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Accumulating evidence suggests that brown adipose tissue
(BAT) is a potential therapeutic target for managing obesity and
related diseases. PGAM family member 5, mitochondrial serine/
threonine protein phosphatase (PGAM5), is a protein phospha-
tase that resides in the mitochondria and regulates many biolog-
ical processes, including cell death, mitophagy, and immune
responses. Because BAT is a mitochondria-rich tissue, we have
hypothesized that PGAM5 has a physiological function in BAT.
We previously reported that PGAM5-knockout (KO) mice are
resistant to severe metabolic stress. Importantly, lipid accumu-
lation is suppressed in PGAM5-KO BAT, even under unstressed
conditions, raising the possibility that PGAM5 deficiency stim-
ulates lipid consumption. However, the mechanism underlying
this observation is undetermined. Here, using an array of bio-
chemical approaches, including quantitative RT-PCR, immuno-
blotting, and oxygen consumption assays, we show that PGAM5
negatively regulates energy expenditure in brown adipocytes.
We found that PGAM5-KO brown adipocytes have an enhanced
oxygen consumption rate and increased expression of uncou-
pling protein 1 (UCP1), a protein that increases energy con-
sumption in the mitochondria. Mechanistically, we found that
PGAM5 phosphatase activity and intramembrane cleavage are
required for suppression of UCP1 activity. Furthermore, utiliz-
ing a genome-wide siRNA screen in HeLa cells to search for
regulators of PGAM5 cleavage, we identified a set of candidate

genes, including phosphatidylserine decarboxylase (PISD),
which catalyzes the formation of phosphatidylethanolamine at
the mitochondrial membrane. Taken together, these results
indicate that PGAM5 suppresses mitochondrial energy expend-
iture by down-regulating UCP1 expression in brown adipocytes
and that its phosphatase activity and intramembrane cleavage
are required for UCP1 suppression.

Obesity, which is characterized by excess adiposity, is a sig-
nificant risk factor for various chronic diseases, such as cardio-
vascular diseases and type 2 diabetes (1). Several anti-obesity
drugs have been approved worldwide; however, safety and effi-
cacy concerns cause patients and doctors to hesitate to use
them (2). Adipose tissue is the central organ involved in storing
resting energy in the form of triacylglycerol, and there are two
major types of adipose tissues in mammals: white adipose tissue
(WAT)4 and brown adipose tissue (BAT). WAT is the greatest
storage unit; white adipocytes harbor large unilocular lipid
droplets and release fatty acids as an energy source when energy
demand becomes higher than energy intake. Meanwhile, BAT
actively gives off energy in the form of heat in response to cold
stress or energy excess, and this process is referred to as adapt-
ive thermogenesis (3). BAT has small, multilocular lipid drop-
lets; however, it is rich in mitochondria that specifically express
UCP1, which is predominantly responsible for the thermogenic
function (4). Activated UCP1 consumes the proton gradient
produced by the mitochondrial electron transport chain, and
this proton pump-and-leak cycle reduces mitochondrial mem-
brane potential, which results in high levels of substrate oxida-
tion and heat generation (3–5). The molecular basis of the tran-
scriptional induction mechanisms for Ucp1 has been widely
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studied. For instance, the mitogen-activated protein kinase cas-
cade and the cAMP-dependent protein kinase– cAMP-respon-
sive element-binding protein axis induce Ucp1 expression (6).
However, mechanisms driving the negative regulation of Ucp1
are poorly understood, except for some reports regarding
RIP140 (receptor-interacting protein 140) and liver X receptor
(7–9). Although boosting energy expenditure by activating
UCP1 is a promising strategy for obesity, maintaining an appro-
priate amount of UCP1 is also important because highly active
UCP1 can exacerbate atherosclerosis in mice (10), and, con-
versely, Ucp1 deficiency leads to obesity in mice (11). BAT was
once thought to be active only in rodents and human infants,
but a growing body of evidence indicates that adult humans can
also have an active form of BAT (12–15). Hence, BAT is a
potential therapeutic target for the treatment of obesity and its
related serious complications.

Phosphoglycerate mutase family member 5 (PGAM5) is a
protein phosphatase that is localized to mitochondria via its N
terminus (16, 17); through its phosphatase activity, PGAM5 is
involved in many biological processes, such as cell death,
mitophagy, and immune responses (18 –22). We previously
revealed that PGAM5 is mainly localized at the inner mito-
chondrial membrane (IMM) because of its N-terminal trans-
membrane (TM) domain, and it is cleaved within the TM
domain by presenilin-associated rhomboid-like (PARL), an
IMM-resident protease, in response to mitochondrial mem-
brane potential loss (23). Additionally, another group and our
group reported that OMA1, a zinc metalloprotease, is also
responsible for the cleavage of PGAM5 (23, 24). A recent study
showed that cytosolic PGAM5 dephosphorylates and stabilizes
�-catenin, resulting in mitochondrial biogenesis (25). Further,
another study revealed that the cleaved form of PGAM5 sensi-
tizes cells to apoptosis induced by staurosporine (19). Although
these results suggest the physiological reasons behind PGAM5
cleavage, the precise mechanisms of cleavage remain unclear.

With respect to the physiological functions of PGAM5,
PGAM5-knockout (KO) mice show Parkinson’s-like move-
ment disorder, suggesting the role of PGAM5 in brain (26).
AnotherreportdemonstratedthatPGAM5-KOmiceshowresis-
tance to concanavalin A-induced liver injury (27). However,
there have been no reports on the energy metabolism-related
functions of PGAM5. Because BAT is a mitochondria-rich
organ, we assessed the physiological functions of PGAM5 by
analyzing PGAM5-KO mice and revealed that these mice are
resistant to severe metabolic stress (28). Importantly, the accu-
mulation of lipids in BAT was dramatically suppressed even in
nonstimulated conditions, raising the possibility that lipid con-
sumption is increased in the absence of PGAM5 (28). However,
the underlying mechanisms by which PGAM5 regulates lipid
homeostasis in BAT are not fully known.

Here, we show that mitochondria-resident phosphatase
PGAM5 acts as a negative regulator of energy expenditure in
brown adipocytes, and this regulation is achieved at least in part
by suppressing Ucp1 expression. Both phosphatase activity and
intramembrane cleavage are required for the suppressive
effects of PGAM5 on Ucp1 expression. Additionally, we utilized
an image-based genome-wide siRNA screen system to identify

PGAM5 cleavage regulators, and we identified a set of candi-
date genes, including phosphatidylserine decarboxylase (PISD).

