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Longer glucan chains tend to precipitate. Glycogen, by far the largest mammalian glucan and the largest molecule in
the cytosolwith up to 55 000 glucoses, does not, due to a highly regularly branched spherical structure that allows it to
be perfusedwith cytosol. Aberrant construction of glycogen leads it to precipitate, accumulate into polyglucosan bod-
ies that resemble plant starch amylopectin and cause disease. This pathology, amylopectinosis, is caused by muta-
tions in a series of single genes whose functions are under active study toward understanding the mechanisms of
proper glycogen construction. Concurrently, we are characterizing the physicochemical particularities of glycogen
and polyglucosans associated with each gene. These genes include GBE1, EPM2A and EPM2B, which respectively en-
code the glycogenbranching enzyme, the glycogenphosphatase laforin and the laforin-interacting E3 ubiquitin ligase
malin, for which an unequivocal function is not yet known. Mutations in GBE1 cause a motor neuron disease (adult
polyglucosan body disease), and mutations in EPM2A or EPM2B a fatal progressive myoclonus epilepsy (Lafora dis-
ease). RBCK1 deficiency causes an amylopectinosis with fatal skeletal and cardiacmyopathy (polyglucosan bodymy-
opathy 1, OMIM# 615895). RBCK1 is a component of the linear ubiquitin chain assembly complex, with unique
functions including generating linear ubiquitin chains and ubiquitinating hydroxyl (versus canonical amine) resi-
dues, including of glycogen.
In amousemodel we now show (i) that the amylopectinosis of RBCK1 deficiency, like in adult polyglucosan body dis-
ease and Lafora disease, affects the brain; (ii) that RBCK1 deficiency glycogen, like in adult polyglucosan body disease
and Lafora disease, has overlong branches; (iii) that unlike adult polyglucosan body disease but like Lafora disease,
RBCK1 deficiency glycogen is hyperphosphorylated; and finally (iv) that unlike laforin-deficient Lafora disease but
like malin-deficient Lafora disease, RBCK1 deficiency’s glycogen hyperphosphorylation is limited to precipitated
polyglucosans.
In summary, the fundamental glycogen pathology of RBCK1 deficiency recapitulates that of malin-deficient Lafora
disease. Additionally, we uncover sex and genetic background effects in RBCK1 deficiency on organ- and brain-region
specific amylopectinoses, and in the brain on consequent neuroinflammation and behavioural deficits. Finally, we
exploit the portion of the basic glycogen pathology that is common to adult polyglucosan body disease, both forms
of Lafora disease and RBCK1 deficiency, namely overlong branches, to show that a unified approach based on down-
regulating glycogen synthase, the enzyme that elongates glycogen branches, can rescue all four diseases.
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Introduction
Circulating glucose is themost direct source of energy for the brain
and other organs. Lipids are themost indirect, are stored externally
in adipose tissue and are mobilized slowly. Glycogen occupies an
intermediate position; it is stored, soluble, in the cytosol for rapid
glucose provision by glycogen-digesting enzymes glycogen phos-
phorylase and glycogen debranching enzyme.

Glucose chains exceeding 10 units form double helices that ex-
trude water and precipitate,1 yet glycogen with up to ≈55000 glu-
cose units is soluble. Solubility has long been thought to be
achieved solely through the balanced activities of the glycogen-
synthesizing enzymes glycogen synthase (GYS) and glycogen

branching enzyme (GBE1), as follows. While GYS extends a glucan

chain, GBE1 cleaves part of the extended chain and reattaches it

en bloc upstream, thus converting the linear chain to a fork. GYS

now elongates each prong, which GBE1 cleaves and branches, and

so forth. The final product is highly branched with short branches

pointing away from each other, allowing the macromolecule to be

perfused with cytosol and remain in solution.2,3 In patients with

mutations that lead to GBE1 deficiency, GYS outpaces GBE1, and

glycogen with overly long branches forms (termed polyglucosan),

which resembles the main component of starch, amylopectin.

Polyglucosans precipitate, cannot be digested, accumulate into

masses called polyglucosan bodies (PBs; amylopectinosis) and

lead to disease. Because glycogen is ubiquitous, PBs form in most

organs, but not all are affected clinically. The range of organs exhi-

biting clinical disease depends onmutation type, depth of GBE1 de-

ficiency and corresponding extent of amylopectinosis. The most
common GBE1 mutations lead to an adult-onset disease clinically
limited to the nervous system and resembling amyotrophic lateral
sclerosis, namely adult polyglucosan body disease (APBD).4–7

Lafora disease (LD) and RBCK1 deficiency (RD; polyglucosan
bodymyopathy 1, PGBM1) are diseaseswith amylopectinosiswhere

the causative deficient proteins are not the classical enzymes of

glycogen synthesis. This suggests the existence of unknown me-
chanisms beyond balanced GYS/GBE1 activities in glycogen archi-
tecture. LD is a fatal progressive myoclonus epilepsy caused by
mutations in the EPM2A (laforin) or EPM2B (malin) genes.8,9

Laforin is a phosphatase that dephosphorylates glycogen.10,11

Malin is a laforin-interacting partner and an E3 ubiquitin ligase12

whose physiological substrate remains unknown.3 RD is a disabling
skeletal myopathy and usually, unless transplanted, a fatal cardio-
myopathy.13–16 A subset of RD patients additionally has immune
dysregulationmanifesting as a paradoxical hyperinflammatory im-
munodeficiency.15–17 RBCK1 (also called HOIL1) is an E3 ubiquitin
ligase that combines with two other proteins, SHARPIN and HOIP
(another E3 ubiquitin ligase), to form the linear ubiquitin chain as-
sembly complex (LUBAC).18–24 This complex, primarily through
HOIP’s ligase activity, generates unique linear methionine-linked
ubiquitin chains (as opposed to standard non-linear lysine-linked
chains).25,26 RBCK1 participates by (i) ensuring the structural integ-
rity of LUBAC24,27; (ii) monoubiquitinating itself and the other two
LUBAC components to regulate the complex’s activity28; (iii) placing
thefirst ubiquitin in the linear chain to be formed byHOIP29; and (iv)
incorporating ubiquitins into the growing linear chains.30 RBCK1 is
a highly unusual E3 ligase in one more way. It is capable of catalys-
ing ubiquitination of hydroxyl (OH) residues (in addition to canon-
ical amine groups).30–32 In most recent results tantalizing to the
present study, this property of ubiquitinating OH groups appears
to extend also to glycogen, at least in vitro.33 While co-localization
of ubiquitin with PBs has been demonstrated in human, murine,
and canine LD,34–37 a recent study in RD patients also confirmed
the presence of ubiquitin in RD-related PBs.38

Toward elucidating the unknownmechanisms in the shaping of
glycogen, and of amylopectinosis, we and others previously uncov-
ered the characteristics of soluble and insoluble glycogen specific to
APBD and LD. These are detailed below. Briefly here, there are im-
portant physicochemical differences in glycogen and polygluco-
sans between APBD and LD, and also between the two forms of LD.

