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SUMMARY

Mutations in the small heat shock protein a-crystallin B (CryAB) result in cataracts, cardiomyopathies, and
myofibrillar myopathies (MFMs), all of which are marked by protein aggregation. To investigate pathological
mechanisms, we expressed four human CryAB disease alleles in Drosophila skeletal muscle. All variants re-
sulted in the accumulation of protein aggregates. Mutations within the conserved a-crystallin domain (ACD)
caused CryAB-positive structures that colocalized with an amyloidogenic form of human Desmin. The amy-
loid-like nature of these CryAB variants was further supported by thioflavin T spectroscopy and Congo red
staining, the latter of which was also evident in other MFM-causing genes in zebrafish muscles and human
biopsies. Muscle-enriched CryAB amyloid-like structures co-localized with extracellular vesicle (EV) markers
and were detected in the hemolymph, suggesting an EV-mediated export mechanism. This is the first report
of CryAB amyloid formation in skeletal muscle and broadens amyloid dynamics beyond the nervous system.

INTRODUCTION

Protein homeostasis, or proteostasis, is an equilibrium system
that ensures proper protein folding and degradation. When pro-
teostasis fails, protein aggregates with pathological roles may
form, as seen with tau in Alzheimer’s disease and alpha-synu-
clein in Parkinson’s disease.’™ A hallmark of Alzheimer’s and
Parkinson’s diseases is amyloid fiber formation in the brain.>”
However, this fibrillar-like protein aggregation, also known as
amyloidosis, extends beyond neurodegenerative diseases—it
can occur in the lungs, kidneys, muscles, and other organs.®™'"
However, it is yet unclear if other types of protein aggregates
that form in non-neuronal tissues are linked to the formation of
amyloid fibers.

Myofibrillar myopathies (MFMs) are a type of protein aggre-
gate disease characterized by muscle fiber degeneration and
progressive muscle weakness - typically in distal limb mus-
cles.'®'® Although MFMs can onset in early childhood, symp-
toms commonly appear later in life."® A subset of muscle
proteins, including the Z-disk-associated proteins Desmin, Myo-
tilin, Filamin C, a-Crystallin B (CryAB), and Bag3, is overrepre-
sented and abnormally accumulates in biopsies from patients
with MFM.""~"° Due to the diversity of mutations in MFM-causing
genes and the lack of understanding of the underlying pathoge-
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nicity of disease initiation and progression, there are no effective
treatments.

To date, over 15 different mutations in CryAB have been linked
to MFMs and/or cardiomyopathies.?®® CryAB, also known as
heat shock protein 5 (HSPB5), is widely expressed across
various tissues.?® As a chaperone protein, CryAB aids in protein
refolding and prevents aggregation. This approximately 20 kDa
monomer forms highly ordered hetero-oligomeric complexes in
response to intracellular stresses (heat, aging, oxidative or
reductive stress) to sequester damaged or misfolded proteins,
thereby maintaining proteostasis.”’**® Mutations in CryAB lead
to structural and functional changes that impair its interactions
with client proteins, with distinct mutations producing varying ef-
fects on CryAB function. For instance, the D109A and R157H
mutations differentially decrease or enhance chaperone activity
in vitro, respectively.?®*° Previous studies suggest that CryAB
helps protect cytoskeletal myofibrils,®’ implying that mutant
CryAB may play a pathological role in muscle and cardiac tissue.

Intercellular communication is essential for maintaining tissue
homeostasis and coordinating physiological processes between
tissues. One key mechanism by which cells communicate is
through extracellular vesicles (EVs), which transport molecular
signals - including proteins, lipids, and RNA - between cells.®?°°
Beyond their secretory role in normal physiology, EVs are also
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widely implicated in pathological contexts, particularly in cancer,
where they contribute to tumor growth, survival, and metas-
tasis.®®° EV biogenesis involves a tightly regulated series of
intracellular trafficking events. Early endosomes mature into
multivesicular bodies (MVBs), which package selected cargos
for eventual secretion. Once formed, MVBs can fuse with the
plasma membrane, releasing their contents as EVs into the
extracellular space using two primary routes: Endosomal sorting
complex required for transport (ESCRT)-dependent and ESCRT-
independent pathways.***" While the role of EVs in cancer has
been extensively studied, their involvement in muscle disorders,
particularly in MFMs, remains largely unexplored. Given the pro-
gressive and sometimes systemic nature of MFM pathol-
ogies,'®>*? understanding the potential for EV-mediated protein
clearance and/or disease propagation could reveal underlying
mechanisms of pathogenesis.

Despite decades of research, the pathogenicity of CryAB mu-
tations remains incompletely understood. Although numerous
CryAB mutations have been identified, most research has
focused on the R120G mutation, limiting a broader genotype-
phenotype correlation.”>**=*° To fill this scientific gap, we
selected one pseudo-phosphorylation mutation (S70E) previ-
ously identified in our laboratory, along with four independent hu-
man CryAB mutations (R120G, D109A, D109H, and R157H) for
further analysis using Drosophila melanogaster (D. mela-
nogaster) as a cell biological model. R120 and D109A are caus-
ative for myofibrillar myopathy-2A (MFM2A, MIM: 608810),
D109A is associated with MFM and multisystemic phenotypes,®®
while R157H is linked to patients with dilated cardiomyopathy
(CMD1ll, MIM: 615184).

First, we show that CryAB mutations disrupt protein homeo-
stasis via impaired molecular chaperone activity, resulting in
the accumulation of misfolded proteins marked by ubiquitin
(Ubi) and the autophagy adaptor protein p62/SQSTM1. Second,
we identify CryAB intracellular structures that are amyloidogenic
in nature. Mutations in CryAB exhibit amyloid-like properties not
only in Drosophila muscle, but also in zebrafish and human MFM
muscle biopsies, potentially indicating a conserved and clinically
relevant pathogenic feature. Third, we observe that CryAB amy-
loid-like structures can exit muscle cells by engaging the EV
pathway. This connection between amyloid formation and EV
dynamics provides a potential mechanism for amyloid clearance
and transport in vivo. In summary, this study establishes a mech-
anistic link between CryAB mutations, amyloid formation, and
EV-mediated export from muscle tissue, possibly as a protective
mechanism to limit tissue damage. Our findings extend the role
of CryAB beyond protein quality control, highlighting its broader
impact on cytoskeletal dynamics, vesicle trafficking, and disease
progression.

RESULTS

CryAB is comprised of an alpha-crystallin domain (ACD) com-
mon to heat shock family proteins and less conserved flexible
N- and C-terminal regions that are responsible for oligomeriza-
tion and the binding of client proteins.?®?® Primary amino acid
sequence alignments show that the location of the dominant hu-
man CryAB mutations D109, R120, and R157 are conserved in
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Drosophila (D113, R124, and R163), although we will continue
to use the human amino acid numbering here (Figure S1A). Res-
idues D109 and R120 reside within the ACD, while R157 is
positioned near the C-terminus (Figure 1A). In vitro studies
demonstrate that the CryAB mutations D109A and R120G
induce oligomerization, while R157H does not, suggesting that
the location of each mutation distinctly influences the structural
and functional properties of CryAB.?>:2°

To investigate the in vivo effects of each CryAB mutation,
we generated transgenic Drosophila lines expressing four con-
served human mutations (D109A, D109H, R120G, R157H) and
wild-type CryAB under the control of upstream activating se-
quences (UASs). Each of these CryAB pathogenic alleles was
independently expressed under the control of the Myocyte
enhancer factor 2 (Mef2) promoter.®®°" For phenotypic analysis,
we first examined wandering third-instar larvae (L3), whose
larger size facilitates easy muscle dissection and imaging. L3
carcasses were stained with anti-CryAB and phalloidin to assess
protein distribution and muscle structure, respectively. While
F-actin striations appeared normal, the sarcomeric CryAB pro-
tein pattern was disrupted, instead forming distinct circular or
oval structures upon the expression of ACD mutations (D109A,
D109H, and R120G) (Figure 1B, open white arrowheads). We
previously identified two residues in CryAB (S68 and S70) that
are phosphorylated by the NUAK serine/threonine (S/T) kinase.*?
The location of these phosphorylated residues is conserved in
the human CryAB sequence (Figure S1A), but as of yet, no hu-
man mutations are linked to disease. Only the S70A or S70E mu-
tations displayed a CryAB phenotype similar to the ACD variants
(Figures 1B and S1B). Since S70 is located within the ACD
(Figure 1A), we collectively refer to D109A, D109H, R120G, and
S70E as “ACD domain mutations.”

Aging is characterized by the accumulation of cellular dam-
age, contributing to functional decline and heightened disease
susceptibility.®®> Human mutations in CryAB promote protein
accumulation with age in specific tissues, namely the eye, brain,
and heart.”®**°° To investigate if human CryAB mutations affect
Drosophila lifespan, we monitored the longevity of transgenic
flies at 31°C. As shown in Figure 1C, overexpression of either
wildtype or mutant CryAB significantly shortened lifespan
compared to mCh RNAI controls (p < 0.0001), with wildtype
CryAB exhibiting 50% lethality around day 15. No statistically
significant lethality was observed in the pupal stage compared
to mCh controls (Figure S1C). These findings demonstrate that
increased temperature exacerbates CryAB-associated toxicity
and negatively affects the longevity of Drosophila.

