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Deleted in liver cancer 1 (DLC1), a tumor suppressor gene identified in a primary human hepatocellular
carcinoma, encodes a Rho GTPase-activating protein (RhoGAP). Although DLC1 expression has been stud-
ied at the transcriptional level, little is known about its regulation at the protein level. Here we show that
DLC1 is an unstable protein that is degraded by the 26S proteasome in human hepatocellular carcinoma
Hep3B cells. In addition, five putative PEST motifs were identified in the N-terminus of DLC1. Unexpect-
edly, the N-terminus of DLC1 appeared to be stable. Furthermore, deletion of any one of the five PEST
motifs except PEST2 decreased the stability of the N-terminus of DLC1, which suggests that the PEST
motifs may play an unrevealed role in maintaining the stability of DLC1. These data indicated that the
intracellular stability of DLC1 is regulated by the 26S proteasome via its PEST motifs.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Deleted in liver cancer-1 (DLC1), a tumor suppressor gene iden-
tified in a primary human hepatocellular carcinoma, encodes a Rho
GTPase-activating protein (RhoGAP) with selective activity against
RhoA [1,2]. The RhoGAPs act as negative regulators of the Rho fam-
ily of small GTPases by stimulating the intrinsic GTPase activity of
Rho proteins and converting the active GTP-bound form of Rho to
the inactive GDP-bound form [3]. It has been demonstrated that
over-expression of DLC1 in DLC1 null cancer cell lines is able to
suppress cell proliferation, decrease cell migration and invasion
and prevent tumor formation in nude mice [4]. In contrast, knock-
down of DLC1 with siRNA in the breast cancer cell line MCF7 dem-
onstrated that a decrease of DLC1 expression results in cells
acquiring a more migratory phenotype [5]. More recently, a mouse
liver tumor model using short-hairpin RNA-mediated DLC1 knock-
down confirmed that DLC1 functions as a tumor suppressor [6].
These studies support a tumor-suppressor role of DLC1.

As a tumor suppressor, the regulation of DLC1 at the mRNA and
protein levels should be important for its function. Extensive
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studies have shown that the expression of DLC1 mRNA is down-
regulated or absent in various types of cancer due to genome dele-
tion or aberrant DNA methylation of the DLC1 promoter [7]. Treat-
ment of cancer cells with the demethylation agent 5-aza-2'-
deoxycytidine or the histone deacetylase inhibitor trichostatin A
(TSA) can induce endogenous DLC1 mRNA expression [8,9]. These
studies suggest that epigenetic changes of DLC1 may be a mecha-
nism of DLC1 inactivation at the transcriptional level in cancer
cells. However, the molecular mechanisms that regulate DLC1
expression at the protein level have not been documented.

Protein degradation is an important means by which cells con-
trol normal protein levels. The 26S proteasome is an important
degradation pathway through which the turnover of various pro-
teins, including tumor suppressors, is regulated [10]. Protein turn-
over is often caused by signals that induce protein degradation.
PEST motifs, enriched in proline (P), glutamate (E), serine (S), and
threonine (T), have been found in many short-lived regulatory pro-
teins and serve to target them to the 26S proteasome for degrada-
tion [11].

Here, we report that DLC1 is an unstable protein that is rapidly
degraded by the 26S proteasome in human hepatocellular carci-
noma Hep3B cells. Moreover, analysis of the primary sequence of
DLC1 protein using the PESTfind algorithm revealed the presence
of five putative PEST motifs located in its N-terminus. Surprisingly,
the N-terminus of DLC1 appeared to be stable, and deletion of any
one of the five PEST motifs, except for the second, led to decreased
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stability of the N-terminus of DLC1, suggesting that four of the five
PEST motifs may play an unexpected role in maintaining the stabil-
ity of DLCI.

