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ABSTRACT

ARTICLE HISTORY

Tamoxifen is commonly used to treat patients with ESR/ER-positive breast cancer, but its therapeutic
benefit is limited by the development of resistance. Recently, alterations in macroautophagy/autophagy
function were demonstrated to be a potential mechanism for tamoxifen resistance. Although MTA1
(metastasis-associated 1) has been implicated in breast tumorigenesis and metastasis, its role in endocrine
resistance has not been studied. Here, we report that the level of MTA1 expression was upregulated in the
tamoxifen resistant breast cancer cell lines MCF7/TAMR and T47D/TR, and knockdown of MTA1 sensitized
the cells to 4-hydroxytamoxifen (40OHT). Moreover, knockdown of MTA1 significantly decreased the
enhanced autophagy flux in the tamoxifen resistant cell lines. To confirm the role of MTA1 in the
development of tamoxifen resistance, we established a cell line, MCF7/MTA1, which stably expressed
MTA1. Compared with parental MCF7, MCF7/MTA1 cells were more resistant to 40HT-induced growth
inhibition in vitro and in vivo, and showed increased autophagy flux and higher numbers of
autophagosomes. Knockdown of ATG7 or cotreatment with hydroxychloroquine, an autophagy inhibitor,
restored sensitivity to 40OHT in both the MCF7/MTA1 and tamoxifen resistant cells. In addition, AMP-
activated protein kinase (AMPK) was activated, probably because of an increased AMP:ATP ratio and
decreased expression of mitochondrial electron transport complex components. Finally, publicly available
breast cancer patient datasets indicate that MTA1 levels correlate with poor prognosis and development
of recurrence in patients with breast cancer treated with tamoxifen. Overall, our findings demonstrated
that MTA1 induces AMPK activation and subsequent autophagy that could contribute to tamoxifen
resistance in breast cancer.

Abbreviations: 40HT: 4-hydroxytamoxifen; ACTB: actin beta; PRKAA: protein kinase AMP-activated catalytic
subunit alpha; p-PRKAA: phosphorylated PRKAA; ATG7: autophagy related 7; BCAS3: BCAS3, microtubule
associated cell ~migration factor; ChlP-seq: chromatin  immunoprecipitation  sequencing;
COX4I1: cytochrome ¢ oxidase subunit 411; CYC1: cytochrome c1; EGFR: epidermal growth factor receptor;
ERBB2/HER2: erb-b2 receptor tyrosine kinase 2; ESR: estrogen receptor; ESR1/ERa: estrogen receptor 1;
FBS: fetal bovine serum; HCQ: hydroxychloroquine; MAPK: mitogen-activated protein kinase; MT-
CO1: mitochondrially encoded cytochrome c oxidase I; MTA1: metastasis associated 1; NBR1: NBR1,
autophagy cargo receptor; NDUFB8: NADH:ubiquinone oxidoreductase subunit B8; OCR: oxygen
consumption rate; OXPHOS: mitochondrial oxidative phosphorylation; RPS6KB1/p70S6K: ribosomal protein
S6 kinase B1; p-RPS6KB1/p-p70S6K: phosphorylated ribosomal protein S6 kinase B1; PI3K: phosphoinositide
3-kinase; SDHB: succinate dehydrogenase complex iron sulfur subunit B; TFAP2C: transcription factor AP2-2
gamma; TSS: transcriptional start site; UQCRC2: ubiquinol-cytochrome c reductase core protein I
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Introduction

Breast cancer is the most commonly diagnosed malignant can-
cer in women worldwide." Recently, advances in earlier diagno-
sis, improved surgical techniques, and better adjuvant medical
therapies, have improved mortality; however, breast cancer
remains the second most common cause of death from cancer
in women.” Breast cancers are characterized into 4 basic types:
luminal A, luminal B, ERBB2/HER2 (erb-b2 receptor tyrosine
kinase 2), and basal-like types, based on their molecular expres-
sion of ESR1/ERx (estrogen receptor 1), PGR (progesterone

receptor), and ERBB2, which provides an opportunity to iden-
tify patients who can benefit from specific therapies. Almost
80% of breast cancers are ESRI positive.” For these cancers,
adjuvant hormonal therapy employing ESR (estrogen receptor)
antagonists or aromatase inhibitors has been applied to reduce
the risk of relapse by eradicating potential metastases.” Tamoxi-
fen is a selective ER modulator that competitively blocks the
binding of estradiol to ER, thereby inhibiting the ER-mediated
transcription of various target genes that induce proliferation
of cancer cells. Tamoxifen significantly reduces the risk of
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recurrence of ESR-positive breast cancer and therefore has been
used for more than 40 y for endocrine therapy, especially for
premenopausal women.*”

Despite its effectiveness in the adjuvant setting as well as in
first-line therapy for advanced ESR-positive breast cancer,
approximately 20% to 30% of cases are resistant to tamoxifen.°
The tamoxifen-resistant cancers either have an intrinsically
resistant phenotype, called innate resistance, or they acquire
resistance after prolonged exposure to tamoxifen.” The devel-
opment of tamoxifen resistance appears to involve multiple
mechanisms. Altered or lost ESR expression as a result of epige-
netic modifications or mutations in the ESRI gene has been
observed in many patients with metastatic breast cancer.*’
Activation of alternative signaling pathways that promote cell
proliferation—such as signaling pathways involving ERBB2,
EGFR (epidermal growth factor receptor), IGFIR (insulin like
growth factor 1 receptor), MAPK (mitogen-activated protein
kinase), and phosphoinositide 3-kinase (PI3K)-MTOR (mecha-
nistic target of rapamycin)—induces tamoxifen resistance.” In
addition, increased expression of microRNAs that target the
expression and transcriptional function of ESR1 has been
reported as a mechanism of tamoxifen resistance."®

