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This study uncovers and characterizes a role for Pfdn5 in stabilizing axonal
microtubules and synaptic morphology in the Drosophila peripheral nervous system.
Although the mechanisms remain unresolved, the phenotypic characterization is an
important contribution with solid evidence. The work also aims to address a
potential interaction between Pfdn5/6 and Tau-mediated mechanisms of
neurodegeneration; here, the evidence is partially incomplete.

https://doi.org/10.7554/eLife.104691.1.sa3

Abstract

Tauopathies represent a major class of neurodegenerative disorders associated with
intracellular aggregates of the microtubule-associated protein Tau. To identify molecular
modulators of Tau toxicity, we used a genetic screen to identify protein chaperones whose
RNAi-mediated knockdown could modulate hTau"33"M-induced eye-ommatidial degeneration
in Drosophila. This screen identified the Prefoldins Pfdn5 and Pfdn6 as strong modifiers of
hTau"33"M cytotoxicity. Consistent with the known function of Pfdn as a cotranslational
chaperone for tubulin, Pfdn5 mutants showed substantially reduced levels of tubulin
monomer. However, additional microtubule-related functions were indicated by the robust
unexpected association of Pfdn5 with axonal microtubules in vivo, as well as binding with
stabilized microtubules in biochemical assays. Loss of Pfdn5 resulted in neuromuscular
junctions (NM]J) defects similar to those previously described in hTau-expressing flies:
namely, increased supernumerary boutons and fewer microtubule loops within mature
presynaptic boutons. Significantly, synaptic phenotypes caused by hTauV33"M overexpression
were also strongly enhanced in a Pfdn5 mutant background. Consistent with a role in
modulating Tau toxicity, not only did loss of Pfdn5 result in increased accumulations of Tau-
aggregates in hTauV337M expressing neurons, but also neuronal overexpression of Prefoldin
strikingly ameliorated age-dependent neurodegeneration and memory deficits induced by
pathological hTau. Together, these and other observations described herein: (a) provide new
insight into Prefoldin-microtubule interactions; (b) point to essential posttranslational roles

Anjali Bisht et al., 2024 eLife. https://doi.org/10.7554/eLife.104691.1 1 0of 39


https://doi.org/10.7554/eLife.104691.1
https://en.wikipedia.org/wiki/Open_access
https://doi.org/10.7554/eLife.104691.1.sa3
https://elifesciences.org/

7 eLife

for Pfdn5 in controlling Tau-toxicity in vivo; and (c) demonstrate that Pfdn5 overexpression is
sufficient to restrict Tau-induced neurodegeneration.

Introduction

Aberrant accumulation of misfolded protein aggregates is associated with neuroinflammation,
neuronal death and progressive cognitive decline in diverse groups of neurodegenerative diseases
[1Z-42]. Alzheimer’s disease, as well as a subset of other neurodegenerative disorders together

referred to as Tauopathies, are defined by accumulated intracellular aggregates of the Tubulin-
associated unit (Tau) protein [5 2 -7 (7 ]. Despite substantial clinical interest and decades of

Tau is predominantly expressed in neurons, where it stabilizes microtubules, thus facilitating
intra-axonal transport [9% 112 ]. Several mutations in Tau protein have been identified that
contribute to a wide spectrum of Tauopathies, including Alzheimer’s disease, Pick’s disease,
progressive supranuclear palsy (PSP), corticobasal degeneration (CBD) and frontotemporal

dementia with parkinsonism linked to chromosome 17 (FTDP-17) [12 2, 13 ]. These pathogenic

destabilization of microtubules may contribute to the progression of Tau pathogenesis. Such a
model is supported by studies in Drosophila and rodent models of Tauopathies. Several of these
models of Tauopathy show disrupted microtubules, synaptic abnormalities, and abnormal motor
behavior [16 2 ]. Significantly, pharmacological stabilization of microtubules or reducing Tau

However, alternative approaches to mitigate Tau-induced neurodegeneration are required
because the currently available microtubule-targeting drugs are toxic at concentrations required

molecular chaperones that directly or indirectly control Tau aggregation and Tau-induced
neurotoxicity in vivo [23(5, 242 ].

Molecular chaperones facilitate proper protein folding, prevent protein aggregation and solubilize
or facilitate autophagic or proteasomal elimination of protein aggregates [25 (2 -27 % ]. Consistent

the other hand, as chaperones stabilize misfolded protein states, the expression of certain
chaperones or cochaperones can sometimes also promote and facilitate the aggregation of Tau
[28C2, 29 (Z]. For instance, expression of HSP90 cochaperones, FKBP52 or Ahal in the mouse brain
enhances Tau aggregation, neuroinflammation and cognitive decline in Tau transgenic mouse
model [29 (2, 30 (2 ]. These and other data indicate that: (a) chaperones not only alleviate but also
aggravate Tau aggregation and hence identification and analysis of chaperones that modulate Tau-
aggregation and toxicity are required to understand biological and pathogenic mechanisms
involved in Tauopathy, and (b) genetic or pharmacological manipulation of specific chaperone

activities could be of possible therapeutic value for treating Tau-induced neurodegeneration.

We began this study by screening a collection of 64 Drosophila chaperones for their ability to
modulate neurodegeneration caused by the expression of a pathogenic human Tau-protein variant
hTauV33"M in the Drosophila compound eye. We describe here a detailed analysis of Pfdn5, a
subunit of the Prefoldin complex, which is shown to be involved in the proper folding of
translationally derived actin and tubulin monomers [31, 32(#] in the regulation of neuronal

microtubule stability and Tau-induced neurotoxicity in vivo. We report that Prefoldin 5 colocalizes
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with axonal microtubules and physically associates with stable microtubules. Loss of Pfdn5
resulted in a remarkable reduction in tubulin levels, disrupting microtubules in otherwise wild-
type Drosophila, as well as the aggregation of Tau in axons of the Drosophila hTau"33"M disease
model. While Pfdn5 deletion exacerbates Tau-induced neurotoxicity, overexpression of Pfdn5
slows down the age-dependent progression of neurodegeneration and suppresses the learning and
long-term memory deficits associated with Tau-induced neurotoxicity. These and other
observations described in subsequent sections of this paper suggest that (1) In addition to its role
as a cotranslational chaperone for tubulin, Pfdn5 has direct roles in the stability of mature
microtubule filaments, and (2) Pfdn5 stabilizes microtubules, prevents neuronal loss and delays
the onset of Tau-induced neurotoxicity. Since the overexpression of Pfdn5 restored the Tau-
induced neurological abnormalities to the control levels without causing any detectable changes
in synaptic morphology, cognitive impairment, or organismal health, we suggest that Pfdn5 could
be a possible therapeutic target for Tauopathies.

Results

A reverse-genetic screen of Drosophila chaperones identified

Prefoldins as genetic modifiers of Tau-induced neurodegeneration

To identify chaperones that modulate Tau-induced neurodegeneration, we performed a screen for
chaperones whose RNAi-based knockdown would modify progressive cytotoxicity observed in the
eyes of Drosophila expressing human Tau"33"M, We used the hTau"33"™ model because its
expression in the eye resulted in moderate phenotypes, and therefore, allowed us to score for both
coexpressed this transgenic construct (UAS-hTau"33”M) with each of 109 RNAi lines (targeting 64
chaperones) in the Drosophila eye using the pan-retinal driver GMR-Gal4 and examined how each
RNAi line influenced ommatidial degeneration in hTau"33’M expressing flies, seven days post-
eclosion (Figure S1). We identified 20 chaperones that enhanced the neurotoxicity and 15 that
suppressed hTauV33"M-induced ommatidial degeneration (Figure 1 and Figure S1). Consistent
with the previous studies [34(Z, 35 @], we found that the knockdown of Hsp70 enhanced Tau-
induced neurodegeneration (Figure S1I-I” and AH), validating the authenticity of this screen. In
addition, the screen identified novel candidate Tau modulators. These notably included Drosophila
orthologs of Prefoldins, tubulin binding cofactor E (TBCE) and chaperonin containing TCP1 (CCT),
chaperones known to co-translationally regulate proper folding of tubulin or actin monomers
(Figure 1C-L®@). Knockdown of Prefoldin subunits by different independent RNAi constructs
strongly enhanced the ommatidial degeneration (Figure 1C-I2). Similar effects were also seen
following the knockdown of CCT or TBCE (Figure 1J-L (2).

The effect of Pfdn5 knockdown on Tau-induced eye degeneration, measured by quantifying the
percentage of the degenerated eye area, was particularly robust compared to the hTauV337M
expressing flies (GMR-Gal4>UAS-hTau"33"M: 42,74 + 1.59% vs GMR- Gal4>UAS-hTau"33"M; yAs-
Pfdn5 RNAi: 85.06 + 3.62%; p < 0.001) (Figure 1M @). Three independent Pfdn5 RNAI lines targeting
different regions of Pfdn5 transcripts showed enhanced Tau-phenotypes (Supplemental table 1).
Moreover, prior cell culture studies have supported the idea that Prefoldin functions to regulate

the solubility of aggregate-prone proteins [36 (%, 37(% ]. For instance, the deletion of Pfdn is

explore whether this proposed role of Prefoldin could be relevant to the control of Tau aggregation
and neurodegeneration in vivo, and the finding that Pfdn5 get downregulated in Alzheimer’s
patients [40(7, 41 (2 ], we selected Pfdn5 for careful and detailed analysis.
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Figure 1

Prefoldin cochaperones are genetic modifiers of Tau-induced neurodegeneration

(A-L) Bright-field images of 7-day old Drosophila eyes expressing (A) hTau"337M (control), (B) GMR-Gal4>UAS-hTau"33"M: yas.
GFP (Gal4 dilution control), (C) GMR-Gal4>UAS- hTau"33"M: UAS-Pfdn4 RNAi, (D), (E), (F) GMR-Gal4>UAS-hTau"33"M; UAS-Pfdn5
RNAI, (G), (H), (I) GMR-Gal4>UAS-hTau"337M: UAS-Pfdn6 RNAI, (J) GMR-Gal4>UAS-hTau"33"M; UAS-TBCE RNAi, (K) GMR-Gal4>UAS-
hTau"337M: UAS-CCT5 RNA, (L) GMR-Gal4>UAS- hTau"33"M; UAS-CCT7 RNAI.

(M) Histogram showing the percentage of degenerated area in eyes of 7-day old flies of genotypes: UAS-hTau"33"/+; GMR-
Gald/+ (42.74 + 1.59), UAS-hTau"337M/+: GMR- Gald/UAS-GFP (46.7 + 1.79), UAS-hTau"33"M/+; GMR-Gald/UAS-Pfdn4 RNAi (BL77412;
63.9 + 2.95), UAS-hTau"337M/+; GMR-Gal4/UAS-Pfdn5 RNAi (BL67815; 61.6 + 3.6), UAS- hTau"33"M/+; GMR-Gal4/UAS-Pfdn5 RNA
(KK100796; 85.06 + 3.01), UAS-hTau"33"M/+; GMR-Gal4/UAS-Pfdn5 RNAi (GD29812; 64.44 + 4.91), UAS-hTau"33"M/+; GMR-Gal4/UAS-
Pfdn6 RNAi (BL65365; 70.95 + 4.17), UAS-hTau"33"M/+; GMR-Gal4/+; UAS-Pfdn6 RNAi/+ (GD34204; 98.57 + 0.4), UAS-hTau"33"M/+;
GMR-Gald/UAS-Pfdn6 RNAi (KK101541; 77.11 + 2.96), UAS-hTau"33"M/+; GMR-Gal4/+; UAS-TBCE RNAi/+ (BL34537; 62.01 + 5.65), UAS-
hTau"337M/+: GMR-Gald/+; UAS-CCT5 RNAi/+ (BL41818; 64.36 + 2.43), UAS-hTau"33"M/+; GMR-Gald/+; UAS-CCT7 RNAi/+ (BL34931;
61.67 + 4.47). *p<0.05; ***p<0.001; ns, not significant. At least 6 brightfield eye images of each genotype were used for
quantification.
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Prefoldin 5 regulates microtubule

organization and levels of tubulin monomers

Pfdn5 is a component of the hetero-hexameric Prefoldin complex, which regulates the folding of
nascent actin and tubulin monomers [32 (%, 42 (4 ]. To rigorously analyse the neuronal functions of
Pfdn5, we generated loss-of-function mutants of Pfdn5 using CRISPR/Cas9-based genome editing.
We created two independent Pfdn5 mutants (APfdn52°and APfdn5%%) using two distinct pairs of
gRNAs (Figure 2A ). Both these Pfdn5 mutants were null alleles, as no Pfdn5 transcript was
detected in the mutants (Figure S2A). Both homozygous and transheteroallelic mutants of Pfdn5
exhibited larval lethality at the L3 developmental stage (Figure 2A2). These findings suggest that
Pfdn5 is an essential gene required ubiquitously for survival.

