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Abstract: Wood frogs (Rana sylvatica) display well-developed anoxia tolerance as one component of
their capacity to endure prolonged whole-body freezing during the winter months. Under anoxic
conditions, multiple cellular responses are triggered to efficiently cope with stress by suppressing
gene transcription and promoting activation of mechanisms that support cell survival. Activation
of the Hippo signaling pathway initiates a cascade of protein kinase reactions that end with phos-
phorylation of YAP protein. Multiple pathway components of the Hippo pathway were analyzed
via immunoblotting, qPCR or DNA-binding ELISAs to assess the effects of 24 h anoxia and 4 h
aerobic recovery, compared with controls, on liver and heart metabolism of wood frogs. Immunoblot
results showed significant increases in the relative levels of multiple proteins of the Hippo pathway
representing an overall activation of the pathway in both organs under anoxia stress. Upregulation
of transcript levels further confirmed this. A decrease in YAP and TEAD protein levels in the nuclear
fraction also indicated reduced translocation of these proteins. Decreased DNA-binding activity
of TEAD at the promoter region also suggested repression of gene transcription of its downstream
targets such as SOX2 and OCT4. Furthermore, changes in the protein levels of two downstream
targets of TEAD, OCT4 and SOX2, established regulated transcriptional activity and could possibly
be associated with the activation of the Hippo pathway. Increased levels of TAZ in anoxic hearts also
suggested its involvement in the repair mechanism for damage caused to cardiac muscles during
anoxia. In summary, this study provides the first insights into the role of the Hippo pathway in
maintaining cellular homeostasis in response to anoxia in amphibians.

Keywords: Hippo pathway; MST; SAV; LATS1/2; MOB; YAP; TAZ; TEAD; OCT4 and SOX2; anoxia;
metabolic rate depression; energy stress

1. Introduction

The freeze-tolerant wood frog (Rana sylvatica) displays an incredible survival strategy
to endure the seasonal cold of winter. These frogs can survive the freezing of 65–70% of
total body water that accumulates as ice in extracellular spaces. In the frozen state, frogs
do not show any vital signs: no breathing, heartbeat, blood circulation, or measurable
neural conductivity [1,2]. Loss of water into extracellular ice leads to a strong reduction
in cell volume while also increasing cellular osmolality. High quantities of glucose are
produced and packed into cells to act as a cryoprotectant to protect cells from damage.
Glucose is produced from glycogen stored in the liver and is distributed to all other tissues
when triggered by ice nucleation on the skin. As a result, tissue and plasma glucose
concentrations increase from 1–5 mM (when unfrozen) to as high as 200–300 mM as frogs
freeze [2,3]. Because freezing halts blood circulation, tissues rapidly become ischemic and
anoxic [4,5]. Hence, wood frog survival of freezing also depends on a well-developed
anoxia tolerance. Prolonged exposure to anoxia typically causes an imbalance in ATP
production vs. utilization. ATP production decreases steadily when mitochondrial oxygen-
based ATP synthesis is impaired since the ATP yield from anaerobic glycolysis is only
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a small fraction of that produced from aerobic respiration [6]. When oxygen-restricted
by freezing, frogs switch to “survival mode” [7] which includes a transition to the use of
fermentation fuels, activation of cell survival pathways, and suppression of ATP-expensive
nonessential cellular processes [8]. One pathway that may be involved in regulating the
transition into anaerobiosis in cells of anoxia-tolerant species is the Hippo or YAP signaling
pathway. However, the potential involvement of this pathway in freeze tolerance has never
before been considered.

The Hippo pathway is a signaling network that controls a variety of cell processes in-
volved in cell proliferation, differentiation, and cell death. It is also known to regulate organ
size by controlling both apoptosis and cell proliferation [9]. The pathway can be stimulated
by multiple cellular stresses which include energy crisis, oxygen stress, reactive oxygen
species, mechanical stress, and DNA damage [10]. Most of the pathway components are
highly conserved, including in amphibians [11–14], and the mode of pathway activation
depends on the stress signal involved. The pathway is activated when stress-specific sig-
nals lead to phosphorylation of mammalian Ste20-like kinases 1/2 (MST1/2) (Thr183 and
Thr180), and MST1/2 binds to its regulatory subunit, salvador 1 (SAV1), to form an active
protein that can phosphorylate large tumor suppressor 1 and 2 kinases (LATS1/2) on T1079
for LATS1 or T1041 for LATS2 [15]. Active LATS1/2 phosphorylates yes-associated protein
(YAP) and the transcriptional coactivator with PDZ-binding motif (TAZ) at S127 and S381,
respectively. This stabilizes a YAP/TAZ complex. Phosphorylation of YAP/TAZ sequesters
the complex in the cytoplasm and leads to ubiquitination. By contrast, nonphosphorylated
YAP/TAZ translocates to the nucleus and binds to the TEA domain family member (TEAD)
protein to activate stress-dependent transcription factors. Amongst others, transcription
factors activated by this pathway are OCT4 and SOX2 (Figure 1) [16,17]. In fact, YAP/TAZ
is a part of the TSO (TEAD–SMAD–OCT4) complex and acts as a repressor by recruiting
NuRD (a multicomponent chromatin remodeling complex that regulates gene transcrip-
tion) [18], whereas when released from TSO, OCT4 acts as a stress-responsive transcription
factor to regulate expression of genes involved in antioxidant defense [19–21].

Anoxic conditions can lead to cell quiescence (or even cell death), activating the
Hippo pathway to result in phosphorylation of YAP/TAZ and inhibiting its nuclear lo-
calization [22–25]. This prevents activation of genes that might lead to apoptosis or other
energy expensive processes [26]. The Hippo pathway also promotes cell survival. Stress
responsive regulation of the Hippo pathway can lead either to activation of cell survival
genes by translocation of unphosphorylated YAP/TAZ into the nucleus, or other stresses
(e.g., low energy, membrane shear stress) can trigger phosphorylation of YAP to halt gene
transcription [10,27,28]. Since anoxia tolerance is a crucial component of freezing survival
for wood frogs, it is important to analyze the potential role played by the Hippo pathway
with respect to winter cryopreservation in this amazing freeze-tolerant species.
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Figure 1. Schematic representation of the Hippo pathway. Upon encountering stress, the pathway gets activated and initiates
a series of phosphorylation, where MST1/2 interacts with SAV to phosphorylate LATS1/2 that further phosphorylates
YAP. Depending on the site of phosphorylation, either p-YAP interacts with 14-3-3 to sequester in cytoplasm or attach to
proteosome to degrade via ubiquitination. Unphosphorylated YAP/TAZ translocates to the nucleus and forms complex
with TEAD. The YAP/TAZ/TEAD complex binds to promoter region of DNA to initiate gene transcription and activation.
MST: mammalian Ste20-like kinases 1

2 , SAV: salvador 1, LATS1/2: large tumor suppressor 1 and 2 kinases, MOB: Mps one
Binder, YAP: Yes-associated protein, TAZ: transcriptional coactivator with PDZ-binding motif, TEAD: TEA domain family
member, OCT4: Octamer-binding transcription factor 4, and SOX2: SRY (sex determining region Y)-box 2. Credit “Created
with BioRender.com” accessed on 14 October 2021.

2. Materials and Methods
2.1. Animal Treatment

Male wood frogs (weighing 5–7 g) were collected from breeding ponds near Ottawa,
Ontario, Canada in early spring. Frogs were briefly washed in a tetracycline bath and then
transferred to plastic containers lined with damp sphagnum moss, followed by acclimation
at 4 ◦C for ~2 weeks. Control frogs were sampled from this condition. For anoxia exposure,
frogs were treated as described by Gerber et al. [29]. Briefly, animals (4–5 per jar) were
placed into plastic jars (sitting in ice) that were pre-flushed with nitrogen gas for 20 min and
contained a pad of pre-wetted paper towels on the bottom (wetted with water previously
bubbled with 100% nitrogen gas). Jars were again flushed with nitrogen gas before sealing
both input and output vents present on the lids. The jars were returned to 5 ◦C for 24 h.
After the anoxia treatment, frogs in half of the jars were sampled as the 24 h anoxic group,
whereas the remaining frogs were transferred to other jars with normal air. These jars
were returned to 5 ◦C for 4 h as an aerobic recovery period and then sampled. Frogs were
euthanized by pithing and tissues were dissected rapidly for all three conditions (control,
24 h anoxia, 4 h recovery), immediately frozen in liquid nitrogen, and stored at −80 ◦C
until use. All animal experiments followed the guidelines of the Canadian Council on
Animal Care and had prior approval from the Carleton University Animal Care Committee
(protocol no. 106935).