Autophagy is a cellular process whereby cells eliminate mis-
folded intracellular proteins and damaged organelles through
lysosomal degradation to recycle their nutrients.'" Recently, alter-
ations in autophagy function have been demonstrated to be a
potential mechanism of tamoxifen resistance. 4-hydroxytamoxi-
fen (4OHT), an active metabolite of tamoxifen, induces autoph-
agy that is associated with increased survival in ESR-positive
breast cancer cells.'? Breast cancer cells that are tamoxifen resis-
tant exhibit an increased turnover of autophagosomes compared
with tamoxifen sensitive cells."'* Silencing of genes for proteins
involved in autophagy processes, such as ATG5, ATG7, or
BECNI1/Beclinl, restores sensitivity to tamoxifen in breast cancer
cells."” Treatment with the autophagy inhibitors 3-methyladenine
and hydroxychloroquine (HCQ) enhance cell death in tamoxifen
resistant cancer cells and restores tamoxifen sensitivity to resistant
tumors.'>'® However, the molecular mechanism by which
autophagy is enhanced in tamoxifen resistant breast cancer is
largely unknown. Clarification of the detailed mechanism by
which autophagy is linked to tamoxifen resistance could provide
appropriate prognostic or predictive biomarkers for the develop-
ment of tamoxifen resistance and facilitate the design of novel
strategies to resensitize tamoxifen resistant breast cancer cells.

MTAI1 (metastasis associated 1)—a cancer progression-
related gene product that is overexpressed in human breast
cancer—has pathophysiological features that correlate well
with tumorigenesis characterized by invasion and metasta-
sis."”'® MTA1 was mapped to a region showing significantly
higher heterozygosity in primary breast cancers with metastasis
compared with node-negative tumors.'” MTA1 overexpression
is closely associated with higher tumor grade and correlated
with poorer clinical outcomes.””*> Moreover, some evidence
suggests that MTAI is associated with acquired tamoxifen
resistance. In ESR1-positive breast cancer cells, MTAI1
represses the transactivation function of ESRI, leading to
ESR1-negative phenotypes that could increase aggressiveness as
well as resistance to anti—estrogens.zi24 A downstream target gene
of MTA1, BCAS3 (BCA3, microtubule associated cell migration
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factor), is overexpressed in ESR1-positive premenopausal breast
cancer and seems to be associated with impaired responses to
tamoxifen.”> However, so far, no clear evidence has been provided
for the role of MTAL in the development of tamoxifen resistance.
Here, we report that MTAL1 could induce tamoxifen resistance in
ESR-positive breast cancer cells and that induction of autophagy
via activation of the AMPK pathway may be the underlying
molecular mechanism for this effect of MTAL.

Results

Autophagy is enhanced in tamoxifen-resistant breast
cancer cells

To investigate the role of MTA1 in development of tamoxifen
resistance, we employed the well-characterized tamoxifen resis-
tant breast cancer cell lines MCF7/TAMR-1, MCF7/TAMR-8,
T47D/TR-1, and T47D/TR-2, which were established after
long-term treatment with tamoxifen, and their parental sub-
lines, MCF-7/50.5 and T47D/S2.°**” We first tested whether
autophagy played a role in tamoxifen resistance in these tamox-
ifen-resistant cells. To examine autophagic flux, we monitored
the accumulation of LC3 protein in the presence or absence of
bafilomycin A;, which blocks the fusion between autophago-
somes and lysosomes. Both the basal level of LC3 and the level
after bafilomycin A, treatment increased in the tamoxifen-
resistant breast cancer cells compared with those in MCF7/S0.5
and T47D/S2. Cotreatment with 4OHT significantly increased
the LC3 level, especially in the tamoxifen-resistant breast can-
cer sublines (Fig. 1A and Fig. S1A). Consistently, the level of
NBRI, an autophagy-degraded receptor protein, was decreased
more in MCF7/TAMR-1 in comparison with MCF7/S0.5.
Because activation of autophagy leads to clearance of NBRI,
this result indicates that autophagy flux increased in MCF7/
TAMR-1 cells (Fig. 1A)."" In addition, the number of autopha-
gic puncta increased in the tamoxifen- resistant breast cancer
cells after treatment with 4OHT alone or in combination with
bafilomycin A, (Fig. 1B and Fig. S1B).

Typical double-membrane autophagic vesicles were detected
in these cells when their ultrastructure was examined using
transmission electron microscopy (Fig. 1C). Next, we examined
whether knockdown of ATG?7, a critical autophagy gene, or
treatment with HCQ, an inhibitor of autophagy, could restore
sensitivity to 4OHT in parental and tamoxifen resistant cells.
As previously shown, treatment with 4OHT inhibited growth
of the parental cells but not that of MCF7/TAMR-1 cells.*
Combined treatment with 4OHT and siATG” or with HCQ
had little effect on the growth of the parental cells but induced
significant inhibition of the growth of MCF7/TAMR-1 cells
(Fig. 1D). Together, these data indicate that autophagy activity
was enhanced in the MCF7/TAMR-1 and T47D/TR-1 cells,
and that this was associated with tamoxifen resistance.

