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Abstract

The need to distribute therapy evenly systemic#isoughout the large muscle
volume within the body makes Duchenne muscularrdgbly (DMD) therapy a

challenge. Cell and exon-skipping therapies arenming but have limited effects,
thus enhancing their therapeutic potency is of rpatmt importance to increase the
accessibility of these therapies to DMD patientsered we demonstrate that
co-administered glycine improves phosphorodiamidatepholino oligomer (PMO)

potency inmdx mice with marked functional improvement and ugp@sfold increase

of dystrophin in abdominal muscles compared to PMGsaline. Glycine boosts
satellite cell proliferation and muscle regeneratiby increasing activation of
mammalian target of rapamycin complex 1 (mTORC1y aeplenishing the

one-carbon unit pool. The expanded regeneratingibgmopopulation then results in
increased PMO uptakes. Glycine also augments tespfantation efficiency of
exogenous satellite cells and primary myoblastandx mice. Our data provide
evidence that glycine enhances satellite cell fan@ltion, cell transplantation and
oligonucleotide efficacy imdx mice, and thus has therapeutic utility for cedirtpy

and drug delivery in muscle wasting diseases.

Key Words: Duchenne muscular dystrophy, glycine, satelldk exon-skipping, cell
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Introduction

Treating muscle disorders is a daunting challenge @ the large muscle volume.
The predominant systemic muscle wasting diseasech&ne Muscular Dystrophy
(DMD), is caused by frame-disrupting mutations lie DMD gene, resulting in the
absence of functional dystrophin proteiffhe first antisense oligonucleotide (AO)
drug (Exondys 51) was approved by the US food angd ddministration in 2016 and
it can be applied to 17.5% of DMD populatibnidowever, the therapeutic potency of
this AO drug is inadequate for widespread clinicdlization, which is largely
attributed to inefficient bio-distribution to bodyide muscles upon systemic
administration. Similarly, cell therapy is another promising #yeeutic modality but
has limited efficacy due to low transplantationia@éncy’. Therefore, strategies to
enhance the efficacy of cell and exon-skipping apers can truly improve clinical

access of muscle-wasting therapies.

Amino acids are important building blocks of prataind potent regulators of protein
synthesis in healthy skeletal muscle and muscléimgasonditions®. Essential amino
acids have been shown to stimulate the net musaeip balance in healthy
volunteers after resistance exertigéth branched-chain amino acids demonstrated to
alleviate muscle pathologies in DMD mi€eln addition, the abundance of essential
amino acids within the local environment has ckeaden demonstrated to trigger the
activation of mammalian target of rapamycin comdeTORC1) and consequently

promote protein synthesis and cell grotfitfiRecently, nonessential amino acids have



also drawn much attention as food supplementatiomactivators of mTORC1 in
preventing muscle 1055™. In particular, glycine supplementation was intédato
protect muscles in different muscle wasting modeish as cancer cachexia, sepsis
and reduced caloric intake'® !’ Earlier studies also demonstrated that dietary
supplementation of glycine to DMD patients provideeneficial effect on their
physical activities though the overall effect isniied®. However, an interesting
observation from earlier clinical studies was tigigcine is more beneficial for

children than adult patiertfsimplying that glycine might play other roles.

Here we show that repeated co-administration o€igé/ with phosphorodiamidate
morpholino oligomer (PMO) (PMO-G) increased dyshiopexpression 50-fold in
peripheral muscles ahdx mice compared to PMO in saline (PMO-S). Therapeuti
levels of dystrophin were restorednmix mice treated with a low dose of PMO (25
mg/kg) in glycine with marked functional improventen the absence of detectable
toxicity. This improvement can be attributed to remsed uptake of PMOSs in
regenerating myofibers potentiated by glycine, Whicturn is mediated by enhanced
MTORCL1 activation and one-carbon unit pool replemisnt. Importantly, glycine
promoted not only endogenous satellite cell praiien but also cell transplantation
efficiency of exogenous satellite cells and primaryoblasts. The findings presented
here provide insights for the role of glycine andvé important therapeutic
implications for cell therapy and nucleic acid #qggutics in muscle wasting diseases

and other muscle related disorders.



Results

Glycine enhances PMO-mediated exon-skipping in muke

As hexose was shown to promote the uptake anditgcté PMO in peripheral
muscles ofmdx mice by replenishing cellular energy stdfesve examined if other
nutrients could similarly improve PMO-mediated exskipping in dystrophic
muscles (Figure 1A). Unsurprisingly, consistent hwjirevious observations with
hexosé®, alternative energy sources such as citric acidiusn pyruvate and succinic
acid induced improvements in PMO activities asea#d by significantly increased
dystrophin-positive fibers and levels of dystrophestoration in tibialis anterior (TA)
muscles frommdx mice treated with PMO in citric acid, sodium pyrtezand succinic
acid compared to PMO in saline (Figure 1B). Howevtewas surprising that amino
acids, particularly serine and glycine, inducedgaificant increase in PMO-induced
dystrophin-positive fibers (Figure 1B) and dystrimpkxpression (Figure 1C) in TA
muscles of treatethdx mice. To determine systemic effect of glycine aedne on
PMO activity, we intravenously administered 5% ghgc (equivalent to clinically
available 50 mg/ml infusion buffer) or serine WRMO at the dose of 25 mg/kg/week
for 3 weeks inmdx mice. Substantial numbers of dystrophin-positivgofibers
(Figure 1D) and significantly elevated levels oktigphin (Figure 1E) were detected
in most peripheral muscles ofdx mice treated with PMO in glycine (PMO-G)
compared to PMO in serine and PMO in saline (PMO¥8)examine if there is any

dose-dependent effect for PMO or glycine, we ineeelathe dose of PMO from 25



mg/kg/week to 50 mg/kg/week for 3 weeks or the aistiation frequency of glycine
from weekly to every other day for 5 weeks with tb@me dose of PMO (25
mg/kg/week) for 3 weeks. As expected, glycine atsthanced the number of
dystrophin-positive fibers and dystrophin expressicompared to saline when
co-delivered with 50 mg/kg of PMO (Figure S1A-Q).dontrast, dystrophin-positive
fibers (Figure 1F) and dystrophin expression (FegdiG) dramatically rose in
peripheral muscles of PMO-G treateaix mice with additional glycine infusion
compared to PMO-G alone. Importantly, up to 50-foigher level of dystrophin was
detected in abdominal muscles fronax mice treated with PMO-G with additional
glycine administration compared to PMO-S under fidah conditions (Figure 1H).
Measurement of serum glycine revealed slightly éiglevels after infusion with
additional glycine than PMO-G alone (Figure 1ll)ggesting that increased glycine
availability enhances PMO-mediated exon-skippingwilver, increasing glycine
from 5% to 10% did not improve PMO activity (FigusdD and S1E), implying that
the effect is saturable. The fact that increase@dimg concentration at the point of
injection did not improve uptake, but increasedgfiency of administration did,
suggests that the improvements seen in mice arsahely due to short-lived effects
such as increasing uptake of circulating PMO. Thdesta demonstrate that glycine
potentiates PMO activities in muscle and the paéng effect can be enhanced by

sustained supply of glycine.

PMO-G elicits long-term efficacy and functional impovements inmdx mice



Since PMO-G with additional glycine infusion furthenhanced PMO activities in
mdx mice, we adopted this dosing regimen at 25 mgM@Ror a period of 6 months
(Figure 2A). Repeated administration of PMO-G iretlicuniform dystrophin
expression across most peripheral muscles excemlidphragm with no dystrophin
expressed in the heart (Figure 2B). Dystrophin Illeveere consistently elevated in
peripheral muscles of PMO-G treatedx mice compared to PMO-S under identical
conditions (Figure 2C and 2D). Importantly, molecukorrection of dystrophin
resulted in functional improvements in PMO-G treéatedx mice as dystrophin-
associated protein complex (DAPC), which mis-laczdi in the absence of
dystrophi®, re-localized to the sarcolemma (Figure 2E); secomatine kinase (CK)
levels usually elevated imdx mice* significantly decreased (Figure 2F); 1gG
staining also declined (Figure S2A). Significantrcl recovery and endurance
improvements were also observed as reflected nyfisigntly increased grip strength
and number of rounds measured with running whesl itemdx mice treated with
PMO-G compared to PMO-S and untreatastk mice (Figure 2G and 2H). Levels of
serum aspartate aminotransferase (AST) and alaaméotransferase (ALT)
concordantly declined, whereas no change was féemdreatinine and urea (Figure
S2B), and histology revealed no evidence of liverrenal toxicity (Figure S2C).
Strikingly, inflammatory cells and fibrosis dranwily decreased in peripheral
muscles from PMO-G treatedhdx mice compared to PMO-S and untreated
age-matchedndx controls (Figure S2D and S2E). Interestingly, heeight was

significantly increased in PMO-G treatewix mice at earlier time-points compared to



