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SUMMARY

Tuberous sclerosis complex (TSC) is a neurogenetic disorder that leads to elevated mechanistic
targeting of rapamycin complex 1 (mTORCL) activity. Cilia can be affected by mTORC1
signaling, and ciliary deficits are associated with neurodevelopmental disorders. Here, we examine
whether neuronal cilia are affected in TSC. We show that cortical tubers from TSC patients and
mutant mouse brains have fewer cilia. Using high-content image-based assays, we demonstrate
that mTORCL activity inversely correlates with ciliation in TSC1/2-deficientneurons.To
investigate the mechanistic relationship between mTORC1 and cilia, we perform a phenotypic
screen for mTORC1 inhibitors with TSC1/2-deficient neurons. We identify inhibitors ofthe heat
shock protein 90 (Hsp90) that suppress mTORC1 through regulation of phosphatidylinositol 3-
kinase (PI3K)/Akt signaling. Pharmacological inhibition of Hsp90 rescues ciliation through
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downregulation of Hsp27. Our study uncovers the heat-shock machinery as a druggable signaling
node to restore mMTORC1 activity and cilia due to loss of TSC1/2, and it provides broadly

applicable platforms for studying TSC-related neuronal dysfunction.

In Brief

Di Nardo et al. find that cortical tubers from TSC patients and mutant mouse brains have fewer
cilia. An image-based screening of mMTORC1 activity in TSC1/2-deficient neurons leads to the
identification of the heat-shock machinery as a druggable signaling node to restore mMTORC1

activity and cilia.
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INTRODUCTION

Tuberous sclerosis complex (TSC) is a neurodevelopmental disorder with an incidence of 1
in 6,000 caused by mutations in either the 7SCZ or 7SCZ2 genes, which encode proteins that
form the TSC1/2 protein complex. TSC is associated with benign tumors called hamartomas
in multiple organs as well as central nervous system (CNS) manifestations including
epilepsy, intellectual disability, and autism spectrum disorder (ASD;Tsai and Sahin, 2011).
The neurological symptoms of TSC have been correlated with brain lesions called cortical
tubers, which are characterized by the presence of giant cells and dysmorphic neurons with
immature features (Curatolo et al., 2015). The TSC1/2 complex is an inhibitory regulator of
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the mechanistic target of rapamycin complex 1 (mTORC1), which coordinates key
neurodevelopmental processes (Lipton and Sahin, 2014). Disrupted mTORCL signaling has
been clearly implicated in several aspects of the CNS pathogenesis seen in TSC (Lipton and
Sahin, 2014). However, the molecular mechanisms downstream of mMTORC1 hyperactivation
that contribute to the neuronal abnormalities remain unclear.

Primary cilia (hereafter "cilia") are evolutionarily conserved membrane extensions of the
cell surface made of microtubules that extend from a centriole-derived structure called the
basal body (Lee and Gleeson, 2011). Cilia are often referred to as sensory antennae since
they coordinate extracellular ligand-based signaling, playing a critical role in tissue
homeostasis (Gerdes et al., 2009). Mutations in genes required for cilia assembly and/or
function underlie a broad spectrum of genetic disorders called ciliopathies. In the CNS,
ciliopathies are associated with severe neurodevelopmental outcomes including brain
malformations, ASD, and intellectual disability (Bettencourt-Dias et al., 2011; Guemez-
Gamboa et al., 2014). A recent study showed that patients with focal malformation of
cortical developments (FMCDs) caused by somatic mutations in M7TOR have a reduction in
neuronal cilia (Park et al., 2018). However, elevated mTORC1 activity caused by loss of
Tsclor 7scZgenes in mouse embryonic fibroblasts (MEFs) resulted in a rapamycin-
insensitive increase of cilia and ciliary length (Hartman et al., 2009). These and other studies
indicate a connection between the mTORCL1 and cilia with different outcomes dependent on
the cellular type and on the etiology of disrupted mTORCL signaling (DiBella et al., 2009;
Rosengren et al., 2018).

Here we investigated the effect of disinhibition of mMTORC1 on cilia using /n vivoand in
vitro models of TSC and specimens from patients. We observed that neuronal ciliation is
reduced in brains of 7scZ- and 7scZ-conditional knockout mice, and in cortical tubers
resected from TSC patients with refractory epilepsy. To investigate the mechanism by which
disinhibition of MTORC1 affects neuronal cilia, we performed a phenotypic screen for
MTORCL inhibitors using 7sc2gene knockdown (KD) in hippocampal neurons. We
identified inhibitors of the molecular chaperone for the heat shock protein 90 (Hsp90),
geldanamycin (GA), and 17-allylamino-GA (17-AGG), as compounds that suppress
mTORC1 through regulation of phosphatidylinositol 3-kinase (PI3K)/Akt signaling
components. Notably, we showed that 17-AGG improved ciliation at doses far below
mTORC1 inhibition during a specific developmental window, and further demonstrated that
this effect was through reduced expression of HspB1 gene expression, which encodes the
small Hsp27. Together, these data indicate that TSC displays features of a ciliopathy and
identify the heat-shock response as a regulator at different nodes within the mTORC1
signaling cascade.

Brains of TSC Patients and CNS-Knockout Mouse Models Have Reduced Ciliated Neurons
that Are Restored by Rapamycin In Vivo

Previous work demonstrated that altered cilia gene expression is a risk factor for
neuropsychiatric disorders (Marley and von Zastrow, 2012; Migliavacca et al., 2015). To
determine whether the ciliary gene signature might be altered in TSC patients, we examined
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the expression of cilia genes from the Syscilia database in a comprehensive set of TSC-
associated cortical tubers and healthy controls recently reported in a genomic study (Martin
et al., 2017). We found that genes associated with cilia were more likely to be differentially
expressed compared to random genes (Figure 1A; Table S1). To investigate whether
differential expression of cilia genes reflected changes in ciliation, we examined cilia in
brain specimens resected from patients with refractory epilepsy with or without TSC (Table
S2). We stained the ciliary membrane-bound adenylyl cyclase I11 (ACIII; Bishop et al.,
2007)toidentify cilia and co-labeled these with the pan-neurofilament marker SM1311 (Talos
et al., 2012) to identify the giant cells present in the cortical tubers of TSC patients. We
found that compared to the brains of the non-TSC cases, giant cells in the cortical tubers had
a significant reduction in ciliation (Figures 1B and 1C).

We also examined neuronal cilia in TSC mouse models with either a conditional deletion of
Tscl or Tsc2driven by the Synapsin-1 promoter, which results in loss of TSC1/2 proteins in
postmitotic neurons of the cortex and of the hippocampus. The 75¢1/SynCre mice (Tscl
mutants) have a shorter lifespan (median age post-natal day 35, P35), and they recapitulate
many of the neurological manifestations of TSC, including seizures and presence of ectopic
giant cells (Meikle et al., 2007). The Tsc2del3/SynCre mice (Tsc2 mutants) are globally
heterozygous for the Tsc2 knockoutallelethroughoutthebodyandalsocarryahypomorphic
Tsc2 (del3) allele that retains partial function in Synapsin-1 expressing post-
mitoticneurons(Pollizzietal.,2009).Duetopartially retained TSC2 expression, these mice
develop seizures around eightweeks,andtheysurviveuntilabouttwelveweeksofage.Cilia were
assayed in the 7s¢2mutant animals at eight weeks (P56) by staining with ACIII and co-
labeling with NeuN to identify neurons. Consistent with the findings in TSC patient brains,
we found that 75¢2 mutant mice have decreased cilia in pyramidal neurons of the CA1
region of the hippocampus compared to controls(Figures 1D and 1E). Similarly, ciliation
was reduced in the cortex and hippocampus in the 75¢Z mutant mice at P21 (Figures S1A-
S1C). Notably, these ciliation defects were prevented by mTORC1 inhibition with early
rapamycin treatment starting at P7 in both TSC models (Figures 1D and 1E; Figures S1A-
S1C).

