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The acetylation status of histones located in both oncogenes and tumor
suppressor genes modulate cancer hallmarks. In lung cancer, changes in the
acetylation status are associated with increased cell proliferation, tumor
growth, migration, invasion, and metastasis. Histone deacetylases (HDACs)
are a group of enzymes that take part in the elimination of acetyl groups
from histones. Thus, HDACs regulate the acetylation status of histones.
Although several therapies are available to treat lung cancer, many of these
fail because of the development of tumor resistance. One mechanism of tumor
resistance is the aberrant expression of HDACs. Specific anti-cancer therapies
modulate HDACs expression, resulting in chromatin remodeling and epigenetic
modification of the expression of a variety of genes. Thus, HDACs are promising
therapeutic targets to improve the response to anti-cancer treatments. Besides,
natural compounds such as phytochemicals have potent antioxidant and
chemopreventive activities. Some of these compounds modulate the
deregulated activity of HDACs (e.g. curcumin, apigenin, EGCG, resveratrol,
and quercetin). These phytochemicals have been shown to inhibit some of
the cancer hallmarks through HDAC modulation. The present review discusses
the epigenetic mechanisms by which HDACs contribute to carcinogenesis and
resistance of lung cancer cells to anticancer therapies.
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1 Introduction

Lung cancer is the leading cause of death from cancer
worldwide. The estimated rate is about 2.3 million new cases
per year and 1.8 million deaths within the same year (Sung et al.,
2021). Non-small cell lung cancer (NSCLC) accounts for 85% of
cases, while small cell lung cancer (SCLC) accounts for the rest.
Patients with advanced-stage NSCLC have a poor survival time,
which is lower than 5 years. This is because of relapse and the
development of resistance to cancer therapy (Friedlaender et al.,
2020). On the other hand, SCLC has a survival rate of between
15-20 months, because of its aggressiveness and invasiveness.
SCLC develops early metastases, responds poorly to conventional
treatment, and relapses in most cases (Zhong et al., 2020).

Epigenetic alterations are among the factors that drive tumor
progression. In particular, cancer cells show an altered acetylation
profile. This modified profile plays an essential role in tumor
progression and poor response to lung cancer therapies (Zito
Marino et al., 2019). Histone deacetylases (HDACs) are enzymes
that regulate chromatin remodeling. HDACs remove acetyl groups
from acetylated histones, which are essential to forming a scaffold
for encasing and condensing DNA in the cell nucleus. Of note, the
term acetylation may also refer to other types of protein
acetylation; for example, that occurring in the O-linked
acetylation of threonine and serine (Narita et al, 2019). The
present review alludes only to the acetylation occurring in the
amino group located on the epsilon carbon of the lysine side chain.

HDACs not only can regulate the function of histones but
also non-histone proteins. While histones support compaction
and chromatin remodeling, non-histone proteins take part in the
regulation of DNA replication and RNA synthesis. HDACs have
multiple biological functions in health and disease because they
regulate various cellular processes such as cell proliferation, cell
cycle, survival, and apoptosis (Kelly and Cowley, 2013; Chen
et al., 2015; Narita et al., 2019; Wang P. et al., 2020). HDACs are
critical for the reactivation of epigenetically silenced tumor
suppressor genes (Parbin et al, 2014). Cumulative evidence
shows that aberrant expression or activation of HDACs
promotes carcinogenesis and contributes to the development
of resistance to lung cancer therapies (Damaskos et al., 2018).
Hence, several groups have focused on the research of HDAC
inhibitors, which have improved treatments against this deadly
disease (Shanmugam et al., 2022).

Because HDACs are attractive targets for treating cancer,
there has been a search for novel HDAC inhibitors like
phytochemicals. ~ Fruits, seeds, vegetables, and dietary
supplements contain many phytochemicals. For example,
curcumin, apigenin, EGCG, resveratrol, and quercetin are
commonly found in the diet. These phytochemicals have
several  effects, such as being antioxidants, and
chemopreventives and they inhibit tumor growth (To and
Cho, 2021). Phytochemicals modulate the epigenome through

various mechanisms including the lysine acetylation of histone
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and non-histone proteins. Also, the combination of standard
treatments and certain phytochemicals has been shown to restore
sensitivity to lung cancer therapies (Wright et al., 2017; Gao and
Tollefsbol, 2018).

In this review, we describe recent advances in HDACs and
their inhibitors for the development of more effective cancer
therapies. Furthermore, we describe some regulatory
mechanisms by HDAGC:, focusing on treatment resistance. In
addition, we also review the role of cancer stem cells and related
promoter cells of resistance in HDACs-mediated therapy.
Finally, we discuss the role of phytochemicals as a possible
therapy, which may be used in combination with standard

treatment.

2 Classification and function of
HDACs in lung cancer

(HDAC:s) chromatin

remodeling by catalyzing the removal of acetyl groups from

Histone  deacetylases regulate
lysine residues in the histones. This process occurs when the
chromatin is highly packed and is known as the heterochromatin
state. This condition inhibits gene transcription (Li G. et al,
2020). There are 18 human HDACs enzymes, which are classified
into four classes: Class | HDACs (HDACs 1, 2, 3, and 8); Class II,
divided into two subgroups Ila (HDAC4, -5, -7, and -9) and IIb
(HDAC-6 and -10); Class III, known as Sirtuins (SIRTS),
consisting of SIRT 1-7 and Class IV with only HDAC-11 (Hu
et al., 2000; Seto and Yoshida, 2014). Class I HDACs are
commonly located in the nucleus, except for HDAC-3, which
translocates to the cytoplasm. Class ITa and IIb HDACs can
shuttle between the nucleus and cytoplasm. Class III SIRT 3, 4,
and 5 localize in the mitochondria. SIRT6 and SIRT7 locate in the
nucleus, and SIRT1 and 2 localize in the nucleus and cytoplasm.
Class IV is only present in the cell nucleus (Schlumm et al., 2013;
Guo et al., 2015; Chen et al., 2020).

Human HDAGC:s are classified into two families based on their
activity and structural homology. The zinc-dependent family
consists of class I, IIa, IIb, and IV HDACs. Class, l HDACs -1, -2,
-3, -4, -5, -7, and -8 have a catalytic domain and a nuclear
localization signal (NLS) (Schuetz et al., 2008). Class ITa HDACs
also have myocyte enhancer factor 2 (MEF2) and chaperone
binding motifs (McKinsey et al., 2001). Class IIb HDAC-6 and
-10 have leucine-rich motif-binding and ZnF-binding motifs
(Tong et al., 2002; Milazzo et al., 2020). Class I HDAC-1 and
HDAC-2 can form homo- and heterodimers whose catalytic
domains or active cores localize within the deacetylase complex,
which is required for protein deacetylation. The HDAC-1/
HDAC-2 heterodimer recruits transcription factors, such as
Spl, Sp3, p53, NF-B, and YY1. This heterodimer binds to
DNA through the formation of multiprotein corepressor
complexes. Among the components are Sin3A, nucleosome
remodeling deacetylase (NuRD), DNA -repressor of repressor
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FIGURE 1

The different states of chromatin are epigenetically regulated by HDACs and HDAC inhibitors, which determine the transcriptional activation or
silencing of genes involved in lung cancer development. Studies from 2012 to 2021 showing the role of HDACs and HDAC inhibitors in the
development of therapies against lung cancer. Created with biorender.com CSC, cigarette smoke condensate; iIHDACs (MS-275, YCW1, SNOH-3,
VPA = Valproic acid, TSA = Trichostatin A, SAHA = Vorinostat), Ac, acetylation.
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element-1 silencing transcription factor (CoREST), and mitotic
deacetylase (MiDAC). These complexes mediate HDAC-1/
HDAC-2 phosphorylation and regulate cellular activation
(Doetzlhofer et al.,, 1999; Grimes et al., 2000; Adams et al.,
2018; Lee et al, 2021). The second HDAC family includes
class III HDACs (SIRT1-7). Sirtuins require the NAD+
cofactor to be active and are structurally unrelated to the
HDACs above mentioned (Borra et al., 2004; Spiegel et al., 2012).

Over the past decade, several groups have addressed the
study of the structure and mechanisms of remodeling of HDACs.
This research has led to the characterization of HDAC inhibitors,
which are candidates for the development of more efficient anti-
lung cancer therapies (see Figure 1). Here we describe some of
these investigations chronologically to show how rapidly this
field has developed. For starters, Nagathihalli et al. (2012) found
that heavy smokers may develop a mesenchymal phenotype in
lung cancer associated, which is associated with poor patient
survival. In vitro analyzes showed that cigarette smoke
condensate (CSC) promotes the depletion of epithelial
markers such as E-cadherin and upregulates mesenchymal
markers in lung cancer cell lines. HDAC-1 mediates the loss
of E-cadherin expression by CSC, which increases the expression
of T-cell factor -1 (LEF-1) and Slug. Conversely, the inhibitor of
HDACs Entinostat (MS-275) restores the expression of
E-cadherin and inhibits cell motility, migration, and invasion
by acetylating histones H3 and H4 (Nagathihalli et al., 2012).
Huang et al. reported in 2014 that the YCW 1 inhibitor suppresses
class I and IT HDACs expression in vitro in lung cancer cells by
acetylating histones H3 and H4 and tubulin (a non-histone
protein). YCW1 cytotoxicity by activating the
mitochondrial apoptotic pathway by overexpressing Bak and

induces
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decreasing Bcl-XL protein expression. YCWI1 suppresses
invasion and metastasis through dephosphorylation of focal
adhesion kinase (FAK). Also, the combination of YCW1 with
cisplatin inhibits lung tumor growth in xenograft models due to a
synergistic effect (Huang et al., 2014).

with
demonstrated resistance to paclitaxel treatment, tumor
biopsies show high levels of HDAC-1 and a loss of
p21 expression, which correlates with acquired resistance to
treatment (Wang et al., 2016a). A study, published in 2016,
showed that the inhibitor SNOH-3 ((2E)-N-hydroxy-3-{4-[(3-
trifluoromethylphenylamino) sulfonyl] phenyl}-2-propenamide)

In patients advanced lung cancer who have

inhibits the activity of HDAC-1 and restores sensitivity to
paclitaxel in resistant lung tumor cells. The mechanism is
based on the acetylation of histones H3 and H4 and the
increased expression of the p21 molecule. SNOH-3 alone or
in combination with paclitaxel promotes apoptosis by cleaving
caspase-3 and PARP (poly-ADP-ribose polymerase 1) and
decreases the expression of the anti-apoptotic proteins XIAP
and survivin. SNOH-3 suppresses migration, invasion, and
angiogenesis by inducing Kruppel Like Factor 4 (KLF4)
expression, thus decreasing VEGF expression (Wang L. et al.,
2016).

Sun et al. reported in 2018 that activation of Notch inhibits
cell proliferation by activating the Notch fragments (ICN1, ICN2,
ICN3, and ICN4) in SCLC. The authors found that valproic acid
(VPA) and trichostatin A (TSA) decrease the expression of
HDAC-4, restoring histone H4 acetylation. This in turn
promotes Notchl signaling and induces higher expression of
somatostatin receptor 2 (SSTR2) and the Notch-directed genes
HESI and p21 (Sun et al., 2018). Besides, Zhu et al. showed that
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TABLE 1 HDACs regulate the resistance to therapies in lung cancer.

Class
HDAC,
I, IIa,
IIb and
111

HDAC-1

HDAC-1
HDAC-1,
-2, -4

HDAC-1

HDAC-1

HDAC-1

HDAC-1,
-2, -3

HDAC-1,
-2, -3

HDAC-6
HDAC-1,
-2,-3

HDAC-1,
-3, -6, -8

HDAC-1

HDAC-1, -2

HDAC-1

HDAC-1

HDAC-1

HDAC-3

Pan-HDAC

HDAC-1

HDAC-1, -2

HDAC-1, -4

Biological Function/
cancer

hallmarks clinical
impact

Cell proliferation and
migration,

tumor progression, poor
survival

Epithelial-to-mesenchymal
transition (EMT)

Apoptosis inhibition

Apoptosis inhibition, poor
prognosis, tumor recurrence

Apoptosis inhibition

Apoptosis inhibition,
promote cell cycle

Apoptosis inhibition

Inhibited proliferation,
induce apoptosis
Radiosensitization, induce
apoptosis

Apoptosis inhibition cell
proliferation migration,
invasion,

Growth inhibition, induce
apoptosis

DNA repair inhibition,
promote growth size tumor

Poor prognosis, induced
tumor cell growth

EMT

Apoptosis inhibition, cell
proliferation

Apoptosis inhibition

Cell proliferation, apoptosis
inhibition

Apoptosis inhibition and
autophagy

Promotecell growth and cell
proliferation, apoptosis
inhibition

Induced cell proliferation,
apoptosis inhibition

Frontiers in Genetics

Target/
signaling
pathways

HDAC/RXR/
HtrAl

CHK1, E-cadherin
CREBBP, CDH1

BAX-Ku70
interaction

C/EBP-(/TRIB1/
HDAC/p53 axis

BIM

p21-cyclin B1

FLIP
EGFR
FLIP and
caspase-8
p21

EGFR

ACTL6A

HDAC/OAZ1 axis

ALK

PTEN
BIM

EGFR

EGFR

EGFR

HIF-1a

Resistance/
sensitivity
therapies

Cisplatin resistance

Erlotinib resistance

Amphiregulin
Promotes Resistance
to Gefitinib

Cisplatin,
doxorubicin
resistance

Gefitinib and

erlotinib resistance

Gefitinib resistance

Cisplatin-resistant
Gefitinib resistance
Resistance to
Radiation

Paclitaxel resistance

Erlotinib resistance

Cisplatin resistance

Cisplatin resistance

Crizotinib, alectinib,
lorlatinib and
ceritinib resiistance

Erlotinib resistance

Osimertinib
resistance

Carboplatin
resistance
Gefitinib and
erlotinib resistance

Erlotinib resistance

Cisplatin resistant

04

HDACs
inhibitors
promote
sensitivity

Panobinostat (LBH-
589), Vorinostat
(SAHA), CG347B
Panobinostat

Pracinostat

TSA, SAHA

SAHA

SAHA

TSA, SAHA +
combination with
Silibinin

SAHA, LBH-589
CAY10603

SAHA

SAHA, SNOH-3

SAHA, MPTO0E028

Panobinostat

S11

SAHA

SAHA
SAHA

Panobinostat

SAHA

YF454A

panobinostat

10.3389/fgene.2022.960263

In vitro, Reference
in vivo

and clinical

trials

A549, H460, H1299, Balb/c-nu Wang et al.
mice (2020b)

Clinical phase 1, (EGFR-mutant
NSCLC patients)

H1882, DMS53, 293FT, Athymic
Foxnlnu mice

H358 and H322, NMRI nude mice

Gray et al.
(2014)

Jia et al. (2018)

Busser et al.
(2010)

H460, A549 and H1299, xenograft
model mice

Wang et al.
(2017)

PC-3, PC-9, HCC827, and
HCC2279, BALB/cAJcl-nu/nu
mice

H1299, H358, and H322, athymic

Nakagawa et al.
(2013)

Mateen et al.

