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Tripartite motif-containing 29 (TRIM29) is a member of
the TRIM protein family that has been implicated in he-
matologic and solid tumor cancers. We found that TRIM29
functions as a tumor suppressor in both the nontumori-
genic MCF10A [estrogen receptor (ER)—/TRIM29+] breast
cell line and the invasive MCF7 (ER+/TRIM29—) breast cell
line. Silencing TRIM29 in MCF10A cells resulted in preneo-
plastic changes that included loss of polarity in three-di-
mensional culture, increased proliferation, anchorage-in-
dependent growth, and increased migration and invasion.
Conversely, the introduction of TRIM29 into MCF7 cells
caused reversion to a less aggressive phenotype by antag-
onizing the growth effect of 17-estradiol. The interaction
between TRIM29 and ER signaling in MCF7 cells was sup-
ported by a reduction in ERE binding in the presence of
TRIM29 and suppression of ER-dependent gene expres-
sion of TFF1, FOS, and GREBI . By microarray analyses, we
showed that younger women (<55 years of age) with ear-
ly-stage, ER+ breast cancer who were given no adjuvant
systemic therapy had a significantly lower risk of relapse
when their tumor had high TRIM29 expression (P =
0.02). This effect was not observed in older women (>55
years of age) and thus may be due to menopause and loss
of circulating estrogens. Our results suggest that loss of
TRIM29 expression in normal breast luminal cells can
contribute to malignant transformation and lead to pro-
gression of ER+ breast cancer in premenopausal
women. (Am J Pathol 2012, 180:839-847; DOI:
10.1016/j.ajpath.2011.10.020)

The ataxia telangiectasia group D-complementing
(ATDC/TRIM29) gene was identified by its ability to par-
tially restore the radiosensitive phenotype of cells from

patients with ataxia telangiectasia,’® a rare autosomal
recessive disease in which patients develop immunode-
ficiency, neurodegenerative disorders, and cancer.®
TRIM29 encodes for a member of the tripartite motif
(TRIM) protein family, which is generally defined by hav-
ing an ordered series of three zinc-binding domains, a
RING (R) domain, two unique B-box (BB) domains, and a
coiled-coiled (CC) region. Although some members of
the TRIM family may not contain all domains (eg, TRIM29
has no R domain), the order of the regions is always
conserved and is the telltale sign of the TRIM motif. TRIM
proteins, including TRIM29, self-interact through the CC
domain, and this homo-oligomerization is necessary for
appropriate localization to distinct cellular compartments
that appear as cytoplasmic or nuclear “bodies.”*
TRIM29 is involved in a variety of cancers; however, its
function can change, depending on the cell type, level of
expression, posttranslational modification, and compart-
mentalization.**® Although TRIM29 has been implicated
as a tumor suppressor in some types of breast and bone
cancers,® it is also known to have oncogenic effects in
gastric and pancreatic cancers.”® Transfection of wild-
type TRIM29 into osteosarcoma and breast cancer cell
lines (Saos-2 and BT-549) lacking detectable mRNA and
protein expression of TRIM29 results in suppression of
colony-forming efficiency in soft agar,® suggesting that
TRIM29 can cause reversion of a malignant phenotype. In
contrast, in vitro and in vivo studies in pancreatic cancer
revealed that TRIM29 can increase proliferation and in-
vasion through stabilization of B-catenin and activation of
Disheveled 2.8 Additional evidence of the oncogenic ef-
fects of TRIM29 comes from mechanistic studies in
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p53+/— mouse embryonic fibroblasts, where it was dis-
covered that TRIM29 can directly bind p53 and increase
proliferation by sequestering it outside the nucleus, pre-
venting promoter binding of p21.2 TRIM29 can also pro-
mote cell survival by inhibiting proapoptotic genes regu-
lated by p53 (eg, NOXA).

Studies have shown that stable transfection of ER« into
ER— cells, including MCF10A, gives an unexpected re-
sult of growth inhibition and/or cell death in the presence
of 17B-estradiol (E2).7"" We present data supporting a
tumor suppressor effect of TRIM29 in nontumorigenic
MCF10A cells and invasive MCF7 cells. We hypothesize
that TRIM29 expression is important for maintaining ho-
meostasis in normal breast epithelium in part by balanc-
ing the stimulatory growth signals from the ER pathway as
ER— luminal cells differentiate into ER+ cells and that
loss of TRIM29 in ER+ breast cancer could contribute to
the progression of the disease in the absence of circu-
lating estrogens.

