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ULK1-mediated metabolic reprogramming regulates
Vps34 lipid kinase activity by its lactylation
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Autophagy and glycolysis are highly conserved biological processes involved in both physiological and patho-
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logical cellular programs, but the interplay between these processes is poorly understood. Here, we show that
the glycolytic enzyme lactate dehydrogenase A (LDHA) is activated upon UNC-51-like kinase 1 (ULK1) activation
under nutrient deprivation. Specifically, ULK1 directly interacts with LDHA, phosphorylates serine-196 when
nutrients are scarce and promotes lactate production. Lactate connects autophagy and glycolysis through
Vps34 lactylation (at lysine-356 and lysine-781), which is mediated by the acyltransferase KAT5/TIP60. Vps34
lactylation enhances the association of Vps34 with Beclin1, Atg14L, and UVRAG, and then increases Vps34
lipid kinase activity. Vps34 lactylation promotes autophagic flux and endolysosomal trafficking. Vps34 lactyla-
tion in skeletal muscle during intense exercise maintains muscle cell homeostasis and correlates with cancer
progress by inducing cell autophagy. Together, our findings describe autophagy regulation mechanism and

then integrate cell autophagy and glycolysis.

INTRODUCTION

Macroautophagy (hereafter called autophagy) is a conserved lyso-
somal degradation process that contributes to cellular homeostasis
and adaptation to stress by engulfing cytoplasmic components (in-
cluding damaged organelles) in a double-membraned organelle (an
autophagosome) and then delivers these components to lysosome
for degradation (I, 2). Autophagy plays an important role in phys-
iological and pathophysiological processes, including adaptation to
metabolic stress (3, 4), removal of protein aggregates and damaged
organelles, embryo preimplantation development (5), and human
diseases (aging, neurodegenerative diseases, intracellular pathogen
elimination, and tumorigenesis) (6).

Autophagy processes are regulated by core molecular machinery,
including the UNC-51-like kinase 1 (ULK1) complex and the class
IIT phosphatidylinositol 3-kinase (PI3K) complex, autophagy-
related 12 (Atgl2) conjugation system, Atg8 conjugation system,
homotypic fusion and vacuole protein sorting tethering complex,
and Stx17-SNAP29-Vamp8 complex (7). In addition, posttransla-
tional modifications (PTMs), including phosphorylation, glycosyl-
ation, ubiquitination, lipidation, and acetylation, fine-tune the
structure, activity, and function of the core autophagy machinery.
The mechanistic target of rapamycin complex 1 (mTORC1) and
AMP-activated protein kinase (AMPK) regulates the early and
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late stages of autophagy by phosphorylating several core autophagy
proteins, including ULK1 (8), WD repeat domain phosphoinosi-
tide-interacting protein 2 (WIPI2) (9), vacuolar protein sorting 34
(Vps34) (10), UV radiation resistance-associated gene protein
(UVRAG) (11), and Pacer (12). In addition to phosphorylation, au-
tophagy core proteins are also regulated by ubiquitination (9), acet-
ylation (12, 13), and glycosylation (14). Recently, several PTMs,
including succinylation, crotonylation, SUMOylation, and lactyla-
tion, have been shown to play key roles in the regulation of
protein function and gene transcription (15-18). However,
whether these PTMs also regulate core autophagy machinery func-
tion remains unclear.

As a major source of cellular energy, glucose is metabolized via
glycolysis into pyruvate, which can be catalyzed by lactate dehydro-
genase (LDH) to generate lactate when oxygen is not available.
Lactate as a metabolic intermediate not only involves central
carbon metabolism but also plays important roles in regulating
tumor immunity, antiviral responses, and endoplasmic reticulum
(ER)-mitochondrial Mg** dynamics (19-23). Emerging evidence
has shown that lactate dynamically drives the lysine lactylation of
histones and nonhistone proteins to regulate gene expression and
protein activity in macrophages, somatic cells, cancer cells, and
brain cells in a glycolysis-dependent manner (18, 24-28).
However, it is unclear whether lactate-mediated lactylation regu-
lates the function of core autophagy machinery.

We hypothesized that lactate-mediated lactylation of the core au-
tophagy machinery regulates autophagy activity. An anti—pan-lacty-
lation antibody screening experiment showed that several core
autophagy proteins were lactylated and that lactylation played a crit-
ical role in autophagy regulation. Vps34 is a catalytic subunit of the
class III PI3K complex, which phosphorylates phosphatidylinositol
(PI) to produce phosphatidylinositol 3-phosphate [PtdIns(3)P],
promoting autophagy and endolysosomal trafficking. In this
study, we found that ULK1 activated lactate dehydrogenase A
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(LDHA) by phosphorylation to promote lactate production, then
lactate-mediated Vps34 lactylation. Lactylated Vps34 increased
lipid kinase activity to enhance autophagy and endolysosomal deg-
radation. In physiological and pathological processes, lactate-medi-
ated Vps34 lactylation played a critical role in muscle homeostasis
and tumor progression by promoting cell autophagy.

RESULTS

ULK1 induces LDHA Ser'®® phosphorylation

ULKI1 is the most critical protein kinase involved in the early to late
stages of autophagy. To comprehensively identify ULK1-interacting
proteins, we performed tandem affinity purification. Mass spec-
trometry assays revealed the identities of several proteins, including
RB1 inducible coiled-coil 1 (FIP200), Atgl3, calcium binding and
coiled-coil domain 2 (NDP52), hexokinase (HK), and phosphofruc-
tokinase 1 (PFK1), which had been previously reported to be asso-
ciated with ULK1 (4, 29, 30), and another key glycolytic enzyme,
LDHA, which had not been previously reported to bind ULKI. In
this study, immunoprecipitation and yeast two-hybrid assays con-
firmed that ULK1 interacted with LDHA (Fig. 1, A to C, and fig.
S1A). Because ULK1 mediates the phosphorylation of the glycolytic
enzyme HK and PFK1, we hypothesized that ULK1 might be an
LDHA kinase. To test this hypothesis, we performed an in vitro
kinase assay and mass spectrometry analysis. We found that
LDHA was phosphorylated at S196 by ULK1 (fig. S1B). LDHA
$196 is a conserved residue across species ranging from zebrafish
to humans (fig. S1C), and in the basis of the LDHA spatial structure,
this residue was found in the loop domain close to the histidine site
in the nicotinamide adenine dinucleotide (NADH) proton acceptor
(fig. S1, D to F). Based on the above results, we speculated that phos-
phorylation of LDHA at serine-196 caused a conformational change
in the loop structure, which was conducive for the interaction
between the histidine residue and NADH.

To verify the phosphorylation of LDHA S196, polyclonal anti-
bodies that specifically recognize S196-phosphorylated LDHA
were produced (Fig. 1D), and replacing the serine at position 196
with alanine (S196A) completely abolished LDHA phosphorylation
(Fig. 1E). Moreover, ULK1 activation by Earle’s balanced salt solu-
tion (EBSS)-induced starvation or the mechanistic target of rapa-
mycin (mTOR) inhibitor rapamycin enhanced LDHA S$196
phosphorylation, and ULK1 inhibition by the ULK1 inhibitor
MRT68921 reduced LDHA S196 phosphorylation (Fig. 1F). Consis-
tently, LDHA S196 phosphorylation in ULK1-knockout (KO)
mouse embryonic fibroblasts (MEFs) was reduced compared to
that in control cells, and LDHA S196 phosphorylation was reestab-
lished upon the ULKI1 reexpression in both normal and EBSS
medium (Fig. 1G). LDHA knockdown inhibited p62 degradation,
and transfection of LDHA"" and LDHA®'?®” completely reversed
the effects of LDHA knockdown, while LDHA®'?®* partially
rescued these effects (Fig. 1H). In vitro kinase assay followed by
Western blot further confirmed that Ser'*® of LDHA" was phos-
phorylated by ULK1, but mutant of LDHA (LDHA®***) was not
phosphorylated by ULK1 in vitro (Fig. 1I). Therefore, these
results suggest that ULKI1 as upstream regulator mediates LDHA
S196 phosphorylation.
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LDHA phosphorylation enhances its enzyme activity

