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Summary

Autophagy is a catabolic process whereby cytoplasmic components are degraded within
lysosomes, allowing cells to maintain energy homeostasis during nutrient depletion. Several
studies have shown that the CDK inhibitor p27"' promotes starvation-induced autophagy.
However, the underlying mechanism remains unknown. Here, we report that in amino acid
deprived cells, p27 controls autophagy via an mTORCI-dependent mechanism. During
prolonged amino acid starvation, a fraction of p27 is recruited to lysosomes where it interacts
with LAMTORI, a component of the Ragulator complex required for mTORCI1 lysosomal
localization and activation. p27 binding to LAMTORI1 prevents Ragulator assembly and function
and subsequent mTORC]1 activation, thereby promoting autophagy. Conversely, upon amino
acid withdrawal, p27'/ " cells exhibit elevated mTORCI signaling, impaired lysosomal activity
and autophagy, and resistance to apoptosis. This is associated with sequestration of TFEB in the
cytoplasm, preventing the induction of lysosomal genes required for lysosomal function.
Silencing of LAMTORI1 or mTOR inhibition restores autophagy and induces apoptosis in p27'/ i
cells. Together, these results reveal a direct, coordinated regulation between the cell cycle and

cell growth machineries.
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INTRODUCTION

In all organisms, cell growth is coupled to cell division to allow normal development and
maintain homeostasis. How cells coordinate the machinery that regulates cell growth, at the heart
of which lies the mTOR kinase, with the machinery that controls cell division, driven by
cyclin/CDK complexes, has been the subject of considerable interest for several decades'. This
coordination has been mostly studied under normal metabolic conditions and except for notable
exceptions, such as early embryonic development, it appears that growth control drives the
activity of the cell cycle machinery. Here we investigated this question in conditions of
metabolic restriction to determine if the cell cycle machinery could in turn regulate the growth
control machinery.

p27%"! (p27) was initially identified as a cyclin/CDK inhibitor* *. Due to its ability to induce
cell cycle arrest, p27 acts as a tumor suppressor and p27” mice display multiple organ
hyperplasia and spontaneously develop pituitary tumors®. Nevertheless, in contrast to classic
tumor suppressors such as p53 or Rb, inactivating mutations of the p27 gene are extremely rare
and its inactivation in cancer is rather caused by enhanced degradation, attenuated transcription

. . . . . 2.3.5
or translation, or mislocalization in the cytoplasm™ ™

. The latter correlates with poor prognosis
in a variety of cancers, suggesting a direct contribution of cytoplasmic p27 to tumor progression”
’. In fact, knock-in mice in which p27 is largely sequestered in the nucleus due to defective

S10A
7

export to the cytoplasm (p2 ) are partially resistant to tumorigenesis®. Conversely, another

knock-in model in which p27 cannot bind to cyclin-CDKs (p27°%

) revealed that p27 can act as
an oncogene, as these mice display an increased susceptibility to both spontaneous and induced
tumorigenesis compared to p27”" mice” ®. How exactly p27 acts as an oncogene remains elusive,
but could be due to the regulation of several other cellular processes by p27. Indeed, p27 has
been involved in the control, sometimes in a CDK-independent manner, of cell migration and
invasion, differentiation, cytokinesis, transcriptional repression, apoptosis and autophagy™*"°.
Autophagy is a catabolic process by which intracellular components are degraded and
recycled by the lysosomal machinery'® '”. Depending on the pathway implicated in the delivery
of cargo for degradation, there are three major types of autophagy: macroautophagy (hereafter
referred to as autophagy), microautophagy and chaperone-mediated autophagy'’. Autophagic

degradation begins with formation of double-membrane autophagosomes that engulf the

cytoplasmic material destined for elimination. Autophagosomes then fuse with the endocytic
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78  compartment and eventually deliver their cargo to lysosomes for degradation by lysosomal
79  enzymes' " '®. Following proteolysis, the resulting molecules are released back to the cytosol
80  through lysosomal permeases for reuse'”. Although autophagy occurs constantly in cells and is
81  required to control the quality of cytoplasm, its levels dramatically increase in stress situations,
82  such as nutrient withdrawal, and particularly under amino acid (aa) deprivation®. In these
83  conditions, autophagy recycles cellular components and the products of proteolysis are delivered
84  back to the cytoplasm, where they are used as energy source or as building blocks for protein
85  synthesis'’.

86 Autophagy is negatively modulated by mTORCI, a master regulator of cell growth®" %,
87 mTORCI is a multi-protein complex consisting of mTOR and its regulatory binding partners
88  Raptor, MLST8, PRAS40 and Deptor”>. The main function of mTORCI is to orchestrate the
89  balance between anabolic and catabolic metabolism. Via a complex network of nutrient sensors,
90 in presence of aa, mMTORCI is recruited to lysosomal membranes by Rag GTPases, themselves
91  anchored by the Ragulator complex, where the kinase activity of mTORCI1 can be stimulated by

2326 'When nutrients are abundant, mTORC1

92 the GTPase Rheb that also resides on lysosomes
93  promotes protein synthesis via phosphorylation of substrates implicated in the regulation of
94  translation, such as S6 kinases and 4E-binding proteins. At the same time, mTORCI inhibits
95 autophagy at multiple levels by phosphorylating and inactivating proteins involved in
96 autophagosome formation (such as ULKI1, AMBRAI, Atgl3 and Atgl4) and maturation
97  (UVRAG)*"*?2 mTORCI also phosphorylates TFEB, a transcription factor that drives the
98  expression of many pro-autophagic and lysosomal genes, on S142 and S211, resulting in TFEB

99  cytoplasmic retention, thereby inhibiting its activity™ '

. Conversely, under nutrient shortage,
100 mTOR is inactivated, allowing the autophagic machinery to form autophagosomes. During
101  prolonged aa starvation, partial mTORCI1 reactivation triggers the reformation of lysosomes
102 from autolysosomes via a process called autophagic lysosome reformation (ALR)™. Thus, the
103  role of mTORCI in autophagy is complex and context dependent: while mTORCI] inhibition is
104  required for autophagy initiation, its cyclic reactivation by autophagy-generated nutrients allows
105  maintaining autophagy during prolonged starvation by restoring the lysosomal population.

106 Cytoplasmic p27 was recently described as a positive regulator of basal and starvation-

107  induced autophagy and to protect cells in conditions of metabolic stress from apoptosis by

108  promoting autophagy'* ***’. Glucose or serum deprivation activates the energy/nutrient sensing
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109  kinases LKB1 and AMPK, in turn AMPK phosphorylates p27 on S83, T170 and T198, causing
110  its stabilization and cytoplasmic retention'* ****. Loss of Tsc2, a subunit of Tuberous Sclerosis
111 Complex that acts as a GTPase activating protein (GAP) for Rheb, also causes AMPK activation

112 and promotes p27-dependent autophagy”®>’

. Expression of a p27 T198D mutant that localizes in
113  the cytoplasm is sufficient to increase basal autophagy, while p27 silencing interferes with
114  autophagy induction upon serum or glucose deprivation and causes apoptosis'*. However, while
115  upstream events causing p27 cytoplasmic localization in response to metabolic stress have been
116  studied in detail, the molecular mechanism underlying the pro-autophagic role of p27 remains
117 completely unknown.

118 Herein, we investigated the mechanism by which p27 modulates autophagy upon aa
119  starvation and found that a fraction of p27 relocalizes to the lysosomal compartment where it
120  binds to the Ragulator subunit LAMTORI and participates in the inhibition of mTOR, allowing
121  maintenance of autophagy. In absence of p27, increased mTORCI1 activity results in TFEB
122 cytoplasmic retention, decreased lysosomal function and reduced autophagic flux in response to
123 aa deprivation and promotes cell survival. These results indicate that upon prolonged aa
124  withdrawal, the cell cycle inhibitor p27 exerts a direct negative feedback on the master cellular
125  growth regulator mTOR by participating in its inhibition, illustrating the crosstalk between the

126 cell division and cell growth machineries.

127
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128 RESULTS
129  p27 promotes autophagy flux in amino acid-deprived cells

130 p27 was shown to promote autophagy in glucose-starved cells'*. While the impact of glucose

131  deprivation on autophagy is still a matter of debate*® *!

20, 42

, aa starvation is the most potent and best

132 characterized autophagy inducer . To determine the effect of p27 on autophagy upon aa

43, 44 . +/+ -/-
34 were measured in p27 ™ and p27/

133 withdrawal, levels of the autophagosome marker LC3B-II
134  HPV E6-immortalized mouse embryo fibroblasts (MEFs) by immunoblot (Fig. 1A, B). Whereas
135  LC3B-II levels initially decreased similarly in p27"* and p27”~ MEFs, suggesting that autophagy
136 induction occurred normally in absence of p27, they were consistently elevated in p27" cells
137 compared to p27"" cells during prolonged aa starvation (Fig. 1A, B). This difference was
138  statistically significant at 48 h of aa deprivation and this duration was used in most subsequent
139 experiments. LC3B immunostaining confirmed these observations, with p27” cells exhibiting an
140  increased number of LC3B puncta after 48 h of starvation (Fig. 1C, D). ULKI
141 dephosphorylation on $757, targeted by mTORCI1®, occurred in a similar manner in p27"* and
142 p27'/ " cells and ULK1 expression was progressively downregulated (Fig. S1A), as previously
143 reported*® ¥. AMPK was not activated by LKB1 on T172 upon aa starvation (Fig. S1A), in
144  agreement with previous studies™. Consistent with the lack of AMPK stimulation, p27
145  phosphorylation on T198 did not increase after aa withdrawal (Fig. S1B), unlike what was
146  observed previously under glucose and/or serum starvation'.

