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Folate metabolism plays an essential role in tumor development. Various cancers display therapeutic response to reagents targeting
key enzymes of the folate cycle, but obtain chemoresistance later. Therefore, novel targets in folate metabolism are highly
demanded. Methylenetetrahydrofolate dehydrogenase/methylenetetrahydrofolate cyclohydrolase 2 (MTHFD2) is one of the key
enzymes in folate metabolism and its expression is highly increased in multiple human cancers. However, the underlying mechanism
that regulates MTHFD2 expression remains unknown. Here, we elucidate that SIRT4 deacetylates the conserved lysine 50 (K50)
residue in MTHFD2. K50 deacetylation destabilizes MTHFD2 by elevating cullin 3 E3 ligase-mediated proteasomal degradation
in response to stressful stimuli of folate deprivation, leading to suppression of nicotinamide adenine dinucleotide phosphate
production in tumor cells and accumulation of intracellular reactive oxygen species, which in turn inhibits the growth of breast
cancer cells. Collectively, our study reveals that SIRT4 senses folate availability to control MTHFD2 K50 acetylation and its protein

stability, bridging nutrient/folate stress and cellular redox to act on cancer cell growth.
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Introduction

The one-carbon (1C) cycle is the essential metabolic net-
work integrating the folate cycle and methionine cycle. In 1C
metabolism, folate accepts, carries, and transfers 1C units. In-
termediate metabolites produced in 1C metabolism are precur-
sors of various essential macromolecules, including thymidy-
late, purine, S-adenosyl methionine, and the antioxidant nicoti-
namide adenine dinucleotide phosphate (NADPH) (Zhao et al.,
2021). Folate fortification is recommended to prevent fetal neu-
ral tube defects, congenital eye defects, and anemia in adults
(Sijilmassi et al., 2021), but its role in cancer remains contro-
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versial. While some studies suggest that adequate folic acid
intake reduces the risk of breast cancer (Chen et al., 2014; Di
Maso et al., 2020), recent evidence has shown that folic acid
supplementation fosters the malignant procedure of tumors and
avoiding excessive folate supplementation benefits the patients
by impeding tumor progression. For example, a folate diet sig-
nificantly increases the weight and volume of breast tumors in
mice (Ly et al., 2011; Hansen et al., 2017). In addition, clinical
trials also provide evidence that daily supplementation of 1 mg
folic acid increases the risk of prostate cancer and promotes
cell proliferation and invasion in prostate cancer (Figueiredo
et al., 2009). Collectively, these observations underscore the
necessity for further investigation into folate metabolism repro-
gramming in cancer development.

Methylenetetrahydrofolate dehydrogenase/methylenetetra
hydrofolate cyclohydrolase 2 (MTHFD2) is an integral
bifunctional enzyme in mitochondrial folate metabolism,
sequentially converting 5,10-methylenetetrahydrofolate
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(5,10-meTHF) to 5,10-methenyltetrahydrofolate (5,10-me*THF)
and 10-formyl-tetrahydrofolate (10-formyl-THF). In the reaction,
adenine dinucleotide phosphate (NADPT) or nicotinamide
adenine dinucleotide (NAD™) acts as a cofactor to generate
NADPH or NADH. MTHFD2 is expressed at a relatively low
level in normal tissues (Di Pietro et al., 2002). In contrast,
upregulation of MTHFD2 has been found in different cancers,
including breast, colorectal, and hepatocellular cancers, and
plays a key role in remodeling folate metabolism in tumor cells
(Nilsson et al., 2014). However, the molecular mechanism
that regulates MTHFD2 expression remains elusive. Previous
studies have shown that the KRAS or MYC oncogene regulates
MTHFD2 transcriptionally (Moran et al., 2014; Pikman et al.,
2016), but there is little knowledge on posttranslational
regulation of MTHFD2 and how this regulation functions on
tumor progression, especially under the stressful conditions
that frequently occur in the tumor microenvironment.

Protein lysine acetylation is a conserved posttranslational
modification (PTM), which is catalyzed reversibly by acetyltrans-
ferases and deacetylases. Metabolic enzyme acetylation reg-
ulates multiple cellular processes, involving protein stability,
subcellular location, protein interaction, and signal transduc-
tion, by removing the positive charge from lysine or changing
steric hindrance (Choudhary et al., 2014). A proteomic acety-
lome survey of mouse liver in the status of nutrient enrichment
or deficiency indicates that >20% of mitochondrial proteins
are acetylated, including many metabolic enzymes (Kim et al.,
2006). Nevertheless, few have been studied in depth till now
(Baeza et al., 2016).

SIRT4 is one of the most elusively investigated mitochondrial
sirtuins, which functions as ADP-ribosyltransferase and lipoami-
dase, but its deacetylase activity was previously considered to
be weak (Laurent et al., 2013; Mathias et al., 2014). Notably,
SIRT4 is closely related to lipid and amino acid metabolic pro-
cesses, but little is known about its role in folate metabolism.

Here, we report that SIRT4 deacetylates MTHFD?2 at lysine 50
(K50) residue in response to folate deprivation. The deacetyla-
tion enhances proteasomal degradation of MTHFD2 protein by
strengthening the binding of MTHFD2 to cullin 3 (CUL3) E3 ligase
and MTHFD2 ubiquitylation, resulting in the disruption of folate
metabolism and cellular redox homeostasis and the impairment
of breast cancer cell growth.

