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A B S T R A C T

Herein we investigated whether inherent differences in mitochondrial activity in mouse pluripotent cells could be
used to identify populations with an intrinsic ability to differentiate into primordial germ cells (PGCs). Notably,
we determined that stem cells sorted based on differences in mitochondrial membrane activity exhibited altered
germline differentiation capacity, with low-mitochondrial membrane potential associated with an increase in
PGC-like cells. This specification was not further enhanced by hypoxia. We additionally noted differences between
these populations in metabolism, transcriptome, and cell-cycle. These data contribute to a growing body of work
demonstrating that pluripotent cells exhibit a large range of mitochondrial activity, which impacts cellular
function and differentiation potential. Furthermore, pluripotent cells possess a subpopulation of cells with an
improved ability to differentiate into the germ lineage that can be identified based on differences in mitochondrial
membrane potential.
1. Introduction

There is a well-established link between cellular metabolism and
pluripotency, with mitochondrial activity implicated in both stem cell
reprogramming and differentiation (Lonergan et al., 2006; Woods,
2017). Naïve mouse ESCs (mESCs), derived from the embryonic inner
cell mass (ICM) of the pre-implantation blastocyst, are energetically
bivalent and rely on both glycolysis and oxidative phosphorylation for
ATP production, while epiblast stem cells (EpiSCs), representing a more
differentiated cell type, are distinctly glycolytic in comparison to their
naïve ESC counterparts (Zhou et al., 2012). Additionally, activation of
oxidative phosphorylation has been shown to be beneficial for efficient
transition from a primed to a naïve state in mESCs, indicating there is a
link between mitochondrial activity and mESC pluripotency (Sone et al.,
2017). Beyond metabolic dependency during pluripotency and early
stages of differentiation, mESCs with attenuated mitochondrial activity
demonstrate a compromised differentiation response (Mandal et al.,
2011) and mESCs sorted for mitochondrial activity based on membrane
potential have altered capacity for mesoderm differentiation (Schieke
et al., 2008).

Cellular metabolism is tightly regulated in primordial germ cells
(PGCs) and both oxidative phosphorylation and glycolysis are required
during differentiation from pluripotent stem cells (Hayashi et al., 2017).
. Woods).
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With recent advances, it is now possible to derive well-characterized
primordial germ cell-like cells (PGCLCs) from mESCs and induced
pluripotent stem cells (iPSCs), enabling careful observation of early
stages of germline differentiation (Hayashi et al., 2011, 2012; Hikabe
et al., 2016). Based on the conclusion that cellular metabolism is closely
correlated with pluripotency and differentiation, we sought to examine
the connection between mitochondrial activity in the differentiation of
the mammalian germ lineage.

2. Results

2.1. Pluripotent stem cells are heterogeneous with regard to membrane
potential

mESCs and miPSCs exhibit heterogeneity in mitochondrial activity
within undifferentiated colonies when cultured in a feeder-free, 2iLIF
culture system. Visualization of mitochondrial activity demonstrates that
a portion of cells have elevated Δψm as compared to others, regardless of
colony size (Figure 1A). Staining with tetramethylrhodamine methyl
ester (TMRM) to specifically label active mitochondria that have intact
membranes and with Mitotracker Green (MTG) labeling of the total
mitochondrial pool as a counterstain, reveals a higher TMRM signal (red)
within the center of the colonies, whereas green (indicative of low-
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Figure 1. Inherent differences in mitochondrial activity in pluripotent stem cells. (A) Imaging of undifferentiated mESC and miPSC colonies. Mitochondria with high
membrane potential were stained by TMRM (red) and total mitochondria stained in MitoTracker Green FM (MTG, green), with nuclei stained in Hoechst (blue). Scale
bars ¼ 50 μm. (B) mESCs and miPSCs stained with TMRM and MTG were treated with FCCP (400 nM). TMRM staining alone was used to isolate viable cells from the
highest 5% of TMRM signal (high-Δψm) and lowest 5% of TMRM signal (low-Δψm). Density plots and histograms represent n ¼ 3 replicates, and a representative plot
is shown for the TMRM gating strategy. Data represent mean � SEM for n ¼ 6 experiments with representative FACS plots shown for each sample set. Significant
differences between populations was calculated by student's T-test, with P-values shown.
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membrane potential) predominates the colony edges (Figure 1A).
Notably, a number cells in both mESC and miPSC cultures exhibit a
yellow color, indicating intracellular mitochondrial heterogeneity (e.g. a
combination mitochondria with high- and low-Δψm). To validate the
TMRM signal, live mESCs andmiPSCs labeled withMTG and TMRMwere
dissociated into single cells and analyzed by fluorescence activated cell
sorting (FACS) in the presence or absence of the mitochondrial uncoupler
carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP). Cells
that were dual-labeled with MTG and TMRM displayed reduced TMRM
signal in response FCCP, but no decrease in MTG signal, indicating that
TMRM signal intensity is Δψm-dependent in both mESCs and miPSCs
(Figure 1B). To evaluate potential differences in cellular function, mESC
and iPSCs were analyzed by FACS and isolated for further culture in vitro,
based on differences in Δψm (high- and low-Δψm; Figure 1B).
2

