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Abstract: Genomic instability is prevented by the DNA damage response (DDR). Micronutrients, like
zinc (Zn), are cofactors of DDR proteins, and micronutrient deficiencies have been related to increased
cancer risk. Acute myeloid leukemia (AML) patients commonly present Zn deficiency. Moreover,
reports point to DDR defects in AML. We studied the effects of Zn in DDR modulation in AML. Cell
lines of AML (HEL) and normal human lymphocytes (IMC) were cultured in standard culture, Zn
depletion, and supplementation (40 µM ZnSO4) conditions and exposed to hydrogen peroxide (H2O2)
or ultraviolet (UV) radiation. Chromosomal damage, cell death, and nuclear division indexes (NDI)
were assessed through cytokinesis-block micronucleus assay. The phosphorylated histone H2AX
(yH2AX) expression was monitored at 0 h, 1 h, and 24 h after exposure. Expression of DDR genes was
evaluated by quantitative real time polymerase chain reaction (qPCR). Zn supplementation increased
the genotoxicity of H2O2 and UV radiation in AML cells, induced cytotoxic and antiproliferative
effects, and led to persistent yH2AX activation. In contrast, in normal lymphocytes, supplementation
decreased damage rates, while Zn depletion favored damage accumulation and impaired repair
kinetics. Gene expression was not affected by Zn depletion or supplementation. Zn presented a dual
role in the modulation of genome damage, preventing damage accumulation in normal cells and
increasing genotoxicity and cytotoxicity in AML cells.

Keywords: zinc; DNA damage; DNA repair; genomic instability; acute myeloid leukemia

1. Introduction

Genome integrity is assured by several signaling molecules, sensors, mediators, trans-
ducers, and effector proteins that cooperate to eliminate or minimize DNA damage. [1,2].
These complex protein networks constitute the DNA damage response (DDR). Many
micronutrients are substrates and cofactors of key DDR reactions, meaning that their
bioavailability is critical for damage recognition and repair [2–5]. Among several micronu-
trients, zinc (Zn) is particularly important for playing pivotal roles in the cell. Zn ions
associated with proteins influence processes such as antioxidant defenses, DNA replica-
tion, transcription, translation, DNA repair, chromatin structure, proliferation, maturation,
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immune responses, and cell death [6–9]. Zn is mostly known to support genome stability
through its potent antioxidant properties [5,8,9]. However, its effects seem to be multidi-
mensional and include the regulation of many DDR components [5,8,9]. Notably, several
DNA repair mechanisms require Zn. Damage sensors and repair proteins involved in base
excision repair (BER), nucleotide excision repair (NER), single-strand breaks (SSB), and
double-strand breaks (DSB) repair, as well as factors implicated in cell cycle and apoptosis,
depend on Zn for regulatory, structural, and catalytic purposes [5,9].

The role of Zn in disease prevention is well defined. However, its functions in carcino-
genesis are far less explored. In the context of the hematopoietic system, an appropriate
DDR is particularly relevant due to the extended life span of hematopoietic stem cells
(HSC) [10]. The DDR avoids the accumulation of DNA damage, which could alter the ca-
pacity of self-renewal and the regenerative potential of these stem cells, leading to functional
decline and defective hematopoiesis [10]. Recently, DDR alterations have been reported
in acute myeloid leukemia (AML) and are related to leukemogenesis [11]. Moreover, a
common observation in leukemia patients is a marked decrease in serum Zn levels [12,13].
Despite the frequency of this finding, its biological significance in leukemogenesis and its
relationship with the DDR in AML cells is not understood. In this context, we aimed to
understand the effects of Zn in the modulation of DDR in AML and normal lymphocytes.
For a better understanding of the disease and to improve therapeutic approaches, more
attention should be paid to the implications of Zn and DDR alterations in AML.

2. Results
2.1. Zn Depletion Increased Chromosomal Damage and yH2AX Expression in Normal
Lymphocytes and AML Cells without Exposure to Genotoxic Agents

