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SUMMARY

PGAM5 is a mitochondrial serine/threonine phos-
phatase that regulates multiple metabolic pathways
and contributes to tumorigenesis in a poorly
understood manner. We show here that PGAM5 inhi-
bition attenuates lipid metabolism and colorectal
tumorigenesis in mice. PGAM5-mediated dephos-
phorylation of malic enzyme 1 (ME1) at S336 allows
increased ACAT1-mediated K337 acetylation, lead-
ing toME1 dimerization and activation, both of which
are reversed by NEK1 kinase-mediated S336 phos-
phorylation. SIRT6 deacetylase antagonizes ACAT1
function in a manner that involves mutually exclusive
ME1 S336 phosphorylation and K337 acetylation.
ME1 also promotes nicotinamide adenine dinucleo-
tide phosphate (NADPH) production, lipogenesis,
and colorectal cancers in which ME1 transcripts are
upregulated andME1 protein is hypophosphorylated
at S336 and hyperacetylated at K337. PGAM5 and
ME1 upregulation occur via direct transcriptional
activation mediated by b-catenin/TCF1. Thus, the
balance between PGAM5-mediated dephosphoryla-
tion of ME1 S336 and ACAT1-mediated acetylation of
K337 strongly influences NADPH generation, lipid
metabolism, and the susceptibility to colorectal
tumorigenesis.

INTRODUCTION

Colorectal cancer (CRC) is the third most common malignant

disease and the fourth leading cause of cancer death worldwide

(Torre et al., 2015). Altered metabolism is a common hallmark of
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cancer cells in general, and CRC in particular, given that rapid

tumor growth is dependent on changes in aerobic glycolysis,

glutaminolysis, and lipidmetabolism (Cotte et al., 2018; Hanahan

and Weinberg, 2011; Hao et al., 2016). Most tumors display

elevated fatty acid (FA) synthesis and show increases in the

transcripts and enzymes that encode the enzymes in these

pathways (Finicle et al., 2018). Lipogenesis inhibitors are

currently undergoing clinical trials for cancer therapy (Makinosh-

ima et al., 2018; Zadra et al., 2019). However, very little is

known about the regulation of these enzymes by post-transla-

tional modification and how they contribute, if at all, to CRC

induction.

Malic enzymes (ME) participate in the reactions that link

anabolic and catabolic branches of metabolism. The cyto-

plasmic form of ME, ME1, provides one source of nicotinamide

adenine dinucleotide phosphate (NADPH) that is used for FA

synthesis and glutamine production (Dey et al., 2017; Jiang

et al., 2013). ME1 supports tumor growth through its participa-

tion in various tumor-related signaling pathways, particularly

those involving TP53, Myc, and KRAS. For example, in senes-

cent and cancer cells, TP53 inhibits NADPH production and lipo-

genesis by decreasing ME1 expression via direct binding toME1

promoter (Jiang et al., 2013). Depletion of ME1 inhibits mutant

KRAS and APC mutant-driven CRC growth by decreasing

NADPH production and lipogenesis (Fernandes et al., 2018; Lu

et al., 2018; Shen et al., 2017). NADPH supports redox defenses

and reductive biosynthesis in tumor cells (Wen et al., 2015). ME1

thus stands at an important crossroad that links normal and

neoplastic proliferation. However, little is known concerning

ME1’s post-translational regulation.

Cyclic phosphorylation/dephosphorylation and acetylation/

deacetylation play critical roles in the regulation of many essen-

tial proteins during different cellular processes including meta-

bolism, carcinogenesis, epigenetic modeling, and survival

(Robitaille et al., 2013; Shan et al., 2014; Yang et al., 2012).

Recent studies have revealed that K321 acetylation of the
.
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pyruvate dehydrogenase A1 (PDHA1) subunit inhibits PDH activ-

ity by recruiting the inhibitory PDH kinase 1 (PDK1). Conversely,

the stimulatory PDH phosphatase (PDP1) K202 acetylation in-

hibits PDH function by dissociating its substrate PDHA1, both

of which are critical through promoting glycolysis in tumor

growth (Fan et al., 2014; Shan et al., 2014). The epidermal growth

factor receptor (EGFR) stimulates the activity of acetyl-CoA

acetyltransferase (ACAT1) and stimulates tumor growth by phos-

phorylating the ACAT1 Y407 residue and promoting its tetrame-

rization (Fan et al., 2016). The acetylation and phosphorylation of

metabolic enzymes also may affect their stability, as evidenced

by the P300/CBP-associated factor (PCAF)-mediated acetyla-

tion of cell death-inducing DFFA-like effector C (CIDEC) (Lin

et al., 2013; Qian et al., 2017).

PGAM family member 5 (PGAM5) belongs to the phospho-

glycerate mutase family, and in contrast to other family

members, functions as an atypical serine/threonine protein

phosphatase rather than as a phosphoglycerate mutase.

PGAM5 is involved in regulating apoptotic and necroptotic path-

ways as well as mitochondrial turnover by inducing mitophagy

after mitochondrial damage (He et al., 2017; Panda et al.,

2016; Ramachandran and Jaeschke, 2017; Wang et al., 2012).

PGAM5 is also upregulated in hepatocellular carcinoma and

promotes its growth (Cheng et al., 2018).