Disinhibition of mMTORC1 Activity Due to Tsc2 KD in Neurons Leads to Reduced Ciliation

To investigate how mTORCL1 dysregulation due to neuronal TSC loss affected ciliation, we
developed high-content image-based assays (HCASs) for unbiased quantification of cilia and
mTORC1 activity (hereafter ciliaHCA and mTORC1HCAY) in primary neurons. As an in vitro
model of TSC, we used rat hippocampal neurons transduced with lentiviral vectors (LVs)
expressing a short-hairpin RNA (shRNA) directed against either the 7s5¢2 (Tsc2-sh) or the
luciferase gene as a control (ctrl-sh) tagged with GFP. We have previously shown that LV-
mediated 75¢2 KD recapitulates several /n vivo manifestations observed in mouse models of
TSC (Di Nardo et al., 2009, 2014; Ebrahimi-Fakhari et al., 2016; Ercan et al., 2017; Nie et
al., 2015, 2010). /n vitro phenotypes include robust TSC2 protein downregulation and
mTORC1 activation as shown by the time course of increased phosphorylation of ribosomal
protein S6 at serine 240/244 (pS6; Figures S2A and S2B). Both the ciliaH®A and
mTORC1HCA were optimized as imaged-based assays, where we monitored cilia and
mTORC1 activity by immunofluorescent staining of ACIII to identify cilia and pS6 as a
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proxy of mMTORC1 activation (Figures S2C-S2F). Neurons were transduced in culture at
days /n vitro (DIV) 1, and cilia and mTORCL1 activity were assessed in a time-course
experiment at DIVV2, DIV5, DIV7, DIV13, and DIV20 (Figure 2A). LV-infected neurons
with cilia or with phosphorylated S6 (GFP+ACIII+ and GFP+pS6+, respectively) were
identified by automated algorithms to detect subcellular structures and their co-localization
specifically optimized for each assay. In control neurons, we observed cilia development
between DIV2 and DIV5, which remained stable between DIV7 and DIV20 (Figures 2B and
2D). In contrast, the percentage of ciliated 7sc2-deficient neurons progressively decreased
between DIV7 and DIV20 (Figures 2B and 2D). Notably, in the 7sc2-deficient neurons, the
decrease in ciliation between DIV7 and DIV13 correlated with an increase in mTORC1
activation, unlike in control neurons where mMTORC1 activity declined (Figures 2C and 2E;
Figures S2A and S2B). Reduced ciliation was validated by manual imaging and
quantification of LV-infected neurons co-labeled with AClI1/centrin (Figures S2G and S2H).
No changes in size or ACIII intensity were detected in the remaining cilia of the Tsc2-sh
neurons (Figures S21 and S2J). These data show that mMTORC1 activity is inversely
correlated with cilia in neurons, and suggest that mMTORC1 disinhibition acts as a brake on
ciliation.

A Phenotypic Screen in Tsc2-KD Neurons ldentifies Hsp90 as a Drug Target for mTORC1
through Regulation of PI3K/Akt Signaling Components

To explore potential mMTORC1-dependent pathways involved in disrupted ciliation in 7sc2-
deficient neurons, we performed a high-content screen to identify bioactive compounds that
inhibit S6 phosphorylation using the mTORC1HCA as described above. Control and 7sc2-
deficient neurons were transduced at DIV1, and the screen was performed at DIV20 since
we found optimal assay robustness and reproducibility at that age in culture (Z prime = 0.18,
Figure 3A; Figure S3A). The screen was carried out in duplicate using the Biomol collection
library, which includes well-characterized bioactive compounds with known mechanisms of
action. The neurons were treated with each compound in duplicate, followed by fixation and
immunofluorescent staining with GFP, pS6, and Hoechst. Staining for GFP was used to
identify the LV-infected neurons, pS6 intensity was used to determine mTORCL activity, and
Hoechst was used to identify the nuclei. Plate normalization was done by converting the
percent of GFP+ pS6+ neurons of compound-treated 7s¢2-KD wells into Zscores (Figures
3B and 3C; Table S3). We found that rapamycin was the top hit in our screen, indicating
robustness of the mTORC1HCA. Other than rapamycin, positive hits included: two
inhibitors of the Hsp90, GA, and 17-AGG, the anti-oxidant Edaravone (MCI-186), the
calcium channel blocker Nicardipine-HCI, and the kinase inhibitors K252A, Tyrphostin 9,
and LY-294002 (2-Morpholin-4-yl-8-phenylchromen-4-one; Figure 3D). We performed
confirmatory nine-point dose-response experiments for both GA and 17-AGG because these
compounds hit the same molecular target. Using the mTORC1HCA, we found that GA was
more potent (ICsq pS6 = 65 nM) than 17-AGG (ICgg pS6 = 346 nM) (Figures 3E and 3F).
These IC5q values were in the range of the average pharmacological potencies for GA and
17-AGG against Hsp90 (GA mean ICs = 50nM and 17-AGG mean ICsg = 220nM) that
were previously reported in a large panel of human cancer cell lines (Kelland et al., 1999).
Given that these compounds affect the same target and display rank-order potencies that are
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well aligned with the literature, it suggests that Hsp90 is a potential regulator of mMTORC1
activity in neurons.

Hsp90 is a molecular chaperone that protects its client proteins from degradation, and many
of its substrates are oncogenic proteins (Neckers and Workman, 2012). Among these,
insulin-growth factor-1 Receptor B(IGF-IRB), Akt, and Raptor are components of the PI3K/
mTOR pathway that have been identified as Hsp90 substrates in non-neuronal cells (Basso
et al., 2002; Ohiji et al., 2006). To test whether Hsp90 affects mMTORC1 activity through
regulation of IGF-IRp, Akt, or Raptor in neurons, we examined the expression of these
potential client proteins in 75¢2-KD neurons treated with vehicle or with a seven-point dose-
response curve at a 3-fold dilution of 17-AGG (assay endpoint DIVV20). We found that 17-
AGG significantly reduced total IGF-IRp protein level and pS6 phosphorylation at a dose of
4 uM, while there was no effect on Akt or Raptor levels (Figures 3G-3I; Figures S3B,
S3D,and S3F). Similarly, 17-AGG reduced S6 phosphorylation and IGF-IR levels in ctrl-sh
neurons, indicating that the interaction between Hsp90 and IGF-IRp represents a general
mechanism in neurons (Figures S3G-S3l). We then tested GA in theTsc2-sh neurons and
found that it also resulted in a similar reduction of IGF-IRB expression at dosing in the range
of inhibition of S6 phosphorylation (Figures S3J-S3L). Therefore, these data demonstrate
that Hsp90 inhibition can reduce the activity of mTORC1, as well as decrease the expression
of upstream signaling components.

To investigate whether Hsp90 could function as a chaperone of IGF-IRB in neurons, we
treated wild-type neurons with 17-AGG and then inhibited proteasomal degradation using
bortezomib (BTZ). As expected, Hsp90 inhibition led to reduced IGF-IRp levels, and we
found that this reduction was prevented with BTZ. Interestingly, the reduction in S6
phosphorylation was also prevented by BTZ in these neurons (Figures 3K and 3L). These
data suggest that Hsp90 protects IGF-IRp against proteasomal degradation, and therefore,
we hypothesized that IGF-IRB protein stability and signaling may represent a potential
mechanism by which Hsp90 inhibition reduces mTORCL activity. To test our hypothesis, we
assessed IGF-IRp activation by autophosphorylation at Tyr1135/1136. Consistent with
previous reports of mTOR-dependent negative feedback on the RTK/Akt pathway (Zhang et
al., 2006), we found that IGF-IRP phosphorylation was reduced in the vehicle-treated 7sc2-
sh neurons compared to controls (Figures 3G and 3J). Notably, 17-AGG further reduced
phosphorylation of IGF-IRp receptor, and IGF-IRB phosphorylation was essentially absent
in 75¢2-KD neurons at doses that reduced IGF-IRp levels and inhibited mTORC1,
demonstrating that 17-AGG inhibits IGF-IRp activity in neurons (Figures 3G and 3J). We
also examined downstream components of IGF-IR signaling and found that
phosphorylation of Akt and of its substrate the proline-rich Akt substrate 40 (PRAS40) were
also reduced by 17-AGG (Figures S3B, S3C, and S3E). Interestingly, PRAS40 is an
inhibitor of mMTORC1, and its phosphorylation reduces PRAS40 binding to mTORC1
(Sancak et al., 2007). Taken together, these data suggest that IGF-IRP and Akt activity may
be permissive to ongoing activation of mMTORC1, and that Hsp90 inhibition completely
suppresses components of the PI3K/Akt signaling pathway, further contributing to mTORC1
inhibition.
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Reduced Ciliation in the Tsc2-KD Neurons Is Prevented by mTORC1 and Hsp90 Inhibition
during an Age- and Time-Sensitive Window

