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RFP-mediated ubiquitination of PTEN modulates its effect 
on AKT activation
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The PTEN tumor suppressor is a lipid phosphatase that has a central role in regulating the phosphatidylinositol-3-
kinase (PI3K) signal transduction cascade. Nevertheless, the mechanism by which the PTEN activity is regulated in 
cells needs further elucidation. Although previous studies have shown that ubiquitination of PTEN can modulate its 
stability and subcellular localization, the role of ubiquitination in the most critical aspect of PTEN function, its phos-
phatase activity, has not been fully addressed. Here, we identify a novel E3 ubiquitin ligase of PTEN, Ret finger pro-
tein (RFP), that is able to promote atypical polyubiquitinations of PTEN. These ubiquitinations do not lead to PTEN 
instability or relocalization, but rather significantly inhibit PTEN phosphatase activity and therefore modulate its 
ability to regulate the PI3K signal transduction cascade. Indeed, RFP overexpression relieves PTEN-mediated inhibi-
tory effects on AKT activation; in contrast, RNAi-mediated knockdown of endogenous RFP enhances the ability of 
PTEN to suppress AKT activation. Moreover, RFP-mediated ubiquitination of PTEN inhibits PTEN-dependent ac-
tivation of TRAIL expression and also suppresses its ability to induce apoptosis. Our findings demonstrate a crucial 
role of RFP-mediated ubiquitination in controlling PTEN activity.
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Introduction

PTEN was originally identified as a tumor suppressor 
gene on chromosome 10, which is frequently lost in late-
stage human cancers, especially those of the brain, pros-
tate and breast [1]. Mutations, deletions and transcrip-
tional silencing of PTEN have been found in a variety of 
human cancers, representing one of the most important 
tumor suppressor genes in the human genome. PTEN is 
a lipid phosphatase that catalyzes PtdIns(3,4,5)P3 (PIP3) 
to PtdIns(4,5)P2 (PIP2), thus antagonizing the activity 
of phosphoinositide 3-kinase (PI3K), which phosphory-
lates PIP2 to PIP3 [2]. Through their plekstrin homology 
domains, PDK1 and AKT are recruited by PIP3 to the 
plasma membrane, which facilitates PDK1-mediated 
AKT phosphorylation at threonine 308 (T308) [3]. Af-

ter subsequent phosphorylation at serine 473 (S473) by 
mTORC2, AKT becomes fully activated and phospho-
rylates a wide range of substrates that inhibit apoptosis 
and promote cell survival and proliferation. Specifically, 
activated AKT can phosphorylate FOXO proteins, which 
prevents FOXO proteins from entering the nucleus to 
promote transactivation of genes that regulate apoptosis, 
such as TRAIL [4, 5]. Primary tumors and tumor cell 
lines that contain mutated or deleted PTEN all contain 
hyperactive AKT [6-9]. In fact, dysfunction of the AKT 
signaling pathway is present in a wide range of tumors, 
distinguishing PTEN as an essential component in tumor 
suppression [10-13].

Many mouse models have demonstrated the important 
role of PTEN in the AKT signaling pathway. In PTEN−/− 
tissues, AKT was found to have enhanced levels of phos-
phorylation at both T308 and S473 sites [14, 15]. AKT 
activity was elevated in almost every PTEN-deficient tis-
sue or organ, and AKT1 deletion was sufficient to rescue 
PTEN+/– mice from developing tumors in many suscep-
tible tissues, suggesting that PTEN is a critical regulator 
of AKT signaling [16]. The ability of PTEN to tightly 
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regulate AKT signaling has been proposed to be one of 
the major mechanisms of PTEN tumor suppression.

PTEN regulation of AKT signaling has been actively 
pursued by examining various posttranslational modifi-
cations of PTEN. For instance, phosphorylation, acetyla-
tion and oxidation have been demonstrated to regulate 
PTEN phosphatase activity [17-20]. In addition, a HECT 
domain-containing E3 ligase, Nedd4-1, was identified to 
be able to mediate PTEN ubiquitination. Wang et al. [21]. 
reported that Nedd4-1 polyubiquitinates and promotes 
proteasome-dependent degradation of PTEN. Converse-
ly, Trotman et al. [22] demonstrated that Nedd4-1 medi-
ates PTEN monoubiquitination, which regulates PTEN 
nuclear import. However, genetic ablation of Nedd4-
1 did not result in the enhanced expression of PTEN or 
the decreased localization of PTEN to the nucleus, sug-
gesting that there may be other E3 ligases involved in 
the ubiquitination of PTEN [23]. Recently, WWP2 was 
also shown to polyubiquitinate PTEN and target PTEN 
for proteasomal degradation [24]. Moreover, HAUSP, a 
deubiquitinating enzyme, was identified to mediate the 
removal of ubiquitin from PTEN [25]. Although Nedd4-
1 and WWP2 may be involved in regulating PTEN local-
ization and stability through ubiquitination, it remains to 
be determined whether ubiquitination can affect PTEN 
phosphatase activity directly.

We sought to identify additional novel E3 ligases that 
may also be able to ubiquitinate PTEN. In a screen for 
E3 ligases of PTEN, we discovered a potential E3 ligase 
Ret finger protein (RFP), or TRIM27. RFP, a ~58 kDa 
protein, is a member of the tripartite motif (TRIM) fam-
ily, consisting of a conserved motif collectively called 
RBCC, which includes a RING finger (R), a B box zinc 
finger (B) and a coiled-coiled (CC) domain, and a spe-
cific carboxyl-terminal region known as the RFP domain. 
Although RFP has been found to regulate IKK function 
and serve as a transcription repressor, it is unknown 
whether RFP can mediate ubiquitination in order to ex-
ecute its cellular functions [26, 27]. We demonstrate here 
that RFP is a novel E3 ubiquitin ligase and interacts with 
PTEN to catalyze a non-canonical form of PTEN ubiq-
uitination. This novel form of ubiquitination diminishes 
the effect of PTEN on AKT signaling, without affecting 
PTEN stability or localization.

