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Background: Trim28 appears up-regulated in many cancers.
Results: In early stage lung tumors high Trim28 correlates with increased overall survival and Trim28 reduces cell proliferation
in model lung cancer cell lines through E2F interactions.
Conclusion: Trim28 may have a tumor suppressing role in the early stages of lung cancer.
Significance: These results suggest a complex role for Trim28 in lung cancer.

Trim28 is a poorly understood transcriptional co-factor with
pleiotropic biological activities. Although Trim28 mRNA is
found inmany studies to beup-regulated inboth lung andbreast
cancer tissues relative to normal adjacent tissue, we found that
within a panel of early-stage lung adenocarcinomas high levels
of Trim28 protein correlate with better overall survival. This
surprising observation suggests thatTrim28mayhave anti-pro-
liferative activitywithin tumors. To test this hypothesis, we used
shRNAi to generate Trim28-knockdown breast and lung cancer
cell lines and found that Trim28 depletion led to increased
cell proliferation. Likewise, overexpression of Trim28 led to
decreased cell proliferation. Confocal microscopy indicated co-
localization of E2F3 and E2F4 with Trim28 within the cell
nucleus, and co-immunoprecipitation assays demonstrated that
Trim28 can bind both E2F3 and E2F4. Trim28 overexpression
inhibited the transcriptional activity of E2F3 and E2F4, whereas
Trim28 deficiency enhanced their activity. Co-immunoprecipi-
tations further indicated that Trim28 bridges an interaction
between E2Fs 3 and 4 and HDAC1. Promoter-reporter assays
demonstrated that the ability of HDAC1 to repress E2F3 and
E2F4-driven transcription is dependent on Trim28. Trim28
depletion increased E2F3 and E2F4 DNA binding activity, as
measured by chromatin-immunoprecipitation (ChIP) assays
while simultaneously reducing HDAC1 binding. Finally, ChIP-
ReChIP experiments demonstrated that Trim/E2F complexes
exist on several E2F-regulated promoters. Taken together, these
results suggest that Trim28 has anti-proliferative activity in
lung cancers via repression of members of the E2F family that
are critical for cell proliferation.

Tripartite motif containing 28 (Trim28)2 (also known as
KAP1, KRIP1, and TIF1�) is one of 60 members of the Trim2

(tripartite motif-containing) family of transcriptional co-fac-

tors that regulate chromatin organization (1). Trim28 appears
essential for maintaining pluripotency in a stem cell model (2)
and Trim28-null mice die prior to gastrulation (3). Trim28 is
also necessary for the differentiation of mouse embryonic stem
cells (4, 5). Paradoxically, Trim28 has also been implicated in
antagonizing erythroid differentiation in adult tissues (7).
Published data suggest an oncogenic role for Trim28 in can-

cer. With one exception (8), microarray studies in lung cancer
that have included a significant number of normal tissue sam-
ples for comparison have demonstrated a statistically signifi-
cant increase in theTrim28mRNA in tumors relative to normal
tissue (9–11). Similar trends have been observed in breast can-
cer (see Trim28 in the Oncomine Database). Themost detailed
study ofTrim28mRNAexpressionwas performedon91 gastric
cancer samples as compared with distal normal gastric tissue
from the same patient using quantitative polymerase chain
reaction (PCR) (12). In that study (12), the authors demon-
strated that high mRNA expression correlated with signifi-
cantly decreased survival and that knockdown of Trim28 in two
gastric cancer cell lines resulted in reduced proliferation and
sensitivity to anoikis. Interestingly, the study (12) also demon-
strated that 1/3 of the gastric tumors had reduced Trim28
mRNA expression; unfortunately, the significance of this
observation was not explored.
The Human Protein Atlas database reports on Trim28 pro-

tein expression in various tumors relative to adjacent normal
tissues. The findings from the database have indicated that
Trim28 protein is up-regulated in a variety of cancers (includ-
ing breast cancer) but that it is down-regulated in other tumors
(including lung cancer) relative to adjacent normal tissues.
These results suggest that Trim28 may play complex roles in
human cancer.
E2F1 is one of 8 members of the E2F family of transcription

factors; these factors have overlapping and distinct roles in the
regulation of cell proliferation and survival (13–16). Our pub-
lished work has demonstrated that Trim28 can interact with
and inhibit the E2F1 transcription factor (17). This E2F1/
Trim28 interaction was shown to block the potent apoptosis-
inducing activity of E2F1. The E2F1/Trim28 interaction was
independent of members of the Rb family, but did involve the
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recruitment of HDAC1 to E2F1 and the regulation of E2F1
acetylation.
In the current work, we further explored the interaction of

Trim28 with the E2F family and the potential role(s) that these
complexesmay play in cancer. In particular, we focused on lung
adenocarcinomas. We believe that the results described here
reconcile the apparently contradictory observations regarding
the role of Trim28 in lung cancer. Specifically, we propose that
Trim28 is up-regulated at the transcriptional level in lung ade-
nocarcinomas relative to normal in an “attempt” to restrain cell
growth. In patients where this attempt is successful, overall sur-
vival is longer because the tumor growth is restrained due to the
ability of Trim28 to restrain the growth-promoting activity of
E2F3 and E2F4.

