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Abstract

BACKGROUND & AIMS—Obesity-induced non-alcoholic fatty liver disease (NAFLD)
develops, in part, via excess insulin-stimulated hepatic de novo lipogenesis, which increases,
paradoxically, in patients with obesity-induced insulin resistance. Pleckstrin homology domain
leucine-rich repeat protein phosphatase 2 (PHLPP2) terminates insulin signaling by
dephosphorylating Akt; levels of PHLPP2 are reduced in livers from obese mice. We investigated
whether loss of hepatic PHLPP2 is sufficient to induce fatty liver in mice, mechanisms of PHLPP2
degradation in fatty liver, and expression of genes that regulate PHLPP2 in livers of patients with
NAFLD.

METHODS—C57BL/6J mice (controls), obese db/db mice and mice with liver-specific deletion
of PHLPP2 (L-PHLPP2) fed either normal chow or high-fat diet (HFD) were analyzed for
metabolic phenotypes including glucose tolerance and hepatic steatosis. PHLPP2-deficient
primary hepatocytes or CRISPR/Cas9-mediated PHLPP2-knockout hepatoma cells were analyzed
for insulin signaling and gene expression. We performed mass spectrometry analyses of livers
tissues from C57BL/6J mice transduced with Ad-HA-FLAG-PHLPP2 to identify post-translational
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modifications to PHLPP2 and proteins that interact with PHLPP2. We measured levels of mMRNAs
by quantitative reverse transcription PCR in liver biopsies from patients with varying degrees of
hepatic steatosis.

RESULTS—PHLPP2-knockout hepatoma cells and hepatocytes from L-PHLPP2Z mice showed
normal initiation of insulin signaling, but prolonged insulin action. Chow-fed L-PHLPP2mice had
normal glucose tolerance but hepatic steatosis. In HFD-fed C57BL/6J or db/db obese mice,
endogenous PHLPP2 was degraded by glucagon and PKA-dependent phosphorylation of PHLPP2
(at Ser1119 and Ser1210), which led to PHLPP2 binding to potassium channel tetramerization
domain containing 17 (KCTD17), a substrate-adaptor for Cul3-RING ubiquitin ligases. Levels of
KCTD17mRNA were increased in livers of HFD-fed C57BL/6J or db/db obese mice and in liver
biopsies patients with NAFLD, compared with liver tissues from healthy control mice or patients
without steatosis. Knockdown of KCTD17 with small hairpin RNA in primary hepatocytes
increased PHLPP2 protein but not Phlpp2 mRNA, indicating that KCTD17 mediates PHLPP2
degradation. KCTD17 knockdown in obese mice prevented PHLPP2 degradation and decreased
expression of lipogenic genes.

CONCLUSIONS—In mouse models of obesity, we found that PHLPP2 degradation induced
lipogenesis without affecting gluconeogenesis. KCTD17, which is upregulated in liver tissues of
obese mice and patients with NAFLD, binds to phosphorylated PHLPP2 to target it for ubiquitin-
mediated degradation; this increases expression of genes that regulate lipogenesis to promote
hepatic steatosis. Inhibitors of this pathway might be developed for treatment of patients with
NAFLD.

Keywords
triglyceride; insulin signaling; gene regulation; signal transduction

Introduction

The liver integrates nutrient state with the need to preserve glucose and lipids in a narrow
physiologic range, with assistance from hormonal inputs.t In normal physiology, fasting
triggers the release of glucagon from pancreatic a.-cells, which stimulates gluconeogenesis
and glycogenolysis to maintain normoglycemia.? In the postprandial state, pancreatic p-cells
dial up insulin levels to block hepatic glucose production3-5 and utilize excess glucose for
long-term energy storage in the liver in the form of glycogen, and indirectly, triglycerides.®

The elegance of this system is undermined by the chronic overnutrition associated with
obesity, which leads to insulin resistance and an inability to restrain hepatic glucose
production and the fasting hyperglycemia of Type 2 Diabetes (T2D). Nonetheless,
compensatory hyperinsulinemia is apparently sufficient to activate sterol regulatory element-
binding protein 1c (Srebpic)-mediated lipogenesis,’: 8 which contributes to the excess
hepatic triglyceride (TG) accumulation that defines Non-Alcoholic Fatty Liver Disease
(NAFLD).® The mechanism underlying this “selective” insulin resistance remains under
debate, but we and others have shown that insulin signaling diverges at the critical molecular
node, Akt, to activate mnTORC1-dependent and -independent lipogenic pathways.10-12 But
insulin doesn’t act alone — the lipogenic program is under complex control by nutrient state
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and other hormones. Of note in this cadre is glucagon,13 postprandial plasma levels of which
remain inappropriately high in T2D patients.14-16 The interplay between insulin and
glucagon pathways is further highlighted by the unique shared phenotype of reduced hepatic
and plasma TG in liver-specific insulin receptor knockout!’ and glucagon receptor knockout
mice,18 but the potential role of glucagon in the selective insulin resistance seen in obesity
has not been explored.

