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Abstract   39 

The mammalian target of Rapamycin (mTOR) positively regulates axon growth in the 40 

mammalian central nervous system (CNS). Though axon regeneration and functional recovery 41 

from CNS injuries are typically limited, knockdown or deletion of PTEN, a negative regulator of 42 

mTOR, increases mTOR activity and induces robust axon growth and regeneration. It has been 43 

suggested that inhibition of S6 Kinase 1 (S6K1, gene symbol: RPS6KB1), a prominent mTOR 44 

target, would blunt mTOR’s positive effect on axon growth. In contrast to this expectation, we 45 

demonstrate that inhibition of S6K1 in CNS neurons promotes neurite outgrowth in vitro by 2-3 46 

fold. Biochemical analysis revealed that an mTOR-dependent induction of PI3K signaling is 47 

involved in mediating this effect of S6K1 inhibition. Importantly, treating female mice in vivo with 48 

PF-4708671, a selective S6K1 inhibitor, stimulated corticospinal tract (CST) regeneration across 49 

a dorsal spinal hemisection between the cervical 5 and 6 cord segments (C5/C6), increasing 50 

axon counts for at least 3 mm beyond the injury site at 8 weeks after injury. Concomitantly, 51 

treatment with PF-4708671 produced significant locomotor recovery. Pharmacological targeting 52 

of S6K1 may therefore constitute an attractive strategy for promoting axon regeneration 53 

following CNS injury, especially given that S6K1 inhibitors are being assessed in clinical trials 54 

for non-oncological indications.  55 

Significance statement 56 

Despite mTOR’s well-established function in promoting axon regeneration, the role of its 57 

downstream target, S6K1, has been unclear. We used cellular assays with primary neurons to 58 

demonstrate that S6K1 is a negative regulator of neurite outgrowth, and a spinal cord injury 59 

model to show that it is a viable pharmacological target for inducing axon regeneration. We 60 

provide mechanistic evidence that S6K1’s negative feedback to PI3K signaling is involved in 61 
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axon growth inhibition, and show that phosphorylation of S6K1 is a more appropriate 62 

regeneration indicator than is S6 phosphorylation. 63 

Introduction 64 

The PI3K/mTOR pathway is a key regulator of axon growth and regeneration in the CNS (Park 65 

et al., 2008). Typically, axons in the adult mammalian CNS have limited capacity for 66 

regeneration following injury. Activating the PI3K/mTOR pathway by knockdown or genetic 67 

deletion of its negative regulator, PTEN, results in a marked increase in regenerative capacity 68 

(Zerhouni, 2004; Park et al., 2008, 2010; Zukor et al., 2013), and mTOR activity is critical for the  69 

regeneration induced by loss of PTEN (Park et al., 2010). The mechanisms through which 70 

mTOR promotes axon growth/regeneration are less clear; in particular, the role(s) of S6K1, a 71 

downstream effector of mTOR, are incompletely understood (Hubert et al., 2014; Yang et al., 72 

2014).  73 

We previously screened a large number of kinase inhibitors in a neurite outgrowth assay 74 

utilizing primary hippocampal neurons, and identified “hit” compounds that promote neurite 75 

outgrowth (Al-Ali et al., 2013b). This phenotypic assay is reliable (Z’-factor > 0.7), and has 76 

identified both chemical and genetic perturbagens that promote axon growth from a variety of 77 

CNS neurons (Al-Ali et al., 2013a, 2017). In a followup study, we used machine learning to 78 

relate data from the phenotypic screen of kinase inhibitors to kinase profiling data, which 79 

allowed us to identify (and verify) “target” kinases whose inhibition induces neurite outgrowth 80 

(Al-Ali et al., 2015). These target kinases included representatives of the family of ribosomal S6 81 

protein kinases (RPS6Ks).  82 

Two types of S6 kinases have been described based on their domain topology: the p70 83 

ribosomal S6 kinases (S6K1 and S6K2, which phosphorylate S6 at S235/236/240/244/247) and the 84 

p90 ribosomal S6 kinases (RSK1, RSK2, RSK3, and RSK4, which phosphorylate S6 at S235/236) 85 
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(Meyuhas, 2015). Two additional p90 kinases, MSK1 and MSK2, are included in the family by 86 

virtue of sequence similarity (Pearce et al., 2010b), but don’t appear to have substantial activity 87 

towards S6. Previous studies have shown that RSKs and MSKs negatively regulate neurite 88 

outgrowth (Loh et al., 2008; Fischer et al., 2009; Buchser et al., 2010; Hubert et al., 2014). 89 

Therefore, the finding that their inhibition promotes neurite outgrowth might be expected. The 90 

observation that neuronal S6K1 activity may be negatively correlated with neurite outgrowth was 91 

interesting, however, given the well-established role of its upstream activator mTOR as a 92 

positive regulator of axon growth. 93 

In dividing cells, S6K1 acts as a negative feedback regulator of the PI3K/mTOR pathway, such 94 

that inhibition of S6K1 leads to induction of PI3K signaling and subsequent activation of mTOR 95 

(Pende et al., 2004; Um et al., 2004; Magnuson et al., 2012). In this study, we show that a 96 

similar regulatory mechanism occurs in neurons-- inhibition of S6K1 induces neurite outgrowth 97 

in an mTOR-dependent manner. Importantly, we demonstrate that treating mice with a selective 98 

S6K1 inhibitor following transection of the corticospinal tract (CST) promoted robust CST axonal 99 

regeneration across and beyond the lesion site. This regeneration was accompanied by 100 

improved behavioral recovery, suggesting that axon regeneration induced by S6K1 inhibition 101 

may be helpful in recovery from CNS injury. 102 

Materials and methods 103 

Antibodies, reagents, and compounds. Pan Akt (#2920), pT308Akt (#4056), pS473Akt (#4058), 104 

pan S6 ribosomal protein (#2317), pS240/244S6 (#5364), pan S6K1 (#2708), and pT389S6K1 105 

(#9205) antibodies (working dilution 1:1000, except for S6 pan which was diluted 1:300) were 106 

purchased from Cell Signaling (Danvers, MA). GAPDH (#IMG-5019A-1) antibody (working 107 

dilution 1:500) was purchased from IMGENEX (IMGENEX, Littleton, CO). βIII-tubulin (#T2200) 108 

antibody (working dilution 1:2000) was purchased from Sigma-Aldrich. Alexa fluorophore 109 
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conjugated secondary antibodies (working dilution 1:1000) were purchased form Invitrogen/Life 110 

Technologies. IRDye-700 and IRDye-800 conjugated secondary antibodies (working dilutions 111 

1:15000) were purchased from LiCor (Lincoln, NE). Poly-D-lysine (P7886-500MG) and sterile 112 

dimethyl sulfoxide (DMSO) (D2650) were purchased from Sigma-Aldrich. Hippocampal tissue 113 

was incubated in Hibernate E (without Calcium) from BrainBits, supplemented with NeuroCult 114 

SM1 (05711) from StemCell Technologies. Neurons were cultured in NbActive4 media from 115 

BrainBits (Springfield, IL). Accell siRNAs (working concentration 1 μM) were purchased from 116 

GE-Healthcare/Dharmacon (scramble SMARTPool # D-001910-10-20, S6K1 siRNA 117 

SMARTPool #E-099323-00-0003, scramble oligo #D-001910-04-05, S6 set of 4 siRNA oligos 118 

#EU-089542-00-0002). Kinase inhibitors PF-470671, ML-7, ROCK inhibitor IV, IKK inhibitor VII, 119 

Flt3 Inhibitor III, and Bisindolylmaleimide, and Rapamycin were purchased from EMD Millipore. 120 

GW784684X, GW659386A, GSK1511931A, GSK269962B, and SB-750140 were acquired via 121 

collaboration from GlaxoSmithKline. RO0480500-002 was acquired via collaboration from 122 

Roche. VCC379989:02 and VCC781016:01 were purchased from Vichem. Torin-2 was 123 

purchased from Tocris. All other reagents were purchased from Life Technologies.  124 

Neurite outgrowth assay for small-molecule kinase inhibitors  125 

The neurite outgrowth assay was performed as previously described (Al-Ali et al., 2013b), with 126 

minor modifications. Briefly, compounds were tested with rat embryonic (E18) hippocampal 127 

neurons cultured at low density for 48 hours. Neurons were plated at 1500-1800 cells/well in 96-128 

well plates coated overnight with poly-D-lysine. For the pretreatment condition, mTOR inhibitors 129 

were added to the cells one hour prior to the addition of S6K1 inhibitor. Plates were fixed, 130 

immunostained, and imaged in a Cellomics ArrayScan VTI. Images were automatically traced 131 

using the Neuronal Profiling Bioapplication (version 3.5). Data were analyzed using MatLab 132 

