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Drug resistance continues to be a major bottleneck of curing patients
ith cancer. Two primary intracellular factors contribute to emergence
f drug resistance in treatment-naïve cancer cells, which are a popu-
ation of malignant cells not receiving any therapy before. One is that
enetic mutations occur in key cancer-addicted genes, such as T790M
n epidermal growth factor receptor (EGFR), are a critical mechanism
nderlying some therapeutic resistance, thus boosting the development
nd usage of targeted inhibitors to benefit patients with cancer. In addi-
ion, non-genetic factors, including aberrant epigenetic/metabolic ma-
hinery and/or reprogrammed transcription profile, probably play more
mportant roles in drug resistance in cancer cells. 1 Upon receiving treat-
ent with osimertinib, a subset of EGFR-mutated lung cancer cells ac-

uired resistance to osimertinib through mammalian SWI/SNF complex-
ediated alterations in chromatin accessibility to sustain low cellular
OS level and hyperproliferation, but no new mutations occurred in
GFR. 2 

Recently, researchers observed that a small group of cancer cells
urvived the treatment with lethal dose of chemotherapeutic or tar-
eted drugs, and re-entered cycling phase and prospered after drug with-
rawal. 3 Furthermore, these flourished cell populations remained sen-
itive to originally administrated drugs and no additional genetic mu-
ations in critical resistance-related genes occurred, whereby these cells
re named after drug-tolerant persister cancer (DTPC) cells. 3 Notably, a
ase report showed that DTPC cells were responsible for relapse in one
atient with lung adenocarcinoma (LUAD), who had received gefitinib,
hus highlighting significance of drug tolerance in clinical treatment
nd entailing a deeper understanding of DTPC cells and identification
f therapeutic vulnerabilities. 4 Whereas as of yet there is no consensus
n oncology community about the definition of drug tolerance in cancer
ells, we want to emphasize that plasticity is its core property ( Fig. 1 ).
n contrast, drug resistance is usually a phenotype that cancer cells be-
ome stably non-responsive to drugs, at least compared with DTPC cells.
dditionally, since drug tolerance is highly plastic, it is plausible to ob-
erve that this population reverses to originally “drug-sensitive ” state or
rug-resistant populations develop from within. Therefore, this Perspec-

ive will describe the characteristics of DTPC cells and underscore their
lastic trait. 
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. The 1st question: What are DTPC cells? 

Cancer plasticity is known as the ability of malignant cells to acquire
 continuum of phenotypic states. 5 It is well established that cancer plas-
icity contributes a lot to drug resistance. A notorious example is that
euroendocrine transdifferentiation emerged in prostate and lung can-
er to make cancerous cells become refractory to originally effective
rug regimens. 5 The transition among these diverse phenotypes is pri-
arily determined by distinct epigenetic and transcriptional programs,
hich, unlike genetic changes, are capable of guaranteeing quick adap-

ion to intra- and extra-cellular stresses. 5 According to current findings
n this field, drug-tolerance state, in our opinion, is a manifestation of
lasticity when cancer cells are challenged by drug insults. Whole exon
equencing analyses did not find additional mutations related to drug
esistance in multiple DTPC models. 6 , 7 In the in vitro models, DTP state
sually emerged from drug treatment with no longer than 14 days and
anished after around 2-week drug holiday, 6 , 7 this reversible phenotype
hich indirectly demonstrates that drug tolerance of cancer cells is a
uick response to therapeutic insults. Additionally, epigenetic determi-
ants dictate the reversible drug-tolerance feature of DTPC cells. Histone
emethylase KDM5A expression was markedly increased and supported
rug-tolerance state in malignant cells of several cancer types. 3 As a
emethylase of histone H3K4me2/3, increased KDM5A reduced levels
f these two modified H3K4 and thereby led to global changes in chro-
atin structure. 3 H3K4me3 is an extensively studied histone marker of

