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Severed CNS axons fail to regenerate in adult mammals and
there are no effective regenerative strategies to treat patients
with CNS injuries. Several genes, including phosphatase and
tensin homolog (PTEN) and Krüppel-like factors, regulate
intrinsic growth capacity of mature neurons. The Lin28 gene
is essential for cell development and pluripotency in worms
and mammals. In this study, we evaluated the role of Lin28a
in regulating regenerative capacity of diverse populations of
CNS neurons in adult mammals. Using a neuron-specific
Thy1 promoter, we generated transgenic mice that overexpress
Lin28a protein in multiple populations of projection neurons,
including corticospinal tracts and retinal ganglion cells. We
demonstrate that upregulation of Lin28a in transgenic mice in-
duces significant long distance regeneration of both corticospi-
nal axons and the optic nerve in adult mice. Importantly, over-
expression of Lin28a by post-injury treatment with adeno-
associated virus type 2 (AAV2) vector stimulates dramatic
regeneration of descending spinal tracts and optic nerve axons
after lesions. Upregulation of Lin28a also enhances activity of
the Akt signaling pathway in mature CNS neurons. Therefore,
Lin28a is critical for regulating growth capacity of multiple
CNS neurons and may become an important molecular target
for treating CNS injuries.
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INTRODUCTION
During development, neurons lose growth ability to extend their
axons gradually, and the reduced intrinsic growth capacity of
mature neurons substantially contributes to repair failure of
injured CNS neurons.1–5 Several cell-autonomous molecules,
including phosphatase and tensin homolog (PTEN), Krüppel-like
factors (KLFs), c-myc, and SOX11, have been reported to control
neuronal growth ability.6–11 Among them, PTEN is particularly
important for regulating the regenerative capacity of mature neu-
rons. So far, none of these gene targets has been translated to clin-
ical use. Because targeting each of those molecules partially en-
hances growth capability of mature neurons and only achieves a
degree of regeneration of injured CNS axons, other genes uniden-
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tified may play critical roles for controlling growth failure of
mature neurons. It is thus required to identify better targets that
may affect multiple pathways for cell growth and provide a
more effective strategy for CNS regeneration.

Lin28 is an RNA-binding protein that enhances translation of multi-
ple genes, including insulin-like growth factors (IGFs) and metabolic
enzymes for increasing glycolysis and oxidative phosphorylation.12–14

Lin28 regulates glucose homeostasis by activating insulin-phosphati-
dylinositol 3-kinase (PI3K)-mammalian target of rapamycin (mTOR)
signaling in mammals.15 Lin28 blocks generation of mature let-7
miRNA (microRNA) by binding the terminal loop of let-7 pre-
miRNA in embryonic stem cells and prevents its processing by
Dicer,16 although it may function by let-7-independent mecha-
nisms.12,17 Lin28 is highly expressed during early embryogenesis
and is critical for controlling self-renewal, development, pluripotency,
and metabolism of stem cells.16,18 In Caenorhabditis elegans, Lin28
regulates early cell proliferation independent of let-7 and promotes
later cell differentiation by suppressing let-7.19 In contrast to one
Lin28 gene in worms, vertebrates have two Lin28 paralogs (Lin28a
and Lin28b), which are central regulators of growth-related signaling
pathways and metabolic enzymes in multiple cells.12,20 Overexpres-
sion of Lin28 delays puberty onset, causes gigantism, and improves
regrowth of many injured tissues in transgenic (Tg) mice, including
hair, cartilage, bone, and mesenchyme.12,21 Lin28 activation is crucial
for controlling dedifferentiation of Müller glia and expression of
regeneration genes in retina of zebrafish22,23 and proliferation of
Müller glia in mice.24 Ectopic expression of Lin28 or other
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Figure 1. Downregulation of Lin28a Protein in the

Cerebral Cortex and Retina of C57BL/6Mice During

Development

(A and B) Levels of Lin28a protein were measured from

the cerebral cortex at postnatal day 1 (P1), P3, and P42 by

immunostaining (A) and at P1, P3, P7, P14, P21, and P42

by western blots (B). The cortical areas within 1.5 mm (for

P1-7 mice) or 2 mm (for P14-42 mice) surrounding

bregma were collected. We detected age-dependent

downregulation of Lin28a, especially in the cortex of mice

>2 weeks old. Scale bar, 50 mm. (C and D) Levels of

Lin28a protein were determined from the retina of mice at

P1, P3, and P42 by immunostaining (C) and at P1, P3, P7,

P14, P21, and P42 by western blots (D). Lin28a levels

were downregulated with ages, especially in the retina of

mice >1 week old. Scale bar, 25 mm. n = 3–4 mice per

group in (B) and (D); repeated-measures one-way

ANOVA, *p < 0.05.
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pluripotency-inducing genes (such as Oct4, SOX2, KLF4, and c-myc)
could reprogram somatic mammalian cells to become pluripotent
stem cells.25,26

Because Lin28 is a gatekeeper molecule to control switching between
pluripotency and committed cells, and its reactivation stimulates
repair of several tissue systems,27 we hypothesized that reprogram-
ming mature CNS neurons with Lin28 would influence their growth
capacity after axotomy. For the first time, we identified the crucial role
of Lin28 in controlling the regenerative ability of corticospinal tracts
(CSTs) in adult mammals, which are essential for controlling volun-
tary movements,28 but are particularly refractory to regeneration.29–31

Out of two subtypes in vertebrates, Lin28a regulated cell matura-
tion32,33 and its upregulation reprogramed human somatic cells
into induced pluripotent stem cells26 and enhanced repair of several
non-neural tissues in adult mice by improving cellular bioener-
getics.12We thus targeted Lin28a in this study and found that its over-
expression by either the Tg or viral vector approach resulted in long
distance regeneration of severed spinal cord and optic nerve axons in
adult mice. Upregulating Lin28a activated the Akt signaling pathway
in both cortex and retina of adult mice. We therefore demonstrate the
critical role of Lin28a for controlling growth capacity of mature CNS
neurons in adult mammals.
Molec
RESULTS
Lin28 Protein Is Downregulated in the

Cortex and Retina of Developing Mice

Because Lin28 determines onset of early larval
stages of developmental events in C. elegans
by regulating self-renewal of nematode stem
cells as a heterochronic gene and is highly ex-
pressed in mouse embryonic stem cells during
early development,34,35 we assessed expression
changes of the Lin28a signal in developing
mouse CNS by measuring its expression levels
in the sensorimotor cortex and retina at
different ages, that is, postnatal day 1 (P1), P3, P7, P14, P21, P42,
and P56, by immunohistochemistry and western blotting. Lin28a sig-
nals were detected from the cortex and retina of P1–P3 mice, espe-
cially P1, but they were downregulated during development,
becoming undetectable levels from P7 in retina and from P14 in cor-
tex until adult (Figure 1). Immunostaining indicated that Lin28a sig-
nals were principally colocalized with neuronal marker NeuN in cor-
tex and partially with retinal ganglion cells (RGCs) marker Tuj1 in
retina of P1 (Figures 1A and 1C) and P3 mice, although they also
were present in non-RGCs. Because Lin28a controls the growth pro-
gram of multiple cell types,12,21,27 decreased Lin28a levels in the brain
and retina of adult mammals may contribute to the reduction in
growth ability of mature neurons during development or after injury.

