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SUMMARY
Inhibition of PIKfyve phosphoinositide kinase selectively kills autophagy-dependent cancer cells by disrupting lysosome homeostasis.

Here, we show that PIKfyve inhibitors can also selectively eliminate pluripotent embryonal carcinoma cells (ECCs), embryonic stem cells,

and induced pluripotent stem cells under conditions where differentiated cells remain viable. PIKfyve inhibitors prevented lysosome

fission, induced autophagosome accumulation, and reduced cell proliferation in both pluripotent and differentiated cells, but they

induced death only in pluripotent cells. The ability of PIKfyve inhibitors to distinguish between pluripotent and differentiated cells

was confirmedwith xenografts derived fromECCs. Pretreatment of ECCswith the PIKfyve specific inhibitorWX8 suppressed their ability

to form teratocarcinomas in mice, and intraperitoneal injections of WX8 into mice harboring teratocarcinoma xenografts selectively

eliminated pluripotent cells. Differentiated cells continued to proliferate, but at a reduced rate. These results provide a proof of principle

that PIKfyve specific inhibitors can selectively eliminate pluripotent stem cells in vivo as well as in vitro.
INTRODUCTION

Pluripotent embryonic stem cells (ESCs) are essential for

normal mammalian development (Martello and Smith,

2014; Smith, 2017). Remarkably, a wide variety of somatic

cells can be reprogrammed into an embryonic-like pluripo-

tent state, termed induced pluripotent stem cells (iPSCs),

that provides a powerful tool for regenerativemedicine (Ta-

kahashi and Yamanaka, 2013). Unfortunately, ESCs and

iPSCs also give rise to germ cell tumors from which plurip-

otent cancer stem cells, termed embryonal carcinoma cells

(ECCs), are derived (Oosterhuis and Looijenga, 2019).

Genes commonly required in both pluripotent cells and

cancer cells include the core pluripotency genes NANOG,

POU5F1 (OCT4), and SOX2, together with the MYC tran-

scription factor (Lee et al., 2013). In addition, both ESCs

and cancer cells require the Geminin/GMNN gene to pre-

vent aberrant DNA replication during cell proliferation

(Adler-Wailes et al., 2017; Huang et al., 2015; Zhu and De-

pamphilis, 2009), whereas neither ESCs nor cancer cells

require the transcription factor and tumor suppressor

gene p53 for either cell-cycle arrest or programmed cell

death (Jaiswal et al., 2020). Thus, a major concern in the

application of pluripotent stem cells to regenerative medi-

cine is their ability to cause cancer (Gorecka et al., 2019;

Martin, 2017).

Previous studies have shown that autophagy-dependent

cancer cells can be terminated by inhibition of the PIKFYVE

phosphatidylinositol kinase that is essential for lysosome

homeostasis (Ikonomov et al., 2019). PIKfyve activity is in-

hibited with remarkable specificity by the WX8 family of

seven small molecule analogs whose affinity for the PIK-
This is an open access article under the CC BY-N
fyve protein is 90 to 15,000 times greater than for their sec-

ondary target PIP4K2C (Sharma et al., 2019). These inhibi-

tors mimic the effects of PIKfyve small interfering RNA

(siRNA), and either dominant negative mutations in the

PIKFYVE gene or disruption of the PIKFYVE gene nullify

the effects of these molecules on cell metabolism, thereby

confirming that PIKfyve is the critical target (Gayle et al.,

2017; Ikonomov et al., 2019; Lu et al., 2014; O’Connell

and Vassilev, 2021; Sharma et al., 2019).

PIKfyve specific inhibitors prevent lysosome fission

without preventing homotypic lysosome fusion (Sharma

et al., 2019), inhibit trafficking ofmolecules into lysosomes

(Sharma et al., 2019), and inhibit maturation of cathepsins

(Gayle et al., 2017; Sharma et al., 2019). They also disrupt

endosome trafficking (de Lartigue et al., 2009; Ikonomov

et al., 2001) and prevent heterotypic fusion between lyso-

somes and autophagosomes (Sharma et al., 2019). Conse-

quently, cells that depend on autophagy under standard

culture conditions, such as autophagy-dependent cancer

cells, are sensitive to inhibition of PIKfyve under condi-

tions where non-malignant cells remain viable (Gayle

et al., 2017; Ikonomov et al., 2019; Sharma et al., 2019).

The fact that ablation of the PIKfyve gene prevents mouse

development beyond the blastocyst stage (Ikonomov et al.,

2011) suggests that ESCs are autophagy dependent and

therefore would be sensitive to PIKfyve inhibitors.

Here, we report that PIKfyve specific inhibitors WX8 and

Apilimod can induce non-canonical apoptosis in ESCs,

iPSCs, and ECCs in vitro under conditions that have little,

if any, effect on the viability of differentiated cells.

Moreover, WX8 can selectively eliminate ECCs from

teratocarcinomas, thereby converting a rapidly growing
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malignant tumor into a slow-growing benign tumor. Thus,

PIKfyve inhibitors have therapeutic potential in treating

germ cell neoplasia and in preventing spontaneous tumor

formation during targeted gene therapy and cell replace-

ment therapy.
RESULTS

WX8-induced cell death in mouse embryonic stem

cells

The WX8 family of PIKfyve inhibitors was discovered in a

high-throughput screen for compounds that inhibit Gem-

inin, a protein essential to prevent DNA re-replication-

dependent apoptosis in cells derived from human cancers,

but not in cells derived from normal tissues (Lee et al.,

2012; Zhu et al., 2011). As Geminin is also essential in

mouse ESCs to prevent DNA re-replication-dependent

apoptosis during self-renewal and teratoma formation

(Adler-Wailes et al., 2017; Hosogane et al., 2017; Huang

et al., 2015), we reasoned that PIKfyve might also be essen-

tial for mouse ESC viability.