We then investigated the acute effect of GA, 17-AGG, and rapamycin on ciliation at
concentrations that inhibited mTORC1-inhibition in 7s¢2-KD neurons. Neither of the Hsp90
inhibitors nor the rapamycin rescued ciliation under these conditions (Figure S3M). Given
that reduced ciliation was improved in the brain of 7scZand 7s5¢2 mouse models by 14 and
49 days of rapamycin treatment, respectively (Figures SLA-S1C; Figures 1D and 1E), we
tested whether changing the timing or increasing the duration of rapamycin treatment in
75¢2-KD neurons might show an effect. We assayed ciliation at DIV13 and DIV20, and we
used both acute (one day) and prolonged (four to eight days) rapamycin treatment (Figures
4A-4D). We observed a significant increase in ciliation of 7sc2-sh neurons treated with
rapamycin for four or eight days (between DIV9 and DIV13, and DIV5 and DIV13), while
no effect was seen after acute treatment or at later ages (DIV20) in culture (Figures 4C and
4D), suggesting that defective ciliation due to TSC1/2 loss can be prevented by early
mTORC1 inhibition but is irreversible at later times. Based on these results, we examined
the potency of 17-AGG on ciliation and S6 phosphorylation between DIVV9-13. Strikingly,
we found that 17-AGG was ~100 times more potent at restoring ciliation than it was at
inhibiting mTORC1 and IGF-IRB/Akt signaling (cilia rescue: ECsg ¢ilia = 15 nM; mTORC1
inhibition: 1Csq PS8 = 1.8 uM; Figures 4E-4K; Figures S4A-SA4E). Interestingly, 17-AGG
did not increase ciliation in ctrl-sh neurons, suggesting that the mechanism of 17-AGG
specifically prevents loss of cilia in 75¢2 KD neurons (Figures S4G-S4J). Neither
rapamycin nor a four-day 17-AGG treatment regimen was able to rescue the cilia in 7sc2-sh
neurons when tested at later ages in culture (Figure S4F). These data show that mMTORC1
hyper-activation can be suppressed by Hsp90 inhibition regardless of the age of the culture
(assay endpoint, respectively, DIV13 and DIV20) while amelioration of the cilia phenotype
only occurs during an early critical period (DIV9-DIV13). In addition, these data show that
17-AGG likely prevents cilia loss via a distinct mechanism that is independent of inhibition
of mMTORCL.

Hsp27 Upregulation Due to Neuronal Tscl/2 Loss Is Reduced by 17-AGG and by
Rapamycin in the Dose Range and within the Critical Window that Restores Ciliation

To investigate the mechanism and explore the pharmacological window by which 17-AGG
increases ciliation in Tsc2-KD neurons, we examined the heat-shock response in these
neurons. The HSPs are divided into six families based on their size, and these proteins
function in multi-component complexes that are closely inter-related (Chatterjee and Burns,
2017). In addition, while most of them are constitutively expressed, some are expressed only
under stress (Garrido et al., 2006). We assessed expression levels of Hsp90 and other HSP
family members at DIV13 and DIV20 following four days of treatment with different
concentrations of the Hsp90 inhibitor 17-AGG. We found that in the absence of any
compound, 75¢2-KD neurons had increased levels of the small Hsp27 with no change in
Hsp90, Hsp70, Hsp60, and Hsp40 (Figures 5A-5L). Remarkably, the aberrant Hsp27
expression was reduced in the 75¢2 KD cultures at DIV13 following four days of treatment
with 17-AGG (ranging from 5 to 450 nM) at concentrations that were similar to that
required to prevent cilia loss without any effect on mTORC1 activation (Figures 5A, 5B, 4H,
and 41). In addition, we did not observe any change in Hsp27 expression due to treatment
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with 17-AGG in Tsc2 KD neurons at DIV20, consistent with the lack of effect on cilia at
that age (Figures 5G and 5H; Figure S4F). Inhibition of the Hsp90 pathway by 17-AGG was
confirmed by induction of Hsp40 and Hsp70, consistent with the reported release of Hsp90-
dependent inhibition on HSF1 (Zou et al., 1998; Figures 5A, 5C, 5E, 5G, and 5K). We then
evaluated whether Hsp27 upregulation was linked to mMTORC1 hyper-activation. We
performed acute (one day) and prolonged (four days) rapamycin treatment in 7s¢c2-sh
neurons and measured Hsp27 levels at DIVV13. Remarkably, we found that Hsp27
upregulation was reduced by mTORCL1 inhibition with rapamycin in the same
pharmacological window (between DIV9 and DIV13) and dosing regimen that restored the
cilia (Figures 5M-50). Together, these data indicate that increased expression Hsp27 is
mTORC1-dependent and it can be downregulated through either Hsp90 or mTORC1
inhibition using dosing regimens and concentrations that restore ciliation in 7sc2-deficient
neurons. These findings suggest that Hsp27 contributes to the mTORC1-dependent
mechanism implicated in defective ciliation under loss of neuronal TSC1/2 activity.

17-AGG Improved Ciliation Downstream of mMTORC1 Activation through the
Downregulation of HspB1 Gene Expression in the Tsc2-KD Neurons

In previous work, we had found that 7s¢2 KD in neurons increases the expression of AspB1,
which encodes Hsp27 (Nie et al., 2015). Therefore, we examined whether 17-AGG
downregulated transcript levels of AspB1, leading to the decrease in Hsp27. Consistent with
our prior data, we found that 7s5¢2-sh neurons have increased AspB1 expression (Figure 6A).
We then treated 75¢2-sh neurons with 17-AGG and observed that increased /spB1
expression was reversed by the same dosing scheme that prevented cilia loss (50 nM
between DIV9 and DIV13; Figures 6A-6D). To determine whether a similar dysregulation
is present in the brains of TSC patients, we examined the gene expression data previously
reported from cortical tubers and unaffected brain tissue (Martin et al., 2017). Strikingly, we
found that HSPB1 expression was also significantly increased in cortical tubers (Figure 6E).
To test whether Hsp27 downregulation may contribute to restoring ciliation in 7sc2-deficient
neurons, we KD Hsp27 by AspB1 gene silencing using lentiviral expression of red
fluorescent protein (RFP)-tagged Hsp27shRNA (RFP-Hsp27sh) or scrambled ShRNA as a
control (RFP-C). We confirmed that KD of Hsp27 in the 75¢2-KD cultures significantly
reduced Hsp27 expression without affecting mTORC1 activation (Figures 6F—-6H). We then
examined ciliation in 7sc2-deficient neurons with concomitant Hsp27 KD using the
ciliaHCA. Remarkably, we observed that #spB1 KD resulted in a significant increase in
ciliation in the 7sc2-deficient neurons (Figures 61 and 6J). These data identify Hsp27 as part
of the signaling cascade downstream of mTORCL1 affecting cilia. Taken together, our
findings identified multiple pharmacological effects of 17-AGG that act at distinct nodes in
TSC1/2-deficient neurons, blocking mTORC1 through the disinhibition of Hsp90-regulated
degradation of PI3K/Akt signaling components and improving the cilia deficits with a 100-
fold greater potency through the transcriptional downregulation of Hsp27 (see model in
Figure 6K).
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DISCUSSION

TSC is a multisystem genetic disorder with a broad range of clinical symptoms, making the
identification of effective treatments particularly challenging. Despite the clear implications
of elevated mTORC1 activity as the mechanistic basis of TSC, an important set of
unanswered question revolve around the identification of downstream signaling
abnormalities due to disrupted mTORC1 signaling in specific cell types that are affected by
the disorder. Notably, mTOR inhibitor-based therapies have thus far been unsuccessful in
treating the neuropsychiatric features of TSC (Krueger et al., 2017; Overwater et al., 2019).
Alternative pathways to restore other aspects of mMTORC1 signaling may provide new drug
targets and broaden the therapeutic landscape for this disease.

In this study, we show that mMTORC1 hyperactivation caused by neuronal loss of Tsc1/2
leads to disruption of cilia, and we identify a potential molecular mechanism by which
Hsp90 inhibition can reverse these pathological processes. Functional links observed
between cilia and mTORC1 signaling appear to be critically dependent upon cellular
context. Previous studies have shown that TS Clos si nkidne yepithelia Icell so fzebrafis han
dmic eresults i nlonge rcilia without affecting the number of ciliated cells (Armour et al.,
2012; DiBella et al., 2009). In contrast, studies with 7scZ-or Tsc2-deficient MEFs showed a
rapamycin-insensitive enhancement of cilia formation (Hartman et al., 2009) or a different
cilium phenotype with either longer or shorter cilia depending on the TS Cgen
eaffected(Rosengre ne tal.,2018).0n possible explanatio for these divergent outcomes could
be that ciliation is differenttially regulated under specific cellular metabolic conditions. For
instance, MTORC1-inducing stimuli can promote cilia disassembly through progression into
mitotic phase in cycling cells (Yeh et al., 2013). By contrast, mTORC1-inhibitory stimuli
can promote ciliation through autophagy-dependent (Pampliega et al., 2013; Tang et al.,
2013) or autophagy-independent ( Takahashi et al., 2018) mechanisms in dividing cells.
Ciliary signaling has an established role in many developmental settings, including cell-
cycle progression, -proliferation, and -differentiation (Kirschen and Xiong, 2017). Critical
roles for cilia in the development of the CNS include roles in neuronal migration,
neurogenesis, plasticity, and maturation. Interestingly, appearance of neuronal cilia coincides
with onset of functional glutamatergic synaptic activity, which suggests that the protein
machinery required for ciliogenesis might also be involved in synaptogenesis, and that cilia
may signal to the synapse (Kumamoto et al., 2012).

