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The telomeric protein TRF1 negatively regulates telomere
length by inhibiting telomerase access at the telomere termini,
suggesting that the protein level of TRF1 at telomeres is tightly
regulated. Regulation of TRF1 protein abundance is essential
for proper telomere function and occurs primarily through
post-translational modifications of TRF1. Here we describe
RLIM, a RING H2 zinc finger protein with intrinsic ubiquitin
ligase activity, as a TRF1-interacting protein. RLIM increases
TRF1 turnover by targeting it for degradationby theproteasome
in aubiquitin-dependentmanner, independently of Fbx4,which
is known to interact with and negatively regulate TRF1.
Whereas overexpression of RLIM decreases the level of TRF1
protein, depletion of endogenous RLIM expression by small
hairpin RNA increases the level of TRF1 and leads to telomere
shortening, thereby impairing cell growth. These results dem-
onstrate that RLIM is involved in the negative regulation of
TRF1 function through physical interaction and ubiquitin-me-
diated proteolysis. Hence, RLIM represents a new pathway for
telomere maintenance by modulating the level of TRF1 at
telomeres.

Telomeres, the specializednucleoproteincomplexes at theends
of eukaryotic chromosomes, are essential for the maintenance of
chromosome integrity, and their deregulationhasbeen implicated
in aging and cancer (1). Properly capped telomeres provide pro-
tection from nucleolytic degradation and prevent end-to-end
fusion between chromosome ends (2, 3). In the absence of func-
tional telomeremaintenance pathways, dividing cells show a pro-
gressive loss of telomeric DNA during successive rounds of cell
division because of a DNA end replication problem (4, 5). In
humans, telomerase activity is expressed in a majority of immor-
talized cells but is undetectable inmost normal somatic cells, sug-
gesting that activation of telomerase is necessary for the prolifera-
tion of primary and transformed cells (6–8).
Telomere maintenance relies on associations between the

telomeric DNA repeats and specific binding proteins. The six

major telomeric proteins (TRF1, TRF2, RAP1, TIN2, POT1,
and TPP1) have been shown to form a large complex, referred
to as the mammalian telosome/shelterin, and participate in
telomere regulation (9–11). Among the telomeric proteins,
TRF1 and TRF2 directly bind to the double-stranded telomeric
repeats and interact with a number of proteins to maintain
telomere structure and length (12). Both proteins contain a
C-terminal DNA binding motif that is closely related to the
Myb domain and an internal conserved TRF2 homology
domain that mediates dimerization (13). TRF2 has an essential
role in end protection (14) and stabilizes a terminal loop struc-
ture called the t-loop, thereby concealing telomere termini
from the action of telomerase and other enzymatic activities
(15). TRF2 also works closely with its associated protein RAP1
(16). In comparison, TRF1 negatively regulates telomere
length by inhibiting access of telomerase at telomere ter-
mini. Overexpression of TRF1 in telomerase-positive cells
results in a gradual shortening of telomeres, whereas a dom-
inant negative mutant induces inappropriate telomere elon-
gation (12, 17).
Post-translational modifications of TRF1 play important

roles in modulating telomere length homeostasis by determin-
ing the abundance of TRF1 at telomeres (19–21).We have pre-
viously identified casein kinase 2 (CK2) as a TRF1-interacting
protein (22). CK2 interacts with and phosphorylates TRF1 in
vitro and in cells. CK2-mediated phosphorylation is required
for the efficient telomere binding of TRF1, suggesting a novel
role of CK2 as a positive regulator for determining the level
of TRF1 at telomeres. Furthermore, CK2 phosphorylation
appears to be critical for TRF1-mediated telomere length con-
trol. Recently, it was reported that Polo-like kinase 1 phospho-
rylates TRF1 and that its phosphorylation is involved in both
TRF1 overexpression-induced apoptosis and the telomere
binding ability of TRF1 (23). In addition, it has been reported
that ATM interacts with and phosphorylates TRF1 in response
to ionizing DNA damage (24).
Telomere length is also regulated by tankyrase 1 through

its interaction with TRF1 (25, 26). Tankyrase 1 poly(ADP-
ribosyl)ates TRF1 and releases it from telomeres, allowing
access of telomerase to telomeres and subsequently telomere
elongation (27). Thus, tankyrase 1 is a positive regulator of
telomere length. The inhibition of TRF1 by tankyrase 1 is in
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turn controlled by TIN2 (28). TIN2 forms a ternary complex
with TRF1 and tankyrase 1 and appears to protect TRF1 from
being modified by tankyrase 1. Partial knockdown of TIN2 by
small interfering RNA results in loss of TRF1 from telomeres,
leading to subsequent telomere elongation (29).
TRF1 can be dissociated from telomeres by either activation

of tankyrase 1 (25) or inhibition of CK2 (22). The dissociated
telomere-unbound form of TRF1 is subsequently degraded via
ubiquitin-mediated proteolysis (19). It has been reported pre-
viously that Fbx4, a member of the F-box family of proteins,
interacts with TRF1 and promotes its ubiquitination in vitro
and in vivo (21). Thus, sequential post-translational modifica-
tion of TRF1, including poly(ADP-ribosyl)ation by tankyrase 1
(25), phosphorylation by CK2 (22), and ubiquitination by Fbx4
(21), may modulate telomere length homeostasis by determin-
ing the level of TRF1 at telomeres.
In a search for proteins capable of interacting with TRF1, we

identified RLIM using the yeast two-hybrid screening assay.
RLIMwas previously identified as an E3 ubiquitin ligase able to
target CLIM for proteasome-dependent degradation, thereby
inhibiting developmental LIM homeodomain activity (30–32).
RLIM increases TRF1 turnover by targeting it for degradation
by the proteasome in a ubiquitin-dependent manner, inde-
pendently of Fbx4.Whereas overexpression of RLIM promotes
degradation of TRF1, depletion of endogenous RLIM expres-
sion by small hairpin RNA (shRNA) stabilizes TRF1 and leads
to telomere shortening, thereby impairing cell growth. Overall,
these results demonstrate that RLIM, like Fbx4, is a critical
negative regulator of TRF1 protein abundance and represents a
new pathway for telomere maintenance by regulating the level
of TRF1 at telomeres.

