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Abstract

Breast cancer (BC) represents the most common type of cancer in females worldwide.
Endocrine therapy evolved as one of the main concepts in treatment of hormone-receptor
positive BC. Current research focuses on the elucidation of tumour resistance mechanisms
against endocrine therapy. In a translational in vitro approach, potential regulatory effects
of clinically implemented BC anti-oestrogens on ERa, its coactivators DDX5, DDX17 and
other DEADbox proteins as well as on the proliferation markers cyclin D1 and Ki67 were
investigated on both the RNA and protein level. BC in vitro models for hormone-receptor
positive (MCF-7, T-47D) and hormone-receptor negative cells (BT-20) were subjected to
endocrine therapy. Anti-oestrogen-dependent expression regulation of target genes

on the transcriptional and translational level was quantified and statistically assessed.
Endocrine therapy decreases the expression levels of Ki67, cyclin D1 and ERa in hormone-
receptor positive cells. In the hormone-receptor negative cells, the three parameters
remained stable after endocrine therapy. Endoxifen triggers a downregulation of DDX5
and DDX23 in MCF-7 cells. Fulvestrant treatment downregulates the expression levels of
all investigated DEADbox proteins in MCF-7 cells. In T-47D cells, endoxifen and fulvestrant
lead to a decrease of all target gene expression levels. Interestingly, endocrine therapy
affects DEADbox RNA expression levels in BT-20 cells, too. However, this result could only
be confirmed for DDX1, immunocytologically. The investigated DEADbox proteins appear
to correlate with the oestrogen-dependent tumourigenesis in hormone-receptor positive
BC and show expression alterations after endocrine treatment.
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Introduction

With an incidence of 28.2%, breast cancer represents
the most common type of cancer in females in Europe
(1). Oestrogen-dependent gene expression regulation is
known to play an important role in the promotion and
progression of hormone-receptor positive breast cancer
(BC) (2). Associated signalling pathways serve as targets
for various approved therapeutic agents.

Oestrogen-mediated activities are major drivers for
cellular changes in breast carcinogenesis characterized
by the expression of the oestrogen receptor (ER) (2, 3, 4).
Two subtypes of ER, oestrogen receptor alpha (ERa) and
oestrogen receptor beta (ERB), act as transcription factors
regulating gene expression of various target genes and are
physiologically expressed in breast tissue (3). ERa seems
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to activate proliferation, whereas ERp rather triggers
antiproliferative activity (5). Interestingly, approximately
40 to 70% of BCs exhibit a significant expression of ERax on
tumour cell membranes. In respect of therapeutic options,
these qualify for a successful approach of endocrine
therapy (5, 6).

Endocrine therapy evolved as one of the main
concepts in the adjuvant systemic treatment of hormone-
positive breast cancer patients. Clinically established
agents can be categorized according to different endocrine
effects: selective oestrogen-receptor modulators (SERMs),
aromatase inhibitors (Als), and selective estrogen-receptor
downregulator (SERD) (7).

The selective oestrogen receptor modulator (SERM)
tamoxifen is the most widely used agent in BC therapy (8).
Tamoxifen is a prodrug. The active metabolite, endoxifen
(N-desmethyl-4-hydroxytamoxifen) is a competitive
inhibitor of ER and a consecutive conformational change
which results in the repression of ER transcriptional
activity (5, 6, 9, 10). A previously published meta-analysis
reported a significant 15-year reduction for recurrence
(39%) and mortality (30%), for patients receiving adjuvant
tamoxifen treatment for a S-year period (11).

Fulvestrant is a selective oestrogen receptor
downregulator and acts as ER- receptor antagonist only.
(12, 13, 14). This SERD is FDA-approved for the treatment
of hormone receptor-positive, HER2-negative advanced
BC in postmenopausal women with disease progression
following endocrine therapy, as well as for BC patients
without prior endocrine therapy (15).