To test this hypothesis, the same mouse ESCs used to

evaluate the role of Geminin were cultured under self-

renewal conditions in the presence of 3 mM WX8, the

most potent of five PIKfyve inhibitors analyzed together

(Sharma et al., 2019). Within 8 h, cells were densely

packed with cytoplasmic vacuoles (Figure 1A), confirm-

ing that WX8 had inhibited lysosome fission, but not

lysosome fusion (Sharma et al., 2019). Fluorescence-acti-

vated cell sorting (FACS) (Figure 1B) revealed that this

phenomenon was accompanied by a transient accumula-

tion of cells with >4N DNA content (Figure 1C), consis-

tent with excess DNA replication. Within 32 h, 50% of

the cells contained <2N DNA, a hallmark of cell death

(Elmore, 2007). Cell death was confirmed by the perme-

ability of cells to trypan blue (Figure 1D). Within 72 h,

>90% of the cells contained <2N DNA (Table 1). The

half maximal inhibitory concentration (IC50) was 1 mM

WX8.
WX8 reduced viability in human pluripotent stem

cells

To determine whether or not the results with mouse ESCs

applied to human pluripotent stem cells, ESC (H1, H9),

iPSC (SCUi24), and ECC (TERA-2, NTERA-2, GCT27D.C1)

lines were challenged with WX8. H1 and H9 were derived

from human blastocysts. SCUi24 was derived from human

skin fibroblasts. TERA-2 was derived from a lung teratocar-

cinoma (Fogh et al., 1977). NTERA-2 was derived from a

xenograft tumor of TERA-2 (Andrews et al., 1984, 1985).

GCT27D.C1 was isolated from a patient with testicular

teratocarcinoma (Pera et al., 1987).
398 Stem Cell Reports j Vol. 17 j 397–412 j February 8, 2022
Human ESCs and iPSCs contained normal karyotypes

(Mallon et al., 2013, 2014; Su et al., 2016), produced tera-

tomas when inoculated subcutaneously into immunocom-

promised mice, and expressed the human pluripotent cell

biomarker SSEA4 (Figures S1A and S1B). Human ECCs

also expressed OCT4, SOX2, and NANOG under self-

renewal conditions (Figure S1C), and they produced

teratocarcinomas enriched with pluripotent cells when

inoculated subcutaneously into immunocompromised

mice (Figure S1D) (described below). Similar to mouse

ESCs, WX8 induced cytoplasmic vacuolation in all human

pluripotent and differentiated cells (for example, Fig-

ure S2A), as previously reported for all PIKfyve inhibitors

(Sharma et al., 2019). WX8 also induced loss of viability

in ESCs, iPSCs, and ECCs, as quantified by loss of ATP (Fig-

ures S2B–S2D), with IC50 values from 0.26 to 3 mM WX8

(Table 1, ATP).

PIKfyve inhibitors induced DNA loss in human

pluripotent stem cells

Cell death is commonly accompanied by DNA loss (El-

more, 2007). Therefore, to determine whether or not the

ATP loss induced by WX8 was accompanied by cell death,

the accumulation of stem cells with <2N DNA content was

quantified by FACS. The results revealed that the fraction of

stem cells with <2N DNA increased with time inWX8 with

a concomitant decrease in cells containing 2N DNA (G1

phase) or 4N DNA (G2 and M phases) (Figure 2A). Within

4 days, >80% of the cells contained <2N DNA. Similarly,

WX8 induced DNA loss in H1 and H9 ESCs, SCUi24 iPSCs,

as well as in TERA-2 and GCT27D.C1 ECCs (Figures 2B–

2D). The IC50 values for pluripotent stem cells varied

from 0.2 to 5 mM WX8 (Table 1 DNA). The effects of WX8

on human pluripotent cells were confirmed using Apili-

mod (Figures S4D and S4E), another potent PIKfyve specific

inhibitor (Gayle et al., 2017).

DNA loss resulted from PCD

To determine whether WX8 induced programmed cell

death (PCD) or necrosis in pluripotent cells, human

ECCs, ESCs, and iPSCs were cultured in the presence of

WX8 and then stained with both annexin-V and propi-

dium iodide (PI). Membrane lipid asymmetry is lost during

PCD, and phosphatidylserine becomes exposed on the

outer leaflet of the plasma membrane, which allows an-

nexin-V binding (Crowley et al., 2016). When the mem-

branes of cells become sufficiently permeabilized so that

PI can enter and bind to DNA, the cells have undergone

PCD. Cells that stain with PI, but not with annexin V,

died from necrosis. Cell death was quantified by the deple-

tion of live cells with concomitant accumulation of cells

stained with annexin-V and cells stained with both an-

nexin-V and PI (Figures 3A and S6A). The fraction of live



Figure 1. WX8 induced loss of viability and
DNA degradation in mouse ESCs
(A) Mouse Gmnn(fl/fl);ER-Cre/+ ESCs were
cultured in the presence of 3 mM WX8. WX8
was dissolved in dimethyl sulfoxide (DMSO)
at 20 mM concentrations and stored at
�20�C. By 8 h, cells were densely populated
with cytoplasmic vacuoles (enlarged lyso-
somes) compared with the vehicle (DMSO).
Magnification was 203.
(B) Cells were cultured in the presence of
3 mM WX8 for the indicated times. Attached
and unattached cells were combined, per-
meabilized, and stained with PI, and their
relative DNA content was quantified by FACS
using a FACSCalibur flow cytometer (BD Bio-
sciences) according to the manufacturer’s
instructions. Raw data were analyzed using
FlowJo software. Cells with <2N DNA content
are indicated.
(C) The fraction of cells with <2N DNA and the
fraction with >4N DNA were quantified as in
(B) and displayed as a function of time in
3 mM WX8.
(D) Cells were cultured for 72 h in the indi-
cated concentration of WX8 and then stained
with trypan blue to distinguish viable cells
from dead cells. The total fraction (attached
plus unattached) of unstained (viable) ESCs
was counted using a hemocytometer. The
WX8 concentration that resulted in 50%
reduction in viability (IC50) is indicated. SEM
for 3 independent repetitions is indicated.
cells (Q3) and cells undergoing PCD (Q1+Q2) were plotted

against WX8 concentration (Figures 3B and S5B).

WX8 induced PCD in all three types of pluripotent cells.

