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Transmissible spongiform encephalopathies are infectious neurodegenerative diseases
caused by the conversion of prion protein (PrP) into a self-replicating conformation that
spreads via templated conversion of natively folded PrP molecules within or between
cells. Recent studies provide compelling evidence that prion-like behavior is a general
property of most protein aggregates associated with neurodegenerative diseases. Many of
these disorders are associated with spontaneous protein aggregation, but genetic mutations
can increase the aggregation propensity of specific proteins, including expansion of polyglut-
amine (polyQ) tracts, which is causative of nine inherited neurodegenerative diseases.
Aggregates formed by polyQ-expanded huntingtin (Htt) in Huntington'’s disease can transfer
between cells and seed the aggregation of cytoplasmic wild-type Htt in a prion-like manner.
Additionally, prion-like properties of glutamine-rich proteins underlie nonpathological pro-
cesses in yeast and higher eukaryotes. Here, we review current evidence supporting prion-
like characteristics of polyQ and glutamine-rich proteins.

he hypothesis that proteins could behave as
Tagents of infection was first proposed in the
late 1960s when it was observed that material
capable of transmitting the neurodegenerative
disease scrapie in sheep and goats was resistant
to treatment with heat, formaldehyde, and ul-
traviolet radiation (Alper et al. 1967; Pattison
and Jones 1967). The infectious agent respon-
sible for spreading scrapie was termed a prion,
but it was not until the early 1980s that the
major protein component in these prions was
isolated and named prion protein (PrP) (Bolton
et al. 1982; McKinley et al. 1983). The term
prion was later extended to include proteins
that mediate the inheritance of altered pheno-

types in yeast and other fungi (Wickner 1994;
Patino et al. 1996; Coustou et al. 1997), with the
recognition that prion behavior describes the
ability of any protein to adopt alternative, non-
native conformations, at least one of which is
self-replicating and leads to the formation of a
stable amyloid fold. This understanding of the
mechanism of prion formation allows expan-
sion of the prion concept to include any protein
that assembles into nuclei that drive the forma-
tion of thermodynamically stable, ordered fi-
brillar aggregates by monomer addition to fibril
ends and that can fragment to generate new
fibril ends (Prusiner 2013). The extraordinary
stability of these fibrils ensures that once
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formed, nuclei will continue to grow even if the
amyloidogenic state is exceedingly rare (Eisen-
berg and Jucker 2012). The discovery that even
well-folded, globular proteins have the capacity
to access an amyloidogenic state under native
conditions (Fiandrich and Dobson 2002; Chiti
and Dobson 2009) indicates that the prion
concept is likely far more general than originally
believed and can be applied to a large set of
structurally diverse proteins.

PROTEIN HOMEOSTASIS
AND AGGREGATION

To function, newly synthesized polypeptides
must fold properly, assemble with their binding
partners, and be targeted to their appropri-
ate subcellular destinations (Braselmann et al.
2013). In the cell, most nascent polypeptides
achieve their mature conformation through
the assistance of molecular chaperones, a class
of proteins that bind transiently to unfolded or
partially folded polypeptides and promote their
transition to the native state (Kim et al. 2013).
Chaperone networks maintain protein homeo-
stasis and respond to changes in environmental
conditions or gene expression programs that
increase the burden of unfolded or misfolded
proteins in the cell (Smith et al. 2015). Tradi-
tionally, protein folding has been viewed as a
biased search for a single native state defined
by the lowest free-energy conformation (Powers
et al. 2009). However, most proteins display
conformational flexibility in their native states
that is required for their function. In fact, a
substantial fraction of proteins or protein do-
mains lack any stable three-dimensional struc-
ture and are known as intrinsically disordered
proteins (IDPs) or intrinsically disordered re-
gions (IDRs) (Wright and Dyson 2015). IDPs
and IDRs are enriched in charged and polar
residues and show low sequence complexity,
which prevents them from spontaneously fold-
ing into a single native state. Because of their
inherently unstructured nature, IDPs and pro-
teins containing IDRs often play key roles in
protein interaction and signaling networks by
facilitating interactions with diverse protein
partners. For example, IDPs play roles as linkers

that allow dynamic movement of adjacent, co-
valently attached protein regions or in facilitat-
ing interactions with multiple protein partners
(Das et al. 2015).

