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Previously, we found that telaprevir (Tel), the inhibitor of hepatitis C virus

NS3/4A serine protease, reduces estrogen receptor a (ERa) content at the
transcriptional level without binding to the receptor, prevents ERa tran-

scriptional activity, and inhibits basal and 17b-estradiol (E2)-dependent cell
proliferation in different breast cancer (BC) cell lines. Here, we further

characterize the Tel action mechanisms on ERa levels and function, iden-

tify a possible molecular target of Tel in BC cells, and evaluate Tel as an

antiproliferative agent for BC treatment. Tel-dependent reduction in ERa
levels and function depends on a Tel-dependent decrease in FOXA1 levels

and activity. The effect of Tel is transduced by the IGF1-R/AKT/FOXA1

pathway, with the antiviral compound interacting with IGF1-R. Tel pre-

vents the proliferation of several BC cell lines, while it does not affect the

proliferation of normal nontransformed cell lines, and its antiproliferative

effect is correlated with the ratio of FOXA1/IGF1-R expression. In conclu-

sion, Tel interferes with the IGF1-R/AKT/FOXA1 pathway and induces

cell death in ERa-expressing BC cells. Thus, we propose that this antiviral

could be repurposed for the treatment of ERa-expressing BC.

1. Introduction

The 11.7% of all cancer cases are represented by female

breast cancer (BC) [1], which is the most common cancer

in women worldwide [2]. Breast cancer is a heterogeneous

disease characterized by different molecular markers and

clinical features, but, approximatively, 75% of BC cases

are 17b-estradiol (E2)-dependent and express the estro-

gen receptor a (ERa), which sustains tumor resilience

and growth [3]. Therefore, ERa protein is a leading thera-

peutic target and, thereby, the mainstream treatment for

all ERa-expressing BCs is endocrine therapy (ET). Endo-
crine therapy includes selective estrogen receptor modula-

tors (e.g., tamoxifen) and selective estrogen receptor

downregulators (e.g., fulvestrant), which alter ERa levels

and perturbs receptor signaling, as well as aromatase

inhibitors, which indirectly block ERa by estrogen depri-

vation [2]. However, ET effectiveness is limited by the
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development of endocrine resistance, which in turn leads

to disease recurrence or progression to a metastatic set-

ting [4]. Therefore, a novel therapeutic strategy that over-

comes ET limitation is needed.

Previously, we proposed the modulation of ERa
intracellular levels, more than ERa protein itself, as a

druggable target [5]. Indeed, several lines of evidence

indicate that factors perturbing the mechanisms

involved in the modulation of ERa content could pre-

vent ERa-mediated proliferation of BC cells. These

factors not only include synthetic ERa ligand (e.g., ful-

vestrant and tamoxifen) [6,7], but also molecules that

do not bind to ERa (e.g., emetine, carfilzomib, oua-

bain, and digoxin) [8–11] and pathways not directly

related to ERa signaling (e.g., endocytic and metabolic

pathways) [12–17], which in turn alter ERa levels and

inhibit BC cells proliferation.

Therefore, the modulation of ERa intracellular levels

can be used as a bait for the identification of novel mole-

cules that directly or indirectly modulate ERa levels and

functions, thus preventing BC progression [5]. Based on

this principle, we performed a screening of food and

drugs administration (FDA)-approved drugs in MCF-7

cells and found telaprevir (Tel) to reduce ERa levels and

to inhibit MCF-7 cell proliferation [10].

Tel is an antiviral agent that inhibits hepatitis C

virus (HCV) NS3/4A serine protease [18] and, to date,

no data regarding Tel effect on BC exist but we

recently demonstrated that Tel reduces ERa levels by

affecting receptor expression at transcriptional levels,

perturbs E2:ERa signaling by inhibiting receptor tran-

scriptional activity, and prevents basal and E2-

dependent cell proliferation in different BC cell lines

[19]. However, at the present, the molecular mecha-

nism(s) through which Tel acts as a selective modula-

tor of ERa levels and degradation and as an

antiproliferative agent for BC cells is not known.

Here, we dissected the molecular mechanism(s) of

Tel action on both ERa levels and functions and cell

proliferation to identify Tel molecular target(s) in BC

cells. The results reported here indicate that Tel inter-

feres with the IGF1-R/AKT/FOXA1 pathway and

induces cell death in ERa-expressing BC cells.

2. Materials and methods

2.1. Cell culture and reagents

Our laboratory acquired the following reagents (i.e., Dul-

becco’s modified Eagle’s medium (DMEM, with and

without phenol red), McCoy’s 5a medium modified,

RPMI-1640 medium, NVP AEW541 (NVP), DAPI

(D-9542), staurosporine (STS), and fetal calf serum) from

Sigma-Aldrich (St. Louis, MO, USA) and the Bradford

protein assay kit, anti-mouse, and anti-rabbit secondary

antibodies from Bio-Rad (Hercules, CA, USA). Human

fibroblasts were a generous gift of Prof. Valentina Pallot-

tini, University Roma TRE, Rome, Italy. MCF10a,

MDA-MB-231, MCF-7, T47D-1, BT-474, SKBR3,

AU565, HeLa, SKOV3, and DU145 cells were purchased

by ATCC (Manassas, VA, USA) and maintained accord-

ing to the manufacturer’s instructions. U251 cells were a

generous gift of Dr Francesco Berardinelli, University

Roma TRE, Rome, Italy. Antibodies against ERa (HC-

20, rabbit), AKT1 (B-1, mouse), and pS2 (FL-84, rabbit)

were obtained from Santa Cruz Biotechnology (Santa

Cruz, CA, USA). Anti-vinculin, anti-tubulin, and anti-

FLAG antibodies were purchased from Sigma-Aldrich.

Antibodies against FOXA1/HNF3a (53528S, rabbit),

phospho-AKT Ser473 (4058S, rabbit), PARP (9542T,

rabbit), phospho-IGF1-R (3024S, rabbit), and IGF1-R

(3027S, rabbit) were purchased by Cell Signaling Technol-

ogy (Danvers, MA, USA). Chemiluminescence reagent

for western blotting was obtained from Bio-Rad Labora-

tories. Fulvestrant (i.e., faslodex or ICI 182780) and

4OH-tamoxifen (Tam) were purchased from Tocris (Bris-

tol, UK). Telaprevir (VX-950, Tel), palbociclib (Palbo),

and abemaciclib (Abe) were purchased from Selleck

Chemicals (Houston, TX, USA). Triciribine, MK-2206,

AG-879, and AG-825 were purchased from Cayman

Chemical Company (Ann Arbor, MI, USA). PD-98059

(PD), KG-501 (KG), and PPP were obtained from Cal-

biochem. Promega (Madison, MA, USA) supplied the

Nano-Glo� EndurazineTM. All the other products were

obtained from Sigma-Aldrich. Analytical- or reagent-

grade products were used without further purification.

2.2. Cellular and biochemical assays

Cells were grown in 10% serum and either DMEM

with phenol red, McCoy’s 5a modified or RPMI-1640

medium for 24 h and then treated with either telapre-

vir (Tel), NVP, MK-2206 at the indicated doses and

for the indicated periods. For the IGF and EGF

experiments, cells were grown in DMEM with phenol

red plus 1% charcoal-stripped fetal calf serum for 24 h

before Tel, NVP, gefitinib (Gef), IGF, and EGF

administration at the indicated doses and for the indi-

cated time points. Cell lysis western blotting analyses

were performed as previously reported in [9,20–22].

2.3. In-cell western blotting

Five thousand MCF-7 cells were plated in a 96-well

plate in a sextuplicate for each treatment condition.
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The next day, cells were treated with vehicle (DMSO)

or 1 lM of NVP, triciribine, AG-879, PD-98059, and

KG-501 for 48 h. siRNA-mediated FOXA1 depletion

was used as the internal control. The procedure was

followed as previously reported in [9,20–23] except that
the antibody against FOXA1 was used 1 : 5000 in

BSA2%/PBS.

2.4. Growth curves

Growth curves and drug synergy studies were done as

previously reported in [9,19,21,22,24], and the synergy

was calculated with COMBENEFIT FREEWARE software

[25] while the combination index (CI) was calculated

as previously reported [26,27].

2.5. Apoptosis analysis

For hypodiploid peak analysis, Nicoletti’s protocol

was followed [28]. Briefly, cell pellet was resuspended

in 500 lL of PBS + 500 lL of hypotonic staining solu-

tion (0.1% sodium citrate (w/v), 0.1% Triton X-100

(v/v), 50 lg�mL�1 propidium iodide, pH 7.8). Cells

were incubated for 30 min at room temperature.

Finally, 20 000 total events, presented in a logarithmic

scale (FL-2 Vs FSC) were acquired directly in the

staining buffer, and percentage of the hypodiploid

peak was calculated by a proper electronic marker.

Measurement of caspase 9 activity was performed by

employing the Caspase-Glo� 9 assay system (Promega)

according to the manufacturer’s instructions. Activity

was acquired at a Tecan Spark microplate reader

(M€annedorf, Switzerland). Light emission was continu-

ously measured for 2 h every 5 min; ratio between the

final (specific) and the initial (nonspecific) values was

used to quantitate the effects of the tested drugs.