2.2. Total Protein Extractions for Immunoblots

Total protein was extracted from frozen heart and liver samples as described by
Gerber et al. [29]. Briefly, frozen tissue samples (previously stored at−80 ◦C) were weighed
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and mixed 1:2 w/v with homogenization buffer (20 mM Hepes, pH 7.4, 100 mM NaCl,
0.1 mM EDTA, 10 mM NaF, 1 mM Na3VO4, and 10 mM β-glycerophosphate) with the im-
mediate addition of 1 mM phenylmethylsulfonyl fluoride and 1 µL/mL protease inhibitor
cocktail (BioShop, Burlington, ON, Canada, catalog no. PIC001.1) (reconstituted in 100 mL
of deionized water). Samples were then immediately homogenized using a Polytron PT10
homogenizer and then stored on ice for ~15 min. Samples were centrifuged at 12,000× g
for 15 min at 4 ◦C. The supernatant was collected, and the protein concentrations were
determined using the Coomassie blue dye-binding method using the Bio-Rad prepared
reagent (Bio-Rad Laboratories, Hercules, CA, USA; Cat # 500-0006). The concentrations
of the samples were then standardized to 10 µg/µL by the addition of calculated small
volumes of homogenization buffer. Standardized total protein extracts were then mixed
1:1 v/v with 2X SDS (sodium dodecyl sulphate) buffer (100 mM Tris-HCl, 20% v/v glycerol,
4% w/v SDS, 0.2% w/v bromophenol blue, and 10% v/v 2-mercaptoethanol) and then
boiled for 5 min in a water bath followed by snap chilling on ice for 10 min and stored at
−80 ◦C until further use.

2.3. Nuclear Protein Extractions for Immunoblots

Frozen samples of liver and heart were weighed and homogenized 1:5 w/v in buffer A
(10 mM HEPES, pH 7.9; 10 mM KCl; 10 mM EDTA; 20 mM β-glycerophosphate) with addi-
tion of 10 µL of 100 mM dithiothreitol (DTT) and 10 µL of protease inhibitor cocktail added
per mL. Tissue was disrupted using a Dounce homogenizer with 4–5 strokes. Samples
were incubated on ice for 25 min and then centrifuged at 12,000× g for 15 min at 4 ◦C.
Supernatant was transferred to pre-chilled new tubes and stored as the cytoplasmic fraction.

Pellets were re-suspended in 1:5 w/v (based on original sample weights) in homog-
enization buffer B (100 mM HEPES; 2 M NaCl; 5 mM EDTA; 50% v/v glycerol; 100 mM
β-glycerol phosphate pH 7.9; 100 mM DTT and protease inhibitor cocktail at 1:1000).
Samples were sonicated using a Polytron PT1000 homogenizer (Brinkmann Instruments,
Rexdale, ON, Canada) for 5 s and then incubated on ice for 10 min followed by centrifuga-
tion at 14,000× g for 15 min at 4 ◦C. The supernatant was transferred to pre-chilled new
tubes and stored as the nuclear fraction.

Protein concentrations in both cytoplasmic and nuclear extracts were measured using
the Bio-Rad protein assay. Samples were checked for their integrity and the purity of
both fractions by running two SDS-PAGE gels each with cytoplasmic and correspond-
ing nuclear fractions. The membranes were probed with anti-histone H3 (Cell Signaling,
Beverly, MA, USA, catalog no. 9715) and alpha-tubulin antibody (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA. catalog no. sc-5286). Histone H3 served as the nuclear marker
and alpha-tubulin as the cytoplasmic marker.

2.4. SDS PAGE and Western Blotting

The procedure described by Gerber et al., 2016 [29] was followed to run the samples on
SDS PAGE gels. Briefly, 5% upper stacking gels and 10–15% resolving gels (depending on
the molecular weight of the protein of interest) were used with 5 µg PiNK Plus Prestained
Protein Ladder (Froggabio: PM005-0500) loaded in the first lane as a MW marker. Samples
of 20 µg protein for all three conditions (control, 24 h anoxia, and 4 h recovery after
anoxia, all n = 4) were loaded in other lanes. Gels were run at a constant voltage of
180 V until the band in the ladder lane (corresponding closest to the MW of the protein
of interest) was well resolved from other bands. Proteins were then transferred from the
gels to PVDF (polyvinylidene difluoride) membranes (Millipore, Etobicoke, ON, Canada,
catalog no. IPVH07850, 45 µm pore) by electroblotting in 1X transfer buffer (25 mM Tris
pH 8.5, 192 mM glycine, 20% methanol) at a constant current of 160 mA at 4 ◦C for 90 min.
Subsequently, blots were blocked with 3% milk in TBST (20 mM Tris base, pH 7.6, 140 mM
NaCl, 0.05% v/v Tween-20) for 30 min. Membranes were then washed for 3 × 5 min each
followed by incubation with a specific primary antibody (diluted 1:1000 in TBST) overnight
at 4 ◦C. Subsequently, the membranes were washed 3 × 5 min with TBST and incubated



Life 2021, 11, 1422 5 of 16

with horseradish peroxide-linked secondary antibody specific for the primary antibody for
30 min. Bands on membranes were visualized using hydrogen peroxide and luminol and
quantified using a Chemi-Genius Bioimager (Syngene, Frederick, MD, USA).

The antibodies for OCT4 (Catalog no. GTX100468) and SOX2 (Catalog no. GTX101507)
were purchased from GeneTex (Irvine, CA, USA). Antibodies for Mst-1 (Catalog no. A12963),
Mst-2 (Catalog no. A6992), Sav-1 (Catalog no. A9980), LATS (Catalog no. A16249), p-
LATS (Catalog no. AP0880), YAP (Catalog no. A1002), p-YAP (Catalog no. AP0489), TAZ
(Catalog no. A12722), and TEAD1 (Catalog no. A6768) were purchased from Abclonal
(Woburn, MA, USA). An anti-rabbit IgG conjugated with horseradish peroxidase (catalog
no. APA007P.2, BioShop, Burlington, ON, Canada) was used as a secondary antibody.

2.5. Total Protein Extractions for TF ELISA

Total protein was extracted for all three conditions (control, 24 h anoxia, 4 h recovery)
from frozen samples of heart and liver following the procedure described by Gupta and
Storey, 2020 [20]. Briefly, samples were weighed and homogenized in a lysis buffer cocktail
that included a protease inhibitor (BioShop, Burlington, ON, Canada, Catalog No. PIC001).
Samples were incubated on ice for 30 min and later centrifuged at 14,000× g for 20 min at
4 ◦C. Supernatants were collected and protein concentrations were measured using Bio-Rad
assay. Sample integrity was checked by running aliquots on SDS PAGE as described above.

2.6. DNA-Binding Activity Using TF ELISA

Biotin labeled DNA oligonucleotides corresponding to the binding site of TEAD were
used to determine the binding capacity of the transcription factor to DNA. The following
consensus sequences were used:

TEAD (5′Biotin-TGCCTAAATTTGGAATGTTCTGCT 3′)
TEAD complementary (5′ AGCAGAACATTCCAAATTTAGGCA 3′)

A standard protocol from previous work was followed [20]. The primary antibody
for TEAD (described above) was used at 1:1000 v/v dilution in phosphate-buffered saline
(PBST) containing 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4)
and 0.1% Tween-20.

2.7. RNA Isolation and cDNA Synthesis

RNA was isolated from frozen tissue samples of heart and liver following the method
described by Gupta and Storey (2021) [30]. Briefly, samples were homogenized in TRIzol
(BioShop, TRI118.100) at 1:20 w/v using a Polytron PT10 homogenizer and incubated at
room temperature for 5 min. Subsequently, chloroform was added at 1:4 w/v and vortexed
well. Samples were incubated for 5 min and then centrifuged at 10,000 rpm for 15 min at
4 ◦C. The upper aqueous layer was collected, and RNA was precipitated by incubating
with 500 µL isopropanol at room temperature for 15 min. Samples were then centrifuged at
12,000 rpm for 15 min at 4 ◦C, and the supernatant was discarded. The pellet was washed
with 70% ethanol and dissolved in autoclaved distilled water. The purity of RNA was
checked by determining the OD 260/280 ratio and integrity was checked using agarose
gel electrophoresis. Sample concentrations were standardized to 1 µg/µL. cDNA was
synthesized from the RNA samples following the protocol of Gupta and Storey, 2021 [30],
and cDNA was stored at −20 ◦C till further use.

