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Glycogen storage diseases (GSDs) of the liver are devastating
disorders presenting with fasting hypoglycemia as well as
hepatic glycogen and lipid accumulation, which could lead to
long-term liver damage. Diet control is frequently utilized to
manage the potentially dangerous hypoglycemia, but there is
currently no effective pharmacological treatment for prevent-
ing hepatomegaly and concurrent liver metabolic abnormal-
ities, which could lead to fibrosis, cirrhosis, and hepatocellular
adenoma or carcinoma. In this study, we demonstrate that
inhibition of glycogen synthesis using an RNAi approach to
silence hepatic Gys2 expression effectively prevents glycogen
synthesis, glycogen accumulation, hepatomegaly, fibrosis, and
nodule development in a mouse model of GSD III. Mechanisti-
cally, reduction of accumulated abnormally structured
glycogen prevents proliferation of hepatocytes and activation
of myofibroblasts as well as infiltration of mononuclear cells.
Additionally, we show that silencing Gys2 expression reduces
hepatic steatosis in a mouse model of GSD type Ia, where we
hypothesize that the reduction of glycogen also reduces the
production of excess glucose-6-phosphate and its subsequent
diversion to lipid synthesis. Our results support therapeutic
silencing of GYS2 expression to prevent glycogen and lipid
accumulation, which mediate initial signals that subsequently
trigger cascades of long-term liver injury in GSDs.

INTRODUCTION
The hepatic glycogen storage diseases (GSDs) are inherited disorders
of glycogen metabolism that present clinically with hepatomegaly,
liver injury, failure to thrive, and/or fasting hypoglycemia.1 These
GSDs, including types 0, I, III, IV, VI, and IX, are caused by defi-
ciencies in enzymes or transporters involved in glycogen synthesis
or breakdown.1 In a healthy individual, excess postprandial glucose
is converted via a multi-enzyme process into uridine diphosphate
(UDP)-glucose, from which an initial glycogen polymer is formed
on the glycogenin 2 (GYG2) dimer scaffold via a-1,4 glycosidic link-
ages using its autoglycosylation activity (Figure S1).2,3 Glycogen
synthase 2 (GYS2) continues to catalyze the addition of UDP-glucose
onto existing glucose molecules to increase the length of linear
M
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glucose polymer chain. Subsequently, glycogen branching enzyme
(GBE) is able to attach a new branch point with a-1,6 glycosidic link-
age that serves as a new initial point for another cycle of linear glucose
chain elongation. Working together, GYS2 and GBE build a compli-
cated tree-like structured glycogen molecule with a GYG2 dimer in
the center. During periods of fasting, glycogen phosphorylase
(GLGP) starts to release glucose-1-phosphate from glycogen until a
branching point is encountered. Glycogen debranching enzyme
(GDE) activity then is required for transferring and liberating glucose
molecules near the branching point before GLGP is able to further
process glycogen and release glucose. Glucose-1-phosphate released
from glycogen is then converted into glucose-6-phosphate (G6P)
and subsequently to glucose by glucose 6-phosphatase (G6Pase) in
the final step of glycogenolysis to maintain glucose homeostasis in
times of fasting.4

GSD type Ia (GSD Ia) is caused by a deficiency of G6Pase and is char-
acterized by the most severe hypoglycemia among all types of GSDs
due to redundant role of G6Pase in converting G6P to glucose in
the final step of both gluconeogenesis (GNG) and glycogenolysis
pathways.5–10 G6Pase is primarily expressed in the liver, kidneys,
and intestine.10,11 Liver and kidney G6Pase deficiency leads to the
accumulation of G6P and subsequent metabolic complications,
such as hypertriglyceridemia, hyperlactacidemia, and hyperurice-
mia.12,13 The accumulation of glycogen and lipid in the liver leads
to hepatomegaly and may contribute to the development of hepato-
cellular adenoma (HCA) or carcinoma (HCC) in some patients.14–18

Themajority of the remaining hepatic GSDs, including types 0, III, VI,
and IX, are associated with amilder, fasting, ketotic hypoglycemia due
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Figure 1. Schematic Representation of the

Experimental Designs for All Presented Studies

Wild-type (WT), GSD III (Agl�/�), and GSD Ia (L-G6pc�/�)
mice were injected (downward open arrows) with either

GYS2-1 or GYS2-2 with different dose levels, dosing

regimens, and study durations (takedown denoted with

upward filled arrows) as indicated. Age of mice is indicated

within horizontal arrows. Results obtained from each

experimental protocol are presented in their correspond-

ing figures and supplemental figures as indicated.
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to an active GNG pathway in these patients capable of partially main-
taining blood glucose homeostasis and compensating for the defective
glycogenolysis pathway.1,19 The increased activity of the GNG
pathway from lipid and protein sources in these patients results in
increased ketone body levels. GSD III is the most common among
all ketotic GSDs.20 GSD III is caused by the deficiency of GDE
(encoded byAGL) and is characterized by hepatomegaly and hyperlip-
idemia, with some patients developing liver damage, such as elevated
circulating liver enzymes, fibrosis, cirrhosis, HCA, or HCC.20–22

To dissect the mechanisms underlying liver injury associated with
hepatic GSDs, we investigated the effect of RNAi-mediated GYS2
enzyme reduction in GSD Ia and GSD III mouse models. We
observed that accumulation of abnormally structured glycogen was
accompanied by early damage signals, such as hepatocyte prolifera-
tion, myofibroblast activation, and mononuclear cell infiltration,
leading to the subsequent development of fibrosis and nodule forma-
tion in GSD III mice. Silencing of Gys2 expression effectively reduced
glycogen accumulation and prevented all assessed markers of early
liver injury and progressive liver damage. Additionally, Gys2 reduc-
tion in a GSD Ia mouse model resulted in decreased glycogen and
lipid levels and prevented subsequent apoptosis and cell proliferation.

