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Summary

The amyloid state of protein organization is typically associated with debilitating human
neuropathies and seldom observed in physiology. Here, we uncover a systemic program that
leverages the amyloidogenic propensity of proteins to regulate cell adaptation to stressors. On
stimulus, cells assemble the Amyloid-bodies (A-bodies), nuclear foci containing heterogeneous
proteins with amyloid-like biophysical properties. A discrete peptidic sequence, termed the
amyloid-converting motif (ACM), is capable of targeting proteins to the A-bodies by interacting
with ribosomal intergenic noncoding RNA (rIGSRNA). The pathological p-amyloid peptide,
involved in Alzheimer’s disease, displays ACM-like activity and undergoes stimuli-mediated
amyloidogenesis /7 vivo. Upon signal termination, elements of the heat shock chaperone pathway
disaggregate the A-bodies. Physiological amyloidogenesis enables cells to store large quantities of
proteins and enter a dormant state in response to stressors. We suggest that cells have evolved a
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post-translational pathway that rapidly and reversibly converts native-fold proteins to an amyloid-
like solid phase.

Introduction

Eukaryotic cells are frequently exposed to adverse environmental stimuli including extreme
temperatures, low oxygen availability and acidosis. Each stressor presents a unique risk to
cellular sustainability, with the severity and duration dictating whether cells enact pro-
survival or apoptotic responses. Numerous pathways have been identified to mitigate the
effects of unfavorable growth conditions. High temperature causes protein denaturation
(Pinto et al., 1991), activating the heat shock and unfolded protein responses. These
pathways enhance the expression of chaperone proteins to alleviate the burden of misfolded
proteins on the cell (Lindquist, 1986; Richter et al., 2010). The Hypoxia Inducible Factor
family of transcription factors (Semenza and Wang, 1992; Wiesener et al., 1998) activate an
array of genes that augment oxygen delivery and enhance glucose metabolism during
periods of low [O5] (Semenza, 2012). Regardless of the stimulus, the goal of stress
responsive pathways is to sustain viability during adverse environmental conditions, repair
associated damage and restore cellular homeostasis.

Recently, noncoding RNAs (ncRNA) have emerged as important biological molecules in
cellular adaptation to common stressors. Human A/uelements (Liu et al., 1995) and Satellite
I11 transcripts (Jolly et al., 2004) are strongly induced in response to elevated temperatures.
These ncRNAs reduce the burden on the protein folding machinery by impairing global
transcription (Mariner et al., 2008) and mRNA maturation (Denegri et al., 2001),
respectively. In response to DNA damage lincRNA-p21 represses apoptosis (Huarte et al.,
2010), while Pint and TUGL transcripts facilitate the epigenetic silencing of cell cycle
factors (Khalil et al., 2009; Marin-Bejar et al., 2013), inhibiting proliferation until genomic
integrity has been restored. The ribosomal intergenic spacer (IGS) appears to be a hub of
long noncoding transcripts (Bierhoff et al., 2014; Zhao et al., 2016), notably producing an
inducible class of ncRNA (rIGSRNA) that regulate cellular dynamics by capturing and
immobilizing proteins in nuclear foci (Audas et al., 2012; Mekhail et al., 2005). This
reversible process enables cells to regulate protein mobility (Lippincott-Schwartz and
Patterson, 2003; Misteli, 2001) in response to stressors. Interestingly, fragments of the
Huntington protein and the RNA-binding protein Rim4 display repressed mobility upon
adopting an amyloid-like state in physiological settings (Berchowitz et al., 2015; Kayatekin
etal., 2014).

Amyloids are a highly organized form of protein aggregation typically associated with
human neuropathies, including Alzheimer’s, Parkinson’s and Huntington’s diseases. Under
pathological settings, amyloids are believed to act in a dominant negative manner, converting
native-fold species into irreversible B-sheet rich protein aggregates (Knowles et al., 2014).
Physiological amyloids are quite uncommon compared to the native-fold, especially in
higher eukaryotes. In mammals, functional amyloidogenesis has been associated with
hormone storage (Maji et al., 2009), melanin production (Fowler et al., 2006), regulation of
kinase activity (Li et al., 2012) and protein synthesis (Berchowitz et al. 2015). Yet, most
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proteins have an inherent amyloidogenic propensity and possess the capacity to adopt the
amyloid-fold (Goldschmidt et al., 2010). Researchers have proposed the existence of kinetic
and thermodynamic barriers (Baldwin et al., 2011; Knowles et al., 2014), as well as active
suppressor programs to prevent the conversion of proteins to a toxic amyloid state (Dobson,
1999). This line of reasoning implies that the amyloidogenic propensity of proteins is
essentially an undesirable byproduct of polypeptide assembly that cells must actively
prevent. Still, it remains puzzling why cells have not evolved a comprehensive program that
exploits the broad ability of proteins to assume the amyloid-fold.

In this report, we uncover the Amyloid-bodies (A-bodies), inducible and reversible
subnuclear foci composed of an array of different proteins that adopt an amyloid-like
immobile/insoluble state. Physiological amyloidogenesis of proteins is facilitated by the
interaction between an amyloid-converting motif (ACM) and inducible rIGSRNA. Cells
activate physiological amyloidogenesis to store large quantities of proteins and enter a state
of dormancy in response to stress. These data challenge the concept that amyloids are an
infrequent and mostly toxic protein-fold and introduce physiological amyloidogenesis as a
cell-wide post-translational process.

Uncovering the A-bodies: Nuclear protein foci with amyloid-like biophysical properties

