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ABSTRACT
Early mammalian development is crucially dependent on the
establishment of oxidative energy metabolism within the
trophectoderm (TE) lineage. Unlike the inner cell mass, TE cells
enhance ATP production via mitochondrial oxidative phosphorylation
(OXPHOS) and this metabolic preference is essential for blastocyst
maturation. However, molecular mechanisms that regulate
establishment of oxidative energy metabolism in TE cells are
incompletely understood. Here, we show that conserved transcription
factor TEAD4, which is essential for pre-implantation mammalian
development, regulates this process by promoting mitochondrial
transcription. In developing mouse TE and TE-derived trophoblast
stem cells (TSCs), TEAD4 localizes to mitochondria, binds to
mitochondrial DNA (mtDNA) and facilitates its transcription by
recruiting mitochondrial RNA polymerase (POLRMT). Loss of
TEAD4 impairs recruitment of POLRMT, resulting in reduced
expression of mtDNA-encoded electron transport chain components,
thereby inhibiting oxidative energy metabolism. Our studies identify a
novel TEAD4-dependent molecular mechanism that regulates energy
metabolism in the TE lineage to ensure mammalian development.
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INTRODUCTION
During early mammalian embryogenesis, totipotent blastomeres
differentiate to inner cell mass (ICM) and trophectoderm (TE)
lineages. The ICM develops into the embryo proper, whereas the TE
is essential for blastocyst maturation and implantation (Frum and
Ralston, 2015; Cockburn and Rossant, 2010; Zernicka-Goetz et al.,
2009). Development of the TE and ICM lineages are regulated by
restricted expression of cell type-specific transcription factors and
spatiotemporal integration of cell signaling events (Frum and
Ralston, 2015; Knott and Paul, 2014). Interestingly, along with

differential gene expression programs, TE and ICM development is
also associated with establishment of altered metabolic preferences.
ICM cells largely use a glycolytic metabolic pathway for ATP
production (Trimarchi et al., 2000; Kaneko and DePamphilis,
2013). In contrast, TE cells undergo a metabolic switch and
use oxidative phosphorylation (OXPHOS) for enhanced ATP
production. This metabolic switch in TE cells is necessary for
sufficient ATP supply for distinct metabolic processes and for the
activity of the Na+, K+-ATPase pump, both of which ensure
blastocoel formation and blastocyst maturation (Houghton, 2006).
Although the necessity of metabolic transition in the TE lineage
during early embryogenesis is well characterized, much less is
understood about the molecular mechanism that controls this
glycolytic to OXPHOS metabolic transition.

OXPHOS is dependent on proper redox reactions at the electron
transport chain (ETC) complexes, which are localized at the
mitochondrial inner membrane. The components of ETC are
encoded by both nuclear and mitochondrial DNA (mtDNA).
Mammalian mtDNA, which is a ∼16.5 kbp closed circular
molecule, encodes 13 proteins involved in the ETC (Gustafsson
et al., 2016). Therefore, mtDNA transcription is a key regulatory
step for OXPHOS. The mtDNA transcription is mediated by a
mitochondria-specific RNA polymerase, POLRMT, that initiates
transcription at both light- and heavy-strand mtDNA promoters
(Gaspari et al., 2004).

POLRMT cannot initiate transcription on its own from a double-
stranded mtDNA promoter and requires mitochondrial transcription
factor A (TFAM) and mitochondrial transcription factor B2
(TFB2M) or B1 (TFB1M) to start promoter-specific transcription
initiation (Yakubovskaya et al., 2014; Falkenberg et al., 2002;
Metodiev et al., 2009; Larsson et al., 1998; Kuhl et al., 2016).
In vitro reconstitution and structural analyses with TFAM,
POLRMT and TFB2M indicates a multi-step transcription
initiation process, which starts with binding of TFAM near the
transcription start sites (TSS) on mtDNA (Hillen et al., 2017).
POLRMT is then recruited to TFAM-bound mtDNA and positioned
near the TSS. Subsequently, TFB2M is recruited at the initiation
complex, which induces opening up the double-stranded DNA at
the promoter region, leading to initial RNA synthesis by POLRMT.
Thus, TFAM and TFB2M are implicated in initiating POLRMT-
mediated transcription at the double-stranded promoter region
(Hillen et al., 2017; Sologub et al., 2009). However, TFAM and
TFB2M are not required for the transcription of a single-stranded
mtDNA template or a template with a single-stranded DNA bubble
covering the TSS (Wanrooij et al., 2008). It has been proposed that
TFAM and TFB2M are also not required for the transition from
initiation to transcriptional elongation. Rather, the transition
involves the dissociation of the initiation factor TFB2M (Hillen
et al., 2017; Sologub et al., 2009) and the formation of theReceived 28 December 2017; Accepted 31 August 2018
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elongation complex involving the elongation factor TEFM
(Minczuk et al., 2011). TEFM increases the POLRMT affinity to
an elongation-like DNA-RNA template and also increases
POLRMT processivity to form longer mtDNA transcripts (Posse
et al., 2015). Thus, along with POLRMT, TFAM, TFB2M and
TEFM constitute the basic machinery for mtDNA transcription.
The importance of TFAM in mtDNA transcription, replication

and packaging are well documented from multiple studies
(Bogenhagen, 2012; Kukat and Larsson, 2013; Rebelo et al.,
2011; Kukat et al., 2015), However, the function of TFAM in the
context of mtDNA transcription remains incompletely understood.
A study with a human recombinant mtDNA transcription system
indicates that TFAM is dispensable for transcription initiation from
the HSP1 and LSP promoters (Shutt et al., 2010), indicating that
TFAM is not absolutely essential to initiate mtDNA transcription.
Rather, it appears that TFAM acts as a regulator of efficiency of
mtDNA transcription, in which varying concentration of TFAM
dictate mtDNA transcript level. Gene knockout studies in mice
indicate that TFAM is essential for embryonic development
(Larsson et al., 1998). However, importance of TFAM in the
regulation of mitochondrial function during pre-implantation
mammalian development is yet to be determined, as TFAM
mutant mouse embryos do not show a pre-implantation phenotype
or an implantation defect. Rather, they die during post-implantation
embryonic development (Larsson et al., 1998).
It has been established that several other nuclear transcription

factors shuttle from nucleus to cytoplasm and then to the
mitochondria, and could regulate mtDNA transcription (Rebelo
et al., 2011; Garcia-Ospina et al., 2003; Meier and Larner, 2014).
For example, NFATc1 localizes to mitochondria and binds to
mtDNA only during osteogenic differentiation in human
mesenchyme stem cells and negatively regulates mitochondrial
transcription (Lambertini et al., 2015). Cyclic AMP response
element-binding protein binds to the mtDNA and directly activates
mtDNA-encoded transcripts (Lee et al., 2005). Mitochondrial
MEF2D is required selectively for mitochondrial gene ND6
transcriptional activation in neuronal cells (She et al., 2011).
In addition, the transcription factor signal transducer and activator
of transcription 3 (STAT3), which localizes to mitochondria,
has been shown to regulate mtDNA transcription in a cell
type-specific manner. It has been shown that STAT3 negatively
regulates mtDNA transcription in keratinocytes (Macias et al.,
2014) but promotes mtDNA transcription during reprogramming
and maintenance of naïve pluripotent stem cells (Carbognin et al.,
2016). These observations indicate that transcription factors
beyond the members of the core mtDNA transcriptional machinery
could regulate mtDNA transcription in a cell type-specific manner.
In a recent study, Kaneko et al. (Kaneko and DePamphilis, 2013)

elegantly showed that transcription factor TEAD4 is crucial for
energy homeostasis during pre-implantation mouse development.
TEAD4 is a member of a highly conserved family of transcription
factors containing the TEA/ATTS DNA-binding domain and is
a component of the Hippo signaling pathway (Bürglin, 1991).
TEAD4 expression is conserved in the developing TE lineage
across multiple mammalian species, including human. In mouse
pre-implantation embryos, TEAD4 is expressed beginning at
the four-cell stage and expression is maintained throughout TE
lineage development. TEAD4 is highly expressed in mouse TSCs,
and is also expressed in the ICM lineage and ICM-derived
embryonic stem cells (ESCs). However, in comparison with TE
and TSCs, TEAD4 expression is significantly reduced in the ICM
and ESCs (Home et al., 2012). Gene knockout studies in mice

showed that TEAD4 is essential for the development of the TE
lineage during pre-implantation development. Mouse developing
embryos lacking functional TEAD4 fail to form blastocoel cavity
and fail to implant in the uterus (Kaneko and DePamphilis, 1998;
Kaneko and DePamphilis, 2013; Yagi et al., 2007; Nishioka et al.,
2008; Nishioka et al., 2009; Ito and Suda, 2014). These embryos
also fail to maintain expression of Cdx2, Gata3 and other TE-
specific genes, and multiple studies implicated that transcriptional
activity of TEAD4 is crucial to establish a TE/trophoblast-specific
gene expression program during pre-implantation development
(Home et al., 2012; Ralston et al., 2010; Wu et al., 2010). Loss of
TEAD4 in pre-implantation mouse embryos results in reduction of
mitochondrial activity and excessive production of reactive
oxygen species (ROS) (Kaneko and DePamphilis, 2013).
However, a TEAD4-dependent molecular mechanism that promotes
mitochondrial activity and oxidative energy metabolism in the
developing TE/trophoblast lineage have yet to be identified.

