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Proteomic analysis identifies PFKP
lactylation in SW480 colon cancer cells

Zhe Cheng,"* Huichao Huang,”* Maoyu Li,>* and Yongheng Chen3>*

SUMMARY

Aerobic glycolysis is a pivotal hallmark of cancers, including colorectal cancer. Evidence shows glycolytic
enzymes are regulated by post-translational modifications (PTMs), thereby affecting the Warburg effect
and reprograming cancer metabolism. Lysine lactylation is a PTM reported in 2019 in histones. In this
study, we identified protein lactylation in FHC cells and SW480 colon cancer cells through mass spec-
trometry. Totally, 637 lysine lactylation sites in 444 proteins were identified in FHC and SW480 cells.
Lactylated proteins were enriched in the glycolysis pathway, and we identified lactylation sites in phos-
phofructokinase, platelet (PFKP) lysine 688 and aldolase A (ALDOA) lysine 147. We also showed that
PFKP lactylation directly attenuated enzyme activity. Collectively, our study presented a resource to
investigate proteome-wide lactylation in SW480 cells and found PFKP lactylation led to activity inhibi-
tion, indicating that lactic acid and lactylated PFKP may form a negative feedback pathway in glycolysis
and lactic acid production.

INTRODUCTION

Colorectal cancer (CRC) is the third leading cause of cancer-related mortality worldwide, accounting for over 1.85 million cases and 850 thou-
sand fatalities per year."” Due to the poor prognosis and the high risk of metastasis, CRC remains a significant problem for the community.”
Consequently, it is necessary to investigate the mechanisms underlying the initiation and progression of CRC, which will accelerate the quest
for novel diagnostic biomarkers and the development of an effective therapeutic target.

Reprogramming of energy metabolism, including aerobic glycolysis, aberrant lipid metabolism, amino acid metabolism, and mitochon-
drial biogenesis," is a defining characteristic of cancer. Aerobic glycolysis, also known as the “Warburg effect”, is the most characterized type
of glycolysis, which means that, even in the presence of oxygen, cancer cells metabolize pyruvate into lactic acid instead of transporting py-
ruvate into the mitochondria for oxidative phosphorylation. This metabolic reprogramming is favored by cancers to sustain the rapid growth
and proliferation demands of tumor cells.” Lactic acid, which was previously believed to be a byproduct of glycolysis, has been shown to play
acritical role in regulating a number of biological processes, including tumor initiation and progression, macrophage polarization, and T help-
er cell differentiation.”®

Post-translational modifications (PTMs) of proteins, such as protein phosphorylation and acylation, perform essential roles in cellular meta-
bolism, signal transduction and tumorigenesis. Moreover, it can regulate the conformation, stability and functions of protein.”" In recent
years, numerous cellular metabolites have been discovered to be involved in protein acylation. The acylation forms include propionylation,
butyrylation, and succinylation.'” These protein acylations necessitate a particular modification substrate source. For instance, acetyl-CoA,
which is derived from citrate by ATP citrate lyase (ACL),'” is the major source of acetylation. The short chain fatty acids (SCFA) cognate to
the lysine propionylation, butyrylation and succinylation metabolites can provide the precursors'® and acyl-CoA synthetase 2 (ACSS2) cata-
lyzes this transition. Propionyl-CoA is also derived from the catabolism of amino acid.’” These non-metabolic functions provide valuable hints
for the development of more efficient anti-cancer therapies. Recent research has demonstrated that lactic acid-derived histone lysine lacty-
lation is a novel PTM.'® Histone lactylation regulates gene expression, macrophage polarization, somatic cell reprogramming, and tumori-
genesis.'’”'? Several studies on hepatocellular and gastric cancers have been conducted on non-histone proteins. These studies demon-
strated that lysine lactylation is prevalent in a variety of malignancies and that the lactylation levels of specific proteins correlate with the
prognosis of the patient.”>?" These studies increase our understanding of the cancer specific lactylome. However, the global lactylome in
certain CRC cells and tissues have not been reported.
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In this study, we identified and quantified the lysine lactylome in SW480 colon cancer cells. In total, 637 lactylation sites on 444 lactylated
proteins, including histone and non-histone proteins, were identified. The characteristics and functions of lactylated proteins were uncovered
by performing in-depth bicinformatics analyses. Lactylation of non-histone proteins is highly enriched in glycolysis processes, such as aldolase
A (ALDOA) and phosphofructokinase, platelet (PFKP). In addition, immunoprecipitation (IP) and two-dimensional gel electrophoresis were
used to confirm the lactylation of histone and non-histone proteins. Moreover, we investigated the role of lactylated PFKP in glycolysis in
FHC cells and found that glycolysis-PFKP lactylation may constitute a negative feedback pathway in FHC cells. Overall, the study’s findings
provide a valuable resource for research into the specific functional roles of lactylation in SW480 CRC cells.

RESULTS

Systematic profiling of lysine lactylation proteome in SW480 cells

Reprogramming of energy metabolism is one of the hallmarks of tumor, with aerobic glycolysis being the most extensively researched. Thus,
cancer cells preferentially convert pyruvate into lactic acid, the final product of glycolysis, even in the presence of oxygen.”” As illustrated in
Figure 1A, we initially evaluated pan-lysine lactylation (pan-Kla) using a Western blot assay. Different pan-Kla signals were detected in SW480
and FHC, suggesting that protein lactylation may vary in the two colon cells.