Highly mobile molecules establish functional networks by randomly diffusing in the cellular
milieu in search of high affinity interactions (Lippincott-Schwartz and Patterson, 2003;
Misteli, 2001). On stimulus, inducible rIGSRNA immobilize proteins in nuclear foci to
regulate cellular dynamics (Audas et al., 2012). As protein immobilization is a property
associated with cellular amyloids (Berchowitz et al., 2015; Kayatekin et al., 2014), we
hypothesized that rIGSRNA participate in the conversion of mobile/soluble native-fold
proteins to their immobile/insoluble amyloid-like counterparts. To test this hypothesis, we
first stained cells with Congo red, the quintessential amyloidophilic dye. As expected,
untreated cells lacked Congo red-positive foci, owing to the absence of detectable amyloid-
like protein structures (Figure 1A). Cells exposed to stimuli that induce protein
immobilization (Audas et al., 2012) (Figure S1A) displayed subnuclear foci with strong
Congo red signatures, revealing the existence of widespread protein organization with
amyloid features (Figure 1A and Figure S1B-D). Staining with additional dyes that
recognize various biochemical features of amyloids, further highlighted the amyloidogenic
properties of the nuclear foci in primary cultures and tumorigenic cells on stimuli (Figure 1B
and Figure S1B-E) and in human tissues (Figure S1F). These amyloidogenic cellular bodies
co-localized with VHL and POLD1, proteins that undergo stimulus-specific immobilization
(Figure 1C, D and Figure S1A, B) (Audas et al., 2012) and insolubilization (Figure 1E).
Stressors that do not target VHL to nuclear foci (sodium arsenite, cycloheximide,
thapsigargin and H,0») failed to generate insoluble structures that stained with
amyloidophilic dyes (Figure 1E and Figure S1A). The Congo red-positive foci were resistant
to proteinase K (Figure 1F, G), another amyloidogenic feature (McKinley et al., 1983), and
the digestion revealed the presence of ~10nm fibers (Figure 1G and Figure S1G), structures
that have been predicted for cellular amyloids/solid phase transition (Weber and
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Brangwynne, 2012). These fibers were recognized by the OC antibody (Figure 1G and
Figure S1H), which targets the amyloid fibril conformation (Kayed et al., 2007). Stimuli
termination caused the loss of nuclear amyloidogenic foci (Figure 1A and Figure S1C, D)
and correlated with the release (Figure 1C) and re-solubilization (Figure 1H) of targeted
proteins, suggesting that this form of amyloidogenesis is rapid and reversible. The
appearance of Congo red-positive foci correlated with the expression of stimuli-specific
rIGSRNA (e.g. rIGS2,RNA induction by heat shock and riIGS,gRNA induction by acidosis)
(Figure S1I). Silencing of rIGSRNA impaired or delayed the formation of amyloidogenic
foci (Figure 11 and Figure S1J), suggesting a role for these INCRNA in nuclear
amyloidogenesis. Put together, these data identify the Amyloid-bodies (A-bodies):
rIGSRNA-dependent nuclear foci of immobilized proteins with amyloid-like properties.

The unique biophysical properties of A-bodies was apparent when compared to known
subcellular foci (nuclear and cytoplasmic stress granule, Cajal bodies and nuclear speckles,
paraspeckles, PML bodies, autophagosomes, Processing-bodies (P-bodies) and aggresomes).
A-bodies are spatially distinct from other domains (Figure 2A-C and Figure S2A-C),
possess affinity for amyloidophilic dyes (Figure 1B and Figure S1B—E) and harbor proteins
in an immobile/solid-phase organization (Figure 1D and Figure 2D). This is in stark contrast
to other subcellular domains, which failed to stain with Congo red/Amylo-Glo (Figure 2A-C
and Figure S2A-C), display mobile/liquid-phase properties (Figure 2D) and do not form
fiber-like structures under physiological settings (Weber and Brangwynne, 2012). Like A-
bodies, nuclear stress granules and paraspeckles are RNA-seeded domains. To confirm the
specificity of the IGSRNAs in the amyloidogenic process, we used siRNA to target several
established INcRNAs (rIGS2,RNA, rIGS,sRNA, NEAT1, MALAT1 and HOTAIR) and
assayed for foci formation (Figure S2D). Inhibition of rIGS,,RNA delays heat shock-
induced A-bodies, but has no effect on the genesis of other bodies under standard growth
conditions (Figure 2A, E and Figure S2E). Impairing various IncRNA failed to disrupt the
A-bodies, though NEAT1 depletion did reduce paraspeckle formation (Figure 2E), as
previously observed (Sasaki et al., 2009). These results highlight the cellular and biophysical
properties of A-bodies as rIGSRNA-induced endogenous protein foci with amyloidogenic
characteristics.

Next, we analyzed the proteomic composition of acidotic A-bodies (Figure 3A) using
SILAC-MS analysis (Supp. Methods). This revealed a large influx (Figure 3B and Table S1)
of heterogeneous proteins (Figure 3C, D and Figure S3A) into Congo red-positive nuclear
foci, with >180 proteins over the 2 fold stringency threshold. We validated several of these
molecules by western blotting (Figure S3B) and observed a re-localization of proteins from
their original nuclear/cytoplasmic distribution to the A-bodies (Figure 3E and Figure S3C-
F). This was accompanied by a loss of mobility (Figure 3F) and a reversible shift to the
insoluble protein fraction (Figure 3G). Stressors that do not induce nuclear amyloidogenesis
(Figure S1A) did not insolubilize SILAC-MS candidates (Figure 3H). Silencing of
rIGSRNA prevented the shift of tested SILAC-MS candidate proteins to the A-bodies
(Figure S3F). This indicates that the amyloidogenic properties of the A-bodies were
dependent on the accumulation of SILAC-MS proteins, with a proteomic composition
indistinguishable from the typical cellular distribution of proteins in term of size,
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hydrophobicity and isoelectric point (Figure 3D and Figure S3A). These data demonstrate
that A-bodies contain a heterogeneous family of proteins with amyloid-like properties.

