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Abstract

Autophagy is a major clearance route for intracellular aggregate-prone proteins causing diseases
like Huntington’s disease. Autophagy induction with the mTOR inhibitor, rapamycin, accelerates
clearance of these toxic substrates. As rapamycin has non-trivial side effects, we screened FDA-
approved drugs to identify novel autophagy-inducing pathways. We found that L-type Ca%*
channel antagonists, the K*a1p channel opener minoxidil, and the G;j signaling activator clonidine,
induce autophagy. These drugs revealed a cyclical mTOR-independent pathway regulating
autophagy, where cCAMP regulates IP3 levels, influencing calpain activity, which completes the
cycle by cleaving and activating G, which regulates CAMP levels. This pathway has numerous
potential points where autophagy can be induced and we provide proof-of-principle for therapeutic
relevance in Huntington’s disease using mammalian cell, fly and zebrafish models. Our data also
suggest that insults that elevate intracytosolic Ca2", like excitotoxicity, will inhibit autophagy,
thus retarding clearance of aggregate-prone proteins.

Introduction

The autophagy-lysosomal and ubiquitin-proteasome pathways are major routes for protein
and organelle clearance in eukaryotic cells. While the narrow pore of the proteasome barrel
precludes clearance of large membrane proteins and protein complexes (including oligomers
and aggregates), mammalian lysosomes can degrade protein complexes and organelles by
macroautophagy, generally referred to as autophagyl. It involves the formation of double
membrane structures called autophagosomes around a portion of cytosol. These fuse with
lysosomes where their contents are degraded. Autophagy can be induced by several
conditions, including starvation, and is regulated by a number of protein kinases, the best
characterised being the mammalian target of rapamycin (mMTOR)2.
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Autophagy induction may represent a tractable therapeutic strategy for neurodegenerative
disorders caused by aggregate-prone intracytosolic proteins, including Huntington’s disease
(HD), an autosomal-dominant neurodegenerative disorder caused by a CAG trinucleotide
repeat expansion (>35 repeats), which encodes an abnormally long polyglutamine (polyQ)
tract in the N-terminus of the huntingtin proteinl, 3. Mutant huntingtin toxicity is thought to
be exposed after it is cleaved to form N-terminal fragments comprising the first 100-150
residues with the expanded polyQ tract, which are also the toxic species found in aggregates/
inclusions3. Thus, HD pathogenesis is frequently modelled with exon 1 fragments
containing expanded polyQ repeats which cause aggregate formation and toxicity in cell
models and /n vivo3 (Supplementary Fig. 1a online). The polyQ mutation in HD raises
intracellular calcium (CaZ*) levels resulting in enhanced calpain activity, and this has been
proposed as an important disease mechanism4. One possibility is that calpains enhance
mutant huntingtin cleavage/processing5-7. However, the calpain cleavage sites are outside
the exon 1 huntingtin fragment, so calpain cleavage of mutant huntingtin will not be a factor
influencing the aggregation/toxicity in such N-terminal fragment disease models
(Supplementary Fig. 1a online).

In addition to mutant huntingtin, autophagy also regulates the clearance of other aggregate-
prone disease-causing proteins, like those causing spinocerebellar ataxias types 1 and 3,
forms of tau (causing fronto-temporal dementias) and the A53T and A30P a-synuclein
mutants [which cause familial Parkinson’s disease (PD)]8-15. Autophagy induction reduces
both soluble mutant huntingtin levels and inclusion frequencies, and attenuates its toxicity in
cell, Drosophila and mouse models of HD8-12. Autophagy induction may also be a valuable
strategy in the treatment of infectious diseases, including tuberculosis and may protect
against cell death in certain contexts16-18.

Currently, the only suitable pharmacological strategy for upregulating autophagy in
mammalian brains is to use rapamycin (1), which inhibits mTOR9. Also, since rapamycin is
an immunosuppressant, it is contra-indicated for use in diseases like tuberculosis. The
mechanism by which mTOR regulates autophagy remains unclear and this kinase controls
several cellular processes besides autophagy, probably contributing to the complications
seen with its long-term use19. Thus, we sought to identify novel pathways and therapeutic
agents that enhance autophagy. We found that L-type Ca2* channel antagonists, a K*a7p
channel opener, and G;j signaling activators, induce autophagy. These drugs revealed a
cyclical mTOR-independent pathway regulating autophagy, where cAMP (2) regulates
inositol 1,4,5-trisphosphate (IP3) (3) levels, influencing calpain activity, which completes
the cycle by cleaving and activating G¢o, which regulates cCAMP levels. This pathway has
numerous potential points where autophagy can be induced and we provide proof-of-
principle for therapeutic relevance in Huntington’s disease using cell, fly and zebrafish
models.

Screen for autophagy enhancers

We screened for autophagy enhancers using a library of 253 compounds that had previously
been into man without major toxic side effects, and pharmacological probes (see Materials
and Methods). Our primary screen assayed clearance of A30P a-synuclein, a known
autophagy substrate, in stable inducible PC12 cells14, 20. All compounds that visibly altered
A30P a-synuclein clearance were retested in multiple experiments in similar PC12 cells
lines expressing A53T a-synuclein and were successfully validated. A53T a-synuclein
clearance was enhanced by compounds including known autophagy inducers like rapamycin
and valproatell, 14 (4) (data not shown) and the following hits: 5 drugs that antagonise L-
type Ca2* channel activity [verapamil (5), loperamide (6), nimodipine (7), nitrendipine (8)
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and amiodarone (9)], minoxidil (10) (an ATP-sensitive K* channel agonist) and clonidine
(11) (binds to ap-adrenergic and type | imidazoline receptors and activates Gj-protein
signalling pathways) (Fig. 1a and Supplementary Fig. 2a online). (+)-Bay K8644 (12) (an L-
type Ca2* channel agonist21) retarded A53T a-synuclein clearance (Fig. 1a and
Supplementary Figs. 2a, b online). Supplementary Fig. 1b online summarises characteristics
of screen hits and other compounds used in the paper.

We prioritised our validation studies on three L-type Ca2* channel antagonists that act at
different sites on these channels (verapamil, loperamide and nimodipine22), minoxidil and
clonidine. All of these compounds enhanced clearance of soluble mutant huntingtin exon 1
with 74Q (EGFP-HDQ74) in stable PC12 cells (which show no toxicity at these time points)
and reduced its aggregation and toxicity in SK-N-SH (neuroblastoma) cells, whereas ()-
Bay K8644 had opposite effects (Figs. 1b, c and Supplementary Fig. 2¢ online).

Clonidine, minoxidil and verapamil increase autophagy

We assessed autophagosome numbers using the microtubule-associated protein 1 light chain
3 (LC3)23. LC3 is processed post-translationally into LC3-1, then converted to LC3-11, the
only known protein that specifically associates with autophagosome membranes24. LC3-
positive vesicle numbers or LC3-11 levels (versus actin) correlate with autophagosome
numbers23. LC3-I1 levels were increased by clonidine, minoxidil and a representative Ca2*
channel antagonist, verapamil, suggesting enhanced autophagy (Fig. 1d and Supplementary
Fig. 2d online).