Materials and Methods

Cell Lines and Three-Dimensional Cell Culture

MCF10A and MCF7 cell lines were obtained from the
American Type Culture Collection (Manassas, VA).
MCF10A cells were maintained as monolayer in Dulbec-
co’s modified Eagle’s medium/F12 containing 5% horse
serum, 20 ng/mL of epidermal growth factor, 0.5 wg/mL
hydrocortisone, 10 ug/mL insulin, 50 U/mL penicillin, and
50 pg/mL streptomycin at 37°C and 5% CO,. MCF7 cells
were cultured in modified Eagle’s medium containing
10% fetal bovine serum (FBS), 10 wg/mL insulin, 1
mmol/L sodium pyruvate, 50 U/mL penicillin, and 50
wg/mL streptomycin at 37°C and 5% CO,. Three-dimen-
sional Matrigel culture was performed as described pre-
viously.'?

Lentiviral Constructs and Generation of Stable
Cell Line

To knockdown TRIM29 expression, nucleotides 1265 to
1285 of the TRIM29 open reading frame (NM_012101)
were chosen as the target sequence. Two complemen-
tary oligonucleotides strands were designed using
Block-iT RNAI Designer: forward strand, 5'-CACCGG-
TGCATTGATGAGCAATTACCGAAGTAATTGCTCATCAA-
TGCACC-3’ and reverse strand 5'-AAAAGGTGCATTGA-
TGAGCAATTACTTCGGTAATTGCTCATCAATGCACC-3’
(italics shows hairpin loop sequence; underlined letters rep-
resent the four nucleotide overhangs for directional clon-
ing). To form the short hairpin (shRNA), the forward and
reversestrands of oligonucleotides were then annealed, fol-
lowed by insertion into pENTR/U6 vector containing an U6
RNAI cassette to generate an entry construct expressing
shRNA targeting the TRIM29 gene. The LacZ double-
stranded control oligomer (forward strand, 5’-CACCG-
CTACACAAATCAGCGATTTCGAAAAATCGCTGATTT-
GTGTAG-3’, and reverse strand, 5'-AAAACTACACAA-
ATCAGCGATTTTTCGAAATCGCTGATTTGTGTAGC-3")

supplied in the kit was also cloned as a nonsilencing
control shRNA construct. The lentiviral construct was
then cloned by the recombination of the U6 RNA interfer-
ence (i) cassette from the pENTR/U6 entry construct into
the pLenti6/BLOCK-iT-DEST vector using LR Clonase Il
enzyme (Invitrogen, Carlsbad, CA).

The full-length cDNA clone (inserted into gateway entry
vector pDONR223) of TRIM29 was obtained from the Hu-
man ORFeome Library version 1.1 (Open Biosystems) and
was recombined to lentiviral expression vector pLenti6.2/N-
Lumio/V5-DEST with LR Clonase Il enzyme (Invitrogen).
pDONR223-TRIM295" was generated by introducing
seven silent mutations without changing the amino acid
sequence of human TRIM29 to make TRIM295 resistant to
the continuous presence of TRIM29 shRNA. The plasmid
pDONR223-TRIM29 was used as a template for site-di-
rected mutagenesis following the QuickChange XL site-
directed mutagenesis protocol (Stratagene, La Jolla, CA).
The sense primer for the mutagenesis was as follows: 5'-
1299GTTTCTGCAGGAATTTGGCGCTTTAATGTCCAACTA-
TTCTCTCCCCCCACCCTG™293-3" (italics are silently mu-
tated). Each point mutation was checked by full DNA
sequencing. TRIM295 was recombined to lentiviral ex-
pression vector pLenti4/V5-DEST (zeocin selection) with LR
Clonase Il enzyme (Invitrogen).

The ViraPower Lentiviral Expression System (Invitro-
gen) was used to stably express TRIM29, TRIM29
shRNA, or TRIM29°'- in cells. Lentiviral-containing super-
natants were generated using 293FT cells according to
the manufacturer's protocol. Transduction of MCF10A
and MCF7 cells was performed in the presence of poly-
brene (6 ng/mL). To obtain stable transfectants, the viral
supernatant was added into cells, selected using the
appropriate antibiotics at 48 hours after transfection. The
medium was changed every 3 to 4 days until antibiotic-
resistant colonies were evident. Stable transfected cells
were maintained with antibiotic-selecting medium and
evaluated for changes of TRIM29 protein expression us-
ing immunoblot analysis.

