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Evaluation of the Effects of Exposure to
Power-Frequency Magnetic Fields on the
Differentiation of Hematopoietic Stem/Progenitor
Cells Using Human-Induced Pluripotent
Stem Cells
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The causal association between exposure to power-frequency magnetic fields (MFs) and childhood
leukemia has been under discussion. Although evidence from experimental studies is required for a
conclusion to be reached, only a few studies have focused on the effects of MF exposure on the
human hematopoietic system directly related to leukemogenesis. Here, we established an in vitro
protocol to simulate the differentiation of human mesodermal cells to hematopoietic stem
progenitor cells (HSPCs) using human-induced pluripotent stem cells. Furthermore, we introduced
MF in the protocol to study the effects of exposure. After a continuous exposure to 0-300 mT of 50-
Hz MFs during the differentiation process, the efficiency of differentiation of mesodermal cells into
HSPCs was analyzed in a single-blinded manner. The percentage of emerged HSPCs from
mesodermal cells in groups exposed to 50-Hz MFs indicated a lack of significant changes compared
with those in the sham-exposed group. These results suggest that exposure to 50-Hz MFs up to
300 mT does not affect the differentiation of human mesodermal cells to HSPCs, which may be
involved in the initial process of leukemogenesis. Bioelectromagnetics. 43:174—181, 2022. © 2022
The Authors. Bioelectromagnetics published by Wiley Periodicals LLC on behalf of Bioelec-

tromagnetics Society.
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INTRODUCTION

Since first shown in 1979 [Wertheimer and
Leeper, 1979], the association between exposure to
power-frequency magnetic fields (MFs) and the
development of childhood leukemia has been dis-
cussed, while the findings of epidemiological studies
have been influential [Ahlbom et al., 2000; Kheifets
et al., 2010; Swanson et al., 2019]. Based on these
findings, the International Agency for Research on
Cancer (IARC) classified that extremely low-
frequency MFs (ELF-MFs; up to 3 kHz) are possibly
carcinogenic to humans (Group 2B) [IARC, 2002].
However, because of the low incidence of childhood
leukemia and of various epidemiological confounding
factors and biases, no conclusions have been drawn
about the causal association between the two.

Therefore, as the International Commission on Non-
Ionizing Radiation Protection (ICNIRP) mentioned in
their recent statement [ICNIRP, 2020], results from
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experimental studies in vivo and in vitro under
meticulously controlled conditions are needed to
draw a conclusion.

Acute B-lymphoblastic leukemia is the most
common leukemia in childhood. It is known that in
most cases, childhood leukemia develops as a result of
the primary event, that is, chromosomal translocations
[lacobucci and Mullighan, 2017] that arise in utero
[Greaves et al., 2003], and the additional secondary
events that occur after birth [Sun et al.,, 2017].
Although some mechanisms have been clarified, a
plausible mechanism underlying the association
between exposure to MFs and leukemogenesis has
not been proposed. The results of a pilot study on
transgenic mice expressing the human leukemia-
specific fusion gene ETV6-RUNXI, exposed to an
MF of 50Hz, were reported recently [Campos-
Sanchez et al.,, 2019], and subsequent reports are
expected. However, based on the fact that acute B-
lymphoblastic leukemia does not develop sponta-
neously in commonly used rodent models, these
results must be carefully evaluated in terms of the
similarity of leukemia in mice and humans and the
adaptability of these results to assess the corre-
sponding health risks for humans. On the contrary,
several in vitro studies have been performed to
validate the carcinogenic initiation and promotional
effects of power-frequency MFs based on existing
mechanisms; however, data supporting the correlation
between MFs and childhood leukemia provided
by epidemiological studies are limited [SCENIHR,
2015]. It is known that in various aspects, from gene
expression pattern to sensitivity, cells exhibit differ-
ences in inter-biological and cellular species and their
stage of differentiation [Doseth et al., 2011; Ichii
et al., 2014; Capinha et al., 2021; Luo et al., 2021;
Magee and Signer, 2021], and it is considered that
evaluation focused on the human hematopoietic
system is important in in vitro risk assessment of
childhood leukemia. Although human hematopoietic
stem cells and lineage-committed progenitors are
specifically the most suitable subjects, the difficulty
in the acquisition and handling of these cells prevents
their application in the risk assessment of MFs.