2. Materials and methods
2.1. Plasmids

pcDNA3-DLC1 plasmid was kindly provided by Prof. Ng Irene
Oi-Lin. DLC1, DLCIN (aa 1-600), and DLC1C (aa 601-1091) were
amplified with primers P1/P4, P51/P52, and P61/P4 using
pcDNA3-DLC1 as the template. The amplified products were in-
serted into pEGFP-N1 at the Kpn I/BamH 1, EcoR I/BamH I, and
Kpn 1/BamH 1 sites to obtain pDLC1-EGFP, pDLCIN-EGFP, and
pDLC1C-EGFP, respectively. DLC1N with a PEST1 (aa 85-100) dele-
tion was amplified by overlap extension PCR using the primers
P51/P72 and P71/P52 with pDLCIN-EGFP as the template, and
the PCR product was inserted into pEGFP-N1 at the EcoR I and
BamH I sites to generate plasmid pDLC1NP1-EGFP. Using the same
strategy, the other plasmids expressing DLC1N lacking PEST motifs
were generated. All constructs were confirmed by sequencing. The
primers used in this study are shown in Table 1.

2.2. Cell culture and transfection

HEK293 cells were cultured in Dulbecco’s modified Eagle’s med-
ium (Gibco) supplemented with 10% fetal bovine serum (FBS),
100 U/ml penicillin, and 100 pg/ml streptomycin. Human hepato-
cellular carcinoma cell line Hep3B was cultured in minimum
essential medium (Gibco) supplemented with 10% FBS and
1.0 mM sodium pyruvate. All cells were maintained at 37 °C with
5% CO,. Cells were transfected using Lipofectamine 2000 reagent
(Invitrogen) according to the manufacturer’s instructions.

2.3. Identification of PEST motifs

The program PESTfind (http://emboss.bioinformatics.nl/cgi-bin/
emboss/epestfind) was used to identify putative PEST motifs in
DLC1 of mouse, rat, and human (GenBank accession No.
NM_015802, NM_001127446, NM_006094, respectively). The re-
sults of a PESTfind analysis are a score ranging from —50 to +50.
A score greater than +5 indicates a putative PEST motif.

2.4. RT-PCR

Total RNA was isolated from cultured cells using Trizol reagent
(Invitrogen). RT-PCR reactions were performed as described

Table 1
Primers for amplification.
Primer® Sequence
P1 5'-GGGGTACCGCCACCATGTGCAGAAAGAAGCCGGACAC-3’
P4 5'-CGGGATCCCGCCTAGATTTGGTGTCTTTGG-3’
P51 5'-CGGAATTCGCCACCATGTGCAGAAAGAAGCCGGACAC-3'
P52 5'-CGGGATCCCGTAGGAGTGAGTATTTCTGCAG-3’
P61 5'-GGGGTACCGCCACCATGCTAAAGCTAACGGCCCTGCTGG-3'
P71 5'-AAGTCCATTTTCGTTTCCGATGAGGACTAAT-3'
P72 5'-TCGGAAACGAAAATGGACTTTCCAAAGGG-3’
P81 5'-AGTTAGTCCGGTGGCTGGGGAGGCTGCCAG-3’
P82 5’-CCCCAGCCACCGGACTAACTCCGTCATCAG-3’
P91 5'-TCCGGGTCCTCCTCTTTCGTACCATGGGG-3’
P92 5'-ACGAAAGAGGAGGACCCGGAGCCTCAGTGC-3’
P101 5'-GTATCTGTTTCTTCTCCGACCACTGATTGAC-3’
P102 5'-GTCGGAGAAGAAACAGATACACCTGGATG-3'
P111 5'-AATCCCTTCTTCGGTCGTTGTCCACATCC-3'
P112 5'-CAACGACCGAAGAAGGGATTCTGGGGTTGG-3/

¢ Primers used are described in Section 2.

previously [12]. The primer sequences were as follows: DLC1 for-
ward, 5-AGG CTT TGG AGG TCA GTC AT-3’; DLC1 reverse, 5'-TTT
CCC ACA GGG TTC AAT CAA AT-3'; B-actin forward, 5'-GTG GAC
ATC CGC AAA GAC-3'; p-actin reverse, 5'-AAA GGG TGT AAC GCA
ACT AA-3'.

