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Abstract

Background Aerobic glycolysis is a tumor cell phenotype and a hallmark in cancer research. The alternative splic-

ing of the pyruvate kinase M (PKM) gene regulates the expressions of PKM1/2 isoforms and the aerobic glycolysis

of tumors. Polypyrimidine tract binding protein (PTBP1) is critical in this process; however, its impact and underlying
mechanisms in colorectal cancer (CRC) remain unclear. This study aimed to investigate the role of PTBP1 crotonylation
in CRC progression.

Methods The crotonylation levels of PTBP1 in human CRC tissues and cell lines were analyzed using crotonyla-
tion proteomics and immunoprecipitation. The main crotonylation sites were identified by immunoprecipitation
and immunofluorescent staining. The glycolytic capacities of CRC cells were evaluated by measuring the glucose
uptake, lactate production, extracellular acidification rate, and glycolytic proton efflux rate. The role and mechanism
of PTBP1 crotonylation in PKM alternative splicing were determined by Western blot, quantitative real-time PCR (RT-
gPCR), RNA immunoprecipitation, and immunoprecipitation. The effects of PTBP1 crotonylation on the behaviors
of CRC cells and CRC progression were assessed using CCK-8, colony formation, cell invasion, wound healing assays,
xenograft model construction, and immunohistochemistry.

Results The crotonylation level of PTBP1 was elevated in human CRC tissues compared to peritumor tissues. In CRC
tissues and cells, PTBP1 was mainly crotonylated at K266 (PTBP1 K266-Cr), and lysine acetyltransferase 2B (KAT2B)
acted as the crotonyltranferase. PTBP1 K266-Cr promoted glycolysis and lactic acid production, increasing the PKM2/
PKM1 ratio in CRC tissues and cells. Mechanistically, PTBP1 K266-Cr enhanced the interaction of PTBP1 with heteroge-
neous nuclear ribonucleoprotein A1 and A2 (hnnRNPA1/2), thus affecting the PKM alternative splicing. PTBP1 K266-Cr
facilitated CRC cell proliferation, migration, and metastasis in vitro and in vivo. Pathologically, a high level of PTBP1
K266-Cr was associated with poor prognosis in CRC patients.
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Conclusions Crotonylation of PTBP1 coordinates tumor cell glycolysis and promotes CRC progression by regulating

PKM alternative splicing and increasing PKM2 expression.

Keywords Colorectal cancer, PTBP1, Crotonylation, PKM, Alternative splicing

Introduction

Tumor cells prefer aerobic glycolysis beyond oxida-
tive phosphorylation, even under sufficient oxygen sup-
ply conditions, consuming more glucose and producing
more lactic acid than normal cells, which eventually
results in rapid tumor growth, also known as the “War-
burg effect” [1, 2]. Many studies have shown that aerobic
glycolysis is related to the progression of CRC, becoming
a potential target for CRC diagnosis and treatment [3, 4].

Pyruvate kinase (PK), one of the rate-limiting step
enzymes of glycolysis, has four different isoforms, i.e.,
PKL, PKR, PKM1, and PKM2. These isoforms are dis-
tributed in different tissues and cells and have respec-
tive functions [5]. The PKLR gene encodes PKL and PKR,
while PKM1 and PKM2 are encoded by the pyruvate
kinase M (PKM) gene. The PKM gene contains two mutu-
ally exclusive exons, exon 9 and exon 10, which encode
two distinct isoforms of PKM, i.e.,, PKM1 and PKM2,
respectively [6]. One of the mechanisms controlling the
glycolytic phenotype is the tight regulation of alternative
splicing of PKM transcripts [7]. PKM2, but not PKM1, is
almost universally re-expressed in cancer and promotes
aerobic glycolysis [8].

Regulation of PKM alternative splicing impacts the
metabolic reprogramming in cancer cells. Human
polypyrimidine tract binding protein (PTBP1) has four
RNA recognition motifs (RRM), including RRM1, RRM2,
RRM3, and RRM4 [9]. RRM binds to the pyrimidine-
rich regions of RNA sequences and participates in the
regulation of alternative splicing [10]. In cancer cells,
upregulated PTBP1 binds to heterogeneous nuclear
ribonucleoprotein (hnRNP) family members hnRNPA1
and hnRNPA2, forming a triple complex. It can exclude
exon 9 by binding to sequences flanking exon 9, typi-
cally on intron 8 of PKM precursor mRNA (pre-mRNA)
[11], leading to increased expression of PKM2 [12-14].
In recent years, the effect of post-translational modi-
fications (PTMs) on the function of PTBP1 protein has
attracted increasing attention. Deacetylation of PTBP1
can regulate PKM alternative splicing, resulting in
reduced enrichment of PTBP1 on PKM pre-mRNA in
breast cancer [15]. Nevertheless, there are limited reports
on the role of PTMs in PTBP1 regulation of PKM alter-
native splicing in CRC.

Previous studies have shown that lysine crotonylation
(Kcr) of metabolism- and glycolysis-related enzymes in
CRC can affect enzyme activities and glycolysis through

altered interactions with proteins [16, 17]. Crotonyla-
tion is closely related to the regulation of tumor gene
transcription. Histone crotonylation can specifically
mark active promoters and potential enhancers and
activate gene regulatory elements to regulate gene
expression [18-20]. Crotonylation of non-histone pro-
teins can lead to the development of tumors by regulat-
ing chromatin remodeling, cell cycle, and DNA damage
repair [21-23]. Nonetheless, the role of crotonylation
in alternative splicing needs further study. Herein,
we characterized the functional crotonylation site of
PTBP1 in CRC, finding that increased PTBP1 K266-
Kcr level modulated glucose metabolism in CRC cells.
Moreover, hypercrotonylation of PTBP1 regulated PKM
alternative splicing and increased the ratio of PKM2/
PKM1 by increasing the binding of PTBP1 to PKM pre-
mRNA, ultimately promoting CRC growth. Our find-
ings on crotonylation of PTBP1 and its regulation of
pre-mRNA splicing process provide new insights into
the role of PTM in CRC progression.

