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Abstract
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized by progressive loss of motor neurons.
Improving neuronal survival in ALS remains a significant challenge. Previously, we identified Lanthionine synthetase C-like
protein 1 (LanCL1) as a neuronal antioxidant defense gene, the genetic deletion of which causes apoptotic
neurodegeneration in the brain. Here, we report in vivo data using the transgenic SOD1G93A mouse model of ALS
indicating that CNS-specific expression of LanCL1 transgene extends lifespan, delays disease onset, decelerates
symptomatic progression, and improves motor performance of SOD1G93A mice. Conversely, CNS-specific deletion of
LanCL1 leads to neurodegenerative phenotypes, including motor neuron loss, neuroinflammation, and oxidative damage.
Analysis reveals that LanCL1 is a positive regulator of AKT activity, and LanCL1 overexpression restores the impaired
AKT activity in ALS model mice. These findings indicate that LanCL1 regulates neuronal survival through an alternative
mechanism, and suggest a new therapeutic target in ALS.

Introduction

Amyotrophic lateral sclerosis (ALS) is a devastating,
rapidly progressive neurodegenerative disease characterized
by the selective loss of both upper and lower motor neurons
(MNs) [1]. Loss of these neurons causes muscle weakness,
spasticity, atrophy, paralysis, and premature death [2].
Although the majority of cases are sporadic, ~10% cases are
familial (inherited) with mutations in superoxide dismutase
1 (SOD1) being the most extensively studied [3]. Trans-
genic rodents carrying mutant forms of SOD1 develop a
similar, progressive MN disease akin to patients [4]. ALS is
more frequent in males [5], and the male patients tend to
have an earlier age of onset, but the cause for this gender
bias remains enigmatic [6]. Currently, Riluzole and Edar-
avone are the only two approved drugs for ALS clinical
therapy with limited efficacy [7, 8]. Thus, how to promote
neuron survival remains an unmet need in ALS treatment.

Oxidative stress has been identified as a central feature of
ALS pathogenesis. A large body of studies have described
evidence of increased oxidative stress in ALS patients
[9–12]. Transgenic mouse based on mutant SOD1 recapi-
tulate the oxidative damage to protein, lipid, and DNA
observed in the human disease [13–15]. Although oxidative
stress being a primary cause of pathogenesis in ALS or a
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downstream consequence of the disease has been debated, it
has been proved that oxidative stress is capable of causing
considerable damage to MN populations, and can also
influence other mechanisms implicated in neurodegenera-
tion in ALS [16].

MN cell death, accompanied with astrocytic and micro-
glial cell activation, is the characteristic feature of ALS
[17, 18]. Emerging evidence suggests that multiple mole-
cular signaling pathways are involved in MN survival/death
in ALS [19]. For example, in SOD1-related ALS in
humans, MNs that survive the disease process show upre-
gulation of genes that promote neuronal survival—namely,
those encoding the phosphatase and tensin homolog/phos-
phoinositide 3-kinase/protein kinase B (PTEN/PI3K/AKT)
pathway [20]. These data imply that boosting the intrinsic
neuroprotective defense mechanisms may represent a pro-
mising strategy for ALS treatment.

LanCL1 (Lanthionine synthetase C-like protein 1, also
known as P40 or GRP69A), is homologous to bacterial
lanthionine synthetase C (LanC) family [21], which is
involved in the biosynthesis of antimicrobial peptides
(lantibiotics) [22]. LanCL1 was identified as a reduced
glutathione (GSH)-binding protein and primarily expressed
in neural tissues and testis [23–25]. In previous studies, we
have revealed that LanCL1 is a critical regulator of neuronal
survival during normal postnatal development and in
response to oxidative stress [26]. Specifically, loss of
LanCL1 leads to neuronal death, oxidative stress, and
inflammation in the brain, whereas LanCL1 transgene
protects neurons against exogenous peroxide-induced
apoptosis [26]. Enzymatic assays reveal that LanCL1 pos-
sess ROS scavenging properties like glutathione S-
transferases (GSTs) [26]. These findings prompted us to
investigate whether LanCL1 could provide neuronal pro-
tection in neurodegenerative diseases, such as ALS. Inter-
estingly, LanCL1 protein was found to be increased in the
spinal cord of SOD1G93A transgenic mice at presymptomatic
stages [27], implicating a possible role of LanCL1 in ALS.

Here, we report that LanCL1 protects MNs against
degeneration and reduces the severity of disease manifesta-
tions in the mouse model of ALS. By crossing LanCL1
conditional transgenic mice with the SOD1G93A mouse model,
we found that CNS-specific expression of LanCL1 transgene
significantly prolongs lifespan, delays disease onset, decele-
rates symptomatic progression, and improves motor perfor-
mance in SOD1G93A mice. Reciprocally, CNS-specific
deletion of LanCL1 causes neurodegenerative phenotypes,
including MN loss, neuroinflammation, and oxidative damage
in spinal cord. We further show that loss of LanCL1 leads to a
decrease in AKT phosphorylation, whereas LanCL1 transgene
restores AKT phosphorylation and mitigates oxidative stress in
ALS mice. Findings suggest that LanCL1 modulates MN
survival by scavenging ROS and enhancing AKT activity.

