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Feedback regulation of mitochondrial homeostasis via Wnt/b-catenin signaling
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ABSTRACT
Cellular abundance of mitochondria is dynamically regulated. We could recently show that dysfunctional
mitochondria release the phosphatase PGAM family member 5 (PGAM5) into the cytosol, where it
interacts with the Wnt signaling-component AXIN1 and dephosphorylates AXIN1-bound b-catenin
(CTNNB1) thereby activating Wnt/b-catenin signaling. Because Wnt/b-catenin signaling induces
mitochondrial biogenesis dysfunctional mitochondria trigger their own replacement by releasing PGAM5.
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Mitochondria are the cellular powerhouses where most of the
energy is produced by the mitochondrial respiratory chain
through aerobic oxidation. Cellular abundance of mitochondria
is regulated by mitochondrial biogenesis and mitophagy.6

Furthermore, mitochondrial numbers and individual sizes of
mitochondria are controlled by processes of mitochondrial
fusion and fission leading to the organization of complex
mitochondrial networks.6 Several signaling pathways have been
reported to be involved in regulating mitochondria. Best char-
acterized, AMP-activated protein kinase (AMPK) signaling was
shown to be critical for regulating mitochondrial homeostasis.4

Wnt/b-catenin signaling constitutes an evolutionary con-
served signaling pathway which controls patterning of body-
axis during embryonic development, stem cell biology and
tissue homeostasis.3 Since Wnt/b-catenin signaling induces cell
proliferation, hyperactivity of the pathway can drive carcino-
genesis in several organs, most prominently in the colon. In the
absence of Wnt ligands, b-catenin (CTNNB1) is phosphory-
lated in a destruction complex consisting of adenomatous poly-
posis coli (APC), AXIN1, casein kinase 1 a (CK1a) and
glycogen synthase kinase 3 (GSK3) leading to ubiquitination
and proteasomal degradation of phosphorylated b-catenin.3

Binding of Wnt ligands to receptors of the frizzled family
(FZD) and LDL receptor related protein 5/6 co-receptors
(LRP5/6) blocks b-catenin degradation resulting in its accumu-
lation and the transcription of b-catenin target genes, e.g. MYC
and CCND1 which drive cell proliferation.3

There is evidence that Wnt/b-catenin signaling induces
mitochondrial biogenesis.9,8 Thus, treatment of cells with Wnt
ligands or downregulation of negative pathway regulators was
shown to increase mitochondrial numbers.9 This might help to
ensure that enough mitochondria are generated for daughter
cells after cell division. In our recent study, we could reveal a
signaling axis from mitochondria to the Wnt/b-catenin path-
way which is involved in regulating mitochondrial homeosta-
sis.1 Initially, we found that the destruction complex scaffold
protein AXIN1 interacts with PGAM family member 5

(PGAM5), a serine/threonine phosphatase located in mito-
chondria. Moreover, PGAM5 promoted dephosphorylation of
b-catenin in a complex with AXIN1, leading to its stabilization
and robust activation of Wnt/b-catenin signaling. These results
were obtained in vitro using PGAM5 overexpression. The ques-
tion arose how endogenous PGAM5, which appears to be con-
fined to mitochondria, may be able to cross-talk to the Wnt
pathway. We capitalized on previous findings that PGAM5 gets
cleaved by the mitochondrial protease presenilin associated
rhomboid like (PARL) after disturbance of the mitochondrial
membrane potential by treatment with the uncoupler carbonyl
cyanide m-chlorophenyl hydrazone (CCCP).7 PARL cleaves
PGAM5 at its N-terminal membrane anchor leading to its
release from mitochondrial membranes.7 We could show by
sub-cellular fractionation and immunocytochemistry that a
considerable fraction of cleaved PGAM5 shows up in the cyto-
sol after CCCP treatment and that b-catenin is concomitantly
dephosphorylated (Figure 1, 1.-3.).1 Importantly, b-catenin
dephosphorylation was markedly diminished in PGAM5 and
PARL knockout cells showing a causal relationship between
both events. Similarly, challenging mitochondria by hypoxic
stress led to cytosolic release of PGAM5 and to PGAM5-depen-
dent stabilization of b-catenin. Altogether, mitochondrial stress
leading to activation of PARL and cleavage of PGAM5 results
in cytosolic appearance of PGAM5 which activates Wnt/b-cate-
nin signaling by dephosphorylating b-catenin. Given previous
findings that Wnt signaling increases mitochondrial numbers
we also explored whether cytosolic PGAM5 alters mitochon-
drial mass. Indeed stable expression of cytoplasmic PGAM5
increased the number of mitochondria by 30 to 40%.1

From these studies several conclusions regarding mechanis-
tic aspects of Wnt signaling and mitochondrial homeostasis
can be drawn: (i) PGAM5 is identified as a conditional
b-catenin phosphatase active after mitochondrial damage.
Presumably, PGAM5 takes part in Wnt signaling only under
conditions of mitochondrial challenge which might explain
why Pgam5 k.o. mice show no overt “Wnt” phenotype.5 (ii)
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AXIN1 acts as a scaffold not only for phosphorylation of
b-catenin but also for its dephosphorylation. In cells with intact
mitochondria, cytosolic PGAM5 levels are low and b-catenin
phosphorylation by CK1a and GSK3 scaffolded by AXIN1 pre-
vails. In damaged mitochondria, PGAM5 gets released and
AXIN1 fosters b-catenin dephosphorylation by linking it to
PGAM5 (Figure 1, 3.). To our knowledge, this mechanism rep-
resents the first example of a cell intrinsic mode of Wnt path-
way activation that can operate independent of Wnt ligands.
(iii) Our findings suggest that mitochondrial homeostasis is
regulated by a feedback loop operating from mitochondria to
Wnt/b-catenin signaling. By releasing PGAM5 and activating
Wnt signaling, damaged, mitophagy-prone mitochondria
induce mitochondrial biogenesis thereby stimulating their own
replacement (Figure 1). Interestingly, PGAM5 was described to
induce mitophagy.2 Therefore, activation of PGAM5 triggers
both removal of the damaged mitochondria and replenishment
of the mitochondrial pool. Simultaneous regulation of mito-
chondrial biogenesis and mitophagy seems to be a common
feature in regulation of mitochondrial homeostasis because also
AMPK signaling activates both processes.4

Induction of mitochondrial biogenesis by Wnt/b-catenin
signaling might have implications for colorectal carcinogenesis
beyond ensuring sufficient energy production. Increased mito-
chondrial numbers lead to an increase in reactive oxygen spe-
cies (ROS) and, thereby, an increase in DNA damage which

can cause senescence through activation of DNA damage
checkpoints.9 In cancer cells with impaired checkpoints,
increased DNA damage will result in higher mutation rates and
faster acquisition of mutations which drive tumor progression.
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Figure 1. Feedback regulation of mitochondrial homeostasis via activation of Wnt/
b-catenin signaling. PGAM5 released from damaged mitochondria cell-intrinsically
activates Wnt/b-catenin signaling to induce mitochondrial biogenesis. IRS1: insulin
receptor substrate 1. TCF: T-cell factor.
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