Since CryAB mutations can cause dilated cardiomyopathies
(DCMs),?27:3956 \we next investigated how CryAB mutations
affect protein aggregation and structural abnormalities in this tis-
sue. First, we verified that all CryAB insertion lines driven by
Mef2-Gal4d expressed similar amounts of CryAB protein since
they were all inserted into the same attB site on chromosome
2 (Figures S1D and S1E). Next, we selected D109A and R120G
for heart tube staining. Immunostaining revealed excess or irreg-
ular CryAB distribution (Figure S1F, open arrowheads) com-
pared to normal Z-disc localization (Figure S1F, open arrows).
We also detected numerous Ubi-positive puncta, suggesting
the formation of protein aggregates within the heart tube
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Figure 1. Impacts of CryAB mutations on protein localization in Drosophila

Also see Figure S1.

(A) Schematic of CryAB domains. The flexible N-terminal domain is involved in oligomer assembly, the conserved alpha-crystallin domain (ACD) is required for
dimer formation, and the C-terminal domain is associated with hexamer formation. The location of the mutations being analyzed is shown.

(B) Confocal images of L3 muscles expressing the mCh RNAi and wild-type CryAB (CryAB) controls along with the indicated CryAB point mutations. All UAS
constructs are driven using Mef2-Gal4. F-actin is shown in gray and CryAB in magenta. Aberrant CryAB structures are indicated by the open white arrowheads.

Scale bars, 5 pm.

(C) Survival curves of adult flies expressing CryAB variants. While mCh RNAi controls show extended longevity, expression of wild-type CryAB and CryAB
mutants significantly reduces lifespan, with over 50% mortality in the WT group by day 15 (n = 3 biological replicates, N > 50 for each genotype, Simple survival

analysis, Kaplan-Meier). p < 0.0001.

(Figure S1F, solid arrowheads). Due to the small size and limited
resolution of the heart tube, these phenotypes were difficult to
assess in detail. To overcome this limitation, we shifted our focus
to the indirect flight muscles (IFMs), which offer the advantage of
larger tissue size and more muscle fibers for clearer observations
of morphological and pathological changes.

CryAB mutations promote insoluble aggregates

Given the role of CryAB mutations in diseases that disrupt protein
turnover, we investigated whether these pathogenic alleles lead to
protein aggregation in the IFMs. Based upon our lifespan analysis
(Figure 1C), we selected days 2 and 10 females flies to ensure we
had enough viable adults for experiments to assess the impact of
CryAB mutations during this 8-day period of mild aging. Confocal
microscopy revealed two distinct phenotypes in the IFMs: aggre-
gates and inclusions (Figure 2A and Video S1). CryAB aggregates,
defined as solid CryAB immunostaining that overlapped with Ubi
signal, were present in all genotypes tested. In contrast, all CryAB
ACD domain mutations, but not CryAB WT or R157H, also re-
vealed hollow, circular structures that stained positive for

CryAB, which we have termed CryAB inclusions. Here we present
evidence supporting each of these phenotypes.

We first used Ubi to label misfolded and/or aggregated pro-
teins that fail to undergo degradation. Co-staining with CryAB
antibodies confirmed more Ubi accumulation in IFMs expressing
CryAB ACD domain mutations at day 2 (Figure 2B). Quantitative
analysis of Ubi aggregates using ImagedJ confirmed that D109A,
R120G, and S70E exhibited a significant increase in Ubi aggre-
gates - at least 2-fold higher than CryAB or R157H at day 2
(Figure 2C). However, by day 10, aggregates marked by Ubi
were observed in all genotypes, with the largest increase in
D109H and R120G (Figures 2D and S2A). Colocalization analysis
revealed that CryAB ACD domain mutations exhibited more than
a 60% increase in CryAB/Ubi overlap compared to CryAB or
R157H at day 2, with a continuous increase in the aggregation
of all genotypes by day 10 (Figure 2E).

The observed accumulation of CryAB aggregates in muscle
tissue is characteristic of protein aggregation and predicts that
these complexes may lead to protein insolubility. To confirm
the presence of insoluble CryAB, we performed western blot
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analysis. CryAB and R157H were markedly enhanced in the sol-
uble pool of CryAB at days 2 and 10 (Figures 2F, 2G, S2B, and
S2C). In contrast, mutations within the ACD domain showed
elevated levels of CryAB protein in the insoluble fraction
compared to the mCh control at both timepoints, while only
R120G or S70E met the threshold for statistical significance
(Figures 2F-2H, S2B, and S2D). Overall, these observations
show that ACD domain mutations promote CryAB insolubility,
which is an indicator of protein aggregation. 3D imaging further
supported the presence of CryAB aggregates, revealing circular
structures with varying intensities of Ubi staining in IFMs ex-
pressing R120G (Figure 2I).

Proteins destined for degradation in the lysosome via autophagy
or by the proteasome can both be tagged with Ubi.°” To establish
which aspect(s) of proteostasis may be altered by CryAB muta-
tions, we next examined the localization and levels of the auto-
phagy adaptor protein p62/SQSTM1 (Sequestosome 1), which
marks ubiquitinated cargo proteins.’® Immunostaining showed
colocalization of Ubi aggregates with p62 (Figure S3A, solid arrow-
heads). Western blot analysis and protein quantification did not
show a significant increase in insoluble p62 protein levels,
although R120G displayed an upward trend (Figures S3B-S3D).
These observations indicate that while p62 colocalizes with Ubi-
positive aggregates, CryAB mutations do not measurably impair
autophagic flux. However, days 2 and 10 IFMs expressing mutant
CryAB proteins showed a reduction in proteasome activity
(Figures S4A and S4B). These data together show that CryAB mu-
tations do not overtly disrupt autophagic turnover, but fail to upre-
gulate proteasome function, thereby promoting the progressive
accumulation of aggregates with age in muscle tissue.

Since the BAG-domain-containing co-chaperone protein
Starvin (Stv) also marks aggregates®® and is required for auto-
phagic protein degradation,®®®" we next examined Stv localiza-
tion. Indeed, Stv labeled Ubi aggregates in the IFMs (Figure S4C,
solid arrowheads). Note that not all aggregates were degraded
via Bag3-related autophagy since some Ubi aggregates did
not co-localize with Stv (Figure S4C, asterisks). Here, we
conclude that protein aggregates, marked by CryAB, Ubi, p62,
and Stv, accumulate with age in Drosophila IFMs, accompanied
by decreased proteosome activity upon the expression of CryAB
mutant proteins.
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CryAB ACD mutations promote inclusion formation
As previously mentioned, we observed a distinct phenotype
characterized by hollow circular or oval structures outlined by
CryAB staining prevalent in both L3 larval muscles (Figure 1B,
open arrowheads) and adult IFMs (Figure 2B, open arrowheads).
The lack of colocalization with Ubi or p62 indicated that CryAB
inclusions were not associated with canonical proteasome or
autophagy protein degradation pathways. To further charac-
terize these CryAB inclusions, we conducted statistical analyses
on the number and size of these structures across different mu-
tations and ages. All CryAB ACD mutations (D109A, D109H,
R120G, and S70E), but not CryAB or R157H, showed signifi-
cantly more inclusions in both days 2 and 10 IFMs (Figures 3A
and 3B). We also observed size variation, leading to the hypoth-
esis that inclusion size would increase with age. Indeed, while
only an increase in the size of D109A and S70E inclusions was
statistically significantly from days 2 to 10, other ACD mutations
exhibited a strong trend of inclusion size growth (Figure 3C).
To gain further insight into the composition of CryAB inclu-
sions, we performed transmission electron microscopy (TEM)
on two CryAB ACD mutations (D109A and S70E) to analyze the
IFM ultrastructure. Low-magnification micrographs (1500x) re-
vealed the embedding of inclusion-like structures between myo-
fibrils without significantly disrupting tissue integrity (Figures 3D-
3F). Higher magnification TEM images (5000x) surprisingly
showed inclusions as large structures surrounding multiple
smaller inclusions in D109A (Figure 3E) or S70E (Figure 3F, top
panel) muscles. This internal structural complexity was only oc-
casionally visible using immunofluorescence, likely due to limited
antibody penetration. Notably, fibril-like structures were also
observed in S70E (Figure 3F, bottom panel). Increased magnifi-
cation (8000 x) revealed detailed, irregular ribbon-like formations
that eventually looped to form protofilament-like structures.
These findings provide in vivo evidence that CryAB mutations
may promote structures similar to amyloid-like architecture.

CryAB inclusions co-localize with amyloidogenic

Desmin and exhibit amyloid features

Desmin-related myopathy (DRM) or myofibrillar myopathy 1
(MFM1, MIM: 601419) is characterized by myofibrillar dissolution
and the accumulation of the intermediate filament protein

Figure 2. CryAB mutations disrupt proteostasis and promote insoluble aggregates

Also see Figures S2-S4 and Video S1.

(A) Schematic summarizing the two phenotypes observed in adult IFMs: aggregation (CryAB co-localized with Ubi, solid white arrowheads) and inclusions (CryAB
staining without Ubi, open white arrowheads). CryAB inclusions are associated with mutations in the ACD domain (D109A, D109H, R120G, S70E). Scale bars,
5pm.

(B) Representative images of day 2 adult IFMs show F-actin (gray), CryAB (magenta), and Ubi (green). CryAB WT and R157H exhibit Z-disc localization, while ACD
mutations display aggregates and inclusions. Nuclei are counterstained with Hoechst (blue). Scale bars, 5 pm.

(C and D) Quantification of Ubi-positive aggregates in days 2 and 10 flies is represented as a scatter bar plot. Data are mean + SEM (N = 10 per genotype, Kruskal-
Wallis test). **p < 0.01, ***p < 0.001, and ***p < 0.0001.

