
Editorial
Gene therapy for Friedreich ataxia:
Too much, too little, or just right?

Friedreich ataxia (FA) is a progressive and devastating disease in
which expression of frataxin (FXN) is severely decreased.1 Frataxin
is an ancient and highly conserved protein that is targeted to mito-
chondria, where it participates in iron-sulfur (Fe-S) cluster formation
through binding to a multi-protein core complex.2 Now, 25 years af-
ter identification of the gene defect,3 the field is moving closer to un-
derstanding exactly what FXN does and developing a therapy. Two
points are noteworthy from a therapeutic standpoint: (1) FA is a
monogenetic disease in which there is low expression of a key protein.
There is nothing wrong with the protein itself, i.e., there is not a domi-
nant-negative mutation in the encoded protein, there just is not
enough of it. (2) Frataxin is targeted to the mitochondrial matrix,
which is one of the most inaccessible organelles within the cell.
Although mitochondrial disorders as a class are common, there still
are few or no effective therapies for mitochondrial defects. Thus,
developing treatments for FA will advance our understanding of
how to treat other mitochondrial disorders. This is an important goal.
Early experiments have shown that viral gene therapies to deliver a hu-
manFXNgene are a promising approach butmayhave toxicities.4–6 In
a series of interesting and thoughtful experiments published inMolec-
ular Therapy: Methods & Clinical Development, Huichalaf et al.7 have
sought to determine expression limits for FXN toxicity and, more
importantly, the mechanism(s) of this toxicity. The authors show
that overexpression of native human FXN using an AAV9 vector
(AAV9-CAG-FXN) in the MCK-Cre conditional ablation FA mouse
model (loss of FXN in heart and skeletal muscle) is not only toxic to
heart, a key target organ in FA, but is also toxic to liver, which is an
off-target organ. Progressive overexpression of human FXN in the
ablationmodel resulted only in partial and transient correction of car-
diac dysfunction. Because AAV9 has tropism for liver, the authors
examined hepatic function in these mice. Hepatic toxicity developed
rapidly at higher doses, as evidenced by histology and loss of specific
Fe-S-cluster-dependent proteins in mitochondria. Importantly, liver
toxicity was moderated by accelerated regeneration in liver8 with
loss of hepatocytes containing the AAV-CAG-FXN construct. They
concluded that liver dysfunction was the most likely cause for weight
loss and premature death in the mice.

Next, the authors overexpressed FXN in wild-type mice using the
same AAV9-CAG-FXN construct. They compared these results
against a vector containing a known pathogenic mutation, AAV9-
CAG-FXN(N146K), that renders the FXN molecule unable to bind
to the Fe-S biogenesis core complex. Surprisingly, the authors found
that overexpression of the human FXN protein was not toxic in wild-
type mouse heart but again was toxic to liver. Possible explanations
for this were not clear. Overexpression of the FXN(N146K) mutation
was not toxic in either heart or liver, even though expression levels
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were similar to the therapeutic construct. Thus, one mechanism of
toxicity requires binding of FXN to the Fe-S core complex. This
experiment also showed that toxicity in the mouse was not due to
sequence differences between mouse and human FXN, nor was it
due to toxicity from the AAV9 vector itself.

The authors reasonably concluded that overexpression of FXN can
result in Fe-S cluster deficit in the same way that FXN depletion
does. From the standpoint of therapeutic development, there are
several take-home points from this work. First, there appears to be
a range of FXN expression that is therapeutic. Based on published
data, this range seems to be from �20% of normal expression to
�8-fold overexpression, but admittedly, these are early data with little
long-term follow-up.5,9 Second, there are differences in sensitivity of
heart versus liver to overexpression of FXN. This suggests that tissues
and cells with high metabolic needs and high mitochondrial count
will have a different requirement and sensitivity to FXN expression
compared with tissues having lower mitochondrial count and/or
metabolism. Third, off-target expression of FXN can and will be toxic.
Here, liver was damaged by overexpression of FXN, but it is unknown
whether other organ systems were affected. Although the liver
showed recovery with regeneration, this may also increase the risk
of secondary disease, such as cancer or cirrhosis, over time. Finally,
unlike the mouse model, the human disease results from low expres-
sion, but not complete loss, of FXN. Defining minimal expression
levels for normal cell function in different tissues, including brain,
will be needed to develop effective therapies. These experiments are
an important contribution to the field of FA, because they define
toxicity of FXN overexpression and, more importantly, identify
mechanisms underlying this toxicity.
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