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Abstract
Tripartite motif-containing 28 (TRIM28) is an E3 ubiquitin ligase harboring multiple cellular functions. We found that the
TRIM28 protein is frequently overexpressed in patients with lung cancer. The stable overexpression of TRIM28 in lung
cancer cells and xenograft models significantly increased the proliferation, migration, and invasiveness, whereas knockdown
of TRIM28 had the opposite effect. We further observed that TRIM28 regulates the ubiquitin ligases RLIM and MDM2 to
target the p53 levels during lung tumorigenesis. These data provide new insights into lung cancer development and potential
new therapeutic targets for this disease.

Introduction

Lung cancer is one of the leading causes of cancer mor-
talities globally, resulting in more than one million deaths
worldwide [1]. The 5-year survival rate in lung cancer is
only approximately 15%, mainly due to the high late-stage
diagnosis rates and metastatic potential [2]. Anticancer

drugs such as gefitinib and erlotinib that target receptor
tyrosine kinases (RTKs) or epidermal growth factor recep-
tors (EGFRs) have shown some efficacy in these patients,
but most non-small cell lung carcinoma (NSCLC) cases
show drug resistance and metastatic propensities [3–5]

The lungs are exposed to various environmental stresses
such as fine particulate matter and pathogens [6]. To
maintain tissue homeostasis, cellular protein levels need to
be tightly regulated. This protein quality control is mediated
by the ubiquitin-proteasome system (UPS) and lysosomal/
autophagic protein degradation pathways [7, 8]. The UPS
regulates a variety of signaling pathways and is one of the
major mechanisms controlling protein homeostasis and
developmental decisions [6]. In the UPS pathways, ubi-
quitin is transferred to its targets via the E1–E2–E3 cascade,
wherein the E3 ubiquitin ligases are responsible for sub-
strate selection and therefore control ubiquitin chain linkage
specificities [9–12].

TRIM28 (also known as KAP1 or TIF1-β) is a nuclear
corepressor with various intracellular regulatory functions,
including the responses to DNA damage and maintenance
of stem cell pluripotency [13, 14]. TRIM28 also harbors a
conserved RING finger domain and forms a complex with
various proteins to target them for ubiquitination/degrada-
tion. TRIM28 has been shown to cooperate with MDM2 to
regulate p53 ubiquitination and degradation in osteo-
sarcoma cells [15].

RLIM (also known as RNF12) is another E3 ubiquitin
ligase that maintains the expression of stem cell-specific
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genes and regulates X-chromosome inactivation [16–18].
RLIM interacts with MDM2 and mediates MDM2 degra-
dation through UPS, which is independent of the self-
ubiquitination activity of MDM2 [19].

To identify novel human lung cancer biomarkers, we
examined the protein level changes in the tumor/non-tumor
paired tissues from patients with lung cancer and found that
TRIM28 is highly expressed in lung cancer tissues. We
identified that RLIM is a novel substrate for the E3 ubi-
quitin ligase activity of TRIM28.

Furthermore, we showed that TRIM28 functions as an
oncogene in lung cancer that downregulates the p53 protein
levels in the p53–MDM2 cascade by targeting RLIM.
Moreover, we analyzed the survival rates of patients with
lung cancer and found that the levels of TRIM28 and RLIM
correlate with overall survival. Thus, elucidating the precise
regulatory mechanisms underlying the TRIM28–RLIM–

MDM2–p53 cascade will provide new insights into lung
cancer development and potential therapeutic strategies for
this disease.

Materials and methods

Antibodies and reagents

The following antibodies were purchased from various
vendors: PARP (9542), cleaved-caspase3 (9661, Cell Sig-
naling Technology); HA-tag conjugated HRP (2999, Cell
Signaling Technology); p21 (2947, Cell Signaling Tech-
nology); c-MYC (sc-40, Santa Cruz Biotechnology);
ubiquitin (sc-8017, Santa Cruz Biotechnology); TRIM28
(sc-33186, Santa Cruz Biotechnology); β-actin (sc-47778,
Santa Cruz Biotechnology; p53 (05–224, Millipore);
MDM2 (ab16895, Abcam); anti-MYC-tag conjugated HRP
(ab62928, Abcam); HA (MMS-101P, Covance); BAX
(610982, BD Bioscience); and RNF12 (YF-MA11494,
AbFrontier). DuoLink in situ fluorescence reagents were
purchased from Sigma-Aldrich. Small-interfering RNAs
(siRNAs) for human TRIM28 and RLIM were commer-
cially synthesized by Dharmacon and Genolution, respec-
tively, and the nucleotide sequences for these molecules are
presented in Supplementary Table S1.

Patients and lung tissue samples

Written informed consent was obtained from all the patients
with lung cancer who participated in this study. All
experimental protocols were approved by the Institutional
Review Board of Asan Medical Center and the University
of Ulsan College of Medicine (2014-0960, 2020-1117).
Human lung tissues were obtained through the Asan Bio
Resource Center (2014-20[89]).

Animal studies

All mice were bred at the animal facilities of the Asan
Institute for Life Sciences, University of Ulsan College of
Medicine. All animal procedures were approved by the
Institutional Ethics Committee and Institutional Animal
Care Committee of University of Ulsan College of Medi-
cine (2016-02-168 and 2017-12-281). The animal studies
were conducted in a double-blinded manner by separating
animal breeding and tissue analysis. The mouse experi-
ments were repeated twice, and the numbers of animals in
the experimental groups are described in the figure legends.

