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SUMMARY

Signal transducer and activator of transcription 3
(STAT3) is a transcription factor central to axon re-
growth with an enigmatic ability to act in different
subcellular regions independently of its transcrip-
tional roles. However, its roles in mature CNS neu-
rons remain unclear. Here, we show that along with
nuclear translocation, STAT3 translocates to mito-
chondria in mature CNS neurons upon cytokine stim-
ulation. Loss- and gain-of-function studies using
knockout mice and viral expression of various
STAT3 mutants demonstrate that STAT30s transcrip-
tional function is indispensable for CNS axon re-
growth, whereas mitochondrial STAT3 enhances
bioenergetics and further potentiates regrowth.
STAT30s localization, functions, and growth-promot-
ing effects are regulated by mitogen-activated pro-
tein kinase kinase (MEK), an effect further enhanced
by Pten deletion, leading to extensive axon regrowth
in the mouse optic pathway and spinal cord. These
results highlight CNS neuronal dependence on
STAT3 transcriptional activity, with mitochondrial
STAT3 providing ancillary roles, and illustrate a crit-
ical contribution for MEK in enhancing diverse
STAT3 functions and axon regrowth.
INTRODUCTION

The central nervous system (CNS) is composed of distinct

neuronal types,most of which fail to regenerate after injury.While

significant progress has beenmade in identifying genes involved

in regulating axon regrowth, the mechanisms underlying regen-

eration failure remain elusive (Case and Tessier-Lavigne, 2005;

Cregg et al., 2014; Huebner and Strittmatter, 2009; Sun and

He, 2010). The interleukin-6 (IL-6) family of cytokines promotes
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axon regeneration (Cafferty et al., 2004; Cao et al., 2006; Leaver

et al., 2006; Leibinger et al., 2009; M€uller et al., 2009; Pernet

et al., 2013a; Zigmond, 2011), and identification of downstream

molecules that mediate cytokines’ actions in neurons has pro-

vided some insights into signaling pathways and neuron-intrinsic

molecular mechanisms that regulate axon regeneration process.

The IL6 family of cytokines activates many signaling molecules,

triggered by dimerization of gp130 and phosphorylation of Janus

kinases (JAKs). These proteins serve as docking sites for several

adaptors that link the receptor to signal transducer and activator

of transcription (STAT), mitogen activated protein (MAP) kinases,

and PI3K/Akt (Ernst and Jenkins, 2004). In addition, they activate

other central regulators of cell growth including mammalian

target of rapamycin (mTOR), nuclear factor kB (NF-kB), and

Yes-associated protein (YAP) (Gallagher et al., 2007; Saleh

et al., 2013; Smith et al., 2009; Taniguchi et al., 2015). However,

activating these target modules individually in neurons results in

only limited regeneration (Pernet et al., 2005, 2013b), indicative

of multifaceted mechanisms that mediate axon regeneration.

Signal transducer and activator of transcription 3 (STAT3) is a

transcription factor involved in many biological processes. Ge-

netic and pharmacological inhibition of STAT3 reduces axon

regeneration both in central and peripheral nervous systems

(Bareyre et al., 2011; Leibinger et al., 2013), demonstrating its

role in promoting axon regeneration. Most of STAT30s functions

are attributed to transcriptional regulation. However, recent

studies have demonstrated that STAT3 can also function outside

the nucleus; STAT3 proteins are found in themitochondria where

they locally regulate metabolic functions in non-neuronal cells

(Gough et al., 2009; Wegrzyn et al., 2009). In vitro cytoplasmic

STAT3 is required for ciliary neurotrophic factor (CNTF)-induced

axon growth in embryonic neurons (Selvaraj et al., 2012), andmi-

tochondrially localized STAT3 promotes neurite outgrowth in

PC12 cells (Zhou and Too, 2011). Intriguingly, these studies indi-

cated that the transcriptional activity of STAT3 is not required for

these axon growth-promoting effects. Conversely, both nuclear

and cytoplasmic STAT3 are required to induce axon growth in

peripheral neurons (Pellegrino and Habecker, 2013), indicating

that the mechanisms by which STAT3 promotes axon growth
creativecommons.org/licenses/by-nc-nd/4.0/).
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might be different among distinct cell types and under different

conditions. It is unclear whether STAT30s transcription-indepen-
dent functions are broadly involved in different systems and

whether they play a role in axon regeneration in the mature

CNS. Here, we examine STAT30s transcription-independent

roles in adult CNS neurons. Our study shows that STAT3 local-

izes to both nucleus and mitochondria in adult retinal ganglion

cells (RGCs) in response to cytokine, and enhancing STAT30s
transcription activity and localization to mitochondria together

improves optic nerve regeneration. Further, STAT30s transcrip-

tion activity, mitochondrial localization, and growth promoting

effects are enhanced by mitogen-activated protein kinase

kinase (MEK), an effect further enhanced by Pten deletion with

extensive axon regrowth in mouse optic pathway and spinal

cord. These results establish STAT30s transcription-dependent

and -independent contributions to promoting axon regrowth in

themature CNS and suggest that MEK enhancement of STAT30s
versatile functions is integral in this function.

RESULTS

CNTF Induces Phosphorylation and Translocation of
STAT3 to Distinct Subcellular Regions in CNS Neurons:
MEK-Dependent Translocation of STAT3 in
Mitochondria
To gain insights into STAT30s mode of action and its potential

regulators in promoting axon regeneration in mature CNS neu-

rons, we examined activation status of STAT3 and several other

key factors linked to cytokine-induced cell growth (Ernst and

Jenkins, 2004; Gallagher et al., 2007; Taniguchi et al., 2015) in

postmitotic postnatal (P) 3 cortical neurons following CNTF treat-

ment. Elevating CNTF levels promotes axon regeneration in vivo

and increases neurite outgrowth in vitro (Gallagher et al., 2007;

Leaver et al., 2006; Pernet et al., 2013a; Selvaraj et al., 2012;