We confirmed that these drugs and (z)-Bay K8644 influenced huntingtin aggregation in an
autophagy-dependent manner, as they had no effects in autophagy-deficient mouse
embryonic fibroblasts (MEFs) that have a knockout of the key autophagy gene Atg5
(ATG577), while their effects in wild-type MEFs (Afg5*) mirrored that in SK-N-SH cells
(Fig. 1e).

Clonidine signals via the imidazoline type 1 receptor

Clonidine binds both a-adrenergic (a»-AR) and imidazoline-1 (I11R) receptors. When
clonidine binds a,-AR, G; signalling pathways are activated that reduce CAMP levels by
inhibiting adenylyl cyclase25. I11R binding also reduces cAMP levels, although whether this
is mediated by G-proteins is disputed26, 27 (Supplementary Fig. 3a online). As clonidine
had beneficial effects in both PC12 cells (which do not have a,-AR but have I11R) and SK-
N-SH cells (which have both these receptors), we confirmed that rilmenidine (13) (a
clinically-approved centrally-acting drug which binds I1R at ~30-fold higher affinity than
the a-AR) could also enhance A53T a-synuclein clearance and decrease EGFP-HDQ74
aggregation in PC12 and SK-N-SH cells, respectively (Fig. 2a, b and Supplementary Fig. 3b
online). Rilmenidine, like clonidine and verapamil, also increased LC3-I1 levels in a dose-
dependent manner (Fig. 2¢ and Supplementary Figs. 2d, 3c online).

I1R agonists signal via cAMP/Epac/Rap2B/PLC

Clonidine and rilmenidine are likely to act by reducing cAMP levels, as the adenylyl cyclase
inhibitor 2’5’ -dideoxyadenosine (2’5 ddA) (14) also enhanced A53T a-synuclein clearance
and decreased EGFP-HDQ74 aggregation, while the cAMP analogue (dibutyryl cAMP) (15)
and the adenylyl cyclase activator (forskolin) (16) had opposite effects (Fig. 2a, b and
Supplementary Figs. 3a, b online). Furthermore, LC3-I1 levels were increased by 2’5" ddA
(Fig. 2c and Supplementary Fig. 3c online).

cAMP can signal to at least three different pathways; protein kinase A (PKA), Epac (a
guanine nucleotide exchange factor) and through cyclic nucleotide activated ion channels
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(Supplementary Fig. 3a online)28. As the latter route does not operate at the cAMP levels
expected by some of our treatments28, we tested the former options. The Epac-specific
CAMP analogue, 8-CPT-2-Me-cAMP (17), slowed A53T a-synuclein clearance and
enhanced mutant huntingtin aggregation, while the PKA-specific cCAMP analogue, 6-Bnz-
cAMP (18), had no effect (Figs. 2d, e and Supplementary Fig. 3d online). Likewise, KT
5720 (19), a PKA inhibitor, did not enhance A53T a-synuclein clearance - it had the reverse
effect (Supplementary Fig. 3e online). Henceforth, we focused on the Epac pathway and
tested its downstream components.

Epac activates the small GTPase Rap2B, which in turn activates the ubiquitously expressed
phospholipase C (PLC)-e isoform29, which hydrolyses phosphatidylinositol 4,5-
bisphosphate (PIP,) (20) to form IP3 and diacylglycerol (DAG) (21) (Supplementary Fig. 3a
online). This pathway is well conserved in many cell types including neurons, neuronal cells
like PC12 cells, and COS-7 cells30-33. We have confirmed Rap2B activation in PC12 cells
treated with forskolin (Supplementary Fig. 3f online). This established pathway from G;-
coupled receptors to PLC-e was a strong candidate autophagy regulator, as 1P3 negatively
regulates autophagy in an mTOR-independent fashion and a recent study has shown
induction of autophagy after 1P receptor (IP3R) knockdown11, 34, 35. Consistent with this
hypothesis, dominant-negative S17N Rap2B decreased EGFP-HDQ74 aggregation, while
overexpression of PLC-e enhanced EGFP-HDQ74 aggregation (Fig. 2f). The protective
effects of dominant-negative Rap2B on EGFP-HDQ74 aggregation were associated with an
increase in LC3-11 levels (Fig. 2g and Supplementary Fig. 3g online). Consistent with a link
between Epac and Rap2B, the deleterious effects of the Epac-specific cCAMP analogue (8-
CPT-2-Me-cAMP) on huntingtin aggregation, were abrogated by dominant-negative Rap2B
(Fig. 2h and Supplementary Fig. 3h online). Furthermore, overexpression of cytosolic 1P3
kinase A36, which catalyses the Ca2*-regulated phosphorylation of 1P, thereby inactivating
the signal for ER Ca2* release and generating inositol 1,3,4,5-tetrakisphosphate (1P,4) (22),
decreased EGFP-HDQ74 aggregation and toxicity (Fig. 2i).

PLC/IP3 and L-type Ca2?* channels regulate calpain activity

The pathway from cAMP to 1P5 regulates intracytosolic Ca2* levels, as IP3 binds to ER
receptors facilitating CaZ* release from this organelle. Likewise, L-type Ca2* channel
antagonists are known to decrease intracytosolic Ca?* and L-type Ca?* channel agonists
increase intracytosolic Ca2* concentrations (Supplementary Figs. 3a, i online). Intracytosolic
Ca?* activates calpains37. The two ubiquitously expressed mammalian calpains, calpain 1
(p-calpain) and calpain 2 (m-calpain), are heterodimeric proteins comprising a distinct 80
kDa large catalytic subunit and a common 28 kDa small regulatory subunit, which is
converted from the 28 kDa (inactive) form to a 21 kDa polypeptide (active) following
activation by increased cytosolic Ca2* [e.g., with thapsigargin (23) (Supplementary Fig. 3j
onlineg)]37. PLC-e overexpression, and treatments with (x)-Bay K8644 and 8-CPT-2-Me-
CcAMP also increased calpain activity (Fig. 3a and Supplementary Figs. 3k, | online).

Calpain activity is enhanced in HD /n vivod and we confirmed that this elevation could be
normalised by calpastatin or verapamil in our stable inducible cell models (Supplementary
Fig. 3m online). Very low calpain activity in the basal state makes reliable assessment of
inhibitory effects even of specific calpain inhibitors difficult in whole cells with normal
intracellular Ca%* concentrations.

Minoxidil decreases whole-cell L-type Ca2* channel currents in a concentration-dependent
manner38. In contrast to minoxidil, K* otp channel blockers, such as quinine sulphate (24)
and tolazamide (25), slow clearance of autophagy substrates (Supplementary Figs. 2e, f
online). Because minoxidil is likely to act via the same pathway as the L-type Ca%* channel
blockers, we have restricted further pathway analyses to the Ca* channel blockers.

Nat Chem Biol. Author manuscript; available in PMC 2009 February 03.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Williams et al.

