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The PTEN tumour suppressor gene is induced by the early

growth response 1 (EGR1) transcription factor, which also

transactivates p53, p73, and p300/CBP as well as other

proapoptotic and anti-cancer genes. Here, we describe a

novel Akt–EGR1–alternate reading frame (ARF)–PTEN

axis, in which PTEN activation in vivo requires p14ARF-

mediated sumoylation of EGR1. This modification is de-

pendent on the phosphorylation of EGR1 at S350 and T309

by Akt, which promotes interaction of EGR1 with ARF at

K272 in its repressor domain by the ARF/Ubc9/SUMO

system. EGR1 sumoylation is decreased by ARF reduction,

and no EGR1 sumoylation is detected in ARF�/� mice,

which also exhibit reduced amounts of PTEN. Our model

predicts that perturbation of any of the clinically impor-

tant tumour suppressors, PTEN, EGR1, and ARF, will cause

some degree of dysfunction of the others. These results

also explain the known negative feedback regulation by

PTEN on its own synthesis through PI3 kinase inhibition.
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Introduction

PTEN (phosphatase and tensin homologue, deleted on chro-

mosome 10) is one of the most frequently lost tumour

suppressors in human cancer (Li et al, 1997; Teng et al,

1997). The PTEN gene can be damaged by mutation (Priulla

et al, 2007) or silenced by epigenetic mechanisms

(Mirmohammadsadegh et al, 2006), and PTEN protein stabi-

lity or function can be reduced by other mechanisms (Priulla

et al, 2007). However, in many cancers, the PTEN gene is

intact, but appears to be transcriptionally silent. PTEN is a

rapidly degraded protein with a half-life (T1/2) of only 2–4 h

(depending on cell type), and it appears that many of the

genetic alterations found in PTEN in cancer cells further

accelerate this rapid degradation (Davies et al, 1999). Thus,

PTEN function is critically dependent on de novo synthesis to

replenish the pool. We discovered that the early growth

response gene 1 (EGR1) transcription factor (Sukhatme

et al, 1988) binds directly to a consensus EGR1-binding

motif in the PTEN promoter, activates gene transcription,

and is necessary for upregulation of PTEN mRNA in response

to UV and g-irradiation and other stress stimuli (Virolle et al,

2001). PTEN transcription can also be induced by p53

(Stambolic et al, 2001), which binds to a site in the promoter

close to the EGR1-binding site. Taken together with reports

that PTEN and p53 can form a complex (Mayo and Donner,

2002) and our finding that EGR1 transactivates p53 and p73

(Yu et al, 2007), which also transactivates p53, it seems that

EGR1, PTEN, and p53 form an intimately connected regula-

tory network, the understanding of which could be vital to

targeted cancer therapy. EGR1 is receiving much attention

recently because of its wide range of activities as a transcrip-

tion factor. Remarkably, EGR1 can exert an effect either as a

growth promoter or as a tumour suppressor. EGR1 can also

be induced by mutant p53 to contribute to gain of tumour-

transforming function (Weisz et al, 2004). In contrast, EGR1

is also upregulated by growth factor addition to normal cells.

This may result in cell proliferation or, as described here,

suppress cell proliferation or induce apoptosis of transformed

or cancer cells; and the alternate reading frame (ARF) protein

expedites this latter effect.

The ARF protein (p19ARF in mouse and p14ARF in

human) is a product of ARF of the CDKN2A locus. ARF

functions mainly as a tumour suppressor essential for

ARF–MDM2–p53 pathway (Zhang et al, 1998) and the Rb–

E2F-1 pathway (Dimri et al, 2000). ARF has a p53-indepen-

dent function, promoting the sumoylation of several ARF-

interacting proteins, such as Topoisomerase I (Karayan et al,

2001), MDM2 (Xirodimas et al, 2002), Werners helicase

(Woods et al, 2004) as well as p53 (Chen and Chen, 2003),

and the proteasome-dependent degradation of CtBP (Paliwal

et al, 2007).

Here, we show that IGF-1-activated AKT leads to phos-

phorylation of EGR1 followed by sumoylation of EGR1 by

ARF, thereby producing a new modified molecule that

directly transactivates the PTEN promoter. The resulting

PTEN provides one of many pathways showing how EGR1

can stimulate growth or apoptosis, through specific pathways

for each different outcome.

Results

PTEN is not induced in tissues of the EGR1�/� or ARF�/�

mouse models

As shown in Figure 1A, PTEN was not induced in any of the

studied tissues of EGR1�/� mice at 2.5 h after 5 Gy of

g-irradiation, a time when EGR1 induction is known to be

high. In contrast, PTEN expression in wild-type mice was
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Figure 1 PTEN is not induced in tissues of the EGR1�/� or ARF�/� mouse models. (A) Analysis of PTEN mRNA levels by qRT–PCR in six
tissues from 8-week-old, healthy EGR1�/� and wild-type mice that were g-irradiated with 5 Gy and killed 2.5 h later. (B) A similar qRT–PCR
analysis for PTEN mRNA in four tissues: liver, kidney, lung, and heart (and also spleen, data not shown) from ARF�/� 129sv/BL6 mice and
wild-type mice of the same strain that were g-irradiated with5 Gy and killed 0, 1, 3, or 7 h later. (C) Western blot analysis for PTEN, Akt1, and
phospho-Akt1 in two tissues liver and lung from the same mice in (B). Luciferase activity measured 24 h after transfection into 293T cells
(D) ARF�/� and ARFþ /þ MEFs (E) with the indicated DNA constructs and siRNAs. The PTEN-luciferase promoter construct was described
earlier (Virolle et al, 2001) and the same reporter D5-PTEN-luc lacking most EGR1-binding sites is shown in Supplementary Figure S2. The data
represent the mean and triplicate determinations±s.d. (*Po0.05, **Po0.01, ***Po0.001).
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strongly increased two- to four-fold in those tissues. This

result suggests that EGR1 is a major transcriptional inducer of

the PTEN gene in vivo. We also found that mice lacking ARF

show low basal levels and a reduced induction of PTEN

mRNA after g-irradiation compared with wild-type mice, in

several tissues (including kidney, heart, liver, and lung)

examined over a time course of 7 h (Figure 1B;