We observed an inverse relationship between ciliation and mTORC1 activity in hippocampal
cultures at the time when neurons begin to polarize. We hypothesize that this represents a
time-sensitive regulatory role for the Tsc1/2 complex that may act as a brake on mTORC1
signaling to promote neuronal maturation through cilia assembly. Rapamycin has been
shown to improve several neurological phenotypes in animal models of TSC, including
epilepsy, cognition, and social behavior (Meikle et al., 2008; Tsai et al., 2012, 2018). The
fact that rapamycin treatment also reversed the ciliary phenotype suggests that defective
ciliary signaling might be contributing to these neurological symptoms.

Cortical tubers are a pathological hallmark of TSC characterized by the presence of
immature giant cells and dysplastic neurons, and these tubers are associated with
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disorganized connectivity and astrogliosis (Curatolo et al., 2015). Given the role of cilia in
cell fate choice (Kim et al., 2011; Li et al., 2011; Yeh et al., 2013), lack of ciliation could
impact neuronal maturation and contribute to the development of the undifferentiated giant
cells present in cortical tubers. Disorganized connectivity could also be a TSC-associated
manifestation arising from alterations in cilia-dependent functions such as defective
neuronal migration, polarization, or cortical lamination (Park et al., 2018; Pruski and Lang,
2019; Sarkisian and Guadiana, 2015). Finally, given the role of cilia in the control of cell
cycle and cell proliferation, altered cilia signaling might also have an impact in the
transformation of the subependymal nodules into the low-grade subependymal giant cell
astrocytomas (SEGASs) seen in the CNS of TSC patients (Alvarez-Satta and Matheu, 2018;
Chan et al., 2004; Ess et al., 2004; Sarkisian and Semple-Rowland, 2019). Interestingly,
studies have found that altered expression of genes associated with cilia is a risk factor for
several neuropsychiatric disorders (Marley and von Zastrow, 2012;Migliavacca et al., 2015).
Therefore, our observation that the expression of cilia genes is more likely to be altered in
cortical tubers suggests that the ciliary dysfunction present in patients with TSC may
contribute to the neuropsychiatric symptoms associated with TSC.

Our phenotypic screen identified compounds that revealed that Hsp90 inhibition is capable
of normalizing overactive mTORC1 and was associated with degradation of the receptor
tyrosine kinase (RTK), IGF-IRB. mTORC1 controls RTKs such as IGF-18b through
negative-feedback, limiting their activation (Zhang et al., 2006). However, RTK signaling
can also be limited through ubiquitination, endocytosis, and degradation, and Hsp90 has
been previously shown to regulate stability of IGF-IR, as well as other oncogenic RTKs
(Zsebik et al., 2006). We found that Hsp90 inhibition led to increased IGF-IRp degradation
in 75¢2-KD neurons. This reduction in IGF-IRP combined with reduced activity due to
mTOR hyperactivation leads to full suppression of Akt activity. Together, these data suggest
that further inhibition of upstream components of the PI13/Akt signaling pathway, such as the
IGF-IBb, contributes to reduce mTORC1 activity. We found that 75¢2-KD neurons had
increased Hsp27 expression at the transcriptional level and that KD of the AspB1 gene
prevented the decrease in cilia due to loss of 7s¢2, directly implicating Hsp27 as a
downstream effector of mMTORCL1 hyperactivation in the disruption of cilia. Hsp27 is an
ATP-independent chaperone expressed at low levels under physiological conditions that is
induced by stress (Garrido et al., 2006). Previous studies have shown that misfolded proteins
bind to small oligomers of Hsp27 that shift to large oligomers under stress. Therefore,
elevated Hsp27 chaperone activity under pathological conditions has proliferative and anti-
apoptotic functions. We have previously shown that disinhibition of mTORCL signaling due
to loss of neuronal Tsc1/2 causes oxidative and endoplasmic reticulum stress (Di Nardo et
al., 2009). Thus, increased baseline A#spB1 gene expression in the 7s¢2-KD neurons might
represent a compensatory stress-induced response to mTORC1-dependent accumulation of
misfolded proteins and reactive oxygen species. In line with this, higher doses of 17-AGG
may exacerbate the stress response, leading to persistent Hsp27 expression and lack of
efficacy in preventing cilia loss. Interestingly, under stress conditions, dynamic structural
changes in Hsp27 oligomerization stabilize actin-filament formation, which is a known
inhibitor of ciliogenesis (Drummond et al., 2018). Therefore, Hsp27-dependent modulation
of actin cytoskeleton could be part of the mechanism by which exaggerated Hsp27
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expression inhibits cilia in the 75¢2-KD cultures. In addition, the fact that altered ciliation
was rescued within a critical developmental period by pharmacological inhibition with 17-
AGG through suppression of AspB1 suggests the existence of a distinct mechanism
involving regulation of ciliogenesis at the transcriptional level (Choksi et al., 2014) that can
be prevented by early intervention, but is irreversible at later times.

Several manifestations of TSC can be alleviated by mTOR inhibitors including rapamycin
and its analog everolimus (Winden et al., 2018); however, the beneficial effects are lost when
the therapy is discontinued. Furthermore, many aspects of TSC, in particular neurocognitive
deficits, are not reversed by mTOR inhibitors (Krueger et al., 2017), highlighting the need to
identify alternative therapies. The mMTORC1HCA here described provided a valuable
screening platform as it identified inhibition of Hsp90 with GA and 17-AGG as an
alternative strategy to reverse disrupted mTORCL1 signaling in TSC. In addition, the fact that
the ciliaHCA uncovered 17-AGG as a compound capable of restoring defective ciliation in a
time-sensitive window, independent of disrupted mTORCL1 inhibition, underscores the
translational implication of our work. Given the relevance of ciliary signaling for neuronal
function, future work could be done to examine the efficacy of 17-AGG /n vivo. Together,
the HCAs we developed and optimized for high-throughput quantitation of mMTORCL1 and
cilia with primary neurons represent broadly applicable platforms for compound screening
and/or therapeutic testing of drug candidates.

STARXMETHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact Mustafa Sahin
(mustafa.sahin@childrens.harvard.edu).

Materials Availability—All unique reagents generated in this study are available from the
Lead Contact with a complete Material Transfer Agreement.

Data and Code Availability—All software used in this study are listed in the Key
Resources Table. The cilia genes expression data and the primary screen data generated in
this study are listed in deposited data of the Key Resources Table. These unique datasets
have been included and are available as Tables S1 and S3, respectively. Original data have
been deposited to Mendeley Data: [https://data.mendeley.com/datasets/p45bhvf2g3/draft?
a=420877d4-d4ch-45f1-adb7-91fcefcec901].

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal models—All experimental procedures were done in agreement with animal
protocols approved by the Institutional Animal Care and Use Committee at Boston
Children’s Hospital. Both female and male mice were used in the experiments. Mice were
maintained on a 12-h light/ dark cycle with free access to food and water according to the
Animal Research Committee at Boston Children’s Hospital.
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Tsc1 mutant mice: The Tscl control ( 7scZ w/w Syn©"€) and Tscl mutant ( 7scl c/c Syn©'®)
mice used in this study were described previously (Ercan et al., 2017). All mice were in
mixed background, derived from C57BL/6, CBA, and 129S4/ SvJae, strains. We use candw
to denote the conditional (floxed) and wild-type alleles of 7scZ, respectively; the formal
name of the c allele is 7sc2?™D/k (Meikle et al., 2007). To generate 7scl c/c Syn Cre+mice,
first Tsc1 ¢/w Syn Cre+females were crossed with 7sc ¢/c Syn Cre- male mice.
Rapamycin treatment was performed by injecting 6 mg/kg intra-peritoneally every other day
beginning at P7 until sacrifice (P21). These rapamycin treatment timing and dosing were
chosen based on previous pharmacokinetics and pharmacodynamics of rapamycin in the
brain (Meikle et al., 2008). Brain levels were above the level required to inhibit mMTORC1
and effective in reversing the hypomyelination phenotype described previously (Meikle et
al., 2008).

Tsc2 mutant mice: the formal name of the c allele is Tsc1tM21Dk (pollizzi et al., 2009).
Litters were generated from crosses between mixed background animals containing 7sc2 k/c
Syn Cre- and 7sc2 c/c Syn Cre+in which the kallele was a full knockout of the 7s5c2gene
and the callele was a conditional mutation of the 75¢2gene that results in ~7% expression
of TSC2. All pups in a litter were treated with either vehicle or rapamycin and animals of
the; genotype 7sc2 c¢/c Syn Cre- were used as control mice and 7sc2 k/c Syn Cre+were used
as mutant mice. For rapamycin treatment, animals were dosed every other day beginning at
P7 with 3mg/kg rapamycin in vehicle at a volume of 30 UL until P21 and then at a total
volume of 100 uL from P21 to P56. Vehicle consisted of 5% PEG 400 and 5% Tween 80;
4% ethanol was added to the vehicle for control treated animals.

