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Abstract

Subcellular localization is emerging as an important mechanism for mTORC1 regulation. We
report that the tuberous sclerosis complex (TSC) signaling node, TSC1, TSC2 and Rheb, localizes
to peroxisomes, where it regulates mTORCI in response to reactive oxygen species (ROS). TSC1
and TSC2 were bound by PEX19 and PEXS, respectively, and peroxisome-localized TSC
functioned as a Rheb GAP to suppress mMTORC1 and induce autophagy. Naturally occurring
pathogenic mutations in TSC2 decreased PEXS binding, abrogated peroxisome localization, Rheb
GAP activity, and suppression of mMTORC1 by ROS. Cells lacking peroxisomes were deficient in
mTORCI1 repression by ROS and peroxisome-localization deficient TSC2 mutants caused polarity
defects and formation of multiple axons in neurons. These data identify a role for TSC in
responding to ROS at the peroxisome, and identify the peroxisome as a signaling organelle
involved in regulation of mTORCI.

Tuberous sclerosis complex (TSC) is a hereditary hamartoma syndrome caused by defects in
either the 7SC7 or TSC2 genes!- 2. The TSC tumor suppressor is a heterodimer comprised
of tuberin (TSC2), a GTPase activating protein (GAP), and its activation partner hamartin
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(TSC1), which localizes the TSC tumor suppressor to endomembranes and protects TSC2
from proteasomal degradation® 4. TSC inhibits the activity of the small GTPase Rheb to
repress mammalian target of rapamycin complex 1 (mTORCI) signaling, a negative
regulator of autophagy>~!2. mTORCI is regulated by a variety of cellular stimuli including
amino acids, mitogens such as insulin, glucose, and energy stress!3-1>. In the case of amino
acids, which do not signal through TSC-Rheb pathway!>, mTORC1 activity is regulated by
the Rag GTPases, which form the Ragulator complex that localizes mTORCI1 to the late
endosome or lysosome compartment of cells!3~18, We recently reported that TSC functions
in a signaling node downstream of ataxia telangiectasia mutated (ATM) to repress mTORC1
in response to reactive oxygen species (ROS)!?. However, identification of the specific
subcellular compartment(s) in which the TSC tumor suppressor functions to regulate
mTORCI in response to ROS has heretofore remained elusive.

Peroxisomes, carry out key metabolic functions in the cell including Boxidation of fatty
acids, and are a major source of cellular ROS20- 2, Like mitochondria, peroxisomes are
autonomously replicating organelles. Peroxisome biogenesis requires peroxin (PEX)
proteins, which are essential for assembly of functional peroxisomes22. Specific PEX
proteins, such as PEXS, function as import receptors that recognize peroxisome targeting
signals (PTS) in proteins to target them to the peroxisome?2.

Here we show that TSC1 and TSC2 associate with PEX proteins and are localized to
peroxisomal membranes, where they regulate mTORCI signaling in response to ROS.
Activation of TSC2 and repression of mMTORC]1 by peroxisomal ROS induces autophagy,
and in cells lacking peroxisomes, TSC2 is unable to repress mTORCI in response to ROS.
Disease-associated point mutations in the 7.SC2 gene result in loss of PEXS binding,
abrogate peroxisomal localization, TSC2 GAP activity for Rheb, and ROS-induced
repression of mMTORCI. Our data reveal a previously unknown role for the peroxisome as a
signaling organelle involved in regulation of mMTORC1 by TSC, and suggest that this TSC
signaling node functions as a cellular sensor for ROS to regulate mTORCI1 and autophagy.

The TSC tumor suppressor localizes to peroxisome

In rat liver (FAO) cells, endogenous TSC1, TSC2 and Rheb localized to discrete vesicular
structures, the majority of which co-localized with the peroxisomal marker, peroxisomal
membrane protein 70 (PMP70) (Fig. 1a). Quantitative analysis of these images revealed a
correlation between TSC and PMP70 colocalization when compared with the lysosomal
marker LAMP1 (lysosome associated membrane protein=LAMP1) (Fig. 1b). As expected,
TSC1 and TSC2 also co-localized with each other in discrete vesicular structures (Fig. 1c).
Endogenous TSC2 colocalization with Rheb (which also co-localized with PMP70) was also
observed (Fig. 1a, bottom panels). Controls demonstrating the absence of co-localization
with markers for other cellular organelles including mitochondria (mitochondrial cox
2=MTCO2) and endosomes (early endosome antigen 1=EEA1) (Supplementary Fig. S1a).
Specificity for the antibody used to detect endogenous TSC2 was confirmed using siRNA
knockdown of TSC2 (Fig. 1d—f), and TSC2-deficient mouse embryonic fibroblasts (MEFs)
(Supplementary Fig. S1b).

