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Axon regeneration is regulated by a neuron-intrinsic transcrip-
tional program that is suppressed during development but that
can be reactivated following peripheral nerve injury. Here we
identify Prom1, which encodes the stem cell marker prominin-1,
as a regulator of the axon regeneration program. Prom1 expres-
sion is developmentally down-regulated, and the genetic deletion
of Prom1 in mice inhibits axon regeneration in dorsal root gan-
glion (DRG) cultures and in the sciatic nerve, revealing the neuro-
nal role of Prom1 in injury-induced regeneration. Elevating
prominin-1 levels in cultured DRG neurons or in mice via adeno-
associated virus-mediated gene delivery enhances axon regeneration
in vitro and in vivo, allowing outgrowth on an inhibitory substrate.
Prom1 overexpression induces the consistent down-regulation of cho-
lesterol metabolism-associated genes and a reduction in cellular cho-
lesterol levels in a Smad pathway-dependent manner, which
promotes axonal regrowth. We find that prominin-1 interacts with
the type I TGF-β receptor ALK4, and that they synergistically in-
duce phosphorylation of Smad2. These results suggest that Prom1
and cholesterol metabolism pathways are possible therapeutic tar-
gets for the promotion of neural recovery after injury.
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The regenerative potential of injured axons can be promoted
by manipulating the expression of specific genes within

neurons. Modulating the expression of regeneration-associated
genes (RAGs) has become an attractive strategy for the devel-
opment of therapeutic applications that restore neuronal con-
nectivity (1, 2). Comparative analysis of transcriptome has revealed
highly promising targets for manipulation to effectively enhance
axon regeneration (3–6). This approach has also led to the identi-
fication of signaling pathways regulating axon regeneration, such as
the MAPK, JAK/STAT, BMP/Smad, and PTEN/mTOR pathways
(7–12). However, it remains unclear which cellular physiological
mechanisms, such as metabolic processes, protein secretion, and
cytoskeletal remodeling, are affected by the manipulation of these
signaling pathways for the purposes of regenerative potentiation.
Thus, identification of the specific biological processes is required to
develop clinically applicable methods.
Prominin-1, also known as CD133, is a pentaspan membrane

glycoprotein encoded by Prom1 that has been identified in hu-
man hematopoietic stem cells and mouse neuroepithelium
(13–15). It has been demonstrated that the genetic deletion of
Prom1 causes significant neural defects, including retinal de-
generation (16, 17), a reduced number of neurons in the brain
(18), and walking problems (19). Collectively, these previous
findings indicate that prominin-1 may be involved in neural in-
tegrity (20). However, whether prominin-1, the protein encoded
by Prom1, can regulate the intrinsic ability of damaged neurons
to regenerate axons has not yet been tested.
Axon regeneration in the central nervous system (CNS) is

challenging because of the inhibitory environment in the damaged

neural tissue, which hinders axonal growth (21, 22). In addition,
the neurons in the CNS cannot activate the regenerative program,
leading to unrecoverable defects in neural function after injury
(23). In contrast, the neurons in the peripheral nervous system
(PNS) can usually recover their original function after injury based
on their robust regenerative potential (24). It has also been
reported that engineered PNS neurons can overcome the growth-
stunting effects of inhibitory molecules produced by injured CNS
tissue (25). Research into transcriptomic mechanisms for re-
generation has revealed that injury to peripheral neurons activates
intrinsic signals that enhance the regenerative process, which is
known as the preconditioning effect (26–30). In this regard, sig-
naling pathways have been suggested as possible targets for the
promotion of axonal regeneration in vivo (23, 31, 32). However,
the search continues for effective target molecules for manipula-
tion to improve axon reextension in injured neural tissue (33).
In the present study, we identified the stemness-associated

gene Prom1 as a positive regulator of axon regeneration and
the preconditioning effect. Prom1 expression in dorsal root
ganglia (DRG) is developmentally down-regulated, and elevat-
ing its expression levels enhances the intrinsic regenerative po-
tential of injured neurons. We report that Prom1 overexpression
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induces transcriptomic regulation of a distinct set of genes as-
sociated with cholesterol metabolism via Smad signaling, which
leads to improved axon regeneration, and present the Prom1-
dependent pathway as a target of therapeutic methods for en-
hancing neural repair.

Results
Prom1 Expression Is Developmentally Down-Regulated in DRG Neurons.
The ability to regenerate axons deteriorates as neurons mature,
which is consistent with the idea that developmentally down-
regulated genes may contribute to the limited regenerative po-
tential in adult neurons (20, 34). We hypothesized that stemness-
regulating genes, which have reduced levels in adult neurons,
might play an important role in the regenerative program. The
transcriptome in DRG in the early stages of development is dis-
tinct from that in mature DRG (6), suggesting that comparative
analysis could be used to identify the molecular determinants
regulating the developmental stages of neurons.
Based on a list of genes that have been reported to be dif-

ferentially expressed in the early or late developmental stages
(6), we searched for known stem cell marker genes (35). We
found that the expression of a specific set of stem cell marker
genes is negatively regulated across the developmental stages of
DRG neurons (Fig. 1A). Except for Prom1, most of these factors
are known to regulate gene expression during neuronal differ-
entiation. The expression levels of the stem cell marker genes
were further analyzed and plotted with the expression levels in
cultured DRG neurons (at days in vitro [DIV] 7) reported in our
previous study to confirm neuronal expression (27) (Fig. 1B). A
series of comparative analyses between the independent datasets
revealed that Prom1 is substantially down-regulated as the neu-
rons mature. More importantly, Prom1 mRNA is detected from
cultured DRG neurons at DIV7 (closed circles in Fig. 1B). In
contrast, the transcripts of the other genes, such as Sox9, Msi1,
and Sox2, were not expressed (open circles in Fig. 1B). qPCR

analysis confirmed significantly lower Prom1 mRNA expression
levels in DRG dissected from 8-wk-old adult mice compared
with DRG dissected from mouse embryos (embryonic day [E]
12.5), unlike other tested genes involved in neuronal develop-
ment, such as Zbp1, Shh, and Fgf1 (36–38) (Fig. 1C). Collec-
tively, these results suggest that Prom1 is developmentally down-
regulated and is potentially responsible for the developmental
decline in the regenerative response in injured PNS neurons.
We then examined the expression of prominin-1, the protein

encoded by Prom1. Prominin-1 is known to be preferentially
localized in the plasma membrane and also often in cellular
protrusions, such as microvilli, cilia, and filopodia (15, 39–43),
but its cellular localization in neuronal tissue has not been clearly
determined. We detected prominin-1 in the neuronal cell bodies
(white arrowhead) and in the βIII-tubulin-negative filamentous
structure (red arrow) adjacent to the soma (Fig. 1D). Neither
type of immunostaining signal was observed in the DRG tissue
from Prom1 constitutive knockout (KO) mice, confirming that
both staining patterns are prominin-1–specific (Fig. 1E). We next
investigated the identity of the prominin-1–positive filamentous
structure. Based on the morphology and location of the struc-
ture, we tested the colocalization of prominin-1 with the vascular
marker CD31 and F-actin. We found that phalloidin and CD31
immunoreactivity showed a partial overlap with the prominin-
1–positive structure (Fig. 1E and SI Appendix, Fig. S1A), con-
sistent with the vascular expression of prominin-1 (44–46). Col-
lectively, these results demonstrate that prominin-1 is expressed
in the neuronal cell bodies and vascular structure in the DRG.
We also assessed neuronal prominin-1 expression levels be-

fore and after nerve injury. Twenty-four hours after introducing
a crush injury to the sciatic nerve, where the DRG neurons
project their peripheral axons, the immunostaining intensity
against prominin-1 was reduced specifically in the βIII-tubulin–
positive neuronal cell bodies but not in the vascular structure