147 LC3B-II levels transiently increase following phagophore formation and then decrease
148  during autophagosome maturation, as LC3B-II located on autophagosome inner and outer

149  membranes is degraded or cleaved, respectively® **

. To distinguish between autophagy
150  induction and the block of late stage autophagy, which also results in LC3B-II accumulation,
151  autophagy flux was evaluated by several methods. First, LC3B degradation in autolysosomes
152  was inhibited with the lysosomotropic alkalizing agent Chloroquine (CQ). CQ treatment revealed
153 that while autophagy flux was similar in p27"" and p27”~ MEFs in short-term starvation (Fig.
154  SIC, D), it was markedly reduced in p27”~ MEFs compared to p27""" cells during prolonged aa
155  starvation (Fig. 1E, F). Second, p62/SQSTMI, which accumulates in cells with impaired

#3449 was elevated in aa starved p27” cells compared to wild-type (Fig. S1E,

156  autophagy flux
157  F). Third, autophagosome maturation was monitored using p27+/+ and p27'/' MEFs stably

158  expressing tandem mCherry-eGFP-LC3B (Fig. S1G) that labels autophagosomes in yellow and
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159  autolysosomes in red due to quenching of eGFP fluorescence in the acidic lysosomal
160  environment™ **°. Under basal conditions, LC3B signal was diffuse in the cytoplasm and aa
161  starvation induced the formation of fluorescent LC3B puncta, however, p27'/ " cells had a
162  decreased fraction of autolysosomes (red) compared to p27+/+ cells (72% vs 95%) (Fig. 1G, H),
163  indicating that p27 promotes autophagosome maturation. Finally, re-expression of p27 in p27”"
164  cells by retroviral infection restored LC3B degradation upon aa starvation (Fig. 11, J), confirming
165  the involvement of p27 in this process.

166 The role of p27 in promoting autophagy has been associated with localization of p27 in the

14,36 T test whether these features were

167  cytoplasm and with its capacity to inhibit CDK activity
168  also needed in aa deprivation conditions, we measured autophagy flux in p27°'°* MEFs, in
169  which p27 is sequestered in the nucleus due to impaired nuclear export, and in p27*" MEFs, in

S10A

170 which p27 cannot bind to and inhibit cyclin-CDK complexes™ . On aa deprivation, p27 cells

171 behaved like p27'/' cells and had decreased autophagy flux. In contrast, p27CK'

had the same pro-
172 autophagic properties as wild-type p27 (Fig. SIH, I). In line with these results, p27“% expression
173  in p27'/ " cells restored autophagy flux (Fig. S1J, K), as observed for wild-type p27 (Fig. 11, J).
174  Taken together, our data indicate that p27 promotes autophagy flux in aa-deprived cells and this

175  role requires p27 cytoplasmic localization but is independent of cyclin/CDK inhibition.

176 A fraction of p27 localizes to lysosomal compartments during amino acid deprivation

177 Previous data showed that autophagy induction by glucose deprivation promotes p27
178  cytoplasmic localization'*. Proximity ligation assays (PLA) using antibodies against the
179  lysosome marker LAMP1 and p27 indicated that a small fraction of p27 localized to the
180  lysosomal compartment and this was increased following aa starvation (Fig. 2A, B and S2).
181  However, p27 did not interact directly with LAMPI, as tested by pull-downs using recombinant
182  proteins (data not shown). These results were confirmed using a subcellular fractionation
183  approach to enrich the lysosomal compartment’’, evidenced by the presence of LAMP2 and
184 LAMTORI, two proteins that localize to lysosomal membranes (Fig. 2C). A small amount of
185  p27 was detected in the lysosomal fraction, which increased following aa starvation for 18 h.
186  Conversely, the amount of active p70 S6K1 and mTOR in the lysosomal fraction decreased
187  following aa starvation (Fig. 2C), as expected”. These results suggest that a fraction of p27

188  localizes to lysosomes upon aa withdrawal, where it may regulate autophagy.
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189  p27 promotes autophagosome matur ation

190 The fusion of autophagosomes with lysosomes plays an essential role in autophagic cargo
191  degradation®®. To further dissect the role of p27 in autophagy, the morphology of LC3B vesicles,
192  which include pre-autophagosomal structures, autophagosomes and autolysosomes, was
193 examined in p27"" and p27” aa-starved MEFs. During prolonged aa starvation, LC3B-positive
194  vesicles formed large ring-shaped aggregates mainly in the perinuclear zone of p27"'* cells (Fig.
195 S3A, B), previously identified as intermediate structures in the process of autophagosome
196  maturation®. These were rarely observed in p27" cells, in which small LC3-positive vesicles
197  were abundant instead (Fig. S3A, B).

198 The autophagy receptor p62/SQSTMI is recruited to autophagosomes prior to their closing
199  and degraded along with its cargo in autolysosomes*. Interestingly, ring-like structures in p27+/ N
200 MEFs rarely colocalized with p62, while small LC3-positive vesicles in p27” cells exhibited
201 frequent p62 colocalization (Fig. S3A, C). These observations indicate that recognition and
202 sequestration of autophagosome cargo is not affected in cells lacking p27 since p62, which
203 targets cargo to LC3B+ autophagosomes, colocalizes with LC3B>* *°. However, the persistence
204 of p62/LC3B colocalization in p27” cells suggests defective p62 degradation, which could be
205 due to failure of autophagosome/lysosome fusion or reduced proteolytic activity within
206  autolysosomes. Indeed, the loss of p62 within ring-shaped structures in p27"* MEFs supports the
207  idea that they represent mature autolysosomes with partially degraded cytoplasmic material,

208  including p62. This was confirmed by CQ treatment, which blocks autophagic degradation but

++

209 not autophagosome maturation. CQ restored p62 and LC3B colocalization in p27" cells,
210  without noticeable effect in p27” cells (Fig. S3A, C).
211 Autophagosome/lysosome fusion was not affected in p27” cells since colocalization of

212 LC3B (autophagosome marker) and LAMP2 (lysosomal marker) was similar in aa-deprived
213 p27"" and p27" cells treated with CQ to prevent LC3B degradation (Fig. S3D, E). Thus, our
214  results suggest that p27 controls autophagy after autophagosome/lysosome fusion, possibly by

215  regulating lysosome function.

216  Lysosomal function is decreased in absence of p27

217 To investigate the role of p27 in lysosomal function, the degradative capacity of lysosomes in
218 p27"" and p27~ MEFs was compared (Fig. 3). First, BSA dequenching assays were performed,
219  in which self-quenched BODIPY-FITC BSA (DQ-BSA) acts as a lysosomal proteolysis sensor
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220 when BODIPY fluorescence is dequenched by protease activity within lysosomes™. These
221  experiments showed that BODIPY signal was abundant in p27”" cells in aa-deprivation
222 conditions as a result of BSA dequenching, whereas only low signal was detected in p27'/ " cells
223 (Fig. 3A, B). CQ, which delays BSA dequenching by suppressing lysosomal function, was used
224  as a negative control in these experiments (Fig. 3A). This difference was not due to altered
225  endocytosis in p27 cells, since uptake of TRITC-Dextran 40, which also enters cells via fluid-
226  phase endocytosis’’, was similar in p27+/ "and p27'/ “cells (Fig. S3F).

227 Second, Cathepsin B, a lysosomal enzyme essential for autophagy, is synthesized as inactive
228  zymogen (pro-cathepsin B, 44 kDa) and is activated by proteolytic cleavage into its mature
229  forms (m-cathepsin B, 24 and 27 kDa) in the acidic lysosomal environment™. m-cathepsin B
230 levels were decreased in aa-starved p27'/ " MEFs compared to p27+/ " cells (Fig. 3C, D),
231  suggesting that proteolytic activity in lysosomes is reduced in absence of p27. Surprisingly, there
232 was no compensatory elevation of pro-cathepsin B levels in p27”" cells, implying that expression
233 of'the protein is affected in aa-deprivation conditions in these cells (see below).

234 Finally, while Lysotracker staining of acidic vesicles in p27+/+ and p27'/ " cells was similar in
235 full medium, it was decreased in aa-starved p27” cells compared to wild-type (Fig. 3E, F). This
236 decrease was not due to a reduction of lysosomal compartment size, estimated by LAMP2
237  immunostaining (Fig. S3G, H). These results indicate that p27 regulates lysosomal acidification

238 and the activation of lysosomal proteases, thereby affecting autophagic degradation.

239  p27 affects Ragulator assembly and function on lysosomal membranes

240 Our results suggest that p27 controls autophagy by acting directly from the lysosomal
241 surface. Interestingly, p27RF-Rho (p27°"' Releasing Factor from RhoA), a previously identified
242 p27 binding partner’’, is in fact pI8/LAMTORI (Late ensodome/lysosome membrane adaptor,
243  MAPK and mTORC1). LAMTORI has been implicated in trafficking of intracellular organelles,
244 lysosomal function, cytoskeleton regulation and modulation of mTOR and MAPK signaling™" **-
245 %2 LAMTORI acts as a lysosomal anchor and scaffold for the other subunits of the pentameric
246 Ragulator complex, which mediates mTORC1 activation™ “*®. In response to aa, Ragulator acts
247  as a platform to recruit Rag GTPases to lysosomal. In turn Rags recruit mTOR on lysosomes,
248  where it can be activated by Rheb™ ** %8 Ragulator and SLC38A9 also act as atypical GEFs
249  for RagC/D and A/B, respectively, and GTP loading of RagA/B is required for mTOR

250  recruitment to lysosomes”. Thus, LAMTORI plays an essential role in the assembly and
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10

251  localization of Ragulator and in the recruitment of mTOR on lysosomes and LAMTORI1
252 depletion impairs lysosome maturation, fusion with autophagosomes and autophagy flux®> ®! 7.
253  Here, we investigated the role of the p27/LAMTORI interaction in the context of autophagy.

254 The p27/LAMTORI interaction was confirmed by co-immunoprecipitation (co-IP) in
255 HEK293 cells overexpressing LAMTORI and p27 or p27°% (Fig. 4A), indicating that this
256  interaction does not require cyclin-CDK complexes. Pull-down assays with recombinant
257  LAMTORI and p27 or p27% showed a direct interaction between the two partners (Fig. 4B).
258  Pull-downs with various GST-p27 mutants on HEK293 lysates expressing LAMTORI indicated
259  that LAMTORI bound to the C-terminal half of p27 (aa 88-198), while binding to a p27'"*°
260  mutant was decreased (Fig. 4C). This is consistent with the C-terminus of p27 being required for
261  binding to RhoA and that LAMTOR! competes with RhoA for binding to p27" °* "', The
262  interaction of LAMTORI1 with p27 was confirmed on endogenous proteins by co-IP in U251N
263  cells (Fig. 4D) as well as by PLA in MEFs (Fig. 4E, F and S2). Importantly, while only few PLA
264  dots were visible in full medium, the p27/LAMTORI interaction sharply increased in aa-starved
265  p27"" cells (Fig. 4E, F).