Upregulation of Lin28a in the CNS Regions of Tg Mice with Thy1

Promoter

To study function of the Lin28 gene in adult CNS, we generated Thy1
Tgmice that overexpress Lin28a protein. Thy1, amember of the immu-
noglobulin (Ig) superfamily, is expressed by projection neurons inmost
areas of the nervous system and also by several types of non-neuronal
cells, especially thymocytes.36 Thy1 vector contains 6.5 kb of the mu-
rine Thy1.2 gene, extending from the promoter to the intron following
exon 4, but lacking exon 3 and its flanking introns.37 This modified
ular Therapy Vol. 28 No 8 August 2020 1903
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Figure 2. Upregulation of Lin28a Protein in the Brain

and Retina of Tg Mice with a Thy1 Promoter

(A) Schematic drawing shows the map of the Thy1 Lin28a

vector used for generating the Tg mice. To make this

vector, the Lin28a coding sequence was subcloned into a

Thy1 transgenic construct that drives the transgene

expression only in neurons because of its deleted

sequence required for expression in non-neural cells. (B)

Photographs indicate the littermate WT and Lin28a Tg

female and male mice (10 weeks old, C57BL/6 back-

ground). (C) Representative immunostaining images at

low power indicate layer distribution of Lin28a expression

in Tg mice in contrast to lack of Lin28a in littermate WT

mice. Scale bar, 125 mm. (D) Representative images at

high power indicate colocalization of Lin28a with NeuN in

layer 5 sensorimotor cortex of Tg mice in contrast no

Lin28a expression in WT mice. Scale bar, 25 mm. (E)

Transverse sections of thoracic spinal cord indicate

Lin28a expression in the gray matter of Tg mice, which is

colocalized with NeuN. Scale bar, 200 mm. (F) Repre-

sentative images indicate that a portion of Tuj1+ RGCs

express Lin28a protein in retina of Tg mice in contrast no

Lin28a expression in WT control. Scale bar, 50 mm. (G)

Graph indicates �80% of NeuN+ neurons expressed high

levels of Lin28a protein in layer 5 cortex. (H) Levels of

Lin28a were characterized by western blots from cortical

tissues of adult mice. Tg mice exhibit high levels of Lin28a

expression compared with lack of Lin28a in littermate WT

mice. (I) Graph indicates �50% of Tuj1+ cells expressed

high levels of Lin28a protein in retina of Tg mice. (J) Levels

of Lin28a were characterized by western blots from retinal

tissues of adult mice. Tg mice exhibit an �10-fold in-

crease in Lin28a expression compared with littermate WT

mice. n = 3mice per group in (G)–(J); Student’s t test, **p <

0.01.
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Th1.2 cassette contains the sequences required for neuronal expression,
but not for non-neural expression.38 It therefore drives transgene
expression almost exclusively in the nervous system, but not in the
thymus. To target the Lin28 gene, we cloned Lin28a cDNA into an
XhoI site of the vector, effectively replacing the deleted sequences (Fig-
ure 2A). The gel-purifiedDNA plasmid was then injected into fertilized
oocytes with C57BL6/J background in the Fox Chase Cancer Center.
Two founders with the Lin28a transgene were backcrossed to
C57BL6 mice for more than seven generations, and the one whose
offspring had the higher level of transgene expression in the
1904 Molecular Therapy Vol. 28 No 8 August 2020
cortexwas used to generate experimental animals
in this study. These founders and their offspring
survive well and the body sizes of littermate wild-
type (WT) and Tg mice are similar (Figure 2B).
Because most Tg mice were used for colony
maintenance or experiments and sacrificed at
�12 months of age or younger, we did not
monitor their lifespan. We verified upregulation
of Lin28a in the sensorimotor cortex, especially
layers 4 and 5, spinal cord graymatter, and retina
(Figures 2C–2J), by both immunostaining and
western blotting assays, in contrast to lack of expression in littermate
WT controls. We did not find alteration of Lin28b protein in Tg
mice (data not shown). Immunostaining indicates that approximately
80% of NeuN+ neurons in cortex and 50% of Tuj1+ cells in retina show
strong signals for Lin28a. In contrast, we did not detect any changes of
Lin28a levels outside of the nervous system, such as liver, skeletonmus-
cle, and skin (data not shown).

Behavioral tests with the BassoMouse Scale (BMS) for locomotion, grid
walk, grip force, and thermal withdrawal assays indicate that motor and
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sensory function in Tg mice is normal overall compared with age-
matched WT controls (Figure S1). We have also confirmed the overall
integrity and normal distribution of several long projection tracts,
including CST axons with biotin dextran amine (BDA; molecular
mass of 10 kDa) tracing and raphespinal axons with 5-HT staining
(data not shown). Evaluation of BDA-traced CST axons in the medulla
and neurofilament-stained axons in the optic nerve indicated similar
distribution patterns of these tracts in WT and Tg mice (Figure S2).

Upregulating Lin28a Stimulates Robust Regeneration of CSTs in

Adult Tg Mice with Spinal Cord Injury (SCI)

CST axons, the only direct projection fibers that link the cortex to spi-
nal cord, are essential for voluntary motor control of the body and
limbs, but the strategies to regenerate them are very limited.39–41

We thus evaluated regeneration of injured CST axons labeled by
tracer BDA in adult Tg mice 8 weeks after dorsal over-hemisection
(depth, 1 mm) at T7 (Figures 3A and 3B). T7 spinal cord has a 1.5-
mm dorsoventral diameter in adult mice, and this injury typically
transects �70% of the spinal cord area, including all of the
CSTs.42,43 C57BL/6 mice do not display ventral CST axons (Fig-
ure S3B). We detected many CST axons that bypassed or crossed
the lesion and projected into the caudal spinal cord in Lin28 Tg
mice (Figures 3B–3D). Double labeling for CSTs and synapsin 1
(Syn), a widely used pre-synaptic marker, suggested the presence of
synaptic structures along the regenerated CST axons in the spinal
cord caudal to the lesion (Figure 3E). In some Tg mice, CSTs also ap-
peared in transverse sections 4–7 mm caudal to the lesion. Glial fibril-
lary acidic protein (GFAP) immunostaining for scar tissues showed
similar lesion sizes and reactive scar tissues in all WT and Tg SCI
mice. We carefully checked the CST axons in caudal spinal cord
and confirmed that they meet the previously defined morphological
criteria of regenerating axons.44 We also confirmed the absence of
BDA-labeled axons in the original locations of CSTs in the caudal spi-
nal cord and proper intracortical injections of BDA tracer (Fig-
ure S3A). PTEN deletion showed similar patterns of CST regenera-
tion after dorsal hemisection in mice.8

We evaluated functional recovery in Lin28 Tg mice after SCI in a
blinded manner. Two days after dorsal over-hemisection SCI, all
mice had similar injury severities, with BMS locomotor scores of
�3 (Figure 3F). Several weeks after injury, WT controls showed par-
tial recovery, but this plateaued by 3–5 weeks. In contrast, BMS scores
in Lin 28Tg mice continued to increase 4–8 weeks after SCI, and most
of these mice had better coordination than did SCI controls. There-
fore, upregulation of Lin28 improves axon regrowth and functional
recovery in adult Tg mice with SCI. Notably, evaluation of hindlimb
grid walk showed similar numbers of grid walk errors in two groups of
mice 8 weeks after SCI (Figure 3G), indicating that greater regenera-
tion may be required for robust functional recovery.