Supplementary Figure S1). The liver of the ARF�/� mouse

3 h after irradiation was the most sensitive, where PTEN

mRNA expression was reduced five-fold compared with

normal, and three other tissues examined were also affected,

showing reduced PTEN. These findings were verified at the

protein levels. PTEN proteins were upregulated and phos-

phorylated-Akt proteins were subsequently decreased in

ARFþ /þ liver and lung. In contrast, PTEN proteins were

slightly increased, concomitant with sustained Akt phosphor-

ylation in ARF�/� tissues (Figure 1C). Thus, both EGR1 and

ARF appear to be important for the full induction of PTEN

transcription in living mouse tissues.

To verify that ARF directly affects the EGR1-driven PTEN

transcription, we tested if EGR1 can stimulate PTEN tran-

scription in ARF�/� mouse embryo fibroblasts (MEFs) by

using a luciferase reporter containing the promoter region of

the PTEN gene (Virolle et al, 2001). Although expression of

EGR1 or EGR1þ p14ARF stimulated PTEN-luc in 293T cells

(Figure 1D) and ARFþ /þ MEFs (Figure 1E), there was

no response to EGR1 alone in ARF�/� MEFs (Figure 1E).

Re-expression of p14ARF restored the low basal activity of

PTEN-luc in ARF�/� MEFs to the same level of the activity in

ARFþ /þ MEFs (Figure 1E). Interestingly, there was no major

increase in luciferase activity upon addition of exogenous

p14ARF either in ARFþ /þ MEFs or in 293T cells. When

comparing EGR1 alone with EGR1þ p14ARF, there were

notable increases in the induction of PTEN promoter activity

in ARF�/�MEFs, whereas there was no statistical significance

in 293T cells, which contain abundant levels of endogenous

p14ARF (Karayan et al, 2001). Conversely, the activity of

PTEN-luc in 293T cells was decreased when p14ARF was

knocked down by p14ARF-siRNA (Figure 1D). As a control, a

similar luciferase reporter gene lacking the most efficient

EGR1-binding sites (D5-PTEN-luc) in the PTEN promoter

(Supplementary Figure S2) was much less or not induced

by exogenous EGR1 or p14ARF or EGR1þ p14ARF or

p14ARF-siRNA. Taken together, these data demonstrate that

the ARF tumour suppressor is required for EGR1-driven PTEN

transcription.

EGR1 interacts with ARF

We asked if EGR1 interacts with p14ARF. First, 293T cells

were transfected with EGR1 expression plasmid and lysed in

M-RIPA buffer (containing 1% of NP40). Lysate was immu-

noprecipitated with anti-p14ARF and western blotted with

anti-EGR1, indicating that EGR1 binds to p14ARF

(Figure 2A). Next, equal amounts of bacterially expressed

GST or GST–p14ARF fusion proteins and Glutathione-

Sepharose beads were added to each lysate of 293T cells

transfected with empty vector or with Flag-EGR1. The pro-

teins attached on the GST–p14ARF beads were recovered and

washed to remove non-linked proteins. Immunoblots with

anti-EGR1 to identify the proteins on the beads also indicated

that EGR1 binds to p14ARF (Figure 2B, left panel).

Furthermore, we determined what portion of EGR1 binds to

p14ARF by making GST–EGR1 fragment constructs that con-

tained N-terminal fragment (1–278), or middle fragment

(274–421), or C-terminal fragment (416–543). Anti-p14ARF

immunoblot of material bound to the indicated GST or GST–

EGR1 fusion proteins in lysates from 293T cells transfected

with empty vector or Flag–p14ARF revealed that only frag-

ment EGR1-C binds to p14ARF (Figure 2B, right panel), thus

identifying this portion as the binding region for p14ARF. ARF

has been shown to target interacting proteins, such as HDM2

Figure 2 EGR1 interacts with ARF. (A) Anti-EGR1 immunoblot of normal IgG (control) or anti-p14ARF immunoprecipitates from 293T
cells transfected with EGR1. Lane 3 contains input cell lysate (in M-RIPA buffer). (B) Left panel: equal amounts of bacterially expressed GSTor
GST–p14ARF fusion proteins and Glutathione-Sepharose beads were incubated with lysates of 293T cells transfected with empty vector or
vector-EGR1. The proteins associated with GST–p14ARF, bound on the Glutathione-Sepharose beads, were washed five times with the same M-
RIPA buffer before western blotting. The input is the cell lysate of cells transfected with EGR1. Right panel: anti-p14ARF immunoblot of
material bound to the indicated GST or GST–EGR1 fragments N(1–278), M(274–421), or C(416–543) fusion proteins in lysates (in M-RIPA
buffer) from 293Tcells transfected with empty vector or Flag–p14ARF. (C) Anti-EGR1 and p14ARF immunoblot of anti-p14ARF or EGR1 or IgG
immunoprecipitates from HeLa cells treated with IGF-1 for the indicated times 0–12 h (with NEM-RIPA buffer).
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for sumoylation (Xirodimas et al, 2002), suggesting a similar

post-translational modification to EGR1.

To examine endogenous EGR1 interacting with any bound

proteins, we used HeLa cells treated with IGF-1 after starva-

tion in low serum medium. Cells were collected with

N-ethylmaleimide (NEM)-PBS buffer and the cell pellets

were directly lysed in NEM-RIPA buffer. Immuno-

precipitation of the lysates with anti-p14ARF was performed

at the indicated times (0–12 h) after IGF-1 addition. HeLa cell

immunoprecipitates were immunoblotted to detect EGR1.

