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CANCER

HSF1 physically neutralizes amyloid oligomers
to empower overgrowth and bestow neuroprotection

Zijian Tang"?, Kuo-Hui Su', Meng Xu', Chengkai Dai'*

The role of proteomic instability in cancer, particularly amyloidogenesis, remains obscure. Heat shock factor 1
(HSF1) transcriptionally governs the proteotoxic stress response to suppress proteomic instability and enhance
survival. Paradoxically, HSF1 promotes oncogenesis. Here, we report that AKT activates HSF1 via Ser*3° phosphoryl-
ation. In vivo, HSF1 enables megalencephaly and hepatomegaly, which are driven by hyperactive phosphatidylinositol
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3-kinase/AKT signaling. Hsf1 deficiency exacerbates amyloidogenesis and elicits apoptosis, thereby countering
tissue overgrowth. Unexpectedly, HSF1 physically neutralizes soluble amyloid oligomers (AOs). Beyond impeding
amyloidogenesis, HSF1 shields HSP60 from direct assault by AOs, averting HSP60 destabilization, collapse of the
mitochondrial proteome, and, ultimately, mitophagy and apoptosis. The very same mechanism occurs in Alzheimer’s
disease. These findings suggest that amyloidogenesis may be a checkpoint mechanism that constrains uncon-
trolled growth and safeguards tissue homeostasis, congruent with its emerging tumor-suppressive function.
HSF1, by acting as an anti-amyloid factor, promotes overgrowth syndromes and cancer but may suppress neuro-

degenerative disorders.

INTRODUCTION

Phosphatidylinositol 3-kinase (PI3K)/AKT signaling governs a wide
array of cellular functions including survival, cell cycle progression,
metabolism, and growth (1). Its hyperactivation, frequently caused
by genetic mutations, drives oncogenesis (1). While both PI3K and
AKT are oncoproteins, PTEN, a phosphatase with opposite func-
tions from PI3K, is a tumor suppressor (1). Aberrant activation of
PI3K/AKT signaling has been implicated in overgrowth syndromes
in humans, including the PIK3CA-related overgrowth spectrum
(PROS) and autism spectrum disorder (ASD), a developmental dis-
ability associated with brain overgrowth (2, 3).

As a serine/threonine kinase, AKT mediates most of the effects
of PI3K signaling by phosphorylating numerous cellular targets.
Among them are TSC2 and PRAS40, both of which are key regula-
tors of mMTORCI1 signaling and translational control (1). Congruently,
AKT/mTORCI signaling plays a key role in stimulating protein
biosynthesis and thereby controlling cell size (4).

Protein synthesis, which contributes to cellular protein quantity,
is an integral part of the dynamic network that maintains proteomic
balance. However, another equally important aspect is protein qual-
ity. Disruptions to this quantity-quality equilibrium destabilize the
cellular proteome, eliciting system-wide protein misfolding, aggre-
gation, and, ultimately, amyloidogenesis. Proteomic imbalance has
been associated with aging and a number of pathological conditions
in humans. Amyloidogenesis is, of course, a hallmark of neurode-
generative disorders, particularly Alzheimer’s disease (AD), but emerg-
ing evidence has also revealed its tumor-suppressive nature (5, 6).

In living cells, several mechanisms sustain the delicate proteomic
balance, especially in the face of environmental insults. Among them
is the evolutionarily conserved heat shock, or heat shock factor 1
(HSF1)-mediated proteotoxic stress, response (HSR/PSR). Through
the induction of heat shock proteins (HSPs) or molecular chaperones,
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this powerful transcriptional program ensures the quality of the
cellular proteome by preventing protein misfolding, facilitating
proteasomal degradation of misfolded proteins, and antagonizing
protein aggregation (7). In contrast to HSF1’s broadly acclaimed
role in countering protein-misfolding diseases, including neuro-
degenerative disorders, a growing body of evidence has pinpointed
an unexpected prooncogenic effect as well. Moreover, cancerous
cells, unlike their normal counterparts, become dependent on HSF1
for their growth and survival (8).

Here, we report HSF1 as a previously unidentified physiological
substrate for AKT. Through Ser”*” phosphorylation, AKT activates
HSF1 and its mediated HSR/PSR. In mice, constitutive activation
of PI3K/AKT signaling in the brain and liver drives megalencephaly
and hepatomegaly, respectively, leading to rapid postnatal death.
Concurrent HsfI deficiency mitigates tissue overgrowth and prolongs
animal survival. Excessive protein translation driven by PI3K/AKT
hyperactivation is sufficient to evoke amyloidogenesis; however,
apoptosis occurs only in Hsfl-deficient overgrown tissues. HSF1 un-
expectedly neutralizes soluble amyloid oligomers (AOs) via physical
interactions, which means that, beyond impeding amyloidogenesis,
HSF1 shields the essential mitochondrial chaperone HSP60 against
degradation and aggregation caused by the direct assault of AOs. In
the face of amyloids accrued during overgrowth, HSF1 defends the
stability of the mitochondrial proteome to avert apoptosis. HSP60 is
a bona fide target of AOs in human AD, and this transcription-
independent anti-amyloid action of HSF1 also protects human neurons
against AB;_4,—induced toxicity in vitro. These findings illuminate
HSP60 and its governed mitochondrial proteome as a prime target
of AOs and pinpoint HSF1 as an intrinsic anti-amyloid factor. Con-
trary to its neurodegenerative effect, amyloidogenesis serves as a safe-
guard to limit uncontrolled growth and preserve tissue homeostasis.

RESULTS

AKT activates HSF1 via Ser?*° phosphorylation

In mammalian cells, phosphorylation plays an important part in
activating HSF1 during heat shock (9). Our previous studies showed
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that the oncoprotein mitogen—activated protein kinase kinase (MEK)
activates HSF1 via Ser**® phosphorylation (5). We were curious
whether other oncogenic pathways also activate HSF1. To this
end, we turned our attention to PI3K/AKT signaling, which is often
hyperactivated in human cancers (1).

Heat shock activates AKT, as evidenced by its elevated phos-
phorylation, particularly at Thr’®® in human embryonic kidney
(HEK) 293T cells (fig. S1A), which is a PDK1-mediated modifica-
tion (I). Furthermore, pharmacological inhibition of PI3K by LY294002
or AKT by MK2206 and RG7440 blocked the induction of Hsp
mRNAs and proteins by heat shock in NIH 3T3 cells (fig. S1, B and
C), which demonstrates AKT’s causative role in activating the HSR/
PSR. Contrary to its canonical stress-inducible activation, HSF1 re-
mains constitutively active in malignant cells (10, 11). In HEK293T
cells under basal conditions, pharmacological AKT inhibition im-
paired HSF1 binding to the HSP72 promoter, a classic HSF1 target
gene (fig. SID) (12). This demonstrates a causal effect of AKT on
constitutive HSF1 activation. Conversely, AKT1IM" 3 constitutively
active mutant with an src myristoylation sequence (13), heightened
its HSP promoter binding and induced HSP mRNAs (fig. S1, E and
F). AKT2M" and AKT3™”, similar to AKT1™, activated the HSF1
reporter (fig. S1G), demonstrating that AKT is sufficient for HSF1
activation. To exclude the potential confounding effects of protein
overexpression, we activated AKT by knocking down the tumor
suppressor PTEN in HEK293T cells. Just like AKT1™" overexpres-
sion, PTEN deficiency activated the HSF1 reporter and enhanced its
DNA binding; importantly, both effects were blocked by pharma-
cological AKT inhibition (fig. S1, H and I), thus pinpointing the
causality of AKT activation. Notably, endogenous AKT and HSF1
coprecipitated in HEK293T cells under basal conditions, indicating
constitutive activation of AKT and HSF1, which was markedly
enhanced by heat shock (fig. S1J). This physical AKT-HSF1 interac-
tion was confirmed and visualized in situ by the proximity ligation
assay (PLA) in mouse embryonic fibroblasts (MEFs). Despite sparse
interaction under basal conditions, which reflects the lack of HSF1
activation, heat shock drastically induced this interaction (fig. S1K).

To demonstrate HSF1 phosphorylation by AKT, we searched the
human HSF1 protein sequence for the consensus AKT phosphoryl-
ation motif “RXRXXS/T” (1). Ser*® (KYSRQFS) partially conforms
to this criterion (fig. S1L). Our in vitro kinase assays revealed that
all three AKT isoforms phosphorylated HSF1 at Ser**’, which were
fully blocked by AKT inhibitors (fig. SIM). Thus, the oncoproteins
AKT and MEK phosphorylate HSF1 at distinct sites (fig. SIN).
Beyond in vitro assays, heat shock induced HSF1 Ser**° phosphoryl-
ation in HEK293T cells, which was blocked by either PI3K or AKT
inhibitors (fig. S10). Like heat stress, PTEN deficiency was suffi-
cient to induce Ser**® phosphorylation in a dose-dependent manner
(fig. S1P). To address the necessity of Ser*** phosphorylation for
HSF1 activation, we generated HSF1°*** mutants. In contrast to
HSF1VT, HSF15%4 was refractory to activation by AKT1™" and
displayed impaired transcriptional activities under both basal and
heat-shock conditions (fig. S1, Q and R). AKT inhibitors dimin-
ished the transcriptional activity of HSF1V™. By contrast, they did
not affect HSF152304 (fig. SIR), highlighting the importance of Ser?*®
phosphorylation to AKT-mediated HSF1 activation. Abolishing
Ser” phosphorylation did not impede HSF1 nuclear translocation
(fig. S1S); instead, HSF15*°* displayed diminished occupancy on
HSP gene promoters (fig. S1T), indicating the importance of Ser*°
phosphorylation to HSF1 DNA binding. The residual DNA binding
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is likely due to constitutively activated MEK in HEK293T cells.
Notably, death-associated protein kinase and calcium/calmodulin-
dependent kinase I reportedly phosphorylate HSF1 at Ser™” as well
(14, 15). All three kinases can recognize the minimal phosphory-
lation motif “RXXS/T.” Thus, they likely share the same phosphoryl-
ation site on HSF1. These results collectively identify HSF1 as a
previously unidentified physiological substrate for AKT and dem-
onstrate that AKT activates HSF1 via Ser”*” phosphorylation in re-
sponse to both heat stress and oncogenic stimuli (fig. S1U).

HSF1 supports megalencephaly driven by constitutively
active PI3K

We were interested in the biological significance of this AKT-mediated
HSF1 activation beyond the canonical HSR/PSR. One of the funda-
mental questions in biology is the control of body and organ size.
Organ size is dictated by both cell size, driven by cellular growth,
and cell number, controlled by proliferation and survival (4). By
stimulating mTORCI1 and its mediated protein translation, PI3K/
AKT signaling controls cellular growth and cell size (4). Activating
mutations of PI3KCA or AKT have unsurprisingly been associated
with human overgrowth syndromes including megalencephaly, a
growth development disorder characterized by abnormally enlarged
brains (16, 17). Moreover, hyperactivation of PI3K/AKT signaling
drives malignant growth (1).