EXPERIMENTAL PROCEDURES

Yeast Two-hybrid Screening—Yeast two-hybrid screening
was performed as described previously (33). Briefly, the full-
length TRF1 cDNA was fused to the LexA DNA binding
domain and transformed by the lithium acetate method into
the EGY48 yeast strain. Expression of the LexA-TRF1 fusion
protein was verified by Western blotting using anti-LexA anti-
body. The stable strain was transformed again with a HeLa
cDNA library fused to the activation domain vector pB42AD
(Clontech).
Recombinant Protein Expression and Antibody Production—

The RLIM-V5 expression vector was constructed by inserting
the BamHI and XhoI fragment from the full-length Rnf12
cDNA encoding RLIM (generated by PCRwith the appropriate
synthetic primers) into pcDNA3.1A/V5 (Invitrogen) (31). The
expression vectors for GST-RLIMwere constructed by cloning
the full-length and truncated fragments from the Rnf12 cDNA
into pGEX-5X-1, and the GST fusion proteins were expressed
and purified by using a glutathione-Sepharose column accord-
ing to the manufacturer’s instructions (Amersham Bio-
sciences). To raise antibodies against RLIM, the fragment con-
taining amino acid residues 1–310 was isolated by cleaving
GST-RLIM fusion protein with factor Xa and used to immu-
nized rabbits. Anti-RLIM antibodies were affinity-purified
using a GST-RLIM column.

GST Pulldown, Immunoprecipitation, and Immunoblot—
GST pulldown, immunoprecipitation, and immunoblot analy-
ses were performed as described previously (33). Briefly, the
expression vectors were transfected into H1299 cells using
Lipofectamine 2000 (Invitrogen) for 30 h followed by lysis. For
the GST pulldown assay, the cellular supernatants were pre-
cleared with glutathione-Sepharose 4B (Amersham Bio-
sciences) and incubated with glutathione-Sepharose beads
containing GST fusion proteins. For immunoprecipitation, the
supernatants were preincubated with protein A-Sepharose
(Amersham Biosciences) and incubated with primary antibod-
ies precoupled with protein A-Sepharose beads. The immuno-
precipitated proteins were washed extensively and subjected to
immunoblot analysis. Immunoprecipitation and immunoblot-
ting were performed using anti-TRF1 (Santa Cruz Biotechnol-
ogy), anti-FLAG (Sigma), anti-V5 (Invitrogen), and anti-HA
(Santa Cruz Biotechnology) antibodies as specified. All of the
immunoblots are representatives of at least three experiments
that demonstrated similar results.
In VitroUbiquitination Assay—GST-TRF1 expressed in bac-

teria was used as substrate for in vitro ubiquitination assay.
RLIM-V5 was immunoprecipitated by anti-V5 antibody from
lysates of transfected H1299 cells and used as E3 enzyme. The
ubiquitination assay was carried out in ubiquitination buffer
(50 mM Tris, pH 7.5, 2 mM ATP, 2.5 mM MgCl2, 0.5 mM dithio-
threitol, and 0.05% Nonidet P-40) containing E1 (50 ng),
UbcH5a (200 ng), and His-tagged ubiquitin (0.8 �g). The reac-
tions were incubated at 30 °C for 1 h and terminated with 2�
SDS loading buffer. The proteins were separated on a 10% SDS-
PAGE. In some experiments, GST-RLIMwas expressed in bac-
teria andused as the E3 enzyme for in vitroubiquitination assay.
Ubiquitinated proteins were visualized by immunoblotting
using an anti-ubiquitin antibody (Zymed Laboratories Inc.) or
anti-TRF1 antibody (Santa Cruz Biotechnology).
In Vivo Ubiquitination Assay—H1299 cells were transfected

with HA-ubiquitin, FLAG-TRF1, and RLIM-V5 expression
vectors, either alone or in combination, followed by MG132
treatment to inhibit proteasome function. Cell lysates were
subjected to immunoprecipitation with anti-FLAG antibody
followed by immunoblotting analysis with anti-HA antibody to
illuminate ubiquitin-modified TRF1.
Establishment of StableCell Lines—Toestablish cell lines sta-