MTAT1 is upregulated in the tamoxifen resistant cells and
enhances autophagy flux

MTAL is overexpressed in breast cancers, and its expression
correlates well with malignant transformation characterized by
invasion and metastasis."” Although some observations suggest
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Figure 1. Autophagy is elevated in the tamoxifen- resistant breast cancer cells. (A) The tamoxifen-resistant MCF7/TAMR-1 cells were treated with 2 1M 40HT for 24 h. At
the end of incubation, 20 nM bafilomycin A, (Baf) was added at 1 h prior to examination of autophagy flux. The expression of LC3 and NBR1 was determined by western
blotting (left). The LC3-Il and NBR1 levels were quantified from band intensity using imageJ and expressed as relative to the level in the parent cells without treatment.
The values were normalized by the intensities of the corresponding TUBA/a-tubulin band. Data are presented as the mean£SEM (n = 3). *, P< 0.05, **, P< 0.01 and ***,
P< 0.001 (right). (B) The MCF7/TAMR-1 and their parental cells were infected with the Ad-GFP-LC3 virus for 24 h and then treated with 5 ;tM 40HT for another 24 h. At
the end of incubation, 100 nM Baf was treated at 2 h prior to examination of autophagy flux. LC3 puncta was examined by confocal microscopy. The LC3-puncta in each
cell were counted (n = 50 cells/sample). Data obtained from 1 of 3 independent experiments with similar results were presented. Data are presented as the mean+SEM.

***,P< 0.001 (bottom). (C) Transmission electron microscopy images of MCF7/TAMR-

1 or T47D/TR-1 cells treated with 5 M 40HT for 24 h. Arrowheads indicate autopha-

gic vacuoles. (D) The MCF7/TAMR-1 and their parental cells were transfected with siATG7 or treated with 1 «M HCQ. Then cells were treated with 1 ;tM 40HT for the indi-
cated time periods and the number of viable cells was counted using a hemocytometer. Cell numbers were presented as the mean+SEM from duplicate plates and data
obtained from 1 of 3 independent experiments with similar results are presented. ***, P< 0.001.

that MTA1 is associated with acquired tamoxifen resistance,
clear evidence has not been provided. Therefore, we analyzed
the expression level of MTA1 in the MCF7/TAMR and T47D/
TR cells. Interestingly, expression of MTA1 was upregulated at
both protein and mRNA levels in all the tamoxifen resistant
breast cancer cells (Fig. 2A). Knockdown of MTA1 using RNA
interference in the sensitive parental cells showed little effect
on cell growth after 4OHT treatment. However, siMTAI trans-
fection of the MCF7/TAMR-1 cells resulted in a significant
reduction in cell growth after 4OHT treatment, compared with
siGFP transfection that generated no significant effect with
40HT treatment. This result indicates that knockdown of

MTAL restored the tamoxifen sensitivity in MCF7/TAMR-1
cells (Fig. 2B). Next, we examined whether knockdown of
MTALI could affect autophagy flux in MCF7/TAMR-1 cells.
Knockdown of MTAI significantly reduced the basal and
tamoxifen-induced autophagy flux estimated from the level of
LC3 protein. The expression level of NBRI increased after
silencing of MTA1 in MCF7/50.5 and MCF7/TAMR-1 cells,
indicating that autophagic degradation of NBR1 was inhibited
when MTAL1 was silenced (Fig. 2C, D and Fig. S2). Together,
these results showed that MTA1 was overexpressed and that it
overcame the growth-inhibitory effect of tamoxifen in tamoxi-
fen-resistant breast cancer cells.
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Figure 2. MTA1 is upregulated in the tamoxifen resistant breast cancer cells. (A) Whole cell lysates and total RNA obtained from the tamoxifen resistant and their parental
cells were subjected to western blotting (top) and qRT-PCR analysis (bottom). Expression was normalized using the ACTB gene. Data are presented as the mean fold
change over control4=SEM (n = 3). **, P< 0.01 and ***, P< 0.001. (B) The MCF7/TAMR-1 and the parental cells were transfected with siMTAT and then treated with 1 uM
40HT for the indicated time periods. The number of viable cells were counted using a hemocytometer. Cell numbers were presented as the mean+SEM from duplicate
plates and data obtained from 1 of 3 independent experiments with similar results are presented. ***, P< 0.001. (C) The MCF7/TAMR-1 and the parental cells were trans-
fected with siMTAT for 48 h. At the end of incubation, 20 nM bafilomycin A, (Baf) was added at 1 h prior to examination of autophagy flux. (D) The MCF7/TAMR-1 and
the parental cells were transfected with siRNAs for 48 h and then treated with 40HT for an additional 24 h. The expression of LC3 and NBR1 was determined by western
blotting. The LC3-Il and NBR1 level was quantified from band intensity using imageJ and expressed as relative to the level in the parent cells without treatment. The val-
ues were normalized by the intensities of the corresponding TUBA band. Data are presented as the mean+SEM (n = 3). *, P< 0.05, **, P< 0.01 and ***, P< 0.001 (right).

Quantification of NBR1 is shown in Fig. S2A.

MTAT1 induces tamoxifen resistance through activation of
autophagy

To investigate further the function of MTA1 in tamoxifen resis-
tance, we established MCF7 sublines that stably expressed
MTA1 using the lentiviral delivery pLJM1 vector system
(Fig. 3A). First, we found that the MTAl-overexpressing cells
exhibited reduced tamoxifen sensitivity (Fig. 3B, Fig. S3A).
Consistent with this, subcutaneous transplantation of the
MTA1-overexpressing MCF7 cells into athymic mice led to sig-
nificant tamoxifen resistance (Fig. 3C). Autophagy flux and the
number of LC3 puncta were increased significantly in the
MTA1l-overexpressing cells (Fig. 4A, Fig. S3B and C).