Smith et al., 2009; Sun et al., 2011). As expected, addition of re-

combinant CNTF (rCNTF) led to rapid activation of STAT3 (Fig-

ure S1); the levels of STAT3 phosphorylation at serine 727

(S727) and tyrosine 705 (Y705) remained elevated for at least

20 hr after adding rCTNF. Similarly, the level of ERK phosphory-

lation rapidly increased before returning to the basal level. The

level of phosphorylated S6 (pS6), an indicator of mTOR activity,

moderately increased in the absence of Akt activation. No

obvious change was detected for IkBa, YAP, and b-catenin (Fig-

ure S1). To further examine STAT30s mode of action in CNS neu-

rons, we investigated STAT3 expression in adult RGCs. In

response to growth factors, STAT3 is phosphorylated at Y705

and S727, binds to DNA, and regulates transcription. Consis-

tently, immunohistochemistry shows that intravitreal injection

of adeno-associated virus (AAV) expressing the secretable

form of CNTF (Leaver et al., 2006) (AAV-CNTF), known to

promote RGC axon regeneration (Leaver et al., 2006; Pernet

et al., 2013a), elevates the levels of phosphorylated STAT3

(pSTAT3) at both Y705 and S727 in RGCs (Figure 1A). Notably,

however, we observed that the cellular localization patterns of

pSTAT3(Y705) and pSTAT3(S727) are distinct; pSTAT3(Y705)

seems to localize exclusively in the nucleus whereas

pSTAT3(S727) is also found in the cytoplasm and RGC pro-

cesses (Figure 1A). Are there functional roles for STAT3 proteins
located outside RGC nucleus? Since past studies have shown

mitochondrial STAT30s ability to promote neurite growth, and

translocation of STAT3 to mitochondria requires phosphoryla-

tion at S727 (Gough et al., 2009; Tammineni et al., 2013;Wegrzyn

et al., 2009), we examined whether STAT3 translocates to mito-

chondria in RGCs after CNTF treatment. First, we used confocal

microscopy and quantified the levels of pSTAT3(S727) co-local-

izing with the mitochondrial protein ATP synthase b (ATPsynb).

Compared to controls, there was a significant increase in the

pSTAT3(S727)/ATPsynb co-localization in RGCs in CNTF-

treated retina (Figures 1B and 1C), indicative of STAT3s’s pres-

ence in RGC mitochondria. Additionally, we examined STAT30s
subcellular localization using ascorbate peroxidase (APEX) pro-

tein-tagging technique. APEX is a monomeric peroxidase that

endures strong electron microscope fixation, preserving ultra-

structural details (Martell et al., 2012). At electron microscope

(EM) level, STAT3 is detected in inner mitochondrial membrane

in CNTF-treated cortical neurons (Figure 1D). Since phosphory-

lation at the S727 residue is critical for STAT3 mitochondrial

localization (Gough et al., 2009; Tammineni et al., 2013), and

CNTF induces activation of ERK (Figure S1), a protein kinase

shown to cause S727 phosphorylation (Zhou and Too, 2011),

we examined whether MEK (the upstream activator of ERK)

induces STAT3 phosphorylation and translocation to mito-

chondria. Pharmacological MEK inhibitors almost completely

blocked ERK phosphorylation and CNTF-mediated STAT3

S727 phosphorylation in cortical neurons. In contrast, pSTAT3

(Y705) level was not affected by these inhibitors (Fig-

ure 1E). Additionally, subcellular fractionation reveals that total

STAT3 and pSTAT3(S727) levels in the mitochondria increased

�2- and 2.5-fold, respectively, after CNTF treatment (Figures

1F and 1G). Increases in the level of total STAT3 (but not

pSTAT3(S727)) were also detected in the nuclear fraction but

only after exposing the film for a prolonged period (Figure 1F).

Refamitinib (MEK inhibitor) significantly reduced the amounts

of pSTAT3(S727) and total STAT3 in the mitochondria (Figures

1F and 1G). Together, these data demonstrate that CNTF pro-

motes phosphorylation and translocation of STAT3 to both the

nuclei and mitochondria in post-mitotic CNS neurons and sug-

gests that mitochondrial presence of STAT3 is MEK-dependent.

DNA Binding Domain of STAT3 Is Essential for
CNTF-Induced RGC Axon Regeneration
Translocation of STAT3 to different subcellular locations in RGCs

raises a question of the extent to which the transcriptional activ-

ity-dependent (nuclear) and -independent functions of STAT3

contribute to promoting CNS axon regeneration. To examine

this question, we designed an optic nerve regeneration experi-

ment using Stat3f/f mice crossed to R26-tdTomato reporter

(Stat3f/f;R26-tdTomato) in which Stat3 null RGCs can be created

and STAT3 expression reconstituted with AAV2 expressing

various STAT3 mutants (Figure 2A). Intravitreal injection of

AAV-Cre in this mouse line results in concomitant Stat3 deletion

and tdTomato-labeling in transduced cells. We injected AAV-Cre

together with AAV expressing either wild-type STAT3 (STAT3wt)

or DNA-binding mutant version of STAT3 (STAT3dbm) (Table S1)

(Bromberg et al., 1998, 1999; Horvath et al., 1995) inStat3f/f;R26-

tdTomato mice. Five days later, animals received optic nerve
Cell Reports 15, 398–410, April 12, 2016 399



Figure 1. CNTF Induces Phosphorylation

and Translocation of STAT3 Proteins to

Distinct Subcellular Regions: MEK-Depen-

dent Mitochondrial Translocation

(A) Retinal sections showing the levels of

pSTAT3(Y705) and pSTAT3(S727) immunoreac-

tivity (red) in RGCs (i.e., labeled with the TUJ1

antibody, green) 2 weeks following intravitreal

AAV-GFP (‘‘control’’) or AAV-CNTF injection

(‘‘CNTF’’). DAPI in blue. Arrow, RGC process.

Scale bar, 20 mm.

(B) Single plane confocal image showing co-

labeling of mitochondrial protein ATPsynb and

pSTAT3(S727) in RGCs in AAV-CNTF-treated

retina. Scale bar, 20 mm.

(C) Quantification of pSTAT3(S727) and ATPsynb

co-localization. For each retina, 15–20 individual

RGCs were measured, and three retinas were

analyzed per group. Value of the control group

(AAV-GFP) is represented as 100%. **p < 0.01 by

unpaired Student’s t test.