(nu/nu) nude mice (2012)
H460, A549 and 34LU Riley et al.
(2013)
A549, HCC827 and H1975 Wang et al.
(2016b)
A549, H460, H1373 CCD34Lu McLaughlin

and HCC15
A549 and NCI-H1299, and

et al. (2016)

Wang et al.

HUVEC, SCID mice (2016a)
CL97, A549, H1975, and H1299, Chen et al.
nude-athymic mice (2013)
A549, H1299, NOD scid Xiao et al.
IL2 receptor g chain knockout (2021)

(NSG) mice

A549, NCI-H460, and NCI-
H1299, BALB/c nude mice

PF240-PE, PF240, PF240-PC,
PF521

Sun et al. (2019)

Stockhammer
et al. (2020)

PC-9, PC-9/ER, H1975 Wu et al. (2020)

PC-9 and PC-3, BALB/c-nu/nu Tanimoto et al.

mice (2017)
A549, Calu-1, H226, H460, Wang et al.
H838 and SKMES-1, NOD- (2018b)

SCID xenograft mice

PC-9, H1975, athymic nude mice  Lee et al. (2015)

A549, H1299, H1975, PC9,
HCC827, BALB/cA nude mice

Yu et al. (2017)

Fischer et al.
(2015)

NCI-H23, A549

(Continued on following page)
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TABLE 1 (Continued) HDACs regulate the resistance to therapies in lung cancer.

HDACs
inhibitors
promote
sensitivity

Mocetinostat is a

10.3389/fgene.2022.960263

In vitro,

in vivo

and clinical
trials

NCI-H23, NCI-H1299, NCI-

Reference

Briere et al.

Class Biological Function/  Target/ Resistance/
HDAC,  cancer signaling sensitivity
I, IIa, hallmarks clinical pathways therapies
IIb and  impact
111
HDAC I/IV  Inhibit an efective antigen- PDL-1 PDL-1
specifc immune response immunotherapy
HDAC-2 Promote resistance to therapy ~ ABCA1 Cisplatin resistant
HDAC-1, Induced cell cycle and Inhibit the PI3K/  Icotinib resistant
-2, -3 decreased apoptotic AKT and RAS/
MAPK pathways
HDAC Promote Cell cycle apoptosis  FoxM1 and MYC  Olaparib resistant
inhibition, decreased DNA
damage repair activity
HDAC-1,- Promotion of tumor growth BET Osimertinib
2,- 3, -6, resistance
SIRT1 Induces cell cycle, p53, p21, Cisplatin resistant
proliferation, and apoptosis is
suppressed in cisplatin-
resistant cells.
SIRT1 Induced apoptosis resistance  p-TrCP- XRCC1 Cisplatin resistant
and chemoresistance
SIRT5 Regulates drug resistance, Nrf2 Cisplatin resistant

poor overall- and disease-free
survival

spectrum-selective H1437, NCIH1703, NCI-H1792, (2018)
inhibitor NCI-H1838, NCI-H2122 and
CT26. WT (CT26).
Valproic acid (VPA)  A549, H358 Chen et al.
(2017b)
chidamide A549, HCC827, HCC827IR, Bagg  Zhang et al.
Albino (BALB/c) athymic nude (2019)
mice
CUDC-907 DMS273, H82, H526, H69, and Ma et al. (2021)
H446, patient-derived xenografts
(PDXs) model
SAHA, TSA H1975 and HCC827, athymic (nu/  Meng et al.
nu) mice (2021)
A549 and A549/CADD cells, Yu et al. (2020)
EX-527 H460 Yousafzai et al.

(2019)

A549, LU99 and NCI-H460, nu/ Lu et al. (2014)

nu mice

Refs (Busser etal., 2010; Mateen et al., 2012; Chen et al.,, 2013; Nakagawa et al,, 2013; Riley et al., 2013; Gray et al.,, 2014; Lu et al., 2014; Fischer et al., 2015; Lee et al.,, 2015; Wang L. et al,, 2016; Wang
etal,, 2016b; McLaughlin et al., 2016; Chen J. H. et al,, 2017; Tanimoto et al., 2017; Wang et al., 2017; Yu et al., 2017; Briere et al., 2018; Wang L. et al., 2018; Jia et al., 2018; Wei et al., 2018; Sun et al.,
2019; Yousafzai et al., 2019; Zhang et al,, 2019; Wang W. et al., 2020; Stockhammer et al., 2020; Wu et al., 2020; Yu et al., 2020; Ma et al,, 2021; Meng et al,, 2021; Xiao et al., 2021).

TSA and vorinostat (suberoylanilide hydroxamic acid, SAHA),
both HDAC:s inhibitors, promote the expression of MICA/B,
leading to activation of NK cells and tumor growth inhibition
(Zhu et al., 2021).

Studies made in the last 5years (2017-2021) have
characterized HDAC inhibitors in lung cancer, using in vitro
and in vivo assays. These studies have reported that HDAC
inhibitors act against class I, II, and IIl HDACs. These HDACs
act at several levels; for instance, they inhibit tumor cell
proliferation and tumor growth. HDACs also sensitize to
therapy against lung cancer. Currently, clinical trials for HDAC
inhibitors in lung cancer are in phases I and II (See Table 1).

On the other hand, posttranslational modifications of non-
histone proteins are involved in the tumorigenesis of lung cancer.
As components of epigenetic regulatory mechanisms, HDACs
may also target non-histone proteins involved in several cellular
processes (e.g., migration, invasion, and metastasis) (Harada
et al, 2016). For instance, S100A6 (S100 Calcium Binding
Protein A6) promotes cell proliferation and inhibits cell death
in lung cancer through the deacetylation of p53; thus, p53 is
inactivated (Li et al., 2019).

Modulation of non-histone proteins using HDACs may help
against cancer. For example, quisinostat is an inhibitor of
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cancer.

HDAC-6 in high
acetylation on H3 and H4 histones, as well as a-tubulin, a

lung Quisinostat  promotes
non-histone protein. This inhibitor increases the production
oxygen (ROS),

mitochondrial membrane potential (A¥m), and induces

of reactive species promotes loss of
apoptosis through an imbalance between pro- and anti-
apoptotic proteins of the Bcl-2 family. Quisinostat also
induces the activation of the p53 pathway by acetylation at
K382/K373 sites, which increases the expression of p21(Wafl/
Cip1), p27, p57, and cyclin D1 repression. All these events lead to
cell cycle arrest in the transition of G1-to S-phases. Quisinostat
inhibits cell migration and metastasis by suppressing the EMT
phenotype, although the mechanism is not very clear (Bao et al.,
2016).

Another report showed for the first time that HADC-7 has a
function as an oncogene in lung cancer. Forty-four percent of
lung cancer tumors exhibit high HDAC-7 expression, which
correlates with poor prognosis in patients. High expression of
HDAC-7 inactivates the non-histone protein STAT3 through its
deacetylation. This promotes cell proliferation and inhibits
apoptosis in lung cancer (Lei et al, 2017). Another study
showed that acetylation of lysine residues at K185 and
K201 sites of the Cl member of the aldo-keto reductase
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1 family (AKRIC1) induces a pro-metastatic phenotype in
NSCLC cells both in vivo and in vitro. The acetylation of

AKRIC1 activates STAT3, which promotes metastasis.
However, the physical interaction between SIRT2-and
AKRIC1 represses the metastatic phenotype through
deacetylation ~ of AKRICl. This  process  inhibits

STAT3 expression (Zhu et al.,, 2021).

Tyrosine kinase inhibitors (TKIs) are commonly used to treat
lung cancer. One of the targets for which they have been designed
is anaplastic lymphoma kinase (ALK). ALK is a tyrosine kinase
originally described in lymphoma that is aberrantly expressed in
several tumors. In NSCLC, chromosomal rearrangements
involving the ALK gene loci on chromosome 2 are in
approximately 3-5 percent of NSCLC tumors. Although lung
tumors harbor ALK rearrangements and may be sensitive to
TKIs, they develop several mechanisms of resistance. These
include the acquisition of a secondary mutation within the
ALK
approximately one-third of resistant cases. The most common

tyrosine kinase domain, which is present in
resistance mutation is the gatekeeper L1196M mutation, followed
by the G1269A mutation. Other mutations occur at residues
1151, 1152, 1156, 1174, 1202, 1203, and 1206. The G1202R
mutation confers resistance to crizotinib and second-
generation ALK inhibitors (alectinib, brigatinib, ceritinib, and
ensartinib) but is sensitive to lorlatinib (Katayama et al., 2012;
Recondo et al., 2020; Takahashi et al., 2020).

The combination of HDACs with ALK inhibitors is an
alternative for patients whose tumor develops resistance.
Fukuda et al. (2019) showed that pretreatment with the
HDAC inhibitor quisinostat downregulates the expression of
miR-200c, leading to higher expression of ZEB1 and promoting
tumor cell sensitivity to crizotinib. Stockhammer et al. (2020)
found that the highly resistant PF240-PE tumor cells to crizotinib
and alectinib became sensitive to these ALK inhibitors after
treatment with vorinostat. Thus, combining therapies using
TKIs and HDACs could be an option to increase the
effectiveness, and response treatment to increase survival and

disease-free survival in lung cancer patients.

3 Mechanisms of resistance to
therapy regulated by HDACs in lung
cancer

Despite advances in the development of new therapies
against lung cancer, the development of resistance to
treatment is a current problem that requires further research
effort and investment. Several factors are implicated in tumor
treatment resistance, including intratumoral heterogeneity,
genetic instability, and phenotypic plasticity. Molecular and
phenotypic changes within tumor cells favor clonal selection,
leading to tumor progression. Genetic instability and tumor
plasticity confer intrinsic resistance to therapy by inducing
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mutations, deletions, and amplifications. However, epigenetic
changes also favor the development of resistance to treatments.
In particular, the aberrant deacetylation of histone and non-
histone proteins by HDACs is a relevant mechanism that is
associated with developing therapy resistance in lung cancer.

Multiple signaling pathways play a part in HDAC-related drug
resistance in lung cancer. Among them are epidermal growth
factor receptor (EGFR)/HDAC-1, HDAC/retinoic X receptor
(RXR)/high-temperature requirement factor Al (HtrA), and
HDAC/ornithine decarboxylase antizyme 1 (OAZ1) (Table 1
and Figure 2). EGFR is a transmembrane receptor tyrosine
kinase whose overexpression is linked to the development of
lung cancer. Most patients having EGFR-positive lung tumors
are successfully treated with TKIs as elective therapy. However,
some cases develop EGFR mutations that confer acquired
resistance to standard therapy and TKIs (Nagano et al,, 2018).

To target this phenomenon, Wei et al. (2018) treated with
vorinostat lung cancer cells harboring EGFR mutations associated
with TKI resistance. Vorinostat suppresses cell tumor cell growth
by dephosphorylating ERK and AKT. Vorinostat also induces cell
cycle arrest and apoptosis and represses VEGF expression, which
results in reduced angiogenesis.

EGEFR promotes the phosphorylation of HDAC-1, an event
required for its stability and increased
Phosphorylation of the Tyr72 site on HDAC-1 promotes the

antiapoptotic function of HDAC-1 and resistance to gefitinib in

expression.

lung adenocarcinoma (Bahl et al, 2021). BCL-2-interacting
mediator of cell death (BIM) is a BH3-only proapoptotic
member of the Bcl-2 protein family that induces apoptosis.
Upregulation of BIM induces apoptosis in EGFR-mutated
of NSCLC through EGFR-TKIs. BIM deletion
polymorphism is associated with resistance to EGFR-TKIs,

forms

such as gefitinib and erlotinib. This polymorphism confers an
inherent TKIs-resistant phenotype (Ng et al., 2012; Nakagawa
et al.,, 2013).