To avoid a proteomic imbalance, protein synthesis must orches-
trate with the quality-control machineries that comprise the HSF1-
governed chaperone system. Thus, we reasoned that HSF1 activation
counterbalanced the heightened protein synthesis stimulated by
PI3K/AKT signaling. To address the need for HSF1 in PI3K/
AKT-driven growth in vivo, we used a genetically engineered mouse
strain, R26Stop ™ p110*. In this strain, the expression of a constitu-
tively active p110 catalytic subunit of PI3K (p110*) from the Rosa26
locus is silenced by a floxed transcriptional STOP cassette (18). With
a Cre deleter strain, PI3K signaling can be constitutively activated in
a tissue-specific manner. We first induced p110* expression in the
brain by crossing with hGFAP-Cre transgenic mice, wherein the Cre
recombinase expression is driven by the human GFAP (glial fibril-
lary acidic protein) promoter (19). Cre-mediated recombination is
widespread in both neurons and astrocytes because of its expression
in radial glia, a key population of neural stem/progenitor cells (19).
These hGFAP-Cre; R26Stop™"p110* mice displayed brain enlargement
in full penetrance, requiring euthanasia within 16 days postnatal and
thereby demonstrating a causative role of PI3K in human megalen-
cephaly (Fig. 1, A and B). Of note, concurrent Hsfl deletion, me-
diated by the same hGFAP-Cre expression, reduced brain size and
prolonged animal median survival by 21%. This shows that HSF1 is
required for brain overgrowth.

Constitutive activation of PI3K stimulated AKT/mTORCI sig-
naling and cell proliferation in the brain, as evidenced by increased
AKT/S6K phosphorylation and proliferation markers including MCM2
and proliferating cell nuclear antigen (PCNA). HsfI deficiency did
not diminish them (Fig. 1C). MCM2 and PCNA were further ele-
vated by HsfI deficiency, suggesting an enhanced proliferation of
certain cell populations in these brains. Consistent with elevated S6K
phosphorylation, pI110* expression stimulated the global protein
translation rate, measured by puromycin labeling (20), in primary
astrocytes derived from these mice (fig. S2A). Although HsfI defi-
ciency reduced basal protein translation in cells without p110* ex-
pression, as reported in our previous study (21), it did not alter the
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Fig. 1. HSF1 is required for megalencephaly driven by constitutively active PI3K. (A) Brains were collected at 15 days postnatal (n =3 mice). Photo credit: Zijian Tang,
NCI. (B) Kaplan-Meier survival curves (n =8 to 15 mice). (C) Immunoblotting of brain lysates (n =3 mice). (D) Quantitation of the numbers of nuclei in frozen brain tissues
(n=5 mice). (E) Quantitation of caspase 3 activities in brain lysates (n = 5 mice). (F and G) Enzyme-linked immunosorbent assay (ELISA) quantitation of detergent-insoluble
amyloid fibrils (AFs) and detergent-soluble prefibrillar AOs (PAOs) in brain lysates (n =5 mice). (H) Representative staining images of paraffin brain sections (from three
brains). (I) ELISA quantitation of PAOs levels in detergent-insoluble fractions of brain lysates (n =5 mice). (J) AB1_42 (2 uM) peptides were incubated with 100-ug
detergent-soluble fractions of brain lysates and the AB;_q; fibrillation was monitored by thioflavin T (ThT) binding (n =5 mice). (K) ELISA quantitation of endogenous
mouse ABi-4 levels in the soluble fractions of brain lysates (n=5 mice). (L) Representative immunohistochemistry images of paraffin brain sections (from three brains).
Arrowheads denote plaque-like AB deposits. Scale bars, 100 um for main images; 20 um for insets. Statistical analyses: Log-rank test for (B); two-way analysis of variance
(ANOVA) for (J); and one-way ANOVA for the rest. (A) to (D) and (J) were done once; (E) to (G) and (1) were repeated twice; (K) was repeated thrice; (H) and (L) were repeated
thrice with different sets of brains. n.s., not significant, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.
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heightened translation rate in p110*-expressing cells. Thus, these
findings exclude impaired cell proliferation or protein translation
as the cause of reduced brain size in pl110*-expressing, HsfI-
deficient (P*H ) mice. Despite elevated proliferation markers, the
overall DNA contents were not increased in these PXH ™ brains
(fig. S2B), suggesting a concurrent loss of other cell populations.
Quantitation of nuclei extracted from these brains revealed that
while PI3K activation doubled the cell number, HsfI deficiency
mitigated this increase (Fig. 1D). Given the lack of proliferation
inhibition, we reasoned that this reduction in cell number must be
due to impaired cell survival. We detected markedly elevated apop-
tosis in P*H " brains (Fig. 1E). Consistent with widespread apoptosis
in neurons and astrocytes, where p110* was expressed, there was
a global reduction in neuronal and synaptic markers, including
BIII-tubulin, synaptophysin, AMPA, and N-methyl-p-aspartate
(NMDA) receptors, in the whole-brain lysates of P*H mice and the
astroglial marker GFAP. By contrast, the microglial marker Iba-1
was increased (fig. S2C). In the brain, microglia become activated
upon apoptosis and play a prime role in clearing apoptotic cells via
phagocytosis (22). Thus, these findings strongly suggest a prolifera-
tion and activation of microglia in response to apoptosis in P*H~
brains. Congruently, activated microglia closely surrounded neurons
in these brains (fig. S2D). This pathology is known as neuro-
nophagia. While resting microglia showing ramified morphology
were prevalent in the other three brain groups, the microglia in
P*H brains displayed an amoeboid morphology with enlarged cell
bodies and retracted branches (illustrated by the Iba-1 staining), in-
dicative of the active phagocytic state (23). Of note, staining of P*H"
brains revealed increased microglia, contrasting with the unaltered
Iba-1 expression detected by immunoblotting (fig. S2C). This dis-
crepancy is likely due to the proportional increase of most cell pop-
ulations in P*H" brains, a scenario under which the percentage of
microglia would remain unchanged, reflected by immunoblotting
using equal protein normalization. This contrasts with a dispropor-
tionate loss of neurons and astrocytes in P*H  brains. Despite
unimpaired AKT/mTORCI signaling and protein translation, we
cannot exclude a reduction in cell size in these P*H ™ brains, as other
factors may also control cell size. Nonetheless, apoptotic cell death,
by diminishing cell numbers, at least partially underlies the reduced
brain size and prolonged survival of P*H ™ mice.

How does HsfI deficiency cause apoptosis? As our findings
exclude impaired AKT signaling, we focused on the impacts of HsfI
deficiency on the proteome, with a particular interest in amyloido-
genesis, an indicator of severe proteomic instability. Several re-
agents have been commonly applied to detect amyloids. Aside from
the amyloid dyes thioflavin T (ThT) and Congo red (CR) (24), two
conformation-specific antibodies (Abs), A11 and OC, detect distinct
amyloid species. While A11 recognizes soluble prefibrillar AOs (PAOs),
OC recognizes both soluble fibrillar AOs (FAOs) and insoluble
amyloid fibrils (AFs) (25, 26). We detected markedly elevated
detergent-insoluble OC* AFs and membrane-associated A11" PAOs
in p110*-expressing brains. HsfI deficiency further elevated their
levels (Fig. 1F and fig. S2, E and F). Although p110* expression also
elevated free, detergent-soluble A11" PAOs in the brains, HsfI defi-
ciency unexpectedly lowered their levels (Fig. 1G). The presence of
amyloids in p110*-expressing brains was confirmed by immuno-
staining, except that P*H ™ brains displayed higher levels of PAOs
than P*H" brains (Fig. 1H). We reasoned that this discrepancy might
be due to the precipitation of some PAOs during centrifugation to
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prepare detergent-soluble brain fractions. Increased PAOs were de-
tected in the insoluble fractions of P*H ™ brains (Fig. 1I), suggesting
the formation of high-molecular-weight (HMW) PAO-containing
complexes that cannot remain soluble during centrifugation. Con-
sistent with the soluble nature of AOs, A11 and OC Abs produced
largely diffuse staining, both intracellular and extracellular (Fig. 1H).
The amyloidogenesis accompanied by brain overgrowth was further
confirmed by in situ CR staining as well as in vitro amyloid fibrilla-
tion assays, wherein soluble brain lysates supplied amyloid seeds
preformed in vivo to nucleate the assembly of human A4, fibrils
in vitro (Fig. 1, H and ]). p110*-expressing brains contained elevated
endogenous AB;_4, (Fig. 1K and fig. S2, G and H), a hallmark of
human AD (27). This finding was further confirmed by immuno-
histochemistry using either the widely used mouse monoclonal 4G8
Ab, which recognizes an epitope located within AB;;_54, or the
rabbit polyclonal ab2539 Ab, which recognizes an epitope located
within AB;_14. The specificity of ab2539 toward mouse AP (B-amyloid)
was validated (fig. S2I). Compared to the relatively homogeneous
4G8 staining, ab2539 produced some focally intense staining, remi-
niscent of extracellular AP plaques (Fig. 1L). These distinct staining
patterns probably reflect the differential accessibility of the corre-
sponding epitopes within discrete AR conformers. Plaque-like A
deposits in P*H " brains were either spherical and diffuse or small
and compact (fig. S2J). Also, intracellular, even intranuclear, A
accumulation and amyloid angiopathy were observed. Of note,
intracellular AP has been detected in patients with AD and animal
models (28, 29). In contrast to the enzyme-linked immunosorbent
assay (ELISA) and staining with oligomer-specific Abs (Fig. 1K and
fig. S2G), immunohistochemistry of both 4G8 and ab2539 failed to
detect AB in P*H" brains (Fig. 1L). Given the apparent detection of
AB by immunoblotting (fig. S2E), we reasoned that this discrepancy
might be due to the inaccessibility of the epitopes located within
ABi_»4 under nondenaturing conditions in P*H" brains. Apparently,
the epitopes recognized by the ELISA Abs were not obscured in
P*H" brains. Besides the production of AB, P*H brains also dis-
played Tau hyperphosphorylation, particularly in the hippocampus
(Fig. 1L), which is another characteristic of human AD (30). Tau
Ser*™ phosphorylation, an epitope recognized by the widely used
PHF-1 Abs, has been closely associated with the neurofibrillary
tangles in AD brains (31). Apart from these resemblances to AD,
widespread p110* expression caused neurodevelopmental defects
as well, most notably in the hippocampus and cerebellum (fig. S2K).
Moreover, P*H ™ brains displayed pale, uneven Nissl staining, con-
gruent with neuronal loss. Together, these results reveal that both
amyloidogenesis and Tau hyperphosphorylation, two pathological
features suppressed by HSF1, are associated with brain overgrowth.