2362 | BRAIN 2022: 145; 2361–2377 S. Nitschke et al.

mailto:berge.minassian@utsouthwestern.edu
mailto:felix.nitschke@utsouthwestern.edu


Despite thesedifferences, all three share a commonpath to glycogen
precipitation, namely the formation of overlong glycogen
branches.39 This convergent critical pathology led to a therapeutic
approach, downregulating GYS, which rescued the mouse models
of these diseases and is underway toward clinical trial.40–49 In the
present work, we characterize the glycogen and polyglucosan of
RD in the same fashion. We find that RD glycogen and polygluco-
sans recapitulate those of the malin deficiency form of LD. As
such, the same final path to glycogen precipitation applies also
to RD. We proceed to show that the same therapeutic strategy,
downregulating GYS1 by genetic or pharmaceutical means, also
rescues murine RD.

Materials and methods
Mice

The LUBAC complex assembles through the interactions of the
ubiquitin-like (UBL) domains of RBCK1 and SHARPIN with the
ubiquitin-associated domains of HOIP.23,24 Loss of any of its three
members leads to disintegration not only of the complex but also
the other two proteins.24 Rbck1 null mice are embryonic-lethal.24,50

Prior to this being known, Tokunaga et al. generated a mouse line
in which exon 7 and part of exon 8 of the 12 exons of Rbck1 were
replaced with a neomycin resistance cassette. This disrupted
RBCK1’s E3 ubiquitin ligase domain and led to complete loss of
full-length RBCK1. Yet these mice survived.51 It was later shown
that an N-terminal portion of the protein containing the UBL
domain was still present, possibly the product of a splice variant
of the gene not affected by the mutation, or because of incom-
plete nonsense-mediated mRNA decay (NMD). This truncated
RBCK1 was able to stabilize LUBAC, although in greatly dimin-
ished amount.24 In summary, the Tokunaga et al. mice have a
small amount of LUBAC that lacks RBCK1’s E3 ubiquitin ligase
domain. These are the mice used in the present study and referred
to as Rbck1−/−.

Gys1 encodes GYS in skeletal muscle, heart, and brain.52 Ppp1r3c
encodes the ubiquitously expressed PTG protein, which targets
protein phosphatase 1 to dephosphorylate and activate GYS.53,54

Rbck1+/− mice were either intercrossed to obtain wild-type and
Rbck1−/− littermates or crossed with knockouts of Gys1
[Gys1tm1a(EUCOMM)Wtsi]46 or Ppp1r3c40 to obtain Rbck1−/− mice with
mono-allelic Gys1 knockout or bi-allelic Ppp1r3c knockout. Wild-
type and Gys1+/− or Ppp1r3c−/− littermates were used as controls.
Mice were housed in ventilated cages at 21+1°C, under a 12-h
light–dark cycle with ad libitum access to a standard diet and water.
Unless otherwise stated,micewere sacrificed by cervical dislocation
and harvested brain, heart, skeletal muscle and liver tissues were
divided, half fixed in neutral buffered formalin (10%) and half
snap-frozen in liquid nitrogen. Spinal cords were removed and fixed
in neutral buffered formalin. Unless otherwise indicated, mice
were sacrificed at 14–16 months. All animal procedures were ap-
proved by the Toronto Centre for Phenogenomics Animal Care
Committee.

ASO delivery

Antisense oligonucleotides (ASOs) were synthesized and screened
as described.49 Isofluorane-anaesthetized mice were intracerebro-
ventrically injected with 300 µg of a Gys1-targeting ASO
(5′-GCCACAGCCTGGAAGCCAAT-3′) in 10 µl phosphate-buffered sa-
line (PBS) at 1 and 2 months of age, alternating ventricles at

successive time points. Stereotactic injection coordinates were
0.3 mm anterior/posterior (anterior to bregma), 1.0 mm to right or
left medial/lateral and −3.0 mm dorsal/ventral. Analgesic
(Metacam 2 mg/kg) was administered before and for 2 days post in-
jections. Littermate controls were injected with a no-target ASO,
5′-CCTATAGGACTATCCAGGAA-3′ (Ctrl-ASO), or PBS. Mice were sa-
crificed at 3 months by cervical dislocation and brains were har-
vested. One-month-old non-injected mice served as additional
controls (baseline).

Gys1 expression analysis

Brain tissuewas homogenized using a 1 cm3 syringe and 21 g needle
and RNA extracted using the Qiagen RNeasy Lipid Tissue Mini Kit
(Qiagen, #74804). DNA was digested with DNase I (Thermo
Scientific, #EN0521). cDNA was synthesized from 1 μg RNA using
the iScript Advanced cDNA Synthesis Kit (Bio-Rad, #1725037).

For quantitative real-time polymerase chain reaction (qRT-PCR)
the Stratagene Mx3005P (Agilent Technologies) real-time polymerase
chain reaction (PCR) system and SYBR Green technology [PowerUp
SYBR Green Master Mix (Applied Biosystems, A25741)] were used.
Primer sequences were Gys1-F: 5′-CGCAAACAACTATGGGACAC-3′,
Gys1-R: 5′-TCCTCCTTGTCCAGCATCTT-3′, Gapdh-F: 5′-AAGGGCTCA
TGACCACAGTC-3′, and Gapdh-R: 5′-GGATGCAGGGATGATGTTCT-3′.
Gapdh served as reference gene. Delta cycle threshold (ΔCt) values
were determined, calculating Ctgene of interest–Ctreference gene, followed
by transformation into 2−ΔCt. Expression levels were further normal-
ized to the PBS group.

Behavioural analyses

Mice were acclimatized to the behavioural testing room for 30 min
prior to testing.

Balance beam

The time taken for mice to traverse a cylindrical balance beam
(90 cm long, 18 mm diameter) suspended 50 cm above the floor
was recorded (cut-off limit set to 60 s). Mice underwent four con-
secutive training trials the day prior to testing. For experiments
with Rbck1−/− Gys1+/− and Rbck1−/− Ppp1r3c−/− mice, hind feet slips
were additionally recorded.

Grip strength

Maximum forelimb grip strength (peak tension) wasmeasured using
the Animal Grip Strength System (San Diego Instruments). Mice
underwent five consecutive trials and all scores were averaged.