Nakagawa et al. (2013) found that vorinostat increases BIM
expression, which restores sensitivity to gefitinib in EGFR-TKI-
resistant cells. In xenograft models, the combination of gefitinib
with vorinostat markedly reverts the growth of tumors bearing
the BIM polymorphism compared to gefitinib alone. Similarly,
Tanimoto et al. (2017) found that vorinostat combined with
osimertinib reverses the resistance of EGFR-mutated NSCLC cell
lines presenting the BIM deletion polymorphism. Vorinostat
affects the alternative splicing of BIM mRNA by increasing
the expression of active BIM protein and also inhibits HDAC-
3. In xenograft models, combining vorinostat with osimertinib
in EGFR-mutated NSCLC cells that are
homozygous for the BIM deletion polymorphism.

(cMet) is a
transmembrane tyrosine kinase receptor with pleiotropic

reverts tumors
Mesenchymal-epithelial transition factor
functions. Phosphorylation for a hepatocyte growth factor

(HGF) activates cMet. Elevated HGF levels and c-Met
overexpression are associated with poor prognosis in lung
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cancer. MET gene amplification is a known mechanism of
resistance to TKIs (Mo and Liu, 2017; Liang and Wang,
2020). He et al. explored the antitumor activity of GCJ-490A.
This is a novel pan-HDAC inhibitor that exerts potent inhibitory
activity against HDAC-1, HDAC-3, and HDAC-6. The authors
studied the effect of GCJ-490A alone or in combination with the
EGEFR inhibitor gefitinib against NSCLC. They found that GCJ-
490A inhibits NSCLC cell proliferation and induces apoptosis
in vitro and in vivo. The mechanism is via inhibition of HDAC-
1 and HDAC-6, increasing histone acetylation of the IKK
promoter. This in turn enhances IKK transcription, which
increases c-Met expression (He et al., 2022).

Mutations in Kirsten rat sarcoma viral oncogene (KRAS) in
NSCLC are associated with poor prognosis and resistance to
TKIs. KRAS mutations induce resistance to gefitinib. This is due
to the high expression of amphiregulin (AREG) and the insulin-
like growth factor-1 receptor (IGFIR), which activates the PI3K/
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Akt pathway. Lung adenocarcinomas harbor mutations in the
KRAS oncogene, and 80% of these mutations occur in codon 12.
KRAS mutations are independent of EGFR mutations (Salgia
et al., 2021). Sustained activation of PI3K/AKT stimulates
Ku70 binding to BAX, leading to apoptosis inhibition and
promoting cell proliferation. The mechanism is through class
/Il and II/sirtuin HDACs, which deacetylate Ku70. Jeannot
et al. (2014) investigated the role of acetylation in controlling the
interaction between BAX and Ku70. They also studied how the
acetylation of Ku70 participates in the PI3K/AKT pathway and
gefitinib resistance. The authors found that TSA (a class I/II
HDAC
deacetylase inhibitor) sensitize H358 cells to gefitinib-induced

inhibitor) and nicotinamide (a class IIl/sirtuin
apoptosis. The combination of TSA and nicotinamide induces
apoptosis and significantly sensitizes cells to gefitinib compared
to gefitinib treatment with TSA or nicotinamide alone. TSA and
nicotinamide inhibit gefitinib-induced activation of p-AKT. The
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mechanism is through an additive effect via activation of caspase
3 and dissociation of BAX/Ku70 by acetylation of Ku70.

The Hippo signaling pathway is a kinase cascade containing a
Yes-associated protein (YAP) and a transcription coactivator
with a PDZ-binding motif (TAZ). Hippo, YAP, and TAZ play a
role in several processes such as early airway bifurcation
morphogenesis, epithelial lineage differentiation, cellular
injury
regeneration. Nevertheless, these molecules are also involved

transition to air respiration, repair, and tissue
in carcinogenesis and cancer progression (Warburton, 2020).
Lung cancer cells with mutated KRAS express high protein levels
of YAP/TAZ. TAZ is a transcriptional activator that regulates
organ size but is also involved in tumor growth and migration.
TAZ promotes the secretion of AREG, which activates the EGFR
signaling pathway (Yang et al., 2012; Chao et al., 2021). Gefitinib
and panobinostat may be effective against gefitinib-resistant lung
cancer cells that exhibit mutations in KRAS and EGFR.
Panobinostat induces TAZ repression, which leads to cell death
by cleavage of PARP, caspase-3, and caspase-9. Increasing histone
H3 acetylation of the non-histone protein tubulin promotes tumor
cell sensitivity to gefitinib (Lee et al., 2017). In vitro and in vivo
studies show that the combination of resminostat (an HDAC-6
inhibitor) with docetaxel induces microtubule stabilization
through the polymerization and acetylation of H3-histone into
tubulin in lung cancer. Microtubule stabilization arrests cells in the
G2/M phase of the cell cycle, suppresses cell proliferation and
causes cell death mediated by activation of caspases -3 and -7
(Konishi et al., 2017).

One of the most widely used therapies for NSCLC patients
with mutated EGFR is afatinib (Wu et al., 2021). Yet, when patients
develop resistance to afatinib, there are few options left to treat
these patients. A study using H1975 lung cancer cells resistant to
afatinib showed that treatment with HDAC inhibitors sodium
valproate or AR42 decreased the expression of several members of
the tyrosine kinase receptor family: ERBB1, ERBB2, ERBB3 and
ERBB4, and c-MET. These HDAC inhibitors also decrease the
expression of HDAC-1, HDAC-2, HDAC-3, HDAC-4, HDAC-6,
and HDAC-10. The combination of neratinib with sodium
valproate inactivates mTORC1 and mTORC2, which induces
this
combination reduces the expression of PD-L1, PD-L2, and

apoptosis and autophagosome formation. Besides,
ornithine decarboxylase (ODC). These molecules are implicated
in poor response to treatment. The combination of neratinib and
sodium valproate increases the expression of MHC-A molecules
(Booth et al., 2019).

The serine peptidase HtrAl participates in cisplatin (CDDP)
resistance by promoting a cancer stem cell phenotype in lung cancer
(Li et al, 2020b). Due to the high expression of HDAC-1 and
HDAC-6 in cancer cells, HtrAl expression is low, as well as the
expression of the retinoid X receptor (RXR). This results in the
inactivation of acetyltransferase and increased resistance to CDDP.
The combination of HDAC inhibitor panobinostat (LBH-589) with

the RXR agonist bexarotene (Bexa) has a synergistic effect that
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increases HtrAl and RXR expression and inhibits HDAC-1 and
HDAC-6. Thus, HDACs and RXR play a co-regulatory role in
HtrAl expression. Another mechanism of HtrAl regulation is
through DW?22, which inhibits HDACs and activates RXR,
resulting in increased transcription of HtrAl. DW22 and
vorinostat increase the ability of RXR to bind to the promoter-
specific sites of HtrAl, and acetylated H4 and H3 bind to the
HrtAl promoter. All this reduces tumor cell invasion and migration
and suppresses tumor growth in vivo (Wang W. et al., 2020).
P-glycoprotein (P-GP), a drug efflux pump, is overexpressed in
multiple cancers and is associated with multidrug resistance (Seelig,
2020). Sun et al. (2019) reported that 60% of tumor tissues, obtained
from patients treated with CDDP, show decreased ornithine
decarboxylase antizyme 1 (OAZ1) expression and high HDAC-1
expression. This correlates with poor survival and poor treatment
response. The authors also found that the HDAC inhibitor
S11 suppresses P-gp and HDAC-1 and increases the expression
of OAZI. S11 increases the accumulation of acetylated H4 in the
OAZ1 promoter region. Besides, S11 decreases cell migration and
colony formation. The combination of S11 with CDDP is synergistic
and promotes cell death in vitro and in vivo. This results in an
increased sensitivity to CDDP therapy (Sun et al., 2019).

4 Cancer stem cells promote therapy
resistance through HDACS in lung
cancer

Tumor heterogeneity contributes to progression, poor response
to treatment, and development of acquired resistance to therapies in
solid tumors. Tumor heterogeneity comprises intertumoral and
intratumoral heterogeneity. Intertumoral heterogeneity consists of
genetic variations among patients with the same type of tumor.
While intratumoral heterogeneity is conformed by different cancer
cells containing genetic variations and epigenetic changes, as well as
changes in the regulation of gene expression (Brady et al,, 2021).
Solid tumors are composed of cancer cells, cancer stem cells (CSCs),
and stromal cells such as endothelial cells, tumor-associated
fibroblasts,
macrophages (TAMs). All these cells form part of a complex

mesenchymal stem cells, and tumor-associated
architecture supported by blood vessels and the extracellular
matrix, which all in all comprise the tumor microenvironment.
Besides, soluble factors such as nutrients, growth factors, and
cytokines, as well as the oxygen supply are essential components
of the tumor microenvironment. The interaction of all these factors
contributes to the development of angiogenesis, cell proliferation,
invasion, and metastasis in lung cancer (Hass et al., 2020).

CSCs contribute to tumor progression, relapse, poor survival,
and treatment resistance in lung cancer patients (see Figure 3)
(71). CSCs are a small subpopulation of cancer cells that exhibit
many genetic and epigenetic alterations. CSCs share properties
with normal stem cells, such as the expression of transcription
factors Nanog, Oct4, and Sox2, surface markers ALDH, and
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CD133. They also share the capacity for self-renewal and
differentiation to multiple lineages (Saito, 2014).

Wang et al. reported that cisplatin, but not paclitaxel and
doxorubicin, induces the enrichment of CSCs and confers
multidrug resistance to NSCLC cell lines. Cisplatin-resistant
tumors increase the expression of CSC transcription factors in
a xenograft lung cancer model. Treatment with cisplatin
promotes the interaction of HDAC-1 with pseudo kinase
tribbles homolog 1 (TRIB1), resulting in the inactivation of
p53 through its deacetylation (Wang et al., 2017). Even so, the
combination of vorinostat and cisplatin enhances antitumor
effects against NSCLC cell lines in a TRIB1-dependent
manner. This combination also shrinks xenograft tumors
(Eyers et al., 2017; Jadhav and Bauer, 2019).

Several studies showed that microRNAs regulate self-
renewal, tumorigenicity, metastasis, and chemoresistance of
CSCs Chen (2014)
investigated whether miR-200b regulates CSCs derived from

in various human cancers. et al
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docetaxel-resistant lung adenocarcinoma cells. Results showed
that CSCs derived from docetaxel-resistant lung adenocarcinoma
cells  downregulate ~ miR-200b.  Overexpression  of
HDACI1 represses miR-200b in CSCs through a specificity
protein (Sp) 1-dependent mechanism. Upregulation of miR-
200b reverses the chemoresistance of docetaxel-resistant
adenocarcinoma cells by inducing cell cycle arrest and
apoptosis. HDACI repression restores miR-200b, inhibits the
enrichment of CSCs, and reverses the chemoresistance of CSCs.
The mechanism is by regulating Suz-12, a miR-200b target,
through the E-cadherin signaling pathway. These data suggest
that HDAC-1/miR-200b/Suz-12-E-cadherin signaling regulates
the of CSCs
adenocarcinoma cells.
Bora-Singhal et al. (2020) found high levels of HDAC-11 in
lung adenocarcinoma and squamous cell carcinoma tumor tissue

formation in  docetaxel-resistant  lung

compared to normal lung tissue. High levels of HDAC-11

correlate with poor treatment outcomes. HDAC-11 is
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upregulated in the cancer stem-like population (SP) from NSCLC cell
lines (A549 and H1650). Elimination of HDAC-11 reduces self-
renewal of cancer SP cells and decreases Sox2 expression, which is
essential for maintaining this cell subset. HDAC-11 regulates
Sox2 expression through interaction with the transcription factor
Glil. Highly selective HDAC-11 inhibitors FT234 and
FT895 efficiently ablate the growth of drug-insensitive stem-like
cells and therapy-resistant lung cancer cells. Treatment with
synthetic inhibitors against HDAC-11 suppresses Sox2, reduces cell
proliferation and migration, and decreases the CSC subpopulation.
While HDAC class I and IV overexpression promotes the
development of CSCs in lung cancer, HDAC-10 (class IIb) acts as a
tumor suppressor by targeting CSCs (Li et al., 2020c). Li et al.
reported that HDAC-10 might act as a putative tumor suppressor
in mice carrying a spontaneously activated oncogenic KRAS allele.
HDAC-10 deletion accelerates early-stage KRAS-driven lung
adenocarcinoma, increases macrophage infiltration within the
tumor microenvironment, and shortens the survival time in
mice. The authors found an increased number of highly
tumorigenic and strain-like lung adenocarcinoma cells in
Hdac10-deleted tumors compared to Hdac10 wild-type tumors.
Deletion of HDAC-10 in knock-out tumor cells induces higher
expression of SOX9 and genes associated with the TGF pathway,
indicating a possible mechanistic association (Li et al., 2020c).
On the other hand, there is little evidence for the role of
class III HDACs or sirtuins (SIRT 1-7) in lung cancer
therapy resistance. Sun et al. (2020) characterized drug-
resistant lung adenocarcinoma cell lines after treatment
with gefitinib. They identified a subpopulation of tumor
cells that exhibit strain-like properties, mitochondria-
specific metabolic features, and expression of SIRTI as a
survival benefit. Treatment with tigecycline, a mitochondrial
DNA inhibitor, tenovin-6 (TV-6), a
SIRT1 inhibits  their
mitochondrial oxidative phosphorylation (mtOXPHOS)

translation or

inhibitor, dependence  on
and sensitizes them to a more pronounced and long-
lasting therapeutic TKI effect. Combined therapy with
TV-6 and gefitinib, but not single-agent therapy, induces
tumor regression in xenograft mouse models. Furthermore,
increased expression of SIRT1 and mtOXPHOS proteins in
tumor tissues of lung adenocarcinoma patients is associated

with recurrence and poor prognosis.