Immunofluorescence Microscopy

Immunofluorescence staining of acini was conducted as
described previously.'® The acinar structures were incu-
bated with the following antibodies: rat anti-human ag-
integrin (clone NKI-GoH3; Chemicon, Temecula, CA),
rabbit anti-Ki-67 (Invitrogen), or rabbit anticleaved
caspase-3 (Cell Signaling Technology, Danvers, MA).
The slides were further incubated with goat anti-rat sec-
ondary antibody conjugated to Alexa Fluor 488 or goat
anti-rabbit secondary antibody conjugated to Alexa Fluor
594 (Invitrogen). After three washes with immunofluores-
cent buffer, the slides were incubated with PBS contain-
ing DAPI (Sigma-Aldrich, St. Louis, MO) before being
mounted with Prolong Gold anti-fade reagent (Invitro-
gen). Fluorescence images for Ki-67 and caspase-3 were
acquired with an Olympus AX70 microscope and ana-
lyzed with AxioVision software (version 3.0; Carl Zeiss
Microscopy, Thornwood, NY). Fluorescence images for ags-
integrin were acquired with an Olympus 1X81-DSU spin-
ning disk confocal microscope (Olympus, Tokyo, Japan)



and processed using SlideBook™ 5.5 software (Intelligent
Imaging Innovations, Inc., Denver, CO). All images were
exported to Adobe Photoshope CS5 (Adobe Systems,
San Jose, CA) for the production of final figures. The
images presented represent three or more independent
experiments.

RNA Extraction and Quantitative Real-Time PCR

Total RNA was isolated from cells using RNeasy kit (Qia-
gen, Valencia, CA), and cDNA was synthesized using the
SuperScript Il First-Strand Synthesis System for RT-PCR
(Invitrogen) from total RNA. Real-time PCR was per-
formed with the LightCycler 2.0 system using the Light-
Cycler-FastStart DNA Master SYBR Green Kit (Roche
Applied Science, Mannheim, Germany) according to the
manufacturer’s instructions. For PCR ampilification, the
following primers were used: ACTB, 5'-TTCCTGGG-
CATGGAGTC-3' (forward) and 5'-CAGGTCTTTGCGGA-
TGTC-3' (reverse); FOS, 5’-AGAATCCGAAGGGAAAG-
GAA-3' (forward) and 5-GCAGACTTCTCATCTTCTAG-
TTGGT-3' (reverse); TFF1, 5'-CCCCTGGTGCTTCTATCC-
TAA-8" (forward) and 5-GATCCCTGCAGAAGTGTCTAA-
AA-3' (reverse); and GREBT, 5'-CCCCTACAACGAGAT-
CCACT-3’ (forward) and 5'-TTATTTTCATGATATAAGTC-
CACTCCA-3’ (reverse). Relative transcript levels were
normalized to the reference gene, ACTB, and then nor-
malized to the vehicle-treated control to determine the
fold change. The results are the mean * SE of three
independent experiments performed at least in duplicate.

Immunoblot Analysis

Immunoblot analysis was performed using antibodies
against TRIM29 (N-19; Santa Cruz Biotechnology, Santa
Cruz, CA) and B-actin (Sigma-Aldrich). The blots were
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incubated with horseradish peroxidase—conjugated don-
key anti-goat (TRIM29) or anti-mouse (B-actin) IgG (Santa
Cruz Biotechnology), all at a dilution of 1:5000. Western
blots were performed using an enhanced chemilumines-
cence detection system (ECL Plus) following the manu-
facturer’s instructions (Amersham Pharmacia Biotech
Inc., Piscataway, NJ). Proteins were visualized by auto-
radiography with Hyperfilm.

Cell Proliferation Assay

Cells were seeded (5 X 10° per well) in 96-well microtiter
plates and evaluated using BrdU (5-bromo-2'-deoxyuri-
dine) incorporation following the manufacturer’s protocol
(Roche Applied Science, Mannheim, Germany). Estro-
gen stimulation experiments were performed in MCF7
cells cultured in phenol red—free medium containing 5%
charcoal-stripped fetal calf serum for 3 days before be-
ginning the proliferation assay. A total of 10 nmol/L E2
(Sigma-Aldrich) or ethanol was added to the medium on
day 1, and compound-containing medium was renewed
every 24 hours.