bly expressing RLIM, the full-length Rnf12 cDNA was sub-
cloned into a pLentiM1.4 expression vector (Macrogen) and
transfected into 293T cells with VSV-G (vesicular stomatitis
virus glycoprotein) expression vector and gag-pol expression
vector. The culture supernatant containing viral vector parti-
cles was harvested 48 h after transfection and filtered through a
0.45-�mmembrane filter (Nalgene). Green fluorescent protein
expression of transduced cells was observed and photographed
under fluorescence microscope. The virus titers were in the
range of 107 transduction units/mlmedium.HT1080 cells were
transduced with the RLIM-expressing lentivirus containing 6
�g/ml Polybrene (Sigma) and selected with 0.5 �g/ml puromy-
cin (Sigma). Multiple independent single clones were isolated
and checked for protein expression by immunoblotting with
anti-RLIM antibody.
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RNA Interference—Two shRNA expression lentiviral vectors
for targeting RLIM gene were generated by inserting double-
stranded oligonucleotides (targeting nucleotides: 5�-GGCAA-
CAAACTTCGTAAACTA-3� for shRNA1 and 5�-GGTCTCA-
GACACCAAACAACA-3� for shRNA2) into the shLenti2.4G
lentiviral vector (Macrogen), which is designed to produce
shRNA from the U6 promoter and to express enhanced green
fluorescent protein from the hCMV (human cytomegalovirus)
promoter (34, 35). The scrambled sequence (5�-AATCGCAT-
AGCGTATGCCGTT-3�) was used as a control and did not
correspond to any known gene in the data bases. The nucleo-
tide sequence of the constructs was verified by sequencing.
Lentiviral vector particles were produced and transduced as
described above. Of the two different shRNA viral constructs
used, one (shRNA2) substantially reduced RLIM level as deter-
mined by quantitative immunoblotting. The RNAi-resistant
RLIM was silently mutated in the shRNA2 target sequence
(underlined nucleotide) without altering the amino acid
sequence with the following primer: 5�-AACTCGGTCTAGA-
TCTCAAACTCCAAACAACACT-3�. To exclude the prob-
lems associatedwith the off-target effects of shRNA, two differ-
ent siRNA duplexes targeting RLIM (targeting nucleotides:
5�-GUGAGAACCUAUGUCAGUA-3� for siRNA1 and 5�-GA-
CCAACCUAGAGGACUCA-3� for siRNA2) were transiently

transfected into HT1080 cells using
Lipofectamine 2000 (Invitrogen) for
3 days.
Immunofluorescence Staining and

Fluorescence-activated Cell Sorter
(FACS) Analysis—Cells were fixed
with 2% paraformaldehyde and per-
meabilized with 0.5% Triton X-100
in phosphate-buffered saline. Cells
were blocked in phosphate-buffered
saline containing 2% bovine serum
albumin and incubated with mouse
anti-TRF1 antibody (Sigma), and
rabbit anti-RLIM antibody. After
washing, cells were incubated with
Alexa Fluor 568 goat anti-mouse
immunoglobulin and Alexa Fluor
488 goat anti-rabbit immunoglobu-
lin (Molecular Probes). DNA was
stained with 4,6-diamino-2-phenyl-
indole (Vectashield, Vector Labora-
tories). For FACS analysis, cells
were washed with phosphate-buff-
ered saline and fixed 30 min in ice-
cold 70% ethanol. The fixed cells
were resuspended in phosphate-
buffered saline containing RNase
A (200 �g/ml) and propidium
iodide (50 �g/ml) and incubated in
dark for 15 min at room tempera-
ture. Cell cycle distribution was
examined by flow cytometry using
a FACScan flow cytometer (BD
Biosciences).

Terminal Restriction Fragment Analysis—To measure the
telomere length, genomic DNA was digested with RsaI and
HinfI and separated on a 0.7% agarose gel. DNA samples
were transferred to a nylon membrane (Hybond N�; Amer-
sham Biosciences) and hybridized with a 32P-labeled probe
(TTAGGG)20. Signals were detected by a phosphoimage
analyzer (Fuji Photo Film).

RESULTS

Identification of RLIM as a TRF1-interacting Factor—To
identify TRF1-interacting factors, we screened a HeLa cell
cDNA library using a yeast two-hybrid system. With the full-
length TRF1 as bait, 26 positive clones were obtained and
sequenced. One of the isolated clones contained the Rnf12
cDNA encoding RLIM (Fig. 1A). RLIM was identified previ-
ously as an E3 ubiquitin ligase able to target CLIM for pro-
teasome-dependent degradation, thereby inhibiting develop-
mental LIM homeodomain activity (32). Rnf12-specific mRNA
is widely expressed in many tissues and encodes the RLIM pro-
tein, which contains a RING H2 zinc finger domain found in a
diverse group of ubiquitin ligases (36). Rnf12 orthologs have
been identified in a wide spectrum of species including Xeno-
pus, chick, mouse, and human, suggesting an evolutionarily
conserved function of RLIM (31). Interestingly, RLIM has been

FIGURE 1. Physical interaction between TRF1 and LRIM. A, analysis of the physical interaction between TRF1
and RLIM using the yeast two-hybrid assay. PinX1, RAP1, and unrelated FKBP52 were used as the TRF1-binding,
TRF2-binding, and negative control, respectively. The growth on the SG-HWUL plate and the blue signal on the
SG-HWU/X plate indicate activation of the reporter genes, LacZ and LEU2, respectively. S, synthetic; G, galac-
tose; H, histidine (�); W, tryptophan (�); U, uracil, (�); L, leucine (�); X, 5-bromo-4-chloro-3-indolyl-�-D-galac-
topyranoside (X-gal). B, H1299 cells were transfected with V5-RLIM or V5-RLIMH590,593E and either untreated or
treated with 10 �M MG132 for 4 h. Cell lysates were analyzed by immunoblotting with anti-V5 antibody probe.
C, interaction between TRF1 and RLIM in vitro. Left, GST and GST-TRF1 were immobilized on glutathione-
Sepharose and incubated with exogenously expressed RLIM-V5 and PinX1-V5. After washing and SDS-PAGE,
bound RLIM and PinX1 were detected by immunoblotting with anti-V5 antibody. Right, GST, GST-RLIM, and
GST-PinX1 were incubated with exogenously expressed FLAG-TRF1 followed by immunoblotting with anti-
FLAG antibody. D, coimmunoprecipitation of TRF1 and RLIM. Left, H1299 cells were transfected with FLAG-
TRF1 or FLAG-TRF2 and then subjected to immunoprecipitation as indicated followed by immunoblotting with
anti-RLIM antibody. Right, H1299 cells were subjected to immunoprecipitation with either anti-TRF1 or -TRF2
antibodies followed by immunoblotting with anti-RLIM antibody. E, H1299 cells were treated with 10 �M