Analysis of third instar larval NM]J in Pfdn5 mutants revealed the presence of several
supernumerary boutons (Figure S2G-N). Prior work has shown that induction of supernumerary
boutons can result from destabilizing the microtubule cytoskeleton at the NMJ [43C2, 44 (7]. We
therefore, investigated whether loss of Pfdn5 can influence axonal microtubules. We visualized
microtubules using the monoclonal antibody 22C10, which labels the microtubule-associated
protein Futsch in neurons. Futsch-positive loops are seen within a subset of stable presynaptic
boutons [45 (2 ]. Boutons containing such loops were greatly reduced in the Pfdn5 mutant (control:
19.98 + 2.18 vs APfdn515/40: 7.72 + 1.62; p < 0.001), and this reduction was restored to the control
levels (APfdn515/40: 7.72 + 1.62 vs Elav-Gald/+; UAS- Pfdn5/+; APfdn515/40: 27.39 + 2.21; p < 0.001)
upon pan-neuronal expression of a Pfdn5 transgene in Pfdn5 mutant background (Figure 2B-F ().
Consistent with this, we found a significant reduction in the intensity of acetylated tubulin, which
represents long-lived, stable microtubules, at the synapses and in the muscle of Pfdn5 mutant
compared to the control (synapses - control: 0.54 + 0.04 vs. APfdn515/40: 0.36 + 0.03: p <0.001;
muscles - control: 530.1 + 71.56 vs. APfdn515/40: 141.9 + 8.43: p < 0.001) (Figure S3). The reduced
acetylated tubulin intensity at Pfdn5 null mutant synapses was restored by the pan-neuronal
expression of Pfdn5 transgene (Figure S3). Taken together, the data supports a function of Pfdn5 in

regulating microtubule stability and organization in vivo.

Pfdn5 is also a known cotranslational chaperone for monomeric tubulin [46 (3 ]. We therefore also
examined whether and how loss of Pfdn5 altered levels of tubulin monomers. Using RT-PCR, we
found that the transcript level of tubulin was not altered in the Pfdn5 mutants, suggesting that
Pfdn5 does not alter tubulin gene transcription or transcript stability (Figure S3). In contrast,
western blotting revealed about 85% reduction in the a-tubulin monomers (control: 1.00 + 0.00 vs
APfdn515/40: 0.11 + 04; p < 0.001), about 70 percent reduction in B-tubulin (control: 1.00 + 0.00 vs
APfdn515/40: 0.31 + 09 p < 0.001) and about 60% reduction in ace-tubulin levels (control: 1.00 + 0.00
Vs APfdn515/40: 0.46 + 0.04; p < 0.001) in the Pfdn5 mutant compared to the control (Figure 2G-) (@).
These reductions were not seen when a Pfdn5 transgene was ubiquitously expressed in Pfdn5
mutant background (Figure 2G- J@). The observation that B-actin levels remained unchanged in
Pfdn5 mutants is not particularly surprising, given a prior report indicating a differential
requirement of the Drosophila Prefoldin complex in actin and tubulin biogenesis [47 &2 ]. Together,
these data are consistent with: a) Drosophila Pfdn5 serving as an evolutionarily conserved
function in cotranslational folding of monomeric tubulin; and b) an additional role may be
performed by Pfdn5 in the regulation of mature microtubule filaments in neurons. One or both of

these functions could potentially be required for the stabilization of axonal microtubules.

Pfdn5 is a novel neuronal microtubule-associated protein

To assess the function of Pfdn5, we began by generating antisera against the full-length Pfdn5.
Western blot analysis using Pfdn5 antibody revealed a protein band of ~18 kDa in the larval
lysates that was absent in Pfdn5 mutants, thus validating the specificity of the antibody (Figure
S2B). In larval fillets examined by immunocytochemistry, anti-Pfdn5 staining was dramatically
reduced in the mutant, with faint residual staining consistent with a low level of maternally
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Figure 2

Loss of Pfdn5 disrupts microtubule organisation

(A) Generation of a loss-of-function mutant of Pfdn5 using CRISPR/Cas9-based genome editing. Schematic representation of
the Pfdn5 genomic organization showing exons (solid black boxes, 1-3) and introns (thin black lines). Two loss-of-function
Pfdn5 mutants with 606 bp (line-15) or 577 bp (line-40) deletion were obtained. Both the mutant lines are third-instar larval
lethal.

(B) Schematic representation of Futsch loop organization in muscle 4 of A2 hemisegment in wild-type or Pfdn5 mutant. Pfdn5
mutant shows diffused Fustch loop organization and reduced loops at the terminal boutons.

(C-E’) Confocal images of NMJ synapses at muscle 4 of A2 hemisegment showing Futsch loops in (C-C’) control, (D-D’)
APfdn5"540, (E-E’) Elav-Gal4>UAS-Pfdn5; APfdn5"40 double immunolabeled with neuronal membrane marker, HRP (green)
and 22C10 antibody against microtubule-associated protein, Futsch (magenta). The scale bar in E’ for (C-E’) represents 10 pm.
(F) Histogram showing the percentage of Futsch positive loops from muscle 4 at A2 hemi segment in control (19.98 + 2.18),
APfdn5"%/40 (7.72 + 1.62), Elav-Gald/+; UAS-Pfdn5/+; APfdn57>/40 (27.39 + 2.21). ***p<0.001. At least 16 NM]s of each genotype
were used for quantification.

(G) Western blot showing protein levels of a-Tubulin, B-Tubulin, ace-Tubulin and Actin in control, APfdn575/75, APfdn540/40,
APfdn75/40 and actin5C-Gal4>UAS-Pfdn5; APfdn515/40. Ran protein levels were used as an internal loading control.

(H) Histogram showing the percentage of ace-Tubulin normalized with Ran in control (1.00 + 0.00), APfdn5">7% (0.50 + 0.05),
APfdn?9749(0.49 + 0.04), APfdn5"5/40 (0.46 + 0.04), actin5C-Gal4/UAS-Pfdn5; APfdn5"40 (1.05 + 0.13). **p<0.01. Three
independent Western blots were used for quantification.

(I) Histogram showing percentage of a-Tubulin normalised with Ran in control (1.00 + 0.00), APfdn575/75 (0.27 £ 0.04),
APfdn?9740 (0.16 + 0.02), APfdn5"#7 (0.11 + 0.04), actin5C-Gal4/UAS-Pfdn5; APfdn5">4 (0.85 + 0.07). ***p<0.001. Three
independent Western blots were used for quantification.

(J)) Histogram showing percentage of B-Tubulin normalised with Ran in control (1.00 + 0.00), APfdn57>/7% (0.52 + 0.04),
APfdn?9740 (0.39 + 0.04), APfdn5"5/40 (0.30 + 0.09), actin5C-Gal4/UAS-Pfdn5; APfdn5"%40 (1.03 + 0.11). **p<0.01. Three
independent Western blots were used for quantification.
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provided Pfdn5 (Figure 3A-B"' @ and Figure S2C-F). The Pfdn5 staining was restored upon
expression of the Pfdn5 transgene in the Pfdn5 mutant background (Figure 3B-C ). Careful
examination shows that Pfdn5 colocalized with axonal microtubule (Iabelled with a- tubulin
antibody) in wild-type larvae (Figure 3A-A”’(2). The Pearson’s correlation coefficient of 0.60 + 0.02
across pixels labelled by a-Tubulin and Pfdn5 in axons further strengthens that a tight
colocalization exists between Pfdn5 and neuronal microtubules (Figure 3D ).

To further test whether Pfdn5 associates with microtubules, we stabilized microtubules using
fraction when microtubules were stabilized with Taxol but not under the condition where the
microtubules were severed using Nocodazole. The quantification revealed a substantially higher
Pfdn5 binding to stabilized microtubules when compared to non-stabilized microtubule control
(Taxol: 36.67 + 7.56, vs control: 7.83 + 2.92; p < 0.001) (Figure 3E-G(2). Consistent with our
immunocytochemistry results, we found that Pfdn5 binds with the taxol-stabilised microtubule.
This unexpected localization of Pfdn5 to neuronal microtubule filaments and its binding to the
stable microtubule points to a role for this protein beyond its function as a cotranslational
chaperone, potentially in the organization or the stability of axonal microtubule cytoskeleton.

Loss of Pfdn5 phenocopies and synergistically

aggravates the Tau-induced synaptic defects
Since microtubules regulate morphological features of synapses [45( ] and loss of Pfdn5 resulted

in reduced stable microtubules, we next asked if Pfdn5 mutants show distinctly altered synaptic
architecture at their NMJ. Both the homozygous and heteroallelic mutant combination showed
numerous supernumerary boutons with altered synaptic morphology when compared to the
control (control: 2.25 + 0.41 vs. APfdn515/40: 18.25 + 1.27; p < 0.001) (Figure 4A-BZ and 4J).
Increased supernumerary boutons in the Pfdn5 mutant were completely restored upon pan-
neuronal expression of a wild-type Pfdn5 transgene using Elav-Gal4 in the Pfdn5 mutant
background (APfdn515/40: 18.25 + 1.27 vs Elav-Gald/+; UAS-Pfdn5/+; APfdn51540: 2.94 + 0.67; p <
0.001) (Figure 4C (2 and 4) @) further confirming that these phenotypes were caused by Pfdn5
mutations and not unknown potential background mutations. Expression of Pfdn5 in muscles
using mef2-Gal4 failed to rescue the lethality or the synaptic defects (APfdn51%40: 18.25 + 1.27 vs
UAS-Pfdn5/+; mef2-Gald, APfdn5'%/4%: 15.60 + 0.86; p > 0.75) (Figure 4D (% and 4J ) suggesting that
synaptic phenotype arise due to loss of Pfdn5 in neurons and not muscles.

Ectopic satellite boutons and disrupted microtubules that we observed in Pfdn5 mutant larval
NM]Js appeared very similar to those previously described in Drosophila expressing hTau"33"M in
motor neurons [24 (4, 444, 49(Z ]. This apparent similarity, together with our identification of
Pfdn5 as a genetic modifier of hTau"33"M.induced cytotoxicity, led us to more closely examine
phenotypic similarities between Pfdn5 mutant and hTauV33’M expressing animals, as well as
genetic interactions between Pfdn5 and hTau"33"M, We first confirmed that the loss of Pfdn5
phenocopies the Tau"33"M.induced morphological defects at synapses (Figure 4E-F %3). We then
tested the effects of loss and gain of Pfdn5 on Tau"33"M phenotypes.