Human-induced pluripotent stem (hiPS) cells,
which are generated by reprogramming somatic cells
using a particular set of transcription factors, have the
ability to differentiate into multiple cell lineages
[Takahashi et al., 2007]. Cells prepared from healthy
donor-derived hiPS cells present similar characteristics
and responsiveness to those of healthy human cells
unlike immortalized cell lines. Therefore, several types
of cells derived from hiPS cells have already been
utilized in regenerative medicine, drug discovery, and
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toxicological evaluation [Mandai et al., 2017; Gintant
et al., 2019; Kokubu et al., 2019]. hiPS cell technology
is a powerful tool in health risk assessment. In a
previous study, we used cardiomyocytes differentiated
from hiPS cells to observe the effects of power-
frequency MFs on the human heart [Takahashi et al.,
2017]. In this study, we establish a protocol to
differentiate hiPS cells into mesodermal cells and
HSPCs, which have the normal ability of terminally
differentiating into hematopoietic cells. Furthermore,
we evaluated the effects of 50-Hz MFs on the
differentiation of human mesodermal cells to HSPCs.

MATERIALS AND METHODS

Cell Culture

The human iPS cell line (7F3955-pMXs#1)
[Suzuki et al., 2013] was provided by the Stem Cell
Bank of the University of Tokyo. Undifferentiated
human iPS cells were maintained on a mitotically
inactivated DR4 MEF (Applied StemCell, Milpitas,
CA) feeder layer in Primate ES Cell Medium
(ReproCELL, Yokohama, Japan) supplemented with
4 ng/ml basic FGF (Wako, Tokyo, Japan). The culture
medium was changed daily, and the cells were passaged
every 5 days. All cultures were grown in a humidified
incubator containing 5% CO, in air at 37°C.

Embryoid Body Formation and Differentiation to
Hematopoietic Cells

After the removal of feeder cells by treatment
with CTK dissociation solution (ReproCELL), the
human iPS cell colonies were dispersed with Accutase
solution (Millipore, Temecula, CA) containing 10 pM
Y-27632 (Wako) into a single cell suspension. To
form an embryoid body (EB), the suspended human
iPS cells (3 x 10* cells/well) were added in to an ultra-
low attachment 96-well plate (spindle-shaped bottom;
Sumilon, Tokyo, Japan) containing Stemline II serum-
free medium (Sigma-Aldrich, Saint Louis, MO)
supplemented with 50 ng/ml BMP-4 (R&D Systems,
Minneapolis, MN) and 10 uM Y-27632, and centri-
fuged at 100g. Half of the medium was changed on
days 1 and 2, with the same final concentration of
BMP-4 plus basic FGF (20 ng/ml). On Day 4, the
collected EBs were differentiated into HSPCs on a
gelatin-coated dish or plate in IMDM supplemented
with 0.1 mM B-mercaptoethanol, 0.1% polyvinyl
alcohol (Sigma-Aldrich), 50 ng/ml SCF (ACROBio-
systems, Newark, DE), 25ng/ml IGF-1 (R&D sys-
tems), 20 ng/ml FIt3L, VEGF165, interleukin 6 (IL-6)
(ACROBiosystems), IL-3 (Proteintech, Rosemont,
IL), TPO (PeproTech, Cranbury, NJ), and basic
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FGF. Half the medium was changed every 2 or
3 days until day 12.

