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Abstract

Introduction. Chemoresistance is a multifactorial phenomenon implicated in all failed 
therapies and accounts for 90% of all cancer deaths and 30% of relapses. Objective. To 
understand the genetic mechanisms by which cancer cells acquire resistance to chemo 
drugs. Methodology. A non-systematic review study was carried out, in which genes and 
proteins involved in chemoresistance were searched using the terms “Cancer Drug resis-
tance [Title/Abstract]”. From the articles obtained, highly involved genes, emerging genes, 
and proteins related to resistance were recognized. To obtain more specific information 
about genes, their interactions, and proteins associated with metabolism, the tools “The 
Human Protein Atlas”, “STRING CONSORTIUM 2022,” and The Small Molecule Pa-
thway Database were used for their review. Results. From this review it was found that 
there are genes highly related to resistance such as: ABCA3, ABCB1, ABCB2, ABCC1, 
ABCC2, ABCG2, CYP2D6, CYP3A4, GSTA1. Recently recognised genes such as: FOXO3, 
FOXM1, Skp2, Snail, Twist1, ZEB1 and SLCO1B3. Conclusions. It is necessary to taking 
account new approaches related to cancer treatments considering chemoresistence and the 
genes related to the resistence.
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drug metabolizm through to the cytochro-
me p450 (CYP450) superfamily. (4,5).

Recently, cancer treatments have been ba-
sed on the administration of regimes of 
more than two drugs at long-term and high 
doses. The drawback of the long and in-
tensive treatments is the possibility of ac-
quire treatment resistance, resulting in 
a higher mortality rate and cancer relapses. 
The focus of this review is to understand 
how cancer cells acquire resistance to che-
mopharmaceuticals.

Methodology

In order to retrieve the most relevant in-
formation related to the subject, the Natio-
nal Center for Biotechnology Information 
(NCBI) database, The Human Protein At-
las ( https://www.proteinatlas.org/ ) and 
STRING CONSORTIUM 2022 were used. 
(https://string-db.org/ ).

To obtain information related to the his-
tory of chemoresistance, we searched 
for the PubMed.gov search engine ( ht-
tps://pubmed.ncbi.nlm.nih.gov/ ), using 
the words “Drug resistance”, we further 
analyzed detailed the oldest articles that 
the search yielded, also in this section the 
Google Scholar search engine was used 
to search information related to Dr. Paul 
Ehrlich, the information was acquired ac-
cording to the interest of continuing to 
search for relevant ideas at the beginning 
of the resistance to drugs.

Introduction

In 2020, cancer was the leading cause of 
death worldwide, with close to 10 mil l ion 
deaths, with lung cancer being cancer 
with the highest incidence in men, with 
31.5 cases per 100,000 men worldwide. 
breast cancer in women with 47.8 cases per 
100,000 women, and leukemia in children 
under 19 years of age had 3.2 new cases 
per 100,000 individuals (1). According to a 
2020 study by Bukowski k. et al ., est imate 
that at least 90% of cancer deaths are due 
to patients’ resistance to treatment (2). 
It is est imated that by 2040, there wil l 
be 26 mil l ion new cancer cases worldwi-
de, and approximately 15 mil l ion patients 
wil l require chemotherapy (3). Therefo-
re, it is essential to have more effective 
treatments against cancer, in which new 
approaches are considered that adopt the 
inf luence that chemoresistance can have 
and how it affects the success of therapy 
against this disease.

Chemoresistance occurs when cancer cells 
are more tolerant to treatment; with the 
outcome of therapeutic losses effect. The 
bases of chemoresistance lies in different 
molecular mechanisms, one of the well 
described is the eff lux pumps correspon-
ding to the family of ATP-Binding Cassette 
(ABC) genes. These genes codify for ABC 
proteins wich transports small molecules, 
including chemo drugs, outside the mem-
brane. Other of the main mechanisms is 

https://pubmed.ncbi.nlm.nih.gov/%20
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For the rest of the sections, the PubMed.
gov search engine was used by introducing 
the word “Cancer Drug resistance [Tit-
le/Abstract]”, these were limited to their 
appearance in the title and abstract, thus 
obtaining 1,042 results. , then they were 
filtered as follows: in text availability, free 
and complete texts were selected; In type 
of article, review, books, and documents 
were selected; On the date of publication, 
the years 2017 to 2022 were selected, ob-
taining 198 results. We applied additional 
filters to these results: only in humans and 
English as a language, getting 69 results. 
The information of the articles related only 
to cancer in general and not to other disea-
ses or any type of article was acquired, thus 
obtaining a total of 36 articles.

To search for information related to che-
mopharmaceuticals, the name of the che-
mopharmaceuticals was introduced in the 
search engine, and the articles related to it 
were selected.

Cell location

Protein visualization at the cellular level was 
performed using The Human Protein Atlas 
database ( https://www.proteinatlas.org/ ).

Drug metabolic pathways

Enzymes retaled to metabolizm of each 
drug were obtained from The Small Mo-
lecule Pathway Database (SMPDB; https://
smpdb.ca/). A total of 11 meatabolic pa-

thway related to anticancer drugs and para-
cetamol were obtained.

History of resistance to chemo 
pharmaceuticals

The meaning of “drug resistance” could 
be analyzed in two concepts. In one way 
the term “drug”, refers to a set of molecu-
les that help treat a disease or condition; 
the drug is made up of the active mole-
cule or ingredient and a presumably inert 
excipient. In the other way “resistance” 
is associated with the property of tolera-
ting conditions outside the optimal opera-
ting range. Collectively, drug resistance is 
when cancer cells or microorganisms, do 
not respond to a drug that usually weakens 
or destroys them. Drug resistance occurs 
before, during, or after administering the 
treatment (6)

The origin of drug resistance is not com-
pletely clear, however, we can dated its 
beginnings with the contributions of the 
German beginning with the contributions 
of the German doctor and bacteriologist, 
Paul Ehrlich, who was awarded the Nobel 
Prize in medicine in 1908. In addition to 
his contributions in the discovery of ars-
phenamine, the first effective medicinal 
treatment against syphilis, in 1878 he pu-
blished the theory of selective toxicity, in 
which Paul Ehrlich mentions that staining 
is selective of biological tissues, due to spe-
cific chemical characteristics of cells and 

https://www.proteinatlas.org/
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Figure 1. Chemoresistance time line.

in 1906 he coined the term chemotherapy 
(7–9). Later in 1916, the scientist Seinai 
Akatsu of the Rockefeller Institute publi-
shed an article entitled “The drug-fastness 
of spirochetes to arsenic, mercurial, and io-
dide compounds in vitro “, in which he des-
cribed the following: “it has been known 
for some time While in trypanosomiasis, 
trypanosomes that have survived the first 
effect of an arsenic germicide, such as 
atoxyl or arsacetin, offer greater resistance 
to a subsequent dose of the same drug” , 
with the latter we can say that knowledge 

of the effect (10)of drug resistance is more 
than 100 years old, remembering that the 
first treatments against different diseases 
date from the use of medicinal compounds 
after the contributions of Paul Ehrlich. An 
important event of the last century was the 
establishment of the HeLa cell line derived 
from a squamous cell carcinoma of the cer-
vix, being the first cancer cells that have 
contributed to the pharmacological study 
of chemical compounds, despite this, today 
the chemoresistance continues to affect the 
efficacy of drug treatments (7,11–14).

