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ABSTRACT Acquired endocrine therapy resistance is a significant clinical problem
for breast cancer patients. In recent years, increasing attention has been paid to
long noncoding RNA (IncRNA) as a critical modulator for cancer progression. Based
on RNA-sequencing data of breast invasive carcinomas in The Cancer Genome Atlas
database, we identified thymopoietin antisense transcript 1 (TMPO-AST) as a func-
tional IncRNA that significantly correlates with proliferative biomarkers. TMPO-AS1
positivity analyzed by in situ hybridization significantly correlates with poor progno-
sis of breast cancer patients. TMPO-AST expression was upregulated in endocrine
therapy-resistant MCF-7 cells compared with levels in parental cells and was estro-
gen inducible. Gain and loss of TMPO-AST experiments showed that TMPO-AST pro-
motes the proliferation and viability of estrogen receptor (ER)-positive breast cancer
cells in vitro and in vivo. Global expression analysis using a microarray demonstrated
that TMPO-AST is closely associated with the estrogen signaling pathway. TMPO-AST
could positively regulate estrogen receptor 1 (ESRT) mRNA expression by stabilizing
ESRT mRNA through interaction with ESRT mRNA. Enhanced expression of ESR1
mRNA by TMPO-AST could play a critical role in the proliferation of ER-positive
breast cancer. Our findings provide a new insight into the understanding of molecu-
lar mechanisms underlying hormone-dependent breast cancer progression and en-
docrine resistance.
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ong noncoding RNA (IncRNA) is defined as an RNA molecule with a length of >200

nucleotides that does not encode any protein (1). High-throughput sequencing
technologies have uncovered the existence of an enormous number of IncRNAs (2).
Recent advances of technology for operation of IncRNA have revealed that IncRNAs
were involved in biological and pathological processes (3, 4). In particular, some
IncRNAs have been reported to associate with development and progression of can-
cers, including breast cancer (5-7). For example, HOX transcript antisense RNA (HOTAIR)
associates with breast cancer metastasis through reprogramming the chromatin status
(8), and long intergenic noncoding RNA for kinase activation promotes tumor growth
through activating the hypoxia-inducible factor 1 pathway (9).

In breast cancer, estrogen signaling is primarily a critical pathway to regulate
proliferation (10, 11). Estrogen receptor « (ERa) is an essential ligand-dependent transcrip-
tion factor that orchestrates the gene-regulatory network in breast cancer cells (12). The
majority of breast cancers are initially ERa positive and treated with endocrine therapy
using antiestrogens or aromatase inhibitors (13). During long-term endocrine therapy,
however, breast cancers often can acquire drug resistance, and patients can suffer from
recurrence and metastasis (14-16). Various molecular mechanisms could contribute to
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endocrine resistance, as exemplified by glycogen synthase kinase 38 activation (17) and
the downregulation of tumor-suppressive microRNAs 378a-3p (miR-378a-3p) (18) and
miR-574-3p (19) in tamoxifen-resistant breast cancer cells. Intriguingly, the overexpres-
sion of estrogen-inducible estrogen-responsive finger protein (Efp) promotes hormone-
naive breast cancer cells even in an estrogen-deprived environment (20, 21). In ERa-
positive metastatic breast cancers treated with endocrine therapy, constitutively active
estrogen receptor 1 gene (ESRT) mutations are frequently observed, such as Tyr537Ser
and Asp538Gly alterations in the ligand-binding domain, favoring agonist-receptor
interaction (22). Of note, erb-b2 receptor tyrosine kinase 2 and the known ERa target
cyclin D1 are amplified in >20% of ERa-positive metastatic breast cancers after
endocrine therapy (22). Thus, the deregulated activation of ER« and its target genes
would play a central role in the acquisition of endocrine resistance and the progression
of disease states.

In terms of IncRNAs, HOTAIR expression is transcriptionally regulated by estrogen in
breast cancer (23). A recent study also revealed that bidirectional ncRNAs transcribed
on enhancers, or eRNAs, function in breast cancer MCF-7 cells even before ligand
treatment by stabilizing estrogen/ERa/eRNA-induced enhancer-promoter looping sys-
tems (24). Considering that a number of IncRNAs are expressed primarily in cancer cells,
the identification of novel tumor growth- and estrogen-related IncRNAs would further
facilitate the understanding of breast cancer pathophysiology.

In the present study, we identified that thymopoietin antisense transcript 1 (TMPO-
AST) is a critical IncRNA that substantially associates with the proliferation of breast
cancer. Clinicopathological study showed that TMPO-AST could be a prognostic factor
for the disease. Loss- and gain-of-function studies of TMPO-AST demonstrated that
TMPO-AST promotes cell cycle progression and reduces apoptosis of estrogen-sensitive
breast cancer cells. The RNA antisense purification method demonstrates that TMPO-
AST directly binds to ESRT mRNA in living cells and stabilizes ESRT mRNA, activating
estrogen signaling and the transcription of proliferation-related genes. In tamoxifen-
resistant MCF-7 xenograft models, TMPO-AS1-specific short interfering RNA (siRNA)
significantly reduced tumor growth. Taken together, our findings define TMPO-AST as
a promising diagnostic and therapeutic target for hormone-dependent as well as
endocrine therapy-resistant breast cancers.

RESULTS

Cell proliferation-associated IncRNA TMPO-AS1 positivity correlates with poor
prognosis of breast cancer patients. To dissect functional IncRNAs that closely
associate with proliferation signature in clinical breast cancers, we screened an RNA-
sequencing data set retrieved from The Cancer Genome Atlas (TCGA) invasive breast
carcinoma database (25). In terms of RNA expression levels analyzed by RNA sequenc-
ing for 816 breast cancer tissues, including both invasive ductal and lobular carcinomas,
we found that TMPO-AST (26) is the only IncRNA that commonly associates with the
proliferative biomarkers marker of proliferation K-67 (MKI67) and proliferating cell
nuclear antigen (PCNA) at a threshold >0.5 by Spearman’s correlation (see Data Sets S1
and 2 in the supplemental material).

We evaluated the pathophysiological relevance of TMPO-AST in clinical ER-positive
breast cancer specimens obtained from 115 Japanese patients who underwent surgical
treatment for primary breast tumors. In in situ hybridization (ISH) analysis, intense
signals of TMPO-AST in the nucleus and cytoplasm were often observed in some solid
breast cancer lesions and were defined as ISH positive (Fig. 1A). For benign mammary
ductal tissues, ISH signals of TMPO-AST were not detected and were defined as ISH
negative (Fig. 1B). Based on the positivity criteria, 32 of 115 patients (28%) had tumors
with positive ISH signal of TMPO-AS1, whereas the rest of the 83 patients had tumors
with negative ISH signal (Table 1). We next analyzed the relationship between TMPO-
AST positivity and clinicopathological parameters (Table 1). TMPO-AST positivity was
significantly associated with stage (P = 0.0074), pathological T factor (pT; P = 0.022),
histological grade (P = 0.018), and HER2 status (P = 0.026).
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FIG 1 Cell proliferation-associated IncRNA TMPO-AST positivity correlates with poor prognosis of breast
cancer patients. (A and B) Representative results of in situ hybridization (ISH) analysis for TMPO-AST in
malignant (A) and benign (B) mammary tissues. Scale bars, 100 um. (C and D) Kaplan-Meier plot analysis
showing the relationship between TMPO-AST ISH signals in cancer tissues and overall (C) and distant
disease-free (D) survival of breast cancer patients (blue, ISH negative, n = 91; red, ISH positive, n = 37).
(E) Relapse-free survival curve, analyzed by the Kaplan-Meier Plotter platform (http://kmplot.com/
analysis/). TMPO-AST expression data were retrieved from 161 breast cancer patients treated with
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TABLE 1 Association between TMPO-AST status and clinicopathological factors in 115
breast carcinomas

Value by TMPO-AS1 status

Parameter + (n=32) — (n=83) P value?
Age (yr)

<50 11 37

=50 21 46 0.32
Stage

| 9 50

1] 20 30

11l 3 3 0.0074

Pathological T factor (pT)

pT1 15 58

pT2-4 17 25 0.022
Pathological N factor (pN)

pNO-1 23 65

pN2-3 9 18 0.47
Histological grade

1-2 24 76

3 8 7 0.018
HER2 status

Positive 7 6

Negative 25 77 0.026

apP value of <0.05 was considered significant.

