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Modification of lysine-260
2-hydroxyisobutyrylation destabilizes ALDH1A1
expression to regulate bladder cancer progression

Zhilei Zhang,1,2,6 Yonghua Wang,1,6 Zhijuan Liang,2 Zhaoyuan Meng,4 Xiangyan Zhang,3 Guofeng Ma,1,2

Yuanbin Chen,2 Mingxin Zhang,1 Yinjie Su,1,2 Zhiqiang Li,5 Ye Liang,2,* and Haitao Niu1,2,7,*
SUMMARY

ALDH1A1 is one of the classical stem cell markers for bladder cancer. Lysine 2-hydroxyisobutyrylation
(Khib) is a newfound modification to modulate the protein expression, and the underlying mechanisms
of how ALDH1A1 was regulated by Khib modification in bladder cancer remains unknown. Here,
ALDH1A1 showed a decreased K260hib modification, as identified by protein modification omics in
bladder cancer. Decreasing ALDH1A1 expression significantly suppressed the proliferation, migration
and invasion of bladder cancer cells. Moreover, K260hib modification is responsible for the activity of
ALDH1A1 in bladder cancer, which is regulated by HDAC2/3. Higher K260hib modification on
ALDH1A1 promotes protein degradation through chaperone-mediated autophagy (CMA), and
ALDH1A1 K260hib could sensitize bladder cancer cells to chemotherapeutic drugs. Higher ALDH1A1
expression with a lower K260hib modification indicates a poor prognosis in patients with bladder cancer.
Overall, we demonstrated that K260hib of ALDH1A1 can be used as a potential therapeutic target for
bladder cancer treatment.

INTRODUCTION

Bladder cancer is the most common malignant tumor of the urinary system,1 and its incidence is increasing across the world. Most of the pa-

tients with bladder cancer were diagnosed with non-muscle-invasive cancer, and the recurrence rate of non-muscle-invasive bladder cancer

(NMIBC) including local and treatable tumors by the transurethral resection of bladder tumor (TUR-BT) is relatively high; moreover, it is prone

to progress to muscle-invasive bladder cancer (MIBC),2 accounting for approximately 20–25% of all cases. The 5-year survival rate of MIBC is

extremely low due to the high heterogeneity of bladder cancer, despite the availability of multidisciplinary therapies such as radical surgery,

chemotherapy, and immunotherapy.3

According to recent reports, post-translational modification (PTM) is closely related to tumor progression and recurrence.4 In the past two

decades, new PTMs have been discovered, such as propionylation, malonylation, butyrylation, succinylation, crotonylation, b-hydroxybutyr-

ylation, and 2-hydroxyisobutyrylation,5–11 which are structurally and functionally distinct from the widely studied lysine acetylation and play a

significant role in the metabolic regulation of gene expression.11 However, the molecular mechanisms underlying these PTMs in bladder can-

cer have rarely been explored. Khib, a recently discovered post-translational modification, was closely associated with the processes of tran-

scription, translation, protein degradation, and glucose metabolism,12,13 and it has been identified to play an ultimate role in metastasis of

esophageal cancer by affecting the stability of NOTCH3.14 However, the effect of Khib modification on bladder cancer remains unclear.

Cancer stem cells (CSCs) are a group of cells that can self-new and multi-differentiate. The existence of CSCs have been proven to be

closely associated with tumor recurrence, metastasis, and chemo-resistance.15–18 ALDH1A1 is one of the classical markers for CSC identifi-

cation. The aberrant expression of ALDH1A1 can promote the catalytic NAD(P)+-dependent oxidation of retinaldehyde (RALD) to the cor-

responding retinoic acid (RA). RA then enters the nucleus and binds to retinoic acid receptors (RARs) or retinoid X receptors (RXRs) so as

to induce the expression of its downstream target genes, which are especially focused on the cell differentiation and proliferation.19 In the

past studies, ALDH1A1 has been recognized as a diagnostic target in bladder cancer,20–25 and ALDH1A1-induced drug resistance has

been commonly reported in cancers. Moreover, specific ALDH1A1-targeted drugs developed by researchers have been used to treat
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Figure 1. Identification ALDH1A1 with lysine 2-hydroxyisobutyrylation by MS from bladder cancer

(A) Differential Khib modification sites and proteins respectively between bladder cancer tissues and adjacent normal tissues (>1.2 or <0.83) (n = 10 per group).

(B) Flanking sequence analysis of all Khib sites.

(C) The subcellular localization of proteins.

(D) GO enrichment of differentially expressed proteins.

(E) KEGG analysis of proteins with the different Khib modification levels.

(F) Increased expression of ALDH1A1 was associated with advanced tumor stage in TCGA-BLCA database.

ll
OPEN ACCESS

2 iScience 26, 108142, November 17, 2023

iScience
Article



Figure 1. Continued

(G) Kaplan-Meier survival curves showed that higher ALDH1A1expression was significantly related with worse OS in TCGA-BLCA database.

(H) Higher expression of ALDH1A1 was related with advanced tumor stage in 105 patients with bladder cancer from our hospital (I) Kaplan-Meier survival curves

revealed that higher ALDH1A1 expression was significantly related with worse OS in 105 patients with bladder cancer from our hospital.

(J‒L) The correlation of ALDH1A1 with CD44, CD133, and CD47 in the TCGA-BLCA database.
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cancers.26–30 However, no ALDH1A1-targeting drug has yet been applied to clinical treatment until date. We therefore attempted to explore

multiple ways to block ALDH1A1, including the targeting of ALDH1A1-Khib.

In this work, we first detected the ubiquitination, lysine acetylation, lysine succinylation, lysinemalonylation, and Khibmodification by pan-

antibody between bladder cancer and adjacent normal tissues. A significant difference was noted in Khib between them. Therefore, we con-

ducted further research to explore the role of Khib modification in bladder cancer. Additionally, ALDH1A1 with a significantly lower level of

Khib modification was identified in cases of bladder cancer. And a CMA pathway of ALDH1A1 degradation promoted by high K260hib modi-

fication was uncovered, and it could decrease tumor proliferation and metastasis in bladder cancer. Furthermore, ALDH1A1 K260hib was

correlated with the clinical stage and prognosis of patients with bladder cancer. Moreover, K260hib of ALDH1A1 could sensitize bladder can-

cer cells to chemotherapeutic drugs. Altogether, these findings could not only enrich the research on Khibmodification in cancer but also help

explore the relationship between the Khibmodification of ALDH1A1 and bladder cancer progression, thereby providing a promising therapy

target for bladder cancer.

RESULTS

Identification of ALDH1A1 with Khib modification in bladder cancer by MS

First, we identified 493 differential Khib modification sites in 287 proteins from 10 pairs of bladder cancer and the adjacent normal tissues by

high pH reverse-phase HPLC/LC-MS/MS. Among these, the Khib level of 203 proteins with 391 modification sites was increased, and 84 pro-

teins with 102 modification sites were decreased (Figure 1A). To further confirm the targeted Khib sequence preferences, motif analysis of all

Khib sites revealed the flanking sequence motif of Khib proteins enriched with alanine, aspartic acid, and glutamic acid at �1, �2, �3,

�4, +1, +2, +3, and +4 position, and histidine, isoleucine, methionine, and asparagine were the most depleted (Figure 1B). Generally, the

subcellular localization of a protein is closely associated with its functions, and approximately half of these proteins are located in the cyto-

plasm (Figure 1C). In the GO enrichment analysis of these differential proteins between cancer and adjacent tissues, we identified the top 20

GO categories with significant enrichment of proteins relevant to cell secretion, extracellular space, and cell adhesion (Figure 1D). Moreover,

the results of KEGG analysis indicated that different Khib modification levels of proteins were mainly enriched in the pathways of focal adhe-

sion, tight junction, and leukocyte transendothelial migration. These pathways were closely associated with epithelial–to–mesenchymal tran-

sition (EMT) (Figure 1E). EMT is responsible for the acquisition of CSCs phenotypes in tumors.31 Among the proteins with Khib modification,

ALDH1A1 with a significantly different Khib modification caught our attention as a marker of CSCs in bladder cancer.

In the TCGA-BLCA database, the clinical data of the T stage was closely correlated with the expression of ALDH1A1, and the advanced

stage was observed in association with a higher expression of ALDH1A1 (Figure 1F). Furthermore, patients with higher ALDH1A1 expression

tended to have aworse overall survival (OS) (Figure 1G).Meanwhile, the expression of ALDH1A1was detected by immunohistochemical stain-

ing in bladder cancer tissues collected from 105 patients at our hospital, and it was found that the expression of ALDH1A1 in advanced stage

bladder cancer was significantly higher than that in the lower stage (Figure 1H), while the patients with higher ALDH1A1 expression showed

association with a worse OS (Figure 1I). Furthermore, the correlation of ALDH1A1with other CSCs markers (such as CD44, CD133, and CD47)

were positively correlated in the TCGA-BLCA database (Figures 1J‒1L). We found that the expression of CD44 was altered by ALDH1A1

knockdown and overexpression in T24 and UMUC3 cells (Figures S1A and S1B).

