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LETTER TO TH E JOURNAL

Snai2-mediated upregulation of NADSYN1 promotes bladder
cancer progression by interacting with PHB

Dear Editor,
Bladder cancer is recognised as the 10th most prevalent
cancer worldwide, with men having a lifetime risk of
1.1% and women .27%.1,2 The epithelial-to-mesenchymal
transition (EMT) process plays a crucial role in the progres-
sion from non-muscle invasive bladder cancer (NMIBC)
to muscle invasive bladder cancer (MIBC).3 However,
the molecular mechanisms underpinning EMT in the
advancement of bladder cancer remain largely unexplored.
We initially utilised high-throughput RNAseq method

to identify differential gene expressions between MIBC
and NMIBC tissues. Upon intersecting three distinct gene
sets (three groups of differential gene between MIBC
and NMIBC), we observed upregulation of PHB in MIBC
tissues (Figures 1A and S1). Given the reported role of
PHB as a scaffold protein, we proceeded to perform RIP-
seq to investigate PHB-associated RNA on both tumour
and adjacent normal tissues, and we identified numerous
PHB-associated RNAs, most of which were protein-coding
RNAs (Figure S2A). GO and heatmap analysis revealed
that the proteins encoded by the enriched genes were
widely distributed in the cells and participated in a vari-
ety of cellular processes (Figures S2B and S2C). Analysis
of RNAs enriched in tumour tissues identified LINC01410,
MIR339 and NADSYN1 mRNA as the most significant
binding RNAof PHBwith high-fold changes and low P val-
ues (Figure 1B). PHB showed greater RNA binding activity
in tumour tissues than paired adjacent normal tissues, and
a conserved binding motif was identified (Figure 1C). Fur-
ther RIP-seq followed by PCR revealed NADSYN1 mRNA
as the only RNA that exhibited increased PHB binding
in all three paired tumour tissues and adjacent normal
tissues (Figure 1D). The peak distributions of tumour sam-
ples tended to be enriched in the middle of the gene body,
whereas the PHBbinding peaks tended to be enriched near
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the transcription start site in the proximal part of the gene
(Figures S2D and S2E).
PHB and NADSYN1 mRNA levels were positively cor-

related in bladder cancer tissues and cell lines (Figures
S3A, S3B and S4). Immunohistochemical study demon-
strated that both the protein levels of NADSYN1 and
PHB were elevated in bladder tumour tissues, and they
showed a positively correlated with each other (Figure
S3C). Immunofluorescence analysis demonstrated that
NADSYN1 mRNA was localised in both cytoplasm and
nucleus (Figure S3D). Kaplan–Meier analysis indicated
that higher NADSYN1 expression was correlated with a
worse overall survival (OS) (Figure S3D).
We found that NADSYN1 expression positively corre-

lated with bladder cancer progression-related genes by
using Gene Set Enrichment Analysis (GSEA) analysis
of two independent datasets, GSE87304 and GSE128701
(Figure S5). PHB knockdown by specific siRNA led to a
remarkable decreased inNADSYN1 expression, while PHB
overexpression by lentiviruses upregulated NADSYN1 in
bladder cancer cells (Figures S6A and S6B). PHB overex-
pression led to increase in the number of bladder cancer
EJ and T24 cells, respectively, which was significantly
abated by NADSYN1 knockdown (Figures S6C and S6D).
Furthermore, PHB overexpression induced a significant
increase in the number of colonies, which was abolished
by NADSYN1 knockdown (Figure S7A). Wound healing
assays and trans-well migration assays further demon-
strated that PHB overexpression promoted the migration
of bladder cancer cells, which was significantly lessened
by NADSYN1 knockdown (Figures S7B and S7C). In nude
mice, NADSYN1 knockdown significantly decreased the
tumour size and reduced the number of metastatic foci sis
ability, and tumour growth ability was inhibited (Figure
S7D).
We constructed a series of PHB truncations (Figure 2A).

RIP-PCR revealed that PHB whose PHB domain was trun-
cated failed to bind NADSYN1 mRNA (Figure 2B). We
identified ammino acid residues 201−211 as an impor-
tant region mediating PHB-NADSYN1 interaction (Figure
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F IGURE 1 Delineation of RNA binding by PHB in paired bladder cancer tissues and adjacent normal tissues by
RNA immunoprecipitation sequencing (RIP-SEQ) assays. (A) The Venn diagram illustrates the variation in gene numbers between MIBC and
NMIBC. By intersecting three different groups, we pinpointed 10 specific genes that exhibited differential expression. (B) Volcano map of
PHB-associated RNAs in tumour tissues versus normal tissues. (C) Motif analysis of enriched peaks in tumour sample. Peak distribution of
genes in the gene body in tumour sample 1 (T1) and adjacent normal tissue sample 1 (N1), tumour sample 2 (T2) and adjacent normal tissue
sample 2 (N2). (D) Representative agarose gel electrophoresis images of NADSYN1 (upper panel), LINC01410 (mid panel) and MIR339 (lower
panel) in tumour and normal samples identified by RIP-SEQ followed by PCR. MIBC, muscle-invasive bladder cancer; NMIBC,
non-muscle-invasive bladder cancer; FDR, false discovery rate. T, tumour tissue; N, adjacent normal tissue; PHB, Prohibitin. T3, tumour
sample 3; N3, adjacent normal tissue sample 3.