(R2014b).   133 
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Neurite outgrowth assay for siRNAs 134 

Dissociated hippocampal neurons were seeded in 96-well poly-D-lysine-coated plates at 1500-135 

1800 cells per well in 150 μl of NbActive4 and incubated overnight. The following day, siRNA 136 

solutions were prepared in 96 well plates at 2 μM in 100 μl of media and allowed to equilibrate 137 

for one hour in a CO2 incubator. Immediately before treatment, 100 μl of media was removed 138 

from the cells and replaced with 50 μl of siRNA solution (duplicate wells for each treatment) to 139 

bring the final siRNA reagent concentration to 1μM (per vendor recommendation) in a total 140 

volume of 100 μl. Cells were incubated for 96 hours, then fixed and analyzed for neurite 141 

outgrowth as previously described for the neurite outgrowth assay (Al-Ali et al., 2013b).  142 

Assessing protein phosphorylation 143 

Hippocampal (E18) neurons were cultured in NbActive4 (Invitrogen). Cells were seeded into 24 144 

well plates at 0.25-0.5 x 106 cells/well in 0.5 ml of media. Compound stocks (10 mM in DMSO) 145 

were diluted in cell culture media at 2X final concentration, and added at 1:1 volume to cells 146 

(final volume = 1 ml). Control wells received the corresponding volume of DMSO, which was 147 

kept constant across all treatments at 0.2% v/v. Each plate contained two DMSO control wells 148 

(one normalization control and one treatment control). After indicated time points, cells were 149 

washed once with PBS and collected in 120 μl of lysis buffer containing 100 mM Tris-HCl, pH 150 

6.8, 20% glycerol, 4% SDS, 5% beta-mercaptoethanol, phosphatase inhibitor cocktail (Clontech, 151 

Mountain View, CA), protease inhibitor cocktail (Roche, Indianapolis, IN), and 0.2% 152 

bromophenol blue. Lysates were boiled for 5-7 minutes and 20 μl of each sample was loaded 153 

on a 10% polyacrylamide gel. Protein was transferred from the gel to a nitrocellulose membrane 154 

in a wet transfer apparatus using 25 mM sodium bicarbonate as transferring solution. 155 

Membranes were blocked with Odyssey blocking buffer for at least 1h, then incubated overnight 156 

in primary antibody solution (1:1 PBS, Odyssey blocking buffer with 0.1% Tween-20) at 4 °C on 157 
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a shaker. Membranes were washed 3x in PBS-Tween (10 min washes) and incubated in 158 

secondary antibody solution (secondary antibodies in 1:1 PBS, Odyssey blocking buffer with 159 

0.1% Tween and 0.02% SDS) at room temperature for 2 h with shaking. 800-IR-dye conjugated 160 

secondary antibodies were used to develop total protein bands, and 680-IR-dye conjugated 161 

secondary antibodies were used to develop phosphorylated protein bands. Finally, membranes 162 

were washed 5x in PBS Tween (10 min washes). Blots were scanned using an Odyssey 163 

system. Relative change in phosphorylation in response to treatment was computed as: 164 

Change in phosphorylation =     165 

Assessing target protein knockdown 166 

Neurons were plated in 48-well plates at ~0.25x106 cells/well and transfected with siRNAs at 1 167 

μM in a total volume of 200 μl. Three days following transfection, cells were lysed and analyzed 168 

by SDS-PAGE followed by western blotting as above.  169 

Assessing S6 mRNA knockdown 170 

Neurons were plated in 48-well plates at ~0.25x106 cells/well and transfected with siRNAs at 1 171 

μM in a total volume of 200 μl. One day following transfection, RNA was isolated from the 172 

neurons using the micro RNAeasy (QIAGEN, #74004) kit. Total amount of isolated RNA was 173 

quantified using a NanoDrop 1000 (NanoDrop products, Wilmington, DE). Reverse transcription 174 

(RT) reaction was performed using the Advantage RT PCR kit (Clontech, Mountain View, CA) 175 

with 1 μg of isolated RNA and both oligo dT and random hexamer primers. Samples were 176 

collected from two independent experiments and qPCR for each sample was set up in triplicates 177 

using the Power SYBR Green PCR Master Mix (Applied Biosystems, Grand Island, NY) 178 

according to manufacturer suggestions. Controls included a No-RT control to ensure absence of 179 

contaminating DNA, cDNA plasmid control (1 pg/ml) to verify the correct product size, and 180 
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qPCR of GAPDH and β Actin housekeeping genes for normalization. Reactions were run on 181 

7300 RealTime PCR System (Applied Biosystems, Grand Island, NY) and the results were 182 

analyzed using Sequence Detection System V.1.2.3 (Applied Biosystems, Grand Island, NY) 183 

software. 184 

Animal studies 185 

A total of 30 adult C57BL/6 mice (7 weeks, Harlan Laboratories Inc., Indianapolis, IN) were used 186 

in the in vivo studies.  Only female mice were used because males often get bladder infections 187 

and develop kidney problems after this kind of spinal cord injury. All behavior testing, surgical 188 

interventions, and postoperative animal care were performed in accordance with the “Guide for 189 

the Care and Use of Laboratory Animals” (National Research Council) and were approved by 190 

the Indiana University Institutional Animal Care and Use Committee. The mice were pre-trained 191 

for behavior analysis for 4 weeks prior to the surgery (Fig. 8A). Two mice were unable to learn 192 

the task and were excluded from the experiment. The remaining 28 animals received dorsal 193 

hemisection surgery at the end of the pre-training and baseline behavioral testing.   194 

Spinal cord dorsal hemisection and cortical injection of PF-4708671  195 

At the 10th week of age (4 weeks post-training), mice (20−30 g) were anesthetized with an 196 

intraperitoneal (ip.) injection of a Ketamine/Xylazine/Acepromazine cocktail (120 mg/3.3 197 

mg/1.67 mg /kg) provided by Laboratory Animal Resource Center (LARC) at Indiana University 198 

School of Medicine, Indianapolis).  Mice were then subjected to stabilization of the C5/C6 199 

vertebra with a vertebral stabilizer. After the exposure of the C5-C6 dorsal laminae, a transverse 200 

durotomy at the interlaminar space between C5 and C6 was performed using a 30 G needle 201 

followed by cutting with a pair of microscissors.  A midline dorsal hemisection was performed 202 

using a VibraKnife attached to the Louisville Injury System Apparatus (LISA, Louisville Impactor 203 

System, Inc. Louisville, KY) according to a previously published method (Sivasankaran et al., 204 
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2004; Liu et al., 2008; Zhang et al., 2013) with modifications. Briefly, the blade was 1.2 mm 205 

wide, and was advanced 0.9 mm ventrally from the dorsal surface of the cord, extending beyond 206 

the central canal (Fig. 1B). Such a lesion completely transected the entire dorsal corticospinal 207 

tract (dCST) and lateral corticospinal tract (lCST) on both sides. In the C57BL/6 mice, we did 208 

not observe the presence of the ventral CST (vCST). Thus, a dorsal hemisection in our model 209 

(1.2 mm wide, 0.9 mm deep) transected all descending CST axons at the lesion site. In this 210 

case, any labeled CST axons growing beyond the lesion would be interpreted as coming from 211 

cut axons via either regeneration from the tips or by regenerative sprouting. 212 

Compounds were injected bilaterally into sensorimotor cortex after the C5-C6 dorsal 213 

hemisection according to a previously established method (Wang et al., 2014). Briefly, after the 214 

dorsal hemisection, animals were randomly assigned into 4 groups that receive the following 215 

cortical injections (n = 7/group): Group 1 (control): Dimethyl sulfoxide (DMSO; 0.1% DMSO in 216 

0.1 M PBS); Group 2 (low dose PF): 1 mM PF-4708671 (in 0.1% DMSO in 0.1 M PBS); Group 3 217 

(medium dose PF-4708671): 5 mM PF-4708671 (in 0.1% DMSO in 0.1 M PBS); and Group 4 218 

(high dose): 10 mM PF-4708671 (in 0.1% DMSO in 0.1 M PBS). Five stereotaxic injections of 219 

PF-4708671 were made into the sensorimotor cortex on each side at a depth of 0.5 mm and 220 

coordination of 2mm/1.5mm, 1.25mm/1.5mm, 0.5mm/1.5mm, -0.25mm/1mm and -1mm/1mm 221 