Human subjects—Cortical tubers were collected from patients clinically and
neuropathologically diagnosed with TSC, at the time of surgery. Tissues were fixed in 4%
phosphate-buffered paraformaldehyde pH 7.4 (PFA), subjected to sucrose gradient and
stored frozen before further processing. The control samples were prepared in a similar
fashion and were processed together. All patients suffered from chronic epilepsy, with a
seizure history. See Table S2 for details. The subjects enrolled in this study were recruited
through Boston Children’s Hospital, and the protocol was approved by Boston Children’s
Hospital IRB (P0008224). IRB protocol number for the Repository Core was CHERP 09—
02-0043. Informed consents were obtained from all participants and/or their parents as
appropriate.

Neuronal cultures—Hippocampi and cortexes from 18-day-old rat embryos (Charles
River CD1) were isolated under the microscope and collected in Hank’s Balanced Salt
Solution containing 10mM MgCl,, 1mM kynurenic acid, 10mM HEPES and penicillin/
streptomycin. After 5min dissociation at 37° C in 30U/ml of papain, neurons were
mechanically triturated and plated in Neurobasal (NB) medium containing B27 supplement,
2mM L-glutamine, penicillin/streptomycin and primocin (NB/B27). Biochemical analysis
was performed on cortical cultures plated at 1x108cells/well onto six-well plates.
Immunofluorescent analysis was performed on hippocampal cultures plated at 20x103cells/
well onto 96-well plates. All plates were coated with 20 pug/ml poly-D-lysine (PDL).
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METHOD DETAILS

Lentivirus production and transduction—Viral stocks for lentiviral infection were
prepared by co-transfection of the two packaging plasmids psPAX2 and pMD2.G into
HEK293T cells with the plasmid to be co-expressed using PEI. Viral particles were collected
48hrs and 72hrs after transfection and filtered through a 0.45 mm membrane. Hippocampal
neurons were infected at 1 day /n vitro (1DIV) in the presence of polybrene at 0.6 pg/ml. Six
h after infection, the virus-containing medium was replaced by fresh NB/B27 medium. GFP-
tagged control shRNA construct (here referred as ctrl-sh) was against the luciferase gene
was previously described (Flavell et al., 2006). The lentiviral Tsc2 shRNA construct was
previously described (Di Nardo et al., 2009). The target sequence for the 7s¢2gene was the
following: 50-GGTGAAGAGAGCCGTATCACA-30. RFP-tagged Hsp27-shRNA (referred
here as RFP-Hsp27sh) was purchased from Sigma; pLKO-RFP-shControl (referred here as
RFP-C) was purchased from Addgene.

RNA preparation and quantitative real-time PCR (qPCR)—Total RNA was
prepared with the RNA kit (Zimo Research) following the instructions of the manufacturer
and quantified by a spectrophotometer. A total of 1 ug of poly(A) mRNA was used for
reverse transcription using the Reverse Transcriptase (BIO-RAD). Realtime PCRs were
performed using Power SYBG Green PCR Master Mix (Applied Biosystems). All
quantitative PCR (qPCR) reactions were performed in triplicate and normalized against
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Analysis was performed using
QuantStudio™ 3 Real-Time PCR System (Thermo Fisher Scientific). The gPCR cycle was:
95C for 10min followed by 40 cycles at 95° C for 15sec and 60° C for 1min.

Immunohistochemistry of brain tissue and manual cilia counting—For
histological analysis, animals were anesthetized (1ml of 2.5% Avertin) and perfused
transcardially with 4% PFA. Brains were dissected and fixed in 4% PFA for another 24 h.
Brains were slowly frozen by cooling down in dry-ice cold isopentane and then prepared by
cryostat sectioning at a thickness of 25 pm. Sections were washed 4 times with Tris Buffered
Saline pH 7.4 (TBS) and blocked for 2 h at room temperature in blocking buffer (5%BSA,
0.1% Triton X-100, 10% goat serum). The incubation with the primary antibody was done in
1% BSA, 0.1% Triton X-100, at 4° C for overnight. The day after, sections were washed
three times in TBS buffer before being incubated with the appropriate fluorochrome-coupled
secondary antibody. Stained sections were air-dried, dehydrated, and mounted. Imaging of
the 7scZ control and mutant brains was performed by dividing the cortex into 6 layers and
by imaging 5 random regions per layer. Imaging of the 7s¢2 control and mutant brains was
performed by imaging 6-9 random regions in the CA1 of the hippocampus. Finally, the
average percentage of neurons with cilia (NeuN+/ACIl1+) was calculated in each of the
images. For the human tissue, an average of 40-60 images were acquired in random fields of
the specimen. The average percentage of SMI311+ or SMI311- with cilia was calculated.
The measurement of the cilia length was performed by tracing the ACIII stained cilia using
the ImageJ Software freehand tool. A threshold for cilia count was set such that only ACIII
positive objects that measured longer than 1 um were counted as cilia. All the imaging and
the quantification were done in a blinded way. Confocal images were acquired with a Nikon

Cell Rep. Author manuscript; available in PMC 2020 July 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Di Nardo et al.

Page 14

Ultraview Vox Spinning Disk Confocal microscope using 63x oil-immersion objective
equipped with Hamamatsu camera. All quantifications were performed in a blinded fashion.

Drug treatments—Stocks of drugs were freshly diluted in NB media before performing
each experiment. The same amount of vehicle was used as vehicle-only control. For dose
response curves serial dilutions were freshly made in NB media by a manual multichannel
pipette using compound dilution plates. Proteasomal inhibition experiments were performed
by pretreatment with 200nM bortezomib (BTZ) for 6hrs before incubation with 17-AGG at
4 uM for 24hrs. The BIOMOL Collection Library used for the screen was obtained by the
ICCB-Longwood Screening Facility. According to Biomol all of the compounds in this
collection have known and well-characterized bioactivities and have undergone safety and
bioavailability testing. The compounds were carefully selected to maximize chemical and
pharmacological diversity.

Western blot—Protein extracts were lysed in 1x SDS (22mM Tris-HCI pH 6.8, 4%
Glycerol, 0.8% SDS, 1.6% p-mercaptoethanol, bromphenol blue) sample buffer, heated to
95° C for 5 min and stored frozen. Before being subjected to discontinuous gel
electrophoresis, equal amounts of all protein lysates were verified by Coomassie gel
staining. For immunoblotting, equal amounts of protein lysates were subjected to SDS—
PAGE, transferred to Immobilon-P Millipore and incubated in LI-COR blocking solution at
RT for 2hrs. Primary and secondary antibodies were diluted in LI-COR blocking solution to
the appropriate concentrations. LI-COR IRDye secondary antibodies were used. All images
were acquired using the LI-COR Odyssey Classic imager and associated Image Studio Lite
analysis software (version 5.2.5). Quantification of protein expression was performed by
densitometry scans of immunoblots using LI-COR Odyssey imaging system.

Neuronal culturing and processing for high-content assays—Rat hippocampal
neurons were plated at a density of 20,000/well in 96-well plates (Greiner # 655090) coated
with Poly-D-Lysine (PDL) at 20 pgr/ml. Neurons were transduced with lentivirus as
previously described and processed for immunofluorescent staining at endpoint assay by
fixation with 4% PFA followed by permeabilization in ice cold 100% Methanol. Neurons
were then washed 3 times in PBS/0.05% Tween (PBT) containing 50mM glycine and
blocked in 2% bovine serum albumin (Sigma) in PBT (PBT/Block) at RT. For consistent and
robust identification of the LV-infected neurons, cultures of both the ciliaHCA and
mTORC1HCA were stained with GFP antibody and co-labeled with ACIII or pS6 for the
identification of respectively cilia and mTORC1 activity. Primary antibodies were incubated
in PBT/Block overnight. The following day, neurons were washed in PBT and incubated
with secondary antibodies followed by Hoechst staining. After washing with PBT, neurons
were kept in PBS buffer. Aside from primary and secondary antibody administration, all the
washing for immunofluorescent staining was done using the Agilent bravo automated liquid
handler.

Neuronal culturing and processing for manual cilia counting—For manual cilia
counting rat hippocampal neurons were plated at a density of 150,000/well onto coverslips
coated with Poly-D-Lysine (PDL) at 20 pugr/ml. Neuronal culturing and processed was
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performed as previously described. Manual imaging and cilia counting were performed in
ctrl-sh and Tsc2-sh cultures stained with GFP antibodies to identify the LV-infected neurons,
co-labeled with ACIII and centrin antibodies to identify cilia and basal bodies, respectively.
Secondary antibodies goat anti-chicken alexa Fluor 488, goat anti-rabbit alexa Fluor 595 and
goat anti-mouse alexa Fluor 647 were used. Coverslips were mounted on glass slides in
Vectashield with DAPI (Vector Laboratories). Random images of GFP+ cells were obtained
using an Eclipse Ti-E (Nikon) microscope with a Plan Apo 100 x 1.49 NA oil objective, an
Evolve electron-multiplying charge-coupled device camera (Photometrics), and Meta-Morph
software (Molecular Devices). Images were acquired as a z series (0.2-um z interval) and are
presented as maximume-intensity projections. Cilia length was measured in maximum-
intensity projections using ImageJ Software (Feret measurement of ROI identifying cilia).
The same ROI was used to determine the total intensity of ACIII from the sum projection of
the z stacks. ACIII total intensity was then normalized to the corresponding cilium length.
All quantifications were performed in a blinded fashion.