Morphological NMJ phenotypes induced by expressing hTauV33”M pan-neuronally using Elav-Gal4
were strongly enhanced in a Pfdn5 mutant background (Figure 4G (% and 4I-K(2). While satellite
bouton numbers in Elav-Gald/UAS-hTau"33"M and APfdn51540 were: 18.25 + 1.27 and 14.06 + 1.00
respectively, this was significantly increased in Elav-Gald/UAS- hTau"33"M; Apfdn515/40
combination (32.25 + 3.22; p < 0.001) (Figure 4) ). Subsequently, total bouton number was
significantly increased in E lav-Gald/UAS-hTau"33"M; APfdn51 5/0 combination animals (60.24 +
3.76; p < 0.001) compared to either Elav-Gal4/UAS-hTau"33"M (36.00 + 2.65) or APfdn515/40 (38.38 £
2.15) alone. Similarly, bouton area (in um?) at NMJs of Elav-Gal4/UAS-hTau"33"M; APfdn515/40
combination animals (2.29 + 0.20) were substantially smaller than either Elav-Gal4/UAS-
hTau"337M(6.40 + 0.45) or APfdn515/40 (5.09 + 0.28) alone (Figure 4K(@). Consistently expressing a
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Figure 3

Pfdn5 is a novel microtubule-binding protein

(A-C""’) Confocal images of NMJ synapses at muscle 4 of A2 hemisegment triple-labeled for Pfdn5 (green), a-Tubulin (blue),
and HRP (magenta) showing that Pfdn5 colocalizes with microtubule cytoskeleton in (A-A""’) in the wild-type larval neuronal
axons and in the tracheal tubes, (B-B'"") Pfdn5 mutants show dramatically reduced Pfdn5 and a-Tubulin levels, (C-C'"’) actin5C-
Gal4-mediated rescue (actin5C-Gal4>UAS-Pfdn5; APfdn575/4O) significantly restored the level of Pfdn5 and a-Tubulin. Arrows
represent Pfdn5 colocalization with microtubule loops, which are not detectable in the Pfdn5 mutants. The scale bar in C'"’
(for A-C""") represents 10 pm.

(D) Pearson'’s correlation coefficient to quantify colocalization between Pfdn5 and axonal microtubule.

(E) Schematic representation of the microtubule-binding protocol. Head lysate from wild-type flies, treated with Taxol or
Nocodazole, was subjected to ultracentrifugation. The ‘soluble fraction’ contains free tubulin whereas the ‘insoluble pellet
fraction’ contains the stabilized microtubule along with microtubule-binding proteins, which can be detected by western
blotting. The details of the protocol is described in the material and methods section.

(F) Microtubule binding assay with Drosophila head lysate in the presence of Taxol or Nocodazole (diluted in DMSO). T
represents (Total fraction: input fraction), S represents (Supernatant: free tubulin), and P represents (Pellet fraction:
stabilized microtubule). Immunoblot with antibodies against ace-Tubulin or Pfdn5 detected increased Pfdn5 in the pellet
fraction in the presence of Taxol but not Nocodazole. The binding of Pfdn5 with stabilized microtubules was calculated as the
percentage of Pfdn5 in the pellet fraction. Ran was used as the loading control.

(G) Histogram showing the percentage of the Pfdn5 in the pellet fraction of in vivo microtubule binding assay in the presence
of DMSO (7.83 + 2.92), Nocodazole (0.42 + 0.1), or Taxol (36.67 + 7.56). Five independent Western blots were used for
quantification.
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Figure 4

Loss of Pfdn5 mimics and enhances Tau-induced synaptic defects

(A-H’) Confocal images of NMJ synapses at muscle 4 of A2 hemisegment showing synaptic morphology in (A-A") control, (B-
B') APfdn5"%/40, (C-C') Elav-Gal4>UAS-Pfdn5; APfdn5"5/%0, (D-D’) mef2-Gal4>UAS-Pfdn5; APfdn5"40  (E-E') Elav-Gal4/+ (Gal4
control), (F-F") Elav-Gal4>UAS-hTau"33"M (G-G') Elav-Gal4>hTau"337M: APfdn57540 (H-H') Elav-Gal4>hTau"33"M:UAS-Pfdn5;
APfdn5"540 double immunolabeled for HRP (green), and CSP (magenta). The scale bar in H for (A-H’) represents 10 pm.
Arrows point to clustered satellite boutons.

(I) Histogram showing total number of boutons from muscle 4 at A2 hemisegment in control (35.25 + 1.8), APfdn575/40 (38.38
+ 2.15), Elav-Gal4>UAS-Pfdn5; APfdn5">40 (31.94 + 1.18), mef2-Gal4>UAS-Pfdn5; APfdn5">/40 (38.40 + 2.17), Elav-Gald/+ (28.13 +
1.51), Elav-Gal4>UAS-hTau"337M (36.00 + 2.65), Elav-Gal4>hTau"33"M: APfdn5"5/%0 (60.34 + 3.76), Elav-Gal4>hTau"33"M; UAS-Pfdn5;
APfdn575/40 (33.69 £ 1.76). ***p<0.001; ns, not significant. At least 12 NMJs of each genotype were used for quantification.

(J)) Histogram showing number of satellite boutons from muscle 4 at A2 hemisegment in control (2.25 + 0.41), APfdn5"%/40
(18.25 + 1.28), Elav-Gal4>UAS-Pfdn5; APfdn5"%40 (2.94 + 0.67), mef2-Gal4>UAS-Pfdn5; APfdn5"2/40 (15.6 + 0.86), Elav-Gald/+ (2.2 +
0.38), Elav-Gal4>UAS-hTau"33"M (14,06 + 1.00), Elav-Gal4>hTau"337M; Apfdn57>/40 (32.25 + 3.2), Elav-Gal4>hTau"33"M:UAS-Pfdns;
APfdn5"540 (4.0 + 0.5). ***p<0.001; ns, not significant. At least 12 NMJs of each genotype were used for quantification.

(K) Histogram showing bouton area from muscle 4 at A2 hemi segment in control (5.7 + 0.29), APfdn575/40 (5.1 +0.28), Elav-
Gal4>UAS-Pfdn5; APfdn5"40 (5.6 + 0.2), mef2-Gal4>UAS-Pfdn5; APfdn5">/40 (5.8 + 0.2), Elav-Gal4/+ (5.2 + 0.4), Elav-Gal4>UAS-
hTau"33"M (6.4 + 0.4), Elav-Gal4>hTau"337M: Apfdn575/40 (2.3 + 0.2), Elav-Gal4>hTau"33"M-UAS-Pfdn5; APfdn5">/%0 (6.3 + 0.3).
**%p<0.001; ns, not significant. At least 12 NMJ of each genotype were used for quantification.
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more severe form of pathological Tau (hTauR408W) in the Pfdn5 mutation background also resulted
in further enhancement in the synaptic phenotypes as well as the larval lethality (Figure S4). Thus,
loss of Pfdn5 aggravates not only Tau-induced eye degeneration (Figure 1 @) but also specific Tau-
induced synaptic defects, suggestive of function in a common pathway.

Loss of Pfdn5 enhances pathological Tau

aggregation in larval brain and axons

Tau induced neurotoxicity directly correlates with the extent of Tau phosphorylation and its
deposition as insoluble aggregates [33(Z, 502 ]. Hence, we performed additional experiments to
explore mechanisms by which Pfdn5 levels could influence Tau function. We considered a model
in which Pfdn5 acts to prevent Tau aggregation, thereby suppressing the Tau-induced
neurodegeneration. The immunocytochemistry revealed that animals lacking Pfdn5 showed a
remarkable increase in Tau-aggregates in the larval brain (Tau punctae with size > 3 um? per
brain lobe: Elav-Gal4/UAS-hTau"337M: 1.13 + 0.39 vs Elav-Gald/UAS- hTau"337M; APfdn515/40: 10.50 +
2.57; p <0.001) (Figure 5A-F3). Consistent with these observations, hTau distribution in Pfdn5
mutant axons revealed substantially higher number of hTau-aggregates compared to animals with
normal levels of Pfdn5 (Elav-Gal4/UAS-hTau"33"M: 0.25 + 0.09 /100 ym? vs Elav-Gal4/UAS-
hTau"337M; APfdn515/40: 2.9 + 0.41 / 100 um?; p < 0.001) (Figure 5G-)"' > and 4K(#). The increased
hTau punctae in Pfdn5 mutants was significantly suppressed upon normalizing the level of Pfdn5
in neurons. Analysis of fluorescence intensity profiles across the Tau puncta showed a 4-fold
increase in Tau intensity, further supporting that Tau indeed forms aggregates in the absence of
Pfdn5 (Figure S5A-C). Additional experiments involving quantification of axonal hTau using
immunofluorescence revealed that levels of Tau were significantly reduced in animals
overexpressing hTauV33" in Pfdn5 mutants compared to animals expressing hTauV33"M
(Figure 5G-)"" @ and 5L(). Similar results were obtained when the phospho-Tau antibody was
used to assess Tau levels and aggregates (Figure S5D-F). These data reveal that Pfdn5 suppresses
Tau aggregation in the brain and axons.

alone

Together, (a) the marked increase of aggregated hTau in the absence of Pfdn5 and (b)
enhancement of the Tau-associated phenotypes by loss of Pdfn5 indicate that, Pdfn5 prevents the
transition of hTau from soluble and/or microtube-associated state to an aggregated, insoluble and
pathogenic state.

Neuronal overexpression of Pfdn5 or Pfdn6 ameliorates the hTau-

induced age-dependent progression of the neurodegeneration
The observations above indicate that loss of Pfdn5 enhances the neurotoxicity in the Drosophila
Tauopathy model. We therefore, further tested whether overexpression of Pfdn5 could alleviate
Tau-induced neurodegeneration. We examined the effects of Pfdn5/6 overexpression on
hTau"33"M.induced eye degeneration. GMR-Gal4-mediated overexpression of Pfdn5 or Pfdn6 in
eyes significantly rescued hTau"33"M.induced ommatidial degeneration in 7-day-old flies (Figure
6A-D’' @). Previous reports suggest that GMR-gal4 expression of Tau causes age-dependent
progressive retinal degeneration in Drosophila eyes [51 &, 52 (2 ]. Therefore, we examined the
effect of the coexpression of Pfdn5 or Pfdn6 and hTau"33’M in 14 and 30-day-old flies (Figure 6E-
J'@). Consistent with prior reports, eye roughness and ommatidial degeneration worsened with
age in hTauV33"M expressing flies. However, upon overexpression of Pfdn5 and Pfdn6, there was
no progression of hTau"33"M.induced ommatidial degeneration with age (Figure 6K-L ). We
found that 30-day-old UAS-hTau"33 7M/+; GMR-Gal4/+ flies showed 29.12 + 2.3% fused ommatidia
and 70.96 + 3.00% degenerated eye area. This eye degeneration was greatly suppressed when
either Pfdn5 (% fused ommatidia, UAS- hTau"33"M/+; GMR-Gal4/UAS-Pfdn5: 2.98 + 0.31; p < 0.001: %
degenerated eye area, UAS- hTau"33"M/+; GMR-Gal4/UAS-Pfdn5: 5.30 + 0.94; p < 0.001) or Pfdn6 (%
fused ommatidia, UAS-hTau"33"M/+; GMR-Gal4/UAS-Pfdn6: 2.78 + 0.60; p < 0.001: % degenerated
eye area UAS-hTau"33"M/+; GMR-Gal4/UAS-Pfdné6: 3.83 + 1.37; p < 0.001) was coexpressed with
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V337M

Loss of Pfdn5 induces formation of hTau aggregates in larval neurons

(A) Schematic representation of pathological hTau distribution in larval brain lobes and axons of the control (left half) or
Pfdn5 mutant (right half) animals.

(B-E’) Confocal single section images of third instar larval brain in (B-B') Elav-Gal4/+ (control), (C-C’) Elav-Gal4>UAS-hTau"337M,
(D-D) Elav-Gal4>UAS-hTau"33"M; APfdn5"5/40, (E-E') Elav-Gal4>UAS-hTau"33"M; UAS-Pfdn5; APfdn5"40 double immunolabeled
with neuronal membrane marker, HRP (magenta), and T46 antibody against hTau (green). The scale bar in E’ for (B-E’)
represents 10 um. Arrows in E and E’ point to the hTau punctae/aggregates in the brain.