2.8. Primer Design and qPCR

Forward and reverse primers were designed for mst1, mst2, sav, taz, tead, and yap.
Since the genome of wood frogs is not sequenced, we identified consensus sequences by
aligning sequences from several vertebrate species to identify conserved regions. Primer
Blast on the NCBI was used to design primers from the conserved sequences. Primers
used were:

mst1: Forward 5′ GTTGGGGCATGTGAGGGAGACT 3′

Reverse 5′ CTCTGGCGGGCACAATGACAC 3′
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mst2: Forward 5′ GAAGGGAAGCCGCCGTATGC 3′

Reverse 5′ TGGGTGGTGGATTTGTGGGGA 3′

sav: Forward 5′ GAAAGAGACCTCCCCGCTGCT 3′

Reverse 5′ TGGGCAGATATCAGTCCGTCTCG 3′

taz: Forward 5′ GGACACGCCGCTCATCACA 3′

Reverse 5′ GTGCAAGTTCCACAGGTGCTTT 3′

tead: Forward 5′ CGTTTGGGAAACAAGTCGTGGAG 3′

Reverse 5′ ACATCGGGGAGCGGTTTATCC 3′

yap: Forward 5′ TGCCCATGCGGATGAGGAAAC 3′

Reverse 5′ GCTGATCCCCCATCTGTGCTG 3′

β-actin: Forward 5′-AGAAGTCGTGCCAGGCATCA-3′

Reverse 5′-AGGAGGAAGCTATCCGTGTT-3′

The qPCR reaction was performed as described in previously [31,32] using a CFX-96
Real-Time PCR detection system (Bio-Rad, Hercules, CA, USA). The PCR reaction cycles
used were as follows:

β-actin: 95 ◦C for 3 min and then 40 cycles of (95 ◦C 20 s, 53.8 ◦C 30 s, and 72 ◦C 20 s)
mst1, mst2, sav, taz, and tead: 95 ◦C 3 min and then 40 cycles of (95 ◦C 20 s, 54.3 ◦C 30 s,
and 72 ◦C 20 s)
yap: 95 ◦C 3 min and then 40 cycles of (95 ◦C 10 s, 52.0 ◦C 30 s, and 72 ◦C 20 s)

PCR reaction runs were followed by a melt curve analysis to ensure a single product
during amplification, and a final hold at 4 ◦C was applied. The primers were tested by
performing a two-fold serial dilution curve test following MIQE guidelines [33] to ensure
non-amplification primer dimers. Beta-actin was used as the reference gene for standard-
ization since its expression did not change significantly between all three experimental
conditions [34].

Statistical Analysis

The Chemi Genius Bioimager was used to image immunoblots, and band intensities
were quantified using the associated Gene Tools software. Blots were then Coomassie-
stained, and the summed intensity of the group of bands well separated from the band
of interest was used to standardized protein band intensities to account for any minor
differences that occurred during sample loading [35]. The results for qPCR were analyzed
using the ∆∆Ct method [33,36]. Control values were set to 1, and the fold change for 24 h
anoxia and 4 h recovery was calculated relative to control values to ease data interpretation.
One-way ANOVA followed by a Tukey post hoc test (n = 4) was used to analyze the
standardized values; the program RBioplot [37] was used and p < 0.05 was accepted as a
significant difference between groups.

3. Results
3.1. Protein Levels of Cytoplasmic Components of the Hippo Pathway

Relative levels of proteins associated with the Hippo pathway that are known to be
cytoplasmic were assessed in total protein extracts of liver and heart tissue from wood
frogs and assessed using SDS-PAGE and immunoblotting. A significant increase in MST1
content was observed after 24 h anoxia exposure in both liver and heart, by 1.35 ± 0.05-fold
and 2.45 ± 0.1-fold, respectively, compared to controls (Figure 2). However, during aerobic
recovery (4 h back in normal air) the tissues differed in their responses. In liver, MST1 levels
had decreased to 76 ± 2.5% of control values (not significantly different from controls)
within 4 h (Figure 2A), whereas heart MST1 levels remained unchanged compared to
anoxic values (Figure 2B).
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Figure 2. Relative expression levels of proteins involved in the Hippo pathway that are known to be cytoplasmic in (A) liver
and (B) heart whole-tissue extracts of R. sylvatica under control, 24 h anoxia exposure, or 4 h aerobic recovery from anoxia.
Proteins were detected by Western immunoblotting and immunoblot bands are shown below histograms. Data are mean
± SEM, n = 3–4 independent trials on samples from different animals. Data were analyzed using analysis of variance
with a post hoc Tukey test; different letters denote values that are significantly different from each other (p < 0.05). Other
information as Figures S1–S9.

The relative protein levels of MST2 increased strongly under anoxia in both liver
(2.78 ± 0.18-fold) (Figure 2A) and heart (2.66 ± 0.16-fold) (Figure 2B) compared to con-
trols. During recovery, MST2 responses were similar to those of MST1. MST2 levels in
liver decreased significantly to a value intermediate between control and anoxic values
(1.7 ± 0.14-fold over controls) (Figure 2A) but, again, MST2 values remained high in heart
after 4 h aerobic recovery (Figure 2B).

The levels of SAV protein in liver decreased to just 32 ± 5% of controls in response
to 24 h anoxia and had fallen further to 21.2 ± 4% of controls after 4 h aerobic recovery
(Figure 2A). By contrast, no significant change was observed under either anoxia or re-
covery as compared to control values in heart (Figure 2B). No significant changes were
observed in LATS protein levels in either tissue in response to anoxia or recovery (Figure 2).
However, when the phosphorylation state of LATS protein was assessed, both tissues
showed strong reductions in p-LATS content under anoxia, decreasing to 34.67 ± 3% and
43.14 ± 6% of the control values in liver and heart, respectively (Figure 2). However,
phosphorylation of LATS returned to control values during aerobic recovery. Phosphoryla-
tion of YAP protein was also assessed; p-YAP is sequestered in the cytoplasm, preventing
its translocation to nucleus to initiate gene expression. The responses by p-YAP differed
between the two tissues. In liver, p-YAP content did not change during anoxia, but a
significant decrease was observed during aerobic recovery to just 38 ± 8% of control levels
(Figure 2A). In heart, the opposite effect was seen with a significant increase in p-YAP by
1.7 ± 0.13-fold during anoxia, compared to controls, and levels remaining unchanged after
4 h aerobic recovery (Figure 2B).
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3.2. Protein Levels of Nuclear Components of the Hippo Pathway

Relative protein levels of three proteins belonging to the Hippo pathway that have
primary functions in the nucleus (YAP, TAZ, TEAD) were evaluated in nuclear extracts
of liver and heart tissue (Figure 3). In liver, YAP protein showed a significant decrease
in the nuclear fraction during 24 h anoxia to 66.8 ± 4% of control values and fell further
to 33.5 ± 1.5% of controls during aerobic recovery (Figure 3A). YAP levels in heart also
decreased significantly during anoxia to 63.6 ± 4.8% of control values and remained
unchanged during the 4 h recovery period (Figure 3B). The levels of TAZ in nuclear extracts
decreased drastically to just 12.4 ± 1% in anoxic liver, as compared with controls, and fell
further to just 3.6 ± 0.5% of controls during recovery (Figure 3A). By contrast, TAZ levels
increased by 1.50 ± 0.13-fold over control values in anoxic heart, suggesting an important
role for TAZ in anoxia heart (Figure 3B). However, TAZ levels were reduced again to control
levels during aerobic recovery. TEAD protein levels were not significantly affected by 24 h
anoxia in liver but had decreased to just 29 ± 2.7% of controls after 4 h aerobic recovery
(Figure 3A). TEAD levels in heart showed little change between the three experimental
groups, although a small but significant difference between anoxia and recovery conditions
was detected (Figure 3B).
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3.3. Protein Levels of OCT4 and SOX2 Downstream Targets

The relative protein levels of OCT4 and SOX2 under control, anoxia, and aerobic
recovery conditions in wood frogs were analyzed in liver in a previous study [20]. Figure 4
shows the comparable effects of these conditions on relative total protein levels of OCT4
and SOX2 in heart. Under anoxia, OCT4 levels decreased significantly to 69.5 ± 3.5% of
control values and remained low during aerobic recovery. However, no significant change
was observed in the relative levels of SOX2 protein among the three conditions.
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conditions as determined by western immunoblotting. Other information similar to Figure 2.