Material and methods

Animals

The generation and characterization of the LanCL1 condi-
tional knockin (termed LanCL1 cKI) mice and LanCL1flox/flox

mice have been previously described [26]. SOD1G93A

[B6SJL-TgN(SOD1-G93A)1Gur] and Nestin-Cre (C57BL/6)
mice were originally derived from the Jackson Laboratory
(Bar Harbor, Maine, USA) and maintained on C57BL/6 and
129s4 mixed background. Male mice heterozygous for the
human SOD1G93A transgene were crossbred with female
LanCL1K/K; NestinCre+/− mice, resulting in triple-transgenic
mice and control littermates. Littermates were always used as
controls. The breeding strategy and the resulting genotypes
are reported in Fig. 2a. Mice carrying the floxed allele of
LanCL1 were crossed to Nestin-Cre transgenic mice [28] to
generate LanCL1 conditional knockout (termed LanCL1
cKO) mice with LanCL1 deficiency in central nervous system
(CNS). LanCL1 cKO mice were compared with WT litter-
mates with intact LanCL1 expression. Formal methods of
randomization were not used. All experiments were per-
formed in compliance with the guidelines set forth by Sichuan
University and Johns Hopkins University.

Disease scoring and behavior analysis

Mice were monitored weekly throughout disease pro-
gression. Disease status was referenced to body weight
changes [29]. Disease onset was defined as the age when
mice reached their peak weight before weight began to
decline. Disease endpoint was defined as the age at which
a mouse could no longer right themselves within 30 s of
being put on their side. Disease progression was defined
by the duration between the onset and disease endpoint.
The early-symptomatic stage (Early-sym) and late-
symptomatic (Late-sym) stage was divided based on
whether mice had lost 10% of their body weight. Defini-
tion of disease course analysis is reported in Fig. 1a.

Testing of motor function using a rotarod device
(XR1514, Shanghai) began at 8 weeks of age. Each session
consisted of three trials on the accelerating rotarod with
increasing speed from 4 to 30 rpm in 5 min. The time spent
on the rotarod was measured, and for all mice the average of
three consecutive trials without prior training was calcu-
lated. All behavioral tests were conducted with the experi-
menter blind to genotypes.

Tissue processing, immunofluorescence, and
histology

Animals were deeply anesthetized with 4% chloral hydrate
and were transcardially perfused with phosphate-buffered
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saline (PBS) followed by 4% PFA in PBS. Lumbar spinal
cord (L3–L5) was isolated and post-fixed in 4% PFA
overnight at 4 °C. Fixed tissues were then cryoprotected for
48 h in PBS containing 30% sucrose, embedded in O.C.T
(TissueTek, Sakura) and sectioned at 20 μm using a freezing
microtome (Thermo scientific HM 525). Free-floating sec-
tions were mounted onto 2% gelatin-coated slides to be
processed for staining.

Frozen sections were blocked with 10% normal goat
serum/1% BSA/0.3% Triton X-100 in PBS for 1 h at
room temperature, and then incubated with combinations
of the following primary antibodies: SMI-32 (1:1000,
BioLegend, 801701), GFAP (1:1000, Merck Millipore,
MAB360), Iba-1 (1:800, Wako, 019-19741). Antibodies
were applied in 1% BSA/1% goat serum/0.3% Triton
X-100/PBS solution for overnight at 4 °C. Sections were
then briefly washed with PBS and incubated for 2 h
at room temperature with appropriate combinations of
secondary antibodies. After washing, sections were
mounted with ProLongGold mounting medium (Life
Technologies).

For Nissl staining, slides were air-dried overnight. Sec-
tions were immersed in 0.1% (w/v) cresyl violet acetate
(Nissl stain) (Sigma-Aldrich) using a standard protocol,
dehydrated, and coverslipped.

For each experimental group or time points, at least three
animals were processed and analyzed.

Imaging and analysis

Tissue sections were visualized using an Olympus BX63
microscope and images captured using a Photometric Sen-
Sys Olympus DP70 CCD camera and imaging software
(Olympus Corporation, Tokyo, Japan). For each mouse, at
least eight images (20×) were taken in the left and right
ventral horn (VH) of lumbar spinal cord (L3–L5). Any
image contrast and brightness adjustments were made
equally between experimental groups.

To assess the extent of immunoreactivity for GFAP and
Iba-1, an intensity threshold was applied to each image to
include the positive labeling while minimizing the inclusion
of nonspecific, background staining using ImageJ. The area
occupied by the signal (thresholded pixel area) in identically
sized regions of ventral spinal cord was determined for each
image as previously reported [30]. Values for left and right
VH were averaged for each spinal VH and 4–6 sections
were analyzed for each mouse (at least three mice per
genotype per age group). Results were reported as the fold
change with respect to WT (P110).

MN quantification

The number of MNs were counted in every 10th section
of the ventral spinal cord in the series, i.e., at a distance of
200 μm between evaluated slices. The following criteria

Fig. 1 Dynamic expression of LanCL1 in the spinal cord of ALS mice.
a Diagram depicting the definition of pathological stages of the
SOD1G93A mouse model of ALS. b Quantitative mRNA levels of
LanCL1 in the lumbar spinal cord (L3–L5) of WT and SOD1G93A mice
at presymptomatic stage (P30 and P75), early-symptomatic stage
(P120) and late-symptomatic stage (P150). Data represent mean ±
SEM, n= 4 mice per genotype per timepoint, ***p < 0.001, n.s.

nonsignificant, two-way ANOVA followed by Bonferroni post hoc
test. Immunoblots (c) and quantifications (d) of LanCL1 in the lumbar
spinal cord (L3–L5) of WT and SOD1G93A mice at presymptomatic
stage (P30 and P75), early-symptomatic stage (P120) and late-
symptomatic stage (P150). Data represent mean ± SEM, n= 3 mice
per genotype per timepoint, *p < 0.05, ***p < 0.001, n.s. non-
significant, two-way ANOVA followed by Bonferroni post hoc test
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were used to count Nissl-stained MNs: (1) cells located in
the VH, and (2) cells with a maximum diameter of 20 μm or
more [31]. Likewise, for SMI-32 staining, only SMI-32+

cells with intact nucleus, ≥20 μm in diameter in the VH
were counted [32]. Values for left and right VH that belong
to the same cross-section were combined and reported as
the MN number per section. The MN numbers were aver-
aged from a minimum of 10 sections and a minimum of 140
neurons per mouse to ensure accurate sampling of hetero-
geneously distributed MNs. All motoneuron counts were
performed in a blinded fashion.