To systematically investigate the lactylation pattern in CRC, we performed quantitative lactylated proteomics of FHC and SW480 cells by
affinity-based mass spectrometry. Figure 1B depicts the workflow of the lactylated proteomics analysis. Briefly, proteins were extracted from
cells and digested with trypsin, and then the lactylated peptides were enriched with anti-Pan Kla antibody. Peptides were identified by liquid
chromatography/tandem mass spectroscopy (LC-MS/MS) analysis and database searching. In total, 1,722 peptides were identified in 35,834
spectrums, and 637 lactylation sites in 444 lactylated proteins were quantified (Figure 1C). Among these lactylated proteins, 412 proteins had
1 lactylated sites or 2 lactylated sites, while a minor number had more lactylated sites (Figure 1D). Lactylated site of ALDOA K147 was shown in
Figure 1E.

Functional characteristic analysis of lysine lactylation proteins

To gain a comprehensive understanding of the cellular functions of differentially lactylated proteins, we conducted an extensive bioinformat-
ics analysis, including KOG (Eukaryotic Orthologous Group) and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway analyses, to
uncover protein domain characteristics. We analyzed the protein categories, functions, and localizations of lactylated proteins to identify the
amino acid sequences surrounding the Kla sites and validate potential Kla motifs. Two conserved motifs were identified: IxK (32 peptides) and
KxxxxF (17 peptides) (Figure 2A). KOG analysis was performed, revealing the top ten pathways enriched with lactylated proteins (Figure 2B).
Notably, lactylated proteins were found to be significantly enriched in pathways related to carbohydrate transport and metabolism, indicating
a potential impact of Kla on cellular energy metabolism. To further characterize lactylated proteins in FHC and SW480 cells, we analyzed their
subcellular localizations. The results showed that 47.95% of lactylated proteins were located in the nucleus, 15.31% in the cytoplasm, and
11.08% in the chromosome (Figure 2C). Additionally, KEGG analysis confirmed the enrichment of lactylated proteins in key pathways such
as glycolysis and gluconeogenesis, DNA replication, nucleotide excision repair, and spliceosome, which aligned with the findings from
KOG results (Figure 2D). Taken together, these findings suggest that lactylated proteins in FHC and SW480 cells are involved in essential
physiological processes, with a notable enrichment in glycolytic processes.

Lactylation marks were detected on histones

Initially, lactylation was identified on histone proteins and implicated in the regulation of gene transcription and DNA replication.'** In this
study, we have identified 22 lactylation sites on histones in FHC and SW480 cells. Figure 3A illustrates both the previously studied and newly
discovered histone lactylation sites. Figure 3B displays the top 10 histone lactylation sites with varying lactylation levels in FHC and SW480 cell
lines. Several of these sites, including H2A.V K120, H3K14la, H4K8la, H4K12la and H3K23la, have been previously reported to undergo lacty-
lation.”*?® Furthermore, we validated three lactylation marks H4K12la, H3K14la and H4K8la using commercially available antibodies (Fig-
ure 3C). Western blotting (WB) confirmed the lactylation levels of H3K14, H4K8, and H4K12 in FHC, SW480, SW620, and HCT116 cell lines
(Figure 3D). Despite the existence of additional lactylation sites detected by LC-MS, their validation was hindered by the unavailability of spe-
cific antibodies (Figure 3A). These findings collectively demonstrate the ability of spectrometry data to uncover information regarding both
histone lactylation and non-histone lactylation.

Wide lactylation revealed on glycolytic enzymes

Based on our bioinformatic analysis, we observed that lactylated proteins predominantly localized in the cytoplasm, particularly those
involved in glycolysis, such as PFKP, ALDOA, GAPDH, and ENO1 (Table S1, all lactylated proteins identified by mass spectrometry). In Fig-
ure 4A, these enzymes are highlighted in red, alongside the depiction of the glycolysis process and its associated reactants. Notably, PFKP
and ALDOA play crucial roles within the glycolysis pathway.

ALDOA is responsible for the reversible conversion of fructose-1,6-bisphosphate into glyceraldehyde 3-phosphate and dihydroxyacetone
phosphate. Mass spectrometry results demonstrated a significantly higher lactylation level of ALDOA in FHC cells compared to SW480 cells
(Figure 4B). Subsequently, we experimentally evaluated the lactylation of ALDOA in multiple CRC cell lines using IP and WB. The lactylation of
ALDOA was confirmed in FHC and HCT116 cell lines but not in SW480 and SWé620 cell lines (Figure 4C). Two-dimensional gel electrophoresis
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Figure 1. Systematic profiling of lysine lactylation proteome in SW480 cells

(A) Lactylated proteins in FHC and SW480 cells detected by anti-Pan Kla antibody.

(B) Workflow of the lactylated proteomics analysis in FHC and SW480 cell lines. The proteins were extracted from colon cells and digested with sequencing grade
trypsin. Then the lactylated peptides were enriched by agarose-based immunoreaction. The lactylated peptides were analyzed by mass spectrometry using
label-free quantification method to map the lactylome in SW480 cells.

(C) Number of peptides, peptides with identified lactylated sites and identified proteins detected by mass spectrometry.

(D) Number of proteins with different number of lactylated sites detected by mass spectrometry.

(E) Lactylated site of ALDOA K147la identified by mass spectrometry.

