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Introduction
Enhanced glycolysis is a characteristic feature of cancerous 
cells and tissues, commonly referred to as the Warburg effect  
(Warburg, 1956). This property is used in clinical practice for the 
detection of metastatic tumor mass by positron-emission scanning 
of 2-[18F]fluoro-2-deoxy-d-glucose. It has been widely assumed 
that cancer cells maintain up-regulated glycolytic metabolism to 
adapt to the hypoxic conditions in vivo, as solid aggressive tu-
mors overgrow the blood supply of the feeding neovasculature.

Enhanced glycolysis under hypoxic conditions is medi-
ated in part by activation of hypoxia-inducible transcription 
factor (HIF-1), which directly regulates most of the glycolytic 
enzymes (Iyer et al., 1998). In such a context, the glycolytic 
response represents a successful metabolic adaptation of cancer 
cells in vivo. However, the Warburg effect cannot be simply 
explained by cellular adaptation to hypoxia, as cancer cells 

maintain enhanced glycolysis even in standard tissue culture 
conditions (20% oxygen) and in circulating cancers (Koppenol 
et al., 2011). A more plausible rationalization is that it enables 
cancer cells to meet their requirements for both energy and meta-
bolic precursors for biosynthesis (Vander Heiden et al., 2009).

We recently reported an intriguing relationship between 
the glycolytic pathway and cellular senescence (Kondoh et al., 
2005). All primary somatic cells, with the exception of pluripo-
tent stem cells, have a limited replicative capacity under stan-
dard tissue culture conditions and suffer a permanent cell cycle 
arrest, called replicative senescence (Hayflick, 1965). The senes-
cent phenotype can also manifest prematurely, upon exposure  
to oncogenic mutation (Serrano et al., 1997), oxidative stress 
(Parrinello et al., 2003), DNA damage (Chen and Ames, 1994), 
and secreted cytokines (Acosta et al., 2008; Kuilman et al., 2008; 
for review see Campisi, 2013). Glycolytic flux declines during  

 Despite the well-documented clinical significance of 
the Warburg effect, it remains unclear how the 
aggressive glycolytic rates of tumor cells might con-

tribute to other hallmarks of cancer, such as bypass of  
senescence. Here, we report that, during oncogene- or DNA 
damage–induced senescence, Pak1-mediated phosphory-
lation of phosphoglycerate mutase (PGAM) predisposes 
the glycolytic enzyme to ubiquitin-mediated degradation. 

We identify Mdm2 as a direct binding partner and ubiq-
uitin ligase for PGAM in cultured cells and in vitro. Muta-
tions in PGAM and Mdm2 that abrogate ubiquitination of 
PGAM restored the proliferative potential of primary cells 
under stress conditions and promoted neoplastic transfor-
mation. We propose that Mdm2, a downstream effector 
of p53, attenuates the Warburg effect via ubiquitination 
and degradation of PGAM.
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vessel, white adipose tissue, and liver; Fig. S1 A). Moreover, 
they have similar enzymatic activities and show similar effects 
on glycolytic flux when overexpressed in MEFs (Fig. S1 B). We 
generated polyclonal antiserum against recombinant PGAM2,  
and although it was affinity-purified using mouse PGAM2 pro-
tein, it was found to recognize both isoforms of the mouse and 
human PGAM proteins (Fig. S1, C–F).

To induce SIS, we exposed primary MEFs to low doses 
of etoposide (Chen and Ames, 1994) and confirmed that they 
acquired -H2AX foci and positive staining for senescence-
associated -galactosidase (SA--Gal) activity (Fig. S1 G). 
In this experimental setting, the total level of PGAM protein 
was greatly reduced, whereas p21CIP1 increased as expected 
(Fig. 1 A). In contrast, the levels of other glycolytic enzymes, 
including PFK, PGK, enolase, and GAPDH, remained rela-
tively constant (Fig. 1 A). As PGAM1 and PGAM2 mRNA lev-
els also remained constant under these conditions (Fig. S1 H),  
the data suggested that PGAM protein levels might be regu-
lated by proteolysis during SIS. In line with this idea, addi-
tion of the proteasome inhibitor MG132 restored the PGAM 
protein levels in stressed cells (Fig. 1 B). Similar results were 
obtained in MEFs undergoing Ras-G12V–induced senescence 
(Fig. 1 C). Stress-induced down-regulation of PGAM pro-
tein was also observed in human primary fibroblasts (WI-38, 
TIG3, and IMR90), but not in cancer cell lines (HeLa, 293T, 
and SW620) that evade SIS (Fig. S1, I and J).

We previously reported that the PGAM protein can be 
ubiquitinated (Kondoh et al., 2005), and, consistent with the 
MG132-sensitive turnover of endogenous PGAM during SIS, a 
His-tagged ubiquitin purification assay revealed heavy ubiqui-
tination of FLAG-tagged PGAM1 and PGAM2 in primary MEFs 
exposed to etoposide (Fig. S1, K and L, left) or Ras-G12V  
(Fig. S1, K and L, right). Ubiquitination of endogenous PGAM 
could also be observed in these circumstances by immunopre-
cipitating PGAM and immunoblotting for ubiquitin (Fig. 1 D). 
Consistently, PGAM enzymatic activity, glycolytic flux, and 
lactate production were also substantially reduced in the cells 
exposed to etoposide (Fig. 1 E and Fig. S1 M) or RasG12V 
(Fig. 1 F and Fig. S1 N). Collectively, our data suggest that 
PGAM protein is subject to ubiquitin-mediated degradation 
during SIS.

Pak1 phosphorylates PGAM during SIS 
and provokes premature senescence in 
primary fibroblasts
As ubiquitination often requires prior modification of the target 
protein (Hagai et al., 2012), we investigated whether PGAM 
might be phosphorylated during SIS, specifically by Pak1. It 
was previously reported that Pak1 physically interacts with 
and phosphorylates PGAM in immortalized 293T cells, but 
that PGAM protein levels are not affected by Pak1 activation 
(Shalom-Barak and Knaus, 2002). However, in contrast to the 
situation in 293T cells, we found that Pak1 expression in nor-
mal WI-38 human fibroblasts caused a substantial reduction 
in PGAM protein levels (Fig. 2 A). A similar effect was seen 
in primary MEFs but only with wild-type Pak1 and not with 
a version in which the kinase domain was mutated (Fig. 2 B).  

senescence in mouse and human primary cells (Zwerschke et al., 
2003; Kondoh et al., 2005), and inhibition of glycolytic flux pro-
vokes premature senescence (Kondoh et al., 2005).

A key finding in this regard was the identification of 
phosphoglycerate mutase (PGAM), the enzyme that converts  
3-phosphoglycerate to 2-phosphoglycerate in the glycolytic path-
way, in an unbiased genetic screen for bypass of senescence 
in mouse embryonic fibroblasts (MEFs; Kondoh et al., 2005). 
Conversely, MJE3, a compound identified in a chemical genom-
ics screen for inhibitors of breast cancer cell proliferation, was 
shown to specifically target PGAM (Evans et al., 2005). PGAM 
activity is up-regulated in many cancerous tissues, including 
tumors of the lung, colon, liver, and breast (Durany et al., 1997, 
2000; Ren et al., 2010). Indeed, a cancer-specific isoform of 
pyruvate kinase, designated M2, activates an alternative glycolytic 
pathway in cancer cells accompanied by dramatic enhancement 
of PGAM activity (Vander Heiden et al., 2010). As recent re-
sults suggest, the pivotal role of PGAM in coordinating glycoly-
sis and biosynthesis make it an attractive target for therapeutic 
intervention (Hitosugi et al., 2012).

Despite our enhanced understanding of how PGAM regu-
lates glycolysis, rather little is known about the regulation of 
PGAM. PGAM is the only glycolytic enzyme that is not tran-
scriptionally controlled by HIF-1 (Iyer et al., 1998). Although  
the muscle-specific form of PGAM can be activated by p53 
(Ruiz-Lozano et al., 1999), there is currently no evidence that 
PGAM is transcriptionally altered during tumorigenesis. Re-
cent findings instead suggest that PGAM activity is regulated 
posttranscriptionally. For example, phosphorylation of PGAM 
by p21 (Cdc42/Rac1)-activated kinase1 (Pak1) results in loss of 
activity (Shalom-Barak and Knaus, 2002), but the precise mecha-
nism and relevance remains unknown. Here we show that during 
oncogene-induced senescence or other forms of stress-induced 
senescence (SIS), Pak1-mediated phosphorylation of PGAM 
provokes its ubiquitination and turnover. The ubiquitin ligase 
MDM2, a transcriptional target of p53, binds to and ubiquitinates 
PGAM in a phosphorylation-dependent manner. Of particular 
note, ubiquitin site mutations in PGAM stabilize the protein and 
sustain cellular proliferation under stress conditions.

Results
Ubiquitin-dependent degradation of PGAM 
during SIS
Having previously shown that PGAM can bypass replicative 
senescence (Kondoh et al., 2005), we were interested to know 
what happens to PGAM levels and activity in MEFs undergoing 
oncogene-induced senescence or SIS. There are two reported 
isoforms of PGAM—PGAM1 (brain form) and PGAM2 (mus-
cle form)—whose cDNA sequences are 79% and 81% identical 
in mouse and human cells, respectively. Although the respec-
tive homodimers predominate in specific cell types, most nor-
mal mouse tissues contain heterodimers of PGAM-1 and -2 
(Zhang et al., 2001). Consistent with this study, we found that 
the levels of PGAM2 mRNA are almost equivalent to or exceed 
those of PGAM1 mRNA in some mouse tissues (skin, bone, and 
lung), whereas PGAM1 mRNA is predominant in others (blood 
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was observed in primary MEFs after treatment with etoposide 
or expression of Ras-G12V in the presence of MG132 (Fig. 2 E 
and Fig. S2 C). To confirm that Ser118 is a direct target for 
Pak1 kinase, we prepared recombinant wild-type (PGAM2-WT) 
or mutant (PGAM-S118C) PGAM2 proteins and deployed them 
as substrates in an in vitro kinase assay using Pak1 immuno-
purified from primary MEFs. The ability of Pak1 to phosphory-
late wild-type PGAM2 was increased after exposure of the  
cells to etoposide (Fig. 2 F). An equivalent increase was not 
observed using PGAM-S118C as a substrate, which suggests 
that stress-induced Pak1 mediates phosphorylation of PGAM 
at S118 (Fig. 2 F).