Optic Nerve Axons Regenerate Dramatically in Adult Lin28 Tg

Mice after Crush Injury

After confirming upregulation of Lin28a in multiple populations of
neurons, including the retina, we evaluated regeneration of optic
nerve axons 17 days after crush injury in adult WT or Tg mice
(8 weeks old). We intravitreally injected cholera toxin subunit B
(CTB) tracer conjugated with Alexa Fluor 488 at 14 days after injury
and examined the integrity of CTB-traced optic nerve axons 17 days
after crush by processing tissue blocks of optic nerves around the
lesion (Figure 4A). All of the optic nerve fibers terminated at the
lesion site in controls, as reported previously,6,7 although a few axons
regrew into the caudal site for a very short distance (usually <500 mm)
in a small portion ofWTmice. Lin28 Tg mice exhibited robust regen-
eration of injured optic nerve axons into the caudal site (Figures 4B
and 4C), with some >1 mm and others >1.5 mm during a period of
17 days after injury. Quantification of regenerated axons from multi-
ple sections of each animal indicate long distance of regeneration in
caudal optic nerve of Lin28 Tg mice. To determine whether Tg over-
expression of Lin28a would stimulate sustainable regeneration of
injured optic nerve, in a different set of experiments, we examined re-
growth of crushed optic nerve at an extended time frame of 30 days
after lesion (Figures 4B and 4D). Consistently, Lin28 Tg mice ex-
hibited significant regeneration of injured optic axons, and some of
them reached >3 mm past the crush site. Double labeling for CTB
and Syn displayed expression of the pre-synaptic marker protein in
the optic chiasmatic area (Figure 4E).

Because axotomy of the optic nerve usually induces apoptotic loss of
most RGCs a few weeks after traumatic injury, we measured the sur-
vival rate of RGCs and demonstrated that upregulating Lin28a signif-
icantly increased the number of survived RGCs in Tgmice at either 17
or 30 days after injury (Figure 4F–4H). Deletion of PTEN, a negative
regulator of the PI3K/Akt pathway, similarly enhanced survival of
RGCs after injury.6,45 Therefore, Tg upregulation of Lin28a protein
promoted sustainable optic nerve regeneration and also prevented
apoptotic loss of RGCs following axotomy.

Local Injections of AAV2-Lin28a Vector Efficiently Upregulate

Target Protein in the Sensorimotor Cortex and Retina

To overexpress Lin28a in mature neurons with a viral vector, we
generated adeno-associated virus type 2 (AAV2)-Lin28a and tested
whether intracortical and intravitreal injections of this vector would
upregulate Lin28a protein in the sensorimotor cortex and retina of
adult C57BL/6 mice. Two weeks after viral administration, we
measured the expression levels of Lin28a by immunohistochemistry.
Lin28a protein was dramatically upregulated in the sensorimotor cor-
tex around injections and in the retina of the injection side, in contrast
to lack of expression in the controls treated with AAV2-GFP (Fig-
ure 5). Lin28a signals were mainly colocalized with neuronal marker
NeuN in the cortex and with RGCmarker Tuj1 in the retina, although
they also were present in other types of cells. Thus, local application of
the AAV2-Lin28a vector efficiently transduces mature neurons in the
sensorimotor cortex and retina of adult rodents.

Treatmentwith AAV2-Lin28a Vector Delivered 5 Days after Injury

Promotes Regeneration of CST Axons in Adult Mice

To determine whether upregulating Lin28a after injury promotes
axon regeneration in vivo, we performed dorsal over-hemisection at
Molecular Therapy Vol. 28 No 8 August 2020 1905
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Figure 3. Upregulation of Lin28a Promotes Robust

Regeneration of Injured CST Axons into the Caudal

Spinal Cord and Significant Recovery of Locomotor

Function in Adult Tg Mice

(A) Schematic drawing indicates the experimental pro-

cedures and time protocols in adult Lin28 Tg mice. (B)

Neuronal tracer BDA was injected into the sensorimotor

cortex 6 weeks after SCI, and BDA-labeled CST axons

were evaluated 8 weeks after SCI. Parasagittal sections

around the lesion in SCI controls indicated termination of

injured dorsal CST axons, and there are no regenerated

CST axons in the caudal spinal cord. In contrast, similar

sections in Lin28 Tg mice indicated regeneration of a

great number of CST axons into the lesion area and

caudal spinal cord. Scales bar, 200 mm (low power) and

50 mm (high power). (C) Camera lucida drawings indicate

BDA-labeled CST axons from all of the parasagittal sec-

tions of three representative mice, one from the WT group

and two from the Tg group. CST axons had short

sprouting around lesion but terminated without apparent

regeneration in SCI control. In contrast, the Tg mice

display robust regrowth of CST axons around the lesion

and in the caudal spinal cord. Scale bar, 200 mm. (D) BDA-

labeled CST fibers were traced from all parasagittal sec-

tions of the spinal cord 0–4 mm caudal to the lesion, and

the length of CST axons was quantified from every 0.8-

mm length of the caudal spinal cord. Most regenerated

CST axons reached the spinal cord approximately

2.5 mm caudal to the lesion, and some of them regrew

longer than 4 mm caudal to the lesion center, a level close

to the lumbar enlargement in this model. (E) The pre-

synaptic marker Syn is colocalized to regenerated CST

axons (see arrows) in the caudal spinal cord of para-

sagittal sections. Scale bar, 25 mm. (F) Graph indicates the

locomotor BMS scores in adult SCI mice. Lin28 Tg mice

exhibit increased BMS scores several weeks after SCI. (G)

Graph indicates the grid walk errors in adult mice 8 weeks

after SCI. Dorsal is up in all sections. The numbers indi-

cate means ± SEM from five to eight mice per group.