(E) Percentage of CryAB/Ubi colocalization in aggregates of days 2 and 10 IFMs. Data are mean + SEM (N = 10 per genotype, Mann-Whitney test). ***p < 0.0001.
(F) Western blot shows soluble and insoluble CryAB levels in day 2 adult samples. ACD mutations result in increased insoluble CryAB compared to Cry WT and
R157H. Total protein staining serves as a loading control. n > 3.

(G and H) Bar graph shows the quantification of soluble and insoluble CryAB protein from (F). Data are mean + SD (n = 3, Kruskal-Wallis test). *p < 0.05 and
*p < 0.01.

(I) Three-dimensional (3D) confocal rendering of IFMs expressing R120G. IFMs are labeled for F-actin (gray), Ubi (green), CryAB (magenta), and nuclei with
Hoechst (blue). The yellow box in the top-view image (left) was used to generate side views (right). Non-specific Hoechst signal marks tracheal tissue. Scale bars,
10 pm for top view image and 7 um for side view images.
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Desmin.®” Moreover, in vitro studies showed that CryAB R120G
can induce Desmin aggregation.®®®* To test if an amyloidogenic
region (aa 117-348) of Desmin®® possesses in vivo amyloid-like
features similar to CryAB, we developed a humanized model of
DRM (Figure 4A). The expression of amyloidogenic human Des-
min revealed Desmin-positive inclusions that overlapped with
CryAB staining (Figure 4B, open arrowheads). Co-expression
of CryAB ACD mutations also co-localized with amyloidogenic
Desmin (Figure 4C, open arrowheads), further supporting the
amyloid-like nature of CryAB inclusions. Occasionally, small in-
clusions were also present with CryAB alone or R157H when
co-expressed with hDesmin, suggesting that normal or height-
ened chaperone activity was insufficient to prevent the amyloid
phenotype induced by human Desmin. Quantitative analysis
confirmed that the number of CryAB(+) inclusions in flies co-ex-
pressing amyloidogenic Desmin along with CryAB mutations
were not significantly different from those with Desmin alone at
day 2 or 10 (Figures S5A-S5C).

To further substantiate the amyloid-like nature of our CryAB(+)
inclusions, we isolated them from muscle tissue (Figure 5A) and
stained with the amyloid marker Congo red. Extracted inclusions
from muscles expressing D109A, R120G, or S70E all stained
positive for Congo red and CryAB (Figures 5B and S5D). Isolation
of these inclusions allowed for improved reagent penetration as
we were able to detect smaller circular structures inside the
typical CryAB(+) staining (Figure S5D), similar to those seen by
TEM (Figures 3E and 3F). To further confirm the amyloid-like na-
ture of CryAB inclusions, we used the amyloid-sensitive fluores-
cent dye Thioflavin T (ThT). Samples were subjected to sequen-
tial centrifugation to enrich for the inclusion-containing fraction
(Figure 5A). Increasing volumes of CryAB-containing fractions
showed a proportional rise in ThT fluorescence, consistent
with the presence of amyloid structures (Figure 5C). The
D109A mutant showed a statistically significant increase in fluo-
rescence intensity at 100 pL compared with wild-type CryAB,
while the R120G mutant exhibited an even stronger response,
with significantly elevated ThT signal detectable at volumes as
low as 25 pL. Together, the Congo red labeling experiments
and ThT assays demonstrate that CryAB inclusions contain am-
yloid-like architecture.

CryAB amyloid-like inclusions are present in zebrafish
and human muscle

Next, we wanted to test whether amyloid-like aggregates can
form in muscle tissue from other species expressing human mu-
tations. We first assessed hCryAB G154S since this mutation
causes MFM, but not cataracts or cardiomyopathy.®®c’
Compared to hCryAB WT, hCryAB G154S expression resulted
in approximately a 40% increase in Congo red staining
(Figures 6A and 6B), confirming the presence of amyloid-like ag-
gregates in zebrafish muscle. Next, we investigated whether
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similar amyloid features could be observed with other proteins
implicated in MFMs. We focused on human Myotilin (MYOT),
another gene commonly mutated in patients with MFM.®® Zebra-
fish embryos injected with A(MYOT S95/ displayed a 50% occur-
rence of Congo red-positive aggregates, approximately 20%
higher than hMYOT WT (Figures 6C and 6D). These results
demonstrate that amyloid accumulation is not restricted to
CryAB mutations in Drosophila but is a broader pathological
feature in vertebrate muscles.

To extend these findings to human pathology, we analyzed
muscle biopsy samples from patients with MFM carrying muta-
tions in CryAB (G154S), MYOT (S60F), or Desmin (R454W). In
all cases, histological examination revealed features character-
istic of MFMs, including variable fiber size and fatty replacement
assessed by hematoxylin and eosin (H&E) and NADH-tetrazo-
lium reductase (NADH-TR) staining (Figures 6E-6G). Importantly,
these patient tissues also showed positive Congo red staining,
reinforcing the presence of amyloid-like structures. Collectively,
these data suggest that amyloid accumulation is a shared path-
ological feature across multiple MFM-related genes and model
systems. This supports a broader hypothesis that amyloidogen-
esis is not limited to neurodegenerative conditions, but may also
be a central mechanism in muscle diseases such as MFMs.

Intersection of CryAB inclusions and EV involvement
TEM analysis and confocal microscopy identified multiple exam-
ples of CryAB amyloid-like structures either on the surface of
muscle fibers (Figure 7A) or just outside the muscle boundary
(Figure 7B, open yellow arrowhead; Video S2). These data
posited that these structures may be transported or released
from muscle tissue. To test this possibility, we isolated EV-en-
riched fractions from the hemolymph of thoraces using differen-
tial centrifugation (Figure 7C). CryAB assemblies were detected
in the hemolymph and stained positive for Congo red, reaffirming
their amyloid-like properties (Figure 7D). To rule out contamina-
tion from hemocytes or other nucleated cells, we included
Hoechst staining. The absence of the Hoechst signal confirmed
that the isolated material consisted of cell-free CryAB inclusions
(Figure 7D). Together, these results demonstrate that CryAB am-
yloid-like structures can exit muscle tissue into the extracellular
space.

To explore the mechanism behind this secretion, we per-
formed mass spectrometry (MS) to compare the proteomes of
inclusions isolated from CryAB and D109A hemolymph. The
D109A inclusions (compared to CryAB) showed marked proteo-
mic changes, with 199 proteins enriched (log, abundance ratio
>1, p < 0.05) and 58 reduced (log, abundance ratio <-1,
p < 0.05) relative to wild-type CryAB (Table S1). Gene
Ontology (GO) analysis of the enriched proteins revealed
strong overrepresentation of pathways related to exosomal
secretion, lysosomal organization, and endosomal vesicle fusion

Figure 3. Overexpression of CryAB ACD mutations promotes inclusion formation
(A and B) Quantification of CryAB inclusions per genotype in day 2 IFMs. Data are mean (N = 10 per genotype, Kruskal-Wallis test). *p < 0.05, **p < 0.01,

***p < 0.001, and ***p < 0.0001.

(C) Inclusion area per 2500 pm? for days 2 and 10 IFMs. Data are median (N = 10 per genotype, Mann-Whitney test). *p < 0.05 and **p < 0.001.
(D-F) TEM analysis of day 10 IFMs across genotypes. D109A shows aggregates and inclusions, while S70E exhibits aggregate-inclusion transitions and fibril-like
structures. Magnifications: 1500x scale bars, 5 pm, 5000x scale bars, 500 nm, and 8000x scale bars, 500 nm.
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(Figure 7E). Notably, several regulators of vesicle trafficking -
including the ESCRT accessory protein ALG-2 interacting pro-
tein X (Alix), the endosomal fusion protein Rab7, and the exoso-
mal marker Tetraspanin 42Ee (Tsp42Ee) - were significantly
elevated in the D109A sample (Figure 7F). These findings show
that markers for EV pathways are associated with CryAB amy-
loid-like inclusions that have been released into the hemolymph
from the IFMs.
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Figure 4. An amyloidogenic form of hDes-
min phenocopies CryAB inclusion accumu-
c lation

470 Also see Figure S5.

) (A) Schematic of the amyloidogenic region of
';'r:’r‘:sa";?g Desmin (AA 117-349) used to generate humanized
Drosc?phi/a Desmin transgenic fly lines.

(B and C) Immunostaining of IFMs with Mef2-Gal4
expressing hDesmin (AA 117-349) alone (B) or
with CryAB mutants (C). hDesmin (cyan) forms
structures similar to CryAB inclusions (open white
arrowheads) in day 2 IFMs. F-actin is labeled in
gray and nuclei are stained with Hoechst (blue).
Scale bars, 5 pm.

Next, we explored the in vivo connec-
tion between EV proteins and CryAB am-
yloid-like structures using immunofluo-
rescence and genetic approaches. We
first focused on Alix and Rab7 as they
were enriched in our MS dataset. Co-
expression of Alix-HA with CryAB mu-
tants, but not CryAB WT, showed robust
colocalization between Alix-HA and
CryAB inclusions (Figure 7G). Quantifica-
tion revealed that Alix overexpression
significantly increased both the area and
number of inclusions in the D109A and
R120G mutants (Figures 7H and 7I).
Consistent with the enrichment of Rab7
in our D109A MS experiments, indeed,
Rab7 immunostaining overlapped with
CryAB inclusions (Figure S6A). Since
Alix is defined as an ESCRT-associated
protein,*>*" we also examined Tumor
susceptibility gene 101 (TSG101), a core
ESCRT-I component, and observed
similar colocalization with CryAB struc-
tures (Figure S6B). The same trend held
true for Rab27 (Figure S6C), the ortholog
of mammalian Rab27 A/B, which is impli-
cated in EV biogenesis and secretion.®”
These results suggest the possibility
that the biogenesis and/or release of
CryAB amyloid-like structures may
involve ESCRT and endosomal trafficking
pathways.

