
 
 

 

Faculty of Health Sciences 

School of Health Care Sciences  

Department of Radiography 

 

Radiosensitising efficacy of histone deacetylase inhibitors CUDC-
101 and SAHA in breast cell lines 

 
Thesis in publication format for PhD (Radiography) 

 
Student name: Elsie Neo Seane 

 
Student number: 04309510 

 
Supervisor: Prof AM Joubert 
Department of Physiology, School of Medicine 
Faculty of Health Sciences 
University of Pretoria 
Pretoria 
South Africa 
 
Co-supervisors:  
Dr C Vandevoorde  
GSI Helmholtzzentrum für Schwerionenforschung,  
Department of Biophysics 
Germany 
 
Dr S Nair  
Radiation Biophysics Division 
NRF iThemba LABS 
Cape Town 
South Africa 
Date: 19 November 2024 
 



i 
 

Declaration 

I, Elsie Neo Seane, student number 04309510 hereby declare that: 

1. this thesis, “Radiosensitising efficacy of histone deacetylase inhibitors CUDC-

101 and SAHA in breast cell lines,” is submitted in accordance with the 

requirements for the Doctoral degree in Radiography (Radiation Therapy) at 

University of Pretoria. 

2. I understand what plagiarism is and am aware of the University’s policy in this 
regard. The Thesis is presented in the form of manuscripts that have been 
published, therefore Turn-it-in report is not included. 

3. I declare that this thesis is my own original work. Where other people’s work 
has been used (either from a printed source, Internet or any other source), this 
has been properly acknowledged and referenced in accordance with 
departmental requirements. 

4. I have not used work previously produced by another student or any other 
person to hand in as my own. 

5. I have not allowed and will not allow anyone to copy my work with the intention 
of passing it off as his or her own work. 

6. I declare that I did not use artificial intelligence (AI) tools neither in the 
preparation of presented manuscripts nor in the preparation of the thesis. 

___________________________________ 

Elsie Neo Seane 

 

Witness  

Dr Aladdin Speelman 

19 November 2024 

  



ii 
 

Ethics Statement 

 

The author, Elsie Neo Seane, whose name appears on the title page of this 
dissertation, has obtained, for the research described in this work, the applicable 
research ethics approval. 
 
The author declares that she has observed the ethical standards required in terms 
of the University of Pretoria’s Code of ethics for researchers and the Policy guidelines 
for responsible research. 
 
Ethics Number: 689/2021 

 

Ethics clearance certificates for years 2022- 2024 are included as Annexure A 
  



iii 
 

Dedication 

I dedicate this research to: 

● My late family, my mother Galeboe Margaret Seane, and my sisters Ditshebo 

Khutswane, Seasebeng “Summer” Seane and Kelebogile Seane.  

 

“When you all left me one after the other in a short space of time, I asked 

God to also take me rather than to leave me alone, but the answer I got 

was that my purpose is not yet served. They say time heals all wounds, but 

my wounds are too deep to heal. Will forever be in my heart” 

 
● All the women who have succumbed breast cancer, particularly my aunt Mary 

Mogapi who passed on from metastatic breast cancer while the study was in 

progress.  

 

 

 

 

 



iv 
 

Acknowledgements 

To have achieved this milestone in my life, I would like to express my sincere gratitude to 

the following people: 

● Prof Annie Joubert, my supervisor who provided me the strength, knowledge and 

perseverance to complete this study. Most importantly, the warmth and love of a mother 

figure that she radiates; 

● Dr Charlot Vandevoorde and Dr Shankari Nair, my co-supervisors, for their guidance, 

invaluable advice, expertise and inspiring motivation during difficult times during the 

study; 

● The management of NRF iThemba laboratories and the Radiobiology laboratory 
team. This project could not have been completed without the support, particularly 

support to access and to complete the proton experiments in Trento; 

● Dr Alessandra Bisio from Cellular, Computational and Integrative Biology (CIBIO) 

laboratory (Italy) and the staff of Trento Institute of fundamental Physics and application 

(TIFPA) proton facility for hosting us and going an extra mile to support us to complete 

all the proton irradiations and laboratory work; 

● Peter Du Plessis, my laboratory partner and friend. They say choosing a lab partner is 

more important than choosing a life partner, and I agree. You were there from the 

beginning to the end, and most importantly you made me laugh through the challenges 

of the journey; 

● Aladdin Speelman, Valdiela Daries and Rika and Victor Boshoff, my support 

system, I couldn’t have done it without your encouragement, and continued love and 

support; 

● Kopano Seane, my daughter who had to keep up with my moods during this challenging 

journey; 

● Last, but not the least – Funders, Department of Higher Education and Training (IQP 

grant and USDP grant) and NRF iThemba Laboratories. 

 

 



v 
 

Abstract 

Introduction: Photon-based radiation therapy remains to be an important treatment 

modality in the management of breast cancers. However, proton therapy has attracted a lot 

of interest due to the ability to reduce dose to healthy tissues. It is rapidly evolving as a 

radiation therapy tool for women with left-sided breast cancer in order to limit unnecessary 

dose to the heart and reduce the risk of long-term cardiac morbidity. In addition to the 

evolution in radiation therapy modalities, increasing evidence shows that histone 

deacetylase inhibitors (HDACi) are able to sensitise cancer cells to ionising radiation with 

little effect on healthy cells. Studies on radiosensitising capabilities of HDACi in combination 

with proton irradiation remain limited. To date, the published manuscripts presented in this 

thesis were the first to be published on radiosensitising capabilities of HDACi in combination 

with proton therapy in breast cell lines.  

Aim and hypothesis: The study aimed to compare in vitro radiosensitising capacities of 

two different HDACi, suberoylanilide hydroxamic acid (SAHA) and CUDC-101, to photon 

and proton irradiation in multiple breast cell lines. CUDC-101 is an inhibitor of histone 

deacetylases (HDACs), epidermal growth factor receptor (EGFR) and human epidermal 

growth factor receptor 2 (HER2) and was therefore expected to be a more effective 

radiosensitiser than SAHA.  

Research design: The study followed a factorial experimental design with three main 

effects (HDACi, cell types, radiation types) with three repeats and 180 observations. 

Methods: MCF-7, MCF-10A and MDA-MB-231 human breast cell lines were utilised to 

conduct cell proliferation, clonogenic survival, gamma-Histone subtype H2A isoform X (γ-

H2AX), cell migration, apoptosis and cell cycle analysis assays. Cells were pre-treated with 

HDACi and each sample irradiated at room temperature with varying doses of 184 MeV 

proton irradiation or 250Kvp X-rays. Data analysis was conducted using Graphpad Prism 

software. For statistical analysis, unpaired Student t-tests were used to test for significance. 

Testing was done at the 0.05 level of significance.  

Significance of the study: The study contributes new knowledge on HDACi-mediated 

sensitisation of breast cell lines to proton irradiation. The results highlighted the role of 

CUDC-101 as a potent radiosensitizer and a promising strategy to mitigate breast cancer 

metastasis. The results also add to the ongoing efforts to clarify the mechanisms that 

underlie the radiosensitising effects of HDACi particularly to proton irradiations.  
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Results: Both HDACi, SAHA and CUDC-101 are able to enhance the radiation-induced 

cytotoxicity in the MCF-7 and MDA-MB-231 breast cancer cell lines when combined with 

either X-rays or protons. In the triple negative MDA-MB-231 cell line, increased DNA DSB 

induction and retention following treatment with CUDC-101 or SAHA monotherapy and in 

combination treatments with 2Gy protons or X-rays. An unexpected finding in the study was 

the increase in migration and invasion after SAHA treatment in the MCF-7 cell line, whereas 

both SAHA and CUDC-101 reduced migration and invasion in the triple negative MDA-MB-

231 cells. 

Key terms /concepts: histone deacetylase inhibitor, radiosensitising efficacy, photon 

therapy, proton therapy, metastasis and relative biological effectiveness  
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CHAPTER 1: INTRODUCTION 

1.1 BACKGROUND AND CONTEXT 

Breast cancer remains the most common cancer in females in sub-Saharan Africa1-3 and the 

second leading cause of death in females worldwide.4 Majority of breast cancer deaths are 

attributed to metastasis.5 Despite improved detection and treatment facilities in South Africa 

as compared to other sub-Saharan African countries, overall survival rates remain to be low 

with 5-years expected survival of 50%.4, 6 The South African National Department of Health’s 

breast cancer treatment guidelines (2018) recommends surgery, radiation therapy and 

systematic therapy as the main treatment modalities, and all are offered in public and private 

health care systems.3, 6  Data from randomised clinical trials has indicated that giving radiation 

therapy post- breast conserving surgery improves long term local control and overall survival 

with good cosmetic outcomes as compared to mastectomy.7   

 

Although breast cancer irradiation using megavoltage (MV) photons is widely available and 

has improved treatment outcomes, it is also associated with late effects such as secondary 

malignancies and cardiopulmonary toxicities which can impact on overall survival.4 Proton 

therapy is a form of particle radiation therapy with unique physical characteristics as illustrated 

in Figure 1.4, 8 Proton therapy allows conformal irradiation of the tumour with a low entrance 

dose and low doses to the normal tissues proximal to the tumour, while there is no dose 

deposited beyond the Bragg peak. This allows significant dose reduction for surrounding 

normal tissue and organs at risk (OAR) compared to conventional photon-based radiotherapy.   

 
Figure 1: Physical Depth dose curve for MV photons is shown in red. The solid blue and 

dashed blue lines represent proton Bragg peak and proton spread-out Bragg peak, 

respectively.9  
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In terms of biologic effectiveness, both X-rays and protons are classified as low linear energy 

transfer (LET) types of radiation, and have comparable relative biological effectiveness (RBE) 

values.10,11 RBE is a concept that compares the different biological activities of particle therapy 

such as carbon ions and protons to that of X-rays when the same physical dose is used.12 

Previously, a standard RBE value of 1.1 was assumed for protons, however, growing evidence 

supports that the RBE of protons differs under different circumstances such as cell line, proton 

beam energy, dose per fraction and chemotherapeutic or targeted therapy agents used.11-13 

This lends support to the fact that proton RBE values should be determined for different cell 

lines and for different therapy combinations.  

 
Evidence from pre-clinical studies has revealed that the combination of radiation and histone 

deacetylases inhibitors (HDACi) results in increased cell kill in a number of cell lines including 

lung, colon and breast, to name a few.14-24 To date, five HDACi SAHA (generic name 

vorinostat), belinostat, panabinostat, chidamide, romidepsin have been approved by the Food 

and Drug Administration (FDA) for cancer therapy.25, 26 More than 20 different HDACi are in 

different phases of clinical trials as monotherapy for melanoma, prostate, glioma, colon, non-

small cell lung cancer (NSCLC), osteosarcoma and breast in combination with other 

deoxyribonucleic acid (DNA) damaging agents.27 HDACi are classified into several classes 

according to their chemical structure namely benzamides (e.g. chidamide, entinostat), 

hydroxamic acids (e.g. SAHA, belinostat, panabinostat, CUDC-101), cyclic tetrapeptides (e.g. 

romidepsin) and aliphatic acids (e.g. butyrate, valproic acid).17, 28 Of these classes, hydroxamic 

acids is the main class that has been used and continues to be used in most studies.29 

Hydroxamic acids are preferred as they inhibit a broad range of histone deacetylases (HDACs) 

(HDACs1-11), and they can cause cellular effects at low (nM) concentrations.27 HDACi can 

also be classified into pan-HDACi that can inhibit all HDAC classes (e.g. SAHA), selective 

HDACi, that targets a specific HDACs and multi-target inhibitors that inhibit HDACs and other 

targets (e.g. CUDC-101). 

 
When used as monotherapy, HDACi have shown promising therapeutic outcomes in 

haematological malignancies such as leukaemia, multiple myeloma and lymphoma, with 

disappointing results in solid tumours.25-27, 30, 31 The molecular basis for the poor clinical 

outcomes in solid tumours are still unclear, but are thought to be due to the short drug half-life 

of HDACi which leads to poor drug distribution, poor HDAC isoform selectivity, and poor 

patient selection.25, 27 As a result, combination therapies either with radiation or other DNA 

damaging agents have been suggested as ideal strategy to improve their efficacy in solid 

tumours.17, 26, 30 
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The radiosensitising capabilities of HDACi using photon irradiation has been assessed in a 

number of pre-clinical and clinical studies. Evidence from pre-clinical shows that different 

classes of HDACi are able to sensitise tumour types such as melanoma, metastatic breast, 

prostate, colorectal, head and neck squamous cell, non-small cell lung cancers and 

glioblastoma mutliforme to photon irradiation.14, 32-36 As an example, in a pre-clinical study by 

Moertl et al36 the radiosentising effect of multi-target HDACi CUDC-101, was compared with 

SAHA in human pancreatic tumour cell lines. Enhancement of radiation-induced cytotoxicity 

was observed with both HDACi. CUDC-101 was, however, determined to be a more effective 

radiosensitiser than SAHA.36 The increased effectiveness of CUDC-101 could be attributed to 

inhibition of epidermal growth factor receptor (EGFR) which is often overexpressed in 

pancreatic tumours.37 The study was conducted using photons.  

 

In an in vitro study by Schlaff et al38 CUDC-101 was reported to enhance sensitivity of 

glioblastoma cells and an MDA-MB-231 cell line to photon irradiation with no effect on normal 

fibroblasts. The in vitro study was followed by an in vivo study and the results of the in vitro 

study could not be replicated in vivo due to high toxicity. This is in contradiction to an earlier 

in vivo study by Bashnagel et al21 where mice implanted with MDA-MB-231 breast cells using 

intracranial implant models were treated with SAHA and photon irradiation. The authors 

reported that SAHA and photon irradiation had a greater additive effect on tumour growth 

delay with minimal signs of toxicity.21 The discrepancy in the results of the two studies might 

be due to the fact that CUDC-101, which was hypothesised to be a more effective 

radiosensitiser than SAHA in the current study, was used in the study by Schlaff et al.38 In 

another in vitro study, Chiu et al20 investigated the anti-cancer effects of SAHA combined with 

photon radiation using MCF-7 and MDA-MB-231 breast cancer cell lines. The study reported 

SAHA in combination with photon radiation as having an increased therapeutic efficacy 

compared to either treatment alone.20  
 
A small number of Phase I clinical trials have also been conducted to establish the maximum 

tolerated dose of HDACi SAHA and panabinostat in combination with photon irradiation in the 

treatment of brain39, gastro-intestinal 40oesophagus, head and neck, prostate41, refractory 

neuroblastoma.42 Results from Phase I studies revealed a daily dose of 300mg for SAHA to 

be well tolerated. Results of the trial using panabinostat have not been published. In Phase II 

study using SAHA and photon irradiation in non-small cell lung cancer, objective response to 

treatment could not be observed in any of the patients using the response evaluation criteria 

for solid tumours (RECIST). The authors highlighted that the RECIST criteria might not be 
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suitable in assessing the efficacy of targeted agents.43 Another Phase II study using 

combination of valproic acid, temozolomide and radiation therapy in glioblastoma tumours was 

shown to improve progression free survival from 19.3 months when using radiation therapy 

and temozolomide to 29.6 months when HDACi valproic acid combined with radiation therapy 

and temozolomide. 44 

Studies on the radiosensitising abilities of HDACi using particle therapy are still limited. SAHA 

increased the sensitivity of glioblastoma cell lines (LN18, U251)45, sarcoma and lung cell 

lines46 to irradiation with carbon ions as compared to irradiation with photon irradiation.11 In 

pre-clinical studies using proton irradiation, HDACi valproic acid enhanced sensitivity of 

hepatocellular carcinoma (HCC) Hep3B cells to proton irradiation as compared to photon 

irradiation by enhancing apoptosis and prolonged DNA damage induction.12 However, the 

homologous  recombination (HR) repair genes were not observed to be altered after proton 

irradiation.12 This is in contradiction to an earlier study where the HR pathway was found to be 

crucial for proton-induced DNA damage repair following treatment with SAHA in A549 lung 

cell line.47 These findings could suggest that choice of repair pathway is not only dependent 

on the type of radiation type used, but might be dependent on HDACi and cell line used. In a 

follow-up study, HDACi panabinostat was found to increase the RBE37 (RBE determined at 

37% cell survival) of protons from 1.33 to 1.44 and from 1.18 to 1.30 in HCC (Hep3Band Huh7) 

cell lines.11. The increase in RBE was attributed to the downregulation of Mcl-1 which in turn 

impaired the HR pathway. These first results indicate that more studies are needed to clarify 

the mechanisms of HDACi-mediated sensitisation to proton irradiation. 

 

1.2 PROBLEM STATEMENT 

Proton therapy has emerged as an exciting radiotherapy modality for breast cancer due to the 

ability to minimise dose to normal organs such as the lungs, heart, coronary arteries and to 

reduce chances of secondary malignancies.4 However, questions remain around the 

radiobiology of protons.48, 49 On the other hand, HDACi have also emerged as promising 

agents that can enhance radiation response and improve tumour control. Accumulating 

evidence from pre-clinical and clinical studies indicates that radiation therapy (protons or 

photons) may be a suitable combination modality with HDACi in a number of cancer types.11, 

18, 24, 50 Ample evidence exists to support the radiosensitising effect of HDACi SAHA in 

combination with X-rays on MCF-7, MDA-MB-231 and 4T1 cell lines 20, but combination 

treatments of HDACi, particularly CUDC-101 and particle therapies remain limited. Further, 

the molecular mechanisms that contribute to the radiosensitising effect of HDACi are poorly 

understood, particularly when combined with proton therapy.11  
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1.3 RESEARCH QUESTION(S), AIMS AND OBJECTIVES 

 
Aim of the study 
The study aimed to investigate in vitro radiosensitising efficacy of multi-target HDACi CUDC-

101 and pan-HDACi SAHA in malignant (MCF-7), spontaneously immortalised (MCF-10A) 

and triple-negative (MDA-MB-231) breast cancer cell lines. 

 

The objectives of the research study were  

1. to quantify relative cell survival upon treatment with different concentrations of HDACi 

(SAHA or CUDC-101), in combination with proton and photon irradiations;  

2. to quantify the proportion of cells in G1, S and G2/M phases of the cell cycle as a result of 

treatment with HDACi in combination with proton and photon irradiations; 

3. to quantify gamma-H2AX foci formation and retention post-treatment with HDACi in 

combination with proton and photon irradiations;      
4. to quantify the fraction of apoptotic cells after treatment with HDACi in combination with 

proton and photon irradiations and 

5. to determine cell migratory and invasion capacity post treatment with HDACi in combination 

with proton and photon irradiations. 

1.4 DEFINITION OF KEY TERMS / CONCEPTS  

Radiosensitising efficacy 

Conceptual definition: The relative ability of the pharmacological agent in increasing the cell’s 

susceptibility to damage by radiation.51 

 

Operational definition: Radiosensitising efficacy will be calculated at survival fraction of 10% 

(D10) using sensitisation enhancement ratio (SER). 11, 13, 46 

𝑆𝑆𝑆𝑆𝑆𝑆 =
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝑜𝑜 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝑟𝑟 𝑟𝑟ℎ𝑟𝑟𝑟𝑟 𝑟𝑟𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷 𝑟𝑟𝐷𝐷𝑐𝑐𝑐𝑐 𝐷𝐷𝑟𝑟𝑟𝑟𝑠𝑠𝑟𝑟𝑠𝑠𝑟𝑟𝑐𝑐 𝑟𝑟𝐷𝐷 10% 𝑤𝑤𝑟𝑟𝑟𝑟ℎ𝐷𝐷𝑟𝑟𝑟𝑟 𝐷𝐷𝐷𝐷𝑟𝑟𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷𝑟𝑟
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝑜𝑜 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝑟𝑟 𝑟𝑟ℎ𝑟𝑟𝑟𝑟 𝑟𝑟𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷 𝑟𝑟𝐷𝐷𝑐𝑐𝑐𝑐 𝐷𝐷𝑟𝑟𝑟𝑟𝑠𝑠𝑟𝑟𝑠𝑠𝑟𝑟𝑐𝑐 𝑟𝑟𝐷𝐷 10% 𝑤𝑤𝑟𝑟𝑟𝑟ℎ 𝐷𝐷𝐷𝐷𝑟𝑟𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷𝑟𝑟

  

(Eq.1) 
Relative biological effectiveness (RBE) 
Conceptual definition: The ratio of doses required of a reference type of radiation (photons) 

over a test type radiation (protons) to induce the same level of biological effect.11 
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Operational definition: RBE will be determined from data from clonogenic survival assays at 

survival fraction of 10% (D10) and 37% (D37).11, 13, 46  

𝑆𝑆𝑅𝑅𝑆𝑆 =
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝑜𝑜 𝑝𝑝ℎ𝐷𝐷𝑟𝑟𝐷𝐷𝑟𝑟 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝑟𝑟
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝑜𝑜 𝑝𝑝𝑟𝑟𝐷𝐷𝑟𝑟𝐷𝐷𝑟𝑟 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝑟𝑟

 𝑟𝑟ℎ𝑟𝑟𝑟𝑟 𝑟𝑟𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷 𝑜𝑜𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝑟𝑟 𝐷𝐷𝑜𝑜 𝐷𝐷𝑟𝑟𝑟𝑟𝑠𝑠𝑟𝑟𝑠𝑠𝑟𝑟𝑟𝑟𝑠𝑠 𝑟𝑟𝐷𝐷𝑐𝑐𝑐𝑐𝐷𝐷 𝑟𝑟𝐷𝐷 10% 

(Eq.2) 
Histone deacetylase inhibitor 
Conceptual definition: Chemical compounds that inhibit the action of histone deacetylases.15  

Operational definition: The inhibition capacity of the HDACi will be measured using by 

determining the half maximum inhibitory concentration (IC50).52  

 

Photon Therapy 
Conceptual definition: A type of ionising radiation therapy that uses electromagnetic radiation 

(x-rays or gamma rays).  X-rays are generated from a linear accelerator and gamma rays are 

emitted as radioactive Cobalt-60 source decays. 53 

 

Operational definition: Irradiation using photons causes DNA damage which results in 

abnormal cell function and cell death. Cell death will be measured by determining the fraction 

of cells that survive the different radiation doses.54 

 

Proton Therapy 
Conceptual definition: Type of radiation therapy that uses particles with an electric charge of 

+1 and mass of 1 atomic mass unit. Protons are generated in a cyclotron.53 

 

Operational definition:  Irradiation with protons causes DNA damage which results in abnormal 

cell function and cell death. The response of cells to protons irradiation will be measured by 

determining the fraction of cells that survive the different radiation doses.54 

1.5 SETTING 

The study was laboratory-based using human breast cell lines. All the X-ray experiments were 

conducted at Radiation biology section of iThemba Laboratory for Accelerators Based 

Sciences (LABS), Faure, Cape Town, South Africa (SA). Proton beam was generated at 

Trento Institute of Fundamental Physics and Applications (TIFPA), Azienda Provinciale per i 

Servizi Sanitari, Trento, Italy. All the proton experiments were conducted at the Department 

of Cellular, Computational and Integrative Biology (CIBIO) Laboratories, Via Sommarive, 9, 

Povo, 38123 Trento, Italy. 
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1.6 DELINEATION 

The study was limited to human breast cell lines (MCF-7, MCF-10A and triple-negative cell 

cancer line MDA-MB-231). The scope of the study was limited to treatments with two HDACi, 

SAHA and CUDC-101 in combination with two types of radiation, protons and X-rays. 

Experiments conducted were in vitro and results of the study cannot be extrapolated to in vivo.  

1.7 SIGNIFICANCE OF THE STUDY 

Proton therapy centres have increased exponentially and continue to increase across the 

globe and the use of proton therapy treatments for breast cancer is increasing, but limited data 

exist on the benefit of proton therapy in breast cancer.8 Also, since the discovery of HDACi as 

potential radiosensitisers, the focus of most studies has been on combination therapies of 

HDACi and X-rays. Therefore, this in vitro study presents new knowledge about the response 

of MCF-7, MDA-MB-231 and MCF-101A cell lines to proton irradiation, as well as the efficacy 

of HDACi SAHA and CUDC-101 in sensitising breast cell lines to proton and photon irradiation. 

The results are not limited to the local effects but also include new knowledge on the 

systematic effects of HDACi, either as monotherapy or in combination with both types of 

radiation. The study outcomes also contribute in clarifying the mechanisms that underlie 

HDACi-mediated radiosensitisation, particularly when combined with proton irradiation.  

