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Nuclear TBLR1 as an ER corepressor
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Abstract: Estrogen receptors (ER) play important roles in the development and progression of breast and ovarian
cancers. ERs mediate transcriptional regulation through interaction with cofactors and binding to response ele-
ments within the regulatory elements of target genes. Here, we examined the expression and function of TBLR1/
TBL1XR1, a core component of NCoR (nuclear receptor corepressor) and SMRT (silencing mediator of retinoic
acid and thyroid receptor) corepressor complexes, in breast and ovarian cancers. We found that although TBLR1
is present in both the nucleus and cytoplasm of normal and neoplastic breast and ovarian cells, it is expressed at
significantly higher levels in the nucleus of malignant breast and ovarian cells compared to benign cells. TBLR1
functions as an ER corepressor to inhibit ER-mediated transcriptional activation in both breast and ovarian cell
lines, but it has no effect on androgen receptor (AR) mediated transcriptional activation in these cells. Furthermore,
ectopic expression of nuclear TBLR1 in breast and ovarian cancer cells stimulates cell proliferation. The increased
cell proliferation by nuclear TBLR1 is through both ER-independent and ER-dependent mechanisms as evidenced
by increased growth in hormone-free medium and estrogen medium, as well as reduced growth with ER knockdown
by siRNA. Nuclear TBLR1 overexpression also increased migration and invasion in both breast and ovarian cancer
cells. Determining the functional relationship between TBLR1 and ER may provide insights to develop novel treat-
ment strategies and improve response to hormonal therapy in breast and ovarian cancers.
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Introduction target N-CoR for dismissal and initiate tran-
scriptional activation [6]. Our recent study [7]
has shown that TBLR1 is a transcriptional
coactivator for androgen receptor (AR), a ligand-
activated transcriptional factor, in prostate can-
cer cells. TBLR1 acts as a tumor suppressor in
prostate cancer by selectively activating AR tar-
get genes important for growth suppression

and differentiation but does not activate pro-

Transducin beta like related protein 1 (TBLR1/
TBL1XR1) was initially identified as a core
component of the SMRT/N-CoR corepressor
complexes that are responsible for transcrip-
tional repression mediated by numerous tran-
scription factors and nuclear hormone recep-
tors (NHRs) [1]. TBLR1 is a multifunctional

protein [2] and has been shown to have both
corepressor and coactivator activities [2-5]
depending on nuclear receptor and cell types.
TBLR1 is necessary for targeting of the N-CoR
complex to chromatin through binding to hypo-
acetylated histones to facilitate repression but
also has been shown when phosphorylated to

proliferative AR target genes [7].

Estrogen is a steroid hormone that is responsi-
ble for sexual development, fertility and meta-
bolic processes. Elevated estrogen level has
been linked to breast and ovarian cancers. The
effects of estrogen are mediated by ERs th-
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rough both genomic and non-genomic mecha-
nisms. ERs mediate transcriptional regulation
through direct binding to estrogen responsive
elements (ERE) within the regulatory elements
of target genes and subsequent recruitment
of cofactors. ER associated coactivators and
corepressors have been implicated in breast
[8, 9] and ovarian cancer [10]. N-CoR and
SMRT are two well-studied corepressors and
play key roles in transcriptional repression by
unliganded NHRs [1, 11]. Unlike other NHRs,
DNA binding sites are not occupied by ER in the
absence of estrogen, and the corepressors are
recruited to target genes in response to antago-
nists. The ratio of coactivators to corepressors
facilitates the determination of the transcrip-
tional responses to selective estrogen modula-
tors. Our previous study showed that the sub-
cellular localization of TBLR1 is important for
its functions in prostate cancer [12]. A recent
study showed that TBLR1 promotes prolifera-
tion in human breast cancer via activation of
beta-catenin signaling [13]. However, the sub-
cellular localization of TBLR1 in breast cancer
and its expression in ovarian neoplasms have
not been investigated. In addition to ER, AR is
a prevalent sex steroid receptor expressed
in female endocrine organ cancers including
breast and ovarian cancers [14-18]. Thus, it is
of interest to determine whether TBLR1 plays
a role in breast and ovarian cancers through
its interaction with ER and AR.