2.5. Western blot analysis

Rabbit anti-DLC1 (H-260), anti-GFP (B-2), and anti-B-Actin (C4)
antibodies were purchased from Santa Cruz. Western blotting was
performed as previously described [12].

2.6. Protein half-life determination

At 24 h after transfection, HEK293 cells cultured in a 100 mm
dish were trypsinized and re-cultured in four 35 mm dishes.
HEK293 or Hep3B cells were incubated with medium containing
100 pg/ml cycloheximide (Cat# 239764, Calbiochem, San Diego,
CA) for the indicated times. MG132 (Cat# 474790, Calbiochem,
San Diego, CA) was added to cell cultures at a final concentration
of 10 pM/L 3 h before the addition of cycloheximide. The cells were
harvested and 50 pg of cell lysate was analyzed by Western blot-
ting with anti-DLC1 and anti-B-actin antibodies. The protein levels
were calculated using densitometry-analyzing software, and the
values of DLC1 were plotted against the values of p-actin. The ratio
of DLC1/B-actin at 0 h was taken as 100%. The assay was repeated
independently at least three times.

3. Results

3.1. Proteasome inhibition increases the levels of both endogenous and
exogenous DLC1 protein

The 26S proteasome plays a central role in the regulation of the
stability of various proteins [13]. To test the effect of proteasome
inhibition on the levels of DLC1 protein, HEK293 and Hep3B cells
were treated with the proteasome inhibitor MG132 for 12 h. The
mRNA and protein levels of DLC1 were analyzed by semi-quantita-
tive RT-PCR and Western blotting, respectively. DLC1 protein levels
increased markedly in cells after MG132 treatment (Fig. 1A),
whereas DLC1 mRNA levels were not affected (Fig. 1B). Further-
more, treatment of Hep3B cells with various concentrations of
MG132 led to increased expression of DLC1 protein (Fig. 1C). To
gain information on the regulation of exogenous DLC1 protein
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Fig. 1. Proteasome inhibition increases the levels of both endogenous and
exogenous DLC1 protein. (A and B) HEK293 and Hep3B cells were treated with
the proteasome inhibitor MG132 (10 pM) or DMSO for 12 h, and DLC1 protein and
mRNA levels were analyzed by Western blotting and RT-PCR. (C) Hep3B cells were
treated with MG132 at the indicated concentrations for 6 h. Cell lysates were
subjected to Western blot analysis using an anti-DLC1 antibody. (D) HEK293 cells
were transfected with plasmid pcDNA3-DLC1; 36 h after transfection, the cells were

treated with MG132 (10 uM) or DMSO for 12 h. Cell lysates were subjected to
Western blot analysis using an anti-DLC1 antibody.
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levels by the 26S proteasome, the DLC1 expression vector pcDNA3-
DLC1 was transiently transfected into HEK293 cells. Treatment of
transfected cells with MG132 for 12 h led to significantly increased
levels of exogenous DLC1 protein compared with vehicle-treated
cells (Fig. 1D). Therefore, these data indicate that the levels of both
endogenously and exogenously expressed DLC1 protein are regu-
lated by the 26S proteasome.

3.2. DLC1 is an unstable protein that is degraded by the 26S
proteasome

Given that proteasome inhibition by MG132 up-regulated DLC1
protein levels, we asked whether the stability of DLC1 protein was
affected by the 26S proteasome. The half-life of endogenous DLC1
was subsequently examined in Hep3B cells by inhibiting new pro-
tein synthesis with cycloheximide (CHX). Hep3B cells were treated
with 100 pg/ml CHX and the amount of DLC1 protein at 0-5 h was
assessed by Western blot analysis. Without MG132 pretreatment,
DLC1 in Hep3B cells degraded rapidly and exhibited a relatively
short half-life of less than 4 h. However, treatment with the protea-
some inhibitor MG132 prolonged its half-life in Hep3B cells
(Fig. 2A). Moreover, the half-life of exogenous DLC1 protein was as-
sessed in HEK293 cells transfected with pcDNA3-DLC1. There was
a marked reduction in the stability of DLC1 at 3 h after CHX addi-
tion. The DLC1 level decreased by more than 50% compared with
that of untreated cells (Fig. 2B). These data suggest that DLC1 is
an unstable protein that is degraded by the 26S proteasome.