Cell culture

All cell lines (H460, H1299, HCC827, H2009, H1975,
H3255, HEK293T, A549, and A549-Luc) were obtained
from the American Type Culture Collection (ATCC). The
H460, H1299, HCC827, H2009, H1975, and H3255 cells
were cultured and passaged in Roswell Park Memorial
Institute (RPMI) 1640 supplemented with 10% fetal bovine
serum (FBS). The 293T, A549, and A549-Luc cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% FBS (Hyclone) and maintained in a
humidified atmosphere of 5% CO2 at 37 °C.

Quantitative RT-PCR (qPCR)

Total RNAs were isolated using a TRIzol extraction kit
following the manufacturer’s instructions (Invitrogen).
cDNAs were then synthesized using SuperScript II Reverse
Transcriptase (Invitrogen) and subjected to qPCR using
SYBR Green I Master Mix on a CFX Connect Real-time
PCR system (Bio-Rad). The qPCR primers used are listed
in Supplementary Table S2.

Stable isotope labeling by amino acids in cell
culture (SILAC)

Primary cells from lung cancer tissues and adjacent normal
tissues were extracted from patients with lung cancer as
described previously [20]. Primary cells (108) were grown in
lysine free DMEM supplemented with 10% dialyzed FBS
(Gibco), 2 mM L-glutamine (Thermo Fisher), pen/strep
(Gibco), and light (K0) lysine (50 µg/ml). The heavy med-
ium was replaced with K8-lysine. Heavy and light cells were
mixed equally by cell number and lysed in 8 ml of dena-
turing lysis buffer (50 mM Tris pH 8.0, 8M Urea, 75 mM
NaCl supplemented with protease inhibitors [Roche]). The
sonicated samples were diluted to lower the urea con-
centration to 4M and digested with trypsin as described
previously. Peptides were separated on 100 µm × 20 cm C18
reverse phase column with a gradient of 6 to 27%

Sequential ubiquitination of p53 by TRIM28, RLIM, and MDM2 in lung tumorigenesis 1791



acetonitrile in 0.125% formic acid over 180min. The 20
most intense peaks from each full MS scan acquired using
the Orbitrap XL (Thermo) were selected for MS/MS.

Mass spectrometry

For proteomic analysis, retroviral vectors were used to
stably express TRIM28 harboring a HA fusion tag in HeLa
and A549 cells. These cells were then used in immuno-
precipitation experiments, and any complexes formed were
analyzed by mass spectrometry, as previously described
[20]. Briefly, ~107 cells were treated with 125 mM DTBP
(Pierce) for 10 min and neutralized for 5 min before being
lysed in 4 ml of lysis buffer supplemented with protease
inhibitors. Cleared lysates were filtered through 0.45-μm
spin filters (Millipore) and immunoprecipitated with 30 μl
of anti-HA resin (Sigma). The complexes were then washed
with lysis buffer, resuspended in PBS, eluted with HA
peptide, and precipitated with 10% trichloroacetic acid. The
complexes were finally analyzed on a Thermo Orbitrap-XL
mass spectrometer.

TCGA analysis

To compare the TRIM28 expression levels between normal
and lung cancer tissues, RNAseq2 level 3 gene expression
data provided by the Cancer Genome Atlas (TCGA) were
analyzed. Normal data were obtained from 21 tumor-adjacent
normal tissues including lung cancer-matched normal tissues.
The expression values for TRIM28 were transformed to a
log2 fold-change at a level normalized using RSEM [21].

Colony formation assay

Cells were seeded at a density of 2 × 103 cells per well in 6-
well plates and cultured in DMEM for 2–3 weeks. The cells
were then fixed with 3.7% paraformaldehyde/sucrose and
stained with 0.5% crystal violet for 30 min.

Cell viability assay

Control or treated cells were seeded at a density of 1 × 105

cells per well and analyzed on days 1–4. At the end of each
incubation period, CellTiter-Glo reagent (Promega) was
added, and the plates were incubated at room temperature
for 30 min on an orbital shaker. Luminescence intensities
were determined using a GloMax® 96 Microplate Lumin-
ometer (Promega).

Wound-healing assay

Cells were seeded at a density of 5 × 105 cells per well in
6-well plates and incubated. Cell monolayers were

mechanically wounded with a sterile 200-μl pipette tip and
washed with medium to remove detached cells. Cell
migration was evaluated by measuring the differences in the
areas of the wounds.

Invasion assay

Cells were seeded at a density of 1 × 105 cells per well in
the upper chamber of a Transwell insert (Corning) coated
with 1–2 mg of Matrigel (BD Biosciences) that was placed
in a 24-well plate. The lower chamber was filled with 800 μl
of DMEM supplemented with 10% FBS, and the cells were
incubated for 36 h. Cells that invaded through the Matrigel
to the underside of the membrane were fixed with 3.7%
paraformaldehyde/sucrose and stained with 0.5% crystal
violet for 20 min. Cells that remained at the upper surface of
the insert were removed with a cotton swab, and the cells
that migrated through the upper chamber were counted in
five random fields under a light microscope.

Generation of stable cell lines using plasmid and
short hairpin RNA transfections

Lipofectamine 2000 (Invitrogen) or iN-fect (iNtRON) was
used for the plasmid transfection of A549 and
HEK293T cells following the manufacturer’s instructions.
After 48 h, transfected cells were harvested for further
analysis. For the generation of stable knockdown cell lines,
miR-30–based short hairpin RNA (shRNA) constructs and
VSVG and gag-pol helper vectors were used. Cells were
selected for at least 1 week in puromycin or blasticidin. The
shRNA sequences are listed in Supplementary Table S3.