Results

PGAM5 depletion augments UCP1 expression in brown
adipocytes

In our previous study, we reported that PGAM5-KO mice
showed resistance to high fat diet– dependent obesity and
decreased lipid accumulation in interscapular BAT (iBAT) (28).
To understand the underlying mechanisms behind these out-
comes, we first performed RNA-Seq analysis using iBAT from
WT and PGAM5-KO mice. Genes important for iBAT func-
tions are shown in the heat map, which shows that most of
the genes were not significantly different between WT and
PGAM5-KO iBAT (Fig. S1A). Among these data, we found that
mRNA levels of Ucp1, a gene that is critical for the thermogenic
functions of brown adipocytes, were significantly increased in
PGAM5-KO iBAT (Fig. 1A). Other down-regulated genes (blue
dots in Fig. 1A) and up-regulated genes (red dots in Fig. 1A) in
PGAM5-depleted tissue are listed in Table S1A. To confirm the
results of RNA-Seq, we next performed quantitative RT-PCR
(qRT-PCR) analysis and verified that Ucp1 mRNA was signifi-
cantly increased in iBAT from PGAM5-KO mice (Fig. 1B).
However, the mRNA expression levels of several other genes
that are critical for brown adipocyte functions, such as Cidea,
Dio2, Elovl3, Ppargc1a, and Prdm16, were almost equivalent in
WT and PGAM5-KO iBAT (Fig. 1B). Similarly, the protein
abundance of UCP1 was increased in PGAM5-KO iBAT, but
there were minimal changes in another mitochondria-resident
protein, UQCRC1 (Fig. 1C). These data suggest that PGAM5
selectively suppresses Ucp1 expression in iBAT. Given the
results from the iBAT of PGAM5-KO mice (Fig. 1, B and C), we
examined the gene expression levels of inguinal WAT (iWAT)
as well because Ucp1 expression can be induced in iWAT under
several conditions, such as chronic cold acclimation, exercise,
long-term treatment with the �3-adrenergic receptor agonist,
and cancer cachexia (29). We found that both mRNA and pro-
tein expression of UCP1 exhibited an increasing trend in iWAT
from PGAM5-KO mice (Fig. S1, B and C).

We next tested whether the increase of UCP1 expression in
PGAM5-KO iBAT is cell-autonomous by analyzing primary
cultures of brown adipocytes. Triglyceride accumulation was
evaluated by Oil Red O staining, and we found that there was no
obvious difference between WT and PGAM5-KO adipocytes
on day 6 (Fig. 1D). To evaluate protein expression levels, cell
lysates were prepared on alternating days throughout adipocyte
differentiation. We found that the protein abundance of UCP1
was increased in differentiated PGAM5-KO adipocytes on days
6 and 8 (Fig. 1E), which agreed with the in vivo results (Fig. 1C).
We also confirmed that the mRNA expression levels of Ucp1
were increased in PGAM5-KO adipocytes on day 6 (Fig. 1F).
Consistent with the data from iBAT, other genes, including
Cidea, Dio2, Elovl3, Ppargc1a, and Prdm16, were comparable
between WT and PGAM5-KO adipocytes (Fig. 1F). Last, we
performed siRNA-based transient knockdown of PGAM5 in
WT adipocyte precursors to exclude the possibility of knock-
out line-specific effects; transient knockdown of PGAM5 also
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resulted in increased UCP1 expression (Fig. 1G). These data
suggest that PGAM5 depletion in brown adipocytes enhances
Ucp1 expression in a cell-autonomous manner.

PGAM5 deficiency enhances oxygen consumption in brown
adipocytes

To assess the functional results of UCP1 up-regulation in
PGAM5-KO brown adipocytes, we performed an oxygen con-
sumption assay using a Seahorse XF24 extracellular flux ana-
lyzer. We evaluated the oxygen consumption rate (OCR)
during the sequential addition of oligomycin, CL316,243 (a
�3-adrenergic receptor–selective agonist), carbonyl cyanide
p-trifluoromethoxyphenylhydrazone (FCCP) and rotenone/
antimycin A (Fig. 2A). Whereas the OCR was not largely differ-
ent between WT and PGAM5-KO cells under unstimulated
conditions, PGAM5-KO cells consumed more oxygen under
activated conditions induced by CL316,243 (Fig. 2, A and B),
suggesting that PGAM5-KO brown adipocytes have the capac-
ity to consume more energy in response to a �3-adrenergic
receptor agonist.

PISD, a mitochondrial lipid-metabolizing enzyme, is required
for PGAM5 cleavage in response to mitochondrial membrane
potential loss

Next, we sought to examine the mechanism by which
PGAM5 regulates UCP1 expression. It is noteworthy that

PGAM5 changes its subcellular localization in accordance with
its cleavage, and cleaved PGAM5 contributes to cell death and
mitochondrial biogenesis (19, 25). Another group and our
group previously demonstrated that PARL and OMA1 are the
proteases that mediate processing of PGAM5 (23, 24); however,
other regulators of PGAM5 cleavage are largely unknown.
Hence, we performed a nonbiased genome-wide siRNA screen
to identify new regulators of PGAM5 cleavage.

Overall, 93 and 458 genes were obtained from two statistical
methods based on robust Z scores and B scores, respectively
(30, 31) (Fig. 3A, top Venn diagram). Notably, both PARL and
OMA1 were identified using both normalization methods, con-
firming the reliability of the screening results (Fig. S2, F and G).
Subsequently, we performed several database analyses to
exclude genes whose protein products are unlikely to be local-
ized at mitochondria. Ultimately, we identified 100 genes from
the union of screened candidates identified based on robust Z
scores and B scores (Fig. 3A, bottom Venn diagram). To verify
the image-based screening results, we also performed immuno-
blotting (IB) during the secondary screening and obtained 69
candidate genes based on the combined screened candidates
identified by immunocytochemistry (ICC) analysis and IB anal-
ysis (Fig. 3B and Table S3). It has been reported that in some
cases, OXPHOS up-regulation can weaken the effects of the
mitochondrial uncoupler CCCP, which results in incomplete

Figure 1. PGAM5 depletion augments UCP1 expression in brown adipocytes. A, a volcano plot of RNA-Seq analysis using iBAT from WT and PGAM5-KO
mice. Genes with increased and decreased expression in PGAM5-KO iBAT are depicted in red and blue, respectively. B, qRT-PCR against the indicated genes in
iBAT (n � 7). Pgam5 was undetectable in PGAM5-KO iBAT. C, immunoblot analysis against UCP1 protein in iBAT (n � 7). The graph shows the quantification of
the immunoblot. †, nonspecific signals. D, Oil Red O staining of differentiated brown adipocytes (Day 6) (n � 3). E, immunoblot analysis against the indicated
proteins in brown adipocytes (n � 3). The same amount of protein was loaded in each lane. The graph shows the quantification of the immunoblot. F, qRT-PCR
detected the indicated genes in differentiated brown adipocytes (Day 6) (n � 4). G, immunoblot analysis of the indicated genes in differentiated brown
adipocytes (Day 6) (n � 6). The graph shows the quantification of the immunoblot. Data are represented as individual values and the mean � S.E. (error bars).
*, p � 0.05; **, p � 0.01; ***, p � 0.001; data were analyzed by two-tailed unpaired Student’s t test (B, C, and F), Bonferroni’s multiple-comparison test (E), or
Tukey’s multiple-comparison test (G). The data set used for normalization (mean � 1, S.D. � 0) was eliminated from the subsequent statistical analyses (E).