Although Tsp42Ee, the human homo-
log of CD63, emerged in our MS data,
no antibody or tagged version exists to
examine colocalization with CryAB. Therefore, we tested
whether a human CD63 transgenic (UAS-hCD63-GFP) line could
serve as a surrogate marker. Human CD63 did not colocalize
with CryAB amyloid-like inclusions, suggesting that the human
protein does not function properly in the Drosophila context
(Figure S6E). This lack of colocalization provided a useful nega-
tive control for assessing the specificity of CryAB amyloid-like
structures. Other proteins that might be predicted to colocalize
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Figure 5. Extraction of muscle CryAB inclusions and characterization of amyloid features

(A) Schematic overview of the workflow used to isolate CryAB-containing inclusions from adult IFMs.

(B) CryAB inclusions purified from adult IFMs and stained with Congo red. Immunofluorescence using an anti-CryAB antibody (green) shows clear colocalization
with Congo red-positive structures (magenta), indicating amyloid fibril-like properties. Scale bars, 5 pm.

(C) Thioflavin T (ThT) fluorescence assay used to detect and quantify amyloid-like structures across increasing volumes of CryAB-containing muscle lysate. N = 6
for each sample. Mean and error + SD (two-way ANOVA with Dunnett’s multiple comparisons test). **p < 0.01, ***p < 0.001, and ***p < 0.0001.

with CryAB inclusions based on a role in endosome trafficking
(Rabb) or the propensity to form amyloid (human alpha-synu-
clein, SNCA) were also tested. However, neither one of these
proteins colocalized with CryAB inclusions (Figures S6F and
S6G). Combined with yeast two-hybrid data whereby mutant
CryAB exhibited stronger binding to its interacting protein
NUAK than to CryAB WT (Figures S7A and S7B), it is clear that
mutant CryAB does not simply associate with any abundant pro-
tein. Instead, our results support the selective association be-
tween CryAB inclusions and specific EV proteins, highlighting a
targeted mechanism for their trafficking and potential extracel-
lular release.

Mechanisms of EV secretion vary depending on cargos and
can be classified into ESCRT-independent or -dependent path-
ways.*%"%"" Because our MS results did not highlight proteins
associated with ESCRT-independent cargo sorting, we chose
to examine Tetraspanin 96F (Tsp96F), the Drosophila homolog
of the mammalian EV marker CD81, as a representative protein
of this pathway.”® Expression of Tsp96F tagged with mCherry
(mCh-Tsp96F) in the IFMs showed a diffuse pattern while
CryAB maintained its normal Z-disc location (Figure 8A). To
assess the effect of Tsp96F on CryAB inclusion dynamics, we
co-expressed mCh-Tsp96F with either D109A or R120G at
25°C. In both cases, Tsp96F colocalized with CryAB inclusions
(Figures 8A and 8B, open arrowheads). Quantitation revealed

that overexpression of Tsp96F significantly increased the size
of CryAB inclusions (Figure 8C), while the number of inclusions
increased only for D109A (Figure 8D). Conversely, RNAi-medi-
ated knockdown of Tsp96F led to a marked reduction in inclu-
sion size for both D109A and R120G at 31°C (Figures 8E-8G),
while only D109A showed a decrease in inclusion number
(Figure 8H). These data together indicate that modulating the
protein levels of Tsp96F or Alix (Figures 7H and 7I) is sufficient
to increase or decrease the formation and size of CryAB-
inclusions.

DISCUSSION

This study investigated the tissue-level consequences of human
CryAB disease alleles (D109A, D109H, R120G, and R157H) us-
ing a Drosophila model to explore their pathological effects in
striated muscle tissue. While all CryAB mutations increased the
amount of Ubi-marked protein aggregates, only ACD domain
mutations caused the accumulation of amyloidogenic struc-
tures. These in vivo results are consistent with previous observa-
tions that D109 mutations possess amyloid-forming properties
in vitro.?°°° The disruption of amino acid interactions in the
ACD region, primarily composed of beta sheet secondary struc-
tures, is crucial to this process. Each CryAB monomer interacts
via antiparallel beta strands 6 and 7 located in the ACD, where
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both D109 and R120 are positioned to form ionic bonds for
dimerization.?®"”® These mutations decrease the stability of olig-
omers and may lead to unfolding of normally stable beta sheets.
Such destabilization would predict a higher propensity to spuri-
ously interact with other proteins to form aggregates and/or
amyloidogenic structures, thus leading to a more stable oligo-
meric structure that resists degradation by autophagy or
proteases.

There was a definitive increase in inclusion number and a trend
of larger inclusion size upon the expression of CryAB mutations.
CryAB inclusions might reach a maximal size due to space con-
straints within the tissue. Another possibility is that inclusion size
might increase with age, which could not be fully assessed in this
model due to a shortened lifespan upon the expression of CryAB
mutations. While both CryAB WT or the R157H mutations were
associated with age-related lethality similar to those in the
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Figure 6. ACD domain mutations induce
amyloid deposition in zebrafish and are
associated with congophilic inclusions in
human MFMs

(A) Representative images of whole-mount Congo
red staining in zebrafish embryos at 120 h post-
fertilization (hpf). Embryos were either uninjected,
injected with human wild-type CRYAB (hCRYAB
WT), or with the G154S mutant (hCRYAB G154S).
Merged images show Congo red staining
(magenta) and vasculature labeled by the
tg(kdr:EGFP) transgene (green). Open white ar-
rows highlight congophilic aggregates in trunk
muscle fibers. N = 3 independent experiments.
Scale bars, 5 pm.

(B) Bar graph quantification of embryos exhibiting
Congo red-positive aggregates. Not injected (5/
35), hCRYAB WT (7/29), hCRYAB G154S (31/53).
Mean + SEM. (One-way ANOVA with Bonferroni
correction). ***p < 0.001.

(C) Congo red staining of zebrafish embryos in-
jected with human MYOT constructs. Embryos
were either uninjected or injected with wild-type
(AMYOT WT) or mutant (hMYOT S95I) forms. White
arrows indicate Congo red-positive deposits in
muscle fibers. Open yellow arrows indicate inter-
somitic blood vessels. N = 3 independent experi-
ments. Scale bars, 20 pm.

(D) Bar graph quantification of embryos with
Congo red-positive aggregates. Not injected (5/
35), h(MYOT WT (10/31), hMYOT S95/ (11/21).
Mean + SEM. (One-way ANOVA with Bonferroni
correction). *p < 0.05 and ***p < 0.001.

(E-G) Histological analysis of skeletal muscle from
patients with MFM. Congo red staining (left) re-
veals fluorescent amyloid deposits (red) in muscle
fibers from (E) a patient with the CRYAB
p.Gly154Ser mutation, (F) a patient with the
MYOT p.Ser60Phe mutation, and (G) a patient
with the DES p.Arg454Trp mutation. Corre-
sponding H&E (middle) and NADH (right) stains
highlight structural abnormalities. Images were
captured using a 40x objective. Scale bars,
100 pm.
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ACD domain (possibly due to altered cardiac function), these al-
leles did not promote amyloid fiber formation in vivo. In vitro, the
R157H mutation enhances the chaperone activity of CryAB,*°
which is also observed in patients undergoing chemotherapy
where CryAB expression is elevated.”* This suggests that
heightened chaperone function, while cytoprotective, may actu-
ally be harmful under certain conditions.

Our interest in CryAB originated from its identification as a
substrate for the NUAK S/T kinase, where we identified two
conserved phosphorylation sites (S68 and S70) in CryAB.”®
The S70E and S70A mutations show an amyloid-like phenotype
similar to the ACD mutations D109 and R120. Despite literature
that CryAB phosphorylation regulates extracellular secretion,”®
the lack of phenotypic differences between phospho-null and
phospho-mimetic changes at amino acid S70 suggests that its
location within the ACD domain, and not its phosphorylation
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status, promotes amyloid formation. To further explore how
CryAB may impact other aspects of NUAK-mediated signaling,
we conducted immunoprecipitation experiments with 3x-HA-
tagged CryAB to identify proteins in muscle lysates that physi-
cally bind to CryAB. Unfortunately, cell lysis resulted in the pull-
down of hundreds of interacting proteins, suggesting that CryAB
is a promiscuous binding protein in non-cellular contexts.
Switching to yeast two-hybrid assays, we confirmed that
CryAB mutants exhibit higher binding affinity with NUAK under
selective pressure (0.5-3 mM 3-AT), supporting previous find-
ings that mutant CryAB forms stable complexes with client pro-
teins, hindering degradation.