To test the biological effect of phosphorylation on LDHA enzyme
activity, cytosolic lactate levels and NADH/NAD" ratios were ana-
lyzed with the genetically encoded fluorescent sensors FiLa and
SoNar, and FiLa-C and iNapc sensors are control senors of FiLa
and SoNar (31, 32). ULK1 activation by EBSS medium or mTOR
inhibitor rapamycin increased cytosolic lactate level, while ULK1
inhibitor MRT68921 decreased cytosolic lactate level (Fig. 2A).
Consistently, knocking down ULK1 expression by short hairpin
RNA (shRNA) also reduced cytosolic lactate levels in normal
medium or EBSS medium, but silencing expression of other auto-
phagic genes (namely, Vps34, Atg5, and Atg7) had no effect on cy-
tosolic lactate level (Fig. 2, B and C). Moreover, recovery of ULK1""
expression in ULK1-knockdown H1299 cells reestablished cytosolic
lactate level, while the expression of the ULK1**" mutant (with a
lost kinase domain) was not recovered (Fig. 2D). LDHA facilitates
glycolytic flux by converting pyruvate to lactate and NADH to
NAD". We found that the cytosolic NADH/NAD" ratio was
reduced upon amino acid depletion (EBSS medium) or rapamycin
treatment (fig. S2, A to C). Amino acid starvation and mTOR inhib-
itor Torinl treatment reduced cytosolic NADH/NAD" ratio, and
then amino acid supplementation and excluding Torinl restored
the NADH/NAD" ratio (Fig. 2E). Furthermore, LDHA silencing
reduced cytosolic lactate level, and the recovery of LDHA“" and
LDHAS'P expression restored cytosolic lactate level, while
LDHA®'** expression failed to rescue LDHA enzyme activity
(Fig. 2, F and G). These phenotypes were confirmed by measuring
enzymatic activity in vitro and performing flow cytometry in vivo
(Fig. 2H and fig. S2, D and E). In addition, inhibiting LDHA
enzyme activity by oxamate or shRNA and ULKI activity by
MRT68921 reduced cytosolic lactate levels in cells cultured in
EBSS medium (Fig. 2I). These results demonstrated that ULK1 me-
diated LDHA phosphorylation and enhanced its enzyme activity.

Vps34 is lactylated at K356 and K781 by the
acetyltransferase TIP60

Lactylation, as a major posttranslational protein modification, reg-
ulates histone and HMGBI1 biological activity in tumorigenesis and
immune responses (18, 28). We also found that LDHA knockdown
reduced lactate level and inhibited p62 degradation; we speculate
whether lactate regulated autophagy through lactylation of autoph-
agy core proteins. Therefore, we measured the lactylation of mam-
malian autophagy core proteins by coimmunoprecipitation and
Western blot with an anti—pan-lactylation antibody. Intriguingly,
many lactylated autophagy core proteins in different autophagy
stages (Vps34, ULK1, UVRAG, etc.) were thus identified, indicating
that lactylation played an important role in autophagy regulation
(Fig. 3, A and B, and fig. S3, A to D). Class III PI3K Vps34 is a crit-
ical regulator of autophagy and endocytic sorting; therefore, Vps34
has been frequently selected as a research object (33, 34). We found
that the Vps34 lactylation level reduced in LDHA-knockdown cells
(Fig. 3C) and LDHA inhibitor oxamate-treated cells but increased
in lactate, A-7669662 (AMPK activator), or rotenone-treated cells
(Fig. 3D). To identify Vps34 lactylation sites, Vps34-Flag was puri-
fied after immunoprecipitation from human embryonic kidney
(HEK) 293T cells treated with 10 mM lactate for 24 hours and an-
alyzed by mass spectrometry, and two lysine residues (K356 and
K781) were identified (fig. S3, E and F). K356 and K781 are con-
served in higher mammals, indicating an evolutionarily conserved
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Fig. 1. ULK1 induces LDHA Ser'®® phosphorylation. (A) ULK1 interacts with LDHA. Flag-tagged Atg13, LDHA, or LDHB were coexpressed with HA-ULK1 individually,
and immunoprecipitation was performed using anti-Flag beads. Samples were analyzed by anti-HA Western blot. (B) Interaction assay of ULK1 and LDHA by yeast two-
hybrid assay. pGBKT7-Atg13, pGBKT7-LDHA, or pGBKT7-LDHB and pGADT7-ULK1 were cotransformed into the yeast strain MJ709 and grown on the agar plate without
leucine and tryptophan (YPD/—Leu/—Trp). Atg13 as positive control. (C) Interaction assay of ULK1 and endogenous LDHA. ULK1-HA was expressed in HEK293T cells.
Immunoprecipitation was performed using anti-HA beads and analyzed by Western blot with antibody to LDHA. (D) Antibody specificity was analyzed by dot blot
assay with a LDHA Ser'®® phosphorylation antibody. +P peptide represent phosphorylation modification of LDHA Ser'®®. —P peptide represent nonphosphorylation
modification of LDHA Ser'®. (E) Antibody specificity test. LDHA""-Flag or LDHA®'®-Flag was expressed in HEK293T cells. Immunoprecipitation was performed by
anti-Flag beads, and LDHA Ser'?® phosphorylation levels were analyzed by Western blot with phospho-LDHA Ser'®® antibody. (F) LDHA Ser'®® phosphorylation assay.
HEK293T cells were treated with EBSS medium, mTOR inhibitor rapamycin, and ULK1 inhibitor MRT68921 for 4 hours. LDHA Ser'®® phosphorylation was analyzed by
phospho-LDHA Ser'®® antibody. (G) LDHA Ser'?® phosphorylation assay in ULK1-KO MEF cells. MEF cells and ULK1-KO MEF cells were transfected with vector or ULK1-HA
and were cultured in complete medium or EBSS medium for 3 hours. LDHA Ser'®® phosphorylation was analyzed by phospho-LDHA Ser'® antibody. (H) Autophagy assay
in LDHA knockdown control cells and ULK1-KO cell (followed by expression of either LDHA"T, LDHA®'?®%, or LDHA®'?®P). (I) LDHA Ser'®® phosphorylation assay in vitro.
ULK1 was purified by immunoprecipitation from HEK293T cells, and its kinase activity in vitro was analyzed using purified LDHA""-Flag and LDHA®'**A-Flag from E. coli as
substrate. LDHA Ser'®® phosphorylation was analyzed by anti-phospho-LDHA Ser'®® and anti-phospho-Ser/Thr antibody.
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regulatory mechanism (fig. S3G). Lactylation of K356 and K781
shown in fig. S3H could cause the change of Vps34 conformation
(fig. S3H). High lactate and EBSS starvation treatment promoted
lactylation level of Vps34 K356 and K781 by mass spectrometry
(fig. S3I). To verify these two lactylation sites, the two lysine residues
were changed to arginine residues by site-directed mutagenesis, and
these mutants were transfected into HEK293T cells. The lactylation
levels of Vps34****® and Vps34<78' were markedly reduced, and
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the lactylation level of the double-mutant Vps34
ished (Fig. 3E).

Many studies have shown that acetyltransferases and deacetyl-
transferases not only mediate protein acetylation and deacetylation,
respectively, but also catalyze other acylation modifications. To
identify the Vps34 lactylation writer, an acetyltransferase shRNA
library was constructed, and the Vps34 lactylation level was deter-
mined by coimmunoprecipitation and Western blotting with an
anti—pan-lactylation antibody. Knocking down KAT5/TIP60
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Fig. 2. LDHA phosphorylation enhances its enzyme activity. (A) Cytosolic lactate level in EBSS, rapamycin (mTOR inhibitor), and ULK1 inhibitor MRT68921 by genet-
ically encoded lactate sensor FilLa. FiLa-C was control senor of lactate FiLa. FiLa fluorescence ratio was corrected by FiLa-C. Data are shown as means + SD; **P < 0.01,n = 3.
(B) Silence efficiency of autophagy gene ULK1, Vps34, Atg5, or Atg7 knockdown H1299 cells by Western blot. (C) Cytosolic lactate level in autophagy gene ULK1, Vps34,
Atg5, or Atg7 knockdown H1299 cells harboring genetically encoded lactate sensor FiLa that were treated with normal medium and EBSS medium for 3 hours. The shRNA
of highest knockdown efficiency was chosen. Data are shown as means + SD; **P < 0.01, n = 3. (D) Effect of ULK1 on cytosolic lactate level in H1299 cell line harboring
genetically encoded lactate sensor FilLa treated with normal medium and EBSS medium for 3 hours. Data are shown as means + SD; **P < 0.01, n = 3. (E) Dynamics of
NADH/NAD" ratio in H1299 cell line harboring genetically encoded lactate sensor SoNar in EBSS medium or EBSS medium supplementing amino acid and complete
medium containing Torin1 or complete medium excluding Torin1. Data are shown as means + SD; **P < 0.01, n = 3. (F) LDHA and its mutant expression in LDHA KD H1299
cells that was rescued by vector, LDHA"T, LDHA®'®*, and LDHA®'?®. (G) Cytosolic lactate level in LDHA KD H1299 cells that was rescued by vector, LDHA™T, LDHAS®¢A,
and LDHAS'®®P_ (H) LDHA enzyme assay in vitro. LDHA""-Flag, LDHA®'9*-Flag, and LDHA®'**P-Flag were purified from HEK293T by anti-Flag beads. NADH absorbance
were analyzed in microplate assay at 340 nm. Data are shown as means + SD; **P < 0.01, n = 3. (I) Cytosolic lactate level in ULK1 activation and inhibition. Data are shown as
means * SD; **P < 0.01, n = 3.