To test lineage-specific differentiation of the
emerged cells, the medium was changed completely
to MEMa with 10% fetal bovine serum (Hyclone,
Marlborough, MA) containing different cytokine
cocktails on day 12. For the myeloid lineage, 50 ng/ml
SCF, 20 ng/ml IL-3, G-CSF (Proteintech), and GM-CSF
(ACROBiosystems) were used. Half of the medium was
changed every 3 days until day 34. For the lymphoid
lineage, 50 ng/ml Flt3L, 10 ng/ml SCF, IL-7 (ACRO-
Biosystems), and IL-3 were used. The medium without
IL-3 was used on and after the second medium change.

For the exposure test to benzoquinone, half of
the medium was changed with a medium supple-
mented with 1,4-benzoquinone (TCI, Tokyo, Japan) at
a final concentration of 5pM on day 11. Twwenty-
four hours later, flow cytometric analysis was
performed.

MF Exposure

To expose cells to MFs, we used a previously
reported system [Takahashi et al., 2017] with different
settings. The system was comprised of a pair of
saddle-shaped coils and a window frame-shaped iron
core; it can generate a vertical sinusoidal MF at 50 Hz
(Fig. 3A). The magnetic flux density in the exposure
space was measured at an interval of 25 mm vertically
and horizontally using a Gaussmeter (Model 9550;
F.W. Bell, Orlando, FL), and the position of 50 mm X
50mm from the center, where the uniformity of
the magnetic flux density is more than 95%, was
determined as the sample position. A water-jacketed
acrylic chamber, which can maintain the internal
temperature at 37 °C+0.5 °C by circulating warm
water inside all six sides of the chamber, was installed
in the middle of the coils. While exposing the cells to
MFs, 5% CO, gas was supplied inside the chamber
continuously.

EBs derived from human iPS cells were
seeded in the gelatin-coated separated area of
35 mm culture dish with a silicon ring that is far
from the center (Fig. 3B), and started inducing the
differentiation into HSPCs. After EBs were
attached on the dish 1 day later, the silicon ring
was removed and the space was filled with the
differentiation medium. The dishes were then
positioned in the chamber immediately and ex-
posed to 0, 100, 200, and 300 mT (rms) of 50-Hz
MFs. The cells were exposed to the MF continu-
ously for 7 days except for a few minutes for
medium change. The magnetic flux density in
the sample position was confirmed using Narda

Bioelectromagnetics

ELT-400 with 3 cm? probe (Pfullingen, Germany).
At the same time as exposure to MFs, a sham-
exposure test was performed. EB-attached dishes
were prepared in the same way and positioned
inside another chamber with the same specifica-
tions and exposed to the same background level of
MF as the exposed group. The technicians who
exposed the cells to MFs and those analyzing the
cells were different, and single-blind tests were
performed.

In our experiments, samples were exposed to
vertically uniform MFs; therefore, the induced electric
field in the culture medium was calculated using the
following equation: E = ifBr; where E is the induced
electric field strength, 7 is the circular constant, f is
the frequency of MF, B is the magnetic flux density,
and r is the radial distance from the center of the
culture dish.

Gene Expression Analysis

The total RNA was extracted from 20 EBs
using NucleoSpin RNA XS (Takara Bio, Shiga,
Japan), and complementary DNA was synthesized
with SuperScript IV reverse transcriptase (Thermo
Fisher Scientific, Waltham, MA) and oligo(dT),q
primer. Polymerase chain reaction (PCR) was
performed with the following primer set: 5'-
CTGGGTACTCCCAATGGGG-3" and 5'-GGT
TGGAGAATTGTTCCGATGA-3’ for human Bra-
chyury gene (PrimerBank ID: 19743811c2).