(F) Histogram showing the quantification of the number of hTau punctae (>3 pmz) in Elav-Gald/UAS-hTau"337M (1.13 £ 0.39),
Elav-Gal4/UAS-hTau"337M: Apfdn5"540 (10.5 + 2.57), and Elav-Gal4/UAS-hTau"33"M: UAS-Pfdn5s/+; APfdn5">/49(0.17 £ 0.17).
**%p<0.001. At least 6 optic lobes of each genotype were used for quantification.

(G-J") Confocal single section images of third instar larval axons in (G-G'’) Elav-Gal4/+ (control), (H-H'") Elav-Gal4>UAS-
hTau"33’M (1-1"") Elav-Gal4>UAS-hTau"337M: Apfdn575/40 ()-"") Elav-Gal4>UAS-hTau"337M: UAS-Pfdn5; APfdn5"5/40 double
immunolabeled for HRP (magenta), and T46 antibody against hTau (green). The scale bar in )" for (G-J"’) represents 10 ym.
Arrows inTand I'" point to the hTauV337M aggregates in axons.

(K) Histogram showing the quantification of the number of hTau punctae normalized with HRP positive area in Elav-Gal4/UAS-
hTau"337M (0.25 + 0.1), Elav-Gal4/UAS-hTau"337M; Apfdn5'>/40 (2.96 + 0.4), and Elav-Gal4/UAS-hTau"33"M: UAS-Pfdn5/+;
APfdn5740(0.29 + 0.1). ***p<0.001. At least 20 axons from 8 animals of each genotype were used for quantification.

(L) Histogram showing the intensity of total hTau normalized with HRP in Elav-Gal4/UAS- hTau"337M (0.59 + 0.02), Elav-
Gal4/UAS-hTau"33"M: Apfdn575/40 (0.27 + 0.02), and Elav-Gald/UAS-hTau"33"M; UAS-Pfdn5/+; APfdn5"5/40 (0.46 + 0.4). ***p<0.001.
At least 20 axons from 8 animals of each genotype were used for quantification.

Anjali Bisht et al., 2024 eLife. https://doi.org/10.7554/eLife.104691.1

11 of 39


https://doi.org/10.7554/eLife.104691.1
https://doi.org/10.7554/eLife.104691.1

i eLife

pathological hTau (Figure 6M-N ). In order to ascertain that the suppression of eye degeneration
was not due to the Gal4 dilution, we coexpressed the neutral gene product GFP along with
hTau"337M, As expected, we found no change in the Tau-induced eye phenotype when expressed
alone or with GFP (Figure S6A-D). These data suggest that the suppression of Tau-induced
neurotoxicity was due to the expression of Pfdn5 or Pfdn6.
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Figure 6

Over-expression of Pfdn5 or Pfdn6 suppresses age-
dependent progression of hTau-induced neurodegeneration

(A-D) Bright-field images of 7 days old Drosophila eyes expressing (A) GMR-Gal4/+ (control), (B) GMR-Gal4>UAS-
hTau"337M (C) GMR-Gal4>UAS-hTau"33"M: UAS-Pfdn5, (D) GMR-Gal4>UAS-hTau"337M: UAS-Pfdné.

(A’-D") Scanning electron microscopic images of 7-day old Drosophila eyes expressing (A’) GMR-Gal4/+ (control), (B")
GMR-Gal4>UAS-hTau"33"M (C') GMR-Gal4>UAS-hTau"33"M: UAS-Pfdn5, (D') GMR-Gal4>UAS-hTau"33"M: UAS-Pfdné.

(E-G) Bright field images of 14-day old Drosophila eyes expressing (E) GMR-Gal4>UAS- hTau"33’M  (F) GMR-Gal4>UAS-
hTau"337M; UAS-Pfdns5, (G) GMR-Gal4>UAS-hTau"337M: UAS-Pfdné.

(E’-G’) Scanning electron microscopic images of 14-day old Drosophila eyes expressing (E') GMR-Gal4>UAS-hTau"337M,
(F') GMR-Gal4>UAS-hTau"33"M; UAS-Pfdn5, (G') GMR- Gal4>UAS-hTau"337M: UAS-Pfdné.

(H-J) Bright field images of 30-day old Drosophila eyes expressing (H) GMR-Gal4>UAS- hTau"33"M (1) GMR-Gal4>UAS-
hTau"337M: UAS-Pfdns5, () GMR-Gal4>UAS-hTau"33"M: UAS-Pfdne6.

(H’-J’) Scanning electron microscopic images of 30-day old Drosophila eyes expressing (H') GMR-Gal4>UAS-hTau"337M,
(I') GMR-Gal4>UAS-hTau"33"M: UAS-Pfdns5, (J') GMR-Gal4>UAS-hTau"337M; UAS-Pfdn6. The scale bar in )’ for (A-)")

represents 100 pm.

(K-L) Graph showing quantifications of age-dependent progression of ommatidial fusion (K) and percentage of
degenerated eye area (L) in GMR-Gal4>UAS-hTau"33"M, GMR-Gal4>UAS- hTau"33"M; UAS-Pfdn5 and GMR-Gal4>UAS-
hTau"337M; UAS-Pfdn6. Note that expression of Pfdn5 or Pfdn6 suppresses the Tau-induced neuronal death. At least 12
SEM eye images of each genotype were used for quantification at each time point.

(M) Histogram showing the percentage of fused ommatidia in 30 days old flies in GMR-Gal4/+(0.00 + 0.00), UAS-
hTau"337M/+; GMR-Gald/+ (29.12 + 2.37), UAS-hTau"33"M/+; GMR-Gal4/UAS-Pfdn5 (2.98 + 0.31), UAS-hTau"33"M/+; GMR-
Gal4/UAS-Pfdn6 (2.78 + 0.60). ***p<0.001. At least 12 SEM eye images of each genotype were used for quantification.

(N) Histogram showing percentage of degenerated area in 30 days old flies in GMR-Gal4/+(0.00 + 0.00), UAS-
hTau"337M/+; GMR-Gal4/+ (70.96 + 3.00), UAS-hTau"33"M/+; GMR-Gal4/UAS-Pfdn5 (5.30 + 0.94), UAS-hTau"33"M/+: GMR-
Gal4/UAS-Pfdn6 (3.83 + 1.37). ***p<0.001. At least 12 SEM eye images of each genotype were used for quantification.

(0-R) Confocal images of a single section of 21-day old adult brain in (O) Elav-Gal4/+ (control), (P) Elav-Gal4>UAS-
hTau"3™™ (Q) Elav-Gal4>hTau"33"M: UAS-Pfdn5, (R) Elav-Gal4>hTau"33"M; UAS-Pfdn6 double immunolabeled with
Hoechst (cyan), and Phalloidin (magenta). The insets represent the 3X magnified portion of the image. Arrows in the

figure P inset point to the pathological vacuolar structures. The scale bar in R for (O-R) represents 10 ym.

(S) Histogram showing the quantification of number of vacuoles in 21 days old adult brain in GMR-Gal4/+ (4.67 +
1.45), UAS-hTau"33"M/+; GMR-Gald/+ (35.67 + 5.04), UAS- hTau"337M/+; GMR-Gald/UAS-Pfdn5 (3.75 + 0.48), UAS-
hTau"337My+; GMR-Gal4/UAS-Pfdn6 (5.00 + 1.47). ***p<0.001. At least three brains of each genotype were used for

quantification.

(T) Histogram showing the quantification of vacuole size (in pm?) in 21-day old adult brain in GMR-Gal4/+ (9.27 +
1.41), UAS-hTau"33"M/+; GMR-Gald/+ (328.7 + 82.24), UAS- hTau"33"M/+; GMR-Gal4/UAS-Pfdn5 (19.4 + 4.2), UAS-
hTau"337M+; GMR-Gal4/UAS-Pfdn6 (16.92 + 0.89). **p<0.01. At least three brains of each genotype were used for

quantification. The raw images associated with Figure 6A (-6}’ (@ is represented in Supplemental 1-4 zip files.
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Overexpression of Pfdn5 suppressed not only hTauV33"M
different Tauopathy model, hTauR*%®W, which causes more severe neurotoxicity than hTau
in the fly compound eye (degenerated eye area: GMR-Gal4>UAS-hTauR4%6W: 82.15 + 3.194 vs. GMR-
Gal4>UAS-hTauR4%6W; UAS-Pfdn5: 63.11 + 3.49) (Figure S6E-G), indicating that Pfdn5 can mitigate
the neurodegeneration caused by at least one another variant/structural conformations of hTau.

-induced neurotoxicity but also in a
V337M

A key pathological feature of Tau-induced neurodegeneration is age-dependent vacuolization, a
neuropathological feature directly indicative of neuronal death in the brain. Brain vacuolization is
observed not only in human tauopathies but also in vertebrate and Drosophila models of
Tauopathy [53 (2 ]. We therefore tested whether elevating the expression level of Pfdn5 or Pfdn6
could mitigate the appearance of vacuoles that can be detected in the brains of 21-day-old flies
expressing hTau [54 % ]. We neuronally coexpressed hTau"33"M alone or together with Pfdn5 or
Pfdn6 using Elav-Gal4 and examined whole-mount brain preparations stained with rhodamine-
phalloidin using confocal microscopy [55(%]. Consistent with the previous reports, we found
several large vacuoles in the 21-day flies expressing hTau"33"M, The average number and size of
the vacuoles in Elav-Gal4/UAS-hTau"33"M (35.67 + 5.04 vacuoles/ brain, and 328.7 + 82.24 ym
average vacuole size) was far higher compared to the control Elav-Gald/+ (4.67 + 1.45 vacuoles/
brain, and 9.27 + 1.41 um average vacuole size) (Figure 60-PZ and 6S-T). Coexpression of Pfdn5
or Pfdn6 with hTau"33"M significantly reduced the number of vacuoles in Elav-Gal4/UAS-
hTau"33"M flies. Indeed, vacuole numbers and size were restored to near control levels in Elav-
Gal4/UAS-hTau"33"M; UAS-Pfdn5/+ (3.75 + 0.48 and 19.4 + 4.42 um) and Elav-Gal4/UAS-hTau"33"M,;
UAS-Pfdné6/+ flies; (5.00 + 1.47; 16.92 + 0.89 um) respectively (Figure 6Q-R(Z and 6S-T ).
Altogether, these data indicate that increased expression of Pfdn5 or Pfdn6 can remarkably
counteract neuronal loss and delay the onset and progression of the neurodegenerative cascade

induced in Tauopathy.

Expression of Pfdn5 or Pfdn6 suppresses

Tau-induced memory impairment
Cognitive decline is a common preclinical and early feature of Tauopathies, seen well before

Pfdn6 overexpression could rescue cognitive and behavioral deficits caused by hTauV33" in the

Drosophila brain. Because memory impairment is a known central condition in major Tauopathies
(Orr et al,, 2017), we tested the impact of hTauV33"M expression on its own or in the presence of
Pfdn5 or Pfdn6 for the ability of flies to form long-term associative memories. We used a recently
developed method to assess long-term aversive olfactory conditioning memory [57(2 ], wherein
bitter food (CuSO,4) serves as an unconditioned stimulus, which was paired with a conditioned
stimulus, 2,3 butanedione (2,3 BD) over 8- cycles of training. Long-term memory was measured as
an increased aversion towards the odorant 2,3 BD (measured in a Y-maze-based binary odor-
choice assay) that persists 24 hours after 8-cycle training (Figure 7A2). While untrained flies
(naive) showed a normal response to the odorant, the CuSO,-trained flies (trained) showed proper
memory performance towards the conditioned odorant. We found that the control flies (UAS-
hTau"337M/+) exhibit normal chemotactic responses towards odor and memory response against
the conditioned odor in a Y-maze (UAS- hTauV33"M/+: naive, 23.66 + 2.42 v/s trained, 10.4 + 2.14; P
<0.001) (Figure 7B ). However, animals expressing hTau"33"M in neurons (Elav-Gal4/UAS-
hTauV337M. naive, 28.39 + 3.47 v/s trained, 29.13 + 4.65; p = 0.90) were memory deficient. They
showed significantly reduced memory performance, as evidenced by their Preference Index being
not different from the control flies of the same genotype (Figure 7C®).

