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Preface

Cancer, with its complex combination of genetic mutations and cellular complexi-
ties, continues to challenge the boundaries of medical science. Despite remarkable 
progress in understanding the molecular underpinnings of cancer and the develop-
ment of diverse therapeutic approaches, the phenomenon of drug resistance persists 
as a challenging hurdle in the pursuit of effective cancer treatment. The book you 
hold in your hands, Drug Resistance in Cancer: Mechanisms and Strategies, is a 
concerted effort to elucidate the perplexity of drug resistance in cancer and present 
innovative strategies to confront this challenge. The journey through these pages is 
a comprehensive exploration of the mechanisms that cancer cells employ to resist 
the treatments designed to eradicate them. From the introductory chapters laying 
the groundwork for the understanding of drug resistance to the specialized discus-
sions on cancer stem cells, immune cell dynamics, and the intricate interplay within 
the tumor microenvironment, each section is crafted to offer profound insights into 
the diverse aspects of this intricate problem.

The chapters committed to elucidating the roles of epigenetic alterations, meta-
bolic reprogramming, and intracellular compartments underscore the intricacies of 
cancer biology and the adaptability of malignant cells to therapeutic pressures. The 
exploration of autophagy’s dual role and the unexpected influence of gut microbes 
expand the horizons of our comprehension, challenging us to consider novel dimen-
sions in our battle against drug resistance. As the narrative unfolds, the book takes 
you on a journey through the current state of research on drug resistance, providing 
a platform for the latest discoveries, methodologies, and innovative strategies. The 
chapters on novel approaches and future directions illuminate the path forward, 
offering a beacon of hope for researchers, clinicians, and students engaged in the 
quest for effective cancer therapies.

We hope this compilation serves as a valuable resource, fostering not only a 
deeper comprehension of drug resistance mechanisms but also inspiring the devel-
opment of novel therapeutic paradigms. As we navigate the complicated landscape 
of cancer research, it is our collective hope that the insights contained herein con-
tribute to the ongoing discussion and collaboration essential for conquering drug 
resistance and improving outcomes for individuals facing the challenges of cancer. 
Thank you for embarking on this intellectual journey with us. May the knowledge 
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shared within these pages propel us closer to the day when drug resistance in cancer 
becomes a conquerable adversary, paving the way for more effective and personal-
ized treatment strategies.

Srinagar, Jammu and Kashmir, India Sameer Ullah Khan  
Srinagar, Jammu and Kashmir, India  Fayaz Malik   

Preface
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MTT  3-(4,5-dimethylthiazol-2-yl)-2,5- 

diphenyltetrazolium bromide
mtTFA  Mitochondrial transcription factor A
Musashi-1  Musashi RNA binding protein 1
MVBs  Multivesicular bodies
NADPH  Nicotinamide adenine dinucleotide phosphate
NAFLDs  Non-alcoholic fatty liver diseases
NAT1  N-acetyl transferase 1
NCR  Natural cytotoxicity receptor
NCT  ClinicalTrials.gov Identifier
NF-kB  Nuclear factor kappa-light- chain-enhancer of 

activated B cells
NF-κB  Nuclear factor-kappa B
NHEJ  Non-homologous end joining
NICD  Notch intracellular domain
NK  Natural killer
NKG2A  Natural killer group 2A
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NKG2D  Natural killer group 2D
NMR  Nuclear magnetic resonance
NOD/SCID  Non-obese diabetic/Severe combined 

immunodeficiency
Noxa  Damage-regulated apoptosis modulator
Noxa  Phorbol-12-myristate-13-acetate- induced 

protein 1
NPC  Nuclear pore complex
NPs  Nanoparticles
NRF2  NFE2-related factor 2
NSCL  Non-small cell lung
NSCLC  Non-small cell lung cancer
OC  Ovarian cancers
OCCs  Ovarian carcinoma cell lines
Oct  Octamer-binding transcription factor
OCT1  Organic cation transporter 1
ODD  Oxygen-dependent degradation
OS  Overall survival
OXPHOS  Oxidative phosphorylation
p16INK4a  Cyclin-dependent kinase inhibitor 2A
p300  E1A binding protein P300
p38  p38 Mitogen-activated protein kinase
p53  Tumor protein 53
p62/SQSTM1  Sequestosome 1
PAI-1  Plasminogen activator inhibitor-1
PARP-1  Poly (ADP-ribose) polymerase-1
PD  Pharmacodynamic
PD-1/PD-L1  Programmed cell death protein 1/Programmed 