The interaction between endogenous EGR1 and ARF over

3–12 h was increased and gave the expected normal size of

80 kDa EGR1 band after stimulation of HeLa cells with IGF-1.

Interestingly, an additional 100 kDa band was also seen

(Figure 2C). The size increase indicated that the larger

EGR1 protein most likely consisted of sumoylated EGR1,

and that the EGR1–ARF complex might also interact with a

sumoylating agent, such as Ubc9 (Rizos et al, 2005; Tago

et al, 2005; Jakobs et al, 2007b).

ARF promotes the sumoylation of EGR1

As ARF was shown to associate with Ubc9, which is a

E2-conjugating enzyme essential for sumoylation ligase,

and to direct the sumoylation of binding partners (Jakobs

et al, 2007a), we asked if ARF/Ubc9 can sumoylate EGR1. We

then performed in vivo sumoylation assays, which also

allowed for the determination of the precise location of the

sumoylated site in EGR1 by mutating the most likely lysine

residues (Supplementary Figure S3) for analysis of a reactive

lysine. In the presence of Ubc9 and SUMO1, the relative

molecular weight of EGR1 shifted from 80 to 100 kDa

(Figure 3A, left panel; Supplementary Figure S4). This shift

of EGR1 was most clearly absent in the K272R (lane 7).

Similarly, the 293T cells were cotransfected with Ubc9/

SUMO1/EGR1 and control siRNA or p14ARF siRNA. Forty

eight hours after transfection, the cells were collected,

directly lysed in NEM-RIPA buffer, and used for western

blot analysis. As shown in Figure 3A (right panel), the

100 kDa sumoylation of EGR1 was significantly reduced by

p14ARF siRNA compared with control siRNA. These data

suggest that ARF targets EGR1 for sumoylation at K272, but

other lysine residues, such as K5, could also be involved.

Next, we asked if mutants K272R–EGR1 and K5R–EGR1

compared with WT–EGR1 could become sumoylated in

ARF�/� MEFs. We used an assay in which His6-tagged

SUMO1 is expressed in cells, followed by cell lysis in a

denaturing 6 M guanidinium-HCl buffer and precipitation

of the tagged SUMO1 with Ni2þ -NTA beads. Any SUMO1-

Figure 3 ARF promotes the sumoylation of EGR1. (A) Left panel: 293T cells cotransfected with wild-type or mutated EGR1 constructs with or
without Ubc9/SUMO1 were directly lysed in NEM-RIPA buffer 48 h after transfection. Right panel: 293Tcells cotransfected with Ubc9/SUMO1/
EGR1 and control siRNA or p14ARF siRNA were lysed in NEM-RIPA buffer 48 h after transfection. Western blot was analysed with indicated
antibodies. (B) Anti-EGR1 blot of Ni2þ -NTA precipitates from ARF�/� MEFs (passage 10) transfected with Flag–EGR1 (K272R, K5R, and wild
type) alone and with Flag–UBC9/His6–SUMO1 and with or without Flag–p14ARF, as indicated (upper panel); anti-Flag blot of total lysates
in NEM-RIPA buffer (lower panel). (C) Anti-EGR1 blot of anti-SUMO1 immunoprecipitates from HeLa cells transfected with empty vector or
Flag–p14ARF (upper panel). Lower panel: anti-EGR1 or anti-Flag immunoblot of total lysates.
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conjugated proteins (e.g., EGR1) can then be detected in this

precipitate by western blotting. Indeed, transfection of

cells with EGR1 and His6–SUMO1/Ubc9/p14ARF resulted

in a strong reactivity with anti-EGR1 antibodies in the

Ni2þ -NTA precipitate (Figure 3B). The EGR1 reactivity re-

sided in one band of Mr B100 kDa, consistent with modified

EGR1 that was covalently conjugated with one molecule of

SUMO1 (SUMO1–EGR1). Sumoylation occurred only when

EGR1 was wild type or contained one mutation at K5R, but

no sumoylation was detectable when a K272R mutation was

expressed, indicating that K272 of EGR1 is required for EGR1

sumoylation by the Ubc9/SUMO1/ARF system. Moreover, in

the absence of p14ARF, EGR1 (WT or K5R) was not sumoy-

lated even in conditions where Ubc9/SUMO1 was overex-

pressed, and as expected, this event was rescued by re-

introducing p14ARF into ARF�/� MEFs. These data strongly

suggest that ARF is required for EGR1 sumoylation.

Confirmation of the requirements for the sumoylation of

EGR1 was also made in HeLa cells that were transfected with

Flag–p14ARF or empty vector. The lysates were immunopreci-

pitated with anti-SUMO1 and western blotted to show that

the 100-kDa-sumoylated EGR1 was present at high levels only

in the presence of high levels of p14ARF in the p14ARF-

transfected cells (Figure 3C).

Sumoylation of EGR1 is required for PTEN induction

As shown in Figure 4A (Supplementary Figure S5), an addi-

tional 100 kDa SUMO1–EGR1 was seen, and PTEN protein

levels were also increased in 293T cells transfected with

Ubc9, SUMO1, EGR1, and p14ARF (lane 2 and 3), compared

with transfection with EGR1 alone (lane 1). Notably, these

conditions were also associated with a clearly increased

amount of PTEN protein (lane 3). Thus, for conditions

where either ARF was depleted (Figure 3A, right panel) or

ARF was overexpressed (Figures 3C and 4A), the results

showed reciprocal effects on EGR1 sumoylation, which ap-

peared to be important for PTEN transactivation.

We used the K272R mutant to test if EGR1 that cannot be

sumoylated at this site can still stimulate PTEN transcription.

