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ABSTRACT

Tumor suppressor genes are highly
affected during the development of leuke-
mia, including circadian clock genes.
Circadian rhythms constitute an evolution-
ary molecular machinery involving many
genes, such as BMAL1, CLOCK, CRY1,
CRY2, PER1, PER2, REV-ERBa, and RORA, for
tracking time and optimizing daily life dur-
ing day-night cycles and seasonal changes.
For circulating blood cells many of these
genes coordinate their proliferation, out-
put, and function, and therein lies their
importance for the development of leuke-
mia. Recent findings suggest that environmental pollutants may affect circadian rhythms and thus
affect cancer development and treatment. Such environmental pollutants are often found in mix-
tures and include benzene, tobacco smoke, pesticides and microplastics. Our understanding of the
molecular basis for the interaction mechanisms within complex mixtures is also growing, confirm-
ing the plausible occurrence of synergistic (superadditive effect) and antagonistic (cancellation
effect) actions of pollutant cocktails. In this work, we discuss the relationship of environmental pol-
lutants and the alteration of circadian rhythms that potentially may cause leukemia. We highlight
the need of additional dimensions and perhaps a paradigm shift for future studies in relation to
continuously growing magnitude of environmental pollution using multitude of disciplines such as
development of high throughput reporter cell lines, other cell screening methods, contaminant
measurements in leukemia patients, advanced pharmacology and toxicological measurement of
mixtures and highly efficient computer analysis including artificial intelligence, among others.
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1. Introduction

Leukemia is the common name for a group of heterogeneous malignant disorders that are caused
by rapid production of abnormal cells in blood-forming tissues such as the bone marrow and
lymphatic system (Lagunas-Rangel & Ch�avez-Valencia, 2017). There are several types of leukemia,
which are mainly divided according to whether the leukemia is acute (fast growing) or chronic
(slower growing) and whether it begins in myeloid cells (cells that give rise to erythrocytes, platelets,
monocytes, neutrophils, basophils, and eosinophils) or lymphoid cells (cells that give rise to T lym-
phocytes, B lymphocytes and NK cells) (Lagunas-Rangel et al., 2017). Acute leukemias are charac-
terized by a rapid increase in abnormal and immature white blood cells, crowding out normal
blood cells from the bone marrow, while chronic leukemias are characterized by a relatively slow
accumulation of abnormal, mostly mature blood cells (Arber et al., 2016; Swerdlow et al., 2016).

Approximately 350,000 people worldwide are diagnosed with leukemia each year and 250,000
people die from it. Acute forms of leukemia represent 44% of cases, while chronic forms repre-
sent 43%, and with 13% as indeterminate forms (Figure 1A). Myeloid leukemias correspond to
46% of the total, while lymphocytic and lymphoblastic leukemias represent 47%, and 7% are non-
specific (Figure 1B). Of the total leukemias, 13% are chronic myeloid leukemias (CMLs), 28% are
acute myeloid leukemias (AMLs), 30% are chronic lymphocytic leukemias (CLLs), 13% are acute
lymphoblastic leukemias (ALLs) and 16% remaining are other types of leukemia (Figure 1C)
(Elert, 2013; Sung et al., 2021). Leukemias can occur at all life ages, from a newborn to an older
person, but the different forms have very different age distributions (Figure 1D). Notably, leuke-
mia is the most common type of childhood cancer, representing approximately one third of pedi-
atric cancers (children younger than 15 years). ALL is common in early childhood and rare in
adults, accounting for nearly a quarter of all childhood cancers, while AML is less common in
children, but it is common in older adults. Indeed, ALL occurs five times more frequently in chil-
dren than AML, with B-acute lymphoblastic leukemia (B-ALL) being the most prevalent and hav-
ing high mortality rates (Whitehead et al., 2016). CML and CLL are rare in young children, but
their incidence increases in adulthood, peaking between the ages of 75 and 79. Overall, adult leu-
kemias tend to have a worse prognosis than childhood leukemias (Elert, 2013; Sung et al., 2021).