Results
MTHFD?2 is acetylated at K50

Protein acetylome studies indicated that MTHFD2 is poten-
tially modified by acetylation at K50 according to mass spec-
trometry analysis (Choudhary et al., 2009; Weinert et al.,
2013). Cross-species sequence alignment revealed that the
sequence constituted of K50 residue and the adjacent amino
acids are highly conserved from zebrafish to humans, sug-
gesting that K50 residue may be important for the function of
MTHFD2 (Supplementary Figure S1A). To test whether MTHFD2
is acetylated at K50 residue, Flag-tagged MTHFD2 was overex-
pressed in HEK293T cells and the sirtuin inhibitor nicotinamide

(NAM) was added into cells. Using the antibody against pan-
acetylated lysine (pan-ac), western blotting result revealed that
immunopurified MTHFD2 was acetylated and NAM treatment
significantly increased the acetylation level of MTHFD2, indi-
cating that MTHFD2 is dynamically modified by lysine acetyla-
tion (Figure 1A). Next, we mutated K50 into glutamine (K50Q,
referred to as KQ afterward) or arginine (K50R, referred to as
KR afterward), respectively. Either Flag-tagged wild-type (WT)
MTHFD2 orits mutants were overexpressed in HEK293T cells and
both substitutions resulted in a markedly reduced acetylation
level of MTHFD2 (Figure 1B). Of note, NAM increased the pan-
acetylation level of WT MTHFD2 but not that of KQ and KR mu-
tants, indicating that K50 is the major acetylated site of MTHFD2
under our tested conditions (Figure 1C). To further investigate
the acetylation of MTHFD2 at K50 residue, we generated the site-
specific antibody against acetylated K50 [acMTHFD2 (K50)]. Dot
blot assay showed that the antibody specifically recognized the
modified ratherthan unmodified peptide (Supplementary Figure
S1B). And peptide competition tests verified that the modified
peptide could counteract the recognition of the antibody but the
unmodified peptide had no interfering effect (Supplementary
Figure S1C). Besides, the antibody efficiently reacted with WT
MTHFD2, but not with its KQ or KR mutant (Figure 1D). These
results suggest that the antibody is specifically against K50
acetylation of MTHFD2. Moreover, the acetylation level of K50
residue in endogenous MTHFD2 was significantly increased
when treated with NAM in HEK293T or breast cancer MCF7 and
ZR-75-30 cells (Figure 1E). Taken together, MTHFD?2 is acetylated
at K50 residue.

SIRT4 deacetylates MTHFD2 at K50

As shown in Figure 1E, NAM treatment increased K50 acety-
lation of MTHFD2, indicating that some member of the SIRT
deacetylase family, like SIRT3, SIRT4, or SIRT5, is probably in-
volved in MTHFD2 K50 deacetylation. Due to the mitochon-
drial localization of MTHFD2, we co-transfected mitochondrial-
located SIRT3-SIRT5, respectively, with MTHFD2 into HEK293T
cells to identify the enzyme that catalyzes MTHFD2 K50 deacety-
lation. The MTHFD2 protein level decreased when SIRT4 was
overexpressed; however, other sirtuins had little effect on it
(Figure 2A). H161Y is the enzyme-dead mutant of SIRT4 (Ahuja
et al., 2007). Overexpression of SIRT4"T but not SIRT4H161Y
decreased the MTHFD2 protein level as well (Figure 2B). To
investigate how SIRT4 regulates the deacetylation of MTHFD?2,
we performed an immunoprecipitation (IP) assay of endogenous
MTHFD2 in HEK293T cells and the presence of SIRT4 in preci-
patates turned out the endogenous interaction of MTHFD2 and
SIRT4 (Figure 2C). Next, we purified glutathione-S-transferase
(GST)-tagged SIRT4"T and SIRT4H161Y respectively, from the
prokaryotic system (Anderson et al., 2017). The GST pull-down
experiment result proved that MTHFD2 and SIRT4 interacted
directly (Figure 2D). To further validate that SIRT4 is the deacety-
lase of MTHFD2, we constructed MCF7 and ZR-75-30 cells with
stable knockdown of SIRT4 and found that both acetylation and
protein levels of MTHFD2 increased (Figure 2E). Additionally, the
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Figure1 MTHFD2 is acetylated at K50. (A) Pan-acetylation of MTHFD2 is increased by NAM treatment. HEK293T cells with Flag-tagged MTHFD2
overexpression were treated with NAM for 6 h. Lysine acetylation of immunopurified MTHFD2 was detected with anti-acetyl lysine (pan-ac)
antibody. Relative ratios of MTHFD2 acetylation were normalized by MTHFD2 protein level. (B) The pan-acetylation level of WT MTHFD2 is much
higher than that of the KQ or KR mutant. Flag-tagged WT MTHFD2 and KQ and KR mutants were ectopically expressed into HEK293T cells and
purified by Flag beads. Pan-acetylation ofimmunopurified MTHFD2 was analyzed by western blotting. (C) Pan-acetylation of WT MTHFD2 rather
than that of the KQ or KR mutantis increased by NAM treatment. Flag-tagged WT MTHFD2 and KQ and KR mutants were ectopically expressed in
HEK293T cells treated with or without NAM and purified by Flag beads. Pan-acetylation of immunopurified MTHFD2 was analyzed by western
blotting. (D) K50 site-specific acetylation antibody [acMTHFD2 (K50)] recognizes WT MTHFD2, but not its KQ and KR mutants. Flag-tagged
WT MTHFD2 and its KQ and KR mutants were immunopurified with Flag beads and blotted with acMTHFD2 (K50) antibody. (E) Endogenous
MTHFD?2 is acetylated at K50 in multiple cell lines. HEK293T, MCF-7, and ZR-75-30 cells were treated with NAM for 6 h. K50 acetylation of
immunopurified endogenous MTHFD2 was detected by western blotting.