mCherry-GFP-LC3 allows distinction between autophago-
somes and autolysosomes because GFP fluorescence is
quenched upon fusion between autophagosomes and lysosomes
due to the low lysosomal pH, whereas mCherry fluorescence is
much less affected.!’ Thus, in the merged images, yellow puncta
indicate autophagosomes, and red puncta indicate autolyso-
somes. As shown in Fig, 4B, formation of both autophagosome
(yellow in merge) and autolysosomes (red in merge) increased
in the MTA1-overexpressing cells, indicating enhanced auto-
phagic flux in these cells (Fig. 4B). Furthermore, formation of
autophagosomes and autolysosomes was identified using trans-
mission electron microscopy after 4OHT treatment (Fig. 4C).
These results further support the contention that increased
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Figure 3. MTA1 induces tamoxifen resistance in vitro and in vivo. (A) The MTA1-overexpressing MCF7 cells were established using the pLUM1 lentiviral vector system.
Expression level of MTA1 protein was analyzed by western blotting. (B) The MTA1-overexpressing MCF7 cells and the control cells were treated with 1 M 40HT for the
indicated time points. The number of viable cells were counted using a hemocytometer. Cell numbers were presented as the mean+SEM from duplicate plates and data
obtained from 1 of 3 independent experiments with similar results are presented. ***, P< 0.001. (C) Female athymic nude mice were inoculated with the MTA1-overex-
pressing MCF7 cells. When tumor volume reached approximately 100 mm?, a tamoxifen or mock pellet was implanted subcutaneously. Five wk later, the xenograft tumors
were harvested and tumor volume was measured (top). Representative tumor images are shown (bottom). Data were expressed as mean=+SEM (n = 4 to 8) in each group.

 P<001.

expression of MTAL1 plays a role in developing tamoxifen resis-
tance as well as in inducing autophagy flux.

To examine whether the MTAIl-induced autophagy flux
could contribute to tamoxifen resistance, cells were treated with
40HT after knockdown of ATG7 in the MTA1-overexpressing
cells. The combined treatment had little effect on the growth of
the parental cells but induced significant growth inhibition in
the MTAIl-overexpressing cells (Fig. 4D, Fig. S3D). Similarly,
another combination treatment with 4OHT and HCQ induced
significant inhibition of the growth of the MTA1-overexpressing
cells (Fig. 4D, Fig. S3E). Together, these data indicate that inhibi-
tion of autophagy by either genetic or pharmacological means
restored the MTA1-induced tamoxifen resistance.

MTAT1 regulates autophagy through activation of AMPK

Recently, Marin et al. identified MTA1 as a target of AMPK,
which suggested a potential association of AMPK signaling
with MTA1-induced autophagy.*® Surprisingly, overexpression

of MTAL increased the activity of AMPK as assessed by the
level of PRKAA1 (protein kinase AMPK-activated catalytic
subunit alpha 1)-PRKAA2 phosphorylated at threonine residue
172 (p-PRKAA), an active form of PRKAA. 40HT treatment
increased the level of p-PRKAA, and MTA1 overexpression
further enhanced the 4OHT-induced p-PRKAA level. The
same pattern of PRKAA activation was observed in both the
MTAIl-overexpressing cells and the MCF7/TAMR cells
(Fig. 5A). An increased intracellular AMP:ATP ratio is one of
the strongest stimuli for inducing PRKAA activation. The
AMP:ATP ratio was increased in both the MTA1l-overexpress-
ing cells and in MCF7/TAMR-1, which became apparent after
treatment with 4OHT (Fig. 5B). The increased AMP:ATP ratio
may result from a loss of mitochondrial function, because levels
of the mitochondrial oxidative phosphorylation (OXPHOS)
proteins such as NDUFB8 (NADH:ubiquinone oxidoreductase
subunit B8), SDHB (succinate dehydrogenase complex iron sul-
fur subunit B), UQCRC2 (ubiquinol-cytochrome ¢ reductase
core protein II), and MT-CO1l (mitochondrially encoded
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from 1 of 3 independent experiments with similar results were presented. Data are presented as the mean4SEM. ***, P< 0.001 (right). (C) Transmission electron micros-
copy images of the MTAT-overexpressing MCF7 cells treated with 5 M 40HT for 24 h. Red arrowheads indicate autophagic vacuoles. (D) The MTA1-overexpressing
MCF?7 cells and the control cells were transfected with siATG7 or treated with 1 «M HCQ. Then cells were treated with 1 ;<M 40OHT for the indicated time periods and the
number of viable cells was counted using a hemocytometer. Cell numbers were presented as the mean£SEM from duplicate plates and data obtained from one of 3 inde-

pendent experiments with similar results are presented. ***, P< 0.001.

cytochrome c oxidase I) were decreased in the MTAl-overex-
pressing MCF7 cells (Fig. 5C). Knockdown of PRKAA signifi-
cantly reduced the autophagy flux and tamoxifen resistance in
the MTA1-overexpressing and MCF7/TAMR-1 sublines, indi-
cating that autophagy in these cells was mediated by the AMPK
signaling pathway (Fig. 5D, Fig. $4).