RESULTS
Gys2 mRNA Knockdown Inhibits Glycogen Synthesis in Wild-

Type Mice

We identified Gys2 small interfering RNAs (siRNAs) by sequential
screening in vitro (Figure S2). Potent siRNAs were then conjugated
with N-acetylgalactosamine (GalNAc) sugar residues (designated as
GYS2-1) or formulated in lipid nanoparticle (designated as GYS2-2)
for specific reduction of Gys2 mRNA and GYS2 protein expression
in liver (Figure S2). We then explored the therapeutic potential of
Gys2 silencing in GSD mouse models (experimental designs summa-
rized in Figure 1). GYS2-1 potently silences Gys2mRNA (Figure 2A)
and GYS2 protein levels (Figures 2B and 2C) in wild-type mice. Addi-
tionally, GYS2-1 and GYS2-2 treatment results in reduction of GYS2
protein and glycogen levels in wild-type mice in nearly all hepatocytes
(Figures 2D, 2E, S2G, and S2H), suggesting that bothGalNAc and lipid
nanoparticle (LNP)-mediated siRNA delivery mechanisms are able to
achieve homogeneous delivery of siRNA to hepatocytes and are suit-
able for further evaluation of the disease mechanism.
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Gys2 mRNA Knockdown Prevents Glycogen Accumulation and

Hepatomegaly in the Agl–/– GSD III Mouse Model

To evaluate whether accumulated glycogen molecules trigger liver
abnormalities in GSDs, we employed a murine model of GSD III.
Agl�/� mice have a germline mutation in the gene encoding GDE,
resulting in accumulation of abnormally structured glycogen that
is resistant to efficient breakdown by GLGP during fasting (Fig-
ure 2D).23,24 As reported by others, we also observed that these
mice develop hepatomegaly with abnormal histomorphology by
four weeks of age (Figure S3),23 followed by an elevation of circu-
lating liver enzymes and progression to periportal fibrosis by
approximately eighteen weeks of age.23,24 Agl�/� mice were injected
with GYS2-1 weekly from four to thirteen weeks of age or from eight
to twenty-six weeks of age (Figure 1). GYS2-1 potently suppressed
hepatic Gys2 mRNA (Figure 2A) and GYS2 protein (Figures 2B
and 2C) levels, resulting in a substantial reduction of hepatic
glycogen levels in the Agl�/� mice (Figure 2D). Blockage of glycogen
synthesis with chronic dosing of GYS2-1 reverses the hepatomegaly
that is characteristic of Agl�/� mice (Figures 2F and 2G). Chronic
dosing of GYS2-1 also reverses histomorphological characteristics
of Agl�/� mice as evidenced by H&E and periodic acid-Schiff
(PAS) staining (Figures 3A, S3A, and S3B) until they are similar
to their wild-type littermates.

Interestingly, we observed that Gys2 mRNA and GYS2 protein levels
were downregulated in Agl�/�mice in the absence of treatment when
compared with their wild-type littermates (Figures 2A–2C). This
observation suggests there may be physiological feedback in Agl�/�

mice to mitigate the accumulation of excess glycogen by downregula-
tion of Gys2 expression. However, despite this downregulation of
Gys2 expression, Agl�/� mice still exhibit hepatomegaly and histo-
morphological characteristics of GSD III, suggesting that the remain-
ing levels of GYS2 enzyme are sufficient to cause accumulation of
glycogen in this GDE-deficient background. Importantly, GYS2-1
was able to further reduce the expression of Gys2 mRNA and GYS2
protein in Agl�/� mice, resulting in a reversal of the phenotypic
characteristics of GSD III (Figures 1, 2, S3A, and S3B). Analysis of
four-week-old Agl�/� mice sacrificed in the absence of treatment
indicates that hepatomegaly and abnormal liver morphology occur
early in life (Figure S3A),23 suggesting that the GSD III liver pheno-
type of Agl�/� mice is highly reversible with GYS2 reduction.