ALDH1A1 promoting tumor progression through the retinoic acid pathway in bladder cancer

Tumor progression and chemotherapy resistance are usually caused by bladder CSCs.32,33 First, we found that ALDH1A1 promotes tumor

progression through retinol metabolism by Gene Set Variation Analysis (GSVA) in the TCGA-BLCA database (Figure S1C), and the b-catenin

and p-AKT pathways were identified as the main signal pathways with ALDH1A1 through Gene Set Enrichment Analysis (GSEA) (Figure S1D).

Next, we found that the expression of ALDH1A1 was increased in T24 and UMUC3 cells after treatment with gemcitabine and cisplatin

(Figures 2A and 2B), and the expression of ALDH1A1 detected by IHC in bladder cancer tissues was significantly higher than that in its adja-

cent tissues (Figure S2A). Next, we efficiently knocked down the expression of ALDH1A1 by ALDH1A1-siRNA in T24 and UMUC3 cells (Fig-

ure S2B); knocking down ALDH1A1 could suppress the cell viability by the MTT assay in T24 and UMUC3 cells (Figures 2C and S2C). Mean-

while, we observed that the knockdown of ALDH1A1 could dramatically decrease the ability of cell migration and invasion (Figures 2D and

S2D). For further research, the shALDH1A1-T24 cell line was established via lentivirus infection (Figure S2E). To evaluate the stem ability of

ALDH1A1, a sphere-forming assay was performed to examine the spheroid formation ability, which demonstrated that knocking down

ALDH1A1 could suppress the formation and number of spheroids (Figure 2E) as well as reduce the colony formation ability (Figure 2F).

Next, we explored the molecular mechanisms underlying the oncogenic role of ALDH1A1 in bladder cancer. ALDH1A1 is a metabolic

enzyme that specifically oxidizes the conversion of retinaldehyde (RALD) to retinoic acid. Therefore, we first evaluated the genes related

to the RA pathway. RT-qPCR results revealed that RARa and RXRa were suppressed by the ALDH1A1 knockdown (Figure S2F). Furthermore,

the detected protein expression of RXRa, p-AKT, and b-catenin varied consistently with the ALDH1A1 knockdown or overexpression in T24
iScience 26, 108142, November 17, 2023 3



Figure 2. ALDH1A1 promoting tumor progress through the RA pathway

(A and B) The protein expression of ALDH1A1 was increased with the treatment of gemcitabine and cisplatin in T24 and UMUC3 cells. The final concentration of

gemcitabine and cisplatin were 0, 0.1 mg/mL, 0.3 mg/mL and 0.5 mg/mL respectively.

(C) The cell proliferation and growth measured by the MTT assay in T24 cells.

(D) The migration and cell invasive ability was reduced in T24 cell line by knocking down ALDH1A1. Scale bar = 200 mm.

(E) Two stable cells (NC-shRNA and ALDH1A1-shRNA) were analyzed by sphere-forming assay. Scale bar = 100 mm.

(F) Two stable cells (NC-shRNA and ALDH1A1-shRNA) were seeded into the 6-well plates to subject to colony formation analysis.

(G and H) Western blotting analysis of ALDH1A1, RXRa, p-AKT, and b-catenin in T24 cells with different treatments.

(I and J) shALDH1A1 cells were cultured with ATRA gained a stronger ability of proliferation, migration and invasion. Scale bar = 200 mm.

(K and L) p-AKT and b-catenin were upregulated by added ATRA in shALDH1A1 cells byWestern blotting. For cell experiments, each experiment was performed

at least three times. Data are represented as mean G SEM, **p < 0.01, ***p < 0.001 by two-sided Student’s t test.
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and UMUC3 cells (Figures 2G, 2H, S2H, and S2I). Meanwhile, NCT-501, an inhibitor of ALDH1A1 (Figure S2G), was used to detect the expres-

sion of RXRa, p-AKT, and b-catenin, which displayed similar results (Figures 2G and S2H). For further analysis, the shALDH1A1-T24 cells were

culturedwith all-trans-retinoic acid (ATRA) or retinaldehyde (RALD), and the ATRAgroup demonstrated a stronger cell viability, migration and

invasion abilities (Figures 2I and 2J). Meanwhile, the results showed that p-AKT and b-catenin were upregulated with the addition of ATRA

instead of RALD (Figures 2K and 2L). In addition, the effect of ATRA on the ALDH1A1WT-T24 cells was consistent with that on the shALDH1A1-

T24 cells (Figures S2J and S2K). All these results suggest that ALDH1A1 could promotes tumorigenesis by activating the RA signaling pathway

in bladder cancer cells.
2-Hydroxyisobutyrylation at lysine 260 site of ALDH1A1

As a stem cell marker of bladder cancer, ALDH1A1 could promote tumorigenesis. Moreover, the 2-hydroxyisobutyrylation of ALDH1A1 in

bladder cancer tissues was identified in our PTM proteomics results, and one 2-hydroxyisobutyrylation site was identified in ALDH1A1

K260 by MS (Figure 3A), after which we blasted the K260 site of ALDH1A1 among different species from rats to humans and noted that

the K260 site was evolutionarily conserved among them, which further suggested the extreme importance of K260 for biological functions

(Figure 3B). Furthermore, the lysine 2-hydroxyisobutyrylation modification level of ALDH1A1 was identified and heightened after treatment

with trichostatin A (TSA), an inhibitor of histone deacetylaseHDACs, rather thanwith another SIRT family of deacetylase inhibitor nicotinamide

(NAM) in T24 bladder cancer cells (Figure 3C). A similar phenomenon was recorded in the 293T cells by transferring ALDH1A1 to detect the

Khib modification level of ALDH1A1 (Figure 3D). These results suggested the presence of a Khib modification in ALDH1A1, which could be

de-2-hydroxyisobutyrylated by HDACs. Meanwhile, we mutated the K260 site to threonine (T, mimicking the 2-hydroxyisobutyrylation status)

or arginine (R, mimicking de-2-hydroxyisobutyrylation status) and found that K260 mutation decreased the 2-hydroxyisobutyrylation levels of

ALDH1A1 with the ectopic ALDH1A1 overexpression (Figures 3E and S2L), which suggested that the K260 site was the main

2-hydroxyisobutyrylated site of ALDH1A1.

As ALDH1A1 is a metabolic enzyme, it is speculated that the mutation of the conservative K260 site may induce a change in the enzyme

activity. To investigate the role of ALDH1A1 K260 2-hydroxyisobutyrylation, the enzyme activity of ALDH1A1K260T and ALDH1A1K260R were

compared with that of wild-type ALDH1A1. We found that the activity of ALDH1A1K260T demonstrated only 40% of the ALDH1A1WT (Fig-

ure S2M). Next, we examined the enzymatic activity of ALDH1A1 by TSA treatment to inhabit deacetylases, which decreased the enzyme ac-

tivity by >60% relative to the control activity (Figure S2N). However, the activity of ALDH1A1K260T and ALDH1A1K260R showed only a slight

effect after treatment of TSA (Figure 3F).

To explore the function of ALDH1A1 K260hib in the bladder cancer cells, we constructed four stable re-expression cell lines based on the

shALDH1A1 cell line, namely, Vector, ALDH1A1(WT), ALDH1A1(K260T), and ALDH1A1(K260R) (Figure 3G). The re-expression of ALDH1A1WT

cells could enhance cell growth when compared with that of the vector, with a significant decrease of ALDH1AK260T stable cells when

compared with that of ALDH1A1WT cells, as assessed by MTT and colony formation assays (Figures 3H and 3I). Similarly, the re-expression

of ALDH1A1WT cells, but not ALDH1A K260T cells increased the migration and invasion abilities (Figure 3J). Furthermore, the results of

sphere-forming assay revealed that ALDH1A1 K260hib impaired the formation and number of spheroids (Figure 3K). Altogether, these results

suggested that K260hib of ALDH1A1 could decrease the cell proliferation, spheroid formation, migration, and invasion abilities.
Lysine 2-hydroxyisobutyrylation and protein expression of ALDH1A1 regulated by HDAC2/3

As reported previously, HDAC2 and HDAC3 were identified as Khib deacetylases in mammal proteins.12 We found that the Khib level of

ALDH1A1 decreased by HDAC2 and HDAC3 overexpression in our study (Figure 4A), meanwhile, knocking down HDAC2 or HDAC3 signif-

icantly enhanced the Khib level of ALDH1A1 (Figures 4B and 4C). In conclusion, HDAC2/3 could regulate the Khib level of ALDH1A1. Further-

more, the interaction of endogenous HDAC2/3 and ALDH1A1 was confirmed by co-IP in both T24 and UMUC3 bladder cancer cells

(Figures 4D, 4E, S3A, and S3B), and the interaction between HDAC2/3 and ALDH1A1 was identified by their exogenous overexpression in

293T cells (Figures S3C and S3D). In addition to the observation of the interaction between HDAC2/3 and ALDH1A1, we explored whether

ALDH1A1 could be regulated by HDAC2/3, followed by the determination of whether the regulation of ALDH1A1 by HDAC2/3 occurred at or

after transcription. Quantitative RT-qPCR revealed that the overexpression of HDAC2/3 could not change the expression of ALDH1A1 at the

mRNA level in both T24 andUMUC3, as was also noted after knocking downHDAC2/3 by RNA interference (Figures S3E and S3F). As HDAC2/

3 did not regulate ALDH1A1 at the mRNA level, we speculated whether the protein level of ALDH1A1 could be altered by altering HDAC2/3.