expression diminished Vps34 lactylation, but no other acetyltrans-
ferase exerted this effect (Fig. 3F and fig. S3, ] and K). To identify the
proteins that interact with Vps34, Vps34-Flag—overexpressing cells
were treated with a dithiobis solution (succinimidyl propionate)
(DSP) to induce cross-linking. The Vps34-Flag—interacting proteins
were pulled down by coimmunoprecipitation and then were iden-
tified by mass spectrometry. In addition to the PI3KC3 subunits
Beclinl, UVRAG, Atgl4, Pacer, and Rubicon, Vps34 interacted
with TIP60 and p300 (Fig. 3G). Endogenous and exogenous immu-
noprecipitation experiments confirmed that Vps34 interacted with

Jia et al., Sci. Adv. 9, eadg4993 (2023) 2 June 2023

TIP60 and EBSS starvation promoted interaction of Vps34 and
TIP60 (Fig. 3H and fig. S3L). Knockdown of TIP60 impaired cell
autophagy in cells deprived of serum (12, 35). Inhibiting of TIP60
activity by the TIP60 inhibitor MG149 or the TIP60 kinase GSK3
inhibitor SB216763 (35) reduced Vps34 lactylation, and enhancing
TIP60 activity by amino acid or serum deprivation increased Vps34
lactylation level (Fig. 3I). Consistently, treatment with wild-type
TIP60 reestablished the down-regulation of Vps34 lactylation in
TIP60-knockdown HEK293T cells, but the loss-of-function
mutant TIP60%*** failed to rescue Vps34 lactylation that had been
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Fig. 3. Vps34 at K356 and K781 is lactylated by acetyltransferase TIP60. (A) Lactylation screening of PI3KC3 complex subunits. Flag-tagged Atg14L, Vps34, Beclin1,
UVRAG, Pacer, Rubicon, Bif-1,and Ambra1 proteins was expressed individually in HEK293T cells and purified by immunoprecipitation; lactylation was analyzed by Western
blot with Pan-Kla antibody. (B) Lactylation summary of autophagy associated proteins. (C) Endogenous Vps34 lactylation in LDHA knockdown H1299 cells. (D) Endog-
enous Vps34 lactylation in H1299 cells that were treated with A-769662 (100 nM), rotenone (10 nM), lactate (1 mM), and oxamate (10 mM) for 24 hours. Immunopre-
cipitation was performed and lactylation was analyzed by Western blot with Pan-Kla antibody. (E) Vps34 lactylation assay of Vps34 lactylation sites mutants in HEK293T
cells. Vps34""-Flag, Vps34“***"_Flag, Vps34*’®'"-Flag, and Vps34*F-Flag were transfected into HEK293T cells. Immunoprecipitation was performed and lactylation was
analyzed by Western blot with Pan-Kla antibody. (F) Summary of interaction proteins with Vps34 by mass spectrometry. (G) Screening of Vps34 lactylation writer.
Vps34"T-Flag was transfected into acyltransferase knockdown HEK293T cells (KAT1, KAT2A, KAT2B, KAT3A, KAT3B, KAT4, KAT5, KAT6A, KAT7, KAT8, KAT9, KAT12, and
KAT13B). Vps34-Flag was purified by immunoprecipitation and lactylation was analyzed by Western blot with Pan-Kla antibody. (H) Vps34 interacts with TIP60. Endog-
enous Vps34 and TIP60 were immunoprecipitated from HEK293T cells, and interaction was analyzed by Western blot. () Endogenous Vps34 lactylation assay in HEK293T
cells that were treated with EBSS medium, GSK3 inhibitor SB216763 (10 uM), and TIP60 inhibitor MG149 (20 uM). (J) Endogenous Vps34 lactylation assay in HEK293T cells
(control shRNA, TIP60 KD/rescued by vector, TIP60"T, and TIP60°8%4). (K) Vps34 lactylation assay in vitro. Vps34W-r and Vp534ZKR were purified from E. coli, and TIP60-HA
was purified from HEK293T cells. Vps34 lactylation was analyzed by Pan-Kla antibody.
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reduced (Fig. 3]). In vitro lactylation assay showed that TIP60 lacty-
lated Vps34 K356 and K781 by pan-Kla antibody and by mass spec-
trometry (Fig. 3K). These results showed that TIP60 mediated
Vps34 lactylation.

Vps34 lactylation positively regulates its interaction with
UVRAG and Beclin1 and lipid kinase activity

Vps34 forms two core complexes known as complex I and II.
Complex I is composed of Vps34, Vpsl5 and ATG14L, whereas
complex IT includes UVRAG but not ATGI4L. To investigate the
biological function of Vps34 lactylation, the interaction of Vps34
with Vps15, Beclinl, ATG14L, and UVRAG was analyzed by immu-
noprecipitation and Western blot. Reducing Vps34 lactylation by
shRNA-mediated LDHA knockdown impaired the association of
Vps34 with Beclinl, ATG14L, and UVRAG, and the loss-of-func-
tion mutant LDHAS'** failed to rescue the association of Vps34
with these subunits in LDHA-knockdown cells, in contrast to the
effect of wild-type LDHA treatment (Fig. 4A and fig.S4A). The
Vps34 3R and Vps34<7*'® mutants destabilized the Vps34-
Beclinl-ATG14L complex (I) and Vps34-Beclinl-UVRAG
complex (II), respectively, whereas the Vps34**" mutant, with sub-
stitutions at both lactylation sites, reduced the association of Vps34
with Beclinl, ATG14L, and UVRAG in normal medium and EBSS
medium (Fig. 4, B and C, and fig.S4, B and C). Moreover, high-
lactate treatment promoted the association of Vps34"' with
Beclinl, ATG14L, and UVRAG, rather than Vps34**} (Fig. 4D
and fig. S4D). Consistently, enhancing Vps34 lactylation by
lactate, A-7669662, and rotenone treatment facilitated the interac-
tion of Vps34 with these subunits, while suppressing Vps34 lacty-
lation by oxamate hampered the interaction of Vps34 with Beclinl
and UVRAG (fig. S4E). Furthermore, compared with that in the
control cells, the association of Vps34 with Beclinl, ATG14L, and
UVRAG was reduced when the Vps34 lactylation writer KAT5/
TIP60 was knocked down in cells cultured in normal or EBSS
medium (Fig. 4E and fig. S4F). The results indicated that Vps34 lac-
tylation promoted the association of Vps34 with Beclinl, ATG14L,
and UVRAG.

To determine whether Vps34 lactylation affects PI3KC3 kinase
activity, a green fluorescent protein (GFP)-FYVE2 construct was
used as a PtdIns(3)P [PI(3)P] sensor to monitor PtdIns(3)P biogen-
esis in cells. Lactate treatment increased cellular PtdIns(3)P levels,
as indicated by an increase in the number of GFP-FYVE2-labeled
puncta. In contrast, oxamate reduced the number of GFP-FYVE2—-
labeled puncta, similar to treatment with 3-methyladenine, a
PI3KC3 kinase inhibitor (fig. 4, G and H). Furthermore, compared
to those in the control cells cultured in normal medium or EBSS
medium, the number of GFP-FYVE2-labeled puncta was reduced
in Vps34-silenced cells. Moreover, transfection of Vps34"" in
Vps34-silenced cells completely restored the effects of Vps34
knockdown, while transfection of Vps34**® only partially reversed
these effects (Fig. 4, F and G). We further examined PtdIns(3)P
levels by determining the localization of GFP-DFCP1 (a double
FYVE domain—containing protein 1), which localizes to omega-
somes in a PtdIns(3)P-dependent manner upon autophagy initia-
tion (36, 37). Consistently, under starvation conditions, Vps34
silencing reduced the number of GFP-DFCP1 puncta compared
to that in the control cells, recovery Vps34™" expression in
Vps34-silenced cells completely stored the number of GFP-
DFCP1 puncta, and Vps34**® expression only partially reversed
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these effects (Fig. 4, H and I). We determined PtdIns(3)P levels in
vivo and in vitro by PtdIns(3)P mass enzyme-linked immunosor-
bent assay (ELISA) kit. The in vivo and in vitro ELISA results
showed that Vps34 delactylation partially impaired Vps34 lipid
kinase activity (Fig. 4, ] and K and fig. S4I). Together, these
results revealed that lactylation promoted Vps34 lipid kinase activ-
ity by enhancing the association of Vps34 with Beclinl, ATG14L,
and UVRAG.