We started by characterizing damage and cellular responses to Zn depletion and
supplementation without exposure to genotoxic agents. Normal lymphocytes (IMC cells)
cultured in Zn depletion presented higher scores of damage biomarkers than cells from
Std Zn conditions (1.3-fold increase at the 7th day, p = 0.010; 2.1-fold increase at the 15th
day, p = 0.049; Figure 1A). Moreover, the extent of Zn deprivation increased chromosomal
damage (1.3-fold increase from the 7th to the 15th day, p = 0.023). Contrastingly, supple-
mented lymphocytes presented 1.7-fold lower scores of chromosomal damage biomarkers
on the 7th day than cells from the Std condition (p = 0.034). In the AML cell line, HEL,
no significant differences in damage rates were noticed between ZnS and Std conditions
(Figure 1B). However, when the Zn depletion persisted over time, an increase in chromoso-
mal damage of about 1.2-fold was observed from the 7th to the 15th day of Zn depletion
(p = 0.047). Expression of yH2AX, a biomarker of DSB, was also assessed (Figure 1C,D).
Zn depletion increased yH2AX levels, both in normal lymphocytes and AML cells. In
IMC cells cultured for 15 days in Zn depletion, the expression of yH2AX increased 1.3-fold
(p = 0.029). Similarly, in HEL cells, the yH2AX expression increased 2.7-fold (p = 0.006)
from the 2nd to the 15th day of Zn depletion (2.7-fold). Supplementation of IMC or HEL
cells did not significantly influence yH2AX expression. Nevertheless, a slight decrease in
yH2AX expression was observed in IMC cells supplemented with Zn.

2.2. Zn Supplementation Differentially Modulated Cell Death in Normal Lymphocytes and AML
Cells without Exposure to Genotoxic Agents

The percentage of normal lymphocytes (IMC) displaying morphological features of
cell death increased through time on cells subjected to Zn depletion (1.2-fold, p = 0.042),
whereas supplementation decreased the cell death count (Figure 2A). Moreover, there were
slight, despite insignificant, decreases in cell proliferation in ZnD IMC cells (Table 1). In
HEL cells not exposed to genotoxic agents (Figure 2B), Zn deprivation did not significantly
affect cell death, whereas supplementation increased cell death scores by about 1.6-fold
after 2 and 7 days of Zn supplementation comparatively to Std condition (p = 0.007 and
p = 0.002, respectively).



Int. J. Mol. Sci. 2022, 23, 2567 3 of 11
Int. J. Mol. Sci. 2022, 23, 2567 3 of 12 
 

 

 
Figure 1. Endogenous genome damage of normal lymphocytes and AML cells in Zn depletion and 
supplementation. Basal chromosomal damage in IMC (A) and HEL cells (B) expressed as means ± 
SEM of the percentage of cells displaying chromosomal damage biomarkers (MNi, NBUDs, and 
NPBs) from 6 independent experiments. Basal expression of yH2AX in IMC (C) and HEL cells (D) 
expressed as means ± SEM of the mean fluorescence intensity (MIF) from 3 independent 
experiments. MFI of ZnD and ZnS cells were normalized to Std. Note: * refers to comparison to Std, 
$ to 2nd day, and # to 7th day, with * and # p < 0.05, ** and $$ p < 0.01, and *** p < 0.001. Std, standard; 
ZnD, Zn-depleted; ZnS, Zn-supplemented. 

2.2. Zn Supplementation Differentially Modulated Cell Death in Normal Lymphocytes and AML 
Cells without Exposure to Genotoxic Agents 

The percentage of normal lymphocytes (IMC) displaying morphological features of 
cell death increased through time on cells subjected to Zn depletion (1.2-fold, p = 0.042), 
whereas supplementation decreased the cell death count (Figure 2A). Moreover, there 
were slight, despite insignificant, decreases in cell proliferation in ZnD IMC cells (Table 
1). In HEL cells not exposed to genotoxic agents (Figure 2B), Zn deprivation did not 
significantly affect cell death, whereas supplementation increased cell death scores by 
about 1.6-fold after 2 and 7 days of Zn supplementation comparatively to Std condition (p 
= 0.007 and p = 0.002, respectively). 

Figure 1. Endogenous genome damage of normal lymphocytes and AML cells in Zn depletion and
supplementation. Basal chromosomal damage in IMC (A) and HEL cells (B) expressed as means
± SEM of the percentage of cells displaying chromosomal damage biomarkers (MNi, NBUDs, and
NPBs) from 6 independent experiments. Basal expression of yH2AX in IMC (C) and HEL cells
(D) expressed as means ± SEM of the mean fluorescence intensity (MIF) from 3 independent experi-
ments. MFI of ZnD and ZnS cells were normalized to Std. Note: * refers to comparison to Std, $ to
2nd day, and # to 7th day, with * and # p < 0.05, ** and $$ p < 0.01, and *** p < 0.001. Std, standard;
ZnD, Zn-depleted; ZnS, Zn-supplemented.
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Figure 2. Basal cell death of normal lymphocytes and AML cells in Zn depletion and 
supplementation. Cell death in IMC (A) and HEL cells (B), expressed as means ± SEM of the 
percentages of cells displaying morphological features of apoptosis and necrosis from 6 
independent experiments. Note: * refers to comparison to Std and $ to 2nd day, with * and $ p < 0.05 
and ** p < 0.01. Std, standard; ZnD, Zn-depleted; ZnS, Zn-supplemented. 
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0.034) in H2O2-exposed lymphocytes after 15 days of Zn supplementation compared to 
cells supplemented for 2 days. The same was observed for UV-irradiated IMC cells, where 
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Figure 2. Basal cell death of normal lymphocytes and AML cells in Zn depletion and supplementation.
Cell death in IMC (A) and HEL cells (B), expressed as means ± SEM of the percentages of cells
displaying morphological features of apoptosis and necrosis from 6 independent experiments. Note:
* refers to comparison to Std and $ to 2nd day, with * and $ p < 0.05 and ** p < 0.01. Std, standard;
ZnD, Zn-depleted; ZnS, Zn-supplemented.
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Table 1. Modulation of nuclear division indexes of normal lymphocytes and AML cells unexposed to
genotoxic agents by Zn depletion and supplementation.