To understand how TEAD4 regulates energy metabolism during
early mammalian development, we studied mouse pre-implantation
embryos and mouse TSCs. We show that higher mitochondrial
activity and oxidative energy metabolism in the TE and TSCs are
crucially dependent on TEAD4, which directly regulates expression
of mitochondrial electron transport chain (ETC) components by
promoting POLRMT recruitment at the mtDNA. Loss of TEAD4
inhibits POLRMT recruitment, thereby impairing expression of
mtDNA-encoded ETC components. Our results identify TEAD4
as a positive regulator of the mitochondrial transcription in
mammalian cells.

RESULTS
TE and TSCs contain matured mitochondria and, similar to
TE cells, TSCs also rely on oxidative energy metabolism
During pre-implantation development, ICM cells maintain a
glycolytic metabolic pathway for ATP production. As the
developing TE is characterized with enhanced OXPHOS, it has
been proposed that the TE contains more matured mitochondria
compared with the ICM (Houghton, 2006). However, no published
study exists showing a comparative spatial analysis of mitochondrial
structure in the TE versus ICM of a mouse blastocyst. Therefore, we
performed electron microscopy and found that differences in
mitochondrial morphology do indeed exist between the TE and
the ICM (Fig. 1A). We confirmed that the mitochondria within the
ICM cells are mostly globular in shape and lack proper cristae
formation (Fig. 1A), whereas relatively elongated mitochondria
with proper cristae formation are common within the TE cells,
including the polar TE cells (Fig. 1A).

Although TSCs are used as a model system for understanding
regulatory mechanisms of TE development and function,
mitochondrial morphology, function and energy metabolism in
them are poorly understood. The morphological differences
between ICM and TE mitochondria prompted us to further
investigate mitochondrial structure in mouse TSCs. Electron
microscopy revealed that, similar to the TE cells, proliferating
TSCs also contain morphologically matured, elongated mitochondria
with increased cristae formation (Fig. 1B). Upon spontaneous
differentiation (without FGF4 in culture), mouse TSCs
predominantly lead to trophoblast giant cell (TGCs) formation
(Ray et al., 2009). We also looked at mitochondrial morphology
upon spontaneous TSC differentiation and found large elongated
mitochondria (Fig. 1B, right panel) in differentiated TSCs. Thus,
mouse TSC differentiation into TGCs is associated with extensive
mitochondrial fusion, an observation supported by another earlier
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study, which showed loss of TGC formation in mitofusin 2 mutant
mouse embryos (Chen et al., 2003).
Becausemitochondrial OXPHOS-dependent oxygen consumption

substantially increases between cleavage-stage embryos and
blastocysts, and TE development is associated with induction of
OXPHOS (Trimarchi et al., 2000; Houghton, 2006; Kaneko and
DePamphilis, 2013), and both TE and TSCs contain morphologically
matured mitochondria, we tested whether preferences for cellular
energy metabolism differ in undifferentiated versus differentiated
mouse TSCs versus mouse ESCs. To characterize the metabolic
profiles in TSCs versus ESCs, we measured the oxygen consumption
rate (OCR), which indicates cellular aerobic respiration. We found
that, under standard culture conditions that maintain stemness of
ESCs and TSCs, basal OCR is higher in TSCs compared with that
in ESCs (Fig. 1C,D). To further confirm whether TSCs are
associated with higher OXPHOS, OCR was monitored after cells
were metabolically stressed by adding oligomycin, carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) and antimycin
A/rotenone in succession. In TSCs, treatment with oligomycin, an
ATP synthase inhibitor, induced greater loss of OCR (Fig. 1C).

The greater loss of OCR upon inhibition of mitochondrial ATP
synthesis indicated that higher levels of mitochondrial respiration
are coupled with ATP production in TSCs (Fig. 1D). To measure
reserve respiratory capacity, which is an indicative parameter of
maximal respiratory efficiency of mitochondria, we next added
FCCP, an ionophore that induces high proton conductance into the
mitochondrial membrane with rapid acceleration of the ETC.
FCCP treatment resulted in significantly higher OCR increase in
TSCs than that in ESCs (Fig. 1C,D), indicating higher maximal
respiratory capacity of mitochondria in TSCs. Finally, treatment
with antimycin A and Rotenone, inhibitors of ETC complex III and
complex I, respectively, revealed that the rate of oxygen consumption
due to non-mitochondrial sources was minimal in both TSCs and
ESCs. We also found that the OCR in mouse TSCs does not change
significantly upon induction of differentiation (Fig. 1C,D), indicating
that both undifferentiated and differentiated TSCs rely upon oxidative
energy metabolism. These findings indicated that, similar to TE,
mouse TSCs maintain a mitochondrial respiration and a preference
toward oxidative energy metabolism. The presence of matured
mitochondria and a preferential oxidative energy metabolism also

Fig. 1. Trophectoderm (TE) and TE-derived
TSCs contain mature mitochondria for
oxidative energy metabolism. (A) Electron
microscopy (EM) showing ultrastructural
differences inmitochondria (Mito) between the
ICMandTE in amouse blastocyst. Scalebars:
10 µm. (B) EM showing mitochondria in
undifferentiated [mTSC(U)] and differentiated
[mTSC(D)] mouse TSCs. Scale bars: 500 nm.
(C) Undifferentiated and differentiated
mouse TSCs and mouse ESCs were
subjected to a mitochondrial stress test by
adding oligomycin, FCCP and AntimycinA/
Rotenone at different time intervals, and
changes in oxygen consumption rates (OCRs)
were measured. Basal respiration,
mitochondrial ATP synthesis-coupled
respiration (light-pink shade) and spare
respiratory capacity (deep-pink shade) are
indicated. (D) Undifferentiated mouse TSCs
maintain significantly (*P<0.001, three
independent experiments) higher oxidative
respiration compared with undifferentiated
ESCs, and oxidative respiration does not
significantly alter upon TSC differentiation.
Data are mean±s.e.m.
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suggested that mouse TSCs could be used as a model system to
understand molecular mechanisms that regulate mitochondrial
function within the developing TE lineage.

TEAD4 is crucial for maintaining oxidative energy
metabolism and mitochondrial ETC function in TSCs
To understand the molecular mechanisms that are crucial for
preferential oxidative energy metabolism in TSCs, we tested the
importance of TEAD4 in energy homeostasis in the developing TE
lineage. TEAD4 is highly expressed in TSCs (Fig. 2A) and regulates
TSC-specific gene expression (Home et al., 2012; Yagi et al., 2007;
Nishioka et al., 2008; Ralston et al., 2010; Nishioka et al., 2009).
To test whether depletion of TEAD4 affects oxidative energy
metabolism in TSCs, we stably depleted TEAD4 in mouse TSCs by
RNA interference using short hairpin RNAs (shRNAs) (Fig. 2A).
Depletion of TEAD4 induced a loss of stem-state colony
morphology in TSCs after prolonged culturing in contrast to the
TSCs stably transfected with scramble shRNA (Fig. 2B), indicating
that TEAD4 is important to maintain TSC self-renewal. Gene
expression analyses showed that depletion of TEAD4 resulted in
loss of stem-state regulators such as Cdx2,Gata3 and Elf5 (Fig. S1).
However, differentiation markers were not significantly induced
(Fig. S1). Therefore, when TSCs are maintained in culture condition
with FGF4, loss of TEAD4 affects the self-renewal ability of mouse
TSCs but does not induce their differentiation. To characterize the
metabolic profiles of TEAD4-depleted TSCs (TEAD4KD), we
measured OCR and found that loss of TEAD4 strongly reduced
OCR in TSCs (Fig. 2C). TEAD4KD TSCs showed a significantly
reduced basal respiration compared with control TSCs (Fig. 2C,D).
Treatment of oligomycin induced only minor loss of OCR
(Fig. 2C) in TEAD4KD TSCs, indicating that very low levels of
mitochondrial respiration are coupled with ATP production in
those cells (Fig. 2C,D). Furthermore, analyses of ATP production

