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Abstract

Chloroquine (CQ) was initially synthesized as an antimalarial agent, but later
on, it also shows immunomodulatory, anticancer, and antiviral effects in
clinical practice. Although CQ has been used to treat various conditions for
more than half century, the underlying mechanisms of its diverse therapeutic
actions remain incomplete. In this paper, we hypothesize that targeting
three-dimensional genome architecture might be one of the mechanisms of
CQ’s diverse therapeutic actions. Based on this hypothesis, new approaches
to the treatment and prevention of cancer and coronavirus disease 2019
(COVID-19) are proposed.
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1. Introduction

For many decades of clinical use, chloroquine (CQ) seems to have become a cure-all
medicine. It was initially synthesized as an antimalarial agent and had played a
crucial role in the battle against malaria until the advent of CQ resistance in ma-

laria parasites [1]. Later on, CQ shows a wide range of therapeutic effects in-
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cluding immunomodulatory, anti-inflammatory, anticancer, and antiviral effects
and is still used nowadays with its synthetic analogue, hydroxychloroquine (HCQ),
to treat systemic lupus erythematosus, rheumatoid arthritis, cancers, viral infec-
tions and other diseases. Currently, a new coronavirus named as SARS-CoV-2
has spread around the world, causing heavy death toll. Since no specific medicine
available, CQ and HCQ have been tentatively used to treat patients with corona-
virus disease 2019 (COVID-19) that is caused by SARS-CoV-2 [2] [3]. We think
that further exploring the mechanisms of CQ’s diverse therapeutic actions might
contribute to the sensible-use of CQ or HCQ for treating cancer and COVID-19
patients.

CQ has been used for more than half century in clinical practice, but the me-
chanisms of its diverse therapeutic actions remain incomplete. Currently, all of
the explanations for the mechanisms of CQ’s diverse therapeutic actions mainly
focus on CQ’s alkalization of food vacuole (in malaria parasites), lysosome and
endosome (in other eukaryotic cells including cancer cells), and CQ’s other ac-
tivities on metabolic pathways seem to be the secondary effects of this alkaliza-
tion [4] [5] [6] [7]. Obviously, no many researches have been done for investi-
gating CQ’s activities within the nucleus of eukaryotic cells. We once proposed
that the nucleus may be the key site of CQ’s therapeutic action [8]. In this paper,
we intend to further explore this key site of CQ’s action from a different angle.

In recent decades, more and more researches have demonstrated that three-
dimensional (3D) genome architecture plays a very important role in regulation
of gene expression and cellular functions [9] [10]. A recent study demonstrated
that a class of anticancer compounds, curaxins can exert their anticancer activi-
ties through altering 3D genome architecture [11]. We postulate in this paper
that CQ might also be able to target 3D genome architecture in eukaryotic cells.

Detailed description about our thoughts is presented in this paper.

2. Targeting 3D Genome Architecture Hypothesis for CQ’s
Diverse Therapeutic Actions

As a supplement to existing mechanisms for CQ’s diverse therapeutic activities,
we hypothesize that CQ might exert some of its therapeutic activities through
altering 3D genome architecture. There are three pieces of indirect evidence to
support this speculation. First, CQ can intercalate into double-stranded DNA
[12] [13], which might alter 3D genome architecture. Second, Pfcrmp is a big
nuclear DNA-binding protein (MW = 430 kDa) and might be the CQ’s target in
the nucleus [14] [15]. Based on Uniprot’s annotation (Q968Y0_PLAFA), Pfcrmp
contains a DNMT1-RFD domain that is a potent histone H3 binding domain
[16] and 4 coiled coils which might be involved in gene regulation [17]. There-
fore, Pfcrmp might function as a genome architectural protein and CQ might
alter 3D genome architecture by binding to Pfcrmp. Third, CQ can induce
CAGFs in P. falciparum, which belong to extrachromosomal DNA (ecDNA)

molecules and might be involved in regulating cellular functions by interacting
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with or joining 3D genome architecture during cell cycle progression [18] [19].

There are two types of 3D genome architectures in eukaryotic cells, Ze, chro-
mosomes and non-chromosome architecture. Chromosomes are not involved in
gene regulation because they are the structures that are tightly packaged with
chromatin fibres and thus have no space for dynamic change to regulate gene
expression. Production of chromosomes during cell cycle progression is quite
like production of seeds by a plant. Both chromosomes and seeds are packages
containing genetic material for passing on to the next generation. The non-
chromosome architecture could be named as chromatin configuration that is
jointly constructed by entire chromatin fibres from all chromosomes in a euka-
ryotic cell [20]. Chromatin configuration is the only dynamic 3D genome archi-
tecture that regulates gene regulation during cell cycle progression and is in-
volved in cell differentiation and many pathogeneses including oncogenesis [21]
[22]. Thus, targeting the 3D genome architecture by CQ or HCQ mainly refers
to targeting the gene-regulation-associated 3D genome architecture or chroma-
tin configuration.

