reduced the numbers of
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cancer organoids, compared to those with Scramble sgRNA (Fig.
5A, B). The HIF target genes, including Vegfa, Pim1, Ccng2, Klhi24,
and Mxil1, were downregulated in organoids with Hifla or Hif13
mutations (Fig. 5C). Together, knockout Hifla reversed the killing
effect of SRT1720 on tumor organoids (Fig. 5D, E). Moreover, we
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Fig. 3 Validating SIRT1 as the target of SRT1720 in bladder cancer. A Representative images showing IHC staining of SIRT1 in bladder
cancer tissues from mice treated with vehicle or SRT1720. Left, scale bars, 50 pm; Right, scale bars, 20 pm. B Quantification of SIRT1 expression
in (A). *p < 0.05. C Relative expression levels of SIRTT in normal bladder tissues and bladder cancer tissues in patients. Data analyzed from
TCGA cohorts. ****p < 0.0001. D Representative images showing IHC staining of SIRT1 in normal bladder tissue and bladder cancer. Scale bars,
50 pm. E Quantification of the expression of SIRT1 protein in paired normal urothelial cells and MIBC tumor cells. n =5; ****p <0.0001.
F Western blotting plots of SIRT1 expression in mouse bladder cancer organoids with or without Sirt7 knock out. G Representative images of
bladder cancer organoids with Scramble or Sirt7 sgRNAs. Scale bar, 100 pm. H The size of cancer organoids with Scramble or Sirt7 sgRNAs. ****
p < 0.0001. I Representative images showing cancer organoids with Scramble or Sirt7 sgRNAs treated with 3 pM SRT1720 or vehicle. Scale bar,
100 pm. J Survival percentages of cancer organoids with Scramble or Sirt7 sgRNAs treated with 3 uM SRT1720. **p < 0.01.

checked the HIF target genes expression in mouse bladder cancer
organoids with or without Hifla knockout treated with vehicle or
SRT1720, we found that the inhibitory effect of SRT1720 on HIF
target genes was impaired by Hifla knockout (Fig. 5F, G). These
data indicating HIF pathway mediated the activity of SRT1720 in
bladder cancer.

As reported, the SIRT1 could deacetylate H3K9ac, H3K14ac, and
other targets [29]. Therefore, to evaluate the activity of SIRT1
activated by SRT1720, we first analyzed the level of acetylated
histone H3 (Ac-H3) in bladder cancer organoids treated with or
without SRT1720. The results suggested that SRT1720 reduced the
Ac-H3 level in bladder cancer organoids, indicating the activity of
SIRT1 was increased after SRT1720 treatment (Fig. 5H). To acquire
an overview of the SIRT1- HIF1a axis, we analyzed the levels of
SIRT1 and HIF1a treated by SRT1720 in bladder cancer tissues, and

Oncogene

the results showed the SIRT1 was increased in tumors treated with
SRT1720, while HIF1a was decreased (Fig. 5I). However, the mRNA
expression level of Hifla was not changed after SRT1720
treatment (Fig. 5J) or Sirt7 mutation (Fig. 5K) in bladder cancer
organoids. Thus, the function of HIFTa may be regulated by SIRT1
at protein level instead of mRNA level.

To further explore their interaction between HIF1a and SIRT1 in
bladder cancer, coimmunoprecipitation was performed, and the
results suggested that endogenous HIF1a could coprecipitate with
SIRT1 in bladder cancer (Fig. 5L). The acetylated HIF1a was also
detected by immunoblotting with anti-acetyl lysine in immuno-
precipitates by anti-HIF1a in cancer organoids with or without Sirt7
mutation under normoxia and hypoxia. In our context, we found
that the acetylated level of HIF1a was increased after Sirt1 being
disrupted (Fig. 5M); meanwhile, Sirt7 mutation significantly