Here, we investigated the role of TBLR1 in
breast and ovarian cancers with a focus on its
interaction with ER. We examined TBLR1 ex-
pression and cellular localization in breast and
ovarian cancers using a panel of cell lines and
clinical samples. Our study showed that, con-
sistent with increased nuclear TBLR1 expres-
sion in cancer cells, nuclear TBLR1 serves as
corepressor of ER in breast and ovarian can-
cer cells and importantly, nuclear TBLR1 sti-
mulated cell proliferation, migration and inva-
sion in these cells.

Materials and methods

Cell culture, cell proliferation and in vitro matri-
gel invasion assays

The cell lines, MCF10A, MCF7, MDA-MB-231,
SKBr3, T29, SKOV-3 and OVCAR-3 were ob-
tained from the American Type Culture Collec-
tion (ATCC). MCF10A, an immortalized mam-
mary epithelial cell line, was cultured in MEGM
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mammary epithelial cell growth medium. MCF7
and MDA-MB-231 cells were grown in DMEM
medium containing 10% FBS and 1 U/ml
of penicillin and 1 mg/ml streptomycin. The
benign immortalized ovarian surface epithelial
cell line T29 was maintained in medium 199
and MCDB105 (Sigma). The two ovarian cancer
cell lines SKOV-3 and OVCAR-3 were cultured in
McCoy’s 5a medium (Invitrogen) and RPMI
1640 (Gibco) respectively, supplemented with
10% FBS and 1 U/ml of penicillin and 1 mg/ml
streptomycin. Cell proliferation was measured
by the colorimetric WST-1 assay (Roche). Cells
(1 x 10% were plated into 24-well plates and
measured absorbance at 450 nm every other
day on a plate reader. Invasion assays were
performed using BD Matrigel invasion chamber
and 5% FBS was used as the chemoattractant
in the lower chamber. Cells (5 x 10%) were incu-
bated for 24 h prior to staining and counting.
The percentage of invasion was expressed as
the ratio of invading cells over cell number nor-
malized on day 2 of the growth curve.

Luciferase assay

In vivo reporter transcription assay was per-
formed using the Dual-reporter Luciferase As-
say System (Promega) according to manufac-
turer’s instructions. Briefly, 5 x 10* cells per
well were plated into 24-well plates 24 h before
transfection. After being washed with phos-
phate-buffered saline, cells in each well were
transfected with 5 ng of AR or 0.5 ng of ER
expression vector, 100 ng of luciferase reporter
plasmid, 1 ng of the pR-LUC internal control
luciferase plasmid, and increasing amounts of
pCDNA3.1-TBLR1 expression vector. The total
amount of DNA was adjusted to 1 pg for each
transfection with pcDNA3.1 empty vector as
needed. Transfections were conducted in phe-
nol red-free DMEM medium; 8 h later, the me-
dium was changed to phenol red-free DMEM
plus charcoal-treated fetal bovine serum (10%)
containing 10 nM R1881 or 10 nM 17-estradi-
ol. Cells were cultured for 48 h with ligand
prior to luciferase reading. The light output
was measured by Lumat LB9507 luminometer
(Berthold).