K50 acetylation level of MTHFD2 declined when SIRT4"T but not
SIRT4M161Y was restored into S/IRT4-knockdown cells (Figure 2F).
More importantly, in vitro deacetylation assay was carried out by
incubating purified SIRT4 and MTHFD2-Flag immunoprecipitated
from HEK293T cells. SIRT4 indeed deacetylated MTHFD?2 at K50
residue and subsequently decreased the enzymatic activity of
MTHFD2. In contrast, the SIRT4"161Y mutant was not able to
deacetylate MTHFD2 (Figure 2G). Above all, these results reveal
that SIRT4 is the deacetylase of MTHFD2. Particularly, SIRT4
knockdown increases MTHFD2 K50 acetylation, simultaneously
with the upregulation of the protein level.

K50 acetylation blocks MTHFD2 degradation mediated by CUL3

This study initially found that NAM treatment upregulates
the intracellular MTHFD2 protein level (Figure 3A). Most acety-
lated lysine residues are also subject to other PTMs, such as
ubiquitylation. It is estimated that one-third of the acetyla-
tion sites in human cells are ubiquitylated as well (Wagner
et al., 2011). As MTHFD2 is predicted to have seven po-
tential ubiquitylation sites by the Phosphosite database, we
speculate that MTHFD2 might be degraded through the pro-
teasome pathway. In order to confirm the ubiquitylation of
MTHFD2, Flag-tagged MTHFD2 and/or HA-tagged ubiquitin

were expressed individually or coexpressed in 293T cells.
The typical ubiquitylation ladder was present when MTHFD2
and ubiquin were coexpressed in cells (Figure 3B). Accord-
ing to the Biogrid database (https://thebiogrid.org/116011/
summary/homo-sapiens/mthfd2.html), E3 ligase CUL3 binds to
MTHFD2 potentially. To verify whether CUL3 is the E3 ligase for
MTHFD2, short interfering RNA (siRNA) targeting CUL3 was trans-
fected in HEK293T, MCF7, and ZR-75-30 cells. After silencing
CUL3, the endogenous MTHFD2 protein level increased ~1.5-
fold (Figure 3C). Moreover, the protein synthesis inhibitor cyclo-
heximide (CHX) chase experiment indicated that the half-life of
endogenous MTHFD2 was ~4 h, and CUL 3 knockdown prolonged
the half-life of MTHFD2 (Figure 3D). These data demonstrate
that MTHFD2 is degraded by CUL3. Acetylation often occurs
at highly conserved domains, changing the charge and steric
hindrance of the protein, and thus may alter the stability of
the modified proteins. To determine the effect of acetylation
on MTHFD2 stability, MTHFD2"T or MTHFD2*R was ectopically
expressed with HA-Ub in cells in the presence or absence of
NAM. Results showed that the ubiquitylation signal of MTHFD2WT
was less than that of MTHFD2XR, and NAM treatment decreased
the ubiquitylation of MTHFD2WT (Figure 3E). Moreover, the half-
life of MTHFD2WT was significantly longer than that of MTHFD2KR
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Figure 2 SIRT4 deacetylates MTHFD2 at K50. (A) Overexpression of SIRT4, but not other mitochondrial sirtuins, decreases the protein level of
MTHFD?2. HA-tagged SIRT3-SIRT5 were individually coexpressed with Flag-tagged MTHFD2 into HEK293T cells and protein levels of MTHFD2
were detected by western blotting. (B) WT SIRT4 but not its catalytic-dead H161Y mutant decreases the endogenous MTHFD2 protein level.
WT SIRT4 and H161Y mutants were transfected into HEK293T cells. The endogenous MTHFD2 protein level was detected by western blotting.
(C) MTHFD?2 interacts with SIRT4. The interaction between endogenous MTHFD2 and SIRT4 in HEK293T cells was determined by co-IP and
western blotting. (D) Verification of direct interaction between SIRT4 and MTHFD2 using GST pull-down assay. GST-tagged SIRT4 protein was
purified with GST beads and incubated with HEK293T cell lysates. The beads were collected and subjected to western blotting. (E) SIRT4
knockdown increases both MTHFD2 acetylation and protein levels. MCF7 and ZR-75-30 cells stably expressing scramble shRNA (scr) or two
independent shRNAs (2# and 3#) against SIRT4, respectively, were harvested for western blotting analysis. (F) WT SIRT4, but not the H161Y
mutant, decreases K50 acetylation. SIRT4 or its H161Y mutant was re-expressed into stable SIRT4-knockdown MCF7 cells. Cell extracts were
analyzed by western blotting. (G) WT SIRT4 but not its H161Y mutant deacetylates MTHFD2 in vitro. Recombinant SIRT4 (with GST tag cleaved
off) and MTHFD2 immunoprecipitated from HEK293T cells were incubated with or without NAD*. After in vitro deacetylation, the reaction
mixture was subjected to K50 acetylation detection by western blotting.

(Figure 3F). Furthermore, the NAM-accumulated acetylation level
of MTHFD2 blocks CUL3-induced degradation of MTHFD2"T but
not that of MTHFD2*R (Figure 3G). In conclusion, MTHFD2 acetyla-
tion mitigates its ubiquitylation to enhance protein stabilization.