2.6. Real-Time measurement of ERa and FOXA1

transcriptional activity

For the analyses of ERa transcriptional activity,

MCF-7 cells stably expressing an ERE-nanoluciferase

(NLuc)-PEST reporter gene were used as previously

reported [21,22]. For the analyses of FOXA1 activity

on its specific enhancer in the promoter of ESR1 gene,

MCF-7 cells were stably transfected with pGL2Basic

Neo_NLucP_ESR1_(FOXA1) plasmid [29] using Lipo-

fectamine 2000 (Thermo Fisher Scientific, Waltham,

MA, USA) reagent according to the manufacturer’s

instructions. The transfection medium was changed

after 24 h, and G418 (500 lg�mL�1) was added for the

selection of MCF-7 ESR1-NLuc cells. Pooled clones

were used for the experiments. The selection antibiotic

was left in the growing medium while each experiment

was performed in the absence of antibiotics. MCF-7

ESR1-NLuc cells were seeded in 96-well plate (5000

cells per well) and 24 h after plating cells were treated

with Tel, NVP, triciribine, and PPP at the indicated

doses and for the indicated time points. For MCF-7

ESR1-NLuc cells depleted of FOXA1 expression by

siRNA, 3 h after the second transfection cells were

detached, seeded in 96-well plate (5000 cells per well),

and treated with Tel for the indicated doses and time

points. After treatment, Nano-Glo� EndurazineTM

was added according to the manufacturer’s instruction

in 50 lL as the final experimental volume. Plates were

then transferred into a Tecan Spark microplate reader.

Light emission (released light units [RLU]) was mea-

sured for 24 h every 5 min.

2.7. Small interference RNA (siRNA) experiments

Silencing of FOXA1 in MCF-7, MCF-7 ESR1-NLuc,

and SKBR3 cells and silencing of ERa in MCF-7 and

SKOV3 cells were achieved via transient transfection

using Dharmacon Smartpool siRNA ERa siRNA (fi-

nal concentration 4 nM in 2 mL of a six-well plate),

with Lipofectamine RNAiMAX (Invitrogen, Waltham,

MA, USA; 6 lL per well of a six-well plate), following

the manufacturer’s instructions. Cells were subjected

to double transfection: ‘reverse’ (cells in suspension)

on day 1 and ‘forward’ (adherent cells) on day 2. The

medium was changed after 3 h from both transfec-

tions. Cells were then processed and analyzed either

24, 48, or 72 h after the second transfection.

2.8. Confocal microscopy analysis

MCF-7 cells were seeded (10 000 cells per well) in 8-

well chamber slide. Twenty-four hours after plating,

cells were treated with Tel (from 10 to 40 lM) for 48 h

and then were fixed in 70% ETOH. After washing in

phosphate-buffered saline (PBS), cells were stained

with DAPI (Sigma-Aldrich) in PBS at a final concen-

tration of 2 lg�mL�1 for 30 min at room temperature

in the dark. Images were acquired by confocal micro-

scopy using a 209 dry objective lens and a 639 oil

immersion objective lens at 405 nm laser UV. Confo-

cal analysis was performed using LCS (Leica

Microsystems, Wetzlar, Germany).

2.9. Drug affinity responsive target stability

(DARTS)

DARTS analysis was performed according to Lome-

nick’s protocol [30,31]. MCF-7 cells were grown to
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approximately 80–85% confluence in a 10 cm dish and

then lysed in YY buffer. The protein concentration of

the lysate was measured with the Bradford method.

The cell lysate was divided into identical aliquots and

incubated with either vehicle (DMSO), Tel or NVP at

the indicated doses for 1 h at room temperature. The

aliquots of lysate were then treated with vehicle (TNC

109 buffer) or pronase (1 : 1000, Roche Applied

Science, Indianapolis, IN, USA) for 30 min at room

temperature. Subsequently, the proteolysis was stopped

by adding a 49 loading solution and heating to

100 °C for 5 min. Next, the samples were subjected to

western blotting analyses.

2.10. Statistical analysis

Statistical analysis and band quantitations were per-

formed as previously reported [9,20–23]. Significant

differences are calculated by the Student t-test or with

one-way ANOVA followed by the Tukey post-test

using the INSTAT version 8 software system (Graph-Pad

Software Inc., San Diego, CA, USA), and the P values

are given in figure captions.

3. Results

3.1. Effect of telaprevir on the proliferation of

nontransformed and transformed cell lines

Previously, we found that telaprevir (Tel) reduces both

the basal and the 17b-estradiol (E2)-induced prolifera-

tion in different ERa-expressing breast cancer (BC) cell

lines [19]. Thus, we next evaluated the Tel antitumor

activity in different types of transformed and nontrans-

formed cell lines. To this purpose, real-time growth

curve analyses were performed on a panel of nontrans-

formed (i.e., human fibroblasts and MCF10a cells),

breast tumor (i.e., MDA-MB-231, MCF-7, T47D-1,

BT-474, SKBR3, and AU565 cells), and non-breast

tumor (i.e., HeLa, U251, SKOV3, and DU145 cells) cell

lines (Fig. 1A). Cells were treated with increasing doses

(from nM to lM) of the antiviral, and the Tel inhibitor

concentration 50 (IC50) was calculated at 5 days. The

cell lines were considered sensitive to Tel antiprolifera-

tive effect when the calculated IC50 was lower than

20 lM, while the cell lines were considered resistant to

the Tel effect if the calculated IC50 was higher than

20 lM. As shown in Fig. 1A, Tel antiproliferative effect

is cell line-dependent and selective for transformed cell

lines, while Tel does not affect the proliferation of non-

transformed cell lines. Notably, BC cell lines appear to

be more sensitive to Tel antiproliferative effect rather

than non-breast tumor cell lines, except for the prostate

cancer DU145 cells (Fig. 1A).

Next, the putative factors defining cell sensitivity to

Tel antiproliferative effect were searched and ERa,
human epidermal growth factor receptor 2 (HER2),

and FOXA1 were selected as potential candidates since

these proteins play a significant role in BC develop-

ment and progression [32–34]. Thus, the mRNA

expression levels of these proteins were compared in

silico using the data available in the Cancer Depen-

dency Map Project at Broad Institute database (Dep-

map portal at https://depmap.org/portal/interactive/)

in different tumor cell lines (i.e., U251, HeLa, SKOV3,

MDA-MB-231, MCF-7, BT-474, DU145, SKBR3,

AU565, and T47D-1 cells). Interestingly, the cell sensi-

tivity to Tel antiproliferative effect does not correlate

with ERa or HER2 mRNA expression, while corre-

spondence between Tel sensitivity and the expression

of FOXA1 mRNA was observed (Fig. 1B). To vali-

date this observation, real-time growth curve analyses

were performed in some of the tested cell lines. The

results indicate that Tel significantly affects the prolif-

eration of the cell lines expressing FOXA1 mRNA

(i.e., BT-474, MCF-7, SKBR3, and DU145 cells), but

the antiviral does not affect the proliferation of those

cell lines devoid of FOXA1 (i.e., HeLa and SKOV3

cells; Fig. 1C). These observations suggest that Tel

antiproliferative activity could be correlated with

FOXA1 expression in cancer cells.

Consequently, the differential impact of ERa and

FOXA1 on cell proliferation was next evaluated. For

this purpose, three different cellular models were

selected: MCF-7, SKOV3, and SKBR3 cells that,

respectively, express both FOXA1 and ERa, only

ERa, and only FOXA1 (Fig. S1A). The effect of

siRNA-dependent ERa and/or FOXA1 depletion on

cell proliferation was analyzed in these model systems.

The results indicate that FOXA1 depletion reduced

MCF-7 and SKBR3 cell proliferation (Fig. 1D,E).

Notably, reduction in FOXA1 levels affects MCF-7

cell proliferation more than the siRNA-mediated ERa
intracellular level reduction (Fig. 1D). In contrast,

ERa depletion does not impact on SKOV3 cell prolif-

eration (Fig. 1F). These data suggest that FOXA1 is

upstream to ERa in the control of cell proliferation.

Next, to understand the FOXA1 involvement in Tel

antiproliferative effect, the expression of FOXA1 was

reduced in SKBR3 cells, while SKOV3 cells stably over-

expressing FOXA1 were produced (Fig. S1B), different

doses of Tel were administered in these cellular models,

and cell proliferation was measured. The Tel IC50 was

significantly increased in SKBR3 cells where FOXA1

expression was reduced with respect to control SKBR3
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cells, while Tel IC50 was significantly reduced in SKOV3

cells overexpressing FOXA1 with respect to the parental

cell line (Fig. 1G and Fig. S1C,D).

Overall, these results imply that FOXA1 expression

is required, at least in part, for the Tel antiproliferative

effect.