SPRINGER NATURE
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enhanced induction of HIF target genes (Fig. 5N). Importantly, after
Sirt1 disruption, we found that the inhibitory effect of SRT1720 on
HIF pathway was impaired (Fig. 50). These results indicated that
SIRT1 could bind to and deacetylate HIF1a, and negatively regulate
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the transcriptional activity of HIF1a in bladder cancer; meanwhile,
this negative regulation of SRT1720 on HIF pathway was SIRT1
dependent. Treatment with 2-Methoxyestradiol (2-MeOE2,
5-40 pM), a HIF1a inhibitor, resulted in a dose-dependent inhibition
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Fig.4 SRT1720 repressed the HIF pathway in bladder cancer. A Heatmap of differentially expressed genes (DEG) detected between mouse
bladder cancer organoids treated with vehicle or SRT1720 for 12 h, measured by RNA-seq. p adjust value <0.05. B Dot plot showing the most
downregulated KEGG pathways enriched in the bladder cancer organoids treated with SRT1720, comparing to those with vehicle. C Gene set
enrichment analysis (GSEA) showing the negative enrichment of the Hypoxia, Epithelial-Mesenchymal Transition, and Angiogenesis gene
signatures in SRT1720-treated bladder cancer organoids, comparing to those treated with vehicle. D GSEA showing the negative enrichment
of the Hypoxia, Epithelial-Mesenchymal Transition, and Angiogenesis gene signatures in bladder cancer patients with high expression levels
of SIRT1, comparing to those with low expression levels of SIRT1. Data analyzed from the TCGA cohort. E The relative expression levels of Vegfa,
Jun, Pim1, Ccng2, Eno2, and K1h124 in bladder cancer organoids treated with vehicle or SRT1720, measured by qRT-PCR. n = 3; *p < 0.05; **p <
0.01; ***p < 0.001. F Representative images showing IHC staining of HIF1a in bladder cancer tissues from mice treated with vehicle or SRT1720.
Left, scale bars, 50 pm; right, scale bars, 20 pm. G Quantification of HIF1a expression in (F). *p < 0.05.

of MIBC organoids, which further suggested that the down-
regulation of HIF pathway played a vital role in SRT1720 treatment
in MIBC (Fig. 5P).

SRT1720 suppressed patient-derived organoids and
xenografts from human MIBC
Then the suppression activity of SRT1720 in human MIBC was further
evaluated. Cancer organoids were established from three MIBC
patients who underwent radical cystectomy (Fig. 6A). Similar to
mouse MIBC organoids, human cancer organoids represented the
histopathological characteristics of human disease, indicated by H&E
staining and IHC staining with CK5 and CK7, the common markers of
urothelial carcinoma in human. We found that all of these three
human MIBC organoid lines responded to SRT1720 treatment in a
dosage-dependent manner with 1Csy around 2.5 uM (Fig. 6B, C).
The anti-tumor effect of SRT1720 was further evaluated in vivo
in PDX from three MIBC patients. SRT1720 (40 mg/kg) or vehicle
was administered through daily intraperitoneal injection for
2 weeks (Fig. 6D). SRT1720 treatment significantly repressed the
growth of all three PDX lines, compared to vehicle treatment. And
indeed, PDX tumors completely hindered their growth or even
shrank after SRT1720 treatment (Fig. 6E-L). Thus, SRT1720 could
also repress human MIBC in vitro and in vivo.

Validating the SIRT1-HIF axis in human MIBC
Given the importance of the SIRT1-HIF axis in SRT1720-treated
mouse MIBC, we measured the expression levels of SIRT1 and
HIF1a in human MIBC by IHC staining. Consistent with mice
bladder tumor, the results showed that SRT1720 treatment
significantly enhanced the expression of SIRT1 in human MIBC
PDX tumors, while suppressed the HIF1a expression (Fig. 7A-D). In
addition, angiogenesis was also impaired by SRT1720 treatment in
bladder cancer PDX tumors validated by CD31 staining (Fig. 7E).
Furthermore, we explored the correlation between SIRT1 and
hypoxia pathway in human MIBC. Low SIRT1 activity scores,
defined by the expression levels of the SIRT1 target genes, were
associated with poor prognosis (p <0.0001) in bladder cancer
patients from TCGA database (Fig. 7F). In contrast, high hypoxia
scores, defined by the expression levels of the hypoxia pathway
genes, were associated with poor prognosis (p < 0.0001) (Fig. 7G).
It has been reported that SIRT1-mediated TP53 deacetylation is
critical for the inhibitory effect of SIRT1-activating compounds
(STAGs) in several types of cancer cells [27, 30]. To test whether
TP53 would be involved in the SIRT1-HIF1a axis in bladder cancer,
we analyzed the correlation of the SIRT1 activity and the prognosis
in patients with intact or mutant TP53. The results showed that in
both groups, low SIRT1 activity was significantly associated with
poor prognosis (Fig. 7H, I). These results suggested that the effect
of SIRT1 in bladder cancer might be TP53 independent. More
importantly, the SIRT1 expression level and its activity scores were
negatively correlated with the hypoxia pathway scores in TCGA
bladder cancer cohort (R=-0.33, p<1.8e-11, and R=-0.33, p<
1.8e-11, respectively) (Fig. 7J, K) and MSKCC bladder cancer
cohort (R=-0.53, p < 1.9e-5) (Fig. 7L); and this negative correla-
tion was also TP53 independent (Fig. 7M, N). Moreover, SIRT1
mutation significantly enhanced induction of hypoxia associated
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genes in bladder cancer patients, showing by volcano map
(Fig. 70). Thus, the SIRT1-HIF1a axis, which could be disrupted by
SRT1720, played an important role in human MIBC.