Flow Cytometric Analysis

After differentiation to hematopoietic cells and
MF exposure tests, floating cells and adhesion cells
were collected with dispase (50 U/ml) or collagenase/
dispase (1 mg/ml). Following treatment with human
FcR blocking reagent (BD Biosciences, San Jose,
CA), the cells were stained with mouse monoclonal
antibodies (mAbs) against human cell surface mar-
kers. PE-conjugated anti-CD38, PE/Cyanine5-
conjugated anti-CD24, APC-conjugated anti-CD34
and anti-CD11b, Alexa Fluor 700-conjugated anti-
CD45, and APC/Fire 750-conjugated anti-CD10
mAbs were purchased from BioLegend (San Diego,
CA). Brilliant Violet 711-conjugated anti-CD33 mAbs
were purchased from BD Biosciences. Nonspecific
signals and dead cells were excluded by appropriate
fluorochrome-conjugated isotype and 7-AAD (BioLe-
gend) staining, respectively. Flow cytometric analysis
was conducted with a FACSAria III flow cytometer
(BD Biosciences). Kaluza software (Beckman
Coulter, Indianapolis, IN) was used for the analysis
of flow cytometry data.



Statistical Analysis

Data are expressed as mean =+ standard deriva-
tion (SD). Significant differences among the data
groups were determined using the two-sample Stu-
dent's ¢ test. Results were considered statistically
significant at P < 0.05.

RESULTS

Differentiation of Human iPS Cells to Mesodermal
Cells and HSPCs

We induced the differentiation of human iPS
cells into mesodermal cells and HSPCs step-by-step
using a protocol for EB formation (Fig. 1A and B).
The emergence of mesodermal cells in EBs was
confirmed by detecting the mesodermal gene bra-
chyury [Papaioannou, 2014] (Fig. 2A). Next, we
shifted the culture form of EBs from float to adhesion
and induced the differentiation to HSPCs with various
cytokines. The flow cytometric analysis showed that
the cells after 8 days of treatment included a
population of CD347CD38™ cells, which is a human
HSPC-enriched population (Fig. 2B) and revealed that
mesodermal cells differentiated to HSPCs. We also
detected the emergence of CD45"!'CD347CD38~
cells (a highly enriched population of human hema-
topoietic stem cells) (Fig. 2B). To verify that HSPCs
were induced in this protocol, we continued the
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cultivation of the differentiated cells by changing the
medium to the one that contained a cytokine cocktail
for lineage-specific differentiation. In the additional
differentiation with cytokines for lymphoid, the
differentiation to B-cell lineage was indicated via
the detection of CD33-CDI10" cells (Fig. 2C, left
panel). The differentiation process to CD107CD24™
pro-B cell was confirmed. On the other hand,
CD107CD33*CD11b* myeloid cells were produced
with cytokines for myeloid (Fig. 2C, right panel).
These results suggested the successful development of
a protocol to imitate the differentiation of mesodermal
cells into human HSPCs in vitro using human iPS
cells.

Next, to confirm the responsiveness of this
established protocol to already-known hematotoxic
agent, exposure test to benzoquinone was performed.
The percentage of emerged CD347CD38~ cells
significantly decreased after exposure to 5 pM benzo-
quinone, the same level at which it showed hemato-
toxicity in a previous study [Mathialagan et al., 2020],
in the last 24 h of the differentiation protocol (Fig. 2D);
thus, hematotoxicity is detectable by this established
protocol.

Evaluation of the Effects of Exposure to 50 Hz MFs on
the Differentiation of Mesodermal Cells to HSPCs

To evaluate the effects of exposure of a power-
frequency MF, we exposed hiPS cell-derived
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Fig. 1. Differentiation of hiPS cells into HSPCs, and MF exposure during differentiation
from mesodermal cells to HSPCs. (A) Schematic of the protocol for hematopoietic
differentiation and MF exposure. (B) Morphology of the cells at each period. After EBs (day
4) were formed from hiPS colonies (day 0), the EBs were attached onto gelatin-coated
culture dishes (day 5). Exposure of MFs was performed for 7 days until day 12. Scale bars

represent

1000 pm. EB=embryoid body;

hiPS = human-induced pluripotent stem;