Vps34 lactylation facilitates autophagosome formation

and maturation

Vps34 plays an important role in autophagosome formation and
maturation. To analyze the effect of Vps34 lactylation on autopha-
gic flux, p62 degradation was analyzed by Western blot. Vps34**}
partially inhibited p62 degradation, in contrast to the effect of
Vps34™T at the cellular level in normal medium and under EBSS
starvation conditions (Fig. 5A). The biological function of lactate
and Vps34 lactylation on autophagic flux was validated with a
GFP-LC3 cleavage assay. Notably, lactate treatment promoted
GFP-LC3 cleavage, but oxamate treatment blocked GFP-LC3 cleav-
age (Fig.S5, A and B). In addition, GFP-LC3 cleavage in Vps34-
knockdown HEK293T cells was inhibited in normal medium and
EBSS medium, and recovery of Vps34"" expression promoted
GFP-LC3 cleavage, and reexpression of Vps34”*® only partially re-
versed these effects (Fig. 5B). These results were further confirmed
by an endogenous LC3 puncta assay (Fig. 5, C and D). Moreover,
transmission electron microscope assay showed that the number of
autophagic vesicles was reduced in Vps34-knockdown H1299 cells
compared to control cells cultured in normal medium and under
EBSS-induced starvation conditions, Vps34™" expression reversed
the reduction in the number of autophagic vesicles, while Vps34”*®
partially restored the number of vesicles (Fig. 5, E and F). Lactate
treatment promotes LC3 turnover, but LDHA inhibitor oxamate
treatment inhibited LC3 turnover (fig. S5, D and E). In addition,
our previous studies have shown that in the late stage of autophagy,
Pacer recruited the Vps34-Vps15-Beclinl-UVRAG complex to au-
tophagosomes to promote autophagosome maturation by generat-
ing PtdIns(3)P (12, 38). To analyze whether Vps34 lactylation
regulates autophagosome maturation, we overexpressed Vps34
mutants in Vps34 knockdown cells and performed tandem
mCherry-GFP-LC3 reporter assay. Vps34 silencing largely
blocked autophagosome maturation, as measured by the number
of mCherry"GFP™ puncta in U20S cells cultured in either
normal medium or EBSS starvation medium. Recovery of
Vp534wT expression rescued autophagosome maturation in U20S
cells, while Vps34**® partially reversed this effect (fig. S5, F to H).
These results demonstrated that Vps34 lactylation was required for
autophagosome formation and maturation.

Vps34 lactylation facilitates endosome-lysosomal
degradation

Vps34 produces PtdIns(3)P to recruit the early endosomal effectors,
EEA1 and Rab5 on early endosome membranes and regulate Rab7
by recruitment of the guanosine triphosphatase—activating protein
on late early endosome membranes (39, 40). Suppression of Vps34
expression showed accumulation of Rab5 and EEA1 enlarged endo-
somes. To determine whether Vps34 lactylation regulates this phe-
notype, we expressed Vps34" " and Vps34*® in Vps34-knockdown
U20S. Immunofluorescence microscopy revealed that
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reconstitution with Vps34*
dosomes accumulation, and Vps3
accumulation (Fig. 6A).
Although Vps34 knockdown had little effect on early endocytic
trafficking, Vps34 played a critical role in late endosome activities
such as epidermal growth factor receptor (EGFR) degradation and
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5. (K) Kinase activity of Vps34"" and Vps342® in vitro by PI(3)P ELISA kit. Vps34"'" and

T cells. Vps34 lactylation was analyzed by Pan-Kla antibody. Data are shown as means

proteolytic cleavage of cathepsin D (41). EGFR turnover is a com-
monly used method to investigate endocytosis, endolysosomal traf-
ficking, and degradation. We and others found that suppression of
Vps34 expression by shRNA knockdown does not impede internal-
ization of the EGFR by Immunofluorescence (41) (fig. S6, A and B).
To analyze whether lactate-mediated Vps34 lactylation regulates
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Fig. 5. Vps34 lactylation facilitates autophagosome formation and maturation. (A) p62 degradation assay. HEK293T cells (control shRNA and Vps34 KD/rescued by
vector, Vps34'" and Vps34°KF) were treated with normal medium or EBSS medium for 2 hours. p62 was analyzed by Western blot. (B) GFP-LC3 cleavage assay. HEK293T
cells (control shRNA and Vps34 KD/rescued by vector, Vps34"", and Vps34%F) were treated with normal medium or EBSS medium for 2 hours and analyzed by Western
blot with GFP antibody. (C) LC3 puncta assay. U20S cells (control shRNA and Vps34 KD/rescued by vector, Vps34WT, and Vp5342KR) were treated with normal medium or
EBSS medium for 2 hours. LC3 puncta was analyzed by confocal microscopy. Scale bar, 10 um. (D) Quantification of LC3 puncta. Data are shown as means + SD; **P < 0.01,
n = 30. (E) Autophagic vacuole assay. U205 cells (control shRNA and Vps34 KD/rescued by vector, Vps34"", and Vps342*®) were treated with normal medium or EBSS
medium for 2 hours. Autophagic vacuole was analyzed by transmission electron microscopy. (F) Quantification of autophagic vacuole. Data are shown as means + SD; **P
< 0.01,n = 20.

EGFR degradation, endogenous EGFR degradation was analyzed by
Western blot. Compared with that in control cells, EGFR degrada-
tion was increased in lactate-pretreated cells but blocked in
oxamate-pretreated H1299 cells (fig. S6C). Moreover, Vps34 silenc-
ing inhibited EGFR degradation in Vps34-knockdown H1299 cells
compared with control cells after EGF stimulation. Transfection of

Jia et al., Sci. Adv. 9, eadg4993 (2023) 2 June 2023

Vps34™T in Vps34-knockdown cells entirely promoted EGFR deg-
radation, while Vps34°® transfection only partially restored EGFR
degradation (Fig. 6B). We also assessed late endosome activity by
Cathepsin D maturation. The proteolytic cleavage of Cathepsin D
was severely compromised in Vps34-knockdown U20S, recovery
of Vps34™T expression rescued Cathepsin D maturation, and
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Fig. 6. Vps34 lactylation promotes endosome-lysosomal degradation. (A) The Rab5 and EEA1 localization in U20S cells (control shRNA and Vps34 KD/rescued by
vector, Vps34WT, and Vps342KR). Rab5 and EEA1 colocalized on enlarged endosomes in Vps34 delactylation cells. Scale bar, 10 um. (B) EGFR degradation assay. HEK293T
cells (control shRNA and Vps34 KD/rescued by vector, Vp534WT, and Vps342KR) were treated with EGF (100 ng/ml) for 0,1.5, and 3 hours. EGFR were analyzed by Western
blot. EGFR levels were quantified by ImageJ software and normalized by percentage of 0-hour EGFR level. (C) Cathepsin D maturation assay in U20S cells (control shRNA
and Vps34 KD/rescued by vector, Vps34"", and Vps34%F) was analyzed by Western blot with Cathepsin D to show procathepsin D, preprocathepsin, and mature cathepsin
D. (D) The levels of procathepsin D and preprocathepsin D were quantified by ImageJ software. Data are shown as means + SD; **P < 0.01, n = 3. (E) Percentage of Rab7
and LysoTracker colocalization. Data are shown as means + SD; **P < 0.01, n = 30. (F) Rab7 and LysoTracker colocalization in U20S cells (control shRNA and Vps34 KD/
rescued by vector, Vps34"T, and Vps342<%) was analyzed by confocal microscopy. Scale bar, 10 um. (G) Lysosome staining assay by confocal microscopy with Lamp1
antibody in U20S cells (control shRNA and Vps34 KD/rescued by vector, Vps34WT, and Vp5342KR). Scale bar, 10 um. (H). Lamp1 expression in U20S cells (control shRNA and
Vps34 KD/rescued by vector, Vps34"", and Vps34%F) was analyzed by Western blot.
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reexpression of Vps34>F only partially reversed this effect (Fig. 6).