The IC50 values for ESC and iPSC lines ranged from 1.9 to

2.5 mM WX8 (Table 1 Live Cells). The IC50 values for ECC

lines ranged from 0.28 to 5 mM WX8. The IC50 for

NTERA-2 was four times less than its parent TERA-2, and

patient-derived GCT27D.C1 was five times less than

NTERA-2 ECCs (Table 1, Live Cells), suggesting that

culturing pluripotent cell lines selects for autophagy inde-
pendence. Apilimod was about 10 times more effective

than WX8 on NTERA-2 cells. After 4 days in culture with

5 mMWX8, necrotic cells accounted for <1% to 18%of total

cells. Thus, PIKfyve inhibitors induced primarily PCD.

Differentiated cells were insensitive to PIKfyve

inhibitors

To determine whether or not pluripotent stem cells

were significantly more sensitive to PIKfyve inhibitors

than differentiated cells, four established nonmalignant
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Table 1. Sensitivity of mammalian cells to WX8

Cells (origin) Cell line

WX8 IC50 (mM)

ATPa
Live
Cellsb DNAc

Mouse stem cells

ESC (blastocyst) Gmnn(fl/fl);

ER-Cre/+

1.0 Yes

Human stem cells

ESC (blastocyst) WA01/H1 1.6 1.9 2

ESC (blastocyst) WA09/H9 0.26 2.5 5

iPSC (H108 skin

fibroblast)

SCUi24 0.4 2.5 1

ECC (lung epithelial) TERA-2 3 5 5

ECC (testis epithelial) NTERA-2 0.48 1.3/0.2 3.5/0.4

ECC (testis epithelial) GCT27D.C1 0.28 0.2

Differentiated cell lines

Normal skin fibroblast HFF-1 28 75/>10 50/>10

Normal skin fibroblast H108 15 50 140

Normal lung epithelial HBEC 6 140 20

Normal kidney

epithelial

VeroE6 14 60 60

Differentiated stem cells

Differentiated ESCs H1-diff >10

Differentiated iPSCs SCUi24-diff >10

Teratocarcinoma xenografts

ECC (testis epithelial) NTERA-2 Eliminated stem cells

and inhibited tumor

growthECC (testis epithelial) GCT27D.C1

aAverage of cellular ATP levels of three independent assays were quantified

using the Promega CellTiter-Glo Luminescent Cell Viability Assay kit.
bThe fraction of live cells was determined by FACS of nonpermeabilized cells

stained with annexin-V and PI.
cThe fraction of cells with less <2N DNA was determined by FACS of permea-

bilized cells stained with PI. H1 ESCs and SCUi24 iPSCs differentiated spon-

taneously when cultured in standard conditions for fibroblast and epithelial

cell lines (Fang et al., 2005). Teratocarcinoma xenografts were produced

from ECCs inoculated subcutaneously into immunocompromised mice and

treated by intraperitoneal injections of WX8. IC50 values for Apilimod (Fig-

ure S4) are indicated for NTERA-2 and HFF-1 cells as WX8/Apilimod.
differentiated cell lines were cultured in the presence of

WX8 under conditions of exponential cell proliferation,

equivalent to self-renewal of pluripotent cells. HFF-1 fore-

skin fibroblasts are normal newborn mesenchymal cells

from the dermis that produce collagen and other extracel-

lular matrix proteins. H108 skin fibroblasts are the cells

from which SCUi24 iPSCs were derived. HBEC lung
400 Stem Cell Reports j Vol. 17 j 397–412 j February 8, 2022
epithelial cells are frequently used to derive iPSCs, and

VeroE6 kidney epithelial cells are commonly used to prop-

agate human viruses.

As previously reported (Sharma et al., 2019),WX8 rapidly

induced cytoplasmic vacuolization in differentiated hu-

man cells (Figure S2A). However, in contrast to stem cells,

differentiated cells remained viable under conditions

wherein stem cells did not. ATP loss occurred, on average,

at an IC50 of 1.2 mM WX8 in human pluripotent cells (Fig-

ures S2B and S2C) and at an IC50 of 15.8 mMWX8 in differ-

entiated cells (Figure S2D). This 13-fold difference in ATP

loss reflected the ability of WX8 to inhibit cell prolifera-

tion, not cell death.

Cell death was confirmed by the accumulation of cells

with less than G1 phase DNA content (<2N DNA) during

proliferation of cells in the presence of WX8 (Figure 2).

Comparable results were obtained with Apilimod (Fig-

ure S5A). DNA loss occurred, on average, at an IC50 of

2.8 mM WX8 in human pluripotent cells and at an IC50 of

67.5 mM WX8 in differentiated cells (Table 1 DNA). This

24-fold difference in DNA loss reflected the ability to

induce death in pluripotent cells under conditions in

which differentiated cells remained viable.

PCDwas confirmed by staining live cells with annexin-V

and PI (Figures 2 and S5). Comparable results were obtained

with Apilimod (Figure S4E). Human pluripotent cells initi-

ated PCD, on average, at an IC50 of 2.3 mM WX8, whereas

differentiated cells initiated PCD at an IC50 of 81.3 mM

WX8 (Table 1 live cells). This 35-fold difference in the initi-

ation of PCDwas comparable to the difference in DNA loss,

thereby confirming that PIKfyve inhibitors can selectively

kill pluripotent cells under conditions where differentiated

cells remain viable.

Differences between the sensitivity to PIKfyve inhibitors

of differentiated cells compared with pluripotent cells were

cell line dependent. Thus, the range of sensitivity to WX8-

induced cell death (DNA loss) between pluripotent cells

and differentiated cells varied from 5-fold (HBEC/H9) to

700-fold (H108/GCT27DC1). Similarly, the range of sensi-

tivity to WX8-induced inhibition of proliferation in differ-

entiated cells varied from insensitive (IC50 >100 mM WX8)

to sensitive. For example, WX8 inhibited proliferation of

VeroE6 cells (IC50 0.45 mM WX8) under conditions that

did not restrict viability (ATP loss, IC50 14 mM WX8) or

induced PCD (IC50 60 mM WX8); the cells remained

attached to the dish until PCD was evident (Figure S3).

Thus, PIKfyve inhibitors can inhibit proliferation of some

differentiated cells without inducing PCD.

