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Human embryonic stem cells (hESCs) are vulnerable to cell
death upon dissociation. Thus, dissociation is an obstacle in
culturing, maintaining, and differentiating of hESCs. To date,
apoptosis has become the focus of research into the nature of
cell death triggered by cellular detachment; it remains baffling
whether another form of cell death can occur upon dissociation
in hESCs. Here, we demonstrate that iron accumulation and
subsequently lipid peroxidation are responsible for
dissociation-mediated hESC death. Moreover, we found that a
decrease of glutathione peroxidase 4 because of iron accumu-
lation promotes ferroptosis. Inhibition of lipid peroxidation
(ferrostatin-1) or chelating iron (deferoxamine) largely sup-
presses iron accumulation–induced ferroptosis in dissociated
hESCs. The results show that P53 mediates the dissociation-
induced ferroptosis in hESCs, which is suppressed by pifi-
thrin α. Multiple genes involved in ferroptosis are regulated by
the nuclear factor erythroid 2–related factor 2 (Nrf2). In this
study, solute carrier family 7 member 11 and glutathione
peroxidase 4 are involved in GSH synthesis decreased upon
dissociation as a target of Nrf2. In conclusion, our study
demonstrates that iron accumulation as a consequence of
cytoskeleton disruption appears as a pivotal factor in the
initiation of ferroptosis in dissociated hESCs. Nrf2 inhibits
ferroptosis via its downstream targets. Our study suggests that
the antiferroptotic target might be a good candidate for the
maintenance of hESCs.

Human embryonic stem cells (hESCs) have unlimited
ability to differentiate into almost all types of somatic cells
in vitro (1, 2), presenting great potential in a wide range of
clinical applications, functional genomics, and developmental
biology (3–5). hESCs are highly prone to cell death upon
matrix and cellular detachment through a process referred to
as anoikis (6). To circumvent the problem of anoikis in
dissociated hESC culture, many compounds were tested. Of
the compounds investigated, Rho kinase (also known as
ROCK inhibitor) inhibitor, Y27632, efficiently inhibits cell
death after dissociation of hESCs through blocking the Rho/
ROCK/myosin cascade, which causes myosin hyperactivation,
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thereby leading to apoptosis. Though many studies exploring
the cell death in hESCs upon dissociation have focused on
apoptosis, it is vital to bear in mind that additional modes of
cell death may also have occurred. Recent works have re-
ported that epithelial and carcinoma cells become vulnerable
to ferroptosis upon matrix detachment (7, 8). Ferroptosis is a
type of cell death that is driven by iron and is dramatically
distinct from other forms of cell death morphologically and
biochemically (9).

Ferroptosis is a consequence of the accumulation of iron,
especially Fe2+ form, mediatory the generation of alkoxy
radical (LO

�
) through Fenton reaction upon interaction with

polyunsaturated fatty acids (PUFAs) to form lipid peroxides
(9–12). Our interest in evaluating the ferroptosis pathway in
dissociated hESCs was irritated by the exciting data that re-
ported that the primed hESCs have more PUFAs than naïve
hESCs (13). Thus, high levels of PUFAs can predispose primed
hESCs to ferroptosis, and therefore, hESCs are primarily sus-
ceptible to oxidative damage (13), have constitutively activated
proapoptotic BAX (14), and fragmented mitochondria (15).
Thus, targeting ferroptosis by inhibiting lipid peroxidation (16)
and iron chelation (17) may be a promising therapeutic
method to counter cell death in hESCs.

It has been reported that ferroptosis is regulated by many
genes and molecules. The endogenous antioxidant defense
system can be activated to counteract oxidative damage upon
initiation of ferroptosis. Nuclear factor erythroid 2–related
factor 2 (Nrf2) plays a crucial role in modulating ferroptotic
responses through GSH synthesis, which is a cofactor of
glutathione peroxidase 4 (GPX4) (16, 18). (19, 20). GPX4 is
thought to be a target of various ferroptosis inducers and
catalyzes the reduction of lipid and other peroxides (21).
Unrepaired lipid peroxides accumulate as a result of the loss of
GPX4 activity induced by GSH deficiency, thereby resulting in
ferroptosis (22). Thus, it is not surprising that decreasing the
cystine uptake by inhibiting cystine/glutamate antiporter sys-
tem XC− activity promotes ferroptosis (9). SLC7A11 that en-
codes a component of the system XC− is triggered by tumor
suppressor protein p53 (23). P53 is a key regulator of ferrop-
tosis and investigated as a regulator of cell death in hESCs in
response to DNA damage (14, 24). It has been reported that
inhibition of p53 suppresses dissociation-induced apoptosis in
hESCs (25).
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Evaluation of ferroptosis in dissociated human embryonic stem cells
Today, it remains blurred whether dissociation mediates
ferroptosis in hESCs. For this purpose, we assessed the cell
viability, cell proliferation, and colony formation of single
hESCs after dissociation in the presence of ferroptosis in-
hibitors such as deferoxamine (DFO) and ferrostatin-1 (fer-1).
These findings give the first information on the ferroptosis
pathway in dissociated hESCs as well as a better knowledge of
how dissociation induced ferroptosis.

Results

Dissociation induces iron overloading in hESCs

Given that Fe2+ has been identified as a critical initiator of
ferroptosis, we initially measured intracellular iron after
dissociation as a function of time to determine whether
dissociation induces ferroptosis in hESCs. The findings from
Figure 1A revealed that the intracellular iron level of the
dissociated hESCs increased rapidly in a time-dependent
manner.