Results

RFP was identified as a novel binding partner of PTEN
Previously, we showed that HAUSP and E3 ligase 

Mdm2, which deubiquitinates and ubiquitinates p53, 
respectively, were found in the same complex [28]. As 
HAUSP is also a deubiquitinase for PTEN, we sought to 

identify whether a novel E3 ligase for PTEN exists in the 
HAUSP protein complex. Utilizing a Flag-HA-HAUSP 
stable U2OS cell line, we were able to purify interacting 
proteins of Flag-HA-HAUSP after sequential immuno-
precipitations using M2 and HA pull-downs. Through 
mass spectrometry of isolated bands from immunopre-
cipitates resolved on SDS-PAGE, we identified 21 pep-
tides corresponding to RFP/TRIM27, a novel HAUSP-
binding partner. Although PTEN is a HAUSP substrate, 
the interaction between PTEN and HAUSP may be tran-
sient. Consequently, we were unable to purify a substan-
tial amount of PTEN, although a small portion of PTEN 
may still form a complex with HAUSP (Supplementary 
information, Figure S1).

To demonstrate that RFP interacts with PTEN, we 
performed co-immunoprecipitation experiments using 
293 cells cotransfected with untagged PTEN and Flag-
RFP or empty vector (Figure 1A). Immunoprecipitation 
of transfected cell lysates with M2 beads revealed that 
PTEN was specifically co-immunoprecipitated in cells 
transfected with Flag-RFP (lane 3), but not with empty 
vector (lane 4). In addition, we performed co-immuno-
precipitation analysis with either anti-PTEN or anti-RFP 
antibody to examine the interaction between endogenous 
PTEN and RFP in U2OS cells (Figure 1B). We found 
that PTEN was present in the immunoprecipitation ob-
tained with anti-RFP antibody (lane 6); conversely, RFP 
was observed to be co-immunoprecipitated with anti-
PTEN antibody (lane 3).

Next, to determine the PTEN-binding site on RFP, we 
first generated RFP truncation mutants as diagrammed in 
Figure 1C, and then coexpressed truncated, full-length 
RFP or empty vector with PTEN-EGFP in 293 cells (Fig-
ure 1C). Immunoprecipitation of transfected cell lysates 
with M2 beads revealed that PTEN did not interact with 
the truncation mutant that lacks the C-terminal RFP do-
main (RBC) (lane 3), but was still able to bind to the mu-
tant with intact RFP domain (F) (lane 4), suggesting that 
the RFP domain is the critical PTEN-binding domain.

The RFP-binding domain on PTEN was identified in a 
similar fashion by utilizing PTEN truncation mutants as 
diagrammed in Figure 1D [29]. PTEN truncation mutants 
or empty vector were coexpressed with RFP in 293 cells 
(Figure 1D), and immunoprecipitation of transfected cell 
lysates with M2 beads revealed that RFP did not interact 
with the truncation mutant that lacks the Tail domain 
(NC2) (lane 2), whereas the PDZ-binding domain (bd) 
is dispensible for this interaction (lanes 3 and 4), sug-
gesting that the Tail domain is the critical RFP-binding 
domain.

Furthermore, to demonstrate that PTEN and RFP 
indeed interact directly and not through an intermedi-
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Figure 1 PTEN interacts with RFP. (A) PTEN co-immunoprecipitates with RFP in transfected 293 cells. In all, 293 cells were 
co-transfected with PTEN and F-RFP or empty vector, and the cell lysates were immunoprecipitated with M2 beads followed 
by immunoblotting with anti-PTEN and anti-RFP antibodies. (B) Endogenous interaction between PTEN and RFP in U2OS 
cells. U2OS cell lysates were immunoprecipitated with either anti-PTEN antibody, anti-RFP antibody or control IgG followed 
by immunoblotting for PTEN and RFP. The input represents 3% of total amount of lysate immunoprecipitated. (C) Mapping of 
PTEN interaction domain. In all, 293 cells were co-transfected with the indicated GFP, RFP and PTEN constructs. The lysates 
were immunoprecipitated with M2 beads, followed by immunoblotting with anti-HA and anti-GFP antibodies. (D) Mapping of 
RFP interaction domain. In all, 293 cells were co-transfected with the indicated RFP and PTEN constructs. The lysates were 
immunoprecipitated with M2 beads, followed by immunoblotting with anti-RFP, anti-FLAG and anti-actin antibodies. (E) PTEN 
interacts with RFP directly. GST or GST-PTEN was incubated with in vitro-translated S35 F-RFP-HA in a GST pull-down assay.
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ate interaction, we performed a GST pull-down assay 
(Figure 1E). We incubated purified GST or GST-PTEN 
in the presence of in vitro translated S35 Flag-RFP-HA 
and demonstrated that GST-PTEN (lane 3), but not GST 
alone (lane 2), was able to specifically pull down S35 
Flag-RFP-HA. Together, these data suggest that PTEN 
and RFP interact directly.

RFP is an E3 ligase for PTEN
As many members of the TRIM family harbor E3 

ubiquitin ligase activity through the RING domain, we 
sought to determine whether RFP also functions as a 
bona fide E3 ligase. Indeed, using a cell-free ubiquitina-
tion assay, RFP was observed to self-ubiquitinate in a 
dose-dependent manner (Figure 2A). Moreover, the abil-
ity of RFP to self-ubiquitinate was confirmed through 
an in-cell ubiquitination assay in which 293 cells were 
transfected with RFP and His-ubiquitin or empty vector 
(Figure 2B). These data together suggest that RFP is able 
to function as a bona fide RING E3 ubiquitin ligase.