ctivated transcription, and a recent study reported that most tolerance-
elated genes in triple-negative breast cancer were in a bivalent chro-
atin modification state, which was characteristic of simultaneously
ossessing H3K4me3 and transcription-repression histone modification
H3K27me3). 8 This bivalent chromatin configuration is usually found at
he promoters of differentiation genes during mammalian development,
hich favors the dynamic and timely regulation of gene expressions. 9 

ntriguingly, loss of H3K27me3 was the early event happened at the be-
inning of chemotherapy, which then activated epithelial-mesenchymal
ransition (EMT) program and NF- 𝜅B signal pathway in DTPC cells; thus,
reservation of H3K27me3 remarkably prevented formation of DTPC
ells. 8 The distinct roles between H3K4me3 and H3K27me3 is probably
 13 December 2023 
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Fig. 1. The reversible/irreversible transitions among treatment-naïve cells, DRP 
cells, DTPC cells, and drug-resistant cells. A small portion of treatment-naïve 
cells could evolve into DTPC cells when they are subjected to chemotherapeutic 
drugs (e.g., cisplatin) and small molecule inhibitors (e.g., TKIs), while DTPC cells 
have the potential to revert to treatment-naïve cells or DRP cells depending on 
different experimental settings. DTPC cells in different models display various 
gene expression profiles, such as diapause-like, EMT-like and fetal stem cell-like 
state. Thus, DTPC cells, as a group, are highly heterogenous. DRP cells, although 
they manifest the similar phenotypes as treatment-naïve cells, are inherently 
distinct from the latter, as evidenced by the fact that DRP cells become more 
inclined to turn into DTPC cells. On receiving prolonged drug treatment, drug- 
resistant cells equipped with diverse resistant mechanisms emerge from DTPC 
cells irreversibly. The differences in color shades and cellular shapes within the 
same groups of populations represent cellular heterogeneity. DRP cells, drug- 
released persister cells; DTPC cells, drug-tolerant persister cancer cells; EMT, 
epithelial–mesenchymal transition; TKI, tyrosine kinase inhibitor. 
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2  
ue to variations in cancer contexts. Collectively, these findings strongly
uggest that epigenetic machinery is the core regulator in the formation
nd maintenance of drug-tolerance state. 

Metabolism can be timely rewired to supply fundamental biologi-
al molecules (DNA/RNA, proteins, lipids and saccharides) and sustain
roper intracellular ROS level in response to constantly changing extra-
ellular environments. 10 Meanwhile, metabolism influences chromatin
tates by offering key intermediates such as methyl/ethyl groups. 10 

hus, it is not surprising that metabolism is reprogrammed in DTPC
ells compared to treatment-naïve cells. Acetyl choline (Ach) was en-
iched in DTPC cells derived from non-small cell lung cancer (NSCLC)
nd essential for maintaining drug-tolerance state, which was due to
AP-regulated increased expression of choline acetyltransferase that is
he rate-limiting enzyme to catalyze Ach biogenesis. 11 Another study
f LUAD cells showed that glycolysis was switched to oxidative phos-
horylation (OXPHOS) via mitophagy controlled by PTEN-induced ki-
ase 1 (PINK1) in DTPC cells, and knockdown of PINK1 expression de-
ayed the emergence of DTPC cells. 12 A somewhat conflicting result is
eported that colorectal DTPC cells displayed enhanced glycolysis ac-
ivity rather than OXPHOS. 13 The seemingly contradictory results may
e that the colorectal DTPC cells assumed diapause-like state, 13 which
as not observed in the DTPC cell population arose from LUAD. Dia-
ause is a biological process that embryos enter a reversible dormancy
hen their environments become adverse, and high glycolysis activity is
 prominent metabolic feature of this program. 14 Notably, the increased
evel of lactate, as the result of enhanced glycolysis, altered lactylation
2

odification of histone lysine residues, such as H4K12, and promoted
he expressions of several members of ABC transporter family to pump
rugs outside. 13 Anti-cancer drugs, especially for traditional chemother-
py drugs, usually increase intracellular ROS level to exert their tumo-
icidal effect. DTPC cells boosted NRF2 signal pathway and glutathione
etabolism to tackle potentially harmful oxidative stress. 15 In addition,
iemann-Pick C1 like 1 (NPC1L1) expression was highly elevated in
TPC cells, and then the protein facilitated the uptake of more vimentin
 from outside, which removed lipid peroxyl radicals to decrease oxida-
ive stress. 16 These results together corroborate that DTPC cells employ
nterrelated epigenetic and metabolic machinery to survive drug insults.