Materials and methods

Patients and tissue sampling

A total of 80 patients diagnosed with CRC in Shanxi
Provincial Academy of Traditional Chinese Medi-
cine (Taiyuan, China) were included in this study. The
tumoral and adjacent non-tumor colorectal tissues
were harvested from all the patients during radical
tumor excision surgeries. A small piece (approximately
0.5 cm®) of tumor tissue and the matching adjacent tis-
sue were taken from the surgically resected colon spec-
imen, immediately frozen in liquid nitrogen, and stored
in freezers at—80 C.

The research protocol was approved by the Ethics
Committee of Shanxi Provincial Academy of Traditional
Chinese Medicine (approval No. 2019-06KY005). The
entire experimental protocol complied with the institu-
tional guidelines.

Cell lines

HEK293T and human CRC cell lines, including HCT116,
SW620, and SW480, were purchased from the Shanghai
Institutes for Biological Sciences, Chinese Academy of
Sciences (Shanghai, China). HEK293T cells were main-
tained at 37 °C and 5% CO, in Dulbecco’s Modified Eagle
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Medium (DMEM) (Invitrogen) supplemented with 10%
FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin
(Sigma-Aldrich). HCT116 cells were cultured in McCoy’s
5A medium supplemented with 10% FBS, 100 U/mL pen-
icillin, and 100 mg/mL streptomycin and maintained at
37 °C in 5% CO,. SW620 and SW480 cells were cultured
in Leibovitz’s L-15 medium supplemented with 10% FBS,
100 U/mL penicillin, and 100 mg/mL streptomycin at
37 °C with 100% air.

Crotonylation proteomics

Four pairs of fresh CRC tissues and paired paracancer-
ous tissues were processed for proteome profiling with
the technical support of Jingjie PTM BioLab (Hangzhou,
China). After protein extraction, trypsin digestion, and
pan antibody-based PTM enrichment that were per-
formed as previously described [17], the tryptic peptides
were analyzed using liquid chromatography-mass spec-
trometry (LC-MS) on a nano-elution UHPLC system
(Bruker Daltonics). MaxQuant search engine (V.1.6.6.0,
http://www.maxquant.org/) software was applied to ana-
lyze the raw data. Tandem mass spectra were searched
against the Human SwissProt concatenated with the
reverse decoy database. The false discovery rate (FDR)
was adjusted to < 1%.

Bioinformatics analysis

The criterion of fold-change selection was 1.5. For enrich-
ment of protein domain analysis, the InterPro database (a
tool providing functional analysis of protein sequences
by classifying them into families and predicting the pres-
ence of domains and important sites) was searched, and
a two-tailed Fisher’s exact test was employed to test the
enrichment of differentially expressed proteins against all
identified proteins. The database of Clusters of Ortholo-
gous Groups of proteins (COG/KOG, http://www.ncbi.
nlm.nih.gov/COG) was used to classify the function of
differentially modified proteins. The Kyoto Encyclopedia
of Genes and Genomes (KEGG) database was utilized
to annotate protein pathways. KEGG online service tool
KAAS (V.2.0, http://www.genome.jp/kaas-bin/kaas_
main) was used to annotate the submitted proteins, after
which the annotated proteins were matched into the
corresponding pathway in the database through KEGG
mapper V2.5 (http://www.kegg.jp/kegg/mapper.html).
Protein—protein interaction (PPI) network analysis of
PTBP1 and hnRNP proteins was accomplished by the
STRING database (https://cn.string-db.org/).

Cell transfection
Cell transfection for KAT2B siRNA was carried out by
Lipofectamine RNAiMAX. Briefly, cells were harvested
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after 48 h of transfection. The KAT2B siRNA sequence
was as follows: TAGCCATGCCCTAGCTGCTCATGTT.

PTBP1-knockdown HCT116 cell line was gener-
ated using a lentivirus-mediated delivery system. The
shPTBP1 sequence was ligated into the HBLV-U6-Zs-
Green-Puro (Hanbio) plasmid, after which it was co-
transfected with viral packaging plasmids (psPAX2 and
pMD2@G) into HEK293T cells. Lentiviral supernatant was
harvested 42 h after initial plasmid transfection. HCT116
cells were infected by viral supernatant, and cell pools
were selected by 1 mg/mL puromycin for 1 week. The
shPTBP1 sequence was as follows: 5'-ACTTGTGTC
ACTAACGGACCGTTTA-3.

To generate PTBP1-rescued cell lines, the cDNAs
of Flag-tagged PTBP1 WT, PTBP1 K266Q, or PTBP1
K266R mutant were subcloned into pQCXIH retrovirus
vector. All transfections were carried out using LipoFiter
3.0 (Hanbio, Shanghai, China) based on a 1:1 ratio of
LipoFiter 3.0 (ug): total DNA (ug).

Immunofluorescent staining (IF)

Cells were seeded onto glass coverslips in 6-well plates
and were treated with anacardic acid (Selleck, S7582) or
siKAT2B. Next, they were fixed with 4% formaldehyde
for 15 min and permeabilized with 0.3% TritonX-100
in PBS for 10 min. After blocking for 1 h with blocking
buffer (5% bovine serum albumin in 0.1% Triton/PBS),
cells were incubated with anti-PTBP1 K266¢r (1:50) or
KAT2B (1:100) overnight at 4 °C. Following washing with
PBS, cells were incubated with Alexa Fluor 594-conju-
gated AffiniPure Goat Anti-Rabbit IgG (Abclonal, 1:200).
The nuclei were counterstained with DAPI (1:100).