3.3. Five putative PEST motifs are located in the N-terminus of DLC1

DLC1 is a multidomain protein that includes an NH,-terminal
sterile alpha motif domain (SAM), a middle Rho GTPase-activating
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Fig. 2. DLC1 is an unstable protein that is degraded by the 26S proteasome. (A)
Hep3B cells were treated with MG132 (10 pM) or DMSO for 3 h, and the protein
synthesis inhibitor CHX (100 pg/ml) was then added. Cells were harvested at the
indicated time points after CHX addition and examined for the expression of DLC1
and B-actin by Western blot analysis. A densitometric analysis of the DLC1 and -
actin bands using a Molecular Imager System (Quantity One) is shown in the
graphs. The value of DLC1/actin at 0 h was taken as 100%. (B) HEK293 cells were
transfected with plasmid pcDNA3-DLC1; 36 h after transfection, the cells were
incubated with CHX (100 pg/ml) for the indicated times, after which cell lysates
were subjected to Western blot analysis to detect DLC1.

protein domain (RhoGAP), and a COOH-terminal steroidogenic
acute regulatory-related lipid transfer domain (START) [14,15].
Analysis of the amino acid sequence of DLC1 using PESTfind re-
vealed the presence of five putative PEST motifs with PESTfind
scores greater than +5 in the region linking the SAM and RhoGAP
domains (Fig. 3A). The sequences of mouse and rat DLC1 were also
analyzed by PESTfind. Intriguingly, four of the five high-scoring
putative PEST motifs are highly conserved among species (Table
2). PEST motifs are associated with proteasome-mediated degrada-
tion and have been found in several short-lived proteins [16,17]. To
determine the involvement of the putative PEST motifs in DLC1
degradation, three EGFP-tagged DLC1 fusion proteins were con-
structed: pcDNA3-DLC1N (aa 1-600) containing the five PEST mo-
tifs, pcDNA3-DLC1C (aa 601-1091) containing the RhoGAP and
START domains, and pcDNA3-DLC1 (Fig. 3A).