Pleckstrin homology (PH) domain leucine-rich repeat protein phosphatases (PHLPPs) have
been shown to dephosphorylate the key regulatory Ser473 residue of Akt, thereby
terminating growth factor-stimulated Akt activity and suppress tumor growth in cancer
models.2%-21 Our recent work has demonstrated that PHLPPs, specifically the PHLPP2
isoform, similarly terminates insulin action in obesity.12 We observed that diet-induced
(HFD-feeding) or genetic (leptin-signaling deficient ob/ob or db/db mice) mouse models of
obesity have lower PHLPP2 protein levels, which renders these mice unable to terminate
insulin signaling, ultimately resulting in increased DNL and fatty liver.12 Consistently,
exogenous “rescue” of hepatic PHLPP2 levels in obese mice reduced inappropriately
elevated Akt Ser473 phosphorylation in the “late” refed state, and reversed fatty liver, but
surprisingly, did not affect glucose tolerance. These data suggested that PHLPP2 is
necessary to prevent insulin-potentiated DNL, but does not affect early post-prandial events
such as insulin/Akt repression of FoxO-dependent hepatic gluconeogenesis in the
bifurcation model of hepatic insulin signaling.1°

Several important questions remained from these studies, however — 1) is chronic reduction
of hepatic PHLPP2 levels sufficient to induce hepatic steatosis; 2) how is hepatic PHLPP2
lost in obesity, as Phlpp2 mRNA is unaffected in HFD-fed and genetic mouse models; and,
3) whether these data may have clinical and/or therapeutic implications. Here, we generate
and characterize hepatocyte-specific PHLPP2 knockout (L-PHLPPZ2) mice, which show
prolonged insulin-stimulated Akt Ser473 phosphorylation and excess DNL and fatty liver.
To understand the endogenous regulatory machinery that mediates PHLPP2 degradation in
obese liver, we performed sequential LC/MS-MS-based screens, which identified novel
glucagon/PKA-mediated PHLPP2 phosphorylation at Ser1119 and Ser1210, which
augments PHLPP2 interaction with KCTD17, an adaptor protein for Cul3-RING ubiquitin
ligases.22 Interestingly, KCTD17expression is increased in livers from obese mice and
patients with NASH, linking glucagon-induced PHLPP2 phosphorylation with degradation.
Thus, knockdown of KCTD17 in obese mice increases endogenous PHLPP2 and ameliorates
obesity-induced fatty liver, revealing a novel strategy in the treatment of obesity-mediated
NAFLD/NASH.

Bioinformatics

Hepatic Phlpp2was assessed in BXD mouse genetic reference populations fed normal chow
diet (GeneNetwork Accession No: GN432), and transcriptomes corresponding to the top and
bottom sextiles subjected to GSEA. All raw transcriptomic data related to human NASH
samples are publicly available on Gene Expression Omnibus under accession numbers
(GSE60149 and GSE48452).23: 24 Heat maps were built using GENE-E; depth of shading at
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the correlation matrices (correlogram) indicates the magnitude of the correlation
(Spearman's Rho). Correlogram and interaction network were generated using RStudio, with
positive and negative correlations represented in blue and red, respectively. Only correlations
with Spearman's R0 > 0.5 or < —0.5 are displayed in the interaction network.

Constructs

AAV8-TBG-GFP or AAV8-TBG-Cre were generated by Penn Vector Core. Site-directed
mutagenesis was performed using Q5 site-directed mutagenesis (NEB) to generate
pcDNA3/HA/Flag/PHLPP2-S1119A, -S1210A or -S1119/1210A (2A). Ad-GFP, Ad-
shControl, and Ad-HA/Flag/PHLPP2 adenoviruses have been described.12 Ad-HA/Flag/
PHLPP2 (2A) and Ad-shKctd17 were generated by Welgen, Inc. (Worcester, MA). 20
nucleotide single-guide RNA (sgRNA) sequences for PHLPP2 were designed using a
CRISPR design tool, cloned into LentiCRISPRv2 (Addgene #52961).

Animals

Male C57BL/6J (#664) and leptin receptor-deficient db/db (#642) mice were purchased
from Jackson Labs. PHLPPZ floxed mice were generated with a targeting vector
(EUCOMM) that was modified, linearized and electroporated into embryonic stem (ES)
cells. Antibiotic-resistant ES cell clones were microinjected into C57BL/6 blastocysts to
obtain chimeric mice. Founders that exhibited germline transmission were bred with
C57BL/6J mice expressing flp recombinase (Jackson #016226) to remove the neo cassette
(PHLPPAIOXI*)  hackcrossed >5 generations with C57BL/6J mice, then intercrossed to
generate homozygous PHLPPXIXfOX mice. Male PHL PPAIOX/loX mice were transduced at
7 weeks of life with AAV8-TBG-GFP or AAV8-TBG-Cre (Penn Vector Core) to generate
Cre- and L-PHLPPZ mice, respectively — all mice were transduced with AAV — then
continued on standard chow (Purina Mills 5053) or switched to HFD (Harlan Laboratories
TD.06414) as indicated. For adenovirus experiments, we injected 2.5-5x108 purified viral
particles per gram body weight of control (Ad-GFP or Ad-shControl) or experimental
viruses, continued HFD-feeding, performed metabolic analysis on days 3-7 and killed the
mice at day 7 or 10 post-injection. We sacrificed mice after a 18 h fast followed by refeeding
for 8 h. Mice were housed 3-5 animals per cage, with a 12 h light/dark cycle, in a
temperature-controlled environment. All animal experiments were approved by the
Columbia University Institutional Animal Care and Utilization Committee.

CRISPR generation of PHLPP2-knockout (KO) cells and cell culture studies

Lentivirus encoding PHLPP2 sgRNAs was generated by co-transfection of 293T cells with
the lentiviral vectors psPAX2 and pMD2.G. Viral supernatant was applied to HepG2 or
Hepalclc? cells with polybrene (Sigma), which were selected with puromycin
(ThermoFisher) prior to expansion of single clones, screening by western blot and genomic
sequencing. In some experiments, PHLPP2 KO cells were transfected with PHLPP2-WT
plasmid (Lipofectamine 3000, ThermoFisher) to “reconstitute” PHLPP2. Primary
hepatocytes were transfected with plasmid expressing PHLPP2-WT or mutants using
Lipofectamine 3000 (ThermoFisher) as per the manufacturer’s protocol.
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Hepatocyte isolation and glucose production

Primary hepatocytes'?: 25 isolated from PHLPPAIOX/flox mice were transduced with Ad-GFP
or Ad-Cre adenoviruses at MOI 10 two hours after plating on collagen-coated plates; 28 h
later, cells were incubated for 4 h in glucose-free Krebs-Ringer buffer containing 20 mM
sodium lactate and 2 mM sodium pyruvate, with or without dexamethasone, forskolin, or
insulin. Glucose released was measured using Glucose (HK) assay kit (Sigma) and
normalized to cellular protein concentration (BCA assay, Pierce).

