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Abstract

Objective: To identify molecular signatures in muscle from patients with am-

yotrophic lateral sclerosis (ALS) that could provide insight into the disease pro-

cess and serve as biomarkers. Methods: RNA sequencing was performed on

ALS and control muscle samples to identify Smad family members as potential

markers of disease. Validation studies were performed in a cohort of 27 ALS

patients and 33 controls. The markers were assessed in the G93A superoxide

dismutase (SOD)1 mouse at different stages of disease and in a model of sciatic

nerve injury. Results: Smad8, and to a lesser extent Smad1 and 5, mRNAs were

significantly elevated in human ALS muscle samples. The markers displayed a

remarkably similar pattern in the G93A SOD1 mouse model of ALS with

increases detected at preclinical stages. Expression at the RNA and protein levels

as well as protein activation (phosphorylation) significantly increased with dis-

ease progression in the mouse. The markers were also elevated to a lesser degree

in gastrocnemius muscle following sciatic nerve injury, but then reverted to

baseline during the muscle reinnervation phase. Interpretation: These data

indicate that Smad1, 5, 8 mRNA and protein levels, as well as Smad phosphory-

lation, are elevated in ALS muscle and could potentially serve as markers of

disease progression or regression.

Introduction

Amyotrophic lateral sclerosis (ALS) is a devastating and

fatal neurodegenerative disease with no definite etiology

identified and no effective treatment. The hallmark of

ALS is progressive muscle atrophy and weakness leading

to loss of limb and bulbar function.1 While degeneration

of motor neurons underlies these clinicopathological

changes, there is mounting evidence to support an active

role of skeletal muscle in disease progression.2 In animal

models of ALS, alterations in muscle, including neuro-

muscular junction abnormalities and mitochondrial dys-

function, can be detected prior to loss of motor neurons,

prompting the hypothesis that motor neuron degenera-

tion is a distal axonopathy.2–4 The participation of skele-

tal muscle in motor neuron degeneration is further

supported by two transgenic mouse models where

muscle-restricted expression of the uncoupling protein 1

(UCP1) or superoxide dismutase (SOD) 1 genes led to

motor neuron degeneration.2,5–7 In the latter model,
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another report suggested that muscle-restricted attenua-

tion of mutant SOD1 did not affect the development of

disease.8 Skeletal muscle provides an essential role in the

health of the motor neuron through production of

growth and survival factors such as neurotrophin-4 and

bone morphogenetic protein (BMP) 4, and disruption of

these factors could potentially modify progression of

motor neuron degeneration independent of the under-

lying cause.9–12 For these reasons, we investigated skeletal

muscle gene expression patterns in ALS patients to iden-

tify targets that might provide insight into disease-rele-

vant pathways and identify biomarkers. We found a

significant upregulation of Smad1, 5, and 8 in ALS

patients with Smad8 mRNA showing a disproportionately

larger increase. A similar pattern was observed in the

G93A mutant SOD1 ALS mouse, and the upregulation

paralleled disease progression. In a sciatic nerve injury

model, all three Smads increased in muscle during the

acute phase and reverted back to baseline in the muscle

reinnervation phase. Smad1, 5, and 8 are highly homolo-

gous members of the Smad family which is involved in

transforming growth factor beta (TGFb) and BMP signal

transduction.13 Referred to as receptor regulated (R)

Smads, these proteins become phosphorylated upon acti-

vation of BMP receptors (TGFb for Smad2 and 3), trans-

locate to the nucleus in association with Smad4, and

modulate transcription through direct DNA binding or

interaction with cofactors.13,14 Our findings suggest that

the Smads, particularly Smad8, are elevated and active in

ALS muscle and may be useful as markers of disease pro-

gression (or regression).