266 Since LAMTORI acts as a scaffold for the other Ragulator subunits (LAMTOR?2, -3, -4 and -
267 5" 7 we tested if p27 expression affects the interaction of LAMTORI with its partners by
268  co-IP in HEK293 cells expressing LAMTORI1 and one of its partners. p27 competed with
269 LAMTOR?2, -3 and -5, but not LAMTORA4, for binding to LAMTORI1 (Fig. 4G-H), suggesting
270  that p27 interferes with Ragulator complex assembly. Since LAMTOR4 remains bound to
271 LAMTORI in presence of p27, we tried to co-IP endogenous LAMTOR4 and p27 in MEFs. In
272 full medium, no LAMTOR4/p27 interaction was detected, but it became apparent after aa
273 starvation for 24 h (Fig. 4I). No LAMTOR?2, -3 and -5 could be detected in these experiments.
274  Similarly, a LAMTOR4/p27 PLA was readily detectable, at low levels in full medium and
275  sharply increased in aa starved MEFs (Fig. S4 and S2). Moreover, immunostaining of these PLA
276  with LAMP2 confirmed that the interaction of p27 with Ragulator takes place on lysosomes (Fig.
277  S4). The ability of p27 to interfere with Ragulator assembly was confirmed in MEFs, in which
278  the endogenous LAMTORS/LAMTORI interaction was lower in aa-starved p27+/ " MEFs
279  compared to p27” cells (Fig. 4], K). Taken together, this data indicates that p27 binds to
280 LAMTORI and interferes with Ragulator assembly (Fig. 4L).
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281 An intact Ragulator complex is required for lysosomal targeting of Rag GTPases and
282 depletion of LAMTORI or -2 results in cytoplasmic localization of both Rags and mTOR>" ®,
283  Therefore, we tested if p27 impairs Rags recruitment to Ragulator. p27 expression in HEK293
284  cells decreased the amount of RagB immunoprecipitated with LAMTORI1 (Fig. 5A-C).
285  Importantly, expression of a constitutively active Rag complex (RagB GTP/RagD GDP) was still
286  affected by p27 expression (Fig. 5C), confirming that p27 acts upstream of Rag/Ragulator
287  signaling, at the level of Ragulator assembly. Accordingly, the amount of endogenous

+/+

288 LAMTORA4 co-precipitated with RagC was decreased in aa-starved p27 " MEFs, but it remained
289  elevated in p27'/' cells (Fig. 5D, E). Furthermore, the amount of RagA colocalizing with the
290  lysosome marker LAMP2 was higher in aa-starved p27”~ MEFs compared to p27"" cells, in
291  which RagA appeared more diffuse in the cytoplasm, while they were similar under basal
292 conditions (Fig. S5A, B). These results indicate that upon prolonged aa starvation, p27 prevents
293  the assembly of Ragulator and the association of Ragulator with Rags on lysosomes.

294 Rags recruit mTORCI1 to lysosomal membranes by binding to the Raptor subunit of
295  mTORCI1*. Co-IP of RagB with Raptor was dramatically decreased when p27 was
296  overexpressed in HEK293 cells, even when constitutively active RagB/D complex was used

+/+

297  (Fig. 5F-H). Accordingly, mTOR immunostaining in p27" MEFs became diffuse upon aa
298  starvation, suggesting its release from lysosomal surface, while in p27'/ " MEFs mTOR
299  colocalized with LAMP2 puncta even under aa starvation (Fig. S5C, D). Lysosomal localization
300 of mTOR in p27+/ " MEFs was restored upon re-feeding cells with aa for 10 min (Fig. S5C, D).
301  This data suggests that by interfering with Ragulator assembly, p27 inhibits the recruitment of
302 Rags and mTOR to lysosomes in response to aa deprivation (Fig. 5I).

303 When nutrients are abundant, Rags recruit TFEB to lysosomes, where it is phosphorylated by
304 mTOR, causing its cytoplasmic retention, while aa starvation leads to nuclear translocation of
305 TFEB where it induces the transcription of pro-autophagy genes™ " 7> . Since p27 prevents
306 Rag and mTOR recruitment to the lysosomal surface by interfering with Ragulator function,
307 TFEB nuclear translocation in response to aa deprivation was used as another readout of
308 Ragulator, Rag and mTOR activity in p27+/ " and p27'/ " MEFs. TFEB nuclear translocation was
309  defective in aa-deprived p27” cells, suggesting that mTOR remained active in these cells (Fig.
310 5], K). Given that TFEB regulates a gene network that promotes lysosome biogenesis and

311  autophagy’®, impaired nuclear translocation of TFEB could underlie the autophagy defect in p27
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312/

" cells. Indeed, the expression of two TFEB target genes, ATP6VOEL, a v-ATPase subunit, and
313 CTSB, encoding Cathepsin B, was dramatically reduced in aa-starved p27”" cells compared to
314 p27+/+ MEFs (Fig. 5L), explaining the reduced levels of cathepsin B protein observed earlier
315  (Fig. 3C). Moreover, expression of another v-ATPase subunit under TFEB control’,
316 ATP6V1B2, was also reduced in aa-starved p27'/' cells (Fig. 5M). Interestingly, expression of
317 PUMA, another TFEB target involved in the induction of apoptosis’’, was also strongly reduced

++

318 in p27'/ " MEFs compared to p27 " cells (Fig 5L, M). Thus, several lines of evidence indicate that
319 by binding to LAMTORI, p27 interferes with Ragulator assembly and function, preventing the
320 recruitment of Rags and mTOR to lysosomes and promoting TFEB nuclear translocation,

321  thereby favoring autophagy.

322 p27 participatesin theinhibition of mTOR activity in amino acid deprived cells

323 Our data indicates that during aa starvation p27 inhibits mTOR recruitment to lysosomes and
324  promotes TFEB nuclear translocation, suggesting that p27 may regulate mTOR activity. Indeed,
325  phosphorylation of p70 S6K 1 and 4E-BP1 at sites targeted by mTOR were elevated in p27”" cells
326 aa starved for 48 h (Fig. 6A-C), consistent with the idea that p27 participates in mTOR
327  inhibition. Furthermore, monitoring of mTOR phosphorylation itself by immunoblotting and
328  immunostaining indicated that aa-starved p27” cells maintained higher levels of active mTOR
329  upon aa deprivation (Fig. 6D-G). Likewise, p27“% MEFs exhibited reduced P-p70 S6K1 levels,
330  similar to p27"" cells, while p27°'®* cells maintained elevated P-p70 S6K1 levels, as in p27”-
331 cells (Fig. 6H, I), indicating that the regulation mTOR activation is CDK-independent but
332 requires p27 nuclear export. In line with these results, re-expression of p27 (Fig. 6J, K) or p27°%
333 (Fig. 6L, M) in p27" MEFs restored the inhibition of p70 S6K1 phosphorylation upon aa
334  starvation, confirming that this effect is mediated by p27.

335 Although cells respond to aa withdrawal by inhibiting mTOR activity and inducing
336  autophagy, during prolonged aa starvation, autophagy-dependent replenishment of aa levels

337  within lysosomes causes mTOR re-activation, which is required for ALR** 2% 2

. Importantly,
338 mTOR activity is inhibited during short-time starvation in both p27"~ and p27"" cells (Fig. 6A)
339 and mTOR reactivation is detected in both genotypes, albeit with a marked increase in p27"
340  cells (Fig. 6A-G). To better understand how p27 regulates mTOR activity, the effect of blocking
341  autophagy on mTOR reactivation was studied in aa starved cells. While autophagy inhibition

342 with CQ blocked mTOR re-activation in p27"" MEFs, it had no effect in p27”" cells (Fig. 7A, B),
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343  suggesting that in absence of p27, mTOR signaling and autophagy are uncoupled. The
344  requirement for autophagy to induce mTOR reactivation was confirmed in Tet-off Ath'/ " MEFs
345  in which Atg5 expression is turned off in presence of doxycycline, inhibiting autophagy’®. In
346  presence of doxycycline, mTOR reactivation was inhibited in these cells (Fig. 7C, D).

347 To confirm that p27 controls mTOR activity and autophagy by interfering with Ragulator
348  assembly and function, LAMTORI expression was silenced by siRNA in p27” and p27”" cells
349  (Fig. 7E). In full medium, LAMTORI silencing did not affect mTORCI1 activation levels (Fig.
350  7E), consistent with Rag and Ragulator-independent pathways mediating mTORC1 activation, as
351 reported previously”” *. However, upon aa deprivation, LAMTOR1 knockdown in p27”~ MEFs
352  restored mTOR inhibition, evaluated by measuring p70 S6K1 phosphorylation levels (Fig. 7E,
353 F), and LC3B degradation (Fig. 7G, H), without having a significant effect in p27+/+ cells,
354 indicating that p27 regulates mTOR activation state and autophagy via a LAMTORI1-dependent
355  mechanism. Similarly, mTOR inhibition with Torinl, confirmed by P-p70 S6K1 immunoblot
356 (Fig. 71), restored LC3B-II degradation in aa starved p27” cells (Fig. 71, J), confirming that p27
357  controls autophagy via an mTOR-dependent mechanism. Taken together, this data indicate that
358  p27 participates in the inhibition of mTOR activity during prolonged aa deprivation and this is
359  important for autophagy induction. Conversely, p27" cells maintain elevated mTOR activity and

360  exhibit reduced autophagy flux.

361 Elevated mTOR activity in p27” cells confers resistance to amino acid starvation-induced
362  apoptosis

363 p27 was previously found to promote survival under serum and glucose starvation'* *® 37,
364  Surprisingly, p27 had opposite effects on survival upon glucose or aa starvation. While p27

365  expression promoted survival in glucose deprived MEFs, consistent with previous reports'* *® 37,

++

366  aa starved p27 " MEFs were markedly more susceptible to apoptosis than p27'/ “ cells (Fig. 8A,
367  B). The specificity of this approach to measure apoptosis was validated by addition of ZVAD
368  pan-caspase inhibitor, which blocked apoptosis in aa deprived cells (Fig. S6A, B). Differences in
369 caspase cleavage were confirmed by immunoblot (Fig. S6C). Re-expression of p27 in p27”
370  MEFs increased their susceptibility to apoptosis upon aa starvation (Fig. S6D, E), confirming the
371  implication of p27 in this phenotype.