Folate deprivation induces MTHFD2 hypoacetylation and
destabilization

To figure out the physiological signal that regulates the K50
acetylation level, we tested different culture conditions and
found that folate dynamically regulated the K50 acetylation
level. In ZR-75-30 cells, the K50 acetylation level of exoge-

nous or endogenous MTHFD2 was reduced by 2-fold in re-
sponse to folate deprivation (Figure 4A and B). In addition, a
similar reduction of MTHFD2 K50 acetylation was obtained in
purified mitochondria from ZR-75-30 cells upon folate depri-
vation (Supplementary Figure S2A). Furthermore, folate depri-
vation decreased the K50 acetylation level of MTHFD2"T but
not that of MTHFD2R (Figure 4C). Notably, folate deprivation-
induced reduction of the K50 acetylation level was accompanied
by a decrease of the MTHFD2 protein level either in HEK293T
cells or in purified mitochondria from ZR-75-30 cells, whereas
the MTHFD2 mRNA level remained unchanged (Figure 4D;
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Figure 3 K50 acetylation blocks MTHFD2 degradation by CUL3. (A) NAM treatment increases the MTHFD2 protein level. HEK293T cells were
cultured with or without NAM for 6 h before harvest. (B) MTHFD2 is ubiquitylated. Ubiquitylation of MTHFD2 was detected by IP of exogenous
Flag-tagged MTHFD2 and analyzed by western blotting. (C) CUL3 knockdown increases the MTHFD2 protein level. HEK293T, MCF7, and
ZR-75-30 cells expressing control siRNA or siRNA targeting CUL3 were collected for western blotting analysis as indicated. (D) CUL3 knockdown
stabilizes MTHFD2. Control siRNA or siRNA targeting CUL3 was expressed into HEK293T cells. Cells were treated with CHX (10 mg/ml) as
indicated. The endogenous MTHFD2 protein level was detected by western blotting. (E) The KR mutant increases MTHFD2 ubiquitylation.
Indicated plasmids were transfected into HEK293T cells, and the ubiquitylation ofimmunoprecipitated MTHFD2-Flag proteins was determined
after NAM treatment. (F) The half-life of WT MTHFD2 is longer than that of the KR mutant. ZR-75-30 cells stably expressing WT MTHFD2 or the
KR mutant were treated with CHX for the indicated time points before harvest. (G) Acetylation blocks CUL3-induced MTHFD2 degradation.
ZR-75-30 cells stably expressing WT MTHFD2 or the KR mutant were transfected with or without Myc-CUL3, followed by treatment with or
without NAM for 6 h. Flag-tagged MTHFD2 was determined.
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Figure 4 Folate deprivation induces MTHFD2 hypoacetylation and destabilization. (A) Folate deprivation decreases K50 acetylation of
MTHFD2. ZR-75-30 cells stably expressing WT MTHFD2 were cultured in medium with or without folate for 24 h. Acetylation of MTHFD2
was determined by IP and western blotting. (B) Folate deprivation decreases K50 acetylation of endogenous MTHFD2 in breast can-
cer cell lines. MCF7 and ZR-75-30 cells were cultured under folate deprivation. K50 acetylation was determined by western blotting.
(C) Folate deprivation decreases acetylation of WT MTHFD2 but not its KR mutant. ZR-75-30 cells stably expressing WT MTHFD2 or the
KR mutant were cultured with or without folate. Acetylation of MTHFD2 was determined by IP and western blotting. (D) Folate deprivation
decreases both K50 acetylation and protein levels of MTHFD2. HEK293T cells were cultured with normal or folate-deprived medium,
respectively. The protein expression level of MTHFD2 was analyzed with B-actin normalization and K50 acetylation was analyzed with MTHFD2
normalization by western blotting. (E) Folate deprivation decreases the protein level of MTHFD2 in breast cancer cell lines. MCF7 and
ZR-75-30 cells were cultured under folate deprivation for different time courses as indicated. Protein expression of MTHFD2 was determined
by western blotting. (F) Folate deprivation modulates the interaction between MTHFD2 and CUL3. HEK293T cells were cultured with or without
folate, endogenous IP against MTHFD2 was carried out, and the interaction was detected by western blotting. (G) Folate deprivation enhances
the ubiquitylation of MTHFD2. Flag-tagged MTHFD2 was coexpressed with HA-tagged ubiquitin in HEK293T cells. Cells were cultured with or
without folate and treated with MG132 for 6 h. Ubiquitylation of MTHFD2 was determined by western blotting.

Supplementary Figure S2B and C). Complementarily, the sig-
nificant decline of the MTHFD2 protein level caused by fo-
late deprivation was in a time-dependent manner (Figure 4E).
Thus, the folate metabolic signal has pivotal effects on MTHFD2
acetylation as well as the protein level. As MTHFD2 acetyla-
tion prevents CUL3-mediated ubiquitylation, we then performed
an endogenous IP assay and found that, indeed, CUL3 inter-
acted with MTHFD2. Particularly, the interaction between CUL3
and MTHFD2 was fortified in response to folate deprivation
(Figure 4F). Consequently, folate deprivation increased MTHFD2
ubiquitylation (Figure 4G). Besides, we determined the binding
between MTHFD2 and SIRT4 in the absence of folate and found
that folate deprivation substantially promoted the binding be-
tween SIRT4 and MTHFD2 (Supplementary Figure S2D). Further-
more, we explored the regulation of MTHFD2 ubiquitylation upon
folate deprivation. SIRT4 overexpressing enhanced the MTHFD2

ubiquitylation level. By contrast, the ubiquitylation signal of
MTHFD2 could not be increased by SIRT4 expression after si-
lencing CUL3 (Supplementary Figure S2E). Our data demonstrate
that Sirt4-mediated degradation of MTHFD2 is dependent on
CUL3. These data suggest that the extrinsic folate metabolic
signal is essential for the maintenance of MTHFD2 protein by
acetylating modification.