Differentiation was accompanied by PIKfyve

insensitivity

To determine whether or not differentiation of pluripotent

cells was accompanied by insensitivity to PIKfyve



Figure 2. WX8 induced DNA loss selectively in human pluripotent stem cells
(A) NTERA-2 (shown) and GCT27D.C1 ECCs were cultured with 5 mM WX8 for the times indicated, then permeabilized, stained with pro-
pidium iodide, and subjected to FACS. The fraction of cells with <2N DNA is indicated in each FACS profile.
(B) Time courses for accumulation of NTERA-2 (C) and GCT27D.C1 (A) ECCs with <2N DNA content. Data were normalized to cells cultured
with vehicle at each time point.
(C and D) The concentration of WX8 required for 50% of the cells to contain <2N DNA (IC50 values) were determined for H1 (-), H9 (C),
SCUi24 (O), GCT27D.C1 (A), NTERA-2 (C) and TERA-2 (�).
(E–G) IC50 values for HFF-1, Vero6, H108, and HBEC were determined (vertical dotted line). Error bars indicate SEM for 3 independent
repetitions. To generate a logarithmic scale, time 0 h was plotted as 0.1 h. IC50 values are in Table 1.

Stem Cell Reports j Vol. 17 j 397–412 j February 8, 2022 401



Figure 3. WX8 induced programmed cell death selectively only in human pluripotent stem cells
(A) Fibroblasts and ECCs were seeded at densities such that cells cultured in the absence of WX8 were not confluent at the end of the
experiment. Cells were treated with various concentrations of WX8 for 4 days, stained with annexin-V and propidium iodide (PI) without
prior permeabilization using an Annexin V-FITC Apoptosis Detection Kit, and then analyzed in a Becton Dickinson LSR-II using FACS Diva
software.
(B) SEM is indicated for average of three independent assays. Cells cultured in the presence of vehicle (0 mM WX8) were defined as 100%
viable cells (Q3 d-) and 0% dead cells (Q1+Q2�,) so that only changes due to WX8 were represented. Time 0 h was plotted as 0.1 h to
generate a logarithmic scale. Similar results were obtained with ESCs and iPSCs (Figure S5).
inhibitors, ESCs were allowed to differentiate spontane-

ously by culturing them to 80% confluency and then grad-

ually switching to differentiation medium for 4 weeks to

allow morphological transformation (Fang et al., 2005).
402 Stem Cell Reports j Vol. 17 j 397–412 j February 8, 2022
Differentiation was confirmed by the loss of OCT4 mRNA

and protein (Figures 4B and 4C). Spontaneous differentia-

tion of H1 ESCs suppressed induction of PCD byWX8 (Fig-

ure 4A). Their IC50 increased from 1.9 to >10 mM WX8



(legend on next page)
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(Table 1 Live Cells). Similarly, spontaneous differentiation

of SCUi24 iPSCs suppressed the accumulation of cells

with <2N DNA (Figure 4E) almost to the level in HFF-1

fibroblasts (Figure 4D). These results confirmed that the

ability ofWX8 to induce cell death in pluripotent stem cells

was lost when they differentiated.

Cell death followed disruption of autophagy

To determine whether or not the effects of WX8 on plurip-

otent stem cells were linked to autophagy, the time course

forWX8-induced cell death was compared with changes in

autophagosome associated proteins. LC3-II is a phosphati-

dylethanolamine conjugate of MAP1LC3A/LC3-I that is re-

cruited to autophagosome membranes. SQSTM1/p62 is an

autophagy receptor that interacts directly with LC3-II as

well as with ubiquitinated proteins. WX8 has been shown

to prevent fusion of autophagosomes with lysosomes,

thereby disrupting autophagic flux with a concomitant in-

crease in LC3-II and p62 proteins (Sharma et al., 2019).

TwoWX8-sensitive pluripotent cell lines (NTERA-2 ECCs

and H1 ESCs) were compared to WX8-insensitive H108 fi-

broblasts. Cells were cultured with WX8 for up to 96 h.

U2OS cells were included in each analysis to provide a com-

mon standard by which one blot could be compared with

another. Attached and unattached cells were combined,

and total protein extracts were subjected to immunoblot-

ting (Figures 5A–5C).

Visual inspection revealed that WX8 induced accumula-

tion of LC3 and p62 protein in all three cell lines. Quanti-

fying these proteins in shorter exposure times (Figure S6A)

and normalizing them to the histones revealed that WX8

stimulated accumulation of p62 protein 13-fold in H108,

9-fold inNTERA-2, and <2-fold inH1 cells (Figure 5E). Simi-

larly, WX8 stimulated accumulation of total LC3 protein

10-fold in H108, 4-fold in NTERA-2, and 2-fold in H1 cells

(Figure S6A). WX8 induction of p62 and LC3 protein in

H108 fibroblasts (Figure 5B) and differentiated H1 ESCs

(Figure 5D) were comparable.

These results revealed that WX8 induction of PCD fol-

lowed disruption of autophagy. The ratio of LC3-II to

LC3-I began accumulating rapidly in each cell line after 1

to 2 h of exposure to WX8 and reached a plateau between

10 and 48 h (Figure S6A). This event was followed by p62

protein accumulation from 10 to 48 h (Figure 5E). The
Figure 4. Resistance to WX8 accompanied differentiation of plur
(A) Spontaneously differentiated H1 ESCs (H1-diff) were cultured with
FACS. The fraction of cells undergoing programmed cell death (Q1+Q2
(B) Oct4 RNA in H1 ESCs and H1-diff ESCs was quantified by real-time
(C) OCT4 protein in H1 ESCs and H1-diff ESCs was detected by immun
(D) HFF-1 fibroblasts were cultured with the indicated concentration o
and cellular DNA content was determined by FACS.
(E) Pluripotent SCUi24 iPSCs and spontaneously differentiated SCUi2
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accumulation of cells with <2N DNA content began after

10 h with WX8 and continued unabated (Figure 5E), sug-

gesting that induction of PCD by PIKfyve inhibitors in

pluripotent cells was a consequence of disrupting autopha-

gic flux. Cell death resulted in significantly reduced accu-

mulation of LC3 and p62 in WX8-sensitive cells compared

with insensitive cells.