IMC HEL

2nd Day 7th Day 15th Day 2nd Day 7th Day 15th Day

Std 1.61 ± 0.05 1.46 ± 0.03 1.51 ± 0.02 1.79 ± 0.05 1.76 ± 0.02 1.67 ± 0.03

ZnD 1.49 ± 0.03 1.35 ± 0.01 1.41 ± 0.04 1.73 ± 0.01 1.57 ± 0.07 * 1.53 ± 0.03 *

ZnS 1.61 ± 0.02 1.57 ± 0.02 1.54 ± 0.03 1.69 ± 0.02 * 1.61 ± 0.04 * 1.49 ± 0.03 **,$

Results are expressed as means ± SEM of NDI from 6 independent experiments. Note: * refers to comparison to
Std and $ to 2nd day, with * and $ p < 0.05 and ** p < 0.01. Std, standard; ZnD, Zn-depleted; ZnS, Zn-supplemented.

The proliferation rates of HEL cells decreased both in the absence and presence of Zn
(Table 1).

2.3. Zn Supplementation Protected Normal Lymphocytes from Chromosomal Damage Following
Genotoxic Exposure but Potentiated Genotoxicity in AML Cells

Subsequently, we studied the effects of Zn in the modulation of the DDR following
genotoxic exposure. Different profiles of chromosomal damage were observed depending
on the Zn content and cell line (Figure 3). In normal lymphocytes (IMC), the percentage
of cells presenting chromosomal damage biomarkers increased significantly following
H2O2 and UV exposure in Zn depletion, whereas cells cultured in Zn supplementation dis-
played significantly lower damage rates (Figure 3A,B). Furthermore, in these cells, damage
biomarkers after genotoxic exposure decreased in a time of supplementation-dependent
manner. Specifically, scores of damage biomarkers were 2.6-fold lower (p = 0.034) in H2O2-
exposed lymphocytes after 15 days of Zn supplementation compared to cells supplemented
for 2 days. The same was observed for UV-irradiated IMC cells, where a 2.5-fold decrease
was detected (p = 0.047). A contrasting profile was observed in HEL cells, in which damage
rates following genotoxic exposure were higher in supplemented cells and lower in the ZnD
cells (Figure 3C,D). Particularly, after 15 days of Zn supplementation, exposure to H2O2 and
UV radiation increased chromosomal damage by 1.7-fold (p < 0.001) and 1.3-fold (p = 0.021),
respectively, compared to cells in Std condition. Moreover, chromosomal damage after
exposure of HEL cells to H2O2 increased with time of Zn supplementation (1.3-fold increase
from the 2nd to the 15th day, p = 0.034).

2.4. yH2AX Was Persistently Activated 24 h after Genotoxic Exposure in ZnD Lymphocytes and
ZnS AML Cells

To monitor repair kinetics, yH2AX expression was analyzed at several time points after
genotoxic exposure in cells cultured for 15 days in Std, ZnD, and ZnS conditions. Levels
of yH2AX at 1 h and 24 h after genotoxic exposure were higher in normal lymphocytes
cultured in Zn depletion than in cells from Std conditions (Figure 4A,B). Moreover, in ZnD
lymphocytes, yH2AX expression increased by 1.2-fold (p = 0.026) and 1.3-fold (p = 0.005)
24 h after H2O2 and UV exposure, respectively, in comparison with yH2AX expression
observed right after genotoxic exposure (0 h). In ZnS lymphocytes, yH2AX expression did
not significantly differ from the levels displayed by Std cells. The HEL cells presented a
different kinetic repair profile (Figure 4C,D). HEL cells cultured in ZnD and ZnS conditions
displayed higher yH2AX levels after genotoxic exposure than cells cultured in the Std
condition. However, while a tendential decrease was observed in ZnD cells through
time post-exposure, a tendential increase seemed to occur in the supplemented cells.
Accordingly, 24 h after H2O2 treatment or UV radiation, expression of yH2AX was 1.5-fold
higher (p < 0.001) in ZnS HEL cells compared to Std cells.