MG132 for 4 h and analyzed by indirect immunofluorescence. Paraformaldehyde-fixed cells were stained with
anti-TRF1 (red) and anti-RLIM antibodies (green). DNA was stained with 4,6-diamidino-2-phenylindole (blue).
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recognized by autologous antibodies in patients with renal cell
carcinoma (37). This suggests that altered RLIM protein
expression may be relevant to cancer.
To confirm the direct interaction between TRF1 and RLIM,

weperformedGSTpulldown experiments.When theRLIM-V5
expression vector was transfected into H1299 cells, RLIM was
not detected in lysates directly probed with anti-V5 antibody
(Fig. 1B). This suggests that RLIM may be rapidly degraded
through autoubiquitination, like other RING finger proteins
that promote their own ubiquitination/degradation (38, 39).
In the presence of MG132, however, there was a marked
increase in both unmodified and ubiquitinated RLIM spe-
cies. RLIMH590,593E, with mutations in the RING finger
domain, was not autoubiquitinated (Fig. 1B). Therefore,
RLIM-V5 in cells pretreated with MG132 was tested for its
ability to bind to GST-TRF1 that was immobilized on glutathi-
one-Sepharose beads. GST-TRF1, but not the control GST,
bound to RLIM, indicating that TRF1 interacts with RLIM in
vitro (Fig. 1C). PinX1, which was known to interact with TRF1
(40), was used as a positive control. Likewise, GST-RLIM and
GST-PinX1, but not the controlGST, precipitated FLAG-TRF1
expressed in H1299 cells. To determine whether TRF1 and

RLIM associate in vivo, H1299 cells
were transfected with Flag-TRF1
or FLAG-TRF2 and subjected to
immunoprecipitation. RLIM was
detected in anti-TRF1 and anti-
FLAG immunoprecipitates when
FLAG-TRF1 was expressed but not
in anti-TRF2 and anti-FLAG immu-
noprecipitates when FLAG-TRF2
was expressed (Fig. 1D). Endoge-
nous TRF1 also immunoprecipi-
tated with endogenous RLIM in
H1299 cells, indicating that TRF1
interacts with RLIM in mammalian
cells (Fig. 1D). When subcellular
distribution of endogenous TRF1
and RLIM was examined by immu-
nofluorescence, both proteins were
clearly localized in the nucleus of
the cell. In addition, the RLIM pro-
tein, appears to colocalize with
TRF1 in distinct subnuclear pockets
of fluorescence (Fig. 1E). Thus,
RLIM and TRF1 coimmunoprecipi-
tate and colocalize in cells.
To map the region in RLIM that

interacts with TRF1, different RLIM
fragments were expressed in H1299
cells (Fig. 2A) and subjected to GST
pulldown experiments. GST-TRF1
bound to RLIM and its N-terminal
310 fragment but not its C-terminal
311–624 fragment, indicating that
N-terminal region of RLIM is re-
quired for in vitro association with
TRF1 (Fig. 2B). Likewise, GST-

RLIM and GST-RLIM-(1–310), but not GST-RLIM-(311–
624), precipitated FLAG-TRF1 expressed in H1299 cells (Fig.
2C).We next determined the domain in TRF1 that is important
for RLIM binding. A series of TRF1 fragments were fused to
GST and used in the in vitro binding assay (Fig. 2D). GST-TRF1
fragment encompassing residues 265–378 bound to RLIM (Fig.
2E). In contrast, GST-TRF1 fragments encompassing residues
1–66, 67–155, 156–316, or 379–439 all failed to associate with
RLIM, indicating that RLIM binds a region between the
homodimerization domain and the Myb-like motif of TRF1.
RLIM Promotes Ubiquitination of TRF1 in Vitro and in Vivo—

The finding that TRF1 interacts physically with RLIM led us to
hypothesize that RLIMmay target TRF1 for ubiquitination and
thereby promote its proteasome-dependent degradation. To
examine whether RLIM ubiquitinates TRF1 directly, we per-
formed in vitro ubiquitination assay. Recombinant GST-TRF1
was incubated with E1, UbcH5a, and His-ubiquitin in the pres-
ence of purified RLIM proteins. RLIM-V5 was expressed in
H1299 cells and affinity-purified using anti-V5 antibody-cou-
pled beads from cells pretreated withMG132 because of autou-
biquitination. Anti-ubiquitin antibody detected a smear of
slower migrating bands that represent polyubiquitinated TRF1

FIGURE 2. Mapping the interaction domains on TRF1 and RLIM. A, schematic representation of the region of
RLIM involved in binding to TRF1. B, the region of RLIM involved in binding to TRF1 was analyzed in a GST
pulldown assay. H1299 cells were transfected with various RLIM-V5 mutants and subjected to immunoblotting
analysis with anti-V5 antibody directly (left) or were first precipitated by GST or GST-TRF1 (right). C, H1299 cells
transfected with FLAG-TRF1 were precipitated by GST or the various truncated GST-RLIM fusion proteins
followed by immunoblotting with anti-FLAG antibody. D, schematic representation of TRF1 truncations fused
to GST. E, GST or the various truncated GST-TRF1 fusion proteins were affinity-purified and incubated with
H1299 cell extracts followed by detection of endogenous RLIM by immunoblotting with anti- RLIM.
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(Fig. 3A). Thismodificationwas substantially enhanced by add-
ing increasing amounts of RLIM. The smear was undetectable
when GST-TRF1, E1, and UbcH5a, or His-ubiquitin, were
omitted. When the same blot was probed with anti-V5 anti-
body, unmodified and self-ubiquitinated products of RLIM
were visualized (Fig. 3A). To exclude the possibility that other
cellular proteins co-precipitated with RLIM from the trans-
fected H1299 cell lysates may influence TRF1 ubiquitination,
we used bacterially expressed GST-RLIM as an E3 ligase for in
vitro ubiquitination assay. As shown in Fig. 3B, TRF1 was effi-
ciently ubiquitinated by adding increasing amounts of
GST-RLIM.
To examine whether RLIM contributes to the ubiquitination

