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Prions are self-propagating protein conformations that are traditionally regarded as agents of
neurodegenerative disease in animals. However, it has become evident that prion-like ag-
gregation of endogenous proteins can also occur under normal physiological conditions
(e.g., during memory storage or activation of the immune response). In this review, we
focus on the functional prion-related protein TIA-1, an RNA-binding protein that is involved
in multiple aspects of RNA metabolism but is best understood in terms of its role in
stress granule assembly during the cellular stress response. We propose that stress granule
formation provides a useful conceptual framework with which to address the positive role of
TIA-1 prion-like aggregation. Elucidating the function of TIA-1 prion-like aggregation will
advance our understanding of how prion-based molecular switches are used in normal
physiological settings.

Eukaryotic cells use an array of molecular
mechanisms that promote survival and ho-

meostasis in the face of environmental adversity,
including the unfolded protein response, the
DNA damage response, and the antioxidant
defense system. In addition, within minutes of
exposure to environmental stressors such as viral
infection, oxidative stress, or extremes of tem-
perature, global protein synthesis is curtailed to
allow the preferential translation of stress-re-
sponsive mRNAs. This redirection of the prote-
ome is accomplished in part by the formation of
stress granules (Fig. 1A), nonmembranous

structures that are rapidly assembled in the cy-
toplasm during cellular stress (Kedersha et al.
2013). Stress granules arise from the dynamic
accretion of stalled preinitiation complexes
that contain translation factors, small ribosomal
subunits, and mRNA released from the poly-
some pool (Anderson and Kedersha 2009; Buch-
an and Parker 2009). In this manner, stress gran-
ules maintain nonessential cellular mRNA in a
translationally repressed state during stress, thus
facilitating the efficient reallocation of cellular
anabolic resources toward restoring homeostasis
and minimizing cellular damage. A key compo-
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nent of stress granules is the ubiquitously ex-
pressed RNA-binding protein T-cell intracellu-
lar antigen-1 (TIA-1), which harbors a C-termi-
nal prion-related domain necessary to drive
both protein aggregation and stress granule as-
sembly, while RNA-recognition motifs (RRM1-
3) at the N-terminus enable binding of target
mRNAs and their recruitment to stress granules
(Fig. 1B) (Becket al. 1996; Gilks et al. 2004). As is
common for prions and prion-like proteins, the
prion-related domain of TIA-1 is heavily en-
riched in glutamine and asparagine residues
(Fig. 1C). Finally, unlike conventional prions
and prion-related proteins, which are generally
associated with neurodegenerative disease in
animals, TIA-1 aggregation is highly regulated
and likely serves a number of important physi-

ological processes in a positive capacity (Fig.
2A,B). Here, we focus primarily on the role of
TIA-1 in stress granule assembly, a useful con-
textual framework to explore prion-like aggre-
gation, which is both amenable to molecular
analysis and physiologically relevant. In this re-
view, we also summarize evidence supporting
the idea that TIA-1 is a functional prion-like
protein and discuss emerging principles that
characterize TIA-1 and other members of this
new class of protein.

TIA-1 AND STRESS GRANULE FUNCTION

Stress granules were originally viewed as tem-
porary storage depots for RNA transcripts
not critically required during the cellular stress

QQQNQIGYPPTYGQWGQWYGNAQQIGQYVPNGW
QVPAYGVYGQPWSQQGFNQTQSSAPWMGPNYSV
PPPQGQNGSMLPSQPAGYRVAGYETQ

Mouse TIA-1 (C-terminal prion-related domain)

TIA-1

Control

5 mm

Sodium arsenite
1 mM/30 min

RRM1 RRM3RRM2 Prion-related domain

A

B

C

Figure 1. (A) In cultured mouse hippocampal neurons, endogenous T-cell intracellular antigen-1 (TIA-1) is
diffusely present in both the nucleus and cytoplasm, with more prominent staining in the nucleus. Upon brief
treatment with sodium arsenite, a potent oxidant, TIA-1 protein dramatically relocalizes into cytoplasmic foci
known as stress granules (indicated by arrows). (B) Mammalian TIA-1 contains three RNA-binding domains
(RRMs) and a C-terminal prion-related domain. (C) The C-terminal prion-related domain of mouse TIA-1 is
highly enriched in the polar amino acids asparagine and glutamine.
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response (Kedersha et al. 2013). If a stressor is
resolved or eliminated, stress granules are disas-
sembled, and previously bound RNAs are re-
leased into the polysome pool, allowing normal
protein synthesis to resume. Alternatively, if cel-
lular stress persists beyond a certain threshold,
RNAs localized in stress granules may be trans-
ferred to processing bodies (P-bodies) and
targeted for degradation, which may be accom-
panied by the initiation of apoptosis (Kedersha
and Anderson 2009). However, it is now clear
that stress granules are not merely static struc-
tures involved in the temporary storage of
mRNA but are dynamic and heterogeneous
macromolecular assemblies that play an active
role in multiple aspects of RNA metabolism

