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Extreme conservation of the poly-glutamine tract in huntingtin
is related to neurodevelopmental functions: the “better” may
become the “enemy of the good” in the course of evolution
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The protein huntingtin was identified when its coding gene, now
named HTT, was found to be the locus of the genetic defects
underlying Huntington'’s disease (HD) [1]. HD is a rare inherited
neurodegenerative disorder affecting young adults characterized
by choreiform movements, cognitive defects, and psychiatric
changes and is associated with brain atrophy, especially affecting
the striatum and white matter tracks [2]. The disease is lethal
within ~15 years from disease onset and there is no treatment to
delay the onset or slow down the progression of HD. HD is due to
a pathological expansion of a CAG repeat tract in the HTT gene,
which leads to an expansion of a poly-glutamine (polyQ) tract in
the N-terminal part of huntingtin. More than 5000 publications
deal with the question of how mutant huntingtin triggers
neurotoxicity. Many hypotheses have been suggested, pointing
to multiple cellular and molecular culprits such as transcription,
cellular transport, autophagy, energy metabolism, and synapses
[3]. Anomalies of neurodevelopmental processes associated with
brain maturation may also be at stake [4]. In comparison, only a
small proportion of studies tried to decipher the physiological
function(s) of huntingtin. However, without going into the details,
compelling evidence indicates that wild-type huntingtin is
expressed in many (if not all) cell types, and plays key roles in
development and cellular homeostasis [5]. One of the most
striking aspects of huntingtin biology is that the protein interacts
with more than 300 molecular partners, emphasizing its probable
implication in a variety of cellular processes.

The presence of the trinucleotide CAG repeat in huntingtin is
intriguing. PolyQ repeat length is quite small (~5) in animal reign
(e.g., 7 in mice, 11 in non-human primates). Only humans show a
quite high number of glutamines, which is highly variable with
15-35 in the normal range. Above 35-36, gene carriers develop
HD symptoms. The highly conserved polyQ tracts in huntingtin are
reminiscent of the polyQ tracts found in development-related
transcription factors. Since the knockout of the mouse htt gene
(hdh) is lethal in embryos when the neural crest is forming [6],
huntingtin probably has a central role in neurodevelopmental
processes.

Why has evolution tightly maintained a stable number of
glutamines in huntingtin in chordates? Why did evolution select
longer CAG repeats in humans? Could it be that this “physiolo-
gical expansion” is related to neurodevelopmental advantages
associated with amplified complexity of the brain? If so, why
does an increase in the CAG repeat above 35-36 precipitate the
human brain toward a lethal neurodegenerative disorder? This
appears paradoxical. To address these questions, a better

understanding of the wild-type function of the huntingtin polyQ
tract is required.

In this issue of Cell Death and Differentiation, lennaco et al.
from Elena Cattaneo’s laboratory at the Department of
Biosciences, University of Milan, and the Istituto Nazionale
Genetica Molecolare tackled this very challenging question of
the biological function of the CAG repeats in the HTT gene [7].
More specifically, they asked whether the mild increase in CAG
repeat length in the course of evolution could be the result of a
positive selection linked to a neurodevelopmental function of
the protein. They used bioinformatics analyses of ~100 HTT
genes or orthologues from already available sequences
deposited in public genetic databases and in order to enrich
the analysis, they sequenced HTT exon 1 in more than 100
various species. One powerful approach for investigating
whether a sub-domain of a protein plays a key functional role
is to look into the evolution of the corresponding gene across
taxa. High conservation across species, especially the near
absence of non-synonymous substitution and a low rate of
synonymous substitution of DNA bases indicate a purifying
process during evolution. This suggests that a minor modifica-
tion of the gene domain is strongly suppressed by evolution
pressure, underlining that the function of the domain is crucial
for the survival of the species. Cattaneo’s team used this
approach and found that CAG-encoded polyQ tract of
huntingtin protein is under purifying selection during evolu-
tion. Interestingly, they compared the results from the analysis
of the HTT genes with genes of other polyQ-containing proteins
whose abnormal expansion also leads to neurodegenerative
diseases such as ataxin-3 or ataxin-7. The “purification” process
for ataxin genes was not so high as compared to that seen for
HTT gene. In addition, the purifying process of the huntingtin
polyQ tract is almost as high as that of polyQ-containing
transcription factors that play crucial roles during neurodeve-
lopment such as TBP (TATA-box-binding protein). Thus,
conservation and purity in the huntingtin polyQ tract could
have paved the way for its evolutionary expansion in mammals,
possibly leading to an improved biological function.

