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Simple Summary: Cases of metastatic breast cancer are estimated to have increased by 54.8% in
2030 compared to 2015. Triple negative breast cancer, which is more aggressive and has high
metastatic potential is more common in young African American and in Sub-Saharan African
populations. The aim of our study was to assess the effectiveness of histone deacetylase inhibitors
SAHA and CUDC-101 in reducing metastatic potential in breast cell lines. We assessed migration
and invasion of the three breast cell lines under different treatment conditions and determined that
proton irradiation alone or in combination with CUDC-101 can reduce metastasis.

Abstract: Background: Radiation therapy remains to be one of the main treatment modalities for
the management of breast cancer. Several reports have asserted that low dose photon irradiation,
which is the most available radiation modality, can promote migration and invasion of malignant
cells. Also, some approved chemotherapy drugs used in the management of breast cancer are
implicated in promoting metastasis. Therefore, it has become critical to unravel novel therapies that
are effective on tumour cells and can reduce the metastatic potential. Methods: Malignant (MCF-7),
triple-negative (MDA-MB-231) and spontaneously immortalized MCF-10A human breast cancer
cell lines were pre-treated with pan-HDACi SAHA or multi-target inhibitor CUDC-101 and exposed
to 2Gy and 6Gy 148 MeV mid-SOBP protons or 250KeV X-rays. Wound healing and trans-well
invasion assays were performed. Imaging was done at 4-hour intervals for wound healing assays,
and at 24-hours post-irradiation for trans-well migration assays. Results: Significant reduction in
migration was observed after treatment with proton alone at lower doses (2Gy) and at higher (6Gy)
doses in the MCF-7 cell line. In the triple negative cell line MDA-MB-231 cell line, reduction in
migration was evident at higher doses(6Gy) protons. Combination therapy of CUDC-101 or SAHA
and protons also inhibited migration and invasion in the MDA-MB-231 cell line. Treatment with
CUDC-101 monotherapy showed benefit in reducing migration and invasion in the MDA-MB-231
cell line. Treatment with SAHA, either as monotherapy or in combination with X-rays, promoted
migration in the MCF-7 cell line. Conclusions: CUDC-101 or proton monotherapies, as well as
combination therapy with radiation, inhibits migration as monotherapy particularly in the MDA-
MB-231 which has high metastatic potential.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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1. Introduction

Cancer metastases remain to be a major cause of death in cancer patients and significant
challenge to public health worldwide [1,2]. Metastasis is a multi-step process which includes local
tumor cell invasion, entry into the vasculature followed by the exit of carcinoma cells from the
circulation and colonization at the distal sites [3]. Migration and invasion capacity of breast cancer
cells has been linked to the reversible process of epithelial-to-mesenchymal transition (EMT), where
the epithelial phenotype is lost and mesenchymal phenotype is gained, leading to metastasis [4].
During EMT, epithelial cadherin (E-cadherin), which regulates cell adhesion is lost and mesenchymal
cadherin (M-cadherin) is induced. Loss of E-cadherin has been associated with increased resistance
to epidermal growth factor receptor (EGFR) inhibitors, resistance to radiotherapy and increased
circulating tumour cells [5-8]. Class 1 histone deacetylase (HDACs) (HDAC 1,2,3 and 8) play an
important role in regulating E-cadherin. Expression of E-cadherin has been reported to be suppressed
by HDACs [9-11]. Therefore, inhibition of HDACs by HDACi is, in theory, expected to reverse the
repression of E-cadherin. But controversy remains around the mechanisms through which HDACi
affect the EMT. Several studies have reported reversal of EMT while others have observed induction
of EMT in different types of solid tumours including cholangiocarcinoma, prostate, lung, ductal
pancreatic and breast, to name a few, using different classes of HDACi [6,12-16]. Similarly, in breast
cancer, conflicting reports exist on the effect of the different HDACI, including SAHA, on migration
and invasion [17-19]. Taken together, it is tempting to conclude that the role of EMT is dependent on
the type of cell and the class of HDACi used. Nevertheless, the role EMT in breast cancer metastasis
has been brought under question and remains a matter of discussion [20].