Leukemia has a multifactorial origin, where different genetic, nutritional and environmental
conditions called risk factors act together to promote its development. Several risk factors of dif-
ferent etiologies have been associated with the development of leukemia and each type of leuke-
mia has a predilection for certain types of factors. These include genetic syndromes, including
Down syndrome, Bloom syndrome, Fanconi anemia, ataxia telangiectasia and neurofibromatosis,
all of which increase the risk of childhood ALL and AML (Belson et al., 2007; Davis et al., 2014).
People exposed to ionizing radiation, either accidentally such as survivors of an atomic bomb
explosion, or those exposed through work-related causes, are at increased risk of developing ALL,
AML, and CML (Belson et al., 2007; Buffler et al., 2005; Davis et al., 2014). A history of hemato-
logical malignancies is also considered a risk factor since these can progress or lead to the subse-
quent development of leukemias (Belson et al., 2007). Occupational and environmental exposure
to benzene (a chemical used in the manufacture of paints and plastics, as well as being released
by incomplete combustion of fossil fuels) is an established risk factor for leukemia, particularly
adult AML (Belson et al., 2007; Buffler et al., 2005; Davis et al., 2014; Vinceti et al., 2012). There
are contrasting reports on the role of parental smoking in the development of childhood leuke-
mia, but there is growing evidence of a relationship between smoking and susceptibility to devel-
oping AML, although it is not yet conclusive (Belson et al., 2007; Buffler et al., 2005). Exposure
to pesticides in the early stages of development, such as in utero and in the first three years of
life, has been associated with an increased risk of childhood ALL. Likewise, an increased risk of
developing childhood leukemia has been linked to greater exposure to air pollutants, particularly
particulate matter with diameters of 10 microns (PM10) and 1,3-butadiene (Filippini et al., 2019;
Vinceti et al., 2012). Meanwhile, Epstein-Barr virus positive mothers were associated with a
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significantly higher risk of ALL in their children (Belson et al., 2007; Buffler et al., 2005; Davis et
al., 2014). Obesity has also been linked to an increased risk for developing leukemia and with cir-
cadian desynchrony (Davis et al., 2014; Laermans & Depoortere, 2016).

Environmental pollutants have been shown to actively participate in the development of some types
of cancer (Boffetta, 2006; Koual et al., 2020), and so far, their activity has mainly been investigated
individually, although reports have begun to appear where the effects of pollutant cocktails are ana-
lyzed (Hansen et al., 2019; Ngamwong et al., 2015; Q. Wang et al., 2020). There is increasing aware-
ness in the modern societies that living beings are simultaneously exposed to an increasing number of
environmental pollutants and their transformation products and metabolites. Most often the levels of
these pollutants are below the acute toxicity reference values but there is growing concern that these
compounds act and interact within the human body especially if considering chronic and multigenera-
tion approach (Cedergreen, 2014). Synergy occurs when the interaction between two or more factors
makes the total effect greater than the sum of the individual effects of each, while additivity can
describe a situation in which the overall effect caused by a combination of compounds is the sum of
the effects of each individual agent. In contrast, antagonism occurs between two or more compounds
that have opposite effects and, therefore, their effects are weaker than those of each individual agent
(Geary, 2013; Niu et al., 2019; Tang et al., 2015). Synergistic effects, or true over-additive effects, are
often observed in experimental and clinical studies of a wide variety of compounds (Cedergreen, 2014;
Jatkowska et al., 2021; Kudłak et al., 2019; Oliver et al., 2020). These complex interactions may occur
through a wide variety of mechanisms, for example, the two compounds could act in the same key
nodes or in different nodes in the same mechanistic pathway. Moreover, the presence of one could

Figure 1. Distribution of the different types of leukemias. The percentages of the main types of leukemia are shown according
to their acute or chronic character (A), the predominant cell type (B), their classification (C) and according to the ages at which
they occur (D). The graphs are based on data taken from Elert (2013).
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influence the ability to mitigate the action of the other, or the presence of one could influence the
available dose of another in the cells targeted. Furthermore, the keto-enol balance of one substance
could be affected by presence of the other thus affecting its availability. Such underestimated mecha-
nisms may lead to both decrease and increase of the summarized toxicity of cocktails of xenobiotics of
organisms exposed (Lupu et al., 2020; Mauderly & Samet, 2009). Antecedents of these types of syner-
gies have been seen promoting the development of some types of cancer and there are numerous stud-
ies confirming increased activity of various cancer cells exposed to these mixtures of environmental
pollutants (Burke & Wei, 2009; Hansen et al., 2019; Lu et al., 2018; Ngamwong et al., 2015;
Wieczerzak et al., 2021). There is thus growing interest to systematically investigate the putative
impacts of these associations in the development of leukemia and for its treatment.

The purpose of this work is to discuss the current evidence on how environmental pollutants
may participate in the development of the main types of leukemias, with a special emphasis on
the role of circadian rhythms in relationship to the growing number of studies linking circadian
regulation with cancer and the impact of dysregulated sleep patterns within the modern society.

2. Circadian rhythms

Circadian clocks constitute the evolutionary molecular machinery for keeping track of time and
optimizing daily life during day-night cycles and seasonal changes in day length. These coordinate
multiple physiological processes by establishing oscillations of biological variables with a 24-hour
periodicity, which are called circadian rhythms (Sulli et al., 2019). Suprachiasmatic nuclei (SCN)
are the master circadian pacemakers of mammals, they receive photic information from retinal
ganglion cells (RGCs) and synchronize peripheral clocks with external light/dark cycles through
neural and humoral pathways (Shostak, 2017). The mammalian circadian clock at the molecular
level is made up of a time-delayed transcription-translation feedback loop (TTFL) (Figure 2A).
Two enhancer box (E-box) specific transcription factors, brain and muscle ARNT-like 1
(BMAL1) and circadian locomotor output cycles kaput (CLOCK) (or its paralog neuronal PAS
domain-containing protein 2 (NPAS2)), form the activating arm of the TTFL, while the crypto-
chrome (CRY1 and CRY2) and period (PER1, PER2 and probably PER3) proteins constitute the
repressor arm. This primary TTFL is consolidated by a secondary loop formed by the nuclear
receptors reverse strand of ERB alpha (REV-ERBa) and the retinoic acid receptor-related orphan
receptor alpha (RORA) (Sancar & Van Gelder, 2021).