Chemopharmaceuticals and their 
resistance mechanism

Cancer treatments are based on the admi-
nistration of multidrugs (4 to 6) at diffe-
rent concentrations, which are selectively 
directed for different molecular targets; 
the drugs are employed depending on the 

severity and the stage of the disease, for 
example, treatments for acute lympho-
blastic leukemia consist of a combination 
of genotoxic drugs, antimetabolites, mito-
tic spindle inhibitors, and glucocorticoids 
(GCs) (15). Treatments usually consist of 
three phases: Remission induction; Conso-
lidation/intensification, maintenance (16).
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There are different chemo pharmaceuti-
cals, which can be classified depending on 
the molecular target; among these, we have: 
alkylating agents such as oxazsafosforinas, 
nitrogen mustards, hydrazine, platinum-ba-
sed agents, there are also antimetabolite 
agents such as pyrimidine antagonists, anta-
gonists of purines, purine analogs, antifola-
tes, and ribonucleotide reductase inhibitors. 
There are some spindle inhibitors like taxa-
ne and some vinca alkaloids, there are also 
topoisomerase I and II inhibitors (2).

One of the most used chemopharmaceuti-
cals is doxorubicin (Dox), it is an antibio-
tic belonging to the anthracycline family, 
extracted from the bacterium Streptomyces 
peucetius , the use of Dox as a drug against 
cancer was started in the fifthys years. Dox 
is a DNA intercalator, by being located be-
tween the DNA chain, it prevents the to-
poisomerase II enzyme from carrying out 
replication, making in the first instance 
that the cancer cell cannot replicate and 
in turn, prevents the transcription of ge-
nes necessary for the cell, for this reason, 
the cancer cell dies. Despite its efficiency 
in treating solid and blood tumors, it has 
been seen that patients acquire resistance 
against the drug, and it has also been as-
sociated with hepatic, renal, and cardiac 
cytotoxicity (5,17). Another drug widely 
used in cancer is tamoxifen; this chemo 
pharmaceutical is a selective modulator of 
the non-steroidal antineoplastic estrogen 
receptor. Tamoxifen competitively inhi-

bits estradiol by binding to estrogen re-
ceptors, thus, preventing, thus preventing 
the receptor from binding to the estrogen 
response element in DNA. The result is a 
reduction in DNA synthesis and the ce-
llular response to estrogen (18). However, 
drug resistance to tamoxifen is also known 
to exist (17,19). Cisplatin is an antitumor 
drug widely used to treat various types of 
cancer. Despite its remarkable efficacy, 
most tumors show intrinsic or acquired 
resistance to this drug. The main biolo-
gical target of cisplatin is genomic DNA, 
causing many DNA lesions that block 
transcription and replication (17,20).

Resistance to chemotherapeutics is on the 
rise, with more and more individuals with 
resistance profiles to different drugs, ma-
king cancer therapies inefficient (21).

Before understanding the mechanisms by 
which cancer cells develop resistance to 
chemopharmaceuticals, it is necessary to 
understand that tolerance refers to cells’ 
ability to survive transient exposure to 
a chemical agent. On the other hand, we 
have that persistence is the capacity of 
a clonal subpopulation to survive to the 
treatment(22); for example, suppose there 
are 100 cells in a culture to which a thera-
peutic agent x is administered, after some 
time (t=1), it is performed a cellular count 
obtaining ten cells, so it could be said that 
each cell had tolerance to the therapeutic 
agent, then another count is performed at 
t=2 with the same culture conditions, coun-
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ting 20 cells, the ten cells presented before 
and their descendence; therefore, this new 
clonal subpopulation was persistent to the 
treatment, since the concentration of drug 
x will no longer have a therapeutic effect. 
The above approach is mainly used with 
microorganisms, but it helps us understand 
the effect of cell resistance.

It is currently considered that a cancer di-
sease can contain cancer cells that are sen-
sitive or resistant to drugs, so the two states 
are not mutually exclusive, both occurring 
at the same time. Resistance, whether in-
trinsic or acquired, is irreversible and ari-
ses from the accumulation of alterations in 
cancer cells or their tissue microenviron-
ment, with the sole objective of promoting 
cancer cell survival. Intrinsic resistance is 
associated with pre-existing (inherited) ge-
netic mutations which are heterogeneous 
among cancer cells from the same indivi-
dual. Pre-existing unresponsive cell subpo-
pulations will be selected after drug treat-
ment, resulting in the activation of intrinsic 
pathways used as a defense against environ-
mental toxins. After drug treatment, acqui-
red resistance may appear (22,23). We can 
see chemoresistance from the point of view 
of evolution, cancer cells, like any other 
organism, constantly evolve for survival, 
developing mechanisms to adapt to the en-
vironment’s adverse conditions. Cancer is 
a chronic degenerative disease, where cells 
divide uncontrollably, despite this, cancer 
cells are highly adaptable, evolving to sur-

vive, it is possible that we can take advanta-
ge of some mechanisms of cancer cells and 
use them rationally in favor of our survi-
val. Some of the most common cellular and 
molecular resistance mechanisms in cancer 
are listed below.

Molecular target modification

This mechanism is mediated by molecular 
target changes, these changes involve sites 
of drug binding, and thus the new molecu-
lar sites cannot be recognized by the drug. 
In the case of proteins as molecular tar-
gets, a genetic mutation causes the protein 
to change its conformation, or the site for 
which the drug was designed, causing loss 
of affinity for the target site (2,4,24,25).

Production of metabolizing or 
biotransforming enzymes

Biotransformation is a method that cells 
use so that drugs can be more easily excre-
ted and this process is generally carried out 
in two phases. Phase I biotransformation 
is primarily mediated by cytochromes P450 
(CYPs) and, to a lesser extent, f lavin-con-
taining monooxygenases. This phase is 
associated with reduction reactions. Pha-
se II biotransformation involves a larger 
number of families of enzymes, including 
UDP- glucuronosyltransferases (UGT), 
sulfotransferases, N-acetyltransferases, and 
glutathione S-transferases (GST); this pro-
cess is based on conjugation reactions (26). 
The resistance mechanism is based on the 
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overexpression of these metabolizing en-
zymes, which have been found to increase 
their expression, especially the enzymes of 
the CYP540 family, the GST superfami-
ly, the UGT superfamily, gamma-glutamyl 
transferases and thiopurine methyltrans-
ferases (2,4).Recently, the importance of 
amino acid metabolism in chemoresistance 
has been discussed, because amino acids 
help cancer cells counteract therapies by 
maintaining redox homeostasis, supporting 
biosynthetic processes, regulating epigene-
tic modification, and providing metabolic 
intermediaries for cell metabolism. (27).

