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Metformin treatment of the C9orf72 ALS/FTD
mouse: Almost too good for words
Michael Rosbasha,b,1

The regulation of protein synthesis is critically impor-
tant for the normal development and function of the
brain. Protein synthesis misregulation accompanies
and in some cases underlies a diverse set of develop-
mental and neurodegenerative diseases. They include
Down syndrome, fragile X syndrome, Alzheimer’s dis-
ease, and amyotrophic lateral sclerosis (ALS) (1). Al-
though the study by Zu et al. (2) is focused on C9orf72
ALS and frontotemporal dementia (FTD), the work has
implications for a much larger family of more than
50 microsatellite expansions diseases, which include
Huntington disease, myotonic dystrophy, and a num-
ber of spinocerebellar ataxias (3).

Microsatellite expansion diseases are caused when
short stretches of repetitive DNA (e.g., CAG•CTG;
CCTG•CAGG and G4C2•G2C4) located in protein
coding or noncoding gene regions increase in length
beyond a certain threshold. For C9orf72 ALS/FTD and
other expansion diseases, these mutations result in a
variety of downstream consequences, including the
expression and accumulation of sense and antisense
expansion transcripts. These RNAs can cause RNA
toxicity as well as the sequestration of RNA binding
proteins (4) and also serve as templates for the pro-
duction of toxic proteins expressed from both sense
and antisense transcripts (3, 5). The latter phenome-
non results from repeat associated non-AUG (RAN)
translation, which was discovered by Ranum and co-
workers (5) in 2011. RAN translation results in the ex-
pression of toxic repetitive proteins in all reading
frames without the requirement for AUG or AUG-
close cognate codons (5). RAN proteins were first dis-
covered in SCA8 and DM1, and the subsequent find-
ing of RAN proteins in the most common genetic form
of ALS and FTD caused by the C9orf72 repeat expan-
sion brought considerable attention to the field (5–8).

A number of studies have reported a feed-forward
loop showing that cellular stress triggered by RAN
protein accumulation activates the integrated stress
response (ISR) via the protein kinase PERK; this path-
way leads in turn to increased p-eIF2α and further

increases in RAN protein production (9, 10). Following
up on an earlier study showing that CUG expansion
RNAs activate the kinase PKR (11), Zu et al. (2) exam-
ines the ISR from a different angle; they tested the
hypothesis that expansion RNAs trigger the ISR via a
different pathway, the RNA-activated kinase PKR. The
authors show that inhibiting PKR reduces RAN protein
expression as well as improves disease in mice. A se-
ries of cell culture experiments also shows that PKR
activation increases RAN translation; importantly,
PKR inhibition is extremely effective at blocking RAN
protein accumulation across multiple types of disease-
causing repeats (CAG, CCUG, CAGG, G4C2). The ac-
tivation of RAN translation by PKR appears to involve
both ISR-dependent and ISR-independent mecha-
nisms. This is because PKR activation and inhibition
are more potent RAN protein regulators than manip-
ulating eIF2α activity with phosphomimetic (eIF2α-
S51D) or phosphoresistant (eIF2α-S51A) mutants.
PKR modulation is also more potent than stimulation
of ER stress using thapsigargin, which works via PERK,
or than addition of the ISR inhibitor.

Metformin is an inexpensive and widely prescribed
drug, principally for type 2 diabetes. It has been in
clinical use for more than 60 y and has a remarkable
safety profile. Although a positive impact of metformin
on neurodegenerative disease models, including dom-
inant repeat expansionmodels, is not without precedent
(12–16), the exciting feature of this paper is the intersec-
tion between its mechanistic advances and the impres-
sive benefit afforded by metformin in ameliorating the
effects of C9orf72-mediated ALS (Fig. 1).

The data show that metformin treatment reduces
PKR phosphorylation and RAN protein levels. The paper
convincingly shows that PKR activation by phosphoryla-
tion is more generally central to disease and leads to
enhanced levels of RAN proteins. This is almost certainly
principally due to their enhanced translation, in part via
eIF2α phosphorylation by PKR. Metformin also improves
behavior and decreases neuroinflammation as well as
motor neuron loss in C9-BAC transgenic mice.
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A key question for the future is how does metformin have such
a potent effect on C9orf72-mediated ALS. Is it solely due to a
reduction in RAN protein levels, and is this through a direct effect
on PKR? A direct effect predicts that addition of metformin to a
tissue culture model with PKR already phosphorylated will rapidly
reverse this phosphorylation. An even stronger prediction is that
metformin will affect an in vitro PKR phosphorylation assay.

Based on current knowledge however it is possible that
metformin works indirectly and chronically to reduce p-PKR and
RAN protein levels. Metformin up-regulates AMPK and directly
inhibits mitochondrial complex I; the former is probably a conse-
quence of the latter. Is this the direct target relevant to its
therapeutic effect on the C9orf72 mouse model of ALS? Perhaps
the metformin sensitivity of this model could be examined in a
genetic background resistant to the impact of metformin on mito-
chondrial complex I (17). Although making the appropriate mouse
strain might not be straightforward, it would be striking were PKR
and the disease still metformin-sensitive in this background.
Such a result would strongly indicate the existence of an addi-
tional metformin target relevant to C9orf72-mediated ALS.

Metformin is known to have broad anti-inflammatory effects,
many of which are due to chronic immune system modulation
(12–14). Although the tissue culture experiments indicate that
the drug can act directly on PKR-expressing cells, it is more dif-
ficult to show how the drug reduces RAN protein and p-PKR
levels in the nervous system. Perhaps future genetic models
can alter neurons or glia for in vivo studies, or a neuron/glia
in vitro C9orf72 model can be created.

In any case, repeat expansion diseases with RAN pro-
teins keep increasing in number; there are currently 50 and
counting (4). Given the central role of stress pathways in reg-
ulating RAN translation, therapeutic approaches that tar-
get these central players may have efficacy across the entire
family of diseases, indicating that metformin should be in-
vestigated as a potential therapy in a much larger group of
microsatellite diseases. Metformin may have even broader ap-
plicability—from aging to COVID-19 (15, 16). It is hard to imag-
ine an approved drug with more promise and a comparable
quality:price ratio. More information is certainly around the
corner.
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Fig. 1. Model showing that structured repeat expansion RNAs activate PKR, which leads to increased RAN translation through eIF2α-dependent
and -independent effects. Blocking PKR activation with PKR-K296R or metformin reduces RAN protein levels and improves behavioral and
neurologic phenotypes in C9orf72 BAC transgenic mice.
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