Tamoxifen and fulvestrant have been used successfully
for several years now and have led to a significant
prolongation of progression-free survival as well as overall
survival. However, new elements of the pathways have
shown significant influence and therefore represent
promising novel therapeutic targets. One of these is the
DEADbox (DDX) protein family, which includes 38 different
proteins in humans, characterized by a common conserved
amino acid sequence signature (Asp-Glu-Ala-Asp, or D-E-
A-D) (16). The two paralogous RNA helicases p68 (DDXJS)
and p72 (DDX17) act as transcriptional coactivators in
oestrogen-dependent transcription processes. Furthermore,
functional impacts like transcriptional cofactors for the
androgen receptor (17), the tumour suppressor pS3 (18)
and for important transcription factors (MyoD) in the
differentiation of muscle cells (19) could be identified.
Both factors, DDXS5 and DDX17, directly bind to ERa and
were found overexpressed in two-thirds of BC cases (20).
Thus, their crucial function in breast tumourigenesis is
most likely mediated by concerted enhancement of ERa
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oncogenic activities (16, 21). Moreover, regarding clinico-
pathological parameters in BC, DDX17 expression is
correlated with increased relapse-free and overall survival,
and inversely associated with Her2/neu expression (20).
In contrast, DDXS expression displayed no significant
correlation to survival rates, but is associated with increased
Her2/neu levels (20).

Several studies indicate an oncogenic role of DDX1 (22).
DDX1 overexpression combined with elevated cytoplasmic
DDX1 protein levels were shown to be associated with early
recurrence in breast cancer (23). However, another report
shows an association between the expression of DDX1 with
improved local relapse-free-, distant metastasis-free- and
overall survival in patients diagnosed with early stage node-
negative BC (24). In non-small-cell lung cancers (NSCLCs)
DDX23 activates an oligonucleotide-based promotion
(Linc00630) of metastasis and proliferation (25). To date,
the role of DDX23 in BC remains undefined. DDX42 binds
and counteracts ASPP2, a major apoptosis inducer known
to enhance p53 transactivation of pro-apoptotic genes (26).

Current research focuses on the challenging resistance
mechanisms of tumour cells towards endocrine therapy
(6). This study is a translational approach targeted on the
elucidation of potential effects triggered by endocrine
anti-breast cancer drugs on the transcriptional and
translational expression of ERa, its coactivators DDXS,
DDX17 and other DEADbox proteins as well as the
proliferation markers cyclin D1 and Ki67.

Material and methods
Cell maintenance

In vitro analyses were performed by employment of
established BC cell lines with varying range of hormone
receptor states:

T-47D, MCF-7 and BT-20 (Supplementary Table 1, see
section on supplementary materials given at the end of this
article) cells were routinely maintained in a humidified
incubator (37°C, 3.5% CO,) RPMI 1640 Medium (Gibco®,
Life Technologies™, Invitrogen) supplemented with
10% Newborn calf serum (Gibco®), 1% HEPES buffer
(Gibco®) and 1% 100 U/mL penicillin/streptomycin (PAA
Laboratories GmbH, Pasching, Austria).

Endocrine treatment

Cells received varying treatment regimens to evaluate the
functional impact of oestrogen stimulation in contrast
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to anti-oestrogen approaches. Chemicals used: oestrogen
(=17p-Estradiol;  Sigma-Aldrich® Chemie  GmbH);
endoxifen (=(E/Z)-4-(1-(4-(2-(Methylamino)ethoxy)p
henyl)-2-phenyl-1-buten-1-yl)-phenol hydrochloride
hydrate (1:1 E/Z mixture), Sigma-Aldrich®); fulvestrant
(= (7a,17b)-7-(9-((4,4,5,5,5pentafluoropentyl)sulfinyl)
nonyl)estra-1,3,5(10)-triene-3,17-diol, ~ Sigma-Aldrich®);
dimethyl sulfoxide (DMSO; Sigma-Aldrich®). DMSO served
as solvent for oestrogen, endoxifen and fulvestrant. Cells
were plated in 6-well culture plates in parallel and grown to
70-80% confluence before treatment start. BT-20, MCEF-7
and T-47D cells incubated under standard conditions in
parallel served as controls. The hormone receptor-positive
cell lines were pre-treated with oestrogen (5 pM, 24 h).
Following oestrogen stimulation, the cells received anti-
oestrogen treatment with either endoxifen (15 nM) or
fulvestrant (15 nM) for 24 h. In vitro experiments were
performed in triplicate.