372 The role of p27 in protecting against starvation-induced apoptosis was associated with its

373 cytoplasmic localization and capacity to inhibit CDK activity'* ** *°. The importance of these
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374  features were tested in aa deprivation conditions. p27°'** MEFs were resistant to aa deprivation-
375  induced apoptosis, similar to p27” cells, indicating that the cytoplasmic localization of p27 is
376  required to promote apoptosis (Fig. 8C, D). On the other hand, p27“%" MEFs behaved like p27+/ N
377 cells and were highly susceptible to aa deprivation-induced apoptosis, indicating that the
378  regulation of cyclin-CDK complexes is not involved in this process (Fig. 8C, D). This was

7% in p27" MEFs, which restored the susceptibility to aa

379  confirmed by re-expression of p2
380  deprivation-induced apoptosis similar to p27+/ " cells (Fig. S6D, E). Thus, while p27 expression
381 promotes survival in response to glucose starvation, it plays a pro-apoptotic role during aa
382  deprivation and this pro-apoptotic role is CDK-independent but requires p27 nuclear export.

383 Cells lacking p27 exhibit a survival advantage during prolonged aa starvation conditions, but
384 also display elevated mTOR activity and decreased ability to perform autophagy. First, the
385  importance of autophagy in mediating survival upon glucose or aa-starvation was tested using
386  Tet-off Atg5” MEFs. Loss of Atg5 impaired autophagy (Fig. 8E), as expected”®, and
387  dramatically increased glucose starvation-induced apoptosis, but had no effect on survival upon
388 aa deprivation (Fig. 8F and S6F). Thus, autophagy promotes survival in absence of glucose, and
389 reduced autophagy in p27” cells most likely underlies their susceptibility to glucose starvation-
390 induced apoptosis. Second, we tested whether the elevated levels of mTOR activity in p27”
391  MEFs were responsible for promoting survival, as mTOR is known to regulate cell survival in a
392 context-specific manner® . mTOR inhibition with Torinl (Fig. 8G) did not increase cell death

++

393 inaa-starved p27" MEFs, in which mTOR activity is already low, but potently caused apoptosis
394 in p27" cells (Fig. 8H and S6G). LAMTORI silencing also reversed the resistance to aa
395  starvation-induced apoptosis of p27”~ MEFs (Fig. 81, J and S6H), confirming the importance of
396  p27-mediated regulation of Ragulator assembly and function in this process. Taken together, this
397 data indicates that the resistance of p27'/' cells to prolonged aa starvation-induced apoptosis is
398 not a consequence of impaired autophagy, but of their ability to maintain mTOR activity and

399  signaling, notably preventing TFEB activation and suppressing expression of the pro-apoptotic

400 protein PUMA.
401

402
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403 DISCUSSION

404 In all living organisms, proliferation and growth must be tightly coordinated during
405  development and to maintain homeostasis. The prevailing view, from experiments in yeast, flies
406  and mammals is that growth signals are dominant over cell cycle control'. Indeed, when an
407  organism or organ reaches its predetermined size or following metabolic restriction, growth and
408  proliferation coordinately cease. The cyclin/CDK inhibitor p27 plays a major role in the
409  regulation of cell division by causing cell cycle arrest in G1 phase® **. This role is underscored
410 by the phenotype of p27 knockout mice that exhibit gigantism, with an overall increase in body
411 size of approximately 30%”. In these animals, organs grow beyond their normal size and cells
412  fail to enter quiescence in a timely manner, possibly because they are refractory to growth
413  inhibitory signals. mTOR is a master regulator of growth and its activation or inhibition dictates
414 whether cells adopt a catabolic or anabolic metabolism, respectively™. p27 has long been known
415  as a major effector of cell cycle arrest following mTOR inhibition by rapamycin, which induces
416  p27 expression at the transcriptional and post-transcriptional levels*™. Conversely, mTOR
417  activity drives p27 levels down, notably by inducing Myc, cyclin E, cyclin D and Skp2

. 86, 88
418  expression

, and causes p27 cytoplasmic localization by activating the kinase SGK1, which
419  phosphorylates p27 on T157*°. Here, we find that prolonged aa starvation causes the
420 relocalization of a fraction of p27 to lysosomal membranes, where it interacts with LAMTORI,
421  preventing Ragulator assembly and participating in mTOR inhibition. Thus, it appears that upon
422  metabolic stress, p27 can directly exert a negative feedback on mTOR signaling, providing an
423  example of cross talk between the cell cycle and cell growth machineries. In these conditions,
424  p27 acts both as a cell cycle inhibitor and a growth inhibitor, preventing anabolic activity from
425  restarting before metabolic conditions have sufficiently improved, therefore coordinating growth
426  and proliferation. Recent evidence indicate that other components of the cell cycle machinery are
427  also involved in metabolic control at the transcriptional level. The CDK4/Rb/E2F1 pathway
428  drives the expression of a number of genes involved in metabolism, notably in mitochondrial
429  function and lipogenesis, possibly allowing metabolic adaptation to the proliferative state of
430  specific tissues™ .

431 Our data provides mechanistic insight in the role of p27 in autophagy in response to aa
432 deprivation. While p27 is known to play a pro-autophagic role under basal conditions, serum and

14, 33, 34, 37

433 glucose starvation , its effect on aa deprived cells was completely unknown.
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434  Interestingly, during prolonged aa starvation, the regulation of mTOR activity required the
435  cytoplasmic localization of p27 but was independent of its ability to regulate CDKs, as p27°'°*
436 and p27°“ MEFs behaved like p27'/' and wild type cells, respectively. In contrast, during

14, 34
", Furthermore,

437  glucose starvation, CDK inhibition by p27 was required to control autophagy
438  AMPK signaling, which played a major role in p27-mediated autophagy in glucose or serum
439 starved cells'®, was not activated in aa deprived cells, possibly due to the presence of glucose and
440 serum in the starvation medium, and p27 phosphorylation on T198 did not increase in our
441  experiments. Thus, it appears that p27 regulates autophagy by distinct mechanisms in response to
442  different metabolic stresses.

443 During prolonged aa starvation, p27” cells exhibit increased mTOR activity and TFEB
444  cytoplasmic sequestration, which decreases lysosomal function and autophagy flux, leading to
445  accumulation of autophagic cargo. Interestingly, autophagy induction initially occurs normally in
446  both wild type and p27" cells and it is only upon prolonged starvation that p27” cells display
447  enhanced mTOR reactivation and impaired autophagy. This correlates with the recruitment of
448  p27 to autophagic compartments. Localization of p27 in autophagic compartment was previously
449  suggested but its functional significance was unclear'*****. An attractive hypothesis is that p27-
450 mediated inhibition of mTOR intervenes only during sustained metabolic stress to enforce
451  inhibition of growth promoting signals.

452 Regulation of autophagy is a complex process in which mTOR activity must be tightly
453  coordinated to control all stages of autophagy, from autophagosome formation to recycling of
454  lysosomes during prolonged periods of starvation. We found that cytoplasmic p27 plays a crucial
455  role in the regulation of autophagy during prolonged aa starvation by controlling mTOR re-
456  activation via the modulation of Ragulator activity. Although mTOR inhibits early autophagy
457  events by phosphorylating ULK 1, preventing autophagosome formation, ULK1 levels were very
458  low following prolonged aa starvation, as previously reported’’, suggesting an ULKI-
459  independent mechanism in these conditions. The suppression of mTOR activity and nuclear
460 translocation of TFEB are required for activation of lysosomal functions and cargo degradation
461  during autophagy®. Our data suggests that in aa-deprived p27'/ " cells, enhanced mTOR activity
462  partially prevents TFEB activation by inhibiting its nuclear translocation and the subsequent

463  activation of lysosome-related genes, including v-ATPase, which is required to maintain a low
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464 pH in the lysosomal lumen”, and Cathepsin-B, and this is associated with decreased
465  acidification and impaired lysosomal proteolysis’®.

466 Lysosome-anchored Ragulator recruits Rag GTPase heterodimers, and when Rags are
467  properly loaded (RagA or B GTP and RagC or D GDP), they capture the Raptor subunit of
468 mTORCI to lysosomal membranes’®. There, mTOR can be activated by Rheb, itself under
469  control of the PI-3K/AKT/TSC signaling pathway. This complex mechanism of regulation
470  ensures a tight control of mTOR activity. Our data suggests that binding of p27 to LAMTORI
471  interferes with the interaction of LAMTORI1 with three other subunits of the Ragulator complex,
472 LAMTOR?2, -3 and -5, but not with LAMTOR4, preventing Ragulator assembly and Rag
473  recruitment. This is supported by the fact that p27 also prevents constitutively active Rag
474  GTPase complexes from binding to Ragulator or to Raptor. Interestingly, solving of the structure
475  of Ragulator in complex with Rag GTPases shows that LAMTORI1 adopts a horseshoe shape that
476  accommodates the other LAMTOR subunits, with LAMTOR4 sitting at the bottom of the

2-74 .. . .
7274 This is consistent with

477  horseshoe and Rags associating with the tips of LAMTOR1 U-shape
478  p27 straddling LAMTORI1 and preventing the interaction with the partners that bind to the distal
479  ends of LAMTORI (i.e. LAMTOR?2, -3 and -5). Structural studies on the p27/LAMTORI
480 interaction and Ragulator assembly will be very informative to further understand how p27
481  affects Ragulator function.

