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Aberrant lysine lactylation (Kla) is associated with various diseases which are caused by
excessive glycolysis metabolism. However, the regulatory molecules and downstream
protein targets of Kla remain largely unclear. Here, we observed a global Kla abundance
profile in colorectal cancer (CRC) that negatively correlates with prognosis. Among
lactylated proteins detected in CRC, lactylation of eEF1A2K408 resulted in boosted
translation elongation and enhanced protein synthesis which contributed to tumori-
genesis. By screening eEF1A2 interacting proteins, we identified that KAT8S, a lysine
acetyltransferase that acted as a pan-Kla writer, was responsible for installing Kla on
many protein substrates involving in diverse biological processes. Deletion of KAT8
inhibited CRC tumor growth, especially in a high-lactic tumor microenvironment.
Therefore, the KAT8-eEF1A2 Kla axis is utilized to meet increased translational require-
ments for oncogenic adaptation. As a lactyltransferase, KAT8 may represent a potential
therapeutic target for CRC.

lactylation | protein synthesis | colorectal cancer | lactyltransferase

Lactate is a by-product of aerobic glycolysis (Warburg effect) but has also been reported
to play a role in epigenetic modification (1). It acts as a precursor leading to the addition
of lactyl groups to the e-nitrogen of a lysine side chains in protein substrates named
lysine lactylation (Kla), in particular on histones. Kla directly modulates gene transcrip-
tion from chromatin. Physiologically, histone modified by Kla has been shown to be
involved in immune cell homeostasis (2, 3), stem cell differentiation, and early embry-
onic development (4). Pathologically, elevated histone Kla modification is correlated
with ulcerative colitis (2), lung fibrosis (5), sepsis (6), systemic lupus erythematosus,
and ocular neoplasm (7). Most studies reporting about Kla are limited to the nucleus,
especially on histones related to balancing the gene transcriptional activation and sup-
pression, thereby contributing to disease initiation and development. Although emerging
evidence has shown the existence of Kla on a diverse spectrum of cellular proteins by
profiling the whole lactylome in hepatocellular carcinoma (8, 9), few are focused on
the underlying mechanisms of cellular functional changes mediat (ed by lactylation.
Functional studies of Kla-modified proteins or pathways require knowledge of their
catalytic enzymes (writers and erasers) and substrates. It is found that overexpression
or depletion of the acyltransferase p300 can increase or decrease histone Kla levels in
cells, indicating that p300 is a potential histone Kla writer (1). Screening of 18 mammals’
lysine deacetylases has revealed that histone deacetylase 1-3 have delactylase capacity to
remove Kla from histones (10). Despite these findings, little is known about the regu-
latory elements of global lactylation.

Lactate release in malignancies is significantly increased as compared to peripheral tissue
(11). Excess lactate creates an acidic tumor microenvironment (TME) due to enhanced
glycolysis metabolism in tumors. High concentrations of lactate are positively correlated
with nodal or distant metastases and poor survival in various cancers (12). Lactate promotes
tumor growth in multiple ways, not only by representing an energy source for tumor cells
but also by reprogramming the TME. On one hand, lactate can be directly absorbed and
metabolized by tumor cells to fuel the TCA cycle and regulate hypoxia responses and mitosis
(13). On the other hand, lactate has been reported to create an immunosuppressive TME
by repolarizing tumor-associated macrophages, up-regulating PD-1 on T cells, and inhibiting
antigen presentation on dendritic cells (14). The identification of lactylation further broadens
and highlights the role of lactate in oncogenesis. Kla could act as a crucial bridge connecting
tumor metabolism, cancer development, and potential patient outcome.

Elongation factor 1 alpha (eEF1A) is one of the most abundant and evolutionarily con-
served proteins in the eukaryotic proteome (15). As a regulator of translational elongation,
¢EF1A promotes the binding of ribosomes to aminoacyl tRNA during protein synthesis
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Significance

Lysine lactylation (Kla) is a
posttranslational modification that
links cellular metabolism to
epigenetic regulation. This is
relevant for many tumors that thrive
in an acidic environment containing
high levels of lactic acid due to
excessive glycolysis. Through the
protein lactylome analysis of human
colorectal cancer tissues and cancer
cell lines, we identified the
translation initiation factor eEF1A2
(Elongation factor 1 alpha) to be
hyperlactylated, leading to
enhanced translation activity. The
eEF1A2 lactylation-mediated
increase in protein synthesis
contributes to oncogenic
adaptation. Additionally, we
identified a lactyltransferase, KATS,
among the eEF1A2-interacting
proteins, capable of lactylating
multiple oncogenic proteins. Our
study may pave the way for a
strategy to suppress cancer cells
within the high-lactic tumor
microenvironment by employing
KAT8 inhibitors.
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(16). There are two isoforms of eEF1A in mammalian cells, eEEF1A1
and eEF1A2, which possess 98% similarity in amino acid levels but
show different expression patterns. It is known that eEF1A2 involves
in tumorigenesis and cancer development (17). Reactivation of
eEF1A2 stimulates phospholipid signaling and promotes
Akt-dependent cell migration and actin remodeling that ultimately
favors tumorigenesis (18, 19). Moreover, eEF1A2 promotes tumor
progression via posttranslational modification (PTM) (15). For
instance, eEF1A2 methylation serves as a mechanism employed by
malignancies to adapt to their augmented translational requirements
(20). Since PTMs are efficient and low-cost approaches to govern
protein function, it is interesting to examine whether there are other
PTMs involved in eEF1A2-mediated oncogenic regulation.

