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The Unfolded Protein Response and Cholesterol
Biosynthesis Link Luman/CREB3 to Regenerative Axon
Growth in Sensory Neurons
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We recently revealed that the axon endoplasmic reticulum resident transcription factor Luman/CREB3 (herein called Luman) serves as
a unique retrograde injury signal in regulation of the intrinsic elongating form of sensory axon regeneration. Here, evidence supports that
Luman contributes to axonal regeneration through regulation of the unfolded protein response (UPR) and cholesterol biosynthesis in
adult rat sensory neurons. One day sciatic nerve crush injury triggered a robust increase in UPR-associated mRNA and protein expression
in both neuronal cell bodies and the injured axons. Knockdown of Luman expression in 1 d injury-conditioned neurons by siRNA
attenuated axonal outgrowth to 48% of control injured neurons and was concomitant with reduced UPR- and cholesterol biosynthesis-
associated gene expression. UPR PCR-array analysis coupled with qRT-PCR identified and confirmed that four transcripts involved in
cholesterol regulation were downregulated �2-fold by the Luman siRNA treatment of the injury-conditioned neurons. Further, the
Luman siRNA-attenuated outgrowth could be significantly rescued by either cholesterol supplementation or 2 ng/ml of the UPR inducer
tunicamycin, an amount determined to elevate the depressed UPR gene expression to a level equivalent of that observed with crush injury.
Using these approaches, outgrowth increased significantly to 74% or 69% that of injury-conditioned controls, respectively. The identifi-
cation of Luman as a regulator of the injury-induced UPR and cholesterol at levels that benefit the intrinsic ability of axotomized adult rat
sensory neurons to undergo axonal regeneration reveals new therapeutic targets to bolster nerve repair.
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Introduction
Peripheral nerve injury induces complex pathophysiologic
changes in sensory neurons, including increased synthesis of ax-

onal and cell body proteins and lipids that play crucial roles in
nerve regeneration (Liu et al., 2011; Jung et al., 2012). These
changes typically impose endoplasmic reticulum (ER) stress in
other cell types and lead to activation of the adaptive unfolded
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Significance Statement

The endoplasmic reticulum (ER) plays a vital role in the sensing and responding to cellular perturbations through alterations in
protein and cholesterol biosynthesis, with quality control being ensured through the unfolded protein response (UPR). But the
UPR’s role in sensory axon regeneration is largely unknown. In sensory axons, the ER generates an important retrograde injury
signal through the synthesis and cleavage/activation of the ER transmembrane transcription factor, Luman/cAMP response
element binding protein 3, that is retrogradely transported to the nucleus where it regulates the intrinsic of ability of these neurons
to regenerate an axon. We now show that Luman does so by regulating the UPR and cholesterol biosynthesis at levels that are
beneficial to axon regeneration.
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protein response (UPR), which is aimed at increasing ER protein
folding capacity and maintaining lipid homeostasis (Basseri and
Austin, 2012). Although UPR activation is a negatively impli-
cated factor in many neurodegenerative diseases and neuropa-
thologies (Hetz and Mollereau, 2014; O’Brien et al., 2014), it also
has beneficial effects (Mantuano et al., 2011; Favero et al., 2013;
Ohri et al., 2013). But the role of the UPR in peripheral axon
regeneration remains to be elucidated.

Three ER-resident proteins have been shown to act as
UPR transducers: protein kinase RNA-like ER kinase (PERK),
inositol-requiring protein-1 (IRE1), and activating transcription
factor-6 (ATF6) (Colgan et al., 2011). Activated PERK phosphor-
ylates eukaryotic inactivation factor 2 (eIF2�), suppressing pro-
tein translation, and is also linked to regulation of the apoptotic
regulator CCAAT/enhancer-binding protein homologous pro-
tein (CHOP). Activated IRE1 mediates the specific splicing of
X-box binding protein (xbp1) mRNA to active xbp1 (spliced
xbp1), which regulates several UPR-related genes to increase pro-
tein folding capacity and degradation of misfolded proteins (Ron
and Walter, 2007). ATF6 is processed to its active form by pro-
protein convertase site-1 and site-2 proteases (S1P and S2P; en-
coded by Mbtps1 and Mbtps2), the same proteases that process
sterol regulatory element binding proteins (SREBPs), which reg-
ulate sterol biosynthesis (Colgan et al., 2011).

We have recently revealed that the axon ER transmembrane
transcription factor, Luman/CREB3 (herein called Luman), is
rapidly activated and synthesized in injured axons where it serves
as a critical retrograde injury signal regulating axon regeneration
linking ER stress to axon repair (Ying et al., 2014). Whether the
UPR is induced in sensory neurons or regulated by Luman is
unknown, but possible, given that UPR-associated genes are
downstream targets of Luman in other cell types (DenBoer et al.,
2005; Liang et al., 2006). Luman is implicated in the UPR through
its high sequence similarity with ATF6 (Lu et al., 1997) and its
ability to bind to ER stress response and UPR elements (Liang et
al., 2006; DenBoer et al., 2005), the latter regulating expression of
homocysteine-responsive ER-resident ubiquitin-like resident
protein (Herp, which improves folding capacity and protein
load balance in the ER) and ER degradation enhancing a
mannosidase-like protein.

This study tested the hypothesis that Luman-associated regu-
lation of sensory axon regeneration is linked to its regulation of
the UPR following axotomy. We provide evidence that peripheral
nerve injury induces the UPR and cholesterol biosynthesis in
axotomized sensory neurons in a Luman-dependent manner and
at a level beneficial for regenerative axonal growth.

Materials and Methods
Unless stated, all reagents were purchased from Sigma-Aldrich, and all
experiments were performed at minimum in triplicate.

Animals, surgical procedure, and tissue preparation
Animal procedures were in accordance with the Canadian Council
on Animal Care and approved by the University of Saskatchewan Animal
Research Ethics Board. Adult male Wistar rats (225–250 g; Charles River
Laboratories) were used. Aseptic unilateral 1 d midthigh sciatic nerve
crush injuries were performed using a smooth-jaw hemostat (0.6 mm
tip) fully closed (10 s) under 2% isoflurane anesthesia. Naive animals
served as controls. Animals were given buprenorphine (0.05– 0.1 mg/kg)
subcutaneously preoperatively and postoperatively and killed by Eutha-
nyl Forte (sodium pentobarbital) overdose followed by transcardial per-
fusion with 4% PFA or by CO2 death before tissue culture.

Adult DRG culture
Naive animals or 1 d nerve-injured rats were killed and L4 –L6 DRGs
removed, treated with 0.25% collagenase (1 h; 37°C) and dissociated with
2.5% trypsin (30 min; 37°C) before plating neurons on laminin- (1 �g/
ml) and poly-D-lysine-coated (25 �g/ml) coverslips at 10 4 cells/well in
6-well plates (BD Biosciences) in DMEM with or without 10 ng/ml of
NGF (Cedarlane Laboratories). Cytosine �-D-arabinofuranoside (10
�M) was added to inhibit non-neuronal cell proliferation.

