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DISEASES AND DISORDERS

Ppp1r3b is a metabolic switch that shifts hepatic energy

storage from lipid to glycogen

Kate Townsend Creasy1’2'3*, Minal B. Mehta®, Carolin V. Schneider?, Joseph Park?, David Zhang",
Swapnil V. Shewale?, John S. Millar?, Marijana Vujkovicz, Nicholas J. Hand*, Paul M. Titchenell®?,

Joseph A. Baur*>t, Daniel J. Rader***+

The PPP1R3B gene, encoding PPP1R3B protein, is critical for liver glycogen synthesis and maintaining blood glu-
cose levels. Genetic variants affecting PPP1R3B expression are associated with several metabolic traits and liver
disease, but the precise mechanisms are not fully understood. We studied the effects of both Ppp 1r3b overexpres-
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sion and deletion in mice and cell models and found that both changes in Ppp1r3b expression result in dysregu-
lated metabolism and liver damage, with overexpression increasing liver glycogen stores, while deletion resulted
in higher liver lipid accumulation. These patterns were confirmed in humans where variants increasing PPP1R3B
expression had lower liver fat and decreased plasma lipids, whereas putative loss-of-function variants were asso-
ciated with increased liver fat and elevated plasma lipids. These findings support that PPP1R3B is a crucial regulator
of hepatic metabolism beyond glycogen synthesis and that genetic variants affecting PPP1R3B expression levels in-

fluence if hepatic energy is stored as glycogen or triglycerides.

INTRODUCTION
Obesity is a growing worldwide epidemic that carries numerous
metabolic complications including increased risk of type 2 diabetes
(T2D), dyslipidemia, cardiovascular disease, and metabolic dysfunc-
tion—associated steatotic liver disease (MASLD, formerly nonalco-
holic fatty liver disease or NAFLD). MASLD is a spectrum of liver
conditions that includes the initial accumulation of excess triglycer-
ide (TG) in lipid droplets in the liver (steatosis), its progression to
inflammatory metabolic dysfunction-associated steatohepatitis, and
further to fibrosis, cirrhosis, and hepatocellular carcinoma, with di-
minishing liver function and increasing risk of comorbidities at each
stage. Advanced stages of MASLD are a growing public health con-
cern and are currently among the leading indications for liver trans-
plant due to failure (1). MASLD is highly prevalent among patients
with obesity (60 to 95%), T2D (55 to 70%), and metabolic syndrome (43
t0 67%), and is also highly heritable (2, 3). Investigating the mechanisms
and metabolic consequences of genes associated with MASLD and re-
lated cardiometabolic disorders may help elucidate the pathophysiology
of these disorders to develop better screening and diagnostic criteria as
well as therapeutic strategies to address this growing health concern.
Several genome-wide association studies (GWASs) have associ-
ated a chromosomal region at 8p23.1, named PPPIR3B for the nearest
coding gene, with multiple metabolic traits including elevated fast-
ing glucose, insulin, and lactate levels (4, 5), lower plasma lipids (6),
as well as increased liver enzymes alanine aminotransferase (ALT)
and alkaline phosphatase (ALP) (7-9). A recent large GWAS in the
Million Veteran Program (MVP) identified this locus as significantly
associated with NAFLD defined by chronically elevated ALT (9).
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The variants at these GWAS signals comprise a tight linkage block
with the sentinel single-nucleotide polymorphisms (SNPs) from all
relevant GWAS falling within 873 base pairs of one another and
overlapping the proximal promoter and 5" end of a long noncoding
RNA (IncRNA) LOC157273. The lead SNP associated with increased
risk of elevated ALT and lower plasma lipids, rs9987289, was also
reported to be aliver expression quantitative trait locus for PPPIR3B,
with the minor allele associated with higher liver PPP1R3B tran-
script levels (6). Because the minor allele is associated with higher
fasting glucose, lower plasma lipids, and higher ALT and ALP, this
suggested that increased hepatic PPPI1R3B expression confers these
phenotypes. Recent studies support that the LOCI157273 IncRNA is
a transcriptional repressor of PPP1R3B expression, as carriers of the
minor allele have lower abundance of this IncRNA and increased
PPP1R3B expression, while CRISPR-Cas9 deletion of the rs4841132
SNP region in HuH7 cells leads to decreased LOC157273 mRNA and
increased PPPIR3B expression (10, 11). LOCI157273 is expressed in
humans and nonhuman primates but is not conserved in rodents (10).

The PPPIR3B gene encodes the glycogen regulatory protein phos-
phatase 1 (PP1) regulatory subunit 3B (historically known as Gy).
PPPIR3B recruits PP1 to dephosphorylate glycogen synthase (GS),
increasing activity, and glycogen phosphorylase (GP), decreasing ac-
tivity, the rate-limiting enzymes in glycogen synthesis and hydroly-
sis, respectively, which effectively increases liver glycogen stores (fig.
S1) (12, 13). The glycemic and T2D GWAS associations are concor-
dant with the functional roles of PPP1R3B in glycogen metabolism
and glucose homeostasis as demonstrated in mouse and cell models
(14, 15). However, the mechanisms by which PPP1R3B expression is
associated with hepatic and plasma lipid metabolism remain unclear.
The PPP1R3B/LOCI157273 locus was identified as a signal for hepatic
steatosis measured by computed tomography (CT), ultrasound, or
magnetic resonance imaging (MRI), although there was no histo-
logical evidence of steatosis in matched liver biopsies when evaluated
(8, 16, 17). Subsequent GWAS and mechanistic studies have since pro-
vided strong evidence that the LOCI157273 SNPs (with increased
PPPIR3B expression) are actually a signal for increased hepatic
glycogen, which alters liver attenuation and can be ambiguous on
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liver imaging, and that increased glycogen storage contributes to mild
liver damage that is reflected in elevated plasma ALT (10, 15, 18, 19).
Studies in several European population cohorts support that the re-
ported LOC157273 SNPs have less hepatic lipid accumulation assessed
by imaging and that LOC157273 variant carriers with traditional
MASLD risk factors were protected from steatosis (15, 18, 20). We re-
cently reported concurring findings that the PPPIR3B/LOC157273
locus is associated with chronically elevated ALT but less hepatic fat
estimated by radiological imaging (9). PPPIR3B is suggested as a
T2D therapeutic target, as PPP1R3B overexpression and increased
hepatic glycogen synthesis improves postprandial glucose clearance
from blood (21, 22). Thus, the consequences of altered PPP1R3B ex-
pression on liver steatosis, hepatic injury, and other metabolic pheno-
types have broad implications for human health, but the mechanistic
relationship of these genetic variants to hepatic glycogen accumulation,
hepatic steatosis, transaminases, and plasma lipids remains uncertain.

The liver is central to the regulation of energy homeostasis, largely
through glycogen metabolism. During fasting, liver glycogen stores
are used to supply glucose to extrahepatic tissues, and once deplet-
ed, the liver relies on lactate and glycerol from TG lipolysis for glu-
coneogenesis as well as ketogenesis to supply carbon metabolites for
adenosine triphosphate (ATP) synthesis (23, 24). In the fed state,
carbohydrate derivatives metabolized to glucose replenish hepatic
glycogen stores, and then excess metabolites are used for de novo
lipogenesis (DNL) and energy storage as TG (23, 25). Given the role
of PPP1R3B in regulating hepatic glycogen metabolism (14), we in-
vestigated the metabolic consequences of both Ppp1r3b overexpres-
sion and deletion in mouse liver and hepatocyte cell models to elucidate
the mechanisms underlying the GWAS associations with liver and
metabolic traits at this locus.