death- ligand 1
PDAC  Pancreatic ductal adenocarcinoma
PDGF beta  Platelet-derived growth factor beta
PDH  Pyruvate dehydrogenase
PDHK1  Pyruvate dehydrogenase kinase 1
PDIA1  Protein disulfide isomerase a1
PDK1  Phosphoinositide-dependent kinase-1
PDTC  Pyrrolidine dithiocarbamate
PDX  Patient-derived tumor xenografts
PEG-E2  Prostaglandin E2
PERK  Protein kinase RNA-like endoplasmic reticu-

lum kinase
PFK1  Phosphofructokinase 1
PFKP  Phosphofructokinase 1 platelet
PFN1  Profilin1
PFS  Progression-free survival
PGM  Phosphoglucomutase
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P-gp  P-glycoprotein
pH  Potential of hydrogen
PI3K/Akt  Phosphoinositide 3-kinase/Protein kinase B
PI3KC3  Class III phosphoinositide 3-kinase
PIK3CA  Phosphatidylinositol -4,5-bisphosphate 3-kinase 

catalytic subunit alpha
PK  Pharmacokinetic
PKM2  Pyruvate kinase M2
PK-PD  Pharmacokinetic-pharmacodynamic
Pks  Polyketide synthases
PLGA  Poly(lactic-co-glycolic acid)
PMNs  Polymorphonuclear neutrophils
PORCN  Porcupine O-acyltransferase
PPO  Poly (propylene oxide)
PPP  Pentose phosphate pathway
PRI-724  Beta-catenin inhibitor
PRMT1-9  Protein arginine methyltransferases 1-9
PRMTs  Protein arginine methyltransferases
PRODH  Proline dehydrogenase
PSA  Prostate-specific antigen
PSCs  Pancreatic stellate cells
PSTI  Pancreatic secreted trypsin inhibitor
PTEN  Phosphatase and tensin homolog
PTGS2  Prostaglandin-endoperoxide synthase 2
PTK2  Protein tyrosine kinase 2
PTP  Protein tyrosine phosphatase
PTX  Paclitaxel
Puma  p53 upregulated modulator of apoptosis
RAF  Rapidly accelerated fibrosarcoma
RAS  Rat sarcoma
RECQL4  RecQ-like helicase 4
Rme1/MMA, Rme2  Mono- and di-methylation of arginine residues
RNA  Ribonucleic acid
ROS  Reactive oxygen species
RP2D  Recommended phase 2 dose
RT  Radiation therapy
RTKs  Receptor tyrosine kinases
RT-PCR  Reverse transcription polymerase chain reaction
S  DNA replication phase in the cell cycle
SALL4  Sal-like protein 4
SAM  S-adenosyl-L-methionine
SASP  Senescence-associated secretory phenotype
SBRT  Stereotactic body radiation therapy
SCD1  Stearoyl-CoA desaturase 1
SCFAs  Short-chain fatty acids
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SCLC  Small cell lung cancer
SCs  Stem cells
SDF-1 alpha  Stromal cell-derived factor 1 alpha
SDF-1  Stromal cell-derived factor-1
Sec62  Translocation protein SEC62
SETD2  SET domain containing 2
sgRNA  Single guide RNA
Shh  Sonic hedgehog
SILAC  Stable isotope labeling by amino acids in 

cell culture
siRNA  Small interfering RNA
siRNAs  Small interfering RNAs
SIRPα  Signal regulatory protein alpha
SLC19A1  Solute carrier family 19 member 1
SLC22A3  Solute carrier family 22 member 3
SMAR1  Scaffold/matrix-associated region 1
SMO  Smoothened
SMOC-2  SPARC-related modular calcium-binding 

protein 2
SMYD2  SET and MYND domain containing 2
SORE6  SOX2/Oct4 reporter element 6
SOX  SRY-related HMG-box
Sox2  Sex-determining region Y-box 2
SPT5  Transcription elongation factor SPT5
SRIB  Integrated stress response inhibitor
SSBs  Single-strand breaks
SSCs  Somatic stem cells
SSEA-1  Stage-specific embryonic antigen 1
SSP  Serine synthesis pathway
STAT3  Signal transducer and activator of tran-

scription 3
STC1  Stanniocalcin 1
STF-31  A specific inhibitor of glucose transporter 