Treatments
siRNA. DRG cultures were transfected at the time of plating for 48 h with
one of two sets of rat Luman-specific siRNA: siRNA-1 (5�-CGACU
GGGAGGUAGAGGAUUUAC-3�); or siRNA-2, a mix of two Luman-
specific sequences (5�-AGCAAAUCUUACAGAAAGUGGAGGA-3�;
and 5�-GAACCACAUGGCUCAAGCAGAGCAA-3�) or negative con-
trol siRNA (Integrated DNA Technologies) using Lipofectamine
RNAiMAX Reagent (Invitrogen). Luman knockdown efficiency was as-
sessed by Western blot and immunohistochemistry. Transfection effi-
ciency of siRNA treatment was determined by transfecting dissociated
1 d injury conditioned or naive DRG neurons with 10 nM of a TYE 563 DS
Transfection Control duplex followed by assessment of neuronal uptake
24 h later.

Cholesterol. Cholesterol was dissolved in ethanol and used at 2 �g/ml.
Tunicamycin. Tunicamycin was dissolved in DMSO and used at final

concentrations of 0.4, 2, and 10 ng/ml.

Neurite outgrowth
Total axon length/neuron (identified by �III-tubulin immunofluores-
cence) was calculated for all neurons in each of �50 random fields per
experimental treatment group per replicate (N � 3) using NeurphologyJ
(Ho et al., 2011) 48 h after plating for each experimental condition
examined.

Axon isolation
The Zheng et al. (2001) approach used dissociated L4 –L6 DRG neurons
plated onto transwell tissue culture inserts containing a polyethylene
tetraphthalate membrane with 3 �m pores (BD Biosciences) coated with
poly-L-lysine and laminin. To isolate axons only, the top membrane
surface was scraped with a cotton-tipped applicator (Q-tips). For cell
body and proximal axon isolation, the surface underneath the membrane
was scraped.

In vitro axotomy model
An adaptation of the mini-explant culture approach used by Ying et al.
(2014) was implemented. L4 –L6 DRGs were cut into 4 or 5 pieces and
plated in a row (15–20 explants/well) on top of scratches made with a pin
rake (Tyler Research) in 6-well plates coated with poly-D-lysine (25 �g/
ml) and laminin (1 �g/ml) in DMEM supplemented with 10 ng/ml NGF
with or without Luman siRNA treatment as above. The volume of me-
dium was kept low for the first 24 h to help hold the explants to the
culture surface via surface tension. The cultures were maintained for 7 d,
with Ara-C (10 �M; to abolish cell proliferation). Fresh medium with or
without Luman siRNA was added every 3 d. On day 7, the axons extend-
ing from the mini-explants were subjected to a scratch injury performed
2 mm away from the explants on either side of the row of explants.
Eighteen hours later, the experiment the explants were fixed for 1 h in 4%
PFA, followed by cryoprotection in 20% sucrose, removal from the
dishes, and embedding as a group in cryomolds. Eight micron sections
were cut on a cryostat (Microm) and processed for immunofluorescence
histochemistry as below.

Neuronal counts
To assess the impact of siRNA treatment on neuronal numbers, all �-III
tubulin-immunopositive neurons within 38 – 40 fields obtained by raster
scanning in an identical manner were counted for each condition
analyzed.

Cholesterol assay
Total and free cellular cholesterol mass was determined by the enzymatic
fluorometric Amplex Red Cholesterol assay kit (Invitrogen) as per the
manufacturer’s instructions.
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Immunofluorescence cytochemistry
Dissociated L4 –L6 DRG neurons fixed in 4% PFA (20 min) were perme-
abilized with 0.1% Triton X-100 in PBS (30 min, room temperature),
blocked with 2% goat serum, 2% horse serum, and 1% BSA (30 min),
before incubation with mouse anti-�III-tubulin (1:1000; Millipore), rab-
bit anti-Luman (1:500; V. Misra) (Lu et al., 1997), rabbit anti-GRP-78
(1:1000), rabbit-anti-SREBP (1:1000; Santa Cruz Biotechnology), rabbit
anti-CHOP (1:1000; Santa Cruz Biotechnology), or mouse anti-
importin-� (1:200; Thermo Scientific) overnight (4°C). Immunoreactiv-
ity was visualized by either AlexaFluor-488-conjugated goat anti-mouse
IgG (1:1000; Jackson ImmunoResearch Laboratories; 1 h at room tem-
perature) or Cy3-conjugated goat anti-rabbit IgG (1:1000; Jackson Im-
munoResearch Laboratories;1 h at room temperature).

Immunofluorescence histochemistry
Fixed cryoprotected L4 –L5 DRGs were cut at 10 �m on a cryostat (Mi-
crom). Sections were blocked 1 h at room temperature with SEA BLOCK
(Thermo Scientific) incubated overnight at 4°C with rabbit anti-GRP78
(1:200; Cell Signaling Technology), rabbit anti-CHOP (1:1000; Santa
Cruz Biotechnology), rabbit-anti-SREBP (1:1000; Santa Cruz Biotech-
nology), or mouse anti-�III-tubulin (1:1000; Millipore), then visualized
by AlexaFluor-488-conjugated goat anti-mouse IgG or Cy3-conjugated
goat anti-rabbit IgG (1:1000; Jackson ImmunoResearch Laboratories; 1 h
at room temperature).

Analysis and quantification of immunofluorescence signal
To ensure accurate analysis of relative changes in immunofluorescence sig-
nal between experimental groups, coverslips or tissue from both experimen-
tal and control groups were processed under identical conditions and
mounted on the same slide so that analysis was also performed in a system-
atic and equivalent fashion. Immunofluorescence data were gathered from
digital images of the neuronal cultures or tissue sections captured under
identical exposure conditions using Northern Eclipse version 7.0 software
(EMPIX Imaging) and a Zeiss Axio Imager M.1 fluorescence microscope.
Images were blinded with respect to experimental condition. Analysis was
performed by tracing the outline of individual neurons using Northern
Eclipse, which then calculates the average Gray and total area (in �m2) for
image, yielding average Gray per �m2. For experimental conditions exam-
ined, all values obtained at that time point were normalized to the mean
value of the average Gray per �m2 value for the control condition.

To quantify alterations in immunofluorescence signal for a specific
marker within only the axons in a nerve section, the sections were dually
processed for the axonal marker �III-tubulin and the marker of interest.
The �III-tubulin signal was used to create a mask that defined the axonal
regions (ImageJ; Rasband WS, ImageJ, National Institutes of Health,
Bethesda; http://imagej.nih.gov/ij/, 1997–2015). The mask was then ap-
plied to the corresponding same field image of the marker being assessed,
and the level of immunofluorescence signal within the mask was deter-
mined in average Grays and expressed as average Gray/�m 2. Values were
then normalized against the mean value of the average Gray/�m 2 read-
ings for the control condition.