ofTRF1 in vivo, H1299 cells were co-transfectedwithHA-ubiq-
uitin, FLAG-TRF1 (or FLAG-TRF2), and RLIM-V5 (or RLIM-
(1–310)-V5) and then subjected to immunoprecipitation.
Anti-FLAG immunoprecipitates were probed with anti-HA
antibody to illuminate ubiquitin-modified TRF1 (Fig. 3C).
Ubiquitin conjugates of TRF1 were readily detected when
RLIMwas expressed, and the levels of ubiquitinated TRF1were
correlated with the amounts of ectopically expressed RLIM.
In contrast, RLIM-(1–310), which does not contain a RING

finger motif, failed to ubiquitinate
TRF1, indicating that the RING fin-
ger domain is essential for E3 activ-
ity of RLIM. Interestingly, ubiquiti-
nation of TRF2 was not observed
even when RLIM was highly
expressed. To further examine the
in vivo role of RLIM in the ubiquiti-
nation of TRF1, H1299 cells were
co-transfected with HA-ubiquitin,
FLAG-TRF1, and together with or
without RLIM-V5 and immunopre-
cipitated with anti-FLAG antibody
followed by immunoblotting with
anti-HA antibody (Fig. 3D).
Although noTRF1-ubiquitin conju-
gates were observed in untreated
cells, a low level was detected after
4 h of MG132 treatment. In marked
contrast, co-expression of RLIM
caused a dramatic increase in the
amounts of ubiquitinatedTRF1 spe-
cies. When the expression levels of
RLIM were examined by immuno-
blottingwith anti-V5 antibody, both
unmodified and self-ubiquitinated
RLIM species increased in a time-
dependent manner in response to
MG132 treatment (Fig. 3D). These
data indicate that RLIM is an E3
ligase for TRF1 ubiquitination in
mammalian cells.
RLIM Expression Reduces the

Steady-state Level of TRF1—Be-
cause RLIM promotes ubiquitina-
tion of TRF1, we next examined its

ability to regulate the level of TRF1. H1299 cells were co-trans-
fected with FLAG-TRF1 (or FLAG-TRF2) and increasing
amounts of RLIM-V5, followed by immunoblotting with anti-
FLAG antibody. Overexpression of RLIM resulted in a clear
reduction in the level of TRF1 in a dose-dependent manner but
overexpression of RLIM-(1–310) did not affect the level of
TRF1 (Fig. 4A). In contrast, the expression level of TRF2 was
not affected by overexpression of RLIM. On the basis of these
data, we concluded that RLIM acts as a negative regulator of
TRF1 function through ubiquitin-mediated proteolysis in
mammalian cells. To examine whether reduction in TRF1
level is due to a RLIM-related decrease in the transcription
level, the impact of RLIM on gene expression of TRF1 was
evaluated using reverse transcription-PCR analysis. Whereas
RLIM mRNA levels were much higher in cells expressing the
gene (relative to control cells), we observed no significant dif-
ference in the steady-state levels of TRF1 mRNA in cells
expressing RLIM and the empty vector (Fig. 4B).
Although we showed that RLIM associates with and effi-

ciently ubiquitinates TRF1, our data did not exclude the exist-
ence of other E3 ligases that target TRF1. Recently, it was
reported that Fbx4, a member of the F-box family of proteins,

FIGURE 3. RLIM serves as an E3 ubiquitin ligase for TRF1. A, RLIM-V5 was expressed in H1299 cells and
affinity-purified from cells pretreated with 10 �M MG132 for 4 h using anti-V5 antibody-coupled with protein
A-Sepharose beads. GST-TRF1 was incubated with increasing amounts of RLIM-V5 in the presence of E1,
UbcH5a (E2), and His-ubiquitin (Ub) as indicated. After the ubiquitination reaction, the samples were analyzed
by SDS-PAGE and immunoblotting with anti-ubiquitin antibody to reveal ubiquitinated products. B, GST-TRF1
was incubated with increasing amounts of GST-RLIM expressed in bacteria as indicated. Ubiquitinated prod-
ucts were detected by immunoblotting with anti-TRF1 antibody. C, H1299 cells were co-transfected with
HA-ubiquitin, FLAG-TRF1 (or FLAG-TRF2), and together with either increasing amounts of RLIM-V5 or RLIM-(1–
310)-V5 as specified and treated with 10 �M MG132 for 4 h. Immunoprecipitation was performed with anti-
FLAG antibody before probing with anti-HA antibody. D, H1299 cells were co-transfected with HA-ubiquitin,
FLAG-TRF1, and together with or without RLIM-V5 as indicated and treated with 10 �M MG132 for the indicated
times. Anti-FLAG immunoprecipitates and cell lysates were analyzed by immunoblotting with anti-HA anti-
body and anti-V5 antibody probes, respectively.
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targets TRF1 for ubiquitin-mediated degradation (21). To
investigate whether RLIM promotes the turnover of TRF1 pro-
tein independently of Fbx4, we examined the effects of RLIMor
FBX4 on the half-life of TRF1. H1299 cells were transfected
with RLIM, FBX4, or both, incubated with cycloheximide to
block new protein synthesis, and then analyzed by immuno-
blotting with anti-TRF1 antibody. As shown in Fig. 4C, and
graphically in Fig. 4D, TRF1 was turned over with a half-life of
�4.5 h. In contrast, overexpression of either RLIM or Fbx4
caused a clear reduction in the half-life of TRF1, which was