TUNEL staining

Mouse spinal cords were fixed as described above for the
Nissl-stained sections. Lumbar spinal cord (L3–L5) sections
were screened for apoptotic cells by terminal deox-
ynucleotidyl transferase-mediated dUTP nickend-labeling
(TUNEL) method. The Apoptag® Plus In Situ Apoptosis
Detection kit (Roche, 11684817910) was used. All the
procedures were conducted according to the protocol of the
kit and of our previous study [26]. Endogenous peroxidase
activity was blocked by incubation in 3% hydrogen per-
oxide/methanol at room temperature for 10 min. The sec-
tions were then incubated with terminal deoxynucleotidyl
transferase at 37 °C for 60 min to add the digoxigenin-
conjugated dUTP to the 3′-OH ends of fragmented DNA.
Converter-POD (anti-fluorescein antibody, Fab fragment
from sheep, conjugated with horse-radish peroxidase) was
added on sample at 37 °C for 30 min. The sections were
visualized using 3,3′-diaminobenzidine hydrochloride
(DAB) as chromogen. Positive controls provided in the kit
were simultaneously processed.

Immunoblotting analysis

Lumbar spinal cord (L3–L5) or frontal cortex was homo-
genized in RIPA lysis buffer containing 50 mM Tris-HCl,
(pH 7.4), 150 mM NaCl, 1% Triton X-100, 2% SDS, 1%
protease inhibitor Cocktail III (Merck) and phosphatase
inhibitor Cocktail III (Biovision). The lysates were cen-
trifuged at 15,000 × g for 20 min at 4 °C to collect super-
natants. Protein concentration was quantified using the
bicinchoninic acid protein assay kit (Thermo Scientific
Pierce). Proteins (20–30 μg) were electrophoresed through
SDS-PAGE gels and transferred to a PVDF membrane
(Merck Millipore). Membranes were blocked with 5% (w/v)
skim milk in TBST for 1 h at room temperature and incu-
bated with the primary antibodies in TBST overnight at
4 °C. The following primary antibodies were used: anti-
GAPDH (1:5000, Millipore, MAB374), anti-β-Actin
(1:2000, Millipore, 04-1116), anti-4-Hydroxy-2-Nonenal
(4-HNE, 1:1000, Abcam, ab48506), anti-dinitrophenol

(DNP, 1:1000, Millipore, S7150), anti-phospho-AKT
(Ser473) (1:1000, Cell signaling, 4060S), anti-phospho-
AKT (Thr308) (1:1000, Cell signaling, 2965S), anti-total
AKT (1:1000, Cell signaling, 9272S), anti-BAX (1:1000,
Millipore, 06-499), anti-HO-1 (1:1000, Abcam, ab13243)
or anti-LanCL1 (1:1000, homemade). Anti-LanCL1 anti-
body was generated by immunizing rabbits with full-length
GST fusion protein and affinity-purified using maltose bind
protein (MBP)-tagged LanCL1 recombinant protein. Blots
were washed three times in TBST for 10 min each and
incubated with secondary antibodies (goat anti-rabbit IgG-
HRP or goat anti-mouse IgG-HRP, 1:10,000, Thermo
Pierce) for 2 h at room temperature. The proteins were
detected using the ECL system and quantified using ImageJ
software by taking the mean grey value of bands for target
proteins normalized to GAPDH or beta actin level after
subtracting background intensity. pAKT bands were nor-
malized to the level of tAKT.

RNA extraction and RT-PCR

Total RNAs were extracted from tissues using TRIzol
reagent (Life Technologies). RNA was subjected to reverse
transcription with reverse transcriptase as Manufacturer’s
instructions (Thermo). Quantitative real-time PCR was
performed using the Bio-Rad CFX96 system, and the
relative gene expression was normalized to internal control
as GAPDH. Primer sequences for SYBR Green probes of
target genes are as follows: LanCL1 forward 5′-CCT
TCAGGTGAACCAAGGAA-3′ and reverse 5′-CCAGAG
ACCTGCTTGTCCAT-3′; IL-1β forward 5′-CTGGTGT
GTGACGTTCCCATTA-3′ and reverse 5′-CCGACAG
CACGAGGCTTT-3′; IL-6 forward 5′-TTCCATCCAG
TTGCCTTCTTG-3′ and reverse 5′-TTGGGAGTGGTAT
CCTCTGTGA-3′; TNFα forward 5′CATCTTCTCAAA
ATTCGAGTGACA-3′ and reverse 5′-TGGGAGTAGAC
AAGGTACAACCC-3′.

Cell cultures and transfection

Cortical neurons from E17.5 LanCL1 wild-type (WT) and
knockout mice were prepared as described previously
[26]. In brief, embryos were dissected and minced well
with scissors. The dissociated cells were collected by
centrifugation and resuspended in Neurobasal (Gibco)
medium supplemented with 5% Horse Serum (Hyclone),
2% GlutaMAX (Gibco), 2% B27 (Gibco), 100 U/ml
penicillin and 100 μg/ml streptomycin (Gibco). Cells
(1 × 106) were plated in six-well culture plates precoated
with polylysine (Sigma, 0.5 mg/ml). After 3 days in cul-
ture, 2.5 μM cytosine β-D-arabinofuranoside hydro-
chloride (Sigma) was added to prevent glial proliferation.
Then, the neurons were subsequently maintained with
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Neurobasal Media (Gibco) containing 1% Horse Serum
(Hyclone), 100 U/ml penicillin and 100 μg/ml streptomy-
cin (Gibco), and 1% GlutaMAX (Gibco), 2% B27
(Gibco). These cultures contained >95% neurons and no
detectable microglia. Astroglia were generated as descri-
bed [33].