5 Clinical assays using HDACs for lung
cancer treatment

We briefly describe the inhibitory activity of HDAC inhibitors
against HDAC in assays in vitro in lung cancer. Different studies
have reported the inhibitory activity against HDAC in vitro. For
instance, SNOH-3 is a novel inhibitor of HDAC-1, HDAC-3,
HDAC-6, and HDAC-8 isoforms, with half-maximal inhibitory
concentration (IC50) of 46.5 + 13.1, 28.1 + 2.3, 42.3 + 11.8 and
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146.2 £ 52.6 nM, respectively. While vorinostat has IC50 values of
934 * 16.9, 51.2 £ 9.2, 26.6 + 6.3, and 195.9 + 32.5 nM against
these HDAC isoforms. The IC50 values were obtained from
A549 and H1299 cell lines. SNOH-3 has better activity against
HDAC-1 compared to HDAC-3, HDAC-6, and HDAC-8 in both
cell lines. Similar results were observed with vorinostat. SNOH-3
promotes apoptosis through the scission of caspase-3 and PARP
and decreases the anti-apoptotic proteins XIAP and survivin.
Additionally, this inhibitor induces cell migration, invasion, and
angiogenesis  inhibition by mediating increase in
KLF4 expression and low VEGF expression (Wang L. et al., 2016).

Isoform selective HD AC inhibition can be one of the therapeutic

an

strategies in the treatment of lung cancer. HDAC inhibitors have
different IC50 values, as observed in vitro assays on lung cancer cell
lines. Yet most HDAC inhibitors show IC50 values ranging from
4.5 to 10.5 mM concentrations. For example, panobinostat ranges
between 4 and 31 nM, vorinostat ranges from >10 to 1975 nM, and
mocetinostat has an IC50 value of 1000 nM. These inhibitors have a
selectiveaffinity to HDACisozymesdependent onzinc (HDACclass
I, ITa, IIb, and IV). Of note, all of them have completed clinical trials
(Table 2). Only the CUDC-907 inhibitor has an IC50 ranging from
0.49-8.8 nM. Thus, CUDC-907 could be a potential candidate for
future clinical trials. Although HDAC inhibitors can function as
pan-HDAC inhibitors due to their wide spectrum of action, few have
been approved for lung cancer treatment. Currently, panobinostat,
vorinostat, mocetinostat, valproic acid, entinostat, and chidamide,
have completed phase I, II, and III clinical trials (See Table 2).
Although HDAC inhibitors mainly target different classes of
HDAG:s, their inhibitory effects are not limited to these enzymes.
This is due to the deregulation of multiple targets and the great
promiscuity some HDACs show. Moreover, the affinity of
HDAC
posttranslational modifications, or the composition of HDAC

inhibitors relies on several factors, such as
complexes. So the specificity of HDAC inhibitors can be limited.
A recent study by Lechner et al. (2022), which was based on
proteomic assays, showed that some HDAC inhibitors have off-
target substrates and low selectivity, particularly HDAC-
6 inhibitor tubastatin A. The authors also showed that HDAC
inhibitor hydroxamic acid has as an unexpected target the
metallobeta-beta-lactamase-domain-containing ~ protein 2
(MBLAC2), which leads to the accumulation of extracellular
vesicles in vitro. Although these off-targets deserve further
research to identify unknown substrates, HDAC inhibitors are
still considered promising drugs that can help improve
treatments for lung cancer, as shown in vitro, in vivo, and in

clinical assays.

6 Modulation of HDACs by natural
compounds in lung cancer

Many phytochemicals play critical roles in the treatment of

various diseases, including cancer. Phytochemicals are
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TABLE 2 Structure of HDACs inhibitors against deacetylase isozymes in lung cancer and clinical assays.

Structure HDAC In vitro HDAC
inhibitors tests NSCLC class
cell lines
A549 Class I
Panobinostat (LBH-589) Calu-1 Class ITa
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HDAC
isozyme

HDAC-1
HDAC-2
HDAC-3
HDAC-8
HDAC-4
HDAC-7
HDAC-9
HDAC-6

HDAC-1
HDAC-2
HDAC-3
HDAC-8
HDAC-4
HDAC-7
HDAC-9
HDAC-6

HDAC-6

HDAC-1
HDAC-2
HDAC-3
HDAC-8
HDAC-4
HDAC-7
HDAC-9
HDAC-6

HDAC-11

HDAC-1
HDAC-2
HDAC-3
HDAC-6

HDAC-6

HDAC-1

HDAC-1
HDAC-2
HDAC-8
HDAC-6

1

HDAC Clinical assays Reference

Inhibition

IC50 (nM)

4-31 Phase I Completed Wang et al. (2018b)

(NCT02890069)

817 + 1.4 Phase I Completed Shieh et al. (2017)

281.0 + 2.2 (NCT01059552)

328 + 1.6

>10

20.0 £ 0.2

1975.0 = 35.0

5000 Not yet evaluated Wang et al. (2020b)

125 Not yet evaluated Jia et al. (2018)

81.3 Not yet evaluated Tang et al. (2018),

232 Meng et al. (2021)

400

10, 5 mg/kg Not yet evaluated Liu et al, 2019,
Wang et al. (2016¢)

822 Not yet evaluated Wang et al. (2016a)

1550 + 140 Not yet evaluated Chen et al. (2013)

1100 + 20

1300 + 130

1660 + 410

1350 + 110

(Continued on following page)
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TABLE 2 (Continued) Structure of HDACs inhibitors against deacetylase isozymes in lung cancer and clinical assays.

Structure HDAC In vitro HDAC HDAC HDAC Clinical assays Reference
inhibitors tests NSCLC  class isozyme Inhibition
cell lines IC50 (nM)
S11 A549 CDDP Class I HDAC-1 1380 Not yet evaluated Sun et al. (2019)
o} resistants HDAC-2 2320
@_{N—ﬁ H460 CDDP 1390
resistants
H1299 CDDP
resistants
Mocetinostat H23 Class I HDAC-1 1000 Phase II completed Briere et al. (2018)
= N H1299 HDAC-2 (NCT02954991)
H1437 HDAC-3
| H1703 HDAC-8
\© H1792
H1838
H2122
CT26
Valproic acid (VPA) 1. A549 Class I HDAC-1 10.5 Phase I-II completed Kalantar et al., 2021
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Refs (Chen et al., 2013; Wang L. et al,, 2016; Wang et al., 2016¢; Chen G. et al., 2017; Shieh et al., 2017; Yu et al,, 2017; Wang L. et al.,, 2018; Jia et al., 2018; Tang et al., 2018; Luo et al., 2019;

Sun et al., 2019; Ma et al., 2020; Zhang et al., 2020; Guo et al., 2021; Meng et al., 2021).

compounds derived from plants. Either purified or obtained as
extracts, they are of great interest because of their therapeutic
(Lin et 2020).

range of secondary

or chemopreventive properties al,

Phytochemicals include a wide

metabolites such as polyphenols, flavonoids, steroid

saponins, organosulfur compounds, and vitamins. Many
phytochemicals have great antioxidant potential, so they can
be chemopreventive agents. Besides, their use might be

beneficial in combination with established conventional
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treatments (Forni et al., 2019; Lin et al., 2020). Although the
bioavailability of phytochemicals when ingesting foods that
contain them (fruits, vegetables, and whole grains) is low, some
foods have the concentrations required to exert an anticancer
effect. The structure of the phytochemicals discussed in the
present review and chemotherapeutic agents and TKIs are
shown in Figure 4.

Further studies show that some phytochemicals act as critical
modulators of HDACs in lung cancer resistant to standard
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therapies (Figure 5). For example, curcumin is a potent anti-
inflammatory, and an antioxidant compound found in high
concentrations in spice turmeric, which gives curry its yellow
appearance. Curcumin is a phenolic acid that also shows
antitumor effects and alters the expression of Sp transcription
factors. Sp transcription factors are members of the Sp/Krppel-
like family (KLF) conformed by Sp1, Sp2, Sp3, and Sp4 (Hewlings
and Kalman, 2017). These Sp proteins are overexpressed in
several tumors, including lung cancer. Spl transcription factor
and HDAC-1 regulate EGFR expression through the complex
with Kruppel-like factor 10 (KLF10/TIEG1), which binds to
promoter sites within Spl to inhibit histone acetylation and
repress Spl transcription (Beishline and Azizkhan-Clifford,
2015).

Chen et al. (2019) investigated the effect of curcumin on
abrogating gefitinib resistance of NSCLC cells with wild-type
EGFR and KRAS mutations using in vitro and in vivo models.
Gefitinib-resistant NSCLC cell lines (H157 and H1299)
treated with a combination of curcumin and gefitinib
diminish the activity of EGFR through repression of Spl,
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which in turn blocks the interaction of Spl with HDAC-1.
Furthermore, curcumin and gefitinib synergistically inhibit
the receptor tyrosine kinase signaling and ERK-AKT
pathways. Whereas they induce autophagic cell death, and
autophagy-mediated apoptosis, by suppressing the interaction
of Spl/EGFR. Using xenograft mouse models, the authors
showed that the combination of gefitinib and curcumin
significantly inhibits tumor growth compared to treatment
with either drug alone.

Apigenin is a flavone found in vegetables such as fresh parsley,
vine spinach, celery seed, green celery heart, Chinese celery, and
dried oregano. This flavone has multiple properties, being a
powerful  antioxidant and  possessing  antimutagenic,
anticarcinogenic, and anti-inflammatory activities (Wang et al.,
2019). Yan et al. showed that apigenin promotes arrest in the G2/
M cell cycle in lung cancer cell lines by reducing the binding of
HDAC-1. This results in histone H3 acetylation of the promoters
for p21 and PUMA genes which increases the association of RNA
polymerase II and Sp1 (Yan et al., 2020). Apigenin can also induce

acetylation of the TP53 promoter. The combination of cisplatin
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with apigenin showed a remarkable prolongation of S-phase and
arrest in G2/M-phase, a decrease in cell proliferation, and
induction of cell death. Thus, apigenin enhances the anticancer
activity of cisplatin (Wang et al., 2019). However, apigenin is
insoluble in polar solvents such as water, which further hampers
pharmacokinetic studies. Its absorption, distribution, metabolism,
and excretion are slow during phase II metabolism in the
gastrointestinal tract. Apigenin is poorly absorbed because of its
insolubility, moderate permeability, chemical instability, and the
conjugation reactions of glucuronidation and sulfonation (Meyer
etal,, 2006; Telange et al., 2017; Wang et al., 2019; Yan et al., 2020).
These disadvantages can be a barrier to an effective therapeutic
strategy.

Flavan-3-ols (flavanols or catechins) are phytochemicals that
also modulate HDACs and are found in green tea.
Epigallocatechin gallate (EGCG), epicatechin, epicatechin
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gallate, and catechin are found in green tea extracts, but they
are also found in cocoa, prune juice, broad bean pods, acai oil,
and argan oil. EGCG has chemopreventive, anticarcinogenic,
antiapoptotic, and anti-inflammatory properties in cancer (Xu
et al., 2021). Oya et al. showed that the combination of
EGCG and Am80, a synthetic retinoid, synergistically induced
apoptosis of the lung cancer cell line PC-9. EGCG and
Am80 increase the expression of growth arrest and DNA
damage-inducible gene 153 (GADDI153), death receptor 5,
and p21wafl genes. The synergistic mechanistic effect includes
the increased acetylation of non-histone proteins p53, a-tubulin,
and HSP90. This is mediated by reduced activity of class II
HDACs (HDAC-4, -5, and -6) in the cytosol. Furthermore,
suppression of HDAC-4 and -5 increases p21wafl expression,
while suppression of HDAC-6 promotes high expression of
GADD153 and p2lwafl, leading to cell death. Overall, EGCG,
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combined with Am80 changes acetylation levels of non-histone
proteins via downregulation of HDAC4, -5, and -6 and
stimulates apoptotic induction in lung cancer cell line PC-9
(Oya et al,, 2017).

Resveratrol (trans-3,4,5-trihydroxystilbene) is a natural
polyphenol found in large amounts in the root of Japanese
knotweed (Polygonum cuspidatum). Resveratrol is also found
in peanuts, red grapes, pistachios, red and white wine,
blueberries, cranberries, peas, soybeans, and even cocoa and
dark chocolate. This phytochemical has anticarcinogenic,
neuroprotective,  cardioprotective, and  nephroprotective
properties (Shrikanta et al, 2015; Vervandier-Fasseur and
Latruffe, 2019). While quercetin is a flavonol with a wide
range of properties such as antioxidant, anti-inflammatory,
antibacterial, antiviral, gastroprotective, and
immunomodulating activities. Quercetin is found in apples,
dark

broccoli, cabbage, raw asparagus, peppers, legumes, whole

citrus fruits, berries, cherries, cranberries, onions,

grains, and capers, among others (Ferraz et al, 2021). Wang
et al. (2018a) found that resveratrol has antitumor effects by
inhibiting cell proliferation and promoting cell apoptosis in

NSCLC A549 and H1299.
resveratrol treatment increases SIRT1, Beclinl, and LC3 II/I,

cell lines Mechanistically,
while decreasing p62 expression. Overexpression of SIRTI,
which Beclinl

autophagosome formation, suggesting that resveratrol might

promotes deacetylation, leads to
induce autophagy. Furthermore, treatment with resveratrol
inhibits Akt/mTOR and activates p38 MAPK in NSCLC cells.
Thus, resveratrol inhibits proliferation and induces apoptosis and
autophagy via inhibition of Akt/mTOR and activation of the
p38 MAPK signaling pathway. Resveratrol-induced autophagy
may act as a protective mechanism to promote NSCLC cell
survival (Wang et al,, 2018a). Similarly, Guo et al. (2021)
reported that quercetin induces proapoptotic autophagy via
the SIRT1/AMPK signaling pathway in A549 and H1299 lung
cancer cell lines. They found that quercetin increased the levels of
SIRT1 protein and the pAMPK-AMPK ratio, as well as LC3-II,
Beclin 1, Atg5, Atg7, and Atgl2 mRNA levels.