Although amyloid fibrils are predominantly studied in the brain,
amyloid deposition in skeletal muscle is poorly understood. The
presence of CryAB inclusions containing amyloid-like architec-
ture was suggested by TEM images, colocalization with an amy-
loidogenic region of hDesmin, and further validated with positive
Congo red and ThT fluorescence. Observing such clear protofi-
bril structures by TEM was unexpected, as in vivo amyloid depo-
sition can be challenging to detect due to its small size. Since
amyloid fibrils are typically markers of a progressive disease,®’
the shorter longevity of our animal model may have precluded
observations of fibril accumulation. To our benefit, the Gal4-
mediated in vivo expression system “enriched” for aggregates
and amyloid inclusions, likely due to higher expression levels
of mutant CryAB proteins. The ability to modulate CryAB mutant
expression by raising the temperature to increase output of the
Gal4/UAS system at the same time may have introduced in vivo
heat stress to further promote amyloid formation. These inherent
advantages likely promoted CryAB amyloid formation compared
to the normal intracellular environment, which prevents sponta-
neous fibril formation.

While in vitro studies provide valuable insights into amyloid mi-
crostructures, they lack a comprehensive understanding of amy-
loid macroscopic architecture in living organisms. A meaningful
example of this is the presence of circular amyloid structures in
muscle, likely forming due to space and tension constraints im-
plicit in a contractile tissue such as muscle. The mechanical prop-
erties of these fibrils, capable of forming annular amyloid in vitro
due to bending and stretching abilities, align with previous reports

iScience

on amyloid flexibility.””~"® In addition to our findings in Drosophila,
we validated the presence of amyloid aggregates in both zebrafish
and human patient CryAB muscle samples. These results confirm
that CryAB-related amyloidogenic structures are not species-
specific and likely represent a conserved mechanism of muscle
pathology.®” The consistent detection of amyloid-like aggregates
across models in our work and others'*° suggests that amyloid-
specific staining, such as Congo red, holds promise as a diag-
nostic tool in muscle diseases, particularly in MFMs.

Importantly, we identified a link between CryAB inclusions and
EV pathways, suggesting that CryAB amyloids are secreted as a
protective mechanism since they cannot be degraded via normal
degradation pathways. This expands the scope of amyloid
biology beyond the nervous system to include muscle tissue.
In the future, small-molecule drugs targeting CryAB mutations
could potentially prevent amyloid fibril formation by disrupting
these stable oligomeric structures. Our ongoing research will
focus on identifying the precise molecular mechanisms and pro-
tein interactions that facilitate CryAB amyloid fibril formation
in vivo. Understanding these pathways could shed light on amy-
loid deposition processes in muscle tissue and their parallels
with neurodegenerative diseases.

Limitations of the study

While this study establishes conserved amyloid-like features of
CryAB mutations across multiple model systems, some limita-
tions should be acknowledged. First, the Drosophila Gal4/UAS
system promotes elevated expression levels of mutant CryAB
proteins in vivo, which may accelerate aggregate formation
compared to normal aging or disease conditions. The shortened
lifespan of flies expressing CryAB mutations also limited our abil-
ity to evaluate long-term age-dependent progression and
maximal inclusion size. Second, while amyloid architecture
was validated using TEM, Congo red, and ThT, the structural res-
olution remains below that of cryo-EM, preventing definitive
assignment of fibril polymorphs or molecular packing. Finally,
although the EV-associated secretion of CryAB inclusions was
supported by genetic and biochemical evidence, direct visuali-
zation of CryAB-loaded vesicle trafficking in vivo will require
higher-resolution live imaging or correlative EM approaches.

Figure 7. CryAB inclusions are released from muscle tissue and associate with EV proteins

Also see Figures S6 and S7, Video S2, and Table S1.

(A) TEM images of day 10 IFMs expressing the D109A mutation reveal inclusions on the surface of muscle tissue. Magnification: 5000x scale bar, 500 nm.
(B) 3D rendering of IFMs expressing R120G. Mitochondria are labeled with ATP5a (green), CryAB inclusions are shown in magenta, F-actin in gray, and nuclei with
Hoechst (blue). Non-specific Hoechst signal marks tracheal tissue. Yellow open arrowhead indicates CryAB inclusion located outside of muscle. Scale bars,
3 pm.

(C) A schematic of the protocol used for EV extraction from thorax hemolymph.

(D) CryAB inclusions isolated from thoracic hemolymph. CryAB is shown in green, Congo red-stained amyloid in magenta, and Hoechst in blue to identify nuclei
and exclude hemocytes. Scale bars, 5 pm.

(E) Gene Ontology (GO) analysis of biological processes resulting from D109A/CryAB MS experiments shows the enrichment of proteins in pathways associated
with vesicle formation, intracellular trafficking, and secretion.

(F) Volcano plot of proteins identified in MS experiments plotted to assess proteins enriched in mutant CryAB (D109A) compared to controls (CryAB). Proteins with
a significance value of p < 0.05 are in blue. EV proteins enriched in CryAB mutant inclusions that are labeled in orange (log, abundance ratio >1). Note that more
peptides corresponding to CryAB were detected in controls, hence the log, abundance ratio <1. n= 3 biological replicates.

(G) Colocalization analysis of CryAB amyloid-like structures with the EV marker Alix. Flies co-expressing HA-tagged Alix (Alix-HA) and mutant CryAB proteins
under control of the Mef2 driver were raised at 25°C and dissected at day 2. CryAB (green) colocalizes with HA (magenta) in IFMs. Scale bars, 5 pm.

(H and l) Scatter bar plot quantification of CryAB inclusion size (H) and number (I) in IFMs co-expressing Alix at day 2. Data are presented as mean + SD. (N =10 per
genotype, Mann-Whitney test). *p < 0.05, ***p < 0.001, and ****p < 0.0001.
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Materials availability
For any reasonable requests regarding materials produced in this study,
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Data and code availability
@ Data availability - All data are included in the manuscript and associated
supplements. The MS proteomics data have been deposited at
MassIVE under accession code MSV000100788 and at ProteomeX-
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Figure 8. Colocalization of CryAB amyloid-
like inclusions with EV markers and quanti-
fication of inclusion phenotypes

Also see Figures S6 and S7.

(A) Flies co-expressing mCherry-tagged Tsp96f
(mCh-Tsp96f) and mutant CryAB variants under
control of the Mef2-Gal4 driver were raised at
25°C and dissected at day 2. CryAB (green) shows
clear colocalization with Tsp96f (magenta) in IFMs,
highlighted with white open arrowheads. Scale
bar, 5 pm.

(B) Representative images used for quantification
in (C) and (D). D109A or R120G (green, white open
arrowheads) co-expressed with mCh RNAi con-
trols or mCh-Tsp96f. White arrowhead indicates
small CryAB-positive puncta that fall below the
defined measurement threshold.

(C and D) Scatter bar plots quantifying CryAB in-
clusion size (C) and number (D) in IFMs co-ex-
pressing Tsp96f at day 2. Data are presented as
mean + SD (n = 10 per genotype, Mann-Whitney
test). **p < 0.001 and ****p < 0.0001.

(E) Representative single-plane IFM images from
day 2 adult flies following Tsp96f RNAi induction at
31°C. CryAB is shown in green and F-actin in gray.
Scale bars, 5 pm.

(F) Sample quantification images for (G) and (H),
based on CryAB antibody staining (green, white
open arrowheads). D109A or R120G co-ex-
pressed with mCh RNAi served as controls for
quantification.

(G and H) Scatter bar plots quantifying CryAB in-
clusion size (G) and number (H) in IFMs upon
Tsp96f RNAI induction. Data are presented as
mean + SD (n = 10 per genotype, Mann-Whitney
test). *p < 0.05, *p < 0.01, and ***p < 0.001.
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change as PXD074306 and are publicly available at https://doi.org/10.
25345/C5ZK5611C.

® Code availability - This paper does not report original code.

@ All other data availability - Any additional information required to reana-
lyze the data reported in this paper is available from the lead contact
upon request.
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Plasmid: pUAST_hDesmin (aa117-349) This paper Progenitors:Genscript gene synthesis;
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Software and algorithms

Empiria Studio Software LI-COR Biosciences RRID:SCR_022512

Image J https://imagej.net/ij/ RRID:SCR_003070

Graphpad Prism https://www.graphpad.com/ RRID:SCR_002798

Biorender https://www.biorender.com/ RRID:SCR_018361

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Drosophila stocks and husbandry

Drosophila melanogaster was used for all Drosophila experiments. Males and females were used for larval muscle experiments and
only females were used for adult muscle experiments to control for sex differences. Only staged L3 larva were used for larval muscle
experiments. For aging experiments, only day 2 or day 10 flies were used for adult experiments. Fly stocks were maintained on Bloo-
mington Drosophila Stock Center (BDSC) Cornmeal Food (https://bdsc.indiana.edu/information/recipes/bloomfood.html). All
Drosophila genotypes are described here. Drosophila stocks obtained from the BDSC are indicated with BL followed by the stock
number. Mef2-Gal4 (BL27390) was used to direct expression in larval muscles and the IFMs. UAS-mCherry RNAi (BL35785) was
used as a control for Gal4-mediated experiments. BDSC stocks used for the analysis of EV markers: UAS-TSG107-HA
(BL77977), UAS-Alix-Flag-HA (BL95213), and UAS-YFP-Rab27 (BL9810). UAS-SCNA served as a negative control (BL51376).
RNAI lines from BDSC: UAS-Tsp6F RNAi (BL40901). The UAS-mCh-Tsp96F flies were a gift from Dr. Julia Gro8’? and the UAS-
hCD63-GFP flies were obtained from Dr. Young Kwon.