confirmed that depletion of TEAD4 resulted in loss of ATP
production in TSCs (Fig. 2D). We also compared the extracellular
acidification rate (ECAR), an indicative parameter for glycolytic
energy metabolism, in control versus TEAD4KD TSCs. ECAR
was monitored after addition of glucose, oligomycin and 2-deoxy-
D-glucose (2DG) in succession (Fig. 2E). We found that, unlike
oxidative respiration, glycolytic capacity in TSCs is not
significantly dependent on TEAD4 (Fig. 2E,F). Collectively,
these results indicate that TEAD4 is important for maintaining
oxidative energy metabolism in TSCs.

Loss of Tead4 induces mitochondrial ETC dysfunction
in TSCs
Oxidative ATP synthesis relies on a proton gradient across the inner
mitochondrial membrane. As the TEAD4KD TSCs displayed
reduction in OCR and ATP production, we tested whether loss of
TEAD4 is associated with reduction of mitochondrial membrane
potential in TSCs. We used a fluorescent vital dye JC-1, which
accumulates within mitochondria in a membrane potential-dependent
fashion, resulting in a fluorescence emission shift from green
(∼529 nm) to red (∼590 nm) (St John et al., 2006). TSCs stably
transfected with scramble shRNA treated with JC1 exhibited
bright red-orange fluorescence, indicating the presence of
healthy mitochondria (Fig. 3A). In contrast, TEAD4KD TSCs
displayed mostly green fluorescence, representing hypo-polarized
mitochondria (Fig. 3A).

Next, we tested whether mitochondrial ultrastructure in TSCs is
altered upon TEAD4 depletion. Transmission electron microscopy
revealed that, unlike control TSCs, mitochondria in TEAD4KD
TSCs are more electroluscent, without prominent cristae
and often associated with cellular vacuoles (Fig. 3B). These
changes are indicative of mitochondria with reduced folding of
the mitochondrial inner membrane, which contains the five

Fig. 2. TEAD4 is important for oxidative respiration inmouse
TSC. (A) Quantitative RT-PCR and western blot analyses
showing depletion of TEAD4 mRNA and protein expression in
TSCs upon shRNA-mediated RNAi (TEAD4KD).
(B) Micrographs of control and TEAD4-depleted TSC colonies
(passage 2 after RNAi) in TSC culture conditions. The
TEAD4KD TSCs are characterized with more visible cellular
boundaries in cell colonies and the presence of higher numbers
of differentiated trophoblast giant cells (TGCs, arrows),
indicating propensity toward differentiation. Scale bar: 100 µm.
(C) A mitochondrial stress test was performed to measure
oxygen consumption rates (OCRs) in control and TEAD4KD
TSCs. (D) Quantitative analyses of OCR in control versus
TEAD4KD TSCs. Plots show strong reduction in oxidative
respiration in TEAD4KD TSCs. (E) Control and TEAD4KD TSCs
were subjected to a glycolysis stress test by adding glucose,
oligomycin and 2-deoxy glucose (2-DG) at different time
intervals and changes in the extracellular acidification rate
(ECAR) were measured. The graphs show representative
ECAR profiles. (F) Plots show only modest changes in glycolysis
rate and maximal glycolytic capacity in TSCs upon TEAD4
depletion. *P<0.001. Data are mean±s.e.m.
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complexes of the mitochondrial OXPHOS system. The OXPHOS
system includes four ETC complexes (complex I to complex IV)
and the ATP-producing FoF1-ATPase complex, which is involved in
ATP generation. Inhibition of mitochondrial respiration and
alteration of mitochondrial morphology are often associated with
ETC dysfunction. Therefore, we tested whether loss of TEAD4
results in functionally impaired ETC complexes in TSCs. We
measured complex I activity with control and TEAD4KD TSCs and
found that complex I activity was significantly reduced in
TEAD4KD TSCs (Fig. 3C). We also observed drastic reduction
of complex I activity upon TEAD4 depletion (Fig. 3C). However,
we did not notice any significant change in the activity of citrate
synthase, an enzyme associated with the Krebs cycle, which is
localized in the mitochondrial matrix and an indicator of intact
mitochondrial mass (Fig. 3D).
Impaired activities of ETC complexes, including complex I leads

to excessive ROS production (Zhou et al., 2011). So we tested
whether loss of TEAD4 is associated with induction of ROS
production in TSCs. Using MitoSox, a probe that detects
mitochondrial ROS production (Zhou et al., 2011), we observed
induced mitochondrial ROS production in TEAD4KD TSCs when
compared with that of TSCs stably transfected with scramble

shRNA (Fig. 3E). This is in line with the findings from a study by
Kaneko and DePamphilis (2013), which showed that loss of
TEAD4 in pre-implantation mouse embryos induces ROS
production. Collectively, these results indicate that TEAD4 is
important to maintain proper ETC function in TSCs.

TEAD4 promotes mtDNA transcription by facilitating
POLRMT recruitment at the mtDNA
Impaired function of mitochondrial ETC complexes in TEAD4KD
TSCs prompted us to investigate a TEAD4-dependent mechanism
that regulates expression of mtDNA-encoded ETC components.
Therefore, we asked whether mtDNA transcription is altered upon
TEAD4 depletion in TSCs. Quantitative RT-PCR analyses revealed
that loss of TEAD4 in TSCs inhibits expression of mtDNA-encoded
genes (Fig. 4A). However, mRNA expressions of nuclear DNA
encoded mitochondrial regulators, including transcription factor
A mitochondrial (TFAM), nuclear respiratory factor 1 (NRF1),
co-factor PGC1α, deacetylase sirtuin-3 (SIRT3) and POLRMT,
were not altered upon TEAD4 depletion (Fig. 4A).

To further test TEAD4-dependent regulation of mtDNA-encoded
ETC complex members, we tested protein expressions of MT-CYB,
a component of ETC complex III, and MT-CO1, a component of