Int. J. Mol. Sci. 2022, 23, 2567 5 of 11

Int. J. Mol. Sci. 2022, 23, 2567 5 of 12 
 

 

Moreover, chromosomal damage after exposure of HEL cells to H2O2 increased with time 
of Zn supplementation (1.3-fold increase from the 2nd to the 15th day, p = 0.034). 

 
Figure 3. The effects of Zn depletion and supplementation in the modulation of chromosomal 
damage following genotoxic exposure in IMC (A,B) and HEL cells (C,D). Results are expressed as 
means ± SEM of the percentage of cells displaying chromosomal damage biomarkers (MNi, NBUDs, 
and NPBs) from 6 independent experiments. Note: * refers to comparison to Std, $ to 2nd day, and 
# to 7th day, with *, $ and # p < 0.05, ** and $$ p < 0.01, and *** p < 0.001. Std, standard; ZnD, Zn-
depleted; ZnS, Zn-supplemented. 

2.4. yH2AX was Persistently Activated 24 h after Genotoxic Exposure in ZnD Lymphocytes and 
ZnS AML Cells 

To monitor repair kinetics, yH2AX expression was analyzed at several time points 
after genotoxic exposure in cells cultured for 15 days in Std, ZnD, and ZnS conditions. 
Levels of yH2AX at 1 h and 24 h after genotoxic exposure were higher in normal 
lymphocytes cultured in Zn depletion than in cells from Std conditions (Figure 4A,B). 
Moreover, in ZnD lymphocytes, yH2AX expression increased by 1.2-fold (p = 0.026) and 
1.3-fold (p = 0.005) 24 h after H2O2 and UV exposure, respectively, in comparison with 
yH2AX expression observed right after genotoxic exposure (0 h). In ZnS lymphocytes, 
yH2AX expression did not significantly differ from the levels displayed by Std cells. The 
HEL cells presented a different kinetic repair profile (Figure 4C,D). HEL cells cultured in 
ZnD and ZnS conditions displayed higher yH2AX levels after genotoxic exposure than 
cells cultured in the Std condition. However, while a tendential decrease was observed in 
ZnD cells through time post-exposure, a tendential increase seemed to occur in the 

Figure 3. The effects of Zn depletion and supplementation in the modulation of chromosomal damage
following genotoxic exposure in IMC (A,B) and HEL cells (C,D). Results are expressed as means ± SEM
of the percentage of cells displaying chromosomal damage biomarkers (MNi, NBUDs, and NPBs) from 6
independent experiments. Note: * refers to comparison to Std, $ to 2nd day, and # to 7th day, with *, $ and
# p < 0.05, ** and $$ p < 0.01, and *** p < 0.001. Std, standard; ZnD, Zn-depleted; ZnS, Zn-supplemented.

Int. J. Mol. Sci. 2022, 23, 2567 6 of 12 
 

 

supplemented cells. Accordingly, 24 h after H2O2 treatment or UV radiation, expression 
of yH2AX was 1.5-fold higher (p < 0.001) in ZnS HEL cells compared to Std cells. 

 
Figure 4. The effects of Zn depletion and supplementation on repair kinetics following genotoxic 
exposure in IMC (A,B) and HEL cells (C,D). Results are expressed as means ± SEM of the mean 
fluorescence intensity (MIF) from 4 independent experiments. MFI of ZnD and ZnS cells were 
normalized to Std. Note: * refers to comparison to Std and $ to 0 h, with * and $ p < 0.05, ** and $$ p 
< 0.01, and *** p < 0.001. Std, standard; ZnD, Zn-depleted; ZnS, Zn-supplemented. 

2.5. Zn Supplementation Increased Apoptosis and Decreased NDI after Genotoxic Exposure in 
Both Cell Lines 

Cell death following genotoxic exposure increased in IMC and HEL cells 
supplemented with Zn comparatively to those cultured in Std Zn conditions 
(Supplementary Materials Figure S1), mainly due to increased apoptosis (Table 2). 
Specifically, the percentages of IMC cells presenting apoptotic features following H2O2 
and UV exposure were 1.4-fold (p = 0.021) and 2.0-fold higher (p = 0.002) in cells 
supplemented with Zn for 15 days. Similarly, in HEL cells, after 15 days of Zn 
supplementation, exposure to H2O2 and UV radiation resulted in 2.9-fold and 3.5-fold 
increases (p = 0.033 and p = 0.050) in apoptotic cells. 