The prevalent apoptosis in P*H ™ brains was further confirmed
by TUNEL (terminal deoxynucleotidyl transferase-mediated de-
oxyuridine triphosphate nick end labeling) (fig. S2G). To estab-
lish a causative role of amyloids in apoptosis, we used the primary
astrocytes derived from these mice. Similar to the whole brains,
p110* expression in astrocytes elevated amyloids but induced apop-
tosis only in the context of HsfI deficiency (fig. S2, L and M). In
addition to staining amyloids, CR can impede amyloidogenesis
(5, 32). As expected, CR treatment diminished amyloids in these
p110*-expressing astrocytes (fig. S2, N and O). CR largely reduced
caspase 3 activities in P*H ™ astrocytes; by contrast, it exerted no ef-
fects on P*H" cells (Fig. 2A), concurrent with the lack of apoptosis
in these cells.
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Fig. 2. AOs are causally related to apoptosis. (A) Quantitation of caspase 3 activities in p7710*-expressing astrocytes treated with and without 10 uM CR for 2 days (n =3
lines of astrocytes). (B) Primary Hsf1" astrocytes were first stably transduced with lentiviral short hairpin RNAs. To delete Hsf7, these astrocytes were transiently transduced
with adenoviral green fluorescent protein (GFP) or Cre. Both PAOs and AFs were quantitated by ELISA (n =3 lines of astrocytes). (C) Quantitation of the mitochondrial
membrane potentials in Pten-deficient astrocytes with and without Hsf1 deletion by fluorescence-activated cell sorting (FACS) using JC-1 dyes. The red/green (FL2-H/
FL1-H) fluorescence ratios were calculated using geometric means (n =3 lines of astrocytes). (D) Rescue of the mitochondrial membrane potentials in Pten-deficient
astrocytes by neutralizing AOs. Following transfection of 100-ng antibodies for 2 days, Pten-deficient astrocytes with Hsf1 deletion were stained with JC-1 dyes (n =3 lines
of astrocytes). (E) Schematic depiction of the roles of HSF1in supporting the tissue overgrowth. In addition to maintaining the balance between protein quantity and
quality, which suppresses the initiation of amyloidogenesis, HSF1 also plays a critical role in antagonizing the amyloid-induced cytotoxicity, once amyloidogensis
becomes inevitable. Thereby, HSF1 empowers overgrowth. Statistical analyses: one-way ANOVA. (A) to (D) were repeated thrice with different sets of astrocytes. n.s., not
significant, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.
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To exclude the possibility that exogenous p110* expression from
the Rosa26 locus intrinsically creates proteotoxic stress that leads to
amyloidogenesis, we activated AKT signaling in mouse brains by
deleting Pten using the same hGFAP-Cre strain. For reasons unknown,
these mice did not develop megalencephaly. Alternatively, we stably
knocked down Pten in primary HsfI"" astrocytes with and without
concurrent HsfI deletion by adenoviral Cre transduction. Similar to
p110* expression, Pten knockdown induced amyloidogenesis (Fig. 2B).
Again, HsfI deletion prompted apoptosis only in Pten-deficient cells,
evidenced by the loss of mitochondrial membrane potential (Fig. 2C).
Accumulating evidence has strongly implicated soluble AOs rather than
insoluble AFs as the highly toxic amyloid species in neurodegenerative
disorders (33-35). To determine whether soluble AOs are causally re-
lated to apoptosis in our models, we transfected A11 or OC Abs into
these Pten-deficient astrocytes to neutralize PAOs and FAOs, respec-
tively. Both Abs markedly rescued the mitochondrial membrane poten-
tial individually, although A11 seemed more effective (Fig. 2D), which
supports the idea that both PAOs and FAOs are responsible for toxicity.

Owing to heightened mTORC1 signaling and protein translation,
Pten loss enlarged cell size, as expected. Unexpectedly, concurrent
Hsfl deletion mitigated this enlargement without impairing mTORC1
signaling and protein translation (Fig. 2B and fig. S2, P and Q). This
is likely due to proteomic instability caused by HsfI deficiency, which
provokes extensive protein misfolding and aggregation, thereby ren-
dering heightened protein synthesis “unproductive.” These results
together indicate that aberrant activation of PI3K/AKT signaling is
sufficient to trigger amyloidogenesis. HSF1 prevents amyloid-induced
apoptosis beyond impeding amyloidogenesis, thereby supporting
robust growth (Fig. 2E).

HSF1 enables hepatomegaly driven by hyperactivation
of PI3K or PTEN deficiency
To test the generality of our findings, we established another in vivo
model in which p110* expression in hepatocytes—achieved by cross-
ing with Albumin-Cre (Alb-Cre) mice—led to hepatomegaly. Compared
to the megalencephaly model, these mice lived longer and required
euthanasia by 30 days postnatal (Fig. 3A). Concurrent deletion of Hsfl
in hepatocytes prolonged animal median survival by 64%. Even Hsfl
haplo-deficiency extended the life span (Fig. 3A). Similarly, p110*
expression elicited amyloidogenesis in livers but only induced apop-
tosis in the absence of HsfI (Fig. 3, B to D, and fig. S3, A and B).
Whereas we could not induce megalencephaly by deleting Pten
in the brain, we did generate a hepatomegaly model (Fig. 3E). The
results are very similar to those obtained in the pI10*-expressing
brains and livers (Fig. 3, F to I, and fig. S3C), thus pinpointing that
the overgrowth and amyloidogenic phenotypes are due to AKT
activation rather than p110* transgene expression per se. Livers
deficient for both Pten and HsfI displayed the highest levels of
amyloids, accompanied by widespread apoptosis and cytoplasmic
vacuolization/fragmentation in hepatocytes (Fig. 3, J to L, and fig.
S3D). Endogenous A;_4, was also detected in these Pten-deficient
livers (Fig. 3, ] and M, and fig. S3D). Of note, immunohistochemistry
showed compact AP deposits in livers deficient for both Pten and
Hsf1 (Fig. 3]). Together, these findings suggest that amyloidogenesis
is a common consequence of uncontrolled growth.

Excessive protein synthesis causes amyloidogenesis
Amyloids were elevated even in overgrown Hsf1"* tissues, indicat-
ing that HSF1 cannot preclude amyloidogenesis. Considering pro-
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tein translation’s prominent role in driving cellular growth, we asked
whether uncontrolled translation might underlie amyloidogenesis.

We elected to inhibit translation in p110*-expressing astrocytes,
which displayed a heightened protein translation rate. To avoid
inducing autophagy through mTORCI inhibition, we blocked
translation using either 4EGI-1, which disrupts eIF4F complexes
(36), or the selective p70S6K inhibitor LY2584702 (37). To accu-
rately quantitate amyloids, these cultured astrocytes were cotreated
with Q-VD-OPH, a pan-caspase inhibitor (CI), to prevent the loss
of apoptotic cells containing high levels of AOs. Both 4EGI-1 and
LY2584702 mitigated the translation rate in p110*-expressing as-
trocytes, as expected (fig. S4A). This mitigation diminished amyloi-
dogenesis (Fig. 4, A to D). Corroborating the loss of soluble AOs
owing to apoptotic cell death in culture, CI treatments elevated
PAOs in P*H  astrocytes (Fig. 4, A and C). Moreover, translation
inhibition diminished amyloids in astrocytes deficient for both Pten
and Hsf1, rescuing the mitochondrial membrane potential (fig. 4,
B and C). These findings indicate that excessive protein synthesis is
causally related to amyloidogenesis.

HSF1 safeguards HSP60 and the mitochondrial proteome

to avert apoptosis

How did amyloids induce apoptosis? Serendipitously, in our inde-
pendent efforts to identify tumor-associated amyloids by mass
spectrometry, we discovered that A11 Abs precipitated HSP60 in
human melanoma cells challenged with proteotoxic stressors. HSP60,
by forming a chaperonin complex with HSP10, is an essential mito-
chondrial chaperone in charge of protein importation, folding, and
anti-aggregation (38). Thus, we posited that PAOs might target
HSP60 to undermine the mitochondrial proteome, thereby causing
mitochondrial dysfunction and apoptosis.

Revealed by immunofluorescence, HSP60 became dispersed through-
out the cytoplasm and nucleus in P*H™ astrocytes, a pattern vastly
different from its typical reticulated mitochondrial distribution
(Fig. 4E). Apart from this mislocalization, there were numerous
small puncta, suggesting HSP60 aggregation. In vivo, HSP60 pro-
tein was drastically depleted from the detergent-soluble fractions of
P*H brains; by contrast, its levels remained comparable among the
other three groups (Fig. 4F). This depletion is not due to reduced
transcription, as the levels of brain Hsp60 mRNA remained un-
changed (Fig. 4G). On the other hand, HsfI deficiency fully blocked
the induction of Hsp90a, Hsp72, and Hsp25 mRNAs, all of which
are well-known stress-inducible Hsps, in p110*-expressing brains.
These findings not only confirm HSF1 activation by PI3K but also
reveal a dispensable role of HSF1 in Hsp60 transcription in these
brains. Consistent with aggregation, HSP60—along with AP and
Tau proteins, both of which are closely implicated in human AD
(30)—was detected in the detergent-insoluble fractions (Fig. 4F).
Moreover, Tau was hyperphosphorylated in P*H brains. Filter-trap
assays using equal amounts of brain tissues, which also revealed the
most severe protein aggregation in P*H_ brains, further confirmed
HSP60 aggregation (fig. S4D). Besides aggregation, Hsfl deficiency
also caused Lys*® polyubiquitination of HSP60 (Fig. 4H), which also
contributed to its depletion via proteasomal degradation. Immuno-
fluorescence also demonstrated HSP60 depletion and aggregation
in P*H" brains (Fig. 4I), which together support the misfolding and
destabilization of HSP60. Accompanying this depletion of soluble
HSP60 was a reduction in soluble TOM20 (Fig. 4F), which is a
mitochondrial import receptor subunit serving as a mitochondrial
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Fig. 3. HSF1 enables hepatomegaly. (A) Kaplan-Meier survival curves (n =10 to 12 mice). (B) Quantitation of caspase 3 activities in liver lysates (n =5 mice). (C and
D) ELISA quantitation of AFs and soluble PAOs in liver lysates (n = 5 mice). (E) Representative photographs of livers. As one set of livers was harvested at a later time point,
the weights of each set of livers are normalized (n = 3 mice). Photo credit: Zijian Tang, NCI. (F) Kaplan-Meier survival curves (n =8 to 11 mice). (G) Quantitation of caspase
3 activities in liver lysates (n =5 mice). (H and I) ELISA quantitation of AFs and soluble PAOs in liver lysates (n =5 mice). (J) Representative staining images of frozen liver
sections (from three livers, and the TUNEL staining was performed by two individuals). Scale bars, 20 um for main images; 10 um for insets. (K) ELISA quantitation of insol-
uble PAOs in liver lysates (n=5 mice). (L) AB1-42 peptides (2 uM) were incubated with 100-ug soluble liver lysates, and the AB;_4; fibrillation was monitored (n =5 mice).
(M) ELISA quantitation of endogenous AB;_4; levels in the soluble fractions of liver lysates (n =5 mice). Statistical analyses: log-rank test for (A) and (F); two-way ANOVA
for (L); and one-way ANOVA for the rest. (A), (E), (F), (L), and (M) were done once; (B) to (D), (G) to (1), and (K) were repeated twice; and (J) was repeated thrice with different
sets of livers. H&E, hematoxylin and eosin. n.s., not significant, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 4. Hsf1 deficiency leads to HSP60 loss and mitochondrial damage. (A to D) Quantitation of PAOs and AFs in p170*-expressing astrocytes treated with and without
50 uM 4EGI-1 or 20 uM LY2584702 overnight. All cells were cotreated with 20 uM Q-VD-OPH to block apoptosis (n =3 lines of astrocytes). (E) Representative images of
HSP60 immunofluorescence in two lines of astrocytes. Scale bars, 10 um. (F) Immunoblotting of HSP60 and TOM20 in detergent-soluble and detergent-insoluble fractions
of brain lysates (n =3 mice). Equal amounts of detergent-insoluble fractions, following re-solubilization by sonication, were loaded, shown by ponceau red staining.
(G) Quantitation of Hsp mRNAs in brains by quantitative reverse transcription polymerase chain reaction (n =5 mice). (H) Detection of HSP60 polyubiquitination in brain
lysates by immunoprecipitation (IP) with the EasyBlot reagents (n=3 mice). (I) Representative images of HSP60 immunofluorescence in three frozen brains. plll-tubulin
served as a neuronal marker. Scale bars, 10 um. (J) Immunoblotting of the mitochondrial and cytosolic fractions of astrocytes (representative images of two lines of astro-
cytes). Equal amounts of the same fractions were loaded. TOM20 and B-actin were used as the mitochondrial and cytosolic markers, respectively. Statistical analyses:

one-way ANOVA. (F) to

(H) were done once; (E) and (J) were repeated twice with different sets of astrocytes; and (A) to