Repeated-measures ANOVA in (D) and (F), Student’s t

test in (G), **p < 0.01.
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Figure 4. Lin28a Upregulation Enhances

Regeneration of Optic Nerve Axons and Survival of

RGCs in Adult Transgenic Mice 17 or 30 Days after

Injury

(A) Schematic drawing shows the time frames of the major

procedures for studying axon regeneration in adult Tg mice

with optic nerve crush injury. (B) Representative images

indicate that upregulation of Lin28a protein promotes

regeneration of optic nerve axons in Tg mice 17 or 30 days

after injury. Scale bar, 50 mm. (C) CTB-traced axons were

quantified from optic nerve sections at different distances

from the lesion. Lin28 Tgmice show dramatic regeneration,

and some axons regenerated >1.5 mm past the lesion. (D)

Graph indicates dramatic regeneration of injured optic

axons in Lin28 Tg mice, and some axons regenerated

�3 mm past the lesion. (E) The pre-synaptic marker Syn is

colocalized to regenerated axons traced by CTB (see ar-

rows) in optic chiasmatic sections. Scale bar, 25 mm. (F)

Representative images from retina indicate that upregula-

tion of Lin28a protein increases survival of RGCs in Tg mice

17 or 30 days after injury. Scale bar, 50 mm. (G) Graph in-

dicates that upregulating Lin28a protein enhances survival

of RGCs in Tg mice 17 days after injury. (H) Upregulating

Lin28a protein enhances survival of RGCs in Tg mice

30 days after injury. n = 6–7 mice in (C), (D), (G), and (H);

repeated-measures ANOVA in (C) and (D), Student’s t test

in (G) and (H), **p < 0.01.
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T7 in 8- to 10-week-old C57BL/6mice and 5 days later injected AAV2
vectors (2 � 1012 genomic copies/m) for GFP (control [Ctrl]) or
Lin28a into the left sensorimotor cortex. Because GFP signals were
not strong enough to visualize axonal structures following AAV2
infection, we used anterograde tracer BDA to examine regrowth of
Mole
CST axons 8 weeks after SCI (>4 months old).
In contrast to termination of CSTs in SCI con-
trols, animals treated with Lin28a vector dis-
played remarkable CST regeneration into the
lesion area and caudal spinal cord (Figure 6).
Many regenerated CST axons typically paralleled
the GFAP+ reactive astrocytic processes sur-
rounding the dorsal lesion epicenter and grew
into the deeply transected areas close to the
ventral spinal cord. CST axons regrew approxi-
mately 2 mm into the caudal spinal cord in
most mice, but reached >3 mm caudal to the
lesion in others. CST axons in the caudal spinal
cord displayed meandering courses and branch-
ing patterns, the features of regenerated axons.44

Dot-like Syn signals were also colocalized to the
regenerated CST axons in the spinal cord caudal
to the lesion (Figure 6E). Immunostaining for
GFAP indicated that the sizes of the injury and
reactive scar tissue areas were similar in both
control and Lin28 animals, although it is techni-
cally challenging to measure the accurate lesion
depth based on GFAP staining. Therefore, our AAV2-Lin28a vector,
delivered 5 days after SCI, promoted dramatic regrowth of CST axons
in adult rodents. We confirmed upregulation of Lin28a protein in the
sensorimotor cortex following local injections of the AAV2-Lin28a
vector as shown in Figure 5.
cular Therapy Vol. 28 No 8 August 2020 1907
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Figure 5. Upregulation of Lin28a Protein in Sensorimotor Cortices and

Retinas of Adult C57BL/6 Mice 2 Weeks after Local Injections of AAV2-

Lin28a Vector

(A) Images of double staining for Lin28a and neuronal marker NeuN indicate up-

regulation of Lin28a protein in the sensorimotor cortices of C57BL/6 mice locally

treated with AAV2-Lin28a, in contrast to lack of Lin28a signals in the controls

treated with AAV2-GFP. Scales bar, 20 mm. (B) Images of double staining for Lin28a

and RGC marker Tuj1 indicate upregulation of Lin28a protein in RGCs and other

retinal cells of C57BL/6 mice intravitreally treated with AAV2-Lin28a, in contrast to

lack of Lin28a signals in the controls treated with AAV2-GFP. Scales bar, 40 mm.

Molecular Therapy
Intravitreal Treatment with AAV2-Lin28a Vector Stimulated

Dramatic Regeneration of Optic Nerve Axons and Survival of

RGCs

Because overexpression of Lin28a in Tg mice is not feasible for treat-
ing patients with CNS axon injury, we injected AAV2-GFP (controls)
or AAV2-Lin28a intravitreally into adult WT C57BL/6 mice immedi-
ately after optic nerve crush and evaluated regeneration of optic nerve
axons 21 days after injury labeled by CTB tracer (Figure 7A). Intravi-
treal injection of AAV2 viral vector infected most of RGCs, as re-
ported previously.46–48 Consistently, we detected dramatic regenera-
tion of injured optic axons (Figures 7B and 7C) and increased survival
of RGCs in retina (Figure 7F) in AAV2-Lin28a-treated mice
compared with AAV2-GFP controls. To further evaluate the thera-
peutic potential of upregulating Lin28, we then performed separate
experiments to inject AAV2 vectors 1 day after injury and examined
1908 Molecular Therapy Vol. 28 No 8 August 2020
axon regeneration 45 days after ONI. Consistently, we detected long
distance optic nerve regeneration, and some CTB-labeled axons re-
generated along the whole length of optic nerve and reached the optic
chiasm levels (Figures 7D and 7E). Moreover, regenerated axons in
the distal optic nerve displayed dot-like distribution of the Syn pro-
tein (Figure 7G). Thus, upregulation of Lin28a by viral infection is
also highly effective for stimulating robust and sustained axon regen-
eration of injured optic nerve, indicating the great therapeutic poten-
tial of our AAV viral vector that encodes the Lin28a gene.

Akt and S6 Kinase at Least Partially Mediate Actions of Lin28a

Signaling in CNS Neurons of Adult Mice

The signaling pathways by which Lin28 controls neuronal growth in
adult CNS remain largely unknown. We examined a number of
signaling pathways that regulate growth of mammalian cells. Because
rapamycin, the mTOR inhibitor, diminished Lin28-mediated insulin
sensitivity and enhanced glucose uptake, and the insulin-PI3K-
mTOR pathway mediated actions of let-7 in mammalian non-
neuronal cells,15 we examined whether upregulating Lin28a in senso-
rimotor cortex of adult Tg mice would alter kinase activities along the
PI3K-mTOR pathway. Particularly, we measured the levels of Ser473
phosphorylation of Akt (pAkt) and Ser235/236 phosphorylation S6
ribosomal protein (pS6) by western blotting. Both pAkt and pS6 indi-
cate the activated forms of these kinases. We detected significantly
enhanced levels of pAkt (p < 0.001) and a trend of increased pS6
(p = 0.1425) in the sensorimotor cortex of Tg mice compared with
littermate WT controls (Figures 8A and 8C). We confirmed the
increased number of cortical neurons immunostained for pAkt and
pS6 in Tg mice (Figures 8D–8F). In contrast, the levels of cortical
p4E-BP1, another signaling protein downstream of Akt, were unal-
tered in Lin28 Tg mice (Figure 8H). Moreover, we confirmed
increased pAkt and pS6 in the retina of adult Tg mice by both western
blotting and immunostaining assays (Figures 8K–8M). Because the
Lin28 signal interacts with ERK (extracellular signal-regulated kinase)
and AMPK (adenosine 50-monophosphate-activated protein kinase)
pathways in stem and cancer cells,49,50 we also examined their activ-
ities by measuring the levels of phosphorylated p44/42 MAPK
(mitogen-activated protein kinase) (Erk1/2) at Thr202/Tyr204 and
phosphorylated AMPKa (p-AMPKa) at Thr172 in sensorimotor cor-
tex. We detected a trend of increased levels of both p-Erk (p = 0.0586)
and p-AMPKa (p = 0.1500) in Tg mice (Figures 8I and 8J), suggesting
their moderate roles in mediating Lin28 actions in mature neurons.
Therefore, activation of Akt, S6 kinase, and likely Erk and AMPKme-
diates actions of Lin28 signaling in CNS neurons of adult mice.
Indeed, numerous studies reported that targeting individual signals
along the PI3K/mTOR6,45,51,52 and Erk53 pathways promoted regen-
eration of different types of CNS neurons after injury. AMPK signal
appears to mediate axon initiation and neuronal polarization during
development.54