Zebrafish maintenance

AB Zebrafish wildtype and the previously generated transgenic reported line tg(Kdrl:EGFP) were kindly provided by the Zebrafish
Facility of the University of Padova.?' Zebrafish manipulation and experiments have been performed according to the formal Italian
Ministry of Health Authorization n. 60/2023 and followed all standard Animal Care Standard Operating Procedures (ARRIVE guide-
lines 2.0). All lines have been maintained at 28.5°C, with a 14-10 light-dark cycle in aerated saline water, in the Zebrafish Facility at the
University of Brescia according to standard protocols.®® To allow animal breeding, egg deposition and fertilization, male and female
animals were separated in the late afternoon and free to start courtship the next morning to allow mating events. Embryos were then
injected at 1 cell stage with 25 ng/uL of each plasmid (hCRYAB WT, hCRYAB G154S, hMYOT WT and hMYOT S95I) as previously
described.®”#% Embryos were collected and maintained at 28.5°C in embryo medium (0.19 g/L CaS04, 0.1 g/L Instant Ocean Salt e
0.1 g/L NaHCO3). All manipulation and experiments were performed within 120 h post-fertilization (hpf) and thus did not require
formal authorization according to Standard Operating Procedures of the Animal Care, the Use Committee of the University of Brescia
and ltalian Ministry of Health directives.

Human muscle biopsy collection

The study was conducted in accordance with the Declaration of Helsinki, and approved by the Ethics Committee of Azienda Ospe-
daliera Universitaria Integrata di Verona (BIOB-NEU-DNA-2014, prog. 430CESC). All deidentified patients underwent open muscle
biopsy at the Neuromuscular Center of Clinical Neurology, Department of Neurosciences, Biomedicine and Movement Sciences,
University of Verona, Verona, Italy. Muscle biopsies were performed for diagnostic purpose after written informed consent.

METHOD DETAILS

Creation of transgenic flies

CryAB

UAS-CryAB (wild-type) and UAS-mediated phosphosite mutations (S68A, S68E, S70, S70E, S68/70A) were previously published.®?
To generate UAS-human CryAB mutations (D709A, D109H, R120G or R157H), cDNA corresponding to the coding region of wild-type
CryAB-RC was synthesized by Genscript, subcloned into the pUAST_attB vector using EcoRI/Xbal sites, and subjected to site-
directed mutagenesis. Plasmid DNA was verified by sequencing and purified using the Qiagen Maxi kit (Hilden, Germany). Constructs
were sent to Rainbow Transgenic Flies, Inc. (Camarillo, CA) for injection into line # 9736 for integration at the PhiC31landing site
(53B2). All resulting transgenic lines were balanced over the w; ScO/Cyo,Tb balancer (BL36335). Each CryAB line was then recom-
bined with the Mef-Gal4 driver and maintained at 18°C.
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hDesmin

cDNA corresponding to the amyloidogenic region of human Desmin (aa 117-348)°° was synthesized by Genscript and subcloned into
the pUAST vector using EcoRlI/Xbal sites. Plasmid DNA was verified by sequencing, purified using the Qiagen Maxi kit (Hilden, Ger-
many), and Rainbow Transgenic Flies, Inc. (Camarillo, CA) for injection into y+ embryos. The resulting w+ fly lines were balanced over
the w; ScO/Cyo, Tb (BL36335) or w; TM3,Sb/TM6b,Tb (Geisbrecht lab) balancers. Experiments in this paper used an insertion on
chromosome 2.

Visualization of muscle tissue

Larval muscle staining

Wandering L3 larvae were placed onto a Sylgard plate, pinned near the mouth hooks at the anterior end, and the internal organs were
removed. Muscle carcasses were fixed in 4% formaldehyde, rinsed 3x in phosphate buffered saline + 0.5% Tween (PBT) and blocked
for 30 min in 5% normal goat serum (NGS). Primary antibodies were incubated overnight at 4 °C in PBT, washed 3x in PBT followed by
secondary antibody incubation for 2hrs at room temperature. Samples were then washed 3x in PBT and mounted in glycerol + 0.5%
n-propyl gallate (anti-fade reagent with 10% 20mM Tris buffer, pH=8.0). Tissues were stained with rabbit anti-CryAB (1:200,
#DZ33926, Boster Bio, Pleasanton, California) followed by Alexa Fluor anti-rabbit 488 (1:400; A11001, Invitrogen, Waltham, MA)
and phalloidin 594 to label F-actin (1:400, A12381 Molecular Probes, Invitrogen, Waltham, MA).

Adult IFM staining

Day 2 or Day 10 female adult flies were anaesthetized on a CO, plate and the head, wings and abdomen were removed. The remain-
ing whole thoraces were fixed in 4% methanol-free formaldehyde (Polysciences, Warrington, PA) for 30 minutes at room temperature
and washed three times in PBT before bissection using a sharp blade. Immunostaining was performed as described above using the
following primary antibodies: rabbit anti-CryAB (1:200, #DZ33926, Boster Bio, Pleasanton, California), mouse anti-Ubi UBCJ2 (1:200,
ENZ-ABS840, Enzo Life Sciences, Farmingdale, NY); rabbit anti-p62 (1:200, ab178440, Abcam, Cambridge, MA), rabbit anti-Stv
(1:200),%* rabbit anti-hDesmin (1:200, AB_11000611, Invitrogen, Waltham, MA), mouse anti-HA 6E2 (1:400, #2367, Cell Signaling,
Danvers, MA), anti-Rab7 (1:200, AB-2722471, DSHB, lowa, |A), anti-Rab5 (1:200, ab31261, Abcam, Cambridge, United Kingdom),
and anti-SNCA (1:200, sc-12767, Santa Cruz Biotechnology, Dallas, TX). Secondary antibodies were either Alexa Fluor anti-rabbit
488 (1:400, A11034, Invitrogen, Waltham, MA), Alexa Fluor anti-rabbit 594 (1:400, A21207, Invitrogen, Waltham, MA), Alexa Fluor
anti-mouse 488 (1:400, A11001, Invitrogen, Waltham, MA), Alexa Fluor anti-mouse 594 (1:400, A-11005, Invitrogen, Waltham,
MA). Alexa Fluor Phalloidin 647 were used to label F-actin (1:400, A22287, Invitrogen, Waltham, MA).

Adult heart tube staining

Day 2 female adult flies were anaesthetized on a CO, plate. Whole flies were fixed in 4% formaldehyde overnight at room temper-
ature, dissected to reveal the heart tube, and immunostained as described above with rabbit anti-CryAB (1:200, #DZ33926, Boster
Bio, Pleasanton, California) and mouse anti-Ubi UBCJ2 (1:200, ENZ-ABS840, Enzo Life Sciences, Farmingdale, NY). Alexa Fluor anti-
rabbit 488 (1:400, A11034, Invitrogen, Waltham, MA), Alexa Fluor rabbit 594 (1:400, A21207, Invitrogen, Waltham, MA), Alexa Fluor
anti-mouse 488 (1:400, A11001, Invitrogen, Waltham, MA), Alexa Fluor mouse 594 (1:400, A-11005, Invitrogen, Waltham, MA). Phal-
loidin 647 were used to label F-actin (1:400, A22287, Invitrogen, Waltham, MA).

Zeiss image processing

Images were captured using a Zeiss 700 confocal microscope. Image processing and analysis were performed using a combination
of Zen Black (Zeiss), Imaged (NIH), and Adobe Photoshop. All fly muscle images taken at 63x are displayed as a single plane confocal
images.

3D morphological analysis of fly muscles

Z-stack images were opened with Imaris (version 10.2, Oxford Instruments). Four fluorescence channels of cellular structures in each
Z-stack image were assigned different colors using the ‘Display Adjustment’ tool. The intensity and contrast of each channel were
adjusted individually. The ‘Volume’ tool was used to generate a 3D volume view of each channel. In the ‘Volume Settings’ stub, the
‘Normal Shading’ mode was chosen to display the volume view and ‘Opacity’ was set to 0.39. The ‘Min’ and ‘Max’ parameters were
adjusted to ensure that the fluorescence signal channel in each channel was accurately represented within the corresponding volume
rendering. 3D animations of cellular structures were created using the horizontal and vertical rotation functions, and 3D images were
captured with the ‘Snapshot’ tool.

Western blotting to assess soluble and insoluble fractions

Day 2 or Day 10 adult female flies were anaesthetized on a CO, plate and the head, wings and abdomen were removed and prepared
as described with minor modifications.®® Three thoraces for each genotype were homogenized in 50 pl of freshly prepared TritonX-
100 cell lysis buffer: 1% TritonX-100 cell in PBS, 1x Halt Phosphatase inhibitor cocktail (#1862495, Thermo Scientific, Waltham, MA),
1x Halt Protease inhibitor cocktail (#1861278, Thermo Scientific, Waltham, MA) on ice with the aid of a tissue homogenizer (Kimble).
Homogenates were then centrifuged at 21,000 x g at 4°C for 10 min and the supernatant (soluble fraction) was collected in 3x SDS
sample buffer: 188 mM Tris-HCI (pH 6.8), 3% (w/v) SDS, 30% (v/v) glycerol, 0.01% (w/v) bromophenol-blue, and 15% (v/v)
B-mercaptoethanol, and boiled at 95°C for 5 min before gel loading. The remaining pellet (insoluble fraction) was washed with Triton
X-100 buffer 3x and the samples were centrifuged at 21,000 x g for 5 mins at 4°C. The supernatant was discarded and the pellet was
resuspended with 50uL freshly prepared Urea/SDS buffer (Urea and SDS solubilization buffer 10mL: 8M Urea, 2.5mL 20% SDS, 1mL
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10X RIPA buffer, 1x Halt Phosphatase inhibitor cocktail, and 1x Halt Protease inhibitor cocktail with homogenization. The sample was
centrifuged at 21,000 x g at 4°C for 10 mins and the resulting insoluble supernatant was transferred to a new tube. 50uL 3x SDS sam-
ple buffer was added and the sample was boiled at 95°C for 5 min before gel loading. The soluble or insoluble protein samples were
separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to the nitrocellulose blotting
membrane (pore size 0.45 pm, Cytiva, Marlborough, MA) using the Trans-Blot® TurboTM Transfer System (Bio-Rad, Hercules, CA).
Membranes were probed with rabbit anti-CryAB (1:1000, #DZ33926, Boster Bio, Pleasanton, CA), or rabbit anti-Ref(2)p/p62
(ab178440, 1:2000, Abcam, Cambridge, UK). IRDye 800CW secondary antibodies (LI-COR Biosciences, Lincoln, NE) were used
at 1:10000 and Revert 700 Total Protein Stain (LI-COR Biosciences, Lincoln, NE) or anti-ATP5« (1:20000, ab14748, Abcam, Cam-
bridge, United Kingdom) was used as a loading control. Membranes were developed using the LI-COR Odyssey XF and quantitation
of relative protein levels was performed in Empiria Studio Software (LI-COR Biosciences, Lincoln, NE). N=3 for all Western blots.