1 (GLUT1)
SULT1A1  Sulfotransferase family 1A member 1
Suv39H1, Suv39H2  Suppressor of variegation 3-9 homolog 1 and 2
T cells  T lymphocytes
TAAs  Tumor-associated antigens
TAMs  Tumor-associated macrophages
TANs  Tumor-associated neutrophils
TATI  Tumor-associated trypsin inhibitor
TCA  Tricarboxylic acid
TFs  Transcription factors
TGF-β1  Transforming growth factor beta 1
Th17  T-helper 17 cells
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Th2  T-helper 2
Th2  T-helper cell type 2
Thy-1  Thymocyte differentiation antigen-1
TIGAR  Tumor protein 53-induced glycolysis and 

apoptosis regulator
TIGIT  T cell immunoreceptor with Ig and 

ITIM domains
TILs  Tumor-infiltrating lymphocytes
TIM-3  T-cell immunoglobulin and mucin-domain 

containing-3
TIMPs  Tissue inhibitors of metalloproteinases
TKIs  Tyrosine kinase inhibitors
TME  Tumor microenvironment
TMZ  Temozolomide
TNBC  Triple-negative breast cancer
TNFRSF16  Tumor necrosis factor receptor superfamily 

member 16
TPP-Pluronic F127-hyaluronic  
acid nano micelles  Triphenylphosphonium-pluronic F127-

hyaluronic acid nano micelles
TRA-1-60  Tumor-related antigen 1-60
TRAIL  TNF-related apoptosis-inducing ligand
Tregs  Regulatory T cells
TSACP  TruSeq amplicon—cancer panel
UbQ  Ubiquinone
ULBP  UL16-binding protein
ULK1  Unc-51 like autophagy activating kinase 1
uPAR  Urokinase plasminogen activator receptor
UPR  Unfolded protein response
USP22  Ubiquitin-specific peptidase 22
USP7  Ubiquitin-specific peptidase 7
Uvrag  UV radiation resistance-associated gene
VEGF  Vascular endothelial growth factor
VHL  von Hippel-Lindau
VPS  Vacuolar protein sorting
Vps38  Vacuolar protein sorting 38
Wnt  Wingless/integrated
XRCC1  X-ray repair cross-complementing protein 1
YB-1  Y-box binding protein-1
ZBP-89  Zinc binding protein 89
ZNF143  Zinc-finger factor 143
β-catenin  Beta-catenin
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1Introduction to Drug Resistance 
in Cancer

Shariqa Jan, Kaneez Fatima, Fayaz Malik, Abubakar Wani, 
and Sameer Ullah Khan

Abstract

Treating cancer has so many hurdles, and drug resistance is one of them. 
Treatment strategies are evolving for cancer due to innate and acquired resis-
tance capacity in them. The mechanism behind the resistance is constantly evolv-
ing in response to new drug treatment strategies and is an outcome of the acquired 
or adaptive mutation expression in cancer cells. In a broader perspective, cancer 
drug resistance can be governed by genetic, epigenetic, proteomic, metabolic, or 
microenvironment cues that ultimately enable selected resistant cancer cells to 
survive and progress under unfavorable conditions. Although the mechanism of 
drug resistance has been widely studied in cancer that progressively leads to the 
generation of new targets for novel anticancer drugs having better efficacy than 
previous ones. However, due to the high variability in resistance acquired by 
cancer cells toward existing drugs, novel strategic options with better efficacy 
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need to be explored that overcome resistance. Combination therapy is a widely 
used alternative with a better success rate though the risk of amplified side effects 
is commonplace. However, recent groundbreaking immune therapy combination 
with the drugs is one of the ways to overcome drug resistance and has revolution-
ized anticancer therapy to a greater extent. However, more study is needed to be 
done at genetic, epigenetic, proteomic, and metabolic levels to identify targets of 
different cancers that can help to develop new therapies that are more effective to 
the existing challenge of cancer drug resistance. This chapter will focus on the 
recent challenges and strategies opted by cancer cells to withstand the current 
therapies at the molecular level.