Next, we assessed whether the expression of Prefoldins impacted the memory deficit phenotype of
flies expressing hTau"33"M, We first examined the effect of expression of Pfdn5 or Pfdn6é on
memory performance. We found that pan-neuronal expression of either Pfdn5 (Elav-Gald/+; UAS-
Pfdn5/+: naive, 18.27 + 2.75 v/s trained, -4.43 + 3.21; p < 0.001) or Pfdn6 (Elav-Gal4/+; UAS-Pfdn6/+:
naive, 18.37 + 3.19 v/s trained, -0.88 + 4.73; p < 0.001) does not cause any defect in naive odor
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Figure 7

Over-expression of Pfdn5 or Pfdn6 rescues Tau-induced defects in learning and memory

(A) Cartoon of Y-maze assay used for behavioural testing of conditioned odor preferences. Schematics of the protocol used
odorant 2,3-butanedione (10-3-fold dilution) in a spaced tramlng protocol: 8X repeats of a training trial involving 5 minutes in
the presence unpleasant medium (80 mM CuSO, + 85 mM sucrose and 0.75% agar) followed by 5 min in an air-filled empty
vial. Trained flies were tested in a binary odor-choice assay in a Y-maze apparatus for their odor vs. air preference. Control
flies were trained in 0.75 % agar media with 85 mM sucrose and similarly tested in Y-maze.

(B-G) Histogram showing the quantification of odor preference index of naive and trained flies towards 2,3-BD in Y-maze
showing normal memory in control. A reduction in the preference index after training reflects levels of learning and memory
(B) UAS-hTau"337M/+; naive flies (23.66 + 2.42), trained flies (10.4 + 2.14), whereas pan-neuronal expression of the pathological
variant hTau causes a defect in long-term memory response (C) Elav-Gal4/UAS-hTau"33"M; naive flies (28.39 + 3.47), trained
flies (29.13 £ 4.65). Notably, pan-neuronal overexpression of Pfdn5 (D) Elav-Gald/+; UAS-Pfdn5/+; naive flies (18.27 + 2.75),
trained flies (-4.43 + 3.21), pan-neuronal overexpression of Pfdn6 (E) Elav-Gal4/+; UAS-Pfdné/+; naive flies (18.37 + 3.19),
trained flies (~0.88 + 4.73) were normal. Interestingly, pan-neuronal over-expression of Pfdn5 along with hTau"337M
expression rescues the learning and memory deficits in (F) Elav-Gal4/UAS-hTau"337M: UAS-Pfdn5/+; naive flies (14.28 + 1.96),
trained flies (-1.5 + 1.7). Consistently, pan-neuronal over-expression of Pfdné along with hTauV33’M expression also rescues
the learning and memory deficits in (G) Elav-Gal4/UAS-hTau"337M: yas- Pfdné6/+; naive flies (20.73 + 4.58), trained flies (-0.52 +

5.07). n = 8 biological replicates in each case. Error bars represent the standard error of the mean (SEM). **p < 0.01;
*%*%p<0.001; ns, not significant.
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response or memory performance after training (Figure 7D-E(% ). However, coexpression of Pfdn5
significantly rescued the hTau"33"M.induced memory defects (Elav-Gal4/UAS-hTau"33"M; UAS-
Pfdn5/+: naive, 14.28 + 1.96 v/s trained, -1.5 + 1.7; p < 0.001) (Figure 7F ). Similarly, co-expression
of Pfdn6 also significantly restored the hTauV33"M- induced memory defects (Elav-Gal4/UAS-
hTau"337M; UAS-Pfdn6/+: naive, 20.73 + 4.58 v/s trained, -0.52 + 5.07; p < 0.001) (Figure 7G ).
Together, these data strengthen our observations that neuronal expression of Pfdn5 or Pfdn6 not
only rescues Tau-induced neurodegeneration but also learning and memory deficits.

Cotranslational functions of Pfdn5 do not completely
explain its effects on neuronal microtubule stability,

synapse morphology and Tau-aggregation

Consistent with cell culture and biochemical studies [46 (2, 58 (2 ], Drosophila Pfdn5 regulates
tubulin monomers essential for microtubule assembly. Thus, one mechanism by which Pfdn5
influences Tau, could be via its effect on tubulin levels. However, since Pfdn5 colocalizes and binds
neuronal microtubules, it could, alternatively, directly stabilize microtubules in axons and, by
allowing Tau association with microtubules, prevent aggregation of free cytoplasmic Tau protein.
To examine these models, we increased tubulin monomer levels in Pfdn5 mutants by neuronally
expressing a-Tub transgene and asked if it restored tubulin levels in the fly, and whether such
restoration would be sufficient to rescue the neuronal microtubules and synaptic defects observed
in Pfdn5 mutants. Neuronal expression of a-Tub in Pfdn5 mutant background restored both a- and
B-tubulin monomers as well as ace-Tubulin to near wild-type levels (ace-Tubulin level: APfdn515/40
(0.34 + 0.13) vs Elav-Gald>UAS-a- Tubulin; APfdn51%40 (1.38 + 0.15); p < 0.01) (Figure 8A 3 and
Figure S7A-D). However, this was insufficient to rescue the axonal microtubule level and
organization (Tubulin intensity at synapses: APfdn5%%40 (0.18 + 0.01), Elav-Gal4>UAS-a-Tubulin;
APfdn515/40 (0.23 £ 0.01); p > 0.24) (Figure 8B-E(?) or synaptic phenotypes associated with Pfdn5
mutations (satellite boutons: APfdn5%40 (15.5 + 1.48), Elav-Gal4>UAS-a-Tubulin; APfdn5'%40 (14.25
+1.39); p > 0.65) (Figure S7E-I). Moreover, axonal hTau aggregates seen in neuronally expressing
hTau"33M jn Pfdn5 mutants were not reduced when tubulin monomer levels were restored (hTau
punctae: Elav-Gal4/UAS-hTau"33"M; APfdn515/40: 3.32 + 0.65 / 100 um?2; vs Elav-Gald/UAS-hTau"33"M;
UAS-a-tubulin, APfdn515/40: 2.9 +0.57 /100 um?; p > 0.80) (Figure 8F-I%). Thus, the data suggest
that in addition to its role as a cochaperone for tubulin monomers, Pfdn5 has an additional and
potentially local role in stabilizing the neuronal microtubules as well as in preventing hTau
aggregation.

Discussion

Through varied and detailed analyses performed in established Drosophila Tauopathy models, we
identify Prefoldin as a crucial component of chaperone systems that mitigate hTau-aggregation
induced neurodegeneration. The experiments that lead to this conclusion provide three significant
insights. First, that Prefoldin acts in vivo to suppress multiple measures of Tau-mediated
degeneration. Second, that the mechanism of Prefoldin action in Tau-toxicity goes beyond its
established role in co-translational folding of monomeric tubulin. Third, and finally, that
overexpression of Prefoldin is sufficient to delay the progression of Tau-toxicity in vivo. We
consider each of these issues in turn below.

Prefoldin acts in vivo to suppress multiple

measures of Tau-mediated degeneration

Seminal work by others in the field has both established the value of modeling Tauopathies in
Drosophila and described a series of independent Tau-induced degenerative phenotypes displayed
by these models [59 @ -62 (2 ]. The initial discovery that led to the rest of our current study was the
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Figure 8

Microtubule stability and Tau-association with microtubules require
Pfdn5-functions downstream of tubulin monomer expression

(A) Western blot showing protein levels of ace-Tubulin, a-Tubulin, and B-Tubulin in control, APfdn75/40, and Elav-Gal4>UAS-a-
Tubulin; APfdn5">40, Ran protein levels were used as an internal loading control.

(B-D’) Confocal images of NMJ synapses showing synaptic microtubules in (B-B') control, (C-C’) APfdn575/40, (D-D’') Elav-
Gal4>UAS-a-Tubulin; APfdn575/40 double immunolabeled for ace-Tubulin (magenta) and HRP (green). The scale bar in D' for (A-
D’) represents 10 ym. Arrows in C and D shows disrupted microtubules.

(E) Histogram showing ace-Tubulin intensity at the NMJ in control (0.47 + 0.03), APfdn57%/4% (0.18 + 0.01), Elav-Gal4>UAS-a-
Tubulin; APfdn5"%49 (0.23 + 0.01). ***p<0.001; ns, not significant. At least 6 NMJs of each genotype were used for
quantification.

(F-H') Confocal images of third instar larval axons in (F-F') Elav-Gal4>UAS-hTau"33"M (G- G') Elav-Gal4>UAS-hTau"337M:
APfdn575/40, and (H-H") Elav-Gal4>UA5-hTauV337M; UAS-a- Tubulin, APfdn575/40 double immunolabeled with neuronal membrane
marker, HRP (green), and T46 antibody against total human Tau (magenta). The scale bar in H' for (F-H’) represents 10 pm.
Arrows point to the Tau-aggregates.

(I) Histogram showing the quantification of the number of Tau punctae per 100 pm2 normalized with HRP positive area in
Elav-Gal4/UAS-hTau"337M (0.18 + 0.05), Elav-Gal4/UAS-hTau"33"M; APfdn57>/40 (3.32 + 0.65), and Elav-Gal4>UAS-hTau"33"M: yAs-a-
Tubulin, APfdn57%40 (2.9 + 0.57). ***p<0.001; **p<0.01. At least 12 axons from 3 animals of each genotype were used for
quantification.
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identification of subunits of the prefoldin complex in a genetic screen for modifiers of Tau-toxicity.
Knockdown of Pdfn components significantly enhanced eye-ommatidial degeneration in
hTauV33"M expressing animals, suggestive of a role for this chaperone network in controlling the
onset and progression of Tauopathies. Given the peripheral location of photoreceptors in the eye,
it was important to more deeply assess the role of the identified chaperone components in the
central nervous system. Such additional experiments confirmed that loss of Pfdn5 enhanced
several additional hTauV3*"M-induced phenotypes, including synaptic organization. In addition,
loss of Pfdn5 resulted in a striking increase in large Tau protein aggregates in larval axons as well
as in the larval brain. These data demonstrate an essential role for Pfdn in restricting hTau toxicity
in vivo. However, more dramatic was the observation that neuronal overexpression of either
Pfdn5 or Pfdn6 was sufficient to mitigate hTau-induced brain vacuolization and memory decline.
Together, these observations demonstrate a pivotal role for Pfdn, or at least its Pfdn5 and Pfdn6
subunits, in suppressing Tau-pathologies.