(D) Upper left: bright field image showing a P3 rat

cortical neuron transfected with APEX-STAT3,

(green arrow head) and an untransfected cell (red

arrow head). Bottom left: electron micrographs of

a neuron transfected with APEX-STAT3 treated

with recombinant CNTF (rCNTF; 50 ng/ml); the

inset is a magnification of the white boxed area,

showing mitochondria. Upper right: APEX-STAT3

without rCNTF. Bottom right: HA-APEX with

rCNTF. DAB signal is detected in the inner mem-

brane (red arrow) of mitochondria in APEX-STAT3

cells. On the other hand, while DAB signal is found

throughout the cytoplasm, it is not detected in the

mitochondria of HA-APEX cells. Scale bars, low

magnification, 1 mm; inset, 100 nm.

(E) Western blot of P3 rat cortical neurons under

various conditions; no treatment, treated with

rCNTF (50 ng/ml) alone or with MEK inhibitors

U0126 (5 mM) or refamitinib (Refm, 5 mM), or

vehicle (Veh, DMSO) for 1 hr. The control (‘‘cntrl’’)

group received neither rCNTF nor MEK inhibitors.

(F) Representative western blot of fractionation-

derived nuclear, cytosolic, and mitochondrial

proteins from rat P3 cortical neurons showing the

levels of STAT3 protein expression 4 hr after

rCNTF (50 ng/ml). Total STAT3 and pSTAT3(S727)

are increased in the mitochondria after rCNTF.

Increases in the level of total STAT3 (but not

pSTAT3(S727)) were also detected; data shown

are result of 15-s exposure for the cytosol and

mitochondrial fractionations and 1-min exposure for the nuclear fraction. Voltage-dependent anion channel (VDAC)mitochondrial marker, nucleolin (NCL) nuclear

marker, and vinculin (VCL) cytosolic marker were used to verify the relative purity of fractionated proteins.

(G) Densitometric quantification of mitochondrial STAT3 levels in western blot normalized against VDAC. Both the total and pSTAT3(S727) protein levels are

increased inmitochondria after rCNTF treatment, an effect that was reduced by refamitinib. Value for the control group is represented as 100%. Values aremeans

obtained from at least six biological replicates. *p < 0.05, **p < 0.01 by one-way ANOVA followed by Dunnett’s test.

See also Figure S1.
crush. This injection scheme (Figure 2A) allows the onset of Stat3

ablation in adult RGCs without the tdTomato presence in the

optic nerve before the injury (Sun et al., 2011), thus allowing

tdTomato labeling only in regenerating and not in degenerated

axons. Immediately after injury, animals also received injection

of either AAV-GFP or AAV-CNTF. At 19 days post-injury, we

examined the extent of tdTomato-labeled (i.e., Stat3 knockout
400 Cell Reports 15, 398–410, April 12, 2016
[KO]) regenerating axons. Consistent with the previous studies

(Park et al., 2008; Sun et al., 2011), AAV-Cre injection infected

the majority of RGCs (�90%) as evident by Cre and tdTomato

immunoreactivity in the R26-tdTomato mice (Figure 2B). In

mice without Stat3 deletion, AAV-CNTF resulted in significant

RGC axon regeneration (Figures 2C and 2D).Stat3 deletion com-

pletely eliminated CNTF-induced regeneration. Reconstituting



Figure 2. DNA Binding Domain of STAT3 Is

Essential for CNTF-Induced RGC Axon

Regeneration

(A) Time line of STAT3 in vivo rescue experiment.

AAV-Cre together with either AAV-GFP or AAV

vectors carrying different versions of STAT3

were injected intravitreally in R26-tdTomato or

Stat3f/f;R26-tdTomato mice. Five days later, ani-

mals received optic nerve crush plus AAV-GFP or

AAV-CNTF injection.

(B) Whole-mount retinal staining showing Cre,

tdTomato, and TUJ1 immunoreactivity 2 weeks

after AAV-Cre injection in a R26-tdTomatomouse.

Scale bar, 100 mm.

(B0) Higher magnification of the boxed area in (B).

Scale bar, 20 mm.

(C) Representative optic nerve sections showing

the degree of axon regeneration following various

treatments. Axons are labeled with tdTomato

via Cre recombination in Stat3f/f;R26-tdTomato

or R26-tdTomato mice. STAT3wt, but not

STAT3dbm, rescues AAV-CNTF-induced regen-

eration. Red asterisks, lesion site. Scale bar,

100 mm.

(D) Quantification of tdTomato-labeled regenerat-

ing axons in various animal groups; ‘‘GFP,’’ AAV-

Cre/AAV-GFP co-injected R26-tdTomato mice.

‘‘CNTF + GFP,’’ AAV-Cre/AAV-GFP co-injected

R26-tdTomato mice with AAV-CNTF injection at

the time of injury. ‘‘STAT3 KO + CNTF + GFP,’’

AAV-Cre/AAV-GFP co-injected Stat3f/f;R26-

tdTomato mice with AAV-CNTF injection at the

time of injury. ‘‘STAT3 KO + CNTF + STAT3wt,’’

AAV-Cre and AAV-STAT3wt co-injected Stat3f/f;

R26-tdTomato mice with AAV-CNTF injection at

the time of injury. ‘‘STAT3 KO + CNTF +

STAT3dbm,’’ AAV-Cre and AAV-STAT3dbm co-

injected Stat3f/f;R26-tdTomato mice with AAV-

CNTF injection at the time of injury. n = 5 animals/

group. ***p < 0.001 compared to the ‘‘GFP group’’

using two-way repeated-measures ANOVA fol-

lowed by Bonferroni post-test.

(E) Whole-mount retinal immunohistochemistry

showing transduction efficacy of AAV- STAT3wt

and AAV-STAT3dbm in RGCs. C57BL/6 mice

received intravitreal AAV injection and the tissues

were analyzed 2 weeks later. Approximately 60%

of RGCs (TUJ1+, green) are transduced as evident

by STAT3 immunoreactivity (red) compared to

undetectable STAT3 seen in the AAV-GFP injected

retina. Scale bar, 20 mm.

See also Figure S2 and Table S1.
Stat3 KO-RGCs with STAT3wt (i.e., with AAV-STAT3wt) rescued

CNTF-induced regeneration. In contrast, AAV-STAT3dbm failed

to rescue regeneration (Figures 2C and 2D). Using qRT-PCR, we

validated that STAT3dbm is transcriptionally inactive as it does

not increase the expression of Socs3 (data not shown), a prom-

inent STAT3 target gene. RGC transduction efficiency was

�60% for both AAV-STAT3wt and AAV-STAT3dbm (Figure 2E).

