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Simple Summary: Breast cancer (BC), the most frequent malignancy in woman, shows a high rate of
cancer recurrence and resistance to treatment, particularly in Triple-Negative Breast Cancer (TNBC)
subtype. Starting from the observation that different subtypes of BC cells, including the TNBC one,
display an increased expression of Cockayne Syndrome group A (CSA) protein, which is involved
in multiple functions such as DNA repair, transcription and in conferring cell robustness when it is
up-regulated, we demonstrated that CSA ablation by AntiSense Oligonucleotides (ASOs) drastically
impairs tumorigenicity of BC cells by hampering their survival and proliferative capabilities without
affecting normal breast cells. Suppression of CSA does result in lowering the ICs5, value of Oxaliplatin
and Paclitaxel, two commonly used chemotherapeutic agents in breast cancer treatment, allowing
the use of a very low dose of chemotherapeutic that is non-toxic to the normal breast cell line.
Finally, CSA ablation restores drug sensitivity in oxaliplatin-resistant cells. Based on these findings,
we can conclude that CSA may be a very attractive target for the development of new specific
anticancer therapies.

Abstract: Breast cancer (BC) is the most common cancer with the highest frequency of death among
women. BC is highly heterogenic at the genetic, biological, and clinical level. Despite the significant
improvements in diagnosis and treatments of BC, the high rate of cancer recurrence and resistance
to treatment remains a major challenge in clinical practice. This issue is particularly relevant in
Triple-Negative Breast Cancer (TNBC) subtype, for which chemotherapy remains the main standard
therapeutic approach. Here, we observed that BC cells, belonging to different subtypes, including
the TNBC, display an increased expression of Cockayne Syndrome group A (CSA) protein, which is
involved in multiple functions such as DNA repair, transcription, mitochondrial homeostasis, and
cell division and that recently was found to confer cell robustness when it is up-regulated. We demon-
strated that CSA ablation by AntiSense Oligonucleotides (ASOs) drastically impairs tumorigenicity
of BC cells by hampering their survival and proliferative capabilities without damaging normal cells.
Moreover, suppression of CSA dramatically sensitizes BC cells to platinum and taxane derivatives,
which are commonly used for BC first-line therapy, even at very low doses not harmful to normal
cells. Finally, CSA ablation restores drug sensitivity in oxaliplatin-resistant cells. Based on these
results, we conclude that CSA might be a very attractive target for the development of more effective
anticancer therapies.

Keywords: antisense oligonucleotide (ASO); proliferation; breast cancer; triple-negative subtype;
drug sensitivity
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1. Introduction

BC is the most frequent malignancy in woman globally impacting around 2-2.5 millions
of individuals each year. BC is a heterogeneous disease with molecular subtypes charac-
terized by biological distinctness and different behavior [1]. Currently, clinical practice
classifies BC in four subtypes, based on the molecular expression of Estrogen Receptor
(ER), Progesterone Receptor (PR), Human Epidermal growth factor Receptor 2 (HER2)
and Ki67 proliferative marker: (i) Luminal A (ER+/PR+/HER2-/lowKi-67), (ii) Luminal B
(ER+/PR+/HER2-/+/high Ki-67), (iii) HER2-overexpression (ER-/PR-/HER2+), and
(iv) Triple Negative Breast Cancers/TNBCs (ER-/PR-/HER?2-) [2].

Cytotoxic chemotherapy remains the mainstay for neo-adjuvant treatment and for
the first phase of the adjuvant one, although, in the receptor-positive subtypes, it can
be combined or even replaced during the oncological therapy, with hormonal and/or
biological treatments [3]. Moreover, despite the promise of new targets and biological
agents, such as Poly (ADP-Ribose) Polymerase (PARP) inhibitors [4] and atezolizumab for
patients with germline BRCA mutations and for PD-L1 positive population [5], respectively,
to date, chemotherapy represents the main therapeutic option for the metastatic treatment
of the TNBC.

In addition to Adriamycin, platinum and taxane derivatives are the major chemother-
apy drugs used in BC therapy. The former induce both intra- and inter-strand DNA
crosslinks, leading to a cell death mainly due to the interference with transcription or DNA
replication processes [6]. The latter, instead, affect microtubules depolymerization, leading
to the stabilization of both cytoskeleton and microtubules structures, such as the metaphase
plate and the intercellular bridge; this event induces cell death through mitotic catastrophe
or cytokinesis failure [7]. While the above described ones are first line chemotherapy drugs
that showed to be very effective in BC treatment regardless of their genetic background,
unfortunately two main factors are responsible of their long-term failure. Their first limiting
factor is the scarce selectiveness between highly proliferating normal cells (epithelia and
hematopoietic tissues) and cancer cells. This non selectivity gives rise to severe collateral
effects that limit the dose regiment. The second limiting factor is that, despite these drugs
show to be largely effective at the beginning of BC treatment, cancerous cells often develop,
by different mechanisms such as an increased repair of drug-induced DNA damage and
evasion of apoptosis, an acquired resistance which is responsible for tumors relapse [8-10].

Therefore, the identification of both new molecular targets and new biological therapies is
required to further improve treatment strategies with the current list of chemotherapy options.

CSA gene, localized on chromosome 5q12-q13, codes a 44 kDa protein of 396 amino
acids that belongs to the family of WD-40 (W = tryptophan, D = aspartic acid) repeat
proteins, known for coordinating interactions among multi-protein complexes [11]. CSA
protein is a component of an ubiquitin E3 ligase complex containing Cullin 4 (CUL4), Ring
Box-1 (RBX1), and Damage Specific DNA Binding Protein 1 (DDB1) [12,13]. It was first
characterized as a DNA repair protein, playing a role in the Transcription Coupled Repair
(TCR), a sub-pathway of Nucleotide Excision Repair (NER) devoted to the rapid removal
of the transcription-blocking lesions located on the coding strands [14-18]. However, more
recently, several findings indicated that CSA is a multifaceted protein implicated not only
in DNA repair, but also in the modulation of gene expression and in the triggering of cell
division [19,20]. Indeed, CSA, in concert with CSB, participates in the ubiquitination and
degradation of tumor suppressor p53 as well as of Activating Transcription Factor 3 (ATE3),
thus counteracting the pro-apoptotic responses induced upon cellular stresses, such as
DNA damage and Endoplasmic Reticulum (ER), hypoxia, and oxidative stresses [18,21-24].
Furthermore, Paccosi and collaborators demonstrated that Protein Regulator of Cytokinesis
1 (PRC1) is ubiquitinated and degraded by CSA and CSB proteins during cytokinesis [19].