EXPERIMENTAL PROCEDURES

Mining Public Databases—Twomicroarray studies using the
Affymetrix platform were used to evaluate Trim28 mRNA
expression (Affymetrix probe set 200990_at) in non-small cell
lung cancer (NSCLC) patients and in normal tissues. The study
of Hou et al. (11) included 91 NSCLC patients (45 adenocarci-
nomas, 27 squamous cell carcinomas, and 19 large cell carcino-
mas) and 65 paired normal tissues. This database allowed us to
determine whether Trim28 has differential expression between
tumor andnormal tissue, aswell as among the three histological
types of NSCLC. The study of Shedden et al. (18) encompassed
442 lung adenocarcinoma patients, including 114with stage IA.
This database allowed us to determine if Trim28 mRNA
expression within tumors was associated with overall survival.
Tissue Array and AQUA—Our tissue microarray and auto-

mated quantitative immunofluorescence analysis (AQUA) pro-
cedures have been described previously (19–21). The tissue
array included a total of 186 samples (n � 85 for stage IA and
n � 101 for stage IB). Immunofluorescence conditions were
optimized using control H1299 cells compared with a stable
Trim28 knockdown H1299 cell line. Trim28 (green) was
detected using anti-Trim28 primary antibody (Bethyl Labora-
tories) and a goat anti-rabbit Alexa 488 conjugate as secondary
antibody. DAPI was used to stain nuclei (blue), and anti-cytok-
eratin (red, goat anti-rabbit Alexa 455 conjugate) was used to
identify epithelial cells and to exclude stromal cells.
Statistical Methods—Three datasets were analyzed: one tis-

sue array and two microarray datasets (11, 18). For the tissue
array, a square-root transformation was performed to normal-
ize AQUA-generated Trim28 scores. For the microarray data,
the Affymetrix probeset, 200990_at, was used to measure
Trim28 expression. One-way ANOVA (with Tukey’s method
to adjust for post-hoc comparison) was used to test for group
differences for categorical variables (such as histology). Spear-
man correlation analysis was used to test for trends in contin-
uous or ordinal variables (such as tumor size and smoking sta-
tus). To assess overall survival, Trim28 expression was
dichotomized into low and high groups based on the median
value of all measurements. Survival curves were generated
according to Kaplan-Meier, and the log-rank test was used to
test for survival differences between the low- and high-Trim28
groups. Student’s t test was used to compare values obtained in
laboratory experiments. A two sided p value� 0.05 was consid-

ered statistically significant. All statistical analyses were per-
formed using R software.
Cell Lines—Original cell lines were obtained from theATCC.

MDA-MB-231, 293FT, and A549 cells were grown in Dulbec-
co’s Modified Eagle’s Medium (DMEM) with 10% fetal bovine
serum. H1299 cells were cultured in DMEM supplemented
with 5% fetal bovine serum. H1299 cells were used for transient
transfection experiments due to their reliable transfection effi-
ciency. To produce Trim28 shRNA lentivirus, 293FT cells were
transfected with pCMV-VSV-G, pCMV-�8.2, and lentiviral
plasmid pLKO.1-scramble or pLKO.1-TRIM28 shRNA
(TRCN0000017998). Culture supernatant was collected 48 and
72 h post-transfection and passed through 0.45-�m filters. Ali-
quots of lentiviral stocks were stored at�80 °C.MDA-MB-231,
A549, and H1299 cells were infected with shRNA lentiviruses,
and 1 �g/ml puromycin was added 72 h after infection. For the
MDA-MB-231 cells, pools of puromycin-resistant cells were
utilized, whereas for A549 and H1299 cells, individual clones
were derived by colony selection. Specifically, cells were
selected with puromycin for 3 weeks, and then individual puro-
mycin-resistant A549 clones were derived and screened for
Trim28 expression by Western blot. Control cell lines derived
using the empty vectorwere similarly derived. To generate con-
trol and Trim28 overexpressing cell lines, A549 cells were
transfected with pcDNA3 or pcDNA-FLAG-HA-TRim28 and
selected in G418. Single clones were screened for Trim28
expression.
Growth and Colony Formation Assays—For growth assays,

1000 cells were seeded per well in a 24-well plate in triplicate.
Cells were incubated at 37 °C in a humidified incubator for
different periods of time. After incubation, cells were washed
with PBS and trypsinized and counted. For colony formation
assays, 5000 cells were seeded in a p100 plate in triplicate and
incubated at 37 °C in a humidified incubator for 7–10 days.
After incubation, cells were washed with PBS once and stained
with 0.5% crystal violet for 1 min at room temperature. Cells
were washed with PBS, and images were scanned using an
Epson Expression 1680 scanner. Ten percent acetic acid was
added to each plate and incubated with shaking for 20 min.
One-half ml of supernatant was diluted 1:4 in water and its
absorbance measured at 590 nm.
Plasmid Vectors—The pLKO.1-TRIM28 shRNA set