In this study, we observed up-regulated global Kla levels in CRC
(colorectalcancer), which associated with poor disease prognosis.
Among the CRC lactylome profile, we revealed eEF1A2 lactyla-
tion contributing to elevated protein synthesis, thereby facilitating
tumor growth. By exploring regulators of the eEF1A2 lactylation,
KAT8 was identified as a global lactyltransferase. Given that many
KAT8-catalyzed Kla substrates located within tumorigenic path-
ways, genetical and pharmacological depletion of KATS signifi-
cantly decreased global Kla levels and inhibited tumorigenesis in
the CRC mouse model with a high-lactic (LA) TME. Our data
uncovered a Kla-mediated mechanism of tumor adaptation to
aberrant translational necessities and identified KAT8 as a Kla
writer that could be targeted in cancer treatment.

Results

Elevated Global Lactylation is Associated with an Unfavorable
Prognosis for Tumor Progression and CRC Patients. The Warburg
effect is a hallmark of cancer (21). Its by-product lactate has been
considered as a prognostic indicator for CRC patients (22-24).
Since lactate has been recently considered as a substrate for protein
Kla, we explored the relevance of Kla to tumor development
and patient prognosis. We checked global Kla levels in CRC
tissues and their clinical correlation by performing multiple
immunofluorescence (IF) staining analysis of a tissue microarray
(TMA) consisting of 100 CRC cases (Fig. 14 and SI Appendix,
Fig. S1A4 and Table S1). Higher global Kla level in tumors was
correlated with the aggressiveness of cancer and patient poor
prognosis (Fig. 1 B and C). Furthermore, we found increased
global Kla presented in tumor samples compared to the adjacent
normal tissues (Fig. 1 D and £ and SI Appendix, Table S2). In
concert with the observation in human tissues, global Kla levels
were higher also in CRC cell lines (CACO2, HCT116, LS174T,
SW480, and LOVO) than in nontransformed intestinal epithelial
cell lines (NCM460 and CCD841) (Fig. 1F). Together, these data
suggest a potential link between increased global Kla levels and
CRC pathogenesis.

We then explored whether tumorigenic Kla levels depended on
intracellular lactate levels. Glycolysis inhibitors (2 deoxy-D-glucose
(2-DG) and dichloroacetate (DCA)) significantly reduced intra-
cellular lactate production and global Kla levels in a dose-dependent
manner in CRC cells (Fig. 1G and S/ Appendix, Fig. S1B).
Correspondingly, glycolysis inhibitors suppressed CRC cell pro-
liferation (Fig. 1H). Given that 2-DG and DCA may exert other
effects to cells except for suppressing lactate production and reg-
ulating Kla levels, we tried to simultaneously silence LDHA and
LDHB to attenuate lactate production in HCT116 cells
(SI Appendix, Fig. S1C). Decreased intracellular lactate production
by silencing LDHA and LDHB led to reductions of cellular pro-
liferation and Kla levels while adding sodium lactate (Nala) to
the cell culture system could replenish the reduced cellular
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proliferation and Kla levels (S Appendix, Fig. S1 D and E). These
findings indicate that lactylation involves in the mechanism by
which lactate regulates cell proliferation. We further examined the
localization of Kla-modified proteins in human tumor samples
and CRC cell lines and found lactylated proteins existed not only
in the nucleus but also in the cytoplasm (Fig. 1 /-K). These results
signify that lactate production is a key determinant of Kla, and
elevated lactylation may contribute to CRC tumorigenesis and
progression.

eEF1A2 Is Hyperlactylated in CRC. To reveal the lactylated proteins
in CRC, we analyzed the lactyl-proteome of seven paired biopsies
derived from CRC patients using tandem mass spectrometry
analysis (LC-MS/MS) (25). A wide protein lactylation landscape
of 1,254 sites were detected in 1,230 modified peptides belonging
to 859 proteins (Fig. 24 and Dataset S1). Notably, Kla-modified
proteins not only confined to the nucleus but also to the cytoplasm,
mitochondrion, and the endoplasmic reticulum. This distribution
suggested that in addition to the well-known modification on
histones, Kla also targets nonhistone substrates in various cellular
compartments (Fig. 2B). Gene ontology (GO) enrichment and
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis
further confirmed that Kla functioned broadly by modifying
proteins in both the nucleus and cytoplasm (87 Appendix, Fig. S2
A and B).

Various up-regulated and down-regulated protein lactylation
sites were observed in cancer tissues as compared to normal tissues
(Fig. 2C). We performed GO enrichment analysis among them
to determine the roles of these differentially lactylated proteins.
Notably, many up-regulated-lactylation protein sites were found
to be involved in translation, indicating that Kla may regulate
protein synthesis in CRC (Fig. 2D). A strong colocalization
between Kla and ribosome complexes where RNA was translated
into protein also provided supportive evidence to this inference
(SI Appendix, Fig. S2C). Using the Search Tool for the Retrieval
of Interacting Gene/Proteins (STRING) database (26), we visu-
alized protein—protein interaction networks among the differen-
tially lactylated proteins (Fig. 2E). Considering the differential
levels of lactylated proteins between tumor and para tissues as well
as the protein—protein interaction networks involving proteins
regulating translation, we thus focused on the lactylation of
¢EF1A2 (log, fold change 1.97, P < 0.05), a classical mRNA
translation factor, to investigate how Kla may modulate protein
translation, potentially relevant for CRC pathology.