The dissociated single hESCs undergo ferroptosis

Given that iron-mediated reactive oxygen species (ROS)
production by Fenton reaction promotes lipid peroxidation in
the process of ferroptosis (9), we next investigated whether
Figure 1. The dissociated single hESCs undergo iron-dependent cell deat
dissociated hESCs, increasing intracellular iron level in a time-dependent mann
dissociated hESCs, increasing MDA level in a time-dependent fashion. C, GPX4
mRNA expression between individualized and colonies from hESCs was quant
blot. F, densitometric analysis of GPX4 protein levels; immunoblotting was per
(n = 3). #p < 0.05, ##p < 0.01, ###p < 0.001, and ####p < 0.0001 in comp
embryonic stem cell; MDA, malondialdehyde; qRT–PCR, quantitative RT–PCR.
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iron overloading induces ferroptosis by analysis of lipid per-
oxidation using malondialdehyde (MDA) assay. As shown in
Figure 1B, MDA steadily climbed in dissociated hESCs time-
dependently. Another critical ferroptosis regulator is GPX4,
which converts lipid peroxide to the corresponding alcohol
(26). Apart from that GPX4 buffers lipid peroxidation, we
assessed GPX4 activity in dissociated hESCs in a timely
fashion, and we observed that it significantly increased,
reaching the maximum level upon dissociation, while its ac-
tivity declined in single cells at 2 to 4 h postdissociation
(Fig. 1C). The inability to upregulate GPX4 was also demon-
strated at the mRNA (Fig. 1D) and protein levels 24 h after
dissociation (Fig. 1E). These findings suggest that iron-
dependent cell death is likely occurring in dissociated hESCs.
Ferroptosis inhibitors promote hESC survival and proliferation

Since dissociation of hESCs significantly increased ferrop-
tosis compared with the undissociated colonies, as assessed by
the intracellular iron measurement (Fig. 1A), to determine
whether there is a link between cellular iron and cell death in
dissociated hESCs, cell viability was measured using (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTS)
reduction assay. Treatment with various concentrations of
h. A, the cellular iron content of hESCs was measured in the colonies and
er. B, MDA assay was used to quantify lipid peroxidation in the colonies and
enzyme activity was assayed in the colonies and dissociated hESCs. D, GPX4
ified by qRT–PCR. E, GPX4 protein expression was measured using Western
formed 24 h after dissociation of hESCs. All data are shown as mean ± SEM
arison to the colony group. GPX4, glutathione peroxidase 4; hESC, human



Evaluation of ferroptosis in dissociated human embryonic stem cells
ferroptosis inhibitors, including fer-1 (2, 20, and 100 μM) and
the iron chelator DFO (1, 10, and 100 μM), did not affect cell
survival of dissociated hESCs in comparison to Y-27632-treated
hESCs (data not shown). A dose–response curvature of cell
viability was observed in response to increasing DFO concen-
tration in combination with Y-27632. Treatment of hESCs with
DFO (1 μM) and Y-27632 significantly declined the level of cell
death, compared with that observed in the cells exposed solely
to Y-27632 (Fig. 2C). Moreover, our data showed that a high
concentration of DFO (100 μM) reduced hESC viability indi-
cating that iron deprivation also limits hESC survival. As pre-
sented in Figure 2C, treatment of hESCs by fer-1 (2 and
100 μM) in combination with Y-27632 did not alter cell
viability compared with Y-27632-treated cells. The dual treat-
ment of fer-1 (20 μM) with Y-27632 led to a rescue of cell death
induced by dissociation in hESCs and thus was used for further
investigation. Each inhibitor provided a partial return on its
own, and combining both inhibitors (DFO and Y-27632) or
(fer-1 and Y-27632) had a synergic effect. Since each of those
inhibitors cannot suppress cell death completely, it seems that
there may be other forms of cell death that occur in dissociated
hESCs. It suggests that anoikis is in the front of the cell death
process associated with the dissociation of hESCs, but other
forms of cell death, like ferroptosis, are likely involved.

Consistently, fer-1 (20 μM) and DFO (1 μM) in combination
with Y-27632 were able to increase the proliferation of hESCs,
also they did form dramatically more colonies than Y-27632
did, as assessed by crystal violet staining (Fig. 2D). Interest-
ingly, as shown by alkaline phosphatase (ALP) staining, fer-1
(20 μM) and DFO (1 μM) maintained undifferentiated col-
ony morphology of hESCs (Fig. 2, E and F). These results
indicate that iron chelation or inhibition of lipid peroxidation
following inhibition of anoikis can prevent ferroptosis as
another form of cell death process induced by dissociation in
hESCs.
Ferroptosis inhibitors decreased dissociation-induced iron
overloading in hESCs

To elucidate whether the observed phenomenon is due to
their capacity to deplete iron or to additional characteristics,
specific to DFO or fer-1, we measured the iron content in
hESCs after exposure to fer-1 (20 μM) or DFO (1 μM) in
combination with Y-27632. The results showed that after
treatment with DFO and Y-27632, hESCs exhibited signifi-
cantly lower iron content than the untreated group (Fig. 3B).
Moreover, we found that dissociation of hESCs increased iron
content significantly compared with hESC colonies and that the
observed increase in intracellular iron content was prevented
by fer-1 in combination with Y-27632. Interestingly, combined
treatment of hESCs with DFO or fer-1 with Y-27632 decreased
the iron elevation to the control level, whereas Y-27632 alone
yielded a partial decrease of iron content compared with the
colonies group. Thus, these data imply the involvement of iron
in the induction of ferroptosis in dissociated hESCs.