A third vital property in common in most DTPC cells is evasion
rom apoptosis induced by chemotherapeutic drugs and/or targeted in-
ibitors. 17 Treatment with pro-apoptosis BH3 mimics, such as ABT-737
nd S63845, triggered cytotoxic effects in lung cancer cells; however,
 small portion of cells did not succumb to apoptosis but acquired DTP
eatures and survived instead. 18 In these drug-tolerant cells, BH3 mim-
cs triggered release of inadequate amount of cytochrome c from mi-
ochondria, which thereby failed to assemble apoptosome; on the con-
rary, the released cytochrome c was sensed by heme-regulated inhibitor
HRI) kinase and then activated integrated stress response (ISR) signal
athway to drive drug-tolerance phenotype. 18 Additionally, increased
xpression of several anti-apoptosis genes was identified in DTPC cells.
n receiving tyrosine kinase inhibitors (TKI), NSCLC-originated DTPC
ells displayed markedly increased MCL1 protein level. Mechanistically,
TORC2 phosphorylated MCL1 at residue Ser64 to promote bind of
CL1 to BIM in these cells, thus facilitating the escape of MCL1 from

biquitin-mediated degradation. 19 Cellular inhibitor of apoptosis pro-
ein 2 (cIAP2) expression was increased at transcription level, promoted
olerance to MEK inhibitors, and reduced apoptosis in melanoma cells. 20 

ccordingly, DTPC cells probably employ distinct mechanisms to re-
ist apoptosis, which provides a therapeutic opportunity for eradicating
hem. 

. The 2nd question: Where are DTPC cells from? 

Whereas DTPC cells share the relatively similar phenotypes and
olecular traits as described above, these DTPC cells under investi-

ation are barely homogenous populations ( Fig. 1 ). This heterogene-
ty does not originate from genetic variations but from distinct tran-
cription profiles. To date, it has been becoming increasingly evi-
ent that treatment-naïve cancer cells usually hijack normal devel-
pment programs to acquire the capacity of drug tolerance. RNA se-
uencing unraveled that colorectal cancer (CRC) cells manifested a
iapause-like gene signature, which was characteristic of downregu-
ated MYC/mTORC1/cell cycle signal pathway, when these cells were
xposed to 5-fluorouracil (5-FU), oxaliplatin, or 5-FU and oxaliplatin
FOLFOX). 6 Hostile environments are critical in triggering diapause
n mammalian embryos under development. Similarly, CRC HCT116
ells displayed typical diapause downregulation gene signature, includ-
ng attenuated cell cycle signal pathway, in culture medium deprived
f serum or glucose. 13 Among these downregulated genes, structural
aintenance of chromosomes 4 (SMC4) was found to be enriched in

he fast-cycling MC38 cell population and play key roles in the switch
o diapause-like state, since knockdown of SMC4 expression inhibited
he proliferation and exacerbated tolerance to irinotecan. 13 Neverthe-
ess, adverse stem cell niche does not initiate diapause-like program.
emoval of epithelial growth factor (EGF) or addition of transforming
rowth factor-beta (TGF- 𝛽) did not induce diapause; instead, this niche
eightened Mex3a expression in a subset of Lgr5+ CRC cells, and slowed
own their proliferative rate. 21 More importantly, Lgr5+ /Mex3a+ cell
opulation was a group of DTPC cells, which was tolerant to 5-FU, 7-
thyl-10-hydroxycamptothecin (SN38) or oxaliplatin, and its expression
rofile was similar to that of fetal stem cells. 21 Lapatinib, as a clin-
cally used small inhibitor targeting epithelial growth factor receptor
 (HER2), induced drug-tolerance phenotype in several HER2+ breast