Cell Migration and Cell Invasion Assay

Cell migration and cell invasion were analyzed with a
CytoSelect 96-well cell migration assay and cell invasion
assay Kkit, respectively, according to the manufacturer’s
instructions (Cell Biolabs, San Diego, CA). In both as-
says, 10% FBS was used as chemoattractant.

Anchorage-Independent Growth in Soft Agar

Anchorage-independent growth was assessed using a
CytoSelect 96-well cell transformation assay kit (Cell Bio-
labs) following the instructions of the manufacturer.

°
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dent experiments.
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Briefly, cells (1 x 10%) were suspended in medium con-
taining 10% FBS with 0.4% agarose and layered on top of
0.6% agarose in medium in 96-well plates. Cultures were
maintained for 7 days. Colony formation was measured
by agar solubilization followed by cell lysis and quantifi-
cation of cell number by the use of CyQuant GR Dye in a
fluorescence plate reader. The fluorescence intensity is
directly proportional to cell number.

Measurement of Estrogen-Responsive Element
(ERE) Activation by ERE-Luciferase Assay

MCF7 cells were cultured in phenol red—free medium with
5% charcoal-stripped serum for 3 days and then plated in
24-well plates at a density of 2 X 10° cells per well in the
same medium. Twenty-four hours after plating, MCF7
cells were transiently transfected with 1 ug of 3X ERE-
TATA-luciferase reporter (Addgene, Cambridge, MA) us-
ing Lipofectamine 2000 (Invitrogen). Transfection effi-
ciency was normalized using pRL-SV40 at 1/20 of the
total DNA concentration. Twenty-four hours after trans-
fection, MCF7 cells were cultured for an additional 24
hours in the presence of vehicle (ethanol) or E2 (10
nmol/L; Sigma-Aldrich). Cells were then harvested in 200
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TRIM2O w—— w——

wlL of Passive lysis buffer and analyzed using the Dual-
Luciferase Reporter Assay System from Promega (Mad-
ison, WI) according to the manufacturer’s instructions.
Alterations in transcription from the ERE-firefly luciferase
reporter plasmid as a result of the various treatments
were determined after normalization using the renilla lu-
ciferase activity as control.

Gene Expression Microarray Analysis

Quick Amp Labeling Kit, two-color (Agilent Technologies,
Englewood, CO), was used to generate fluorescently la-
beled cRNA for microarray hybridizations. Fluorescently
labeled cRNA samples (825 ng each) were fragmented
and combined with Agilent Hi-RPM Hybridization Buffer.
Each experimental sample was assayed versus a com-
mon reference (Stratagene’s Human Universal Refer-
ence) on Agilent Human A2 microarrays. Hybridizations
were performed using Agilent SureHyb Hybridization
chambers following a standard protocol. After incubation,
the microarray slides were washed briefly, dipped in a
solution of acetonitrile, and dried. Slides were scanned in
an Agilent Technologies G2505C Microarray Scanner at
5-um resolution. A Lowess normalization procedure was
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Figure 2. Knockdown of TRIM29 disrupts normal mammary acinar formation in three-dimensional Matrigel culture. A: Transfection with the RNAi-resistant
TRIM29 rescued the TRIM29 expression in MCF10A cells after infection with the retrovirus-based TRIM29 shRNA. Lanes: 1, Parental control; 2, shRNA nonsilencing
control; 3, TRIM29 shRNA; 4, TRIM29™" empty vector control; and 5, TRIM29™". The B-actin protein served as an internal loading control. B: Cells were cultured
on Matrigel for the indicated number of days. D: Developing acini were immunostained with antibodies to ag-integrin subunit (green, left columns), cleaved
caspase-3 (red, middle columns), or Ki-67 (red, right columns). Representative immunofluorescence images of acini are shown with the nuclei counterstained

with DAPI (blue). Scale bar = 100 um.



performed to adjust the Cy3 and Cy5 channels.™ Func-
tional categorization of genes with a minimum of two-fold
absolute changes was performed with GeneSifter soft-
ware. All DNA microarray data are deposited at the Gene
Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo,
last accessed December 12, 2011) and its Short Read
Archive, respectively. In addition, processed data from
the HCI Microarray Core are available for direct loading in
genome browsers using HCI's Distributed Annotation
System 2 server (DAS/2; htip://www.biodas.org/wiki/
Main_Page, last accessed December 12, 2011).