Cellular stress, genetic mutations, or a de-
cline in cellular proteostasis capacity can lead to
the accumulation of misfolded proteins (Hipp
etal. 2014) and, in many cases, their self-assem-
bly into highly ordered fibrils or spines that
show characteristic X-ray diffraction patterns
reflecting an underlying organization of B-
strands stacked one on top of another perpen-
dicular to the fiber axis (Eisenberg and Jucker
2012). The extensive hydrogen-bonding net-
work between these cross-f3-sheets, in-register
packing of side chains, and iterative long-range
order contribute to the extraordinary thermo-
dynamic stability of these conformers (Makin
etal. 2005; Nelson et al. 2005; Tsemekhman et al.
2007). Amyloid formation is biphasic and char-
acterized by an initial lag period, during which
an oligomeric nucleus forms and is followed by
a period of exponential growth when mono-
mers are recruited onto the ends of a growing
fibril (Arosio et al. 2015). Most neurodegenera-
tive diseases, including prion diseases, are asso-
ciated with the deposition of amyloid, initially
formed by a specific protein in each disorder, in
the brain (Prusiner 2013). The majority of these
disease-associated proteins are IDPs or contain
IDRs (Cleveland et al. 1977; Bennett et al. 2002;
Mukrasch et al. 2009; Fauvet et al. 2012), sug-
gesting that their inherent metastability facili-
tates aggregation in pathological states.

The relative contribution of heterogeneous
oligomeric species and stable amyloid to cyto-
toxicity and whether sequestration of misfolded
proteins into an aggregate serves a neuropro-
tective function are matters of intense debate
(Mucke et al. 2000; Stephan et al. 2001; Walsh
et al. 2002; Arrasate et al. 2004; Ko et al. 2008;
Winner et al. 2011; Pieri et al. 2012; Barmada
et al. 2014). In prion diseases, PrP aggregation
and recruitment of monomeric protein into
amyloid underlie disease transmission (Prusi-
ner 2013), indicating that aggregates can trans-
mit toxicity by propagating between individual
cells or even organisms. However, the mecha-
nism(s) by which protein aggregation causes
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cell death is not well understood. Formation of
protein aggregates is closely correlated with
neuronal dysfunction and death and could drive
toxicity by two possible mechanisms: first, by
sequestering soluble monomeric proteins, pre-
venting them from performing their normal
cellular function, and second, by perturbing cel-
lular protein homeostasis (Powers et al. 2009;
Holmesetal. 2014). A unique feature of amyloid
fibrils is their frangibility; fragmentation accel-
erates polymerization by creating new fibril
ends for continued recruitment of monomers
(Gillam and MacPhee 2013). Breakage events
could also contribute to prion-like spread of
amyloid by creating smaller fibrillar nuclei ca-
pable of moving between cells. Because neuro-
degenerative disorders (e.g., Parkinson’s disease
[PD], Alzheimer’s disease [AD], Huntington’s
disease [HD], and amyotrophic lateral sclerosis
[ALS]) are characterized by the conversion of
normal cellular proteins into amyloid, it has
been postulated that transmissible amyloids
could underlie the stereotypical spread of dis-
ease pathology through the brain (Braak and
Braak 1991; Braak et al. 2004; Brettschneider et
al. 2013). This hypothesis is supported by the
finding that amyloid associated with the most
common neurodegenerative diseases can trans-
mit between cells in culture and in the brains of
animal models of these diseases (Desplats et al.
2009; Frost et al. 2009; Ren et al. 2009; Munch
et al. 2011; Volpicelli-Daley et al. 2011; de Cal-
ignon et al. 2012; Lasagna-Reeves et al. 2012; Liu
et al. 2012b; Luk et al. 2012; Trevino et al. 2012;
Clavaguera et al. 2013; Costanzo et al. 2013;
Holmes et al. 2013; Nonaka et al. 2013; Ahmed
et al. 2014; Pecho-Vrieseling et al. 2014; Pearce
et al. 2015). Together, these studies provide ev-
idence for a common prion-like component in
neurodegenerative disease progression.