3.2. FOXA1 involvement in telaprevir-dependent

regulation of ERa levels and functions

Because FOXA1 is required for ERa expression in BC

cells [35] and Tel reduces ERa levels in different BC

cell lines [19], FOXA1 siRNA-mediated depletion on

Fig. 1. Effect of telaprevir on the proliferation of nontransformed and transformed cell lines. (A) Telaprevir (Tel) inhibitor concentration 50

(IC50-lM) measured on a panel of nontransformed (i.e., human fibroblast and MCF10a cells) and transformed (i.e., MDA-MB-231, MCF-7,

T47D-1, BT-474, SKBR3, AU565, HeLa, U251, SKOV3, and DU145 cells) cell lines at 5 days. N = 4. (B) The panel indicates cell sensitivity to

Tel antiproliferative effect (red) and ERa (blue), HER2 (orange), and FOXA1 (green) mRNA expression in the indicated cell lines. ERa, Her2,

and FOXA1 expression was extrapolated in silico from the Depmap portal database (https://depmap.org/portal/). (C) Real-time growth curves

in the indicated cell lines treated with Tel 20 lM (0–96 h). Normalized cell index (i.e., CI) has been calculated at each time point with respect

to the control sample (gray line). Data are the mean � standard errors n = 8. Real-time growth curve analyses in MCF-7 (D), SKBR3 (E), and

SKOV3 (F) cells depleted of ERa (red line) and/or FOXA1 (green line) by siRNA. Normalized cell index (i.e., CI) has been calculated at each

time point with respect to the control sample (gray line). Data are the mean � standard errors n = 8. (G) Tel inhibition concentration 50

(IC50-lM) on SKBR3 and SKOV3 cells proliferation measured in the presence or the absence of FOXA1 expression at 3 days in SKBR3 cells

and 5 days in SKOV3 cells. Data are the mean � standard deviations with a P-value < 0.0001. **** indicates significant differences with

respect to the control sample (siRNA CTR or CTR) calculated with Student t-test. n = 17.
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ERa levels phenocopies the effect of Tel on receptor

levels (Fig. S2A). Therefore, because Tel reduces

FOXA1 mRNA levels (data not shown), we tested the

possibility that a Tel-dependent reduction in FOXA1

levels could be required for Tel-dependent reduction of

ERa levels. For this purpose, the Tel effect on FOXA1

and ERa protein levels was analyzed in different cell

lines expressing both proteins (MCF-7 and BT-474

cells), only FOXA1 (SKBR3 and AU565 cells) and

only ERa (SKOV3 cells). Results show that Tel

(20 lM) reduced FOXA1 levels in MCF-7, BT-474,

SKBR3, and AU565 cells (Fig. 2A) and ERa levels in

MCF-7 and BT-474 cells within 72 h (Fig. 2B and

Fig. S3A). Notably, Tel does not affect ERa levels in

SKOV3 cells (Fig. 2B and Fig. S3B), which do not

express FOXA1. Therefore, present results suggest that

FOXA1 could be required for Tel-dependent reduction

in ERa intracellular content.

To further demonstrate that the Tel-dependent reduc-

tion in receptor intracellular levels was due to the ability

of the antiviral to reduce FOXA1 expression, we gener-

ated an MCF-7 cell line stably expressing the FOXA1-

specific enhancer of the ESR1 promoter region (i.e., the

genetic region in the ERa gene promoter required for

Fig. 2. FOXA1 involvement in telaprevir effect on ERa levels and functions. (A) Western blotting and relative quantitation (heat map) of

FOXA1 levels in MCF-7, BT-474, SKBR3, and AU565 cells treated with telaprevir (Tel 20 lM) for 72 h. The loading control was done by eval-

uating vinculin expression in the same filter. (B) Western blotting and relative quantitation (heat map) of ERa and vinculin levels in MCF-7,

BT-474, and SKOV3 cells treated with Tel 20 lM for 72 h. Panels show representative blots. Histograms are reported in Fig. S3A,B, where

the mean � standard deviation with a P-value < 0.001 (***) and 0.0001 (****) is reported. * indicates significant differences with respect to

the control sample (�) of each cell line and has been calculated with Student t-test. n = 4 for all the experiments while n = 6 for SKBR3 cell

lines. The activity of FOXA1-specific enhancer in ESR1 promoter region measured in MCF-7 ESR1-NLuc cells treated with the indicated

concentrations of Tel for 48 h (C) or with the FOXA1 siRNA (E). Data are the mean � standard deviation with a P-value < 0.0001 (****).

* indicates significant differences with respect to the control sample (0) calculated with one-way ANOVA followed by the Tukey post-test

(panel C) and with Student t-test (panel E), n = 10. (D) ERE promoter activity in MCF-7 ERE-NLuc cells treated with the indicated doses of

Tel for 48 h both in the absence or presence of FOXA1 siRNA. n = 10. Data are the mean � standard deviation with a P-value < 0.001

(***). * indicates significant differences with respect to the control sample (CTR) calculated with Student t-test.
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FOXA1-dependent ERa expression) [29] upstream to a

nanoluciferase (NLuc)-PEST reporter gene (MCF-7

ESR1-NLuc cells). In these cells, Tel reduced ESR1 pro-

moter activity (i.e., FOXA1 activity) in a dose-

dependent manner (Fig. 2C). Altogether these findings

demonstrate that Tel-dependent ERa reduction directly

relies on Tel-dependent decrease in FOXA1 levels and

function.

Because Tel prevents FOXA1 functions and affects

ERa transcriptional activity [19], and FOXA1 is a pio-

neer factor required for ERa transcriptional activ-

ity [36], we next evaluated the FOXA1 requirement in

Tel ability to interfere with ERa transcriptional activ-

ity. For this purpose, we used the MCF-7 ERE-NLuc

cells, where a 3xERE-TATA reporter construct was

stably introduced upstream of the NLuc-PEST repor-

ter gene [21,22]. As expected, reduction in FOXA1

levels strongly reduced basal ERE promoter activity

(Fig. S2B), as well as ERa expression and basal

expression of presenilin 2 (pS2), an ERE-containing

ERa target gene, in MCF-7 cells (Fig. S2C). Next,

MCF-7 ERE-NLuc cells were challenged for 48 h with

different doses of Tel both in the presence and the

absence of the FOXA1 siRNA-mediated depletion,

and the Tel IC50 for ERa transcriptional activity was

measured. Tel-dependent reduction in ERa transcrip-

tional activity is diminished when FOXA1 expression

is down-modulated in MCF-7 ERE-NLuc cells

(Fig. 2D). Accordingly, the ability of Tel to reduce

pS2, ERa, and FOXA1 levels in parental MCF-7 cells

was impaired when FOXA1 was depleted (Fig. S2D,

D’,D”,D”’). These data indicate that Tel-dependent

reduction in FOXA1 levels controls Tel-induced

decrease in ERa transcriptional activity.

To further demonstrate that FOXA1 transcriptional

activity is specifically involved in Tel-dependent reduc-

tion in ERa expression, MCF-7 ESR1-NLuc cells were

challenged for 48 h with different doses of Tel both in

the presence and the absence of the FOXA1 siRNA-

mediated depletion (Fig. S2E) and the Tel IC50 for

FOXA1 transcriptional activity was measured. Deple-

tion of FOXA1 impaired the Tel ability to diminish in

a dose-dependent manner the FOXA1 transcriptional

activity on ESR1 promoter enhancer (Fig. 2E).

Altogether these data indicate that Tel impact on

FOXA1 levels and activity is upstream of the effect of

Tel on ERa expression and transcriptional function.

3.3. Action mechanism for the telaprevir-induced

reduction in FOXA1 levels

At present, there are no data regarding the signal trans-

duction pathways involved in Tel-mediated regulation

of FOXA1 levels and function in BC cells. However, a

role for insulin-like growth factor 1 receptor (IGF1-R)/

PI3K/AKT and ERBB2/ERK/CREB signaling in the

control of FOXA1 expression in BC cells [37,38], as well

as in the ability of FOXA1 to control IGF-1R expres-

sion [38], has been previously reported. Therefore, the

effect of these kinases on FOXA1 expression and activ-

ity on the specific enhancer in ESR1 promoter was ana-

lyzed by treating cells with two ERBB2 inhibitors (AG-

879, AG-825), two IGF1-R inhibitors (NVP AEW541-

NVP; PPP), and one AKT (triciribine-Tric), ERK (PD

98059-PD), and CREB (KG 501-Kg) inhibitor for 48 h

in in-cell western blotting [23] and luciferase assays. As

shown in Fig. S4A,B, the inhibition of IGF1-R and

AKT reduced FOXA1 expression and activity, thus

suggesting that the IGF-1R/AKT/FOXA1/ERa path-

way could be active also in MCF-7 cells. Accordingly,

both depletion of FOXA1, and the chemical inhibition

of IGF1-R and AKT by MK-2206, an AKT inhibitor

in clinical trials for the treatment of breast tumors [39],

in MCF-7 cells all reduced the expression levels of each

protein in the pathway (Figs S4C and S5A–C). There-
fore, the IGF1-R/AKT pathway controls FOXA1 and

ERa expression and FOXA1 displays a feedback regu-

lation of IGF1-R expression in MCF-7 cells.

Because Tel reduces FOXA1 and ERa intracellular

levels in MCF-7 cells (Fig. 2), Tel could engage the

IGF-1R/AKT pathway. Remarkably, 48 h of the

antiviral treatment induced a dose-dependent reduction

in AKT levels and activation as well as in IGF1-R,

FOXA1, and ERa expression in MCF-7 cells (Fig. 3A

and Fig. S3C), thus suggesting IGF1-R and AKT as a

potential upstream regulator of Tel action on FOXA1

and ERa intracellular levels. Furthermore, since Tel

mimics the effect of the IGF1-R inhibitor on the

IGF1-R/AKT/FOXA1/ERa pathway (Figs S4C and

S5C), we hypothesized that the antiviral could act as

an IGF1-R inhibitor. To test this hypothesis, Tel

impact on IGF-dependent AKT activation (pAKT)

was analyzed in MCF-7 cells. Cells were pretreated

with Tel (20 lM) and NVP (1 lM) for 1, 3, and 6 h

before IGF (100 ng�mL�1; 15 min) administration. As

shown in (Figs S4D and S5D), Tel did not prevent

IGF-dependent AKT activation, while, surprisingly, it

slightly increased AKT phosphorylation. Prompted by

this observation, MCF-7 cells were treated with Tel

for different time points and AKT phosphorylation

was measured. Tel triggers AKT activation, which

reaches a peak after 6–24 h of administration (Fig. 3B

and Fig. S3D).