To this end, we performed ex vivo validation of eEF1A2 lactyl-
ation from the CRC lactylome data. IF staining showed colocal-
ization of the Kla modification and eEF1A2 in CRC cells (Fig. 2F).
Immunoprecipitation (IP) of endogenous and exogenous eEF1A2
was performed in cellular extracts from wild-type or Flag-
eEF1A2-expressed CRC cell lines with anti-eEF1A2 and anti-Flag
antibody, followed by WB with an antibody against pan-Kla. We
detected strong lactylation of both exogenous and endogenous
eEF1A2 in CRC cells in the presence of Nala (Fig. 2 G-1). In
accordance with the IF staining, these data further confirmed the
occurrence of lactylated eEF1A2 in CRC cells.

Lactylation of eEF1A2 Promotes Tumor Cell Proliferation. LC—
MS/MS analysis of CRC biopsies revealed that lysine residue 408
was the major lactylation site of eEF1A2 (Fig. 34). Sequence
analysis of eEF1A2 implicated that K408 was a highly conserved
site from Saccharolobus solfataricus to Homo sapiens (S Appendix,
Fig. S3A). Because arginine (R), as a conservative substitute to
K, may cause minimal structural change and retain positive
charge, the K-R mutations are commonly used to mimic lysine
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Fig. 1. Elevated global lactylation is associated with an unfavorable prognosis for tumor progression and CRC patients. (A) Representative multiplexed
immunostaining images of pan-Kla and CEA in CRC. (Scale bars, 100 pm.) (B) Kaplan-Meier curves of time for recurrence-free survival showing the difference
between CRC patients with low and high Kla levels. n = 100. The log-rank P value is denoted for differences. (C) Kla levels in patients at American Joint Committee
on Cancer (AJCC) stages T1 to T4; n = 100. (D) Representative IF staining for Kla in paired CRC samples; n = 28. (Scale bar, 100 pm.) The Right panel represents
relative Kla levels quantified using Image]. Para, para-carcinoma tissue. (E) Kla levels were detected in Para and tumor tissues (T) by western blotting (WB). (F) Kla
levels were detected in intestinal cell lines and CRC cell lines by WB. (G) Kla levels were detected in HCT116 and SW480 cells treated with different concentrations
of 2-DG or DCA for 24 h by WB. (H) Real-time cell proliferation assay of HCT116 and SW480 cells treated with different concentrations of 2-DG or DCA for 96 h.
(/) Kla levels were detected in CRC cell lines by IF staining. (Scale bar, 10 um.) (/) Cellular fractionations of CRC patients’ colonic tissues were analyzed by WB; Cyto,
cytoplasm; N, nuclear. (K) Cellular fractionations of HCT116 and SW480 cells were analyzed by WB. *P < 0.05; **P < 0.01; ***P < 0.001. Analyses were performed
using unpaired, two-tailed Student’s t test (C, D, and H). Data are shown as means + SD.

acylation defects (27-29). To examine whether K408 was the ~ found the K408R mutant resulted in significantly decreased Kla
main lactylation site of eEF1A2, we created a protein delactylated especially in the presence of Nala (Fig. 3B). We further examined
mimetic of eEF1A2 by mutating the site 408 from K to R and ~ whether the K-R mutation at the 408 site herein altered the
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Fig. 2. eEF1A2is hyperlactylated in CRC. (A) The number of Kla-modified sites, peptides, and proteins identified from CRC patient samples. (B) Sunburst chart
representing the subcellular distribution of Kla-modified proteins. (C) Volcano plot showing the lactylome changes in CRC tissues compared to the adjacent
normal tissues. (D) Chord plot showing the relationship between up-regulated and down-regulated Kla-modified protein sites identified from differentially
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Data are shown as means + SD, **P < 0.01, ***P < 0.001; unpaired, two-tailed Student's t test.
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(G) or wt-eEF1A2 (H) or delac-eEF1A2 (/) overexpressed HCT116 cells in the presence of NalLa treated with harringtonine for 0 s and 180 s before harvest. (J-L) The
areas under curve of control vector (/) or wt-eEF1A2 (K) or delac-eEF1A2 (L) overexpressed HCT116 cells in the presence of NaLa under the subpolysome (40S,
60S, and 80S). Polysome sections were quantified and expressed as a percentage of their sum. (M) Ribosome run-off rates of control vector or wt-eEF1A2 or
delac-eEF1A2-overexpressed HCT116 cells in the presence of NaLa. This run-off rate represents the shift in S:P between the two time points, which is proportional
to elongation speed. (N) Protein production levels were detected by SUnSET assays in control (si NC plus control vector) or eEF1A1/2-depleted HCT116 cells
overexpressed with control vector or wt-eEF1A2 or delac-eEF1A2 in the presence of NaLa. The Right panel represents WB quantification. (0) HPG incorporation
assay in control (sh NC plus control vector) or eEF1A1/2-depleted HCT116 cells overexpressed with wt-eEF1A2 or delac-eEF1A2 in the presence of NalLa. (Scale
bar, 20 pm.) *P < 0.05; **P < 0.01; ***P < 0.001; n.s., no significance. Analysis was performed using unpaired, two-tailed Student’s t test (B, E, M, and N) and
two-way ANOVA (C and D). Data are shown as means + SD.
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protein structure of eEF1A2 (Uniprot. Q05639). We predicted
the structure of eEF1A2K408R mutation using AlphaFold
(SI Appendix, Fig. S3 B, Middle, light green). We superimposed the
different eEF1A2 structures (with or without K408R mutation)
onto the mammalian ribosomal elongation complex (PDB: 5LZS)
and compared the mutant structure with the original one. We
found that there were no gross conformational changes between
these two structures (S Appendix, Fig. S3 B, Right). The root
mean square deviation, which is a popular measure of structural
similarity between protein structures, is 0.8 A, also indicating the
highly similarity of these two structures. There is another cryo-
EM structure of extended eEF1A2 bound to the ribosome in the
classical pre+ state (PDB: 8B6Z). The cryo-EM structure of this
complex revealed that the K408 site of eEF1A2 in the classical pre+
state located on the protruded side chain (S Appendix, Fig. S3C),
which suggested that the K-R mutation at this site may not alter
the overall configuration as well. Besides R, we explored alanine
(A) for K408 mutation and found that the K408A variant yielded
similar results as compared to K408R (S7 Appendix, Fig. S3D).
Considering the high similarities in charges and structures between
K and R while the significant differences in side chain properties
between K and A, K408R mutation was used for mimicking
eEF1A2 delactylation in the subsequent functional experiments.
We then examined whether the up-regulated lactylation of
eEF1A2K408 (eEF1A2K408la) in cancer cells has a potential role
in oncogenesis. We first depleted endogenous eEF1A1 and
eEF1A2 to avoid mutual compensation of the eEF1A isoforms in
HCT116 cells and found that the depletion reduced cellular pro-
liferation. Exogenous expressions of either wild-type ¢eEF1A2
(wt-eEF1A2) or delactylated eEF1A2, 4o mutant (delac-eEF1A2)
modestly potentiated the proliferation of eEF1A1/2-depleted
HCT116 (HCT116-sh eEF1A1/2) cells under normal culture
conditions (S7 Appendix, Fig. S3E). In the presence of NaLa, over-
expression of wt-eEF1A2 significantly restored the compromised
eEF1A1/eEF1A2-depleted cell proliferation, whereas overexpres-
sion of delac-eEF1A2 had only moderate impact on cell prolifer-
ation regardless of lactic conditions (Fig. 3C and S/ Appendix,
Fig. S3E). To assess the oncogenic role of eEF1A2K408la in vivo,
we subcutaneously injected HCT116-sh eEF1A1/2 + wt/delac-
eEF1A2 cells into nude mice fed with high fructose corn syrup
(HECS) (SI Appendix, Fig. S3F). It is reported that HFCS admin-
istration can be used to create a high-LA TME in vivo (30). And
we did observe increases in tumoral lactate levels in mice fed with
HCES (81 Appendix, Fig. S3G). Consistent with observations
in vitro, reduced tumor development of eEF1A1/2-depleted cells
was only restored by overexpression of wt-eEF1A2, but not
delac-eEF1A2 in mice under high-LA TME (Fig. 3D and
SI Appendix, Fig. S3H). Our data demonstrate that eEF1A2K408la
promotes CRC cell proliferation both in vitro and in vivo.

