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A B S T R A C T   

Despite tremendous resources being invested in prevention and treatment, breast cancer remains a leading cause 
of cancer deaths in women globally. The available treatment modalities are very costly and produces severe side 
effects. Drug repurposing that relate to new uses for old drugs has emerged as a novel approach for drug 
development. Repositioning of old, clinically approved, off patent non-cancer drugs with known targets, into 
newer indication is like using old weapons for new battle. The advances in genomics, proteomics and information 
computational biology has facilitated the process of drug repurposing. Repositioning approach not only fastens 
the process of drug development but also offers more effective, cheaper, safer drugs with lesser/known side 
effects. During the last decade, drugs such as alkylating agents, anthracyclins, antimetabolite, CDK4/6 inhibitor, 
aromatase inhibitor, mTOR inhibitor and mitotic inhibitors has been repositioned for breast cancer treatment. 
The repositioned drugs have been successfully used for the treatment of most aggressive triple negative breast 
cancer. The literature review suggest that serendipity plays a major role in the drug development. This article 
describes the comprehensive overview of the current scenario of drug repurposing for the breast cancer treat
ment. The strategies as well as several examples of repurposed drugs are provided. The challenges associated 
with drug repurposing are discussed.   

1. Introduction 

Breast cancer, one of the most common cancer in women, is globally 
diagnosed by physical examination, breast scan and tissue biopsies. A 
total of 2.089 million new cases of breast cancer were identified in 2018, 
of which ~627,000 cases died. This accounted for approximately 15% of 
all cancer deaths among women globally [1]. In 2018, the highest 
numbers of breast cancer cases were reported from Asia (9,11,014) 
followed by Europe (5,22,512), North America (2,62,347), Latin 
America and Caribbean (199,734), Africa (1,68,690) and Oceania (24, 
551) [1]. Although very common in women, breast cancer rarely occurs 
in men [2]. A vast heterogeneity in breast cancer molecular profiling has 
been reported [3]. Based on the ER/PR and HER2 expression, breast 
cancer can be of 4 types: (i) ER/PR+, HER2+; (ii) ER/PR− , HER2+; (iii) 
ER/PR+, HER2− ; and (iv) ER/PR− , HER2− [4]. The most aggressive 
breast cancer is ER/PR− , HER2− (also called triple negative breast 
cancer, TNBC) because no receptor is present on these tumors. It is 
estimated that 70% of the breast cancers are hormone receptor positive 
(70%) and can be treated with corresponding therapies [5,6]. In 

addition to hormone receptors, other biomarkers used for clinical, 
pathological and molecular characterization of breast cancer include 
Ki67, p53, CA153, CEA, BRCA1/BRCA2 etc. [7]. These molecular bio
markers in breast cancer are used for diagnosis, staging and grading, 
therapeutic intervention, prognosis as well as clinical management of 
recurrent and metastatic cases [8]. 

2. Current breast cancer therapy 

Unlike a decade ago, clinicians today have multiple choices for 
breast cancer treatment depending on the size, stage, grade, metastatic 
behavior, aggressiveness and intrinsic molecular subtyping of tumor, 
age, menopausal status, overall health, comorbidities, and preferences 
of the patient [9–13]. Chemotherapy, hormone therapy, immuno
therapy, radiotherapy, and surgery are the common modalities for 
breast cancer [10,14]. Primary choice of treatment usually includes 
surgery with the aim of complete resection of the major tumor mass on 
the first hand. Breast conserving (lumpectomy) and breast reconstruc
tion surgeries, mastectomy or lymph node dissections are performed 
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initially in the breast cancer patients [15]. Surgery may be preceded 
with the systemic neoadjuvant therapies in order to shrink the tumor for 
effective surgery and to maximize breast conservation. For example, in 
HER2+ cases, Trastuzumab (Herceptin) and Pertuzumab (Perjeta) are 
given as neoadjuvant therapy and only Trastuzumab is continued 
post-surgery [16,17]. Surgery is mostly followed by chemotherapy or 
radiotherapy to further destroy the remnant micrometastatic cancer 
cells that have escaped the breast or lymph nodes, to decrease the 
chances of recurrence and to increase the overall patient survival [14, 
15]. The adjuvant (additional) therapies i.e. hormone or targeted ther
apy are provided to breast cancer patients depending on the expression 
of hormone receptor or target protein, respectively [9]. The ER/PR +
breast cancer patients are given tamoxifen and aromatase inhibitor 
together or alternatively after the surgical resection [18,19]. Likewise, 
trastuzumab (herceptin) is mostly recommended to the HER2+ breast 
cancer patients [20]. TNBC patients are difficult to treat, with unfa
vorable prognosis and are generally administered with the standard 
chemotherapy along with the PARP inhibitors or the DNA-targeting 
platinum drug (carboplatin) [21,22]. Another strategy is based on the 
holistic approach of patient recovery i.e. complementary and alternative 
medicine. In the holistic approach, the patients are advised for several 
life style changes like exercise, yoga, meditation, acupuncture and/or 
Ayurvedic treatments in addition to the standard therapies [23]. 

The United States FDA has approved a number of drugs for the breast 
cancer therapy (Table 1). However, these drugs are very costly and 
produce numerous side effects [6,24]. The common reported side effects 
in patients include fatigue, headaches, pain, numbness, dental issues, 
lymphedema, musculoskeletal symptoms, heart problems, blood clots, 
menstrual and menopausal symptoms, infertility, bone loss, and mem
ory loss. These side effects are hard to be tolerated by the patients who 
are already weakened by the disease. Eventually these also affect the 
decision for further choice of treatment and impair the quality of life. 
This necessitates the development of novel drugs for breast cancer 
therapy. 

We have previously reviewed the overall process involved in cancer 
drug development [25,26]. The drug development for breast cancer like 
other cancer types is a multi-step process involving the designing, syn
thesis, characterization, testing for efficacy and toxicities, and approval. 
Overall, the process is lengthy, involving huge investment of money. It is 
estimated that the development of a new drug usually requires 15–18 
years of time and approximately 2–3 billion dollars. On the top of all 
this, nearly 90% of the drugs fail during the clinical trial stage due to 
unexpected lack of appropriate efficacy, unacceptable side effects or 
regulatory norms [25,26]. Therefore, the approaches to expedite the 
drug development process are required. One approach might be finding 
new uses for old clinically approved drugs (Drug repositioning). 