Fig. 3. Loss of TEAD4 results in impaired
mitochondrial function in mouse TSCs.
(A) Control and TEAD4KD TSCs were stained with a
mitochondrial membrane potential probe, JC-1, and
excited simultaneously for observing hypo-polarized
membrane potential (monomeric form excited by
488 nm laser, green) and hyper-polarized
membrane potential (J-aggregate form excited using
the 568 nm argon-krypton laser, red). Scale bar:
20 µm. (B) TEM pictures showing mitochondrial
ultrastructural differences in control and TEAD4KD
TSCs. Micrographs show the presence of an
increased number of vacuoles and mitochondrial
structural abnormalities in TEAD4KD TSCs. Scale
bars: 500 nm. (C,D) Activities of mitochondrial
electron-transport chain (ETC) complex I, ETC
complex IV, and actin and citrate synthase were
measured in control and TEAD4KD TSCs. Data show
reduced ETC complex I and IV activities in TEAD4KD
TSCs without any significant change in citrate
synthase activity. Data are mean±s.e.m. (E) Control
and TEAD4KD TSCs were stained with the
mitochondrial ROS indicator MitoSox Red (red)
and Hoechst (blue) to monitor mitochondrial
distribution of reactive oxygen species accumulation.
Scale bar: 20 µm.
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Fig. 4. TEAD4 promotes mtDNA transcription and POLRMT recruitment. (A) RT-PCR analysis of mtDNA-encoded transcript in control and TEAD4KD
TSCs (*P<0.01, three independent experiments). (B) Western blot analyses showing expressions of mtDNA-encoded ETC complex members, MT-CO1 and
MT-CYB, and nuclear DNA-encoded mitochondrial proteins, TFAM, TOM20 and UQCRC2, in control and TEAD4KD TSCs. (C) Schematic representation of
the ectopic TEAD4-expressing lentiviral construct. A mitochondrial transport signal was added to the N-terminal end of the Tead4-coding sequence to ensure
efficient mitochondrial localization of the ectopically expressed TEAD4 protein. A reporter EGFP was attached to the C-terminal end of Tead4 along with a self-
cleaving T2A peptide. (D) Protein expression from the ectopic TEAD4-expressing construct in TEAD4KDmTSCs wasmonitored via EGFP expression. (E) Western
blot analyses showing rescue of TEAD4 and MTCYB expression in TEAD4KD TSCs after transduction with ectopic TEAD4-expressing lentiviral construct.
(F) RT-PCR analysis of mtDNA-encoded transcripts in TEAD4KD TSCs without and with the rescue of TEAD4 expression (*P<0.01, three independent
experiments). (G) Schematic of the method for measurement of nascent mtDNA transcripts in TSCs. (H) Plots show reduction of nascent mtDNA transcripts in
TEAD4KD TSCs (*P<0.01, three independent experiments) and rescue of nascent transcripts upon expression of ectopic TEAD4. Primers were designed to
amplify polycistronic cDNA [e.g. ND6-TrnE, a primer pair amplifying NADH dehydrogenase subunit 6 and the adjacent transfer RNA (Glu) (tRNA)]. (I) Schematic
diagram showing mtDNA-encoded genes and localization of primer pairs (1-7), which are used for the quantitative ChIP assay. (J,K) Quantitative ChIP assays
in control and TEAD4KD TSCswere performed to determine POLRMTand TFAM occupancy at different regions of the mtDNA. Plots show a significant reduction in
POLRMT occupancy (J) but maintenance of TFAM occupancy at different regions of mitochondrial genome upon TEAD4 depletion in mTSCs (*P<0.01, three
independent experiments). Data are mean±s.e.m.
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ETC complex IV. We observed strong downregulation of both
MT-CYB and MT-CO1 protein expression in TEAD4KD TSCs
(Fig. 4B). In contrast, protein expression of UQCRC2 (required
for the assembly of ETC complex II), translocase of outer
mitochondrial membrane 20 (TOM20), POLRMT and TFAM,
which are expressed from nuclear DNA and localize to
mitochondria for their function, were unchanged upon TEAD4
depletion (Fig. 4B). These results confirmed that TEAD4 is
important to optimize expression of mtDNA-encoded ETC
components in TSCs.
To further confirm the specificity of TEAD4-dependent

regulation of mtDNA transcription in mouse TSCs, we wanted to
rescue TEAD4KD mouse TSCs with a mutant TEAD4 lacking
nuclear localization signal (NLS). However, analyses of mouse
TEAD4 protein sequence revealed that the NLS in TEAD4 overlaps
with the functional TEA domain (Fig. S2A), making the approach to
selectively delete the NLS without affecting TEAD4 DNA-binding
activity not feasible. Thus, we performed two following experiments.
First, we depleted YAP1, a co-factor for TEAD4 to regulate nuclear
DNA-encoded genes and tested mtDNA transcription. We found that
depletion of the TEAD4 co-factor YAP1 reduced the mRNA
expression of TSC-specific genesCdx2 andGata3, but did not reduce
transcript levels of mtDNA-encoded ETC components (Fig. S2B-E).
These results indicated that a TEAD4-YAP1 axis, which regulates
nuclear genes in mouse TSCs, is not involved in the regulation
of mtDNA-encoded ETC component genes. Second, we rescued
TEAD4 function in TEAD4KD mTSCs by ectopically expressing a
modified TEAD4 protein, in which a mitochondrial targeting
sequence (MTS) from subunit VIII of human cytochrome c
oxidase was attached (Fig. 4C). The modified TEAD4 was also
attached to a reporter EGFP, separated by the self-cleaving 2A
peptide from Thosea asigna virus (T2A peptide). Thus, we could
monitor expression of ectopic TEAD4 from EGFP expression
(Fig. 4D). We found that rescue of TEAD4 expression in
TEAD4KD mouse TSCs rescued expression of mtDNA-encoded
ETC components (Fig. 4E,F).
Transcription from mtDNA generates polycistronic transcripts,

which are processed to generate matured transcripts. However, the
processed transcripts of mtDNA-encoded genes often have a shorter
half-life (Wolf andMootha, 2014; Piechota et al., 2006; Chujo et al.,
2012). Therefore, to better assess inhibition of mtDNA transcription
in TEAD4KD TSCs, we analyzed nascent mtDNA transcripts using
a nascent transcript capture kit. Analyses of nascent mtDNA
transcripts further confirmed significant downregulation of mtDNA
transcription in TEAD4KD TSCs and expression of ectopic TEAD4
rescued the process (Fig. 4G,H and Table S1). Collectively, these
experiments indicated specific importance of a TEAD4-dependent
mechanism that promotes mtDNA transcription in mouse TSCs.
Mitochondrial transcripts are generated by POLRMT from two

heavy strand promoters (HSPs) and one light-strand promoter
(LSP), which are localized at the D-loop region of the mtDNA
(Taanman, 1999) (Fig. 4E). In addition, establishment of the
transcription initiation complex requires additional transcription
factors, such as TFAM (Falkenberg et al., 2002; Larsson et al.,
1998). However, our findings above indicated that, in TSCs,
TEAD4 promotes mtDNA transcription via a mechanism, which is
independent of the regulation of TFAM and POLRMT expression
(Fig. 4B), mtRNA splicing and mtRNA degradation (Fig. 4H).
Therefore, we asked whether POLRMT recruitment at the mtDNA
is dependent upon TEAD4 function. To test this, we isolated
mitochondria from control and TEAD4KD TSCs, and performed
chromatin immunoprecipitation (ChIP) analyses to assess POLRMT

recruitment at different regions of the mtDNA (Fig. 4I). Intriguingly,
ChIP analyses detected significant reduction in POLRMT
recruitment at the mtDNA upon loss of TEAD4 (Fig. 4J). We also
tested TFAM recruitment at the mtDNA in TEAD4KD TSCs.
We found that, unlike POLRMT, TFAM binding at the mtDNAwas
not inhibited upon TEAD4 depletion (Fig. 4K). These findings
strongly indicated a novel function of TEAD4, in which it promotes
transcription of mtDNA-encoded ETC components by facilitating
POLRMT recruitment to the mtDNA.

Endogenous TEAD4 localizes tomitochondria and physically
occupy mtDNA
Transcription factors often shuttle from the nucleus to the
cytoplasm. Although a majority of transcription factors mediate
their function within the nucleus, several of them localize to the
mitochondria and are implicated in regulation of mitochondrial
genome transcription in different cellular contexts (Ralston et al.,
2010; Wu et al., 2010; Mahato et al., 2014; Leppens et al., 1996;
Leese and Barton, 1984). TEAD4 is a nuclear-cytoplasmic
transcription factor (Home et al., 2012) and Kaneko and
DePamphilis showed that ectopic TEAD4 colocalizes with
mitochondria in the NIH3T3 cell line (Kaneko and DePamphilis,
2013). Therefore, we investigated whether endogenous TEAD4
localizes to mitochondria and regulates mtDNA transcription in
TSCs. Co-immunostaining studies with an anti-TEAD4 antibody
along with anti-TFAM antibody indicated that endogenous TEAD4
localizes to mitochondria in proliferating mouse TSCs (Fig. 5A and
Fig. S3). To further confirm TEAD4 localization in mitochondria in
the mouse TSCs, we performed additional experiments. First, we
isolated purified mitochondria from mouse TSCs, sub-fractionated
these purified mitochondria and confirmed the presence of TEAD4
within the mitochondrial nucleoid fraction via western blot analyses
(Fig. 5B). Finally, we performed immunogold transmission electron
microscopy (immuno-TEM) using an anti-TEAD4 antibody and
found that TEAD4 is localized in the mitochondrial matrix
surrounded by the inner membrane (Fig. 5C). These experiments
confirmed mitochondrial localization of TEAD4 in mouse TSCs.