To test the possibility that PTEN was a substrate of 
RFP-mediated ubiquitination, we used a cell-free ubiq-
uitination assay in which immunopurified Flag-PTEN 
protein was incubated with recombinant E1, E2 and 
either GST-RFP, ubiquitin or both (Figure 2C). Poly-
ubiquitinated PTEN was detected when both GST-RFP 
and ubiquitin were present with Flag-PTEN (lane 2), but 
not when either component was absent (lanes 1 and 3), 
suggesting that RFP is responsible for the polyubiquiti-
nation of PTEN. In addition, we sought to confirm this 
ubiquitination in cells by transfecting PTEN-EGFP along 
with full-length (FL) or delta RING (∆RING) Flag-RFP-
HA, and found that in the absence of RFP, ubiquitinated 
PTEN was in very low abundance (Figure 2D, lane 2), 
whereas coexpression of FL RFP resulted in a signifi-
cantly higher level of ubiquitinated PTEN (lane 4) than 
coexpressing RFP ∆RING (lane 3). Furthermore, we 
utilized an endogenous ubiquitination assay to examine 
the role of endogenous RFP in regulating endogenous 
PTEN ubiquitination. After transfection with RFP siRNA 
or control siRNA in the presence of HA-His-Ub, polyu-
biquitinated PTEN was detected by immunoblotting for 
PTEN (Figure 2E). When RFP expression was depleted 
by siRNA, endogenous PTEN ubiquitination levels were 
attenuated (lane 2) compared to mock depletion (lane 1). 
These data further suggest that RFP is an endogenous E3 
ubiquitin ligase for PTEN polyubiquitination.

Polyubiquitination specificity is determined by the 
ubiquitin lysine linkage between each sequential ubiqui-
tin conjugate. K48-linkage has been shown to target pro-
teins for proteasomal degradation, whereas K63-linkage 
has been linked to trafficking of proteins to the lysosome, 

as well as other activities [30]. To elucidate the ubiquitin 
linkage associated with RFP-mediated PTEN ubiquitina-
tion, we transfected 293 cells with Flag-RFP-HA and 
PTEN-EGFP in the presence of various ubiquitins, in-
cluding wild type (WT), a lysine mutant with all lysines 
mutated (K0), or lysine mutants that contain only one un-
altered lysine site (Figure 3A). This experiment revealed 
that K27 ubiquitin was most readily incorporated by 
RFP-mediated PTEN ubiquitination (lane 7), but still ex-
hibited a diminished ubiquitination signal compared with 
WT ubiquitin, suggesting that other ubiquitin linkages 
may also be catalyzed by RFP. This was also verified in 
a cell-free ubiquitination assay, demonstrating the ability 
of RFP to directly incorporate K27 ubiquitin onto PTEN 
(Supplementary information, Figure S2A). Next, by us-
ing lysine-to-arginine mutations of specific ubiquitin ly-
sine sites, we determined that the K27-linkage, as well as 
other atypical linkages, were involved in RFP-mediated 
PTEN ubiquitination (Figure 3B). The usage of K27R 
ubiquitin mutant led to the most dramatic reduction of 
the RFP-mediated PTEN ubiquitination (lane 5), whereas 
exogenous expressions of K6R (lane 4), K29R (lane 6) 
and K63R (lane 8) also attenuated the ubiquitination 
level of PTEN, suggesting that other lysine linkages 
may also be present in RFP-mediated PTEN ubiquitina-
tion, albeit at lower levels. In addition, K48R ubiquitin-
transfected cells (lane 7) exhibited similar ubiquitination 
levels as that of WT ubiquitin-transfected cells (lane 2), 
therefore ruling out K48-linkage as an important linkage 
for RFP-mediated PTEN ubiquitination.

It was previously identified that both K13 and K289 
in PTEN were sites of monoubiquitination by Nedd4-
1 [22]. We sought to determine whether K13 and K289 
were targets of RFP-mediated PTEN ubiquitination. As 
demonstrated in an ubiquitination assay in Figure 3C, the 
mutations of both K13 and K289 to glutamic acids (K13, 
K298E) did not affect RFP-mediated ubiquitination (lanes 
6 and 8) or the binding to RFP (Supplementary informa-
tion, Figure S2B), suggesting that RFP-mediated PTEN 
ubiquitination occurs at novel lysine sites. In addition, 
RFP was also able to mediate K27-linked ubiquitina-
tion on PTEN K13, 289E (Supplementary information, 
Figure S2C). Furthermore, in an effort to identify the es-
sential lysine site(s) ubiquitinated by RFP on PTEN, we 
screened 21 other lysine residues and concluded that not 
one, but many lysine residues, may be ubiquitinated by 
RFP (Figure 3D). In lanes 8-11, those lysine mutations 
did not prevent RFP-mediated PTEN ubiquitination, but 
instead, attenuated PTEN ubiquitination levels compared 
with the WT control. These mutated lysine residues seem 
to be clustered in the C2 domain, suggesting that ubiquit-
ination may cause conformational changes similar to the 



Regulation of PTEN by RFP
556

npg

 Cell Research | Vol 23 No 4 | April 2013 

Figure 2 RFP is a bona fide E3 ubiquitin ligase for PTEN. (A) RFP self-ubiquitinates in cell-free conditions. Increasing 
amounts of immunopurified Flag-HA-RFP was added to recombinant E1, E2 and ubiquitin, and the mixture was incubated at 
37 °C for 2 h, followed by subsequent immunoblotting by RFP antibody. (B) RFP self-ubiquitinates in cells. 293 cells were co-
transfected with GFP, RFP and His-ubiquitin or empty vector. The input was immunoblotted for RFP and GFP (middle and 
bottom panel). Ni-NTA-purified lysate is immunoblotted for anti-RFP (top panel). (C) PTEN was ubiquitinated by RFP in cell-
free conditions. Immunopurified PTEN was added to recombinant GST-RFP, E1, E2 and ubiquitin, and the mixture was incu-
bated at 37 °C for 2 h, followed by subsequent immunoblotting by anti-PTEN antibody. (D) PTEN is ubiquitinated by RFP FL, 
but not ∆RING. In all, 293 cells were co-transfected with GFP, PTEN-EGFP and F-RFP-HA FL or ∆RING. The input was im-
munoblotted for RFP with anti-HA antibody, PTEN-EGFP with anti-PTEN antibody and GFP transfection control with anti-GFP 
antibody. Ni-NTA-purified lysate was immunoblotted with anti-PTEN antibody. (E) Endogenous RFP mediates endogenous 
PTEN ubiquitination. In all, 293 cells were transfected with either control or RFP 2 siRNA for 48 h then subsequently trans-
fected with His-HA-Ub for an additional 24 h. The input was immunoblotted with anti-RFP, anti-PTEN and anti-actin antibod-
ies. Ni-NTA-purified lysate was immunoblotted with anti-PTEN antibody. 
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effect that phosphorylation has on the C2 domain and the 
C-terminal tail [20, 31].