POLYGLUTAMINE (POLYQ)- AND
GLUTAMINE (Q)-RICH DOMAINS

Unlike most cases of the major neurodegenera-
tive diseases (AD, PD, and ALS) that occur spon-
taneously, certain neurodegenerative disorders
are exclusively caused by dominantly inherited
genetic mutations that produce proteins that

Polyglutamine Prions

make up the major component of the pathogen-
ic aggregates detected in these diseases. Nine of
these genetic disorders are caused by the inher-
itance of a mutation that expands a CAG repeat
region in a coding region of a particular gene
(Everett and Wood 2004). CAG repeat expan-
sion results in the expression of proteins with
tracts of uninterrupted glutamine residues
(polyQ) that are longer than in the wild-type
(WT) protein (Fig. 1) and increases the aggre-
gation propensity of these proteins (Fig. 2A,B)
(Chen et al. 2002a). CAG repeat regions are un-
stable DNA elements that tend to increase in
length (particularly in the male germline)
through successive generations, a phenomenon
known as genetic anticipation (Duyao et al.
1993). CAG repeat length is inversely correlated
with age of disease onset, with extremely long
repeats causing disease manifestation in chil-
dren (Chen et al. 2002b; Langbehn et al. 2010).

PolyQ tract expansion causes the proteins
responsible for these inherited neurodegenera-
tive diseases to adopt alternative aggregation-
prone conformations within some neuronal
populations. PolyQ expansion above a critical
threshold dramatically increases the aggregation
propensity of these proteins in vitro and in vivo
(Scherzinger et al. 1997; Huynh et al. 2000;
Yoshizawa et al. 2001). However, other regions
in these proteins can also influence aggregation
kinetics, including regions directly flanking the
polyQ stretch located in exon 1 of the hunt-
ingtin (Htt) gene product (Steffan et al. 2004;
Bhattacharyya et al. 2006; Subramaniam et al.
2009; O’Rourke et al. 2013), the gene that is
mutated in HD (Huntington’s Disease Collab-
orative Research Group 1993). The exact mech-
anism by which polyQ tract expansion enhances
aggregation of these proteins is not fully under-
stood but involves exacerbation of the intrinsic
disorder of glutamine-rich sequences and stabi-
lization of the steric zipper core structure of
amyloid fibers by glutamine side chains that
provide additional hydrogen-bonding surfaces
(Thakur et al. 2009; Eisenberg and Jucker 2012;
Labbadia and Morimoto 2013).

PolyQ tracts appear in more than 60 pro-
teins encoded by the human genome, most of
which are not associated with inherited disease,
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Figure 1. Polyglutamine (PolyQ)-containing proteins implicated in inherited neurodegenerative diseases. The
domain organizations of nine proteins associated with inherited neurodegenerative diseases caused by polyQ
expansion are shown. PolyQ tracts are shown in black, with reported ranges for wild-type (WT) (green) and
mutant (red) lengths indicated underneath. HEAT, Repeats found in huntingtin, elongation factor 3, protein
phosphatase 2A, and TOR1; SCA, spinocerebellar ataxia; AXH, ataxin-1 and HMG box-containing protein 1
domain; UIM, ubiquitin interacting motif; CACNA1A, Cav2.1 P/Q voltage-dependent calcium channel; SCA7,
ataxin-7 atypical zinc finger; TBP, TATA box-binding protein.