Whole cell lysates, cell fractionation, and im-
munoblot analysis

Whole-cell extracts were prepared as described

[7] from MCF10A, MCF7, MDA-MB-231, SKBr3,
T29, OVCAR3 and SKOV3 cells in RIPA buffer
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Figure 1. Expression of TBLR1 in breast and ovarian cancer. (A) Localization
of TBLR1 expression in breast cells was examined by cell fractionation fol-
lowed by western blot. GAPDH is used as a cytoplasm loading control. H2B
is used as a nuclear loading control. (B) Localization of TBLR1 expression
in ovarian cells was examined by cell fractionation followed by western blot.
GAPDH is used as a cytoplasm loading control. H2B is used as a nuclear
loading control. (C, D) Increased nuclear TBLR1 expression in breast cancer
(D) compared to benign breast (C) cells. (E, F) Increased nuclear TBLR1 ex-
pression in ovarian cancer (F) compared to benign fallopian tubal (E) cells.
(G) Average nuclear and cytoplasmic scoring of 108 cases of ovarian epi-
thelial carcinomas, including papillary serous carcinoma (PSC, n=50), se-
rous borderline tumors (SBT, n=23), endometrioid carcinoma (EMC, n=10),
ovarian clear cell carcinoma (CCC, n=13) and ovarian mucinous carcinoma
(MUC, n=12), with 15 cases of uterine serous carcinoma (USC) and 22 cases
of normal fallopian tubes (FT).

(50 mM Tris-HCI pH 8.0, 150 mM NaCl, 1%
NP-40, 1 mM EDTA, 0.1% SDS). For cell frac-
tionation, cells were first lysed with cytoplasmic
buffer (10 mM HEPES pH 7.6, 50 mM NacCl, 0.5
M sucrose, 1 mM DTT, 5 mM MgCI2, 0.1% Triton
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X-100). After centrifugation,
the supernatant was collect-
ed as the cytoplasmic fract-
ion and the nuclear pellet was
washed 3 times with cyto-
plasmic buffer followed by ly-
sis with RIPA buffer. Extracts
were subjected to electro-
phoresis on SDS-PAGE and
then transferred to nitroce-
llulose membranes for immu-
noblot analysis as described
[19] with antibodies for TBLR1
(Santa Cruz antibodies), H2B
and GAPDH (Cell Signaling).

Immunohistochemistry on
breast and ovarian cancer
tissue

Immunohistochemical study
with antibody against TBLR1
was used to characterize the
expression pattern of TBLR1
in invasive ductal carcinoma
of the breast. Two sets of
breast cancer cases are used
in this study. The first study
set included the whole tis-
sue sections from 40 cases
of breast adenocarcinoma.
TBLR1 nuclear and cytoplas-
mic expression in the malig-
nant glands was compared
with the adjacent benign
breast glands on the same
slide. The second study set
included 52 cases of breast
adenocarcinoma on a tissue
microarray (TMA). Each case
was represented by three
0.6 mm cores on the TMA.
Cases on the TMA were strati-
fied by various clinicopatho-
logical factors. In both study
sets, the levels of TBLR1 nu-
clear and cytoplasmic expre-
ssion were scored semi-quan-
titatively: O as negative, 1 as
weak, 2 as moderate and 3 as

strong expression. 108 cases of ovarian epithe-
lial carcinomas, including papillary serous car-
cinoma (PSC, n=50), serous borderline tumors
(SBT, n=23), endometrioid carcinoma (EMC,
n=10), ovarian clear cell carcinoma (CCC, n=13)
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and ovarian mucinous carcinoma (MUC, n=12),
and 22 cases of normal fallopian tubes (FT) (as
staining control), were retrieved, and a tissue
microarray (TMA) was assembled. IHC with
TBLR1 was performed (TBLR1 antibody clone
L-08, Santa Cruz Biotechnology Sc-100908)
and TBLR1 nuclear and cytoplasmic express-
ion pattern was scored. The levels of TBLR1
expression were scored semi-quantitatively; O
as negative, 1 as weak, 2 as moderate and 3
as strong expression.

Statistical analysis

Statistical analyses of the above results were
performed by Student’s t-test using the SPSS
program (version 11.0) (SPSS, USA). Differences
are considered statistically significant if P <
0.05.