2.2. Mitochondrial membrane potential correlates to ROS and ATP
production in pluripotent stem cells but does not impact pluripotency

To further explore differences between low- and high-Δψm pop-
ulations of pluripotent cells, we next evaluated ATP production and the
generation of reactive oxygen species (ROS) between undifferentiated
mESCs and miPSCs, based on low- and high-Δψm. Not unexpectedly,
high-ΔψmmESCs and miPSCs produced significantly more ATP than low-
Δψm cells following isolation via FACS based on differences in membrane
potential (Figure 2A). Similarly, quantitative analysis of ROS using flow
cytometric analysis of 20,70-Dichlorodihydrofluorescein diacetate
(H2DCFDA), which converts to 20,70-dichlorofluorescein (DCF; green
fluorescence) following oxidation, revealed a demonstrable increase in
green fluorescence, indicative of elevated ROS, in high-Δψm cells as
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compared to low-Δψm cells (Figure 2B). To determine whether the
observed alterations in mitochondrial activity between the two pop-
ulations could be attributed to differences in mitochondrial number
within the cell, we analyzed the average mitochondrial DNA (mtDNA)
copy number by qPCR, using the mtDNA genes NADH dehydrogenase
subunit 1 (Nd1) and NADH dehydrogenase subunit 4 (Nd4), normalized to
the nuclear gene telomerase reverse transcriptase (Tert). There was no
significant difference in the levels of Nd1 or Nd4 between groups, indi-
cating mtDNA copy number does not differ based on Δψm in pluripotent
stem cells (Figure 2C).

Further, we sought to evaluate the inherent or retained cellular
plasticity between low- and high-Δψm pluripotent cells via teratoma
assay. Undifferentiated mESCs and miPSCs were sorted by TMRM ac-
tivity, and subsequently injected in a Matrigel plug subcutaneously into
the flank of a NOD/SCID recipient mouse and incubated for up to 25
days. Each cell population generated tumors (100% formation rate), with
no significant change in size or morphology (Figure S1). All tumors
formed were teratomas, based on identification of each of the three germ
layers (Figure 2D), indicating no inherent differences in the degree of
plasticity between the cell types based on Δψm.

2.3. Transcriptomic profiling of low- and high- Δψm cells reveals distinct
transcriptional profiles

To determine if changes in transcriptome accompanied alterations in
mitochondrial membrane potential, undifferentiated mESCs and miPSCs
isolated by FACS based on low- and high- Δψm were analyzed by
microarray. Principal component analysis (PCA) revealed samples sepa-
rated by Δψm along the PC1 axis, accounting for 17% of the experimental
variance, as well as by cell line along the PC2 axis, which accounted for
14% of the variance (Figure 3A). For ESCs, 302 total genes were differ-
entially expressed between low- and high-Δψm cells, and 1,234 genes
were differentially expressed for iPSCs (n¼ 3, FDR corrected, q threshold
¼ 0.25). Although differences in pluripotency and germ cell markers
were not evident (Table S1, Table S2), our data demonstrate transcrip-
tional differences between the groups, as 44 genes were over-expressed
in both low-Δψm ESCs and iPSCs, and 158 genes were over-expressed
in both high-Δψm ESCs and iPSCs (Figure 3B, Table S5). Notably,
genes commonly associated with pluripotency did not demonstrate
quantitative changes in expression based on Δψm (Table S1), consistent
with the findings of the teratoma assay (Figure 2D).

2.4. Analysis of cell-cycle and sensitivity to apoptosis reveals differential
responsiveness to doxorubicin based on Δψm

While the microarray data did not demonstrate differences in plu-
ripotency or germ line markers, genes associated with cell cycle were
differentially expressed (Tables S2, S3, S4, S5). To determine whether or
not Δψm was associated with cell cycle and proliferation rate in plurip-
otent stem cells, we analyzed cells for membrane potential, proliferation,
and DNA content by flow cytometry. After a one-hour BrdU pulse, un-
differentiated cells were stained with TMRM and sorted by Δψm as
described above. Sorted cells were fixed and assessed for cell cycle stage
by BrdU and DAPI labeling (Figure 3C). Analysis of BrdU and DNA
content revealed distinct differences in cell cycle based onΔψm; cells that
were sorted as high-Δψm had significantly more cells in G2/M and S
phase, while the population of low-Δψm cells contained significantly
fewer cells in G2/M and S phase. Conversely, the population of low-Δψm
contained more cells in the G1 phase, with the total population control
cells having an intermediate distribution. This finding was not entirely
unexpected, due to our microarray data indicating that high-Δψm
pluripotent cells express high-levels of Cyclin B1 (Ccnb1) and Cyclin
dependent kinase 1 (Cdk1), as compared to those having low-Δψm. To
evaluate apoptotic response to DNA damage, cells were sorted by TMRM
activity, normalized by cell number, exposed to 10 μM doxorubicin for 6
h, and then assayed for caspase 3/7 activation as a measure for induction
3