PMO-S and age-matched untreatedx controls though the difference declined at
later time-points (Figure S2F), suggesting thatigly might have some beneficial
effects on muscle growthlthough the caveat is that hypertrophy observethdr
mice may also increase muscle volume. These fiisdimglicate that long-term
administration of PMO-G leads to significant fuocial improvements imdx mice at

extremely low doses without any detectable toxicity

Glycine synergizes with PMO therapy by improving mscle regeneration which
results in greater PMO uptake and efficacy

To investigate if the enhancement elicited by glgcwas due to greater exon-
skipping frequendi or through enhanced PMO uptake, we administered B2@)

in saline into TA muscles of aduitidx mice followed by injection of glycine to the
same muscle 16 hours later, to allow for complgimke of PMO into the muscle
prior to glycine introductioff. However, separating glycine from PMO negated the
enhancement observed with PMO-G (Figure 3A and 3&ggesting that glycine is
involved in PMO uptake rather than enhancing exoppsng frequency. To test if
glycine functions by increasing PMO uptake, we awémously administered
lissamine-labelled PMO in glycine into aduaftdix mice at 25 mg/kg/day for 3 days.
However, no difference was observed in the fluaese intensity of body-wide
tissues from PMO-G and PMO-S treatedlx mice 4 days after injection under
identical conditions (Figure S3A). Comparable lsvel ATP were consistently found

in quadriceps frommdx mice treated with PMO-G and PMO-S (Figure S3B),



indicating that glycine did not increase energy ilabdity. Since PMO-G with
additional glycine infusion outperformed PMO-G aomve re-examined the samples
and noticed that significantly higher numbers ofaliroalibre embryonic myosin
heavy chain (eMyHC)-positiv@ regenerating myofibers were present in quadriceps
and triceps from PMO-G treateotx mice with additional glycine injection compared
to PMO-G alone and PMO-S (Figure S3C), implyingt thlgcine promotes muscle
regeneration. Given that muscle regeneration waw/isho contribute to PMO uptake
in mdx mice*, we hypothesized that glycine might promote musetgneration and
thus enhance PMO uptake. To verify this, we intnexesly injected glycine into adult
mdx mice every other day for one week to induce musesieneration, followed by
single intravenous injection of carboxyl- fluoresc@ITC)-labelled PMO at the dose
of 50 mg/kg, and examined the uptake of PMO 48 sitater. Muscle satellite cells
(MuSCs), indicated by paired box transcription daqPAX7), a known satellite cell
markef®, and the percentage of proliferating PAKA67" MuSC<®, significantly
rose in TA and gastrocnemius of glycine-inducadk mice compared to the saline
control (Figure 3C and 3D), demonstrating that glggoromotes MuSC proliferation.
Significantly higher amounts of FITC-labelled PMQCens consistently found in
increased numbers of eMyHC-positive regeneratibgrfin TA and gastrocnemius of
glycine-inducedmdx mice than the saline control (Figure 3E and 3Rhoagh no
co-localization of FITC-labelled PMOs with MuSCs svbund in gastrocnemius of
glycine-induced or saline control mice (Figure S3BYyident exon23 skipping was

consistently observed in TA and gastrocnemius frgiytine-inducedmdx mice



compared to the saline and untreatedk controls (Figure 3G). Notably, glycine
injection into TA muscles followed by PMO 3 daygeafsignificantly increased

numbers of dystrophin-positive fibers and levelsdgstrophin expression (Figure
S4A and S4B). Correspondingly, glycine could also ¢hown to enhance PMO
uptake in differentiating myotubes in culture buit rin proliferating myoblasts

(Figure 3H). The results support the notion thgtigle promotes muscle regeneration
which in turn results in enhanced PMO uptake. Basethe observation, we adopted
the glycine induction regimen and repeated theugisdistribution experiment with

FITC-labelled PMO. As expected, significantly highiorescence was detected in
peripheral muscles from glycine-induceddx mice compared to the saline and
untreatedndx controls 48 hours after injection (Figure 3I). $hadata strengthen the
conclusion that glycine synergizes PMO therapy bymmting muscle regeneration

which in turn results in greater PMO uptake andtady.

Glycine increases muscle regeneration by replenisig the one-carbon unit pool

To understand how glycine promotes muscle regdoarand if active transport of
glycine is critical for its functionality, we bloekl glycine transporter (GlyT-1), the
ubiquitous glycine transportér with bitopertin (BP), an inhibitor for GlyT2%.
Strikingly, muscle regeneration was completely coompsed in the presence of BP
as PAX7 or PAX7Ki67" MuSCs (Figure 4A and 4B) and eMyHC-positive
regenerating myofibers (Figure 4C) significantly ciieed in TA muscles

co-administered with glycine and BP. PMO activitiesre consistently negated when



BP was co-administered with PMO-G as dystrophintpesfibers (Figure 4D) and
dystrophin expression (Figure 4E) significantly me&sed, suggesting that active
transport is vital for glycine’s functionality. Astracellular glycine is primarily
metabolized as a one-carbon unit déhowe examined if glycine promotes muscle
regeneration by providing one-carbon units whidah larilding blocks for nucleic acid
and protein biosynthesis required for active MuSm@liferatior’®. Blockade of
dihydrofolate reductase, a key enzyme requiredréaiucing dihydrofolic acid to
tetrahydrofolic acid for one-carbon transfemwith methotrexate (MTX), an inhibitor
of dihydrofolate reductad® completely abolished glycine-induced effects amsate
regeneration as PAX7or PAX7'/Ki67" MuSCs (Figure 4F and 4G) and eMyHC-
positive regenerating myofibers (Figure 4H) sigrafitly declined. To further validate
this, we replaced glycine with formate, the onlynfietrahydrofolate (THF)-linked
intermediate in one-carbon metabolfénor tetrahydrofolate (THF), an intermediate
carrier for one-carbon ufft PAX7" or PAX7'/Ki67* MuSCs (Figure 4F and 4G) and
eMyHC-positive regenerating fibers (Figure 4H) #igantly rose in formate- or
THF-treated TA muscles compared to the saline ognsuggesting that other
one-carbon group donors or carriers can also eehanuscle regeneration, though to
a lesser extent than glycine. If glycine functi@ssa one-carbon donor, a synergistic
effect would be expected when glycine and THF wewseadministered into TA
muscles omdx mice. A dramatic enhancement on MuSC proliferafiigure 4F and
4G) and muscle regeneration (Figure 4H) was obdervd A muscles omdx mice

co-administrated with glycine and THF compared tgcige alone. A positive



correlation between muscle regeneration and PMOQviiges was concordantly
established as dystrophin-positive fibers (Figuig@ @nd dystrophin expression
(Figure 4J) significantly increased in TA muscldsmalx mice treated with PMO in
formate, THF or the combination of glycine and Th¥ereas a significant decline
was observed imdx mice treated with glycine and MTX. However, glyeimduced
muscle regeneration was significantly compromisedaenv glycine decarboxylase
(GLDC) P-protein, the key enzyme for glycine decaspation in the glycine
cleavage systefy was down-regulated with GLDC-targeted shRNA deldd with
AAV2/8 (Figure 5A) as PAX7 or PAX7'/Ki67" MuSCs (Figure 5B and 5C) and
eMyHC-positive regenerating fibers (Figure 5D) weignificantly reduced in TA
muscles from treateohdx mice. Corroborating with reduced MuSC proliferatiand
muscle regeneration, dystrophin-positive fiberg(ifeé 5E) and dystrophin expression
(Figure 5F) significantly decreased. These resufgport the conclusion that glycine
contributes to MuSC proliferation and muscle regatien by supplying one-carbon

units.