K50 acetylation maintains cellular redox balance and promotes
tumor growth

To explore the effects of MTHFD2 acetylation, we generated
ZR-75-30 cells with stable knockdown of endogenous MTHFD2
using short hairpin RNA (shRNA) and the derivative cells
with putback of MTHFD2"T or MTHFD2XR. MTHFD2 knockdown
efficiency and restored expression of MTHFD2W™ or MTHFD2XR
were shown by western blotting analysis. Actually, the restored
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protein level of MTHFD2"T or MTHFD2R was similar to the
endogenous expression level of MTHFD2 (Figure 5A).

As a major source of NADPH production, the 1C cycle pathway
produces ~40% of cellular NADPH, which powers reductive
biosynthesis and protects against redox (Fan et al., 2014;
Wei et al., 2018; Ju et al., 2019). Therefore, we measured the
NADP*/NADPH ratios in stable cells treated with NAM or folate
deprivation to detect the effect of K50 acetylation on NADPH pro-
duction. The results showed that NADPH production in MTHFD2-
knockdown or MTHFD2"R cells was lower than that in MTHFD2WT
cells. Furthermore, NAM addition enhanced NADPH production
in both control and MTHFD2"T cells but was unable to enhance
NADPH production in MTHFD2-knockdown or MTHFD2R cells
(Figure 5B). Thus, K50 acetylation of MTHFD2 sustained by NAM
addition supports NADPH production by counteracting against
folate deprivation. It is known that persistent elevation of the
reactive oxygen species (ROS) level in response to oxidative
stress is harmful to cell viability. Cell damage could be prevented
by NADPH as a reducing agent to quench cellularROS. Therefore,
we next detected cellular ROS levels in established ZR-75-30
cells. Indeed, expression of MTHFD2"T led to a reduction of the
ROS level in cells, whereas the MTHFD 2R mutant could not fully
simulate the scavenging effect of MTHFD2WT on ROS. Moreover,
folate deprivation-induced accumulation of cellular ROS in
MTHFD2W"T or MTHFD2R cells could be partially lessened by
NAM treatment (Figure 5C). According to the observations, we
speculated that SIRT4-mediated MTHFD2 acetylation is critical
to connecting the folate metabolic signal and cellular redox
maintenance by controlling MTHFD2 stability and sequential
NADPH production. To define the speculation, we determined
the effect of SIRT4 knockdown on NADPH production and
redox balance. SIRT4 knockdown resulted in a dramatic
increase of NADPH production and decrease of ROS levels
in control but not MTHFD2-knockdown cells (Supplementary
Figure S3A and B). We further measured ZR-75-30 cell viability
after challenge with hydrogen peroxide. MTHFD2-knockdown
cells were highly sensitive to oxidative stress and induced a
remarkable increase of cell death. Re-expression of MTHFD2"T,
but not the MTHFD2'R mutant, protected cells from oxidative
damage and the most protective effect was observed in cells
introduced with MTHFD2WT (Figure 5D).

Previous studies reported that MTHFD2 overexpression
accelerates cancer cell proliferation and cancer progression,
especially in breast cancer. Inhibition of key enzymes of the
1C metabolism pathway impairs tumor cell growth (Selcuklu
et al., 2012; Nilsson et al., 2014; Pikman et al., 2016). Next,
we examined the effect of MTHFD2 acetylation on the tumor
burden and cell proliferation in ZR-75-30 cells. Overexpression
of MTHFD2WT increased cell proliferation and knockdown
of endogenous MTHFD2 significantly inhibited cell growth,
whereas cells expressing the MTHFD2X°°R mutant could not
completely replenish the cell proliferation suppressed by
MTHFD2 knockdown both in vivo and in vitro (Figure 5E;
Supplementary Figure S3C-E). Our data showed that the tumor
volume and weight were significantly reduced in mice receiving

cells expressing KR mutation compared with mice bearing WT
MTHFD2 cells (Figure 5D; Supplementary Figure S3D). Consis-
tently, reintroduction of the KR mutant into cells significantly
attenuated the staining intensity of the cell proliferation marker
Ki-67 (Supplementary Figure S3E). In addition, we examined
enzymatic activities of WT and mutant (KR, KQ) MTHFD2 and
found that the KR mutant significantly decreased whereas
the KQ mutant significantly increased the enzymatic activity
(Supplementary Figure S3F). Moreover, results of the cell
proliferation assay and enzyme activity assay showed that the
MTHFD2 KR mutant had a dominant inhibition on WT MTHFD2
(Supplementary Figure S3G-I). Co-IP experiments revealed the
interaction between the Flag-tagged KR mutant and HA-tagged
WT MTHFD2 when they were simultaneously expressed in cells,
suggesting that the KR mutant and WT MTHFD2 could form
a heterodimer (Supplementary Figure S3G and H). Notably,
their interaction significantly inhibited the enzymatic activity
of WT MTHFD2 (Supplementary Figure S3H). As expected,
overexpression of the KR mutant significantly impeded cell
viability and growth in ZR-75-30 cells with endogenous MTHFD2
in either the absence or the presence of folate (Supplementary
Figure S3I). These results prove that acetylation-stabilized
MTHFD?2 substantially potentiates breast cancer cell growth.

Discussion

Previous research of acetyl proteomics of mouse revealed that
63% of mitochondria proteins, >700 proteins, contain acety-
lation sites (Baeza et al., 2016). Nevertheless, few acetylated
mitochondrial proteins are functionally defined (Baeza et al.,
2016).