To gain further insight into the role of MTA1 in mitochon-
drial function, we analyzed the publicly available ChIP-seq data
derived from ENCODE. The ChIP-seq data identified 1,533
MTAL1 binding peaks (false discovery rate < 0.05, fold enrich-
ment > 2), which were preferentially located in the promoter-
transcriptional start site (TSS) and introns (Fig. 6A). Gene
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Figure 5. MTA1 enhances autophagy through activation of the AMPK pathway. (A) MCF7 cells transfected with a plasmid encoding FLAG-MTA, the MTA1-overexpressing
MCF7 cells, the MCF7/TMAR-1 cells, and their control cells were treated with 5 M 40HT for 24 h. Expression levels of protein was analyzed by western blotting. The p-
PRKAA level was quantified from band intensity using imageJ and expressed as relative to the level in the parent cells without treatment. The values were normalized by
the intensities of the corresponding PRKAA band. Data are presented as the mean+SEM (n = 3). *, P< 0.05, **, P< 0.01, and ***, P< 0.001 (right). (B) Quantification of
the AMP:ATP ratio by HPLC analysis. The MTA1-overexpressing MCF7 cells, the MCF7/TMAR-1 cells, and their control cells were treated with 5 ;<M 40HT for 24 h. Repre-
sentative HPLC images are shown (top). Data obtained from the HPLC analysis are presented as the mean+SEM (n = 3). *, P< 0.05 and ***, P< 0.001 (bottom). (C) Whole
cell lysates were obtained from the MTA1-overexpressing MCF7 cells. A mixture of anti-OXPHOS antibodies was used to detect levels of OXPHOS proteins by western blot-
ting. The protein level was quantified from band intensity using imageJ and expressed as relative to the level in the control cells. Values were normalized by the intensi-
ties of the corresponding TUBA band. Data are presented as the mean+SEM (n = 3). ¥, P< 0.05, **, P< 0.01 and ™**, P< 0.001 (right). (D) The MTA1-overexpressing
MCF7 cells or the MCF7/TMAR-1 cells were transfected with siPRKAA for 48 h. At the end of incubation, 20 nM bafilomycin A; (Baf) was added at 1 h prior to examination
of autophagy flux. The expression of LC3 and NBR1 was determined by western blotting. The LC3-Il level was quantified from band intensity using imageJ and expressed
as relative to the level in the parent cells without treatment. Values were normalized by the intensities of the corresponding TUBA band. Data are presented as the
mean=+SEM (n = 3). **, P< 0.01 (bottom). Quantification of NBR1 is shown in Fig. S2B.

Ontology analysis of these peaks revealed that the promoters
bound by MTA1 proteins are strongly biased toward nucleo-
plasm-, nucleolus-, envelope-, and mitochondrion-associated
genes (Fig. 6B). Interestingly, regulatory regions in the mito-
chondrial respiratory chain complex genes, such as NDUFAI0,
CYCI (cytochrome cl), and COX4I1 (cytochrome ¢ oxidase
subunit 411), were identified as potential targets of MTA1 regu-
lation (Fig. 6C-E). Indeed, transcripts of some of the mitochon-
drial OXPHOS genes were significantly reduced in the MTA1-
overexpressing cells (Fig. 6E). Thus, we hypothesized that over-
expression of MTA1 may cause mitochondrial dysfunction and
subsequent activation of AMPK. To assess whether MTA1
reduces mitochondrial function, we measured the oxygen

consumption rate (OCR) in MTAl-overexpressing cells.
Although the basal OCR was not much different between
MTA1-overexpressing cells and control cells, uncoupled OCR
was significantly lower in MTA1-overexpressing cells (Fig. 6F).
Consistently, the uncoupled OCR increased after silencing of
MTAL1 (Fig. S5A). Further, to determine whether the reduced
levels of mitochondrial OXPHOS genes were associated with
PRKAA activation, we silenced UQCRC2. Knockdown of
UQCRC2 activated PRKAA and enhanced autophagy in MCF7
cells, and silencing of MTAL led to further enhancement (Fig.
S5B). Together, these data suggest that an MTA1-induced alter-
ation in mitochondrial function may cause the increased AMP:
ATP ratio and subsequent activation of AMPK.
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Figure 6. MTA1 binding peaks are clustered at promoter-transcription start sites with a preference for mitochondrial regulatory genes. (A) Genomic location of MTA1-
interaction sites. UTR, untranslated region; TSS, transcription start site; TTS, transcription termination site. (B) GO term analysis identifies top 15 enriched cellular compo-
nents derived from 1,533 MTAT peaks. (C) List of 7 genes involved in OXPHOS that are potentially regulated by MTAT. (D) Representative ChIP-seq signal of a potential
MTA1 target gene, NDUFAT10. (E) Total RNA obtained from the MTA1-overexpressing cells and control cells were subjected to qRT-PCR analysis. Expression was normalized
using the ACTB gene. Data are presented as the mean fold-change over control4-SEM (n = 3). *, P< 0.05 and **, P< 0.01. (F) The basal OCR and uncoupled respiration of
MCF7 cells that stably expressed MTA1 and control cells. Data presented as mean & SEM (n = 3). ***P < 0.001 (left). The basal OCR, and uncoupled respiration were cal-
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Elevated MTA1 expression level correlates with poor
prognosis and development of recurrence in patients with
breast cancer

To investigate the clinical relevance of our findings, we ana-
lyzed 3 publicly available microarray datasets—i.e., GSE9893,
GSE1378, and GSE12093—which include the gene expression
profiles and corresponding clinical outcome information,
including disease-free survival, of ESR-positive breast cancer
patients treated with tamoxifen.”*' In these datasets, recurrence
or relapse includes breast cancer metastasis. First, we found that
the expression level of MTA1 was significantly higher in the
groups with relapsed or recurrent disease compared with those
who were relapse free or had no recurrence (Fig. 7A). We also
analyzed the survival rates using the Kaplan-Meier method
with a log-rank test. Disease-free survival was significantly lower
in the GSE9893 and GSE1378 datasets, and marginally lower in

GSE12093, which indicates that MTA1 overexpression confers a
high risk of recurrence or relapse in patients treated with
tamoxifen. These data also suggest that the MTA1 expression
level may be an important prognostic factor for tamoxifen resis-
tance in breast cancer patients (Fig. 7B).