482 Surprisingly, despite reduced autophagy levels, cells lacking p27 were partially resistant to aa
483  starvation-induced apoptosis, unlike what was previously reported under serum and glucose

. 14, 36, 37
484 starvation ~

. In fact, we found that autophagy did not protect cells in this context, as
485  pharmacological or genetic inhibition of autophagy did not affect survival under aa starvation.
486  Instead, elevated mTOR activity in p27” appeared to be responsible for increased survival, since
487 it could be reversed by pharmacological inhibition of mTOR or LAMTORI1 silencing. An
488 attractive hypothesis is that active mTOR inhibits TFEB activity by cytoplasmic retention, which
489  prevents the induction of pro-apoptotic PUMA, as recently reported’’. Elevated mTOR activity
490  could also promote survival via the phosphorylation of Bad on S136, inactivating its pro-
491  apoptotic function’’. Alternatively, mTOR inhibition was recently found to reduce lysosomal
492 efflux of most essential amino acids’, suggesting that p27 expressing cells, which exhibit low

493  mTOR activity, could have a reduced ability to reuse aa compared to p27” cells following aa

494  deprivation-induced autophagy, leading to cell death. p27 status appears to be a critical
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495  determinant in the ability of cells to survive to different metabolic stress: while p27-null cells
496  survive to aa-starvation, they are more sensitive to glucose deprivation. These findings may be
497  particularly relevant in the context of cancer, in which targeting specific metabolic pathways in
498  function of p27 status, i.e. glucose metabolism in p27-low cells and aa metabolism in p27-high
499  cells could improve treatment response. Moreover, our data implies that using mTOR inhibitors
500 in conjunction with aa metabolism targeting drugs could overcome the resistance to targeting aa
501 metabolism alone. Interestingly, p27 was identified as a potential predictive biomarker to the
502  response to mTOR inhibitors”. Our results certainly warrant further investigations to test these
503  possibilities.

504 Overall, in prolonged aa deprivation conditions, p27 can impinge on mTOR signaling by
505 inhibiting Ragulator assembly, thereby promoting autophagy. These results provide a direct link
506  between cell cycle control and growth signaling.

507
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508 MATERIALSAND METHODS

509  Antibodies, reagents and plasmids

510 Mouse anti p27 (F8, sc-1641), p27 (SX53G8.5, sc-53871), Flag (HS, sc-166355), HA (F7,
511  sc-7392), LAMPI1 (ES5, sc-17768), Myc (9E10, sc-40), 4E-BP1 (R113, sc-6936), PUMA (G3, sc-
512  374223) and rabbit anti p27 (C19, sc-528), Myc (A14, sc-789), HA (Y11, sc-805), Flag (D8, sc-
513  807) antibodies were purchased from Santa Cruz Biotechnology. Mouse anti p27 (610242) and
514  Grb2 (610112) antibodies were purchased from BD-Transduction Laboratories. Mouse anti 3-
515  actin (A2228), Vinculin (V9131) and B-tubulin (T4026) antibodies were purchased from Sigma-
516  Aldrich. Rabbit anti phospho-T198 p27 was purchased from R&D Systems. Rabbit anti phospho-
517  p70 S6K1 (Thr389) (#9234), p70 S6K1 (#27087), mTOR (#2983), phospho-mTOR (Ser2448)
518  (#5536), Raptor (#2280), LAMTORI1 (#8975), LAMTOR4 (#13140), LAMTORS (#14633),
519 LC3B (#4108), RagA (#4357), RagC (#5466), Cathepsin-B (#D1C7Y), ATP6V1B1/2 (#13569),
520 ULKI (#8054), phospho-ULK1 (Ser758) (#6888), AMPK (#5832), phospho-AMPK (Thr172)
521 (#2535), p62/SQSTM1 (#39749), phospho-4E-BP1 (Thr37/46) (#2855) and Atg5 (#12994)
522  antibodies were purchased from Cell Signalling Technology. Rabbit anti TFEB (A303-673A-T)
523  antibody was purchased from Bethyl Laboratories. Rat anti LAMP2 (Ab13524) antibody was
524  purchased from Abcam. Mouse anti LC3B (0231-100/LC3-5F10) was purchased from
525  NanoTools. Secondary antibodies against whole Ig or Ig light-chain conjugated to horseradish
526  peroxydase or Cyanine-2 and -3 were purchased from Jackson ImmunoResearch. Phalloidin-
527  Fluoprobes647 (FP-BA0320) was purchased from Interchim. Control (sc-108727) and Mouse
528 LAMTORI (sc-37007) siRNA were purchased from Santa Cruz Biotechnologies. Lysotracker
529  Deep Red (L12492) was purchased from Thermo Fisher. Self-Quenched BODIPY FL conjugate
530 of BSA (Green) (#7932) was purchased from BioVision. Tetramethylrhodamine isothiocyanate—
531  Dextran (T1037), Chloroquine diphosphate (C6628) and HRP-conjugated Protein G (#18-160)
532  were purchased from Sigma-Aldrich. Torinl (#4247) was purchased from Tocris. Recombinant
533  His-tagged LAMTORI1 (#CSB-EP757083HU) was purchased from Cusabio Technology LLC.
534 p27 constructs and p27 point mutants and deletion mutants in pCS2+, pcDNA3.1+Hygro
535  (Invitrogen), pQCXIP (Clontech), pBabe-puro, pWZL-Blast and pGEX4T1 were described
536  previously'*'> ",

537 pBabe-puro-mCherry-eGFP-LC3B was a gift from Jayanta Debnath (Addgene #22418)'.
538 pRKS5 Flag-pl8 (LAMTORI1) (Addgene #42331), pRK5S HA-p18 (LAMTORI1) (Addgene
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539  #42338), pRK5 HA C7orf59 (LAMTOR4) (Addgene #42336), pRKS5 Flag C7orf59
540 (LAMTOR4) (Addgene #42332), pRKS Flag p14 (LAMTOR?2) (Addgene #42330), pRKS5 HA
541 mpl (LAMTOR3) (Addgene #42329), pRKS HA HBXIP (LAMTORS) (Addgene #42328) and
542 pRK5 Flag HBXIP (LAMTORS) (Addgene #42326)%, pRK5 Myc-Raptor (Addgene #1859)'"",
543  and pLIMI1 Flag-RagB (Addgene #19313), pLIM1 Flag-RagB Q99L (Addgene #19315), pLIM1
544  Flag-RagD (Addgene #19316), pLIM1 Flag-RagD S77L (Addgene #19317)** were gifts from
545  David Sabatini. All plasmids were verified by DNA sequencing.

546 Cdll culture and Transfections

+/+ K-/CK- 10A/S10A
7C /C ’p27S S

547 Primary MEFs were prepared as described previously from p27 or

, P2

6- 13 12 “MEFs were immortalized by infection with retroviruses encoding the

548  p27"" embryos
549  human papilloma virus E6 protein and hygromycin selection. Retroviral infections were
550 performed as described previously'. The following concentrations of antibiotics were used for
551  selection: 2 pg/mL puromycin, 250 ng/mL hygromycin, 16 pg/mL blasticidin. Cells were kept
552 under selection at all times.

553 All cells were grown at 37°C and 5% CO, in DMEM (D6429, Sigma), 4.5 g/l glucose
554  supplemented with 10% fetal bovine serum [FBS], 0.1 mM nonessential amino acids and 2
555  pg/ml penicillin-streptomycin. For starvation experiments, cells were rinsed twice with PBS and
556  once with aa starvation medium (DMEM low glucose no amino acids [D9800, USBiological]
557 complemented with glucose to 4.5 g/, 0.1 mM sodium pyruvate, 2 pg/ml penicillin-
558  streptomycin and 10% dialyzed FBS) and kept in starvation medium for the indicated times. For
559  re-addition experiments, starvation medium was replaced with aa containing medium (D6429
560 Sigma) for the indicated time. For all starvation experiments, FBS was dialyzed against PBS in
561 3,500 MW cut-off dialysis tubing (SpectrumLabs, 132111) following manufacturer’s
562  instructions.

563 Where indicated, 50 uM Chloroquine for 2 h and/or 200 nM Torinl for 24 h (immunoblot)s
564  or 48 h (apoptosis assays), or 20 pM ZVAD for 48 h, were added to the medium. Control cells
565 were treated with identical volume of vehicle. For experiments using Tet-off inducible Atg5”
566  MEFs, kindly provided by Dr. N. Mizushima (Metropolitan Institute of Medical Science, Tokyo,
567  Japan)’®, cells were grown for 4 days in medium containing 10 ng/ml doxycycline prior to and
568  during starvation. For Lysotracker staining, cells were incubated with 100 nM of Lysotracker

569 Deep Red (ThermoFisher, 1.12492) in normal or aa starvation medium for 1 h. Cells were
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570  washed with PBS before microscopy analysis. Lysotracker fluorescence intensity was measured
571  with the Nikon NIS Element software.

572 HEK293 and U251N cells were authenticated by short tandem repeat profiling. All cells were
573  routinely tested to be free of mycoplasma contamination by DAPI staining. HEK293 cells were
574  transfected by the calcium phosphate method 24 h prior to lysis. siRNA transfection was
575  performed using Interferin (Polyplus transfection) according to manufacturer’s instructions 48 h

576  before starvation.

577  Immunoprecipitation and GST Pull-down

578 Cells were scraped and lysed in IP buffer (1% NP-40, 50 mM HEPES pH 7.5, 1 mM EDTA,
579 2.5 mM EGTA, 150 mM NaCl, 0.1% Tween 20 and 10% glycerol, complemented with 1 mM
580 DTT, phosphatase inhibitors (10 mM B-glycerophosphate, NaF, sodium orthovanadate) and
581  protease inhibitors (10 pg/ml Aprotinin, Bestatin, Leupeptin and Pepstatin A). For LAMTORI1
582  IPs, NP40 was replaced with 1% ODG (Octyl-B-D-glucopyranoside, O8001, Sigma) in the lysis
583  buffer. After sonication for 10 sec, cells extracts were centrifuged for 5 min at 12,500 rpm and
584  supernatants were collected. Protein concentration was quantified using Bradford reagent
585 (BioRad). Lysates (500 pg for HEK293 or 2 mg for U251N) were incubated with 3 pg of
586 indicated antibodies and 12 pl protein-A sepharose beads (IPA300, Repligen) (co-IP) or with
587  recombinant GST proteins and glutathione sepharose beads (Pharmacia) (GST pull-down) at 4°C
588  for 4 h. Beads were then washed 4 times in lysis buffer and resuspended in 10 pl 4X Laemmli
589  buffer, boiled 3 min at 96°C, and subjected to immunoblot.

590  Immunoblot

591 Cells were lysed either in IP buffer as described above or directly in 2X Laemmli buffer.
592  Lysates and immunoprecipitates were mixed with 4X Laemmli buffer and boiled. Proteins were
593  resolved on 8-15% SDS-PAGE depending on protein size and transferred to polyvinylidene
594  difluoride membrane (Immobilon-P, Millipore). Membranes were blocked with PBS-T (PBS,
595  0.1% Tween-20), 5% non-fat dry milk and probed with indicated primary antibodies overnight at
596 4°C with agitation. Membranes were washed 3 times in PBS-T prior to incubation with
597  corresponding HRP-conjugated secondary antibody (1/10000) or Protein G-HRP for LAMTORI1

598 IPs for 4-6 h at room temperature. Bands were visualized using enhanced chemiluminescence
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599  detection reagents (Millipore, BioRad, and Ozyme) and autoradiographic films (Blue Devil) or
600  with a Fusion Solo S (Vilber) digital acquisition system.