RESULTS

Metabolic and liver phenotypes in mice with altered
hepatocyte Ppp1r3b expression

In the postprandial state, hepatic glucose is rapidly converted to
glucose-6-phosphate, which then acts as an allosteric activator of
GS to rapidly increase glycogen stores following a fasting period.
During prolonged fasting when glycogen stores are depleted, he-
patocytes use TG as the primary source of generating ATP (26). We
previously demonstrated that deletion of PppIr3b in mouse hepato-
cytes diminishes the conversion of postprandial glucose into hepatic
glycogen, resulting in lower fasting plasma glucose and accelerated
activation of gluconeogenic genes (14). Since defective glucose-to-
glycogen synthesis and increased gluconeogenesis both are associ-
ated with hepatic steatosis, we sought to determine the impact of
PppIr3bexpression on hepatic TG accumulation. Littermate 8-week-
old Ppp1r3 b" mice were administered hepatocyte-specific [thyroxine-
binding globulin (TBG) promoter] adeno-associated virus (AAV)
with either Cre recombinase for deletion (Ppp1 r3b™"P), mouse Ppplr3b
for overexpression (Ppp1r3bhep 9F) or empty expression cassette as
control (PppI1r3b”) and were maintained on chow (fig. S2A). At
4 months of age, Ppp1r3b™"® mice had reduced 4-hour fasting
blood glucose compared to both Pp 1r3b” and Ppplrfwbhe‘t’oE mice
[Ppp1r3b" (1452 mg/dl); Ppp1r3b™"P (77.9 mg/dl); Ppp1r3b"POF
(168 mg/dl); Fig. 1A]. There were nonsignificant trends toward in-
creased fasting blood insulin in Ppp1r3b"*9F mice and lowered
fasting blood lactate levels in PppI1r3b™"% mice (Fig. 1, B and C).
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Pppl r3b*"" mice had elevated fasting blood ketones [Ppp1r3bﬂf
(0.46 mM); Ppp1r3b™" (1.mM); Ppp1r3b"*°F (0.6 mM); Fig. 1D],
consistent with lipid oxidation as an alternate fasting energy source.
As expected, Ppp1r3b™"* mice had markedly reduced liver glycogen
while Ppp1r3bhep % mice had increased glycogen levels (Fig. 1F),
along with increased liver/body weight ratio (Fig. 1E) reflecting in-
creased liver glycogen stores. PpplerAhep mice had increased liver
TG, while Ppp1r3b"#°F mice had decreased liver TG compared with
Ppp1r3b” mice (Fig. 1G). There was also histological evidence of
steatosis in livers from Ppp1r3b*"® mice marked by positive immu-
nohistochemical staining for the lipid droplet-associated protein
PLIN2 (Fig. 1, I and K), while Ppp1 r3b"?9F livers appeared free of
lipid droplets and had increased glycogen deposition visible with
Periodic acid-Schiff’s (PAS) staining (Fig. 1J). None of the groups
had appreciable changes in collagen deposition bz Sirius red staining
(Fig. 1L). Both the Ppp1r3b™"” and Ppp1r3b"?°F mice had elevated
plasma ALT compared to control Ppp1 r3b/" mice (Fig. 1H), indicating
that both deletion and overexpression of hepatocyte Ppp1r3b con-
tributed to liver injury, with excess liver lipid accumulation in the
Ppp1r3b*"P mice and excess liver glycogen in the Ppp1r3b"*°F mice.

Age- and diet-dependent effects on hepatic energy storage
in Ppp1r3b“"P and Ppp1r3b% mice

We proceeded to examine the metabolic consequences of hepatic
Ppp1r3b deletion and overexpression upon aging (6 to 9 months) or
after challenge with a high carbohydrate (sucrose) diet. We found
that aged Ppp1r3b™"* mice have impaired glucose disposal assessed
by glucose tolerance test (GTT) even while maintaining normal glu-
cose disposal during an insulin tolerance test (ITT) (Fig. 2, A and
B). Pppl r3b*"? mice had severely diminished hepatic glycogen lev-
els as expected (Fig. 2C); however, we observed increased liver TG
in the aged PppIr3b*"? mice compared to Ppp1r3b” controls (Fig.
2, D and E). A similar phenotype was previously reported in mice
with liver-specific deletion of GS (gene Gys2) with greatly dimin-
ished liver glycogenesis in which knockout mice have increased liver
TG compared to controls at 7 and 15 months of age but not earlier
time points (27, 28). The reciprocal phenotype was seen in aged
Ppp1r3b"*OF mice, with improved glucose disposal during GTT (Fig.
2F) and normal glucose lowering in response to insulin (Fig. 2G).
Ppp1r3b"P°F mice maintained increased hepatic glycogen stores (Fig.
2H) with a nonsignificant trend toward lower liver TG compared to
Ppp1r3b” (Fig. 20).

As PPP1R3B has a critical role in glucose metabolism and glyce-
mic traits, we next evaluated the metabolic responses to changes in
hepatic PppIr3b expression in mice challenged with a high-sucrose
diet (HSD, 66% sucrose) for 12 weeks. The Ppp1r3b™"% mice devel-
oped dramatically impaired glucose tolerance and insulin resistance
compared to Ppp1r3bf/f mice, as measured by GTT and ITT (Fig. 2,
J and K). The Ppp1r3 b""F mice continued to display improved glu-
cose disposal and normal responses to insulin (Fig. 2, O and P). On
HSD, the Ppp1r3b*" mice had negligible liver glycogen (Fig. 2L)
and increased hepatic TG compared to Pppl r3b§/ mice (Fig. 2, M
and N). Conversely, on the HSD the Ppp1r3b"?°F mice had increased
hepatic glycogen and reduced hepatic TG compared to Ppp11’3bﬂf
(Fig. 2, Q to S). Thus, deletion of hepatic Ppp1r3b increases hepatic
TG content and overexpression of hepatic Ppp1r3b in mice reduces
hepatic lipid accumulation, reciprocal to their effects on hepatic gly-
cogen stores.
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Fig. 1. Mice with hepatocyte Ppp1r3b deletion develop metabolic dysfunction contributing to hepatic steatosis with age, while Ppp 7r3b-overexpressing mice
rapidly increase glycogen synthesis and storage contributing to liver damage with aging. Metabolic phenotypes of 4-month-aged mice. (A to D) Four-hour—fasted
metabolites in Ppp7r3b'/f(black, n=29), Ppp1r3bA"e" (pink, n = 8), and Ppp1r3b"e”°E (green, n = 8) mice. (A) Blood glucose. (B) Plasma insulin. (C) Blood lactate. (D) Blood
ketones. (E to L) Characteristics of overnight (16 hours)-fasted Ppp7r3bf/f (black, n = 7), Ppp1r36*" (pink, n = 6), and Ppp1r36"POF (green, n = 6) mice. (E) Liver-to-body
weight ratio. (F) Hepatic glycogen content. (G) Hepatic TG content. (H) Fasted plasma ALT measurements. [() to (L)] Paraffin-embedded liver sections sectioned and stained
with (I) hematoxylin and eosin (H&E), (J) PAS to detect polysaccharide content, (K) immunohistochemistry with PLIN2 antibodies to indicate lipid droplets, and (L) Picro-
Sirius Red to detect collagen deposition and liver lesions. Group average presented as bar + SD with individual animals represented as shapes. n.s., not significant.

Effects of hepatocyte Ppp1r3b expression on glucose and
lipid metabolism

Stender et al. (15) reported that neither adenovirus-mediated he-
patic PppIr3b overexpression nor PppIr3b deletion in young chow-
fed mice affected hepatic TG levels. Therefore, we next characterized
the metabolic phenotypes in young chow-fed mice to better under-
stand the molecular metabolism that could explain the steatosis
phenotypes in older and HSD-fed mice we observed. Littermate
Ppp1r3b’f mice were administered AAVSs at 5 weeks of age and exam-
ined after 3 weeks (at 8 weeks of age) and assessed for fasted circulating
metabolites. After 4 hours fasting, Ppp1 r3b"°F mice maintained higher
blood glucose than both Ppp1r3b”f and Ppp1r3bAheP mice (Fig. 3A).
There were no differences in fasting insulin or lactate (Fig. 3, B and

Creasy et al., Sci. Adv. 11, eado3440 (2025) 16 May 2025

C), but Ppp1r3bhep F mice had reduced fasting blood ketones com-
pared to Pppl r3b" and Ppp1r3bAheP mice (Fig. 3D). When examined
by GTT after an overnight fast, the Ppp1r3b"#°F mice had improved
glucose disposal, while there was no difference in Ppp1 36" mice
compared to Ppp1r3b” (Fig. 3E). The mice were allowed to recover
from the GTT and were euthanized at 9 weeks old after an overnight
fast. Examination of the livers revealed that Ppp1r3bhep %F mice had
increased liver-to-body weight ratio (Fig. 3F) and a corresgonding
increase in glycogen stores (Fig. 3G). The young Ppp1r3b*™® mice
did not display any differences in liver TG compared to Ppp1r3b”
mice (Fig. 3H) and there were no changes in plasma ALT levels in
any of the groups at this age (Fig. 3I), consistent with what had been
previously reported (15). Livers from Ppp1r3hhep %F mice had less