Glycine strengthens mTORC1 activation and contribués to muscle regeneration
It is known that mTORCL is activated in muscle regyation in response to injufy
thus to investigate if mMTORCL1 is involved in musodgeneration process aidx
mice, we measured levels of phosphorylated mMTORNT®@R) in mdx mice.
Up-regulation of p-mTOR was observed in TA musaésndx mice compared to

age-matched wild-typ€57BL/6 controls (Figure S5A). Strikingly, levels of p-mRO



phosphorylated ribosomal protein S6 kinase 1 (pA36Ka hallmark of specific
activation by mTORC1, and phosphorylated ribosomatein S6 (p-S6), a key
downstream target of S6K7 were elevated in quadriceps roflx mice treated with
PMO-G at 25 mg/kg/week for 3 weeks with additiogbicine infusion compared to
the saline control (Figure 6A and 6B). In contrélsere was no increase of p-mTOR
and p-S6K1 in THF- or formate-treated TA musclesipared to glycine (Figure S5B
and S5C), highlighting the glycine-specific hypénzation of mTORC1. Blockade of
MTORCL1 activation with PP242 (Figure S5D and S%E)xmall-molecule protein
kinase inhibitor targeting the adenosine triphos®lATP)-binding site of mTOE,
abolished the enhancement potentiated by glycifAa&7" or PAX7'/Ki67" MuSCs
(Figure 6C and 6D) and eMyHC-positive regeneratmgofibers (Figure 6E)
significantly declined. PMO activity was also nesgghtas dystrophin-positive fibers
(Figure 6F) and dystrophin expression significardcreased (Figure 6G) in TA
muscles from treatethdx mice, confirming the relevance of mMTORCL1 in glgm
functionality. Analysis of the gene expression pesf of glycine-treated primary
myoblasts, isolated from adultndx mice, revealed that glycine significantly
up-regulated two annotated groups of genes - gelecand metabolism (Figure 6H
and S5F), with up-regulation of cyclin-dependemialsie 1 CDK1), cell division cycle
20 (CDC20) and cyclin B2 (CCNB2) genes validated by quantitative real-time
RT-PCR (Figure 6l), demonstrating that glycine potes cell proliferation. These
results demonstrate that glycine strengthens mTORGivation, which in turn

promotes MuSC proliferation and muscle regeneration



Glycine triggers mTORCL1 via v-ATPase

To elucidate how glycine regulates mTORC1, we usetine myoblasts (C2C12),
which was shown to be responsive to glyéin® and human embryonic kidney
(HEK) 293T cells, a commonly used cellular mddeTo verify if C2C12 and 293T
cells are responsive to glycine stimulation, weneixeed cell growth in the absence or
presence of glycinen vitro. Deprivation of total amino acids significantlyhibited
C2C12 and 293T cell growth, whereas the supplertientaf glycine or total amino
acids 24 hours after starvation stimulated cellwghoin glycine- or total amino
acid-depleted cells (Figure S6A), indicating th&(Q22 and 293T cells respond to
glycine. Levels of p-S6K1 and phosphorylated eugtcyinitiation factor 4E-binding
protein 1 (p-4E-BP1), two best-characterized doveash targets of mMTORC1 and a
read-out for mTORC1 activit§, and the downstream target p-S6 were concordantly
elevated in glycine- or total amino acid-suppleredn€2C12 cells compared to total
amino acid-depleted cells (Figure 7A and 7B). Asrenmacids were shown to transfer
signals to mTOR by promoting its translocation he surface of lysosomes where
mTORC1 is activatéd, we starved C2C12 cells for 60 minutes and restited
with glycine or total amino acids for 20 minuteschlization of mTOR in conditions
of amino acid starvation was predominantly cytoplesand presented a diffuse
staining pattern, with little co-localization wa®served with lysosome-associated
membrane protein 1 (LAMP1), a lysosomal matkenvhereas glycine or total amino

acid stimulation led to mTOR clustered with lysosenfFigure 7C and 7D). A similar



pattern was observed in total amino acid-starve®IT2&ells followed by glycine or
total amino acid supplementation (Figure S6B-E)eskhresults proved that glycine
can promote recruitment of mTOR to the lysosome siibstantiate the notion that
glycine enables the translocation of mTOR to tle$pme, we blocked the vacuolar
H*-adenosine triphosphatase ATPase (v-ATPase), a@uenp necessary for amino
acids to activate mTORE3, with bafilomycin Al (BAFJ®, a highly specific inhibitor
of the V-ATPase. Glycine-induced mTORC1 activatwwas substantially blocked
with BAF in 293T cells as co-localization of mTORthvlysosomes (Figure 7E and
7F) and levels of p-S6K1 and p-S6 (Figure 7G) sigatly reduced compared to
glycine. As the Ras-related GTPase (Rag) is knamvmediate the amino acid signal
to mTOR and facilitate the binding of mTOR to lyso®e$®, we disrupted RagB
expression in 293T cells with the CRISPR-Cas9 systehosphorylation of S6K1
and S6 was completely abolished in total amino-dejoleted RagB knock-out cells
after stimulation with glycine or total amino acifts 10, 20 or 30 minutes (Figure
7H), demonstrating that RagB is responsible for tberuitment of mTOR to the

surface of lysosomes.

Glycine enhances cell transplantation irmdx mice

Given the dramatic effect of glycine on endogenddsSC proliferation, we
examined if glycine has any benefit on exogenoldremsplantation. To this end, we
adopted the commonly used cardiotoxin (CTX) injorgdel by injecting CTX to TA

muscles ofmdx mice 1 day prior to transplantatiin Pre-administration of glycine



was shown to suppress immunological reactionsvar liransplantatiofi *® therefore
we intravenously administered glycine intwlx mice 7 days prior to transplantation
and supplied glycine during the experimental peraxd illustrated in Figure 8A.
MuSCs (1x18) derived from wild-type C57BL/6 mice were transplanted into
CTX-injured TA muscles of immunosuppressed aduidx mice (Figure 8A).
Dystrophin-positive fibers (Figure 8B) and muscleeight (Figure 8C) were
significantly increased in TA muscles 3 weeks afl transplantation in the glycine
group compared to the saline control. Increasett@@isplantation efficiency was
consistently observed when wild-typ@57BL/6 primary myoblasts (1xfp were
transplanted into TA muscles of glycine-indueedk mice under identical conditions
(Figure 8D). In line with the previous observaifynglycine promoted murine
primary myoblast proliferation (Figure S7). To tuet confirm the beneficial effect of
glycine on cell transplantation, we transplantedP&ositive PAX7MyoD* MuSCs
derived from transgeni€57BL/6 EGFP mice (Figure S8A) into CTX-injured TA
muscles of glycine-induceaidx mice and monitored the fluorescence in a real-time
manner. Stronger fluorescence was detected in Téchas from glycine-induceahdx
mice than the saline control at different time-peiafter transplantation with live
animal imaging (Figure S8B). Significantly strong#uorescence signals were
consistently detected in TA muscles isolated fromgcige-induced mdx mice
compared to the saline control at week 3 after siplmtation (Figure 8E).
Co-localization of EGFP-positive fibers with sigoéntly increased numbers of

dystrophin-positive fibers (Figure 8F and 8G) conid the benefits of glycine on



exogenous MuSC transplantation. These findings aiighe conclusion that glycine

enhances cell transplantation.

Discussion

Glycine is known to have a wide spectrum of funwi@gainst different injuries and
disease. Here we demonstrate that glycine promotes thenogtof PMOs and cell
transplantation in dystrophic mice. Therapeuticelsvof dystrophin and functional
improvement were achieved mdx mice with extremely low doses of PMO (25
mg/kg) without any detectable toxicity. Importantlyp to 50-fold higher level of
dystrophin was produced in abdominal muscles of P®Qreated mdx mice
compared to PMO-S, showing the potency of gly@mienproving this low dose of
PMO. Dissection of glycine functionality revealedat glycine promotes muscle
regeneration which in turn results in increased PMf@ake and consequent
dystrophin expression in muscle. Mechanisticallfycige potentiates muscle
regeneration by strengthening mTORC1 activation RegB and v-ATPase and
replenishing the one-carbon unit pool. Strikinglglycine improves not only
endogenous MuSC proliferation but also exogenolidreasplantation efficiency in
dystrophic mice. Our study provides a simple apgndar improving the efficacy of

nucleic acids therapeutics and cell therapy analiasght for the role of glycine.

Glycine is vital for mammalian metabolism and rtign and is considered a

conditionally essential amino acid, therefore ha®rb extensively used as food



additive’®. In our current study, we further confirmed it$esp and biocompatibility
as repeated administrations of physiological cotreéon of glycine (120l of 50
mg/ml into adultmdx mice, which would have a total blood volume ofGl) with
PMO elicited significant functional rescue witharny detectable toxicity. Although
therapeutic levels of dystrophin were restored odybwide peripheral muscles with
low doses of PMO when administered with glycine,faied to detect any dystrophin
expression in the heart and dystrophin typicallgdmees detectable in dystrophic
hearts only when the dose of PMO is 300mdflkgnterestingly, marginal
improvements in cardiac functions were observedthia heart from repeated
treatments of PMO-G for 6 months compared to PMan8 untreated age-matched
mdx controls (data not shown). Further studies witptide-modified PMO¥ are
warranted to see if heart delivery can be achieasdthe heart is particularly

challenging to deliver to.