Another point of ongoing discussions is the fact that radiation promote metastasis. Ample
evidence has supported that non-curative doses of photon radiation induce migration [21-31].
However, more recent reports suggest that the clinical significance of this process is small when
curative doses of radiation are given, but can be significant after non-curative doses of photon
radiation and in irradiated normal tissues [32]. The suggested mechanisms of radiation-induced
migration include vascular damage, presence of hypoxia, epithelial-mesenchymal transition,
cytokine expression and modulation of matrix-degrading enzymes [22,33-37]. Treatment with carbon
ion beams was subsequently suggested as one of the strategies to counteract malignant cell migration
and invasion after radiotherapy treatment [22]. Both carbon ion and proton therapies have a superior
dose distribution compared to X-rays that allows most of the dose to be delivered at the Bragg peak,
but carbon ions have an exit dose due to nuclear fragmentation [38]. Also, treatment centers that offer
carbon ion are very limited compared to proton treatment centers. Existing reports on the effect of
proton therapy on migration and invasion suggest that it is cell line dependent. For example, proton
irradiation induced migration and invasion in human glioma cells, but inhibited migration and
invasion in melanoma cells and HT1080 human fibrosarcoma cells [39—41]. All considered, the study
set out to determine the effectiveness of pan-HDAC inhibitor SAHA and multi-target inhibitor
CUDC-101 in reducing migration and invasion of MCF-7, MDA-MB-231 and MCF-10A breast cell
lines.
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2. Materials and Methods
2.1. Cell Cultures

MCEF-7 and MCF-10A (gifted by the Physiology Department, University of Pretoria) cells were
cultured in Dulbecco’s Modified Eagle’s Medium F-12 (DMEM-F12; Gibco™, Thermo Fisher
Scientific, Sandton, South Africa) and Ham’s F-12 (Gibco™, Thermo Fisher Scientific, Sandton, South
Africa) supplemented with 10% foetal bovine serum (FBS) (Gibco™, Thermo Fisher Scientific,
Sandton, South Africa), 100 pg/mL penicillin (Gibco™, Thermo Fisher Scientific, Sandton, South
Africa), and 100 ug/mL streptomycin for bacterial contamination. MCF-10A medium was further
supplemented with epidermal growth factor (EGF) (20 ng/mL final concentration) (Gibco™, Thermo
Fisher Scientific, Sandton, South Africa) and hydrocortisone (0.5 mg/mL final concentration) (Sigma-
Aldrich, St. Louis, MO, USA).

MDA-MB-231 cells (gifted by the Department of Natural Sciences, University of Western Cape)
were cultured in Roswell Park Memorial Institute (RPMI) 1640 (Gibco™, Thermo Fisher Scientific,
Sandton, South Africa) supplemented with 10% FBS, 100 ug/L penicillin and 100 pg/mL streptomycin
(Sigma-Aldrich, St. Louis, MO, USA).

All cell lines were cultured in T275 or T75 cell culture flasks (Thermo Fisher Scientific, Sandton,
South Africa) under standard conditions in a humidified incubator at 37 °C, 5% CO2 (Forma series 3
water jacketed incubator, Thermo Fisher Scientific, Waltham, MA, USA). Cell growth was assessed
over 24 h intervals and sub-cultured once 80% confluence was reached.

2.2. Histone Deacetylase Inhibitors

SAHA (molecular weight of 264.32) and CUDC-101 (molecular weight of 434.49) Figure 1, were
purchased from Sigma Aldrich (Sigma-Aldrich, Missouri, USA) and 1 mM stock solution was
prepared according to the manufacturer’s instructions (5 mg of CUDC-101 was resolved in 11.5077
mL dimethylsulfide (DMSO) (Biotechnology Hub, Johannesburg, South Africa) and stored at-20° for
short term storage and at -80° for long term storage.
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Figure 1. Molecular structures of SAHA (a) and CUDC-101 (b).