Here, we report that PGAM5 is upregulated in patients with

CRC and functions by dephosphorylating ME1 at S336. This

lead to a reciprocal increase in ME1 acetylation by ACAT1 at

the adjacent K337 residue and increases in ME1’s dimerization

and enzymatic activity, both of which are necessary to promote

colorectal tumorigenesis. In this manner, ME1 S336 phosphory-

lation and K337 acetylation are shown to be mutually antago-

nistic. These findings reveal that an important step in the

metabolic reprogramming that accompanies CRC tumorigen-

esis involves the reciprocal PGAM5-mediated dephosphoryla-

tion and ACAT1-mediated acetylation of adjacent residues on

ME1 that dictate its inherent metabolic activity.

RESULTS

PGAM5 Is Upregulated in CRC
Numerous kinase inhibitors have been used to treat a variety of

cancers including CRC (Qi et al., 2018). However, the selective

targeting of protein phosphatases remains a relatively underde-

veloped area. To study the role of phosphatases in colorectal

tumorigenesis and to identify potential therapeutic targets, we

first examined the expression of transcripts encoding 324 known

phosphatases in 382CRCs from the TCGAdatabase. The results

indicated that 54 phosphatase genes were commonly upregu-

lated in CRCs (1.6-fold threshold) (Figure 1A). We next analyzed

the protein expression of these genes in CRCs from the Human

Protein Atlas database and found that, in 10 of 12 tumor sam-

ples, only PPM1G and PGAM5 were overexpressed (Figure 1A).

To demonstrate a functional role for these two phosphatases in

CRC, we knocked down their expression in CRC cells and found

that depleting PGAM5 significantly inhibited CRC cell growth,

whereas depleting PPM1G had no effect (Figures 1B and S1A).

Additional studies revealed that CRCs contained the highest

levels of PGAM5 RNA and protein among evaluable tumors
(Figures S1B and S1C). A fuller analysis among 33 different tu-

mor types from the TCGA and GTEx datasets showed that

PGAM5 transcripts were also upregulated in most other types

of cancer (Figure S1D). PGAM5 RNA levels were also upregu-

lated in virtually all tumors from 32 matched normal colorectal

and CRC tissues from the TCGA database (Figure S1E).

PGAM5 RNA was also highly upregulated in 31 pairs of matched

normal:CRC tissues from Wuhan Union Hospital (Figure 1C) and

in CRCs from several GSE databases (Figure S1F). Consistently,

PGAM5 RNA and protein levels gradually increased in the colon

of C57BL/6 mice after azoxymethane/dextran sulfate sodium

(AOM/DSS) treatment (Figures 1D and 1E). Finally, PGAM5

was also significantly upregulated in the colon of ApcMin/+ mice

(Figures 1F and 1G).

We next investigated the effects of PGAM5 modulation on

CRC growth. ShRNA-mediated inhibition of PGAM5 significantly

retarded in vivo xenograft growth, and this defect could be

rescued by the expression of wild-type (WT) PGAM5 but not

by a phosphatase-dead H105A mutant (Figures S1G–S1K).

These results indicate that PGAM5 is highly expressed in CRC

and necessary to sustain optimal levels of tumor growth.

PGAM5DephosphorylatesME1 to EnhanceME1Activity
To better study how PGAM5 contributes to CRC tumorigenesis,

we overexpressed PGAM5 in HEK293 cells and then performed

coimmunoprecipitation (coIP) studies followed by SDS-PAGE in

order to identify key PGAM5-associated proteins. ME1 was

identified as one of the most prominent interactors (Figure 2A)

and in reciprocal experiments, PGAM5 was identified as a major

ME1 interactor (Figure S2A). The endogenous interactions be-

tween PGAM5 and ME1 were confirmed by coIP experiments

in CRC cells (Figures 2B and S2B). Collectively, these results

show that PGAM5 interacts with ME1 in CRC cells.

Because PGAM5 is a phosphatase, we examined the effect of

PGAM5 on ME1 phosphorylation in HCT116 cells. PGAM5 inhi-

bition significantly increased ME1 serine phosphorylation, and

this defect could be rescued by expressing WT PGAM5 but

not the phosphatase-dead H105A mutant (Figure 2C). Finally,

PGAM5 promoted ME1 dimerization (Figures S2C and S2D).

ME1 is an important source of NADPH and plays an important

role in lipogenesis (Jiang et al., 2013). Therefore, we quantified

ME1 activity and lipid metabolism in stable cells and CRC xeno-

grafts. The results showed that PGAM5 depletion inhibited ME1

activity, NADPH production, and lipogenesis but had no effect

on the activity of the mitochondrial ME isoform, ME2 (Figures

2D, 2E, and S2E–S2K). Depletion of PGAM5 also decreased

glycolysis and the extracellular acidification rate (ECAR), which

reflects overall glycolytic flux. Further, it also augmented the ox-

ygen consumption rate (OCR), an indirect indicator of mitochon-

drial oxidative respiration (Figures 2F, S2L, and S2M). Together,

these data demonstrate that PGAM5 directly interacts with ME1,

promotes its dimerization, and enhances its ability to generate

NADPH and promote lipid synthesis.