Two-photon imaging
Two-photon imaging was performed using a custom-modified Olympus
BX51WIF upright research microscope interfaced with an Ultima-X-Y
laser-scanning module (Prairie Technologies) directly coupled to a Mai
Tai XF (Spectra Physics) mode-locked Ti:Sapphire laser source. Images
were acquired using high numerical aperture Olympus objective lenses
(LUMPLFL 40� W/IR-2 40�) and the epifluorescence detected with
two top-mounted low-dark current (�10 nA) high-sensitivity (�8500
A/lumen) external PMT detectors (Hamamatsu). Emission of the rele-
vant wavelengths was simultaneously acquired using selective emission
filters (41001, 41002 Olympus BX2 mounted). Z-stack images above and
below the membrane (1.5 �m step, 10.5 �m total depth) were acquired
with an X-Y spatial resolution of 0.29 �m/pixel and were compressed
into single, 2D maximum intensity projections.

Western blot analysis
L4 –L6 DRGs were homogenized in RIPA buffer containing protease
inhibitor mixture. Lysates were centrifuged (10 min, 14,000 � g), super-

natants collected, and protein concentration determined (Bradford as-
say). A total of 20 �g protein was electrophoresed on 12% SDS
polyacrylamide gels, transferred onto PVDF membranes (Bio-Rad),
blocked (LI-COR Biosciences; 1 h at room temperature), and incubated
overnight (4°C) with rabbit anti-GRP78 (1:1000), rabbit anti-protein
disulfide isomerase (1:1000; Cell Signaling Technology), rabbit anti-
PERK (1:1000; Cell Signaling Technology), rabbit anti-phosphorylated
PERK (1:500; Santa Cruz Biotechnology), mouse anti-CHOP (1:1000;
Cell Signaling Technology), rabbit anti-IRE1� (1:1000; Cell Signaling
Technology), rabbit anti-phosphorylated IRE1� (1:1000: Abcam), rabbit
anti-Calnexin (1:1000; Cell Signaling Technology), rabbit anti-SREBP1
(1:1000; Santa Cruz Biotechnology), and rabbit anti-Luman (1:1000; V.
Misra) (Lu et al., 1997). Membranes were then incubated with IRDye
800CW goat anti-mouse secondary antibody or IRDye 680LT goat anti-
rabbit/mouse secondary antibody (1:10,000; LI-COR Biosciences; 1 h at
room temperature). Proteins were visualized with the Odyssey Infrared
Imaging System (LI-COR Biosciences). Goat anti-Lamin B (1:200; Santa
Cruz Biotechnology) or mouse anti-GAPDH (1:2000; Novus Biologi-
cals) served as loading controls.

qRT-PCR array
UPR qRT-PCR arrays (SA Biosciences) containing primers for 84 gene
transcripts involved in the UPR were used as per the manufacturer’s
instruction to compare mRNA purified from dissociated 1 d injury-
conditioned DRG neurons transfected with Luman-specific siRNA or
nontargeting control siRNA for 2 d in vitro. The results were analyzed
(including 5 housekeeping genes) using an SA Biosciences online re-
source RT2 profiler.

qRT-PCR
Total RNA was extracted (RNeasy Kit, QIAGEN) and converted to cDNA
(QuantiTect Rev Transcription Kit, QIAGEN). qRT-PCR primers are as
follows: Spliced xbp1, 5�-TCTGCTGAGTCCGCAGCAGG and 5�-TAA
GGAACTGGGTCCTTCT; xbp1, 5�-TCAGACTACGTGCACCTCTGC
and 5�-TAAGGAACTGGGTCCTTCT; Chop, 5�-TGGAAGCCTGGTA
TGAGGAC and 5�-TGCCACTTTCCTCTCGTTCT; GRP78, 5�-GGCTT
GGATAAGAGGGAAGG and 5�-GGTAGAACGGAACAGGTCCA; Lu-
man, 5�-TGTGCCCGCTGAGTATGTTG and 5�-AGAAGGTCGGAGC
CTGAGAA; Insig1, 5�-ACAGTGGGAAACATAGGAC and 5�-TGAAC
GCATCTTTAGGAG; Insig2, 5�-AGCAACCGTTGTCACCCA and 5�-
TCCCATCGTTATGCCTCC; Srebf1, 5�-CGCTACCGTTCCTCTATCA
and 5�-CTCCTCCACTGCCACAAG; Mbtps2, 5�-GTCCCGTTACTAA
TGTGC and 5�-CAAACTTGAGTGGCTTCA; Canx, 5�-TTTGGGTGGT
CTACATTC and 5�-CTTCTTCGTCCTTCACAT; Ubxn4, 5�-GGAA
CGGTGCTTTATCCA and 5�-ATCTTGAGTCCGCAGTCG; GAPDH, 5�-
GGTGCTGAGTATGTCGTGGAGTC and 5�-GTGGATGCAGGGAT
GATGTTC; and 18S rRNA, 5�-TCCTTTGGTCGCTCGCTCCT and 5�-
TGCTGCCTTCCTTGGATGTG.

All qRT-PCRs satisfied MIQE guidelines. GAPDH and 18S rRNA
served as normalizers. In qRT-PCR array, five housekeeping genes were
analyzed.

Statistical analyses
Differences between means were assessed by one-way ANOVA with post
hoc Tukey’s analysis Prism (GraphPad Software). All values are expressed
as mean � SEM with differences considered significant at p � 0.05.

Results
Sciatic nerve crush injury triggers the UPR in DRGs
and axons
To determine whether axotomy induces the UPR in sensory neu-
rons, UPR-related gene expression was examined in 1 d sciatic
nerve crush injured DRG. qRT-PCR analysis revealed increased
UPR transcript expression, including the chaperone protein,
glucose-related protein 78 (GRP78), the apoptosis regulator
CHOP, xbp1, and the splice product of xbp1 in axotomized
DRGs (Fig. 1A). These results were confirmed by Western blot
analysis that also examined additional UPR protein markers that
all increased in response to injury. These included PERK and
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Figure 1. Nerve injury elevates UPR expression in DRG neurons. A, mRNA levels as determined using qRT-PCR of UPR-related genes relative to naive controls in DRGs ipsilateral or contralateral to
1 d sciatic nerve crush as indicated (4 runs, 2 animals/group/run). B, Representative immunoblot of DRG UPR-related proteins in samples from naive, 1 d crush injury, or contralateral to crush (CL)
as indicated. p-PERK and p-IRE1� detect the phosphorylated/activated forms of the proteins. Lamin B, loading control (N � 3 separate experiments). (C) GRP78 and (D) CHOP immunofluorescence
(IF) colabeled with the neuronal marker �III tubulin in DRG sections as indicated (Intact or 1 d crush). Arrows indicate representative perineuronal satellite cells immunopositive for each marker in
injured DRG. Note the elevated expression in both neuronal and perineuronal cells following nerve injury. Scale bar, 50 �m. N � 4 animals analyzed per experimental condition. *p � 0.01.
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IRE1 (transducers of UPR) and their activated phosphorylated
forms, Calnexin (chaperone protein), and protein disulfide
isomerase (catalyzes disulfide formation and protein folding)
(Fig. 1B) (Hetz and Mollereau, 2014). Immunofluorescence re-
vealed a dramatic increase in cytoplasmic GRP78 and CHOP
expression in injured DRG neurons (identified by their coexpres-
sion of neuronal specific �-III tubulin) and perineuronal cells,
with increased nuclear localization of the transcription factor
CHOP also observed in the injured neurons (Fig. 1C,D).