2.3. Irradiations

Photon irradiations were performed using the 250 kVp X-Rad 320 unit (Precision X-ray,
Madison, WI, USA) at a mean dose rate of 0.69 Gy/min at a Source Surface Distance (SSD) of 50 cm.
Calibrations of the unit were performed according to the Technical Report Series-398 (TRS-398)
protocol, with a Farmer 117 chamber for which a chamber calibration factor has been obtained from
the National Metrology Institute of South Africa (NMISA).

Proton irradiations were performed at the Trento Institute for Fundamental Physics and
Application (TIFPA). An SOBP beam of 2.5 cm has been produced, as detailed in Tommasino et al.
through a 2D rang modulator applied to a beam with initial energy of 148 MeV/u and enlarged with
a dual ring system to a lateral profile maintaining a 98% dose uniformity across a 6 cm diameter. The
beam was calibrated with EBT gafchromic film and Markus chamber measurements. The cells were
exposed after 11 cm of solid water slabs, corresponding to 11.45 cm of water [42]. For both X-ray and
proton irradiations, cells were irradiated in 5 mL media in T25 flasks.
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2.4. Wound Healing Assays

Wound healing assays were performed using the 2 well cell culture-Insert (ibidi, Grafelfing,
Germany). Cells were harvested and seeded in each well of the inserts and allowed to attach and
reach 80% confluency. Cells were treated with ICs concentrations of the HDACi for 24 hours and
irradiated with protons or X-rays. Immediately after irradiation, the inserts were removed and
imaging using CytoSMART™ 2 live imaging system (Whitehead scientific, Cape Town, South Africa)
was done at Ohrs (immediately) and every 4 hours for 24 hours. Images were analysed using the
Image] processing software (Version 1.54i, National Institutes of Health, Bethesda, MD, United States
of America.

2.5. Trans-Well Invasion Assays

Cell invasion was assessed using 8pum pore trans-well inserts in 24 well plates (Greiner bio-one®,
North Carolina, United States of America). Geltrex basement matrix (Gibco, Thermo Fisher Scientific,
South Africa) was removed from freezer and thawed in ice in the fridge at 4-8°C. Geltrex (50ul) was
carefully added to the upper chamber of the insert using pre-cooled pipette tips and the plates were
incubated at 37°C for 30 minutes to allow the Geltrex to solidify. Cells were harvested using serum
free media and 5000 cells were seeded in the upper chamber of the insert. Complete media (600pl)
with 10% fetal bovine serum (FBS) were added at the bottom of the bottom wells of the 24 well plate
and the trans-well insert was placed in the media containing plate. The plates were incubated for a
further 24 hours at 37°C to allow cell invasion. After 24 hours, trans-well inserts were washed in PBS
and cells were fixed with 4% paraformaldehyde (Merck Life Sciences, Johannesburg, South Africa)
and stained using 2% crystal violet (Inqaba Biotechnical Industries, Pretoria, South Africa). Cells that
did not invade were carefully removed from the upper chamber using a wet cotton swab and the
inserts were allowed to dry for a minimum of 24 hours. Four quadrants of the inserts were imaged at
10X magnification using the CytoSMART™ 2 live imaging system (Whitehead Scientific, Cape Town,
South Africa).

2.6. Statistical Analysis

Statistical analysis was performed using Graphpad Prism version 10.2. All data was expressed
as the mean the mean + SD of three independent experiments (n=3). Statistical significance was
determined using two-tailed Student’s t-test, and p < 0.05 was considered statistically significant.