Interestingly, unlike hexo$® glycine promotes PMO uptake by activating MuSC
proliferation and muscle regeneration rather thaactdy improves PMO uptake in
dystrophic muscles. Thus, it might be unnecessaadminister glycine together with
PMO for future clinical uses. Glycine can be takea dietary supplementation,
whereas PMO drugs can be administered via the atglitxoute approved by FDA,
which can enhance the therapeutic efficacy of apgmdMD AO drugs without the
requirement for further clinical assessment. Glgcimot only provides necessary

nutrition for DMD patients and promotes satelligdl @roliferation but also serves as



an enhancer for approved AO drugs and eases DMiPnpsiteconomic burdens by
reducing the dose and related costs; thereforangiymay kill four birds with one
stone. Notably, a significant bodyweight gain waserved in PMO-G treateaidx
mice compared to PMO-S in the long-term study, Whi likely attributed to the
increased muscle mass stimulated with glycine imkboation with dystrophin
restoration as no bodyweight gain was observedhdr mice with glycine alone
(unpublished observation). In addition, we investiggl the effect of PMO-G in aged
madx mice, which showed more severe inflammation amdo§iis with much less
muscle preservéd and a similar potency was achieved with enhanuerscle
regeneration and PMO activities (data not shown}hér highlighting the benefits of
glycine in treating DMD patients irrespective ofeag Worth mentioning, recent
studies with glycine alone or glycine together wtlednisolone extended lifespan of
mice or alleviated the pathological progression diystrophic mice® % further

confirming the beneficial effect of glycine in geak

Another important finding from our current studythet we demonstrated that glycine
can activate mTORC1, a central nutrient-sensingvgay °°, in dystrophic muscle.
Amino acids are shown to communicate with mTORCa& 4 lysosome-based
signalling system; however it remains unclear abbotv amino acids regulate
MTORC1 as the existence of different transport rapigms for amino acids
complicates the situatidh In our study, although we proved that glycineesfie

MTORCL1 activation was involved in muscle regeneratin dystrophic mice and



glycine likely activates mTORCL1 via v-ATPase andgBatwo key components for
the shuttle of mMTORC1 from peripheral to lysosotfieand further studies are

warranted to address how mTORC1 senses glycineistla

One major hurdle for the clinical implementation oéll therapy is the low
transplantation efficiency, which is likely due fwor retention and survival of
transplanted celfé. Here we show that glycine not only promotes eedogs MuSC
proliferation but also increases exogenous catisptantation efficiency in dystrophic
mice, suggesting that glycine can improve cell dpgr We adopted the protocol of
pre-administration based on the assumption thaimgdycan prevent the activation of
immune cells as shown for liver transplantatfomnd monitored the fluorescence of
EGFP-positive MuSCs after transplantation in CTKdiad TA muscles ofmdx mice

in a real time manner. Although the results shostednger fluorescence signals in
TA muscles from glycine-induced mice compared te $laline control at different
time-points after transplantation, we were uncer@out whether the presence of
glycine increases cell retention and survival anpotes its proliferation due to the
low fluorescence intensity and auto-fluorescenaamfrmuscle. Further detailed
studies to understand how glycine impacts on cgalhgplantation are warranted.
Nevertheless, our study demonstrated a proof-oteginthat glycine can enhance cell

transplantation.

In summary, we demonstrate that glycine potentiaf€3 efficacy and cell



transplantation and thus open a fundamentally neemw@e to overcome the challenge
of in-vivo systemic delivery of nucleic acids and cell thgraddoreover, our findings
unveil the role of glycine as an activator of mTQR@athway in muscular

dystrophies.

Materials & Methods

Animals and injections

Adult mdx mice (6~8-week old) and age-match@87BL/6 mice were used in all
experiments (the number of mice per group was Bpdcin corresponding Figure
legends). Mice were housed under specific pathdgeneonditions in a temperature
-controlled room. The experiments were carried wuthe Animal unit, Tianjin
Medical University (Tianjin, China), according taogedures authorized by the
institutional ethical committee (Permit Number: S¥X2009-0001). For local
intramuscular injection, 22g PMO was dissolved in saline or other solutions: F
intravenous injections, various amounts of PMO #0 1l saline or amino acids
solutions were injected into tail vein ofdx mice at 25 or 50 mg/kg per week for 3
weeks. For the long-term systemic study, PMO ircigly or saline was repeatedly
injected at 25 mg/kg per week for 3 weeks with 5§fmi glycine administered every
other day for the first 3 weeks, followed by 25 kygper month for 5 months with 50
mg/ml glycine injected weekly imdx mice intravenously. For mechanistic studies, 2
ug PMO was dissolved in glycine with Ou@ tetrahydrofolate, 0.2g methotrexate

(Sigma, USA)*® or 3 g Bitopertin or 5ug PP242 (Selleck, USA) Or 2 ug PMO



was dissolved in 50 mg/ml formate (Sigma, USA) et @y tetrahydrofolat®. Mice
were killed by CQinhalation at 2 weeks after the last injection gal®@therwise
specified, and muscles and other tissues were fs0aen in liquid nitrogen-cooled

isopentane and stored at -80 °C.

Oligonucleotides
Unlabeled and FITC- or lissamine-labeled PMO wearglsesized by GeneTools LLC
(Corvallis, Oregon, USA). PMO (5'-ggccaaacctcggattgaaat-3’) sequences were

targeted to murindmd exon 23 / intron 23 boundary Site

Protein extraction and Western blot

For the detection of dystrophin in muscle tissu&estern blot was performed as
described previouslty. Briefly, total protein was extracted from frozewscles and
the protein concentration was quantified by Bradifassay (Sigma, USA). Various
amounts of protein from wild-typ€57BL/6 mice were used as positive controls, and
corresponding amounts of protein from muscleseadted or untreateddx mice were
loaded onto SDS-polyacrylamide electrophoresis @éls stacking and 6% resolving),
followed by transfer to the PVDF membrane. The memé was then washed and
blocked with 5% skimmed milk and probed overnightthwprimary mouse
monoclonal antibodies including DYS1 (1:200, Noveta, UK) anda-actinin
(2:4000, Sigma-Aldrich, USA). For the detectiomoTOR and other related proteins,

4% stacking and 6% resolving or 4% stacking and 1Q%solving



SDS-polyacrylamide electrophoresis gels were usedpectively. The following
primary antibodies were used at the indicated iditutor Western blot analysis: rabbit
monoclonal antibodies including mTOR (1:1000), pgitesmTOR (1:500), S6
ribosomal protein (1:1000), phospho-S6 ribosomatein (1:1000), phospho-4E-BP1
(2:500), RagB (1:1000), p70S6K (1:500), phospho§6#0 (1:500), GAPDH (1:1000;
Cell Signaling Technology, USA); 4E-BP1 (1:4000,can, UK); and alpha tubulin
mouse monoclonal antibody (1:1000; Abcam, UK). $édeny HRP-tagged antibody
(1:4000; Sigma, USA) was used and signals werealimed with ECL Western
blotting analysis system (Amersham Pharmacia Bevgds). Bands were quantified
by densitometric analysis using ImageJ softwaregnamm (USA). The dystrophin/
a-actinin ratios of treated samples were normalizedthe averageC57BL/6
dystrophin é-actinin ratios (from serial dilutions). The rabbphosphorylated mTOR
and other proteins relative to corresponding tptakein expression was calculated
based on the mean value of band intensity with &ndgsoftware. At least three

biological samples were examined unless otherwiseiied.

Immunohistochemistry

Immunohistochemistry for dystrophin and embryonigosin heavy chain was
performed as previously describéd Briefly, 8um of cryosections were fixed in
DPBS for 10 min and blocked for 1 hr in DPBS supmeted with 20% goat serum
and 10 mg/ml BSA (Sigma-Aldrich, MO, USA). Rabbiblyclonal antibody 2166

against the dystrophin C- terminal region (1: 3& antibody provided by Professor



Kay Davies, Department of Physiology, Anatomy amh@&ics, University of Oxford),
mouse monoclonal antibody BF-45 (1:30; Developmiestiadies hybridoma bank,
University of lowa, USA) and laminin (1:400; rabloitonoclonal antibody, Abcam,
UK) were used. For the detection of DAPC componesgsal sections were stained
with a panel of polyclonal and monoclonal antibsdas described previousty.
Briefly, rabbit polyclonal antibody to neuronal mitoxide synthase (1:50) and mouse
monoclonal antibodies ®-dystroglycanp-sarcoglycan anfl-sarcoglycan were used
according to the manufacturer’s instructions (1;28@vocastra, UK). Polyclonal
antibodies were detected by goat-anti-rabbit Ig@xAal 594 and the monoclonal
antibodies by goat-anti-mouse IgG Alexa 594 (Molactrobe, UK). The M.O.M.
blocking kit (Vector Laboratories, Inc., Burlingam@A, USA) was applied for the
immunostaining of the DAPC. For the immunostainiigPAX7, Ki67 and laminift,
8um of cryosections were fixed with 4% paraformaldidnyPFA) for 15 min at room
temperature (RT), followed by washing with 1% Tinit§-100 in PBS for 5 min for 3
times. Subsequently, slides were immersed in PEiG@&e buffer heated at 100°C for
10 min, followed by blocking with 10% affinipure Fagoat anti mouse IgG (1: 10;
Jackson Immunoresearch, USA) in 1% Triton X-1001fdwr at RT and replaced with
20% goat serum and 10 mg/ml BSA in 1% Triton X-I®030 min at RT prior to the
incubation with PAX7 mouse monoclonal antibody (D3 a gift from the Prof.
Hongbo Zhang, ZhongShan University, GuangZhou, &hiii67 (1:1000; rabbit
monoclonal antibody, Abcam, UK). Rabbit monoclomatibody was detected by