DISCUSSION
We reported novel crucial function of the RNA-binding protein
Lin28 in controlling regrowth of both motor and sensory neurons
in adult mammalian CNS. Upregulating Lin28a in Tg mice or by



Figure 6. Local Injections of AAV2-Lin28a into the

Sensorimotor Cortex Initiated 5 Days after SCI

Stimulate Robust Regeneration of Injured CST

Axons into the Caudal Spinal Cord of Adult Mice

(A) Schematic drawing indicates the experimental pro-

cedures and time protocols in adult mice intracortically

treated with AAV2 vectors. (B) Parasagittal sections

around the lesion in SCI controls indicated termination of

injured dorsal CST axons, and there are no regenerated

CST axons in the caudal spinal cord. In contrast, similar

sections in two representative AAV2-Lin28a-treated mice

indicated regeneration of a great number of CST axons

into the lesion area and caudal spinal cord. Dorsal is up in

all sections. Scale bar, 200 mm. (C) Camera lucida draw-

ings indicate BDA-labeled CST axons from all the para-

sagittal sections of three representative mice, one from the

AAV2-GFP group and two from the AAV2-Lin28a group.

CST axons terminated without apparent regeneration in

the SCI control. In contrast, the animals treated with

AAV2-Lin28a display robust regrowth of CST axons

around the lesion and in the caudal spinal cord. Scale bar,

200 mm. (D) BDA-labeled CST fibers were traced from all

parasagittal sections of the spinal cord 0–3.2 mm caudal

to the lesion, and the length of CST axons was quantified

from every 0.8-mm length of the caudal spinal cord. Most

regenerated CST axons reached the spinal cord approx-

imately 2 mm caudal to the lesion and some of them

regrew longer than 3 mm caudal to the lesion center. (E)

Parasagittal sections indicate colocalization of pre-syn-

aptic marker Syn (see arrows) to regenerated CST axons

in the caudal spinal cord. Scale bar, 25 mm. The numbers

indicate means ± SEM from four to five mice per group.

Repeated-measures ANOVA in (D).
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AAV2 infection stimulated dramatic and long distance regeneration
of injured CSTs and optic nerves in adult rodents and also signifi-
cantly promoted survival of RGCs. In adult mice treated with
AAV2-Lin28a vector after injury, some CST axons regenerated
>3 mm past the SCI lesion, and a portion of optic axons regrew the
Molecular Therapy Vol. 28 No 8 August 2020 1909
t
t
l

entire length of optic nerves and reached the op-
tic chiasm levels. Therefore, we demonstrate that
manipulating Lin28a activity represents a very
attractive approach for regenerating various
types of cells, including different populations
of CNS neurons.

It is important to identify new molecular targets
for manipulating regeneration of mature CNS
neurons, including Lin28 reported in this study.
Severed CNS axons fail to regenerate, and
neuronal disconnections usually result in severe
functional deficits in many patients, including
traumatic brain/spinal cord injury, stroke,
neurodegenerative diseases, and visual system
disorders. Developing successful regenerative
strategies for rewiring CNS axons is extremely
important for neuroscience research. Both reduced intrinsic growth
capability of developed neurons and extrinsic inhibitory environmen
around the lesion mainly attribute to the regeneration failure in adul
mammals.55,56 Various signaling proteins controlled CNS neurona
survival and axon regeneration, including mTOR,6 STAT3,57
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Figure 7. Lin28a Upregulation by AAV2 Gene Delivery

Dramatically Enhances Regeneration of Optic Nerve Axons

and Survival of RGCs in Adult WT Mice 21 or 45 Days after

Injury

(A) Schematic drawing shows time frames of the major procedures

for studying optic axon regeneration in adult mice treated with viral

vectors. (B and C) Images (B) and graph (C) indicate that intravitreal

AAV2-Lin28a injected immediately after injury promotes regener-

ation of optic nerve axons in adult mice 21 days after injury. Scale

bar, 50 mm. (D and E) Images (D) and graph (E) indicate that in-

travitreal AAV2-Lin28a treatment injected one day after injury

stimulates long distance regeneration of optic nerve axons in adult

mice 45 days after nerve crush. Scale bar, 100 mm. (F) Intravitreal

AAV2-Lin28a enhances survival of RGCs in adult mice 21 days

after injury. (G) Syn is colocalized to the regenerated axons traced

by CTB (see arrows) in optic nerve distal to the lesion. Scale bar,

20 mm. n = 5–7mice in (C), (E), and (F); repeated-measures ANOVA

in (C) and (E), Student’s t test in (F), **p < 0.01.
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SOCS3,45,58 LKB1,43, KLFs,7,59 b-RAF,60 c-myc,10 SOX11,11,61 and os-
teopontin.62–64 The strategies that target these genes promoted CNS
regeneration, but the overall extent of regrowth achieved so far is still
limited, even with combined approaches. Overexpression of certain
KLFs, such as KLF6/7, promoted limited axon regeneration, although
suppressing others, such as KLF4, had similar effects on neuronal re-
growth.7 PTEN deletion to activate mTOR stimulated dramatic
regeneration of CST axons and RGCs after injury,6,8 but deleting
PTEN combined with SOCS3 deficiency or with overexpressing
such genes as osteopontin, IGF, c-myc, SOX11, and b-RAF promoted
further regeneration of injured optic nerve axons. However, the
combinatorial approaches, such as deleting PTEN plus overexpress-
ing osteopontin and IGF, only promotes regeneration of selective
a-RGCs, which cover 6% of RGCs in intact retinas.64,65 In this study,
we identified that activating Lin28a alone stimulated robust regener-
ation of both motor and sensory tracts after CNS injuries.