Measurement of glucose uptake

Glucose uptake by cells was measured using a glucose
uptake colorimetric assay kit (ab136955, Abcam) accord-
ing to the manufacturer’s protocol. Briefly, PTBP1 WT,
PTBP1 K266Q, and PTBP1 K266R cells were seeded
into a 96-well plate at a density of 2000 cells per well and
starved in a serum-free culture medium overnight. Cells
were then incubated with the glucose analog 2-deoxyglu-
cose (2-DG), and NADPH was generated by oxidation of
the accumulated 2-DG6P, resulting in the oxidation of a
substrate. The OD values at 412 nm were measured on a
microplate reader in a kinetic mode.

Measurement of lactate production

The PTBP1 W'T, K266Q, and K266R cells were seeded
into a 6-well plate for 48 h. The cells and culture media
were collected for intracellular and extracellular lactate
content analysis following the manufacture’s instruction
of lactate assay kit (A019-2-1, Jiancheng Biotech, Nan-
jing, China).
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Extracellular acidification rate (ECAR) and glycolytic proton
efflux rate (glycoPER) assays

ECAR and glycoPER were determined using XF glyco-
lysis stress test kit and XF glycolysis rate assay kit on
a Seahorse instrument (XF24, Agilent). As the same
pre-treatment of ECAR and glycoPER, the sensor car-
tridge was hydrated a day before the test. PTBP1 WT,
PTBP1 K266Q, and PTBP1 K266R in HCT116 cells
were plated at a density of 1.0x 10%*/well in an XF24
plate for overnight culture and then changed into the
Seahorse detection liquid at 37 °C for 60 min without
CO, supply.

To measure ECAR, glucose, oligomycin, and 2-DG
were diluted into XF media and loaded into the cartridge
to achieve final concentrations of 10 mM, 1 pM and
50 mM, respectively. To measure glycoPER, Rot/AA and
2-DG were loaded in sensor cartridge at the final concen-
trations of 0.5 uM and 50 mM, respectively. Finally, the
ECAR and glycoPER were obtained by data normaliza-
tion processing. The glycolysis, glycolytic capacity, and
glycolytic reserve levels were calculated based on ECAR
data, while the basal glycolysis and compensatory glyco-
lysis were calculated based on glycoPER data.

RT-qPCR
For gene expression studies, total RNAs from PTBP1
WT, K266Q, and K266R-rescued HCT116 cells were
isolated using Trizol (Invitrogen, Carlsbad, CA, USA),
and each RNA sample was reverse transcribed using
Servicebio® RT First Strand cDNA Synthesis Kit (G3330,
Servicebio, Wuhan, China), followed by PCR assays.
All RT-qPCR reactions were run in three independent
experiments. Along with GAPDH serving as an inter-
nal reference, constitutive exon (exon 11) normalization
was performed for PKM1 and PKM?2 expression analysis.
The primer sequences of PKM isoforms were selected as
previously reported by Choksi et al. [15], and the primer
sequence of the PTBP1-binding site was from the report
by Chen et al. [11] (Table S2).

Western blot

After extracting total proteins with RIPA buffer (Thermo
Scientific, USA) and 1 mM PMSE, all proteins were sepa-
rated on 10% SDS-PAGE (Invitrogen, USA) gels, trans-
ferred onto PVDF membranes (Millipore, USA) and then
blocked using 5% skim milk. The proteins were detected
by incubating with primary antibodies overnight, incu-
bated with horseradish peroxidase-labeled secondary
anti-mouse or anti-rabbit (1:2000) (ZSGB-Bio, Beijing,
China) antibodies at room temperature, and then finally
visualized by the ECL detection kit (Solarbio, China).
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The following commercial antibodies were used: anti-
FLAG (Sigma, F1804, USA), anti-PanKcr (PTM, 501,
China), anti-B-Actin (Biogot, AP0060, China), hnRNPA2
(ab283592, Abcam), anti-PTBP1 (57,246, CST); KAT2B
Rabbit pAb (A0066), hnRNPA1 Rabbit mAb (A11564),
PKM1-specific Rabbit pAb (A18800) and PKM2-spe-
cific Rabbit pAb (A18799) were from Abclonal, Wuhan,
China. The anti-PTBP1 K266cr antibody was synthesized
by ABclonal (Wuhan, China).

Immunoprecipitation (IP) and co-immunoprecipitation
(Co-IP) assays

The Pierce Classic IP Kit (Thermo Scientific, 26,146,
USA) was used to perform IP and Co-IP assays following
the manufacturer’s protocols. Briefly, coupling resin was
cross-linked with 10 pg antibody for 2 h, and antibody-
coupled resin was incubated with protein lysates over-
night. After washing the resin, antigen complexes were
eluted using an elution buffer. Subsequently, elution pro-
teins were evaluated by western blotting.

RNA immunoprecipitation (RIP)

Cells were harvested and crosslinked with 1% formalde-
hyde at room temperature for 10 min and then quenched
with 1 M glycine. Next, they were rinsed with PBS two
times and lysed with lysis buffer (0.1 M HEPES, 0.1 M
KCl, 5 mM MgCl,, 0.5% NP40, 1 mM DTT, 1X protease
inhibitors). The supernatants were used for immunopre-
cipitation with anti-PTBP1 or non-specific rabbit IgG
at 4 °C overnight. Protein-RNA complexes were added
with protein-RNA elution buffer (0.1 M Tris—HCI pH 8,
0.01 M EDTA, 1% SDS) and RNA was eluted from the
beads in elution buffer (100 mM NaHCOs, 1% SDS), after
which the crosslinks were reversed in de-crosslinking
buffer (500 mM NaCl, 2 mM EDTA, 20 mM Tris—HCl
pH 6.8, 0.5 mg/mL Proteinase K) at 65 °C. RNA was then
extracted by Trizol (Invitrogen, Carlsbad, CA, USA), and
the PTBP1-binding site on intron 8 of PKM was quanti-
fied by RT-qPCR. Equal amounts of input RNA from
each sample were used to generate standard curves, and
% input values were calculated based on the standard
curves.