Multiple recent studies indicate that site-specific occupancy of
nuclear transcription factors on the mitochondrial genome is crucial
for the regulation of mtDNA transcription (Wu et al., 2010; Larsson
et al., 1998; Taanman, 1999; Piechota et al., 2006; St John et al., 2006;
Zhou et al., 2011; Chujo et al., 2012;Wolf andMootha, 2014). As we
detected TEAD4 localization in the mitochondria, and presence of
several consensus TEAD motifs throughout the mtDNA (Fig. S4A),
we investigatedwhether endogenous TEAD4 occupies themtDNA in
mouseTSCs.WeperformedTEAD4ChIPwith isolatedmitochondria
from mouse TSCs and screened the mtDNA for TEAD4 binding
using multiple primer pairs. Our screening detected TEAD4 binding
at different regions of the mtDNA, including the D-loop region where
mtDNA transcription starts (Fig. 5D). The specificity of TEAD4
occupancy was further confirmed by monitoring loss of TEAD4
occupancy at the mtDNA in TEAD4KD TSCs.

Our analyses showed that the TEAD4-binding regions contained
several sequences that resemble the putative consensus TEA motifs
(Fig. S4B). Therefore, to further gain additional evidence that
TEAD4 binds to the TEA target sequences within the mitochondrial
genome, we performed electrophoretic mobility shift assay
(Fig. 5E). We incubated mTSC extracts with a ∼200 bp mtND1
DNA fragment, containing a single high-affinity TEA (GGAATG)
motif along with three other overlapping putative low-affinity TEA
motifs (Fig. S4C). Formation of multiple DNA-protein complexes
with increasing amounts of mTSC extract (Fig. 5E, lanes 2-5) were
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confirmed via mobility shift of the mtND1 fragment. To confirm
that TEAD4 is responsible for the mobility shifts with mTSC
extracts, we tested whether the shifted band could be supershifted by
the addition of antibodies directed against the TEAD4 protein. As
shown for a fragment the gel-shifted band seen in the mTSC extracts
is supershifted by the addition of anti-TEAD4 factor antibody
(Fig. 5E, lane 6, green box) but not IgG (Fig. 5E, lane 7).
As TEAD4 is an evolutionarily conserved transcription factor and

is expressed in the TE layers within the developing blastocyst of
multiple mammalian embryos (Home et al., 2012), we asked
whether TEAD4 localization to the mitochondria is a conserved
event in trophoblast progenitors of other mammalian species. To test
this, we studied RCHO-1 trophoblast cells, which represent the rat
trophoblast stem cell state (Sahgal et al., 2006). We also studied
primary cytotrophoblasts (hCTB) cells of first-trimester human
placenta, which are considered as human trophoblast progenitors
(Genbacev et al., 2016; Zdravkovic et al., 2015; Knofler and
Pollheimer, 2013) and depend on OXPHOS for ATP production
(Maloyan et al., 2012). We observed mitochondrial localization
of TEAD4 in both RCHO1 and human first-trimester CTB
cells (Fig. S5A,B). Furthermore, ChIP analyses with isolated
mitochondria from RCHO-1 confirmed TEAD4 binding to the
mtDNA (Fig. S5C,D). Our results from mouse TSC, rat RCHO-1
and human CTB indicated that TEAD4 localization to mitochondria

and binding to mtDNA are conserved events in mammalian
trophoblast progenitors.

Two findings, that TEAD4 binds the mtDNA (Fig. 5D) and that
loss of TEAD4 leads to loss of POLRMT recruitment and mtDNA
transcription in mouse TSCs, indicated that TEAD4 could be a part
of the mitochondrial transcriptional machinery in mouse TSCs and
could directly regulate POLRMT binding to the mtDNA. Therefore,
we next asked whether TEAD4 interacts with POLRMT on the
mtDNA. We performed a sequential ChIP assay (SeqChIP) with
isolated mitochondria from mouse TSCs and confirmed a TEAD4
and POLRMT interaction on mtDNA (Fig. 5F). Collectively, these
results indicated that endogenous TEAD4 facilitates mtDNA
transcription in mouse TSCs by directly facilitating POLRMT
recruitment to the mtDNA.

We also tested whether loss of TEAD4 affects mtDNA
replication in mouse TSCs. The mtDNA replication is not primed
by dedicated primases. Rather, processed mtRNA transcripts,
synthesized by POLRMT, serve as a primer for mtDNA replication.
It has been shown that loss of different factors that control mtDNA
transcription leads to varying outcomes on mtDNA replication.
Inhibition of mtDNA transcription could be associated with either
enhanced mtDNA replication or inhibition of mtDNA replication.
For example, loss of TFAM is shown to reduce both mtDNA
transcript levels and inhibits mtDNA replication in multiple cellular

Fig. 5. TEAD4 localizes tomitochondria
and occupies mtDNA along with
POLRMT. (A) Mouse TSCs were co-
stained with TEAD4 (green) and TFAM
(red). Confocal images show both TEAD4
and TFAM localization in mitochondria
(arrowheads). Scale bars: 10 µm. TEAD4
also localizes at high levels in the nuclei,
whereas TFAM localization in the nuclei is
at a much reduced level. (B) Purified
mitochondria from mTSCs were sub-
fractionated and western blot analyses
were performed to determine localizations
of TEAD4 and other mitochondrial
proteins. The cytoplasmic and nuclear
fractions of mTSCswere used as controls.
(C) Immuno-TEM showing TEAD4 within
mitochondria (arrowheads). Dotted line
shows the boundary of the mitochondrial
membrane. Scale bar: 500 nm.
(D) Quantitative ChIP analysis showing
TEAD4 occupancy along mitochondrial
genome (*P<0.001, three independent
experiments). For simplicity, only one IgG
is shown, although IgG was used for both
control and TEAD4KD chromatin.
(E) EMSA to test TEAD4 binding at TEA
motifs of mtDNA. A ∼200 bp mtND1
fragment, containing TEA motifs, was
incubated without (lane 1) or with (lanes
2-5) increasing amounts of mTSC extract.
TEAD4-containing DNA-protein
complexes were tested by monitoring
mobility super shifts with anti-TEAD4
antibody (lane 6) or IgG (lane 7).
(F) Sequential ChIP showing co-
occupancy of TEAD4 and POLRMT in
different mtDNA regions (*P<0.001, three
independent experiments). (G) mtDNA
copy numbers in mouse TSCs with or
without TEAD4 depletion. Data are
mean±s.e.m.
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contexts (Wang et al., 1999; Li et al., 2000; Kang et al., 2007). In
contrast, loss of the elongation factor TEFM in mammalian cells
reduces promoter-distal mtDNA transcripts, but does not have a
significant effect on mtDNA replication (Minczuk et al., 2011).
So we tested whether loss of TEAD4 alters mtDNA copy numbers
in mouse TSCs. However, under our experimental conditions, we
did not notice any significant alteration of mtDNA copy number
when TEAD4 was depleted in mouse TSCs (Fig. 5G), indicating
that TEAD4 mediated regulation of mtDNA transcription might not
be associated with the mtDNA replication process.

Loss of Tead4 impairs POLRMT recruitment and mtDNA
transcription in developing pre-implantation embryo
Establishment of mitochondrial OXPHOS in the TE lineage is
essential for blastocyst maturation. Therefore, we asked whether
development of the TE lineage is associated with enhanced mtDNA
transcription. We performed blastocyst microsurgery of mouse
blastocysts to isolate TE cells (Fig. 6A) and immunosurgery (Saha
et al., 2013) to isolate ICM cells from mouse blastocysts, and
confirmed higher RNA expressions of mtDNA-encoded genes in
TE lineage cells (Fig. 6A,B). Like mTSCs and hCTB cells, TEAD4
also localized within mitochondria in the TE of the developing
blastocyst (Fig. 6C).