Figure 2. PGAM5 deficiency enhances oxygen consumption in brown adipocytes. A, oxygen consumption of WT and PGAM5-KO brown adipocytes was
evaluated during the sequential addition of oligomycin, CL316,243, FCCP, and rotenone/antimycin A. B, CL316,243-dependent oxygen consumption was
calculated as an integrated value (technical replicates: n � 10). Similar results were obtained in at least two additional independent experiments. Data are
represented as the mean � S.D. (error bars) (A and B) and individual values (B). **, p � 0.01; data were analyzed by two-tailed unpaired Student’s t test.
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��m loss (32). In these cases, the inhibitory effects of siRNA on
CCCP-induced PGAM5 cleavage are not due to cleavage dys-
regulation but to incomplete ��m loss. Therefore, we re-eval-
uated the aforementioned 69 gene candidates by validating
their effects on PGAM5 cleavage during CCCP regulation via

treatment with three OXPHOS inhibitors (oligomycin A,
FO-F1-ATPase inhibitor; rotenone, Complex I inhibitor; and
antimycin A, Complex III inhibitor) (Fig. S2H). Fig. S2H shows
the final top 10 positive siRNA results after the prioritization
step, which includes experiments using two independent
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siRNAs targeting for OMA1 and PARL, confirming the validity
of our screening. In addition to OMA1 and PARL, PISD was the
only gene whose two independent siRNAs were ranked among
the top 10 positive siRNAs (Fig. S2H). Therefore, we focused on
PISD, as it appeared to be the strongest candidate for PGAM5
cleavage. We confirmed the aforementioned screening results
using two other siRNAs targeting different regions in the PISD
gene. Stimuli-dependent cleavage of PGAM5 was severely
impaired by siRNA-mediated suppression of PISD expression
in HeLa cells (Fig. 3C). Because optic atrophy protein 1 (OPA1)
was also proteolytically cleaved in response to mitochondrial
membrane potential loss induced by CCCP (33), OPA1 cleav-
age confirms successful mitochondrial membrane potential
loss in the absence of PISD (Fig. 3C). PISD is a member of the
phosphatidylserine (PS) decarboxylase family, a group of evo-
lutionarily conserved enzymes that catalyze the formation of
phosphatidylethanolamine (PE) via PS decarboxylation (34).
Mammalian PISD is categorized as a Type I phosphatidylserine
decarboxylases, and it localizes to the IMM (34). Although PE is
also produced from ethanolamine (Etn) or Etn-phosphate via
the CDP-Etn pathway, it has been reported that PISD-mediated
PE synthesis is a major source of mitochondrial PE (34). Next,
we examined whether PISD enzymatic activity is required for
PGAM5 cleavage. Phosphatidylserine decarboxylases, includ-
ing PISD, are known to be synthesized as inactive pro-enzymes,
and they require posttranslational cleavage at an evolutionarily
conserved LGST motif between glycine and serine, which gen-
erates �- and �-subunits and enables enzymatic activity (34,
35). The processed � subunit acts as a catalytic subunit by pro-
viding the N-terminal serine residue with a pyruvoyl group
attachment site, which is required for decarboxylation. Thus,
we generated two types of catalytically inactive PISD mutants, a
PISD (LAAT) mutant whose LGST motif contained an LAAT
sequence (36) and a PISD (��) mutant lacking a catalytic �
subunit (Fig. 3E). The suppression of PGAM5 cleavage in Pisd-
knockdown CHO cells was rescued by expressing WT PISD but
not by expressing catalytically inactive PISD mutants (Fig. 3E).
These results indicate that PISD enzymatic activity is required
for PGAM5 cleavage. In conclusion, we identified PISD as a
regulator of PGAM5 cleavage by a genome-wide siRNA screen.

The suppressive effect on UCP1 expression requires both
phosphatase activity and intramembrane cleavage of PGAM5

To confirm that the depletion of PGAM5 is the direct cause
of the increased expression of UCP1, we performed adenovi-
rus-mediated overexpression of PGAM5 in PGAM5-KO brown
adipocytes. Compared with the Venus (modified GFP)-ex-
pressing cells (which were used as a negative control), PGAM5-
expressing cells showed lower expression of UCP1, suggesting

that PGAM5 can suppress UCP1 expression (Fig. 4A). Next, we
asked whether the molecular functions of PGAM5 affect UCP1
expression. Previous reports revealed that PGAM5 can remove
phosphates from proteins that are on serines/threonines (17)
and histidines (21). It has been reported that PGAM5 facilitates
mitophagy by dephosphorylating FUN14 domain– containing
protein 1 (FUNDC1) (20). Another report suggested that
PGAM5 dephosphorylates nucleoside diphosphate kinase B
(NDPK-B) and negatively regulates CD4� T-cell functions (21).
As mentioned earlier, PGAM5 is cleaved at the TM domain in
response to mitochondrial stress (23, 24). A mutant that lacks
phosphatase activity has already been reported (17), but a cleav-
age-resistant mutant has not. We have previously shown that
PGAM5 is cleaved between Ser-24 and Ala-25 of the TM
domain by PARL, which belongs to the rhomboid protease fam-
ily (23). According to a previous study on the recognition motif
of bacterial rhomboid protease (37), a small amino acid residue
immediately before the cleavage site is essential for substrate
recognition. This amino acid destabilizes the �-helix of sub-
strates and is recognized by rhomboid proteases. To avoid
cleavage by rhomboid proteases, we mutated Ser-24 of PGAM5
to phenylalanine, glutamate, lysine, methionine, and trypto-
phan based on the results of bacterial rhomboid protease (37).
We found that the S24W mutant is highly resistant to cleavage
induced by CCCP in HeLa cells (Fig. 4B). To exclude the possi-
bility that the S24W mutant is not targeted to the mitochon-
dria, we determined the localization by trypsin digestion of
crude mitochondria suspension. The S24W mutant was
digested more efficiently under hypotonic conditions than
under isotonic conditions, suggesting that the PGAM5 S24W
mutant is localized at the inner mitochondrial membrane (Fig.
S3A). We then examined the effects of these cleavage-resistant
and phosphatase-inactive mutants on UCP1 expression in
brown adipocytes. Both phosphatase-inactive mutant (H105A)
and cleavage-resistant mutant (S24W) were unable to suppress
UCP1 expression in brown adipocytes, suggesting that both
phosphatase activity and cleavage are required for PGAM5 to
suppress UCP1 expression (Fig. 4C). Next, we examined the
effect of PGAM5 cleavage on UCP1 expression by analyzing
siRNA-mediated knockdown of PGAM5 cleavage regulators.
We knocked down Parl and Oma1 (proteases of PGAM5) and
Pisd (a newly identified regulator of PGAM5 cleavage) in brown
adipocytes, expecting UCP1 to be up-regulated following their
reduction. However, we could not observe an increase in UCP1
by knockdown of these genes compared with negative controls
(Fig. S3 (B and C); also see “Discussion”). Collectively, although
knockdown of cleavage regulators did not produce the pre-
dicted results, these data (Fig. 4) suggest that PGAM5 sup-