Pfcrmp was discovered in P. falciparum, but we believe that Pfcrmp’s homo-
logue exists in all eukaryotic cells including human cell, which means that CQ or
HCQ can target 3D genome architectures in all eukaryotic cells. After CQ binds
to Pfcrmp, or Pfcrmp’s homologue, chromatin configuration in cells might be
slightly altered, which could cause two consequences. One is that the gene ex-
pression pattern will be altered, leading to many genes being either up-regulated
or down-regulated, which will affect many metabolic pathways and thus might
change cellular functions. CQ’s diverse therapeutic activities, such as antiviral,
immunomodulatory and anti-inflammatory effects might be linked to this cellu-
lar function change, for example, CQ might exert its antiviral effect by reducing
susceptibility of target cells to virus. Inside the human body, there are many dif-
ferent cell types that might have different changes in their cellular functions after
CQ administration, some of which might benefit the human body, others might
not or could even harm the human body. This might be the reason why CQ’s ac-
tivities are so diverse and sometimes unpredictable. The other consequence is
that the altered 3D genome architecture will become vulnerable to genotoxic
factors including intracellular reactive oxygen species (ROS) and anticancer
agents. If the cells with this altered 3D genome architecture receive second as-
sault by DNA-targeting drugs, they will die easily. This might explain why CQ or
HCQ alone is not good enough to treat cancer but is a good adjuvant to anti-
cancer medicine. Due to the same reason, CQ could also be a good adjuvant to
immunosuppressant or immunomodulatory agent. The main points about our
hypothesis are summarized in Figure 1.

Any factor (chemical, physical and biological) that more or less alters 3D ge-
nome architecture or chromatin configuration will have genotoxicity. Since
cancer is closely associated with abnormal 3D architecture or chromatin confi-

guration [20] [21], it is obvious that carcinogens cause cancer through altering

DOI: 10.4236/0alib.1106340

3 Open Access Library Journal


https://doi.org/10.4236/oalib.1106340

G.-D. Li

Chloroquine

T

Binding to Pfcrmp Intercalation into DNA

\ /

Alteration of 3D genome architecture

— T

Vulnerable DNA structure Gene expression pattern change

<«———| genotoxic factor

Cell death Cellular function change

\ /

Diverse therapeutic effects including antimalarial, anticancer, antiviral,
and immunomodulatory effects, etc.

Figure 1. Chloroquine might exert its diverse therapeutic effects by
targeting 3D genome architecture in eukaryotic cells.

chromatin configuration. Interestingly, some anticancer drugs that are used to
treat cancer can cause cancer [23]. The reason is that anticancer drugs that
usually kill both cancer and normal cells can alter chromatin configuration in
some survived normal cells and after long-term treatment with the drugs, these
cells will eventually become cancer cells. Superficially, genotoxic agents includ-
ing carcinogens and anticancer drugs are double edged swords, but thinking
deeply, genotoxic agent or factor could be a key to eventually solve cancer prob-
lem that is tough to cure at present because genotoxic agent is the only agent
that could be used to alter chromatin configuration. Hopefully, in future, we can
find out a less-toxic genotoxic agent that can alter cancer associated chromatin
configuration (CACC) [20], but will not cause normal cells to become cancer
cells. In this way, cancer cells might be transformed into normal cells or less
harmful cells. Let us conduct an experiment just using imagination, which might
support our views described above. First, long-term exposure of normal cells to a
low dose of carcinogen A, and the normal cells will eventually become cancer
cells. Second, if a high dose of carcinogen A is used to treat these cancer cells, the
cancer cells will not be killed because the cancer cells are naturally selected by
carcinogen A, which will make the cancer cells become resistant to carcinogen
A. Third, if a high dose of carcinogen B that is chemically different from carci-

nogen A is used to treat these cancer cells, the cancer cells will die because they
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are susceptible to carcinogen B. Last, if a low dose of carcinogen B is used to
treat these cancer cells for a quite long time (assuming that this treatment will
not cause normal cells to become cancer cells), these cancer cells will become
less malignant or become normal cells or be killed by immune system. The rea-
son is that CACC is the worst 3D genome architecture of cells inside the human
body because CACC causes cancer that kills people. Undoubtedly, continuing
treatment of cancer cells with different carcinogens will gradually alter CACC
and the malignancy of the cancer cells with the altered CACC will be reduced or
completely disappears because the malignancy of cancer is determined by CACC
and altered CACC is not the original CACC at all. Together, to cure cancer, an
inverse process of oncogenesis should be taken, which is a very slow process of
altering CACC using a long-term treatment with a low dose of less-toxic geno-
toxic agent. In this regard, CQ and HCQ could be used for a long time at low
dose to treat cancer patients, which might gradually turn cancer cells to normal
cells or make cancer cells become less harmful by altering CACC because com-
pared to other genotoxic agents they are less genotoxic and will not cause normal
cells to become cancer cells. In future, to prevent cancer, people could be pe-
riodically treated with a long course of low dose genotoxic-medicine that will
not cause normal cells to become cancer cells but can alter CACC in existing
cancer cells. Since most cancers can form and grow undetected for around 10
years, it is better to receive this preventive treatment once every 2-3 years.
Hopefully, CQ and HCQ could be used in this way to prevent cancer as well.