Tumor microenvironment

It is well known that the environment in 
which cancer cells develop is highly hetero-
geneous, enriched by extracellular signals 
that stimulate signaling pathways involved 
in metabolism, cell division, cell remode-
ling, and the production of transcription 
factors. These signals are made up of di-
fferent molecules, among which we have 
hormones, cytokines, and interleukins (IL) 
such as IL-1, IL-4, IL-6, and IL-8; there are 
also different growth factors such as FG2, 
FGF9 and FGF10, all these molecules are 
secreted into the environment by secretory 
cells, lymphocytes, and fibroblasts genera-
lly. Additionally, the extracellular matrix is 
a three-dimensional network that provides 
structural and biochemical support to can-
cer cells, being an important component in 
the tumor microenvironment. (2,4,23,28–
31). Also, cancer cells can produce vesicles 

containing molecules such as microRNA 
(miRNA) or messenger RNA (mRNA) in-
side, which can promote chemoresistance. 
It has been observed that extracellular vesi-
cles are involved in processes such as stro-
mal activation, angiogenesis, evasion of the 
immune system, reprogramming of ener-
gy metabolism, transfer of mutations and 
metastasis, thus, extracellular vesicles can 
modulate the tumor microenvironment in 
favor of the resistance (32–37).

Efflux pumps

Membrane cell have proteins that function 
as channels, which allow the passage of 
small molecules and ions. Eff lux pumps are 
protein complexes that push drugs out of 
the cell, preventing the drug from carrying 
out its therapeutic effect. The eff lux pumps 
belong mainly to the ABC transporter su-
perfamily, of which there are 7 families 
(ABCA-ABCG) with 48 members in total. 
But only the ABCB1, ABCC1 and ABCG2 
members are the ones that have seen to be 
involved with resistance to chemopharma-
ceuticals (2,4,38).

Epigenetics

Epigenetics is the study of changes that 
activate or inactivate genes without chan-
ging the DNA sequence, due to age and 
exposure to environmental factors (diet, 
exercise, medications and chemicals). Epi-
genetics refers to a non-genetic cellular 
memory, which records environmental and 
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developmental cues (and alternative cellu-
lar states in unicellular organisms), is the 
basis of epi-(above)-genetics (39,40). Resis-
tance is related to DNA methylation, his-
tone modification, chromatin remodeling, 
and non-coding RNA related alterations 
(2,4,41,42). Histone deacetylase 3 (HDAC3) 
belongs to the group of genes associated 
with cancer and has been implicated as a 
regulator of responses to anticancer drugs, 
angiogenic potential, and tumorigenic po-
tential (43).

Coding and non-coding RNA

Messenger RNA (mRNA) is the coding se-
quence of each gene, it is the sequence that 
is translated into protein, and resistance is 
associated with modifications that this se-
quence can undergo, this sequence changes 
could modify some basic cellular proceces-
ses, such as, alternative splicing, the modifi-
cation of adenosine to inosine (A to I) and 
mRNA methylation (44). On the other hand, 
we have the resistance mechanisms related 
to miRNAs. miRNAs are short which are 
short (20-24 nt) non-coding RNAs that par-
ticipate in the post-transcriptional regulation 
of gene expression in multicellular organis-
ms by affecting both the stability and the 
translation of the mRNAs. Recently, some 
miRNAs expression have been associated 
to chemopharmaceuticals resistance, these 
miRNAs are expressed by cancer cells and 
it has been seen that these are independent 
of the type of cancer. For example, miR-100, 
miR-222, miR-30a and miR-17 were found 

in breast cancer (32,45–47). Other non-co-
ding RNAs such as long non-coding RNAs 
(LncRNA), circular RNAs (CircRNA) have 
also been associated with the development 
of resistance (44).

Genes and proteins related to chemo 
resistance

As we have already seen, there are certain 
mechanisms by which cells can evade the 
therapeutic effect of chemopharmaceuti-
cals and these mechanisms may be due to 
gene-protein or protein-protein interac-
tions, this interections could result in acti-
vation, inhibition or lost of function. These 
interactions can form positive or negative 
feedback loops, stimulation leading to an 
effect, which cyclically promotes the sti-
mulus again.

The STRING database alone contains 
67,592,464 proteins belonging to 14,094 or-
ganisms, of which it is estimated that they 
can form approximately 20,052,394,041 to-
tal interactions, including low-confidence 
interactions (48). Despite all these prote-
ins and interactions that can take place, 
only some proteins are strongly related 
to chemoresistance, such as the ATP-bin-
ding cassette subfamily protein member 
three encoded by the ABCA3 gene (gene 
ID: 21); the entire transporter encoded by 
this gene may be involved in xenobiotic 
resistance development and the program-
med uptake during programmed cell death. 



Alcantara et al. Chemodrug resistance: Cancer’s fight for survival

15

ATP-binding cassette subfamily B member 
one Protein is multidrug resistance-rela-
ted protein, encoded by the ABCB1 gene 
(gene ID: 5243); this protein is an ATP-de-
pendent drug eff lux pump for xenobiotic 
compounds with broad substrate specifici-
ty. Transporter 1 protein, a member of the 
ATP-binding cassette subfamily B enco-
ded by the ABCB2 gene (gene ID: 6890), 
is involved in pumping degraded cytosolic 
peptides across the endoplasmic reticu-
lum to the membrane-bound compartment 
where class I molecules are assembled. The 
ATP-binding cassette subfamily C member 
1 protein encoded by the ABCC1 gene (gene 
ID: 4363), is a transporter member of the 
MRP subfamily that is involved in the mul-
tidrug resistance. The ATP-binding casse-
tte subfamily C member 2 protein encoded 
by the ABCC2 gene (gene ID: 1244), this 
transporter is substrated with anticancer 
drugs such as vinblastine; therefore, this 
protein appears to contribute to drug re-
sistance in mammalian cells. ATP-binding 
cassette subfamily protein G member 2, 
known as breast cancer resistance protein, 
functions as a xenobiotic transporter enco-
ded by the ABCG2 gene (gene ID: 9429) . 
Cytochrome P450 enzyme family two sub-
family D member 6, this protein is located 
in the endoplasmic reticulum and is known 
to metabolize up to 25% of common-
ly prescribed drugs; its substrates include 
antidepressants, antipsychotics, analgesics 
and cough suppressants, beta-adrener-
gic blockers, antiarrhythmics, and antie-

metics, it is encoded by the CYP2D6 gene 
(gene ID: 1565). The cytochrome P450 
has a family of three subfamilies. A mem-
ber four enzyme encoded by the CYP3A4 
gene (gene ID: 1576), has been implicated 
in the metabolism of approximately half 
of the drugs in use today, including aceta-
minophen, codeine, cyclosporine A, diaze-
pam, erythromycin, and chloroquine. The 
enzyme glutathione S-transferase alpha 
one, encoded by the GSTA1 gene (gene 
ID: 2938), catalyze the glutathione addition 
to an electrophilic target, the targets inclu-
de, carcinogens, therapeutic drugs, envi-
ronmental toxins, and products of oxidati-
ve stress (32,38,42,44,45,49,50).

Figure 2 shows the intracellular localization 
of proteins related to resistance to chemo-
pharmaceuticals, such as cytochrome P450 
enzymes, some monooxidases, and enzy-
mes from the uridine diphospho-glucuro-
nosyltransferase superfamily (see Fig. 3).
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Figure 3. Interactomes of  the proteins encoded by the resistance genes with other proteins.