Figure 2. Mammalian circadian clock controls transcription and circadian oscillations of blood cell components. A) The mamma-
lian circadian clock mechanism is a time-delayed transcription-translation feedback loop (TTFL). BMAL1-CLOCK constitute the
positive arm and cryptochrome (CRY1 and CRY2) - period (PER1 and PER2) constitute the repressive arm. REV-ERB inhibitor and
RORA activator form a secondary feedback loop that consolidates the primary loop. It also shows which phases occur in the day
(sun) and night (moon). B) Circadian oscillations of different cell types present in the blood and bone marrow. The graphs are
based on data taken from Haus et al. (1983), Oh et al. (2019) and Paatela et al. (2019). CCG: Clock controlled gene, WBC: White
blood cell, HSPC: Hematopoietic stem and progenitor cells, CT: Circadian time.
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The circadian timing system controls numerous biological functions in mammals, including
immune functions, cell cycle events, apoptosis, angiogenesis, xenobiotic metabolism, and detoxification.
Components of the circadian clock directly or indirectly regulate the expression of even thousands of
clock-controlled genes (CCGs) in different cell types, leading to daily rhythms in many cellular proc-
esses including body temperature, endocrine input, sleep-wake cycle, rhythm of fasting-feeding, nutri-
ent metabolism, redox regulation, autophagy, DNA damage repair, protein folding and cellular
secretion. Desynchronization of circadian rhythmicity was implicated in several pathologic conditions,
including tumorigenesis and progression of cancer (Gachon et al., 2004; Shafi & Knudsen, 2019).
Reinforcing this idea, oncogenic processes directly weaken circadian rhythms (Sulli et al., 2019).

The normal functioning of circadian clocks can be altered by genetic, environmental, and
internal factors. Indeed, there are interesting recent findings that demonstrate the interaction of the
environment, particularly some environmental pollutants, and circadian rhythms (Liu et al., 2021;
Ndikung et al., 2020; Prokkola & Nikinmaa, 2018). It has previously been described that cells that
follow a circadian synchrony have greater responses to the effects of environmental chemicals
(Ndikung et al., 2020). For example, dibutyl phthalate (DBP), a common plasticizer in our lives,
disrupts the circadian rhythm and promotes the proliferation and migration of mammary cells (Liu
et al., 2021). However, it is worth mentioning that so far there is very little information that relates
the alteration of circadian rhythms with the development, evolution, prognosis and/or treatment of
any type of leukemia, as well as whether any environmental pollutant or mixture of them has an
important role in altering the genes that control the circadian clock in these cancers.

3. Leukemia and circadian clock genes

Cells present in the bone marrow and blood follow circadian cycles for their proliferation, egres-
sion, and function (Figure 2B) (Haus et al., 1983; Paatela et al., 2019; Smaaland et al., 2002).
Indeed, circadian rhythms are an important long-term regulatory component of hematopoiesis
(M�endez-Ferrer et al., 2008). In this regard, disruption of circadian rhythms and alterations in
circadian clock genes has been reported in the four main types of leukemia (AML, ALL, CML,
and CLL) (Table 1) (Puram et al., 2016; Rana et al., 2014; Sun et al., 2010; Taniguchi et al.,
2009). There is evidence that peripheral blood mononuclear cells (PBMC) from patients with
AML, ALL and CLL retain partially the oscillations of circadian genes, but are absent in cells
from CML patients (Rahman et al., 2017).

3.1. AML patients

Samples collected from AML patients showed downregulation of BMAL1, PER1, PER2, PER3,
CRY1 and CRY2 (Table 1) that were negatively correlated with the amount of blast cells in the
bone marrow and, therefore, indicate that in this type of cancer these proteins act as tumor

Table 1. Expression of core clock genes in patients with different types of leukemia.