suggesting that this protein domain has a con-
served function (Butland et al. 2007). PolyQ
tracts and their flanking regions have been re-
ported to mediate protein—protein interactions
with other polyQ-containing proteins (Fiuma-
ra et al. 2010; Schaefer et al. 2012), and polyQ
proteins are overrepresented in protein net-

works related to nuclear functions, including
transcriptional regulation, chromatin mainte-
nance, and RNA binding (Schaefer et al.
2012). A common feature of polyQ-containing
and glutamine-rich proteins is the capacity to
convert into a prionogenic form, and these self-
replicating conformations have been described
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Figure 2. Prion-like transmission of mutant huntingtin (Htt) and polyQ aggregates. (A) Monomeric mutant
Htt proteins containing a polyQ tract of greater than 37 glutamines will self-assemble into amyloid when a
critical concentration has been achieved (top). Monomeric WT Htt proteins containing 36 or fewer glutamines
do not form aggregates unless nucleated by a preformed Htt aggregate seed (bottom). (B) Aggregation kinetics
for mutant Htt ( purple line), WT Hitt (green line), and WT Htt after addition of an aggregate mutant Htt seed
(dotted green line). (C) Purified mutant Htt or polyQ aggregates nucleate the aggregation of WT Htt expressed
in the cytoplasm of cultured mammalian cells. (D) Mutant Htt aggregates can transfer between individual co-
cultured cells, before or after cell lysis (indicated by dotted cell membrane), and nucleate the aggregation of
cytoplasmic WT Htt proteins in recipient cells. (E) In a Drosophila model of Huntington’s disease (HD),
mutant Htt aggregates formed in presynaptic olfactory receptor neurons transfer to neighboring phagocytic
glia and nucleate the aggregation of cytoplasmic WT Htt in a process that requires the phagocytic receptor,
Draper, and its associated engulfment machinery. Whether cytoplasmic entry of neuronal Htt aggregates occurs
at the plasma membrane during phagocytic engulfment or after formation of a sealed nascent phagosome is
not yet clear.
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to mediate pathogenic and nonpathogenic pro-
cesses in yeast and higher eukaryotes (Shorter
and Lindquist 2005).

NONPATHOGENIC Q- AND Q/N-RICH
PRIONS

In the budding yeast Saccharomyces cerevisiae,
more than 25 proteins form naturally occurring
prions that are heritable between mother and
daughter cells (Wickner 1994; True and Lind-
quist 2000). The protein domain that drives
amyloidogenesis is known as a prion-forming
domain (PFD) and is often intrinsically disor-
dered and rich in glutamine and asparagine res-
idues (Q/N-rich) (Ross et al. 2004). Yeast prion
proteins follow similar aggregation kinetics to
mammalian prions with a lag phase during
which one or more monomers undergo conver-
sion into a prion state, followed by rapid poly-
merization into fibrils once a stable nucleus of
sufficient size forms (Thual et al. 1999; Chen et
al. 2002b). In yeast, prions mediate the non-
Mendelian inheritance of traits acquired by
mother cells in response to changed environ-
mental conditions (e.g., stress), generating di-
verse, persistent phenotypes in otherwise iso-
genic populations of yeast cells (Ter-Avanesyan
et al. 1994; Wickner 1994; Patino et al. 1996;
True and Lindquist 2000; Halfmann et al.
2012). Adding to this diversity, fibrillar forms
of the same prion protein can vary widely in
morphological, biochemical, and functional
characteristics (Krishnan and Lindquist 2005;
Toyama et al. 2007). The existence of such prion
“strains” suggests that subtle changes in struc-
ture can translate into phenotypic variations
among prion populations.