These data raised the possibility that phosphorylation of 
PGAM by Pak1 could promote the ubiquitination-mediated deg-
radation of PGAM during SIS. In support of this notion, PGAM 
protein levels in Pak1-expressing primary MEFs were restored 

Importantly, the effects on PGAM protein levels were reflected 
in reduced PGAM activity, glycolytic flux, and lactate produc-
tion (Fig. 2 B).

Concomitant with reduced PGAM activity, ectopic expres-
sion of Pak1 provoked features of senescence, including pre-
mature cessation of cell proliferation (Fig. 2 C), flattened and 
enlarged cell morphology, a single large nucleolus, and SA--Gal 
staining (Fig. 2 D). Importantly, the levels of Pak1 protein and 
mRNA were elevated during SIS resulting from DNA damage 
(Fig. 2 E and Fig. S2 A).

Previous work identified serines Ser23 and Ser118 as the 
residues in PGAM1 phosphorylated by Pak1 (Shalom-Barak 
and Knaus, 2002). As Ser118, but not Ser23, is conserved be-
tween PGAM1 and PGAM2, we raised a phospho-specific anti-
body against a 12–amino acid phosphopeptide centered on Ser118 
(Fig. S2 B). Enhanced phosphorylation of Ser118 in PGAM 

Figure 1. Down-regulation of PGAM in pri-
mary fibroblasts after DNA damage or Ras-
G12V expression. (A) Extracts from primary 
MEFs (passage 2) treated without (Mock) or 
with 20 µM etoposide for 6 h were immuno-
blotted for the indicated proteins. PGAM, phos-
phoglycerate mutase; ENO, enolase; PFK, 
phosphofructokinase; PGK, phosphoglycerate 
kinase; GAPDH, glyceraldehyde 3-phosphate 
dehydrogenase. Actin was used as a load-
ing control. (B) Proteasome-dependent down- 
regulation of PGAM protein after DNA dam-
age. Extracts from primary MEFs treated for 
6 h with increasing concentrations of etoposide 
(as indicated) in the presence or absence of the 
proteasome inhibitor MG132 (20 µM) were 
analyzed as in A. (C) Immunoblotting for Ras 
and PGAM in MEFs infected with Ras-G12V 
or empty vector. (D) Ubiquitination of endogen-
ous PGAM in MEFs exposed to DNA damage 
(left) or to oncogenic Ras (right). Cell extracts 
were immunoprecipitated with anti-PGAM anti-
body and immunoblotted with a monoclonal 
anti-ubiquitin antibody. (E and F) Measurement 
of total cellular PGAM activity (left) and glyco-
lytic flux (right) in primary MEFs exposed to 
DNA damage (E) or expressing Ras-G12V (F). 
Error bars indicate SEM (n = 3).
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in control cells (Fig. 3 A). Also, the appearance of ubiqui-
tinated forms of PGAM after DNA damage was reduced in 
Pak1-deficient MEFs (Fig. 3 B).

Second, we asked whether mutation of the Pak1 phos-
phorylation sites on PGAM restores its stability. Nonphos-
phorylatable mutants of PGAM2 in which Ser118 was changed  
to either Cys or Ala (PGAM2-S118C and PGAM2-S118A) 
were generated by site-directed PCR mutagenesis. Cotransfec-
tion experiments in MEFs revealed that the level of wild-type 
PGAM, but not of PGAM2-S118C or PGAM2-S118A, was 
reduced in parallel to the increase of Pak1 expression (Fig. 3 C 
and Fig. S2 G). We determined the stability of the PGAM2-
FLAG protein in primary MEFs by blocking protein synthesis 

after MG132 treatment (Fig. S2 D), and polyubiquitinated forms  
of PGAM were detected in Pak1-expressing MEFs (Fig. 2 G 
and Fig. S2, E and F).

Phosphorylation by Pak1 is required for 
ubiquitination and degradation of PGAM
Next we examined whether phosphorylation by Pak1 is required 
for the degradation of PGAM, taking three different approaches. 
First, we used two different shRNAs against mouse Pak1 to knock 
down the level of endogenous Pak1 in primary MEFs, as as-
sessed by real-time qRT-PCR and Western blotting (Fig. 3 A). 
Importantly, after ablation of Pak1, the level of endogenous 
PGAM protein was increased 1.7–1.9-fold compared with that 

Figure 2. Pak1 induces down-regulation of 
PGAM and premature senescence. (A) Human 
primary fibroblasts (WI-38, left) or immortal-
ized cells (293T, right) were cotransfected with 
plasmids encoding GFP, PGAM2-FLAG, and 
increasing amounts of a plasmid encoding HA-
Pak1. Cell lysates were analyzed by SDS-PAGE 
and immunoblotted for the indicated proteins. 
(B) Primary MEFs were infected with vectors 
encoding HA-Pak1 or HA-Pak1-KD, in which 
kinase activity is inactivated by the K299R  
mutation. At passage 8, cell extracts were as-
sessed for total PGAM protein levels (far left), 
PGAM enzymatic activity (second from the left), 
glycolytic flux (third from the left), and lactate 
production (far right). (C) Growth curves of pri-
mary MEFs infected with Pak1 or empty vector, 
passaged in a 3T3 protocol. (D) Example of SA-
-Gal staining in Pak1-expressing and control 
MEFs. Bar, 20 µm. (E) Primary MEFs at early 
passages were treated with 20 µM etoposide 
in the presence of 20 µM MG132, and cell 
lysates were immunoblotted with antibodies 
against Pak1 and phospho-Ser118 in PGAM 
as indicated. (F) Pak1 kinase phosphorylates 
PGAM2 at Ser118 in vitro. Pak1 proteins were 
immunoprecipitated from primary MEFs treated 
with 20 µM etoposide, as indicated. The pre-
cipitated proteins were co-incubated for 30 min  
with recombinant PGAM2 or the S118C mu-
tant, and the incorporation of 32P was detected 
by autoradiography. (G) Pak1 promotes ubiqui-
tination of PGAM2. MEFs were transfected with  
PGAM2-FLAG, His6-ubiquitin, and either HA-
Pak1 or HA-Pak1-KD. Ubiquitinated proteins were 
recovered using Ni-NTA agarose and immuno-
blotted with FLAG antibody. In B and C, error  
bars indicate SEM (n = 3).
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Mdm2 mediates PGAM ubiquitination
As ubiquitination generally requires a substrate-specific ubiq-
uitin ligase (Hershko and Ciechanover, 1998), we next sought 
to identify the E3 ubiquitin ligase that targets PGAM. Having 
shown that PGAM is vulnerable to ubiquitin-mediated turnover 
in primary fibroblasts but not in 293T cells (Fig. 2 A), we ex-
tended these analyses to include additional examples of immor-
talized cells in order to uncover potentially relevant oncogenic 
determinants. Using a panel of colon cancer cell lines, we found 
that PGAM ubiquitination was induced by DNA damage in cells 
with wild-type p53 (HCT116 and RKO) but not in those with 
impaired p53 function (HT29 and Sw620; Fig. S3 A; Rodrigues 
et al., 1990). Consistent with the possibility that ubiquitination 
of PGAM might be p53 dependent, endogenous PGAM levels 
were down-regulated after tetracycline-induced expression of  
p53-GFP fusion protein in the TGP53-4 mouse cell line (Fig. S3 B, 

with cycloheximide. The level of PGAM2-WT-FLAG rapidly 
decreased after cycloheximide treatment (Fig. 3 D, top left), but 
was restored by treatment with proteasome inhibitor (Fig. 3 D, 
bottom left). The S118C mutation restored PGAM2 stability 
by about twofold compared with that of the WT protein (Fig. 3, 
D and E).

Third, we changed the Ser118 residue to aspartic acid 
(PGAM-S118D) to mimic the phosphorylated form of PGAM, 
and examined the effects on stability. In transfected MEFs, under 
normal culture conditions, the expression of PGAM2-S118D-
FLAG was much lower than that of PGAM2-WT-FLAG (Fig. 3 F).  
In this setting, we also noted that PGAM2-S118D-FLAG, but not 
PGAM2-S118A-FLAG, was highly ubiquitinated (Fig. S2 H).  
Collectively, our data indicate that Pak1-dependent phosphory-
lation of PGAM on Ser118 promotes its ubiquitin-dependent 
proteasomal degradation.