The amyloid-converting motif immobilizes proteins in the A-bodies

In principle, proteins that are immobilized in the A-bodies should possess amyloidogenic
properties. We tested several immobile A-bodies constituents, including VHL, RNF8 (Audas
etal., 2012) and the SILAC-MS identified cdkl and UAP56 for their amyloid propensity
using an established bacterial /in vitro assay (Garcia-Fruitos et al., 2011; Wang et al., 2008).
In this assay, proteins with amyloidogenic propensity are able to self-associate in amyloid-
like structures likely due to their high concentration. Bacterially expressed A-body proteins
formed Congo red-positive aggregates (Figure 4A and Figure S4A) containing crossed -
sheeted proteins, which generate the classic amyloid 4.7 and 10 A ringed x-ray diffraction
profile (Figure 4A). Conversely, mobile B23 and SILAC-MS-negatives cdk4 and Ran failed
to form Congo red-positive structures under identical conditions (Figure S4A).
Bioinformatics analysis of VHL (Figure 4B) identified several regions with amyloidogenic
propensity based on a Rosetta energy score lower than the established —23 kcal/mol
threshold (Goldschmidt et al., 2010; Thompson et al., 2006). There was excellent correlation
between the predicted fibrillation propensity of the VHL fragments (Figure 4B) and their
ability to insolubilize GFP in bacteria (Figure 4C; bottom panel), form SDS-boiling resistant
multi-mers - another hallmark of amyloids - (Figure 4C; top panel), and Congo red-positive
inclusion bodies (Figure 4D). This correlation was also maintained in mammalian cells, as
fragments of VHL with low fibrillation propensity (Figure 4B) and poor amyloidogenic
properties in bacteria (Figure 4C, D) failed to accumulate in insoluble A-bodies on stimulus
(Figure 4E and Figure S4B, C). In contrast, the three VHL fragments with strong
amyloidogenic properties in bacteria did accumulate in A-bodies on stimulus, albeit to
different degrees (Figure 4E and Figure S4B). VHL fragment (104-140) was particularly
efficient at targeting/immobilizing GFP within the A-bodies (Figure 4E and Figure S4B-D).
RNA immunoprecipitation analysis revealed that this fragment assembles efficiently with
endogenous riIGS,gRNA during acidosis compared to other amyloidogenic or non-
amyloidogenic regions (Figure 4F). A closer examination of VHL (104-140) revealed the
presence of an arginine/histidine (R/H) cluster in close proximity to a highly amyloidogenic
stretch of amino acids (Figure S4E, middle right panel). Bioinformatics analysis of the
SILAC-MS candidate and A-body constituents cdk1, HAT1 and HDAC? identified similar
motifs (Figure S4E). As expected, within bacterial settings all tested fragments containing
regions that cross the Rosetta energy threshold formed amyloid-like inclusion bodies (Figure
4F and Figure S4F). However, the presence of the R/H motif was essential for capture in the
endogenous A-bodies in response to environmental stimuli (Figure 4F and Figure S4C, D, F,
G). We named these bipartite domains amyloidogenic converting motifs (ACM). Based on
these data, we generated artificial ACM sequences composed of peptidic fragments from
VHL and POLDI to create molecules that harbor an R/H cluster flanking an amyloidogenic
domain from the same proteins, termed aACMYHL and aACMPOLDL respectively (Figure
4G). These artificial molecules displayed amyloidogenic properties in bacteria and were
efficiently captured by the A-bodies (Figure 4E, H and Figure S4C, D, H). Synthetic
peptides of VHL (104-140), or its artificial fragment, efficiently formed classic (Greenwald
and Riek, 2010; Wang et al., 2008) ~10 nm fibrils /n vitro, similar to B-amyloid, with the

Dev Cell. Author manuscript; available in PMC 2017 October 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Audas et al.

Page 6

artificial molecule possessing considerably more steric flexibility than the other peptides
(Figure 41). Hence, the A-body targeted proteins examined in this study encode a bipartite
domain capable of facilitating the conversion of proteins to an amyloid-like state.

The pathological B-amyloid displays ACM-like properties

The identification of a physiological amyloidogenic program raises the obvious question as
to its possible implication in disease-associated amyloid formation. Surprisingly, the
prototypical pathological B-amyloid involved in Alzheimer’s disease harbors an R/H-rich
cluster flanking a highly amyloidogenic domain analogous to VHL (100-140), and other
ACM regions (Figure 5A and Figure S4E, S5A). Under standard growth conditions, the 8-
amyloid-GFP fusion protein has a diffuse and mobile cellular distribution, indistinguishable
from GFP alone (Figure 5B-D). Environmental stimuli that activate physiological
amyloidogenesis (Figure S1A) triggered the efficient capture, immobilization and
insolubilization of p-amyloid within the A-bodies (Figure 5B-D and Figure S5B) in a
rIGSRNA-dependent manner (Figure 5E). The amyloid precursor protein (APP) can be
cleaved by B-secretase to produce the pathological p-amyloid or a-secretase to generate the
non-pathological P3 fragment (Figure 5A and Figure S5A), lacking the R/H cluster
necessary for mammalian cell amyloidogenesis seen in other ACMs (Figure S4F). P3 can
form amyloid-like structures in bacteria (Figure 5F), however, it is unable to associate with
rIGSRNA (Figure 5G) and failed to accumulate in the A-bodies in mammalian cells (Figure
5D, H and Figure S5B), similar to other regions of APP (Figure S5C) and ACM that lack the
R/H cluster (Figure S4F, G). Hence, these data suggest that p-amyloid displays ACM-like
properties and undergoes physiological amyloidogenesis in A-bodies in response to
environmental stimuli.

Cellular amyloidogenesis is a reversible process

As seen in Figure 1A, the restoration of standard growth conditions results in a rapid
dissipation of the A-bodies (Figure 1A, 6A), correlating with the release of proteins from the
insoluble fraction (Figure 1H, 3G) and a downregulation of rIGSRNA levels (Figure S1I).
We investigated refolding, rather than degradation, as a mechanism of A-bodies disassembly
since the proteins return to their original localization and retain their steady state levels in
the presence of cycloheximide, a protein synthesis inhibitor (Figure 6B and Figure S6A).
Subcellular analysis of prominent chaperones revealed that members of the heat shock
protein family (Hsp27, Hsp 70 and Hsp90) are associated with A-bodies during and after
stimuli termination (Figure 6C and Figure S6B), suggesting a role for these molecules in
amyloid disaggregation. To assay the effects of these chaperones, we used readily available
drug inhibitors (Figure S6C). We preferred this approach to RNA interference or CRISPR
technology, as depletion of the hsp members results in a loss of cellular viability during
stress treatment and is therefore uninformative. Inhibition of Hsp70 and Hsp90, with
VER155008 (VER) and 17-allylamino-17-demethoxygeldanamycin (AAG), respectively,
after A-body formation significantly impaired the disaggregation of Congo red-positive foci
upon signal termination (Figure 6B, D and E and Figure S6D). Inhibition of other
chaperones, GRP78 (Epigallocatechin gallate [EGCG]), Protein Disulfide Isomerase
(16F16) and the autophagosome (Wortmannin), failed to prevent this process (Figure 6B, D
and Figure S6D). A combinatory treatment of VER and 17-AAG delayed recovery in an
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additive manner (Figure 6D), suggesting that both Hsp70 and Hsp90 are involved in
disassembly. The pathological p-amyloid peptide was also released from the A-bodies in an
Hsp70 activity-dependent manner (Figure 6F). This suggests that fibrillation of this
neurotoxic molecule can be reversed by elements of the hsp pathway, returning to its pre-
stress localization, even in the presence of cycloheximide (Figure 6F). While the hsp
response is necessary for disassembly of the A-bodies, its inhibition alone is insufficient to
induce the accumulation of cellular amyloid foci (Figure S6E). These data demonstrate the
disaggregation of the A-bodies is regulated by elements of the heat shock machinery, which
reversibly switch proteins from the amyloid- to the native-fold.