Statistical Analyses

Publically available microarray data were used to determine
the prognostic significance of TRIM29 expression in ER+
breast cancer.'®'® Multiple probe values for TRIM29 were
averaged, expression data across the tumors were split into
equal tertiles, and survival was assessed by Kaplan-Meier
plots. Statistical significance was determined by log-rank
testing using TRIM29 as a continuous predictor. A multivar-
iate Cox model was used to determine interactions between
TRIM29 and PAM50 subtype predictions.'” All survival anal-
ysis was performed using “R” statistical computing soft-
ware, version 2.8.0 (The R Foundation for Statistical Com-
puting, Vienna, Austria).

Results

Phenotypic Changes Resulting from TRIM29
Knockdown in Nontumorigenic MCF10A Cells
The expression of TRIM29 was silenced in MCF10A cells

using shRNA, and phenotypic changes were evaluated
using assays for proliferation, anchorage-independent
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growth, and migration and invasion (Figure 1). The im-
munoblots of parental and stably selected transfected
cells showed high endogenous expression of TRIM29 in
MCF10A cells that was effectively knocked down by the
TRIM29 shRNA construct (Figure 1A). The loss of TRIM29
expression resulted in an approximately twofold increase
in growth at 72 hours that was statistically significant (P <
0.05) compared with the parental or nonsilencing con-
trols (Figure 1B). Although parental MCF10A cells and
MCF10A cells transfected with shRNA control construct
failed to grow in soft agar, the TRIM29 knockdown MCF10A
cells increased rapidly (Figure 1C). Furthermore, in vitro
basement membrane assays showed a significant increase
in migration (P < 0.05) and invasion (P < 0.05) in the
TRIMZ29 knockdown MCF10A cells compared with the pa-
rental and nonsilencing controls (Figure 1D).

Knockdown of TRIMZ29 Disrupts Normal
Mammary Acinus Formation in Three-
Dimensional Matrigel Culture

MCF10A cells grown in three-dimensional Matrigel reca-
pitulate numerous features of breast epithelium in vivo,
including the formation of acinus-like spheroids.'? There-
fore, we examined whether knockdown of TRIM29 would
disrupt the normal mammary acinar morphogenesis of
MCF10A cells (Figure 2). To assess off-target effects that
may have resulted from the short hairpin TRIM29 knock-
down vector, TRIM29 was reexpressed using a cDNA
with seven silent mutations (TRIM295%) encoding the
same amino acid sequence, allowing for a functional
TRIM29 protein whose expression was resistant to the
TRIM29 shRNA (Figure 2A). Parental MCF10A cells
grown in three-dimensional Matrigel had a well-circum-
scribed staining pattern of a-integrin, illustrating appro-

Figure 3. TRIM29 expression in MCF7 cells in-
hibits estradiol-induced cell proliferation, re-
duces anchorage-independent growth, and de-
creases migration and invasion. A: TRIM29
protein expression in MCF7 cells transfected with
TRIM29 expression vectors. TRIM29 and B-actin
(loading control) protein were detected by West-
ern blot analysis using anti-TRIM29 antibody N-19
or anti-B-actin antibody. B: Effect of TRIM29 ex-
pression on estradiol-induced proliferation of
MCF7 cells as measured by BrdU incorporation
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fected control (one-way analysis of variance).
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across three independent experiments.
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priate apico-basal polarization (Figure 2B). At day 6, the
cells within the lumen of the acini continued to proliferate
(Ki-67), and cell death (a-active caspase-3) was appar-
ent by day 8. In contrast, when TRIM29 was knocked
down in MCF10A cells, there was a lack of polarity
(shown by diffuse a-integrin staining), increased prolifer-
ation (shown by Ki-67 staining at day 15), and reduced
apoptosis (shown by caspase-3 staining at day 8) com-
pared with the parental MCF10A cells at the same time
points. To validate that the ablated acinar formation
was solely due to the absence of the functional
TRIM29, it was tested whether reintroduction of wild-
type TRIM29, by means of a plasmid expressing the
RNAi-resistant wild-type TRIM29, could reverse the
phenotypic changes. The transformed phenotype
caused by TRIM29 knockdown could be rescued by
introducing the TRIM295™- vector. Overall, these results
provided evidence that TRIM29 is essential for the
normal acinar morphogenesis of mammary epithelial
cells. We also investigated whether the introduction of
TRIM29 into MCF7 cells could restore the epithelioid
aggregates to acini structures and found that TRIM29
alone was not sufficient to reestablish the normal mor-
phologic characteristics (data not shown).