Figure 3. Pak1-mediated phosphorylation of PGAM on serine 118 dictates PGAM turnover. (A) Primary MEFs were infected with a retrovirus encoding 
shRNA against Pak1 (Pak1 shRNA Nos. 1 and 2) or vector control, and the effects on Pak1 mRNA and protein levels were determined by real-time qRT-PCR 
(bottom) or by immunoblotting (top). The levels of Pak1 mRNA were presented as relative values after normalization by those of RPL13. Probing the same 
samples with an anti-PGAM antibody showed that Pak1 knockdown by Pak1 shRNA Nos. 1 and 2 caused an 1.7 and 1.9-fold increase in PGAM levels, 
respectively. (B) Pak1 knockdown impairs ubiquitination of PGAM2 in stressed cells. MEFs expressing PGAM2-FLAG and His6-ubiquitin were infected with 
Pak1 shRNA or vector control, and the cells were then treated with or without 20 µM etoposide. Ubiquitinated proteins were recovered using Ni-NTA aga-
rose and immunoblotted with FLAG antibody. (C) MEFs were cotransfected with plasmids encoding GFP, either the WT or S118C variant of PGAM2-FLAG, 
and increasing amounts of a plasmid encoding HA-Pak1. Cell extracts were analyzed by SDS-PAGE and immunoblotted with the indicated antibodies. 
(D) Primary MEFs infected with retroviral plasmids encoding GFP and either PGAM2-WT-FLAG or PGAM2-S118C-FLAG were treated with cycloheximide, 
and samples taken at the indicated times were immunoblotted for PGAM2-FLAG and GFP. (E) The data in D were used to plot the relative band intensity 
of PGAM2-FLAG at different time points normalized to that of GFP. (F) Primary MEFs were infected with retroviral vectors encoding PGAM2-WT-FLAG or 
PGAM2-S118D-FLAG and cultured under normal conditions. Whole cell extracts were analyzed by SDS-PAGE and immunoblotted with antibodies against 
FLAG and actin. In A and E, error bars indicate SEM (n = 3).
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ubiquitination of PGAM1 and PGAM2 was reinstated after ec-
topic expression of Myc-Mdm2 in DKO MEFs (Fig. 4, B and C; 
and Fig. S3 E). This effect was Pak1 dependent, as shRNA-
mediated knockdown of Pak1 reduced the turnover of PGAM in 
Myc-Mdm2–expressing DKO MEFs (Fig. 4 D and Fig. S3 F). 
Moreover, coexpression of Myc-Mdm2 and HA-Pak1 induced 
PGAM turnover in unstressed DKO MEFs (Fig. 4 E). The S118C 
or S118A mutation restored PGAM2 stability in DKO MEFs 
coexpressing Myc-Mdm2 and HA-Pak1 (Fig. S3, G and H). 
Collectively, the data imply that Mdm2 has a critical role in 
Pak1-dependent degradation of PGAM.

To investigate whether Mdm2 is directly responsible for 
ubiquitinating PGAM, we first confirmed that the proteins physi-
cally interact in the cell. Myc-Mdm2 can be coimmunoprecipitated 

left), accompanied by a decline in glycolytic flux and lactate 
production (Fig. S3 B, middle and right). Conversely, the abil-
ity of Ras-G12V to induce down-regulation of PGAM in MEFs 
was abrogated by coexpression of HPV E6, which facilitates 
p53 degradation (Fig. S3 C).

As these data indicate that PGAM is ubiquitinated in a 
p53-dependent manner, we considered Mdm2 as a likely candi-
date for the relevant ubiquitin ligase. Mdm2 is both a transcrip-
tional target for p53 and responsible for its ubiquitin-mediated 
degradation (Haupt et al., 1997; Kubbutat et al., 1997; Prives, 
1998). Importantly, we did not observe down-regulation of  
PGAM, glycolytic flux, or lactate production after DNA dam-
age in p53/ or p53/Mdm2/ double knockout (DKO) 
MEFs (Fig. 4 A and Fig. S3 D). However, down-regulation and  

Figure 4. Role of Mdm2 in PGAM ubiqui-
tination. (A) Effects of DNA damage (20 µM 
etoposide) on PGAM protein and RNA levels 
in wild-type and p53/Mdm2/ MEFs (left). 
The top panels show the results of immunoblot-
ting; the bottom panels show real-time qRT-PCR 
for the indicated target genes. The levels were 
presented as relative values after normalization 
by those of RPL13. The effect of DNA damage 
on glycolytic flux (middle) and lactate produc-
tion (right) in wild-type and p53/Mdm2/ 
MEFs is shown. (B) p53/Mdm2/ MEFs 
were transfected with control vector or a vec-
tor encoding Myc-Mdm2, and treated with or 
without etoposide. Extracts were immunoblotted 
for the indicated proteins (left), and band inten-
sities were used to assess the levels of PGAM  
relative to those of actin in each sample (right). 
The results were normalized to the PGAM/ 
actin ratio in untreated cells. (C) Myc-Mdm2 re-
stores DNA-damage dependent ubiquitination 
of PGAM2-FLAG in p53/Mdm2/ MEFs. 
(D) Pak1 knockdown impairs Mdm2-mediated 
turnover of PGAM after DNA damage. p53/ 
Mdm2/ MEFs infected with Pak1 shRNA or 
control retroviruses were transfected with Myc-
Mdm2 and treated with etoposide as indicated. 
Cell extracts were analyzed by SDS-PAGE, and  
endogenous PGAM was detected by immuno-
blotting. (E) Assessment of endogenous PGAM 
protein levels in p53/Mdm2/ MEFs express-
ing HA-Pak1 and Myc-Mdm2 as indicated. In  
A and B, error bars indicate SEM (n = 3).
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mutation also restored PGAM catalytic activity, glycolytic flux, 
and lactate production in Pak1-expressing MEFs (Fig. S4 E). 
Strikingly, the 7R mutation rendered PGAM resistant to deg-
radation by DNA damage (Fig. 6 E), and completely inhibited 
PGAM ubiquitination in cultured cells (Fig. 6 F and Fig. S4 F) 
and in vitro (Fig. 6 G).

Stabilization of PGAM restores the 
proliferative potential of primary 
fibroblasts under stress conditions
Although Mdm2 is generally considered to be an oncogene, its 
role is subtle, and ectopic expression of wild-type Mdm2 has been 
reported to cause cell cycle arrest (Brown et al., 1998). Mdm2 
contains so-called growth inhibitory domains (ID1 and ID2; 
Fig. 7 A) that are aberrantly spliced out in some human cancers 
(Brown et al., 1998). These observations suggest that in some 
contexts Mdm2 can function as a tumor suppressor (Manfredi, 
2010). Interestingly, we noticed that after DNA damage, wild-type 
MEFs expressing Mdm2 displayed reduced viability compared 
with control cells (Fig. 7 B). A plausible explanation would be 
that the negative effects of Mdm2 on cell proliferation and viability 
reflect destabilization of PGAM. In line with this idea, coexpres-
sion of PGAM-7R restored cell viability and PGAM activity in 
Mdm2-expressing wild-type MEFs (Fig. 7, C and D).

An obvious corollary would be that mutations in Mdm2 that 
abolish its negative effects on PGAM might be pro-tumorigenic. 
According to the Catalogue of somatic mutations in cancer 
(COSMIC) database (http://www.sanger.ac.uk/genetics/CGP/
cosmic/), three potentially oncogenic mutations in Mdm2 have 
been identified: Y281H in glioma and the W329G and M459I 
mutations in lung carcinoma (Cancer Genome Atlas Research 
Network, 2008; Ding et al., 2008). Y281H and W329G are lo-
cated in the ID2 domain, whereas M459I is located in the RING 
finger motif that is essential for the ubiquitin ligase activity of 
Mdm2 (Fig. 7 A and Lipkowitz and Weissman, 2011).

We constructed mammalian expression vectors encoding 
the three cancer-associated variants of Mdm2, as well as an addi-
tional mutation in the catalytic RING finger domain (C464A), 
and evaluated their effects on both PGAM and p53. As Mdm2 
can have an impact on p53 function both catalytically, by pro-
moting its ubiquitination, or noncatalytically, by blocking its tran-
scriptional activation domain (Kubbutat et al., 1999; Poyurovsky  
et al., 2003), we first assessed whether the variant forms of 
Mdm2 could suppress p53 activity in promoter assays. In the 
experiment, all four of the Mdm2 variants suppressed p53 activ-
ity on the p21CIP1, Bax, and Mdm2 promoters to a degree similar 
to wild-type Mdm2 (Fig. S5 A). In contrast, only the mutations 
in RING domain (M459I and C464A) abolished the ability of 
Mdm2 to ubiquitinate p53 in cells and in vitro (Fig. 6 A and 
Fig. S5, B–D). Importantly, when assessed for their effects 
on PGAM2 stability, in conditions of DNA damage, all of the  
Mdm2 variants were at least partially impaired, and M459I fully 
so (Fig. 7, E–G). The impaired ubiquitination of PGAM2 shown 
by the cancer-associated Mdm2-M459I variant was comparable 
to that of the Mdm2-C464A mutant (Fig. S5 E). However, the 
M459I mutation did not abolish the physical interaction be-
tween Mdm2 and either PGAM or p53 (Fig. S5, F and G).

with both PGAM1 and PGAM2 when the proteins are expressed  
in DKO MEFs (Fig. 5, A and B). To gain further insights, we 
constructed a series of deletions and point mutations in PGAM2-
FLAG (Fig. 5 C, top) and showed that Myc-Mdm2 coprecipi-
tated with full-length PGAM2-FLAG (T1) and with the central 
one-third of the protein (T4). However, the most robust inter-
action was with the N-terminally deleted variants of PGAM-
FLAG (T2 and TC; Fig. 5 C).

Remarkably, the S118D mutation, which mimics S118 
phosphorylation, enhanced the binding of full-length PGAM2 
to Mdm2 (Fig. 5 D), which suggests that Pak1-dependent phos-
phorylation at S118 promotes the interaction. Moreover, DNA 
damage facilitated the association between endogenous PGAM 
and Mdm2 in primary MEFs (Fig. 5 E) and also of the ectopi-
cally expressed proteins in DKO MEFs (Fig. 5 F). Conversely, 
shRNA-mediated knockdown of Pak1 abrogated the physical 
interactions between Myc-Mdm2 and PGAM-FLAG (Fig. 5 G). 
Based on these results, we concluded that the physical interaction 
between PGAM and Mdm2 is facilitated by Pak1-dependent 
phosphorylation after DNA damage.