601 To monitor endogenous LAMTORI levels, cells were lysed in 2X Laemmli buffer (4% SDS,
602  20% Glycerol, 120 mM Tris-HCI pH 6.8). Lysates were subjected to two 15 sec rounds of
603  sonication. Then cells were centrifuged for 5 min at 12,500 rpm and supernatants were collected.
604  Bromophenol blue 0.02% and DTT at final concentration 200 mM were added after BCA
605  quantification. Lysates were boiled for 3 min at 96°C prior to electrophoresis.

606 Intensity of Western Blot signal were evaluated by densitometry analysis using the ImageJ
607  software and normalized to loading control (B-Actin, B-Tubulin or Grb2) density value. Phospho-
608  protein signals were normalized to the corresponding total protein levels. For LC3B turnover
609  assays, LC3B/loading control ratio was measured in presence and absence of CQ and the ratio of
610 these values was interpreted as a rate of autophagy flux. For co-IP quantifications, co-

611  precipitated protein was normalized to precipitated protein in the same condition.

612  Lysosome purification

613  Lysosomal enrichment was performed using the Lysosome Isolation Kit LYSIO1 (Sigma-
614  Aldrich). Cells were trypsinized and suspended in 1X Extraction buffer complemented with 1 %
615  protease inhibitors prior to homogenization in dounce with a B pestle. Resulting extracts were
616  centrifuged at 1000 g for 10 min at 4°C. The supernatant was collected and centrifuged at 20,000
617 g for 20 min at 4°C. The resulting supernatant was collected as ‘cytoplasm’ fraction. The pellet
618  was resuspended using a pellet pestle in 1X Extraction buffer to obtain the Crude Lysosomal
619  Fraction (CLF). The CLF was centrifuged at 150,000 g at 4°C for 4 h to remove mitochondria
620 and ER °'. The final pellet constituted the ‘lysosome’ fraction and was resuspended in 1X
621  Laemmli buffer and sonicated for 10 s. BCA protein Assay Kit (Sigma-Aldrich) was used to
622  quantify proteins in all the fractions and 30 ug of proteins per fraction were separated by SDS-
623  PAGE for immunoblot.

624  BSA degquenching assay

625 Cells were seeded on glass coverslips until 60-80% confluence and aa starved for 48 h. Self-
626  Quenched BODIPY FL Conjugate of BSA (DQ-BSA) was added at 10 ug/mL 1 h before the end
627  of experiment. Coverslips were rinsed three times in PBS and fixed with 2% PFA for 20 min at

628  37°C prior to microscopy analysis.


https://doi.org/10.1101/2020.01.07.896860

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.07.896860; this version posted January 7, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

23

629  Dextran labeling

630 Cells were seeded on glass coverslips and incubated in dextran-containing medium (20
631 mg/mL) for 18 h. Cells were then washed 3 times with dextran-free medium and incubated with
632  dextran-free medium for 3 h. Coverslips were rinsed three times with PBS and fixed with 2%

633  PFA for 20 min at 37°C prior to fluorescence microcopy.

634  Immunofluorescence

635 Cells were seeded on coverslips and grown to 80-90% confluence before proceeding to
636  starvation for the indicated times. Cells were rinsed with PBS and fixed with either 2% PFA in
637  PBS for 20 min at 37°C or with 1% PFA for 3 min at room temperature followed by 100%
638  methanol for 5 min at -20°C. For immunostaining, cells were permeabilized for 3 min with PBS
639  0.2% Triton X-100, except for LAMP2 staining that required permeabilization with 0.1%
640  saponin in PBS, rinsed three times 5 min in PBS and incubated for 20 min in blocking solution
641  (PBS, 3% BSA, 0.05% Tween 20 and 0.08% sodium azide) and with primary antibodies diluted
642  in blocking solution for 1 h at 37°C. After three 5 min washes in PBS, cells were incubated for
643 30 min at 37°C with Cy2, Cy3 or Cy5-conjugated secondary antibodies at 1/500 dilution. In
644  some experiments phalloidin-Fluoprobes 647 at 1/500 was added to secondary antibody solution.
645  Next, coverslips were washed 3 times 5 min in PBS, with the first wash containing 0.1 pg/ml
646  Hoechst H33342. Coverslips were mounted on glass slides with gelvatol (20% glycerol (v/v),
647  10% polyvinyl alcohol (w/v), 70 mM Tris pH 8). Images were captured on a Nikon 90i Eclipse
648  microscope using a Nikon DS-Qi2 HQ camera. NIS Element BR software was used for
649 acquisition and image analysis. For co-localizations, fluorescence intensity profiles were
650 generated for each channel using NIS Element software. Overlapping of peaks between two
651  channels was considered as a double-positive area. To measure fluorescent intensity of specific
652  cellular compartments, regions of interest (ROI) were delineated and the signal was analyzed

653  within the ROI.

654  Proximity Ligation Assay

655  PLA was performed using Duolink in situ fluorescence technology (Sigma-Aldrich) according to
656  the manufacturer’s protocol. Briefly, cells were plated on glass coverslips and grown overnight
657  before starvation. Cells were fixed in 2% formaldehyde for 20 min at room temperature and

658  permeabilized with either 0.2% Triton X-100 or 0.1% saponin in PBS for 3 min. Cells were
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659  blocked with Duolink blocking solution for 30 min at 37°C and incubated with combinations of
660  primary antibodies for 1 h at 37° C. The following antibodies were used in PLA assays: mouse
661 anti p27 (SX53G8.5, sc-53871), LAMPI1 (E-5, Sc-17768), rabbit anti p27 (C19, sc-528) (Santa
662  Cruz Biotechnology), rabbit anti LAMTORI1 (#8975), LAMTOR4 (#13140) (Cell Signalling
663  Technology) at 1/200 dilution. Coverslips were incubated with secondary antibodies, conjugated
664  with PLA probes anti-Rabbit PLUS (DU092002) and anti-Mouse MINUS (DU092004) for 1
665 hour at 37°C. Duolink PLA Detection Reagent Red (DUO9008) was used according to
666  manufacturer’s instructions. After the amplification step, cells were incubated with coupled
667  Phalloidin-A488 at 1/500 for 30 min. To visualize lysosomes, after the PLA, coverslips were
668  incubated with rat anti LAMP2 (GL2A7, ab13524) at 1/400 dilution, followed by secondary
669 antibody at 1/500. DNA was stained with 0.1 pg/ml Hoechst 33342. Images were captured on a
670  Nikon 901 Eclipse microscope using a Nikon DS-Qi2 HQ camera. PLA dots and nuclei were

671  counted using the Image J software.

672  RNA extraction and RT-gPCR

673  Cells were lysed in TRI reagent (T9424, Sigma) and RNA was isolated according to
674  manufacturer’s protocol. The integrity of RNA was verified on 0.8% agarose gel and quantified
675 on NandoDrop. cDNA was synthesized used using SuperScipt III or SuperScirpt IV
676  (ThermoFisher) according to manufacturer’s instructions using 1 pg of template RNA per
677  reaction.

678 gPCR was performed in Bio-Rad CFX96 plates using SsoFast EvaGreen Supermix (Bio-Rad)
679  using primers at a final concentration of 500 nM and an amount of cDNA corresponding to 2,5
680 ng of RNA per reaction. Bio-Rad CFX96 Real-Time PCR system was used to generate Ct
681 values. Data was analyzed and normalized by the 2™““"method using GAPDH as a
682  housekeeping gene. All Ct values were normalized to gene expression in untreated p27+/ " cells in
683  the same experiment.

684  Primers used were:

Gene Forward primers Revers primers

GAPDH GGGAAATTCAACGGCACAGT AGATGGTGATGGGCTTCCC
ATP6VOE1 CATTGTGATGAGCGTGTTCTGG AACTCCCCGGTTAGGACCCTTA
CTSB AGTGGAGAATGGCACACCCTA AAGAAGCCATTGTCACCCCA
Bbc3 (PUMA) | AGCACTTAGAGTCGCCCGTG TGCTGCTCTTCTTGTCTCCGC

685
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686  Incucycte apoptosis assay

687 Apoptosis was measured by using the Essen BioScience CellPlayer caspase 3/7 reagent
688  according to manufacturer’s instructions. Briefly, 5000 MEFs were seeded in 96-well plates and
689  grown overnight. Caspase 3/7 reagent was added at a 5 uM final concentration to full medium
690 (control cells) or to starvation medium (starved cells). Kinetic activation of caspases was
691  monitored by image acquisition in an IncuCyte FLR equipped with a 20x objective every 4 h.
692  Vybrant DyeCycle Green stain was added directly to the cells after the final scan to determine
693  total cell number. The Incucyte object counting algorithm was used for quantifications. Results
694  are presented as a percentage of apoptotic cells corresponding to ratio between the number of

695  caspase 3/7 positive objects and the total number of DNA containing objects.