during stress (Anderson and Kedersha 2008;
Buchan and Parker 2009). First, fluorescence
recovery after photobleaching (FRAP) experi-
ments in transfected cells reveal dynamic
shuttling of green fluorescent protein-tagged
TIA-1 (GFP-TIA-1) into and out of stress gran-
ules, with a resident half-life of only 2 sec (Ke-
dersha et al. 2000). Second, in addition to TIA-
1, stress granules contain a diversity of proteins
involved in various aspects of RNA metabolism,
including RNA silencing (e.g., Ago2, Pumilio,
and Staufen), message stability (e.g., HuR and
PABP), transcription (e.g., SRC3 and Rpb4),
alternative splicing (e.g., MLN51), and transla-
tional regulation (e.g., Ataxin-2 and FMRP)
(for review, see Anderson and Kedersha 2008).
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Figure 2. (A) Prions arise from the spontaneous conversion of a soluble protein conformation into an aggre-
gated, self-propagating form that is cytotoxic and causes neurodegenerative disease. (B) In contrast to patho-
genic prions, functional prion-like proteins undergo physiologically regulated conversion from soluble to
aggregated forms that are likely to contribute in multiple ways to normal biological processes, including viral
immunity, development, and cellular homeostasis.
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Moreover, several of these proteins play impor-
tant roles in development, cell adhesion, and
differentiation in a variety of biological con-
texts. Stress granules are also heterogeneous
with regard to both protein and RNA composi-
tion, implying the existence of different granule
subclasses that subserve a variety of distinct bi-
ological functions (Buchan and Parker 2009).
Finally, stress granules interact and dynamically
exchange protein and RNAwith P-bodies, which
are distinguished from stress granules by the
presence of decapping enzymes that facilitate
RNA degradation (Parker and Sheth 2007; An-
derson and Kedersha 2008).

The panoply of RNA and protein found in
both stress granules and P-bodies has led to the
conclusion that these cytoplasmic structures
represent coordinated sites of mRNA triage
that allow the proteome to be reprogrammed
as a function of the nature and time course of
cellular stress (Anderson and Kedersha 2008).
In response to a given type of stress, specific
mRNAs are shuttled from stress granules into
P-bodies for selective degradation or silencing
by RNA-binding proteins that escort these
mRNAs between the two types of granules in a
specific manner (Kawai et al. 2004). The notion
that protein synthesis is specifically regulated
during stress is supported by the finding that
endoplasmic reticulum (ER) stress causes a
significant reduction in translation of 25% of
mRNAs, whereas another 25% of transcripts,
such as those encoding heat shock proteins, is
greatly enhanced, and almost all cellular TIA-1
is localized to stress granules (Kawai et al. 2004).
It is not yet known, however, if stress granule–
dependent reprogramming of the proteome
varies according to the type of stress. The precise
biological consequences of dynamic routing of
protein and RNA components between stress
granules and P-bodies are likely to vary accord-
ing to cellular context.

Furthermore, given the types of proteins
found in stress granules, it is highly plausible
that stress granule formation alters the stoichi-
ometry of the biochemical processes in which
these proteins normally participate. Therefore,
stress granule formation could potentially have
profound effects on cellular differentiation,

development, proliferation, and growth. Taken
together, stress granule formation represents a
powerful mechanism by which cells may re-
spond to challenging environmental conditions
in a rapid, context-appropriate manner that
cannot be fulfilled by transcriptional processes,
which operate on a much longer time scale.

The biological importance of TIA-1 was
shown in a number of studies using TIA-1-de-
ficient cells, whether produced by genetic mod-
ification or by siRNA knockdown. For example,
mice that lack TIA-1 exhibit partial embryonic
lethality, whereas knockout mice that survive
into adulthood are susceptible to bacterial
endotoxic shock but are otherwise normal
(Piecyk et al. 2000). TIA-1 deletion also changes
the expression patterns of genes involved in lipid
metabolism (Heck et al. 2014) and enhances cell
proliferation (Reyes et al. 2009). Finally, TIA-1-
depleted cells are more susceptible to viral in-
fection (Albornoz et al. 2014). TIA-1 deficiency
is therefore associated with pathophysiological
changes at both the cellular and organismal
levels under basal conditions and in response
to environmental challenge. Presumably, the
absence of TIA-1-dependent stress granules ex-
plains at least some of these phenotypes. How-
ever, it is not clear to what extent these abnor-
malities are caused by the absence of TIA-1
aggregates per se, which in turn may serve bio-
logical functions that may or may not be depen-
dent on stress granule formation. In other
words, it is not a simple task to dissociate the
contribution of TIA-1 aggregation to stress
granule assembly versus its potentially distinct
or indirect roles in alternative splicing, transla-
tional repression, and message stability, which
may all be mechanistically intertwined.