(D) and (1) were repeated thrice with different sets

of astrocytes or brains. DAPI, 4',6-diamidino-2-phenylindole. n.s., not significant, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.

marker (39). However, TOM20 did not become detergent-insoluble,
suggesting mitochondrial damage and loss of mitochondrial mass
owing to HSP60 depletion, which is expected to elicit apoptosis. To
test this, we separated the cytosolic and mitochondrial fractions of
cultured astrocytes. In line with proteomic imbalance due to exces-
sive protein synthesis, p110* expression elevated global protein
polyubiquitination (Fig. 4]). Whereas increased polyubiquitination
occurred mainly in the cytosol in P*H" astrocytes, a notable in-
crease occurred in the mitochondria in P*H™ astrocytes (Fig. 4]).
HSP60, which is typically localized within the mitochondria, re-
distributed to the cytosol in P*H ™ astrocytes (Fig. 4]). A similar
mitochondria-to-cytosol re-distribution of cytochrome C, a key
inducer of apoptosis (40), was observed in these astrocytes, con-
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firming apoptosis. Of note, some HSF1 was localized within the
mitochondria. Despite the evident mislocalization, these cultured
astrocytes did not display marked depletion of soluble HSP60, sug-
gesting mild misfolding and aggregation. Likely, this is due to the
continuous loss of apoptotic cells with abundant AOs and severe
HSP60 destabilization during culture.

Contrasting with HSP60 and cytochrome C, PARKIN, an E3 ubiq-
uitin ligase associated with Parkinson’s disease (41), re-distributed
from the cytosol to the mitochondria (Fig. 4]). The PARKIN-mediated
ubiquitination of mitochondrial proteins plays a key part in the ly-
sosomal degradation of damaged mitochondria, a process referred
to as mitophagy (41). Thus, this increased PARKIN association
aligns with elevated polyubiquitination of mitochondrial proteins,
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supporting mitochondrial damage and mitophagy. In accordance
with reduced TOM20, P*H ™ astrocytes displayed diminished mito-
chondrial mass; importantly, chloroquine (CQ), an autophagy in-
hibitor (42), partially rescued this defect (Fig. 5A and fig. S4E),
confirming mitophagy. Also, CR rescued mitochondrial mass par-
tially, indicating a causative role of amyloids in mitochondrial defects.

Given the apparent HSP60 defects, we reasoned that loss of
HSP60 function might be a prime culprit for the mitochondrial
damage. In P*H™ astrocytes, lentiviral HSP60 overexpression largely
reversed all the molecular mitochondrial changes (Fig. 5B). Accord-
ingly, HSP60 overexpression restored the mitochondrial membrane
potential and blocked apoptosis in both p110*-expressing and Pten-
deficient astrocytes (Fig. 5, C and D, and fig. S4, F and G). Further
supporting the key causality of HSP60 deficiency, Hsp60 knock-
down alone recapitulated all the major mitochondrial defects and
induced apoptosis in Hsf1** astrocytes without p110* expression
(Fig. 5, E and F, and fig. S4H). Similar to overgrown brains, en-
larged livers deficient for both Pten and HsfI also displayed HSP60
insolubility and TOM?20 loss (fig. S4, I and J). In aggregate, these
results pinpoint HSP60 destabilization as a key causal event under-
pinning the cytotoxicity in Hsfl-deficient cells with hyperactive
PI3K/AKT signaling.

Soluble AOs directly attack HSP60
Given the causative role of amyloids in damaging mitochondria, we
postulated that soluble AOs might directly cause HSP60 degradation
and aggregation in the absence of HSF1. In p110*-expressing brains,
A11 Abs readily precipitated both AR and Tau (fig. S5A), indicating the
formation of PAOs from both proteins in vivo. Whereas PAOs physi-
cally interacted with HSF1 in P*H" brains, they interacted with HSP60 in
P*H brains instead, which was revealed by co-immunoprecipitation
(co-IP) experiments (Fig. 6A). Besides PAOs, there are other sub-
types of soluble AOs, such as OC" FAOs, which share a common
conformation with insoluble AFs (34). Similar to PAOs, FAOs also
interacted with either HSF1 or HSP60 (Fig. 6B). By contrast, AOs
did not interact with other major chaperones, including HSP90,
HSP72, and HSP25, highlighting the specificity of AO-HSP60
interactions. Concurrent with the fact that PAOs comprised A oligo-
mers, 4G8 Abs also precipitated HSP60 from P*H  brain lysates.
AP was not precipitated from P*H" brain lysates by 4G8 (fig. S5B).
This is not due to the absence of AP, as 4G8 Abs clearly detected AB
in P*H" brain lysates by immunoblotting, a denaturing condition.
Contrary to the 4G8 Ab, HSF1 Abs precipitated both AP and Tau,
but not HSP60, from P*H" brain lysates (fig. S5C), confirming the
AO-HSF1 interaction and supporting the masking of the 4G8 epi-
tope in HsfI"* tissues under nondenaturing conditions. Given the
HSF1-Ap interaction, we asked whether HSF1 could mask the 4G8
epitope. To test this, we incubated HSF1 proteins with the highly
amyloidogenic AP;_4; in vitro and analyzed them using nondena-
turing dot blotting. We found that HSF1 blocked the recognition of
AB;_4; by both 4G8 and ab2539 Abs in a dose-dependent fashion
but did not block recognition by another A Ab, D54D2 (fig. S5D).
This demonstrates the masking effect of HSF1 on A epitopes.
Similar to p110*-expressing brains, AOs also interacted with
either HSF1 or HSP60 in Pten-deficient livers (fig. S5, E and F). Of
note, even in normal HsfI*'* tissues, trace amounts of AOs were
present and interacted with HSF1 (Fig. 6, A and B, and fig. S5, E and
F). Furthermore, despite slightly elevated amyloids in Hsf]ﬂ/ﬂ tissues
without p110* expression or Pten deletion, no evident AO-HSP60
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interactions were detected. This may be due to either additional
defensive mechanisms or simply the inability of low-level AOs to
access mitochondrial HSP60. The PAO-HSP60 interaction was fur-
ther visualized by PLA in cultured P*H astrocytes (fig. S5, G and
H). Collectively, these findings strongly suggest that HSF1 precludes
the binding between AOs and HSP60.

To validate this model, we reconstituted the interactions between
AP and HSP60 or HSF1 in vitro. The control non-amyloidogenic
APy, as expected, did not exert any detectable effects on recombi-
nant HSP60 or HSF1 proteins at the equal molar ratio; by contrast,
ABy_4 caused HSP60 to precipitate, confirming the physical attack
on HSP60 by amyloids (Fig. 6C and fig. S5I). Demonstrating the
specificity of this attack, AB;_4, did not cause precipitation of a panel
of major chaperones, including HSP90B, HSP72, HSP27, and HSP10
(fig. S5]J). Coincubation with HSF1 proteins largely blocked this
HSP60 precipitation (Fig. 6C and fig. S5I), corroborating that HSF1
protects HSP60 against amyloid attacks. Of note, HSF1 did not evi-
dently improve the solubility of AB;_4; at this equal molar ratio and
even became precipitated itself (Fig. 6C and fig. S5I), suggesting
HSF1 destabilization by amyloids. Just like HSF1, A11 and OC Abs
both rescued the HSP60 solubility in vitro (Fig. 6D) by neutralizing
PAOs and FAOs, respectively. Although neither fully rescued HSP60
solubility as HSF1 did, A11 demonstrated a higher potency than
OC. Of note, AB;_4; did not markedly destabilize A11 or OC Abs,
suggesting a distinction between Ab-AOs interactions and HSF1-
AOs interactions, which is supported by the fact that HSF1 did not
mask the AO epitopes recognized by A1l and OC in P*H" brains
(Fig. 1H). These results confirm the causative role of AOs in desta-
bilizing HSP60 and support both PAOs and FAOs as toxic species.

To demonstrate that amyloids destabilize HSP60 in live cells, we
transfected AB;_4; into HsfI-proficient MEFs without p110* expres-
sion. Concurrent with our in vitro findings, we found that high
doses of AB;_4, diminished the solubility of both endogenous
HSP60 and HSF1 proteins. On the other hand, low doses exerted no
detectable effects (Fig. 6E), resembling the scenario in P*H" brains
(Fig. 4F). These findings show that abundant endogenous HSF1
forms a critical barrier against attacks on HSP60 by amyloids. This
action is not limited to specific cell types. To shed light on this
barrier, we quantitated the absolute levels of soluble HSF1, Ay,
and HSP60 in mouse brain lysates by ELISA (fig. S5K). The results
show that HSF1 is more abundant than AB,, and HSP60 (Fig. 6F).
IP of A depleted ~80% of soluble AOs from p110*-expressing brain
lysates (Fig. 6G and fig. S5L), revealing that Ap is the major con-
stituent of soluble AOs. Together, these results pinpoint the essen-
tial mitochondrial chaperone HSP60 as an immediate cellular target
of soluble AOs that is shielded from the assault of AOs by HSF1.

HSF1 physically neutralizes AOs to defend the mitochondria
It has been broadly recognized that HSF1, as a canonical transcrip-
tion factor, up-regulates HSPs under proteotoxic stress, thereby
stabilizing the proteome. Thus, HSFI is presumed to suppress the
emergence of amyloids in this indirect manner. Unusually, though,
our studies indicate that HSF1 is capable of antagonizing amyloids
directly.