HEK293T and HeLa cells were obtained from the Cell
Bank of China Center for Type Culture Collection
(Wuhan, China). Both cell lines were authenticated by
short tandem repeat profiling. Cells were cultured in Dul-
becco’s high glucose modified Eagle medium (DMEM,
Life Technologies) supplemented with 10% fetal bovine
serum (FBS, Wisent) and 2 mM L-glutamine (Sigma).
HEK293T cells were collected 48 h after transfection with
Myc-pRK5 vector, LanCL1 (WT), LanCL1 (R4A), or
LanCL1 (R322A) plasmid using Lipofectamine® 2000
(Life Technologies), according to the manufacturer’s
instructions.

Hoechst 33342 staining

HeLa cells were transfected with 2 μg of Myc-tagged
LanCL1 or Myc-pRK5 plasmid using Lipofectamine®
2000 (Life Technologies). Twenty four hours after trans-
fection, cells were pretreated with either DMSO vehicle,
5 μM BKM120 (Selleck Chemicals, S2247) or 20 μM
LY294002 (Selleck Chemicals, S1105) for 30 min prior to
addition of 150 μM H2O2. Hoechst 33342 staining was
performed 24 h after the H2O2 treatment as previously
described [34]. Briefly, cells were washed with PBS, and
then incubate the cells with 10 µg/ml Hoechst 33342 dye
(Sigma-Aldrich) in the dark for 15 min at room tempera-
ture. The apoptotic cells with condensed chromatin and/or
fragmented nuclei were visualized and scored under the
Olympus BX63 microscope. Three coverslips were used
per experimental group, with at least 1000 cells in six
random fields being counted. Each experiment was repe-
ated at least three times.

Statistical analysis

All statistical analyses were performed using GraphPad
Prism software version 6 (GraphPad software Inc). No
statistical methods were used to predetermine sample sizes,
but our sample sizes are similar to or greater than those
reported in previous publications [35–37]. Data represent
the mean and standard error of the mean (SEM). Unpaired
two-tailed Student’s t test was used for the comparison of
two means. ANOVA followed by Bonferroni’s or Tukey’s
post hoc test were used for the multiple group analysis.
Log-rank test was used for disease onset and survival ana-
lysis. The significance level for the two-sided analyses was
set at P < 0.05.

Results

CNS-specific LanCL1 transgene expression improves
the survival and motor function of ALS mice

As a first step towards the understanding of the role of
LanCL1 in ALS, we characterized the temporal expression
patterns of LanCL1 in SOD1G93A mice. Since a decline in
body weight is highly correlated with denervation-induced
muscle atrophy, weight loss is well established as a simple
and objective indictor of the disease course [29]. Thus, we
analyzed the disease course based on body weight alterations
(Fig. 1a). To evaluate LanCL1 expression at different stages
of the disease, both mRNA and protein of lumbar spinal cords
from SOD1G93A (G93A) mice and WT littermates were ana-
lyzed at the presymptomatic stage (P30 and P75), Early-sym
stage (P120) and Late-sym stage (P150). Results showed that
both LanCL1 mRNA and protein levels were increased at the
late presymptomatic stage (P75) as compared with WT mice
(Fig. 1b–d). However, with disease development, the mRNA
and protein levels of LanCL1 gradually decreased in
SOD1G93A spinal cord compared with WT (Fig. 1b–d).

To examine whether LanCL1 confers neuroprotective
effect in ALS mice (SOD1G93A), we crossed CNS-specific
LanCL1 transgenic mice (LanCL1K/K; NestinCre+/−) with
ALS mice. Four experimental groups were contrasted as
follows: (1) SOD1G93A mice with one or two copies of
LanCL1 transgene driven by Nestin-Cre (henceforth refer-
red to as G93A; LanCL1 cKI); (2) SOD1G93A mice without
LanCL1 transgene (henceforth referred to as G93A); (3)
CNS-specific LanCL1 overexpression without SOD1G93A

(henceforth referred to as LanCL1 cKI); (4) neither LanCL1
transgene nor mutant SOD1 is expressed (henceforth
referred to as WT; Fig. 2a).

We monitored the survival of G93A and G93A; LanCL1
cKI mice. In males, CNS-specific LanCL1 transgene
resulted in a 22 days extension in median survival (141 days
for G93A and 163 days for G93A; LanCL1 cKI, respec-
tively; Fig. 2b). Similarly, among females, median survival
was increased from 146 days for G93A mice to 168 days for
G93A; LanCL1 cKI mice (p < 0.01) (Fig. 2c). Using peak
body weight to determine disease onset [38] (Fig. 1a), we
found that LanCL1 transgene delayed disease onset by
~13% (p < 0.05) among males, from 105 days for G93A
mice to 119 days for G93A; LanCL1 cKI mice (Fig. 2d),
and by ~16% (p < 0.05) for females, from 108 days for
G93A mice to 125.5 days for G93A; LanCL1 cKI animals
(Fig. 2e). In addition, LanCL1 transgene extended the
progression of the disease by ~43% (p < 0.01) and ~24%
(p < 0.01) for males and females, respectively (Fig. 2f, g).

Motor impairment is a prominent feature of ALS mouse
model. To examine whether motor deficits in ALS mice was
ameliorated by LanCL1 transgene, we analyzed the motor
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function by Rotarod assay. G93A; LanCL1 cKI mice exhib-
ited better performance on Rotarod tests at all time points
compared with G93A mice, beginning as early as postnatal
day 63 (P63) for females and P70 for males (Fig. 2h, i). Age

and gender-matched littermates confirmed that G93A;
LanCL1 cKI mice were able to ambulate around their cage
whereas the G93A could not (Movie 1). Behavioral tests
showed that one or two copies of LanCL1 transgene did not
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make a significant difference. Western blotting showed
that a single copy of LanCL1 transgene substantially
increased LanCL1 protein level in the spinal cord relative to
WT tissue, and two copies of LanCL1 did not produce
additional increase in LanCL1 protein (Supplementary
Fig. 1a, b).