In higher eukaryotes, Q-rich prion proteins
can also play roles in nonpathogenic processes.
In snails and flies, the synaptic protein CPEB/
Orb2 can convert into an amyloidogenic form
to recruit monomeric forms of the same protein
in a process that is involved in the formation of
long-term memories (Si et al. 2010; Majumdar
et al. 2012). Formation of CPEB/Orb2 amyloid
is required for the maintenance of learned be-
havior beyond 48 h in snails (Si et al. 2010) and
beyond 24 h in flies (Majumdar et al. 2012),

suggesting that this self-perpetuating form of
CPEB/Orb2 allows certain synaptic phenotypes
to persist for extended periods of time. This
prion-like behavior of CPEB/Orb2 is stabilized
by its N-terminal Q-rich PFD (Fiumara et al.
20105 Si et al. 2010; Majumdar et al. 2012) and is
an example of amyloid that has evolved to be
functional and physiologically relevant.

PATHOGENIC POLYQ PRIONS

In most neurodegenerative diseases, WT pro-
teins aggregate spontaneously in susceptible
neurons, and prion-like processes are then pro-
posed to promote disease progression by spread-
ing the aggregation phenotype to naive cells.
However, in autosomal dominantly inherited
disorders such as HD, the mutant aggregation-
prone protein is expressed in every neuron
throughout life. How then could prion-like
transfer of aggregates between individual cells
contribute to the pathogenesis of these inherited
diseases? The cellular concentration at which
mutant polyQ proteins aggregate and the rate
at which aggregates are cleared from the nucleus
and cytoplasm are related to a cell’s capacity to
maintain protein homeostasis and likely vary
depending on the specific neuronal subtype
(Tsvetkov et al. 2013) and activity (Prahlad and
Morimoto 2011). Thus, prion-like transfer of
polyQ aggregates could serve to accelerate the
progression of disease pathology from more sus-
ceptible to less susceptible neurons within an
individual brain.

Expression of pathogenic polyQ proteins in
yeast, worm, fly, and mouse models recapitu-
lates many aspects of neurodegenerative disease,
including cell death, mitochondrial dysfunc-
tion, impaired synaptic activity, reactive gliosis,
and disrupted protein homeostasis (Mangiarini
etal. 1996; Scherzinger et al. 1997; Klement et al.
1998; Warrick et al. 1998; Marsh et al. 2000;
Meriin et al. 2002; Morley et al. 2002; Yu et al.
2003; Bennett et al. 2007; Figiel et al. 2012; Tsou
et al. 2015). These genetic models have been
used in numerous screens to identify modifiers
of polyQ disease toxicity. Factors that have been
identified to influence the aggregation state or
toxicity associated with pathogenic polyQ

6 Cite this article as Cold Spring Harb Perspect Med 2018;8:a024257



fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

Voo’

www.perspectivesinmedicine.org

protein expression include genes involved in
promoting protein folding, suppressing aggre-
gation and degradation (most notably, chaper-
ones) (Krobitsch and Lindquist 2000; Bilen and
Bonini 2007; Zhang et al. 2010), transcription
(Renetal. 2011; Liu et al. 2012a; Yamanaka et al.
2014), and signal transduction (Giorgini et al.
2005; Doumanis et al. 2009; Schulte et al. 2011).
Interestingly, in yeast, expression of a polyQ-ex-
panded Htt exon 1 fragment induces the con-
version of yeast prion proteins (e.g., Sup35 and
Rnql) into their self-propagating state (Goehler
et al. 2010), suggesting that pathogenic polyQ
expression affects global protein homeostasis or
potentially promotes cross-seeding of other Q-
rich proteins, in which nonidentical side chains
hydrogen bond within the amyloid core, termed
a heterosteric zipper (Eisenberg and Jucker
2012). More recent screens for modifiers of
polyQ-induced toxicity in yeast uncovered a
surprisingly strong bias for Q- and N-rich pro-
teins as suppressors (Kayatekin et al. 2014; Ri-
paud et al. 2014), suggesting that interactions
between polyQ and Q/N-rich proteins lead to
disrupted protein homeostasis or to cross-seed-
ed amyloid formation.