The mitochondrial MTHFD2 plays a crucial role in the 1C
unit cycle and is postulated as an oncoprotein. MTHFD2
overexpression occurs in multiple types of cancers and is
associated with poor survival of patients (Nilsson et al.,
2014). The underlying mechanism of MTHFD2-driven cancer
development has been comprehensively investigated. On
the one hand, cancer progression is dependent on MTHFD2-
enhanced biosynthesis of nucleotide, such as lung cancer
and MYCN-amplified neuroblastoma (Cheung et al.,, 2019;
Nishimura et al, 2019). Specifically, MTHFD2-sustained
nucleotide synthesis profoundly contributes to the stemness
and chemoresistance of lung cancer cells as well as the
adaptation of the tumor immune microenvironment (Nishimura
et al., 2019; Wang et al., 2019; Sugiura et al., 2022). On the
other hand, serine catabolism becomes a major NADPH source
through MTHFD2 to balance the cellular oxidative condition
and facilitate cell growth by ROS detoxification (Fan et al.,
2014). Studies revealed that MTHFD2 modulates serine—glycine
and mitochondrial 1C metabolism in response to oxidative
stress and oxPAPC and the suppression of MTHFD2 disturbs
NADPH and redox homeostasis and accelerates cell death
(Hitzel et al., 2018; Ju et al., 2019). In this research, we find
that K50 residue in MTHFD2 is acetylated. Deacetylation of
MTHFD2 K50 residue by SIRT4 triggers CUL3 E3 ubiquitin
ligase-mediated MTHFD2 degradation, particularly under folate
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Figure 5 MTHFD2 deacetylation inhibits NADPH production and breast cancer growth. (A) Characterization of stable re-expression of MTHFD2
in ZR-75-30 cells. WT MTHFD2 or the KR mutant was reintroduced into MTHFD2-knockdown cells. The knockdown efficiency and re-expression
of Flag-tagged MTHFD2 were determined by western blotting. (B and €) K50 acetylation of MTHFD2 modulates the NADP*/NADPH ratio
and ROS level. MTHFD2-knockdown ZR-75-30 cells re-expressing WT MTHFD2 (shMTHFD2 + MTHFD2"T) or its KR mutant (shMTHFD2 +
MTHFD2"R) were cultured under folate deprivation followed by NAM incubation for 6 h. The NADP+/NADPH ratios (B) and ROS levels (C) were
determined by a spectrofluorometer. (D) Re-expression of WT MTHFD2, but not the KR mutant, protects cells from oxidative injury. MTHFD2-
knockdown ZR-75-30 cells re-expressing WT MTHFD2 (shMTHFD2 + MTHFD2"T) or the KR mutant (shMTHFD2 + MTHFD2XR) were treated with
indicated concentrations of H,0, for 12 h. Cell viability was assayed. (E) The KR mutant significantly reduces tumor growth by xenograft assay.
ZR-75-30 breast cancer cells were transplanted to nude mice. After tumor harvest, tumor weight and size were measured. (F) Working model.
SIRT4 deacetylates MTHFD2 at K50 residue in response to folate deprivation, which promotes proteasomal degradation of MTHFD2 via CUL3-
triggered ubiquitylation, leading to an inhibition of NADPH production and cancer cell proliferation. Therefore, stressful signal of inadequate
folate is sensed by the SIRT4—MTHFD2 axis to cause disorder of cellular redox by reducing MTHFD2-catalyzed NADPH production and hamper
proliferation of breast cancer cells. Data shown represent mean + SD obtained from triplicate independent experiments. n.s. indicates no
significance, *P < 0.05, **P < 0.01, and ***P < 0.001.
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deprivation. Notably, MTHFD2 knockdown or its KR mutant
putback decreases the enzymatic activity of MTHFD2 and
upregulates intracellular ROS, resulting in the suppression of
breast cancer cell proliferation and suggesting the essential role
of MTHFD2 in oxidative homeostasis (Figure 5F). Furthermore, it
would be interesting to perform stable isotope tracing, like utiliz-
ing U-[13C]-serine, to explore the effect of MTHFD2 on nucleotide
biosynthesis. Altogether, this finding reveals that SIRT4-induced
deacetylation of MTHFD2 is indispensable for folate sensing,
metabolism remodeling, and tumor cell proliferation.

Combination or crosstalk of different PTMs makes the reg-
ulation of protein function or turnover more flexible and pre-
cise in response to stimulating signals of different nutrients
and/or growth factors (Cai et al., 2012; Yang et al., 2015; Li
etal., 2020). Here, we find that acetylation and ubiquitylation of
MTHFD?2 are coupled together. When a folate metabolic signal is
present, persistent K50 residue acetylating hampers the binding
of MTHFD2 to CUL3 E3 ubiquitin ligases and prevents degrada-
tion of MTHFD2 via the proteasome pathway, potentiating the 1C
unit cycle to generate a methyl group for epigenetic modulation,
precursors for nucleotide synthesis, and reductive power for cell
redox maintenance in breast cancer cells. On the other hand,
when folate is deficient, the stressful signal initiates SIRT4-
mediated deacetylation of MTHFD2 K50. Sequentially, ubiqui-
tylation is triggered to promote MTHFD2 degradation, resulting
in the obstruction of the 1C unit cycle and impairment of cell
growth by elevating cellular ROS. Further research is planned to
define the sensing mechanism of the folate signal in cells and
the deubiquitylase and precise ubiquitylation sites of MTHFD2 to
fully explain the mechanism underlying MTHFD2 ubiquitylation.