Cell death occurred via non-canonical apoptosis

WX8 induced ATP loss, DNA loss, binding of annexin-V,

and membrane permeabilization in ESCs, iPSCs, and

ECCs, but not in differentiated cells, thereby revealing

that WX8 induced PCD in pluripotent cells, but not in

differentiated cells. To determine whether or not cell death

resulted from apoptosis, the temporal relationship between

cleavage of poly(ADP-ribose) polymerase (PARP), caspase-3

(CASP3), and loss of cellular DNAwas analyzed. PARP binds

to single-strand disruptions in DNA, thereby triggering

DNA repair or cell death with concomitant cleavage of

PARP protein (Soldani and Scovassi, 2002). Canonical

apoptosis involves cleavage of CASP3 (Nikoletopoulou

et al., 2013).

WX8 induced 41% PARP cleavage in NTERA-2 and 20%

in H1, but <2% CASP3 cleavage (Figures 5A, 5C, and 5F)

or CASP12 cleavage (Figures S6C–S6E); cleaved CASP7

was not detected. These events coincided with accumula-

tion of LC3 and p62 (Figures 5A–5D). In contrast, >90%

of both PARP and CASP3 was cleaved in response to

doxorubicin (Adriamycin) (Figures 5A, 5C, and 5F), an

anti-cancer drug that triggers apoptosis by inducing dou-

ble-stranded DNA breaks in proliferating cells (Tewey

et al., 1984). Thus, WX8 induced cell death in ECCs and

ESCs via a non-canonical form of apoptosis that produces

primarily single-stranded rather than double-stranded

DNA breaks. Neither WX8 nor Adriamycin induced cleav-

age of either PARP or CASP3 in H108 fibroblasts (Figures

5B and 5F) because normal differentiated cells respond to

DNA damage by cell-cycle arrest or senescence (Campisi

and d’Adda di Fagagna, 2007).

WX8 inhibited teratocarcinoma formation

TERA-2 was derived from a lung teratocarcinoma (Fogh

et al., 1977), and NTERA-2 was derived from a xenograft tu-

mor of TERA-2 (Andrews et al., 1984, 1985). To determine
ipotent stem cells
WX8 for 4 days, stained with annexin-V and PI, and then analyzed by
) is given.
PCR. Error bars indicate SEM for three independent repetitions.
oblotting.
f WX8 for 4 days. Cells were permeabilized and then stained with PI,

4 iPSCs were cultured as in (D).



Figure 5. Non-apoptotic cell death fol-
lowed disruption of autophagy
(A–D) (A) NTERA-2 ECCs, (B) H108, (C) H1,
and (D) H1 differentiated cells were cultured
in the presence of 2.5 mM WX8. At the indi-
cated times, total cell extracts were subjected
to immunoblotting to detect PARP and
cleaved PARP (cPARP), caspase-3 (CASP3)
and cleaved caspase-3 (cCASP3), p62, LC3-I,
LC3-II, and GAPDH. Histones were detected
with Ponceau-S. In addition, NTERA-2 cells
were cultured with 1 mM Adriamycin (+Adr
lane) and H108 cells with 2 mMAdriamycin for
24 h to induce double-stranded DNA breaks. A
standard sample of untreated U2OS cells was
included to allow direct comparison of im-
munoblots. Immunoblots were selected that
detected the indicated proteins in U2OS. As
LC3 levels in WX8-treated cells were much
greater than LC3 levels in untreated U2OS
cells, lighter exposures were included to
distinguish LC3-II more clearly from LC3-1.
Lighter exposures were used to quantify
changes in protein levels (Figure S6).
(E) The ratio of p62 in H108 (d), NTERA-2
(-), and H1 (:) cells to p62 in untreated
U2OS cells is compared with the accumulation
of NTERA-2 cells with<2N DNA (,).
(F) The fractions of cleaved PARP and CASP3
proteins quantified in H108, NTERA-2, and H1
cells.
whether or notWX8 affected the ability of ECCs to form tu-

mors, NTERA-2 cells were cultured overnight with either

10 mM WX8 or its vehicle (DMSO). WX8 rapidly induced

cytoplasmic vacuolation, thereby demonstrating its effi-

cacy in disrupting lysosome homeostasis, but the cells re-

mained attached to the plate, and their viability was

confirmed by their inability to be stained with trypan

blue. The cells were collected by trypsinization, suspended

in complete culture medium supplemented with Matrigel

Matrix (Corning Life Sciences) and either vehicle or

10 mM WX8. Cells were inoculated subcutaneously into

immunocompromised mice. Palpable tumors appeared

within 3 weeks, and their sizes were monitored thereafter

(Figure 6A). At 7 weeks, the tumors were excised, photo-

graphed, and stained for OCT4 protein (Figure 6B). The

rate of tumor growth inhibition (TGI) was 65% in ECCs

pretreated briefly with WX8, thereby providing proof of

principle that cells exposed toWX8were less capable of tu-

mor formation. Both vehicle andWX8-pretreatedNTERA-2
cells gave rise to tumors with indistinguishable histology

and large clusters of OCT4-expressing cells. Therefore, pre-

treatment of ECCs reduced, but did not eliminate, their

ability to form a potentially malignant tumor.
WX8 depleted teratocarcinomas of pluripotent stem

cells

To determine whether or not WX8 could selectively kill

pluripotent cells in vivo as well as in vitro, subcutaneous tu-

mor xenografts were produced from ECCs. Once the tu-

mors were palpable, themice received daily intraperitoneal

injections of either vehicle orWX8. Tumors produced from

either NTERA-2 cells (Figure 6C) or GCT27D.C1 cells (Fig-

ure 6D) were markedly reduced by WX8. TGI was 71% for

NTERA.2 tumors and 78% for GCT27D.C1 tumors, and

tumors from WX8-treated mice were visibly smaller

than tumors from vehicle-treated mice (Figures S6F and

S6G). Mouse body weights were maintained, and their
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Figure 6. WX8 suppressed initiation and expansion of ECC-derived tumors
(A) NTERA-2 ECCs were cultured overnight with either 10 mM WX8 or vehicle (DMSO). Both vehicle- and WX8-treated cells remained
attached to the plate, but the WX8-treated cells were densely vacuolated. The attached cells were isolated and suspended in culture
medium containing 50% Matrigel Matrix and either 10 mM WX8 or vehicle. Immunocompromised mice were inoculated with 200 mL
containing 2 million WX8-treated cells (C) on one flank and with 2 million vehicle-treated cells (�) on the opposite flank. Tumor volumes
from three mice were averaged together and plotted as a function of time post-treatment.
(B) Tumors were excised after 7 weeks, and slices were stained for OCT4 protein to identify pluripotent cells.
(C) Eight mice were inoculated with untreated NTERA-2 ECCs. When tumors were palpable, mice received daily intraperitoneal injections of
either vehicle (�) or 40 mg WX8/kg (C) mouse.