The 293T cells were transfected with PTEN-luc and SUMO1/

Ubc9 or Ubc9 siRNA or control siRNA, and empty vector

cDNA3, or WT–EGR1, or K272R–EGR1, as indicated in

NEM-RIPA buffer
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Figure 4 Sumoylation of EGR1 is required for PTEN induction. (A) Anti-EGR1 blot of 293T cells transfected with Flag–EGR1 alone or with
Ubc9/SUMO1 and p14ARF as indicated (upper panel). Anti-Flag (second panel), anti-PTEN (third panel), and anti-b-actin (bottom panel) blots
of the same experiment. (B) Activation of the PTEN-luc reporter by WT–EGR1 and by K272R–EGR1 in the presence of Ubc9/SUMO1 or Ubc9
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Figure 4B. In the presence of WT–EGR1, compared with

empty vector and control siRNA, the activity of PTEN-luc

with SUMO1/Ubc9 was significantly increased, whereas the

activity of PTEN-luc with Ubc9 siRNA was much reduced,

indicating that sumoylation of EGR1 is controlling EGR1

activity on PTEN transcription. In contrast, in the presence

of K272R–EGR1, the activities of PTEN-luc were much re-

duced. Compared with expression of WT–EGR1 with empty

vector, expression of the mutant EGR1 suppressed transacti-

vation of PTEN-luc to similar levels under four conditions of

cotransfection with empty vector cDNA3, SUMO1/Ubc9,

control siRNA, or Ubc9 siRNA. This result suggests that

sumoylation at the K272 residue contributes to EGR1-

mediated PTEN transcription.

We examined the function of EGR1 sumoylation on PTEN

expression in ARFþ /þ and ARF�/� MEFs. Only the ARFþ /þ

cells formed the 100-kDa-sumoylated EGR1 that was accom-

panied by 80 kDa EGR1 and ARF as well as PTEN but less

phospho-Akt (Figure 4C; Supplementary Figure S6). In con-

trast, in ARF�/� embryonic fibroblasts, the 100 kDa band of

EGR1 was absent and PTEN levels remained low, coinciding

with sustained phospho-Akt. Thus, we concluded that EGR1

sumoylation in cells depends on the presence of ARF, and

furthermore that induction of PTEN depends on the modifi-

cation of EGR1 at K272.

PTEN transactivation by IGF-1-induced pathway

of Akt–EGR1–ARF–PTEN

To test the function of ARF-dependent modification of EGR1

in the regulation of PTEN, we tested serum-starved HeLa cells

with IGF-1. We measured the mRNA and protein levels of the

involved proteins, Akt phosphorylation, EGR1, and EGR1

sumoylation in a time course study from 0 to 24 h after

IGF-1 addition (Figure 5A). Addition of IGF-1 rapidly acti-

vated the Akt kinase, accompanied by EGR1 mRNA and

protein at 1 h. Whereas the EGR1 mRNA levels quickly

subsided, the level of EGR1 protein was more sustained and

there was a second, smaller, induction of EGR1 mRNA and a

clear increase in EGR1 protein at 12–24 h. ARF mRNA was

induced with slow kinetics, and peaked at 3 h after IGF-1

addition. The increase in ARF protein was slower.

Interestingly, SUMO1–EGR1 appeared with kinetics that par-

alleled the induction of ARF, whereas the induction of PTEN

mRNA and protein followed closely behind (Figure 5A).

Unexpectedly, addition of the PI3K (and hence Akt) inhibitor,

LY294002, reduced the expression of all genes except EGR1,

which was boosted, because EGR1 transcription is also

induced by alternate pathways (Shin et al, 2006). In contrast,

the levels of b-actin were unchanged during the time course.

A similar time-course analysis of ARFþ /þ and ARF�/� em-

bryonic fibroblasts (Figure 5B) also showed that ARF was

necessary for sumoylation of EGR1 and induction of PTEN.

Parallel HeLa cell samples were processed for immuno-

fluorescence staining and confocal microscopy (Figure 5C;

Supplementary Figure S7) to visualize the localization of

EGR1 and ARF. EGR1 is largely cytoplasmic at t¼ 0, but

almost exclusively nuclear at 3 and 6 h. Furthermore, yellow

(greenþ red) and white (greenþ redþ blue) pixels occur at

these same time points in and around the predominantly

green areas, which most likely represent ARF-containing

nucleoli. This revealed that IGF-1 induced accumulation of

EGR1 in the nucleus (from a partly cytosolic location), where

some EGR1 colocalized with ARF (which is also induced by

IGF-1, Figure 5A and Supplementary Figure S8) in nucleoli

and perhaps elsewhere in the nucleus, consistent with the

time course of protein expression and co-immunoprecipita-

tion (Figure 2C). The response was much reduced in

LY294002-treated cells. These results support the conclusion

that ARF-dependent sumoylation occurs in the nucleoli and is

associated with increased expression of PTEN protein.

Akt has an important function in the regulation of PTEN

transcription

It is known that PTEN negatively regulates its own transcrip-

tion (Birle et al, 2002), whereas Akt (all three isoforms)

augments EGR1-dependent PTEN transcription (Figure 6A).

Co-expression of a kinase-inactive mutant of Akt1 (K179M)

had little effect. In contrast, casein kinase 2 (CK2) a or b
subunits caused a decrease in EGR1 activity, whereas PKCy
had a small effect. These results support the notion that Akt

has an important function in the regulation of PTEN tran-

scription, and that PTEN may provide negative feedback on

its own transcription (presumably through Akt).