The rIGSRNA/A-bodies induce a state of cellular dormancy

SILAC-MS analysis shown in Figure 3 revealed a large influx of proteins into the A-bodies
with several constituents involved in cell cycle progression and DNA synthesis (Figure 7A,
B and Figure S3E, F). As such, formation of the acidosis arrested proliferation (Figure 7C
and Figure S7A) and DNA synthesis (Figure 7D) of cells in an A-body/riIGS;gRNA-
dependent manner (Figure 7E, F and Figure STB-G). This enables cells to remain viable
during prolonged periods of extracellular acidosis (Figure 7G), highlighting the non-toxic/
protective nature of physiological amyloidogenesis. Restoration of neutral pH reverted these
cells back to the untreated phenotype (Figure 7C, D), correlating with disaggregation of the
A-bodies (Figure 1A). These hypoxic/acidotic conditions are prevalent within the tumor
microenvironment and are believed to cause cancer cell dormancy (Giancotti, 2013; Sosa et
al., 2014; Tannock and Rotin, 1989). We used this model system to assess for the presence
and function of the A-bodies in an /n vivo setting. Formalin fixed paraffin-embedded human
tissues from human prostatic acinar and breast invasive duct carcinomas stained positive for
the Amylo-Glo dye and the validated SILAC-MS proteins UAP56 and HAT1 (Figure 7H).
To assess the effects of this amyloidogenic event we performed nude mouse xenograft assays
with MCF-7 and PC-3 cells expressing control or rIGS,gRNA-specific ShRNA (Figure 1J
and Figure S7C). MCF-7 cells only form minimal masses when injected into nude mice,
without the addition of external growth factors (Benz et al., 1992). Consistent with our
model, sShRNA-mediated silencing of rIGS,gRNA enabled MCF-7 cells to form large
necrotic tumors four weeks post-injection (Figure 71-K). PC-3 cells that generally form
moderate sized masses also formed larger masses when rIGS,gRNA was inhibited (Figure 71
and Figure S7H). Silencing of rIGS,gRNA prevented capture of the validated SILAC-MS
candidates POLA1, HAT1 and the formation of Congo red/Amylo-Glo positive nuclear foci
in the core of these tumors (Figure 7K and Figure S7H, ). These data support the hypothesis
that riIGS,gRNA-mediated A-body formation force cells to enter a state of dormancy,
maintaining viability during periods of extracellular stress.

Discussion

This manuscript introduces A-bodies: rIGSRNA-seeded nuclear foci that containing proteins
possessing biophysical properties associated with an amyloid-like state. Formation of the A-
bodies is rapid, reversible and plays a role in the ability of cells to enter a dormant state as an
adaptive response to severe environmental insults. Physiological amyloidogenesis represents
a clever post-translational regulatory program, allowing for the prompt removal of a large
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family of heterogeneous proteins, without relying on complex covalent modifications or
extensive protein degradation. In fact, A-body formation could be a physiological example
of the liquid to solid phase transition of proteins, a process observed under /n vitro settings
(Kato et al., 2012) and attributed predominantly to pathological aggregates (Weber and
Brangwynne, 2012). A-bodies are found in cells exposed to various stressors, the cores of
tumors and normal human tissues, highlighting their ubiquitous nature. This challenges the
widely held concept that amyloids are mostly aberrant/toxic aggregates and seldom observed
in physiology compared to native-folded proteins. Based on these data, we suggest that the
amyloid-fold should be considered, alongside the native-fold and unfolded, as a common
protein organization in cell biology.

A-bodies join a group of established RNA-seeded cellular protein foci, including
paraspeckles and nuclear stress granules (Chujo et al., 2016). Yet, they are currently unique
in their biochemical properties as they include immobile proteins with amyloid-like
properties. Other tested protein foci, such as stress granules and aggresomes, do not display
amyloidogenic properties in a cellular context. IGSRNA-impaired cells fail to produce A-
bodies on stimuli but retain their ability to form other protein foci, highlighting the role of
these INcRNA in amyloidogenic body formation. While the exact mechanisms remain
unclear, we favor a model whereby rIGSRNA facilitate /7 vivo amyloidogenesis by
operating as micro-concentrators of ACM-containing proteins. The ACM of proteins that we
have studied so far harbor two distinct domains: an R/H rich sequence that flanks a highly
amyloidogenic stretch of amino acids (Figure S5F). The amyloidogenic domains are
independently capable of forming amyloids when overexpressed in bacteria, likely as a
consequence of reaching a concentration threshold that initiates self-amyloidogenesis. In
contrast, the amyloidogenic domains require the flanking R/H-rich sequences for RNA-
mediated amyloidogenic conversion in mammalian cells. This implies that endogenous
rIGSRNA enable the amyloidogenic domains to reach a sufficient concentration by
interacting with the R/H residues, triggering the initial fibrillation event followed by
polymerization of proteins, consistent with several models of amyloid formation. Precisely
how rIGSRNA facilitates A-bodies formation and whether a combination of other
endogenous or exogenous factors can also activate cellular amyloidogenesis remains to be
studied.

A notable observation from this study is that -amyloid shares striking similarities with the
ACM of several A-body targets and undergoes physiological amyloidogenesis on stimuli.
Unlike the non-pathological P3 peptide, which lacks the R/H rich motif (because of its
naturally occurring cleavage by a-secretase), p-amyloid is efficiently captured in A-bodies.
On signal termination, B-amyloid and other physiological amyloids can be reverted back to
their soluble form by Hsp70/Hsp90, without undergoing degradation. This implies that the
amyloid state is not a terminal/irreversible form of protein aggregation, even for pathological
amyloid peptides. This cellular data is in good agreement with /n vitro results showing a role
for Hsp70 in disaggregation of B-amyloid and a.-synuclein (Evans et al., 2006; Gao et al.,
2015). While unproven, it is nonetheless tempting to speculate that pathological
amyloidogenesis may be explained by dysregulation of the rIGSRNA-Hsp system. The data
also suggest that g-amyloid/ACM activity is not unique to APP but present in many proteins
that undergo amyloidogenesis in A-bodies.
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Conceptually, these observations fundamentally change our understanding of amyloids from
mysterious, toxic and irreversible protein aggregates to a common and reversible
polypeptide-fold. We envision the existence of multiple different adaptive A-bodies, with
proteins encoding variants of the ACM specific to rIGSRNA, and possibly other IncRNA
and environmental cues. This work opens several avenues of investigation in protein folding,
liquid to solid phase transition and cellular adaptation to stressors, while providing new
conceptual insights in our efforts to resolve debilitating conditions associated with
pathological amyloidogenesis, including Alzheimer’s disease and diabetes.

Experimental Procedures

Details of the plasmid design, peptides and antibodies can be found in Supplemental
Information. Standard protocols were used for the following experiments and are described
in the Supplemental Information: transmission electron microscopy, x-ray diffraction,
SILAC-MS, RNA extractions, RT-PCR, RNA immunoprecipitation, western blotting,
indirect immunofluorescence, cell proliferation and BrdU.