Materials and Methods

Animals

B6.Cg-Tg (SOD1*G93A) 1 Gur/J mice were purchased

from The Jackson Laboratory (Bar Harbor, ME). Trans-

genic mice were maintained in the hemizygous state by

mating G93A males with C57BL/6J females. Nontransgenic

littermates were used as controls. For the sciatic nerve

injury experiment, mice were from the C57BL/6J back-

ground and bred in-house. All animal procedures were

reviewed and approved by the UAB Institutional Animal

Care and Use Committee in compliance with the National

Research Council Guide for the Care and Use of Labora-

tory Animals. For sciatic nerve injury, the spared nerve

injury (SNI) model was chosen whereby all divisions of

the sciatic nerve at the trifurcation, except the sural

branch, are transected.15 Under oxygen/isoflurane anesthe-

sia, mice in this experiment received unilateral SNI on the

left side. A control group underwent sham surgery in

which the sciatic nerve was exposed but not transected.

Behavioral assessment

For the G93A SOD1 mice, clinical progression was evalu-

ated by weight determination and performance on the

rotarod (San Diego Instruments, San Diego, CA). End-stage

disease was determined when the mouse could not right

itself after 30 sec when placed on its side. Rotarod testing

was based on previously published methods.16 Briefly, the

rod was rotated at a gradually accelerating speed up to

11 rpm over a 2 min interval, and the animal’s latency to

fall was recorded. Measurements were collected once a

week in a cohort of 20 transgenic SOD1*G93A mice and

20 wild-type (WT) littermate controls. For animals under-

going SNI, pain threshold testing with the Von Frey test

and the Basso Mouse Scale for Locomotion (BMS) were

used to confirm nerve injury.17,18 For the Von Frey test,

the up-down method was used to estimate the 50% with-

drawal thresholds using nylon monofilaments (Stoelting

Co., Wood Dale, IL). Mice were placed in custom-made

Plexiglas cubicles (5 9 8.5 9 6 cm) on a perforated metal

sheet and were permitted to habituate for at least 1 h

prior to testing. As the sural nerve was spared, the fila-

ments were applied to the lateral aspect of the hindpaw

for 1 sec and responses were recorded. Two consecutive

measures were taken on both hindpaws at each time point,

but only the measures on the ipsilateral paw are shown.

All mice (n = 6) were tested at baseline and 1 week post

nerve injury (PNI). To determine the extent of motor

deficits, mice were assessed 2 days PNI using the BMS. This

10-point scale was assessed by two independent observers

blinded to the experimental condition. A score of 0 indicates

no ankle movement and 10 is normal locomotion.

Tissue collection

After approval by the UAB Institutional Review Board,

the UAB Nerve and Muscle Histopathology Laboratory

database was searched for archived biopsy samples (stored

at �80°C) representative of ALS, normal, and diseased

controls (myopathy and neuropathy). A cohort of 27

patients with ALS was identified (Table 1). At the time of

biopsy, 17 patients had clinically probable or definite ALS

by revised El Escorial criteria.19 The remaining 10 patients

had possible ALS, but developed a definite diagnosis over

time. For mouse samples, animals were sacrificed by CO2

inhalation followed by cervical dislocation. Brain, spinal

cord, hindlimb, and forelimb muscle tissues were dis-

sected at discrete time points between 40 and 150 days

postnatal. Samples were briefly rinsed in phosphate-

buffered saline (PBS), and frozen in liquid nitrogen and

stored at �80°C prior to biochemical analysis. For immu-

nohistochemical studies, samples were frozen on dry ice

in Tissue-Tek compound or fixed for 1 day in 4%
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paraformaldehyde in 0.1 mol/L sodium phosphate buffer,

pH 7.4.