  

Figure 4. The effects of Zn depletion and supplementation on repair kinetics following genotoxic
exposure in IMC (A,B) and HEL cells (C,D). Results are expressed as means ± SEM of the mean
fluorescence intensity (MIF) from 4 independent experiments. MFI of ZnD and ZnS cells were
normalized to Std. Note: * refers to comparison to Std and $ to 0 h, with * and $ p < 0.05, ** and
$$ p < 0.01, and *** p < 0.001. Std, standard; ZnD, Zn-depleted; ZnS, Zn-supplemented.
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2.5. Zn Supplementation Increased Apoptosis and Decreased NDI after Genotoxic Exposure in Both
Cell Lines

Cell death following genotoxic exposure increased in IMC and HEL cells supplemented
with Zn comparatively to those cultured in Std Zn conditions (Supplementary Materials
Figure S1), mainly due to increased apoptosis (Table 2). Specifically, the percentages of IMC
cells presenting apoptotic features following H2O2 and UV exposure were 1.4-fold (p = 0.021)
and 2.0-fold higher (p = 0.002) in cells supplemented with Zn for 15 days. Similarly, in HEL
cells, after 15 days of Zn supplementation, exposure to H2O2 and UV radiation resulted in
2.9-fold and 3.5-fold increases (p = 0.033 and p = 0.050) in apoptotic cells.

Table 2. Modulation of apoptosis by Zn depletion and supplementation following genotoxic exposure.

IMC HEL

2nd Day 7th Day 15th Day 2nd Day 7th Day 15th Day

H2O2

Std 6.0 ± 0.9 7.5 ± 0.8 9.2 ± 3.8 6.8 ± 2.1 5.5 ± 0.8 4.8 ± 1.9

ZnD 4.0 ± 2.6 3.8 ± 1.5 8.2 ± 1.8 6.2 ± 0.3 8.2 ± 2.8 9.0 ± 3.8

ZnS 7.2 ± 0.7 9.8 ± 1.7 12.8 ± 3.0 * 15.3 ± 4.0 15.7 ± 0.8 * 13.8 ± 2.9 *

UV

Std 8.7 ± 1.2 5.7 ± 1.0 8.8 ± 1.5 4.2 ± 1.4 4.8 ± 1.8 5.2 ± 0.7

ZnD 5.5 ± 0.8 5.5 ± 0.5 6.0 ± 1.7 6.5 ± 1.2 5.7 ± 1.5 10.7 ± 6.0

ZnS 12.5 ± 1.2 14.8 ± 2.4 17.5 ± 1.7 *** 7.2 ± 3.9 12.0 ± 2.1 * 18.2 ± 2.2 *
Results are expressed as means ± SEM of percentages of apoptotic cells from 6 independent experiments. Note: *
refers to comparison to Std, with * p < 0.05, and *** p < 0.001. H2O2, hydrogen peroxide; UV, ultraviolet radiation;
Std, standard; ZnD, Zn-depleted; ZnS, Zn-supplemented.

Moreover, NDI values following genotoxic exposure were also influenced by the Zn
content (Table 3). ZnS lymphocytes (IMC) displayed lower NDI values following H2O2
and UV exposure than cells from the Std condition, whereas in the leukemic cell line (HEL
cells), both Zn deprivation and supplementation were related to decreased NDI values after
genotoxic exposure.

Table 3. Modulation of nuclear division indexes of normal lymphocytes and AML cells exposed to
genotoxic agents by Zn depletion and supplementation.

IMC HEL

2nd Day 7th Day 15th Day 2nd Day 7th Day 15th Day

H2O2

Std 1.40 ± 0.02 1.35 ± 0.01 1.24 ± 0.03 1.63 ± 0.05 1.68 ± 0.01 1.62 ± 0.04

ZnD 14.1 ± 0.04 1.38 ± 0.03 1.26 ± 0.02 1.46 ± 0.04 1.33 ± 0.05 * 1.35 ± 0.03 ***

ZnS 1.37 ± 0.02 1.37 ± 0.02 1.35 ± 0.03 1.43 ± 0.02 1.54 ± 0.07 * 1.46 ± 0.04

UV

Std 1.45 ± 0.02 1.33 ± 0.01 1.34 ± 0.02 1.71 ± 0.03 1.59 ± 0.02 1.52 ± 0.01

ZnD 1.40 ± 0.02 1.30 ± 0.02 1.36 ± 0.03 1.66 ± 0.07 1.28 ± 0.03 *$ 1.13 ± 0.02 **$

ZnS 1.22 ± 0.01 *** 1.21 ± 0.04 1.16 ± 0.02 * 1.64 ± 0.02 * 1.58 ± 0.02 1.37 ± 0.04
Results are expressed as means ± SEM of NDI from 6 independent experiments. Note: * refers to comparison to
Std and $ to 2nd day, with * and $ p < 0.05, ** p < 0.01, and *** p < 0.001. Std, standard; ZnD, Zn-depleted; ZnS,
Zn-supplemented.