30f14



SCIENCE ADVANCES | RESEARCH ARTICLE

@ Ppp1r3b”
Glucose tolerance test Insulin tolerance test Liver metabolites A Poptrsbhe
W Ppp1r3pheroE
Aged mice, chow

* n.s.
A ol & B 01 C Glycogen D Triglycerides E OilRedO
- =
<l Al
0 0
_. 800 =150 gop; 250 ke
K] 3 = Py T
¢ 600 8 S 600 2 200
8 - 2 100 B 2 2 o ;
& g s £ 150 Ppp1r3b”
< 400 o, by 2 400 >
23 2 50 £ £ 100 o ot
g 200 g 2 200 i g s0
3 15 2
o 0 T T T T T T 0 T T T T T T 0 s 0
0 15 30 60 90 120 0 15 30 60 90 120 ;hep
Minutes post ip glucose Minutes post ip insulin Ppp1r3b
n.s.
F 1, ns. G 1. H Glycogen | Triglycerides
S o
Al | S i
<
0
_ 800 ~150 0 800 s 250 n.s
3 g B =
& 600 ] 'S 600 © 200
< 210 : 2 150
& 400 oo < 2 400 =
3 2 50 £ u E 100
g 200 g g 200 2 5
3 3 & &
0 - T T T T T 01— T T T T T 0 0
0 15 30 60 90 120 0 15 30 60 90 120
Minutes post ip glucose Minutes post ip insulin
High-sucrose diet
*k Tk ok
J 1 7= K 17 7 = L Glycogen M Triglycerides N oilRedO
8}
(8} ;
= S :
nl A
0 0 3
800 ~150 8007 A%k 250 *
B g wokan < T 200
%] ‘D i
4 600 f‘:100 * Tk £ 600 2 A Pop1r3b™
& 400 S o 400 5 10 BT
3 2 . £ E 100 Ta
2 o 50 £ ° =
§ 200 g g 200 i g s0 i MAQ
0] O]
© o T T T T T T 01— . ; : . . 0 n.d. 0
0 15 30 60 90 120 0 15 30 60 90 120 Ppp1rabYer
Minutes post ip glucose Minutes post ip insulin
Xx P ns. Glycogen R  Triglycerides Oil Red O
1 1
g S
=}
0
_. 800 0 %150 . 800 KAk 250 *k :
] 3 5 —~ i
© 600 3 2 600 $ 200 Pop1rab”
8 2100 3 2
S folalolad < 5 'F £ 150
€ 400 ool Py 1 o 400 i} o
3 & s0 £ - E 100
§ 200 E g 200 o W g 50 -
= ]
© o T T T T T T 0 T T T T 0 2 0 ‘
0 15 30 60 90 120 o0 15 30 60 Ppp1r3bteroe
Minutes post ip glucose Minutes post ip insulin

Fig. 2. Ppp1r3b*"? mice develop glucose intolerance and steatosis with aging or sucrose diet challenge, while Ppp1r3b°F mice have increased liver glycogen
and reduced TG content. (A to E) Metabolic tests performed on fasted 6- to 9-month-aged Ppp1r3bf/f(black, n=6)and Ppp1r3b“" (pink, n = 8) mice maintained on chow
diet. (A) Intraperitoneal (ip) GTT [area under the curve (AUC) inset]. (B) ITT, AUC inset. (C) Hepatic glycogen content. (D) hepatic TG content. (E) Oil Red O staining. (F to
1) Metabolic tests performed on fasted 6- to 9-month-aged Ppp1r36” (black, n = 8) and Ppp1r3b"P°F (green, n = 6) mice maintained on chow diet. (F) Intraperitoneal GTT,
AUC inset. (G) ITT, AUC inset. (H) Hepatic glycogen content. (I) Hepatic TG content. (J to N) Metabolic tests performed on fasted PppIerf/f(bIack, n = 5) and Ppp1r3b~her
(pink, n = 7) mice on HSD (65%) for 12 weeks. (J) Intraperitoneal GTT, AUC inset. (K) ITT, AUC inset. (L) Hepatic glycogen content. (M) hepatic TG content. (N) Oil Red O
staining. (O to S) Metabolic tests performed on fasted Ppp1r3bf/f(black, n=28)and Ppp7r3bhe"’OE (green, n = 8) on HSD for 12 weeks. (O) Intraperitoneal GTT, AUC inset. (P)

ITT, AUC inset. (Q) Hepatic glycogen content. (R) Hepatic TG content. (S) Oil Red O staining. Group average presented as bar + SD with individual animals represented as
shapes. n.d., none detected.
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Fig. 3. Changes in hepatocyte Ppp 1r3b expression alter glucose and lipid metabolism. Young (8 weeks old) mice characterized for metabolic changes in response to
hepatic deletion or overexpression of Ppp1r3b. (A to D) Metabolic phenotypes of 8-week-old Ppp1r3bf/f (black, n = 6), Ppp1r3bAhe” (pink, n = 6), and Ppp1r3bhe”OE (green,
n = 6) mice. Four-hour—fasted blood (A) glucose, (B) insulin, (C) lactate, and (D) ketones. (E to 1) Characteristics of overnight (16 hours) fasted Ppp7r3bf/f (black, n = 6),
Ppp1r36™" (pink, n = 6), and Ppp1r36"°OE (green, n = 6) mice. () Intraperitoneal GTT, AUC inset. (F) Liver-to-body weight ratio. (G) Hepatic glycogen content. (H) Hepatic
TG content. (1) Fasted plasma ALT measurements. Group average presented as bar + SD with individual animals represented as shapes.

hepatic TG by both biochemical measurements (Fig. 3H) and histo-
logically (fig. S2B) after 3 weeks of induced PppIr3b overexpression.
These data demonstrate that the metabolic changes and liver pheno-
types associated with overexpression of Ppp1r3b occur rapidly while
hepatic lipid accumulation in Ppp1 736" manifests over time as these
phenotypes were only observed in mice 4 months or older or after
HSD challenge.

To elucidate the mechanisms underlying the opposing effects on
steatosis we observed in Ppp1r3b™"® and Ppp1r3b"*°F mice, we in-
vestigated four common pathways that contribute to an imbalance
in hepatic lipid accumulation and utilization that are often dysregu-
lated in hepatic steatosis: (i) increased uptake and reesterification of
adipose-derived nonesterified fatty acids (NEFA), (ii) increased DNL,
(iii) decreased TG secretion in very-low-density lipoprotein (VLDL)
particles, and (iv) decreased p-oxidation of lipids. Low blood glu-
cose levels and the corresponding decrease in circulating insulin in
acute fasting elicits a cascade of signaling responses to the liver to
produce ATP from available sources including glycogenolysis to mo-
bilize hepatic glycogen stores; the use of lactate, glycerol, and amino
acids as gluconeogenic substrates; and adipose tissue lipolysis, re-
leasing both glycerol and NEFAs that are taken up by hepatocytes
and can be used for f-oxidation or reesterified and stored as TG. The
rate of NEFA reesterification typically is greater than B-oxidation
resulting in transient steatosis after fasting and with insulin resistance
or other metabolic dysfunction contributes to MASLD development
(29, 30). Since nglﬁb“eﬁ mice have rapid fasting hypoglycemia
while Ppp1r3 b"F mice maintain normal blood glucose levels with
extended fasting (14), we examined how changes in Ppp1r3b expres-
sion affected circulating NEFAs. In ad libitum-fed mice, there was
no difference in plasma NEFAs among the three groups (Fig. 4A).