Our findings, together with recent reports,46,66 support the essential
role of Lin28 in reprograming diverse populations of mature CNS
neurons in mammals. Lin28 is an RNA-binding protein that
uniquely contains a cold shock domain and a pair of CCHC
(cysteine cysteine histidine cysteine) zinc finger domains. Lin28a
is predominantly present in the cytoplasm and can transport to
and from nucleus in contrast to the primary distribution of
Lin28b in nucleolus.67,68 Because Lin28a and Lin28b are highly
conserved and have similar structure and functions, it will be inter-
esting to study the role of Lin28b in the CNS and whether targeting
both would stimulate additional axon regeneration after CNS in-
juries. Lin28 is a heterochronic gene to regulate the timing of devel-
opmental events in C. elegans, including the cell fates specific to
later development and terminal differentiation of some cell types.27

Lin28 is essential for mediating transition from pluripotency to a
committed cell lineage,69 and it can reprogram mammalian somatic
cells to pluripotent cells by increasing their divisions.26,70 Lin28 has
diverse biological functions in vivo because its overexpression in-
creases both the organ and body size and delays the onset of pu-
berty, and its loss causes embryonic lethality by reducing cell
growth, fat accumulation, and brain size.71,72 Lin28 is essential for
controlling proliferation of neural precursor cells in vitro and also
in developing brain.71,73 Moreover, Lin28 is a critical molecular
target for regenerating different types of peripheral tissues,
including digit, epidermal hair, and pinna.12
Figure 8. Upregulating Lin28a Altered the Levels of Several Signaling Proteins

Mice

(A) Levels of Lin28a protein were determined from the sensorimotor cortex of adult m

phosphorylated (B) Akt and (C) S6weremeasured from the sensorimotor cortex of adult m

p-Akt. (D and E) Coronal brain sections containing sensorimotor cortex from adult mice w

with NeuN were significantly increased in Tg group compared with littermate WT contro

cortex from adult mice were immunostained for phosphorylated S6 kinase and NeuN (

littermate WT controls (F). Scale bar, 50 mm. (H) Levels of phosphorylated 4E-BP1 were

similar between Tg mice and the WT control group. (I and J) Levels of phosphorylated (

western blotting. Both showed a trend of increase in Tg group. (K and L) Levels of phosp

blotting. They were significantly increased in the Tg group. (M) Immunostaining for phosp

Tg mice. Scale bar, 20 mm. n = 3–4 mice per group; Student’s t test, *p < 0.05, **p <
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Lin28 may regulate cell growth by let-7-dependent and -independent
pathways. Regulating let-7 function is the best known mechanism for
Lin28 in worms and mammals. Let-7 encodes a miRNA in the heter-
ochronic pathway that controls cell differentiation during develop-
ment.74 Lin28a binds to an evolutionarily conserved motif (GGAG)
within both non-coding let-7 primary transcripts in the nucleus
and let-7 precursors (pre-let-7) in the cytoplasm and blocks process-
ing them into mature let-7, thus modulating cell functions.75,76

Consistently, let-7 inhibits regeneration of anterior ventral microtu-
bule neurons in C. elegans.77 Lin28 may also function by directly
binding mRNAs and regulating their expression via let-7-indepen-
dent mechanisms.27 Lin28 controls L3 cell fates in C. elegans through
let-7, but it promotes L2 cell fates independently of let-7.19 Selective
knockout of Lin28 in skeletal muscle of mice impaired glucose toler-
ance and insulin resistance, but it did not alter let-7 levels.15 Let-7
repression is required but is insufficient to promote tissue repair in
Tgmice.12Whether Lin28 regulates regrowth of mature CNS neurons
by the let-7 pathway remains unknown.

Lin28 activation may promote regrowth of RGCs indirectly by target-
ing presynaptic inhibitory neurons. Lin28 activation promotes
growth of various types of targeted cells by reprogramming
them,12,33 but a recent study suggests that Lin28 overexpression in
retina promotes RGC regeneration mainly by targeting amacrines hy-
peractivated after RGC injury.66 Injecting AAV2-Lin28 into retina
overcame presynaptic inhibition of amacrines and potentiated
responsiveness of injured RGCs to IGF1 because selective Lin28
expression in RGCs only induced modest regeneration. Either
Lin28 expression in amacrines or blocking synaptic inhibition of
amacrines promoted RGC survival and IGF1-induced regeneration,
but combinatorial Lin28 upregulation in amacrines and widespread
IGF1 expression in retina are necessary for inducing robust RGC
regeneration. Notably, we found that intra-retinal AAV2-Lin28a
alone stimulated robust and long distance RGC regeneration, reach-
ing�900 axons at 0.5 mm past the lesion (Figure 7, versus�600–900
axons by Lin28 + IGF1 in Zhang et al.66). Consistently, Lin28a facil-
itated neuronal formation in mammalian retina likely mediated by
IGF signaling.78 We also observed a similar extent of RGC regenera-
tion in Lin28 Tg mice (Figure 4) and confirmed the results in both Tg
and viral experiments by two independent scientists (F.M.N. and
S.W.). In our Lin28 Tg mice with Thy1 promoter that mainly targets
projection neurons, Lin28a was also possibly expressed in amacrines
Related to Neuronal Growth in Sensorimotor Cortex and Retina of Adult Tg

ice by western blotting to confirm its upregulation in Tg mice. (B and C) Levels of

ice by western blotting. They were increased in the Tg group, especially the levels of

ere immunostained for phosphorylated Akt and NeuN (E). p-Akt+ cells co-localized

ls (D). Scale bar, 50 mm. (F and G) Coronal brain sections containing sensorimotor

G). p-S6+ cells co-localized with NeuN were increased in Tg group compared with

measured from the sensorimotor cortex of adult mice by western blotting. They were

I) Erk and (J) AMPKa were measured from the sensorimotor cortex of adult mice by

horylated (K) Akt and (L) S6 were measured from the retinas of adult mice by western

horylated Akt and S6 consistently indicated the increased signals for both in retina of

0.01.
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because some Thy1 Tg lines expressed transgene in this cell type.37 It
is interesting to study whether Lin28 controls regrowth of other types
of neurons (e.g., CSTs) also by a presynaptic regulation.

We demonstrate that that the mTOR-Akt pathway at least partially
mediates actions of Lin28, although other signals, such as Erk and
AMPK, probably play moderate roles. As an RNA-binding protein,
Lin28 enhances translation of a great number of mRNAs,27 including
the genes in the IGF-PI3K-mTOR signaling axis and others regulating
cell cycle (e.g., Myc, Ras, and Hmga2) by suppressing let-7
signaling.20 Particularly, upon activating PI3K signaling by Lin28,
phosphorylated Akt activates mTOR signaling by phosphorylating
the GTPase-activating tuberous sclerosis 1/2 complex, which conse-
quently phosphorylates ribosomal S6 kinases and/or 4-EB-P1/2. We
identified that Lin28 regulated neuronal growth by activating S6 ki-
nase, but not affecting 4-EB-P1. Other signals, especially Erk and
AMPK (also the signals downstream of IGF), appear also to play
moderate roles in mediating regrowth of mature CNS neurons.