696  Satistical analyses

697 Statistical analyses were performed using the Graphpad Prism 6.0 software. Differences
698  between three groups or more were evaluated using multiple t-test or ANOVA test followed by
699  Bonferroni test for multiple comparisons. Comparisons between two groups were performed
700  using the unpaired t-test with Welch’s correction. Data are presented as mean = SEM. Symbols

701  used are: ns: P> 0.05; *: P <0.05; **: P<0.01; *** P <0.001; **** P <(0.0001.
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936 FigurelLegends

937  Figurel: p27 promotes autophagy flux during prolonged amino acid starvation

938  (A) LC3B immunoblotting in p27+/ " and p27'/ " MEFs in full medium (0 h) or aa-deprived for the
939 indicated times. Grb2 was used as loading control. (B) Densitometry analysis from at least 3
940  experiments of the ratio of LC3B-II levels by that of loading control in p27"" and p27’~ MEFs as
941  in A, normalized to 0 h. (C) LC3B immunostaining in p27"”" and p27”~ MEFs in full medium (0
942  h) or aa-deprived for 48 h = 50 uM CQ for 2 h. Scale bars are 50 um. (D) Percentage of p27+/ i
943 and p27" MEFs with >10 LC3B puncta after 48 h of aa starvation. At least 100 cells were
944  analyzed per genotype in each experiment (n=5). (E) LC3B immunoblotting in p27+/+ and p27'/'
945  MEFs in full medium (0 h) or aa-deprived for 48 h = 50 uM CQ for the last 2 h. B-actin was used
946 as loading control. (F) LC3B-II turnover, which corresponds to the ratio of (LC3B-II+CQ/B-
947  actin)/(LC3B-II-CQ/B-actin), as in E, from 11 experiments. (G) Images of LC3B puncta in p27+/+
948  and p277" cells expressing mCherry-eGFP-LC3B in full medium or aa-starved for 48 h + 50 uM
949  CQ for 2 h. Autophagosomes appear in yellow and autolysosomes in red. Scale bars are 50 um.
950 Levels of mCherry-eGFP-LC3B expression by immunoblot are shown in Fig. S1G. (H)
951  Quantification of autophagosomes (yellow) and autolysosomes (red) from cells described in G
952  after 48 h aa starvation from 3 experiments. At least 399 LC3B puncta were analyzed per
953 genotype in each experiment. (1) LC3B and p27 immunoblots of p27”" cells infected with empty
954  or p27 expression vector in full medium (0 h) or aa deprived for 48 h = 50 uM CQ for 2 h. ‘s.e.’
955 = short exposure; ‘l.e.” = long exposure. B-actin was used as loading control. (J) Densitometry
956  analysis of the ratio of LC3B-II levels by that of loading control after 48 h aa deprivation in cells
957  described in I, normalized to p27'/' + empty vector cells, from 4 experiments. (B, D, F, H, J) Bar
958  graphs show means = SEM. Statistical significance was evaluated by multiple t test (B), unpaired
959 t-test with Welch’s corrections (D, J), or by 2-way ANOVA test (F, H); **: p <0.01; *: p <0.05.

960 Figure 2: p27 localizes on lysosomes upon amino acid starvation

961  (A) Proximity ligation assays (PLA) for p27 and the lysosomal marker LAMPI in p27"" MEFs
962 in full medium or aa deprived for 18 h. p27'/ " MEFs were used as negative control. F-actin was
963  stained with phalloidin. Scale bar are 50 um. Controls PLA reactions with single antibody or
964  without primary antibodies are shown in Fig. S2. (B) Bar graph shows the mean number of PLA
965  dots per cell £ SEM as described in A (n cells counted: p27"* 0 h=1618, p27"* 18 h=1797, p27"-
966 0 h=899, p27” 18 h=239). Statistical significance was evaluated by 2-way ANOVA test; ****: p
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967 < 0.0001. (C) Immunoblots for the indicated proteins in cytoplasmic and lysosome-enriched

+/+

968 fractions prepared from p27" " MEFs in full medium or aa-deprived for 18 h. Graphs show the
969 ratio of densitometry analysis for each protein to B-tubulin (cytoplasmic fractions, top graph) or
970 to LAMP2 (lysosomal fractions, bottom graph) normalized to the corresponding full medium

971  condition.

972  Figure 3: p27 loss decr eases lysosomal function

973  (A) Images of DQ-BSA in p27+/ " and p27'/ " MEFs in full medium or aa-starved for 48 h. CQ 50
974 uM for 2 h was used as negative control. Scale bar are 50 pm. (B) Quantification of the
975  percentage of p27”" and p27” MEFs exhibiting dequenched BSA signal in full medium and
976  after 48 h aa starvation from 3 experiments. At least 81 cells per condition per experiment were
977  analyzed. (C) Cathepsin-B immunoblot in cells in full medium or aa-starved for 48 h. Upper
978  bands represent pro-Cathepsin B and the lower bands correspond to mature m-Cathepsin B. ‘s.e.’
979 = short exposure; ‘l.e.” = long exposure. B-actin was used as loading control. (D) Densitometry
980  analysis of m-cathepsin B/actin ratio from immunoblots described in C normalized to p27" cells
981 in each condition from 3 experiments. (E) Lysotracker (100 nM) staining in p27+/+ and p27'/ i
982 MEFs in full medium or aa-starved for 48 h. Scale bar are 50 um. (F) Quantification of
983  Lysotracker signal intensity in p27”" and p27”~ MEFs as described in E normalized to p27""
984  cells in each condition from 3 experiments. At least 10 images of each genotype, acquired with a

985 20X objective, were analyzed per condition per experiment. (B, D, F) Bar graphs show means +

986  SEM. Statistical significance was evaluated by 2-way ANOVA; ** p <0.01; *: p <0.05.

987  Figure4: p27 bindsto LAMTOR1 and inhibits Ragulator assembly

988  (A) p27 was immunoprecipitated from HEK293 cells transfected with p27 or p27% and/or HA-
989 LAMTORI (L1), membranes were probed with anti-HA (LAMTORI) and p27. Transfected
990 protein levels were determined in extracts with the same antibodies. Grb2 was used as loading
991  control. (B) Pull-downs of recombinant His-tagged LAMTOR1 with GST-p27 or GST-p27°%-
992  beads, GST only beads were used as control. The amounts of beads used were determined by
993  Coomassie staining. A tenth of His-LAMTORI input at the same exposure time is shown on the
994  right. (C) HEK293 expressing Flag-LAMTORI1 were subjected to pull-downs using GST beads
995  of various p27 deletion mutants and immunoblotted with anti-Flag (LAMTOR1) antibodies. p27
996 Nr = aa 1-87 and p27 Cr = aa 88-198. The amounts of beads used were determined by
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997  Coomassie staining. Ectopic expression of LAMTORI in cell extract was confirmed by anti-Flag

998 immunoblot. (D) Endogenous LAMTOR1 was immunoprecipitated from U25IN cell lysates

999  with anti-LAMTORI antibodies and blotted against p27 and LAMTORI. Protein A beads were
1000 used as negative control. Levels of endogenous proteins were determined with anti-p27 and anti-
1001 LAMTORI antibody. (E) PLA using p27 and LAMTORI antibodies on p27"* MEFs in full
1002 medium or aa deprived for 18 h. p27”~ MEFs were used as negative control. F-actin was stained
1003  with phalloidin. Scale bar are 50 um. Controls PLA reactions with single antibody or without
1004  primary antibodies are shown in Fig. S2. (F) Bar graph shows the mean number of PLA dots per
1005  cell + SEM as described in E (n cells counted: p27"" 0 h=2087, p27"" 18 h=1677, p27”~ 0 h=579,
1006  p277" 18 h=225). Statistical significance was evaluated by 2-way ANOVA; **: p < 0.01. (G)
1007  HEK293 cells were transfected with tagged LAMTORI1 and/or another Ragulator subunit and/or
1008  p27. LAMTORI co-IPs were probed for the co-transfected Ragulator subunit to determine the
1009 impact of p27 expression on the ability of LAMTORI to interact with its partners. (H)
1010  Densitometry analysis of experiments described in G. Signal intensity values of LAMTOR?2, -3, -
1011 4 and -5 bound to LAMTORI1 were normalized to that in absence of p27. Bar graph shows
1012 means = SEM from 3 independent experiments. Statistical significance was evaluated by 2-way
1013  ANOVA; ns: p> 0.05; ****: p < 0.0001. (I) p27 was immunoprecipitated from p27"" MEFs in
1014  full medium or aa starved for 24 h, p27”" cells aa starved for 24 h were used as negative control.
1015  The amount of LAMTOR4 co-precipitated with p27 was determined. Levels of LAMTOR4 and
1016  p27 in the corresponding extracts are shown. 3-actin was used as loading control. (J) LAMTORI1
1017  was immunoprecipitated from p27”" and p27”~ MEFs in full medium or aa starved for 24 h and
1018  the amount of LAMTORS co-precipitated was determined. Control immunoprecipitation with
1019  rabbit IgG was used as control. Levels of LAMTORI and -5 in the corresponding extracts are
1020  shown. B-actin and B-tubulin were used as loading control. (K) Ratio of LAMTORS5 co-
1021 precipitated by that of LAMTORI immunoprecipitated from p27”" and p27” MEFs in full
1022  medium or aa starved for 24 h, normalized to full medium condition from 2 experiments as

1023 described in J. (L) Schematic summarizing the impact of p27 on Ragulator assembly.

