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Duchenne muscular dystrophy

Duchenne muscular dystrophy (DMD) is a debilitating X-linked neuromuscular disease with
an incidence of 1 in every 5000 boys?. It is caused by mutations in the DMD gene coding for
dystrophin, a critical structural protein in muscle. Out-of-frame mutations in the DMD gene,
result in the complete loss of dystrophin in muscle fibers2:3 and this leads to a severe disease
characterized by progressive muscle deterioration. The functional role of dystrophin is to
stabilize the dystrophin glycoprotein complex (DGC), which is composed of sarcolemmal
glycoproteins that link the extracellular matrix (ECM) to the actin cystoskeleton in muscle
fibers*>. In the absence of dystrophin, this critical link is lost, rendering the muscle fibers
susceptible to damage and contraction-induced injury. Until recently, palliative interventions
such as glucocorticoid and corticosteroids were the only options available for disease
management in DMD patients. These were accompanied by numerous side effects including
weight gain, stunted growth, cataracts and susceptibility to skeletal fractures®”. In
September 2016, the Food and Drug Administration approved a drug for the treatment of
patients with amenable mutations in exon 51 of the dystrophin gene. The drug Eteplirsen, a
phosphorodiamidate oligonucleotide (PMO), is an exon skipping molecule® which skips its
target exon 51, thereby restoring the dystrophin translational reading frame and enabling
expression of a truncated dystrophin molecule in patient muscle fibers. Eteplirsen addresses
only 13% of DMD patients because it is mutation-specific® and a therapeutic that can be
universally administered to all DMD patients is still needed.

The a7p1 integrin is also a transmembrane protein in myofibers that links laminin in the
ECM to the actin cytoskeleton, and studies have shown it can be harnessed as a
compensatory system for dystrophin loss in DMD. The a7p1 integrin is the predominant

This article is distributed under the terms of the Creative Commons Attribution 4.0 International License.

"Correspondence: Dr. Dean J Burkin, PhD, Professor of Pharmacology, Director, Cellular and Molecular Pharmacology and
Physiology Graduate Program, Department of Pharmacology/MS573, Center for Molecular Medicine, Room 303C, University of
Nevada School of Medicine, Reno, NV 89557, USA, Tel: 775-784-6288, Fax: 775-784-1620; dburkin@med.unr.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sarathy et al.

Page 2

laminin-binding integrin in skeletal, cardiac and vascular smooth musclel® where it plays a
structural role and participates in inside-out and outside-in cell signaling mechanisms that
contribute to muscle development and physiology!. Loss of the a7 integrin in dystrophin
deficient max mice exacerbates the dystrophic phenotype and mice do not survive past 4
weeks of age!2. Conversely, transgenic overexpression of a7p1 integrin ameliorates disease
pathology and improves survival in severely dystrophic micel3. Mechanisms that contribute
to a7 integrin-mediated rescue of dystrophin-deficient muscle include maintenance of
myotendinous and neuromuscular junctions, enhanced muscle hypertrophy and regeneration,
and decreased apoptosis and cardiomyopathy12-16, Recent evidence suggests that prednisone
may maintain function in the golden retriever muscular dystrophy (GRMD) dog model of
DMD by stabilizing a7 integrin protein levelsl’. Together, these observations support the
idea that the . 7p1 integrin is a major disease modifier in DMD, and a target for drug based
therapeutics. This led us to undertake a study to identify integrin enhancing small molecule
compounds as potential treatments for DMD. In collaboration with a team of researchers at
National Center for Advancing Translational Sciences (NCATS), our lab performed high
throughput drug screens on several chemical libraries and screened over 350,000 compounds
utilizing a muscle cell-based assay. Among the top hits identified in this assay was SU9516,
a small molecule compound that increased a7 integrin levels in myoblasts and myotubes by
>2-fold. In the original manuscript titled “SU9516 increases a.7p1 Integrin and ameliorates
disease progression in the /madx model of Duchenne muscular dystrophy”,18 our research
group showed that a small molecule compound, SU9516, significantly increases muscle
function and improves pathology in the max mouse model of DMD. Additionally, we found
that these improvements were at least partially mediated through the inhibitory actions of
SU9516 on the p65-NF-xB pro-inflammatory pathway and the Ste20-related proline alanine
rich kinase (SPAK)/OSR1 signaling pathway.