P. Wang, B. Ke and G. Ma Journal of the National Cancer Center 4 (2024) 1–5

c  

s
M  

w  

l  

e  

i  

p  

i
 

s  

m  

t  

c  

d  

t  

D  

a  

H  

t  

M
C  

i  

t  

t  

d  

c  

l  

O  

D  

t  

i  

D

3

 

i  

q  

s  

D  

g  

i  

t  

t  

s  

d  

c  

(  

r  

t  

f  

a  

h  

u  

M  

D
f  

m  

d  

h  

c  

B  

s  

s  

T  

a  

t  

e  

a  

N  

s  

c  

m  

u  

i  

t  

l  

a  

r  

e  

d  

w  

v  

t

4

 

m  

v  

c  

F  

p  

m  

w  

m  

a  

c  

g  

d  

t  

t  

t
 

o  

a  

D  

p  

o  

d  

o  

l  

u  

N  

r  

D
 

t  

i  

i  

t
T  

a  

t  

s  

D  

s  

c  

o  

c  
ancer cell lines (e.g., BT-474), however it failed to recapitulate the
ame phenotypic transition in other subtypes of breast cancer cells. 22 

oreover, RNA-sequencing showed that lapatinib-induced DTPC cells
ere clustered into two distinct groups, one of which possessed EMT-

ike gene signature while another had transcription profile of positive
strogen response. 22 Accordingly, formation of DTPC cell populations
s subjected to different cellular programs, this heterogeneity which are
robably determined by diverse cancer contexts, drug types and exper-
mental settings. 

The next issue needed to be addressed is whether this drug-tolerance
witch is stochastic or pre-determined. Under the former conditions,
ost treatment-naïve cells, if not all, could become DTPC cells, while in

he latter scenario only a small population of cells acquire drug-tolerant
apacity under therapeutic pressures. Cellular barcoding experiments
emonstrated that clonal complexity did not significantly change be-
ween treatment-naïve and DTPC cells, thus strongly suggesting that
TPC cells did not evolve from a subset of cells with selective growth
dvantages. 6 Using the same technology, researchers confirmed that
ER2+ breast cancer cells had equal potency to become DTPC cells in

he presence of lapatinib. 22 But a piece of inconsistent finding was that
ex3a+ CRC DTPC cells originated from a small population of Lgr5+ 

RC cells, as evidenced by the fact that Mex3a expression was markedly
ncreased in only 10 % Lgr5+ cells resided in normal colonic mucosa and
hese Lgr5+ /Mex3a+ cells displayed drug-tolerant feature upon exposed
o chemotherapeutic drugs. 21 The researchers claimed that this result
id not rule out the possibility of other Mex3a− cells to turn to be DTPC
ells. 21 In our opinion, therapeutic strategies and intervening targets are
ikely to introduce variations into the observed responses in DTPC cells.
ne study showed that drug types determined the chance to become
TPC cells, as cytotoxic therapeutic drugs cultivated a broader pan-drug

olerance than those target-specific inhibitors. 23 However, these find-
ngs underscore the importance of cellular plasticity in the formation of
TPC cells. 

. The 3rd question: Where are DTPC cells going? 