3. Drug repositioning 

The drug repositioning (aka drug repurposing, drug reprofiling, drug 
re-tasking, drug redesigning, drug resorting, drug reindication, indica
tion switching, therapeutic switching) can be defined as exploring the 
new uses for an old clinically approved drug, with reduced risk, time and 
cost. Drug repositioning circumvents the usual route of substantially 
higher rates, slow pace and side effects etc. [27–29]. It is becoming an 
attractive concept for pharmaceutical industries. It is estimated that the 
repositioning for drug development requires much lesser time (3–5 
years) and money ($0.3 billion) with at least known and approved side 
effects; and higher probability of success [28,30–33]. Repositioning of 
old drugs offer rapid transition from bench to bedside as already 
approved by FDA and other regulatory norms, passed through the 
clinical trials and are approved for human use. These drugs have well 
defined pharmacodynamics, pharmacokinetics, dose, side effects, 

metabolic profiles and targeted molecular pathway etc [29,34]. Here, 
the clinical development can directly start from the phase II trial to 
assess the efficacy for new indication/disease target. The successful 
example of drug repositioning includes Sildenafil (Viagra) and Thalid
omide. Viagra was originally launched for hypertension and angina 
pectoris patients by Pfizer (1980). However, the patients developed 
penile erections as side effects in phase I clinical trial. The drug was later 
developed for erectile dysfunctions. In 2012, the total sale of Viagra was 
2.05 billion dollars [35]. Similarly, the sedative thalidomide was 
serendipitously repurposed for erythema nodosum leprosum (ENL) in 
1964 and for multiple myeloma and other cancers in 1999 [36–39]. 

4. Strategies for drug repositioning 

Recent advances in genomics, proteomics, transcriptomics and 
metabolomics have provided vast and deep knowledge about the mo
lecular and metabolic alterations that occurs in cancers. The funda
mentals of drug repurposing through the integration of system biology 
and bioinformatics depends on basic concepts i.e. activity based and in 
silico drug discovery [40]. Activity based drug repurposing is the 
experimental approach where the drug candidate is evaluated for the 
anti-cancer activity directly. The drug that is structurally similar would 
tend to have similar target, shared biological activity and indications 
[41]. In the two diseases where same metabolic pathway or signaling is 
affected, then the drugs that target the specific pathway can be used in 
both of the diseases irrespective of their structural dissimilarity [26,42]. 
The drug that shows strong efficiency for any off-target (side effect) in 
one disease can be explored further i.e. the off-target binding and effect 
can be used as the novel indication of that drug in some other disease 
[43–45]. In silico drug repurposing approach is based on the association 
and/or overlaps in the disease-gene-drug paradigm. The large data 
about drug-disease, gene expression (microarrays) or protein-protein 
interactions or gene-protein interactions or signaling pathway map
ping, signature matching, genome-wide association studies (GWAS) can 
be used for providing drug-disease gene association networking by the 
systematic integration and coordination of computation and bioinfor
matics, modeling (such as docking for structural modeling), experi
mentation, statistics, machine learning etc. [46–49]. The various data 
resources are available that can be used for bio-informatics based 
exploration followed by experimental validation for any drug repur
posing possibilities in any disease. The similar gene expression profile 
for drug phenotype in patients with different diseases as mapped by 
connectivity map (cMap), Library Integrated Network based Cellular 
Signatures (LINCS), expression signatures may have similar therapeutic 
applications [50–52]. Other important public data resources that are 
used for network-based drug repositioning includes gene set enrichment 
analysis (GSEA) for drug-drug similarity network [53]; DrugBank [54], 
online mendelian inheritance in men (OMIM) [55] and GEO [56] for 
predicting drug-disease network; KEGG [57], STRING [58], BioGrid 
[59], HAPPI [60] and Reactome [61] for pathway and/or 
protein-protein interactions; STITCH drug-gene/protein database [62, 
63], TTD therapeutic target database [64], SFINX for drug-drug in
teractions [65]; and SIDER for drug side effects [66]. Also, the recently 
reported ‘Drug Repurposing from Control System theory (DeCoST)’ is a 
comprehensive platform for drug repurposing that encompasses various 
limitations in the previous databases like variation in number of copies 
of gene of interest, mutations, lack of reference for normal range of gene 
expression etc. in different diseases [67]. Vigorously exploited ‘net
work-based approach’ by integrating the mentioned resources for 
identifying potential target, pathway and drug has been reported as the 
most potential way for drug repositioning [68]. 
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Table 1 
A list of clinically approved drugs for breast cancer therapy.  

Drug Type of breast 
cancer Molecular mechanism Side effects 

Chemical name Commercial name Category 

Abemaciclib Verzenio CDK4/6 inhibitor ER+, PR+, HER2-, 
advanced and 
metastatic 

Controls cell division Abdominal pain, anemia, decreased appetite, diarrhea, 
fatigue, headache, infections, nausea, neutropenia, 
leukopenia, thrombocytopenia, vomiting 

Ado-transtuzumab- 
Emstansine 

Kadcyla Targeted therapy HER2+, early stage Reduces cell growth Anemia; bone, joint and muscle pain; constipation; 
headache; heart, lung and liver problems; low blood 
platelet count; low potassium levels; nausea; nerve 
damage; tiredness/fatigue 

Albumin bound- 
paclitaxel 

Abraxane Taxanes Advanced stage Inhibits growth of 
dividing cancer cells 

Neutropenia, leukopenia, anemia, edema, hair loss, 
nausea, vomiting, diarrhea, neuropathy, muscle or 
joint pain 

Anastrazole Arimidex Aromatase 
inhibitor 

ER+, PR+ – Depression, fatigue, headache, hot flashes, increased 
or decreased appetite, joint pain, lower bone density, 
mild diarrhea, mood swings, nausea, sweating, 
temporary hair thinning, vaginal dryness, weakness 

Atezolizumab Tecentriq Immune checkpoint 
inhibitor 

TNBC, PD-1+, 
Advanced stage 

Elevates anti-tumour 
immuno response 

Lung, liver, intestinal and hormone gland problems; 
infection; hair loss; neuropathy; nausea; diarrhea; 
anemia; constipation; cough; headache; neutropenia; 
low appetite; vomiting; fatigue 

Bevacizumab Avastin Targeted therapy HER2- Anti-angiogenic Bleeding from nose, high blood pressure, proteinuria, 
kidney malfunction, fatigue, neutropenia, leukopenia, 
diarrhea 

Capecitabine Xeloda Antimetabolite Metastatic False incorporation in 
DNA 

Decreased appetite, dehydration, diarrhea, hand-foot 
syndrome, irregular periods, mouth and throat sores, 
nausea, vomiting 

Carboplatin Paraplatin Platinum based Advanced stage Damages genetic 
material 

Fatigue, nausea, leukopenia, kidney and nerve 
damage, hair loss, loss of appetite, irregular periods 

Cyclophosphamide Cytoxan Alkylating agent Early and advanced 
stages 

Damages genetic 
material 

Appetite loss, diarrhea, hair loss, irregular periods, 
leukopenia, mouth sores, nausea, vomiting 

Darbepoetin alfa Aranesp Erythropoiesis 
stimulating agent 

To treat anemia 
caused by 
chemotherapy 

– Abdominal pain, blood clots, constipation, diarrhea, 
headache, heart problems, joint and muscle pain, 
nausea, stroke, vomiting 

Daunorubicin Cerubidine Anthracyclins Early and advanced 
stages 

Damages genetic 
material 

Nausea, vomiting, loss of appetite, stomach pain, 
diarrhea, difficulty swallowing, hair changes, skin 
sensitivity, rash, nail changes, irregular periods 