As we found that TEAD4 colocalizes with POLRMT on mtDNA
and is required for optimum POLRMT recruitment at the mtDNA-
encoded ETC genes in mTSCs, we tested whether a similar event is
associated with mtDNA transcription during mouse blastocyst
development. We performed sequential ChIP (SeqChIP) with
blastocysts and confirmed a TEAD4 and POLRMT interaction
on the same mtDNA regions in mouse blastocyst (Fig. 6D,E).
Second, we performed co-immunoprecipitation analyses with
isolated mitochondrial protein from trophoblast progenitor/stem
cells of developing mouse placentas. We chose to perform this
experiment in trophoblast progenitor/stem cells, as we found that it
is technically challenging to isolate mitochondria and perform
co-immunoprecipitation analyses with limited amount of cells from
the TE of mouse blastocysts. Co-immunoprecipitation experiments
confirmed that endogenous TEAD4 physically interacts with
endogenous POLRMT in mitochondria of mouse trophoblast
progenitors (Fig. 6F). We also observed a similar interaction in
mouse TSCs (data not shown). Collectively, our results indicate
that, similar to the observations in mouse TSCs, a TEAD4-
dependent mechanism could regulate POLRMT binding to the
mtDNA and regulate mitochondrial transcription in TE cells during
blastocyst maturation. Therefore, we used a Tead4 conditional
knockout system (Tead4F/F/UBC-CreERT2 mice) to delete Tead4 in

Fig. 6. Endogenous TEAD4 localizes to
mitochondria and occupiesmtDNAwithin the TE
lineage of a pre-implantation mammalian
embryo. (A)Micrographs showing isolation of TE via
microsurgery from a mouse blastocyst. (B) Plots
show induction of mtDNA-encoded transcripts
(ND5 and MT-CO1) in TE lineage cells during
blastocyst development (*P<0.05, three
independent experiments). (C) Mouse blastocyst
stained with TEAD4 (green), mitotracker (red) and
DAPI (blue). Higher magnification of the TE cell
shows TEAD4 colocalization with mitotracker
(arrows). (D-F) Quantitative assessment method for
TEAD4 and POLRMT co-occupancy at mtDNA-
encoded genes within mouse blastocysts.
(D) Method for sequential ChIP-WGA with mouse
blastocysts to test TEAD4-POLRMT co-occupancy
at mtDNA. (E) Induction of mtDNA-encoded
transcripts (ND5 and MT-CO1) in TE lineage cells
during blastocyst (*P<0.01, three independent
experiments). (F) Western blot showing co-IP
between TEAD4 and POLRMT in trophoblast
progenitor/stem cells isolated from mouse placenta
(E10.5). Data are mean±s.e.m.
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mouse embryos (Yagi et al., 2007) and tested its importance in
mtDNA transcription and expression of mtDNA-encoded genes
during pre-implantation development.
We isolated pre-implantation embryos from Tead4F/F/UBC-

CreERT2 mice, treated with 4(OH) tamoxifen (MHT) to delete
Tead4 floxed alleles, and cultured them ex vivo (Fig. 7A).
Interestingly, we noticed conditional deletion of Tead4 floxed
alleles resulted in a mixed phenotype (Fig. S6A) when compared
with that of wild-type embryos cultured under similar ex vivo
conditions (Fig. 6D) or with Tead4F/F embryos (Fig. 7A, embryo 1;
Fig. S6, embryo 1). Several Tead4-deleted embryos failed to mature
to the blastocyst stage evenwhen they were cultured at 5%O2 levels,
and several embryos that matured to the blastocyst stage showed the
presence of a very small blastocoel cavity (Fig. S6, embryos 2 and
3). In addition, several embryos that matured to the blastocyst stage
showed partial presence of the Tead4-floxed alleles even after MHT
treatment, reflecting inefficient cre-mediated recombination

efficiency of Tead4-floxed alleles (Fig. S6B) in those embryos.
These results indicated that incomplete deletion of the TEAD4
floxed allele could lead to mixed phenotype in Tead4-conditional
knockout system. To avoid these ambiguities, we used higher
concentration (1.5 µM instead of 1 µM) of MHT and cultured
embryos in a condition that mimics the in vivo condition proposed
by Kaneko and DePamphilis (2013). We noticed that these
experimental modifications ensured efficient cre-mediated
excision of Tead4 floxed alleles and resulted in impaired
blastocyst maturation (Fig. 7A). However, these conditions did
not affect the maturation of embryos that lacked Cre expression.

We tested RNA expression of mtDNA-encoded ETC
components in Tead4-null (knockout) embryos, which failed to
mature to the blastocyst stage. Our analyses confirmed loss of Tead4
mRNA expression as well as inhibition of mtDNA transcription
upon deletion of Tead4 floxed alleles (Fig. 7B-D). Furthermore,
ChIP analyses confirmed a strong loss of POLRMT binding to the

Fig. 7. TEAD4 directly regulates POLRMT
recruitment to promote mtDNA transcription
during pre-implantation mammalian
development. (A) Conditional deletion of Tead4 in
pre-implantation mouse embryos. Loss of Tead4
expression abrogated blastocyst maturation in ex
vivo culture conditions. Deletion of Tead4 alleles
was confirmed by genotyping. (B) Strategy for
quantitative RT-PCR analyses in Tead4-deleted
embryos. (C) RT-PCR analyses showing loss of
Tead4 mRNA expression upon Cre-mediated
excision of Tead4F/F alleles (*P<0.001, ten
individual embryos). (D) Loss of mtDNA-encoded
transcripts in Tead4-deleted pre-implantation
embryos (*P<0.01, ten individual embryos).
(E) Schematic of POLRMT recruitment analysis in
pre-implantation embryos. (F) Significant reduction
in POLRMT recruitment at mtDNA-encoded
genes in Tead4-deleted embryos (*P<0.001, three
individual experiments with up to 25 embryos in
each experiment). Data are mean±s.e.m.
(G) Reduced mtDNA copy numbers in Tead4-
deleted pre-implantation embryos (*P<0.01, 12
individual embryos). (H) Model illustrating the
significance of mitochondrial TEAD4. In nascent
TE cells of an early blastula, TEAD4 promotes
expression of mtDNA-encoded ETC components
by facilitating POLRMT recruitment. This promotes
oxidative phosphorylation and ATP synthesis.
The induced ATP production facilitates cellular
processes, including the activity of the Na+,

K+-ATPase pump, thereby ensuring blastocyst
maturation.
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mtDNA in Tead4-null embryos (Fig. 7E-F). Interestingly, we also
noticed a significant reduction of mtDNA copy number in Tead4
null embryos (Fig. 7G), a result that differs from the observation
inTEAD4-depleted mouse TSCs, in which loss of TEAD4 does not
alter mtDNA copy number. However, during pre-implantation
development, the first mtDNA replication event is initiated at
the blastocyst stage (Thundathil et al., 2005) due to upregulated
expression of the catalytic subunit of mitochondria DNA
polymerase γ (POLGA) in the TE lineage (Thundathil et al.,
2005; Kelly et al., 2012). As TE development and blastocyst
maturation is impaired in Tead4-null embryos, it is possible that the
reduced mtDNA copy number in Tead4-null embryos is due to
impaired activation of the replication machinery.
Nevertheless, collectively our results indicated that

TEAD4 facilitates POLRMT recruitment and enhances mtDNA
transcription during pre-implantation development. We propose
that this mitochondrion-associated function of TEAD4 ensures
optimal expression of mtDNA-encoded ETC components in TE
cells (as presented in Fig. 7H) and promotes mitochondrial energy
metabolism, which is essential for blastocyst maturation.

DISCUSSION
Over the years, numerous studies have implicated mitochondrial
regulation in successful embryonic development. These studies
noted dynamic changes in cellular metabolism as well as
mitochondrial structure, rearrangement and function during the
course of pre-implantation development (Wilding et al., 2009;
Houghton, 2006). However, almost nothing is known about the
molecular control of mtDNA transcription in the context of extra-
embryonic TE/trophoblast lineage development. In this study, we
show that a TEAD4-dependent molecular mechanism is crucial to
optimize mtDNA transcription in the TE and TE-derived TSCs.
Our findings are consistent with previous reports that TEAD4
localizes to both cytoplasm and nuclei in the developing TE lineage
and is essential for blastocyst maturation (Kaneko and DePamphilis,
2013; Home et al., 2012).