(legend continued on next page)
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dispositions remained normal throughout the experiment

(Figures S6F and S6G).

Tumors from vehicle-treated mice were enriched with

densely packed clusters of OCT4- and SOX2-expressing

cells (Figure 6E), characteristic of cancer stem cells in

patient-derived germ cell tumors (Liu et al., 2010). Exami-

nation of larger sections through these tumors revealed

puddles of OCT4- and SOX2-expressing cells scattered

throughout the tumor (Figure S7), characteristic of human

teratocarcinomas (Jones et al., 2004a, 2004b). Proliferating

cells were identified by staining for Ki67, an antigen unique

to proliferating cells and expressed throughout the mitotic

cell cycle (Inwald et al., 2013).

Comparison of randomly selected images provided by

the NIH pathology laboratory that contained an image

scale revealed thatWX8 had selectively eliminated cells ex-

pressing OCT4 or SOX2 protein with no detectable effect

on proliferating cells (Figures 6E and 6F). Total cell extracts

of tumor tissue confirmed amarked reduction of OCT4 and

SOX2 protein in WX8-treated mice compared with the

vehicle control (Figure S7). WX8 also inhibited expression

of OCT4, SOX2, NANOG, and STAT3 proteins relative to

GAPDH protein during self-renewal of ECCs in vitro (Fig-

ure S1C). STAT3 is a transcription factor involved in main-

taining pluripotency in ESCs (Hall et al., 2009). These

results revealed that WX8 can selectively eliminate plurip-

otent stem cells with little effect on proliferating cells. Most

of the differentiated cells within these teratocarcinomas

continued to proliferate during treatment with WX8,

although at a slower rate (Figure 6D), as observed with

differentiated cells in culture (Sharma et al., 2019).
DISCUSSION

Despite their different origins, pluripotent stem cells share

a variety of biological and genetic characteristics, including

tumorigenesis. The PIKfyve specific inhibitors, such as

WX8 and Apilimod, exhibit therapeutic potential in selec-

tively eliminating pluripotent stem cells from cancers,

thereby converting a malignant tumor into a benign tu-

mor. Thus, they could also be used to eliminate the residual

pluripotent cells in genetic engineering and cell replace-

ment therapies to prevent them from producing tumors.

Previous studies have shown that the PIKFYVE gene is

essential for preimplantation mouse development and

that ablation of PIKFYVE reduced DNA synthesis in mouse

embryonic fibroblasts (Ikonomov et al., 2011). The results
(D) Eight mice were inoculated with untreated GCT27D.C1 ECCs and t
(E) Tumor slices from (D) were immune-stained for OCT4, SOX2, and K
(F) The average number of OCT4, SOX2, and Ki67-stained cells were
different sections of each tissue section. All error bars indicate ± SEM
presented here show that PIKfyve specific inhibitors, repre-

sented by WX8 (Sharma et al., 2019) and Apilimod (Gayle

et al., 2017), can induce cell death selectively in both

mouse and human ESCs, human iPSCs, and human ECCs

under conditions where spontaneously differentiated

ESCs and iPSCs as well as differentiated cells remained

viable. Proliferating differentiated cells were up to 70 times

more resistant to ATP loss than proliferating pluripotent

stem cells, 470 times more resistant to live cell loss (PCD),

and 700 times more resistant to DNA loss. Experiments in

progress will determine whether or not the level of PIKfyve

protein in PIKfyve-sensitive cells differs significantly from

PIKfyve-insensitive cells.

Variation in the sensitivity of different pluripotent cell

lines reflects the fact that pluripotency exists in multiple

forms, as evidenced by the transition of ESCs from a naive

state to a primed state to a lineage committed state (Irie

et al., 2018; Smith, 2017) and by the transition of unipo-

tent primordial germ cells through a pluripotent state dur-

ing post-implantation development (Magnusdottir and

Surani, 2014). In addition, cellular stress during passage

of human pluripotent cells promotes spontaneous differ-

entiation (Chen et al., 2014), as reflected in a reduced sensi-

tivity of pluripotent cells toWX8when they were passaged

in vitro.

The problems inherent with analysis of cultured cells

were eliminated by analysis of ECC-induced teratocarci-

nomas inmousexenografts.Whereas cell culture inevitably

selects for cells that proliferatewell in vitro, formation of ter-

atomas or teratocarcinomas in vivo selects only for pluripo-

tent stemcells. Thus, proof of principle that PIKfyve specific

inhibitors can selectively eliminate pluripotent stem cells

was confirmedby the ability ofWX8 to selectively eliminate

thepluripotent cells fromthese tumors. The remaining cells

continued to proliferate, but at a reduced rate relative to te-

ratocarcinomas in untreatedmice. Thiswas consistentwith

reports that PIKfyve is required for proliferation to varying

extents in various cell types (Gayle et al., 2017; Ikonomov

et al., 2019; Sharma et al., 2019) and confirmed by WX8

treatment of VeroE6 cells.

WX8 induced a non-canonical form of apoptosis, as

demonstrated by concomitant ATP loss, binding of an-

nexin-V, membrane permeabilization, and DNA loss that

did not involve caspase-3 cleavage. The canonical form of

apoptosis is the only PCD that employs CASP3, CASP6,

and CASP7 (Nikoletopoulou et al., 2013). It is activated

by DNA damage, unfolded proteins, reactive oxygen spe-

cies, or disruption of cell division. These events activate
reated as in (C).
i67 proteins.
quantified by counting the number of Ki67-positive cells in three
.
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initiator CASP2, CASP8, CASP9, or CASP10, which then

activate effectors CASP3, CASP6, and CASP7, which then

degrade cellular proteins. Apoptosis is commonly recog-

nized by DNA fragmentation, DNA loss, binding of an-

nexin-V to the cell membrane, cell permeabilization, and

cleavage of caspase-3. Thus, double-stranded DNA damage

caused by Adriamycin induced apoptosis in pluripotent

mouse (Jaiswal et al., 2020) and human cells (Figure 5).