The three constructs were transfected into HEK293 cells and the
impact of proteasome inhibition on the degradation of the EGFP-
tagged fusion proteins was analyzed. The expression levels of
DLC1C and DLC1 increased significantly after treatment with
MG132. In contrast, MG132 had no effect on DLCIN levels
(Fig. 3B). We then tested the half-lives of these EGFP-tagged fusion
proteins. Cells expressing DLC1N, DLC1C and DLC1 were treated
with CHX and their protein levels were analyzed by Western blot-
ting with anti-GFP antibody at 0, 4, 8, and 12 h. DLC1C degraded
rapidly with a half-life of less than 4 h, and the half-life of DLC1
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Fig. 3. Five putative PEST motifs are located in the N-terminus of DLC1. (A)
Schematic representation of the five identified PEST motifs located in the linker
region between the SAM and RhoGAP domains. Three plasmid constructs express-
ing full-length DLC1, the N-terminus of DLC1 (aa 1-600), and the C-terminus of
DLC1 (aa 601-1091) all tagged with EGFP were constructed. (B) HEK293 cells
transfected with the three plasmids encoding EGFP fusion proteins were treated
with MG132 (5 pM) or DMSO for 12h and the transfected cell lysates were
analyzed by Western blotting with an anti-GFP antibody to evaluate the stability of
each EGFP fusion protein. (C) The transfected HEK293 cells were incubated with
CHX (100 pg/ml) for the indicated times and the half-lives of the EGFP fusion
proteins were analyzed by Western blotting using an anti-GFP antibody. The graph
represents the EGFP fusion/actin ratio as measured by densitometry. The value of
EGFP fusion/actin at 0 h was taken as 100.
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Table 2
PEST sequences are higly conserved in DLCIL.
Species Fragment Sequences PESTfind
score
Mouse  PEST1 85-RSEDSDEDEPCAISGK-100 14.01
Rat PEST1 85-RSEDSDEEEPCAISGK-100 14.36
Human PEST1 85-RSDDSDEDEPCAISGK-100 13.66
Mouse  PEST2 - -
Rat PEST2 - -
Human PEST2 169-HAPPSEDAATPR-180 6.56
Mouse  PEST3 297- 14.58
RSVSNSTQTSSSSSQSETSSAVSTPSPVTR-
326
Rat PEST3 296- 14.58
RSVSNSTQTSSSSSQSETSSAVSTPSPVTR-
325
Human PEST3 295- 14.58
RSVSNSTOTSSSSSOSETSSAVSTPSPVTR-
324
Mouse  PEST4 490-KFSDEGDSDSALDSVSPCPSSPK-512  11.80
Rat PEST4 489-KFSDFGDSDSALDSVSPCPSSPK-511 11.80
Human PEST4 489-KFSDEGDSDSALDSVSPCPSSPK-511  11.80
Mouse  PESTS 523-RTPSDLDSTGNSLNEPEEPTDIPER- 18.33
547
Rat PEST5 522-RTPSDLDSTGNSLNEPEEPTDIPER- 18.33
546
Human PEST5 521-RTTPSDLDSTGNSLNEPEEPSEIPER- 19.15
546

Occurrence of PEST sites within the amino acid sequence of DLCI from the mouse,
rat, and human. Amino acid identity is underlined.

was about 12 h. However, DLCIN protein levels remained un-
changed after treatment with CHX for 12 h (Fig. 3C). These data
suggested that the N-terminus of DLC1 is more stable than either
the full-length DLC1 or the C-terminus of DLC1. These putative
PEST motifs located at the N-terminus of DLC1 seemed not to pro-
mote DLC1 instability.

3.4. Deletion of the PEST motifs decreases the stability of the N-
terminus of DLC1

To clarify whether the five PEST motifs affects DLC1 stability,
deletion mutagenesis was employed to delete the PEST motifs indi-
vidually from DLCIN. The deletion mutants of DLC1 were named
DLC1NAP1 (lacking PEST1: aa 85-100), DLC1NAP2 (lacking PEST2:
aa 169-180), DLC1INAP3 (lacking PEST3: aa 295-324), DLC1NAP4
(lacking PEST4: aa 489-511), and DLCINP5 (lacking PEST5: aa
521-546) (Fig. 4A). These plasmids were transiently transfected
into HEK293 cells treated with MG132 or untreated. The levels of
all the DLCIN mutants except DLCINP2 were significantly in-
creased by MG132 (Fig. 4B). Next, the half-lives of these mutants
were measured after treatment with CHX. Compared with DLC1N,
four of the five mutants exhibited shorter half-lives. In particular,
DLC1NAP5 was rapidly degraded with a half-life of less than 4 h,
whereas DLC1NP2 showed a turnover rate similar to that of DLC1N
(Fig. 4C and D). These data indicate that four of the five putative
PEST motifs may play an unexpected role in enhancing the stability
of DLC1.

4. Discussion

DLC1 functions as a regulator of actin cytoskeletal remodeling
and is involved in various biological processes such as cell migra-
tion and proliferation. Loss of DLC1 has been shown in a variety
of human cancers. Restoration of DLC1 in DLC1 null cell lines was
previously shown to suppress cell growth and reduce tumorigenic-
ity in nude mice [18,19]. These studies support a tumor-suppressor
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Fig. 4. Deletion of the PEST motifs decreases the stability of the N-terminus of
DLC1. (A) Schematic of the five EGFP-tagged DLC1 mutants with individual PEST
motifs deleted from the N-terminus. (B) HEK293 cells transfected with plasmids
encoding the five PEST deletion mutants were treated with MG132 (10 pM) or
DMSO for 12 h, and total cell lysates were analyzed by Western blotting to evaluate
the stability of each EGFP fusion protein. (C) The transfected HEK293 cells were
incubated with CHX (100 pg/ml) for the indicated times and the half-lives of the
five PEST deletion mutants were analyzed by Western blotting using an anti-GFP
antibody. (D) The densitometric analysis of DLCIN and its five PEST deletion
mutants is shown in the graphs. The value of EGFP fusion/actin at 0 h was taken as
100%.