(2-DE) further validated this pattern, as the ALDOA signal in FHC cells exhibited a negative shift in comparison to that in SW480 cells (Fig-
ure 4D). It has been previously reported that lactylation of ALDOA at K147 can decrease its enzyme activity.”” Consequently, these findings
indicate the lactylation of the non-histone protein ALDOA and suggest a potential reduction in enzyme activity due to lactylation.
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Figure 2. Properties of lactylated peptides in CRC

iScience

(A) Sequence motif logo showing a representative sequence for all Kla sites. The central K represents the lactylated lysine. Representative sequence for Kla sites
showed by sequence motif logo. The central K represents the lactylated lysine. Two identified conserved motifs in the samples were shown below.

(B) KOG pathway analysis of lactylated proteins in FHC and SW480 cells.
(C) Subcellular localization analysis of lactylated proteins in FHC and SW480 cells.
(D) KEGG pathway analysis of lactylated proteomic results in FHC and SW480 cells.

PFKP is lactylated in SW480 cells and CRC tissues

PFKP represents the platelet isoform of phosphofructokinase (PFK) and plays a crucial role in glycolysis by catalyzing the irreversible conversion
of fructose 6-phosphate to fructose 1,6-bisphosphate (Figure 4A). Figure 5A represents the representative spectrum of the lactylated mark at
K688 on PFKP. Mass spectrometry results demonstrated a higher lactylation level of PFKP in FHC cells compared to SW480 cells (Figure 5B). To
validate PFKP lactylation, WB and IP assays were performed. The results revealed PFKP lactylation in all tested cell lines, including FHC, SW480,
SW620, and HCT116 (Figure 5C). Two-dimensional gel electrophoresis further confirmed this pattern, showing that PFKP signal migrated to-
ward the positive side of the gel strip in SW480 cells compared to FHC cells, indicating a higher lactylation level in FHC cell lines (Figure 5D),
consistent with the mass spectrometry findings. This phenomenon was further observed in four pairs of CRC tissues and matched adjacent
normal tissues (Figures 5E and S1A), with clinical characteristics of the patients presented in Table S2. The patients showing reduced PFKP lac-
tylation in cancer tissues ranked T2 and T4 in TNM staging. These results show that PFKP is not only lactylated in colon cells, but also in CRC
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Figure 3. Lactylated histone proteins were detected by MS

(A) Schematic diagram of reported and newly found histone lactylation sites.

(B) Top 10 histone lactylated sites with different lactylation level in FHC and SWA480 cell lines, previously reported and newly found sites included.
(C) Lactylated sites of H4K12, H3K14, and H4K8 identified by mass spectrometry.

(D) WB validation of H3K14, H4K8, and H4K12 lactylation in FHC, SW480, SW620, HCT116 cell lines.

paired tissues. However, statistical analysis of the association of PFKP lactylation and CRC prognosis is hindered by lack of PFKP site-specific
lactylation antibody. To investigate the functional significance of PFKP lactylation in CRC, we performed crystal structure analysis of PFKP, high-
lighting the lactylated site in red (Figure 5F). Given that PFKP is a critical rate-limiting enzyme in glycolysis, the significant abundance of K688
lactylation raises the question of whether this modification affects its function. Considering the spatial proximity of K688 to the substrate binding
site of PFKP, we hypothesize that lactylation at K688 may disrupt its enzyme activity, thus impacting the glycolysis pathway.

PFKP lactylation directly attenuates enzyme activity

The aforementioned findings indicate that the level of lactic acid regulates the lactylation of PFKP (la-PFKP), thereby modulating its activity in
glycolysis in FHC cells. This discovery led us to speculate that changes in PFKP activity caused by PFKP lactylation forms a negative feedback
loop in FHC cells. To validate this hypothesis, we first employed sodium dichloroacetate (DCA) and rotenone to manipulate lactic acid production
by modulating the activities of pyruvate dehydrogenase (PDH) and mitochondrial respiratory chain complex |, respectively. As expected, intracel-
lular lactic acid levels were significantly reduced upon DCA treatment but dramatically increased following rotenone induction (Figure 6A). Sub-
sequently, we evaluated the corresponding lactylation levels upon DCA and rotenone treatments. WB analysis demonstrated a robust reduction in
protein lactylation levels after DCA treatment, while a remarkable enhancement was observed upon rotenone induction (Figure 6B). Furthermore,
two-dimensional gel electrophoresis revealed a potentiated lactylation pattern in FHC cells. Specifically, PFKP migrated toward the positive side
ofthe gel strip following DCA treatment, whereas it shifted toward the negative side in the control and rotenone treatment groups (Figure 6C). We
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Figure 4. Wide lactylation revealed on glycolytic enzymes

(A) A comprehensive diagram form of glycolysis process. Lactylated enzymes PFKP, ALDOA, GAPDH, and ENO1 were labeled in red. Abbreviations: GLU,
glucose; HK2, hexokinase 2; G6P, glucose 6-phosphate; GPI, glucose-6-phosphate isomerase; F6P, fructose-6-phosphate; FBP, fructose 1,6-bisphosphate;
G3P, glycerol-3-phosphate; DHAP, dihydroxyacetone phosphate; TPI, triose-phosphate isomerase; GAPDH, lyceraldehyde 3-phosphate dehydrogenase;
NAD+, nicotinamide adenine dinucleotide; 1,3BPG, 1,3-bisphosphoglyceric acid; PGK1, phosphoglycerate kinase 1; 3PG, 3-phosphoglyceric acid; PGAM1,
phosphoglycerate mutase 1; 2PG, 2-phosphoglyceric acid; ENO1, enolase 1; PEP, phosphoenol pyruvate; PKM, pyruvate kinase isozymes M1/M2; Pyr,
pyruvate; LDHA, lactate dehydrogenase A; Lac, lactic acid; ATP: adenosine 5'-triphosphate; ADP, adenosine diphosphate.