(anteroposterior (AP)/mediolateral (ML) to the bregma) with 1μl/injection site. After the surgery 222 

and PF-4708671 injections, an analgesic agent, buprenorphine, was given intraperitoneally (ip.) 223 

every 12 hours for 2 days (LARC, Indiana University, Indianapolis).  224 

Single-pellet reaching task 225 

The single-pellet reaching task is a simple repetitive training protocol used to test the precise 226 

and coordinated motor movements of the forelimb. The single-pellet reaching task was 227 

performed in accordance with a previously described method (Chen et al., 2014). In this test, a 228 
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clear Plexiglas training chamber (15 cm long × 8.5 cm wide × 20 cm tall) contains three vertical 229 

slits (one slit on 'shaping' edge, and two slits on the opposite 'training' edge). The vertical slits 230 

are 0.5 cm wide and 13 cm tall and are located on the front wall of the box: in the center, on the 231 

left side, and on the right side. A food platform (8.5 cm long × 4.4 cm wide × 0.9 cm tall) is 232 

placed in the front side (facing the trainer) of the training chamber during training sessions. 233 

There are two divot slots on the food platform for positioning seeds, one slot on the left, and the 234 

other slot on the right side. The divots are 0.3 cm from the long edge, and 2.4 cm from the width 235 

edge (Chen et al., 2014). The left and right divot slots correspond to the left and right slit in the 236 

mouse training chamber and are used for training of dominant forelimbs. The purpose of having 237 

these divot slots is to ensure that the pellet (millet seed) is placed consistently at the same place 238 

for each reaching attempt. The training phase contained food deprivation (2 days), shaping (7 239 

days) and training (9 days). The mice were trained for 30 reaching attempts on the preferred 240 

limb or 20 min per day. Reaching behavior and scoring were recorded according to the following 241 

four categories: (1) Success: The mouse reaches with preferred paw, grasps and retrieves the 242 

seed, and feeds it into its mouth. Success (%) = (the number of success/total number of feeding 243 

seeds) × 100. (2) Grasp: The mouse reaches with preferred paw, grasps the seed, but drops it 244 

before putting it into its mouth. Grasp (%) = (the number of grasp/total number of feeding seeds) 245 

× 100. (3) Reach: The mouse reaches with preferred paw towards the seed, but it either misses 246 

the seed or knocks it off from the holding plate. Reach (%) = (the number of reach/total number 247 

of feeding seeds) × 100. (4) No reach: The mouse attempts to grasp the seed, but it can't reach 248 

the seed in the holding plate. No reach (%) = (the number of no reach/total number of feeding 249 

seeds) × 100. In all mice, a baseline task was performed at 3 days prior to the surgery. The 250 

single-pellet reaching task was also assessed at 1, 2, 4 and 6 weeks after the dorsal 251 

hemisection and PF-4708671 treatment (Fig. 8A). 252 

Rotarod test   253 
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The Rotarod test was used to assess motor coordination in rodents following procedures 254 

described previously with minor modification (Liu et al., 2013). Briefly, mice were placed on a 255 

rotating rod (diameter 30 mm) in a 5-lane Rotarod device (IITC Life Science, Inc., Woodland 256 

Hills, CA) that accelerated from 0 to 30 rpm within a 90s period with each trial lasting a 257 

maximum of 120 s. Trials ended when the animal either fell off the rod or clung to the rod as it 258 

made one complete rotation. The animals were trained five times per day for 3 days. The 259 

Rotarod tests were performed before injury to score the baseline latencies for each animal. The 260 

baseline value was scored as the mean of five trials at 3 days before surgery (Fig. 1A). The 261 

Rotarod test was performed at 1, 2, 4 and 6 weeks after the surgery. Data were expressed as 262 

the ratio of duration relative to baseline. 263 

Adhesive removal test 264 

Animals were trained for the adhesive removal test for 3 days and the baseline was recorded at 265 

3 days prior to the dorsal hemisection (Fig. 8A) according to a protocol previously described 266 

(Bouet et al., 2009; Liu et al., 2013). This concise sensorimotor function assay was performed 267 

by applying adhesive tape on the forepaw of the animal and measuring the time to contact and 268 

the time to remove it. A 3 mm × 4 mm adhesive tape strip (waterproof adhesive tape, 269 

ACME/CHASTON, Dayville, CT) was respectively pressed on the left and right sides of the fore-270 

paw covering the whole palm and proximal part of the digits. The time to contact and time to 271 

remove the adhesive tape were collected with a maximum of 3 min/animal. The time-to-contact 272 

is defined as the point at which the mouse reacts to the affected paw by either shaking its paw 273 

or bringing the paw to its mouth. The time-to-remove is the point when the tape is removed by 274 

its mouth, combined with assistance from the forelimb in loosening it. The adhesive removal test 275 

was also assessed at 1, 2, 4, and 6 weeks after the dorsal hemisection (Fig. 8A). 276 

Grid-walking test 277 
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The grid-walking test assesses the ability to place the forepaws on the rungs of a grid accurately 278 

during spontaneous exploration. The mice were trained to walk on a wire grid (0.35 m long with 279 

10-mm squares) for 3 days according to an established protocol with modifications (Liu et al., 280 

2013). The percentage of forepaw drops below the grid plane during a 3-minute observation 281 

period was calculated at 3 days before surgery (as a baseline) and at 1, 2, 4, and 6 weeks after 282 

the dorsal hemisection (Fig. 8A). 283 

Anterograde tracing with biotinylated-dextran amine  284 

Six weeks after the dorsal hemisection, mice received bilateral injections of biotinylated-dextran 285 

amine (BDA, 10,000 MW, 10% in saline; Molecular Probes, Eugene, OR) into the sensorimotor 286 

cortex to trace the CST axons anterogradely. Five injections of BDA (0.5 μl/each) were made 287 

into the sensorimotor cortex on each side using the same coordinates as the PF-4708671 288 

injection. For each injection, 0.5 μl of BDA was delivered for a period of 5 min via a glass pipette 289 

attached to a 10 μl syringe connected to the Stoelting motorized integrated stereotaxic injectors 290 

system (Stoelting Co., Wood Dale, IL). Mice were humanely sacrificed by a lethal dose of 291 

anesthesia and transcardially perfused with saline followed by 4% paraformaldehyde (PFA) 2 292 

weeks after the BDA injection (Fig. 1A). 293 

BDA visualization and immunofluorescent labeling 294 

After perfusion, the spinal cords containing the lesion epicenter were removed and postfixed in 295 

4% PFA overnight, and were then equilibrated in 30% sucrose for cryoprotection. Sagittal 296 

sections at 25 μm were cut using a cryostat. BDA-labeled CST axons were visualized by using 297 

avidin–biotin peroxidase incubation followed by biotinyl tyramide and Extra-Avidin-FITC 298 

(SAT700, PerkinElmer, Waltham, MA) (Wang et al., 2014). Lesion gaps were identified in the 299 

same sections by immunostaining for glial fibrillary acidic protein (GFAP; 1:1000; Millipore 300 

Antibodies, Billerica, MA). Quantification of BDA-labeled CST axons was performed with the 301 
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experimenter blind to the treatment groups. Briefly, 7 sagittal sections of the spinal cord spaced 302 

125 μm apart were chosen. The middle section was defined as the one that cut through the 303 

central canal (Fig. 3A). The other 6 sections were selected at 125 μm, 250 μm and 375 μm 304 

lateral to the middle section on each side. The number of BDA-immunoreactive (IR) CST axon 305 

fragments was counted at defined zones spaced 0.5 mm apart. The axon numbers were 306 

converted into CST Axon Index defined as a ratio of the BDA-IR axon number at a given zone 307 

over the total number of BDA-IR axons in the dCST on a cross section of the C1 spinal cord. 308 

The lesion epicenter on the sagittal section is defined as “0 mm” and all other zones are defined 309 

as their distances from the lesion epicenter.  310 

Statistical and computational analyses 311 

All computational analyses and tools were implemented in MatLab (R2013b and R2014b). 312 

Statistical analyses were performed in GraphPad Prism (5.03), MATLAB, or Excel (2007). Data 313 

were presented as mean ± standard error of the mean (SEM), unless otherwise noted. 314 