Cell fractionation confirmed the TSC signaling node (endogenous TSC1, TSC2 and Rheb)
in the peroxisome fraction, which contained negligible amounts of other organelles (Fig.
2a,b). Loss of TSC2 (but not TSC1 or Rheb) from the peroxisome fraction was observed in
TSC2~~ MEFs (Fig. 2¢). TBC1D7 (a third subunit of the TSC1-TSC2 complex2?) was also
found in the peroxisome fraction (Fig. 2a and Supplementary Fig. Slc), whereas AKT was
detected in cytosolic (primarily) compartments (Fig. 2a—c and Supplementary Fig. Slc,d).
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Endogenous TSC2 was detected in both the membrane and cytosolic fractions (Fig. 2a,b and
Supplementary Fig. S1c,d), consistent with what is known about membrane localization of
active, and cytosolic sequestration of inactive, forms of this tumor suppressor,
respectively?+-26, Peroxisome localization of the TSC signaling node was also observed in
HEK 293 (Supplementary Fig. S1c) and HeLa (Supplementary Fig. S1d), confirming the
generalizability to other cell types.

The TSC tumor suppressor is on the cytosolic surface of the peroxisome

TSC2 tumor suppressor activity occurs via membrane dissociation and cytosolic binding of
this tumor suppressor by 14-3-3 proteins, sequestering it away from its activation partner
TSC1 and its GAP target Rheb2*. In MCFE-7 cells expressing constitutively active
myristoylated AKT (myr-AKT), AKT phosphorylation inactivates TSC2, with loss of TSC2
from the membrane and peroxisomal fractions and increased TSC2 in the cytosol (Fig. 3a).
As predicted, TSC2 was released from peroxisome and membrane compartments into the
cytosol with mitogenic stimulation by insulin (Fig. 3b). Furthermore, TSC2 phosphorylated
by AKT at S939 was abundant in the cytosolic, but absent or barely detectable in the
peroxisomal fraction of cells (Fig. 3c).

Correlative data that TSC2 resided at the peroxisomal membrane were supported with direct
evidence from a protease protection assay, where peroxisomes were proteinase K treated in
the absence or presence of membrane disrupting detergent (Triton X-100). The peroxisomal
membrane protein PMP70 and TSC1, TSC2 and Rheb were degraded in both the absence
and presence of detergent, indicating that they were membrane-associated (Fig. 3d), while
catalase, a matrix protein control was resistant to proteinase K, confirming the TSC
signaling node resides in peroxisomal membranes (Fig. 3d).

The TSC signaling node functions at the peroxisome to induce autophagy in response to

ROS

As a major site of ROS generation, we hypothesized TSC at the peroxisome might induce
autophagy, which is regulated by both mTORC16-8: 11 and ROS?7: 28, Consistent with this
hypothesis, overexpression of both Flag-TSC1 and TSC2 increased autophagosome
formation relative to overexpression of either Flag-TSC1 or Flag-TSC2 alone (Fig. 4a,b). In
these cells, exogenous ROS (H,0,), induced rapid (<1 hr) suppression of mTORCI,
decreased p62 by 24 hrs, and increased ratio of LC3 II/Actin (Supplementary Fig. S2a,b).
The decrease in p62 was significantly inhibited by Bafliomycin Al (Baf A1), as was the
increase in LC3 II (Supplementary Fig. S2¢,d). Similarly, as shown in Supplementary Fig.
S2e, decreased p62 in response to H,O, occurred only in autophagy-proficient (Atg5*+
MEFs) but not in autophagy-deficient cells (i.e. Atg5~~ MEFs??). Finally, increased
autophagic flux in response to HyO, was also demonstrated by accelerated degradation of
GFP-LC3 relative to RFP-LC3% 19, which is less stable in the acidic pH of the
autolysosomes (Fig. 4c,d), confirming the ability of TSC to response to ROS to regulate
autophagy.

Drugs such as fibrates (e.g., Wy-14643), activate peroxisome proliferator-activated receptor
alpha (PPAR-alpha), to induce peroxisome proliferation in rodent liver cells3?- 3!, and
increase levels of peroxisomal ROS20. FAO cells were treated with Wy-14643, which
induced the expected increase in PPAR-alpha-inducible proteins peroxisomal bifunctional
enzyme (EHHADH) and peroxisomal thiolase (ACAA1) (Fig. 4e), and increased superoxide
radical production shown by dihydroethidium (DHE) staining (Fig. 4f). Fibrate-induced
ROS suppressed mTORC1 (Fig. 4e), to induce autophagy, as confirmed by increased LC3
puncta and electron microscopy (Fig. 4g—i).