RNA isolation, reverse transcription (RT)
and RT-qPCR

Total RNA from in vitro experiments was isolated using
TRIzol® reagent (Life Technologies, Invitrogen™)
following the manufacturer’s protocol. In total, 1 pg of
purified RNA, as determined by optical densitometry, was
transcribed to cDNA using Moloney murine leukemia
virus reverse transciptase (Promega), RiboLock™
RNAse inhibitor (Fermentas Life Sciences, St. Leon-Rot,
Germany), and anchored oligo dT Primer (T(9)VN(2))
(Apara Bioscience, Denzlingen, Germany). Prior to qPCR,
contamination with genomic DNA was prevented by
digestion (1 h, 37°C) with dpnl enzyme (Fermentas Life
Sciences). The cDNA served as template for PCR (35 cycles)
using Taq polymerase (Roboklon, Berlin, Germany) and
primers specific for the genes of interest (Supplementary
Table 2). Gene expression levels were normalized against
the geometric mean of Alasl, RPS18, beta actin using the
AAC; method (Supplementary Table 2).

Immunocytochemistry

T-47D, MCF-7 and BT-20 cells were fixed subsequent
to experimental treatment wusing ROTI® Histofix
formaldehyde fixation reagent (4% formaldehyde in
PBS, pH 7, Carl Roth, Karlsruhe, Germany). An indirect
immunoperoxidase technique was applied to visualize
the target protein expression. Antigen retrieval was
performed in a 10 mmol/L sodium citrate buffer (pH
6.0) followed by inhibition of endogenous peroxidase by
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incubation for 30 min with 3% H,O,. After two washes
in trissaline buffer, slides were incubated with 1% goat
serum for 30 min to block unspecific staining. Following
overnight incubation with the target protein antibody
(Supplementary Table 3) at RT and two washing steps
with PBS, slides were exposed to ImmPRESS peroxidase
polymer reagent (BIOZOL, Eching, Germany) for 60 min
at RT. Staining was achieved by 3,3-diaminobenzidine
(DAB; BIOZOL, Eching, Germany) and the cells were
counterstained with hemalaun (Merck). The colour
intensity was quantified and evaluated with the software
Image-Pro® 10 (MEDIA Cybernetics, Rockville, USA),
according to the manufacturer’s specifications. For better
comparison, the percentage staining in comparison to the
cell surface was calculated. A staining below 5 % of the
area was considered negative.

Statistical analysis

Observed miRNA expression levels were graphically
visualized in box plot diagrams, showing median and
quartiles in cell lines MCF-7, T-47D and BT-20 under
control conditions, endoxifen or fulvestrant treatment.
The influence of treatment on miRNA expression levels of
the different BC cell lines was investigated using a linear
model with factor treatment (endoxifen or fulvestrant
compared to control conditions) and cell line, including
an interaction term.

Results

In the present study, we analysed the potential regulatory
effects of fulvestrant and endoxifen on the expression
of oestrogen receptor o and its known coactivators
DEADbox-Protein DDX5 and DDX17. In parallel, the
expression levels of DDX1, DDX23 and DDX 42, cyclin
D1 and Ki67 were investigated.

Gene expression and Immunocytochemistry

All eight examined target genes were reliably detectable
in the three in vitro models under standard culture
conditions. The characteristics of the investigated three
cell lines BT-20, MCF-7 and T-47D are summarized in
Supplementary Table 1. Regression analysis based on
the target-control value of BT-20 (intercept). As one
exception, the target-control value from MCF-7 was
applied as intercept in the case of oestrogen receptor a.
Subsequently the results were target-sorted (Fig. 1, Table 1
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Table 1 Two-way analysis of variance for levels of deadbox-proteins 1, 5, 17 and ERa under control, with endoxifen and

fulvestrant in three different breast cancer cell lines.