Figure 2. GYS2-1 Treatment Reduces Gys2 mRNA, GYS2 Protein Expression, Glycogen Synthesis, and Hepatomegaly in GSD III, Agl–/– Mice

The leadGys2 siRNA conjugate, GYS2-1, was subcutaneously injected intoWT and Agl�/�mice at a 10mg/kg dose. Wild-type and Agl�/�mice were given 10 weekly doses

of GYS2-1 starting at 4 weeks of age and sacrificed at 13 weeks of age after a 6-hr fast. In a second experiment, Agl�/�mice were given 18 weekly doses of GYS2-1 starting

at 8 weeks of age and sacrificed at 26 weeks of age. Liver samples were collected 24 hr following the final dose. (A) Results of RT-PCR analysis on the effect of GYS2-1 on

Gys2mRNA expression in both wild-type (****p < 0.0001) and Agl�/� (**p% 0.01) mice are shown. (B and C)Western blot analysis (B) and quantification (C) tomeasure GYS2

protein expression in both wild-type (p < 0.0001) and Agl�/� (**p% 0.01) mice treated with GYS2-1 is shown. (D) Measurement of glycogen in prepared liver extracts in wild-

type (p < 0.0001) and Agl�/� (**p% 0.01 for 13 weeks and *p% 0.05 for 26 weeks) mice treated with GYS2-1. (E) Detection of glycogen levels in formalin-fixed liver tissues in

wild-type mice using PAS staining. (F) Liver to body weight ratio was measured in Agl�/� mice (***p % 0.001 for 13 weeks and ****p < 0.0001 for 26 weeks) treated with

GYS2-1. Data are presented as mean ± SD. Unpaired t test for statistical significance relative to PBS treatment group at each time point. (G) Representative images of livers

from each group as indicated. The scale bar represents 1 cm. WT, wild-type littermate.
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Silencing of Gys2 Protects against Initial and Progressive Liver

Injury in the Agl–/– GSD III Mouse Model

As the life expectancy of patients with GSD III improves with diet
control, cases of long-term liver complications continue to be re-
ported.25–27 However, the mechanism remains unclear as to how liver
damage in Agl-deficient patients leads to long-term complications,
such as fibrosis, cirrhosis, HCA, and HCC. Immunohistochemistry
of the livers of untreated Agl�/� mice for the cellular proliferation
marker Ki67 shows increased clusters of positively stained cells sur-
rounded by hepatocytes containing large vacuoles (Figures 3A, S3B,
and S4). The increased Ki67-positive cells were detected on hepato-
cytes and non-hepatocytes, identified based on morphology and by
immunohistochemistry for expression of cell-type-specific markers
in the PBS-treated Agl�/� mice (Figure 3B). One hypothesis is that
liver damage caused by glycogen accumulation induces neighboring
cells (hepatocyte or non-hepatocyte) to proliferate, leading to myofi-
broblast activation in non-hepatocytes and the development of
neoplasia in hepatocytes. Livers of Agl�/� mice did not have elevated
activity of apoptotic caspases 3 and 7 (Figure S3C), supporting the
hypothesis that slowly progressing liver damage, mediated by a
Molecular Therapy Vol. 26 No 7 July 2018 1773
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Figure 3. GYS2-1 Treatment Results in a

Normalization of Liver Pathology in an Agl–/– GSD III

Mouse Model

(A) Agl�/�mice treated with PBS or GYS2-1 weekly for 18

doses starting at 8 weeks of age. Histological analysis

was performed using H&E and PAS staining as indicated.

Ki67-positive cells and infiltrated mononuclear cells

(H&E:M) were noted in Agl�/� mice. Immunohistochem-

istry for a-smooth muscle actin (a-SMA) and Sirius Red

staining were performed to detect stellate cell activation

and fibrosis. Representative images of four individual

animals from PBS- or GYS2-1-treated groups are shown.

The scale bars represent 100 mm. (B) Double staining of

Ki67 (dark brown) and CYP3A (cytochrome P450 3A,

magenta) or a-SMA (magenta) was performed to detect

cell proliferation in both hepatocytes and non-hepato-

cytes in livers of Agl�/� mice. (C) Quantitative analysis of

immunohistochemistry of Ki67, a-SMA, and Sirius Red

(*p % 0.05) staining shown in (A) is shown. Detailed

methodology of quantitative analysis can be found in

Supplemental Information and Figures S4–S6. Data are

presented as mean ± SD. Unpaired t test for statistical

significance relative to PBS treatment group or wild-type

animals (*p % 0.05) is shown.
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non-apoptotic mechanism, induces cell proliferation in the GSD III
mouse model. Notably, in Agl�/� mice injected with GYS2-1, cellular
proliferation was reduced to the levels near wild-type littermates as
evidenced by immunohistochemistry for Ki67 (Figures 3A, 3C, S3,
and S4). We also observed that GYS2-1 prevents infiltration of mono-
nuclear cells (Figure 3A). Importantly, we observed that Gys2
silencing greatly impeded the development of stellate cell activation
and fibrosis in the livers of Agl�/� mice (Figures 3A–3C and
S3–S6). These results suggest that reduction of GYS2 enzyme in the
livers of Agl�/� mice can prevent hepatocyte damage from excess
glycogen accumulation and the resulting cell proliferation, myofibro-
blast differentiation, inflammation, and development of fibrosis.

When compared to their wild-type littermates, Agl�/� mice also
display signs of liver damage with elevated levels of circulating alanine
aminotransferase (ALT), aspartate transaminase (AST), and alkaline
phosphatase (ALP) that were exacerbated by fasting (Figures 4, 6, and
1774 Molecular Therapy Vol. 26 No 7 July 2018
S3D).23,24 Gys2 mRNA silencing with GYS2-1
significantly reduces levels of ALT, AST, and
ALP in Agl�/� mice to near wild-type baseline
levels during both fasting and non-fasting con-
ditions (Figures 4, 6, and S3D).