Leukemia CLOCK BMAL1 PER1 PER2 PER3 CRY1 CRY2 Reference

AML # # # # # # # (M.-Y. Yang et al., 2015)
(Rahman et al., 2017)

ALL # # — # # # # (M.-Y. Yang et al., 2015)
(Tomita et al., 2017)
(Rahman et al., 2017)
(N. Wang et al., 2020)

CML # # — # — # ¼ (Rana et al., 2014)
(Rahman et al., 2017)

CLL " # # # — # ¼ (Y. Yang et al., 2019b)
(Rahman et al., 2017)

": Increased expression, #: Decreased expression, =: Without changes, –-: Undetermined.
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suppressors (M.-Y. Yang et al., 2015). The downregulation of circadian clock genes in patients
with AML was maintained until the end of treatment and those who relapsed showed an increase
in CRY2 expression (Rahman et al., 2017). Related to this, increased DNA methylation of the
PER3 promoter, an epigenetic mechanism of gene silencing, was observed in patients with AML
and, as treatment with decitabine progressed, this methylation decreased and the expression levels
of PER3 increased in patients with complete remission, while in those who relapsed, levels
remained low (Y. Wang et al., 2011). The same pattern was observed in patients with complete
remission and in those who relapsed for PER1 expression (M.-Y. Yang et al., 2015). In myeloid
leukemic cells that possess the MLL-AF9 fusion gene, a marker associated with an intermediate
to good prognosis, it was observed that down-regulation of the CLOCK and BMAL1 genes
decreases their cell proliferation, induces their differentiation, and depletes the number of leu-
kemic stem cells (LSCs) (Puram et al., 2016; Winters & Bernt, 2017). Contrastingly, although nor-
mal hematopoietic stem and progenitor cells (HSPCs) are also influenced by the circadian cycle,
BMAL1 was not shown to be necessary for their self-renewal, differentiation, or multilineage
engagement (Puram et al., 2016). To explain these differences, we must mention that oscillating
levels of NADþ have been reported to control acetylation of histone methyltransferase mixed-lin-
eage leukemia 1 (MLL1) (also known as histone-lysine N-methyltransferase 2A (KMT2A)) via
NADþ-dependent deacetylase SIRT1 (also called sirtuin 1) and, in turn, CLOCK-BMAL1-
dependent transcriptional activation. When NADþ levels are low (e.g. nutrients high), MLL1 is
acetylated and its activity increases causing high levels of H3K4me3 and high expression of
CCGs, but when NADþ levels increase (e.g. nutrients low), SIRT1 deacetylates MLL1 and reduces
its enzymatic activity leading to a decrease in H3K4me3 levels and in the expression of CCGs
(Aguilar-Arnal et al., 2015). Then, MLL1 controls the levels of H3K4me3 and influences the levels
of H3K9ac and H3K14ac in such a way that these have circadian oscillations in the CCG pro-
moters. Also, MLL1 interacts, synergizes and is required for the proper recruitment of the
CLOCK-BMAL1 dimer and the activation of CCG transcription (Katada & Sassone-Corsi, 2010).
Thus, although low levels of BMAL1 are produced in normal cells, the presence of the normal
and functional MLL1 protein that synergizes its transcriptional activation functions in CCGs pro-
motes compensation against loss, while in leukemic cells, which express the MLL-AF9 fusion pro-
tein, where MLL1 loses several domains, including transactivation and histone methyltranferase
SET domains, there is no way to compensate for the low levels of BMAL1.

3.2. ALL patients

In a small cohort analysis, it was found that 33% of ALL patients had decreased expression of
BMAL1 due to hypermethylation of its promoter (Taniguchi et al., 2009). In RPMI8402 cells, the
demethylation of hypermethylated CpG islands restored BMAL1 levels and, consequently, the cir-
cadian oscillation of the PER2 gene and its target genes (Tomita et al., 2017). Reinforcing these
observations, by inducing a decrease in the expression of BMAL1 in MOLT-4 cells, which do not
exhibit hypermethylation of CpG islands, there was an increase in their cell growth (Taniguchi et
al., 2009). In patients newly diagnosed with ALL, there was also a decrease in the expression of
CLOCK, PER2, PER3, CRY1, CRY2 and REV-ERBa (Table 1), which with the exception of
CLOCK remained low until the end of treatment (Rahman et al., 2017; M.-Y. Yang et al., 2015).
In pediatric patients with ALL, altered sleep-rest circadian activity patterns are well described,
and less intense sleep-wake rhythms have been associated with increased cancer-related fatigue
(Berger et al., 2010; Rogers et al., 2014). These alterations were stronger when high-dose dexa-
methasone was used in induction therapy and during the intensive phase of therapy with 6-mer-
captopurine and methotrexate (Rogers et al., 2014; Steur et al., 2020). Furthermore, a long-term
follow-up study of survival showed that ALL patients who received maintenance treatment with
6-mercaptopurine at night had a greater chance of complete remission than those who received it
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in the morning (Rivard et al., 1993). The same happened with the combined treatment of 6-mer-
captopurine and methotrexate (Clemmensen et al., 2014). This could be linked to a higher num-
ber of circulating CD10þ lymphocytes at night (Canon et al., 1985) and lower levels of DNA
repair proteins, particularly those of the nucleotide excision repair (NER) pathway (Sancar & Van
Gelder, 2021). For ALL patients who achieved remission, BMAL1, PER3, and CRY2 were found
at higher levels than patients whose disease relapsed after treatment (M.-Y. Yang et al., 2015).
The evidence presented above suggests that circadian rhythm may play a role in the development
of childhood ALL, as well as affect chemotherapy treatments.