Nat Cell Biol. Author manuscript; available in PMC 2014 April 01.
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Peroxisome biogenesis disorders (PBDs) are caused by genetic defects in key proteins that
participate in this process2!- 32, with Zellweger syndrome being the most severe32. PBD-
associated disease mutations result in an absence of functional peroxisomes. Co-localization
with PMP70 for TSC2 and Rheb was lost in peroxisome-deficient human Zellweger cells
(Fig. 5a). These cells are deficient in PEX5-mediated protein import but can still assemble
peroxisomal membrane proteins, accounting for the occasional PMP-positive puncta, which
interestingly also show colocalization with TSC1 (Fig. 5a). Peroxisome-deficient Zellweger
(untransformed GM13267) cells were deficient in mMTORC1 repression in response to HyO,
relative to control peroxisome-proficient (untransformed GM15871) cells (Fig. 5b). HyO»
activated ATM, AMPK and TSC2 to repress mMTORC1 and induce autophagy in control
fibroblasts, whereas Zellweger fibroblasts lacking peroxisomes were resistant to mTORC1
repression by H,O, (Fig. 5b). These data were confirmed in two other control (GM13427)
and Zellweger (GM13269) cell cultures (Supplementary Fig. S3a). As predicted!?, in
peroxisome-proficient cells, repression of mMTORC1 by H,O, was rescued with N-acetyl
cysteine (NAC) (Fig. 5¢), and decreased p62 was inhibited by Baf A1 (Supplementary Fig.
S3b,c).

In contrast to ROS repression of mMTORC1, which is TSC2-dependent, activation of
mTORC]1 by amino acids does not signal through TSC-Rheb!3: 13, This predicts that
Zellweger cells would still activate mMTORCT1 in response to stimulation with amino acids.
As shown in Fig. 5d, mTORCI signaling was activated by amino acids to an equivalent
degree in both peroxisome-deficient Zellweger fibroblasts (GM13267) and control
peroxisome-proficient fibroblasts (GM15871), which was confirmed in two other control
(GM13427) and Zellweger (GM13269) cell (Supplementary Fig. S3d).

TSC1 and TSC2 bind peroxins PEX19 and PEX5

PEX proteins mediate localization of peroxisomal proteins and enzymes. We observed by
co-immunoprecipitation of both endogenous and Flag-tagged proteins that TSC2 was bound
by PEXS5 (Fig. 6a,d). PEX5 is known to import proteins into the peroxisomal matrix22,
whereas TSC2 localizes to endomembranes (our data and reference3?), therefore additional
experiments were performed to confirm that TSC2 was a bona fide target for the PEXS
import receptor.

In silico analysis of the TSC2 [http://peroxisomedb.org34] identified a region of homology
with known PTS1 sequences. This ARL motif ;730KWIARLRHIKR 749 was located 63
amino acids from the C-terminal of TSC2 protein (Fig. 6b). Although the majority of PEXS5
targets identified to date contain a PTSI at their extreme C-terminus22, internal sequences
may mediate some peroxisomal targeting>—>7. To demonstrate this ARL sequence
functioned as a PTS1, we substituted the ARL sequence for an SKL PTS1 motif in a DsRed-
SKL fusion protein that localizes to the peroxisome. The DsRed-ARL fusion protein co-
localized with a GFP fusion protein containing the SKL PTS1, and peroxisome marker
PMP70 and catalase (Fig. 6¢), whereas deletion of the inserted ARL sequence in this DsRed
fusion protein (DsRed-Del-ARL) resulted in loss of cytoplasmic staining (Fig. 6¢, top
panel), indicating that a C-terminal ARL motif was capable of targeting proteins to the
peroxisome in mammalian cells.

Importantly, several pathogenic TSC2 mutations were identified in this ARL site (Table 1).
To determine whether TSC2 localization to the peroxisome was impaired by these
mutations, we introduced three naturally occurring mutations into a wild-type TSC2 (WT)
expression construct at amino acid position 1743, R1743Q (RQ), R1743G (RG) and
R1743W (RW) (Table 1 and Fig. 6b). All three TSC2 mutants reduced PEXS import
receptor association with TSC2 (Fig. 6d), identifying this ARL sequence as a PEXS binding
sequence (PxBS) in TSC2. Peroxisomal localization of all three PxBS mutants was greatly

Nat Cell Biol. Author manuscript; available in PMC 2014 April 01.
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diminished (Fig. 6e and Supplementary Fig. S4a); the PxBS TSC2 mutants, co-localized
with neither lysosome (Supplementary Fig. S4b), nor endoplasmic reticulum (ER)
(Calnexin) nor mitochondria (voltage-dependent anion channel=VDAC) markers
(Supplementary Fig. S4c). Importantly, introduction of nine nucleotides encoding an
exogenous SKL PTS1 into the TSC2-RQ mutant, just before the C-terminal stop codon
(TSC2-RQ-9NT) (Fig. 6b) restored PEXS binding to TSC2-RQ-9NT (Fig. 6f) and
peroxisome localization of TSC2-RQ-9NT (Fig. 6g).