(TRCN0000017998, TRCN0000017999, TRCN0000018000,
TRCN0000018001, TRCN0000018002) was purchased from
Open Biosystems. pcDNA3-FLAG-HA-TIF1� and pcDNA3.1-
Myc-TIF1� (22) were kind gifts from Dr. Muriel Aubry (Uni-
versité de Montréal). pcDNA3-E2F3 (23), pcDNA3-E2F4 (23),
pGL3-p27 (24) and pGL2-E2F1 (25) have been previously
described.
The novel expression plasmids pCMV-3xFLAG-E2F3 and

pCMV-3xFLAG-E2F4 were generated by PCR using primers:
E2F3 forward: 5�-AGCAAGCTTATGAGAAAGGGAATCC-
AG-3�, E2F3 reverse: 5�- ATAGAATTCTCAACTACACATG-
AAGTC-3�; E2F4 forward: 5�-ATCAAGCTTATGGCGGAG-
GCCGGGCCA-3�, E2F4 reverse: 5�-TATGAATTCTCAGAG-
GTTGAGAACAGG-3�. The products were cleaved with Hin-
dIII and EcoRI and cloned into those sites of pCMV-3xFlag-
myc-26 vector (E6401, Sigma). pEGFP-E2F4 was constructed
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by subcloning an E2F4 expression cassette into pEGFP-C2
(Clontech).
Adenovirus—Ad-green fluorescent protein (GFP) (28),

Ad-E2F1 (28, 29), Ad-E2F3A, and Ad-E2F4 (29) have been pre-
viously described, as referenced. Viruses were propagated in
293FT cells and titrated with the Adeno-X Rapid Titer Kit (BD
Biosciences, 631028). Western blots verified absence of E1A
expression (to ensure non-recombination).
Luciferase Assays—Cells (50,000/well) were cultured in

24-well plates and transfectedwith amixture containing 500 ng
of expression plasmid or control vector (pcDNA3), 100 ng of
firefly luciferase reporter plasmid (pGL2/pGL3-based vectors,
Promega), 10 ng of Renilla luciferase reporter (pRL-TK, Pro-
mega), and carrier DNA (sheared salmon sperm DNA) to an
equal amount of total DNA in each transfection. Cells were
harvested 48 h after transfection, and luciferase assays were
performed using the Dual-Luciferase Reporter Assay System
following themanufacturer’s protocol (Promega). Experiments
were done in triplicate. To control for transfection efficiency,
firefly luciferase values were normalized to the values for
Renilla luciferase.
Analytical Methods—Immunoprecipitation and immuno-

blot experiments were performed as previously described (30).
E2F1 (sc-193), E2F3 (sc-878), E2F4 (sc-866), p107 (sc-318), and
GFP (sc-9996) antibodies were purchased fromSantaCruz Bio-
technology. Flag (F3165) and �-actin (A5441) antibodies were
from Sigma. Myc (#2276) antibody was from Cell Signaling
Technology. Trim28 antibody (A300–275A) was from Bethyl
Laboratories. Anti-cyclin-D3 (C28620) and anti-p27 (610242)
were purchased from BD Transduction Laboratories.
Confocal Microscopy—Cells were seeded in a Lab-TakTM

eight-chamber slide (Thermal Scientific) 1 day before experi-
mentation. After they were rinsed twice in PBS, cells were fixed
in 4% paraformaldehyde solution followed by permeabilization
in 0.1% Triton X-100/PBS and incubation in 10% SDS/PBS.
Cells were then sequentially incubated in 10% bovine serum
albumin, primary antibodies, and secondary antibodies with
DAPI. E2F3 c-18 (Santa Cruz Biotechnology), E2F4 A302–
133A (Bethyl Laboratories), and Trim28 ab22553 (Abcam)
were used as primary antibodies. Goat anti-mouse IgG-FITC
(Santa Cruz Biotechnology) and AlexaFluor 594-conjugated
goat anti-rabbit (Invitrogen) were used as secondary antibod-
ies. After incubation in secondary antibodies, cells werewashed
with PBS three times and covered with Vectasheild mounting
media (Vector Labs) and coverslips. Cells were imaged by the
Microscopy Core at Moffitt Cancer Center using a Leica SP5
AOBS tandem scanning inverted confocal microscope.
Q-RT-Quantitative Real-time PCR—Total cell RNAwas har-

vested using the RNeasy Mini Kit (Qiagen) following the man-
ufacturer’s instructions. Reverse transcription reactions were
carried out using iScript cDNA Synthesis Kit (Bio-Rad). Real-
time PCRwas performed using Bio-Rad iQ SYBRGreen Super-
mix on a MyiQ Single Color real-time PCR detection system.
The following primers were used: CDC25A forward: 5�-GAG-

GTGAAGAACAGTAATC-3�, reverse: 5�-TGGTCAAGAGA-
ATCAGAATGG-3�; CCNA2 forward: 5�-TGGGAGAATTA-
AGTTTGATAGATG-3�, reverse: 5�-GAGGTCGGTCTGGT-
GAAGG-3�; CCND3 forward: 5�-GCTGGAGGTATGTGAG-