Fig. 1. Prom1 is a neuronally expressed and de-
velopmentally down-regulated stem cell marker in
DRG. (A) Table of expression values for stem cell
markers at different developmental stages in mouse
embryos. The data were extracted and adopted from
the original GEO accession no. GSE66128 (6). (B) 3D
bubble plot of the log2 FC in the expression values at
E17.5/E12.5 (x-axis), the −log10-adjusted P value for
differential gene expression analysis from the origi-
nal reference GSE66128 (y-axis), and the inverse of
the expression values at E17.5 (the diameter). The
open and closed circles indicate genes that have
negative or positive detection values, respectively,
analyzed and compared with the results from the
original reference (27). (C) The relative mRNA levels
from mouse adult DRG (aDRG) or E12.5 embryonic
DRG (eDRG) tissue. Data are mean ± SEM (D) A
representative section of adult mouse DRG tissue
immunostained with anti-mouse prominin-1 (mProminin-
1) and anti-βIII tubulin (TUJ1) antibodies. Prominin-1
was immunodetected in neuronal cell bodies (white
arrowheads) and in filamentous structures (red ar-
rows). (Scale bars: 100 μm; 20 μm for the magnified
image [dotted box].) (E) Representative cryosection
of adult mouse DRG tissue collected from control
and Prom1-KO mice immunostained with an mProminin-
1 antibody and counterstained with phalloidin for F-actin
and DAPI for nuclei; refer to SI Appendix, Fig. S1.
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(SI Appendix, Fig. S1B). Therefore, neuronal prominin-1 ex-
pression displays a decline in response to nerve injury.

Prom1 Is Required for Axon Regeneration. The neuronal function of
Prom1 has been unclear (47–50). To understand the role of
Prom1 in mature neurons in adult mice, we investigated the role
of Prom1 in the activation of the axonal regeneration program in
the PNS after injury, using a Prom1 constitutive KO mouse line
(51). First, the axonal regeneration of the DRG neurons was
assessed in vivo by introducing a crush injury (Fig. 2A). Immu-
nostaining for SCG10, a marker for regenerating axons, showed
robust axonal regrowth in the control mice, with SCG10 immuno-
reactivity normalized to the crush site referred to as the re-
generation index. We found that Prom1 deficiency resulted in
inefficient axon regeneration in the crushed sciatic nerves
(Fig. 2 A–C). Moreover, the sciatic nerve injury in Prom1 KO
mice did not potentiate axonal regrowth in the cultured DRG
neurons as effectively as in the WT controls, indicating that
Prom1 is required for the full induction of preconditioning effect
by nerve injury (Fig. 2 D and E). The DRG neurons cultured from
the prelesioned adult control mice showed robust axon re-
generation, with a 3.6-fold increase in the average axon length due
to preconditioning potentiation, consistent with previous reports
(11) (Fig. 2F). However, the DRG neurons from the prelesioned
Prom1 KOmice displayed partial impairment in promoting axonal
regrowth, with the preconditioning effect reduced by 30% com-
pared with the control neurons (Fig. 2F). Notably, the loss of
Prom1 expression did not affect axonal growth in the naïve con-
tralateral DRG (Fig. 2 E and F), indicating that Prom1 is required
for injury-induced activation of the regenerative program rather
than initial axon extension after injury.
We next assessed the contribution of Prom1 in regulating the

regenerative potential in relation to environmental effects. We
used a culture dish coated in chondroitin sulfate proteoglycans

(CSPGs) for the neuronal cultures to produce conditions phys-
iologically unfavorable for axon growth, which is one of the
molecular barriers inhibiting axon regeneration in damaged CNS
tissue. Neurons potentiated by a preconditioning injury exhibit
only limited axon elongation under growth-inhibitory conditions
(52–56). As expected, we found that the preconditioned neurons
obtained from the adult control mice at 72 h after nerve injury do
not efficiently regenerate axons on the CSPG substrate, with the
average axon length reaching only 48.5% of that seen in the
permissive environment (Fig. 2 G and H). CSPG treatment did
not inhibit regeneration further in the Prom1 KO neurons, in-
dicating that Prom1 deficiency has a robust inhibitory effect.
Collectively, these results demonstrate that Prom1 is required for
activation of the neuronal regenerative program, which induces
axonal regrowth after injury.

Prom1 Is a Neuronal Intrinsic Factor Regulating Axon Regeneration.
Axon regeneration is regulated by both intrinsic and extrinsic
neuronal factors in the nervous system (56). To determine
whether Prom1 functions as an intrinsic or an extrinsic regulator
of the regenerative program, we tested whether Prom1 is re-
quired for the preconditioning effect induced by an in vitro axon
injury to the cultured adult DRG neurons. By trypsinizing and
replating the cultured neurons, the grown axons were injured
and removed in vitro, so that neuronal injury-responsive signal
transduction was initiated without environmental influences. The
WT DRG neurons were able to shift their physiological condi-
tion from a resting state to a regenerative state following the
replating injury, which resulted in a 2.6-fold increase in the av-
erage axon length compared with the control neurons with no
replating injury (Fig. 3 A and B), as reported previously (57, 58).
In contrast, Prom1 KO neurons displayed significant defects in
axonal growth, as shown by the shorter axon lengths (Fig. 3A).
Prom1 KO DRG neurons enhanced axonal growth by an only

Fig. 2. Prom1 is required for axon regeneration. (A) In vivo axon regeneration assays of adult mouse sciatic nerves dissected at 3 d after injury. Shown are
representative images of the longitudinal sections immunostained with TUJ1 and anti-SCG10 antibodies. The white arrows indicate the injury sites where the
nerves were crushed using forceps. (Scale bar: 500 μm.) (B and C) In vivo regeneration index calculated using the SCG10 intensity measured at the injured site
to the distal part, normalized to the intensity at the injured site. Data are mean ± SEM. (D) DRG neurons were dissected from 12-wk-old control or Prom1-KO
mice with (i.e., conditioned) or without (i.e., naïve) preconditioning potentiation via sciatic nerve injury, cultured for 12 h and stained with an anti-βIII tubulin
antibody. (Scale bar, 100 μm.) (E and F) Cumulative percentage of the longest axon length per DRG neuron (E) and average length of the longest axons per
neuron (F) from the results in D. Data are mean ± SEM. (G) Conditioned DRG neurons were dissected from 12-wk-old control or Prom1-KO mice, incubated for
12 h on culture dishes coated with CSPG (+) or without CSPG (−), and stained with an anti-βIII tubulin antibody. (Scale bar: 100 μm.) (H) Relative axon length of
the DRG neurons from G. Data are mean ± SEM. Refer to SI Appendix, Fig. S10.
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1.8-fold increase in average axon length following the replating
injury (Fig. 3B). Compared with the replated WT controls,
Prom1 deficiency caused a 28% reduction in the axon length,
demonstrating the requirement of neuronal Prom1 in fully acti-
vating the regenerative program. Furthermore, knocking down
Prom1 in vitro reduced the axonal regeneration of the embryonic
DRG neurons cultured from WT mice (Fig. 3 C–F). These re-
sults show that Prom1 functions as a neuronal intrinsic factor
responsible for regulating axonal growth and regenerative po-
tential after injury.