High-throughput imaging and quantification of cilia and of mMTORC1—Neurons
were imaged using the high content analysis platform Cellomics Arrayscan XTI available at
the Human Neuron Core of the Translational Neuroscience Center (Boston Children’s
Hospital). The Arrayscan XTI is equipped with Zeiss optics, a 7- color solid state LED light
engine, and a large format X1 CCD camera (2208x2208). The DAPI channel was used for
focal plane acquisition by the software with an intra-well autofocus interval of one (refocus
in each subsequent well). When needed, focal planes were adjusted to the best optimal
resolution for each channel. Once optimized, Z offsets were kept the same throughout the
scans. Imaging of the ciliaHCA was done with a 40x objective on eighty fields of view per
well (20% of the well). The nuclei were detected by Hoechst staining at 386nm emission for
30ms, the LV-transduced neurons were detected using GFP staining at 485nm emission for
20ms at a 1.9 pm Z offset above the focal plane of the nuclei, and cilia were detected using
ACIII staining at 647 emission for 130ms using the “image projection tool” which allowed
the acquisition of a stack of images at three different focal planes for optimal cilia imaging
with a step size of 1.9 um/step for a total of 5.7 um(Figures S2C and S2D). Object selection
for GFP and ACIII spots identification were filtered using area and shape measurements.

Imaging of mTORC1HCA was performed with a 10x objective on the whole well. The nuclei
were detected by Hoechst staining at 386nm emission for 70ms, the LV-transduced neurons
were detected using GFP staining at 485nm emission for 50ms at a 11.7 um Z offset above
the nuclei focal plane, and mTORC1 activity was detected using pS6 staining at 546
emission for 40ms (Figures S2E and S2F).

Data analysis was performed using an optimized version of Spot Detector algorithm
available with the HCS Studio™ Cell Analysis Software which allowed the detection of
subcellular structures and their co-localization. Nuclei identification was done using a
circular mask and the identified objects functioned as a region of interest (ROI) for the
subsequent channels. GFP+ spots were identified using a circular mask of the size of the
nuclei, pS6+ spots were identified using a ring mask with a width of 8 um outside the nuclei
ROI, ACIII+ spots were identified using a circular mask with a diameter of 32 um which
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included the nuclei ROI. Object selection for GFP and pS6 spots were filtered using area,
and intensity measurements. Objects at the border of the well were always excluded.

mTORC1 high-content screen—The screen was performed using the mTORC1HCA,
Assay robustness and screening window between positive (ctrl-sh neurons) and negative
controls (Tsc2-sh neurons) were assessed by Z-score and Z’-factor calculation (Zhang,
2011). The following formula was used for Z-score calculation: X-P3¢/SD (X = % of GFP+
pS6+ neurons in the well; P&¢ = mean of % GFP+ pS6+ neurons in Positive control wells,
SD = Standard Deviation of the values measured in P). The following formula was used for
Z-prime calculation: 1-[3*sum (SDy+SDy)/ Yp-Yp]l; Y, = average negative controls, Yp =
average positive controls (Figure S3A). For the screen we used the Biomol collection library
which includes 480 bioactive compounds with known MOA (ICCB-Longwood screening
facility and Human Neuron Core of the Translational Neuroscience Center at BCH). Every
compound of the Biomol library was at a concentration optimized to reflect their potency for
known target. The library was used a dilution of roughly 30X the potency for each
compound for its target. The screen was performed in 96-well plates in duplicate and edge
wells were excluded to avoid variability. Neurons were transduced with lentivirus as
previously described and treated either with vehicle (0.1% v/v DMSO) or with the
compounds at DIV19 for 24hrs. Each plate included three to four vehicle-treated control-sh
neurons and three to four vehicle-treated Tsc2-sh neurons. Compounds were administered
using the Agilent bravo automated liquid. We calculated a Z-score for each compound in
terms of standard deviations from the mean distribution of all the compound-treated Tsc2-
knockdown wells assuming that most compounds would not have an effect on S6
phosphorylation (Zhang, 2011).The following formula was used for Z-score calculation of
the screen compounds: X-Cave/ SD of C3¢ (X = % GFP+ pS6+ neurons in Tsc2-sh
compound-treated well, C3¢ = average % of GFP+ pS6+ neurons in all the Compound-
treated Tsc2-sh wells, SD of the values measured C). Potential hits were considered
compounds that had a z-score less than 1.8 (p < 0.0) in both replicas. Total DAPI+ counts
were used as a criterion for toxic compounds exclusion, toxic compound excluded were
5.8%.

Differentially expressed genes—RNA sequencing data from normal brain and cortical
tubers were obtained, and they were normalized using trimmed mean of M values
summarized using counts per million (Martin et al., 2017). A list of cilia genes was obtained
from Syscilia ( http://www.syscilia.org/goldstandard.shtml), and cilia gene expression was
quantified within normal brain, and cortical tubers. To determine whether cilia genes were
more likely to be dysregulated in the cortical tubers versus normal brain, we used LIMMA,
which allowed us to determine the number of genes expressed at different levels in cortical
tubers versus normal brain using an uncorrected p value of 0.05. As controls, random groups
of genes of the same size as the group of cilia genes were selected and utilized to identify
the number of genes dysregulated within these random groups. We then calculated a Z-score
by comparing the number of dysregulated genes in the cilia group versus the random groups,
and a p value based on this Z-score.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Western blot quantifications were performed by protein normalization using GAPDH as
loading control. Level of phosphorylated proteins was expressed as the ratio of
phosphorylated/total level after GAPDH normalization. Low sample size datasets were
tested for normality and when appropriate they were analyzed with non-parametric tests.
ICsq values were calculated using the nonlinear regression equation “dose-response curves -
Inhibition” of GraphPad PRISM. Data were expressed as percent of vehicle-treated Tsc2-sh
neurons which were considered 100% and drug’s concentrations were transformed to
logarithmic 10 scale. ECsq values were calculated using the nonlinear regression equation
“dose-response curves -Stimulation” of Prism. Data were expressed as percent of vehicle-
treated ctrl-sh neurons which were considered 100% and drug’s concentrations were
transformed to logarithmic 10 scale.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Tubers from TSC patients have a distinct ciliary gene signature and fewer
cilia
High-content assays with TSC-deficient neurons can be used as a drug-
screening platform

17-AGG can regulate the mTORC1 signaling cascade at multiple levels
Hsp27 is a druggable target of mTORC1-dependent impaired ciliation
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Figure 1. Brains of TSC Patients and CNS-Knockout Mouse Models Have Reduced Ciliated
Neurons that Are Restored by Rapamycin In Vivo

(A) Heatmap of differential cilia gene expression (red, low; green, high) in healthy control
brains (non-TSC, n = 8) and TSC patient brains (TSC/tuber, n = 16; p < 0.005).

(B) Representative confocal images of epileptic brain specimens from non-TSC (a and d)
and TSC (b, c, e, and f), patients stained with SM1311 (giant cell, green),ACIII (cilia, red),
and Hoechst (nuclei, blue). white arrows indicate cilia.

(C) Quantification of ciliation in the human tissues (non-TSC n = 6; TSC n = 6; Kruskal-
Wallis test, with Dunn’s multiple comparison test, *p < 0.05, ns, nonsignificant).Data
represent mean + SEM.

(D) Representative confocal images of hippocampi from vehicle-treated 7sc2control (n = 5)
and 7scZmutant (n = 6) and from rapamycin (Rapa)-treated 75¢2 control (n=5) and 7sc2
mutant (n=8) mice. Sections were stained with ACIII (red, a-d; grayscale, e-h) and with
NeuN (green, a—d).
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(E) Quantification of the percentage of ciliated neurons (400 neurons/mouse; one-way
ANOVA with Tukey’s post hoc test, *p < 0.05, ns, non-significant). Data are mean + SEM.
Scale bars are 10 um.

See also Figure S1 and Tables S1 and S2.
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Figlgure 2. Disinhibition of mMTORC1 Activity Due to Tsc2 KD in Neurons Leads to Reduced
Ciliation

(A) Outline of time-course experiment to monitor ACIII and pS6é at DIV2, DIV5, DIV7,
DIV13, and DIV20 in hippocampal neurons using the ciliaHCA and the mTORC1HCA,

(B) CiliaHCA: Raw images (a and ) and spot detector algorithm identification of ctrl-sh and
Tsc2-sh neurons stained with Hoechst (nuclei, b and f), GFP (LV-infected neurons c and g),
and ACIII (cilia, d and h) at DIV13. Arrows in yellow indicate cilia. Scale bar is 10 um.