Mdm2 functions as an E3 ubiquitin ligase 
for PGAM in vitro
As further confirmation that Mdm2 functions directly as an  
E3 ubiquitin ligase for PGAM, we reconstituted the reaction  
in vitro using recombinant proteins. Ubiquitination is accomplished 
by the coordinated actions of a ubiquitin-activating enzyme 
(E1), a ubiquitin-conjugating enzyme (E2), and a ubiquitin-
ligase (E3). The assays comprised UBE1 as the E1, UbcH5b 
as the E2 protein, human Mdm2 as the E3 ligase, and PGAM2 
as the substrate (Fig. S4 A), and functionality was confirmed 
using recombinant p53 protein as a control (Fig. 6 A). Although 
full-length PGAM2 did not appear to be ubiquitinated in vitro 
as a recombinant protein (Fig. 6 A), the central domain (T4) 
showed strong evidence for monoubiquitination and some 
degree of polyubiquitination (Fig. 6 B). Although the N- and  
C-terminal domains of PGAM2 (TN and TC, respectively) were 
not modified, polyubiquitination was clearly observed with the 
T2 construct, which contains both the central and the C-terminal 
domains of PGAM2 (Fig. 6, C and G), in line with its more avid 
binding to Mdm2 (Fig. 5 C). Importantly, a catalytically inac-
tive mutant of Mdm2, C464A (Kubbutat et al., 1999), did not 
ubiquitinate PGAM2-T2 in vitro (Fig. 6 C), which supports the 
idea that Mdm2 directly ubiquitinates PGAM.

Full-length PGAM2 contains 20 lysine residues in total 
(Fig. 6 D), seven of which are located in the central domain 
that appears to be the major target for ubiquitination. Ser118 
is also located in this central domain (Fig. S4 B). Mutated ver-
sions of PGAM2 were generated in which either four or seven 
of the lysine residues flanking Ser118 were changed to arginine 
(PGAM2-4R and -7R; Fig. 6 D and Fig. S4 B). These muta-
tions did not affect the catalytic properties of PGAM2 as judged 
by its ability to stimulate glycolytic flux and lactate production 
in primary MEFs (Fig. S4 C). However, immunoblot analyses 
indicated that the down-regulation of PGAM by Pak1 in pri-
mary MEFs was partially alleviated by the 4R mutation, and 
completely alleviated by the 7R mutation (Fig. S4 D). The 7R 
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Figure 5. Pak1-mediated phosphorylation of PGAM2 facilitates its interaction with Mdm2. (A) p53/Mdm2/ MEFs were transfected with vectors encod-
ing PGAM2-GFP, GFP, and Myc-Mdm2 as indicated. Cell lysates were either analyzed immediately (left) or after immunoprecipitation with an anti-GFP 
antibody (right), and immunoblotted with antibodies against Myc and GFP. (B) Coimmunoprecipitation of PGAM1-FLAG with Myc-Mdm2. p53/Mdm2/ 
MEFs were transfected with the indicated vectors and cell lysates were either analyzed directly (left) or after immunoprecipitation with an anti-FLAG anti-
body (right). (C) Schematic diagram of PGAM2 deletion mutants and the location of serine 118 (top). The relative binding of each mutant to Myc-Mdm2, 
shown on the right, was assessed by coimmunoprecipitation (bottom). Extracts from p53/Mdm2/ MEFs transfected with the indicated plasmids were 
immunoprecipitated with anti-FLAG antibody and immunoblotted for Myc, FLAG, and GFP as indicated. Asterisks indicate the heavy and light chains of 
immunoglobulin. (D) Coimmunoprecipitation of Mdm2 and PGAM2-S118D under normal culture conditions. p53/Mdm2/ MEFs were transfected 
with Myc-Mdm2 and the indicated PGAM2-FLAG mutants. (E) Reciprocal coimmunoprecipitation of endogenous Mdm2 protein with endogenous PGAM 
protein. Extracts from primary MEFs, treated with or without etoposide in the presence of 20 µM MG132, were immunoprecipitated with either anti-PGAM 
or anti-Mdm2 antibodies and immunoblotted with the same reagents. (F) DNA damage facilitates the physical interaction between PGAM and Mdm2. 
p53/Mdm2/ MEFs expressing Myc-Mdm2 and PGAM2-FLAG were treated with and without 20 µM etoposide, as indicated. Cell lysates were either 
analyzed immediately (left) or after immunoprecipitation with an anti-FLAG antibody (right). (G) The physical interaction between Mdm2 and PGAM2 is 
Pak1 dependent. p53/Mdm2/ MEFs were infected with Pak1 shRNA or control virus. The cells were then transfected with PGAM2-FLAG and Myc-
Mdm2 and subjected to DNA damage with 20 µM etoposide. Cell extracts were immunoprecipitated with anti-FLAG antibody and immunoblotted for the 
FLAG and Myc epitopes.
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Figure 6. Mdm2 ubiquitinates PGAM2 in vitro. (A) An in vitro ubiquitination system comprising recombinant UBE1, UbcH5b-His, Mdm2, and His6-ubiquitin  
was tested for its ability to ubiquitinate full-length recombinant PGAM2-FLAG (left) or p53 (right). Mdm2-C464A was used as a negative control. Ubiqui-
tination of p53 resulted in the formation of a ladder of bands. (B) The same assay was performed on the deleted versions of PGAM2 described in Fig. 5 C. 
Only PGAM2-T4-FLAG, corresponding to residues 80–172 in PGAM2, was efficiently ubiquitinated under these conditions. (C) PGAM2-T2-FLAG is ubiqui-
tinated in vitro by wild-type Mdm2, but not by a catalytically inactive mutant of Mdm2 (Mdm2-C464A). (D) Schematic representation of PGAM2, showing 
the location of lysine residues relative to Ser118. The 7R-FLAG and 4R-FLAG variants of PGAM2 were generated by site-directed mutagenesis of either 
seven or four lysine residues in the central domain as indicated. The mutated residues in the 4R mutant were K106, K113, K129, and K138, whereas three 
additional residues, K100, K146, and K157, were mutated in 7R. PGAM2-T2-7R-FLAG is an N-terminally truncated version of 7R. (E) p53/Mdm2/ 
MEFs were cotransfected with expression vectors encoding GFP, Myc-Mdm2, and either PGAM2-WT-FLAG or PGAM2-7R-FLAG. After treatment with or 
without 20 µM etoposide, cell extracts were analyzed by SDS-PAGE and immunoblotting. (F) Mutations in PGAM2 impair its ubiquitination. Primary MEFs 
expressing the indicated forms of PGAM2-FLAG were treated with or without etoposide, followed by MG132 treatment. Immunoprecipitated PGAM2-FLAG 
was analyzed by immunoblotting with anti-Ubiquitin antibody (-Ub; top) and anti-FLAG antibody (bottom). (G) Mdm2 can ubiquitinate PGAM2-T2-FLAG, 
but not PGAM2-T2-7R-FLAG, in vitro. The indicated recombinant proteins were used in an in vitro ubiquitination assay as in A. The asterisk indicates a 
nonspecific band. The arrowhead indicates polyubiquitinated proteins.
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Collaboration between PGAM2, Mdm2, and 
Ras-G12V in cell transformation
Interestingly, the Y281H and M459I mutations in Mdm2, in 
glioma and lung carcinoma, respectively, were accompanied 
by activating mutations in the G12 residue of Ras (G12D and 
G12C). We therefore explored whether Ras-G12V and Mdm2 
had cooperative effects on the proliferative potential of primary 
MEFs. Neither wild-type Mdm2 nor any of the three mutants 
(Y281H, W329G, and M459I) were able to immortalize Ras-
G12V–expressing wild-type MEFs, whereas ablation of p53 
with HPV E6 readily enabled the cells to bypass Ras-induced 
senescence (Fig. 8 A and Fig. S5 H). However, we obtained  
a strikingly different answer when these assays were per-
formed using cells derived from a transgenic mouse line that we 
have developed, in which PGAM2-FLAG expression is driven 
by the CAG promoter (Niwa et al., 1991), a fusion between 
the cytomegalovirus immediate-to-early enhancer element and 
chicken -actin promoters (Fig. 8 B). MEFs from the PGAM-Tg 
mice displayed enhanced glycolytic flux and lactate production 
(Fig. S5 I). When we infected the cells with Ras-G12V and the 

relevant mutants of Mdm2 (WT, Y281H, W329G, and M459I), 
and passaged them in a 3T3 protocol, the MEFs expressing  
Ras-G12V and Mdm2-M459I appeared to be immortal and were 
able to grow as anchorage-independent colonies in soft agar 
(Fig. 8, A, C, and D). The Mdm2 variants were expressed at 
equivalent levels shown by Western blotting (Fig. S5 J). Ubiqui-
tination of PGAM protein was barely detectable in the Ras-G12V/
Mdm2-M459I/PGAM-Tg MEFs, compared with the controls or 
cells transduced with the other Mdm2 mutants (Fig. 8 E and 
Fig. S5 K). Moreover, in the Ras-G12V/Mdm2-M459I/PGAM-Tg 
MEFs, both glycolytic flux and lactate production were up-
regulated (Fig. 8 F and Fig. S5 L).