Lethal stage analysis

Adult survival

Lifespan measurements for adult flies was performed at 31°C in an incubator with 60% humidity. For each of the analyzed genotypes,
virgin female flies were collected at Day 1 and transferred to fresh media each day. The number of dead flies was recorded at 24 hr
intervals until the end of lifespan. N>3 biological replicates with each replicate consisting of at least 50 flies.

Pupal lethality

To measure the stage of pupal lethality for each genotype, the F1 generation was shifted to the 31°C incubator at the embryo stage.
After the flies eclosed as adults, the remaining empty pupa cases or dead pupa in each vial were recorded. N>3 biological replicates
with each replicate consisting of at least 80 pupae.

Quantification of CryAB aggregates or inclusions

For each muscle thorax, 10 randomly selected confocal images were selected for quantification. Ubi was used as a marker for ag-
gregates in double labeling experiments with CryAB. Either CryAB alone or CryAB and hDesmin or HA (for Alix and TSG101) were
used to label inclusions. For quantification, the number of Ubi(+)/CryAB(+) aggregates or CryAB(+) and/or hDesmin(+) structures
were manually counted and divided by the total area of muscles per picture to calculate the average number/2500 pm? (50 x
50 pm) in each image. Measurements of CryAB inclusion body area was analyzed using the Wand tool of Image J. This experimental
approach was applied consistently throughout the study to analyze individual CryAB mutant expression, as well as in co-expression
models including CryAB mutant/Desmin, CryAB mutant/mCherry RNAi, CryAB mutant/Alix-HA, CryAB mutant/mCherry-Tsp96F, and
CryAB mutant/Tsp96F RNAi. N>10 for each genotype. See also quantification and statistical analysis section.

Transmission Electron Microscopy (TEM)

Adult female flies were reared at 31°C until Day 10, anaesthetized on a CO, plate and the head, wings and abdomen were removed.
Each fly thorax was dissected in 0.1 M cacodylate buffer and fixed in 1% glutaraldehyde/4% paraformaldehyde in 0.1 M cacodylate
buffer overnight at 4°C followed by three washes with 0.1 M cacodylate buffer. The samples were treated with 1% OsO4 for 1 h at
4 °C. After washing with ddH20, the samples were dehydrated in a gradient series using 30%, 50%, 70%, 95%, and 100% ethanol
solutions at room temperature. The samples were then infiltrated using series epoxy resin at room temperature and mounted in pure
resin. After polymerization at 60°C for 2 Days, 90 nm semi-thin sections were cut and stained with toluidine blue stain to determine
orientation. Ultrathin sections were stained with uranyl acetate and lead citrate for observation under a JEOL JEM 1400 electron mi-
croscope at the University of Kansas Medical School.

CryAB inclusion extraction from muscle

Adult Drosophila were anesthetized on a CO, pad, and thoraces were carefully dissected and transferred into 50 pL of phosphate-
buffered saline (PBS) containing protease and phosphatase inhibitors, along with 1-phenyl 2-thiourea (PTU) to prevent melanization.
Samples were processed on ice to preserve protein integrity. Thoracic tissue was homogenized thoroughly and centrifuged at
1,000 x g for 3-5 minutes at 4°C. The resulting supernatant was collected and applied to L-lysine-coated slides to allow inclusions
to settle for 5 minutes at 4°C. Samples were then fixed with 1 mL of 4% formaldehyde in PBS for 30 minutes in the dark. After fixation,
the slides were rinsed twice with PBS containing 0.3% Triton X-100 (PBT). Antibody staining was performed as described above.

Congo red and CryAB staining

Slides with isolated inclusions from either muscle or hemolymph were incubated in Solution A (NaCl-saturated 80% ethanol with
0.01% NaOH) for 20 mins. This was followed by a 20 min incubation in Solution B (2.5 g Congo red and 1 g potassium hydroxide
dissolved in 500 mL of 80% ethanol) at room temperature. Samples were then sequentially rinsed in absolute ethanol and xylene
before immunofluorescence staining.?®*” Following Congo red staining, slides were washed 2-3 times with PBT. To prevent
disruption of Congo red signals during antibody staining, blocking was performed using PBS supplemented with 5% normal
goat serum (NGS) for 30 minutes (PBT was avoided at this step). Primary antibodies were diluted in the same PBS blocking buffer
and incubated with samples overnight at 4°C. The following day, slides were washed twice in PBT for 5 minutes each. Samples
were re-blocked in PBS + 5% NGS for 30 minutes before incubation with fluorescently labeled secondary antibodies Alexa Fluor
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anti rabbit 488 (1:400, A11034, Invitrogen, Waltham, MA) for 2hrs at room temperature. Finally, slides were washed twice in PBT
and mounted for imaging.

Thioflavin T (ThT) assay

Thioflavin T assays were performed using inclusions extracted from adult muscle thoraces as shown in Figure 5A. The final inclusion
pellet was resuspended in 200 uL PBS. A 1 mM ThT stock solution was prepared in ddH,O and diluted in PBS to a working concen-
tration of 25 pM (25 pL of 1 mM ThT added to 975 pL PBS; sample volumes were adjusted accordingly). Inclusion samples (10 pL,
25 pL, 50 pL, or 100 pL) were added to wells of a 96-well plate containing the ThT working solution. Plates were covered to protect
from light and incubated in a shaking incubator at 37 °C for 1 hr. Fluorescence was measured using a Biotek Synergy H1 microplate
reader with excitation at 450 nm and emission at 485 nm.

Hemolymph inclusion extraction

Adult Drosophila were anesthetized on a CO, pad, and thoraces were dissected and transferred into 500 pL microcentrifuge tubes
containing 50 pL of phosphate-buffered saline (PBS) supplemented with protease and phosphatase inhibitors, and 1-phenyl 2-thio-
urea (PTU). A small hole was pierced at the bottom of a 500 pL tube, which was then placed inside a 1 mL collection tube to allow
hemolymph to drain during centrifugation. Hemolymph was collected by centrifugation at 21,130 x g for 5 minutes at 4°C. The su-
pernatant was then sequentially centrifuged at 700 x g for 20 minutes, 1,500 x g for 10 minutes, and 14,000 x g for 20 minutes to
purify EVs from the hemolymph.” The final EV pellet (14000 x g pellet) was resuspended in 200 L of PBS. This EV preparation was
subsequently used for Congo Red staining, CryAB immunostaining, and mass spectrometry.

Mass spectrometry

300 adult thoraces of each genotype were used for the inclusion hemolymph extraction of mass spectrometry. Inclusions in EV sam-
ples were dried in a SpeedVac concentrator until reduced to ~100 pL. Samples were lysed by adding an equal volume of RIPA buffer
supplemented with protease inhibitors, phosphatase inhibitors, and nuclease, followed by incubation on ice for 30 minutes. Lysates
were then sonicated in a water bath for 15 minutes. For reduction of disulfide bonds, 20 pL of 50 mM TCEP was added (final con-
centration 5 mM), and samples were incubated at 55°C for 30 minutes. Cysteine alkylation was performed by adding 6 pL of
375 mM iodoacetamide (IAA; final concentration 10 mM) and incubating the mixture at room temperature in the dark for 30 minutes.
Proteins were precipitated by adding 900 pL of acetone (1:5 dilution) and incubating overnight at —20 °C. The following day, samples
were centrifuged at 14,000 x g for 10 minutes at 4°C. Supernatants were removed, and protein pellets were air-dried for 15 minutes at
room temperature. Pellets were then resuspended in 100 pL of 50 mM triethylammonium bicarbonate (TEAB) containing 2 mM CaCl,.
Proteins were digested overnight at 37°C with 500 ng of trypsin (0.1 mg/mL) at 500 rpm. Digestion was quenched by adding 10%
formic acid to a final concentration of 1%.

LC-MS/MS analysis

Peptide concentrations were determined using a NanoDrop UV spectrophotometer. Based on these measurements, 0.5 uL of each
sample was loaded onto a C18 reversed-phase column and analyzed using an Orbitrap Ascend mass spectrometer equipped with
FAIMS for LC-MS/MS acquisition at the University of Kansas Medical School.