Results

TBLR1 expression and subcellular localization
in breast and ovarian cancer

We previously showed that TBLR1 localiza-
tion is different in benign and malignant pros-
tate tissue and cells [7]. In this study, we com-
pared the expression levels and intracellu-
lar localization of TBLR1 in benign and malig-
nant breast and ovarian cell lines. First, we per-
formed cell lysate fractionation and analyzed
TBLR1 expression by western blot across the
three breast cell lines (Figure 1A) including the
immortalized, non-transformed epithelial cell
line MCF10A, and human breast adenocarci-
noma cell lines, MCF7 and MDA-MB-231. The
MCF7 cell line is positive both for ER and AR
expression; in contrast, MCF10A and MDA-
MB-231 cell lines are both AR and ER negative.
We found that TBLR1 expression is present
in both benign and malignant breast cells
as full-length 55 kD protein. However, the pat-
tern of TBLR1 localization is different be-
tween benign and malignant cell lines. MCF10A
and MCF7 cells show higher nuclear TBLR1
expression compared to cytoplasmic expres-
sion (Figure 1A). We also examined the expres-
sion and localization of TBLR1 across three
ovarian cell lines (Figure 1B). We compared
benign immortalized ovarian surface epithelial
cell line T29, and malignant ovarian cancer cell
lines OVCAR-3 and SKOV3. Both the benign and
malignant ovarian cell lines are positive for AR
and ER expression. The TBLR1 expression level
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in both the nucleus and cytoplasm in OVCAR-3
cells was higher than T29 or SKOV3 cells.
SKOV3 cells showed lowest level of nuclear
TBLR1 of the three cell lines.

We next examined the expression and localiza-
tion of TBLR1 in 40 human breast cancer tis-
sue samples. Expression was scored compar-
ing malignant glands to the surrounding benign
breast glands on the same tissue section. The
expression of TBLR1 in the nucleus was sig-
nificantly higher in the malignant glands com-
pared to the adjacent benign breast glands
(Figure 1C, 1D) with average score in tumor as
2.3 vs. benign as 1.8 (P < 0.01). Specifically,
among the 40 cases of adenocarcinoma stud-
ied, the level of TBLR1 nuclear expression in
malignant glands was higher in 20 cases, equal
in 19 cases, and lower in 1 case. No significant
difference between the level of TBLR1 cyto-
plasmic expression between malignant glands
and benign glands was observed. When strati-
fied with clinicopathological factors, the levels
of TBLR1 nuclear expression were higher in
androgen receptor (AR) positive cases (average
scorein AR (+) as 1.9 vs. AR (-) as 1.4). The level
of TBLR1 nuclear expression is also higher in
progesterone receptor (PR) positive cases with
average score for PR (+) as 2.0 vs. PR (-) as 1.6.
The level of TBLR1 nuclear expression is not
significantly correlated with age at diagnosis,
tumor size, ER or Her-2 status. No correla-
tion between the level of TBLR1 cytoplasmic
expression and the above mentioned clinico-
pathological factors were observed.

Additionally, we tested nuclear and cytoplas-
mic TBLR1 expression across different ovarian
cancer tissues. We found TBLR1 expression
was significantly higher in the nucleus com-
pared to the cytoplasm (P < 0.005) in all of
the specimens tested (Figure 1F). We found
a relatively high expression of TBLR1 in both
the nucleus and cytoplasm when comparing
all subtypes of ovarian epithelial carcinomas
to normal fallopian tubes (Figure 1E) (P < 0.01).
A significant higher nuclear and cytoplasm
expression of TBLR1 was also noted in most
subtypes of ovarian epithelial carcinomas com-
pared to USC (P < 0.005) except in nuclear
staining of EMC (P=0.226) and CCC (P=0.217).
More importantly, TBLR1 nuclear expression
was significantly higher in PSC and CCC com-
pared to MUC and SBT (P < 0.0001).