Western blotting results indicated that increasing and knocking downHDAC2/3 could induce a corresponding change at the protein levels in

T24 and UMUC3 cells (Figures 4F, 4G, S3G, and S3H).

Based on these results, TSA as an inhibitor of HDAC2/3 could increase the 2-hydroxyisobutylation modification of ALDH1A1. Next, we

explored whether TSA could regulate ALDH1A1. Quantitative RT-qPCR was performed to measure the mRNA level of ALDH1A1 after treat-

ment with TSA, and the results indicated no significant effect on the ALDH1A1 mRNA level (Figure S3I), suggesting the possible existence of

the post-transcriptional regulation of ALDH1A1 protein by TSA. Next, we analyzed the protein levels of ALDH1A1 after treatment with TSA.

Western blotting results demonstrated that the protein levels of ALDH1A1 gradually decreased with time (Figure S4A). To observe the effect

of TSA on the half-life of ALDH1A1, we cultured T24 cells without or with TSA after treatment of cycloheximide, and the protein levels of

ALDH1A1 were examined with respect to the corresponding time (Figure 4H). These results suggested that ALDH1A1 is a relatively stable

protein with a half-life of >10 h and that TSA could shorten the half-life of ALDH1A1 protein within 8 h.
iScience 26, 108142, November 17, 2023 5



Figure 3. Lowered ALDH1A1 enzyme activity and cell viability due to high levels of K260hib modification

(A) The 2-hydroxyisobutyrylation site of ALDH1A1was identified at K260 site by mass spectrometry.

(B) K260 site was evolutionarily conserved by T-coffee database.

(C) Treatment with NAM and TSA increases endogenous ALDH1A1 2-hydroxyisobutyrylation.

(D) ALDH1A1 was 2-hydroxyisobutyrylated, Flag-tagged ALDH1A1 was overexpressed in HEK 293T cells followed the treatment with the TSA andNAM, and then

the level of 2-hydroxyisobutyrylation was analyzed by Western blotting with anti-pan 2-hydroxyisobutyrylation antibody.

(E) K260 mutation decreased the 2-hydroxyisobutyrylation levels of ALDH1A1 in 293T cells.

(F) Flag-tagged ALDH1A1WT, ALDH1A1K260T, and ALDH1A1K260R mutants were individually transfected into the 293T cells, and the dehydrogenase activity assay

of ALDH1A1 was conducted with the NADH as the substrate after treatment of TSA, and changes of the absorbance at 340 nm were measured to reveal a

decrease of NADH.

(G) The protein expression of ALDH1A1 in the four rescued stable cell lines were evaluated by Western blotting.

(H) MTT assay was performed to analyze the ability of proliferation for ALDH1A1 knockdown T24 re-expressed with vector, ALDH1A1WT, ALDH1A1K260T, and

ALDH1A1K260R rescued cell lines.

(I) Four stable rescued cells (Vetor, ALDH1A1WT, ALDH1A1K260T, and ALDH1A1K260R) were seeded into the 6-well plates to subject to colony formation analysis.

(J) Indicated cells described as in (H, I) were analyzed by trans-well assay. Scale bar = 200 mm.

(K) ALDH1A1WT and ALDH1A1K260T were analyzed by sphere-forming assay. Scale bar = 100 mm. For cell experiments, each experiment was performed at least

three times. Mean G SEM, *p < 0.05, ***p < 0.001 by two-sided Student’s t test or one-way ANOVA. ns: not significant.
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The ubiquitin-proteasome and autolysosome are two classical protein degradation pathways.We explored how to promote the ALDH1A1

degradation after using TSA. For this purpose, we first determinedwhether the inhibition of ubiquitin-proteasomebyMG132 did not increase

the amount of ALDH1A1 levels at the indicated time points in T24 and UMUC3 cells (Figures S4B and S4C). Next, the cell culture mediumwas
6 iScience 26, 108142, November 17, 2023



Figure 4. Expression of ALDH1A1 with Khib modification regulated by HDAC2/3

(A) Flag-tagged ALDH1A1 was co-transfected with vector or HA-tagged HDAC2/HDAC3 respectively as indicated.

(B and C) Flag-tagged ALDH1A1 was overexpressed in T24 cells, and the Khib of ALDH1A1 was measured by knocking down HDAC2 and HDAC3.

(D and E) Endogenous ALDH1A1 was IPed from T24 cells. Rabbit IgG was used as a control.

(F and G) Western blotting analysis of HDAC2/3 and ALDH1A1 in HDAC2/3 overexpressed and knocking down T24 cells.

(H) T24 cells were either untreated or treated with TSA for different lengths of time as mentioned earlier, meanwhile, the cells were cultured with cycloheximide

(CHX) and harvested at indicated time points. Then, immunoblotting against ALDH1A1 and a-actinin control was performed.

(I) MG132 was added into the culture medium without or with TSA in T24 cells, as indicated to determine the ubiquitination of ALDH1A1.For cell experiments,

each experiment was performed at least three times.
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supplementedwithMG132 in T24 and UMUC3 cells after treatment with TSA, but it did not rescue the TSA-induced decrease in the AlDH1A1

protein level and the ubiquitination level of ALDH1A1 did not increase significantly after TSA treatment in T24 and UMUC3 cells (Figures 4I

and S4D). To further examine how TSA degrades ALDH1A1, we treated the cells with the proteasome inhibitor MG132 or an inhibitor of lyso-

somal proteases chloroquine (CQ) to determine the protein levels of ALDH1A1. As expected, CQ could increase the protein levels of

ALDH1A1 rather than MG132 (Figure S4E). Altogether, the abovementioned results implied that TSA may regulate the stability of

ALDH1A1 through the lysosome pathway.

K260hib modification of ALDH1A1 promoting its degradation through chaperone-mediated autophagy

Autophagy is amajormechanism for regulating the catabolic process that is mainly involved in the degradation of cytoplasmic organelles and

proteins.34 Macro-autophagy, micro-autophagy, and CMA are the three forms of autophagy in mammalian cells.35 The substrates of CMA are
iScience 26, 108142, November 17, 2023 7



Figure 5. 2-Hydroxyisobutyrylation at lys-260 promoting ALDH1A1 degradation through chaperone-mediated autophagy

(A) T24 cells were treated with CQ, and the ALDH1A1 protein levels were detected by immunoblotting at the indicated time points.

(B) MG132 or CQ was cotreated with TSA in T24 cells to observe the protein levels of ALDH1A1 by Western blotting.

(C) LAMP2Awas knocked down in T24 cells by siRNA, and the knockdown efficiency of LAMP2A andALDH1A1 protein levels were examined byWestern blotting.

(D) Endogenous LAMP2A was IPed from T24 cells. Rabbit IgG was used as a control.

(E) Colocalization of ALDH1A1 and LAMP2A in T24 cells was observed by confocal microscopy. Scale bar = 20 mm.

(F) TSA treatment decreased the level of ALDH1A1 wild-type, but not K260R mutant ALDH1A1 in T24 cells.

(G) TSA treatment decreased the level of ALDH1A1 wild-type, but not K260R mutant ALDH1A1 in 293T cells.

(H) HA-tagged HSC70 was co-transfected with vector, flag-tagged ALDH1A1WT, or flag-tagged ALDH1A1K260T into T24cells, the ALDH1A1-HSC70 binding was

determined by immunoprecipitation-Western blotting analysis.

(I) The cell lysates were collected with ALDH1A1WT, ALDH1A1K260T, or ALDH1A1K260R overexpressed in T24 cells followed treatment with 1% glutaraldehyde,

while the polymerizations of ALDH1A1 were examined by immunoblotting.