Figure 2. Cellular localization of  the proteins encoded by the resistance genes. The gray colored sites are the cellular localization 
of  the protein.
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Recently there are studies that suggest 
other genes and proteins that are related to 
chemoresistance’s, such as the transcription 
factors FOXO3 and FOXM1, which parti-
cipate downstream in the PI3K-Akt, Ras-
ERK, and JNK/p38MAPK signaling cas-
cades. , these pathways are crucial for cell 
proliferation, differentiation, cell survival, 
senescence, DNA damage repair, and cell 
cycle control (50,51). Also, it has been seen 
that human aldo-keto reductase (AKR) 
enzymes catalyze the NADPH-dependent 
reduction of carbonyl groups to alcohols 
and participate directly in the metabolism 
of chemopharmaceuticals, contributing to 
chemoresistance (17). It has been found 
that S-phase kinase-associated protein 2 
(Skp2) and E3 ligase are highly correlated 
with chemoresistance, and high expression 
of these proteins is associated with a poor 
prognosis in Her2-positive patients (52). 
Another important group that has been 
found to be related to chemoresistance is 
the group of heat shock proteins (HSPs), 
which may act as an upstream regulator of 
oncogenic pathways related to tumorigene-
sis, metastasis, and invasiveness in various 
types of cancer, cancer. HSPs proteins 
contributes to the progress of the disease 
and more specifically activate signaling pa-
thways and genes related to chemoresistan-
ce (53). F-box proteins (FBPs) play a fun-
damental role in developing drug resistance 
through ubiquitination and degradation of 
substrates (54). Snail , Twist1 , and zinc-fin-
ger E homeobox-binding 1 ( ZEB1 ) genes 

orchestrate gene expression that mediates 
the transition from epithelial cells to me-
senchymal cells, implicating cancer develo-
pment and metastasis and are also related to 
resistance to medications (55). Intracellular 
cholesterol accumulation in cancer cells, 
promotes drug resistance and allows these 
cells to evade apoptotic signaling processes 
and maintain cell division and proliferation; 
also, lipid metabolism is implicated in resis-
tance to chemopharmaceuticals (56,57). In-
sulin-like growth factor 1 (IGF-1) is known 
for its role in supporting cancer progres-
sion and metastasis through the promotion 
of neovascularization in transforming tis-
sues and the promotion of proliferation, 
maintenance, and migration of malignant 
cells. A growing number of reports support 
that IGF-1 fuels tumorigenesis and induces 
the development of resistance to antican-
cer drugs (58). The solute transporter 1B3 
(SLCO1B3) member of the organic anion 
transporters is a transporter normally ex-
pressed in the liver, transporting a variety 
of endogenous and exogenous compounds, 
including hormones and their conjugates. 
The extrahepatic expression of SLCO1B3 
has been detected in different cell lines and 
cancer tissues. Recently, accumulating data 
indicates that abnormal expression and 
function of SLCO1B3 are involved in anti-
cancer drug resistance (49,59).

It has been observed that resistance-asso-
ciated proteins are highly related to pro-
teins involved in drug metabolism, and 
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Etoposide(60) Mercaptopurine(60) Cyclophosphamide(60) Teniposide(60) Ifosfamide(60) Capecitabine(60)

Multispecific canalicular 
transporter of  organic 
anions 2

Adenosine kinase
Aldehyde dehydrogenase, 
dimeric with a preference 
for NADP

Cytochrome P450 3A4
Aldehyde dehydrogenase, 
dimeric with a preference 
for NADP

Cytidine deaminase

Cytochrome P450 3A4 Aldehyde oxidase Cytochrome P450 2A6 Cytochrome P450 3A5 Cytochrome P450 2A6 Hepatic carboxyleste-
rase 1

Cytochrome P450 3A5 ASmidophosphoribosyl-
transferase Cytochrome P450 2B6 DNA topoisomerase 

2-alpha Cytochrome P450 2B6 Sodium/Nucleoside 
Cotransporter 1

DNA topoisomerase 
2-alpha

Equilibrium nucleoside 
transporter 1 Cytochrome P450 2C19 Myeloperoxidase Cytochrome P450 2C8 Thymidine 

phosphorylase

DNA topoisomerase 
2-beta

Equilibrium nucleoside 
transporter 2 Cytochrome P450 2C8 Cytochrome P450 2C9 Thymidylate synthase

Table 1. Proteins involved in the metabolism of some anticancer drugs.

alteration in the sequence of these genes 
or overexpression is related to chemore-
sistance. Certain mutations in the CP540 
superfamily enzyme-coding genes cause 
individuals to be slow, rapid, or super-rapid 
metabolizers of certain drugs, rendering 
therapies less effective for extensive me-
tabolizers, and vice versa. Slow metaboli-
zers are more susceptible to have a toxic 
effect, these effects depend on the type of 
drug being administered and the disease 
being treated (26). Table 1 describes some 
chemopharmaceuticals used in cancer the-
rapy and the proteins related to their me-
tabolism, the proteins involved in the me-
tabolism of paracetamol are also shown . 
Paracetamol is an effective analgesic and 
antipyretic for the control of mild or mo-
derate pain caused by joint conditions, ear 
pain, headaches, odontogenic pain, neu-
ralgia, minor surgical procedures, among 
others. This drug is prescribed to people 
regardless of age or sex. There are proteins 

that may be involved in the metabolism of 
more than one chemopharmaceutical drug, 
such as the enzymes of cytochrome P450 
3A4, and cytochrome P450 2B6; there are 
also eff lux pumps, such as the protein of 
ATP-binding cassette subfamily G member 
2. This multiple substrates for some 
proteins is not surprising; but; it is 
interesting the number of proteins involved 
in the metabolism of chemo pharmaceuti-
cals and the metabolism of paracetamol. 
Due to its high medical prescription, it is 
believed that paracetamol is harmless in 
the body; however, as it is related to the 
response to a large number of genes rela-
ted to chemoresistance, it suggests that this 
drug, and probably all the drugs we consu-
me today every day in our lives, may contri-
bute to resistance without realizing it, even 
knowing that sometimes we require higher 
doses to counteract a condition that we 
could previously alleviate with a low dose.
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Irinotecan(60) Doxorubicin(60) Tamoxifen(60) Gemcitabine(60) Acetaminophen  
(Paracetamol)(60)

Multispecific canalicular trans-
porter of  organic anions 1

Alcohol dehydrogenase 
[NADP(+)] Cytochrome P450 2B6 5’(3’)-deoxyribonucleotidase, 

cytosolic type
ATP-binding cassette subfami-
ly G member 2

Cholinesterase Aldo-keto reductase family 1 
member C3 Cytochrome P450 2D6 CTP synthase 1 Bile salt sulfotransferase

Cocaine esterase ATP-binding cassette subfami-
ly G member 2 Cytochrome P450 3A4 Deoxycytidine kinase Cytochrome P450 1A2

Cytochrome P450 3A4 Multispecific canalicular trans-
porter of  organic anions 1 Cytochrome P450 3A5 Deoxycytidylate deaminase Cytochrome P450 2A6

Cytochrome P450 3A5 Carbonyl reductase  
[NADPH] 1

Dimethylaniline monooxygena-
se [N-oxide former] 1

Equilibrium nucleoside trans-
porter 1 Cytochrome P450 2D6

DNA topoisomerase 1 Carbonyl reductase  
[NADPH] 3

Dimethylaniline monooxygena-
se [N-oxide forming] 3

Nucleoside diphosphate 
kinase A Cytochrome P450 2E1

Hepatic carboxylesterase 1 Multidrug resistance protein 1 Estrogen receptor Ribonucleoside diphosphate 
reductase large subunit Cytochrome P450 3A4