To demonstrate the transcription-independent rescue of HSP60
stability and mitochondrial function by HSF1 in living cells, we ex-
pressed two FLAG-tagged mutants, HSF1'~>* lacking the C-terminal
transactivation domain (TAD) and HSF13%47°% lacking the N-
terminal DNA binding domain (DBD), both of which are devoid
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Fig. 5. Loss of HSP60 causes mitochondrial damage, mitophagy, and apoptosis. (A) Quantitation of mitochondrial mass in astrocytes treated with 10 uM CR or
20 uM CQ for 6 days by FACS (FL1-H, geometric means) using MitoView Green (n =3 lines of astrocytes). (B) Immunoblotting of astrocytes transduced with lentiviral
LacZ or HSP60 (multiplicity of infection, MOl = 10) for 6 days (representative images of two lines of astrocytes). Equal amounts of the same fraction were loaded.
(€) JC-1 staining of astrocytes described in (B). The contour plot represents one line of astrocytes. The red/green (FL2-H/FL1-H) fluorescence ratios from three lines of
astrocytes are quantitated in fig. S4F. (D) Quantitation of caspase 3 activities in astrocytes described in (B) (n = 3 lines of astrocytes). (E) Detection of molecular changes in
hGFAP-Cre*; Hsf1*/* astrocytes transfected with control or Hsp60-targeting siRNAs for 4 days (representative images of three lines of astrocytes). Equal amounts of
the same fraction were loaded. (F) Quantitation of caspase 3 activities in astrocytes described in (E) (n = 3 lines of astrocytes). Statistical analyses: one-way ANOVA.
(B) was repeated twice with different sets of astrocytes; (A) and (C) to (F) were repeated thrice with different sets of astrocytes. n.s., not significant, P > 0.05; *P < 0.05;
**P < 0.01; ***P < 0.001.
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Fig. 6. HSF1 shields HSP60 from the attack of AOs. (A and B) Representative images of AO-HSF1 and AO-HSP60 co-IP from three (A) and two (B) brains with the EasyBlot
reagents (performed by two individuals). (C) In vitro reconstitution of interactions among AB1_42, HSP60, and HSF1 using recombinant proteins at a 1:1:1 molar ratio. After
incubation, reconstituted mixtures were centrifuged to collect the supernatants and pellets forimmunoblotting (representative images of three experiments). (D) AB1-42,
HSP60, and A11 or OC antibodies were reconstituted in vitro at a 1:1:1 molar ratio at RT for 4 hours (representative images of three experiments). (E) Immunoblotting
of HSF1 and HSP60 in immortalized Rosa26-CreER™%; Hsf1™" MEFs transfected with ABaz-1 or AB1_4 for 2 days (representative images of three experiments).
(F) HSF1:AB42:HSP60 molar ratios in soluble Hsf1** brain lysates (n=>5 mice). (G) ELISA quantitation of soluble AOs in P*H* brain lysates before and after IP of AB (n=5 mice,
two-tailed paired Student’s t test). Biotinylated A11 and OC Abs were used to detect AOs. (G) was done once; (F) was repeated twice; (B) was repeated twice with different
sets of brains; (A) was repeated thrice with different sets of brains; and (C) to (E) were repeated thrice with the same cell line or reagents. n.s., not significant, P > 0.05;

*P <0.05; ***P < 0.001.

of transcriptional activity (Fig. 7A), in p110*-expressing astrocytes
through lentiviral transduction. Moreover, HSF1'7%, retaining the
ability to trimerize via the HR-A/B domain and bind DNAs, func-
tioned as a dominant negative mutant to impair the activity of en-
dogenous HSF1 compared to the LacZ control (Fig. 7A). HSF1' 7%,
but not HSF1*2*7%, largely rescued the mitochondrial membrane
potential and blocked apoptosis in P*H™ astrocytes, just like the
full-length HSF1'7>*° (Fig. 7, B and C). This also held true in
Pten-deficient astrocytes (fig. SSM). Mechanistically, lentiviral trans-
duction of HSF1'** and HSF1'~*%, but not HSF1***?, abolished
the PAO-HSP60 interaction, which was accompanied by physical
interactions between PAOs and exogenously expressed FLAG-HSF1
(Fig. 7D and fig. S5N). This confirms the causative, transcription-
independent action of HSF1 and strongly suggests that HSF1, by
physically neutralizing AOs, antagonizes amyloid-induced cyto-
toxicity. Nonetheless, this capacity could be overwhelmed by exces-
sive AOs (Fig. 7E).

HSF1 directly impedes amyloidogenesis

In vitro fluorescence resonance energy transfer assays further sup-
ported the physical interaction between HSF1 and amyloids, wherein
Dabcyl-labeled HSF1 quenched the fluorescence of AB;_4; labeled
with fluorophores (Fig. 8A). Beyond stopping the attack on HSP60
by AOs, this interaction also dose-dependently impeded the amy-
loidogenesis of Ap,_4; in vitro, evidenced by diminished ThT bind-
ing and reduced formation of PAOs, FAOs, and AFs (Fig. 8, Bto E).
Glutathione S-transferase (GST) and non-amyloidogenic APy, served

Tang et al., Sci. Adv. 2020; 6 : eabc6871 11 November 2020

as the negative controls (fig. S6, A to C). At a 1:4 molar ratio, HSF1
abolished AP;_4; fibrillation (Fig. 8, B and E). By contrast, increased
HSF1 did not further diminish PAOs and FAOs (Fig. 8, C and D),
suggesting their stabilization, rather than abolition, by HSF1. Since
both AOs can self-propagate (43, 44), this finding also suggests a
halt of their self-propagation by HSF1, even at a 1:1 molar ratio.
However, the complete blockade of AF assembly required a 1:4 molar
ratio, indicating that HSF1 impedes amyloid fibrillation with a lower
efficiency compared to its impact on AOs. OC Abs, but not A11 Abs,
blocked AP_4; fibrillation in a dose-dependent manner (Fig. 8F
and fig. S6D). These findings both contradict the participation of
PAOs in the fibrillation process and suggest FAOs as the primary
intermediate of AF assembly. Despite the disappearance of AFs ata
1:4 molar ratio, HSF1 did not eradicate AB;_4, aggregation, revealed
by the nephelometric turbidity measurement and filter-trap assay
(Fig. 8G and fig. S6E). We reasoned that following the blockade of
fibril assembly, HSF1 might transform FAOs into non-amyloid
aggregates. This blockade of amyloid fibrillation and diversion to
“off-pathway” aggregation was visualized by transmission electron
microscopy (TEM). After 48-hour incubation with GST, AB;_4,
formed mature fibrils, as expected; by contrast, coincubation with
HSF1 at a 1:4 molar ratio resulted in amorphous aggregates (Fig. 8H).
The fact that HSF1 dose-dependently diminished the turbidity of
AB;_4 prompted us to test whether excessive HSF1 could fully sta-
bilize AB;_4; at the soluble state. Excitingly, the incubation of AB;_4,
with HSF1 at a 1:32 molar ratio resulted in no detectable aggrega-
tion and turbidity increase (Fig. 81 and fig. S6F).
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Fig. 7. HSF1 protects HSP60 independently of transcription. (A) The dual HSF1 reporter plasmids were cotransfected with HSF1 mutants into HEK293T cells
(n = 3 experiments). (B and C) Quantitation of the mitochondrial membrane potential (B) and caspase activities (C) in p710*-expressing astrocytes transduced with
lentiviral LacZ, HSF1'7°%%, HSF1'7323, or HSF 132432 (MOI = 10) for 6 days (n =3 lines of astrocytes). (D) PLA visualization of PAO-HSP60 interactions in astrocytes described
n (B) and (C) (representative images of two lines of astrocytes). Scale bars, 10 um. (E) Schematic depiction of the model wherein the AO:HSF1 molar ratio determines
the fates of both HSP60 and HSF1. Excessive HSF1 fully neutralizes AOs and protects HSP60. However, the AO-HSF1 complexes may either remain soluble or become
nonamyloid aggregates, depending on their interaction stoichiometry (AO << HSF1 or AO < HSF1). When AOs rise and become excessive, on the one hand, AOs
that are not neutralized by HSF1 start attacking HSP60, leading to HSP60 misfolding and aggregation. On the other hand, the stoichiometry of AO-HSF1 interactions
may be reversed (AO > HSF1), which would cause HSF1 misfolding and aggregation. Statistical analyses: one-way ANOVA. (D) was repeated twice with different

sets of astrocytes; (B) and (C) were repeated thrice with different sets of astrocytes; and (A) was repeated thrice with the same cell line. n.s., not significant, P > 0.05;
*P < 0.05; ***P < 0.001.

While HSF1 can block in vitro amyloidogenesis, it remains un-  recombinant HSF1 proteins into these brain lysates blocked the
clear how it affects amyloids naturally formed in vivo. The turbidity  increases in turbidity and PAOs completely (Fig. 9, C and D), indi-
of detergent-soluble fractions of Hsfl-deficient brains, irrespective  cating the specific, transcription-independent action of HSF1. This
of p110* expression, continued to increase during a 48-hour incuba-  turbidity increase is unlikely to be caused by promiscuous interac-
tion period; by contrast, no changes were detected in HsfI-proficient  tions among misfolded cellular proteins, as HSF1 would not be
brain lysates (Fig. 9A). This increase is not due to the formation of  expected to prevent these stochastic, nonspecific interactions. More-
large, insoluble aggregates, as filter-trap assays did not detect them  over, despite their correlated increases, the turbidities did not reflect
after incubation. Instead, accompanying this turbidity increase was  the amount of PAOs before incubation (fig. S6G). This suggests that
an elevation in PAOs (Fig. 9B), due to either the primary assembly  the turbidity measurement likely detected the formation of HMW
from misfolded monomers or rapid self-propagation. Although not  complexes between AOs and cellular proteins, such as the AO-HSP60/
tested, a similar increase in FAOs is expected. A simple addition of  chaperonin complexes, rather than a mere increase in AO quantity.
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Fig. 8. HSF1 blocks in vitro amyloidogenesis. (A) HiLyte Fluor 488-labeled AB;_4, was incubated with Dabcyl-labeled HSF1 or GST at a 1:1 molar ratio (n =3 experi-
ments). (B) Quantitation of the fibrillation of 0.8 UM AB;_4; incubated with recombinant HSF1 proteins in vitro at increased molar ratios (n = 3 experiments). (C to E) ELISA
quantitation of amyloids after incubation of AB_4, with GST or HSF1 for 48 hours (n = 3 experiments). AB4,-1 served as the negative control. (F) Quantitation of the fibril-
lation of 0.8 uM AB1_4; incubated with normal rabbit IgG, A11, or OC Abs in vitro at a 1:1 molar ratio (n = 3 experiments). (G) Quantitation of the nephelometric turbidities
of AB1-4; described in (B) (n =3 experiments). (H) Visualization of in vitro fibrillation of AB;_4, coincubated with either GST or HSF1 at 37°C for 48 hours by transmission
electron microscopy (representative images of three experiments). Scale bars, 600 nm for 9300x; 100 nm for 30,000x. (I) Detection of the aggregation of 0.2 uM AB1_42
incubated with HSF1 at a 1:32 molar ratio for 48 hours by filter trap assays. The aggregates were stained with ponceau red (representative images of two experiments).
The curves in (B), (F), and (G) are fitted with the Boltzmann sigmoid equation. Statistical analyses: two-way ANOVA for (A), (B), (F), and (G); and one-way ANOVA for (C) to
(E). (1) was repeated twice; and (A) to (H) were repeated thrice. n.s., not significant, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.

Contrasting with the absence of in vivo AO-HSP60/chaperonin
complexes in hGFAP-Cre’; Hsfl M brains, in vitro AOs, in the
absence of neutralizing Abs, may freely access HSP60 released from
mitochondria during brain tissue lysis.