of apoptosis (Figure 3D). Consistent with our cell-cycle analysis, we
found that in both mESCs and miPSCs, high-Δψm cells had significantly
elevated caspase 3/7 activity in response to doxorubicin treatment as
compared to the total cell population (mESC; P ¼ 0.006, miPSC; P ¼
0.036), while low-Δψm cells had a lower fold change response to doxo-
rubicin over vehicle compared to the total population control (mESC; P¼
0.00004, miPSC; P ¼ 0.036). This is expected since, while doxorubicin is
classified as a cycle-nonspecific drug, it is most effective at inducing
apoptosis during S and G2/M-phases (Ling et al., 1996; Potter et al.,
2002).

2.5. Inherent differences in mitochondrial activity influences the ability of
pluripotent stem cells to differentiate into primordial germ cell-like cells

It has previously been shown that altered metabolic state can modify
germline profiles in differentiating pluripotent stem cell cultures, but a
direct relationship between Δψm and PGC specification has not been
evaluated (Hayashi et al., 2017). To investigate whether inherent dif-
ferences in mitochondrial activity can influence PGCLC specification,
pluripotent stem cells were sorted based on TMRM signal intensity by
gating for the highest 5% TMRM (high-Δψm) or lowest 5% (low-Δψm) of
cells and assessed for PGCLC formation following directed differentia-
tion. Low- and high-Δψm pluripotent stem cells – bothmESCs andmiPSCs
– exhibited no significant differences in viability detectable at day 6 of
differentiation (Figure 4A) and no significant differences in average
aggregate diameter (Figure 4B) as compared to total cell controls.
However, FACS analysis of PGCLCs based on the well-characterized
cell-surface markers CD61and Stage-Specific Embryonic Antigen-1
(SSEA-1) (Hayashi et al., 2011) revealed a significant increase in
immunolabeling of CD61þ/SSEA1þ cells differentiated from low-Δψm
pluripotent stem cells as compared to those originating from high-Δψm
cells (Figure 4C).

2.6. Primordial germ cell-like cell-specification from pluripotent stem cells
is dependent, at least in part, upon oxidative phosphorylation

Primordial germ cells are specified from the epiblast in the devel-
oping embryo (Ginsburg et al., 1990; Lawson and Hage, 1994), which
relies primarily upon glycolysis for energy production (Leese and Barton,
1984). Culturing cells under hypoxic conditions by lowering the oxygen
concentration to 5% O2 alters cellular metabolism by limiting mito-
chondrial OXPHOS and inducing cells to preferentially undergo glycol-
ysis (Solaini et al., 2010). To determine if promoting a shift to glycolysis
could drive specification of PGCLCs, we employed hypoxic culture con-
ditions to undifferentiated and differentiating cultures of mESCs and
iPSCs. In undifferentiated mESCs and iPSCs, hypoxic culture conditions
significantly increased L-lactate production as compared to normoxic
conditions (Figure 5A), and increased gene expression of glycolysis
associated genes PDH Kinase 1 (Pdk1), phosphoglycerate kinase 1 (Pgk1),
and glucose transporter type 1 (Slc2a1) (Figure 5B). Together, these data
indicate that hypoxic culture conditions successfully promoted glycol-
ysis. Undifferentiated cells were cultured under hypoxic conditions for 72
h prior to the initiation of differentiation and were maintained under
hypoxia throughout the six-day PGCLC differentiation period. Hypoxia
resulted in a slight improvement in cell viability, but no significant dif-
ference in aggregate size (Figure 5C). Interestingly, mESCs and miPSCs
cultured under hypoxia displayed a significant reduction in the number
of PGCLCs in comparison to normoxic control cultures, despite the
induced glycolytic metabolic profile (Figure 5D), indicating that induc-
tion of PGCLCs is, at least in part, dependent upon OXPHOS.