Cell line Treat Estimate Std. Error 95% Cl P-value
DDX1
BT20 Intercept 0.334 0.018 0.299 to 0.369 0.00
En —0.091 0.025 —0.140 to 0.041 0.002
Fu -0.013 0.025 —0.063 to 0.036 0.603
T-47D Control -0.187 0.025 —-0.236t0 0.138 0.00
En -0.46 0.025 —0.096 to 0.003 0.082
Fu -0.016 0.025 —0.066 to 0.033 0.525
MCF-7 Control —0.091 0.025 —0.140 to 0.041 0.002
En 0.025 0.025 —0.024 to0 0.075 0.328
Fu —0.038 0.025 —0.087 t0 0.012 0.152
DDX5
BT20 Intercept 0.773 0.057 0.662 to 0.884 0.00
En —0.081 0.080 —0.238t0 0.076 0.326
Fu —-0.033 0.080 —0.190t0 0.124 0.686
T-47D Control 0.113 0.080 —0.044 to0 0.270 0.176
En -0.388 0.080 —0.545 to —-0.231 0.00
Fu -0.115 0.080 —0.273 t0 0.042 0.168
MCF-7 Control 0.648 0.080 0.490 to 0.805 0.00
En -0.084 0.080 —0.241 to 0.074 0.311
Fu -0.003 0.080 -0.161 to 0.154 0.967
DDX17
BT20 Intercept 0.252 0.011 0.230to0 0.274 0.000
En -0.057 0.016 —0.089 to —0.026 0.002
Fu -0.025 0.016 —0.056 to 0.006 0.136
T-47D Control —0.058 0.016 —0.089 to —0.027 0.002
En —0.049 0.016 —0.049 to -0.018 0.007
Fu -0.026 0.016 —0.058 to 0.005 0.118
MCF-7 Control -0.084 0.016 —-0.116 to —0.053 0.000
En 0.049 0.016 0.017 to 0.080 0.007
Fu 0.018 0.016 —0.013 to 0.049 0.276
ERa
MCF-7 Intercept 0.016 0.002 0.013 to 0.020 0.000
En -0.014 0.003 —0.019 to —0.009 0.000
Fu —0.005 0.003 —0.010 to 0.000 0.087
T-47D Control 0.012 0.003 0.007 to 0.017 0.000
En -0.016 0.003 —0.021 to -0.011 0.000
Fu -0.013 0.003 —0.018 to —0.008 0.000

and Supplementary Table 4). The protein expression was
determined by immunocytochemical analysis in cell lines
treated with endoxifen or fulvestrant compared to cells
cultured under control conditions (Figs 2, 3, 4 and J).
A short summary of all results is shown in Fig. 6.

ERa

Endoxifen exposure created a significant decrease in FRa
RNA expression in both hormone-receptor positive cell
lines (P < 0.001). The treatment with fulvestrant also
minimized the ERa expression. However, the decrease
was highly significant only in T-47D cells. The RNA
expression levels are reflected in corresponding protein
expression. However, a stronger protein inhibition
was observed in response to fulvestrant treatment.

The hormone receptor-negative cell line BT-20 did not
exhibit any detectable ERa protein expression (Fig. 5).

DDX1

DDX1 expression was identified with significantly higher
levels in the hormone receptor-negative cell line BT-20
compared to the hormone receptor-positive cell lines.
Endoxifen treatment triggered a decrease of DDX1 RNA
expression in BT-20 (P = 0.002). Similarly, in T-47D, the
DDX1-diminishing drug-dependent effect did not reach
significance but demonstrated a pronounced trend. In
contrast, MCF-7 cells exhibited an endoxifen-driven not
significant increase in DDX1 RNA levels. Fulvestrant
treatment caused a uniform trend towards decreased
DDX1 RNA expression among all cell lines tested.
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Figure 2

Immunocytochemical detection of DDX1 protein expression in breast
cancer cell lines. (A) MCF-7, (B) T-47D, (C) BT-20 under control conditions,
(1) after endoxifen and (2) fulvestrant treatment. Endoxifen decreases
DDX1 in MCF-7 an increase in T-47D. Fulvestrant reduces the expression
in both hormone-receptor positive cell line. In BT-20 cells the DDX1
protein expression decreases after endocrine treatment.
Immunocytochemistry, triplicate experiments, counterstained with
hemalaun. Magnification 400x. (D) Demonstration of the percentage
immunocytochemical staining of the cell surface under control conditions,
after endoxifen and fulvestrant treatment.

However, this effect did not reach significant differences.
Immunocytochemical analysis underlines the triggering
effect of endocrine treatment towards a DDX1 protein
expression decrease in BT-20 cells. Fulvestrant caused a
uniform decrease of DDX1 protein expression in both
hormone-receptor positive cell lines tested. Endoxifen
led to a slight reduction of DDX 1 protein expression in
MCF-7 cells and increased the protein expression level in
T-47D cells (Fig. 2).