RFP-mediated PTEN ubiquitination does not affect 
PTEN stability but affects PTEN activity

Ubiquitination has been linked to the degradation of 
proteins, depending on the form of ubiquitination conju-
gated to the substrate protein [30]. To determine whether 
RFP affects PTEN stability, we transfected different 
amounts of Flag-RFP-HA along with PTEN in 293 cells 
and were unable to detect a change in PTEN stability as 
a result of RFP overexpression (Figure 4A, lanes 2 and 3). 
This suggests that atypical PTEN ubiquitination does not 
target it for degradation. These results were further vali-
dated by an experiment where RFP was depleted from 
293 cells and subsequently treated with cyclohexamide 
(CHX) to block protein translation. We found that when 
endogenous RFP was depleted by siRNA, endogenous 
PTEN levels did not accumulate or decrease (Figure 4B, 

lanes 4-6), suggesting that RFP does not regulate PTEN 
stability. Moreover, we could not detect a change in the 
localization of PTEN after RFP overexpression (Figure 
4C). 

As RFP-mediated PTEN ubiquitination did not af-
fect the stability or localization of PTEN, we aimed to 
identify the function of PTEN ubiquitination. Various 
posttranslational modifications of PTEN, such as phos-
phorylation and acetylation, can change its conformation 
and affect its function [20]. In order to analyze whether 
PTEN ubiquitination leads to altered PTEN phosphatase 
activity, we immunopurified ubiquitinated PTEN and 
non-ubiquitinated PTEN from 293 cells overexpressing 
PTEN (Figure 4D) and examined their enzymatic activity 
by measuring the accumulation of PIP2 in the presence 
of increased dose of PTEN  (Figure 4E). Ubiquitinated 
PTEN exhibits significant reduction in phosphatase ac-
tivity as measured by the level of PIP2 accumulation 
(Figure 4E), suggesting that ubiquitination may directly 

Figure 3 RFP mediates atypical ubiquitin linkages on PTEN C2 domain lysine residues. (A, B) RFP mediates K48-inde-
pendent forms of poly-ubiquitination on PTEN. In all, 293 cells were co-transfected with His-Ubiquitin WT or lysine mutants, 
PTEN-EGFP, and Flag-RFP-HA. The input was immunoblotted for either HA, PTEN or actin. Ni-NTA-purified lysate was im-
munoblotted with anti-PTEN antibody. (C) RFP does not ubiquitinate K13 and K289 sites. 293 cells were co-transfected with 
His-Ubiquitin WT, PTEN-EGFP WT or K13, 289E mutant and Flag-RFP-HA. The inputs and Ni-NTA-purified lysates were im-
munoblotted for PTEN and actin. (D) Screen of RFP-mediated PTEN ubiquitination sites. In all, 293 cells were co-transfected 
with His-Ubiquitin WT, HA-PTEN WT or KR mutants, and Flag-RFP-HA. The input was immunoblotted for PTEN and actin. 
Ni-NTA-purified lysate was immunoblotted with anti-PTEN antibody.
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affect PTEN activity without altering PTEN stability or 
localization.

RFP reverses PTEN-mediated AKT inhibition
PTEN phosphatase activity is critical for the regula-

tion of AKT phosphorylation and its downstream sig-
naling. Tumor suppressor function of PTEN is partially 
mediated through its regulation of AKT signaling. As we 
have determined that PTEN is ubiquitinated by RFP and 
ubiquitinated PTEN leads to a decrease in PTEN phos-
phatase activity, we sought to examine the effect that 
overexpressed RFP may have on AKT phosphorylation. 
To examine this, we overexpressed PTEN-Flag in the 
presence of Flag-RFP-HA FL, ∆RING, and the binding 
domain-deletion mutant RBC, in U87 cells, a PTEN-null 
cell line and observed that RFP FL overexpression was 

able to rescue PTEN-mediated inhibition of phosphory-
lated threonine 308 (P-T308) AKT levels, but not phos-
phorylated serine 473 (P-S473) levels (Figure 5A, lane 4).  
In addition, RFP enzymatic mutant (∆RING) (lane 5) and 
PTEN-binding mutant (RBC) (lane 6) were both unable 
to rescue PTEN-mediated inhibition of AKT phosphory-
lation. Interestingly, this result was not due to changes in 
PDK1 level, suggesting that RFP acts directly on PTEN 
to ameliorate the inhibition of AKT signaling.