We further examined the relationship between TMPO-AST positivity and the clinical
prognosis of breast cancer patients. Based on Kaplan-Meier plot analysis, the positive ISH
signal of TMPO-AST was significantly correlated with poorer overall survival (Fig. 1C) and
distant disease-free survival (Fig. 1D) of breast cancer patients. Univariate analysis of overall
and distant disease-free survival using the Cox proportional hazard model demonstrated
that TMPO-AST positivity could be a significant prognostic factor for overall and distant
disease-free survival, in addition to the known prognostic factors, such as pT and patho-
logical N factor (pN) (Table 2 and 3). Multivariate analysis for 3 factors, including TMPO-AS1
positivity, pT, and pN, showed that all these factors are independent prognostic factors for
overall and distant disease-free survival. Kaplan-Meier plot analysis with a publicly available
breast cancer data set in the Kaplan-Meier Plotter platform (http://kmplot.com/analysis/)
showed that TMPO-AST overexpression was associated with lower levels of relapse-free
survival in tamoxifen-treated breast cancer patients (Fig. 1E).

TMPO-AS1 is upregulated in tamoxifen-resistant breast cancer cells and is
estrogen inducible. As all clinical specimens from the Japanese cohort were ERa
positive and subjected to adjuvant endocrine therapy, we next questioned whether

TABLE 2 Univariate and multivariate analyses of overall survival in 115 breast cancer

patients?

Multivariate
Variable Univariate P value® P value® Relative risk (95% Cl9)
pN (pNO-1/pN2-3) 0.0089¢ 0.015 5.65 (1.39-22.97)
pT (pT1/pT2-4) 0.0025¢ 0.071 443 (0.88-22.31)
TMPO-AST status (negative/positive)  0.020¢ 0.030 34.69 (1.16-18.94)
HER2 status (negative/positive) 0.91
Histological grade (1-2/3) 0.0.42
Age (<50/=50 yr) 0.0.87

aStatistical analysis was evaluated by a proportional hazard model (Cox).

P value of <0.05 was considered significant.

<Significant (P < 0.05) univariate values were examined in the multivariate analyses in this study.
495% Cl, 95% confidence interval.
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TABLE 3 Univariate and multivariate analyses of distant disease-free survival in 115 breast
cancer patients?

Multivariate
Variable Univariate P value® P value Relative risk (95% Cl9)
PN (pNO-1/pN2-3) 0.0019¢ 0.0040 4.40 (1.60-12.11)
pT (pT1/pT2-4) 0.0071¢ 0.048 2.97 (1.01-8.74)
TMPO-AST status (negative/positive)  0.011¢ 0.013 3.54 (1.30-9.65)
HER2 status (negative/positive) 0.45
Histological grade (1-2/3) 0.50
Age (<50/=50 yr) 0.70

aStatistical analysis was evaluated by a proportional hazard model (Cox).

bP value of <0.05 was considered significant.

<Significant (P < 0.05) univariate values were examined in the multivariate analyses in this study.
495% Cl, 95% confidence interval.

TMPO-AST expression associates with acquired tamoxifen resistance. As endocrine
therapy-resistant ERa-positive breast cancer models, we previously generated 4-hydroxy-
tamoxifen (OHT)-resistant MCF-7 cells, denoted OHTR cells (19), and long-term
estrogen-deprived (LTED) MCF-7 cells (18). In addition to these models, we established
MCF-7 cells overexpressing constitutively active ERa (caERa) with Y537S substitution,
and their biological activity was previously characterized (27). Compared within paren-
tal MCF-7 cells, we found that the TMPO-AST expression level was significantly elevated
in OHTR, LTED, and caERa-overexpressing MCF-7 cells (Fig. 2A to C). Because TMPO-AS1
could be functionally involved in the tumor proliferation and acquisition of tamoxifen
resistance, we next questioned whether the expression of IncRNA associates with
estrogen signaling. In ERa-positive MCF-7 and T47D cells, TMPO-AST expression was
induced by 24 h of treatment with 17B-estradiol (E,) at a concentration of >10 pM (Fig.
2D and E). The elevation of TMPO-AST expression was significant >2 h after 10 nM E,
treatment in MCF-7 cells (Fig. 2F). Using specific siRNAs against ESR1 (Fig. 2G), we
showed that E,-dependent TMPO-AST upregulation was repressed to its basal expres-
sion level (Fig. 2G).

TMPO-AS1 knockdown attenuates the proliferation and viability of primary
and hormone-refractory breast cancer cells. To understand the function of TMPO-
AS1 in ERa-positive breast cancer cell growth, we next used siRNAs targeting TMPO-AST
to knock down TMPO-AST in ERa-positive MCF-7, T47D, and endocrine-resistant model
OHTR cells (Fig. 3A). TMPO-AS1 knockdown significantly suppressed the proliferation of
these cells (Fig. 3B) and decreased the percentages of S-phase cells (Fig. 3C to E). The
knockdown of TMPO-AST also increased the percentages of apoptosis-related annexin
V-positive fractions (Fig. 3F to H).

TMPO-AS1 knockdown represses estrogen signaling and proliferation-related
gene expression. To clarify the effects of TMPO-AST on the transcriptional profiles, we
performed microarray analysis in MCF-7 cells with or without knockdown of TMPO-AS1
(Fig. 4A). Pathway analysis based on RNA expression showed that decrease of TMPO-
AS1 was associated with the repression of cell proliferation and estrogen signaling (Fig.
4B and Q). In terms of the effects of TMPO-AST on estrogen signaling, IncRNA knock-
down substantially impaired the estrogen-dependent upregulation of growth-
regulating estrogen receptor binding 1 (GREBT) and WNT1-inducible signaling pathway
2 (WISP2) (Fig. 4D and E). TMPO-AS1 knockdown also suppressed the expression of
proliferation-related genes, including minichromosome maintenance 6 (MCM6), cell
division cycle 6 (CDC6), and mitotic arrest deficient 2-like 1 (MAD2L1) in MCF-7 (Fig. 4F),
T47D (Fig. 4H), and even in OHTR (Fig. 4G) cells.

TMPO-AS1 stabilizes ESRT mRNA. Because we found that TMPO-AST closely asso-
ciates with estrogen signaling (Fig. 4), we next focused on how this IncRNA regulates
the estrogen signaling pathway. We studied whether TMPO-AST regulates estrogen
receptor function or expression, because several IncRNAs were reported to regulate
functions of hormone receptors (28-30). Knockdown experiments of TMPO-AST in
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FIG 2 TMPO-AST is upregulated in tamoxifen-resistant breast cancer cells and is estrogen inducible. (A to C)
TMPO-AST levels in 4-hydroxytamoxifen (OHT)-resistant (OHTR) (A), long-term estrogen-deprived (LTED) (B), or
caERa-overexpressing (C) MCF-7 cells and parental or control vector-transfected (Vec) MCF-7 cells analyzed by
gRT-PCR. Relative RNA levels were determined by normalization to GAPDH levels based on the AAC; method, and
values for OHTR cells are presented as mean fold changes =+ standard deviations (SD) versus values for MCF-7 cells.
(D and E) Concentration-dependent effect of estrogen on TMPO-AST expression in MCF-7 (D) and T47D (E) cells.
Cells were treated with 17B-estradiol (E,) at the indicated concentrations for 24 h. Data are presented as mean fold
changes = SD versus the basal level at 0 M (n = 3). (F) Time-dependent effect of E, on TMPO-AST expression in
MCF-7 cells. Cells were treated with 10 nM E, for the indicated durations. (G and H) Effects of ESRT siRNAs on ESR1
(G) and TMPO-AST (H) expression in MCF-7 cells. Relative RNA levels are shown as mean fold changes = SD versus
levels for siControl (n = 3). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant.