Page 5

Calpain inhibition reduces mutant huntingtin aggregation

We tested calpains as central to autophagy regulation as they are common targets of the two
major pathways identified by our screen hits - the cAMP-Epac-PLC-1P3 (clonidine) and the
L-type Ca2* channel pathways. This possibility was consistent with the calpain inhibitor
calpastatin inhibiting the levels of calpain activation mediated by (+)-Bay K8644 in a dose-
dependent manner (Fig. 3a). Both calpastatin and verapamil (which also abrogates calpain
activation) rescued the effects of (x)-Bay K8644 on EGFP-HDQ74 aggregation (Fig. 3b and
Supplementary Figs. 3n, o online). Likewise, calpastatin enhanced LC3-11 levels in the
presence of (£)-Bay K8644 in a manner that correlated with the decrease in EGFP-HDQ74
aggregation and calpain activity (Figs. 3c, d). Furthermore, calpeptin (26), another calpain
inhibitor, rescued the increased EGFP-HDQ74 aggregation induced by overexpression of
PLC-e (Fig. 3e).

It is important to point out that 10 uM calpastatin reduced calpain activation and EGFP-
HDQ74 aggregation, and increased autophagic activity to around baseline levels (as in
DMSO treated control condition) in (+)-Bay K8644-treated cells (Figs. 3a-d). However, 20
LM calpastatin resulted in lower calpain activity and EGFP-HDQ74 aggregation, and
simultaneously increased autophagy in (x)-Bay K8644-treated cells, even compared to
DMSO-treated (control) cells (Figs. 3a-d). Thus, this places calpain downstream of L-type
Ca?* channels in this pathway (Supplementary Fig. 3a online).

We confirmed the predictions from the above data that calpain inhibitors and sSiRNA
knockdown of either calpain 1 or calpain 2 would reduce EGFP-HDQ74 aggregation/
toxicity in cells not exposed to other drugs (Figs. 4a-c). Calpain inhibition enhanced the
clearance of EGFP-HDQ74 and A53T a-synuclein (in undifferentiated and differentiated
neuronal PC12 cells) (Figs. 4d, e).

Conversely, overexpression of constitutively active S50E human m-calpain increased
EGFP-HDQ74 aggregation and toxicity (Fig. 4f). The effects of constitutively active m-
calpain on EGFP-HDQ74 aggregation were not abrogated by either verapamil or clonidine
(Fig. 4g), again consistent with calpain being downstream of the L-type Ca2* channel
(verapamil) and the cAMP-Epac-PLC-IP3 (clonidine) pathways.

Consistent with these data, thapsigargin increased EGFP-HDQ74 aggregates/toxicity and
delayed A53T a-synuclein clearance; effects that were attenuated by calpain inhibitors
(Supplementary Figs. 4a-j online).

Calpain inhibition induces autophagy

We next tested if the reduced EGFP-HDQ74 aggregation mediated by the calpain inhibitors
was autophagy-dependent. Calpastatin could not reduce EGFP-HDQ74 aggregates in
ATG5~, but reduced aggregates in Afg5"* MEFs, or when wild-type, but not conjugation-
deficient Atg5 (K130R), was overexpressed in A7G57 cells (Fig. 5a).

Calpain 1 or calpain 2 knockdown by siRNA and calpain inhibitors increased LC3 vesicle/
autophagosome numbers (Fig. 5b and Supplementary Figs. 5a-c online). Calpeptin also
increased the number of autophagosome-like structures and decreased the numbers of
mitochondria (which are endogenous autophagy substrates2) in COS-7 cells as evaluated by
electron microscopy (Supplementary Figs. 5d, e online). Consistent with the data in
Supplementary Figs. 4f-j online, thapsigargin-treated cells pre-treated with calpain inhibitors
had more autophagosomes than cells treated with thapsigargin only (Supplementary Figs.
4k, 1 online).
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LC3-11 levels also accumulated in cells treated with calpastatin (Fig. 5¢ and Supplementary
Fig. 5f online). LC3-11 accumulation can occur due to increased autophagosome formation
or impaired autophagosome-lysosome fusion. Thus, we assayed LC3-11 in the presence of
bafilomycin Al (27), which blocks autophagosome-lysosome fusion, to assess
autophagosome formation39. Bafilomycin Al increases LC3-11 (Fig. 5d and Supplementary
Fig. 5g online) and the concentration used is saturating for LC3-11 levels in this assay (data
not shown). Further blockage of autophagosome-lysosome fusion via a bafilomycin Al-
independent mechanism, using the dynein inhibitor erythro-9-[3-(2-hydroxynonyl)] adenine
(EHNA)40 (28), along with this dose of bafilomycin AL, results in no increase in LC3-II
compared to bafilomycin Al alone (data not shown). We have previously demonstrated that
autophagy-inducers can further increase LC3-11 levels in bafilomycin Al-treated cells,
indicating that such compounds increase autophagosome formationl10, 12. To test if calpain
inhibitors induce autophagosome formation, we pre-treated EGFP-LC3 HelLa cells with the
inhibitors for 24 h and then added bafilomycin A1l to the cells for a further 4 h. We assumed
that calpain inhibitors act by blocking clearance/cleavage of key autophagy regulators and
thus some time is needed for these putative regulators to accumulate. Calpain inhibitors
increased LC3-I1 levels in the presence of bafilomycin Al, compared to bafilomycin Al
alone, suggesting induction of autophagy (Fig. 5d and Supplementary Fig. 5g online).
Likewise, L-type Ca2* channel antagonist (verapamil) showed a similar trend
(Supplementary Fig. 5h online). Conversely, overexpression of constitutively active m-
calpain reduced Myc-LC3-II levels and EGFP-LC3 vesicle numbers (Figs. 5e, f).

While our data suggest that thapsigargin inhibits clearance of various autophagy dependent
substrates by activating calpains (Supplementary Figs. 4a-j online), it appears to have
additional effects on autophagy. In contrast to overexpression of m-calpain, which reduces
autophagosome numbers (Figs. 5e, f), thapsigargin increased steady-state levels of LC3
vesicles and LC3-11 (Supplementary Figs. 4m, n online). However, thapsigargin did not
increase LC3-11 levels in bafilomycin Al-treated cells, compared to the levels with
bafilomycin Al alone (Supplementary Fig. 4n online), which was in contrast to the effects
of various autophagy inducers10, 12 (Fig. 5d and Supplementary Figs. 5g, h online). The
phenomenon of an agent that decreases clearance of autophagy substrates, and that also
increases steady-state autophagosome numbers but does not increase autophagosome levels
in cells treated with bafilomycin Al, is characteristic of compounds/genes that block
autophagosome-lysosome fusion10, 40. Such agents/genes also result in lower proportions
of LC3 vesicles colocalising with the lysosomal marker Igp120 (Llamp1), which we
observed with thapsigargin (Supplementary Fig. 40 online)10, 12. Thus, the most
parsimonious explanation for our data is that thapsigargin decreases the clearance of
autophagic substrates (Supplementary Figs. 4a-d online) via at least two mechanisms - a
calpain-dependent process that reduces autophagosome synthesis (Figs. 5e, f and
Supplementary Figs. 4f-1 online), and a calpain-independent process that probably decreases
autophagosome lysosome-fusion (Supplementary Figs. 4m-o online).