RFP-mediated PTEN ubiquitination regulates insulin-
AKT signaling pathway

Recently, insulin signaling was linked to the promo-
tion of tumorigenesis [32]. Insulin signaling begins with 
the activation of the RTK insulin receptor by insulin. 
Subsequently, through multiple phosphorylation events, 

Figure 4 RFP-mediate PTEN ubiquitination does not affect PTEN stability, but affects PTEN phosphatase activity. (A) RFP 
overexpression does not affect PTEN stability. In all, 293 cells were co-transfected with GFP, PTEN and Flag-HA-RFP or emp-
ty vector. Lysate was immunoblotted for PTEN (top panel), RFP (middle panel), and GFP (bottom panel). (B) RFP expression 
knockdown does not affect endogenous PTEN stability. In all, 293 cells were transfected with RFP 2 siRNA or Ctrl siRNA for 
48 h, and subsequently treated with 20 µg/ml CHX for 12 and 24 h. Cell lysates were separated on SDS-PAGE and immunob-
lotted with PTEN, RFP and actin antibodies. (C) RFP overexpression does not change PTEN localization. Top row, U2OS cells 
co-transfected with PTEN-EGFP (green) and empty vector. Bottom row, U2OS cells co-transfected with PTEN-EGFP (green) 
and F-RFP-HA. U2OS cells were immunostained with HA antibody (red) and stained with DAPI (blue). (D, E) PTEN was im-
munopurified from cells with PTEN antibody, while PTEN-Ub was double-immunopurified from cells with PTEN antibody and 
subsequently with HA-antibody (for HA-ubiquitin conjugated PTEN purification). Increasing amounts of PTEN and PTEN-Ub 
were used for ELISA assay. Colorimetric readings were measured to quantify the amount of PI(4,5)P2 converted from PI(3,4,5)
P3 by PTEN phosphatase activity by comparing to a standard curve (n = 3). The data represent mean ± SEM.
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Figure 5 RFP-mediated PTEN ubiquitination regulates AKT phosphorylation. (A) RFP FL ameliorates PTEN inhibition of AKT 
phosphorylation, whereas RFP mutants cannot rescue PTEN inhibition. U87 cells were co-transfected with PTEN-Flag, Flag-
RFP-HA FL or mutants. The lysates were immunoblotted by appropriate antibodies as stated. AKT phosphorylation level was 
quantified by comparing relative phosphorylated AKT to total AKT levels of three independent experiments. The data repre-
sent mean ± SEM from three independent experiments. * Significantly different from PTEN-F-transfected only cells (P < 0.05). 
(B) RFP-knockdown specifically attenuates AKT phosphorylation in PTEN+/+, not PTEN−/− MCF10A cells. MCF10A parental 
PTEN+/+ and PTEN−/− cells were transfected with either control or RFP siRNAs for 48 h. The cells were then serum-starved 
for 24 h and subsequently treated with 10 ng/ml insulin for 5 min. Lysate was immunoblotted by appropriate antibodies as 
stated. AKT phosphorylation level was quantified by comparing relative phosphorylated AKT to total AKT levels of three in-
dependent experiments. The data represent mean ± SEM from three independent experiments. * Significantly different from 
insulin-treated control siRNA-transfected cells (P < 0.05). (C) RFP knockdown specifically attenuate AKT phosphorylation in 
PTEN+/+, not PTEN−/− MEF cells. MEF PTEN+/+ and PTEN−/− cells were transfected with either control or RFP siRNAs for 
48 h. The cells were then serum-starved for 24 h and subsequently treated with 10 ng/ml insulin for 5 min. The lysate was 
immunoblotted by appropriate antibodies as stated. AKT phosphorylation level was quantified by comparing relative phospho-
rylated AKT to total AKT levels of three independent experiments. The data represent mean ± SEM from three independent 
experiments. * Significantly different from insulin-treated control siRNA-transfected cells (P < 0.05). Student’s t-test was per-
formed for all the above experimental groups to determine statistical significance of samples.

PI3K phosphorylates PIP2 to PIP3, leading to the activa-
tion of the AKT signaling pathway [33]. This process is 

antagonized by PTEN, which leads to the attenuation of 
AKT signaling. We sought to determine whether RFP 
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was capable of regulating endogenous PTEN by perform-
ing siRNA-knockdown of RFP expression in two isogen-
ic MCF10A cell lines that contained either homozygous 
null or WT PTEN alleles (Figure 5B). These cells were 
then serum-starved for 24 h and stimulated with insulin 
to induce AKT phosphorylation. Both siRNA oligos used 
to knockdown RFP expression significantly reduced 
RFP protein levels. With insulin stimulation, there were 
significant decreases in AKT phosphorylation levels at 
both phosphorylation sites (T308 and S473) after RFP 
knockdown (lanes 4 and 6) compared with that in mock 
knockdown (lane 2) in the MCF10A PTEN+/+ cells. In 
contrast, there were no changes in AKT phosphorylation 
levels in the PTEN−/− cells (lanes 8, 10, and 12). These 
data suggest that RFP affects insulin-induced AKT phos-
phorylation in a PTEN-dependent manner.

Next, we sought to confirm these results in PTEN−/− 
and PTEN+/+ MEFs by testing the response of these 
cells after siRNA-mediated knockdown of RFP, serum 
starvation and the subsequent insulin stimulation (Fig-
ure 5C). We observed a significant decrease in P-T308 
AKT levels, but not in P-S473 AKT levels, after insulin 
treatment in RFP-depleted PTEN+/+ MEF cells (lane 
4) compared with that in the control (lane 3). These re-
sults support the overexpression data in U87 cells, and 
demonstrate that RFP can affect the function of PTEN to 
regulate AKT phosphorylation at site T308. 