However, a noteworthy physiological con-
text in which TIA-1-dependent stress granule
function has been explored in great detail is
that of viral pathogenicity. A wealth of data
from biochemical and imaging experiments
describes an intimate functional connection be-
tween stress granules and the viral life cycle.
Stress granule formation is important in the
cellular defense mechanism against viral infec-
tion and is triggered by viral RNA-induced ac-
tivation of protein kinase R (PKR), a kinase that
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phosphorylates eIF2a and thus causes deple-
tion of the eIF2-GTP-tRNAi

Met ternary complex
necessary for the translation of most cellular
and viral mRNA (Simpson-Holley et al. 2011).
Indeed, a number of viruses inhibit stress gran-
ule assembly to circumvent the global shutdown
of host translational machinery that could po-
tentially block viral replication (McInerney et al.
2005; Emara and Brinton 2007; Montero et al.
2008). Moreover, viral infectivity of TIA-1-de-
pleted cells is significantly enhanced (Albornoz
et al. 2014). Finally, there are examples of virus-
es that have evolved the ability not only to cir-
cumvent but also to take advantage of stress
granule assembly to enable replication (Beck-
ham and Parker 2008).

Ultimately, to identify the role of TIA-1 ag-
gregation itself in any biological process, it will be
necessary to develop inhibitors (or activators)
that specifically disrupt (or enhance) homo-
meric interaction of the protein, whether in the
form of small molecules or oligopeptides. Alter-
natively, with adequate structural information, it
may be possible to create point mutations in
TIA-1 that prevent aggregation but do not com-
promise the three-dimensional structure of the
protein in the way that deletion mutants poten-
tially can. Finally, all of these studies are con-
founded by the possibilityof functional compen-
sation by TIA-1-related protein (TIAR) in the
absence of TIA-1. Consistent with overlapping
functions of TIA-1 and TIAR, mice deficient in
both genes are not viable (Piecyk et al. 2000).

REGULATION OF TIA-1 AGGREGATION

Stress granule assembly is a highly regulated and
reversible process, in contrast to the aggregation
of pathogenic prions and prion-like proteins
involved in neurodegeneration. Indeed, stress
granules are not visible in the absence of stress.
When the cellular stress response is activated,
the translation factor eIF2a is phosphorylated
by a variety of serine/threonine kinases that re-
spond to different types of stressors. For exam-
ple, hepatic heme-regulated inhibitor (HRI)
phosphorylates eIF2a under conditions of
heme depletion (Zhan et al. 2002), while pro-
tein kinase RNA-like endoplasmic reticulum

kinase (PERK) phosphorylates eIF2a as part
of the unfolded protein response during ER
stress (Harding et al. 2000). Other eIF2a kinases
are sensitive to amino acid deprivation (GCN2)
and, as mentioned earlier, viral infection (PKR)
(Zhang et al. 2002; Simpson-Holley et al. 2011).
In turn, phosphorylation of eIF2a prevents the
formation of the initiator ternary complex
(eIF2-GTP-tRNAi

Met) that is necessary for load-
ing the initiator tRNA onto the 40S ribosomal
subunit to generate the 48S preinitiation com-
plex. Thus, reducing formation of the initiator
ternary complex during cellular stress leads to
the accumulation of stalled 48S preinitiation
complexes that can no longer bind to the 60S
ribosomal subunit to allow cap-dependent
translation to begin (Anderson and Kedersha
2002b). TIA-1 facilitates the localization of
these aborted preinitiation complexes into
stress granules, maintaining bound RNAs in a
functionally transient state as dictated by pre-
vailing environmental conditions.