GAG-3�, reverse: 5�-CGTGGTCGGTGTAGATGC-3�; p27
forward: 5�-CAGGAGGACCAGGATGTC-3�, reverse: 5�-TAG-
AAGAATCGTCGGTTGC-3�; DHFR forward: 5�-TCTTGC-
TATAACTAAGTGCTTCTC-3�, reverse: 5�-TGTGATGGG-
TGTGAAATGG-3�; p21 forward: 5�-GGGATGAGTTGGGA-
GGAG-3�, reverse: 5�-GGTACAAGACAGTGACAGG-3�;
GAPDH forward: 5�-GAGTCAACGGATTTGGTCGT-3�;
reverse: 5�-TTGATTTTGGAGGGATCTCG-3�.
Chromatin Immunoprecipitation (ChIP) Assay and ChIP-

ReChIP—ChIP assays were performed as previously described
(30). Briefly, H1299 cells were treated with formaldehyde to
create protein-DNA cross-links, and the cross-linked chroma-
tin extracted and sheared by sonication. Protein A beads were
precleared and blocked with 1% salmon sperm DNA and 1%
bovine serum albumin. Total sheared chromatin correspond-
ing to 4.5 � 106 cells was used for immunoprecipitation with
either 5 �g of normal rabbit IgG (12–370, Millipore), 5 �g of
anti-E2F3 (C-18, Santa Cruz Biotechnology), 5 �g of anti-E2F4
(C-20, Santa Cruz Biotechnology), 5 �g of anti-TRIM28
(A300–275A, Bethyl Laboratories), 3 �g of anti-acetyl-histone
H3K9 (07–352, Millipore), or 5 �g of anti-HDAC1 (ab7028,
Abcam). The immunoprecipitates were washed five times, pel-
leted by centrifugation, and then heated at 65 °C for 4 h to
de-crosslink. For ChIP-reChIP, DNA-protein complexes were
washed five times and eluted with 20 mM DTT at 37 °C for 30
min and re-subjected to immunoprecipitation. The immuno-
precipitates were washed, eluted, and de-crosslinked. After
proteins and RNAwere degraded by treatment with proteinase
K and RNase A, DNA was purified using QIAquick PCR Puri-
fication Kit (Qiagen). Real-time PCR was performed using Bio-
Rad iQ SYBR Green Supermix on a MyiQ Single Color real-
time PCR detection system.
The following PCR primers were used in real-time PCR:

CDC25A forward: 5�-AGAAGTTGCTTACTGATTGG-3�,
CDC25A reverse: 5�-CGACCTACACCTCTTACC-3�; CDC-
25A control forward: 5�- TCTACCTCCTTCAGGGCTCA-3�,
CDC25A control reverse: 5�-TTGCTGAAGAGTTTGGC-
CTT-3�; RBL1 forward: 5�-GGAGGCATCTCACTACGC-3�,
RBL1 reverse: 5�-TTCCTGGTTAGGCTCTTGG-3�; RBL1
control forward: 5�-GAGGGAGAGGTTGCAGTGAG-3�,
RBL1 control reverse: 5�-TTTTGTCCTCCAGCTTTGCT-3�;
CCNE2 forward: 5�-ACTTCCCAGCCACCCTATG-3�,
CCNE2 reverse: 5�-CATCTCCCGCCAGTTTGC-3�; CCNE2
control forward: 5�-CCACCATCCGTCTATCATCC-3�,
CCNE2 control reverse: 5�-TATTTCCAACTCGACCTCGG-
3�. Humanmyoglobin exon 2 primers used as control were pur-
chased from Diagenode (pp-1006–500).

RESULTS

High Tumor Trim28 Correlates with Increased Overall Sur-
vival in Early-stage Adenocarcinoma—We examined the
expression of Trim28 mRNA using a publically available data-
base (GSE19188), which included 91 NSCLC tumors and 65
adjacent (paired) normal tissues (11). Results in Fig. 1A reveal
that Trim28mRNA is significantly up-regulated in adenocarci-
nomas, squamous cell carcinomas, and large cell carcinomas
relative to normal tissue (p � 0.0003, �0.0001, and �0.0001,
respectively). Furthermore, large cell carcinomas had signifi-
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cantly higher levels of Trim28 mRNA than either adenocarci-
nomas or squamous cell carcinomas (p � 0.0001 and 0.002,
respectively).
Next, we examined the correlation between Trim28

expression and overall survival in a published dataset (18).
When the entire database was considered, we did not see a
significant correlation between Trim28 mRNA expression
and overall survival (p � 0.42; Fig. 1B). However, when the
data were separated into stages, we discovered that, within
stage 1A tumors, high Trim28 correlated with increased
overall survival (p � 0.02; Fig. 1C), suggesting that Trim28
might have a tumor suppressor role in the early stages of
adenocarcinoma development.
To test the possibility that Trim28 expression might play a