Figure 3. PISD, a mitochondrial lipid-metabolizing enzyme, is required for PGAM5 cleavage in response to mitochondrial membrane potential loss.
A, overview of the candidate genes identified during the primary screen. A Venn diagram and scatter plot show the distributions of the robust Z-scores and
B-scores of the candidate genes. One hundred candidates with high probabilities of targeting mitochondria were selected following database analyses
(MitoCarta, MitoMiner, PANTHER, and DAVID) from the combined list of robust Z-score–positive and B-score–positive genes. B, results of the secondary
screening. The combined IB-positive and ICC-positive genes (69 candidates) were selected. C, immunoblot analysis of HeLa cells transfected with the indicated
siRNAs. After 48 h, the cells were treated with 50 �M CCCP for the indicated times (n � 5). The graph shows the quantification of the immunoblot. D, qRT-PCR
against PISD in HeLa cells treated with hPisd siRNAs (n � 3). E, immunoblot analysis of CHO cells transfected with the indicated siRNA and plasmids for 72 and
48 h, respectively. The cells were treated with 100 �M CCCP for the indicated times (n � 2). The graph shows the quantification of the immunoblot. Data are
represented as individual values and the mean � S.E. (error bars) (C and D) or as individual values and the mean (E). *, p � 0.05; **, p � 0.01; ***, p � 0.001; data
were analyzed by Dunnett’s multiple-comparison test, compared with control #3 (C and D).
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presses UCP1 expression via phosphatase activity and
intramembrane cleavage.

Discussion

In this study, we assessed UCP1 expression in both iBAT and
iWAT from PGAM5-KO mice (Fig. 1B and Fig. S1B). There are
two types of adipocytes that express UCP1 in mice: classical
brown adipocytes in BAT and beige/brite adipocytes in WAT.
Beige adipocytes are the inducible form of thermogenic adi-
pocytes, which sporadically exist in WAT, possess multilocular
lipid droplets, and have cristae-dense mitochondria that
express UCP1 (29). According to our iWAT results, UCP1
expression is also induced in iWAT from PGAM5-KO mice
(Fig. S1, B and C), suggesting that PGAM5 is a negative re-
gulator of Ucp1 expression even in beige adipocytes. Taken
together, these results suggest that the phenotypes of
PGAM5-KO mice, such as high-fat diet resistance and a
decrease in lipid accumulation in iBAT (28), might be due to
the increase in energy expenditure in both adipose tissues.
However, it is still unclear whether up-regulated UCP1 is
responsible for the phenotypes of PGAM5-KO mice. To
answer this question, further investigations using adipocyte-
specific PGAM5-KO mice and PGAM5 and UCP1 dou-
ble-KO mice will be needed.

Consistent with the results in iBAT from mice (Fig. 1, B and
C), primary cultured brown adipocytes lacking PGAM5 also
showed an increase in UCP1 expression (Fig. 1, E and F).
Conversely, despite the decrease in lipid accumulation in
PGAM5-KO iBAT (28), lipid accumulation levels were compa-
rable between WT and PGAM5-KO brown adipocytes. This
discrepancy raises the possibility that PGAM5 deficiency in
other tissues is the cause of lipid loss in iBAT, but it is poten-
tially due to the difference in the surrounding environment of
the cultured adipocytes. In iBAT, brown adipocytes are located
near capillary blood vessels and are innervated by the sympa-
thetic nervous system (38). Thus, experiments using adipocyte-
specific PGAM5-KO mice will be important to answering these
questions.

Because the mechanisms of PGAM5 cleavage are not fully
understood, we performed a genome-wide siRNA screen to
identify new regulators of PGAM5 cleavage. As a result, we
identified a set of candidate PGAM5 cleavage regulators,
including PISD, which is an enzyme that catalyzes the conver-
sion of PS to PE (Fig. 3). However, the underlying mechanisms
regulating PGAM5 cleavage via PISD are still unclear. We
showed with a rescue experiment that the enzymatic activity of
PISD is required for PGAM5 cleavage (Fig. 3E). Thus, it is pos-
sible that PE produced by PISD is important for the protease
activity of PARL or OMA1. The rhomboid protease family, to
which PARL belongs, is a member of the intramembrane cleav-

ing protease (I-CLiP) family, which is a group of evolutionarily
conserved multipass membrane proteins that catalyze the
cleavage of TM domains within lipid bilayers (39, 40). As they
are located within membranes, I-CLiP family members can be
affected by their surrounding membrane environment. For
example, after exiting the ER, the �-secretase complex is
reported to exhibit protease activity in addition to its constitu-
tive secretory pathway role (41); the protease activity is espe-
cially present in specific membrane microdomains, such as
cholesterol-rich lipid rafts (42). In a previous study, rhomboid-
mediated substrate proteolysis was also found to be modulated
by phospholipids, although it is unclear whether this is the case
for PARL (43).

A previous report demonstrated that PISD-KO mice have an
embryonic lethal phenotype (44). Mouse embryonic fibroblasts
isolated from PISD-KO mouse embryos showed fragmented
and dispersed mitochondria, suggesting impaired mitochon-
drial function (44). Recently, it was reported that heterozygous
PISD mutations cause skeletal dysplasia in humans (45). Impor-
tantly, patient-derived fibroblasts showed decreased levels of
OMA1 and the cleaved form of PGAM5, suggesting decreased
IMM protease activity (45). These results are consistent with
our finding that PISD activity is required for PGAM5 cleavage
(Fig. 3), which supports the idea that PISD and its product PE
are important for mitochondrial protein homeostasis in cells.

To make cleavage-resistant mutants, we mutated serine 24 in
PGAM5 and found that S24F, S24M, and S24W mutants are
resistant to cleavage induced by CCCP (Fig. 4B, lanes 7, 16, and
19). Unexpectedly, S24E and S24K mutants were susceptible to
cleavage (Fig. 4B, lanes 10 and 13). These results are inconsis-
tent with the previous report demonstrating that the charged
residues inhibit the cleavage in a cell-free assay using a pair of
bacterial rhomboid and substrate (37). Although the detailed
mechanism is unknown, charges may have an impact on the
insertion into the inner mitochondrial membrane and/or the
accessibility to proteases.