Multidrug resistance protein 1 Multidrug resistance-associated 
protein 1 Sulfotransferase 1A1 Ribonucleoside diphosphate 

reductase M2 subunit Estrogen sulfotransferase

Etoposide(60) Mercaptopurine(60) Cyclophosphamide(60) Teniposide(60) Ifosfamide(60) Capecitabine(60)

Multidrug resistance 
protein 1

GMP synthase [glutami-
ne hydrolyzation] Cytochrome P450 2C9 Cytochrome P450 3A4

Myeloperoxidase
Hypoxanthine-guanine 
phosphoribosyltrans-
ferase

Cytochrome P450 3A4 Cytochrome P450 3A5

Prostaglandin G/H 
synthase 1

Inosine-5’-monophos-
phate dehydrogenase 1

Glutathione S-transferase 
Mu 1 retinal dehydrogenase 1

Prostaglandin G/H 
synthase 2

Protein 4 associated with 
multidrug resistance retinal dehydrogenase 1

UDP-glucuronosyltrans-
ferase 1-1

Protein 5 associated with 
multidrug resistance

Ras-related botulinum 
toxin C3 substrate 1

Sodium/Nucleoside 
Cotransporter 2

Solute transporter family 
28 member 3

Thiopurine S-methyl-
transferase

Xanthine dehydrogena-
se/oxidase
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Irinotecan(60) Doxorubicin(60) Tamoxifen(60) Gemcitabine(60) Acetaminophen  
(Paracetamol)(60)

Multidrug resistance-associated 
protein 1

NAD(P)H dehydrogenase 
[quinone] 1

UDP-glucuronosyltransferase 
1-10

Ribonucleoside diphosphate 
reductase subunit M2 B Glutathione S-transferase P

Solute transporter member 
of  the 1B1 family of  organic 
anion transporters

NADH dehydrogenase [ubi-
quinone] iron-sulfur protein 2, 
mitochondrial

UDP-glucuronosyltransferase 
1-4

Sodium/Nucleoside Cotrans-
porter 1

Glutathione S-transferase 
theta-1

UDP-glucuronosyltransferase 
1-1

NADH dehydrogenase [ubi-
quinone] iron-sulfur protein 3, 
mitochondrial

Solute transporter family 28 
member 3 Multidrug resistance protein 1

UDP-glucuronosyltransferase 
1-10

NADH dehydrogenase [ubi-
quinone] iron-sulfur protein 7, 
mitochondrial

Thymidylate synthase Multidrug resistance-associated 
protein 1

UDP-glucuronosyltransferase 
1-9

NADPH: cytochrome P450 
reductase UMP-CMP kinase Protein 4 associated with 

multidrug resistance

Nitric oxide synthase, endo-
thelial

Protein 5 associated with 
multidrug resistance

RalA binding protein 1 Sulfotransferase 1A1

Family of  solute transporters 
22 member 16 Sulfotransferase 1A3/1A4

Xanthine dehydrogenase/
oxidase

UDP-glucuronosyltransferase 
1-1

UDP-glucuronosyltransferase 
1-6

UDP-glucuronosyltransferase 
1-9

UDP-glucuronosyltransferase 
2B15

Therapies against resistance to chemo 
pharmaceuticals

Today there are a wide variety of cancer 
therapies; some could help evade resistance 
mechanisms such as intermittent treatment 
regimen and minimum dose necessary; this 
treatment is based on containing tumors at 
a fixed tolerable level to allow expansion 
of drug-sensitive cells at the expense of re-
sistant ones. Another emerging therapy is 
polytherapy, which focuses on targeting a 

cancer-specific overactive transcription 
factor/regulator, in addition to containing 
the necessary chemo pharmaceuticals to 
fight cancer, trying to propose simulta-
neously targeting multiple dependencies 
that generate chemoresistance, hence hy-
brid drugs are born, which simultaneously 
target many points of signaling networks 
and various structures within a cancer cell 
(22,24,61). Also, monoclonal antibodies 
directed at the inhibition of signal trans-
duction can be used to prevent the proli-
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feration of cancer cells, such is the case of 
anti-HER2 antibodies such as pertuzumab 
(Omnitarg), panitumumab (ABX-EGF) 
and Cetuximab (Erbitux). , which are un-
der evaluation in clinical trials (51). Tumor 
plasticity is a phenomenon in which cancer 
cells adapt to tumor microenvironment; it 
is possible to develop strategies directed 
to specific plasticity regulators in order to 
overcome or stop cancer progression (31). 
Today there is an enormous amount of in-
formation that can be used by mathema-
tical models to make computational pre-
dictions using systematic and quantitative 
approaches, with the purpose of providing 
deeper insight into resistance mechanisms, 
generating new hypotheses, or suggesting 
promising treatment strategies . for future 
therapies (62).

Mitochondria are the central organelle for 
cellular energy supply, they can rapidly un-
dergo dynamic changes and integrate cellu-
lar signaling pathways to provide bioener-
getic and biosynthetic f lexibility to cancer 
cells; thus, mitochondria contribute to 
multiple aspects of cell characteristics. tu-
mor, including drug resistance. To combat 
this organelle, there are different therapies, 
such as intelligent drug delivery systems or 
the modification of traditional treatments. 
At present, mitochondrial-directed photo-
thermal therapy (PTT), photodynamic the-
rapy (PDT), and chemodynamical therapy 
(CDT), have attracted worldwide attention 
due to their advantages, such as wide the-

rapeutic range, minimal toxicity, and exce-
llent profile. non-invasive safety and low 
resistance (63–66).

On the other hand, deregulation of the 
ubiquitin-proteasome pathway is known to 
be associated with various diseases, parti-
cularly neoplastic ones; it is also related to 
late relapses, suggesting the development 
of acquired resistance. The use of protea-
some inhibitors (PIs) is a therapy that has 
received attention from the pharmaceuti-
cal industry. Different classes and several 
inhibitors have been developed; however, 
only three were approved by the FDA and 
the EMA: bortezomib, carfilzomib, and 
ixazomib (67).

Regarding RNA therapies, the miR-200 
family are tumor suppressors and are 
commonly decreased in cancer. The miR-
200 family has been reported as a valua-
ble diagnostic and prognostic marker. 
(47). Therefore, these miRNAs can be 
packaged into vesicles for cancer therapy 
and chemoresistance.

Conclusions

The emergence of drug resistance is a ba-
rrier to effective cancer treatment. Resis-
tance develops during chemotherapy, ra-
diotherapy, molecularly targeted therapy, 
and immunotherapy in most cancer pa-
tients and decreases survival. Despite the 
enormous amount of information about 
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resistance, we are still far from finding a 
solution to the problem since chemoresis-
tance is a multifactorial phenomenon invol-
ving the interaction of multiple genes and 
proteins between them. For this reason, it 
is necessary to have a detailed understan-
ding of chemoresistance and the mechanis-
ms that develop it.

It is necessary to acquire new approaches 
related to cancer treatments, which must 
consider the resistence of chemopharma-
ceuticals not as a possibility of occurrence 
but as a fact of appearance at any stage of 
therapy. Therefore, it is extremely impor-
tant to study the genes involved in drug re-
sistance in cancer, as well as their coding 
proteins, with a focus of make more effi-
cient and less harmful therapies and achie-
ve more patients and longer survival.