In addition to eIF2a-dependent regulation
of TIA-1 function, the shuttling of TIA-1 from
the nucleus into the cytoplasm of stressed cells is
regulated (Kedersha et al. 2000; Zhang et al.
2005). Although cytoplasmic translocation of
TIA-1 is not strictly required for stress granule
formation (Bounedjah et al. 2014), it is conceiv-
able that the normal increase in availability of
cytoplasmic TIA-1 during stress has an impact
on the kinetics and stoichiometry of stress gran-
ule assembly. It is also evident that stress granule
formation can occur in an eIF2a phosphoryla-
tion-independent manner, for example, when
cells are exposed to acute energy starvation (An-
derson and Kedersha 2002a). In addition, it will
be interesting to explore whether posttransla-
tional modifications such as ubiquitination
and sumoylation can modulate TIA-1 aggrega-
tion, as has been suggested for the translational
regulator CPEB3 (Pavlopoulos et al. 2011; Dri-
saldi et al. 2015), the first example of a function-
al prion-like protein in neurons (Si et al.
2003a,b). Although TIA-1 has been shown to
undergo posttranslational modifications, in-
cluding phosphorylation by Fas-activated ser-
ine/threonine kinase (FAST) during Fas-medi-
ated apoptosis (Tian et al. 1995), the potential
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relationship between TIA-1 phosphorylation
and stress granule assembly is not known.
More recently, TIA-1 is also susceptible to oxi-
dation by reactive oxygen species, leading to the
suppression of stress granule formation and
neuronal cell death (Arimoto-Matsuzaki et al.
2016). Thus, there are several possible mecha-
nisms by which stress granule formation may be
regulated during the cellular stress response.

STRUCTURAL DETERMINANTS OF TIA-1
AGGREGATION

What are the structural features that drive ag-
gregation of TIA-1 during cellular stress? Over-
expression of TIA-1, or treating cells with an
oxidative stressor such as arsenite, is sufficient
to cause the spontaneous formation of stress
granules in a variety of cell types. These struc-
tures are bona fide stress granules because they
contain proteins such as PABP, eIF3, and other
stress granule markers, as well as poly(Aþ) RNA
(Gilks et al. 2004). Moreover, inducing oxida-
tive stress can enhance the formation of stress
granules in TIA-1-transfected cells even further
(Gilks et al. 2004). The ability of TIA-1 to pro-
mote stress granule assembly is critically depen-
dent on its C-terminal prion-related domain,
which is enriched in glutamine and asparagine.
Expansive stretches of these polar residues are
known to promote homotypic protein–protein
interaction and drive the formation of b-sheet
structures that are characteristic of prions and
amyloids (Perutz et al. 1994; Michelitsch and
Weissman 2000). However, although the pri-
on-related domain itself is capable of aggrega-
tion on its own, it only forms microaggregates
that are much smaller than stress granules, and
these do not contain RNA or other components
found in true stress granules (Gilks et al. 2004).
Furthermore, although the prion-related do-
main itself can be recruited to stress granules
in low-expressing cells, overexpression produces
a dominant-negative effect, such that the stress-
induced formation of stress granules is blocked
(Gilks et al. 2004). These observations suggest
that the prion-related domain alone is capable
of interacting with the full-length protein, lead-
ing to its sequestration and inability to partici-

pate in stress granule assembly. Interestingly,
substitution of the TIA-1 prion-related domain
with that of the yeast prion Sup35 is sufficient
for proper stress granule assembly (Gilks et al.
2004). Together, these results indicate that stress
granule formation requires both the prion-re-
lated domain as well as RNA-binding activity
conferred by one or more of the three RNA-
binding domains in the N-terminal region of
the protein. The potential role of posttransla-
tional modifications in the induction and
maintenance of TIA-1 aggregates has yet to be
addressed experimentally, from either the struc-
tural or functional perspective.

ADDITIONAL FUNCTIONS OF TIA-1

Like many other RNA-binding proteins, TIA-1
plays multiple roles in RNA metabolism, in-
cluding alternative splicing, translational re-
pression, and mRNA silencing. Furthermore,
these biological functions need not be directly
associated with stress granule formation, par-
ticularly the regulation of alternative splicing
by TIA-1, which is normally found at apprecia-
ble levels in the nucleus. TIA-1 recruits the spli-
ceosome complex to splicing regulatory se-
quences in target RNAs via interaction with
U1-C small nuclear ribonucleoprotein (snRNP)
(Förch et al. 2002), thus modulating the ex-
pression patterns of many genes. However, as
indicated earlier, it is conceivable that cytoplas-
mic localization of TIA-1 during stress could
alter the stoichiometry within nuclear splicing
complexes that contain TIA-1, with concomi-
tant effects on alternative splicing outcomes for
a number of target mRNAs. Indeed, localization
of TIA-1 into stress granules would be expected
to produce broad effects on other TIA-1-depen-
dent processes that do not involve stress gran-
ules per se. Thus, during cellular stress, a num-
ber of important biological processes are
certainly affected by stress granule formation,
both directly and indirectly, which together al-
low a cell to execute an adaptive physiological
response. These possibilities have yet to be ex-
amined nor has the question of whether some of
these processes require TIA-1 aggregation me-
diated by the prion-related domain.
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EVIDENCE THAT TIA-1 IS A FUNCTIONAL
PRION