Consistent with the proposed function of TSC1 as the membrane “tether” for TSC226: 38,
endogenous TSC1 co-immunoprecipitated with PEX19, which localizes proteins to
peroxisomal membranes, but not PEXS5 (Fig. 6a), and we identified a potential PEX19
binding site in TSC1 at the amino terminal (;,9gLTTGVLVLIt;3g) [http://
peroxisomedb.org34]. While a very small amount of Flag-TSC2 was associated with the
PEX19-TSC1 complex (Fig. 6h), this association was abrogated with the TSC2-G294E
mutant (a TSC1 binding-deficient mutant3%), indicating the little TSC2 detected in this
complex was likely associated with TSCI, rather than directly bound to PEX19 (Fig. 6h). As
a control we demonstrated that mTOR (another large protein), did not co-
immunoprecipitated with either PEXS or PEX19 (Fig. 6a). Rheb did not contain predicted
PTS sequences, however, farnesylation of the C-terminal CaaX (Cysteine aliphatic aliphatic
any) motif has been previously shown to localize Rheb to endomembranes and be required
for Rheb activation of mTORC13. We found that in contrast to WT-Rheb, CaaX defective
Rheb was not detected in the peroxisomal fraction of cells (Fig. 61).

TSC functions at the peroxisome to suppress mTORC1

Inactivating PEXS using shRNA to inhibit delivery of TSC2 to the peroxisome increased
mTORCI signaling (Fig. 7a), suggesting that localization to the peroxisome played a role in
TSC GAP activity for Rheb and suppression of mTORCI1 signaling. Functional assays in
cells expressing Flag-tagged WT-TSC2 or PxBS TSC2 mutants (RQ, RW, and RG) co-
transfected with Flag-TSC1, myc-Rheb and either HA-S6K (Fig. 7b, left panel) or HA-4E-
BP1 (Fig. 7b, right panel) showed that while WT-TSC2 suppressed Rheb activation of
mTORC] (evidenced by decreased phosphorylation of S6K1 and 4E-BP1 and [32P]-
radiolabeled-S6), all three pathogenic PxBS TSC2 mutants were deficient in mTORC1
repression (Fig. 7b). Inability to suppress mTORCI1 signaling was not due to inability to
bind TSCI1, as control experiments revealed equivalent binding to TSC1 of WT-TSC2 and
mutants (RQ, RG, and RW) (Supplementary Fig. S4d).

To determine directly whether inability to localize to the peroxisome compromised the Rheb
GAP activity of PxBS mutants, we compared their GTPase activity with WT-TSC2, using
immunoprecipitated TSC heterodimers against GST-Rheb preloaded with [ -32P]-GTP. In
this 7n vitro assay, WT-TSC2 promoted the intrinsic GTPase activity of Rheb as observed by
accumulation of [ (-32P]-GDP bound Rheb, while none of the PxBS mutants functioned as a
Rheb GAP, similar to what was observed in control experiments with the TSC2 GAP
domain mutant (LL1624P) protein (Fig. 7¢). This suggests that TSC2 GAP activity depends
on the delivery of TSC2 to the peroxisome. However, addition of the SKL PTS1 to the
TSC2-RQ mutant restored significant repression of mTORCT signaling (Fig. 7d,e and
Supplementary Fig. S4e). This was confirmed in the in vivo Rheb guanine nucleotide
binding assay, which demonstrated that TSC2-RQ-9NT had regained significant Rheb GAP
activity (Fig. 7f,g), indicating a significant proportion of loss of activity in this mutant was
attributable to loss of peroxisome localization, rather than loss of intrinsic GAP activity.

Overexpression of TSCland TSC2 inhibits axon growth, resulting in an increased
proportion of neurons with no axon, while loss of TSC1 and TSC2 results in an aberrant
neuronal morphology with multiple axons extending out of the cell body, a phenotype
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dependent on hyperactivation of mTORC140. Expression of WT-TSC2 resulted in a
significant increase in the number of neurons with no axon and a significant decrease in
neurons with multiple axons, compared to controls expressing GFP alone (Fig. 7h). In
comparison, all three of the PxBS TSC2 mutants when transfected with TSC1 had the
opposite effect, significantly reducing the fraction of cells with no axons and increasing the
number of cells with multiple axons (Fig. 7h), providing a functional link between loss of
TSC signaling at the peroxisome and the neuronal pathophysiology of TSC.