Taken together, these results indicate that CNS-specific
expression of LanCL1 transgene extends the lifespan,
delays disease onset, decelerates disease progression, and
improves motor function of the ALS model mouse.

LanCL1 overexpression delays MN loss in ALS mice

The improved performance in these behavioral tests suggests
that the MN degeneration in the SOD1 mutant mice might be
delayed by LanCL1 transgene. To examine this notion, we
compared MN survival in G93A; LanCL1 cKI and G93A
mice, relative to that in WT littermates by performing
Nissl staining in the spinal VH of these comparable mice at
Early-sym stage (P110) and Late-sym stage (P135),

Fig. 3 LanCL1 overexpression rescues MN loss in the spinal cord of
ALS mice. Representative images (a) and quantifications (b) of
Nissl-stained MNs (indicated by white arrows) in matching lumbar
ventral horn (VH) at P110 and P135. Data represent mean ± SEM, n
= 3 mice per genotype per age group, *p < 0.05, **p < 0.01, two-
way ANOVA followed by Tukey’s post hoc test. Representative

images (c) and quantifications (d) of SMI-32-stained alpha MNs
(indicated by white arrows) in matching lumbar ventral horn at P110
and P135. Data represent mean ± SEM, n= 3 mice per genotype per
age group, *p < 0.05, **p < 0.01, two-way ANOVA followed by
Tukey’s post hoc test

Fig. 2 CNS-specific expression of LanCL1 transgene significantly
prolongs the lifespan, delays disease onset, extends disease pro-
gression, and improves motor function of ALS mice. a Breeding
strategy for the generation of G93A; LanCL1 cKI triple-transgenic
mice and control littermates. Kaplan–Meier curves of the survival
showing that LanCL1 overexpression increases median survival b
from 141 days for G93A males (n= 15 mice) to 163 days for G93A;
LanCL1 cKI males (n= 15 mice), and c from 146 days for G93A
females (n= 21 mice) to 168 days for G93A; LanCL1 cKI females
(n= 16 mice). **p < 0.01, by log-rank test. Kaplan–Meier curves of
disease onset showing that LanCL1 overexpression delays disease
onset d from 105 days for G93A males (n= 17 mice) to 119 days for
G93A; LanCL1 cKI males (n= 15 mice), and e from 108 days for
G93A females (n= 18 mice) to 125.5 days for G93A; LanCL1 cKI
females (n= 16 mice). *p < 0.05, by log-rank test. Mean duration of
disease (days from onset to endpoint) showing that LanCL1 over-
expression extends disease progression f from 30.4 days for G93A
males (n= 16 mice) to 43 days for G93A; LanCL1 cKI males (n=
15 mice), and g from 37.5 days for G93A females (n= 17 mice) to
46.3 days for G93A; LanCL1 cKI females (n= 18 mice). **p <
0.01, by two-tailed unpaired Student’s t test. Rotarod tests showing
that LanCL1 overexpression improves motor function of male (h)
and female (i) G93A mice. Data represent mean ± SEM, n= 11–13
mice per sex per genotype, *p < 0.05, ***p < 0.001, by
Mann–Whitney U-tests
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respectively. Quantification of MNs with maximum dia-
meter ≥ 20 μm showed that in G93A mice, only 47 and 33%
of MNs survived at P110 and P135, respectively (Fig. 3a, b).
However, in G93A; LanCL1 cKI mice, MN survival was
substantially higher; 75 and 66% of the MNs survived at
P110 and P135, respectively (Fig. 3a, b). The morphology
and survival of MNs was further examined by performing
immunostaining with the nonphosphorylated neurofilament
marker—SMI-32, which is enriched in alpha MNs of the
spinal cord VH [39]. Similarly, G93A mice displayed a
progressive reduction in MNs in the lumbar spinal cord,
whereas G93A; LanCL1 cKI mice showed significant pre-
servation of MNs at both Early-sym stage (P110) and Late-
sym stage (P135) compared with G93A mice (Fig. 3c, d).
Spinal MN counts were similar between LanCL1 cKI mice
and WT animals (Fig. 3a–d), indicating that no detrimental
pathology occurred under CNS-specific overexpression of
LanCL1 in vivo. These results indicate that LanCL1 over-
expression significantly improves MN survival in the spinal
cord of ALS mice.

LanCL1 overexpression delays neuroinflammation in
ALS mice

Neuroinflammation as indicated by astrocytic and microglial
activation is a well-documented feature of ALS pathology [1].
We examined whether LanCL1 overexpression mitigates glial
pathology of ALS mice. By performing immunostaining with
GFAP antibody, we found that the GFAP immunoreactivity
was significantly increased in the lumbar VH of G93A mice
at Early-sym stage (P110, ~3.5-fold), and further increased
over time, being more prominent at Late-sym stage (P135, up
to ~5.7-fold) (Fig. 4a, b). However, LanCL1 overexpression
decreased the immunoreactivity of GFAP by ~42% (p < 0.05)
at P110 and by ~45% (p < 0.05) at P135, respectively
(Fig. 4a, b). Similarly, G93A mice showed an age-dependent
increase of Iba-1 immunoreactivity in the spinal VH, which
was significantly reduced by LanCL1 overexpression in
G93A; LanCL1 cKI littermates (Fig. 4c, d). For comparison,
the immunoreactivity of GFAP and Iba-1 was not different in
WT and LanCL1 cKI mice (Fig. 4a–d). These data indicate