Immunoblotting and immunoprecipitation

Human tissues were homogenized using a Dounce homo-
genizer in HEPES-buffered saline containing 10% glycerol,
1 mM EDTA, 2 mM EGTA, 1 mM DTT, 5 mM Na3VO4,
and 5 mM NaF, supplemented with protease inhibitors
(Roche). The cultured cells were rinsed once with ice-cold
PBS and then lysed in lysis buffer (50 mM Tris pH 7.4,
150 mM NaCl, 0.5% Triton X-100, and 1 mM EDTA)
supplemented with protease inhibitors (Roche). Both sets of
lysates were then centrifuged at 15000 g for 15 min, and the
protein concentrations were determined by BCA assay
(Pierce). Approximately 30 μg of protein extracts were
resolved by SDS-PAGE, analyzed by western blot using
primary antibodies followed by the corresponding IgG
horseradish peroxidase-conjugated secondary antibodies
(Thermo Fisher Scientific), and detected by enhanced che-
miluminescence (Bio-Rad).

For the immunoprecipitation experiments, the clarified
cell lysates (0.5–1 mg protein) were pre-cleared with 30 µl
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of protein-A/G sepharose 4 Fast Flow beads (GE Health-
care) for 1 h. The supernatant was incubated overnight with
3 µg of the appropriate antibody with rotation and then
precipitated by mixing with 30 µl of protein-A/G beads at
4 °C for an additional 3 h. Anti-HA or anti-Myc antibody-
conjugated agarose beads were used for immunoprecipita-
tion of HA or Myc tagged proteins, respectively. The beads
were washed five times with 1 ml of lysis buffer and then
subjected to immunoblotting.

Construction of reporter plasmids and luciferase
reporter assay

The PG13-Luc, a p53 reporter with a firefly luciferase gene
under the control of 13 p53 response elements, was pur-
chased from Addgene. A cDNA encoding Renilla luciferase
was cloned into the pRL-SV40 vector (Promega). A549 and
H1299 cells were transiently transfected with PG13-Luc and
pRL-SV40 using Fugene HD transfection reagent (Roche).
Cells were harvested and assayed for luciferase activities
following the manufacturer’s instructions (Promega).

Plasmid construction and site-directed mutagenesis

All open reading frames (ORF) were cloned into CMV-
MYC or CMV-HA vectors for transient transfection using
Gateway technology (Invitrogen). For the domain-mapping
experiment, the various TRIM28 and RLIM fragments were
PCR-amplified and subcloned into vectors using the for-
ward and reverse primer sets listed in Supplementary
Table S4. All constructs and mutations were verified by
nucleotide sequencing (IDT and Macrogen).

In vitro ubiquitylation assays

RLIM and TRIM28 proteins were purified from 293T cells
using immobilized anti-HA or anti-Myc resin (Sigma),
eluted with HA or Myc peptides (Sigma), and dialyzed
against buffer (0.1% Nonidet P40, 1 mM DTT, 150 mM
NaCl, 50 mM Tris-HCl pH 7.5, and 1 mM EDTA). RLIM
ubiquitylation reactions were performed in reaction buffer
containing 50 mM Tris-HCl (pH 7.5), 50 mM NaCl, 5 mM
MgCl2, 2 mM ATP, and 1 mM DTT. The indicated proteins
were assembled on ice, and reaction was initiated by the
addition of RLIM before incubation at 37 °C for 60 min.
The reaction mixture contained 156 μM ubiquitin, 150 nM
UBA1, 300 nM UBCH5, 350 nM TRIM28 (wild-type or
mutant), and 4 μM RLIM-HA. At the end of the incubation,
an equal volume of denaturing sample buffer was added,
and the reactions were stopped by incubation at 95 °C for 7
min. The reaction products were examined by SDS-PAGE
and immunoblotting with α-HA (RLIM) or α-MYC
(TRIM28) antibodies.

Xenograft study

Male BALB/c nude mice (4–6 weeks old) were randomly
divided into experimental groups. Mice were sub-
cutaneously injected with A549 cells (1 × 106 cells), H1299
cells (2 × 106 cells), or A549-Luc-C8 cells (2.5 × 105 cells),
as indicated in the figures, with a total volume of 50 ml
using a 27-gauge needle. To determine the tumor mass in
each animal, the greatest longitudinal diameter (length) and
greatest transverse diameter (width) were measured using an
external caliper. The tumor mass was then calculated by the
modified ellipsoidal formula: V= (L ×W2)/2, where V=
volume (in mm3), L= length (in mm), and W=width (in
mm). Bioluminescent imaging was carried out with IVIS
Lumina Series III (Perkin Elmer). For each imaging session,
the luciferin in PBS (a total of 150 mg luciferin per kg body
weight) was administered into the peritoneal cavity
according to the manufacturer’s protocol. Up to four ani-
mals were maintained in the instrument using the integral
anesthetic manifold and imaged 10 min after the luciferin
injection. The IVIS imaging system acquires a photographic
image of the mice and a quantitative bioluminescent signal,
which are then overlaid on the image.

Histology, immunohistochemistry, and
immunofluorescence staining

Mice were anesthetized using isoflurane (N2O:O2/70%:30%)
before transcardiac perfusion-fixation with heparinized sal-
ine containing 3.7% formaldehyde. The xenograft tumors
were immediately embedded in OCT medium and frozen on
dry ice. A cryotome was used to cut the tissue into 10-μm
thick sections, which were placed on Superfrost Plus slides
(Surgipath Medical), dried at room temperature, and kept at
−80 °C until they were thawed for immunostaining.