A small molecule integrin-enhancing compound for the treatment of DMD

This study was the first to demonstrate the potential of an a7B1 integrin enhancing drug as a
therapeutic for DMD. Prior to our study, the compound SU9516, a known cyclin dependent
kinase (cdk) inhibitor!® was investigated within the realm of anti-cancer therapeutics.
Previously published literature on SU9516 sheds light on its ability to reduce cell
proliferation, increase apoptosis and induce mitochondrial injury in various cancer cell
lines?0-21, However, due to the apparent non-specific inhibitory action of SU9516 on various
other kinase pathways, the drug did not progress towards clinical trials as an anti-cancer
therapeutic.

We showed that SU9516 increases levels of the a7p1 integrin complex in human DMD
patient myotubes as well as /max mice. In order to isolate the specific kinase pathway that
was perhaps responsible for the increase in a7p1 integrin, we performed a biochemical
KiNativ assay to identify kinase targets of SU9516, in human DMD patient myotubes.
Among compounds evaluated in the initial drug screens were several cdk inhibitors with
different selectivities that showed no increased expression of a7 integrin. Hence, we
excluded cdks as possible therapeutic targets. We were surprised to find that in myotubes,
the SPAK/OSR1 kinases were inhibited across all concentrations of SU9516 with an ~80%
inhibition seen at the lowest concentration of 0.1 uM. By utilizing a known inhibitor of this
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pathway, we showed increased a7 integrin levels in myotubes, and thus demonstrated that
blocking SPAK/OSRL1 at least partly contributes to the increase in a7 integrin. However,
further investigation is needed to understand whether the increase in integrin is dependent on
a single pathway or additional pathways. Abolishing the SPAK, OSRL1 or both kinases’
activities will help us to better understand the association between the inhibition of these
kinases and integrin expression.

Following /n vitro validation, preclinical studies were initiated where max mice were
administered a daily dose of 5mg/kg SU9516 via oral gavage from 3 to 10 weeks of age.
This dosing regimen resulted in significant improvements in body weight over the course of
treatment. Mdx mice tend to gain more weight over time compared to their wild type
counterparts?2, and SU9516 treatment showed reduction in weight gain compared to vehicle-
treated /max mice. Additionally, forelimb grip strength measurements were significantly
improved with SU9516 treatments. DMD patients suffer from severe diaphragmatic
weakness resulting in respiratory dysfunction. Although the max mouse does not accurately
depict the severe progression of the DMD disease phenotype in humans, the madx diaphragm
muscle shows severe functional deficits, damaged fibers, fibrosis and centrally nucleated
fibers?3. SU9516 treatment improved specific force defined as the force normalized to cross
sectional area (CSA) [CSA (mm?2) =mass (mg)/[(Lo mm) *(L/Lg) *(1.06 mg/mm3)], where
L/Lg(fiber to muscle length ratio)=1 in the diaphragm, the value 1.06 is the density of
muscle)] developed in the max diaphragm as evaluated using ex vivo experiments post
completion of treatment course. Furthermore, SU9516 treatment promoted restoration of
function post fatigue in the diaphragm. Accompanying the functional improvements, we
detected an increase in the percentage of regenerating myofibers as evidenced by
immunostaining for embryonic myosin heavy chain. To understand the mechanism by which
an increase in regenerating myofibers was observed with SU9516, we looked at the p65 NF-
xB pathway via immunoblotting to see if SU9516 inhibits this inflammatory pathway. We
found a reduction in the levels of phosphorylated p65 NF-xB with SU9516 treatment in both
human DMD myotubes as well as madx mice. Previous reports have demonstrated that
muscle derived stem cells from a haploinsufficient mouse model for p65 NF-xB exhibited
enhanced myogenic differentiation?4 which are the effects we observe with SU9516
treatment /n vitroand in vivo. Additionally, SU9516 mediated inhibition of p65 NF-xB
could partially explain the reduction in fibrosis as evidenced by Sirius Red staining in
diaphragm cross sections. The SU9516 treatment paradigm and its beneficial effects in madx
mice through various mechanisms are summarized in Figure 1.