Creasy et al., Sci. Adv. 11, eado3440 (2025) 16 May 2025

However, Ppp1r3b*"® mice fasted for 4 hours have elevated plasma
NEFAs compared to PppIr3b” and Ppp1r3b"*°F mice (Fig. 4B).
Liver mRNA expression of Cd36, the primary transporter of NEFAs
in hepatocytes that has been demonstrated to contribute to steatosis
(31), had a trend toward increased expression in Ppp1r3bAheP mice,
while Ppp1r3b"#%F mice have decreased expression compared to
Ppp1r3b°"P mice (Fig. 4C), suggesting that Ppp1r3b"*°F mice could
have decreased uptake of adipose-derived NEFAs that confers ad-
ditional protection from steatosis.

In normal liver, postprandial glucose is stored as glycogen for a
source of rapid glucose production during short-term fasting or
other energy demands. Ppp1 r3b%" mice are unable to store glucose
as hepatic glycogen, and we hypothesized that hepatic glucose may
be shunted to the DNL }})[athway resulting in steatosis. We previously
reported that Ppp1r3b™"¥ mice do not exhibit glycogenic compen-
sation by other tissues including skeletal muscle or kidney (14), and,
therefore, we traced the fate of exogenous glucose in hepatocytes
with altered PppIr3b expression. Primary hepatocytes isolated from
8-weeks-old overnight fasted female mice were labeled with '*C-
glucose (1 pCi/ml) for 2 hours, then chased in the label-free media
for 2 hours, and then the chase media were assayed for oxidized
glucose by measuring radiolabeled CO,, and cellular lipids were ex-
tracted and measured for radiolabeled TG to determine the amount
of labeled glucose stored as lipid (32). Hepatocytes from Ppp1 r3b"POF
mice oxidized more glucose than Ppp1r3b” hepatocytes, but there
was no difference in the amount of oxidized glucose in Ppp1r3bAheP
hepatocytes (Fig. 4D). PpplrShAhep hepatocytes had a dramatic
increase in the amount of '*C-glucose glycolytic products con-
verted to DNL production and stored as cellular TG (Fig. 4E).
We then assessed in vivo DNL by administering deuterated water
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Fig. 4. Altered hepatocyte Ppp1r3b expression effects on glucose and lipid metabolism. (A to F) Lipid accumulation pathways: (A) ad libitum-fed plasma NEFAs. (B)
Plasma NEFAs after 4 hours of fasting (Ppplr_?bf/f(black, n=29), Ppplr3bAhe" (pink, n = 8), and Ppp1r3bhe”OE (green, n = 8) mice. (C) Liver mRNA expression levels of lipid
transporter Cd36in Ppp1r3bf/f(black, n==a6), Ppp1r3bAhE" (pink, n = 6), and Ppp1r3bhe"OE (green, n = 6) mice. (D) Oxidation of 14C-glucose measured in primary hepatocytes
isolated from mice fasted overnight (16 hours). (E) Incorporation of '*C-glucose from media into cellular TG in primary hepatocytes. (F) In vivo DNL assessed by D,0 incor-
poration into newly synthesized liver palmitate in Ppp1r3bf/f(black, n==6), Ppp7r3bAh9p (pink, n = 6), and Ppp1r3bhe”OE (green, n = 6) mice. (G to K) Lipid utilization path-
ways: (G) in vivo TG secretion as total plasma concentration and (H) rate of secretion in Ppp7r3bf/f (black, n =5), Ppp7r3bAhe" (pink, n =5), and Ppp1r3bhe"°E (green,n=6)
mice. (I) Oxidation of '“C-oleic acid in primary hepatocytes isolated from mice fasted overnight (16 hours). (J) Incorporation of *C-oleic acid from media into cellular TG
in primary hepatocytes. (K) Seahorse metabolic substrate oxidation assay of primary hepatocytes isolated from fasted Ppp 1r36™ (black, n = 3), Ppp1r362h€ (pink, n = 3),
and Ppp1r3bhe"OE (green, n = 3) mice, tested in either starvation media or supplemented with glucose, palmitate, or both. Oxygen consumption rate (OCR) normalized to
microgram protein per well is graphed as an indication of substrate utilization for ATP production. Group average presented as bar + SD with individual animals repre-
sented as shapes.
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(D,0) to overnight-fasted mice that were refed for 3 hours and then
measured newly synthesized palmitic acid (D,-PA) in the livers.
Consistent with the ex vivo results, the Ppp1r3b*"® mice had a sig-
nificant increase in hepatic D,-PA compared to both Ppp1r3b” and
Ppp1r3b"*OF mice (Fig. 4F).

Even with the changes in glucose utilization and DNL observed
in Pppl 736" mice, differences in liver TG were not detected in
8-week-old mice (Fig. 3H), so we next investigated lipid utilization
pathways. Hepatocytes export excess lipids from the liver by synthe-
sizing TG and secreting them in VLDL particles, so we tested whether
hepatic TG clearance is altered by Ppp1r3b expression. TG secretion
was measured in fasted 8-week-old mice. Ppp1 r3b™" mice displayed
increased plasma TG as soon as 1 hour after the start of the assay,
and TG were secreted from livers at a faster rate than in Ppp1 36" or
Ppp1r3b"P°F mice (Fig. 4, G and H). Blood metabolites were also
measured during this assay, and, as expected, Ppp1r3b™"¥ mice had
lower blood glucose levels throughout the experiment (fig. S3A),
consistent with our prior reports of hypoglycemia after four or more
hours of fasting. There were no changes in blood lactate levels in any
of the groups, but Ppp1r3bAhep mice had increased blood ketones
that were amplified with fasting duration (fig. S3, B and C), suggest-
ing that Ppp1r3b*"? mice rely on ketogenesis during fasting to pro-
duce energetic substrates, although plasma NEFAs were not different
between groups at the terminal time point (fig. S3D). Elevated blood
ketones result from p-oxidation of lipids, another lipid clearance mech-
anism influencing steatosis. We measured the rate of p-oxidation in
primary hepatocytes isolated from mice fasted overnight by labeling
cells with "C-oleic acid. Ppp1r3b*"® hepatocytes had an increased
rate of lipid oxidation when maintained in low-glucose (5.5 mM)
media (Fig. 41). Hepatocytes from Ppp1 736" mice also had increased
incorporation of the exogenous Y -oleic acid into cellular lipids (Fig. 4]).
Although lower than Ppp1r3b*" hepatocytes, Ppp1r3b"P°F cells had
increased p-oxidation compared to Ppp1r3b” cells (Fig. 4I) but had
very low incorporation of exogenous lipids into cellular TGs (Fig. 4]).
These data supfort previous findings that the increased liver glyco-
gen in Ppp1r3b"*°F mice is sufficient to supply glucose during fasting,
and, therefore, the mice are less reliant on p-oxidation for energy
than Pp, 1r3b*" mice. The increase in p-oxidation compared to
Ppp1r3b” mice was unexpected and may reflect a higher metabolic de-
mand to synthesize more glycogen. Unexpectedly, Ppp1r3b*"% cells
had increased p-oxidation and cellular TG accumulation simultane-
ously, indicating the presence of a futile cycle of lipid storage and
utilization in Ppp1r3hAhep mice. Such futile cycles have been previ-
ously described as an early protective adaptation in response to in-
creased hepatic lipid accumulation that may wane with increasing
metabolic dysfunction and liver damage (33). Increased ketogenesis
may metabolize as much as two-thirds of hepatic lipids (33), which
could explain the lack of steatosis in young, chow-fed Ppp1r3bAh6p
mice, whereas older or HSD-challenged mice have increased liver
lipids. These results suggest that although Ppp1 r3b"" mice have in-
creased DNL, they also have compensatory changes in hepatic TG
utilization during fasting that confer protection against steatosis
in young mice with normal feeding conditions. We investigated this
possibility in metabolic substrate utilization assays by Seahorse XF
substrate oxidation stress test. Primary hepatocytes isolated from
overnight fasted (16 hours) mice were assayed for glucose and pal-
mitate oxidation preference. Hepatocytes from Ppp1r3b” mice had
similar maximal mitochondrial respiration rates when the medium
was supplemented with glucose (5 mM), palmitic acid (160 pM), or
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both (Fig. 4K). Ppp1 r3bAhe hegatocytes preferentially oxidized pal-
mitic acid, and while Ppp1r3b"#°F hepatocytes did oxidize exoge-
nous lipids, they more efficiently oxidized glucose (Fig. 4D). The
lipid utilization preference observed with Ppp1r3b deletion was fur-
ther supported by improved metabolic profiles in Ppp1r3b*" mice
fed a high-fat diet (HFD, 45% lard) for 12 weeks. Ppp1 r3b™" mice
did not develop insulin resistance and did not have increased he-
patic TG compared to Ppp1r3bf/f control mice on HFD (fig. S4), as
opposed to the severe insulin resistance and steatosis phenotypes
observed in Ppp1r3b™"? mice on HSD (Fig. 2).