1.8 OVERVIEW OF THE CHAPTERS 

Chapter One provides context to the study with respect to proton therapy, histone deacetylase 

inhibitors (HDACi) and existing knowledge on the combination therapies of HDACi and 

radiation. Chapter Two is presented in the form of a published literature review, according to 

specific journal format. An additional published literature review is included as Annexure B. 

The published papers highlight the known cellular effects of HDACi as well, the continuing 

ambiguities around their mechanisms of action, and applications of HDAC targeted imaging. 

The published literature also highlights the inconsistencies in the methods used in the previous 

studies, which has contributed to challenges in interpretation of existing data.  Chapter Three 

is also presented in the form of a published paper and addresses objectives 1- 4 using CUDC-

101. Chapter Four is presented in the form of a submitted manuscript (published in the pre-

prints) which addresses objective 5. Chapter Five presents a draft manuscript which is 

intended to be submitted in January 2025 and includes data for objectives 1- 4 using SAHA. 

Chapter Six contains the general discussions and summarises the publications presented and 

recommendations for future research are also highlighted.  
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1.9 CONCLUSION  

Chapter one provided the context to the study and highlighted the nature of the problem that 

motivated the study. The research question as well as the objectives that guided the study, 

were outlined. The key terms and concepts were defined to provide clarity to the reader. The 

study setting and the in vitro nature of the study were clarified, and the significance of the 

study was also highlighted. 
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CHAPTER 2: LITERATURE REVIEW 

 

Published Literature Review Article 1:  

Seane EN, Nair S, Vandevoorde C, Joubert A. Mechanistic Sequence of Histone Deacetylase 
Inhibitors and Radiation Treatment: An Overview. Pharmaceuticals (Basel). 2024 May 
8;17(5):602. doi: 10.3390/ph17050602. PMID: 38794172; PMCID: PMC11124271. 

Published Literature Review Article 2  
Everix L, Seane EN, Ebenhan T, Goethals I, Bolcaen J. Introducing HDAC-Targeting 
Radiopharmaceuticals for Glioblastoma Imaging and Therapy. Pharmaceuticals (Basel). 2023 
Feb 1;16(2):227. doi: 10.3390/ph16020227. PMID: 37259375; PMCID: PMC9967489.  
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1. Introduction 

Histone deacetylase inhibitors (HDACis) have attracted a lot of interest as potential 

radiosensitisers that have selective effects on malignant cells with little effect on healthy 

cells [1,2]. The radiosensitising capabilities of HDACis in combination with photon irradiation 

have been well studied [3–12], while studies in combination with proton and carbon ion 

irradiation remain limited [13–18]. The exact mechanisms that underlie the 

radiosensitisation potential of these drugs for both photons and particle types of radiation 

also remain a matter of research. The effect of HDACis on the DNA damage repair (DDR) 

pathways as well as the effect they have on chromatin structure have been suggested as 

the main mechanisms [19–24]. However, the temporal sequence of HDACis in combination 

with radiation, as well as the optimal duration of HDACi treatment during a radiotherapy 

course, remains an elusive subject. As a result, different administration times and 

sequences have been used in in vitro studies so far, which makes the interpretation of 

results complex. Data on HDACi and radiation treatment from clinical studies and clinical 

trials are very limited [25–28]. In this review, the cellular effects of HDACis as well as the 

proposed mechanisms of radiosensitisation by HDACis are briefly reviewed, followed by 

the review of temporal sequences of radiation and HDACis used in different in vitro studies. 

The durations of incubation with HDACis before or after radiation in these studies are also 

reviewed. 

2. Epigenetic Modulation by HDACs and HDAC Inhibitors 

During the process of malignant transformation in cells, genes that encode for his- tone 

acetyl transferases (HATs) can be amplified, translocated, or mutated leading to the 

inactivation of HATs. Consequently, histone deacetylase (HDACs) become overactive in 

malignant cells, resulting in the accumulation of deacetylated proteins. The overexpression 

of HDACs has been found in multiple human tumours such as lymphoma, prostate, gastric, 

leukaemia, colon, and breast [3,4,6–12,29]. HDACs have thus been recognised as promising 

targets to modify and reverse the aberrant epigenetic control in cancer cells [7]. HDACs are 

classified into four classes: Class I (HDACs 1, 2, 3, 8), Class II (HDACs 4, 5, 6, 7, 9, 10), 

Class III (Sirtuins 1-7), and Class IV (HDAC 11) [30]. To this effect, HDACis have emerged 

as anti-cancer agents aimed at reversing the aberrant histone modification control in tumours 

[20,31,32]. The inhibition of HDAC activity results in the accumulation of acetylated proteins 

leading to cellular effects such as cell cycle arrest, differentiation, altered gene expression, 

and the inhibition of angiogenesis, metastasis, and apoptosis in a cell-type-dependent 

manner, as shown in Figure 1 [31,33,34]. 
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Figure 1. Overview of the broad effects of HDAC inhibitors [35]. 

 

The mechanism of action of HDACis has been linked to the structure and class of HDACis. In 

brief, HDACis are classified according to structure into benzamides (e.g., chidamide and 

entinostat), hydroxamic acids (e.g., vorinostat (SAHA), belinostat, panabinostat, and CUDC-

101), cyclic tetrapeptides (e.g., romidepsin), and aliphatic acids (e.g., butyrate and valproic 

acid) [6,36,37]. Of these classes, hydroxamic acids are the main class that has been used and 

continues to be used in most studies [38]. Hydroxamic acids are preferred as they inhibit a 

broad range of HDACs (HDACs1-11), and they can cause cellular effects at low (nM) 

concentrations [37].  

 

Earlier studies proposed histone hyper-acetylation and subsequent alterations in gene 

expression to be the main mechanism through which HDACis mediate their antiproliferative 

effect. Histone acetylation was reported to increase at 6 h post-treatment, reaching a 

maximum between 24 and 48 h after treatment with HDACi MS-275 in prostate carcinoma 

(DU145) and glioma (U251) cell lines [4]. However, this hypothesis could not explain the high 

specificity of HDACis for tumour cells. Subsequently, the hyper- acetylation of non-chromatin 

and non-histone proteins involved in cell death, proliferation, cell migration, inflammation, 

angiogenesis, cell cycle control, and DNA repair were acknowledged [13,32,33]. HDACi-
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induced cell death is mediated by several mechanisms, including apoptosis, autophagy, 

necrosis, and cell cycle arrest in a cell-type-dependent manner [31,33,34]. 

 

2.1 HDACi-Induced Apoptosis and Autophagy 
The induction of apoptosis was initially recognised as the predominant mode of HDACi-

induced cell death [39–41]. A number of studies reported HDACi-induced apoptosis through 

both the intrinsic and extrinsic pathways [20,31–33,39,42–44]. In particular, the intrinsic 

(mitochondria-related) apoptotic pathway has been supported by many studies as the main 

pathway that is activated by HDACi [20,31,33,39,42–44]. In brief, HDACi increases the 

production of reactive oxygen species (ROS), which leads to the loss of mem- brane potential. 

The loss of membrane potential enables cytochrome c to be released from the mitochondria 

to the cytoplasm, leading to the activation of caspase 9 and initiation of apoptosis [45]. The 

activation of both p53-dependent and -independent apoptotic pathways post-HDACi treatment 

has been reported, which would be beneficial for the treatment of p53 mutant tumours [2]. The 

role of the extrinsic apoptotic pathway and caspase- independent pathways in HDACi-induced 

apoptosis have long been acknowledged but remain poorly understood [32,39]. However, a 

possible link between autophagy and the extrinsic apoptotic pathway has been reported [46]. 

It is possible that since autophagic cell death in cancer is not well understood, some 

autophagic cell death may have previously been attributed to caspase-independent apoptotic 

death [47]. 

 

The role of autophagy in cancer is complex and remains controversial [48]. Traditionally, 

autophagy was regarded as a cell death mechanism which eliminates damaged organelles, 

proteins, macromolecules, and breakdown products from cells, thereby suppressing tumour 

progression. Hence, autophagy was referred to as cell death type II [2]. Later evidence 

suggested that autophagy can also act as a cell survival mechanism to promote tumour growth 

[49]. A conceivable explanation of the dynamic nature of autophagy in cancer elucidated that 

the role of autophagy depends on the stage, type of tumour, and genetic pre-disposition of the 

tumour [2,49,50]. In the early tumour stages, autophagy plays a protective role by preventing 

the accumulation of damaged organelles and macro- molecules. In the late tumour stages, 

autophagy assumes the role of a survival mechanism by recycling degraded metabolites and 

counteracting the effect of chemotherapy treatment as well as oxygen and nutrient deprivation 

in hypoxic tumour areas, maintaining tumour growth [2,50]. It is appealing to associate the role 

of autophagy in late-stage tumours to the role of mammalian target of rapamycin (mTOR). 

mTOR plays a crucial role in metabolism and regulates autophagy by deactivating human 

autophagy initiation kinase ULK1, a component of upstream autophagic signalling pathway 

[2]. 
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It comes as no surprise that HDACi-induced autophagy is also a highly debated topic. The 

proposed working mechanisms of HDACi-mediated autophagy include acetylation and 

upregulation of numerous autophagy-related proteins such as p53, p21, ATG3, ATG 7, ULK1, 

and Nuclear Factor kappa B (NF-κB). The inhibition of mTOR, transcription of FOX 01, 

inactivation of apoptosomes, upregulation of death-associated protein kinase (DAPK), and 

accumulation of reactive oxygen species (ROS) have also been suggested as possible 

mechanisms [2]. Several studies have reported a molecular shift between autophagy and 

apoptosis as well as dual induction of apoptosis and autophagy following HDACi treatment in 

different cell lines [2,30,47]. As an example, in chronic myeloid leukemia (CLL), reduced 

activation of autophagy treatment with HDACi mocetinostat was reported, whereas the 

upregulation of autophagy was reported in MCF-7 cell line using the same HDACi [41,51]. 

Also, in HeLa cells, SAHA and sodium butyrate induced both autophagy and apoptosis [47]. 

The type of cell, genetic pre-disposition of the tumour, duration, and dose of HDACis have 

been put forward as deciding factors of whether HDACi-induced autophagy acts as a pro-

survival or pro-cell death mode [41]. If this stands true, this could in part explain the diverse 

results observed in different studies using different cell lines and different HDACi, as well as 

the uncertainty that surrounds the mechanisms of HDACi-induced cell death. 

 

2.2 HDACi-Induced Upregulation of p21 and Cell Cycle Arrest 
HDACi-induced apoptosis has been associated with the upregulation of cyclin-dependent 

kinase (CDK) inhibitor p21 and cell cycle arrest [2]. Transcriptional re-activation of p53 and 

the subsequent upregulation of p21 by HDACis have been reported in different cell lines 

[2,32,52]. Activation of p53 induces the expression of p21 to induce cell cycle arrest mainly in 

the gap 1 (G1) phase. An earlier report by Richon et al. alluded that HDACis are gene-specific 

after having observed only the upregulation of p21 and no alteration in the expression of either 

p27, also a CDK inhibitor, or γ-actin genes [53]. Cell cycle arrest in the G2/M phase of the cell 

cycle has also been reported and is accomplished by downregulating the expression of cyclin 

A by HDACis [31,54–56]. 

 

2.3 HDACi-Induced Inhibition of Angiogenesis 
Studies on the effect of HDACis on angiogenesis remain limited. The inhibition of angiogenesis 

by HDACis was reported in nucleus polposus cells of interverbal discs, endothelial progenitor 

cells, human embryonic kidney (HEK) 293, and epithelial fibrosarcoma (HT1080) cells [57–

60]. The inhibition of angiogenesis was evidenced by attenuation of vascular endothelial 

growth factor (VEGF), hyper-acetylation of hypoxia-inducible factor 1 (HIF-1α), and 
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degradation of hypoxia-induced transcription factor [57,58,61]. Altered expression of pro- and 

anti-angiogenic genes following HDACi treatment has also been reported [60,62]. 

3. Radiosensitisation by HDAC Inhibitors 

Evidence from pre-clinical studies has revealed that the combination of radiation and HDACis 

results in increased cell death in a number of cell lines, including lung, melanoma, prostate, 

glioma, colon, non-small cell lung cancer (NSCLC), osteosarcoma, and breast [3–

12,14,15,17,18,63]. When used as monotherapy, HDACis have shown promising therapeutic 

outcomes in haematological malignancies such as leukaemia, multiple myeloma, and 

lymphoma, with disappointing results in solid tumours [20,31,37,64,65]. The molecular basis 

for the poor clinical outcomes in solid tumours is still unclear, but is thought to be due to the 

short drug half-life of HDACis, which leads to poor drug distribution, poor HDAC isoform 

selectivity, and poor patient selection [13,38]. HDACi-induced radiosensitisation is mainly 

attributed to their role in DNA damage response (DDR) and their effect on chromatin structure 

[12]. As a result, combination therapies either with radiation or other DNA-damaging agents 

have been suggested as an ideal strategy to improve their efficacy in solid tumours [5,14,36]. 

 

3.1 DNA DSB Induction and DNA Damage Repair (DDR) 
Following the induction of DNA, double-strand breaks by radiation pathways that sense, 

respond, and repair the damage are activated [66]. DNA double-strand breaks are repaired 

using two basic mechanisms, homologous recombination (HR) or non-homologous end joining 

(NHEJ). During the initial stages of both HR and NHEJ, ATM promotes the processing of the 

broken DNA ends by the MRE11/NBS/Rad50 (MRN) complex to resect the broken ends into 

3′ DNA single-strand tails [67]. The choice of repair pathway is dictated in part by the presence 

or absence of p53 binding protein 1 (53BP1). In the presence of 53BP1, HR is inhibited and 

NHEJ is initiated. During NHEJ, Ku70 and Ku80 heterodimer bind to the DNA ends and block 

the resection of the 5′ end. Ku70/80 recruits DNA PKs to the broken ends. In the final steps, 

the DNA PK complex recruits a ligase complex consisting of X-ray repair complementing 

defective in Chinese Hamster 4 (XRCC4), XRCC4-like factor- DNA ligase 4 (XLF-LIGIV), and 

polynucleotide kinase (PNK) to perform the ligation of broken ends [21,68]. NHEJ is an error-

prone mechanism which is active throughout the cell cycle, mainly in the G1 phase [21,69]. 

 
During HR, the damaged DNA ends are resected by the Mre11-Rad50-Nbs1(MRN) complex 

to form 3′prime ends. The 3′prime ends are coated by replication protein A (RPA) to form a 

nucleoprotein filament to which HR proteins (breast cancer tumour suppressor (BRCA1), 

RAD51, and RAD52) can bind [66]. RAD51 is a key protein in HR that facilitates strand 

exchange with the complementary undamaged DNA strand to form the holiday junction. The 
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resolution of the holiday junction into two DNA duplexes is carried out by MMS4 and MUS81 

[68]. HR requires the presence of an undamaged DNA strand (sister chromatid or 

chromosomes) to use as a template for repair. Sister chromatids are only available during the 

late S-and G2 phases after DNA replication, thus HR is active during these phases. The use 

of a DNA template for repair facilitates accurate repair which makes HR an error-free pathway 

[68,69]. HDACis have been observed to repress DNA repair proteins such as 

MRE11/Rad50/NBS1 (MRN) complex and Rad51 involved in HR and ku70, ku80, DNA PK 

involved in NHEJ [12,19,22,70]. 

 

3.2 Role of HDACs and HDACi in the Early Stages of the DNA Damage Response 
(DDR) 
The DDR consists of a complex network of signalling pathways that involves the activation of 

cell cycle checkpoints, DNA repair, transcriptional programmes, and programmed cell death 

[71]. Cell cycle checkpoints monitor the progression of the cell cycle by stopping entry into S-

phase (G1/S checkpoint), delaying S-phase progression (intra-S checkpoint), or preventing 

entry into mitosis (G2/M checkpoint) in response to DNA damage by exogenous agents such 

as radiation or due to replication stress [71]. At the G1/S checkpoint, ataxia-telengiectasia 

mutated (ATM) is autophosphorylated and initiates the DNA damage signalling cascade by 

activating Chk 2. Chk2 phosphorylates cell division cycle (CDC)25A phosphatase, which 

inhibits the activation of Cyclin E/A and its binding to Cdk 2 to induce rapid cell cycle arrest. 

At the G2/M checkpoint, ATR is autophosphorylated and initiates Chk1 which phosphorylates 

(CDC)25A, -B, and -C phosphatases. The maintenance of cell cycle arrest is promoted by the 

phosphorylation of p53 by Chk 2, which in turn induces the accumulation of Cdk inhibitor p21. 

The binding of p21 to the cyclin D and Cdk 4 complex keeps the retinoblastoma protein (pRb) 

in an unphosphorylated state and promotes its association with the E2F1 transcription factor, 

maintaining cell cycle arrest, as shown in Figure 2. HDAC1 has been reported to repress p21, 

and the inhibition of HDAC1 activity, therefore, activates p21 to induce and maintain cell cycle 

arrest [72]. Earlier studies have also pointed out that the interaction between HDAC1/2 and 

E2F transcription factors is important for the G1-S cell cycle transition [73,74]. A recent study 

conducted in colon cancer (HCT116) cells reported that the pRb-E2F complex does not 

necessarily require HDAC activity to induce rapid cell cycle arrest, but HDAC activity might be 

required for complete cell cycle arrest and to maintain arrest [75]. 

 

Evidence suggests that HDACs play a role in regulating ATM. HDAC1 was observed to 

interact with ATM, particularly after exposure to gamma-radiation in fibroblast cells [76]. In 

support of this observation, the reduced activation of ATM after treatment with HDACi SAHA 

was reported in breast (MCF-7, T-47D), melanoma (SK-MEL-28), human osteosarcoma 
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(Saos-2), and A549 cell lines [76]. This observation was further corroborated by reports of 

accumulation of HDAC1 and 2 at the damaged sites within 5 min of DNA damage induction 

and dissociation at 30 min after radiation treatment [77]. The rapid accumulation and dispersal 

of HDAC1 and 2 were associated with the rapid deacetylation of Histone3 lysine 56 (H3K56) 

and Histone4 lysine 16 (H4K16) which favours non-homologous end-joining (NHEJ), followed 

by histone acetylations that favours homologous repair (HR) [77]. The authors also observed 

that the acetylation levels of H3K56 were reduced upon the induction of DNA damage without 

treatment with HDACis [77]. HDAC1 and 2 bind to CDK inhibitors p21 and p27, thereby 

reducing their activity and resulting in cell cycle progression from G1 to S-phase [39,40,42]. 

The inhibition of HDAC1, therefore, restores the activity of p21, leading to G1 cell cycle arrest 

[40]. The depletion of HDAC1 was also reported to partially contribute to G2/M arrest and cell 

cycle arrest [40,43]. HDAC4 was reported to co-localise with another DDR indicator, 53BP1, 

at DSB sites in fibroblast (FT169A and YZ5 cells). Furthermore, DNA damage-induced G2 

checkpoint was inactivated and the levels of 53BP1 were observed to be reduced when 

HDAC4 was knocked down, leading to the conclusion that HDAC4 is critical in maintaining G2 

checkpoint [47,78]. The roles of the different HDACs in the DDR are summarised in Table 1. 

 

 
Figure 2. Illustration of the role of HDACs in cell cycle regulation (created with BioRender.com 

https://app.biorender.com/illustrations/6420e9f530ff29832d070b3f) (accessed 23 April 2024). 

https://app.biorender.com/illustrations/6420e9f530ff29832d070b3f
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Table 1. Roles of HDACs in the DDR. 

 HDAC  Role  Reference 
 HDAC 1 and 2 DNA-damage signalling  

 Stabilise broken ends during NHEJ  [77] 

 Influence persistence of Ku70 and  

 Artemis at DNA damage sites- promoting 
NHEJ 

 [13] 

 Deactivates the function of p21 and p27  [79,80] 

 Hypo-phosphorylation of RB gene  [81] 

 HDAC 3 Maintenance of chromatin structure and 
genomic stability 

 [82] 

 Essential for DNA DSB repair 

Recruits Xeroderma Pigmentosum C 

 [13] 

 (XPC) during Nucleotide excision repair 
(NER) 

 [83] 

 HDAC 4 Silencing of chromatin near broken ends.  [78] 

 Co-localises with 53BP foci, and contributes to 
the stability of 53BP 

 [13] 

 HDAC 6 Reduces cellular sensitivity to damaging 
agents 

 [84] 

 Repair of DNA mismatch  [13] 

 HDAC 9 and 10 DSB repair via the HR pathway  [13] 

 G2/M transition regulates transcription of 
cyclin A2 

 [80] 

 Reduces activity of p53  

 SIRT1 Modulation of γ-H2AX foci, BBRCA1, Rad51, 
and NBS foci formation 

 [85] 

 SIRT6 Facilitates DSB repair by activating PARP1  [80] 

 

4. Impact of Chromatin Structure on Radiation Response 

The architecture of chromatin during DNA damage induction, recognition, signalling, and 

repair is an important factor that can dictate the successful repair or misrepair of DNA double-

strand breaks [23]. However, the topic has received little attention over the years, partly due 

to a lack of efficient in vitro systems for the manipulation of long chromatin and quantitative 

detection for DSBs [66]. As early as 1991, Smerdon proposed the “access- repair-restore” 

model to describe the impact of chromatin structure on DNA repair. In brief, the model 

proposed that in order for DNA damage to be repaired, DNA damage in different chromatin 

structures should be detected, and local chromatin structure needs to be remodeled to allow 

repair proteins to have access to damaged sites and to be restored after repair [86]. 
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For the purposes of this review, a brief description of chromatin structure is justified. Chromatin 

is organised in structures named nucleosomes. Each nucleosome consists of DNA wrapped 

around histone octamer which consists of histones, H2A, H2B, H3, and H4. The nucleosome 

is then connected to a linker DNA and histone H1 [87]. The amino terminus tails of the histones 

protrude from the histone core and are open to various histone post-translational modifications 

such as acetylation, ubiquitination, or methylation. The two forms of chromatin, 

heterochromatin and euchromatin, are regulated by post- translation modification (PMT) of 

histones. Some of the post-translational modifications that occur on the histone tails play an 

important role in the DDR [87,88]. 

 
4.1 Influence of Chromatin Structure on DNA Damage Induction, Detection, and 
Repair 
It has long been accepted that heterochromatin has a protective effect on DNA against ionising 

radiation [23,24,89]. Cowel et al. observed that γ-H2AX foci, a marker of DSB, were absent 

from areas which contained heterochromatin markers HP1α and H3K9Me3 in the nuclei of 

MCF-7 cells [90]. Similarly, Kim et al. reported an increased number of γ-H2AX foci in areas 

of open chromatin [91]. A similar observation was made by Takata et al., who reported a 5–

50-fold decrease in DSB induction by γ-rays in condensed chromatin as compared to 

decondensed chromatin [23]. Clearly, there is agreement that heterochromatin confers 

protection against DNA DSB induction by radiation. However, the underlying mechanisms 

around this protective effect remain a matter of debate. Warters et al. argued that the 

protective effect against radiation is dependent on the level of chromatin-associated non-

histone proteins in heterochromatin rather than on the concentration of chromatin [89]. In other 

words, the more proteins carried by the chromatin, the higher the protection of chromatin from 

ionising radiation. The authors observed a 70 times higher yield of DSB in deproteinised DNA 

as compared to intact nuclei. Elia and Bradley concluded that chromatin domains that differ in 

tertiary structure and protein composition may also differ in their susceptibility to DNA double-

strand breaks induced by ionising radiation [23]. However, in both studies, the protective effect 

offered by chromatin compaction was acknowledged. 

 

Nygren et al. investigated the role of DNA-bound proteins in the protective effect and they 

reported an increase in the protective effect of a factor of 14 in single-strand breaks and a 

factor of 5 in double-strand breaks when DNA-bound proteins were removed [92]. They 

concluded that DNA-bound proteins protect chromatin to a limited extent by acting as free 

radical scavengers. The greater part of the protection was attributed to the fact that DNA in 
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the chromatin is made up of large, compact aggregates where the distance between separate 

aggregates exceeds the effective range of the hydroxyl (·OH) radicals. Further, inside the large 

aggregates, the amount of DNA damaging ·OH radicals produced are less due to reduced 

water content as compared to when DNA is more evenly distributed in a given volume [92]. 