Lactylation of eEF1A2 Mediates Enhanced Protein Synthesis
in Cells. Since ¢EF1A2 is an essential GTPase responsible for
recruiting aminoacyl-tRNA (aa-tRNA) to the ribosomal A-
site during protein synthesis, we explored whether lactylation
modulates its GTPase activity during translation elongation.
We first purified wt-eEF1A2 and delac-eEF1A2 proteins from
293T cells in the presence of Nala (8] Appendix, Fig. S31) and
subjected them to an in vitro guanosine triphosphate (GTP)
hydrolysis assay. The velocity of phosphate formation catalyzed
by ¢EF1A2 in the K408 lactylated state was almost equivalent
to that in the delactylated state, indicating that K408 lactylation
did not change the basal GTPase activity of eEF1A2 (Fig. 3£
and SI Appendix, Fig. S3]). Notably, upon aa-tRNA stimulation,
the catalytic efliciency of eEF1A2 was significantly higher in the
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K408 lactylated state as compared to the delactylated state (Fig. 3£
and SI Appendix, Fig. S3)). These results suggest that eEF1A2
K408 lactylation increases its GTPase activity under aa-tRNA
stimulation, which may boost translation elongation and thereby
increases protein synthesis.

We then conducted a harringtonine run-off assay to measure the
rate of transitional elongation in cells reconstituted with wt/delac-
eEF1A2 (31, 32) (Fig. 3F). After treatment with harringtonine for
3 min, which blocked translation initiation, a 1.5-fold decrease in
ribosome run-off was observed in delac-eEF1A2 overexpressing cells
compared to the wt-eEF1A2 ones in the presence of Nala (Fig. 3
G-M). These results emphasized the significance of eEF1A2K408la
in maintaining elongation rates in tumor cells. To measured the pro-
tein synthesis efficacy in HCT116-sh eEF1A1/2 +wt/delac-eEF1A2,
we performed surface sensing of translation (SUnSET) assay (33).
Depletion of eEF1A1 and eEF1A2 diminished protein synthesis in
HCT116 cells (Fig. 3N and SI Appendix, Fig. S3L). Both wt-eEF1A2
and delac-eEF1A2 overexpression in eEF1A1/2-depleted cells mod-
erately restored protein synthesis under normal culture conditions
(SI Appendix, Fig. S3 L and M). Notably, cells reconstituted with
wt-eEF1A2 exhibited more protein synthesis than the cells comple-
mented with delac-eEF1A2 in the presence of Nala (Fig. 3/V and
SI Appendix, Fig. S3K). To avoid potential biases associated with
puromycylation approaches, we detected nascent protein synthesis
by Click-iT reaction in cancer cells fed with amino acid (aa) analog
L-homopropargylglycine (HPG) (34, 35). Compared to wt-eEF1A2
overexpressed cells, lower HPG incorporation in delac-eEF1A2 over-
expressed cells was observed, indicating decreased protein synthesis
caused by delactylation of eEF1A2 (Fig. 30 and SIAppendix,
Fig. S3N). These data suggest that consistent with the oncogenic
impact, eEF1A2K408la stimulates translation elongation and there-
fore enhances protein synthesis in CRC cells.