Additionally, we assessed RGC survival. The increase in RGC

survival induced by CNTF is reduced by Stat3 deletion. Recon-

stitutionwith STAT3wt, but not with STAT3dbm, rescuedCNTF’s

RGC survival effect (Figures S2A and S2B). Together, these data

establish that the DNA binding domain of STAT3 is essential for
CNTF-induced RGC axon regeneration, strongly suggesting a

requirement for transcriptional activity.

Mitochondrial STAT30s Involvement in CNS Axon
Regeneration
While our data point to a requirement for STAT30s transcriptional
function, distribution of phosphorylated STAT3 proteins in the

RGC cytoplasm suggests that non-nuclear STAT3 may addition-

ally facilitate regeneration. To directly evaluate the role of mito-

chondrial STAT3 in RGC axon regeneration, we generated AAV

expressing the DNA binding mutant form of STAT3, that also

contains a mitochondrial targeting sequence (STAT3mts) taken
Cell Reports 15, 398–410, April 12, 2016 401



Figure 3. Site-Specific STAT3 Effects: Mito-

chondrial STAT3 Facilitates Axon Regener-

ation in the Presence of STAT3ca

(A) Time line of the experiment.

(B) Representative optic nerve sections showing

the degree of axon regeneration in animals

treated with either AAV-GFP, AAV-STAT3ca, or

AAV-STAT3mts alone, or AAV-STAT3ca/AAV-

STAT3mts together 2 weeks prior to injury. Axons

are anterogradely labeled by CTB. Red asterisks,

lesion site. Scale bar, 100 mm.

(C) Quantification of CTB-labeled regenerating

axons in various animal groups (AAV-GFP, AAV-

STAT3wt, AAV-STAT3ca, or AAV-STAT3mts

alone, or AAV-STAT3ca/AAV-STAT3mts). n = 4–7

animals/group. *p < 0.05, ***p < 0.001, ****p <

0.0001 by two-way repeated-measures ANOVA

followed by Bonferroni post-test.

(D) Whole-mount retinal immunohistochemistry

showing transduction efficacy of AAV-STAT3ca

and AAV-STAT3mts. AAVwas injected in adult WT

mice, and retinas were removed 2 weeks post-

injection. Approximately 60% of RGCs (TUJ1+,

green) are transduced as evident by STAT3

immunoreactivity (red) compared to undetectable

STAT3 seen in the AAV-GFP injected retina. Scale

bar, 20 mm.

(E) Representative retinal whole-mount images

with TUJ1 staining at 2 weeks post-injury in ani-

mals subjected to either AAV-GFP, AAV-STAT3ca

or AAV-STAT3mts alone, or AAV-STAT3ca/AAV-

STAT3mts. Scale bar, 20 mm.

(F) Quantification of RGC survival. Values are

represented as the percentage of the contralateral

uninjured retina. n = 6–7 animals/group.

See also Figures S2–S4 and Table S1.
from the cytochrome c oxidase subunit VIII gene (Szczepanek

et al., 2011). AAV-STAT3mts alone failed to increase regenera-

tion significantly compared to the GFP controls (Figures 3A–

3C). It was previously shown that the constitutively active form

of STAT3 proteins (STAT3ca) dimerizes and translocates to the

nucleus, and overexpression of STAT3ca promotes axon regen-

eration (Pernet et al., 2013b). Consistently, we observed that

AAV-STAT3ca increases regeneration (Figures 3B and 3C).

AAV-STAT3wt alone led to some increase in regeneration, but

this was statistically insignificant (Figure 3C). Interestingly, co-

injection of AAV-STAT3mts with AAV-STAT3ca (but not with

AAV-STAT3wt; data not shown) resulted in further enhancement

in regeneration compared to the AAV-STAT3ca group (Fig-
402 Cell Reports 15, 398–410, April 12, 2016
ure 3C). RGC transduction efficiency

was similar for these AAV viruses carrying

different forms of STAT3, �60% (Fig-

ure 3D). The improved regeneration

seen after STAT3ca and STAT3mts com-

bination could be due to separate pools

of virally expressed STAT3 in the nucleus

and mitochondria, acting cooperatively.

Alternatively, it could occur if the concen-

tration of virally expressed STAT3 pro-

teins was somewhat higher in the double
compared to each single AAV group. This is unlikely, as the

various animal groups received equivalent final titers of each

AAV (see Experimental Procedures). Moreover, we observed

that overexpressed STAT3ca is detected predominantly in the

nuclear and cytosolic fractions and not in the mitochondrial frac-

tion. Conversely, overexpressed STAT3mts is localized mostly in

the mitochondrial and not in the nuclear fraction (Figure S2C),

indicating that the enhanced regeneration in the double AAV

group is due to virally expressed STAT3 acting in different

cellular compartments. Furthermore, we examined RGC survival

and found no difference among the animal groups indicating that

the enhanced regeneration is not due to differences in cell sur-

vival (Figures 3E and 3F). Together, these data indicate that



differentially localized STAT3 proteins in the nucleus and mito-

chondria cooperate to promote RGC axon regeneration.

Mitochondrial STAT3 Increases Cellular ATP Levels and
Complex IV Activity: Contribution of Mitochondrial
Electron Transport Chain to Regeneration
Our data indicate that mitochondrial STAT3 has facilitative roles

in enhancing RGC axon regeneration, but the underlying mech-

anism(s) is not known. In non-neuronal cells, mitochondrial

STAT3 has been shown to enhance electron transport chain

(ETC) complex functions and oxidative phosphorylation

(OXPHOS) efficiency (Szczepanek et al., 2011; Wegrzyn et al.,

2009). Given that mitochondrial ATP production is significantly

compromised in injured neurons, and axon extension requires

substantial energy (Mattson, 2007), it is plausible that the

improved regeneration seen after expression of STAT3mts and

STAT3ca might be due to its ability to enhance mitochondrial

bioenergetics in injured neurons. While ATP is generated primar-

ily in the mitochondria via ETC, under certain proliferative states

(i.e., during retinal development or tumors), cells can rely mostly

on glycolysis to produce ATP (Agathocleous et al., 2012). To first

examine the extent to which the ETC contributes to axon regen-

eration, we assessed RGC axon regeneration in cytochrome c

oxidase (COX)-deficient mice (Fukui et al., 2007). The cox10

gene encodes haem A farnesyl transferase, necessary for the

assembly of COX (Mogi et al., 1994), the terminal complex of

the ETC. In Cox10-ablated cells, COX is unstable and rapidly

degraded, leading to defects in mitochondrial ATP production

(Fukui et al., 2007). Cox10f/f mice received intravitreal AAV-Cre

injection (Figure S3A) followed by optic nerve crush/AAV-CNTF

injection 8 weeks later. Wild-type animals receiving AAV-CNTF

showed significant axon regeneration. In contrast,Cox10 KO an-

imals showed markedly reduced regeneration (Figures S3B and

S3C). Interestingly, RGC survival after crush in the Cox10 KO-

mice was similar to the WT mice (Figure S3D), indicating that

the ETC requirements for promoting RGC survival and axon

regeneration are different. To directly assess the effects of

STAT3 expression on mitochondrial functions, we measured

the levels of intracellular ATP in WT cortical neurons and

observed that expression of STAT3mts (Figures S4A and S4B)