Fig. 4 LanCL1 overexpression decreases neuroinflammation in the
spinal cord of ALS mice. a Immunostaining of GFAP (green) and
DAPI (blue) in matching lumbar ventral horn (VH) at P110 and P135.
b Quantification of GFAP immunoreactivity in the lumbar ventral horn
of indicated mice at P110 and P135. Data represent mean ± SEM, n=
3 mice per genotype per age group, *p < 0.05, **p < 0.01, two-way

ANOVA followed by Tukey’s post hoc test. c Immunostaining of Iba-
1 (green) and DAPI (blue) in matching lumbar ventral horn at P110
and P135. d Quantification of Iba-1 immunoreactivity in the lumbar
ventral horn of indicated mice at P110 and P135. Data represent mean
± SEM, n= 3 mice per genotype per age group, *p < 0.05, **p < 0.01,
two-way ANOVA followed by Tukey’s post hoc test

1376 H. Tan et al.



that LanCL1 overexpression delays glial pathology in the
spinal cord of ALS mice.

Deletion of LanCL1 leads to spinal cord pathology

Previously, we showed that LanCL1 KO mice develop
degenerative phenotypes in the brain [26]. Here, we extend
this analysis to include spinal cord of LanCL1 conditional
knockout (LanCL1f/f; NestinCre+/−, termed LanCL1 cKO)
mice. LanCL1 cKO mice exhibited a reduction of MNs by
~18% in the spinal VH at P60-P90, as indicated by Nissl
staining (Supplementary Fig. 2a, b). SMI-32 staining
revealed a decrease of alpha MNs in LanCL1 cKO spinal
VH at the same age (Supplementary Fig. 2a, c). The loss of
spinal neurons was associated with increased apoptosis, as
we detected a ~3.5-fold increase in the number of TUNEL+

cells in the spinal VH of LanCL1 cKO mice by terminal
deoxynucleotidyl transferase-mediated deoxyuridine tri-
phosphate nickend labeling (Supplementary Fig. 2d, e).
These results indicate that LanCL1 plays a role in pro-
moting neuronal survival in spinal cord.

We next examined whether MN degeneration was
accompanied by neuroinflammatory responses. The GFAP
and Iba-1 immunoreactivity were significantly increased as
early as P60 (Supplementary Fig. 2f–i). Consistently, the
mRNA levels of pro-inflammatory cytokines, including IL-
1β, IL-6, and TNF-α were significantly upregulated (Sup-
plementary Fig. 2j). Additionally, LanCL1 cKO spinal cord
displayed ectopic accumulation of protein carbonyl and
lipid peroxidation, as indicated by DNP [40] and 4-HNE
[41] western blots (Supplementary Fig. 2k–n). Consistent
with neuronal damage, LanCL1 cKO mice develop late
stage motor impairment, as indicated by the Rotarod tests of
mice at 8–12 month (Supplementary Fig. 2o).

LanCL1 positively regulates AKT activity

Our previous work demonstrated that LanCL1’s natural
function protects neurons through antioxidant defense; dele-
tion of LanCL1 leads to oxidative damage to neurons in the
cortex [26]. In the course of examining the mechanisms by
which loss of LanCL1 causes neurodegeneration, we found
that AKT activation is impaired as a result of LanCL1 dele-
tion. AKT, a serine-threonine kinase, can function to either
reduce or prevent cellular destruction from oxidants and plays
a critical role in neuronal survival [42, 43]. The activity of
AKT is regulated by the phosphorylation of two sites—
Thr308 in the catalytic loop by PDK1 and Ser473 in the
hydrophobic motif by mTORC2 [44]. We found that loss of
LanCL1 significantly decreased the phosphorylation of AKT
at Thr308 consistently in the spinal cord and cortex, but to a
modest degree at Ser473 and did not reach the level of sta-
tistical significance (Fig. 5a, b, Supplementary Fig. 3a).

Similar results on AKT phosphorylation status were obtained
by the study of cortical neuron cultures derived from WT and
LanCL1 KO mice (Fig. 5c, d, Supplementary Fig. 3b). We
examined the upstream kinase activity of pAKT(T308)—
PDK1, and found that pPDK1(S241) was upregulated in
LanCL1 cKO tissues, suggesting that LanCL1 does not reg-
ulate AKT phosphorylation through its kinase PDK1 (Sup-
plementary Fig. 3c, d). To examine the role of LanCL1 in the
regulation of AKT phosphorylation, we transfected LanCL1
in HEK293T cells and assessed its effect on AKT phos-
phorylation. LanCL1 transfection elevated AKT phosphor-
ylation at both Thr308 and Ser473 sites (Fig. 5e, f). The effect
of LanCL1 on AKT phosphorylation appears to be indepen-
dent of its GSH-binding capacity because LanCL1 point
mutants (R4A and R322A) that failed to bind GSH [25]
showed similar effect on AKT phosphorylation as WT
LanCL1 (Fig. 5e, f). Consistent with results obtained by
in vitro transfection of LanCL1, expression of LanCL1
transgene in neural cells increased AKT phosphorylation at
Thr308 and Ser473 in the cortex and spinal cord of LanCL1
cKI mice (Figs. 5g, h and 6a, b). Together, these results
indicate that LanCL1 is a positive regulator of AKT activity.