Identification of KAT8 as an eEF1A2 K408 Lactyltransferase.
To identify the regulators of eEF1A2 lactylation, we performed
immunoaffinity purification and subsequent LC-MS/MS in
eEF1A2-overexpressed HCT116 cells for potential eEF1A2
interactors (Fig. 44 and Dataset S2). There are four eEF1A2
potential interactive acetryltransferases—DLAT, NAT10, NAA10,
and KAT8—which could be the regulators of eEF1A2 lactylation.
We overexpressed these four proteins, respectively, in HCT116
cells and validated their interactions with ¢eEF1A2 (Fig. 4B and
SI Appendix, Fig. S4A). IP analysis showed that compared to the
control cells, the Kla level of eEF1A2 was significantly increased
only in the KAT8-overexpressed cells, indicating that only KATS8
but not DLAT, NAT10, and NAA10 exhibited high Kla writer
activity against eEF1A2 (Fig. 4B and SI Appendix, Fig. S4A).
Moreover, knockdown of KAT8 markedly reduced the lactylation
level of eEF1A2 (Fig. 4C). Co-IP analysis revealed a strong and
specific association between KAT8 and endogenous eEF1A2 or
exogenous Flag-tagged eEF1A2 but not eEF1A2 proteins harboring
a K408R substitution (Fig. 4D and ST Appendix, Fig. S4B). The
cytoplasmic colocalization of eEF1A2 and KAT8 in CRC cells
further confirmed the interaction (SI Appendix, Fig. S4C). To
investigate whether KATS8 directly transfers the lactyl group of
lactyl-CoA to eEF1A2, we carried out an in vitro lactylation assay
by incubating purified GST-eEF1A2/eEF1A2, 05z and KATS8 in
the presence of lactyl-CoA. A strong lactylation of GST-eEF1A2
but not GST-eEF1A2; s was observed in the mixture of purified
KAT8 and lactyl-CoA (Fig. 4E), indicating that KAT8 directly
mediates eEF1A2 lactylation in K408.

Next, we examined whether KAT8 mediates eEF1A2 lactylation-
enhanced protein synthesis and tumor growth. KAT8 was knocked-
down in eEF1A1/2-depleted HCT116 cell overexpression of either
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Fig. 4. Identification of KAT8 as an eEF1A2 K408 lactyltransferase. (A) Schematic diagram of identifying eEF1A2-interacting acetyltransferase using IP in
combination with MS. (B) Kla levels of eEF1A2 in HCT116 cells transfected with indicated plasmids. The WCE were used for IP with an anti-Flag antibody, followed
by WB for indicated targets. The Right panel represents WB quantification. (C) Kla levels of eEF1A2 in control vector or Flag-eEF1A2-overexpressed HCT116 cells
transfected with scramble (sh NC) or KAT8-targted shRNAs. The WCE were used for IP with an anti-Flag antibody, followed by WB for indicated targets. The Right
panel represents WB quantification. (D) Interaction between eEF1A2 and KAT8 in HCT116 stably expressing control vector or Flag-eEF1A2 or Flag-eEF1A2y 05z Was
detected by Co-IP. (E) In vitro eEF1A2 lactylation assay. Purified GST-eEF1A2 or GST-eEF1A2,,405; Was incubated with recombinant KAT8 with or without lactyl-CoA.
Kla levels of eEF1A2 were analyzed by WB. (F) Protein production levels were detected by SUNSET assays in control (sh NC plus control vector) or KAT8-depleted
or eEF1A1/2-depleted HCT116 cells overexpressed with control vector or wt-eEF1A2 or delac-eEF1A2 in the presence of NaLa. The Right panel represents WB
quantification. (G) Tumor growth curves for mice (n = 5/group) fed with HFCS bearing control (sh NC plus control vector) or KAT8-depleted or eEF1A1/2-depleted
HCT116 cells overexpressed with control vector or wt-eEF1A2 or delac-eEF1A2. WB of WCEs with indicated antibodies was shown. **P < 0.01; ***P < 0.001;
n.s., no significance. Analyses were performed using unpaired, two-tailed Student's t test (B, C, and F) and two-way ANOVA (G). Data are shown as means + SD.

wt or delac-eEF1A2. Depletion of KAT8 did not affect intracellular KATS (S1 Appendix, Fig. S5E). To map the responsible region for
lactate levels of CRC cells (S Appendix, Fig. SAD). However, KATS8 KATS acting as a Kla writer, we created three different HA-tagged
knock-down almost abolished the differences of protein synthesis ~ truncated KAT8 which lacked the chromodomain (A1 to 121 aa),
efficacy between wt-eEF1A2 and delac-eEF1A2 expressing cells in =~ C2HC zinc fingers (A121 to 232 aa), and the enzymatic MYST
the presence of Nala (Fig. 4F). Correspondingly, the differences of ~ domain (A232 to 458 aa), respectively (SI Appendix, Fig. S5F).
enhanced tumor proliferation mediated by complementation of ~ We observed that both chromodomain (A1 to 121 aa) and C2HC
wt-eEF1A2 and delac-eEF1A2 both in vitro and in vivo was also zinc fingers (A121 to 232 aa) of KAT8 were dispensable for global
attenuated after KAT8 depletion under high-LATME (Fig. 4Gand ~ protein lactylation, whereas the enzymatic MYST domain was
SI Appendix, Fig. S4E). KATS is thus a bona fide Kla transferase of ~ necessary for its activity (Fig. 5D). In support of these observations,
eEF1A2. we found that MG149, which is an acetyltransferase inhibitor