TEAD4 and mitochondrial energy metabolism
Previous work identified the essential role for TEAD4 in early
mouse embryogenesis (Hirate et al., 2012; Home et al., 2012;
Kaneko and DePamphilis, 2013; Nishioka et al., 2008; Ralston
et al., 2010; Yagi et al., 2007; Mihajlovic ́ et al., 2015), and we and
others showed that TEAD4 directly regulates transcription of
key TE-specific nuclear encoded genes in the TE and TSCs
(Ralston et al., 2010; Home et al., 2012). These findings
implicated the importance of TEAD4 in establishment of the
TE-specific transcriptional program. TEAD4 is a nucleo-cytoplasmic
transcription factor and ectopic overexpression studies by Kaneko
and DePamphilis, showed that, among all TEAD family members,
TEAD4 has the unique ability to localize to the mitochondria
(Kaneko and DePamphilis, 2013). In addition, conditional gene
deletion studies by Kaneko and DePamphilis showed that TEAD4-
null pre-implantation embryos have defective mitochondrial
function. Therefore, it was proposed that the establishment of
energy homeostasis rather than the establishment of TE-specific
gene expression could be the main function of TEAD4 during
early mammalian development. However, discrepancies exist in
different studies with different experimental approaches. All
studies that used the RNAi to deplete TEAD4 (Home et al., 2012;
Mihajlovic ́ et al., 2015; Wu et al., 2010; Alarcon, 2010) in pre-
implantation embryos resulted in impairment of blastocyst
maturation and loss of TE-specific factors upon TEAD4

depletion, whereas variable results are obtained with Tead4
conditional knockout systems. Some studies reported impaired
blastocyst development and strong loss of TE-specific genes upon
Tead4 deletion (Nishioka et al., 2008; Yagi et al., 2007), whereas
Kaneko et al. showed that the blastocyst maturation in Tead4-
deleted embryos is dependent upon exposure to the oxygen level
when cultured ex vivo. The study also showed heterogeneity in
TE-specific gene expression in Tead4-null embryos. However, our
findings of the variation of the cre-mediated recombination
efficiency in TEAD4-conditional knockout system indicates that
further studies are needed to draw definitive conclusions about
the importance of TEAD4 in establishing the TE-specific
transcriptional program. Nevertheless, the fact that endogenous
TEAD4 migrates to mitochondria in the TE and TSCs, and
regulates mtDNA transcription, further support the hypothesis that
TEAD4 is a crucial regulator of mitochondrial function in early
mammalian embryos. Most probably during the initiation of
blastocoel cavity formation, TEAD4 localization within mitochondria
in nascent TE cells and facilitates POLRMT recruitment at the
mtDNA, This results in induced expression of mtDNA-encoded
ETC complex components, which are required to establish OXPHOS
to meet the excessive requirement of ATP in TE cells (Fig. 7G).

Interestingly, TEAD4 is also expressed in the ICM and
ICM-derived ESCs, and is present in the cytoplasm of those cells
(Home et al., 2012). However, TEAD4 function in those cells is yet
to be defined. Although ICM and ESCs use non-oxidative energy,
they have metabolically matured mitochondria (Mahato et al., 2014;
Leese and Barton, 1984; Mognetti et al., 1996). Furthermore,
studies in mouse ESCs revealed that those mitochondria could
mediate OXPHOS in ESCs, resulting in a mixed energy metabolism
system (Carbognin et al., 2016). Compared with the TE and TSCs,
TEAD4 expressions in ICM and ESCs are significantly low. Thus,
reduced expression level might lead to less TEAD4 localization in
the mitochondria of those cells, leading to inefficient mtDNA
transcription, mitochondrial maturation and establishment of
OXPHOS. Alternatively, the inefficiency of cellular processes that
regulate TEAD4 localization to mitochondria could lead to
defective mtDNA transcription in those cells. Nevertheless, it
will be interesting to test whether a TEAD4 function is also
important to promote mitochondrial maturation and OXPHOS in
those contexts.

Our findings also raise at least two questions: (1) what
mechanisms regulate TEAD4 localization to the mitochondria;
and (ii) does TEAD4 regulate mtDNA transcription in other cell
types: It is well known that cellular signaling mechanisms differ in
TE and ICM lineage cells. In addition, TEAD4 is expressed in
multiple other cell types, including endothelial cells and several
cancer cells. Thus, defining signaling mechanisms that regulate
TEAD4 localization to mitochondria and testing TEAD4-mediated
regulation of mtDNA transcription in other cellular contexts are
important areas of further study.

TE/trophoblast lineage and mitochondrial regulation:
Mammalian reproduction is crucially dependent on trophoblast
cells, which assure embryo implantation and placentation.
Specification of the TE in a pre-implantation embryo initiates
trophoblast lineage development. After implantation of the
blastocyst, the polar TE cells form the extra-embryonic ectoderm
and its derivatives: the ectoplacental cone (EPC) and the chorionic
ectoderm (chorion). The EPC and chorion contain trophoblast stem
and progenitor cells (TSPCs), which generate diverse trophoblast
cell types that are essential for establishing successful pregnancy.
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Improper development in TE/trophoblast leads to either pregnancy
failure or pregnancy-associated complications such as intrauterine
growth retardation and pre-eclampsia. Despite of this importance of
the trophoblast cell lineage, our understanding of mitochondrial
regulation and energy metabolism in trophoblast cells is extremely
poor. For example, molecular mechanisms that regulate TE and
trophoblast development largely came from studies with TSCs.
However, prior to this study, metabolic preferences in TSCs were
never tested. Our finding that TSCs rely on oxidative energy
metabolism makes them different from ESCs and epiblast stem
cells (Choi et al., 2015), which rely on glycolytic mechanisms for
ATP production. During early stages of placenta development,
TSPCs undergo extensive proliferation and differentiation in an
environment that is associated with dynamic changes in oxygen
tension. Thus, it is predictive that TSPC proliferation versus
differentiation is associated with fine-tuning of mitochondrial
energy metabolism. In addition, multiple studies indicated that
mitochondrial dysfunction in trophoblast cells is associated with
pregnancy-associated pathological conditions (Shi et al., 2013;
Wang and Walsh, 1998; Widschwendter et al., 1998; Xie et al.,
2014). However, at this moment, it is unknown to us whether or not
primary TSPCs within post-implantation mammalian embryos also
rely on mitochondrial energy metabolism. Given the conserved
nature of TEAD4 expression in the developing trophoblast lineage,
it will be interesting to study the importance of TEAD4 in
mitochondrial energy metabolism in TSPCs of a post-implantation
mammalian embryo.

MATERIALS AND METHODS
Cell culture and reagents
Mouse TSCs were derived following previously described procedures.
Mouse TSCs were cultured on irradiated MEFs in TSC culture medium
supplemented with 20% fetal bovine serum, 100 μM β-mercaptoethanol,
1 mM sodium pyruvate, 2 mM L-glutamine and primocin 1 μg/ml in the
presence of 25 ng/ml fibroblast growth factor 4 and 1 μg/ml heparin, as
described previously (Home et al., 2012). Mouse ESCs were cultured in
ESC stem state culture conditions as previously described (Mahato et al.,
2014). For experimental purposes, mouse TSCs were expanded in the
proliferative state without MEF feeders by culturing in the presence of
MEF-conditioned medium. RCHO-1 cells were cultured similarly to TSCs
without CM, FGF4 and heparin (Sahgal et al., 2006). Human primary CTB
cells were isolated from first trimester placenta and cultured in a hypoxia
chamber as described previously (Douglas and King, 1989; Kliman et al.,
1986; Knofler and Pollheimer, 2013). For this purpose, discarded and de-
identified first trimester human placentaewere used following approval from
Institutional Review Board of the University of Kansas Medical Center.

Mouse embryos
Tead4f/f; UBC-cre/ERT2 female mice were super ovulated and mated with the
same genotype males to collect one-cell embryos, as described previously
(Saha et al., 2013). The embryos were cultured in KSOM (Millipore) with
and without MHT (Sigma Cat. H7904) at 37°C in a 5% CO2 incubator at 5%
oxygen. Embryos were collected for RNA and chromatin preparation at the
blastocyst stage. RNA prepared from individual blastocyst was used to make
cDNA. cDNAwas amplified usingWGA4 kit (Sigma Cat. WGA4-10RXN)
and subsequently used for genotyping and transcript analysis. Experiments
were approved by the Institutional Animal Care and Use committee of the
University of Kansas Medical Center.

Isolation of ICMs and TEs from blastocysts
ICMs were isolated by embryo immunosurgery and TE samples were
isolated after micro-dissection according to a method described previously
(Saha et al., 2013; Home et al., 2009). Purified ICM cells and TE samples
were further processed for generating samples for either ChIP-WGA or
extraction of RNA.

Complex I and complex IV assay
Complex I and IV activity were determined using the Complex I Enzyme
Activity Dipstick Assay Kit (Abcam, ab109720) and Complex IV Rodent
Enzyme Activity Dipstick Assay Kit (Abcam, ab109878), respectively,
according to the manufacturer’s instructions. Band intensity was measured
using ImageJ.