Axons have been shown to contain an ER equivalent (Meri-
anda and Twiss, 2013) and express and locally synthesize several
ER resident proteins, including GRP78 and calreticulin (Willis et
al., 2005). To assess whether there is an axonal UPR, dissociated
DRG neurons from naive or 1 d prior injury-conditioned animals
were cultured on membrane inserts, thereafter extending axons/
neurites through the 3 �m membrane pores (that neither Sch-
wann cells nor satellite glial cells appeared able to migrate
through; Fig. 2A) and growing along the lower membrane sur-
face. Pure axonal samples were obtained by scraping away cell
components from the top surface of the insert membrane. RNA
extract purity from lower membrane “axon only” preparations as
opposed to upper membrane “cell bodies and proximal axons”
was ascertained by the absence of cell body-restricted �-actin
mRNA and the presence of �-actin mRNA in both cell bodies and
axons (Fig. 2B) and the absence of the nuclear envelope protein
LaminB, as previously described (Ying et al., 2014). qRT-PCR
analysis on pure axonal mRNAs revealed increased levels of
GRP78, CHOP, and spliced xbp1 in injury-conditioned neurons
(Fig. 2C), supporting that nerve injury triggers the UPR in both
axotomized DRGs and axons. To verify that this also occurred in
vivo, axonal GRP78 and CHOP protein expression was analyzed
in tissue sections of intact or injured nerve proximal to a 1 d crush
injury site using the �III-tubulin immunofluorescence signal to
create a mask to define the axonal regions and allow quantifica-
tion of the UPR marker within. Both GRP78 and CHOP showed
significant injury-associated increases in the injured axons (Fig.
2D,E), with CHOP also highly expressed in extra-axonal cells.

Because increased levels of the transcription factor CHOP
were observed in the nuclei of injured sensory neurons (Fig. 1D)
and the role GRP78 plays in protein transport out of the ER (for
review, see Naidoo, 2009), we posited that axonal injury may
induce a retrograde transport of these UPR proteins from the
injured axon back to the cell body, similar to that which we re-
cently described for axonal ER-resident transcription factor Lu-
man (Ying et al., 2014). To examine this, the sciatic nerve was
crushed and then 24 h later ligated proximal to the injury site for
another 24 h before processing for CHOP or GRP78 immunoflu-
orescence. The intense CHOP or GRP78 signal observed in the
injury-conditioned nerve, especially that distal to ligation versus
ligation alone, is consistent with the retrograde transport of
CHOP and GRP78 from the initial crush site toward the cell body
(Fig. 3A,B). There was also an accumulation of GRP78 on the
proximal side of the ligation in the injury-conditioned nerve rel-
ative to ligation alone, supporting that this chaperone protein is
also anterogradely transported in response to injury. Colocaliza-
tion of these immunofluorescence signals with �III tubulin con-
firmed their localization to the injured axons. Collectively,
events, such as altered UPR transcript and protein expression, the
accumulation of CHOP in the nucleus, evidence of its and
GRP78’s retrograde transport, and the presence of increased lev-
els of spliced xbp-1, support that injury triggers the UPR response
in both DRG and axons.

Luman siRNA effectively decreases Luman expression
Luman is a UPR-associated transcription factor (DenBoer et al.,
2005; Liang et al., 2006) that is activated in sensory neurons by
axotomy (Ying et al., 2014). To study the role of Luman in regu-
lating the nerve injury-triggered UPR, we first had to assess
whether treatment of the neuronal cultures with Luman-selective
siRNAs could effectively knock down Luman expression at the
mRNA, protein, and functional levels. The ability of the siRNAs
to effectively transfect neuronal cultures was examined by expos-
ing the cultures in an identical manner to a fluorescently nontar-
geting siRNA. This revealed that virtually all neurons examined
took up the labeled siRNA (Fig. 4A) (Ying et al., 2014). Next, we
exposed half of the intact or 1 d injury-conditioned dissociated
neurons to Luman-selective siRNA for 48 h before processing all
cultures for Luman and �III-tubulin expression by immunoflu-
orescence or qRT-PCR to assess impact on Luman mRNA levels
and neuron viability. Cell counts of 3 experimental repeats re-
vealed that virtually neurons survived the Luman siRNA treat-
ment with 103 � 5.51% (SEM) or 102 � 9.58% (SEM) of the
intact or injury conditioned neurons, respectively, surviving rel-
ative to the control cultures. qRT-PCR demonstrated an efficient
Luman mRNA knockdown in the 1 d injury-conditioned neu-
rons in response to the Luman-specific siRNA treatment (Luman
Si) versus medium alone (Control) or nontargeting control
siRNA (NC Si; Fig. 4B). Western blot analysis of Luman protein
levels in neurons cultured under these conditions showed that
Luman siRNA knocked down expression of both full-length and
cleaved/activated forms of Luman protein by equivalent amounts
(Fig. 4C,D). We also observed decreased Luman immunofluores-
cence signal in the Luman siRNA-treated cultures apparent in
both the cell body and axonal compartments (Fig. 4E).

Finally, we also examined whether the reduced Luman expres-
sion in the siRNA-treated cultures also resulted in decreased lev-
els of Luman reaching the nucleus following axotomy. To do this,
we seeded naive L4 –L6 mini-DRG explants onto culture dishes
where a pin rake was used to create scratches on the surface
along which neurons within the explants extended their axons for
7 d in the presence or absence of Luman siRNA as per Ying et al.
(2014). At 7 d in vitro, the axons on either side of the row of
explants were transected using a pin at a distance of 2 mm from
the explants. The experiments were stopped 18 h later and the
explants dually processed for importin-� and Luman immuno-
fluorescence. This in vitro axotomy model resulted in localization
of importin-� to many of the nuclei of both the axotomy control
and axotomy	Luman siRNA groups. However, the levels of Lu-
man observed in the neuronal cell bodies and the nuclei of those
neurons with intense importin-� were markedly different
between the two groups with the neurons in the Luman
siRNA-treated cultures displaying significantly lower levels of
Luman in the nuclei relative to the axotomy control neurons
(Fig. 4F–H ).