DDX5

DDXS5 RNA expression levels under standard culture
conditions were higher in the ER-positive cell lines MCF-7
and T-47D compared to BT-20 cells, with pronounced
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Figure 3

Immunocytochemical detection of DDX5 protein expression in breast
cancer cell lines. (A) MCF-7, (B) T-47D, (C) BT-20 under control conditions, (1)
after endoxifen and (2) fulvestrant treatment. In MCF-7 cell line endoxifen
and fulvestrant decrease DDXS5 protein expression. The protein expression
in T47D showed the same tendency after fulvestrant. Endoxifen increases
the protein. In BT-20 cell line the protein expression was unchanged after
anti-hormonal treatment. Immunocytochemistry, triplicate experiments,
counterstained with hemalaun. Magnification 400x. (D) Demonstration of
the percentage immunocytochemical staining of the cell surface under
control conditions, after endoxifen and fulvestrant treatment.

significance in MCEF-7 cells (P < 0.001). In vitro models
uniformly responded to endoxifen treatment with a DDXS5
downregulation, reaching a significant level in T-47D
cells (P < 0.001). Fulvestrant triggered a general decrease
in DDXS RNA expression of all cell types, nevertheless
missing significance. The immunocytochemistry revealed
a DDXS5 protein level decrease in hormone-receptor
positive cells after application of fulvestrant. In T-47D
cells, the nuclear protein expression appeared stable in
response to endoxifen, but an increase in DDXS5 protein
levels was detected in the cytoplasm. In MCEF-7 cells,
endoxifen caused a DDXS5 expression decrease that was
comparable to the extent triggered by fulvestrant. The
DDXS5 expression level in BT-20 remained on a stable level
independent of endocrine interventions.
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Figure 4

Immunocytochemical detection of DDX17 protein expression in breast
cancer cell lines. (A) MCF-7, (B) T-47D, (C) BT-20 under control conditions,
(1) after endoxifen and (2) fulvestrant treatment. Endoxifen leads to an
increase of DDX protein expression in MCF-7 and T-47D cell line. In
contrast fulvestrant decreases the protein expression. In BT-20 cell line
the anti-hormonal treatment has no effect on the protein expression
Immunocytochemistry, triplicate experiments, counterstained with
hemalaun. Magnification 400x. (D) Demonstration of the percentage
immunocytochemical staining of the cell surface under control conditions,
after endoxifen and fulvestrant treatment.

DDX17

In comparison to BT-20 cells, the expression levels of
DDX17 were significantly lower in MCF-7 (P < 0.001) and
T-47D (P = 0.002) under control conditions. Endoxifen
and fulvestrant exerted comparable effects on DDX17 RNA
expression, creating a decrease in BT-20 and T-47D, while
MCEF-7 cells exhibited a drug-driven increase. However,
only endoxifen treatment caused a significant difference
in all cell lines tested. Immunocytochemically, fulvestrant
triggered a decrease of DDX17 in MCF-7 and T-47D cells.
However, endoxifen caused an increase in the dyeing
intensity in both hormone-receptor positive cell lines.
The DDX17 protein expression levels in BT-20 remained
stable in control conditions vs endocrine treatment

(Fig. 4).
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Figure 5

Immunocytochemical detection of ERa protein expression in breast
cancer cell lines. (A) MCF-7, (B) T-47D, (C) BT-20 under (1) control
conditions, (1) after endoxifen and (2) fulvestrant treatment. ERa protein
expression under control conditions in MCF-7 and T47D is strong and
concentrates on perinuclear compartments. The hormone receptor-
negative cell line BT-20 did not express a detectable ERa. Endoxifen
reduces the nuclear expression. Fulvestrant decreases the ERa protein
expression. Immunocytochemistry, triplicate experiments, counterstained
with hemalaun. Magnification 400x. (D) Demonstration of the percentage
immunocytochemical staining of the cell surface under control conditions,
after endoxifen and fulvestrant treatment.

DDX23

DDX23 RNA expression levels under standard culture
conditions were higher in the hormone receptor-negative
BT-20 cells compared to the hormone receptor-positive
cell lines MCF-7 and T-47D. Significant DDX23 expression
reduction was observed in all cell lines under the influence
of endoxifen. Treatment with fulvestrant triggered a slight
decline of the expression levels in each cell line, but with
significantly changed levels in T-47D cells only. Since
no commercial DDX23 antibody was available, protein
detection of this target gene was elided.