3. Discussion

Pluripotent stem cells are heterogeneous with regard to a number of
parameters, including epigenetic status, transcriptional profiling, and
mitochondrial activity (Chambers et al., 2007; Chang et al., 2008; Guo
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Figure 2. Low- and high-Δψm undifferentiated cells have altered ROS and ATP production, but similar mtDNA copy number and differentiation capacity. (A) ATP
generation from high-Δψm and low-Δψm cells. (B) ROS detection by H2DCFDA dye incorporation and FACS analysis in high-Δψm and low-Δψm cells. Plots represent n
¼ 3 and values shown are average mean fluorescence intensity � SEM for each population with P-values. Insets show H2DCFDA signal for unstained cell populations.
(C) mtDNA copy number was detected by quantitative PCR of mitochondrial genes Nd1 and Nd4 and normalized to nuclear gene Tert. Fold change was calculated in
comparison to low-Δψm cells. (D) 0.5 � 106 cells from each population were injected subcutaneously in Matrigel into female 6-week old NOD/SCID mice to form
teratomas (n ¼ 4). Teratomas were removed after 22 or 25 days and processed for H&E staining to reveal cells from all three germ layers. Ectoderm: neural rosettes,
endoderm: gland like/epithelium, mesoderm: cartilage. Scale bars ¼ 50 μm. Data for ATP, ROS, and mtDNA copy number analyses represent mean � SEM for triplicate
replicates. Significant differences between populations were calculated by student's T-test, with P-values shown.
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et al., 2010; Hayashi et al., 2008). Herein, we confirm that mESCs and
iPSCs are heterogeneous with regard to mitochondrial membrane po-
tential, which correlates with metabolic activity and alterations in gene
expression. Moreover, we demonstrate that a subset of mESCs and iPSCs,
identified and isolated by low-Δψm, preferentially differentiate into
PGCLCs following initiation of a directed differentiation protocol. Addi-
tionally, these experiments were performed using 2iLIF culture condi-
tions, as opposed to traditional conditions utilizing serum alone, which
purportedly result in a dramatic reduction culture heterogeneity. Previous
studies have demonstrated that pluripotent stem cells cultured in serum
display heterogeneity with regard to morphology as well as expression of
pluripotency-related genes, and that this heterogeneity is reduced
through the utilization of the 2iLIF system, which incorporates the Mek
inhibitor PD0325901 and the GSK3 inhibitor CHIR99021 (Marks et al.,
2012; Yamaji et al., 2013; Ying et al., 2008). Indeed, our data support the
use of the 2iLIF culture system with regard to pluripotency, however we
did observe heterogeneity at the level of mitochondria, metabolism,
cell-cycle, and non-pluripotency-related transcriptome.

Mitochondria are characterized as the ‘powerhouse of the cell’, and
also participate in a number of fundamental cellular processes such as
apoptosis, hormone biosynthesis, hormone signaling and responsiveness,
ion flux, thermogenesis, heme synthesis, and processing of toxins, and
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have additional major roles during embryonic development (McBride
et al., 2006; Woods et al., 2018). For example, preimplantation embryos
display differential prevalence of high- and low- Δψm, as early as the first
cell-fate decision, in the segregation of the trophectoderm (TE) and the
inner cell mass (ICM) (Martin et al., 2019). In mice, the role of meta-
bolism is further synchronized with the specification and development of
PGCs. Initially, the specification of PGCs begins as early as 7.25 days post
coitum (dpc) from the proximal epiblast, with PGCs identifiable initially
as a small congregation of alkaline phosphatase-positive cells. At the
conclusion of gastrulation, proliferation has increased this population to
approximately 50–80 cells [reviewed in (Chiquoine, 1954; Ginsburg
et al., 1990; Truman et al., 2017)]. Migration of PGCs from the hindgut to
the genital ridge culminates with colonization of the indifferent gonad at
approximately embryonic day e10.5 (Molyneaux and Wylie, 2004;
Molyneaux et al., 2001). In females, this is followed by a burst of pro-
liferation, in which PGC numbers reach approximately 20,000 (Speed,
1982; Tam and Snow, 1981), and then enter and arrest at the diplotene
stage of prophase (Hilscher et al., 1974; Saitou and Yamaji, 2012; Speed,
1982). In males, PGCs arrest following migration to the genital ridge, and
remain quiescent until approximately day 5 post-partum, when a subset
is activated to become the spermatogonial stem cells (SSCs) of the testis
(Saitou and Yamaji, 2012).
ESC

iPSC

28
44 672

essed genes in low-ΔΨ m cells

essed genes in high-ΔΨ m cells

SC
iPSC

70
158

358

D
iPSC

0

5

10

15

20

25

mESC miPSC

Fo
ld

C
ha

ng
e 

(D
ox

/V
eh

)

Low-ΔΨ m

High-ΔΨ m

Total

P=0.00004

P=0.006

P=0.036

P=0.036

G2/MS

P=0.002

P=0.0002

0004

P=0.002
Low-ΔΨ m

High-ΔΨ m

Total

rial activity correlates to cell cycle regulation. (A) Principal component analysis
s and miPSCs sorted by membrane potential. (B) Genes that were significantly
t were over-expressed in both cell lines. (C) Proliferation was assessed by BrdU
l cycle by FACS. Mean � SEM are shown for triplicate replicates. Representative
assessed by caspase 3/7 induction in vehicle (veh) or doxorubicin (dox) treated
al over vehicle for each condition. Mean � SEM are shown for triplicate bio-