Rotarod

An accelerating rotarod (4–40 rpm over 300 s) was used to assess
motor coordination. Latency to fall or to complete two passive rota-
tions was measured. Each mouse performed four trials with a
30-min inter-trial interval. The longest three of four scores were
averaged.

Open field test

The open field test evaluates anxiety and exploratory behaviour. A
sound-attenuating open field arena (43.2 cm2) fitted with three 16
beam IR arrays (x, y and z axes) and 275 lx LED lights was used
with activity monitoring software. The arena was divided into a
peripheral zone (8 cm from the edge of each wall) and a brightly il-
luminated central zone (around 40% of the total area). Mice were
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placed in the middle of the apparatus in the dark. Testing was in-
itiated when the light turned on, and distance travelled, number
of rears and percent time spent in the centre zone were recorded
for 20 min. No differences were detected between genotypes, the
distance travelled being shown as one example.

Vertical pole

The vertical pole test was performed as previously described.55,56

Mice were placed on a rough-surfaced vertical pole (45 cm
high, 1.1 cm in diameter). The time for eachmouse to turn down-
ward (t1) and the total time to reach the floor (t2) were recorded
(t2 cut-off limit being set to 120 s). Each mouse performed three
trials. The difference between t2 and t1 was averaged across the
trials.

Gait analysis

The ExerGait (XL) treadmill (Columbus Instruments) was used to
analyse gait. Treadmill speed was set to 19 cm/s and the camera
frame rate to 100 frames/s with a maximum of 2000 frames taken.
Mice were placed on the non-moving treadmill for 30 s to acclima-
tize. Recording commenced once the treadmill was turned on and
mice reached a constant running pace. Test duration was 20 s. If
the mouse’s running pace oscillated, the procedure was restarted.
The collected video was analysed using TreadScan software
(Clever Sys Inc).

Histological analyses

Formalin-fixed paraffin-embedded brain tissues were sectioned
and stained using (i) periodic acid–Schiff after diastase treatment
(PASD) to visualize PBs40; or (ii) immunohistochemistry against glial
fibrillary acidic protein (GFAP; mouse anti-GFAP, BioGenex,
#AM020-5M; dilution 1:250) or IBA1 (rabbit anti-IBA1, Wako,
#01919741; dilution 1:1400). Slides were scanned using the
Panoramic (3DHistech) slide scanner. PB, GFAP and IBA1 signals
were quantified in the hippocampus and cerebellum using
HistoQuant (3DHistech) by defining respective signals based on pix-
el colour. Values are expressed as % area.

For co-immunostainings, isoflurane-anaesthetized mice were
sacrificed by transcardial perfusion (20 ml ice-cold PBS followed
by 20 ml ice-cold 4% paraformaldehyde in PBS). Dissected brains
were fixed in ice-cold 4% paraformaldehyde in PBS for 3 h, rinsed in
PBS and transferred to 30% sucrose in PBS. Tissues were embedded
in Tissue-Tek OCT compound (Sakura Finetek USA, Inc) and sec-
tioned (15 µm) using the Leica CM1950 cryostat. Free-floating cor-
onal brain sections (in PBS with 0.05% sodium azide) were used.
These were blocked with 5% normal donkey serum plus 0.1%
Triton X-100 in PBS for 2 h and incubated for 48 h at 4°C with pri-
mary antibodies diluted in blocking solution. Antibody against
GYS1 (rabbit, 1:400, ab40810, Abcam) was used with antibody
against GFAP (mouse, 1:500, BD556330, BD bioscience). The sections
were then washed with 0.1% Triton X-100 in PBS and incubated
overnight at 4°C with secondary antibodies diluted in blocking buf-
fer: AF 488 donkey anti-mouse (1:1000, A-21202, ThermoFisher), AF
488 donkey anti-goat (1:800, A-11055, ThermoFisher) and AF 594
donkey anti-rabbit (1:1000, A-21207, ThermoFisher). After incuba-
tion with DAPI, sections were mounted using Aqua-Poly/Mount
(Polysciences, Inc). Images of the different brain regionswere taken
on Zeiss LSM 780 inverted confocal at 40×magnification (zoom fac-
tor 0.6) with z-stack of 0.45 µm.

Western blot analyses

Frozen brain tissue was homogenized with extraction buffer in-
cluding Pierce protease and phosphatase inhibitors (Thermo
Scientific) and 2 mM dithiothreitol.39 Protein concentrations were
determined using the DC Protein Assay (Bio-Rad). Equal protein
amounts (20 µg) from homogenates (total), supernatants (soluble)
and resuspended pellets (insoluble) were heated in sample buffer
(70°C, 10 min) and loaded to 10% sodium dodecyl sulphate–poly-
acrylamide gel electrophoresis for separation. Proteins were trans-
ferred to nitrocellulose membranes and blocked with 5% skimmed
milk. Subsequently, the membrane was probed with commercial
primary antibodies GYS1 (Cell signalling #3886 from rabbit), GBE1
(Abcam, #ab180596 from rabbit), or laforin (EPM2A, Abnova
#H00002632 from mouse), actin (BD Transduction Laboratories
#612657 from mouse). Immunoblots were detected with horse
radish peroxidase-conjugated secondary antibodies and Clarity
Western ECL-substrate (Bio-Rad) and analysed with the
ChemiDoc Imaging system (Bio-Rad).

Muscle glycogen separation

Glycogen separation into soluble and insoluble glycogen was per-
formed as previously described39 with a few exceptions: (i) 200 mg
of frozen ground muscle tissue from wild-type and Rbck1−/− mice
were used and homogenized in 2 ml of glycogen isolation buffer;
(ii) Triton X-100was added to homogenates (initially 0.95%), and re-
current vortexing for 15 min was conducted to optimize separation
of soluble and insoluble glycogen; (iii) an additional wash cycle to
completely remove contaminants derived from the soluble fraction
was added yielding supernatant 6 (S6), which was devoid of free or
glycogen-derived glucose; (iv) aliquots of each fraction, total (hom-
ogenate), soluble (supernatant 1), S6 as negative control and insol-
uble (pellet) were taken, the Triton X-100 concentration was
adjusted (to be equal in each fraction) and a heat treatment step
was added prior to glycogen content analysis to eliminate all en-
zymatic activities; and (v) only glycogen from the soluble and
insoluble fractions was further purified and analyzed for chain
length distribution (CLD) and molecule size distribution (MSD)
analyses.