tumor suppressor role in early-stage adenocarcinomas, we uti-
lized a previously described tissue microarray (TMA) corre-
sponding to early -stage adenocarcinoma patients (19–21) to
test the hypothesis that Trim28 expression might play a tumor
suppressor role in these early stage tumors. This array consists
of 85 stage IA adenocarcinomas and 102 stage 2B tumors.
Immunofluorescence and AQUA analyses were used to assess
expression levels of Trim28, as previously described for other
markers (21, 31). Our statistical analysis of the TMA data (Fig.
1D) indicated that patients with high Trim28 protein have a
significantly longer overall survival (p � 0.003) than patients
with lower levels. Our subgroup analysis also showed similar
positive correlations between overall survival andTrim28 levels
(p � 0.03 for stage IA and p � 0.04 for stage IB). However, we
found no statistically significant correlations between Trim28
protein levels and tumor histology, pathological stage, smoking
status, tumor size, or number of pack-years of smoking (all p
values �0.05).
Trim28 Slows Cell Proliferation—The observation that high

Trim28 levels correlated with increased patient survival sug-
gested that Trim28 might have anti-proliferative activity. To
test this hypothesis, we depletedTrim28 from two fast-growing
cell lines (MDA-MB-231 breast cancer cells andA549 lung can-
cer cells) using shRNAi. Control cells were derived alongside
the Trim28 knockdown lines using a non-silencing shRNAi
vector as control. RT-PCR assays were used to measure the
levels of Trim28 mRNA in control (empty shRNAi vector) and
Trim28 shRNAi-derived cells. As shown in Fig. 2A, our data
clearly demonstrated that Trim28 mRNA was efficiently
reduced in the knockdown cell lines. Likewise, Western blot
analysis (Fig. 2B) demonstrated a very efficient down-regula-
tion of Trim28 protein. As a first estimation of cell growth rate,
we plated at low density and monitored growth by counting
viable cells on a daily basis for 6 days. Fig. 2C demonstrates that

FIGURE 1. Trim28 levels increase in NSCLC tumors relative to normal tis-
sue, but high Trim28 in early-stage tumors increases overall survival.
A, data from (11) were examined. Results indicate that all three NSCLC tumor
types have elevated Trim28 mRNA relative to adjacent normal tissue and that

large cell carcinoma (LCC) has higher Trim28 than adenocarcinoma (ADC) and
squamous cell carcinoma (SCC). p values are as follows: normal-ADC (p �
0.0003), normal-SCC (p � 0.0001), normal-LCC (p � 0.0001), ADC-LCC (p �
0.0001), SSC-LCC (p � 0.002), and ADC-SCC (p � 0.77). B, examination of
microarray data from (18), which included a mixture of adenocarcinoma
stages, reveals nonsignificant association between Trim28 mRNA expression
with overall survival (p � 0.42). C, survival in Stage 1A tumors with high
Trim28 is increased (p � 0.02). D, Trim28 protein levels were measured using
AQUA in an early stage lung cancer TMA (see “Experimental Procedures”).
Results show significant positive association between overall survival and
Trim28 levels (p � 0.003).
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Trim28-deficient cells grew significantly faster that control cell
lines. As a second measure of cell proliferation, we plated at
very low density andmeasured the ability to form colonies after

10 days. Resulting colonies were stained with 0.5% crystal violet
and counted/quantified. Fig. 2D clearly demonstrates that the
Trim28-deficient cells formed colonies much more efficiently

FIGURE 2. Trim28 knockdown in breast and lung cancer cells accelerates cell growth. A and B, two cell lines (breast MDA-MB-231 and lung A549) were
depleted of Trim28 using shRNAi. Protein and RNA extracts of control and Trim28 knockdown cells were subjected to real-time PCR (A) and Western blotting
(B). C, growth rates of control cells and Trim28 knockdown cells were determined. One thousand cells per well were plated in 24-well plates in 18 wells on day
0. Three wells were harvested by trypsin, collected, and counted each day. Plotted numbers represent the average. Cells approached �80% confluency by day
6. Error bars represent the S.D. of three independent experiments. D, colony formation assays were conducted on control and Trim28 knockdown cell lines.
Photographs are of representative plates. For quantification, colonies were stained with crystal violet and then washed with 10% acetic acid. The absorbance
was measured at 590 nm. Error bars represent the S.D. of three independent experiments, and p values relative to controls are indicated. E, pcDNA3 and Trim28
stable A549 cells were subjected to Western blotting. Growth and colony formation assays were conducted on these two stable cells. Asterisks represent
significant p values: *: p � 0.05.

FIGURE 3. Trim28 forms complexes with E2F3 and E2F4. A and B, H1299 cells were transiently transfected with expression plasmids for E2F3, E2F4, or
Myc-Trim28 (Myc-epitope tagged), as indicated. Whole cell lysates (WCL) of transfected cells were subjected to immunoprecipitation (IP) and then immuno-
blotting (IB). C, H1299 cells were transfected with expression plasmids for E2F3 or E2F4 at different amount (	: 2 �g; 			: 6 �g) or pcDNA3 (�) as indicated.
WCLs of transfected cells were subjected to IP and then IB. D, A549 cells were stained (as described under “Experimental Procedures”) and examined using
confocal immunofluorescence microscopy, as follows: E2F3 (red, top row), E2F4 (red, bottom row), Trim28 (green), and DAPI (blue; nuclei). Merged images are
in the last column, yellow represents co-localization of E2Fs and Trim28.