In this paper we showed that CSA protein is up-regulated in BC cell lines and that its
ablation per se reduces the tumorigenicity of cancer cells by tipping the balance towards
cell cycle arrest and death and away from cell proliferation and survival. Furthermore, we
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showed that CSA suppression makes BC cells more sensitive to either platinum derivatives
or taxanes treatments.

2. Materials and Methods
2.1. Cell Lines

One normal (MCF10A) and three breast cancer (MCF-7, MDA-MB231, and T47D)
cell lines were used. MCF-10A is a non-tumorigenic breast cell line and it was grown in
DMEM/F12 (Thermo Fisher, Waltham, MA, USA) medium supplemented with 20 ng/mL
Human Epidermal Growth Factor (hEGF) and 10 ng/mL bovine insulin. MCF7 were cul-
tured in Dulbecco’s Modified Eagle Medium (DMEM, Invitrogen, Waltham, MA, USA) with
10 ng/mL of bovine insulin. T47D and MDA-MB-231 were grown in RPMI-1640 medium.
All culture mediums were supplemented with 10% Foetal Bovine Serum (FBS, Invitrogen),
2 mM Glutamine (Lonza), and 40 ug/mL of Gentamicin (Sigma-Aldrich: ST.Louis, MO,
USA). MDA-MB-231esistant ce]] Jine was obtained according to McDermott et al., 2014 [25].
MCE-10A, MCE-7, MDA-MB231, and T47D were purchased from American Type Culture
Collection (ATCC).

2.2. Oligonucleotides Transfection

The day before transfection, the cells were seeded and then transfected according
to the manufacturer’s instruction (JetPrime Polyplus transfection protocol, Strasbourg,
France). Briefly, oligonucleotides were diluted into 200 pL of jetPrime Buffer (supplied)
and mixed by vortex. The JetPrime transfection complex was prepared by adding 4 pL of
JetPrime transfection reagent into the mix containing JetPrime buffer and oligonucleotides
and further incubated for 10 min at Room Temperature (RT). After incubation, JetPrime
transfection complex was added into the medium and distributed evenly. The final concen-
tration of oligonucleotides used for transfection was 200 nM. The cells were incubated at
37 °C and 5% CO; until the analysis was carried out (24 and 48 h after transfection) without
the need to change the transfection medium. Oligonucleotide sequences are available
on request.

2.3. OXA, and PTX Treatment in Presence or Not of Oligonucleotide Antisense

Cells were seeded 18 h before chemotherapy drug treatment in an appropriate con-
centration. OXA was used in a range of 0.1 to 25 uM in all cell lines. PTX treatments are
between 0.01 and 0.1 uM. At the end of 24 h treatment, the ICsy value was calculated using
GraphPad V.8 program (San Diego, CA, USA). In combined treatment, OXA and PTX were
added after the medium change at 20 h for an additional 24 h and 48 h.

2.4. Protein Expression Analysis by Western Blot

Proteins from the different cell lines were fractionated by SDS-PAGE and trans-
ferred to Nitrocellulose membrane (Biorad Laboratories, Hercules, CA, USA), according to
Botta et al. 2019 [26]. After blotting, the membrane was incubated with appropriate pri-
mary and secondary antibodies. Primary antibodies used were against CSA (Cell signaling
Techology, Danvers, MA, USA) and -actin (Santa Cruz Biotecnology, Santa Cruz, CA,
USA), while secondary antibodies were HRP conjugated.

2.5. Retrotranscription and Real-Time Quantitative PCR

RNA was isolated using NucleoSpin RNA kit (Macherey-Nagel, GmBH & CO., Dueren,
Germany) according to the manufacturer’s instructions. RNA was diluted by adding 40 uL.
of DEPC water and its integrity was checked on a denaturing 1% agarose gel. RNA
concentration was measured with Qubit Fluorometer 2.0 cDNA synthesis, which was
performed with 1 pg of RNA for each sample by using the First Strand cDNA Synthesis
kit (Thermo Fisher Scientific, Waltham, MA, USA). Comparative qRT-PCR was carried out
with GoTaq qPCR SYBR green master mix (Promega, Madison, WI, USA), using Mx3005P
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Real-Time PCR system (Agilent, Santa Clara, CA, USA). Results were normalized to g-Actin.
Primer sequences are available on request.

2.6. Cell Viability MTT Assay

Cell viability was evaluated by measuring the mitochondrial-dependent conversion of
the yellow tetrazolium salt MTT [3-(4.5-dimethylthiazol-2-yl)-2.5-diphenyl-2H-tetrazolium
bromide] to a purple formazan crystal by metabolically active cells. The procedure was
performed according to Caputo et al. [27]. The experiments were conducted in triplicate.

2.7. Proliferation Tripan Blue Exclusion (TBE) Assay

The day before transfection, 1 x 10° cells were plated in 6-well dishes. The cell
proliferation assay was performed using 0.05% Trypan Blue solution to distinguish live
and dead cells within a Burker chamber. Around 500 cells for three replicate counts were
determined at each time point (24 h and 48 h after transfection).

2.8. Apoptosis Assay

A combination of Fluorescein Diacetate (FDA; 15 ug/mL), Propidium Iodide (PI, 5 ng/mL),
and Hoechst (HO, 2 pg/mL) was used to differentiate apoptotic cells from viable cells.
FDA and HO are vital dyes that stain the cytoplasm and nucleus of the viable cells, respec-
tively. The necrotic and the late stage of apoptotic cells are readily identified by PI staining.
Approximately 500 randomly chosen cells were microscopically analyzed to determine
apoptosis levels. The procedure was performed according to Proietti-De-Santis et al. [28].