Some drugs used as therapies against cancer, originate from
or are based on phytochemicals. For example, romidepsin
(FK228) is a selective inhibitor of HDACs that received
approval from the US Food and Drug Administration (FDA)
in 2009. Romidepsin is typically used to treat cutaneous T-cell
lymphoma. This compound was tested in phase II clinical trials
in patients with NSCLC. However, romidepsin had low clinical
efficacy in advanced stages of NSCLC and most patients showed
disease progression. Similar results were found in patients with
limited and extensive stages of SCLC treated with romidepsin.
Another phase I clinical trial treated NSCLC patients with
romidepsin plus erlotinib. The results did not show benefits
for the study population (Schrump et al, 2007, 2008; Amiri-
Kordestani et al., 2013). In summary, despite romidepsin being a
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specific inhibitor of HDAC in other types of cancer, no beneficial
effects are observed for lung cancer patients.

7 Conclusion and perspectives

Despite significant advances in lung cancer therapies,
acquiring mutations in critical genes such as EGFR, Kras, and
c-Met, among others, favors resistance to standard therapies
such as cisplatin and TKIs. The heterogeneity and hostility
within the tumor microenvironment favor the selection of
certain subpopulations of tumor cells, such as cancer stem
cells. These cells express more aggressive, invasive, and
multidrug-resistant phenotypes. Therefore, new and accessible
options for the treatment of lung cancer are needed.

HDACs are promising targets as they are involved in
tumorigenesis, tumor progression, metastasis, and resistance
to lung cancer therapies. Therefore, the development of
specific inhibitors against the different HDAC classes is
encouraging as these inhibitors have demonstrated efficacy
in vitro and in vivo against lung cancer.

About 80% of the drugs approved by the FDA used as
therapies against cancer originate from or are based on
phytochemicals. These compounds exert synergistic effects to
increase the effectiveness of chemotherapeutic drugs. Some of
these phytochemicals regulate the activity of HDACs. Recent
studies have demonstrated that these compounds possess
antitumorigenic properties in lung cancer. These properties
include 1) repair of epigenetic changes, 2) induction of
cell death, 3) chemopreventive effects, and 4) restoring
the susceptibility of resistant tumor cells to chemotherapeutic
drugs.

There is still scarce evidence of the pharmacokinetics and
pharmacodynamics of phytochemicals in lung cancer.
Preliminary studies of some phytochemicals have shown that
these their

pharmacokinetic profiles have limited their use in cancer

compounds have poor bioavailability, and
therapy. However, the combination of phytochemicals that act
as HDAC inhibitors with standard therapies has synergistic
effects against lung cancer (Figure 5). Thus, understanding
how phytochemicals modulate the resistance to therapy
through HDACs and the effects produced in combination
with standard therapies is a potential area that deserves

further research.

Author contributions

AC-R, HP-G, and SR-G organized the entire manuscript and
wrote Sections 1,2. BO-Q, VM-C, and EC-S wrote Section 3. CL-R,
DN-C, and SR-G wrote Section 4. HP-G, AC-R, EC-S, BO-Q, and
DN-Cwrote Section 5. Figures and Tables were designed by AC-R,

frontiersin.org


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.960263

Contreras-Sanzon et al.

EC-S, and HP-R. All authors contributed to the critical revision of
the manuscript, read, and approved the submitted version.

Funding

This study was supported by the Consejo Nacional de Ciencia y
Tecnologia (CONACYT),grant FORDECYT-PRONACES 682133.

Acknowledgments
The authors acknowledge Instituto Nacional de
Enfermedades Respiratorias Ismael Cosio Villegas for

supporting the publication of this manuscript.

References

Adams, G. E,, Chandru, A., and Cowley, S. M. (2018). Co-Repressor, co-activator
and general transcription factor: The many faces of the Sin3 histone deacetylase
(HDAC) complex. Biochem. ]. 475 (24), 3921-3932. doi:10.1042/BCJ20170314

Amiri-Kordestani, L., Luchenko, V., Peer, C. J., Ghafourian, K., Reynolds, J., and
Draper, D. (2013). Phase I trial of a new schedule of romidepsin in patients with
advanced cancers. Clin. Cancer Res. 19 (16), 4499-4507. doi:10.1158/1078-0432.
CCR-13-0095

Bahl, S., Ling, H., Acharige, N. P. N, Santos-Barriopedro, I, Pflum, M. K. H,, and
Seto, E. (2021). EGFR phosphorylates HDACI to regulate its expression and anti-
apoptotic function. Cell Death Dis. 12 (5), 469. doi:10.1038/s41419-021-03697-6

Bao, L., Diao, H.,, Dong, N., Su, X., Wang, B., Mo, Q., et al. (2016). Histone
deacetylase inhibitor induces cell apoptosis and cycle arrest in lung cancer cells via
mitochondrial injury and p53 up-acetylation. Cell Biol. Toxicol. 32 (6), 469-482.
doi:10.1007/s10565-016-9347-8

Beishline, K., and Azizkhan-Clifford, J. (2015). Sp1 and the ’hallmarks of cancer.
FEBS J. 282 (2), 224-258. doi:10.1111/febs.13148

Booth, L., Roberts, J. L., Poklepovic, A., Avogadri-Connors, F., Cutler, R. E.,
Lalani, A. S., et al. (2019). Correction: HDAC inhibitors enhance neratinib activity
and when combined enhance the actions of an anti-PD-1 immunomodulatory
antibody in vivo. Oncotarget 10 (49), 5120-5122. doi:10.18632/oncotarget.27162

Bora-Singhal, N., Mohankumar, D., Saha, B., Colin, C. M,, Lee, J. Y., Martin, M.
W., et al. (2020). Novel HDACI1 inhibitors suppress lung adenocarcinoma stem
cell self-renewal and overcome drug resistance by suppressing Sox2. Sci. Rep. 10 (1),
4722. doi:10.1038/s41598-020-61295-6

Borra, M. T., Langer, M. R, Slama, J. T., and Denu, J. M. (2004). Substrate
specificity and kinetic mechanism of the Sir2 family of NAD+-dependent histone/
protein deacetylases. Biochemistry 43 (30), 9877-9887. doi:10.1021/bi049592e

Brady, L., Kriner, M., Coleman, I, Morrissey, C., Roudier, M., True, L. D., et al.
(2021). Inter- and intra-tumor heterogeneity of metastatic prostate cancer
determined by digital spatial gene expression profiling. Nat. Commun. 12 (1),
1426. doi:10.1038/s41467-021-21615-4

Briere, D., Sudhakar, N., Woods, D. M., Hallin, J., Engstrom, L. D., Aranda, R.,
et al. (2018). The class I/TV HDAC inhibitor mocetinostat increases tumor antigen
presentation, decreases immune suppressive cell types and augments checkpoint
inhibitor therapy. Cancer Immunol. Immunother. 67 (3), 381-392. doi:10.1007/
500262-017-2091-y

Busser, B., Sancey, L., Josserand, V., Niang, C., Khochbin, S., Favrot, M. C,, et al.
(2010). Amphiregulin promotes resistance to gefitinib in nonsmall cell lung cancer
cells by regulating Ku70 acetylation. Mol. Ther. 18 (3), 536-543. doi:10.1038/mt.
2009.227

Chao, Y. C, Lee, K. Y., Wu, S. M., Kuo, D. Y., Shueng, P. W,, and Lin, C. W.
(2021). Melatonin downregulates PD-L1 expression and modulates tumor
immunity in KRAS-mutant non-small cell lung cancer. Int. J. Mol. Sci. 22 (11).
doi:10.3390/ijms22115649

Chen, D. Q,, Huang, J. Y., Feng, B., Pan, B. Z., De, W., Wang, R,, et al. (2014).
Histone deacetylase 1/Sp1/microRNA-200b signaling accounts for maintenance of

Frontiers in Genetics

16

10.3389/fgene.2022.960263

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

cancer stem-like cells in human lung adenocarcinoma. PLoS One 9 (10), e109578.
doi:10.1371/journal.pone.0109578

Chen, G., Zhang, B., Xu, H,, Sun, Y., Shi, Y., Luo, Y., et al. (2017a). Suppression of
Sirtl sensitizes lung cancer cells to WEEL inhibitor MK-1775-induced DNA
damage and apoptosis. Oncogene 36 (50), 6863-6872. doi:10.1038/0nc.2017.297

Chen, H. P., Zhao, Y. T., and Zhao, T. C. (2015). Histone deacetylases and
mechanisms of regulation of gene expression. Crit. Rev. Oncog. 20 (1-2), 35-47.
doi:10.1615/critrevoncog.2015012997

Chen, J. H,, Zheng, Y. L,, Xu, C. Q,, Gu, L. Z,, Ding, Z. L., Qin, L,, et al. (2017b).
Valproic acid (VPA) enhances cisplatin sensitivity of non-small cell lung cancer
cells via HDAC2 mediated down regulation of ABCAL. Biol. Chem. 398 (7),
785-792. doi:10.1515/hsz-2016-0307

Chen, M. C,, Chen, C. H., Wang, J. C,, Tsai, A. C, Liou, J. P,, Pan, S. L, et al. (2013). The
HDAC inhibitor, MPTOE(028, enhances erlotinib-induced cell death in EGFR-TKI-
resistant NSCLC cells. Cell Death Dis. 4, €810. doi:10.1038/cddis.2013.330

Chen, P., Huang, H. P, Wang, Y., Jin, J., Long, W. G., Chen, K, et al. (2019).
Curcumin overcome primary gefitinib resistance in non-small-cell lung cancer cells
through inducing autophagy-related cell death. J. Exp. Clin. Cancer Res. 38 (1), 254.
doi:10.1186/s13046-019-1234-8

Chen, X., He, Y., Fu, W,, Sahebkar, A, Tan, Y., Xu, S., et al. (2020). Histone
deacetylases (HDACs) and atherosclerosis: A mechanistic and pharmacological
review. Front. Cell Dev. Biol. 8, 581015. doi:10.3389/fcell.2020.581015

Damaskos, C., Tomos, I., Garmpis, N., Karakatsani, A., Dimitroulis, D., Garmpi,
A, et al. (2018). Histone deacetylase inhibitors as a novel targeted therapy against
non-small cell lung cancer: Where are we now and what should we expect?
Anticancer Res. 38 (1), 37-43. doi:10.21873/anticanres.12189

Doetzlhofer, A., Rotheneder, H., Lagger, G., Koranda, M., Kurtev, V., Brosch, G.,
etal. (1999). Histone deacetylase 1 can repress transcription by binding to Sp1. Mol.
Cell Biol. 19 (8), 5504-5511. doi:10.1128/MCB.19.8.5504

Eyers, P. A, Keeshan, K., and Kannan, N. (2017). Tribbles in the 21st century: The
evolving roles of tribbles pseudokinases in biology and disease. Trends Cell Biol. 27
(4), 284-298. doi:10.1016/j.tcb.2016.11.002

Ferraz, C. R, Franciosi, A., Emidio, N. B., Rasquel-Oliveira, F. S., Manchope, M.
F., Carvalho, T. T,, et al. (2021). “Quercetin as an antiinflammatory analgesic,” in A
centum of valuable plant bioactives. Editors M. Mushtaq and F. Anwar (Academic
Press), 319-347. doi:10.1016/b978-0-12-822923-1.00023-6

Fischer, C., Leithner, K, Wohlkoenig, C., Quehenberger, F., Bertsch, A,
Olschewski, A., et al. (2015). Panobinostat reduces hypoxia-induced cisplatin
resistance of non-small cell lung carcinoma cells via HIF-1lalpha destabilization.
Mol. Cancer 14, 4. doi:10.1186/1476-4598-14-4

Forni, C., Facchiano, F., Bartoli, M., Pieretti, S., Facchiano, A., D’Arcangelo, D.,
et al. (2019). Beneficial role of phytochemicals on oxidative stress and age-related
diseases. Biomed. Res. Int. 2019, 8748253. do0i:10.1155/2019/8748253

Friedlaender, A., Addeo, A., Russo, A., Gregorc, V., Cortinovis, D., and Rolfo, C.
D. (2020). Targeted therapies in early stage NSCLC: Hype or hope? Int. J. Mol. Sci.
21 (17). doi:10.3390/ijms21176329

frontiersin.org


https://doi.org/10.1042/BCJ20170314
https://doi.org/10.1158/1078-0432.CCR-13-0095
https://doi.org/10.1158/1078-0432.CCR-13-0095
https://doi.org/10.1038/s41419-021-03697-6
https://doi.org/10.1007/s10565-016-9347-8
https://doi.org/10.1111/febs.13148
https://doi.org/10.18632/oncotarget.27162
https://doi.org/10.1038/s41598-020-61295-6
https://doi.org/10.1021/bi049592e
https://doi.org/10.1038/s41467-021-21615-4
https://doi.org/10.1007/s00262-017-2091-y
https://doi.org/10.1007/s00262-017-2091-y
https://doi.org/10.1038/mt.2009.227
https://doi.org/10.1038/mt.2009.227
https://doi.org/10.3390/ijms22115649
https://doi.org/10.1371/journal.pone.0109578
https://doi.org/10.1038/onc.2017.297
https://doi.org/10.1615/critrevoncog.2015012997
https://doi.org/10.1515/hsz-2016-0307
https://doi.org/10.1038/cddis.2013.330
https://doi.org/10.1186/s13046-019-1234-8
https://doi.org/10.3389/fcell.2020.581015
https://doi.org/10.21873/anticanres.12189
https://doi.org/10.1128/MCB.19.8.5504
https://doi.org/10.1016/j.tcb.2016.11.002
https://doi.org/10.1016/b978-0-12-822923-1.00023-6
https://doi.org/10.1186/1476-4598-14-4
https://doi.org/10.1155/2019/8748253
https://doi.org/10.3390/ijms21176329
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.960263

Contreras-Sanzon et al.