3.3. CML Patients

CML patients showed a significant reduction in the expression of CLOCK, BMAL1, PER2, and
CRY1 compared to the expression levels in healthy controls (Table 1) (Rahman et al., 2017). In
CML KCL22 cells, it was observed that the overexpression of the PER2 gene prevented its prolif-
eration by modifying the number of cells in each phase of the cell cycle, increasing cells in G1
and decreasing in S/G2 (N. Wang et al., 2020). Meanwhile, in CML K562 cells, the overexpression
of PER2 caused an arrest in the G2 phase of the cell cycle that later led to apoptosis as p53 levels
increased and MYC and Cyclin B1 decreased. Thus, the tumors caused by these cells were smaller
and with less infiltration in murine models (Sun et al., 2010). The PER2 promoter contains sev-
eral potential binding sites for the CCAAT/enhancer-binding protein (C/EBP) transcription fac-
tors, and at least C/EBP alpha (C/EBPA) and C/EBP epsilon (C/EBPE) are known to bind
directly at these sites and stimulate their expression, and where C/EBPA was notably the strongest
transcriptional modulator. Likewise, the expression of C/EBP proteins could be regulated by cir-
cadian genes, which would represent a feedback loop that could be involved in the development
of myeloid leukemias by inhibition of the granulocytic differentiation (Gery et al., 2005).
Although BMAL1 oscillations are lost in CML cells, inhibition of SIRT1 has been shown to
restore them, which also tells us that this protein plays an important role in "fine-tuning" the cir-
cadian clock (Rahman et al., 2017).

3.4. CLL Patients

At the time of diagnosis, patients with CLL showed a dysregulation of the core clock genes, with
high levels of CLOCK and decreased levels of BMAL1, PER1, PER2, CRY1 and REV-ERBa (Table
1), and consequently their target genes MYC and Cyclin D1 increased while WEE1 decreased
(Rahman et al., 2017; Rana et al., 2014). Transcriptional silencing of CRY1 by promoter hyperme-
thylation was associated with a favorable prognosis for these patients, particularly when the
PER2:CRY1 ratio is low (Eisele et al., 2009; Hanoun et al., 2012). Indeed, this could explain, in
part, why night shift workers are at higher risk of developing this disease (Costas et al., 2016).

4. Environmental pollutants and circadian clock genes

Environmental pollutants are compounds found in the environment as a result of human activ-
ities and that are hazardous to health. The genes of circadian rhythms are affected by several
chemical environmental pollutants that have been associated with the development of leukemias
such as benzene, cigarette smoke, some pesticides and microplastics, although for some of them
there is still not enough data to be considered as risk factors (Table 2). Given that leukemia is a
disease that is favored by several factors for its development (multifactorial) (Belson et al., 2007;
Buffler et al., 2005; Davis et al., 2014), it is possible that the presence of environmental pollutants
that affect circadian rhythms can contribute, to some extent, in people to make them more sus-
ceptible to developing leukemia (Scharf et al., 2020). In addition, it is not yet known whether the
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effects of environmental pollutants, or their mixtures (synergistic effects), on leukemic cells and
circadian rhythms, also affect the efficacy of the therapeutic drugs used against this disease.

Exposure to benzene has toxic effects on the blood and bone marrow cells leading to leuko-
penia, pancytopenia, aplastic anemia, and leukemia (Snyder & Hedli, 1996). The hematotoxic
effects of benzene and its metabolites, such as phenol, catechol, hydroquinone, 1,2,4-benzenetriol,
transtrans-muconic acid and L-phenylmercapturic acid, are due to the fact that these can cova-
lently bind to DNA and other macromolecules and induce damage, cause the overproduction of
reactive oxygen species (ROS), as well as other mechanisms that are not yet fully understood
(Park et al., 2008; Snyder & Hedli, 1996). Notably, among the genes most affected by exposure to
benzene are those of the circadian rhythms, possibly due to the activation of the aryl hydrocarbon
receptor (AhR) that has direct effects on the HSPCs (Figure 3) (Gasiewicz, Singh, & Casado et
al., 2010; Park et al., 2008). AhR is expressed in hematopoietic stem cells (HSCs), in which it is a
crucial mediator for their growth and differentiation by regulating c-MYC, OCT4, HIF-1a,
NOTCH, and HES-1 signaling. AhR expression leads mainly to the myeloid line, being particu-
larly important in the generation of erythrocytes and monocytes, although it is also important for
the differentiation of naïve lymphocytes (Angelos & Kaufman, 2018; Casado et al., 2010; Lindsey
& Papoutsakis, 2012). AhR forms a heterodimer with BMAL1 and, in turn, prevents its heterodi-
merization with CLOCK, thus acting as a transcriptional repressor for CCGs. Difficulty expressing
PER1 reduces the robustness of the rhythm and slows down the clock progression (Tischkau,
2011; Xu et al., 2010).