Antibodies, western blots and immunoprecipitation

Immunoblots were conducted on 3—-7 samples randomly chosen within each experimental
cohort with antibodies against Akt (#9272), p-Akt (5473, #4060), p-Akt (T308, #13038), p-
S6K1 (T389, #9205), p-S6 (S240/244, #2215), S6 (#2217), p-(Ser/Thr) PKA substrate
(#9621), PKA (#4782), DYKDDDDK-tag (#14793), HA-tag (#3724), myc-tag (#2276), and
B-actin (#4970) from Cell Signaling; S6K1 (sc-8418) from Santa Cruz; and PHLPP1
(A300-660A) and PHLPP2 (A300-661A) from Bethyl Laboratories, Inc. Antibodies directed
to human p-PHLPP2 (S1119 or S1210, identical to S1116 or S1207 in mouse PHLPP2) were
generated by immunizing rabbits with synthetic phospho-specific peptides, verified by
ELISA and affinity purified (Lifetein).

Liquid chromatography-tandem mass spectrometry (LC-MS/MS)

PHLPP2 was purified from livers of male C57BL/6J mice transduced with Ad-HA-FLAG-
PHLPP2. To identify PHLPP2 PTMs, liver lysates were prepared in stringent lysis buffer [25
mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA, 10% glycerol, 1% NP-40, 0.05% SDS,
1% sodium deoxycholate, 10 mM B-glycerophosphate, 10 mM sodium pyrophosphate, 50
mM sodium fluoride, 1.5 mM sodium orthovanadate, 30 uM Trichostatin A (Sigma), 20 mM
sodium butyrate, 20 mM nicotinamide, 25 mM N-ethylmaleimide and protease inhibitor
cocktail (Pierce)], immunoprecipitated with anti-FLAG-conjugated M2 agarose (Sigma) and
separated by SDS-PAGE. After Coomassie blue staining, the band corresponding to
PHLPP2 was excised, extracted and trypsin digested.26 To examine PHLPP2 interacting
proteins, liver lysates were extracted in less stringent lysis buffer [50 mM Tris-HCI (pH 7.5),
150 mM NaCl, 1ImM EDTA, 10% glycerol, 1% NP-40, 10 mM B-glycerophosphate, 10 mM
sodium pyrophosphate, 50 mM sodium fluoride, 1.5 mM sodium orthovanadate, and
protease inhibitor cocktail], immunoprecipitated with anti-Flag M2 agarose, and bound
polypeptides eluted with FLAG peptide (Sigma). Aliquots of each sample were loaded onto
an Acclaim PepMap 100 precolumn (75 pm x 2 cm, C18, 3 pm, 100A, Thermo Scientific)
in-line with an EASY-Spray, PepMap column (75 pm x 50 cm, C18, 2 um, 100A Thermo
Scientific) using the autosampler of an EASY-nLC 1000 (Thermo Scientific). Peptides were
gradient eluted into a Q Exactive mass spectrometer (Thermo Scientific) using a 60 min
gradient from 2% solvent B to 40% solvent B. Solvent A was 2% acetonitrile in 0.5% acetic
acid and solvent B was 90% acetonitrile in 0.5% acetic acid. The Q Exactive mass
spectrometer was set up to acquire high resolution full MS spectra with a resolution of
70,000 at m/z 200, an AGC target of 1e6, with a maximum ion time of 120ms, and scan
range of 400 to 1500 m/z. Following each full MS twenty data-dependent high resolution
HCD MS/MS spectra were acquired using the following instrument parameters: resolution

Gastroenterology. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kim et al.

Page 6

of 17,500 at m/z 200, AGC target of 5e4, maximum ion time of 250 ms, one microscan, 2
m/z isolation window, fixed first mass of 150 m/z, and NCE of 27, dynamic exclusion 30
seconds. For the phosphorylation analysis the MS/MS spectra were searched against a
PHLPP?2 fasta file using Byonic™27 and the site of phosphorylation verified by manual
inspection of the spectrum. For the binding partner analysis, MS/MS spectra were searched
against the uniprot mouse database and filtered using a <1% False Discovery Rate searched
against a decoy database and excluding proteins with less than two unique peptides.

Metabolic analyses

Blood tail vein glucose was measured using a glucose meter (Bayer). Glucose tolerance tests
or pyruvate tolerance tests were performed by intraperitoneal injection of 1 or 2 g per kg
body weight glucose or 2 g per kg body weight sodium pyruvate after a 16 h fast. Hepatic
lipids were extracted by the Folch method,28 and plasma and hepatic triglyceride (Thermo),
Cholesterol E, or NEFA (Wako) measured using colorimetric assays according to the
manufacturer’s protocol. Plasma insulin concentrations were measured using a mouse
insulin ELISA kit (Mercodia).

Cross-sectional analysis of KCTD17 in human liver biopsy specimens

We analyzed liver gene expression in individuals who underwent liver biopsy for suspected
NASH, due to persistent elevations in liver enzymes or severe obesity.2° The protocol was
approved by the Ethical Committee of the Fondazione IRCCS of Milan, and each patient
signed a written informed consent.