Glycogen analyses

Glycogen extraction, amyloglucosidase digestion and glucose
determination were conducted as previously described.57 For
glycogen carbon 6 (C6) phosphate determination as well as CLD
and MSD analyses protocols from Sullivan et al. were followed.39

Statistical analyses

Data are presented as mean+SEM, except for CLD and MSD ana-
lyses where mean+SD is displayed. Biological replicates are indi-
cated by individual data-points and are given for each panel in
the figure legend. Statistics were performed with GraphPad Prism
8.4.3. For Figs 1–3 a parametric unpaired two-tailed t-test with
Welch’s correction was used. Exceptions are Figs 1I, 3G, J and K
showing glycogen CLD and MSD analyses. Here, significance be-
tween genotypes was tested for each individual degree of polymer-
ization and hydrodynamic radius, respectively, by using one-way
ANOVA, followed by post hoc tests with Holm–Bonferroni multiple
comparison correction. For all four-genotype comparisons two-
way ANOVA was performed, followed by post hoc tests with Tukey
multiple comparison correction. For heart glycogen analyses, two-
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way ANOVA and post hoc tests were followed by two-stage linear
step-up procedure of Benjamini, Krieger and Yekutieli. For behav-
ioural analyses with three genotypes and the ASO data, one-way
ANOVA was performed, followed by post hoc tests with Tukey mul-
tiple comparison correction. Statistical analyses with P. 0.05 were
considered non-significant. Asterisks denote statistical signifi-
cance as follows: *P, 0.05; **P,0.01; ***P, 0.001; ****P,0.0001.

Data availability

The study’s raw data are available upon request.

Results
Rbck1−−−−−/−−−−− mice exhibit amylopectinosis in the CNS

PBs were first seen in 1911 in the brain in LD.58 Between 1955 and
1965, theywere shown to also be present in the heart, skeletalmus-
cle and liver in this disease,59,60 then already indicating that the
mechanisms of polyglucosan generation in LD are not specific to
the brain.

RD is primarily a skeletal and cardiac myopathy, both muscle
types showing abundant PBs in patient biopsies or explanted
hearts.13,16 In the absence of autopsies, it is not yet knownwhether
they occur in the brain. In the Rbck1−/− mice, PBs have so far been
noted only in the heart.61,62 We analysed 14–16-month-old
Rbck1−/− mice and discovered the presence of profuse PB accumu-
lation in the CNS, with the highest amounts in the hippocampus,
cerebellum and central spinal cord (Fig. 1A–C). Already at 6 months
of age the PB load is substantial in thehippocampus and cerebellum
(Supplementary Fig. 1A). Total brain glycogen, which comprises
normal and PB glycogen, quantified biochemicallywas significantly
increased (Fig. 1D). These results indicate that, like LD and APBD,
the amylopectinosis of RD affects the brain.

Rbck1−−−−−/−−−−− brain glycogen is hyperphosphorylated and
long-chained

Glycogen is hyperphosphorylated in LD and not in APBD.39,57,63–65

We measured phosphorylation at the C6 carbons of glycogen-
derived glucose from Rbck1−/− brain and found it to be increased
like in LD (Fig. 1E). Quantitatively, the elevated C6 phosphate levels
are in the range of what is seen in LD.57

Glycogen branching insufficiency underlies the generation of
overly long glycogen branches in APBD. What causes the same in
LD is unknown. One possibility considered was that the laforin–
malin complex regulates GYS, and that in its absence GYS outpaces
GBE1 to generate overlong branches.66 This hypothesis was not
confirmed as levels and activity of soluble GYS in brain and other
tissue extracts of LD mice were found to be normal.63,67 We now
tested this hypothesis in RD. As in LD, soluble GYS levels (Fig. 1F)
and activity (Supplementary Fig. 1B and C) in Rbck1−/− brain ex-
tracts were normal. As in LD,63,67 total GYS levels were increased
(Fig. 1H), but this increase is due to the elevated GYS levels in the
insoluble fraction of tissue extracts (Fig. 1G). As documented in
LD, only soluble GYS is active and can elongate glycogen branches,
and the increased GYS in the insoluble fraction represents protein
which, as a glycogen-binding protein, co-precipitates with and is
trapped, inactive, in the accumulating polyglucosans.63,67 Soluble
portions of GBE1 and laforin were likewise unaltered and
both, like GYS, were accumulated in the insoluble fraction (Fig. 1F
and G).

Based on their staining with PASD and their ultrastructural ap-
pearance, the abnormal accumulation in RD have been, rightly,
concluded to be polyglucosan.13,15–17 We proceeded to document
this formally and measured the actual lengths of glycogen chains.
CLD analysis confirmed that Rbck1−/− brain glycogen has a deficit
of shorter chains and an excess of longer chains (Fig. 1I). This con-
firms that RD glycogen is in part polyglucosan and the accumula-
tions in RD bona fide amylopectinosis.

In summary, similar to APBD and LD, the amylopectinosis of RD
includes the brain. Glycogen in RD is similar to that of APBD and LD
in encompassing glycogenwith overlong branches. The latter is not
driven by increased GYS1 levels or activity. Finally, glycogen in RD
is similar to that of LD and different from that of APBD in being
hyperphosphorylated.

14–16-month-old Rbck1−−−−−/−−−−− mice have apparent
cerebellar deficits

We observed that as they reached 14 months of age some Rbck1−/−

mice started walking clumsily, stumbling as they ambulated. This
continued to worsen as they further aged. We proceeded to quantify
behavioural deficits. In these experiments we utilized only female
mice. We tested the mice for their ability to cross a horizontal
beam, balance on a rotating rod and descend from a vertical beam,
and measured an index of gait regularity. Results of all of these
were abnormal in the Rbck1−/− mice compared to those of wild-
type female littermates (Fig. 1J–M). We also performed tests of grip
strength and exploratory behaviour in an open field. Results of these
tests were similar to those of wild-type females (Fig. 1N and O), indi-
cating that female Rbck1−/− mice do not exhibit muscle weakness or
an obviously decreased activity level. The balance and coordination
deficits (crossing a beam, rotarod and descending down a pole) sug-
gest cerebellar involvement,whichwould be consistentwith thepar-
ticular profusionof PBs in that brain region.Of course, supratentorial,
spinal cord, brainstemor neuromuscular contributions to the pheno-
type cannot be excluded.