Mechanism of Prefoldin action in Tau-toxicity

Molecular analysis of FTDP-17/ FTLD-tau mutations, as well as biochemical analysis of the
pathogenic proteins, has shown that most disease-causing Tau mutations liberate Tau from
microtubules and free the protein to form cytoplasmic aggregates [63(%-65 2 ]. Therefore, a
simple potential mechanism by which Pfdn5 influences Tau toxicity could be through its effect on
reducing levels of tubulin monomer, which would be predicted to reduce the availability of stable
microtubules and thereby liberate excess Tau to form potentially pathogenic aggregates in the

cytosol. Consistent with this, studies in mice and C. elegans have shown that neurons with reduced

screen for modulators of Tau-induced neurotoxicity also identified TBCE and the components of
the CCT complex, which represent additional players of a chaperone network known to participate
experiments showed that Pfdn5 mutations disrupt axonal microtubule organization as revealed by
a reduction in the levels and organization of the microtubule-associated protein Futsch in axonal
terminals of Pfdn5 mutants (Figure 2(3) [72(@-74(%]. And finally, a prior observation that the

Despite the above observations, the effect on tubulin monomer levels does not completely explain
how Pfdn influences microtubule organization or Tau toxicity. First, we report the unexpected but
robust observation that Pdfn5 is a microtubule-associated protein, physically associated with
stable axonal microtubules, and, therefore, well positioned to directly influence microtubule
stability (Figure 3@). Second and more directly, we find that genetic restoration of a-tubulin and
B-tubulin monomer as well as acetylated tubulin levels, was not sufficient to rescue the synaptic
defects observed in Pfdn5 mutants (Figure 8 ). Thus, Pfdn5 appears to influence Tau toxicity
through a mechanism downstream of its known roles in cotranslational folding of tubulin. While
this could be via its function as a novel microtubule-associated protein, an additional possibility
we consider is that Pfdn, and by extension other known cotranslational chaperones, could act
additionally and directly as holdases or disaggregases for Tau and/or other aggregation-prone
proteins. There is considerable circumstantial evidence to indicate posttranslational and direct
roles for Prefoldin, as well as CCT, in preventing the aggregation of misfolded proteins. For

evidence supports a direct role of Prefoldin and CCT as ‘disaggregase’ or ‘aggregate remodellar’ for
aggregate-prone proteins and might regulate assembly/disassembly of Tau protein.
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The identification of this cytoskeleton-regulatory chaperone network as a major modulator of
Tauopathy supports the hypothesis that an age-dependent compromise in the chaperone activity
could vitiate the onset and progression of multiple forms of Tauopathies and potentially other
neurodegenerative diseases [79 %, 802 ]. Pfdn5 levels have been reported to decrease with age in

amount of pathological hTau in the absence of Pfdn5 could induce the early onset of hTau-induced
neurodegeneration. Moreover, our finding that neuronal expression of a-tubulin rescues the hTau-
induced synaptic defects in a manner that critically requires Pfdn5 activity extends the functional
requirement of Prefoldins in the suppression of Tauopathies beyond their reported activity in cell
culture or in vitro models [37 @ -39, 82 (4]

Prefoldin overexpression as a strategy to mitigate Tauopathies

Our work suggests that stabilizing the components of this chaperone system, particularly Pfdn5 or
Pfdn6, could be a promising therapeutic approach for delaying Tau-associated neuropathies.
Neuronal overexpression of Pfdn5 or Pfdn6 did not result in any detectable changes in synaptic
morphogenesis or age-dependent ommatidial degeneration. However, coexpression of Pfdn5 or
Pfdn6 with the pathological variant of hTau remarkably suppressed Tau-induced synaptic defects,
prevented brain vacuolization, and rescued memory defects (Figure 6 2 and Figure 7 2). This
provides clear evidence that Pfdn5/Pfdn6-dependent microtubule regulation could potentially
suppress Tau-induced neurodegeneration. These conclusions are supported by prior observations
that expressing an acetylation mimic form of tubulin [49(2 ] or stabilizing microtubules [44(# ]

rescues the synaptic defects induced in the Drosophila Tauopathy model.

Do Prefoldins have a general neuroprotective role? In neuronal cell line, human Prefoldins
colocalize with PolyQ-expanded protein Huntingtin and prevent the formation of toxic aggregates,
supporting its role in the suppression of aggregation-induced neurotoxicity [38 & ]. Moreover,
recent compilation and analysis of proteomic data identified CCT components, TBCE as well as
Prefoldin subunits, including PFDN5 that get downregulated in human Alzheimer’s disease brain

tissue [40(2, 41 (2, 83(=-86(2]. In addition, whole blood mRNA expression data from Alzheimer’s

requirement of PFDNS5 in suppressing multiple forms of neuropathies. Our data mechanistically
extends these studies by revealing that Pfdn5 directly stabilizes neuronal microtubules, assists in
proper partitioning of Tau onto the stable microtubules and suppresses the formation of
pathological Tau aggregates. Importantly, our data reveal that expression of Pfdn5, whether
ubiquitous or neuron-specific, does not induce any observable synaptic or microtubule-associated
defects in neurons. This finding holds significant therapeutic promise since modulating Pfdn5 or
Pfdn6 expression or stability could safely and effectively mitigate neurodegenerative diseases
associated with microtubule instability, such as Tauopathies and possibly FUS-induced

Concluding remarks

Based on our findings, we propose a model in which Pfdn5 regulates microtubule formation and
stability by two non-exclusive mechanisms: a) by regulating the folding of nascent tubulin
monomers and b) by directly associating and stabilizing microtubules in neurons (Figure 9 ).
Both the functions of Pfdn5 are essential for regulating synaptic morphogenesis and Tau
partitioning onto the microtubules. Normalizing the tubulin monomers to near wild-type levels
was insufficient to rescue the axonal microtubule organization or suppress the Tau-aggregation in
the absence of Pfdn5. This further supports the model that Pfdn5-dependent tubulin stabilization
is essential for Tau partitioning and that Tau aggregation is microtubule-dependent. Thus, while
the conventional chaperone function of Prefoldins is essential for tubulin folding, direct
association of Pfdn5 with stable microtubules to limit its turnover in neurons is crucial for
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suppressing Tau-aggregation. Further elucidation of the underlying mechanisms of Pfdn5-
mediated neuroprotection and chemical screens to identify novel small molecules may pave the
way for novel strategies to preserve neuronal function and combat neurodegeneration.

Material and methods

Stocks and Drosophila husbandry

The Drosophila stocks were maintained at 25°C in standard cornmeal medium containing sucrose,
agar, and yeast granules. The larvae for experiments were grown at 25°C in protein-rich media
(80g/L cornflour, 40g/L dextrose, 20g/L sucrose, 18g/L agar, 15g/L yeast extract, 4% (v/v) propionic
acid, 0.06% (v/v) ortho-phosphoric acid and 0.07% methyl-4- hydroxy benzoate/Tego) under non-
crowded conditions. The w!?18 was used as control unless otherwise stated. All the genetic
combinations and recombination were made using standard Drosophila genetics. The crosses for
RNAi-mediated knockdown and the rescue experiments were grown at 25°C. The following
Drosophila lines were used in this study: UAS-hTau"33"M[54 2], UAS-hTauR40W [542], UAS-a-
Tub84B (BL-7373), actin5C-Gal4 (BL-25374); Elav®’>°- Gal4 (BL-458); mef2-Gal4 (BL-50742); and
GMR-Gal4 (BL-9146). Details of RNAi lines used in this study are mentioned in Supplemental Table
1.

Scanning electron microscopy

The flies were immersed in fixative (1% glutaraldehyde, 1% formaldehyde, and 1M sodium
cacodylate, pH 7.2) for 2 hr, followed by subsequent washes and dehydration via an ethanol series.
The samples were then dried and sputter-coated as previously described [88 (2 ]. The flies were

mounted on carbon conductive tabs stuck on aluminium stubs and imaged using a Zeiss scanning
electron microscope (Carl Zeiss, Germany).

Generation of Pfdn5 loss-of-function mutants and Pfdn transgenes

To generate the loss-of-function mutants of Pfdn5, two sets of gRNAs were designed for the Pfdn5
genomic region using the CRISPR Optimal Target Finder online tool. The two gRNA pairs (ERNA1FP,
gRNA1RP, and gRNA2FP, gRNA2RP) were cloned into a dual gRNA pCFD4 vector having a BbsI
restriction site using Gibson Assembly Kit (New England Biolabs Ltd, UK) following the
manufacturer’s guidelines. The pCFD4 vector containing Pfdn5 gRNAs was injected into Drosophila
embryos to generate the transgene. Next, the transgenic flies containing the Pfdn5 gRNAs were
crossed with nanos-Cas9 (BL-54591) to create the deletion of the Pfdn5 gene in the germline cells.
Following standard genetic crosses, lines were established in F2 generation, and Pfdn5 deletion
was screened by PCR using primers Pfdn5_FP1 and Pfdn5_RP. Two null mutants of Pfdn5, APfdn5'°
(606 bp deletion), and APfdn5%° (577 bp deletion) were obtained and verified by sequencing using
primer: Pfdn5_Seq FP.

To generate Pfdn5 or Pfdn6 transgenes, a full-length Pfdn5 or Pfdn6 ORF was amplified from cDNA
and cloned in Gal4-based expression vector pUASt at EcoRI and Notl restriction sites. The pUASt
vector containing the Pfdn5 or Pfdn6 ORF was injected into Drosophila embryos to generate the
transgene. Semiquantitative RT-PCR was used to assess the expression of Pfdn5 transcript in Pfdn5
mutants. In brief, total RNA was isolated from larval fillets using TRIzol reagent (Invitrogen,
Waltham, MA, USA). Reverse transcription was performed on 1 pg total RNA using Superscrip
Reverse Transcriptase (Invitrogen, Waltham, MA, USA) using an oligo-dT primer to make cDNA.
The resulting cDNA was used for PCR to analyze the level of Pfdn5 transcript using primers
Pfdn5_RTFP and Pfdn5_RTRP. The list of primers used in this study is reported in Supplemental
Table 2.
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Figure 9

A model depicting novel functional requirement of Pfdn5 in microtubule
stabilization and its role in suppressing age-dependent neuropathy.

In axons, Pfdn5 physically associates with microtubules and stabilizes them, thereby suppressing the turnover of
microtubules. The pathological Tau dislodges from microtubules in an age-dependent manner and forms pathological
aggregates that induce neuronal death (Middle panel). Loss of Pfdn5 disrupts neuronal microtubules, resulting in abnormal
synaptic morphogenesis and facilitating dislodging of microtubule-associated Tau, resulting in Tau-aggregates formation and
stepping up the early onset of Tauopathies. An age-dependent reduction in the Pfdn5 levels or mutations in Pfdn5 could
result in microtubule fragmentation and may facilitate Tau-induced neurotoxicity (Left panel). Pfdn5 suppresses Tau-
aggregation in a manner that involves microtubule stability and does not appear to regulate Tau solubility directly. Notably,
neuronal overexpression of Pfdn5 suppresses the microtubule disruption even in aged flies, thereby inhibiting the

progression of Tauopathy (Right panel).
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Generation of Pfdn5 antibody

To generate antibodies against Pfdn5, the full-length Pfdn5 was amplified from cDNA using
primers Pfdn5_pET28 FP and Pfdn5_pET RP and cloned in the pET-28a (+) bacterial expression
vector at NotI and EcoRI restriction sites. The His-tagged fusion protein was expressed in BL21
codon+ cells, purified from inclusion bodies using the standard protein purification method from
the pellet fraction, and injected into mice (animal facility, IISER Bhopal). The antibody was used at
1:200 dilution on fillets and 1:5000 dilution for western blotting.