Next, the possibility that IGF1-R mediates Tel-

induced AKT activation was evaluated. Therefore, the

effect of NVP on Tel-dependent AKT phosphorylation

3574 Molecular Oncology 16 (2022) 3568–3584 � 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Telaprevir kills BC cells via FOXA1 reduction S. Bartoloni et al.



was analyzed. As shown in Fig. 3C and Fig. S3E, NVP

prevents AKT phosphorylation induced by Tel, thus

suggesting the involvement of IGF1-R in Tel-dependent

AKT activation. As expected, NVP administration to

MCF-7 cells efficiently inhibited IGF-induced IGF1-R

phosphorylation (Fig. S3F,F’). To further demonstrate

that Tel-induced AKT activation is specific for IGF1-R,

MCF-7 cells were pretreated with an EGF-R inhibitor

(i.e., gefitinib-Gef) before Tel administration. Remark-

ably, Gef did not affect the ability of Tel to induce

AKT phosphorylation and NVP pretreatment of MCF-

7 cells prevented IGF- but not EGF-induced AKT

Fig. 3. IGF1-R/AKT/FOXA1 involvement in telaprevir mechanism of action in MCF-7 cells. (A) Western blotting analyses of pAKT, AKT, IGF1-

R, FOXA1, ERa and vinculin protein levels in MCF-7 cells treated with the indicated doses of Tel for 48 h. Densitometric analysis is shown

in Fig. S3C. n = 3 for pAKT and IGF-1R, n = 4 for FOXA1, n = 5 for ERa. (B) Western blotting analyses of pAKT, AKT and vinculin protein

levels in MCF-7 cells treated with telaprevir (Tel - 20 lM) at the indicated time points. Densitometric analysis and number of replicates are

shown in Fig. S3D. n = 3 for 0.25 and 0.5 h, n = 4 for 1 and 3 h, n = 11 for 6 h, n = 6 for 24 and 48 h. (C) Western blotting analyses of

pAKT, AKT and vinculin protein levels in MCF-7 cells pretreated with NVP AEW541 (NVP 1 lM) for 6 h and then treated with Tel (20 lM-

6 h). Densitometric analysis and number of replicates are shown in Fig. S3E. n = 6 (D, E, D’, E’) Western blotting analyses and relative den-

sitometric analyses of IGF1-R, ERa and vinculin protein levels in MCF-7 cell lysates incubated with increasing doses of telaprevir (Tel

1–100 lM) and NVP AEW541 (NVP 1–100 lM) in the presence or absence of pronase (1 : 1000). Data are the mean � standard deviation

n = 3. ** (P-value < 0.01) or * (P-value < 0.05) indicates significant differences with respect to the control sample (0) calculated with one-

way ANOVA followed by the Tukey post-test.
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phosphorylation while Gef administration blocked

EGF- but not IGF-induced AKT phosphorylation

(Fig. S6).

Altogether these data demonstrate Tel activates

AKT in MCF-7 cells through the involvement of

IGF1-R.

3.4. Identification of IGF1-R as a possible

telaprevir molecular target in MCF-7 cells

Tel is an antiviral agent targeting the NS3/4A serine

protease of the hepatitis C virus [18] and its molecular

target in BC cells is unknown. However, the results

described above suggest IGF1-R as a potential Tel bind-

ing protein in MCF-7 cells. To assess this issue, drug

affinity responsive target stability (DARTS) analyses

were performed. DARTS is a simple method for identi-

fying ligand-protein interaction based on the reduced

susceptibility to proteolysis of the target protein upon

ligand binding [30,31]. In turn, MCF-7 cell lysates were

incubated at R.T. for 1 h in vitro with increasing doses

of Tel or vehicle in the presence or absence of a protease

(i.e., pronase), followed by western blotting analyses of

IGF1-R. The experiment was done in parallel with the

in vitro incubation of the MCF-7 cell lysates with differ-

ent doses of NVP, which is a known functional ligand

(i.e., inhibitor) of the IGF1-R and thus a positive con-

trol for IGF1-R binding. In addition, after the reaction,

the ERa levels were further measured in both experi-

ments through western blotting analyses as an internal

control for a protein, which is not a ligand of both Tel

[19] and NVP. As shown in Fig. 3D,E,D’,E’, Tel and

NVP preserve IGF1-R from protease degradation in a

dose-dependent manner, while they do not influence

ERa levels.

Remarkably, the increased resistance to pronase-

dependent proteolysis of IGF1-R in the presence of

Tel suggests an interaction between Tel and IGF1-R,

thus indicating that the IGF1-R could be a Tel molec-

ular target in MCF-7 cells.

3.5. Telaprevir-induced caspase-dependent

apoptotic cell death involves both IGF1-R and

FOXA1

The data described so far imply the IGF1-R/AKT

pathway in Tel activity on FOXA1 and ERa protein

levels and function and correlate FOXA1 with cell sen-

sitivity to Tel antiproliferative effect in breast and

non-breast tumor cell lines. However, there is no evi-

dence as to which type of cell death is induced by Tel.

Indeed, subsequent analyses were performed to iden-

tify which type of cell death is induced by the

antiviral. For this purpose, apoptosis was assessed in

MCF-7 cells treated with different doses of Tel for

48 h, and both PARP cleavage, DNA fragmentation,

and apoptotic nuclei were detected by western blotting,

flow cytometry, and immunofluorescent analyses,

respectively. Staurosporine (STS), a known apoptosis

activator, was also used as the internal control.

The results indicate that Tel induced PARP cleavage

(Fig. 4A,A’), increased sub-diploid cell population,

and determined DNA condensation and fragmentation

after 48 h in a dose-dependent manner (Fig. S7A,A’,

B). Notably, 24 h Tel administration to MCF-7 cells

induced in a dose-dependent manner the activation of

caspase 9 (Fig. S7C). Therefore, these data indicate

that Tel induces cell death by a caspase-dependent

apoptosis in MCF-7 cells.

The mechanism underlying Tel-dependent apoptosis

was next analyzed, and the involvement of the IGF1-R/

AKT/FOXA1 pathway was tested. To this purpose,

MCF-7 cells were treated with different doses of either

the IGF1-R and the AKT inhibitor (i.e., NVP and MK-

2206, respectively) or were depleted by FOXA1 through

siRNA for 48 h and the PARP status was detected.

Both IGF1-R and AKT inhibition, as well as the reduc-

tion in FOXA1 levels (Fig. 4B and Fig. S8A,A’,B,B’),

induced the cleavage of PARP in a dose-dependent

manner. Notably, this effect phenocopies that of Tel,

thus implicating the IGF1-R/AKT/FOXA1 pathway in

the ability of Tel to induce apoptosis.

To prove this observation, MCF-7 cells were treated

with Tel for 48 h both either in the presence of the IGF1-

R inhibitor NVP or the siRNA-mediated reduction in

FOXA1 intracellular levels and PARP levels were mea-

sured. Interestingly, co-treatment of MCF-7 cells with Tel

and either NVP or siRNA-mediated FOXA1 depletion

further increased the amount of PARP cleavage with

respect to Tel, NVP, or siRNA-mediated FOXA1 deple-

tion treatment alone (Fig. 4B,C and Fig. S8C–F).
Therefore, we reasoned that the observed Tel additive

effect on PARP cleavage could be because Tel continues

to influence the IGF1-R/AKT/FOXA1 pathway also in

the presence of IGF1-R inhibition or under conditions

of FOXA1 protein down-modulation. In turn, we mea-

sured the levels of FOXA1 in the same above-described

experimental conditions. As expected, both Tel, NVP,

and siRNA against FOXA1 gene reduced FOXA1 levels

in MCF-7 cells; furthermore, Tel additionally reduced

FOXA1 levels in the presence of both NVP treatment

and siRNA-mediated FOXA1 depletion in MCF-7 cells

(Fig. 4B,C and Fig. S8C–F). Overall, these findings

strongly suggest that Tel-induced apoptosis occurs

through the inhibition of the IGF1-R/AKT/FOXA1

pathway.

3576 Molecular Oncology 16 (2022) 3568–3584 � 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Telaprevir kills BC cells via FOXA1 reduction S. Bartoloni et al.



To support this observation, we reasoned that an

activator of the IGF1-R should rescue the Tel-induced

apoptotic effect. Therefore, the effect of IGF, which

binds and activates IGF1-R, on the ability of Tel to

induce PARP cleavage was evaluated. The MCF-7

cells were pretreated with increasing doses of IGF

(from 10 to 250 ng�mL�1) for 1 h before 48 h of Tel

treatment, and the levels of cleaved PARP and

FOXA1 were analyzed. IGF prevents Tel-induced

PARP cleavage and FOXA1 reduction in a dose-

dependent manner (Fig. 4D and Fig. S8G,H).