RNA/quantitative PCR

RNA was isolated by TRIzol (Invitrogen) or NucleoSpin RNA (Clontech), and cDNA
synthesized with the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems)
or SuperScript VILO cDNA synthesis kit (Life Technologies), followed by quantitative RT-
PCR with Power SYBR Green PCR master mix (Applied Biosystems) in a CFX96 Real-
Time PCR detection system (Bio-Rad). Primer sequences are available in Supplementary
Table 1.

Statistical analysis

All data shown as mean + s.e.m. ANOVA was used for comparison of means among
multiple groups. For the liver biopsy cross-sectional cohort, comparisons were made by
fitting data to generalized linear models, unadjusted (univariate analyses), or considering as
independent variables: age, sex, BMI, T2D, PNPLA31148M alleles, histological steatosis
grade, and activity. Hepatic KCTD17mRNA levels were normalized for B-actin and log
transformed before analyses to ensure a normal distribution. A Pvalue < .05 was considered
significant.
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Results

PHLPP2 loss-of-function induces fatty liver but does not affect glucose tolerance

To explore endogenous differences in hepatic PHLPP2 levels and relationship to
metabolism, we examined 41 strains of genetically diverse chow-fed BXD mice descendant
from sequential C57BL/6J and DBA/2J crosses — BXD mice have ~5 million diverged
sequence variants and represents, at present, the largest and best-characterized mouse
genetic reference population.23 We found a significant, inverse correlation between Phlpp2
expression and liver TG across these chow-fed strains (Figure 1A). Next, we performed gene
set enrichment analysis (GSEA) using hepatic transcriptomes of 14 BXD strains showing
highest and lowest expression of Phljpp2 (Supplementary Figure 1A). In this analysis, we
found that Phlpp2is negatively correlated with lipogenic gene sets [Chrebp2 (NOM P< .
001), adipogenesis (NOM P < .02), triglyceride biosynthesis (NOM P < .02) and lipid
biosynthesis (NOM P < .02)] which contain Srebp1 and its target lipogenic genes (Figure 1B
and C, Supplementary Figure 1B). Of note, we observed no correlation between Phlpp2and
gene sets associated with hepatic glucose production, or plasma levels of glucose (Spearman
rho= .11, P=.567), insulin (Spearman rho=-.11, P=.502) and HOMA-IR (Spearman rfi0
=.10, P=.553). These data show that across a genetically diverse mouse population where
mRNA and protein levels are highly correlated,30 higher hepatic Ph/jpp2 expression is
associated with lower lipid biosynthesis and may distinguish insulin-mediated functions in
hepatic glucose and lipid metabolism, even in chow-fed lean mice.

To mimic the pathologic loss of hepatic PHLPP2 seen in obese mice,2 which may mirror
endogenous differences in BXD strains, we generated homozygous PHLPPXIOX/floX mice
(Supplementary Figure 2A and B), and transduced with AAV8-TBG-GFP or AAV8-TBG-
Cre to produce Cre- and hepatocyte-specific PHLPP2 knockout (L-PHLPP2) mice. Livers
and primary hepatocytes showed >80% PHLPP2 deletion, without compensatory increase of
the related isoform, PHLPP1 (Supplementary Figure 2C and D). L-PHLPP2Z mice had
normal body weight, adiposity and cholesterol/non-esterified fatty acid (NEFA)
(Supplementary Figure 3A-E), but at sacrifice, showed increased liver weight and TG, with
associated mild hypertriglyceridemia (Figure 1D and E, Supplementary Figure 3F). L-
PHLPPZ mice had higher hepatic Akt Ser473 phosphorylation in “late” refeeding, similar to
Ad-Cre-transduced PHL PPAIOX/Tlox hepatocytes after extended insulin stimulation 77 vitro
(Figure 1F, Supplementary Figure 3G). Prolonged activation of hepatic insulin signaling
through Akt induced higher expression of SreppIcand its canonical targets (i.e., Fasn), but
did not affect gluconeogenic gene expression (Figure 1G). Consistently, we observed no
differences in fasting or refed blood glucose, plasma insulin, glucose tolerance, pyruvate
tolerance or hepatic glucose production (Supplementary Figure 3H-L). Similarly, loss of
PHLPP2 did not affect key fatty acid oxidation genes (Supplementary Figure 3M).

As endogenous PHLPP2 levels are reduced in livers of WT mice fed a high-fat diet
(HFD) 12, we hypothesized that HFD feeding to lower APHLPP2 between L-PHLPP2 and
Cre-control mice would negate differences in lipogenesis and fatty liver. Indeed, hepatic
PHLPP2 levels were >70% reduced in HFD-fed as compared to chow-fed Cre- mice
(Supplementary Figure 4A and B); Thus, in contrast to chow-fed cohorts, HFD-fed L-
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PHLPPZ mice showed unchanged liver weight, TG and lipogenic gene expression, and really
no discernible metabolic phenotype, as compared to Cre- controls (Supplementary Figure
4C-L).

To confirm that PHLPP2 terminates insulin-Akt signaling in a cell-autonomous manner, we
generated PHLPP2knockout (KO) hepatoma cells using CRISPR/Cas9 (Supplementary
Figure 5A-C). PHLPPZ KO cells showed similar insulin-induced Akt phosphorylation as
compared to control cells, but delayed Akt dephosphorylation in the “chase” period after the
insulin pulse (Supplementary Figure 5D), which was normalized by PHLPP2 reconstitution
by transfection of WT PHLPP2 (Figure 1H). Similar to data from L-PHLPPZ mice, PHLPP2
KO cells had augmented insulin-stimulated Srebp1cand Fasnas compared with control cells
(Supplementary Figure 5E). In combination, these data suggest that early postprandial
insulin action, necessary for nuclear FoxO exclusion and cessation of gluconeogenesis3! is
unimpeded, but that late postprandial insulin action on lipogenesis is heightened by either
endogenous (HFD feeding) or artificial (L-PHLPP2mice, PHLPPZ2 KO cells) loss of
hepatocyte PHLPP2.