RFP-mediated PTEN ubiquitination reduces TRAIL acti-
vation and inhibits apoptosis

FOXO proteins are downstream targets of AKT, which 
has been demonstrated to regulate apoptosis by prevent-
ing FOXO from entering the nucleus after AKT-mediated 
FOXO phosphorylation [5]. In the presence of PTEN, 
AKT is not activated, therefore allowing FOXO pro-
teins to enter the nucleus and subsequently activate gene 
transcription of many FOXO targets. One such target 
of FOXO1 that was identified to regulate apoptosis was 
TRAIL [4]. TRAIL protein levels were found to directly 
correlate with PTEN levels in prostate cancer cell lines 
[4]. Here, we sought to investigate the role of RFP-me-
diated PTEN ubiquitination in the transactivation of the 
TRAIL-luciferase (TRAIL-luc) reporter. We transfected 
293 cells with TRAIL-luc and Flag-RFP-HA FL or the 
∆RING mutant in the presence or absence of PTEN. In 
the presence of PTEN, TRAIL-luc activity was signifi-
cantly enhanced, whereas RFP FL and ∆RING did not 
affect TRAIL-luc activity (Figure 6A). However, when 
RFP FL was coexpressed with PTEN, TRAIL-luc activ-
ity was significantly inhibited in a dose-dependent man-
ner. This effect was regulated by RFP-mediated PTEN 
ubiquitination, as Flag-RFP-HA ∆RING was unable to 

significantly inhibit PTEN-activated TRAIL-luc activity. 
Moreover, we analyzed the ability of Flag-RFP-HA FL 
to rescue apoptotic cell death induced by PTEN overex-
pression in U2OS cells. We showed that overexpression 
of PTEN for 48 h induced PARP cleavage, which has 
been extensively used as an apoptosis marker (Figure 
6B, lane 3). In contrast, the coexpression of Flag-RFP-
HA reduced the total amount of cleaved PARP (lane 4). 
These data suggest that RFP-mediated PTEN ubiquitina-
tion can suppress TRAIL transactivation and apoptosis 
through the inhibition of PTEN phosphatase activity. 
Our proposed model is that RFP-mediated ubiquitination 
negatively regulates PTEN phosphatase activity, which 
results in the increase in AKT phosphorylation and inhi-
bition of TRAIL-mediated apoptosis (Figure 6C).

Discussion

Accumulating evidence suggests that ubiquitination is 
an integral part of PTEN tumor suppression regulation. 
Previously, two E3 ubiquitin ligases were identified to 
regulate PTEN stability and localization, which resulted 
in the inhibition of PTEN-mediated dephosphorylation 
of PIP3 [21, 22, 24]. PTEN serves as a critical regulator 
of AKT by tightly controlling the response of AKT sig-
naling triggered by insulin. Here, we have demonstrated 
that RFP, a novel E3 ligase, is capable of mediating a 
new form of PTEN ubiquitination. This ubiquitination 
does not affect PTEN stability, but negatively regulates 
PTEN phosphatase activity, which relieves the inhibition 
of AKT phosphorylation in both overexpression systems 
and endogenous insulin signaling.

RFP belongs to the TRIM (tripartite motif)/RBCC 
family proteins, as they comprise a RING domain, one 
or two B-box motifs and a Coiled-Coil region. We deter-
mined that RFP is a bona fide E3 ubiquitin ligase. Like 
other members in the TRIM family [34], such as TRIM5a, 
TRIM8, TRIM11, TRIM18, TRIM25 and TRIM33, RFP 
functions as an E3 ligase through its RING domain as 
demonstrated by our current study. Moreover, not only 
RFP is capable of self-ubiquitination, but also can medi-
ate ubiquitination of PTEN. The major form of ubiqui-
tination that RFP mediates on PTEN appears to be K27-
linked ubiquitination, although other ubiquitin linkages 
also seem to be present. K27-linked ubiquitin chain 
disassembly by the 26S proteasome is as inefficient 
as that of K63-linked ubiquitins, suggesting that K27-
linked ubiquitination may execute a novel function [35]. 
Not surprisingly, RFP-induced PTEN ubiquitination 
has no effect on PTEN stability as K48-linkage is not 
present in RFP-mediated PTEN ubiquitination. We also 
demonstrate that RFP-mediated PTEN ubiquitination 
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Figure 6 RFP-mediated PTEN ubiquitination inhibits TRAIL transactivation and apoptosis (A) RFP co-expression rescues 
PTEN-mediated activation of TRAIL-luc in a RING-dependent manner. In all, 293 cells were transfected with TRAIL-luciferase 
promoter construct and PTEN, F-RFP-HA FL or ∆RING as indicated. The lysates were assayed for the dual-luciferase activ-
ity. The data represent mean ± SEM from three independent experiments. * Significantly different from PTEN-transfected 
only cells (P < 0.05). Student’s t-test was performed for all experimental groups above to determine statistical significance of 
samples. (B) RFP overexpression rescues cells from PTEN-induced apoptosis. U2OS cells were transfected with PTEN and 
F-RFP-HA as indicated for 48 h. The lysates were immunoblotted by appropriate antibodies as stated. (C) Model of PTEN ac-
tivity regulation by RFP-mediated ubiquitination.

does not utilize the same sites as Nedd4-1 nor does it 
relocalize PTEN to the nucleus, but instead, RFP inhibits 
PTEN phosphatase activity, which relieves the negative 
regulation of PTEN on AKT activation. Indeed, RFP 
overexpression relieves inhibition of AKT signaling and 
reduces TRAIL-mediated apoptosis, in the presence of 
PTEN, suggesting that RFP has a critical role in regulat-
ing PTEN phosphatase activity through ubiquitination.

Insulin receptor antagonists have been demonstrated 
to be important in reducing tumorigenesis [32]. Here, 
we examined the effect of RFP on PTEN regulation of 
insulin signaling. Insulin binds to insulin receptors and 
induces a phosphorylation cascade where PI3K phospho-
rylates PIP2 to PIP3, leading to the activation of the AKT 
signaling pathway. PTEN actively antagonizes this activ-
ity to prevent sustained AKT phosphorylation. Knock-
down of RFP in both MCF10A and WT MEF cells was 
sufficient to reduce insulin-induced AKT phosphoryla-
tion, which supports the role of RFP in regulating PTEN 
activity. We also determined that in MEF and U87 cells, 
RFP regulation of PTEN affected AKT phosphorylation 
at T308, but not at S473, whereas the levels of PDK1, the 
kinase for T308, remained unchanged. The experiments 