We previously reported that MEFs expressing PGAM2 
and Ras-G12V were unable to grow in soft agar (Kondoh et al., 
2005), and, consistent with this observation, we found that Ras-
G12V–expressing PGAM2-Tg MEFs could not form tumors in 
nude mice (Fig. 8 G). Of the cells expressing different Mdm2 
variants, only the Ras-G12V/Mdm2-M459I/PGAM-Tg MEFs 
formed tumors in nude mice at a significant frequency (Fig. 8, 
G and H and Table 1). We presume that the M459I RING finger 

Figure 7. Stabilization of PGAM by muta-
tion of Mdm2 or PGAM retains cell viability.  
(A) Schematic of the reported domain structure 
of Mdm2 and the location of cancer-associated 
mutations in human Mdm2 according to the 
COSMIC database. (B) Ectopic expression of  
Mdm2 reduces the viability of wild-type MEFs  
after DNA damage. Viable cells were counted 
by trypan blue staining. (C) The ability of 
PGAM2 variants to counteract the effects of 
Mdm2 and etoposide on cell viability. (D) Primary 
MEFs infected with vectors encoding Mdm2 
and either PGAM2-WT-FLAG or PGAM2-7R-
FLAG as indicated were treated with or with-
out etoposide, and the levels of PGAM protein 
were assessed by immunoblotting (left). Sam-
ples of cell extract were also used to measure 
PGAM enzymatic activity (right). The viability 
of these cells is shown in C. (E) The ability of 
Mdm2 variants to restore PGAM2 protein levels 
after DNA damage. (F) Relative quantitation  
of the PGAM signal intensity in E normalized  
to that of GFP. (G) p53/Mdm2/ MEFs were 
cotransfected with His-ubiquitin, PGAM2-
FLAG, and the indicated Mdm2 variants 
(WT, Y281H, W329G, or M459I). The cells 
were treated with or without etoposide, and  
cell extracts were analyzed by immuno-
blotting, either immediately (bottom) or after 
recovery of His-tagged ubiquitinated proteins 
on Ni-NTA agarose under denaturing condi-
tion (top). In B, C, D, and F, error bars indicate 
SEM (n = 3).
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Figure 8. Collaboration between PGAM2, Mdm2 and RasG12V in cell transformation. (A) The ability of the indicated Mdm2 mutants to bypass Ras-
G12V–induced senescence in PGAM2-Tg but not wild-type MEFs. (B) Relative levels of endogenous and FLAG-tagged PGAM2 in primary MEFs isolated 
from either wild-type or transgenic C57BL/6 mice that overexpress PGAM2-FLAG from the CAG promoter. Whole cell extracts of MEFs were analyzed 
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by immunoblotting with anti-FLAG or -PGAM antibody. (C) Coexpression of the Mdm2-M459I mutant and Ras-G12V conferred anchorage-independent 
growth in PGAM2-Tg MEFs. Bar, 200 µm. (D) Anchorage-independent colonies in Fig. 8 C were counted after 3 wk. (E) The ability of the indicated Mdm2 
variants to promote ubiquitination of PGAM2 in PGAM2-Tg/Ras-G12V MEFs. (F) Measurement of glycolytic flux in primary PGAM2-Tg MEFs expressing the 
indicated combinations of Ras-G12V and Mdm2 variants (WT, Y281H, W329G, or M459I). Wild-type MEFs expressing HPVE6 were used as a control. 
(G) PGAM-Tg MEFs (5 × 106 cells) expressing Ras-G12V and various mutants of Mdm2 (WT, Y281H, W329G, or M459I) were injected subcutaneously 
in nude mice, and tumor growth was monitored for 3 wk. Wild-type MEFs expressing Ras-G12V and E6 were used as a positive control. Representative 
photographs of mice in Table 1 are shown. In A, D, and F, error bars indicate SEM (n = 3). (H) Measurement of tumor volumes, which were shown in 
Table 1. Error bars indicate SEM.

 

mutation renders Mdm2 uniquely able to suppress p53 transac-
tivation without destabilizing PGAM under stress conditions. 
Thus, in the context of activated Ras-G12V, our data imply that 
both Mdm2 and the glycolytic enzyme PGAM promote neo-

plastic transformation (Fig. 9).

Discussion
With the notable exception of PGAM, most glycolytic enzymes  
are transcriptionally regulated by HIF-1 (Iyer et al., 1998) or 
c-Myc (Osthus et al., 2000). Here we show that under condi-
tions of DNA damage or oncogenic signaling, each of which 
provokes premature senescence in primary cells, PGAM is 
posttranscriptionally regulated through phosphorylation-dependent 
ubiquitination. Turnover of PGAM could account for the 
marked reduction of glycolytic flux observed in senescent cells, 
and the mechanistic insights we provide suggest a key role for 
the p53–Mdm2 axis in these events.

The first step in this process is the activation of Pak1 
kinase, a direct downstream effector of Cdc42/Rac1 that is 
involved in many cellular processes, including cell motility, 
actin reorganization, gene transcription, and apoptosis, as well 
as in cancer (Molli et al., 2009). Amplification of the Pak1 gene  
has been observed in human tumors (Schraml et al., 2003), 
whereas ectopic expression of Pak1 promotes hyperplasia  
in vivo (Wang et al., 2002) and cellular transformation in vitro 
(Vadlamudi et al., 2000). Moreover, mice that lack Merlin, an 
inhibitor of Pak1, display a cancer-prone phenotype that is ex-
acerbated by p53 mutation (McClatchey et al., 1998). Here we 
reveal an unexpected role for Pak1 in cellular senescence in  
primary MEFs and human dermal fibroblasts exposed to various  

forms of stress. In this respect, the double-edged sword proper-
ties of Pak1 are reminiscent of those of oncogenic Ras-G12V, 
which elicits senescence in primary cells but cell proliferation 
and transformation in cells that evade senescence (Serrano  
et al., 1997).

Our findings also connect Pak1 to the regulation of glycoly-
sis, as its involvement in senescence can be largely explained 
by its ability to phosphorylate PGAM on Ser118. We present 
several lines of evidence that in primary cells this event is criti-
cal for the subsequent ubiquitination and proteasome-mediated 
turnover of PGAM. PGAM is stabilized by shRNA-mediated 
depletion of Pak1 and by mutations that exclude phosphoryla-
tion by Pak1, whereas the corresponding phosphomimetic mu-
tation promotes ubiquitination and turnover of PGAM.

Although we cannot discount the possibility that other ubiq-
uitin E3 ligases might target PGAM, Mdm2 emerged as an ob-
vious candidate based on the differential behavior of PGAM in 
p53-positive and -negative cells. We confirmed that phosphory-
lation of PGAM by Pak1 promotes the interaction between Mdm2 
and PGAM under stress conditions, and that Mdm2 ubiqui-
tinates PGAM in cultured cells and in vitro. The in vitro assays 
identified seven lysine residues in PGAM that are targets for 
Mdm2-mediated ubiquitination. Consistent with recent reports 
that ubiquitination sites are generally close to the preceding 
phosphorylation event (Hagai et al., 2012), the relevant lysine 

Table 1. Formation of subcutaneous tumors in nude mice by 
PGAM2-Tg MEFs infected with Ras-G12V and various Mdm2 mutants

Cells Number tumors/number injected

PGAM2-Tg MEFs/Ras-G12V + vector 0/6
PGAM2-Tg MEFs/Ras-G12V + 

Mdm2-WT
0/12

PGAM2-Tg MEFs/Ras-G12V + 
Mdm2-Y281H

0/6

PGAM2-Tg MEFs/Ras-G12V + 
Mdm2-W329G

0/6

PGAM2-Tg MEFs/Ras-G12V + 
Mdm2-M459I

5/8

Wild-type MEFs/Ras-G12V + E6 6/6

Formation of subcutaneous tumors in nude mice after injection of PGAM2-Tg MEFs 
infected with the indicated expression vectors. For each injection, 5 × 106 cells 
were injected in a volume of 100 µl. Mice were sacrificed after 3 wk of monitor-
ing. Representative results of two independent experiments are shown (n = 2).

Figure 9. Model. Model for PGAM stabilization and effects on glycolysis 
in different cellular contexts. (left) In normal cells, Ras-G12V expression 
triggers PGAM ubiquitination associated with a decline of glycolysis via 
Pak1/Mdm2 activation. (right) The situation in tumors induced by Ras-
G12V and Mdm2-M459I associated with stabilization of PGAM and 
enhanced glycolysis. Note that according to the International Cancer Ge-
nome Consortium (2010), missense mutations in Mdm2 are relatively rare, 
and only 2 of the 24 variants recorded thus far affect the RING domain.
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2010; Hitosugi et al., 2012). Our identification of physiological 
modulators of PGAM stability might open up new avenues for 
therapeutic intervention.

Materials and methods
Cell culture
Primary MEFs were isolated from 13.5-d postcoitum embryos of C57BL6 
mice as described previously (Carnero et al., 2000). The head and blood 
organs of embryos were removed, and the torso was placed on a 10-cm 
plate. The embryo was minced with a scalpel and dispersed in 0.1% tryp-
sin (45 min at 37°C). Cells were grown for two population doublings, fol-
lowed by retroviral infection or transfection of plasmids. Human primary 
fibroblast (IMR90, WI-38, and TIG3), human immortalized cell lines (HeLa, 
293T, HCT116, RKO, HT-29, and SW620), primary MEFs from p53/, 
p53/Mdm2/, and PGAM2-Tg mice were grown in DMEM with 10% 
FBS. PGAM2-Tg is a strain of transgenic C57BL/6 mice that overexpress 
PGAM2 under the cytomegalovirus immediate-to-early enhancer element 
and chicken -actin promoter (CAG). The GFP-tagged p53-inducible cell 
line, TGP53-4, was grown with or without 1 µM doxycycline. To model 
SIS, primary cells were exposed to 20 µM etoposide.

Transfection, retroviral infection, and SA--gal staining
Transfection was performed by using Fugene-HD (Roche) or the calcium 
phosphate transfection method (Kondoh et al., 2005). EcoPack2-293  
(Takara Bio Inc.) packaging cell lines were used for retroviral production. 
Infected cells were selected by the addition of 75 µg/ml hygromycin,  
400 µg/ml (G418), or 2 µg/ml puromycin, as appropriate for the vector. 
After drug selection, cultures were propagated according to a 3T3 proto-
col as described previously (Carnero et al., 2000). Cytochemical staining 
for SA--gal was performed at pH 6.0, as described previously (Dimri et al., 
1995). The percentage of SA--gal–positive cells was determined micro-
scopically by counting the number of positive-staining cells among over 
200 cells in total. Images were recorded using a microscope (BZ-9000; 
KEYENCE) using a 10× 0.45 NA Plan-Apochromat objective lens.

Viability assay
Primary MEFs transfected with various combinations of expression vectors 
were grown for 24 h and treated with 50 µM etoposide for 24 h. Cells 
were then collected and stained by trypan blue. Viable cells were counted 
using a light microscope.