The proteolytic cleavage of the propre-cathepsin D intermediate
became slowly but did not completely inhibit in Vps34-knockdown
U20S. This phenotype indicated that enlarged endosome-derived
vacuoles was able to acquire lysosomal characteristics by limited
fusion with preexisting lysosomes. Colocalization of late endosome
marker Rab7 and LysoTracker red showed that Vps34-knockdown
blocked fusion of late endosome and preexisting lysosomes, reex-
pression of Vps34™7T rescued this phenotype but not Vps34*%
(Fig. 6, E and F, and fig. S6, D and E). Because of insufficient endo-
lysosomal fusion, we and other found that Lamp1 expression in-
creased by immunofluorescence staining and Western blot in
Vps34-knockdown U20S (42), but Vps34™ T recovered this pheno-
type, and Vps34 delactylation mutant lost this function (Fig. 6, G
and H). These results showed that mutant of Vps34 lactylation
sites impaired its biological function and led to insufficient lyso-
somal degradation.

Vps34 lactylation plays essential roles in skeletal muscle
homeostasis

Autophagy plays a critical role in maintaining skeletal muscle ho-
meostasis by eliminating abnormal mitochondria and inclusions
(43). To assess the physiological function of Vps34 lactylation, we
generated a forced swimming mouse model. Swimming for 3 hours
did not affect expression level of total AMPKa, total ULK1, glucose
transporter 4 (GLUT4) and glycolytic enzyme [glyceraldehyde-3-
phosphate (GAPDH), PKM2, LDHA, and LDHB], but swimming
induced up-regulation of AMPKa(Thr'”?), total mTOR, ULK1
(Ser’>®), LDHA (Ser'*®) and down-regulation of mTOR (Ser***®),
and ULK1 (Ser’®’) (Fig. 7A and fig.S7A). Furthermore, exercise
induced lactate production in the mouse muscle tissues, and this
increase was partially reduced with oxamate treatment (Fig 7B).
An evaluation of skeletal muscle biochemistry showed that swim-
ming induced cell autophagy, as determined by measures of p62
degradation and LC3 puncta assay, and notably, the acquisition of
these phenotypes was partially inhibited by oxamate treatment
(Fig. 7, C to F). Swimming promoted Vps34 lactylation and in-
creased the PtdIns(3)P level, and these phenotypes was partially in-
hibited by oxamate treatment (Fig. 7, C, D, and G). These results
demonstrated that lactate-mediated Vps34 lactylation by ULK1-
LDHA pathway was required for skeletal muscle homeostasis.

To gain further evidence that Vps34 lactylation is involved in au-
tophagy and skeletal muscle homeostasis in vivo, mice were treated
with control virus, rAAV-Vps34"", or rAAV-Vps34”*® (1 x 10"
CFU) by intramuscular injection. Four weeks after viral injection,
half of the mice in each group performed acute swimming exercise
for 3 hours. The results showed that administration of Vps34"" in
muscles enhanced autophagy level at resting state and swimming
state than that of control, but administration of Vps34>** partially
impaired muscle autophagy level than Vps34"" by p62 degradation
and LC3 turnover (Fig. 7H and fig. S7B). Consistently, transmission
electron microscopy analysis showed that Vps34WT overexpression
promoted the formation of autophagic vacuoles at resting state and
swimming state in mice muscle cells, but Vps34°*® reduced its
effect (Fig. 7, I and J). Morphological analyses did not reveal any
abnormalities, such as necrosis or inflammation at resting state
and swimming state by hematoxylin (HE) staining (fig. S7C), but
swimming increased plasma membrane GLUT4 localization in
the skeletal muscle of control rAAV, rAAV-Vps34™', or rAAV-

Jia et al., Sci. Adv. 9, eadg4993 (2023) 2 June 2023

Vps34”*R overexpression than that of resting state (fig. S7D).
Vps34™WT overexpression in skeletal muscle during resting and
swimming states promoted the consumption of glycogen, but
Vps34**R overexpression failed to exhibit increased consumption
of glycogen (fig. S7, E and F). Mitochondrial number of skeletal
muscles from control, Vps34™", and Vps34**® overexpression
mice at resting state and swimming state revealed no difference,
but Vps34"T overexpression mice displayed increasing of mitoph-
agy under both conditions than that of Vps34**" (as measured by
the percentage of mitochondria encapsulated by autophagosome)
(fig. S7, G and H). These results showed that Vps34 lactylation is
required for skeletal muscle cell autophagy and cell homeostasis.

Vps34 lactylation correlates with cancer progress

To obtain pathological function of Vps34 lactylation, we analyzed
the relationship between lactate and Vps34 lactylation levels in
human lung cancer and gastric cancer. Compared with that in ad-
jacent tissues, the lactate level was increased in human lung and
gastric cancers (Fig. 8, A and E). In addition, the degree of Vps34
lactylation was increased in human lung and gastric cancer tissues
compared with that in adjacent tissues, and this lactylation increase
was accompanied by up-regulation of LDHA expression and in-
creased autophagic flux (Fig. 8, B, C, F, and G). Furthermore, the
Vps34 kinase activity in human lung and gastric cancer tissues
was enhanced compared with that in adjacent tissues, as determined
with an in vitro PtdIns(3)P level assay (Fig. 8, D and H). The results
indicated that lactate regulates autophagic activity in tumor tissues
through Vps34 lactylation and correlates with cancer progress.

DISCUSSION

ULKI is the main serine/threonine kinase involved in the initiation
of autophagy in response to nutrient deprivation (glucose and
amino acid deprivation). As a serine/threonine kinase, ULK1 not
only exhibits canonical functions in autophagy by phosphorylating
autophagy machinery proteins such as Vpsl5, Beclinl, Atgl4,
Atgl6L, and SQSTM1 (44-47) but also exhibits noncanonical func-
tions in multiple pathways by phosphorylating substrates such as
STING and glycolytic enzymes (hexokinase, PFK1, and enolase 1)
and a gluconeogenic enzyme (fructose-1,6-bisphosphatase) (30,
48). In our study, we found that ULK1 interacts with the key glyco-
lytic enzyme LDHA, phosphorylating LDHA at S196 to promote
LDHA enzyme activity. Notably, LDHA S196 is conserved across
species ranging from zebrafish to humans and located in the loop
domain, as indicated by its spatial structure, which indicates that
S196 is close to the histidine site in the NADH proton acceptor.
LDHA glutamate 192, S196, and S319 maintain the spatial confor-
mation of LDHA by hydrogen bonding to facilitate LDHA histi-
dine-193 (H193) binding NADH. We speculated that LDHA S196
phosphorylation could change the LDHA loop molecular confor-
mation to enhance the binding of LDHA H193 and NADH. There-
fore, LDHA S196 phosphorylation promotes lactate production
under ULK]1 activation conditions induced by nutrient deprivation
(Fig. 9).