S350 and T309 as phosphorylation sites of EGR1 by Akt1

in vitro

The stimulatory effect of Akt on PTEN transcription through

EGR1 introduces the possibility that Akt may directly phos-

phorylate and stimulate EGR1. It is known that Akt regulates

other transcription factors, such as the Forkhead family

transcription factors. Indeed, Akt1 readily phosphorylated

the central M portion (aa 274–421) of EGR1

(Supplementary Figure S9). The tryptic peptide maps of this

phosphoprotein showed that Akt1 phosphorylated one major

site, which migrated relatively far to the right on the maps

(indicating that the peptide has a stronger positive charge

than most peptides), and a few minor sites (Figure 6B). To

identify this major phosphorylation site, we mutated a num-

ber of possible Akt phosphorylation sites and repeated the

kinase reaction and tryptic peptide mapping experiment,

which showed that the mutation of S350 to alanine elimi-

nated the main phosphorylation site (upper panel). In con-

trast, the 4–5 additional weak spots were unchanged,

showing that these represent other (minor) sites of in vitro

phosphorylation and that the protein was still well folded. We

also mutated the predicted Akt target sites S378, T415 (mid-

dle panel), T363, and T391 (data not shown), which

in similar kinase reactions and tryptic peptide mapping

experiments had no impact on phosphorylation by Akt. To

help identify the minor site(s), we also analysed the Akt-

phosphorylated EGR1M protein by LC-MS/MS and found that

T309 was phosphorylated (Supplementary Figure S10). We

mutated this site to determine if it corresponds to any (or all)

of the minor peptides on the tryptic peptide maps. The

mutation of T309 to alanine eliminated the minor phosphor-

ylation sites, and the double mutation of T309A/S350A

eliminated most of the spots (lower panel). To follow the

phosphorylation of EGR1 in cells, we used phosphospecific

antibodies. Both sites are relevant, as the phosphorylations of

EGR1 at phospho-S350 and phospho-T309 were detected by

specific antibodies (Supplementary Figure S11). Thus, S350 is

the major site and T309 is the minor site in EGR1 for Akt1.
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S350 and T309 as phosphorylation sites for Akt1

of EGR1 in vivo

Phospho-specific antibodies were used to study the dynamics

of phosphorylation of EGR1 in cells. To test the function of

the Akt-dependent phosphorylation of EGR1, HeLa cell sam-

ples treated with IGF-1 to activate Akt as in Figure 5A were

used for western blot with anti-pS350 or anti-pT309. As

shown in Figure 6C (middle panel), S350-phosphorylation

of EGR1 occurred between 1 and 12 h, with a peak at 3–6 h

after IGF-1 addition, and this phosphorylation was comple-

tely abolished in the presence of PI3K inhibitor, LY294002,

which efficiently reduced Akt activation (see Figure 5A).

This result suggests that S350 phosphorylation of EGR1 is

controlled only by Akt. In contrast, T309 phosphorylation

EGR1

p14ARF

PTEN

mRNA

mRNA

mRNA

IGF-1

Anti-pS473–AKT blot

Anti-Egr1 blot

IP:SUMO, Anti-Egr1 blot

Anti-p14ARF blot

Anti-PTEN blot

Anti-actin blot

LY+IGF-1

Time (h)

Time (h)

Time (h) Time (h)

R
el

at
iv

e 
ex

pr
es

si
on

R
el

at
iv

e 
ex

pr
es

si
on

R
el

at
iv

e 
ex

pr
es

si
on

20

15

10

5

0
0

0
0

3

3

2

1

0

6

9

1 3 6 12 24

0 1 3 6 12 24 0 1 3 6 12 24

1 3 6 12 24

60 pAkt

Egr1

47

47
+ LY

+ LY

60

79
60

79
60

172
110

172
110
79

18
14

+ LY

+ LY

+ LY

+ LY

18
14

79
60
47

79
60
47

60
47
35
60
47
35

79

Egr1

Egr1
SUMO–Egr1

Egr1

p14ARF

p14ARF

PTEN

PTEN

Actin

Actin

SUMO–Egr1

A B

C

Time (h) Time (h)

Figure 5 PTEN transactivation by Akt–EGR1–ARF–PTEN axis. (A) Left panels: EGR1, ARF, and PTEN mRNA levels assessed by qRT–PCR from
HeLa cells treated for the indicated times with 100 ng/ml of IGF-1 (black symbols) or LY294002 plus IGF-1 (open symbols). Right panels:
immunoblots for phospho-Akt, EGR1, EGR1 in anti-SUMO immunoprecipitates, ARF, PTEN, and b-actin from the same IGF-1-treated cells. The
second panel in each group is from cells treated with 20mM of the PI3K inhibitor LY294002. SUMO1 immunoprecipitations were performed
in the presence of N-ethylmaleimide to block desumoylation. (B) Immunoblots of lysates from ARFþ /þ and ARF�/� embryonic fibroblasts
treated as in (A). (C) EGR1 and p14ARF location as a function of time after addition of IGF-1. Confocal microscopy of EGR1 (red), p14ARF
(green), and DNA (blue) in cells treated with IGF-1 for the indicated times. Note that some EGR1s and ARFs colocalize at peak between 3 and
6 h. These confocal images are not taken with equal exposure times and therefore protein levels cannot be compared between panels, for
example, it does not show here that EGR1 protein levels are much lower at t¼ 0 than at t¼ 1 h. The purpose of this experiment was to visualize
the location of EGR1 and ARF, rather than quantitate. The lower row of images are parallel samples treated with the PI3K inhibitor LY294002
where p14ARF is much reduced. All individual and merged stains are shown in Supplementary Figure S7.

PTEN upregulation by a tumour suppressor circuit
J Yu et al

&2009 European Molecular Biology Organization The EMBO Journal VOL 28 | NO 1 | 2009 27



of EGR1 had a basal level and became much stronger with a

peak at 1–6 h upon addition of IGF-1 and was still at the basal

level even in the presence of the inhibitor LY294002

(Figure 6C, upper panel), indicating that T309 phosphoryla-

tion is controlled not only by Akt but also by other unknown

protein kinases, probably PKC family, as this site contains the

motif KXXXT. Although the phosphorylation kinetics of the

two sites was somewhat different, both phosphorylations
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occurred in parallel as Akt phosphorylation peaked at 1 h and

lasted for 24 h (Figure 5A). The sum of results indicates that

Akt is responsible for phosphorylation of EGR1 at S350 and

T309 following stimulation of IGF-1.