MCF-7, T47D, and OHTR cells showed that the expression of ESR1 (Fig. 5A to C) and its
encoded protein, ERa (Fig. 5D to F), was suppressed by siRNAs specific to TMPO-AST1. We
next examined the effects of TMPO-AST on ESRT mRNA expression in the presence of
the transcription inhibitor actinomycin D (ActD). In TMPO-AS1-repressed cells, ESRT
mRNA was quickly degraded compared with levels for control cells (Fig. 5G to ).

TMPO-AS1 overexpression promotes breast cancer cell proliferation. We gen-
erated MCF-7 transfectants stably overexpressing TMPO-AST and the control vector (Fig.
6A). TMPO-AS1 overexpression did not affect the proliferation of cells under the
condition of normal fetal bovine serum (FBS) (Fig. 6B), whereas proliferation (Fig. 6C)
and percentages of S-phase populations (Fig. 6D) were significantly increased under the
condition of charcoal-stripped FBS (cFBS). TMPO-AST overexpression promotes ESRT
mRNA stability and expression (Fig. 6E to G). TMPO-AST overexpression promotes
stabilization of ERa binding to ERE of the GREBT gene in the presence of a low
concentration of E, (107" M) (Fig. 6H). In addition, we also found that TMPO-AST
overexpression upregulated MCM6, CDC6, and MAD2L1T mRNA in cells cultured with
cFBS-containing medium (Fig. 6l to K).

TMPO-AS1 overexpression confers tamoxifen resistance. We next clarified
whether TMPO-AST overexpression is associated with endocrine therapy resistance.
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FIG 3 TMPO-AST knockdown attenuates the proliferation and viability of primary and hormone-refractory breast
cancer cells. TMPO-AST associates with the proliferation and viability of ERa-positive breast cancer cells. (A)
Knockdown efficiency of TMPO-AST siRNAs in MCF-7, OHTR, and T47D cells analyzed by qRT-PCR. Relative RNA
levels are presented as mean fold changes = SD versus levels for siControl in each cell type (n = 3). (B) Viability
of MCF-7, OHTR, and T47D cells on day 5 after siRNA treatment, analyzed by DNA assay. Values are presented as
means * SD versus levels for siControl in each cell type (n = 5). (C to E) Cell cycle profiles with propidium iodide
(PI) of MCF-7 (C), OHTR (D), and T47D (E) cells treated with the indicated siRNAs, analyzed by flow cytometry.
Percentages of cell populations in G,, S, and G,/M phases are shown (n = 3). (F to H) Percentages of annexin
V-positive populations in MCF-7 (F), OHTR (G), and T47D (H) cells treated with the indicated siRNAs, analyzed by
flow cytometry (n = 3). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant.

Since we showed that stable overexpression of TMPO-AST enhanced estrogen signaling
in MCF-7 cells (Fig. 6), we next examined whether TMPO-AST could increase estrogen
signaling activity in the presence of OHT. Estrogen-responsive element (ERE)-based
luciferase activities were decreased by OHT treatment in a dose-dependent manner in
control vector-transfected MCF-7 cells, whereas TMPO-AST overexpression attenuated
the suppression activity of OHT compared with that in control cells (Fig. 7A), even
though no difference was shown in ERE-luciferase activities between control and
TMPO-AS1-overexpressing MCF-7 cells in higher concentrations of OHT (=10=7 M),
suggesting that tamoxifen resistance mediated by TMPO-AST is dependent on ligand
concentrations. Notably, ESRT knockdown in cells treated with 10~'" M OHT abolished
the enhanced ERE-based luciferase activity by TMPO-AST (Fig. 7B). We also showed that
the expression of typical estrogen target genes, GREB1 and progesterone receptor
(PGR), are upregulated in TMPO-AS1-overexpressing cells treated with OHT (Fig. 7C and
D). We further showed that OHT treatment at a concentration of 105 M decreased cell
viability by >60% in control MCF-7 cells, whereas >60% of TMPO-AST1-overexpressing
cells could survive with 107> M OHT treatment (Fig. 7E). Knockdown of ESRT canceled
OHT resistance mediated by TMPO-AST overexpression (Fig. 7F), suggesting that TMPO-
AST-mediated activation of estrogen signaling would critically contribute to tamoxifen
resistance by TMPO-AST.
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FIG 4 TMPO-AST knockdown represses estrogen signaling and proliferation-related gene expression. (A) Clustering
microarray results of MCF-7 cells treated with control or TMPO-AST-specific siRNAs. (B) Top 5 pathways enriched in
genes downregulated by siTMPO-AST1 versus siControl determined by gene set enrichment analysis (GSEA). (C) GSEA
enrichment plots for dominant pathways in MCF-7 cells treated with siTMPO-AST1, including estrogen response early
and the G,-M checkpoint. (D and E) Effects of TMPO-AS1 knockdown on GREBT (D) and WISP2 (E) levels in MCF-7
cells. Data are normalized to GAPDH levels and presented as mean fold changes * SD versus levels for siControl
in the absence of E, (n = 3). (F to H) Effects of TMPO-AST knockdown on MCM6, CDC6, and MAD2L1 levels in MCF-7
(F), OHTR (G), and T47D (H) cells. Relative RNA levels are presented as mean fold changes = SD versus levels for
siControl (n = 3). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant.

TMPO-AS1 stabilizes ESRT mRNA through RNA-RNA interaction at the ESR1
3’-UTR. We next questioned how TMPO-AS1 affects ESRT mRNA stabilization. We
hypothesized that TMPO-AST directly binds to ESRT mRNA and forms an RNA-RNA
complex. We first performed RNA antisense purification using MCF-7 cells stably
overexpressing TMPO-AS1. Probes specific for TMPO-AST precipitated TMPO-AST RNA at
a high level compared with that of a negative-control probe (Fig. 8A). ESRT mRNA could
be coprecipitated by TMPO-AST probes, unlike the control probe (Fig. 8B), indicating
that TMPO-AST could form a complex with ESRT mRNA. We also showed the interaction
between endogenous TMPO-AST and ESRT occurred in living cells (Fig. 8C and D). To
examine whether the interaction between TMPO-AST and ESR1 is modulated by pro-
teins, we evaluated the TMPO-AS1-ESR1 binding in the presence of proteinase K (ProK).
Proteinase K treatment did not change the interaction between TMPO-AST and ESR1
(Fig. 8E and F), suggesting that this interaction is not dependent on some intermediate
proteins. We next examined whether the interaction between TMPO-AST and ESRT is a
direct event. In a screen of the complementary sequences of TMPO-AST in ESRT mRNA
by BLAST software, we identified 3 well-matched sequences, including one in the 3’
untranslated region (3’-UTR) of ESRT and the other two in the intronic regions of ESR1.
We denoted a 21-nucleotide sequence in the ESRT 3'-UTR as Spot 1 and another
well-matched sequence with TMPO-AST in the ESR1 intronic region as Spot 2 (Fig. 8G).
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FIG 5 TMPO-AS1 stabilizes ESRT mRNA. (A to C) Effects of TMPO-AST knockdown on ESRT mRNA
expression in MCF-7 (A), OHTR (B), and T47D (C) cells. Data are normalized to GAPDH levels and presented
as mean fold changes = SD versus levels for siControl (n = 3). (D to F) TMPO-AST knockdown represses
ERa protein levels in MCF-7 (D), OHTR (E), and T47D (F) cells. ERa and B-actin protein levels were
evaluated by immunoblot analysis. B-Actin was used as a loading control. (G to I) TMPO-AST siRNAs more
rapidly and severely decrease the stability of ESRT mRNA in MCF-7 (G), OHTR (H), and T47D (I) cells.
Actinomycin D (ActD; 10 nM) was added to culture medium 24 h after siRNA transfection. Cells were
collected at the indicated times (0, 2, 4, 6, and 8 h after ActD treatment). ESR1 levels were normalized to
GAPDH levels and are presented as mean fold changes = SD versus basal values at 0 h. *, P < 0.05; **,
P < 0.01; ***, P < 0.001; ns, not significant.