2.6. Expression of Key DDR Genes Was Not Affected by Zn Depletion or Supplementation

Lastly, we analyzed the expression of key DDR genes in Std, ZnD, and ZnS cells after
15 days of incubation, but no significant variations were found in gene expression of IMC



Int. J. Mol. Sci. 2022, 23, 2567 7 of 11

or HEL cells depending on the Zn content, neither in basal conditions nor post-genotoxic
exposure (Supplementary Materials Tables S2–S5).

3. Discussion

The importance of Zn for human health is reflected by the variety of functions in which
it is implicated and the large spectrum of conditions resulting from Zn deficiency [9,14].
The role of Zn in cancer is gathering more attention. Studies have revealed that Zn status is
significantly compromised in cancer patients compared to healthy individuals [6,9,14,15].
In AML and other malignancies, decreases in serological or cellular Zn have been proposed
as an adaptive mechanism of cells to avoid the cytoprotective effects of Zn and to acquire the
biological advantages that allow malignant transformation [9,14–16]. This is based on the
hypothesis that normal Zn levels are cytotoxic to cancer cells and that Zn deficiency allows
tumor development by promoting damage tolerance, mutations, and cell survival [16].
The exact mechanisms through which Zn deficiency promotes carcinogenesis are not clear,
but compelling evidence suggests that increasing dietary or supplementary Zn not only
supports cancer prevention but can also limit established malignancies [6,9]. Considering
the growing knowledge on DNA repair defects in leukemia, we explored the role of Zn
in the modulation of the DDR in AML cells and compared responses of normal and AML
cells to Zn depletion and supplementation.

Firstly, we studied the effects of Zn depletion and supplementation in the modulation
of damage and cellular responses without exposure to genotoxic agents. We found that
Zn deprivation increased endogenous damage, both in normal lymphocytes and AML
cells, as shown by the increase in chromosomal damage biomarkers scores through time
of Zn depletion. Moreover, the expression of yH2AX, a biomarker of DSB, also increased
after 15 days of Zn absence in both cell lines. These findings are in line with the idea
that Zn deficiency promotes genomic instability and may contribute to the acquisition
of malignant phenotypes [9,17,18]. Additionally, cell viability was also influenced by Zn.
While in normal lymphocytes cell death increased with Zn depletion, in AML cells, Zn
supplementation rather than depletion induced a cytotoxic effect. Studies using other
healthy cellular models, such as human lung fibroblasts, prostate epithelial cells, and
leukocytes, previously showed that Zn deficiency promotes damage accumulation and
triggers apoptosis, while supplementation reduces endogenous DNA damage and dis-
plays antiapoptotic properties [6,19–22]. In fact, the antiapoptotic effect of Zn has been
recognized for a long time. In 1993, Vallee and Falchuk considered Zn as an “essentially
nontoxic” metal, given its essentiality to many cellular functions and the carefully regulated
mechanisms of Zn homeostasis [23]. However, the protective effects of Zn in normal cells
may not manifest in the malignant cells, as shown by ours and similar studies in which Zn
proved to be more cytotoxic in tumor cells than in nonmalignant [18]. Taken together, this
information highlights the importance of Zn for the preservation of genome stability and
cellular homeostasis and points to a cytotoxic role in malignant cells that can be explored as
an anticancer therapeutic tool. Through this line of thought, Zn deficiency provides cancer
cells an opportunity to thrive that would not be attainable with normal or increased Zn
concentrations. However, when we evaluated the proliferation rates of AML cells, indicated
by NDI calculations, these rates were significantly affected by Zn supplementation and
depletion. It seems that despite Zn displaying an antiproliferative effect in AML cells,
complete Zn depletion is not a condition under which cancer cells could thrive either. This
result most likely reflects a limitation of Zn depletion studies, which are performed under
conditions that may not exactly mimic the in vivo low-Zn conditions. While cancer cells
may benefit from a Zn decrease to avoid cytotoxicity and tumor suppression, a dependence
on Zn must be maintained to assure basic cellular functions.