Neuronal Overexpression of Prom1 Enhances Axon Regeneration.
Because we found that Prom1 is an intrinsic regulator of axon
regeneration, we next asked whether manipulating the neuronal
expression levels of Prom1 could enhance the regenerative po-
tential. Human PROM1 was overexpressed via lentiviral trans-
duction in the embryonic DRG neurons (Fig. 3G). We found
that the PROM1-overexpressing DRG neurons displayed robust
axonal regrowth on reassessment after replating on the permissive
substrate without CSPGs (Fig. 3H). The PROM1-overexpressing
DRG neurons showed regenerating axons with an average length
significantly longer than the control (46% increase, control vs.
Prom1 overexpression; Fig. 3I).
To test whether Prom1 overexpression activates the regenerative

potential even on the growth-inhibitory, nonpermissive substrate,

the DRG neurons were replated on CSPG-coated dishes. In the
control neurons, the CSPG-mediated inhibition led to a 20% re-
duction in the average axon length (Fig. 3 H and I). The percent
reduction in average axon length appeared comparable in PROM1-
overexpressing neurons (20% decrease by +CSPG) (Fig. 3I);
however, PROM1-overexpressing neurons were able to extend their
axons on the CSPG-coated substrate with an average length even
longer than that in the control neurons grown on the permissive
substrate without CSPGs (Fig. 3 I and J). Prominin-1 is a trans-
membrane protein, but its receptor function has not been studied
extensively. To test whether Prom1 function in the regulation of
regeneration involves its potential role as a receptor, we used the
synthetic peptide LS-7. LS-7 has been reported to bind to the ex-
tracellular region of prominin-1 and inhibit its cellular function,
consistent with its action as a potential receptor (59). We confirmed
that LS-7 has an affinity for prominin-1 in vitro and that the ap-
plication of LS-7 to DRG neurons removed the effect of PROM1
overexpression in promoting axon regrowth, supporting its function
through the extracellular domain (SI Appendix, Fig. S2). These
results suggest that Prom1-regulated physiology is a potential
target for promoting the intrinsic regenerative capacity, which
may allow the extension of injured axons on regeneration-
unfavorable conditions.

Fig. 3. Prom1 is a neuronal intrinsic regulator of axon regeneration. (A) DRG neurons were dissected from 12-wk-old control or Prom1-KO mice without a
preconditioning nerve injury. The naïve (−replating) or injured (+replating) neurons were fixed and stained with an anti-βIII tubulin antibody. (Scale bar:
100 μm.) (B) Average length of the longest axon per neuron from A. Data are mean ± SEM. (C) Prom1-shRNA or control shRNA was delivered into cultured
embryonic DRG neurons via lentivirus infection at DIV2. A neuronal injury was introduced by replating at DIV5. The replated neurons were incubated for 12 h
and then fixed and stained with an anti-βIII tubulin antibody. (Scale bar: 100 μm.) Two different shRNA sequences targeting Prom1—(shProm1-1 and shProm1-
2)—were used. (D, Upper) RT-qPCR analysis of relative mRNA level of Prom1 from cultures transduced with control or individual Prom1 knockdown lentivirus
(shProm1-1 and shProm1-2). Data are mean ± SEM from three replicates. (D, Lower) Western blot analysis of prominin-1 from total protein lysates. The
numbers indicate the relative intensity obtained from ImageStudio (LI-COR). (E) Average axon length of neurons in C. Data are mean ± SEM. (F) Cumulative
percentage of the axon length per neuron from the results shown in C. (G) Western blot analysis of human PROM1 (hPROM1)-overexpression in embryonic
DRG culture. Anti-human prominin-1 antibody was used to confirm overexpression of human PROM1 delivered by lentiviral infection in H. (H) Control or
PROM1-overexpressing DRG neurons replated on regeneration-favorable (−CSPG) or inhibitory (+CSPG) substrates. A control or PROM1-overexpressing
lentivirus was used to infect mouse embryonic DRG neurons at DIV2. The neurons were replated on culture dishes coated with (+CSPG) or without CSPGs
(-CSPG) at DIV5 and fixed and stained with an anti-βIII tubulin antibody at 12 h after replating. (Scale bar: 100 μm.) (I) The average length of axons from H.
Data are mean ± SEM. (J) Cumulative percentage of the axon length per neuron from the results shown in H. Refer to SI Appendix, Figs. S2 and S10.

15958 | www.pnas.org/cgi/doi/10.1073/pnas.1920829117 Lee et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920829117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920829117/-/DCSupplemental


Prom1 Gene Delivery Enhances the Neuronal Regenerative Potential
In Vivo. The observation of the enhanced axon regeneration in
cultured embryonic DRG neurons encouraged us to test whether
manipulating Prom1 expression in vivo also promotes the regen-
erative response. Because Prom1 is developmentally down-
regulated in DRG neurons, we first tested whether the trans-
duction of an adeno-associated virus (AAV) can successfully
overexpress PROM1 in adults. An AAV expressing GFP or hu-
man PROM1 was delivered into neonatal mice via a facial vein

injection, followed by confirmation of expression by Western blot
analysis and immunocytochemistry at 12 wk after the injection
(Fig. 4 A–D). The Western blot analysis revealed that the sys-
tematic delivery of AAV-GFP and AAV-hPROM1 successfully
maintained the high expression levels of GFP (Fig. 4C) and
prominin-1 (Fig. 4B) in adult DRG tissue. We further confirmed
that prominin-1 was successfully overexpressed in the soma of
DRG neurons from AAV-injected mice using an anti-mouse
prominin-1 antibody, consistent with its neuronal role (Fig. 4D).

Fig. 4. Prom1 overexpression promotes axon regeneration in vivo. (A) Schematic illustration of in vivo gene delivery to overexpress human PROM1 in adult
mice. AAV-GFP–expressing GFP protein served as a control. Here “wk” denotes week of the experimental schedule. (B and C) Western blot analysis of human
prominin-1 or GFP protein from DRG tissue dissected from AAV-injected mice. “3×” denotes DRG lysates prepared frommice injected with a threefold volume
of the viral preparation. Anti-human prominin-1 antibody (hProminin-1) was used for detecting overexpressed human prominin-1 (B). GFP expression from
control mice was confirmed by Western blot analysis with anti-GFP antibody (C). (D) Representative images of DRG sections from 12-wk-old AAV-GFP– or
AAV-hPROM1–injected mice. An anti-mouse prominin-1 antibody that immunoreacts to formaldehyde-fixed mouse and human prominin-1 was used. (E)
Representative longitudinal sections of mouse sciatic nerves immunostained with an anti-SCG10 antibody. The nerves were dissected at 12 wk after GFP- or
human PROM1-AAV injection. Axonal injury was introduced at 3 d before dissection by crushing the sciatic nerve. The dotted white arrow indicates the injury
site. (Scale bar: 500 μm.) (F) The regenerating axons were assessed using SCG10 immunostaining intensity, which was continuously measured along sections
from the injury site to the distal part of the injured sciatic nerves collected from the GFP- or hPROM1-AAV-injected mice. The average regeneration index was
plotted from the injury site (0 mm) to the distal end (6 mm). Data are mean ± SEM. (G) At 12 wk after AAV injection, the DRG neurons were prepared from
mice expressing GFP or human PROM1 with (conditioned) or without (naïve) sciatic nerve injury to introduce the preconditioning effect. The neurons were
cultured on a regeneration-favorable (−CSPG) or regeneration-inhibitory substrate (+CSPG). The DRG neurons were fixed at 12 h after plating and stained
with an anti-βIII tubulin antibody. (Scale bar: 100 μm.) (H and I) Cumulative percentage of the length of the longest regenerating axon per DRG neuron
(H) and the average length of the longest axon per neuron (I). Data are mean ± SEM. Refer to SI Appendix, Fig. S10.
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We investigated the effect of PROM1 expression using the sciatic
nerve regeneration model and found that AAV-hPROM1–injected
mice displayed longer regenerating axons in the injured sciatic
nerves compared with the control nerves (Fig. 4E). SCG10 immu-
noreactivity was apparent even in the far distal region of the crushed
nerves, 5 mm away from the injury site (Fig. 4 E and F).
We next investigated the regenerative potential of DRG neurons