To further demonstrate that the Tel-induced apop-

totic effect requires both IGF1-R and FOXA1, we

next measured the PARP levels in four different cellu-

lar models (i.e., Hela, SKOV3, MCF-7, and SKBR3

cells), which differentially express or co-express both

IGF1-R and FOXA1 (Fig. S9A) and display different

sensitivity to Tel antiproliferative effects (Fig. 1), trea-

ted with Tel for 48 h. Results show that Tel induced

the PARP cleavage only in MCF-7 cells (Fig. 4E–H
and Fig. S9B). Therefore, these results indicate that

both IGF1-R and FOXA1 proteins are required for

Tel-induced apoptotic effect.

Overall, these data demonstrate that Tel induces

caspase-dependent apoptosis via the engagement of the

IGF1-R/AKT/FOXA1 pathway.

Fig. 4. Analysis of telaprevir-induced apoptosis. (A) Western blotting and (A’) relative densitometric analyses of cleaved PARP and tubulin

(Tub) in MCF-7 cells treated with different doses of telaprevir (Tel 10–40 lM) for 48 h and staurosporine (STS 100 nM) for 24 h. Data are the

mean � standard deviation with P-value < 0.0001. n = 4 for all samples but for 40 lM where n = 3. **** indicates significant differences

with respect to the control sample (0) calculated with one-way ANOVA followed by the Tukey post-test. Western blotting analyses of

telaprevir (Tel) effect on cleaved PARP, FOXA1 and tubulin (Tub) levels in the presence of FOXA1 siRNA (B) and NVP (C). Cells were trans-

fected with FOXA1 siRNA and treated with 1 lM NVP before 48 h of 20 lM Tel treatment. (D) Western blotting analyses of cleaved PARP,

FOXA1 and vinculin expression in MCF-7 cells pretreated with different doses of IGF (10–250 ng�mL�1) for 1 h before 48 h of 20 lM Tel

treatment. Densitometric analyses of panel (B) (C) and (D) are shown in Fig. S8C–H. n = 4 for (B) (C) and (D), n = 3 for FOXA1 levels in

panel D. (E–H) Western blotting analyses of cleaved PARP and tubulin in HeLa, SKOV3, MCF-7, and SKBR3 cells treated with telaprevir (Tel

20 lM) for 48 h. Densitometric analysis are shown in Fig. S9B. n = 3 for all the cell lines and n = 4 for SKOV3 cells.
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3.6. Cell sensitivity to telaprevir is directly

correlated with the FOXA1/IGF1-R ratio

Although the reported data indicate that Tel-

dependent apoptotic effects require the presence of

both IGF1-R and FOXA1, we surprisingly observed

that this antiviral does not induce the PARP cleavage

in SKBR3 cells, which display a high sensitivity to Tel

antiproliferative effect (Fig. 1).

Therefore, to understand this paradox, we measured

the sensitivity to the Tel effect of 12 different cancer

cell lines by measuring the Tel IC50 on cell prolifera-

tion at 5 days (Fig. 5A). The Tel IC50 was then com-

pared with both IGF1-R and FOXA1 protein

expression levels in the same cell lines (Fig. 5B). Spear-

man correlation index was calculated considering the

potential correlation between both the Tel IC50-

FOXA1 levels, the Tel IC50-IGF1-R levels, and the

Tel IC50-FOXA1/IGF1-R levels ratio. Interestingly, no

correlation between cell sensitivity to Tel antiprolifera-

tive effect and the levels of either IGF1-R or FOXA1

was found (data not shown). In contrast, a significant

correlation between the sensitivity to Tel antiprolifera-

tive effect and the ratio of FOXA1/IGF1-R expression

was evidenced (Fig. 5C). These observations indicate

that the higher the ratio of FOXA1/IGF1-R protein

levels the higher sensitivity of cell lines to Tel antipro-

liferative effect.

Overall, these data demonstrate that Tel antiprolifer-

ative effects are linearly correlated with increasing

amount of the ratio between FOXA1 and IGF1-R

protein expression.

3.7. Preclinical evaluation of telaprevir as a novel

drug for the treatment of primary and metastatic

breast cancer

E2 signaling sustains BC development, growth, and sur-

vival and 70% of BC cases express ERa, which acts as

the main driver of E2 mitogenic stimuli [40]. Remark-

ably, Tel displays inhibitory activity against E2:ERa sig-

naling similar to that of ET drugs already used in the

treatment of BC [19]. Therefore, the possibility that Tel

exhibits a synergistic effect with drugs used for the treat-

ment of primary and metastatic BC was evaluated. For

this purpose, MCF-7 cells were exposed to increasing

doses of both the selective estrogen receptor modulator

prototype 4OH-tamoxifen (Tam—from 1 to 1000 nM)

and Tel (from 100 to 20 000 nM), administered either

alone or in combination, for 12 days. As shown in

Fig. 6A,A’, Tel exhibits synergism with Tam in prevent-

ing cell proliferation [combination index (CI) < 1,

CITam + Tel_MCF-7 = 0.047 � 0.037].

Moreover, the cyclin-dependent kinase (CDK) 4/6

inhibitors have recently been introduced in the treat-

ment of metastatic BC [41]. Therefore, combination

analyses between Tel and the CDK4/6 inhibitors abe-

maciclib (Abe) and palbociclib (Palbo) were performed

in a cellular model mimicking the metastatic breast

cancer expressing the ERa mutated in the Y residue

537 to S (i.e., Y537S cells) [42]. The results reported in

Fig. 6B,C,C’ indicate a synergism between both Tel

Fig. 5. Telaprevir antiproliferative effect is correlated to the ratio of

FOXA1/IGF1-R expression. (A) Bar graph of telaprevir (Tel) inhibition

concentration 50 (IC50-lM) value measured in the indicated cancer

cell lines at 5 days. Data are the means � the SD n = 3. (B) Wes-

tern blotting analyses of FOXA1, IGF1-R and vinculin protein levels

in the indicated cancer cell lines. This blot has been performed

twice. (C) The scatter plot of Spearman correlation analyses for the

ratio of FOXA1/IGF1-R protein levels and Tel IC50 (lM) on the prolif-

eration of the above-mentioned cancer cell lines.
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and Abe and Tel and Palbo in Y537S cells [combina-

tion index (CI) < 1, CIAbe + Tel_Y537S = 0.68 � 0.36;

CIPalbo + Tel_Y537S = 0.47 � 0.53].

Overall, these findings suggest that Tel could be

used as an adjuvant drug in the treatment of primary

and metastatic BC.

4. Discussion

Here, we aimed to dissect the molecular mechanism of

telaprevir (Tel) effect on the control of ERa levels and

function and cell proliferation in breast cancer (BC)

cells. Notably, we made two key discoveries to attain

this goal.

First, we previously performed an array analysis of

ERa signaling [19] and we found FOXA1 among the

genes to be down-modulated by Tel. FOXA1 is a pio-

neer factor able to bind condensed chromatin and to

modify chromatin structure to euchromatin conditions,

thus enabling the binding of other transcription factors,

such as ERa [35,36]. In turn, FOXA1 regulates ESR1

transcription and correlates with ERa expression in BC

[36]. Thus, since Tel controls ERa expression at the

transcriptional level [19] and FOXA1 protein downregu-

lation reduces receptor levels in BC cells [35], we

hypothesized that Tel could affect receptor expression

by influencing FOXA1. Indeed, the results showed that

Tel reduces FOXA1 and ERa levels in cell lines that

Fig. 6. Preclinical assessment of Tel effect in breast cancer treatment. (A) Synergy distribution mapped to the dose–response surface,

determined by Bliss interaction model and generated by COMBENEFIT software. Telaprevir (Tel, from 100 to 20 000 nM) and 4OH-tamoxifen

(Tam, from 1 to 1000 nM) were added separately or in combination to MCF-7 cells for 12 days. Data were normalized as % of the control.

(A’) The effect on cell number of Tel alone or in combination with Tam. Data are the mean � standard deviation with a P-value < 0.01 (**),

0.0001 (****, °°°°, ^^^^). * Indicates significant differences calculated with one-way ANOVA followed by the Tukey post-test with respect

to the control sample (��). n = 36 for Tam alone, n = 9 for Tel alone Tam + Tel. ° Indicates significant differences calculated with one-way

ANOVA followed by the Tukey post-test with respect to Tam-treated sample (+�). ^ indicates significant differences calculated with Student

t-test with respect to Tel-treated sample (�+). Sinergy map of Y537S-ERa-expressing MCF-7 cells (Y537S) treated with Tel (from 100 to

20 000 nM) alone or in combination with abemaciclib (Abe, from 100 to 1000 nM) (B) or palbociclib (Palbo, from 100 to 1000 nM) (C) for

12 days. Data were normalized as % of the control. (C’) The effect on cell number of Tel alone or in combination with Abe or Palbo in

Y537S. Data are the mean � standard deviation with a P-value < 0.1 (*, °, ^), 0.01 (°°, ^^), 0.001 (***). * indicates significant differences

calculated with one-way ANOVA followed by the Tukey post-test with respect to the control sample (���), ° indicates significant differ-

ences calculated with one-way ANOVA followed by the Tukey post-test with respect to Tel-treated sample (+��), ^ indicates significant dif-

ferences calculated with one-way ANOVA followed by the Tukey post-test with respect to Abe (�+�)- or Palbo (��+)-treated sample. n = 5

for Tel alone, n = 6 for abe alone, n = 4 for palbo alone, n = 4 for Tel + abe and n = 3 for Tel + palbo.
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express both proteins (i.e., MCF-7 and BT-474 cells) as

well as FOXA1 expression in SKBR3 and AU565 cells,

which express only FOXA1. Conversely, Tel does not

affect ERa levels in cells that do not express FOXA1,

such as SKOV3 cells. Moreover, we evaluated Tel direct

impact on FOXA1-dependent control of ERa expres-

sion in MCF-7 ESR1-NLuc cells and we noticed that

Tel not only decreases FOXA1 levels but also prevents

FOXA1 activity on its specific enhancer in the ESR1

promoter. Furthermore, FOXA1 plays an important

role in the control of ERa transcriptional activity in BC

cells [43,44]. Accordingly, siRNA-mediated FOXA1

depletion significantly reduces ERa transcriptional

activity in MCF-7 ERE-NLuc cells. In addition, we

observed a reduction of pS2 expression in the absence of

FOXA1 expression in MCF-7 cells, which is consistent

with the decrease in ERa binding to TFF1 (i.e., pS2)

gene promoter following the ablation of FOXA1 expres-

sion [45]. Because Tel prevents ERa transcriptional

activity [19] and affects FOXA1 levels and action, we

investigated FOXA1 role in Tel impact on ERa nuclear

function. In turn, Tel ability to prevent ERa transcrip-

tional activity and pS2 expression is impaired when

FOXA1 expression is down-modulated. Therefore,

FOXA1 is an intermediary factor of Tel action on ERa
levels and function and Tel-dependent reduction in

FOXA1 levels and activity is necessary for the decrease

in ERa levels and function induced by the antiviral.