Immunocytochemistry

Wandering third instar larvae were dissected on a sylgard plate in cold calcium-free HL3 and fixed
in 4% paraformaldehyde in PBS for 30 minutes or in methanol for 5 minutes. The larval fillets
were washed three times in PBS containing 0.2% Triton X-100, followed by blocking for one hour
in 0.2% PBST containing 5% BSA. Fillets were fixed in the methanol for 5 mins to stain the ace-
tubulin in the muscles. The fillets were incubated overnight at 4°C with a primary antibody
followed by fluorophore-conjugated secondary antibodies at room temperature for 90 minutes.
Finally, larval fillets were mounted on a glass slide with Fluoromount-G™ aqueous mounting
medium (Thermofisher, Waltham, MA, USA). Primary antibodies used in the study, mouse anti-CSP
(ab49, 1:50), mouse anti-Futsch (22C10, 1:50), and mouse anti-B-tubulin (E7, 1:50) were obtained
from the Developmental Studies Hybridoma Bank (University of Iowa, USA). Other primary
antibodies used in this study are mouse anti-dPfdn5 (this study, 1:200), mouse anti-ace-tubulin
(1:500, Sigma-Aldrich, Missouri, USA), anti-Tau (T46, 1:100, Invitrogen, Waltham, MA, USA) and
anti-phospho-Tau (AT8, 1:100, Invitrogen, Waltham, MA, USA). The fluorophore-conjugated
secondary antibody Alexa Fluor 488 or Alexa Fluor 568 (Thermo Fisher Scientific, Waltham, MA,
USA) was used at 1:800 dilution. Alexa Fluor 488 or Rhodamine conjugated anti-HRP (Jackson
ImmunoResearch, Baltimore, PA, USA) were used at 1:800 dilution. Hoechst (Thermo Fisher
Scientific, Waltham, MA, USA) was used at 1:5000 dilution for 5 mins.

the adult flies of appropriate genotypes were anesthetized and beheaded. The head was fixed in
4% PFA in 1X PBS containing 0.5% Triton X-100 for 20 min. The brain was dissected and fixed for
another 2 hours, washed with PBST, and incubated with Hoechst (1:5000) and Alexa fluor 568
conjugated Phalloidin (1:100, Thermo Fisher Scientific, Waltham, MA, USA) cocktail in PBST for 24
hours. The brains were washed five times with PBST, followed by a final wash in 1X PBS for 30
minutes to remove the residual detergents or air sac, and mounted with Fluoromount-GT™
aqueous mounting medium (Thermo Fisher Scientific, Waltham, MA, USA) on a glass slide for
visualization.

Western blot analysis

Third instar larval body wall muscle or adult Drosophila heads were homogenized in 1X SDS lysis
buffer (50 mM Tris-Cl, pH 6.8; 25 mM KCl; 2 mM EDTA; 0.3 M sucrose; 2% SDS), boiled, and
centrifuged at 3000g. The protein concentration was quantified using bicinchoninic acid (BCA)
Laemmli buffer (50 mM Tris-HCl, pH 6.8; 2% SDS; 2% B- Mercaptoethanol; 0.1% Bromophenol blue
and 10% glycerol). Subsequently, 25 pg of protein was separated on a 12% SDS-PAGE gel and
transferred to a Hybond-LFP PVDF membrane (GE Healthcare, Illinois, USA). The membrane was
blocked in 5% skimmed milk in 1X Tris-buffered saline (TBS) with 0.2% Tween-20 (0.2% TBST) for 1
hour at room temperature and then incubated overnight with primary antibody. After washing
with 0.2% TBST, the membrane was incubated with HRP-conjugated secondary antibody for 1 hour
at room temperature. The primary antibodies used were: mouse anti-Pfdn5 (this study, 1:5000),
rabbit anti-a-tubulin (1:3000, CST, Mumbai, India), mouse anti-B-tubulin (E7, 1:300, DSHB,
University of Iowa, USA), mouse anti-ace-tubulin (1:5000, Sigma-Aldrich, St. Louis, Missouri, USA),
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anti-Tau (T46, 1:1000, Invitrogen, Waltham, MA, USA), anti-phospho-Tau (AT8, 1:1000, Invitrogen,
Waltham, MA, USA) and mouse anti-Ran (1:2000, BD Biosciences, New Jersey, USA). Signals were
detected using the LI-COR Odyssey imaging system (LI- COR Biosciences, Lincoln, USA).

In vivo microtubule-binding assay
Microtubule binding assay was performed as described previously [48 2, 90 (©]. Fifty heads from

wild-type adult flies were collected and homogenized in 100 pl of Buffer-C+ (50 mM (HEPES); pH
7.1, 1.0 mM MgCl2, 1.0 mM EGTA, protease inhibitor cocktail (Roche, Basel, Switzerland), and
phosphatase inhibitor cocktail in the presence of 20 uM Taxol or 40 pM Nocodazole diluted in
dimethylsulfoxide (DMSO). Homogenized heads were centrifuged at 1,000x g for 10 minutes, and
an aliquot of the supernatant was subjected to western blotting as the “input fraction”. The
remaining supernatant was layered onto a two-volume cushion of Buffer-C+ with 50% sucrose.
After centrifugation at 100,000 g for 30 minutes, one-third of the supernatant containing soluble
tubulin was collected from the top of the tube as the cytosol fraction, and the pellet containing
microtubule polymers and proteins bound to microtubules was resuspended in 100 pl of SDS-Tris-
Glycine sample buffer. Protein concentration in each fraction was measured using the BCA Protein
Assay Kit. Equal amounts of protein were loaded onto each lane of Tris-Glycine gels and analyzed
by western blotting using anti-Pfdn5 or anti-ace-tubulin antibodies.

Memory paradigm for aversive associative olfactory conditioning
To induce long-term aversive conditioning memory (LTM), flies were trained to associate an

were trained on 0.75% agar media containing 85 mM sucrose and 80 mM CuSO,4 (punishment
media); the same media without CuSO,4 was used as control media. Flies of specific genotypes were
first starved in glass vials overnight containing 0.75% agar (starvation media) and then
transferred to punishment media vials. For delivering the odor, a filter paper (1.5 cm x 2 cm),
soaked in 100 pl of 5% 2,3 BD (2,3 butanedione, attractive odorant), was placed in a porous odor
cup fitted at the top of the punishment or control vials. Starved flies were transferred into the
punishment or control vials for 5 minutes, followed by 5 minutes of incubation in an empty test
tube. This training cycle was repeated eight times for both the punishment and control group of
flies. For checking 1-day memory retention, flies are starved for 6 hours after the 8- cycle
conditioning step, followed by a 5-minute food pulse and again starvation for 18 hours. The flies
were then tested (24 hrs after training) for their preference towards 2,3 BD in a binary odor choice
assay paradigm using a Y-maze, and the Response Index (RI) of the control and trained flies was
calculated as previously described [57 (3 ].

Quantifications and statistical analysis

For bouton quantification, images were captured with a laser scanning confocal microscope
(FV3000; Olympus) using 40x 1.3 NA or 60x 1.42 NA objectives and processed using Image]
(National Institutes of Health, USA) or Adobe Photoshop software (Adobe Inc., USA). NMJs from
muscle 4 at A2 hemisegment were captured using a 60x 1.42 NA objective to calculate the bouton
number. CSP-positive boutons were counted manually. For bouton area quantification, NMJs from
muscle 4 at A2 hemisegment were captured, and the area of five terminal boutons was calculated
by drawing a free-hand sketch around CSP-positive boutons. The control and experimental fillets
were processed similarly for fluorescence quantification, and the fluorescence images were
captured under the same settings for every experimental set. For quantification of AT8 and T46
level in the larval axons, HRP-marked boundaries were defined for each axon. The fluorescence
intensity of AT8 or T46 was calculated and normalized with HRP fluorescence. To quantify the Tau
punctae in the axons, z-projections of confocal images of third-instar larval axons were captured.
T46 and AT8 positive punctae were manually counted and normalized with the area of respective
axons. To quantify the Tau punctae in the larval brain, fluorescence threshold was set and
analysed using Image]. Tau punctae greater than > 3 um? were quantified. For bright field imaging
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of eyes, flies were anesthetized using Diethyl ether (Sigma-Aldrich, Missouri, USA) and images
were captured using Leica M205FA (Leica, Germany) Stereo Zoom Microscope. The percentage of
the degenerated area was quantified as the area of the eyes showing roughness (for bright-field
images) and the area containing fused ommatidia (for SEM images) normalized with the total area
of the eye multiplied by 100. The percentage of fused ommatidia was quantified from the SEM
images as the number of fused ommatidia normalized with the total ommatidia multiplied by 100.
The maximum area of individual vacuoles was defined using the Wand tool in Image] software to
quantify the vacuole size. Subsequently, the traced vacuoles were assigned and saved as regions of
interest (ROIs). The selected ROIs were stacked and measured to quantify the size of the vacuoles
[55 1. The total number of boutons with Futsch positive loops was quantified manually using

across the axons and plot profiles were drawn using the Image] function Plot Profile. The density
of Western blot bands was quantified using Image] software. For multiple comparisons, one-way
ANOVA followed by post hoc Tukey’s test or Student’s t-test was used. GraphPad Prism 8 (GraphPad
Software Inc., California, USA) was used to plot all the graphs. Error bars in all the histograms
represent +SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

Data availability

All data are contained within the article.
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In this manuscript, Bisht et al address the hypothesis that protein folding chaperones may be
implicated in aggregopathies and in particular Tau aggregation, as a means to identify novel
therapeutic routes for these largely neurodegenerative conditions.

The authors conducted a genetic screen in the Drosophila eye, which facilitates the
identification of mutations that either enhance or suppress a visible disturbance in the nearly
crystalline organization of the compound eye. They screened by RNA interference all 64
known Drosophila chaperones and revealed that mutations in 20 of them exaggerate the Tau-
dependent phenotype, while 15 ameliorated it. The enhancer of the degeneration group
included 2 subunits of the typically heterohexameric prefoldin complex and other co-
translational chaperones.

The authors characterized in depth one of the prefoldin subunits, Pfdn5, and convincingly
demonstrated that this protein functions in the regulation of microtubule organization, likely
due to its regulation of proper folding of tubulin monomers. They demonstrate convincingly
using both immunohistochemistry in larval motor neurons and microtubule binding assays
that Pfdn5 is a bona fide microtubule-associated protein contributing to the stability of the
axonal microtubule cytoskeleton, which is significantly disrupted in the mutants.

Similar phenotypes were observed in larvae expressing Frontotemporal dementia with
Parkinsonism on chromosome 17-associated mutations of the human Tau gene V377M and
R406W. On the strength of the phenotypic evidence and the enhancement of the TauV377M-
induced eye degeneration, they demonstrate that loss of Pfdn5 exaggerates the synaptic
deficits upon expression of the Tau mutants. Conversely, the overexpression of Pfdn5 or
Pfdn6 ameliorates the synaptic phenotypes in the larvae, the vacuolization phenotypes in the
adult, and even memory defects upon TauV377M expression.

Strengths:

The phenotypic analyses of the mutant and its interactions with TauV377M at the cell
biological, histological, and behavioral levels are precise, extensive, and convincing and
achieve the aims of characterization of a novel function of Pfdn5.

Regarding this memory defect upon V377M tau expression. Kosmidis et al (2010) pmid:
20071510, demonstrated that pan-neuronal expression of TauV377M disrupts the
organization of the mushroom bodies, the seat of long-term memory in odor/shock and
odor/reward conditioning. If the novel memory assay the authors use depends on the adult
brain structures, then the memory deficit can be explained in this manner.

If the mushroom bodies are defective upon TauV377M expression does overexpression of
Pfdn5 or 6 reverse this deficit? This would argue strongly in favor of the microtubule
stabilization explanation.

The discovery that Pfdn5 (and 6 most likely) affect tauV377M toxicity is indeed a novel and
important discovery for the Tauopathies field. It is important to determine whether this
interaction affects only the FTDP-17-linked mutations, or also WT Tau isoforms, which are
linked to the rest of the Tauopathies. Also, insights on the mode(s) that Pfdn5/6 affect Tau
toxicity, such as some of the suggestions above are aiming at, will likely be helpful towards
therapeutic interventions.

Weaknesses:

What is unclear however is how Pfdn5 loss or even overexpression affects the pathological
Tau phenotypes.

Does Pfdn5 (or 6) interact directly with TauV377M? Colocalization within tissues is a start, but
immunoprecipitations would provide additional independent evidence that this is so.
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Does Pfdn5 loss exacerbate TauV377M phenotypes because it destabilizes microtubules,
which are already at least partially destabilized by Tau expression?
Rescue of the phenotypes by overexpression of Pfdn5 agrees with this notion.

However, Cowan et al (2010) pmid: 20617325 demonstrated that wild-type Tau accumulation
in larval motor neurons indeed destabilizes microtubules in a Tau phosphorylation-
dependent manner.