Denosumab Xgeva RANKL inhibitor Advanced stage Limits osteoclasts 
activity 

Bone pain, nausea, vomiting, fever, fatigue, 
constipation, diarrhea, loss of appetite, teary eyes, 
heartburn, mouth sores, depression, vaginal discharge, 
hand-foot syndrome, hair changes, osteonecrosis of 
the jaw 

Docetaxel Taxotere Taxane Early and advanced 
stages 

Interferes with cell 
division 

Allergic reactions; constipation; fatigue; fluid 
retention; hair loss; irregular periods; leukopenia; 
muscle, bone or joint pain; nail changes; nausea; 
neuropathy; sores; susceptibility to infection; taste 
changes; vomiting; watery eyes 

Doxorubicin Adriamycin Anthracyclins Advanced stage Damage genes Anemia, diarrhea, edema, hair loss, infections, 
leukopenia, muscle or joint pain, nausea, nerve 
damage, vomiting 

Epirubicin Ellence Anthracyclins Early and advanced 
stages 

Damages genetic 
material 

Nausea, vomiting, diarrhea, mouth sores, hair loss, 
leukopenia, neutropenia, irregular periods 

Epoetin Epogen Erythropoiesis 
stimulating agent 

To treat anemia 
caused by 
chemotherapy 

– Abdominal, joint and muscle pain; blood clots; 
constipation; diarrhea; headache; heart problems; 
injection site pain; nausea; stroke; vomiting 

Epoetin alfa Procrit Erythropoiesis 
stimulating agent 

Combination to treat 
anemia 

Makes more red blood 
cells 

Blood clots, constipation, diarrhea, headache, heart 
problems, itching, joint pain, muscle pain, nausea, 
neuropathy, rash, sleeping problems, stomach pain, 
stroke, vomiting 

Eribulin Halaven Microtubule 
inhibitor 

Advanced stages Disrupt cell division Leukopenia, neutropenia, anemia, fatigue, weakness, 
hair loss, neuropathy, nausea, fever, constipation, 
irregular periods 

Everolimus Afinitor mTOR inhibitor HER2+, HER2- Interferes with mTOR 
kinase 

Lung, breathing and kidney problems, mouth sores, 
infections, rash, fatigue, diarrhea, decreased appetite 

Exemestane Aromasin Aromatase 
inhibitor 

ER+, PR+ Lowers ER amount Hot flashes, mood swings, depression, nausea, fatigue, 
increased sweating, increased appetite, weakened 
bones 

Filgrastim Neupogen GCSF Combination Increases neutrophils Bone, joint, stomach and muscle pain; headache; 
nosebleeds; spleen rupture; fever; trouble breathing; 
rash; itching 

Filgrastim-sndz Zarxio GCSF Combination Increases neutrophils Bone, joint, stomach and muscle pain; headache; 
nosebleeds; spleen rupture; fever; trouble breathing; 
rash; itching 

Fluorouracil Adrucil Antimetabolite Early and advanced 
stages 

False nucleotide 
incorporation 

Diarrhea, loss of appetite, mouth sores, nausea, taste 
changes, vision problems, vomiting, leukopenia, 
neutropenia, hand-foot syndrome, irregular periods 

(continued on next page) 
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Table 1 (continued ) 

Drug Type of breast 
cancer Molecular mechanism Side effects 

Chemical name Commercial name Category 

Fluoxymesterone Halostein Hormone therapy ER+, PR+, 
advanced stages 

Lowers estrogen amount Headache, facial hair growth, nausea, acne, anxiety, 
insomnia 

Fulvestrant Faslodex HT-ERD ER+, PR+, HER2-, 
Advanced satge 

Binds to ER Back pain, constipation, diarrhea, headache, hot 
flashes, injection site pain, nausea, sore throat, 
stomach/abdominal pain, vomiting 

Gemcitabine Gemzar Antimetabolite Advanced stages False nucleotide 
incorporation 

Fatigue, leukopenia, neutropenia, hair thinning, 
nausea, anemia, diarrhea, irregular periods 

Goserelin Zoladex HT-LHRH ER+, PR+, Early 
stage 

Reduces amount of 
estrogen 

Bone pain, breast tenderness, headaches, Hot flashes, 
loss of libido, vaginal dryness, weight gain 

Ixabepilone Ixempra Epithilone 
chemotherapy 

Metastatic Interferes cell division Abdominal, bone, join and muscle pain; constipation; 
diarrhea; fatigue; hair loss; hand-foot syndrome; 
headache; heartburn; insomnia; irregular periods; 
nausea; skin problems; taste changes; vomiting; 
watery eyes; weakness; weight loss 

Lapatinib Tykerb HER2 inhibitor HER2+ Reduces tumour cell 
growth 

Diarrhea, fatigue, insomnia, liver problems, loss of 
appetite, mouth or throat sores, nausea, neuropathy, 
rash, vomiting 

Larotrectinib Vitrakvi Tyrosine receptor 
kinase inhibitor 

– Inhibits cell growth Fatigue, nausea, dizziness, vomiting, liver problem, 
cough, constipation, diarrhea, Infection, fever, 
abdominal pain 

Letrozole Femara Aromatase 
inhibitor 

ER+, PR+, Early 
and advanced stages 

Lowers estrogen amount Body and joint pain, nausea, mood swings, depression, 
headache, weakened bones, fatigue, difficulty 
breathing, high cholesterol 

Leucovorin Folinic acid, 
Wellcovorin, 
Citrovorum factor 

Folic acid (B9 
Vitamin) 

Combination Protects healthy cells Allergic reaction, nausea, vomiting, diarrhea, mouth 
sores, seizures, fainting 

Leuprolide Lupron HT-LHRH agent ER+, PR+, early 
stage 

Reduces estrogen 
amount 

Hot flashes, mood swings, loss of libido, osteoporosis 

Lipoosomal 
doxorubicin 

Doxil Anthracycline Advanced stages Damages genetic 
material 

Hand-foot syndrome, hair loss, irregular periods, 
leukopenia, loss of appetite, low platelet counts, 
vomiting, nail changes, mouth sores, nausea 

Megestrol Megace HT-Progestin ER+, PR+, 
Advanced stage 

Suppress the effects of 
estrogen 

Loss of libido, vaginal bleeding, insomnia, gas, rash 

Methotrexate or 
amethopterin 

Mexate, Folex, 
Rheumatrex 

Antimetabolite Early and advanced 
stage 

False building blocks Diarrhea, hair changes, irregular periods, rash, joint 
pain, loss of appetite, nausea, mouth sores, swelling in 
the feet and legs, vomiting 

Mitoxantrone Novantrone Anthracycline Advanced stage Damages genetic 
material 

Back pain, constipation, diarrhea, fatigue, hair loss, 
headache, heartburn, irregular periods, leukopenia, 
loss of appetite, mouth sores, nail changes, nausea, 
neutropenia, vomiting, weakness 

Mutamycin Mitomycin Antibiotic Advanced stage Damages genetic 
material 

Fatigue, hair loss, irregular periods, low white blood 
cell counts, mouth sores, nausea, susceptibility to 
infection, vomiting 