Lactate has been previously considered a waste product of
glucose metabolism, but an increasing number of studies have
shown that lactate plays a critical role in regulating multiple biolog-
ical processes, such as macrophage polarization, T helper cell differ-
entiation, tumor immune surveillance, and Mg> handling
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Fig. 7. Vps34 lactylation plays essential roles in skeletal muscle homeostasis. (A) Signaling pathway assay in mouse skeletal muscle of control group and swimming
group by Western blot. (B) Lactate level in mouse skeletal muscle of each group (control group, swimming group, and oxamate group). Data are shown as means + SD; **P
< 0.01, n = 4. (C) Vps34 lactylation level and autophagy flux in mouse skeletal muscle of each group (control group, swimming group, and oxamate group). Vps34 was
purified by immunoprecipitation. Pan-Kla of Vps34, Vps34, and p62 proteins level were analyzed by Western blot. (D) Quantification of Western blot in (C). Data are shown
as means + SD; **P < 0.01, n = 4. (E) Representative images of LC3 puncta (autophagosomes) in skeletal muscle of each group (control group, swimming group, and
oxamate group). (F) Quantification of LC3 puncta in (E). Data are shown as means + SD; **P < 0.01, n = 4. (G) The PtdIns(3)P fold change in mouse skeletal muscle of each
group (control group, swimming group, and oxamate group). Data are shown as means + SD; **P < 0.01, n = 4. Vps34 was obtained by immunocoprecipitation from
mouse skeletal muscle of each group (control group, swimming group, and oxamate group). Kinase activity was analyzed by PI(3)P ELISA kit. Data are shown as means +
SD; **P < 0.01, n = 4. (H) Autophagy flux assay in mouse muscle. Mice were intramusculary injected with control virus, rAAV-Vps34"T, or rAAV-Vps34%<® (2 x 10" CFU).
After 4 weeks, the half of mice in each group were performed acute swimming exercise for 3 hours. Muscle autophagy levels were analyzed by p62 degradation and LC3
turnover by Western blot. (I) Autophagic vacuole assay in mouse muscle tissues by transmission electron microscopy. Scale bar, 1 um. (J) Quantification of autophagic
vacuole. Data are shown as means + SD; **P < 0.01, n = 10.
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Fig. 8. Vps34 lactylation correlates with cancer progress. (A) Lactate level in lung cancer and adjacent tissues. Data are shown as means + SD; **P < 0.01, n = 5. (B)
Vps34 lactylation level and autophagy flux in lung cancer and adjacent tissues. Tissues were lysed by TAP buffer, Vps34 was purified by immunoprecipitation, and protein
level was analyzed by Western blot. (C) Quantification of Western blot in (B). Data are shown as means + SD; **P < 0.01, n = 5. (D) The PI(3)P fold change in in lung cancer
and adjacent tissues. Vps34 was purified by immunoprecipitation, in vitro Vps34 kinase assay was performed, and PI(3)P level was determined by the PI(3)P ELISA kit. Data
are shown as means + SD; **P < 0.01, n = 5. (E) Lactate level in gastric cancer and adjacent tissues. Data are shown as means + SD; **P < 0.01, n = 3. (F) Vps34 lactylation
level and autophagy flux in gastric cancer and adjacent tissues. Methods as K. (G) Quantification of Western blot in (F). Data are shown as means + SD; **P < 0.01, n = 3. (H)
The PI(3)P fold change in gastric cancer and adjacent tissues. Data are shown as means + SD; **P < 0.01, n = 3.

movement between the ER and mitochondria (21, 49-51). Recent
studies have shown that lactate-mediated lactylation, a PTM, plays
an important role in regulating gene expression and protein func-
tion (18, 28). We found that multiple autophagy core machinery
proteins are lactylated. These results indicated that lactate-mediated
lactylation regulates the autophagy process. Vps34 is a catalytic
subunit of the class III PI3K complex, which phosphorylates PI to
produce PtdIns(3)P, which promotes autophagy and endolysoso-
mal trafficking. Through mass spectrometry, we found that Vps34
K356 and K781 undergoes lactylation and that manipulating lactate
levels modulates Vps34 lactylation in this study. Specifically, Vps34
K356 and K781 lactylation promotes the interaction of Vps34 with
PI3KC3 complex I and II subunits to enhance Vps34 kinase activity
and facilitate autophagy and endolysosomal trafficking. Although
we still do not know how Vps34 K356 and K781 lactylation
affects protein conformation, lactylation at these Vps34 sites en-
hances Vps34 enzyme activity.

In addition, Vps34 lactylation plays an essential role in both
physiological and pathological processes. Intense exercise can
cause muscle protein denaturation and mitochondrial damage
through physiological processes (52). Therefore, to facilitate cellular
adaptation to intense exercise, autophagy maintains muscle cell ho-
meostasis by eliminating damaged organelles and proteins and re-
stores metabolic balance (53). A preliminary study showed that

Jia et al., Sci. Adv. 9, eadg4993 (2023) 2 June 2023

autophagic flux is induced after acute unilateral high-resistance
contractions by regulating mVps34 kinase activity and Bcl-2-medi-
ated autophagy (54, 55). Our study also revealed that intense swim-
ming increased Vps34 kinase activity in mice skeletal muscle.
However, the molecular mechanism underlying this increase
remains unclear. Notably, intense exercise is known to increase
muscle lactate production. We found that the degree of Vps34 lac-
tylation and the PtdIns(3)P level in mouse skeletal muscle during
exercise are obviously enhanced compared with those in control
mice and that these increases are accompanied by lactate produc-
tion in skeletal muscle. Permanent delactylated mutant Vps34**®
impaired Vps34 kinase activity and reduced autophagy level and
removal of abnormal mitochondria caused by exercise. These
results indicated that higher levels of muscle lactate, a signaling mol-
ecule, induces muscle cell autophagy by Vps34 lactylation (Fig. 9).

In cancer cells, aerobic glycolysis (the Warburg effect) is activat-
ed by altered growth factor signaling, hypoxic activation of hypoxia-
inducible factor-la transcription, and oncogene activation, which
enhance cancer cell growth and malignant progression. Lactate
levels in the tumor microenvironment are increased by the
Warburg effect. Cell autophagy is a double-edged sword in tumor-
igenesis and cancer progression. In general, autophagy in healthy
cells is thought to operate as a tumor suppressor mechanism to
counteract the effects of pro-oncogenic stimuli (56), but autophagy
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Fig. 9. Model of ULK1-LDHA pathway and TIP60-Vps34 pathway in skeletal muscle homeostasis and cancer progress. ULK1 phosphorylates LDHA serine-196 in
serum deprivation, increases LDHA enzyme activity, and promotes lactate production. Lactate-mediated Vps34 lactylation further activates its lipid kinase activity and
promotes cell autophagy in muscle cells and cancer cells. SoNar is NADH/NAD" sensor, and Fila is lactate sensor.

can promote cancer progression by the removal damaged organelles
and proteins and thereby increase the metabolic fitness of malig-
nant cells to help them survive in established tumor lesions (57—
59). We found that Vps34 lactylation increased in human lung
cancer and gastric cancer tissues compared with that in normal ad-
jacent tissues. These results suggested that Vps34 hyperlactylation
in tumor tissues with high lactate levels could promote cancer cell
autophagy to facilitate cancer progression (Fig. 9).

In conclusion, we provide evidence showing that the serine/thre-
onine kinase ULK1 regulates the glycolysis pathway by phosphory-
lating LDHA at S196 to enhance LDHA activity and promotelactate
production. Lactate-mediated Vps34 lactylation promotes its lipid
kinase activity to facilitate cell autophagy and endolysosomal deg-
radation. Vps34 lactylation plays a critical role in skeletal muscle ho-
meostasis during exercise and tumor progression by regulating cell
autophagy. This study describes an autophagy regulation mecha-
nism and integrates two highly conserved life processes (glycolysis
and autophagy).

MATERIALS AND METHODS

Cell lines, cell culture, and transfection

H1299 cells were cultured in RPMI 1640 supplemented with 10%
fetal bovine serum (FBS), 2 mM r-glutamine, and penicillin-strep-
tomycin (100 U/ml). HEK293T, Hela, and U20S cells were cultured
in Dulbecco’'s minimum essential medium (DMEM) supplemented
with 10% FBS, 2 mM L-glutamine, and penicillin-streptomycin (100
U/ml) in a humidified incubator at 37°C with 5% CO,. Genetically
encoded lactate sensor and control cell lines H1299-FiLa-C and
H1299-FiLa, NADH/NAD" sensor and control sensor cell lines
Hela-SoNar and Hela-iNapc, and U20S GFP-FYVE2 cell line
were obtained by lentivirus infection. Plasmids were transfected
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using Lipofectamine 2000. FiLa-C and iNapc sensors are control
sensors of lactate FiLa and NADH/NAD" SoNar.