Burnt tobacco smoke is estimated to contain more than 3,800 chemicals of which more than
half are considered potential toxins or carcinogens (including benzene) (IARC, 2004). Chronic
exposure to cigarette smoke damages the cells of the hematopoietic niche, resulting in abnormal
hematopoiesis, where proliferative signals increase and stimulate the expansion of HSPCs (Siggins
et al., 2014). Chronic exposure to cigarette smoke caused a dysregulation of circadian clock genes,
with nuclear receptor subfamily 1 group D member 1 (NR1D1) and nuclear receptor subfamily 1
group D member 2 (NR1D2) (genes that code for REV-ERBa), PER3, and PER2 up-regulated,
while BMAL1 and RORC were down-regulated, resulting in increased proliferation but also a
greater susceptibility to oxidative stress, inflammation, and cell damage (Hwang et al., 2014;
Tsutsumi et al., 2020). This countercyclical change with respect to BMAL1 of several CCGs has
been suggested to be due to the alteration in the redox potential in cells and tissues after expos-
ure to cigarette smoke, which consequently alters DNA-binding activity and, in turn, the tran-
scriptional activity of BMAL1-containing transcription factors (Gebel et al., 2006). In addition to
these changes, a reduction in SIRT1 and an increase in the levels of acetylated BMAL1 were also
found facilitating the recruitment of CRY1 to CLOCK-BMAL1, and thus promoting transcrip-
tional repression (Hirayama et al., 2007; Hwang et al., 2014).

Pesticide is defined as any substance or mixture of substances that is used to prevent, destroy
or control pests and includes insecticides, herbicides, fungicides and rodenticides (Abubakar et
al., 2020). Exposure to household pesticides during pregnancy and their excessive use has been
linked to an increased risk of developing childhood leukemia. In these cases, both ALL and AML
could develop and in many cases fusion proteins were found as a result of translocations of the
MLL gene, probably by inhibition of topoisomerase II (Hern�andez & Men�endez, 2016). Exposure
of zebrafish to thifluzamide, a fungicide from the carboxamide family, induced pronounced
changes in genes related to circadian rhythms. Among these, the CRY1ba and CLOCK1 tran-
scripts were extremely correlated with the exposure concentrations (Y. Yang et al., 2019a). The
same was observed with flutolanil, a fungicide of the anilide family, only in the opposite direc-
tion, while thifluzamide increases the expression of circadian core genes, flutolanil decreases its
expression (Y. Yang et al., 2019b). Meanwhile, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is an
organochloride from the dioxin family that was a contaminant in the herbicide Agent Orange.
Like benzene, this is an AhR agonist, albeit with a higher potency, and has been closely linked to
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Figure 3. Impact of aryl hydrocarbon receptor (AhR) activation on circadian rhythms and hematopoiesis. A) The inactive AhR is
localized in the cytosol in complex with 90 KDa heat shock protein (HSP90), AhR-interacting protein (AIP), 23 KDa prostaglandin
(p23) and cellular-SRC (c-SRC). This can be activated by both endogenous and exogenous (xenobiotic) ligands or agonists. Upon
interaction with an agonist, the conformational changes result in the translocation of the complex to the nucleus and the inter-
action of AhR with BMAL1 after dissociation of the cytoplasmic complex. AhR can compete with CLOCK to form heterodimers
with BMAL1 and unlike the CLOCK/BMAL1 dimer that acts as an activator in the promoter E boxes, the AhR/BMAL1 dimer acts as
a repressor. B) This causes proteins such as PER1, PER2, CRY1 and CRY2 to not be expressed and, therefore, the amplitude of the
circadian oscillations decreases. C) Deregulated AhR signaling in hematopoietic stem and progenitor cells (HSPCs) can cause
hematological diseases through a mechanism that is not yet fully understood. AhR overactivation alters bone marrow microenvir-
onment signaling and disrupts quiescence in hematopoietic stem cells (HSCs). Cell proliferation is promoted, and differentiation
is altered, favoring mainly the myeloid lineage at the expense of cells of the lymphoid lineage, although AhR overactivation has
also been reported in some lymphoid leukemias. LT-HSC: Long-term hematopoietic stem cell, ST-HSC: Short-term hematopoietic
stem cell, CMP: Common myeloid progenitor, CLP: Common lymphoid progenitor cell.
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the development of leukemia as it causes alterations in the ability of HSCs to respond appropri-
ately to signals within the medullary microenvironment and disrupts their quiescence (Garrett &
Gasiewicz, 2006; Singh et al., 2009). TCDD affected in a dose-dependent manner the rhythmicity
of core clock genes by reducing the amplitude or causing the complete loss of their oscillations
and, consequently, also of a large proportion of the CCGs (Fader et al., 2019). Polychlorinated
biphenyls (PCBs) are persistent organic pollutants that are widely distributed in the environment
and have also been considered a probable risk factor for childhood leukemia (Ward et al., 2009).
Of these, PCB153 was shown to positively regulate several genes involved in the circadian rhythm
of zebrafish embryos (Aluru et al., 2020).