Fukuda, K., Takeuchi, S., Arai, S., Katayama, R, Nanjo, S., Tanimoto, A., et al.
(2019). Epithelial-to-Mesenchymal transition is a mechanism of ALK inhibitor
resistance in lung cancer independent of ALK mutation status. Cancer Res. 79 (7),
1658-1670. doi:10.1158/0008-5472.CAN-18-2052

Gao, Y., and Tollefsbol, T. O. (2018). Combinational proanthocyanidins and
resveratrol synergistically inhibit human breast cancer cells and impact
Epigenetic(-)Mediating machinery. Int. J. Mol. Sci. 19 (8). doi:10.3390/
ijms19082204

Gray, J. E., Haura, E., Chiappori, A., Tanvetyanon, T., Williams, C. C., Pinder-
Schenck, M., et al. (2014). A phase I, pharmacokinetic, and pharmacodynamic study
of panobinostat, an HDAC inhibitor, combined with erlotinib in patients with
advanced aerodigestive tract tumors. Clin. Cancer Res. 20 (6), 1644-1655. doi:10.
1158/1078-0432.CCR-13-2235

Grimes, J. A., Nielsen, S. J., Battaglioli, E., Miska, E. A., Speh, J. C,, Berry, D. L.,
et al. (2000). The co-repressor mSin3A is a functional component of the REST-
CoREST repressor complex. J. Biol. Chem. 275 (13), 9461-9467. doi:10.1074/jbc.
275.13.9461

Guo, H,, Ding, H., Tang, X,, Liang, M., Li, S., Zhang, J., et al. (2021). Quercetin
induces pro-apoptotic autophagy via SIRT1/AMPK signaling pathway in human
lung cancer cell lines A549 and H1299 in vitro. Thorac. Cancer 12 (9), 1415-1422.
doi:10.1111/1759-7714.13925

Guo, X., Ruan, H,, Li, X,, Qin, L., Tao, Y., Qi, X,, et al. (2015). Subcellular
localization of class I histone deacetylases in the developing Xenopus tectum. Front.
Cell Neurosci. 9, 510. doi:10.3389/fncel.2015.00510

Harada, T., Hideshima, T., and Anderson, K. C. (2016). Histone deacetylase
inhibitors in multiple myeloma: From bench to bedside. Int. J. Hematol. 104 (3),
300-309. doi:10.1007/s12185-016-2008-0

Hass, R., von der Ohe, J., and Ungefroren, H. (2020). Impact of the tumor
microenvironment on tumor heterogeneity and consequences for cancer cell
plasticity and stemness. Cancers (Basel) 12 (12). doi:10.3390/cancers12123716

He, T., Gao, Y., Fang, Y., Zhang, Y., Zhang, S., Nan, F,, et al. (2022). The HDAC
inhibitor GCJ-490A suppresses c-Met expression through IKKalpha and overcomes
gefitinib resistance in non-small cell lung cancer. Cancer Biol. Med. doi:10.20892/j.
issn.2095-3941.2021.0130

Hewlings, S. J., and Kalman, D. S. (2017). Curcumin: A review of its effects on
human health. Foods 6 (10). doi:10.3390/foods6100092

Hu, E., Chen, Z., Fredrickson, T., Zhu, Y., Kirkpatrick, R., Zhang, G. F., et al.
(2000). Cloning and characterization of a novel human class I histone deacetylase
that functions as a transcription repressor. J. Biol. Chem. 275 (20), 15254-15264.
doi:10.1074/jbc.M908988199

Huang, W. ], Tang, Y. A,, Chen, M. Y., Wang, Y. J., Hu, F. H,, Wang, T. W,
et al. (2014). A histone deacetylase inhibitor YCW1 with antitumor and
antimetastasis properties enhances cisplatin activity against non-small cell
lung cancer in preclinical studies. Cancer Lett. 346 (1), 84-93. doi:10.1016/j.
canlet.2013.12.016

Jadhav, K. S., and Bauer, R. C. (2019). Trouble with tribbles-1. Arterioscler.
Thromb. Vasc. Biol. 39 (6), 998-1005. doi:10.1161/ATVBAHA.118.311573

Jeannot, V., Busser, B., Brambilla, E., Wislez, M., Robin, B., Cadranel, J., et al.
(2014). The PI3K/AKT pathway promotes gefitinib resistance in mutant KRAS lung
adenocarcinoma by a deacetylase-dependent mechanism. Int. J. Cancer 134 (11),
2560-2571. doi:10.1002/ijc.28594

Jia, D., Augert, A., Kim, D. W., Eastwood, E., Wu, N., Ibrahim, A. H., et al. (2018).
Crebbp loss drives small cell lung cancer and increases sensitivity to HDAC
inhibition. Cancer Discov. 8 (11), 1422-1437. d0i:10.1158/2159-8290.CD-18-0385

Katayama, R., Shaw, A. T., Khan, T. M., Mino-Kenudson, M., Solomon, B. J.,
Halmos, B., et al. (2012). Mechanisms of acquired crizotinib resistance in ALK-
rearranged lung Cancers. Sci. Transl. Med. 4 (120), 120rall7. doi:10.1126/
scitranslmed.3003316

Kelly, R. D., and Cowley, S. M. (2013). The physiological roles of histone
deacetylase (HDAC) 1 and 2: Complex co-stars with multiple leading parts.
Biochem. Soc. Trans. 41 (3), 741-749. d0i:10.1042/BST20130010

Konishi, H., Takagi, A., Takahashi, H., Ishii, S., Inutake, Y., and Matsuzaki, T.
(2017). Acetylation of a-tubulin by a histone deacetylase inhibitor, resminostat,
leads synergistic antitumor effect with docetaxel in non-small cell lung cancer
models. Int. J. Cancer Clin. Res. 4. doi:10.23937/2378-3419/1410077

Lechner, S., Malgapo, M. L. P., Gratz, C., Steimbach, R. R,, Baron, A., Ruther, P.,
et al. (2022). Target deconvolution of HDAC pharmacopoeia reveals MBLAC2 as
common off-target. Nat. Chem. Biol. 18 (8), 812-820. doi:10.1038/s41589-022-
01015-5

Lee, J. H., Bollschweiler, D., Schafer, T., and Huber, R. (2021). Structural basis for
the regulation of nucleosome recognition and HDAC activity by histone deacetylase
assemblies. Sci. Adv. 7 (2). doi:10.1126/sciadv.abd4413

Frontiers in Genetics

10.3389/fgene.2022.960263

Lee, T. G, Jeong, E. H, Kim, S. Y., Kim, H. R, and Kim, C. H. (2015). The
combination of irreversible EGFR TKIs and SAHA induces apoptosis and autophagy-
mediated cell death to overcome acquired resistance in EGFR T790M-mutated lung
cancer. Int. J. Cancer 136 (11), 2717-2729. doi:10.1002/ijc.29320

Lee, W. Y., Chen, P. C,, Wu, W. S, Wu, H. C, Lan, C. H, Huang, Y. H,, et al.
(2017). Panobinostat sensitizes KRAS-mutant non-small-cell lung cancer to
gefitinib by targeting TAZ. Int. ]. Cancer 141 (9), 1921-1931. doi:10.1002/ijc.30888

Lei, Y, Liu, L., Zhang, S., Guo, S., Li, X, Wang, J.,, et al. (2017). Hdac7 promotes
lung tumorigenesis by inhibiting Stat3 activation. Mol. Cancer 16 (1), 170. doi:10.
1186/s12943-017-0736-2

Li, G, Tian, Y., and Zhu, W. G. (2020a). The roles of histone deacetylases and
their inhibitors in cancer therapy. Front. Cell Dev. Biol. 8, 576946. doi:10.3389/fcell.
2020.576946

Li, P, Lv, X,, Zhang, Z, and Xie, S. (2019). S100A6/miR193a regulates the
proliferation, invasion, migration and angiogenesis of lung cancer cells through the
P53 acetylation. Am. J. Transl. Res. 11 (8), 4634-4649.

Li, Y., Yuan, J., Rothzerg, E., Wu, X, Xu, H,, Zhu, S,, et al. (2020b). Molecular
structure and the role of high-temperature requirement protein 1 in skeletal
disorders and cancers. Cell Prolif. 53 (2), e12746. doi:10.1111/cpr.12746

Li, Y., Zhang, X,, Zhu, S., Dejene, E. A., Peng, W., Sepulveda, A., et al. (2020c).
HDACI10 regulates cancer stem-like cell properties in KRAS-driven lung
adenocarcinoma. Cancer Res. 80 (16), 3265-3278. do0i:10.1158/0008-5472.CAN-
19-3613

Liang, H., and Wang, M. (2020). MET oncogene in non-small cell lung cancer:
Mechanism of MET dysregulation and agents targeting the HGF/c-Met Axis. Onco
Targets Ther. 13, 2491-2510. doi:10.2147/OTT.S231257

Lin, S. R, Chang, C. H,, Hsu, C. F,, Tsai, M. ], Cheng, H., Leong, M. K,, et al.
(2020). Natural compounds as potential adjuvants to cancer therapy: Preclinical
evidence. Br. J. Pharmacol. 177 (6), 1409-1423. doi:10.1111/bph.14816

Lu, W., Zuo, Y., Feng, Y., and Zhang, M. (2014). SIRT5 facilitates cancer cell
growth and drug resistance in non-small cell lung cancer. Tumour Biol. 35 (11),
10699-10705. doi:10.1007/s13277-014-2372-4

Luo, B. L, Zhou, Y., Lv, H,, Sun, S. H,, and Tang, W. X. (2019). MS-275
potentiates the effect of YM-155 in lung adenocarcinoma via survivin
downregulation induced by miR-138 and miR-195. Thorac. Cancer 10 (6),
1355-1368. doi:10.1111/1759-7714.13076

Ma, L., Bian, X., and Lin, W. (2021). Correction to: The dual HDAC-PI3K
inhibitor CUDC-907 displays single-agent activity and synergizes with PARP
inhibitor olaparib in small cell lung cancer. J. Exp. Clin. Cancer Res. 40 (1), 7.
doi:10.1186/5s13046-020-01805-6

Ma, L., Bian, X., and Lin, W. (2020). The dual HDAC-PI3K inhibitor CUDC-907
displays single-agent activity and synergizes with PARP inhibitor olaparib in small
cell lung cancer. J. Exp. Clin. Cancer Res. 39 (1), 219. doi:10.1186/s13046-020-
01728-2

Mateen, S., Raina, K., Jain, A. K., Agarwal, C., Chan, D., and Agarwal, R. (2012).
Epigenetic modifications and p21-cyclin B1 nexus in anticancer effect of histone
deacetylase inhibitors in combination with silibinin on non-small cell lung cancer
cells. Epigenetics 7 (10), 1161-1172. doi:10.4161/epi.22070

McKinsey, T. A., Zhang, C. L., and Olson, E. N. (2001). Identification of a signal-
responsive nuclear export sequence in class IT histone deacetylases. Mol. Cell Biol. 21
(18), 6312-6321. doi:10.1128/MCB.21.18.6312-6321.2001

McLaughlin, K. A., Nemeth, Z., Bradley, C. A, Humphreys, L., Stasik, I, Fenning,
C., et al. (2016). Flip: A targetable mediator of resistance to radiation in non-small
cell lung cancer. Mol. Cancer Ther. 15 (10), 2432-2441. doi:10.1158/1535-7163.
MCT-16-0211

Meng, Y., Qian, X,, Zhao, L., Li, N.,, Wu, S,, Chen, B,, et al. (2021). Trichostatin A
downregulates bromodomain and extra-terminal proteins to suppress osimertinib
resistant non-small cell lung carcinoma. Cancer Cell Int. 21 (1), 216. doi:10.1186/
$12935-021-01914-y

Meyer, H., Bolarinwa, A., Wolfram, G., and Linseisen, J. (2006). Bioavailability of
apigenin from apiin-rich parsley in humans. Ann. Nutr. Metab. 50 (3), 167-172.
doi:10.1159/000090736