The results published in this study bring to light the efficacy of SU9516 in the treatment of
DMD. A seven week, daily oral administration of SU9516 in madx mice achieves therapeutic
levels of a7p1 integrin in muscle, in keeping with integrin a7 overexpression transgenic
studies in madx micel3. However, there are still critical aspects of this study that must be
addressed such as whether SU9516 depletes the satellite cell niche /n vivo, while promoting
myofiber regeneration in dystrophic muscle. Although our study adopted a daily oral
administration regimen owing to the short half-life of the drug /n vivo, the timing and drug
concentrations are aspects of this study that must be carefully elucidated in preclinical
studies. Additionally, it is unknown for how long the beneficial effects of the drug are
sustained post suspension of drug dosing and it will be important to evaluate the long-term
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benefits of this compound even after its suspension. An important note mentioned in our
original article is the fact that SU9516 is toxic in mice when administered via oral gavage at
a concentration over 5 mg/kg. SU9516 was initially identified as a pro-apoptotic compound
in cancer cell lines and this is an undesired property in a therapeutic for DMD, a disease
characterized by necrotic death of myofibers. These side effects make it unlikely that
SU9516 will be the molecule that will ultimately be administered to DMD patients.
Modulation of chemistry or analogs of SU9516 will have to be investigated in preclinical
models of muscular dystrophy to improve drug half-life and eliminate toxic side effects for
clinical translation. Nevertheless, this study leads the way for further identification of other
integrin enhancing compounds as well as the development of SU9516 analogs for
progression towards clinical trials.

Acknowledgments

This study was supported by NIH/NIAMS R01AR064338, R41AR067014 and NIH/NINDS R21 NS58429 to DJB.
TMF was supported by a Mick Hitchcock Scholarship.

References

1. Mendell JR, Shilling C, Leslie ND, et al. Evidence-based path to newborn screening for Duchenne
muscular dystrophy. Ann Neurol. 2012; 71: 304-13. [PubMed: 22451200]

2. Dunckley MG, Manoharan M, Villiet P, et al. Modification of splicing in the dystrophin gene in
cultured Mdx muscle cells by antisense oligoribonucleotides. Hum Mol Genet. 1998; 7: 1083-90.
[PubMed: 9618164]

3. Wilton SD, Honeyman K, Fletcher S, et al. Snapback SSCP analysis: engineered conformation
changes for the rapid typing of known mutations. Hum Mutat. 1998; 11: 252-8. [PubMed:
9521428]

4. Ervasti JM. Dystrophin, its interactions with other proteins, and implications for muscular
dystrophy. Biochim Biophys Acta. 2007; 1772: 108-17. [PubMed: 16829057]

5. Klietsch R, Ervasti JM, Arnold W, et al. Dystrophin-glycoprotein complex and laminin colocalize to
the sarcolemma and transverse tubules of cardiac muscle. Circ Res. 1993; 72: 349-60. [PubMed:
8418988]

6. Schara U, Mortier, Mortier W. Long-Term Steroid Therapy in Duchenne Muscular Dystrophy-
Positive Results versus Side Effects. Journal of clinical neuromuscular disease. 2001; 2: 179-183.
[PubMed: 19078632]

7. McAdam LC, Mayo AL, Alman BA et al. The Canadian experience with long-term deflazacort
treatment in Duchenne muscular dystrophy. Acta Myol. 2012; 31: 16-20. [PubMed: 22655512]

8. Mendell JR. Eteplirsen for the treatment of Duchenne muscular dystrophy. Ann Neurol. 2013; 74:
637-647. [PubMed: 23907995]

9. Young CS, Pyle AD. Exon Skipping Therapy. Cell. 2016; 167: 1144. [PubMed: 27863231]

10. Burkin DJ, Kaufman SJ. B 1 integrin in muscle development and disease The a 7f. 1999; 183-

190.

11. Song WK, Wang W, Sato H, et al. Expression of alpha 7 integrin cytoplasmic domains during
skeletal muscle development: alternate forms, conformational change, and homologies with serine/
threonine kinases and tyrosine phosphatases. J Cell Sci. 1993; 106 (Pt 4, 1139-52. [PubMed:
8126096]

12. Rooney JE, Welser JV, Dechert MA, et al. Severe muscular dystrophy in mice that lack dystrophin
and alpha? integrin. J Cell Sci. 2006; 119: 2185-95. [PubMed: 16684813]

13. Burkin DJ, Wallace GQ, Milner DJ, et al. Transgenic expression of {alpha}7{betal} integrin
maintains muscle integrity, increases regenerative capacity, promotes hypertrophy, and reduces
cardiomyopathy in dystrophic mice. Am J Pathol. 2005; 166: 253-63. [PubMed: 15632017]