Am J Cancer Res 2016;6(10):2351-2360



Nuclear TBLR1 in breast and ovarian cancer

0.18

MDA-MB-231/ER
0.16

0.14
0.12
0.10
0.08
0.06
0.04

Relative luciferase activity >

0.02

0.00
E2 - - + + + + + + +

ER - - - - + + + + +

TBLR1 - + - + -

(@]
o
=

OVCARS/ER
0.10

0.08

0.06

0.04

Relative luciferase activity

0.02

0.00
E2 - - + + + + + + +

ER - - - -
TBLR1 - + - + -

4‘

Relative luciferase activity

Relative luciferase activity o©

TBLR1 - + - + -

0.30

MDA-MB-231/AR

0.05

0.00
R1881 - - + + + + + + +

AR - - - -
TBLR1 - + - + -
0.25

OVCAR3/AR

0.20

0.10

0.05

0.00
R1881 - - + + + + + + +
AR - - - - + + + + +

Figure 2. TBLR1 acts as an ER transcriptional corepressor in both breast and ovarian cancer cells. A. TBLR1 acts
as a corepressor for ER in MDA-MB-231 breast cancer cells in a dose-dependent manner in the presence of 10 nM
17B-estradiol by dual luciferase assay with a 4X estrogen response element (ERE) luciferase reporter plasmid. B.
Overexpression of TBLR1 showed no change in AR transcriptional activation in MDA-MB-231 breast cancer cells. C.
TBLR1 acts as a corepressor for ER in OVCAR3 ovarian cancer cells in a dose-dependent manner in the presence
of 10 nM 17p-estradiol by dual luciferase assay with a 4X estrogen response element (ERE) luciferase reporter
plasmid. D. Overexpression of TBLR1 showed no change in AR transcriptional activation in OVCAR3 ovarian cancer

cells. All experiments were performed in triplicate.

TBLR1 acts as an ER transcriptional corepres-
sor in both breast and ovarian cancer cells

Previously, we showed that TBLR1 serves as an
AR coactivator in prostate cancer cells [7]. To
determine the function of TBLR1 in breast
and ovarian cancer cells, we cotransfected a
luciferase reporter gene with three copies of
androgen responsive elements (ARE) or estro-
gen responsive elements (ERE) in the promo-
ter region, along with full length AR or ER and
increasing amounts of TBLR1 in pcDNA vectors
in MDA-MB-231 or OVCARS3 cells. Cells were in-
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cubated either in the presence of androgen or
estrogen for 48 hours after transfection. TBLR1
inhibited ER-mediated transcriptional activa-
tion in both MDA-MB-231 (Figure 2A) and
OVCARS3 cells (Figure 2C) in a dose-dependent
manner. Similarly, we also found TBLR1 inhi-
bits ER-mediated transcriptional activation in
breast cancer MCF7 cells (Supplementary
Figure 1A). Interestingly, nuclear TBLR1 also
functions as ER corerepressor in prostate can-
cer PC3 cells (Supplementary Figure 1C). We
observed no change in AR transcriptional ac-
tivation both in MCF7 cells (Supplementary

Am J Cancer Res 2016;6(10):2351-2360
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Figure 3. Nuclear TBLR1 effect on in vitro cell growth of breast and ovarian cancer cells. A. WST-1 cell prolifera-
tion assay comparing MCF7 cells with transiently overexpressed NLS-TBLR1 to MCF7 cells transfected with pcDNA
control in 10 nM 17 estradiol media. The insert confirms TBLR1 overexpression by western blot, GAPDH is used as
the loading control. B. WST-1 cell proliferation assay showing MCF7 cells transfected with control siRNA, ER specific
SiRNA, or ER siRNA + NLS-TBLR1 plasmid. The insert confirms ER knockdown and TBLR1 overexpression by western
blot, GAPDH is used as the loading control. C. WST-1 cell proliferation assay comparing MCF7 cells with transiently
overexpressed NLS-TBLR1 to MCF7 cells transfected with pcDNA control in hormone free media. D. WST-1 cell prolif-
eration assay comparing OVCAR3 cells with transiently overexpressed NLS-TBLR1 to OVCAR3 cells transfected with
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pcDNA control in 10 nM 173 estradiol media. The insert confirms TBLR1 overexpression by western blot, GAPDH is
used as the loading control. E. WST-1 cell proliferation assay showing OVCAR3 cells transfected with control siRNA,
ER specific siRNA, or ER siRNA + NLS-TBLR1 plasmid. The insert confirms ER knockdown and TBLR1 overexpression
by western blot, GAPDH is used as the loading control. F. WST-1 cell proliferation assay comparing OVCAR3 cells
with transiently overexpressed NLS-TBLR1 to OVCARS3 cells transfected with pcDNA control in hormone free media.