Silencing of Gys2 Prevents Development of

Hepatic Nodules in the Agl–/– GSD III Mouse

Model

To investigate the long-term effect of inhibiting
glycogen synthesis inAgl�/�mice, animals were
injected with GYS2-1 monthly from 1 to
12 months of age (Figure 1). Repeatedly, silencing of Gys2 shows a
tendency toward reducing glycogen synthesis and preventing hepato-
megaly, liver toxicity, and fibrosis inAgl�/�mice (Figures 5, 6, S7, and
S8). Importantly, small, sporadic nodules ranging from <1 to 3 mm in
diameter were noted in the livers of Agl�/� mice, but not in GYS2-1-
treated group. Histopathological analysis of the nodules identified
hepatocytes with varying sizes, shapes, and irregular nuclei with a
decrease in the number of vacuoles present (Figures 5 and S9). The
largest nodule displays the “pushing border” characteristic indicative
of an expanding cell mass that is adjacent to the parenchyma (Fig-
ure S9); however, no incidences of the development of hepatocellular
carcinoma were observed by histopathology or immunohistochem-
istry analysis at one year of age (Figures S9 and S10). Increased
cellular proliferation was detected in PBS-treated mice in both the
parenchymal and nodule compartments at one year of age (Fig-
ure 6B), as it was in the younger mice (Figure 3). In contrast, silencing
of Gys2 shows a tendency toward reduction of the proliferative index



Figure 4. GYS2-1 Treatment Reduces Circulating

Liver Enzymes in an Agl–/– GSD III Mouse Model

GYS2-1 was subcutaneously injected into WT or Agl�/�

mice weekly at a 10 mg/kg dose starting at 4 or 8 weeks

of age and sacrificed at 13 or 26 weeks of age, respec-

tively, as indicated. Analysis of serum samples was per-

formed to measure circulating liver enzymes. ALT, alanine

transaminase; AST, aspartate aminotransferase; ALP,

alkaline phosphatase. Data are presented as mean ± SD.

Unpaired t test for statistical significance relative to PBS

treatment group. WKS, weeks. ***p% 0.001; **p% 0.01;

*p % 0.05.
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(Figure 6C). These results suggest that Gys2 silencing effectively pre-
vents long-term liver injury and hyperplasia in the GSD III mouse
model. Whereas small numbers of animals were included in this
study, normalization of the liver phenotype with a high degree of
homogeneous morphology throughout the entire liver was achieved
with GYS2-1 treatment that was comparable to that of their
wild-type littermates (Figures 5, 6, S7, and S8), suggesting that a
GalNAc-mediated RNAi approach to prevent the accumulation of
abnormally structured glycogen is effective in unbiasedly resolving
the underlying disorder of all hepatocytes (Figure S11).

Reduction of GYS2 Prevents Lipid Deposition in Hepatocytes in

a GSD Ia Mouse Model

In GSD Ia, the loss of G6Pase activity leads to the accumulation of
glycogen and lipid in hepatocytes. Here, we evaluated the effect of
reducing Gys2 expression in a GSD Ia mouse model with liver-spe-
cific deletion of G6pc (L-G6pc�/�). The L-G6pc�/� mice develop
liver injury representative of GSD Ia but with less severe hypoglyce-
mia than patients.28 L-G6pc�/� mice were injected with the LNP-
mediated GYS2-2 siRNA weekly for 5 weeks (Figure 1). Similar to
our observations in Agl�/� mice, we demonstrate that Gys2 silencing
greatly reduced hepatic Gys2 mRNA expression (Figure 7A), result-
ing in a reduction of hepatic glycogen accumulation (Figures 7B and
7E). In addition, L-G6pc�/� mice treated with GYS2-2 displayed
similar liver morphology to wild-type controls whereas untreated
L-G6pc�/� mice showed glycogen and lipid accumulation (Fig-
ure 7E). In this short-term treatment experiment, we observed a
trend of decreased hepatic G6P accumulation with reduced Gys2
expression (Figure 7C), corresponding to the observed reduction
in hepatic glycogen levels (Figure 7B), which serves as one of the
main sources of hepatic G6P production from glycogenolysis.
Reduction of elevated circulating ALT and AST was also observed
in L-G6pc�/� mice with Gys2 silencing (Figure 8A). The activity
of apoptotic caspases 3 and 7 and the proliferative index were also
increased in L-G6pc�/� mice compared to wild-type controls (Fig-
ures 7D, 7E, and 8B), suggesting that lipid deposition and dam-
age-induced cellular proliferation in the liver are linked to apoptosis
in the L-G6pc�/� GSD Ia mouse model. A tendency toward
decreased caspase 3 and caspase 7 activity (not statistically signifi-
cantly; p = 0.24) was observed in livers of L-G6pc�/� mice after
Gys2 silencing (Figure 8B). All L-G6pc�/� animals (both PBS and
GYS2-2-treated groups) exhibit nearly undetectable G6pc mRNA
expression levels (Figure S12) and severe fasting hypoglycemia (Fig-
ure S13), suggesting that the observed efficacy is specific to Gys2
silencing and not to random variation in recombination efficiency.28

Our data thus suggest that reduction of hepatic glycogen levels by
Gys2 silencing results in the decline of hepatic G6P buildup and lipid
deposition, thereby preventing damage-induced cell proliferation in
the livers of L-G6pc�/� mice (Figures 7 and 8).