CD61 (PE)

S
S

E
A

1 
(P

E
C

Y
5)

CD61 (PE)

S
S

E
A

1 
(P

E
C

Y
5)

Low-ΔΨ m High-ΔΨ m

A mESC

miPSC

CD61 (PE)

S
S

E
A

1 
(P

E
C

Y
5)

CD61 (PE)

S
S

E
A

1 
(P

E
C

Y
5)

Low-ΔΨ m High-ΔΨ m

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

C
D

61
+

/S
S

E
A

1+
(F

ol
d 

C
ha

ng
e

)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

C
D

61
+

/S
S

E
A

1+
(F

o l
d 

C
h a

ng
e

)

Low-ΔΨ m High-ΔΨ m

Low-ΔΨ m High-ΔΨ m

P=0.0339

P=0.0164

0

50

100

150

200

250

300

350

400

Total

A
gg

re
ga

te
D

ia
m

et
er

(µ
m

)

0

20

40

60

80

100

Total

mESC miPSC
V

ia
bi

lit
y 

(%
D

A
P

I-)

Low-ΔΨ m High-ΔΨ m

Low-ΔΨ m High-ΔΨ m

B

C

Figure 4. Inherent differences in mitochondrial activity influences the ability of pluripotent stem cells to differentiate into PGCLCs. (A) After sorting by TMRM
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differences between populations was calculated by student's T-test, with P-values shown.
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Using in vitro pluripotent stem cell models, metabolic profiles syn-
chronous with early stage PGC competence and specification are
emerging. As naïve mESCs move toward differentiation into epiblast-like
cells (EpiLCs), cellular metabolism shifts from largely OXPHOS to pre-
dominantly glycolysis (Hayashi et al., 2017). Recently, it has been
demonstrated that in this ‘primed’ glycolytic state, PGC transient
developmental competence can be remarkably extended through the
addition of alpha-ketoglutarate (αKG; Lu and Teitell, 2019; Tischler et al.,
2019). Moreover, stabilization of hypoxia-inducible factor 1 alpha
(HIF-1α) acts as a primary driver for the transition of mESCs into EpiSCs,
consistent with the acquisition of glycolytic metabolism at this stage in
the differentiation process (Zhou et al., 2012). As EpiSCs convert to
PGCLCs, this trend is reversed, and OXPHOS increases while glycolysis
declines (Lu and Teitell, 2019; Tischler et al., 2019). Importantly, our
findings demonstrate that a ‘pre-primed’ state may exist within hetero-
geneous pluripotent stem cell populations, in which undifferentiated
cells exhibiting predominantly low-Δψm and glycolytic metabolic
phenotype have an increased potential to develop into PGCLCs.
Furthermore, we demonstrate through culture in hypoxic conditions that
induction of glycolytic metabolism is not sufficient to drive PGCLC
specification. Rather, this population of cells requires OXPHOS to ulti-
mately reach the PGCLC fate, consistent with the reported metabolic
properties of the naïve-EpiSC-PGCLC trajectory of differentiation (Lu and
Teitell, 2019; Tischler et al., 2019).

In addition to the difference in number of PGCLCs specified between
the high- and low-Δψm mESCs, we identified several physiological var-
iances between these two sub-populations of pluripotent stem cells
identified based on differential mitochondrial activity. We first deter-
mined that cells characterized by higher TMRM generated more ATP per
cell than their low-Δψm counterparts, and also generated more ROS per
cell, confirming that cells with a predominance of high membrane po-
tential mitochondria indeed represent cells with elevated mitochondrial
metabolic activity at the time of sorting. We also determined that there
was no significant change in mitochondrial DNA copy number per cell,
which is frequently used as a proxy for mitochondrial number (D'Erchia
6

et al., 2015). Because cellular metabolism has been linked to pluripo-
tency (Zhang et al., 2012), we also established that both populations
were capable of tri-lineage differentiation in teratoma formation assays,
indicating that both populations are still broadly pluripotent despite an
altered ability to differentiate to the germ lineage in this system.
Prompted by the findings of a microarray analysis, we established that
mitochondrial activity correlates to the apoptotic responsiveness and the
cell cycle profile of each population of cells, further clarifying that the
distinction in mitochondrial profiles is not a transient effect at the time of
sorting, but rather identifies populations of PSCs with distinct cellular
metabolism.