Plasticizers, produced for nearly 100 years, have become ubiquitous in society and are found in
a variety of everyday products. Many of these have been shown to participate in the development
of diseases when they are introduced into the body by inhalation, ingestion and dermal absorp-
tion (Zarus et al., 2021). Some of these such as bisphenol A (BPA), phthalates and perfluorinated
chemicals can act as endocrine disrupting compounds (EDCs) with significant consequences
including infertility, polycystic ovary syndrome (PCOS), precocious puberty, hormone-dependent
tumors, such as breast and prostate cancer, and several metabolic disorders linked to cancer
(Braun et al., 2013; Dematteo et al., 2012; Diamanti-Kandarakis et al., 2009; Loganathan et al.,
2019). BPA is widely used in plastics intended for direct contact with food, including plastic
packaging, coatings of cans and jar caps, as well as kitchenware. BPA at nanomolar concentra-
tions promotes the proliferation of acute promyelocytic leukemia HL-60 and histiocytic lymph-
oma U937 cells and reduces their sensitivity to daunorubicin and cytarabine by causing an
increase in IL-4 levels through NFAT1, and increasing IL-6 levels through the NF-jB pathway
(Zhang et al., 2020). However, leukemic cells were also shown to be more sensitive to the cyto-
toxic effects of BPA than other types of cancer cells, with apoptosis cascades being activated
more rapidly in leukemic cells (Terasaka et al., 2005). NB4 cells that possess the PML-RARA
fusion protein were the most sensitive to BPA, which induced their differentiation and activated
apoptosis pathways by causing an increase in the levels of p21, p27, p16 and RB, while decreasing
those of cyclin D1 (Bontempo et al., 2009). Interestingly, in mouse pro-opiomelanocortin
(POMC) neurons, BPA has altered the circadian clock, mainly in the BMAL1, PER2 and REV-
ERBa genes, and also caused an increase in the binding of BMAL1 to its target promoters that
they are reflected in deleterious effects on the expression of neuropeptides (Loganathan et
al., 2019).

Phthalates are commonly used in medical devices and in personal care products such as soaps,
lubricating oils, hairsprays, perfumes, cosmetics, and shampoos. The L5178Y mouse lymphoma
mammalian cell mutation assay demonstrated mutagenic activity of dimethyl phthalate (DMP)
and DBP, but only in the presence of hepatic S9 pools that are a rich source of drug metabolizing
enzymes, including those of the P-450 family, suggesting that the damage is caused primarily by
its metabolites. This was not the case for butyl benzyl phthalate (BBP), di-fn hexyl, n-octyl, n-
decylg phthalate (610 P), di-isononyl phthalate (DINP), di-fheptyl, nonyl, undecylg phthalate
(711 P), diisodecyl phthalate (DIDP) and di-undecyl phthalate (DUP) (Barber et al., 2000). On
the other hand, exposure to DBP at a concentration of 100 lg/mL for four days was shown to
selectively affect the viability of acute myeloid leukemic blast progenitor cells (AML-CFU), but
not of normal granulocyte/macrophage progenitor cells (CFU-GM) (Wu et al., 1995). Apoptosis
was also caused in acute megakaryoblastic leukemia cells M-O7e and histiocytic lymphoma U-937
using DBP at a concentration of 100 lg/mL, as well as in cells of promyelocytic leukemia HL-60
with a concentration of 50 lg/mL for nine days (Chu-Tse et al., 1993; L.-S. Wang et al., 2002). In
a clinical trial in patients with AML, bone marrow samples were collected for autotransplantation.
For this, bone marrow collection bags containing a culture medium with DBP were used and
after 6 days the medium was replaced with medium without DBP. In this manner, a significant
reduction in the number of leukemic cells was observed, but an adequate number of normal cells
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was maintained to repopulate the bone marrow of the patients. Thus, DBP was considered as a
purging agent (Lisheng et al., 1996). Meanwhile, di(2-ethylhexyl) phthalate (DEHP) was shown to
cause apoptosis in HL-60 promyelocytic leukemia cells, mainly at high doses (over 100lg/mL),
and also reduce cell migration at low doses (10lg/mL). Its metabolite, MEHP, required lower
doses to cause apoptosis (50 lg/mL), but higher doses to affect cell migration (25 lg/mL) (Manz
et al., 2014). Regarding the circadian clock genes, it was shown that DEHP significantly alters
their levels, increasing the expression of CLOCK, CRY1 and NR1D1, but decreasing the expres-
sion of PER2 and PER3 (Table 1) (Currie et al., 2005).