further decreased in cells co-trans-
fected with both RLIM and Fbx4.
Interestingly, expression of RLIM,
but not Fbx4, had little effect on cel-
lular levels of TRF1 for the first 3 h.
Turnover of TRF1 was blocked by
the MG132 treatment, indicating
that TRF1 degradation is mediated
by the proteasome. Taken together,
these data indicate that RLIM, like
Fbx4, can negatively regulate the
steady-state level of TRF1 protein.
RLIM Regulates the Level of En-

dogenous TRF1—To examine the
direct effect of RLIM on the level of
endogenous TRF1, we established
HT1080 cell lines stably expressing
RLIM or control vector. Two inde-
pendent clones were isolated to rule
out the effect of clonal variation.
Level of RLIM was examined by
immunoblotting with anti-RLIM
antibody. The amount of ectopically
expressed RLIM was �9.3-fold
greater than that of endogenous
protein (Fig. 5A). Cells expressing
RLIM and control vector grew nor-
mally and exhibited no detectable
differences in growth rates or mor-
phology over 75 population dou-
blings. Whereas endogenous TRF1
was readily detectable in vector con-
trol cells, the amount of TRF1 pro-
tein was significantly reduced in all
RLIM-expressing clones examined
(Fig. 5A). In contrast, the level of
endogenous TRF2 was not affected
by overexpression of RLIM.
To confirm the role of RLIM in a

more physiological setting, the
expression of endogenous RLIM
was inhibited using shRNA pro-
duced from a lentiviral vector. Of
the two different shRNA viral con-
structs used, one (shRNA2) sub-
stantially reduced RLIM level as
determined by quantitative immu-
noblotting (Fig. 5B). Depletion of

endogenous RLIM by shRNA2 in HT1080 cells caused a pro-
nounced accumulation of endogenous TRF1 protein, indicat-
ing that RLIM negatively regulates TRF1 expression. These
results were reproducible with two independently isolated
clones (shRNA2-1 and shRNA2-2). Endogenous TRF2 level
was not altered by depletion of RLIM. To further examine the
specificity of RLIM shRNA2, we performed the rescue assay
with RNAi-resistant RLIM (RNAi-R-RLIM). Three nucleotides
of wild type RLIM were mutated to create resistance to
shRNA2, and the encoding protein was not altered. Cells stably

FIGURE 4. Overexpression of RLIM reduces the steady-state level of TRF1 protein. A, H1299 cells were
co-transfected with FLAG-TRF1 (or FLAG-TRF2) and either increasing amounts of RLIM-V5 or RLIM-(1–310)-V5
as specified. The levels of ectopically expressed TRF1 (or TRF2) and RLIM were determined by immunoblotting
with anti-FLAG antibody and anti-V5 antibody, respectively. An antibody against �-actin was used as a loading
control. B, representative results of reverse transcription-PCR analysis for the expression of RLIM and TRF1
genes in H1299 cells transfected with RLIM. Reverse transcription-PCR products from each sample were nor-
malized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) signal. C, H1299 cells were transfected with
RLIM-V5, HA-Fbx4, or both and treated with 100 �g/ml cycloheximide together with, or without, 10 �M MG132
for the indicated times. The nuclear fractions were analyzed on immunoblots with anti-TRF1 antibody or
anti-TATA-binding protein (TBP) antibody. D, graphical representation of relative TRF1 levels normalized
against the TATA-binding protein loading control. The graph represents an average of three independent
experiments.
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expressing shRNA2-1 or shRNA2-2
were transfected with wild type
RLIM or RNAi-R-RLIM and exam-
ined for the expression of endoge-
nousRLIMby immunoblotting (Fig.
5C). The expression of RLIM was
inhibited in cells transfected with
wild type RLIM but not in cells
transfected with RNAi-R-RLIM.
When wild type RLIM was trans-
fected, the TRF1 level in the
shRNA2 cells was significantly
higher than that in the scrambled
shRNA cells. However, the expres-
sion of RNAi-R-RLIM in the
shRNA2 cells attenuated the accu-
mulation of endogenous TRF1 to a
similar level of the scrambled
shRNA cells. To exclude the prob-
lems associated with the off-target
effects of shRNA, HT1080 cells
were transiently transfected with
two different siRNA duplexes tar-
geting RLIM and subjected to
immunoblotting (Fig. 5D). Both
siRNA1 and siRNA2 decreased the
level of RLIM protein. TRF1 level in
cells transfected with siRNA
duplexes targeting RLIMwas signif-
icantly higher than that in cells
transfected with control nontarget-
ing siRNA. RLIM siRNA did not
alter the quantities of TRF2 protein.
Because the expression of RLIM

was inhibited by RLIM shRNA2,
we further validated in vivo associ-
ation of TRF1 and RLIM in the
shRNA2 cells. Cells stably expressing
shRNA2-1 or shRNA2-2 were trans-
fected with FLAG-TRF1 or FLAG-

TRF2 and subjected to immunoprecipitation (Fig. 5E). When
FLAG-TRF1 was expressed, the signal of immunoprecipitated
RLIM was significantly reduced in the RLIM shRNA2 cells
compared with the scrambled shRNA cells. However, RLIM
was not detected in anti-FLAG immunoprecipitates when
FLAG-TRF2 was expressed. These results clearly indicate that
the protein immunoprecipitated with TRF1 that is detected
with anti-RLIM antibody is RLIM.
We further confirmed that the amount of endogenous RLIM

is involved in regulating the stability of endogenous TRF1. The
stability of TRF1 protein was monitored by immunoblotting
with anti-TRF1 antibody in cell lines stably expressing RLIM or
shRNA2-1 or the scrambled vector after cycloheximide treat-
ment to inhibit new protein synthesis. Overexpression of RLIM
reduced the half-life of TRF1 when compared with the scram-
bled vector cells (Fig. 6). In contrast, depletion of RLIM by
shRNA2-1 significantly extended the half-life of TRF1. In all
cell lines, TRF1 was stabilized upon treatment with MG132.