Autophagy induction by calpain inhibitors is not predominantly mediated by effects on Ca2*
levels in intracellular stores (like the ER)41. While the autophagy-inhibitory effect of
thapsigargin was rescued by calpain inhibitors, there were no significant differences in the
stored Ca2* between thapsigargin-treated cells with or without calpain inhibitors
(Supplementary Figs. 4p, q online).

Gsq IS a calpain substrate regulating autophagy

In order to select candidate calpain substrates regulating autophagy, we considered which
substrates would inhibit autophagy if subjected to low levels of cleavage. An appealing
candidate was the alpha subunit of heterotrimeric G-proteins (G, ) that increases its activity
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after calpain cleavage42, since G, enhances adenylyl cyclase activity. We confirmed that
the hallmark 20 kDa G, cleavage product appeared in our cells overexpressing constitutive
active m-calpain, or in cells treated with thapsigargin (Supplementary Fig. 6a online).

Compatible with our hypothesis, activation of Gg, with its natural ligand, pituitary adenylyl
cyclase-activating polypeptide (PACAP), increased cCAMP levels and retarded A53T a-
synuclein clearance (Fig. 6a and Supplementary Figs. 6b-d online). This effect was not
blocked by calpastatin (as PACAP activation can occur without G, cleavage) but was
abolished by inhibition of its downstream target, adenyl cyclase (with 2"5’ddA) (Fig. 6a and
Supplementary Fig. 6¢ online). PACAP also enhanced EGFP-HDQ74 aggregation (Fig. 6b).
Consistent with the hypothesis that calpains activate G, which mediates effects by
enhancing adenylyl cyclase activity (confirmed in Supplementary Figs. 6d, e online, where
constitutively active m-calpain increased CAMP levels), 2°5'ddA decreased the enhanced
EGFP-HDQ74 aggregation caused by overexpression of constitutively active m-calpain
(Fig. 6¢), in a manner similar to what we observed with PACAP (Fig. 6a).

Knockdown of Gg, with siRNA or treatment with its chemical inhibitor NF449 (29)
decreased EGFP-HDQ74 aggregation and increased LC3-11 levels (Figs. 6b, d-f and
Supplementary Fig. 6f online). The increase in LC3-11 levels with Gy, knockdown by
SiIRNA was also seen in cells treated with bafilomycin A1, suggesting that knockdown of
Gy, increases autophagosome synthesis (Fig. 6g). G is likely to mediate many of the
autophagy-related effects of calpains on EGFP-HDQ74 aggregation, as the increased
aggregation mediated by overexpression of constitutively active m-calpain was abrogated by
Gsq SIRNA, and the beneficial effects of calpain inhibition are not further enhanced in
calpastatin-treated cells with Gg, knockdown (Figs. 6h and Supplementary Fig. 6g online).

Another candidate we considered was Atg5, which may be cleaved by calpains in certain
cell death contexts43. However, we observed no reduction in full-length Atg5 and no
obvious cleavage products in cells treated with thapsigargin and no increase in Atg5 levels
with calpastatin (Supplementary Fig. 6h online).

Calpain-regulated autophagy is mTOR-independent

Calpain-regulated autophagy appeared to be independent of, or downstream of, the known
pathway that is negatively regulated by mTOR, as its kinase activity, inferred by the levels
of phosphorylation of its substrates, ribosomal S6 protein kinase (S6K1, also known as
p70S6K) and eukaryotic initiation factor 4E-binding protein 1 (4E-BP1)19, was not reduced
by calpain inhibitors (Supplementary Figs. 6i, j online). Likewise, drugs that perturb
intracellular Ca%* like thapsigargin had no effect on mTOR signalling (Supplementary Fig.
4r online).

Overexpression of the small G-protein rheb, which greatly enhances mTOR signalling,
markedly increased EGFP-HDQ74 aggregates and cell death in COS-7 cells9 (Fig. 7a).
However, the calpain inhibitors reduced EGFP-HDQ74 aggregation/toxicity and increased
EGFP-LC3 vesicle numbers in rheb-transfected cells (Figs. 7a, b), suggesting that induction
of autophagy by calpain inhibition occurs even when mTOR is activated. Thus, calpain
inhibitors do not act upstream of mTOR.

We next tested whether mTOR inhibition induced autophagy when calpains were activated.
This is relevant to HD where calpains are activated, and where rapamycin is protective in /n
vivomodels4, 5, 8, 9. In cells overexpressing constitutively active m-calpain, rapamycin
reduced EGFP-HDQ74 aggregation and increased autophagosome numbers, further
suggesting that mTOR and calpains regulate autophagy via independent pathways (Figs. 7c,
d). Similarly, rapamycin reduced the increased EGFP-HDQ74 aggregation/toxicity induced
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by thapsigargin, and increased EGFP-LC3 vesicle numbers in thapsigargin-treated cells
(Supplementary Figs. 4s-u online).

Simultaneous inhibition of calpain and mTOR

Therapeutic

As calpain inhibition induces autophagy independently of mTOR, we confirmed that
calpastatin and rapamycin have additive effects in reducing EGFP-HDQ74 aggregation/
toxicity and enhancing the clearance of soluble EGFP-HDQ74 and A53T a-synuclein,
compared to single treatments with calpastatin or rapamycin (Figs. 7e-h). The clearance
effect was assessed at early time-points where no major reductions in the levels of mutant
proteins were observed with single treatments. We have used a saturating dose of
rapamycinll. However, co-treatment with calpastatin and verapamil (both acting through
the same pathway) did not facilitate any further clearance of the aggregate-prone proteins at
this early time-point (data not shown).

potential in HD models

In order to test whether compounds acting via the pathway identified in this screen were
potentially relevant to therapy, we first tested them in a Drosophila model of HD (see
Supplementary Methods online). Flies expressing a mutant huntingtin fragment with 120Q
in the photoreceptors exhibit photoreceptor degeneration that is not observed in flies
expressing the wild-type protein with 23Q44. The photoreceptor degeneration in 120Q flies
is attenuated with drugs acting on L-type Ca?* channels (verapamil) or on the cAMP arm of
the pathway (clonidine) (Supplementary Figs. 7a, b online). Valproate (that induces
autophagy by reducing IP3 levels11, among other activities that may be relevant to HD),
also had protective effects (Supplementary Fig. 7c online).