leads to significantly higher levels of ATP compared to the con-

trol (Figure S4C).We also observed that STAT3mts expression in

cortical neurons significantly increasesmitochondrial membrane

potential (i.e., an indicator of mitochondrial function) (Fig-

ure S4D). Additionally, we measured the levels of ETC complex

activity and observed that complex IV (but not complex I) activity

was significantly higher in STAT3mts group compared to the

control (Figures S4E and S4F). These data indicate that mito-

chondrial ETC is critical for axon regeneration and STAT3 tar-

geted to mitochondria enhances mitochondrial energetics in

CNS neurons.

MEK Promotes STAT3 Phosphorylation at S727 and
Enhances Expression of STAT3-Induced Genes in CNS
Neurons
In addition to STAT3, CNTF also induces activation of ERK, the

primary downstream target of MEK (Figure S1). We reasoned

that MEK/ERK may enhance transcriptional and mitochondrial
STAT3 functions and support regeneration. To test this, we in-

jected AAV expressing the constitutively active form of MEK

(MEKca) (Table S1) (Boehm et al., 2007) and observed that this

alone results in an increase in the level of pSTAT3(S727), but

not pSTAT3(Y705) in the retina (Figure S5A). In retinas, we

observed a marked increase in the levels of pERK and

pSTAT3(S727) caused by AAV-MEKca in RGCs (Figures S5B–

S5D). Next, we examined the effects of MEKca overexpression

on the level of STAT3-target gene transcripts. Among the major

STAT3 target genes examined (Figure S5F), STAT3ca expres-

sion resulted in moderate upregulation of Ccdkn1a, Socs1,

Socs3, Irf1, and Atf3. STAT3wt did not significantly change

gene expression levels compared to GFP control, except for

Socs3 (data not shown). Co-expression of MEKca with STAT3ca

significantly enhanced expression of each of these genes except

for ATF3, compared to STAT3ca alone. These data demonstrate

that MEKca promotes phosphorylation of STAT3 (S727) and

further enhances expression of STAT3-induced genes in CNS

neurons.

MEK Enhances STAT3-Mediated Axon Regeneration
Given its ability to modulate STAT3 at multiple levels, we next

tested the effect of MEKca on RGC axon regeneration in the

presence of STAT3ca expression. Consistent with the previous

study (Pernet et al., 2005), AAV-MEKca alone enhanced RGC

survival, but did not significantly enhance regeneration (Figures

4A, 4B, 4D, and 4E). However, co-injection of AAV-MEKca with

AAV-STAT3ca markedly increases regeneration compared to

AAV-STAT3ca alone (Figures 4A and 4B). Co-injection of AAV-

MEKca with AAV-STAT3wt led to a slight increase in regenera-

tion, albeit much lower than the MEKca+STAT3ca group

(Figure 4B). Four weeks post-injury, MEKca + STAT3ca treat-

ment led to a 6-fold increase in axon numbers at 1 mm from

the lesion site compared to the STAT3ca alone group (Figure 4B).

Injection of AAV-MEKca led to transduction of �70% of RGCs

(Figure 4C). In the combined group, nearly all of the AAV-

STAT3ca transduced RGCs (i.e.,�60% of RGCs) are also trans-

duced by AAV-MEKca (data not shown). Whole-mount retinal

immunohistochemistry shows a similar number of surviving

RGCs in the MEKca-alone group compared to the MEKca/

STAT3ca-combined group (Figures 4D and 4E).

STAT3/MEK with Pten-Deletion Effects on
Regenerating RGC Axon Number and Length
Deletion of Pten promotes RGC axon regeneration (Park et al.,

2008). This regeneration does not rely on STAT3 or B-raf (a major

upstream activator of MEK) (O’Donovan et al., 2014; Sun et al.,

2011), but depends on Akt/mTOR activation (Park et al., 2008;

Sun et al., 2011). Since regeneration by Pten deletion involves

distinct molecules, we next examined the extent of regeneration

after co-overexpressing STAT3ca and MEKca in PTEN KO-neu-

rons. Ptenf/f mice received an AAV cocktail containing AAV-Cre,

AAV-STAT3ca, and AAV-MEKca. Two weeks after AAV injection,

animals received optic nerve crush. Pten deletion alone pro-

moted axon regeneration. Co-treatment of Pten deletion with

either MEKca or STAT3ca modestly increased regeneration.

Mice receiving the triple AAV treatment (i.e., AAV-Cre, AAV-

STAT3ca, and AAV-MEKca) showed massive axon regeneration
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Figure 4. MEK Enhances STAT3-Mediated

Axon Regeneration

(A) Representative optic nerve sections showing

the degree of axon regeneration 4 weeks after

injury in animals treated with either AAV-GFP,

AAV-STAT3ca or AAV-MEKca alone, or AAV-

STAT3ca/AAV-MEKca. Axons are labeled ante-

rogradely with CTB. Red asterisks, lesion site.

Scale bar, 100 mm.

(B) Quantification of CTB-labeled regenerating

axons in the various animal groups. n = 4–6 ani-

mals/group. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001 compared to the ‘‘GFP’’ control

group using two-way repeated-measures ANOVA

followed by Bonferroni post-test.

(C) Whole-mount retinal immunohistochemistry

showing transduction efficacy of the AAV-MEKca.

Adult mice received AAV injection, and retinas

were removed 2 weeks post-injection. Approxi-

mately 70% of RGCs are transduced by the

AAV-MEKca as evident by the expression of HA

(HA-MEKca) (red) in TUJ1+ RGCs (green). Scale

bar, 20 mm.