Polyglucosan bodies localize mainly in astrocytes
and cause neuroinflammation

PBs in LDwere reported by Lafora only a few years after his teacher
Cajal had developed theNeuronDoctrine of the brain.58,68 The large
majority of brain PBs are in cell processes rather than cell bodies.
Lafora and subsequent pathologists for many decades assumed
these processes were neuronal, although they did not rule out the
astrocytic alternative.69 Recent studies using co-immunostaining
experiments showed that LD PBs are in fact predominantly in astro-
cytic processes, with a small minority in neurons.70,71

To determine the brain cell type in which RD PBs accumulate, we
co-immunostained brain sections for markers of astrocytes (GFAP),
microglia (IBA1), neurons (TUJ1 andNeuN) and the PBs (GYS). GYS ac-
cumulates in PBs and is an established marker for the latter. In im-
munofluorescence microscopy, signal from GYS molecules present
on normal soluble glycogen is as diffuse as glycogen, and practically
invisible.When concentrated in PBs, the GYS signalmanifests as dis-
tinct puncta of different sizes depending on the size of the PB.47,70,72

We found that the overwhelming majority of PBs in Rbck1−/− brain
are in astrocytes and their processes (Fig. 2A and Supplementary
Video 1), with minimal although not inexistent overlap with the
microglial and neuronalmarkers (Supplementary Fig. 2A–C).

The above and follow-up immunohistochemical studies dis-
closed the presence of a dramatic astrogliosis and microgliosis in
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Figure 1 Brain PB disease in Rbck1−−−−−/−−−−− mice is associated with behavioural abnormalities. (A) Representative images of PASD-stained cortex, hippo-
campus, cerebellum and spinal cord of wild-type (WT) versus Rbck1−/− mice. (B and C) PB quantification in the hippocampus (B) and cerebellum (C).
(D) Brain total glycogen content in wild-type and Rbck1−/− mice. (E) Brain glycogen C6 phosphate in wild-type and Rbck1−/− mice. (F–H) Brain western
blots against glycogen synthase 1 (GYS1), laforin (EPM2A), glycogen branching enzyme 1 (GBE1) in soluble (F), insoluble (G) and total lysates (H) with
actin as loading control. (I) Chain length distributions (CLDs) of total brain glycogen from wild-type and Rbck1−/− mice. (J–O) Behavioural testing con-
ductedwith wild-type and Rbck1−/−mice, including balance beam (J), rotarod (K), vertical pole (L), gait analysis (M), grip strength (N) and open field (O).
All data are presented asmean+SEM (except for SDas shaded area in I). Biological replicates n=6–7 (B andC), n=4 (D and E), n=3 (F–H), n=4 (I), n=6–8
(J–O). Significance levels are indicated as *P, 0.05; **P, 0.01; ***P, 0.001; ****P, 0.0001. Mixed sexes were used for all analyses, except behavioural
testing where only females were used.
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the Rbck1−/−mice (Fig. 2B andC). The extent of this neuroinflamma-
tion is similar to what is seen in LD and APBD.40,44,72

Polyglucosan bodies in Rbck1−−−−−/−−−−− skeletal and cardiac
muscle are sex-specific

Skeletal myopathy is a cardinal feature of RD, yet in the Rbck1−/−

mice PBs have to date been reported only in the heart.61 We

confirmed their presence in the heart (Fig. 3A) and now also
report their presence in large amounts in skeletal muscle (Fig. 3D).

Proceeding to quantify PBs and glycogen in cardiac and
skeletal muscles of the Rbck1−/− mice, we noted that hearts of fe-
male mice had vastly fewer PBs than those of the males (Fig. 3A
and B and Supplementary Fig. 3A and B). In skeletal muscle, the
contrast seemed even greater. While male Rbck1−/− mice had
abundant PBs, females had very few (Fig. 3D and E and

Figure 2 Astrocytic PBs in Rbck1−−−−−/−−−−− mice cause neuroinflammation, both astrogliosis and microgliosis. (A) Co-immunostaining against GYS1 for PB
detection (red) and the astrocyte marker GFAP (green) showing localization of PBs in astrocytes. Nuclear stain with DAPI (blue). Scale bar=20 µm.
Video compilation of cerebellar confocal z-stack images in Supplementary Video 1. (B and C) Representative immunohistochemistry (IHC) images
with signal quantification of anti-GFAP (B) and anti-IBA1 IHCs (C) in hippocampus and cerebellum of wild-type (WT) and Rbck1−/− mice. All data are
presented as mean+SEM. Biological replicates n=5–6 (B and C). Significance levels are indicated as **P,0.01; ****P, 0.0001. Mixed sexes were used.
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Supplementary Fig. 3D and E). To confirm this observation bio-
chemically, we quantified total glycogen (which, as mentioned, is
a sum of normal and PB glycogen) from male and female hearts
and skeletal muscle. Male Rbck1−/− heart glycogen was increased

3-fold compared to male wild-type heart glycogen (Fig. 3C). In fe-
males, Rbck1−/− heart glycogen was not increased to a statistically
significant degree compared to wild-type (Supplementary Fig. 3C).
Male Rbck1−/− skeletal muscle glycogen was increased

Figure 3 PB accumulation in the heart and skeletal muscle of Rbck1−−−−−/−−−−−micewith insolublemuscle glycogen exhibiting hyperphosphorylation, abnor-
mal chain lengths and molecule sizes. (A) Representative images of PASD-stained heart of wild-type (WT) and Rbck1−/− mice. (B) PB quantification in
the heart. (C) Total heart glycogen. (D) Representative images of PASD-stained skeletalmuscle ofwild-type versusRbck1−/−mice. (E) Total skeletalmus-
cle glycogen. (F) Skeletal muscle glycogen C6 phosphate in wild-type and Rbck1−/− mice. (G) Chain length distributions (CLDs) of total skeletal muscle
glycogen from wild-type and Rbck1−/− mice. (H–K) Glycogen analyses in glycogen fractions from skeletal muscle of wild-type and Rbck1−/− mice.
Glycogen content in total, soluble and insoluble fractions (H) and in selected wild-type and Rbck1−/− fractions glycogen C6 phosphate (I), CLDs (J)
and MSDs (K). All data are presented as mean+SEM (except for SD as shaded area in G, J and K). Biological replicates n= 2–3 (B), n= 4–8 (C, E and F),
n=4 (G), n=4–7 (H and I), n=6 (J and K). Significance levels are indicated as *P, 0.05; **P, 0.01; ***P, 0.001; ****P, 0.0001. For statistical analyses in
H, corresponding fractions in Rbck1−/− and wild-type were compared. In J and K, both Rbck1−/− fractions were compared to wild-type. In K, statistical
significance is displayed by grey-scale bars and arrows indicatewhich Rbck1−/− fractionwas used for comparison.Malemicewere used for all analyses.
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approximately 2-fold compared to male wild-type skeletal muscle
glycogen (Fig. 3E). Female Rbck1−/− skeletal muscle glycogen was
not increased at all (Supplementary Fig. 3E), consistent with the ex-
tremely low numbers of PBs in that tissue in female Rbck1−/− mice.