Western blot and immunohistochemistry

2Tissues were homogenized in T-Per (Pierce Endogen,

Rockford, IL) and quantitated with a bicinchoninic acid

(BCA) protein assay kit. Sixty micrograms of protein were

subjected to sodium dodecyl sulfate-polyacrylamide gel

electrophoresis, blotted, and probed with antibodies to

the following targets: p-Smad 1/5/8 (Cell Signaling, Bev-

erly, MA), t-Smad 1/5/8 (Santa Cruz Biotechnology, Paso

Robles, CA), and glyceraldehyde 3-phosphate dehydrogen-

ase (GAPDH) (Cell Signaling). Densitometry was done

with the VersaDoc Imaging System (Bio-Rad, Hercules,

CA) and quantified using Image Lab (Bio-Rad). For

immunohistochemistry, 10 micron sections of muscle

were fixed in Bouin’s fixative for 15 min and then oxi-

dized in 0.3% H2O2 for 15 min. After blocking, sections

were incubated with p-Smad or t-Smad 1/5/8 antibodies

(1:10) overnight at 4°C. Slides were incubated for an hour

at RT with donkey anti-rabbit secondary antibody conju-

gated with horseradish peroxidase-labeled polymer (Jack-

son ImmunoResearch, West Grove, PA). Slides were

incubated in TSA Plus Cyanine 3 (PerkinElmer, Waltham,

MA) at 1:1500 for 30 min, Wheat Germ Agglutinin

(WGA), Alexa Fluor� 488 (Invitrogen, Carlsbad, CA)

at 1:200 for 10 min, followed by Hoechst 33342 (Sigma-

Aldrich, St. Louis, MO) at 1:20,000 for 10 min. The

prepared slides were viewed under an Olympus DP 71

fluorescence microscope (Olympus, Center Valley, PA).

RNA Isolation, next-generation sequencing,
and qRT-PCR

RNA was extracted from frozen tissues with Trizol Reagent

(Invitrogen) according to the manufacturer’s instructions.

Next-Generation sequencing was performed on ALS and

disease control muscle RNA samples by the UAB Genomics

Core Facility. Transcriptional sequencing methods were

performed essentially as described elsewhere.20,21

For qRT-PCR, two micrograms of total RNA were

reverse transcribed according to the manufacturer’s speci-

fications (Applied Biosystems, Carlsbad, CA). Multiplex

PCR was done using On-Demand Taqman primers

(Applied Biosystems) in a ViiA 7 Real Time PCR System

(Applied Biosystems). Probes for all target genes were 6-

carboxy-fluorescein (FAM) labeled, and the endogenous

control GAPDH was labeled with VIC dye/MGB. A stan-

dard thermal cycle protocol was used. Data were

analyzed with the ViiA 7 Software version v1.1 (Applied

Biosystems). The baseline was auto set, and threshold val-

ues were adjusted from 0.09 to 0.2 based on the amplifi-

cation curve of different targets. Quantification of target

mRNAs was done by the ΔΔCT method using GAPDH as

an internal control.22

Statistical analyses

For qRT-PCR comparisons between ALS group and all

other groups, one-way analysis of variance (ANOVA) and

pair-wise t tests were conducted on DCt values. For Wes-

tern blot data analysis, we first logarithm-transformed

and normalized the data using the GAPDH values for

each lane. Protein quantities were modeled using a linear

model with genotype, age and their interaction term con-

trolling for blot. For the p-Smad/t-Smad analysis, ratios

on the logarithm scale were modeled using a linear model

similar to that for the total amount of protein. Paired t

tests were used to compare baseline and PNI mechanical

sensitivity, and unpaired t tests were used to compare

protein or RNA across groups.

Results

Smad1, 5, and 8 mRNAs are elevated in
muscle biopsies of patients with ALS

We performed next-generation sequencing of RNA isolated

from muscle biopsies of patients with ALS, diseased con-

trols, and normal controls. We observed a significant (four-

to eightfold) elevation of Smad8 mRNA in ALS muscle

samples over controls (data not shown). To validate this

finding, we tested a large cohort of ALS and control muscle

samples by qRT-PCR (Tables 1, 2). The ALS cohort

(n = 27) reflected demographics that matched our overall

ALS population, including a mean age of 61 years at diag-

nosis, and a slight male predominance.23 Medical Research

Council (MRC) grades were available for all muscles and

ranged from 0 to 5. Electromyography (EMG) testing of

Table 1. ALS patients (n = 27).