Oxygen consumption rate and extracellular acidification rate
(ECAR) measurements
Oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR) were determined by XF cell mito-stress test kit (#101706-100,
Seahorse Biosciences) and XF Glycolysis stress test kit (#102194-100,
Seahorse Biosciences) as described previously (Zhou et al., 2012; Mahato
et al., 2014). ECAR and OCR values were normalized against total protein
per well.

Immunohistochemistry and microscopy
Cells were grown on coverslips and processed for immunofluorescence
following a previously published protocol (Home et al., 2012; Mahato et al.,
2014). For live cell microscopy, cells and embryos at blastocyst stage were
stained with MitoSox red (Molecular Probes, M-36008), JC-1 (Molecular
Probes, M34152) or MitoTracker Green (Molecular Probes, M-7514) along
with Hoechst dye for nuclear staining. Confocal microscopy was performed
on cells using a Zeiss LSM PASCAL. All antibodies are listed in Table S2.

TEM protocol for routine morphology and Immunogold:
Samples were fixed in 2% glutaraldehyde following a previously
published protocol (Mahato et al., 2014). For immunogold labeling,
samples were fixed with 4% paraformaldehyde and examined in a J.E.O.L.
JEM 1400 transmission electron microscope using a previously published
protocol (She et al., 2011).

RNA interference
For RNA interference, shRNAs against Tead4 and Yap1 were cloned in
pLKO.1 lentiviral vectors following previously described protocols
(Home et al., 2012). The Tead4 target sequence was 5′-GCTGAAA-
CACTTACCCGAGAA-3′ and the Yap1 target sequence was 5′-GCA-
GACAGATTCCTTTGTTAACT-3′ were used. We used scrambled
shRNA as a negative control (Addgene plasmid #1864). After culturing,
samples were prepared for mRNA and protein analysis. For rescue of
TEAD4 function in TEAD4KD TSCs, a modified TEAD4 protein with a
mitochondrial targeting sequence (MTS) from subunit VIII of human
cytochrome c oxidase was ectopically expressed. The MTS sequence was
cloned upstream of mouse Tead4 cDNA in the vector pLKO.Tead4-T2A-
GFP by Gibson assembly (Jo et al., 2015; Home et al., 2012). The
targeting sequence is as follows: 5′-ATGTCCGTCCTGACGCCGCTG-
CTGCTGCGGGGCTTGACAGGCTCGGCCCGGCGGCTCCCAGTG-
CCGCGCGCCAAGATCCATTCGTTG-3′. Ectopic TEAD4 expression
was confirmed via western blot.

Electrophoretic mobility shift assay
The mtND1 200 bp PCR fragment was purified after PCR using 32P dATP.
For gel shift, radiolabeled DNA was incubated with mTSC extract for
30 min in 25 mm HEPES (pH 7.6), 100 mm NaCl, 1 mm DTT, 0.1 mm
PMSF, 10% glycerol, 10 μg tRNA and 0.5 μg poly(dI.dC) at room
temperature following a previously described protocol (Kumar et al.,
2013). For super-shift, equal amounts of TEAD4 antibody or IgG were
included in the incubation mix. The mixture was then separated on 4%
PAGE (79:1 of acrylamide:bisacrylamide) containing 2.5% glycerol. The
gel was autoradiographed after drying.

Mitochondria purification, sub-fractionation and
immunoprecipitation
In brief, 20×106 cells were used to isolate mitochondria using mitochondria
Isolation Kit for cultured cells (Thermo Scientific, 89874). The
homogenate was centrifuged twice at 900 g for 5 min to remove nuclei
and unbroken cells (cell lysate) and then the supernatant was centrifuged
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3000 g for 15 min. The resultant pellet was used for the purer
mitochondrial fraction for western analysis. Mitochondrial sub-
fractionation was performed following published protocols after
mitochondria purification (She et al., 2011). For immunoprecipitation, a
mitochondrial fraction was prepared from E10.5 placentae or mTSC by
simply incubating cell lysis buffer from a previously published protocol
(Home et al., 2012). The cell lysate was centrifuged twice at 900 g for
5 min to remove nuclei and unbroken cells, and then the supernatant was
centrifuged 3000 g for 15 min. The resultant pellet was resuspended in
buffer similar to that used in ChIP. The different immunoprecipitated
samples were directly boiled in protein sample preparation buffer and used
for the western analysis.

Chromatin immunoprecipitation and sequential ChIP
Quantitative ChIP analysis was performed following published protocols
(Home et al., 2012; Ray et al., 2009). In brief, 20×106 cells were used
to isolate mitochondria using mitochondria isolation kit for cultured
cells. Protein-DNA complexes were crosslinked by incubating with 1%
formaldehyde (Sigma) for 2 h at 4°C temperature with gentle rotation
(Kucej et al., 2008). Chromatin crosslinking was stopped by adding
glycine (125 mM) to the reaction mix. These samples were sonicated.
Crosslinked chromatin fragments were immunoprecipitated with different
antibodies. Quantification of the precipitated DNA was performed using
quantitative PCR (qPCR) amplification. A list of the primers used for
ChIP analyses is provided in Table S3. For sequential ChIP, crosslinked
chromatin fragment prepared from isolated mitochondria was
immunoprecipitated with antibody rabbit anti-mtRNA polymerase.
Eluted chromatin was re-incubated with mouse anti-Tead4 and mouse
IgG1 for overnight at 4°C in the presence of 50 μg/ml yeast tRNA (Dutta
et al., 2010). ChIP and SeqChIP on pre-implantation mouse blastocyst
embryo were performed previously described (Saha et al., 2013).
Immunoprecipitated chromatins were purified using a QIAquick PCR
Purification Kit (Qiagen) and amplified using a WGA4 kit (Sigma
Aldrich). Amplified DNA was used for target validation analysis. All
the samples were normalized to their respective IgG controls for each
cell types.

Quantitative RT-PCR
Total RNA from cells was prepared using a RNeasy Kit (Qiagen) after
DNAseI digestion. Purified RNA was used to prepare cDNA following a
previously published protocol (Home et al., 2009). For analysis of
expression in blastocyst embryos, total RNA was isolated using PicoPure
RNA isolation kit (MDS Analytical Technology) and processed as
described previously (Home et al., 2009). All these samples were analyzed
by qRT-PCR using ABI7500. The oligonucleotides used for qRT-PCR are
provided in Table S3. All the samples were normalized to their respective
18S RNA controls for each cell types.

Nascent transcript assay
Total RNA from cells was prepared as described above. Before preparing
cDNA, the nascent RNA was biotin labeled and purified from total RNA
(Molecular Probes, Click-iT Nascent RNA Capture Kit C-10365). After
purification of nascent RNA, the residual RNA was precipitated using
glycogen and ethanol. Purified RNA was used to prepare cDNA by
following a previously published protocol (Home et al., 2009). All these
samples were analyzed by qRT-PCR. The oligonucleotides used for qRT-
PCR are provided in Table S3.

Quantitation of mtDNA copy number
The number of mtDNA copies per cell was determined using real-time PCR
absolute quantification. For absolute quantitation, fragments of the mouse
mtND2 and β2 microglobulin genes were cloned in pCR 2.1 plasmid vector
and the number of mtND2 and β2 microglobulin genes in a sample was
measured against a standard curve of known amount of plasmid vectors. The
number of mtDNA copies per cell was calculated using the following
formula: mtDNA copy number/cell=2× (copies of mtND2 gene/copies of β2
microglobulin gene).

Genotyping
Genomic DNA was prepared using tail tissue from mouse using a
REDExtract-N-Amp Tissue PCR kit (Sigma-Aldrich). Genotyping was
carried out using REDExtract-N-Amp PCR ReadyMix (Sigma-Aldrich)
and respective primers (see Table S3). Genomic DNA from individual
blastocysts was prepared using the following technique with a
REDExtract-N-Amp Tissue PCR kit (Sigma-Aldrich). Each blastocyst
was collected into separate PCR tubes and was lysed with 16 µl of
extraction buffer and 4 µl of tissue prep buffer. Briefly, they were
incubated at 42°C for 10 min followed by heat inactivation at 98°C for
3 min and neutralization with 16 µl of neutralization buffer. 4 µl of this
genomic DNA was used for a 20 µl PCR reaction.

Statistical significance
Statistical significance for experimental data was analyzed using Student’s
paired t-test. Although in few figures, studies from multiple groups are
presented, the statistical significance was tested by comparing data of two
groups and significantly altered values (P≤0.05) between control and
TEAD4-delpeted conditions are highlighted in the figures.
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