Cell counter kit-8 (CCK8) and colony formation assays
In order to perform the CCK8 assay, the PTBP1 WT,
K266Q, and K266R-rescued HCT116 cells were sus-
pended and seeded into 96-well plates at 5000 cells per
well. After the treatment with 10 pL of CCKS8 solution
(HY-K0301, MCE, USA) for 1 h, the absorbance of each
well was measured at 450 nm using a microplate reader
(Bio-Rad, USA).

In order to perform a colony formation assay, 1000
rescued HCT116 cells were seeded into 6-well plates
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for 14 days. Cells were fixed with 4% paraformalde-
hyde for 20 min, stained with 0.1% crystal violet, and
photographed.

Cell invasion assay and wound healing assay

To perform cell invasion assay, the PTBP1 WT, K266Q,
and K266R-rescued HCT116 cells (2x10* cells/well)
were seeded into the upper chamber of transwell cov-
ered with Matrigel glue (8 um pore size, 3422, Corning,
Shanghai, China). A complete medium containing 20%
FBS was added into the lower chamber. After further cul-
turing for another 48 h, the invaded cells were fixed with
4% formaldehyde, stained with 0.1% crystal violet, and
photographed.

The rescued HCT116 cells were seeded in six-well
plates and cultured to perform wound healing assay.
Scratch wounds were made using plastic pipette
tips (100 pL pipette tips, Eppendorf) when the cells
reached 80% confluency in each well. The progression
of cell migration was photographed at 24 h and 48 h,
respectively.

Xenograft assay

All the animals were housed in an environment with a
temperature of 22+1 °C, a relative humidity of 50 + 1%,
and a light/dark cycle of 12/12 h. The PTBP1 rescued
WT, K29Q, and K29R HCT116 cells were trypsinized and
counted. Next, 4 10° cells were resuspended in McCoy’s
5A medium and injected into the right anterior armpit of
4-week-old male BALB/c nude mice (Gempharmatech
Co., Ltd., Nanjing, China). One week after injection, the
length and width of the tumor were measured using a
digital caliper every two days, after which the mice were
sacrificed, and the tumors were dissected and photo-
graphed. The weight and volume of tumors were meas-
ured. The volume calculated formula was V =7 x Length
x Width?/6.

The animal use protocol was approved by the Animal
Experimentation Ethics Committee of Shanxi Provin-
cial Academy of Traditional Chinese Medicine (approval
No. 2023KY-07013) and abided by the standards of the
National Institute of Health Guide for the Care and Use
of Laboratory Animals.

Immunohistochemistry

Parts of the harvested CRC tissues and peritumor tis-
sues were fixed with 10% formalin, routinely processed,
embedded in paraffin wax, and cut into 5 pm sections.
The tissue sections were then deparaffinized, rehydrated,
treated with antigen retrieval, and incubated with pri-
mary PTBP1 K266-Cr antibody (1:200) antibody at 4 C
for overnight. Tissue sections were washed and incu-
bated with horseradish peroxidase (HRP)-conjugated
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anti-rabbit secondary antibody (Zhong Shan Jin Qiao,
Beijing, China) for 20 min at room temperature. Subse-
quently, after incubating with 3,3’-diaminobenzidine
(DAB), sections were counterstained with hematoxylin
and sealed with coverslips. Grade criteria for tumor tis-
sues and adjacent normal tissues were classified based
on PTBP1 K266-Cr antibody staining. Staining intensity
was classified as 0 (lack of staining), 1 (mild staining), 2
(moderate staining), and 3 (strong staining). The percent-
age of staining was designated 1 (<25%), 2 (25-50%), 3
(51-75%), or 4 (>75%). The semi-quantitative score was
calculated by multiplying these two values on a scale of
0-12. A score of 0—4 was classified as low expression,
and a score of >4 was classified as high expression.

Statistical analysis

All photographed cells were quantified using the Image]
software. SPSS 19.0 software and GraphPad Prism were
used for statistical analyses. Data were expressed as
mean +* standard deviation (SD) from at least three inde-
pendent experiments. Comparison between groups
was performed using unpaired or paired Student t-test,
one-way ANOVA followed by Dunnett’s multiple com-
parisons test, or two-way ANOVA as appropriate. Cat-
egorical data were calculated using Chi-square or Fisher’s
exact test. A P-value of<0.05 represented statistical
significance.

Results

The crotonylation modification of PTBP1 is elevated in CRC
tissues

A quantitative Kcr proteomic study was conducted in
human CRC tissues and paired peritumoral tissues to
elucidate the role of protein Kcr in CRC. Through domain
enrichment analysis of differentially modified Kcr pro-
teins, we found that the Kcr in certain protein domains
showed a trend of significant enrichment, such as the
DNA-binding domain (Fig. 1A). Results of COG/KOG
functional classification statistics indicated that these
enriched proteins, including PTBP1, are involved in vari-
ous biological processes, particularly that of RNA pro-
cessing and modification (Fig. 1B). As shown in Table S1,
PTBP1 protein had a higher T/N ratio compared with the
other crotonylated proteins.

To further verify the results of Kcr proteomics, the
expression levels of PTBP1 Kcr were analyzed by immu-
noprecipitation method in 16 pairs of CRC tumor tissues
and the matched paracancer tissues (Fig. 1C). Relative
quantitative results for CRC tissues showed a notable ele-
vation in the PTBP1 Kcr level compared to adjacent nor-
mal tissues (Fig. 1D). Meanwhile, Western blot was used
to analyze the PTBP1 Kcr expression in a panel of CRC
cell lines (HCTI16, SW480, and Sw620). Results showed
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Fig. 1 Crotonylation modification of PTBP1 was elevated in CRC. A Bubble diagram of protein domain enrichment at differentially modified Kcr
protein. B COG/KOG categories of proteins corresponding to differential crotonylation modification sites. C The Kcr levels of PTBP1 were determined
by immunoprecipitation. Eight representative pairs of samples. D Quantification of relative PTBP1 Kcr levels in the 16 pairs of samples tested. The
intensity of WB was quantified by ImageJ, followed by statistical analysis. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001

that the Kcr of PTBP1 could be detected in all three CRC
cell lines (Fig. S1). These findings collectively suggest that
PTBP1 Kcr is upregulated in CRC.