EGR1 phosphorylation by Akt is necessary for EGR1

sumoylation and PTEN induction

The positive effect of Akt on the EGR1-induced transactiva-

tion of PTEN-luc (Figure 6A) indicated that EGR1 phosphor-

ylation by Akt might have a direct stimulatory effect on

EGR1. Conversely, the negative effect of expressing active

PTEN on the activity of PTEN-luc may simply be due to

decreased Akt activity by de novo PTEN. To test this notion,

we created the S350A, T309A, and T309A/S350A mutants of

EGR1. Luciferase activity assays in 293Tcells (Supplementary

Figure S12) showed that S350A or T309A had reduced ability

to transactivate PTEN-luc. T309A/S350A had much reduced

ability, although it still had some ability to induce PTEN

transcription, suggesting that additional endogenous EGR1

effects are involved.

To directly address the function of phosphorylation of

EGR1 by Akt, we reconstituted the EGR1-negative H4 cells

(derived from HT1080 fibrosarcoma cells) with wild-type

EGR1 and its S350A, T309A, and S350A/T309A mutants,

and measured the ability of IGF-1 to induce PTEN-luc activity.

This study showed that the activity of WT–EGR1 in cells

treated with IGF-1 was significantly increased compared with

untreated cells, whereas cells treated with LY294002þ IGF-1

had no activity (Figure 6D). Although two single mutants

treated with IGF-1 still showed some ability, the S350A/

T309A mutant, similar to empty vector, had no activity.

Thus, phosphorylation of EGR1 at S350 and T309 by Akt

are necessary for PTEN induction.

On the basis of the result of Figure 5C, it appears that

inhibition of Akt does not prevent nuclear translocation of

EGR1 and that there is a considerable lag between Akt

activation and PTEN mRNA upregulation (Figure 5A), sug-

gesting that Akt may induce one or several intermediate

events involving EGR1 that occur in a sequence to induce

PTEN transcription. We consider the induction of ARF and

ARF-mediated sumoylation of EGR1 to be such intermediate

events. Indeed, inhibition of Akt prevented sumoylation after

IGF-1 stimulation (Figure 5A). Simultaneously, Akt is still

active long after its peak activation (Figure 5A) and EGR1 is

phosphorylated by Akt in a prolonged manner (Figure 6C). To

test this hypothesis, we assessed the ability of mutants

S350A, T309A, and S350A/T309A to become sumoylated in

intact cells ARF�/� MEFs (Figure 6E). Both of the single

mutants S350A and T309A were still able to be sumoylated,

but the double mutant T309A/S350A was not sumoylated,

suggesting that phosphorylation of EGR1 at two sites, S350

and T309, is required for sumoylation of EGR1 at K272 in

cells.

No SUMO1–EGR1 and low expression of PTEN

in ARF�/� mouse tissues

An important consequence of the lack of ARF in mice is the

development of tumours in many tissues of ARF�/� mice

starting at 2 months of age, whereas ARFþ /þ mice remain

healthy. To determine the relationship between tumourigen-

esis and PTEN induction by EGR1 sumoylation under the

control of ARF, we analysed tumours that developed in

several ARF�/� mice. The most common spontaneous tu-

mours in ARF�/�mice are sarcomas and lymphomas (Kamijo

et al, 1998). Primary sarcomas (Figure 7A), lymphomas

(Supplementary Figure S13), and muscle tumours

(Supplementary Figure S14) were observed in ARF�/� mice

but not in ARFþ /þ mice. Kidneys (Figure 7A) and inguinal

mammary glands (Supplementary Figure S13) of ARF�/�

mice were prone to tumour formation; liver and lung soon

followed suit. Liver and lung metastases from sarcomas

(Figure 7A), lymphomas (Supplementary Figure S13) as

well as rhabdomyosarcoma with lung metastases

(Supplementary Figure S14) were seen. In fact, mice lacking

ARF develop various cancers with 100% penetrance (Kamijo

et al, 1998). We performed immunofluorescence analysis of

PTEN expression in mouse tissues and tumours (Figure 7B

and Supplementary Figure S15), which revealed very low

expression of PTEN in ARF�/� mouse tissues and tumours

compared with ARFþ /þ normal tissues. The 100-kDa-sumoy-

lated EGR1 appeared only in ARFþ /þ mouse tissues and was

absent from ARF�/� mouse tissues and tumours (Figure 7C).

Thus, it appears that induction of PTEN controlled by the

ARF–EGR1 sumoylation pathway is highly relevant to tu-

mourigenesis.

New pathway suppresses cell proliferation by control

of PTEN expression

To prove a tumour suppression function for ARF/EGR1/

PTEN, we restored PTEN expression in ARF-null MEFs, in

which PTEN expression is low (Figures 4C and 5B), using

retroviruses expressing PTEN–WT, or PTEN–CS (C124S at the

phosphatase catalytic centre) or retroviruses carrying the

empty vector. As shown in Figure 7D, re-expression of

PTEN is associated with both decreased cell proliferation

and saturation density when compared with PTEN–CS and

empty vector, and PTEN–CS expression increased to a higher

saturation density than the empty vector, suggesting that

re-expression of PTEN conferred a growth suppression effect

in ARF�/� MEFs.