in MCF10A and MEF cells, when treated with insulin, 
demonstrate a potential endogenous role of RFP-mediat-
ed PTEN ubiquitination. These results support the notion 
that PTEN regulates T308 phosphorylation more readily 
through the reduction of PIP3 levels, by dephosphorylat-
ing PIP3 to PIP2 in the cells, which then inhibits PDK1-
mediated AKT phosphorylation at T308 endogenously 
(Figure 6C). However, it is unknown how PTEN affects 
S473 phosphorylation, which is mediated by mTORC2. 
This may be regulated by PTEN through indirect mecha-
nisms that could account for the results of the siRNA-
mediated knockdown of RFP in MCF10A cells [6-9, 14, 
15, 36]. Moreover, PDK1 knockout tissues were shown 
to have a complete loss of phosphorylation of T308, 
whereas S473 phosphorylation levels were unaffected 
[37]. This further supports the idea that PTEN regulation 
of S473 phosphorylation may not be through the recruit-
ment of PDK1 by PIP3. However, AKT phosphorylation 
at both sites are required for robust AKT kinase activity, 
suggesting that diminishing phosphorylation levels at one 
site is sufficient to alter the function of its downstream 
effectors, such as FOXO proteins, which regulate TRAIL 
transactivation [4, 38]. Therefore, we conclude that RFP 
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is capable of fine-tuning PTEN to regulate insulin signal-
ing through the modulation of AKT phosphorylation.

PTEN phosphatase activity has long been implicated 
as its major tumor suppressor function. Together with our 
current findings that RFP-induced PTEN ubiquitination 
inhibits PTEN phosphatase activity, we propose a model 
in which RFP may function as an oncogene by inhibit-
ing PTEN tumor suppression. Interestingly, several lines 
of evidence have also implicated RFP to be involved in 
tumorigenesis. RFP mRNA is highly expressed in many 
human and mouse cancer cell lines [39], and high levels 
of RFP are observed in the solitary plasmacytoma and 
multiple myeloma [40]. In addition, positive RFP expres-
sion usually predicts a poor clinical outcome in patients 
with endometrial cancer and colon carcinoma [41, 42], 
and RFP expression is found in 41.4% of invasive breast 
carcinomas and in none of the non-neoplastic breast tis-
sues [43]. Lastly, like two other members of the TRIM 
family, PML and TIF1a, RFP can become oncogenic by 
chromosomal rearrangement, in which its tripartite do-
main is fused with the tyrosine kinase domain of the Ret 
protein [39]. Thus, our current observation that RFP in-
hibits PTEN activity by mediating PTEN ubiquitination 
may provide an explanation for the positive correlation 
between RFP expression and oncogenesis. In addition, its 
effect on insulin signaling may further link RFP to a role 
in both regulating cancer growth and diabetes.

Materials and Methods

Plasmids, antibodies and cell culture
Antibodies used in this study include: anti-PTEN 6H2.1 (Cas-

cade Biosciences); anti-PTEN 138G6, anti-P-T308 244F9, anti-
P-S473 9271, anti-PDK1, anti-AKT (Cell Signaling); anti-β-actin 
AC-15, anti-PML (PG-M3); PARP (F-2) (Santa Cruz), anti-RFP 
(American Research Product), anti-HA 3F10 (Roche), anti-FLAG 
M2 (Sigma) and anti-GFP JL-8 (Clontech). U2OS, U87, 293 
and MEF cells were maintained in DMEM (Cellgro) media and 
supplemented with 10% fetal bovine serum. MCF10A cells were 
maintained in 50/50 DMEM/F12 (Cellgro) media supplemented 
with 5% horse serum, insulin, EGF, cholera toxin and hydrocor-
tisone. Transfection with plasmid DNA was performed using the 
calcium phosphate method and Lipofectamine 2000 (Invitrogen) 
according to the manufacturer’s protocol.

Complex purification from human cells
The epitope-tagging strategy to isolate HAUSP-containing 

protein complexes from human cells was performed essentially as 
described previously [44]. In brief, a Flag-HA-HAUSP-expressing 
U2OS stable cell line was harvested near the confluence. The cell 
pellet was resuspended in buffer A (10 mM HEPES, pH 7.9, 10 
mM KCl, 0.1 mM EDTA, 1 mM dithiothreitol (DTT), and protease 
inhibitors). The cells were left on ice for 15 min, after which 10% 
Nonidet P40 (Fluka) was added to a final concentration of 0.5%. 
The tube was vigorously vortex-mixed for 1 min. The homogenate 

was centrifuged for 10 min at 1 000× g. The nuclear pellet was 
resuspended in ice-cold buffer C (20 mM HEPES, pH 7.9, 0.4 M 
NaCl, 1 mM EDTA, 1 mM DTT and protease inhibitors) and the 
tube was rocked vigorously at 4 °C for 45 min. The nuclear extract 
was diluted with buffer D (20 mM HEPES, pH 7.9, 1 mM EDTA) 
to a final NaCl concentration of 100 mM, ultracentrifuged at 69 
300× g for 2 h at 4 °C. After filtration with 0.45-µm syringe filters 
(Nalgene), the supernatants were used as nuclear extracts for M2 
immunoprecipitations by anti-Flag-antibody-conjugated agarose 
(Sigma). The bound polypeptides were eluted with the Flag pep-
tide and were further affinity-purified by anti-HA-antibody-conju-
gated agarose (Sigma). The final eluates from the HA beads with 
HA peptides were resolved by SDS-PAGE on a 4%-20% gradient 
gel (Novex) for silver staining or staining analysis with colloidal 
blue. Specific bands were cut out from the gel and subjected to 
mass-spectrometric peptide sequencing.