FIGURE 5. RLIM regulates the levels of endogenous TRF1 protein. A, HT1080 clones stably expressing
RLIM-V5 (OE-1 and OE-2) or the control empty vector were harvested at 75 population doublings and subjected
to immunoblotting with anti-RLIM, anti-TRF1, anti-TRF2, or �-actin antibodies. The relative levels of RLIM and
TRF1 were determined from three independent experiments using �-actin as a loading control. B, HT1080
clones stably expressing RLIM shRNA2 (shRNA2-1 and shRNA2-2) or scrambled shRNA were harvested at 75
population doublings and subjected to immunoblotting with anti-RLIM, anti-TRF1, anti-TRF2, or �-actin anti-
bodies. The relative levels of RLIM and TRF1 were determined from three independent experiments using
�-actin as a loading control. C, HT1080 cells stably expressing RLIM shRNA2 (shRNA2-1 and shRNA2-2) or
scrambled shRNA were transfected with wild type RLIM (wt RLIM) or RNAi-R-RLIM and examined for expression
of endogenous RLIM, TRF1, and TRF2 by immunoblotting. D, HT1080 cells were transiently transfected with
siRNA duplexes, either nontargeting control or targeting RLIM (siRNA1 and siRNA2) for 3 days and examined for
the expression of endogenous RLIM, TRF1, and TRF2 by immunoblotting. E, HT1080 cells stably expressing
RLIM shRNA2 (shRNA2-1 and shRNA2-2) or scrambled shRNA were transfected with FLAG-TRF1 or FLAG-TRF2
and subjected to immunoprecipitation (IP) with anti-FLAG antibody, followed by immunoblotting with anti-
RLIM antibody.

FIGURE 6. RLIM regulates the half-life of endogenous TRF1. A, stable
clones expressing the control vector, RLIM-V5 (OE-1), or shRNA (shRNA2-1)
were treated with 100 �g/ml cycloheximide together with, or without, 10 �M

MG132 for the indicated times followed by immunoblotting with anti-TRF1
antibody or anti-actin antibodies. B, graphical representation of relative TRF1
levels normalized against the �-actin loading control. The graph represents
an average of three independent experiments.
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Taken together, these results indicate that RLIM regulates the
half-life of endogenous TRF1 through ubiquitin-mediated
proteolysis.
Depletion of RLIM Leads to Progressive Telomere Shortening

and Impaired Cell Growth—Given that shRNA-mediated
depletion of RLIM increases the amount of endogenous TRF1
protein, we wished to determine whether inhibition of RLIM is
attended by change in telomere length. We performed a termi-
nal restriction fragment length analysis in HT1080 cells stably
expressing RLIM shRNA2 at various population doublings.
Cells stably expressing RLIM shRNA2-1 or shRNA2-2 main-
tained the decreased level of RLIM and the increased level of
TRF1 over 75 population doublings (see Fig. 5B). Control cells
maintained a stable terminal restriction fragment length with
an average telomere length of �7 kb up to 75 population dou-
blings (Fig. 7, A and B). However, inhibition of RLIM led to a
clear reduction in telomere length in two independent stable
cell lines. These findings suggest that depletion of endogenous
RLIM resulted in an increase of TRF1 expression and subse-
quent progressive telomere shortening. It is noteworthy that
stable overexpression of RLIM did not cause a marked increase
in telomere length over 75 population doublings (data not
shown). This might be because telomeres in RLIM-overex-
pressing cells apparently do not elongate as much as observed
in the terminal restriction fragment length analysis.

Finally, we examined the effects
of RLIM inhibition on growth sup-
pression. As shown in Fig. 7C, the
growth rates of RLIM-depleted cells
were significantly reduced when
compared with control cells. To
determine whether this growth
inhibition correlates with an altered
cell cycle distribution, RLIM-de-
pleted cells were subjected to flow
cytometric analysis by propidium
iodide staining. RLIM-depleted
cells exhibited an increase in the
proportion of cells in G1 and a
decrease in the proportion of cells in
S phase compared with control cells
(Fig. 7D). This was reflected by an
increase in theG1/S ratio from3.5 to
5.9, which is consistent with growth
arrest in the G1 phase of the cell
cycle. As inhibition of RLIM expres-
sion resulted in an increase in TRF1
protein, these data suggest that
RLIM plays an important role in
determining the level of TRF1 in
cells and is involved in telomere
length-mediated growth suppres-
sion and cell cycle control.