Knockdown of Luman decreases the injury-induced UPR
qRT-PCR arrays that assess UPR-associated gene expression were
used to determine whether knockdown of endogenous Luman
alters UPR-associated gene expression. RNA purified from 1 d
injury-conditioned DRG neurons cultured and transfected 48 h
in vitro with Luman-specific siRNA or nontargetting control
siRNA revealed that many UPR-related genes are downregulated
in Luman knockdown neurons (Fig. 5A). The mRNAs down-
regulated �2-fold included insulin-induced gene 1 (Insig1), Ste-
rol regulatory element-binding transcription factor 1 (Srebf1),
UBX domain-containing protein 4 (Ubxn4), insulin-induced
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gene 2 Insig2, Calnexin (Canx), and Membrane-bound tran-
scription factor site-2 protease (Mbtp2). qRT-PCR analysis con-
firmed these array results with no significant differences noted
between microarray and qRT-PCR data. We also confirmed a

significant downregulation of previously examined GRP78,
CHOP, xbp1, and spliced xbp1 (Fig. 5B,C). Notably, the UPR
response in the 1 d Crush only experiments (Fig. 5A) did not
differ significantly from those values obtained in the 1 d Crush

Figure 2. The UPR is elevated in injured axons. A, Neuronal DRG cultures grown on insert membranes and processed to detect the neuron/axon marker �III tubulin (green) and the Schwann
cell/satellite glial cell marker GFAP (red) immunofluorescence as indicated, with focal plane of images taken being either above (top) or below (bottom) the membrane. The presence of �III tubulin
and the absence of GFAP signal in the lower membrane indicate that only axons extend through the pores to grow on the underside of the membrane. Scale bar, 50 �m. B, qRT-PCR of RNA from
“axon only” or “cell body 	 proximal axon” preparations. The absence of �-actin confirms purity of “axon only” extract. C, qRT-PCR analysis of axonal mRNA levels of UPR-related genes relative to
naive controls from 1 d crush injury-conditioned DRG neurons assayed 48 h in vitro on transwell inserts (N � 4 experimental replicates). *p � 0.01. **p � 0.01. Representative sections of sciatic
nerve immediately proximal to the crush injury site or from intact control sciatic nerve processed to detect expression of the UPR proteins GRP78 (D) or CHOP (E) and colocalized with the axonal
marker �-III tubulin. Histograms (right) summarize alterations in expression of the markers in the 1 d injured axons (1 d Crush) relative to Intact control. Scale bar, 100 �m. *p�0.01. N�3 animals
and 37– 44 fields analyzed/condition. The expression of both UPR-associated proteins is significantly elevated in the 1 d injured axons, with increased extra axonal expression also evident for CHOP.

14562 • J. Neurosci., October 28, 2015 • 35(43):14557–14570 Ying et al. • Luman/CREB3 Regulates UPR Linked to Axon Growth



	NC siRNA experiments in Figure 5C (data not shown), sup-
porting that the siRNA did not invoke a generalized ER stress
response. Interestingly, among the 8 genes downregulated �2-
fold, Insig1, Insig2, Srebf1, and Mbtps2 are involved in the regu-
lation of cholesterol synthesis (Colgan et al., 2011).

Supplemental cholesterol rescues axon outgrowth in Luman
knockdown neurons in vitro
Because cholesterol is an essential cell membrane component
and Luman knockdown impairs axon outgrowth in injury-
conditioned neurons (Ying et al., 2014), we speculated that Lu-
man siRNA-treated neurons might not make enough cholesterol
to support intrinsic regenerative axon growth. Of note, Luman
knockdown significantly reduced free and total cholesterol levels
in injury-conditioned sensory neurons by 34 � 7% and 33 � 5%,
respectively (Fig. 6A), with a similar impact on SREBP1 expres-
sion at the transcript and protein levels (see Figs. 5, 8). To inves-
tigate whether the decreased cholesterol levels were causally
linked to the shortened axon outgrowth (Fig. 6B), Luman knock-
down neurons from injury-conditioned DRGs were analyzed in
vitro with or without cholesterol supplementation as per Fünf-
schilling et al. (2012).

Luman knockdown resulted in neurons forming axons that
were 48 � 6% shorter than injury-conditioned controls. Choles-
terol supplementation, given concomitantly with Luman siRNA,
significantly rescued axon outgrowth in these neurons to 74 �
9% that of control neurons (Fig. 6 B, C), with no discernible

impact on control nontargeting siRNA-
treated injury-conditioned neuron out-
growth, suggesting that 1 d axotomized
control DRG neurons produce the cho-
lesterol required for this form of intrin-
sic regenerative axon growth or that
maximal outgrowth is set by other fac-
tors (Fig. 6 B, C). Notably, the results
of these cholesterol supplementation
experiments were virtually identical
when repeated with a different set of
Luman-selective siRNAs (Fig. 6C; Lu-
man Si-2 expt).

Rescue of axon outgrowth in Luman
knockdown neurons by a UPR inducer
Our finding that cholesterol supplemen-
tation did not fully rescue the axon out-
growth (Fig. 6) prompted us to investigate
whether other UPR-related genes down-
regulated by Luman siRNA (Fig. 5) con-
tribute to regenerative axon outgrowth,
but in a cholesterol-independent manner.
Thus, tunicamycin, a UPR inducer that
activates the UPR through pathways not
involving Luman (Liang et al., 2006),
was used. Luman knockdown decreased
mRNA expression of the UPR markers
Canx, Ubxn4, GRP78, CHOP, xbp1, and
spliced xbp1 levels by 1.6 � 0.25-fold to
4.2 � 1.5-fold (Fig. 2). To increase expres-
sion of these UPR genes back to their nor-
mal 1 d injury-associated levels, varying
low concentrations of tunicamycin were
tested. Figure 7A reveals that 2 ng/ml tu-
nicamycin increased the aforementioned

UPR-associated gene expression by 1.4 � 0.5-fold to 3.1 � 0.4-
fold, rendering expression close to levels observed in control in-
jured neuron. Further, 2 ng/ml tunicamycin did not discernibly
alter the Luman siRNA-induced reductions in Luman in cultured
naive neurons (data not shown).

We next analyzed axon outgrowth in Luman knockdown
1 d injury conditioned neurons assayed in vitro 48 h � 2 ng/ml
tunicamycin added concomitantly with the Luman siRNA.
Although tunicamycin treatment had no apparent impact on
nontargetting control siRNA-transfected neurons, it signifi-
cantly rescued axon outgrowth in Luman knockdown neurons
to 69 � 9% that observed in control injury-conditioned only
neurons (Fig. 7 B, C).

When cholesterol and tunicamycin were applied together,
the axons grew significantly longer than that when used
individually, reaching 83 � 10% that of control injury-
conditioned neurons. It should be noted that the effects of
combined cholesterol and tunicamycin treatment were nei-
ther completely additive, nor did they reach at least 100% of
the growth observed in injury-conditioned control neurons,
supporting that the regulation of these two pathways is likely
intertwined and does not occur one in isolation of the other.