We synthesized RNAs including sequences corresponding to the adjacent regions for
Spot 1 and Spot 2 from ESR1 as well as for F1 and F2 sequences from TMPO-AST. An in
vitro binding assay showed that the ESR7 Spot 1 RNA was well precipitated with
TMPO-AST F1 RNA compared to that with TMPO-AST F2 (Fig. 8H), whereas no significant
differences were observed in the enrichment of ESRT Spot 2 by TMPO-AST F1 and F2
RNAs (Fig. 8l). Because ESRT Spot 1 was identified from the ESRT 3'-UTR, we questioned
whether TMPO-AST stabilizes ESRT mRNA through the interaction with the ESRT 3'-UTR.
We constructed luciferase reporter vectors including ESRT Spot 1 or its complementary
sequences (Spot 1¢) (Fig. 8J). TMPO-AST knockdown significantly suppressed the lucif-
erase activity for ESR1 Spot 1 vector compared with that of Spot 1c or control vectors
in MCF-7 (Fig. 8K) cells, suggesting that ESRT Spot 1 is a critical region for the interaction
of ESRT mRNA with TMPO-AS]T.

TMPO-AS1-dependent ESRT mRNA stabilization is important for cell cycle pro-
gression. Since we found that TMPO-AST is associated with the cell proliferation-
associated pathway as well as with the estrogen signaling pathway, we next investi-
gated how TMPO-AST regulates the transcription of proliferation-associated genes. We
performed chromatin immunoprecipitation (ChIP) analysis and showed that polymer-
ase Il (Pol Il) recruitment to the promoters of MCM6, CDC6, and MAD2L1 was suppressed
by TMPO-AS1 knockdown (Fig. 9A and B). We then examined an association of ESR1
expression with regulation of these genes by TMPO-AST. In cFBS-containing medium,
ESR1 knockdown impaired the enhanced proliferation ability mediated by TMPO-AS1
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FIG 6 TMPO-AST overexpression promotes breast cancer cell proliferation. (A) The RNA expression of TMPO-AST in
cells stably overexpressing TMPO-AST and control cells. Data were normalized to GAPDH and are presented as mean
fold changes = SD versus levels for Vec #1 (n = 3). (B and C) Cell growth of MCF-7 cells stably overexpressing
TMPO-AST and cultured with normal FBS (B) or charcoal-stripped FBS (cFBS) (C) was measured by DNA assay. Data
are presented as means * SD (n =5). (D) Cell cycle analyses with propidium iodide (PI) in MCF-7 cells stably
overexpressing TMPO-AST and cultured with cFBS were performed by flow cytometry (n = 3). (E) mRNA stability of
ESR1 in the MCF-7 cells stably overexpressing TMPO-AS1 were measured by qRT-PCR. Cells were treated with ActD
and collected after 0 and 6 h. Data were normalized to GAPDH and presented as mean fold changes = SD versus
the values at 0 h. (F) The expression levels of ESRT mRNA in MCF-7 cells stably overexpressing TMPO-AST were
measured by gqRT-PCR. Data were normalized to GAPDH and are presented as mean fold changes = SD versus levels
for Vec #1 (n = 3). (G) ERa protein expression in MCF-7 cells stably overexpressing TMPO-AST were measured by
Western blotting. B-Actin protein was used as a loading control. (H) ERa occupancy on the GREB1 ERE enhancer
region in control and TMPO-AS1-overexpressing MCF7 cells after E, (10~ '3 M) treatment for 45 min, analyzed by
ChIP assay. Data were normalized by input DNA and are presented as means = SD (n = 3). (I to K) MCM6 (1), CDC6
(J), and MAD2L1 (K) mRNA levels in MCF-7 cells stably overexpressing TMPO-AST cultured for 48 h in medium
containing normal FBS or cFBS. Data are presented as mean fold changes = SD versus values of vector-transfected
MCF-7 cells (Vec #1) cultured in FBS (n = 3). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant.

overexpression (Fig. 9C). MCM6, CDC6, and MAD2L1 were downregulated by ESRT
knockdown in MCF-7 cells stably overexpressing TMPO-AS1 (Fig. 9D), indicating that
TMPO-AS1-dependent upregulation of ESRT is important for the proliferation and
viability of breast cancer cells.

In the next step, we questioned whether the estrogen signaling pathway is the
unique target for TMPO-AST. Control vector-transfected and TMPO-AST-overexpressing
MCF-7 cells were washed and pretreated with cFBS-containing medium for 3 days and
again washed thoroughly to exclude the effects of hormone-like components, and then
cells were cultured in new cFBS-containing medium with or without a low concentra-
tion of E, (10~'3 M) and the proliferative activities of these cells were measured. In the
absence of E, treatment, TMPO-AST-overexpressing cells could exhibit proliferative
activity (Fig. 9E, left). In addition, TMPO-AST-overexpressing cells respond to low
concentrations of E, (10~'3 M) but not control cells (Fig. 9E, right). The results suggest
that estrogen signaling activation by TMPO-AST is an important event in ER-positive
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FIG 7 TMPO-AST overexpression confers tamoxifen resistance. (A and B) Estrogen-responsive element
(ERE)-based luciferase activities with the indicated concentrations of OHT were measured. Firefly lucif-
erase values were normalized to Renilla luciferase values (n = 3). (B) ERE-based luciferase activities after
treatment with OHT (10~"" M) and the indicated siRNAs. Firefly luciferase values were normalized to
Renilla luciferase values (n = 3). (C and D) GREBT (C) and PGR (D) mRNA levels in MCF-7 cells stably
overexpressing TMPO-AST treated with OHT (10-° M) for 48 h. Data are presented as mean fold
changes = SD versus values of vector-transfected MCF-7 cells (Vec #1) cultured in FBS-containing
medium (n = 3). (E) Viability of control and TMPO-AST-overexpressing MCF-7 cells on day 5 after OHT
treatment analyzed by DNA assay. Values are presented as means =+ SD versus the value of 0 M OHT for
each cell (n = 5). (F) Viability of control and TMPO-AS1-overexpressing MCF-7 cells on day 5 after OHT and
siRNA treatment, analyzed by DNA assay. Values are presented as means * SD versus the value for
OHT-free treatment (0 M) under each cell condition (n = 5).