Immunoblotting assay and RNA analysis
For immunoblotting, cell lysates were prepared 24 h after transfection as 
described previously (Carnero et al., 2000). Cells were washed twice with 
ice-cold PBS and lysed in lysis buffer (50 mM Tris-HCl, pH 7.5, 200 mM 
NaCl, 1 mM EDTA, 10% glycerol, 0.5% Triton X-100, 50 mM NaF, 1 mM 
DTT, 1 mM Na3VO4, 1 mM phenylmethanesulfonyl fluoride, and protease 
inhibitor cocktail; Sigma-Aldrich). After 30 min on ice, lysates were vor-
texed and cleared by centrifugation. Equivalent amounts of protein were 
resolved by SDS-PAGE. The antibodies used for immunoblotting and immuno-
staining are described in the Recombinent proteins and antibodies section.

Total RNA was prepared using the TRIzol reagent (Invitrogen), and 
cDNA pools were generated using an oligo-dT primer (Promega) and Super-
Script III reverse transcription (Invitrogen). Semiquantitative RT-PCR was 
performed by using a SuperScript one-step RT-PCR kit (Invitrogen) as described 
previously (Carnero et al., 2000), and real-time PCR was performed using 
Fast Start Universal SYBR Green Master (Roche). The primers used in these 
analyses are presented in the Primers section.

Immunoprecipitation
For immunoprecipitation assays, cell lysates were precipitated with  
the relevant antibody for 2 h. Immune complexes recovered with protein G– 
agarose beads were washed four times with lysis buffer (50 mM Tris-HCl, 
pH 7.5, 200 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% Triton X-100, 
50 mM NaF, 1 mM DTT, 1 mM Na3VO4, 1 mM phenylmethanesulfonyl 
fluoride, and protease inhibitor cocktail; Sigma-Aldrich) and boiled in 2× 
Laemmli sample buffer for 5 min. Denatured immune complexes were re-
solved on SDS-polyacrylamide gels.

Ubiquitination assays
For detection of ubiquitinated forms of endogenous PGAM, cell extracts 
were immunoprecipitated with an anti-PGAM antibody, and the precipitated 

residues in PGAM are located in the central domain, adjacent to 
the Pak1-phosphorylation site Ser118.

Mdm2 is known to ubiquitinate several other substrates, 
including the p53 tumor suppressor (Manfredi, 2010), and is 
therefore viewed as an oncogene. In line with this idea, ampli-
fication of the Mdm2 gene has been observed in several human 
cancers (Leach et al., 1993; Reifenberger et al., 1993). It was 
also reported that the combination of Mdm2, oncogenic Ras-
G12V, and adenovirus E1A will efficiently transform human 
primary fibroblasts (Seger et al., 2002). In contrast, we and others 
have noted that in primary cells, ectopic expression of wild-type 
Mdm2 induces cell cycle arrest (Brown et al., 1998) or apopto-
sis under conditions of stress (this paper). Moreover, whereas 
p53 ablation can rescue MEFs from Ras-G12V-induced senes-
cence, ectopic expression of wild-type Mdm2 cannot.

The differential effects of cancer-associated Mdm2  
mutants reveal a plausible explanation. Two of the mutations, 
Y281H and W329G, in the inhibitory domain 2 (ID2) of Mdm2 
partly abolish its ability to ubiquitinate PGAM but not p53. The 
third mutation, M459I in the RING finger domain, completely 
abolishes ubiquitin ligase activity both for p53 and PGAM, 
while remaining able to block p53 transactivation. The relative 
potency of the Mdm2 mutants in PGAM ubiquitination closely 
correlated with their abilities to rescue PGAM-Tg MEFs from 
Ras-induced senescence. Strikingly, the combination of the M459I 
mutant of Mdm2 and oncogenic Ras-G12V was sufficient to 
transform primary MEFs from PGAM-Tg mice, but not those 
from wild-type mice. We suspect that this reflects the higher 
basal levels of glycolysis and lactate production in the PGAM-
Tg, which would facilitate the bypassing of senescence. Col-
lectively, the data suggest that in some contexts, Mdm2 might 
protect cells from transformation by promoting the ubiquitin- 
mediated turnover of PGAM. Alternatively, up-regulation of 
PGAM could promote the oncogenic effects of the mutant forms 
of Mdm2. Consistent with these ideas, the ubiquitination activity 
of Mdm2 is reported to be differentially regulated in a cellular 
context– and developmental stage–dependent manner (Itahana 
et al., 2007; Terzian et al., 2008).

Both enhanced glycolysis (the Warburg effect) and cel-
lular immortalization are recognized as hallmarks of cancerous 
tissues and cells. Our data on the ubiquitination of PGAM by 
the p53/Mdm2 axis during SIS might partly explain how these 
hallmarks are coupled. The activation of p53 during senes-
cence, whether via DNA damage or direct oncogenic signaling, 
would potentially down-regulate glycolytic flux by promoting 
Mdm2-mediated turnover of PGAM. Similar effects on glycol-
ysis would be achieved via the transcriptional activity of p53 
on other target genes, such as TIGAR and Glut3 (Bensaad et al., 
2006; Kawauchi et al., 2008). Thus, p53 might function as a 
metabolic checkpoint against tumorigenesis partly by modulat-
ing the glycolytic pathway (Jones et al., 2005). As we have pre-
viously argued (Kondoh et al., 2005), the Warburg effect could 
represent a metabolic adaptation that enables incipient cancer 
cells to evade senescence.

Several recent studies have emphasized the importance of 
PGAM as a therapeutic target for cancer management (Durany 
et al., 1997, 2000, Evans et al., 2005; Vander Heiden et al., 
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Glycolytic flux measurement
The method used to determine glycolytic flux was based on the metabolism 
of d-[3-3H] glucose into water after the triose phosphate isomerase reaction. 
Cells were plated at 0.7 × 106 cells per 100-mm dish, and the medium was 
changed from high glucose (17 mmol/liter) to low glucose (4.25 mmol/liter) 
11 h later. d-[3-3H] glucose was added 10 h later. Every 2 h, samples (400 µl) 
of medium were taken and precipitated with perchloric acid. The superna-
tant was applied to DOWEX 1X8 200-400 MESH Cl (Sigma-Aldrich) resin 
after dilution in sodium tetraborate, and the amount of [3H] water in the 
flow-through was normalized to protein content. Lactate concentration in 
the culture medium was measured by the lactate assay kit (BioVision), and 
the value of lactate production was normalized to the protein content of the 
corresponding cell lysate.

Detection of -H2AX foci
Cells plated on coverslips were pre-permeabilized in 0.1% Triton buffer 
(0.1% [vol/vol] Triton X-100, 20 mM Hepes-KOH, pH 7.4, 50 mM NaCl, 
3 mM MgCl2, and 300 mM sucrose) and fixed with 3.7% paraformaldehyde 
in PBS. The cells were permeabilized with 0.5% Triton buffer (0.5% [vol/vol] 
Triton X-100, 20 mM Hepes-KOH, pH 7.4, 50 mM NaCl, 3 mM MgCl2, 
and 300 mM sucrose), followed by treatment with blocking buffer (0.1% 
skim milk and 0.1% BSA in PBS) and primary antibody solution (anti– 
-H2AX phospho-Ser139 antibody in blocking buffer). After washing with 
PBS, the coverslips were treated with secondary antibody solution (Alexa 
Fluor 488 in blocking buffer). Nuclei were stained with DAPI. Images were 
recorded using a fluorescence microscope (BZ-9000; KEYENCE), using a 
40× NA 0.95 Plan-Apochromat objective lens.

Luciferase reporter assay
p53/Mdm2/ MEFs were transfected with plasmids containing the 
p21CIP1, Mdm2, or Bax promoter regions upstream of the firefly luciferase 
reporter in the pGL3 vector (Samuels-Lev et al., 2001), with or without a 
plasmid encoding wild-type p53, and a renilla luciferase plasmid (pRL-
SV40) as a control for transfection efficiency. Cells were harvested 30 h  
after transfection, and the firefly and renilla luciferase activities were mea-
sured using a Dual-Glo Luciferase Assay System (Promega) and a lumi-
nometer (Lumat LB9507; BERTHOLD). The levels of firefly luciferase activity 
were normalized to those of renilla activity.

Soft agar assay
Soft agar assays were performed as described previously (Serrano et al., 
1996). Culture dishes (6 cm) were prepared with a bottom layer of 3 ml of 
DMEM containing 0.4% low-melting agarose. 104 cells were mixed with  
4 ml of DMEM containing 0.3% low–melting point agarose and seeded on 
the bottom layer. The colonies were allowed to grow for 2–3 wk and 
counted by light microscopy.

Nude mouse xenograft assays
8-wk-old nude mice (CAnN.Cg-Foxnnu/CrlCrlj; Charles River Laboratories) 
were injected subcutaneously with 5 × 106 cells suspended in 100 µl PBS. 
Tumor formation was assessed after 3 wk. The procedures for performing 
animal experiments were in accordance with the principles and guidelines 
of the Animal Care and Use Committees of Kyoto University Graduate 
School of Medicine.

Recombinant proteins and antibodies
GST recombinant proteins were expressed in bacteria using pGEX6p-
based plasmids. The proteins were purified on glutathione-agarose beads 
using standard protocols, and the GST tag was removed from the fusion 
proteins by treatment with PreScission Protease (GE Healthcare). Two rab-
bits were inoculated with full-length recombinant PGAM2 and the resultant 
antisera were affinity-purified by reactivity with the recombinant PGAM2.

A phospho-specific antibody against Ser118 of PGAM2 (anti-
phospho S118) was generated by injecting rabbits with different syn-
thetic phospho-peptides—B-118P (CVKIWRRS(PO3)YDVP) and M-118P 
(CVKIWRRS(PO3)FDTP)—conjugated to keyhole limpet hemocyanin (KLH) 
as an adjuvant. Antiserum from one of the four rabbits was found to rec-
ognize both phospho-peptides, B-118P and M-118P, but not the unphos-
phorylated peptides (Fig. S2 A). This rabbit antiserum was affinity purified 
on an immobilized phospho-peptide column (Thorslund et al., 2007).