(D) Representative retinal whole-mount images

with TUJ1 staining at 4 weeks post-injury in

animals subjected to either AAV-GFP, AAV-

STAT3ca, or AAV-MEKca alone or combined.

Scale bar, 20 mm.

(E) Quantification of RGC survival. Values are

represented as the percentage of the contralateral

uninjured retina. n = 6 animals/group. ***p < 0.001,

****p < 0.0001 compared to the ‘‘GFP’’ control

group using Bonferroni post-test.

See also Figures S5 and S6 and Table S1.
(Figures 5A and 5B). Single or double AAV-treated animals had

only a few regenerating axons near the optic chiasm (i.e.,

4–5 mm from the optic disc). In comparison, a large number of

axons reached the chiasm in the triple AAV-mice (Figures 5A

and 5B). Consistent with the single AAV injections, this triple

AAV caused Cre expression in the majority of RGCs (�90%)

whereas �70% and 60% of RGCs expressed MEKca and

STAT3ca, respectively. We also observed that Cre-expressing

RGCs also expressed both STAT3ca and HA (i.e., tag for MEKca)

(Figures 5C and 5D). We also used tissue clearing and whole

nerve imaging for analysis of axonal trajectories (Luo et al.,

2014; Yungher et al., 2015). Three-dimensional examination in

the cleared optic nerve shows that the degree of axon turning
404 Cell Reports 15, 398–410, April 12, 2016
(i.e., U-turns) is similar among the animal

groups, indicating that the higher number

of axons distally near the chiasm in the tri-

ple AAV-mice is unlikely to be due to dif-

ferences in axon navigation (Figures

S6A and S6B). Analysis of RGC survival

showed similar RGC numbers among

all groups (Figure S6C). These data

demonstrate that simultaneously modu-

lating phosphatase and tensin homolog

(PTEN), STAT3, and MEK in neurons in-

crease both the number of regenerating
axons and the speed at which they extend when compared to

single or double treatments.

To further assess the extent of RGC axon regeneration, we

examined regeneration in the cleared, whole brains (Figures 6A

and 6B; Movie S1). Four to five weeks post-injury, regenerating

axons exit the optic chiasm and continue to extend extensively

into the brain. Various growth pattern are seen with axons mak-

ing turns and arbors within the brain (Figures S6D–S6G). No re-

generating axons are seen in the brain of control animals

receiving AAV-GFP (n = 8; Figures S6H and S6I). To assess the

progression of regeneration, animals were analyzed 10 weeks

after injury. Extensive axon regeneration was seen in the brain

as evident in the 3D projection and individual brain slices from



Figure 5. Simultaneously Modulating PTEN,

STAT3, and MEK in RGCs Results in Exten-

sive Axon Regeneration

(A) Representative optic nerve sections showing

the degree of axon regeneration 4 weeks after

injury inPtenf/f animals treatedwith either AAV-Cre

alone, AAV-Cre/AAV-MEKca or AAV-Cre/AAV-

STAT3ca, or all three AAV together (i.e., AAV-Cre/

AAV-STAT3ca/AAV-MEKca). Axons are labeled

anterogradely with CTB. Red asterisks, lesion site.

Scale bar, 100 mm.

(B) Quantification of CTB-labeled regenerating

axons in the various animal groups. n = 6–7 ani-

mals/group. *p < 0.05, **p < 0.01, ****p < 0.0001

compared to the ‘‘PTEN KO’’ group using two-way

repeated-measures ANOVA followed by Bonfer-

roni post-test.

(C) Whole-mount retinal staining showing AAV

transduction efficacy after injection of the triple

AAV mix (AAV-Cre, AAV-MEKca, and AAV-

STAT3ca) shown by the expression of Cre (green),

STAT3 (red), and HA (i.e., tag for MEKca) (white) in

TUJ1+ RGCs (blue). Adult mice received AAV in-

jection, and retinas were removed 2 weeks post-

injection. Scale bar, 20 mm.

(D) Euler diagram showing the percentages of

RGC transduction by each AAV and the co-

transduction levels.

See also Movies S1, S2, and S3.
the whole brain imaging (Figures 6C–6E; Movies S2 and S3).

Consistent with previous studies demonstrating axon misguid-

ance, many axons grew aberrantly throughout the brain (Luo

et al., 2013; Pernet et al., 2013a) (Figures 6C–6E; Movies S2

and S3).

STAT3/MEK with Pten-Deletion Effects on Axon
Sprouting in the Corticospinal Tract
In addition to axon regeneration, which typically refers to re-

extension of injured axons, another form of axon remodeling

that also contributes significantly to functional recovery after

injury, is collateral sprouting of spared, uninjured axons (Tuszyn-

ski and Steward, 2012). It has been previously shown that Pten
Ce
deletion or STAT3wt overexpression

each promotes axonal sprouting to

some degree after spinal cord injury

(SCI) (Lang et al., 2013; Lee et al., 2014;

Liu et al., 2010). Thus we examined

whether the triple AAV treatment syner-

gistically promotes extensive sprouting

of uninjured axons after SCI. To this

end, we assessed the degree of sprouting

of corticospinal tract (CST) neurons after

unilateral pyramidotomy (Figure 7A).

Ptenf/f;R26-tdTomato mice received in-

tracortical injection of AAV-Cre alone or

AAV-Cre together with AAV-STAT3ca

and AAV-MEKca at 1 week prior to injury.

Two additional groups included were (1)

R26-tdTomato receiving AAV-Cre injec-
tion (WT group), and (2) R26-tdTomato receiving AAV-Cre,

AAV-STAT3ca, and AAV-MEKca. The completeness of lesion

was assessed by the degree of loss of PKCg immunostaining

in the lesioned CST tract (Lee et al., 2014). The lesion resulted

in essentially complete loss of PKCg, confirming the severity of

pyramidotomy (Figure S7A). At 4 weeks after injury, deletion of

Pten alone elicited a significant increase in contralateral sprout-

ing of CST axons (i.e., tdTomato+ axons) from the intact side

(Figures 7B and 7C). Co-treatment with AAV-STAT3ca and

AAV-MEKca also enhanced axonal sprouting to some degree.