Next, using MDA as a lipid peroxidation marker, we
examined whether dual treatment of dissociated hESCs
inhibits ferroptosis. A dramatic decrease was seen in MDA
level in the presence of DFO (1 μM) in combination with
Y-27632 compared with the untreated group. Likewise, a
combined treatment of fer-1 (20 μM) and Y-27632 reduced
dissociation-induced MDA levels (Fig. 3C), and the MDA level
reached the level of colonies group in the presence of fer-
roptosis inhibitors. Moreover, MDA level did not alter in
Y-27632-treated cells compared with untreated cells showing
the inability of Y-27632 to decrease iron content and the
subsequent effect on lipid peroxidation. Because of the regu-
latory impact of ferroptosis inhibitors on GPX4, we next
measured GPX4 activity in the presence of ferroptosis in-
hibitors. GPX4 activity was increased by DFO (1 μM), indi-
cating the role of iron chelation in sustaining the cell in a
redox balance (Fig. 3D). Fer-1 (20 μM) treatment of dissoci-
ated hESCs showed an increase in GPX4 activity compared
with untreated cells. Our results showed that the increase of
MDA upon dissociation is likely reduced by ferroptosis in-
hibitors through GPX4 activation.

P53 mediates the dissociation-induced ferroptosis in hESCs

Emerging evidence suggested that reducing cystine uptake
through repression of SLC7A11 (Fig. 4A) makes cells vulner-
able to ferroptosis (27). On the other side, hESCs express high
levels of p53 protein in the cytosol under standard culture
conditions (24, 28). Based on the exciting literature, we
embarked on deciphering the molecular mechanism by which
dissociation induces ferroptosis in hESCs. To clarify whether
dissociation-induced ferroptosis in hESCs is mediated by p53,
we determined mRNA levels of p53 by quantitative RT–PCR
(qRT–PCR). As shown in Figure 4B, p53 increased in disso-
ciated hESCs compared with the colonies group. Then to
determine whether p53 induces ferroptosis through inhibiting
cystine import, the mRNA level of SLC7A11 was measured.
We observed that mRNA levels of SLC7A11 markedly
decreased in dissociated hESCs compared with the undisso-
ciated colonies group (Fig. 4B). Then, we examined the change
expression of p53 time-dependently using a Western blot
technique. Interestingly, the expression of p53 increased
following dissociation (Fig. 4C). We observed that dissociation
of hESCs increased p53 protein level in a timely fashion and
that the observed increase in p53 expression was prevented by
pifithrin α (Pft-α, p53 inhibitor). Treatment of hESCs with Pft-
α (10 μM) inhibited the increase in the p53 level after disso-
ciation (Fig. 4E). These data suggest that p53 mediates the
dissociation-induced ferroptosis in hESCs. To investigate the
role of p53 in hESC dissociation-induced ferroptosis, we also
examined the effects of Pft-α on the ferroptosis pathway. As
presented in Figure 4G, GPX4 and xCT (the cystine–glutamate
antiporter) expressions were downregulated by Pft-α, indi-
cating that p53 mediates the dissociation-induced ferroptosis
pathway.

Ferroptosis inhibitors modulate p53 level in dissociated hESCs

Next, the mechanism by which DFO and fer-1 prevent
ferroptosis was investigated. To this end, we examined mRNA
J. Biol. Chem. (2022) 298(5) 101855 3



Figure 2. Ferroptosis inhibitors promote hESC survival and proliferation. A, diagram of MTS assay. B, phase images of hESCs treated with Y-27632, or 1,
10, and 100 μM DFO in combination with Y-27632 or 2, 20, and 100 μM fer-1 in combination with Y-27632. The scale bar represents 200 μm. C, viability of
hESCs exposed to (1, 10, and 100 μM) DFO in the presence of Y-27632 or (2, 20, and 100 μM) fer-1 in combination with Y-7632 was analyzed using MTS
assay. D, graphic quantification of crystal violet staining of hESC colonies showing dramatic differences in colony formation in the presence of (1 μM) DFO
along with Y-27632 and (20 μM) fer-1 in combination with Y-27632 compared with Y-27632 treated alone. E, photograph of alkaline-positive staining of
hESCs exposed to (1 μM) DFO in the presence of Y-27632 or (20 μM) fer-1 in combination with Y-7632. F, the ratio of ALP-positive colonies produced per
seeded hESCs was used to assess cloning efficiency. The optimum dose of DFO (1 M) or fer-1 (20 M) was employed in combination with Y-27632 for the first
24 h following culturing of dissociated single hESCs until colonies formed. The cells were cultured for 8 days. All data are shown as mean ± SEM (n = 3). †p <
0.05, ††p < 0.01 compared with the Y-27632 group. ALP, alkaline phosphatase; DFO, deferoxamine; Fer-1, ferrostatin-1; hESC, human embryonic stem cell;
MTS, (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.
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Figure 3. Ferroptosis inhibitors decreased dissociation-induced iron overloading in hESCs. A, schematic figure showing the ferroptosis pathway and
the functions of relevant inhibitors. B, intracellular iron level of hESCs treated with 1 μM of DFO or 20 μM of fer-1 along with Y-27632 for 4 h. C, MDA assay
was used to detect lipid peroxidation in the presence of DFO (1 μM) or fer-1 (20 μM) along with Y-27632. D, GPX4 enzyme activity was assayed in the
presence of DFO (1 μM) or fer-1 (20 μM) along with Y-27632 in dissociated hESCs. All data are shown as mean ± SEM (n = 3). *p < 0.05, ***p < 0.001
compared with the untreated group and #p < 0.05, ##p < 0.01 compared with colonies. DFO, deferoxamine; Fer-1, ferrostatin-1; GPX4, glutathione
peroxidase 4; hESC, human embryonic stem cell; MDA, malondialdehyde.
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levels of P53 by qRT–PCR in DFO and fer-1-treated cells in
combination with Y-27623. We found that not only Y-27632
alone but also in combination with DFO decreased p53 mRNA
level compared with untreated cells (Fig. 4I). To further sup-
port this conception, we determined the expression of p53
using Western blot analysis. As revealed in Figure 4J, a drastic
reduction of p53 expression was observed in the presence of
fer-1 or DFO in combination with Y-27632. Correspondingly,
the expression of p53 was downregulated in the DFO or fer-1
treatment group indicating the rescue effect of ferroptosis
inhibitors in dissociation-induced cell death in hESCs.
Nrf2 pathway and its downstream targets antagonize iron
overloading to promote resistance of hESCs to ferroptosis in
the dissociated single hESCs