Milazzo, G., Mercatelli, D., Di Muzio, G., Triboli, L., De Rosa, P., Perini, G., et al.
(2020). Histone deacetylases (HDACs): Evolution, specificity, role in transcriptional
complexes, and pharmacological actionability. Genes (Basel) 11 (5). doi:10.3390/
genes11050556

Mo, H. N, and Liu, P. (2017). Targeting MET in cancer therapy. Chronic Dis.
Transl. Med. 3 (3), 148-153. doi:10.1016/j.cdtm.2017.06.002

Nagano, T., Tachihara, M., and Nishimura, Y. (2018). Mechanism of resistance to
epidermal growth factor receptor-tyrosine kinase inhibitors and a potential
treatment strategy. Cells 7 (11). doi:10.3390/cells7110212

frontiersin.org


https://doi.org/10.1158/0008-5472.CAN-18-2052
https://doi.org/10.3390/ijms19082204
https://doi.org/10.3390/ijms19082204
https://doi.org/10.1158/1078-0432.CCR-13-2235
https://doi.org/10.1158/1078-0432.CCR-13-2235
https://doi.org/10.1074/jbc.275.13.9461
https://doi.org/10.1074/jbc.275.13.9461
https://doi.org/10.1111/1759-7714.13925
https://doi.org/10.3389/fncel.2015.00510
https://doi.org/10.1007/s12185-016-2008-0
https://doi.org/10.3390/cancers12123716
https://doi.org/10.20892/j.issn.2095-3941.2021.0130
https://doi.org/10.20892/j.issn.2095-3941.2021.0130
https://doi.org/10.3390/foods6100092
https://doi.org/10.1074/jbc.M908988199
https://doi.org/10.1016/j.canlet.2013.12.016
https://doi.org/10.1016/j.canlet.2013.12.016
https://doi.org/10.1161/ATVBAHA.118.311573
https://doi.org/10.1002/ijc.28594
https://doi.org/10.1158/2159-8290.CD-18-0385
https://doi.org/10.1126/scitranslmed.3003316
https://doi.org/10.1126/scitranslmed.3003316
https://doi.org/10.1042/BST20130010
https://doi.org/10.23937/2378-3419/1410077
https://doi.org/10.1038/s41589-022-01015-5
https://doi.org/10.1038/s41589-022-01015-5
https://doi.org/10.1126/sciadv.abd4413
https://doi.org/10.1002/ijc.29320
https://doi.org/10.1002/ijc.30888
https://doi.org/10.1186/s12943-017-0736-2
https://doi.org/10.1186/s12943-017-0736-2
https://doi.org/10.3389/fcell.2020.576946
https://doi.org/10.3389/fcell.2020.576946
https://doi.org/10.1111/cpr.12746
https://doi.org/10.1158/0008-5472.CAN-19-3613
https://doi.org/10.1158/0008-5472.CAN-19-3613
https://doi.org/10.2147/OTT.S231257
https://doi.org/10.1111/bph.14816
https://doi.org/10.1007/s13277-014-2372-4
https://doi.org/10.1111/1759-7714.13076
https://doi.org/10.1186/s13046-020-01805-6
https://doi.org/10.1186/s13046-020-01728-2
https://doi.org/10.1186/s13046-020-01728-2
https://doi.org/10.4161/epi.22070
https://doi.org/10.1128/MCB.21.18.6312-6321.2001
https://doi.org/10.1158/1535-7163.MCT-16-0211
https://doi.org/10.1158/1535-7163.MCT-16-0211
https://doi.org/10.1186/s12935-021-01914-y
https://doi.org/10.1186/s12935-021-01914-y
https://doi.org/10.1159/000090736
https://doi.org/10.3390/genes11050556
https://doi.org/10.3390/genes11050556
https://doi.org/10.1016/j.cdtm.2017.06.002
https://doi.org/10.3390/cells7110212
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.960263

Contreras-Sanzon et al.

Nagathihalli, N. S., Massion, P. P., Gonzalez, A. L, Lu, P., and Datta, P. K. (2012).
Smoking induces epithelial-to-mesenchymal transition in non-small cell lung
cancer through HDAC-mediated downregulation of E-cadherin. Mol. Cancer
Ther. 11 (11), 2362-2372. doi:10.1158/1535-7163.MCT-12-0107

Nakagawa, T., Takeuchi, S., Yamada, T., Ebi, H., Sano, T., Nanjo, S., et al. (2013).
EGFR-TKI resistance due to BIM polymorphism can be circumvented in
combination with HDAC inhibition. Cancer Res. 73 (8), 2428-2434. doi:10.
1158/0008-5472.CAN-12-3479

Narita, T., Weinert, B. T., and Choudhary, C. (2019). Functions and mechanisms
of non-histone protein acetylation. Nat. Rev. Mol. Cell Biol. 20 (3), 156-174. doi:10.
1038/s41580-018-0081-3

Ng, K. P, Hillmer, A. M., Chuah, C. T,, Juan, W. C,, Ko, T. K,, Teo, A. S,, et al.
(2012). A common BIM deletion polymorphism mediates intrinsic resistance and
inferior responses to tyrosine kinase inhibitors in cancer. Nat. Med. 18 (4), 521-528.
doi:10.1038/nm.2713

Oya, Y., Mondal, A., Rawangkan, A., Umsumarng, S., lida, K., Watanabe, T., et al.
(2017). Down-regulation of histone deacetylase 4, -5 and -6 as a mechanism of
synergistic enhancement of apoptosis in human lung cancer cells treated with the
combination of a synthetic retinoid, Am80 and green tea catechin. J. Nutr. Biochem.
42, 7-16. doi:10.1016/j.jnutbio.2016.12.015

Parbin, S., Kar, S., Shilpi, A., Sengupta, D., Deb, M., Rath, S. K,, et al. (2014).
Histone deacetylases: A saga of perturbed acetylation homeostasis in cancer.
J. Histochem Cytochem 62 (1), 11-33. doi:10.1369/0022155413506582

Recondo, G., Mezquita, L., Facchinetti, F., Planchard, D., Gazzah, A., Bigot, L.,
et al. (2020). Diverse resistance mechanisms to the third-generation ALK inhibitor
lorlatinib in ALK-rearranged lung cancer. Clin. Cancer Res. 26 (1), 242-255. doi:10.
1158/1078-0432.CCR-19-1104

Riley, J. S., Hutchinson, R., McArt, D. G., Crawford, N., Holohan, C,, Paul, L, et al.
(2013). Prognostic and therapeutic relevance of FLIP and procaspase-8 overexpression in
non-small cell lung cancer. Cell Death Dis. 4, €951. doi:10.1038/cddis.2013.481

Saito, Y. (2014). Alterations of epigenetics and microRNAs in cancer and cancer
stem cell. Front. Genet. 5, 283. doi:10.3389/fgene.2014.00283

Salgia, R., Pharaon, R., Mambetsariev, I., Nam, A., and Sattler, M. (2021).
The improbable targeted therapy: KRAS as an emerging target in non-small
cell lung cancer (NSCLC). Cell Rep. Med. 2 (1), 100186. doi:10.1016/j.xcrm.
2020.100186

Schlumm, F., Mauceri, D., Freitag, H. E., and Bading, H. (2013). Nuclear calcium
signaling regulates nuclear export of a subset of class Ila histone deacetylases
following synaptic activity. J. Biol. Chem. 288 (12), 8074-8084. doi:10.1074/jbc.
M112.432773

Schrump, D. S., Fischette, M. R., Nguyen, D. M., Zhao, M., Li, X,, Kunst, T. F,,
et al. (2007). Clinical and molecular responses in lung cancer patients receiving
romidepsin. Clin. Lung Cancer 8 (7), 453. doi:10.1016/S1525-7304(11)70818-X

Schrump, D. S., Fischette, M. R., Nguyen, D. M., Zhao, M., Li, X,, Kunst, T. F,,
et al. (2008). Clinical and molecular responses in lung cancer patients receiving
Romidepsin. Clin. Cancer Res. 14 (1), 188-198. doi:10.1158/1078-0432.CCR-07-
0135

Schuetz, A., Min, J., Allali-Hassani, A., Schapira, M., Shuen, M., Loppnau, P., et al.
(2008). Human HDAC? harbors a class ITa histone deacetylase-specific zinc binding
motif and cryptic deacetylase activity. J. Biol. Chem. 283 (17), 11355-11363. doi:10.
1074/jbc.M707362200

Seelig, A. (2020). P-Glycoprotein: One mechanism, many tasks and the
consequences for pharmacotherapy of cancers. Front. Oncol. 10, 576559. doi:10.
3389/fonc.2020.576559

Seto, E., and Yoshida, M. (2014). Erasers of histone acetylation: The histone
deacetylase enzymes. Cold Spring Harb. Perspect. Biol. 6 (4), a018713. doi:10.1101/
cshperspect.a018713

Shanmugam, G., Rakshit, S., and Sarkar, K. (2022). HDAC inhibitors: Targets for
tumor therapy, immune modulation and lung diseases. Transl. Oncol. 16, 101312.
doi:10.1016/j.tranon.2021.101312

Shieh, J. M., Tang, Y. A., Hu, F. H,, Huang, W. ]., Wang, Y. ., Jen, J,, et al. (2017).
A histone deacetylase inhibitor enhances expression of genes inhibiting Wnt
pathway and augments activity of DNA demethylation reagent against
nonsmall-cell lung cancer. Int. J. Cancer 140 (10), 2375-2386. doi:10.1002/ijc.30664

Shrikanta, A., Kumar, A., and Govindaswamy, V. (2015). Resveratrol content and
antioxidant properties of underutilized fruits. J. Food Sci. Technol. 52 (1), 383-390.
doi:10.1007/s13197-013-0993-z

Spiegel, S., Milstien, S., and Grant, S. (2012). Endogenous modulators and
pharmacological inhibitors of histone deacetylases in cancer therapy. Oncogene
31 (5), 537-551. doi:10.1038/0nc.2011.267

Stockhammer, P., Ho, C. S. L., Hegedus, L., Lotz, G., Molnar, E., Bankfalvi, A.,
et al. (2020). HDAC inhibition synergizes with ALK inhibitors to overcome

Frontiers in Genetics

18

10.3389/fgene.2022.960263

resistance in a novel ALK mutated lung adenocarcinoma model. Lung Cancer
144, 20-29. doi:10.1016/j.lungcan.2020.04.002

Sun, ], Li, G, Liu, Y., Ma, M,, Song, K., Li, H,, et al. (2020). Targeting histone
deacetylase SIRT1 selectively eradicates EGFR TKI-resistant cancer stem cells via
regulation of mitochondrial oxidative phosphorylation in lung adenocarcinoma.
Neoplasia 22 (1), 33-46. doi:10.1016/j.ne0.2019.10.006

Sun, L., He, Q,, Tsai, C,, Lei, J., Chen, J., Vienna Makcey, L., et al. (2018). HDAC
inhibitors suppressed small cell lung cancer cell growth and enhanced the
suppressive effects of receptor-targeting cytotoxins via upregulating somatostatin
receptor II. Am. J. Transl. Res. 10 (2), 545-553.

Sun, Y., Bao, X, Ren, Y,, Jia, L., Zou, S., Han, J,, et al. (2019). Targeting HDAC/
OAZ]1 axis with a novel inhibitor effectively reverses cisplatin resistance in non-
small cell lung cancer. Cell Death Dis. 10 (6), 400. doi:10.1038/s41419-019-1597-y

Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, L, Jemal, A.,
et al. (2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 71 (3),
209-249. doi:10.3322/caac.21660

Takahashi, K., Seto, Y., Okada, K., Uematsu, S., Uchibori, K., Tsukahara, M., et al.
(2020). Overcoming resistance by ALK compound mutation (I1171S + G1269A)
after sequential treatment of multiple ALK inhibitors in non-small cell lung cancer.
Thorac. Cancer 11 (3), 581-587. doi:10.1111/1759-7714.13299

Tang, D., Yao, R., Zhao, D., Zhou, L., Wu, Y,, Yang, Y., et al. (2018). Trichostatin
A reverses the chemoresistance of lung cancer with high IGFBP2 expression
through enhancing autophagy. Sci. Rep. 8 (1), 3917. doi:10.1038/s41598-018-
22257-1

Tanimoto, A., Takeuchi, S., Arai, S., Fukuda, K., Yamada, T., Roca, X., et al.
(2017). Histone deacetylase 3 inhibition overcomes BIM deletion polymorphism-
mediated osimertinib resistance in EGFR-mutant lung cancer. Clin. Cancer Res. 23
(12), 3139-3149. doi:10.1158/1078-0432.CCR-16-2271

Telange, D. R,, Patil, A. T,, Pethe, A. M., Fegade, H., Anand, S., and Dave, V. S.
(2017). Formulation and characterization of an apigenin-phospholipid phytosome
(APLC) for improved solubility, in vivo bioavailability, and antioxidant potential.
Eur. ]. Pharm. Sci. 108, 36-49. doi:10.1016/j.ejps.2016.12.009

To, K. K. W,, and Cho, W. C. S. (2021). Flavonoids overcome drug resistance to
cancer chemotherapy by epigenetically modulating multiple mechanisms. Curr.
Cancer Drug Targets 21 (4), 289-305. doi:10.2174/1568009621666210203111220

Tong, J.J., Liu, J., Bertos, N. R,, and Yang, X. J. (2002). Identification of HDAC10,
a novel class II human histone deacetylase containing a leucine-rich domain.
Nucleic Acids Res. 30 (5), 1114-1123. doi:10.1093/nar/30.5.1114