3.4. DNA-Binding Activity of TEAD

The binding ability of TEAD to its consensus DNA sequence was examined using a
transcription factor ELISA, previously known as DNA-protein binding ELISA (DPI-DNA
protein interaction). A significant decrease was observed in DNA-binding levels by TEAD
under anoxic conditions in both liver and heart. Binding capacity decreased to 60.8 ± 7%
in anoxic liver and to 73.3 ± 2.6% in anoxic heart, as compared with controls. These levels
remained unchanged during aerobic recovery in liver, but binding rose again to control
levels after 4 h aerobic recovery in heart (Figure 5).
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3.5. Transcript Levels of Key Components of the Pathway

Transcript levels of key genes involved in Hippo signaling were assessed in liver
and heart (Figure 6). Transcript levels of mst1 increased significantly by 2.44 ± 0.12-fold
under anoxia in liver but returned to control values during aerobic recovery (Figure 6A),
whereas an increasing trend was observed in heart under anoxia with a significant increase
of 1.5 ± 0.15-fold over controls during recovery (Figure 6B). Transcript levels of mst2
increased significantly during anoxia in both organs by 2.01± 0.29-fold and 1.72± 0.26-fold
over controls in liver and heart, respectively (Figure 6). During recovery, mst2 transcripts
remained unchanged in liver but increased further to 2.53± 0.12-fold over controls in heart.
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Transcript levels of sav and taz decreased significantly during anoxia in liver to
57.4 ± 5% and 58.3 ± 6% of control values, respectively (Figure 6A) and remained un-
changed during recovery. No significant changes were observed in the transcript levels of
sav under all three conditions in heart, but taz transcripts increased significantly in heart
under anoxia by 2.37 ± 0.23-fold but retuned to control values during recovery (Figure 6B).
Transcript levels of tead showed a decreasing trend with no significant decrease in anoxic
liver but a significant reduction during recovery to 15.5 ± 8.3% of controls (Figure 6A). In
heart, the transcript levels of tead decreased significantly to 50.6 ± 7.5% of the control val-
ues, and the values remained unchanged during recovery (Figure 6B). Transcript levels of
yap showed a decreasing trend but no significant change under any of the three conditions
in liver, whereas yap transcript levels decreased significantly in anoxic heart to 39 ± 6% of
controls but rose again to 71.4 ± 8.1% of control values during recovery in heart (Figure 6).

4. Discussion

Wood frogs can survive whole-body freezing over many months in the winter [1,2].
Stresses such as anoxia and ischemia arise because ice formation shuts down all movements,
including breathing, blood circulation, and nerve transmission and isolates cells, tissues,
and organs so that they must endure with only their own internal reserves and regulatory
mechanisms to maintain viability. Under these conditions, tolerance of anoxia is essential.
Indeed, frogs initiate and regulate the expression of many genes/proteins involved in
multiple cellular processes in an energy-efficient manner to enable long-term survival
without oxygen [38]. For example, the hypoxia-inducible factor (HIF-1) is undoubtedly
one transcription factor that supports cell/tissue survival during freezing. The present
study shows that the Hippo signaling pathway is involved in metabolic regulation under
the limited availability of energy and oxygen to suppress gene transcription of the targets
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regulated by the YAP/TAZ/TEAD complex by preventing the translocation of YAP to
the nucleus [9,15] to initiate stress-specific responses. Recent studies have also linked
the Hippo pathway with ROS-mediated cellular responses or oxidative stress, where key
components of the pathway act as ROS scavengers [39–41]. Taken together, it is evident
that this pathway plays an important role in maintenance of overall cellular homeostasis
under stress, and regulation study under anoxic conditions is pertinent.

The total protein levels of core components involved in the Hippo pathway were
analyzed for liver and heart under control, 24 h anoxia, and 4 h recovery conditions. Protein
levels of MST1 and MST2 were significantly elevated in both tissues during anoxia and
after 4 h aerobic recovery from anoxia (Figure 2), and transcript levels of both mst1 and
mst2 rose under anoxia (Figure 6). This indicates a transcription-factor-initiated process to
upregulate genes whose transcribed mRNAs then support enhanced synthesis of selected
proteins in response to anoxia. This makes sense given that MST1 and MST2 are the
initial proteins of the Hippo pathway, and their elevation represents an activation of the
pathway [42]. Further support for the importance of MST1/2 in initiating anoxia-triggered
cell processes is supplied by the responses of SAV protein (the binding partner of MST1/2);
both sav transcript and SAV protein levels were reduced (liver) or unchanged (heart) over
anoxia/recovery.

A study by Zhou et al. using mouse hepatocytes showed that MST1 and MST2
negatively regulate the expression of YAP in mammalian liver [24]. The study further
showed that MST1/2-deficient liver showed inhibition of the phosphorylation of YAP
and therefore increased the abundance of YAP in the nucleus [24]. These findings are in
accordance with the current study since a significant decrease in the protein levels of YAP
were observed in nuclear fractions of both liver and heart. Moreover, transcript levels of yap
were unchanged in the liver under anoxia, whereas levels decreased significantly in heart
(Figures 3 and 6). During recovery from anoxia, in liver, the protein levels decreased further,
and the transcript levels of yap showed a decreasing trend with no significant difference, but
in heart the YAP protein levels remained unchanged, and transcripts increased significantly
during recovery (Figures 3 and 6). Increased transcript levels represent preparation of
the organ for protein translation in response to the upcoming event. During recovery,
cardiomyocytes could experience a rush of oxygen into the blood that could potentially
increase ROS levels [43,44]. An increased rate of ROS production during recovery causes
oxidative stress and could lead to cardiomyocyte death. Activation of YAP could protect
from cell death [41] through myocardial regeneration by promoting the proliferation of
cardiomyocytes after myocardial injury, suggesting a protective role of YAP after oxidative
stress [9,25].

A tissue-specific response was observed in the expression of SAV and p-YAP under
both anoxia and aerobic recovery conditions, as compared to controls (Figure 2). Activation
of the Hippo pathway initiates a series of kinase activities that would phosphorylate YAP
and sequester it in the cytoplasm. YAP is known to be phosphorylated at multiple sites and
inhibited by two mechanisms [45]. Phosphorylation at Ser-127 results in binding of 14-3-3
protein which mediates spatial regulation (cytoplasmic-nuclear shuttling) [46], whereas
phosphorylation at Ser-381 is required for phosphodegron-induced protein degradation
(i.e., primed for ubiquitination-based degradation) [45]. The current research focused
on the analysis of relative levels of p-YAP at Ser-127, but a detailed study on multiple
phosphorylation sites on YAP and AMPK levels during anoxia and recovery with respect
to control for both the tissues could be used to further validate the findings presented in
this paper.

In the current study, expected results with respect to activation of the Hippo pathway
were observed in the heart. The levels of p-YAP increased during anoxia and remained
unchanged during recovery; however, the levels of SAV and LATS showed no significant
change in any condition. Interestingly, liver showed contrasting results for the relative
protein expression of SAV and p-YAP. A significant decrease in the levels of SAV, as well as
p-YAP, was observed (Figure 2). Multiple studies have reported that activation of MST1/2
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under stress is sufficient to turn off YAP/TAZ [23,24,47,48] by directly phosphorylating
MST1/2. It was also observed that under energy stress, AMPK directly phosphorylates
YAP to prevent its interaction with TEAD and inhibiting YAP/TAZ/TEAD-mediated gene
transcription [15,49]. Previous studies have described an organ-specific increase in AMPK
levels in response to environmental stress in stress-tolerant animals [50–54].

Therefore, multiple possibilities could be inferred: (1) the increased levels of AMPK
and MST1/2 could lead to direct phosphorylation of YAP in the heart without other
components of the Hippo pathway being involved; (2) in heart, YAP is sequestered in the
cytoplasm by phosphorylation at Ser-127 so it can be immediately dephosphorylated and
translocated to the nucleus to initiate cytoprotective gene response when oxidative stress
is encountered; (3) in liver, YAP is phosphorylated at S-381 to be tagged for immediate
degradation, thereby reducing YAP/pYAP levels; (4) posttranslational modifications of
YAP such as GlcNAcylation and ubiquitination could also be responsible for the varied
expression of YAP. However, the specific regulation pattern remains elusive and therefore,
further research in this context is required.