(B) ALDOA lactylation level is significantly higher in FHC cells than in SW480 cells based on MS data. Data represented with the mean + SEM. (n = 3 biological
replicates per group) and the p value was calculated with Wilcoxon rank-sum test.

(C) IP validation of ALDOA lactylation in FHC, SW480, SW620, and HCT116 cell lines. Lactylated ALDOA was detected by anti-Pan Kla antibody in FHC and
HCT116 cell lines. Lactylated ALDOA was not detected in SW480 and SWé620 cell lines.

(D) 2-DE of ALDOA in FHC and SW480 cell lines. ALDOA signal in FHC cells, shifted to the negative pole of the gel strip in comparison to that in SW480 cells.

further conducted the PFKP IP. The result showed that PFKP lactylation was reduced upon DCA treatment and was elevated upon rotenone treat-
ment (Figure S1B). These observations suggest that inhibiting endogenous lactic acid production decreases PFKP lactylation in FHC cells.

To determine whether PFKP activity is regulated by endogenous lactic acid levels, we tested PFKP enzyme activity following DCA and rote-
none treatments. The analysis revealed that PFKP activity was significantly enhanced with reduced PFKP lactylation upon DCA treatment,
whereas it was attenuated with increased PFKP lactylation upon rotenone treatment (Figure 6D). Collectively, these results support the notion
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Figure 5. Validation of PFKP lactylation in CRC cells and tissues

(A) Representative spectrum of PFKP Ké88la mark.

(B) PFKP lactylation level is statistically higher in FHC cells than in SW480 cells based on MS data. Data represented with the mean + SEM. (n = 3 biological
replicates per group) and the p value was calculated with Wilcoxon rank-sum test.

(C) IP validation of PFKP lactylation in FHC, SW480, SW620, and HCT116 cell lines. Lactylated PFKP was detected by anti-Pan Kla antibody in all cell lines. The
arrows indicate the PFKP bands detected by the PFKP antibody.

(D) 2-DE of PFKP in FHC and SW480 cell lines. PFKP signal in SW480 cells migrated to the positive side of the gel strip in comparison to that in FHC cells.

(E) IP validation of PFKP lactylation in CRC tissue. Lactylated PFKP was detected both in adjacent tissue and cancer tissue and PFKP lactylation level was
downregulated in the cancer tissue. The arrows indicate the PFKP bands detected by the PFKP antibody.

(F) Crystal structure of human PFKP (PDB: 4WLO0) with newly identified lactylation site K688la highlighted in red.

WCL

that PFKP activity is dramatically suppressed by PFKP lactylation, thereby establishing a negative feedback mechanism in FHC cells. This
implies that when the glycolysis pathway is overactivated and excessive lactic acid is produced, the activity of the upstream enzyme PFKP
is inhibited through lactylation, leading to a dampened glycolytic flux and decreased lactic acid levels.

DISCUSSION

Most cancer cells primarily rely on aerobic glycolysis to support rapid growth, proliferation, and biosynthesis of biomolecules, such as
nucleotides, amino acids and lipids.”®*? Aerobic glycolysis, a key metabolic feature of tumors, significantly affects gene expression, cellular
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Figure 6. PFKP lactylation directly attenuates enzyme activity

(A) Intracellular lactate level of FHC cells in control, 10 mM DCA and 10 nM Rotenone group. Data represent the mean + SEM. (n = 3 biological replicates per
group) and the p value was calculated by an unpaired two-tailed Student's t test.

(B) WB result presenting protein lactylation level in control, 10 mM DCA and 10 nM Rotenone group.

(C) 2-DE test of PFKP lactylation level in control, 10 mM DCA and 10 nM Rotenone group.

(D) PFKP activity in control, 10 mM DCA and 10 nM Rotenone group. Data represent the mean & SEM. (n = 3 biological replicates per group) and the p value was
calculated by an unpaired two-tailed Student's t test.

differentiation, and the tumor microenvironment (TME).**?" Glycolysis is regulated by various factors, including oncogenes, tumor suppres-
sors, non-coding RNAs, and metabolites.*”** Lactic acid, previously considered a byproduct of glycolysis, has been found to play a crucial
role in modulating diverse biological processes, including tumor initiation and progression, macrophage polarization, and T helper cell dif-
ferentiation.>>¢In 2019, it was discovered that lactic acid can induce a novel modification of histone proteins known as histone Iactylation.“’ In
this study, we investigate the lactylation profile and characteristics in SW480 CRC cells. In addition to histone lactylation, we identify lactylation
in non-histone proteins. We validate lysine lactylation in both histone and non-histone proteins. Furthermore, we uncover that a glycolysis/la-
PFKP/lactic acid negative feedback loop may exist in FHC cells.