© 2020 The authors
Published by Bioscientifica Ltd

https://ec.bioscientifica.com
https://doi.org/10.1530/EC-20-0281

This work is licensed under a Creative Commons
Attribution-NonCommercial 4.0 International License.

D OB


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1530/EC-20-0281
https://ec.bioscientifica.com

( ‘ Endocrine J Asberger et al.

W CONNECTIONS

Ki-67 CyclinD1 DDX1 DDX5 DDX17 DDX23

MCF-7

EN ZJNE SEE T IR A B

FU A
T-47D

EN LR ZNE SER T N A S B S
FU R A R A
BT-20

I bl
R T
I RNA expression

[ Protein expression

DDX42

In the hormone receptor-positive cell lines, the RNA
expression of DDX42 was higher compared to the
expression levels in BT-20 (P < 0.001) under standard
conditions. The influence of endoxifen led to a significant
decrease of the DDX42 RNA expression levels in BT-20
and to slight decrease in T-47D. In contrast, the RNA
expression levels of DDX42 in MCF-7 cells increased,
but not significantly. Fulvestrant-dependent reduction of
DDX42 expression with significant extent was observed
only in the hormone receptor-positive cell lines. The
fulvestrant-driven significant decline of DDX42 RNA
expression in hormone-receptor positive cells stands in
contrast to the rather weak alterations observed on the
protein level. DDX42 protein levels increased due to
endoxifen exposition in MCF-7 cells. Again, the hormone
receptor-negative cell line BT-20 did not exhibit any
pronounced alterations on protein levels under endocrine
treatment, which became apparent in the DDX42
immunocytochemical analysis (data not shown).

Ki67

Expression levels of the proliferation marker Ki67 were
higher in BT-20 cells compared to the hormone receptor-
positive cell lines MCF-7 and T-47D (P < 0.001). Both
endocrine treatment options were incapable of altering
Ki67 RNA and protein expression levels in BT-20. In the
hormone receptor-positive cell lines MCF-7 and T-47D,
therapy with endoxifen and fulvestrant led, as expected,
to a significant reduction of Ki67 RNA expression. The
corresponding protein expression in response to anti-
estrogen treatment was reduced, too.

Cyclin D1
Cyclin D1 RNA expression was higher in the hormone
receptor-positive cell lines MCF-7 (P < 0.001) and T-47D
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DDX42 ERa
IR
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Ll
VL
‘ Figure 6
Summary and comparison of the results of RNA
l expressions analysis and immunocytochemistry.

The thick arrows symbolize significant results
(P <0.01). The thin arrows show a trend but the
results have not reached the significance level.

(P=0.09) compared to the hormone receptor-negative cell
line BT-20. Due to endoxifen treatment, the expression
rate of cyclin D1 was reduced in each cell line. In the case
of MCF-7 and T-47D, the observed decrease was highly
significant (P < 0.001). Following the application of
fulvestrant, the expression level of cyclin D1 declined in
MCF-7 (P<0.001) and T-47D (P=0.01). The corresponding
protein expression levels were reduced, too.

Discussion

In this study, we investigated the potential effects triggered
by endocrinologically active anti-breast cancer drugs on
ERa and its coactivators DDX5 and DDX17, as well as the
DEADbox proteins 1, 23, 42 and the proliferation markers
cyclin D1 and Ki-67.

ERa plays a crucial role in signalling pathways
regulating proliferation processes in hormone-receptor
positive breast cancer cells (5). In response to exposition
to the ERa-targeting drugs endoxifen and fulvestrant, the
mRNA and protein expression levels of ERa decreased.
As expected, ERa inhibition was found associated with
a decline in Ki67 mRNA expression under the influence
of fulvestrant and endoxifen. Immunocytochemically,
drug-dependent Ki67 downregulation could be confirmed
on the protein level. In parallel, a similar effect could be
observed regarding cyclin D1 mRNA expression, which
also characterizes as a proliferation marker.