For immunohistochemistry, paraffin-embedded sections
of human lung tumor samples were de-waxed in xylene and
rehydrated in ethanol. Antigen retrieval was subsequently
performed by boiling the sections in a sodium citrate buffer
(pH 6.0). Tissue sections were then incubated with indi-
cated antibodies at 4 °C for 18 h. After washing three times
with PBS, the sections were incubated with a peroxidase-
conjugated secondary antibody and stained with 3′,3′-dia-
minobenzidine (DAB) substrate solution. The nuclei were
further stained with hematoxylin. DAB-stained images were
then obtained using the Leica DM 750 microscope.

For the TUNEL assay, frozen sections of xenograft
tumors were incubated in PBS containing 0.1% Triton
X-100. TUNEL reactions were then performed at 37 °C for
60 min using an In situ Cell Death Detection Kit, Fluor-
escein (Roche), following the manufacturer’s instructions.
Cell nuclei were counterstained with DAPI. The tumor
sections were mounted using Vectashield mounting
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medium, and fluorescence images were obtained in three
random fields per tissue section at a ×100 magnification
under an LSM 710 confocal microscope equipped with
argon and helium-neon lasers (Zeiss).

Statistical analysis

All data were statistically analyzed using SPSS 16.0 (SPSS,
Inc.), and the results are expressed as the mean ± standard
deviation (SD) of at least three independent experiments.
Comparisons between two groups were performed using
Student’s t tests, whereas one- or two-way analysis of
variance (ANOVA) with Dunnett’s post-hoc tests was used
to compare the results of multiple groups. A P-value of
<0.05 was considered significant.

Results

TRIM28 is highly expressed in lung cancer tissues

To identify new lung cancer markers, we analyzed the
protein profiles between cancer and adjacent normal tis-
sues from patients with lung cancer using stable isotope
labeling with amino acids in cell culture-based quantitative
proteomics (Fig. 1a). TRIM28 showed a significant ratio
between cancer and normal tissues (Supplementary
Fig. S1). To study the expression of TRIM28 in lung
cancer, we analyzed the protein levels of TRIM28 in 104
paired lung cancer and adjacent normal tissues by western
blotting (Fig. 1b, c and Supplementary Fig. S1) and con-
ducted an immunohistochemical analysis using antibodies
against TRIM28 and Ki67 (Fig. 1d). Notably, we found
that TRIM28 was highly expressed in 79.8% of the sam-
ples (Fig. 1e) and that its expression levels were sig-
nificantly increased in the lung cancer tissues (P < 0.001;
Fig. 1e). Notably, TRIM28 proteins were overexpressed
regardless of the type or stage of disease (Fig. 1f, Sup-
plementary Table S4). Furthermore, consistent with our
findings, the TCGA database indicated that the TRIM28
level is higher in lung cancer tissues than in normal tissues
(Fig. 1g).

Knockdown of TRIM28 inhibits tumor growth

To assess the effects of TRIM28 on lung cancer cell pro-
liferation, multiple shTRIM28s were stably transfected into
A549 cells (Fig. 2a). A reduction in TRIM28 expression
level was associated with a significant decrease in cell
proliferation (P < 0.001, t test; Fig. 2b, c). Additionally, a
wound-healing assay in the TRIM28-knockdown cells
showed significantly decreased cell migration (P < 0.001,
t-test; Fig. 2d). Cell invasion assay showed that the

knockdown of TRIM28 substantially suppressed the inva-
siveness of lung cancer cells (P < 0.001, t test; Fig. 2e).
Similar results were obtained in H460 cells but not in
H1299 cells (Supplementary Fig. S2). This may indicate
that p53 is involved in the TRIM28 pathway in lung cancer
because A549 and H460 lung adenocarcinoma cells harbor
wild-type p53, whereas H1299 is a p53-null lung cancer cell
line [22].

Next, to assess the effects of TRIM28 on tumor growth
in vivo, A549 or H1299 cells stably expressing control or
shTRIM28s were subcutaneously injected into the lower left
flank of NOD-SCID mice. Consistent with our in vitro results,
TRIM28-knockdown mice had a significantly lower tumor
volume than the control mice (mean tumor volume on day 30
for control vs. TRIM28, 338.74mm3, SD= 38.67mm3 vs.
41.39mm3, SD= 24.17mm3; P < 0.001; Fig. 2f); this was
observed in those transfected with A549 cells but not H1299
cells (Supplementary Fig. 3). These data further supported the
critical role of TRIM28 in lung cancer cell growth and the
involvement of p53 in this pathway.

TRIM28 overexpression promotes tumorigenic
growth in the lung

To further verify that TRIM28 is involved in lung cancer
cell proliferation, migration, and invasion, we stably over-
expressed TRIM28 in A549 cells and performed similar
assays to those used in the knockdown experiments
(Fig. 3a–f). In contrast to the TRIM28-knockdown cells, the
results of colony formation, cell proliferation, and migration
and invasion assays revealed a marked elevation of these
properties in TRIM28-overexpressed cells (P < 0.01, P <
0.01, P < 0.01, and P < 0.001, t test, respectively;
Fig. 3b–e). To assess the effects of TRIM28 on tumor
formation in vivo, stable TRIM28-expressing A449 cells
were subcutaneously injected into NOD-SCID mice. As
shown in Fig. 3f, the TRIM28-overexpression mice had
statistically larger tumor volumes than the control mice
(mean tumor volume on day 24, control vs. TRIM28,
293.12 mm3, SD= 37.77 mm3, vs. 618.84 mm3, SD=
59.63 mm3; P < 0.001; Fig. 3f). Taken together, the over-
expression and knockdown results provide further support
for the critical role of TRIM28 in lung tumor growth.