breast cancer cells, although TMPO-AST also could promote cell proliferation via an
estrogen signaling-independent pathway. To clarify this hypothesis, we evaluated the
effect of siTMPO-AST on the proliferation of MCF-7 cells overexpressing the caERa
coding region without including the 3'UTR of ESR1. We first examined whether or not
exogenous caERa is targeted by TMPO-AST through detecting the exogenous caERa
RNA with a primer set, where one of the pair targets ESRT and the other targets the
vector. Indeed, knockdown of TMPO-AST did not change the expression of exogenous
caERa RNA (Fig. 9F). TMPO-AST knockdown significantly suppressed the proliferation of
caERa-overexpressing MCF-7 cells, although the suppression of cell viability was milder
in the cells than that in control MCF-7 cells (Fig. 9G). These results suggest that
TMPO-AST promotes cell proliferation via both ER-dependent and -independent path-
ways.
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FIG 8 TMPO-AST stabilizes ESRT mRNA through direct RNA-RNA interaction at the ESRT 3’-UTR. (A and C) In vivo
binding of TMPO-AST and ESR1 in living cells, analyzed by the RNA antisense purification method. TMPO-AST levels
were determined by qRT-PCR in RNA samples precipitated with the indicated probes from lysates of MCF-7 cells
stably overexpressing TMPO-AST #1 (A) and T47D (C) cells. (B and D) ESR7 and GAPDH levels in RNA samples
precipitated with the indicated probes from MCF-7 cells stably overexpressing TMPO-AST #1 (B) and T47D cells (D).
Data are presented as mean fold changes = SD versus levels for the control probe (n = 3). (E and F) In vivo binding
of TMPO-AST and ESR1 in T47D cells treated with proteinase K (ProK) or left untreated, analyzed by the RNA
antisense purification method. TMPO-AST (E) and ESRT (F) levels in RNA samples were precipitated with the
indicated probes and analyzed by qRT-PCR. Data are presented as mean fold changes = SD versus levels for the
control probe (n = 3). (G) Schematic representation of the predicted RNA-RNA interaction spots between TMPO-AS1
and ESR1. ESR1 Spot 1 and ESR1 Spot 2 were predicted to interact with nucleotides 934 to 955 (TMPO-AST F1) and
1786 to 1820 (TMPO-AST F2), respectively, of TMPO-AST RNA. (H and I) Direct interaction between ESRT and
TMPO-AST RNA was analyzed by an in vitro binding assay. Levels of synthesized RNAs for ESRT Spot 1 (H) and ESRT
Spot 2 (I) coprecipitated with TMPO-AST F1 or F2 RNAs were evaluated by qRT-PCR. Data are presented as mean
fold changes * SD versus levels for control beads (n = 3). (J) Schematic representation of luciferase reporter
vectors. Indicated sequences were inserted into psiCHECK2 plasmid. ESRT Spot 1 complementary (Spot 1c)
sequence is complementary to ESRT Spot 1 sequence. (K) Luciferase activity of ESRT Spot1 reporter in MCF-7 cells
treated with the indicated siRNAs. Luciferase assay was performed using cells harvested 48 h after siRNA trans-
fection. Renilla luciferase values were normalized to Firefly luciferase values. Data are presented as mean fold
changes = SD versus values in siControl-treated cells for each reporter gene. *, P < 0.05; **, P < 0.01; ***, P < 0.001;
ns, not significant.

Knockdown of TMPO-AS1 inhibits hormone-refractory breast tumor growth in
vivo. Finally, a pathological role of TMPO-AST was further evaluated in OHTR-derived
xenograft models. Control or TMPO-AS1-specific siRNAs were injected twice weekly into
the flanks of nude mice inoculated with OHTR cells from the time point when the
volume of xenografted tumors reached 150 mm3. siTMPO-AST injection significantly
suppressed the growth of OHTR-derived xenograft tumors (Fig. 10A and B) and
repressed the mRNA levels of ESRT (Fig. 10C), MCM6 (Fig. 10E), CDC6 (Fig. 10F), and
MAD2L1 (Fig. 10G), as well as ERa protein levels (Fig. 10D) in OHTR-derived tumors.
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FIG 9 TMPO-AS1-dependent ESRT mRNA stabilization is important for cell cycle progression. (A and B) RNA
polymerase Il (Pol 1) occupancy on MCM6, CDC6, and MAD2L1 promoter regions in MCF7 (A) and T47D (B) cells
analyzed by ChIP assay. Data were normalized by input DNA and are presented as means = SD (n = 3). (C) Viability
of MCF-7 cells stably overexpressing TMPO-AST treated with the indicated siRNAs in charcoal-stripped FBS
(cFBS)-containing medium, analyzed by DNA assay (n = 5). (D) ESR1, MCM6, CDC6, and MAD2LT mRNA levels in
MCF-7 cells stably overexpressing TMPO-AST treated with the indicated siRNAs in cFBS-containing medium. Data
are presented as mean fold changes = SD versus levels for siControl (n = 3). (E) Viability of MCF-7 cells stably
overexpressing TMPO-AS1, treated with E, (1073 M) or left untreated, in cFBS-containing medium after 3 days of
pretreatment with cFBS, analyzed by DNA assay (n = 5). (F) Exogenous caERa mRNA levels in MCF-7 cells stably
overexpressing caERa treated with the indicated siRNAs. Data are presented as mean fold changes = SD versus
levels for siControl (n = 3). (G) Viability of control and TMPO-AST stably overexpressing MCF-7 cells on day 5 after
siRNA treatment, analyzed by DNA assay. Values are presented as means *+ SD versus levels for siControl in each
cell type (n = 5). *, P<0.05; **, P < 0.01; ***, P < 0.001; ns, not significant.

Taking these findings together, we assume that TMPO-AS1 contributes to the
pathophysiology of hormone-dependent breast cancer by binding to and stabilizing
ESRT mRNA, leading to the enhanced estrogen signaling that upregulates the
proliferation-related gene signature (Fig. 10H).

DISCUSSION

In the present study, we identified TMPO-AST as a functional IncRNA that signifi-
cantly associates with the proliferation signals of invasive breast carcinomas in the
TCGA database. Positive ISH signals of TMPO-AST in tumor tissues significantly corre-
lated with poorer prognosis of breast cancer patients. The IncRNA expression is
substantially elevated in tamoxifen-resistant MCF-7 cells compared with levels of
parental cells and is inducible by estrogen treatment. Knockdown and overexpression
experiments showed that TMPO-AST plays critical roles in the proliferation and viability
of ERa-positive breast cancer cells. Intriguingly, knockdown of TMPO-AST repressed the
in vitro and in vivo proliferation of tamoxifen-resistant breast cancer cells. Pathway
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FIG 10 Knockdown of TMPO-AST inhibits hormone-refractory breast tumor growth in vivo. (A) Develop-
ment of OHTR-derived xenograft tumors treated with siRNAs in nude mice. siControl or siTMPO-AST #2
was injected twice weekly into the flanks of mice inoculated with OHTR cells (siControl, n = 7; siTMPO-
AS1 #2, n = 6). Tumor volumes are presented as means = standard errors. Representative photographs
of xenografted mice are shown below. (B and C) TMPO-AST (B) and ESR1 (C) levels in tumors treated with
siControl or siTMPO-AS #2. Tumors were dissected from mice 6 weeks after the beginning of siRNA
administration. (D) Immunoblot analysis for ERa and B-actin in tumors dissected from 2 distinct mice for
each group treated with either siControl or siTMPO-AS #2. (E to G) mRNA levels of MCM6 (E), CDC6 (F),
and MAD2L1 (G) in tumors. Data are presented as mean fold changes = SD versus levels for siControl
(n = 3). (H) Working model of TMPO-AST in the proliferation and progression of ER-positive breast cancer
cells. *, P < 0.05; **, P<0.01; ***, P < 0.001; ns, not significant.

analyses based on expression microarray data showed that TMPO-AST is strongly
associated with estrogen signaling and proliferation-related pathways of ERa-positive
breast cancer. The RNA antisense purification method defined that TMPO-AST is an ESR1
mRNA-stabilizing IncRNA through a direct interaction with the 3'-UTR of ESRT.

Acquired endocrine resistance is a serious burden for breast cancer patients treated
with endocrine therapy. Previous literature proposed multiple molecular mechanisms
underlying the development of the pathological state (14-16). Our findings indicate
that TMPO-AST plays a critical role in the progression of endocrine-resistant as well as
hormone-naive breast cancer. In tamoxifen-relapsing breast cancer cases, TMPO-AS1
was also reported as one of the differently expressed genes (31). TMPO-AST was
originally identified as a target of the E2F signaling pathway (26), an essential signaling
pathway for DNA replication and cell cycle progression. Hormone dependency of
TMPO-AST was recently observed in prostate cancer (32), suggesting that the IncRNA is
an important regulator for the proliferation of hormone-dependent cancers.