We demonstrate that Lin28 is an important target molecule for CNS
repair and that its upregulation has a great therapeutic potential for
neurological disorders. Because Lin28 actions on development are
evolutionarily conserved from worms to rodents to humans,27 our
research results may translate into application to humans, especially
to those with CNS axonal damages, such as brain/spinal cord injury,
stroke, and glaucoma. Because AAV vectors have favorable safety
profiles, efficiently transduce a wide range of cell types, and are
frequently used to treat neurological disorders,79,80 this study may
help us identify innovative, practical strategies to treat CNS disorders
by enhancing neuronal survival as well as regeneration and reconnec-
tions among neurons. Given that multiple factors contribute to CNS
regenerative failure,55 it is interesting to combine Lin28 activation
with other effective approaches, such as suppressing scar-sourced in-
hibitors around the lesion, for synergistic actions.

MATERIALS AND METHODS
Characterization of Lin28 Protein Expression in the Cortex and

Retina

All of the experimental procedures with animals were approved by
the Institutional Animal Care and Use Committee at Temple Univer-
sity. We evaluated the expression level of Lin28a protein in the
cortices and retinas of developmental C57BL/6 mice by western blots.
For sample preparation, mice were perfused with ice-cold PBS for
5 min, and fresh tissue blocks of both sides of cortices and retinas
were collected immediately and then prepared in lysis buffer
(50 mM Tris-HCl [pH 7.2], 10 mM MgCl2, 300 mM NaCl, and
1.5% IGEPAL) containing various protease inhibitors (1 mM phenyl-
methylsulfonyl fluoride, 2 mM orthovanadate, 10 mg/mL leupeptin,
and 10 mg/mL aprotinin). The supernatants of tissue lysates contain-
ing equal amounts of total protein were loaded onto Tris-glycine gels
and transferred to nitrocellulose membranes. Membranes were
blocked with 5% blotting grade milk (Bio-Rad), blotted with rabbit
anti-Lin28a antibody (catalog no. 8641S, Cell Signaling Technology)
andmouse anti-actin clone C4 antibody (MP Biomedicals, for loading
control), and then incubated with secondary antibodies conjugated to
IRDye 800CW goat anti-mouse IgG (LI-COR Biosciences) or IRDye
680RD goat anti-rabbit IgG (LI-COR Biosciences). The western blot
bands were visualized and quantified with the LI-COR Odyssey scan-
ner and Odyssey ImagingStudio software. At least three to four sepa-
rate experiments were performed. To verify neuronal expression of
Lin28a in the CNS, coronal brain sections and whole-mount retina
from C57BL/6 mice of various ages were immunostained for
Lin28a and for the neuronal marker NeuN or bIII-tubulin (Tuj1,
MMS-435P, BioLegend). Because of low levels of Lin28a expression
in the developmental retina of WT mice, anti-rabbit biotin-conju-
gated secondary antibody and tyramide signal amplification (TSA)
systems (PerkinElmer) were used to detect Lin28a signals in retinas.

Generation and Characterization of Lin28a Tg Mice

To generate Tg mice expressing Lin28a in the nervous system, mouse
Lin28a cDNA (plasmid 21147, Addgene) was subcloned into the XhoI
site of the Thy1 promoter construct (plasmid 26357, Addgene).37

Plasmid was digested with EcoRI and PvuI and the resultant 6.5-kb
fragment was injected into fertilized oocytes of C57BL/6 mice in
the Fox Chase Cancer Center at Temple University. The founder
mice were crossed with C57BL/6 WT mice for more than seven gen-
erations, and their offspring were used for this study. For genotyping,
DNAs were extracted from the tail samples, and PCR was performed
with the primers 50-TCTGAGTGGCAAAGGACCTTAGG-30 (for-
ward) and 50-CCCACCGCAGTTGTAGCACC-30 (reverse), which
amplify the sequence at the junction of the Thy1 promoter and
Lin28a gene. DNA amplification was performed using GoTaq (Prom-
ega), and PCR conditions were as follows: 35 cycles of 94�C for 30 s
(denaturation), 57�C for 1 min (annealing), and 72�C for 1 min
(extension). The size of the PCR product was 600 bp.

We evaluated the expression level of Lin28a protein in the sensori-
motor cortex and retina of Tg mice by both immunohistochemistry
and western blots. For the former, the brain and retina derived
from Tg mice or WT littermates were fixed in 4% paraformaldehyde
(PFA) for 2 h and immersed in 30% sucrose solution overnight. The
coronal brain sections containing the sensorimotor cortex and the
whole-mount retina were immunostained with a rabbit anti-Lin28a
antibody and an Alexa Fluor 594-conjugated secondary antibody.
Cross-sections of optic nerve in some WT and Tg mice were immu-
nostained for neurofilament (catalog no.MAB1615, Sigma). For west-
ern blotting, mice were perfused with ice-cold PBS for 5 min, and
fresh brain and retinal tissues were collected immediately and then
prepared in lysis buffer. The samples were used to detect the levels
of Lin28 (catalog no. 8641S for Lin28a and catalog no. 5422S for
Lin28b, Cell Signaling Technology) as described above. The levels
of Lin28a in sensorimotor cortical areas (1.5 and 2 mm surrounding
bregma in P1–P7 and P14–P42 mice, respectively) were measured
(Figures 1A and 2D).

The overall motor and sensory function in Lin28 Tg mice was evalu-
ated with multiple behavioral tests. The BMS scores were evaluated
while the mouse was walking in an open field and confirmed from
Molecular Therapy Vol. 28 No 8 August 2020 1913
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digital video records. The grid walk errors were counted from video-
tapes played at a slow speed (four separate trials per test) and averaged
from different trials. For grasping analysis, the mouse was pulled
steadily until it lost hindlimb grip, and then the peak force was
measured by the force meter. Thermal withdrawal was tested by dip-
ping each of the hindpaws into a hot water bath at 50�C and counting
the seconds of paw withdrawal from the hot water.
Production of AAV2-GFP or AAV2-Lin28 Vectors and Evaluation

of Their Transduction in the Cortex and Retina

To generate AAV2-based vectors, we inserted GFP (control) or GFP-
Lin28a into the pAM/chicken b-actin/woodchuck hepatitis virus
posttranscriptional regulatory element (WPRE) vector and packaged
viral vectors in HEK293 cells using helper and packaging vectors. The
AAV2 vector plasmids contain the expression cassettes, including
chicken b-actin promoter, cDNA encoding GFP (control) or GFP-
Lin28a, WPRE, and SV40 poly(A) between inverted terminal repeats
(ITRs). The recombinant GFP-Lin28a plasmid was cloned and gener-
ated by PCR in our laboratory. The vector, pAAV-RC2 (AAV2 rep
and cap expression plasmid), and helper plasmid were co-transfected
into HEK293 cells by polyethyleneimine.81 The prepared AAV2 vec-
tors were purified by double centrifugation with cesium chloride and
then dialyzed overnight. The vector titers used in this study were
initially determined by infecting fibroblast cells and confirmed in
transfected adult dorsal root ganglion cultures by immunostaining
for GFP or Lin28a.