Using PGAM5 mutants, we showed that PGAM5 suppresses
UCP1 expression via its phosphatase activity and intramem-
brane cleavage (Fig. 4C). In terms of phosphatase activity, sev-
eral responsible substrates (e.g. transcription factors) should
regulate Ucp1 expression. Although the physiological reason is
still elusive, a recent report suggested that Lipin1 is a substrate
of PGAM5 (46). Another report showed that Lipin1 is required
for brown adipocyte development and function (47). Thus,
Lipin1 might play a key role in PGAM5-mediated suppression
of UCP1. Regarding intramembrane cleavage, a recent report
suggested that cleaved PGAM5 gains the potential to be
released from the mitochondria (48). It has recently been
reported that the cleaved form of PGAM5 dephosphorylates

Figure 4. The suppressive effect on UCP1 expression requires both the phosphatase activity and the intramembrane cleavage of PGAM5. A, immu-
noblotting of UCP1 from differentiated PGAM5-KO brown adipocytes (Day 6), in which PGAM5 was overexpressed by adenovirus infection (n � 3). The graph
shows the quantification of the immunoblot. B, immunoblot analysis of HeLa cells transfected with the indicated plasmids for 48 h. The cells were treated with
50 �M CCCP for the indicated times (n � 3). The graph shows the quantification of the immunoblot. C, immunoblot analysis to detect UCP1 in differentiated
PGAM5-KO brown adipocytes (Day 6), in which WT, phosphatase-inactive mutant (H105A) or cleavage-resistant mutant (S24W) were overexpressed (n � 3).
The graph shows the quantification of the immunoblot. †, nonspecific signals. Data are represented as individual values and the mean � S.E. (error bars). *, p �
0.05; **, p � 0.01; ***, p � 0.001; data were analyzed by Bonferroni’s multiple-comparison test (A), Dunnett’s multiple-comparison test, compared with WT (B),
or Tukey’s multiple-comparison test (C). The data set used for the normalization (mean � 1, S.D. � 0) was eliminated from the subsequent statistical analyses
(C). Only three pairs shown in the graph were statistically analyzed in A.
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and stabilizes �-catenin in the cytosol, leading to intrinsic acti-
vation of Wnt signaling (25). Considering the study showing
that active-Wnt signaling suppresses UCP1 expression in vitro
and in vivo (49), Wnt/�-catenin signaling is a potential central
player in PGAM5-mediated UCP1 suppression.

Finally, we performed knockdowns of Parl, Oma1, or Pisd in
primary brown adipocytes to verify the importance of PGAM5
cleavage on UCP1 expression. However, we could not observe
any difference in UCP1 abundance (Fig. S3B), presumably due
to experimental limitations such as knockdown efficiency;
indeed, qRT-PCR results revealed low knockdown efficiencies
(Fig. S3C). Moreover, the cleaved form of PGAM5 is still
observed even after knockdown of Parl, Oma1, or Pisd in pri-
mary brown adipocytes (Fig. S3B), suggesting an insufficient
suppression of cleavage. According to a previous report, Parl
silencing aborts adipogenesis by inhibiting PPAR� expression
in 3T3-L1 cells (50). If this phenomenon also occurs even in
brown adipocytes, then Parl knockdown in brown adipocytes
should also inhibit adipogenesis, which we did not observe. For
these reasons, we believe that the results shown in Fig. S3B do
not conflict with the model that PGAM5 cleavage is important
for the suppression of UCP1 expression.

In iBAT from mouse and primary cultured brown adi-
pocytes, most of the PGAM5 was in the cleaved form (Fig. 1, C
and E). We also confirmed that the bands of PGAM5 in Fig. 1E
were detected by an AVAV antibody, which specifically recog-
nizes the cleaved form (data not shown). Because PGAM5 is
cleaved following loss of mitochondrial membrane potential,
mitochondrial membrane potential levels might be decreased
in differentiated brown adipocytes. It has been reported that
stimulation of brown adipocytes by norepinephrine and fatty
acids, which activate UCP1 and accelerate proton leakage,
induces mitochondrial depolarization (51), suggesting that
UCP1 activity may correlate with mitochondrial depolariza-
tion. In light of abundant UCP1 expression in differentiated
brown adipocytes, the mitochondrial membrane potential may
be relatively low, triggered by UCP1 activity, which may result
in PGAM5 cleavage and Ucp1 suppression. Thus, PGAM5 may
play a central role in negative feedback–mediated regulation of
UCP1 expression. In addition, a recent study using high-reso-
lution MS showed that brown and beige/brite adipocytes have
higher amounts of PE compared with white adipocytes (52).
Hence, the abundant PE may support a negative feedback
mechanism by facilitating PGAM5 cleavage.

Our findings shed light on the poorly understood function of
PGAM5 in energy metabolism and provide a potential thera-
peutic target against obesity through brown adipocyte activa-
tion. Additionally, we hope that our screening system will pro-
vide researchers with a useful strategy for future studies
attempting to identify novel protease regulators.

Experimental procedures

Antibodies and reagents

A rabbit polyclonal anti-PGAM5 antibody (RTL) was gener-
ated and has been extensively validated (17, 23, 28). The anti-
bodies against FLAG tag (1E6) and HA tag (3F10) were pur-
chased from Wako and Roche Applied Science, respectively.

An antibody against UCP1 (ab10983) was purchased from
Abcam. Antibodies against �-tubulin (sc-53029), HSP60 (sc-
1052), OMA1 (sc-515788), and AIF (sc-13116) were purchased
from Santa Cruz Biotechnology; an anti-UQCRC I antibody
(#459140) was purchased from Invitrogen; an anti-OPA1 anti-
body (#612606) was purchased from BD Biosciences; an anti-
actin antibody (A3853) was purchased from Sigma; Alexa Fluor
594 anti-mouse IgG (A11032) and Alexa Fluor 488 anti-rabbit
IgG (A11034) were purchased from Molecular Probes; and the
anti-AVAV antibody was newly generated by the following
method. A pool of hybridoma cells secreting antibodies that
recognize cleaved PGAM5 was generated in our previous study
(K15 polyclonal antibodies (23)). In this study, we generated
monoclonal hybridomas. Expansion of monoclonal hybrido-
mas and mAb purification were performed by MBL. Briefly,
after a mouse was injected with monoclonal hybridomas, the
fluid in its abdomen was collected and subjected to Protein G
purification. The flow-through fractions were collected and
used as an AVAV mAb that specifically recognizes cleaved
PGAM5. Antibodies to TOM70 and TIM23 (used in Fig. S3A)
were kind gifts from Prof. Ishihara (Kurume University).