In particular, we demonstrated that TMPO-AST stabilizes ESRT mRNA and enhances
estrogen signaling, suggesting that the IncRNA exerts positive feedback on the
estrogen-regulated gene network. IncRNA-mediated alterations of steroid hormone
signaling have been reported, although these IncRNAs primarily exert their functions
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through direct interaction with hormone receptor proteins. HOTAIR was identified as
one of the first INcRNAs that associate with breast cancer progression, in this case by
interacting with ERa protein and promoting estrogen signaling (28). Steroid receptor
RNA activator (SRA) is an IncRNA that binds to steroid hormone receptors and functions
as a transcriptional coactivator (33). Our group and others defined several androgen-
induced IncRNAs (30, 34-36), some of which enhance androgen signaling (30, 36).
Growth arrest-specific 5 (GAS5) is a repressive IncRNA for hormone signaling, inhibiting
the DNA binding ability of hormone receptors, including ERa (29). Compared with the
IncRNAs that directly interact with hormone receptor proteins, we assume that TMPO-
AST exerts a unique IncRNA whose posttranscriptional function is mediated through the
direct interaction with the 3’-UTR of ESRT, leading to the stabilization of ESR7 mRNA.

The relevance of RNA-RNA interactions has been reported in biological and patho-
logical processes (37, 38). For example, U1 snRNA binds throughout nascent transcripts
at the 5'-splice site motif and regulates transcription (39). Antisense IncRNA of beta-
secretase 1 (BACET) interacts with its sense RNA BACET and increases the stability of
BACET mRNA, which may contribute to Alzheimer’s disease (40). Recent advances in
methodologies, such as RNA antisense purification, have further enabled the dissection
of critical IncRNAs that directly interact with protein-coding RNAs and other IncRNAs. It
was reported recently that AR-regulated long noncoding RNA 1 (ARLNCT) interacts with
androgen receptor (AR) mRNA and regulates the subcellular localization of AR mRNA
(30). In this context, our findings have an impact on cancer research, because TMPO-AS1
might be an ESR7-interacting and -stabilizing IncRNA that contributes to the progres-
sion of ERa-positive breast cancer.

Currently, it is not clear what kind of factors are involved in ESRT mRNA stabilization
by TMPO-AS1. For example, half-STAU1-binding site RNAs (1/2-sbsRNAs) bind to their
target RNAs and recruit staufen 1 protein, leading to a decrease in the RNA stability of
target RNAs (41). On the other hand, several IncRNAs, like GAS5, inhibit the interaction
between proteins and target molecules (29), suggesting that TMPO-AST also recruits
RNA-protecting factors to ESRT mRNA or inhibit the binding between ESRT mRNA and
RNA decay factors. Several microRNAs have been reported to target ESRT mRNA (42,
43), although none of them targets the ESR7 Spot 1 region for TMPO-AST binding as far
as we could tell based on the miRNA database. In this study, our findings revealed that
TMPO-AST could stabilize ESRT mRNA and activate the estrogen signaling pathway. On
the other hand, TMPO-AST knockdown also suppressed the proliferation of caERa-
overexpressing MCF-7 cells. Microarray analysis showed that TMPO-AST is associated
with E2F and Myc pathways as well as estrogen signaling pathways (Fig. 4), indicating
that TMPO-AST also would contribute to E2F or Myc signaling cascades. Future studies
will reveal precise mechanisms of TMPO-AST in estrogen signaling and breast cancer
pathophysiology.

In conclusion, TMPO-AST plays a critical role in the proliferation and progression of
ERa-positive breast cancer as well as endocrine therapy-resistant breast cancer. We
assume that the present results will provide new diagnostic and therapeutic options for
advanced states of breast cancer.

MATERIALS AND METHODS

Cell culture and reagents. The human ERa-positive breast cancer cell lines MCF-7 and T47D were
purchased from the ATCC (Manassas, VA) and cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS), 50 U/ml penicillin, and 50 wg/ml streptomycin at 37°C in a 5%
CO, humidified atmosphere. The OHTR cells resistant to 4-hydroxytamoxifen (OHT) were established
from MCF-7 cells by long-term (>3 months) culture with 1 wM OHT (19). LTED cells were established from
MCF-7 cells by long-term (>3 months) culture in cFBS-containing phenol red-free medium, described
previously (18). To establish MCF-7 cells stably overexpressing TMPO-AS1, MCF-7 cells were transfected
with pCDNA3 empty or TMPO-AST plasmids and selected with 800 wg/ml G418 for 2 weeks. At least two
clones were picked and used for further experiments. Construction of caERa with Y537S substitution was
described previously (27). caERa was introduced into MCF-7 cells by a lentiviral system described
previously (44), and transduced cells were selected with 800 ug/ml G418 for 2 weeks. For estrogen
treatment experiments, cells were cultured with DMEM (low glucose and no phenol red) (Thermo Fisher
Scientific, MA) containing cFBS, 50 U/ml penicillin, and 50 ug/ml streptomycin for 24 to 48 h and were
17B-estradiol (E,) treated. The antibodies used in the present study were anti-ERa (H-184; Santa Cruz
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Biotechnology, TX), anti-B-actin (A2228; Sigma-Aldrich, MO), and anti-RNA polymerase Il (CTD4H8; Merck,
Darmstadt, Germany) antibodies.

Bioinformatics. In screening of proliferation-associated IncRNAs in clinical breast cancer tissues,
coexpression genes for proliferative biomarkers MKI67 and PCNA were selected at a threshold Spearman’s
correlation value of >0.5, retrieved from The cBioPortal for Cancer Genomics (http://www.cbioportal
.org/) (45, 46) based on RNA expression z-scores in RNA-sequencing data sets of breast cancer cohorts
in the TCGA database (25). Kaplan-Meier curves of relapse-free survival for breast cancer patients were
acquired through the Kaplan-Meier Plotter software (http://kmplot.com/analysis/) (47). TMPO-AST target
gene expression in breast cancer and normal breast samples were analyzed using Oncomine software
(https://www.oncomine.org). Complementary sequences between ESRT and TMPO-AST RNA were ac-
quired through the basic local alignment search tool (BLAST) (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

Collection of human tissue samples and clinical data. Tissue samples of breast cancer were
obtained from 115 Japanese female breast cancer patients who underwent surgical treatment from 2006
to 2013 at Toranomon Hospital, Tokyo, Japan (age range, 31 to 76 years). No patients received chemo-
therapy or molecular target therapy before surgery. Standard adjuvant treatments were selected
according to the clinical practice guidelines of the National Comprehensive Cancer Network (48). Staging
was performed according to the TNM Classification of Malignant Tumours (49). The clinical outcome was
evaluated by distant disease-free survival in this study, defined as the time span from the date of surgery
to the first distant recurrence or last follow-up. The mean follow-up duration was 83 months (range, 8 to
118 months) in the present study. This study was approved by the ethical committee in Toranomon
Hospital (approval number 845) and Saitama Medical University (approval number 13-148). All patients
provided written informed consent to participate in this study. This study abides by the Declaration of
Helsinki principles.