role of DLC1. However, the mechanisms involved in the regulation
of DLC1 protein levels have remained unknown.

In this study, we demonstrated that DLC1 is an unstable protein
that is rapidly degraded by the 26S proteasome in human hepato-
cellular carcinoma Hep3B cells. The protein levels of endogenous
DLC1 were significantly higher in HEK293 and Hep3B cells after
treatment with the proteasome inhibitor MG132. The protein lev-
els of exogenous DLC1 were also increased by inhibition of the 26S
proteasome, suggesting that both endogenous and exogenous
DLC1 proteins are degraded by the 26S proteasome. Furthermore,
treatment of Hep3B cells or DLC1-transfected HEK293 cells with
the protein synthesis inhibitor CHX resulted in rapid down-regula-
tion of DLC1 protein levels and revealed the relatively short half-
life of DLC1. However, pretreatment of Hep3B cells with MG132
led to dramatic stabilization of DLC1. These data suggest that the
instability of DLC1 protein is attributable to degradation by the
26S proteasome. Because DLC1 functions as a negative regulator
of Rho GTPase protein, it is possible that inactivation of DLC1 by
proteasome-mediated degradation would result in rapid activation
of Rho protein. Like DLC1, some GAP proteins have previously been
reported to be regulated by the 26S proteasome. The RasGAP neu-
rofibromin has been observed to be degraded by the 26S protea-
some upon treatment of cells with various growth factors [20].
Moreover, the RhoGAP p190-A has also been shown to undergo
targeted destruction via the 26S proteasome [21]. Therefore, our
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study reveals a new mechanism of DLC1 regulation at the protein
level by the 26S proteasome.

PEST motifs are often found in proteins with short half-lives,
and they are proposed to play a role in protein turnover. In the
present study, we identified five putative PEST motifs located in
the N-terminus of DLC1. Four of the five PEST motifs are conserved
among species with high scores. Surprisingly, we found that the N-
terminus of DLC1 appeared to be stable, and individual deletion of
four of the five PEST motifs led to decreased stability and shortened
half-life of the N-terminus of DLC1. In particular, PEST5 (aa 521-
546) deletion resulted in rapid turnover of the N-terminus of
DLC1, leading to a half-life shorter than 4 h. These data indicate
that four of the five PEST motifs described in this study may en-
hance the stability of DLC1 protein by reducing protein degrada-
tion via the 26S proteasome. Consistent with our observations,
the expression of the tumor suppressor PTEN was previously re-
ported to decrease after deletion of its PEST motif [22]. One possi-
ble explanation for this is that the four PEST motifs or their
adjacent sequences may serve as critical protein—protein interac-
tion sites that stabilize DLC1. Consistent with this, it has been re-
ported that a PEST domain of Fbx2, a brain-enriched F-box
protein ubiquitin ligase subunit, can serve as a domain for pro-
tein-protein interaction to stabilize Fbx2 [23]. Therefore, further
identification of the potential binding partner(s) of the PEST motifs
of DLC1 is required to reveal the definite function of these PEST
motifs. It is notable that the region where the five putative PEST
motifs are located has been found to contain important binding
sites for interactions of DLC1 with its binding partners [24,25].

In summary, we demonstrate that DLC1 is an unstable protein
that is degraded by the 26S proteasome, and five putative PEST
motifs located in the N-terminus of DLC1 seem to play an unex-
pected role in promoting DLC1’s stability. Further investigation is
required to unravel the molecular mechanisms governing DLC1
stability and to explore the potential contribution of DLC1’s stabil-
ity to its tumor-suppressive activity.