Lysine acylations, including lysine lactylation, have emerged as crucial protein modifications in CRC. Previous studies have explored global
alterations of histone acetylation in CRC tissues.”” And non-histone protein acetylation has been linked to CRC invasion and metastasis.***’
Lysine lactylation, a novel form of lysine acylation, has garnered significant interest in the fields of macrophage polarization, infectious diseases,
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and tumorigenesis.’” Both histone and non-histone protein lactylation have been implicated in various pathophysiological processes, including
oncogenesis. However, a comprehensive analysis of global lysine lactylation in CRC cells and tissues has not been reported to date. In this
study, we employed quantitative proteomics and a pan-lysine lactylation antibody to investigate the overall lactylated proteome in SW480 cells.
A total of 637 lactylation sites in 444 proteins, spanning diverse cellular locations and biological functions, were identified. Among these, 22
lactylation sites in histone proteins were detected, including two novel histone lactylation sites (H3K12la and H4K8la) that were reported
and validated by WB for the first time in CRC cells. Additionally, we identified 440 non-histone proteins with 615 lactylation sites. Our findings
align with previous studies demonstrating the involvement of histone protein lactylation in disease development. For instance, Pan et al. re-
vealed that lactylation of H4K12 activated the transcription of glycolytic genes in macroglia, contributing to the pathogenesis of Alzheimer's
disease.”” Moreover, lactylation of H3K18 has been reported to activate the transcription of the méA binding protein YTHDF2, promoting
the degradation of tumor suppressor genes, PERT and TP53, thus elucidating a novel mechanism of histone lactylation in tumorigenesis.'”

In our study, the lactylation profile in SW480 cells exhibits that lactylation proteins are enriched in glycolysis, biosynthesis of amino acids,
DNA replication, nucleotide excision repair and spliceosome. Similar results were observed in AGS gastric cancer cells (a human gastric
adenocarcinoma cell line).?’ In hepatocellular cancer (HCC) tissues lactylation proteins were enriched in glycolysis, ribosome and pentose
phosphate pathway. However, proteins associated with fatty acid oxidation, glutamine metabolism, ATP metabolism were also lactylated
in HCC tissues rather than SW480 cells.”” This may be because the liver and colon have different biological functions. In addition to histone
lactylation, non-histone protein lactylation has also been implicated in various biological processes. However, due to the limited availability of
lactylation-specific antibodies, only a few studies have focused on non-histone protein lactylation. In the context of polymicrobial sepsis, lactic
acid was found to induce lactylation and acetylation of HMGB1, promoting its release from macrophages.”' However, the specific lactylation
sites in HMGB1 were not identified in that study. Another group analyzed the lysine lactylome in gastric cancer cells and suggested a potential
link between non-histone protein lactylation and tumor progression.”’ Similarly, proteome-wide analyses of lactylated sites have been con-
ducted in T. brucei and the plant fungal pathogen Botrytis cinerea.””"* However, these studies did not include experimental validation of
protein lactylation or investigation of underlying mechanisms.

In our study, in addition to presenting the comprehensive lactylated proteome, we identified lactylation sites in two glycolysis-associated en-
zymes, ALDOA and PFKP, in CRC. Specifically, ALDOA was found to be lactylated at K147, while PFKP exhibited lactylation at K688 (Figures 1E and
5A). To validate the lactylation of ALDOA and PFKP, we performed IP and two-dimensional gel electrophoresis. Our results, consistent with the
lactylome data, confirmed the presence of lactylation signals in PFKP both in vitro and in vivo. While previous studies have reported lysine lacty-
lation in ALDOA in various cell lines,” our work provides experimental evidence for lactylation in ALDOA and PFKP for the first time. Wan et al.
incorporated an engineered lysine at the 147 residue that was attached with lactic acid subgroup to investigate the function of ALDOA lactylation.
The result showed that the enzyme activity of lactylated ALDOA was reduced compared with wild-type ALDOA.?” Besides, wide lactylation on
glycolytic enzymes have also been observed in HCC.?" Studies by Yang et al. investigated lysine lactylation in HCC tissues and adjacent tissues,
revealing enrichment of lactylated proteins in glycolysis/gluconeogenesis pathways. They also demonstrated that lactylation of adenylate kinase 2
(AK2) at K28 contributes to energy disorder and HCC malignancy, although PFKP lactylation was not explored in their research. Our findings, on
the other hand, add ALDOA and PFKP to the growing list of non-histone protein lactylation events and suggest new functions of these proteins in
cancer development. It is highly likely that other non-histone proteins are lactylated in CRC, and further investigations will be necessary to identify
and characterize these lactylation events and their roles in regulating diverse cellular processes, such as tumor initiation and progression.

It has been suggested that many glycolytic enzymes such as PKM2, ALDOA, PFK, and LDHA, are tightly modulated by diverse PTMs, thereby
contribute to the Warburg effect and subsequently reprogram of cancer metabolism.* ¢ Recent studies have shown that c-Src phosphorylates
HK1 (hexokinase 1) (Tyr732) and HK2 (Tyré86), the rate-limiting enzymes of glycolysis, promoting tumor proliferation and growth.”’ Zhao et al.
demonstrated that lactylation of LDHA at K5 inhibits its activity, triggers lysosomal degradation through chaperone-mediated autophagy
(CMA), and reduces cell proliferation and migration in pancreatic cancer.”® Lee et al. previously reported that phosphorylation of PFKP at
Y64 enhances PI3K/AKT-dependent PFK1 activation and GLUT1 (glucose transporter type 1) expression, promoting the Warburg effect, tumor
cell proliferation, and brain tumorigenesis.”” It has been recently discovered that PFKP overexpression accelerated CRC cell growth and motility
by regulating cell cycle progression.”® Guan et al. constructed a chronic stress mouse model and showed that chronic stress enhanced GLUT1,
HK2, and PFKP expression, and promoted CRC progression in mice.”’ Our study revealed that reduced PFKP lactylation might increase the PFKP
enzyme activity in both SW480 cells and human CRC tissues, which may promote the aerobic glycolysis and consequently contribute to CRC
progression.