Cell Lines, Treatments and Stains

MCF-7, PC-3 and WI-38 cell lines were purchased from the ATCC and propagated in the
suggested media. Stable MCF-7 and PC-3 cell lines were previously described(Audas et al.,
2012). Hypoxia was induced by incubating cells in an H35 Hypoxystation at 37°C in a 1%
05, 5% CO, and Ny-balanced environment (HypOxygen). Acidosis was performed under
hypoxic conditions by transferring cells to pH 6.0 media or growing cells in acidosis-
permissive media as previously described (Audas et al., 2012). Heat shock was at 43°C for
the indicated times. Sodium arsenite (125uM), H,0, (300nM), thapsigargin (300nM),
transcriptional stress (4uM Actinomycin D + 8uM MG132), rapamycin (5uM) and
cycloheximide (25ug/ml) were treated for the indicated times. The Hsp70 (VER-155008:
40uM), Hsp90 (17-AAG: 5uM), PDI (16F16: 5uM) and GRP94 (Epigallocatechin gallate:
5uM) chaperone inhibitors and autophagosome inhibitor (Wortmannin: 5uM) were added 30
minutes before the 2 or 4 hour recoveries or for 3 hours in untreated cells. All recovered
cells were grown in standard growth media at 21% O, following stress treatment. Congo red
(0.05%), Thioflavin S (0.002%), Amylo-Glo (1X), NIAD4 (10uM) and Methoxyl-X04
(20uM) were used to stain formaldehyde-fixed cells. Proteinase K (0.1ug/ml) treatment of
methanol-fixed MCF-7 cells occurred at 25°C (1hr).

Insoluble Fractionation—Mammalian or bacterial cells were re-suspended in NP40
buffer (50uM Tris-HCI + 150uM NaCl + 1% NP40) and incubated at 250C for 5min.
Lysates were sonicated 2x for 10sec at 25% power (QSonica) and aliquots were taken as
whole cell lysate fractions. Lysates were pelleted at 8000rpm for 10min. The pellet was
washed 2x, prior to addition of NP40 buffer and one sonication for 10sec at 25% power to
fully re-suspend the insoluble fraction.

Amyloid-Body Purification—Five 15cm plates per condition were washed in PBS and
cells were scraped off of the surface. Osmotic buffer (10uM HEPES-pH 7.9, 10uM KClI,
1.2uM MgCl,, and 0.5uM DTT) was added and cells were incubated on ice for 5 minutes.
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Cells were dounced 10 times and pelleted. A sample of the supernatant was saved as the
cytoplasmic fraction. Pellets were re-suspended in osmotic buffer, incubated on ice for 5
minutes, dounced 10 times and pelleted. Supernatant was discarded and a portion of the
pellet was saved as the nuclear fraction. 1% TritonX-100 was used to re-suspend the pellet
and slurry was sonicated twice for 10 seconds at 25% power (QSonica Sonicators). Solution
was pelleted, the supernatant was discarded and the remaining material was re-suspended in
400l 65% Percoll + 35% 1xXNEH buffer (20uM HEPES-pH 7.4, 150uM NacCl, 0.2uM
EDTA and 0.6% TritonX-100). Sample was layered with 400ul 55% Percoll + 45% 1xNEH
buffer, 400l 45% Percoll + 55% 1xNEH buffer and 400ul 35% Percoll + 65% 1xNEH
buffer. Percoll gradients were spun at 1000 times gravity for 90 minutes and harvested into 3
400ul fractions. Fractions were analyzed by western blot for the nucleolar marker UBF1 and
the established Amyloid-Body protein POLD1. These molecules were present
predominantly at the 55-45% Percoll transition.

Stable isotope labeling by amino acids in cell culture—-mass spectrometry—
SILAC-labeling media was prepared using custom DMEM minus arginine and lysine
(Athena Environmenal Sciences) supplemented with 5% dialyzed fetal calf serum (FCS) and
1% penicillin/streptomycin. MCF-7 cells were grown for 14 days in SILAC media
containing 84 pg/ul L-arginine and 146 pg/pl L-lysine as follows: L-arginine and L-lysine
(hypoxia-acidosis), L-arginine 13Cg and L-lysine 4,4,5,5-D4 (hypoxia-neutral) or L-
arginine 13Cg 15N, and L-lysine 13Cg 15N, (normoxia-neutral) (Cambridge Isotope Labs).
Normoxic-neutral cells were maintained at 21% O, in neutral media (pH7.4), hypoxic-
neutral cells were transferred to 1% O, for 3 hours in pH7.4 media and hypoxic-acidotic
cells were grown in pH 6.0 media at 1% O, for 3 hours. Following treatment, nucleolar
detention centers were isolated, described below, and total protein was extracted using 2%
SDS and combined at a 1:1:1 ratio between the three treatments. Combined extracts were
run on a precast TGX 4-12% gradient gel (BioRad), stained with Simply Blue Safestain
(Invitrogen) and the entire lane was excised into 12 slices. Peptides were extracted from an
in-gel tryptic digestion of each gel splice and analyzed by mass spectrometry as previously
described (Andersen et al., 2005). Protein identification and quantitation were performed
using the program Peaks Studio 7.0 (Thermo Scientific). Identification was set to a false
discovery rate of 1% and proteins were considered to be enriched in the nucleoli of cells
incubated under hypoxia-acidotic conditions if they possessed a minimum 2-fold hypoxia-
acidosis:hypoxia-neutral and hypoxia-acidosis:normoxia-neutral ratio and significance (A)
values. Protein sizes, grand average of hydrophobicity (GRAVY) and isoelectric point were
calculated using the ProtParam program (SIB ExXPASy Bioinformatics Resource Portal).

Bacterial Preparation

BL21 cultures were grown at 32°C (20hrs) prior to insoluble fractionation, inclusion body
purification or staining. Microscopy was performed on fixed (4% formaldehyde 1hr) and
permeabilized (0.5% Triton 10 min) cells stained with Congo red and Hoechst.