Neratinib Nerlynx HER inhibitor HER2+, early stage Inhibits cell growth Abdominal pain, diarrhea, fatigue, liver problems, 
mouth sores, nausea, rash, vomiting 

Olaparib Lynparza PARP inhibitor HER2- PARP inhibition Anemia, nausea, fatigue, vomiting, leukopenia, upper 
respiratory infections, cold and flu symptoms, 
diarrhea, bone and joint pain, changes in sense of 
taste, headache, decreased appetite, constipation, 
mouth sores 

Paclitaxel Taxol Taxane Early and advanced 
stages 

Interferes with cell 
division 

Allergic reactions, diarrhea, hair loss, irregular 
periods, leukopenia, mouth sores, neuropathy, 
susceptibility to infection, vomiting, weakness 

Palbociclib Ibrance CDK 4/6 inhibitor ER+, PR+, HER2-, 
Advanced stage 

Controls cell division Anemia, fatigue, nausea, neuropathy, mouth sores, 
hair loss, Diarrhea, vomiting, weakness, decreased 
appetite, neutropenia, infections, blood clots 

Pamidronate Aredia Biophosphonate Bone complications Limits bone damage by 
osteoclasts 

Anemia, bone pain, fatigue, fever, loss of appetite, 
nausea, osteonecrosis of the jaw, vomiting, 

Pegfilgrastim Neulasta, 
Neulastim 

GCSF Combination Make more neutrophils Stomach, left shoulder, bone, joint and muscle pain, 
spleen rupture, fever, breathing problems, rash, 
itching, headache, weakness, constipation, vomiting, 
swelling 

Pertuzumab Perjeta HER2 inhibitor HER2+, early satge Reduces growth Birth defects, diarrhea, fatigue, hair loss, nausea, 
neutropenia, peripheral neuropathy, rash 

Raloxifene Evista SERMs ER+, PR+ Reduces ER amount Blood clots, depression, hot flashes, irregular periods, 
joint pain, mood swings, trouble sleeping, vaginal 
discharge or bleeding, weight gain 

Ribolcicilib Kisqali CDK 4/6 inhibitor HER2- Controls cell division Back pain, constipation, diarrhea, fatigue, hair loss, 
headache, liver problems, nausea, neutro- and leuko- 
penia, vomiting 

Talazoparib Talzenna PARP inhibitor HER2-, Advanced 
stage 

PARP inhibition Fatigue, anemia, nausea, neutropenia, headache, 
thrombocytopenia, vomiting, hair loss, diarrhea, 
decreased appetite 

Tamoxifen SERM 

(continued on next page) 
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5. Drugs repurposed for breast cancer treatment 

In the following section, we discuss the clinically approved drugs 
that were originally used for diseases other than breast cancer. However, 
these drugs are now being used or explored for breast cancer therapy. 
The clinically approved repositioned drugs for breast cancer are grouped 
based on their mode of action (Table 2). These drugs are diverse in terms 
of their chemical structures (Fig. 1). 

5.1. Alkylating agents 

These are DNA damaging agent that alkylate the guanine base 
thereby rendering them unable to bind to complementary strand. This 
leads to inhibition of DNA replication and cancer cell growth. The 
alkylating agents affect all phases of cell cycle. Cyclophosphamide is a 
known immuno-modulator that inhibits the suppressive regulatory T 
cells and enhances the effector T cells in tumor microenvironment. It 
shows the biphasic effect i.e. at low doses it imparts the immuno- 
suppressive function and at higher doses it functions as an alkylating 
agent leading to the death of tumour as well as the lymphoid cells [69, 
70]. Usually 600 mg/m2 cyclophosphamide is intravenously (IV) 
administered to breast cancer patients in combination with other che
motherapeutics (Docetaxel, Paclitaxel, Doxorubicin). The recommended 
regimens for robustly healthy breast cancer patients include 6 cycles of 
cyclophosphamide, methotrexate and 5-fluorouracil (CMF) or 4 cycles 
of adriamycin and cyclophosphamide (AC) [71,72]. 

Thiotepa is a derivative of N,N’,N‿-triethylenephosphoramide 
(TEPA) that was launched (1953) as immunosuppressive drug for 
transplantation in hematological diseases [73]. Subsequently, the drug 
was recommended for solid tumors in 1959 [74] and for breast cancer 
(0.3 to 0.4 mg/kg IV repeated every 1–4 weeks) in 1963 [75]. Thiotepa 
in combination with Vinblastine, Adriamycin, and Halotestin (VATH) 
was effective in patients with relapse after adjuvant therapy and in 
metastatic breast cancer patients [76]. 

5.2. Anthracyclins 

Anthracyclins are antibiotics that intercalates between the adjacent 
base pairs of DNA in such a manner that it forms anthracyclin-DNA- 
TopoisomeraseII ternary complex. The ternary complex disrupts the 
resealing activity of enzyme leading to inhibition of DNA and RNA 
synthesis in highly replicating cancer cells [77,78]. Some of the common 
anthracyclins are doxorubicin, daunorubicin, epirubicin and idarubicin. 
These are generally extracted from Streptomyces bacterium. Approved 
for medical use in 1974, doxorubicin (14-hydroxylated version of 
Daunorubicin) [79] was originally extracted from Streptomyces peucetius 
[80]. There was a long lapse of 20 years between first clinical usages of 
anthracyclins to their proven relevance in breast cancer treatment. 
However, once established the chemotherapeutic regimens that con
tained doxorubicin [usual dose: 60–75 mg/m2 intravenously (IV) every 
21 days] were used regularly with dose-intense and dose-dense sched
ules. Some of the regimens containing doxorubicin are AC (adriamycin, 

Table 1 (continued ) 

Drug Type of breast 
cancer Molecular mechanism Side effects 

Chemical name Commercial name Category 

Nolvadex, 
Tamofen, Tamone, 
Soltamox 

ER+, PR+, 
Advanced stage 

Binds to estrogen 
receptor 

Blood clots, depression, endometrial cancer, weight 
gain, irregular periods, hot flashes, vaginal discharge 
or bleeding, 

Thiotepa Thioplex Alkylating agent Early and advanced 
stages 

Damages genetic 
material 

Leukopenia, neutropenia, nausea, vomiting, loss of 
appetite, fatigue, hair changes, irregular period 

Toremifene Fareston SERM ER+, PR+ Binds to ER Hot flashes, nausea, weight gain, skin rashes, 
headache 

Trastuzumab Herceptin Hylecta HER2 inhibitor HER2+, Early and 
advanced stages 

Reduces cell growth and 
enzyme helps body in 
using herceptin 

Body pain, chills, cough, diarrhea, fatigue, fever, 
headache, heart problems, infection, insomnia, joint 
pain, lung problems, muscle pain, nausea, rash, upper 
respiratory tract infection, weakening of the heart 
muscle 

Trastuzumab-dkst Ogivri HER2 inhibitor HER2+, early satge Reduces growth Diarrhea, low white blood cell counts, lung problems, 
peripheral neuropathy, weakening of the heart muscle 
and other heart problems 