Antibodies and reagents
Primary antibodies were obtained from Cell Signaling Technology
[LDHA (#3582), PI3 Kinase Class III (#3358), ULK1 (Ser”””)
(#14202), P70S6K (#9202), P70S6K (Thr*®®) (#9234), EGFR
(#54359), Atgl4L (#5504), ULKI1 (Ser’®) (#5869), mTOR
(Ser”**®) (#5536), mTOR (#2983), AMPKa (#5831), AMPKa
(Thr'”?) (#50081), GLUT4 (#5831), acetylated-lysine (#9441),
Rab7 (#9367), Rab5 (#46449), Lampl (#15665), and Cathepsin
D(#2284)], Proteintech [GAPDH (#60004-1-Ig), LDHB (#14824-
1-AP), ULKIL (#20986-1-AP), P62/SQSTMI (#18420-1-AP),
Beclin 1 (#11306-1-AP), Beta-Actin (#66009-1-Ig), and KATS5/
TIP60 (#10827-1-AP)], Roche [GFP (#G1546)], Merck Millipore
[phospho-Ser/Thr-Pro (#05-368)], PTM BIO [Kla (#PTM-1401)],
ABclonal [HA-Tag-HRP (#AE025)], MBL [Flag-Tag-HRP
(#M185-7), UVRAG (#M160-3), and LC3 (#M152-3)], HUABIO
[Beta-Tubulin (#M1305-2) and LDHA (Ser'*®) (Homemade)].
Rotenone (#R8875), sodium L-lactate (#71718), and sodium
oxamate (#02751) were obtained from Sigma-Aldrich. Selleck
Chemicals was the source for torinl (#S2827), rapamycin
(#S1039), Trichostain A (TSA) (#51045), and SB216763 (#S1075).
MRT68921 (#HY-100006) was obtained from MedChemEpress.
MG149 (#T6584), phosphatase inhibitor cocktail (100X)
(#C0004), and protease inhibitor cocktail (100X) (#C0001) were ob-
tained from TargetMol. L-Lactyl-CoA (CAS: 4625-32-5) was ob-
tained from Shanghai Naford Biological Technology. Hieff
TransTM Liposomal Transfection Reagent was obtained from
Shanghai YEASEN  (#40802ES03). Lipofectamine 2000
(#11668019) and EBSS (#24010043) were obtained from Thermo
Fisher Scientific. DAPI (4',6-diamidino-2-phenylindole) was
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obtained from Beyotime (#C1002). TRIzol reagent was obtained
from Invitrogen (#15596026). LDHA recombinant protein was pu-
rified from Escherichia coli. Mouse EGF protein was obtained from
Sino Biological Inc. (#50482-MNCH). Flag peptide was obtained
from  GenScript  Biotech  Corp. LDHA  peptide
(LGEHGDSSVPVWSGC) was synthesized by Hangzhou Huabio.

Human cancer and adjacent tissues

Human lung cancer (n = 5) and adjacent tissues (n = 5) were col-
lected from Shanghai Chest Hospital. All lung cancer tissues were
adenocarcinoma. Human gastric cancer (n = 3) and adjacent tissues
(n = 3) were collected from the Second Affiliated Hospital of Zhe-
jiang University and Shanghai Chest Hospital. All gastric cancer
tissues were adenocarcinoma. The standard procedures were ap-
proved by the Ethics Committee for Medical Research (Institutional
Review Board) at Shanghai Jiao Tong University Affiliated Shanghai
Chest Hospital and the Second Affiliated Hospital of Zhejiang Uni-
versity. The informed consents were obtained from all patients.

Acute swimming exercise

C57BL/6 were purchased from the Shanghai SLAC Laboratory
Animal Co. Ltd. and bred at normal room temperatures, on a
regular 12-hour light and 12-hour dark cycle. Animal experiments
were maintained according to the Guideline for Animal Care at East
China University of Science and Technology. Fifteen animals were
randomly divided into control group (n = 5), swimming group (n =
5), and oxamate group (n = 5) by random number table. Mice of the
swimming group and oxamate group were acclimated to swimming
for 20 min per day for 5 days. Before acute swimming exercise, mice
in control group and swimming group were treated with normal
saline (0.9% NaCl) and mice in oxamate group were administrated
with 500 mg/kg of body weight of oxamate by intraperitoneal injec-
tion. After 30 min, mice in swimming group and oxamate group
subsequently swam together in a glass water tank at a water temper-
ature of 35° + 1°C for 3 hours. Mice in the three groups were anes-
thetized, euthanized by CO,, and muscle tissues were obtained
immediately after completion of swimming. The experiment was re-
peated three times.

Mouse models of Vps34 or mutant overexpression

in muscle

For investigating the role of Vps34 lactylation in regulating autoph-
agy in vivo, recombinant adeno-associated virus packing Vps34""
and Vps34**® were produced in HEK293T cells (Vigenebio,
China). Mice were treated with the control virus, rAAV-Vps34™7,
or rAAV-Vps34°*% (1 x 10" CFU) by intramuscular injection. Four
weeks after viral injection, the half of mice in each group performed
acute swimming exercise for 3 hours. The mice were sacrificed for
the analysis of autophagy level and another indexs. The experiment
was repeated three times.

Immunoprecipitation assay

Cells harvested by centrifugation were homogenized in lysis buffer
[20 mM tris-HCI, (pH 7.4, 150 mM and NaCl, 0.5% NP-40 1 mM
EDTA, supplemented with protease and phosphatase inhibitors) for
30 min at 4°C. For lactylation immunoprecipitation, 2 pM trichos-
tatin A (TSA) was added Into TAP buffer. For weak protein-protein
interaction assay, cells were treated with chemically reducible cross-
linker DSP. Cell supernatants were incubated with antibody binding
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beads at 4°C for 6 hours. The beads were washed with lysis buffer
three times, and then incubated in SDS loading buffer at 100°C for 5
min to SDS—polyacrylamide gel electrophoresis (PAGE).

Immunoblotting analysis

Cell lysate, tissue extracts, and IP sample were suspended in SDS
sample buffer (100 mM tris-HCI, 2% SDS, 20 mM B-mercaptoetha-
nol, and 10% glycerol (pH 7.5) and incubated at 100°C for 5 min.
Samples were separated by SDS-PAGE and transferred to polyviny-
lidene fluoride membrane (PVDF). PVDF membrane was blocked
by 5% bovine serum albumin (BSA) and incubated with the corre-
sponding primary antibody. After washing with phosphate buffered
saline with 0.05% Tween-20 (PBST) buffer three times, membranes
were incubated with horseradish peroxidase (HRP)-conjugated
second antibody at room temperature for 2 hours. Bands were
scanned using enhanced chemiluminescence detection system. -
Actin and tubulin was used as an internal control.

Immunofluorescence microscopy

For GFP-FYVE2 puncta assay, U20S GFP-FYVE2 cell line was cul-
tured on coverslip and fixed by 4% paraformaldehyde for 20 min at
room temperature for imaging. For endogenous Rab5, EEAIL,
EGFR, Lampl, and Rab7, cells were fixed by 4% paraformaldehyde
and blocked by 2.5% BSA and then incubated with appropriate
primary antibodies for 12 hours at 4°C. Cells were then incubated
with Alexa Fluor—conjugated secondary antibodies. For LC3 of
muscle tissue, skeletal muscle was isolated from C57BL/6 ] mice
and then sectioned with a Leica VT1200 S Fully automated vibrating
blade microtome. Muscle sections were maintained in phosphate-
buffered saline (PBS) and then stained with LC3 primary antibodies
and Alexa Fluor-conjugated secondary antibody for imaging. All
fluorescence was detected using a laser scanning confocal micro-
scope (Nikon Eclipse Ti-E and Zeiss LSM 510).

Mass spectrometry analysis

LDHA band and Vps34 band was reduced with dithiothreitol
(DTT) and alkylated with iodoacetamide followed by digestion
using 10 ng/ul Trypsin (Sigma-Aldrich, USA) and incubation over-
night at 37°C. The digested samples were dried and desalted by C18
tip and reconstituted, loaded onto a capillary reverse-phase C18
column by an HPLC system (Thermo Fisher Scientific Easy-nLC
1000). Peptides were detected by an in-line mass spectrometer
(Thermo Fisher Scientific LTQ Obitrap ETD). MS spectra were col-
lected, and the top 20 abundant ions were sequentially isolated for
MS/MS analysis.

Transmission electron microscopy

Cells transfected with Vps34 mutants and muscle tissues were fixed
in 2.5% glutaraldehyde in PBS overnight at 4°C and washed three
times for 15 min with 0.1 M phosphate buffer. Cells were fixed by
1% osmium tetroxide at pH 7.2 for 1 hour at room temperature and
were then dyed with 2% uranyl acetate for 30 min. Then, samples
were dehydrated through graded alcohols (50 to 100%) and embed-
ded in EPON 812 resin and cured for 24 hours at 37°, 45°, and 60°C,
respectively. Electron microscopy images of the samples were taken
using Tecnai G2 Spirit transmission electron microscope
(FEI Company).
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Autophagy analysis

For assessment of autophagy of cell lines, cells were cultured in
normal or starvation (EBSS) medium for 4 hours. After treatment,
cells were lysed and we performed Western blot of total proteins for
analysis of cell extracts with antibodies against LC3 and p62. For
assessment of autophagy in vivo following exercise, skeletal
muscle in control group, swimming group, and oxamate group
were isolated and homogenized in lysis buffer, total tissues extracts
were analyzed by Western blot with antibodies against LC3 and p62.
Autophagy of skeletal muscle was also assessed by Immunofluores-
cence confocal microscopy with antibodies against LC3 to analyzed
LC3 puncta.