Age range (years) 33–82

Mean age (years) 61 � 11

Gender 14 M 13 F

Duration (months)1 11 � 7

Spinal onset 21

Bulbar onset 6

Median survival (years)2 2

MRC grade of muscle (n) 0–2 (8), 3 (4), 4 (11), 5 (4)

Muscle (n) TA (14); VL (4)

Bic (3), Delt (6)

EMG denervation 25 (2 muscles not tested)

Bic, biceps; Delt, deltoid; EMG, electromyography; MRC, medical

research council; TA, tibialis anterior; VL, vastus lateralis.
1Symptom onset to time of biopsy.
2From time of diagnosis.
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the biopsied muscle was available for 25 patients and all

showed evidence of active and/or chronic denervation. Our

control population consisted of histologically normal

patients (referred for nonspecific complaints, usually myal-

gias or cramps), and diseased controls (histologically pro-

ven myopathy or neuropathy-related denervation). We

assessed Smad8 mRNA levels by qRT-PCR in these sam-

ples, using GAPDH as an internal control (Fig. 1A). We

found a significant upregulation of Smad8 in ALS patients

at ~19-fold compared to normals, threefold to neuropathy

and 5.6-fold to myopathy controls (P < 0.0001 for all com-

parisons). We looked at the closely related family members,

Smad1 and 5, and found significant increases, but to a

much smaller degree (~threefold over controls and ~1.5-
fold over diseased controls, P < 0.05). Correlation between

all Smads in the ALS samples was highly significant

(Fig. 1B), with Smad1 and 5 being the strongest (Pearson

coefficient of 0.88, P < 0.0001). Smad mRNA levels and

MRC grade showed a positive correlation trend which was

not statistically significant at the 0.05 level (P values 0.09 to

0.23; data not shown).

Smad1, 5, and 8 mRNAs are elevated in
muscle from G93A SOD1 mice

As a separate validation, we next examined expression of

Smad mRNA in muscle samples from the G93A SOD1

mouse. This model recapitulates many of the pathological

and clinical features of ALS, including progressive weak-

ness, motor neuron loss, and muscle denervation.24 Our

mouse model is on the C57/BL6 background and displays

a later onset of clinical symptoms and longer survival

than the original BL6/SJL mouse (Fig. 2A).25 In this

model, subtle differences in motor function between con-

trols can be detected 45 days (postnatal), well before

overt clinical manifestations which usually occur at 90–
100 days.26 By weeks 7–8, there is a significant decrease

in the weight of hindlimb muscles accompanied by

increased expression of proteins associated with stress

response, oxidative metabolism, and autophagy.26–28 We

sampled the gastrocnemius muscle at different clinical

stages, including three preclinical stages (40, 60, and

105 days), one just after onset of motor deterioration as

measured by rotarod testing (125 days) and one at end

Table 2. Control patients.

Normal (n = 13)

Myopathy

(n = 11)

Neuropathy

(n = 9)

Age range

(years)

24–67 38–74 39–88

Mean age

(years)

53 � 11 61 � 14 56 � 18

Diagnosis – Inflammatory (7)

Mitochondrial (4)

Axonal (2)

Plexopathy (2)

CIDP (2)

GBS (1)

Muscle (all) Nonspecific (2)

TA (5);

VL (10);

Bic (11);

Delt (7)

Bic, biceps; CIDP, Chronic inflammatory demyelinating polyneuropa-

thy; Delt, deltoid; GBS, Guillain Barre Syndrome; TA, tibialis anterior;

VL, vastus lateralis.

Figure 1. Smad1, 5, and 8 mRNA expression is upregulated in muscle samples from amyotrophic lateral sclerosis (ALS) patients. (A) Total RNA

from muscle biopsy samples was analyzed by qRT-PCR for Smad1, 5, and 8 mRNA expression in patients with ALS (n = 27), myopathy (n = 11),

neuropathy (n = 9), or no neuromuscular disease (n = 13). RQ, relative quantity. *P < 0.05; ****P < 0.0001. (B) Correlation plots between the

Smad Ct values from the ALS muscle samples.
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stage (150 days). WT littermates served as a control. RNA

was extracted and assessed by qRT-PCR. We observed a

pattern of upregulation very similar to the human sam-

ples, with Smad8 showing a substantially greater fold-

change over WT mice (up to 17-fold at end stage) com-

pared to Smad1 and 5 (up to fivefold at end stage). There

was a clinical stage-dependent increase in all Smads,

beginning in presymptomatic stages of the disease (60

and 105 days). At day 40, however, there was no differ-

ence between ALS and control samples. We assessed these

markers in forelimb muscles which have a slower onset of

denervation, atrophy, and functional impairment.24,27–29

We observed no elevation in any of the Smad mRNAs at

day 60 but a significant increase at day 125 (Fig. S1). The

increase was less than the hindlimb muscles by two- to

fourfold.