Figure 1B) and MDA-MB-231 (Figure 2B) as well
as OVCAR3 cells (Figure 2D). All luciferase
experiments were repeated in triplicate. These
findings suggest that TBLR1 functions as an ER
corepressor in breast, ovarian, and prostate
cancer, but did not alter AR mediated transcrip-
tion in breast or ovarian cancer cells.

Nuclear TBLR1 promotes growth in breast and
ovarian cancer cells

To examine the effect of nuclear TBLR1 ex-
pression in breast and ovarian cells, we trans-
fected MCF7 or OVCAR3 cells with pcDNA3.1
NLS-TBLR1 plasmid, a TBLR1 plasmid fused
with the strong nuclear localization sequen-
ce PKKKRKV. The nuclear localization of NLS-
TBLR1 was shown in Supplementary Figure 3.
When compared with control cells, MCF7 cells
transfected with pcDNA NLS-TBLR1 exhibited
increased rate of proliferation in both estrogen
medium (P=0.0029) and hormone-free medi-
um (P=0.0031) (Figure 3A and 3C). When ER
level was decreased by ER specific siRNA in
MCF7 cells, proliferation was decreased as
compared with control cells (P=0.0015). How-
ever, transfection with NLSTBLR1 plasmid par-
tially rescued the negative proliferative effect
of ER-knockdown in MCF7 cells (P=0.0211)
(Figure 3B). These results indicated that nu-
clear TBLR1 may affect proliferation of MCF7
cells in both ER-dependent and ER-indepen-
dent manners. We also overexpressed nuclear
TBLR1 in OVCAR3 cells. In OVCAR3 cells, nu-
clear TBLR1 also increased proliferation in
both estrogen medium (P=0.0018) and hor-
mone-free  medium (P=0.0357) (Figure 3D
and 3F). In addition, ER knockdown in OVCAR3
cells also reduced proliferation and overexpre-
ssion of nuclear TBLR1 partially rescued the
negative proliferative effects (P=0.0291) (Fig-
ure 3E). These results confirmed TBLR1 prolif-
erative effects in breast and ovarian cancer
cells to be both ER- dependent and ER-inde-
pendent. Additionally, we tested proliferative
effects of nuclear TBLR1 in benign MCF10A
and T29 cells in free and estrogen medium and
found nuclear TBLR1 increased proliferation in
both cell lines and in both conditions as well

(Supplementary Figure 2A, 2B, 2D, 2E).
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Nuclear TBLR1 promotes migration and inva-
sion in breast and ovarian cancer cells

We next examined the effect of nuclear TBLR1
on migration and invasion ability of breast can-
cer cells, utilizing a dual chamber invasion
assay with FBS as a chemoattractant. The
number of cells that traversed the lower mem-
brane were counted after 16 hour incubation.
After transfection of NLSTBLR1 in MCF7 cells,
we observed increased migration and invasion
compared to transfection control cells (Figure
4A-C). The calculated invasion index was 1.5.
We also observed increased migration and
invasion in the benign breast cell line MCF10A

(Supplementary Figure 2C).

Additionally, we examined the effect of nuclear
TBLR1 on migration and invasion ability on
ovarian cancer cells. We overexpressed nucle-
ar TBLR1 in OVCAR3 cells and assayed for
changes in migration and invasion ability. We
also observed a significant increase in migra-
tion and invasion in OVCAR3 cells with transfec-
tion of NLSTBLR1 (Figure 4D-F), with an inva-
sion index of 1.2. We also observed the same
effects on migration and invasion in the benign

ovarian cell line T29 (Supplementary Figure
2F).