NEK1 Phosphorylates ME1 at Serine 336 to Inhibit ME1
Activity
To identify the kinase(s) responsible for ME1 phosphorylation,

we analyzed the results of mass spectrometry derived from
Molecular Cell 77, 138–149, January 2, 2020 139



Figure 1. PGAM5 Is Upregulated in CRC

(A) Summary of bioinformatic screening results in CRCs. Among the 324 phosphatase genes examined, 53 were upregulated (tumor/normal >1.6-fold) in CRCs

based on transcript levels in the TCGA database. Only PPM1G and PGAM5 protein were highly expressed in 10 of 12 CRC tumors from in The Human Protein

Atlas datasets.

(B) MTT assays in CRC cells after transfection with PPM1G and PGAM5 shRNAs.

(C) PGAM5 expression in 31 pairs of CRCs from Wuhan Union Hospital.

(D and E) Relative mRNA (D) and protein (E) levels of PGAM5 during CRC induction with AOM/DSS.

(F and G) Relative mRNA (F) and protein levels (G) of PGAM5 in CRCs from ApcMin/+ mice compared with WT mice.

Data were presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
the above-described ME1 IPs and identified 13 peptides

derived from NIMA1-related kinase (NEK1) (Figure S2N, left).

Interestingly, NEK1 and PGAM5 transcript levels were

negatively correlated (Figure S2N, right). CoIP experiments

confirmed an association between endogenous ME1 and

NEK1 (Figure S2O).

NEK1 depletion drastically decreased ME1 serine phosphory-

lation. NEK1 depletion could be rescued by the enforced expres-

sion of WT NEK1 but not by the T162A mutant (Figure 2G).

To identify the actual serine residue(s) of ME1 phosphorylated

by NEK1, we used PhosphoSite Plus to predict candidate phos-

phorylation sites and mutated these to alanines. We found that

NEK1 was unable to phosphorylate the ME1 S336A mutant

whereas other mutants were phosphorylated at normal levels

(Figure 2H). Consistent with the idea that S336 is the site

of NEK1-mediated phosphorylation and PGAM5-mediated

dephosphorylation, the co-expression of PGAM5 did not affect

the phosphorylated status of the ME1 S336A mutant (Fig-

ure S2P). The S336 of ME1 was also found to be highly

conserved among different species (Figure S2Q).
140 Molecular Cell 77, 138–149, January 2, 2020
To examine the cross-talk between PGAM5 and NEK1 on the

serine phosphorylation of ME1, we co-expressed or co-depleted

NEK1 and PGAM5 in CRC cells. The studies showed that

PGAM5 decreased NEK1-mediated phosphorylation of ME1

whereas NEK1 increased phosphorylation (Figures 2I and

S2R). Collectively, these observations demonstrate that ME1

S336 is phosphorylated and dephosphorylated by NEK1 and

PGAM5, respectively, and they compete for modification of

this site.

ME1 S336 Phosphorylation Abolishes Its Activity
To determine the functional consequences of ME1 S336 phos-

phorylation, we co-expressedWTME1 or S336A andS336Dmu-

tants with HA- and Flag-tags. CoIP experiments demonstrated

that the ME1 S336A mutant was able to efficiently dimerize,

whereas S336D was not (Figure S2S). S336A also strongly pro-

moted tumor growth in vivo and increased glycolysis, NADPH

production, and lipid synthesis in a CRC xenograft, whereas

these activities were significantly attenuated in cells expressing

S336D (Figures 2J and S2T–S2Z). Together, these data



Figure 2. ME1 Is Phosphorylated and Dephosphorylated by NEK1 and PGAM5 at S336, Respectively

(A) Scatterplots displaying comparisons in peptide identities from coIP of control and PGAM5 expressing cells. Cellular extracts from HEK293 cells expressing

Flag-PGAM5 or control vector were immuno-purified on anti-Flag affinity columns. The eluates were resolved by SDS-PAGE and Coomassie blue staining. The

bands were retrieved and analyzed by mass spectrometry.

(B) Endogenous interaction between PGAM5 and ME1.

(C) Depletion of PGAM5 increases serine phosphorylation of ME1. This is rescued by co-expressing WT PGAM5 but not the H105A mutant.

(D) ME1 activity in xenograft from indicated cells.

(E) NADPH levels in xenograft from indicated cells.

(F) Extracellular acidification rate (ECAR) (top) and oxygen consumption rate (OCR) (bottom) analyses of HTC116 cells from (C). The time at which a given

compound was added is indicated.

(G) Depletion of NEK1 reduces serine phosphorylation of ME1. This was rescued with WT NEK1 but not with the inactive T162A mutant.

(H) NEK1 phosphorylates ME1 at S336.

(I) PGAM5 antagonizes NEK1-mediated serine phosphorylation of ME1.

(J) ECAR (top) and OCR (bottom) analyses of HCT116 cells expressing the phosphorylation site mutant of ME1.

Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
demonstrate that ME1 S336 phosphorylation strongly attenu-

ated multiple ME1-mediated activities.

ACAT1 Acetylates ME1 at K337
During the course of our studies, we observed that depleting

PGAM5 expression decreased ME1 acetylation while ectopic

PGAM5 had the opposite effect (Figure 2C). ME1 acetylation

was also increased by depleting NEK1 (Figure 2G). A review

of our above-described mass spectrometry analysis of ME1

coIPs identified acetyl CoA transferase (ACAT1) as the most

abundant acetyltransferase and thus the most likely ME1 ace-

tylase (Figure S3A). We confirmed both the endogenous

interactions between ACAT1 and ME1 (Figures 3A and S3B).