Previous studies have demonstrated that Nrf2 preserves the
ability of cells to counteract ferroptosis through its down-
stream GPX4 and SLC7A11, which are necessary for GSH
synthesis (Fig. 5A) (29). At first, we measured GSH level in the
presence of ferroptosis inhibitors. Our results from Figure 5B
revealed that GSH content increased in the presence of fer-
roptosis inhibitors (fer-1 or DFO in combination with
Y-27632) compared with untreated cells. To elucidate whether
ferroptosis inhibitors (DFO and fer-1) suppress cell death in
dissociated hESCs through Nrf2, we were inspired to evaluate
the Nrf2 pathway. Notably, Nrf2 expression is also down-
regulated upon dissociation in hESCs (Fig. 5C). To determine
the modification of Nrf2 level in dissociated hESCs, cells were
exposed to 1 μM DFO or 20 μM fer-1 in combination with
Y-27632 followed by qRT–PCR. Our results from qRT–PCR
showed that Y-27632 did not alter Nrf2 mRNA expression in
comparison to untreated cells (Fig. 5D). However, the ability to
upregulate Nrf2 was found at the mRNA expression (Fig. 5D)
as well as protein expression in the presence of fer-1 in
combination with Y-27632 (Fig. 5G). Furthermore, we
observed an increase of Nrf2 in DFO-exposed hESCs
compared with untreated cells. To confirm the effect of fer-
roptosis inhibitors on the Nrf2 pathway, we evaluated the
downstream targets of Nrf2. A severe elevation in SCL7A11
J. Biol. Chem. (2022) 298(5) 101855 5



Figure 4. p53 stimulates the dissociation-induced ferroptosis in hESCs. A, schematic figure showing p53-mediated activation of ferroptosis. B, p53 and
SLC7A11 mRNA expression was determined by qRT–PCR in dissociated hESCs and colony culture. C, Western blot analysis of p53 expression in dissociated
hESCs time-dependently. D, densitometric analysis of p53 protein levels; immunoblotting was performed 0–4 h after dissociation of hESCs. E, Western blot
analysis of p53 expression in hESCs treated with Pft-α (10 μM). Dissociated cells were treated with Pft-α (10 μM) for 2 h and then dissociated into single cells
and cultured for 1 h. F, densitometric analysis of p53 protein levels. G, Western blot analysis of xCT and GPX4 expression in hESCs treated with Pft-α (10 μM).
H, densitometric analysis of xCT and GPX4 protein levels. I, mRNA expression of p53 was assessed by qRT–PCR in the presence of DFO (1 μM) or fer-1
(20 μM) along with Y-27632 in dissociated hESCs. GAPDH was used as a loading control. J, Western blot analysis of p53 expression in hESCs treated
with DFO (1 μM) or fer-1 (20 μM) in combination with Y-27632. K, densitometric analysis of p53 protein levels; immunoblotting was performed 4 h after
dissociation of hESCs. β-actin was used as an internal control. All the experiments were done 4 h after the dissociation of hESCs. All data are shown as
mean ± SEM (n = 3). *p < 0.05, ***p < 0.001, and ****p < 0.0001 compared with the untreated group and, ####p < 0.0001 in comparison to colonies.
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Figure 5. Nrf2 and its downstream targets (SLC7A11 and GPX4) promote the resistance of hESCs to ferroptosis in the dissociated single hESCs.
A, schematic figure showing the role of Nrf2 in GSH synthesis through its target genes. B, GSH content was measured in the presence of DFO (1 μM) or fer-1
(20 μM) along with Y-27632 in dissociated hESCs. C, qRT–PCR was applied to measure Nrf2 mRNA expression in dissociated hESCs and colonies culture.
D, Nrf2 mRNA expression was assessed by qRT–PCR in the presence of DFO (1 μM) or fer-1 (20 μM) along with Y-27632 in dissociated hESCs. E, expression of
SLC7A11 was assessed by qRT–PCR in the presence of DFO (1 μM) or fer-1 (20 μM) along with Y-27632 in dissociated hESCs. F, qRT–PCR was applied to
analyze GPX4 expression in the presence of DFO (1 μM) or fer-1 (20 μM) in combination with Y-27632 in dissociated hESCs. GAPDH was used as a loading
control. G, Western blot analysis of Nrf2, xCT, and GPX4 expression in hESCs treated with DFO (1 μM) or fer-1 (20 μM) along with Y-27632. β-actin was used
as an internal control. All the experiments were performed 4 h after the dissociation of hESCs. H, densitometric analysis of Nrf2, SLC7A11, and GPX4 protein
levels; immunoblotting was performed 4 h after dissociation of hESCs. All data are shown as mean ± SEM (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001 compared with the Y-27632 group and ###p < 0.001 compared with colonies. DFO, deferoxamine; fer-1, ferrostatin-1; GPX4, glutathione
peroxidase 4; hESC, human embryonic stem cell; Nrf2, nuclear factor erythroid 2–related factor 2; qRT–PCR, quantitative RT–PCR; xCT, the cystine–glutamate
antiporter.