Strikingly, we observed extensive axonal sprouting in animals

subjected to the triple AAV (Figures 7B and 7C). Immuno-

histochemical analysis shows that many CST neurons were
ll Reports 15, 398–410, April 12, 2016 405



Figure 6. Whole Brain Imaging Reveals

Extensive RGC Axon Regeneration fol-

lowing the Triple AAV Treatment

(A) Mouse brains with or without the tissue clearing

procedure. Scale bar, 2 mm.

(B) Dorsal view of a cleared brain of uninjured

mouse injected with CTB555 (pseudo-colored in

white) and CTB488 in the left and right eyes,

respectively, showing the entire trajectories of

RGC axons from each eye. Tissues were pro-

cessed 3 days after CTB injection. Scale bar,

500 mm.

(C) Image from axonal projection in the whole,

cleared brain of a triple AAV-treated animal

10 weeks after injury. Scale bar, 500 mm.

(D) Higher magnification of the yellow boxed

area in (C).

(E) Higher magnification of the blue boxed area in

(C). CTB+ axons grow beyond the optic chiasm

and continue to extend to the intact optic nerve or

into the brain. OX, optic chiasm; SC, superior

colliculus. Scale bar, 50 mm.

See also Movies S1, S2, and S3.
transduced by all three AAV types as evidenced by the concom-

itant tdTomato, STAT3, and HA (i.e., tag for MEKca) immunore-

activity in the same neurons (Figure S7B). The total numbers of

tdTomato-labeled axons in the brainstem at the level of themed-

ullary pyramid were similar among the different animal groups

(Figures S7C and S7D). These data demonstrate markedly

improved axonal sprouting in injured spinal cord after targeting

STAT3 and MEK in Pten-deleted animals.

DISCUSSION

Although significant progress has been made in identifying ge-

netic factors involved in axon regeneration failure (Benowitz

and Yin, 2007; Cho and Cavalli, 2014; Di Giovanni and Rathore,
406 Cell Reports 15, 398–410, April 12, 2016
2012; Gobrecht et al., 2014; Hammarlund

and Jin, 2014; Jiao et al., 2005; Moore

and Goldberg, 2011; Omura et al., 2015;

Parikh et al., 2011; Planchamp et al.,

2008; Saijilafu et al., 2013; Watkins

et al., 2013), our understanding of this

process remains incomplete. Even with

some ‘‘fruitful’’ strategies so far, the num-

ber of regrowing axons beyond the lesion

site and the extent to which these axons

reach their targets remain generally low

in adult mammals. One gene consistently

implicated in axonal regeneration, in a

variety of neuronal types, is Stat3. The

mechanisms underlying the ability of

STAT3 to promote regeneration, how-

ever, remain incompletely understood.

This is reflected by the fact that merely

overexpressing STAT3 in neurons yields

limited axon regeneration in vivo. Our

study not only extends the previous find-
ings demonstrating mitochondrial presence of STAT3, but also

provides direct in vivo evidence of site-specific STAT3 functions

in coordinating CNS axon regeneration. Moreover, our results

show that MEK is a critical factor that modulates STAT30s phos-
phorylation status, localization, and functions in RGCs and

cortical neurons. The strong regeneration phenotypes that we

see, particularly in the STAT3ca and MEKca combined animals,

point to the importance of appropriately locating and activating

STAT3 through MEK.

Previous studies using combinatorial approaches including

Pten KO mice with CNTF12,42 or b-raf (O’Donovan et al., 2014)

(an upstream regulator of MEK) also promoted long distance

RGC axon regeneration (Luo et al., 2013; Sun et al., 2011), but

the number of regenerating axons in these past studies dropped



Figure 7. Modulation of PTEN, STAT3, and

MEK Results in Extensive CST Sprouting

after SCI

(A) Schematic of pyramidotomy model. Cortico-

spinal tract axons (green) originating from the

motor cortex are unilaterally transected. Intra-

cortical injection of AAVs into the contralateral

brain side allows the examination of treatment

effects on axonal sprouting of intact nerves (red).

(B) Quantifications of tdTomato+ crossing axons

counted at <50, 250, and 500 mm lateral to the

midline in the wild-type control (‘‘WT’’), single

(‘‘PTEN KO’’), double (‘‘STAT3ca + MEKca’’), and

triple AAV (‘‘PTEN KO + STAT3ca + MEKca’’) an-

imal groups normalized against the numbers of

total labeled CST axons in the medulla. n = 5–6

animals/group. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001 compared to the WT group using

two-way repeated-measures ANOVA followed by

Bonferroni post-test.

(C) Representative of C5 coronal sections in low

magnification. High magnification of the boxed

regions are shown in (C0 ) (lateral region) and (C00)
(midline region) of the single, double, and triple

AAV animal groups. Scale bar, 500 mm.

See also Figure S7.
significantly with distances from the retina, with only a few RGC

axons reaching the brain. In contrast, in the triple AAVmice used

in this study, hundreds of axons extended into the brain and

continued to elongate long distances, densely populating the

brain. The same manipulations in CST neurons led to extensive

collateral sprouting after SCI.

Recent studies have demonstrated STAT30s versatile ability to

induce cell proliferation and axon growth by acting outside the

nucleus, a function that is regulated by phosphorylation. How-

ever, whether such amechanism exists in post-mitotic CNS neu-

rons remained undetermined. We show that STAT3 proteins are

phosphorylated at both the tyrosine and serine residues in adult

RGCs in response to CNTF. Further, we show that the level of
Ce
pSTAT3(S727) is increased in mitochon-

dria after CNTF stimulation in a MEK-

dependent manner. Thus, our study is in

agreement with previous studies demon-

strating mitochondrial accumulation of

STAT3 in different cell lines (Gough

et al., 2009; Wegrzyn et al., 2009; Zhou

and Too, 2011). Specifically, others have

demonstrated that nerve growth factor

(NGF) causes STAT3 phosphorylation

exclusively on S727 and promotes mito-

chondrial translocation, and it is the mito-

chondrial (not the nuclear) STAT3 that

mediates NGF’s growth-promoting ef-

fects (Zhou and Too, 2011). It has also

been demonstrated that cytoplasmic

STAT3 is responsible for CNTF’s axon

growth promoting effects in cultured em-

bryonic neurons (Selvaraj et al., 2012).
Thus, while our study is in line with these previous studies

describing STAT30s non-nuclear functions contributing to axon

growth, our results also demonstrate the indispensable role of

the transcriptional functions of STAT3 in adult CNS axon regen-

eration. Our results demonstrating a requirement for STAT30s
transcriptional functions, in contrast to being nonessential in em-

bryonic neurons (Selvaraj et al., 2012), suggest that neuronsmay

acquire a reliance on STAT30s transcription activity to induce

axon growth over the course of development. On the other

hand, embryonic neurons are perhaps equipped with more ver-

satile and flexible sets of transcription factors that can be

activated to induce axon growth in the absence of STAT30s tran-
scriptional regulation. Regeneration of RGC axons in zebrafish, a
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regeneration-competent species, also involves JAK/STAT, but