Current findings demonstrate that DTPC cells have two fates. One
s that a subset of DTPC cells re-enter cell cycling stage without ac-
uired drug resistance after drug holiday. Single-cell sequencing demon-
trated that there were non-cycling and cycling population in the late
TPC cells, and these two groups of cells had distinct transcription pro-
rams. 15 The transcription landscape of the cycling population was rem-
niscent of that of the drug-naïve population. 15 These cycling cells even-
ually regenerated a new population, also called as drug-released persis-
ers (DRPs) by researchers, upon drug withdrawal, and DRPs harbored
ignificantly increased proportion of the subpopulation that were pre-
isposed to DTPC cells, implying that DRPs possessed inheritable ma-
hineries to maintain the capacity of switching to drug-tolerance state
 Fig. 1 ). 23 Another destiny of DTPC cells is transformation into drug-
esistant cells ( Fig. 1 ). Whereas there is no consensus about its defini-
ion in academic circle, drug tolerance in cancer is inherently different
rom drug resistance. Drug tolerance is more like a first aid strategy
dopted by cancer cells in the presence of drug insults. On the other
and, prolonged drug treatment would yield irreversibly resistant pop-
lations, 6 which eventually become dominant clones in tumor mass.
ore importantly, drug-resistance cell populations could emerge from
TPC cells and these cells had various drug-refractory mechanisms, 24 

urther suggesting that drug tolerance itself did not hinder the evolve-
ent of drug resistance. For example, BCL2 amplification was usually
etected in mantel cell lymphoma, however, 18q21 amplicons, which
arbor BCL2 , was lost in the resistant cell population derived from DTPC
ells induced by Venetoclax (ABT-199), a small molecule inhibitor of
CL2. 25 This finding indicated that DTPC cells are equipped with intrin-
ic machineries to drive occurrence of genetic aberrations in the conver-
ion from drug tolerance to drug resistance. One key player is APOBECs.
his group of deaminases convert cytidine into uridine to lead to C→T
3

nd C→G, these genetic aberrations which are known as APOBEC muta-
ional signature. As one member of APOBEC family, APOBEC3A (3A3)
xpression was markedly increased to exacerbate APOBEC mutations
nd frequency of double strand breaks (DSB) in osimertinib-induced
SCLC DTPC cells, thus activation of 3A3 is at least partially respon-

ible for genomic instability in TKI-resistant cells. 7 Analysis of clini-
al samples also validated that longer duration of osimertinib treat-
ent heightened APOBEC mutation frequency. 7 Another critical reg-
lator is receptor tyrosine kinase AXL, whose expression was aberrantly
ncreased in multiple malignancies. It has been described that AXL con-
ributed greatly to intrinsic resistance to osimertinib in EGFR-mutated
ung cancer cells. 26 Meanwhile, AXL promoted survival of DTPC cells
nd formation of drug-resistant clones. 27 This effect of favoring drug
esistance relied on two major mechanisms, one of which was accel-
rated error-prone DNA replication to facilitate occurrence of typical
rug-resistant mutations, such as EGFRT790M , and the other of which
as MYC-dictated reprogrammed cellular metabolism. 27 These results
alidate that drug tolerance is highly dynamic and might be a stage prior
o drug resistance. 

. Candidate strategies to tackle DTPC cells 

The exact status of a population of cancer cells determined the regi-
ens. 28 Drug tolerance is probably a valid therapeutic window to pre-

ent emergence of drug-resistant cancer cells. As reported before, DTPC
ells develop tolerance to chemotherapeutic and/or targeted drugs.
ortunately, molecular traits uncovered within recent decade provide
romising targets for treating DTPC cells. Due to space limit of this
anuscript, we do not list all experimental therapeutic results; instead,
e would like to briefly describe a framework by categorizing current
ajor strategies into four types ( Table 1 ). The first strategy is to target

berrant epigenetic machinery, which is the principal feature of DTPC
ells. KDM5A is the first identified epigenetic regulator to drive emer-
ence of drug tolerance, thus small inhibitors against this enzyme were
eveloped and decreased survival in DTPC cells. 3 , 29 The changes in the
rimethylated status of H3K4/H3K27 also play critical roles during the
ransition to DTPC cells, thereby inhibitors of KDM6 could eradicate
hese tolerant tumor cells. 8 , 30 