As verapamil, clonidine and valproate slowed this neurodegeneration phenotype to a similar
extent as various histone deacetylase inhibitors, which are being extensively investigated in
HDA45, 46, we next tested representative compounds acting on our putative pathway in a
zebrafish HD model we have generated that expresses EGFP-tagged huntingtin exon 1 with
71Q (EGFP-HDQ71) in the rod photoreceptors using the rhodopsin promoter. In this model,
constructs with EGFP-HDQ71 form aggregates (which are not seen with EGFP-HDQ23
constructs), and induce a loss of rhodopsin expression which correlates with rod
photoreceptor degeneration (Fig. 8a and Supplementary Figs. 8a-c online). Zebrafish EGFP-
HDQ71 models treated with verapamil, calpastatin, clonidine and 25’ ddA had significantly
fewer aggregates (like with rapamycin) and significantly enhanced rhodospin expression
compared to untreated fish, while aggregation was increased and rhodopsin expression was
decreased with (x)-Bay K8644 (Figs. 8a-d).

Discussion

Our compound screen has identified a pathway regulating autophagy that provides many
possibilities for therapeutic intervention (Fig. 8e). Previous studies have shown that the
clearance of mutant huntingtin exon 1 (both EGFP-tagged or HA-tagged), mutant full-length
huntingtin and A53T or A30P a-synuclein is largely mediated by autophagy8, 13, 14, 20.
Conversely, wild-type full-length or exon 1 huntingtin and wild-type a-synuclein have very
low dependencies on autophagy for their clearance8, 14, 20. Consistent with these
expectations, a range or autophagy-inducing drugs have no obvious effects on wild-type
huntingtin exon 1 or wild-type a-synuclein clearancel0, 14. Similarly, the drugs acting on
the pathway we have identified in this study have no obvious effects on the clearance of
wild-type huntingtin exon 1 (EGFP-HDQ23) or wild-type a-synuclein (Supplementary Figs.
29, h online).
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Our data suggest that raised cCAMP levels act via Epac and PLC-e to enhance calpain
activity, which retards the clearance of autophagy substrates (Figs. 2a, b, d-f, 4f, 6a-c and
Supplementary Figs. 3b, d, f, j-1, 4a-d, 6b-e online). The Gy, -Epac-PLC-e-Ca?* release
pathway operates in neurons and neuronal cells32, 47. Importantly, this pathway can also be
inhibited in neuronal cells by G; stimulation (as would occur with clonidine)34. Likewise, L-
type Ca2* channel agonists slow the clearance of mutant proteins by blocking autophagy
through calpain activation (Figs. 1a-c, 3a-d and Supplementary Figs. 2a-c, €, f online). Gy,
provides a link between these two pathways as it is activated following calpain cleavage
leading to increased CAMP levels (Fig. 8e and Supplementary Figs. 6a, d, e online).
Interestingly, autophagosome synthesis can be induced and mutant huntingtin aggregation
can be significantly inhibited by genetic knockdown of G, (Figs. 6d, €, g and
Supplementary Fig. 6f online). This is the first demonstration of the importance of the Epac
pathway in autophagy regulation. Previous studies in yeast have focused on PKA and many
of the mammalian studies that implicated PKA were performed before the Epac pathway
was discovered48, 49. The validity of the Epac pathway is consistent with the known
activities of four additional compounds we identified in our screen that inhibit A53T a-
synuclein clearance and enhance EGFP-HDQ74 aggregation: FPL61476 (30) has Ca2*
channel agonist activity, quinine sulphate and tolazamide are ATP-sensitive K* channel
antagonists, and rolipram (31) inhibits phophodiesterase 4 (leading to increased levels of
cAMP) (Supplementary Figs. 2e, f online).

It is possible that changes in IP3 and Ca2* levels may have additional effects on autophagy.
These are considered in the context of previous literature in the Supplementary Discussion
online, which also deals with issues of cell-type pathway specificity.

Our data provides a possible link between excitotoxicity, which results from increased Ca2*
entry into neurons via glutamate receptors, and enhanced intracytosolic protein aggregation
due to impaired autophagy. Excitotoxicity is believed to contribute to a number of
neurodegenerative diseases, including HD and Alzheimer’s disease (AD)6, 7, and it is
notable that the proteins that aggregate in many of these diseases are autophagy substratesl,
8, 15. Calpain inhibition of autophagy may also contribute to the link between p-amyloid
toxicity (which may elevate cytosolic Ca2* levels) and tau accumulation in AD, as insoluble
tau accumulates when autophagy is blocked15. Finally, it is tempting to speculate that our
data may also go some way to explaining why apoptosis and autophagy generally do not
coexist, as many apoptotic (and necrotic) cell death processes are associated with, or
stimulated by, raised cytosolic Ca2* levels50.

Calpain activation has been proposed to contribute to HD pathogenesis by promoting
huntingtin cleavage - the toxicity of the HD mutation appears to be exposed or enhanced
after cleavage4, 5. As the huntingtin fragments we used are N-terminal to the calpain
cleavage sites at residues 469 and 536 (Supplementary Fig. 1a online), the cumulative data
strongly argue that calpain inhibition will reduce mutant huntingtin fragment levels by
impairing both cleavage (production) and by enhancing degradation (Figs. 4a-e). In addition
to these effects that result in lowered levels of the toxic protein, calpain inhibition may have
other benefits in neurodegenerative diseases, including protection against cell death (Figs.
4a, b).

Our data suggest that drugs acting on this mTOR-independent pathway may have added
efficacy for neurodegenerative diseases in combination with rapamycin, providing a new
direction for combinatorial treatment of disorders like HD by enhancing autophagy through
two different routes (Figs. 7e-h and Supplementary Figs. 6i, j online). Combination therapy
with more moderate calpain and mTOR inhibition may be safer for long-term treatment
compared to using higher doses of either compound that result in more severe inhibition of a
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single pathway. This strategy may allow a larger safety window before toxic effects from
non-autophagy-related effects of each drug are seen.

The discovery that autophagy induction can be mediated by Ca?* channel blockers is
particularly exciting, as these drugs are safer and better tolerated than rapamycin - for
instance, verapamil has been used for decades to treat hypertension with minimal side
effects. Our findings may have broad applicability, as autophagy appears to regulate the
clearance of a range of intra-cytosolic aggregate-prone proteins associated with
neurodegeneration and various intracellular bacterial.

Materials and Methods

See Supplementary Information online for details of plasmids; compounds; mammalian
cell lines, culture and transfection; quantification and analysis of aggregate formation and
cell death; assessment of autophagy by LC3; analysis of autophagosome-lysosome fusion;
immunocytochemistry; western blot analysis; measurement of stored intracellular Ca2*;
RNA interference; assay for cAMP levels; Rap2B activation assay; electron microscopy;
Drosophila analysis; zebrafish analysis.

Screen design

We screened for autophagy enhancers using a library of 253 compounds that had previously
been into man without major toxic side effects, and pharmacological probes.

We first assayed clearance of A30P a-synuclein, a well characterized autophagy
substratel14, in stable inducible PC12 (neuronal precursor) cells. A30P and A53T a-
synuclein are not substrates for chaperone-mediated autophagy20. While these mutant are
also dependent on the ubiquitin-proteasome system for their clearance, we have found these
proteins to be excellent reporters for changes in autophagic activity through both mTOR-
dependent and mTOR-independent pathways10-12, 14. Autophagy inducers enhance A30P
and A53T a-synuclein clearance resulting in lower levels of the transgene which are readily
detectable after 24 h switch-off period, compared to the control. Conversely, clearance is
retarded when autophagy is blocked leading to higher levels of the transgene, compared to
control after 24 h switch-off period. All compounds that visibly perturbed A30P a-synuclein
clearance were retested and successfully validated in similar stable inducible PC12 cell lines
expressing A53T a-synuclein.