Statistical analyses were performed using the GraphPad Software (Prism 5.0, San Diego, CA) 315 

with one-way analysis of variance (ANOVA) followed by the appropriate post-test correction, or 316 

two-way repeated measures ANOVA with Bonferroni post-test Statistical significance was 317 

accepted with p < 0.05. 318 

Results 319 

Phosphorylation of ribosomal S6 protein is reduced by kinase inhibitors that promote 320 

neurite outgrowth 321 

A set of small molecule kinase inhibitors was selected from the hits in our phenotypic screen to 322 

represent a variety of chemical scaffolds, distinct kinase inhibition profiles, and potentially 323 

diverse mechanisms for promoting neurite outgrowth (Al-Ali et al., 2013b, 2015). In the present 324 

study, we investigated the effect of these representative compounds on S6 phosphorylation, in 325 
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primary hippocampal neurons. We observed that the majority (9/14) of these compounds 326 

induced a significant reduction in S6 phosphorylation at S240/244 (Fig. 1A), sites phosphorylated 327 

exclusively by S6K1/2 (Pende et al., 2004). Interestingly, only 4 of the 14 compounds directly 328 

inhibit S6 kinase activity in enzymatic assays in vitro (Fig. 1B). This finding suggests that some 329 

of the compounds reduce S6K1 phosphorylation of S6 without directly inhibiting the enzyme. 330 

Highly selective S6K1 inhibitor promotes neurite outgrowth 331 

Because the catalytic kinase domains of S6 kinases are structurally similar, most inhibitors of 332 

one S6 kinase tend to inhibit other kinases within the S6 kinase family (Fig. 1B). One 333 

compound, however (PF-4708671), has unusual selectivity for S6K1, both within the group of 334 

S6 Kinases (Pearce et al., 2010a) and across the kinome (Fig. 2A). PF-4708671 was shown to 335 

inhibit S6K1 with > 400 fold selectivity over S6K2 (IC50 0.16 μM vs. 65 μM), and >5-60 fold 336 

selectivity over RSKs and MSKs. Treating cells with 10 μM PF-4708671 strongly inhibits S6K1 337 

activity with no detectable inhibition of RSKs or MSKs, suggesting that intracellular S6K1 is 338 

selectively inhibited at or below that treatment concentration  (Pearce et al., 2010a). We treated 339 

primary hippocampal neurons with PF-4708671 and found that it induced a large increase in 340 

neurite outgrowth relative to DMSO (vehicle) controls, reaching ~200% at 10 μM (Fig. 2B). 341 

Western blot analysis of lysates from neurons treated for 1 hour with PF-4708671 showed a 342 

dose-dependent decrease in S240/244S6 phosphorylation (Fig. 2C,D), which was correlated with 343 

induction of neurite outgrowth (Fig. 2D). With continuous PF-4708671 treatment, S6 344 

phosphorylation remained strongly inhibited for the full duration of the neurite outgrowth assay 345 

(Fig. 2E,F). 346 

SiRNA-mediated knockdown of S6K1 promotes neurite outgrowth 347 

We sought an independent line of evidence that the correlation between S6K1 inhibition and 348 

neurite outgrowth can be attributed to S6K1 itself, rather than to pharmacological linkage within 349 
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the S6 kinase family or another “off target” effect. We previously determined that Accell siRNAs 350 

can be used for efficient protein knockdown in cultured hippocampal neurons (Al-Ali et al., 351 

2015). We therefore used Accell siRNAs directed against S6K1 (α-S6K1 siRNA) and found that 352 

by two days following transfection, S6K1 protein abundance was reduced by ~70% (Fig. 3A,B). 353 

As expected, this was accompanied by a decrease in S6 phosphorylation at S240/244 (Fig.3A,C). 354 

To investigate the effect of S6K1 knockdown on neurite outgrowth, we treated neurons with α-355 

S6K1 siRNA using the same format as the compound screening assay with two modifications: 356 

1) the number of replicates per condition was increased from 2 to 6 to account for variations 357 

inherent to siRNA knockdown experiments, and 2) assay duration was increased from two days 358 

to five days to allow time for protein knockdown to take effect. Consistent with the previous 359 

inhibitor data, S6K1 knockdown led to a significant increase in neurite total length (NTL) 360 

compared to controls (Fig. 3D).  361 

Inhibiting S6K1 in primary neurons induces PI3K signaling and stimulates mTOR activity 362 

Studies in non-neuronal cells have shown that S6K1 inhibits PI3K activity, thus serving as a 363 

negative feedback regulator of the PI3K/mTOR pathway (Zoncu et al., 2011; Shimobayashi and 364 

Hall, 2014). We therefore investigated the effect of S6K1 inhibition on PI3K/mTOR signaling in 365 

neurons. PI3K is recruited to the plasma membrane by a variety of transmembrane receptors 366 

(e.g. insulin or growth factor receptors), where it catalyzes the phosphorylation of 367 

phosphatidylinositol-4,5-bisphosphate (PIP2) into phosphatidylinositol-3,4,5-trisphosphate 368 

(PIP3) (Vivanco and Sawyers, 2002). PIP3 recruits and activates kinases like PDK1 and Akt 369 

through pleckstrin homology domains, allowing PDK1 to phosphorylate and activate Akt at T308 370 

(Sarbassov et al., 2005). PDK1 also phosphorylates S6K1 at T229; however, this step occurs 371 

independent of PIP3, and is therefore not directly regulated by PI3K (Mora et al., 2004). 372 

Activated Akt leads to activation of mTOR complex 1 (mTORC1), composed of mTOR and its 373 

binding partner Raptor (Zoncu et al., 2011). MTORC1 phosphorylates S6K1 at T389, leading to 374 



 

16 
 

its activation (Liu et al., 2010b, 2011). In addition to mTORC1, mTOR forms a second complex 375 

with Rictor, mTOR complex 2 (mTORC2) (Dos et al., 2004). PI3K activity (and PIP3 production) 376 

stimulates mTORC2, which phosphorylates Akt at S473 and facilitates its activation by PDK1 377 

(Sarbassov et al., 2005). PTEN, a dual specificity protein/lipid phosphatase, silences this 378 

pathway by hydrolyzing PIP3 into PIP2 (Song et al., 2012).  379 

Treating hippocampal neurons with 10 μM PF-4708671 rapidly inhibited S6K1 activity (S6 380 

phosphorylation at S240/244; Fig.4 А,B, blue line). A simultaneous increase was observed in 381 

mTORC1 activity (phosphorylation of S6K1 at T389) (Fig. 4A,C). Additionally, PF-4708671 382 

treatment increased activities of PDK1 (Akt phosphorylation at its T308) and mTORC2 (Akt 383 

phosphorylation at its S473) (Fig. 4A,D,E). In agreement with previous work showing that PDK1 384 

phosphorylates S6K1 independent of PI3K (Mora et al., 2004), we did not observe a strong 385 

increase in S6K1 T229 phosphorylation (Fig. 4A).  These results demonstrate that inhibiting S6K1 386 

in neurons induces the PI3K pathway and leads to the activation of both mTOR complexes. 387 

Inhibiting both mTOR complexes abolishes PF-4708671’s effect on neurite outgrowth 388 

To investigate whether mTOR activity is required for neurite outgrowth promotion by PF-389 

4708671, we used two mTOR inhibitors: Rapamycin and Torin-2. Rapamycin is an allosteric, 390 

selective, and specific competitive inhibitor of the mTORC1 (Feldman et al., 2009). Torin-2, on 391 

the other hand, is an ATP-competitive inhibitor of mTOR kinase, and therefore inhibits both 392 

mTORC1 and mTORC2 (Liu et al., 2011). Treating neurons with either Rapamycin (10 nM) or 393 

Torin-2 (10 nM) inhibited mTORC1, which in turn inhibited S6K1 activity (Fig. 4 A,B,C). While 394 

Rapamycin did not inhibit mTORC2, Torin-2 inhibited it as expected (Fig. 4 A,E). Torin-2 also 395 

decreased phosphorylation of Akt at T308, which is likely due to the dependence of PDK1 activity 396 

at this site on prior phosphorylation at S473 (mTORC2’s target site) (Hart and Vogt, 2011).  397 
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Treating neurons with either mTOR inhibitor completely inhibited mTORC1 activity, with Torin-2 398 

additionally inhibiting mTORC2 activity (Fig 4A,C). Treating neurons with PF-4708671 together 399 

with either mTOR inhibitor prevented the PF-4708671-induced spike in mTORC1 activity (PF-400 

4708671 alone vs PF-4708671 + Rapamycin); however, PF-4708671 delayed Rapamycin’s 401 

ability to inhibit mTORC1 activity (PF-4708671 + Rapamycin vs Rapamycin alone) (Fig 4A,C). 402 