Evaluation of ferroptosis in dissociated human embryonic stem cells
and GPX4 mRNA levels was observed (Fig. 5, E and F) in the
presence of Y-27632. Moreover, we established that SCL7A11
and GPX4 mRNA levels increased in the presence of
††††p < 0.0001 compared with 0 h. $$p < 0.01 compared with 1 h. Fer-1, ferro
Pft-α, pifithrin α; qRT–PCR, quantitative RT–PCR; xCT, the cystine–glutamate a
ferroptosis inhibitors, which were also confirmed by our data
from Western blot (Fig. 5G). As quantified in Figure 5H, we
found that the xCT increased by 1.15-fold in the presence of
statin-1; GPX4, glutathione peroxidase 4; hESC, human embryonic stem cell;
ntiporter.
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fer-1 in combination with Y-27632 compared with the un-
treated group. The same results were obtained in DFO-treated
hESCs in the xCT expression, showing its critical role in
sustaining the cells in balance. Therefore, iron overload should
be the key reason for cell death in hESCs upon dissociation,
which was rescued by ferroptosis inhibitors through the Nrf2
pathway.
Discussion

In this study, we attempt to understand whether ferroptosis
is taking place upon dissociation in hESCs. In this type of cell
death, lipid peroxides exceed threshold levels as a result of iron
accumulation (30). Our results revealed that iron overloading
was observed following dissociation in hESCs, indicating the
critical role of iron homeostasis in hESC survival as observed
in our result of cell viability data. This observation was in line
with the previous study demonstrating that iron overloading
restricts the self-renewal of hPSCs via ROS generation,
consequently leading to DNA damage (31). We showed that
DFO, a specific iron chelator, in combination with Y-27632
restores dissociation-induced cell death, demonstrating an
involvement of iron to precede ferroptosis in individualized
hESCs. Following the previous study (32), we also found that
unlike a low concentration of DFO (1 μM), a high concen-
tration of DFO (100 μM) reduces hESC survival indicating that
iron deprivation limits hESC maintenance and survival. In
addition, we showed that treatment with fer-1 and DFO in the
presence of Y-27632 improves cellular proliferation and also
colony formation assessed by ALP staining. Therefore, we
concluded that the following anoikis, ferroptosis, also com-
plement the process of cell death upon dissociation of hESCs.

Considering that unchelated iron can result in lipid perox-
ides and subsequent ferroptosis (27, 33), we measured lipid
peroxidation, which has been shown to degrade into hydroxy
fatty acids or reactive aldehydes, such as MDA (34). Our re-
sults evidenced that iron accumulation promotes ferroptosis
via the production of lipid peroxides as assessed by MDA
being in line with Yang et al. (11). We also indicated that the
release of iron upon dissociation in hESCs could induce fer-
roptosis, as treatment with ferroptosis inhibitor before and
following dissociation in hESCs reduce iron content as well as
MDA level revealing new information about cell death path-
ways in individuated hESCs.

Previous studies demonstrated that upon dissociation,
hESCs undergo massive cell death through a process termed
anoikis (35–37). Although the initiation signal of anoikis is not
yet vibrant, cytoskeleton disruption has been identified in
anoikis (38). The loss of E-cadherin-dependent intercellular
contact is considered a pivotal initiator of dissociation-induced
actomyosin hyperactivation and membrane blebbing, conse-
quently cell death (36). To reduce anoikis, ROCK inhibitor
(Y-27632) has been implemented and has become part of the
routine protocol for dissociation and passaging of hESCs. In
this study, we found that Y-27632 could partially restore iron
content compared with untreated cells indicating treatment by
Y-27632 plus ferroptosis inhibitors had a synergistic effect on
8 J. Biol. Chem. (2022) 298(5) 101855
ferroptosis suppression compared with Y-27632 alone.
Furthermore, Y-27632 on its own does not reduce MDA
following dissociation. Thus, these data suggest that, in addi-
tion to anoikis, ferroptosis is also involved in the cell death
mechanism following hESC dissociation. In agreement with
our results, Brown et al. (8) found that ferroptosis could occur
in epithelial and carcinoma cells upon matrix detachment.
Furthermore, perturbation of the cytoskeleton has been linked
to an increase in intracellular iron and promotes ferroptosis, as
reported by Sun et al. (39) They evidenced that actin cyto-
skeleton disruption in HeLa cells increased intracellular iron
and lipid ROS production, consequently promoting ferropto-
sis. Therefore, it can be concluded that the dissociation of
hESCs leads to the destruction of the cell–cell junction and
also cytoskeleton, consequently resulting in the accumulation
of Fe2+, which promotes ferroptosis via lipid peroxidation
(Fig. 6) (40).