PHLPP2 is phosphorylated on Ser1119 and Ser1210 by glucagon/PKA action

Obese mice show lower hepatic PHLPP2 levels, but unchanged Ph/pp2 gene expression1?,
Based on this finding, we hypothesized that PHLPP2 levels may be affected by hormone or
nutrient-regulated post-translational modifications (PTMs). To test this hypothesis, we
performed LC-MS/MS analysis in immunoprecipitated PHLPP2 from livers of C57BL/6
mice transduced with HA/Flag-tagged PHLPP2, and found 2 phosphopeptides —
RCpSLHPTPTSGLFQR (Ser1119) and RQNpSYNSGMLLPMSK (Ser1210) — at
evolutionarily-conserved PKA consensus [RRX(S/T)] sites (Figure 2A and B). As glucagon
is the major driver of PKA activity in liver,32 we next tested whether glucagon can induce
PHLPP2 phosphorylation. Indeed, using Phos-tag-based electrophoresis, we found that
PHLPP?2 is rapidly phosphorylated in primary hepatocytes exposed to glucagon (Figure 2C),
similar to treatment with potent PKA activators such as cAMP or forskolin (Figure 2D), but
not after activation of other hormone/nutrient signaling (i.e. insulin/P13K, MEK, GSK or
mTOR) pathways (Supplementary Figure 6A). We next used site-directed mutagenesis to
create Ser—Ala mutations at Ser1119 and Ser1210. Although mutation of Ser1119 or
Ser1210 did not fully abolish forskolin-induced PHLPP2 phosphorylation (Supplementary
Figure 6B), mutation of both serine residues (S1119/S1210A,; 2A) prevented forskolin-
induced PHLPP2 phosphorylation (Supplementary Figure 6C), suggesting that both sites are
phosphorylated by PKA. We next generated polyclonal antibodies to p-PHLPP2 (Ser1119)
and p-PHLPP2 (Ser1210), and confirmed specificity of these antibodies in primary
hepatocytes transfected with WT, single (S1119A or S1210A) or double (2A) PHLPP2
Ser— Ala mutants (Supplementary Figure 6D and E). Using these novel reagents, we found
that endogenous PHLPP2 phosphorylation at Ser1119 and Ser1210 is increased with acute
glucagon (Figure 2E) or forskolin (Supplementary Figure 6F), but not with serum, insulin, or
amino acid (AA) stimulation (Supplementary Figure 6F). As such, acute forskolin-induced
phosphorylation at both Ser1119 and Ser1210 was reduced by knockdown of PKA signaling
(Figure 2F). Thus, mutation of both Serine sites (2A) led to near-absent PHLPP2
phosphorylation in primary hepatocytes treated with glucagon or forskolin (Supplementary
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Figure 6G), recapitulating treatment with the PKA inhibitor H-89 (Figure 2G). In sum, these
data prove that glucagon-induced PKA activity phosphorylates hepatocyte PHLPP2 at
Ser1119 and Ser1210.

Glucagon-mediated PHLPP2 phosphorylation reduces its stability in obesity

Glucagon is acutely increased in the fasted animal2. Thus, we find that hepatic PHLPP2
phosphorylation at both Ser1119 and Ser1210 is dynamically regulated by the fasting-
refeeding transition /n7 vivo (Supplementary Figure 7A and B). Obesity and T2D are
associated with persistent hyperglucagonemia, which may regulate hepatic lipogenesis.33-3°
We hypothesized that obesity may provoke “chronic” PHLPP2 phosphorylation. Indeed, we
observed markedly increased hepatic PHLPP2 phosphorylation and a simultaneous
reduction in total PHLPP2 protein in HFD-fed (Figure 3A-C) and in leptin-receptor (adb/db)
deficient (Figure 3D-F) mice, but strikingly, no change in Phlpp2 mRNA. These results
suggested that PHLLP2 phosphorylation may directly affect its stability; to test this, we
treated cells with cycloheximide to inhibit new protein translation, and found markedly
decreased PHLPP2 protein in the presence of forskolin (Figure 3G). Next, we examined
whether inhibition of hepatic glucagon signaling, by means of AAV8 encoding shRNA to
the glucagon receptor (AAV8-shGcgr), could prevent obesity-induced loss of PHLPP2,
Indeed, as compared to AAV8-shControl-transduced mice, AAV8-shGegr transduction
robustly increase hepatic PHLPP2 in HFD-fed and db/db mice, without affecting Phlpp2
mRNA (Figure 3H and I). Similar data were obtained with use of glucagon receptor
antagonists (GRAS) in primary hepatocytes (not shown). We conclude that glucagon-induced
hepatic PHLPP2 phosphorylation affects PHLPP2 stability.