2.9. Statistical Analysis

Statistical analysis was performed by using the SPSS package (IBM-SPSS Inc., Armonk,
NY, USA). Shapiro-Wilk test was firstly used to verify the normality of the data.

In order to verify the presence between MCF10A and the cancer cell lines on the CSA
protein relative quantification, CSA mRNA relative quantification, and relative cell viability
in cases of OXA and PTX conditions, t-tests were performed. Even if it is true that multiple
comparisons should be added, we only seek to understand the presence of difference
between MCF10A and each one of the cancer cell lines, independently. Successively, a
two-way ANOVA was conducted in order to verify the presence of statistical difference
on the relative cell viability considering the cell lines and the treatment as main effects.
Specifically, the cell lines considered four (MCF10A, MCE-7, MDA-MB231, and T47D) and
three levels (no treatment, SO and ASO) for cell lines and treatment, respectively. In case of
significant interaction effects, two one-way ANOVA tests were performed, independently
for each main effect. A multiple comparison Bonferroni test was applied when ANOVA
was significant. The same tests were also performed when comparing the effects of the four
cell lines and the treatment (medium, 0.01 uM, 0.01 uM + ASO) in OXA and PTX conditions
on relative cell viability.

All the statistical tests were conducted by setting the significance level at 0.05.

3. Results
3.1. CSA Gene Is Overexpressed in Breast Cancer Cells

In order to assess whether CSA was overexpressed in BC cells, we measured CSA
protein levels by Western blotting. We compared BC cell lines MCF-7 (ER+, PR- and Her2-),
MDA-MB231 (ER-, PR-and Her2-), and T47D (ER+/PR+ and Her2-) with normal breast
MCEF-10A cell line. As shown in Figure 1, Western blot analysis using total cellular extracts
(Figure 1A) and relative protein quantification (Figure 1B) revealed an increase of CSA
protein levels in all the BC cell lines analyzed of 2.01 £ 0.15, 4.18 £ 0.76, and 5.39 =+ 0.3 for
MCEF-7, MDA-MB231, and T47D, respectively, when compared to MCF-10A. To confirm that
CSA over-expression was correlated to an increase of mRNA levels, a qRT-PCR analysis
was performed. All BC cell lines analyzed displayed an overall increase of CSA mRNA
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levels in a range of 1.41 £ 0.12, 3.8 & 0.42 and 4.2 & 1.5 in MCF-7, MDA-MB231, and T47D
cell lines respectively, when compared to MCF-10A (Figure 1C).
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Figure 1. (A) Western Blotting showing CSA protein and 3-Actin levels. 3-Actin was used as loading
control; Original blots see Supplementary File S1. (B) Graph showing CSA relative amount (3-Actin
normalized; (C) gRT-PCR analysis of CSA mRNA expression. Data are presented as means + SD of
three independent experiments. *** is for p < 0.001 calculated with Student’s T Test.

3.2. CSA Silencing Reduced Viability and Proliferation in BC Cell Lines

Being aware that CSA protein negatively modulates pro-apoptotic signaling, we
wondered whether CSA overexpression was responsible for the increased robustness
exhibited by BC cell lines. We decided to suppress CSA expression and test if the absence of
CSA would reduce the tumorigenicity of BC cells by tipping the balance towards cell cycle
arrest and death and away from cell proliferation and survival. To inhibit CSA expression,
we designed an antisense oligonucleotide (ASO) to target and induce the degradation of its
mRNA. An oligonucleotide matching the sense sequence (SO) of CSA mRNA was used
as control. Figure 2A shows CSA mRNA expression levels in all the cell lines analyzed
24 h later from transfection with either ASO or SO (final concentration 200 nM). As shown,
ASOQO treatment efficiently reduced CSA mRNA levels ranging from 40 to 60% in all cell
lines analyzed.
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Figure 2. (A) qRT-PCR analysis of CSA mRNA expression 24 h after transfection. The results, B-Actin
normalized, are presented as means (£ SD) of three independent experiments. *** is for p < 0.001
calculated with ANOVA test. (B) Graph showing relative cell viability obtained by MTT assay after
24 h of transfection. Data are presented as means + SD of three independent experiments. *** is for
p < 0.001 calculated with ANOVA tests.

Subsequently, we studied the effects of CSA ablation on cell viability and proliferation
in both breast normal and cancer cell lines. Cell viability was analyzed by MTT assay at
24 h post-oligonucleotides transfection. Results shown in Figure 2B displayed a dramatic
decrease of cancer cell survival, of 55.5% =+ 7.2, 66.8% =+ 6, and 66.9% = 6.2 for MCEF-7,
MDA-MB231, and T47D cell lines, respectively, as compared to the mock-treated ones,
while there was no effect on normal breast MCF-10A cell line. In contrast, SO treatment,
used as a negative control to ascertain that the results were due to the specific inhibition
of CSA and not to the transfection procedure, had no effect in terms of cell viability in
all the cell lines analyzed. These results are confirmed by the statistical analysis. In fact,
the interaction factor was found significant (p < 0.01) and the ANOVA analyses revealed
statistical differences due to the ASO treatment on the relative viability (p < 0.01) with
respect to no treatment and the SO. Focusing on the line cells, only differences between
MCF10A and the three breast cancers (MCF-7, MDA-MB231 and T47D) were found (p-value
ranged from 0.001 to 0.01). In addition, inhibition of proliferation in normal and BC cells
was measured by directly counting viable cells at different times. Briefly, inhibition of CSA
protein expression determined a decrease of cellular proliferation in MCF-7, MDA-MB231,
and T47D BC cell lines, but not in normal breast MCF-10A cell line, at either 24 h and 48 h
after ASO transfection, while the transfection of the respective SO had no effect (Figure 3).