(C) mTORC1HCA: Raw images (i and n) and spot detector algorithm identification of ctrl-sh
and Tsc2-sh neurons stained with Hoechst (nuclei, j and 0), GFP (LV-infected neurons, k
and p), and ps6 (MTRORCL1 avtivity, m and q) at DIV13. Scale bar is 100 pm.

(D and E) Quantification of ciliation (D) and mTORC1 activity (E). Data represent GFP
+ACIII+ neurons (n = 5-18 biological replica/experiment; n = 1-6 experiment/condition, D)
and FFP+ps6+ neurons (n=7-8 biologicalbreplica/experiment; n=1-4 experiment/ condition,
E) as average percentage of GFP+ cells. Data represent mean + SEM (unpaired Student’s t
test, **p < 0.005, ****p < 0.0001).
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Figure 3. A Phenotypic Screen with Tsc2-KD Neurons Identifies Hsp90 as Drug Target for
mTORCL1 through Regulation of PI3K/Akt Signaling Components

(A) mTORCL screen workflow. Tsc2-sh neurons were treated with screen compounds for 24
h between DIV19 and DIV20.

(B) Zscore correlation between compound Replica 1 and Replica 2. Percent of GFP+pS6+
neurons was converted to Zscore. Zscore of —=1.8 (p < 0.05) was marked by the red lines.
Hits were considered compounds with a Zscore < —-1.8 in the dotted black box. Compounds
used for follow-up experiments are rapamycin (in red), GA (in green), and 17-AGG (in
blue); all other compounds are labeled in gray.
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(C) Zoom of hits in the dotted black box (B).

(D) List of hits, Zscores, and compound concentration in the library.

(E and F) Validation of GA and 17-AGG by dose-response using the mTORC1HCA, Tsc2-sh
neurons were treated with vehicle and with a dose-curve of GA (E) or 17-AGG (F) for 24 h
between DIV19 and DIV20. Data are GFP+ ps6+ neurons expressed as average percentage
of vehicle-treated Tsc2-sh neurons (n = 7-16 biological replica/condition; one-way ANOVA
eith Dunnetts multiple comparison test, **p < 0.01, ***p < 0.005, ****p < 0.0001). Error
bars indicate + SEM.

(G) Western blot of protein lysates from ctrl-sh and Tsc2-sh treated with vehicle or with 17-
AGG dose-curve.

(H-J) Quantification of pS6 (H), total IGF-IRDb (1), and p-IGF-IRB (J) expressed as average
fold changes of vehicle-treated ctrl-sh neurons. Western blot data were normalized using
GAPDH as loading control. Data quantification relative to vehicle-treated Tsc2-sh neurons
(n = 3—-4 experiment/condition; one-way ANOVA with Dunnett’s multiple comparison test,
*p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.0001). Error bars indicate + SEM.

(K) Hsp90 inhibition results in IGF-IRB degradation through the proteasome. Wild-type
cortical neurons were treated with vehicle and with 4-uM 17-AGG alone or in the presence
of 100-nM bortezomib (BTZ, 24 h at DIV20).

(L) Quantification of western blot (n = 5; one-way ANOVA with Tukey’s multiple
comparison test, *p < 0.05, **p < 0.005). Western blot data were normalized using GAPDH
as loading control. Data are mean + SEM.

See also Figure S3 and Table S3.
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Figure 4. Reduced Ciliation in the Tsc2-sh Neurons Is Prevented by mTORC1 and Hsp90
Inhibition during an Age- and Time-Sensitive Window

(A and B) Overview of rapamycin time-course experiment using the ciliaHCA with endpoint
at DIV13 (A) and DIV20 (B).

(C and D) Quantification of cilia in ctrl-sh and in Tsc2-sh-vehicle-treated or -rapamycin-
treated neurons (20 nM) with assay endpoint at DIVV13 (C) and DIV20 (D) using the
ciliaHCA, Data were quantified relative to each respective vehicle-treated group (n = 8-18
biological replica/condition; two-way ANOVA with Dunnett’s multiple-comparison test, *p
< 0.05, **p < 0.01, ns, non-significant) and are represented as mean + SEM.
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(E) Effect of 17-AGG dose-curve between DIV9 and DIV13 on ciliation using the ciliaHCA,
Data represent GFP+ACIII+ in the Tsc2-sh neurons as percent of vehicle-treated control
neurons.

(F) Effect of 17-AGG dose-curve between DIV9 and DIV13 on pS6 using the mTORC1HCA,
Data represent GFP+pS6+ in the Tsc2-sh neurons as percent of vehicle-treated Tsc2-sh
neurons. Quantification relative to vehicle-treated Tsc2-sh neurons (n = 8-16 biological
replica/condition, E; n = 15-64 biological replica/condition, F, one-way ANOVA with
Dunnett’s multiple-comparison test, *p < 0.05, ****p < 0.0001). Data are mean + SEM.

(G) Representative images of cilia in vehicle-treated ctrl-sh and in Tsc2-sh neurons vehicle-
treated or treated with 50-nM 17-AGG between DIV9-13. Neurons and cilia were identified
by GFP and ACIII staining. Scale bar is 25 um.

(H) Western blot of protein lysates from ctrl-sh and Tsc2-sh neurons treated with vehicle or
with 17-AGG dose-curve between DIV9 and DIV13.

(I-K) Quantification of pS6 (1), total IGF-IRB (J), and p-IGF-IRB (K). Western blot data
were normalized using GAPDH as loading control. Data are average fold changes of
vehicle-treated ctrl-sh neurons. Quantification is relative to vehicle-treated Tsc2-sh neurons
(n = 4 experiment/condition; one-way ANOVA with Dunnett’s multiple-comparison test, *p
<0.05, **p < 0.01, ***p < 0.005, ****p < 0.0001). Error bars indicate + SEM.

See also Figure S4.
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Figure 5. Hsp27 Upregulation Due to Neuronal Tscl1/2 Loss Is Reduced by 17-AGG and by
Rapamycin in the Dose Range and within the Critical Window that Restores Ciliation

Western blots of protein lysates and quantification at endpoint DIV13 (A-F) and DIV20 (G-
L) from control and Tsc2-sh neurons treated with vehicle or with a four-day dose curve of
17-AGG. The indicated proteins are expressed as average fold changes of vehicle-treated
ctrl-sh neurons. Western blot data were normalized using GAPDH as loading control. Data
quantification relative to vehicle-treated Tsc2-sh neurons (nh = 3—-4 experiment/condition;
one-way ANOVA with Dunnett’s multiple-comparison test, *p < 0.05, **p < 0.05, ***p <
0.005, ****p < 0.0001). Error bars indicate + SEM.

(M) Western blots of protein lysates from control and Tsc2-sh neurons treated with vehicle
or with 20-nM rapamycin (Rapa) for one day or four days with endpoint at DIVV13.

(N and O) Quantification of Hsp27 (N, n = 3) and pS6 (O, n = 7). Western blot data
normalized using GAPDH as loading control. Data are average fold changes of vehicle-
treated ctrl-sh neurons £ SEM (one-way ANOVA with Dunnett’s multiple-comparison test,
*p < 0.05, **p < 0.005, ****p < 0.0001).
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Figure 6. 17-AGG Improved Ciliation Downstream mTORC1 Activation through
Downregulation of HspB1 Gene Expression in the Tsc2-KD Neurons

(A) HspBI mRNA levels in vehicle-treated ctrl-sh and vehicle- or 50-nM 17-AGG-treated
Tsc2-sh neurons (four days, DIV13 endpoint). Data were normalized to GAPDH, and are
averages £ SEM (n = 4; one-way ANOVA with Tukey’s multiple-comparison test, ****p <

0.0005).

(B) Western blot of control and Tsc2-sh neurons vehicle-treated or treated with 50-nM 17-
AGG (four days, DIV13 endpoint).
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(C and D) Quantification of Hsp27 (C, n = 3) and pS6 (D, n = 4). Western blot data were
normalized using GAPDH as loading control. Data are average fold changes of ctrl-sh
neurons + SEM (one-way ANOVA with Dunnett’s multiple-comparison test, *p < 0.05, **p
< 0.01).

(E) HSPBI1 expression in Non-TSC (n = 8) and TSC/tuber (n = 16) brains (unpaired
Student’s t test, p** < 0.005). Data are averages + SEM.

(F) Western blot of control and Tsc2-sh neurons transduced with RFP-tagged scramble
control shRNA (RFP-C) or with RFP-tagged hsp27 shRNA (RFP-hsp27sh).

(G and H) Quantification of Hsp27 (G) and pS6 (H). Western blot data were normalized
using GAPDH as loading control. Data are average fold changes of ctrl-sh neurons + SEM
(n = 4; one-way ANOVA with Tukey’s multiple-comparison test, ****p < 0.005).