To determine whether Smad upregulation was specific

to muscle or a more global phenomenon, we assessed

mouse brain and spinal cord tissues at presymptomatic

(60 days) and symptomatic (125 days) stages. No differ-

ences were observed between WT and mutant mice

(Fig. 3). These findings indicate that Smad1, 5, and 8

upregulation is an early and specific event in the muscle

of ALS mice, and that the gradual rise in gene expression,

particularly Smad8, parallels disease progression.

Smad1, 5, 8 protein is elevated in muscle
from G93A SOD1 mice and Human ALS
patients

Since the data indicated a significant upregulation of

Smad1, 5, and 8 mRNA levels, we next determined

whether Smad protein was increased and/or activated.

We performed Western blot analysis of mouse muscle

samples using an antibody which recognizes the phos-

phorylated (activated) form of all three proteins. We

observed an increase in activated Smad at each of the

stages, most prominently at 150 days (representative blot

Figure 2. Smad1, 5, and 8 mRNAs are

upregulated in G93A SOD1 mouse muscle

and increase with disease progression. (A)

Rotarod testing and weight measurement

of G93A SOD1 mice over the course of the

disease. Gastrocnemius muscle samples

were obtained at the ages shown and also

at day 40. Control muscle samples were

obtained from age-matched nontransgenic

littermates. (B) Smad1, (C) Smad5, (D)

Smad8 mRNA levels were quantitated

using qRT-PCR and normalized to an

internal housekeeping (GAPDH) control. All

data points represent the mean � SEM of

3–8 independent mice. *P < 0.01;

**P < 0.001.

Figure 3. Smad1, 5, and 8 mRNAs are not elevated in G93A mouse

spinal cord or brain tissues. Spinal cord and brain tissues from G93A

SOD1 and nontransgenic littermates (Wild-type [WT]) were assessed

by qRT-PCR for Smad1, 5, and 8 expression at the ages indicated.

Values were expressed relative to WT at day 60 which was set at 1.

Data represent the mean � SEM of 3 mice.
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shown in Fig. 4A). Reprobing the blot with an antibody

that recognizes total Smad1, 5, and 8, however, showed

an increase in total levels consistent with the mRNA

expression patterns. To quantify changes both in total

Smad levels and p-Smad/t-Smad ratios, we assessed three

to six independent mutant and WT littermates per clini-

cal stage. We observed a significant increase in total

Smad1, 5, and 8 protein over WT control over the

course of the disease (P < 0.05; Fig. 4B). The fold-differ-

ence between mutant and WT mice progressively

increased, and at end stage it was nearly threefold.

Despite the increase in total Smad protein, however, the

p-Smad/t-Smad ratio was still higher than WT at each

clinical stage (Fig. 4C). At end stage, the p-smad/t-smad

ratio was nearly 15-fold greater than WT (P < 0.0001)

and significantly higher than earlier stages of the ALS

mice (P < 0.05). We also assessed forelimb muscles for

p-Smad and observed no differences at day 60, but a

clear increase at day 125, consistent with a delayed onset

in forelimb muscles (Fig. S2). In summary, smad1, 5,

and 8 protein increased with disease progression in par-

allel with Smad activation.

p-Smad1, 5, 8 protein localizes to nuclei and
cell membrane in muscle from G93A SOD1
mice and human ALS

We assessed localization of p-Smad1, 5, and 8 by immu-

nofluorescence in mouse at a preclinical stage (60 days)

and detected staining in multiple myofibers, but no stain-

ing in an age-matched WT mouse (Fig. 5). There were

both punctate and more diffuse staining observed in the

periphery of the cells. Higher power views showed over-

lap of the punctate signal with Hoechst-stained myonu-

clei, indicating nuclear localization. Additionally, we saw

immunoreactivity along the periphery of the myocytes

which overlapped with WGA, a lectin stain which identi-

fies myofiber membrane boundaries. Although the data

suggest localization to the cell membrane, we cannot

exclude that this may be related to muscle atrophy and

membrane leakiness. In a biopsy sample from a patient

with ALS at an early stage, there was also specific locali-

zation of p-Smad to the myonuclei (Fig. 5). We then

assessed a muscle sample from an older mutant mouse

(131 days) and found a similar pattern but with more

extensive staining (Fig. 6). This finding is consistent with

Western blot results shown in Figure 4. A muscle sample

from an ALS patient at end stage also showed extensive

p-Smad staining of myonuclei and myofiber borders sug-

gesting a similar pattern of Smad1, 5, and 8 accumula-

tion with disease progression.