RLIM acts as a TRIM28-interacting protein

To further dissect the mechanisms involving TRIM28 in
lung cancer development, we identified putative substrates
for this factor using interaction proteomics (Fig. 4a). RLIM
was identified as a high-confidence candidate protein inter-
acting with most other peptides (Supplementary Table S2).
To validate this putative physical association between
TRIM28 and RLIM, we analyzed the expression of
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endogenous proteins in A549 and H1299 cells. Both pro-
teins were detectable in anti-TRIM28 immunoprecipitated
complexes but not in the control (Fig. 4b). Next, we
examined the transient co-expression of HA-TRIM28 and
Myc-RLIM in A549, H1299, and 293T cells. Immunopre-
cipitation of HA-TRIM28 complexes from the total cell
lysates confirmed the interaction between TRIM28 and

RLIM (Fig. 4c and Supplementary Fig. S4). Moreover, a
proximity ligation assay also confirmed the TRIM28-RLIM
interaction in the nucleus of A549 cells (Fig. 4d).

To map the domain that interacts with RLIM, we gen-
erated a series of truncation mutants of TRIM28 (Fig. 4e).
TRIM28 protein consists of four major structural domains—
RBCC domain (comprising the RING [Really Interesting

Fig. 1 Characterization of TRIM28 in lung cancer tissues.
a Schematic overview of the SILAC quantitative proteomics approach
used with paired lung cancer tissues and their adjacent normal lung
tissues. b Representative immunoblot for TRIM28 and β-actin
expression in 104 paired lung cancer tissues and their adjacent nor-
mal lung tissues. N, normal tissue; T, tumor. c Quantification of
TRIM28 protein expression using immunoblotting analysis in 104
paired lung cancer tissues and their adjacent normal lung tissues.
β-actin protein was used as an internal control. The error bar displays
the SD value determined with a two-sided Student’s t test; ***P <
0.001. d Immunohistochemical analysis of tumor and normal lung
tissues using antibodies against TRIM28 and Ki67. Scale bar, 50 μm.

e Graph of TRIM28 protein expression determined by immunoblot
analysis in 104 paired lung cancer tissues. β-actin protein was used as
an internal control. f TRIM28 expression levels and clinical char-
acteristics in the 104 lung cancer study cases. The P values represent
probabilities for TRIM28 expression levels between variable sub-
groups determined using a two-sided Fischer’s exact-test (tumor node
metastasis). g Expression levels of the TRIM28 gene in healthy indi-
viduals (normal, n= 640) and patients with lung cancer (tumor, n=
495) from the TCGA LUSC database. The box plot represents the
average expression of TRIM28 (mean ± SD). The horizontal line
indicates the median value.
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Fig. 2 Loss of TRIM28 suppresses the mobility and tumorigenic
growth of lung cancer cells. a Immunoblotting analysis of TRIM28
in A549 cells at 48 h after its knockdown using four lentiviral
shRNAs. b Effects of the TRIM28 knockdown on the colony forma-
tion of A549 cells. A549 cells transfected with TRIM28 shRNAs were
cultured for 10 days and stained with crystal violet to visualize and
count the colonies. c Effects of the TRIM28 knockdown on the via-
bility of A549 human lung cancer cells. Cell viability was monitored
for 3 days using a CellTiter-Glo luminescent assay (normalized to
control wild-type cells at day 0; **P < 0.01). d Effects of the TRIM28
knockdown on the migration of A549 lung cancer cells in a wound-
healing assay. Wound closure was determined in control and TRIM28-
knockdown cells at 24-, 48-, and 72-h time points. (***P < 0.001).

e Effects of the TRIM28 knockdown on cell invasion. A549 cells with
stably knocked down TRIM28 and controls were assayed in Transwell
inserts containing Matrigel-coated membranes. Invasive potential was
assessed after a 24-h incubation. Values shown are the mean ± SD of
the number of invading cells (***P < 0.001). Scale bar, 100 μm.
f A549 cells with stably knocked down TRIM28 and controls were
subcutaneously injected into athymic (nu/nu) mice and tumor growth
was measured using the formula 0.52 × length × width2 every 3 days
after injection. Tumor sizes are indicated by the volume, and the graph
shows the average volume ± SD of implanted tumors (n= 7 or 8 mice
per group, ***P < 0.001). All data values are expressed as the mean ±
SD of the results obtained from three independent experiments. A two-
sided Student’s t test was used for statistical analysis.
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New Gene] domain, two B-box type domains, and a leucine
zipper coiled-coil domain), HP1 protein binding domain,
Plant homeodomain, and Bromodomain [13]. A pull-down
assay with HA-TRIM28 and its various truncation mutants
was used to assess their interactions with Myc-RLIM.
Western blotting revealed that one discrete N-terminal
domain of TRIM28 containing RBCC was critical for
RLIM binding (Fig. 4g). We also performed a co-
immunoprecipitation assay to examine the binding of
TRIM28 to RLIM variants. A deletion mutant of RLIM
containing amino acids 1 to 312 showed a strong association
with HA-TRIM28 (Fig. 4h).