CL316,243 (sc-203895) was purchased from Santa Cruz Bio-
technology. Oil Red O (O0625), CCCP (C2759), oligomycin A
(#75351), rotenone (R8875), and antimycin A (A8674) were
purchased from Sigma. FCCP (#12518) was purchased from
Cayman Chemical. Hoechst 33342 (#346-07951) was pur-
chased from Dojindo.

Cell culture and transfection

Isolation, culture, and differentiation methods of primary
brown adipocytes were described previously (53). HeLa cells
were cultured in Dulbecco’s modified Eagle’s medium with low
glucose (Sigma, D6046) containing 10% fetal bovine serum in a
5% CO2 atmosphere at 37 °C. HeLa cells stably expressing
PGAM5 with a C-terminal FLAG tag (PGAM5-FLAG stable
HeLa cells) were generated in our previous study (23). CHO
cells, a kind gift from Dr. Kono and Prof. Arai (University of
Tokyo), were cultured in Ham’s F-12 medium (Wako, #087-
08335) containing 10% fetal bovine serum in a 5% CO2
atmosphere at 37 °C. The transfection of expression plasmids
was performed using Polyethylenimine Max (Polysciences,
#24765). Adenoviruses were produced by cloning Venus,
PGAM5, PGAM5 (H105A), and PGAM5 (S24W) into pAd/
CMV/V5 as described by the manufacturer (Invitrogen). For
RNAi, cells were transfected with siRNAs (Dharmacon or Invit-
rogen) using Lipofectamine RNAiMAX transfection reagent
(Invitrogen, #13778500) according to the manufacturer’s
instructions. Details of the siRNAs used in this work can be
found in Table S2A.

Immunoblot analysis and immunocytochemistry

Tissues or cells were lysed with IP lysis buffer (20 mM Tris-
HCl, 150 mM NaCl, 10 mM EDTA, 1% sodium deoxycholate, 1%
Triton X-100) with protease inhibitors (1 mM phenylmethylsul-
fonyl fluoride, 5 mg/ml leupeptin). Lysates were resolved by
SDS-PAGE and transferred onto polyvinylidene difluoride
membranes (Millipore, IVPH00010). The membranes were
blocked with 5% skim milk (Yukijirushi) in TBS-T (50 mM Tris-
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HCl, 150 mM NaCl, 0.05% Tween 20) and then probed with
appropriate antibodies. Antibody-antigen complexes were de-
tected using an enhanced chemiluminescence system. For
immunocytochemistry, cultured cells were fixed with 2% form-
aldehyde in PBS and permeabilized with 0.2% Triton X-100.
After 30 min of blocking with 2% BSA in PBS, the cells were
stained with the appropriate antibodies. Images were captured
on a Leica TCS SP5 confocal microscope.

Expression plasmids and mutagenesis

Expression plasmids for this study were constructed by stan-
dard molecular biology techniques, and all constructs were ver-
ified by sequencing. A human PGAM5 and its H105A and S24F
mutant cDNAs were previously cloned and subcloned into the
vector pcDNA3/GW (Invitrogen), which has a C-terminal HA
tag (17, 23). Site-directed mutagenesis of human PGAM5
was performed using the following primer and its complemen-
tary sequence primer: S24E, 5�-GCCGCCGTGCTCTTCGAG-
GCCGTGGCGGTAGGG-3�; S24K, 5�-GCCGCCGTGCTCT-
TCAAGGCCGTGGCGGTAGGG-3�; S24M, 5�-GCCGCCG-
TGCTCTTCATGGCCGTGGCGGTAGGG-3�; S24W, 5�-
GCCGCCGTGCTCTTCTGGGCCGTGGCGGTAGGG-3�. A
human PISD cDNA was amplified by RT-PCR from total RNA
isolated from HEK293A cells, and then it was subcloned into
pcDNA3/GW. cDNA encoding human PISD amino acids
1–377 (PISD ��) was generated by PCR using human PISD
plasmid as a template. Site-directed mutagenesis of human
PISD (LAAT; Gly-377 and Ser-378 were substituted with Ala)
was performed using the following primer and its complemen-
tary sequence primer: 5�-TTCAACCTGGCCGCCACCAT-
CGT-3�.

Quantitative PCR analysis

Total RNA was isolated from tissues or cells using Isogen
(Wako, #319-90211), and the RNA was reverse-transcribed
with ReverTra Ace qPCR RT Master Mix with gDNA Remover
(Toyobo, FSQ-301). Primers were designed using the Universal
Probe Library Assay Design Center (Roche Applied Science).
Quantitative RT-PCR was carried out by a LightCycler 96
(Roche Applied Science) using SYBR Green PCR Master Mix.
Data were normalized to Rps18 expression. Primer sequences
are listed in Table S2B.

Assays of crude mitochondria

Cells were collected and suspended with isotonic buffer (10
mM HEPES-KOH, 0.22 M mannitol, and 0.07 M sucrose, pH 7.4).
The cell suspension was homogenized with a 27-gauge needle
syringe on ice. The cell homogenate was centrifuged at 500 	 g
for 10 min at 4 °C. Supernatant was further centrifuged at
8,000 	 g for 10 min at 4 °C. This pellet containing mitochon-
dria was regarded as “crude mitochondria.” For trypsin diges-
tion, crude mitochondria were resuspended in the following
buffers with various concentrations of trypsin (Sigma, T4799)
for 30 min on ice: isotonic buffer, hypotonic buffer (10 mM

HEPES-KOH, pH 7.4), or Triton X-100 buffer (1% Triton
X-100, 10 mM HEPES-KOH, 0.22 M mannitol, and 0.07 M

sucrose, pH 7.4).

Oil Red O staining

Mature adipocytes were washed with PBS and fixed in 10%
formalin for 10 min. Cells were washed with PBS and rinsed
with 60% isopropyl alcohol and were then stained with freshly
prepared Oil Red O solution. After rinsing with 60% isopropyl
alcohol and PBS, images were collected.

Oxygen consumption assay

OCR was measured at 37 °C using a Seahorse XF24 extracel-
lular flux analyzer (Seahorse Biosciences). One hour before the
first measurement, the cell culture medium was exchanged
with Dulbecco’s modified Eagle’s medium (Sigma, D5030) con-
taining 1.5 mg/liter phenol red, 2 mM sodium pyruvate, 25 mM

glucose, 1 mM glutamine, and 143 mM NaCl (pH 7.4). The OCR
was measured under basal conditions and during the successive
addition of 4 �M oligomycin, 1 �M CL316,243, 1 �M FCCP, and
a mixture of 1 �M rotenone and 1 �M antimycin A. For protein
assays and genotyping, another plate was prepared. The data
presented are the mean values � S.D. of 10 replicate wells of a
representative experiment. Similar results were obtained more
than three times.