Figure 4. Smad1, 5, and 8 protein expression and activation increase

with disease progression in the G93A SOD1 mouse. (A)

Representative Western blot of gastrocnemius samples from G93A

SOD1 mice (M) and littermate controls (W) at different ages.

Antibodies are shown to the right of the blot. (B) total Smad1, 5, and

8 was quantified by densitometry, normalized to GAPDH, and

compared to nontransgenic littermate controls (set at 1). (C) p-Smad/

t-Smad ratios were calculated in G93A mice and compared to

littermate controls (set at 1). Data points represent the mean � SEM

of 4–6 mice in each group. *P < 0.05; ****P < 0.0001.

Figure 5. Smad1, 5, and 8 is activated in mouse and human

amyotrophic lateral sclerosis (ALS) muscle samples. Muscle sections

from G93A SOD1 mouse (day 60) and a biopsy from a patient with

ALS were stained with p-Smad1, 5, and 8 antibody, Wheat Germ

Agglutinin (WGA) lectin, and Hoechst as indicated. For the G93A

SOD1 mouse, the bottom panels represent higher power views of

areas highlighted by asterisks. The arrows indicate colocalization of p-

Smad1, 5, and 8 with Hoechst (nuclear) signal, and arrowheads show

colocalization with WGA. An age-matched nontransgenic littermate

and a normal human muscle biopsy sample were used as controls.

Scale bars, 50 microns.
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Smads are elevated in a peripheral nerve
injury model

To assess Smad induction in non-ALS muscle denerva-

tion, we used a model of sciatic nerve injury. Mice

underwent sciatic nerve transection or sham surgery and

Smad profiles were assessed at 2.5 days, 1 and 4 weeks

PNI. Nerve injury was confirmed by motor defects using

the BMS and the development of allodynia using the Von

Frey withdrawal test (Fig. 7A). Injured mice showed sig-

nificant locomotion defects (day 2 PNI) and mechanical

allodynia (day 7 PNI). We assessed Smad mRNA expres-

sion in the gastrocnemius muscle in the injured limb. All

comparisons were made to a control group which under-

went a sham procedure where the sciatic nerve was

exposed but not transected. We observed a progressive

increase in Smad1 and 5 mRNAs to ~fivefold over control

at 1 week PNI which then returned to baseline at

4 weeks, a time point in which a majority of muscle

fibers are reinnervated (Fig. 7B).30 Smad8 increased to a

lesser extent (~fourfold) and also reverted back toward

baseline at 4 weeks. Assessment of protein expression by

Western blot revealed an increase in total Smad1, 5, and

8 at 1 week post injury (P < 0.05) which then declined at

4 weeks to that of control (Fig. 7C and D). Phosphory-

lated Smad1, 5, and 8 was significantly elevated at 1 week

and remained elevated at 4 weeks, whereas the p-smad/t-

smad ratio was only increased at 4 weeks. In summary,

there was increased expression of the Smads to a similar

degree following nerve injury, which reversed over time.

Smad activation persisted in the muscle reinnervation

phase out of proportion to total Smad expression.

Discussion

We have identified Smad1, 5, and 8 as potential muscle

biomarkers of disease progression in ALS at the transcrip-

tional (mRNA), translational (protein) and posttransla-

tional (phosphorylation) levels. Smad8, first identified by

RNA sequencing of human ALS muscle biopsy samples,

showed the highest specificity for ALS patients at the

mRNA level (Fig. 1). The markers were validated in a

SOD1 mouse model of ALS where there was a gradual

accumulation of Smad protein and mRNA, starting in

Figure 6. p-Smad1, 5, and 8 accumulates as the disease progresses.