1024  Figure5: p27 interfereswith Ragulator functions

1025 (A) LAMTORI was immunoprecipitated with anti-HA antibodies from HEK293 cell expressing
1026 HA-LAMTORI and/or Flag-RagB and/or p27 and immunoblotted against Flag (RagB) and HA
1027  (LAMTORI). Expression of the transfected proteins was verified by immunoblot of extracts
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1028  with anti-Flag, -p27 and -HA antibodies. (B) Quantification of the amount of RagB co-
1029  precipitated with LAMTORI1 as in A from 5 experiments. Values were normalized to that in
1030  absence of p27. (C) RagB/D were immunoprecipitated with anti-Flag antibodies from HEK293
1031  cell expressing HA-LAMTORI1 and/or Flag-RagB/D and/or Flag-RagB Q99L (RagB
1032  GTP)/RagD S77L (RagD GDP) and/or p27 and immunoblotted against Flag (RagB/D) and HA
1033  (LAMTORI1). Expression of transfected p27 and HA-LAMTORI in corresponding extracts are
1034  shown. (D) RagC was immunoprecipitated from p27+/+ and p27'/ " MEFs in full medium or aa
1035  starved for 24 h and the amount of LAMTOR4 co-precipitated was determined. Control IP with
1036  rabbit IgG was used as control. Levels of RagC and LAMTOR4 in the corresponding extracts are
1037  shown. B-actin was used as loading control. (E) Ratio of LAMTOR4 co-precipitated by that of
1038  RagC immunoprecipitated from p27+/ " and p27'/ " MEFs in full medium or aa starved for 24 h,
1039  normalized to full medium condition from 2 experiments as described in E. (F) RagB was
1040  immunoprecipitated with anti-Flag antibodies from HEK?293 cells expressing Myc-Raptor and/or
1041  Flag-RagB and/or p27 and immunoblotted against Myc (Raptor) and Flag (RagB). Expression of
1042  the transfected proteins was verified by immunoblot of extracts with anti-Myc, -p27 and -Flag
1043  antibodies. (G) Quantification of the amount of Raptor co-precipitated with RagB as described in
1044 G from 3 experiments. Values were normalized to that in absence of p27. (H) Raptor was
1045  immunoprecipitated with anti-Myc antibodies from HEK?293 cells expressing Myc-Raptor and/or
1046  Flag-RagB Q99L (RagB GTP)/RagD S77L (RagD GDP) and/or p27 and immunoblotted against
1047  Flag (RagB/D) and Myc (Raptor). Expression of transfected p27, Flag RagB/D and Myc-Raptor
1048  in corresponding extracts are shown. (I) Schematic summarizing the impact of p27 on Rag and
1049  mTORCI recruitment to Ragulator. (J) TFEB immunostaining in p27"* and p27”~ MEFs in full
1050  medium (0 h) or aa-starved for 48 h. F-actin was stained with phalloidin and DNA with Hoechst.
1051  Scale bars are 50 um. (K) Percentage of cells with nuclear TFEB signal in cells treated as in K
1052  from 3 experiments. At least 87 cells per condition for each genotype were analyzed in each
1053  experiment. (L) Fold change of the v-ATPase subunit ATP6VOE1, CTSB (Cathepsin-B) and
1054 PUMA mRNA levels in p27"" and p27” MEFs in full medium or aa starved for 1 h or 48 h,
1055  determined by RT-qPCR and normalized to GAPDH levels from 8 experiments. All values were
1056  normalized to p27+/ " MEFs in full medium (0 h). (M) Immunoblot for the v-ATPase subunit
1057  ATP6VIB1/2, PUMA and p27 in p27"" and p27”~ MEFs in full medium or aa starved for 24 h.
1058  Grb2 was used as loading control. (B, E, G, K, L) Bar graphs show means + SEM. Statistical
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1059  significance was evaluated by unpaired t-test with Welch’s correction (B, G) or 2-way ANOVA
1060 (K, L); ns: p>0.05; *: p <0.05; ***: p<0.001; ****: p <0.0001.

1061  Figure6: p27 participatesin inhibition of mTOR signaling in amino acid deprived cells

1062 (A) Immunoblots for P-T389 p70 S6K1 and p70 S6K1 in p27"" and p27”~ MEFs in full medium
1063  or aa-deprived for the indicated times. B-actin was used as loading control. (B) Densitometry
1064  analysis of 5 experiments as described in A. P-p70 S6K1/p70 S6K1 ratio was normalized to
1065  control cells (0 h). (C) Immunoblots for P-T37/46 4E-BP1 and 4E-BP1 in p27"* and p27"
1066 MEFs in full medium or aa-starved for 48 h. B-actin was used as loading control. (D)
1067  Immunoblot for P-S2448 mTOR and mTOR in p27”" and p27”~ MEFs in full medium or aa-
1068  starved for 48 h. Vinculin was used as loading control. (E) Densitometry analysis of P-
1069 mTOR/mTOR ratio in 48 h aa-deprived cells normalized to cells in full medium from 3
1070  experiments. (F) P-Ser2448 mTOR immunostaining in p27”* and p27” MEFs in full medium or
1071  aa-starved for 48 h. F-actin was stained with phalloidin and DNA with Hoechst. Scale bars are 50
1072 um. (G) Quantification of P-mTOR fluorescence intensity from 5 experiments as described in F,
1073  normalized to cells in full medium (0 h). (H) Immunoblot of P-T389 p70 S6K1 and p70 S6K1 in
1074 p277", p277, p27°% and p27°'°* MEFs in full medium (0 h) and aa starved for 48 h. (I)
1075  Densitometry analysis of P-p70 S6K1/p70 S6K1 ratio in 48 h aa-deprived cells normalized to
1076  cells in full medium from at least 3 experiments. (J) Immunoblot for P-T389 p70 S6K1 and p70
1077 S6K1 in p27"~ MEFs infected with empty or p27 expression vector in full medium or aa-starved
1078  for 48 h = 50 uM CQ for 2 h. ‘s.e.” = short exposure; ‘l.e.” = long exposure. p27 levels are
1079  shown. B-actin was used as loading control. (K) Densitometry analysis of P-p70 S6K1/p70 S6K1
1080 ratio in p27” MEFs infected with empty or p27 expression vector aa-starved for 48 h from 2

1081  experiments as described in J, normalized to empty vector infected cells. (L) Immunoblot of P-

1082  T389 p70 S6KI1, p70 S6KI1 and p27 in p27'/ - MEFs infected with empty or with p27°
1083  expression vector in full medium (0 h) or aa-starved for 48 h + 50 uM CQ for 2 h. p27 levels are
1084  shown. B-actin was used as loading control. (M) Densitometry analysis of P-p70 S6K1/p70
1085  S6K1 ratio in p27” MEFs infected with empty or p27“* expression vector aa-deprived for 48 h
1086  from 4 experiments as described in L, normalized to empty vector infected cells. (B, E, G, I, K,
1087 M) Bar graphs show means + SEM. Statistical significance was analyzed by 2-way ANOVA (B,
1088 E, G, I) or unpaired t-test with Welch’s correlation (M). ****: p <0.0001; **: p <0.01.
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1089  Figure7: p27 controlsmTOR and autophagy in aLAMTOR1 dependent manner

1090  (A) Immunoblots for P-T389 p70 S6K1 and p70 S6K1 in p27”" and p27”~ MEFs aa-starved for
1091  the indicated times = 50 uM CQ for 2 h. mTOR reactivation is independent of autophagy in p27-
1092  null MEFs. (B) Densitometry analysis of P-p70 S6K1/p70 S6K1 ratio from 8 experiments as

1093  described in A. Values were normalized to condition without CQ for each time point. (C)

1094  Immunoblots for P-T389 p70 S6K1, p70 S6K1, LC3B and Atg5 in doxycycline-inducible Ath_/_
1095  MEFs treated or not with 10 ng/ml Doxycycline (Dox) in full medium (0 h) or aa deprived for 48
1096  h £ 50 uM CQ for 2 h. B-actin was used as loading control. (D) Densitometry analysis of P-p70
1097  S6K1/p70 S6KI1 ratio from 4 experiments as described in C, normalized to cells in full medium.
1098 mTOR reactivation under prolonged aa starvation requires autophagy. (E) Immunoblots for P-
1099  T389 p70 S6KI1, p70 S6K1, p27 and LAMTORI in p27”" and p27” MEFs transfected with
1100  control or LAMTORI siRNA in full medium or aa-starved for 48 h. B-actin was used as loading
1101  control. (F) Quantification of P-p70 S6K1/p70 S6K1 ratio in cells from 8 experiments as
1102  described in E, normalized to control siRNA transfected cells in each condition. (G) Immunoblot
1103 for LC3B in p27”" and p27”~ MEFs transfected with control or LAMTOR1 siRNA in full
1104  medium or aa starved for 48 h = 50 uM CQ for 2 h. B-actin was used as loading control. (H)
1105  Quantification of LC3B-II/Loading control ratio from 5 experiments as described in G. Values
1106  were normalized to control siRNA transfected cells in each condition. (I) Immunoblots for
1107  LC3B, P-T389 p70 S6K1, p70 S6K1 and p27 in p27”" and p27”~ MEFs in full medium or aa
1108  starved for 48 h = 200 nM Torinl for 24 h + 50 uM CQ for 2 h. B-actin was used as loading
1109  control. (J) Densitometry analysis of LC3B-II/loading control ratio from 8 experiments as
1110  described in I, normalized to cells in full medium. (B, D, F, H, J) Bar graphs show means +
1111 SEM. Statistical significance was evaluated by 2-way ANOVA (B, D, J) or multiple t test with
1112 Bonferroni correction (F, H); ****: p <0.0001; *: p < 0.05; ns: p> 0.05.

1113 Figure 8: Elevated mTOR activity in p27'/' cells confer s resistance to amino acid star vation-
1114  induced apoptosis

1115  (A) p27 status determines cell survival in response to metabolic stress. Incucyte images of phase
1116  contrast and green fluorescence representing caspase-3/7 cleavage of p27+/+ and p27-/- MEFs

1117  grown for 48 h in full medium or in absence of glucose or aa. Scale bars are 200 pm. (B)

1118  Percentage of apoptosis in p27+/+ and p27_/_ MEFs in full medium or glucose or aa starved for 24
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1119  h and 48 h from at least nine experiments. (C) Incucyte images of p27+/+, p27_/_, p27CK_ and

1120 p27SlOA MEFs aa-starved for 48 h. Scale bars are 200 um. (D) Percentage of apoptosis in MEFs
1121  treated as in C from at least 3 experiments. (E) Immunoblot for ATGS and LC3B in ATGS
1122 inducible knockout MEFs + dox in full medium or aa starved for 48 h + 50 uM CQ for 2 h. (F)
1123  Percentage of apoptotic ATGS inducible knockout MEFs + dox in full medium or glucose or aa

1124  starved for 48 h from at least 15 experiments. Images for these experiments are shown Fig. S6F.
1125  (G) Immunoblotting of P-p70 S6K1, p70 S6K1 and p27 in p27+/+ and p27_/_ MEFs in full
1126  medium or aa-starved for 48 h = 200 nM Torinl £ 50 uM CQ for 2 h. B-actin was used as

1127  loading control. (H) Percentage of apoptotic p27+/+ and p27_/_ MEFs in full medium or aa-starved
1128  for 48 h + 200 nM Torinl from eight experiments. Images for these experiments are shown Fig.
1129  S6G. (I) Immunoblot for LAMTORI1 and B-actin of p27+/+ and p27_/_ MEFs transfected with
1130  control or LAMTORI siRNA. (J) Percentage of apoptotic p27+/+ and p27'/- MEFs in full medium
1131  or aa-starved for 48 h transfected with control or LAMTORI1 siRNA from ten experiments.
1132 Images for these experiments are shown Fig S6H. (B, D, F, H, J) Bar graphs show means +
1133  SEM. Statistical significance was evaluated by 2-way ANOVA (B, F, H, J) or one-way ANOVA
1134 (D) tests; ns: p > 0.05; *: p < 0.05. ***: p < 0.001; ****: p <0.0001; *****: p <0.00001.

1135
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