3. Results

Wound healing (migration) and trans-well invasion assays were performed to assess the effect
of HDACi SAHA and CUDC-101 on the migration and invasion capacity of MCF-7, MDA-MB-231
and spontaneously immortalised MCE-10A cell lines. Cells were treated with half maximal inhibitory
concentration (ICso) concentrations of SAHA or CUDC-101 and 24 hours after drug treatment; cells
were irradiated with either 2Gy or 6Gy X-rays or protons. In the MCE-7 cell line at 16 hours post
treatment, significantly increased migration was seen after treatment with SAHA monotherapy
compared to the untreated control (p = 0.0008). Significantly increased migration was also evident in
SAHA pre-treated cells after 2Gy (p = 0.0016) and 6Gy (p = 0.0018) protons, as well as after 2Gy (p =
0.0005) and 6Gy (p = 0. 0341) X-rays (Figures 1 a and b). Similarly, from the results of the trans-well
invasion assays, compared to X-ray alone, a significantly increased number of invaded cells were
seen in SAHA pre-treated cells after 2Gy (p = 0.0091) and 6Gy (p = 0.0088) respectively. A non-
significant difference in the number of invaded cells was observed in cells treated with SAHA and
2Gy proton (p = 0.24) or 6Gy protons (p = 0.2979) (Figures 1 c-d). Taken together, the results suggest
that SAHA increases migration and invasion in the MCF-7 cell line. Treatment with protons alone
statistically significantly reduced migration compared to combination treatment of protons and
CUDC-101 with p = 0.0054 and p = 0.0018 after 2Gy and 6Gy protons respectively. Treatment with
protons also statistically significantly reduced migration compared to X-rays with p =0.0014 and p =
0. 0017 after 2Gy and 6Gy respectively. A similar pattern of results was seen after combination
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treatments where significant reduction in migration was seen in CUDC-101 pre-treated cells after
treatment with 2Gy protons compared to 2Gy X-rays (p = 0.0115, as well as after 6Gy protons
compared to 6Gy X-rays (p = 0.0454). Reduction in migration in the proton-irradiated cells was still
evident at 24 hours post treatment (Figures 1a-b). The latter result suggests that proton irradiation
alone reduces migration and invasion to a greater degree compared to the combination treatment of
protons and CUDC-101 in the MCEF-7 cell lines. Representative images are shown in Figures 1(e)-(f).
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Figure 1. Effect of SAHA and CUDC-101 on migration (a)-(b) and invasion (c)-(d) of MCF-7 cells.
Representative images are showed in (e) and (f). Samples were treated with SAHA (1.2uM) and
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CUDC-101 (0.3uM) and irradiated with either protons or X-rays. Histograms show the mean + SD of
three independent experiments, (n=3). Comparisons were conducted using unpaired two-tailed
Student t test, p < 0.05 was considered significant.

In the MDA-MB-231 cell line, significantly reduced migration was observed after treatment with
CUDC-101 monotherapy compared to either proton irradiation (p = 0.0056) or X-rays (p = 0.0072).
Compared to radiation alone, significantly reduced migration was seen after combination treatment
of CUDC-101 and 2Gy protons (p = 0.0183) or 6Gy protons (p = 0.0095), as well as after 2Gy X-rays (p
=0.0015) and 6Gy X-rays (p = 0.0115 (Figures 2a-b). Contrary to the observations made in the MCF-7
cell line, proton irradiation (2Gy or 6Gy) alone did not reduce migration (Figure 2 a-b). Comparison
of migration after 2Gy protons and combination treatment of SAHA and 2Gy protons yielded a non-
significant result (p = 0.571). However, a significant reduction in migration was seen when SAHA
was combined with 2Gy X-rays (p = 0.0022), 6Gy X-rays (p = 0.004) and 6Gy protons (p = 0.0066).
Taken together, the results highlight the effect of CUDC-101 in reducing migration as monotherapy
or in combination with X-rays. Also, the results suggest that SAHA augments the effect of X-rays in
reducing migration but does not augment the effect of protons. Reduction in migration was evident
at 24 hours after treatment with CUDC-101 alone, 2Gy X-rays and CUDC-101 as well as with 2Gy X-
rays and SAHA (Figures 2 a-b). These observations were, however, not supported by the results of
the trans-well invasion assay. Nevertheless, a significant difference in the number of invaded cells
was seen after treatment with SAHA and 6Gy protons compared to protons alone (p=0.0294).