Increased p-Smad1, 5, and 8 staining at a later stage of disease in

amyotrophic lateral sclerosis (ALS) mouse muscle (131 days) and in a

patient with end-stage ALS. Scale bars, 50 microns.

Figure 7. Muscle Smads are induced and activated in a peripheral

nerve injury model. (A) Mice were subjected to sciatic nerve injury

(SNI) as described in the Materials and Methods. To determine

efficacy of the injury, mice were assessed behaviorally with the Basso

mouse scale for locomotion (BMS) 2 days post nerve injury (PNI) and

the Von Frey mechanical sensitivity test 1 week PNI (except for the

2.5 day group). There was a significant reduction in locomotion and

mechanical threshold to withdraw indicative of nerve injury.

***P < 0.001. (B) Smad mRNA levels were assessed in the

gastrocnemius muscle by qRT-PCR at 2.5 days, 1 and 4 weeks post

nerve injury (PNI) and compared to a control group which underwent

sham surgery. All RNA values were expressed as a fold-change over

the 1 week control group. Data are from 3–6 mice in each group. (C)

Representative Western blot of muscle extracts from injured (I) or

sham controls (S). Antibodies are shown to the left of the blots. (D)

Quantitative densitometry of three Western blots representative of 3–

6 mice in each test group. For t- and p-Smad quantitation, band

densities were adjusted to the loading control (GAPDH) and then

expressed as a fold-change over the sham control at 1 week PNI. P-

Smad/t-Smad ratios were calculated and expressed as a fold-change

over the control group at week 1 PNI. *P < 0.05; **P < 0.005.
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preclinical stages to end stage. Concomitantly, there was

activation of these Smad members which enhanced signif-

icantly as the disease progressed.

The impact of our findings is at the clinical and basic

science levels of ALS. A challenge facing investigations of

novel therapeutic compounds in ALS is the ability to

monitor clinical responses in a timely manner to deter-

mine efficacy. Standard clinical testing, including the ALS

Functional Rating Score, is relatively insensitive.31,32 Based

on our findings, two features of Smads correlated with

disease progression in the ALS mouse: gene upregulation

(mRNA and protein) and protein activation (phosphory-

lation). These molecular changes also occurred before

overt clinical manifestations, suggesting that the markers

are sensitive to more subtle loss of motor neurons. Fur-

thermore, the hindlimb muscles showed earlier expression

and activation of Smads compared to forelimb muscles

providing further support that these markers may track

disease progression.24,27–29

The sciatic nerve injury findings (Fig. 7) indicate that

mRNA upregulation of these Smads is not specific to

ALS. The disproportionate increase in Smad8, however,

in both human ALS and mutant mouse muscle, was not

observed in the sciatic nerve injury model or human neu-

ropathy controls, suggesting a level of specificity. Whether

this signature is unique to motor neuron disease or a

nonspecific consequence of muscle denervation remains

to be determined. The sciatic nerve injury data also indi-

cate that Smad mRNA and protein levels can revert to

baseline upon reinnervation, supporting a potential role

for Smads in tracking disease regression. The second find-

ing in this report, phosphorylation of Smads in ALS mus-

cle, has been reported in other nerve injury models.33,34

In a study by Winbanks et al., activation of Smad1, 5,

and 8 was detected in the G93A SOD1 mouse (in the

Bl6/SJL background) at 60 and 90 days to equal degrees.33

Interestingly, total Smad was assessed by a Smad5 anti-

body which showed lower levels in the ALS mouse, in

contrast to our findings of an increase in total Smad1, 5,

and 8 (Fig. 4). Later stages were not assessed in that study

to determine if activation tracked disease progression.

Interestingly, in our report, Smad phosphorylation per-

sisted in the muscle reinnervation phase of sciatic nerve

injury when RNA and protein levels returned to baseline.

This finding suggests that gene induction may be a better

metric than protein activation for detecting early reinner-

vation. Activation or upregulation of other Smad mem-

bers has been reported in motor neurons of ALS patients.