DISCUSSION

In this work, we have established a platform with mouse and human
bladder cancer organoids and their derived in vivo models for drug
screening and validation. Although tumor organoids have been
suggested for translational studies [9], few studies have successfully
applied them for drug screening and mechanism studies for bladder
cancer. And their derived in vivo orthotopic models are even more
challenging. To our knowledge, this study is one of the first few to fully
use all of these organoids and their derived in vivo models for
translational studies in bladder cancer. As reported, numerous
epigenetic alterations have been identified in bladder cancer, but until
now, only five clinical trials evaluating the effect of epigenetic drugs,
including HDACs inhibitors and DNA methyltransferase inhibitors, on
bladder cancer are ongoing [31, 32]. Thus, based on this drug-screening
platform, an epigenetic drug library containing 276 drugs was screened
in this study. Besides other already known epigenetic drugs, an
unexpected activator SRT1720 was also identified for bladder cancer
treatment and it has never been studied in bladder cancer.

SIRT1 was previously proved to improve healthspan and lifespan,
suppress inflammation, and regulate aging and metabolic-related
diseases [19, 33]. However, the roles of SIRT1 in cancers, as a tumor
suppressor or tumor promoter, remain unclear [27]. Meanwhile, the
substrates of SIRT1 are proved to differ from one organ to another
[34]. Thus, SIRT1 may act differently in different tumors or tissues.
Several studies suggested a tumor suppressor role of SIRT1 in breast
cancer, multiple myeloma, pancreatic cancer, and colorectal cancer
through regulating lysosomal-dependent necrosis, apoptosis, reactive
oxygen species, angiogenesis, or wnt signaling pathway [35]. Two
recent studies have shown that SIRT1 may promote bladder cancer
progression in bladder cancer cell lines through FOXO3a-mediated
pathways or by regulating GLUT1 [36, 37]. But in our study, we found
that SRT1720, a SIRT1 activator, presented an excellent anti-tumor
activity in vitro and in vivo. These paradoxical results might be at least
partially attributed to their models, in most of cases, cell lines. Here,
we used multiple cutting-edge MIBC models, which represent human
diseases precisely, to identify and validate SRT1720 as an effective
treatment for bladder cancer. In our screening, we also found that
other SIRT1 activators, such as SRT3025, SRT2183, and SRT2104, were
able to inhibit bladder cancer organoids, while SIRT1 inhibitors,
including Sirtinol and EX527, significantly promoted bladder cancer
growth (data not shown). Meanwhile, the bioinformatics analysis
found that the SIRT1 activity score positively related to the prognosis
in bladder cancer patients. Thus, SIRT1 was more likely to serve as a
tumor suppressor instead of a tumor promoter in our context.

SRT1720 is a well-studied second-generation STAC, which has
been shown to have excellent pharmacokinetics for better in vivo
activation than other STACs [19]. In our library, SRT1720 had the best
inhibition effect on bladder cancer organoids during our screening,
although several other STACs also showed significant anti-tumor
effect. There are some third-generation STACs available at present,
such as STAC-5, -9, -10, which might have better performance,
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Fig. 5 SRT1720 inhibited the growth of bladder cancer through downregulating the HIF pathway. A Representative images of cancer
organoids with Scramble, Hif1a or Hif13 sgRNAs. Scale bars, 200 pm. B Numbers of cancer organoids with Scramble, Hif1a or Hif13 sgRNAs. *p <
0.05; ***p < 0.001. C Relative expression levels of HIF target genes (Vegfa, Pim1, Ccng2, KIhi24, and MxiT) in cancer organoids with Scramble,
Hif1a or Hif1B sgRNAs. *p < 0.05; **p < 0.01; ***p < 0.001. D Representative images of cancer organoids with Scramble or Hifla sgRNA treated by
vehicle or SRT1720 (10 pM). E Quantification of survival percentages of cancer organoids in (D). ***p < 0.001. F, G Relative expression levels of
HIF target genes in cancer organoids with Scramble (F) or Hifla sgRNA (G) treated by vehicle or SRT1720 (10 uM). *p < 0.05; **p < 0.01; ***p <
0.001; ****p < 0.0001. H Western blotting plots of histone H3 and acetylated histone H3 (Ac-H3) in mouse bladder cancer organoids treated
with vehicle or SRT1720 (10 uM) for 36 h. | Western blotting plots of SIRT1 and HIF1a in tumor tissues from primary orthotopic bladder cancer
model treated with vehicle or SRT1720 (40 mg/kg/d, i.p.) for 4 days. J Relative expression levels of Hifla in cancer organoids with or without
SRT1720 treatment. K Relative expression levels of Hifla in cancer organoids with Scramble or Sirt7 sgRNAs. L Coprecipitation of endogenous
SIRT1 and HIF1a was performed using anti-SIRT1 in mouse bladder cancer organoids incubated under normoxic or hypoxic conditions for 6 h.
M Endogenous HIF1a was immunopreciptated with anti-HIF 1o, and acetylated HIF1a was identified using anti-acetyl-lysine in mouse bladder
cancer organoids with or without Sirt7 knockout under normoxic or hypoxic conditions for 6 h. N Relative expression levels of HIF target genes
in cancer organoids with Scramble or Sirt7 sgRNA. *p < 0.05; **p < 0.01. O Relative expression levels of HIF target genes in cancer organoids
with Sirt7 sgRNA treated with vehicle or SRT1720. *p < 0.05; ns, not significant. P Survival percentages of cancer organoids treated with vehicle
or 2-MeOE2.
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Fig. 6 SRT1720 inhibited the growth of bladder cancer in patient-derived organoids and xenografts. A Representative pictures of human
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especially with less toxicity [35]. Unfortunately, our library did not
include enough third-generation STACs to test this hypothesis. It
would be of interest to evaluate them in future studies.