Cancers 2022, 14, 1687 7 of 14

A MCF-10A B MCF7
ASO & S0 Medium ASO & S0 Medium
600,000 600,000

450,000 i . 450,000 i

@ ] @

a - o - -
: < 8 2
£ 300,000 -~ € 300,000 <
= ~ = (=8
8 . 1’ =" 8 I am="" é

150,000 o 150,000 Tt L
& -
0 0
Oh 24h 48h Oh 24h 48h
Time course Time course
c MDA-MB231 D T47D
ASO S0 Medium € ASQ = S0 Medium
600,000 600,000
8 450,000 I 8 450,000 = b2
E b=y £ p %
=1 : : = &
£ 300,000 A | Y < 300000 s §
T y - . a T ! ’ -
O - " b [&] . .= 2
150,000 - T Y A 150,000 g .-
________ €*® L e eeam=i”
T - ="
0 0
Oh 24h 48h Oh 24h 48h
Time course Time course

Figure 3. Graphs showing cell proliferation assay in (A) non-tumorigenic cells (MCF-10A) and
in (B-D) breast cancer cell lines (MCF7, MDA-MB231, and T47D). Cells were counted at the time
of seeding and after 24 and 48 h after transfection. Data are presented as means + SD of three

independent experiments, calculated with x test.

3.3. CSA Antisense Targeting Enhances Anticancer Drug Sensitivity in Breast Cancer Cell Lines

To investigate whether down-regulation of CSA expression has the potential to selec-
tively sensitize BC cells to low doses of chemotherapy, which are not harmful for normal
breast cells, a combined treatment with ASO and low doses of different chemotherapy
drugs, paclitaxel (PTX) or oxaliplatin (OXA), was performed.

Initially, we performed single treatment with increasing doses of either OXA or PTX
in normal breast MCF-10A cell line to select a dose that is not harmful. The dose response
curves for each chemotherapy drug tested, obtained by MTT assay, are shown in Figure 4
(panels A and B). The MCF-10A cell viability decrease shows a behavior dose-dependent
for both the chemotherapeutic drugs. Based on these results, we decided to choose the
lowest dose for each drug: 0.01 uM for PTX and 2.5 uM for OXA. So to investigate if
down-regulation of CSA expression does sensitize MCF-7, MDA-MB231, and T47D BC cells
to chemotherapy, a combined treatment with ASO and each of the chemotherapy drugs
above-mentioned was performed.

Figure 4C shows cell viability after ASO and OXA combined treatment. Interestingly,
CSA ablation effectively sensitized BC cells to low doses (2.5 pM) of OXA, thus reducing
cell viability if compared to the drug treatment alone.
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Figure 4. (A,B) Graph showing relative cell viability obtained by MTT assay in MCF-10A cell line
after 24 h of either OXA or PTX treatment. Data are presented as means + SD of three independent
experiments. ** is for p < 0.01, *** is for p < 0.001 calculated with x? test. (C,D) Graph showing relative
cell viability obtained by MTT assay in MCF-10A and MCF-7, MDA-MB231, and T-47D cell lines
after 24 h of either OXA or PTX alone and combined CSA ASO plus OXA or PTX treatments. Data
are presented as means £ SD of three independent experiments. *** is for p < 0.001 calculated with
ANOVA tests.

Regarding the combined (ASO and OXA) treatment, the decrease was from 96.5 vs.
53.3% in MCF7 cells, from 93.6 vs. 52.2% in MDA-MB231, and from 98.4 vs. 55.3% in T47D
cells. Noteworthy, ASO treatment did not further sensitize MCF-10A to OXA treatment.
The same graph also illustrates that SO treatment did not sensitize BC cells to OXA. These
results are confirmed by the statistical analysis. In fact, the interaction factor was found
significant (p < 0.01) and the ANOVA analyses revealed statistical differences among all the
treatments on the relative viability (p < 0.01). Focusing on the line cells, only differences
between MCF10A and the three breast cancers (MCF-7, MDA-MB231, and T47D) were
found (p-value always lower than 0.001).
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In Figure 4D, cell survival after ASO and PTX combined treatment is shown. Also
in this case, CSA ablation effectively sensitized BC cells to low doses (0.01 uM) of PTX,
dramatically decreasing cell viability, if compared to the single drug alone. Regarding the
ASO and PTX combined treatment, the reduction was from 70.05 vs. 50.3% in MCF7 cells,
from 91.5 vs. 58.8% in MDA-MB231, and from 82.5 vs. 61% in T47D cells. Again, ASO
treatment did not further sensitize MCF-10A cell line to PTX. The statistical results arising
from ANOVA are similar to the ones reported for the combined treatment ASO and OXA.

Ideally, a chemotherapy drug should only kill the cancer cells, without affecting
normal cells. For this purpose, Selectivity Index (SI), defined as the ratio of the toxic
concentration of a compound to its effective bioactive concentration, was calculated by
comparing chemotherapy drug half-inhibitor concentration (ICsp) value in the normal cell
line against the ICs( of the same compound in the cancer cell line. The ideal drug should
have a relatively high toxic concentration with a very low active concentration. In this
regard, Weerapreeyakul et al. [29] proposed that only a drug with a SI value equal to
or greater than 3.0 should be considered worthy of further investigation. To assess the
selectivity (cancer vs. normal breast cells) of CSA ablation in enhancing the anticancer
activity of conventional chemotherapy drugs, their cytotoxicity was determined in both
normal and BC cell lines either combined or not with the ASO treatment. With this
aim, we calculated the IC5y of both OXA (Table 1A) and PTX (Table 1B) chemotherapy
drugs in all the cell lines. As shown, the ASO treatment overall decreased the ICsj in
all BC cell lines examined. Interestingly, CSA silencing dramatically sensitized BC cells
to OXA by increasing SI from 0.74 to 4.99 in MCF7, from 1.92 to 5.4 in MDA-MB231,
and from 0.62 to 5.5 in T47D. Regarding PTX, ASO treatment dramatically increased the
sensitivity and selectivity in MDA-MB231 and T47D, shifting the SI from 2.5 to 8.0 and
from 3.4 to 8.0, respectively, whereas, in the case of MCF-7, the increased sensibility and
selectivity is only marginal (from 6.4 to 8), because this cell line yet displayed a good
sensitivity to PTX treatment. With the aim to analyze if CSA inhibition sensitizes chemo-
resistant cells to chemotherapy treatment, we developed a cellular model resistant to
OXA by repeatedly exposing MDA-MB231 cells to increasing drug concentrations. ICsg
value (54.89 uM) of the surviving daughter-resistant cells (MDA-MB2317esistant) showed
a 2.5-fold increase in resistance to OXA when compared to the parental sensitive cells
(IC50 =21.91 uM). Interestingly, CSA ablation by ASO treatment restored the sensitivity of
MDA-MB2317sistant cells to a level similar to the one displayed by normal MDA-MB231
cells (24.06 vs. 21.91 uM) (Table 1C).