Conflict of interest and financing

The Authors have no conflict of interest.

References

1. Cáncer hoy [Internet]. [accessed 31 de marzo de 2023]. 
Available: https://gco.iarc.fr/today/about

2. Bukowski K, Kciuk M, Kontek R. Mechanisms of Multidrug 
Resistance in Cancer Chemotherapy. Int J Mol Sci. 2020 
May 2;21(9):3233. doi: 10.3390/ijms21093233. PMID: 
32370233; PMCID: PMC7247559.

3. Wilson BE, Jacob S, Yap ML, Ferlay J, Bray F, Barton 
MB. Estimates of global chemotherapy demands and 
corresponding physician workforce requirements for 2018 
and 2040: a population-based study. Lancet Oncol. 2019 

Jun;20(6):769-780. doi: 10.1016/S1470-2045(19)30163-
9. Epub 2019 May 8. Erratum in: Lancet Oncol. 2019 
Jul;20(7):e346. PMID: 31078462.

4. Wang X, Zhang H, Chen X. Drug resistance and combating 
drug resistance in cancer. Cancer Drug Resist. 2019;2(2):141-
160. doi: 10.20517/cdr.2019.10. Epub 2019 Jun 19. PMID: 
34322663; PMCID: PMC8315569.

5. Sritharan S, Sivalingam N. A comprehensive review on time-
tested anticancer drug doxorubicin. Life Sci. 2021 Aug 1; 
278:119527. doi:10.1016/j.lfs.2021.119527. Epub 2021 
Apr 20. PMID: 33887349.

6. Definición de resistencia a los medicamentos - Diccionario de 
cáncer del NCI - NCI [Internet]. [accessed March 31/2023]. 
Available in : https://www.cancer.gov/publications/
dictionaries/cancer-terms/def/drug-resistance

7. LOURIE EM. A sketch of the history of chemotherapy. Br 
Med Bull. 1946;4(4):243-8. doi: 10.1093/oxfordjournals.
bmb.a072785. PMID: 20281774.

8. García-Sánchez JE, García E, Lucila Merino M. Cien años de 
la bala mágica del Dr. Ehrlich (1909–2009). Enferm Infecc 
Microbiol Clin. el 1 de octubre de 2010;28(8):521–33. 
DOI: 10.1016/j.eimc.2009.07.009

9. De las cadenas laterales a la radioterapia de diana 
[Internet]. [accessed March 31/2023]. Available in: http://
scielo.sld.cu/scielo.php?script=sci_arttext&pid=S0864-
084X2016000100009

10. Akatsu S, Noguchi H.the drug-fastness of spirochetes to 
arsenic, mercurial, and iodide compounds in vitro. J Exp 
Med. 1917 Mar 1;25(3):349-62. doi: 10.1084/jem.25.3.349. 
PMID: 19868093; PMCID: PMC2125488.

11. 1DE LA TORRE MORALI M. El tratamiento del cancer 
por agentes químicos [Cancer treatment by chemical agents]. 
Prog Med Rev Asoc Med Latinoam. 1945 Nov-Dec;6:18-24. 
Spanish. PMID: 20986277.

12. SCHERER WF, SYVERTON JT, GEY GO. Studies on 
the propagation in vitro of poliomyelitis viruses. IV. Viral 
multiplication in a stable strain of human malignant 
epithelial cells (strain HeLa) derived from an epidermoid 
carcinoma of the cervix. J Exp Med. 1953 May;97(5):695-
710. doi: 10.1084/jem.97.5.695. PMID: 13052828; 
PMCID: PMC2136303.



Alcantara et al. Chemodrug resistance: Cancer’s fight for survival

23

13. WELCH AD. The problem of drug resistance in cancer 
chemotherapy. Cancer Res. 1959 May;19(4):359-71. PMID: 
13652119.

14. Goldman M, Velu T, Pretolani M. Interleukin-10: actions 
and therapeutic potential. BioDrugs. 1997 Jan;7(1):6-
14. doi: 10.2165/00063030-199707010-00002. PMID: 
18031075.

15. Olivas-Aguirre M, Torres-López L, Pottosin I, Dobrovinskaya 
O. Overcoming Glucocorticoid Resistance in Acute 
Lymphoblastic Leukemia: Repurposed Drugs Can Improve 
the Protocol. Front Oncol. 2021 Mar 11;11:617937. doi: 
10.3389/fonc.2021.617937. PMID: 33777761; PMCID: 
PMC7991804.

16. Childhood Acute Lymphoblastic Leukemia Treatment 
(PDQ®)–Patient Version - NCI [Internet]. [accessed March 
31/2023 ]. Available in: https://www.cancer.gov/types/
leukemia/patient/child-all-treatment-pdq

17. Penning TM, Jonnalagadda S, Trippier PC, Rižner TL. 
Aldo-Keto Reductases and Cancer Drug Resistance. 
Pharmacol Rev. 2021 Jul;73(3):1150-1171. doi: 10.1124/
pharmrev.120.000122. PMID: 34312303; PMCID: 
PMC8318518.

18. Tamoxifeno | C26H29NO - PubChem [Internet]. [accessed 
March 31/2023]. Available in: https://pubchem.ncbi.nlm.
nih.gov/compound/2733526

19. Mills JN, Rutkovsky AC, Giordano A. Mechanisms of 
resistance in estrogen receptor positive breast cancer: 
overcoming resistance to tamoxifen/aromatase inhibitors. 
Curr Opin Pharmacol. 2018 Aug;41:59-65. doi: 10.1016/j.
coph.2018.04.009. Epub 2018 Apr 30. PMID: 29719270; 
PMCID: PMC6454890.

20. Rocha CRR, Silva MM, Quinet A, Cabral-Neto JB, Menck 
CFM. DNA repair pathways and cisplatin resistance: 
an intimate relationship. Clinics (Sao Paulo). 2018 Sep 
6;73(suppl 1):e478s. doi: 10.6061/clinics/2018/e478s. 
PMID: 30208165; PMCID: PMC6113849.

21. Leighow SM, Liu C, Inam H, Zhao B, Pritchard JR. 
Multi-scale Predictions of Drug Resistance Epidemiology 
Identify Design Principles for Rational Drug Design. Cell 
Rep. 2020 Mar 24;30(12):3951-3963.e4. doi: 10.1016/j.
celrep.2020.02.108. PMID: 32209458; PMCID: 
PMC8000225.

22. Chatterjee N, Bivona TG. Polytherapy and Targeted Cancer 
Drug Resistance. Trends Cancer. 2019 Mar;5(3):170-182. 
doi: 10.1016/j.trecan.2019.02.003. Epub 2019 Feb 26. 
PMID: 30898264; PMCID: PMC6446041.

23. Cao Y. Adipocyte and lipid metabolism in cancer drug 
resistance. J Clin Invest. 2019 Jul 2;129(8):3006-3017. 
doi: 10.1172/JCI127201. PMID: 31264969; PMCID: 
PMC6668696.

24. Konieczkowski DJ, Johannessen CM, Garraway LA. 
A Convergence-Based Framework for Cancer Drug 
Resistance. Cancer Cell. 2018 May 14;33(5):801-815. doi: 
10.1016/j.ccell.2018.03.025. PMID: 29763622; PMCID: 
PMC5957297.