SIRT4 is a guardian for cellular energy metabolism. It in-
hibits fatty acid oxidation and promotes lipid anabolism by
inhibiting malonyl CoA decarboxylase (MCD). There is also
a report that SIRT4 downregulates glutamate dehydrogenase
to suppress insulin secretion. More importantly, SIRT4 shows
tumor-suppressive activity by disrupting glutamine anabolism.
The SIRT4 expression level is reduced in several types of can-
cers (Jeong et al.,, 2013). When regulating these essential
metabolic processes, SIRT4 displays multiple enzymatic ac-
tivities, including lysine deacetylase, lipoamidase, and ADP-
ribosyltransferase. Among the studies, the deacetylation of MCD
by SIRT4 was only determined by in vitro assay using MCD and
SIRT4 proteins isolated from cells. There is a lack of solid evi-
dence to show the direct interaction between MCD and SIRT4. A
few other substrates have been discovered for SIRT4 acting as
a deacetylase (Laurent et al., 2013). In this study, the in vitro
reaction of prokaryotic recombinant SIRT4 protein and isolated
intracellular MTHFD2 was performed in a more direct way to
confirm the deacetylase activity of SIRT4 on MTHFD2.

Folic acid supplementation has been widely applied to pro-
tect from neural tube defects of births in the world since the
1990s. However, studies in the recent two decades have shown
that excess intake of folic acid promotes the incidence and/or
progression of gastrointestinal, breast, pancreatic, and other tu-
mors (Shangetal., 2021). Consistently, it has been reported that

low plasma folate level is associated with decreased colorectal
cancer risk (Lee et al., 2012; Gylling et al., 2014). Thus, folate
deprivation for tumor treatment is feasible. Folate restriction
impairs malignant phenotypes of cancer cells in vivo and in
vitro (Yang et al., 2015; Coleman et al., 2021). One preclini-
cal study revealed that relative long-term (8 weeks), but not
short-period (1 week), folate restriction effectively counteracts
tumorigenesis. As expected, mechanistically, folate restriction
disturbs epigenetic modification, redox maintenance, as well as
DNA damage repair due to the linkage of folate metabolism to
methionine metabolism, reducing power production, and nu-
cleotide syntheses (Fardous et al., 2021). In addition, folate
metabolism antagonists, such as methotrexate, pemetrexed,
and 5-fluorouracil, have been widely used in the treatment of
many types of tumors, although being challenged by chemore-
sistance (Assaraf, 2007; Liu et al., 2021). However, functional
folate metabolism facilitates therapeutic efficiency by targeting
MYCin leukemia (Su et al., 2020). Therefore, a folate deprivation
strategy in cancer treatment should be precisely defined based
on personal genetic and/or epigenetic characteristics. In our
study, the SIRT4-MTHFD2 axis can respond to folate deficiency
signals and inhibit the growth of breast cancer. Accordingly, one
recent study also showed that folate deprivation inhibits the
growth of triple-negative breast cancerxenograft (Coleman et al.,
2021). Intriguingly, in addition to the overexpression in various
tumor cells (Pallmann et al., 2021), MTHFD2 is also involved in
the expression of PD-L1 stimulated by IFN-y, promoting immune
escape (Shang et al., 2021). As targeting MTHFD2 can inhibit a
variety oftumors, our research suggests that folate deprivationis
a potentially auxiliary approach for tumor treatment by targeting
MTHFD?2, especially in breast cancer.

In summary, our discoveries demonstrate the critical role of
the SIRT4—MTHFD2 axis in folate metabolism. In particular, un-
der folate-lacking conditions, the stressful signal of inadequate
nutrients is sensed by hijacking the SIRT4—MTHFD?2 axis to fine-
tune cellular folate metabolism, slowing down the folate cycle
and curbing cell growth. Thus, our finding suggests one rational
strategy of cancer therapy by targeting the SIRT4A—MTHFD2 axis.

Materials and methods
Antibodies

Antibodies against Flag (Cell Signaling Technology,
Cat#2368), pan-acetylated lysine (Cell Signaling Technology,
Cat#9441), MTHFD2 (Cell Signaling Technology, Cat#41377),
SIRT4 (Abclonal, Cat#A7585), CUL3 (Abcam, Cat#ab75851),
B-actin (AOGMA, Cat#9601), and HA (SAB, Cat#T7501) were
purchased. To generate a site-specific antibody against acetyl
K50 of MTHFD2 [acMTHFD2 (K50)], the synthesized peptide
(GL Biochem) was coupled to keyhole limpet hemocyanin
to immunize rabbits and the post-immunization serum was
collected.

Cell culture and treatment
Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco, Cat#12100046/12800017) supplemented with
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10% fetal bovine serum (FBS) (Gibco, Cat#0082147) and 1%
penicillin/streptomycin (Hyclone, Cat#SV30010). For sirtuin
inhibitor treatment, cells were treated with 5 mM NAM (Sigma,
Cat#98920). For proteasome inhibitor treatment, cells were
treated with 10 wM carbobenzoxy-Leu-Leu-leucinal (MG132)
(Sigma, Cat#1211877-36-9) for 6 h.

P

Cells were lysed on ice in NP-40 lysis buffer (150 mM NaCl,
50 mM Tris, 0.5% NP-40, pH 7.5) with protease inhibitors
(Biotool, Cat#B14001). After centrifugation, the collected su-
pernatant was incubated with Flag beads (Sigma, Cat#A2220)
at 4°C overnight. Beads were then washed for further analysis.
For endogenous IP, antibody against MTHFD2 was added to
cell lysate supernatant, followed by incubation with protein G
agarose (Sigma, Cat#11243233001) at 4°C for another 4 h.