To have more insight on ferroptosis associated with disso-
ciation of hESCs, we piqued to assess the expression of cellular
markers involved in ferroptosis, including GPX4, SLC7A11,
Nrf2, and p53. Since the loss of GPX4 activity has been re-
ported to induce ferroptosis (20), it is not surprising that
decreasing the GSH content as a consequence of inhibiting
system XC− activity also promotes ferroptosis (9). Ferroptosis
has been demonstrated to be a vital function of tumor sup-
pression by p53, a negative regulator of SLC7A11 (27, 41, 42).
Here, we showed that upon dissociation of hESCs, p53
increased with time, which was reversed by administration of
p53 inhibitor (Pft-α). Moreover, our study showed that inhi-
bition of p53 decreased xCT and GPX4 expression indicating
the role of p53 in promoting ferroptosis. Inconsistent with our
results, Zhang et al. (28) reported that dissociation-induced
apoptosis of hESCs can be diminished by Pft-α. We further
showed that Y-27632 in combination with DFO and fer-1
decreased p53 mRNA level compared with untreated cells.
Recently, it has been reported that p53 maintains iron ho-
meostasis (43). Moreover, it has been reported that significant
elevation of serum iron levels is associated with p53−/− but not
p53+/+ mice, indicating the role of p53 in iron hemostasis (44).
Thus, it seems that excess iron upon dissociation in hESCs is
likely to be related to p53 upregulation and subsequent cell
death as confirmed in ovarian granulosa cells (45).

Nrf2 regulates the expression of a variety of proteins, and
enzymes inhibit lipid peroxidation and the onset of ferroptosis
(46). Nrf2 upregulates the system XC−, which provides
cysteine for GSH and consequently sustains the activity of
GPX4 (47, 48), which reduces lipid peroxides to lipid alcohols
(LOOH) restoring cell membrane integrity (34, 49). Our study
showed that the amount of GPX4 activity initially increased
and subsequently significantly decreased in comparison with
the control group, indicating that following dissociation,
hESCs aim to rescue lipid peroxidation but fail to do so as no
reduction was observed in MDA level; with progression in
time from dissociation, this ability is also lost, which conse-
quently results in iron-induced cell death or ferroptosis (50,
51). Moreover, a dramatic reduction in Nrf2 was seen upon
dissociation, indicating the requirement of Nrf2 in protecting



Figure 6. Overview of cell death in dissociated hESCs. After hESC dissociation, the Rho/ROCK signaling pathway is activated, which leads to anoikis.
Inhibition of Rho/ROCK signaling via Y-27632 suppresses hESC death; however, cloning efficiency is still low in many cases. Moreover, dissociation results in
cytoskeleton perturbation leading to iron accumulation, which forms hydroxyl/peroxyl radicals via the Fenton reaction. Hydrogen atoms from poly-
unsaturated fatty acids (PUFAs) combine to form a lipid radical, which interacts quickly with oxygen to form lipid peroxide. This process can be inhibited by
ferrostatin-1 (fer-1). Lipid peroxides can be degraded into reactive aldehydes, such as malondialdehyde (MDA). Decreased iron overload by iron chelators
such as deferoxamine (DFO) inhibits dissociation-induced ferroptosis in hESCs. Activation of p53 is required for ferroptosis in dissociated hESCs. Direct
transcriptional suppression of SLC7A11, a major component of system XC−, is required for ferroptosis. The xCT antiporter (consisting of two subunits
SLC7A11 and SLC3A2) is responsible for maintaining redox homeostasis through importing cystine, subsequently GSH synthesis. Reduced GSH is converted
to oxidized GSH by glutathione peroxidase 4 (GPX4), which also reduces lipid hydroperoxides to their corresponding alcohols or free hydrogen peroxide to
water. Through the elevation of SLC7A11 and GPX4 expression, which enables cystine intracellular uptake, Nrf2 is thought to be a critical negative regulator
of ferroptosis. hESC, human embryonic stem cell; Nrf2, nuclear factor erythroid 2–related factor 2; ROCK, Rho kinase.
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hESCs against ferroptosis (52, 53). Because of the low activity
of cysteine transport in hESCs (54), activation of Nrf2, sub-
sequently upregulation of xCT expression, can enable cells to
counteract oxidative damage (55), which has been revealed in
the previous study through the addition of N-acetylcysteine
(56). Western blot results showed that Nrf2 expression as well
as its downstream targets increased in the presence of fer-
roptosis inhibitors, indicating Nrf2 stimulates SLC7A11
expression subsequently promoting intracellular cystine up-
take for GSH synthesis as a cofactor of GPX4 (18). This
observation is in affirmation with our data from GPX4 acti-
vation in the presence of DFO and fer-1, a representative that
the response of dissociated hESCs to ferroptosis is primarily
determined by GPX4 activity. Our data from GSH content
confirmed that ferroptosis inhibitors provide GSH for cell
survival. Although our results from qRT–PCR and Western
blot showed that Y-27632 did not alter Nrf2 expression
compared with untreated cells, it seems that Y-27632 alone
protects dissociated hESCs by counteracting other mecha-
nisms including anoikis. In addition, Y-27632 on its own does
not reduce MDA and iron level following dissociation, further
reiterating anoikis and ferroptosis also likely to be two inde-
pendent mechanisms involved in cell death following hESC
dissociation. In summary, these findings demonstrated that
Nrf2 could improve the redox balance by enhancing cysteine
uptake to maintain GPX4 activity and counteract iron-
dependent cell death (18, 54, 55, 57).