Yeast two-hybrid assay

Atgl3, LDHA, and LDHB complementary DNA (cDNA) were
cloned into pGBKT?7 expression vectors and ULKI cDNA was
cloned into pGADT?7 expression vectors. The pGADT7-prey and
pGBKT7-bait vectors were cotransformed into the yeast strain
M]J109 and were selected in the yeast extract, peptone, and dextrose
(YPD) medium lacking Leucine and tryptophan (YPD/—Leu/—Trp)
for 3 days at 30°C. Restreak the single cloning and transferred into 3
ml of YPD medium (—Leu/—Trp) and continued to culture for 4
hours until the optical density at 600 nm (OD600) reached approx-
imately 0.5. The yeast cells were diluted in a fivefold gradient and
incubate the plates for 2 days at 30°C.

LDHA enzyme assay

LDHA""-Flag, LDHA®'***_Flag, and LDHA®'**"-Flag were trans-
fected into HEK293T cells and immunoprecipitated by Flag beads.
Proteins were eluted by eluting buffer [20 mM Hepes, 150 mM
NaCl, 1 mM EDTA, 3*Flag peptide (200 pg/ml) (pH 7.5)]. Purified
LDHA proteins (1 pg) was added to reaction buffer (0.2 M tris-HCI,
30 mM pyruvate, and 2 mM NADH (pH 7.4)]. The absorbance (340
nm) was measured by Synergy Neo2 Hybrid Multi-Mode
Reader (BioTeck).

In vitro UKL1 kinase assay

In vitro kinase assay was performed as described previously (60).
Briefly, LDHA protein were expressed and purified from BL-
21(DE3). ULK1-HA kinase was expressed from HEK293T cells
and purified by anti-HA beads. Recombinant LDHA-Flag was incu-
bated with ULK1-HA in kinase buffer (10 mM tris, 15 mM NaCl, 10
mM MgCl,, and 0.5 mM DTT (pH 7.4) in a in 50 pl of reaction
mixture at 37°C for 15 min and then stopped with sample buffer.
The samples were subjected to SDS-PAGE and immunoblotting
with specificity LDHA S196 phosphorylation antibody.

In vitro lactylation assay

Bacterially expressed Vps34"T-Flag and Vps34>*®-Flag were puri-
fied on glutathione S-transferase beads. TIP60-HA was expressed
from HEK293T and purified by anti-HA beads. Lactylation assays
contained Vps34""-Flag (500 ng) or Vps34***-Flag (500 ng) and
TIP60-HA (500 ng) in reaction buffer (50 mM Hepes, 30 mM KClI,
0.25mM EDTA, 5.0 mM MgCl,, 5.0 mM sodium butyrate, 20 uM L-
lactyl-CoA, (pH 7.8)]. Reactions were incubated at 30°C for 30 min.
Samples were resolved by 10% SDS-PAGE and analyzed by mass
spectrometry analysis (AIMS scientific Co., Ltd., Shanghai,
China), immunoblotting or kinase assay.
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Vps34 kinase assay

For in vitro Vps34 kinase activity, HEK293T cells were transfected
by Vps34" " -Flag and Vps34***-Flag vectors. Vps34 and Vps34”*®
proteins were expressed from HEK293T cells and purified by Anti-
Flag beads. For endogenous Vps34 kinase activity in muscle tissues
of three groups, endogenous Vps34 was immunoprecipitated for 8
hours at 4°C with 1 pg of rabbit anti-Vps34 antibodies using 5 mg of
total lysate. The immune complexes were washed three times by
lysis buffer. Kinase reaction buffer (50 mM tris-HCl, 10 mM
MgCl,, 10 mM MnCl,, 500 mM PI, and 1.25 mM ATP [ pH 7.4]
were added to immune complexes (Vps34 or Vps34**F or endoge-
nous Vps34) and incubated at 30°C for 1 hour. The reaction was
terminated by adding 100 mM EDTA. PtdIns(3)P were extracted
and determined by PtdIns(3)P Mass ELISA kit.

PtdIns(3)P ELISA assay

PtdIns(3)P were extracted according to PtdIns(3)P Mass ELISA kit
following the instructions of the manufacturer. Briefly, cells were
removed from the medium, 5 ml of ice-cold 0.5 M TCA was
added, and we incubated cells on ice for 5 min and scraped the
cells from dish with additional 0.5 M TCA. Cells were centrifuged
at 3000 rpm for 7 min and discarded the supernatant. The pellet was
resuspended by 3 ml 5% TCA/1 mM EDTA and centrifuged at 3000
rpm for 5 min. Acidic lipids were extracted by MeOH: CHCI3:12 N
HCI (80:40:1) and PtdIns(3)P component were obtained from
organic phase. Cell extraction samples were added to incubation
plate. Add PtdIns(3)P 60 pul /well detector to sample wells. Seal
the plate with a plate sealer and incubate on a plate shaker at
room temperature for 1 hour. Wash the detection plate three
times with PBST. Add 100 pl of diluted secondary detector to
each well and incubate on a plate shaker at room temperature for
1 hour. Wash the detection plate three times with PBST. Add 100
ul TMB solution to each and develop for 30 min. Stop color devel-
opment by 50 uL H,SO,. Read absorbance at 450 m on a plate
reader. PI3P quantities can be estimated by the standard curve.

Lactate and NADH/NAD" in live cell by microplate reader
Genetically encoded lactate sensor and control cell lines H1299-
FiLa and H1299-FiLa, NADH/NAD" sensor and control sensor
cell lines Hela-SoNar and Hela-cpYFP were grown in 96-well
black bottom plate. After 12 hours, the cells were treated with dif-
ferent compounds and incubated in HBSS buffer (pH 7.4) at 37°C.
The ratios were determined by a Synergy Neo 2 Multi-Mode Micro-
plate Reader (BioTek) with excitation filters 420 BP 10 nm and 485
BP 20 nm, and emission filter 528 BP 20 nm. Fluorescence values
were background-corrected by subtracting the intensity of the cell
samples not expressing FiLa sensors.

Lactate and NADH/NAD" in live cell by flow cytometer
Genetically encoded lactate sensor and control cell lines H1299-
FiLa and H1299-FiLa, NADH/NAD" sensor and control sensor
cell lines Hela-SoNar and Hela-cpYFP were grown in 96-well
black bottom plate. After 12 hours, the cells were treated with dif-
ferent compounds and harvested by trypsinization. Cells were ana-
lyzed by flow cytometry within 10 min on a CytoFLEX flow
cytometer (Beckman Coulter). Sensor was excited using laser
lines at 405 nm and 488 nm. Emission filters were 525 BP 40 nm
for both excitation wavelengths.
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Quantitative real-time PCR analysis

Toal RNA was extracted from H1299 and HEK293T by TRIzol (In-
vitrogen) and cDNA was synthesized by HiScript II Ist Strand
cDNA Synthesis Kit (Vazyme Biotech Co., Ltd). Real-time PCR
was performed by Taq Pro Universal SYBR qPCR Master Mix
(Vazyme Biotech Co., Ltd) on the LightCycler 480 II system
(Roche). Relative expression level of mRNA was normalized to en-
dogenous control p-actin.

HE staining and periodic acid Schiff staining

Skeletal muscle was isolated from C57BL/6 ] mice and then sec-
tioned with a Leica VT1200 microtome. Sections were mounted
on microscope slides, deparaffinized in three changes of xylene,
and rehydrated through graded concentrations of ethanol. HE stain-
ing was performed to analyze histopathologic changes of muscle
tissue according to standard protocols. For periodic acid Schiff
staining, sections were treated with 1% periodic acid for 5 min,
rinsed in distilled water, stained with Schiff’s reagent for 20 min,
then counterstained with hematoxylin for 8 min, dehydrated in
alcohol, cleared in xylene, and sealed by neutral gum.

Statistical analysis

To quantify the number of GFP-FYVE, LC3 puncta, LysoTracker
positive vesicles and autophagosome vesicles, a total of 30 cells
were recorded and analyzed using NIS-Elements AR Analysis
program. These measurements were done on randomly selected
fields of view. Two-tailed unpaired Student's ¢ test was performed
for statistical analysis using GraphPad Prism software. All data are
presented as means + SD (**P < 0.01, *P < 0.05).

Supplementary Materials
This PDF file includes:

Figs. S1to S7

Table $1
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