PTBP1 is crotonylated at K266 and KAT2B is the major
crotonyltranferase for PTBP1

LC-MS/MS analysis of CRC tissue lysates was conducted
to identify the crotonylation sites of PTBP1, and results
showed that lysine (K) residue 266 was the major croto-
nylation site of PTBP1 in CRC (Fig. 2A). The physiologi-
cal function of acylation is related to the charge of lysine
residues. Positively charged lysine residues often involve

protein—protein interaction and catalytic activity. Cro-
tonylation can robustly neutralize the positive charge of
lysine, thus affecting many aspects of protein function
[24]. To clarify the role of PTBP1 K266-Cr, we further
produced an electrically neutral K266 glutamine mutant
(K266Q) as the protein hypercrotonylation mimic. Mean-
while, K266 lysine was mutated to an electrically positive
arginine (K266R) to mimic the decrotonylation of PTBP1
K266. Compared with the PTBP1 wild-type (WT) cells,
both K266R and K266Q mutations greatly affected the
recognition of lysine acylation groups by specific antibod-
ies, thus decreasing PTBP1 Kcr in HCT116 cells (Fig. 2B;



Page 7 of 16

Hou et al. Journal of Translational Medicine (2024) 22:995
yT y10 ¥9 Iz y7 ¥6 y5 y4 y3 Y.
A L ‘ T S L Y K | Y | N ‘ N ‘ D K B
b b3 bs b6 p11 Flag-PTBP1 WT K266Q K266R
a
D | panKcr B & s e — 57
¥ i
849.41 D_ 57
= | Flag ! i —
g 90 y o L §- Rand
% 653.29
©
c
>
Qo
© 60
()
>
3 4320 o c
& . 1o Flag-PTBP1 WTK266Q K266R
30 4 948l49 kDa
4§‘(l>.23 o)) ' — 57
y3 b5 b6-H YENH3 VO & | K266-Cr -
376.18 2929 51T 36| 117561 'S: _
) 1l ||\|I‘HI|’ ||| |||||“ |\| Ly nLl“ Ll | = | Flag m— 57
500 1000 1500 o :
m/z
D E
P K266-Cr KAT2B
X
Flag-PTBP1 + o+ o+ 4 S ®
KCTs KAT2B hMOF P300 CBP kDa f{',\g‘\ NS {36
K266-Cr M- = | 57 kDa
g PTBP1 - - — 57
g, Flag —— —— 57
prcn [ oo [
DAPI Merge
G WT SIKAT2B H AnacardicAcid 0 25 5 10
; § (pM)
K266-Cr K266-Cr

- . -

: ....

Fig. 2 PTBP1 was crotonylated at K266 and KAT28B is the major crotonyltranferase for PTBP1. A Crotonylated PTBP1 K266 was identified by a tandem
mass spectrum. The identified peptide is shown. B PTBP1 WT, K266Q, or K266R tagged by Flag were transfected into HCT116 cells. PTBP1 Kcr level
was detected by a pan-Kcr antibody. C Crotonylation of PTBP1 WT, K266Q, or K266R was detected by PTBP1 K266-Cr antibodies. D HEK293T cells
were co-transfected with indicated plasmids, and cell lysates were harvested for western blot with indicated antibodies. E Endogenous interaction
between PTBP1 and KAT2B was detected by co-IP in HEK293T cells. F HCT116 cells were transfected with KAT2B and stained with PTBP1 K266-Cr
antibody (green) and anti- KAT2B antibody (red). DAPI (blue), nucleus. Scale bar, 20 um. G Endogenous KAT2B was knocked down with siRNA

in HCT116 cells and then PTBP1 K266-Cr was detected by IF. DAPI (blue), nucleus. Scale bar, 100 um. H HCT116 cells were treated with the indicated

dose of Anacardic Acid. Then the PTBP1 K266-Cr levels were detected by IF

Fig. S2A). To further investigate the K266 crotonyla-
tion site, an antibody labeled “K266-Cr” was generated
to precisely detect the crotonylated PTBP1 at the K266
site. Dot blot determined the specificity of the K266-Cr
antibody (Fig. S2B). IF and Western blot analyses demon-
strated the applicability of the K266-Cr antibody in CRC
cell lines and CRC tissues, respectively (Fig. S2C, D). The

IP analysis using the K266-Cr antibody revealed a signifi-
cant decrease of PTBP1 Kcr in HCT116 cells expressing
K266 Q/R compared to the WT cells (Fig. 2C; Fig. S2E),
suggesting that K266 is the primary crotonylation site of
PTBP1 in CRC.

To further identify the crotonyltranferases (KCTs) for
PTBP1 K266, PTBP1 was co-transfected with CBP, p300,
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KAT?2B, or human males absent on the first (hMOF) in
HEK293T cells, revealing that KAT2B mainly facilitated
the crotonylation of PTBP1 at K266 (Fig. 2D). As shown
in Fig. 2E, endogenous PTBP1 directly interacted with
KAT2B. Subsequent IF showed the interaction of PTBP-
1with KAT2B in the nucleus of HCT116 cells (Fig. 2F). By
knocking down KAT2B using siRNA or treating HCT116
with a KAT2B inhibitor, anacardic acid, we observed a
significant reduction of PTBP1 K266-Cr, as confirmed by
IF assays (Fig. 2G, H; Fig. S2F). Overall, the above results
support that KAT2B acts as a crotonyltransferase to pro-
mote PTBP1 K266-Cr.