targeting the MYST domain of KATS, decreased pan-Kla levels of
KAT8 Is a Writer of Global Protein Lactylation. Whether =~ CRC cells in a dose-dependent manner (Fig. 5E and SI Appendix,
eEF1A2 is the only KATS8 substrate or one of many substrates is ~ Fig. S5G). A moderate decrease of cellular Kla levels with the
unknown. We depleted KAT8 and observed substantially reduced ~ addition of A485, a catalytic inhibitor of p300, was observed,
Kla with unchanged lactate levels in CRC cells (Fig. 5 A-C and while the histone acetyltransferases (HAT) inhibitor-anacardic
SI Appendix, Fig. S5 A-D). Although KATS has been recognized acid and the general control nonrepressed protein 5 (Gen5)-related
as an acetyltransferase (36), we found no obvious changes in  N-acetyltransferase inhibitor-remodelin hydrobromide showed
lysine acetylation (Kac) levels in nonhistones after depleting  not obvious Kla-regulatory effects in cells (Fig. 5E).
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Since KATS is a well-known HAT,; it is important to differentiate
its role as acetyltransferase vs. lactyltransferase in different contexts.
We expressed wild-type KAT8 (wt-KAT8) or acetyltransferase cata-
lytic dead (E350Q) KATS (ace-cdKATS8) in HCT116 cells, respec-
tively. If the Kla changes mediated by KAT8 herein were dependent
on its HAT activity, exogenous ace-cdKAT8 expression should not
rescue the reduced Kla levels by KAT8-depleted cells. However,
ace-cdKAT8 expression could still restore global Kla levels in
KAT8-depleted cells, suggesting that lactyltransferase catalytic activ-
ity of KATS is independent of its property as a HAT (Fig. 5F).

It is reported that the acetylation of KATS is critical for its
acetylating activity (37, 38). Since KAT8 could be acetylated and
deacetylated by GCNS5 and Sirtuin 6 (SIRT6), respectively (39),
we regulated Kac levels of KAT8 by overexpressing GCN5 and
SIRT6 in HCT116 cells and examined the subsequent changes
of KATS lactylating capacity (S Appendix, Fig. S5H). We found
that the altered Kac levels of KAT8 did not result in changes of
eEF1A2 Kla levels and pan-Kla levels (S/ Appendix, Fig. S51).
Similar results were obtained by treating cells with inhibitors of

GCN5 and SIRTG respectively (SI Appendix, Fig. S5 ] and K).

Global Landscape of KAT8-Regulated Lactylome in CRC Cells. To
investigate KAT8-lactylated or acetylated proteins, we analyzed
HCT116 cells with or without KAT8 depletion with LC-MS/
MS (Fig. 6A) (25). We identified 8253 Kla sites on 2,390 proteins
and 6,354 Kac sites on 2,613 proteins (SI Appendix, Fig. S6 A
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and B). Compared to control HCT116 cells, 1,483 Kla sites
in 696 proteins and 42 Kac sites in 36 proteins were down-
regulated and 67 Kla sites in 59 proteins and 758 Kac sites in 507
proteins were up-regulated in KAT8-depleted cells, respectively
(Fig. 6B, SI Appendix, Fig. S6 C and D, and Dataset S3). These
lactylome and acetylome data showed barely overlapping sites and
proteins resulting from KAT8 depletion (S7 Appendix, Fig. S6D).
Furthermore, the amino acids flanking Kla or Kac sites exhibited
significantly different patterns (Fig. 6C and SI Appendix, Fig. S6
E and F). The majority (390, 56%) of the lactylated proteins
mediated by KAT8 had only one Kla site (Fig. 6D).

KATS has been reported to be a lysine acetyltransferase (KAT).
We herein demonstrate a wider specificity for KAT8 as a writer of
Kla. Therefore, proteins bearing down-regulated Kla sites in
KAT8-depleted cells as compared with WT cells are more likely
to be the direct lactylation targets of KAT8. Moreover, we found
that KAT8 depletion did not decrease the protein expression level
of p300, suggesting KAT8 regulated Kla independently of p300
(81 Appendix, Fig. S6G). To further validate KAT8-catalyzed Kla
substrates, two KAT8-targeted proteins from the lactylomics, core
binding factor B and cysteine and glycine-rich protein 1, were
randomly selected for in vitro lactylation assays. Recombinant
KATS directly lactylated these proteins in the presence of lactyl-CoA
(SI Appendix, Fig. S6H).

Cellular distribution analysis revealed different subcellular local-
izations between KAT8-target Kla and Kac proteins (Fig. 6E).
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Fig. 6. Global landscape of the KAT8-regulated lactylome in CRC cells. (A) Schematic representation of the experimental workflow for identifying Kla and Kac
substrates in HCT116 cells transfected with scramble (sh NC) or KAT8-targted shRNA. (B) Volcano plot showing the global lactylome changes in HCT116 cells
transfected with KAT8-targted shRNA (KD) vs. cells transfected with scramble (WT). (C) Motif analysis of KAT8-catalyzed Kla-modified proteins. (D) Histogram of
the number of KAT8-catalyzed Kla-modified sites per protein. Proteins with more than 10 sites of Kla are listed above the corresponding bar. (£) Donut charts
showing the subcellular distribution of KAT8-catalyzed Kac-modified proteins (Left) and KAT8-catalyzed Kla-modified proteins (Right). (F) GO analysis associated
with KAT8-catalyzed Kla-modified proteins. P values are derived from one-sided Fisher's exact test. (G) Protein-protein interaction network of KAT8-catalyzed
Kla-modified proteins associated with translation regulator activity (Left) and regulation of mitotic cell cycle phase transition (Right) based on the STRING database.
(H) Schematic of KAT8-catalyzed Kla-modified proteins (yellow box and red font) and Kla-modified proteins (yellow box) associated with cell cycle (KEGG:04110).