goat-anti-rabbit IgG Alexa 594 and mouse monoclardlbodies were detected by



goat-anti-mouse IgG Alexa 488 (Invitrogen, USA)r Bee detection of FITC-labelled
PMO in muscle tissues, |8n of cryosections were fixed with 4% PFA for 15 nain
RT, followed by fixation with ice-cold acetone f&0 min. Subsequently, sections
were blocked in DPBS supplemented with 20% goatrseand 10 mg/ml BSA for 1
hr, followed by the incubation with anti-fluoresegil:200, Life Technologies, MA,
USA) overnight at 4°C. Wheat germ agglutinin-Ale¥duor 647 (1:500; Life
Technologies, MA, USA) was applied to the sectiors10 min at RT and washed
with DPBS for 3 times 5 min each time. Sectionsem@ounted with in fluorescent

mounting medium (DAKO, CA, USA) with 0.1% DAPI.

Cell culture

HEK293T cells or murine C2C12 myoblasts were kagtouse and cultured at 37°C
in 5% CQ in Dulbecco’s modified Eagle’s medium (DMEM) suppiented with 10%
fetal calf serum (FBS) and 1% penicillin and stoepycin. HEK293T cells (7x1¥) or
murine C2C12 myoblasts (9x)0vere seeded in 96-well plates for 12 hrs pricth®
replacement with total amino acid-free high glucB$dEM (Thermo Fisher, USA)
for 1 hr, followed by the addition of total amingié mixture consisting of MEM
amino acids solution (1:50 vol /vol) and MEM norsestial amino acids solution
(2:200 vol/vol) (Thermo Fisher, USA) or 0.8mM glgei (Sigma, USA) for 24 hrs.
Cells were counted with hemocytometer. For the anaicid starvation experiments,
10% dialyzed FBS was depleted unless otherwisecateti®. For the v-ATPase

blocking experiment, 1 uM Baf A1 (MCE, USA) was addnto the starved cells for



1 hr prior to stimulation with total amino acidsglycine for 30 min. To examine the
effect of different concentrations of glycine on ®Muptake in differentiating
myotubes and proliferating myoblasts, FITC-labelleMO (1uM) and different
concentrations of glycine were added into diffeis@intg myotubes (24 hrs after
differentiation induction) and proliferating myobta. The fluorescence was measured

48 hrs later with plate-reader.

Immunocytochemistry

HEK293T cells (1x1f) or murine C2C12 myoblasts (1X)Owere seeded on
matrixgel-coated glass coverslips in 24-well pldtas24 hrs prior to the replacement
with total amino acid-free high glucose DMEM (Therrkisher, USA) for 1 hr,
followed by the addition of total amino acid mixtuconsisting of MEM amino acids
solution (1:50 vol /vol) and MEM non-essential amiacids solution (1:100 vol/vol)
(Thermo Fisher, USA) or 0.8mM glycine (Sigma, USAa) 10, 20 or 30 min. Cells
were fixed with 4% PFA and permeabilized with 0.5%ion X-100 in DPBS for 10
min, followed by rinsing with DPBS 3 times and Wtow with 20% goat serum in
DPBS for 90 min. The following primary antibodiesciuding mTOR rabbit
monoclonal antibody (1:100), LAMPt monoclonal antibody (1:200) and mouse
monoclonal antibodies LAMP2 (1:100, Abcam, UK), PAKL:300) and MyoD (1:100;
Santa Cruz, USA) were incubated with the covershparnight at 4°C, followed by
washing with PBST (0.1% tween-20 in DPBS) 3 timesif each time. Secondary

antibodies including goat-anti-mouse IgG Alexa 48200), goat-anti-rat IgG Alexa



488 (1:200) and goat-anti-rabbit 1gG Alexa 594 QD2 Invitrogen, USA) were
incubated for 1 hr at RT. Coverslips were mountath wn fluorescent mounting
medium (DAKO) with 0.1% DAPI and visualized with rdocal fluorescence
microscopy (Zeiss LSM510, Germany) or (Olympus F&1,0Japan). Image J and
Image-Pro Plus software (USA) were used for thentjfieation and co-localization

analysis.

Histology

To examine the presence of CD3 T lymphocytes anctapaages in muscle tissues
from treatedmdx or control mice, muscle tissues were fixed in Bdauisolution
(Sigma-Aldrich, USA) and embedded with paraffin. &DT lymphocytes or CD68+
macrophages were stained with rabbit polyclonaibadies CD3 (1:200) or CD68
(1:400, Abcam, UK) and detected by goat-anti-ralsigitondary antibody (Sigma,
USA). To measure the fibrotic areas, Masson’s tapte staining kit (Sigma, USA)
was applied as per manufacturer’s instructions.tiReuH&E staining was used to
examine the overall liver and kidney morphology @sdess the level of infiltrating

mononuclear cells. Quantification analysis wasgrened using Image J software.

Tissue distribution
Lissamine-labelled PMO was diluted in 120saline or glycine and administered into
adultmdx mice intravenously at 25 mg/kg/day for 3 days asglies were harvested 4

days later. For the glycine-induction experimeiilamdx mice were treated by 50



mg/ml glycine every other day for one week priorstogle intravenous injection of
FITC-labelled PMO at 50 mg/kg doses, tissues wargdsted 48 hrs later. Perfusion
was performed with 50 ml of cold PBS to wash owtefroligonucleotides in

circulation. Body-wide muscles, liver, kidney andhib were harvested for imaging

and quantification with IVIS imaging system (PE,A)S

Generation of RagB knockout HEK293T cells

HEK293T cells were transfected with CRISPR/Cas9esging lentivirus (Lentiviral
CRISPR Toolbox, Zhanglab, USA), followed by 2 pg/iiasticidin selection for 2
weeks. Cas9-expressing HEK-293T cells were tratedfleevere transfected with
sgRNA-expressing lentivirus for 24 hr, followed byg/mL puromycin selection for
2 weeks. The guide sequence targeting Exon 3 of ahuiRagB is 5'-
CCACCACTAGGGGAACCGGA-3*. The sgRNA was cloned into a

LentiGuide-puro vector &smBl site as previously report&d

RNA extraction and RT-PCR analysis

Total RNA was extracted with Trizol (Invitrogen, JKas per the manufacturer’s
instructions. For the detection of PMO-mediate egkipping of murinedmd gene,
200 ng of RNA template was used for 20 ml reveraescriptase-PCR (RT-PCR)
with One Step RT-PCR kit (Qiagen, UK) and nestedPRR was performed as
described previously. The products were examined by electrophoresisa a2

agarose gel. For the validation of cell cycle-mthgene expression, 1ug RNA as



template was reverse transcribed into cDNA withn$aiptor first strand cDNA
synthesis Kit (Roche, Germany) per the manufactir@structions. Quantitative
real-time PCR (gPCR) was performed with SYBR Gr@eoche, Germany) on 7500
Fast Real-Time PCR System (Applied Biosystems, UPA)mers used for the study
were listed CCNELl: forward 5-CCTGCAGATGCTGTGCTCTAT, Reverse
5-CATCCCACATTTGCTCACAAC-3’; CDK1: forward 5'- ACACTTTCCCAAG
TGGAAGC-3', Reverse 5-GCCATTTTGCCAGAGATTCGCDC20: Forward 5'-
TTCCCAGGTGTGCTCCATCC-3', Reverse 5-CCCGTGCTGTGTAICITG-3’;
CCNB1: forward 5-GCGTGTGCCTGTGACAGTTA-3Reverse 5'- CCTAGCGTT
TTTGCTTCCCTT-3; CCNB2: Forward 5-TGTCAACAAGCAGCCEAAC-3,
Reverse 5-TCAGAGAAAGCTTGGCAGAGG-3’; CCNA1L: Forwafl-GCTGGC
CATGAACTACCTG-3', Reverse 5-AGAGGCCACGAACATGC-3’; B actin:
Forward 5’-TGCACCACCAACTGCTTAG-3', Reverse 5’-GGATTAGGGATGAT
GTTC-3'. All gPCR data were performed with at letistee biological replicates. The