In our study, we observed that lactic acid-induced lactylation of PFKP suppresses its enzyme activity in FHC cells (Figure 6). We propose
that FHC cells utilize a negative feedback mechanism involving lactylation-dependent inhibition of the rate-limiting enzyme PFKP in the
glycolysis pathway (Figure S2), indicating the potential significance of dysregulated lactic acid/la-PFKP negative feedback loop in CRC initi-
ation. However, how PFKP lactylation level is reduced upon DCA treatment and the mechanism that PFKP enzyme activity is regulated by its
lactylation need further investigation. Meanwhile the specific lactylase responsible for lactylation of PFKP at K688 remains unidentified. Iden-
tification of such a lactylase would unveil crucial regulatory roles of PFKP lactylation in human cancer.

Limitations of the study

Our study has several limitations. Firstly, the mass spectrometry analysis was only performed on two cell lines. It would have been better if we
could have performed lactylomic analysis in more cell lines. Secondly, it would have been better if we had performed lactylomic analysis on
CRC tissue samples. Finally, the mechanism of PFKP lactylation in CRC needs to be further investigated.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-Pan Kla PTM BIO Cat# PTM-1401; RRID:AB_2868521
Rabbit polyclonal anti-H4K12la PTM BIO Cat# PTM-1411RM; RRID:AB_2941896
Rabbit polyclonal anti-H3K14la PTM BIO Cat# PTM-1414RM; RRID:AB_2941896
Rabbit polyclonal anti-H4K8la PTM BIO Cat# PTM-1415RM

Rabbit monoclonal anti-H3 PTM BIO Cat# PTM-1002

Rabbit polyclonal anti-B-actin

Rabbit polyclonal anti-ALDOA

Rabbit polyclonal anti-PFKP

Rabbit polyclonal anti-GAPDH

Mouse monoclonal anti-Alpha Tubulin
Rabbit IgG

HRP* Goat Anti Rabbit IgG (H+L)
HRP* Goat Anti Mouse IgG (H+L)
HRP* Mouse Anti-Rabbit IgG LCS

Proteintech
Proteintech
Proteintech
Proteintech
Proteintech
Proteintech
Immunoway
Immunoway

Abbkine

Cat# 20536-1-AP; RRID:AB_10700003
Cat# 11217-1-AP; RRID:AB_2224626
Cat# 13389-1-AP; RRID:AB_2252278
Cat# 10494-1-AP; RRID:AB_2263076
Cat# 66031-1-Ig; RRID:AB_11042766
Cat# B900610

Cat# RS0002

Cat# RS0001; RRID:AB_2943495
Cat# A25022; RRID:AB_2893334

Biological samples

Paired tumor, adjacent non-tumor colorectal Department of General Surgery, N/A
tissues from patients with CRC Xiangya Hospital

Chemicals, peptides, and recombinant proteins

DCA Selleck Cati# S8615
Rotenone Selleck Cati# 2348

Critical commercial assays

Lactic acid colorimetric assay kit

Jiancheng Bio

Cat# A019-2-1

PFKP activity kit Solarbio Cat# BC0535

EpiQuik Total Histone Extraction Kit Epigentek Cat# OP-0006-100

BCA quantification kit Vazyme Cat# E112-01

Deposited data

Proteogenomic data of FHC and SW480 cells This paper iProx Consortium: IPX0005142001
Experimental models: Cell lines

FHC ATCC N/A

SW480 ATCC N/A

SWé620 ATCC N/A

HCT116 ATCC N/A

Software and algorithms

MaxQuant 1.6.17.0 N/A https://www.maxquant.org/

Perseus 1.6.15.0 N/A https://www.maxquant.org/perseus/
clusterProfiler R package R project https://www.r-project.org/

MoMo 5.5.0 N/A https://memesuite.org/meme/tools/momo
Graphpad Prism 6.01 GraphPad Software https://www.graphpad.com/
ImageJ N/A https://imagej.net/

PyMol 2.5 N/A https://pymol.org/2/
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yongheng Chen
(yonghenc@163.com).

Materials availability

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

Data and code availability
Proteogenomic data of FHC and SW480 cells have been deposited at iProx Consortium: IPX0005142001 and are publicly available as of the
date of publication.

This paper does not report original code.

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

Clinical sample acquisition

The CRC samples used in the study were collected from the Department of General Surgery, Xiangya Hospital. Patients underwent primary
curative resection at Xiangya Hospital and received no prior anticancer treatments. The patients were all Han Chinese people. These primary
tumor tissues and paired non-cancerous adjacent tissues (>3 cm apart from tumor edge) were surgically resected, collected within 30 min
after operation, transferred to sterile freezing vials and snap-frozen in liquid nitrogen. The tissues were stored at —80°C before processed.
All patient samples were obtained with the hospital’s approval of the Xiangya Hospital Medical Ethics Committee of Central South University
in China with written informed consent provided by all participants.

Cell lines and cell culture

Cells (FHC, SW480, SW620 and HCT116) were all purchased from American Type Culture Collection (ATCC, USA). FHC is an intestinal epithe-
lial cell isolated from the large intestine of a 13-week-old embryo. SW480 and SW620 cells are isolated from the large intestine of a 51-year-old
male Dukes C colorectal cancer patient. SW480 is from the primary tumor while SW620 is from metastatic cancer, HCT116 cell line was isolated
from the colon of an adult male with colon cancer. HCT116 has a mutation in codon 13 of the ras proto-oncogene.