Spontaneous remission of cancer (SRC) is a very rare phenomenon, the fre-
quency of which has been estimated to be 1 in 100,000 cancer pateints [24] [25].
The mechanism by which SRC occurs is unknown, but it was suggested that
acute infection and fever might be linked to SRC via stimulation of immune sys-
tem [26]. Based on our hypothesis, SRC might be associated with long-term ex-
posure to very low dose genotoxic factors, of which the cancer patients them-
selves may be completely unaware. We speculate that fever, viral infection and
other factors including pathological and physiological factors might affect dy-
namic 3D genome architecture in some cells including cancer cells and immune
cells inside the patients, which might be used to explain not only the mechanism
of SRC but also the reason why CQ’s therapeutic activities are different in treat-
ment of different patients with the same condition, for example, currently,
whether using CQ or HCQ to treat COVID-19 patients is right or wrong re-
mains arguable [27].

CQ and HCQ might be less genotoxic to most non-dividing cells, but might
be more genotoxic to actively dividing cells such as malaria parasites, cancer
cells and immune cells etc. Using CQ or HCQ at a low dose for a short period of
time might slightly alter chromatin configuration, but the altered chromatin
configuration is reversible after withdrawal of the drug. Using CQ or HCQ at a
high dose for a long period of time might cause severe genotoxicity and the al-

tered chromatin configuration might become irreversible. CQ resistance in ma-
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laria parasites might be linked to irreversible alteration of chromatin configura-
tion in CQ-resistant malaria parasites, which is caused by long-term treatment
with CQ [28]. Compared to other genotoxic drugs, CQ and HCQ are less toxic.
However, in order to sensibly use CQ or HCQ for treating various diseases in-
cluding COVID-19, many factors should be taken into account. Based on our
hypothesis, alteration of 3D genome architecture by genotoxic agents including
CQ or HCQ could cause both beneficial and detrimental effects to the human
body because the response of different cell types inside the human body to the
treatment of CQ or HCQ will be different, and more importantly, different pa-
thological and physiological conditions inside the patients also affect the per-
formance of CQ or HCQ. Therefore, to treat COVID-19 patients with CQ or
HCQ, assessment of changing patient’s conditions and selection of right time to
use CQ or HCQ are of great importance.

Based on our hypothesis, a combination therapy using a low-dose CQ or HCQ
and a low-dose all-trans retinoic acid (ATRA) could be a safe and effective
strategy for treating COVID-19 patients. The purpose of this strategy is to re-
duce susceptibility of target cells to SARS-CoV-2 and to modulate immune sys-
tem reaction to SARS-CoV-2 through altering 3D genome architecture in the
target cells and immune cells. The reason why ATRA is included in this therapy
is based on the assumption that ATRA is directly or indirectly involved in altera-
tion of 3D genome architecture [29] and thus could help to improve the efficacy
of CQ or HCQ. In addition, to prevent SARS-CoV-2 infection, administration of
these drugs via inhaled route could further reduce drug doses. In conclusion,
reducing susceptibility of target cells to virus through altering 3D genome archi-
tecture in the target cells by genotoxic agents is a novel universal-strategy for

preventing and treating all viral infections.

3. Idea for Obtaining Experimental Evidence

Since chromosome conformation capture technique was invented in 2002 [29]
[30], more advanced techniques have been developed to study 3D genome ar-
chitecture [30] [31]. Therefore, we can use these advanced techniques to study
the changes of 3D genome architecture and gene expression patterns in both CQ
treated and untreated cells or malaria parasite (P. falciparum). We can also use
CRISPR gene editing technique to modify Pfcrmp or its homologue and then
check alterations in both 3D genome architecture and gene expression patterns.

Hopefully, in this way, the hypothesis could be tested.

4. Implications

If the hypothesis is proven to be true, sensible use of CQ and HCQ in clinical
practice will be possible. Besides, further exploration of the underlying mechan-
ism by which CQ alters 3D genome architecture will facilitate developing
less-toxic and effective genome-structure-targeting drugs for treating many dis-

eases that have no cure at present.
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5. Conclusion

The hypothesis proposed in this paper could be considered as a supplement to
existing hypotheses for the mechanisms of CQ’s diverse therapeutic actions.
There are some pieces of indirect evidence to support this hypothesis, but the
direct evidence has to be obtained from experiment. Unfortunately, we don’t
have any resources to carry out experiment to test this hypothesis, and as such,
we just wish that some scientists who are interested in this hypothesis and also

have enough resources can test it.
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