Similarly, Takata et al. observed that the level and composition of proteins were similar 

between condensed and decondensed chromatin in HeLa cells and concluded that the 

protective effect is due to the concentration of chromatin and not the level of chromatin-

associated proteins as previously proposed [23]. They reasoned that a lower chromatin 

concentration contains more water molecules, with subsequent increases in reactive radicals 

that are formed. It remains contentious whether the opposing observations between Takata et 

al. and Warters et al. could be due to the different chromatin manipulation methods used in 

the respective studies [23,89]. 

 

4.2 DNA Damage Induced Chromatin Modifications 
Evidence from earlier biochemical studies pointed out that the induction of double- strand 

breaks causes the remodeling of chromatin structure around the damaged site [87,93]. 

Subsequently, Lisby et al. reported that in yeast Saccharomyces cerevisiae, DNA DSB 

localises to repair foci which contain Rad52 protein, suggesting that multiple DSBs can be 

repaired by a Rad52 repair foci [94]. These findings implied that the mobility of chromatin 

allows DSBs to localise at one repair site [94,95]. The authors, however, acknowledged that 

the localisation and interaction of DSB observed in the yeast Saccharomyces cerevisiae might 

be due to the small nuclear size in yeast as compared to the nuclei of mammalian cells, rather 

than due to the mobility of chromatin. Also, as compared to mammalian cells, homologous 

recombination is a dominant repair mechanism in yeast, which would explain the co-

localisation of Rad52 foci in yeast and not in mammalian cells [93,94]. Similarly, in a later 

study, the relocalisation of DSB to the nuclear periphery before the recruitment of Rad51 was 

reported in Drospohlilla [96]. 

 

A contradictory observation was made by Kruhlak et al. in mammalian cells. The authors noted 

that remodeling of chromatin architecture at DSB sites does not involve large- scale mobility 

of chromatin to assemble at repair centres but rather small-scale mobility in the micrometre 

range [93]. The authors reported chromatin expansion at 20 s after irradiation which lasted up 

to 180 s after UV irradiation in HeLa cells. In an attempt to explain the local expansion in 

chromatin that was observed in the area around the DSB, the authors conceptualised that 

after DSB formation, the break causes the damaged chromatin region to unfold, relieving the 

torsional stress exerted by the packaging of DNA, thus resulting in the expansion and 

relaxation of chromatin. They concluded that the observed chromatin relaxation and 
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expansion might be due to the presence of DSB sensor proteins which exhibit chromatin 

unwinding properties [93]. Indeed, the increased acetylation of DDR proteins histones H2A 

and H4 at DSB sites was reported to lead to the rapid formation of open chromatin by a number 

of studies [97,98]. Perhaps, the reasoning offered by Takata et al., that chromatin relaxation 

after DSB induction was part of the evolutionary conservation of the genome to allow access 

for repair protein, should be given consideration [23]. 

 

Another important observation made was an increase in the size of foci as chromatin becomes 

open [91]. A reasonable explanation was later offered by Kruhlak et al. that the time-dependent 

increase in the size of individual foci which was noted was not due to the merging of multiple 

DSBs as a result of the mobility of chromatin, but rather due to  spreading of H2AX 

phosphorylation over large chromatin area, which subsequently acts as a docking site for DNA 

damage proteins [93]. An akin reasoning was given by Krawczyk et al. that the mobility of foci 

might simply be due to the relaxation of chromatin and not due to the mobility of chromatin 

[99]. 

 

4.3 Chromatin Modification and Type of Radiation 
The protective effect of heterochromatin against DSB induction has been linked to the type of 

radiation, i.e., low or high linear energy transfer (LET) radiation [23]. Earlier reports associated 

the protective effect with low LET radiation. This was because the radiolysis of water 

molecules with subsequent formation of hydroxyl radicals has long been acknowledged as the 

major contributor to DNA damage, particularly when low LET radiation is used. It was therefore 

argued that since heterochromatin has fewer water molecules per chromatin, fewer hydroxyl 

radicals are produced, as discussed in Section 4.2. The opposite is true for decondensed 

chromatin [23]. However, Takata et al. reported that heterochromatin protects against DNA 

damage not only from low LET radiation but from heavy ions as well. The authors made this 

conclusion after observing a 7-fold increase in radioprotection in heterochromatin when 

carbon ion was used in HeLa cells [23]. Furthermore, using Monte Carlo simulations, the 

complexity of DNA damage induction caused by low and high LET types of radiation was 

observed to be the same in heterochromatin, as well as in euchromatin. However, inefficient 

repair was noted in heterochromatin [23,87]. This lends support to the arguments presented 

by Takata et al. that the protective effect of heterochromatin hinders the efficient repair of DSB 

[23]. 

5. Sequencing of HDACi Treatment and Radiation 

The use of HDAC inhibitors in combination with radiation therapy remains to be a matter of 

ongoing research. Evidence from numerous studies suggests that there is agreement on 
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HDACi treatment before radiation (pre-irradiation HDACi protocol), with only a few studies 

having investigated the HDACi post-irradiation (post-irradiation HDACi protocol) [7,100,101]. 

In the studies using pre-irradiation HDACi protocols, HDACi treatment was given at different 

timepoints (3, 6, 16, 18, 24, and 48 h) before irradiation in different studies 

[7,10,11,14,17,18,63,70,102–108]. Kim et al. determined that 18 and 24 h of pre-irradiation 

incubation of the A549 cell line with trichostatin A (TSA) resulted in enhanced radiation 

sensitisation to 2–8 Gy X-rays as compared to HDACi treatment at 3, 6, and 12 h post-

irradiation [100]. In U251 glioma cell lines, dose enhancement factors of 1.38, 1.4, and 1.46 

were reported when cells were exposed to 1.5 mmol/L valproic acid (VPA) at 6 h, 24 h, and 

immediately after irradiation, respectively [6]. A greater dose enhancement factor of 1.71 was 

noted with a 16 h pre- and post-incubation in VPA leading to a conclusion that pre-and post-

exposure to HDACis is necessary for maximal radiosensitisation [7]. It is noteworthy to 

mention that a higher dose enhancement factor (1.46) was reported when VPA was 

administered immediately after radiation, as compared to when VPA was administered 6 h 

and 24 h post-irradiation. It is tempting to speculate that the modestly higher dose 

enhancement factor might be in part due to radiation-induced chromatin modifications. As set 

forth by numerous studies [24,86–88,91,96], following the induction of DSB by radiation, 

chromatin relaxation around the DSB occurs. Therefore, one could mechanistically reason 

that the addition of HDACis immediately post-IR, coincides with the rapid chromatin changes 

that occur post-irradiation. In support, Kruhlak et al. reported chromatin changes as early as 

20 s after irradiation [93]. 

 

Van Nifterik reported a dose enhancement factor of 1.3 and 1.4 for D384 medulloblastoma 

cells and 1.7 and 1.5 for T98 glioblastoma cells for 24 and 48 h pre-incubation periods with 5 

mM VPA [101]. The authors further reported that they did not observe any enhancement, with 

dose enhancement factors of 1.1 for D384 cells and 1.0 for T98 cells, when cells were 

incubated in VPA for 24 h post-irradiation only. It is tempting to speculate that the difference 

in radiosensitivity between the pre-and post-irradiation HDACi protocols may in part be due to 

two important factors, i.e., different plating methods, (pre-irradiation plating (pre-IR plating) 

and post-irradiation plating (post-IR plating)) and the incubation period in HDACis. Typically, 

radiation sensitivity studies are conducted using colony survival assays [109]. In the pre-IR 

plating setting, cells are seeded, allowed to attach, and treated. In the post-IR setting, cells 

are treated followed by trypsinisation, and the required numbers of cells are seeded in plates. 

In addition, the post-IR plating method has two methods that can be used, immediate plating 

(IP) and delayed plating (DP). In the IP method, cells are seeded immediately after radiation, 

and in the DP method, cells are seeded hours after irradiation. Of the two post-IR plating 

methods, IP was observed to exhibit a lower survival than DP [110,111]. The difference 
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between the resultant cell survival curves when using the two methods was explained by the 

cell’s capacity to repair potentially lethal damage [110,111]. Moreover, in most studies, it is 

not specified whether DP or IP was used, which also poses a challenge for data integration. 

Oike et al. reported consistent SF2, SF4, SF6, SF8, SF10, D10, and D50 values between pre-IR 

plating and post-IR plating methods, using lung cancer (A549) and submandibular gland 

(HSG) cells [109]. The study, however, did not investigate the possible impact of delayed 

plating in the post-IR plating setting [109]. It remains undetermined whether consistent results 

observed by Oike et al. can extrapolate to other cell lines, and most importantly, in the context 

of this review, whether the results can be applied to the combination treatment of HDACis and 

radiation. 

 

Furthermore, whether a post-IR HDACi protocol or pre-IR HDACi protocol is used, the total 

period of HDACi incubation used in the various studies is different. As an example, Chinnaiyan 

et al. evaluated both pre- and post-IR HDACi protocols. In the post-IR HDACi protocol, cells 

were seeded in 6-well plates, and VPA was added immediately 6 h and 24 h after irradiation. 

Cells were incubated in VPA-containing media for the remainder of the assay [7]. When using 

the pre-irradiation HDACi protocol, the cells were treated with VPA for 16 h, irradiated, and 

rinsed with PBS before fresh HDACi-free media was added. In the pre- and post-protocol, 

cells were pre-treated with VPA for 16 h and returned for incubation post-IR. The authors 

reported improved radiosensitisation (factor of 1.7) when cells were exposed to VPA pre- and 

post-irradiation, as compared to factors of 1.3 when VPA was administered pre-IR only. This 

suggests that the removal of VPA-containing media at plating could be the reason for the 

observed non-enhancement. Also, taking into account the modes of HDACi-induced cell death 

in Section 2.1, HDACi-induced autophagy is reported to depend on the duration and dose of 

HDACis [2]. It is enticing to speculate that different periods of HDACi incubation, as well as 

different HDACi concentrations noted in the different studies, might have played a role in the 

mode of cell death, with subsequent differences in the observed results. 

6. Conclusions 

The combination therapy of HDACis and radiation is complex. The matter is further 

complicated by the pleiotropic effects of HDACis on histone and non-histone targets in cells. 

The biological rationale for this combination therapy relies on the ability of HDACis to modulate 

epigenetics to maximise the radiation effect. Mechanistically, pre-IR HDACi treatment induces 

chromatin relaxation to facilitate increased DSB induction by radiation. However, from existing 

reports, different temporal sequencing protocols of HDACis and radiation have been used. 

Some studies employed the pre-IR HDACi protocol and others used post-IR HDACi protocol. 

The different plating methods, i.e., pre-IR or post-IR plating, delayed plating, or immediate 
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plating, also pose a challenge with the integration of data from different studies. Considering 

the ability of radiation and HDACis to modify chromatin structure, as well as the paradoxical 

relationship between apoptosis and autophagy under different conditions, the molecular 

interplay of the two modalities is bound to be complex. 

 

Several reports have emphasised that HDACi treatment depends on the cell type, period of 

incubation with HDACis, as well as the dose of HDACi. To date, evidence suggests that 

incubation for 24–48 h pre-irradiation is the most optimal sequence. The mechanisms involved 

remain elusive. The inhibition of DNA DSB repair has traditionally been hailed as the main 

mechanism of HDACi-induced radiosensitisation; however, emerging evidence from different 

cell lines suggests otherwise. For example, numerous studies reported that HDACis impair 

DSB repair as evidenced by the prolonged appearance of the γ-H2AX foci. However, Moertl 

et al. reported not having observed any prolongation of foci after treatment with SAHA and 

CUDC-101 in pancreatic cell lines (Su.86.86, MIA Paca-2, and T3M-4) [100]. Clearly, more 

studies using different cell lines and different HDACis are required to fully unravel the 

mechanisms of radiosensitisation. For future studies, analysis of DSB repair proteins in 

addition to the appearance of γ-H2AX foci, as well as investigation of other modes of cell death 

such as autophagy and ROS production, may aid in fully elucidating the mechanisms involved.  

 

In view of the complex mechanism of action of HDACis under different conditions, it seems 

reasonable to recommend that the optimal temporal sequencing protocol of HDACi and 

radiation, as well as the optimal period of HDACi incubation, should be first determined for 

each cell and each HDACi used for in vitro studies. Mechanistically, this would allow sufficient 

time for chromatin to be remodelled to allow increased DSB induction by radiation. For 

combination therapy of HDACi and radiation in the clinic, it is also recommended that HDACi 

be administered hours before radiation. 
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Abstract: Despite recent advances in multimodality therapy for 
glioblastoma (GB) incorporating surgery, radiotherapy, 
chemotherapy and targeted therapy, the overall prognosis 
remains poor. One of the interesting targets for GB therapy is the 
histone deacetylase family (HDAC). Due to their pleiotropic 
effects on, e.g., DNA repair, cell proliferation, differentiation, 
apoptosis and cell cycle, HDAC inhibitors have gained a lot of 
attention in the last decade as anti-cancer agents. Despite their 
known underlying mechanism, their therapeutic activity is not 
well-defined. In this review, an extensive overview is given of the 
current status of HDAC inhibitors for GB therapy, followed by an 
overview of current HDAC-targeting radiopharmaceuticals. 
Imaging HDAC expression or activity could provide key 
insights regarding the role of HDAC enzymes in gliomagenesis, 
thus identifying patients likely to benefit from HDACi-targeted 
therapy. 
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1. Introduction 

Glioblastoma multiforme (GB) is the most malignant tumor in the central nervous system 

(CNS). Despite recent advances in multimodality therapy for GB incorporating surgery, 

radiotherapy (RT), chemotherapy and targeted therapy, the overall prognosis remains poor. 

Almost all tumors recur with a more aggressive form, and there is no standard of care for 

recurrent GB. The survival rate at 5 years postdiagnosis remains at only 5.8% [1–3]. Novel 

molecular markers were identified improving GB classification and providing powerful prognostic 

information [4]. However, therapy resistance remains a hurdle. Precision oncology incorporating 

personalized targeted therapy holds much promise in developing more efficacious and tolerable 

therapies [3]. One of the interesting targets for GB-targeted therapy is the histone deacetylase 

family (HDAC). Due to their pleiotropic effects on, e.g., DNA repair, cell proliferation, 

differentiation, apoptosis and senescence, they have gained a lot of attention in the last decade 

as anti-cancer agents. In addition, HDAC inhibitors (HDACi) have been applied for the treatment 

of metabolic disorders and psychiatric or neurodegenerative diseases [5]. The HDAC family 

contains 18 family members, categorized as following: class I (HDAC1,2,3,8), IIa (HDAC 

4,5,7,9), IIb (HDAC 6,10), III (nicotinamide adenine dinucleotide (NAD+)-dependent sirtuins 

(SIRTs) and IV (HDAC11) [6,7]. Two groups of enzymes control the acetylation and 

deacetylation of histones: histone acetyltransferase (HAT) and HDACs. The transfer or removal 

of acetyl groups by HATs and HDACs induce a more open and accessible chromatin structure 

or chromatin condensation and transcriptional repression [8,9]. Interestingly, the histone 

acetylation status is reversible and can be targeted by drugs [10]. HDACi have the ability to 

increase the level of protein acetylation in the cancerous cell, restarting the expression of si- 

lenced tumor suppressor genes [11]. However, despite their known underlying mechanism, their 

therapeutic activity is not well-defined. The goal of this review is to highlight the current status of 

HDACi- and HDAC- targeting radiopharmaceuticals for the imaging and therapy of GB. 

 

2. Role of HDAC in GB Pathology 

Epigenetic mechanisms, particularly those involving enzymatic modifications of DNA and 

the associated histone proteins that regulate gene expression are recognized as a major factor 

contributing to the pathogenesis of GB [10]. The effects of acetylation on gene expression and 

tumor phenotype and the antitumor mechanism of HDACi in GB has recently been reviewed 

[11,12]. In gliomas, epigenetic enzymes, such as HDAC, are aberrantly expressed causing the 

deregulation of processes, featuring growth arrest, cell differentiation, cytotoxicity and apoptosis 

induction. RNA-sequencing data from the public TCGA (The Cancer Genome Atlas) showed that 

HDAC4, HDAC5, HDAC6, HDAC8 and HDAC11 expression was significantly lowered in glioma 

(WHO grade II–IV) when compared to normal brain tissue [9]. Expression levels of HDAC1-3 
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and HDAC7 appeared to increase with higher malignancy grades [9,13]. Additionally, HDAC3 

and HDAC9 overexpression in GB are both correlated with a poor prognosis. The role of SIRT 

in GB is currently under debate [13]. In vitro, HDAC2 expression is significantly upregulated in 

GB [14]. The silencing of HDAC4 reactivated p21 (WAF1/Cip1) and inhibited tumor growth in an 

in vivo human GB model [15]. In addition, HDAC5 is upregulated in U87MG, U251MG, T98G 

and LN-229 glioma cell lines and promoted their proliferation by the upregulation of Notch 1 [16]. 

HDAC6 has been shown to promote the proliferation of glioma cells through the primary cilia, 

MKK7/JNK/c-Jun signaling pathway and attenuating transforming growth factor β (TGFβ) 

receptor signaling [17–19]. HDAC6 activity also plays a role in temozolomide (TMZ) resistance 

through the regulation of DNA mismatch repair [20]. HDACi are epigenome-targeting molecules 

divided into different categories based on their target and chemical structure: short-chain fatty 

acids (e.g., valproic acid (VPA)), hydroxamic acid derivatives (e.g., trichostatin A (TSA), 

vorinostat (SAHA), belinostat, panobinostat (LBH-589), pracinostat, quisinostat (JNJ-

16241199)), carboxylic acid derivatives, cyclic peptides (romidepsin), and benzamides entinostat 

(MS-275), tacedinaline (CI- 994) and mocetinostat (MG-0103)). Other categories include 

electrophilic ketones, hydro- examines, sirtuin inhibitors and miscellaneous [11,21,22]. FDA 

approval was granted for vorinostat (Zolinza® Rahway, NJ, USA), belinostat (Beleodaq®, 

PXD101 East Windsor, NJ, USA), panobinostat (Farydak® Barcelona, Spain) and romidepsin 

(Istodax® Hayes, UK) for the treatment of hematological malignancies, represented by T-cell 

lymphomas and multiple myeloma (MM). Tucidinostat (Epidaza®, Chedamide, Shenzhen, 

China) was approved by China’s National Medical Products Administration [22]. Combined use 

of panobinostat with the proteasome inhibitor bortezomib has been approved for the treatment 

of refractory MM [6,7,21,23]. Advances in the abovementioned malignancies prompted HDACi-

based anti-cancer research to expand to solid tumors, although the HDACi mechanisms of action 

in tumors are still sparsely understood. Figure 1 gives an overview of the confirmed mechanism 

of actions in GB, as recently reviewed [11,24]. As RT and TMZ therapy are standard in GB, the 

radiosensitizing and chemosensitizing effects of HDACi are of major interest. Presumably, 

HDACi promote a more open chromatin formation in tumor cells, thereby permitting DNA 

alkylating agents (e.g., TMZ) to access genomic DNA. Other mechanisms to reverse TMZ 

resistance have been suggested, e.g., blocking NF-κB-dependent transcription [13,14,25]. In 

particular, HDAC6 has been identified as a potential target for the treatment of TMZ-resistant GB 

[20,26,27]. The radiosensitization mechanism in GB could be induced by multiple mechanisms 

but eventually leads to a decrease in DNA repair [28–35]. Post-irradiation, HDACi have been 

shown to induce a prolonged expression of phosphorylated H2AX (γH2AX), a marker for DNA 

double strand breaks (DSBs) [33]. HDACi have also been shown to induce alterations in DNA 

replication, causing DNA damage [36,37]. Finally, HDACi may be able to assist in reversing 

abnormal genetic silencing, therefore leading to enhanced cell-cycle arrest and apoptosis from 

the action of DNA-damaging agents [13]. 
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Figure 1. Overview of the broad effects of HDAC inhibitors. 

 

3. Current Status of HDACi for GB Therapy 

An overview of the successful clinical trials investigating HDACi in high-grade glioma is 

given in Table 1. Studies in pediatric glioma patients were excluded. The previous reviews have 

focused on the mechanisms of HDACi in GB [11,38]. Most research reports on suberoylanilide 

hydroxamic acid (SAHA, vorinostat), a pan- HDACi, upregulating cancer suppressor genes (p21 

(CDKN1A), PTEN, p27) and down- regulating Akt-mTOR signaling, CDK2, CDK4 and cyclin 

D1/E. SAHA therapy triggered GB cell death and promoted hyper-radiosensitivity in wild-type 

p53 GB cells [10,34,39]. In GB patients, high doses of SAHA monotherapy appeared to be well-

tolerated with modest single-agent activity. SAHA combination regimens with TMZ/RT and/or 

bevacizumab (BEV) have proven to be tolerable, but no statistical improvement in overall survival 

(OS) and/or progression-free survival (PFS) was noted [40–45]. Interestingly, phospholipase D1 

(PLD1) has been identified as a target of resistance to vorinostat, and combined therapy with a 

PLD1 inhibitor might improve efficacy [46]. The hydroxymate-based pan-HDACi belinostat 

(PXD101, Beleodaq®) is structurally similar to SAHA but shows a greater blood brain barrier 

(BBB) passage [47]. In 2019, the potential of PXD101 was confirmed in an orthotopic rat glioma 

model. In a pilot study, PXD101 combined with TMZ/RT-delayed GB recurrence [47,48]. 

 

Depsipeptide romidepsin (Istodax®, FR901228, FK228) is a stable prodrug isolated from 

Chromobacterium violaceum and a class I HDACi [49,50]. In a phase I/II clinical trial in recurrent 
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GB, romidepsin was found to be ineffective as a single agent [49]. Panobinostat (LBH589), a 

pan-deacetylase inhibitor of class I/II HDAC, is an antineoplastic and antiangiogenic drug that 

may work synergistically with BEV [51]. However, although this combined treatment strategy was 

well-tolerated, PFS and OS did not significantly improve compared to BEV monotherapy in 

recurrent GB [52]. A phase II trial is warranted to assess the combination with fractionated 

stereotactic re-irradiation therapy [53]. Panobinostat does not cross the BBB, and hence 

intratumoral or convection-enhanced delivery (CED) administration could be necessary [54]. 

HDACi valproic acid (valproate, VPA, Depakene), an anticonvulsive drug, has been shown to 

directly or synergistically exert inhibitory effects on glioma in vitro and in vivo [55]. VPA combined 

with TMZ/RT showed improvement in survival, but this might be limited to GB patients with wild-

type p53 [56,57]. However, a phase III trial is warranted [58]. 
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In the last 2 decades, an extensive amount of preclinical research on HDACi and multi- drug 

combinations in GB has been performed (see Supplementary Table S1) [19,33,68–127]. These 

studies provided new insights on HDACi-associated signaling processes. HDACi appear to 

have a vital role in DNA damage response, and a radiosensitizing effect of HDACi (vorinostat, 

panobinostat, VPA, entinostat, scriptaid) has been shown in GB in vitro, with support for 

vorinostat for GB therapy in combination with heavy ion therapy [31,33,35,128]. HDACi have 

been shown to inhibit GB cell growth mediated by cell cycle arrest and apoptosis, as highlighted 

in Supplementary Table S1 [129–135]. The class I/II HDACi trichostatin A (TSA) increased GB 

apoptosis induction through the p38MAPK- p53 cascade [136]. When combined with the 

proteasome inhibitor (MG132), 2-deoxy-d- glucose or lomustine (CCNU), synergistic apoptosis 

induction was shown [137–139]. The GB chemosensitization effects of HDACi therapy have also 

been noted, such as enhancement of TMZ-induced apoptosis [118,140–143]. However, 

vorinostat favored the evolution of TMZ resistance through O6-methylguanine DNA 

methyltransferase (MGMT) overexpression in GB in vivo [144]. HDACi SAHA and MC1568 

blocked vascular mimicry in GB, and the inhibiting effects of HDACi on the invasiveness or 

migration of GB cells have been noted [143,145–149]. Multiple HDACi (vorinostat, romidepsin, 

MPT0B291, CDK4) have shown to increase the survival time of GB in vivo models 

[130,131,134,150,151]. 