FHC and HCT116 were cultured in RPMI-1640 medium (Gibco, USA) containing 10% fetal bovine serum (NEWZERUM, New Zealand) and
1% penicillin/streptomycin (ECOTOP, China). SW480 and SW620 cells were cultured in Leibovitz's L15 medium (Gibco, USA) containing 10%
fetal bovine serum and 1% penicillin/streptomycin. The culture conditions for FHC and HCT116 were 37°C, 5% CO,, and 95% humidity. The
culture conditions for SW480 and SWé20 were 37°C, air and 95% humidity. The cells were authenticated using short tandem repeat (STR)
method.

METHOD DETAILS

Protein extraction and tryptic digestion

FHC and SW480 cells were washed three times with phosphate buffer saline (PBS) and lysed in lysis buffer (6M Urea, 2M Thiourea, 100 mM
ammonium bicarbonate, pH 8.0) supplemented with protease inhibitor cocktail (Targetmol, C0001) followed by 1min of sonication (1s on and
5 s off, amplitude 20%). The lysate was centrifuged at 14000g for 30 min, and the supernatant was collected as whole cell extract. The protein
concentration was determined by Bradford assay. The extracted proteins were reduced in 10 mM dithiothreitol (DTT) at 37°C for 60 min and
then alkylated in 50 mM iodoacetamide (IAA) at room temperature for 45 min in darkness. The lysate was diluted with 100 mM ammonium
bicarbonate and the concentration of urea was reduced to less than 1 M. Samples then went through trypsin (Promega, V5111) digestion
(enzyme-to-substrate ratio of 1:50 at 37°C for 18 hours) followed by desalting through SepPak C18 cartridges (Waters, MA) and vacuum-dried
by Speed Vac.

Lactylated-peptide enrichment

For lactylated-peptide enrichment, desalted peptides were dissolved in NETN buffer (100 mM NaCl, T mM EDTA, 50 mM Tris-HCI, 0.5% NP-
40, pH 8.0) and incubated with polyclonal anti-Pan Kla antibody (PTM BIO, PTM-1401) at 4°C overnight on a vertical mixer. Then the protein
A/G PLUS-Agarose (SANTA CRUZ, sc-2003) was added after washed with PBS for three times. The incubation went for another 4 hours. Then
the agaroses were washed with NETN buffer, ETN buffer (100 mM NaCl, T mM EDTA, 50 mM Tris-HCI, pH 8.0) and H,O for 3 times each. The
conjugated peptides were eluted from the agarose with 0.1% trifluoroacetic acid, went through peptide quantification using a Quantitative
Colorimetric Peptide Assay (Thermo Fisher, 23275) and vacuum-dried subsequently. Then the samples were desalted with C18 ZipTips (Milli-
pore) according to the manufacturer’s instructions.
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LC-MS/MS analysis

Peptide samples were analyzed on an Ultimate 3000 LC system (Thermo Fisher Scientific, Waltham, MA) coupled with an LTQ Orbitrap Elite
mass spectrometry (Thermo Fisher Scientific, Waltham, MA). Peptides were resuspended in mobile phase A (2% ACN and 0.1% formic acid)
and loaded onto an Acclaim™ Pepmap™ 100 C18 preconcentration column (150 um X 20 mm; Thermo Fisher Scientific) in front of an
Acclaim™ Pepmap™ 100 C18 nano column (75 pm X 150 mm; Thermo Fisher Scientific).

Peptides were separated onto the analytical column with a 60 min gradient (buffer A: 0.1 % Formic acid in water; buffer B: 0.1 % Formic acid
in 90 % ACN) at a constant flow rate of 300 nL/min (0-50 min, 5 to 45 % of buffer B; 50-55 min, 45% to 80% buffer B; 55-60 min, 80% of buffer B).
The eluted peptides were ionized under 2 kV and introduced into mass spectrometry. Mass spectrometry was operated under a data-depen-
dent acquisition mode. For the MS1 full scan, ions with m/z ranging from 350 to 1500 were acquired by Orbitrap mass analyzer at a high res-
olution of 120,000. The automatic gain control (AGC) was set as 5 X 105. The maximal ion injection time was 50 ms. MS2 acquisition was per-
formed in a top-speed mode and the duty cycle time was 3 s. Precursor ions were selected and fragmented with higher energy collision
dissociation (HCD) with normalized collision energy of 32%. Fragment ions were analyzed by ion trap mass analyzer with AGC at 7000.
The maximal ion injection time of MS2 was 35 ms and the dynamic exclusion was 60 s.

Peptide identification and protein quantification

Raw files were processed using the MaxQuant computational platform (version 2.1.3.0). Peak lists were searched against Uniprot human data-
base (10/2021). The search engine set cysteine carbamidomethylation as a fixed modification and N-acetylation, oxidation of methionine,
lactylation of lysine as variable modifications and mis-cleavages was set to 2. The match-between-runs option was selected. Peptides with
a length of at least seven amino-acids were considered and the FDR was set to 1% at the peptide and protein level. Protein identification
required at least 2 unique or razor peptides per protein. Relative protein quantification in MaxQuant was performed using the label-free quan-
tification (LFQ) algorithm. Statistical analysis (n = 3) was performed using the R statistical package. Only sample groups with at least 2 valid
values were used. Protein contaminants and proteins identified by <2 peptides were excluded from the analysis. MS/MS raw files, as well as
results of MaxQuant analysis were deposited to the iProx Consortium with the dataset identifier: IPX0005142001.