Vervandier-Fasseur, D., and Latruffe, N. (2019). The potential use of resveratrol
for cancer prevention. Molecules 24 (24). doi:10.3390/molecules24244506

Wang, J., Li, J., Cao, N., Li, Z., Han, J., and Li, L. (2018a). Resveratrol, an activator
of SIRT1, induces protective autophagy in non-small-cell lung cancer via inhibiting
Akt/mTOR and activating p38-MAPK. Onco Targets Ther. 11, 7777-7786. doi:10.
2147/0TT.S159095

Wang, L., Li, H, Ren, Y., Zou, S., Fang, W, Jiang, X, et al. (2016a). Targeting
HDAC with a novel inhibitor effectively reverses paclitaxel resistance in non-small
cell lung cancer via multiple mechanisms. Cell Death Dis. 7, €2063. doi:10.1038/
cddis.2015.328

Wang, L., Liu, X, Ren, Y., Zhang, J., Chen, J., Zhou, W., et al. (2017). Cisplatin-
enriching cancer stem cells confer multidrug resistance in non-small cell lung
cancer via enhancing TRIBI/HDAC activity. Cell Death Dis. 8 (4), €2746. doi:10.
1038/cddis.2016.409

Wang, L., Syn, N. L,, Subhash, V. V., Any, Y., Thuya, W. L., Cheow, E. S. H., et al.
(2018b). Pan-HDAC inhibition by panobinostat mediates chemosensitization to
carboplatin in non-small cell lung cancer via attenuation of EGFR signaling. Cancer
Lett. 417, 152-160. doi:10.1016/j.canlet.2017.12.030

Wang, M., Firrman, J.,, Liu, L., and Yam, K. (2019). A review on flavonoid
apigenin: Dietary intake, ADME, antimicrobial effects, and interactions with
human gut microbiota. Biomed. Res. Int. 2019, 7010467. doi:10.1155/2019/7010467

Wang, P., Wang, Z., and Liu, J. (2020a). Role of HDACs in normal and malignant
hematopoiesis. Mol. Cancer 19 (1), 5. doi:10.1186/s12943-019-1127-7

Wang, W., Zhao, M., Cui, L., Ren, Y., Zhang, J., Chen, J., et al. (2020b).
Characterization of a novel HDAC/RXR/HtrAl signaling axis as a novel target
to overcome cisplatin resistance in human non-small cell lung cancer. Mol. Cancer
19 (1), 134. doi:10.1186/512943-020-01256-9

Wang, Z., Hu, P., Tang, F, Lian, H,, Chen, X, Zhang, Y., et al. (2016b).
HDACS6 promotes cell proliferation and confers resistance to temozolomide in
glioblastoma. Cancer Lett. 379 (1), 134-142. doi:10.1016/j.canlet.2016.06.001

Wang, Z., Tang, F, Hu, P, Wang, Y., Gong, J., Sun, S, et al. (2016¢).
HDAC6 promotes cell proliferation and confers resistance to gefitinib in lung
adenocarcinoma. Oncol. Rep. 36 (1), 589-597. doi:10.3892/0r.2016.4811

frontiersin.org


https://doi.org/10.1158/1535-7163.MCT-12-0107
https://doi.org/10.1158/0008-5472.CAN-12-3479
https://doi.org/10.1158/0008-5472.CAN-12-3479
https://doi.org/10.1038/s41580-018-0081-3
https://doi.org/10.1038/s41580-018-0081-3
https://doi.org/10.1038/nm.2713
https://doi.org/10.1016/j.jnutbio.2016.12.015
https://doi.org/10.1369/0022155413506582
https://doi.org/10.1158/1078-0432.CCR-19-1104
https://doi.org/10.1158/1078-0432.CCR-19-1104
https://doi.org/10.1038/cddis.2013.481
https://doi.org/10.3389/fgene.2014.00283
https://doi.org/10.1016/j.xcrm.2020.100186
https://doi.org/10.1016/j.xcrm.2020.100186
https://doi.org/10.1074/jbc.M112.432773
https://doi.org/10.1074/jbc.M112.432773
https://doi.org/10.1016/S1525-7304(11)70818-X
https://doi.org/10.1158/1078-0432.CCR-07-0135
https://doi.org/10.1158/1078-0432.CCR-07-0135
https://doi.org/10.1074/jbc.M707362200
https://doi.org/10.1074/jbc.M707362200
https://doi.org/10.3389/fonc.2020.576559
https://doi.org/10.3389/fonc.2020.576559
https://doi.org/10.1101/cshperspect.a018713
https://doi.org/10.1101/cshperspect.a018713
https://doi.org/10.1016/j.tranon.2021.101312
https://doi.org/10.1002/ijc.30664
https://doi.org/10.1007/s13197-013-0993-z
https://doi.org/10.1038/onc.2011.267
https://doi.org/10.1016/j.lungcan.2020.04.002
https://doi.org/10.1016/j.neo.2019.10.006
https://doi.org/10.1038/s41419-019-1597-y
https://doi.org/10.3322/caac.21660
https://doi.org/10.1111/1759-7714.13299
https://doi.org/10.1038/s41598-018-22257-1
https://doi.org/10.1038/s41598-018-22257-1
https://doi.org/10.1158/1078-0432.CCR-16-2271
https://doi.org/10.1016/j.ejps.2016.12.009
https://doi.org/10.2174/1568009621666210203111220
https://doi.org/10.1093/nar/30.5.1114
https://doi.org/10.3390/molecules24244506
https://doi.org/10.2147/OTT.S159095
https://doi.org/10.2147/OTT.S159095
https://doi.org/10.1038/cddis.2015.328
https://doi.org/10.1038/cddis.2015.328
https://doi.org/10.1038/cddis.2016.409
https://doi.org/10.1038/cddis.2016.409
https://doi.org/10.1016/j.canlet.2017.12.030
https://doi.org/10.1155/2019/7010467
https://doi.org/10.1186/s12943-019-1127-7
https://doi.org/10.1186/s12943-020-01256-9
https://doi.org/10.1016/j.canlet.2016.06.001
https://doi.org/10.3892/or.2016.4811
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.960263

Contreras-Sanzon et al.

Warburton, D. (2020). YAP and TAZ in lung development: The timing is
important. Am. J. Respir. Cell Mol. Biol. 62 (2), 141-142. doi:10.1165/rcmb.
2019-0300ED

Wei, Y., Zhou, F,, Lin, Z., Shi, L., Huang, A, Liu, T,, et al. (2018). Antitumor
effects of histone deacetylase inhibitor suberoylanilide hydroxamic acid in
epidermal growth factor receptor-mutant non-small-cell lung cancer lines
in vitro and in vivo. Anticancer Drugs 29 (3), 262-270. doi:10.1097/CAD.
0000000000000597

Wright, C,, Iyer, A. K. V., Yakisich, J. S., and Azad, N. (2017). Anti-tumorigenic
effects of resveratrol in lung cancer cells through modulation of c-FLIP. Curr.
Cancer Drug Targets 17 (7), 669-680. doi:10.2174/1568009617666170315162932

Wu, C. E, Chang, C. F,, Huang, C. Y., Yang, C. T,, Kuo, C. S., Hsu, P. C,, et al.
(2021). Feasibility and effectiveness of afatinib for poor performance status patients
with EGFR-mutation-positive non-small-cell lung cancer: A retrospective cohort
study. BMC Cancer 21 (1), 859. doi:10.1186/s12885-021-08587-w

Wu, P. F., Gao, W. W,, Sun, C. L., Ma, T., and Hao, J. Q. (2020). Suberoylanilide
hydroxamic acid overcomes erlotinib-acquired resistance via phosphatase and
tensin homolog deleted on chromosome 10-mediated apoptosis in non-small
cell lung cancer. Chin. Med. J. Engl. 133 (11), 1304-1311. doi:10.1097/CM9.
0000000000000823

Xiao, Y., Lin, F. T,, and Lin, W. C. (2021). ACTL6A promotes repair of cisplatin-
induced DNA damage, a new mechanism of platinum resistance in cancer. Proc.
Natl. Acad. Sci. U. S. A. 118 (3). doi:10.1073/pnas.2015808118

Xu, Y. Q, Gao, Y., and Granato, D. (2021). Effects of epigallocatechin gallate,
epigallocatechin and epicatechin gallate on the chemical and cell-based antioxidant
activity, sensory properties, and cytotoxicity of a catechin-free model beverage.
Food Chem. 339, 128060. doi:10.1016/j.foodchem.2020.128060

Yan, W.,, Wu, T. H. Y., Leung, S. S. Y,, and To, K. K. W. (2020). Flavonoids
potentiated anticancer activity of cisplatin in non-small cell lung cancer cells in vitro
by inhibiting histone deacetylases. Life Sci. 258, 118211. doi:10.1016/j.1fs.2020.
118211

Frontiers in Genetics

19

10.3389/fgene.2022.960263

Yang, N., Morrison, C. D., Liu, P., Miecznikowski, J., Bshara, W., Han, S., et al.
(2012). TAZ induces growth factor-independent proliferation through activation of
EGFR ligand amphiregulin. Cell Cycle 11 (15), 2922-2930. doi:10.4161/cc.21386

Yousafzai, N. A., Zhou, Q., Xu, W,, Shi, Q,, Xu, J,, Feng, L., et al. (2019).
SIRT1 deacetylated and stabilized XRCCI to promote chemoresistance in lung
cancer. Cell Death Dis. 10 (5), 363. do0i:10.1038/s41419-019-1592-3

Yu, H,, Kim, Y. M., and Cho, M. (2020). Cytoplasm-localized SIRT1 downregulation
attenuates apoptosis and cell cycle arrest in cisplatin-resistant lung cancer A549 cells.
J. Cancer 11 (15), 4495-4509. doi:10.7150/jca. 44383

Yu, W., Lu, W,, Chen, G., Cheng, F., Su, H., Chen, Y., et al. (2017). Inhibition of
histone deacetylases sensitizes EGF receptor-TK inhibitor-resistant non-small-cell
lung cancer cells to erlotinib in vitro and in vivo. Br. ]. Pharmacol. 174 (20),
3608-3622. doi:10.1111/bph.13961

Zhang, N, Liang, C., Song, W., Tao, D., Yao, J., Wang, S., et al. (2019). Antitumor
activity of histone deacetylase inhibitor chidamide alone or in combination with
epidermal growth factor receptor tyrosine kinase inhibitor icotinib in NSCLC.
J. Cancer 10 (5), 1275-1287. doi:10.7150/jca.28570

Zhang, N., Sun, P,, Jin, H,, Yang, Y., Zhao, Q., Zhou, L., et al. (2020). Chidamide
combined with paclitaxel effectively reverses the expression of histone deacetylase
in lung cancer. Anticancer Drugs 31 (7), 702-708. doi:10.1097/CAD.
0000000000000935

Zhong, L., Suo, J., Wang, Y., Han, J., Zhou, H., Wei, H., et al. (2020). Prognosis of
limited-stage small cell lung cancer with comprehensive treatment including radical
resection. World J. Surg. Oncol. 18 (1), 27. doi:10.1186/s12957-020-1807-1

Zhu, M., Huang, Y., Bender, M. E,, Girard, L., Kollipara, R., Eglenen-Polat, B.,
et al. (2021). Evasion of innate immunity contributes to small cell lung cancer
progression and metastasis. Cancer Res. 81 (7), 1813-1826. doi:10.1158/0008-5472.
CAN-20-2808

Zito Marino, F., Bianco, R., Accardo, M., Ronchi, A., Cozzolino, L., Morgillo, F.,
etal. (2019). Molecular heterogeneity in lung cancer: From mechanisms of origin to
clinical implications. Int. J. Med. Sci. 16 (7), 981-989. doi:10.7150/ijms.34739

frontiersin.org


https://doi.org/10.1165/rcmb.2019-0300ED
https://doi.org/10.1165/rcmb.2019-0300ED
https://doi.org/10.1097/CAD.0000000000000597
https://doi.org/10.1097/CAD.0000000000000597
https://doi.org/10.2174/1568009617666170315162932
https://doi.org/10.1186/s12885-021-08587-w
https://doi.org/10.1097/CM9.0000000000000823
https://doi.org/10.1097/CM9.0000000000000823
https://doi.org/10.1073/pnas.2015808118
https://doi.org/10.1016/j.foodchem.2020.128060
https://doi.org/10.1016/j.lfs.2020.118211
https://doi.org/10.1016/j.lfs.2020.118211
https://doi.org/10.4161/cc.21386
https://doi.org/10.1038/s41419-019-1592-3
https://doi.org/10.7150/jca.44383
https://doi.org/10.1111/bph.13961
https://doi.org/10.7150/jca.28570
https://doi.org/10.1097/CAD.0000000000000935
https://doi.org/10.1097/CAD.0000000000000935
https://doi.org/10.1186/s12957-020-1807-1
https://doi.org/10.1158/0008-5472.CAN-20-2808
https://doi.org/10.1158/0008-5472.CAN-20-2808
https://doi.org/10.7150/ijms.34739
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.960263

	Histone deacetylases modulate resistance to the therapy in lung cancer
	1 Introduction
	2 Classification and function of HDACs in lung cancer
	3 Mechanisms of resistance to therapy regulated by HDACs in lung cancer
	4 Cancer stem cells promote therapy resistance through HDACS in lung cancer
	5 Clinical assays using HDACs for lung cancer treatment
	6 Modulation of HDACs by natural compounds in lung cancer
	7 Conclusion and perspectives
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