in PROM1-overexpressing mice. We found that the adult DRG
neurons dissected from GFP- or PROM1-overexpressing mice
without preconditioning potentiation grew only short neurites
(Fig. 4G), indicating that the persistent expression of PROM1
alone is not sufficient to ready the neuronal state for activation of
the regeneration program. Most of the naïve DRG neurons
(>90%) had axons shorter than 100 μm (Fig. 4H). The average
length of the naïve neurons from both groups was approxi-
mately 50 μm, with no statistically significant difference
(Fig. 4I). In contrast, with preconditioning lesions, the DRG
neurons cultured from the PROM1-overexpressing mice dis-
played longer axons on the permissive substrate compared
with controls (Fig. 4G). More than 50% of the neurons had axons
longer than 200 μm (Fig. 4H). In addition, the average axon length
in PROM1-overexpressing neurons was 31% greater than the
average in the control neurons (Fig. 4I). These results suggest
that the persistent expression of Prom1 in vivo augments the
regenerative potential of the neurons, after activated by injury
signals.
We also investigated whether the Prom1-mediated potentia-

tion sufficiently increases the growth capacity of injured neurons
to regenerate their axons in a growth-inhibitory environment
characteristic of damaged CNS tissue, using the in vitro assay.
In control mice injected with AAV-GFP, the effects of pre-
conditioning nerve injury on promoting axon outgrowth was re-
duced on the CSPG-coated substrate, with the average axon
length decreased to one-half of that observed under permissive
(-CSPG) conditions (Fig. 4 G–I). However, the neurons from
PROM1-overexpressing mice showed effective axonal regrowth
on the inhibitory substrate and displayed a 53% increase in av-
erage axon length compared with the control neurons. They also
reached 76% of the average axon length of the control neurons
under permissive conditions, suggesting that the inhibition of
growth by CSPGs can be partially compensated for by replen-
ishing Prom1 expression (Fig. 4I). Thus, PROM1-overexpressing
DRG neurons retain the regenerative potential to allow axonal
reconstruction even on an inhibitory substrate.

Prom1 Overexpression Inhibits the Expression of Cholesterol Metabolic
Genes. The transcriptional transition from a naïve to a regenera-
tive state is required for functional recovery after nerve injury
(4, 5, 21, 23, 24, 26, 28–33, 56, 60, 61). Thus, we investigated
the transcriptional profiles responsible for PROM1 expression-
mediated regenerative potentiation (62). Using cultured embry-
onic DRG neurons transduced with lentivirus, we found that a
total of 94 and 84 genes were significantly down- or up-regulated,
respectively, by human PROM1 overexpression (the red triangles
in Fig. 5A, referred to as PROM1-differentially expressed genes
[DEGs] hereinafter; Dataset S1). The expression levels of these
DEGs are known to be enriched in the nervous system (Fig. 5B),
suggesting that Prom1 has a specific role in direct or indirect
regulation of transcription in the nervous system, although no
evidence has been reported to date.
To identify the shared transcriptomic landscape of the Prom1-

dependent pathway and injury signals, we compared the
PROM1-DEGs with injury-responsive genes (IRGs) identified in
our previous study (3). We found that a set of genes was com-
monly regulated by PROM1 overexpression and the nerve injury,
with 90 of the 663 genes regulated by PROM1 overexpression
(P < 0.05) detected on the IRG list. While this was significantly
greater overlap than would be expected by chance (1.5-fold

overenrichment; P = 1.01E-04 via hypergeometric testing), the
expression fold changes (FCs) due to PROM1 and the nerve
injury exhibited only a weak positive correlation (Pearson’s r = 0.24;
Fig. 5C and Dataset S2). These results indicate that transcriptional
regulation by PROM1 overexpression does not significantly mimic
the injury-induced activation of the regeneration program. Fur-
thermore, PROM1-regulated gene expression showed only a modest
overlap with transcriptional regulation by the key regulator of re-
generation, DLK (3).
We previously reported injury-responsive transcriptomes with

DLK dependency at different time points after sciatic nerve injury
(3). While PROM1 appeared responsible for regulating the ex-
pression of a subset of DLK-dependent genes (1.8-fold over-
enrichment; P = 3.14E-04 via hypergeometric testing), the
expression FCs due to PROM1 overexpression and DLK de-
ficiency had only a mild negative correlation (Pearson’s r = −0.39;
Fig. 5D and Dataset S2). These results indicate that PROM1 does
not strongly regulate the endogenous transcriptional program that
is promoted by injury in a DLK-dependent manner. Rather,
PROM1 is likely to induce a distinct transcriptional response that
can augment the regenerative outcome of the preconditioning
injury. Consistently, we found that the PROM1-DEGs were dis-
tinct from RAGs. Of the 37 RAGs defined by Ma and Willis (63)
and Finelli et al. (64), only Fos and Onecut1 were identified in
PROM1-DEG analysis (Fig. 5 C and D). These results suggest that
PROM1 overexpression may regulate specific cellular physiologi-
cal mechanisms that have not previously been recognized as an
important pathway regulating regeneration (24).
To identify the Prom1-regulated cellular mechanisms contribut-

ing to regenerative potentiation, we first analyzed the biological
functions of the PROM1-DEGs using Gene Ontology (GO) term
analysis. The results revealed that PROM1 regulates specific genes
with related functions (65) because the biological processes related
to PROM1-DEG were specifically enriched with annotations asso-
ciated with lipid metabolism, such as cholesterol/isoprenoid syn-
thesis and lipid/steroid metabolism (Fig. 5E). Because this GO
analysis revealed a biological process that differs from previously
recognized injury-responsive signaling, we cross-compared the GO
analysis results with our previously published IRG dataset and a
dataset of developmentally regulated DEGs (3, 6). Interestingly, the
GO biological process terms associated with sterol and lipid me-
tabolism were specific to the PROM1-DEGs and were not over-
represented in the IRGs or developmentally regulated DEGs
(Fig. 5F). In contrast, biological processes such as transcriptional
regulation, cell proliferation, and development were shared by the
other datasets. Therefore, the sterol and lipid metabolism pathways
are the biological processes specifically regulated by PROM1 over-
expression. Surprisingly, we also found that the PROM1-DEGs
annotated with significantly enriched lipid metabolic pathways
were consistently down-regulated when PROM1 was overexpressed
(Fig. 5G). PROM1 overexpression significantly reduced the ex-
pression of all 11 PROM1-DEGs annotated by cholesterol bio-
synthesis, steroid biosynthesis, and steroid metabolism (Fig. 5H),
suggesting that PROM1 overexpression may inhibit cholesterol
synthesis. Consistent with specific roles of the cholesterol metabo-
lism genes in regulating Prom1-mediated regenerative responses,
expression levels of the 11 PROM1-DEGs were not significantly
altered after nerve injury in adult DRG tissue according to our
previously published RNA-seq dataset (3). However, from an in-
dependent RNA-seq study using sciatic nerve segments, we found
that all 11 genes were down-regulated in the proximal segment of
transected sciatic nerves at 24 h after injury (SI Appendix, Fig. S3A)
(4). Moreover, qPCR analysis showed that the 11 genes were also
consistently down-regulated by axotomy in cultured embryonic
DRG neurons (SI Appendix, Fig. S3B), supporting the involvement
of the cholesterol metabolism pathway in certain injury conditions.
We subsequently investigated the functional associations