Next, we investigated the influence of Zn in the modulation of the DDR when cells
were exposed to exogenous genotoxic agents. In normal lymphocytes, Zn depletion in-
creased chromosomal damage and compromised kinetics repair, but cell death and prolifer-
ation rates did not vary significantly, implying that an effective response to DNA damage
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was not achieved. Contrastingly, in supplemented lymphocytes, along with lower damage
scores and a lack of noticeable changes in yH2AX expression, NDI decreased and the
frequency of apoptotic cells increased. Such results may indicate an orchestrated response
to genotoxic damage, including transient cell cycle arrest to provide time for damage repair
and apoptosis induction to eliminate highly damaged cells. Opposite effects were found in
AML cells. In these neoplastic cells, Zn supplementation increased chromosomal damage
scores after genotoxic exposure, suggesting that Zn potentiates the genotoxic effect of
DNA-damaging agents in malignant cells. Kinetics repair also differed substantially in
supplemented AML cells compared to normal lymphocytes, since a tendential increase
in yH2AX and a persistent activation 24 h post-exposure were observed. An increase in
apoptosis and a decrease in NDI were also detected. From this, we postulate a dual role
of Zn in the modulation of DNA damage in a cell-context-dependent manner. While in
normal cells, Zn supplementation protects cells from damage accumulation and improves
the DDR, in AML cells, Zn potentiates the genotoxicity of DNA-damaging agents while
promoting a cytotoxic and antiproliferative effect. These conclusions are corroborated by
the previously reported by Wysokinski et al. (2012), in which Zn increased the genotoxicity
of anthracyclines in acute lymphoblastic leukemia cells and prevented the damaging ef-
fects in normal lymphocytes [24]. Sliwinski et al. (2009) also found a protective effect of
ZnSO4 against H2O2-induced damage in normal lymphocytes and increased genotoxicity
in chronic myelogenous leukemia cells [25]. In this context, the association of Zn with
chemotherapy may have a dual role: increasing the cytotoxicity of therapeutic regimes in
AML cells and protecting normal cells from the deleterious effects of chemotherapy drugs.
However, this hypothesis needs to be tested.

To understand whether the modulatory effects of Zn were due to changes in gene ex-
pression, we studied several genes encoding sensors, mediators, and effector proteins of the
DDR. We did not find a correlation between Zn levels and the expression of relevant DDR
genes. Nevertheless, since Zn is required for structural, regulatory, and catalytic functions
of several DDR proteins, it is reasonable that more than altering gene expression, changes
in Zn bioavailability rather impact the expression and functionality of the corresponding
proteins. Moreover, it should be noted that while our study had a particular interest in the
modulation of DNA repair genes, other roles are ascribed to Zn that could be responsible
for the reported results, which were not addressed.

In summary, and despite the mechanisms needing further characterization, our data
provide evidence of the influence of Zn in the DDR either from a preventive or therapeutic
perspective. Zn deprivation seems to increase the risk of spontaneous or exogenously
induced DNA lesions and weaken global responses to genome damage, whereas adequate
Zn levels display preventive effects. For AML management, Zn’s genotoxic, cytotoxic, and
tumor suppressor roles may offer useful tools. Most treatment options in AML are based on
conventional genotoxic regimens that target cancer cells by causing DNA damage [11,26,27].
However, cells may develop increased tolerance to DNA-damaging agents, ultimately
leading to chemoresistance and therapy failure [26]. The reported effects may provide
opportunities for Zn supplementation as part of AML treatment, with the premise that Zn
may improve therapeutic outcomes by restoring efficient responses to genotoxic treatment.
Moreover, its dual role in DNA damage modulation suggests that Zn may also reduce
therapy-related side effects by improving the response of normal cells to the insults of
genotoxic therapy while enhancing its effects in malignant cells.

4. Materials and Methods
4.1. Cell Culture

The AML cell line, HEL (human erythroleukemia), was purchased from American
Type Culture Collection, and the cell line obtained from the immortalized normal human
lymphocytes, IMC, was provided by the Cytogenetics and Genomics Laboratory, Faculty
of Medicine, University of Coimbra. Cells were grown at initial densities of 0.4 (HEL) or
0.5 × 106 cells/mL (IMC) and maintained at 37 ◦C in a humidified atmosphere containing
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5% CO2. These cell lines were routinely cultured in Roswell Park Memorial Institute
1640 medium (RPMI-1640; Gibco, Invitrogen, Waltham, MA, USA), supplemented with
10% (HEL) or 20% (IMC) of heat-inactivated fetal bovine serum (FBS; Gibco, Invitrogen,
Waltham, MA, USA), 2 mM of L-glutamine, 100 U/mL of penicillin, and 100 µg/mL
of streptomycin (Gibco; Invitrogen). For this work, cells were cultured as mentioned
above, designated as standard (Std) conditions, as well as in Zn-depleted (ZnD) and
Zn-supplemented (ZnS)—40 µM of ZnSO4 • 7H2O (Sigma-Aldrich, St. Louis, MA, USA)—
conditions. Zinc depletion from FBS was obtained through ion exchange resin Chelex®

100 (Sigma-Aldrich, St. Louis, MA, USA) according to the manual’s instructions. ZnSO4 •
7H2O was resuspended in sterile water and stored at 4 ◦C.