Together, these findings clearly demonstrate that changes in he-
patocyte Ppp1r3b expression effectively cause a switch between lipid
and glucose utilization as energetic substrates. This switch in meta-
bolic efficiencies appears rapidly after changes in Ppp1r3b expression,
as the metabolic changes are measurable after only 3 weeks of al-
tered hepatic Ppp1r3b overexpression. It is intriguing that Ppp 1r3b""%
mice have a dramatic adaptive response to impaired glycogenesis by
storing exogenous glucose as hepatic TG, with a corresponding en-
hancement in lipid oxidation and TG secretion in fasting condi-
tions. These metabolic changes are present even without differences
in total tissue TG accumulation in Ppp1r3b™"® mice, and the peri-
central lipid droplet accumulation recapitulates early steatosis phe-
notypes seen in humans. Our data also indicate that both deletion
and overexpression of PppIr3b can result in liver injury, the former
presumably due to TG accumulation and the latter presumably to
excess glycogen.

Metabolic phenotypes of human LOC157273/PPP1R3B
variant carriers

Given the results from our mouse models and the replicated associa-
tions of altered PPP1R3B expression with dysglycemia, plasma lipids,
and liver traits in human GWAS, we questioned whether these meta-
bolic dysregulations are present in human carriers of genetic variants
at the PPPIR3B locus. To clarify the effects of changes in PPPIR3B
expression on hepatic fat and plasma ALT, we interrogated the Penn
Medicine BioBank (PMBB), a large, ethnically diverse biorepository
with whole-exome sequencing data, plasma ALT values, and hepatic
fat quantifications derived from clinical CT scans using a machine
learning approach, for carriers of noncoding variants associated with
increased PPPIR3B expression and for putative loss-of-function
(pLOF) PPP1R3B variants. Consistent with published findings, carri-
ers of rs4240624, rs4841132, and rs9987289 (all in strong LD and
associated with increased PPPIR3B expression) had elevated ALT
but decreased hepatic fat estimated by CT attenuation (Fig. 5A). Car-
riers of PPPIR3B pLOF variants were very rare in this dataset (n = 14;
table S1), which has also been reported by other investigators (10)
and in the Genome Aggregation Database (gnomAD) (fig. S5). Het-
erozygous pLOF variant carriers of European ancestry in PMBB had
higher CT-derived hepatic fat (f = 20.83; P = 0.0012), and analysis of
the rare pLOF variants by gene burden analysis revealed an increased
risk of clinical MASLD diagnosis (OR = 8.175, P = 7.8 X 107). In
addition, PPPI1R3B pLOF variant carriers of European ancestry have
increased abnormal liver function test results (fig. S6). We next iden-
tified participants from the UK Biobank who were carriers of either
rs4841132-A (increased PPP1R3B expression) or PPPIR3B pLOF
variants and who had plasma metabolomics data available. Hetero-
zygous carriers of rs4841132-A had elevated plasma glucose and re-
duced plasma lipids and ketones compared to noncarriers, matching
the traits and directionality of prior GWAS associations and our

70f 14



SCIENCE ADVANCES | RESEARCH ARTICLE

A

IAncestry Gene/SNP ID PPP1R3B expression| Liver fat (CT attenuation) ALT (Ul/liter)
Beta SE Pvalue |Beta SE P value
EUR PPP1R3B pLOF | (Predicted) 20.83 6.43 0.001 -0.01 0.07 0.909

Meta rs4240624 1 -1.08 021 5.5E-07 (0.01 0.003 0.0177
Meta rs4841132 1 -1.23 024 5.3E-07 [0.01 0.004 0.003
Meta rs9987289 1 -1.08 021 6.1E-07 [0.01 0.004 0.013
B LOC157273 rs4841132-A C PPP1R3B pLOF
40 - 2.5 4
Lipids *
s @ HDL TG e
) PN
2 30 g 2
: g
* Y
9] o] .
§ Total cholesterol ® ‘% 1.5+ Lipids
8 20 1 5
2 g
e Ketones s 14
2 e LDL i) e VLDL
@ S,beta—hydroxybutyrate S ® Acetone
2 10 1 e Ketones
9 ®Acetoacetate g) 0.5
! _II HDL @ ® Acetoacetate
VLDL Bal
I - sesie, o CUGSsE odo R,
-01  -0.05 0 0.05 0.1 -06 -03 0 0.3 0.6
Log (fold change) Log (fold change)
D
Ppp1r3b™ Ppp1r3b2her Ppp1r3beroE
Fed Fasted Fed Fasted Fed Fasted
Glucose glycogenesis ) glycogenolysis Glucose lipogenesis No glycogenolysis Glucose glycogenesis glycogenolysis

Glucose

Maintained fasting
blood glucose

Lipogenesis  VLDL secretion B-oxidation Increased VLDL secretion

ketogenesis

Fig. 5. Characteristics of LOC157273/PPP1R3B variant carriers corroborate mouse Ppp1r3b*"°P and Ppp1r3b"P°F phenotypes. (A) Analysis of PMBB participants
with whole-exome sequencing and CT-derived hepatic fat quantitation yielded a small cohort of individuals with heterozygous PPP1R3B pLOF mutations (n = 14) as well
as carriers of common SNPs in LOC157273 (n = 41,754). Beta indicates the direction of effect (>0 indicates increased trait metric, <0 indicates decreased trait metric),
SE, standard error; significant P values indicated by bold italic font. (B and €) Plasma metabolomics data from UK Biobank participants with LOC157273 rs4841132-A SNPs
[(B) n=17]and PPP1R3B pLOF variants [(C) n = 25]. Horizontal line indicates Bonferroni-corrected P value with significant metabolites above the line. Vertical line indicates
direction of metabolite plasma concentration (>0 indicates increased metabolite; <0 indicates decreased metabolite). (D) Model of the effects of altered Ppp1r3b expres-
sion on liver metabolism. Left, with WT Ppp1r3b expression, postprandial glucose is mainly stored as hepatic glycogen with excess glucose stored as TG. In early fasting,
glycogen is converted to free glucose to maintain blood glucose levels and meet extrahepatic energy demands, with lipid utilization and TG secretion as VLDL when
glycogen is low. Middle, with deletion of hepatocyte Ppp1r3b expression, postprandial glycogen synthesis is impaired and exogenous glucose is shunted to lipogenesis
and stored as hepatic TG. During fasting, stored TG is oxidized to produce ketones, and lipid is secreted as VLDL. Right, overexpression of hepatocyte Ppp1r3b permits
enhanced glycogenesis with increased glycogen stores to maintain blood glucose during fasting.
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mouse data (Fig. 5B). Heterozygous carriers of PPP1R3B pLOF vari-
ants exhibited elevated plasma ketones and lipids compared to non-
carriers, although the data did not reach significance due to low
carrier frequency (Fig. 5C).