(J and K) The crystal structures of ALDH1A1WT and ALDH1A1K260T were analyzed by AlphaFold 2.0 software. For cell experiments, each experiment was

performed at least three times.
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selectively specialized to certain proteins that exist with a relatively longer half-life.36 Since ALDH1A1 is a longevity protein, we speculated that

it may be degraded through CMA. First, CQ could increase the protein levels of ALDH1A1at the indicated time (Figure 5A); meanwhile, the

cells were cultured with MG132 or CQ after treatment with TSA, indicating that the ALDH1A1 protein evidently increased in the CQ cultured

group by Western blotting (Figure 5B). As previously reported, prolonged serum starvation could activate CMA,37 and the ALDH1A1 protein

level decreased continuously with the time of serum starvation (Figure S4F). Usually, CMA was defined as a process wherein the HSC70
8 iScience 26, 108142, November 17, 2023
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chaperone first recognized the target proteins and then bind the LAMP2A receptor into the lysosome for degradation. To verify this notion,

we found that knocking down LAMP2A could increase the ALDH1A1 protein level (Figure S4G). Furthermore, the ALDH1A1 protein level

reduction induced via serum starvation could be blocked by LAMP2A knockdown (Figure 5C). Meanwhile, we observed that LAMP2A and

ALDH1A1 not only interacted with each other in the T24 cell line (Figure 5D) but were also co-located in cells by IF (Figure 5E). In conclusion,

the ALDH1A1 protein level was regulated by CMA in the bladder cells.

We then overexpressed ALDH1A1WT, ALDH1A1K260T, and ALDH1A1K260R in the 293T and T24 cells and found that the protein level of

ALDH1A1K260T decreased more than that of the ALDH1A1WT and that the protein level of ALDH1A1K260R did not reduce, rather increased,

along with the protein expression of ALDH1A1 in the four stable cell lines mentioned above (Figures S5H and S5I). We found that the TSA

only reduced the protein level of wild-type ALDH1A1, but had no decreasing effect on ALDH1A1K260R mutant in the T24 and 293T cells

(Figures 5F and 5G). Based on these data, we hypothesized that the 2-hydroxyisobutyrylation of the K260 site could reduce ALDH1A1 protein

stability. Accordingly, we further examined whether the 2-hydroxyisobutyrylation affects the stability of ALDH1A1 through CMA. For this pur-

pose, we first co-expressed the ALDH1A1 and HSC70 in 293T and T24 cells and subjected them to co-IP. The results demonstrated that

ALDH1A1K260T mutant had amuch stronger interaction with HSC70 than the wild-type ALDH1A1 (Figures 5H and S5A); meanwhile, treatment

with TSA could enhance the binding between wild-type ALDH1A1 and HSC70 (Figure S5B). This finding suggests that the

2-hydroxyisobutyrylation of ALDH1A1 at the K260 site may induce self-degradation through the CMA pathway.

ALDH1A1 can exist in monomeric, dimeric, or tetrameric forms,38 and ALDH1A1 exhibited a high enzyme activity only when it existed in a

tetramer form.39 In our study, the K260 site of AlDH1A1 was modified by 2-hydroxyisobutylation; therefore, we investigated whether

2-hydroxyisobutylation at the K260 site affected the crystal structure and function of ALDH1A1. First, the crystal structure of the ALDH1A1

protein revealed that the K260 site was located on the external surface of the ALDH1A1 protein (Figure S5C). A previous study reported

that this protein included an NAD+ binding domain (8–135 and 159–270 amino acids), a catalytic domain (271–470), and an oligomerization

domain (140–158 and 486–495 amino acids).40 The crystal structure of ALDH1A1 demonstrated that the K260 site was far away from the cat-

alytic active center (Figure S5D) and hence unlikely to affect its enzyme activity through domain change. Therefore, it is possible to reduce the

enzyme activity by decreasing the protein stability by 2-hydroxyisobutylation. In light of this finding, the results ofWestern blotting suggested

that ALDH1A1mainly exists in the form of tetramer in bladder cancer and that ALDH1A1 decreased significantly after the treatment of TSA in

T24 cells. This finding was consistent with the ALDH1A1 K260T mutant (Figure S5E). On the contrary, the ALDH1A1 K260R mutant evidently

increased (Figure 5I). Then, we determined how 2-hydroxyisobutylation of K260 induced the protein reduction of ALDH1A1. Accordingly, we

analyzed the ALDH1A1 monomer by AlphaFold 2.0 software, and the results revealed an electrostatic interaction between K260 and E256 at

the interface (Figures 5J and 5K). Furthermore, salt bridges betweenK260 and E256 existed not only within themonomer but also between the

monomers in tetrameric forms (Figures 5J and 5K). However, all the interactions were destroyed after the K260mutation. This resulted in insta-

bility of the ALDH1A1 tetramer, which was then easily recognized by proteasomes or lysosomes, leading to protein degradation and a loss of

enzyme activity.
Elevated K260hib of ALDH1A1 indicated a better prognosis in patients with bladder cancer

Next, we determined howKhib of ALDH1A1 altered in response to cellular stress. First, we treated cells in amediumwith no serum to examine

the level of Khib in ALDH1A1. The results showed that ALDH1A1 responded to no serumby reducing the level of Khib in 293T (Figure S5F) and

T24 cells (Figure 6A). Moreover, we observed that Khib of ALDH1A1 decreased significantly in 293T (Figure S5G) and T24 cells with EBSS treat-

ment (Figure 6B). Furthermore, Khib of ALDH1A1 was decreased significantly in T24 and UMUC3 cells after treatment with gemcitabine and

cisplatin (Figures 6C and S5H). Subsequently, the results of MTT assay revealed that K260hib modification could sensitize the bladder cancer

cells to gemcitabine and cisplatin treatment (Figure S6A). In addition, the apoptotic cells detected by flow cytometry were increased in the

ALDH1A1 K260T group (Figures S6B and S6C). And the sphere-forming efficiency was also decreased in this ALDH1A1 K260T group (Fig-

ure S6D). Taken together, these results suggested that ALDH1A1 responded to an external stress by decreasing the level of Khib modifica-

tion, and that the K260hib modification could reduce the chemotherapy resistance.

Furthermore, we performed a xenograft assay to determine the physiological effect of ALDH1A1 K260hib on tumor growth in vivo. As ex-

pected, ALDH1A1K260T decreased the tumor growth in the xenograft models, The tumors obtained from the mice injected with the

ALDH1A1K260T cells exhibited a 79.1% decrease in their volumes when compared with the tumors injected with the ALDH1A1WT cells (Fig-

ure 6D). Meanwhile, for the in vivo metastasis assay. First, CT scanning of the lungs from mice were performed in order to observe the met-

astatic lung nodules, and then, the lung samples from mice were obtained and photographed (Figure 6E). Then these lung specimen were

analyzed by HE staining (Figure 6F). These results suggested that K260hib of ALDH1A1 could reduce the lung metastasis. Moreover, immu-

nohistochemical stainingwere performed to assess the difference in ALDH1A1between the two types of tumors (Figure S7A). Together, these

results suggested that the 2-hydroxyisobutylation of ALDH1A1 at the K260 site decreased cell proliferation and metastasis in vivo.

Subsequently, to examine the K260hib level of ALDH1A1, a rabbit polyclonal antibody specifically against 2-hydroxyisobutylated-K260 of

ALDH1A1 using the synthetic peptide (CIKEAAGK(2-Hydroxyisobutyric acid)SNLKR-NH2) was prepared. Next, this K260hib-ALDH1A1 anti-

body was evaluated by dot blotting, and the result demonstrated that the K260 hib-ALDH1A1 antibody specially recognized the K260

2-hydroxyisobutylated peptide rather than the unmodified peptide (Figure S7B). Next, Flag-ALDH1A1WT, Flag-ALDH1A1K260T, and Flag-

ALDH1A1K260R were overexpressed in T24 cells, respectively, and the 2-hydroxyisobutylation of ALDH1A1 was evaluated byWestern blotting

(Figure S7C), suggesting that this K260hib-ALDH1A1 antibody specifically recognized the site of 2-hydroxyisobutylated K260.
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Figure 6. 2-Hydroxyisobutyrylation at lys-260 of ALDH1A1 affects tumor growth in vivo and was associated with prognosis in bladder cancer

(A and B) Flag-tagged ALDH1A1 was transfected into T24 cells, and the cells were treated with serum starvation and EBSS stresses for the indicated time to

observe the level of 2-hydroxyisobutyrylation.

(C) T24 cells were treated with GC for the indicated time to observe the level of 2-hydroxyisobutyrylation. The final concentration of gemcitabine and cisplatin

were 0, 0.1 mg/mL and 0.3 mg/mL respectively.