The liver is anothermajor glycogenmetabolizing organ. To date,
PBs have been reported in one liver biopsy in a patient with RD.16

We studied the livers of Rbck1−/− mice and found no definitive
PBs in either sex, and correspondingly no increased glycogen com-
pared to wild-type (Supplementary Fig. 3H and I). This situation is
reminiscent of LD, where human patients exhibit PBs in the liver,
albeit of no clinical significance, but LD mouse models, even at an
advanced age, manifest no definitive PASD-positive inclusions (un-
published observations). The APBD mouse model, on the other
hand, does exhibit hepatic PBs.44

Rbck1−−−−−/−−−−− glycogen characteristics recapitulate those
of Epm2b−−−−−/−−−−− Lafora disease

As mentioned, laforin is a glycogen phosphatase and glycogen
is hyperphosphorylated in LD caused by laforin deficiency
(Epm2a−/−). Muscle contains substantially more glycogen than
brain, which allows us to separate PB (insoluble) from soluble
glycogen and still obtain sufficient amounts of each to perform
the particularly fine measurements needed to quantify glycogen
phosphate and determine glycogen CLD.39 We previously per-
formed these measurements in the mouse models of both forms
of LD (Epm2a−/− and Epm2b−/−) and APBD (Gbe1ys/ys) and found
that both normal and PB glycogen are hyperphosphorylated in
Epm2a−/−, only PB glycogen is hyperphosphorylated in Epm2b−/−

and neither is hyperphosphorylated in Gbe1ys/ys. The CLD was ab-
normal only in PB glycogen in all three models.39

We now quantified glycogen C6 phosphate and performed CLD
analysis on glycogen from skeletal muscle of male and female
Rbck1−/−mice. Glycogen phosphatewas increased (Fig. 3F) and glyco-
gen chains were abnormally long (Fig. 3G) only inmale Rbck1−/− skel-
etal muscle glycogen. These two parameters were like wild-type in
the female mice (Supplementary Fig. 3F and G). After separating
and quantifying PB (insoluble) and normal (soluble) glycogen inmus-
cle of the PB-accumulating males (Fig. 3H), we determined that hy-
perphosphorylation (Fig. 3I) and glycogen with long branches
(Fig. 3J) was only found in the insoluble PB glycogen.

While CLD analysis defines the composition of glycogen chains
lengths,we also sought tomeasure thedistribution ofwhole glycogen
molecule sizes (MSD).We previously obtainedMSDmeasurements of
soluble and insoluble muscle glycogen from the APBD and LDmouse
models.39 Soluble glycogen in the three models was similar to wild-
type with a slight shift towards larger sizes in APBD. Insoluble glyco-
gen differed fromwild-type in all threemodelswith anenrichment of
smallmolecules in all three and of largemolecules only in the two LD
models. Results of MSD analysis of male Rbck1−/− muscle glycogen
were identical to those of LD (Fig. 3K and Supplementary Fig. 3J).

In summary, Rbck1−/−muscle glycogendiffers from that ofAPBD
in glycogen phosphorylation and MSD, and from Epm2a−/− in hy-
perphosphorylation limited to PB glycogen. It does not differ from
Epm2b−/− glycogen in any respect studied.

Partial depletion or deactivation of GYS1 rescues
murine RBCK1 deficiency

As seen above, the one constant in PB glycogen across all genetic
causes of amylopectinosis studied, now including RD, is the over-
long glycogen branches. GYS effectuates chain lengthening and

can be downregulated by reducing its quantity or activity. We and
others previously partially depleted or deactivated GYS1 (brain
and muscle isoform of GYS) in the APBD and LD mouse models
throughvariousmeans. Inall cases this resulted in rescueof thedis-
ease phenotypes.40–49 To test if this therapeutic strategy is also ap-
plicable to RD, we generated two genetic models: one, Rbck1−/−

mice with mono-allelic knockout of Gys1 (Rbck1−/− Gys1+/−) and
the other, Rbck1−/− mice with bi-allelic knockout of Ppp1r3c (Rbck1−/−

Ppp1r3c−/−). Gys1+/− reduces GYS1 levels by 50% without affecting its
activation state (Supplementary Fig. 4),73 whereas Ppp1r3c−/− reduces
GYS1’s activation state by ≈25% without significantly affecting
GYS1 quantity (Supplementary Fig. 4).45 Both approaches largely or
completely prevented PB formation and glycogen accumulation
irrespective of sex in heart (Fig. 4A–D and Supplementary Fig. 5A–D),
skeletal muscle (Fig. 4E–G, I and Supplementary Fig. 5E–H) and brain
(Fig. 5A–H); corrected the glycogen hyperphosphorylation (Fig. 4H
and J); and rescued the astrogliosis (Fig. 6A–D) and microgliosis
(Fig. 7A–D). Finally, the behavioural phenotypes observed in female
Rbck1−/− mice (Fig. 1J–M) were rescued by the 50% depletion of GYS1
(Rbck1−/− Gys1+/−; Fig. 7E–J).

In the experiments toward generating the Rbck1−/− Ppp1r3c−/−

mice, the behavioural phenotypes of the Rbck1−/− females disap-
peared intheprocessof thevariouscrosses toobtain theexperimental
and control groups. In otherwords, due to unknownbackground gen-
etic factors there no longer was a behavioural phenotype to correct
(Fig. 7K–P). We probed our neuropathology data for an explanation
for this and noted the following. The Rbck1−/− mice from the
Rbck1−/− Ppp1r3c−/− line in fact show little to no cerebellar astrogliosis
(Fig. 6B and D) and low levels of cerebellarmicrogliosis (Fig. 7B and D)
comparedwithRbck1−/−mice from the Rbck1−/−Gys1+/− line (Figs 6A,
C and 7A and C). This could at least in part explain the missing
behavioural phenotypes (balance beam, rotarod and gait regularity;
Fig. 7K–P),which, asmentioned, are likely heavily cerebellar in origin.
The genetics of this peculiar cerebellar specific anti-inflammatory
effect awaits future exploration.