Second, we evaluated Tel antiproliferative effect on a

panel of nontransformed (i.e., human fibroblast and

MCF10a cells), breast tumor (i.e., MDA-MB-231,

MCF-7, T47D-1, BT-474, SKBR3, and AU565 cells)

and non-breast tumor (i.e., HeLa, U251, SKOV3, and

DU145 cells) cell lines. We calculated the Tel inhibition

concentration 50 (IC50) values required to prevent cell

proliferation and we considered sensitive to Tel antipro-

liferative effect the cell lines characterized by an IC50

lower than 20 lM. Remarkably, Tel does not affect the

proliferation of nontransformed cell lines, while the

antiviral inhibits the proliferation of all the breast tumor

cell lines and the prostate carcinoma cell line DU145

cells. It is noteworthy that the common factor of these

cell lines sensitive to the Tel antiproliferative effect is the

expression of FOXA1 mRNA. Accordingly, FOXA1

plays an important role both in breast and prostate

tumorigenesis [46]. In turn, the presented results indicate

that FOXA1 is upstream to ERa in the control of cell

proliferation and demonstrate that FOXA1 is required

for Tel ability to prevent cell proliferation. Indeed,

siRNA-mediated FOXA1 down-modulation decreases

Tel antiproliferative effect in FOXA1-expressing

SKBR3 cells (IC50 lower than 20 lM), while FOXA1

overexpression in SKOV3 cells (IC50 higher than

20 lM), which do not express the pioneer factor,

enhances Tel antiproliferative effect.

Overall, these observations establish FOXA1 as one

of the upstream regulators of Tel action on the control

of ERa levels and cell proliferation in BC cells.

The subsequent aim was the identification of the other

members of the Tel mechanism of action, as well as the

Tel molecular target in BC cells. Thus, consistent with

the role for insulin-like growth factor 1 receptor (IGF1-

R)/PI3K/AKT and ERBB2/ERK/CREB signaling in

the control of FOXA1 expression in BC cells [37,38], we

performed a small-scale screening of kinase inhibitors in

MCF-7 cells. The screen revealed that IGF1-R and

AKT inhibitors mimic Tel effect on both FOXA1 levels

and activity, AKT levels, and phosphorylation, IGF1-

R, and ERa levels. Therefore, we tested the possibility

that Tel acts as an IGF1-R inhibitor. However, Tel does

not inhibit IGF1-R-mediated IGF-induced AKT activa-

tion. Nonetheless, we observed that Tel activates AKT

in 6–24 h in MCF-7 cells. Notably, Tel-dependent AKT

activation is mediated by IGF1-R. Indeed, it is pre-

vented by NVP in MCF-7 cells. Therefore, we analyzed

the possibility that IGF1-R could be a potential candi-

date as Tel molecular target in BC cells. To test this

hypothesis, we performed a drug affinity responsive tar-

get stability (DARTS) assay [30,31] and, surprisingly,

we noticed that IGF1-R susceptibility to protease degra-

dation is reduced in the presence of Tel. Although we

did not undertake a binding assay to confirm Tel bind-

ing to IGF1-R, these findings strongly suggest an inter-

action between IGF1-R and Tel and define a signal

transduction pathway (i.e., IGF1-R/AKT/FOXA1) for

Tel action in MCF-7 cells.

Moreover, the obtained results indicate that the

above-mentioned pathway mediates Tel-induced

caspase-dependent apoptosis. Indeed, either IGF1-R

inhibition, AKT inhibition, and siRNA-mediated

FOXA1 depletion phenocopy Tel-dependent induction

of PARP cleavage. Notably, the results suggest that

Tel-dependent inhibition of IGF1-R/AKT/FOXA1

pathway is required for Tel apoptotic effect, and the

analyses of Tel-dependent PARP cleavage in four dif-

ferent cellular models (i.e., Hela, SKOV3, MCF-7, and

SKBR3 cells) that differentially express IGF1-R and/

or FOXA1 indicate that both proteins are required for

Tel-induced PARP cleavage. Accordingly, the antiviral

induces apoptosis exclusively in MCF-7 cells, which

express high levels of both IGF1-R and FOXA1 pro-

teins. However, this result encloses a contradiction

since Tel does not induce PARP cleavage in SKBR3

cells, which exclusively express FOXA1 and exhibit

high sensitivity to Tel antiproliferative effect. To solve

this paradox, we compared the Tel IC50 on the
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proliferation of different cell lines with the expression

levels of IGF1-R and FOXA1 proteins. Remarkably,

we observed that a correlation exists between Tel

antiproliferative effect and the FOXA1/IGF1-R ratio.

These data demonstrate that the higher the ratio of

FOXA1/IGF1-R expression the higher the sensitivity

to the Tel antiproliferative effect.

Notably, about 50% of BC express the activated

form of IGF1-R, which sustains tumor growth, sur-

vival, and motility [47]. In addition, FOXA1 expres-

sion is associated with luminal A subtype of BC [46]

and its overexpression mediates endocrine resistance in

metastatic BC by inducing the redistribution of ERa
binding sites, which alter the expression of ERa target

genes [48]. Therefore, targeting FOXA1 could provide

an appealing strategy for BC treatment. In this respect,

the discovery that Tel prevents the proliferation of dif-

ferent BC cell lines acting as a model of primary and

metastatic BC, while the proliferation of nontrans-

formed cell lines is not affected by the antiviral

together with the ability of Tel to synergistically work

with both ET drugs (i.e., tamoxifen) and with the

drugs used for the treatment of metastatic BC (e.g.,

abemaciclib and palbociclib) strongly indicate that Tel

could be repurposed for the treatment of ERa-
expressing BCs. Moreover, our data further suggest

that this antiviral could be effective for the treatment

of those cancers, which remain addicted to the IGF1-

R/AKT/FOXA1 pathway.

Finally, it is important to point out that the doses

we used in this work (i.e., 10–20 lM) are in the range

of the plasma concentration of Tel reached after

administration of the antiviral at therapeutic doses

[49]. Indeed, the maximum plasma concentration

reached after Tel administration is 5.4 lM at a steady

state [50].

5. Conclusions

The molecular characterization of Tel action discloses

a novel ERa pathway (i.e., IGF1-R/AKT/FOXA1)

influencing the control of ERa levels and BC cell pro-

liferation and finally suggests Tel repurposing as a new

approach for the treatment of ERa-expressing BCs.

Acknowledgements

The research leading to these results has received fund-

ing from AIRC under IG 2018—ID. 21325 project. This

study was also supported by grants from Ateneo Roma

Tre to FA. The Grant of Excellence Departments,

MIUR (ARTICOLO 1, COMMI 314–337 LEGGE 232/

2016) to Department of Science, University Roma TRE,

is also gratefully acknowledged. The authors also thank

Prof Simak Ali, University of London Imperial College,

England, for the gift of the Y537S MCF-7 cells.

Conflict of interest

The authors declare no conflict of interest.

Author contributions

SB performed most of the experiments. SL performed

apoptosis and growth curve analyses. SP and MC per-

formed signaling studies. FA designed the research, ana-

lyzed the data, prepared the figures, and wrote the text.

Peer Review

The peer review history for this article is available at

https://publons.com/publon/10.1002/1878-0261.13303.

Data availability statement

The data presented in this study are available in sup-

plementary material here.

References

1 Sung H, Ferlay J, Siegel RL, Laversanne M,

Soerjomataram I, Jemal A, et al. Global cancer

statistics 2020: GLOBOCAN estimates of incidence and

mortality worldwide for 36 cancers in 185 countries. CA

Cancer J Clin. 2021;71:209–49. https://doi.org/10.3322/
caac.21660

2 Waks AG, Winer EP. Breast cancer treatment: a review.

JAMA. 2019;321:288–300. https://doi.org/10.1001/jama.

2018.19323

3 Siersbaek R, Kumar S, Carroll JS. Signaling pathways

and steroid receptors modulating estrogen receptor

alpha function in breast cancer. Genes Dev.