S8A).4 Compared to wildtype PHB or PHB with dele-
tions in other domains, the deletion of the PHB domain
led to a notable decrease in the expression of NADSYN1
(Figure S8B). Deletion of the PHB domain abrogated PHB-
induced clonogenic growth and migration of tumour cells
(Figures 2A and B).
RNA-Pull down assay demonstrated that mutation of

the binding motif in NADSYN1 mRNA abolished PHB
binding to NADSYN1 mRNA (Figure 3A). The addition
of antisense nucleotide also abolished PHB binding to
NADSYN1 mRNA (Figures 3A and S9A). PHB expression
was nearly completely suppressed when NADSYN1 was
knocked out in BJ cells, which demonstrated a feedback

regulation of NADSYN1 on PHB (Figure S9B). PHB expres-
sion also declined in stable cells expressing NADSYN1
with mutated binding (Figure 3B). Mg132, a selective
inhibitor of the ubiquitin mediated protein degradation
system, reversed NADSYN1-ko induced PHB downregu-
lation (Figure 3B). However, PHB mRNA levels did not
exhibit similar decreases when NADSYN1 was knocked
out or mutated (Figure 3B). In NADSYN1 knockout cells,
PHB levels showed greater decrease with longer cyclohex-
imide treatment, which, however, was not observed inWT
cells (Figure S9C).
Ubiquitin-mediated protein degradation in NADSYN1

knockout cells and NADSY N1 mutated cells was
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F IGURE 2 PHB domain is responsible for PHB-NADSYN1 interaction. (A) Schematic diagram of PHB truncations. (B) Analysis of the
binding of different isoforms of NADSYN1 by PHB. (C) and (D) Colony formation assay and trans-well invasion assay were carried with cell
lines. PHB-△CC, PHB protein lacking CC domain. PHB-△HTCC, PHB protein lacking HT domain and CC domain. PHB-△PHB, PHB
protein lacking PHB domain. * P < .05, ** P < .01, *** P < .001.

F IGURE 3 NADSYN1 promotes PHB stability in bladder cancer. (A) RNA pull-down assay was carried with different combinations of
RNAs indicated. (B) Western blotting assays were carried out in cell lines indicated. (C) Western blot analysis of ubiquitin in different cell
lines indicated. The protein stability of PHB was valued in cells with different CHX treatment span. (D) Western blot analysis of ubiquitin in
different cell lines expressing different mutants of PHB. PHB stability in cell lines expressing PHB K202A mutant.
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apparently increased (Figure 3C). More importantly,
PHB-ΔPHB degradation was increased (Figure 3C).
Furthermore, K202A mutation led to significant PHB
degradation (Figure 3D) and eliminated the effect of PHB
on cell migration and clonogenic growth (Figure S9D).
Analysis using the PSCAN prediction tool revealed

Snai2 and Snai3 binding to the promoter of NADSYN1
(Figure S10A).5,6 However, only Snai2 significantly
elevated NADSYN1 expression, implicating Snai2 in
NADSYN1 transcription (Figure S11A). Meanwhile,
NADSYN1 positively correlated with Snai2 in both cell
lines and tissues (Figure S11B). Our subsequent ChIP
using anti-Snai2 antibodies followed by PCR demon-
strated binding of Snai2 to the NADSYN1 gene region
(Figure S10B). The luciferase assays further showed that
Snai2 binding site mutation in the NADSYN1 promoter
abolished Snai2 activities (Figure S10B) and Snai2 knock-
down attenuated NADSYN1-mediated tumour growth and
migration and PHB expression (Figures S11C and S11F).
GSEA analysis showed a positive correlation between
EMT and NADSYN1 in bladder cancer tissue samples
(Figure S10C). TGF-β increased TGFβR-1/ALK5 inhibitor
RepSox decreased NADSYN1 expression (Figure S11D).7
Immunohistochemical analysis of Snai2, NADSYN1,
PHB, CDH1, and CDH2 demonstrated that in tissues with
NADSYN1 high expression, the level of PHB, Snai2 and
CDH2was also high and the level of CDH1was low (Figure
S10D). Moreover, low Snai2 and NADSYN1 expression was
associated with significantly longer survival of bladder
cancer patients (Figure S11E).
In summary, our report describes EMT regulated the

expression of NADSYN1 via Snai2 and Snai2-NADSYN1-
PHB axis played a crucial role in bladder cancer progres-
sion (Figure S12).
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