Clearance of mutant huntingtin and A53T a-synuclein

Stable inducible PC12 cell lines expressing EGFP-HDQ74, or a-synuclein mutants (A53T
or A30P) were induced with 1 g ml-1 doxycycline (Sigma) for 8 h and 48 h, respectivelys,
14. Transgene expression was switched off by removing doxycycline from medium. Cells
were treated with or without compounds for time-points as indicated in experiments. If
transgene levels are followed at various times after switching off expression after an initial
induction period, the effect of different drugs on its clearance can be assessed, as its
expression decays when synthesis is stopped. Compounds were replenished every 24 h for
EGFP-HDQ74 clearance. Clearance of soluble mutant huntingtin or a-synuclein mutants
was detected with anti-EGFP or anti-HA antibody, respectively.

Autophagy methods

Assessment of autophagy by EGFP-LC3 vesicles—The percentage of EGFP-
positive cells with >5 EGFP-LC3 vesicles was counted, as previously described11.
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Assessment of autophagy by LC3-1l levels—LC3-11 levels, which directly correlate
with autophagosome numbers23, 24, is detected with anti-LC3 antibody (NB100-2220,
Novus Biologicals) and densitometry analysis relative to actin or tubulin. To see if
accumulation of LC3-I1 is due to increased autophagosome formation or impaired
autophagosome-lysosome fusion, LC3-11 is assessed in the presence of bafilomycin Al, that
blocks autophagosome-lysosome fusion39, as shown previously10, 12.

Statistical analysis by odds ratio

Pooled estimates for the changes in aggregate formation, cell death or EGFP-LC3 vesicles,
resulting from perturbations assessed in multiple experiments, were calculated as odds ratios
with 95% confidence intervals8, 11, 12. Odds ratios and p values were determined by
unconditional logistical regression analysis, using the general log-linear analysis option of
SPSS 9 software (SPSS, Chicago). ***, p< 0.001; **, p< 0.01; *, p< 0.05; NS, Non-
significant.

Statistical analysis on immunoblots

Densitometry analysis on the immunoblots was done by Scion Image Beta 4.02 software
(Scion Corporation) from three independent experiments (n = 3). Significance for the
clearance of mutant proteins was determined by factorial ANOVA test using STATVIEW
software, version 4.53 (Abacus Concepts). The control condition was set to 100% and the
error bars denote standard error of mean.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Identification of autophagy-inducing drugs.

a, Densitometric analysis relative to actin of A53T a-synuclein clearance in stable inducible
PC12 cell line expressing A53T a-synuclein. Transgene expression was induced with
doxycycline for 48 h, and then switched off (by removing doxycycline) with drug (all 1 M)
or DMSO (vehicle control) treatment for 24 h. Control condition is set to 100%. Error bars:
standard error of mean.

b, Densitometric analysis relative to actin of soluble EGFP-HDQ74 clearance in stable
inducible PC12 cell line expressing EGFP-HDQ74. Transgene expression was induced with
doxycycline for 8 h, and then switched off (by removing doxycycline) with drug (all 1 M)
or DMSO (vehicle control) treatment for 96 h. Control condition is set to 100%. Error bars:
standard error of mean.

¢, SK-N-SH cells transfected with EGFP-HDQ74 construct for 4 h were treated with drugs
(all 1 wM) or DMSO (vehicle control) for 48 h post-transfection. The proportions of EGFP-
positive cells with aggregates or cell death were expressed as odds ratios and the control was
taken as 1. Error bars: 95% confidence interval.

d, PC12 cells were treated with clonidine, minoxidil and verapamil (all 1 .M) or DMSO
(vehicle control) for 24 h. Endogenous LC3-11 levels were detected with anti-LC3 antibody
and quantified relative to actin. Rapamycin (0.2 tM) was positive control. Error bars:
standard error of mean.

e, The proportions of EGFP-positive cells with EGFP-HDQ74 aggregates in wild-type
(Atg5*) and knockout (AT7G57") Atg5 mouse embryonic fibroblasts, transfected with
EGFP-HDQ74 for 4 h and then treated for 48 h with drugs (all 1 M) or DMSO (vehicle
control). Error bars: 95% confidence interval. ***, p<0.001; **, p<0.01; *, p<0.05; NS,
Non-significant.
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Figure 2. Imidazoline-1 receptor agonists act through cCAMP to Rap2B and PL C-e to modulate
autophagy.

a, A53T a-synuclein clearance in stable PC12 cells as in Fig. 1a, treated with or without 1
KM rilmenidine, 1 mM dibutyl-cAMP (db-cAMP), 24 WM forskolin or 500 uM

2’5 dideoxyadenosine (2°5°ddA) for 24 h. Note that control clearance levels for a given
substrate may vary from figure to figure, due to different exposures of blots, which aid
illustration of agents that either increase or retard clearance.

b, The proportions of EGFP-positive cells with EGFP-HDQ74 aggregates in SK-N-SH (for
rilmenidine) and COS-7 (for db-cAMP, forskolin, 2'5"ddA) as in Fig. 1c, treated with
concentrations used in Fig. 2a for 48 h post-transfection. Error bars: 95% confidence
interval.

¢, Endogenous LC3-11 levels in PC12 cells treated with 1 M rilmenidine or 500 M
2'5"ddA for 24 h.

d, A53T a-synuclein clearance in stable PC12 cells as in Fig. 1a, treated with or without 8-
CPT-2Me-cAMP or 6-Bnz-cCAMP (1 uM or 10 uM).

e, The proportions of EGFP-positive COS-7 cells with aggregates as in Fig. 1c, treated with
or without 10 uM 8-CPT-2Me-cAMP or 6-Bnz-cAMP for 48 h post-transfection. Error bars:
95% confidence interval.

f, COS-7 cells, transfected for 4 h with EGFP-HDQ74 along with empty vector
(pcDNAZ3.1), dominant-negative S17N Rap2B (DN Rap2B) or wild-type PLC-¢ (1:3 ratio),
were assessed for the proportions of EGFP-positive cells with aggregates after 48 h. Error
bars: 95% confidence interval.

g, Endogenous LC3-I11 levels in COS-7 cells transfected with a dominant-negative Rap2B
(DN Rap2B) for 4 h were assessed after 48 h expression.

h, The proportions of EGFP-positive COS-7 cells with aggregates, transfected with EGFP-
HDQ74 along with empty vector (o)cDNA3.1) or dominant-negative Rap2B (1:3 ratio) for 4
h, were treated with or without 10 M 8-CPT-2Me-cAMP for 48 h. Error bars: 95%
confidence interval.
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i, COS-7 cells, transfected with EGFP-HDQ74 and dsRed?2 or cytosolic dsRed2-1P3 kinase
A (1:3 ratio) for 4 h, were assessed at 48 h post-transfection for aggregation and cell death
(as in Fig. 1c). Error bars: 95% confidence interval. ***, p<0.001; **, p<0.01; *, p<0.05;
NS, Non-significant.
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Figure 3. The effects of L-type Ca?* channd agonist on autophagy and mutant huntingtin
aggregation are abrogated by calpain inhibition.