Keywords

Drug resistance · Apoptosis · Cancer stem cells · Multi-drug resistance · 
Immune cells

1.1  Introduction

Presently, one of the challenging aspects of cancer biology is drug resistance in 
which cancer becomes forbearing to drug treatment, thus worsening the conditions 
of patients (Nikolaou et al. 2018; Saha and Sarkar 2021). Although initially various 
cancer types are sensitive to pharmaceutical therapy, over time, they acquire resis-
tance and become more aggressive (Lu and Chao 2012; Michaelis et al. 2019; Mir 
et al. 2022a). Progress in discovering targeted therapy is advancing in recent years, 
which has led to the approval of various impactful anticancer drugs; nonetheless, 
resistance still shows a big hindrance to their success besides their life-threatening 
side effects (Oun et al. 2018; Tao et al. 2015). Cancer cells show evolving behavior 
of recurrence, dormancy, and drug resistance even after using conventional treat-
ments like surgery, radiotherapy, and static chemotherapy, which in turn give birth 
to cancer stem cells (CSCs), thus producing a vicious cycle of resistivity and aggres-
siveness (Rajesh et al. 2017; Donnenberg and Donnenberg 2005). Advanced and 
more potent chemotherapeutic drugs have been able to succeed the previously avail-
able anticancer drugs individually, or they have been used chronologically or co- 
treated with prevailing treatments already available (Citron et al. 2003; Khan et al. 
2022a). Moreover, altered chemotherapeutic dose intensity tactics like intermittent 
administration or higher doses along with supplements and growth factors to sup-
press the side effects on bone marrow have proved to be effective in preventing the 
regrowth of tumors (Citron et al. 2003; Hryniuk and Bush 1984; Sternberg et al. 
2001). But clinically, cancer drug resistance remains a major hurdle in medical 
oncology, therefore understanding the acquired resistance mechanism and develop-
ing next-generation targeted therapies against these hallmarks are crucial to be 
taken at the earliest (Hanahan and Weinberg 2000, 2011; Fouad and Aanei 2017). 
With the advancement in the study of drug resistance massive efforts on the devel-
opment of successful therapies against RTKs, nuclear, androgen, and Her2 
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receptors that potentially target oncogenes or other factors that lead to the transfor-
mation of cells (Wu and Fu 2018; Roviello et al. 2016; Martin et al. 2015; Fujita and 
Nonomura 2019; Asano et al. 2016; Barton et al. 2017; Niikura et al. 2016; Tolaney 
et al. 2020). Moreover, recent approaches of using immunological therapies were 
proven to be more successful in the recognition and destruction of cancer cells, for 
example, anti-CTLA and anti-PD-1/PD-L1 therapy remarkably show antitumor 
activity by dysfunctioning the negative regulators of the anticancer adaptive immune 
system, though the low chance of resistance remains the concern as that of conven-
tional therapy (Leach et al. 1996; Iwai et al. 2002; Noguchi et al. 2017; Juneja et al. 
2017; Ribas and Wolchok 2018). In cancer patients, drug resistance can be inherent 
due to evolving selection pressure or arise mostly under cancer therapy pressure 
(Zahreddine and Borden 2013). These resistant traits in cancer cells are achieved at 
genomic, epigenomic, and proteomic levels by following the Darwinian selection 
pressure rule (Álvarez-Arenas et al. 2019; Gerlinger and Swanton 2010; Theile and 
Wizgall 2021). With the advent of high-throughput assays, the idea of tumor hetero-
geneity came into existence, though there were already some hypothetical theories 
that supported this emerging idea. Tumor heterogeneity contributes to attaining 
resistance in which a few tumor cells divide and form a subpopulation of cells that 
may achieve features that enable them to become irresponsive to the particular drug 
over time (Jamal-Hanjani et al. 2015; Alizadeh et al. 2015; Roesch 2015). This pro-
cess may sometimes emerge or initiate under selective drug pressure and play a vital 
role in resistance (Dexter and Leith 1986; Wu et al. 2017). Some contrasting fea-
tures of sensitive cancer cells and drug-resistant cells are represented in Fig. 1.1.

In this chapter, we tried to discuss the spectrum of selective mechanisms dis-
played by cancerous cells to resist treatment including changes affecting drug 
chemistry, transporters, epigenetic changes, and amplification or modification of 
drug targets by accumulating protective mutations, which ultimately lead to 
impaired apoptosis (Fig. 1.2). Gaining these changes and genetic rewiring collec-
tively leads to the clinically more difficult problem of multidrug resistance. Here, 

Fig. 1.1 The figure illustrates the key differences between drug-sensitive and drug-resistant can-
cer cells
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