TRIM28 regulates RLIM through the ubiquitin-
proteasome system

Since both TRIM28 and RLIM are E3 ubiquitin ligases and
interact with each other, we hypothesized that TRIM28 reg-
ulates the ubiquitin-dependent degradation of RLIM or vice
versa. We first observed that TRIM28 knockdown sig-
nificantly increased the RLIM protein levels in various cell
lines (Fig. 5a and Supplementary Fig. S5a). In contrast, RLIM
depletion did not alter the TRIM28 protein levels (Fig. 5b).
Next, we examined the turnover of RLIM in the absence of
TRIM28. Knockdown of TRIM28 significantly increased the

Fig. 3 TRIM28 overexpression promotes the survival and growth
of lung cancer cells. a Immunoblotting analysis of A549 cells stably
expressing TRIM28. b Effects of TRIM28 overexpression on colony
formation. A549 cells overexpressing TRIM28 were grown for
10 days and the colonies were stained with crystal violet and counted.
Data shown in the graph represent the average colony number ± SD
(**P < 0.01). c Effects of TRIM28 overexpression on the viability of
A549 human lung cancer cells which was monitored for 4 days using a
CellTiter-Glo luminescent assay (with normalization to control wild-
type cells at day 0, **P < 0.01). d Effects of TRIM28 overexpression
on the migration of A549 lung cancer cells in a wound-healing assay.
Wound closure was determined in control and TRIM28 over-
expressing cells at 12-, 24-, and 48-h time points. (**P < 0.01).
e Effects of TRIM28 overexpression on cell invasion. Vehicle or

TRIM28-overexpressing A549 cells were assayed in Transwell inserts
containing a Matrigel-coated membrane. Invasive potential was
assessed after a 24-h incubation. Values are expressed as the mean ±
SD of the number of invading cells (**P < 0.01). Scale bar, 100 μm.
f A549 cells stably expressing control or exogenous TRIM28-
expressing vector were subcutaneously injected into athymic (nu/nu)
mice and tumor growth was measured using the formula 0.52 ×
length × width2 every 3 days after injection. Tumor sizes are indicated
by the volume, and the graph shows the average volume ± SD of
implanted tumors (n= 7 or 8 mice per group, ***P < 0.01). All data
values are expressed as the mean ± SD of the results obtained from
three independent experiments. A two-sided Student’s t test was used
for statistical analysis.
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half-life of RLIM in A549 and H1299 cells, indicating that
TRIM28 maintains the turnover of RLIM (Fig. 5c, d). We
also tested whether TRIM28 promotes RLIM ubiquitylation

in A549 cells. Treatment with shTRIM28s stabilized the
RLIM protein and significantly decreased the length of its
polyubiquitin chain in A549 cells (Fig. 5e). Additionally, we

Fig. 4 Interaction between TRIM28 and RLIM. a Flow chart of the
mass spectrometric analysis of A549 cells stably expressing HA-
TRIM28. b Extracts from A549 and H1299 cells were immunopre-
cipitated with either control IgG or TRIM28 antibodies, and then the
presence of RLIM and TRIM28 was determined by immunoblotting.
c Extracts from A549 and H1299 cells expressing HA-TRIM28 and
either empty vector or Myc-RLIM were immunoprecipitated with HA-
conjugated antibodies, and IP complexes, and total cell lysates (TCL)
were then immunoblotted with the indicated antibodies. d Cellular
localization of TRIM28 and RLIM. A proximal ligation assay (in situ
PLA) to detect binding between TRIM28 and RLIM proteins was
performed in A549 cells using DuoLink® in situ probes with the

indicated antibodies. The binding of anti-TRIM28 and anti-RLIM
antibodies was detected by emission of red fluorescence. e Schematic
overview of TRIM28 domains and deletion mutants. f Schematic
overview of RLIM domains and deletion mutants. g Bacterially
expressed HA-TRIM28 and various deletion mutants were bound to
glutathione-sepharose beads and incubated with Myc-RLIM proteins.
Bound Myc-RLIM proteins were detected by immunoblotting with
anti-Myc antibody. h Bacterially expressed Myc-RLIM and various
deletion mutants were bound to glutathione-sepharose beads and
incubated with HA-TRIM28 proteins. Bound HA-TRIM28 proteins
were detected by immunoblotting with anti-HA antibody.
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found that TRIM28, but not the mutant form of TRIM28,
promotes RLIM ubiquitination in vitro, which is consistent
with findings in mammalian cells (Fig. 5f).

Next, we examined whether TRIM28 affects the RLIM
protein level through its RING domain. A549 cells were co-
transfected with vectors encoding Myc-RLIM and

Fig. 5 TRIM28 regulates RLIM through the ubiquitin-proteasome
system. a RLIM protein levels in A549, H460, and H1299 cells
transfected with TRIM28-1 and -2 shRNA constructs. Cells were
treated with siRNAs and the samples were immunoblotted with RLIM,
TRIM28, and β-actin antibodies. b TRIM28 protein levels in A549,
H460, and H1299 cells transfected with RLIM-1 and -2 shRNA
constructs. Cells were treated with siRNAs and immunoblotted with
RLIM, TRIM28, and β-actin antibodies. c RLIM protein stability
assessed by immunoblotting. A549 and H1299 cells were transfected
for 72 h with the TRIM28-1 and -2 shRNA constructs followed by
incubation with 50 μg/ml cycloheximide (CHX) for the indicated
times. Cell lysates were prepared and immunoblotted with anti-RLIM,
TRIM28, and β-actin antibodies. d Graphs indicating the relative
amounts of RLIM protein compared with the levels of actin in the
immunoblot. The expression of each protein was analyzed using
ImageJ. A two-sided Student’s t test was used for the statistical