Furthermore, depleting ACAT1 expression in CRC cells

dramatically decreased ME1 acetylation without affecting its

protein level whereas ectopic ACAT1 had the opposite effect

(Figure 3B). To determine the impact of ACAT1 on ME1 dimer-

ization, coIP experiments were performed in HEK293 cells

stably expressing or depleted for ACAT1. We observed

that ectopic ACAT1 expression promoted ME1 dimerization
(Figure S3C) whereas ACAT1 depletion prevented this

(Figure S3D).

Five putative acetylation sites of ME1 were predicted in the

Protein Lysine Modifications Database. We mutated each indi-

vidual lysine (K) to an arginine (R) and found that K337R was

associated with a significant reduction of ME1 acetylation, indi-

cating that ME1 was likely acetylated at this site (Figure 3C).

Ectopic ACAT1 expression proved capable of acetylating all

ME1 mutants except K337R (Figure 3C). These data demon-

strate that ACAT1 acetylates ME1 at K337, which is also a highly

evolutionarily conserved residue (Figure 3D). ME1 K337R

showed a marked loss of dimerization potential whereas the

acetylation mimetic mutation K337Q demonstrated enhanced

dimerization in HCT116 ME1 knockout cells (Figure 3E). Collec-

tively, these results suggest that ACAT1-mediated K337 acetyla-

tion positively regulates ME1 dimerization.

ME1 Is Deacetylated by SIRT6 at K337
To identify candidate ME1 deacetylase(s), we used nicotinamide

(NAM) and Trichostatin A (TSA) to selectively inhibit members of
Molecular Cell 77, 138–149, January 2, 2020 141



Figure 3. ME1 Is Acetylated and Deacetylated at K337 by ACAT1 and SIRT6, Respectively

(A) Endogenous interactions between ACAT1 and ME1.

(B) ACAT1 inhibition decreases ME1 acetylation.

(C) ACAT1 acetylates ME1 at K337.

(D) Alignment of K337 and adjacent amino acid sequence of ME1 among different species.

(E) ME1 acetylation at K337 enhances its dimerization.

(F) ME1 acetylation is increased by treatment with NAM but not TSA in HCT116.

(G) Interaction between endogenous SIRT6 and ME1.

(H) Depletion of SIRT6 enhances ME1 acetylation in HCT116 cells. Acetylation is reduced by the co-expression of WT SIRT6 but not by the H133Y mutant.

(I) SIRT6 antagonizes ACAT1-mediated ME1 acetylation in HCT116 cells.
the SIRT and HDAC families, respectively. ME1 acetylation

dramatically increased in cells treated with NAM, but not TSA

(Figure 3F), indicating that a SIRT family member was likely

responsible for ME1 deacetylation. To confirm this finding, we

co-expressed ME1 and individual members of the SIRT family

in HEK293 cells and found that ME1 acetylation was reduced

only by SIRT6 (Figure S3E). Endogenous interactions between

ME1 and SIRT6 were documented by coIP experiments (Figures

3G and S3F). SIRT6 depletion increased ME1 acetylation (Fig-

ure 3H). Ectopic expression of SIRT6 decreased acetylation of

WT ME1 and other three mutants, but not K337R mutant (Fig-

ure S3G). Taken together, these data indicate that SIRT6 deace-

tylates ME1 at K337.

To determine the relationship between ACAT1 and SIRT6

on ME1 acetylation, we co-expressed or co-depleted ACAT1

and SIRT6 in CRC cells. The results showed that SIRT6

decreased ACAT1-mediated ME1 acetylation (Figures 3I

and S3H).

ME1 S336 Phosphorylation and K337 Acetylation Are
Competitively Antagonistic
To better understand the relationship between PGAM5-medi-

ated S336 dephosphorylation and ACAT1-mediated K337

acetylation of ME1 in ME1 KO CRC cells, we expressed WT

ME1, S336A, or S336D. The acetylation of ME1 S336A was

dramatically enhanced whereas the acetylation of S336D
142 Molecular Cell 77, 138–149, January 2, 2020
was reduced (Figure 4A). Conversely, ectopic expression of

the ME1 K337R acetylation mutant dramatically enhanced

its phosphorylation, whereas ectopic expression of ME1

K337Q, acetylation mimic mutant, had the opposite effect

(Figure 4B).

We next determined the role of ACAT1 on the acetylation of

ME1 S336A and S336D and the role of NEK1 on phosphorylation

of ME1 K337R and K337Q. We found that ACAT1 dramatically

enhanced the acetylation of the ME1 S336A, but not S336D (Fig-

ure 4C). Similarly, NEK1 co-expression increased the phosphor-

ylation of ME1 K337R but not K337Q (Figure 4D).

We next determined whether ME1’s phosphorylation status

affected its interaction with ACAT1 and found that ME1 phos-

phorylation decreased the interaction between ACAT1 and

ME1 (Figure 4E). Similarly, ME1 acetylation decreased the inter-

action between NEK1 and ME1 (Figure 4F). Furthermore, we

compared the subcellular localization of ME1 S336A versus

S336D and K337R versus K337Q. Subcellular fractionation

studies showed ME1 S336D and K337R to be mainly localized

to mitochondria, while S336A and K337Q localized mainly to

the cytosol (Figure S4A). These data demonstrate that the

mechanism by which NEK1 and ACAT1 mutually antagonize

one another’s activities involves the apparent physical

displacement of one protein by the other at their individual

substrate recognition residues, namely S336 and K337,

respectively.