In the search to identify genes linked to altered mitochondrial activity
between the two cell populations, we identified cell cycle control as the
primary correlative of mitochondrial activity based on microarray data.
Cell cycle phase has been previously linked to naïve ESC pluripotency in
both mouse and human studies (Ballabeni et al., 2011; Coronado et al.,
2013; Li et al., 2012; Liu et al., 2017; Pauklin and Vallier, 2013; Ter
Huurne et al., 2017). Specifically, mouse ESCs are characterized by a
short G1 phase which lengthens during differentiation (Coronado et al.,
2013). Our findings that low-Δψm cells consist of significantly more cells
in G1 phase, as well as an improved differentiation to the germ lineage,
provide further evidence that control of germ cell differentiation is
dependent on mitochondrial activity and cell cycle phase in the starting
population.

The role of metabolism on cell-fate determination is an emerging
field, and the role of mitochondrial function in PGC specification is
particularly cryptic, given the paucity of existing information and
limitations in cell quantity, which preclude in-depth analysis. How-
ever, emerging techniques in single cell analytics (Tischler et al.,
2019), and even individual organelles (MacDonald et al., 2019) will
continue to shed light on both the biological function of mitochondria
within stem cells and PGCs, as well as improved strategies on gener-
ating fertilization-capable oocytes from stem cell sources (Truman
et al., 2017); the latter of which is particularly important given the role
of oocyte mitochondria in establishment of the next generation (Woods
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et al., 2018). The finding that founding mitochondria play a role as
early as PGC specificaion could have important implications for the
successful dertivation of gametes from PSC and other stem cell sources,
and as methods to differentiate the human germline for oocyte pro-
duction are further characterized (Akahori et al., 2019; Bothun and
Woods, 2019; Yamashiro et al., 2018), interrogation of the role of
mitochondria in germline development, including the mitochondrial
bottleneck, will provide additional insights into the mitochondrial
dynamics during gamete development as well as during
embryogenesis.

4. Limitations of the study

This study was performed on mouse ESCs and mouse iPSCs, which
may not directly relate to biologically similar processes in humans.
Future studies could include expansion of this work to human ESCs and
iPCSs. Additionally, while we have identified mitochondrial activity as a
potential ‘pre-primed’ state for PGC specification, this could be evaluated
for the specification of other cell types.

Here, we utilized a model of in vitro germline development to examine
the dependency on mitochondrial activity for germline differentiation
from mESCs and iPSCs to PGCLCs. We found that mitochondrial activity
is heterogeneous at the cellular level within otherwise morphologically
similar pluripotent stem cells. Stem cells with lower average mitochon-
drial membrane potential more efficiently derive into PGCLCs, while
cells with high mitochondrial membrane potential represented a more
proliferative cell population with lower propensity for germline
7

differentiation. We demonstrate that mitochondrial membrane potential
in stem cells correlates with cellular proliferation and cell cycle stage.
Furthermore, while culture in hypoxic conditions induced a glycolytic
phenotype, this was not sufficient to drive PGC lineage specification.
Therefore, we conclude that mitochondrial activity innate to pluripotent
stem cells plays a direct role in germline differentiation from pluripotent
stem cells.

5. Methods

5.1. Stem cell culture

Female mouse embryonic stem cells (mESCs) (one line of C57Bl/6
origin) and mouse induced pluripotent stem cells (iPSCs) (one line
transformed from tail tip fibroblasts of female C57BL/6 mice using len-
tiviral mediated transduction of Oct4, Sox2, Klf4, and cMyc) were
cultured in serum-free, feeder-free media conditions in 2iLIF media on
gelatin coated tissue culture treated plastic in humidified 37 �C, 5% CO2
incubators. 2iLIF medium consisted of N2B27 basal media (1:1 mixture
of Neurobasal Medium with B27 Supplement and DMEM/F12 Medium
with N-2 MAX Media Supplement) supplemented with 400 nM
PD0325901 (BioGems Int), 3 uM CHIR99021 (Sigma), and 1,000 U/ml
LIF (Shenandoah Biotech). Cells were routinely passaged using Accutase
cell detachment solution (Stem Cell Technologies) and all cells were used
at passage 45 or earlier. For hypoxia experiments, cells were cultured in a
hypoxia chamber flushed with 5% CO2/5% O2/90% N2 gas in pre-
equilibrated media.
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5.2. Imaging

ESCs and iPSCs were cultured on Matrigel (Corning) coated, 35 mm
tissue culture dishes with a glass coverslip bottom in 2iLIF media. Cells
were stained with 50 nM tetramethylrhodamine methyl ester (TMRM,
Marker Gene) and MitoTracker Green (MTG, Molecular Probes) for 15
min at 37 �C, 5% CO2 and Hoechst 33342 trihydrochloride, trihydrate
(Molecular Probes) was added during the last 5 min at 5 μg/ml. Cells
were washed and imaged live in PBS on a Zeiss AxioPlan Inverted fluo-
rescent microscope.
5.3. Fluorescence activated cell sorting (FACS)