In animals, pathogenic prions are strictly de-
fined by their ability to be transmitted from
one organism to another in an infectious man-
ner. In contrast, yeast prions do not cause infec-
tious disease. Although in both cases the agent
of transmission is the prionic conformation of
the protein, the cell-to-cell transmission ob-
served in yeast is from mother to daughter
cell, and not from one mature cell to another,
which is observed in animals. To complicate
matters, there is now evidence that a number
of prion-like proteins involved in neurodegen-
eration, including tau and amyloid beta (Ab),
are not only capable of cell-to-cell transmission,
but also infectivity (Prusiner 2013). For exam-
ple, in cell culture, spontaneous uptake of
misfolded tau into cells causes the rapid recruit-
ment of endogenous tau into filamentous inclu-
sions (Guo and Lee 2011), whereas tau inclu-
sions can be propagated from one mouse brain
to another (Clavaguera et al. 2013). Similar ob-
servations have been made for other prion-re-
lated models of neurodegeneration (Prusiner
2013). In comparison, functional prions in an-
imals do not appear to be infectious, but exhibit
other properties that are characteristic of prions
in general, including detergent resistance, b-
sheet structure, propensity for aggregation,
and cell-to-cell transmissibility (Si et al.
2003b; Gilks et al. 2004; Hou et al. 2011; Li
et al. 2014; Fioriti et al. 2015). In addition, these
studies provide evidence that the aggregated
state is associated with positive function. How-
ever, there is no conventional definition of what
constitutes a functional prion, and the discus-
sion becomes an exercise in semantics (Prusiner
2013). Here, we define a functional prion as a
protein that (1) exists in at least two general
conformations, soluble and aggregated; (2) per-
forms a beneficial function in its aggregated
conformation; (3) adopts a self-propagating
conformation that is transmissible from one
cell to another; (4) is dependent on heat shock
proteins to transition from one conformation to
another; and (5) is not associated with infec-
tious disease in its aggregated state.

Several lines of evidence indicate that TIA-1
exists in both soluble and insoluble conforma-
tions. For example, in transfected cells, TIA-1
becomes increasingly insoluble to detergents as
the overexpressed protein accumulates over
time (Gilks et al. 2004). In heterologous yeast
assays, overexpression of TIA-1 leads to the
emergence of stress granule-like structures
(Fig. 3A) (Li et al. 2014). In addition, deter-
gent-resistant TIA-1 oligomers are observed by
sodium dodecyl sulfate (SDS)-agarose gel anal-
ysis (Fig. 3B), a commonly used method to
study prion-like aggregation (Li et al. 2014).
Also, under specific buffer conditions, recom-
binant TIA-1 forms amyloid-like fibers that are
visible by transmission electron microscopy (Li
et al. 2014). Furthermore, preliminary studies in
the mouse brain indicate that endogenous TIA-
1 transitions from a monomeric state to a high-
er-order, SDS-resistant structure when animals
are exposed to contextual fear conditioning (JB
Rayman and ER Kandel, unpubl.). Together,
these observations indicate that TIA-1 can
adopt at least two different structural confor-
mations that vary in solubility and detergent
resistance. However, it is not clear whether the
insoluble form of TIA-1 in vivo is composed
exclusively of aggregated, homomeric TIA-1,
or if associated proteins are necessary to form
the observed insoluble complexes. Indeed,
Pub1, the yeast homolog of TIA-1, interacts
with the classical yeast prion Sup35 to form
self-propagating heteroprotein conformations
(Li et al. 2014). Also, given that detergent resis-
tance is not an obligatory property of prions
and prion-related proteins, and is known to
vary among different prion conformations, it
will be interesting to determine whether TIA-1
can also adopt a variety of structural conforma-
tions with differential solubility and different
functional and biophysical properties. More-
over, the relationship between the aggregated
conformations observed in the latter experi-
ments and stress granules is unknown. For ex-
ample, are the TIA-1 oligomers described in the
yeast experiments intermediates in the forma-
tion of stress granules, or do these entities reflect
distinct structures? Notably, experiments per-
formed in yeast show that the formation of
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oligomeric TIA-1 coincides with the appear-
ance of stress granule–like puncta, arguing
that the structures are at least temporally related
(Li et al. 2014). In this regard, the development
of an in vitro assay for stress granule assembly
would be highly informative. It will also be im-
portant to obtain experimental evidence that

the purified recombinant protein is capable of
forming SDS-resistant aggregates that exhibit
similar electrophoretic properties as those ob-
served in heterologous yeast experiments.