Correspondingly, Go and KEGG analysis showed distinct enrich-
ments of the two PTMs (Fig. 6F and SI Appendix, Fig. S6 Iand /).
Many KAT8-lactylated proteins were involved in cancer-related GO
terms such as translation regulator activity and regulation of mitotic
phase transition and KEGG pathways including the cell cycle path-
way and mismatch repair signaling (Fig. 6 G and H and SI Appendix,
Fig. S6K). These data establish a potential functional link between
KAT8-mediated lactylation and tumor development.

KAT8 Depletion Suppresses Tumor Growth in
High-LA TME

To investigate the role of KAT8 in CRC, we analyzed the multi-
plexed IF staining of CRC TMA and the related patients’ prognosis.
We found a negative correlation between high KAT8 expression
and OS of CRC patients, as well as a positive correlation between

PNAS 2024 Vol.121 No.8 e2314128121

KATS expression and global Kla level in CRC tissues (Fig. 7 A-C
and SI Appendix, Fig. S7TA). In addition, depletion of KATS
decreased Kla levels and attenuated proliferation of HCT116 cells,
especially in high-LA culture conditions (Fig. 7 D and E). Similar
results were obtained by treating HCT116 cells with MG149
(81 Appendix, Fig. S7 Band C). However, compared to normal cell
culture conditions, high-LA culture conditions did not change the
Kac level of KAT8 as well as the KAT8-acetylated capacity on
histone H4 lysine 16 (SI Appendix, Fig. S7D). Together, these data
suggest that KAT8-mediated Kla modification and corresponding
potentiation of cellular proliferation are independent of its acetyl-
transferred mechanism.

We then assessed the role of KAT8 in tumorigenesis at different
LA levels in vivo. Nude mice were subcutaneously injected with
HCT116 cells with or without KAT8 depletion, followed by feed-
ing with water or HFCS (87 Appendix, Fig. S7TE). HECS feeding
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Fig. 7. KAT8 depletion suppresses tumor growth in high-LA TME. (A) Representative multiplexed immunostaining images of Kla and KAT8 in CRC. (Scale bars,
100 pm.) (B) Scatterplots depicting relative luminance intensity level between Kla and KAT8. The solid line in the scatterplot corresponds to the regression
line (line of best fit). (C) Kaplan-Meier curves of time for recurrence-free survival showing the difference between CRC patients with low and high KATS levels.
n = 100. (D) Cell proliferations of HCT116 cells transfected with scramble (sh NC) or KAT8-targted shRNAs with or without NaLa were measured with cell count
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H4K16ac levels were detected from mice bearing control vector or HA-tagged KAT8 truncations-overexpressed HCT116 cells transfected with scramble (sh NC)
or KAT8-targted shRNA by WB. *P < 0.05; **P < 0.01; ***P < 0.001; n.s., no significance. Analyses were performed using unpaired, two-tailed Student's t test (E)

and two-way ANOVA (D, F, H, and /). Data are shown as means + SD.
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but not KAT8 abundance altered tumoral lactate levels (S7 Appendix,
Fig. S7F). Compared to control cells, KAT8-depleted cells showed
decreased tumor growth and reduced cancerous pan-Kla levels
particularly in mice fed with HFCS (Fig. 7 Fand G). Treatment
with MG149 in tumor-bearing mice exhibited similar phenotypes
(Fig. 7 H and I and SI Appendix, Fig. S7G). We then transfected
full-length (wt-KAT8) or truncated KAT8 (ace-cdKATS8 or
KAT8-AMYST) into KAT8-depleted HCT116 cells and com-
pared cellular proliferation and tumorigenesis of these cells under
high-LA conditions. Only KAT8-AMYST failed to restore prolif-
eration and tumor growth of KAT8-deficient cells while wt-KATS8
and ace-cdKAT overexpression were capable to do so (Fig. 7/ and
SI Appendix, Fig. STH). Consistently, complementation with
wt-KAT8 and ace-cdKAT but not KAT8-AMYST increased global
Kla levels in KAT8-deficient HCT116 (Fig. 7K). We thus infer
that the lactyl-catalytic region of KAT8 locates within the MYST
domain while is distinct from its well-known acetyl-catalyticdomain.
Taken together, KAT8 is a lactyltransferase, which contributes to
tumor development of CRC, especially in a high-LA TME.

Discussion

Being a metabolic product of the Warburg effect in cancer, lactate
plays a pleiotropic role in tumorigenesis through metabolic rewir-
ing and epigenetic modifications (13, 40). Lactylation is recog-
nized as a PTM of histones derived from lactate. However, there
are many open questions about lactylation including its occurrence
on a broad range of proteins and functional consequences as well
as its unknown regulators. We herein reveal that lactylation con-
tributes to tumor development through promoting protein syn-
thesis and identify KAT8 as a global lactylation transferase
(SI Appendix, Fig. S8, Graphic Abstract).