Other antibodies used in this study were as follows: anti-FLAG (M2, 
F3165) from Sigma-Aldrich; anti-HA (12CA5) and anti-GFP from Roche; 
anti–c-Myc (9E10), anti-actin (C-11), anti-Pak1 (N-20), anti–human p53 
(DO-1), anti-p21CIP1 (C-19), and anti-p16INK4 (M156) from Santa Cruz Bio-
technology, Inc.; anti–mouse p53 (pAb421) from EMD Millipore; anti-Mdm2 

proteins were denatured and resolved by SDS-PAGE. Ubiquitinated pro-
teins were detected by immunoblotting with an antibody (clone FK2) that 
detects mono- and polyubiquitinated conjugates.

Detection of proteins labeled with His-tagged ubiquitin was per-
formed as described previously, with modifications (Li et al., 2003). Cells 
were generally cotransfected with 3 µg of PGAM-FLAG expression plas-
mid and 3 µg of CMV-driven His-ubiquitin expression plasmid (a gift from  
T. Matsusaka, The Gurdon Institute, University of Cambridge, Cambridge, 
UK). After 24–36 h, cells were treated with either 20 µM etoposide for 6 h  
or exposed to other forms of stress (e.g., Ras-G12V) and treated with 
MG132. After harvesting, 10% of the cells were processed for direct anal-
ysis by immunoblotting while the remainders were used for purification of 
His-tagged ubiquitinated proteins.

Cell extract was prepared in denaturing conditions by using 6 M 
guanidine hydrochloride. Cells were resuspended in guanidine lysis buffer  
(6 M guanidine hydrochloride, 10 mM Tris-Cl, 100 mM Na2HPO4, 150 mM 
NaCl, 0.1% NP-40, and 20 mM imidazole, pH 8.0) at room temperature 
and sonicated. The lysate was centrifuged at 14,000 g for 10 min, and 
the supernatant was incubated with Ni-NTA beads (QIAGEN) for 2 h at 
room temperature. The beads were washed five times with guanidine wash 
buffer (6 M guanidine hydrochloride, 10 mM Tris-Cl, 100 mM Na2HPO4, 
150 mM NaCl, 0.1% NP-40, and 20 mM imidazole, pH 6.3) at room 
temperature, followed by five cycles with ice-cold guanidine-free wash buf-
fer (10 mM Tris-Cl, 100 mM Na2HPO4, 150 mM NaCl, 0.1% NP-40, and  
20 mM imidazole, pH 6.3). His-tagged proteins were eluted from the beads 
with 50 µl of elution buffer (10 mM Tris-Cl, 100 mM Na2HPO4, 150 mM 
NaCl, 0.1% NP-40, and 250 mM imidazole, pH 6.3). Eluted fractions 
were analyzed by SDS-PAGE. Ubiquitinated PGAM2-FLAG protein was 
detected by immunoblotting with anti-FLAG antibody (M2).

In vitro ubiquitination assay
The following GST-tagged recombinant proteins were expressed and 
purified from Escherichia coli: GST-Mdm2-WT, GST-Mdm2-Y281H, GST-
Mdm2-W329G, GST-Mdm2-M459I, GST-Mdm2-C464A, GST-p53, GST-
PGAM2-WT-FLAG, GST-PGAM2-T2-FLAG, GST-PGAM2-T2-7R-FLAG, 
GST-PGAM2-TN-FLAG, GST-PGAM2-T4-FLAG, and GST-PGAM2-TC-FLAG. 
The GST tags were removed from GST fusion proteins by PreScission Pro-
tease (GE Healthcare). Other recombinant proteins were purchased: E1 
enzyme (UBE1; Boston Biochem), His6-tagged E2 enzyme (UbcH5b; Enzo 
Life Sciences), and His6-tagged ubiquitin (EMD Millipore). In vitro ubiquitina-
tion reactions were performed as previously described with some modifica-
tions (Li et al., 2003). 35 ng PGAM2-FLAG or p53 was mixed with 100 ng  
UBE1 (E1), 500 ng UbcH5b (E2), His6-tagged ubiquitin, and 500 ng Mdm2 
(E3). These components were incubated in 30 µl of RXB buffer (40 mM Tris-
HCl, pH 7.5, 5 mM MgCl2, 10 mM NaCl, 1 mM DTT, and 2 mM MgATP) 
for 90 min at 37°C. The ubiquitinated proteins were analyzed by SDS-
PAGE and detected by immunoblotting with anti-FLAG (M2) or anti-p53 
(DO-1) antibody, respectively.

In vitro kinase assay
Primary MEFs were treated with 20 µM etoposide for 6 h, then lysed with 
lysis buffer. Endogenous Pak1 proteins were immunoprecipitated from the 
cell lysates with an anti-Pak1 antibody, and the precipitated proteins were 
washed twice with Pak1 kinase buffer (100 mM Hepes, 20 mM MgCl2,  
4 mM MnCl2, and 0.4 mM dithiothreitol). Equivalent amounts of precipi-
tated protein were incubated with 5 µg of recombinant PGAM2-WT or 
PGAM2-S118C in 30 µl of Pak1 kinase buffer for 30 min at 30°C in the 
presence of 10 µCi of -[32P]ATP and 10 mM cold ATP. The labeled prod-
ucts were subsequently resolved by SDS-PAGE.

Cycloheximide chase assay
Primary MEFs were cotransfected with plasmids encoding PGAM2-FLAG (WT 
or S118C mutant) and GFP protein. Transfected cells were treated with 25 µM 
cycloheximide for 0–120 min. Subsequently, the levels of PGAM2-FLAG and 
GFP protein were determined by immunoblotting (Ogawara et al., 2002).

Measurement of PGAM activity
PGAM catalytic activity was measured spectrophotometrically as de-
scribed previously (Kondoh et al., 2005). In brief, samples (20 µg) of 
cell lysate were incubated with 0.2 mM NADH, 3 mM ADP, 10 µM  
2,3-diphosphoglycerate, 600 mU lactate dehydrogenase, 500 mU pyruvate 
kinase, and 100 mU enolase at 37°C for 10 min. 3-phosphoglyceric acid (3-
PGA; 1 mM final concentration) was then added as a substrate. Activity was 
measured as NAD+ release over 45 min by monitoring the decrese in absor-
bance at 340 nm in a Spectra max spectrophotometer (Molecular Devices).
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GTGCCTTGCAGCCGTCTC-3; 7R-1 Fw (mutation site F), 5-GTGGCCTC-
ACAGGCCTCAATAGGGCTGAGACGGCTGCAAGGCACGGG-3; 7R-
1 Re (mutation site R), 5-CCCGTGCCTTGCAGCCGTCTCAGCCCTATT-
GAGGCCTGTGAGGCCAC-3; 7R-2 Fw (mutation site F), 5-GGCTTGAGGCC-
TGAGGAGCTGCCTACCTGTGAAAGTCTCAGGGACAC-3; 7R-2 Re 
(mutation site R), 5-GTGTCCCTGAGACTTTCACAGGTAGGCAGCTCCT-
CAGGCCTCAAGCC-3.

Primers used to generate deleted versions of PGAM2 cDNA. Pgam2F, 
5-CCGAATTCATGACCACCCACCGCCTAGT-3; F1, 5-CCGAATTCAT-
GGTGGTGCGTACCTGGC-3; R1, 5-CCGATATCCTTCGCCTTTCCCT-
GGGCAGC-3; F2, 5-CGGAATTCATGAAGATTAAGGCTGCCAGAGAG-3; 
R2, 5-CCGATATCAGGTGCGATCTCCTCATTCC-3; R3, 5-GTGATATC-
GGGCACCCACACATTTGGTC-3. Pgam2F and R1 were used for PCR of 
PGAM2-T1 cloning. F1 and R1 were used for PCR of PGAM2-T2 cloning. 
Pgam2F and R2 were used for PCR of PGAM2-T3 cloning. Pgam2F and R3 
were used for PCR of PGAM2-TN cloning. F1 and R2 were used for PCR of 
PGAM2-T4 cloning. F2 and R1 were used for PCR of PGAM2-TC cloning.

Primers used for mutagenesis of Mdm2 cDNA. Mdm2 Fw (mutation site F), 
5-ATAGAATTCTGGTGAGGAGCAGGCAA-3; Mdm2 Re (mutation site R), 
5-TATCTCGAGCTAGGGGAAATAAGTTAGCAC-3; Y281H Fw (mutation 
site F), 5-GATGAGGTATATCAAGTTACTGTGCATCAGGCAGGGGAG-
AGTGATAC-3; Y281H Re (mutation site R), 5-GTATCACTCTCCCCT-
GCCTGATGCACAGTAACTTGATATACCTCATC-3; W329G Fw (mutation  
site F), 5-GATGTTGGGCCCTTCGTGAGAATGGGCTTCCTGAAGATAAA-
GGGAAAG-3; W329G Re (mutation site R), 5-CTTTCCCTTTATCTTCA-
GGAAGCCCATTCTCACGAAGGGCCCAACATC-3; M459I Fw (mutation 
site F), 5-CATGGCAAAACAGGACATCTTATTGCCTGCTTTACATGTGCAA-
AGAAG-3; M459I Re (mutation site R), 5-CTTCTTTGCACATGTAAAGCAG-
GCAATAAGATGTCCTGTTTTGCCATG-3.

Primers used for mutagenesis of Pak1 cDNA. Pak1 Fw (mutation site F),  
5-ATATGAATTCACCATGTACCCATACGACGTG-3; Pak1 Re (muta-
tion site R), 5-ATATGAATTCTCAGTGATTGTTCTTGGTTGCC-3; K299R 
Fw (mutation site F), 5-ACAGGGCAGGAGGTGGCCATTAGACAGAT-
GAACCTTCAGCAGCAG-3; K299R Re (mutation site R), 5-CTGCTGCT-
GAAGGTTCATCTGTCTAATGGCCACCTCCTGCCCTGT-3.