a, SK-N-SH cells were pre-treated with or without 10, 15 or 20 M calpastatin for 15 min
followed by addition of 1 pM (£)-Bay K8644 for 4 h. Calpain activity was detected by
immunoblotting with anti-calpain small subunit antibody. Densitometry analysis is relative
to actin. Error bars: Standard error of mean.

b, SK-N-SH cells transfected with EGFP-HDQ74 for 4 h, then pre-treated with or without
10, 15 or 20 iM calpastatin for 15 min followed by addition of 1 .M (z)-Bay K8644 for 48
h post-transfection, were assessed for the proportion of EGFP-positive cells with EGFP-
HDQ74 aggregates. Error bars: 95% confidence interval.

¢, SK-N-SH cells were pre-treated with or without 10, 15 or 20 wM calpastatin for 15 min
followed by addition of 1 uM (%)-Bay K8644 for 4 h. Endogenous LC3-11 levels were
detected by immunoblotting with anti-LC3 antibody.

d, Comparison between calpain activity, EGFP-HDQ74 aggregation and autophagosomes as
seen in Fig. 3a-c. The control condition for all the assessments was set at 100%. Calpastatin
lowered the increased calpain activity and EGFP-HDQ74 aggregation caused by (+)-Bay
K8644 in a dose-dependent manner with a simultaneous increase in LC3-11 levels
(autophagosomes).

e, COS-7 cells transfected with empty vector (pcDNA3.1) or wild-type PLC-e for 4 h and
treated with or without 50 M calpeptin for 48 h post-transfection were assessed for the
proportion of EGFP-positive cells with EGFP-HDQ74 aggregates. Error bars: 95%
confidence interval. ***, p<0.001; **, p<0.01; *, p<0.05; NS, Non-significant.
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Figure 4. Calpain inhibition increases aggr egate-prone protein clearance.
a, The proportions of EGFP-positive SK-N-SH cells with EGFP-HDQ74 aggregates or cell
death as in Fig. 1c, treated with or without 10 uM calpastatin, 50 .M ALLM or 50 uM
calpeptin for 48 h post-transfection. DMSO was control for ALLM and calpeptin. Error

bars: 95% confidence interval.

b, HeLa cells were transfected with EGFP-HDQ74 construct along with siGL O (control
siRNA) in presence or absence of calpain 1 or calpain 2 siRNA (1:3 ratio) for 96 h. EGFP-
and si GL O-positive cells were assessed for aggregation and cell death as in Fig. 1c. Error

bars: 95% confidence interval.

¢, HeLa cells, transfected with siGLO (control siRNA) or siRNAs for calpain 1 or calpain 2
for 96 h, were analysed with anti-calpain 1 or anti-calpain 2 domain 111 antibodies.

d, Clearance of soluble EGFP-HDQ74 in stable PC12 cells as in Fig. 1b, treated with drugs
(concentrations in Fig. 4a) for 96 h. Densitometry is relative to actin. Error bars: Standard

error of mean.

e, A53T a-synuclein clearance in undifferentiated or non-mitotic neuronally differentiated
(with 100 ng/ml nerve growth factor for 5 d) stable PC12 cells as in Fig. 1a, treated with or
without 10 M calpastatin for 24 h. Densitometry is relative to actin. Error bars: Standard

error of mean.

f, COS-7 cells, transfected with EGFP-HDQ74 along with empty vector (o)cDNA3.1) or
constitutive active (CA) m-calpain (1:3 ratio) for 48 h, were assessed for aggregation and
cells death as in Fig. 1c. Error bars: 95% confidence interval.
0, SK-N-SH cells, transfected with EGFP-HDQ74 along with empty vector (o)cDNA3.1) or
constitutive active m-calpain (1:3 ratio) for 4 h, were subsequently treated with DMSO
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(control), 1 .M verapamil or 1 wM clonidine for 48 h. The proportions of EGFP-positive

cells with aggregates were assessed as in Fig. 1c. Error bars: 95% confidence interval. ***,
p<0.001; **, p<0.01; *, p<0.05.
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Figure 5. Calpain inhibition induces autophagy.

a, The proportions of EGFP-positive MEFs with aggregates, transfected with EGFP-HDQ74
and pcDNA3.1 (empty vector) in Afg5* cells, or transfected with EGFP-HDQ74 and
pcDNA3.1, WT Atg5 or K130R Atg5 constructs in A7G5 cells for 4 h (1:3 ratios), were
treated for next 48 h with or without 10 .M calpastatin. All data are from the same
experiment, but odds ratios for reference conditions in specific experiments have been set to
one, to facilitate comparisons. A7G5~ cells had increased EGFP-HDQ74 aggregates
compared to Azg5*'* cells10, 12. Error bars: 95% confidence interval.

b, HeLa cells were transfected with siGL O (control) with or without calpain 1 siRNA or
calpain 2 siRNA (1:3 ratio) for 96 h, followed by transfection with EGFP-LC3 construct for
4 h. Cells were fixed after a further 2 h. The proportions of transfected cells with >5 EGFP-
LC3 vesicles were assessed. Error bars: 95% confidence interval.

¢, Endogenous LC3-11 levels in SK-N-SH cells treated with or without 10 LM or 30 M
calpastatin for 24 h.

d, HeLa cells stably expressing EGFP-LC3 were treated for 4 h with 400 nM bafilomycin
Al in presence or absence of 10 uM calpastatin, 50 oM ALLM or 50 uM calpeptin. Calpain
inhibitors were treated for 24 h before bafilomycin Al addition. EGFP-LC3-11 was detected
with anti-EGFP antibody. Data from different calpain inhibitors are from different blots.

e, COS-7 cells, transfected with myc-LC3 and EGFP-C1 with pcDNA3.1 (empty vector) or
constitutive active (CA) m-calpain (1:1:3 ratio) for 4 h, were analysed after 24 h post-
transfection for LC3-11 levels by immunaoblotting with anti-myc antibody. Error bars:
Standard error of mean.

f, COS-7 cells, transfected with EGFP-LC3 and pcDNA3.1 (empty vector) or constitutive
active m-calpain (1:3 ratio) for 4 h and fixed 24 h post-transfection, were assessed for
proportions of EGFP-positive cells with >5 EGFP-LC3 vesicles. Error bars: 95% confidence
interval. ***, p<0.001; **, p<0.01; *, p<0.05; NS, Non-significant.
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Figure 6. Calpain cleaves Gg, creating a link between the cAMP and Ca?*-cal pain pathways.

a, A53T a-synuclein clearance in stable PC12 cells as in Fig. 1a, treated with or without 100
nM PACAP with or without 10 M calpastatin or 500 M 2’5"ddA for 24 h.