Trim28 Can Regulate Cell Proliferation

NOVEMBER 23, 2012 • VOLUME 287 • NUMBER 48 JOURNAL OF BIOLOGICAL CHEMISTRY 40111



Trim28 Can Regulate Cell Proliferation

40112 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 48 • NOVEMBER 23, 2012



than controls. To determine if Trim28 overexpression could
reduce cell growth, a Trim28-overexpressing A549 cell line was
generated. As evidenced by Fig. 2E, Trim28 overexpression sig-
nificantly slowed cell proliferation in both growth and colony-
formation assays.
Trim28 Interacts with E2F3 and E2F4—Previous work has

demonstrated that Trim28 can interact with E2F1 and repress

its ability to drive apoptosis independent of Rb (17). However,
E2F1 is only one member of a family of E2Fs, and numerous
experiments have suggested that E2F1 is not essential for pro-
liferation but rather plays a specialized role in linking the E2F
pathway to apoptosis (32, 33). For these reasons, an interaction
with E2F1 would not likely explain Trim28’s anti-proliferative
activity. In contrast, interactions with E2F3 would be more

FIGURE 4. Trim28 and HDAC1 cooperate to repress E2F3- and E2F4-driven transcription. A, control and Trim28 knockdown H1299 cells were transfected
in triplicate with the indicated promoter-reporter, pRL-TK reporter, and protein expression plasmids. Cells were harvested 48 h after transfection for determi-
nation of luciferase levels. B, H1299 cells were transfected in triplicate with the indicated promoter-reporter, pRL-TK reporter, and protein expression plasmids.
Cells were harvested 48 h after transfection for determination of luciferase levels. C and D, control and Trim28 knockdown cells were infected with the
indicated adenoviruses. The expression of individual proteins was verified by Western blotting with E2F-specific antibodies (minor cross-reactivity is
evident in C). The expression of target genes was determined by real-time PCR (D). Asterisks represent significant p values, as follows: *: p � 0.05, **: p �
0.01, and ***: p � 0.005.

FIGURE 5. Trim28 promotes HDAC1/E2F3 and HDAC1/E2F4 interactions. A, control and Trim28 knockdown cells were transfected with the indicated
expression plasmids. Whole cell lysates (WCL) of transfected cells were subjected to immunoprecipitation (IP) and then immunoblotting (IB). B, H1299 cells
were transfected with the indicated expression plasmids. WCLs of transfected cells were subjected to IP and then IB. C, control and Trim28 knockdown
H1299 cells were transfected in triplicate with the indicated promoter-reporter, pRL-TK reporter, and protein expression plasmids. Cells were harvested
48 h after transfection for determination of luciferase levels. Asterisks represent significant p values, as follows: *: p � 0.05, **: p � 0.01, and ***: p � 0.005.
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likely to explain a tumor suppressor activity for Trim28. In par-
ticular, E2F3 is considered the only member of the E2F gene
family that is individually essential for proliferation (34, 35). For
these reasons, we sought to test the hypothesis that Trim28
might regulate cellular proliferation via interaction with E2F3.
E2F1 and E2F3 have for some time been placed in of a group

of E2Fs considered the “activating E2Fs”, whereas E2F4 is a
member of a group of E2Fs considered the “repressing E2Fs”
(36). Although these distinctions are somewhat artificial, they
provide a basic framework for the general classification of the
E2F family. By way of comparison with E2F3, we also examined
Trim28 interaction with E2F4 as a representative member of
the repressive E2Fs. Because of limitations of reagents, we did
not investigate Trim28 interaction with E2Fs 5 through 8.
As a first step in this analysis, H1299 cells were transfected

with expression vectors for a Myc epitope-tagged expression
vector forTrim28 (Myc-Trim28)with andwithout co-transfec-
tion with expression vectors for E2Fs 3, specifically E2F3A (37–
39), and 4. Extracts of transfected cells were then subjected to
immunoprecipitation (IP). Fig. 3, A and B demonstrate that
Myc-Trim28 can co-immunoprecipitate both E2F3 and E2F4
and that antibodies against E2F3 and E2F4 can co-immunopre-
cipitate Trim28. Fig. 3C demonstrates that endogenousTrim28
interacts with both E2F3 and E2F4.
We next sought to determine if Trim28 and E2Fs 3 and 4

interact in intact whole cells in absence of overexpression or
cell lysis, either of which might allow unnatural associations.
For this, we used confocal immunofluorescent microscopy in
which whole cells were simultaneously stained with Trim28
antibody, an E2F antibody and DAPI (to identify the cell
nucleus). Fig. 3D highlights the individual images for each stain
aswell as themerged image inwhich yellow indicates E2F/Trim
28 co-localization. E2F3 and Trim28 are both exclusively
nuclear, whereas a significant fraction of E2F4 is found in the
cytoplasm, as reported (40). Themerged confocal image clearly
indicates a very strong colocalization of Trim28 with E2F3 and
significant colocalization with nuclear E2F4.
Trim28 Represses E2F-driven Transcription—Trim28 is gen-