ISH. RNA probes for in situ hybridization (ISH) were generated using the digoxigenin (DIG) RNA
labeling kit (Roche, Switzerland) in accordance with the manufacturer’'s instructions. RNA ISH was
performed in breast cancer tissues fixed in 10% formalin and embedded in paraffin wax. Slides were
treated with proteinase K (20 mg/ml; Wako Pure Chemical Industries, Ltd., Osaka, Japan) for 10 min at
room temperature and then refixed with 10% formalin. Subsequently, the slides were immersed in 0.2
N HCI for 10 min and hybridized with TMPO-AS-1 probe (25 ng per slide) at 63°C for 24 h using G-Hybo-L
(Genostaff, Tokyo, Japan) (50). For signal detection, the slides were sequentially labeled with anti-DIG
mouse monoclonal antibody (Roche, Switzerland), biotinylated anti-mouse IgG, and alkaline
phosphatase-labeled streptavidin (Nichirei Bio, Inc., Tokyo). Finally, chromogenic signals were obtained
using nitroblue tetrazolium-5-bromo-4-chloro-3-indolylphosphate solution (Roche, Switzerland) and
counterstained by nuclear fast red. The signals obtained from ISH were evaluated by two trained
pathologists (T. Suzuki and K. Takagi).

qRT-PCR. Total RNA was extracted from cells using ISOGEN reagent (Nippon Gene, Toyama, Japan),
followed by ¢cDNA synthesis using SuperScript Ill reverse transcriptase (Invitrogen, MO) with random
primers. Quantitative real-time PCR (qRT-PCR) was performed on a StepOnePlus (Thermo Fisher Scientific)
using a KAPA SYBR FAST quantitative PCR (qPCR) kit (KAPA Biosystems, MA) and sets of gene-specific
primers. RNA expression levels were analyzed by the AAC; method (where C; is threshold cycle) and
normalized to the values of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The sequences of
primers are the following (forward and reverse, respectively): GAPDH, 5'-GGTGGTCTCCTCTGACTTCAAC
A-3" and 5'-GTGGTCGTTGAGGGCAATG-3'; TMPO-AS1, 5'-CTTTTGTGCGCCGTTTCCT-3" and 5'-CCCAGAGA
CGAAAGCTGCTT-3'; ESR1, 5'-AGACGGACCAAAGCCACTTG-3' and 5'-CCCCGTGATGTAATACTTTTG-3';
GREB1, 5'-CCACCCTTTGTGGCGTTTT-3" and 5'-CGACCATCGGGCTTTAGGTATCTT-3’; WISP2, 5'-CATGCAGA
ACACCAATATTAAC-3" and 5’-TAGGCAGTGAGTTAGAGGAAAG-3'; MCM6, 5'-TCGGGCCTTGAAAACATTCG
T-3" and 5'-TGTGTCTGGTAGGCAGGTCTT-3’; CDC6, 5'-TGTTCTCCTCGTGTAAAAGCC-3" and 5'-GGGGAGT
GTTGCATAGGTTGT-3’; MAD2L1, 5'-GGACTCACCTTGCTTGTAACTAC-3" and 5'-GATCACTGAACGGATTTCA
TCCT-3'; PGR, 5'-AAGAAATGACTGCATCGTTGATAAAA-3" and 5'-ATGCCAGCCTGACAGCACTT-3'; ESRT1
Spot 1, 5'-GGGACCGTTGCTGTCACTAC-3" and 5'-GAGGATTTTCTTCCCCAAA-3'; ESR1 Spot2, 5'-TGCCTTTT
CTTCAGCCTTGT-3" and 5’-AATCATCTCCCCATTCACCA-3’; exogenous caERq, 5'-AGACGGACCAAAGCCAC
TTG-3" and 5'-CCTCACATTGCCAAAAGACG-3'.

siRNA transfection. siRNAs against ESRT and TMPO-AST were designed using siDirect and purchased
from RNAI Inc. (Tokyo, Japan). A negative-control siRNA (siControl) with no homology to known gene
targets in mammalian cells was purchased from RNAi Inc. MCF-7, T47D, and OHTR cells were seeded at
300,000 cells per well in 6-well plates and simultaneously transfected with siRNA at a final concentration
of 10 nM using Lipofectamine RNAIMAX (Invitrogen, MO). Forty-eight hours after transfection, cells were
collected and used for qRT-PCR, cell cycle analysis, and annexin V and propidium iodide (PI) staining. The
sequences of siRNA are the following (forward and reverse, respectively): siESRT #1, 5'-GCCUGGUCAGA
UUACGUAUGC-3" and 5’-AUACGUAAUCUGACCAGGCCC-3'; siESRT #2, 5'-GGGAGCGUGAUCUAGAUUAC
A-3’ and 5’-UAAUCUAGAUCACGCUCCCAA-3’; siTMPO-AST #1, 5'-GAAGACUAGUGACCUAUAAUU-3" and
5'-UUAUAGGUCACUAGUCUUCCU-3’; siTMPO-AST #2, 5'-GAGCCGAACUACGAACCAACU-3’ and 5'-UUGG
UUCGUAGUUCGGCUCUG-3'.

DNA assay. Cells were seeded at the indicated densities (1,500 cells per well for MCF-7 and OHTR and
3,000 cells per well for T47D) in 96-well plates with normal FBS- or charcoal-stripped FBS (cFBS)-
containing medium. For the stringent washed condition shown in Fig. 9, cells were washed with
phosphate-buffered saline without divalent cations [PBS(—)] twice and cultured in phenol red-free
cFBS-containing medium for 3 days. Cells then were washed again with PBS(—) twice and reseeded into
96-well plates at 1,000 cells per well with phenol red-free cFBS-containing medium with or without E,
(10— '3 M). For the evaluation of OHT sensitivity, cells were seeded at 1,500 cells per well and treated with
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the indicated concentrations of OHT 24 h after cell seeding. Cells were collected at 1, 3, and 5 days after
cell seeding and frozen. Cells were thawed and lysed with TNE buffer (10 mM Tris-HCl [pH 7.5], 2 mM
NaCl, and 1 mM EDTA). Extracted DNA samples were stained with Hoechst 33258 pentahydrate (Thermo
Fisher Scientific) at a final concentration of 5 ug/ml. The DNA contents in each well were measured on
an ARVOS5 (Perkin Elmer, MA) at 355 nm for 0.1 s.

Cell cycle analysis. siRNA-treated cells and TMPO-AST stably transfected cells were harvested and
fixed with 70% ethanol for at least 30 min. Fixed cells were treated with RNase A and stained with
5 wg/ml Pl. DNA contents were measured using the FACSCalibur platform (Becton, Dickinson, MD). Data
were analyzed by CellQuest software (Becton, Dickinson) to determine the percentage of cells in G;, S,
and G,/M phases.

Annexin V and PI staining. After transfection with siRNAs, cells were collected and apoptotic cells
were stained using a fluorescein isothiocyanate annexin V apoptosis detection kit (Becton, Dickinson) by
following the manufacturer’s instructions. The percentages of apoptotic cells were analyzed on the
FACSCalibur platform (Becton, Dickinson).

Microarray and pathway analysis. For microarray analysis, a human Clariom D array (Thermo Fisher
Scientific) was used by following the manufacturer’s instructions. Data were analyzed using Affymetrix
Microarray Suite software. Pathway analyses were performed using gene set enrichment analysis (GSEA).

Western blot analysis. Cells were suspended in Laemmli sample buffer (125 mM Tris-HCI [pH 6.8],
20% glycerol, 4% sodium dodecyl sulfate [SDS], 5% 2-mercaptoethanol, and bromophenol blue) and
boiled for 20 min at 100°C. Western blot analysis was described previously (19).

RNA degradation assay. Twenty-four hours after cell seeding, actinomycin D (Nacalai Tesque, Inc.,
Kyoto, Japan) was treated at a final concentration of 10 nM. Cells were collected at the indicated times
(0, 2, 4, 6, and 8 h after actinomycin D treatment), and RNAs were extracted using ISOGEN (Nippon Gene,
Toyama, Japan) reagent.