KCTD17 binds PHLPP2 to induce its degradation in obese liver

We were intrigued that although glucagon induces PHLPP2 phosphorylation in both fasting
and obesity, only obesity reduced PHLPP2 protein levels. These data imply that PHLPP2
phosphorylation may be necessary but cannot be sufficient to reduce PHLPP2 stability, and
that a “second hit” beyond hyperglucagonemia is necessary for the post-transcriptional loss
of PHLPP2 seen in obese liver. To identify the regulatory mechanisms of glucagon-induced
PHLPP2 degradation, we again performed LC/MS-MS but adjusted our purification
conditions to isolate PHLPP2-binding proteins. We next sequentially queried the resultant
list of PHLPP2 interactors for potential regulatory roles in protein stability and/or hepatic
metabolism, and for altered expression in obese liver. From this analysis, we identified
KCTD17 (potassium channel tetramerization domain containing 17) as a novel PHLPP2-
associated protein. Despite its name, KCTD17 has been shown to act as a substrate-adaptor
for Cul3-RING ubiquitin ligases (CRL3s) to regulate proteosomal degradation of specific
targets.22: 36, 37 \We observed that hepatic Kctd17expression is robustly increased in HFD-
fed and db/ab mice (Figure 4A). Next, we confirmed our LC-MS/MS results by
immunoprecipitation of endogenous KCTD17 in livers from HFD-fed mice with anti-
PHLPP2 antibody, and vice versa (Figure 4B). KCTD17-PHLPP2 interaction was increased
by proteosomal inhibitors (Figure 4C) and synergistically with forskolin co-treatment
(Figure 4D), suggesting that glucagon-mediated PHLPP2 phosphorylation and degradation
are linked by KCTD17. Indeed, KCTD17 increased WT PHLPP2-Cul3 interaction (Figure
4E), but far less efficiently with the nonphosphorylatable PHLPP2-2A mutant (Figure 4F).
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This suggested that the PHLPP2-2A mutant may be relatively resistant to degradation — to
test this, we transduced HFD-fed mice with adenovirus encoding GFP, PHLPP2-WT or
PHLPP2-2A (Figure 4G). Despite similar Phlpp2 mRNA induction as compared to Ad-GFP-
transduced mice (Supplementary Figure 8A), PHLPP2-2A induced far greater increase in
hepatic PHLPP2 levels than PHLPP2-WT, and thus greater decrease in refed hepatic Akt
(Ser473) phosphorylation (Figure 4H and ). Thus, we found a gradated reduction in liver
weight, TG and lipogenic gene expression, and plasma TG from control—PHLPP2-
WT—PHLPP2-2A-transduced mice (Figure 4J-M), despite similar body weight/adiposity
and measures of glucose homeostasis among the groups (Supplementary Figure 8B-E). In
sum, these data show that glucagon-induced phosphorylation and KCTD17-recruitment of
Cul3 synergistically target PHLPP2 for degradation, to increase DNL and provoke hepatic
steatosis.

of KCTD17 prevents diet-induced hepatic steatosis

We next predicted that KCTD17 knockdown may be sufficient to protect PHLPP2 from
degradation. We produced shRNA directed against Kctd17, and found that Kctd17
knockdown increased PHLPP2 protein but not Palpp2 mRNA expression in primary
hepatocytes (Figure 5A and B) and in hepatoma cell lines (Supplementary Figure 9A and B).
As hypothesized, acute Kctd17knockdown strongly reduced PHLPP2 ubiquitination (Figure
5C), to completely block insulin-mediated induction of lipogenic genes (Supplementary
Figure 9C).

Based on these findings, we predicted that reducing obesity-mediated increase of hepatic
Kctd17would reproduce the lower liver TG seen with Ad-PHLPP2 or -2A-transduction, by
“rescuing” lower PHLPP2 levels in obese mice. Consistent with /n vitro data, HFD-fed mice
transduced with Ad-shKctd17 (Figure 5D) showed increased hepatic PHLPP2 protein levels
and concomitantly reduced late refed Akt Ser473 phosphorylation (Figure 5E), without
change in Phipp2 expression (Supplementary Figure 9D). Remarkably, this acute reduction
in Kctd17was sufficient to lower liver weight and TG relative to Ad-shControl mice (Figure
5F-H), without confounding changes in body weight/adiposity (Supplementary Figure 9E
and F). Further, similar to Ad-PHLPP2 or -2A-transduced mice, we observed lower
lipogenic but unchanged gluconeogenic gene expression in Ad-shKctd17-transduced livers
(Figure 5I).

KCTD17 correlates with lipogenic gene expression and hepatic steatosis in NASH

These data show that KCTD17 regulates hepatic lipogenesis, at least in part by mediating
PHLPP2 degradation. To begin to understand the implication of these findings for human
disease, we analyzed liver KCTD17 expression in patients undergoing liver biopsy for
suspected NASH (Supplementary Table 2), and found a significant positive correlation
between KCTD17and hepatic steatosis (Figure 6A). This association with steatosis was the
primary driver for a similar positive correlation between KC7D17and NAFLD Activity
Score (NAS) (Figure 6B), as higher hepatic KC7D17expression was no longer associated
with increased NAS once adjusted for steatosis in multivariate regression analysis
(Supplementary Table 3). Interestingly, KCTD17 expression was not associated with the
PNPLA3Z1148M variant, the predominant genetic determinant of hepatic fat accumulation in
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humans, consistent with our mouse data showing increased Kctd17is causative and not a
simple consequence of hepatic steatosis.

These data derived from a cross-sectional cohort, which may limit its generalizability. To
determine if KCTD17expression co-varies with NAFLD/NASH severity, we analyzed liver
transcriptomes in patients with NASH before and after bariatric surgery, as well as normal
controls,24 and found a striking co-regulation of KC7D17and lipogenic gene sets in patients
with NASH (Figure 6C). In paired analysis, KCTD17expression was significantly higher in
patients with NASH as compared to normal controls, and significantly reduced after bariatric
surgery (Figure 6D). Thus, KCTD17showed strong positive correlation with lipogenic and
inflammatory gene expression (Figure 6E, Supplementary Figure 10A), which closely
clustered as a gene network (Supplementary Figure 10B), but weaker/indirect associations
with other pathways associated with NASH, such as p-oxidation, ER stress and fatty acid
esterification (Supplementary Figure 10B). In combination with data from L-PHLPPZand
the similar phenotypes of Ad-PHLPP2-2A and Ad-shKctd17 mice, these results establish the
functional significance of glucagon-mediated KCTD17/Cul3 degradation of PHLPP2 in
regulation of hepatic lipid accumulation.