Discussion

Although basal autophagy is increased in tamoxifen resistant
breast cancer cells and genetic or pharmacological inhibition of
autophagy restores their sensitivity to tamoxifen, little is known
about the mechanisms by which autophagy is enhanced in
tamoxifen resistant cancer cells. Here, we show that MTA1
induces persistent activation of AMPK, which is associated
with the tamoxifen resistant phenotype (Fig. 5). Recently,
tamoxifen was shown to activate AMPK by inhibiting
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and the rest of the patients belonged to the MTA1-high group.

mitochondrial complex 1.>*> We also observed that the level of
mitochondrial complex components—including NDUFBS,
SDHB, UQCRC2, and mitochondrially-encoded MT-CO1—
was decreased in the MTA-overexpressing MCF7 cells, suggest-
ing that loss of mitochondrial function may be associated with
the MTAIl-induced tamoxifen resistance (Fig. 5C). Thus,
MTAI and tamoxifen may synergistically induce an activation
of AMPK and autophagy that leads to tamoxifen resistance in
breast cancer. Our ChIP-seq data analysis showed that “mito-
chondrion” was one of the most significantly overrepresented
cellular component terms for the genes regulated by MTAL.
Furthermore, MTA1 potentially regulates OXPHOS genes
including NDUFA 10 and COX4I1 (Fig. 6).

Tamoxifen-mediated AMPK activation has been reported
to promote cell death through inhibition of MTOR.** In
contrast, MTA1 may not affect MTOR activity in that over-
expression of MTA1 did not change the basal level and the
40HT-induced level of p-RPS6KBI:RPS6KB1, a well-
known MTOR target (Fig. S6). These results indicate a
unique role for MTA1 in maintenance of mitochondrial
function and tamoxifen resistance, and further studies are
required to understand the pathophysiological implications
of such MTAl-regulated mitochondrial function in
cancer cell metabolism and metastatic progression of breast
cancer.

The role of MTA1 in the regulation of the expression and
transcriptional activity of ESR1 is well recognized.'® We previ-
ously reported that recruitment of an MTAL1 transcription fac-
tor, TFAP2C, complex to the ESRI promoter enhances ESR1
expression in ESR1-positive breast cancer.”” Others reported
that MTALI interacts with ESR1 and acts as a transcriptional
repressor of ESR1.>> Consistent with these results, MTA1
impairs the transcription of estrogen-regulated genes by inter-
acting with MTA1-interacting protein coactivator, ITG3B3BP
(integrin subunit beta 3 binding protein), and HSF1 (heat
shock transcription factor 1).**® This function of MTA1 was
confirmed in this study because ESRI expression was upregu-
lated but expression of a target gene, CCND1, was decreased in
the MCF7/TAMR sublines (Fig. S7A). Similarly, Elias et al.
observed that estrogen-regulated pathways are drastically dis-
rupted in the TAMR cell lines: 69.5% of estrogen-regulated
genes are inversely expressed compared with the normal estro-
gen signaling pathway (Fig. S7B).>” Thus, the MTA1-induced
alteration of the estrogen-ESRI signaling pathway could con-
tribute, at least in part, to the tamoxifen resistance of the
MCF7/TAMR cells. Recent evidence has also shown that estro-
gen signaling is involved in the process of autophagy: inhibition
of ESRI signaling stimulates autophagosome formation and
flux, and estradiol blocks hypoxia-induced autophagy flux.”®*’
Therefore, we speculate that the mechanism of MTA1-induced



tamoxifen resistance may involve a complicated autophagy net-
work that is potentially associated with estrogen signaling.

Here, we showed for the first time that expression of MTA1
was highly upregulated in breast cancer cells that are resistant
to tamoxifen (Fig. 2A). Previously, it was reported that high
expression of EGFR and ERBB2 is associated with a lack of
response to tamoxifen in patients with ESRI-positive breast
cancer, and overexpression of ERBB2 was suggested as an inde-
pendent marker of resistance to first-line endocrine therapy in
patients with advanced breast cancer.*™*' In addition, the
NRG1/heregulin-f1-induced ERBB2 signaling pathway was
reported to induce expression of MTA1 in breast cancer cells.”
Thus, the increased MTA1 expression in tamoxifen-resistant
breast cancer is probably the result of enhanced EGFR and/or
ERBB?2 signaling pathways. Indeed, we observed that blocking
these signaling pathways with the MAPK inhibitor PD98059,
or the PI3K inhibitor LY294002, reduced the MTA1 levels in
MCF7/TAMR cells (Fig. S8). In analysis of clinical data, the
expression level of MTAL1 in ESR1-positive breast cancers in 3
cohorts of tamoxifen-treated patients showed that a high level
of expression of MTAI correlated with recurrence or relapse
(Fig. 7A). Similarly, Gururaj and his colleagues observed that
the MTA1 target gene BCAS3 is overexpressed in premeno-
pausal ESR/ERa-positive breast cancer and that the level of
expression is associated with an impaired response to tamoxi-
fen.”® Based on these findings, we suggest that the expression
level of MTA1 may provide a novel biomarker for tamoxifen
resistance and also serve as a potential therapeutic target for
ESR1-positive breast cancer patients.

Currently, a clinical trial of HCQ in combination with
hormonal therapy is underway for treatment of ESR1-posi-
tive breast cancer patients (ClinicalTrials.gov identifier:
NCTO02414776). The rationale for this strategy seems to be
persuasive because previous studies demonstrated that
knockdown of autophagy genes or treatment with autophagy
inhibitors restored sensitivity to tamoxifen in breast cancer
cells in culture or in tumor-bearing mice.'*'® We also dem-
onstrated that inhibition of autophagy by knockdown of
ATG?7 or treatment with HCQ restored tamoxifen sensitivity
in MCF7/TAMR and in MTAIl-overexpressing MCF7 cells
(Fig. 1 and 4). Recently, combinations of tamoxifen with the
EGFR tyrosine kinase inhibitor gefitinib or with the histone
deacetylase inhibitor vorinostat have been evaluated for ther-
apeutic efficacy in endocrine resistant breast cancer patients.
In the case of gefitinib, progression—free survival was
improved in newly diagnosed metastatic breast cancer or in
those who had received adjuvant tamoxifen.** In a phase II
clinical trial of vorinostat, combination treatment resulted in
a 19% response rate with reversal of tamoxifen resistance in
some patients.*> However, despite the demonstration of some
positive effects in these combination trials, concern is
increasing because gefitinib and vorinostat frequently induce
autophagy.**** Therefore, autophagy inhibitors could provide
a potent intervention not only to sensitize breast cancer cells
to gefitinib- or vorinostat-induced cell death but also to block
the development of resistance to tamoxifen. In conclusion,
inhibition of MTA1l-mediated autophagy may provide a bet-
ter therapeutic index for sensitizing breast cancers to tamoxi-
fen-based endocrine therapies.
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Materials and methods
Cell lines and reagents