3.4. CSA Suppression Massively Induces Apoptosis in BC Cells When Treated with PTX and OXA

Since CSA protein plays a relevant role in the negative regulation of apoptosis, we
wanted to investigate what happens in response to chemotherapy when CSA expression
is suppressed.

As shown in Figure 5 (panels A and B), CSA silencing dramatically increased the levels
of cleaved Caspase-3, an unequivocal marker of apoptosis, displayed by MDA-MB231 cells
after PTX and OXA treatment. In addition, we also quantitatively assessed the rates
of apoptosis by using a combination of fluorescent dyes to analyze the morphological
alterations that cells undergo during apoptosis: FDA and HO stain the cytoplasm and the
nucleus, respectively, of viable cells, while the necrotic and the late-stage apoptotic cells are
stained by PI, which requires the loss of cytoplasm and nuclear membrane integrity. Our
results show that, compared to the mock-treated cells (Figure 5C, panel a), the yet largely
significant increase of the apoptosis rate in PTX and OXA-treated cells (Figure 5C, panels c
and e) further increases in the case of ASO co-treatment (Figure 5C, panels d and f). Results
of the fluorescent assay are graphed in Figure 5D. Altogether, these data show that CSA
suppression dramatically enhances the apoptosis triggering in BC cells treated with PTX
and OXA.
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Table 1. (A-C) Tables of IC5y £ SD (half maximal inhibitory concentration + SD) values for all
the compounds were expressed in uM unit. SI (Selectivity Index) was calculated as a ratio of ICsg
(non-tumorigenic cell line) /ICs5q (cancer cell line). In bold were SI < 3, indicating that the drug is not

cancer selective.

(A) OXA
Cell Line ICs0 (uM) SI
MCF-10A 42.10 £ 0.66
MCEF-10A + ASO 19.99 + 1.0
MCE-7 56.85 + 1.4 0.74
MCF7 + ASO 4+0.04 4.99
MDA-MB231 21.91 + 0.46 1.92
MDA-MB231 + ASO 3.7 +0.29 5.4
T47D 67.35 £+ 1.04 0.62
T47D + ASO 3.6 +£0.02 5.5
(B) PTX
Cell Line ICs¢ (LM) SI
MCF-10A 0.51 £+ 0.04
MCF-10A + ASO 0.16 = 0.05
MCE-7 0.08 + 0.02 6.4
MCF7 + ASO 0.02 4 0.001 8
MDA-MB231 0.20 £ 0.04 2.55
MDA-MB231 + ASO 0.02 + 0.002 8
T47D 0.15 £ 0.02 34
T47D + ASO 0.02 4 0.003 8
(C) OXA
Cell Line I1Cs¢ (LM)
MDA—MB32_1 21.91 + 0.46
MDA-MB231resistant 54.9 + 0.56
MDA-MB231"esistant | 50 22.90 £ 0.90
A B
o o]
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Figure 5. CSA ablation determines a massive apoptosis induction after ASO with PTX or OXA
combined treatment in Triple Negative Breast cancer cells (MDA-MB231). Cleaved caspase 3 protein

Medium ASO PTX

PTX OXA OXA
+ASO +ASO
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expression levels in MDA-MB231 total cellular extracts after single or combined treatment. Western
Blotting was performed using antibodies against cleaved 3-Caspase (Cell Signaling) and «-Tubulin
(Sigma Aldrich, St. Louis, MO, USA). The results are the representation of three independent biologi-
cal repeats (A). Graph showing levels of cleaved caspase 3, a-tubulin normalized, in MDA-MB231
cells after treatment. Original blots see Supplementary File S1. (B). Confocal micrographs of
MDA-MB231 cells after treatment, stained for apoptosis assay with Hoechest (HO, blue), Fluo-
rescein diacetate (FDA, green) and Propidium Iodide (P, red) (C). Graph showing the percentage
of cell death from apoptosis assay (n = 500 x 3 independent experiments) (D). N.S: not significant,
*p <0.05,** p <0.01, ** p < 0.001.

4. Discussion

In this paper, we showed that CSA, the complementation group that, together with
CSB, is associated to CS, is up-regulated in BC. We demonstrated that CSA ablation per se
reduces the tumorigenicity of cancerous cells by dramatically affecting their survival and
proliferation. Therefore, as previously demonstrated for CSB, also CSA is upregulated in
cancer cells and its ablation seems to perturbate their robustness.

The question that arises is why should tumors benefit from CSA over-functionality?
Interestingly, CSA is a member of the mixed class of intrinsically disordered proteins (IDPs)
as it contains intrinsically disordered internal segments and a long floating tail along with
ordered regions. IDPs are characterized by a remarkable conformational flexibility and
structural plasticity, which allows them to have a huge number of molecular partners
and to integrate different biological functions. This is why IDPs play critical roles in
regulation and signaling [30]. The integration of various biological processes is a distinctive
feature of cancer genes and the important role played by IDPs in this regard is becoming
increasingly clear. Interestingly, disordered regions have been strongly associated with
dosage-sensitivity oncogenes in cancer [31,32]. It is therefore possible that dosage sensitivity
is related to the ability of proteins to perform molecular interactions via linear sequence
motifs as their concentration increases. In this context, we and others have already showed
that CSA and CSB proteins play multiple roles in modulating cell robustness through the
positive regulation of pro-survival adaptive responses including DNA repair, hypoxia
response, UPR activation, and negative regulation of pro-apoptotic pathways, such as the
ones triggered by p53 and ATF3 [17,19]. All these characteristics presumably make cancer
cells addicted to CS proteins over-functionality. Along this line, the over-expression of
CSA in BC cells could be the result of the selective pressure that tumor cells undergo to
overcome the adverse conditions met during cancer progression.