To assess whether the tunicamycin-induced axon growth in
Luman siRNA-treated, injury-conditioned neurons might
also be associated with elevated expression of SREBP1, a key
transcription factor driving cholesterol biosynthesis (for re-
view, see Fernández-Hernando and Moore, 2011), neuronal

Figure 3. UPR protein transport in injured axons. Representative sciatic nerve sections processed for (A) GRP or (B) CHOP
immunofluorescence from animals that had undergone 24 h sciatic nerve ligation (left panels) or sciatic nerve crush, followed by
ligation proximal to the injury site 24 h later, for an extra 24 h as indicated. DRG with arrow indicates retrograde direction, whereas
Crush with arrow indicates direction toward prior crush site. Endogenous GRP78 and CHOP signal is increased and accumulates
distal to ligation in the crush	ligation nerve (boxes) versus ligation only. Box insets highlight the high degree of colocalization
between the UPR marker (red) in and the axonal marker �-III tubulin (green). The increased levels of GRP78 and CHOP in the
Crush	ligation nerve in area immediately distal to the ligation are consistent with increased synthesis of the UPR markers in the
injury-conditioned nerve and retrograde transport from the initial injury site. Note the accumulation of GRP78 proximal to ligation
in the Crush	Ligation nerve suggestive of anterograde transport as well in response to the prior injury. Scale bar, 50 �m. N � 3
animals/condition analyzed.
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Figure 4. Luman siRNA treatment effectively reduces Luman expression. A, Fluorescence photomicrographs showing �III tubulin-positive 1 d injury-conditioned cultured neurons
(green) are successfully transfected with fluorescently tagged siRNA 24 h after treatment. B, qRT-PCR reveals efficient Luman mRNA knockdown in 1 d injury-conditioned neurons
cultured 48 h with Luman-specific siRNA (Luman Si) versus medium alone (Ctrl, Control) or nontargeting control siRNA (NC Si). C, Representative Western blot analysis of Luman protein
levels in neurons cultured under conditions as in B shows effective knockdown of both full-length (FL) and cleaved /activated (Cl) forms of Luman protein (N � 3 experimental replicates;
GAPDH loading control). D, Quantification of three experimental replicates as in C reveals that the full-length and cleaved/activated forms of Luman are downregulated in an equivalent
manner by Luman siRNA. E, Representative Luman immunofluorescence (IF)-positive neurons from Intact, 1 d injury-conditioned Control, or 1 d injury-conditioned Luman siRNA-treated
cultures as in B reveal an injury-associated increase in axonal and neuronal Luman IF relative to Intact and a marked reduction in axon outgrowth and Luman IF in the Luman
siRNA-treated, injury-conditioned neurons. Scale bar, 100 �m. F, G, Representative neurons from sections of mini-DRG explants grown for 7 d with (G) or without (F ) Luman siRNA
treatment before axotomizing the neurites for 18 h and examining Luman and importin-� (
mp�) immunofluorescence in the neuronal nuclei. Note the robust nuclear localization of
importin-� (arrow) in the axotomized neurons in both experimental groups, but with visibly reduced nuclear Luman levels in the siRNA-treated injury conditioned neurons (G). Scale bar,
25 �m. H, Quantification of Luman IF levels in importin-�-positive nuclei in control versus Luman siRNA-treated neurons reveals a significant reduction in levels of Luman immuno-
fluorescence signal in the nucleus (N � 97–98 importin-�-positive neuronal nuclei assessed/condition). **p � 0.001.
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SREBP1 expression was examined and compared with Luman
siRNA-treated or crush injury control neurons. Qualitative
and quantitative analysis revealed that the rescue of axon out-
growth with 2 ng/ml tunicamycin in the Luman siRNA-
treated, injury-conditioned neurons was associated with
increased SREBP1 expression in both the cell bodies and axons
of these injury-conditioned neurons (Fig. 8 A, B). These
changes were paralleled by increases in total cholesterol levels
as measured by assay (Fig. 8C) or as assessed using the choles-
terol binding stain filipin (data not shown). However, this
latter form of cholesterol assessment is extremely susceptible
to fading and thus could not be reliably used for quantitative
analysis (Rudolf and Curcio, 2009).

The increased SREBP1 expression effected by tunicamycin was in
sharp contrast to its regulation by cholesterol supplementation in
the Luman siRNA-treated, injury-conditioned neurons. In these ex-
periments, SREBP1 expression was reduced even further relative to
Luman siRNA-treated, injury-conditioned control neurons, sug-
gesting that, when exogenous cholesterol is high enough to meet the

growth demands, a negative feedback loop
is induced with respect to the endogenous
cholesterol biosynthetic pathway (Fig.
8D,E). Finally, we also examined whether
the increased axon growth effected by cho-
lesterol supplementation of the Luman
siRNA-treated, injury-conditioned neurons
has an impact on UPR expression relative to
theLumansiRNA-treatedonlycontrolsbyas-
sessing alterations in CHOP expression in
these experiments. Qualitatively, we found
CHOP expression to be elevated in both
the cell bodies and axon compartments of
Luman siRNA	cholesterol-supplemented
neurons relative to the Luman siRNA injury-
conditioned control neurons, with quantifica-
tion of the immunofluorescence signal over
the neuronal cell body revealing that these
changes in expression are significant (Fig.
8F,G).

Discussion
The UPR strives to reestablish proteostasis
while meeting the demand for increased
protein production and/or proper protein
folding under times of ER stress. Here, we
provide the first evidence supporting that
the UPR, including cholesterol biosynthesis,
is extensively activated in DRG neurons and
axons in response to axotomy, that it is reg-
ulated by Luman, and that the UPR is in-
volved in the intrinsic ability of injured
sensory neurons to undergo robust axon re-
generative growth.

Peripheral axotomy induces the UPR in
DRG neurons and axons
The UPR is implicated in many neuro-
degenerative disorders (Hetz and
Mollereau, 2014; O’Brien et al., 2014).
The deleterious impact of the UPR on
neuronal pathological states is generally
the focus of ER stress/UPR research,
with strategies to dampen this response
by deletion of CHOP or delivery of UPR

antagonists proving neuroprotective (Hu et al., 2012). But the
converse is also true, with the UPR actively promoting
Schwann or retinal ganglion cell survival after injury (Mendes
et al., 2009; Mantuano et al., 2011), supporting that, when
induced to only moderate levels, it can be neuroprotective.