HSPC = hematopoietic stem progenitor cells; MF = magnetic field.
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mesodermal cells to a 50-Hz MF during the differentia-
tion protocol to HSPCs for 7 days (Fig. 1A). For the
exposure to MF, EBs were attached at the periphery of the
culture dish using a detachable silicon ring and gelatin
coating (Fig. 3B). As a result, we could expose the cells to
MF under the condition of a stronger induced electric
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field. First, we validated the uniformity of the experi-
mental conditions other than the MF between the exposed
and sham-exposed groups using the O mT MF exposure
test. All exposure tests in this study were performed as
single-blind procedures. The percentage of CD34*CD38~
cells did not change significantly between the groups
(Fig. 4A). Next, we performed exposure tests of 50-Hz
MFs at 100, 200, and 300 mT. A sham-exposed group
was prepared for each test. In all conditions, the
percentage of CD34*CD38™ cells in the total live cells
collected from the MF-exposed group did not signifi-
cantly change compared with that in the cells collected
from the sham-exposed group (Fig. 4A). The percentage
of CD45™"'CD34"CD38™ cells, which was 2.3% +0.1%

Iron core
A pair of coils

Water-jacketed
acrylic chamber

Water supply tube

Fig. 3. MF exposure system. (A) A waterjacketed acrylic
chamber was set in the middle of a pair of saddle-shaped
coils. (B) Detachable silicon rings were used to restrict the
adhesive place for EBs to the periphery of the culture dish.
EB = embryoid body; MF = magnetic fields

Fig. 2. Characterization of the differentiated cells from hiPS
cells. (A) Mesoderm-specific gene, Brachyury, expression in
EBs was detected by reverse-transcription PCR (M; marker). (B)
The cells that induced differentiation into HSPCs were analyzed
using flow cytometry with antibody cocktail for detection of
CD45™'CD34*CD38~ cells (highly enriched population of
human hematopoietic stem cells). (C) The HSPCs formed in
this protocol were evaluated for their ability to terminally
differentiate using a cytokine cocktail for lineage-specific
differentiation. Differentiation to lymphoid cell was analyzed by
detecting CD33"CD10"(CD24%) cells (Left panel) and the
myeloid cell was by detecting CD33"CD11b™CD10™ cells
(Right panel). (D) The percentage of CD34*CD38" cells in the
total live cells was analyzed following benzoquinone exposure
test. Data represent the mean=z=standard deviation
(SD; n=4). EB=embryoid body; hiPS=human-induced
pluripotent stem; HSPC = hematopoietic stem progenitor cells;
MF = magnetic field.
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Fig. 4. Differentiation of human mesodermal cells to HSPCs
under 50-Hz MF exposure. (A) The percentage of CD34*CD38~
cells in the total live cells that emerged under the exposure of 50-
Hz MFs at 0-300 mT was evaluated. Sham-exposure tests were
performed in parallel with each MF-exposure test, and the
percentage of each HSPC was normalized with the value of its
corres(!aonding sham-exposure group. (B) The percentage of
CD45™'CD34*CD38™ cells in the total live cells was analyzed
following 300mT MF exposure test. Data represent the
mean + standard deviation (SD; n > 3). HSPC = hematopoietic
stem progenitor cells; MF = magnetic field

in 300 mT in the MF-exposed group and 2.1% + 0.4% in
the sham-exposed group, also did not change (P =0.62,
Fig. 4B). These results indicated that exposure to 50-Hz
MFs up to 300mT did not affect the efficiency of
differentiation from human mesodermal cells into HSPCs.