In summary, to our knowledge, our research is the first to
report that independent of anoikis, iron accumulation cause
ferroptosis in hESCs upon dissociation. Iron accumulation has
been reported to associate with cellular damage leading to lipid
peroxidation and consequently ferroptosis (9), and iron accu-
mulation has been shown to reduce cellular damage (31, 58).
Although our study showed that inhibition of p53 modulates
cell death in dissociated hESCs. Excess Fe2+ has been reported
that leads to p53 activation (45); it remains unclear whether
p53 activation is the reason or the consequence of iron
accumulation in dissociated hESCs. Our data revealed that
Nrf2 activation resists dissociated hESCs against ferroptosis
through upregulation of its downstream targets SLC7A11 and
GPX4. Thus, Nrf2 activation could be a powerful anti-
ferroptotic target for the maintenance of the genetic integrity
of hESCs through the use of iron chelator (DFO), an inhibitor
of lipid peroxidation (fer-1), and Nrf2 activators.
Experimental procedures

Cell culture

Experiments were done with the hESC line (RH6) (59).
hESCs were grown on a feeder layer of mouse embryonic
fibroblast cells, which were inactivated with 10 μg/ml mito-
mycin C. hESCs were fed daily with Dulbecco’s modified
Eagle’s medium/F-12 (Gibco; catalog no.: 21331-020) com-
plemented with 20% knockout serum replacement (Gibco;
catalog no.: 10828-028), 1% nonessential amino acids (Gibco;
catalog no.: 11140-035), 0.1 mM β-mercaptoethanol (Sigma–
Aldrich; catalog no.: M3148), 1% antibiotic mixture
comprising 100 units/ml penicillin and 100 μg/ml strepto-
mycin (Gibco; catalog no.: 15070063), insulin–transferrin–
selenite (Gibco; catalog no.: 41400-045), 2 mM L-glutamine
J. Biol. Chem. (2022) 298(5) 101855 9
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(Gibco; catalog no.: 25030-024), and 100 ng/ml basic fibroblast
growth factor (Royan Institute) in an ideal atmosphere of
37 �C with 5% CO2 air-humidified incubator. The growth
medium was treated daily with a 10 μM ROCK inhibitor
(Y-27632; Calbiochem; catalog no.: 688000), and hESC col-
onies were passaged by collagenase IV (Gibco; catalog no.:
17104-019) in Dulbecco’s modified Eagle’s medium/F12 for
7 min. For dissociation into a single cell, hESCs were washed
with PBS− and then treated with accutase (Millipore; catalog
no.: SCR005) at 37 �C for 3 min and harvested by pipetting,
then cultured to Matrigel-coated (Sigma–Aldrich; catalog no.:
E1270) dishes.

Measurement of cell viability

To assess the survival of dissociated hESCs in the presence
of ferroptosis inhibitors, a conventional MTS reduction assay
was performed. In this chromogenic experiment, tetrazolium
is reduced by viable cells. Described briefly, dissociated hESCs
were cultured into the Matrigel-coated 96-well plate at the
density of 35 × 104 cells/cm2 for 72 h. Then cells were exposed
to various concentrations of (2, 20, and 100 μM) fer-1
(Cayman Chemical; catalog no.: 17729) or (1, 10, and
100 μM) DFO (Sigma–Aldrich; catalog no.: D9533). After 24 h,
MTS was added to each well and then incubated for 4 h at
37 �C in the darkness; absorbance was measured at 490 nm
using a microplate reader (Awareness).

Cell proliferation assay

To investigate cell proliferation, crystal violet staining was
used. In short, the hESCs were dissociated into single cells and
transferred to Matrigel-coated dishes. Dissociated hESCs were
exposed to different concentrations (2, 20, and 100 μM) of fer-
1 or (1, 10, and 100 μM) DFO. After colony formation, cells
were rinsed in PBS and fixed with 70% methanol. Fixed cells
were stained with 0.4% crystal violet solution for 30 min after
being washed three times in PBS, and images were acquired
using a digital camera at 1× magnification (D7000; Nikon).
Following treatment with 500 μl 10% acetic acid, the absor-
bance was detected using a microplate reader (Awareness).

Colony formation

The dissociated hESCs were cultured in a Matrigel-coated 6-
well plate at a low density of 500 cells/cm2 in a complete cul-
ture medium. Dissociated hESCs were treated with the opti-
mum dose of DFO (1 M) or fer-1 (20 M) by adding Y-27632 for
the first 24 h followed by culturing of dissociated single hESCs
until colonies formed. The medium was changed daily. After
8 days of culture, the hESC colonies were visualized by ALP
staining using the leukocyte ALP kit (Sigma; catalog no.: 86R).
Cloning efficiency of dissociated single hESCs ([number of
ALP-positive colonies/number of seeded cells] × 100) by
analyzing the numbers of feeder-independent colonies.

Cellular iron content assay

Intracellular iron was assessed using an iron assay kit (cat-
alog no.: K390-100; BioVision). In brief, hESCs were washed
10 J. Biol. Chem. (2022) 298(5) 101855
with PBS and lysed with iron assay buffer at appropriate times.
Cells were harvested by centrifuging at 16,000g for 10 min to
remove insoluble materials. Then 50 μl sample was added to a
96-well plate to bring in a final volume of 100 μl/well with
assay buffer. To reduce iron (III) to iron (II), 5 μl of iron
reducer was added following incubation for 30 min at 25 �C.
Finally, an iron probe was added and incubated for 30 min at
25 �C in darkness. Using a microplate reader, the absorbance
was measured at 593 nm. Iron contents were normalized to
protein concentration.