analysis; **P < 0.01, ***P < 0.001. e A549 cells were transfected with
TRIM28 or control siRNAs. Some cells were treated with velcade for
5 h before harvesting. Cell lysates were prepared, and the RLIM-
ubiquitin conjugates were detected by immunoblotting with an anti-
RLIM antibody. f Increasing amounts of HA-TRIM28 (or its C65A
variant with no enzymatic activity) was co-transfected with equivalent
amounts of Myc-RLIM into A549 cells. After 48 h, cell lysates were
prepared for immunoblotting. g A549 cells were transfected with
mixtures of plasmids expressing HA-TRIM28 and MYC-RLIM fol-
lowed by treatment with cycloheximide (CHX). Some cells were
treated with velcade for 5 h before harvesting. The cell lysates were
immunoblotted with anti-MYC, -HA, and -β-actin antibodies. f In vitro
ubiquitination of RLIM. Purified ubiquitin, E1, E2, RLIM, and
TRIM28 or TRIM28 (C65A) were incubated, and samples were
resolved by SDS-PAGE and subjected to immunoblot analysis as
indicated antibodies.
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increasing amounts of the HA-TRIM28 or HA-TRIM28
C65A mutant devoid of catalytic activity. The protein levels
of RLIM gradually decreased upon the co-expression of
TRIM 28 in high amounts but not TRIM28 C65A (Sup-
plementary Fig. S5b). In addition, the TRIM28 C65A
mutant successfully interacted with RLIM protein but did
not affect its levels in 293 T cells (Supplementary Fig. S5c).
Moreover, TRIM28 C65A had no effect on RLIM half-life
(Supplementary Fig. S5d). These results suggest that the N-
terminal RING domain of TRIM28 is responsible for the
protein stability of RLIM. Thus, our current data demon-
strate that TRIM28 promotes RLIM ubiquitylation and
degradation in a RING domain-dependent manner.

TRIM28 regulates the p53 protein levels through
RLIM-MDM2-dependent degradation

A previous study reported that RLIM regulates p53 through
MDM2 degradation [19]. Thus, we hypothesized that
TRIM28 may regulate the p53 protein through the RLIM
and MDM2 sequential ubiquitin ligase enzyme cascades.
First, we examined the turnover of MDM2 and p53 in the
absence of TRIM28, or TRIM28 and RLIM. When
TRIM28 levels were depleted in A549 and H460 lung
cancer cell lines, the half-life of RLIM was significantly
increased as expected. However, the levels of MDM2 were
drastically decreased, but those of p53 protein were
increased. Conversely, the turnover rates of MDM2 and p53
were reversed when both TRIM28 and RLIM were knocked
down in A549 and H460 cells (Fig. 6a–c). This indicates
that TRIM28 regulates the p53 protein through RLIM and
MDM2 degradation. Similar results were observed in
H1975, H3255, HCC827, and H2009 cells (Supplementary
Fig. S6a).

Next, we examined whether TRIM28 or TRIM28/RLIM
knockdown affected p53 activity using a PG13 promoter
assay. When shTRIM28s were transfected into p53 wild-
type A549 cells, we observed a marked increase in the p53
level, but this effect was reversed by the knockdown of both
TRIM28 and RLIM (Fig. 6d). Similar results were obtained
when we introduced p53 into p53-null H1299 cells
(Fig. 6e). To assess the effects of the TRIM28-RLIM axis
on p53 downstream factors, TRIM28 and TRIM28/RLIM
were knocked down in A549 cells. The TRIM28 knock-
down increased the levels of p53 target proteins such as p21
and Bax, but this effect was reversed by a combined
TRIM28/RLIM knockdown (Fig. 6f and Supplementary
Fig. S7a). We also confirmed that increased p21 and Bax
levels led to an increase in the expression of the apoptotic
gene PARP and cleaved caspase-3 (Fig. 6g). Quantitative
real-time PCR produced similar results for p53, p21,
MDM2, PUMA, BAX, and NOXA upon TRIM28- or
TRIM28/RLIM-knockdown but not in p53-null H1299 cells

(Fig. S7b, c). In summary, our data confirmed that TRIM28
promotes MDM2-dependent p53 ubiquitination/degradation
through RLIM.

Effects of a combined TRIM28/RLIM knockdown in a
xenograft model and TRIM28-RLIM protein levels in
patients with lung cancer

We confirmed that the TRIM28-RLIM axis regulates tumor
activity in a xenograft model. Knockdown of TRIM28
significantly inhibited tumor growth in mice while double
knockdown of TRIM28 and RLIM reversed this effect
(Fig. 7a, b), which further indicated that TRIM28 regulates
the RLIM protein during tumorigenesis. Analysis of apop-
tosis in tumor sections from patients with lung cancer
showed consistent results with the xenograft experiments
(Supplementary Fig. S8). We finally verified whether the
TRIM28 and RLIM protein levels affected tumorigenesis in
patients with lung cancer by analyzing their expression
levels in 104 paired lung cancer and adjacent normal tissues
by western blotting (Fig. 7c and Supplementary Fig. S9).
Notably, the survival analysis revealed that patients with
high TRIM28 and low RLIM levels had poorer overall
survival than those with high TRIM28 and high/unchanged
RLIM levels, which is consistent with our data (Fig. 7d).
Collectively, the findings of our study indicate that the
TRIM28/RLIM protein levels may be feasible prognostic
markers for lung cancer and that these factors may be
potential therapeutic targets for this disease.