PTBP1 K266-Cr promotes glycolysis in CRC cells

In order to further identify the hierarchical clustering of
crotonylation proteomics based on protein functional
classification, we divided the differentially modified Kcr
sites into Q1 (<0.667), Q2 (0.667-0.769), Q3 (1.3-1.5),
Q4 (>1.5), according to their differential multiples.
The cluster heat map of each Q group based on KEGG
enrichment revealed that crotonylation may have an
essential role in glycolytic pathways in CRC (Fig. 3A). To
investigate the effect of PTBP1 K266-Cr on glycolysis,
we knocked down endogenous PTBP1 followed by re-
expressions of PTBP1 WT, PTBP1 K266Q and K266R
in HCT116 cells (Fig. S3A). As shown in Fig. 3B, C, the
glucose uptake and lactate production in PTBP1 K266Q
cells significantly increased, while they decreased in
PTBP1 K266R rescued cells, compared to WT cells.
These results indicate that PTBP1 K266 Cr increases gly-
colytic flux in CRC cells.

Next, the ECAR and glycoPER of HCT116 cells were
tested using a Seahorse XFe24 energy analysis system
to examine the glycolytic capacities of the cells. Com-
pared to PTBP1 WT cells, cells with K266Q displayed
higher ECAR and glycoPER values, while cells possess-
ing K266R showed the lowest ECAR and glycoPER val-
ues (Fig. 3D, F). Quantitative statistics revealed that the
glycolysis level, glycolytic capacity, and glycolytic reserve
were increased in K266Q cells and decreased in K266R
cells (Fig. 3E). Consistently, both the basal glycolysis
and compensatory glycolysis of K266Q cells were sig-
nificantly increased, significantly differing from W'T
and K266R cells (Fig. 3G). Thus, these results reveal that

(See figure on next page.)
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hypercrotonylation of PTBP1 facilitates glycolysis in CRC
cells.

PTBP1 K266-Cr regulates PKM alternative splicing

by affecting the affinity for pre-mRNA

High expression of PKM2 relative to PKML is one of the
critical factors for cancer cells to gain a metabolic advan-
tage over normal cells [7]. Therefore, PKM alternative
splicing may have an important role in the metabolic
preference of cancer cells. In order to investigate the
role of PTBP1 K266-Cr in the regulation of PKM alter-
native splicing, the expression levels of PTBP1 K266-Cr
and PKM isoforms in CRC tissues were first examined.
We used 35 pairs of human CRC samples and adjacent
normal tissues to perform western blotting analysis.
Compared with the matched peritumoral tissues, the
expression levels of PTBP1 and K266-Cr in the tumor tis-
sues were increased, and the PKM2 level was also rela-
tively elevated, while the PKM1 level was significantly
decreased (Fig. 4A; Fig. S4A). In addition, the PKM2/
PKM1 ratio was significantly higher in the tumor tis-
sues than in the matched peritumoral tissues (Fig. 4B).
Remarkably, in tumor tissues, the PTBP1 K266-Cr level
was positively correlated with the PKM2/PKM1 ratio
(r=0.7057, P<0.0001) (Fig. 4C). Consistently, in HCT116
cells, compared with the PTBP1 WT cells, K266Q-res-
cued cells had significantly enhanced expression of PKM2
and elevated PKM2/PKM1 ratio, while K266R cells did
not show such changes (Fig. 4D; Fig. S4B). These findings
suggest that PTBP1 K266-Cr regulates the switching of
PKM isoforms from PKM2 to PKM1 at the protein level
in CRC.

As a component of hnRNPs complex, PTBP1 acted
as a hub protein interacting with hnRNPA1, hnRNPA?2,
and other hnRNP proteins, as was identified using
PPI network analysis based on STRING database (Fig.
S4C). To characterize the effect of PTBP1 K266-Cr on
the stability of the triple complex (PTBP1/hnRNPA1/
hnRNPA2), we examined the interaction of PTBP1
with hnRNPA1/2 by co-IP, finding that K266Q had
stronger interactions with hnRNPA1 and hnRNPA2
(Fig. 4E). We further investigated the relation between
K266 and PTBP1 RRMs based on (PDB:1sjr) [25]. As
shown in Fig. 4F, the RRM2 of PTBP1, where the K266

Fig. 3 PTBP1 K266-Cr promotes glycolysis in CRC cells. A Cluster analysis heat map based on KEGG classification enrichment. B Relative

glucose uptake in PTBP1 WT, K266Q and K266R-rescued HCT116 cells. C Relative intracellular and extracellular lactate in PTBP1 WT, K266Q

and K266R-rescued HCT116 cells. D Kinetic profiles of ECAR in PTBP1T WT, K266Q and K266R-rescued cells. E Quantification of glycolysis level,
glycolytic capacity and glycolytic reserve in cells. F Kinetic profiles of glycoPER in HCT116 cells expressing PTBP1 WT, K266Q and K266R. G
Quantification of basal glycolysis and compensatory glycolysis from the kinetic profiles of glycoPER. *p <0.05; **p <0.01; ***p < 0.001; ****p < 0.0001.

Bars, mean+SD (n=5)
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is located, contributed substantially to RNA binding.
To inspect the effect of PTBP1 K266-Cr on its affin-
ity for PKM pre-mRNA, the RIP assay of PTBP1 was
performed in PTBP1 WT, K266Q, and K266R-rescued
HCT116 cells. As a result, enrichment of PTBP1 on
intron 8 of PKM pre-mRNA was enhanced in K266Q-
rescued cells. On the contrary, the binding of K266R
at this site was much weaker than in the WT cells
(Fig. 4G). Subsequently, PKM isoform RNA expres-
sion was measured in HCT116 cells by RT-qPCR.