(D) Xenograft was performed in BALB/c nude mice injected with T24 ALDH1A1WT or ALDH1A1K260T rescued cells (n = 6 per group). The mice were sacrificed

2 weeks after injection, and the tumors were obtained and photographed. The volume of tumors were measured every 3 days after T24 ALDH1A1WT or

ALDH1A1K260T rescued cells injection (p < 0.05).

(E) Representative pulmonary CT images acquired from mice with intravenous injection of ALDH1A1WT/ALDH1A1K260T at 5 weeks. Black arrows revealed the

detection of the metastatic tumors in the lungs (n = 5 per group). Mice were sacrificed, the lungs were obtained and photographed. Red arrows revealed the

detection of the metastatic nodesin the lungs (n = 5 per group).

(F) Then, the lungs were also fixed in 4% paraformaldehyde for HE staining. Up: Scale bar = 500 mm. Down: Scale bar = 50 mm.

(G) IHC analysis of the levels of ALDH1A1 and ALDH1A1-K260hib in bladder cancer tissues. Scale bar = 200 mm.

(H) Chi-square test was used to analyze the correlation between the expression levels of ALDH1A1 and ALDH1A1-K260hib in bladder cancer (p < 0.05).

(I) The lower expression of ALDH1A1K260hib was associated with an advanced tumor stage in 105 patients with bladder cancer from our hospital.

(J) Kaplan–Meier analysis of OSwith 105 patients with bladder cancer was assessed between strong andweak staining of ALDH1A1-K260hib (log rank of p < 0.05).

(K) Kaplan–Meier analysis of RFS was evaluated according to the level of ALDH1A1 K260hib in 105 patients with bladder cancer. For cell experiments, each

experiment was performed at least three times. For animal experiments, five to six per group were used for in vivo studies. Mean G SEM, *p < 0.05,

***p < 0.001 by two-sided Student’s t test.
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Table 1. Associations between K260hib-ALDH1A1 expression and clinical characteristics in patients with bladder cancer

Characteristics Low (K260hib) High (K260hib) p

Cases (n) 55 (52.3%) 50 (47.7%)

Gender 0.430

Male 50 (90.9%) 43 (86%)

Female 5 (9.1%) 7 (14%)

Age (year) 0.615

<60 12 (21.8%) 13 (26%)

R60 43 (78.2%) 37 (74%)

Pathology grade 0.448

Low 12 (21.8%) 8 (16%)

High 43 (78.2%) 42 (84%)

AJCC 0.009

I 5 (9.1%) 18 (36%)

II 24 (43.6%) 15 (30%)

III 17 (30.9%) 13 (26%)

IV 9 (16.4%) 4 (8%)

T stage 0.202

<T2 32 (58.2%) 36 (72%)

RT2 23 (41.8%) 14 (28%)

Lymph node metastasis 0.322

No 47 (85.5%) 39 (78%)

Yes 8 (14.5%) 11 (22%)

Distant metastasis 0.862

Negative 49 (89.1%) 46 (92%)

Positive 6 (10.9%) 4 (8%)

Molecular subtype 0.075

Luminal 27 (49.1%) 16 (32%)

Basal 28 (50.9%) 34 (68%)

Hib, 2-hydroxyisobutyrylation; AJCC, American Joint Committee on Cancer.
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To explore the association of ALDH1A1 K260hib with the prognosis of patients with bladder cancer, IHC was performed to evaluate the

differences of ALDH1A1 K260hib expression between normal bladder tissues and the corresponding bladder cancer tissues with a specific

K260hib antibody, indicating a relatively decreased expression of K260hib in the bladder cancer tissues than that in the normal tissues (Fig-

ure S7D).Meanwhile, we observed that the level of ALDH1A1-K260hib were opposite to its protein levels in bladder cancer tissues (Figures 6G

and 6H). Moreover, the patients with bladder cancer were assigned to the higher and lower K260hib groups based on their IHC scores of

ALDH1A1 K260hib. We next analyzed the correlation between K260hib and the clinical characteristics of the patients (Table 1), which showed

a decrease along with the advancement of the bladder cancer stage (Figure 6I; Table 1). Furthermore, we assessed the overall survival rates of

the expression of ALDH1A1 K260hib, and the results suggested that the patients with lower ALDH1A1 K260hib were associated with worse

prognosis (Figure 6J). Meanwhile, the recurrence free survival rate of patients with lower ALDH1A1 K260hib had a relative poor prognosis

(Figure 6K). Collectively, these findings indicated that ALDH1A1-K260hib may be a biomarker for bladder cancer diagnosis and a potential

target for bladder cancer therapy.
DISCUSSION

In the past decades, several post-translational modifications (PTMs) have been identified recently, whichmainly belong to the category of the

lysine acylation of histones, including propionylation, b-hydroxybutyrylation, crotonylation, butyrylation, malonylation, glutarylation, and

2-hydroxyisobutyrylation. Recently, 2-hydroxyisobutyrylation was discovered in various organisms, displaying involvement in the regulation

of biosynthesis, protein degradation, and energy metabolism.12 Moreover, it has been reported that 2-hydroxyisobutyrylation was distin-

guished from classical lysine methylation and acetylation owing to its unique genomic distribution9; hence, it may be of great significance

in biological regulation as well as in classical lysine methylation and acetylation. However, no research has yet reported lysine
iScience 26, 108142, November 17, 2023 11
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2-hydroxyisobutyrylation in bladder cancer. In this study, we discovered the lysine 2-hydroxyisobutyrylated-targeted proteins first by liquid

chromatography-mass spectrometry-based quantitative proteomics in bladder cancer. ALDH1A1, which is one of the bladder CSCs markers,

drew our attention to further study, which was observed with a low lysine 2-hydroxyisobutyrylation expression in our data. ALDH1A1 has been

reported to drive cancer cell proliferation and metastasis in cancers.24,29,41–44 However, its role with lysine 2-hydroxyisobutyrylation has never

been studied before. Therefore, we wonder whether lysine 2-hydroxyisobutyrylation of ALDH1A1 affects its function in bladder cancer.

The human ALDHs include 19 isoenzymes that oxidize aldehydes into the corresponding carboxylic acids.45 ALDH1A1 is one of the main

members of the ALDH1 family (i.e., ALDH1A1, ALDH1A2, and ALDH1A3), which share 70% amino acid sequence homology, and ALDH1A1

showed a greater affinity for retinal than ALDH1A2 and ALDH1A3.19 ALDH1A2 play a crucial role in the occurrence and development of ner-

vous system diseases, which, as a CSCsmarker of neuroblastoma, was closely associated with chemotherapy resistance and tumor recurrence

of nervous system neoplasms.46–48 While ALDH1A3 mainly contributes to CSC-mediated tumorigenicity of glioma,49 breast cancer,50 mela-

noma cancer,51 and gallbladder carcinoma.52 However, no study has yet focused on the ALDH1A2 and ALDH1A3 in bladder cancer. In the

present study, we found that ALDH1A1 was closely related with CD44 and CD133 in the TCGA-BLCA database, while there was no strong

correlation among ALDH1A2, ALDH1A3, CD44 and CD133 (Figures S8A and S8B). Moreover, the relationship among ALDH1A2,

ALDH1A3 and ALDH1A1 was not significant (Figure S8C). Moreover, the expression of ALDH1A1, rather than ALDH1A2 and ALDH1A3,

was increased in T24 and UMUC3 cells after treatment with different concentrations of gemcitabine and cisplatin (GC) (Figures S8D and

S8E). In addition, the mRNA and protein expression of ALDH1A2 and ALDH1A3 were independent of the expression of ALDH1A1 change

(Figures S8F‒S8I). These results together suggest that ALDH1A1, rather than ALDH1A2 and ALDH1A3, is a marker of bladder cancer

stem cells.

ALDH1A1 plays an important role in oxidizing toxic retinaldehyde to RA. RA subsequently regulates targeted genes via RAR and RXR nu-

clear receptors to control tumor growth and aggression, which occurs in various tumors such as breast cancer, melanoma, hematological tu-

mor, ovarian cancer and bladder cancer regarding its role of CSCs marker.1,20,43,53–55 It has been reported that PDC spheroids with high

ALDH1A1 levels retained the tumorigenic capacity as a marker of CSCs in bladder cancer, whereas ALDH1A1 knockdown decreased tumor

proliferation and spheroid formation.24 In our study, we observed that silencing ALDH1A1 could inhibit bladder cancer proliferation, migra-

tion, and invasion. Meanwhile, ALDH1A1 promoted tumor aggression depending on the RA signaling pathway, and the reduction ability of

motility and invasiveness was recovered by RA addition. Furthermore, we found that RA increased tumor aggression via the RXRa-mediated

p-AKT/b-catenin genes in the bladder cancer cells, which can be attributed to the role of ALDH1A1 as a marker of bladder CSCs.