PCR products were confirmed by proper melting csirve

RNA sequencing

Total RNA (3ug/sample) was extracted from primary myoblasttaied frommadx
mice followed by incubation in 0.8mM glycine for 2#s. RNA sequencing was
performed as described previofélyBriefly, sequencing libraries were generated
using NEBNext Ultra™ RNA Library Prep Kit for lllumin& (NEB, USA) per

manufacturer’s instructions and index codes wededdo attribute sequences to each



sample. The clustering of the index-coded sampkes performed on a cBot Cluster
Generation System using TruSeq PE Cluster Kit v8tdBS (lllumia, USA)
according to the manufacturer’s instructions. Aftduster generation, the library
preparations were sequenced on an lllumina Hise®p 38atform and 100/56p
single-end reads were generated. DESeq R packadeI)lwas used for determining
differential expression in digital gene expressdata using a model based on the
negative binomial distribution. Benjamini and Hoehijs approach was used to
adjust the resulting P-values for controlling tladsé discovery rate. Genes with an
adjusted P-valug 0.05 were assigned as differentially expressed.eg@ package
was used for Gene Ontology (GO) enrichment analgsidifferentially expressed
genes, in which gene length bias was corrected.t€&m@s with corrected £0.05
were considered significantly enriched by differalhy expressed genes. Clustered
heat-maps were produced by cluster 3.0 softwargir@i data were uploaded to

Gene Expression Omnibus database with accessiohetu@SE130843.

GLDC knockdown in mdx mice

For theGLDC knockdown experiment, three different short hairBNA (ShRNA)
target sequences were selected and optimized by T@lshnology Co., Ltd (Shanghai,
China). The selecte@6LDC shRNA was packaged in AAV2/8 serotype plasmid.
High-titre AAV2/8 particles were produced and suggblby Obio Technology Co., Ltd
(Shanghai, China). AAV2/8 particles (40) were injected into TA muscles ofidx

mice and the knockdown efficiency of GLDC proteiasadetected at 1 and 3 weeks



post-injection. PMO (21g) in glycine was administered into the same TA ctessof
mdx mice treated witlGLDC shRNA 1 week after transduction and TA musclesswer

harvested 2 weeks after injection.

Isolation of primary myoblasts

Hindlimb muscles including gastrocnemius, quadiicepd TA were dissected and
washed with pre-cooled D' hanks buffer. All musclese minced and digested with
400 U/ml of type Il collagenase (Sigma, USA) in lzinks for 2 hrs at 37°C and
centrifuged at 7509 for 5 min. The digested fibellgis were vortexed and filtered
through 70um and 40um cell strainers, respectively, followed by centgétion at
750g for 5 min and seeded in matrigel-coated (1:1Dfrning, USA) petri-dishes.
Isolated primary myoblasts were cultured in Ham$0HGibco, USA) supplemented
with 20% FBS, 10% horse serum, 1% penicillin-sioepgcin (Gibco, USA) and 2.5
ng/ml bovine fibroblast growth factor (FGF) (Pepecii, USA). To examine the
effect of glycine on isolated primary myoblastplaged primary myoblasts were
cultured in growth medium supplemented with différeoncentrations of glycine in

96-well plates for 24 hrs, followed by cell coungfiwith hemocytometer.

Isolation of satellite cells
Hindlimb muscles were minced and digested with BBl of type Il collagenase
(Sigma, USA) in D' hanks for 60 min at 37°C andntleentrifuged at 7509 for 5 min,

followed by digestion with 60 U/ml type Il collagase and 3 U/ml type Il dispase



(Sigma, USA) for 45 min at 37°C. The digested fipetlets were filtered through
70um and 40um cell strainers, respectively, and washed and tesnspended in D'
hanks buffer and immediately stained with anti-neouantibodies including
PE-VCAM (1:500), FITC-CD31 (1:500), FITC-CD45 (1®0 and APC-Sca-1
(1:1000, eBioscience, USA) for 30 min at 4°C, falta by analysis and sorting using
the BD FACS Aria Il instrument (USA). For the isttan of satellite cells from
skeletal muscle explants, it was adopted from previreport®. Briefly, skeletal
muscles isolated from hindlimbs were minced int@amieces and digested with 500
U/ml type Il collagenase and 3 U/ml type Il dispasd' hanks for 60 min at 37°C,
followed by centrifugation at 300g for 5 min. Thbedr pellets were resuspended in
high glucose DMEM (Gibco, USA) supplemented wit®26BS, 10% horse serum,
1% penicillin-streptomycin, 1% Antibiotic-Antimitat and 2.5 ng/ml bFGF. The
suspension containing small pieces of muscle tssswses seeded on matrigel-coated
flasks at 10-20% surface coverage and incubate87af and 5% CO2 to allow
attachment of the tissues to the surface and subseqigration of cells for 3-5 days.
Cells from skeletal muscle explants were detachiéd @25% trypsin and centrifuged
at 300g for 5 min. To separate the non-myogenits dadm myoblasts, cells were
seeded on 0.2% gelatin-coated flasks and inculzt8d°C and 5% Cg&for 1 hr and

the supernatant was transferred to a matrigel-daditdh for subsequent culture.

Myoblast transplantation in mdx mice

Cardiotoxin (CTX) (2ug) was injected into TA muscles afdx mice and primary



myoblasts (1x1%) or MuscS (1x1%) were transplanted into the same injured TA
muscle 1 day later as reported previolfsiidx mice were fed with 7.Bg/l FK506
(Astellas, Japan) in the drinking water every dayirty the experimental period as
reported previousf} °® Glycine (120ul) was intravenously injected intmdx mice
every other day for 1 week prior to cell transpddiain and continuously injected with
the same dosing regimen during the experimentabgeireatedmdx mice were
monitored at week 1, 2 and 3 after transplantatiih the IVIS imaging system (PE,
USA). TA muscles were harvested 3 weeks after plansation and frozen in liquid

nitrogen for storage.

Functional grip strength and running wheel test

Treated and control mice were tested using a cowgialegrip strength monitor
(Chatillon, West Sussex, UK) as described previdtisBriefly, each mouse was held
2 cm from the base of the tail, allowed to gripratpuding metal triangle bar attached
to the apparatus with their forepaws and pulledtlgamtil they released their grip.
The force exerted was recorded and five sequetdsts were carried out for each
mouse, averaged at 30s apart. Subsequently, tléngsafor force recovery were
normalized by the body weight. For muscle enduranuee were placed in cages
equipped with voluntary running wheels (Zhenhuahuéin China) in a quiet and
cleanly room at a temperature of 24+1°C. Runnimgl€s were recorded and distance

was analyzed.



Clinical biochemistry

Serum and plasma were taken from the jugular vaimediately after killing with
CO, inhalation. Analysis of serum creatinine kinasepatate aminotransferase,
alanine aminotransferase, creatinine and urea essrmed by the clinical pathology

laboratory (Tianjin Metabolic Disease Hospital,fjin, China).

Data analysis

All data are reported as mean values + s.e.m.s8tal differences between different
treated groups were evaluated by Sigma Stat (Sgsfavare Inc., Chicago, IL, USA).
Both parametric and non-parametric analyses weptieabas specified in figure

legends. Significance was determined based in p<0.0
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Figure legends

Figure 1. Screening of amino acids with PMO in adalmdx mice. (A) Different
concentrations of nutrients used for the study.tidphin expression following single
intramuscular injection of 2,g PMO intomdx TA muscles B-C) or intravenous
injection of PMO at 25 mg/ kg/week for 3 weeks iffedent amino acid solutions or
saline inmdx mice, respectivelyl¥-E). (B) Immunohistochemistry and quantitative
analysis for dystrophin-positive fibers imdx TA muscles treated with single
intramuscular injection of 2g PMO in different nutrients (scale bar=10f). The
concentration was 5% as illustrated in (A). Forcglg and saline groups, the number
of animals used per group is 6 (n=6) and the & (n=3;0ne way-ANOVA post
hoc Student-Newman-Keuls test). Red staining oerfinembrane shows dystrophin
expression. Nuclei were counterstained with DARu€D (the same is for the rest
unless otherwise specifiedC)Y Representative Western blot and quantitativeysigl
for dystrophin expression in TA muscles fromdx mice treated with single
intramuscular injection of PMO in different solut& For glycine and saline groups,
the number of animals used per group is 6 (n=6) #red rest is 3 (n=30ne
way-ANOVA post hoc Student-Newman-Keuls test-actinin was used as the
loading control. 5 pg, 2.5 pg and 0.5 ug total girofrom C57BL/6 and 50 pg from
muscle samples from untreated and treatdd mice were loaded. TA muscles from
C57BL/6 were used as normal controls (the same for all t¥viesblots unless
otherwise specified). ) Immunohistochemistry for dystrophin expression in

body-wide muscles frommdx mice treated with PMO in saline or amino acid



solutions (5%) at 25 mg/kg/week for 3 weeks intreuesly. TA represents tibialis
anterior (scale bar=10am). (E) Western blot and quantitative analysis of dydtiop
expression in body-wide muscles franaix mice treated with PMO in glycine (n=4),
serine or saline (n=3) at 25 mg/kg/week for 3 weeksravenously (One
way-ANOVA posthoc Student-Newman-Keuls test). 0.5 pg, 2.5 uganpd total
protein fromC57BL/6 and 50 pg from muscle samples from untreated esated
mdx mice were loaded.F) Immunohistochemistry for dystrophin expression in
body-wide muscles frormdx mice treated with PMO in glycine at 25 mg/kg/wéek