Trastuzumab-dttb Ontruzant HER2 inhibitor HER2+, early satge Reduces growth Chills, cough, diarrhea, fever, headache, infection, 
insomnia, nausea, rash 

Trastuzumab-pkrb Herzuma HER2 inhibitor HER2+ Reduces tumor cell 
growth 

Headache, diarrhea, nausea, chills, fever, infection, 
insomnia, cough, rash, low white blood cell count 

Trastuzumab-qyyp Trazimera HER2 inhibitor HER2+ Reduces tumor cell 
growth 

Headache, diarrhea, nausea, chills, fever, infection, 
insomnia, cough, rash 

Triptorelin Trelstar HT-LHRH ER+, PR+, Early 
stage 

Reduces amount of 
estrogen 

Hot flashes, mood swings, loss of libido, osteoporosis 

Vincristine Oncovin, Vincasar 
PES, Vincrex 

Vinca alkaloid Advanced stage Interefers with genes Nausea, vomiting, Diarrhea, constipation, hair 
changes, neuropathy, fatigue, muscle and abdominal 
cramps, irregular periods 

Vinorelbine Navelbine Vinca alkaloid Advanced stage Interfere with genes Diarrhea, hair loss, irregular periods, leukopenia, 
mouth sores, nausea, neuropathy, vomiting 

Zoledronic acid Zometa Bisphosphonate Combination Limits osteoclast activity Bone pain, nausea, vomiting, fever, fatigue, 
constipation, diarrhea, loss of appetite, watery eyes, 
heartburn, mouth sores, depression, vaginal discharge, 
hand-foot syndrome, hair changes, osteonecrosis of 
the jaw 

Abbreviations: CDK: cyclin-dependent kinase; TNBC: triple negative breast cancer; PD-L1: programmed death-ligand 1; VEGF: vascular endothelial growth factor; HER: 
human epidermal growth factor receptor 2; ERD: estrogen receptor downregulator; SERM: Selective estrogen receptor modulator; ER: estrogen receptor; PR: pro
gesterone receptor; LHRH: luteinizing hormone-releasing hormone; HT: hormone therapy. 
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cyclophosphamide), TAC (taxotere, AC) and FAC (5-fluorouracil, AC) 
[81]. Unlike doxil (the PEGylated form of doxorubucin), myocet is the 
non-PEGylated liposomal version of doxorubicin that is approved for 
treatment of metastatic breast cancer in combination with cyclophos
phamide in Europe and Canada [82]. 

5.3. Antimetabolites 

Antimetabolites are the chemo-drugs that interfere with the meta
bolic pathways in the cancer cells primarily by acting as structural an
alogues to important cellular metabolites. 5-Flourouracil (5-FU) is a 
pyrimidine antimetabolite, an uracil analogue that inhibits the activity 
of thymidylate synthetase by converting 5-FU to FdUMP and FUTP, 
instead of uracil to thymidine conversion. Therefore, 5-FU not only in
hibits the DNA synthesis in the cell but also inhibits RNA synthesis due to 
FdUTP incorporation in RNA; leading to highly toxic effects on the 
growth of rapidly multiplying cells like cancer cells. Klein and col
leagues introduced 5-FU for medical use in 1962 for the treatment of 
self-healing, squamous cell tumors of skin i.e. keratoacanthomas (KAs) 
[83]. 5-FU was subsequently used for other cancer types including breast 
cancer [84]. General drug dosage of 5-FU is 500 mg/m2 or 600 mg/m2 

IV on day 1 and day 8 of every 28-day cycle (six cycles in total). Lokich et 
al (1985) first introduced the infusion of 5-FU in combination with 
methotrexate (M) for breast cancer [85]. Since then various regimes of 
combination therapy containing 5-FU (F) with other drugs like doxo
rubicin (A), cisplatin (C), cyclophosphamide (CX) and epirubicin (E) 
(ECF, CMF, CAF) have been continuously used for treating metastatic 
breast cancer [86]. The other combinations such as 5-FU with paclitaxel 
in 1998 [87] and high dose 5-FU/paclitaxel with doxorubicin [88] were 
found successful for breast cancer treatment. 

Methotrexate is a folate/folic acid antagonist that binds to the 
dihydrofolate reductase (DHFR) enzyme and inhibits the synthesis of 
building blocks of DNA and RNA itself. Folic acid is converted to dihy
drofolate by DHFR, which is then reduced to tetrahydrofolate (THDF) 
for further action by thymidine synthetase. Methotrexate binding to 
DHFR decreases the synthesis of purines and pyrimidines in the cells that 
inhibits the cell cycle progression in S-phase. Methotrexate was 
discovered in 1940s as a substitute to folic acid, because the cases with 
decreased leukemic cell count (acute lymphoblastic leukemia) due to 
dietary deficiency of folic acid were being presented in clinics [89,90]. 
Methotrexate was first shown to remit breast cancer in 1951 by Jane C 
Wright [91]. In 1960s and 1970s, methotrexate was being used as single 

Table 2 
A list of repositioned drugs approved for breast cancer treatment.  

Drug Breast cancer 
stage Mechanism Original indication 

Category Chemical name Commercial name 

Alkylating agent 

Cyclophosphamide Cytoxan, Clafen, Neosar 
Early and 
advanced Inhibits DNA replication by 

damaging genetic material of the 
cell 

As immuno-modulator in 
autoimmune diseases 

Thiotepa 
Thioplex, Tespa, 
Thiophosphoamide, TSPA, 
Tepadina 

Early and 
advanced Immunosuppressant 

Anthracyclins Doxorubicin Adriamycin, Caelyx, Rubex Advanced DNA intercalation 
Antibiotic from Streptomyces 
peucetius bacterium 

Antimetabolite 

Capecitabine Xeloda 
Metastatic and 
advanced 

False building block 
incorporation during cell growth 

Colon cancer 

Fluorouracil Adrucil, Carac Early, advanced 
and metastatic 

Keratoacanthomas, actinic 
keratosis, and skin warts 

Gemcitabine Gemzar Metastatic and 
advanced 

Anti-viral drug 

Methotrexate Mexate, Folex, Rheumatrex 
Early and 
advanced Leukemia 

CDK 4/6 inhibitor Palbociclib, Palbonix Ibrance 
ER+, PR+, HER2-, 
advanced 

Interferes with cell cycle CDK 4/6 inhibitor 

HT-SERM 

Tamoxifen Nolvadex, Apo-Tamox, Tamifen, 
Soltamox 

ER+, PR+, 
advanced 

Binds to ER 

Albright syndrome, ovulation 
induction 

Toremifene Fareston ER+, PR+ Infertility with an ovulatory 
disorders 

Raloxifene Evista ER+, PR+
Osteoporosis in postmenopausal 
women 

HT-Aromatase 
inhibitor 

Exemestane Aromasin ER+, PR+

Lowers estrogen amount 

Ovulation induction 

Letrozole Femara ER+, PR+, early 
and advanced 

Ovulation induction 

Anastrazole Arimidex ER+, PR+, 
advanced 

Ovulation induction 

HT-SERD Fulvestrant Faslodex 
ER+, PR+, HER2-, 
advanced ER degradation Antiestrogen 