Despite its interaction with AOs, HSP60 did not evidently im-
pede amyloidogenesis in vitro (fig. S6, H to J). Neither did other
major chaperones, including HSP90B, HSP72, HSP27, and HSP10

Tang et al., Sci. Adv. 2020; 6 : eabc6871 11 November 2020

(fig. S6K), underscoring the specific, transcription-independent
anti-amyloid action of HSFI. It remains possible that HSF1 may
interact with amyloid monomers to block the genesis of AOs. How-
ever, in this case, HSF1 would block the initial steps of AO assembly,
which predicts zero or very few AOs in Hsf1** overgrown tissues
and a dose-dependent elimination of AOs in the in vitro AB;_4,
fibrillation assays. Apparently, our findings contradict these predictions
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brain lysates incubated at 37°C with shaking for 48 hours (n =5 mice). (C and D) Quantitation of the changes in nephelometric turbidities (C) and soluble PAOs (D) of 100-ug
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of both PAOs and FAOs and, importantly, stops their attack on HSP60. This low stoichiometry, however, is inadequate to block the assembly of FAOs into mature AFs, only
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**P < 0.01; ***P < 0.001.

(Figs. 1G and 8, C, and D), thus supporting a blockade of AO self-
propagation by HSF1. Collectively, these results reveal HSF1 as a
versatile anti-amyloid factor. Beyond blocking the self-propagation
of AOs and preventing their assaults on cellular targets with high
efficiency, HSF1 impedes the assembly of AFs from FAOs and
further remodels them into non-amyloid conformers, albeit less
efficiently (Fig. 9E).

Implications of the anti-amyloid action of HSF1 in human AD
We were intrigued by the central question of whether the same
mechanism underlies both overgrowth syndromes and AD. Thus,
we asked whether this direct anti-amyloid effect of HSF1 could
confer neuroprotection.

First, we used a cell culture AD model, wherein primary human
neurons were transfected with AB;_4,. To visualize the interactions
between Ap;_4; and HSP60 in neurons by PLA, we used biotinylated
ApB peptides and a mouse monoclonal anti-biotin Ab (Fig. 10A). All
Abs were validated by immunofluorescence (fig. S7A). Consistent
with our findings in murine astrocytes, biotinylated AB;_4;, but
not the control ABy,_i, interacted with neuronal HSP60. Lentiviral
transduction of HSF1'%* or HSF1'~*%, but not HSF1***%, abol-

Tang et al., Sci. Adv. 2020; 6 : eabc6871 11 November 2020

ished this interaction (Fig. 10A). Accompanying the disappearance
of HSP60-AP;_4, interactions was the advent of interactions between
transduced HSF1'°% or HSF1!72* and APB;_4 (Fig. 10B). In line with
their attack on HSP60, AB;_4, impaired the viability of cultured human
neurons. Lentiviral transduction of either HSF1'™%° or HSF1173%,
but not HSF1?*7%, largely rescued neuronal viability (Fig. 10C).
These results suggest that HSF1 may neutralize AP oligomers in
human neurons to protect HSP60 and the mitochondria, thereby
guarding against neurotoxicity.

This attack on HSP60 by AOs was confirmed in the brains of
patients with AD. Compared to aged normal control brains, brain
tissues from patients with late-onset AD displayed evident A11 and
OC immunoreactivities accompanied by elevated apoptosis (figs. S7,
B to D), as expected. In several regions of AD brains, including the
precentral and postcentral gyrus, occipital lobe, and cerebellum,
PAO-HSP60 interactions, both cytoplasmic and nuclear, were readily
detected by PLA (Fig. 10D). In stark contrast, no such interactions
were detected in the counterparts of normal control brains. The
mouse monoclonal anti-HSP60 Ab used for PLA was validated as
well (fig. S7E). On the other hand, no neuritic or senile plaques were
detected in these AD brain regions, which are known to be less
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afflicted by amyloid plaques (30), despite intense, homogeneous AB
(4G8) staining (fig. S7F). Confirming the absence of plaques in these
brain areas, 4G8 did stain many A plaques in positive control AD
brain sections (fig. S7F). This PAO-HSP60 interaction was further
confirmed by co-IP using AD brain lysates from different patients.
PAO-HSF1 interactions were also detected in AD brains (Fig. 11A).
Similarly, FAOs also interacted with both HSP60 and HSF1 in AD
brains (Fig. 11B and fig. S7G), strongly suggesting that endogenous
HSF1 has already been overwhelmed by AOs. The simple addition
of recombinant HSF1 proteins into AD brain lysates was sufficient to
obliterate these preexisting AO-HSP60 interactions (Fig. 11, A and B).
Again, AOs did not attack endogenous HSP90, HSP72, and HSP27
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in AD brains. Furthermore, analogous to the MEFs transfected with
high doses of AB;_4; (Fig. 6E), AD brain lysates displayed dimin-
ished soluble HSF1 and HSP60 proteins (Fig. 11A). These findings
were validated by immunostaining of AD brain sections from dif-
ferent patients. Compared to normal counterparts, varying degrees
of HSF1 depletion were observed in different AD brain regions,
which may be partly ascribed to the differential HSF1 expression
between individuals. By contrast, all tested AD brain regions dis-
played consistent HSP60 depletion (fig. S7, H and I). Because of
the unavailability of insoluble fractions of AD brain lysates, we
could not examine HSP60 aggregation; nonetheless, similar to the
P*H mouse brains, human AD brains displayed elevated HSP60
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Fig. 11. Implications of HSF1in human AD. (A and B) Detection of AO-HSP60 and AO-HSF1 interactions by co-IP with the EasyBlot reagents in AD whole brain or
hippocampus lysates (500 ug) with addition of 200 ng of recombinant GST or HSF1. The lysates are from two patients with late-onset AD and two aged normal controls,
distinct from the ones on the tissue arrays. N, normal controls. (C) Detection of HSP60 and HSF1 polyubiquitination in AD brain lysates by IP with the EasyBlot reagents.
(D) Immunoblotting of AKT/mTOCR1 signaling in AD brain lysates. (E) Schematic depiction of the model wherein HSF1 safeguards the mitochondria against amyloids.
With sufficient HSF1, the attack on HSP60 by AOs is blocked. Accordingly, HSP60 preserves the stability of the mitochondrial proteome. Continuous rise of AOs over-
whelms and destabilizes HSF1, causing its deficiency. Thus, those nonneutralized AOs start attacking HSP60, a decisive event devastating the entire mitochondrial pro-
teome. The ensuing mitochondrial damage instigates both apoptosis and mitophagy. (F) Schematic depiction of the dual roles of HSF1 in antagonizing amyloidogenesis.
Through transcriptional up-regulation of HSPs, HSF1 ensures appropriate protein quality to sustain proteomic stability, thereby preventing the emergence of amyloids,
which represents an indirect mechanism. Nonetheless, once amyloidogenesis becomes inevitable, HSF1, by physically sequestering AOs, both alleviates the buildup of
amyloids and safeguards the mitochondria to avert toxicity, which represents a direct mechanism. (A) to (D) were done once.
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polyubiquitination (Fig. 11C), supporting its destabilization by
AOs and subsequent proteasomal degradation. Congruent with its
depletion, HSF1 was also polyubiquitinated in AD brains (Fig. 11C),
a decisive event expected to exacerbate the attack on HSP60 by AOs.
HSF1 polyubiquitination is, likely, the consequence of destabiliza-
tion by AOs, supported by its aggregation provoked by AB;_4; in vitro
(Fig. 6C). Supporting hyperactivation of AKT/mTORCI signaling,
AD brains displayed markedly elevated phosphorylation of AKT
and S6K (Fig. 11D). Given the primary focus of this manuscript on
overgrowth, we only tested a limited number of human AD samples
randomly (table S1). Despite this caveat, all AD samples, but not
control samples, displayed AO-HSP60 interactions. These findings
do suggest that at least in some cases of AD, HSF1 shields HSP60
from the assault of AOs, thereby preserving the stability of mito-
chondrial proteome and bestowing neuroprotection (Fig. 11E), the
very same mechanism underpinning tissue overgrowth.

DISCUSSION

Amyloid deposits in the nervous system are a hallmark of neurode-
generative disorders. Serendipitously, our studies of tissue overgrowth
driven by oncogenic signaling, a seemingly unrelated pathological
condition, have yielded insights into both the genesis and mecha-
nism of action of amyloids, which may have broad implications
in overgrowth syndromes, cancer, and neurodegenerative disorders
in humans.

HSF1 dictates growth capacity

Our studies uncovered HSF1 as a previously unidentified physio-
logical substrate for AKT, a key controller of protein translation. It
appears logical for AKT to activate HSF1, thereby providing a nec-
essary chaperoning capability. Thus, the coregulation of mTORC1
and HSF1 by AKT promotes the balance between protein quantity
and quality, a prerequisite for robust growth. Without adequate
quality, increased protein quantity would be infertile or even delete-
rious, diminishing cell size and triggering cell death, as demonstrated
in our mouse models. Apart from tissue overgrowth, constitutive
activation of HSF1 by oncogenic AKT in the absence of environ-
mental stress is expected to promote malignant growth as well.
Moreover, our previous study revealed that HSF1, by sustaining
mTORCI activity, supports normal growth (21). Thus, HSF1 is an
indispensable element of growth signaling that ensures proteomic
stability, thereby dictating growth capacity. This superfluous growth
capacity empowered by HSF1, ironically, becomes crucial to its ge-
neric prooncogenic effects.

Amyloidogenesis may be a mechanism to preserve

tissue homeostasis

Our studies strongly suggest that an imbalance between protein
quantity and quality, prompted by heightened protein synthesis
and/or HsfI deficiency, elicits amyloidogenesis. Of note, even or-
chestrated protein quantity- and quality-control machineries cannot
preclude amyloidogenesis entirely, exemplified by elevated amyloids
in Hsfl-proficient tissues with hyperactive PI3K/AKT signaling.
Thus, amyloidogenesis is likely an inevitable sequel of uncontrolled
cell growth. Nonetheless, it remains unclear whether amyloids are
indeed induced in human PROS, ASD, and fragile X syndrome, all
of which display hyperactivation of PI3K signaling and brain over-
growth (2, 3).
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Mechanistically, our findings indicate that excessive protein
synthesis is causally related to amyloidogenesis. The manifestation
of both AP and Tau aggregates, the two pathological hallmarks of
human AD, in our mouse models suggests a general defect caused
by excessive protein synthesis, which disturbs both the amyloid pre-
cursor protein (APP) metabolism and Tau protein stability. Likely,
a global surge in protein quantity overwhelms the cellular protein
quality-control machineries, resulting in prevalent protein misfold-
ing and aggregation. This proteomic instability may ultimately
instigate amyloidogenesis. Nonetheless, it remains to be elucidated
how the APP metabolism and Tau protein stability are affected by
heightened protein synthesis specifically.