Molecular stimuli can alter the functional state of axonal
proteins implicated in the UPR. For example, axonal applica-
tion of BDNF causes xbp1 splicing (Hayashi et al., 2007),
whereas lysophosphatidic acid treatment increases eIF2 phos-
phorylation and calreticulin translation (Vuppalanchi et al.,
2012), supporting that at least some components of the UPR
are activated, post-translationally modified, and translated in
axons. Given the critical roles that increased axonal and neu-
ronal protein synthesis play in axon regeneration (Jung et al.,
2012), it is predicted that the UPR would be activated to reg-
ulate these processes. Our data support extensive UPR activa-
tion following injury, with all UPR markers examined
increasing in both neurons and axons (Figs. 1, 2, 3). The exact

Figure 5. Knockdown of Luman expression decreases the injury-induced UPR. A, Volcano plot derived from qRT-PCR array data
monitors UPR-associated transcripts with log2 fold change for injury-conditioned DRG neurons transfected with Luman-specific
versus control-scrambled siRNA (x-axis) as a function of p value ( y-axis) (horizontal dashed line, p � 0.05). Transcripts down-
regulated �2-fold are shown as solid spots with gene designations ( p � 0.05). B, qRT-PCR array data were verified by qRT-PCR
for mRNAs identified in A (N � 4 animals/condition as in A; N � 4 experimental replicates). C, qRT-PCR analysis of mRNA levels in
1 d injury-conditioned DRG neurons cultured 48 h in nontargeting control siRNA (Control) or Luman-specific siRNA (Luman Si) for
markers assessed in Figure 1 as indicated (N � 3 experimental replicates). *p � 0.01.
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nature of the signal initiating this response is currently un-
known but likely involves ER stress events, such as calcium
release from ER stores or a response to axotomy-induced axo-
plasmic calcium fluxes (Yudin et al., 2008; Vuppalanchi et al.,
2012). Luman can also be activated by ER stress (Liang et al.,
2006).

Luman links the UPR to the regenerative growth of
sensory neurons
Luman overexpression protects cells against ER stress-induced
apoptosis (Liang et al., 2006); and in axotomized neurons, en-
dogenous Luman favorably regulates regenerative axon growth
(Ying et al., 2014). We now demonstrate that Luman’s role in

Figure 6. Cholesterol dependency of sensory axon outgrowth. A, Cholesterol levels in 1 d injury-conditioned neurons transfected 48 h in vitro with nontargeting control (NC) or
Luman-specific siRNA. N � 4 experimental replicates. B, Representative 1 d injury-conditioned DRG neurons assayed 48 h in medium alone (Crush Control), NC siRNA 	 2 �g/ml
cholesterol (NC Si 	 Chol), Luman Si, or Luman Si 	 2 �g/ml cholesterol (Luman Si 	 Chol) followed by �-III tubulin immunofluorescence axon detection (N � 3 experimental
replicates). Scale bar, 200 �m. C, Quantification of total axon length in B (N � 150 neurons/condition/Luman siRNA; N � 3 experimental replicates/Luman siRNA). Knockdown of Luman
decreased total and free cholesterol levels and axon outgrowth that could be partially rescued by supplemented cholesterol. *p � 0.01. Virtually identical results were observed with
either Luman siRNA-1 (Si-1 expt) or Luman siRNA-2 (Si-2 expt).
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Figure 7. UPR-inducer tunicamycin rescues axon outgrowth in Luman knockdown neurons. A, UPR-associated gene mRNA levels in 1 d injury-conditioned DRG neurons cultured 48 h in
Luman-specific siRNA 	 tunicamycin at indicated concentrations and normalized to 0 ng/ml tunicamycin values (N � 3 experimental replicates). B, Representative 1 d injury-conditioned DRG
neurons assayed 48 h in medium alone (Crush Control), nontargeting control siRNA 	 2 ng/ml tunicamycin (NC Si 	 Tu), Luman-specific siRNA (Luman Si), or Luman-specific siRNA 	 2 ng/ml
tunicamycin (Luman Si 	 Tu), followed by �-III tubulin immunofluorescence axon detection (performed in triplicate). Scale bar, 200 �m. C, Quantification of total axon length in B and 1 d
injury-conditioned DRG neurons assayed 48 h in Luman Si 	 tunicamycin and cholesterol (Luman Si 	 Tu 	 Chol) (N � 150 neurons/experimental condition; 3 replicates/Luman siRNA set). *p �
0.05. **p � 0.01. Knockdown of Luman decreased total axon outgrowth that could be partially rescued by the UPR inducer tunicamycin, with equivalent results observed with either Luman siRNA
treatment (Si-1 expt vs Si-2 expt).
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UPR regulation is an important link to the
intrinsic regenerative axonal growth ca-
pacity of sensory neurons.

Luman transcript and protein expres-
sion were effectively downregulated by ei-
ther of two siRNA treatments (Figs. 4, 6,
8). It is possible that only a small portion
of the transcripts are available for transla-
tion, as most axonal transcripts are held in
a translationally repressed state by the zip
code protein directing it to its subcellular
location until synthesis is triggered by a
cellular event, such as axotomy (Donnelly
et al., 2011).

Luman knockdown in injury-conditioned
neuronsdecreasedtheUPR(Fig.5),whilealso
partially blocking axon growth, the latter
consistent with our previous study (Figs.
4, 6, 8) (Ying et al., 2014). Luman knock-
down was associated with lower levels of
Luman in the injury-conditioned neuro-
nal nuclei (Fig. 4H), likely functionally
linked to the observed reduced UPR. It is
unlikely that the treatment affected the
ability of axonal injury signals to be retro-
gradely transported as intense nuclear
staining for importin-�, a protein synthe-
sized intra-axonally at the site of injury
involved in transporting cargo proteins
from the site of injury to the cell body
(Hanz et al., 2003), was observed. It is not
known whether the regulation of the UPR
or SREBP1 levels by Luman is a conse-
quence of direct transcriptional regula-
tion but is possible whether these genes
have UPR or ER stress elements in their
promoters (Liang et al., 2006).

Before our study, little was known
about the involvement of the UPR or
components of the UPR in axon growth.

Figure 8. Impact of tunicamycin or cholesterol supplementation on SREBP1, cholesterol, and CHOP expression. A, Representa-
tive neurons from 48 h cultures of 1 d injury preconditioned neurons processed for immunofluorescence (IF) to detect the choles-
terol biosynthesis regulator SREBP1 reveal reduced neuronal and axonal expression in response to Luman siRNA treatment
(Crush	Luman Si) relative to Crush Control that can be rescued with 2 ng/ml tunicamycin treatment (N � 3 experimental
replicates). Scalebar,70�m.B,QuantificationofSREBP1IFsignalintensityinDRGneuronsculturedasinArevealsasignificantdecreaseinSREBP1
expression in response to Luman siRNA treatment (Luman Si) relative to Crush Control (Crush ctrl) that is reversed with 2 ng/ml tunicamycin treat-
ment(LumanSi	Tu)(N�130 –160neuronsanalyzed/experimentalconditionfrom3experimentalreplicates).***p�0.001.C,Totalcholesterol
levels in 1 d injury-conditioned control neurons or 1 d injury-conditioned neurons transfected 48 h in vitro with Luman-specific siRNA
(Luman Si) or Luman-specific siRNA	 2 ng/ml tunicamycin. Note the similar pattern of regulation as was observed for SREBP1 in
B. N � 3 experimental replicates. *p � 0.05. ***p � 0.001. D, Representative Western blot showing impact of cholesterol.