So, is TauV377M hyperphosphorylated in the larvae?? What happens to TauV377M
phosphorylation when Pfdn5 is missing and presumably more Tau is soluble and subject to
hyperphosphorylation as predicted by the above?

Expression of WT human Tau (which is associated with most common Tauopathies other
than FTDP-17) as Cowan et al suggest has significant effects on microtubule stability, but such
Tau-expressing larvae are largely viable. Will one mutant copy of the Pfdn5 knockout
enhance the phenotype of these larvae?? Will it result in lethality? Such data will serve to
generalize the effects of Pfdn5 beyond the two FDTP-17 mutations utilized.

Does the loss of Pfdn5 affect TauV377M (and WTTau) levels?? Could the loss of Pfdn5 simply
result in increased Tau levels? And conversely, does overexpression of Pfdn5 or 6 reduce Tau
levels?? This would explain the enhancement and suppression of TauV377M (and possibly
WT Tau) phenotypes. It is an easily addressed, trivial explanation at the observational level,
which if true begs for a distinct mechanistic approach.

Finally, the authors argue that TauV377M forms aggregates in the larval brain based on large
puncta observed especially upon loss of Pfdn5. This may be so, but protocols are available to
validate this molecularly the presence of insoluble Tau aggregates (for example, pmid:
36868851) or soluble Tau oligomers as these apparently differentially affect Tau toxicity. Does
Pfdn5 loss exaggerate the toxic oligomers and overexpression promotes the more benign
large aggregates??

https://doi.org/10.7554/eLife.104691.1.sa2

Reviewer #2 (Public review):

Bisht et al detail a novel interaction between the chaperone, Prefoldin 5, microtubules, and
tau-mediated neurodegeneration, with potential relevance for Alzheimer's disease and other
tauopathies. Using Drosophila, the study shows that Pfdn5 is a microtubule-associated
protein, which regulates tubulin monomer levels and can stabilize microtubule filaments in
the axons of peripheral nerves. The work further suggests that Pfdn5/6 may antagonize Tau
aggregation and neurotoxicity. While the overall findings may be of interest to those
investigating the axonal and synaptic cytoskeleton, the detailed mechanisms for the observed
phenotypes remain unresolved and the translational relevance for tauopathy pathogenesis is
yet to be established. Further, a number of key controls and important experiments are
missing that are needed to fully interpret the findings.

The strength of this study is the data showing that Pfdn5 localizes to axonal microtubules and
the loss-of-function phenotypic analysis revealing disrupted synaptic bouton morphology.
The major weakness relates to the experiments and claims of interactions with Tau-mediated
neurodegeneration. In particular, it is unclear whether knockdown of Pfdn5 may cause eye
phenotypes independent of Tau. Further, the GMR>tau phenotype appears to have been
incorrectly utilized to examine age-dependent, neurodegeneration.

This manuscript argues that its findings may be relevant to thinking about mechanisms and
therapies applicable to tauopathies; however, this is premature given that many questions
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remain about the interactions from Drosophila, the detailed mechanisms remain unresolved,
and absent evidence that tau and Pfdn may similarly interact in the mammalian neuronal
context. Therefore, this work would be strongly enhanced by experiments in human or
murine neuronal culture or supportive evidence from analyses of human data.

https://doi.org/10.7554/eLife.104691.1.sa1

Author response:

Reviewer #1:

Summary:

In this manuscript, Bisht et al address the hypothesis that protein folding chaperones
may be implicated in aggregopathies and in particular Tau aggregation, as a means to
identify novel therapeutic routes for these largely neurodegenerative conditions.

The authors conducted a genetic screen in the Drosophila eye, which facilitates the
identification of mutations that either enhance or suppress a visible disturbance in the
nearly crystalline organization of the compound eye. They screened by RNA interference
all 64 known Drosophila chaperones and revealed that mutations in 20 of them
exaggerate the Tau-dependent phenotype, while 15 ameliorated it. The enhancer of the
degeneration group included 2 subunits of the typically heterohexameric prefoldin
complex and other co-translational chaperones.

In a previous paper, we identified 95 Drosophila chaperones (Raut et al., 2017). We request
that “all 64 known Drosophila chaperones” be replaced with “64 out of 95 known Drosophila
chaperones” to make it factually correct.

Strengths:

Regarding this memory defect upon V377M tau expression. Kosmidis et al (2010) pmid:
20071510, demonstrated that pan-neuronal expression of TauV377M disrupts the
organization of the mushroom bodies, the seat of long-term memory in odor/shock and
odor/reward conditioning. If the novel memory assay the authors use depends on the
adult brain structures, then the memory deficit can be explained in this manner.

If the mushroom bodies are defective upon TauV377M expression does overexpression of
Pfdn5 or 6 reverse this deficit? This would argue strongly in favor of the microtubule
stabilization explanation.

We agree that the disruptive organization of the mushroom body may cause memory deficits
upon hTauV337M expression and that expression of Pfdn5 or Pfdn6 could reverse the deficits.
One possible mechanism by which overexpression of Pfdn5/6 could rescue the Tau-induced
memory deficits may be due to the stabilization of microtubules in the mushroom bodies.

Proposed revision: We will assess if Tau-induced mushroom body disruption can be rescued
with the overexpression of Pfdn5 or Pfdn6.

Weakness:

What is unclear however is how Pfdn5 loss or even overexpression affects the
pathological Tau phenotypes. Does Pfdn5 (or 6) interact directly with TauV377M?
Colocalization within tissues is a start, but immunoprecipitations would provide
additional independent evidence that this is so.
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Our data suggests that Pfdn5 stabilizes neuronal microtubules by directly associating with it,
and loss of Pfdn5 exacerbates Tau-phenotypes by destabilizing microtubules. However, as the
reviewer notes, analysis of direct interaction between Pfdn5 and hTauV33’M might provide
further insights into the mechanism of Pfdn5 and Tau-aggregation.

Proposed revision: We will perform colocalization analysis and coimmunoprecipitation to
ask if Pfdn5 colocalizes and directly interacts with Tau.

Does Pfdn5 loss exacerbate TauV377M phenotypes because it destabilizes microtubules,
which are already at least partially destabilized by Tau expression? Rescue of the
phenotypes by overexpression of Pfdn5 agrees with this notion.

However, Cowan et al (2010) pmid: 20617325 demonstrated that wild-type Tau
accumulation in larval motor neurons indeed destabilizes microtubules in a Tau
phosphorylation-dependent manner. So, is TauV377M hyperphosphorylated in the
larvae?? What happens to TauV377M phosphorylation when Pfdn5 is missing and
presumably more Tau is soluble and subject to hyperphosphorylation as predicted by the
above?

Proposed revisions: We will overexpress Pfdn5 or Pfdn6 with hTauV337M

and ask if
microtubule disruption caused by hTau"33"M is rescued. Further, we will analyze the

phospho-Tau levels in controls and Pfdn5 mutant background.

Expression of WT human Tau (which is associated with most common Tauopathies other
than FTDP-17) as Cowan et al suggest has significant effects on microtubule stability, but
such Tau-expressing larvae are largely viable. Will one mutant copy of the Pfdn5
knockout enhance the phenotype of these larvae?? Will it result in lethality? Such data will
serve to generalize the effects of Pfdn5 beyond the two FDTP-17 mutations utilized.

Proposed revision: We will incorporate data about the effect of heterozygous mutation of
Pfdn5 on the lethality and synaptic phenotypes associated with the hTauT and hTauV33M in
the revised manuscript.

Does the loss of Pfdn5 affect TauV377M (and WTTau) levels?? Could the loss of Pfdn5
simply result in increased Tau levels? And conversely, does overexpression of Pfdn5 or 6
reduce Tau levels?? This would explain the enhancement and suppression of TauV377M
(and possibly WT Tau) phenotypes. It is an easily addressed, trivial explanation at the
observational level, which if true begs for a distinct mechanistic approach.

We thank the reviewer for suggesting an alternate model for the Pfdn5 function. We will
perform the Western blot analysis to assess Tau"VT and TauV33"M Jevels in the absence of
Pfdn5 or animals coexpressing Tau and Pfdn5. We will incorporate these data and
conclusions in the revised manuscript.

Finally, the authors argue that TauV377M forms aggregates in the larval brain based on
large puncta observed especially upon loss of Pfdn5. This may be so, but protocols are
available to validate this molecularly the presence of insoluble Tau aggregates (for
example, pmid: 36868851) or soluble Tau oligomers as these apparently differentially
affect Tau toxicity. Does Pfdn5 loss exaggerate the toxic oligomers and overexpression
promotes the more benign large aggregates??

We will perform the Tau solubility assay in control, in the absence of Pfdn5 or animals
coexpressing Tau and Pfdn5. Moreover, we will also ask if the large Tau puncta formed in the
absence of Pfdn5 are soluble oligomers or stable aggregates. We have found that the
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coexpression of Tau and Pfdn5 does not result in the formation of Tau aggregates. We will
incorporate these and other relevant data in the revised manuscript.

Reviewer #2 (Public review):

Bisht et al detail a novel interaction between the chaperone, Prefoldin 5, microtubules,
and tau-mediated neurodegeneration, with potential relevance for Alzheimer's disease
and other tauopathies. Using Drosophila, the study shows that Pfdn5 is a microtubule-
associated protein, which regulates tubulin monomer levels and can stabilize
microtubule filaments in the axons of peripheral nerves. The work further suggests that
Pfdn5/6 may antagonize Tau aggregation and neurotoxicity. While the overall findings
may be of interest to those investigating the axonal and synaptic cytoskeleton, the
detailed mechanisms for the observed phenotypes remain unresolved and the
translational relevance for tauopathy pathogenesis is yet to be established. Further, a
number of key controls and important experiments are missing that are needed to fully
interpret the findings.The major weakness relates to the experiments and claims of
interactions with Tau-mediated neurodegeneration. In particular, it is unclear whether
knockdown of Pfdn5 may cause eye phenotypes independent of Tau. Further, the
GMR>tau phenotype appears to have been incorrectly utilized to examine age-
dependent, neurodegeneration.

We have consistently found the progression of eye degeneration in the population of animals
expressing Tau"33’M, measured as the number of fused ommatidia/total number of
ommatidia, with age. A few other studies have also shown age-dependent progressive
degeneration in Drosophila retinal axons or lamina (Iijima-Ando et al., 2012; Sakakibara et
al., 2018). We appreciate other studies that have proposed hTau-induced eye degeneration as
a developmental defect (Malmanche et al., 2017; Sakakibara et al., 2023).

Proposed revision: a) We will analyze the age-dependent neurodegeneration in the adult
brain to further support our main conclusion that Pfdn5 ameliorates hTauV337M-induced
progressive neurodegeneration.

b) We have used three independent Pfdn5 RNAi lines (the RNAi's target different regions of
Pfdn5) - all of which enhance the Tau phenotypes. The knockdown of any of these RNAi lines
with GMR-Gal4 does not give detectable eye phenotypes. We will include these data in the
revised manuscript.

This manuscript argues that its findings may be relevant to thinking about mechanisms
and therapies applicable to tauopathies; however, this is premature given that many
questions remain about the interactions from Drosophila, the detailed mechanisms
remain unresolved, and absent evidence that tau and Pfdn may similarly interact in the
mammalian neuronal context. Therefore, this work would be strongly enhanced by
experiments in human or murine neuronal culture or supportive evidence from analyses
of human data.

Proteome analysis of Alzheimer's brain tissue shows that the Pfdn5 level is reduced in
patients (Askenazi et al.,, 2023; Tao et al., 2020). Moreover, the Pfdn5 expression level was
found to be reduced in the blood samples from AD patients (Ji et al., 2022). Another study
further validates the age-dependent reduction of Pfdn5 in the tauopathy transgenic murine
model (Kadoyama et al., 2019). Together, these reports highlight a potential link between
Pfdn5 levels and tauopathies. We will revise the manuscript to reflect these findings in more
detail.
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