The DNA-binding levels of TEAD to the promoter regions of gene sequences of its
downstream targets during anoxia decreased significantly during 24 h anoxia for both
tissues and remained unchanged in liver after aerobic recovery but increased to return the
control levels in the heart after 4 h recovery (Figure 5). This observation is in accordance
with the relative expression of proteins in nuclear fractions of the liver and heart for all
the stresses, showing a similar trend (Figure 3). The transcript levels of tead showed a
decreasing trend compared to controls in the anoxic liver that was further reduced during
recovery (Figure 6A). Decreased transcript and total protein levels during recovery could
be linked with reduced binding in the liver. The decreased levels of YAP and TAZ that
act as a co-activators of TEAD (to enhance its binding to the promoter region of target
genes), further justifies the decreased DNA binding [55,56]. Cells encountering anoxic
conditions reduce their metabolic rate to decrease ATP consumption. They reprioritise the
expenditure of available energy for cell survival pathways by regulating the expression
of selected transcription factors that include OCT4 and SOX2 [16,17]. In previous study
from our lab, similar changes in total protein levels and DNA-binding ability of OCT4 were
observed under anoxia conditions in wood frog liver [20].

The binding of TEAD increased during recovery in heart for selective activation of
genes (Figure 5). The increased binding levels coincide with increased total protein levels of
TEAD during recovery from anoxia in wood frog heart (Figure 3B). Selective gene activation
could be assumed since a different trend was observed in the total protein levels of OCT4
and SOX2, which are amongst the important downstream targets of YAP/TAZ mediated
TEAD activation. It was observed that in heart, total protein levels of OCT4 decreased
significantly during anoxia and remained low during recovery whereas the levels of SOX2
did not change under any condition compared to control (Figure 4). The relative levels
of OCT4 and SOX2 during anoxia and recovery were studied in liver previously in our
lab [20]. The study showed no significant change in the levels of OCT4 during anoxia
as well as recovery but levels of SOX2 increased significantly during anoxia and further
during recovery as compared to controls [20]. SOX2 is responsible for the regulation of
cell survival pathways in response to low oxygen levels [57,58]. In addition, SOX2 is
also involved in tissue repair and maintaining self-renewal capacity [59,60]. Consistent or
increased expression levels of SOX2 (in a tissue-specific manner) represent the possibility
that it plays an essential role in tissue regeneration and repair in response to increased
ROS during recovery from anoxia (or other stresses that restrict oxygen availability such
as freezing).

Surprisingly, a significant increase was observed in the protein levels of TAZ in the
anoxic heart, but levels returned to control values during aerobic recovery. By contrast,
TAZ levels decreased significantly in anoxic liver (Figure 3). The transcript levels of taz
showed a similar pattern for both tissues (Figure 6). Reduced levels of TAZ in the nucleus
in response to anoxia in the liver is consistent with activation of the Hippo signaling
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pathway since YAP/TAZ is sequestered via phosphorylation. TAZ has been characterized
as a transcriptional coactivator for Runx2, PPARγ, TEAD, T-Box transcription factors, and
SMAD complexes [61–64]. It is suggested to function as a transcriptional modulator and
regulator of cellular functions. TAZ is also known to act as an enhancer to MyoD in response
to injuries of adult muscle (skeletal, smooth, and cardiac) [65] by directly interacting with
MyoD in the nucleus to accelerate its DNA-binding activity. MyoD is required for the repair
and regeneration of muscle fibers [66,67]. Prolonged oxygen deficiency or anoxic conditions
could lead to detrimental effects where heart muscle could tend to lose contractility [68,69].
Prolonged exposure to such conditions might cause atrophy [70–72]. Therefore, increased
TAZ in the heart could potentially activate/enhance the function of MyoD to initiate repair
mechanisms during/after anoxia stress.

Hence, it can be deduced that, under anoxic conditions, the small yet significantly
increased levels of major cytoplasmic components and decreased levels of nuclear com-
ponents represent the possibility of activation of the Hippo pathway. Activation of the
pathway phosphorylates and sequesters YAP in the cytoplasm. Phosphorylated YAP
restrains the translocation of YAP/TAZ in the nucleus, preventing the formation of the
YAP-TAZ-TEAD complex that could have bound to the promoter region of selective genes
and activated the gene expression. Increased transcript and protein levels of TAZ are
essential to protect cardiac muscle during anoxia. The unchanged/increased total protein
levels of SOX2 in heart and liver during anoxia and recovery could activate tissue repair
under increased oxidative stress. In total, it is proposed that the Hippo pathway is activated
to suppress gene expression under anoxic conditions, allowing for energy conservation and
increasing the chances of survival under oxygen-restricted conditions but further research
in this aspect is warranted.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/life11121422/s1, Figure S1. The ECL showing total protein levels of MST1 for.(A) liver
and (B) heart whole tissue extracts of R. sylvatica. L ane 1 representing a protein mol. wt. ladder,
lane2 to 5 represents control samples, lane 6 to 9 represents 24 h anoxia exposure and lane 10 13
represent 4 h aerobic recovery from anoxia. The protein quantified is highlighted in red; Figure S2.
The ECL showing total protein levels of MST2 for (A) liver and (B) heart whole-tissue extracts of
R. sylvatica. Other information similar to Figure S1; Figure S3. The ECL showing total protein
levels of SAV for (A) liver and (B) heart whole-tissue extracts of R. sylvatica. Other information
similar to Figure S1; Figure S4. The ECL showing total protein levels of LATS for (A) liver and
(B) heart whole-tissue extracts of R. sylvatica. Other information similar to Figure S1; Figure S5. The
ECL showing total protein levels of pLATS for (A) liver and (B) heart whole-tissue extracts of R.
sylvatica. Other information similar to Figure S1; Figure S6. The ECL showing total protein levels
of pYAP for (A) liver and (B) heart whole-tissue extracts of R. sylvatica. Other information similar
to Figure S1; Figure S7. The ECL showing total protein levels of YAP for (A) liver and (B) heart
whole-tissue extracts of R. sylvatica. Other information similar to Figure S1; Figure S8. The ECL
showing total protein levels of TAZ for (A) liver and (B) heart whole-tissue extracts of R. sylvatica.
Other information similar to Figure S1; Figure S9. The ECL showing total protein levels of TEAD for
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Author Contributions: Conceptualization, A.G.; data curation, A.G.; formal analysis, A.G.; inves-
tigation, methodology, A.G.; project administration, A.G.; validation, A.G.; visualization, A.G.;
writing—original draft, A.G.; writing—review and editing. A.G. and K.B.S.; resources, K.B.S.; super-
vision, K.B.S.; funding acquisition, K.B.S. All authors have read and agreed to the published version
of the manuscript.

Funding: The research was supported by a Discovery Grant (Grant # 6793) from the Natural Sciences
and Engineering Research Council (NSERC) of Canada; KBS holds the Canada Research Chair in
Molecular Physiology.

Institutional Review Board Statement: All animals were cared for in accordance with the guidelines
of the Canadian Council on Animal Care, and experimental procedures had the prior approval of the
Carleton University Animal Care Committee (protocol #106937).

https://www.mdpi.com/article/10.3390/life11121422/s1
https://www.mdpi.com/article/10.3390/life11121422/s1


Life 2021, 11, 1422 14 of 16

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: We thank JM Storey for the editorial review of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Storey, K.B.; Storey, J.M. Molecular physiology of freeze tolerance in vertebrates. Physiol. Rev. 2017, 97, 623–665. [CrossRef]
2. Storey, K.B.; Storey, J.M. Molecular biology of freezing tolerance. Compr. Physiol. 2013, 3, 1283–1308. [CrossRef] [PubMed]
3. Storey, K.B. Organ-specific metabolism during freezing and thawing in a freeze-tolerant frog. Am. J. Physiol. 1987, 253, 292–297.

[CrossRef] [PubMed]
4. Storey, K.B.; Storey, J.M. Freeze tolerant frogs: Cryoprotectants and tissue metabolism during freeze–thaw cycles. Can. J. Zool.

1986, 64, 49–56. [CrossRef]
5. Storey, K.B. Survival under stress: Molecular mechanisms of metabolic rate depression in animals. S. Afr. J. Zool. 1998, 33, 55–64.