Post-HDACi therapy, multiple genes that play a role in complex signaling pathways are up- 

or down-regulated, as recently summarized [11]. As expected, based on preclinical data, the 

affected genes are involved in cell cycle progression, apoptosis, invasion and progrowth or 

include oncogenes and GSC markers [11]. Targeted drug combinations may beneficially affect 

the outcome of GB therapy, with the possible induction of synthetic lethality. Preclinically, 

promising combinations include a mix of epigenetic modifiers [152], HDACi combined with 

imipridones (activation of the mitochondrial ClpP protease) or proteasome inhibitors [153,154], 

panobinostat combined with a dual PI3K/mTOR inhibitor BEZ235 [155] and combining HDACi 

with MEK in- hibitors or RTKi [156,157]. A triple combination therapy, involving panobinostat, 

OTX015 and sorafenib also showed potential in vitro [158]. Interestingly, the R132H mutation 

in isocitrate dehydrogenase 1 (IDH1R132H), commonly observed and associated with better 

survival in GB, has been linked to resistance to the anti-cancer effect of HDACi, such as TSA, 

vorinostat (SAHA) and valproic acid [159]. 

4. HDAC-Targeting Radiopharmaceuticals 

The association of epigenetic dysfunction with disease and the development of di- 

agnostic or therapeutic agents for treatment are challenging [160]. Most HDACi target a 

relatively wide spectrum of HDACs that, in turn, inhibits various biological pathways. Their 

mechanisms of action as tumor suppressors have not yet been fully elucidated [10]. HDAC-

targeting radiopharmaceuticals could provide better insights regarding HDAC tissue 
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expression, HDACi biodistribution and pharmacokinetics and therapeutic efficacy and thereby 

unravel new insights into the function or behavior of HDACi in vivo [161,162]. Nuclear imaging 

of HDAC expression in GB may improve the understanding and roleplay of HDAC enzymes 

within gliomagenesis, identify patients likely to benefit from HDACi- targeted therapy and aid 

in optimizing therapeutic doses of novel HDACi for glioma treatment [163]. Importantly, there 

are two main strategies to consider when imaging an epigenetic target in the brain: 1) by direct 

observation (protein target information indepen- dent of its activity) and 2) functional observation 

(representative visualization of the impact of a protein or enzyme) [160]. Alternative methods to 

determine HDAC expression include invasive tumor biopsies and the use of peripheral 

lymphocytes as surrogate biomarkers for global acetylation after HDACi treatment. 

 

An overview of HDACi-based radiopharmaceuticals is given in Figure 2, and Table 2 

summarizes the preclinical development of HDAC radiopharmaceuticals. To visualize or treat 

GB with radiopharmaceuticals, it is particularly important to only consider those HDACi that 

sufficiently pass the BBB (even at sub-nanomolar concentration) and are of a small enough 

structure to allow their penetration into the bulky, heterogeneous tumor tissue [29]. In addition, 

the cellular location of the targeted HDAC needs to be considered, e.g., HDAC class I proteins 

are found predominantly in the nucleus, while class II proteins are primarily localized in the 

cytoplasm but can be shuttled between the cytoplasm and nucleus depending on their 

phosphorylation status [6]. 

 

Figure 2. Overview of current radiopharmaceuticals targeting HDAC. The HDAC class 
targeted is shown. If only one HDAC enzyme is targeted, this is highlighted in color (orange, 
purple and green). 

To our knowledge, the potential of therapeutic HDAC radiopharmaceuticals for targeted 

radionuclide therapy (TRT) has not yet been explored. Importantly, possible brain toxicity may 

be a limiting aspect for this kind of application. HDACs play distinct physiological roles in the 

brain, and HDACi have pleiotropic effects due to their broad targets. This suggests a higher 
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chance of success for isoform-specific HDACi or the necessity to inject such radioactive agents 

via CED directly into the GB tumor or its vicinity [164]. Another option is the use of nanovectors 

with theranostic properties to optimize the tumor delivery of potent HDACi, which could 

improve their anti-GB properties in vivo [165]. Other criteria to consider for the development 

of GB TRT agents were recently published by our group [166]. 

 

HDAC brain PET has been studied for the potential detection of various neurode- 

generative diseases, such as Alzheimer’s and Parkinson’s disease, and limited studies have 

investigated their potential for glioma imaging [160,163,164]. Most HDAC radio- 

pharmaceuticals are structurally related to SAHA and include 6-([18F]fluoroacetamido)-1- 

hexanoicanilide ([18F]FAHA), 6-(di-[18F]fluoroacetamido)-1-hexanoicanilide ([18F]DFAHA), 6-

(tri-[18F]fluoroacetamido)-1-hexanoicanilide ([18F]TFAHA), [18F]F-SAHA (Figure 3A), N1- (4-

(2-fluoroethyl)phenyl)-N8-hydroxyoctanediamide ([18F]FE-SAHA), [18F]-fluoro-ethyl-triazole 

suberohydroxamine acid ([18F]FET-SAHA) (Figure 3B), [125/131I]-iodo-SAHA and two 11C-

labeled SAHA-based ligands [162,167–173]. In 2006, the first 18F-labeled SAHA analogue 

([18F]FAHA) was radiosynthesized by Mukhopadhyay et al. [168]. Soon thereafter, Nishii et 

al. confirmed PET in vivo brain uptake in rats of up to 0.44%ID/g between 5 and 60 min 

[169]. Moreover, blocking studies revealed a specificity similar to that of SAHA, suggesting 

that [18F]FAHA is a clinically relevant PET tracer capable of targeting HDAC IIa expression 

[170]. [18F]FAHA has also shown potential to monitor alterations in HDAC activity/expression 

in a rat model of chemotherapy-induced brain neurotoxicity [174]. Concerns were raised 

about [18F]fluoroacetate ([18F]FACE), a radiometabolite of the rapidly metabolized 

[18F]FAHA, that also crosses the BBB and therefore complicates [18F]FAHA quantification 

[171]. Fortunately, in non-human primates (NHP), the contribution of [18F]FACE to the 18F 

activity signal was minimal in the first 30 min post-administration [175]. A [18F]FAHA-like 

sub- strate developed by Seo et al. displayed an insufficient BBB permeability and HDAC 

specificity [167]. Bonomi et al. modified the structure of [18F]FAHA to add two or three flu- 

orine groups ([18F]DFAHA or [18F]TFAHA, respectively), which increased the lipophilicity and 

thus BBB permeability [172]. In 2019, [18F]TFAHA was finally studied in GB rat models that 

confirmed tumor uptake 20 min post-radiotracer administration, which significantly reduced 

after administration of HDACi MC1568. [18F]TFAHA accumulation was also ob- served in 

normal brain structures known to overexpress HDAC class IIa: the hippocampus, nucleus 

accumbens, periaqueductal gray matter and cerebellum [163]. 
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Brain uptake was reported of another radiolabeled SAHA-analogue, [18F]FE-SAHA, but its 

metabolic instability remains a substantial obstacle (high uptake in the kidneys, liver, bone and 

small intestines) [176]. Kim et al. developed [18F]FET-SAHA, which showed improved 

metabolic stability over [18F]FE-SAHA and accumulation in sarcoma tumors [173]. [125/131I]-

iodo-SAHA maintained a comparable profile (e.g., similar toxicity and pharma- cokinetics) to 

SAHA. However, in tumor-bearing mice, it showed no preferential tumor accumulation, rapid 

efflux and unspecific washout. Moreover, accumulation in the liver and kidneys was high [177]. 

Thus, none of the proposed SAHA-based radiopharmaceuticals have reached a clinical phase. 

Another group of HDACi-based radiopharmaceuticals, including [11C] trichostatin A, [11C]MS-

275, [11C]KB631, [11C]4-phenylbutyric acid, [11C]valproate, [11C]butyric acid, [11C]CN89, 

[11C]CN107, [18F]F-panobinostat and [11C]PCI34051 demonstrated inadequate BBB 

penetration, which discourages their application for the HDAC-based imaging of GB, despite 

possible application in other tumor types [161,167,172,178–181]. [18F]F-panobinostat has 

bioactivity similar to that of unmodified panobinostat against diffuse intrinsic pontine glioma and 

U87MG glioma cells (nM efficacy), with low toxicity to healthy astrocytes [180]. [18F]F-

panobinostat has also shown potential for PET-guided CED in order to achieve high brain 

concentrations in healthy mice and a pediatric diffuse midline glioma model, which could be 

translated to high-grade glioma (Figure 3C,D) [182]. 

 

Recently, radiolabeling of trifluoromethyloxadiazole (TFMO)-bearing class-IIa HDACi were 

explored, and NT160 was identified as a potent inhibitor of class-IIa HDAC4. [18F]F- NT160 

was capable of BBB crossing, and binding to class-IIa HDACs was confirmed in mouse brain 

tissue [183]. In addition, radiometal-nuclide-labeled ligands have also been developed, such 

as a 64Cu-labeled hydroxamic acid-based radioligand 7-(4-(3-ethynylphenylamino)-7- 

methoxyquinazolin-6-yloxy)-N-hydroxyheptanamide (CUDC-101). CUDC-101 entered into 

Phase I clinical trial testing in multiple tumor types (but excluding glioma). [64Cu]Cu- CUDC-

101 exhibits the capability to image HDAC expression in triple-negative breast cancer (Figure 

3E–G). However, most radioligands conjugated to metal chelators fail to cross an intact BBB 

[184]. To this end, [64Cu]Cu-CUDC-101 may be a good candidate to explore CED-based 

administration for GB therapy. 
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Figure 3. The chemical structure of [18F]F-SAHA (A), [18F]FET-SAHA (B), [18F]F-
panobinostat (C) and [64Cu]Cu-CUDC-101 (E). [18F]F-panobinostat PET imaging when 
delivered via convection-enhanced delivery (CED) or intraperitoneal (IP) (D). In vivo PET 
imaging of [64Cu]Cu-CUDC-101 in MDA-MB-231-bearing tumor mice, with or without co-
injection of cold CUDC-101 (F,G). Images reproduced with permission from [180,184]. 
Copyright 2013 and 2018 American Chemical Society. 
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As the development of highly brain-penetrant HDACi has been a persistent challenge, 

research is now shifting from radiolabeling existing HDACi to the development of novel brain-

penetrant radiotracers; in particular, adamantane-conjugated radioligands seem promising 

[164]. The most advanced candidate is (E)-3-(4-((((3r,5r,7r)-adamantan-1-ylmethyl) 

([11C]methyl)amino)methyl)phenyl)-N-hydroxyacrylamide([11C]martinostat), an adamantane-

based hydroxamic acid with selective binding to HDAC 1, 2, 3 and 6 with subnanomolar 

potency and fast-binding kinetics [185]. In vivo, [11C]C-martinostat has shown a selective, 

reversible and dose-dependent binding, excellent signal-to-noise ratio and desirable safety 

profiles in rodents, pigs and humans [185–187]. Next, an 18F-labeled derivative of martinostat, 

[18F]F-MGS3, was developed by Strebl et al. [188]. [18F]F-MGS3 exhibited HDAC-specific 

binding, as well as comparable brain uptake and regional dis- tribution compared to 

[11C]martinostat. However, [18F]F-MGS3 warrants more efficient radiosynthesis as poor 

yields and manual synthesis only allowed for low doses to be administered [188]. Lastly, 

[18F]F-bavarostat ([18F]F-EKZ-001) appears to be useful for HDAC6 quantification. In NHPs, 

[18F]F-EKZ-001 displayed rapid and high brain tissue uptake and excellent specific binding 

which was subsequently confirmed in healthy human adults [189,190]. 
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AD = Alzheimer’s disease; BBB = blood brain barrier; CED = convection enhanced delivery, CNS = central nervous 
system; DIPG = diffuse intrinsic pontine glioma; HDAC = histone deacetylase; i.v. = intravenous; LNCaP = lymph 
node carcinoma of the prostate; NHP = non-human primate; NNK = 4-(methylnitrosamino)-1-(3-pyridyl)-1- 
butanone; OC = ovarian cancer; PET = positron emission tomography; TBR = tumor-to-background ratio. 
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5. Challenges and Future Outlook 

Although extensive research has been performed on HDACi in glioma with 

clear radio- and/or chemosensitizing effects, the potential of radiolabeled HDACi 

has only been confirmed in the field of neurodegenerative diseases and been 

primarily diagnostic, with the goal of quantifying HDAC expression and/or 

monitoring treatment response. Their potential for GB imaging and TRT is 

underexplored. Whilst furthering this field of research should be recommended, one 

of the major issues that slowed down recent translation to clinics was poor BBB 

penetration, poor specificity and diverse target locations. Interestingly, adamantane-

conjugated radioligands seem promising to increase brain penetrance [164]. Only 

two radiotracers have been investigated in healthy adults: [11C]martinostat and 

[18F]F-bavarostat, confirming the ability to quantify HDAC expression [186,190]. 

Both should be recommended for GB HDAC imaging as they have shown target 

specificity and reported brain penetrance. [18F]TFAHA is the only 

radiopharmaceutical that has been evaluated in GB models, with uptake in GB 

tumors but also in normal brain structures known to overexpress HDAC class IIa 

[163]. Another recommendable radiopharmaceutical is [18F]F-NT160 featuring 

potent binding to class-IIa HDACs and BBB crossing in mice [183]. However, future 

studies are needed to increase its tumor specific uptake while preventing damage 

to healthy tissues. 

The potential for HDACi-based radiopharmaceuticals in GB can currently be 

formu- lated as (1) biomarkers for HDAC expression, (2) elucidate the roles of HDAC 

class enzymes and (3) dose optimization of cold HDACi [163]. Cancer resistance 

and the toxic effects of HDACi are currently an issue to translate radiolabeled 

HDACi for potential application in TRT. HDACi are often pan-specific towards a 

specific HDAC class. As their substrates are present all over the human brain, 

targeting HDACi in GB may cause unwanted effects on healthy tissues too. 

However, CED could be considered to mitigate any adverse effects and circumvent 

the BBB. Targeting multiple HDAC proteins could also be advantageous due to the 

heterogeneous nature of GB. Research should be initiated to confirm this, including 

optimal combinatorial strategies for HDACi that permit efficacy as well as safety in 

GB. 
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Bridging Text: 
 
The study included the use of two radiation types (protons and X-rays), two HDACi (SAHA 

and CUDC-101) and five assays, some of which included different timepoints. Due to the 

large volume of data collected, the results were divided into three manuscripts. The 

manuscript presented in this Chapter presents the results from the colony survival (objective 

1), γ-H2AX foci, apoptosis, as well as cell cycle analysis assays (objectives 2-4) which were 

conducted using HDACi CUDC-101. 
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Abstract: Background: Since the discovery that Histone deacetylase inhibitors (HDCAi) could 
enhance radiation response, a number of HDACi, mainly pan-HDAC inhibitors, have been studied 
either as monotherapy or in combination with X-ray irradiation or chemotherapeutic drugs in the 
management of breast cancer. However, studies on the combination of HDACi and proton radiation 
remain limited. CUDC-101 is a multitarget inhibitor of Histone deacetylases (HDACs), epidermal 
growth factor receptor (EGFR), and human epidermal growth factor receptor 2 (HER-2). In this paper, 
the effectiveness of CUDC-101 in enhancing radiation response to both proton and X-ray irradiation 
was studied. Methods: MCF-7, MDA-MB-231, and MCF-10A cell lines were pre-treated with CUDC- 
101 and exposed to 148 MeV protons, and X-rays were used as reference radiation. Colony survival, 
γ-H2AX foci, apoptosis, and cell cycle analysis assays were performed. Results: γ-H2AX foci assays 
showed increased sensitivity to CUDC-101 in the MDA-MB-231 cell line compared to the MCF-7 cell 
line. In both cell lines, induction of apoptosis was enhanced in CUDC-101 pre-treated cells compared 
to radiation (protons or X-rays) alone. Increased apoptosis was also noted in CUDC-101 pre-treated 
cells in the MCF-10A cell line. Cell cycle analysis showed increased G2/M arrest by CUDC-101 
mono-treatment as well as combination of CUDC-101 and X-ray irradiation in the MDA-MB-231 cell 
line. Conclusions: CUDC-101 effectively enhances response to both proton and X-ray irradiation, in 
the triple-negative MDA-MB-231 cell line. This enhancement was most notable when CUDC-101 
was combined with proton irradiation. This study highlights that CUDC-101 holds potential in the 
management of triple-negative breast cancer as monotherapy or in combination with protons or 
X-ray irradiation. 

 
Keywords: Histone deacetylase inhibitors; CUDC-101; proton therapy; proton irradiation 
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1.  Introduction 

Megavoltage (MV) X-ray-based radiation therapy is commonly indicated as adjuvant 

therapy to reduce the risk of loco-regional recurrence of breast cancer and to improve 

disease-free survival [1]. Recent advances in treatment planning and delivery techniques 

such as intensity modulated radiotherapy (IMRT) and volumetric modulated arc therapy 

(VMAT)have improved dose distribution and sparing of healthy tissues; however, 

associated late side-effects such as secondary malignancies and cardiopulmonary toxicities 

are still observed in breast cancer survivors [2–5]. While X-ray-based therapy is widely 

available, the number of proton therapy centres across the globe is on the rise, and this has 

improved access for breast cancer patients. In general, the number of cancer patients 

treated with proton therapy is increasing rapidly with an estimated 190,000 in 2018, and an 

expected increase to over 300,000 in 2030 [6]. Furthermore, the superior dose distribution 

of protons makes it also a suitable modality for re-irradiation in a number of tumour types 

[7]. The physical aspects of proton therapy are well understood, but the biological aspects 

remain under-explored for protons alone as well as in combination therapies with drugs and 

concomitant therapies [5,8,9]. In recent years, combination therapies of Histone 

deacetylase inhibitors (HDACi) and photon irradiation have been a focus of many studies 

[10–16]. However, combination therapies with particle type of radiation and HDACi remain 

limited. 

 

Histone deacetylase inhibitors (HDACi) are epigenetic drugs that can sensitise cancer 

cells to ionising radiation with little effect on healthy cells [17,18]. To date, five HDACi 

SAHA (generic name vorinostat), belinostat, panabinostat, chidamide, and romidepsin 

have been approved by the Food and Drug Administration (FDA) for cancer therapy [19,20]. 

More than 20 different HDACi are in different phases of clinical trials as monotherapy or in 

combination with other DNA damaging agents [21]. HDACi are classified into several 

classes according to their chemical structure: benzamides (e.g., chidamide, entinostat), 

hydroxamic acids (e.g., SAHA, belinostat, panabinostat, CUDC-101), cyclic tetrapeptides 

(e.g., romidepsin), and aliphatic acids (e.g., butyrate, valproic acid) [16,22]. Of these 

classes, hydroxamic acids is the main class that has been used and is continuously being 

applied in most studies [23]. This class is also preferred as they inhibit a broad range of 

HDACs (HDACs1–11), and they have been shown to cause cellular effects at low (nM) 

concentrations [21]. 

 

Evidence from pre-clinical studies has revealed that the combination of photon radiation 
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and HDACi results in increased cell death in a number of cell lines including lung, 

melanoma, prostate, glioma, colon, non-small cell lung cancer (NSCLC), osteosarcoma, 

and breast to name a few [10–16,24–27]. Reports on combination of HDACi with proton 

irradiation and particle radiation in general remain limited [28–32]. For treatment of breast 

cancer, several studies have explored the use of pan-HDACi SAHA or Panobinostat in 

combination with chemotherapeutic drugs, but studies on CUDC-101 are lacking [33–36]. 

CUDC-101 is a hydroxamic acid that inhibits HDACs, epidermal growth factor receptor 

(EGFR), and human epidermal growth factor receptor 2 (HER-2) [37]. EGFR and HER-2 

have been recognized as biomarkers for resistance in tumours. EGFR is reported to be 

expressed in all molecular sub-types of breast cancer and over-expressed in triple-negative 

breast cancers [38,39]. Therefore, the dual targeting of EGFR and HER-2 may be beneficial 

for EGFR over-expressing triple-negative breast cancer [40], for which CUDC-1010 would 

be an appealing HDACi candidate. To the best of our knowledge, only one in vitro study 

has been conducted on the effect of CUDC-101 and X-ray irradiation in the triple-negative 

breast cancer cell line MDA-MB-231 [14]. Considering the growing interest in using proton 

therapy for breast cancer patients, we aimed to quantify and compare the efficacy of CUDC-

101 in combination proton and X-ray radiation, in MCF-7, MCF-10A, and MDA-MB-231 cell 

lines. The results of this in vitro study serve to highlight the potential of CUDC101 in the 

treatment of breast cancer, to motivate further in vivo preclinical work and to guide future 

clinical trials. 

2. Results  

2.1. Determination of IC50 and Timepoint of Irradiation in Relation to the Drug 

To determine the half maximal inhibitory concentration (IC50) of HDACi, MCF-7, MDA-MB-

231, and MCF-10A cells were pre-treated with CUDC-101 at concentrations that ranged 

from 0.16 µM to 20 µM. Cell proliferation was assesed 72 h post-treatment using 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) cell viability assays. The 

determined half-maximal inhibitory concentration (IC50) values are presented in Table 1. 

 

Table 1. Half maximal inhibitory concentration (IC50) values for the different cell lines. 

 

 

 

 

 

Cell Line CUDC-101 (µM) 
MCF-7 0.31 

MDA-MB-231 0.60 

MCF-10A 2.70 
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To determine the optimal sequence of administration of HDACi and radiation, cells were 

irradiated with X-rays (2 Gy) at 8 h, 16 h, and 24 h before treatment with CUDC-101 as well 

as immediately, at 8 h, 16 h, and 24 h post-treatment with CUDC-101. Cell proliferation was 

determined at 72 h post-irradiation using MTT assays. Pre-treatment with HDACi 24 h 

before irradiation resulted in the least cell survival for all three cell lines and was 

subsequently used for all experiments (Figure 1). 

 

 

 

Figure 1. Pre-treatment with CUDC-101 at 24 h before 250 kVp X-ray irradiation offered 
maximal sensitization. Cells were pre-treated with 0.3 µM, 0.6 µM, and 2.7 µM CUDC-
101 in MCF-7, MDA- MB-231, and MCF-10A cell lines. Cell proliferation was evaluated 
at 24, 16, 8 h before irradiation, immediately, and at 8 and 24 h after irradiation, as 
depicted on the x-axis. Cell proliferation was assessed with MTT assay at 72 h post 
irradiation. 

 

2.2. Effect of CUDC-101 in Enhancing Radiation Response in Breast Cell Lines 

Colony survival assays were performed to determine the effect of CUDC-101 in enhancing 

radiation-mediated cell killing (or inhibition of cell proliferation). For all three cell lines, 

comparison of survival curves showed an increased cell killing after proton irradiation 

compared to X-ray irradiated cells (Figure 2a–f). This resulted in relative biologic 

effectiveness at 10% survival (RBE10) values of 1.51, 1.31, and 1.20, in MCF-7, MDA-MB-

231, and MCF-10A cell lines, respectively. All observed RBE values are close to the RBE 
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value of 1.1, which is used in clinical practice. The proton RBE was further enhanced by 

pre-treatment with CUDC-101, from 1.15 to 1.34 in the MCF-7 cell line and from 1.2 to 1.34 

in MCF-10A cell line (Table 2). In the case of the MDA-MB-231 cell line, combination 

treatment of 2 Gy protons and CUDC-101 and 2 Gy X-rays and CUDC-101 yielded similar 

values, as shown in Figure 2d, which inferred that the differential effect of two radiation 

types might be obscured by the effect of CUDC-101. Accordingly, the sensitization 

enhancement ratio (SER) after X-ray irradiation was higher (2.09) than the proton SER 

(1.77), which suggested that in the MDA-MB-231 cell line, an increased biologic effect can 

be anticipated after CUDC-101 and X-rays compared to combination therapy of protons and 

CUDC-101. The MDA-MB-231 cell line also exhibited a higher RBE compared to the other 

two cell lines, suggesting increased sensitivity to proton irradiation. The SER values 

observed for the MCF-7 and MCF-10A cell lines were higher for protons compared to X-

rays, which indicates increased sensitisation after proton irradiation compared to X-ray 

irradiation. The proton SER for MCF-7 was higher (1.50) than that determined in MCF-10A 

cell line (1.23), and the X-ray SER values of the cell lines were comparable (1.16 and 1.10 

in MCF-7 and MCF-10A cell lines, respectively). 
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Figure 2. Colony survival curves and associated RBE calculations. CUDC-101 sensitises 
MCF-7 (a,b), MDA-MB-231 (c,d), and MCF-10A (e,f) cells to proton and X-ray irradiation. 
Data are expressed as the mean ± SD of three independent experiments. 
 