Undifferentiated stem cells were stained in 2iLIF with 50 nM TMRM
for 15 min at 37 �C, 5% CO2. 50 nMMitoTracker Green (MTG, Molecular
Probes) was added under the same conditions as needed. 400 nM
carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone) (FCCP, Tocris)
was added to stained cells and incubated at room temperature for 30 min
to assess TMRM specificity for membrane potential. For analysis of
reactive oxygen species (ROS), 5 μM 20,70,-Dichlorofluorescin Diacetate
(H2DCFDA, EMDMillipore) was added for 20min at 37 �C, 5% CO2. Cells
were washed and suspended in FACS buffer (PBS, 1% FBS, 25 mM
HEPES, and 1 mM EDTA) for FACS sorting on a BD FACS Aria III special
order flow cytometer equipped with the following lasers and filter sets:
Blue laser (488 nm) equipped with FSC and SSC detectors and a FITC
filter (505LP; 530/40 nm), a Yellow-Green laser (561 nm) equipped with
a PE filter (586/15 nm) and a PE-Cy5 filter (635LP; 670/30 nm), and a
UV laser (355 nm) equipped with a DAPI filter (450/50 nm). DAPI
(Sigma, 0.2 μg/ml) was added to cells immediately prior to sorting for
viability analysis. Cells were gated from debris by FSC vs SSC plots, fol-
lowed by gating for singlet events and lastly, gating for DAPI negative
events to determine the viable cell population. Cells representing the top
5% of TMRM labeled cells (high-ΔΨm) or lowest 5% (low-ΔΨm) were
sorted from the total viable population. Cells were collected into media
and pelleted at 300xg for 5 min for subsequent culture or analysis.
5.4. Directed differentiations and analysis

Primordial germ cell (PGC) differentiations were performed as
described previously (Hayashi et al., 2011, 2012). Briefly, 1 � 105 cells
were seeded in one well of a fibronectin coated 12-well plate in N2B27
media with 20 ng/ml Activin A, 12 ng/ml bFGF, and 1% knockout serum
replacement. Cells were cultured for 48 h, with a media change at 24 h.
After 48 h, cells were dissociated and seeded at 2 � 104 cells per well of
an ultra-low attachment 96-well plate in GK15 medium (GMEM, 15%
knockout serum replacement, 1X non-essential amino acids, 1X sodium
pyruvate, 1X pen/strep, L-glutamine, 0.09 mM beta mercaptoethanol)
supplemented with 500 ng/ml BMP4, 500 ng/ml BMP8a, 100 ng/ml SCF,
1,000 units LIF, and 50 ng/ml EGF. Cells aggregated and were cultured
undisturbed for 4 days.

Aggregates were imaged by light microscopy and average aggregate
diameter was measured as a proxy for aggregate size. Aggregates were
dissociated in 0.05% trypsin for 8 min and single cell suspensions were
washed. Cells were suspended in ice cold FACS buffer (PBS, 0.1% BSA)
and labeled with anti-CD61 antibody conjugated to PE (eBiosciences,
1:100) and anti-SSEA1 antibody conjugated with DyLight 650 (Invi-
trogen, 1:100) on crushed ice for 15 min. Isotype only controls were
included to assess non-specific labeling using Hamster IgG conjugated to
PE (Invitrogen, 1:100) and Mouse IgM conjugated to DyLight 650
(Thermo, 1:10). Cells were washed in ice cold FACS buffer with DAPI
(Sigma, 0.2 μg/ml) added for viability analysis, followed by analysis on a
BD FACS Aria III Special Order Research Product. Intact cells were gated
from debris by FSC vs SSC plots, followed by gating for singlet events and
viable cells, and then gated by fluorescence minus one controls (see
Figure S2 for gating strategy).
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5.5. ATP and glycolysis cell based assays

Cells sorted by TMRM fluorescence were collected and assessed for
ATP production using the ATP Bioluminescence Assay Kit CLS II (Roche).
30,000 cells were collected per biological replicate (n ¼ 3) and each was
assayed in technical triplicate so that each assay well had 7,500 cells. L-
lactate production was assayed against an L-Lactate standard curve by a
Glycolysis Cell-Based Assay Kit (Cayman Chemicals) and results were
normalized to cell number. 50 μM 2-deoxy-D-glucose (2-DG, Acros Or-
ganics) was added to control cells 24 h prior to analysis. Plates were read
on a Synergy H1 plate reader (BioTek).