CL-dependent oxygen consumption was determined by cal-
culating the area under the curve in each well from measure-
ment #6 (just before the CL treatment) to #9 (just before the
FCCP treatment) and subtracting CL-independent oxygen
consumption, which was determined by multiplying the OCR
of measurement #6 by time (min).

Genome-wide siRNA screen

Primary screening—Prior to primary screening, siGENOME
siRNA SMARTpool reagents were prepared on assay plates
as described previously; the pools consisted of four unique
siRNA duplexes per gene, and they targeted 18,104 human
genes (Dharmacon; Human Genome (G-005005-02), Human
Drug Targets (G-004655-02), and Human Druggable Subsets
(G-004675-02)) (54). Negative-control siRNA (Dharmacon
siGENOME Non-Targeting siRNA Pool #1, catalog #D-001206-
13) was added to 38 wells in columns 1, 2, 23, and 24 of each
plate (4 �l, 1.5 pmol/well). Positive-control siRNA (Dharmacon
siGENOME Human PARL siRNA SMARTpool, catalog
#M-021387-01-0005) was added to 16 wells in columns 2 and
23 of each plate (4 �l, 1.5 pmol/well) (see detailed plate layout in
Table S3). The negative-control siRNA and PARL siRNA were
used for plate-level quality control. Six microliters of Opti-
MEM containing Lipofectamine RNAiMAX (Invitrogen) (final
dilution: 1:500) was added to each well of every plate using a
Multidrop Combi Reagent Dispenser (Thermo Scientific).
After 20 min, HeLa cells stably expressing PGAM5-FLAG were
suspended in 40 �l of medium (4.0 	 104 cells) and were dis-
pensed into the wells using the above dispenser and subjected
to reverse transfection (final siRNA concentration: 30 nM).
After 48 h, 
80% of the medium in each well of every plate was
aspirated using an AquaMax2000 plate washer (Molecular
Devices) and replaced with 40 �l of medium containing CCCP
(final concentration: 30 �M) using a Multidrop Combi Reagent
Dispenser. After 3 h, 
80% of the medium from each well of
every plate was aspirated, and the cells were fixed with 4% form-
aldehyde in PBS for 10 min. Then the plates underwent six
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washes with PBS using an AquaMax2000 plate washer (
80%
of the liquid was aspirated per wash, and 40 �l of PBS was added
to each well). The cells were subsequently permeabilized with
0.2% Triton X-100 in PBS for 10 min and subjected to nine
washes with PBS. After 30 min of blocking with 2% BSA in PBS,
the cells were incubated with the following primary antibodies
for 12 h at 4 °C: anti-FLAG antibody (PA1-984B) (1:600, rabbit)
and AVAV antibody (1:400, mouse). After nine washes with
PBS, the samples were incubated with the following secondary
antibodies for 1 h at room temperature: Alexa Fluor 594 anti-
mouse IgG (Molecular Probes; A11032) (1:300) and Alexa Fluor
488 anti-rabbit IgG (Molecular Probes; A11034) (1:500). After
nine washes with PBS, all plates were subjected to cell nuclei
staining with Hoechst 33342 (DOJINDO; 0.5 �g/ml) in PBS for
10 min at room temperature. Image acquisition and subsequent
analyses of the immunostained cells in each well of every plate
were performed using a Cellomics ArrayScan VTI automated
image analyzer (Thermo Scientific) (see below for details).

Image acquisition and high-content image analysis—Image
acquisition and quantitative analysis were optimized using
a Colocalization BioApplication equipped with a Cellomics
ArrayScan VTI automated image analyzer (Thermo Scientific).
The following four image sets per field were acquired with an
XF93 filter set: Channel 1 (Ch. 1) with XF93-Hoechst for visu-
alizing nuclear staining, Channel 2 (Ch. 2) with XF93-FITC for
visualizing PGAM5-FLAG signal, Channel 3 (Ch. 3) with XF93-
TRITC for visualizing AVAV signal, and Channel 4 (Ch. 4) with
XF93-FITC for visualizing PGAM5-FLAG signal. The image
sets were obtained from four fields per well with a 10	 objec-
tive, which facilitates the analysis of 
1,000 cells/well. The
exposure times were 50 ms for Ch. 1, 100 ms for Ch. 2, and 200
ms for both Ch. 3 and Ch. 4. The fluorescent nuclear signals in
Ch. 1 were used to automatically define the focal planes and
mark cells. Based on the nuclear regions of the target cells, the
mitochondrial regions and the region of interest (ROI) for each
cell were identified using the region containing a fluorescent
signal derived from PGAM5-FLAG in Ch. 4, whose overlap
with the nuclear region defined in Ch. 1 was excluded. To quan-
tify PGAM5 cleavage efficiency, the ratio of average fluores-
cence intensity per pixel in the ROI of Ch. 3 (AVAV) to that in
the ROI of Ch. 2 (PGAM5-FLAG) was calculated for each cell.
The mean of this calculated value was subsequently defined
as the overall PGAM5 cleavage efficiency in the well (Fig. S3C).

Statistical analysis of screening results—To control for
screening assay quality between plates, the Z� factor was calcu-
lated for each plate using the following formula,

Z� factor � 1 � 3��p 	 �n�/��p 	 �n� (Eq. 1)

where �p and �p represent the mean and S.D. of the positive (p)
control population on each plate, and �n and �n are the mean
and S.D. of the negative (n) control population on each plate.

In general, when the Z� factor of an assay system is greater
than 0.2, it is considered a suitable assay for high-throughput
screening (55). Therefore, assay plates with Z� factors lower
than 0.2 were discarded and resampled. For comparisons of
sample data across assay plates, wells containing sample
siRNAs, not wells containing control siRNAs, were considered

to be de facto negative references because almost all of their
genes could be irrelevant to specific biological events, such as
PGAM5 cleavage (30). In this sample-based normalization,
robust Z scores were calculated for each well using the follow-
ing formula,

�X i � mediansample)/(MADsample 
 1.4826� (Eq. 2)

where Xi is the summary value of PGAM5 cleavage efficiency in
well i, mediansample is the median X value in all of the sample
wells on the plate, and MADsample is the median absolute devi-
ation of X in all of the sample wells on the plate.

In addition to the aforementioned robust Z scores, B scores,
another normalization method, were calculated to minimize
positional effects within each plate (30, 31) because the cleavage
efficiency in the outer rows and columns tended to be greater
than it was in the interior wells, although B scores exhibited
lower sensitivities than robust Z scores in some cases. Robust Z
scores or B scores � 2.57 (p � 0.01) were considered positive
hits. According to these criteria, 93 and 485 genes were consid-
ered robust Z score–positive hits and B score–positive hits,
respectively. Consequently, 465 candidate genes were identi-
fied via primary screening (Fig. 3A and Fig. S2 (E–G)).