Human breast cancer cell line MCF7 was obtained from the
American Type Culture Collection (HTB-22). MCF7 cells were
maintained under 5% CO, at 37°C in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum (FBS; Hyclone,
SH3008403). The tamoxifen resistant and parent MCF7 sublines
(MCF7/TAMR-1 [152089], MCF7/TMAR-8 [152089] and
MCF7/S0.5 [152090]) and tamoxifen resistant and parent T47D
sublines (T47D/TR-1 [152108], T47D/TR-2 [152110], and T47D/
S2 [152109]) were obtained from Ximbio. Cells for all experi-
ments were used within 10 passages to reduce variability between
experimental results. The MCF7/S0.5 cells were maintained in
phenol red-free Dulbecco’s modified Eagle’s medium:F12 (1:1)
containing 1% FBS, 2 mM Glutamax[ (Gibco-Invitrogen, 35050
061), and 6 ng/ml human insulin (Sigma-Aldrich, 19278). The
T47D/S2 cells were maintained in phenol red-free RPMI-1640
(WelGENE, LMO011-02) containing 2% FBS, 2 mM Glutamax,
and 8 pg/ml human insulin. To maintain the tamoxifen resistant
sublines, 1 uM 40HT was added to the medium. The number of
viable cells was counted with a hemocytometer using trypan blue
exclusion. 40HT, bafilomycin A; and HCQ were obtained from
Tocris Bioscience (3412), Cayman Chemical (11038), and Acros
Organics (AC263010250), respectively.

Plasmids, siRNA duplexes, and transient transfection

The eukaryotic expression vector p3XFLAGI0-MTAl was
described previously.” The siRNA duplexes targeting MTAI (5'-
AAGACCCUGCUGGCAGAUAAA-3"), ATG7 (5'-GGAGUCA-
CAGCUCUUCCUU-3"), PRKAA (5'-CAAAGUCGACCAAAU-
GAUA-3’), UQCRC2 (GAGUUUACCAAGUUACCAA) and
nonspecific green fluorescent protein (GFP) were synthesized and
purified by ST Pharm Co. (Seoul, Korea). Transient transfection
and reporter gene analysis were performed as described
previously.”

Western blot analysis and

quantitative PCR (RT-qPCR)

reverse transcription-

Western blotting were carried out as described previously using
specific antibodies against MTA1 (Santa Cruz Biotechnology,
sc-9445), LC3 (Sigma-Aldrich, L8918), p-PRKAA/pAMPKu
(T172; Cell Signaling Technology, 2535S), PRKAA/AMPKa
(Cell Signaling Technology, 2532S), ATG7 (Cell Signaling
Technology, 2631S), anti-RT/Ms Total Oxidative phosphoryla-
tion (OXPHOS) complex kit (Novex, 458099), NBR1 (Cell Sig-
naling Technology, 9891S), RPS6KB1/p70S6K (Cell Signaling
Technology, 9202S), p-RPS6KB1/p-p70S6K (Cell Signaling
Technology, 9234S) or TUBA/a-tubulin (Millipore, CP06).”*
RT-qPCR was carried out using specific primers as described
previously.” The primer sequences are listed in Table S1.

Confocal microscopy and transmission electron
microscopy

To visualize LC3 puncta, cells were infected with adenovirus
expressing EGFP-LC3 or mCherry-GFP-LC3 (multiplicity of
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infection = 50). Cells were then treated with a vehicle, 4OHT
for 24 h or bafilomycin A, for 2 h and examined by confocal
microscopy (Cal Zeiss, Zeiss LSM510 Meta). For transmission
electron microscopy, cells were fixed overnight in 2.5% glutar-
aldehyde at 4°C and washed in 0.05 M sodium cacodylate
(Electron Microscopy Sciences, 11652) buffer. Afterwards, cells
were postfixed in 1% osmium tetroxide for 2 h at 4°C, dehy-
drated in graded ethanol, and embedded in Spurr’s resin (Elec-
tron Microscopy Sciences, 14300). The ultrathin sections were
collected on copper grids, stained with uranyl acetate and lead
citrate, and examined with an electron microscope (JEOL,
JEM-1010).