4

supplementation on SREBP1 expression in 1 d injury-
conditioned DRG neurons assayed 48 h in medium alone
(Crush Control), NC siRNA 	 2 �g/ml cholesterol (NC Si 	
Chol), Luman Si, or Luman Si 	 2 �g/ml cholesterol (Luman
Si 	 Chol). E, Quantification of neurons treated as in D reveals
decreased SREBP1 protein expression with Luman siRNA treat-
ment that is further reduced to nearly undetectable levels with
cholesterol supplementation (Luman Si	Chol) (N � 128 –
158 neurons analyzed/experimental condition from 3 or 4 ex-
perimental replicates). **p � 0.01. ***p � 0.001. F,
Representative neurons from experimental conditions as in D
and processed for IF to detect CHOP expression in neurons
identified with �-III tubulin IF. Axon growth is impaired and
cytoplasmic and axoplasmic CHOP expression reduced relative
to Crush control in response to Luman siRNA treatment, with
both being increased by cholesterol supplementation. Scale
bar, 100 �m. G, Quantification of neurons treated as in F re-
veals decreased CHOP protein expression with Luman siRNA
treatment relative to crush control that is significantly rescued
with cholesterol supplementation (Luman Si	Chol) (N �
86 –99 neurons analyzed/experimental condition from 3 or 4
experimental replicates). **p � 0.01. ***p � 0.001.
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Recently, the UPR marker GRP78 was linked to axon growth and
fasciculation in development of thalamocortical connections
(Favero et al., 2013). Our study supports that an increased UPR
appears causally related to the intrinsic ability of sensory neurons
to regenerate axons. In Luman knockdown injury-conditioned
neurons, we found low-dose tunicamycin, a UPR inducer that
does not involve Luman (Liang et al., 2006), brought levels of
downregulated UPR markers back to those observed in injury-
conditioned controls and also significantly rescued axon out-
growth in the Luman knockdown neurons (Fig. 7). This supports
that a low level of UPR is beneficial for axon outgrowth. It is said
that both the severity and duration of the stimulus effecting a
UPR in cells determine how harmful the outcomes will be. The
concept that hormetic doses of cellular stressors are beneficial to
the repair state is not novel (Calabrese et al., 2010; Fouillet et al.,
2012), but the demonstration that only 2 ng/ml of tunicamycin
(500� less than that used by Fouillet et al., 2012) benefits regen-
erative axonal growth in injury-conditioned sensory neurons is.
Not surprisingly, we found that 48 h exposure to 50 –100 ng/ml
tunicamycin left the injury-conditioned neurons in a growth in-
capacitated and compromised state (data not shown). Also nota-
ble is the lack of discernible impact 2 ng/ml tunicamycin had on
the axonal growth capacity of naive neurons (data not shown),
supporting that additional injury-associated factors must con-
tribute to regenerative axon growth regulated by the UPR.

Cholesterol is an essential component in membrane structure
and signal transduction, with the regulation of cholesterol and
the UPR being linked (Colgan et al., 2011) through UPR activa-
tion of SREBPs (Kammoun et al., 2009), transcription factors
regulating sterol biosynthesis. The activation of SREBPs (also
known as SREBFs), ATF6, and Luman all requires proteolysis by
S1P and S2P (encoded by Mbtps1 and Mbtps2, respectively) (Ye
et al., 2000; Raggo et al., 2002). Neuronal Luman knockdown
significantly decreased the expression of genes coding for
SREBP1 and Mtbtps2/S2P (Figs. 2, 8) and decreased cellular cho-
lesterol levels (Figs. 6, 8). In the CNS, defective cholesterol bio-
synthesis in mature neurons can be compensated for by astrocytic
cholesterol transfer (Fünfschilling et al., 2012). A similar situa-
tion may exist for sensory neurons, whereby supplemental cho-
lesterol compensates for the reduced cholesterol in axotomized
Luman knockdown neurons (Fig. 6), thereby rescuing axon
growth. Interestingly, exogenous cholesterol appears to invoke
a negative feedback loop with respect to SREBP1 regulation,
as even lower levels of SREBP1 expression in the Luman
siRNA	cholesterol treated injury-conditioned neurons were
observed. This is consistent with lipid repletion models where the
proteolytic cleavage/activation of SREBPs is inhibited (Ye and
Debose-Boyd, 2011). It may be also be an attempt by the neurons
to mitigate an excessive UPR response potentially induced by the
cholesterol, a neuroprotective strategy when the UPR is high
(Cunha et al., 2008; Taghibiglou et al., 2011; Volmer et al., 2013).
Indeed, the elevated levels of CHOP observed in Luman knock-
down neurons in response to cholesterol supplementation sup-
ports that a general UPR may be induced by this treatment (Fig.
8F,G) but, at the level observed, still appears to be beneficial for
axon growth.

However, because cholesterol supplementation did not increase
the growth in control siRNA-transfected neurons, this suggests that
additional factors beyond cholesterol limit the extent of this regen-
erative growth or that perhaps endogenous either axotomized DRG
neurons are normally able to endogenously synthesize enough cho-
lesterol to fully support regenerative axon growth programs under
the conditions examined.

UPR proteins as potential retrograde injury signals
We have shown that, shortly following axonal injury, the cleav-
age/activation and release of Luman from the axonal ER equiva-
lent proximal to the site of injury, coupled with enhanced local
synthesis, allows it to act as a significant retrograde injury signal.
The activated Luman is transported back to the cell in an
importin-�-dependent manner, where it serves as a critical reg-
ulator of the intrinsic ability of sensory neurons to regenerate
their axon (Ying et al., 2014). In addition to Luman being retro-
gradely transported from the injury site, the accumulation of
axonal GRP78 and CHOP distal to a 1 d nerve ligation site in
nerves injury-conditioned 1 d before ligation supports that these
Luman-regulated axonal UPR transcripts and proteins may also
serve vital roles as retrograde injury signals. Finally, the postin-
jury time frame examined in this study is consistent with these
cellular events being part of the inductive phase of sensory axon
regeneration, which we have shown are dependent on the early
rises in BDNF expression following injury, while the chronic
phase is not (Geremia et al., 2010; Zigmond, 2012). Whether
axotomy-induced increases in Luman expression are also reg-
ulated by BDNF is not presently known, but preliminary stud-
ies support that injury-associated increases in Luman, the
UPR, and SREBP1 expression in vivo are transient, with
marked reductions in expression observed by 4 d after axo-
tomy (Z. Ying, N.A. McLean, J.M. Johnston, and V.M.K.
Verge, unpublished observations).

In conclusion, these findings demonstrate that an extensive
Luman-regulated UPR, including cholesterol regulation, is acti-
vated in axotomized DRG neurons and axons. Further, both UPR
induction and cholesterol supplementation were found to con-
tribute to the intrinsic regenerative axon growth capacity of sen-
sory neurons, thereby providing novel therapeutic targets for
improved nerve regeneration.
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