To evaluate efficiency of our AAV2-Lin28a in transducing mature
neurons, we injected AAV2-GFP or AAV2-Lin28a (2� 1012 genomic
copies/mL) into five sites of the sensorimotor cortex (see the coordi-
nates described below) and into vitreous of adult C57BL/6 mice. Two
weeks after the AAV2 vector injections, mice were perfused with 4%
PFA and the fixed brain and eyeball were collected and prepared for
immunohistochemistry as described above.
Spinal Cord Injury, Intracortical Treatments with AAV2-GFP or

AAV2-Lin28a Vectors, and Tracer Injections to Label CST Axons

in Adult Mice

We performed dorsal over-hemitransection SCI at T7 in Lin28a Tg
mice (littermate WT as controls) and in C57BL/6J mice for viral ex-
periments. To lesion spinal cords in adult mice (8–10 weeks old), we
exposed the dorsal spinal cord by T6–T7 laminectomy. A dorsal
over-hemisection (1 mm in depth and approximately 1.5 mm in
dorsoventral diameter) was performed at T7 with a 30-gauge needle
and microscissors to completely sever the dorsal CST. The lesion
depth of 1 mm was ensured by passing a marked 30-gauge needle
at least five times across the dorsal spinal cord. To upregulate
Lin28a in cortical motor neurons of adult C57BL/6 mice in viral ex-
periments, 5 days after SCI, we used a nanoinjector to inject AAV2-
GFP or AAV2-Lin28a (2 � 1012 genomic copy/mL) into five sites
within the left sensorimotor cortex (anterior-posterior coordinates
from bregma, 1.0, 0.5, 0, �0.5, and �1.0 mm, all at 1.0 mm lateral
and at a depth of 1.0 mm).
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Six weeks after SCI, the mice received BDA (molecular mass of 10 kDa)
tracer injections into five sites of the sensorimotor cortex at the same
coordinates as for AAV2 vector injections. Mice were perfused 2 weeks
after BDA injection and fixed spinal cords were dissected for histology.
To compare axon numbers in the caudal spinal cord between different
groups, we determined the length of BDA-labeled CST axons in all par-
asagittal sections of spinal cord from 0 to 4 mm caudal to the lesion
epicenter in each animal. The injury center was determined as the
midpoint of histological abnormalities produced by lesion cavitation,
reactive astrocytes, and morphological changes of injured axons. The
CST axons caudal to the lesion were tracedmanually in each of the par-
asagittal sections, and their total length inside of several bin boxes at
0.8, 1.6, 2.4, 3.2, and 4.0 mm caudal to the lesion center was measured
using Photoshop and ImageJ software. Some parasagittal sections were
doubly stained for Syn (catalog no. 5297S, Cell Signaling Technology)
and BDA-traced CST axons.

To determine functional recovery in Lin28 Tg mice, we evaluated
locomotion alterations during 8 weeks of survival by measuring loco-
motor BMS scores at 2 days after SCI and weekly thereafter. The grid
walk performance was also evaluated 8 weeks after SCI by counting
the walk errors from videotapes of different trials. The behavioral tests
were performed by two persons who were unaware of animal
identifications.

Optic Nerve Crush Injury, Tracer Injection, and Evaluation of

Axon Regeneration and RGC Survival

To access the optic nerve, we used microscissors and dull/angled for-
ceps to gently push away tissues near the eye and avoid damaging the
orbital venous sinus. Fine-angled forceps were used to crush optic
nerve for 10 s with a consistent pressure at �1 mm behind the optic
disc. To preserve retinal blood supply, we were careful not to damage
underlying ophthalmic artery. To upregulate Lin28a in the retina of
adult C57BL/6 mice, immediately or 1 day after optic nerve crush,
we injected AAV2-GFP or AAV2-Lin28a (2 � 1012 genomic
copies/mL) intravitreally at the crush side. At 18 or 42 days after
injury, we labeled regenerating axons by anterogradely injecting
Alexa Fluor 488-conjugated CTB tracer (2 mL per mouse, 2.5 mg/
mL) into vitreous with a micropipette. Three days after CTB injection,
mice were perfused with 4% PFA and optic nerves and retinas were
collected. Fixed optic nerves containing an injury site were sectioned
longitudinally (10 mm) and five representative sections were selected
from each optic nerve by visualizing the most regenerating axons
along the sections. We counted regenerating axons crossing several
locations past the lesion and calculated their number by dividing
axon number by the nerve size at each distance. Selected longitudinal
sections in the optic nerve and optic chiasm were immunostained for
Syn (catalog no. 5297S, Cell Signaling Technology). Following 2-h
post-fixation in the same PFA and overnight incubation in 30% su-
crose, we immunostained the whole-mounted retina with an antibody
for Tuj1 and examined the number of surviving RGCs in retina ipsi-
lateral to injury. After quantifying the average number of Tuj1-pos-
tive cells per field, we obtained the total number of viable RGCs by
multiplying the figure by retinal area, as reported previously.6,45
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Characterization of Signaling Proteins Potentially Downstream

of Lin28a in the Sensorimotor Cortex and Retina

To study the signals downstream of Lin28a inmature cortical neurons
and RGCs, we perfused Lin28 Tg mice and littermate WTs with cold
PBS and collected fresh tissues of the sensorimotor cortex and retina
for western blotting assay. Because of limited tissue size in mouse
retina, we first evaluated potential changes of signaling proteins in
the sensorimotor cortex with the following primary antibodies: rabbit
Lin28a (catalog no. 8641S, Cell Signaling Technology), rabbit p-
AMPKa (Thr172; 40H9), mouse monoclonal antibody (mAb) pAkt
(Ser473, 587F11), rabbit mAb pS6 ribosomal protein (Ser235/236),
rabbit mAb p-4E-BP1 (eukaryotic initiation factor 4E-binding pro-
tein 1, Thr37/46, 236B4), rabbit mAb p-Erk1/2 (p44/42), and rabbit
or mouse b-actin. All of these antibodies were purchased from Cell
Signaling Technology. We then confirmed the alterations of pAkt
Ser473 and pS6 Ser235/236 in sensorimotor cortex by immunohisto-
chemistry. We also measured the changes of pAkt Ser473 and pS6
Ser235/236 in the retinas by both western blotting and immunostain-
ing assays.

Statistical Analysis

GraphPad Prism software was used for statistical analysis. Data in
graphs are shown as means ± SEM. Developmental changes of
Lin28a were analyzed with repeated-measures one-way ANOVA.
Comparisons between two groups at multiple time points were
analyzed with a repeated-measures ANOVA. The experiments
comparing a single determination of means between two independent
groups were analyzed with Student’s t test. Differences between
groups with p < 0.05 were considered significant (*p < 0.05, **p <
0.01), and a Bonferroni correction was used for multiple comparisons.
During the experimental procedures, including surgery, histology,
behavioral test, and axon quantification, the evaluating researchers
were blinded to animal genotypes and viral vector treatments.
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