3 weeks with (+Gly) or without additional glycingsly) every other day for 5 weeks
intravenously (scale bar=100m). (G) Western blot for dystrophin expression in
body-wide muscles frormdx mice treated with PMO in glycine at 25 mg/kg/wéek

3 weeks with (+Gly) or without additional glycingsly) every other day for 5 weeks
intravenously. 0.5 pg, 2.5 ug, 5 pg and 15 g totadein fromC57BL/6 and 50 ug
from muscle samples from untreated and treatdxl mice were loaded. TA-tibialis
anterior, Q-quadriceps, G-gastrocnemius, T-tricepsabdominal muscle and
D-diaphragm. ) Quantitative analysis of dystrophin expression body-wide
muscles frommdx mice treated with PMO in glycine at 25 mg/kg/wdek 3 weeks
with (+Gly) or without additional glycine (-Gly) evy other day for 5 weeks
intravenously (n=4; One way-ANOVA post h&tudent-Newman-Keuls test)l) (
ELISA assay for measurement of glycine in serurmfrodx mice treated with PMO
in glycine at 25 mg/ kg/week for 3 weeks with (+§50r without additional glycine

(-Gly) every other day for 5 weeks intravenously4h Data are presented as means



ts.e.m. (*p<0.05; **p<0.001).

Figure 2. Long-term repeated administartions of PMOin glycine (PMO-G) or in
saline (PMO-S) in adult mdx mice. PMO-G was administered intravenously into
adult mdx mice at 25 mg/kg/week for 3 weeks with additioglgicine administration
every other day intravenously followed by 25 mgfghth for 5 months with
additional glycine administration every one weekramwenously. A) Diagram of
dosing regimen for the long-term study mdx mice. i.v. refers to intravenous
injection. B8) Immunohistochemistry for dystrophin expressiomaty-wide muscles
from mdx mice treated with PMO-S or PMO-G (scale bar={160. (C) Western blot
for dystrophin expression in body-wide muscles frodx mice treated with PMO-G
or PMO-S. 2.5 ug, 5 ug, 10 pg and 25 ug total prdtem C57BL/6 and 50 pg from
muscle samples from untreated and treatdximice were loaded. TA-tibialis anterior,
Q-quadriceps, G-gastrocnemius, T-triceps, A-abdammuscle and D-diaphragnD)
Quantitative analysis of dystrophin expression adywide muscles from treated
mdx mice (n=4; two-tailed t test)Ej Re-localization of DAPC components in treated
mdx mice to assess dystrophin function and recoverynainal myoarchitecture
(scale bar=5@um). The arrowheads point to identical myofibeFs. Measurement of
serum creatine kinase (CK) levels in treatadk mice (n=4; One way-ANOVA post
hoc Student-Newman-Keuls testl)(Muscle function was assessed to determine the
physical improvement with grip strength test (n€3ne way-ANOVA post hoc

Student-Newman-Keuls test)H)Y Measurement of muscle endurance with the



running wheel test (n=4; One way-ANOVA post Haitident-Newman-Keuls test).

Data are presented as means xs.e.m. (*p<0.05; *§&40.

Figure 3. Glycine promotes PMO uptake in synergizig with muscle
regeneration in mdx mice. (A) Immunohistochemistry and quantitative analysis fo
dystrophin-positive fibers imdx TA muscles injected with 2 ug PMO followed by
separate administration of glycine 16 hr later lgschar=100um) (n=3; One
way-ANOVA post hoc Student-Newman-Keuls test).BY Western blot and
guantitative analysis for the dystrophin protein treated mdx mice (n=3; One
way-ANOVA post hocStudent-Newman-Keuls testCY Immunohistochemistry for
PAX7" and Ki67 muscle satellite cells (MuSCs) in TA and gastrocius muscles
from mdx mice treated with saline or glycine every othey fita 1 week intravenously
(scale bar=10Qum). TA-tibialis anterior. The arrowheads point t&X7" and Ki67
MuSCs. D) Quantitative analysis for PAX7and PAX7Ki67" MuSCs in TA and
gastrocnemius muscles from treateatdx mice (n=4; two-tailed t test). E]
Immunohistochemistry for embryonic myosin heavy ichapositive (eMyHC)
regenerating myofibers in gastrocnemius from ticbaigx mice. FITC-labelled PMO
in glycine (PMO-G) or saline (PMO-S) was intravesiguadministered into adult
mdx mice at 50 mg/kg for single injection and muschlesre harvested 48 hr later
(scale bar=10@m). Fluorescently tagged wheat germ agglutinin (WW@aAs used for
the visualization of connective tissues. The armads point to the eMyHC

regenerating myofibers and FITC-labelled PM®) Quantitative analysis for the



fluorescence intensity of eMyHQegenerating myofibers in TA and gastrocnemius
muscles from treatedhdx mice (n=3; two-tailed t test)&) Representative RT-PCR
to detect the exon-skipping efficiency, which i®sh by shorter exon skipped bands
(indicated byAexon 23-exon 23 skipped). G- gastrocnemibly. Nleasurement of the
uptake of FITC-labelled PMO in differentiating (Efentiating) and proliferating
myoblasts (Proliferating) treated with differentncentrations of glycine (n=4; One
way-ANOVA post hoc Student-Newman-Keuls test). NC refers to untreated
differentiating myotubes or proliferating myoblastd) Tissue distribution of
FITC-labelled PMOs immdx mice and quantitative analysis of fluorescencensity

in body-wide tissues. Body-wide tissues were hdeed8 hr after single intravenous
injection of FITC-labelled PMO in glycine (PMO-G} saline (PMO-S) at the 50 mg/
kg doses (n=3; two-tailed t test). A-abdominal nheis€@Q-quadriceps, TA-tibialis
anterior, G-gastrocnemius, T-triceps, H-heart, HAlgy, L-liver and B-brain. Data are

presented as means ts.e.m. (*p<0.05).

Figure 4. Glycine potentiates PMO activity by replaishing one-carbon unit pool
(A) Immunohistochemistry for PAX7and Ki67 MuSCs in TA muscles frormdx
mice treated with PMO-G and bitopertin (BP) (scbs=100um). Glycine or the
mixture of glycine and BP was administered imiix TA muscles and muscles were
harvested 3 days later. The arrowheads point to PAahd Ki67 MuSCs. B)
Quantitative analysis for PAX7and PAX7Ki67" MuSCs in TA muscles from

treatedmdx mice (n=3; One way-ANOVA post h&tudent- Newman-Keuls testCX



Immunohistochemistry and quantitative analysiseltlyHC' regenerating myofibers
in TA muscles from treatedhdx mice (scale bar=100m) (n=3; One way-ANOVA
post hocStudent-Newman-Keuls test)DY Immunohistochemistry and quantitative
analysis for dystrophin-positive fibers in TA musslfrom treatedndx mice (scale
bar=100um) (n=3; One way-ANOVA post hoStudent-Newman-Keuls test). PMO
(2 ng) in saline and other solutions was injected midx TA muscles and muscles
were harvested 2 weeks late)(Western blot and quantitative analysis for
dystrophin expression in TA muscles from treatetx mice (n=3; One way-ANOVA
post hocStudent-Newman-Keuls test). 2.5 pg and 5 ug tatastepr from C57BL/6
and 50 pg from muscle samples from untreated @adietindx mice were loadedF
Immunohistochemistry for PAX7and Ki67 MuSCs in TA muscles from treateatlx
mice (scale bar=100m). Glycine, formate, THF or the mixture of glycimi¢h MTX

or THF was injected iimdx TA muscles and muscles were harvested 3 days later
THF and MTX refer to tetrahydrofolate wrethotrexate, respectively. The arrowheads
point to PAX7 and Ki67 MuSCs. G) Quantitative analysis for PAX7and
PAX7'Ki67" MuSCs in TA muscles from treateoix mice (n=3; One way-ANOVA
post hocStudent-Newman-Keuls testiH) Immunohistochemistry and quantitative
analysis for eMyHC regenerating myofibers in TA muscles from treatatk mice
(scale bar=10@m) (n=3; One way-ANOVA post hoStudent-Newman-Keuls test).
(1) Immunohistochemistry and quantitative analysisdgstrophin-positive fibers in
TA muscles from treateohdx mice (scale bar=100m) (n=3; One way-ANOVA post

hoc Student-Newman-Keuls test)J)(Western blot and quantitative analysis for



dystrophin expression in TA muscles from treatetx mice (n=3; One way-ANOVA
post hocStudent-Newman-Keuls test). 0.5 pug, 5 pg and 1QGqgtaj protein from
C57BL/6 and 50 pg from muscle samples from untreated @adeidmdx mice were

loaded. Data are presented as means s.e.m. (p<0<0.001).