Measurement of lipid peroxidation

The Nalondi Lipid Peroxidation (MDA) assay kit (Nav-
andsalamat; catalog no.: NS-15022) was used to measure lipid
peroxidation according to the manufacturer’s guidelines.
Briefly, cells were lysed with lysis buffer and reacted with
thiobarbituric acid followed by centrifuging at 13,000g for
3 min. In the assay, the working solution was added to the
sample, and then the samples were boiled in a boiling water
bath (95 �C) for 45 min. Then, samples were centrifuged at
3000g for 15 min. Finally, using a microplate reader, the purple
color absorbance was measured at 550 nm. Lipid peroxidation
levels were normalized to protein concentration.

Measurement of GPX4 activity

GPX4 activity was measured using Nagpix GPX activity
test kit (Navandsalamat; catalog no.: NS-15082). Briefly, cells
were lysed with assay buffer after being washed three times
with cold PBS. The cells were then harvested after 15 min of
centrifugation at 9000g. A 50 μl sample was added to a
96-well plate and was brought to a volume of 90 μl/well with
reagent 1, and samples were incubated at room temperature
for 15 min. About 10 μl of reagent 2 was added to start a
reaction. Using a microplate reader, the absorbance was
measured at 340 nm twice; (first time) at time 0 and (second
time) at time 15 min. GPX4 activity was normalized to pro-
tein concentration.

Measurement of GSH levels

The concentration of GSH was determined in whole cell
lysates using the dithionitrobenzoic acid method at 412 nm
(60). In brief, cells were lysed with 10% tricolor acetic acid and
homogenized through sonication. Then, 0.1 ml supernatant
was mixed with dithionitrobenzoic acid in 0.1 M potassium
phosphate buffer with 5 mM ethylenediaminetetraacetic acid.
For this assessment, the absorbance of different samples was
read by a spectrophotometer device. GSH concentrations were
expressed as nanomole/milligram protein.

RNA extraction and real-time qRT–PCR

RNeasy Kit (Qiagen; catalog no.: 74004) was used to extract
total RNA from hESCs. RNA concentrations were determined
by Nanodrop (Thermo Fisher Scientific). Complementary
DNA was synthesized from total RNA using Reverse Tran-
scription System Kit (Biotech rabbit; catalog no.: BR0400601)
as described in the manufacturer’s protocol. Applied
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Biosystems step one plus Real-Time PCR System (Thermo
Fisher Scientific) was used to carry out real-time qRT–PCR,
using SYBR green Gene Expression Master Mix (TaKaRa;
catalog no.: PR820Q). Beacon Designer software (version 7.2)
as obtained from Metabion (Planegg/Steinkirchen) was used to
design real-time–specific primer pairs. All measurements were
performed in three biological replicates. The results were
normalized to GAPDH, and △△Ct method was selected to
calculate the relative expression of genes in comparison to the
control groups (61). The following primers were used to
determine ferroptosis in hESCs:

PCR primers: For qRT–PCR: human GAPDH, forward:
CCACTCCTCCACCTTTGACG, reverse: CCACCACCC
TGTTGCTGTAG; human p53, forward: GCTGGTTAGGT
AGAGGGAGTTG, reverse: GTGTGGGATGGGGTGAGA
TTTC; human Nrf2, forward: TCACAAGAGATGAACTT
AGGGCAA, reverse: AGCCACTTTATTCTTACCCCTC;
human GPX4, forward: GCCTTCCCGTGTAACCAGT,
reverse: TTTCCCAGGATGCCCTTGCC; human SLC7AL11,
forward: TGTCTCCAGGTTATTCTATGTTG, reverse: CCA
GAGAAGAGCATTATCATTG.

Protein extraction and Western blotting

At the given time points, cells were lysed using TRIzol
reagent (Ambion; catalog no.: 15596-08) according to the
manufacturer’s instructions to obtain protein. Bradford’s
method was employed in the process of protein content
concentration (62). A standard plot was generated using
bovine serum albumin. We separated the protein using 10%
SDS-PAGE followed by electrotransfer onto a polyvinylidene
fluoride membrane (Bio-Rad; catalog no.: 162-0176). Then,
the membranes were blotted overnight at 4 �C in blocking
buffer (1× Tris-buffered saline containing 5% w/v skim milk,
0.1% Tween-20). Membranes were probed with antibodies
against Nrf2 (1:2000 dilution; Abcam; catalog no.: ab62352),
GPX4 (1:500 dilution; Abcam; catalog no.: ab125066), p53
(1:200 dilution; Cell Signaling; catalog no.: 2524), SCL7A11
(1:500 dilution; Abcam; catalog no.: ab37185), and β-actin
(1:200 dilution; Santa Cruz; catalog no.: SC47778) for 2 h at
room temperature. Signals derived from appropriate horse-
radish peroxidase–conjugated secondary antibodies for
horseradish peroxidase–conjugated goat were detected using
Chemiluminescent detection Amersham ECL Advance
Western Blotting Detection Kit (Amersham Biosciences;
catalog no.: RPN2135), and subsequent autoradiography was
applied to visualize bands. A densitometric scan of the films
was used to quantify the results. For analyzing, ImageJ (ras-
band, W.S. imageJ; National Institute of health) was used to
measure the integrated density of bands after background
subtraction. The Western blot analysis was done at least
twice.

Statistical analysis

All the experiments were done at least three times, and the
final data are represented as the mean ± SEM. Data were
analyzed using PRISM 8 (GraphPad Software, Inc). One-way
ANOVA followed by Turkey’s post hoc test was used to
analyze the differences between groups. t Test was used when
two independent groups were compared to analyze the dif-
ference. Statistical significance was defined at p < 0.05.
Data availability

All data are contained within the article.
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