TRIM29 Expression Slows the Growth of MCF7
Cells in the Presence of Estrogen

We further investigated the effect of TRIM29 expression in
vitro using MCF7 breast cancer cells, which represent an
invasive ER+ breast cancer that lacks TRIM29 expres-
sion (Figure 3). MCF7 cells were transfected with a len-
tiviral vector containing wild-type TRIM29 (Figure 3A),
and the effects on proliferation (+/— estrogen; Figure
3B), anchorage-independent growth (Figure 3C), and mi-
gration and invasion (Figure 3D) were assessed. We
found that MCF7 cells grown in steroid-deficient media
have increased proliferation when TRIM29 is intro-
duced, equal to the effect of adding E2 alone. How-
ever, when TRIM29 is expressed in the presence of E2,
growth is decreased down to the baseline growth of
parental MCF7 cells without E2. Similarly, there is a
statistically significant (P < 0.05) reduction in anchor-
age-independent growth and migration and invasion
when TRIM29 is expressed in MCF7 cells grown in
E2-containing media.

TRIMZ29 Expression Disrupts Estrogen-
Dependent Activation of ERE-Luciferase
Reporter and Attenuates Induction of
Estrogen-Responsive Genes in MCF7 Cells

MCF7 cells express ERa and ERB and are highly estro-
gen responsive.'® Thus, we assessed the functional con-
sequences of TRIM29 expression on activation of the ER
pathway in MCF7 cells transfected with a luciferase re-
porter plasmid containing the consensus ERE (Figure
4A). MCF7 cells were grown in steroid-deficient media
and then treated with E2, and the luciferase activity was
measured in cell extracts. Similar to the observation on
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Figure 4. Expression of TRIM29 inhibits estradiol-induced ERE activity and
attenuates E2-induced transcription of estrogen-responsive genes in MCF7
cells. Each experiment was conducted twice using four replicates per con-
dition. A: MCF7 cells transfected with 3X ERE-TATA-luciferase reporter plas-
mid were grown in steroid-deficient media and then treated with either
ethanol or 10 nmol/L E2 for 24 hours. Cell lysates were evaluated for relative
luciferase activity using the Promega dual luciferase assay system. Results are
expressed as fold change relative to vehicle (ethanol) control. Data are
presented as mean * SE. *P < 0.05 versus ethanol-treated MCF7 cells; **P <
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ance). B: MCF7 cells were grown in steroid-deficient media and then
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real-time PCR and normalized to ACTB. For each gene, data are expressed as
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treated MCF7 cells (one-way analysis of variance).

proliferation, we found that ERE transcriptional activity
was significantly increased when either E2 was added to
the media of parental MCF7 cells or TRIM29 was ex-
pressed in the absence of E2. However, when TRIM29
was expressed in the presence of E2, the ERE transcrip-
tional activity was ablated. We next examined whether
TRIMZ29 expression affects the induction of endogenous
estrogen-responsive genes by E2. As shown in Figure
4B, the mRNA expression levels of a number of well-
characterized ER target genes, including FOS,'® TFF1,%°
and GREB1,?" were increased in MCF7 cells in response
to E2 treatment. The E2-dependent activation of all of
these genes was markedly impaired by the presence of
TRIM29. Moreover, TRIM29 expression alone induced the
expression of these three genes in MCF7 cells. These



Table 1. ERE Gene Changes Due to TRIM29 Expression in MCF7 Cells

TRIM29 Slows Growth in ER+ Breast Cancer 845
AJP February 2012, Vol. 180, No. 2

Up-regulated gene ERE sequence*

Down-regulated gene ERE sequence*

AKR1C4 5'-GGGTCAATTTaACCa—3’
ALP1 5'-AGGTCtGGCTGACCC—3'
ASS 5'-GGGTgACTCTGACCT—3’
CALCR 5'-GGGTCAGTATGACag—3’
CASP8 5'-AGGCCATCTTGACCT—3’
CD34 5'-AGGTCAAATTCACCC—3’
CD86 5'-GGGTggGAGTGACCC—3’
CDR1 5'-tGGTCACCATCACCT—3’
CPM 5'-AGGTCACTCTGACCC—3’
ELA2A 5'-AGGgCAGAGTGACCa—3’
FOS 5'-AaGTCACCCTGACCT—3’
GHRHR 5'-AGGTCATGTgGACCa—3'
GREB1 5'-GGGTCATTCTGACCT—3’
HSPD1 5'-taGTCAGTGTGACCT—3’
L3MBTL 5'-GGGTCcTGTTGACCa—3’
MTHFD2 5'-GGcTCACTGTGACCT—3'