Discussion

TBLR1 has been shown to be increased in
breast cancers compared to benign breast tis-
sue [13]. However, the study did not define
whether the increased TBLR1 is nuclear or
cytoplasmic protein and TBLR1 may express
different function based on cellular localiza-
tions [13]. In this study, we first examined the
expression of TBLR1 protein and its subcellu-
lar localization in both breast and ovarian cell
lines using western blot on cell fractionation
and tissue by immunohistochemistry. All the
cell lines examined express both nuclear and
cytoplasmic TBLR1. TBLR1 was predominant-
ly located in the nucleus in breast cancer and
malignant glands expressed higher level of nu-
clear TBLR1 than the adjacent benign glands in
50% of cases although there was no correla-

Am J Cancer Res 2016;6(10):2351-2360
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Figure 4. Nuclear TBLR1 effect on in vitro invasion of breast and ovarian
cancer cells. A. Representative pictures of invasive MCF7 cells transfected
with control plasmid (left) or NLSTBLR1 plasmid (right) by BD Matrigel in-
vasion assay. B. Quantification of MCF7 cells with and without NLSTBLR1
transfection migrating across a membrane without Matrigel insert to mea-
sure migration ability. C. Quantification of MCF7 cells with and without NLST-
BLR1 transfection migrating across a membrane containing Matrigel insert
to measure invasive ability. D. Representative pictures of invasive OVCAR3
cells transfected with control plasmid (left) or NLSTBLR1 plasmid (right) by
BD Matrigel invasion assay. E. Quantification of OVCAR3 cells with and with-
out NLSTBLR1 transfection migrating across a membrane without Matrigel
insert to measure migration ability. F. Quantification of OVCAR3 cells with
and without NLSTBLR1 transfection migrating across a membrane contain-
ing Matrigel insert to measure invasive ability.

2358

tion between nuclear TBLR1
and other clinicopathological
parameters such as age at
diagnosis, tumor size, and ER
or Her2 status. Interestingly,
the level of TBLR1 was higher
in high-grade serous ovarian
carcinoma (HGSOC) and clear
cell carcinoma than in serous
borderline tumors and muci-
nous carcinoma (Figure 1F).
These findings suggest that
nuclear TBLR1 may play a
role in the development and
progression of ovarian carci-
nomas and that TBLR1 may
have prognostic values in
ovarian cancers. The high lev-
els of nuclear TBLR1 expres-
sion correlates well with our
functional study results in
breast and ovarian cancer.

Additionally, we studied the
effects of TBLR1 on both
ER and AR mediated tran-
scriptional activation in both
breast and ovarian cell lines
using a dual reporter luci-
ferase assay driven by ERE
transcriptional elements. Our
results showed that TBLR1
inhibited the transcription ac-
tivation mediated by ER in
a dose dependent manner in
both breast and ovarian cell
lines. Although in prostate
cancer, TBLR1 acts as a co-
activator for AR, TBLR1 had
no effects on AR mediated
transcriptional activation in
breast and ovarian cancer
cells by in vitro luciferase
assays.

Ectopic expression of nuclear
TBLR1 in malignant cell lines
reveals that nuclear TBLR1
promotes the cell prolifera-
tion, migration, and invasion
of breast and ovarian cells.
Similar results were also ob-
served in benign immortal-
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ized cell lines. The growth promotion process
has both estrogen independent and depen-
dent components. Nuclear TBLR1 facilitates
increased cell growth in hormone free media. In
the presence of estrogen, it also accelerates
cell growth and this process is reversible upon
ER knock down using siRNAs in ER positive cell
lines, indicating at least partial ER-dependence
of TBLR1 action. Interestingly, nuclear TBLR1
functions as an AR coactivator in prostate and
suppresses prostate cancer cell growth, while
it serves as an ER corepressor in breast and
ovarian cells to promote cancer cell prolifera-
tion. Thus the oncogenic or tumor suppressive
function of nuclear TBLR1 is dependent on
both cell types and hormone receptor affected.
Of note, there is a high level of nuclear TBLR1
expression in MCF10A, however ER expression
is negative in this cell line, indicating the dis-
tinct function of nuclear TBLR1 in conjunction
with ER despite its ER independent function.
The mechanism of action of TBLR1 as an ER
corepressor to promote cancer cell growth is of
great interest and importance and will need to
be examined in future studies. It is possible
that TBLR1 inhibits ER target genes that regu-
late cell differentiation and tumor suppression.