Fibrillation Propensity

Rosetta free energy scores for proteins and peptides was calculated using online ZipperDB
software (UCLA) derived from published work (Goldschmidt et al., 2010).
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Cell proliferation, BrdU incorporation and Congo red assays. 750,000 (10 cm plates) or
400,000 (3.5 cm plates) MCF-7 or PC-3 were plated for the cell proliferation and BrdU
incorporation assay, respectively. 75,000 (6 cm plates) and 40,000 (3.5cm plates) WI-38
cells were also plated for the cell proliferation and BrdU assay, respectively. Media were
changed at the indicated times to standard (pH 7.4) or acidosis-permissive (pH6.0) media,
described previously (Audas et al., 2012; Mekhail et al., 2004), and grown at normoxic or
hypoxic oxygen tensions for the indicated times. Post-acidification recovery was achieved
by replacing acidosis-permissive media with standard media and a returning to normoxic
conditions. Cell proliferation rates were determined by trypsinizing parallel plates and
counting total cells for each time point for three independent repeats. Trypan blue was added
to ensure variation was not due to excessive cell death. BrdU was incorporated for the last 20
minutes (MCF-7 and PC-3) or 60 minutes (WI-38) of each time point. Cells were fixed for
20 minutes at —200C with an ethanol fixative (70% ethanol; 50uM glycine; pH 2.0), prior to
BrdU staining according to manufacturer’s protocol (Roche). The ratio of BrdU stained
nuclei versus Hoechst stained nuclei was assessed by fluorescence microscopy. Congo red
assays to detect the proportion of A-body-positive cells was performed by staining
untreated/treated cells with Congo red and Hoechst. Minimal exposure times were selected
to eliminate background auto-fluorescence. The percentage of Congo red-positive cells was
determined by counting the number of cells with Congo red-positive nucleoli and dividing
by the total number of Hoecht-positive cells. The proportion of nuclear stress granule- and
paraspeckle-positive cells was performed in the same manner on immunostained cells. At
least three random fields were counted for three independent replicates.

Viability assay—Viability was calculated by growing the stable MCF-7 cell lines in
standard or acidosis-permissive media for the indicated times. Each day parallel plates were
stained for 5 minutes with 2uM propidium iodide and Hoechst 33342. Cells were
immediately imaged by fluorescence microscopy. The cell death ratio was determined by
counting the number of propidium iodide positive cells per field versus Hoechst stained
nuclei. Experiments were performed in triplicate.

Tumor Xenografts—Animal experiments were performed in accordance with the
University of Ottawa Animal Care Committee (CMM-181) policy. 107 exponentially
growing cells suspended in 200 uL PBS were injected subcutaneously into the flanks of 6-8
week old CD-1 nude female mice (Charles River). Each mouse was injected with a control
(left flank) and experimental (right flank) cell line. Tumor growth was recorded blind to the
cell lines injected with calibers and animals were killed when the end point was reached or 5
weeks post-injection. Post-mortem, tumors were harvested, measured, fixed in 10%
formalin, paraffin-embedded, sliced and stained.

Statistical analysis

Bar and line graphs represent the mean value from at least (n values indicated in figure
legends) three independent replicates. Statistical analyses were performed with the error bars
representing the standard error of the mean. p values were based on two-tailed Student’s t-
test with the significance level indicated in the figure legend.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Nuclear amyloid bodies (A-bodies) form from systemic protein
amyloidogenesis

An amyloid-converting motif and ribosomal intergenic INcRNA
mediate amyloidogenesis

The heat shock chaperone pathway disaggregates A-bodies

Upon stimuli, cells activate physiological amyloidogenesis to enter a
dormant state
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Figure 1. Uncovering the distinct biophysical properties of the cellular A-bodies
(A) Physiological amyloidogenesis is rapid and reversible. MCF-7 cells exposed to

extracellular acidosis and returned to standard growth conditions, for the indicated times,
were stained with Congo red and Hoechst (blue inset). (B) Nuclear foci stain positively with
amyloid-specific dyes. Untreated or acidotic MCF-7 cells were stained with Amylo-Glo
(blue), Thioflavin S (green) and/or Congo red (red). Selected regions (white box) were
expanded below with merged image included (far right panel). Dashed circles represent
nuclei. (C) Established proteins are targeted to the A-bodies. MCF-7 cells expressing VHL-
GFP or POLD1-GFP were grown under standard, hypoxic/acidotic conditions or recovered
for 24 hours post-acidosis treatment. Acidotic cells were stained with Congo red. Selected
regions (white box) were expanded (below). (D) A-body targets are reversibly immobilized.
VHL-GFP, POLD1-GFP or GFP-B23 transfected MCF-7 cells were treated as above and
bleached repeatedly for fluorescent loss in photobleaching. Quantification is presented as the
mean relative intensity of at least 5 data sets. (E) Stimuli-specific insolubilization of A-body
components. Insoluble proteins (Insol) were extracted from whole cell lysates (WCL) of
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untreated, acidotic (2 hrs), heat shocked (2 hrs), sodium arsenite (1 hr), cycloheximide (1hr),
thapsigargin (8 hrs) or H,0, (8 hrs) treated cells. A-body components; VHL-GFP and
endogenous POLD1 or the GAPDH and Histone H3 control proteins were detected by
western blot. (F) Stimuli-induced A-bodies are proteinase K resistant. Transmission electron
microscopy (TEM) of untreated, heat shocked (1hr) and acidotic (1hr) MCF-7 cells were left
undigested or exposed to proteinase K. Proteinase K-resistant nuclear bodies are indicated
(yellow arrow). (G) Proteinase K-resistant fibrils possess amyloid-like properties. Heat
shocked MCF-7 cells were left undigested or proteinase K-treated prior to TEM
visualization. Proteinase K-resistant structures were stained with Congo red or the amyloid
fibril conformation-specific antibody OC. (H) Protein insolubilization correlates with A-
body assembly and disaggregation. MCF-7 cells were treated as above (A) and insoluble
proteins were extracted from WCL. A-body targets/controls were detected as in (E). (1)
Inhibition of rIGSRNA transcripts impairs amyloidogenesis. MCF-7 cells stably-expressing
control or shRNA against rlIGSogRNA or rlIGS,oRNA were grown in acidosis permissive
media or exposed heat shock, respectively, prior to Congo red staining. Dashed circles
represent nuclei. White scale bars represents 20mm. Black and white TEM scale box
represent 1uM and 0.1mm. See also Figure S1.
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Figure 2. A-bodies are unique rIGSRNA-seeded amyloidogenic structures
(A) A-bodies are separate from nuclear stress granules. MCF-7 cells transfected with control