Figure 4. ME1 Acetylation and Phosphorylation Are Mutually Antagonistic

(A) Ectopic expression of ME1 S336A and S336D mutants increase and decrease its acetylation, respectively.

(B) Ectopic expression of ME1 S337R and S337Q mutant increase and decrease its serine phosphorylation, respectively.

(C) Ectopic ACAT1 expression promotes the acetylation of the ME1 S336A mutant but not the S336D mutant.

(D) Ectopic NEK1 expression increases the phosphorylation of the ME1 K337R mutant but not the K337Q mutant.

(E) ME1 mutants S336D and S336A, respectively inhibit and enhance the interaction between ACAT1 and ME1.

(F) ME1 K337R and K337Q mutants, respectively promote and inhibit the interaction with NEK1.

(G) ECAR (left) and OCR (right) analyses of ME1 acetylation site mutants in ME1-KO HCT116 cells.

(H) ME1 activity in lysates from indicated xenografts.

(I) Typical images of colon tumors expressing the indicated ME1 proteins 120 days after AOM/DSS treatment.

(J) Colon tumor numbers (left) and average tumor volume (right) in mice from (I).

(K) ME1 activity in CRCs of mice from (I).

Data were presented as mean ± SD. **p < 0.01, ***p < 0.001.

(L) Heatmap displays colon lipid species as detected via mass spectrometry. Scale bar represents fold change versus Ctrl. FFA, free fatty acids; PA, phos-

pholipids alcohol; PC, phosphatidylcholine; PG, phosphatidyl glycerin; SM, sphingomyelin; Cer, ceramide; PS, phosphatidylserine; PI, phosphatidylinositol;

CerP, ceramide phosphate; LPC, lyso-phosphatidylcholine; CE, cholesterol ester.

(J and K) Significance was performed using Wilcoxon signed rank test. The horizontal lines in the boxplots represent the median, the boxes represent the in-

terquartile range, and the whiskers represent the minimal and maximal values.
ME1 K337 Acetylation Promotes CRC Growth
Next, we explored the biological consequences of ME1 K337

acetylation. Ectopic expression of ME1 acetylation mimicked

K337Q but not K337R, significantly increased CRC in vivo

growth, glycolysis, ME1 enzymatic activity, NADPH production,

and lipid synthesis (Figures 4G, 4H, and S4B–S4H). These results

demonstrate that ME1 K337 acetylation promotes CRC growth

and metabolic re-programming.

ME1 S336 Dephosphorylation and K337 Acetylation
Promotes AOM/DSS-Induced Colorectal Tumorigenesis
in Mice
The AOM/DSS-induced CRC mouse model was used to eval-

uate the effects of post-translational modification of ME1 on

colorectal tumorigenesis. C57/B6 mice were injected intra-peri-
toneally with AOM, followed by injections of DSS and adenoviral

vectors encoding WT or mutant forms of ME1. Mice were sacri-

ficed 120 days after AOM injection and ME1 expression was

confirmed by western blot (Figures S4I and S4J). Compared to

mice injected with a control adenoviral vector, those expressing

WT ME1 developed more and larger CRCs (Figures 4I, 4J, and

S4K) and showed high levels of NADPHproduction and lipid syn-

thesis (Figures 4K, 4L, and S4L–S4T). In contrast, animals ex-

pressing the ME1 S336D and K337R mutants had similar tumor

burdens and all previously identified activities (Figures 4I–4L and

S4K–S4T). Unexpectedly, mice expressing the S336A and

K337Q mutants developed more numerous and larger CRCs

(Figures 4I, 4J, and S4K) and had higher levels of the above-

described activities (Figures 4K, 4L, and S4L–S4T). These

results reveal the critical and reciprocal roles of ME1 S336
Molecular Cell 77, 138–149, January 2, 2020 143



Figure 5. Depletion of PGAM5 Attenuates Chemically Induced CRC Tumorigenesis in Mice

(A) Typical images of colon tumors from adeno-shCtrl- and adeno-shPgam5-treated mice 120 days after AOM/DSS treatment.

(B) Colon tumor numbers (left) and average tumor volumes (right) in mice from (A).

(C) ME1 activities in CRCs of mice from (A).

(D and E) NADPH (D), FA (E, left), and TG (E, right) levels in CRCs of mice from (A).

(F) Heatmap showing tumor lipid species from adeno-shPgam5-treated mice 120 days after AOM/DSS treatment as detected via mass spectrometry. Scale bar

represents fold change versus shCtrl.

Data were presented as mean ± SD.
dephosphorylation and K337 acetylation in CRC development

and lipid metabolism in mice.