DISCUSSION
The PPP1R3B/LOC157273 locus has been associated with glycemic
traits, plasma lipids, and liver traits including elevated plasma ALT
and hepatic fat. The encoded protein PPP1R3B is a modulator of
hepatic storage of glucose as glycogen with an established molecular
role contributing to the glycemic GWAS traits but had unclear
mechanistic links to liver lipid metabolism and liver damage pheno-
types. Several GWASs have replicated the association of the LOC157273/
PPPIR3Blocus with hepatic steatosis assessed by either CT, ultrasound,
or MR, although there has not been biopsy confirmation of steato-
sis (8, 16, 17). Our recent study in the MVP cohort confirmed an
association of this locus with steatosis, but in the opposite direction
of plasma ALT levels, meaning that LOC157273/PPPIR3B variants
that increase PPPIR3B expression are significantly associated with
less hepatic fat measured by CT but still result in liver damage indi-
cated by higher ALT (9). Here, we present compelling data demon-
strating the role of PPP1R3B in determining hepatic glucose fate in
the liver and revealing complex metabolic responses to perturba-
tions in the glycogen metabolism pathway as a result of dysregulated
hepatic PppIr3b expression. With wild-type (WT) Ppp1r3b expres-
sion, postprandial glucose is stored as hepatic glycogen through gly-
cogenesis (Fig. 5D, left). Upon fasting, glycogenolysis liberates glucose
molecules to be exported from the liver to maintain blood glucose
levels. Deletion of hepatocyte PppIr3b in mice results in the inability
to store exogenous glucose as glycogen, leading to fasting hypoglyce-
mia and glucose intolerance. During feeding, Ppp1 r3b™"P mice shunt
glucose to lipogenesis and store energy from both exogenous glu-
cose and lipids as hepatic TG. Ppp1r3b™"? mice appear to rapidly
adapt to the lack of glycogen by substituting hepatic TG as a fasting
energy source with increased f-oxidation and ketogenesis (Fig. 5D,
middle). However, with aging or a high-carbohydrate diet, lipid pro-
duction, and storage exceed lipid utilization, resulting in steatosis
and liver damage indicated by elevated plasma ALT. The reciprocal
phenotype is seen in Ppp1r3b"?°F mice, in which increased liver
glycogen stores maintain blood glucose during fasting, and glycogen/
glucose is the preferred metabolic substrate even with prolonged
fasting. Ppp1r3bheP F mice are protected from hepatic steatosis and
do not have altered lipid metabolism in response to fasting or refeed-
ing (Fig. 5D, right). Consequently, the increased hepatic glyco-
gen stores in Ppp1r3b"#°F mice may contribute to glycogenosis with
elevated plasma ALT, recapitulating the human phenotypes associated
with GWAS SNPs at this locus. Intriguingly, plasma metabolomics
in human carriers of rare pLOF mutation in PPPIR3B are concor-
dant with the lipid energy preference seen in Ppp1 r3b*" mice, fur-
ther supporting that PPP1R3B is critical in regulating hepatic glucose
storage and consequential energy supply during fasting. These stud-
ies provide valuable insights into the role of PPP1R3B as a metabolic
switch between hepatic glycogen and lipid storage and demonstrate
that changes in Ppp1r3b expression, either by deletion or overexpres-
sion, contribute to altered glucose metabolism, liver damage, and
cardiometabolic disease risk.

PPP1R3B belongs to a family of seven protein phosphatase regu-
latory proteins (PPP1R3A-G) with differing cell and tissue expression
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patterns but with the shared function of targeting PP1 to GS for de-
phosphorylation and enzyme activation (13, 34). PPP1R3B and
PPP1R3C (historically “PTG”) are the isoforms predominantly ex-
pressed in the liver, but PPP1R3B has the unique property of targeting
PP1 to both GS and GP to regulate glycogenesis and glycogenolysis
(12, 13). We previously reported that hepatocyte Ppp1r3b deletion
in mice contributes to rapid fasting hypoglycemia and diminished
hepatic glycogen stores even in the fed state, while hepatocyte
Ppp1r3b™P°F mice have increased liver glycogen stores and main-
tain prolonged fasting euglycemia (14). A subsequent report with
constitutive PppIr3b deletion confirmed the liver glycogen pheno-
type but reported no changes in liver TG in fed 8-week-old mice (15).
Liver overexpression of Ppp1r3b resulted in increased liver glycogen
content but had no effect on liver TG (15). This closely resembles
phenotypes of human carriers of the minor allele of LOC157273 SNP
rs4841132-A with increased PPP1R3B mRNA expression levels who
have increased hepatic glycogen without changes in hepatic fat de-
tected by CT attenuation; additional experiments in Huh7 cells with
CRISPR-mediated PPP1R3B deletion lowered cellular glycogen while
PPPIR3B overexpression increased glycogen, but no effects on cel-
lular TG were reported (11). We also did not detect differences in
liver TG in 8-week-old Ppp1r3b*" mice, althou%h there was a sig-
nificant reduction in liver TG seen in Ppp1r3bheP F mice under these
conditions. However, with aging or HSD challenge, Ppp1 r3b™" mice
have increased liver TG compared to WT mice, and Ppp1r3bhq’ OF
mice continue to have reduced liver TG with HSD. An important
distinction between the published studies and our findings is the
mouse model used and the timing of the observations: Stender ef al.
(15) administered adenovirus to induce Ppp1r3b expression and col-
lected samples after 48 hours, whereas we used AAV and collected
liver samples after 3 weeks. The Stender et al. (15) data therefore rep-
resent a more acute response to adenovirus treatment, which could
explain the elevated ALT and lack of effect on liver TG, whereas our
data represent a short-term but adaptive metabolic response to AAV-
induced Ppplr3b overexpression. Our glucose tracing studies sug-
gest that although there is no detectable change in liver TG accumu-
lation in young, chow-fed Ppp1r3 b mice, there are already metabolic
adaptations to the loss of glycogen storage that favor lipid accumulation.

While the effects of PppIr3b deletion on liver TG accumulation
have not been previously reported, similar responses have been dem-
onstrated in other models of dysregulated glycogen metabolism.
Mice and primary hepatocytes expressing a GYS2 mutation that di-
minishes glycogen synthesis also exhibit increased lipogenesis and
liver TG accumulation compared to mice with WT GYS2 expression
(35). These findings are consistent in the rare cases of glycogen stor-
age disease type 0 resulting from mutations in GYS2 with insufficient
glycogen synthesis, in which patients have rapid fasting hypoglyce-
mia, increased fasting plasma NEFAs and ketones, and elevated liver
enzymes (36). In mice with whole-body deletion of PppIr3c on HFD,
there is a decrease in not only liver glycogen but also liver TG (37).
Conversely, mice with liver-specific overexpression of PppIr3clargely
phenocopy Ppp1r3b"OF mice, exhibiting increased fasted liver gly-
cogen stores and elevated blood glucose levels, lower fasting NEFAs
and ketones, and decreased liver TG (38). In a study on the effects of
increased liver glycogen stores on exercise endurance, sedentary
mice with hepatocyte overexpression of PppI1r3c had lower liver TG
compared to WT animals after 16 hours overnight fasting, consistent
with our results in Ppp1r3b"?°F mice (39). The differences in these
models suggest that there are more complex metabolic adaptations to
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changes in either Ppp1r3b or Ppplr3c expression in a constitutive
model compared to the hepatocyte-specific effects that should be fur-
ther evaluated.

Here, we demonstrate the metabolic consequences of hepatic
Ppp1r3b overexpression in mice, modeling the common human
variants identified by GWAS, as well as hepatocyte PppI1r3b deletion
in mice, modeling rare loss-of-function variants in humans, to elu-
cidate the role of PPPIR3B in hepatic metabolism underlying the
genetic associations with liver and metabolic traits at this locus. Our
study has several limitations that should be considered. Character-
ization of humans with PPP1R3B pLOF variants is greatly limited
by the scarcity of carriers in the biobank populations we examined,
which has also been reported in other biobanks and study popula-
tions (10, 11, 15). It is possible that impaired PPP1R3B expression
affects survivability and contributes to the low carrier frequency.
This observation is recapitulated in mouse models of constitutive de-
letion of either PppIr3b or PppIr3cin which homozygous deletion is
observed in less than 25% of offspring from heterozygous breeding
pairs (15, 37). A recent study in neonatal mice demonstrated an ear-
ly postnatal metabolic demand for liver glycogen before a switch to
reliance on lipids for energy (40), and perhaps the lack of hepatic GS
activity through either Ppp1r3b or Ppplr3c deletion contributes
to neonatal lethality. Together, these observations suggest an impor-
tant role for PPPP1R3B expression for survivability and future stud-
ies investigating the metabolic consequences of PPP1R3B deficiency
and impaired glycogen metabolism during developmental and neo-
natal stages are warranted. The scarcity of PPPIR3B pLOF variant
carriers also limits our ability to evaluate the effects on hepatic ste-
atosis with histological grading of human liver biopsies. Our conclu-
sion that PPPIR3B pLOF variants increase steatosis in humans (Fig.
5A) is supported by reported changes in CT attenuation that impli-
cate hepatic fat accumulation (41). In addition, metabolic adaptations
in response to changes in energetic substrate availability can have both
acute and chronic effects that present differently on the basis of the
timing of experimentation and the length of fasting/feeding cycles as
well as the extent of exposure to dietary challenges. We did not mea-
sure the rates of DNL, TG secretion, or substrate oxidation in older
mice, which could reveal additional metabolic adaptations to the
changes in Ppplr3b expression and have consequences on TG ac-
cumulation. Several of our experiments were performed ex vivo in
primary hepatocytes to tightly control nutrient exposure periods,
which limits the interpretation of results compared to an intact bio-
logical system with integrated responses from other cell types and
tissues. Further, the exact cellular mechanisms of hepatocyte Ppp1r3b
regulation of glucose and lipid metabolism in response to changes in
feeding/fasting and energy sources are not yet fully elucidated. We
have recently described a role for mTORC1 promotion of Ppplr3b
expression in response to feeding and insulin signaling (42), but ad-
ditional studies are needed to understand the downstream effects on
DNL and glycogenic gene expression and hepatic energy storage.