Prion-like properties of aggregated forms of
mutant Htt exon 1 or pure polyQ have now been
reported in several model systems, suggesting
that this behavior can be attributed to protein
aggregates associated with all polyQ diseases.
Early in vitro studies showed that purified polyQ
peptides of subpathogenic lengths could be
induced to aggregate upon introduction of
preformed Htt aggregate seeds in a classic amy-
loidogenic process (Fig. 2A,B) (Preisinger et al.
1999; Chen et al. 2001). Fluorescently labeled
aggregates formed from synthetic polyQ pep-
tides were later shown by confocal microscopy
to be internalized by cultured mammalian cells,
and the aggregates could be delivered to the nu-
cleus by fusion of a positively charged nuclear
localization sequence to the N terminus of the
polyQ peptides (Yang et al. 2002), suggesting
that these aggregates are able to gain access to
the nuclear import machinery within the cyto-
plasm. The ability of extracellular polyQ or re-
combinant Htt exon 1 fragments to gain access
to the cell cytoplasm was established by our lab-

Polyglutamine Prions

oratory in a study using a cytoplasmic WT Htt
exon 1 reporter (Fig. 2C) (Ren et al. 2009). Be-
cause WT Htt can only aggregate upon physical-
ly encountering an aggregated Htt seed (Chen
etal. 2001), changes in the solubility of this WT
Htt reporter reflect the ability of exogenous ag-
gregates to enter the cell cytoplasm. When puri-
fied aggregates derived from synthetic polyQ
peptides of pathogenic length or recombinant
mutant Htt proteins were added to cultured
cells, the aggregates were visible within the inte-
rior of the cell and induced the conversion of
soluble, WT Htt from its normally diffuse state
to an aggregated form in the cell cytoplasm, in-
dicating that the exogenous aggregates directly
nucleated WT Htt aggregation (Ren et al. 2009).
The internalized aggregates co-localized with
cytoplasmic markers (e.g., hsp70, ubiquitin,
and proteasomal subunits), confirming that
the aggregates accumulated in the cytoplasmic
rather than in an endolysosomal compartment
of the cell. The nucleated aggregation of WT Htt
was strictly homotypic, as it could not be in-
duced by fibrillar aggregates formed by either
AP or Sup35. Aggregated WT Hitt is able to per-
sist throughout many generations in cell culture,
indicating that the nucleated aggregation of WT
Htt proteins is a stable, heritable trait in dividing
cells. In addition, cell-to-cell transfer of Htt ag-
gregates was shown in experiments in which WT
Htt could be converted into an aggregated state
by co-cultured cells expressing aggregated, mu-
tant Htt proteins. This intercellular transmis-
sion was enhanced by selective lysis of mutant
Htt-expressing cells in the co-culture, suggesting
that cell death may contribute to the transfer of
aggregates between individual cells (Fig. 2D).
The ability of extracellular polyQ and/or
Htt aggregates to gain access to the cytoplasm
of intact cells has now been observed in a variety
of cultured cell lines and primary cell types
(Herrera et al. 2011; Trevino et al. 2012; Cos-
tanzo et al. 2013; Ruiz-Arlandis et al. 2015),
suggesting that the existence of cellular path-
ways that provide a route for aggregate entry
are common to many different cells. However,
the mechanistic details of how large aggregates
breach a membrane bilayer to enter the cell’s
cytoplasm remain largely enigmatic. Our labo-
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ratory has shown that aggregate charge and pro-
teins exposed on the cell surface contribute to
the efficiency of internalization of purified Htt
or polyQ aggregates by cultured cells (Trevino
et al. 2012), suggesting that interactions with
proteins on the cell surface play an important
role in this process. In one study using a mouse
catecholaminergic neuronal cell line, physical
contact was required for the transfer of Htt ag-
gregates between co-cultured cells (Costanzo
etal. 2013). In this same study, tunneling nano-
tubes, membrane-bound structures that physi-
cally connect two cell cytoplasms, were en-
hanced in cells expressing mutant Htt, and
some of these nanotubes were found to contain
Htt aggregates, suggesting that they may pro-
vide a route for intercellular aggregate move-
ment between cultured neuronal cells.