25. Nussinov R, Tsai CJ, Jang H. Anticancer drug resistance: 
An update and perspective. Drug Resist Updat. 2021 
Dec;59:100796. doi: 10.1016/j.drup.2021.100796. Epub 
2021 Dec 16. PMID: 34953682; PMCID: PMC8810687.

26. Crettol S, Petrovic N, Murray M. Pharmacogenetics of 
phase I and phase II drug metabolism. Curr Pharm Des. 
2010;16(2):204-19. doi: 10.2174/138161210790112674. 
PMID: 19835560.

27. Yoo HC, Han JM. Amino Acid Metabolism in Cancer Drug 
Resistance. Cells. 2022 Jan 2;11(1):140. doi: 10.3390/
cells11010140. PMID: 35011702; PMCID: PMC8750102.

28. Kadel D, Zhang Y, Sun HR, Zhao Y, Dong QZ, Qin LX. 
Current perspectives of cancer-associated fibroblast in 
therapeutic resistance: potential mechanism and future 
strategy. Cell Biol Toxicol. 2019 Oct;35(5):407-421. doi: 
10.1007/s10565-019-09461-z. Epub 2019 Jan 24. PMID: 
30680600; PMCID: PMC6881418.

29. Bu L, Baba H, Yasuda T, Uchihara T, Ishimoto T. Functional 
diversity of cancer-associated fibroblasts in modulating drug 
resistance. Cancer Sci. 2020 Oct;111(10):3468-3477. doi: 
10.1111/cas.14578. Epub 2020 Aug 11. PMID: 33044028; 
PMCID: PMC7541012.

30. Bhattacharya S, Mohanty A, Achuthan S, Kotnala S, Jolly 
MK, Kulkarni P, Salgia R. Group Behavior and Emergence of 
Cancer Drug Resistance. Trends Cancer. 2021 Apr;7(4):323-
334. doi: 10.1016/j.trecan.2021.01.009. Epub 2021 Feb 20. 
PMID: 33622644; PMCID: PMC8500356.



NOVA. 2023; 21 (41)

24

31. De Las Rivas J, Brozovic A, Izraely S, Casas-Pais A, Witz IP, 
Figueroa A. Cancer drug resistance induced by EMT: novel 
therapeutic strategies. Arch Toxicol. 2021 Jul;95(7):2279-
2297. doi: 10.1007/s00204-021-03063-7. Epub 2021 May 
18. PMID: 34003341; PMCID: PMC8241801.

32. Namee NM, O’Driscoll L. Extracellular vesicles and 
anti-cancer drug resistance. Biochim Biophys Acta Rev 
Cancer. 2018 Dec;1870(2):123-136. doi: 10.1016/j.
bbcan.2018.07.003. Epub 2018 Jul 10. PMID: 30003999.

33. Maacha S, Bhat AA, Jimenez L, Raza A, Haris M, Uddin 
S, Grivel JC. Extracellular vesicles-mediated intercellular 
communication: roles in the tumor microenvironment 
and anti-cancer drug resistance. Mol Cancer. 2019 Mar 
30;18(1):55. doi: 10.1186/s12943-019-0965-7. PMID: 
30925923; PMCID: PMC6441157.

34. Xavier CPR, Caires HR, Barbosa MAG, Bergantim R, 
Guimarães JE, Vasconcelos MH. The Role of Extracellular 
Vesicles in the Hallmarks of Cancer and Drug Resistance. 
Cells. 2020 May 6;9(5):1141. doi: 10.3390/cells9051141. 
PMID: 32384712; PMCID: PMC7290603.

35. Kwon Y, Kim M, Kim Y, Jung HS, Jeoung D. Exosomal 
MicroRNAs as Mediators of Cellular Interactions Between 
Cancer Cells and Macrophages. Front Immunol. 2020 Jun 
11;11:1167. doi: 10.3389/fimmu.2020.01167. PMID: 
32595638; PMCID: PMC7300210.

36. Hillyar CR, Kanabar SS, Rallis KS, Varghese JS. Complex 
cross-talk between EZH2 and miRNAs confers hallmark 
characteristics and shapes the tumor microenvironment. 
Epigenomics. 2022 Jun;14(11):699-709. doi: 10.2217/epi-
2021-0534. Epub 2022 May 16. PMID: 35574589.

37. Xavier CPR, Belisario DC, Rebelo R, Assaraf YG, Giovannetti 
E, Kopecka J, Vasconcelos MH. The role of extracellular 
vesicles in the transfer of drug resistance competences to 
cancer cells. Drug Resist Updat. 2022 May;62:100833. doi: 
10.1016/j.drup.2022.100833. Epub 2022 Apr 5. PMID: 
35429792.

38. Abdelaal MR, Haffez H. The potential roles of retinoids in 
combating drug resistance in cancer: implications of ATP-
binding cassette (ABC) transporters. Open Biol. 2022 
Jun;12(6):220001. doi: 10.1098/rsob.220001. Epub 2022 
Jun 1. PMID: 35642494; PMCID: PMC9157304.

39. Riddihough G, Zahn LM. Epigenetics. What is epigenetics? 
Introduction. Science. 2010 Oct 29;330(6004):611. doi: 
10.1126/science.330.6004.611. PMID: 21030643.

40. Definición de epigenética – Cancer dictionary [Internet]. 
[accessed March 31/2023]. Available in: https://www.cancer.
gov/publications/dictionaries/cancer-terms/def/epigenetics

41. Asano T. Drug Resistance in Cancer Therapy and the Role 
of Epigenetics. J Nippon Med Sch. 2020 Dec 14;87(5):244-
251. doi: 10.1272/jnms.JNMS.2020_87-508. Epub 2020 
May 30. PMID: 32475898.

42. Yang C, Zhang J, Ma Y, Wu C, Cui W, Wang L. Histone 
methyltransferase and drug resistance in cancers. J Exp Clin 
Cancer Res. 2020 Aug 28;39(1):173. doi: 10.1186/s13046-
020-01682-z. PMID: 32859239; PMCID: PMC7455899.

43. Kwon Y, Kim Y, Jung HS, Jeoung D. Role of HDAC3-
miRNA-CAGE Network in Anti-Cancer Drug-Resistance. 
Int J Mol Sci. 2018 Dec 23;20(1):51. doi: 10.3390/
ijms20010051. PMID: 30583572; PMCID: PMC6337380.

44. Song H, Liu D, Dong S, Zeng L, Wu Z, Zhao P, Zhang 
L, Chen ZS, Zou C. Epitranscriptomics and epiproteomics 
in cancer drug resistance: therapeutic implications. Signal 
Transduct Target Ther. 2020 Sep 8;5(1):193. doi: 10.1038/
s41392-020-00300-w. PMID: 32900991; PMCID: 
PMC7479143.

45. Si W, Shen J, Zheng H, Fan W. The role and mechanisms 
of action of microRNAs in cancer drug resistance. Clin 
Epigenetics. 2019 Feb 11;11(1):25. doi: 10.1186/s13148-
018-0587-8. PMID: 30744689; PMCID: PMC6371621.

46. MIR100 microARN 100 [Homo sapiens (human)] - Gen - 
NCBI [Internet]. [accessed March 31/2023]. Available in: 
https://www.ncbi.nlm.nih.gov/gene/406892

47. Jo H, Shim K, Jeoung D. Potential of the miR-200 Family 
as a Target for Developing Anti-Cancer Therapeutics. 
Int J Mol Sci. 2022 May 24;23(11):5881. doi: 10.3390/
ijms23115881. PMID: 35682560; PMCID: PMC9180509.