or rIGS22RNA-specific sSiRNA were exposed to heat shock. HSF-1 was detected in Congo
red stained cells. (B) Additional cellular bodies are not amyloidogenic. MCF-7 cells were
treated as indicated. Foci-specific markers were detected (green) in Congo red (red) stained
cells. (C) Aggresomes do not contain proteins in an amyloid-like conformation.
Untransfected or HDAC6-GFP expressing PC3 cells were treated with stimuli that induce
aggresome (5uM MG132) or aggresome and A-body (transcriptional stress: 8uM MG132
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+ 4uM Actinomycin D) formation. The aggresome marker vimentin was detected in Congo
red or Amylo-Glo stained cells. (D) Other cellular domains possess mobile proteins.
Fluorescence recovery after photobleaching was performed on MCF-7 cells expressing
TIAL1-GFP (sodium arsenite and heat shock — 1hr), SC35-GFP (no treatment), Coilin-GFP
(no treatment), HSF1-GFP (heat shock — 1hr), NONO-GFP (5uM MG132 — 17hrs) and
VHL-GFP (heat shock — 1hr). Quantified kinetics are presented as the mean relative
intensity of at least 5 data sets. (E) A-body formation is mediated by rIGSRNA. PC3 cells
transfected with siRNA targeting the indicated transcripts were exposed to heat shock (45
min) or 5uM MG132 (17 hrs) prior to detection of A-bodies (Congo red), nuclear stress
granules (HSF1) or paraspeckles (NONO). The proportion of body positive cells was
counted and compared to the control siRNA. Results are means and SEM (n=3).
Significance was measured by Student’s t-test; *p < 0.01. Dashed circles represent nuclei.
Selected regions (white box) were expanded below. White scale bars represents 20mm. See
also Figure S2.
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Figure 3. Heterogenic protein composition of the A-body
(A) Acidosis induces the formation of the A-bodies. MCF-7 cells grown under normoxic-

neutral (NN) and hypoxic-neutral (HN) as baseline controls, and hypoxic-acidotic (HA)

conditions were stained with Congo red dye or fluorescence /in situhybridized with an anti-

sense probe targeting rIGS,gRNA. Nucleolar B23 (green) is inset. (B) Identification of the
A-body residents. SILAC-MS analysis comparing proteins extracted from MCF-7 cells
treated as above. Plot compares the log enrichment of HA:HN versus HA:NN. A-body-
enriched (red) proteins fall in the upper right quadrant. (C) A-body components are
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biochemically similar to the total protein population. Scatter plot of protein size versus
hydrophobicity. (D) A heterogeneous family of proteins are targeted to the A-bodies. The
size, isoelectric point and hydrophobicity of total and amyloid-specific protein fractions is
summarized. Values represent data set averages +/— SEM. (E) Localization of SILAC-MS
candidates to the A-bodies. MCF-7 cells transfected with HAT1-GFP, UAP56-GFP, cdk1-
GFP, Ku70-GFP, HDAC2-GFP and Fib-GFP were left untreated or exposed to extracellular
acidosis prior to staining with Congo red. (F) Targets of the A-bodies are immobilized.
Quantification of recovery after photobleaching kinetics for the proteins listed above (E) as
the mean relative intensity of at least 5 data sets. (G) SILAC-MS candidates reversibly
insolubilize in response to stimuli. MCF-7 cells were exposed to extracellular acidosis and
returned to standard growth conditions, for the indicated times prior to harvesting WCL and
insoluble proteins. HAT1, cdkl, HDAC2, UAP56, GAPDH and Histone H3 were detected
by western blotting. (H) Stimuli-specific insolubilization of SILAC-MS candidates. WCL
and insoluble proteins were extracted from untreated, acidotic (2 hrs), heat shocked (2 hrs),
sodium arsenite (1 hr), cycloheximide (1hr), thapsigargin (8 hrs) or H,O5 (8 hrs) treated
cells. A-body targets/controls were detected as in (E). Dashed circles represent nuclei.
Selected regions (white box) were expanded below. White scale bars represents 20mm. See
also Figure S3.
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Figure 4. Identification of the amyloid converting motif that targets proteins to A-bodies
(A) VHL can obtain an amyloid-like conformation in bacteria. GFP or VHL-GFP expressing

MCEF-7 cells left untreated or exposed to acidosis or BL21 cells were stained with Congo red
and Hoechst. X-ray diffraction was performed on BL21 bodies. (B) VHL contains fibril-
forming peptidic regions. Results of ZipperDB analysis of full length VHL for fibrillation
propensity. The Rosetta energy threshold of —23 kcal/mol is an indicator of fibril-positive
regions. Truncated VHL fragments, used below, are indicated. (C) Amyloidogenic fragments
of VHL insolubilize GFP and produce SDS-resistant multi-mers. Fragments of VHL (above)
fused to GFP were expressed in BL21, prior to lysis and insoluble protein fractionation.
Fusion proteins were detected with a GFP-specific antibody at low and high exposures to
detect monomeric (low) and multi-meric (high) proteins. (D) Insoluble VHL fragments form
bacterial inclusion bodies with an amyloid-like x-ray diffraction profile. BL21 expressing
the VHL fragments (above) were fixed and stained with Congo red and Hoechst. Inclusion
bodies were purified, where present, for x-ray diffraction. (E) Table summarizing inclusion
body formation and targeting to the A-bodies (Figure 4D, S4B, F and H) for the indicated
regions of VHL, cdkl or POLD1 fused to GFP. (F) Regions of VHL can associate with
riIGS,gRNA. MCF-7 cells transfected with VHL or VHL mutants were exposed to acidosis
for 1 hour prior to lysis and RNA immunoprecipitation. 28S rRNA and rIGS,gRNA were
detected by RT-PCR. Exogenous VHL fragments and GAPDH were detected by
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immunoblotting. (G) Generation of artificial ACM sequences. R/H-rich (orange) and
amyloidogenic (purple) sequences derived from VHL (aACMVHL) and POLD1
(aACMPOLDL) were fused to generate artificial ACM motifs (sequence inset). The
fibrillation propensity was calculated by ZipperDB. (H) Artificial ACMs are sufficient to
create insoluble multi-mers. BL21 expressing GFP fused to the artificial ACMs (above) were
lysed into soluble (+) and insoluble (=) fractions. (I) Amyloidogenic regions of VHL form
10nm amyloid-like fibrils. Peptides encoding VHL (104-140), aACMVHL and the classic
pathological B-amyloid were synthesized and incubated for 1 week at 37°C. Fibrils were
detected by TEM. White and yellow scale bars represent 20um and 5pum, respectively.
Dashed circles represent nuclei (MCF-7) or whole cell (BL21).TEM scale box represent
10nm. See also Figure S4.
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Figure 5. The pathological -amyloid peptide is a target of physiological amyloidogenesis