HT-LHRH agent Goserelin Zoladex ER+, PR+, early Reduces amount of estrogen 
Prostate cancer, uterine fibroids, 
assisted reproduction 

mTOR inhibitor Everolimus, Votubia, 
Evertor 

Afinitor HER2+, HER2- Interferes with mTOR kinase Immunosuppressant during organ 
transplants, wound healing 

Mitotic inhibitor 

Docetaxel Taxotere Early and 
advanced 

Interferes with cell division 
Hormone-refractory prostate cancer 

Paclitaxel Taxol, Onxol 
Early and 
advanced Ovarian cancer, atrial restenosis 

Vinblastine Velban, Velsar, Adria, Velbe Advanced Interferes with genes 
Hodgkin lymphoma, non-Hodgkin’s 
lymphoma, histiocytosis 

Abbreviations: CDK: cyclin-dependent kinase; ERD: ER down-regulator; LHRH: luteinizing hormone-releasing hormone; SERD: selective estrogen receptor degrader; 
SERM: selective estrogen receptor modulator; ER: estrogen receptor; PR: progesterone receptor, HER: human epidermal growth factor receptor. 
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cytotoxic agent for advanced breast cancer treatment [92]. However, 
Gianni and Bonadonna group (1976) showed the first treatment with 12 
cycles of CMF combination in 400 mastectomised women with advanced 
cancer and positive lymph nodes and reported only 5.3% treatment 
failure with acceptable toxicity [93,94]. In fact, CMF regimen was the 
first ever schedule for breast cancer treatment. Further, CMF was found 
to be equally effective even at 6 cycles. Immunosuppressive activity of 
Methotrexate has been explored for its clinical use in autoimmune dis
eases like rheumatoid arthritis [95]. General dosage of CMF regimen is 
defined as 6–8 cycles of cyclophosphamide (600 mg/m2); methotrexate 
(40 mg/m2), and fluorouracil (600 mg/m2) at 14-day intervals. 

Capecitabine, a pro-drug for 5-FU, is another pyrimidine antime
tabolite. The conversion of capecitabine to 5-FU requires the three sys
tematic enzymatic reaction cascades through intestine, liver and tumour 
cells. The enzyme that catalyzes the last step of conversion is highly 
expressed in tumour cells as compared to the normal cells. Therefore, 
the tumour selective conversion of capecitabine to 5-FU prevents the 
systemic exposure of body to 5-FU [96]. Also, capecitabine is easier to 
administer and safer than 5-FU with better efficacy. The capecitabine 
was first used against colon cancer in 1998 [97]. Capecitabine 
(1250 mg/m2 given orally twice daily for 14 days followed by a 7-day 
rest period in a 21-day cycle for 8 cycles) is generally used to treat 
paclitaxel or docetaxel resistant advanced and metastatic breast cancers 
[98]. It is used either alone or in combination with cabazitaxel [99], 
vinorelbine [100] or ixabepilone [101]. 

Gemcitabine is a pro-drug that gets tri-phosphorylated inside the cell 
(dFdCTP) by sequential enzyme catalyzed reactions. This dFdCTP mas
querades as an analogue of cytidine and gets incorporated in the newly 
synthesized DNA generating irreparable error that inhibits DNA 

replication leading to cell death [102,103]. Gemcitabine was primarily 
manufactured in 1980 by Larry Hertel’s group at Eli Lilly and Company 
to be used as an anti-viral drug against enteroviruses [Coxsackievirus B3 
(CVB3)]. The drug was also used against CVB3, EV71, human rhinovi
ruses (HRVs), human immunodeficiency virus (HIV), hepatitis C virus 
(HCV), poliovirus, influenza virus, ZIKV and MERS-CoV [104,105]. It 
was then pre-clinically tested for its anti-tumour attribute. The drug was 
approved by FDA for pancreatic cancer in 1995 [106] and for non-small 
lung cancer in 1998 [107]. Finally, Gemcitabine was approved for 
metastatic breast cancer in 2004 in combination with paclitaxel [108, 
109]. After anthracycline-containing adjuvant chemotherapy failure, 
gemcitabine (1250 mg/m2 IV infusion over 30 min on Days 1 and 8 of 
each 21-day cycle) and paclitaxel (175 mg/m2 on Day 1 as a 3 h infusion 
before gemcitabine) combination is used as the first-line of treatment 
against metastatic cancer. Other combinations such as gemcitabine/vi
norelbine (GemVin), gemcitabine/cisplatin (GemCis), gemcitabine/ca
pecitabine (GemCap) have also shown increased response rate and 
overall survival in pretreated metastatic breast cancer patients [110]. 

5.4. CDK4/6 inhibitor 

Palbociclib is a CDK4/6 inhibitor that halts the progression of cells 
from G1- to S-phase. Palbociclib (125 mg, 28-day cycle with aromatase 
inhibitor) is used as the targeted therapy against ER+/HER2− advanced 
and metastatic breast cancer in conjunction with hormone therapy. The 
open label PALOMA (Palbociclib: Ongoing Trials in the Management of 
Breast Cancer) clinical trials were designed recently with either aro
matase inhibitor (letrozole) (PALOMA-1 or PALOMA-2 Trials) [111, 
112] or Fulvestrant hormone therapies (PALOMA-3 trails) [113]. An 

Fig. 1. Chemical structure of clinically approved drugs repositioned for breast cancer treatment.  
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improvement in the overall survival of metastatic breast cancer patients 
was reported in PALOMA-3 phase III clinical trials. Inhibiting CDK4/6 
activity delays the resistant to hormone therapy and significantly im
proves the progression free survival (PFS) of patients [114,115]. 

5.5. Hormone therapy or endocrine therapy 

The hormonal therapy or endocrine therapy is usually given for 5–10 
years. This therapy either directly targets the hormone (estrogen and/or 
progesterone) production or negatively regulates the functional effects 
in hormone sensitive breast cancer patients (ER+ and/or PR+). 

Selective estrogen receptor modules (SERMs) serve as anti-estrogens 
by binding to the hormone receptors as antagonists. The widely used 
SERMs that have been repositioned as breast cancer drugs are tamoxifen 
(1977), toremifene (1997) and raloxifene (2007). Tamoxifen is the 
oldest SERM that has been in use for more than 30 years for early stage 
breast cancer treatments in pre-and post-menopausal women. Tor
emifene and raloxifene are equally effective but safer alternatives of 
tamoxifen that are used in only post-menopausal women with advanced 
breast cancer [116,117]. Multiple Outcomes Raloxifene Evaluation 
(MORE) clinical trial was an osteoporosis treatment trial in post
menopausal women, with secondary objective of evaluating the effects 
on breast cancer risk reduction. MORE lead to the designing of further 
clinical trials such as Continuing Outcomes Relevant to Evista® (CORE), 
Raloxifene Use for The Heart (RUTH), and Study of Tamoxifen and 
Raloxifene (STAR) [118]. 