Acknowledgments

We thank Prof. Ng Irene Oi-Lin (Department of Pathology, the
University of Hong Kong, Hong Kong, People’s Republic of China)
for kindly providing the pcDNA3-DLC1 plasmid. This work was
supported by the National Science Foundation of China Grant No.
30670901 to Wen-li Feng.

References

[1] B.Z. Yuan, M.]. Miller, C.L. Keck, D.B. Zimonjic, S.S. Thorgeirsson, N.C. Popescu,
Cloning, characterization, and chromosomal localization of a gene frequently
deleted in human liver cancer (DLC1) homologous to rat RhoGAP, Cancer Res.
58 (1998) 2196-2199.

[2] CM. Wong, J.M. Lee, Y.P. Ching, D.Y. Jin, .O. Ng, Genetic and epigenetic
alterations of DLC1 gene in hepatocellular carcinoma, Cancer Res. 63 (2003)
7646-7651.

[3] S.E. Antonarakis, L. Van Aelst, Mind the GAP, Rho, Rab and GDI, Nat. Genet. 19
(1998) 106-108.

[4] X. Zhou, D.B. Zimonjic, S.W. Park, X.Y. Yang, M.E. Durkin, N.C. Popescu, DLC1

suppresses distant dissemination of human hepatocellular carcinoma cells in

nude mice through reduction of RhoA GTPase activity, actin cytoskeletal
disruption and down-regulation of genes involved in metastasis, Int. J. Oncol.

32 (2008) 1285-1291.

G. Holeiter, J. Heering, P. Erlmann, S. Schmid, R. Jahne, M.A. Olayioye, Deleted

in liver cancer 1 controls cell migration through a Dial-dependent signaling

pathway, Cancer Res. 68 (2008) 8743-8751.

[6] W. Xue, A. Krasnitz, R. Lucito, R. Sordella, L. Vanaelst, C. Cordon-Cardo, S.
Singer, F. Kuehnel, M. Wigler, S. Powers, L. Zender, SW. Lowe, DLC1 is a
chromosome 8p tumor suppressor whose loss promotes hepatocellular
carcinoma, Genes Dev. 22 (2008) 1439-1444.

[7] M.E. Durkin, M.R. Avner, C.G. Huh, B.Z. Yuan, S.S. Thorgeirsson, N.C. Popescu,
DLC1, a Rho GTPase-activating protein with tumor suppressor function, is
essential for embryonic development, FEBS Lett. 579 (2005) 1191-1196.

[8] Y.F. Song, R. Xu, X.H. Zhang, B.B. Chen, Q. Chen, Y.M. Chen, Y. Xie, High-
frequency promoter hypermethylation of the deleted in liver cancer-1 gene in
multiple myeloma, J. Clin. Pathol. 59 (2006) 947-951.

[9] M. Guan, X. Zhou, N. Soulitzis, D.A. Spandidos, N.C. Popescu, Aberrant
methylation and deacetylation of deleted in liver cancer-1 gene in prostate
cancer: potential clinical applications, Clin. Cancer Res. 12 (2006) 1412-
1419.

[10] G. Asher, P. Tsvetkov, C. Kahana, Y. Shaul, A mechanism of ubiquitin-
independent proteasomal degradation of the tumor suppressors p53 and
p73, Genes Dev. 19 (2005) 316-321.

[11] M. Rechsteiner, S.W. Rogers, PEST sequences and regulation by proteolysis,
Trends Biochem. Sci. 21 (1996) 267-271.

[12] E. Metzen, J. Zhou, W. Jelkmann, ]. Fandrey, B. Brune, Nitric oxide impairs
normoxic degradation of HIF-1alpha by inhibition of prolyl hydroxylases, Mol.
Biol. Cell 14 (2003) 3470-3481.