2018;32:1141–54. https://doi.org/10.1101/gad.316646.118
4 Tryfonidis K, Zardavas D, Katzenellenbogen BS,

Piccart M. Endocrine treatment in breast cancer: cure,

resistance and beyond. Cancer Treat Rev. 2016;50:68–
81. https://doi.org/10.1016/j.ctrv.2016.08.008

5 Busonero C, Leone S, Bartoloni S, Acconcia F.

Strategies to degrade estrogen receptor alpha in primary

and ESR1 mutant-expressing metastatic breast cancer.

Mol Cell Endocrinol. 2019;480:107–21. https://doi.org/
10.1016/j.mce.2018.10.020

6 Leclercq G, Lacroix M, Laios I, Laurent G. Estrogen

receptor alpha: impact of ligands on intracellular

shuttling and turnover rate in breast cancer cells. Curr

Cancer Drug Targets. 2006;6:39–64.

3581Molecular Oncology 16 (2022) 3568–3584 � 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

S. Bartoloni et al. Telaprevir kills BC cells via FOXA1 reduction

https://publons.com/publon/10.1002/1878-0261.13303
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.1001/jama.2018.19323
https://doi.org/10.1001/jama.2018.19323
https://doi.org/10.1101/gad.316646.118
https://doi.org/10.1016/j.ctrv.2016.08.008
https://doi.org/10.1016/j.mce.2018.10.020
https://doi.org/10.1016/j.mce.2018.10.020


7 Nathan MR, Schmid P. A review of Fulvestrant in

breast cancer. Oncol Ther. 2017;5:17–29. https://doi.org/
10.1007/s40487-017-0046-2

8 Busonero C, Leone S, Acconcia F. Emetine induces

estrogen receptor alpha degradation and prevents

17beta-estradiol-induced breast cancer cell proliferation.

Cell Oncol. 2017;40:299–301. https://doi.org/10.1007/
s13402-017-0322-z

9 Busonero C, Leone S, Bianchi F, Maspero E, Fiocchetti

M, Palumbo O, et al. Ouabain and digoxin activate the

proteasome and the degradation of the ERa in cells

modeling primary and metastatic breast cancer. Cancers

(Basel). 2020;12:3840. https://doi.org/10.3390/

cancers12123840

10 Busonero C, Leone S, Klemm C, Acconcia F. A

functional drug re-purposing screening identifies

carfilzomib as a drug preventing 17beta-estradiol:

ERalpha signaling and cell proliferation in breast

cancer cells. Mol Cell Endocrinol. 2018;460:229–37.
https://doi.org/10.1016/j.mce.2017.07.027

11 Busonero C, Leone S, Bianchi F, Acconcia F. In silico

screening for ERa downmodulators identifies

thioridazine as an anti-proliferative agent in primary,

4OH-tamoxifen-resistant and Y537S ERa-expressing
breast cancer cells. Cell Oncol. 2018;41:677–86. https://
doi.org/10.1007/s13402-018-0400-x

12 Menendez JA, Lupu R. Fatty acid synthase regulates

estrogen receptor-alpha signaling in breast cancer cells.

Oncogenesis. 2017;6:e299. https://doi.org/10.1038/oncsis.

2017.4

13 Totta P, Busonero C, Leone S, Marino M, Acconcia F.

Dynamin II is required for 17beta-estradiol signaling

and autophagy-based ERalpha degradation. Sci Rep.

2016;6:23727. https://doi.org/10.1038/srep23727

14 Totta P, Gionfra F, Busonero C, Acconcia F.

Modulation of 17beta-estradiol signaling on cellular

proliferation by Caveolin-2. J Cell Physiol.

2015;231:1219–25. https://doi.org/10.1002/jcp.25218
15 Totta P, Pesiri V, Enari M, Marino M, Acconcia F.

Clathrin heavy chain interacts with estrogen receptor

alpha and modulates 17beta-estradiol signaling. Mol

Endocrinol. 2015;29:739–55. https://doi.org/10.1210/me.

2014-1385

16 Totta P, Pesiri V, Marino M, Acconcia F. Lysosomal

function is involved in 17beta-estradiol-induced

estrogen receptor alpha degradation and cell

proliferation. PLoS ONE. 2014;9:e94880. https://doi.

org/10.1371/journal.pone.0094880

17 Vethakanraj HS, Sesurajan BP, Padmanaban VP,

Jayaprakasam M, Murali S, Sekar AK. Anticancer

effect of acid ceramidase inhibitor ceranib-2 in human

breast cancer cell lines MCF-7, MDA MB-231 by the

activation of SAPK/JNK, p38 MAPK apoptotic

pathways, inhibition of the Akt pathway,

downregulation of ERalpha. Anticancer Drugs.

2018;29:50–60. https://doi.org/10.1097/CAD.

0000000000000566

18 Gentile I, Viola C, Borgia F, Castaldo G, Borgia G.

Telaprevir: a promising protease inhibitor for the

treatment of hepatitis C virus infection. Curr Med

Chem. 2009;16:1115–21. https://doi.org/10.2174/
092986709787581789

19 Bartoloni S, Leone S, Acconcia F. Unexpected impact

of a hepatitis C virus inhibitor on 17beta-estradiol

signaling in breast cancer. Int J Mol Sci. 2020;21:3418.

https://doi.org/10.3390/ijms21103418

20 Cipolletti M, Bartoloni S, Busonero C, Parente M,

Leone S, Acconcia F. A new anti-estrogen discovery

platform identifies FDA-approved imidazole anti-fungal

drugs as bioactive compounds against ERa expressing

breast cancer cells. Int J Mol Sci. 2021;22:2915. https://

doi.org/10.3390/ijms22062915

21 Cipolletti M, Leone S, Bartoloni S, Busonero C,

Acconcia F. Real-time measurement of E2: ERalpha

transcriptional activity in living cells. J Cell Physiol.

2020;235:6697–710. https://doi.org/10.1002/jcp.29565
22 Cipolletti M, Pescatori S, Acconcia F. Real-time

challenging of ERa Y537S mutant transcriptional

activity in living cells. Endocrine. 2021;2:54–64. https://
doi.org/10.3390/endocrines2010006

23 Leone S, Busonero C, Acconcia F. A high throughput

method to study the physiology of E2:ERalpha

signaling in breast cancer cells. J Cell Physiol.

2018;233:3713–22. https://doi.org/10.1002/jcp.26251
24 Rotroff DM, Dix DJ, Houck KA, Kavlock RJ,

Knudsen TB, Martin MT, et al. Real-time growth

kinetics measuring hormone mimicry for ToxCast

chemicals in T-47D human ductal carcinoma cells.

Chem Res Toxicol. 2013;26:1097–107. https://doi.org/10.
1021/tx400117y

25 Di Veroli GY, Fornari C, Wang D, Mollard S,

Bramhall JL, Richards FM, et al. Combenefit: an

interactive platform for the analysis and visualization of

drug combinations. Bioinformatics. 2016;32:2866–8.
https://doi.org/10.1093/bioinformatics/btw230

26 Chou TC. Drug combination studies and their synergy

quantification using the Chou-Talalay method. Cancer

Res. 2010;70:440–6. https://doi.org/10.1158/0008-5472.
CAN-09-1947

27 Li Z, Levine KM, Bahreini A, Wang P, Chu D, Park

BH, et al. Upregulation of IRS1 enhances IGF1

response in Y537S and D538G ESR1 mutant breast

cancer cells. Endocrinology. 2018;159:285–96. https://
doi.org/10.1210/en.2017-00693

28 Riccardi C, Nicoletti I. Analysis of apoptosis by

propidium iodide staining and flow cytometry. Nat

Protoc. 2006;1:1458–61. https://doi.org/10.1038/nprot.
2006.238

29 Wang D, Ren J, Ren H, Fu JL, Yu D. MicroRNA-132

suppresses cell proliferation in human breast cancer by

3582 Molecular Oncology 16 (2022) 3568–3584 � 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

Telaprevir kills BC cells via FOXA1 reduction S. Bartoloni et al.

https://doi.org/10.1007/s40487-017-0046-2
https://doi.org/10.1007/s40487-017-0046-2
https://doi.org/10.1007/s13402-017-0322-z
https://doi.org/10.1007/s13402-017-0322-z
https://doi.org/10.3390/cancers12123840
https://doi.org/10.3390/cancers12123840
https://doi.org/10.1016/j.mce.2017.07.027
https://doi.org/10.1007/s13402-018-0400-x
https://doi.org/10.1007/s13402-018-0400-x
https://doi.org/10.1038/oncsis.2017.4
https://doi.org/10.1038/oncsis.2017.4
https://doi.org/10.1038/srep23727
https://doi.org/10.1002/jcp.25218
https://doi.org/10.1210/me.2014-1385
https://doi.org/10.1210/me.2014-1385
https://doi.org/10.1371/journal.pone.0094880
https://doi.org/10.1371/journal.pone.0094880
https://doi.org/10.1097/CAD.0000000000000566
https://doi.org/10.1097/CAD.0000000000000566
https://doi.org/10.2174/092986709787581789
https://doi.org/10.2174/092986709787581789
https://doi.org/10.3390/ijms21103418
https://doi.org/10.3390/ijms22062915
https://doi.org/10.3390/ijms22062915
https://doi.org/10.1002/jcp.29565
https://doi.org/10.3390/endocrines2010006
https://doi.org/10.3390/endocrines2010006
https://doi.org/10.1002/jcp.26251
https://doi.org/10.1021/tx400117y
https://doi.org/10.1021/tx400117y
https://doi.org/10.1093/bioinformatics/btw230
https://doi.org/10.1158/0008-5472.CAN-09-1947
https://doi.org/10.1158/0008-5472.CAN-09-1947
https://doi.org/10.1210/en.2017-00693
https://doi.org/10.1210/en.2017-00693
https://doi.org/10.1038/nprot.2006.238
https://doi.org/10.1038/nprot.2006.238


directly targeting FOXA1. Acta Pharmacol Sin.