GST pull-down assay
This assay was performed as described previously [45]. In 

brief, GST and GST-PTEN were induced in Rosetta (DE3) pLys 
cells (Novagen) at room temperature (25 °C), extracted with buffer 
BC500 (20 mM Tris-HCl, pH 7.3, 0.2 mM EDTA, 500 mM NaCl, 
10% glycerol, 1 mM DTT, 0.5 mM PMSF) containing 1% Nonidet 
P40, and purified on glutathione-Sepharose (Pharmacia). F-RFP-
HA expression vector was incubated with 35S-methionine during 
in vitro translation (TNT Coupled Reticulocyte Lysate System; 
Promega Corporation). 35S-labeled protein (5 ml) was incubated 
overnight with the purified GST or GST-PTEN, as indicated, in the 
presence of 0.2% BSA in BC100 on a rotator at 4 °C. The proteins 
were pulled down with GST beads; the beads were washed three 
times with BC200 and twice with BC100. The beads were added 
to 40 ml of SDS sample buffer  and boiled for 5 min. The presence 
of 35S-labeled protein was detected by autoradiography.

Co-immunoprecipitation assay
Co-immunoprecipitation assays were performed as described 

previously [46]. In brief, to detect the endogenous protein interac-
tion between PTEN and RFP, U2OS cells were lysed in BC100 
buffer (20 mM Tris-HCl pH 7.3, 100 mM NaCl, 10% glycerol, 0.2 
mM EDTA, 0.2% Triton X-100 and protease inhibitors). Ten per 
cent of the cell extracts was kept for input, and the rest was incu-
bated with mouse IgG, anti-PTEN antibody, anti-RFP antibody or 
rabbit IgG for 1 h at 4 °C. A/G Plus-Agarose beads (Santa Cruz 
Biotechnology) were then added for overnight incubation at 4 °C. 
After the beads were washed stringently, the bound proteins were 
eluted by boiling in SDS sample buffer, and detected by western 
blotting.

siRNA knockdown
RFP siRNA oligos are from Ambion for human (RFP siRNA 

2 s11960, and RFP siRNA 3 s11961) and Dharmacon On-target 
smartpool for mouse. The cells were transfected with these siRNA 
oligos using Lipofectamine 2000 (Invitrogen) according to the man-
ufacturer’s instructions, harvested or serum-starved after 48 h. The 
samples were resolved on SDS-PAGE for western blot analysis.

Cell-free ubiquitination assay
To perform the cell-free RFP self-ubiquitination assay, the puri-

fied GST-RFP protein was incubated with E1, UbcH5a and ubiqui-
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tin under the proper buffer condition for 2 h at 37 °C as described 
before [47], and the reaction mixtures were then subjected to 
western blot analysis using anti-RFP antibody (American Research 
Product, Inc.). To perform the cell-free PTEN-Ub assay, immuno-
purified F-RFP-HA protein was incubated with E1, UbcH5a, ubiq-
uitin WT, K27, or K48 and immunopurified PTEN or PTEN-EGFP 
under the proper buffer condition for 2 h at 37 °C, and the reaction 
mixtures were then subjected to western blot analysis using anti-
PTEN antibody.

In-cell ubiquitination assay
To perform the RFP self-ubiquitination assay in cells, 293 cells 

were transfected with His-Ub and RFP. Twenty-four hours later, 
10% of the cells were lysed with FLAG lysis buffer (50 mM Tris-
HCl, pH 7.3,137 mM NaCl, 10 mM NaF, 1 mM NaVO4, 10% 
glycerol, 0.5 mM EDTA, 1% Triton X-100 and 0.2% Sarkosyl) 
and subjected to western blot analysis; the rest of the cells were 
lysed with guanidine buffer and subjected to Ni-NTA pull-down 
followed by western blot using anti-RFP antibody. To perform the 
PTEN ubiquitination assay in cells, 293 cells were transfected with 
PTEN, His-Ub and FH-RFP constructs. The rest of procedure was 
the same as described above for RFP ubiquitination assay, except 
the use of anti-PTEN antibody.

For endogenous ubiquitination assay, 293 cells were transfected 
with control siRNA or RFP 2 siRNA for 48 h as described above. 
The cells were then transfected once again with His-Ub and lysed 
24 h later as described above.

Protein purification and PTEN phosphatase activity assay
Protein purification was performed in phosphate-free buffers 

as previously described [29]. Briefly, 293 cells expressing Flag-
PTEN alone or with RFP and HA-ubiquitin were lysed in BC100 
buffer supplemented with protease inhibitors. The lysates were 
vortexed vigorously and centrifuged at 100 000× g for 2 h. The 
supernatant was pre-incubated with protein A/G beads for 1 h. The 
supernatant was then incubated with M2 beads for 4 h at 4 °C. The 
bound beads are then washed four times with phosphatase buffer 
PB (100 mM NaCl, 25 mM Tris, pH7.4). The protein was eluted 
with Flag peptide for 2 h at 4 °C. For PTEN-Ub protein purifica-
tions, additional binding of eluate with HA beads and HA peptide 
elutions were performed. The eluates were quantified both by 
spectrophotometer and Coomassie staining before use in PTEN 
activity assay.

The ELISA kit was purchased from Echelon Biosciences Inc., 
and the assay was performed according to the manufacturer’s in-
structions. Briefly, PTEN and PTEN-Ub were diluted to equal con-
centrations and then an increasing amount of PTEN and PTEN-Ub 
was added to the plate and incubated for 1 h. Next, the PI (4,5) P2 
detector and HRP conjugate were added step-wise. Finally, colori-
metric readings were measured to quantify the amount of PI (4,5) 
P2 converted from PI (3,4,5) P3 by PTEN phosphatase activity 
and compared with a standard curve. 

Luciferase reporter gene assay
In all, 293 cells were transfected at 40% confluence in 24-well 

plates with plasmid DNA as indicated in the relevant figure. After 
48 h of incubation, the cells were then harvested and the luciferase 
activity was measured using the Dual Luciferase Reporter Assay 
System Kit from Promega according to the manufacturer’s protocol. 

Activity was assayed in three separate experiments and shown as 
the average mean ± standard error (SE) and Student’s t-test was per-
formed to identify the significant differences between samples (n = 3).
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