Whereas our models mimic tissue overgrowth, an analogous
scenario is malignancy, which is characterized in part by uncon-
trolled clonal cell growth. Amyloidogenesis is expected to occur in
malignancy, as shown in our previous study (5). Numerous studies
in neurodegenerative disorders have demonstrated that amyloids
are neurotoxic and have a devastating effect. However, our previous
study revealed that amyloidogenesis is tumor-suppressive (5). In line
with this, our current study illuminates the underlying mechanism
through which uncontained amyloidogenesis, owing to HsfI defi-
ciency, potently induces apoptosis. Despite the apparent involve-
ment of apoptosis, however, we cannot exclude the contributions of
other types of cell death, such as necroptosis. It remains possible
that different cell death mechanisms coexist. Together, our findings
suggest that amyloidogenesis serves to restrain aberrant growth at
least in part via apoptotic cell elimination, thereby preserving tissue
homeostasis and suppressing tumorigenesis, which is, paradoxically,
beneficial.

HSP60, guardian of the mitochondrial proteome, is a prime
target of soluble AOs

The impacts of amyloids on neurons are broad. A number of direct
neuronal targets of Ap have been reported, including the Ephrin-
type B2 receptor, NMDA receptors, and a7 nicotinic acetylcholine
receptors (45-47). Likely, these interactions underlie the amyloid-
induced neuronal dysfunction. Mitochondrial dysfunction, an ex-
pected cause of neurotoxicity, has also been reported in human
neurodegenerative disorders (48).

Our studies now pinpoint HSP60 as a direct target of amyloids.
Physical assault by AOs causes mislocalization, polyubiquitination,
and aggregation of HSP60, resulting in loss of HSP60 functions and
subsequent destabilization of the whole mitochondrial proteome.
In turn, mitochondrial damage, apoptosis, and mitophagy ensue.
The substantial rescue of mitochondrial defects and blockade of
apoptosis by HSP60 overexpression authenticate it as a pivotal
cellular target of amyloids.

HSF1 is a genuine anti-amyloid factor

Despite evident amyloidogenesis, the lack of apoptosis in Hsf1
overgrown tissues is unusual. Apparently, amyloidogenesis alone
is insufficient to provoke toxicity, underlining the importance of
intrinsic antagonizing mechanisms.

Our previous studies have demonstrated that HSF1 suppresses
amyloidogenesis in cancer cells (5), a mechanism promoting onco-
genesis. As the master regulator of the HSR/PSR, HSF1 is widely
assumed to exert this amyloid-suppressing effect via its transcrip-
tional regulation of HSPs. Our results unexpectedly showed that
HSF1 physically interacts with soluble AOs, both impeding the
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amyloidogenic process and, more importantly, stopping their assaults
on HSP60. Our findings do not support an evident role of HSPs in
countering amyloids directly; nonetheless, the transcriptional in-
duction of HSPs by HSF1, which warrants appropriate protein qual-
ity and thereby maintains a healthy proteome, could prevent the
origination of amyloids from mis/unfolded proteins, thus repre-
senting an indirect action of HSF1 and HSPs. Once amyloidogenesis
begins, the direct action of HSF1 then becomes crucial to contain-
ment and neutralization of amyloids (Fig. 11F).

In aggregate, our findings support a molecular model wherein
HSF1, via physical interactions with soluble AOs, potently sup-
presses the amyloidogenic process and its induced toxicity. At alow
interaction stoichiometry (AOs < HSF1), HSF1 efficiently blocks
the self-propagation of AOs and stops their attack on cellular targets,
thereby averting toxicity. At a high stoichiometry (AOs << HSF1),
HSF1 can also impede the assembly of FAOs into mature fibrils and
further convert them into amorphous aggregates or stabilize them
at the soluble, nontoxic state. This model concurs with our finding
that insoluble OC* AFs still formed in Hsf1*"* overgrown tissues in
the absence of apoptosis. Whereas the abundance of HSF1 com-
pletely blocks the attack by AOs on HSP60, it could only partially
impede the AF assembly from FAOs in these tissues. This was reca-
pitulated in vitro. At a 1:1 molar ratio, HSF1 fully rescued the solu-
bility of HSP60 but only partially blocked Ap;_4; fibrillation (Figs. 6C
and 8B). Thus, HSF1 preferentially antagonizes the highly toxic
pathway during amyloidogenesis.

The absence of HSP60 depletion and apoptosis in HsfI * over-
grown tissues, albeit with elevated amyloids, is indeed notable. This
finding not only underscores the pivotal role of HSF1 in inhibiting
amyloid-induced cytotoxicity but also agrees with previous reports
that AP loads are not well correlated with cognitive impairment or
neurotoxicity (49). However, excessive amyloids can overcome the
neutralizing capacity of endogenous HSF1, leading to HSP60 desta-
bilization and apoptosis. Of note, amyloids could also destabilize
HSF1, which is an undesirable price for shielding HSP60, as evi-
denced by HSF1 aggregation induced by AB;_4 in vitro and HSF1
polyubiquitination in AD brains (Figs. 6C and 11C). Likely, the HS-
F1:AO interaction stoichiometry decides the fate of HSF1, a notion
supported by the dose-dependent effect of AB;_4, on HSF1 deple-
tion and aggregation (Fig. 6E). In Hsf1*"* overgrown tissues, there
was no depletion of soluble HSF1, suggesting a relatively high
HSF1:AO stoichiometry and absence of HSF1 destabilization. How-
ever, the existence of additional in vivo factor(s) that facilitate HSF1
to stabilize AOs cannot be excluded. Our finding that HSF1 is
depleted in AD brains, likely a consequence of interactions with
amyloids, is congruent with a reduction in plasma exosomal HSF1
proteins in patients with AD (50). Depletion of soluble HSF1 would
not only aggravate the assault on HSP60 by AOs but also impair
the cytoprotective HSR/PSR, greatly accelerating the progression of
AD. Hence, HSF1 constitutes a critical line of defense that buffers
amyloid-induced toxicity. Our findings suggest that the intracellular
AQO:HSF1 molar ratio may be a determinant of neurotoxicity and a
prognostic marker for AD progression. Whereas the precise threshold
of AO:HSF1 ratios deciding the neurotoxicity in patients with AD
remains to be determined, the 4G8 immunoreactivity under non-
denaturing conditions and AO-HSP60 interactions may signify the
excessiveness of AOs and a breach of this threshold.

While HSF1 antagonizes the cytotoxicity associated with amy-
loidogenesis by neutralizing both PAOs and FAOs, we cannot ex-
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clude the possibility that HSF1 may interact with other amyloid
conformers as well. Its interactions with AOs suggest a conformation-
dependent recognition of amyloids by HSF1, a notion supported by
its binding to both AB and Tau (fig. S5C). Thus, it remains elusive
whether HSFI is a generic anti-amyloid factor. Whereas Ap is the
major constituent of AOs in overgrown brains, other non-Ap AOs
can also attack HSP60 and interact with HSF1. HSF1 either binds
to a common conformation shared by PAOs and FAOs via a single
interface or recognizes PAOs and FAOs via discrete interfaces. Our
current study has already pinpointed the anti-amyloid interfaces
within the N-terminal 323 amino acids of HSF1, encompassing the
DBD but excluding the TAD. The detailed characterization of these
interactions, a critical step toward harnessing this powerful anti-
amyloid action, is underway and will be reported in a separate man-
uscript. While both HSF1 and HSP60 bind FAOs, only HSF1 can
block the AF assembly, suggesting that the HSP60-binding site is
not engaged in the AF assembly. Aside from the HSP60-binding
site, HSF1 likely interacts with FAOs at other sites that are crucial to
the AF assembly, thereby both neutralizing the attack on HSP60
and impeding the fibril assembly. Binding of AOs at a high stoichi-
ometry is predicted to sequestrate HSF1 apart from its DNA bind-
ing. This may represent a means for amyloids to incapacitate the
HSR/PSR and destabilize the proteome, thereby exerting tumor
suppression. Moreover, despite its importance to HSF1 DNA bind-
ing, it remains unclear whether Ser*”” phosphorylation affects the
AO-HSF1 interaction.

Neurodegeneration, overgrowth, and malignancy converge
upon amyloidogenesis
On the one hand, the anti-amyloid action of HSF1 confers neuro-
protection; on the other, it promotes overgrowth and malignancy.
The two seemingly opposite human pathologies, cancer and neuro-
degeneration, converge upon proteomic instability and, in particular,
amyloidogenesis. Of note, both cancerous cells and neurons are
characterized by high rates of protein synthesis. Moreover, PI3K/
AKT/mTORCI signaling, closely implicated in aging and age-related
diseases (51), is hyperactivated in AD brains (Fig. 11D) (52, 53).
Although it remains possible that this hyperactivation may be
secondary to amyloidogenesis, it is tantalizing to postulate that dys-
regulated protein synthesis during aging may instigate or at least
aggravate amyloidogenesis in sporadic AD. Our findings indicate
that extensive activation of PI3K/AKT signaling in neural cells
suffices to induce pathologies bearing some similarities to AD,
including AP deposits, amyloid angiopathy, and Tau hyperphos-
phorylation and aggregation. Nonetheless, the characteristic senile
plaques are largely absent, which may be in part due to the very
short animal life span. In support of this notion, P*H  brains also
display evident intranuclear AB accumulation, which has been pro-
posed as an early event leading to senile plaques in AD (54). It is
noteworthy that in our overgrowth models, PI3K signaling is hyper-
activated in most neurons and astrocytes, leading to ubiquitous
amyloid accumulation throughout the brain. Moreover, the rapid
demise of P*H" mice, owing to severe brain enlargement, precludes
the investigation of how the amyloidogenesis evolves in vivo until
endogenous HSF1 is overwhelmed. Hence, it remains interesting
whether heightening protein translation in certain subsets of neu-
rons could recapitulate AD phenotypes more closely.

Whereas, in neurodegenerative disorders, the compromised pro-
teostatic mechanisms, including depleted HSF1, fail to contain
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amyloidogenesis, cancerous cells succeed in doing so, in part through
up-regulation of HSF1 (55). Thus, HSF1 may play a role in balanc-
ing cancer and neurodegenerative disorders, two major age-related
diseases in humans whose incidences demonstrate an inverse cor-
relation (56, 57).

MATERIALS AND METHODS
The detailed information of all cell lines, animals, reagents, and as-
say kits is listed in table S2.

Animal studies

The generation of Hsf’"/" mice on the inbred C57BL/6] background
was described previously (21). All other mice were purchased from
the Jackson Laboratory. R26Stop™P110*, Alb-Cre, and Pten mice
were all on the C57BL/6] background. hGFAP-Cre mice on the FVB
background were first backcrossed onto the C57BL/6] background
for five generations. Both males and females were included in the
experiments. All mouse experiments were approved by the Institu-
tional Animal Care and Use Committees.

Quantitation of AOs, AFs, and AB_4, by ELISA

To quantitate soluble PAOs and FAOs, 100 g of detergent-soluble
fractions or membrane-associated fractions was diluted in phosphate-
buffered saline (PBS) and coated in a 96-well ELISA plate at 4°C
overnight. Following blocking with 5% nonfat milk in PBS-T at
room temperature (RT) for 1 hour, each well was incubated with
100 pl of A11 Abs or OC Abs (1:1000) at RT for 2 hours. After wash-
ing with PBS-T, each well was incubated with 100 pl of goat anti-
rabbit immunoglobulin G (IgG) horseradish peroxidase (HRP)
conjugates (1:5000) at RT for 1 hour. Following washing, 100 ul of
1-Step Ultra TMB-ELISA substrates was added to each well.