With multi-omics analyses, CRISPR/Cas9 genome editing,
biochemical, and pharmaceutical studies, our results found that
SRT1720 suppressed the MIBC growth through regulating SIRT1-
HIF1a axis. Actually, until now, several studies had focused on the
interaction between SIRT1 and HIF1q, but the effect of SIRT1 on
HIF1a transcriptional activity is still under debate [38-41].
Laemmle et al. [40] and Joo et al. [41] reported that there was a
positive regulation impact on HIF1a activity via deacetylation,
while others reported that SIRT1 had either no impact [38] or
negatively regulated HIF1a activity [39, 42]. Therefore, it is possible
that SIRT1 exerts a dual regulatory function and performs not
equally in different tissues. In addition, study reported that SIRT1
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could activate HIF2a, which also drives VEGF expression, such as
HIF1a [43]. However, in this study, we found that the hypoxia
pathway and angiogenesis pathway were both downregulated
after SRT1720 treatment, as well as VEGF-A expression. Thus,
under our context, HIF2a may not serve as a critical one in killing
bladder cancer, and its roles remains to be studied. The effect of
hypoxia on SIRT1 expression is still under debate at present. Chen
et al. suggested that hypoxia increased SIRT1 expression in liver
cancer [44], while Lim et al. claimed that SIRT1 activity also
appears to be reduced by hypoxia due to reduced transcription of
SIRT1 mRNA and a decrease in the NAD"/NADH ratio [39].

In terms of HIF1a protein stability, the evidence has shown that the
lysine acetylation regulates protein stability and function. Geng et al.
reported that the HIF1a protein stability is increased by acetylation at
lysine 709 [45], while Joo et al. showed that SIRT1 stabilizes HIF1a by
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Fig. 7 SRT1720 downregulated the hypoxia pathway through activating SIRT1 to inhibit the growth of human bladder cancer. A-D
Representative images showing IHC staining of SIRT1 (A) and HIF1« (B) and their percentages (C and D) of positive staining cells in bladder
cancer PDX models treated with vehicle or SRT1720. Scale bars, 50 pm. **p < 0.01; ****p <0.0001. E Representative images showing IHC
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deacetylation [41]. Therefore, the main points of contention are which
one, acetylated or deacetylated HIF1a, has higher stability or
transcriptional activity. In this study, we found that SIRT1 could also
bind to and deacetylate HIF1q, and negatively regulate the HIF target
genes. In addition, SIRT1 was found to associate with HIF1a in bladder
cancer tissues and regulate tumor growth negatively by using
SRT1720. Thus, we are more likely to propose that the activity of
HIF1a is decreased by deacetylation in bladder cancer.

Although SRT1720 was originally revealed to enhance SIRT1
enzymatic activities [19], our study and several other studies also
found that SRT1720 treatment could increase the expression level
of SIRT1 [46]. Limited evidence suggested that SIRT1 expression
could be positively regulated by STACs through a FOXO1-mediated
mechanism. By activating SIRT1, SRT1720 can deacetylate and
increase the DNA-binding ability of FOXO1, which could further
promote the SIRT1 transcription through binding to the SIRT1
promoter region at IRS-1 and FKHD-like responsive elements [46].
Thus, the expression of SIRT1 increased by SRT1720 treatment may
be partly attributed to this autofeedback loop mechanism.