Mass spectrometry data processing

Raw mass spectrometry data were processed using Proteome Discoverer with the SeQuest search engine, using the Drosophila mel-
anogaster UniProt protein database (downloaded July 18, 2025). The “Proteins” output table includes all proteins detected across
samples. Grouped abundance values represent the median protein abundance across sample replicates (columns Z-AC). Normal-
ized and raw abundance values are provided in columns AH-AS and AT-BE, respectively. For each pairwise comparison, an abun-
dance ratio (AR) and log,>(AR) were calculated. Proteins with log>(AR) > 1 were considered significantly enriched in the numerator
sample, while proteins with log>(AR) < —1 were considered significantly depleted. These proteins are marked in green (> 1) or
red (< —1) in columns |. Statistical significance was assessed using p-values, with proteins meeting p < 0.05 highlighted in yellow
in columns J. GraphPad Prism was used to generate volcano plots. Gene Ontology (GO) biological process enrichment analyses
were performed using the PANTHER-based Pangea GO analysis platform. N=3.

Proteasome activity assay

Drosophila 20S proteasome activity was determined using the 20S Proteasome Assay Kit (#10008041, Cayman Chemical, Ann Arbor,
MI). Crosses were reared at 25°C and transferred to 31°C after eclosion. For each genotype, 5 adult female flies at either Day 2 or Day
10 were dissected to remove the head, wings, and abdomen. The thorax was transferred to a 1.5 ml microcentrifuge tube containing
200 pl of ice-cold 20S Proteasome Lysis Buffer. After homogenization on ice, the tube was centrifuged at 12000 x g for 5 minutes at
4°C, and the supernatant was transferred to a new tube and kept on ice. 5 wells were used for each genotype in a 96-well plate. 10 pl
of 20S Proteasome Assay Buffer was added to each well with increasing amounts of supernatant (0, 5, 10, 20, and 50 pl in wells 1-5,
respectively). 20S Proteasome Lysis Buffer was added to each well to bring the total volume up to 100 pl. For samples treated with the
20S Proteasome Inhibitor (EGCG), 10 pl of inhibitor was added instead of Assay buffer. Finally, 10 pl of the 20S Proteasome Substrate
(SUC-LLVY-AMC) was added to each well. The plate was incubated at 37°C for 1 hr. After 1 hr the fluorescence intensity for each well
was read using a Biotek Synergy HI plate reader (excitation = 360 nm, emission 480 nm).
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Yeast two-hybrid (Y2H)

Y2H assays were carried out by Hybrigenics Services as previously described.®’ To summarize,the coding sequence of the full-
length D. melanogaster NUAK/CG43143 (GenBank accession number NM_206469.3) was PCR-amplified and cloned in frame
with the Gal4 DNA binding domain (DBD) into plasmid pB66 as a C-terminal fusion to Gal4 (Gal4-bait fusion). Prey fragments of
full length CryAB, CryAB D109A, CryAB D109H, CryAB R120G, and CryAB R157H were cloned in-frame with the Gal4 activation
domain (AD) into plasmid pP7. Bait and prey constructs were transformed in the yeast haploid cells CG1945 (mata) and YHGX13
(Y187ade2-101::loxP-kanMX-loxP, mata) and diploid yeast cells were obtained using a mating protocol with both yeast strains.
The interaction between SMAD and SMURF was used as positive control. As negative controls, all prey plasmids were tested
with the empty vector (EV) pB66. Controls and interactions were tested in the form of streaks of three independent yeast clones
for each control and interaction. Medium lacking tryptophan and leucine was used as a growth control and to verify the presence
of the bait and prey plasmids. The selective medium without tryptophan, leucine, and histidine selected for the interaction between
bait and prey and 0.05 mM 3-AT was added to select for interaction between bait and prey.

Zebrafish Congo red staining

Zebrafish embryos at 120 hpf from each condition were fixed for 3 h in 4% PFA (Merck KGaA, Darmastadt, Germany) and washed in
PBS. Successively, embryos were permeabilized for 60 min with 10 pg/mL proteinase K in PBS and briefly re-fixed in 4% PFA in PBS
for 20 min. After 3 PBS and 2 Milli-Q water washes, samples were incubated 1 hrin Congo red, followed by a Milli-Q wash of 10 min, a
brief wash in a 0.036 M/L KOH solution in ETOH followed by 2 Milli-Q water washes. Samples were then analyzed using an
Axiozoom.V16 fluorescence stereomicroscope equipped with Axiocamera 506 (Zeiss International, Oberkochen, Germany). The
representative images were kindly taken by Prof A. Vettori’s group at the CPT of the University of Verona with a confocal-Multiphoton
Leica TCS SP5 AOBS with 20x objective (Leica Microsystem, Wetzlar, Germany).

Human biopsy histochemistry

For conventional histological and histochemical studies, consecutive or nonconsecutive 8-pm-thick cryosections were stained with
haematoxylin and eosin (H&E), modified Gomori trichrome, adenosine triphosphatase (ATPase, pre-incubation at pH 4.3, 4.6 and
10.4), succinate dehydrogenase (SDH), cytochrome c oxidase (COX), reduced nicotinamide adenine dinucleotide (NADH), periodic
acid-Schiff (PAS) with diastase digestion and Sudan black. Congo red staining was performed by 1 h incubation at room temperature
in Congo red followed by consecutive washes in water, KOH solution (0.036 M/L) in 90% Ethanol, water and PBS. Congo red-stained
sections were viewed under rhodamine fluorescence. Image acquisition was performed on Axioscope 5 equipped with Axiocam 208
color (Zeiss) and Axiolab fluorescence microscope equipped with AxioCam HRm (Zeiss).

QUANTIFICATION AND STATISTICAL ANALYSIS

Raw Data and Statistics Summary, related to the Main Figures.

Panel Graph type N value Statistical test used Precision p-value
Figure 1C  Survival Curve N>50 for each genotype  Simple survival analysis ~ Percent p<0.0001
(Kaplan-Meier)
Figure 2C  Scatter bar plot N>10 for each genotype  Kruskal-Wallis test Mean +/- SEM ns, p<0.001, p<0.0001
Figure 2D Scatter bar plot N>10 for each genotype  Kruskal-Wallis test Mean +/- SEM ns, p<0.01, p<0.001
Figure 2E Column bar graph N>10 for each genotype ~ Mann-Whitney test Mean +/- SEM ns, p<0.0001
Figure 2G  Scatter bar plot N=3 for each genotype Kruskal-Wallis test Mean +/- SD ns, p<0.05, p<0.01
Figure 2H Scatter bar plot N=3 for each genotype Kruskal-Wallis test Mean +/- SD ns, p<0.05
Figure 3A Scatter plot N>10 for each genotype  Kruskal-Wallis test Mean ns, p<0.05, p<0.001, p<0.0001
Figure 3B Scatter plot N>10 for each genotype  Kruskal-Wallis test Mean ns, p<0.05, p<0.01, p<0.0001
Figure 3C  Scatter plot N>10 for each genotype =~ Mann-Whitney test Median ns, p<0.05, p<0.0001
Figure 5C Points & connecting N=6 for each genotype Two way-ANOVA Mean and p<0.01, p<0.001, p<0.0001
line with error bars with Dunnett’s multiple error +/- SD
comparisons test
Figure 6B Stacked bar N>29 for each genotype  Bonferroni’s multiple Mean +/- SEM ns, p<0.001
comparison test
Figure 6D  Stacked bar N>20 for each genotype Bonferroni’s multiple Mean +/- SEM p<0.05, p<0.001
comparison test
Figure 7H Scatter bar plot N=10 for each genotype Mann-Whitney test Mean +/- SD p<0.0001

(Continued on next page)
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Continued

Panel Graph type N value Statistical test used Precision p-value

Figure 71 Scatter bar plot N=10 for each genotype Mann-Whitney test Mean +/- SD ns, p<0.05, p<0.001

Figure 8C  Scatter bar plot N=10 for each genotype Mann-Whitney test Mean +/- SD p<0.0001

Figure 8D  Scatter bar plot N=10 for each genotype Mann-Whitney test Mean +/- SD ns, p<0.001

Figure 8G  Scatter bar plot N=10 for each genotype Mann-Whitney test Mean +/- SD p<0.01, p<0.001

Figure 8H Scatter bar plot N=10 for each genotype Mann-Whitney test Mean +/- SD ns, p<0.05

Raw Data and Statistics Summary, related to the Supplementary Figures.

Panel Graph type N value Statistical test used Precision p-value

Figure S1C Scatter bar plot N > 80 for each genotype Kruskal-Wallis test Mean + SD ns

Figure S1E Scatter bar plot N=3 for each genotype Kruskal-Wallis test Mean +/- SD ns

Figure S2C Scatter bar plot N=3 for each genotype Kruskal-Wallis test Mean p<0.05, p<0.01

Figure S2D Scatter bar plot N=3 for each genotype Kruskal-Wallis test Mean p<0.05

Figure S3C Scatter bar plot N=3 for each genotype Kruskal-Wallis test Mean ns

Figure S3D Scatter bar plot N=3 for each genotype Kruskal-Wallis test Mean ns

Figure S4A Point & connecting N=3 for each genotype Simple linear regression Mean and p<0.0001
lines with error bars error +/- SD

Figure S4B Point & connecting N=3 for each genotype Simple linear regression Mean and p<0.0001
lines with error bars error +/- SD

Figure S5B Scatter plot N=10 for each genotype Kruskal-Wallis test Mean ns

Figure S5C Scatter plot N=10 for each genotype Kruskal-Wallis test Mean ns

Figure S7B Column bar plot N=2 for each interaction N/A Mean +/- SD N/A
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