Stress granule formation is the most com-
pelling example of a positive physiological func-
tion of TIA-1 in its aggregated conformation.
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Figure 3. (A) Overexpression of yellow fluorescent protein (YFP)-tagged mouse TIA-1 in yeast leads to the
formation of stress granule–like structures. In contrast, YFP alone does not produce such structures. (B) TIA-1-
YFP forms high-molecular-weight (m.w.) aggregates that are sodium dodecyl sulfate (SDS)-resistant, as ob-
served by SDS-agarose gel electrophoresis. Boiling the extracts causes the collapse of aggregated protein into
monomer. (C) Formation of mouse TIA-1 aggregates in a heterologous yeast assay occurs more rapidly in yeast
cultures that have been previously induced to express the protein (INI), compared with a culture that is freshly
induced in parallel (NNI). No TIA-1 aggregates are observed during the “no induction” phase of INI cultures.
The seeding effect is observed at both 10 and 20 h after reinduction (INI) of TIA-1.
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That is, the aggregate-prone conformation of
TIA-1 is necessary for the localization of stalled
preinitiation complexes to stress granules, with
concomitant translational repression. In partic-
ular, studies investigating the relationship be-
tween stress granule formation and the viral
life cycle have been especially informative.
However, there is now evidence that the forma-
tion of self-propagating aggregates of Sup35
and Tia1/Pub1 in yeast is involved in recruiting
protein synthesis machinery to the tubulin cy-
toskeleton, which is a critical aspect of main-
taining cytoskeletal integrity (Li et al. 2014).
The latter aggregates do not appear as stress
granules but rather decorate interpolar micro-
tubules that are formed during mitosis. As men-
tioned previously, the identification of small
molecules that specifically target aggregation
in these various cellular contexts will be enor-
mously useful in determining the nature and
function of specific conformational states of
TIA-1 and whether self-propagation is, in fact,
a requisite aspect of stress granule formation.

Heterologous studies in yeast have also pro-
vided important new clues as to whether aggre-
gated TIA-1 causes the structural transition of
soluble, monomeric TIA-1 into the aggregated
form. Specifically, Li and colleagues placed yel-
low fluorescent protein (YFP)-tagged TIA-1
under the control of a copper-inducible pro-
moter, which supports robust expression of
the recombinant protein (Li et al. 2014). Within
several hours after induction, the spontaneous
formation of stress granule–like structures was
evident (Fig. 3A), much like overexpression
studies of TIA-1 in mammalian cell lines. If
these same yeast cultures are subsequently prop-
agated in media lacking the copper inducer, the
stress granules dissolve and are no longer detect-
able. However, upon reinduction of TIA-1 ex-
pression, the emergence of TIA-1-containing
foci is dramatically accelerated compared with
the expression rate in a freshly induced culture
(Fig. 3C). These observations are consistent
with a seeding effect of aggregated TIA-1. In
other words, the initial induction of TIA-1
expression leads to the formation of TIA-1 ag-
gregates that are not visible by confocal micros-
copy but remain in a heritable configuration

from one generation of cells to the next. A crit-
ical research objective in the future is to purify
the TIA-1 seed and subject it to various struc-
tural analyses to assess its multimerization state
and three-dimensional conformation of indi-
vidual monomers.

As described for other prions and prion-like
proteins, TIA-1 aggregation is highly dependent
on heat shock proteins. In yeast mutants lacking
the heat shock protein Hsp104, TIA-1 does not
form visible aggregates (Li et al. 2014). Further-
more, overexpression of Hsp70 in mammalian
cells prevents the cytoplasmic aggregation of the
prion-related domain of TIA-1 (Gilks et al.
2004). However, more studies in varying con-
texts are needed to understand the functional
interplay between TIA-1 aggregation and heat
shock protein activity. For example, the prion-
related domain of TIA-1 induces the expression
of both Hsp40 and Hsp70 (Gilks et al. 2004),
which may represent a feedback mechanism by
which the conformational states of aggregation-
prone proteins may be dynamically regulated.
Ultimately, it will be useful to extend these ob-
servations to different types of mammalian cells
and then ascertain the contributions of individ-
ual heat shock proteins on the formation of
TIA-1 aggregates.

Finally, an important feature of a functional
prion-like protein is that it does not cause neu-
rodegeneration. At this point, it is not possible
to know whether a prionic form of TIA-1 is
capable of causing infectious disease. To our
knowledge, no one has attempted to inject ag-
gregated TIA-1 protein into live animals to as-
certain the effects on neuropathological and
psychopathological indices, especially over the
long duration that is typically required before
signs of prion- and amyloid-related disease
appear. Moreover, these experiments are com-
plicated by the fact that the structure of recom-
binant TIA-1 may not reflect that of the endog-
enous protein. Indeed, this caveat is a major
issue for the prion field in general. It has not
been possible to obtain a high-resolution three-
dimensional structure of any prion, thus ob-
scuring our ability to elucidate structure–func-
tion relationships through the iterative pursuit
of in vitro and in vivo experiments. However,
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new developments in solid-state nuclear mag-
netic resonance, cryo-electron microscopy, and
other structural methodologies should help
solve this problem in the near future.