SIRT1 is a multifaceted gene and has been involved in
regulating various downstream targets and pathways under
different contexts. For example, previous study showed that
SRT1720 repressed myelodysplastic syndrome stem and progeni-
tor cells by upregulating TET2 function [47]. Chini et al. showed
that SRT1720 inhibited pancreatic cancer cell growth through
lysosomal-dependent pathway [48]. Wang et al. showed that SIRT1
negatively regulated the mTOR signaling pathway, which, in turn,
activated HIF1a [49]. Of note, TP53 deacetylation by SIRT1 has
been proposed to be a critical mechanism for STACs, including
SRT1720, on cancers [30]. Interestingly, we found that the
prognosis value of SIRT1 activity in bladder cancer patients was
independent of TP53 mutation status. Furthermore, in either
bladder cancers with or without TP53 mutations, the SIRT1 activity
was significantly negatively correlated with the HIF activity. These
results strongly agree a non-essential role of TP53 in the
repression of SRT1720 on bladder cancer. Instead, with multiple
in vitro and in vivo mouse and human MIBC models, we showed
that SRT1720 inhibited MIBC through activating SIRT1, which, in
turn, deacetylated HIF1a and repressed the hypoxia pathway.
Thus, our study clarified the SIRT1-HIF1a axis in bladder cancer.

The research strategy of the present study opens the possibility
to screen the novel drugs on bladder cancer organoids in vitro
and verify their efficacy in patients-derived cancer organoids and
PDX models of MIBC in vivo, potentially yielding new therapeutics
for the treatment of this disease. Notably, the current findings in
our research support that targeting SIRT1 with pharmacological
activators such as SRT1720 may be a novel treatment for MIBC.

CONCLUSION

In summary, our study demonstrated the feasibility of cancer
organoid-based drug discovery and, in principle, identified SRT1720
as a new treatment for MIBC through regulating the SIRT1-HIF1a axis.

MATERIALS AND METHODS

Human tumor samples and PDX model generation

All patients had a confirmed pathologic diagnosis of MIBC and underwent
radical cystectomy at West China Hospital, Sichuan University. Their tumor
tissues were collected immediately after surgery, and then were minced
into pieces and injected to NSG mice (male, 6- to 8-week-old) via
subcutaneous transplantation.

Orthotopic bladder cancer mouse model establishment

All experiments based on mouse were approved by the institutional
Animal Care and Use Committees of Sichuan University. Mouse orthotopic
MIBC model was generated by injecting cancer organoids with Trp53, Pten,
and Rb1 mutations and c-Myc and Kras®'?° amplification into the bladder
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of nude Balb/c mice (male, 6- to 8-week-old). The MIBC organoids were
established previously in our lab.

Organoids-based drug screening

Mouse bladder cancer organoids were seeded into 96-well plates and
cultured for 24 h. The cells were treated with compounds (10 uM) for
3 days. The cell viability of organoids was quantified using CCK-8 [50].
Inhibition scores of every compound were calculated by normalizing to
control group. The selected candidates were further validated.

Gene editing

sgRNA oligos were cloned into the vector pLentiCRISPR V2 plasmid. sgRNA
oligo sequences are listed in Supplementary Table 1. The cultured
organoids were disassociated using TrypLE. The cells were resuspended
with lentiviral supernatants and centrifuged for 1 h followed by another 2 h
incubating.

In vivo treatment

For orthotopic bladder cancer mouse models, treatment was initiated
4 days after transplantation. Mice bearing tumors were daily treated with
either vehicle or 40 mg/kg SRT1720 (Selleck, S1129) by intraperitoneal
injection for 9 days [51]. Tumor volumes were measured every 3 days by
using Bioluminescence Imaging. For PDX models, the treatment was
started when tumor volumes reached approximately 100 mm? for 14 days
and the tumor volumes were measured every 3 days.

Statistical analysis

The statistical data are presented as mean with standard deviation from
three independent experiments. To determine statistical probabilities,
unpaired Student’s t tests or one-way ANOVA was conducted where
appropriate. Statistical analysis was performed with GraphPad Prism 7.0. p
value <0.05 was considered statistically significant difference.

DATA AVAILABILITY

All bulk RNA data generated by this study have been deposited in the GEO data sets
(https://www.ncbi.nlm.nih.gov/gds). The data can be accessed under the accession
number GSE155525. The code is available from the authors on request.
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