Some studies have focused on the PTM of ALDH1A1, mainly because it is one of the CSCsmarkers, including lysine acetylation, phosphor-

ylation, methylation, and ubiquitylation, as shown on the PhosphoSitePlus website. It has also been reported that the lysine acetylation of

ALDH1A1 at the K353 site can inhibit its activity, consequently decreasing both the stem cell population and self-renewal properties of breast

cancer cells.56 In addition, ALDH1A1, with phosphorylation at S75 and S274 sites, could inhibit its ubiquitylation, thereby correspondingly

increasing its stability and protein levels. Simultaneously, phosphorylation increased its dehydrogenase activity by altering its oligomeric sta-

tus.57 In our study, we found that ALDH1A1 with the 2-hydroxyisobutyrylation at the K260 site decreased its enzyme activity and protein sta-

bility in bladder cancer. Furthermore, we observed a change in the protein structure, which was altered by 2-hydroxyisobutyrylation at the

K260 site. ALDH1A1 usually functions in tetramer,58 and we found that K260T mimicking 2-hydroxyisobutyrylation considerably reduced its

tetrameric structure, thereby decreasing the ALDH1A1 levels. The results of Western blotting also confirmed that the

2-hydroxyisobutyrylation of ALDH1A1 at the K260 site decreased the protein levels, while simultaneously decreasing the occurrence of

the tetrameric forms. Taken together, 2-hydroxyisobutyrylation of ALDH1A1 at the K260 site reduced its enzyme activity through the destruc-

tion of its tetramer structure.

To confirm the relationship between 2-hydroxyisobutyrylation of ALDH1A1 at the K260 site and protein stability, we undertook research of

protein degradation via the ubiquitination–proteasome system and autophagy–lysosome system, which played an important role in regu-

lating the protein homeostasis.59,60 Only a few studies have focused on the degradation pathway of ALDH1A1; we first found that

2-hydroxyisobutyrylation could promote ALDH1A1 degradation via the CMA pathway, a type of the autophagy–lysosome system. To further

investigate the association of ALDH1A1 Khib with CMA, the Western blotting results suggested that HSC70 combined with ALDH1A1K260T

more than ALDH1A1WT, similar to ALDH1A1WT treated with HDACs inhibitor TSA, which also reduced the half-life of ALDH1A. Furthermore,

we found that TSA could decrease the protein of ALDH1A1 through the 2-hydroxyisobutyrylation at the K260 site. Some previous studies have

shown that TSA could efficiently reduce the survival of pancreatic cancer cells,61,62 and a past study suggested that histone deacetylase in-

hibitors could render cancer cell more susceptible to chemotherapy.63 Hence, TSA can be potentially applied in the therapy of bladder cancer

in the future.

ALDH1A1 could be recognized as a target in cancer therapy and chemoresistance owing to its role as a CSCmarker.29,42,64 In our study, we

detected the ALDH1A1 protein level and its 2-hydroxyisobutyrylation in bladder cancer cells after treatment of chemotherapeutic drugs, and

we found that the level of ALDH1A1 was gradually increased after treatment of gemcitabine and cisplatin. Meanwhile, the

2-hydroxyisobutyrylation level of ALDH1A1 was constantly reduced with the indicated dosage of gemcitabine and cisplatin, implying the

presence of a high protein level of ALDH1A1 with low 2-hydroxyisobutyrylation in the CSCs. Simultaneously, we observed the same change

under the treatments without serum and EBSS stress. Hence, we concluded that ALDH1A1 is a tumor resistance factor against risk, which also

explains its function as a CSC marker. Moreover, although the CSCs are relative rare in tumor, CSCs can promote the carcinoma growth and

metastasis, which are responsible for tumor aggressiveness in bladder cancer.65–69 Therefore, we concluded that the expression of ALDH1A1

can be increased in response to the expansion of CSCs under adverse stimulation, such as chemotherapy, radiotherapy, and limotherapy.
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Moreover, 2-hydroxyisobutyrylation of ALDH1A1 was observed in the bladder cancer tissues in this study, and the lower

2-hydroxyisobutyrylation with higher ALDH1A1 was markedly associated with an advanced stage in patients with bladder cancer. Further-

more, 2-hydroxyisobutyrylated-ALDH1A1 was closely associated with the prognosis of patients with bladder cancer, and higher

2-hydroxyisobutyrylation of ALDH1A1 demonstrated a better overall survival rate than the lower 2-hydroxyisobutyrylation of ALDH1A1. More-

over, in the present study, we found that K260hib of ALDH1A1 could reduce the resistance to conventional chemotherapy drugs. Altogether,

2-hydroxyisobutyrylation of ALDH1A1 was markedly associated with its protein level and tumor progression, which is likely to act as an indi-

cator of treatment resistance and malignant progression.

Currently, past studies have increasingly identified protein PTMs as a target for anticancer drugs,70 and relevant studies about the targeted

PTMs in bladder cancer has been reported.71–74 Tyrosine kinase inhibitors (TKIs) are themostwidely studied PTMs inhibitors of proteins, which

have been approved for the clinical treatment of cancers.75 Although TKIs are remarkably effective in the targeted therapy, their resistance is

gradually increasing.76 Meanwhile, chemotherapy and immunotherapy usually incur serious adverse events. Recent studies have demon-

strated that the protein PTMsmay play a crucial role in regulating cancer stemness and tumor progression across various cancers.77Moreover,

abnormal protein PTMs are responsible for the therapeutic resistance by affecting the cancer stemness.78–82 Therefore, understanding the

underlying mechanisms of CSCs for stemness properties acquirement through PTMs can promote specific targeted therapy of CSCs. More-

over, mounting evidence has demonstrated that protein PTMs of CSCs can serve as a potential therapeutic target for cancer treatment.83

These experiments together revealed that high ALDH1A1 K260hib modification can significantly weaken the proliferation, invasion, and

metastasis of tumors, and that K260hib of ALDH1A1 could sensitize the bladder cancer cells to drugs treatment. Hence, targeted

ALDH1A1 K260hib modification is a promising application in clinical practice for bladder cancer therapy in the future, as it can not only pro-

vides a potential therapeutic target for the treatment of bladder cancer, but also enrich the non-histone post-translational modification of

tumors.

Altogether, our results uncovered a special lysosomal pathway of ALDH1A1 degradation promoted by K260-2-hydroxyisobutyrylation,

that could decrease bladder cancer invasion and proliferation. Moreover, a higher level of K260-2-hydroxyisobutyrylated ALDH1A1 has

been associated with good prognosis in patients with bladder cancer. Thus, these findings suggest K260hib of ALDH1A1 as a potential ther-

apy target for bladder cancer.
Limitations of the study

Although HDAC2/3 can regulate the Khibmodification of ALDH1A1, there is no specific inhibitor of HDAC2/3, warranting further exploration.

The K260 site of ALDH1A1 has a hib modification, which necessitates the investigation of whether there are other modifications of this

K260 site.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-ALDH1A1 Proteintech Cat #: 15910; RRID:AB_2305276

Mouse monoclonal anti-ALDH1A1 Proteintech Cat #: 60171; RRID:AB_10693634

Rabbit polyclonal anti-AKT Cell Signaling Cat #: 9272; RRID:AB_329827

Rabbit polyclonal anti-Phospho-Akt Cell Signaling Cat #:4060; RRID:AB_2315049

Mouse polyclonal anti-CD44 Cell Signaling Cat#:5640; RRID:AB_AB_10547133

Mouse monoclonal anti-HDAC3 Cell Signaling Cat #:3949; RRID:AB_2118371

Rabbit polyclonal anti-HDAC3 Proteintech Cat #:10255; RRID:AB_2279733

Rabbit polyclonal anti-HDAC2 Proteintech Cat #:12922; RRID:AB_2934877

Mouse monoclonal anti-HDAC2 Proteintech Cat #:67165; RRID:AB_2920291

Rabbit monoclonal anti-Flag-Tag Cell Signaling Cat #:14793; RRID:AB_2572291

Rabbit monoclonal anti-HA-Tag Cell Signaling Cat #:3724; RRID:AB_1549585

Mouse monoclonal anti-SQSTM1/p62 Cell Signaling Cat #:88588; RRID:AB_2800125

Rabbit monoclonal anti-LC3 Cell Signaling Cat #:3868; RRID:AB_2137707

Mouse monoclonal anti-b-catenin Cell Signaling Cat #:2698; RRID:AB_1030945

Mouse monoclonal Anti-2-Hydroxyisobutyryllysine PTMBIO Cat #:PTM802;