b, The proportion of EGFP-positive cells with aggregates in SK-N-SH cells as in Fig. 1c,
treated for 48 h with 1 pM PACAP or 200 .M NF449. Error bars: 95% confidence interval.
¢, Aggregation in COS-7 cells transfected with either pcDNA3:1 (empty vector) or
constitutively active (CA) m-calpain and EGFP-HDQ74 (3:1 ratio) for 4 h and then treated
with or without 500 M 2”5ddA for 48 h. Error bars: 95% confidence interval.

d, HeLa cells transfected with control or Gg, SIRNA for 72 h were analysed for Gy, levels
by immunoblotting with anti-Gg4, antibody. Aggregation was assessed in HeLa cells
transfected with control or Gg, SIRNA and EGFP-HDQ74 for 72 h. Error bars: 95%
confidence interval.

e, Endogenous LC3-11 levels in HeLa cells transfected with control or Gg, SIRNA for 72 h.
f, Endogenous LC3-11 levels in PC12 cells treated with or without 200 uM NF449 for 24 h.
0, Endogenous LC3-I11 levels in HelLa cells transfected with control or G5, SiRNA for 72 h
and treated with or without 400 nM bafilomycin Al for the last 4 h. Densitometric analysis
is relative to actin. Error bars: Standard error of mean.

h, The proportions of EGFP-positive HeL a cells with aggregates, transfected with control or
Gsq SIRNA for 48 h, and then re-transfected together with pcDNA 3.1 (empty vector) or
constitutively active (CA) m-calpain and EGFP-HDQ74 (3:1 ratio) for a further 48 h. Error
bars: 95% confidence interval. ***, p<0.001; **, p<0.01; *, p<0.05; NS, Non-significant.
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Figure 7. Regulation of autophagy by calpain ismT OR-independent.

a, The proportions of EGFP-positive COS-7 cells with aggregates or cell death, after
transfection with EGFP-HDQ74 and rheb or pcDNA3.1 (empty vector) (1:3 ratio) for 4 h
and treatment with or without 10 M calpastatin or 50 uM calpeptin for 48 h post-
transfection. The control condition for assessing the effect of calpain inhibitors in rheb-
transfected cells was taken as 1. Error bars: 95% confidence interval.

b, The proportions of EGFP-positive COS-7 cells with >5 EGFP-LC3 vesicles, transfected
with EGFP-LC3 and pcDNA3.1 (empty vector) or rheb (1:3 ratio) for 4 h and treated with or
without 10 M calpastatin or 50 M calpeptin for 24 h post-transfection. Error bars: 95%
confidence interval.

¢, The proportions of EGFP-positive COS-7 cells with aggregates, transfected with EGFP-
HDQ74 and constitutively active (CA) m-calpain or pcDNA3.1 (empty vector) (1:3 ratio)
for 4 h and treated with or without 0.2 LM rapamycin for 48 h post-transfection. Error bars:
95% confidence interval.

d, The proportions of EGFP-positive COS-7 cells with >5 EGFP-LC3 vesicles, transfected
with EGFP-LC3 and constitutively active (CA) m-calpain or pcDNA3.1 (empty vector) (1:3
ratio) for 4 h and treated with or without 0.2 .M rapamycin for 24 h post-transfection. Error
bars: 95% confidence interval.
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e, f, The proportions of EGFP-positive COS-7 cells with aggregates (e) and cell death (f) as
in Fig. 1c, treated with or without 0.2 M rapamycin, 10 M calpastatin or both for 48 h.
Error bars: 95% confidence interval.

g, Clearance of soluble EGFP-HDQ74 in stable PC12 cells as in Fig. 1b, treated with or
without 0.2 M rapamycin, 10 M calpastatin or both for the 48 h switch-off period. Error
bars: Standard error of mean.

h, Clearance of A53T a-synuclein in stable PC12 cells as in Fig. 1a, treated with or without
0.2 M rapamycin, 10 pM calpastatin or both for the 8 h switch-off period. Error bars:
Standard error of mean. ***, p<0.001; **, p<0.01; *, p<0.05; NS, Non-significant.
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Figure 8. L-type Ca?* channel antagonists, imidazoline-1 receptor agonists, CAM P antagonists
and calpain inhibitorsrescue Huntington’s disease phenotypesin zebr afish.

a, Western blot showing EGFP-HDQ71-induced degeneration of rod photoreceptors at 9
d.p.f. as indicated by the lack of monomeric (~36 kDa) and dimeric rhodopsin (~72 kDa),
that is further reduced by 3 M (z)-Bay K8644, and recovered upon treatment with 3 uM
verapamil, 100 M 2°5” ddA, 3 uM clonidine and 1 wM calpastatin. No general toxicity to
the zebrafish at these concentrations was observed.

b, Expression of EGFP-HDQ71 significantly reduces the levels of rhodopsin expression,
when compared to wild-type (WT), non-transgenic controls. This affect is further abrogated
by 3 M (z)-BayK8644, while 3 M verapamil, 100 uM 2°5”ddA, 3 uM clonidine and 1
KM calpastatin all protected against rod photoreceptor degeneration. Error bars: Standard
error of mean.

¢, Magnified bright field and EGFP images of zebrafish eye sections, taken at the ventral
marginal zone for each of the indicated treatments (with concentrations as in Fig. 8b), are
shown. Bar, 10 pm.
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d, The total number of aggregates across 8x12 pm sections were counted and compared to
the EGFP-HDQ71 DMSO-treated control. 3 M (z)-Bay K8644 was found to significantly
increase the aggregate burden, while 3 wM verapamil, 1 uM calpastatin, 3 uM clonidine and
100 uM 2'5”ddA decreased the aggregate load. As in our cell models, these aggregates were
insoluble in 4% triton/SDS. Error bars: Standard error of mean. ***, p<0.001; **, p<0.01; *,
p<0.05.

e, Schematic representation of an mTOR-independent autophagy pathway involving cAMP-
Ca?*-calpains-Gg, with multiple drug targets. Intracellular cCAMP levels are increased by
adenylyl cyclase (AC) activity, thereby activating Epac which subsequently activates
Rap2B, a small G-protein that activates PLC-e resulting in the production of IP3 and
consequent Ca?* release from the ER. Intracellular Ca?* levels are also increased by L-type
Ca?* channel agonists. An increase in intracytosolic Ca2* activates calpains, which cleave
and activate G, that activates adenylyl cyclase to increase cCAMP levels, thereby forming a
loop. Activation of this pathway inhibits autophagy. Multiple drug targets acting at various
places in this pathway induce autophagy, such as imidazoline-1 receptors (I11R) agonists
(clonidine and rilmenidine) and adenylyl cyclase inhibitor (2'5’ddA) that decrease cCAMP
levels, agents lowering inositol and IP3 levels [carbamazepine (CBZ) and valproic acid
(VPA)]11, L-type Ca?* channel antagonists (verapamil and loperamide), calpain inhibitors
(calpastatin and calpeptin) and G, inhibitor (NF449).
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