LanCL1 exerts neuronal protective function through
mitigating oxidative stress and enhancing AKT
activity

Deregulation of AKT activity is closely associated with neu-
rodegenerative diseases such as ALS [20, 45, 46]. To deter-
mine whether LanCL1 regulated AKT activity plays a role in
conferring neuroprotection in ALS mice, we evaluated AKT
phosphorylation/activation in the G93A; LanCL1 cKI mice,
G93A mice and control littermates. LanCL1 overexpression
restored AKT activity which is impaired in G93A mice
(Fig. 6a, b). Accordingly, expression of LanCL1 transgene
blocked the induction of the proapoptotic Bcl-2 family
member BAX (Fig. 6a, b). Consistent with the notion that
LanCL1 possess antioxidant function, the oxidative damage in
the spinal cord of the G93A mice was ameliorated by LanCL1
transgene. G93A mice exhibited a significant increase in HO-1
(also known as HMOX1) expression, a marker of oxidative
stress [13], compared with WT and LanCL1 cKI mice
(Fig. 6c, d). However, LanCL1 transgene reduced HO-1 by
~23% in G93A; LanCL1 cKI mice (Fig. 6c, d).

LanCL1 regulated AKT activity is relevant to cell sur-
vival, because inhibiting activation of PI3K/AKT pathway
with the PI3K inhibitor (BKM120 or LY294002) altered
survival of H2O2-treated cells (Supplementary Fig. 4a,
Fig. 6e, f) and the protective effect of LanCL1 over-
expression against H2O2-induced cell death was compro-
mised by inhibiting AKT activity (Fig. 6e–g). However,
LanCL1’s protective effect was not completely abrogated by
blocking AKT activation, as more LanCL1-overexpressing
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cells survived when the cytotoxic effect of H2O2 was
potentiated by inhibiting AKT activity (Fig. 6e–g). This
finding argues for an AKT-independent role of LanCL1 in
the control of cell survival, which is consistent with its ROS
scavenging function as previously described [26]. We are
beginning to understand the interplay between LanCL1,
oxidative stress and AKT signaling. AKT was activated by
H2O2 treatment in a concentration- and time-dependent
manner (Supplementary Fig. 4b–g), consistent with previous
studies [47, 48]. When the concentration of H2O2 was low
(less than 100 μM), LanCL1 transgene was able to potentiate
H2O2 induced AKT phosphorylation (Supplementary
Fig. 4b–d). However, AKT phosphorylation seemed to be
already at its maximal level with H2O2 at 150 μM (Supple-
mentary Fig. 4b–g). These results suggest a dynamic rela-
tionship among oxidative stress, LanCL1, and AKT
activation that needs to be explored in the future studies.
Taken together, our findings suggest a model as shown in
Fig. 6h, which depicts that LanCL1 could not only reduce
oxidative stress as a ROS scavenger, but also function as an
AKT activator in the control of cell survival (Fig. 6h).

Discussion

Our previous work identifies LanCL1 as an antioxidant
defense gene which is predominantly expressed in neurons
and possesses ROS scavenging properties like GSTs [26].
Here, we found that CNS-specific LanCL1 transgene delays
disease onset, decelerates disease progression, and prolongs
lifespan in the SOD1G93A mouse model of ALS. These
disease-modifying effects of LanCL1 transgene might be a
direct result of its role in protecting the MNs in the spinal
cord from degeneration in the ALS model, as the age-
dependent loss of spinal MNs is significantly delayed.
These results demonstrate the neuroprotective effect of
LanCL1 transgene in ALS mouse model and support the
translational potential of LanCL1.

Since the identification of mutations in the SOD1 gene as
an important cause of familial ALS [3] and the generation of
the SOD1 mouse model of ALS [4], genetic modifications
on SOD1 mouse model have been described, mostly
focusing on the putative disease mechanisms, such as oxi-
dative stress, excitotoxicity, axonal transport defects,

Fig. 5 LanCL1 is a positive regulator of AKT activity. a Spinal cord
and cortex lysates from LanCL1 cKO mice and wild-type (WT) lit-
termates were used in western blots to compare the levels of pAKT
(T308) and pAKT(S473). b Quantifications showing a reduction in the
level of pAKT (T308) in the spinal cord and cortex of LanCL1 cKO
mice at P60. Data represent mean ± SEM, spinal cord n= 5 mice per
genotype, cortex n= 4 mice per genotype, *p < 0.05, by two-tailed
unpaired Student’s t test. c Lysates from DIV 8 and DIV 18 cortical
neurons generated from wild-type or LanCL1-deficient mice were used
in western blots to compare the levels of pAKT(T308) and pAKT
(S473). d Quantifications showing a reduction in the level of pAKT
(T308) in cultured LanCL1-deficient cortical neurons at DIV 8 and

DIV 18. Data represent mean ± SEM, n= 3 mice per genotype per
timepoint, **p < 0.01, by two-tailed unpaired Student’s t test. Immu-
noblotting (e) and quantifications (f) show increases in the levels of
pAKT(T308) and pAKT(S473) in LanCL1 plasmids (WT or point
mutants)-overexpressing HEK293T cells. Data represent mean ± SEM
of four independent experiments, *p < 0.05, **p < 0.01, one-way
ANOVA followed by Tukey’s post hoc test. Immunoblotting (g) and
quantifications (h) show increases in the levels of pAKT (T308) and
pAKT (S473) in the cortex of P60 LanCL1 cKI mice. Data represent
mean ± SEM, n= 3 mice per genotype, *p < 0.05, **p < 0.01, by two-
tailed unpaired Student’s t test. Quantifications of pAKT (S473) and
pAKT (T308) normalized to total AKT
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Fig. 6 LanCL1 restores impaired AKT activity and mitigates oxidative
stress in ALS mice. Immunoblotting (a) and quantifications (b) of
pAKT (S473), pAKT (T308), and BAX in the lumbar spinal cord
(L3–L5) of indicated mice. Data represent mean ± SEM; WT n= 4
mice, LanCL1 cKI n= 3 mice, G93A n= 6 mice, G93A; LanCL1 cKI
n= 4 mice; *p < 0.05, **p < 0.01, ***p < 0.001; n.s. nonsignificant;
one-way ANOVA followed by Tukey’s post hoc test. Immunoblotting
(c) and quantifications (d) of HO-1 in the lumbar spinal cord (L3–L5)
of indicated mice. Data represent mean ± SEM, n= 4 mice per geno-
type, *p < 0.05, **p < 0.01, one-way ANOVA followed by Tukey’s
post hoc test. e HeLa cells were transfected with 2 μg of Myc-pRK5
vector or Myc-tagged LanCL1. Twenty four hours later cells were
pretreated with either dimethyl sulfoxide (DMSO), BKM120 (5 μM),