Figure 5. Disruption of glycine decarboxylase (GLDE compromise glycine’s
functionality in mdx mice. (A) Western blot analysis to determinéLDC
knock-down efficiency at the protein level in TA sules transfected witlbLDC
shRNA-expressing AAV2/8 viruses imdx mice 3 weeks later (n=3). SC refers to
AAV2/8 expressing scramble shRNA)(Immunohistochemistry for PAXMuSCs

in TA muscles from treatechdx mice (scale bar=100m). The arrowheads point to
PAX7" MuSCs. C) Quantitative analysis for PAX7MuSCs in TA muscles from
treatedmdx mice (n=3). D) Immunohistochemistry and quantitative analysis fo
eMyHC" regenerating myofibers in TA muscles from treatatk mice (n=3). E)
Immunohistochemistry for dystrophin-positive fib@&msTA muscles from treateahdx
mice (scale bar=100m). (F) Western blot and quantitative analysis for dystio
expression in TA muscles from treat@dx mice (n=4). 2.5 ug and 5 pg total protein
from C57BL/6 and 50 pg from muscle samples from untreated @adeidmdx mice
were loaded. Two-tailed t test was used for statishnalysis (*p<0.05; **p<0.001).

Data are presented as means xs.e.m.

Figure 6. Glycine augments PMO activities by heiglening mTORC1 activation



in mdx mice. (A) Western blot to detect phosphorylated mTOR, Sl S6
expression in quadriceps fromdx mice treated with PMO-S or PMO-G at 25
mg/kg/week for 3 weeks with additional supply ofyahe every other day for 5
weeks intravenouslyu-actinin was used as the loading control. 50 pgl tptotein
were loaded. B) Quantitative analysis of the ratio of phosphastamTOR, S6K1
and S6 to mTOR, S6K1 and S6 total protein exprasseaspectively (n=3; two-tailed
t test). C) Immunohistochemistry for PAX7and Ki67 MuSCs in TA muscles from
treatedmdx mice (scale bar=10am). Glycine (Gly) or the mixture of glycine with
PP242 (Gly/PP242) was injected imoix TA muscles and muscles were harvested 3
days later. The arrowheads point to PAXahd Ki67 MuSCs. D) Quantitative
analysis for PAX7 and PAX7Ki67" MuSCs in TA muscles from treateatix mice
(n=3; One way-ANOVA post hoc Student- Newman-Keuls test). E)
Immunohistochemistry and quantitative analysiseltlyHC" regenerating myofibers
in TA muscles from treatedndx mice (n=3; One way-ANOVA post hoc
Student-Newman-Keuls testf)(Immunohistochemistry and quantitative analysrs fo
dystrophin-positive fibers in TA muscles from tregindx mice (scale bar=100m)
(n=3; One way -ANOVA post hoStudent-Newman-Keuls test). PMO (@) in
saline (PMO-S), glycine (PMO-G) or the mixture ofyagne with PP242
(PMO-G/PP242) was injected intodx TA muscles and muscles were harvested 2
weeks later. @) Western blot and quantitative analysis for dysiiia expression in
TA muscles from treatedmdx mice (n=3; One way-ANOVA post hoc

Student-Newman-Keuls test). 2.5 ug and 5 pg totatep fromC57BL/6 and 50 ug



from muscle samples from untreated and treatgx mice were loaded.H)
Hierarchical clustering analysis of cell cycle-teth gene expression profiles in
primary myoblasts isolated fromdx mice and then treated with 0.8mM glycine for
24 hrs. Expression levels (fold) are depicted itorsoin which red represents
up-regulation and green means down-regulatibnRgal-time quantitative RT-PCR
analysis of cell cycle-related gene expressionAnniuscles frommdx mice treated
with glycine every other day for 1 week intravengys=3; two-tailed t test). CDK1-
cyclin-dependent kinase 1; CDC20- cell division ley@0; CCNB2-cyclin B2;
CCNB1-cyclin B1; CCNAl-cyclin Al; CCNEleyclin E1. Data are presented as

means xs.e.m. (*p<0.05; **p<0.001).

Figure 7. Glycine promotes mTORC1 translocation vias-ATPase and RagB (A)
Western blot to detect phosphorylated S6K1, S6 4BHP1 expression in starved
C2C12 cells followed by re-stimulation of total amiacids and glycine. 30 ug total
protein was loaded and tubulin was used as a Igachntrol. AA" or Gly' refers to
the supplementation of total amino acids or glydéme starved cells; AArepresents
the depletion of total amino acidsB)( Quantitative analysis of the ratio of
phosphorylated S6K1, S6 and 4EBP1 to total expyassf counterparts (n=3; One
way-ANOVA post hoc Student-Newman-Keuls test). Immunocytochemistry for
mTOR (C) and quantitative analysis of cells with mTOR ysosomesD) in starved
C2C12 cells followed by re-stimulation of total amiacids or glycine (scale bar=10

um) (n=10; One way-ANOVA post hoStudent-Newman-Keuls test). LAMP1 and



LAMP2 were used as lysosome markers. Immunocytodtgnfor mTOR E) and
guantitative analysis of cells with mTOR at lysossnE) in 293 cells treated with
glycine and BAF (scale bar=10m) (n=10; two-tailed t test).) Western blot to
detect phosphorylated S6K1 and S6 expression inc288 treated with glycine or
glycine and BAF. 30 pg total protein was loaded arullin was used as a loading
control. ) Western blot to detect phosphorylated S6K1 an@X@ession in RagB
knock-out 293T cells treated with glycine or tadatino acids. 30 g total protein was
loaded and GAPDH was used as a loading controlBREQN refers to normal 293T
cells; RagB KO means RagB knock-out 293T cells.aDate presented as means

ts.e.m. (*p<0.05; **p<0.001).

Figure 8. Effects of glycine on cell transplantatio in mdx mice. (A) Schematics
for the cell transplantation in immunosuppressel mice. i.v. refers to intravenous
injection; -7 and -1 means 7 days or 1 day priaretbtransplantatioividx mice were
immunosuppressed during the experimental perioéssnbtherwise specifiedB)
Immunohistochemistry and quantitative analysisdgstrophin-positive fibers in TA
muscles from glycine-treatethdx mice transplanted with wild-type MuSCs and
muscles were harvested 3 weeks later (scale bapri)0(h=4; two-tailed t test).Q)
Measurement of TA muscle weight framx mice transplanted with MuSCs 3 weeks
after transplantatiorMdx refers tomdx controls without cell transplantation (n=4)(
Immunohistochemistry and quantitative analysisdgstrophin-positive fibers in TA

muscles from glycine-treateandx mice transplanted with wild-type primary



myoblasts 3 weeks after transplantation (scale l#fram) (n=4; two-tailed t test).
(E) Tissue imaging to examine the GFP fluorescenak quantitative analysis of
fluorescence intensity in glycine-treateddx mice transplanted with wild-type
GFP-positive MuSCs 3 weeks after transplantati@malés bar=100um) (n=6; One
way- ANOVA post hoStudent-Newman-Keuls test). Immunohistochemidgiyand
guantitative analysis for dystrophin- and GFP-pesifibers G) in TA muscles from
glycine-treatedndx mice transplanted with GFP-positive MuSCs 3 wdatex (scale
bar=100um) (n=6; two-tailed t testData are presented as means ts.e.m. (*p<0.05;

**p<0.001).



Yin and colleagues demonstrate that intravenous or dietary glycine enhances satellite
cell proliferation, cell transplantation efficiency and oligonucleotide-mediated
dystrophin restoration in Duchenne muscular dystrophy (DMD) mouse model,
portending more efficacious cell and exon-skipping therapies for DMD.
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