This suggests that the rapid activation of mTORC1 induced by PF-4708671 counteracts 403 

pharmacological inhibition of mTORC1. Thus, to ensure complete inhibition of mTOR during 404 

treatment with PF-4708671, we 1) pretreated neurons with the mTOR inhibitors for 1 hr prior to 405 

the treatment with PF-4708671 or 2) co-treated with the mTOR inhibitors at a higher 406 

concentration (100 nM). Pretreating neurons with 10 nM Rapamycin kept mTORC1 activity 407 

below control levels even after addition of PF-4708671 (Fig. 5A,B). Both pretreating and co-408 

treating neurons with 100 nM Rapamycin resulted in strong inhibition of mTORC1 that was not 409 

counteracted by PF-4708671 (Fig. 5A,B). Neither pretreating nor co-treating neurons with 10 nM 410 

Torin-2 inhibited mTORC1 activity below DMSO control levels after addition of PF-4708671 (Fig. 411 

5A,C). With 100 nM Torin-2, however, either pretreatment or cotreatment resulted in complete 412 

inhibition of mTORC1 and mTORC2, which was not counteracted by PF-4708671 (Fig. 5A,C). In 413 

neurons, therefore, treatment with 100 nM Torin-2 appears to be sufficient for fully inhibiting 414 

mTORC1 and mTORC2, and preventing PF-4708671 from countering this inhibition. 415 

We tested the effects of the various treatments in the neurite outgrowth assay. We found that 416 

PF-4708671’s ability to induce neurite outgrowth was partially lost in conditions where strong 417 

inhibition of mTORC1 activity was maintained (pretreatment with 10 nM Rapamycin, pre- or 418 

cotreatment with 100 nM Rapamycin (Fig. 6A,B). In conditions where both mTORC1 and 419 

mTORC2 were strongly inhibited (pretreatment with 10 nM Torin-2, cotreatment with 100 nM 420 

Torin-2), PF-4708671’s effect on neurite outgrowth was completely abolished. These results 421 

suggest that mTOR activity is required for connecting the induction in PI3K signaling to the 422 
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increase in neurite outgrowth, and suggest that mTORC2 has a previously unappreciated role in 423 

this process. 424 

Knockdown of S6 protein promotes neurite outgrowth 425 

Dysregulation of S6 phosphorylation is associated with a number of nervous system disorders 426 

(Biever et al., 2015). Given the strong correlation between decreased S6 phosphorylation and 427 

increased neurite outgrowth in our cells, we sought to explore whether lowering overall levels of 428 

S6 can in itself influence neurite outgrowth. We transfected cells with four different siRNAs 429 

targeting S6, and compared their effects on both S6 expression and neurite outgrowth. Three 430 

out of the four S6 targeting oligos showed a marked decrease in S6 mRNA by 24 hours 431 

following transfection (Fig 7A). The decrease in S6 mRNA levels was correlated with a 432 

significant increase in neurite outgrowth in neurons (Fig 7B,C), suggesting that decreases in S6 433 

levels (and consequently in levels of phosphorylated S6) are causally associated with promotion 434 

of neurite growth. Conversely, neither wildtype S6 nor a phosphorylation-deficient S6 mutant 435 

(Ser235,236,240,244,247 → Ala) altered neurite outgrowth when overexpressed in the neurons (data 436 

not shown). These data suggest that pS6 levels in the cultured neurons are already at 437 

saturating levels, and overexpression sufficient for a dominant negative phenotype is difficult to 438 

achieve. 439 

Selective S6K1 inhibitor promotes regeneration of the corticospinal tract (CST) 440 

To assess the effect of S6K1 inhibition on CST axonal regeneration in vivo, we injected PF-441 

4708671 bilaterally into sensorimotor cortex (the origin of the the CST) immediately after a 442 

C5/C6 dorsal spinal cord hemisection (DH) in adult mice (Fig. 8). The compound was injected at 443 

three different concentrations: 1 mM, 5 mM, and 10 mM, with 10 μl total volume injected per 444 

animal. The anterograde tracer BDA was injected bilaterally into sensorimotor cortex 6 weeks 445 

after the surgery, and 7 sagittal/parasagittal sections of the spinal cord spaced 125 μm apart 446 
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were analyzed (Fig. 9A). The middle section was defined as the one that cut through the central 447 

canal. The other 6 sections were selected at 125, 250, and 375 μm lateral to the middle section 448 

on each side. Figure 9C-F shows BDA (axons) and GFAP (astrocytes) double immunostaining 449 

in the representative sagittal sections in the highest PF-4708671 dose group. A narrow and 450 

delicate lesion gap through the dorsal half of the cord was clearly seen at 8 weeks after DH, 451 

ensuring the completeness of the transection of both the dorsal and lateral CST (Fig. 9 B-D). 452 

We found that highest dose of PF-4708671 promoted considerable regeneration of the BDA-453 

labeled CST axons through and beyond the lesion gap for relatively long distances (>6 mm) 454 

(Fig. 9C-G).  In cross sections of the spinal cord 6-9 mm caudal to the lesion, no labeled CST 455 

fibers in the positions of the dorsal and lateral CSTs could be observed (Fig. 9B), confirming 456 

that both CST projections were completely transected at the lesion site. Importantly, some 457 

regenerating CST axons were seen in the gray matter of the spinal cord in these sections, 458 

indicating that regenerated CST axons extend for a distance of at least 9 mm beyond the site of 459 

dorsal hemisection (Fig. 9B). Regeneration of the CST into the distal host spinal cord can be 460 

further appreciated by Neurolucida reconstruction (Fig. 9G) of a single section shown in Figure 461 

9F. High magnification of the lesion area, boxed in Figure 9C-F, shows clearly the lesion gap 462 

surrounded by reactive astrocytes (Fig. 9C1-F1, GFAP, red). Axonal regeneration through the 463 

lesion and beyond could be appreciated in these high magnification images (Fig. 9C1-F1, blue 464 

arrows). Note that regenerated axons, after penetrating the lesion gap, grew longitudinally within 465 

the gray matter indicating that the gray matter is more permissive for CST growth than the white 466 

matter in this paradigm.               467 

Using BDA and GFAP double immunostaining, we compared regeneration of the CST axons 468 

among different groups (Fig. 10). In the DMSO control group, BDA-labeled CST axons stopped 469 

at the lesion border with few, if any, axons across the lesion gap (Fig. 10, DMSO control). In 470 

each PF-4708671 treatment group, numerous BDA-labeled CST axons were found to 471 
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regenerate through and beyond the lesion gap and elongate within the gray matter of the distal 472 

host spinal cord for considerable distances. Axonal regeneration through the lesion gap in PF-473 

4708671 treated groups could be further appreciated in representative high magnification 474 

images (Fig. 10). Quantification of BDA-labeled CST axons showed that PF-4708671 treatment 475 

significantly enhanced CST axonal regeneration compared to the DMSO control (Fig. 10, 476 

bottom histogram).  The highest dose of PF-4708671 promoted significantly more CST axon 477 

regeneration into the 0-0.5 mm zone than the other PF-4708671 doses. 478 

Selective S6K1 inhibitor enhances functional recovery of mice after dorsal hemisection 479 

of the cervical spinal cord 480 

Multiple behavioral tests were employed to assess forelimb functional recovery after dorsal 481 

hemisection of C5/6 spinal cord: Rotarod, grid-walking, adhesive removal and single pellet tests. 482 

The Rotarod test evaluates forelimb and hindlimb motor coordination and balance. The pre-483 

injury baseline test showed no statistically significant differences among starting groups, and the 484 

average time on the Rotarod was 81.36 s. The time on the Rotarod remarkably decreased after 485 

surgery. At one week after surgery, Rotarod performance was significantly better in all groups 486 

receiving PF-4708671 compared to the control group (Fig.11A; p<0.01). At 2 weeks after 487 

surgery, time on the Rotarod was significantly increased in the 1 mM (p<0.01), 5 mM (p<0.001), 488 

and 10 mM PF-4708671 (p<0.001) groups as compared to the control group. At 4 weeks and 6 489 

weeks after surgery, only the 10 mM PF-4708671 treatment group showed significantly longer 490 

time on the Rotarod compared to the control group (p<0.01). Although there were no statistically 491 

significant differences among the three PF-4708671 treatment groups, time on the Rotarod 492 

showed a dose-dependent trend. These data suggest that PF-4708671 treatment can improve 493 

the forelimb and hindlimb motor coordination and balance of injured mice. 494 
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The grid-walking test examines the animal’s motor, sensory and proprioceptive abilities to place 495 

the front paws on the rungs of a grid during spontaneous exploration. Prior to dorsal 496 

hemisection, mice walked on the grid with about 99.74% accuracy (forelimb dropped below the 497 

grid plane 0.26%). At all observed time points after surgery, the percentage of forelimb drops 498 

dramatically increased in all groups compared with the pre-injury baseline, especially at 3 days 499 

after surgery. There were no statistically significant differences among groups at 3 days or 1 500 

week after surgery (Fig. 11B). At two weeks after surgery, however, all three PF-4708671 501 

groups showed significantly improved forelimb grid-walking function as compared to the control 502 

group (p<0.001).  At 4 weeks after surgery, the percentage of forelimb drops was significantly 503 

decreased in both the 5 mM (p<0.05) and 10 mM (p<0.01) PF-4708671 groups. At 6 weeks 504 

after surgery, the percentage of forelimb drops in the 10 mM PF-4708671 group was still 505 

significantly lower than the control group (p<0.05). These results indicate that PF-4708671 506 

treatment improves long-term motor, sensory and proprioceptive abilities after a cervical dorsal 507 

hemisection. 508 

The adhesive removal test (Bouet et al., 2009) was used to examine paw and mouth sensitivity 509 