Recombinant protein expression and purification

According to the protocol described previously (Guo et al.,
2020), transformed BL21 Escherichia coli with the plasmid en-
coding GST-tagged SIRT4 was cultured in LB medium. Then,
0.2 mM isopropyl-B-D-1-thiogalactopyranoside was added to
induce protein expression at 16°C when the optical density (OD)
at 600 nm (OD600nm) reached 0.6. Recombinant SIRT4 was
harvested using GST agarose beads (AOGMA, Cat#AGM90049)
for purification. Then, GST tag was removed by protease.

In vitro deacetylation assay

MTHFD2-Flag was overexpressed in HEK293T cells and pu-
rified by IP with Flag beads (MCE, 98849-88-8). MTHFD2-Flag
and recombinant SIRT4 were added to the deacetylase buffer
(20 mM Tris—HCl, pH 7.8, 150 mM NaCl, 1 mM NAD*, and 2 mM
dithiothreitol). After incubation at room temperature for 3 h, the
mixture was boiled with loading buffer and the acetylation level
of K50 was detected by western blotting.

Real-time quantitative PCR analysis

Total RNA was extracted from cells using TRNzol Univer-
sal (Tiangen, Cat#DP424) and transcribed reversely. Quanti-
tative PCR was performed with SYBR Green premix reagent
(TaKaRa, Cat#RR820A) using B-actin as a control. The primers
used are as follows: hACTB forward, 5'-GCACAGAGCCTCGCCTT-3';
hACTB reverse, 5-GTTGTCGACGACGAGCG-3'; hMTHFD2 forward,
5-GCGGCAGGAGGTAGAAGA-3’; and hMTHFD2 reverse, 5'-TGTT
GAGGACATAGGAGTGACT-3'.

Construction of stable cell pools

To generate stable MTHFD2-knockdown cells, shRNA tar-
geting MTHFD2 was constructed in pMKO plasmid and de-
livered into cells with a two-plasmid packaging retrovirus
system. Infected cells were selected in 2 pg/ml puromycin
(Ameresco, Cat#)593). The targeting sequence is sShMTHFD2:
5’-GGTGGGTGTTTCTGCACATAC-3'.

To generate MTHFD2-knockdown and rescue stable cell pools,
pQCXIH vector containing Flag-tagged human MTHFD2WT or

MTHFD2*R was co-transfected with the gag and vsvg vec-
tors into HEK293T cells to produce retroviruses to infect
MTHFD2-knockdown cells, followed by selection in 50 pwg/ml
hygromycin B (Ameresco, Cat#K547).

Measurement of NADP*/NADPH ratios

The intracellular levels of NADP™ and NADPH were measured
by NADP*/NADPH assay kit (Beyotime, Cat#50179). Briefly,
samples isolated from 1x10° cells with 200 .l NADP*/NADPH
extraction buffer were heated at 60°C for 30 min to decompose
NADP*, followed by sequentially adding G6PDH working solu-
tion for conversion of NADP* to NADPH and NADPH developer.
Finally, the absorbance was read at 0D450nm.

Human breast cancer xenograft model

ZR-75-30 breast cancer cell line was used in tumor growth
analysis. A total of 5 x 10° cells suspended in 50 pl DMEM
without FBS and penicillin/streptomycin were mixed with 50 pl
Matrigel matrix (Corning, Cat#354248) at a ratio of 1:1, fol-
lowed by subcutaneous injection into both flanks of the mouse.
Once the tumor diameter of the WT group reached 8-10 mm,
both the WT and KR groups of mice were sacrificed and the
tumor was fetched for weighing. The length and width of the
tumor were also measured. The tumor volume was calculated
by the following formula: 1/2 x length x width?. These tumors
were fixed in 4% paraformaldehyde for embedding, followed
by immunohistochemistry (IHC) and hematoxylin and eosin (HE)
staining.

Measurement of MTHFD2 enzyme activity

The enzyme activity assay was based on the method pub-
lished previously (Fu etal., 2017). Briefly, substrate (6R,S)-5,10-
methylene-5,6,7,8-tetrahydrofolic acid, calcium salt (Schircks,
Cat#16.226) dissolved in 50 mM Tris—HCl (pH 8.0) and 100 mM
B-mercaptoethanol was stored in aliquots under nitrogen.

MTHFD2 protein immunoprecipitated from cells and substrate
(400 pM as final concentration) were added to detection buffer
(50 mM Tris—HCl, 30 mM B-mercaptoethanol, 5 mM MgCl,, 1 mM
NAD™, pH 8.0). The mixture was incubated at 30°C for 2 min
and stopped by 1 M HCl. The absorbance was measured at
350 nm and the final result was obtained by normalization with
the quantified protein concentration.

IHC and HE staining

Slides were deparaffinized in xylene, hydrated in graded alco-
hol solutions, and blocked in peroxidase. Heat-induced antigen
retrieval was performed with 0.01 M citrate buffer (pH 6.0) for
25 min. Sections were stained in hematoxylin and eosin for HE
staining. For IHC, sections were immersed in goat serum for
30 min to block non-specific staining and then incubated with
Ki-67 antibody (Abcam, Cat#ab15580) overnight at 4°C. Sec-
ondary anti-rabbit antibody was incubated with sections for
40 min at 37°C, followed by diaminobenzidine development and
hematoxylin counterstaining.
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Statistical analysis

Statistical analyses were performed with a two-tailed un-
paired Student’s t-test. Data shown represent the results ob-
tained from triplicate independent experiments with standard
errors of the mean (mean =+ SD). n.s. indicates no significance,
*P < 0.05, **P < 0.01, and ***P < 0.001.
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