erally considered to be a transcriptional co-repressor via the
recruitment of histone-modifying enzymes, including histone
acetylases and histone methyltransferases (SETDB1) (1,
42–46). However, under certain circumstances, Trim28 func-
tions as a co-activator (6, 47, 48). To address whether Trim28
interaction with E2Fs increases or decreases their transcrip-
tional activity, we examined the activity of three E2F family
members (expressed using adenovirus) in control H1299 cells
and in H1299 cells stably depleted of Trim28 by virtue of a
shRNA. Fig. 4A demonstrates that H1299 control cells express
significant Trim28, whereas Trim28 is essentially undetectable
in the cells expressing the Trim28 shRNAi. Fig. 4A also demon-
strates that the individual viruses expressed the expected E2F
protein and did not affect the expression of Trim28 (present in

one cell line and absent in the other) or p107 (a member of
the Rb family used here simply as a control). Extracts of these
same cells were next subjected to quantitative real-time PCR
to measure the levels of six well-characterized E2F-regulated
transcripts. Fig. 4B demonstrates that Trim28 deficiency
almost universally enhanced the transcriptional activity of
each E2F family on these model promoters. One exception is
the p21 promoter, which was down-regulated in the Trim28-
deficient cells. This observation suggests that Trim28 may
down-regulate the p21 promoter in an E2F-independent
manner.
To test whether the changes inmRNA levels observed in Fig.

4B were promoter-driven, plasmids expressing E2F3 and E2F4
were co-transfected into these twoH1299 cell lines alongwith a
p27 (24) or cyclin D3 promoter-reporter vector, which we have
previously demonstrated to be E2F regulated (26) and which
also showed strong E2F regulation in Fig. 4B. Fig. 4C demon-
strates that transfection of either E2F3 or E2F4 can significantly
activate both of these promoters and that this activation is
greater in cells lacking Trim28.
Our previous work suggested that HDAC1may play a role in

E2F1-Trim28-mediated transcriptional repression (17). To test
this with regard to E2F3 and E2F4, H1299 cells were co-trans-
fected with E2F promoter reporters together with various com-
binations of E2F, HDAC, and Trim28 expression vectors. Fig.
4D reveals that either Trim28 or HDAC1 can individually
inhibit E2F3- or E2F4-driven transcription slightly. However,
Trim28 and HDAC1 together are more efficient than either
individual repressor alone.
Trim28 Promotes the Interaction betweenHDAC1 and E2Fs 3

and 4—Next, we wanted to ask whether the ability of HDAC1
to repress E2F3- and 4-driven transcription was dependent on
Trim28. To answer this question, we used the Trim28-deficient
H1299 cell line. Fig. 5A reveals that depletion of Trim28 com-
pletely abolished the interactions between HDAC1 and both
E2F3 and -4. Likewise, Fig. 5B reveals that increased expression
of Trim28 dramatically increased the total amount of HDAC1
associated with either E2F3 or -4.
To determine the functional consequences of the HDAC/

Trim28/E2F interactions observed in Fig. 5, A and B, we asked
whether HDAC1’s ability to repress E2F-driven transcription is
dependent on Trim28. Cells proficient (empty shRNAi) and
deficient in Trim28 expression (Trim28 shRNAi) were trans-
fected with an E2F-regulated promoter reporter (see Fig. 5C)
and combinations of HDAC1 and E2F expression vectors. Fig.
5C reveals that E2Fs dramatically up-regulated both the p27
and cyclin D3 promoter independent of Trim28 expression. In
Trim28-expressing cells, HDAC1 significantly reduced the
ability of E2F to activate transcription. In contrast, in cells with
reduced Trim28, HDAC1-mediated repression was minimal
(p27 reporter) or non-existent (cyclin D3 reporter) in cells with
reduced Trim28.).

FIGURE 6. Trim28 influences E2F3, E2F4, and HDAC1 DNA occupancy in vivo. A, C, and D, ChIP assays were conducted in control and Trim28 knockdown cell
lines. Quantitative PCR was performed to examine the occupancy of IgG, E2F3, E2F4, Ac-H3K9, HDAC1, and Trim28 proteins on E2F binding sites of CDC25A,
RBL1, and CCNE2 promoters as well as 2 kb upstream of E2F binding sites on CDC25A, RBL1, and CCNE2 promoters. Additionally, in this experiment, results were
normalized to relative occupancy over the occupancy of the myoglobin intron 2. B, ChIP-reChIP was conducted in H1299 cells. DNA-protein complexes were
immunoprecipitated with E2F3 and E2F4 antibodies followed by immunoprecipitating with Trim28 antibody. Quantitative PCR was performed as described
above. Asterisks represent significant p values, as follows: *: p � 0.05, **: p � 0.01, and ***: p � 0.005.
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Trim28Depletion Increases the Association of E2F3 and -4 with
DNA in Vivo, while Decreasing the HDAC Interaction—Next, we
sought to establish the potential functional consequences of the
E2F/HDAC interaction. We considered two alternative mech-
anisms (although these two mechanisms are not necessary
mutually exclusive). First, it is possible that HDAC is recruited
to promoters by E2F/Trim28 to deacetylate histones, thereby
repressing transcription by an active process. Alternatively,
HDAC1 may inhibit E2F-driven transcription by deacetylating
the E2F, thereby decreasing its affinity for DNA (49) and reduc-
ing E2F-driven transcriptional activation.
ChIP assays were used to determine whether Trim28