To quantitate AFs, detergent-insoluble fractions were first re-
solubilized by sonication with 2% SDS in PBS for 10 min. Following
protein quantitation using a Pierce BCA protein assay kit, 100 ug of
solubilized aggregates diluted in PBS was added to each well and
incubated at 37°C without cover overnight to dry the wells. Follow-
ing blocking, each well was incubated with 100 pl of OC Abs
(1:1000) at RT for 2 hours. Mouse endogenous AB;_4; in tissues was
quantitated by a sandwich Amyloid beta 42 Mouse ELISA kit.

Proximity ligation assay

The PLA procedure was described in detail previously (21). Duolink
In Situ PLA anti-rabbit Plus probes; anti-mouse Minus probes; and
Detection Reagents Red, Green, or Brightfield were all purchased
from Sigma-Aldrich. All PLA primary Abs were incubated at 4°C
overnight.

For detection of endogenous AKT-HSF1 interactions in MEFs,
rabbit anti-AKT (pan) Abs (C67E7) (1:100) and mouse anti-HSF1
Ab (E-4) (1:100) were combined. For detection of PAO-HSP60 in-
teractions in cultured astrocytes, rabbit anti-AOs A1l Abs (1:100)
and mouse anti-HSP60 Abs clone LK1 (1:100) were combined. To
detect interactions between biotinylated AB;_4, and HSP60 or FLAG-
HSF1 in neurons, cultured primary human neurons were fixed in
1x Hanks’ balanced salt solution (prewarmed to 37°C) containing
4% formaldehyde for 20 min. For staining, mouse anti-biotin Ab-2
BTN.4 Abs (1:100) and rabbit anti-HSP60 (D6F1) Abs (1:100) or
rabbit anti-DYKDDDDK Tag (D6W5B) Abs Alexa Fluor 488 con-
jugates (1:100) were combined. For the biotinylated AB;_4,—-HSP60
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PLA, following the coincubation of anti-rabbit Plus and anti-mouse
Minus PLA probes, neurons were incubated with mouse anti-pIII-
tubulin Abs clone 2G10-TB3 Alexa Fluor 488 conjugates (1:100)
at RT for 2 hours. The PLA procedure was continued after the
BIII-tubulin staining. Nuclei were counterstained with Hoechst
33342. PLA signals were documented using a Zeiss LSM 780 confo-
cal microscope.

For detection of AO-HSP60 interactions in human AD brains, the
tissue arrays were first immersed in sodium citrate buffer (pH 6.0)
for heat-induced antigen retrieval using a vegetable steamer for
30 min. After quenching endogenous peroxidase and alkaline phos-
phatase activities using the BLOXALL blocking solution and block-
ing with 2.5% normal horse serum, the tissue arrays were incubated
with rabbit A11 or OC Abs (1:100) and mouse anti-HSP60 Abs
clone LK1 (1:100) at 4°C overnight. Following incubation with
anti-rabbit Plus and anti-mouse Minus probes at 37°C for 1 hour
and subsequent ligation at 37°C for 30 min, amplification was per-
formed at 37°C for 4 hours or overnight. Following washing with
buffer A, the arrays were incubated with Detection Brightfield re-
agents at RT for 60 min. The substrate development was performed
using an ImmPACT DAB Peroxidase (HRP) substrate kit. A set
of arrays incubated without the primary Abs served as negative
controls. Counterstained tissue arrays were imaged using an Aperio
AT2 Digital Whole Slide Scanner (Leica Biosystems).

Immunohistochemistry

When staining frozen sections, tissues were first air-dried at 37°C
overnight. Antigen retrieval was performed by treating sections with
1% SDS at RT for 5 min (A11 and AB;_4; oligomer staining) or 20 min
(cleaved caspase 3 staining). When staining paraffin-embedded
mouse brain tissues and human AD brain tissue arrays, antigen
retrieval was performed using sodium citrate buffer (pH 6.0) in a
vegetable steamer for 30 min. When staining AP (4G8 and ab2539),
antigen retrieval was performed by treating frozen sections for
5 min or paraffin-embedded sections for 20 min with 70% formic
acids at RT. Following blocking with BLOXALL blocking solution
and 2.5% normal horse serum, tissue sections were incubated with
primary Abs, including rabbit anti-AOs (A11) or anti-AFs (OC)
Abs (1:100), rabbit anti-AB;_4, Abs (oligomer-specific) (1:100),
rabbit anti-AB Ab ab2539 (1:100) or mouse anti-ABi;_4 (4G8)
Abs (1:100), rabbit anti-phospho-Tau (Ser™®) (D2Z4G) Abs (1:100),
rabbit anti-cleaved caspase 3 (Asp175) (5A1E) (1:100), rabbit anti-
Ibal/AIF1 Abs (1:100), mouse anti-BIII-tubulin (AA10) Abs (1:100),
rabbit anti-HSF1 (EP1710Y) Abs (1:100), or rabbit anti-HSP60
(D6F1) Abs (1:100). Except for 4G8, ab2539, Iba-1, and BIII-tubulin
Abs, which were incubated at RT for either 2 or 4 hours, all other
primary Abs were incubated at 4°C overnight. Following wash-
ing with PBS-T, slides were incubated with either InmPRESS
HRP anti-rabbit IgG or AP anti-mouse IgG polymers at RT for
30 min. Subsequently, the InmPACT DAB or InmPACT Vector
Red Alkaline Phosphatase substrate (for 4G8 staining in Fig. 1L)
was added. For the OC, ab2539, phospho-Tau, and cleaved Caspase
3 staining, an InmPRESS Excel Amplified HRP Polymer Staining
Kit (anti-rabbit IgG) was applied to amplify the weak staining sig-
nals following the incubation with primary Abs. For staining with
primary mouse Abs, mouse on mouse (M.O.M.) blocking re-
agents were used, and the primary Abs were incubated at RT for 2
or 4 hours. For double staining of microglia and neurons, slides
were coincubated with rabbit anti-Ibal and mouse anti-BIII-tubulin
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(AA10) Abs at RT for 2 hours. To visualize the double staining,
ImmPACT DAB HRP and Vector Blue Alkaline Phosphatase sub-
strates were used without counterstaining. All counterstained slides
were imaged using an Aperio AT2 Digital Whole Slide Scanner
(Leica Biosystems).

In vitro amyloid seeding and AB_4; fibrillation assays

For amyloid fibrillation assays, each reaction was carried out in
PBS containing 2 uM synthetic human AB;_4, or AB4,_; peptides
(200 uM stock in 0.01 M NaOH), various doses of recombinant
proteins that were predialyzed against PBS, and 10 uM ThT. For
amyloid seeding experiments, each reaction contained 100-pg
detergent-soluble fractions of tissue lysates diluted in PBS, 2 uM
synthetic AB;_4; peptides, and 10 pM ThT. All reactions were incu-
bated at 37°C with gentle shaking at 600 rpm in an Eppendorf
ThermoMixer C (Eppendorf North America). Fluorescence was
measured at Ex 450 nm/Em 482 nm using a CLARIOstar micro-
plate reader (BMG LABTECH).

Filter-trap assay

A total of 1 x 10° cells or 10-mg pulverized frozen tissues were
re-suspended in 100 pl of 1x PBS containing 1x Halt phosphatase
inhibitor cocktail and processed by a Q125 sonicator (Qsonica LLC)
using 20% amplitude for 3-min processing time with 5S pulsing
cycle to prepare lysates. After sonication, 900 ul of PBS containing
2% SDS was added to the samples. Immobilon polyvinylidene di-
fluoride membranes with 0.45-um pore size were presoaked in PBS
containing 2% SDS, and the slots of a 96-well Bio-Dot Microfiltration
Apparatus (Bio-Rad Laboratories) were washed twice with PBS
containing 2% SDS. Two hundred microliters of samples was ap-
plied to each slot, and the samples were allowed to filter through the
membranes by gravity flow for 30 to 40 min. A vacuum was then
applied to drain any residual liquids. Following staining with 0.1%
ponceau red solution to visualize protein aggregates, the membranes
were blocked with 5% nonfat dry milk in PBS. Primary and secondary
Ab-HRP conjugates were subsequently applied to detect specific
protein aggregates.

In vitro reconstitution of AB,_45, HSP60, and

HSF1 interactions

Recombinant proteins and Abs were all predialyzed against PBS.
Each reaction was carried out in PBS containing 2 uM AB;_4, or
Ay peptides, HSP60, and HSF1 or Abs at a 1:1:1 molar ratio.
Reactions were incubated at RT for 4 hours, followed by centrifuga-
tion at 15,000 rpm for 10 min at 4°C in an Eppendorf Benchtop
5424 Microcentrifuge. The pellets were then re-solubilized by soni-
cation for 10 min in 100 pl of PBS containing 2% SDS for SDS-
polyacrylamide gel electrophoresis.

Fluorescence resonance energy transfer

HiLyte Fluor 488-labeled human Ap,;_4, peptides were purchased
from AnaSpec EGT Corporate. Recombinant GST and HSF1 pro-
teins, which predialyzed against PBS, were labeled with DABCYL
acid N-hydroxysucciminide ester using a Molecular Probes Alexa
Fluor 594 Microscale Protein Labeling kit. HiLyte Fluor 488-labeled
AB;_4» and DABCYL-labeled GST or HSF1 were mixed at a 1:1
molar ratio in a 96-well black-walled, clear-bottom microplate
and the fluorescence was immediately measured at Ex/Em =
503/528 nm.
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Turbidity measurement

AB;_4 peptides (2 uM) were mixed with either recombinant GST or
HSF1 proteins, which were predialyzed against PBS, at different
molar ratios in a clear 96-well microplate. For monitoring the
turbidity of mouse brain lysates, detergent-soluble fractions were
loaded onto a clear 96-well microplate (100 pg per well diluted in
PBS). The plates were incubated at 37°C with 600 rpm shaking for
48 hours, and the turbidity was measured at different time points
using a NEPHELOstar Plus microplate nephelometer (BMG Labtech).

Transmission electron microscopy

Following incubation, AFs or aggregates were pelleted and re-
suspended in distilled H,O. One drop of fibril solution was placed
on a 200-mesh carbon-coated nickel grid. After 1 min, the remain-
ing liquid was wicked. Immediately, a drop of 2% uranyl acetate
solution was placed on the grid for 1 min. After wicking, the grids
were air-dried and examined under a Tecnai T12 transmission elec-
tron microscope (FEI Company, USA) operating at 80 kV.

Neuronal viability measurement

Primary human neurons (1 x 10* cells per well) were plated in 96-
well culture plates coated with poly-L-lysine (50 ug/ml). Following
transduction with lentiviral particles overnight, neurons were further
cultured for 4 days, followed by transfection of 10 uM ABy,_; or AB;_4,
for 24 hours. Neuronal viabilities were measured by CellTiter-Blue
Cell Viability Assay.

Statistical methods

All error bars represent means + SD. Statistical analyses were per-
formed using Prism 7.0 or 8.0 (GraphPad software). Detailed statis-
tical methods were described in figure legends. Statistical significance:
n.s., not significant, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.

Code availability
No codes were generated during this study.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/46/eabc6871/DC1

View/request a protocol for this paper from Bio-protocol.
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