Translation process requires a complex apparatus, composed of
the ribosome, tRNAs, and various enzymes and translation factors
(41). The crystal structure of the mammalian ribosomal elongation
complex with aa-tRNA, ¢EF1A, and didemnin B (PDB:5LZS)
shows that K408 of eEF1A2 could engage in a salt bridge interaction
with the tRNA backbone and in return might affect the binding
affinity of eEF1A2 to tRNA. We found that K408 lactylation of
eEF1A2 is critical for enhancing ribosomal GTPase activity with
aa-tRNA stimulation rather than affecting its basal hydrolysis effi-
cacy. Combined with the structural analysis and our functional
study, we inferred that the regulatory role of eEF1A2K408la on
GTPase activity under tRNA stimulation could be relevant to the
binding affinity between eEF1A2 and tRNA. The eEF1A2-(RNA
binding affinity with or without K408 lactylation can be tested in
a follow-up study. Considering that eEF1A2 were modified by var-
ious other PTMs such as methylation and phosphorylation (42, 43),
it is of interest to unearth the cross talk between lactylation and
other PTMs on eEF1A2 in regulating translation elongation.

Although the overall Kla levels in CRC are higher, there are some
proteins sites with down-regulated lactylation observed in tumor tis-
sues compared to normal tissues. GO analysis revealed that these
down-regulated lactylated sites were mainly enriched in the MAPK
pathway, cell migration, and apoptotic process. In the lactylation
proteomics of other types of cancer such as hepatocellular carcinoma
(9), there are also several protein sites with down-regulated lactylation
in cancer tissues compared to normal tissues, which are mainly pre-
sented in metabolic pathways. Since the complicated impacts of lac-
tylation on different protein sites cannot be simply generalized, further
study is necessary to analyzed them under different situations.

KATS plays various roles in tumor development with its acetyl-
ation activity toward histones, manipulating oncogenes and tumor
suppressor genes (44—46). In addition to its acetylation activity, we

PNAS 2024 Vol.121 No.8 e2314128121

revealed an oncogenic role of KAT8 as a lactyltransferase. Our find-
ings help elucidate the ambiguous role of KAT8 in cancer, indicating
that the effect of KAT8 may be influenced by different lactate con-
ditions of TME. Since cancer progression is an orchestrated process
between cell-intrinsic signaling and TME, the functions of KATS8
in tumor should be interpreted in a context-dependent manner. We
here identified that KAT8 contributed to tumor growth especially
in high-LA TME. The underlying mechanism is related to the tum-
origenic effects of eEF1A2K408la, but may also be associated with
other KAT8-lactylated proteins, as many of them have been found
to be enriched in oncogenic pathways. We speculate that the func-
tional roles of KAT8-lactylated proteins could be amplified under
high lactic conditions since such environment provides more lactate
as donor for lactylation. The roles of these proteins deserve further
explorations in specific contexts.

In summary, by presenting an initial report of global protein Kla
modification in CRC, we revealed ¢EF1A2K408la as a functional
hotspot to regulate translation elongation that contributes to tum-
origenesis. Furthermore, we identified KAT8 as a pan-Kla writer
and found KAT8-mediated Kla as a molecular mechanism to pro-
mote tumor growth. Our findings uncovered the widespread nature
of Kla on nonhistone proteins in CRC and endow the regulation
of Kla as a potential target with therapeutic value for cancer.

Materials and Methods

Ethics Statements. Human materials used in this study were approved by
the Institutional Research Ethics Committee at The First Medical Center of PLA
General Hospital. We obtained signed informed consents from all patients par-
ticipating in the study. Animal experiments were approved by the Institutional
Research Ethics Committee at The First Medical Center of the Chinese Academy
of Medical Sciences Innovation Fund for Medical Sciences (ACUC-A02-2022-027
and ACUC-A02-2022-028).

Cell Culture and Treatment. NCM460, CCD841, CACO2, HCT116, SW480,
LS174T, LOVO, and 293FT cells were obtained from the American Type Culture
Collection. All cells were cultured in Dulbecco's Modified Eagle Medium (DMEM)
medium supplemented with 10% FBS and maintained in a humidified atmos-
phere of 5% CO, at 37 °C. All cells used were cultivated for less than 30 passages
and routinely tested negative for Mycoplasma by PCR.

Xenograft Models. The cell suspensions [1 x 10° cells per mouse, treated in
PBS with MaxGel ECM at 1:1 (v/v)] were subcutaneously inoculated into the right
flank of 5-wk-old female BALB/c nude mice. Tumor volumes were calculated
by lengthxwidth?x0.5 with a caliper every three days. When tumors reached
the maximum allowed size, mice were killed and tumors were excised and
snap-frozen.

Statistical Analyses. Unless otherwise specified, all experiments were conducted
inthree biologically independent replicates. Means and SD were plotted. Student's
t test was used for statistical analyses. Two-way ANOVA was performed to cell
proliferation assays and tumor growth curves. *P < 0.05, **P < 0.01, and
***%p < (0.001 were considered statistically significant. Statistical details are included
infigure legends. Data analyses including real-time mRNA expression, tumor-free,
mouse-survival, tumor-burden, were performed using GraphPad Prism version 8.

Data, Materials, and Software Availability. All raw files and search results for
MS of proteomics have been deposited in ProteomeXchange (RRID:SCR_004055)
via iProX (www.iprox.org) with the identification no. PXD037744 (for Proteome-
Xchange) and IPX0005289000 (for iProX) (25). More details about experimental
procedures and data analysis are provided in supporting Information.
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