Discussion

Obesity-induced fatty liver is the most common chronic liver disease, and even its most
severe manifestations of NASH and fibrosis/cirrhosis have no approved pharmacotherapy.38
This therapeutic need is due in large part to the complex hormonal regulation of DNL, a
relatively minor contributor to liver TG content in the lean individual but a pathway that is
ramped up in the obese patient.? 3 For instance, obesity causes insulin resistance and
compensatory hyperinsulinemia, which then activates both mTORC1-dependent and -
independent pathways to induce DNL.10-12 |_ess appreciated is the possible effects of
obesity-induced hyperglucagonemia,? traditionally thought to antagonize insulin’s
beneficial effects on glucose homeostasis.1® Our work has revealed the first clear
intersection between insulin and glucagon signaling pathways on DNL, through PHLPP2
(Figure 6F). PHLPP2, previously shown by our group and others to dephosphorylate Akt at
Ser473 to terminate insulin action, is rapidly phosphorylated by glucagon/PKA action to
trigger PHLPP2 degradation. In fact, expression of a glucagon-resistant
nonphosphorylatable PHLPP2 mutant prevents obesity-induced hyperinsulinemia from
inducing DNL, and thus reverses fatty liver, echoing results from various glucagon
antagonists in preclinical development.#1-43 These results may explain the molecular
mechanism underlying these observations, but also imply that other unrecognized molecular
bridges between two critical hormone-regulated pathways to regulate DNL may exist. This
may have implications even beyond metabolism, as DNL has emerged as a promising
pathway for antineoplastic therapy.

We find that L-PHLPP2 mice show fatty liver, but normal glucose homeostasis. While this
may appear paradoxical on face, this finding is actually quite consistent with normal signal
transduction through InsR — PI3K — Akt observed in response to feeding in L-PHLPP2
mice, or following an insulin “pulse” in PHLPP2 KO cells. In the absence of PHLPP2,
however, we observe prolonged Akt phosphorylation during the “chase” period, and
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downstream increase in DNL due to a failure to terminate the insulin action. Conversely,
adenovirus-mediated overexpression of PHLPP2 reduces liver TG, but also does not affect
glucose homeostasis.12 These data suggest the bifurcation model of insulin signalingl® may
still explain the “selective” insulin resistance seen in the obese liver, but show that the
kinetics of downstream signaling is as important as overall insulin levels — early post-
prandial Akt activation is necessary to reduce hepatic glucose output, but prolonged Akt
activity only increases DNL. These data suggest that this smoldering, chronic hepatic insulin
signaling is partially responsible for increased lipogenesis, which contributes to higher liver
TG in obesity, without accompanying glycemic benefit.

An unbiased LC/MS-MS screen identified PHLPP2 phosphorylations at both Ser1119 and
Ser1210 in a previously undefined but evolutionarily-conserved domain of PHLPP2. We
cannot as yet disentangle these phosphorylation events, nor do we have compelling evidence
that these phosphorylations affect PHLPP2 phosphatase activity independent of lowering
protein levels. Integrating observations from fasted and obese mice, however, glucagon/
PKA-mediated PHLPP2 phosphorylation at these sites is necessary but not sufficient to
induce its degradation. The second LC/MS-MS screen pointed to one mechanism for this by
identifying KCTD17 as a novel PHLPP2-interacting protein. We show that the obesity-
mediated increase in hepatic Kctd7expression is necessary to link PHLPP2
phosphorylation with degradation, as Kctd17 knockdown in obese mice prevented PHLPP2
degradation, normalized Akt signaling and reduced liver TG. Studies to determine the
molecular mechanism underlying increased Kctd17 expression in obese liver are ongoing. In
addition, KCTD17expression seems to preferentially predict steatosis, but given the
additional correlation between KCTD17and inflammatory gene sets, we cannot exclude the
possibility that KCTD17 may mediate “multiple hits” in NAFLD/NASH pathogenesis#4-46
and are in the process of testing KCTD17 effects in dietary mouse models of NASH.47

In summary, we find that obesity induces glucagon-mediated phosphorylation of PHLPP2,
which targets its degradation by KCTD17/Cul3, which in turn increases insulin-mediated
DNL. Although DNL is only one of several pathways for liver TG accumulation in NAFLD,
the relative contribution of this pathway is higher in insulin resistance.? Thus, with ablation
of KCTD17 in HFD-fed obese mice, we find higher PHLPP2 levels and lower liver TG, but
normal glucose tolerance — an uncoupling of two major insulin-regulated processes in liver,
inhibition of gluconeogenesis and increased fatty acid synthesis. These data further suggest
that while glucagon receptor antagonists may have adverse effects,*8 49 inhibition of
PHLPP2 degradation, perhaps by dint of KCTD17 antagonism, may ameliorate obesity-
induced fatty liver without affecting glucose homeostasis and stem the tide of liver disease in
an increasingly obese population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Loss of Phlpp2 causes fatty liver