(contact time) and dexterity (removal time). At observed time points after surgery, the contact 510 

time and removal time in each group were longer than pre-injury baselines (Fig. 11C-D).  At 1 511 

week, 2 weeks, and 4 weeks after surgery, both contact time and removal time were 512 

significantly shorter in PF-4708671 groups than the control group (Fig. 11C-D), but there were 513 

no significant differences among three PF-4708671 groups. At 6 weeks after surgery, a 514 

significantly shorter contact time was observed in the 5 mM and 10 mM PF-4708671 groups 515 

(Fig. 11C, p<0.05) compared to controls, and a significantly shorter removal time was observed 516 

in the 10 mM PF-4708671 group as compared to the control group (Fig. 11D, p<0.05).  517 

The single-pellet reaching task is a simple repetitive training protocol used to test the precise 518 

and coordinated motor movements of the forelimb. Before surgery, all animals displayed similar 519 
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daily success rates of pellet retrieval (47.02±1.74%, Fig. 11E). Post-operatively, the success 520 

rates of mice in all groups was significantly impaired as compared to baseline of pre-injury. PF-521 

4708671 treated mice showed significant improvement in success rates compared with the 522 

control group at 4 and 6 weeks following injury (Fig. 11E). Notably, the success rates of mice in 523 

the 10 mM PF-4708671 was significantly higher than the 1 mM PF-4708671 group at 6 weeks 524 

post-injury (Fig. 11E, p<0.01). The reach rates in this task were significantly improved in the PF-525 

4708671 treated groups compared to the control group at 1, 2 and 6 weeks after injury (Fig. 526 

11F). Grasp rates were significantly higher than control in the 5 mM and 10 mM PF-4708671 527 

group, but only at 1 week following injury (Fig. 11G, p<0.05). Failed reach rates in each of the 528 

PF-4708671 groups were significantly lower than the control group at 1, 2 and 6 weeks after 529 

injury (Fig. 11H). Thus, treatment of the neurons of origin of the CST with PF-4708671 improved 530 

behavioral recovery  after cervical DH in a dose-dependent manner in a variety of sensorimotor 531 

tasks. 532 

Discussion 533 

Knockdown or genetic deletion of PTEN promotes substantial axon regeneration in an mTOR-534 

dependent manner, both in the optic nerve and in the CST (Park et al., 2008, 2010; Liu et al., 535 

2010a; Zukor et al., 2013; Du et al., 2015). It has therefore been suggested that the activity of 536 

S6K1 – an effector of mTOR - is required for regeneration in this paradigm (Yang et al., 2014). 537 

Nevertheless, experimental results on this point are conflicting (Hubert et al., 2014; Yang et al., 538 

2014). In our study, we found that decreased phosphorylation of S6K1’s substrate, S6, strongly 539 

correlates with promotion of neurite outgrowth in primary neurons treated with a variety of small 540 

molecule kinase inhibitors, and that pharmacological inhibition of S6K1 promotes neurite 541 

outgrowth in primary neurons. Activation of PI3K/mTOR signaling, in response to the release of 542 

S6K1-mediated negative feedback on this pathway, may be driving the induction of neurite 543 
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outgrowth. Consistent with this, we observed that inhibiting S6K1 in neurons induced a rapid 544 

increase in PI3K signaling and led to the induction of both mTORC1 and mTORC2 activities.   545 

Previous studies on S6K1’s role in axon growth/regeneration have led to conflicting conclusions. 546 

It is plausible that this is due to the complexity of S6K1 expression and regulation. 547 

Overexpressing a native form of S6K1 does not readily yield a catalytically active form of the 548 

enzyme (Keshwani et al., 2008). Overexpressing a phosphomimetic mutant kinase (Ma and 549 

Blenis, 2009), co-overexpressing an activating kinase (Keshwani et al., 2008), or 550 

overexpressing a truncated kinase lacking the auto-inhibitory domains (Al-Ali et al., 2007) can 551 

result in a fully catalytically active enzyme; however, these alterations may disrupt regulation 552 

and substrate specificity (Pearce et al., 2010b), potentially distancing the overexpressed kinase 553 

from native biology. We thus chose siRNA-mediated knockdown to obtain independent 554 

evidence on S6K1’s role in the regulation of neurite outgrowth. Consistent with our 555 

pharmacological data, we found that knocking down S6K1 promotes neurite outgrowth.  556 

A variety of experimental approaches has led to the conclusion that mTORC1 activation is a key 557 

element in the induction of axon growth (Park et al., 2010). We therefore investigated whether 558 

mTORC1 activity is required for neurite outgrowth induced by S6K1 inhibition. Indeed, inhibiting 559 

mTORC1 with Rapamycin reduced, but did not completely abolish, the amount of neurite 560 

outgrowth induced by PF-4708671. Inhibiting both mTORC1 and mTORC2 with Torin-2, on the 561 

other hand, completely abrogated PF-4708671’s ability to promote neurite growth. Previous 562 

studies have shown that the mTORC2 regulates actin polymerization and cytoskeletal dynamics 563 

(Jacinto et al., 2004; Angliker and Rüegg, 2013). Mice deficient in mTORC2 exhibit reduced 564 

actin polymerization in the hippocampus and present with disrupted long-term potentiation and 565 

impaired memory (Huang et al., 2013). Our results suggest that mTORC2 may also play a role 566 

in neurite outgrowth and axon regeneration within the PI3K/PTEN network. Multiple effectors 567 

and interaction partners of mTORC2 are known regulators of axon growth and may be involved 568 
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in mediating its effects, including the kinases Akt and PKC, and the GTPase Rac1 (Ng et al., 569 

2002; Sivasankaran et al., 2004; Park et al., 2008; Quinn et al., 2009; Oh and Jacinto, 2011).   570 

The strong regulation of neurite growth by manipulation of S6K1 suggests that phosphorylation 571 

of S6, S6K1’s substrate, is important in neurite outgrowth. Despite the large number of studies 572 

using phosphorylation of S6 as a marker for protein translational activity, the biological 573 

significance of S6’s phosphorylation has remained controversial, suggesting the presence of 574 

complex and likely cell-specific regulatory mechanisms (Magnuson et al., 2012; Biever et al., 575 

2015). S6 phosphorylation was originally proposed to be required for the translation of the so-576 

called TOP mRNAs which encode ribosomal protein and translation factors (Meyuhas and 577 

Dreazen, 2009), but was later found to be merely a correlated event (Patursky-Polischuk et al., 578 

2009). We manipulated intracellular levels of S6 to alter availability of the protein for 579 

phosphorylation, and found that S6 knockdown induced neurite outgrowth in cultured neurons. 580 

While knocking down S6 is not equivalent to specifically decreasing the availability of 581 

phosphorylated S6, it demonstrates that decreasing production of S6 (and presumably, of its 582 

phosphorylated form) can promote neurite outgrowth.   583 

In studies of PTEN knockdown or genetic deletion, activation of mTORC1 is consistently 584 

correlated with activation of S6K1, and with phosphorylation of ribosomal S6. Consequently, S6 585 

phosphorylation has been used as a marker of mTORC1 activation and - by extension – axon 586 

growth ability. Conclusions from these studies, however, are complicated by the fact that some 587 

investigators examined S6 phosphorylation sites that are not exclusive to S6K1 (Biever et al., 588 

2015), while others have not specified which S6 phosphorylation sites were probed. In this 589 

study, we demonstrate that perturbagens that promote neurite outgrowth through inhibition of 590 