CONCLUSION

In response to cellular stress, global protein syn-
thesis must be rapidly modified to allow the
manufacture of specialized pools of proteins
that are essential for minimizing cellular dam-
age and promoting homeostasis during the pe-
riod of stress. The formation of stress granules is
an integral part of the cellular stress response,
allowing the packaging and translational repres-
sion of nonessential mRNAs that were previous-
ly associated with polysomes. Without stress
granules, mRNAs not only may become more
susceptible to degradation, but also may com-
pete with the translation of RNAs that are
necessary during the stress response, thus com-
promising adaptive cellular changes. Here, we
propose that prion-like aggregation is a mech-
anism that allows TIA-1 to respond in a
rapid and efficient manner to environmental
challenge.

Several lines of evidence are consistent with
the idea that TIA-1 is a functional prion-like
protein, which constitutes a new and growing
class that includes mouse CPEB3 (Stephan et al.
2015), Aplysia CPEB (Si et al. 2003a,b), Dro-
sophila Orb2 (Majumdar et al. 2012), and
MAVS (Hou et al. 2011). For example, TIA-1
exists in both soluble and detergent-resistant
conformations, and heterologous yeast assays
show that only the aggregated form is heritable
(Li et al. 2014). Moreover, the aggregated state of
TIA-1 is associated with positive functions, in-
cluding the formation of stress granules and the
recruitment of the protein synthesis machinery
to the tubulin cytoskeleton (Gilks et al. 2004; Li
et al. 2014). Finally, as is true of prions, TIA-1
aggregation is modulated by heat shock pro-
teins, both in yeast and in mammalian cells
(Gilks et al. 2004; Li et al. 2014).

An important concept to emerge from stud-
ies of functional prion-like proteins is that ag-
gregation is an efficient mechanism by which to
achieve rapid cellular response to a physiologi-

cal input, which is particularly relevant to the
stress response (TIA-1), learning and memory
storage (CPEB and Orb2), and immune system
function (MAVS) (see also Cai et al. 2016; Ray-
man and Kandel 2016). Aggregation conceiv-
ably serves a variety of functions, including
the formation of a scaffold that provides novel
interaction surfaces with partner binding pro-
teins. TIA-1 aggregation, in particular, is also an
efficient means by which to concentrate a di-
verse population of unrelated mRNAs that are
dispensable during stress and is propelled by the
aggregation-prone nature of its b-sheet struc-
ture. Moreover, the epigenetic transfer of prote-
omic modulatory information via the transmis-
sion of self-propagating TIA-1 conformations
may be an adaptive mechanism by which the
nature of environmental conditions can be
communicated from progenitor to progeny
cells, or between neighboring adult cells. For
example, it will be interesting to see whether
the aggregation state of TIA-1 in neurons can
be epigenetically propagated during neurogen-
esis and neural differentiation in response to
stressful environmental stimuli, with adaptive
consequences that are evident at the behavioral
level. Also, it may be possible to observe exo-
some-dependent or tunneling nanotube-de-
pendent transfer of aggregated protein between
adjacent cells to facilitate population-based re-
sponses to certain types of environmental stress
(Budnik et al. 2016; Victoria et al. 2016). How-
ever, although heritability of TIA-1 aggregates
has been observed in yeast (Li et al. 2014), a
major question is whether self-propagation is
relevant to stress granule formation. For exam-
ple, it is not clear whether aggregated TIA-1
proteins are capable of directly inducing con-
formational changes in monomeric protein,
leading to dynamic recruitment into stress
granules. By extension, it would also be useful
to address whether previously stressed cells are
capable of reassembling stress granules with en-
hanced kinetics during a repeated challenge,
analogous to the seeding effect described in
yeast (Li et al. 2014).

Although a great deal of evidence supports
the idea that TIA-1 is a functional prion, there
are many other questions that remain unan-
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swered. In their aggregated conformations,
functional prion-like proteins facilitate large-
scale changes in the proteome and modulate
the function of intracellular signaling cascades.
Given the profound cellular alterations that
these proteins are capable of producing, they
must necessarily be regulated by a variety of
upstream signaling events and feedback loops.
However, although regulation of TIA-1 aggre-
gation is well-characterized, it is not clear how a
multimeric, aggregated structure is reversibly
disassembled. In other words, is this an active
process that requires the participation of chap-
erone proteins, or is it a kinetic process whose
directionality is only dependent on the contin-
uous presence of an inducing signal? Also, when
traditional prions undergo conversion from
monomer to higher-order conformations, there
is generally an increase in b-sheet content.
However, for functional prion-like proteins
such as MAVS (Hou et al. 2011) and TIA-1
(JB Rayman and ER Kandel, unpubl.), there is
no evidence of stimulus-induced enrichment of
b-sheet content. It will be interesting to deter-
mine whether or not dynamic changes in b-
sheet content are a general distinguishing fea-
ture between classical prions and functional pri-
on-like proteins, not to mention whether TIA-1
undergoes dynamic structural changes as it en-
ters and exits stress granules over a relatively
rapid time scale.