We originally limited the behavioural studies to one sex, female,
for experimental uniformity. Having observed the sex-based differ-
ences in skeletal and cardiac pathology, we revisited the brain and
performed behavioural analyses inmales of the Rbck1−/− Ppp1r3c−/−

and Rbck1−/− Gys1+/− lines. Interestingly, the obvious ataxic gait
that the females develop as they age was not present in males
from either line. Formal testing likewise showed that the males
fromneither line had the behavioural phenotypes present in the fe-
males of the Rbck1−/− or Rbck1−/− Gys1+/− lines (Supplementary Fig.
6A–L). Quantitation of PBs, accumulated glycogen and neuroin-
flammation showedno differences betweenmale and female litter-
mates of either line (Supplementary Fig. 7A–F). Close pathological
analysis revealed one striking difference. In the cochlear nuclei, fe-
male Rbck1−/− mice with behavioural phenotypes exhibited par-
ticularly large PBs associated with vacuolation, the latter feature
not seen elsewhere in the brain. Males also had these large PBs in
this brain region, but with little to no vacuolation (Supplementary
Fig. 7G). The significance of this brain region and sex-specific vacu-
olar effect awaits future study.

Gys1-targeting ASO rescues the RBCK1 deficient
brain amylopectinosis

Toward a GYS1 downregulation-based therapy for LD, we previous-
ly developed multiple murine ASOs that effectively decrease Gys1
mRNA levels and, where tested in LD mice, rescue the LD pheno-
type.49 These ASOs have chemistries formulated for CSF delivery
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Figure 4 Prevention of PB formation in heart and skeletal muscle of Rbck1−−−−−/−−−−− mice by mono-allelic Gys1 and bi-allelic Ppp1r3c knockout. (A and B)
Representative images of PASD-stained heart from all four genotypes from the Rbck1−/− Gys1+/− (A) and Rbck1−/− Ppp1r3c−/− line (B). (C and D) Total
heart glycogen in all four genotypes from the Rbck1−/− Gys1+/− (C) and Rbck1−/− Ppp1r3c−/− line (D). (E and F) Representative images of PASD-stained
skeletal muscle from all four genotypes from the Rbck1−/− Gys1+/− (E) and Rbck1−/− Ppp1r3c−/− line (F). (G and H) Total glycogen (G) and glycogen C6
phosphate (H) in skeletalmuscle of all four genotypes from the Rbck1−/−Gys1+/− line. (I and J) Total glycogen (I) and glycogenC6 phosphate (J) in skeletal
muscle of all four genotypes from the Rbck1−/− Ppp1r3c−/− line. All data are presented as mean+SEM. Biological replicates n= 4–7 (C, D and G–J).
Significance levels are indicated as *P,0.05; **P,0.01; ***P,0.001; ****P,0.0001. Male mice were used for all analyses. WT=wild-type.
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Figure 5 Prevention of PB formation in the brain of Rbck1−−−−−/−−−−− mice by mono-allelic Gys1 and bi-allelic Ppp1r3c knockout. (A) Representative images of
PASD-stained brain from all four genotypes from the Rbck1−/−Gys1+/− line. (B–D) PB quantification in the hippocampus (B) and cerebellum (C) aswell as
brain total glycogen (D) in all four genotypes from the Rbck1−/− Gys1+/− line. (E) Representative images of PASD-stained brain from all four genotypes
from the Rbck1−/− Ppp1r3c−/− line. (F–H) PB quantification in the hippocampus (F) and cerebellum (G) as well as brain total glycogen (H) in all four gen-
otypes from the Rbck1−/− Ppp1r3c−/− line. All data are presented as mean+SEM. Biological replicates n=9–13 (B, D, F and H), n= 5–10 (C and G).
Significance levels are indicated as *P, 0.05; **P, 0.01; ***P, 0.001; ****P, 0.0001. Mixed sexes were used. WT=wild-type.
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and CNS functionality. As a pilot experiment, we used one of them
to treat Rbck1−/−mice.We injected themice intracerebroventrically
at 1 and 2 months of age and sacrificed them at 3 months. Baseline
mice were uninjected 1-month-oldmice that served as a reference,
as no PBs are detectable at this young age in RD (like in LD).
Gys1-ASO treatment reduced brain Gys1mRNA (Fig. 8A), led to ma-
jor reduction in glycogen levels (Fig. 8B) and completely prevented
PB formation in Rbck1−/− mice (Fig. 8C and D).

Discussion
Glycogen occupies a critical evolutionary niche, namely a large
‘in-house’ energy store for every individual cell. Maintaining this
largest cytosolic molecule in solution is thought to only require ba-
lanced GYS and GBE1 activities. However, LD has long challenged
this notion. Laforin is a glycogen phosphatase,10,11 but itwas shown
that glycogen hyperphosphorylation per se does not lead to the

acquisitionof longchainsnor toprecipitation.57,74 Instead, evidence
suggests that laforinacts via its interactingpartnermalin toprevent
appearance and accumulation of long-chained insoluble glyco-
gen.3,57,75 Malin is an E3 ubiquitin ligase whose genuine substrate
has so far proven elusive. RD is amore recent challenge to the basic
model of glycogen structural integrity. We now show that in every
detail testedRDglycogenrecapitulatesmalin-deficient LDglycogen.
As such, RD represents a new entryway to the unknown mechan-
isms of glycogen architecture. RBCK1 is also an E3 ubiquitin ligase.
It was recently reported that its glycogen-relevant substrate may
be glycogen itself.33 This raises thepossibility thatmalin’s substrate
may also be glycogen. Glycogen chains were recently shown to in-
clude significant amounts of glucosamines and that in LD these ac-
cumulatewith polyglucosans.76Malinmayubiquitinate glycogenat
these amines. The steps beyond glycogen ubiquitination by RBCK1,
and potentially malin, would need to be solved. One proposed hy-
pothesis for RBCK1 is that ubiquitination of glycogen activates au-
tophagy to eliminate polyglucosans as they form.33 It should be