S6K1 activity can produce both mTOR activation and a reduction in S6 phosphorylation. We 591 

therefore propose that the mTOR target site on S6K1, T389S6K1, is a more reliable marker for 592 

mTORC1 activation vis-à-vis axon regeneration than is S6 phosphorylation. 593 
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Because inhibiting S6K1 can induce neurite growth in cultured neurons, we investigated the 594 

effect of S6K1 inhibition on axon regeneration (and on behavioral recovery) in vivo, in a dorsal 595 

hemisection model of spinal cord injury. Notably, our model produces a precise and definitive 596 

anatomical lesion that completely transects the dCST and dlCST (Sivasankaran et al., 2004; Liu 597 

et al., 2008; Zhang et al., 2013). Thus, the model can provide clean and definitive anatomical 598 

evidence of CST axonal regeneration. We injected PF-4708671 once,  bilaterally, into 599 

sensorimotor cortex, following a previously established method (Wang et al., 2014). This single 600 

injection had a pronounced effect on CST regeneration across and beyond the lesion gap. 601 

Previously, a single cortical injection of Gö6976, an inhibitor of PKC and other kinases, was 602 

shown to promote CST axonal regeneration and forelimb functional recovery after a C4 dorsal 603 

hemisection in adult rats (Wang et al., 2014). It appears that delivering these kinase inhibitors to 604 

the cell bodies of the CST neurons is important, since Gö6976 delivery to the transected CST 605 

axons at the lesion site did not elicit axonal regeneration after a similar injury (Sivasankaran et 606 

al., 2004; Wang et al., 2014). Supporting the idea that the CST axons in our model were 607 

regenerating, rather than spared, was the fact that caudal to the transection, axons were 608 

observed in the gray matter and not in the dorsal or lateral CST tracts.  This is the same pattern 609 

observed with other treatments that promote CST regeneration, such as PTEN knockout, 610 

PTEN-SOCS3 double knockout, or overexpression of VP16-KLF7 or Sox11 (Blackmore et al., 611 

2012; Du et al., 2015; Jin et al., 2015; Wang et al., 2015). While it is not possible to directly 612 

compare experiments done in different labs, it is intriguing that the density and distance from the 613 

lesion of regenerating CST fibers after a single PF treatment appears to equal or exceed axon 614 

growth observed with PTEN knockout, or with overexpression of VP16-KLF7 or Sox11 (Wang et 615 

al., 2011; Blackmore et al., 2012; Zukor et al., 2013; Jin et al., 2015). In this context, a single 616 

injection of a small molecule inhibitor provides advantages over these direct manipulations of 617 

gene expression, since it is convenient and easier to produce and deliver. 618 
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CST damage in rodents causes deficits primarily in fine control of the forelimbs, which is 619 

required for grasping and holding objects  (Anderson et al., 2007; Courtine et al., 2007). We 620 

performed a variety of behavioral assessments to investigate the recovery of forelimb function 621 

following dorsal spinal hemisection. Using injection of PF-4708671 to inhibit S6K1, we found 622 

improvements in functional outcomes for tests of pellet retrieval, grid walking, Rotarod, and 623 

adhesive removal, with clear evidence of a dose-reponse relationship. These tasks measure 624 

different aspects of sensorimotor function, suggesting that S6K1 inhibition in corticospinal 625 

neurons helps to rebuild the neural network controlling forelimb movements. Because a number 626 

of the functional improvements associated with PF-4708671 administration were evident as 627 

early as 1 week after injury, the relationship between regeneration of CST axons beyond the 628 

injury site and recovery of function may be complex and multifactorial.  629 

The fact that single PF-4708671 injections into sensorimotor cortex allow extensive axon growth 630 

beyond a spinal cord lesion raises the possibility that strong inhibition of S6K1 (and activation of 631 

mTOR) produces long-term changes in the intrinsic state of the CST neurons. Indeed, activation 632 

of the mTOR pathway, in addition to effects on protein synthesis, is known to affect gene 633 

transcription by a variety of mechanisms (Laplante and Sabatini, 2013). It may be that treatment 634 

of cortical projection neurons with PF-4708671 can lead to sustained changes in transcription 635 

factor activity and/or in epigenetic regulation. If so, it would be important to understand the 636 

mechanisms underlying these longer-term changes.  637 

While our data provide specific evidence on S6K1’s involvement in regulating axon growth, we 638 

cannot rule out a role for S6K2. Under normal conditions, S6K1 and S6K2 have distinct 639 

biological roles and subcellular localization patterns (Pardo and Seckl, 2013). However, 640 

knockout studies suggest that the two isoforms have overlapping functions, and that S6K2 can 641 

partially compensate for the S6K1 deletion (Pende et al., 2004). It will be interesting to 642 

investigate whether S6K2 can compensate for S6K1 inhibition in the context of axon growth 643 
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promotion, and whether simultaneous targeting of both isoforms is required for long term 644 

treatment efficacy.  645 

A potential advantage of targeting S6K1, compared to pharmacological or genetic inhibition of 646 

PTEN, is that it can induce mTOR activation and transient increases in axon growth and 647 

regeneration, without the potentially tumor-promoting effects of PTEN inactivation (Song et al., 648 

2012). The potential use of S6K1 inhibitors as drugs for neurodegeneration is further 649 

encouraged by the fact that S6K1 inhibitors are in phase III clinical trials for other non-650 

oncological indications, such as liver cirrhosis and insulin resistance (Hameed and Terrault, 651 

2016). Our results, taken together, implicate S6K1 as a potential target for drugs that improve 652 

axon regeneration and functional recovery following CNS injury.   653 
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 878 

 879 

 880 

FIGURE LEGENDS 881 

Figure 1. Ribosomal S6 protein phosphorylation is reduced by most kinase inhibitors 882 

that promote neurite outgrowth in primary hippocampal neurons. A) Fourteen small-883 

molecule kinase inhibitors were selected, from a set of neurite outgrowth-promoting compounds, 884 

to represent distinct chemical scaffolds and diverse kinase activity profiles (Al-Ali et al., 2015). 885 

Neurons were treated with the compounds at 1 μM (or DMSO vehicle as a control) for 10 hours 886 

prior to lysis and analysis by western blotting. Most compounds (9/14) resulted in significantly 887 

reduced S6 phosphorylation (relative to DMSO control) at Serine240/244, the substrate site for 888 

S6K1, and 4 others exhibited a trend towards reduced S6 phosphorylation. Mean ± SEM; n = 4 889 

experimental replicates from two separate preparations of primary neurons. * p < 0.05, ** p < 890 

0.01, *** p < 0.001, one-way ANOVA with Dunnett’s multiple comparisons test. B) In vitro kinase 891 

activity assays for RSK1 (RPS6KA1), RSK3 (RPS6KA2), RSK2 (RPS6KA3), MSK1 (RPS6KA4), 892 

MSK2 (RPS6KA5), RSK4 (RPS6KA6), and S6K1 (RPS6KB1) with the 14 representative 893 

compounds. Increasing inhibition is indicated by increased intensity of yellow. Only four of the 894 

compounds directly inhibited catalytic activity of S6 kinases in vitro (red arrow heads). 895 

Figure 2. A selective S6K1 inhibitor promotes neurite outgrowth in primary hippocampal 896 

neurons. A) in vitro kinase inhibition profiling of PF-4708671 with a panel of 200 kinases (Al-Ali 897 

et al., 2015) shows activity against S6K1 and its isoform S6K2, and little to no activity against 898 
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other kinases, including other members of the RPS6K family of kinases. B) Hippocampal 899 

neurons treated with 10 μM PF-4708671 for 48 hours (right) show longer neurites than those 900 

treated with vehicle (left). Green, βIII-tubulin immunostaining; Blue, nuclear stain. Scale bar = 50 901 

μm. C) Western blot of cell lysates from neurons treated for 1 hrs with PF-4708671 at the 902 

indicated concentrations. D) Red circles: Quantification of neurite total length (NTL) of neurons 903 

treated with PF-4708671 expressed as % of DMSO controls. Neurons were treated at the 904 

indicated concentrations for 48 hours. Mean ± SEM; n = 3 separate preparations of 905 

hippocampal neurons with 3 experimental replicates for each. Blue squares: Quantification of 906 

phospho S6 to pan S6 levels in C expressed as % DMSO control. Mean ± SEM. E) Western blot 907 

of cell lysates from neurons treated for the indicated times with DMSO or 10 μM PF-4708671. F) 908 

Blue squares: Quantification of phospho- to pan-S6 band intensities in E and expressed as % of 909 