Depletion of PGAM5 Attenuated Spontaneous and
Chemically Induced Colorectal Tumorigenesis in Mice
To test the therapeutic potential of manipulating PGAM5 in vivo,

we asked whether abrogation of its expression would inhibit tu-

mor growth in the CRC mouse model. Concentrated adenovirus

encoding shPgam5 was delivered intraperitoneally into AOM/

DSS-treated WT mice and tumor burdens were assessed on

day 120. Depletion of PGAM5 was confirmed by immunoblot

(Figure S5A). Compared with mice treated with a control adeno-

viruses (shCtrl), these animals showed a significantly reduced

tumor burden throughout the colon and decreased tumor prolif-

eration (Figures 5A, 5B, S5B, and S5C). Abrogation of PGAM5
144 Molecular Cell 77, 138–149, January 2, 2020
also significantly reduced all previously identified activities

(Figures 5C–5F and S5D–S5K).

Adenomatous polyposis coli (APC) is the most frequently

mutated gene in sporadic CRC cancer in humans and is nearly

always mutated in familial adenomatous polyposis coli (FAP).

ApcMin/+ mice contain a germline Apc mutation, which predis-

poses to spontaneous colonic and small intestinal polyposis

and serves as a model for human FAP (Peuker et al., 2016).

qRT-PCR and western blot experiments showed that PGAM5

expression was significantly increased in ApcMin/+ mice (Figures

1F and 1G). To investigate the role of PGAM5 in spontaneous

tumor development, we treated the ApcMin/+ mice with

shPgam5-encoding adenovirus. This dramatically suppressed

spontaneous colorectal and small intestine tumorigenesis (Fig-

ures S5L–S5O) and reduced ME1-related activities (Figures



Figure 6. PGAM5 and ME1 Are Transcriptionally Activated by b-Catenin/TCF1

(A) Schematic diagram showing the location of LEF1/TCF1 binding sites in thePGAM5 promoter from upstream�10 kb to downstream+10 kb. 1–3 are amplicons

of CHIP-PCR. TSS, transcription start site.

(B) Dose-dependent inhibition of PGAM5 and ME1 mRNA levels by the LEF1/TCF1 inhibitor iCRT14 in HCT116 and SW480 cells.

(C) Dose-dependent inhibition of PGAM5 and ME1 protein by iCRT14 in HCT116 and SW480 cells.

(D and E) Relative mRNA (D) and protein levels (E) in HCT116 and SW480 CRC cells stably transfected with the indicated combinations of vectors.

(F) qPCR ChIP analyses of b-catenin binding to PGAM5 and ME1 promoter regions in HCT116 cells.

(G) Luciferase activity of different vectors in PGAM5 and ME1 promoter regions with b-catenin inhibition in HCT116 cells.

Data were presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
S5P–S5T). Depletion of Pgam5 thus significantly inhibits tumor

growth and lipid metabolism in both spontaneous and AOM/

DSS-induced colorectal tumorigenesis in mice.

PGAM5 and ME1 Are Transcriptionally Activated by
b-Catenin/TCF1 Complex
The previous bioinformatics results showed PGAM5 andME1 to

be dramatically upregulated in CRC (Figures S1D–S1F and S6A)

but without evidence for gene amplification (Figures S6B and

S6C). Because mutational activation of the APC/WNT/b-catenin

signaling is pivotal during CRC development (Peuker et al.,

2016), we tested whether WNT/b-catenin signaling was respon-

sible for PGAM5 and ME1 overexpression in CRC. To this end,

we analyzed the putative transcription factor binding sites within

the PGAM5 and ME1 promoter regions (�10 to +10 kb) in the

Motifmap website. TCF/LEF emerged as the top candidate

and its candidate binding sites were largely conserved in

PGAM5 and ME1 promoters (Figures 6A and S6D). Supporting

the functional relevance of this, both PGAM5 and ME1 RNA

and protein were highly downregulated following treatment of
CRC cells with iCRT14, a potent inhibitor of the b-catenin-

TCF/LEF interaction (Figures 6B and 6C). Depletion of b-catenin

had the similar effect (Figures 6D and 6E). Meanwhile, the pro-

tein levels of PGAM5, ME1, and acetylation of ME1 were

dramatically increased, and NEK1 and phosphorylation of

ME1 were decreased in NCM460 cells stimulated with Wnt3a

(Figure S6E).

We next tested whether b-catenin directly transactivates

PGAM5 and ME1, using chromatin immunoprecipitation

(ChIP) assays. The results showed that b-catenin occupied

the promoters of both PGAM5 and ME1 in HCT116 cells (Fig-

ures 6F and S6F). To confirm this, luciferase reporters contain-

ing PGAM5 and ME1 promoter elements were shown to be

responsive to ectopic b-catenin expression. Moreover, short

hairpin RNA (shRNA)-mediated b-catenin suppression dramat-

ically decreased luciferase activity driven by WT promoters,

but not by those with mutant b-catenin binding sites (Figures

6G and S6G). Thus, b-catenin activation facilitates tumor

growth via the direct upregulation of PGAM5 and ME1 in

CRC patients.
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Figure 7. ME1 Acetylation and Phosphorylation are Up-regulated and Down-regulated Respectively in Human CRCs

(A) Correlation of PGAM5 (A, left) and ME1 (A, right) protein levels with b-catenin protein levels from CRC samples.

(B–D) Relative protein levels of PGAM5 (B, left), ACAT1 (B, right), P-Ser ME1 (C, left), Ac-ME1 (C, right), ME1 (D). The results shown are from the same tissues

shown in Figure S7A.