affected the association of E2F3 and E2F4 with E2F-regulated
promoters. Promoters for this analysis were chosen based on
previous genome-wide screens that identified these as both E2F
(50) and Trim28-associated (41). Fig. 6A highlights results of
ChIP assays using antibodies against E2F3 and -4 and PCR
primers for the CDC25A, RBL1, and cyclin E2 promoters in
Trim28-proficient and -deficient cells. Clearly Trim 28 defi-
ciency increases the association of both E2F3 and E2F4 with
these promoters. We also included primers that target 2 kb
upstream of the E2F binding site on these promoters as con-
trols; E2F3 and E2F4 showed only limited binding to these
regions.
To confirm that E2Fs and Trim28 are simultaneously

recruited to promoters, we performed a ChIP-reChIP experi-
ment in which DNA-protein complexes are first ChIPed with
E2F antibodies, washed and then reChIPed with Trim28 anti-
body. As shown in Fig. 6B, Trim28 and E2F3/4 reside on the
same regions on the CDC25A, RBL1, and CCNE2 promoters,
whereas no interaction is detected when distal upstream prim-
ers are used for DNA detection.
We next used the ChIP assay to determine whether

Trim28 affects the recruitment of HDAC1 to the CDC25A,
RBL1, and CCNE2 promoters, as would be predicted from
the results shown in Fig. 5. Fig. 6C reveals that HDAC1 asso-
ciation with these promoters is indeed dramatically reduced
in the absence of Trim28. Finally, we asked whether the
reduction of HDAC1 association with the E2F/Trim28 reg-
ulated promoter would result in their increased histone
acetylation. Indeed, Fig. 6D demonstrates a significant
increase in histone H3 acetylation in the absence of Trim28.
Because histone H3 acetylation generally coincides with
increased promoter activity, this observation is consistent
with the model that Trim28 represses E2F-driven transcrip-
tion by recruiting HDAC1, which in turn deacetylates his-
tone H3 reducing promoter activity.

DISCUSSION

Herein, we demonstrate that early-stage adenocarcinoma
patients with high levels of Trim28 have a longer overall sur-
vival than patients with low Trim28. This observation comes in
the midst of numerous studies that demonstrate that the
Trim28 message is in fact elevated in tumor tissue relative to
normal tissues. We believe this report reconciles these seem-
ingly contradictory observations and adds significant clarity to
themechanisms bywhichTrim28 participates in cell cycle con-
trol and tumorigenesis, at least with respect to lung cancer.We

believe our results show that Trim28 is up-regulated in early
tumors in an “attempt” to restrain cell growth.We propose that
patients in whom this attempt is successful in the early stages of
disease have better overall survival because the tumor cells have
reduced proliferative capacity.
The up-regulation of Trim28 in tumor tissue is likely tran-

scriptional, butwehave not yet investigated themechanism.An
obvious hypothesis would be that Trim28 might be E2F-regu-
lated, as is the cdk inhibitor p27 (24), and functions as a negative
feedback loop in circumstances in which the E2F pathway is
regulated. However, Trim28 does not appear to be cell cycle
regulated and does not appear to be altered or influenced sig-
nificantly by E2F or Rb depletion (unpublished observations).
Future work will address the mechanism of Trim28 up-regula-
tion in tumors.
This report also expands our previous analysis (17) of the

interaction between Trim28, HDAC1, and the E2F family. We
demonstrate that Trim28 can bind both E2F3 and E2F4 and
inhibit their transcriptional activity on numerous endogenous
E2F-regulated promoters and in the context of promoter/re-
porter assays. Co-immunoprecipitation assays indicated that
Trim28 bridges an interaction between E2Fs 3 and 4 and
HDAC1 since Trim28 deficiency dramatically reduced the
amount of HDAC1 associated with E2Fs 3 and 4. Promoter/
reporter assays demonstrated that theHDAC1ability to repress
E2F3 and E2F4-driven transcription is dependent on Trim28.
Trim28 depletion increased E2F3 and 4 DNA binding activity
as measured by ChIP assays while simultaneously reducing
HDAC1 binding. Recruitment of HDAC1 to E2F-regulated
promoters is likely responsible, at least in part, for the promoter
down-regulation. This conclusion is supported by the observa-
tion that Trim28 deficiency reduced the amount of HDAC1
associated with E2F-regulated promoters, leading to signifi-
cantly increased histone H3 acetylation, which generally corre-
lates with increased transcriptional activity. Taken together,
these results suggest that Trim28 has anti-proliferative activity
in lung cancers via repression ofmembers of the E2F family that
are critical for cell proliferation.
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