48. About - STRING functional protein association networks 
[Internet]. [accessed Mrch 31/2023]. Available in:https://
stringdb.org/cgi/about?footer_active_subpage=statistics

49. Atlas de Proteínas Humanas [Internet]. [accessed March 
31/2023]. Available in: https://www.proteinatlas.org/

https://stringdb.org/cgi/about?footer_active_subpage=statistics
https://stringdb.org/cgi/about?footer_active_subpage=statistics


Alcantara et al. Chemodrug resistance: Cancer’s fight for survival

25

50. Li X, Li M, Huang M, Lin Q, Fang Q, Liu J, Chen X, Liu 
L, Zhan X, Shan H, Lu D, Li Q, Li Z, Zhu X. The multi-
molecular mechanisms of tumor-targeted drug resistance 
in precision medicine. Biomed Pharmacother. 2022 
Jun;150:113064. doi: 10.1016/j.biopha.2022.113064. Epub 
2022 May 5. PMID: 35658234.

51. Yao S, Fan LY, Lam EW. The FOXO3-FOXM1 axis: A key 
cancer drug target and a modulator of cancer drug resistance. 
Semin Cancer Biol. 2018 Jun;50:77-89. doi: 10.1016/j.
semcancer.2017.11.018. Epub 2017 Nov 24. PMID: 
29180117; PMCID: PMC6565931.

52. Wu T, Gu X, Cui H. Emerging Roles of SKP2 in Cancer Drug 
Resistance. Cells. 2021 May 10;10(5):1147. doi: 10.3390/
cells10051147. PMID: 34068643; PMCID: PMC8150781.

53. Yun CW, Kim HJ, Lim JH, Lee SH. Heat Shock Proteins: 
Agents of Cancer Development and Therapeutic Targets 
in Anti-Cancer Therapy. Cells. 2019 Dec 24;9(1):60. 
doi: 10.3390/cells9010060. PMID: 31878360; PMCID: 
PMC7017199.

54. Yan L, Lin M, Pan S, Assaraf YG, Wang ZW, Zhu X. 
Emerging roles of F-box proteins in cancer drug resistance. 
Drug Resist Updat. 2020 Mar;49:100673. doi: 10.1016/j.
drup.2019.100673. Epub 2019 Dec 17. PMID: 31877405.

55. Seo J, Ha J, Kang E, Cho S. The role of epithelial-mesenchymal 
transition-regulating transcription factors in anti-cancer drug 
resistance. Arch Pharm Res. 2021 Mar;44(3):281-292. doi: 
10.1007/s12272-021-01321-x. Epub 2021 Mar 25. PMID: 
33768509; PMCID: PMC8009775.

56. Gu L, Saha ST, Thomas J, Kaur M. Targeting cellular 
cholesterol for anticancer therapy. FEBS J. 2019 
Nov;286(21):4192-4208. doi: 10.1111/febs.15018. Epub 
2019 Aug 12. PMID: 31350867.

57. Saito RF, Andrade LNS, Bustos SO, Chammas R. 
Phosphatidylcholine-Derived Lipid Mediators: The Crosstalk 
Between Cancer Cells and Immune Cells. Front Immunol. 
2022 Feb 15;13:768606. doi: 10.3389/fimmu.2022.768606. 
PMID: 35250970; PMCID: PMC8889569.

58. Nwabo Kamdje AH, Seke Etet PF, Kipanyula MJ, Vecchio 
L, Tagne Simo R, Njamnshi AK, Lukong KE, Mimche 
PN. Insulin-like growth factor-1 signaling in the tumor 

microenvironment: Carcinogenesis, cancer drug resistance, 
and therapeutic potential. Front Endocrinol (Lausanne). 
2022 Aug 9;13:927390. doi: 10.3389/fendo.2022.927390. 
PMID: 36017326; PMCID: PMC9395641.

59. Sun R, Ying Y, Tang Z, Liu T, Shi F, Li H, Guo T, Huang 
S, Lai R. The Emerging Role of the SLCO1B3 Protein in 
Cancer Resistance. Protein Pept Lett. 2020;27(1):17-29. 
doi: 10.2174/0929866526666190926154248. PMID: 
31556849; PMCID: PMC6978646.

60. SMPDB [Internet]. [accessed March 31/2023]. Available in: 
https://smpdb.ca/view?subject=Drug+Metabolism

61. Szumilak M, Wiktorowska-Owczarek A, Stanczak A. 
Hybrid Drugs-A Strategy for Overcoming Anticancer 
Drug Resistance? Molecules. 2021 Apr 29;26(9):2601. doi: 
10.3390/molecules26092601. PMID: 33946916; PMCID: 
PMC8124695.

62. Sun X, Hu B. Mathematical modeling and computational 
prediction of cancer drug resistance. Brief Bioinform. 2018 
Nov 27;19(6):1382-1399. doi: 10.1093/bib/bbx065. PMID: 
28981626; PMCID: PMC6402530.

63. Cheng L, Wang C, Feng L, Yang K, Liu Z. Functional 
nanomaterials for phototherapies of cancer. Chem Rev. 2014 
Nov 12;114(21):10869-939. doi: 10.1021/cr400532z. Epub 
2014 Sep 26. PMID: 25260098.

64. Karimi M, Sahandi Zangabad P, Baghaee-Ravari S, Ghazadeh 
M, Mirshekari H, Hamblin MR. Smart Nanostructures for 
Cargo Delivery: Uncaging and Activating by Light. J Am 
Chem Soc. 2017 Apr 5;139(13):4584-4610. doi: 10.1021/
jacs.6b08313. Epub 2017 Mar 13. PMID: 28192672; 
PMCID: PMC5475407.

65. Zhang L, Wang D, Yang K, Sheng D, Tan B, Wang Z, Ran 
H, Yi H, Zhong Y, Lin H, Chen Y. Mitochondria-Targeted 
Artificial “Nano-RBCs” for Amplified Synergistic Cancer 
Phototherapy by a Single NIR Irradiation. Adv Sci (Weinh). 
2018 May 21;5(8):1800049. doi: 10.1002/advs.201800049. 
PMID: 30128231; PMCID: PMC6097143.

66. Jin P, Jiang J, Zhou L, Huang Z, Nice EC, Huang C, Fu 
L. Mitochondrial adaptation in cancer drug resistance: 
prevalence, mechanisms, and management. J Hematol 
Oncol. 2022 Jul 18;15(1):97. doi: 10.1186/s13045-022-
01313-4. PMID: 35851420; PMCID: PMC9290242.



NOVA. 2023; 21 (41)

26

67. Leonardo-Sousa C, Carvalho AN, Guedes RA, Fernandes 
PMP, Aniceto N, Salvador JAR, Gama MJ, Guedes RC. 
Revisiting Proteasome Inhibitors: Molecular Underpinnings 
of Their Development, Mechanisms of Resistance and 
Strategies to Overcome Anti-Cancer Drug Resistance. 
Molecules. 2022 Mar 28;27(7):2201. doi: 10.3390/
molecules27072201. PMID: 35408601; PMCID: 
PMC9000344.