DISCUSSION

Here we describe an intimate and previously unappreciated, relationship between the TSC
signaling node and the peroxisome. We found TSC1 and TSC2 bound to PEX19 and PEXS,
respectively, and an ARL sequence required for PEXS5 binding and localization to
peroxisomal membranes was identified. Missense mutations within the 7.SC2 ARL sequence
are pathogenic*!- 42, and TSC2’s ability to suppress mTORCI in response to ROS is
abrogated by these mutations. Neuronal expression of PxBS mutant TSC2 causes the
formation of multiple axons, indicating that peroxisomal TSC2 localization is crucial for
proper neuronal morphology and polarity, and providing a link between aberrant TSC
signaling and brain pathophysiology. This suggests a model (Supplementary Fig. S5), where
the TSC tumor suppressor resides on the exterior of peroxisomal membranes, in proximity
to its GAP target Rheb, and where it can be negatively regulated by cytosolic kinases such
as AKT and 14-3-3 binding, and activated by peroxisomal ROS to repress mTORC1 and
induce autophagy.

PTS1 sequences located at the extreme C-terminus of cargo proteins, interact with the C-
terminal region of PEXS via the seven tetratricopeptide repeat (TPR) domains?2. The ARL
sequence in TSC2 that functions as a PEX5-binding domain is 63 amino acids internal from
the C-terminus. While an ARL sequence at the C-terminus can function as a PTS1 to target
proteins to the peroxisome in yeast*3, plants** and as we demonstrated with a DsRed-ARL
fusion protein in mammalian cells, for an internal ARL to act as a true PTS1, the protein
loop containing this ARL sequence must be accommodated in the well-characterized ring-
like structure formed by the PEX5-TPR domains3®. However, an increasing number of
PEXS dependent targets have been discovered where a PTS1 motif is not essential or even
absent3% 37, and internal sequences that mediate PEX5 binding have been proposed3”. For
example, yeast Acyl-CoA oxidase (Pox1p) interacts directly with PEXS5 but does not contain
any recognizable PTS1, and C-terminal deletions of Pox1p do not affect PEX5 interaction®.

Current dogma dictates that PEXS cargo is delivered to the matrix of the peroxisome. We
demonstrated that TSC2 is part of the PEX5 import complex, but is localized to the
peroxisomal membrane facing the cytosol. We considered two possibilities to potentially
explain this conundrum: 1) TSC2 docks with TSC1 to be retained at the cytosolic
membrane, abrogating import by PEXS; 2) TSC2 is delivered into the matrix and then
recycles out to the cytosolic membrane. If the TSC2-TSC1 heterodimer is more stable than
TSC2-PEXS complex, peroxisomal TSC1 may function as an “attractor” or “anchor” to
capture TSC2 at the cytosolic peroxisomal membrane, abrogating PEX5-mediated import of
TSC2 into the matrix. Alternatively, the TSC2-PEXS complex may enter the peroxisome
matrix via PEX14 peroxisomal translocation machinery and then recycle out to interact with
peroxisomal membrane-localized TSC1. Such peroxisomal protein recycling is well
described for PEX522, and also occurs with rotavirus VP4 protein46’ 47,

Specific localization of TSC and mTOR to several subcellular compartments has been
reported, including lysosome or endosome!3-18- 23 cytosol26-48-49 Golgi apparatus®® and
nucleus#8: 51, Interesting, Rheb was recently localized to mitochondrial membranes, where it
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was shown to regulate mitophagy>2. While shuttling between these compartments is likely
to occur, TSC1, TSC2 and mTOR resident in these various compartments may respond to
specific stimuli. For example, mTOR is localized to the late endosome or lysosome
compartment by the Ragulator complex in response to amino acids!'3- 16-18 and the TSCI-
TSC2-TBC1D7 “Rhebulator” complex has been reported to be regulated by growth factors
and energy stress in lysosomes23. Our finding of a TSC signaling node resident in
peroxisome that responds to ROS identifies a subcellular compartment in which TSC
functions to repress mMTORC1 and induce autophagy in response to oxidative stress.
Induction of autophagy is one of many cellular responses to oxidative stress, with
superoxide (which is produced by peroxisomes) being the major ROS regulating
autophagy?’. Cytoplasmic ATM, which responds to ROS to activate AMPK and TSC2!9,
has been previously localized to peroxisomes and a putative PTS1 sequence identified at its
C-terminus’3. ATM is directly activated by reactive oxygen species (ROS), with the
oxidized form of this kinase forming an active di-sulfide cross-linked dimer>*. Localization
of ATM and the TSC signaling node to the peroxisome sets up the intriguing possibility that
direct activation of ATM by peroxisomal ROS is the proximal signal that engages TSC to
repress mTORCI, indicating characterization of this, and elucidation of other signaling
cascades resident at the peroxisome, now merit further study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

TSC1 and TSC2 localization to peroxisomes. (&) Representative images of FAO cells
immunostained with TSC2, TSC1 or Rheb (green) and PMP70 (peroxisome marker) or
LAMPI (lysosome marker) (red) antibodies. (Scale bar - 10 [In). (b) Pearson’s Correlation
Coefficient for TSC1 or TSC2 co-localization with PMP70 or LAMP1 calculated using
Imaris software. Quantification was performed on 8—12 cells from each of the 4 independent
experiment giving rise to a total of 40 cells. All error bars represent s.e.m., *** p < (0.001.
(c) Representative images using HeLa cells transfected with Myc-TSC1 and Flag-TSC2 wild
type (WT) and stained with anti-Flag (green) and anti-Myc (red) antobodies. (Scale bar -