NOS3 5'-ctGTCACCTTGACCC—3’

NUCB2 5'-GGGTtgATTTGACCC—3'
PCHD12 5'-GGGTCAACTTGAGCT—3’
PDE4C 5'-cGGTCACACaGACCC—3’
PHF5A 5'-GGGaCgCCTTGACCT—3’

PTX3 5'-AGGcCAGGCTGACCa—3'

SHMT2 5'-AGaTCAGCCTGACCa—3’
SLC7A5 5'-AaGTCAGAATGACCT—3’
TCF2 5'-AGGTCAATGTGtCCg-3’
TSHB 5'-AGGTCAGCTTGACaT-3’

BDKRB2 5'-tGGTCtGTCTGACCT—3’
BIRC3 5'-AGGgCATATTGACCT—3’
CXcL2 5'-AGGTCtTTATGACCT—3’
DTNA 5'-AGaTCAAGGTGACCT—3’
HOXC12 5'-AGGTCtTTCTGACCT—3’
MATNT 5'-GGGTCAGGAccACCC—3’
NR4A3 5'-GGGTCAGGGcGeCCcC—3’
PDK4 5'-AGGTggCCTTGACCT—3’
PTGER3 5'-GGGaCAGAGTGACCT—3’
TAC1 5'-GGGTCACCCcGcCCcC—3’
THBD 5'-GGGTggACATGACCC—3’
TRIM31 5'-AGaTCAGAATGACCg—3'
WISP2 5'-AaGTCgGAGTGACCT—3’
WNT9B 5'-GGGTtgCACTGACCC—3'

*Sequences of previously identified EREs are shown with lower case letters denoting nonconserved bases.

results, together with the reporter assay, suggest that
TRIM29 is directly involved in regulating the expression of
ER target genes.

Genes Differentially Expressed in MCF10A and
MCF7 Cells Due to TRIM29 Expression

To assess changes in gene expression caused by
TRIM29, we performed pairwise microarray analyses on
both MCF10A cells transfected with the control vector or
TRIM29 shRNA retrovirus and MCF7 cells transfected
with the control vector or TRIM29 cDNA retrovirus. Genes
that were found to be altered greater than twofold in both
pairwise analyses were organized according to their in-
volvement in biological processes by gene ontology anal-
ysis (see Supplemental Table S1 at http.//ajp.amjpathol.
org). Knockdown of TRIM29 in MCF10A cells caused
up-regulation of cell cycle regulated genes (BTC, AXINZ2,
and GLP2R), and there was down-regulation of the anti-
proliferative gene SSTR5. In addition, positive regulators
of apoptosis (DLX3 and TNFRSF11B) were down-regu-
lated, whereas the antiapoptotic gene RUX2 was up-
regulated. Components of the Wnt signaling pathway,
such as WNT5A, WNT8A, and its downstream target
GAD1, were also up-regulated as result of TRIM29 loss.
Finally, genes involved in MAPK signaling were up-
regulated, such as GNG2 and FPR1. The data support
our phenotypic observation that the TRIM29-depleted
MCF10A cells increase proliferation, decrease apopto-
sis, increase migration and invasion, and lose polarity.
Introducing TRIM29 into MCF7 cells caused reciprocal
changes in the expression of genes in these pathways.
Moreover, the expression of ESR2, ER-related recep-

tors B and vy, and the estrogen-responsive gene SOX5
were up-regulated from TRIM29 expression in MCF7
cells. Because of the effect that TRIM29 had on the
expression of ER-regulated genes, we further identified
genes containing an ERE motif that changed expression in
MCF7 cells when TRIM29 was expressed (Table 1).