among the 11 PROM1-DEGs by STRING analysis and found
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that the selected DEGs indeed interact with each other in the
lipid metabolic pathway. The DEGs were functionally related in
the identical metabolic pathway based on proven experimental
data or reported in the literature (Fig. 5I and Dataset S3) (66,
67). Therefore, the informatic analysis clearly indicates that
PROM1 specifically down-regulates the expression of cholesterol
metabolism-associated genes, which might consequently inhibit
lipid metabolism in the sterol synthesis pathway.

PROM1 Regulates Cholesterol Metabolism through the Smad-Pathway.
Comparative analysis of the transcriptomes revealed that PROM1
regulates the defined targets and suggested that cholesterol me-
tabolism is potentially a cellular physiological process that can be
manipulated to potentiate neuronal regeneration. To test this
hypothesis, we first tested the cellular cholesterol level from the

DRG neurons using a filipin staining assay (68, 69) and found that
the cholesterol level is significantly reduced by PROM1 over-
expression (Fig. 6 A and B), indicating that the transcriptional
down-regulation of the cholesterol metabolism genes by PROM1
overexpression results in a reduction in neuronal cholesterol. We
then investigated whether the regenerative potential could be di-
rectly changed by manipulating neuronal cholesterol levels. Ele-
vation of cellular cholesterol levels with water-soluble cholesterol
(Fig. 6A) significantly reduced axonal regrowth (Fig. 6 C and D).
The neurons were also characterized by an unusual morphology
when cellular cholesterol levels were elevated, with a number of
filopodium-like structures with F-actin observed around the cell
body (Fig. 6A). In contrast, the depletion of cholesterol using
methyl-β-cyclodextrin (MβCD) (Fig. 6A) promoted the regenerative

Fig. 5. Prom1 regulates the expression of cholesterol metabolic genes in DRG neurons. (A) Differential gene expression presented as a volcano plot with
the −log10 P value plotted against the log2 FC (Prom1-overexpressing neurons/control neurons). Transcripts with an FPKM value >0.1 and statistical sig-
nificance defined by Cuffdiff were plotted (13,858 genes). The detection significance threshold was set to P < 0.01. A total of 94 genes were significantly
down-regulated and 84 genes were significantly up-regulated by Prom1 overexpression. (B) Tissue distribution of the identified DEGs known to be highly
expressed using DAVID analysis. (C and D) The genes differentially regulated by hPROM1 overexpression (P < 0.05) were compared with the previously
reported injury-regulated, DLK-dependent DEG dataset identified in DRG tissue (3). For the DEGs listed in both datasets, log2-FC induced by nerve injury (at
72 h after sciatic nerve injury/uninjured control) are plotted against the log2-FC induced by PROM1 overexpression (PROM1-overexpressing neurons/
control neurons) in C. Log2-FC induced by DLK deficiency in injured neurons (at 72 h after injury, WT vs. DLK-KO) are plotted against the log2-FC induced by
PROM1 overexpression (PROM1-overexpressing neurons/control neurons) in D. (E) Biological pathways overrepresented in the PROM1-DEGs identified by
DAVID GO analysis visualized using REVIGO. The circle diameter reflects the −log10-P value. The rainbow lookup table (LUT) of the color pallets indicates the fold
enrichment scores between 0 and 40. (F) Comparative analysis of GO terms enriched from DEGs due to PROM1 overexpression (hPROM1-DEG), from IRGs at 72 h
after nerve injury vs. uninjured (3), and from developmentally regulated genes (E17.5 vs. E12.5) (6). The gray LUT indicates the inverse of the log10 P value from
GO analysis. The white box indicates no statistical significance. (G) The 11 PROM1-DEGs associated with highly overrepresented biological processes (cholesterol
biosynthesis, steroid biosynthesis, and steroid metabolism in E; FDR < 0.01) are listed with their adjusted FPKM values from the control and PROM1-
overexpressing samples. The level is indicated by the blue LUT set from an RGB of (0,0,0) to RGB (0,0,255). The green numbers indicate the relative expression
levels of the individual genes in PROM1-overexpressing cultures, normalized to those in control cultures. (H) Line plot showing the expression levels of the
11 PROM1-DEGs presented in G. All the genes were down-regulated by PROM1 overexpression. (I) STRING analysis results indicating the functional association
of the 11 PROM1-DEGs presented in G, supported by experimental reports (red line), curated databases (dark-green line), and text mining (light-green line).
Refer to SI Appendix, Fig. S3.
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potential, with the DRG neurons producing elongated axons with
an extensively branched structure (Fig. 6 C and D).
A recent study also reported that cholesterol depletion by

nystatin enhances both CNS and PNS nerve regeneration (70).
Thus, we further tested whether manipulating cholesterol levels
alters the axon growth phenotype observed in the PROM1 de-
pletion and overexpression models. Water-soluble cholesterol
treatment inhibited the improvement of axon regeneration in the
adult DRG neurons cultured from mice injected with AAV-
hPROM1 and preconditioned by injury, with reducing average
axon length to the control (AAV-GFP) level or further down in a
dose-dependent manner (SI Appendix, Fig. S4). In addition,
treating MβCD to adult DRG neurons cultured from Prom1 KO
mice rescued the impaired axon regeneration observed after
conditioning injury (SI Appendix, Fig. S5). Applying MβCD did
not increase axonal growth after replating in the regeneration-
promoting condition with DLK overexpression, further suggest-
ing that the cholesterol metabolism is specifically involved in
regenerative axon outgrowth (SI Appendix, Fig. S6). Collectively,

these data suggest that cellular cholesterol levels are functionally
involved in the Prom1-mediated regulation of axon regeneration.
Because TGF-β/Smad signaling is known to transcriptionally

down-regulate cholesterol metabolism genes, such as Srebp, Nrf2,
Dhcr24, Dhcr7, Hmgcs1, and Sqle (71), we tested the requirement
of Smad-pathway for Prom1-mediated transcriptional regulation
using SB-431542 to inhibit TGF-β signaling. We found that
pharmacologic inhibition of the Smad pathway mostly restored
the expression levels of the cholesterol metabolism DEGs down-
regulated by PROM1 overexpression (Fig. 6E). We also investi-
gated other PROM1-DEGs with functional annotations that
were overrepresented in the PROM1-dependent transcriptome,
such as differentiation. Trib1, Sema6a, and Smarca2 were se-
lected and tested with in vitro regeneration assay (Dataset S4).
We found that knocking down Trib1 or Sema6a had no effect on
regenerative potential, as assessed by replating assays, and only
knocking down Smarca2 inhibited axonal regrowth after replat-
ing (SI Appendix, Fig. S7). These results suggest that cholesterol
metabolism-related pathways are the primary physiological
processes regulated by PROM1 in potentiating the neuronal