In the MCF-10A cell line, treatment with CUDC-101 alone significantly reduced migration
compared to the control (p = 0.0032). This observation was supported by the results of the trans-well
invasion assays which showed significantly reduced number of invaded cells after treatment with
CUDC-101 compared with the control (p = 0.0373). Proton irradiation alone also significantly reduced
migration compared to X-rays, p = 0.0002 and p = 0.0005 after 2Gy and 6Gy, respectively. However,
the results of the trans-well invasion assay showed a non-significant difference between protons and
X-rays, p = 0.3629 after 2Gy and p = 0.1400 after 6Gy protons. Compared to radiation alone,
combination treatment of both HDACi and proton irradiation (2Gy or 6Gy) yielded a non-significant
result, p =0.2598 and p = 0.0.0712 in SAHA and CUDC-101 pre-treated cells, respectively, suggesting
that addition of both HDACi did not enhance the effect of protons in reducing migration. A
significant difference in the number of invaded cells was observed after combination treatment of
both HDAC] and X-irradiation, p = 0.0295 and p = 0.0012 in SAHA and CUDC-101 pre-treated cells
respectively. Similarly, at higher doses (6Gy), pre-treatment with both HDACi significantly reduced
migration when combined with X-rays, p=0.0064 and p =0.0027 in SAHA and CUDC-101 pre-treated
cells, respectively.

MCE-7 and MCF-10A were co-cultured, pre-treated with SAHA or CUDC-101 and irradiated
with 2Gy or 6Gy X-rays. Wound healing assays were performed 24 hours after drug treatment.
Comparison of the untreated controls at 16 hours showed increased migration (wound closure) when
MCEF-7 and MCEF-10A cells were co-cultured compared to the untreated control of MCEF-7 cells (p =
0.0134). Comparison of the untreated co-culture control to the untreated control of the MCF-10A
yielded a non-significant result (p = 0.3858). The result implies that the increased migration observed
with the co-seeding might be due to increased migration of the MCF-10A rather than the MCF-7 cells.
Compared to 2Gy X-rays alone, decreased migration was seen in HDAC] pre-treated cells with p =0.
0013 and p = 0.0099 in SAHA and CUDC-101 respectively. Increased migration was seen after 6Gy
doses compared to lower doses (2Gy); complete wound closure occurred before 16hrs (Figure 4 a-b).
At 8 hours post irradiation with 6Gy X-rays, significantly reduced migration was observed compared
to combination treatment of 6Gy X-rays and SAHA (p = 0.0439). However, treatment with 6Gy X-rays
and CUDC-101 showed significant reduction in migration compared to 6Gy X-rays (p = 0.0259). The
former result suggests that increased migration might be from SAHA treated MCF-7 cells. The
reduced migration seen after CUDC-101 might be due the effect of CUDC-101 on MCF-10A cells
(Figure 4a-b).
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Figure 2. Effect of SAHA and CUDC-101 on migration (a)-(b) and invasion potential (c)-(d) of MDA-
MB-231 cells. Representative images are showed in (e) and (f). Samples were treated with SAHA
(2uM) and CUDC-101 (0.6uM) and irradiated with either protons or X-rays. Histograms show the
mean + SD of three independent experiments (n=3). Comparisons were conducted using unpaired
two-tailed Student f test where p < 0.05 was considered significant.
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Figure 3. Effect of SAHA and CUDC-101 on migration (a)-(b) and invasion potential (c)-(d) of MCE-
10A cells. Representative images are showed in (e) and (f). Samples were treated with SAHA (6.3uM)
and CUDC-101 (2.7uM) and irradiated with either protons or X-rays. Histograms show the mean *
SD of three independent experiments, (n=3). Comparisons were conducted using unpaired two-tailed
Student t test, p < 0.05 was considered significant.
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Figure 4. Effect of SAHA and CUDC-101 on migration (a) and invasion potential (b) of co-cultured
MCEF7 and MCEF-10A cells. Representative images are showed in (e) and (f). Samples were treated
with of SAHA (2uM) and CUDC-101 (0.6uM) and irradiated with either protons or X-rays.
Histograms show the mean * SD of three independent experiments (n=3). Comparisons were
conducted using unpaired two-tailed Student ¢ test, p < 0.05 was considered significant.