 

75 
 

Table 2. Radiation response parameters of MCF-7, MDA-MB-231, and MCF-10A cell 
lines. 

 
 
 
 
 
 
 

Data represent the mean ± SD. RBE: relative biologic effectiveness; SER: the sensitisation 
enhancement ratio. 
 

2.3. Effect of CUDC-101 on Radiation-Induced DNA DSB Formation and Repair 

To assess DNA damage induction and repair after combination treatment with CUDC- 101 

and irradiation, γ-H2AX foci assays were performed as molecular markers of DNA double 

strand break (DSB) and repair. Cells were pre-treated with IC50 concentrations of HDACi for 

24 h and irradiated with protons or X-rays. γ-H2AX foci assays were performed at 1 h and 

24 h post-irradiation with 2 Gy 148 MeV mid-spread-out Bragg peak (SOBP) protons or 250 

kVp X-rays. Overall, an increased number of γ-H2AX foci were noted post-irradiation with 

protons compared to X-irradiation in all three cell lines (Figure 3a–f). Further, in comparison 

to X-ray irradiated cells, an increased number of persisting γ-H2AX foci at 24 h post-proton 

irradiated cells was observed, which suggested that the type of damage induced by protons 

is complex in nature and more difficult to repair (Figure 3a–f). 

 

In the MCF-7 cell line, at 24 h post irradiation, a significant reduction in the number of γ-

H2AX foci was noted after irradiation protons (p < 0.0047) or X-rays (p < 0.0009) as well as 

in CUDC-101 pre-treated cells (p < 0.0001), which suggests that addition of the CUDC-101 

did not impair the repair of the DNA DSB (Figure 3a,b). Comparison of the combination 

treatment (CUDC-101 and 2Gy) and irradiation alone (2 Gy protons), resulted in a non-

significant result with p values of 0.1580 and 0.1319 at 1 h and 24 h post irradiation, 

respectively. Comparison of combination treatment of 2 Gy and X-irradiation and X-rays 

also yielded a non-significant result with p values of 0.0718 and 0.3018 at 1 h and 24 h post 

irradiation, respectively. Although not statistically significant, it was noted that proton 

irradiation alone yielded a higher number of γ-H2AX foci as compared to combination 

treatment of proton and CUDC-101 at 1 h post irradiation in this cell line (Figure 3a). This 

was not observed after irradiation with X-rays (Figure 3b). 

 

In the MDA-MB-231 cell line, the number of γ-H2AX foci induced by radiation alone (protons 

or X-rays) and those induced by combination of radiation and CUDC-101 were 

Cell Line RBE10 HDACi- 
Mediated RBE 

SER10 
(Protons) 

SER10 
(X-Rays) 

MCF-7 1.15 ± 0.03 1.37 ± 0.00 1.50 ± 0.01 1.16 ± 0.03 
MDA-MB-231 1.31 ± 0.01 - 1.77 ± 0.03 2.09 ± 0.02 

     
MCF-10A 1.20 ± 0.01 1.34 ± 0.02 1.23 ± 0.04 1.10 ± 0.01 
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not statistically significant (p = 0.7672) at 1 h post irradiation (Figure 3c,d). A significantly 

reduced (p = 0.0003) but notable number of retained γ-H2AX foci was observed after com- 

bination therapy with proton and CUDC-101 as well as proton irradiation alone (Figure 3c). 

For X-ray irradiation, the number of retained γ-H2AX foci at 24 h after combined treatment 

remained high and the decrease in the number of γ-H2AX foci was not statistically 

significant (p = 0.4262) compared to the 1 h time point (Figure 3d). Taken together, the 

findings suggest repair impairment in the MDA-MB-231 cell line and a high sensitivity to 

CUDC-101, which is also observable in the unirradiated CUDC-101 control samples. This 

is reflected as an increase in the number of γ-H2AX foci induced by CUDC-101 

monotherapy at 24 h as compared to 1 h (Figure 3c,d). 

 

In the MCF-10A cell line, the only non-malignant cell line included in the study, an overall 

reduced number of γ-H2AX foci were noticed compared to the other two cell lines. A 

statistically significant (p = 0.008) higher number of remaining γ-H2AX foci at 24 h was 

noted with 2 Gy protons and CUDC-101 compared to proton irradiation alone (Figure 3e). 

Almost complete repair was noted after proton and X-ray irradiation alone and in the 

combination treatment of X-rays and CUDC-101 at 24 h (Figure 3f). Representative 

immunohistochemistry images of MCF-7 and MDA-MB-231 cell lines are shown in Figures 

3g and 3h, respectively. 
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Figure 3. Effect of CUDC-101 combined with protons or X-rays in MCF-7 (a,b), MDA-MB-
231 (c,d), and MCF-10A (e,f) cell lines. Histograms show the mean ± SD of three 
independent experiments (n = 3) ** p = 0.0037 in MDA-MB-231 and ** p = 0.0088 in MCF-
10A cell lines. Representative images of γ-H2AX foci at 1 h and 24 h post-irradiation in 
MCF-7 (g) and MDA-MB-231 cell lines (h). Images are obtained at 40× magnification using 
a Metafer 4 scanning system. Analysis was performed using unpaired two-tailed Student’s 
t test, ** p (<0.002). 
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2.4. Impact of CUDC-101 and Radiation on Apoptosis in Breast Cell Lines 

To investigate the induction of apoptosis after treatment with CUDC-101, radiation (protons 

or X-rays), or combination therapy of CUDC-101 and radiation, the Annexin V/PI apoptosis 

assay was performed. Apoptosis and necrosis were assessed at 48 h post- irradiation with 

2 Gy and 6 Gy protons or X-rays, as well as after combination of CUDC-101 and radiation 

(proton or X-rays). In all three cell lines, increased apoptosis levels were observed post 

proton-irradiations as compared to X-ray irradiations (Figure 4a-c). Pre- treatment with 

CUDC-101 significantly increased the level of proton-induced apoptosis after 2 Gy (p = 

0.0020) and after 6 Gy (p = 0.0011) in MCF-7 cell line (Figure 4a). Similarly, in the MDA-

MB-231 cell line, a significant increase was observed in CUDC-101 pre-treated samples 

after 2 Gy (p = 0.0219) and 6 Gy (p = 0.0216) (Figure 4b). In the spontaneously immortalised 

MCF-10A cell samples, increased apoptotic fractions were observed in the CUDC-101 

treated MCF-10A cells (Figure 4c). Further, treatment with 1 µM of apoptosis inducer 

staurosporine induced apoptosis in MCF-7 and MCF-10A cell lines, whereas necrosis was 

induced in the MDA-MB-231 cell line at 24 h after treatment (Figure 4d). 

 
Figure 4. Induction of apoptosis and necrosis at 48 h post treatment with CUDC-101 
combined with protons or X-rays in MCF-7 (a), MDA-MB-231 (b), and MCF-10A (c) cell 
lines. Induction of apoptosis and necrosis at 24 h after treatment with 1 µM staurosporine 
in the three cell lines (d). Histograms show the mean ± SD of three independent 
experiments (n = 3). Comparisons were conducted using unpaired two-tailed Student’s t 
test, *** p (<0.0003) ** p (<0.002), * p (<0.05). 
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In addition, in the MCF-7 cell line, increased necrosis was noted after proton irradiations 

compared to X-ray irradiations (p = 0.0063). Pre-treatment with CUDC-101 further 

increased levels of necrosis after X-ray irradiation in this cell line (p = 0.0051) (Figure 5a,b). 

A different observation was made in the MDA-MB-231 cell line, pre-treatment with CUDC- 

101 reduced levels of necrosis after proton irradiation (p = 0.0136) and X-rays (p = 0.3647). 

Comparison of levels of necrosis between the two cell lines showed increased amounts of 

necrotic cell populations in the MCF-7 cell line compared to the MDA-MB-231 cell line after 

protons (p = 0.0174) and protons and CUDC-101 (p = 0.0095) (Figure 5g). Representative 

images of apoptosis profiles are included in Supplementary Material (Figure S1). 
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Figure 5. Induction of necrosis at 48 h post treatment with CUDC-101 combined with 
protons or X-rays in MCF-7 (a,b), MDA-MB-231 (c,d), and MCF-10A (e,f) cell lines. 
Increased amounts of necrosis after treatment with 2 Gy protons and 2 Gy protons and 
CUDC-101 in MCF-7 cell line compared to MDA-MB-231 cell line (g). Histograms show the 
mean ± SD of three independent experiments (n = 3). Comparisons were conducted using 
unpaired two-tailed Student’s t test, ** p (<0.002), * p (<0.05). 
 



 

81 
 

2.5. Effect of CUDC-101 and Radiation on Cell Cycle Progression 

Cell cycle progression after treatment with CUDC-101 and radiation was assessed using 

propidium iodide with RNase staining. For all cell lines, an increased fraction of cells was 

observed in the G2/M phase of the cell cycle at 24 h post-irradiation with 6 Gy protons or 

X-rays, indicating a G2/M cell cycle arrest (Figure 6a–f). Also, in all three cell lines, mono- 

treatment with CUDC-101 induced G2/M cell cycle arrest at 24 h, which persisted at 48 h 

(Figure 6a-f). In the MCF-7 and MDA-MB-231 cell lines, an increase in fraction of G2/M cells 

was also observed at 48 h in X-ray irradiated cells compared to proton-irradiated cells at 

doses of 2 Gy (p = 0.0012) and at 6 Gy (p = 0.0007). This increase was more evident in the 

MDA-MB-231 cell line compared to the MCF-7 cell line (Figure 6g,h). Furthermore, 

compared to radiation treatment alone, pre-treatment with CUDC-101 had a minimal effect 

on the cell cycle progression in MCF-7 cells at neither 24 h (p = 0.4929 for 2 Gy and p = 

0.0532 for 6 Gy) nor 48 h (p = 0.6985 for 2 Gy and p = 0.3118 for 6 Gy) post proton- 

irradiation as evidenced by comparable G2/M fractions at these timepoints (Figure 5g). 

However, in the MDA-MB-231 cell line, pre-treatment with CUDC-101 increased the G2/M 

fraction after exposure to both 2 Gy p = 0.0030) and 6 Gy (p = 0.0027) X-rays which was 

maintained at 48 h post irradiation (Figure 6h). It seems sensible to associate the increased 

fraction of G2/M cells after X-ray irradiations to the reduced levels of apoptosis and necrosis 

that were seen in the MCF-7 and MDA-MB-231 cell lines at 48 h post irradiation. In this 

instance, the increased G2/M could be an indicator of mitotic catastrophe as a mode of cell 

death after x-irradiations. Similarly, in the MCF-10A cells, increased G2/M fractions were 

noted in CUDC-101 pre-treated compared to radiation alone. Cell cycle profiles are included 

in the Supplementary Material (Figure S2). 
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Figure 6. Quantification of the effect of CUDC-101 alone and in combination with X-rays 

and protons on cell cycle progression in MCF-7 (a,b,g) MDA-MB-231 (c,d,h); and MCF-

10A (e,f) cell lines. Data represent the mean ± SD of three independent experiments (n = 

3). Comparisons were conducted using two-tailed Student’s t test, * p < 0.05, ** p < 0.008. 
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3. Discussion 

3.1. CUDC-101 Increases Sensitivity of MCF-7, MDA-MB-231 and MCF-10A Cell Lines to 
Proton and X-Ray Irradiation 

Our data show that the multi-target inhibitor CUDC-101 enhances the response to both 

protons and X-rays in MCF-7 and MCF-10A breast cell lines. The enhancement was most 

notable after proton irradiation, with proton SER values of 1.50 and 1.23 and X-ray SER 

values of 1.16 and 1.10 in MCF-7 and MCF-10A cell lines, respectively. Similarly, in 

hepatocellular carcinoma (HCC) cell lines, Choi et al. reported higher proton SER values of 

1.25 and 1.21 compared to X-ray SER values of 1.15 and 1.11, using Panobinostat in Huh7 

and Hep3B cells, respectively. Yu et al. also reported Valproic acid (VPA)-mediated RBE10 

value of 1.17 compared to RBE10 value of 1.08 without VPA in Hep3B cells after treatment 

with 6 MV photons [31]. In another study, Gerelchuluun et al. reported an RBE10 value of 

1.24 and proton SER values of 1.31 and 1.16 compared to γ-ray SER values of 1.43 and 

1.08 in lung carcinoma (A549) and normal fibroblast (AG1522) cell lines, respectively, 

following treatment with 2 µM of SAHA [29]. Although different HDACi and different cell lines 

were used in the mentioned studies, the findings are consistent with those of the current 

study, where higher RBE and SER values were reported for proton compared to X-rays. 

The enhanced radiation response in the MCF-7 cell line indicate a potential benefit of using 

CUDC-101 and protons in treatment of breast tumours with oestrogen, progesterone, and 

her-2 positive molecular sub-types. Previous studies have asserted that HDACs are not 

overexpressed in normal tissues, which leads to minimal effect of HDACi on normal tissues 

[17,41,42]. While our study indicates SER of 1.10 and 1.23 in the normal breast cell line 

(MCF-10A) following pre-treatment with CUDC-101, these values were lower than the ones 

observed in the malignant cell lines. It should be noted that the former studies used SAHA, 

which inhibits HDACs only, whereas in the current study CUDC-101, which inhibits HDACs, 

EGFR and HER-2, was used. Therefore, the effect of CUDC-101 observed in the normal 

cell line can be attributed to inhibition of EGFR, which is important for growth and 

maintenance of MCF-10A cells [43]. 

 

A different effect was seen in the MDA-MB-231 cell line in the current study, with a higher 

X-ray SER value of 2.09 compared to proton SER value of 1.77, which implies that in this 

cell line, CUDC-101 is best combined with X-rays for maximal therapeutic benefit of the 

combination treatment. It is yet to be determined if a similar result will be seen using other 

triple-negative breast cell lines. In addition, the RBE10 value of 1.31 for the MDA-MB-231 

cell line indicates that protons are more effective than X-rays to inhibit the proliferation 

capacity, at a higher rate than the RBE10 values observed in the MCF-7 and MCF-10A cell 



 

84 
 

lines. Previous studies have associated higher RBE values to DNA damage repair capacity 

of the cell line. In other words, cell lines with higher RBE values reported to be deficient in 

DNA repair capacity [44,45]. 

 

3.2. Proton Irradiation Induces Increased DNA Damage That Is Not Easily Repaired in 
Breast Cell Lines 

The complexity of DNA damage induction and repair after proton therapy remains a subject 

of discussion [46]. Contrary to X-rays that have no mass and no charge, protons are 

charged particles with a larger mass, which can create more direct and complex DNA 

damage. Previous studies reported an increased number of γ-H2AX foci that are larger in 

size after proton irradiation as compared to X-rays in different cell lines [47–53]. Other 

studies reported that SOBP protons induced increased γ-H2AX foci, which were larger in 

size and reached maximum point at 1 h post irradiation, whereas maximal γ-H2AX foci 

count was reached at 30 min post irradiation with X-rays and plateau protons, which were 

also smaller in size and were resolved at 6 h post irradiation [47,50,54]. Gerelchuulun et al. 

reported a 1.2–1.6-fold increase in γ-H2AX foci in ONS76 medulloblastoma and MOLT4 

leukaemia cells after proton irradiation compared to 10 MV X-rays [51]. In another study, 

irradiation with SOBP protons induced more clustered DNA damage, whereas entrance 

plateau protons induced mixed-type damage that consisted of clustered and non- clustered 

DNA damage [50]. Consistent with these studies, a significantly increased number (1.4–

1.5-fold) of γ-H2AX foci was observed at 1 h post-irradiation with 2 Gy SOBP protons 

compared to 2 Gy X-rays in all three cell lines (Figure 3a–h). The fact that persisting γ-H2AX 

foci at 24 h post irradiation were observed mainly after proton irradiation (Figure 3b,c), 

suggests that the type of DNA damage induced by protons is difficult to repair, supporting 

the assertions of complex DNA damage [47,50,51,53,55–57]. 

 

Of relevance is also the ongoing discussions about differential requirement of DNA DSB 

repair pathways following protons and X-rays [47,55]. Previous studies reported that post 

proton irradiation, the error free homologous repair (HR) is preferred, and non-homologous 

end joining (NHEJ) is preferred after irradiation with X-rays [53,55]. Latter reports indicated 

that HR is required post proton irradiation due to the complex nature of the DNA damage, 

but NHEJ is also indispensable for repair of proton-induced DSB [45,47,57]. Further 

evidence pointed out that irrespective of the type of radiation, the initial fast repair is 

conducted by NHEJ, and HR occurs at a later stage [53,58,59]. In a recent report by 

Lohberger et al., mismatch repair (MMR) and nucleotide excision repair (NER) repair 

pathways together with HR and NHEJ pathways were found to be activated mainly post-
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proton irradiation in chondrosarcoma cells [52]. These studies bear relevance to the 

observed prolonged appearance of γ-H2AX foci after proton irradiation as compared to 

x-irradiated cells, particularly in the MDA-MB-231 cell line in the current study. Consistent 

with the notion that cell lines with higher RBE values have defective repair pathways, Lee 

et al. reported that MDA-MB-231 cells are deficient in HR, base excision, and nucleotide 

excision repair (NER) [60]. This would explain the increased retention of γ-H2AX foci in 

MDA-MB-231 cell line and increased sensitivity to proton irradiation (RBE10 of 1.31) 

compared to the MCF-7 cell line (RBE10 of 1.15). As previously mentioned, the HDACi-

mediated RBE was, however, lower than the proton RBE due to the compounding effect of 

DNA damage that has been induced by CUDC-101 in the MDA-MB-231 cell line, which was 

not observed in the other cell lines. Several studies also reported having observed 

increased sensitivity to proton irradiation in cells that are deficient in HR machinery 

[47,53,55,56,61]. 

 

Limited studies have been conducted on combination therapy of HDACi and proton 

irradiation with respect to DNA DSB induction and repair. A 3 h pre-treatment with 1 mM 

HDACi Valproic acid (VPA) and mid-SOBP protons prolonged appearance of γ-H2AX foci 

in Hep3B and Huh7 hepatocellular carcinoma cell lines [31]. Pre-treatment with 5 nM 

Panobinostat increased the γ-H2AX foci yield at 24 h post irradiation with 6 Gy mid-SOBP 

protons in Huh7 and Hep3B hepatocellular carcinoma cell lines [28]. In NFF28 normal 

fibroblast cells, Johnson et al. reported resolution of γ-H2AX foci to near background levels 

at 24 h post-treatment with 10 µM SAHA and irradiation with 200 MeV protons [30]. The 

results of these earlier studies are consistent with the observation in the current study, since 

the retention of γ-H2AX foci was in general higher after proton irradiation in malignant cell 

lines compared to the MCF-10A cell line. It is also worth noting that in the study by Johnson 

et al., 200 MeV entrance plateau protons were used, whereas 148 MeV mid-SOBP protons 

were used in the current study. Persisting γ-H2AX foci were detected at 24 h post treatment 

with 2 Gy protons and CUDC-101 in the MCF-10A cell line, which could be an indication of 

increased normal tissue effect. 

 

Treatment with CUDC-101 alone resulted in an induction of γ-H2AX foci at 1 h, which 

increased at 24 h post treatment in MDA-MB-231 cell line (Figure 3c–e), but not in theMCF-

7 and MCF-10A cell lines. Similarly, in the MDA-MB-231 cell line, an increased G2/M phase 

fraction in comparison to the untreated control was seen at 24 h (p = 0.003) and at 48 h (p 

= 0.0002). The increase in the number of γ-H2AX foci at 24 h suggests that additional γ-

H2AX foci might have been induced by cell death mechanisms. Induction of DNA damage 

by sole treatment with HDACi has previously been reported mainly in leukaemia cells 
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[62,63], which would explain the success of HDACi monotherapies in treating 

haematological malignancies with poor performance in solid tumours. In a study by Choi et 

al., Panobinostat alone did not induce γ-H2AX foci in hepatocellular carcinoma cell lines 

[28]. Further investigation is required to confirm the observations of CUDC-101-induced 

DNA DSB formation in the current study. 

3.3. CUDC-101 Enhances Protons-Induced Apoptosis 

The type of cell death after irradiation is mainly determined by the cell type and type of 

radiation. Apoptosis was formerly reported to be the main mode of cell death in 

haematological cancer cells whereas mitotic catastrophe was reported to be the main mode 

of cell death in solid tumours after irradiation [64]. Further, several studies asserted that 

apoptosis would be the main mode of cell death in solid tumours, through either the intrinsic 

or extrinsic apoptotic pathways, whereas the main mode of cell death post X-ray irradiation 

would be mitotic catastrophe [51,64–70]. Consistent with these assertions made in these 

reports, increased apoptosis was observed post proton irradiations, whereas minimal levels 

of apoptosis were noted after X-ray irradiation in all three cell lines (Figure 4a–c). Apoptosis 

was most notable in the MDA-MB-231 cell line at 2 Gy and 6 Gy proton irradiations, as well 

as after combination therapy of proton irradiation (2 Gy and 6 Gy) and CUDC-101. Although 

a marked number of unresolved DSB was noted at 24 h after treatment with CUDC-101 

monotherapy in this cell line, minimal levels of apoptosis were noted, suggesting a different 

type of cell death. Indeed, cell cycle analysis in both MCF-7 and MDA-MB-231 cell lines 

showed increased G2/M arrest at 48 h after CUDC-101 monotherapies, as well as after 

combination treatments of CUDC-101 and X-ray irradiation (Figure 5a–d), which suggested 

induction of mitotic catastrophe. Similar observations were made by Schlaff et al. who 

reported induction of mitotic catastrophe in glioblastoma cell line after CUDC-101 treatment 

[14]. Keeping with the argument that CUDC-101 and X-ray monotherapies induces mitotic 

catastrophe, the combination therapy of X-rays and CUDC-101 was expected to result in 

higher levels of mitotic catastrophe (G2/M) compared to proton irradiations and CUDC-101. 

Certainly, Figure 5d,e show an even higher proportion of G2/M cells after combination 

therapy of 2 Gy X-rays and CUDC-101 compared to monotherapies with either X-rays or 

CUDC-101 in the MDA-MB-231 cell line. 

 

In the MCF-7 cell line, the levels of apoptosis and necrosis were comparable at the lower 

dose of 2 Gy (Figure 4a,b). The levels of necrosis exceeded that of apoptosis at doses of 6 

Gy, as shown in Figure 4c. Several reports have asserted that MCF-7 cells are deficient in 

caspase 3 and therefore lack the morphological features associated with apoptosis [71,72]. 
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Natarajan et al. reported that MCF-7 cells can switch to a necroptosis pathway after 

treatment with HDACi SAHA [73]. Necroptosis is a caspase-independent mechanism of 

programmed cell death that is activated when apoptosis is blocked and it bears mechanistic 

similarity to apoptosis and morphological similarity to necrosis [74]. Treatment with 1 µM of 

apoptosis inducer staurosporine, induced more apoptosis in the MCF-7 cell line compared 

to the MDA-MB-231 cell line at 24 h post treatment (Figure 6d). In earlier studies, 

staurosporine, at a concentration of 1 µM, was reported to induce apoptosis in MCF-7 cells 

through partial activation of caspase-6 [71]. The authors also noted that apoptosis occurred 

earlier (16 h), with the absence of typical apoptotic morphology and absence of apoptotic 

bodies in the MCF-7 cell line compared to T47D cells [71]. To the contrary, Poliseno et al. 

reported that at 5 h post treatment with staurisporine at 1 µM induced necrosis in MCF-7 

cell lines expressing low anti-apoptotic Bcl-2 protein [75]. Taken together, these studies 

imply that necrosis is induced earlier, and apoptosis is only detectable at a later stage in 

MCF-7 cells. In view of the mentioned overlapping similarities between necroptosis, 

necrosis, and partial apoptosis in this cell line, it seems reasonable to assume that what 

was reported in previous literature, as well as in the current study, might have been 

necroptosis. In view of the fact that very little apoptosis was observed in all three cell lines, 

it is advisable that other modes of cell death such as mitotic catastrophe, autophagy, and 

necroptosis be investigated in follow-up in vitro work, particularly in the MCF-7 cell line, 

which is caspase 3-deficient [76]. 