DISCUSSION

TRF1 negatively regulates the
telomere length by inhibiting the
interaction between telomeres and

telomerase (12, 17). This suggests that the abundance of TRF1
protein at telomeres is tightly regulated. Sequential post-trans-
lational modifications of TRF1, including phosphorylation,
poly(ADP-ribosyl)ation, and ubiquitination, play a critical role
inmodulating telomere length homeostasis by determining the
level of TRF1 at telomeres (21, 22, 25). Here we describe a novel
function of RLIM for regulating the abundance of TRF1 in
mammalian cells. RLIM interacts with TRF1 and promotes its
ubiquitination in vitro and in vivo, thus acting as a negative
regulator of TRF1. Whereas overexpression of RLIM reduces
the half-life of endogenous TRF1 protein, depletion of RLIM
results in an increase of endogenous TRF1 expression, subse-
quently leading to progressive telomere shortening and
impaired cell growth. These results support the hypothesis that
RLIM plays a critical role in regulating the level of TRF1 and
participates in telomere maintenance.
It has been reported previously that TRF1 is degraded by

ubiquitin-mediated proteolysis after release from telomeres
(19). Recently, Fbx4 was shown to interact with and target
TRF1 for ubiquitin-mediated degradation by acting as a sub-
strate-specific adaptor of a Cul1-based ubiquitin ligase com-
plex (21). Like Fbx4, RLIM has ubiquitin ligase activity and
can promote ubiquitination and degradation of TRF1. Over-
expression of either RLIM or Fbx4 in cells causes a clear
reduction in the half-life of TRF1, which is further decreased

FIGURE 7. Depletion of RLIM leads to progressive telomere shortening and impaired cell growth.
A, genomic blot of telomere restriction fragments in stable HT1080 clones expressing RLIM shRNA2 (shRNA2-1
or shRNA2-2) or the control scrambled shRNA. Genomic DNA was isolated at the indicated population dou-
blings (PD), digested with RsaI and HinfI, and analyzed by Southern blotting using a telomere repeat probe.
B, graphical representation of average terminal restriction fragment length versus population doubling num-
ber from two independent experiments. C, growth curves of stable HT1080 clones expressing RLIM shRNA2
(shRNA2-1 or shRNA2-2) or the control scrambled shRNA. Stable clones were replated every 3– 4 days to
maintain log-phase growth and to calculate the growth rate. D, cell cycle profiles of stable clones expressing
RLIM shRNA2. Stable clones were harvested at 60 population doublings, and cell cycle profiles were deter-
mined by propidium iodide staining and flow cytometry. The results represent the average of three independ-
ent experiments.
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in cells co-transfected with both genes. These data suggest
that RLIM may function independently of Fbx4. Moreover,
RLIM binds to the internal region between the dimerization
and the Myb domain of TRF1 (residues 265–378), whereas
Fbx4 associates with the N-terminal region in the dimeriza-
tion domain of TRF1 (residue 48–155). Thus, it will be
informative to determine whether both proteins can bind
TRF1 simultaneously. Because RLIM and Fbx4 are each
capable of promoting ubiquitination of TRF1, RLIM appears
to target TRF1 for ubiquitin-mediated degradation through
an Fbx4-independent mechanism. However, this does not
exclude the possibility that the two proteins may function
cooperatively under physiological conditions.
The functional similarity between RLIM and Fbx4 raises

important questions about the physiological significance of
multiple pathways that exert negative control over TRF1. TRF1
binds to telomeric DNA as a homodimer and can be covalently
modified for determining its abundance at telomeres (18, 19).
These findings suggest that different forms of TRF1 can co-
exist within a cell. The different forms of TRF1may be targeted
for ubiquitination by different pathways, depending on cell type
or physiological condition. For example, tankyrase 1 poly(ADP-
ribosyl)ates TRF1 and releases it from telomeres, allowing
access of telomerase to telomeres (19, 25). The fact that the
tankyrase 1-dependent turnover of TRF1 requires Fbx4 indi-
cates that FBx4 is downstream of tankyrase 1 in the TRF1 deg-
radation pathway (21). Recently, it was reported that CK2-me-
diated phosphorylation enhances the ability of TRF1 to bind
telomeric DNA in vitro and in vivo (22). On the contrary, inhi-
bition of CK2 results in the nonphosphorylated form of TRF1,
which in turn leads to a decrease in its DNA binding activity. It
will be of interest to determine whether the dissociated
telomere-unbound form of TRF1 is degraded by different ubiq-
uitination mechanism.
When TRF1 is dissociated from telomeres either by acti-

vation of tankyrase 1 (19) or inhibition of CK2 (22), telom-
erase can gain access to the TRF1-free telomeres to add the
telomeric repeats. The resulting telomere-unbound TRF1
could be ubiquitinated by RLIM and/or Fbx4, and subse-
quent degradation of TRF1 by the proteasome prevents its
rapid reassociation with telomeres. The ability of RLIM to
promote ubiquitin-mediated degradation of TRF1 was effi-
ciently inhibited by the MG132 treatment, suggesting that
TRF1 degradation occurs in a separate step from its dissoci-
ation from telomeres. This is consistent with previous find-
ings that telomere-bound TRF1 is protected from ubiquiti-
nation (19). Based on this hypothesis, RLIM could
preferentially interact with and ubiquitinate the telomere-
dissociated form of TRF1 to rapidly degrade this protein.
Thus, telomeres seem to be assembled with newly synthe-
sized TRF1 rather than the dissociated telomere-unbound
TRF1 to establish telomerase-inaccessible telomeres.
Overall, our results provide an insight into the new cellular

function of RLIM in addition to its function to inhibit devel-
opmental LIM homeodomain activity (31, 32). Although
important questions about redundancy and the physiologi-
cal significance of multiple E3 ligases that control the abun-
dance of TRF1 at telomeres remain to be resolved, our

results indicate that RLIM represents a new pathway for
modulating telomere length homeostasis by acting as a neg-
ative regulator of TRF1.
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Old, L. J. (1999) Int. J. Cancer 83, 456–464

38. Joazeiro, C. A., and Weissman, A. M. (2000) Cell 102, 549–552
39. Kim, J. H., Park, S. M., Kang,M. R., Oh, S. Y., Lee, T. H., Muller, M. T., and

Chung, I. K. (2005) Genes Dev. 19, 776–781
40. Zhou, X. Z., and Lu, K. P. (2001) Cell 107, 347–359

Ubiquitin-mediated Proteolysis of TRF1 by RLIM

8566 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 13 • MARCH 27, 2009