DDX1 expression has been associated with different
types including neuroblastoma (27),
Wilms tumour (28), retinoblastoma (29) and testicular
carcinoma (30). Germain et al. described the correlation
between overexpression and elevated cytoplasmic
DDX1 protein levels with early recurrence in BC. DDX1
overexpression was found in hormone-receptor negative
BC (23). However, Taunk et al. hypothesized an association
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between the expression of DDX1 with improved local
relapse-free-, distant metastasis-free- and overall survival
in patients diagnosed with early-stage node-negative
BC (24). Additionally, the data reported also indicate a
negative association of DDX1 with the aggressive triple-
negative molecular subtype of BC (24). Interestingly,
our analysis showed significantly higher RNA expression
levels of DDX1 in hormone receptor-negative cell line
BT-20 compared to the hormone-receptor positive cell
lines. The current data rather emphasize the results
of Germain et al. Exposition to endoxifen triggered a
significant decrease of DDX1 RNA expression levels
in BT-20 cells. Under the influence of fulvestrant, a
reduction of DDX1 expression was also observed.
However, this reduction was not statistically significant.
The mechanism of DDX1 expression downregulation
in hormone receptor-negative cell lines in response to
the endocrine drugs remains undefined. There might be
another pathway which is more strongly influenced by
endoxifen than by fulvestrant leading to the reduction
of DDX1 expression. The proliferation marker Ki-67 was
higher in BT-20 cells under standard culture conditions,
too. However, compared to DDX1, the expression level
of Ki67 in BT-20 cells remains stable in response to anti-
hormonal treatment. Altered DDX1 expression levels did
not reveal a direct association with proliferation markers.
At protein level, the decrease in expression of DDX1 was
confirmed. In hormone-receptor positive cell line T-47D,
both drugs led to a reduction of DDX1 RNA expression.
Immunocytochemically, DDX1 protein expression levels
in T47-D remained almost stable comparing endoxifen
exposure vs standard conditions. In contrast, in MCF-7
cells endoxifen triggered an increase in DDX1 RNA levels,
combined with a decrease in corresponding protein levels.
Worth mentioning, T-47D cells can be characterized by
reduced proliferation rate compared to the MCF-7 cells
in general. One possible explanation might be that
T-47D cells still experienced a decrease of DDX1, while a
reactive overexpression already progressed in MCF-7 cells.
The results suggest, as hypothesized by Balko et al., the
existence of treatment-related interactions with DDX1
expression in breast tumours (31).

The functional impact of DDXS in tumourigenesis
could be elucidated by various studies. Altered regulatory
pathways tumourigenesis,
proliferation and metastasis. With respect to BC, DDXS5 is a
known modifier involved in several pathways, for example,
Wnt/B catenin signalling (32), oestrogen signalling (33)
and mTOR signalling (34). Via interaction of DDXS5
with B catenin, alteration in expression of downstream

contribute to invasion,
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genes cMyc, cjun and cyclin D1 were described, which
directly promote an increase in cell proliferation (35).
Ongoing research targets to the identification of DDXS5
inhibitory agents to define a potential novel anti-cancer
therapeutic drug. Kost et al. identified DDXS5 as cellular
target of RX-5902, a small molecule exhibiting strong
growth inhibitory impact in several human cancer cell
lines (36). In breast tumours, increased DDXS5 expression
correlates with the expression of Ki67, which indicates
the tumourbiological background for poor prognosis
and high invasiveness (37). In response to anti-estrogen
therapy, DDX5 RNA expression levels decreased in both
hormone-receptor positive cell lines. At the same time a
significant drop of Ki67 and cyclin D1 mRNA levels was
observed. Immunocytochemically, the protein levels of
DDXS appeared to increase following anti-oestrogen drug
treatment in T-47D cells. This could possibly be interpreted
as an attempt by the cell to counteract the anti-proliferative
effect of these drugs. Additionally, this could also be a
putative explanation for the shift of DDXS5 protein from
nuclear compartments to the cytoplasm of T-47D cells.
The corresponding result would be possible via the Wnt/B
catenin signalling with an increase in cyclin D1 over the
course of time. Moreover, the increase of DDXS protein
could activate mTOR via phosphorylation which enables
the synthesis of proteins responsible for proliferation (e.g.
cyclin D1) (34). With respect to endocrine resistance, cyclin
D1 mediated pathways are dysregulated (38). Lange et al.
could identify an essential activation of these pathways
after prolonged ER blockade (38).