 

The increased apoptosis seen in CUDC-101-treated cells in the MCF-10A cell line is thought 

to be due to inhibition of EGFR (Figure 4c). Increased apoptosis was seen mainly after 

treatment with protons and CUDC-101 compared to X-ray irradiated cells (Figure 4c). 

Further, lower levels of apoptosis were seen after treatment with 2 Gy X-rays and CUDC- 

101 compared to 6 Gy X-rays and CUDC-101. These findings imply that, if CUDC-101 is 

considered for use in triple-negative breast cancer, it might be better to combine it with X- 

rays to reduce normal tissue reactions. Notwithstanding, in a Phase 1 study of 275 mg/m2 

CUDC-101 in combination with cisplatin and X-ray radiation in squamous cell head and 

neck cancers, out of the 12 patients that enrolled for the study, 5 patients discontinued 

CUDC-101 due to adverse side effects. CUDC-101 was administered three times a week 

for one week before starting with radiation and cisplatin and was concurrently administered 

with cisplatin and radiation in a fractionated regime up to a total dose of 70 Gy. The authors 

suggested alternate scheduling of CUDC-101 and using different routes of administration 

to minimize adverse effects [76]. Subsequently, in another Phase I trial in advanced solid 

tumours, Schlaff et al. reported that intravenous administration of CUDC-101 for 1 h for 5 

consecutive days every 2 weeks were well tolerated. The authors recommended a dose of 
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275 mg/m2 to be used [77]. A Phase I study (NCT01702285) to assess safety and 

tolerability of orally administered CUDC-101 was terminated for unknown reasons. 

 

3.4. CUDC-101 Induces G2/M Cell Cycle Arrest and Enhances X-Irradiation-Induced G2/M 
Cell Cycle Arrest 

Previous studies highlighted the important role that HDACs play in cell cycle progression. 

In particular, HDAC 3 and HDAC 10 have been implicated in mediating progression through 

the G2/M phase of the cell cycle [78–80]. HDACs 2, 3, 5, and SIRT2 have also been 

implicated in facilitating exit from mitosis stage [78,81–83]. HDACi, therefore, induces CDK-

inhibitor p21, to induce cell cycle arrest [78]. Monotherapy with 5 nM of HDACi panobinostat 

induced G2/M arrest from 24.3% to 51.4% at 24 h post-treatment in Huh7 HCC cell lines. 

Pre-treatment with 5 nM panobinostat also increased G2/M proportions of cells after 6 Gy 

X-ray or proton irradiation [28]. The amounts of G2/M cells seen after single panobinostat 

treatment and after combination therapy of panobinostat and proton- or X-ray irradiation 

were not statistically signinficant [28]. In another study, 6 Gy photons or 6 Gy protons 

increased proportions of G2/M cells to 71% and 70%, respectively in Hep3 HCC cell line 

[31]. Pre-treatment with 1 mM of HDACi VPA before radiation further increased G2/M 

fraction from 73.4% to 80.1% at 24 h and from 59.9% to 58.6% at 72 h [31]. In the current 

study, similar to the mentioned studies, 6 Gy protons and 6 Gy X-rays increased G2/M cells 

at 24 h compared to the untreated control. Also, similar to Choi et al., treatment with CUDC-

101 monotherapy increased G2/M cell cycle arrest in all three breast cell lines at 24 h. The 

increase was most notable in the MDA-MB-231 and MCF-10A cell lines, indicating 

increased toxicity of CUDC-101 in these cell lines. Contrary to the studies mentioned, 

increased G2/M was seen in X-ray-irradiated cells compared to the proton-irradiated cells, 

with or without HDACi pre-treatment in the current study. As previously mentioned, this 

differential increase in G2/M fraction after X-rays suggested mitotic catastrophe as a mode 

of cell death. The summary of the cellular effects of CUDC-101 is presented in Figure 7. 

 

 

 

 

 

 

 



 

89 
 

 

 

Figure 7. Summary illustration of the cellular effects of CUDC-101. 

 

4. Materials and Methods 

4.1. Cell Cultures 

MCF-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; GibcoTM, Thermo 

Fisher Scientific, Sandton, South Africa) and Ham’s F-12 (GibcoTM, Thermo Fisher 

Scientific, Sandton, South Africa) supplemented with 10% foetal bovine serum (FBS) 

(GibcoTM, Thermo Fisher Scientific, Sandton, South Africa), 100 µg/mL penicillin 

(GibcoTM, Thermo Fisher Scientific, Sandton, South Africa), and 100 µg/mL streptomycin 

for bacterial contamination. MCF-10A medium was further supplemented with epidermal 

growth factor (EGF) (20 ng/mL final concentration) (GibcoTM, 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 (GibcoTM, Thermo 

Fisher Scientific, Sandton, South Africa) supplemented with 10% FBS, 100 µg/L penicillin 

and 100 µg/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, 
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USA). Cell growth was assessed over 24 h intervals and sub-cultured once 80% confluence 

was reached. 

4.2. Histone Deacetylase Inhibitor 

CUDC-101 (molecular weight of 434.49) (Figure 8) was purchased from Sigma Aldrich 

(Sigma-Aldrich, St. Louis, MO, 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 dimethyl- 

sulfide (DMSO) (Biotechnology Hub, Johannesburg, South Africa) and stored at −20°C for 

short term storage and at −80°C for long term storage. 

 

Figure 8. Molecular structure of CUDC-101. 

4.3. 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 [84]. For both X-ray and proton irradiations, cells were 

irradiated in 5 mL media in T25 flasks. 

4.4. Cell Proliferation Assays 

Cell proliferation assays were conducted using the thiazolyl blue tetrazolium bromide (MTT) 

cell viability assay kit. Cells were seeded at a pre-determined density of 3000 cells/well in 

96-well plates and allowed to attach. Cells were treated with different concentrations of the 

HDACi (SAHA or CUDC-101) ranging from 0 µM to 20 µM and incubated for a further 72 h. 

A 20 µL of a 5 mg/mL stock solution of MTT (Sigma-Aldrich, St. Louis, MO, USA) was added 



 

91 
 

to each well and incubated for a further 4 h to allow formazan formation. MTT-containing 

media was carefully removed and 100 µL of DMSO was added to each well. The formation 

of formazan in the viable cells was monitored by measuring absorbance at wavelengths of 

595 nm on a spectrophotometer to determine the half-maximal inhibitory concentrations 

(IC50) values for HDACi SAHA for the different cell lines. 

4.5. Colony Survival Assays (CSA) and RBE Analysis 

Cells (250–1500) were seeded in 6-well plates (Whitehead Scientific, Cape Town, South 

Africa) and allowed to attach overnight. Cells were treated with CUDC-101 at a 

concentration of 0.6 µM, 2.7 µM, and 0.3 µM for MCF-7, MCF-10A, and MDA-MB-231, 

respectively, for 24 h and irradiated with 0, 2, 4, 6, and 8 Gy of 250 KeV X-rays or 148 MeV 

SOBP protons. The cells were returned for incubation for a further 8–14 days to allow for 

colony development. Once colonies of approximately 50 cells were formed, they were fixed 

with methanol and stained with 2% crystal violet dissolved in methanol and left to dry 

overnight. Colonies were manually counted, and the size was validated by microscopic 

inspection. Plating efficiency was calculated under untreated conditions using the equation: 

 

𝑃𝑃𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠 𝐷𝐷𝑜𝑜𝑜𝑜𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝑟𝑟𝑟𝑟𝑒𝑒(𝑃𝑃𝑆𝑆) =
𝑟𝑟𝑟𝑟𝑛𝑛𝑛𝑛𝐷𝐷𝑟𝑟 𝐷𝐷𝑜𝑜 𝑟𝑟𝐷𝐷𝑐𝑐𝐷𝐷𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷 𝑟𝑟𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝑟𝑟
𝑟𝑟𝑟𝑟𝑛𝑛𝑛𝑛𝐷𝐷𝑟𝑟 𝐷𝐷𝑜𝑜 𝑟𝑟𝐷𝐷𝑐𝑐𝑐𝑐𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷𝑟𝑟𝐷𝐷𝑟𝑟

𝑋𝑋 100% 

 

Plating efficiency was used to normalise the surviving fractions for HDACi and radiation- 

induced cell death. The surviving fraction of cells was calculated using the equation: 

 

𝑆𝑆𝑟𝑟𝑟𝑟𝑠𝑠𝑟𝑟𝑠𝑠𝑟𝑟𝑟𝑟𝑠𝑠 𝐹𝐹𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝑟𝑟 =
𝑟𝑟𝑟𝑟𝑛𝑛𝑛𝑛𝐷𝐷𝑟𝑟 𝐷𝐷𝑜𝑜 𝑟𝑟𝐷𝐷𝑐𝑐𝐷𝐷𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷 𝑜𝑜𝐷𝐷𝑟𝑟𝑛𝑛𝐷𝐷𝑟𝑟 𝑟𝑟𝑜𝑜𝑟𝑟𝐷𝐷𝑟𝑟 𝑟𝑟𝑟𝑟𝐷𝐷𝑟𝑟𝑟𝑟𝑛𝑛𝐷𝐷𝑟𝑟𝑟𝑟

𝑟𝑟𝑟𝑟𝑛𝑛𝑛𝑛𝐷𝐷𝑟𝑟 𝐷𝐷𝑜𝑜 𝑟𝑟𝐷𝐷𝑐𝑐𝑐𝑐𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷𝑟𝑟𝐷𝐷𝑟𝑟
𝑥𝑥 𝑝𝑝𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠 𝐷𝐷𝑜𝑜𝑜𝑜𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝑟𝑟𝑟𝑟𝑒𝑒 

 

Survival curves were plotted and analysed using GraphPad Prism Software Version10.00 

for Windows (GraphPad Software, San Diego, CA, USA). The RBE of the different treatment 

conditions was calculated at a survival fraction of 10%: 

 

𝑆𝑆𝑅𝑅𝑆𝑆 =
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝑜𝑜 𝑝𝑝ℎ𝐷𝐷𝑟𝑟𝐷𝐷𝑟𝑟 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝑟𝑟
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝑜𝑜 𝑝𝑝𝑟𝑟𝐷𝐷𝑟𝑟𝐷𝐷𝑟𝑟 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝑟𝑟

 𝑟𝑟ℎ𝑟𝑟𝑟𝑟 𝑟𝑟𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷 𝑜𝑜𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝑟𝑟 𝐷𝐷𝑜𝑜 𝐷𝐷𝑟𝑟𝑟𝑟𝑠𝑠𝑟𝑟𝑠𝑠𝑟𝑟𝑟𝑟𝑠𝑠 𝑟𝑟𝐷𝐷𝑐𝑐𝑐𝑐𝐷𝐷 𝑟𝑟𝐷𝐷 10% 

 

The sensitisation enhancement ratio (SER) was calculated using the equation [28,29]: 

𝑆𝑆𝑆𝑆𝑆𝑆 =
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝑜𝑜 𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝑟𝑟 𝑟𝑟ℎ𝑟𝑟𝑟𝑟 𝑟𝑟𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷 𝑟𝑟𝐷𝐷𝑐𝑐𝑐𝑐 𝐷𝐷𝑟𝑟𝑟𝑟𝑠𝑠𝑟𝑟𝑠𝑠𝑟𝑟𝑐𝑐 𝑟𝑟𝐷𝐷 10% 𝑤𝑤𝑟𝑟𝑟𝑟ℎ𝐷𝐷𝑟𝑟𝑟𝑟 𝐶𝐶𝐶𝐶𝐷𝐷𝐶𝐶 − 101
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝑜𝑜 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝑟𝑟 𝑟𝑟ℎ𝑟𝑟𝑟𝑟 𝑟𝑟𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷 𝑟𝑟𝐷𝐷𝑐𝑐𝑐𝑐 𝐷𝐷𝑟𝑟𝑟𝑟𝑠𝑠𝑟𝑟𝑠𝑠𝑟𝑟𝑐𝑐 𝑟𝑟𝐷𝐷 10% 𝑤𝑤𝑟𝑟𝑟𝑟ℎ 𝐶𝐶𝐶𝐶𝐷𝐷𝐶𝐶 − 101

 

 

 



 

92 
 

4.6. Annexin V-FITC/Propidium Iodide Apoptosis and Cell Cycle Analysis Assays 

Apoptosis and cell cycle progression were analysed using flow cytometry. For the apoptosis 

assays, at 48 h post-irradiation, the media in which the cells were incubated was retained 

and combined with harvested cells before centrifugation. The cell pellet was resuspended 

in 100 µL 1× annexin-binding buffer and stained with with 2.5 µL Annexin V FITC and 2.5 

µL propidium iodide (PI) (catalogue number 13242, Invitrogen, Thermo Fisher Scientific, 

Sandton, South Africa) according to the manufacturer’s instructions. Cells were incubated 

at room temperature (25 ◦C) for 15 min in the dark. An additional annexin- binding buffer 

was added after incubation, and the samples were analysed using the BD AccuriTM C6 

Plus (BD Biosciences, Johannesburg, South Africa) with 15,000–20,000 cells per 

measurement. 

For analysis of the cell cycle, cells were harvested at 24 h and 48 h post treatments, and 

the cell pellet was resuspended in a solution of 100 µL propidium iodide and RNase 

(FxCycleTM PI/RNase, Invitrogen, Waltham, MA, USA). Propidium iodide stains for both 

DNA and RNA, therefore the ribonuclease (RNase) digests and removes RNA to ensure 

that only DNA content is analysed [85]. The samples were analysed using FACSort 

(Beckton Dickinson, San Jose, CA, USA), with 15,000–20,000 events per measurement. 

Fluorescence measurements were done at 495 nm and 519 nm (peak emission) at 

fluorescein isothio- cyanate (FITC) channel for Annexin V FITC; 536 nm and 616 nm (peak 

emission) at FL2 or FL3 channels for propidium iodide for all flow cytometry assays. 

4.7. Gamma-H2AX Foci Assay 

Treated cells were harvested 1 h and at 24 h post irradiation and a suspension of 

approximately 120,000 cells/0.25 mL was centrifuged onto coated slides (X-tra adhesive 

slides, Leica Biosystems, Buffalo Grove, IL, USA). Three slides were prepared for each 

treatment condition. The slides were fixed in freshly prepared 4% paraformaldehyde (PFA) 

for 20 min and washed in PBS for 5 min. Cells were then permeabilised with PBS-triton X-

100 solution (GibcoTM, Thermo Fisher Scientific, Sandton, South Africa) for 10 min and 

blocking of no-specific antibody binding by washing 3 times in 1% bovine serum albumin 

(BSA) solution (Roche, Sigma-Aldrich/Merck, St. Louis, MO, USA) for 10 min per wash. 

Cells were incubated with phospho-histone H2A.X (Ser139) Monoclonal Antibody (3F2) 

antibody (Invitrogen, Biocom Africa (Pty) Ltd., Centurion, South Africa) for 1 h at room 

temperature, followed by washing 3 times in 1% bovine serum albumin (BSA) (Roche, 

Sigma-Aldrich/Merck, St. Louis, MO, USA) to remove any unbound primary antibody. Cells 

were then incubated for a further 1 h in the dark with rabbit anti-mouse IgG (H + L) FITC 

Secondary Antibody, secondary antibody (Invitrogen, Thermo Fisher Scientific, Sandton, 
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South Africa) in a humidified chamber. Nuclear counterstaining was performed with Prolong 

diamond anti-fade with DAPI (Thermo Fisher Scientific, Sandton, South Africa). Slides were 

stored at room temperature for a minimum of 24 h and scanned automatically using the 

MetaCyte software module of the Metafer 4 scanning system with a 40× objective. For each 

slide, a minimum of 1000 cells were captured, and the average number of γ-H2AX foci per 

scanned slide was derived from the MetaCyte software, version 4.3. 

4.8. Statistical Analysis 

Statistical analysis was performed using Graphpad Prism version 10.2. All data was 

expressed as 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. 

5. Conclusions 

Positive EGFR status has long been recognised as a negative prognostic factor in breast 

cancer, and evidence has pointed out that EGFR is overexpressed in triple-negative cancer 

[40]. The marked response seen in the MDA-MB-231 and MCF-10A cell lines in this study 

can be attributed to inhibition of EGFR by CUDC-101. The radiation-enhancing capacity of 

CUDC-101 was more pronounced when combined with X-rays (SER values of 2.09 and 

1.77, for X-rays and protons, respectively). The current results draw attention to the 

potential benefit of CUDC-101 in the management of triple-negative breast cancers as 

monotherapy or when combined with X-ray irradiation or proton irradiation. However, the 

increased toxicity of CUDC-101 on normal cells (MCF-10A) particularly when combined with 

protons cannot be ignored. Data from a Phase I studies have shown that CUDC-101 in 

combination with X-rays can be tolerated [76,84]. For these reasons, it is advisable that 

CUDC-101 in combination with X-rays, rather than with protons, be considered. Although 

the results show that CUDC-101 has potential to enhance treatment efficacy in combination 

treatment with radiation, future preclinical in vivo research and clinical trials are warranted 

to confirm these in vitro findings. 
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Critical discussion to the Chapter 
The management of breast cancer has improved over the years and the life expectancy of 

breast cancer survivors has also improved. Enhancing the effectiveness of radiation therapy 

and sparing normal tissues has therefore become important. The findings of this study 

chapter highlighted the potential use of CUDC-101 to enhance the response, not only to X-

irradiation which is most commonly used in clinical practice, but to proton irradiation as well 

as evidenced by increased sensitization enhancement ratios following proton therapy, 

particularly in the triple negative MDA-MB-231 cell line. Triple negative breast cancer, which 

is characterized by an aggressive phenotype and resistance to common therapies, remains 

a challenge. Further, irradiation with proton therapy, which is advantageous in sparing 

normal tissues due to its superior physical dose distribution, has increased in use as 

evidenced by the exponential increase in the number of proton therapy units across the 

world. However, the relative biological effectiveness of protons is similar to that of X-rays, 

the use of a radiosensitizer would therefore improve the therapeutic ratio. Impaired DNA 

double strand break following the combination treatment of CUDC-101 and proton 

irradiation were identified as the underlying mechanisms of radiosensitisation. To date, 

limited studies have been conducted on combination therapy of HDACi and proton 

irradiation with respect to DNA DSB induction and repair. The findings of the study chapter 

therefore contribute new knowledge which highlights the potential use of CUDC-101 as 

radiosensitising agent when combined with either X-rays or protons. The effect of CUDC-

101 was more pronounced when combined with protons in the triple negative cell line. As 

mentioned in the paper, to my knowledge the paper is the first to report on the effect of 

CUDC-101 in breast cell lines.  
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knowledge, understanding and scope for the best way forward in treating breast cancer 

which kills more women globally. This work was done in the Radiation biology section of  
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CUDC‐101 and Proton Irradiation Reduces Migration 
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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. 

2 
Keywords: metastasis; cell migration and invasion; histone deacetylase inhibitor; triple negative 
breast cancer 
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1. Introduction 

Cancer metastases remain to be a major cause of death in cancer patients and a 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 promotes 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 
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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. 

2. Materials and Methods 

2.1. Cell Cultures 

MCF‐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; GibcoTM, Thermo 

Fisher Scientific, Sandton, South Africa) and Ham’s F‐12 (GibcoTM, Thermo Fisher 

Scientific, Sandton, South Africa) supplemented with 10% foetal bovine serum (FBS) 

(GibcoTM, Thermo Fisher Scientific, Sandton, South Africa), 100 μg/mL penicillin 

(GibcoTM, Thermo Fisher Scientific, Sandton, South Africa), and 100 μg/mL streptomycin 

for bacterial contamination. MCF‐10A medium was further supplemented with epidermal 

growth factor (EGF) (20 ng/mL final concentration) (GibcoTM, 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 (GibcoTM, Thermo 

Fisher Scientific, Sandton, South Africa) supplemented with 10% FBS, 100 μg/L penicillin 

and 100 μg/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), and 5mg of SAHA was resolved in 
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18.9165 mL DMSO ) (Biotechnology Hub, Johannesburg, South Africa) and stored at‐20° 

for short term storage and at ‐80° for long term storage. 

 

 

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. 

2.4. Wound Healing Assays 

Wound healing assays were performed using the 2 well cell culture‐Insert (ibidi, Gräfelfing, 

Germany). Cells were harvested and seeded in each well of the inserts and allowed to 

attach and reach 80% confluency. Cells were treated with IC50 concentrations of the HDACi 

for 24 hours and irradiated with protons or X‐rays. Immediately after irradiation, the inserts 

were removed and imaging using CytoSMARTTM 2 live imaging system (Whitehead 

scientific, Cape Town, South Africa) was done at 0hrs (immediately) and every 4 hours for 

24 hours. Images were analysed using the ImageJ processing software (Version 1.54i, 

National Institutes of Health, Bethesda, MD, United States of America. 
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2.5. Trans‐Well Invasion Assays 

Cell invasion was assessed using 8μm 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 (50μl) 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 (600μl) 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 CytoSMARTTM 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 ± SD of three independent experiments (n=3). Statistical 

significance was determined using two‐tailed Student’s 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 MCF‐10A cell lines. Cells were treated with 

half maximal inhibitory concentration (IC50) 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 MCF‐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 
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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 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 MCF‐7 cell lines. 

Representative images are shown in Figures 1(e)-(f). 
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Figure 2. Effect of SAHA and CUDC‐101 on migration (a)‐(b) and invasion (c)‐(d) of MCF‐
7 cells. Representative images are shown in (e) and (f). Samples were treated with SAHA 
(1.2μM) and CUDC‐101 (0.3μM) 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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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 shown 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 HDACi 

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. 
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MCF‐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 MCF‐7 and MCF‐10A cells were co‐cultured compared to the 

untreated control of MCF‐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 HDACi 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 to the effect of CUDC‐101 on MCF‐10A cells (Figure 4a‐b). 
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Figure 3. Effect of SAHA and CUDC‐101 on migration (a)‐(b) and invasion potential (c)‐(d) 
of MDA‐ MB‐231 cells. Representative images are shown in (e) and (f). Samples were 
treated with SAHA (2μM) and CUDC‐101 (0.6μM) 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 where p < 0.05 was 
considered significant. 
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Figure 4. Effect of SAHA and CUDC‐101 on migration (a)‐(b) and invasion potential (c)‐(d) 
of MCF‐ 10A cells. Representative images are shown in (e) and (f). Samples were treated 
with SAHA (6.3μM) and CUDC‐101 (2.7μM) 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’s t test, p < 0.05 was considered 
significant. 
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Figure 5. Effect of SAHA and CUDC‐101 on migration and invasion potential of co‐cultured 
MCF7 and MCF‐10A cells (a)-(b). Representative images are shown in (c). Samples were 
treated with SAHA (2μM) or CUDC‐101 (0.6μM) and irradiated with 2 Gy or 6 Gy X‐rays. 
Histograms show the mean ± SD of three independent experiments (n=3). Comparisons 
were conducted using unpaired two‐tailed Student’s t test, p < 0.05 was considered 
significant. 
 