Endocytosis has been proposed to mediate
uptake of extracellular aggregates formed by
a-synuclein (Hansen et al. 2011), MAP-tau
(Holmes et al. 2013), and mutant SODI
(Munch et al. 2011) in models of PD, AD, and
ALS, respectively. Interestingly, macropino-
cytosis mediated by cell-surface heparan sulfate
proteoglycans was required for entry of tau and
a-synuclein aggregates into mouse neural pre-
cursor cells, but mutant Htt aggregate internal-
ization by the same cell type was not perturbed
by inhibiting this pathway, suggesting that Htt
aggregates utilize an alternative receptor and/or
entry mechanism from that used by tau and «-
synuclein (Holmes et al. 2013). Another recent
report showed that inhibitors that block clath-
rin-dependent endocytosis reduced Htt exon 1
aggregate uptake by undifferentiated and differ-
entiated Neuro2A neuroblastoma cells (Ruiz-
Arlandis et al. 2015), suggesting that some en-
docytic pathways can facilitate transfer of polyQ
aggregates to the cytoplasm or that cell type—
specific features are important in delivering
diverse protein aggregates to the cytoplasmic
compartment.

PATHOGENIC POLYQ PRION
TRANSMISSION IN VIVO

We currently have very little understanding of
how protein aggregates associated with any neu-

rodegenerative disease are able to transfer be-
tween cells in vivo. In PD and HD patients, fetal
neuronal grafts were found to acquire a-synu-
clein and Htt aggregates, respectively, over a pe-
riod of ~10 yr (Kordower et al. 2008; Li et al.
2008; Cicchetti et al. 2014), suggesting host-to-
graft transfer of the protein aggregates. However,
unlike Lewy bodies in PD patients, Htt aggre-
gates were only detected in the extracellular space
surrounding grafted cells in HD patient brains
(Cicchetti et al. 2014). Thus, whether host-de-
rived aggregates are capable of entering the cy-
toplasm of grafted neurons remains unclear. A
recent report from our laboratory showed that in
Drosophila brains, mutant Htt aggregates gener-
ated in neurons can transfer into neighboring
glia, inducing the aggregation of WT Htt ex-
pressed in the glial cytoplasm (Pearce et al.
2015). This process requires the glial scavenger
receptor, Draper, and downstream phagocytic
engulfment machinery, indicating that phago-
cytosed neuronal Htt aggregates can escape
from the phagolysosomal compartment and
gain entry into the glial cytoplasm (Fig. 2E).
This study showed for the first time that phago-
cytic glia are capable of eliminating potentially
toxic Htt aggregates from neurons, but this
seemingly beneficial process can simultaneously
facilitate the prion-like spread of aggregates to
other cell cytoplasms in an intact brain.

The brain regions that first display aggregate
pathology differ in each neurodegenerative dis-
ease, suggesting that certain neuronal and glial
subtypes are selectively vulnerable to aggrega-
tion and/or to aggregation-induced toxicity of
a particular protein. The patterns of pathology
spread throughout the brain are also unique but
highly stereotypical as each of these diseases pro-
gresses over time. Evidence from staging of hu-
man disease brains (Braak and Braak 1991;
Braak et al. 2004) and focal injection of fibrils
into brains of mouse models of PD and tauopa-
thies (Clavagueraetal. 2009; Liu etal. 2012b; Luk
etal. 2012; Ibaetal. 2013) suggests that aggregate
pathology spreads between anatomically con-
nected regions of the brain. Thus, certain neu-
rons and/or synaptic connections might be
especially vulnerable to aggregate transmission,
providing a route for propagation between dis-
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tant brain regions. Imaging studies performed in
HD patients have indicated that cortical thin-
ning occurs before symptomatic disease, fol-
lowed later by widespread cortical and striatal
degeneration, suggesting a hierarchical spread
of aggregates from the cortex to the striatum in
HD (Deng et al. 2004; Rosas et al. 2008). For a
review of the mechanisms of pathogenesis in
HD, see Jimenez-Sanchez et al. (2016).