K266Q-rescued HCT116 cells exhibited PKM1 down-
regulation and PKM?2 upregulation at the transcript
level, while the K266R cells showed the opposite
results (Fig. 4H). Meanwhile, the PKM1/PKM?2 ratio
was remarkably elevated in K266Q cells, whereas this
ratio was reduced in K266R cells, compared with the
WT cells (Fig. 4H). Overall, these results confirm that
PTBP1 K266-Cr leads to an increase in its affinity for
PKM pre-mRNA and ultimately modulates the PKM1/
PKM2 ratio by regulating PKM alternative splicing.
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PTBP1 K266-Cr promotes CRC cell proliferation, migration, =~ K266Q-rescued cells was significantly higher than that of
invasion, and tumor growth WT cells, while it was relatively decreased in K266R-res-
Next, we further studied the effect of PTBP1 K266-Cr on  cued cells (Fig. 5A). Colony formation assay showed that
CRC progression, finding that the proliferation rate of the colony growth of K266Q-rescued cells was enhanced
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compared with that of WT cells, while the growth of
K266R-rescued cells was on the contrary. (Fig. 5B; Fig.
S5A). In the transwell assay and wound healing experi-
ment, K266Q-rescued cells showed enhanced migration
and invasion abilities, while K266R-rescued cells showed
decreased migration and invasion (Fig. 5C, D; Fig. S5B).
These results confirm that PTBP1 K266-Cr is vital in
CRC tumor growth in vitro.

Xenografts assay was performed to determine the phys-
iological influence of PTBP1 K266-Cr on tumor growth
in vivo. Rescued cells were subcutaneously injected into
4-week-old BALB/c nude mice. The tumor size (length
and width) was measured every 2 days after one week of
injection. Strikingly, injection of K266Q cells promoted
tumor growth, whereas injection of K266R cells caused
smaller tumors in the xenograft model than the tumors
caused by WT cell injection (Fig. 5E, F). Compared with
the WT group, the tumor weight increased in the K266Q
group but decreased in the K266R group (Fig. 5G). These
results further confirm that PTBP1 K266-Cr substantially
enhances the tumor growth of CRC.

PTBP1 K266-Cr correlates with poor prognosis in CRC

To examine whether PTBP1 K266-Cr participates in the
clinicopathological characteristics and prognosis of CRC,
we performed immunohistochemical staining on the 80
pairs of CRC tissues and the adjacent peritumor tissues.
Based on the levels of PTBP1 K266-Cr positive signals,
the staining results were classified into 0 — 12 scales. Sta-
tistical analysis proved a significant increase of PTBP1
K266-Cr levels in the tumor tissues compared with the
adjacent tissues (p<0.0001), as shown in a representa-
tive of three pairs of samples (Fig. 6A). In addition, higher
PTBP1 K266-Cr levels in the CRC tissues were closely
related to late TNM stage and distant metastasis, whereas
there were no significant differences with regard to age,
gender, tumor size, tumor differentiation, and lymph
node metastasis (Table 1). Meanwhile, CRC patients with
higher PTBP1 K266-Cr levels had a poorer prognosis in
CRC patients who displayed a shorter median survival
for OS and for PFS (Fig. 6B). The results above indicated
that enhanced PTBP1 K266-Cr predicted poor prognosis
in patients with CRC.

Discussion

Alternative splicing is one of the crucial posttranscrip-
tional regulatory mechanisms that regulate the transla-
tion of mRNA subtypes and produce protein diversity
[26]. There is growing evidence that aberrant splicing
may result from the PTMs of proteins, such as acetyla-
tion, methylation, and ubiquitination of proteins [27-29].
As a novel modification, the role of crotonylation in alter-
native splicing needs to be further elucidated. Yu et al
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[30] revealed that decrotonylation of the alternative splic-
ing factor PHF5A could regulate aging progress through
alternative splicing-mediated downregulation of CDK2.
However, crotonylation regulation on pre-mRNA splic-
ing in cancer is poorly understood. Herein, we discovered
that Kcr of PTBP1 mediated by KAT2B regulates PKM2/
PKM1 expression through alternative splicing to pro-
mote CRC progression. Our findings revealed that cro-
tonylation of PTBP1 enhances the glycolysis of CRC cells,
subsequently promoting CRC progression (Fig. 6C).

PTBP1 is a posttranscriptional gene expression regu-
lator that controls mRNA splicing, protein translation,
stability, and localization. PTBP1 has many molecu-
lar functions related to RNA metabolism and is a major
repressive regulator of alternative splicing, leading to
exon skipping in many alternative splicing pre-mRNAs
[31]. PTBP1 has a role in various diseases, particu-
larly in some cancers, including colorectal cancer [32].
High expression of PTBP1 has been found to promote
CRC invasion through alternative splicing [33]. To date,
the role of PTBP1 in alternative splicing has mainly
been studied at the protein expression level. Herein,
we focused on the role of PTBP1 crotonylation in PKM
splicing and CRC progression. The protein quantitation
was normalized to remove the effect of protein expres-
sion on the modification, revealing that the Kcr level of
PTBP1 was upregulated in CRC compared to that in par-
acancerous tissues (shown in Fig. 1 C and Table S1). This
conclusion was verified by both crotonylation proteomic
and immunoprecipitation assays.

K266 was identified as the main Kcr site of PTBP1, and
KAT2B was the crotonyltranferase of PTBP1 K266-Cr
(Fig. 2A, D). KAT2B, also known as p300/CBP-associ-
ated factor (PCAF), is a transcriptional adaptor protein
and a histone acetyl-transferase (HAT) that functions
as the catalytic subunit of the PCAF transcriptional co-
activator complex [34—37]. However, the role of KAT2B
in other PTMs, including crotonylation, has not been
fully elucidated. Herein, we found that PTBP1 was cro-
tonylated by KAT2B in CRC. Other researchers reported
that non-histone NPM1 was also crotonylated by KAT2B
in human lung adenocarcinoma cell line H1299 [21],
implying that KAT2B possesses evolutionarily conserved
KCT activity, at least in cancer cells. Since small-mole-
cule inhibitors targeting KAT2B have become a research
hotspot [38], our study provides further insights into the
molecular prerequisites for targeting crotonylation-func-
tional tumors.