In summary, our results suggest that glycogen accumulation and lipid
deposition are able to initiate liver damage cascades, resulting in
increased cellular proliferation of hepatocytes and non-hepatocytes
in both GSD Ia and GSD III mouse models. Suppression of Gys2
mRNA expression through an RNAi approach reduces glycogen
and fatty acid accumulation homogenously and prevents subsequent
liver damage of nearly all hepatocytes in mouse models of GSD Ia and
GSD III.

DISCUSSION
Short- and long-term liver complications occur in many types of
GSDs, but there is currently no clear understanding of the mecha-
nisms underlying disease progression. We demonstrate that accu-
mulation of glycogen triggers the initial damage cascade, and this
injury can be effectively reversed by Gys2 silencing in animal models
of GSD Ia and III. However, Gys2 silencing has no effect on prevent-
ing fasting hypoglycemia (Figure S13). Whereas Gys2-deficient
patients (GSD 0) have mild hypoglycemia and liver complica-
tions,29–31 hypoglycemia was not exacerbated by Gys2 silencing
(Figure S13). Thus, targeting GYS2 could provide a potentially safe
therapeutic approach for preventing liver complications, such as
HCA and HCC in GSD Ia and III.

Mechanisms Underlying Progression of Liver Injury in Hepatic

GSDs

Our data suggest that aberrant accumulation of glycogen initiates
sequential events that are responsible for long-term liver complica-
tions. However, each hepatic GSD also exhibits unique phenotype.
Molecular Therapy Vol. 26 No 7 July 2018 1775
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Figure 5. GYS2-1 Treatment Prevents Nodule

Development in the Agl–/– GSD III Mouse Model

Agl�/�mice were treated with PBS or GYS2-1monthly for

12 doses starting at one month of age. Liver samples

were collected 72 hr following the final dose. (A) Histo-

logical analysis was performed in prepared liver samples.

The scale bar represents 100 mm. Each liver image shows

a representative section from an individual animal. (B)

Higher magnification images of sections of the nodules

are shown. The scale bars represent 500 or 100 mm in

the upper or lower panel, respectively.
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Indeed, GSD III hepatomegaly is characterized by the accumulation
of abnormal glycogen (called phosphorylase limit dextrin), whereas
glycogen molecule is normal in GSD I. Moreover, neutral lipids are
accumulated in GSD Ia and lead to the development of steatosis.
Whereas HCC development generally occurs on fibrotic or cirrhotic
liver, HCC develops from an HCA transformation event in GSD Ia
in the absence of fibrosis. In addition, hepatic diseases of GSD Ia and
GSD III are characterized by different metabolic remodeling events
that could play distinguished roles in liver tumorigenesis.13 For GSD
III, increased cell proliferation was observed long before hyperplastic
nodule formation. Similar to other fibrotic chronic liver diseases, we
observed that proliferation and differentiation of stellate cells pro-
ceed the development of fibrosis. Our histology data suggest that
inflammation may also play an important role for liver disease pro-
gression. In GSD Ia mice, our results suggest that reduction of
glycogen content by Gys2 silencing led to a decrease of lipid accumu-
lation, where modifications of metabolism subsequently prevent
liver injury. Our understanding of mechanisms and development
of liver injury of GSDs can further provide insight into potential
1776 Molecular Therapy Vol. 26 No 7 July 2018
intervention approaches, an area where the
field has been progressing slowly, with the
exception of advances in dietary control and
gene therapy.32

GSD III patients develop fasting, ketogenic hy-
poglycemia as a result of fatty acid oxidation
during gluconeogenesis as a means to compen-
sate for the deficiency of glycogenolysis.19 Thus,
we hypothesized that gluconeogenesis activity
would be increased in GSD III mice during fast-
ing in order to maintain blood glucose levels. As
hypothesized, we detected an elevation of
ketone bodies in Agl�/� GSD III mice during
fasting (Figure S13C). We did not detect any
significant difference in the elevation of ketone
bodies following treatment of GYS2-1, suggest-
ing Gys2 silencing has no effect on gluconeo-
genesis (Figure S13C). This result also suggests
that abnormally structured glycogen, and not
ketone bodies, causes liver toxicity and subse-
quent complications in GSD III. Interestingly,
D,L-3-hydroxybutyrate, a synthetic ketone, has been used as an alter-
native energy source for treating a few GSD III patients with cardio-
myopathy where no aggravated liver phenotype was reported, sug-
gesting elevated ketone bodies will not cause liver complications in
GSD III patients.33,34

Silencing Hepatic GYS2 as a Potential Therapeutic Approach:

Advantages and Limitations

We demonstrate that Gys2 silencing effectively and rapidly reversed
the disease phenotype in GSD Ia and GSD III animal models, sup-
porting its therapeutic potential for preventing liver complications.
Accumulation of abnormally structured glycogen in hepatocytes
directly or indirectly causes stress; however, reversal can be achieved
rapidly by reducing glycogen synthesis. A similar but less specific
approach has been reported with rapamycin, an mTOR inhibitor,
which moderately reduced GYS2 expression, glycogen accumula-
tion, and liver fibrosis in a canine model of GSD III with a range
of other mTOR targets also affected.35 These results further support
the role of accumulated glycogen in the disease pathology of GSD