[CrossRef]
6. Storey, K.B. Molecular mechanisms of anoxia tolerance. Int. Congr. Ser. 2004, 1275, 47–54. [CrossRef]
7. Storey, J.M.; Wu, S.; Storey, K.B. Mitochondria and the Frozen Frog. Antioxidants 2021, 10, 543. [CrossRef] [PubMed]
8. Hermes-Lima, M.; Moreira, D.C.; Rivera-Ingraham, G.A.; Giraud-Billoud, M.; Genaro-Mattos, T.C.; Campos, É.G. Preparation for

oxidative stress under hypoxia and metabolic depression: Revisiting the proposal two decades later. Free Radic. Biol. Med. 2015,
89, 1122–1143. [CrossRef]

9. Shao, D.; Zhai, P.; Del Re, D.P.; Sciarretta, S.; Yabuta, N.; Nojima, H.; Lim, D.-S.; Pan, D.; Sadoshima, J. A functional interaction
between Hippo-YAP signalling and FoxO1 mediates the oxidative stress response. Nat. Commun. 2014, 5, 3315. [CrossRef]

10. Mao, B.; Gao, Y.; Bai, Y.; Yuan, Z. Hippo signaling in stress response and homeostasis maintenance. Acta Biochim. Biophys. Sin.
2015, 47, 2–9. [CrossRef]

11. Michiue, T.; Yamamoto, T.; Yasuoka, Y.; Goto, T.; Ikeda, T.; Nagura, K.; Nakayama, T.; Taira, M.; Kinoshita, T. High variability of
expression profiles of homeologous genes for Wnt, Hh, Notch, and Hippo signaling pathways in Xenopus laevis. Dev. Biol. 2017,
426, 270–290. [CrossRef] [PubMed]

12. Hayashi, S.; Tamura, K.; Yokoyama, H. Yap1, transcription regulator in the Hippo signaling pathway, is required for Xenopus limb
bud regeneration. Dev. Biol. 2014, 388, 57–67. [CrossRef]

13. Nejigane, S.; Takahashi, S.; Haramoto, Y.; Michiue, T.; Asashima, M. Hippo signaling components, Mst1 and Mst2, act as a switch
between self-renewal and differentiation in Xenopus hematopoietic and endothelial progenitors. Int. J. Dev. Biol. 2013, 57, 407–414.
[CrossRef] [PubMed]

14. Nejigane, S.; Haramoto, Y.; Okuno, M.; Takahashi, S.; Asashima, M. The transcriptional coactivators Yap and TAZ are expressed
during early Xenopus development. Int. J. Dev. Biol. 2011, 55, 121–126. [CrossRef]

15. Meng, Z.; Moroishi, T.; Guan, K.-L. Mechanisms of Hippo pathway regulation. Genes Dev. 2016, 30, 1–17. [CrossRef] [PubMed]
16. Piccolo, S.; Dupont, S.; Cordenonsi, M. The biology of YAP/TAZ: Hippo signaling and beyond. Physiol. Rev. 2014, 94, 1287–1312.

[CrossRef] [PubMed]
17. Cai, W.F.; Wang, L.; Liu, G.S.; Zhu, P.; Paul, C.; Wang, Y. Manipulating the hippo-yap signal cascade in stem cells for heart

regeneration. Ann. Palliat. Med. 2016, 5, 125–134. [CrossRef]
18. Basta, J.; Rauchman, M. The nucleosome remodeling and deacetylase complex in development and disease. Transl. Res. 2015, 165,

36–47. [CrossRef] [PubMed]
19. Tantin, D. OCT transcription factors in development and stem cells: Insights and mechanisms. Development 2013, 140, 2857–2866.

[CrossRef]
20. Gupta, A.; Storey, K.B. Regulation of antioxidant systems in response to anoxia and reoxygenation in Rana sylvatica. Comp.

Biochem. Physiol. Part B Biochem. Mol. Biol. 2020, 243–244, 110436. [CrossRef] [PubMed]
21. Beyer, T.A.; Weiss, A.; Khomchuk, Y.; Huang, K.; Ogunjimi, A.A.; Varelas, X.; Wrana, J.L. Switch Enhancers Interpret TGF-β and

Hippo Signaling to Control Cell Fate in Human Embryonic Stem Cells. Cell Rep. 2013, 5, 1611–1624. [CrossRef]
22. Kim, W.; Cho, Y.S.; Wang, X.; Park, O.; Ma, X.; Kim, H.; Gan, W.; Jho, E.; Cha, B.; Jeung, Y.; et al. Hippo signaling is intrinsically

regulated during cell cycle progression by APC/C Cdh1. Proc. Natl. Acad. Sci. USA 2019, 116, 9423–9432. [CrossRef] [PubMed]
23. Zhou, D.; Conrad, C.; Xia, F.; Park, J.-S.; Payer, B.; Yin, Y.; Lauwers, G.Y.; Thasler, W.; Lee, J.T.; Avruch, J.; et al. Mst1 and

Mst2 Maintain Hepatocyte Quiescence and Suppress Hepatocellular Carcinoma Development through Inactivation of the Yap1
Oncogene. Cancer Cell 2009, 16, 425–438. [CrossRef] [PubMed]

24. Zhou, D.; Zhang, Y.; Wu, H.; Barry, E.; Yin, Y.; Lawrence, E.; Dawson, D.; Willis, J.E.; Markowitz, S.D.; Camargo, F.D.; et al. Mst1
and Mst2 protein kinases restrain intestinal stem cell proliferation and colonic tumorigenesis by inhibition of Yes-associated
protein (Yap) overabundance. Proc. Natl. Acad. Sci. USA 2011, 108, E1312–E1320. [CrossRef] [PubMed]

25. Xin, M.; Kim, Y.; Sutherland, L.B.; Murakami, M.; Qi, X.; McAnally, J.; Porrello, E.R.; Mahmoud, A.I.; Tan, W.; Shelton, J.M.; et al.
Hippo pathway effector Yap promotes cardiac regeneration. Proc. Natl. Acad. Sci. USA 2013, 110, 13839–13844. [CrossRef]

26. Fallahi, E.; O’Driscoll, N.A.; Matallanas, D. The MST/Hippo pathway and cell death: A non-canonical affair. Genes 2016, 7, 28.
[CrossRef]

http://doi.org/10.1152/physrev.00016.2016
http://doi.org/10.1002/cphy.c130007
http://www.ncbi.nlm.nih.gov/pubmed/23897687
http://doi.org/10.1152/ajpregu.1987.253.2.R292
http://www.ncbi.nlm.nih.gov/pubmed/3618830
http://doi.org/10.1139/z86-008
http://doi.org/10.1080/02541858.1998.11448454
http://doi.org/10.1016/j.ics.2004.08.072
http://doi.org/10.3390/antiox10040543
http://www.ncbi.nlm.nih.gov/pubmed/33915853
http://doi.org/10.1016/j.freeradbiomed.2015.07.156
http://doi.org/10.1038/ncomms4315
http://doi.org/10.1093/abbs/gmu109
http://doi.org/10.1016/j.ydbio.2016.12.006
http://www.ncbi.nlm.nih.gov/pubmed/28089430
http://doi.org/10.1016/j.ydbio.2014.01.018
http://doi.org/10.1387/ijdb.130010st
http://www.ncbi.nlm.nih.gov/pubmed/23873372
http://doi.org/10.1387/ijdb.103130sn
http://doi.org/10.1101/gad.274027.115
http://www.ncbi.nlm.nih.gov/pubmed/26728553
http://doi.org/10.1152/physrev.00005.2014
http://www.ncbi.nlm.nih.gov/pubmed/25287865
http://doi.org/10.21037/apm.2016.03.03
http://doi.org/10.1016/j.trsl.2014.05.003
http://www.ncbi.nlm.nih.gov/pubmed/24880148
http://doi.org/10.1242/dev.095927
http://doi.org/10.1016/j.cbpb.2020.110436
http://www.ncbi.nlm.nih.gov/pubmed/32247058
http://doi.org/10.1016/j.celrep.2013.11.021
http://doi.org/10.1073/pnas.1821370116
http://www.ncbi.nlm.nih.gov/pubmed/31000600
http://doi.org/10.1016/j.ccr.2009.09.026
http://www.ncbi.nlm.nih.gov/pubmed/19878874
http://doi.org/10.1073/pnas.1110428108
http://www.ncbi.nlm.nih.gov/pubmed/22042863
http://doi.org/10.1073/pnas.1313192110
http://doi.org/10.3390/genes7060028


Life 2021, 11, 1422 15 of 16

27. Misra, J.R.; Irvine, K.D. The Hippo Signaling Network and Its Biological Functions. Annu. Rev. Genet. 2018, 52, 65–87. [CrossRef]
[PubMed]

28. Halder, G.; Johnson, R.L. Hippo signaling: Growth control and beyond. Development 2011, 138, 9–22. [CrossRef] [PubMed]
29. Gerber, V.E.M.; Wijenayake, S.; Storey, K.B. Anti-apoptotic response during anoxia and recovery in a freeze-tolerant wood frog

(Rana sylvatica). PeerJ 2016, 4, e1834. [CrossRef]
30. Gupta, A.; Storey, K.B. Coordinated expression of Jumonji and AHCY under OCT transcription factor control to regulate gene

methylation in wood frogs during anoxia. Gene 2021, 788, 145671. [CrossRef]
31. Zhang, J.; Storey, K.B. Akt signaling and freezing survival in the wood frog, Rana sylvatica. Biochim. Biophys. Acta-Gen. Subj. 2013,

1830, 4828–4837. [CrossRef]
32. Pellissier, F.; Glogowski, C.M.; Heinemann, S.F.; Ballivet, M.; Ossipow, V. Lab assembly of a low-cost, robust SYBR green buffer

system for quantitative real-time polymerase chain reaction. Anal. Biochem. 2006, 350, 310–312. [CrossRef] [PubMed]
33. Bustin, S.A.; Benes, V.; Garson, J.A.; Hellemans, J.; Huggett, J.; Kubista, M.; Mueller, R.; Nolan, T.; Pfaffl, M.W.; Shipley, G.L.; et al.