ChIP assay. For ChlP assay using Pol Il antibody, cells were seeded in 10-cm dishes and transfected
with siRNA (10 nM final concentration) using Lipofectamine RNAiMax reagent (Thermo Fisher Scientific)
for 48 h. For ChIP assay using ERa antibody, cells were seeded in 10-cm dishes with phenol red-free
cFBS-containing medium for 48 h and then treated with 10~ M E, for 45 min. Cells were fixed with 1%
formaldehyde for 10 min. Cells were collected and lysed in ChlIP lysis buffer (10 mM Tris-HCI [pH 7.5],
200 mM NacCl, 10 mM EDTA, 1% SDS) and sonicated. Samples were diluted with a 9X volume of ChIP
dilution buffer (16.7 mM Tris-HCl [pH 8.0], 1.2 mM EDTA, 1.1% Triton X-100, 167 mM NaCl, 0.01% SDS).
DNA-protein complexes were precipitated with 1 ug of anti-Pol Il or anti-ERa antibody overnight at 4°C
and captured by protein G-Sepharose 4 Fast Flow beads (GE Healthcare, IL). Beads were washed and
incubated at 65°C overnight for decrosslinking. DNA samples were extracted and measured by qPCR.
Data were normalized by input DNA samples. The sequences of primers are the following (forward and
reverse, respectively): MCM6, 5'-AAGCGACTTGTGGCGGTCGA-3’ and 5'-CCTCCAAGAAGTCCAGGAACAGT-
3'; CDC6, 5'-AGTTTGTTCAGGGGCTTGTG-3’ and 5'-CCTCCTCGAGCAATCCTCTTCT-3"; MAD2L1, 5'-GACGT
GCTGCGTCGTTACTTTTG-3" and 5'-CCATGGCCAGGGACACAAACAA-3’; GREB1 ERE, 5'-GAAGGGCAGAGCT
GATAACG-3’ and 5'-GACCCAGTTGCCACACTTTT-3".

RNA antisense purification assay. RNA antisense purification assay was performed based on
techniques previously published by others (51, 52). Briefly, cells were fixed with 1% paraformaldehyde for
10 min. Cells were resuspended in lysis buffer (50 mM Tris-HCI [pH 7.0], 10 mM EDTA, 1% SDS with RNase
inhibitor [Nacalai Tesque, Inc., Kyoto, Japan] and cOmplete EDTA-free protease inhibitor cocktail [Sigma-
Aldrich]). After sonication on a Bioruptor (COSMO Bio, Tokyo, Japan), lysate was treated with proteinase
K for 1 h at 37°C. The lysate was mixed with a 2X volume of hybridization buffer (750 mM NaCl, 1% SDS,
50 mM Tris-HCI [pH 7.0], 1 mM EDTA, 15% formamide) containing pooled 3’-biotinylated probes and
incubated at 37°C for 4 h with rotation. Dynabeads MyOne streptavidin C1 (Thermo Fisher Scientific) were
mixed and incubated at 37°C for 1 h with rotation. RNA complex and magnet beads were washed with
wash buffer five times. Beads were incubated with elution buffer at 65°C for 45 min and then 95°C for
10 min. Eluted samples were resuspended in ISOGEN reagent. Probe sequences for TMPO-AST precipi-
tation are the following: 5'-CTACAAAGGCGGGCGTTTGG-3’, 5'-ACTTCTCCAGTGACGAAGAG-3’, 5'-TTTGT
GTCCGCGAGTTTTTG-3’, 5'-CGCCTTTTAAACTGCGTTTC-3, 5'-GCGCACAAAAGCAGTACGAC-3’, 5'-CTACTC
TTGGAGCTTCAGTG-3', 5'-AAAGAAGCGTTCGCGAGGAG-3’, 5'-CCCCAACTATGACACTAAGA-3', 5'-TAGGTT
TAGGATTCTTGCGG-3', 5'-TTATAGGTCACTAGTCTTCC-3', 5'-GTGATACTAATTTCCAGGCA-3', 5'-AGTTTGGA
GCTCAGATTCTG-3', 5'-GAGCTTAATACCATTGCTTA-3', 5'-AACATTTGCCTATGTGTCCA-3', 5'-TCAGGCGTAT
CTAGAATGCA-3', 5'-TTGGAGCTCTACAGCAGTAA-3’, 5'-GTGTTGCATGGGTCACCTAC-3’, 5'-TTAGGTAAGTG
AGAGTACCA-3’, 5'-ATGGTTTAGTCCAAGCAAGG-3’, 5'-AATGGTTAACCCAGAGACTG-3'.

In vitro binding assay. ESR1 Spot 1, ESR1 Spot 2, TMPO-AST F1, and TMPO-AS 1 F2, sequences of
around 500 to 600 nucleotides, were subcloned into pCDNA3 vector. RNAs were synthesized using RNA
polymerase (TaKaRa Bio Inc., Shiga, Japan) with nucleotide triphosphate mix (Thermo Fisher Scientific) or
biotin RNA labeling mix (Sigma-Aldrich). Biotinylated RNAs (5 pmol) were incubated with 20 ul of
Dynabeads MyOne Streptavidin C1 (Thermo Fisher Scientific) in RNA immunoprecipitation (RIP) buffer
(150 mM KCl, 25 mM Tris-HCI [pH 7.4], 5mM EDTA, 0.5% NP-40) for 1h at room temperature with
rotation. Biotinylated RNA-conjugated magnet beads were washed with RIP buffer and incubated with
2.5 pmol of ESRT Spot 1 or ESR1 Spot 2 RNA in RIP buffer overnight. RNA-conjugated beads were washed
with 1 M NaCl in NT2 buffer (50 mM Tris-HCI [pH 7.5], T M NaCl, 1 mM MgCl,, 0.1% NP-40) and
resuspended in ISOGEN reagent. Primers for subcloning of ESRT Spot 1, ESR1 Spot 2, TMPO-AST F1, and
TMPO-AS1 F2 were the following (forward and reverse, respectively): ESRT Spot 1, 5'-CTGAGGCACAGCC
AGACTTG-3" and 5'-CACCCAGAGGAAATCAAACA-3'; ESR1 Spot 2, 5'-GTGCCAATTCAAGATGGAAATAGC-3'
and 5'-CTGTATTTCATGATTGCCCCAAAG-3'; TMPO-AST F1, 5'-AACCCCAGCCCACACACTAC-3' and 5'-GAA
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TATGAGTGCCTGCAGAC-3'; TMPO-AST F2, 5'-ATCACTGATGACAAATATTT-3" and 5'-CCCCTTCTGAAGATA
AAAAC-3'.
Luciferase assay. Twenty-four hours after cell seeding at 50,000 cells per well, luciferase vectors
(300 ng of psiCHECK2 vector [Promega Corporation, WI] or 300 ng of ERE-luciferase and 10 ng of
Renilla-expressing vector per well in a 24-well plate) were transfected with Lipofectamine 2000 reagent
(Thermo Fisher Scientific) with the indicated concentrations of OHT. Forty-eight hours after transfection,
cells were collected and luciferase activities were measured using the Dual-Luciferase reporter assay
system (Promega Corporation, WI) on TriStar2 S LB942 (Berthold, TN).
In vivo tumor formation and siRNA treatment. Female nude mice were purchased from CREA
Japan. MCF-7 and OHTR cells were mixed with equal volumes of Matrigel matrix (Corning, NY) and
injected subcutaneously into flanks of 8-week-old female nude mice. When the tumor volume reached
150 mm?3, mice were divided in two groups randomly. Five micrograms of siControl or siTMPO-AS #2 was
injected with GeneSilencer reagent (Gene Therapy System, CA) into tumors twice a week. Three
dimensions of tumors were measured once a week, and tumor volumes were estimated with the
following formula: 0.5 X 1st diameter X 2nd diameter X 3rd diameter.
Statistical analysis. Statistical analyses of in vitro and in vivo experiments were performed by the
Student’s t test or analysis of variance, respectively.
Data availability. All microarray data are available in the Gene Expression Omnibus (GEO) database
with the accession number GSE129004.
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