10 [n). (d) Representative images of HepG?2 cells transfected with control (siControl) or
TSC2 (siTSC2) siRNA immunostained for TSC2 (green) and PMP70 (red). Individual
boundaries were shown to identify cells with TSC2 knockdown (white) versus cells that
retain TSC2 (yellow). (Scale bar - 10 [In). () Corresponding immunoblots for HepG2 cells
transfected with control (siControl) or TSC2 (siTSC2) siRNA showing extent of knockdown
(average over population of cells). (f) HepG2 cells from Fig. 1d were analyzed for Pearson’s
Correlation Coefficient of TSC2 co-localization with PMP70 using Imaris software.
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Quantification was performed on 8—12 cells from each of the 4 independent experiment
giving rise to a total of 40 cells. All error bars represent s.e.m., *** p < 0.001. Uncropped
images of western blots are shown in Supplementary Fig. S6. Source data of statistical
analysis are shown in Supplementary Table S1.
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Figure2.

Cell fractionation demonstrating the TSC signaling node at the peroxisome. (a and b)
Subcellular fractionation of FAO (a) or HepG2 (b) cells demonstrated the localization of
TSC2, TSC1, Rheb, TBC1D7 (FAO, Fig. 2a) and AKT in various subcellular compartments.
Catalase, PMP70 and Lamin A/C were used as subcellular markers for the peroxisome (P)
and nuclear (N) fractions, respectively. EEA1, LAMP1 and VDAC were used as markers for
endosomes, lysosomes, and mitochondria, respectively. WCE — whole cell extracts, M-
membrane, C-cytosol. () Subcellular fractionation of TSC2*/* and TSC2~"~ MEFs
demonstrating the localization of TSC2, TSC1, Rheb and AKT. PMP70, catalase
(peroxisome fraction - P), LDH (cytosolic fraction - C), Bintegrin (membrane fraction - M)
and lamin A/C (nuclear fraction - N) were used as subcellular markers. WCE — whole cell
extracts. Uncropped images of western blots are shown in Supplementary Fig. S6.
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Figure 3.

Active TSC signaling node resident at peroxisome membrane. (8) Western analysis of whole
cell extracts (WCE), membrane (M), cytosolic (C) and peroxisome (P) fractions from
parental and MCF-7 cells stably expressing constitutively active myristoylated AKT (myr-
AKT) immunoblotted for TSC2, LDH, catalase and PMP70. Light and dark represent short
and long autoradiographic exposures, respectively. (b) Western analysis of whole cell
extracts (WCE), membrane (M), cytosolic (C) and peroxisome (P) fractions from MCF-7
cells stimulated with insulin (200 nM) for 30 min after 1h of serum starvation and
immunoblotted for TSC2, LDH, catalase and PMP70. Light and dark represent short and
long autoradiographic exposures, respectively. (C) Representative western analysis of HEK
293 whole cell extracts (WCE), cytosolic (C), and peroxisome (P) fractions, immunoblotted
for phospho-TSC2 (S939) (inactive), TSC2, and phospho-AKT (S473 and T308) (activated).
LDH and catalase were used as markers for the cytosolic (C) and peroxisome (P) fractions,
respectively. (d) Proteinase K protection assays performed in the presence or absence of
Triton X-100 to disrupt peroxisomess on equal masses of peroxisome (P) fractions (HEK
293 cells) collected at the indicated time points. The lysates were immunoblotted for TSC2,
TSC1, Rheb, catalase and PMP70. WCE —whole cell extract. Uncropped images of western
blots are shown in Supplementary Fig. S6.
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Figure4.

The TSC signaling node at the peroxisome induces autophagy in response to ROS. (a)
Representative merged images using GFP-LC3 MCF-7 cells expressing Flag-TSC1, Flag
TSC2 or both Flag-TSC1 and Flag-TSC2 showing GFP-LC3 (green) puncta. (Scale bar -