() Effect of Hsp27 KD on ciliation using the ciliaHCA assay. Representative images of ctrl-
sh and Tsc2-sh neurons transduced with RFP-C or with RFP-hsp27sh. Raw images (a, ¢, and
e) and spot detector algorithm identification (b, d, and f) of ctrl-sh and Tsc2-sh neurons
stained with Hoechst (nuclei in the white mask), GFP (ctrl-sh or Tsc2-sh infected neurons,
green), ACIII (cilia, pink), and RFP (RFP-C or RFP-hsp27sh transduced neurons, red).
Arrows in yellow indicate cilia. Scale bar is 25 um.

(J) Quantification of ciliation. Data represent GFP+RFP+ neurons with cilia (ACIII+) as a
percentage of ciliated GFP+RFP+ controls + SEM (n = 6-30 biological replica/experiment;
n = 2 experiment/condition; one-way ANOVA with Tukey’s multiple comparison test *p <
0.05).

(K) Model for 17-AGG multi-faceted effects in Tsc1/2-deficient neurons. (a) Under Tsc1/2,
loss increased mMTORC1 activity results in aberrant Hsp27 expression and reduced ciliated
neurons. (b) 17-AGGPS6 inhibits mMTORC1 (ICsq = 1.8 uM) through Hsp90-dependent
regulation of PI3K/Akt signaling components with no significant change in Hsp27. (c) 17-
AGGilia reverses reduced ciliation at 100-fold-greater potency (Effective Concentration 50
[ECsg ] = 15 nM) independently from mTORC1 through suppression of AspB1Hsp27.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit polyclonal anti-ACIII

Proteintech

Cat# 19492-1-AP; RRID:AB,,10638445

Rabbit monoclonal anti-centrin

Millipore

Cat# 04-1624; RRID:AB_10563501

Rabbit polyclonal anti-Hp90

Proteintech

Cat#13171-1-AP; RRID:AB_2120924

Rabbit monoclonal antl-GAPDH

Ambion

Cat# AM4300; RRID:AB_437392

Rabbit polyclonal anti-pS6

Cell Signaling Technology

Cat# 5364, RRID:AB_10694233

Mouse monoclonal anti-S6

Santa Cruz Biotechnology

Cat# sc-74459; RRID:AB_1129205

Rabbit polyclonal anti-phospho Akt (Ser473)

Cell Signaling Technology

Cat# 4060; RRID:AB_2315049

Rabbit monoclonal anti-Akt

Cell Signaling Technology

Cat# 4691; RRID:AB_91578

Rabbit polyclonal anti-phospho PRAS40 (Thr246)

Cell Signaling Technology

Cat#13175; RRID:AB_2798140

Rabbit polyclonal anti-PRAS40

Cell Signaling Technology

Catt# 2691; RRID:AB_2225033

Rabbit polyclonal anti-phospho IGF-IRB(Tyr1335/6)

Cell Signaling Technology

Cat# 3024S; RRID:AB_331253

Rabbit polyclonal anti-IGF-IRf

Santa Cruz Biotechnology

Cat# sc-713; RRID:AB_671792

Rabbit polyclonal anti-Tsc2

Cell Signaling Technology

Cat# 4308; RRID:AB_10547134

Rabbit monoclonal anti-Hsp70

Santa Cruz Biotechnology

Cat# sc-24; RRID:AB_627760

Rabbit monoclonal anti-Hsp60

Santa Cruz Biotechnology

Cat# sc-271215; RRID:AB_10607973

Rabbit monoclonal anti-Hsp27

Santa Cruz Biotechnology

Cat# sc-13132; RRID:AB_627755

Chicken polyclonal anti-GFP

Thermo Fisher Scientific

Cat# A10262; RRID:AB_2534023

Mouse monoclonal anti-RFP

Thermo Fisher Scientific

Cat# MA515257; RRID;AB_10999796

Goat anti-mouse IRDye 800RD

LI-COR Biosciences

Cat#925-32210; RRID:AB_2687825

Goat anti-mouse IRDye 680RD

LI-COR Biosciences

Cat#925-68070; RRID:AB_2651128

Goat anti-rabbit IRDye 800CW

LI-COR Biosciences

Cat#925-32211; RRID:AB_2651127

Goat anti-rabbit IRDye 680RD

LI-COR Biosciences

Cat#925-68071; RRID:AB_2721181

Goat anti-chicken Alexa Fluor-488

Molecular Probes

Cat#A11039; RRID:AB_.142924

Goat anti-rabbit Alexa Fluor-647

Molecular Probes

Cat# A21244; RRID:AB_141663

Goat anti-rabbit Alexa Fluor-546

Molecular Probes

Cat#A11035; RRID:AB_143051

Goat anti-mouse Alexa Fluor-546

Molecular Probes

Cat#A11030; RRID:AB_144695

Bacterial and Virus Strains

Stbl3 competent cells Thermo Fisher Scientific Cat# C737303
NEB Stable competent cells New England Biolabs Cat#C30401
Tsc2-sh-GFP Previously reported (See text N/A
for details)
Hsp27-shRNA Sigma Cat#TRCN0000321339
Biological Samples
Sprague-Dawley rat brain tissue Charles River Laboratories N/A
TSC patient brain tissue BCH Repository, Table S2 N/A
Non-TSC patient brain tissue BCH Repository, Table S2 N/A

Chemicals, Peptides, and Recombinant Proteins
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

BIOMOL ICCB-L Known Bioactive 2012 library

ICCB-Longwood

https://icch.med.harvard.edu/biomol-iccb-I-
known-bioactives-2012

Rapamycin

LC Laboratories

Cat# R-5000

17-Allylamino- geldanamycin (17-AGG)

Enzo Life Sciences

Cat# BML- E1308-0001

Geldanamycin (GA)

Enzo Life Sciences

Cat# BML- E1280-0001

Poly-D-Lysine Hydrobromide MP Biomedical Cat# 102694
Bortezomib EMD Millipore Cat# 5.04314.0001
Critical Commercial Assays

Pure Link Plasmid Kit Thermo Fisher Scientific Cat#K21007
Direct-zol™ RNA Miniprep Kit Zymo-Research Cat# R2052

iScript™ cDNA Synthesis Kit BIO-RAD Cat# 1708891

PowerUP™ SYBR™ Green Master Mix Thermo Fisher Scientific Cat# A25742

Deposited Data

RNA sequencing data ?c)rrezieot:islls% reported (See text N/A

Cilia genes expression data This study Table S1

Primary screen data This study Table S3
https://data.mendeley.com/datasets/

Mendeley Data This study p45bhvf2g3/draft?a=420877d4-d4ch-45f1-
adb7-91fcefcec901

Experimental Models: Cell Lines

HEK293T ATCC Cat# CRL-3216, RRID: CVCL_0063

Experimental Models: Organisms/Strains

Mouse: Tsc1imI0K])

The Jackson Laboratory

IMSR Cat# JAX:005680,
RRID:IMSR_JAX:005680

Mouse: Tsc2m10K)

The Jackson Laboratory

IMSR Cat# JAX:004686,
RRID:IMSR_JAX:004686

Mouse: 7sc2m21LKMmijax

The Jackson Laboratory

IMSR Cat# JAX: 037154,.
RRID:MMRRC_037154-JAX

Mouse: B6.Cg-Tg(Synl-cre)671 Jxm/J

The Jackson Laboratory

IMSR Cat# JAX:003966,
RRID:IMSR_JAX:003966

Oligonucleotides

GAPDH forward primer: 5'-TGTGTCCGTCGTGGATCT

GA-3’ This study N/A

GAPDH reverse primer: 5"~

CCTGCTTCACCACCTTCTTGA-3’ This study N/A

hspB1 forward primer: AGACCAAGGAAGGCGTGGTG This study N/A

hspB1 reverse primer: CACACCTGGAGGGAGCGTGT This study N/A

Recombinant DNA

pLKO-RFP-shCnitrl Addgene RRID:Addgene_69040

Previously reported (See text

Luciferase-ctrl-sh-GFP for details) N/A
psPAX2 Addgene RRID:Addgene_12260.
pMD2.G Addgene RRID:Addgene_12259.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Software and Algorithms

Fiji Software v2.0.0

Open Source

http://fiji.se/.RRID:SCR_002285

GraphPad PRISM v8.2.1

GraphPad Software

https://www.graphpad.com/scientific-
software/prism/RRID:SCR_002798.

HCS Studio™ Cell Analysis Software v6.6.0

Thermo Fisher Scientific

N/A

Image Studio Lite analysis software v5.2.5

LI-COR

https://www.licor.com

Photoshop CS5.1 v12.1

Adobe

https://www.adobe.com/products/
photoshop.html

Syscilia.

Open Source

http://www.syscilia.org/goldstandard.shtml.
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