5. Conclusions and future perspective

Circadian rhythms are strongly linked to cancer, including breast, ovarian, prostate, brain, kidney,
gastric, lung, liver, and colorectal cancer, among others (Masri & Sassone-Corsi, 2018; Sancar &
Van Gelder, 2021; Sulli et al., 2019; Verlande & Masri, 2019). Notably, both circulating blood cells
and those in the bone marrow present circadian rhythms in their proliferation, function, differen-
tiation, and discharge. Thus, when these rhythms are altered, there is a possibility that they facili-
tate the development of leukemia. For many years, an accepted model of leukemogenesis was the
"two-hit hypothesis", which suggested that two different types of alterations were required for
malignant transformation. From the data we describe here, we suggest that altering genes that
control circadian rhythms, whether by altered gene expression, mutations, epigenetic changes, or
other mechanisms, are unlikely to cause leukemia alone, but may play an important role to pre-
dispose for its development. This could be a "first hit" and would subsequently only require a
"second hit", possibly of lesser magnitude, affecting some tumor suppressor gene, DNA repair
gene, or activating an oncogene to induce cancer.

It can be concluded that more experiments are necessary to confirm and validate the magni-
tude of the putative impact that environmental pollutants and circadian rhythm disruption have
on various forms of leukemia. New models could be developed where circadian genes, such as
CLOCK or BMAL1, are silenced to investigate if these are more susceptible to developing leuke-
mia when exposed to agents, such as benzene. Likewise, these models can be combined with
models where mutations are generated in genes that drive leukemogenesis. Clearly, this is now
easier with improvements in gene editors, for example the CRISPR/Cas9 system (Fellmann et al.,
2017). Furthermore, some of these genes, after being confirmed in larger clinical trials, can also
be considered as markers for the diagnosis, prognosis and/or evaluation of the efficacy of the
treatment. This can be illustrated with PER1 and PER3 in AML patients and BMAL1, PER3 and
CRY2 in ALL patients, which increase their expression in patients with complete remission (Y.
Wang et al., 2011; M.-Y. Yang et al., 2015). It is also important to better decipher the exact
molecular pathways involved in the dysregulation of the expression of such genes for each type of
leukemia using genome wide RNA sequencing.

It is important to identify the environmental factors and their combinations that can lead to
the alteration of circadian clock genes and subsequently quantify this impact. It is also valuable to
put this in the perspective of which pollutants we are most exposed to during our routine habits.
It would be very valuable to determine the actual presence of pollutants in the blood or urine of
patients (Lee et al., 2011). Therefore, more tools must be created to make this easier and more
frequent. More experiments are required to determine which single compounds can cross the
blood-brain barrier and how co-present admixtured xenobiotics affect this process. Experiments
to determine the specific effects these have on bone marrow cells, both individually and in the
form of pollutants cocktails, must also be performed, in order to uncover possible synergies and
antagonisms. The effects of mixtures are notoriously difficult to study for several reasons, the
most obvious being the number of possible combinations is immense. Moreover, the problem is
compounded by the fact that synergistic or antagonistic effects are most often dose dependent,
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vary widely in different systems and experimental organisms and can be endpoint dependent.
Antagonistic effects of some compounds can be hidden in experimental models where synergistic-
ally active ingredients are co-present. In addition, other factors that influence the results obtained
should also be considered such as artificial light-at-night (ALAN), which has been related to an
increased risk of cancers in breast and colorectum, as well as the alteration of circadian rhythms
(Al-Naggar & Anil, 2016; Fonken & Nelson, 2014). Therefore, more consistent and high-perform-
ance studies with models that allow the analysis of this type of interaction have become a necessity.

While we are making great strides in cancer drug development, for example genetically tar-
geted therapies (Huang et al., 2020), soluble ligands (Attwood et al., 2020; Lagunas-Rangel &
Berm�udez-Cruz, 2020) and kinases (Attwood et al., 2021), there is a need to better understand
how drug treatments are affected by pollutants and circadian rhythms, and if this can be con-
trolled in such a way as to provide the best benefit for patients. Certainly, as computer and artifi-
cial intelligence systems improve, we will be able to explore the dynamics of tumor progression
in such a way that we simulate a variety of scenarios and generate "virtual tumors" with muta-
tional patterns that mimic patient data. In addition, possible scenarios could be predicted of how
complex cocktails of environmental pollutants are absorbed and metabolized, if they cross the
blood-brain barrier and if they affect circadian rhythms and/or interact with therapeutic drugs,
among many other considerations (Figure 4). In this way, it will be easier for medical personnel
to model and predict the effects of compound mixtures and to describe/control their role in the
generation and treatment of leukemia (or other cancer). Finally, based on the experimental results
obtained, improvements could be made in regulations related to exposure to environmental pollu-
tants, as well as in the strategies and technologies to reduce or eliminate their presence.
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Figure 4. Schematic presentation of possible future experimental developments. We consider four levels: determining pollutants
and drug intake, their metabolism/transformation, their arrival at the target organs and tissues, and the eventual development/
treatment of leukemia in relation to alterations in circadian cycles.
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