To test whether the sumoylation site K272 of EGR1 is

required for PTEN induction and inhibition of cell prolifera-

tion, we infected primary wild-type MEFs with retrovirus

expressing EGR1–WT or EGR1–K272R or retrovirus carrying

the empty vector. As shown in Figure 7E, mutant EGR1–

K272R expression significantly increased cell proliferation

rate compared with the empty vector, whereas EGR1–WT

expression decreased cell proliferation rate. Moreover, PTEN

protein levels followed the order of EGR1–WT4empty

vector4EGR1–K272R in infected primary MEFs, whereas

phospho-AKT protein levels were in the reverse order. In

contrast, expression of either EGR1–WT or EGR1–K272R in

ARF�/� MEFs did not affect either cell proliferation or satura-

tion density, suggesting that p19ARF is necessary for the

effect of EGR1 on PTEN induction (Supplementary Figure

S16). The combined results on the function of phosphoryla-

tion and sumoylation strongly support the conclusion that

sequential modification of EGR1 by the ARF/EGR1/PTEN

pathway suppresses cell growth/proliferation by control of

PTEN expression.

In summary, in Figure 7F, IGF-1-induced PTEN mRNA

upregulation is due to an unexpected pathway that starts

with the Akt kinase and involves EGR1 phosphorylation and

PTEN upregulation by a tumour suppressor circuit
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sumoylation by an ARF-dependent mechanism. Therefore

EGR1 is unable to activate PTEN in ARF�/� cells and mice.

Discussion

Both EGR1 and p53 transcription factors have major func-

tions in controlling cell proliferation, and together they can

additively suppress transformed growth (de Belle et al, 1999).

Whereas p53 expression is associated with tumour suppres-

sion and apoptosis, EGR1 has dual functions in cell prolifera-

tion and in the promotion of apoptosis (Huang et al, 1998;

Krones-Herzig et al, 2005). There are also several instances of

interaction between EGR1 and p53, and the most important is

the ability of each of the two transcription factors to induce
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the transcription of the other (Yu et al, 2007). Although p53 is

more frequently inactivated in cancer cells compared with

EGR1, the latter can also induce the p53-related p73 (Yu et al,

2007) to cause tumour suppression. In some conditions, p53

also binds to EGR1 to interfere or modify transcriptional

activities (Liu et al, 2001).

Although EGR1 was first shown to be activated by growth

factors and to stimulate proliferation of cells, we here show

that the activation of Akt by IGF-1 leads to the phosphoryla-

tion of EGR1 at T309 and S350. The activation of EGR1

continues by its migration to the nucleolus (Figure 5C),

where ARF-mediated sumoylation of EGR1 occurs, and

where ARF and nucleophosmin have accumulated (den

Besten et al, 2006). Sumoylation of other transcription factors

has been described before, for example, for p53 (Chen and

Chen, 2003). The process requires interaction of ARF with

Ubc9/SUMO1, to cause the 80 kDa EGR1 protein to become

the reactive 100 kDa molecule, SUMO1-EGR1. This modified

form in the nucleolus appears to have an increased ability to

induce PTEN transcription, thus providing the tumour sup-

pressor activity through PTEN. This is a notable pathway

owing to the fact that IGF-1 can cause the switch of functions

of its transcription factor target, EGR1, to exert an effect as an

inhibitor of growth factor-stimulated cancer cells.

Our data demonstrate that EGR1 is important for PTEN

transcription in response to irradiation or IGF-1 and that this

activity of EGR1 is controlled by ARF and EGR1 sumoylation.

This implies that loss of EGR1, or loss of ARF, in cancer cells

would be expected to lead to reduced PTEN expression as

well. Indeed, EGR1 is often downregulated or lost in human

cancer and in immortalized cell lines, such as HT1080 human

fibrosarcoma (Liu et al, 1999) and many glial and breast

tumour cell lines (Huang et al, 1997). In EGR1-deficient cell

lines, re-introduction of EGR1 suppresses transformation and

tumorigenicity (Huang and Adamson, 1995; Liu et al, 1999).

Allelic deletions of EGR1 have been associated with the

premalignant condition, myelodysplastic syndrome (Le

Beau et al, 1993), and with the development of acute myeloid

leukaemia (Horrigan et al, 1996) and small cell and non-

small cell lung carcinoma (Levin et al, 1995).

In both EGR1�/� and ARF�/� mice, p53 is poorly induced

upon g-irradiation. This is at least partly because of the

function of EGR1 in the transcription of p53 (Krones-Herzig

et al, 2005) and PTEN. Also at the protein level, p53 associ-

ates with nuclear PTEN protein (Mayo and Donner, 2002;

Mao et al, 2003), as well as with EGR1 and ARF. In addition,

the promoter region of the ARF gene contains several perfect-

match EGR1-binding sites, and ARF transcription is readily

induced by EGR1 (Supplementary Figure S8). Thus, these

connections constitute an elaborate tumour suppressor net-

work (Figure 7F), the perturbation of which appears to be

common in human cancer. Further interactions, such as the

ability of EGR1 to induce p53, together with a reverse positive

feedback (Yu et al, 2007), also modify the resulting expres-

sion levels of the interacting genes in the network described

here, thus affecting the time of onset of tumour formation in

each tissue of ARF�/� mice.

In addition to using ARF�/� MEFs to demonstrate the

actions of ARF, we also used HeLa and 293T as readily

transfectable cells that lack active p53. HeLa cells possess

wild-type p53, but due to the expression of HPV-encoded E6

and E7 oncoproteins, both p53 and retinoblastoma functions

are inactivated. p53, for example, undergoes accelerated

degradation and is undetectable in these cells (Wesierska-

Gadek et al, 2002). Similarly p53 in 293T cells is disabled by

the E1B and SV40 T-antigen used to immortalize the cells,

and is therefore non-functional (Tago et al, 2005; Sherr,

2006). We also tested the effect of the transfection of siRNA

to p53 into HeLa cells to measure the effect on PTEN levels in

growing HeLa cells. However, p53 protein was undetectable

even in normal-growing HeLa cells. Therefore, in these cells,

ARF is elevated independently of p53 and can be tested for

the requirement of EGR1 for PTEN transcription in the

absence of p53, which is also a known inducer of PTEN

(Stambolic et al, 2001) and can also bind to EGR1(Liu et al,

2001). Using these cells, we examined why ARF is needed for

EGR1 function as a transcription factor.