Aromatase inhibitor hormone therapy is administered only in post- 
menopausal women to treat ER + early and/or late stage breast cancer 
[22]. It acts on the aromatase enzyme that still produces estrogen hor
mone in fat tissue of post-menopausal women or women without active 
ovaries. Thus, the aromatase inhibitor reduces the amount of estrogen in 
post-menopausal women with breast cancer that would otherwise feed 
the breast cancer cells for further growth. The aromatase inhibitors 
(anastrazole, exemestane and letrozole) were initially used for ovary 
stimulation and induction of ovulation in infertile females or polycystic 
ovary syndrome. Aromatase inhibitors can be used as neoadjuvant or 
adjuvant therapy, mostly alone or in combination, which were intro
duced as an alternate to tamoxifen in postmenopausal patients [119]. 

Selective estrogen receptor degrader (SERD) such as fulvestrant, are 
pure anti-estrogens that blocks estrogen receptor and degrades the re
ceptor without any agonist effect [120]. Fulvestrant was first used in 
2002 as a ‘SERD hormone therapy’ against HR+ HER2− advanced and 
metastatic breast cancer in post-menopausal women that were resistant 
to other hormone therapy [121]. It is used in combination with CDK4/6 
inhibitors like palbociclib (PALOMA-3) and ribociclib (MONALEESA-3) 
and anti-PI3K/AKT/mTOR pathway drugs such as pictilisib (FERGI) and 
buparlisib (BELLE-2 and BELLE-3) [122]. 

Luteinizing hormone releasing hormone (LHRH) analogs interfere 
with the signaling mechanism that activates the estrogen synthesis in 
ovaries causing temporary menopause. In 1987, goserelin was used for 
the assisted reproduction and prostate cancer treatment. Goserelin was 
then approved for the treatment of pre-menopausal women with hor
mone sensitive breast cancers in 1989. It is used alone or in combination 
with other hormone therapies [123]. Goserelin is currently under Phase 
II clinical trial as an additional drug into the standard neoadjuvant 
therapy for TNBC patients. The goserelin phase II trial is expected to 
complete by 2023 [124]. 

5.6. mTOR kinase inhibitor 

Everolimus is an mTOR kinase inhibitor that inhibits the PI3K/AKT/ 
mTOR signaling pathway. Everolimus was originally approved for renal 
cancer in 2009, as immunosuppressant during renal transplants in 2010 

and for pancreatic cancer in 2011. A phase III clinical trial ‘Breast Cancer 
Trial of Oral Everolimus-2 (BOLERO-2)’ that included everolimus in 
combination with exemestane was successfully completed in 2012 
leading to the approval of everolimus by US FDA for the treatment of 
HR+, HER2− advanced metastatic cancers that are resistant to letrozole 
or anastrazole [125,126]. 

5.7. Mitotic inhibitor 

Mitotic inhibitors terminate the cell division or mitosis by disrupting 
the microtubule dynamics. This leads to G2/M phase cell cycle arrest or 
inhibition of spindle formation. Some of the common examples of 
mitotic inhibitor include docetaxel, paclitaxel and vinblastine. While 
docetaxel and paclitaxel induces G2/M cell cycle arrest, vinblastine is 
known to inhibit spindle formation. 

Docetaxel and paclitaxel are used as neoadjuvant or adjuvant ther
apy as single agent or in combination with other chemotherapeutic 
agents for the treatment of early, advanced and metastatic breast cancer 
in pre- and postmenopausal women. Paclitaxel was isolated from pacific 
yew in 1971. It was used as drug for arterial restenosis. Docetaxel and 
paclitaxel were initially used as therapeutics in prostate and ovarian 
cancer (1992) respectively. Thereafter, docetaxel (75 mg/m2 IV 1 h 
after doxorubicin and cyclophosphamide 3 Weeks x 6 cycles) and 
paclitaxel (175 mg/m2 IV over 3 h 3 weeks 4 times with doxorubicin- 
containing regimen) were repositioned as chemotherapy adjunct in 
breast cancer treatment regimen [127–129]. Taxanes are now used as 
the part of standard chemotherapy in metastatic breast cancer. 
Numerous combinatorial chemotherapy containing taxanes are used in 
routine practice for treating breast cancer by clinicians around the globe 
[130]. 

Vinblastine is a naturally occurring Vinca alkaloid found in white 
flowered periwinkle, Vinca rosea. This was discovered by Robert Noble 
and Charles T Beer in 1958. The discovery of vinblastine is a beautiful 
example of serendipity in drug development. The group rather aimed to 
evaluate the anti-diabetic effect of extract in rats and observed Pseu
domonas mediated septicemia that was accompanied with the rapid 
WBC fall and granulocytopenia. Further study in this direction showed 
peripheral granulocytopenia and leukopenia in Vinca rosea extract 
treated rats. Finally, they reported carcinostatic activity of Vinca rosea 
extract/vinblastine in rats with transplantable mammary adenocarci
noma and sarcoma [131,132]. Vinblastine was approved for lymphoma 
in 1965. Also, since 1980s, vinblastine (2–4 mg/mm2 IV once weekly or 
every other week) in combination with mitomycin or MVP (mitomycin 
C, vinblastine and cisplatin) has been used as chemotherapy against 
advanced and metastatic breast cancer [133,134]. 

6. Future perspectives and challenges 

With a drastic increase in the number of new cases, the cost of the 
cancer treatment is rising even at a higher speed. This is because the 
disease demands molecular dissection at gene and protein level to find 
newer strategies, appropriate targets and corresponding drugs. This re
quires a lot of time and the use of high-end techniques by pharmaceu
tical companies thereby increasing the overall financial investments and 
eventually the cost of the drug [135]. The antibody-based immuno
therapies or cell-based CART therapy, DC vaccine, ACT types of drug 
treatment might prove promising. However, these therapies are unaf
fordable by most patients in developed as well as developing countries. 
This necessitates the development of drugs with higher efficacy, lower 
side effects and practically lower cost. One of the smart ways is to 
repurpose an old, existing and approved drug for a newer indication. 
The advantage of this approach is that the approved drugs have existing 
information about molecular targets, off- targets, modes of action, safety 

S. Aggarwal et al.                                                                                                                                                                                                                               



Seminars in Cancer Biology 68 (2021) 8–20

16

level and side effects. This would not only save a lot of time that is 
otherwise required for discovery, designing, clinical trials and approvals 
of a new drug but also reduce the overall cost of anti-cancer drug. This 
will cut the cost involved in preclinical development and phase I trial. 
Further, the old drugs would be off-patent and hence cheaper than the 
initial costs. 

In this article, we discussed in detail the advantages of drug repur
posing for breast cancer treatment. We provided several drugs that have 
been successfully repurposed for breast cancer treatment. The triple 
negative breast cancer (TNBC) is highly heterogeneous, aggressive and 
complex form of breast cancer without expression of ER, PR, or HER2 
receptors. TNBC is untreatable with regular hormone therapy. However, 
the combination of chemotherapies and the drug repositioning approach 
has offered promising outcomes by preclinical studies. 