(E) Correlation of Ac-ME1 protein levels with P-Ser ME1 protein levels from CRC samples.

(F) Correlation of P-Ser ME1 (F, left) and Ac-ME1 (F, right) protein levels with PGAM5 protein levels from CRC samples.

(G) Correlation of P-Ser ME1 (G, left) and Ac-ME1 (G, right) protein levels with NEK1 protein levels from CRC samples.

(H) Correlation of Ac-ME1 (H, left) and P-Ser ME1 (H, right) protein levels with ACAT1 protein levels from CRC samples.

(I) Correlation of Ac-ME1 (I, left) and P-Ser ME1 (I, right) protein levels with SIRT6 protein levels from CRC samples.

(A, E–I) Each circle is an individual sample. R, Spearman correlation coefficient.

(J) Schematic summary. b-catenin/TCF1 transcriptionally upregulates PGAM5 and ME1. PGAM5-mediated ME1 dephosphorylation and ACAT1-mediated ME1

acetylation increase ME1 activity to promote lipid metabolism and CRC development. Conversely, NEK1-mediated ME1 phosphorylation and SIRT6-mediated

ME1 deacetylation repress these processes.
ME1 S336 Phosphorylation and K337 Acetylation Are
Downregulated and Upregulated in Human CRC,
Respectively
To investigate the clinical relevance of b-catenin, PGAM5, NEK1,

ACAT1, SIRT6, phosphorylation, and acetylation of ME1, we

collected 22 CRC samples (T) with adjacent normal colon tissues

(N) and performed quantitative immunoblotting (Figure S7A). Our

findings showed that b-catenin levels positively correlated with

PGAM5 and ME1 in the above samples (Figure 7A). Both

PGAM5 and ACAT1 proteins were also significantly increased

in these CRC samples (Figure 7B), whereas NEK1 and SIRT6

were decreased (Figure S7B). ME1 phosphorylation was

deceasedwhereas its acetylation and total levels were increased

(Figures 7C and 7D). Overall, ME1 phosphorylation and acetyla-

tion were negatively correlated (Figure 7E), whereas PGAM5was

negatively correlated with phosphorylation and positively corre-

lated with acetylation of ME1 (Figure 7F). NEK1 positively corre-

lated withME1 phosphorylation but negatively correlated with its

acetylation and PGAM5 expression (Figures 7G and S7C).
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ACAT1was positively correlated withME1 acetylation and nega-

tively correlated with phosphorylation of ME1 (Figure 7H). Finally,

SIRT6 was negatively correlated with acetylation of ME1

and ACAT1, but positively correlated with ME1 phosphorylation

(Figures 7I and S7D). Collectively, these data are consistent with

the proteomic and biochemical findings discussed above and

support the idea that post-translational modification of ME1

plays a crucial role in human CRC development.

DISCUSSION

The regulation of signaling pathways by protein kinases and

phosphatases is necessary to achieve well-coordinated and

limited cellular outcomes in response to opposing environmental

cues (Robitaille et al., 2013; Yang et al., 2012). In many cases, ki-

nase/phosphatase complex signaling is both temporally and

spatially dynamic in order to permit fine control over substrate

phosphorylation status (Ben-Sahra et al., 2013; Fan et al.,

2014; Gao et al., 2019). Such complexes may be necessary for



cancer development and can therefore be considered as poten-

tial therapeutic targets. Protein kinase inhibitors have long been

used to treat a variety of tumors, including CRC, and in some

cases have achieved remarkable therapeutic outcomes and sur-

vival benefits (Liao et al., 2017; Mason et al., 2017). In contrast,

the clinical application of phosphatase inhibitors has been signif-

icantly more modest, thus presenting a significant therapeutic

opportunity.

The current study reveals a molecular mechanism underlying

ME1 regulation in highly proliferative CRC cells and suggests

that targeting ME1’s post-translational modifications represents

a promising therapeutic strategy. Our findings point to the exis-

tence of a dynamic equilibrium between ME1 phosphorylation

and acetylation, representing inactive and active forms, respec-

tively (Figure 7J). In normal proliferating cells, such as those

stimulated by WNT, ME1 is dephosphorylated by PGAM5 and

acetylated by ACAT1, leading to active ME1 dimerization. More-

over, this mechanism may be hijacked in human cancer cells,

where oncogenicWNT/b-catenin signaling is commonly upregu-

lated. These results suggest a molecular mechanism by which

metabolic enzymes are regulated via competing phosphoryla-

tion/acetylation reactions in response to normal and oncogenic

signaling.

PGAM5 normally resides on the mitochondrial outer mem-

brane and has been implicated in a variety of cellular activities

related to the control of signal transduction pathways (He

et al., 2017; Wang et al., 2012). PGAM5 has also been identified

in the cytoplasm where it participates in the activation of WNT/

b-catenin signaling (Bernkopf et al., 2018; Rauschenberger

et al., 2017). This study indicates that PGAM5 dramatically

enhances lipid metabolism and CRC growth through its direct

interaction with and dephosphorylation of ME1 (Figure 7J).

These results suggest that the targeting of PGAM5 phosphatase

activity could be of therapeutic benefit in CRC and other cancers

with high-level PGAM5 activity (Figure S1D).