10 On). (b) Quantification of GFP-LC3 puncta was performed and the results are represented
as the average puncta fluorescence per cell (s.e.m., 7= 3 independent experiments) from
100 cells per experiment as shown in Fig. 4a. *** p <0.001, NS, not significant. (C)
Representative immunocytochemistry images using MCF-7 cells transfected with an mRFP-
GFP-LC3 construct. Cells treated with 0.4 mM H,O, were analyzed at Ohr (Control), 1hr,
3hr and 6hr. (Scale bar - 10 [In). (d) Quantification of autophagosomes (AP, GFP-LC3) and
autolysosomes (AL, RFP-LC3) per cell in different conditions as shown in Fig. 4c. The
results are represented as the average puncta fluorescence per cell (zs.e.m., n=3
independent experiments) from 100 cells per experiment. ** p < 0.01, *** p <0.001. (e)
Western analysis of FAO cells treated with 50 M WY-14643 (WY) or vehicle (DMSO) for
PPAR-alpha-inducible proteins (EHHADH and ACAA1), mTORCI1 signaling proteins
[(pS6 (S235/236), S6, pS6K (T389) and S6K)] and autophagy markers (LC3 and p62). (f)
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Representative images of FAO cells treated with vehicle (DMSO) or 50 M WY-14643
(WY) for 1hr, with superoxide production detected using dihydroethidium (DHE). (Scale
bar - 30 [In). (g) Representative images of LC3 puncta (green) in FAO cells following
treatment of 50 M WY-14643 (WY) or vehicle (DMSO) for indicated time period. (Scale
bar - 10 [In). (h) Quantification of LC3 puncta per cell in response to WY-14643 (WY) or
vehicle (DMSO). The results are represented as the average LC3 puncta fluorescence per
cell (zs.e.m., n =3 independent experiments) from 100 cells per experiment as shown in
Fig. 4a. * p<0.05, ** p<0.01. (i) Transmission electron microscopy of FAO cells treated
with vehicle (DMSO) or 50 M WY-14643 (WY) for 24, 48 and 72 hr. Peroxisomes and
autophagosomes are indicated with red and yellow arrows, respectively. (Scale bar -
500nm). Uncropped images of western blots are shown in Supplementary Fig. S6. Source
data of statistical analysis are shown in Supplementary Table S1.
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TSC’s ability to suppress mTORCI is abrogated in peroxisome-deficient Zellweger cells.

(a) Representative images of Zellweger cells (GM13267) showing endogenous TSC2, TSC1
and Rheb (green) co-localization with PMP70 (red). (Scale bar - 15 [In). (b) Western
analysis of human fibroblasts obtained from Zellweger (GM13267) or corresponding control
patient with [Ehlers-Danlos syndrome (GM15871)] treated with indicated doses of H,O, for
1hr. mTORCI signaling was assessed by western analysis for pS6K (T389), S6K, pS6
(S235/236), S6, pAEBP1 (T37/46), 4EBP1, pATM (S1981), ATM, pAMPK (T172), AMPK,
p62 and LC3. () Western analysis of human fibroblast (GM13427) cells pre-incubated with
3 mM NAC (ROS scavenger) for 1hr before treated with 0.4 mM H,O, for lhr using anti-
pS6K (T389), S6K, p62 and LC3 antibodies. (d) Representative western analysis using cell
extracts from human fibroblasts obtained from a Zellweger patient (GM13267) or control
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fibroblasts (GM15871) treated with amino acid free media for 60 min, and stimulated with
mixture of amino acid for 10 min. mTOR signaling was monitored using anti-pS6K (T389),
S6K, pS6 (5235/236), S6, pAEBP1(T37/46), and 4EBP1 antibodies. Uncropped images of
western blots are shown in Supplementary Fig. S6.
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Figure®6.

TSC1 and TSC2 interact with PEX19 and PEXS. (&) Immunoprecipitation was performed
with anti-PEXS5 (left panel), anti-PEX19 (right panel) in HEK 293 cells and immunoblotted

for endogenous TSC1, TSC2, mTOR (negative control) and PMP70, and PEX1

(PEX19

cargo) or catalase (PEX5 cargo). (b) Schematic of TSC2 C-terminus (aal517 — aal807)
showing the GAP and PEXS binding sequence (PxBS), naturally occurring mutations and
the re-introduced SKL sequence. (C) Representative images of FAO cells transfected with
DsRed-Del-ARL (deleted ARL sequence) (red) and GFP-PTS1 (green) (top panel). FAO
cells were also transfected with DsRed-ARL (red) and stained for PMP70 or catalase (green)

as indicated. (Scale bar - 10 On). (d) HEK 293 cells expressing Flag-TSC2 wild

type (WT)

or Flag-TSC2 mutants (RQ, RW, and RG) were co-immunoprecipitated using anti-Flag or
anti-PEXS, and blotted for PEXS and Flag-TSC2. (e) Representative experiment showing