The authors also provide experimental evidence that, in the
mouse genetic background, the size of the polyQ tract is
determinant for neurodevelopmental functions of huntingtin. The
authors created knockin models of mouse embryonic stem (mES)
cells with various repeats (from 0 to 17 Q). Looking at
transcriptomic and morphologic developmental markers (lumen
size of nestin-positive rosettes), they found that the number of Q
correlates with stronger marks of neurodevelopment, zero gluta-
mine showing the poorest marks. Intriguingly, the effect plateaued
above 7 Q, which is the normal size of the polyQ tract in mice. Then,
focusing on the mouse cell models with 0, 2, 4, and 7 Q, the authors
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Fig. 1 Huntingtin interactome and the high conservation of its polyQ tract contribute to show a key role of the protein in
neurodevelopment. A Representation of the network of proteins interacting with huntingtin using String (https://string-db.org). Each of the
409 proteins shown is represented by a gray ball if unrelated to development or colored when its biological function is related to
development (according to Gene Ontology). Interactions between proteins are represented by gray lines. The bottom panel is a zoom of the
network showing the enrichment of developmental (colored) proteins. The black arrow indicates HTT. The list of the 409 proteins is from a list
of 412 proteins available in Shirazaki et al. [9]. B The graph shows the number of CAG repeats in different mammals across taxa (X-axis) and
the corresponding logarithm of the volume of the brain of these animals (Y-axis). For clarity, only common names of well-known species are
indicated. It is remarkable that, in the course of evolution in mammals, the number of CAG repeats remained higher than 6, for example, the
number found in horses (Equus caballus). Also note that this number is relatively constant and always below 13, with the exception of the
human huntingtin gene that has an average of 20 repeats. The number of CAG for each animal shown has been extracted using NCBI

resources. Approximates of the size of the brain (volume) for each animal were from recent publications [13-15].

demonstrate that the increase in the number of Q in huntingtin
provides a significant advantage for neurodevelopment: genes
differentially regulated as a function of Q at different stages of
differentiation are massively linked to early and late neurodevelop-
mental signaling.

These puzzling results further demonstrate the key role of
huntingtin in development. However, the underlying molecular
mechanisms await further studies to be understood. Not all
cellular functions of wild-type huntingtin are “Q-dependent.”
Indeed, lennaco et al. showed that the length of the polyQ tract
was not changing cell death in mES cells, indicating that the
anti-apoptotic effect of huntingtin is not dependent on the
polyQ length. Many cellular components and processes might
be involved. For example, an intriguing study points to energy
metabolism. Marcy McDonald’s team reported that polyQ tract
length (<20) is correlated with the mitochondrial capacity to
generate ATP [8], which is consistent with the fact that
huntingtin interacts with many proteins with ATPase activity
and/or with mitochondrial localization (e.g. Atplal, Cct1, Cct8,
Hsp90ab1, Hspd1, Ndufs3) [9].

What are the implications of this exciting study by lennaco
et al.? It suggests that the size of the polyQ tracts in huntingtin
was totally maintained to four Q in bonefishes, crocodiles, and
birds and i could influence brain structure and function in
mammalian species where the polyQ tract has generaly more
than 4 Q. However, search in public databases and key
publications that provide a fair estimation of brain volumes in
mammalian species show that the relationship between the
number of CAG repeats and brain size across different species is
not simply linear (Fig. 1). Small mammals like mice and rats have
7 and 8 Q, respectively. In non-human primates, it remains stable
around 9-11. In animals whose brains are ~3-4 times bigger than
the human brain (i.e., elephants and Cetaceans such as killer
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whales and dolphins), the HTT gene codes for only a 9-12 Q
tract. Could it be that increasing the number of repeats in the
course of evolution could have produced advantage to the
human brain? MRI studies of brain anatomy and genetic
determination of CAG repeat length in healthy population
showed that the higher the CAG repeat number, the bigger
the brain and these two readouts also correlate with the
quantitative proxy of what could be considered “intelligence”
in a human subject [10]. Thus, it is plausible that the polyQ tract
in huntingtin in the human genetic background possesses
unique developmental properties that are not present in
other mammals. How the polyQ tract leads to better brain
function in humans is unknown. Experiments in human models
(iPSC, organoids) expressing human huntingtin with varying
polyQ in the normal range would be extremely interesting in
this regard.

If this speculative evolutionary process of progressive CAG
repeat expansion occurred in the past when it could provide an
advantage against environmental pressure, it is puzzling that
more recently, the increase in CAG repeat in the HTT gene,
although a very rare event, can be let out of control, leading to a
lethal brain disorder. Addressing this question may help discover
the covariant genes that allowed this dire event to occur. Recent
GWAS data obtained from the analysis of large cohorts of mutant
HTT gene carriers may contribute to identify the culprits [11].
Thus, the implications of the present study are important for HD.
It emphasizes that the physiological role of wild-type huntingtin
is crucial to shape our brain. Evolution may have used huntingtin
to this objective. It requires further studies to be fully under-
stood. In the context of rapidly developing HTT lowering
therapeutic strategies [12], basic research on the function of
wild-type huntingtin has to be pursued to optimize the efficacy
and safety of future therapies for HD.
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