Establishment of stable cell lines expressing MTA1 and
Xxenograft experiments

pLIM1-MTA1 was cloned from FLAG-MTA1 by PCR amplifi-
cation and subsequent insertion into Sacl (New England Biol-
abs, R156S) and Nhel (New England Biolabs, R0131S) sites of
the pLJM1-MCS vector, a modified pL]JM1-GFP vector con-
taining a multiple cloning site (Addgene, 19319; deposited by
David Sabatini). Production of the virus, transduction into
MCF?7 cells, and selection of stable clones were performed as
described previously.>

The xenograft experiments were performed in accordance
with the guidelines of the Seoul National University Animal
Care and Use Committee. Female 5-wk-old athymic (nu/nu)
BALB/c mice were obtained from Japan SLC Inc. (Hamamatsu,
Japan) and housed in an air-conditioned room at a temperature
of 22°C to 24°C and a humidity of 37% to 64%, with a 12-h
light/dark cycle. After 5 d of acclimatization, the mice were
implanted with a 0.72 mg, 90-d release 17p-estradiol pellet
(Innovative Research of America, NE-121) and then injected in
flanks with 2.5 x 10° MCF-7 cells mixed 1:1 with Matrigel (BD
Biosciences, 354234). When the tumor volume reached approx-
imately 80 to 100 mm?, mice were separated randomly into 2
groups and implanted with a 5 mg, 60-d release tamoxifen pel-
let (Innovative Research of America, SE-361) or a placebo pellet
(Innovative Research of America, SE-111). Tumor diameter
was measured with caliper 2 times a wk, and tumor volumes
were estimated using the following formula: tumor volume
(cm®) = (length x width?) x 0.5.

Measurement of AMP:ATP ratio by high performance
liquid chromatography (HPLC)

The amounts of AMP and ATP were quantified using an HPLC
method essentially as described previously.*® Briefly, 2 x 10°
cells were plated in 100-mm? dishes and treated with 4OHT for
24 h. Cells were harvested in 0.2 N perchloric acid and neutral-
ized with KOH. Nucleotides in cell lysates were analyzed by
Thermo Ultimate 3000 HPLC (Thermo Scientific, Wilmington,
DE, USA) using an Inno C18 column (Innopia, 05AL 02015).

Assessment of oxygen consumption rate

The oxygen consumption rate was analyzed using the Seahorse
XFp Extracellular Flux Analyzer (Seahorse Bioscience, Billerica,
MA, USA) using the Seahorse XFp Cell Mito Stress Test Kit

(Seahorse Bioscience, 103010-100) according to the manufac-
turer’s instructions. MTA1-overexpressing MCF7 cells and the
control cells were plated in assay plates at 2 x 10* cells/wells
with minimal DMEM (XF base medium; Seahorse Bioscience,
103193-100) supplemented with 1 mM pyruvate, ] mM L-glu-
tamine, and 4.5 ug/ml D-glucose. In the case of assessment of
the OCR of MCF7 transfected with either siGFP or siMTAI,
MCEF?7 cells were plated in DMEM with 10% FBS 24 h prior to
transfection. After 48 h, cells were plated in assay plates at 2 x
10* cells/well. The OCR was analyzed using the Seahorse XFp
Extracellular Flux Analyzer (Seahorse Bioscience, Billerica,
MA, USA) using the Seahorse XFp Cell Mito Stress Test Kit
(Seahorse Bioscience, 103010-100) according to the manufac-
turer’s instructions. Oligomycin (1 ©M), carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP, an inducer of
uncoupled respiration; 0.5 M) and antimycin A and rotenone
(2 uM) were added to cell cultures to determine the basal and
maximal respiration. The basal OCR was calculated by the
OCR baseline levels before FCCP injection minus the average
of 3 OCR levels after antimycin A and rotenone injection (non-
mitochondrial respiration). Uncoupled OCR was produced by
subtracting nonmitochondrial respiration from the OCR levels
after FCCP injection

Chromatin immunoprecipitation-sequencing (ChlP-seq)
data analysis

MTA1 ChIP-seq data and their matched input (ENCSR348]O]J)
were downloaded from Encyclopedia of DNA Elements
(ENCODE; https://www.encodeproject.org/). Enriched regions
of the genome were identified by comparing the ChIP samples
to the input sample using the default parameters of MACS
peak caller version 1.4.2.*” Peaks that were enriched > 2-fold
over an input control with a g-value of < 0.05 were selected;
1,533 peaks were called in the MTAl ChIP-seq dataset.
Genome-wide distributions were generated using Integrative
Genomics Viewer (Broad Institute, Cambridge, MA, USA).*8
The overrepresented Gene Ontology (GO) was analyzed with
ToppGene Suite.*’

Breast cancer patient cohort analysis based on public
datasets

Three publicly available datasets (GSE9893, GSE1378, and
GSE12093) containing information from patients with ESR-
positive breast cancer treated with tamoxifen were downloaded
from Gene Expression Omnibus (GEO; http://www.ncbi.nlm.
nih.gov/geo/). The GSE9893 dataset (MLRG Human 21K
V12.0; Montpellier Génopole Microarray core facility) contains
the gene expression profiles of 147 patients treated with a
tamoxifen for 5y after surgery.”” The GSE1378 dataset (Arctu-
rus 22k human oligonucleotide microarray; AviaraDx, Inc.)
contains the gene expression profiles of 59 patients with ESR-
positive breast cancer treated with standard breast surgery and
radiation followed by 5 y of adjuvant tamoxifen.”® The
GSE12093 dataset (Arcturus 22k human oligonucleotide micro-
array; AviaraDx, Inc.) contains the gene expression profiles of
136 patients with ESR-positive tumors treated with adjuvant
tamoxifen.’’ Data that lacked expression signals in the
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microarrays or were without recorded clinical information were
excluded from all analyses. The processed data including nor-
malization procedures were obtained from the corresponding
websites, and no additional transformations were performed.

Statistical analyses

Statistical analyses were performed using GraphPad Prism soft-
ware (Graphpad Software, San Diego, CA, USA). Experimental
values were expressed as the mean + standard error based on 3
independent experiments, unless indicated otherwise. Statisti-
cally significant differences between 2 groups were determined
using a 2-tailed, unpaired ¢ test. Statistical analyses of multiple
groups were performed using 2-way analysis of variance fol-
lowed by the Bonferroni post test. P < 0.05 was considered to
be significant. Cell counting results and immunoblots were
taken from a representative experiment, which was qualitatively
similar to at least 3 other experiments.
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