In conclusion, our study shows that nuclear
TBLR1 is significantly upregulated in breast and
ovarian cancers. It serves as an ER corepressor
in both breast and ovarian cells and functions
as an oncogene by promoting cell proliferation,
migration and invasion and the oncogenic roles
of nuclear TBLR1 are partially dependent
through ER. Further studies on the mechanism
of TBLR1 function in breast and ovarian cancer
will advance our understanding of mechanisms
of tumor growth regulation and assist in the
development of effective targeted therapies.
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Supplementary Figure 1. TBLR1 acts as ER transcrip-
tional corepressor in MCF7 and PC-3 cells. A. TBLR1 acts
as a corepressor for ER in MCF7 breast cancer cells in
a dose-dependent manner in the presence of 10 nM
17p-estradiol by dual luciferase assay with a 4X estro-
gen response element (ERE) luciferase reporter plasmid.
B. Overexpression of TBLR1 showed no change in AR
transcriptional activation in MCF7 breast cancer cells.
C. TBLR1 acts as a corepressor for ER in PC-3 prostate
cancer cells in a dose-dependent manner in the presence
of 10 nM 17B-estradiol by dual luciferase assay with a
4X estrogen response element (ERE) luciferase reporter
plasmid.
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Supplementary Figure 2. Nuclear TBLR1 effect on in vitro cell growth and invasion of breast and ovarian benign
cells. A. WST-1 cell proliferation assay comparing MCF10A cells with transiently overexpressed NLS-TBLR1 to MC-
F10Acells transfected with pcDNA control in hormone free media. The insert confirms TBLR1 overexpression by
western blot, GAPDH is used as the loading control. B. WST-1 cell proliferation assay comparing MCF10A cells
with transiently overexpressed NLS-TBLR1 to MCF10A cells transfected with pcDNA control in 10 nM 178 estradiol
media. C. Representative pictures of invasive MCF10A cells transfected with control plasmid or NLSTBLR1 plasmid
by BD Matrigel invasion assay. Quantification of MCF10A cells with and without NLSTBLR1 transfection migrating
across a membrane without Matrigel insert to measure migration ability. Quantification of MCF10A cells with and
without NLSTBLR1 transfection migrating across a membrane containing Matrigel insert to measure invasive abil-
ity. D. WST-1 cell proliferation assay comparing T29 cells with transiently overexpressed NLS-TBLR1 to T29 cells
transfected with pcDNA control in hormone free media. The insert confirms TBLR1 overexpression by western blot,
GAPDH is used as the loading control. E. WST-1 cell proliferation assay comparing T29 cells with transiently overex-
pressed NLS-TBLR1 to T29 cells transfected with pcDNA control in 10 nM 17 estradiol media. F. Representative
pictures of invasive T29 cells transfected with control plasmid or NLSTBLR1 plasmid by BD Matrigel invasion assay.
Quantification of T29 cells with and without NLSTBLR1 transfection migrating across a membrane without Matrigel
insert to measure migration ability. Quantification of T29 cells with and without NLSTBLR1 transfection migrating
across a membrane containing Matrigel insert to measure invasive ability.
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Supplementary Figure 3. Nuclear localization of NLS-TBLR1 in MCF7 cells. Nuclear localization of NLS-TBLR1 (right
panels) compared to cytoplasmic localization of TBLR1 (left panels) tagged with GFP.