Figure 6 Downregulation of GYS1 via Gys1 or Ppp1r3c knockout rescues astrogliosis in Rbck1−−−−−/−−−−− mice. (A and B) Representative GFAP IHC images of
hippocampus and cerebellum from all four genotypes from the Rbck1−/− Gys1+/− (A) and Rbck1−/− Ppp1r3c−/− line (B). (C and D) GFAP signal quantifica-
tion in hippocampus and cerebellum in all four genotypes from the Rbck1−/−Gys1+/− (C) and Rbck1−/− Ppp1r3c−/− (D) line. All data are presented asmean
+SEM. Biological replicates n=7–13 (C), n=4–13 (D). Significance levels are indicated as *P,0.05; ****P, 0.0001. Mixed sexes were used for GFAP IHC.
WT=wild-type.
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Figure 7 Downregulation of GYS1 rescues microgliosis and behavioural abnormalities in Rbck1−−−−−/−−−−− mice. (A and B) Representative IBA1 IHC images of
hippocampus and cerebellum fromall four genotypes from the Rbck1−/−Gys1+/− (A) and Rbck1−/− Ppp1r3c−/− line (B). (C andD) IBA1 signal quantification
in hippocampus and cerebellum in all four genotypes from the Rbck1−/−Gys1+/− (C) and Rbck1−/− Ppp1r3c−/− (D) line. Behavioural testing conductedwith
wild-type (WT), Rbck1−/− and Rbck1−/− Gys1+/− mice (E–J) as well as withWT, Rbck1−/− and Rbck1−/− Ppp1r3c−/− (K–P): transversing latency (E and K) and
hind feet slips (F and L) frombalance beam testing, latency to fall from rotarod testing (G andM) and regularity index (H andN), rear (I andO) and front (J
and P) leg propulsion time from gait analysis. All data are presented as mean+SEM. Biological replicates n=6–13 (C), n= 5–13 (D), n=4–7 (E–P).
Significance levels are indicated as *P,0.05; **P,0.01; ***P, 0.001; ****P, 0.0001. Females were used for behavioural testing, mixed sexes for IBA1 IHC.
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noted thatubiquitinwasshowntobeassociatedwithPBsboth in the
absence of malin and of RBCK1.36–38 Whether the ubiquitin associ-
ation with PBs is through covalent linkages and has a role in PB ac-
cumulation is unknown.

Central to immunity is its extremely tight control. The microbial
threat is so diverse that unless the response is fine-tuned, collateral
damageensues. Thedefensivepotential isasdiverseas the threat, in-
cluding againstmolecules andmembranes that closely resemble the
host’s. Even partial, unprovoked unleashing of the immune system
will damage the host. This regulation involves a large number of
de-ubiquitinating and ubiquitinating enzymes including LUBAC.77,78

While all patients with RD have amylopectinosis, some also have a
significant immune dysregulation and frequent and unusual infec-
tions accompanied with autoimmunity.16,17 These patients often die
in early childhood. The genotype–phenotype correlationwith the im-
mune dysregulation is complex. There is a trend towards having it
withmutations that disrupt RBCK1’s N-terminal UBL domain, which
would lead to LUBAC destabilization.17 However, multiple patients
have truncating mutations in the central part of the gene, distant
from both termini. The RBCK1 mRNA in these patients is expected
todegeneratebyNMDandeliminate theUBL.However, thesepatients
do not have the severe immune disease.13,16 The murine mutations
may inform on this paradox. Likely, the process evolved in mouse
to preserve RBCK1’s N-terminus against the effects of NMD (see
Rbck1−/− mouse line description in the 'Materials and methods'
section)24 is also operational in humans, thus sparing patients with
downstream truncatingmutations from the severe immune disease.
There is, however, evidence thatmany patients have some degree of
immune disturbance,16 which is highly variable, e.g. inflammatory
bowel disease, synovial inflammation, sarcoidosis, etc. This variation
is likely influenced by background genetics. This again is like the
mouse. The Rbck1−/− mice used here with greatly reduced, but not
eliminated, LUBAC do not have significant immune disease but do

have susceptibilities to infection by very particular pathogens.61 In
our work here on the brain, we find that the neuroimmunopathology
that follows the amylopectinosis is influenced by sex and unknown
background genetic influences. This situation is unlike LD and APBD
where the neuroimmunopathology is constant. Studies in RD may
thus help identify the links between amylopectinosis and inflamma-
tion. RD is predominantly a skeletal and cardiac myopathy, but a
number of patients do have a variety of neurological symptoms, ran-
ging fromseizures to autismand developmental delay.16,79 Onewon-
ders whether the relatively limited and varied neurological
presentation is againmodulated by the irregular immune dysregula-
tion in this particular disease.

An initial observation wemade distinguishing brain pathology in
female Rbck1−/−mice from theirmale counterparts is the presence in
females of vacuolation around large PBs. The causes of this and their
sexdependenceneedinvestigation.However, theobservationisnote-
worthy also in that vacuolation around large PBshasbeen reported in
humanRD skeletalmuscle biopsies.16 This type of PB-related vacuol-
ation isnot seen inLDandAPBD.Nowcaptured in adifferent tissue in
a second species, this appears to be anRD-specific phenotypedeserv-
ing elucidation in the understanding of the disease.

The story of the unknown mechanisms ensuring glycogen
structural adequacy is unlikely to end with the uncovering of the
laforin–malin–LUBAC intersecting pathways. Very recently, yet
another PB disease was described. Here again the function of the
identified disease gene product, KLHL24, is not known, except
that it is a substrate-specific adaptor for a class (cullin E3) of E3
ubiquitin ligases.80

A potential treatment for the various amylopectinoses does
not need to await the elucidation of the laforin–malin–LUBAC path-
ways. It is sufficiently clear that the shared pathogenic event is the
formation of overly long glycogen chains driving glycogen to pre-
cipitation. With our present results, RD, like APBD and both forms

Figure 8 Gys1-targeting ASO, administered at 1 and 2months, leads to reduced Gys1mRNA and glycogen levels, and prevents PB accumulation in the
brain of Rbck1−−−−−/−−−−− mice at 3 months. PBS, Ctrl-ASO (no-target control ASO), or Gys1-ASO were injected at 1 and 2months and brain tissue analysed at 3
months. (A) BrainGys1mRNA relative expression levels in PBS-, Ctrl-ASO, and Gys1-ASO-injected Rbck1−/−mice. (B) Brain total glycogen content. (C) PB
quantification in the hippocampus. (D) Representative images of PASD-stained hippocampus. Untreated mice, sacrificed and analysed at 1 month,
served as baseline control. All data are presented as mean+SEM. Biological replicates n=3–10 (A–C). Significance levels are indicated as *P, 0.05;
**P, 0.01; ****P,0.0001. Mixed sexes were used.
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of LD, can be rescued by GYS downregulation. This downregulation
can be in quantity or activity. The latter appears to be more effect-
ive as relative (≈25%) deactivation of GYS1 with Ppp1r3c−/− more
completely removed PBs than partial (≈50%) depletion of GYS1
with Gys1+/− (cf. Fig. 5A–C with Fig. 5E–G). This apparent advantage
of deactivation over depletion may contain pathogenic meaning.
Possibly, polyglucosan formation is more likely with more
active GYS outpacing GBE1, versus more abundant GYS.
Notwithstanding, both depletion and deactivation effectively re-
duce PBs and attendant neuroinflammation. There are presently
a number of GYS downregulating pharmacotherapies being devel-
oped for LD and APBD, including small molecule inhibitors of
GYS181 and an ASO against its RNA.49 The present study suggests
that these drugs may be purposed also for RD, especially its fatal
cardiac disease and disabling skeletal myopathy.
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