4. Discussion 

Migration of tumour cells is required for invasion and metastasis [43]. Migration is facilitated 

by the dynamic process of epithelial mesenchymal transition (EMT). The effect of HDACi 

on EMT in different solid tumours, remains a matter of discussion. Several reports 

supported the notion that HDACi 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 
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BT549 breast cells [18]. In a recent study by Hu et al. treatment with 2.5 and 5 μM 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 1.2μM 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 MCF‐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 γ‐H2AX foci retention at 24 hours post irradiation after treatment with 

2Gy X‐rays and SAHA [51]. The MDA‐MB‐231 cell line possesses a mesenchymal 

phenotype and expresses 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 
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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 

MCF‐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 

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 MCF‐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 

0.5μM 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 a 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 has 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 MCF‐7 or 

MCF‐10A cells were cultured individually (Figures 4 a‐b) The MCF‐10A showed increased 



 

121 
 

migration speed towards the MCF‐ 7(Figure 3 a‐b). The observed differences in migration 

speed between the MCF‐7 and MCF‐10A cells could be explained by the facts that MCF‐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 HDACi 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 MCF‐ 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 effects 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 a 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. 
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Critical discussion to the Chapter 
In South Africa, it has been reported that patients are more likely to present with late-stage 

(stage III or IV) breast cancer and the incidence of advanced stage breast cancer is 

estimated between 50% and 57%. Similarly in Sub Saharan Africa, 64.9% of breast cancer 

cases are identified as stage III and IV at diagnosis. This statistic highlights the need for 

unravel effective management for metastatic breast cancer, particularly for the triple 

negative breast cancer which has high metastatic potential. Significant inhibition in 

migration and invasion was seen in the MCF-7 and MDA-MB-231 cell lines after irradiation 

with 6Gy protons, as well as after 2Gy protons in the MCF-7 cell line. The observed 

metastasis inhibiting effect of proton monotherapy is encouraging in view of the increased 

use of proton irradiation in the treatment of breast cancer around the world. The observed 

migration promoting effect of pan-HDACi SAHA in the MCF-7 cell line, discourages its 

potential use in the luminal A molecular sub-type (MCF-7). Further, reduced metastasis 

after combination treatments of HDACi SAHA and CUDC-101 and X-radiation, as well as 

CUDC-101 monotherapy treatments in the MDA-MB-231 cell line, highlights the potential of 

these therapies in the management of triple negative breast cancers.  

 

Personal contribution to Paper 4:  

Submitted Article(in press): 

Seane, E.; Nair, S.; Vandevoorde, C.; Bisio, A.; Joubert, A. CUDC-101 and Proton 

Irradiation Reduces Migration and Invasion Capacity of Triple Negative Breast Cell 

Line. Preprints 2024, 2024110513. https://doi.org/10.20944/preprints202411.0513.v1; 

Impact factor 4.9.    

 

This manuscript was based on original and novel ideas by the candidate to investigate the  

effect of HDACi SAHA and CUDC-101 on migration and invasion capacity of malignant  

MCF-7 and MDA-MB-231 breast cell lines as well the effect on normal MCF-10A cell line. 

The research was done in collaboration with four other researchers, some of whom are 

experts in the field.  The study was based on the idea and conception thought out by the 

candidate about various strategies and future research knowledge, understanding and 

scope for the best way forward in managing breast cancer metastasis which kills more 

women globally. This work was done in the Radiation biology section of iThemba Laboratory 

for Accelerators Based Sciences (LABS), Faure, Cape Town, South Africa (SA). Proton 

beam was generated at Trento Institute of Fundamental Physics and Applications (TIFPA), 
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Azienda Provinciale per i Servizi Sanitari, Trento, Italy. All the proton experiments were 

conducted at the Department of Cellular, Computational and Integrative Biology (CIBIO) 

Laboratories, Via Sommarive, 9, Povo, 38123 Trento, Italy. The work was done under the 

guidance of Professor Annie Joubert, Department of Physiology, University of Pretoria. The 

Candidate was the main contributor, and she was involved in designing and doing the 

experiments, collection of data, formulating and writing the manuscript. Her contribution was 

about 80% while the other authors assisted in analysis and reviewing the manuscript prior 

to publication.  
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CHAPTER 5: RESULTS 

Draft Article: 

Title: Radiosensitising capacity of SAHA in human breast cell lines 

Seane, E.; Nair, S.; Vandevoorde, C.; Bisio, A.; Joubert, A. 

Bridging Text: 
Chapter 3 presented the results of objectives 1-4 performed using histone deacetylation 

inhibitor CUDC-101. This draft manuscript included results of objectives 1-4 performed using 

SAHA. This draft is included to indicate that the results have been analysed and have been 

incorporated in the final conclusions of the study. The draft manuscript is being finalised and 

will be submitted for publication. 
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Abstract: Significant opportunities remain for pharmacologically enhancing the clinical  
effectiveness of proton and carbon ion‐based radiotherapies to achieve both tumor cell  
radiosensitization and normal tissue radioprotection. We investigated whether pre‐  
treatment with the hydroxamate‐based histone deacetylase inhibitors SAHA impacts  
radiation‐induced DNA double‐strand break (DSB) induction and repair, cell killing  
and cell cycle progression. The results indicated that SAHA enhances the response of  
MCF‐7 and MDA‐MB‐231 cell lines to both protons and X‐rays. The results also showed  
different mechanisms of cell death following protons and X‐rays. Post proton irradia‐  
tion, apoptosis predominated and mitotic catastrophe was mostly seen after exposure  
to X‐rays.  
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1. Introduction 

Suberoylanilide hydroxamic acid (SAHA) was the first histone deacetylase inhibitor (HDACi) 

to be licensed by the food and drug administration (FDA) in 2006 for cutaneous T cell 

lymphoma treatment.[1] Several studies have reported radiosensitisation effects of SAHA 

through DNA double strand break repair inhibition[2-4] The DNA double strand repair 

pathways that were implicated to be attenuated by SAHA was the homologous recombination 

repair and non-homologous end joining repair through Ku70 and 86. [5-9] Of interest is also 

the selective toxicity of SAHA in malignant cells, but not in healthy cells.[4] This protective 

effect was attributed to sup-pression of oncogenes, radiation-induced inflammatory 

cytokines.[10,11] Since cytotoxicity and radiation sensitivity often share the same 

mechanisms, SAHA’s radiosensitisation effect may also be cell line dependent. This would 

explain the different results reported in the different studies when SAHA was used in the 

different cell lines. As an example, in our previous study, SAHA was observed to promote 

migration and invasion of MCF-7 cells, but SAHA was observed to repress migration in other 

cell lines. 

A number of studies have investigated SAHA in combination with X-rays, but studies on 

HDACi, including SAHA and proton therapy are limited. Moreover, the radiobiology of protons 

is also still a matter of ongoing research.[12] Despite the improved dose distributions and 

increased relative biological effectiveness (RBE) afforded by proton therapy, significant 

opportunities remain for enhancing their clinical effectiveness through pharmacological means 

to achieve tumor cell radio-sensitization.[13] In our previous study, proton irradiation alone 

was observed to also reduce migration and invasion of MCF-7 cells. Identifying effective 

radiosensitisers that synergistically enhance charged particle-induced tumor cell killing would 

allow for lower doses per fraction to be used, thereby reducing normal tissue exposures. 

Taken together, it would be expected that the combination treatment of SAHA and proton 

therapy would not only improve local tumour control, but overall survival after treatment. 

2. Results 

2.1. Determination of IC50 and Timepoint of Irradiation in Relation to the Drug 

The half maximal inhibitory concentration (IC50) of SAHA was determined using 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) cell proliferation assays. 

MCF-7, MDA-MB-231, and MCF-10A cells were pre-treated with SAHA at concentrations that 

ranged from 0.16 µM to 20 µM and cell proliferation was assessed at 72 h post-treatment. The 

determined half-maximal inhibitory concentration (IC50) values are presented in Table 1. 
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Table 1. Half maximal inhibitory concentration (IC50) values for the different cell lines. 
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Figure 1. Pre-treatment with SAHA at 24 h before 250 kVp X-ray irradiation offered maximal 

sensitization. Cells were pre-treated with 1.2 µM, 2 µM, and 6.7 µM SAHA in MCF-7, MDA- 

MB-231, and MCF-10A cell lines. Cell proliferation was evaluated at 24, 16, 8 h before 

irradiation, immediately, and at 8 and 24 h after irradiation, as depicted on the x-axis. Cell 

proliferation was assessed with MTT assay at 72 h post irradiation 

 

To determine the cell killing effect of SAHA in combination with radiation on the cell survival, 

colony survival assays were performed. For all three cell lines, comparison of survival curves 

showed an increased cell killing after proton irradiation compared to X-ray irradiated cells 

(Figure 2a–f). This resulted in relative biologic effectiveness at 10% survival (RBE10) values of 

1.51, 1.31, and 1.20, in MCF-7, MDA-MB-231, and MCF-10A cell lines, respectively. All 

observed RBE values are close to the RBE value of 1.1, which is used in clinical practice. Pre-

treatment with SAHA further enhanced the proton RBE, the determined RBE values. In all 

three cell lines, sensitization enhancement values (SER) of protons were higher than the X-

ray irradiation SER, which suggested that an increased biologic effect can be anticipated after 

SAHA and protons compared to combination therapy of X-rays and SAHA. The MDA-MB-231 

Cell Line SAHA (µM) 
MCF-7 1.2 

MDA-MB-231 2 

MCF-10A 6.7 
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cell line also exhibited a higher RBE compared to the other two cell lines, suggesting increased 

sensitivity to proton irradiation. Lower SER values were observed in the MCF-10A cell line, 

which supports the reduced effect of SAHA on normal cells. The determined SER values are 

presented in Table 2. 

 
Figure 2. Colony survival curves and associated RBE calculations. SAHA sensitises MCF-7 

(a,b), MDA-MB-231 (c,d), and MCF-10A (e,f) cells to proton and X-ray irradiation. Data are 

expressed as the mean ± SD of three independent experiments. 
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Table 2. Radiation response parameters of MCF-7, MDA-MB-231, and MCF-10A cell lines. 

 

 

 

 

 

2.2. Effect of SAHA on Radiation-Induced DNA DSB Formation and Repair 

To assess DNA damage induction and repair after combination treatment with SAHA and 

radiation, γ-H2AX foci assays were performed as molecular biomarkers of DNA double strand 

break (DSB) and repair. Cells were pre-treated with IC50 concentrations of SAHA for 24 h and 

irradiated with protons or X-rays. γ-H2AX foci assays were performed at 1 h and 24 h post-

irradiation with 2 Gy 148 MeV mid-spread-out Bragg peak (SOBP) protons or 250 kVp X-rays. 

Overall, an increased number of γ-H2AX foci were noted post-irradiation with protons 

compared to X-irradiation in all three cell lines (Figure 3a–f). Further, in comparison to X-ray 

irradiated cells, an increased number of persisting γ-H2AX foci at 24 h post-proton irradiated 

cells was observed, which suggested that the type of damage induced by protons is complex 

in nature and more difficult to repair (Figure 3a–f). 

 

In the MCF-7 cell line, at 24 h post irradiation, a significant reduction in the number of γ-H2AX 

foci was noted after irradiation protons or X-rays as well as in SAHA pre-treated cells which 

suggests that addition of the SAHA minimally impaired the repair of the DNA DSB (Figure 

3a,b). Comparison of the combination treatment (SAHA and 2Gy) and irradiation alone (2 Gy 

protons), resulted in a non-significant result at 1 h and 24 h post irradiation, respectively. 

Comparison of combination treatment of 2 Gy and X-irradiation and X-rays also yielded a non-

significant result at 24 h post irradiation. Although not statistically significant, it was noted that 

proton irradiation alone yielded a higher number of γ-H2AX foci as compared to combination 

treatment of proton and SAHA at 1 h post irradiation in this cell line (Figure 3a). This was not 

observed after irradiation with X-rays (Figure 3b). 

 

In the MDA-MB-231 cell line, the number of γ-H2AX foci induced by radiation alone (protons 

or X-rays) and those induced by combination of radiation and SAHA were not statistically 

significant at 1 h post irradiation (Figure 3c, d). A notable number of retained γ-H2AX foci was 

observed after combination therapy with proton and SAHA, after SAHA alone, as well as 

proton irradiation alone (Figure 3c). For X-ray irradiation, the number of retained γ-H2AX foci 

at 24 h after combined treatment remained high and the decrease in the number of γ-H2AX 

foci compared to the 1 h time point (Figure 3d). Taken together, the findings suggest repair 

Cell Line RBE10 
SAHA-

Mediated RBE 
SER10  

(Protons) 
SER10  

(X-Rays) 
MCF-7 1.15 ± 0.03 1.39 ± 0.01 1.40 ± 0.03 1.31 ± 0.02 

MDA-MB-231 1.31 ± 0.01 1.38 ± 0.01 1.71 ± 0.03 1.68 ± 0.01 
MCF-10A 1.20 ± 0.01 1.40 ± 0.03 1.20 ± 0.02 0.94 ± 0.03 
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impairment in the MDA-MB-231 cell line and a sensitivity to SAHA, which is also observable 

in the unirradiated SAHA control samples. This is reflected as an increase in the number of γ-

H2AX foci induced by SAHA monotherapy at 24 h as compared to 1 h (Figure 3c, d). 

 

In the MCF-10A cell line, the only non-malignant cell line included in the study, an overall 

reduced number of γ-H2AX foci were noticed compared to the other two cell lines. A 

statistically significant higher number of remaining γ-H2AX foci at 24 h was noted with 2 Gy 

protons and SAHA compared to proton irradiation alone (Figure 3e). Almost complete repair 

was noted after proton and X-ray irradiation alone and in the combination treatment of X-rays 

and SAHA at 24 h (Figure 3f).  

 

 
Figure 3. Effect of SAHA combined with protons or X-rays in MCF-7 (a,b), MDA-MB-231 (c,d), 

and MCF-10A (e,f) cell lines. Histograms show the mean ± SD of three independent 

experiments (n = 3). Analysis was performed using unpaired two-tailed Student’s t test, p < 

0.05 was significant. 
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2.3. Impact of SAHA and Radiation on Apoptosis in Breast Cell Lines 

To investigate the induction of apoptosis after treatment with SAHA, radiation (protons or X-

rays), or combination therapy of SAHA and radiation, the Annexin V/PI apoptosis assay was 

performed. Apoptosis and necrosis were assessed at 48 h post- irradiation with 2 Gy and 6 

Gy protons or X-rays, as well as after combination of SAHA and radiation (proton or X-rays). 

In all three cell lines, increased apoptosis levels were observed post proton-irradiations as 

compared to X-ray irradiations (Figure 4a–c). Pre- treatment with SAHA significantly increased 

the level of proton-induced apoptosis after 2 Gy (p = 0.0020) and after 6 Gy in the MCF-7 cell 

line (Figure 4a). Similarly, in the MDA-MB-231 cell line, a significant increase was observed 

in SAHA pre-treated samples after 2 Gy and 6 Gy (Figure 4b). In the spontaneously 

immortalised MCF-10A cell samples, minimal apoptotic fractions were observed after SAHA 

treatment (Figure 4c). Further, treatment with 1 µM of apoptosis inducer staurosporine induced 

apoptosis in MCF-7 and MCF-10A cell lines, whereas necrosis was induced in the MDA-MB-

231 cell line at 24 h after treatment (Figure 4d). 

 
Figure 4. Induction of apoptosis at 48 h post treatment with SAHA combined with protons or 

X-rays in MCF-7 (a), MDA-MB-231 (b), and MCF-10A (c) cell lines. Induction of apoptosis and 

necrosis at 24 h after treatment with 1 µM staurosporine in the three cell lines (d). Histograms 

show the mean ± SD of three independent experiments (n = 3). Comparisons were conducted 

using unpaired two-tailed Student’s t test, p < 0.05 was considered to be statistically 

significant. 
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Figure 5. Induction of necrosis at 48 h post treatment with SAHA combined with protons or X-

rays in MCF-7 (a,b), MDA-MB-231 (c,d), and MCF-10A (e,f) cell lines. Increased amounts of 

necrosis after treatment with 2 Gy protons and 2 Gy protons and SAHA in MCF-7 cell line 

compared to MDA-MB-231 cell line (g). Histograms show the mean ± SD of three independent 

experiments (n = 3). Comparisons were conducted using unpaired two-tailed Student’s t test, 

p <0.05 was considered to be statistically significant. 
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2.4. Effect of SAHA and Radiation on Cell Cycle Progression 

Cell cycle progression after treatment with SAHA and radiation was assessed using propidium 

iodide with RNase staining. For all cell lines, an increased fraction of cells was observed in 

the G2/M phase of the cell cycle at 24 h post-irradiation with 6 Gy protons or X-rays, indicating 

a G2/M cell cycle arrest (Figure 6a–f). Also, in the MDA-MB-231 cell line, monotreatment with 

SAHA induced G2/M cell cycle arrest at 48 h (Figure 6d). In the MCF-7 and MDA-MB-231 cell 

lines, an increase in fraction of G2/M cells was also observed at 48 h in X-ray irradiated cells 

compared to proton-irradiated cells at doses of 2 Gy and at 6 Gy. This increase was more 

evident in the MDA-MB-231 cell line compared to the MCF-7 cell line (Figure 6a-d). 

Furthermore, compared to radiation treatment alone, pre-treatment with SAHA had a minimal 

effect on the cell cycle progression in MCF-7 cells at neither 24 h nor 48 h for 2 Gy post proton- 

irradiation as evidenced by comparable G2/M fractions at these timepoints (Figure 6a-b). 

However, in the MDA-MB-231 cell line, pre-treatment with SAHA increased the G2/M fraction 

after exposure to both 2 Gy and 6 Gy X-rays which was maintained at 48 h post irradiation 

(Figure 6b-c). It seems sensible to associate the increased fraction of G2/M cells after X-ray 

irradiations to the reduced levels of apoptosis and necrosis that were seen in the MCF-7 and 

MDA-MB-231 cell lines at 48 h post irradiation. In this instance, the increased G2/M could be 

an indicator of mitotic catastrophe as a mode of cell death after x-irradiations.  
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Figure 6. Quantification of the effect of SAHA alone and in combination with X-rays and 
protons on cell cycle progression in MCF-7 (a,b) MDA-MB-231 (c,d); and MCF-10A (e,f) cell 
lines. Data represent the mean ± SD of three independent experiments (n = 3). Comparisons 
were conducted using two-tailed Student’s t test, p < 0.05 was statistically significant. 
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3. Discussion 

SAHA is a pan-inhibitor of class I (HDAC ,2,3 and 8) and class II HDACs (HDAC 4,5,6,7 and 

9.[14] Our data show that SAHA enhances the response to both protons and X-rays in MCF-

7 and MDA-MB-231 breast cell lines. The enhancement was most notable after proton 

irradiation compared to X-rays. Similarly, in hepatocellular carcinoma (HCC) cell lines, Choi et 

al. reported higher proton SER values of 1.25 and 1.21 compared to X-ray SER values of 1.15 

and 1.11, using Panobinostat in Huh7 and Hep3B cells, respectively. Yu et al. also reported 

Valproic acid (VPA)-mediated RBE10 value of 1.17 compared to RBE10 value of 1.08 without 

VPA in Hep3B cells after treatment with 6 MV photons [15]. In another study, Gerelchuluun et 

al. reported an RBE10 value of 1.24 and proton SER values of 1.31 and 1.16 compared to γ-

ray SER values of 1.43 and 1.08 in lung carcinoma (A549) and normal fibroblast (AG1522) 

cell lines, respectively, following treatment with 2 µM of SAHA [16]. Although different HDACi 

and different cell lines were used in the mentioned studies, the findings are consistent with 

those of the current study, where higher RBE and SER values were reported for protons 

compared to X-rays. Similar pattern of results was also reported in our previous study.[17] 

Previous studies have asserted that HDACs are not overexpressed in normal tissues, which 

leads to minimal effect of HDACi on normal tissues [4,18,19]. In the normal breast cell line 

(MCF-10A) following pre-treatment with SAHA, SER values were lower than the ones 

observed in the malignant cell lines indicating the reduced effect of SAHA in this cell line, 

which is in agreement with previous studies.  

Previous studies reported an increased number of γ-H2AX foci that are larger in size after 

proton irradiation as compared to X-rays in different cell lines [20-26]. Gerelchuulun et al. 

reported a 1.2–1.6-fold increase in γ-H2AX foci in ONS76 medulloblastoma and MOLT4 

leukaemia cells after proton irradiation compared to 10 MV X-rays [24]. In another study, 

irradiation with SOBP protons induced more clustered DNA damage, whereas entrance 

plateau protons induced mixed-type damage that consisted of clustered and non-clustered 

DNA damage.[23] Consistent with these studies, a significantly increased number (1.4–1.5-

fold) of γ-H2AX foci was observed at 1 h post-irradiation with 2 Gy SOBP protons compared 

to 2 Gy X-rays in all three cell lines. Limited studies have been conducted on combination 

therapy of HDACi and proton irradiation with respect to DNA DSB induction and repair. A 3 h 

pre-treatment with 1 mM HDACi Valproic acid (VPA) and mid-SOBP protons prolonged 

appearance of γ-H2AX foci in Hep3B and Huh7 hepatocellular carcinoma cell lines [15]. Pre-

treatment with 5 nM Panobinostat increased the γ-H2AX foci yield at 24 h post irradiation with 

6 Gy mid-SOBP protons in Huh7 and Hep3B hepatocellular carcinoma cell lines [27]. In NFF28 

normal fibroblast cells, Johnson et al. reported resolution of γ-H2AX foci to near background 

levels at 24 h post-treatment with 10 µM SAHA and irradiation with 200 MeV protons [13]. The 
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results of these earlier studies are consistent with the observation in the current study, since 

the retention of γ-H2AX foci was in general higher after proton irradiation in malignant cell 

lines compared to the MCF-10A cell line. 

In terms of the mode of cell death induced by SAHA or combination of SAHA with radiation, 

our study revealed increased apoptosis post proton irradiations, whereas minimal levels of 

apoptosis were noted after X-ray irradiation in all three cell lines (Figure 4a–c). Rather, after 

X-rays, increased proportions of cells in G2/M phase were observed, indicating mitotic 

catastrophe. The results of our study are therefore consistent with previous reports that 

highlighted increased apoptosis after protons and mitotic catastrophe after X-rays. 

4. Materials and Methods 

4.1 Cell Cultures  

MCF-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; GibcoTM, Thermo Fisher 

Scientific, Sandton, SA) and Ham’s F-12 (GibcoTM, Thermo Fisher Scientific, Sandton, SA) 

supplemented with 10% fetal bovine serum (FBS) (GibcoTM, Thermo Fisher Scientific, 

Sandton, SA), 100 μg/mL penicillin (GibcoTM, Thermo Fisher Scientific, Sandton, SA) and 100 

μg/mL streptomycin for bacterial contamination. MCF-10A medium was further supplemented 

with epidermal growth factor (EGF) (20 ng/mL final concentration) (GibcoTM, Thermo Fisher 

Scientific, Sandton, SA) and hydrocortisone (0.5 mg/mL final concentration) (Sigma-Aldrich, 

Missouri, 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 (GibcoTM, Thermo Fisher 

Scientific, Sandton, SA) supplemented with 10% FBS, 100 μg/L penicillin and 100 μg/mL 

streptomycin (Sigma-Aldrich, Missouri, USA). 

 

All cell lines were cultured in T275 or T75 cell culture flasks (Corning® T-75 flasks (ATCC 

catalogue #430641, USA) under standard conditions in a humidified incubator at 37ºC, 5% 

CO2 (Forma series 3 water jacketed incubator, Thermo Fisher Scientific, Waltham, Massa-

chusetts, USA). Cell growth was assessed over 24-hour intervals and sub-cultured once 80% 

confluence was reached. 

4.2 Histone Deacetylase Inhibitor  

SAHA (molecular weight of 264.32) was purchased from Sigma Aldrich (Sigma-Aldrich, 

Missouri, USA) and 1mM stock solution was prepared according to manufacturer's instructions 
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(5 mg of SAHA was resolved in 18.9165mL dimethyl sulfoxide (DMSO) (Biotechnology Hub, 

Johannesburg, S.A) and stored at-20°C for short term storage and at -80°C for long term 

storage. 

 
Figure 8. Molecular structure of SAHA. (Created with ChemDraw Professional 15.0.) 

 

4.3 Irradiations 

Photon irradiations were performed using the 250 kVp X-Rad 320 unit ( Precision X-ray, 

Madison, US) 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 water55. For both X-ray and proton irradiations, cells were irradiated in 5 ml media 

in T25 flasks. 