Rabbit polyclonal anti-RXRa Proteintech Cat #:21218; RRID:AB_10693633

Rabbit polyclonal anti-HSC70 Proteintech Cat #:10654; RRID:AB_2120153

Rabbit monoclonal anti-LAMP2A Abcam Cat#:ab125068; RRID:AB_10971511

Rabbit monoclonal anti-b-actin Cell Signaling Cat #:4970; RRID:AB_2223172

Rabbit polyclonal anti-a-actinin Proteintech Cat #:11313; RRID:AB_2223815

Rabbit polyclonal anti-GAPDH Sigma Cat #:67165; RRID:AB_796208

Rabbit polyclonal anti-ALDH1A2 Proteintech Cat #: 13951; RRID:AB_2224033

Rabbit polyclonal anti-ALDH1A3 Proteintech Cat #: 25167; RRID:AB_2879937

Bacterial and virus strains

Sh-humanALDH1A1(50 to 3’):GAACAGUGUGG

GUGAAUUGTT

GENEWIZ N/A

Biological samples

Human bladder cancer tissues and adjacent tissues The affiliated hospital of

Qingdao university

N/A

Chemicals, peptides, and recombinant proteins

DMSO Sigma-Aldrich Cat #: D2650

Nicotinamide MCE Cat #:HY-B0150

MG132 MCE Cat #:HY-13259

TSA MCE Cat #:HY-15144

Gemcitabine MCE Cat #:HY-17026

cisplatin MCE Cat #:HY-17394

NCT501 MCE Cat #:HY-18768

ATRA MCE Cat #:HY-14649

RALD MCE Cat #:HY-W004500

CQ MCE Cat #:HY-17589A

CHX MCE Cat #:HY-12320

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

CIKEAAGK(2-Hydroxyisobutyric acid)SNLKR-NH2 QYAOBIO Cat #:4209-M

CIKEAAGKSNLKR-NH2 QYAOBIO Cat #:4209-C

Critical commercial assays

MTT reagent R&D Systems 4890-25-01

Annexin V-FITC/PI detection kit Yeasen 40302ES50

Acetaldehyde Dehydrogenase(ALDH) Activity Assay Kit Solarbio BC0755

HiScript II One Step qRT-PCR SYBR Green Kit Vazyme Q221

Deposited data

RNA-seq data TCGA-BLCA https://portal.gdc.cancer.gov/repository

Experimental models: Cell lines

T24 the Chinese Academy of Sciences Cell Bank SCSP-536

UMUC3 the Chinese Academy of Sciences Cell Bank TCHu217

HEK293T the Chinese Academy of Sciences Cell Bank GNHu17

Experimental models: Organisms/strains

BALB/c nude Vital River Laboratories, Beijing, China N/A

Oligonucleotides

Si-humanALDH1A1(50 to 3’):GAACAGUGUGGGU

GAAUUGTT

Genepharma N/A

Si-humanHDAC2(50 to 3’):UCCGUAAUGUUGCU

CGAUGTT

Genepharma N/A

Si-humanHDAC31(50 to 3’):AAUAUCCCUCUACUC

GUGCUGA

Genepharma N/A

Si-humanLAMP2A(50 to 3’):CUGCAAUCUGAUUGA

UUAUUTT

Genepharma N/A

qPCR Primer sequences please see Table S1 This paper N/A

Recombinant DNA

cDNA-Human ALDH1A1 GENEWIZ N/A

cDNA-Human ALDH1A1K260T GENEWIZ N/A

cDNA-Human ALDH1A1K260R GENEWIZ N/A

cDNA-Human HDAC2 GENEWIZ N/A

cDNA-Human HDAC3 GENEWIZ N/A

Software and algorithms

SPSS statistics 22.0 IBM https://www.ibm.com/spss

GraphPad Prism 8.0 GraphPad https://www.graphpad.com/

scientifificsoftware/prism/

R version 4.1.0 The R Foundation https://www.r-project.org

NovoExpress 1.6.1 Agilent https://www.agilent.com.cn/

ImageJ Schneider et al.84 https://imagej.nih.gov/ij/
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Haitao Niu

(niuht0532@126.com).
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Materials availability

This study did not generate any unique new reagent. All reagents used in this study are commercially available.

Data and code availability

� Data: The RNA-Seq data were collected from the online public database (The Cancer Genome Atlas (TCGA, https://portal.gdc.cancer.

gov/) and GEPIA database (http://gepia.cancer-pku.cn/). The proteomics data that support the findings of this study have been depos-

ited into CNGB Sequence Archive (CNSA) of China National GeneBank DataBase (CNGBdb) with accession number CNP000478.
� Code: This paper does not report the original code.

� Other items: Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and cell culture

The T24 cell line (Female, 82Y), UMUC3 cell line (Male, age unspecified) and 293T cell line (Female, fetus) were supplied by the Cell Bank of the

ChineseAcademyof Sciences and cultured inGibcoDulbecco’sModifiedEagleMedium (DMEM;China) supplementedwith 10% fetal bovine

serum and 1% penicillin–streptomycin at 37�C and under 5% CO2 atmosphere.

Tissue samples and clinical data

A total of 35 pairs of bladder cancer tissues and the corresponding normal adjacent tissues were collected from the Department of Urology,

the Affiliated Hospital of Qingdao University. Meanwhile, another 70 bladder cancer specimens with no normal adjacent tissues were ob-

tained. These patients were all yellow races, and there was no influence of gender on this study. Furthermore, the clinicopathological char-

acteristics of the patients were presented in Table 1. This study was approved by the hospital ethics committee of the affiliated hospital of

Qingdao University.

Moreover, we explored the functions of ALDH1A1 in public databases, and the clinical information and levels of ALDH1A1 in bladder can-

cer were collected fromTheCancer GenomeAtlas (TCGA, https://portal.gdc.cancer.gov/) andGEPIA database (http://gepia.cancer-pku.cn/).

To evaluate the prognosis of ALDH1A1 in bladder cancer, the patients were assigned to either the high or low expression groups based on the

median value of ALDH1A1 expression, while the association of ALDH1A1 with the overall survival (OS) was assessed by Kaplan–Meier assay.

We also investigated the correlation between the ALDH1A1 expression and the tumor stage as well as explored the related mechanisms of

ALDH1A1 in bladder cancer through GSVA and GSEA, respectively.

Xenograft model

BABL/c nude mice (age: 4 weeks, female, purchased from Vital River Laboratories, Beijing, China) were housed in a suitable environment. All

operations on the animals were performed following the guidelines of the affiliated hospital of Qingdao University’s institutional animal care.

T24 ALDH1A1 rescuedWT or K260T cells were trypsinized and counted, and 53 106 cells were resuspended in PBS withMatrigel Matrix at 1:1

(v/v) and injected subcutaneously into the right flanks ofmice. After the injection, the length (L) andwidth (W) of the tumor weremeasuredwith

a caliper every 3 days. Tumor volume(mm3) was calculated by (L xW2)/2. Next, themice were sacrificed after 2 weeks, and then the volume and

weight of the tumor were analyzed. The tumor specimens obtained frommice were fixed in 4% formaldehyde, embedded in paraffin section,

and these paraffin blocks were sliced into 4-mm-thick sections for the immunohistochemical and hematoxylin-eosin staining (HE) analyses.

For the metastasis assay in vivo, 5 3 105 cells were resuspended in 100 mL of PBS, which then were intravenously injected through the tail

vein ofmice. At 5 weeks after injection,micewere anesthetizedwith isofluranemixedwith oxygen and nitrous oxide (O2:N2O= 1:1) in order to

observe the lung metastasis, which were performed by a spiral CT scanner (micro CT, PerkinElmer). During the CT scanning, mice breathed

freely using a nose cone. The specific parameters were as follows: slice thickness, 0.1 mm; tube voltage, 90 kV; tube current, 88mA; Voxel Size,

72um; Dose 449mGy. Next, mice were sacrificed, the lungs were obtained and photographed. Relative number of metastatic lung nodules of

mice was analyzed. Then, the lungs were also fixed in 4% paraformaldehyde for HE staining.

All experiments involving mice were conducted in accordance with the Guide for the Care and Use of Laboratory Animals of the National

Institutes of Health and approved by the hospital ethics committee of the affiliated hospital of the Qingdao University(Qingdao, Shandong;

Registered number: QYFY WZLL 27206), which was also conducted in accordance with the principles of the Declaration of Helsinki.