Primers used to generate Pak1 shRNA. shPak1 no. 1 Fw, 5-GATCCCC-
GTACACACGGTTCGAGAAGTTCAAGAGACTTCTCGAACCGTGTGTAC-
TTTTTGGAAA-3; shPak1 no. 1 Re, 5-AGCTTTTCCAAAAAGTACACG-
GTTCGAGAAGTCTCTTGAACTTCTCGAACCGTGTGTACGGG-3; 
shPak1 No. 2 Fw, 5-GATCCCCCCCTAAACCAGGGCTCCAATTCAAG-
AGATTGGAGCCGTGGTTTAGGGTTTTTGGAAA-3; shPak1 No. 2 Re, 
5-AGCTTTTCCAAAAACCCTAAACCACGGCTCCAATCTCTTGAATTGG-
AGCCGTGGTTTAGGGG-3.

Primers used to generate the PGAM2 transgene in mice. Forward,  
5-ATATGAATTCATGACCACCCACCGCCTAGT-3; reverse, 5-ATATGA-
ATTCCTACTTGTCATCGTCATCCT-3.

Primers used for semi-quantitative RT-PCR. Mouse PGAM1 Fw,  
5-GAACTGTGCTGTGGTGTGACC-3; mouse PGAM1 Re, 5-AGCTCTGAA-
CCCACACGGTAG-3; mouse PGAM2 Fw, 5-GGCTTGAAGCCTGAG-
GAGCTG-3; mouse PGAM2 Re, 5-AACTTTATTGCCCCGTCCACC-3; 
mouse -actin Fw, 5-AGGCTCTTTTCCAGCCTTCCT-3; mouse -actin Re, 
5-ATAAGAGACAACATTGGCATGGC-3.

Primers used for real-time qRT-PCR analysis. Mouse PGAM1-qRT Fw, 
5-GTTGCGAGATGCTGGCTATGA-3; mouse PGAM1-qRT Re, 5-CACATCT-
GGTCAATGGCATCC-3; mouse PGAM2-qRT Fw, 5-TGGAATGAGGA-
GATCGCACCT-3; mouse PGAM2-qRT Re, 5-TCGGACATCCCTTCCA-
GATGT-3; mouse -actin-qRT Fw, 5-CGTGCGTGACATCAAAGAGAA-3;  
mouse -actin-qRT Re, 5-AACCGCTCGTTGCCAATAGT-3; mouse Mdm2-
qRT Fw, 5-GAAGATGCGCGGGAAGTAG-3; mouse Mdm2-qRT Re,  
5-CATGTTGGTATTGCACATTGG-3; mouse p53-qRT Fw, 5-CTAGCATTCAG-
GCCCTCATC-3; mouse p53-qRT Re, 5-TCCGACTGTGACTCCTCCAT-3; 
mouse Pak1-qRT Fw, 5-AACCCAGAGAAGTTGTCAGC-3; mouse Pak1-
qRT Re, 5-CAATCAGTGGAGTCAGGCTAG-3; mouse RPL13-qRT Fw,  
5-TGCTGCTCTCAAGGTTGTTCG-3; mouse RPL13-qRT Re, 5-GCCTTTT-
CCTTCCGTTTCTCC-3.

Statistical analysis
All data, without Fig. 8 H, are expressed as the mean ± SEM of three in-
dependent experiments. Comparisons between groups were analyzed 
with t tests.

Online supplemental material
Fig. S1 shows detection of PGAM1 and -2 and validation of the anti-PGAM 
polyclonal antibody. Fig. S2 shows that Pak1 promotes phosphorylation and 

(2A10) and anti-PGK from Abcam; anti-GAPDH (6C5) from EMD Milli-
pore; anti-Enolase from BD; anti-PFK (C-terminal L684) from Abgent; anti-
phospho Ser1981 ATM (10H11.E12) from Rockland Immunochemicals 
Inc.; anti–-H2AX (phosphor-Ser139 antibody; ab2893) from Abcam; 
Alexa Fluor 488 (A11070) from Invitrogen; and anti–mono- and polyubiq-
uitinated conjugates antibody (clone FK2) from Enzo Life Sciences.

Plasmid DNAs
pHygro Marx II retroviral vectors encoding mouse PGAM1 or PGAM2 
have been described previously (Kondoh et al., 2005). Expression of 
full-length PGAM1 and PGAM2 with no tag was driven by retroviral LTR 
promoter of pHygro Marx II. Human PGAM1 cDNA was generated by 
RT-PCR from cell RNA and cloned into the pWZL neo retroviral vector. The 
human PGAM2 expression plasmid was a gift from Y. Yoshida (Center 
for iPS Cell Research and Application [CiRA], Kyoto University, Kyoto,  
Japan). Site-directed mutations in PGAM2 were generated by PCR- 
based mutagenesis as described previously. The relevant variants of 
PGAM2 are as follows: PGAM2-S118C, PGAM2-S118D, PGAM2-S118A,  
PGAM2-4R, and PGAM2-7R. Deletion mutants of mouse PGAM2 cDNA were 
also generated by PCR, including PGAM-T1, PGAM-T2, PGAM-T3, PGAM-
TN, PGAM-T4, and PGAM-TC. The different variants of PGAM2 cDNA, and the 
wild-type PGAM1-WT and PGAM2-WT, were subcloned into the p3×FLAG-
CMV14 expression vector. To produce recombinant proteins in bacteria, 
wild-type PGAM2 and the PGAM2-S118C mutant cDNAs were transferred 
into the pGEX6p expression vector. HA-tagged Pak1 cDNA was subcloned 
into a retroviral WZL-neo vector. The kinase-defective mutant Pak1-K299R  
(Zhang et al., 1995) was generated by PCR-based mutagenesis. To pro-
duce shRNAs against mouse Pak1, the relevant DNA oligonucleotides were 
annealed and ligated into the HindIII and BglII sites of the pRETRO-SUPER 
vector (Oligoengine; Brummelkamp et al., 2002). The pCMV-Myc vector 
containing human Mdm2 cDNA has been described previously. Substitution 
mutants of Mdm2 (Y281H, W329G, M459I) were generated by PCR-based 
mutagenesis. The CMV-driven human Mdm2 C464A expression plasmid was 
a gift from K.H. Vousden (Cancer Research UK, Beatson Institute, London, 
England, UK). The variants of Mdm2 cDNA were cloned into the pCMV-Myc 
vector or the WZL-neo retroviral vector. For the in vitro ubiquitination assay, 
the variants of 3×FLAG-tagged PGAM2 cDNA, including PGAM2-T2, -T2-
7R, -TN, -T4, and -TC, were subcloned into the pGEX6p vector. Similarly, 
the various forms of human Mdm2 (WT, Y281H, W329G, M459I, and 
C464A) and p53 were subcloned into pGEX6p. The pBabe-puro-Ras-G12V 
plasmid was a gift from K. Maehara (National Center for Child Health and 
Development, Tokyo, Japan). To generate PGAM2 transgenic mice, FLAG-
tagged PGAM2 was cloned into the pCAGGS vector. The pGAGGS plas-
mid was a gift from J.-i. Miyazaki (Division of Stem Cell Regulation Research, 
Osaka University Graduate School of Medicine, Osaka, Japan). The primer 
sequences used in this study are presented below.

cDNA
Accession numbers of cDNA (available from GenBank) used in this study 
were as follows: mouse PGAM1, NM_023418; mouse PGAM2, NM_
018870; human PGAM1, NM_002629; human PGAM2, NM_013016; 
rat Pak1, NM_017198; human Mdm2, NM_00239.5.

Primers used for subcloning of PGAM1 (PGM-B) and PGAM2 (PGM-M) 
cDNA. PGM-M forward (Fw), 5-AAGAATTCATGACCACCCACCGCC-
TAG-3; PGM-M reverse (Re), 5-ATATGGATCCTGGCTTCGCCTTTCCCT-
GGGCA-3; PGM-B Fw, 5-ATATGAATTCATGGCTGCCTACAAGCTGGT-3; 
PGM-B Re, 5-ATATGGATCCTGGCTTCTTCACCTTGCCCTGAG-3; hPGM-B  
Fw, 5-ATATGGGATCCGCCACCATGGCCGCCTACAAACTGGTG-3; 
hPGM-B Re, 5-ATATGAATTCTCACTTCTTGGCCTTGCCCTGG-3.

Primers used for mutagenesis of PGAM2 cDNA. PGM-M Fw, 5-AAGAA-
TTCATGACCACCCACCGCCTAG-3; PGM-M Re, 5-ATATGGATCC-
TGGCTTCGCCTTTCCCTGGGCA-3; S118C Fw (mutation site F),  
5-CAGGTGAAGATCTGGAGGCGTTGCTTTGACACCCCACCACCA-
CCC-3; S118C Re (mutation site R), 5-GGGTGGTGGTGGGGTGTCA-
AAGCAACGCCTCCAGATCTTCACCTGCTC-3; S118A Fw (mutation site F), 
5-CAGGTGAAGATCTGGAGGCGTGCCTTTGACACCCCACCACCA-
CCC-3; S118A Re (mutation site R), 5-GGGTGGTGGTGGGGTGT-
CAAAGGCACGCCTCCAGATCTTCACCTG-3; S118D Fw (mutation site F), 
5-CAGGTGAAGATCTGGAGGCGTGACTTTGACACCCCACCACCA-
CCC-3; S118D Re (mutation site R), 5-GGGTGGTGGTGGGGTGT-
CAAAGTCACGCCTCCAGATCTTCACCTGCTC-3; 4R-1 Fw (mutation site F),  
5-CCATGGAAGAGAAACACAACTACTACACCTCCATCAGCAGGG-
ACCGC-3; 4R-1 Re (mutation site R), 5-GCGGTCCCTGCTGATGGAGGT-
GTAGTAGTTGTGTTTCTCTTCCATGG-3; 4R-2 Fw (mutation site F), 5-GAGAC-
GGCTGCAAGGCACGGGGAGGAGCAGGTGAGGATCTGGAGGCG-3; 
4R-2 Re (mutation site R), 5-CGCCTCCAGATCCTCACCTGCTCCTCCCC-
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