Figure 6. GYS2-1 Treatment Prevents Fibrosis in the

Agl–/– GSD III Mouse Model

Agl�/�mice were treated with PBS or GYS2-1monthly for

12 doses starting at 1 month of age. (A) Liver samples

were collected 72 hr following the final dose and analyzed

for collagen deposition using Sirius Red staining. Lower

panel represents higher magnification of images in upper

panel. Representative images of individual animals from

PBS- or GYS2-1-treated groups are shown. The scale

bars represent 1 mm or 200 mm in the upper or lower

panel, respectively. (B) Analysis of Ki67 staining to detect

hepatocellular proliferation in Agl�/�mice. Representative

images of nodule and non-nodule areas of individual

animals are shown. The scale bars represent 200 mm. (C)

Quantitative analysis of immunohistochemistry of Ki67

and Sirius Red staining shown in (A) and (B), respectively,

is shown. Detailed methodology of quantitative analysis

can be found in Supplemental Information and Figures S4

and S8. (D) Analysis of serum samples was performed to

measure circulating liver enzymes. Data are presented as

mean ± SD.
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III and the therapeutic potential of GYS2 silencing. In addition to
GSD Ia and III, liver complications are also associated with other
types of GSDs, including types VI and IX.36,37 Mechanistically,
reduction of GYS2 expression with siRNA treatment should also
reduce glycogen accumulation of GSD VI and IX. However, the
effect of Gys2 silencing has yet to be confirmed in animal models
of these GSDs.

RNAi-mediated inhibition of glycogen synthesis has the advantage
to unvaryingly reach and correct glycogen accumulation in nearly
all hepatocytes (Figures 5, 6, S2G, S2H, S8, and S11), subsequently
eliminating abnormal cell proliferation throughout. This is partic-
ularly important for designing therapeutics aimed at preventing
hepatic malignancies in livers where widespread and sustained
cell proliferation has been observed (Figures 3, 6, and S4). Tumor-
M

igenesis can theoretically initiate from any
small population of damaged hepatocytes
that are actively proliferating, making the
homogeneous silencing of Gys2 and the re-
sulting prevention of hepatocyte damage
particularly valuable for preventing disease
progression.

As a potential therapeutic approach, GYS2
silencing may improve liver complications;
however, it will not prevent hypoglycemia
(Figure S13). Nevertheless, it has the potential
to complement a gene therapy approach by
ameliorating the cellular abnormalities associ-
ated with specific GSDs. In addition to liver
complications, a high percentage of GSD III
patients also eventually develop muscle
weakness or heart complications.37–39 As expected, GYS2-1 treat-
ment does not reduce glycogen accumulation in skeletal muscle
due to the liver specificity of the GalNAc conjugation delivery
approach (Figure S14). Theoretically, GYS1, which is predomi-
nantly expressed in both muscle and heart tissue, where it serves
as the main enzyme for glycogen synthesis, can be targeted to
improve myopathy and cardiomyopathy in affected patients. An
alternative tissue-specific ligand-receptor approach other than the
GalNAc-asialoglycoprotein receptor system utilized here will
need to be identified for skeletal and cardiac muscle-specific deliv-
ery40 before future investigation of RNAi-mediated silencing of
Gys1. Similarly, this current limitation of liver-specific delivery of
RNAi will need to be resolved before we could prevent against kid-
ney damage that is associated with high percentage of GSD I
patients.41
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Figure 7. Silencing ofGys2mRNA Expression Reduces Glycogen Accumulation and Restores Normal Liver Morphology in a L-G6pc–/–GSD IaMouseModel

L-G6pc�/�mice were dosed intravenously with PBS or GYS2-2 (Gys2 siRNA formulated in lipid nanoparticle) weekly for 5weeks. Liver samples were collected 48 hr following

the final dose. (A) RT-PCR analysis was performed to measure Gys2 mRNA expression in L-G6pc�/� mice (****p < 0.0001). (B) Measurement of glycogen content in liver

extracts was performed in L-G6pc�/� mice (**p % 0.01). (C) Glucose-6-phosphate levels were measured in L-G6pc�/� mice treated with PBS or GYS2-2. (D) Quantitative

analysis of Ki67-positive liver cells in L-G6pc�/� mice. Numbers (N) of male (M) and female (F) animals in each group are indicated. (E) Histological analysis to characterize

histopathology of L-G6pc�/�mice using H&E, Oil RedO staining, and Ki67 immunohistochemistry. Liver samples stained with both Oil Red O and hematoxylin (Oil Red O +H)

are indicated. Representative images of three individual animals from PBS- or GYS2-2-treated groups are shown. The scale bar represents 100 mm. Data are presented as

mean ± SD. Unpaired t test for statistical significance relative to PBS control group.
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In summary, our preclinical studies suggest that glycogen accumula-
tion directly or indirectly induces a liver injury cascade in GSD animal
models, supporting further exploration of applying RNAi to inhibit
glycogen synthesis as a universal therapeutic approach for GSD-
related liver disease.
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MATERIALS AND METHODS
Selection of Lead Gys2 siRNAs

GYS2-1 and GYS2-2 siRNAs were identified through a process of
large-scale screening of siRNAs for mRNA knockdown activity
in vitro in HEK293 cells stably expressing mouse Gys2 (Figure S2).