Expression of TRIM29 in ER+ Breast Cancer
and Prognosis

Because of our in vitro findings of TRIM29 functioning as
a tumor suppressor and the interaction with the ER path-
way, we wanted to assess the effects of TRIM29 tumor
expression on the natural course of breast cancer pro-
gression. TRIM29 expression was analyzed from microar-
ray for ER+, early-stage (I or I) tumors in women who did
not receive any adjuvant systemic treatment.’®22 A cut
point of 55 years old was used in the data set of Wang et
al to distinguish premenopausal from postmenopausal
women (Figure 5). Women who were younger than 55
years with ER+ breast cancer with high TRIM29 expres-
sion had significantly longer relapse-free survival (P =
0.02; Figure 5A), whereas this effect was not observed in
women older than 55 years (P = 0.5; Figure 5B). This
finding was validated in an independent microarray data
set from the Netherland Cancer Institute that enrolled
early-stage breast cancer patients younger than 53 years
(see Supplemental Figure S1 at http://ajp.amjpathol.
org).'® The aggressiveness of ER+ breast cancer has
also been associated with “intrinsic” subtype (ie, luminal
A versus luminal B)'; however, we found no significant
interaction between the different luminal subtypes and
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Figure 5. TRIM29 expression is prognostic for relapse-free survival in young
women with ER+ breast cancer given no adjuvant systemic therapy. Microar-
ray gene expression data for TRIM29 was used from the study by Wang et
al.'® Kaplan-Meier survival curves are shown for high (green), intermediate
(red), and low (red) expression of TRIM29. A: Relapse-free survival for
women younger than 55 years with ER+ breast cancer (72 = 63). B: Relapse-
free survival for women older than 55 years with ER+ breast cancer (12 = 79).

TRIM29 expression, suggesting it is an independent
prognostic factor.

Discussion

MCF10A cells were derived from a premenopausal
woman diagnosed as having fibrocystic breast dis-
ease,”® which is a nonmalignant condition characterized
by localized changes in breast density (ie, painful lumps)
that is associated with hormonal fluctuations during the
menstrual cycle. The MCF10A cell line is immortalized
but retains many features of “normal” breast cells, such
as forming acini, inability for anchorage-independent
growth, and lack of tumor formation in mice.'®2® As such,

the cell line is often used as a model for tumor progres-
sion through additional transformations.?*

It has been suggested that MCF10A cells represent a
type of multipotent progenitor cell that shares gene ex-
pression profiles with many breast cell types.?®> Approx-
imately 85% to 90% of normal breast luminal epithelial
cells are ER—, another feature shared with MCF10A cells.
As normal ER— luminal breast cells differentiate into ER+
cells, they lose Ki-67 expression and enter senes-
cence.?® In preinvasive and invasive ER+ breast cancer,
the cells are maintained in this differentiated state and
acquire additional somatic mutations (eg, loss of TP53)
that promote survival and increased proliferation.?”28

We hypothesize that TRIM29 plays a role in maintaining
the balance between cell proliferation and death, account-
ing for its dual roles as an oncogene in some cancers and
a tumor suppressor in others. Our results show that TRIM29
only had a tumor suppressor effect in MCF7 cells in the
presence of E2. A previous study showed that introduction
of ERa into MCF10A cells decreased the response of es-
trogen-regulated genes.' A plausible role for TRIM29 in
normal epithelial mammary tissue is that it is involved in
luminal cell senescence in response to estrogens as cells
terminally differentiate and become ER+.

Estrogens mediate cellular responses through ER«a
(ESR1) and ERB (ESR2), which are encoded by separate
genes.?® The ER genes regulate overlapping gene sets
by binding ERE or activator protein 1 sites.*° The activa-
tor protein 1 complex is composed of the proteins c-fos
and c-jun, which stimulate growth in MCF7 cells.®" We
show that TRIM29 is able to induce the expression of the
FOS (c-fos) gene and other ER-regulated genes (GREB1
and TFF1). Both GREB1 and TFF1 are strongly correlated
with ER protein expression and are required for E2-in-
duced proliferation and invasion of ER+ breast cancer
cells.2"2233 TRIM29 is able to independently induce
these ER-regulated genes, but the level of induction is
reduced in the presence of E2, accounting for the ob-
served tumor suppressor effects.

In support of this tumor suppressor function of TRIM29,
we found that women with early-stage, ER+ breast can-
cer have improved survival if the tumor has high TRIM29
expression. However, this benefit was only observed in
younger women (<55 years of age), suggesting an age-
related physiologic effect. Although menopausal status
was not available for the cohorts studied, it is likely that
many of the younger women were premenopausal or
perimenopausal; thus, the presence of estrogens could
account for differences in outcome, especially in the ab-
sence of any adjuvant systemic therapy. Our findings
suggest that breast cancer incidence and risk of recur-
rence may depend on a combination of menopausal sta-
tus, hormone replacement therapy, tumor ER status, and
tumor TRIM29 status.
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