DISCUSSION

Childhood leukemia is the most frequently observed
malignancy in children aged 0-14 years, and the most
common type is acute B-lymphoblastic leukemia caused
by B-progenitors by acquiring dysregulated differentiation
and abnormal proliferation abilities. Leukemia initiation
occurs with chromosomal translocation, which is a
hallmark of leukemia, and causes a shift from normal to
pre-leukemic state. Findings of studies on pairs of
monozygotic monochorionic twins have strongly indi-
cated that the first event arose through in utero
development [Greaves et al., 2003], but the cellular origin
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has not been defined completely. Some studies have
shown the presence of bone marrow mesenchymal stem
cells harboring chromosomal translocations in childhood
leukemia patients [Menendez et al., 2009; Shalapour
et al, 2010], suggesting leukemia initiation in the
differentiation stage before hematopoietic commitment.
In this study, we simulated the differentiation of human
mesodermal cells to HSPCs in vitro by utilizing hiPS cell
technology. Furthermore, we exposed the differentiation
process to MF to evaluate the effects of 50-Hz MF
exposure on them. Since previous studies with Ames test,
YH2AX focal assay, and micronucleus assay have
reported that ELF-MFs do not interact with DNA directly
or indirectly or are associated with chromosomal
translocations, unlike ionizing radiation [Jin et al., 2012;
Morandi et al., 1996; Sun et al., 2018], we focused on the
effects of MF exposure on the differentiation process to
HSPCs. To draw a conclusion about the causal associa-
tion of power-frequency MFs and development of
childhood leukemia, we need to accumulate data from
experimental studies in vivo and in vitro. Since a plausible
mechanism regarding the association of MF exposure
with leukemogenesis has not yet been proposed,
comprehensive evaluations that focus on the hemato-
poietic system are considered to be effective. There are
several studies on the effects of ELF-MF exposure on
commercialized human CD34" HSPCs derived from cord
blood; however, evaluation of the effects on the
differentiation into human HSPCs is only possible by
using pluripotent stem cells. To the best of our knowl-
edge, this is the first study to report data on this issue.

Epidemiological studies have suggested that ex-
posure to >0.4 uT residential MFs increases the risk of
childhood leukemia [Ahlbom et al., 2000; Kheifets et al.,
2010; Swanson et al., 2019]. In this study, we evaluated
the effects of up to 300 mT (rms) of 50-Hz MFs, which is
considerably higher than the levels mentioned above, on
the efficiency of differentiation from human mesodermal
cells into HSPCs. It was considered to be of sufficient
strength to detect the effects of MF, if any. For induced
electric fields, we set strict conditions to determine some
unknown effects of MFs on hematopoietic differentiation.
In this study, the positioning of target cells at the
periphery of the culture dish enabled us to expose them to
stronger induced electric fields. Based on theoretical
estimation, it was found that the cells were exposed to
induced electric fields in the range of 0.90-1.17 V/m at
300 mT of MFs, which is 45- to 58.5-fold higher than the
basic restriction of the ICNIRP guideline for 50-Hz MFs
[ICNIRP, 2010]. The findings of this study would be
helpful to draw an inference regarding the health risk of
50-Hz MFs.

In conclusion, we successfully established an in
vitro protocol to simulate the differentiation of human
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mesodermal cells to HSPCs using the hiPS cell
technology, and we acquired some valuable insights to
reflect the causal association between exposure to power-
frequency MFs and the development of childhood
leukemia. We found that exposure to 50-Hz MFs up to
300mT may not affect the differentiation of human
mesodermal cells into HSPCs. In the future, we need to
accumulate further data regarding this association, with a
focus on the human hematopoietic system and novel
mechanisms. A hiPS cell line harboring the leukemia-
specific fusion gene ETV6-RUNXI [Takahashi and
Yamazaki, 2019] would be useful for focusing on the
participation of MFs in the development of leukemia from
a pre-leukemic state. Moreover, determining whether
MFs contribute to some mechanisms of leukemogenesis
without genetic changes, namely epigenetic alterations
such as DNA methylation [Dunwell et al., 2009], histone
modification [Li et al., 2010; Swaroop et al., 2019], and
alterations of noncoding RNAs [Rodriguez et al., 2021], is
also crucial.
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