Discussion

Our studies have shown that TRIM28 mediates lung
tumorigenesis by targeting the E3 ubiquitin ligase RLIM
(RNF12) in the p53-MDM2 axis. Furthermore, the E3
ligase activity of TRIM28 is involved in the degradation of
RLIM, an MDM2 inhibitor, which maintains low p53
protein levels (Fig. 7e). This in turn promotes tumor cell
proliferation and survival through the inhibition of p53
response elements such as p21, a CDK inhibitor [23], and
Bax, an apoptotic protein [24].

To identify differentially expressed proteins during lung
cancer development, we investigated the changes in protein
levels in tumor-normal tissue pairs from 106 patients with
lung cancer and found that TRIM28 is highly expressed in
lung cancer tissues (Fig. 1). Consistent with our findings,
several other groups have also reported that TRIM28 is
highly expressed in various cancer types including lung
cancer [25–28]. Overexpression of TRIM28 stimulated the
tumorigenic activities such as proliferation, migration, and
invasion in A549 cells (Fig. 3a–e). Additionally, when
A549/TRIM28 cells were injected into nude mice, the

1800 J.-O. Jin et al.



subsequent xenograft experiments revealed that TRIM28
protein levels are critical for tumor development. To further
confirm the tumorigenic role of TRIM28, we performed
knockdown experiments using shRNA constructs with dif-
ferent target sequences in A549 cells (Fig. 2). Subsequent
cell-based analyses such as colony formation and wound-
healing assays revealed that a deficiency in TRIM28 sup-
presses the proliferation, migration, and invasiveness of the
A549 cells (Fig. 2a–e). Furthermore, xenograft experiments
with TRIM28 knockdown indicated that a reduction in
the TRIM28 levels has a marked anti-tumorigenic effect
(Fig. 2f).

To better understand the tumor growth mechanisms
involving TRIM28 in lung cancer cells, we searched for
TRIM28-binding proteins using co-immunoprecipitation and
LC-MS/MS analyses. We thereby identified RLIM, which is
an E3 ubiquitin ligase originally isolated as a LIM-

homeodomain-binding protein [29]. We thus examined the
possible relationship between TRIM28 and RLIM proteins in
the p53-MDM2 axis. Results revealed that RLIM is a
downstream target of TRIM28 and functions between
TRIM28 and MDM2 and thereby acts as an MDM2 inhibitor
to regulate p53 protein levels. The E3 ubiquitin ligase activity
of TRIM28 is critical for mediating this TRIM28-dependent
RLIM poly-ubiquitination and degradation (Figs. 5, 6).

In lung tumors with low p53 levels, RLIM may be induced
by a deficiency in p53 levels to degrade MDM2 through a
positive feedback mechanism. However, in the case of
patients with lung cancer with high TRIM28 expression,
TRIM28 could degrade RLIM in a cell-autonomous manner
to maintain low p53 levels and thereby promote tumor cell
proliferation and survival. Therefore, lung cancers with high
TRIM28 levels can develop more severe malignancies than
those with low TRIM28 levels.

Fig. 6 TRIM28-RLIM-MDM2
cascade induces apoptosis in a
p53-dependent manner. a
Western blot analysis of A549
and H460 cells after siRNA-
mediated TRIM28 knockdown.
b A549 and H460 cells were
treated with the indicated
siRNAs followed by
cycloheximide (CHX) for the
indicated times. For assessment
of the half-life of MDM2-p53
protein complexes, cell lysates
were collected and
immunoblotted with the
indicated antibodies. c The
graphs indicate the relative
amounts of MDM2 and p53
proteins compared with the
levels of actin in the blot. The
expression of each protein signal
was analyzed using ImageJ
software. d–e A549 (p53 WT)
and H1299 (p53 null) cells were
transfected with PG3 promoter
to assess the p53 activity under
conditions of TRIM28
knockdown or TRIM28/RLIM
double knockdown for 16 h.
Cells were then lysed and
assayed for luciferase activities.
The values shown are the mean
± SD fold increases normalized
using control siRNA cells (**P
< 0.01, ***P < 0.001). f–g A549
cells were transfected with
TRIM28, TRIM28/RLIM, or
control siRNAs. The
endogenous p21, Bax, p53,
PARP, and cleaved caspase-3
levels were then determined by
immunoblotting.
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Previous studies have shown that the nuclear co-
repressor TRIM28 interacts with MDM2 and their interac-
tion stimulates p53–HDAC1 complex formation, suppresses
p53 acetylation, and facilitates p53 ubiquitination, subse-
quently inhibiting its transcriptional activity and regulatory
functions [15, 30]. This is consistent with our results that
the regulation of p53 degradation initiated by TRIM28 but it
may be slightly different in lung cancer since RLIM plays a
crucial role in p53 ubiquitination and degradation in vitro
and in vivo (Fig. 6, Fig. 7a, b).

Hence, a better understanding of the extrinsic regulatory
pathways of the TRIM28-RLIM-MDM2-p53 cascade is
vital for elucidating the processes underlying lung cancer
development. Indeed, RLIM acts as a component of the
transforming growth factor β (TGF-β) signaling pathway
[31]. The cytokine TGF-β induces the migration of
lung cancer cells [32]. In addition, the development of

therapeutic antibodies against TRIM28 or small molecules
that inhibit the interaction of TRIM28 and RLIM may be
viable new treatment approaches for patients with lung
cancer with high TRIM28 expression.

Taken together, we demonstrated that TRIM28 modulates
the p53-MDM2 axis in lung tumorigenesis by targeting
RLIM through its E3 ubiquitin ligase activity. Revealing the
precise regulatory mechanisms underlying this TRIM28-
RLIM-MDM2-p53 cascade will provide new insights into
lung cancer development and novel therapeutic approaches.
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