In one study, activation of Smad2 and 3, as reflected by

nuclear translocation of phosphorylated forms, was

observed in motor neurons of sporadic and familial ALS

patients.35 Smad members were identified in hyaline and

skein-like inclusions in motor neurons of ALS patients

where they colocalized with TDP-43.35,36The investigators

postulated that there may be aberrant TGF-b signal trans-

duction in neurons with these inclusions.

Several fundamental questions emerge from this report.

First, what is driving Smad upregulation and activation,

particularly Smad8? Although Smad1, 5, and 8 activation

is classically associated with BMP ligands, there is clear

evidence that they can be activated by TGF-b ligands in a

wide range of cell types.37,38 Our RNA sequencing data

have provided clues that both TGFb and BMP ligands

may be involved in Smad activation and gene upregula-

tion in ALS muscle (not shown). Work is underway to

further delineate the relative contributions of these path-

ways. The second question is whether the Smad molecular

response is a physiological one related to progressive loss

of muscle innervation, or a pathological one that contrib-

utes to disease progression. For the SOD1 mouse, we did

not observe Smad upregulation in the spinal cord or

brain of ALS mice, or in cultured astrocytes and cortical

neurons expressing G93A SOD1 (Fig. 3 and data not

shown), suggesting that the response was specific to mus-

cle. Activation of Smad1, 5, and 8 via BMP signaling, has

been shown to be a major hypertrophic signaling pathway

in muscle, and inhibition leads to an accentuation of

atrophy following experimentally induced nerve

injury.33,34 Likewise, augmenting this signaling pathway

lessened denervation-induced atrophy. These findings sug-

gest that Smad upregulation in muscle is a physiological

response, possibly to offset muscle atrophy from motor

neuron loss. The disproportionate increase in Smad8

mRNA expression in ALS muscle is of unclear biological

significance. Smad1, 5, and 8 are highly homologous, and

a Smad8-specific antibody is not yet available to deter-

mine the relative contribution of this member to the

overall increase in total Smad protein noted in this report

(Figs. 4, 5, 6). Although these Smads have functional

overlap in certain biological contexts, Smad8 plays a non-

redundant role in miRNA processing (a noncanonical

function previously linked to Smads).13,39–43 Mutations of

Smad8 in patients with heritable pulmonary arterial

hypertension, for example, lead to aberrant miRNA pro-

cessing that can be reversed with restored Smad8 func-

tion.43 Since altered miRNA patterns have been identified

in ALS skeletal muscle, it is possible that this noncanoni-

cal function may be relevant.30,44

In summary, we have identified Smads as potential

muscle biomarkers of disease progression in ALS. These

markers may have utility in detecting arrest or reversal of

muscle denervation prior to changes in motor function,

which would be advantageous when assessing efficacy of

experimental therapies. The applicability of these markers

(and muscle markers in general) to clinical assessments in

ALS remains to be seen in light of the asymmetrical nat-

ª 2014 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 785

Y. Si et al. Smads as Muscle Biomarkers in ALS



ure of denervation (and progression) of the disease and

the potentially broad distribution of muscles affected.

Although all of our human ALS muscles samples had ele-

vated Smads, longitudinal studies will be required to

determine whether there is correlation with disease

progression as in the G93A mouse. Since the Smads are

intracellular and not typically secreted, they are less likely

to be detected in blood. The sensitivity of qRT-PCR for

measuring mRNA levels, however, would require only

small amounts of tissue that could be obtained from a

needle biopsy, thereby facilitating multiple samplings.

Moreover, it may be possible in the future to develop an

in vivo tracer for activated p-Smads such that a global

assessment of disease could be determined at any one

time.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Elevation of Smad mRNA is delayed in the

forelimb muscles of ALS mice. Forelimb muscles from

G93A and WT mice were assessed by qRT-PCR for Smad

mRNA expression. All data points represent the

mean � SEM of 3 mice. *P < 0.05.

Figure S2. Upregulation of p-Smad is delayed in the fore-

limb muscles of ALS mice. Western blot analysis of fore-

limb muscle tissue using p- and total-Smad1, 5, and 8

antibodies at the ages shown. This blot is representative

of two blots done on two independent G93A and WT

mice with similar results.
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