MATERIALS AND METHODS

Generation of hepatocyte-specific Ppp1r3b knockout and
overexpressing mice

Mice with hepatocyte-specific deletion (Ppp1r3bAheP ) and overex-
pression (Ppp1r3b"?OF) were achieved as previously described (14).
Briefly, Ppp1r3b” mice on C57BL/6] background produced for Mer-
ck by Taconic were bred to mice expressing Cre recombinase driven
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by the albumin promoter (Alb-Cre), with littermate mice without
Alb-Cre transgene expression used as controls. Ppp1r3b overex-
pression was induced by administering AAV serotype 8 with TBG
promoter—driven murine Ppp1r3b [AAV8.TBG.Ppplr3b; titer 1 x 10'* gc
(genomic copies)], and littermates were administered AAV with
an empty expression cassette as control (AAV8.TBG.Null; titer 1 X
10" ge). In some experiments, Ppp1r3bf/f mice were administered
AAV with TBG promoter—driven Cre recombinase expression (AAVS.
TBG.Cre; titer 1.5 x 10" gc) to generate hepatocyte-specific Ppp1r3b
knockout mice. Littermates were administered either AAV8.TBG.
Ppp1r3b for overexpression or AAV8.TBG.Null as control (both ti-
ters 1.5 x 10" gc). AAV vectors were generated by the University of
Pennsylvania Vector Core (Philadelphia, PA, USA). Both male and
female mice were assessed unless specifically indicated.

Animal housing and diet

Animals were housed under controlled temperature (23°C) and
lighting (12-hour light/dark cycle) with free access to water and
standard mouse chow (LabDiet, 5010), or animals were administered
HSD (66.6% kCal sucrose content, Research Diets, D11725i) or HFD
(45% kCal lard, Research Diets, D124511i) for 12 weeks. All animal
experiments were reviewed and approved by Institutional Ani-
mal Care and Use Committee and the University Laboratory Animal
Resources Committee of the University of Pennsylvania, Philadelphia,
USA, under protocol #804590.

In vivo metabolic testing

For GTT, mice were fasted overnight (14 to 16 hours) and then ad-
ministered fasted body mass glucose (2 g/kg) by intraperitoneal in-
jection with subsequent measurements of veinous tail blood glucose
with a OneTouch Ultra Mini glucometer (LifeScan) at the indicated
time points. ITT were performed in mice after 6 hours of fasting by
intraperitoneal administration of recombinant insulin (Novolin R;
Novodisk A/S; 0.75 U/kg body mass) and subsequent measurement
of veinous tail blood glucose with a OneTouch Ultra Mini glucom-
eter (LifeScan) at the indicated time points.

In vivo DNL

Mice were fasted overnight (16 hours) and then weighed, and a
baseline blood collection was obtained from retro-orbital bleeding.
The mice were administered D,O (Sigma-Aldrich; 400 pl/20 g body
mass) and allowed to feed ad libitum for 3 hours. The mice were then
euthanized, and approximately 100 mg of liver tissue and 50 pl of plas-
ma were provided to the Institute of Diabetes, Obesity, and Metabolism
Metabolic Tracer Resource at the University of Pennsylvania for
analysis of body water and palmitate deuterium enrichment by gas
chromatography—-electron impact ionization mass spectrometry and
subsequent calculation of DNL (43).

In vivo TG secretion

Hepatic TG secretion was assessed as previously described (44).
Male mice were fasted for 4 hours and then administered Pluronic
P407 [30 mg in 200 pl of 1X phosphate-buftered saline (PBS)] retro-
orbitally under isoflurane anesthesia, and then blood was collected from
the retro-orbital vein while under isoflurane anesthesia at the indicated
time points. Plasma TG content was measured colorimetrically using
Infinity Triglyceride Reagent (Thermo Fisher Scientific) according to
the manufacturer’s protocol. Hepatic TG secretion rates were calcu-
lated from the slope of the regression line of the time versus plasma TG.
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Blood and plasma metabolites

Blood glucose, lactate, and ketone bodies were measured in veinous
tail blood by OneTouch Ultra Mini glucometer (LifeScan), Lactate
Plus (Nova Biomedical), or novaMax Plus (Nova Biomedical) meters,
respectively. Plasma insulin was measured by enzyme-linked immu-
nosorbent assay (ChrystalChem, catalog no. 90080). Plasma NEFA
and ALT were measured by ACE Alfa Wasserman Axcel autoanalyzer
using commercially available colorimetric assay kits (Wako).

Metabolic and biochemical measurements

Hepatic TGs were measured colorimetrically using Infinity Triglycer-
ide Reagent (Thermo Fisher Scientific). Tissues were homogenized in
PBS, diluted 1:5, incubated with 1% deoxycholate, and then assayed
according to the manufacturer’s protocol. Sample TG was calculated
by standard curve and normalized to wet tissue mass. Hepatic glyco-
gen levels were measured by Glycogen Assay Kit II (Colorimetric) from
Abcam (catalog no. ab169558). Tissues were homogenized with dis-
tilled H,O on ice and then boiled for 10 min. Homogenates were spun
at 13,000 r.p.m. for 10 min, and supernatants were assayed for glyco-
gen content. Results were normalized by protein content.

Histology and immunohistochemistry

Tissue sections were paraffin-embedded, sectioned, and stained by
the Histology and Gene Expression Co-Op at Penn Cardiovascular
Institute. Standard techniques were applied to stain tissues with he-
matoxylin and eosin to assess general tissue morphology, PAS to de-
tect polysaccharide content, and Picro-Sirius Red to detect collagen
deposition and liver lesions. Immunohistochemistry was performed
on deparaffinized sections to detect lipid droplets with PLIN2 anti-
bodies (Sigma-Aldrich, HPA016607). Brightfield images were cap-
tured on a slide scanning microscope (Keyence, BZ-X800) with 4x
objective lens. Lipid droplet accumulation was assessed in frozen
liver sections by Oil Red O staining: Fresh liver tissues were embed-
ded in O.C.T. compound (Sakura Finetak), snap frozen, and stored
at —80°C. Cryosections were prepared at 10 pm onto slides, fixed
in 4% formalin, and stained with Oil-Red-O solution by the Pathol-
ogy Core Laboratory, Research Institute at Children’s Hospital of
Philadelphia, Philadelphia, PA, USA). Images were captured using a
Nikon Digital Sight DS-U3 camera on Nikon Eclipse 80i micro-
scope with NIS-Elements-D software version 4.12.01.