J Rare Dis Res Treat. Author manuscript; available in PMC 2019 March 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sarathy et al.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Page 5

Burkin DJ, Wallace GQ, Nicol KJ, et al. Enhanced expression of the alpha 7 beta 1 integrin reduces
muscular dystrophy and restores viability in dystrophic mice. J Cell Biol. 2001; 152: 1207-18.
[PubMed: 11257121]

Liu J, Burkin DJ, Kaufman SJ. Increasing alpha 7 beta 1-integrin promotes muscle cell
proliferation, adhesion, and resistance to apoptosis without changing gene expression. Am J
Physiol Cell Physiol. 2008; 294: C627-40. [PubMed: 18045857]

Welser JV, Rooney JE, Cohen NC, et al. Myotendinous junction defects and reduced force
transmission in mice that lack alpha7 integrin and utrophin. Am J Pathol. 2009; 175: 1545-54.
[PubMed: 19729483]

Wauebbles RD, Sarathy A, Kornegay JN, et al. Levels of a7 integrin and laminin-a.2 are increased
following prednisone treatment in the mdx mouse and GRMD dog models of Duchenne muscular
dystrophy. Dis Model Mech. 2013; 6: 1175-84. [PubMed: 23846963]

Sarathy A, Wuebbles RD, Fontelonga TM, et al. SU9516 Increases ??7??1 Integrin and
Ameliorates Disease Progression in the mdx Mouse Model of Duchenne Muscular Dystrophy.
Molecular Therapy. (2016). doi:10.1016/j.ymthe.2017.03.022

Lane ME, Yu B, Rice A, et al. A Novel cdk2-selective Inhibitor, SU9516, Induces Apoptosis in
Colon Carcinoma Cells A Novel cdk2-selective Inhibitor, SU9516, Induces Apoptosis in Colon.
2001; 6170-6177.

Yu B, Lane ME, Wadler S. SU95186, a cyclin-dependent kinase 2 inhibitor, promotes accumulation
of high molecular weight E2F complexes in human colon carcinoma cells. Biochem Pharmacol.
2002; 64: 1091-100. [PubMed: 12234612]

Gao N, Kramer L, Rahmani M, et al. The Three-Substituted Indolinone Cyclin-Dependent Kinase
2 1, 3-dihydro-indol-2-one (SU9516) Kills Human Leukemia Cells via Down-Regulation of Mcl-1
through a Transcriptional Mechanism. 2006; 70: 645-655.

Gordon BS, Delgado Diaz DC, Kostek MC. Resveratrol decreases inflammation and increases
utrophin gene expression in the mdx mouse model of Duchenne muscular dystrophy. Clin Nutr.
2013; 32: 104-11. [PubMed: 22795790]

Stedman HH, Sweeney HL, Shrager JB, et al. The mdx mouse diaphragm reproduces the
degenerative changes of Duchenne muscular dystrophy. Nature. 1991; 352: 536-9. [PubMed:
1865908]

Lu A, Proto JD, Guo L, et al. NF-xB Negatively Impacts the Myogenic Potential of Muscle-
derived Stem Cells. Mol. Ther 20, 661-668 (2012). [PubMed: 22158056]

J Rare Dis Res Treat. Author manuscript; available in PMC 2019 March 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Sarathy et al.

Page 6

Age:3 weeks

7 week

- Lowered weight gain
q - Improved forelimb grip strength
- Improved diaphragmatic function

daily treatment

Oral gavage ’ >
5mg/kg/day
SU9516

Diaphragm

7 week
daily treatment

Effects of SU9516 in dystrophic muscle

T107 B LA
)\"n ‘/:\)'.ﬂl W ‘n 'l):::/:\". 4y '.\

"

1. Improved regeneration
@ Myofiber . 2. Decreased fibrosis
©  Myoblast Myoblast and Myofiber

Figure 1:
Top panel: The functional effects of a 7-week daily treatment regimen of orally

administered SU9516 in the max mouse model of Duchenne muscular dystrophy. Bottom
panel: Schematic depicting signaling effects of a 7-week daily treatment regimen of
SU9516 in the inhibition of SPAK/OSR1 and the pro-inflammatory NF-xB pathway.
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