(A) Amino acid sequence and Rosetta energy profiles for p-amyloid (1-40) and VHL (104-
140). Secretase (a-, B- and -y-) cleavage sites are indicated. (B) Stress-specific targeting of
B-amyloid to the A-bodies. B-amyloid-GFP expressing MCF-7 cells were left untreated or
exposed to acidosis, heat shock, sodium arsenite, cycloheximide, thapsigargin or H,O, and
stained with Congo red. (C) Amyloidogenic stimuli insolubilize p-amyloid, not the non-
pathological P3 peptide. Insoluble proteins were extracted from MCF-7 cells exposed to the
stimuli (above). B-amyloid-GFP, P3-GFP, GAPDH and Histone H3 were detected by
western blotting. (D) Immobilization of B-amyloid by acidosis. Quantification of
fluorescence recovery after photobleaching kinetics for p-amyloid-GFP in untreated or
acidotic MCF-7 cells. Mean relative intensity of at least 5 data sets. (E) rIGS,gRNA is
essential for the subnuclear targeting of B-amyloid. MCF-7 cells stably-expressing control or
riGS,gRNA-specific ShRNA were transfected with a plasmid encoding p-amyloid-GFP and
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grown under hypoxic conditions in acidosis-permissive media. (F) B-amyloid and P3
possess amyloidogenic propensity. B-amyloid-GFP, P3-GFP and p-amyloid (1-17)-GFP
were expressed in BL21 cells prior to staining with Congo red and Hoechst. (G) The amino-
terminus of p-amyloid is essential for IGSRNA binding. RNA immunoprecipitation of
acidified MCF-7 cells transfected with GFP, p-amyloid-GFP or P3-GFP. GAPDH mRNA
and rIGS,gRNA were detected by RT-PCR. Exogenous proteins and GAPDH were detected
by immunoblotting. (H) P3 is not targeted to the A-bodies. P3-GFP-expressing MCF-7 cells
were untreated or exposed to acidotic conditions, prior to Congo red staining. Dashed circles
represent nuclei (MCF-7) or whole cell (BL21). Selected regions (white box) were expanded
below. White scale bars represents 20um. See also Figure S5.
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Figure 6. Heat shock chaperones regulate A-bodies disaggregation
(A) Amyloidogenesis is rapid and reversible. MCF-7 and PC-3 cells exposed to acidosis or

heat shock and allowed to recover (times indicated) were stained with Congo red. The
proportion of cells containing Congo red-positive structures was assayed relative to Hoechst-
positive nuclei. (B) Heat shock proteins mediate the solubilization of A-body components.
Insoluble proteins were extracted from untreated, acidotic or recovering MCF-7 cells treated
with the protein synthesis inhibitor cycloheximide (Chx) or PDI (16F16), GRP94 (EGCG),
Hsp70 (VER155008) or Hsp90 (17-AAG) inhibitors. POLD1, cdkl, GAPDH and Histone
H3 were detected by western blot. (C) Heat shock proteins are associated with the A-bodies
during recovery. Table summarizing data in Figure S6B. (D) Heat shock proteins
disaggregate the A-bodies. MCF-7 cells were exposed to acidotic (left panel) or heat shock
(right panel) conditions for 3 hours, then returned to normal growth conditions for 2 or 4
hours in the presence 16F16, EGCG, VER, AAG or Wortmannin. The proportion of Congo
red-positive cells was determined as above. (E) Congo red stained MCF-7 cells allowed to
recover for 2 or 4 hours from a 3 hour acidosis or heat shock exposure in the presence or
absence of VER155008. (F) Hsp70 activity enhances p-amyloid release during recovery. p-
amyloid-GFP-expressing MCF-7 cells were allowed to recover for 4 hours from a 3 hour
heat shock exposure in the presence or absence of VER or Chx. Western blots of insoluble
fractionation for B-amyloid-GFP and Histone H3 are included (lower left). Results are
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means and SEM (n=4). Significance was measured by Student’s t-test; *p < 0.01. Dashed
circles represent nuclei. White scale bars represents 20um. See also Figure S6.
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Figure 7. rIGSRNA/A-bodies induce cellular dormancy
(A) Functional classification of A-bodies constituents. SILAC-MS results were analyzed and

grouped by function, percentages per group are indicated. (B) Proliferative factors are
reversibly targeted to the A-bodies. Untreated, acidotic and recovered MCF-7 cells were
stained for endogenous POLA1 and cdkl (red) and the nucleolar marker B23 (green).
Dashed circles represent nuclei. (C) Acidosis induces a reversible state of dormancy.

750,000 (MCF-7 and PC-3 -

left axis) or 75,000 (WI-38 — right axis) cells were grown for 2

days, prior to the application of acidosis-permissive media and exposure to hypoxic (1% Oo)
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conditions. Cells were returned to standard growth conditions two days post-acidification.
Cells were counted daily with trypan blue staining to ensure viability. (D) DNA synthesis is
reversibly inhibited by acidosis. MCF-7, PC-3 and WI-38 cells grown under the indicated
conditions were incubated with BrdU prior to fixation. BrdU positive cells were counted
relative to Hoechst stained nuclei. (E-F) Inhibition of riIGS,gRNA restores proliferative
capacity to acidatic cells. MCF-7 cells stably-expressing two independent shRNA against
riIGS,gRNA (sh28#1 and sh28#2) or a control sequence (shCtrl) were exposed to normoxic-
neutral, hypoxic-neutral or hypoxic-acidosis and cell counts were performed each day (E) or
incubated with BrdU for the incorporation assay described above (F). (G) Amyloidogenesis
preserves cell viability during extracellular stress. MCF-7 cells described above were grown
under hypoxic conditions in standard (pH7.4) or acidosis-permissive (pH6.0) low glucose
media for the indicated times. Viability was calculated as propidium iodide-positive versus
Hoechst-positive nuclei. (H) Human breast invasive duct carcinomas and prostatic acinar
contain cellular amyloids. Paraffin-embedded prostate and breast tumors were stained with
the Amylo-Glo, UAP56 or HAT1 and the nucleolar marker B23. (1-J) Inhibition of
riIGS,gRNA relieves tumor dormancy. Nude mouse xenograft assays with MCF-7 and PC-3
cells described above. Representative mice and excised tumors (1) are presented, with tumor
volumes calculated weekly (J) (n=5). (K) Inhibition of riIGS,gRNA prevents
amyloidogenesis /n situ, causing tumor necrosis. Paraffin-embedded MCF-7 andPC-3 tumor
sections were stained for the SILAC-MS candidate POLAL (red) and B23 (green), Amylo-
Glo (blue) or hematoxylin/eosin. Results are means and SEM (n=4) with significance
measured by Student’s t-test; *p < 0.01. Selected regions (white box) were expanded below.
White scale bars represents 20um. See also Figure S7.
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