Moreover, another interesting finding of this work is that CSA ablation sensitizes BC
cells to the chemotherapy attack inferred with OXA and PTX drugs, regardless of their
genetic background. We hypothesize two main mechanisms underlying the sensitization
to OXA after CSA suppression. First, given that TC-NER pathway, which depends on
the functionality of CS proteins, is one of the major mechanisms involved in the repair of
OXA-induced DNA adducts, CSA ablation might result in a higher cytotoxic effect of this
drug. Accordingly, Slikova and co-workers [33] recently demonstrated that CSA protein
plays a protective role against OXA in colon adenocarcinoma cells.

Second, given the role of CSA in the negative regulation of apoptosis [18], its suppres-
sion might reduce the anti-apoptotic buffering capacity of the cells, making them more
susceptible to cytotoxic insults. Ablation of CSA drastically sensitizes BC cells also to PTX.
Certainly, the decrease of the anti-apoptotic buffering capacity correlated with CSA ablation
should be one of the mechanisms underlying the potentiation of PTX cytotoxicity. The
potentiation of PTX conferred by CSA ablation could be also correlated to the recent role
discovered for CS proteins in promoting cytokinesis by determining the cleavage of the
intercellular bridge between the two daughter cells. Since also PTX, by hampering micro-
tubules depolymerization, interferes with intercellular bridge dynamics, we can conclude
that CSA ablation and PTX treatment would additively impair cell division.
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Another interesting aspect of our findings is that ablation of CSA does enhance OXA
and PTX selectivity for cancer cells, as shown in Table 1. Indeed, an overall decrease of
the IC59 was observed in all BC cell lines, but not in the normal cell line, when the drug
was inferred in combination with CSA ASO. The selective killing of cancer cells without
damaging normal cells is the most important feature for cancer treatment, decreasing the
onset of chemoresistence.

5. Conclusions

Overall, these findings suggest that CSA ablation in BC cells could improve the mag-
nitude of therapeutic responses and reduce the likelihood of acquired resistance in an
individual patient. The fact that CSA ablation seems to sensitize BC cells regardless of their
genetic background is particularly interesting, given the genetic inter- and intra-tumor het-
erogeneity exhibited by BC. This aspect has a strong relevance in the case of Triple-negative
subtype of BC, being that, due to the negative nature of the three major receptors (ER, PR
and HER?), its treatment stands mainly on the conventional chemotherapy. Based on these
findings, we can conclude that CSA may be a very attractive target for the development
of new specific anticancer therapies that combine the use of antisense oligonucleotide
or specific inhibitors of CSA function with chemotherapy drugs, with the aim to make
the treatment for BC more effective. Certainly, the safety issue arises some concerns and
needs to be deepened. Ablation of CSA does not appear to affect normal epithelial cells.
However, being that CSA is virtually expressed in all tissues, it is mandatory to assess
in vivo whether this therapeutic approach could also hit quiescent and slow proliferating
cells that are usually resistant to conventional chemotherapy drugs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ cancers14071687/s1, File S1: Original blots.

Author Contributions: Conceptualization: S.E,, S.B. and L.P.-D.-S.; data curation, G.P,; formal anal-
ysis, ].T.; investigation, S.F.; methodology, E.P., A.B., M.F. and G.P. software, ].T.; writing—original
draft preparation, S.F. and E.P.,; writing—review and editing, L.P.-D.-S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

@

Riaz, M.; Van Jaarsveld, M.T.; Hollestelle, A.; Prager-van Der Smissen, W.J.; Heine, A.A.; Boersma, A.W,; Liu, J.; Helmijr, J.;
Ozturk, B.; Smid, M.; et al. miRNA expression profiling of 51 human breast cancer cell lines reveals subtype and driver
mutation-specific miRNAs. Breast Cancer Res. 2013, 15, R33. [CrossRef] [PubMed]

Hammond, M.E.H.; Hayes, D.E,; Dowsett, M.; Allred, D.C.; Hagerty, K.L.; Badve, S.; Fitzgibbons, P.L.; Francis, G.; Goldstein, N.S,;
Hayes, M.; et al. American Society of Clinical Oncology/College of American Pathologists Guideline Recommendations for
Immunohistochemical Testing of Estrogen and Progesterone Receptors in Breast Cancer (Unabridged Version). J. Clin. Oncol.
2010, 28, 2784-2795. [CrossRef] [PubMed]

Waks, A.G.; Winer, E.P. Breast Cancer Treatment: A Review. JAMA 2019, 321, 288-300. [CrossRef] [PubMed]

Telli, M.L.; Timms, K.M.; Reid, J.; Hennessy, B.; Mills, G.B.; Jensen, K.C.; Szallasi, Z.; Barry, W.T.; Winer, E.P.; Tung, N.M.; et al.
Homologous Recombination Deficiency (HRD) Score Predicts Response to Platinum-Containing Neoadjuvant Chemotherapy in
Patients with Triple-Negative Breast Cancer. Clin. Cancer Res. 2016, 22, 3764-3773. [CrossRef]

Schmid, P.; Adams, S.; Rugo, H.S.; Schneeweiss, A.; Barrios, C.H.; Iwata, H.; Diéras, V.; Hegg, R.; Im, S.-A.; Shaw Wright, G.; et al.
Atezolizumab and Nab-Paclitaxel in Advanced Triple-Negative Breast Cancer. N. Engl. J. Med. 2018, 379, 2108-2121. [CrossRef]
Basu, A.; Krishnamurthy, S. Cellular Responses to Cisplatin-Induced DNA Damage. . Nucleic Acids 2010, 2010, 201367. [CrossRef]


https://www.mdpi.com/article/10.3390/cancers14071687/s1
https://www.mdpi.com/article/10.3390/cancers14071687/s1
http://doi.org/10.1186/bcr3415
http://www.ncbi.nlm.nih.gov/pubmed/23601657
http://doi.org/10.1200/JCO.2009.25.6529
http://www.ncbi.nlm.nih.gov/pubmed/20404251
http://doi.org/10.1001/jama.2018.19323
http://www.ncbi.nlm.nih.gov/pubmed/30667505
http://doi.org/10.1158/1078-0432.CCR-15-2477
http://doi.org/10.1056/NEJMoa1809615
http://doi.org/10.4061/2010/201367