In addition, survival of DTPC cells heavily relied on lipid hydroper-
xidase GPX4, and inhibitors, such as RSL3 or FIN56, reduced GPX4
ctivity to trigger ferroptosis in multiple types of cancers. 31 Whereas
TPC cells are capable of evading apoptosis induced by chemothera-
eutic drugs, the key proteins that control this process are probably
ptimally druggable targets. Increased cIAP2 was reported to promote
evelopment of DTPC cells, and treatment of cIAP2 inhibitor suppressed
nset of DTPC cells in SOX10-dificient melanoma and EGFR-mutated
ung cancer cells. 20 , 32 Similarly, MCL-1 inhibitor could largely recapit-
late the effect of cIAP2 inhibitor by re-igniting apoptosis in tolerant
SCLC cells. 19 Thus, programmed cell death mechanisms, such as fer-

optosis and apoptosis, are still a therapeutic opportunity of eliminating
TPC cells. 

Distinct transcription profiles also provide several valuable targets in
reating DTPC cells, as yet CDK7, which was essential for transcription
nitiation and DNA repair, has been found to sustain drug tolerance state
n mantle cell lymphoma and its inhibitor THZ1 predisposed DTPC cells
o death through pharmacoproteomic and pharmacogenomic screens. 25 

he inhibitory effect of CDK inhibitor on survival of DTPC cells was
lso confirmed in another study, showing that THZ1 suppressed the
ranscription activation to support tolerant cancer cells. 33 Except tran-
cription machinery itself, genes with aberrantly increased expression in
TPC cells can be exploited. CD70 is a promising target, since its expres-

ion was remarkably upregulated in the early TKI-induced tolerant lung
ancer cells and this protein resided in cell surface. 34 Administration
f anti-CD70 antibody drug conjugates (Cusatuzumab), CD70-targeting
himeric antigen receptor (CAR) T cell or CAR NK cells significantly ab-
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Table 1 

Examples of four therapeutic strategies to tackle DTPC cells. 

Cancer type Initial treatment Potential target Intervening strategies Reference 

Targeting epigenetic aberrations 

NSCLC Gefitinib, Erlotinib KDM5A Trichostatin A 3 

TNBC 5-FU KDM6 GSK-J4 8 

AML Anthracycline KDM6 GSK-J4 30 

Targeting programmed cell death pathways 

Melanoma 
Breast Cancer 

Lapatinib 
Vemurafenib 

GPX4 RSL3 
ML210 

31 

Melanoma BRAF inhibitor 
MEK inhibitor 

cIAP1/2 Birinapant 20 

NSCLC Osimertinib cIAP2 AZD5582 32 

NSCLC Trametinib 
Erlotinib 
Crizotinib 

MCL-1 GDC-0941 
AZD8055 
S63845 

19 

Targeting transcription machinery 

MCL Venetoclax CDK7 THZ1 25 

Targeting highly expressed proteins in DTPC cells 

NSCLC Erlotinib 
Osimertinib 

CD70 Cusatuzumab 
CD70-targeting CAR T cells 
CD70-targeting CAR NK cells 

34 

Abbreviations: 5-FU, 5-fluorouracil; AML, acute myeloid leukemia; DTPC, drug-tolerant persister cancer; MCL, mantle cell lymphoma; NSCLC, non-small cell lung 
cancer; TNBC, triple-negative breast cancer. 
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ogated viability in DTPC cells. 34 We propose that research in this field
ould identify more potential therapeutic targets. 

Drug tolerance is a rapidly developing research field, and the find-
ngs are constantly shaping the concept of DTPC cells. Some proper-
ies of DTPC cells are being recognized and several important issues
re required to be addressed. For example, mTOR signal pathway is a
egulatory hub in cellular metabolism, however, the functions of this
athway seem intricate in DTPC cells. In a pancreatic cancer model,
eactivated mTOR signal pathway was required to sustain survival in
rug-tolerant cells. 35 On the contrary, mTOR signal pathway was ac-
ivated in lapatinib-induced DTPC cells. 22 Therefore, it is necessary to
valuate the roles of intracellular signal pathways in DTPC cells before
pplying specific inhibitors in clinical practice. However, further inves-
igations of DTPC cells are paramount to developing novel treatment
pproaches to prevent tumor relapse. 
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