However, WX8 did not induce cleavage of CASP3, CASP7,

or CASP12 under conditions where cleaved PARP was

readily evident and where CASP3 cleavage was induced

by Adriamycin. Similar results have been reported for Api-

limod induction of PCD in cancer cells (Gayle et al., 2017).

Thus, PIKfyve inhibition induces a non-canonical form of

apoptosis.

Previous studies have shown that the WX8 family of PIK-

fyve inhibitors can selectively kill autophagy-dependent

forms of melanoma and B-cell non-Hodgkin’s lymphoma

with little or no harm to non-malignant cells (Gayle et al.,

2017; Sharma et al., 2019). The results presented here show

that PIKfyve inhibitors can also target pluripotent cancer

stem cells. Cancers such as osteosarcoma, acute lympho-

blastic leukemia, and germ cell neoplasia are confined to

young adults, primarily between the ages of 10 and 35 years.

The origins of all three of these cancers can be traced to pro-

genitor cells that express pluripotent stem cell biomarkers

(Abarrategi et al., 2016; Bonnet and Dick, 1997; Hersmus

et al., 2017), frequently referred to as cancer stem cells, and

ECCs are pluripotent cancer stem cells that give rise to

germ cell neoplasia (Hersmus et al., 2017; Oosterhuis and

Looijenga, 2019; Sekita et al., 2016). Teratocarcinomas (ma-

lignant) andteratomas (benign)account for95%of testicular

cancers and 70% of ovarian tumors that occur principally

during adolescence and early adulthood (Bustamante-Marin

et al., 2013; Kline and Bazzett-Matabele, 2010). In addition,

teratomasare themost commontumor innewborns, appear-

ing in about 1/35,000 live births (Lakhoo, 2010).

Current chemotherapy for germ cell tumors consists of

DNA-damaging agents bleomycin, etoposide, and cisplatin

(Pierpont et al., 2017), which are highly toxic to all prolifer-

ating cells. In contrast, theWX8 family of PIKfyve inhibitors

are reversible, specific for PIKfyve, about 1000 times less

toxic to normal cells than to autophagy-dependent cancer

cells, and their potency is both concentration and time

dependent (Gayle et al., 2017; Sharma et al., 2019). More-

over, they have the potential for converting a malignant

teratocarcinoma into a benign teratoma as well as to reduce

the growth of the teratoma. POU5F1 (OCT4) and NANOG

expression predicts aggressive tumor behavior and worse

clinical outcome in several types of cancer, and forced

expression of these genes increases tumorigenesis, whereas

depletion lowers tumorigenic potential (Filipponi et al.,

2019).
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Human iPSCs are currently used in the development of

targeted gene therapy (Li et al., 2020) and regenerative

medicine (Kawamura et al., 2016; Martin, 2017). However,

the remarkable similarities between cancer cells and plurip-

otent cells raises the risk that reprogrammed stem cells or

their differentiated progeny will develop into tumors (Gor-

ecka et al., 2019; Lee et al., 2013). PIKfyve inhibitors also

selectively killed ESCs, iPSCs, and ECCs in vitro. Moreover,

pretreatment of ECCs until cytoplasmic vacuolation was

evident and the cells remained attached to the dish signif-

icantly diminished their subsequent ability to produce a

teratocarcinoma. Remarkably, intraperitoneal injections

of WX8 into mice bearing teratocarcinomas not only in-

hibited tumor growth but also eliminated the pluripotent

stem cells. The remaining teratoma cells continued to pro-

liferate, but at a reduced rate. Therefore, PIKfyve specific in-

hibitors also offer a means to prevent or eliminate tumors

that arise when pluripotent cells are used therapeutically.
EXPERIMENTAL PROCEDURES

Cell culture
Mouse Gmnn(fl/fl); ER-Cre/+ ESCs (Huang et al., 2015), human

ESCsWA01/H1 andWA09/H9 (WiCell, Madison, WI), and human

iPSCs SCUi24 (Stem Cell Unit/NIH, Bethesda, MD) (Mallon et al.,

2013, 2014; Su et al., 2016) have been described. HBEC lung cells

were from David Schrump (Shukla et al., 2017). Human skin fibro-

blasts H108 were from Pamela Robey (NIDCR/NIH). Human fore-

skin fibroblasts HFF-1 (SCRC-1041), osteosarcoma epithelial

U2OS (HTB-96), TERA-2 (HTB-106), and NTERA-2 cl.D1 (CRL-

1973) ECCs and monkey kidney VeroE6 (CRL-1586) were from

the American Type Culture Collection. Human patient derived

pluripotent GCT27D.C1 ECCs were provided by Martin F. Pera.

Mouse ESCs were cultured as described (Jaiswal et al., 2020). Hu-

manESCsand iPSCsweremaintained feeder-free inmTeSR1medium

(STEMCELLTechnologies, Vancouver, BC, Canada) on tissue culture

plates coated with ESC-qualified Matrix (Corning Life Sciences, San

Jose, CA) at 2.5% for ESCs and 1.25% for iPSCs. TERA-2 was cultured

in McCoy’s 5a Medium (ATCC) with 15% fetal bovine serum (FBS;

MilliporeSigma).NTERA-2cl.D1was cultured inDulbecco’smodified

Eagle’s medium (DMEM; Thermo Fisher Scientific) with 10% FBS.

H108 was maintained in alpha-MEM with 20% FBS and GlutaMAX

(Thermo Fisher Scientific). VeroE6 and U2OS were cultured in

DMEM with 10% FBS. HFF-1 (Sharma et al., 2019), HBEC, HSAEC

(Shukla et al., 2017), andGCT27D.C1(Peraetal., 1987)were cultured

as described. Cells were maintained at 37�C in a humidified atmo-

sphere of 5% CO2. No antibiotics or antimycotics/antifungal were

used.