(A) Hepatic Phlpp2 expression negatively correlates with hepatic lipid across different BXD
populations (Spearman rf0=—-0.60, p=.04). (B) Normalized enrichment score (ES) of
GSEA indicating gene sets that show the most significant negative correlation with hepatic
Phipp2 expression. (C) Heat map showing co-regulation of Phlpp2and lipogenic genes in
BXD strains. (D) Liver weight and (£) triglycerides, (F) western blots of liver lysates and
(G) hepatic gene expression in chow-fed liver-specific PHLPPZ knockout (L-PHLPP2Z) and
Cre- control mice (n=9-10/group). (H) Western blots from control, PHLPPZ KO, or
PHLPP2-reconstituted PHLPP2 KO cells “pulsed” with 10 nM insulin for 30 min, with or
without a 2 h “chase” in insulin-free medium. *P< .05, **P< .01, ***P < .001 as compared
to the indicated control by two-way ANOVA. All data are shown as the means + s.e.m.
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Figure 2. PHLPP2 is phosphorylated on Ser1119 and Ser1210 by glucagon/PKA action
(A) Measured and theoretical mass (singly charged) of phosphopeptides of PHLPP2 isolated

from Ad-PHLPP-transduced liver via immunoprecipitation and analyzed by LC-MS/MS,
with the phosphorylated serine residue indicated with pS. (8) PHLPP2 contains Ras-
association (RA), pleckstrin homology (PH), hydrophobic leucine-rich repeat (LRR), protein
phosphatase 2C (PP2C) domains; amino acid sequence comparison from selected
mammalian species with PKA targeting sequence (red) and phosphorylated serine (blue)
residues highlighted. (Cand D) Western blots from primary hepatocytes exposed to (C) 100
nM glucagon or (D) 100 uM cAMP or 10 uM forskolin for 1 h, using Phos-tag to separate
phosphorylated from unphosphorylated PHLPP2. (£) Western blots from primary
hepatocytes exposed to glucagon for the indicated times, or (F) HepG2 cells stably
expressing two different sShRNA directed at PKA or shControl (=) with or without forskolin.
(G) Co-immunoprecipitation (ColP) of PHLPP2 (WT) but not nonphosphorylatable mutant
PHLPP2 (2A) with phospho-PKA substrate in response to forskolin, sensitive to the PKA
inhibitor H-89, in primary hepatocytes.
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Figure 3. Glucagon-mediated PHLPP2 phosphorylation and destabilization in obesity
(A—-F) Western blots of liver lysate with quantification of p-PHLPP2/total PHLPP2 and

PHLPP2/B-actin, and corresponding liver Phlpp2 expression in (A-C) C57BL/6 WT mice
fed normal chow or HFD for 16 weeks, and (D-F) 8-week-old C57BL/6J WT as compared
to db/ab mice. (G) Western blot of PHLPP2 in cycloheximide (CHX, 50 mg ml~1)-treated
primary hepatocytes, with or without forskolin, with quantification of PHLPP2/a-tubulin
relative to time 0. (H) gPCR and (/) western blots from AAV8-shControl- or shGegr-
transduced, HFD-fed C57BL/6 WT or db/db mice. *P< .05, **P< .01, ***P< .001 as
compared to the indicated control by two- way ANOVA. All data are shown as the means +
s.e.m.
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Figure 4. KCTD17 binds phosphorylated PHLPP2 to induce its degradation in obese liver
(A) Liver Kctd17expression in C57BL/6 WT mice fed normal chow or HFD for either 2 or

4 months (/eff) or 8-week-old C57BL/6J WT as compared to adb/ab mice (right). (B)
Endogenous ColP of KCTD17 and PHLPP2 in liver lysate from HFD-fed mice. (C) ColP of
KCTD17 by PHLPP2 in primary hepatocytes is increased by MG-132 and (D)
synergistically by forskolin. (£) KCTD17 facilitates the interaction of PHLPP2 (WT), (F)
but not the nonphosphorylatable mutant PHLPP2 (2A), with the E3-ligase, Cullin3. (G-/)
Experimental outline (G) and western blots of liver lysate (H and /) from C57BL/6 mice fed
HFD for 15 weeks, then transduced with Ad-GFP, Ad-PHLPP2 (WT), or Ad-PHLPP2 (2A)
prior to sacrifice at a total of 16 weeks HFD feeding. (J) Liver weight and (K) triglycerides,
(L) plasma triglycerides and (M) hepatic gene expression from HFD-fed C57BL/6 mice
transduced with Ad-GFP, Ad-PHLPP2 (WT), or Ad-PHLPP2 (2A). (n=6-7/group). *P < .05,
**pP< .01 as compared to the indicated control by two-way ANOVA. All data are shown as
the means £ s.e.m.
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Figure 5. Knockdown of hepatic KCTD17 prevents diet-induced hepatic steatosis
(A) qPCR and (B) western blots from primary hepatocytes transduced with Ad-shControl or

Ad-shKctd17. (C) Knockdown of Kctd17 reduces endogenous PHLPP2 ubiquitination in
HA/Ub-transfected primary hepatocytes. (D) Experimental outline, (£) western blots from
liver lysate, (F) liver weight and (G) triglycerides, (H) liver H&E and QOil-Red-O staining,
and (/) hepatic gene expression in C57BL/6 WT mice fed HFD for 14 weeks, then
transduced with Ad-shControl or Ad-shKctd17 (n=6-7/group) prior to sacrifice at a total of
16 weeks HFD feeding. *P < .05, **P< .01, ***P < .001 as compared to the indicated
control by two-way ANOVA. All data are shown as the means + s.e.m.
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Figure 6. KCTD17 correlates with lipogenic gene expression and hepatic steatosis in NASH
(Aand B) KCTD17expression in liver biopsy specimens (n=158) as related to (A) steatosis

subscore or (B) total NAFLD activity score (NAS). (C) Heat map, (D) volcano plot and (£)
correlogram of hepatic KCTD17expression and de novo lipogenesis (DNL) gene set in
hepatic transcriptomes of healthy controls and NASH patients before and after bariatric
surgery (n=5-10/group), with the depth of shading of correlogram according to the
magnitude of the correlation and positive and negative correlations represented in blue and
red, respectively. (F) Model representing the parallel effects of obesity to increase glucagon-
mediated PHLPP2 phosphorylation and KC7D17 expression/activity, which synergistically
induce PHLPP2 degradation and prolongation of Akt-induced Srebplc-mediated DNL, and

fatty liver.
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