Figure 8. Silencing of Gys2 mRNA Expression Reduces Liver Toxicities in a L-G6pc–/– GSD Ia Mouse Model

L-G6pc�/� mice were dosed intravenously with PBS or GYS2-2 weekly for 5 weeks. Liver and blood samples were collected 48 hr following the final dose. (A) Analysis of

serum samples was performed tomeasure circulating liver enzymes. (B) Measurement of caspase-3/-7 activity was performed on liver extracts to detect apoptosis. Numbers

(N) of male (M) versus female (F) animals in each group are indicated. Unpaired t test for statistical significance relative to PBS control group or wild-type animal (****p < 0.0001;

***p % 0.001; **p % 0.01; *p % 0.05). Data are presented as mean ± SD.
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RNA strands for siRNA duplexes were synthesized purified at
Integrated DNA Technologies (Coralville, IA). The GYS2-1 siRNA
had a 36-mer and 22-mer duplex RNA structure, with a 36-nt sense
strand composed of modified RNA and GalNAc conjugation that
was annealed to a 22-nt modified RNA antisense strand. The
GYS2-2 had a 25-mer and 27-mer duplex RNA structure with a
25-nt modified sense strand annealed to a 27-nt modified RNA
antisense strand. The GYS2-2 siRNA duplex was formulated in lipid
nanoparticles. The siRNAs were modified with either 20-OMe or 20-F
on their sugar moieties.

Generation of GSD Mouse Models and In Vivo Testing

All animal experiments complied with the animal protocols approved
by Dicerna’s Institutional Animal Care and Use Committees
(IACUCs). Mice were kept in a pathogen-free facility, housed using
an Innovive disposable caging system with corn cob bedding (Inno-
vive, San Diego, CA) with free access to Picolab diet for research
animals by Purina (Scott Pharma, Marlborough, MA) and water
unless otherwise noted. All experiments were done during the
12-hr light cycle. CD-1 mice (Charles River Laboratories, Wilming-
ton, MA) were used for in vivo screening of Gys2 siRNA activity.
C57BL/6 mice (Harlan Laboratories, Indianapolis, IN) were used
for testing the efficacy of the lead GYS2-1 and GYS2-2 siRNA.

Agl�/� mice were produced from embryonic stem cells (ESCs) with a
knockout of the Agl gene, which were acquired from the European
Conditional Mouse Mutagenesis Program (EUCOMM, Germany).
ESC injections and the generation of heterozygous Agl+/� mice
were performed by geneOway (Lyon, France). Heterozygous Agl+/�

mice were bred to homozygous for all studies. Wild-type and hetero-
zygous littermates were used as controls.

L-G6pc�/� mice were generated and maintained as described
previously.11,28
Agl�/� and L-G6pc�/� animals were used to evaluate the efficacy of
GYS2-1 and GYS2-2, respectively. GalNac-conjugated siRNA
(GYS2-1) was injected subcutaneously, and LNP-formulated siRNA
(GYS2-2) was administered intravenously. Blood samples were
collected via tail vein (interim measurement) or cardiac puncture
(terminal measurement) and used either as whole blood or processed
to serum and plasma. Agl�/� mice were subjected to six hours of fast-
ing prior to study termination except where fed state indicated.
L-G6pc�/� mice were subjected to six hours of fasting during week
four, after which blood samples were taken. At study termination,
mice were euthanized according to IACUC guidelines and liver tissue
samples were collected. Liver samples were stored in RNAlater
(Thermo Fisher Scientific, Waltham,MA) for RNA preparation, fresh
frozen in liquid nitrogen, or fixed in 10% neutral-buffered formalin
(VWR International, Radnor, PA).

Analysis of Blood Chemistry Parameters

Interim blood glucose measurements were made on whole blood
using a glucometer. Terminal blood collections were processed to
serum and plasma for measurement of blood chemistry parameters.
Serum chemistry and blood glucose levels were measured by IDEXX
BioResearch Laboratories (Grafton, MA). Blood glucose measure-
ments were confirmed using a glucose assay kit (Abcam, Cambridge,
MA) according to the manufacturer’s instructions. ALT activity assay
kit (Abcam, Cambridge, MA) was used for time course measurement
of ALT according to the manufacturer’s instructions. For L-G6pc�/�

mice, plasma glucose, cholesterol, and triglycerides were analyzed as
described.11,28

RNA Preparation and Real-Time PCR

Tissue samples were homogenized in QIAzol Lysis Reagent using
TissueLyser II (QIAGEN, Valencia, CA). RNA was then purified
using MagMAX Technology according to manufacturer instructions
(Thermo Fisher Scientific, Waltham, MA). High-capacity cDNA
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reverse transcription kit (Thermo Fisher Scientific, Waltham, MA)
was used to prepare cDNA. Mouse-specific Gys2 and Hprt1 primers
(Integrated DNA Technology, Coralville, IA) were used for PCR on
a CFX96 or CFX384 Real-Time PCR Detection System (Bio-Rad,
Hercules, CA).