DMSO control. Mean ± SEM; n = 3 experimental replicates from a single preparation of primary 910 

neurons. 911 

Figure 3. siRNA mediated knockdown of S6K1 promotes neurite outgrowth in primary 912 

hippocampal neurons. A) Western blot of cell lysates (3 days post transfection) from neurons 913 

transfected with S6K1-targeting or scrambled siRNAs. B, C) Quantification of A expressed as % 914 

of scramble control. Mean ± SD. D) Quantification of neurite total length (NTL) in neurons 915 

transfected for 5 days with α-S6K1 siRNA or scrambled control. Mean ± SEM; n = 6 916 

experimental replicates from a single preparation of primary neurons. ** p < 0.01, *** p < 0.001, 917 

Student’s t-test, one-tailed. 918 

Figure 4. PF-4708671 induces PI3K signaling and stimulates mTORC1 and mTORC2 919 

activities in primary hippocampal neurons. A) Western blot of cell lysates from neurons 920 

treated with PF-4708671, Rapamycin, and Torin-2, individually or in combination for the 921 

indicated times. B,C,D,E) Quantification of band intensities in A expressed as % of DMSO 922 

controls (dashed lines). Mean ± SEM; n = 3 experimental replicates from 3 separate 923 
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preparations of primary neurons.  924

Figure 5. Treatment with mTOR inhibitors counteracts mTORC1 and mTORC2 induction 925

by PF-4708671. A) Western blot of cell lysates from neurons treated with DMSO or PF-926

4708671, PF-4708671 plus Rapamycin (cotreated), PF-4708671 plus Torin-2 (cotreated), 927

Rapamycin then PF-4708671 (pretreated), or Torin-2 then PF-4708671 (pretreated) at the 928

indicated concentrations for 1 hour. B,C) Quantification of band intensities in A expressed as % 929

of DMSO controls (dashed lines). Mean ± SD; n = 2-3 experimental replicates from a single 930

preparation of primary neurons.  931

Figure 6. Inhibiting both mTORC1 and mTORC2 abolishes neurite outgrowth promotion 932

by PF-4708671. Quantification of Neurite Total Length (NTL) from neurons treated with PF-933

4708671 alone, Rapamycin or Torin2 alone, pre-treated with Rapamycin or Torin-2 prior to 934

treatment with PF-4708671, or co-treated with Rapamycin or Torin-2 in combination with PF-935

4708671, expressed as % of DMSO controls (dashed lines). Mean ± SEM; n > 15 technical 936

replicates. * p < 0.05, ** p < 0.01, *** p < 0.001, one-way ANOVA with Dunnett’s multiple 937

comparisons test (treatment vs DMSO control). ## p < 0.01, ### p < 0.001, one way ANOVA 938

with Tukey’s multiple comparisons test. 939

Figure 7. Ribosomal S6 protein knockdown induced neurite outgrowth. A) qPCR 940

quantification of S6 mRNA in neurons treated (24 hrs) with four different S6-targeting siRNAs or 941

-S6 siRNAs 2-4 significantly reduced S6 mRNA 942

levels. B,C)  Quantification of neurite total length (NTL) and Length of the longest neurite 943

(LOLN) in neurons transfected for 5 days with α-S6 siRNA, expressed as % relative to 944

-S6 siRNAs 2-4 significantly increased LOLN, and 2-3 945

significantly increased NTL. Mean ± SEM; n = 4 experimental replicates from a single 946

preparation of primary neurons. * p < 0.05, ** p < 0.01,*** p < 0.001, one-way ANOVA with 947

Dunnett’s multiple comparisons test. 948
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Figure 8. Experimental design of in vivo injury model and compound injection. A) 949 

Schematic drawing of the timeline, procedures, and behavior assessments. B) Schematic 950 

drawing of the tracing of dorsal (purple) and lateral (green) corticospinal tract (CST) from the 951 

motor cortex down to the spinal cord. A dorsal hemisection was made at the C5/6 level that 952 

completely transected both the dorsal and lateral CST. In this lesion model, the dorsolateral 953 

portion of the lateral funiculus remained intact to facilitate animal survival after the cervical 954 

injury. Regeneration of CST axons (red) caudal to the injury were examined up to 9 mm from 955 

the lesion site. C-D) After PF-4708671 and BDA injections at two different time points, a coronal 956 

section of the brain shows an injection site with BDA labeling (C, arrow). NeuN staining of the 957 

Layer V motoneurons showed that the NeuN+ motoneurons remained intact at the injection site 958 

(D). GFAP staining shows that the injections did not trigger strong astrocytic glial responses 959 

(arrow) at the site ofPF-4708671/BDA injections (E). These observations can be further 960 

appreciated in a merged image (F). Abbreviations: BDA – biotinylated dextran amine, GFAP – 961 

glial fibrillary acidic protein; NeuN – neuronal nuclei.   962 

Figure 9. PF-4708671 promoted robust axonal regeneration of the CST through and 963 

beyond the dorsal hemisection. A) A cross section of the cervical spinal cord shows bilateral 964 

distribution of BDA-labeled main CST tracts (both dorsal and lateral) and their sprouting into the 965 

spinal gray matter. Red lines demarcate sagittal/parasagittal sections spaced 125 μm apart. B) 966 

A cross section of caudal spinal cord segment 9 mm distal to the injury shows a lack of BDA 967 

labeling in the dorsal and lateral CSTs, indicating that these tracts were completely transected 968 

at C5/6. Note that some regenerated CST axons were found in the gray matter of the spinal 969 

cord (arrows), indicating that these axons extended for a distance of up to 9 mm beyond the 970 

injury site. C-F) Parasagittal sections of the spinal cord, 125 μm apart, from the same animal 971 

that received 10 mM PF-4708671 show CST axonal regeneration across and beyond the lesion 972 

gap. The regenerated axons elongated within the distal spinal gray matter for considerable 973 
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distances (blue arrows). G) Neurolucida reconstruction of the single section from F shows the 974 

lesion gap far beyond the main dorsal CST (between two arrows). Varicosities of regenerated 975 

CST axons extended within the distal spinal gray matter for considerable distances. C1-F1) 976 

High magnification of the lesion area, boxed in C-F, show clearly the lesion gap (dashes line) 977 

surrounded by relatively mild astroglial responses (GFAP-IR, red, zigzag arrows). Axonal 978 

regeneration through the narrow lesion gap and beyond could be clearly seen (blue arrows). 979 

Notably, the Vibraknife cut produced a complete and deep dorsal hemisection ensuring the 980 

transection of all CST axons at this level. Scale bars: A-B=200 μm; C-F=400μm, C1-F1=100μm. 981 

Figure 10. Concentrations of PF-4708671 from 1-10 mM increase CST regeneration after a 982 

C5/6 dorsal hemisection. A) In the DMSO control group, BDA-labeled CST axons stopped at 983 

the lesion border (DMSO control). In all the 3 PF-4708671 treatment groups (1, 5, 10 mM PF-984 

4708671), numerous BDA-labeled CST axons were found to regenerate through and beyond 985 

the lesion gap and elongated within the distal spinal cord gray matter for considerable 986 

distances. High magnifications of boxed areas in representative sections show CST axonal 987 

regeneration across the lesion gap only in the PF-4708671 treated groups. Neurolucida 988 

drawings under the same representative images of the 4 experimental groups show detailed 989 

growth patterns of the CST axons across and beyond the lesion gap. The bottom graph shows 990 

quantitative analysis of BDA-labeled CST axons regenerated at different distance zones from 991 

the lesion site. In general, PF-4708671 significantly enhanced CST axonal regeneration beyond 992 

the lesion gap.  10 mM PF-4708671 promoted higher numbers of regenerative axons at different 993 

zones distal to the injury but a statistically significant difference was only found at the 0-0.5 mm 994 

zone as compared to the 1 and 5 mM PF-4708671 groups. Mean ± SEM; * p < 0.05, ** p < 0.01, 995 

*** p < 0.001, two-way repeated measures ANOVA with Bonferroni post-test.   996 

Figure 11. PF-4708671 enhanced functional recoveries of mice after a C5/6 dorsal 997 

hemisection.  Rotarod (A) forelimb drops at grid-walking (B) adhesive removal (C, D) and pellet 998 
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retrieval (E-H) show improved behavioral recoveries in groups treated with 1, 5, and 10 mM PF-999 

4708671, as compared to the control groups. At one or more time points for several tests, 10 1000 

mM PF-4708671 showed significant differences from control when 1 mM and 5 mM treatments 1001 

did not (e.g., Rotarod at 4 and 6 wks). Mean ± SEM; * p < 0.05, ** p < 0.01, *** p < 0.001, two-1002 

way repeated measures ANOVA with Bonferroni post-test. 1003 
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