4. Discussion

Migration of tumour cells is a required for invasion and metastasis [43]. Migration is facilitated
by the dynamic process of epithelial mesenchymal transition (EMT). The effect of HDCAi on EMT in
different solid tumours, remains a matter of discussion. Several reports supported the notion that
HDAC: inhibits migration and invasion in human breast cell lines including MCF-7, MDA-MB-231,
BT549 and rat breast cell lines (MT-450 [44,45]. Chiu et al. also reported inhibition of migration in 4T1
breast cancer cells after treatment with 600nM SAHA [46]. In another study, SAHA was observed to
significantly inhibit leptin stimulated migration in MCF-7 and MDA-MB-231 cell lines [47]. To the
contrary, Wu et al. observed that SAHA induced EMT via HDAC8/FOXA1 and promoted migration
in MDA-MB-231 and BT549 breast cells [18]. In a recent study by Hu et al. treatment with 2.5 and 5
uM SAHA and LBH589 were reported to promote migration in BT549 and MDA-MB-231 breast cell
lines by elevating the pro-metastasis gene NEDD9 [19]. The authors concluded that monotherapy
with pan-HDACi should be avoided in breast cancer [19]. Further, in a phase II trial, SAHA
monotherapy failed to show success in 14 patients with metastatic breast cancer [48]. The results of
this Phase II trial are congruent with the findings of the later studies. To that effect, in the current
study, SAHA was combined with proton or X-radiation. Treatment with 1.2uM SAHA was observed
to increase migration and invasion in the MCF-7 cell line when used as monotherapy but not in the
MDA-MB-231 cell lines as reported by Hu et al. [19]. The migration promoting effect of SAHA was
also evident when SAHA was combined with X-rays but was repressed when SAHA was combined
with protons (Figures 1a-d). Further, in the MCE-7 cell line, proton irradiation alone (2Gy and 6Gy)
inhibited migration more effectively than combination therapy with either SAHA (p=0.0016) or
CUDC-101 (p= 0.0053) after 2Gy and p= 0.0018 and p=0.0044 after 6Gy. Indeed, the migration
inhibiting capacity of protons was previously reported in the MCF-7 and MDA-MB-231 cell lines
[40,41,49].

Contrary to the observations made in the MCF-7 cell line, at lower doses (2Gy), protons
irradiation alone did not reduce migration in the MDA-MB-231 cell line, Figure 2a. However,
significant reduction was seen after 6Gy protons. This result agrees with previous studies that
reported a dose-dependent inhibition of migration by protons in the MDA-MB-231 cell line [49,50].
In opposition to the observations of Wu et al. and Hu et al. that reported increased migration after
SAHA treatment, in the MDA-MB-231 cell line, SAHA modestly inhibited migration when used as
monotherapy and when combined with X-rays (Figures 2 a-d). This observation is in line with the
observations from our previous paper where we reported increased y-H2AX foci retention at 24
hours post irradiation after treatment with 2Gy X-rays and SAHA [51]. The MDA-MB-231 cell line
possess a mesenchymal phenotype and express low levels of E-cadherin[5]. Consistent with this,
Wang et al. reported a slight increase in E-cadherin that indicates reversal of EMT in SAHA-treated
MDA-MB-231[5]. Furthermore, Shah et al. also reported reversal of EMT through reversal of
repression of E-cadherin in the MDA-MB-231 cell line [17]. Taken together, the latter studies also
support the modest inhibition in migration that was observed in the current study. Notwithstanding,
in the triple negative cell line MDA-MB-468, although SAHA inhibited migration, mesenchymal
marker N-cadherin was observed to be overexpressed [6]. This brings into question whether EMT
markers alone can provide a reliable measure of migration and invasion capacity [52]. This could also
explain the conflicting reports when SAHA is used in triple negative breast cell lines. In both the
MCF-7 and MDA-MB-231 repression of migration by protons has been associated with reduction in
cyclooxygenase-2 (COX-2) and matrix metalloproteinase-9 (MMP-9 [49,53]. Indeed, molecular
profiling of MCE-7 cells after proton irradiation revealed increased sensitivity of this cell line to
proton irradiation compared to MDA-MB-231 and MCF-10A cell lines [54]. This is in line with the
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observed sensitivity to 2Gy protons as well as 6Gy in the current study, Figure 1a. COX-2 has been
found to be overexpressed in a number of tumour types including breast tumour [49,55-57]. In the
MCEF-10A cell line, significant reduction in migration was seen after proton irradiation alone (Figures
3 a-d). Although previous reports indicated that HDACi have little effect on normal cells due to active
G2 checkpoint which is defective in malignant cells, modest reduction in migration was seen when
SAHA was combined with X-rays in the current study (Figures 3 a-d) [13,58-61].