Cancers 2022, 14, 1687 13 of 14

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Foland, T.B.; Dentler, W.L.; Suprenant, K.A.; Gupta, M.L,, Jr.; Himes, R.H. Paclitaxel-induced microtubule stabilization causes
mitotic block and apoptotic-like cell death in a paclitaxel-sensitive strain ofSaccharomyces cerevisiae. Yeast 2005, 22, 971-978.
[CrossRef]

Galluzzi, L.; Senovilla, L.; Vitale, I.; Michels, J.; Martins, I.; Kepp, O.; Castedo, M.; Kroemer, G. Molecular mechanisms of cisplatin
resistance. Oncogene 2011, 31, 1869-1883. [CrossRef]

Maloney, S.M.; Hoover, C.A.; Morejon-Lasso, L.V.; Prosperi, ].R. Mechanisms of Taxane Resistance. Cancers 2020, 12, 3323.
[CrossRef]

Zhang, C.; Zhang, F. The Multifunctions of WD40 Proteins in Genome Integrity and Cell Cycle Progression. |. Genom. 2015, 3,
40-50. [CrossRef]

Groisman, R.; Polanowska, J.; Kuraoka, I.; Sawada, J.-I.; Saijo, M.; Drapkin, R.; Kisselev, A.F; Tanaka, K.; Nakatani, Y. The
Ubiquitin Ligase Activity in the DDB2 and CSA Complexes Is Differentially Regulated by the COP9 Signalosome in Response to
DNA Damage. Cell 2003, 113, 357-367. [CrossRef]

Fischer, E.S.; Scrima, A.; Bohm, K.; Matsumoto, S.; Lingaraju, G.M.; Faty, M.; Yasuda, T.; Cavadini, S.; Wakasugi, M.; Hanaoka, F; et al.
The Molecular Basis of CRL4DDB2/CSA Ubiquitin Ligase Architecture, Targeting, and Activation. Cell 2011, 147, 1024-1039.
[CrossRef] [PubMed]

Hanawalt, P.C.; Spivak, G. Transcription-coupled DNA repair: Two decades of progress and surprises. Nat. Rev. Mol. Cell Biol.
2008, 9, 958-970. [CrossRef]

Beerens, N.; Hoeijmakers, ].LH.J.; Kanaar, R.; Vermeulen, W.; Wyman, C. The CSB Protein Actively Wraps DNA. J. Biol. Chem. 2005,
280, 4722-4729. [CrossRef] [PubMed]

Bregman, D.B.; Halaban, R.; van Gool, A J.; Henning, K.A.; Friedberg, E.C.; Warren, S.L. UV-induced ubiquitination of RNA
polymerase II: A novel modification deficient in Cockayne syndrome cells. Proc. Natl. Acad. Sci. USA 1996, 93, 11586-11590.
[CrossRef] [PubMed]

Svejstrup, J.Q. Rescue of arrested RNA polymerase IT complexes. J. Cell Sci. 2003, 116, 447-451. [CrossRef]

Van Der Weegen, Y.; Golan-Berman, H.; Mevissen, T.E.T.; Apelt, K.; Gonzdlez-Prieto, R.; Goedhart, J.; Heilbrun, E.E.; Vertegaal, A.;
Heuvel, D.V.D.; Walter, ].C.; et al. The cooperative action of CSB, CSA, and UVSSA target TFIIH to DNA damage-stalled RNA
polymerase II. Nat. Commun. 2020, 11, 2104. [CrossRef]

Epanchintsev, A.; Costanzo, F.; Rauschendorf, M.-A.; Caputo, M.; Ye, T.; Donnio, L.-M.; Proietti-De-Santis, L.; Coin, F,; Laugel, V.;
Egly, ].-M. Cockayne’s Syndrome A and B Proteins Regulate Transcription Arrest after Genotoxic Stress by Promoting ATF3
Degradation. Mol. Cell 2017, 68, 1054-1066.e6. [CrossRef]

Paccosi, E.; Costanzo, F.; Costantino, M.; Balzerano, A.; Monteonofrio, L.; Soddu, S.; Prantera, G.; Brancorsini, S.; Egly, ].-M.;
Proietti-De-Santis, L. The Cockayne syndrome group A and B proteins are part of a ubiquitin—-proteasome degradation complex
regulating cell division. Proc. Natl. Acad. Sci. USA 2020, 117, 30498-30508. [CrossRef]

Latini, P.; Frontini, M.; Caputo, M.; Gregan, J.; Cipak, L.; Filippi, S.; Kumar, V.; Velez-Cruz, R.; Stefanini, M.; Proietti-De-Santis, L.
CSA and CSB proteins interact with p53 and regulate its Mdm2-dependent ubiquitination. Cell Cycle 2011, 10, 3719-3730.
[CrossRef]

Paccosi, E.; Costantino, M.; Balzerano, A.; Filippi, S.; Brancorsini, S.; Proietti-De-Santis, L. Neuroblastoma Cells Depend on CSB
for Faithful Execution of Cytokinesis and Survival. Int. J. Mol. Sci. 2021, 22, 10070. [CrossRef] [PubMed]

Filippi, S.; Latini, P.; Frontini, M.; Palitti, F.; Egly, ].-M.; Proietti-De-Santis, L. CSB protein is (a direct target of HIF-1 and) a critical
mediator of the hypoxic response. EMBO J. 2008, 27, 2545-2556. [CrossRef] [PubMed]

Nicolai, S.; Filippi, S.; Caputo, M,; Cipak, L.; Gregan, J.; Ammerer, G.; Frontini, M.; Willems, D.; Prantera, G.; Balajee, A.S.; et al.
Identification of Novel Proteins Co-Purifying with Cockayne Syndrome Group B (CSB) Reveals Potential Roles for CSB in RNA
Metabolism and Chromatin Dynamics. PLoS ONE 2015, 10, e0128558. [CrossRef] [PubMed]

Caputo, M.; Balzerano, A.; Arisi, I.; D’Onofrio, M.; Brandi, R.; Bongiorni, S.; Brancorsini, S.; Frontini, M.; Proietti-De-Santis, L.
CSB ablation induced apoptosis is mediated by increased endoplasmic reticulum stress response. PLoS ONE 2017, 12, e0172399.
[CrossRef] [PubMed]