Non-cell-autonomous mechanisms of ag-
gregate-related toxicity have been described in
animal models of other polyQ diseases. Purkinje
neuron degeneration occurred in a mouse mod-
el of SCA7 in which mutant, polyQ-expanded
ataxin-7 was expressed in all neurons but exclud-
ed from Purkinje neurons (Garden et al. 2002).
In another SCA7 mouse model, Bergmann glia
degeneration was observed after mutant ataxin-
7 expression was selectively silenced in this cell
type but maintained in surrounding cerebellar
neurons (Furrer et al. 2011). These findings in-
dicate that ataxin-7 aggregation can produce
toxic effects in adjacent neurons or glia in the
cerebellum, despite the absence of ataxin-7
expression in those cells. A similar finding has
been described for aggregates formed by a ver-
sion of mutant SODI1 that is implicated in
~10% of cases of familial ALS. Selective inacti-
vation of mutant SOD1 in microglia in a mouse
model of ALS dramatically slowed disease pro-
gression (Boillee et al. 2006), suggesting that
microglial mutant SOD1 can negatively impact
the survival of motor neurons. These data point
to a role for non-cell-autonomous processes in
the propagation of cytopathology. Although the
agents of such non-cell-autonomous processes
could be prions, other types of cell-to-cell sig-
naling events and even neuronal activity could
also contribute to disease spread within an af-
fected brain, and careful study will be necessary
to unequivocally establish a role for prion-like
mechanisms in each case.

CONCLUDING REMARKS AND
UNANSWERED QUESTIONS

Protein aggregation is intimately tied to the
pathogenesis of neurodegenerative diseases,
but a detailed mechanism for how the presence

Polyglutamine Prions

of protein aggregates or the process of protein
aggregation causes neurotoxicity remains un-
clear. The hypothesis that prion-like processes
are responsible for the spread of pathology in
nearly all neurodegenerative diseases is gaining
momentum, with increasing evidence demon-
strating that protein aggregates can transmit be-
tween individual cells in vitro and in vivo. Still,
many questions remain about how the propa-
gation of protein aggregates influences disease
progression and/or severity. What toxic effects
do protein aggregation and the spread of pro-
tein aggregates have on neurons and glia? What
is the molecular nature of the aggregate species
that is transmissible in the brain? What roles do
extracellular intermediates play in the spread of
aggregates in the brain? How do protein aggre-
gates cross biological membranes to access the
cytoplasmic compartment? How do glial cells,
some types of which are mobilized in response
to neuronal damage in the brain, contribute to
aggregate propagation?

Therapeutic approaches to treat polyQ and
other dominantly inherited neurodegenerative
diseases so far have been directed at reducing the
concentration of the aggregation-prone mutant
gene product by delivery of gene silencing or
antisense reagents to affected tissues (Yu et al.
2014). Accumulating evidence indicates that
prion-like transmission of protein aggregates
may be a common contributing feature to
many, if notall, neurodegenerative diseases, rais-
ing the possibility that nucleus formation or in-
tercellular transmission could be promising
therapeutic targets. Gaining a better under-
standing of the fundamental molecular mecha-
nisms that pathogenic protein aggregates use to
transmit between neurons and /or glia will offer
novel and invaluable opportunities for the de-
velopment of rational strategies that effectively
combat these devastating diseases.
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