Enhanced glycolysis in tumor cells leads to the accu-
mulation of lactate. Numerous studies have reported
the crucial role of lactate in cancer progression and cell
fate determination [39, 40]. Our results revealed that
enhanced PTBP1 K266-Cr increased the intracellular and



Hou et al. Journal of Translational Medicine (2024) 22:995

Page 13 of 16

A PTBP1 K266-Cr 100+ —— PTBP1-K266cr-high
= —— PTBP1-K266cr-low
2 80
©
>
S 60
-
(“ — -
£ g ¢
2 g 20 p=0.0058
0 T T T T T T 1
0 10 20 30 40 50 60 70
month after the surgery
9]
I =< 100- —— PTBP1-K266cr-high
= =
= [ —— PTBP1-K266cr-low
b = 80_
2
2
o 60
E
& 40
Tumor Normal .%
High 43 15 2 204 p=0.0065
PTBP1-K266¢r 4
Low 37 65 g
= 0 T T T T T T 1
Total 80 80 e 0 10 20 30 40 50 60 70
p<0.0001 month after the surgery
c Tumor migration , invasion and tumor growth
Glucose Lactic acid

%)
<z
z
= 1
o
=

l

S MW=

PKM2 mRNA

PKM2

Glucose

@/\.: Lactic acid

PKM pre-mRNA

----- » Glycolysis

Fig.6 PTBP1 K266-Cr correlates with poor prognosis in CRC. A Three representative samples were shown and the statistical analysis of all samples.
Scale bar: 100 um. A total of 80 paired CRC tumor tissues and adjacent normal tissues were analyzed. B The overall survival and progression-free
survival were analyzed by the log-rank test using the Kaplan—Meier analysis. C Working model illustrates that PTBP1 crotonylation promotes
colorectal cancer progression through alternative splicing-mediated upregulation of PKM2

extracellular lactate levels in CRC, which was directly
caused by hyperglycolysis (shown in Fig. 3). However,
the role of crotonylation in glycolysis remains to be
elucidated. According to recent reports, dynamic cro-
tonylation of metabolic enzymes is involved in meta-
bolic regulation and is related to pancreatic tumor and
oral squamous cell carcinoma progression [41, 42]. Pre-
viously, we found that crotonylation of a enolase (a key

enzyme for glycolysis) promotes CRC progression [16].
Our present study revealed that alternative splicing-
related PTBP1 crotonylation affects tumor cell glycolysis.
We provided a new perspective on the regulatory role
and mechanism of crotonylation in tumor cell glycolysis
and Warburg effect.

Previous studies on the PTBP1/PKM alternative splic-
ing pathway mainly focused on the effect of the PTBP1
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Table 1 The relationship between PTBP1 K266-Cr expression
and clinicopathologic characteristics in CRC patients

Parameters PTBP1 K266-Cr P-value
High (n=43) Low (n=37)

Gender
Female 21 16 0.6581
Male 22 21

Age (year)
<60 25 17 0.3696
>60 18 20

Tumor size (cm)
<5 22 15 0.3758
>5 21 22

Tumor differentiation
Well 7 5 0.155
Moderate 19 24
Poor 17 8

TNM stage
[+11 13 20 0.0411*
+1v 30 17

Lymph node metastasis
NO 16 22 0.072
N1-N2 27 15

Distant metastasis
MO 17 25 0.0147*
M1 26 12

" Statistically significant (P < 0.05)

protein level on PTBP1/hnRNPA1/hnRNPA2 trimers.
Upregulated oncogene c-Myc in tumor cells can bind to
PTBP1/hnRNPA1/hnRNPA2 promoter and facilitate the
transcription and high expression of these three genes,
leading to elevation of the PKM2/PKM1 ratio [43]. Con-
sistently, high expression of PTBP1 increases glucose
consumption, lactate production, and PKM2 expression
but decreases PKM1 levels in CRC cells [44, 45]. Our
present study showed that, as a critical component of the
hnRNPs complex, PTBP1 K266-Cr enhanced the inter-
action with other components (Fig. 4E). Meanwhile, the
affinity of PTBP1 for splicing sites on PKM pre-mRNA
was increased (shown in Fig. 4G). The transfer of cro-
tonyl to histone lysine residues effectively neutralizes its
positive charge, making chromatin recruitment and tran-
scription factors unable to bind to DNA to achieve the
purpose of gene silencing [24, 46]. Thus, it can be specu-
lated that crotonylation may affect the role of PTBP1 in
PKM alternative splicing by altering its spatial structure.
Our data showed that high PTBP1 K266-Cr levels
in CRC were closely related to poor prognosis in CRC
(shown in Fig. 6B), suggesting that PTBP1 K266-Cr has
a broader application value as a prognostic marker or
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therapeutic target in clinical practice. Further studies are
needed to determine whether splicing modulators or cro-
tonylation inhibitors can affect CRC specific therapy by
targeting PTBP1 K266-Cr. In addition, while it is known
that inflammation is associated with tumors, it still
needs to be investigated whether some inflammation-
and tumor-related pathways, such as the nuclear fac-
tor kappa-B (NF-kB) pathway, can benefit from PTBP1
crotonylation.

The present study revealed that PTBP1 K266-Cr
increases the PKM2/PKM1 ratio through pre-mRNA
alternative splicing, contributing to CRC progression.
This mechanism provides a potential strategy for CRC
therapy by targeting the PTBP1/PKM alternative splicing
axis.
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