WX8 (Specs, ChemDiv), Apilimod (Selleck Chemicals), and

Adriamycin (MilliporeSigma) were purchased.
Immunoblot analysis
Whole-cell lysates were prepared using RIPA buffer (50 mM Tris-

HCl [pH 7.4], 1% Triton X-100, 10% glycerol, 0.1% SDS, 2 mM

EDTA, and 0.5% deoxycholic, 50 mM NaCl, and 50 mM NaF)



with protease inhibitor and phosphatase inhibitor cocktails (Milli-

poreSigma). Total protein extracts were fractionated in 4–12% Bis-

Tris gel with MOPS-SDS running buffer (Thermo Fisher Scientific),

transferred to nitrocellulose (Invitrogen, Carlsbad, CA) and incu-

bated in 5% non-fat milk/Tris-buffered saline (TBS). Membranes

were incubated overnight at 4�C with primary antibody, washed

with 0.1% Tween 20 in TBS, incubated with Li-Cor secondary anti-

body conjugate, and the signal quantitated using the Odyssey

infrared imager (Li-Cor, Lincoln, NE). Proteins were identified by

antibody specificity and molecular weights using Mark12 protein

standards (Thermo Fisher Scientific).

Antibodies
Antibodies against OCT4 (2750S), NANOG (4903), SOX2 (3579),

p62 (7114), LC3 I/II (12,741), STAT3 (9139T), CASP3 (9662S),

cleaved-CASP3 (9664), PARP (9542S), cleaved-PARP (5625S), and

Ki67 (9449S) were from Cell Signaling Technology (Beverly, MA).

GAPDH antibody (AC002) was from American Research Products

(Belmont, MA).

Flow cytometry analysis
Cell death was measured using the Annexin V-FITC Apoptosis

Detection Kit (BD Biosciences, SanDiego, CA). Fluorescein isothio-

cyanate (FITC) and propidium iodide (PI) fluorescence were

detected with BD LSR-II using FACS Diva software (Becton Dickin-

son). Cell surface staining was done with either PE-conjugated

anti-SSEA-4 (sc-21704 PE) antibody or isotype-matched normal

antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Cells with

<2N DNA content were detected using FACSCalibur flow cytome-

ter (BD Biosciences) according to the manufacturer instructions.

Raw data were analyzed using FlowJo software.

Real-time PCR
Total RNAwas extracted from cells using RNeasyMini Kit (Qiagen,

Germantown, MD), and 300 ng RNAwas reverse transcribed using

a cDNA synthesis kit (Thermo Fisher Scientific). Expression of

OCT4(POU5F1) gene was determined by real-time PCR using Taq-

man assay probe Hs04260367_gH (Applied Biosystems). Amplifi-

cation of GAPDH (Hs02786624_g1, Applied Biosystems) served

as control. Relative quantification of genes was performed using

the DD Ct method (Chakraborty et al., 2013).

Xenografts
Xenografts were prepared, treated, and characterized as described

(Adler-Wailes et al., 2017). Pretreated NTERA-2 cells were cultured

overnight with either 10 mM WX8 or the same amount of vehicle

(DMSO). NTERA-2 cells remained attached to the plate, although

they were highly vacuolated as a result of lysosome fusion in the

absence of lysosome fission. Attached cellswere collected by trypsi-

nization and counted using a hemocytometer. Equal numbers of

cells were suspended in complete culture medium plus 50%Matri-

gel Matrix and either vehicle or 10 mM WX8. Volumes of 200 mL

containing 2 million cells were inoculated subcutaneously into

lower right flanks of 6-week-old outbred female BALB/c nude

mice (Jackson Laboratories, #007850). Each mouse received WX8-

treated cells in one flank and vehicle-treated cells in the opposite

flank. Palpable tumors appeared after 6 weeks. Tumor volumes
were monitored thereafter. The length and width of each tumor

was measured with calipers. Tumor volume was calculated as

(length)3 (width)23 0.5 (Rago et al., 2007), and the percentage tu-

mor growth inhibition (TGI) was calculated (Zou et al., 2018).

In post-treatment studies, volumes of 200 mL containing either 2

million NTERA2 cells or 5 million GCT27D.C1 cells in 50%Matri-

gel Matrix were inoculated subcutaneously into lower right flanks

of 6-week-old outbred female BALB/c nude mice. Palpable tumors

appeared within 8 weeks. Tumor volumes were monitored there-

after.WX8 diluted in sunflower oil was administered daily by intra-

peritoneal (i.p.) injection of 40 mg WX8/kg mouse. Maximum

solubility of WX8 was about 30 mg WX8/350mL DMSO. Based

on the body weight of the mouse, 12 to 15 mL of WX8 solution

was mixed with sunflower seed oil for a total volume of 200 mL.

This solution was transferred by pipette into an insulin syringe

(28G needle) after removing the piston from the syringe.

Toxicity studies were carried out using doses from 20 to 100 mg/

kg body weight. The maximum dose at which no indication of

mouse impairment was observed was 40mg/kg. The control group

was injected with the same volume of vehicle (DMSO). Mice were

euthanized 15 days later, and tumors were harvested for analysis.

Teratomas were generated by subcutaneous inoculation of 5

million iPSCs in 50% Matrigel Matrix. Palpable tumors appeared

within 8 weeks. Mice were euthanized 4 weeks later, and tumors

were harvested for histology. The research protocol for this study

was approved by the research animal medicine branch (RAMB)

of NICHD’s Division of Intramural Research.

Histology and immunohistochemistry
Tissues were fixed overnight either at 4�C in Bouin’s fixative, or at

roomtemperature in fresh4%paraformaldehyde inphosphate-buff-

ered saline, embedded in paraffin, and sectioned at 5 mm. Immuno-

histochemical staining for OCT4, SOX2, and Ki67 was done using

heat-mediated antigen retrieval inEDTA, pH8.0. Primary antibodies

were incubated overnight at room temperature followed by bio-

tinylated secondary antibody and thenhorseradish peroxidase con-

jugate avidin-biotin complex (ABC Elite kit; Vector Laboratories).

Positive cells were visualized with DAB (3,30-diaminobenzidine tet-

rahydrochloride; Invitrogen). Slides were counterstained with he-

matoxylin. Histology images were from a Nanozoomer histology

slide scanner (Hamamatsu Photonics). Positively stained nuclei

were quantified using ImageJ IHC Toolbox software.
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