The mutual acetylation and deacetylation of metabolic en-

zymes also play important roles in tumorigenesis (Fan et al.,

2016; Lin et al., 2013), but their precise function in CRC devel-

opment is largely unknown. In this study, we identified ACAT1

and SIRT6 as the ME1 acetylase and deacetylase, respec-

tively. Recently ACAT1 has been reported to enhance tumor

growth by increasing the acetylation of pyruvate dehydroge-

nase phosphatase 1 (PDP1) in a manner that is dependent

upon Y381 phosphorylation status (Fan et al., 2014). The

phosphorylation of ACAT1 itself on Y407 dramatically in-

creases tumor growth by regulating its activity and tetrameri-

zation (Fan et al., 2016). SIRT6 plays a key role in regulating

lipid metabolism and tumorigenesis. For example, SIRT6 pro-

motes DNA repair and its loss leads to abnormalities in mice

that overlap with aging-associated degenerative processes

(Ghosh et al., 2018; Kugel et al., 2016). Meanwhile, SIRT6 de-

acetylates and significantly increases the activity of nicotin-

amide phosphoribosyltransferase (NAMPT). NAMPT is the

rate-limiting enzyme of the NAD+ salvage pathway and also

plays important roles in aging (Sociali et al., 2019). Together

with these findings, our results suggest that ACAT1 and

SIRT6 regulate lipid metabolism and CRC tumorigenesis by

dynamically regulating ME1 acetylation (Figure 7M). Therefore,
ACAT1 inhibitors and/or SIRT6 agonists also merit consider-

ation for the treatment of CRC.

Reprogramming metabolism is a major hallmark of cancer

(Hanahan and Weinberg, 2011). Altered lipid synthesis in partic-

ular plays an extremely critical role in tumor growth. In rapidly

proliferating tumor cells, for example, a high level of lipid synthe-

sis provides precursors for membrane biogenesis and steroid

hormones. Many studies have shown that lipid uptake and

de novo lipid synthesis are markedly increased in tumor cells

(Cheng et al., 2017; Cotte et al., 2018). ME1 is an NADP+-depen-

dent enzyme that generates NADPH for fatty acid biosynthesis

via the reversible oxidative decarboxylation of malate and the

production of pyruvate, thereby linking glycolysis and the TCA

cycle. ME1 upregulation has been observed in a wide spectrum

of cancers, including gastric cancer, liver cancer, and CRC (Fer-

nandes et al., 2018; Lu et al., 2018; Wen et al., 2015). In this

study, we have demonstrated two inter-dependent post-transla-

tional modifications for ME1 by which S336 phosphorylation in-

hibits enzymatic activity by disrupting its ACAT1-dependent

acetylation on the adjacent K337 residue and subsequent ME1

dimerization. In a reciprocal manner, K337 acetylation increases

ME1 activity by blocking S336 phosphorylation and promoting

dimerization (Figure 7M). Both S336 and K337 reside on the

surface of ME1 (https://www.rcsb.org/3d-view/1PJ4/1), thus

potentially allowing ready accessibility to each of the four post-

translational modifying enzymes. ME1 interacts with PGAM5

and ACAT1 in mitochondria but not the cytosol. This indicates

that ME1 shuttles between mitochondria and cytosol and might

be regulated by different post-translational modifications in

these compartments. Furthermore, the binding of phosphory-

lated ME1 to PGAM5 but not NEK1, and the binding of

acetylated ME1 to SIRT6 but not ACAT1, suggests that phos-

phorylated but unacetylated ME1 is located to mitochondria

whereas acetylated but unphosphorylated ME1 is located to

the cytosol. Consistent with this, the results of our subcellular

localization studies showedME1 S336D and K337R to bemainly

localized to mitochondria whereas S336A and K337Q were

mainly cytosolic. Whether the binary and mutually exclusive

choice between phosphorylation and acetylation of these two

residues is based on steric hindrance, electrostatic repulsion,

or some combination of the two remains to be determined as

does whether either of the modifications of these residues leads

to structural alterations that preclude alteration by the other

modifying enzymes. In pigeons, ME1 S346, which corresponds

to human ME1 S336, is reported to be necessary for binding

NADP+ (Chang and Tong, 2003). Once ME1 S336 is phosphory-

lated, the electronegativity of S336 is greatly enhanced, and the

active center of acetylase is unable to bind K337 in the optimum

conformation and orientation. As a result, the original hydrogen

bond between ME1 and NADPH is interrupted, resulting in a

greatly weakened bond between ME1 and NADP+. As K337

acetylation increases, the hydrophobicity of ME1 weakening

the binding of the kinase to adjacent S336 is enhanced as the

active site of its kinase could not bind the substrate in the opti-

mum conformation and orientation. As the hydrophobicity of

the ME1 protein increases once its acetylation, the possibility

of dimer turning over into tetramermay increase. Such questions

can likely be resolved by further structural studies.
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Reciprocal S336 phosphorylation and K337 acetylation regu-

late NAPDH production and lipid synthesis largely by affecting

ME1 activity. These findings indicated that post-translational

modifications of ME1 are likely to be dynamic and thus subject

to significant change during the course of tumor development

and/or in response to environmental changes that temporarily

favor tumor growth or quiescence. Small molecule inhibitors

that impair ME1 acetylation and/or dephosphorylation may

thus represent viable future strategies for the treatment of CRC.
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