METHOD DETAILS

Proteomic quantification of lysine 2-hydroxyisobutyrylation

The human bladder cancer tissues and adjacent normal tissues for the LC-MS/MS service were obtained from 10 patients with bladder cancer

who had not received either chemotherapy or immunotherapy. The collected tissues were grounded into a powder form and then digested

into peptides by trypsin, followed by labeling with TMT. The levels of lysine 2-hydroxyisobutyrylation were quantified through HPLC fraction-

ation, affinity enrichment, and LC-MS/MS. Then, bioinformatic analysis was performedbyGOannotation, domain annotation, KEGGpathway

annotation, subcellular location, functional enrichment, and protein–protein interaction network.
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Immunohistochemistry (IHC)

The tissue sections were deparaffinized in xylene and rehydrated in a graded series of ethanol (100%, 95%, 90%, 80%, and 70%), while antigen

was retrieved in 10 mmol/L of sodium citrate buffer (pH 6.0) containing a sealing serum. These sections were incubated with primary anti-

bodies (anti-ALDH1A1; Proteintech, Cat No: 15910-1-AP) and anti-ALDH1A1-K260hib antibody (ChinaPeptides Co., Ltd.) at 4�C overnight.

The next day, the slides were stained with a biotinylated secondary antibody. Finally, a peroxidase kit (DAB kit, Servicebio) was used to detect

the signal, and the resultant intensity was scored from1 to 3, with ‘‘1’’ indicating no staining or weak staining, ‘‘2’’ indicatingmoderate staining,

and ‘‘3’’ indicating strong staining, while the positive proportionwas scored as 1 (0–25%), 2 (25–50%), 3 (50–75%), and 4 (75–100%), and the final

score of the sample was obtained from the multiplication of two scores.

Plasmid construction and lentivirus transduction

cDNA of full-length WT-ALDH1A1 and its point mutations were synthesized (GENEWIZ, Suzhou, China) and cloned into a pcDNA3.1(+) vec-

tor. Similarly, HDAC2, HDAC3, and HSC70 cDNA plasmids were purchased from the same company (GENEWIZ, Suzhou). Lipofectamine

3000, P3000, and PEI were used for cell transfection as per the manufacturer’s instructions.

Control and ALDH1A1 T24 stable knockdown cell lines were generated by lentiviruses, including NC-shRNA vector and shRNA against

human ALDH1A1. The ALDH1A1 shRNA sequences were fused into the plvx plasmid, which was co-transfected with packaging plasmids

(psPAX2 and pMD2.G) into 293T cells, and the viral supernatant was collected after 48 h and 72 h, respectively. The targeted cells were in-

fected by viral supernatant and screenedwith 1 mg/mL puromycin for 2 weeks. The interference effect of ALDH1A1was confirmed byWestern

blotting, and the ALDH1A1 shRNA-targeted sequence was obtained as follows: ALDH1A1: 50-GAACAGUGUGGGUGAAUUGTT-3’.

For ALDH1A1-rescued cell lines: the ALDH1A1-WT/K260T/K260R sequences were cloned into the Plvx lentivirus vector, and these plas-

mids were transfected with packaging plasmids (psPAX2 and pMD2.G) into 293T cells. The viral supernatant was collected after 48 h and

72 h, respectively. ALDH1A1 knockdown stable cell lines were infected by viral supernatant and screened with 200 mg/mL hygromycin for

about 2 weeks.

RT-qPCR

The total RNA was extracted with the Trizol reagent (Takara), which was transcribed into cDNA using a reverse transcription kit (Perfect Real

Time; Takara) as per the kit’s instructions. All primers synthesized by Huada Gene (Beijing, China) are listed in Table S1. Real-time PCR was

performed in triplicate using the Roche Light Cycler 480II Real-time PCR detection system (Roche, Basel, Switzerland). The amount of mRNA

was quantified by the 2�(DDCt) method and normalized to actin or GAPDH levels.

Western blotting

The total protein content was extracted by Cell Lysis Buffer (Cell Signaling Technology, #9803), and the proteins were analyzed by Western

blotting following the standard methods, while the immune complexes were detected by using the Enhanced Chemiluminescence Kit

(Millipore).

Immunoprecipitation (IP) and Co-IP

The total cells were lysed in a cell lysis buffer (cell signaling technology, 9803) with the addition of a protease inhibitor cocktail (Sigma-Aldrich,

4693116001), PMSF (Beyotime, ST5062), TSA (MCE, HY-15144), andNAM (MCE, HY-B0150) to the lysis buffer. IP was performed as follows: the

lysed cells were first incubated with Protein A/GMagnetic Beads (MCE, HY-K0202) and anti-ALDH1A1 at 4�C overnight, after which the beads

were thrice eluted in a cell lysis buffer. The beads were then treated with 13 loading buffer and boiled at 95�C for about 5 min. The resultant

protein complex was analyzed by Western blotting and immunoblotted with a related antibody.

Similarly, the cells were first lysed and then incubated with anti-ALDH1A1or anti-HDAC2/3 and anti-LAMP2A at 4�C overnight, after which

the combined proteins were denatured and eluted from the beads. Finally, the proteins were evaluated by Western blotting.

ALDH1A1 enzyme activity assay

Flag-ALDH1A1 and its mutations were overexpressed in 293T cells. After transfection for 36 h, the ALDH1A1 enzyme activity was assessed by

using the ALDH Activity Assay Kit (Solarbio, Beijing, China) according to the manufacturer’s instructions. The absorbance of NADH at 340 nm

was measured by a microplate reader (Thermo, Peking, China).

Immunofluorescence staining (IF) for colocalization

Appropriate quantities of suitable T24 bladder cells were seeded and cultured on glass slides (BD Biosciences) and treated without or with

serum for 12 h, after which the slides were fixed with 4% paraformaldehyde for 15 min and washed thrice with PBS for 5 min, followed by per-

meabilization with 0.1% Triton X-100 for 15 min. We then blocked the slides with 5% BSA for 1 h at room temperature and incubated the cells

with anti-ALDH1A1 and anti-LAMP2A. Subsequently, the corresponding antibodies were added for 1 h at room temperature following coun-

terstaining with 40,6-diamidino-2-phenylindole (DAPI; P36931; Life Technologies) for 15 min. Finally, the cells were observed and photo-

graphed under fluorescence microscopy.
20 iScience 26, 108142, November 17, 2023



ll
OPEN ACCESS

iScience
Article
Cell proliferation and colony formation

MTT assay

About 1000 cells were seeded into a 96-well plate and cultured for 1, 2, 3, and 4 days, respectively, after which 150 mL of MTT (3-(4,5-dime-

thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was added to the cell medium and the absorbance was measured after 4 h at the optical

density value of 490 nm at room temperature.

Clone formation assay

A total of 500 cells were seeded into a 6-well plate and cultured with a normal medium for approximately 14 days. Then, the cells were fixed

with 4% paraformaldehyde for 15 min and then stained with 0.1% crystal violet for 3 min, followed by colonies’ enumeration.
Apoptosis rate detection

The apoptosis rate of cells was evaluated by flow cytometry using FITC Annexin V Apoptosis Detection Kit (Yeasen Biotechnology,

40302ES50).The FITC-Annexin V and propidium iodide staining were performed based on the manufacturer’s instructions, followed by

flow cytometry (Agilent NovoCyte 2060R). The apoptosis rates were calculated by combining with early-apoptotic cells and late-apoptotic

cells. Data was analyzed using agilent software (NovoExpress 1.6.1, USA).
Cell migration and invasion assay

The transwell assay was performed in a 24-well Transwell Chamber (24-well plate; 8-mmpore size, Corning). A total of 53 104 cells/200 mL were

seeded into the upper chamber coated without or with Matrigel (Corning biocoat 356234), which were cultured with a medium containing 5%

FBS, while 10% FBS (500 mL) was placed in the lower chamber. After 36 h of treatment, the invasive and migrated cells were fixed in 4% para-

formaldehyde for 30 min and stained with 1%crystal violet for another 30 min at room temperature. Subsequently, these cells were photo-

graphed under a microscope.
Sphere-forming assay

A total of 3000 cells were cultured in amedia containing serum-freeDMEM/F12medium supplementedwith 20 ng/mL of human recombinant

epidermal growth factor (Thermo Fisher Scientific) and 10 ng/mL of human recombinant basic fibroblast growth factor (Thermo Fisher Scien-

tific), which were seeded in ultralow attachment plates (Corning). The sphere-forming efficiency was evaluated when the spheres reached a

diameter of 100 mm.
QUANTIFICATION AND STATISTICAL ANALYSIS

All data were analyzed by SPSS (IBM CORP), ImageJ,84 the Prism software program (GraphPad Software), and R version 4.1.0 (https://www.r-

project.org/). The unpaired two-tailed Student’s t test was performed to compare the two study groups, and multiple groups were analyzed

by one-way analysis of variance (ANOVA). Pearson Chi-Square test was used to evaluate the associations between the two groups and clin-

icopathological characteristics of the patients by SPSS ver. 22.0. Kaplan-Meier assay was utilized to estimate the survival rate of overall survival

and recurrence-free survival between the groups. p < 0.05 was considered to indicate statistical significance in all experiments.
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