Western Blot

Tissue lysates were prepared using TissueLyser II (QIAGEN, Valen-
cia, CA) with T-PER Tissue Protein Extraction Reagent and protease
inhibitor cocktail (Thermo Fisher Scientific, Waltham, MA). Total
protein concentration was measured by BCA Protein Assay (Thermo
Fisher Scientific, Waltham, MA), and equal protein concentrations
were resolved by NuPAGE 4%–12% Bis-Tris SDS-PAGE (Thermo
Fisher Scientific, Waltham, MA). Electrophoresed proteins were
transferred to nitrocellulose membranes using the iBlot Dry Blotting
System (Thermo Fisher Scientific, Waltham, MA) and blocked with
Odyssey Blocking Buffer (Li-Cor Biosciences, Lincoln, NE). Mem-
branes were then incubated with rabbit anti-glycogen synthase anti-
body (Cell Signaling Technology, Danvers, MA) and with mouse
anti-glyceraldehyde 3-phosphate dehydrogenase antibody (Abcam,
Cambridge, MA). Anti-rabbit IRDye 680 and anti-mouse IRDye
800 secondary antibodies (Li-Cor Biosciences, Lincoln, NE) were
used for detection, and signal intensity was measured using the
Odyssey Infrared Imaging System (Li-Cor Biosciences, Lincoln, NE).

Measurement of Liver Glycogen and Glucose-6-Phosphate

Levels

Tissue lysates were prepared in water using TissueLyser II (QIAGEN,
Valencia, CA). Tissue homogenate was split into two samples of equal
volume. The first sample (Glycogen) was incubated at 95�C for
10 min and then centrifuged to isolate the supernatant. The superna-
tant was diluted in water and analyzed by a Glycogen Assay Kit
(Abcam, Cambridge, MA). The second sample was immediately
centrifuged to isolate the supernatant, which was used to measure
total protein concentration by BCA Protein Assay (Thermo Fisher
Scientific, Waltham, MA). Measured glycogen levels were normalized
to total protein concentration.

Concentrations of G6P in L-G6pc�/� mouse livers were measured as
described previously.28

Histological and Immunohistochemistry Analysis

Tissues were fixed in 10% neutral-buffered formalin overnight and
then transferred to 70% ethanol. Embedding in paraffin, preparation
of slides, and H&E staining was done at Mass Histology Service
(Worcester, MA). PAS (Sigma-Aldrich, St. Louis, MO) and Sirius
Red (Abcam, Cambridge, MA) staining were performed according
to the manufacturer’s instructions. For immunohistochemistry
experiments, paraffin sections were deparaffinized and rehydrated.
Heat-mediated antigen retrieval (citrate buffer [pH 6.0]) was
performed for Ki67 immunohistochemistry samples. Endogenous
peroxidases and alkaline phosphatase were blocked with BLOXALL
solution (Vector Laboratories, Burlingame, CA). Rabbit monoclonal
anti-Ki67 antibody (1:100 dilution; Abcam, Cambridge, MA), rabbit
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monoclonal anti-alpha smooth muscle actin antibody (1:200 dilution;
Abcam, Cambridge, MA), and mouse monoclonal anti-CYP3A anti-
body (1:50 dilution; Santa Cruz Biotechnology, Dallas, TX) were
diluted in SignalStain Antibody Diluent (Cell Signaling Technology,
Danvers, MA) and incubated overnight at 4�C. Binding of the
primary antibody was detected using a goat anti-rabbit immunoglob-
ulin G (IgG) horseradish peroxidase (HRP) antibody (Antibodies-on-
line, Atlanta, GA) and SignalStain DAB Substrate Kit (Cell Signaling
Technology, Danvers, MA). Oil Red O Lipid Stain was performed on
frozen tissue samples according to the manufacturer’s instructions
(Abcam, Cambridge, MA) in the presence or absence of hematoxylin.
PAS staining was performed on formalin-fixed tissue samples accord-
ing to the manufacturer’s instructions (Sigma-Aldrich, St. Louis,
MO). Results were visualized using an Olympus BX51, a Nikon
Eclipse Ti microscope, and an Olympus BX61VS slide scanner using
Image Pro Premier 9.1, NIS-Elements BR3.2, and Olympus VS-ASW
image analysis software, respectively. Quantitative analysis of immu-
nohistochemistry was performed using Olympus cellSens software.
Briefly, for each tissue section, five regions of interest (ROIs) were
selected, and an appropriate intensity threshold to specifically identify
stained areas was set. Object counts and intensity were measured
using an algorithm for each ROI. Importantly, the size of the ROI
and the intensity threshold were kept constant for all tissue sections
to be compared directly.

Assessment of Caspase Activity in Mouse Liver Tissue

Detection of caspase 3 and caspase 7 activity in mouse livers
was performed essentially as described.42 100 mg/mL extract was
mixed with an equal volume of Caspase-Glo Reagent (Promega, Mad-
ison, WI) and incubated at room temperature before reading on a
SpectraMax M5 Plate Reader (Molecular Devices, Sunnyvale, CA).

Measurement of Ketone Body Levels

Ketone body levels were measured with Ketone Body Assay kit in ter-
minal serum samples from wild-type and Agl�/� mice according to
the manufacturer’s instructions (Sigma-Aldrich, St. Louis, MO).
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