Although stress granules provide a useful
conceptual framework for the study of aggrega-
tion, TIA-1 can also form high-molecular-
weight aggregates that are too small to be re-
solved by confocal microscopy (JB Rayman
and ER Kandel, unpubl.). These subresolution
aggregates are likely to be physiologically rele-
vant structures but may or may not be related to
stress granules. In the future, it will be necessary
to develop more precise approaches to probe the
exact role that aggregation plays in TIA-1 func-
tion. In concert with new structural methodol-
ogies, the development of small molecules that
specifically target TIA-1 aggregation will be very
helpful, as will the identification of point mu-
tations in the prion-related domain that influ-
ence aggregation. These essential tools will en-
able us to elucidate the function of physiological

aggregation per se, which represents a formida-
ble obstacle in the study of amyloids, prions,
and prion-like proteins in general. The concep-
tual advances gained from pursuing these ques-
tions are likely to have broad applicability to the
growing number of functional prion-like pro-
teins in mammals.
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The splicing regulator TIA-1 interacts with U1-C to pro-
mote U1 snRNP recruitment to 50 splice sites. EMBO J
21: 6882–6892.

Gilks N, Kedersha N, Ayodele M, Shen L, Stoecklin G, Dem-
ber LM, Anderson P. 2004. Stress granule assembly is
mediated by prion-like aggregation of TIA-1. Mol Biol
Cell 15: 5383–5398.

Guo JL, Lee VM. 2011. Seeding of normal Tau by patholog-
ical Tau conformers drives pathogenesis of Alzheimer-
like tangles. J Biol Chem 286: 15317–15331.

Harding HP, Zhang Y, Bertolotti A, Zeng H, Ron D. 2000.
Perk is essential for translational regulation and cell sur-
vival during the unfolded protein response. Mol Cell 5:
897–904.

Heck MV, Azizov M, Stehning T, Walter M, Kedersha N,
Auburger G. 2014. Dysregulated expression of lipid stor-
age and membrane dynamics factors in Tia1 knockout
mouse nervous tissue. Neurogenetics 15: 135–144.

Hou F, Sun L, Zheng H, Skaug B, Jiang QX, Chen ZJ. 2011.
MAVS forms functional prion-like aggregates to activate
and propagate antiviral innate immune response. Cell
146: 448–461.

Kawai T, Fan J, Mazan-Mamczarz K, Gorospe M. 2004.
Global mRNA stabilization preferentially linked to trans-
lational repression during the endoplasmic reticulum
stress response. Mol Cell Biol 24: 6773–6787.

Kedersha N, Anderson P. 2009. Regulation of translation by
stress granules and processing bodies. Prog Mol Biol
Transl Sci 90: 155–185.

Kedersha N, Cho MR, Li W, Yacono PW, Chen S, Gilks N,
Golan DE, Anderson P. 2000. Dynamic shuttling of TIA-1
accompanies the recruitment of mRNA to mammalian
stress granules. J Cell Biol 151: 1257–1268.

Kedersha N, Ivanov P, Anderson P. 2013. Stress granules and
cell signaling: More than just a passing phase? Trends
Biochem Sci 38: 494–506.

Li X, Rayman JB, Kandel ER, Derkatch IL. 2014. Functional
role of Tia1/Pub1 and Sup35 prion domains: Directing

protein synthesis machinery to the tubulin cytoskeleton.
Mol Cell 55: 305–318.

Majumdar A, Cesario WC, White-Grindley E, Jiang H, Ren
F, Khan MR, Li L, Choi EM, Kannan K, Guo F, et al. 2012.
Critical role of amyloid-like oligomers of Drosophila
Orb2 in the persistence of memory. Cell 148: 515–529.

McInerney GM, Kedersha NL, Kaufman RJ, Anderson P,
Liljestrom P. 2005. Importance of eIF2a phosphorylation
and stress granule assembly in alphavirus translation reg-
ulation. Mol Biol Cell 16: 3753–3763.

Michelitsch MD, Weissman JS. 2000. A census of gluta-
mine/asparagine-rich regions: Implications for their
conserved function and the prediction of novel prions.
Proc Natl Acad Sci 97: 11910–11915.

Montero H, Rojas M, Arias CF, López S. 2008. Rotavirus
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