The MIQE Guidelines: Minimum Information for Publication of Quantitative Real-Time PCR Experiments. Clin. Chem. 2009, 55,
611–622. [CrossRef] [PubMed]

34. Schmittgen, T.D.; Zakrajsek, B.A. Effect of experimental treatment on housekeeping gene expression: Validation by real-time,
quantitative RT-PCR. J. Biochem. Biophys. Methods 2000, 46, 69–81. [CrossRef]

35. Eaton, S.L.; Roche, S.L.; Llavero Hurtado, M.; Oldknow, K.J.; Farquharson, C.; Gillingwater, T.H.; Wishart, T.M. Total protein
analysis as a reliable loading control for quantitative fluorescent western blotting. PLoS ONE 2013, 8, e72457. [CrossRef] [PubMed]

36. Taylor, S.C.; Nadeau, K.; Abbasi, M.; Lachance, C.; Nguyen, M.; Fenrich, J. The Ultimate qPCR Experiment: Producing Publication
Quality, Reproducible Data the First Time. Trends Biotechnol. 2019, 37, 761–774. [CrossRef]

37. Zhang, J.; Storey, K.B. RBioplot: An easy-to-use R pipeline for automated statistical analysis and data visualization in molecular
biology and biochemistry. PeerJ 2016, 4, e2436. [CrossRef] [PubMed]

38. Kenneth, N.S.; Rocha, S. Regulation of gene expression by hypoxia. Biochem. J. 2008, 414, 19–29. [CrossRef] [PubMed]
39. Lehtinen, M.K.; Yuan, Z.; Boag, P.R.; Yang, Y.; Villén, J.; Becker, E.B.E.; DiBacco, S.; de la Iglesia, N.; Gygi, S.; Blackwell, T.K.; et al.

A Conserved MST-FOXO Signaling Pathway Mediates Oxidative-Stress Responses and Extends Life Span. Cell 2006, 125, 987–1001.
[CrossRef]

40. Goldstein, D.S.; Kopin, I.J. Evolution of concepts of stress. Stress 2007, 10, 109–120. [CrossRef]
41. Del Re, D.P.; Yang, Y.; Nakano, N.; Cho, J.; Zhai, P.; Yamamoto, T.; Zhang, N.; Yabuta, N.; Nojima, H.; Pan, D.; et al. Yes-associated

Protein Isoform 1 (Yap1) Promotes Cardiomyocyte Survival and Growth to Protect against Myocardial Ischemic Injury. J. Biol.
Chem. 2013, 288, 3977–3988. [CrossRef] [PubMed]

42. Bae, S.J.; Luo, X. Activation mechanisms of the Hippo kinase signaling cascade. Biosci. Rep. 2018, 38. [CrossRef] [PubMed]
43. Jewhurst, K.; McLaughlin, K.A. Recovery of the Xenopus laevis heart from ROS-induced stress utilizes conserved pathways of

cardiac regeneration. Dev. Growth Differ. 2019, 61, 212–227. [CrossRef]
44. Giordano, F.J. Oxygen, oxidative stress, hypoxia, and heart failure. J. Clin. Investig. 2005, 115, 500–508. [CrossRef]
45. Zhao, B.; Li, L.; Tumaneng, K.; Wang, C.-Y.; Guan, K.-L. A coordinated phosphorylation by Lats and CK1 regulates YAP stability

through SCF -TRCP. Genes Dev. 2010, 24, 72–85. [CrossRef]
46. Zhao, B.; Wei, X.; Li, W.; Udan, R.S.; Yang, Q.; Kim, J.; Xie, J.; Ikenoue, T.; Yu, J.; Li, L.; et al. Inactivation of YAP oncoprotein by

the Hippo pathway is involved in cell contact inhibition and tissue growth control. Genes Dev. 2007, 21, 2747–2761. [CrossRef]
[PubMed]

47. Song, H.; Mak, K.K.; Topol, L.; Yun, K.; Hu, J.; Garrett, L.; Chen, Y.; Park, O.; Chang, J.; Simpson, R.M.; et al. Mammalian Mst1
and Mst2 kinases play essential roles in organ size control and tumor suppression. Proc. Natl. Acad. Sci. USA 2010, 107, 1431–1436.
[CrossRef] [PubMed]

48. Nakatani, K.; Maehama, T.; Nishio, M.; Goto, H.; Kato, W.; Omori, H.; Miyachi, Y.; Togashi, H.; Shimono, Y.; Suzuki, A. Targeting
the Hippo signalling pathway for cancer treatment. J. Biochem. 2016, 161, 237–244. [CrossRef] [PubMed]

49. Wang, W.; Xiao, Z.-D.; Li, X.; Aziz, K.E.; Gan, B.; Johnson, R.L.; Chen, J. AMPK modulates Hippo pathway activity to regulate
energy homeostasis. Nat. Cell Biol. 2015, 17, 490–499. [CrossRef] [PubMed]

50. Rider, M.H.; Hussain, N.; Horman, S.; Dilworth, S.M.; Storey, K.B. Stress-induced activation of the AMP-activated protein kinase
in the freeze-tolerant frog Rana sylvatica. Cryobiology 2006, 53, 297–309. [CrossRef]

51. Bartrons, M.; Ortega, E.; Obach, M.; Calvo, M.N.; Navarro-Sabaté, À.; Bartrons, R. Activation of AMP-dependent protein kinase
by hypoxia and hypothermia in the liver of frog Rana perezi. Cryobiology 2004, 49, 190–194. [CrossRef] [PubMed]

52. Hong, M.; Li, N.; Li, J.; Li, W.; Liang, L.; Li, Q.; Wang, R.; Shi, H.; Storey, K.B.; Ding, L. Adenosine Monophosphate-Activated
Protein Kinase Signaling Regulates Lipid Metabolism in Response to Salinity Stress in the Red-Eared Slider Turtle Trachemys
scripta elegans. Front. Physiol. 2019, 10, 962. [CrossRef]

53. Malik, A.I.; Storey, K.B. Activation of extracellular signal-regulated kinases during dehydration in the African clawed frog,
Xenopus laevis. J. Exp. Biol. 2009, 212, 2595–2603. [CrossRef] [PubMed]

54. Rider, M.H. Role of AMP-activated protein kinase in metabolic depression in animals. J. Comp. Physiol. B 2016, 186, 1–16.
[CrossRef] [PubMed]

55. Vassilev, A. TEAD/TEF transcription factors utilize the activation domain of YAP65, a Src/Yes-associated protein localized in the
cytoplasm. Genes Dev. 2001, 15, 1229–1241. [CrossRef] [PubMed]