[13] M.-H. Glickman, A. Ciechanover, The ubiquitin-proteasome proteolytic
pathway: destruction for the sake of construction, Physiol. Rev. 82 (2002)
373-428.

[14] J. Schultz, C.P. Ponting, K. Hofmann, P. Bork, SAM as a protein interaction
domain involved in developmental regulation, Protein Sci. 6 (1997) 249-253.

[15] C.P. Ponting, L. Aravind, START: a lipid-binding domain in StAR, HD-ZIP and
signalling proteins, Trends Biochem. Sci. 24 (1999) 130-132.

[16] M.A. Gregory, S.R. Hann, C-Myc proteolysis by the ubiquitin-proteasome
pathway: stabilization of c-Myc in Burkitt's lymphoma cells, Mol. Cell. Biol. 20
(2000) 2423-2435.

[17] G.L. Lukov, M.A. Goodell, LYL1 degradation by the proteasome is directed by a
N-terminal PEST rich site in a phosphorylation-independent manner, PLoS One
5(2010) 12692.

[18] T.Y. Kim, J.W. Lee, H.P. Kim, H.S. Jong, T.Y. Kim, M. Jung, Y.J. Bang, DLC1, a
GTPase-activating protein for Rho, is associated with cell proliferation,
morphology, and migration in human hepatocellular carcinoma, Biochem.
Biophys. Res. Commun. 355 (2007) 72-77.

[19] B.Z. Yuan, A.M. Jefferson, K.T. Baldwin, S.S. Thorgeirsson, N.C. Popescu, S.H.
Reynolds, DLC-1 operates as a tumor suppressor gene in human non-small cell
lung carcinomas, Oncogene 23 (2004) 1405-1411.

[20] K. Cichowski, S. Santiago, M. Jardim, B.W. Johnson, T. Jacks, Dynamic regulation
of the Ras pathway via proteolysis of the NF1 tumor suppressor, Genes Dev. 17
(2003) 449-454.

[21] L. Su, J.M. Agati, S.J. Parsons, P190RhoGAP is cell cycle regulated and affects
cytokinesis, J. Cell Biol. 163 (2003) 571-582.

[22] M.M. Georgescu, K.H. Kirsch, T. Akagi, T. Shishido, H. Hanafusa, The tumor-
suppressor activity of PTEN is regulated by its carboxyl-terminal region, Proc.
Natl. Acad. Sci. USA 96 (1999) 10182-10187.

[23] R.F. Nelson, K.A. Glenn, V.M. Miller, H. Wen, H.L. Paulson, A novel route for F-
box protein-mediated ubiquitination links CHIP to glycoprotein quality
control, J. Biol. Chem. 281 (2006) 20242-20251.

[24] Y.C. Liao, L. Si, W.RW. deVere, S.H. Lo, The phosphotyrosine-independent
interaction of DLC1 and the SH2 domain of cten regulates focal adhesion
localization and growth suppression activity of DLC1, J. Cell Biol. 176 (2007)
43-49.

[25] R.P. Scholz, ]. Regner, A. Theil, P. Erlmann, G. Holeiter, R. Jahne, S. Schmid, A.
Hausser, M.A. Olayioye, DLC1 interacts with 14-3-3 proteins to inhibit
RhoGAP activity and block nucleocytoplasmic shuttling, J. Cell Sci. 122 (2009)
92-102.

(5



	The intracellular stability of DLC1 is regulated by the 26S proteasome in  human hepatocellular carcinoma cell line Hep3B
	Introduction
	Materials and methods
	Plasmids
	Cell culture and transfection
	Identification of PEST motifs
	RT-PCR
	Western blot analysis
	Protein half-life determination

	Results
	Proteasome inhibition increases the levels of both endogenous and exogenous DLC1 protein
	DLC1 is an unstable protein that is degraded by the 26S proteasome
	Five putative PEST motifs are located in the N-terminus of DLC1
	Deletion of the PEST motifs decreases the stability of the N-terminus of DLC1

	Discussion
	Acknowledgments
	References