CUDC-101 is a multi-target inhibitor of HDACs, EGFR and human epidermal growth factor
receptor 2 (HER2). Data on CUDC-101 in breast cancer is very limited. Schlaff et al. reported
inhibition of HER2, EGFR and HDAC in MDA-MB-231 cells after treatment with 0.5uM CUDC-101
[62]. In the current study, reduction in migration and invasion were observed after 2Gy protons
combined with CUDC-101 in the MCF-7 cell line. In the MDA-MB-231 cell line, significantly reduced
migration was observed after monotherapy with CUDC-101 and 2Gy X-rays combined with CUDC-
101 (Figure 2 a-d). The reduction in migration after treatment with CUDC-101 in the MDA-MB-231 is
thought to be due to inhibition of EGFR [63,64]. In support, Wang et al. also observed significant
increase in E-cadherin after treatment with CUDC-101 compared to treatment with SAHA in MDA-
MB-231 cell line [5]. In the MCF-10A cell line, reduced migration was observed after CUDC-101
monotherapy, as well as after combination therapies in CUDC-101 pre-treated cells. (Figure 3a, b).
Previous studies had alluded that HDACi have little effect on healthy cells. Most of these studies
were conducted with SAHA which is a pan-HDACI. The effect of CUDC-101 in the MCF-10A cell line
could also be attributed to inhibition of EGFR, which is crucial for maintenance of MCF-10A cell line
[65]. The reduced migration in MCF-10A cell line implies increased side effects in clinical practice.

Previous reports have indicated that the migration capacity of malignant cells is influenced by
the presence of normal cells [66]. To that effect, MCF-7 and MCF-10A cells were co-cultured and
treated with HDACi or X-rays as well as combination treatment of HDACi and X-rays. In general,
increased migration was observed compared to when the MCE-7 or MCF-10A cells were cultured
individually (Figures 4 a-b) The MCF-10A showed increased migration speed towards the MCE-
7(Figure 3 a-b). The observed differences in migration speed between the MCF-7 and MCEF-10A cells
could be explained by the facts that MCEF-7 has lower metastatic potential, and low migration speed.
Also, the differences in basal adenosine triphosphate (ATP) between these cell lines are different.
Normal cells have higher levels of ATP, which is needed for migration, whereas in malignant cells,
ATP production is reduced due to the Warburg effect [66].

5. Conclusions

Metastasis is a complex multi-step process, and despite extensive research, efficacious therapies
are yet to be found. The focus of most studies on HDAC] has been placed on their ability to enhance
radiation response, as well as in unraveling the mechanisms that underlie their radiation enhancing
effect. The current study explored the systematic effects of HDACi when combined not only with X-
rays but also with protons. The results highlighted that although pan-HDACi SAHA was previously
proved to enhance radiation response, the observed in vitro migration promoting effects in the MCEF-
7 cell line, nullifies the previously reported benefits. The observed migration and invasion reducing
capacity of proton irradiation alone in both malignant MCF-7 and MDA-MB-231 cell lines at 2Gy
dose, which is commonly used in clinical, is encouraging in light of the increasing number of protons
centers around the world. Also, the migration inhibiting effect protons higher doses (6Gy), bears
relevance to the hypofractionation schedule, which is increasing in use in the treatment of breast
cancers. Of note is also the significant reduction in migration seen in the normal MCF-10A, which
infers slower wound healing in normal tissues. The results also highlighted the potential of CUDC-
101 either as monotherapy or in combination with radiation, as therapeutic strategy in reducing
metastasis in triple negative breast cancers. The results of this in vitro study needs to be validated in
in vivo studies.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: Representative images for apoptosis profiles; Figure S2: Representative
images of the cell cycle profile after different treatment conditions.
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