PTEN transcription is controlled by several pathways that

involve many transcription factors. In this study, we describe

a novel multiple-stage pathway of PTEN transcription

through a novel AKT–EGR1–ARF–PTEN axis and demon-

strate its importance in cells and mice. ARF�/� tissues

expressed much less PTEN when compared with ARFþ /þ

tissues; however, PTEN in the former was still detectable at

the protein level (Figure 1C) and also inducible at the mRNA

level (Figure 1B) after g-irradiation, which involves other

pathways, for example, PTEN transcription can also be in-

duced by p53. Interestingly, studies show that the tumour

suppressor effects of ARF and PTEN cooperate to reduce

sarcomas (Carrasco et al, 2006). PTENþ /�ARF�/� has effects

beyond ARF�/� alone on histiocytic sarcoma (Carrasco et al,

2006), probably due to PTEN expression that was reduced

rather than absent in ARF�/� tissues. Also, there are other

complex interactions with these two proteins that may occur.

Therefore, it could not be simply concluded that ARF loss is a

phenotype copy of PTEN loss.

Figure 7 No SUMO1–EGR1 and low expression of PTEN in ARF�/� mouse tissues. (A) Upper panel: sections from an ARF�/� mouse
(8 months old) with poorly differentiated sarcoma (primary tumours were in kidney) revealing fascicles of spindle cells, compared with
sections from an ARFþ /þ mouse normal kidney tissues. Middle panel: sections from the same ARF�/� mouse reveal liver metastasis (arrows)
from sarcoma, compared with sections from ARFþ /þ mouse liver tissues. Lower panel: sections from the same ARF�/� mouse reveal lung
metastasis from the sarcoma, compared with sections from lung tissues of the ARFþ /þ mouse. (B) Sections (normal and tumorous) from the
same ARF�/�, ARFþ /þ tissues as in Figure 7A were immunostained with antibody to PTEN (green) and DAPI (blue). (C) Immunoblot of anti-
EGR1 in SUMO1 immunoprecipitates (upper panel), and immunoblot of anti-EGR1 (second panel), anti-p19ARF (third panel) and anti-b-actin
(bottom panel) in the same tissue lysates. Note that sumoylated EGR1 is only highly expressed in ARFþ /þ mouse tissues. New pathway
suppresses cell proliferation by control of PTEN expression. ARF�/� MEFs infected with pBabe–PuroL–PTEN (WT), pBabe–PuroL–PTEN
(C124S), pBabe–PuroL vector (D) and wild-type primary MEFs infected with pBabe–PuroL–EGR1 (WT), pBabe–PuroL–EGR1 (K272R), pBabe–
PuroL vector (E) were seeded on plates at 4–5�103 cells in 96-well plates and cell numbers were determined by CyQUANT fluorescence assay
at 0.5, 1, 2, 3, 4, 5 days after seeding. The cell numbers were normalized against the value at 0.5 day (Mean values±s.e.m., from three
independent experiments, *Po0.05, **Po0.01, ***Po0.001). The related protein levels were shown by western blot (inset). (F) Schematic
model of the PTEN transactivation pathway through a novel Akt–EGR1–ARF–PTEN axis.
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Finally, as shown in the summary in Figure 7F, the target

gene product, PTEN, also has a negative activity on its own

production at the stage of interfering with the phosphoryla-

tion of Akt as the first step in the promotion of EGR1 as a

tumour suppressor, following the steps outlined above. Thus,

some feedback inhibition of the tumour suppressor activity of

PTEN follows this additional effect.

Materials and methods

Cell cultures and mice
Human embryonic kidney 293T cells, H4 cells, HeLa cells, EGR1�/�

and EGR1þ /þ MEFs, and ARF�/� and ARFþ /þ MEFs were cultured
in DMEM containing 10% FBS, penicillin, and streptomycin at 371C
and 5% CO2. The ARF�/� and ARFþ /þ MEFs, prepared from ARF-
null and wild-type 129 embryos, were gifts from Dr C Sherr. ARF�/�

129sv/BL6 mice were kindly provided by the NCI Mouse Repository
(Frederick, MD, USA) with the permission of Dr C Sherr.

Generation of PTEN or EGR1 retrovirus and infection of cells
To generate a high titre of viral stocks, pBabe–PuroL, pBabe–PuroL–
PTEN (WT), pBabe–PuroL–PTEN (C124S), pBabe–PuroL–EGR1
(WT), or pBabe–PuroL–EGR1(K272R) were transfected into the
BOSC-23 packaging line using Lipofectamine 2000. Wild-type
primary and ARF�/� MEFs were infected and transduced cells
(colonies) were selected by puromycin (for ARF�/� MEFs, 2mg/ml
for 2 weeks; for primary MEFs, 2mg/ml for 3–4 days). Cell
proliferation ratios were determined by CyQUANT Cell Proliferation
Assay Kit (Invitrogen/Molecular Probes).

Three methods for analysis of SUMO-modified proteins

(a) Analysis of exogenous SUMO1–EGR1 by directly lysing in
NEM-RIPA buffer.

(b) Analysis of endogenous SUMO1–EGR1 by immunoprecipita-
tion.

(c) Analysis of His-tagged SUMO1 conjugates by using Ni2þ -NTA
beads.

Luciferase assays
H4 and 293T cells were inoculated 1 day before, and transfection
was performed with the Lipofectamine 2000 (Invitrogen). For
transfection into ARF�/� and ARFþ /þ (passage 4–5) MEFs, were
electroporated with MEF Nucleofector Kit 1 (from Amaxa Biosys-
tems) according to the manufacture’s protocol. Luciferase assay
were performed as described previously (Yu et al, 2007).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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