SOCS3 that normally inhibits STAT30s transcriptional activity

did not block regeneration (Elsaeidi et al., 2014). Whether any

particular or all of STAT30s versatile actions contribute in the

regeneration-competent species remains unknown. Another

notable finding in our study is that although mitochondrial

STAT3 alone is insufficient to promote regeneration, it further im-

proves regeneration when the levels of nuclear active STAT3 are

increased. Overall, our data indicate that distinctly distributed

STAT3 in the nucleus andmitochondria modulate synergistic nu-

clear transcription and yet undefined mitochondrial mecha-

nisms, and this bi-functionality of STAT3 induces optimal CNS

axon regeneration. Interestingly, mitochondria STAT3 was also

shown to facilitate the production of reactive oxygen species

(ROS) and this allowed neurite extension (Zhou and Too, 2011),

suggesting that STAT3 may modulate different aspects of mito-

chondrial functions that coordinately improve regeneration.

Several studies have demonstrated that CNTF and STAT3

modulate mitochondrial bioenergetics; CNTF enhances respira-

tory capacity in sensory neurons (Chowdhury et al., 2014).

STAT3 prevents a decrease in complex I activity under ischemia

(Szczepanek et al., 2011). Furthermore, STAT3-ablated cells

exhibit defective ATP production (Sarafian et al., 2010; Wegrzyn

et al., 2009). However, the precise mechanisms by which STAT3

locally modulates mitochondrial functions are currently un-

known. Our study shows that STAT3 localizes to mitochondrial

inner membrane in response to CNTF, and STAT3mts enhances

cellular ATP levels, membrane potential, and complex IV activity.

Since Cox10-ablated RGCs have significantly reduced axon

regeneration, improved regeneration seen after expression of

STAT3mts could be due, at least in part, to its ability to maintain

or enhance mitochondrial ATP production following injury. We

also observed that Cox10 deletion reduces axon regeneration

in PTEN-ablated cells (data now shown), underlining the idea

that the effects of ETC might be a general phenomenon for

CNS axon regeneration.

It is notable that MEKca leads to considerable regeneration

when it is combined with STAT3ca. MEK/ERK pathway is known

to activate or silence many different proteins downstream and

thus controls many distinct cellular processes including gene

transcription, translation, as well as protein transport. Our data

indicate thatMEK-dependent localization of STAT3 tomitochon-

dria could be one mechanism by which MEK facilitates STAT3-

induced axon regeneration. Recently, it was demonstrated that

retrogradely transported ERK activates histone acetyltrans-

ferases including p300/CBP-associated factor in the cell body,

leading to enhanced acetylation and expression of several

regeneration-associated genes (Puttagunta et al., 2014). Simi-

larly, axon injury causes retrograde transport of axonal STAT3

to the cell body (Ben-Yaakov et al., 2012). Thus, in addition to

acting downstream of growth factors at the soma, STAT3 and

ERK may represent a complementary ‘‘dual’’ injury signal that

collectively links the axon and soma response. In sum, our study

extends STAT30s diverse abilities to function in distinct cellular

regions in mature CNS neurons but also indicates that in mature

neurons, STAT30s transcription regulation is at the ‘‘center’’ of

growth promotion with mitochondrial STAT3 likely playing facili-

tative roles, overall providing amore clear idea about howSTAT3
408 Cell Reports 15, 398–410, April 12, 2016
could be manipulated to induce CNS axon regeneration. Delin-

eating STAT30s divergent functions and understanding how

these processes are regulated may lead to more targeted ther-

apy for promoting functional axon regrowth.

EXPERIMENTAL PROCEDURES

Further details of methods and materials are provided in the Supplemental

Experimental Procedures.

Animals

All experimental procedures were performed in compliance with protocols

approved by the Institutional Animal Care and Use Committee (IACUC) at Uni-

versity of Miami. Animals used are C57BL/6J, Ptenf/f (stock number 006440;

Jackson Laboratory), Stat3f/f mice (stock number 016923; Jackson Labora-

tory), R26 loxP-stop-loxP-tdTomato (R26-tdTomato; a generous gift from

Dr. Fan Wang, Duke University), Cox10f/f (Fukui et al., 2007) and Ptenf/f;R26-

tdTomato, Stat3f/f;R26-tdTomato. For all surgical procedures, mice were

anaesthetized with ketamine and xylazine, and buprenorphine (0.05 mg/kg,

Bedford Lab) was administrated as post-operative analgesic. At least five an-

imals were used for each groups in the axon regeneration and RGC survival

experiment unless indicated otherwise. The precise animal numbers are also

indicated in the figure legends.

Optic Nerve Crush

For optic nerve crush injury, the optic nerve was exposed intraorbitally and

crushed with jeweler’s forceps (Dumont #5, Roboz) for 10 s �1 mm behind

the optic disc.

Intravitreal Injection

Female or male mice (5- to 7-week-old) received unilateral AAV injection. For

each intravitreal injection, a glass micropipette was inserted into the peripheral

retina, just behind the ora serrata, and was deliberately angled to avoid dam-

age to the lens. To anterogradely label regenerating RGC axons, animals

received intravitreal injection of 2 ml of cholera toxin b subunit (CTB)-Alexa

555 or CTB-Alexa 488 (2 mg/ml, Invitrogen) with a Hamilton syringe (Hamilton)

at 2–5 days before euthanasia.

Statistics

GraphPad Prism (GraphPad Software) was used for statistical analyses. Data

were analyzed using ANOVA and the Bonferroni within-groups comparison

with additional testing using Dunnett’s test or Student’s t test. Values of

p < 0.05 were considered significant. All error bars indicate SEM unless indi-

cated otherwise in the figure legends.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, one table, and three movies and can be found with this article

online at http://dx.doi.org/10.1016/j.celrep.2016.03.029.
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