http://doi.org/10.1146/annurev-genet-120417-031621
http://www.ncbi.nlm.nih.gov/pubmed/30183404
http://doi.org/10.1242/dev.045500
http://www.ncbi.nlm.nih.gov/pubmed/21138973
http://doi.org/10.7717/peerj.1834
http://doi.org/10.1016/j.gene.2021.145671
http://doi.org/10.1016/j.bbagen.2013.06.020
http://doi.org/10.1016/j.ab.2005.12.002
http://www.ncbi.nlm.nih.gov/pubmed/16434019
http://doi.org/10.1373/clinchem.2008.112797
http://www.ncbi.nlm.nih.gov/pubmed/19246619
http://doi.org/10.1016/S0165-022X(00)00129-9
http://doi.org/10.1371/journal.pone.0072457
http://www.ncbi.nlm.nih.gov/pubmed/24023619
http://doi.org/10.1016/j.tibtech.2018.12.002
http://doi.org/10.7717/peerj.2436
http://www.ncbi.nlm.nih.gov/pubmed/27703842
http://doi.org/10.1042/BJ20081055
http://www.ncbi.nlm.nih.gov/pubmed/18651837
http://doi.org/10.1016/j.cell.2006.03.046
http://doi.org/10.1080/10253890701288935
http://doi.org/10.1074/jbc.M112.436311
http://www.ncbi.nlm.nih.gov/pubmed/23275380
http://doi.org/10.1042/BSR20171469
http://www.ncbi.nlm.nih.gov/pubmed/30038061
http://doi.org/10.1111/dgd.12602
http://doi.org/10.1172/JCI200524408
http://doi.org/10.1101/gad.1843810
http://doi.org/10.1101/gad.1602907
http://www.ncbi.nlm.nih.gov/pubmed/17974916
http://doi.org/10.1073/pnas.0911409107
http://www.ncbi.nlm.nih.gov/pubmed/20080598
http://doi.org/10.1093/jb/mvw074
http://www.ncbi.nlm.nih.gov/pubmed/28003431
http://doi.org/10.1038/ncb3113
http://www.ncbi.nlm.nih.gov/pubmed/25751139
http://doi.org/10.1016/j.cryobiol.2006.08.001
http://doi.org/10.1016/j.cryobiol.2004.06.004
http://www.ncbi.nlm.nih.gov/pubmed/15351690
http://doi.org/10.3389/fphys.2019.00962
http://doi.org/10.1242/jeb.030627
http://www.ncbi.nlm.nih.gov/pubmed/19648404
http://doi.org/10.1007/s00360-015-0920-x
http://www.ncbi.nlm.nih.gov/pubmed/26174210
http://doi.org/10.1101/gad.888601
http://www.ncbi.nlm.nih.gov/pubmed/11358867


Life 2021, 11, 1422 16 of 16

56. Zheng, Y.; Pan, D. The Hippo Signaling Pathway in Development and Disease. Dev. Cell 2019, 50, 264–282. [CrossRef]
57. Covello, K.L. HIF-2 regulates Oct-4: Effects of hypoxia on stem cell function, embryonic development, and tumor growth. Genes

Dev. 2006, 20, 557–570. [CrossRef]
58. Lee, J.; Cho, Y.S.; Jung, H.; Choi, I. Pharmacological regulation of oxidative stress in stem cells. Oxid. Med. Cell. Longev. 2018, 2018,

1–13. [CrossRef]
59. Chang, Y.K.; Hwang, J.S.; Chung, T.-Y.; Shin, Y.J. SOX2 Activation Using CRISPR/dCas9 Promotes Wound Healing in Corneal

Endothelial Cells. Stem Cells 2018, 36, 1851–1862. [CrossRef] [PubMed]
60. Bani-Yaghoub, M.; Tremblay, R.G.; Lei, J.X.; Zhang, D.; Zurakowski, B.; Sandhu, J.K.; Smith, B.; Ribecco-Lutkiewicz, M.; Kennedy,

J.; Walker, P.R.; et al. Role of Sox2 in the development of the mouse neocortex. Dev. Biol. 2006, 295, 52–66. [CrossRef]
61. Cui, C.B.; Cooper, L.F.; Yang, X.; Karsenty, G.; Aukhil, I. Transcriptional Coactivation of Bone-Specific Transcription Factor Cbfa1

by TAZ. Mol. Cell. Biol. 2003, 23, 1004–1013. [CrossRef]
62. Hong, J.-H. TAZ, a Transcriptional Modulator of Mesenchymal Stem Cell Differentiation. Science 2005, 309, 1074–1078. [CrossRef]
63. Murakami, M.; Nakagawa, M.; Olson, E.N.; Nakagawa, O. A WW domain protein TAZ is a critical coactivator for TBX5,

a transcription factor implicated in Holt-Oram syndrome. Proc. Natl. Acad. Sci. USA 2005, 102, 18034–18039. [CrossRef]
64. Varelas, X.; Sakuma, R.; Samavarchi-Tehrani, P.; Peerani, R.; Rao, B.M.; Dembowy, J.; Yaffe, M.B.; Zandstra, P.W.; Wrana, J.L.

TAZ controls Smad nucleocytoplasmic shuttling and regulates human embryonic stem-cell self-renewal. Nat. Cell Biol. 2008, 10,
837–848. [CrossRef] [PubMed]

65. Jeong, H.; Bae, S.; An, S.Y.; Byun, M.R.; Hwang, J.; Yaffe, M.B.; Hong, J.; Hwang, E.S. TAZ as a novel enhancer of MyoD-mediated
myogenic differentiation. FASEB J. 2010, 24, 3310–3320. [CrossRef]

66. Le Grand, F.; Rudnicki, M.A. Skeletal muscle satellite cells and adult myogenesis. Curr. Opin. Cell Biol. 2007, 19, 628–633.
[CrossRef]

67. Hernández-Hernández, J.M.; García-González, E.G.; Brun, C.E.; Rudnicki, M.A. The myogenic regulatory factors, determinants
of muscle development, cell identity and regeneration. Semin. Cell Dev. Biol. 2017, 72, 10–18. [CrossRef] [PubMed]

68. Lemley, J.M.; Meneely, G.R. Effects of Anoxia on Metabolism of Myocardial Tissue. Am. J. Physiol. Content 1952, 169, 66–73.
[CrossRef] [PubMed]

69. Allen, D.G.; Orchard, C.H. Myocardial contractile function during ischemia and hypoxia. Circ. Res. 1987, 60, 153–168. [CrossRef]
[PubMed]

70. Chaillou, T.; Koulmann, N.; Meunier, A.; Chapot, R.; Serrurier, B.; Beaudry, M.; Bigard, X. Effect of hypoxia exposure on the
recovery of skeletal muscle phenotype during regeneration. Mol. Cell. Biochem. 2014, 390, 31–40. [CrossRef] [PubMed]

71. Favier, F.B.; Britto, F.A.; Freyssenet, D.G.; Bigard, X.A.; Benoit, H. HIF-1-driven skeletal muscle adaptations to chronic hypoxia:
Molecular insights into muscle physiology. Cell. Mol. Life Sci. 2015, 72, 4681–4696. [CrossRef] [PubMed]

72. Chaillou1, T.; Lanner, J.T. Regulation of myogenesis and skeletal muscle regeneration: Effects of oxygen levels on satellite cell
activity. FASEB J. 2016, 30, 3929–3941. [CrossRef] [PubMed]

http://doi.org/10.1016/j.devcel.2019.06.003
http://doi.org/10.1101/gad.1399906
http://doi.org/10.1155/2018/4081890
http://doi.org/10.1002/stem.2915
http://www.ncbi.nlm.nih.gov/pubmed/30270540
http://doi.org/10.1016/j.ydbio.2006.03.007
http://doi.org/10.1128/MCB.23.3.1004-1013.2003
http://doi.org/10.1126/science.1110955
http://doi.org/10.1073/pnas.0509109102
http://doi.org/10.1038/ncb1748
http://www.ncbi.nlm.nih.gov/pubmed/18568018
http://doi.org/10.1096/fj.09-151324
http://doi.org/10.1016/j.ceb.2007.09.012
http://doi.org/10.1016/j.semcdb.2017.11.010
http://www.ncbi.nlm.nih.gov/pubmed/29127045
http://doi.org/10.1152/ajplegacy.1952.169.1.66
http://www.ncbi.nlm.nih.gov/pubmed/14923864
http://doi.org/10.1161/01.RES.60.2.153
http://www.ncbi.nlm.nih.gov/pubmed/3552284
http://doi.org/10.1007/s11010-013-1952-8
http://www.ncbi.nlm.nih.gov/pubmed/24385110
http://doi.org/10.1007/s00018-015-2025-9
http://www.ncbi.nlm.nih.gov/pubmed/26298291
http://doi.org/10.1096/fj.201600757R
http://www.ncbi.nlm.nih.gov/pubmed/27601440

	Introduction 
	Materials and Methods 
	Animal Treatment 
	Total Protein Extractions for Immunoblots 
	Nuclear Protein Extractions for Immunoblots 
	SDS PAGE and Western Blotting 
	Total Protein Extractions for TF ELISA 
	DNA-Binding Activity Using TF ELISA 
	RNA Isolation and cDNA Synthesis 
	Primer Design and qPCR 

	Results 
	Protein Levels of Cytoplasmic Components of the Hippo Pathway 
	Protein Levels of Nuclear Components of the Hippo Pathway 
	Protein Levels of OCT4 and SOX2 Downstream Targets 
	DNA-Binding Activity of TEAD 
	Transcript Levels of Key Components of the Pathway 

	Discussion 
	References