4.4 Cell proliferation assays 

Cell proliferation assays were conducted using the thiazolyl blue tetrazolium-bromide (MTT) 

cell viability assay kit. Cells were seeded at a pre-determined density of 3000 cells/well in 96-

well plates and allowed to attach. Cells were treated with different concentrations of the HDACi 

(SAHA) ranging from 0 µM to 20µM and incubated for a further 72 hours. A 20 μl of a 5 mg/mL 

stock solution of MTT (Sigma-Aldrich, Missouri, USA) was added to each well and incubated 

for a further 4 hours to allow formazan formation. MTT containing media was carefully 

removed and 100 μL of DMSO was added to each well. The formation of formazan in the 

viable cells was monitored by measuring absorbance at wavelengths of 595 nm on a 

spectrophotometer to determine the half-maximal inhibitory concentrations (IC50) values for 

HDACi SAHA for the different cell lines. 
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4.5 Colony survival assays (CSA) and RBE analysis 

Cells (250-1500) were seeded in 6-well plates (Whitehead Scientific, Cape Town, SA) and 

allowed to attach overnight. Cells were treated with SAHA at a concentration of 0.6µM, 2.7 µM 

and 0.3 µM for MCF-7, MCF-10A and MDA-MB-231 respectively for 24 hours and irradiated 

with 0, 2, 4 ,6 and 8 Gy of 250 KeV X-rays or 148 MeV SOBP protons. The cells were returned 

for incubation for a further 8-14 days to allow for colony development. Once colonies of 

approximately 50 cells were formed, they were fixed with methanol and stained with 2% crystal 

violet dissolved in methanol and left to dry overnight. Colonies were manually counted and the 

size was validated by microscopic inspection. Plating efficiency was calculated under 

untreated conditions using the equation: 

 

𝑃𝑃𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠 𝐷𝐷𝑜𝑜𝑜𝑜𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝑟𝑟𝑟𝑟𝑒𝑒 (𝑃𝑃𝑆𝑆) =
𝑟𝑟𝑟𝑟𝑛𝑛𝑛𝑛𝐷𝐷𝑟𝑟 𝐷𝐷𝑜𝑜 𝑟𝑟𝐷𝐷𝑐𝑐𝐷𝐷𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷 𝑟𝑟𝐷𝐷𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝑟𝑟
𝑟𝑟𝑟𝑟𝑛𝑛𝑛𝑛𝐷𝐷𝑟𝑟 𝐷𝐷𝑜𝑜 𝑟𝑟𝐷𝐷𝑐𝑐𝑐𝑐𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷𝑟𝑟𝐷𝐷𝑟𝑟

𝑋𝑋 100% 

 

Plating efficiency was used to normalise the surviving fractions for HDACi and radiation 

induced cell death. Surviving fraction of cells was calculated using the equation: 

 

𝑆𝑆𝑟𝑟𝑟𝑟𝑠𝑠𝑟𝑟𝑠𝑠𝑟𝑟𝑟𝑟𝑠𝑠 𝐹𝐹𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝑟𝑟 =
𝑟𝑟𝑟𝑟𝑛𝑛𝑛𝑛𝐷𝐷𝑟𝑟 𝐷𝐷𝑜𝑜 𝑟𝑟𝐷𝐷𝑐𝑐𝐷𝐷𝑟𝑟𝑟𝑟𝐷𝐷𝐷𝐷 𝑜𝑜𝐷𝐷𝑟𝑟𝑛𝑛𝐷𝐷𝑟𝑟 𝑟𝑟𝑜𝑜𝑟𝑟𝐷𝐷𝑟𝑟 𝑟𝑟𝑟𝑟𝐷𝐷𝑟𝑟𝑟𝑟𝑛𝑛𝐷𝐷𝑟𝑟𝑟𝑟

𝑟𝑟𝑟𝑟𝑛𝑛𝑛𝑛𝐷𝐷𝑟𝑟 𝐷𝐷𝑜𝑜 𝑟𝑟𝐷𝐷𝑐𝑐𝑐𝑐𝐷𝐷 𝐷𝐷𝐷𝐷𝐷𝐷𝑟𝑟𝐷𝐷𝑟𝑟 𝑥𝑥 𝑃𝑃𝑆𝑆
 

 

Survival curves were plotted and analysed using Graphpad Prism Software Version 10.00 for 

Windows (GraphPad Software, San Diego, CA, USA). The RBE of the different treatment 

conditions was calculated at a survival fraction of 10%: 

 

𝑆𝑆𝑅𝑅𝑆𝑆 =
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝑜𝑜 𝑝𝑝ℎ𝐷𝐷𝑟𝑟𝐷𝐷𝑟𝑟 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝑟𝑟 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠 10% 𝑆𝑆𝐹𝐹 
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷𝑜𝑜 𝑝𝑝𝑟𝑟𝐷𝐷𝑟𝑟𝐷𝐷𝑟𝑟 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝑟𝑟 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠 10% 𝑆𝑆𝐹𝐹

 

 

The sensitisation enhancement ratio (SER) was calculated using the equation [16,27]: 

 

𝑆𝑆𝑆𝑆𝑆𝑆 =
𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝑟𝑟 𝑟𝑟𝐷𝐷𝐷𝐷𝐷𝐷 𝑟𝑟𝐷𝐷 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠 10% 𝑆𝑆𝐹𝐹 𝑤𝑤𝑟𝑟𝑟𝑟ℎ𝐷𝐷𝑟𝑟𝑟𝑟 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐷𝐷𝑟𝑟 𝑟𝑟𝐷𝐷𝐷𝐷𝐷𝐷 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑠𝑠 10% 𝑆𝑆𝐹𝐹 𝑤𝑤𝑟𝑟𝑟𝑟ℎ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

 

 

4.6 Annexin V-FITC/propidium iodide apoptosis and cell cycle analysis assays 

Apoptosis and cell cycle progression were analysed using flow cytometry. For the apoptosis 

assays, at 48 hours post-irradiation, the media in which the cells were incubated was retained 

and combined with harvested cells before centrifugation. The cell pellet was resuspended in 
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100µl 1X annexin-binding buffer and stained with 2.5µlAnnexin V FITC and 2.5µl propidium 

iodide (PI) (catalogue number 13242, Invitrogen, Thermo Fisher Scientific, Sandton, S.A) 

according to the manufacturer’s instructions. Cells were incubated at room temperature (25⁰C) 

for 15 minutes in the dark. An additional annexin-binding buffer was added after incubation 

and the samples analysed using the BD AccuriTM C6 Plus (BD Biosciences, SA) with 15 000-

20 000 cells per measurement. 

 

For analysis of the cell cycle, cells were harvested at 24 hours and 48 hours post treatments 

and the cell pellet was resuspended in a solution of 100µl propidium iodide and RNase 

(FxCycleTM PI/RNase, Invitrogen, Massachusetts, USA). Propidium iodide stains for both DNA 

and RNA, therefore the ribonuclease (RNase) digests and removes RNA to ensure that only 

DNA content is analysed 56. The samples were analysed using FACSort (Beckton Dickinson, 

San Jose, CA, USA), with 15 000-20 000 events per measurement. Fluorescence 

measurements were done at 495 nm and 519 nm (peak emission) at fluorescein 

isothiocyanate (FITC) channel for Annexin V FITC; 536 nm and 616 nm (peak emmision) at 

FL2 or FL3 channels for propidium iodide for all flow cytometry assays.  

 

4.7 Gamma-H2AX foci assay 

Treated cells were harvested 1 hour and at 24 hours post-irradiation and a suspension of 

approximately 120000 cells/0.25 mL were centrifuged onto coated slides (X-tra adhesive 

slides, Leica Biosystems, Buffalo Grove, IL, USA). Three slides were prepared for each 

treatment condition. The slides were fixed in freshly prepared 4% paraformaldehyde (PFA) for 

20 min and washed in PBS for 5 minutes. Cells were then permeabilised with PBS-triton X-

100 solution (GibcoTM, Thermo Fisher Scientific, Sandton, SA) for 10 minutes and blocking 

of no-specific antibody binding by washing 3 times in 1% bovine serum albumin (BSA) solution 

(Roche, Sigma-Aldrich/Merck, St. Louis, Missouri, USA) for 10 minutes per wash. Cells were 

incubated with phospho-histone H2A.X (Ser139) Monoclonal Antibody (3F2) antibody 

(Invitrogen, Biocom Africa (Pty) Ltd., Centurion, South Africa) for 1 hour at room temperature, 

followed by washing 3 times in 1% bovine serum albumin (BSA) (Roche, Sigma-Aldrich/Merck, 

St. Louis, Missouri, USA) to remove any unbound primary antibody. Cells were then incubated 

for a further 1-hour in the dark with Rabbit anti-Mouse IgG (H+L) FITC Secondary Antibody, 

secondary antibody (Invitrogen, Thermo Fisher Scientific, Sandton, SA) in a humidified 

chamber. Nuclear counterstaining was done with Prolong diamond anti-fade with DAPI 

(Thermo Fisher Scientific, Sandton, SA). Slides were stored at room temperature for a 

minimum of 24 hours and scanned automatically using the MetaCyte software module of the 

Metafer 4 scanning system with a 40X objective. For each slide, a minimum of 1000 cells were 
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captured, and the average number of γ-H2AX foci per scanned slide was derived from the 

MetaCyte software.  

 

4.8 Statistical analysis 

Statistical analysis was performed using Graphpad Prism version 10.2. All data was expressed 

as 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. 

5. Conclusion 

The results of the study supported previous studies that alluded that SAHA as a potential 

radiosensitiser in breast cell lines. Also, SAHA was observed to have minimal effect on normal 

cells (MCF-10A). However, in our previous study, we observed increased cellular migration 

and invasion in SAHA treated MCF-7 cells. This observation nullifies the observed benefit of 

radiosensitisation. Notwithstanding, SAHA showed benefit in the triple negative breast cell 

line. Although the results shows that SAHA has potential to enhance treatment efficacy in 

combination treatment with radiation in the triple negative breast cell line, future preclinical in 

vivo research and clinical trials are warranted to confirm these in vitro findings. 
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Critical discussion to the Chapter 
Most of the studies that explored combination treatments of HDACi and radiation focused on 

local effects, i.e. radiosensitisation of cells in the tumour bulk, and very little has been reported 

about the systematic effects. The current study filled a significant gap in knowledge by 

assessing the effect of the two HDACi inhibitors on the migration and invasion capacity of the 

MCF-7 and MDA-MB-231 cell lines. This was particularly crucial in light of numerous reports 

that highlighted the metastasis-promoting effects of radiation. 

 

Personal contribution to the Chapter 
The draft article was prepared by the candidate, 100% contribution, and is yet to be reviewed 

by the other collaborators. 
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CHAPTER 6: GENERAL DISCUSSIONS AND CONCLUSION 

 

6.1  Introduction of the Chapter 

This chapter brings together the results of the study presented in the published and in the draft 

manuscripts. The discussion is aligned with the five objectives of the study, in objective (i) 

radiosensitising capacities of CUDC-101 and SAHA was assessed by quantifying relative cell 

survival and proliferation post treatment with HDACi (SAHA or CUDC-101), in combination 

with proton and X-radiation. The mechanisms of radiosensitisation were then investigated in 

objectives (ii) - (v) by quantifying the proportion of cells in G1, S and G2/M phases of the cell 

cycle, gamma-H2AX foci formation and retention, (iv) the fraction of apoptotic and necrotic 

cells, and assessing the cell migratory and invasion capacity, post treatment with HDACi 

(CUDC-101 or SAHA) in combination with proton and photon irradiations. The limitations of 

the study are highlighted and recommendations for future studies are made. 

6.2 Radiosensitising efficacy of CUDC-101 and SAHA in breast cell lines 

The study set out to assess the efficacy of the two HDACi CUDC-101 and SAHA as potential 

radiosensitisers in two breast cancer cell lines. The aim of radiotherapy treatments is to 

eradicate malignant cells with little effect on normal cells. Therefore, it was imperative that the 

effect of this combination treatments on normal breast cell line is also assessed. Since 

combination therapy was used, it was crucial to first determine the best sequencing protocol 

for the administration of radiation and the HDACi. From previous studies discussed in Chapter 

2, different sequencing protocols had been used, where in some cases HDACi was given 

before radiation and in some studies HDACi was given after radiation. In the current study, 

administering HDACi 24 hours before irradiation was determined to yield the most 

radiosensitisation and was subsequently used for all experiments. Mechanistically, 

administering the HDACi before radiation allows time for inhibition of HDACs leading to 

opening of chromatin and increased yield of DNA double strand break, which are the lethal to 

the cell.57 58 

 
The results of the study revealed that both HDACi, SAHA and CUDC-101 are able to enhance 

the radiation-induced cytoxicity in the two breast cancer cell lines when combined with either 

X-rays or protons, Chapters 3 and 5. In the study, sensitisation by HDACi was expressed in 

terms of sensitisation enhancement ratio (SER). Of the two HDACi, CUDC-101, proved to be 

a more potent radiosensitiser with higher proton SER values (1.50 and 1.77) than SAHA (SER 
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values of 1.40 and 1.71) for MCF-7 and MDA-MB-231, respectively. Similarly, after treatment 

with X-rays, CUDC-101 (SER of 2.09) was determined to be a more effective radiosensitizer 

than SAHA (SER of 1.68) in the MDA-MB-231 cell line. These results point out that the most 

radiation enhancement was observed in the triple negative MDA-MB-231 cell line. In this cell 

line, modest CUDC-101 induced radiosensitisation was observed after protons (SER value of 

1.77) compared to X-rays (SER value 2.09). A similar observation was made by Johnson et 

al. in glioma cell lines. The authors also observed modest levels of radiosensitisation after 

treatment with 200MeV protons compared to γ-ray irradiation.59 The increased sensitising 

effect of CUDC-101 is attributed to inhibition of multiple targets, i.e. HDACs, EGFR and HER-

2, compared to SAHA that inhibits only HDACs. In pancreatic cell lines (MIA PaCa-2, Su.86.86 

and T3M-4), Moertl et al. also reported increased sensitization by CUDC-101 compared to 

SAHA. 36 Likewise, Schlaff et al. reported inhibition of HDACs, EGFR and HER-2 in the MDA-

MB-231 cell line.19 Similar to breast cancer, over expression of EGFR and HER-2 has been 

reported in pancreatic tumours, hence dual targeting of EGFR and HER-2 in these cancers 

has showed some benefit.37, 60. A number of studies have investigated combination therapies 

of HDACi and X-rays in different cell lines. The current study was the first to investigate the 

efficacy of SAHA and CUDC-101 in combination with proton therapy in breast cell lines. 

Combination therapy of HDACi Panobinostat and valproic acid, which are also hydroxamic 

acid, with protons was previously assessed in HCC cell lines.11, 12 In view of the fact that the 

effect of HDACi is cell line specific, the results of these studies could not be extrapolated to 

breast cell lines, which motivated for the current study to be conducted.  

 
Of relevance is also the HDACi-induced sensitization which was observed in the 

spontaneously immortalised normal MCF-10A cell line, particularly in CUDC-101 (SER of 1.23 

and 1.10) pre-treated cells compared to SAHA (1.20 and 0.94) for protons and X-rays, 

respectively. Clinically, this would translate into increased normal tissue side effects. As 

discussed in Chapter 1, due to the superior dose distribution of proton beam, little dose is 

deposited in normal tissues, which is advantageous for normal tissue sparing. Therefore, the 

superior dose distribution of proton therapy would, in principle, negate the increased local side 

effects as suggested by the observed increased SER values after proton irradiation. However, 

the system side effects such nausea, fatigue, vomiting, dyspnea, pyrexia, and dry skin were 

observed after CUDC-101 treatment combined either chemotherapy and X-radiation in Phase 

1 clinical trials, could be managed by optimal scheduling of the drug and radiotherapy 

treatment as well as by finding the other routes of administration other than oral 

administration.61  These systemic side effects were reported to last for a short period and were 

reversible upon stopping the drug treatment.61, 62  
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The results of this in vitro study provide significant contribution to the pursuit of effective 

treatment strategies for triple negative breast cancers. Triple negative breast cancer is 

characterised by an aggressive phenotype and increased metastatic potential, and prognosis 

is poor.64 Further, current treatment strategies such as hormonal therapy and trastuzumab-

based treatments have proved to be ineffective in patients with triple negative breast cancer.65 

Increased incidences of triple negative breast cancer and increased rates of mortality has 

been reported to occur mainly in young (less than 55 years) females of black ethnicity, most 

of whom are situated in Sub-Saharan Africa.66-69 The results of the study therefore hold 

relevance in attaining effective treatment strategy for the breast cancer molecular subtype that 

is most prevalent in Sub-Saharan populations.  

6.3 Mechanisms of radiosensitisation  

The radiosensitising effect of HDACi can be explained in two ways: 1) effect on the chromatin 

structure, and 2) effect on DNA damage repair (DDR) proteins. Over-expression of HDACs 

which leads to compact chromatin structure and repression of gene expression, has been 

reported in many tumours including breast cancer.70-73 As discussed in Chapter 2, ample 

evidence exists to support that compact chromatin has radioprotective effects. Treatment with 

HDACi therefore represses the effect of HDACs, opening the chromatin, which allows 

increased DSB induction upon irradiation.57, 58 In the study, DNA DSB induction was assessed 

by detection of γ-H2AX foci, which is widely accepted as a reliable biomarker for double strand 

break.74 The ability of HDACi to impair DNA DSB repair was assessed by retention of γ-H2AX 

foci  at 24 hours post irradiation. Of the two malignant breast cell lines, increased DNA DSB 

induction and retention following treatment with CUDC-101 or SAHA monotherapy and in 

combination treatments with 2Gy protons or X-rays, was seen mainly in the triple negative 

MDA-MB-231 cell line, which supports the observed increased radiosensitisation in this cell 

line. In clinical practice, conventional fractionation of 2Gy is often used in the radiotherapy 

treatment of most tumours including breast tumours. The increased DNA DSB formation after 

2Gy X-rays and CUDC-101 that was observed in the triple negative breast cell line therefore 

bears clinical relevance.  

 

Previous studies had reported that the main mechanisms of radiosensitisation by HDACi is 

through repression of DSB damage repair proteins such as MRE11/Rad50/NBS1 (MRN) 

complex and Rad51 involved in HR and repression of ku70, ku80, DNA-PK’s involved in 

NHEJ.23, 35, 50, 75.  In the current study, persisting γ-H2AX foci at 24 hours post irradiation was 

interpreted to indicate repression of DNA damage repair proteins. Although γ-H2AX foci is 

accepted as a reliable marker of DSB, it is acknowledged that it does not provide information 

about the levels of the repair proteins. In a previous study, Moertl et al. did not observe 
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persistence of γ-H2AX foci after combination therapy of HDACi and radiation in pancreatic cell 

lines, but the levels of DNA repair protein PARP-1 were found to be reduced.36 This highlights 

the need to assess the levels of DNA repair proteins in conjunction with the γ-H2AX foci 

results. The failure to assess the DNA repair proteins in the current study is therefore 

acknowledged as a shortcoming of this study. 

 

The mechanisms of radiosensitisation were further probed by assessing the modes of cell 

death following combination therapy of HDACi and radiation. Although previous studies had 

reported increased apoptosis after proton irradiation76-78, in the current study the total 

apoptosis in the malignant cell lines (MCF-7 and MDA-MB-231) averaged below 20% after 

proton irradiation or HDACi and proton irradiation. Induction of necrosis was notable in the 

MCF-7 cell line, but also averaged below 10% for the two malignant cell lines. This finding 

indicated that apoptosis, which was previously reported as the main mode of cell death by 

HDACi, is not necessarily the main modes of cell death for the HDACi (SAHA or CUDC101) 

and for the cell lines (MCF-7, MDA-MB-231), used in the study. Another mode of cell death, 

mitotic catastrophe, was previously reported to be the main mode of cell death after X-

radiation.79 In the current study, mitotic catastrophe was not assessed but persisting G2/M cell 

cycle arrest at 48 hours post irradiation was interpreted as an indicator of mitotic catastrophe.  

In line with previous reports, persisting G2/M arrest was seen after X-irradiation in the triple 

negative cell line, which indicated mitotic catastrophe. Autophagy, which has also been 

flagged in some studies as another mode of cell death following treatments with HDACi, was 

not assessed, which is another limitation of the study.  

 

Most of the studies that explored combination treatments of HDACi and radiation focused on 

local effects, i.e. radiosensitisation of cells in the tumour bulk, and very little has been reported 

about the systematic effects. The current study filled a significant gap in knowledge by 

assessing the effect of the two HDACi inhibitors on the migration and invasion capacity of the 

MCF-7 and MDA-MB-231 cell lines. This was particularly crucial in light of numerous reports 

that highlighted the metastasis-promoting effects of radiation.80-83 MCF-7 cell have little 

metastatic potential, whereas the MDA-MB-231 cell line have increased migration and 

invasion potential.49, 84, 85 In the current study, both SAHA and CUDC-101 reduced migration 

and invasion in the triple negative MDA-MB-231 cell. The two HDACi also reduced migration 

and invasion when used as monotherapy. An unexpected finding in the study was the increase 

in migration and invasion after SAHA treatment in the MCF-7 cell line, which is in contradiction 

to most of the previous studies.20, 86 This finding provides significant contribution in explaining 

the disappointing results that were seen after SAHA treatment in clinical trials in solid 

tumours.31 
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6.4  Conclusions and recommendations 

The results of this in vitro study highlighted the potential benefit of CUDC-101 in enhancing 

the effect of radiation which can improve tumour control mainly in the triple negative breast 

cell line. Migration and invasion, which are the requirements for metastasis, were also 

observed to be reduced by CUDC-101 in the triple negative cell line. The observed metastasis 

promoting potential of SAHA in the breast luminal, ER, PR positive and HER-2 negative 

molecular sub-type (MCF-7), nullifies the observed benefit of radiosensitisation. Although 

CUDC-101, showed potential benefit as a radiosensitiser as well in reducing metastatic 

potential of the triple negative MDA-MB-231 cell line (adenocarcinoma), it is recommended 

that other types of triple-negative breast cell lines with different histological profiles such as 

MDA-MB-157 (Medullary carcinoma), MDA-MB-453 (Carcinoma), or BT-549 (Ductal 

carcinoma), be conducted. Given the in vitro nature of the study, in vivo studies are also 

recommended to validate the observed results. Also, to fully understand the mechanisms, 

future in vitro studies should investigate other modes of cell death such as autophagy. 
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Abstract: Despite recent advances in multimodality therapy for glioblastoma (GB) 
incorporating surgery, radiotherapy, chemotherapy and targeted therapy, the overall prognosis 
remains poor. One of the interesting targets for GB therapy is the histone deacetylase family 
(HDAC). Due to their pleiotropic effects on, e.g., DNA repair, cell proliferation, differentiation, 
apoptosis and cell cycle, HDAC inhibitors have gained a lot of attention in the last decade as 
anti-cancer agents. Despite their known underlying mechanism, their therapeutic activity is 
not well-defined. In this review, an extensive overview is given of the current status of HDAC 
inhibitors for GB therapy, followed by an overview of current HDAC-targeting 
radiopharmaceuticals. Imaging HDAC expression or activity could provide key insights 
regarding the role of HDAC enzymes in gliomagenesis, thus identifying patients likely to 
benefit from HDACi-targeted therapy. 
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1. Introduction 

Glioblastoma multiforme (GB) is the most malignant tumor in the central nervous 
system (CNS). Despite recent advances in multimodality therapy for GB incorporating 
surgery, radiotherapy (RT), chemotherapy and targeted therapy, the overall prognosis 
remains poor. Almost all tumors recur with a more aggressive form, and there is no 
standard of care for recurrent GB. The survival rate at 5 years postdiagnosis remains at 
only 5.8% [1–3]. Novel molecular markers were identified improving GB classification 
and providing powerful prognostic information [4]. However, therapy resistance remains 
a hurdle. Precision oncology incorporating personalized targeted therapy holds much 
promise in developing more efficacious and tolerable therapies [3]. One of the interesting 
targets for GB-targeted therapy is the histone deacetylase family (HDAC). Due to their 
pleiotropic effects on, e.g., DNA repair, cell proliferation, differentiation, apoptosis and 
senescence, they have gained a lot of attention in the last decade as anti-cancer agents. 
In addition, HDAC inhibitors (HDACi) have been applied for the treatment of metabolic 
disorders and psychiatric or neurodegenerative diseases [5]. The HDAC family contains 
18 family members, categorized as following: class I (HDAC1,2,3,8), IIa (HDAC 4,5,7,9), IIb 
(HDAC 6,10), III (nicotinamide adenine dinucleotide (NAD+)-dependent sirtuins (SIRTs) 
and IV (HDAC11) [6,7]. Two groups of enzymes control the acetylation and deacetylation 
of histones: histone acetyltransferase (HAT) and HDACs. The transfer or removal of acetyl 
groups by HATs and HDACs induce a more open and accessible chromatin structure or 
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