Fig. 6. Prom1 reduces cellular cholesterol levels to promote axon regeneration. (A) Representative images of the replated embryonic DRG neurons costained
by filipin for cholesterol and phalloidin for F-actin. Cultured embryonic DRG neurons were transduced with a control or PROM1-overexpressing lentivirus at
DIV2, replated at DIV5, and fixed and stained after 12 h. Treatment with MβCD or water-soluble cholesterol at replating is shown as a control. (Scale bar:
100 μm.) Raw fluorescent intensity of filipin staining was transformed to rainbow color-LUT using ImageJ with RGB code from black (0,0,0) to red (255,0,0) to
visualize the intensity. (B) Results from A were quantified for the filipin III staining intensity level. Data are mean ± SEM. (C) In vitro axon regeneration assays
with cholesterol or MβCD. Cultured embryonic DRG neurons were replated at DIV5 and incubated with water-soluble cholesterol (50 μM) or MβCD (500 μM).
Representative images are collected together in a single panel for each experimental condition. (Scale bar: 100 μm.) (D) Average length of axons from C. Data
are mean ± SEM. (E) RT-qPCR analysis of expression levels of the DEGs listed in Fig. 5G. RNA from control or Prom1-overexpressing embryonic DRG neurons
(vehicle-treated or 1 μM SB-431542–treated) was subjected to qPCR analysis. Data are mean ± SEM. (F) In vitro regeneration assay of PROM1-expressing
neurons with individual coexpression of Lss, Dhcr24, and Hmgcs1, which are PROM1-DEGs down-regulated by PROM1 overexpression. Embryonic DRG
neurons were transduced by lentivirus for overexpression and subjected to replating assays. (Scale bar: 100 μm.) (G) The average length of axons from F. Data
are mean ± SEM. Refer to SI Appendix, Figs. S4 to S7.
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regenerative program. Consistently, improved axonal regrowth
by PROM1 overexpression was inhibited by coexpressing the
cholesterol metabolism-associated PROM1-DEGs Lss, Dhcr24,
and Hmgcs1 in replating assays using embryonic DRG neurons
(Fig. 6 F and G). Expressing the individual PROM1-DEGs
alone did not alter axonal regrowth. Collectively, these results
demonstrate that PROM1 functions as a negative regulator of
cholesterol metabolism by downregulating the expression of defined
target genes, resulting in potentiation of the neuroregenerative
process through the Smad-dependent signaling pathway.

Prom1 Is Required for Axonal Injury-Induced Smad Signaling. Be-
cause PROM1-mediated transcriptional regulation is mediated
by the Smad pathway, we investigated whether injury-induced
activation of Smad signaling requires Prom1. We examined
Smad2 phosphorylation from the DRG in vivo and found that
basal levels of phosphorylated Smad2 (p-Smad2) were signifi-
cantly reduced in the DRG neurons from Prom1 KO mice
(Fig. 7 A and B). Moreover, nuclear accumulation of p-Smad2
after injury was significantly impaired in the Prom1 KO mice
(Fig. 7A), supporting the requirement of Prom1 for the Smad-
dependent transcriptional changes triggered by nerve injury.
Although Smad activation in non-neuronal cells inhibits axon
regeneration by inducing scar formation in the damaged spinal
cord (72, 73), the neuronal Smad-signaling is one of the major
signal transduction pathways promoting regeneration (74).
Because Prom1 is required for neuronal activation of the

Smad2 pathway, we determined whether PROM1-dependent

promotion of the regenerative potential is mediated by the
Smad pathway. Indeed, we found that overexpression of PROM1
up-regulated phosphorylation of Smad2 in cultured embryonic
DRG neurons (Fig. 7C). In vivo, conditioning lesion and Prom1
overexpression by AAV-hPROM1 displayed an additive effect on
activating Smad2 signaling as demonstrated by nuclear localization
of p-Smad2 (SI Appendix, Fig. S8). Furthermore, blocking of Smad
signaling by SB-431542 treatment significantly impaired the en-
hancement of axon regeneration observed in adult DRG neurons
cultured from mice injected with AAV-hPROM1 (Fig. 7 D–F).
Finally, the involvement of Smad2 signaling provides a testable

hypothesis for the mechanisms by which the transmembrane protein
prominin-1 regulates transcription. Smad2 was previously reported
to mediate a signaling cascade activated by activin, which is a TGF-β
superfamily ligand and determinant of axon regeneration capacity
(5, 75). Activin binds to a type I TGF-β receptor, ALK4, which is
inhibited by SB-431542. Thus, we hypothesized that prominin-1 can
interact with ALK4 and modulate activin signaling to subsequently
activate Smad2 and regulate transcription. Indeed, immunopre-
cipitation experiments showed that prominin-1 binds to ALK4
(Fig. 7G). Furthermore, coexpression of prominin-1 and hALK4
had a synergistic effect on phosphorylating Smad2 for its activa-
tion in HEK293T cells (Fig. 7H). The activation of Smad2 sig-
naling by Prom1 is dependent on the localization of Prom1 on the
plasma membrane, because treatment of LS-7 blocks the increase in
p-Smad2 by PROM1 overexpression in embryonic DRG neurons
in vitro (SI Appendix, Fig. S9). Taken together, these results indicate
that Prom1 is a key molecular mediator activating injury-induced

Fig. 7. Prom1 is required for injury-responsive Smad signaling activating the regenerative potential. (A) Representative DRG sections stained with p-Smad2,
βIII tubulin, and DAPI. The mouse L4-5 DRG tissues were dissected at 24 h after sciatic nerve injury (+Injury) from control or Prom1-KO mice. (Scale bar: 50 μm.)
(B) Relative levels of fluorescence intensity of the nuclear p-Smad2 normalized to the total p-Smad2 signal. Data are mean ± SEM. (C) Western blot analysis of
p-Smad2 levels in protein extracts prepared from control or PROM1-expressing embryonic DRG neurons. The numbers indicate the relative intensity obtained
from ImageStudio (LI-COR). (D) Adult DRG neurons dissected from preconditioned AAV-GFP or AAV-hPROM1 mice at 3 d after sciatic nerve injury. The
neurons were plated and incubated with vehicle or SB-431542. (Scale bar: 100 μm.) (E) The average length of axons from D. Data are mean ± SEM. (F) Western
blot analysis of p-Smad2 levels in protein extracts prepared from control or PROM1-expressing embryonic DRG neurons with or without SB-431542 treatment.
Anti-human prominin-1 antibody was used to confirm expression of hPROM1. (G) Immunoprecipitation assay result demonstrating the interaction between
human prominin-1 and ALK4 (ACVR1B; activin receptor type-1B). HA-ALK4 protein was immunoprecipitated by anti-HA antibody and analyzed by Western
blot analysis to detect coprecipitated human prominin-1. (H) Western blot analysis of p-Smad2 overexpressing hPROM1 with or without HA-ALK4. The
numbers indicate the relative intensity obtained from ImageStudio (LI-COR). (I) Schematic diagram of the PROM1-dependent regulation of axon regeneration
potential. Prom1 expression levels decline across the developmental stages. In adults, preconditioning by axonal injury activates the neuron-intrinsic re-
generation program. Prom1 is required for activation of Smad2-signaling during preconditioning, and increasing the neuronal PROM1 level enhances the
regenerative ability in injured DRG neurons via Smad-dependent down-regulation of cholesterol synthesis genes. Refer to SI Appendix, Figs. S8 and S9.
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Smad signaling, and that Prom1 promotes the regenerative potential
in injured neurons via Smad signaling that transcriptionally regu-
lates cholesterol metabolism (Fig. 7I).