McDermott, M.; Eustace, A.].; Busschots, S.; Breen, L.; Crown, J.; Clynes, M.; O’Donovan, N.; Stordal, B.; O'Donovan, N. In vitro
Development of Chemotherapy and Targeted Therapy Drug-Resistant Cancer Cell Lines: A Practical Guide with Case Studies.
Front. Oncol. 2014, 4, 40. [CrossRef] [PubMed]

Botta, L.; Filippi, S.; Bizzarri, BM.; Meschini, R.; Caputo, M.; Proietti-De-Santis, L.; Iside, C.; Nebbioso, A.; Gualandi, G.;
Saladino, R. Oxidative nucleophilic substitution selectively produces cambinol derivatives with antiproliferative activity on
bladder cancer cell lines. Bioorganic Med. Chem. Lett. 2018, 29, 78-82. [CrossRef]

Caputo, M.; Frontini, M.; Velez-Cruz, R.; Nicolai, S.; Prantera, G.; Proietti-De-Santis, L. The CSB repair factor is overexpressed in
cancer cells, increases apoptotic resistance, and promotes tumor growth. DNA Repair 2013, 12, 293-299. [CrossRef]

De Santis, L.P.; Garcia, C.L.; Balajee, A.S.; Calvo, G.T.B.; Bassi, L.; Palitti, F. Transcription coupled repair deficiency results in
increased chromosomal aberrations and apoptotic death in the UV61 cell line, the Chinese hamster homologue of Cockayne’s
syndrome B. Mutat. Res. Repair 2001, 485, 121-132. [CrossRef]

Weerapreeyakul, N.; Junhom, C.; Barusrux, S.; Thitimetharoch, T. Induction of apoptosis in human hepatocellular carcinoma cells
by extracts of Lannea coromandelica (Houtt.) Merr. and Diospyros castanea (Craib) Fletcher. Chin. Med. 2016, 11, 19. [CrossRef]
Dyson, H.J.; Wright, PE. NMR illuminates intrinsic disorder. Curr. Opin. Struct. Biol. 2021, 70, 44-52. [CrossRef]


http://doi.org/10.1002/yea.1284
http://doi.org/10.1038/onc.2011.384
http://doi.org/10.3390/cancers12113323
http://doi.org/10.7150/jgen.11015
http://doi.org/10.1016/S0092-8674(03)00316-7
http://doi.org/10.1016/j.cell.2011.10.035
http://www.ncbi.nlm.nih.gov/pubmed/22118460
http://doi.org/10.1038/nrm2549
http://doi.org/10.1074/jbc.M409147200
http://www.ncbi.nlm.nih.gov/pubmed/15548521
http://doi.org/10.1073/pnas.93.21.11586
http://www.ncbi.nlm.nih.gov/pubmed/8876179
http://doi.org/10.1242/jcs.00271
http://doi.org/10.1038/s41467-020-15903-8
http://doi.org/10.1016/j.molcel.2017.11.009
http://doi.org/10.1073/pnas.2006543117
http://doi.org/10.4161/cc.10.21.17905
http://doi.org/10.3390/ijms221810070
http://www.ncbi.nlm.nih.gov/pubmed/34576232
http://doi.org/10.1038/emboj.2008.180
http://www.ncbi.nlm.nih.gov/pubmed/18784753
http://doi.org/10.1371/journal.pone.0128558
http://www.ncbi.nlm.nih.gov/pubmed/26030138
http://doi.org/10.1371/journal.pone.0172399
http://www.ncbi.nlm.nih.gov/pubmed/28253359
http://doi.org/10.3389/fonc.2014.00040
http://www.ncbi.nlm.nih.gov/pubmed/24639951
http://doi.org/10.1016/j.bmcl.2018.11.006
http://doi.org/10.1016/j.dnarep.2013.01.008
http://doi.org/10.1016/S0921-8777(00)00065-3
http://doi.org/10.1186/s13020-016-0091-z
http://doi.org/10.1016/j.sbi.2021.03.015

Cancers 2022, 14, 1687 14 of 14

31. Vavouri, T.; Semple, ].I; Garcia-Verdugo, R.; Lehner, B. Intrinsic Protein Disorder and Interaction Promiscuity Are Widely
Associated with Dosage Sensitivity. Cell 2009, 138, 198-208. [CrossRef] [PubMed]

32. Babu, M.M,; Kriwacki, R.W.; Pappu, R.V. Versatility from Protein Disorder. Science 2012, 337, 1460-1461. [CrossRef] [PubMed]

33. Slyskova, J.; Sabatella, M.; Ribeiro-Silva, C.; Stok, C.; Theil, A.F.,; Vermeulen, W.; Lans, H. Base and nucleotide excision repair

facilitate resolution of platinum drugs-induced transcription blockage. Nucleic Acids Res. 2018, 46, 9537-9549. [CrossRef]
[PubMed]


http://doi.org/10.1016/j.cell.2009.04.029
http://www.ncbi.nlm.nih.gov/pubmed/19596244
http://doi.org/10.1126/science.1228775
http://www.ncbi.nlm.nih.gov/pubmed/22997313
http://doi.org/10.1093/nar/gky764
http://www.ncbi.nlm.nih.gov/pubmed/30137419

	Introduction 
	Materials and Methods 
	Cell Lines 
	Oligonucleotides Transfection 
	OXA, and PTX Treatment in Presence or Not of Oligonucleotide Antisense 
	Protein Expression Analysis by Western Blot 
	Retrotranscription and Real-Time Quantitative PCR 
	Cell Viability MTT Assay 
	Proliferation Tripan Blue Exclusion (TBE) Assay 
	Apoptosis Assay 
	Statistical Analysis 

	Results 
	CSA Gene Is Overexpressed in Breast Cancer Cells 
	CSA Silencing Reduced Viability and Proliferation in BC Cell Lines 
	CSA Antisense Targeting Enhances Anticancer Drug Sensitivity in Breast Cancer Cell Lines 
	CSA Suppression Massively Induces Apoptosis in BC Cells When Treated with PTX and OXA 

	Discussion 
	Conclusions 
	References