or LY294002 (20 μM) for 30 min prior to addition of 150 μM H2O2.
Apoptosis assay was performed by Hoechst 33342 staining 24 h after
the H2O2 treatment. f The percentage of apoptotic HeLa cells with
fragmented or condensed nuclei was determined by Hoechst
33342 staining. At least 1000 cells per condition were scored for
Hoechst 33342 staining. Data represent mean ± SEM of four inde-
pendent experiments, **p < 0.01, ***p < 0.001, two-way ANOVA
followed by Bonferroni post hoc test. g Immunoblotting showing that
the PI3K inhibitors (BKM120 and LY294002) effectively blocked
AKT activation in response to H2O2 treatment in HeLa cells. h Dia-
gram illustrating that LanCL1 regulates cell survival through miti-
gating oxidative stress and enhancing AKT phosphorylation
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mitochondrial dysfunction, and apoptosis [49]. Unfortu-
nately, most genetic approaches have failed to extend sur-
vival and in some cases have even hastened disease
progression in the rodent models of ALS [49, 50]. For
example, Genetic elevation or elimination of glutathione
peroxidase 1 (GPx1) impacted on neither onset nor survival
in SOD1G93A mice [51]. Herein, CNS-specific expression of
LanCL1 transgene results in great survival elongation
(~15%), delayed disease onset (13–16%), and reduced MN
loss (27–34%). It is probable that besides antioxidant
defense, other functions of LanCL1 are also important for
neuronal protection. Of note, since the Nestin-cre drives
LanCL1 overexpression also in glial cells, we cannot rule
out the contribution of these glial cells to the overall effects
of LanCL1 transgene, as these cells are known to contribute
to ALS pathogenesis [52–54].

The AKT pathway is well known to regulate neuronal
survival, and plays a vital role in neurodegenerative dis-
eases, such as ALS [20, 46, 55, 56]. Multiple studies have
reported impaired AKT-mediated prosurvival signaling
pathway in ALS mouse models and in patients as well
[20, 45, 55]. In this study, we identify LanCL1 as a novel
activator of AKT kinase. Genetic deletion of LanCL1
reduces AKT phosphorylation in the brain and spinal cord,
whereas the expression of LanCL1 transgene in vitro and
in vivo elevates AKT phosphorylation. The AKT activity
regulated by LanCL1 contributes to cell protection, as
inhibiting activation of AKT pathway altered survival of
H2O2-treated cells. Here, the neuroprotective effect of
LanCL1 transgene in the ALS mouse model could be the
combined effect of LanCL1 as a ROS scavenger and an
activator of AKT activity. Besides, the relationship between
AKT signaling and oxidative stress is complex, since AKT
not only modulates oxidative stress but also is affected by
ROS activation [48, 57]. Thus, there is an intriguing link
between LanCL1, oxidative stress and AKT signaling
(Fig. 6h). Additional studies are needed to explore the
molecular mechanisms by which LanCL1 regulates the
AKT activity. We found that the upstream kinase of
AKT–PDK1 activity was upregulated in LanCL1 cKO tis-
sues, suggesting that LanCL1 does not function through
activating PDK1. Activating AKT might be a conserved
function of LanC-like (LanCL) protein family. LanCL2, a
homology of LanCL1, was recently reported to promote
AKT activity via direct physical interactions with both the
AKT kinase and the substrate [58].

Hensley et al. propose that LanCL1 catalyzes the
addition of the Cys of glutathione to protein- or peptide-
bound dehydroalanine to form lanthionine, analogous to
the reaction catalyzed by LanC in bacteria, and then
converted to lanthionine ketimine (LK) in the mammalian
brain [59]. Surprisingly, a cell-permeable ester derivative
of LK (LKE) appears to possess antioxidative stress and

antiapoptotic function in NSC-34 MN-like cells and
increase survival in SOD1G93A transgenic mice [59, 60].
Even though the hypothesis that LanCL1 is involved in
LK biosynthesis remains controversial at present [61], it is
possible that other functional link between LanCL1 and
LK may exist and therefore contributes to neuronal
protection.

LanCL1 is enriched in neurons and dynamically regu-
lated by growth factors, neuronal activity, and oxidative
stress [26]. These facts indicate that LanCL1 expression
may be dysregulated in neurodegenerative diseases, such as
ALS. The endogenous LanCL1 expression is upregulated at
late presymptomatic stage (P75) in the spinal cord of ALS
mice, which suggests a protective or compensatory function
in the time frame prior to protein oxidation, neuroin-
flammatory acceleration, and MN death, as proposed by
Chung CH et al. [27]. However, due to unknown tran-
scriptional or post-transcriptional alternations, LanCL1
expression is progressively decreased as the disease pro-
gresses. Thus, further research is needed to focus on the
disease progression-dependent expression of LanCL1 in
ALS mice.

In conclusion, this study demonstrates that LanCL1
confers neuronal protection in a disease setting and establish
that LanCL1 is a new therapeutic target for ALS. It also
supports the notion that mitigating oxidative stress com-
bined with boosting AKT activity represents a promising
therapeutic approach to treating ALS and related neurode-
generation diseases.
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