Discussion
The present study shows that Prom1 is a neuron-intrinsic regu-
lator of axon regeneration in injured PNS neurons, and that
Prom1 overexpression reduces the expression of specific genes
involved in cholesterol metabolism by the Smad pathway, leading
to enhancement of the regenerative response in injured neurons.
Our data strongly suggest that the in vivo gene delivery of
PROM1 has the potential to promote regenerative potential in
injured neurons. The regenerative potential is lower in adult
neurons than during their development (34). The neuronal
transition from the extending stage to the transmitting phase
during development is supported by the expression of genes that
suppress axonal growth in the late developmental stages (6).
Based on this, we hypothesized that the developmental decline
of regenerative ability may be caused by the down-regulation of
growth-promoting genes, such as those associated with stemness.
An analysis of developmental transcriptome data revealed that a
set of stem cell marker genes is down-regulated as neurons
mature. Of these, prominin-1 is still expressed at low levels in
DRG neurons in adult mice. This observation led us to test
whether the developmental decline of Prom1 expression is linked
to the loss of robust axon regeneration in adults and to consider
the possible role of Prom1 in regeneration in the mature PNS
(20, 34, 76–78).
We found that Prom1 is required for efficient axon re-

generation in PNS neurons in vitro and in vivo. Prom1 promotes
axon regrowth after injury by inducing neuronal regenerative
states. Prom1 overexpression induces activation of Smad2 and
leads to an increase in regrown axonal length on CSPGs, in-
hibitory substrates found in the nonpermissive environment of
damaged CNS tissue. We further identified 178 PROM1-DEGs
and found that the genes regulated by PROM1 overexpression
partially overlap our previously published list of injury-responsive
genes with DLK dependency, supporting the involvement of
PROM1 in the transcriptional regeneration program. Notably,
we found that most of the down-regulated PROM1-DEGs share
a common cellular pathway regulating cholesterol synthesis, as
revealed by GO and STRING analysis, and that the down-
regulation is mediated by Smad signaling. Indeed, PROM1
overexpression reduced cellular cholesterol levels, which poten-
tiates axon regeneration. Smad signaling is responsible for the
axon regeneration enhancement induced by PROM1 over-
expression and we show that Prom1 regulates Smad signaling via
interaction with ALK4, the type I TGF-β receptor. Finally, we
found that the AAV-mediated gene delivery of PROM1 pro-
motes axon regeneration in vivo in adult mice. Moreover, with
in vitro assays that can distinguish responses in naïve neurons vs.
preconditioned neurons, we found that AAV-mediated expres-
sion of PROM1 is not sufficiently effective for promoting axonal
regrowth in naïve neurons. Instead, PROM1 overexpression po-
tentiates the regenerative output stimulated by nerve injury in a
synergistic manner. Studies using the spinal cord injury model should
be conducted to examine the effect of Prom1 overexpression on
improving axon regeneration in injured CNS axons.
Prominin-1 is known to bind to cholesterol (79), but the bio-

logical role of prominin-1 remains unclear. Prominin-1 has been
proposed to regulate membrane topology and promote the for-
mation of filopodia-like protrusions (80). In addition, prominin-1
is known to be responsible for the regulation of tunneling
nanotubes, the F-actin–based plasma membrane channels that
bridge the gaps between cells (81). Thus, it has been suggested
that prominin-1 functions within the cellular membrane and is
involved in the regulation of interface mediating cellular commu-
nication. This function might be related to the active reorganization

of the axonal membrane during axon regeneration. There has been
no evidence supporting the role of prominin-1 as a molecular re-
ceptor, as biological ligands interacting with the extracellular region
of prominin-1 has not been reported. However, our data using LS-7,
the putative inhibitor of prominin-1, suggest that the Prom1-induced
potentiation of regeneration may depend on the receptor function
of prominin-1. Alternatively, the interaction of LS-7 with the ex-
tracellular regions might induce structural changes in prominin-1,
leading to inhibition of its molecular function in promoting re-
generative potential. Importantly, our biochemical data indicate
that prominin-1 interacts with ALK4, an activin receptor, sup-
porting a role of prominin-1 in modulating the activin signaling-
dependent potentiation of axon regeneration. These possibilities
should be investigated in the future by identifying biomolecules
that potentially regulate prominin-1 functions, allowing the devel-
opment of applications that promote axon regeneration regulated by
prominin-1–associated mechanisms. The role of cholesterol in lo-
calizing prominin-1 in particular domains of the plasma membrane
also remains to be studied in the regenerative signaling, because
treating MβCD to deplete cellular cholesterol led to the complete
inhibition of the PROM1 overexpression effect (SI Appendix, Fig.
S6). In addition, it will be an interesting future direction to study the
possible non–cell-autonomous Prom1 function for regulating axon
regeneration from the vascular structure near the DRG cell bodies,
where strong expression of Prom1 was detected.
Preconditioning requires transcriptomic regulation, which

changes the physiological condition of neurons from a naïve state
to a regenerative state (60). Although the mechanisms underly-
ing this process are not yet fully understood, it has been proven
that the disorganization of the cytoskeleton, such as microtubule
disruption by nocodazole, induces regeneration-associated signal
transduction and potentiates regenerative capacity (57). In addi-
tion, a series of reports has shown that administering cytoskeleton-
reorganizing chemicals, such as Taxol and epothilone B, promotes
axon regeneration in vivo (72, 73). Therefore, injury-induced
cytoskeletal disorganization may play a pivotal role in regulating
the regenerative potential.
We found that prominin-1 down-regulates the expression of the

genes involved in cholesterol metabolism, which subsequently
reduces cellular cholesterol levels. It is known that plasma mem-
brane cholesterol levels control cellular physical properties and
morphology, including protruding structures, through cytoskeletal
reorganization (82, 83). Consistently, our data show that the
neurons treated with MβCD display extensively arborized neurites
with a dramatic increase in axon growth length, although it is
distinguished from the characteristic axon elongation in the re-
generative phase, possibly due to the overall depletion of cho-
lesterol from different cellular domains. Collectively, the data
suggest that prominin-1 plays a role in modulating cellular ar-
chitecture by regulating the expression of cholesterol metabolism-
related genes, shifting the physiological condition from a naïve
state to a regenerative state, which leads to enhanced axon re-
generation after injury. A recent report by Hori and colleagues
(84) showed that Prom1 overexpression induced cell membrane
extensions at the rear edge of the moving RPE1 cells, a human
immortalized retinal pigmented epithelium-derived cell line. The
induced fibers are rich in cholesterol, seemingly in conflict with
our observation that Prom1 overexpression leads to down-
regulation of cholesterol. The two studies describe distinct
mechanistic bases—the small GTPase-dependent fiber formation
vs. Smad-dependent transcriptional down-regulation of choles-
terol synthesis genes—and the cell types examined (i.e., epithelial
cells and neurons, respectively) might contribute to the different
outcomes. Alternatively, it is also possible that despite lower total
cytoplasmic cholesterol levels, Prom1 overexpression leads to a local
increase in cholesterol concentration in specific foci. It should be
studied in the future to identify a mechanistic link between choles-
terol levels and efficiency of axon extension. Moreover, investigating

15964 | www.pnas.org/cgi/doi/10.1073/pnas.1920829117 Lee et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920829117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920829117/-/DCSupplemental


the mechanisms by which prominin-1 induces the transcriptional
regulation of the specific set of target genes is an important future
research direction.
Our findings aid the understanding of neuroregeneration.