4.2. Genotoxic Exposure

After 2, 7, and 15 days of incubation, cells were exposed to genotoxic agents, H2O2
(Sigma-Aldrich, St. Louis, MA, USA) and UV radiation, in particular to 10 µM of H2O2
for 30 min in a humidified atmosphere containing 5% of CO2, or to radiation for 1 min
with a 6 W UV lamp at 4 mm from the light source and wavelength emission at 365 nm
(Ee = 2.98 W/cm−2).

4.3. Cytokinesis-Block Micronucleus Cytome Assay

Chromosomal damage biomarkers, cell death, and nuclear division index (NDI) were
evaluated by the cytokinesis-block micronucleus assay. Cells were incubated for 24 h
with 4.5 µg/mL of cytochalasin-B (Sigma-Aldrich, St. Louis, MA, USA), washed twice
with filtered PBS 1x, resuspended in filtered FBS, and transferred to microscopy slides.
Duplicates of each condition were made, stained with Giemsa, and analyzed by light
microscopy in a Nikon Eclipse 80i microscope equipped with a Nikon Digital Camera DXM
1200F (Nikon Instruments Inc., Amsterdam, Netherlands). To assess chromosomal damage,
200 viable binucleated cells were scored for the presence of micronuclei (MNi), nuclear
buds (NBUDs), and nucleoplasmic bridges (NPBs). Additionally, to evaluate cytotoxicity
and cytostasis, the numbers of apoptotic, necrotic, viable mononucleated, binucleated
and multinucleated cells were scored from a total of 200 cells. Each endpoint was scored
following the morphological criteria recommended by Fenech [28].

4.4. yH2AX Expression Analysis

The yH2AX expression was monitored through flow cytometry after 15 days of culture
in Std, ZnD, and ZnS conditions at 0 h, 1 h, and 24 h after genotoxic exposure. Briefly,
0.5 × 106 cells were washed in PBS 1x, fixed and permeabilized (Fixation and Permeabilization
Kit; ImmunoStep, Salamanca, Spain), and stained with anti-yH2AX Ser139 labeled with
allophycocyanin (BioLegend, San Diego, CA, USA) for 20 min at room temperature in the
dark. Cells were then washed and resuspended in PBS 1x and analyzed in a FACS Calibur
flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA). Here, 50,000 cells were acquired
through CellQuest software (Becton Dickinson, Franklin Lakes, NJ, USA) and data were
analyzed using FlowJo software (Becton Dickinson, Franklin Lakes, NJ, USA). All adequate
controls to exclude autofluorescence and unspecific staining were performed.

4.5. Gene Expression Analysis

Total RNA was extracted from 2.5 × 106 cells using a TripleXtractor (GRiSP, Porto, Por-
tugal) and converted to cDNA with the Xpert cDNA Synthesis Mastermix (GRiSP), accord-
ing to the manufacturer’s protocol. Expression of key DDR genes (PARP1, XRCC1, OGG1,
MSH2, MSH6, MLH1, XPA, ERCC1, RAD23B, RAD51, PRKDC, XRCC6, PALB2, FANCD2,
MGMT, and TP53) was evaluated by qPCR (Xpert Fast SYBR, GRiSP) in a QuantStudioTM

3 System (ThermoFisher Scientific, Waltham, MA, USA) after 15 days of culture in each
condition, before and after genotoxic exposure. The hypoxanthine phosphoribosyltrans-
ferase (HPRT) gene was used as the endogenous control gene. Relative gene expression
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was calculated using the Plaffl Method. Primer sequences are described in Supplementary
Table S1.

4.6. Statistical Analysis

Statistical analysis was performed in GraphPad Prism 7 software (version 7.04 for Win-
dows; GraphPad Software, Inc. San Diego, CA, USA). Differences between conditions were
determined using ordinary one-way ANOVA followed by Dunnett’s multiple comparisons
test or Kruskal–Wallis test followed by Dunn’s multiple comparisons test. Changes through
time were assessed by one-way ANOVA for repeated measures followed by Dunnett’s
multiple comparisons test or Friedman’s test followed by Dunn’s multiple comparisons test.
A significance level of p < 0.05 was considered statistically significant. Data are expressed
as means ± SEM of the number of independent experiments performed.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23052567/s1.
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