RNA isolation and quantitative reverse transcription PCR

Total RNA was extracted from approximately 100 mg flash-frozen
liver tissue following homogenization in RNAzol RT reagent (Sigma-
Aldrich). cDNA was synthesized from 1 pg RNA using High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems). Quantitative
real-time polymerase chain reaction (PCR) was performed with
SYBR Green Mix (Applied Biosystems) on an QuantStudio 7 Flex
Real-Time PCR System (Thermo Fisher Scientific). Oligonucleotide
primer sequences used are Cd36 (forward: AAAGTTGCCATAATT-
GAGTCCT, reverse: AAAGTTGCCATAATTGAGTCCT), Ppplr3b
(forward: AGCCGTACAATGGACCAGAT, reverse: AGTAGTAG-
GGCCCCAGCTTT), and reference genes L30 (forward: ATGGTGG-
CCGCAAAGAAGACGAA, reverse: CCTCAAAGCTGGACAGTT-
GTTGGCA) and Hprt (forward: TGACACTGGCAAAACAATG-
CA, reverse: GGTCCTTTTCACCAGCAAGCT). The fold change
in the target mRNA abundance with respect to the control group
and normalized by the geometric mean of the reference genes was
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calculated using the 27*4“1 method and is displayed as fold change

in expression compared to the control group.

Primary hepatocyte isolation and ex vivo oxidation assays
Primary hepatocytes were isolated from overnight fasted (16 hours)
female mice by a two-step perfusion with collagenase digestion as
described previously (45). Primary hepatocytes were seeded at a
density of 5 x 10° cells per well in triplicate wells of six-well plates.
After 2 hours of attachment in glucose-free Dulbecco’s modified
Eagle’s medium, the cells were washed and labeled with either '*C-
oleic acid (1 pCi/ml) for p-oxidation or *C-glucose (1 pCi/ml) for
glucose oxidation (32, 46). After 2 hours, the label media were re-
moved and the cells gently washed and chased for 2 hours. The chase
media were transferred to sealed oxidation flasks and treated with
70% perchloric acid with gentle rocking for 1 hour to capture "*C-
CO; on KOH-soaked filter paper. The filter paper and incompletely
oxidized intermediates (acid-soluble metabolites) were counted
for radioactivity. The cells were washed and lipids extracted by 3:2
hexane:isopropanol, then dried and resuspended in 100% hexane for
separation by thin layer chromatography, and the TG bands were cut
and counted for radioactivity. The cells were then washed, and cellular
protein solubilized and quantified by bicinchoninic acid assay (BCA)
to normalize the radioactivity measurements for each well.

Measurement of substrate oxidation by Seahorse analysis

The Seahorse Bioscience XF96 Extracellular Flux analyzer (Agilent)
was used to quantify mitochondrial respiration of primary hepato-
cytes in the presence of nutrient-free media or media supplemented
with glucose, palmitic acid, or both. The cells were seeded at 12 X
10° cells per well in 96-well XF96 plates and incubated in nutrient-
free media for 1 hour. After the cells adhered, the media were gently
aspirated and replaced with either nutrient-free media, glucose me-
dia (5 mM glucose), lipid media (160 pM bovine serum albumin-
palmitic acid), or combined glucose and lipid media. The cells were
incubated for 4 hours, then gently washed, and Seahorse assay media
added (180 pl per well) and incubated at 37° without CO, for 45 min.
The substrate oxidation assay was performed with automated addi-
tion of ATP synthase inhibitor (1.5 pM oligomycin), proton uncoupler
(2 pM carbonyl cyanide ptrifluoromethoxyphenylhydrazone), and
electron transport chain inhibitors (0.5 pM rotenone/antimycin A
mixture). At completion of the assay, cellular protein was precipi-
tated by treatment with 0.1 N NaOH and then measured by BCA. The
oxygen consumption rates were measured and analyzed using Seahorse
Wave software, and normalized to microgram per protein per well.

Analysis of LOC157273 SNPs and PPP1R3B predicted
loss-of-function variants in PMBB

All individuals recruited for the PMBB are patients of clinical prac-
tice sites of the University of Pennsylvania Health System. This study
was approved by the Institutional Review Board of the University of
Pennsylvania and complied with the principles set out in the Decla-
ration of Helsinki. PMBB participants who had both whole-exome
sequence data and CT-derived hepatic fat quantitation (n = 10,283)
were analyzed for carriage of the LOC157273 SNPs rs4240624,
rs4841132, and rs9987289, or for rare (minor allele frequency <0.1%
in gnomAD) pLOF variants and rare predicted deleterious (REVEL
>0.8) missense (pDM) variants in PPPI1R3B, in the genetic region
chr8:8997073-9009084 of GRCH38 (47, 48). Analysis of each of the
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LOC157273 SNPs and a gene burden of rare pLOF and pDM vari-
ants in PPP1R3B were associated with hepatic fat using a linear
regression model adjusted for age, genetically determined sex, and
principal components (PCs) of ancestry (PC1-5 in Africans and
PC1-10 in Europeans). We used an additive genetic model to aggre-
gate variants as previously described (49). These analyses were per-
formed separately by African and European genetic ancestry and
combined with inverse variance weighted meta-analysis.

Phenome-wide association of hepatic fat with EHR
diagnoses and traits

A phenome-wide association study (PheWAS) was performed to de-
termine the phenotypes associated with the quantitative trait of median
hepatic fat in PMBB for the 10,283 unrelated individuals in PMBB with
both exome sequences and quantitated hepatic fat available (50). ICD-
10 encounter diagnoses were mapped to ICD-9 via the Center for Medi-
care and Medicaid Services 2017 General Equivalency Mappings (https://
cms.gov/medicare/coding-billing/icd-10-codes/icd-10-cm-icd-10-pcs-
gem-archive) and manual curation. Phenotypes for each individual were
then determined by mapping ICD-9 codes to distinct disease entities (i.e.,
Phecodes) using the R package “PheWAS” (51). Patients were deter-
mined to have a certain disease phenotype if they had the correspond-
ing ICD diagnosis on two or more dates, while phenotypic controls
consisted of individuals who never had the ICD code. Individuals with
an ICD diagnosis on only one date as well as individuals under control
exclusion criteria based on PheWAS phenotype mapping protocols were
not considered in statistical analyses. Each Phecode was tested for asso-
ciation with quantitated hepatic fat using a logistic regression model
adjusted for age, sex, and PCs (PC1-10) of genetic ancestry. The asso-
ciation analyses considered only disease phenotypes with at least 20 cases
based on power calculations in a prior simulation study (49). This led to
the interrogation of 1396 total Phecodes, and we used a Bonferroni cor-
rection to adjust for multiple testing (P = 0.05/1396 = 3.58 x 10™").

Plasma metabolomics in UK Biobank participants

The UK biobank is a population-based cohort study conducted in the
United Kingdom from 2006 to 2010, which recruited 502,500 volun-
teers aged 37 to 73 years at baseline. All participants were registered
with the UK National Health Service and attended an initial examina-
tion, which is followed by a long-term follow-up taking place con-
tinuously. On the baseline visit, blood samples were taken, and
biometric measures were performed. In a subgroup of UK biobank
participants (n = 105,348), nuclear magnetic resonance-based plasma
metabolomic profiling was performed. Only participants with genetic
information and metabolomic profiling were included in the analyses.
Plasma glucose, ketone bodies, and major lipid classes were chosen
a priori for further analysis. Each metabolite was divided by its SD and
calculated the log fold change between variant carriers and controls as
well as a —log transformed logistic regression. Differences were con-
sidered to be statistically significant when P < 0.05. Bonferroni cor-
rection was performed to avoid first type of error occurring through
multiple testing of n = 9 metabolites (P < 0.05/9 = 0.0056). The data
were analyzed using R version 4.0.2 (R Foundation for Statistical Com-
puting; Vienna, Austria), SPSS Statistics version 26 (IBM; Armonk, NY,
USA), and Prism version 8 (GraphPad, LaJolla, CA, USA).

Statistical analyses
All results are presented as means + SD unless otherwise indicated. Data
are presented as one representative experiment, and each experiment
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was repeated two to three times with consistent outcomes. Results were
analyzed by the unpaired two-tailed Student’s  test or one-way analysis
of variance (ANOVA) as appropriate using GraphPad Prism Software
(Version 9.3.1, GraphPad Software, Inc.). Statistical significance was de-
fined as *P < 0.05, ¥*P < 0.01, ***P < 0.001, ****P < 0001.

Supplementary Materials
This PDF file includes:

Figs. S1to S6

Table S1
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