First, we identify cholesterol metabolism as a neuronal physio-
logical target for the manipulation of regenerative potential.
Lipid metabolism has recently been implicated in the regulation
of injured optic nerve regeneration, suggesting the balance be-
tween triglycerides and phospholipids as a determinant of neu-
ronal regenerative capacity in the CNS (85). Likewise, a recent
study by Roselló-Busquets and colleagues (70) suggested ma-
nipulating cholesterol levels as an approach to improve axon
regeneration in the PNS. The present study strengthens the ev-
idence supporting the therapeutic strategy based on cholesterol
metabolism, and also contributing to improved mechanistic un-
derstanding. We suggest that activin-ALK4-Smad2 signaling is a
pathway that can modulate cholesterol levels in injured neurons
when sufficiently activated, as by Prom1 overexpression. Cho-
lesterol metabolism is known to be related to brain development
and neurologic disease, and because of its clinical association
with cardiovascular disease, various drugs have been actively
used to manipulate cholesterol levels in patients (86). These
drugs may be potential candidates for neuroregeneration and
functional recovery and merit investigation in this respect.
Second, therapeutic applications may need to consider that

the regenerative potential can be manipulated by stemness-
related molecules. Additional stem cell markers with previously
unknown functions are worth considering as candidates for
promoting the regenerative potential.
Finally, our study suggests that neuronal cholesterol levels can

be an effective biomarker for monitoring the physiological con-
ditions of neurons, including their regenerative potential. There
is no practical way to determine the naïve, regenerative, and
degenerative states of neurons before they enter into an irre-
versible biological cascade. This is a serious hurdle for the de-
velopment of approaches to ensure neuronal survival and
regeneration before the initiation of axonal destruction and
neuronal death. Our findings provide a basis for the design of a
method for assessing neuronal conditions based on the moni-
toring of cholesterol metabolism and its associated gene ex-
pression. Importantly, our biochemical data show that prominin-
1 interacts with ALK4, an activin receptor, supporting a role of
prominin-1 in modulating the activin signaling-dependent po-
tentiation of axon regeneration. These possibilities should be
investigated in the future by identifying biomolecules that po-
tentially regulate prominin-1 functions, allowing the develop-
ment of applications that promote axon regeneration regulated
by prominin-1–associated mechanisms.

Materials and Methods
Adult DRG Cell Culture and Replating Assay. All animal husbandry and surgical
procedures were approved by Korea University Institutional Animal Care &
Use Committee. Surgeries were performed under isoflurane anesthesia fol-
lowing the regulatory protocols. To monitor the neuronal regenerative
potential, DRG tissues located at L4 and L5 were dissected from adult mice
treated with or without preconditioning at 3 d before the dissection. DRG

neurons were cultured as described previously (27). In brief, the DRG tissues
were serially incubated in DMEM/Liberase TM (Roche; 5401119001)/DNase I
(Sigma-Aldrich; DN25)/BSA and trypsin-EDTA for 15 min each at 37 °C and
followed by trituration. Dissociated cells were plated in DMEM/10% FBS/1%
penicillin-streptomycin/1% Glutamax (Thermo Fisher Scientific; 35050-061)
on four-well Lab-Tek chamber slides (Thermo Fisher Scientific; 177437)
coated with poly-D-lysine (Sigma-Aldrich; P0899) and laminin (Invitrogen;
23017-015) and incubated in humidified 37 °C, 5% CO2 incubator. To in-
troduce an inhibitory substrate of axonal growth, the neurons were plated
on the substrate coated with chondroitin sulfate proteoglycans (Merck;
CC117; 1 μg/mL). For in vitro replating assay, the cultured DRG neurons were
trypsinized for 5 min and replated on new culture plates at 3 d after the
initial plating. The replated neurons were fixed and immunostained with
anti-βIII tubulin antibody at 12 h after replating. Axon regeneration was
quantified by measuring the longest axonal length per neuron from the βIII
tubulin-stained images. Regeneration potential was assessed by the average
axon length and cumulative percentage for axonal length.

Embryonic DRG Cell Culture and Replating Assay. Embryonic DRG cultures were
generated as described previously (27). Embryonic DRG collected from E13.5
mice were dissociated in 0.05% trypsin-EDTA and plated on poly-D-lysine/
laminin–coated dishes in Neurobasal medium (Gibco) supplemented with 2%
B-27 (Gibco), 1% Glutamax, 1 μM 5-fluoro-2′-deoxyuridine (Sigma-Aldrich),
1 μM uridine (Sigma-Aldrich), 1% penicillin-streptomycin, and 50 ng/mL 2.5S
nerve growth factor (Envigo; BT-5017). For lentiviral transduction, lentivirus
was added to the culture at DIV2. For the replating assay using embryonic DRG
cultures, neurons were replated at DIV5. In brief, cultures were incubated in
DMEM/0.05% Trypsin-EDTA mixture (1:1) for 5 min at 37 °C, 5% CO2 and
rinsed with culture medium described above. Cells were then dissociated by
gentle pipetting and transferred to new culture plates coated with poly-D-ly-
sine/laminin. Replated neurons were incubated overnight at 37 °C with 5%
CO2. Neurite lengths were measured and assessed as described above for the
adult neuronal replating assay. Chondroitin sulfate proteoglycans (1 μg/mL)
were mixed in the laminin coating solution for assays on the inhibitory sub-
strate. To reduce cellular cholesterol levels, 0.5 mM MβCD (Sigma-Aldrich;
C4555) was applied to cultures. To increase cholesterol levels, cells were
treated with 50 μM water-soluble cholesterol (Sigma-Aldrich; C4951) at
replating. SB-431542 was purchased from Tocris (1614) and used at 1 μM.

LS-7 Treatment and Binding Assay. LS-7, the heptameric peptide (amino acid
sequence: LQNAPRS) screened by Sun and colleagues (59) was synthesized
with fluorescein (FITC) conjugation from Peptron (Daejeon, Korea). The
HEK293T cell line used for the LS-7 peptide-binding assay was cultured in
medium containing 10% FBS (HyClone) and 100 U/mL penicillin/streptomycin
in DMEM (HyClone; sh30243.01) at 37 °C with 5% CO2. To express PROM1 in
HEK293T cells, the plasmid encoding PROM1 was transfected by Lipofect-
amine2000 (Thermo Fisher Scientific; 11668-019) according to the manu-
facturer’s instructions. The cells were incubated in 180 nM LS-7–FITC or
vehicle-containing fresh culture medium for 2 h at 24 h after transfection
and then fixed in 4% paraformaldehyde for 15 min at room temperature.
The cells were washed with one culture volume of PBS and then subjected to
immunocytochemistry analysis. Detailed descriptions of the methodology
are provided in SI Appendix.

Data Availability. The RNA-seq data have been deposited to the Gene Ex-
pression Omnibus (GEO) database (accession no. GSE147936).
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