Database analysis—Because large numbers of gene candi-
dates were identified via primary screening, we performed data-
base analysis to identify genes whose protein products are likely
to target the mitochondria. First, using the intersection of
robust Z score–positive hits and B score–positive hits, we
excluded 86 genes encoding proteins with low probabilities of
mitochondrial localization based on the gene functional classi-
fications (cellular components and molecular functions) anno-
tated in the following databases: DAVID (RRID:SCR_001881)
(56, 57), PANTHER (RRID:SCR_004869) (58, 59), and
LOCATE (RRID:SCR_007763) (60, 61). Then 10 genes encod-
ing secreted proteins or cell membrane proteins were excluded;
thus, 76 genes were selected from the intersection of robust Z
score–positive hits and B score–positive hits. Next, based on
the combination of robust Z score–positive hits and B score–
positive hits, but not the intersection of these hits, we identified
379 genes encoding proteins with a strong possibility of
mitochondrial localization. We employed two databases,
MitoMiner (RRID:SCR_001368) (62) and MitoCarta (RRID:
SCR_018165) (63, 64), because these databases provide infor-
mation regarding mitochondrial localization of genes of inter-
est based on experimental data, such as comprehensive mass
spectrometric analysis of isolated mitochondria or large-scale
cellular image analysis. Ultimately, 24 of the 379 genes were
identified as genes whose protein products had a high probabil-
ity of mitochondrial localization. Overall, our database analysis
identified 100 candidate genes.

Secondary screening—Two individual Silencer Select siRNAs
(Ambion) for each of the above 100 genes were spotted into a
Nunc 384-well Optical Bottom Plate (Thermo Scientific).
Stealth siRNA negative-control Hi GC Duplex #3 (Ambion)
and positive-control stealth human PARL siRNA (described
under “Cell culture and transfection”) were also used. ICC was
performed using the procedure that is described under “Pri-
mary screening,” although a different siRNA concentration was

PGAM5 negatively regulates brown adipocyte function

5598 J. Biol. Chem. (2020) 295(17) 5588 –5601

https://www.jbc.org/cgi/content/full/RA119.011508/DC1
https://www.jbc.org/cgi/content/full/RA119.011508/DC1
https://scicrunch.org/resolver/RRID:SCR_001881
https://scicrunch.org/resolver/RRID:SCR_004869
https://scicrunch.org/resolver/RRID:SCR_007763
https://scicrunch.org/resolver/RRID:SCR_001368
https://scicrunch.org/resolver/RRID:SCR_018165
https://scicrunch.org/resolver/RRID:SCR_018165


used (final concentration: 40 nM). To verify the image-based
screening results, we also performed IB analysis during the sec-
ond screening. Eight microliters of Opti-MEM containing each
siRNA was spotted onto a 96-well plate (BD falcon) (final con-
centration: 40 nM), and 12 �l of Opti-MEM containing Lipo-
fectamine RNAiMAX (Invitrogen) (final dilution: 1:500) was
added using a Multidrop Combi Reagent Dispenser. After 20
min, HeLa cells suspended in 80 �l of medium (1.5 	 104 cells)
were dispensed into each well with a Multidrop Combi Reagent
Dispenser for reverse transfection. After 72 h, the media from
all wells in the plate were replaced with 100 �l of medium con-
taining CCCP (final concentration: 10 �M), and the plate was
incubated at 37 °C in 5% CO2 for 1.5 h. IB analysis was per-
formed using the same procedure as described above. Cleavage
efficiency was calculated from the band intensity of cleaved
PGAM5 (upper band) relative to total PGAM5 (upper and
lower band). Band intensity was measured using ImageJ soft-
ware (65). During the secondary screening, each experiment
was repeated to determine data reproducibility (ICC was per-
formed three times, and IB analysis was performed twice).
Among the two individual siRNAs tested for each gene, final
candidate genes were selected when at least one of these
siRNAs was effective in all of the ICC or IB experiments (i.e.
cleavage efficiency was lower under siRNA-treated conditions
than under negative-control siRNA-treated conditions). Using
the above selection criteria, 56 genes were selected as positive
hits via IB, whereas 39 genes were selected as positive hits via
ICC. We subsequently defined the union of these positive hits
(in total, 69 genes) as the final candidate genes.

Prioritization—Prioritization of the final 69 candidate genes
was performed via immunoblotting. The same procedures were
used as described under “Secondary screening,” although the
HeLa cells were treated with 100 �M CCCP and O.R.A. (1 �M

oligomycin, 5 �M rotenone, and 5 �M antimycin) for 1 h.

Animals

Ten-week-old C57BL/6J male mice that were bred in our
facility were used in all experiments. The establishment of
PGAM5-deficient mice has been described previously (28).
Animal experiments were performed according to the proce-
dures approved by the Graduate School of Pharmaceutical Sci-
ences, University of Tokyo.

RNA-Seq and data analysis

Total RNA (100 ng) was used for RNA-Seq library prepara-
tion with a TruSeq Stranded mRNA Library Prep Kit for Neo-
Prep (Illumina, NP-202-1001). This method uses a poly(A)-
oligo(dT)– based purification of mRNA, which we performed
according to the manufacturer’s protocol with minor modifica-
tion and optimization as follows. Custom dual index adaptors
were ligated to the 5�- and 3�-ends of the library, and PCR was
performed for 11 cycles. Then 150-bp paired-end RNA-Seq was
performed with a Hiseq 3000/4000 PE Cluster Kit (Illumina,
PE-410 –1001) and a Hiseq 3000/4000 SBS Kit (300 cycles)
(Illumina, FC-410-1003) on a Hiseq 4000 (Illumina), according
to the manufacturer’s protocol. Raw paired-end 150-bp reads
were aligned to the reference genome (mm10) using HISAT2
(version 2.1.0) (66). The number of reads mapped to each gene

was determined by featureCounts (version 1.6.2) (67). Differen-
tial gene expression analysis was performed with the R package
DESeq2 (68) in R (version 3.5.2). Cluster analysis was per-
formed using the package MBCluster.Seq (version 1.0) (69). In
this study, we removed one PGAM5-KO sample (ko4) from
subsequent analyses because this sample was strongly sus-
pected of muscle tissue contamination (data not shown).

Statistics

The results are represented as individual values and the
mean � S.E. unless otherwise indicated in the figure legends.
Unpaired two-tailed Student’s t test, Dunnett’s multiple-com-
parison test, Tukey’s multiple-comparison test, or Bonferroni’s
multiple-comparison test were used. Statistical analyses were
performed using GraphPad Prism (version 7.0c).

Data and software availability

All software programs used in this study are listed in Table
S2C. All raw sequencing reads and raw count matrices ge-
nerated in this study are available online at NCBI GEO
(GSE138782). All of the rest of the data are contained within the
paper.
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