Bioinformatic analysis

Wilcoxon rank-sum test was used to identify proteins with significantly different expression between groups. KOG and KEGG analyses were
performed using the clusterProfiler R package. Items from KOG, KEGG with p-value < 0.05 were considered significantly enriched. Only lac-
tylated peptides with localization prob > 0.75 were used in the subsequent analysis. The peptides were aligned and extended to a width of 15
amino acids using customed R script. The aligned peptides were used to extract motifs using MoMo (motif-x algorithm, https://meme-suite.
org/meme/tools/momo); the probability threshold was set to p-value <107>; the default Uniprot Human Proteome dataset (https://www.
uniprot.org) was used as the background dataset. Enrichment was determined using default settings (significance level 0.05). Subcellular
localization was analyzed using Uniprot database.

Histone extraction

Histones extraction was performed using the EpiQuik Total Histone Extraction Kit according to the manufacturer’s instructions (Epigentek,
OP-0006-100). Briefly, cells were collected and resuspended in pre-lysis buffer containing protease inhibitor cocktail (Targetmol, CO001). The
cells were lysed on ice for 10 min with gentle stirring, followed by centrifugation at 10,000 g for 1 min at 4°C. Then the supernatant was
removed and the cell pellet was re-suspended in lysis buffer and incubated on ice for 30 min. Then centrifuged at 12,000 rpm for 5 min at
4°C and balance buffer was added into the supernatant fraction. The histone protein was quantified with Bradford assay and prepared for
western blotting.

Western blotting (WB)

Extraction of cell proteins was performed as previously described. The proteins were boiled with SDS-PAGE loading buffer (CWBIO, CW0027)
for 5 min. After denaturation, equal amounts of protein in the lysates were separated by SDS-PAGE and then transferred to a polyvinylidene
fluoride (PVDF, Millipore) membrane. The membranes were blocked with 5% non-fat milk in phosphate buffer saline containing 0.1% Tween-
20 (PBST) for 1 h at room temperature followed by incubation with the indicated primary antibodies at 4°C overnight. After washes with PBST
three times, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies. The target proteins were
detected using a hypersensitive chemiluminescent (ECL) western HRP substrate and visualized with GeneSys (Syngene, USA).

Immunoprecipitation (IP)

For cell proteins, the cells were lysed in 1 % Triton-X100 (Sigma Aldrich, 9036-19-5) lysis buffer containing protease inhibitor cocktail. The pro-
tein was sonicated for 1 min (1s on and 5 s off, amplitude 20%) followed by centrifugation at 12,000 g for 20 min at 4°C. The supernatant was
collected and determined by a BCA quantification kit (Vazyme, E112-01). For CRC tissue protein extraction, the tissues were lysed with RIPA
(Radio Immunoprecipitation Assay) lysis buffer (Beyotime, PO013B) containing protease inhibitor cocktail. In brief, tissues were washed with
saline (0.9% sodium chloride) three times and then were lysed by RIPA buffer. The tissue samples were lysed using a tissue cell-destroyer ac-
cording to the manufacturer’s instructions (NewZongKe, DS1000). Then the tissue protein was sonicated for 1 min (1s on and 5's off, amplitude
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20%) followed by centrifugation at 12,000 g for 20 min at 4°C. The supernatant was collected and determined by BCA quantification assay. The
proteins were incubated with corresponding antibodies at 4°C overnight on a vertical mixer. Then the protein A/G PLUS-Agarose (SANTA
CRUZ, sc-2003) was added after washed with PBS for three times. The incubation went for another 4 hours. Then the agaroses were washed
with 1 % Triton-X100 buffer (cell proteins) or RIPA buffer (tissue proteins) for 5 times. Then the agarose was boiled with SDS-PAGE loading
buffer and followed by western blotting.

Two-dimensional gel electrophoresis (2-DE)

Cells (1%10° were resuspended in 150 ul rehydration buffer (8 M Urea, 2% CHAPS, 0.5% IPG Buffer, 0.002% bromophenol blue) and three
pulses of sonication (10s on and 15s off, amplitude 20%). Cell lysates were centrifugated at 14,000 g and 4°C for 20 min. Centrifuged cell
lysates were loaded to isoelectric focusing (IEF) strips (GE Healthcare) for first-dimension electrophoresis with a program comprising: 20
V, 10 h (rehydration); 100V, 1 h; 500V, 1 h; 1000V, 1 h; 2000V, 1 h; 4000V, 1 h; 8000V, 4h. After IEF, strips were incubated in SDS equilibration
buffer (50 mM Tris-HCI [pH8.8], 6 M urea, 30% glycerol, 2% SDS, 0.001% bromophenol blue) containing 10 mg/ml DTT) for 15 min and SDS
equilibration buffer containing IAA for 15 min. Strips were washed with SDS-PAGE buffer, resolved by SDS-PAGE, and analyzed by
immunoblotting.

Intracellular lactic acid determination and PFKP activity assay

The intracellular lactic acid levels were analyzed using a lactic acid colorimetric assay kit (Jiancheng Bio, A019-2-1) according to manufacturer’s
instructions. The PFKP activity was tested using a PFKP activity kit (Solarbio, BCO535) according to manufacturer’s instructions. The data were
analyzed in GraphPad Prism 6 with corresponding statistical approaches.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and statistical analysis were conducted in GraphPad Prism 6. Two groups were compared with Prism software (GraphPad 6)
using a two-tailed unpaired Student's t-test. The statistical significance is indicated as asterisks (*). A 2-sided P value of < 0.05 was considered
statistically significant (*P < 0.05, **P < 0.01, ***P < 0.001).
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