subcellular fractionation of HEK 293 cells overexpressing Flag-TSC2 wild type
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Flag-TSC2 mutants (RQ, RW and RG). Lysates from peroxisome (P) or membrane (M)
fractions and whole cell extracts (WCE) were immunoblotted with Flag or PMP70
antibodies. (f) Co-immunoprecipitation of HEK 293 cells overexpressing Flag-TSC2 wild
type (WT), or Flag-TSC2 mutants (RQ) or Flag-TSC2 rescue mutant (RQ-9NT) using anti-
Flag antibody or control IgG and immunoblotted with anti-Flag and anti-PEXS antibodies.
(g) Subcellular fractionation of TSC2~~ MEFs transfected with Flag-TSC2 wild type (WT),
or Flag-TSC2 mutants (RQ or RQ-9NT). Hintegrin and catalase were used as subcellular
markers for membrane (M) and peroxisome (P) fractions, respectively. WCE — whole cell
extract. The arrow indicates the position of overexpressed Flag-TSC2. (h) HEK 293 cells
co-transfected with Flag-TSC1 and Flag-TSC2 wild type (WT) or Flag-TSC2 G294E mutant
(TSC2 mutant that cannot bind TSC1). Lysates were immunoprecipitated using anti-PEX19
and blotted for PEX19 and Flag. (i) Representative blots from subcellular fractionation of
HEK 293 cells overexpressing wild type (WT) or mutant (CaaX mutant) Flag-Rheb. LDH,
Lamin A/C and catalase were used as subcellular markers for the cytoplasmic (Cp), nuclear
(N), and peroxisome (P) fractions, respectively. WCE — whole cell extracts. Uncropped
images of western blots are shown in Supplementary Fig. S6.
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Figure7.

TSC2 functions at the peroxisome to repress mTORC]. (a) HEK 293 cells were transfected
with either control shRNA or a PEXS targeting shRNA, and lysates were blotted using pS6K
(T389), S6K, pS6 (5235/236) and S6 antibodies. (b) TSC2 functional assay was performed
in HEK 293 cells co-expressing myc-Rheb, Flag-TSC1 and Flag-TSC2 wild type (WT), or
Flag-TSC2 mutants (RG, RQ and RW) and HA-S6K (left panel) or HA-4EBP1 (right panel).
Cells transfected with empty vector (EV) with or without myc-Rheb were used as controls.
Lysates were further analyzed for phospho-S6K (T389), S6K, phospho-4EBP1 (S65),
4EBP1 and 32P-incorporation into S6. (¢) Rheb GTPase activity assays was performed by
co-immunoprecipitating TSC heterodimers from HEK 293 cells expressing Flag-TSC1 and
Flag-TSC2 wild type (WT), Flag-TSC2 mutants (RG, RQ and RW), or Flag-TSC2 GAP-
mutant (L1624P) performed for the indicated time. (d) TSC2 functional assay was
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performed using TSC2~/~ MEFs co-transfected with Flag-TSC1, HA-S6K, and Flag-TSC2
wild type (WT) or Flag-TSC2 mutants (RQ or RQ-9NT), with mock transfected cells as
controls. Arrows denote the positions of Flag-TSC1 and Flag-TSC2. (e) Quantitation of the
ratio of phospho-S6K to total HA-S6K from Fig 7d. (+s.e.m., n = 3 independent
experiments). *p < 0.05, **p < 0.01. (f) In vivo guanine nucleotide loading assays of Rheb
was measured using HEK 293 cells overexpressing Flag-TSC1 and Flag-TSC2 wild type
(WT), or Flag-TSC2 mutants (RQ and RQ-9NT) with or without Rheb as indicated. (Q)
Graph shows quantitation of the percentage of Rheb bound to GTP (indicative of Rheb
GTPase activity, +s.e.m., n= 4 independent experiments). *p < 0.05, ***p < 0.001. (h)
Quantification of axon number in hippocampal neurons co-transfected with GFP, Flag-TSCl1
and Flag-TSC2 WT or Flag-TSC2 mutants (RG, RQ, and RW). No axons = yellow, one
axon = green, and multiple axons = red. Quantification was performed on 150-250 neurons
from each of the 3 independent experiment and the results are represented as polarity (%).
All error bars represent s.e.m., *p < 0.05, ** p < 0.01 compared to GFP only transfected
control. Uncropped images of western blots are shown in Supplementary Fig. S6. Source
data of statistical analysis are shown in Supplementary Table S1.
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Disease causing mutations of TSC2 PEXS5 binding sequence (PxBS) disrupts TSC2’s peroxisome localization

Exon/Intron Mutation # Reported Comments
Exon 40 5227 c>g, 1743 R>G 1 Probably pathogenic
Exon 40 5227 c>t, 1743 R>W 28 Pathogenic
Exon 40 5228 g>a, 1743 R>Q 18 Pathogenic
Exon 40 5228 g>c, 1743 R>P 1 Pathogenic
Exon 40 5228 g>t, 1743 R>L 1 Probably pathogenic

Based on (http://chromium.liacs.nl/LOVD2/TSC/home.php?select_db=TSC2).

Nat Cell Biol. Author manuscript; available in PMC 2014 April 01.


http://chromium.liacs.nl/LOVD2/TSC/home.php?select_db=TSC2