2018;39:124–31. https://doi.org/10.1038/aps.2017.89
30 Lomenick B, Hao R, Jonai N, Chin RM, Aghajan M,

Warburton S, et al. Target identification using drug

affinity responsive target stability (DARTS). Proc Natl

Acad Sci USA. 2009;106:21984–9. https://doi.org/10.
1073/pnas.0910040106

31 Lomenick B, Jung G, Wohlschlegel JA, Huang J.

Target identification using drug affinity responsive

target stability (DARTS). Curr Protoc Chem Biol.

2011;3:163–80. https://doi.org/10.1002/9780470559277.
ch110180

32 Osborne CK, Schiff R. Mechanisms of endocrine

resistance in breast cancer. Annu Rev Med.

2011;62:233–47. https://doi.org/10.1146/annurev-med-

070909-182917

33 Schettini F, Buono G, Cardalesi C, Desideri I, De

Placido S, Del Mastro L. Hormone receptor/human

epidermal growth factor receptor 2-positive breast

cancer: where we are now and where we are going.

Cancer Treat Rev. 2016;46:20–6. https://doi.org/10.1016/
j.ctrv.2016.03.012

34 Yamaguchi N, Ito E, Azuma S, Honma R, Yanagisawa

Y, Nishikawa A, et al. FoxA1 as a lineage-specific

oncogene in luminal type breast cancer. Biochem

Biophys Res Commun. 2008;365:711–7. https://doi.org/
10.1016/j.bbrc.2007.11.064

35 Bernardo GM, Lozada KL, Miedler JD, Harburg G,

Hewitt SC, Mosley JD, et al. FOXA1 is an essential

determinant of ERalpha expression and mammary

ductal morphogenesis. Development. 2010;137:2045–54.
https://doi.org/10.1242/dev.043299

36 Hurtado A, Holmes KA, Ross-Innes CS, Schmidt D,

Carroll JS. FOXA1 is a key determinant of estrogen

receptor function and endocrine response. Nat Genet.

2011;43:27–33. https://doi.org/10.1038/ng.730
37 Naderi A, Meyer M, Dowhan DH. Cross-regulation

between FOXA1 and ErbB2 signaling in estrogen

receptor-negative breast cancer. Neoplasia. 2012;14:283–
96. https://doi.org/10.1593/neo.12294

38 Potter AS, Casa AJ, Lee AV. Forkhead box A1

(FOXA1) is a key mediator of insulin-like growth

factor I (IGF-I) activity. J Cell Biochem. 2012;113:110–
21. https://doi.org/10.1002/jcb.23333

39 Xing Y, Lin NU, Maurer MA, Chen H, Mahvash A,

Sahin A, et al. Phase II trial of AKT inhibitor MK-

2206 in patients with advanced breast cancer who have

tumors with PIK3CA or AKT mutations, and/or

PTEN loss/PTEN mutation. Breast Cancer Res.

2019;21:78. https://doi.org/10.1186/s13058-019-1154-8

40 Lumachi F, Luisetto G, Basso SM, Basso U, Brunello

A, Camozzi V. Endocrine therapy of breast cancer.

Curr Med Chem. 2011;18:513–22.
41 Scott SC, Lee SS, Abraham J. Mechanisms of

therapeutic CDK4/6 inhibition in breast cancer. Semin

Oncol. 2017;44:385–94. https://doi.org/10.1053/j.
seminoncol.2018.01.006

42 Harrod A, Fulton J, Nguyen VTM, Periyasamy M,

Ramos-Garcia L, Lai CF, et al. Genomic modelling of

the ESR1 Y537S mutation for evaluating function and

new therapeutic approaches for metastatic breast

cancer. Oncogene. 2017;36:2286–96. https://doi.org/10.
1038/onc.2016.382

43 Carroll JS, Liu XS, Brodsky AS, Li W, Meyer CA,

Szary AJ, et al. Chromosome-wide mapping of estrogen

receptor binding reveals long-range regulation requiring

the forkhead protein FoxA1. Cell. 2005;122:33–43.
https://doi.org/10.1016/j.cell.2005.05.008

44 Carroll JS, Meyer CA, Song J, Li W, Geistlinger TR,

Eeckhoute J, et al. Genome-wide analysis of estrogen

receptor binding sites. Nat Genet. 2006;38:1289–97.
https://doi.org/10.1038/ng1901

45 Laganiere J, Deblois G, Lefebvre C, Bataille AR,

Robert F, Giguere V. From the cover: location analysis

of estrogen receptor alpha target promoters reveals that

FOXA1 defines a domain of the estrogen response.

Proc Natl Acad Sci USA. 2005;102:11651–6. https://doi.
org/10.1073/pnas.0505575102

46 Bach DH, Long NP, Luu TT, Anh NH, Kwon SW,

Lee SK. The dominant role of Forkhead box proteins

in cancer. Int J Mol Sci. 2018;19:3279. https://doi.org/

10.3390/ijms19103279

47 Ekyalongo RC, Yee D. Revisiting the IGF-1R as a

breast cancer target. NPJ Precis Oncol. 2017;1:14.

https://doi.org/10.1038/s41698-017-0017-y

48 Fu X, Pereira R, De Angelis C, Veeraraghavan J,

Nanda S, Qin L, et al. FOXA1 upregulation promotes

enhancer and transcriptional reprogramming in

endocrine-resistant breast cancer. Proc Natl Acad Sci

USA. 2019;116:26823–34. https://doi.org/10.1073/pnas.
1911584116

49 Kiang TK, Wilby KJ, Ensom MH. Telaprevir: clinical

pharmacokinetics, pharmacodynamics, and drug-drug

interactions. Clin Pharmacokinet. 2013;52:487–510.
https://doi.org/10.1007/s40262-013-0053-x

50 Nakada T, Kito T, Inoue K, Masuda S, Inui K,

Matsubara K, et al. Evaluation of the potency of

telaprevir and its metabolites as inhibitors of renal

organic cation transporters, a potential mechanism for

the elevation of serum creatinine. Drug Metab

Pharmacokinet. 2014;29:266–71. https://doi.org/10.2133/
dmpk.dmpk-13-rg-118

Supporting information

Additional supporting information may be found

online in the Supporting Information section at the end

of the article.

3583Molecular Oncology 16 (2022) 3568–3584 � 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

S. Bartoloni et al. Telaprevir kills BC cells via FOXA1 reduction

https://doi.org/10.1038/aps.2017.89
https://doi.org/10.1073/pnas.0910040106
https://doi.org/10.1073/pnas.0910040106
https://doi.org/10.1002/9780470559277.ch110180
https://doi.org/10.1002/9780470559277.ch110180
https://doi.org/10.1146/annurev-med-070909-182917
https://doi.org/10.1146/annurev-med-070909-182917
https://doi.org/10.1016/j.ctrv.2016.03.012
https://doi.org/10.1016/j.ctrv.2016.03.012
https://doi.org/10.1016/j.bbrc.2007.11.064
https://doi.org/10.1016/j.bbrc.2007.11.064
https://doi.org/10.1242/dev.043299
https://doi.org/10.1038/ng.730
https://doi.org/10.1593/neo.12294
https://doi.org/10.1002/jcb.23333
https://doi.org/10.1186/s13058-019-1154-8
https://doi.org/10.1053/j.seminoncol.2018.01.006
https://doi.org/10.1053/j.seminoncol.2018.01.006
https://doi.org/10.1038/onc.2016.382
https://doi.org/10.1038/onc.2016.382
https://doi.org/10.1016/j.cell.2005.05.008
https://doi.org/10.1038/ng1901
https://doi.org/10.1073/pnas.0505575102
https://doi.org/10.1073/pnas.0505575102
https://doi.org/10.3390/ijms19103279
https://doi.org/10.3390/ijms19103279
https://doi.org/10.1038/s41698-017-0017-y
https://doi.org/10.1073/pnas.1911584116
https://doi.org/10.1073/pnas.1911584116
https://doi.org/10.1007/s40262-013-0053-x
https://doi.org/10.2133/dmpk.dmpk-13-rg-118
https://doi.org/10.2133/dmpk.dmpk-13-rg-118


Fig. S1. Controls for FOXA1 siRNA and overexpres-

sion.

Fig. S2. Controls for siRNA-mediated effects of

FOXA1.

Fig. S3. Histograms relative to the western blots

shown in main figures.

Fig. S4. Tel impact on IGF1-R/AKT/FOXA1 signal-

ing pathway.

Fig. S5. Histograms relative to the western blots

shown in Supplementary figures.

Fig. S6. Specificity controls for the IGF1-R and EGF-

R inhibitors.

Fig. S7. Telaprevir-induced apoptosis.

Fig. S8. Impact of IGF1-R/AKT/FOXA1 pathway in

apoptosis induction.

Fig. S9. Telaprevir effect of apoptosis induction in dif-

ferent cell lines.

Appendix S1. Legends.

Appendix S2. Figures.
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