Flunarizine, a N-Ras inhibitor, has been approved for migraine or 
vertigo. Flunarizine has also shown promise in TNBC mouse models by 
inducing autophagy [135]. A recent publication showed that the com
bination of Metformin and Hemin, used for Type 2 diabetes or porphyria 
respectively, could inhibit the growth of breast cancer cells. Bioinfor
matics tools revealed that the BACH1 expression is significantly elevated 
in TNBC and the Hemin sensitizes the TNBC to metformin-mediated 
degradation of BACH1 [136]. The completion of repurposing drug in 
oncology (ReDO) project has provided evidence for the new uses of 6 
drugs for breast cancer. Originally these were discovered for indications 
other than breast cancer [137]. These drugs include mebendazole 
(anti-helminthic), cimitedine (anti-acid), nitroglycerins (heart attack 
preventing), itraconazole (anti-fungal), and diclofenac 
(anti-inflammatory). 

Other drugs such as L-NMMA (tilarginine acetate, a nitric oxide 
synthase inhibitor) [138], pro-viral integration moloney virus kinase 
(PIM)-1 inhibitors (olaparib) [139], L-asparginase [140], and fenofi
brate [141] are being repurposed for breast cancer. These drugs were 
originally used in patients with cardiogenic shock, against viral infec
tion, leukemia, helminthic infection, and in patients with high serum 
cholesterol and triglycerides, respectively. 

Implementation of network pharmacology in examining the poten
tial of natural herbs i.e. ayurvedic formulations and traditional chinese 
medicines (TCM) are also clinching the attention of researchers for 
anticancer drug repositioning. These are based on multi-targeted syn
ergistic drug approach instead of one target-one drug approach and thus 
appear to be promising for breast cancer therapy. 

The integration of super-computation, simulations, network phar
macology and bioinformatics can detect the target and efficacy of herbs. 
Triphala is the mixture of at least 1500 ayurvedic formulations meant 
for the treatment of many diseases. The bioactive-target-pathway-cancer 
type networking revealed the link of triphala with 24 cancer types 
including breast cancer through 13 bioactive and 17 targets. This in
formation can be explored further for either bioactive- or target-based 
drug repositioning and/or new drug development. 

However, some challenges and concerns associated with drug 
repurposing for breast cancer therapy require thorough consideration. 
The breast tumor heterogeneity, poorly defined molecular signatures, 
and poorly identified drug dosage provides a roadblock to the drug 
repurposing. Moreover, the current strategies often ignore tumor grade. 
It is crucial to search the new therapeutic strategies for certain very 
stringent and hard to treat molecular subgroups of breast cancers such as 
basal subtype, TNBC, MBC and tumors resistant to standard treatment 
therapy. The molecular alterations in TNBC, MBC, and resistant tumor 
types should also be thoroughly investigated. Aforementioned BACH1 
inhibition by targeting the energy generating mechanism of rapidly 
growing cells is indeed the novel approach against otherwise resistant- 
breast cancer. Understanding and targeting the tumour microenviron
ment instead of tumor itself appears more promising in detailing the 

heterogeneity in breast cancer patients. The overlapping area that con
sists of tumour and normal cells in tumor microenvironment should be 
thoroughly characterized at the molecular level [142,143]. Identifying 
the molecular basis of super-responders and non-responders also holds 
valuable insight for deeper exploration [144]. Another area that needs 
attention while strategizing drug repositioning for breast cancer is 
personalized medicine i.e. to extend the repositioning strategy to treat 
upto single patient design, as the patients under same molecular sub
group often presents further variations leading to unexpected response. 
Structurally similar drugs may, at times, target functionally dissimilar 
protein hence pathway driven repurposing strategy is better for 
multi-targeted diseases like cancer. The orphan drugs generally have 
short or no patent and thus repurposing them is associated with lower 
cost. Repurposing the off-patent drugs eventually blocks the patenting 
rights on repurposed drug and hence future investors [145]. Inclusion 
and exclusion criteria for the selection of trial group for repurposed drug 
is very crucial as different physiological responses are anticipated in 
comparison to the original group. For example, the pregnant women 
(first trimester) with cancer are excluded for thalidomide treatment due 
to risk of Amelia and phocomelia [146]. Drug companies that expand 
the repositioning in similar therapeutic areas, such as reusing ovarian 
cancer drug as breast cancer drug, had success rate of 67% in compar
ison to 33% success rate when explored in different area [147]. A 
comprehensive, large-scale data mining and research is required before 
jumping on to actual repurposing procedure in order to save the time 
and finances because smallest of errors in computation or simulations 
can mislead the entire study. Faultless selection of most relevant phar
macological target using most appropriate database (TCGA and META
BRIC) for data mining and accurate repurposing strategy is 
indispensable for the successful drug repositioning for breast cancer. 
Repurposed drugs mainly include the Phase III clinical trial, which still is 
the most challenging phase due to the longest duration, huge in
vestments and inclusion of largest number of patients as compared to the 
Phase I and Phase II clinical trials. The repurposed drug for breast 
cancers usually does not work in monotherapy but as 
poly-pharmacology/combinations. The PARP inhibitors are synthetic 
lethal with BRAC2 mutation [148]. Hence, initially proving the repur
posed drug efficacy as single drug agent becomes difficult. The toxicity 
of repurposed drug in pretreated patients or in combination therapy is 
unknown. For example, Valproate-doxorubicin treatment caused 
toxicity-induced death of two patients in a group of 16 cancer patients 
[149]. The overall success rate of development of new drugs (6%) and 
repositioning of drugs does not vary much as the ultimate efficacy re
mains same [150]. Also, the repositioned drug anyhow requires clinical 
re-assessment for optimizing its efficacy and cytotoxicity if the route of 
administration or drug dosage is different from the older indication; 
thereby increasing the overall cost of repositioning scheme. Nonethe
less, the animal model used for drug testing does not represent the exact 
patient phenotype and hence is less predictive of efficacy in real [151]. 
Despite many benefits of drug repositioning, much attention is required 
to lower the drug dosage and toxicity without mitigating efficacy and 
resolve above discussed limitations for cost effective and more efficient 
drug development. 

7. Concluding remarks 

In this article, we have comprehensively explained the current sce
nario of repurposed drugs for breast cancer. We have discussed in detail 
the need and strategies of drug repositioning in breast cancer and several 
classical examples of drugs that have been repositioned as breast cancer 
chemotherapy. The futuristic potential of non-cancer drugs that are 
under investigations for breast cancer as well as the challenges and 
bottlenecks of drug repositioning were also discussed. We thus conclude 
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that comprehensive approach of selecting the most appropriate gene- 
protein-pathway-target-drug modeling via integration of system 
biology and bioinformatics holds the high potential of providing more 
efficient, safer and cost-effective chemotherapeutics for treatment of 
even the most stringent forms of breast cancer (metastatic and triple 
negative). The scientists, researchers and clinicians must continue to 
work together for extension of the present pharmacological databases, 
multi-omics and bioinformatics tools. We hope that this will lead to the 
development of novel drugs and eventually fighting the deadly breast 
cancer. 
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