Similar to DDX5, DDX17 can also influence
tumourigenesis and proliferation. DX17 has also been
identified as a coactivator for the ER signalling pathway
(16, 21). DDX17 expression is correlated with increased
relapse-free and overall survival, and is inversely associated
with Her2/neu expression (20). A knockdown of DDX17
in MCF-7 cells reduces the ERa-dependent growth (16).
In this study, both endoxifen and fulvestrant triggered
a decrease of DDX17 RNA expression in T-47D cells.
However, only endoxifen treatment caused a statistically
significant difference (P = 0.007) with increased mRNA
expression levels in MCF-7 cells. Shin et al. showed an
association between DDX17 and expression of several
B-catenin downstream targets including c-myc, cyclin
D1, fra-1 and c-jun. A knockdown of DDX17 decreased
the expression of these downstream targets correlating
with a subsequent reduction of cell proliferation (39).
The overexpression of DDX17 in MCF-7 cells could be
a regulatory mechanism to ensure proliferation via the
B-catenin pathway in the sense of endocrine resistance.
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The reason for an endoxifen-driven significant drop
of DDX17 in the hormone-receptor negative cell line
BT-20 remains unclear. Potentially, endoxifen could also
influence alternative oestrogen receptor-independent
pathways that decrease the DDX17 mRNA level. However,
this phenomenon could not be confirmed on the
protein level.

DDX42 binds and counteracts ASPP2, a major
apoptosis inducer known to enhance p53 transactivation
of pro-apoptotic genes (26). Fulvestrant treatment in vitro
led to decreased DDX42 expression on both the mRNA and
proteinlevel. While DDX42 decreased under the influence of
endoxifen in T-47D cells, RNA overexpression was observed
in MCF-7 cells. Corresponding protein levels were observed
immunocytologically. DDX42 is more closely related to
DDXS5 and DDX17 than any other DEADbox protein (40).
Analogous to DDXS5 and DDX17, the different reaction
of the two hormone-receptor positive cell lines might
be explained by the different growth rates. An increase
of DDX42 has an anti-apoptotic effect by counteracting
ASPP2. This might be a beginning of endocrine resistance.
Interestingly, the mRNA overexpression of DDX42 in
MCEF-7 cells was only found in the endoxifen setting.

Treatment-dependent alterations in the mRNA
expression of DDX42, DDX17, DDXS5 and DDX1 caused by
endoxifen and/or fulvestrant were detected in the hormone-
receptor negative cell line BT-20. These alterations raise new
questions in respect of the so far underestimated reactivity
of ER-negative cells in response to anti-oestrogenic
interventions. In hormone-receptor positive BC, DDX5
and DDX 17 have been identified as a coactivators for
the ER signalling pathway (16, 21). A coactivation of
p53 was also described (22). This might be the important
checkpoint. Possibly, the DEADbox proteins exert
functions in tumourigenesis in hormone-receptor negative
BC as well. However, no significant modification became
apparent on the protein level. The absent modification
might contradict the hypothesis. Nevertheless, a possible
explanation for the absent modification of the protein
level could be the slow-proliferating BT-20 cells. This
could result in a delayed reaction on the protein level.
Furthermore, an autoregulatory mechanism of mRNA
and protein is plausibly one reason for the difference
between mRNA and protein expression. A range of gene-
regulatory active genes dispose of an autoregulatory loop,
for example, hTra2-beta (41).

The present study is limited by its in vitro character.
Nevertheless, novel insights in the regulatory impact of
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endocrine drugs on the expression of BC-associated genes
could be demonstrated. We examined whether there are
any connections between the DEADbox proteins and
anti-hormonal treatment. A possible reference to various
pathways from the literature was established. However,
further studies are necessary to gain more insight in the
signalling pathways involved.

Conclusion

This in vitro study detects drug-driven expression
alterations of the oestrogen coactivators DDXS5 and
DDX17. A variation of other investigated DEADbox
proteins (DDX1, DDX23 and DDX42) was also observed.
Whether these changes play a role in the anti-cancer drug
resistance mechanism has to be clarified in further studies.
DDXS appears to be a novel target for cancer treatment.
RX-5902 exhibits strong growth inhibition in several
human cancer cell lines by interaction and inhibition of
DDXS. Further research should focus on the elucidation
of regulatory pathways associated with DEADbox proteins
and the development of target-oriented inhibitors.
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