5.6. qPCR

For mitochondrial copy number analysis, sorted cells were pelleted
and lysed (10 mM EDTA, 0.5% SDS, 0.1 mg/ml Proteinase K) at 45 �C for
1 h. Lysate was diluted 1:100 in nuclease-free water and used directly in
Taqman Fast Advanced Master Mix reactions (Applied Biosystems) using
primers for Tert, VIC-MGB (Mm01352133_m1), Nd1, FAM-MGB
(Mm04225274_s1), and Nd4, FAM-MGB (mm04225294_s1) on a Ste-
pOne Plus Thermocycler (Applied Biosystems). Nd1 and Nd4 detection
levels were quantitated as fold change compared to an internal Tert
control.

For RT-qPCR of glycolysis genes, RNA was extracted using the
ReliaPrep RNA Miniprep System (Promega). Reverse transcription was
performed using the RevertAid First Strand cDNA Synthesis Kit (Thermo
Scientific) on DNase I digested RNA. PCR was performed using Fast SYBR
Green Master Mix (Applied Biosystems) under standard fast cycling
conditions on a StepOne Plus Thermocycler (Applied Biosystems) using
the following primer sets: B2m Forward: TTCTGGTGCTTGTCTCACTGA
Reverse: CAGTATGTTCGGCTTCCCATTC; Pdk1 Forward: GACTGTGAA-
GATGAGTGACCG Reverse: CAATCCGTAACCAAACCCAG, Pgk1 Forward:
AACCTCCGCTTTCATGTAGAG Reverse: GACATCTCCTAGTTTGGA-
CAGTG, Slc2a1 Forward: AGTTCGGCTATAACACTGGTG Reverse:
GTGGTGAGTGTGGTGGATG.

5.7. Teratoma formation

Undifferentiated ESCs or iPSCs were sorted by TMRM as described
above and cryopreserved before use. Cells were thawed, prepared in ice
cold PBS, and diluted 1:1 with ice cold Matrigel (Corning) to a final
volume of 5 � 106 cells in 200 μl Matrigel, which were then injected
subcutaneously with a 22-gauge needle into the flank of NOD/SCID mice
in n ¼ 4 replicates per condition. Tumors were excised after 4 weeks and
were fixed in 4% paraformaldehyde overnight. After processing, 6um
sections were cut and stained by hematoxylin and eosin for imaging.

5.8. Microarray

RNA was isolated from sorted cells using the ReliaPrep RNAMiniprep
System (Promega) and assayed on Mouse Gene 2.0 ST Arrays (Affyme-
trix). The arrays were normalized together using the Robust Multiarray
Average (RMA) algorithm and a Chip Definition File (CDF) that maps
probes on the array to unique Entrez Gene Identifiers. Principal
Component Analysis (PCA) was performed across all genes and samples
for z-normalized values.

Data were deposited to the GEO repository under the dataset identi-
fier ID GSE128769. Note for review – dataset currently marked private.
Link and token for review of dataset prior to publication are: https
://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc¼GSE128769:gzozis
empdkvtqv.

5.9. Apoptosis and cell cycle analysis

For apoptosis analysis, cells were sorted by TMRM fluorescence,
normalized by cell number, and plated in a white, 96-well plate. 10 μM

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE128769:gzozisempdkvtqv
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE128769:gzozisempdkvtqv
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE128769:gzozisempdkvtqv
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE128769:gzozisempdkvtqv
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doxorubicin was added to cells and they were incubated for 6 h prior to
analyzing with the Caspase-Glo 3/7 Assay System (Promega) according
to manufacturer's specifications. Luminescent signal was detected on a
Synergy H1 plate reader (BioTek).

5-bromo-2 ft.-deoxyuridine (BrdU, Invitrogen eBioscience) was
incorporated into undifferentiated cells at 20 μM for one hour at 37 �C,
5% CO2. Cells were collected, stained for TMRM and sorted for mito-
chondrial activity (see above), and fixed in 70% ethanol. DNA denatur-
ation was performed in 2.0 M HCl for 30 min at room temperature and
BrdU was labeled with APC conjugated anti-BrdU antibody (Invitrogen
eBioscience) in PBS with 2% FBS for 30 min at room temperature. DNA
staining was performed at 1 μg/ml in PBS with 0.1% Triton X-100 for 30
min on crushed ice. Cells were analyzed by bivariate flow cytometry on a
BD FACS Aria III; gating was performed to exclude cell debris and isolate
single cell events with exclusion of doublets (see Figure S3 for gating
strategy). Gates for cell cycle were based on DNA content to identify cells
in G1 and G2/M phase (2N and 4N peaks, respectively), with BrdU
incorporated into replicating cells (representing the S phase and G2/M
phase). Non-BrdU incorporated cells were stained with anti-BrdU anti-
body with and without DAPI as a control.

5.10. Statistical analyses

All data shown are represented as mean � SEM for at minimum three
biological replicates. Significance was determined by unpaired two-
tailed Student's t test. Level of significance was set a P < 0.05.
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