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The cJun NH,-terminal kinase (JNK) signaling pathway in the liver promotes systemic
changes in metabolism by regulating peroxisome proliferator-activated receptor o
(PPAR«)-dependent expression of the hepatokine fibroblast growth factor 21 (FGF21).
Hepatocyte-specific gene ablation studies demonstrated that the Mapk9 gene (encoding
JNK2) plays a key mechanistic role. Mutually exclusive inclusion of exons 7a and 7b
yields expression of the isoforms JNK2a and JNK2f. Here we demonstrate that Fgf21
gene expression and metabolic regulation are primarily regulated by the JNK2o
isoform. To identify relevant substrates of JNK2a, we performed a quantitative phos-
phoproteomic study of livers isolated from control mice, mice with JNK deficiency in
hepatocytes, and mice that express only JNK2at or JNK2f in hepatocytes. We identi-
fied the JNK substrate retinoid X receptor o (RXRat) as a protein that exhibited
JNK2ot-promoted phosphorylation in vivo. RXRat functions as a heterodimeric partner
of PPARax and may therefore mediate the effects of JNK2a signaling on Fgf21 expres-
sion. To test this hypothesis, we established mice with hepatocyte-specific expression of
wild-type or mutated RXRa proteins. We found that the RXRat phosphorylation site
Ser”® was required for suppression of Fgf2I gene expression. Collectively, these data
establish a JNK-mediated signaling pathway that regulates hepatic Fgf21 expression.
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The hepatic JUN NH,-terminal kinase (JNK) signaling pathway is activated by nutri-
tional stress, including the consumption of a high-fat diet (HFD) (1). Hepatocyte-
specific ablation of the Mapk8 gene (encoding JNKI) causes increased hepatic steatosis
in HFD-fed mice (2). In contrast, hepatocyte-specific ablation of Mapk9 (encoding
JNK2) or Mapk8 plus Mapk9 causes systemic improvement of insulin resistance,
hyperglycemia, and hyperlipidemia in HFD-fed mice (3). These different roles of
JNK1 and JNK2 reflect actions on the nuclear hormone receptor NR1Cl1 (also known
as the peroxisome proliferator-activated receptor a [PPARa]) that is suppressed in
response to JNK signaling in HFD-fed wild-type mice (3). Increased hepatic PPARa-
mediated gene expression promotes fatty acid oxidation and increased expression of the
hepatokine fibroblast growth factor 21 (FGF21) (4, 5) in response to JNK2 deficiency,
but these actions are suppressed by JNK1 deficiency (3). These PPARa-dependent
changes in fatty acid oxidation and FGF21 expression provide a mechanism for
systemic regulation of insulin resistance caused by JNK signaling in hepatocytes.
Indeed, it is established that JNK2 acts to suppress hepatic Fgf21 gene expression and
promotes systemic insulin resistance by reducing the amount of FGF21 circulating in
the blood (3, 6).

The hepatokine FGF21 responds to nutritional stress and is secreted as an endocrine
hormone in the blood primarily by hepatocytes (7-10). Circulating FGF21 acts on adi-
pocytes by increasing PGCla and thermogenic gene expression (11), increasing
NRI1C3 (also known as PPARY) activity and insulin sensitization (12), and increasing
adipokine expression (13—16). FGF21 also targets the central nervous system (17) and
regulates behavior (18), food choice preference (19-22), and water consumption (23)
and increases sympathetic outflow (18, 24). FGF21 therefore plays a key role in the
response to nutritional stress.

The mechanism that mediates the regulation of hepatic Fgf21 gene expression by
JNK is unclear. Nevertheless, it is known that JNK2 inhibits PPARa transcriptional
activity in the liver (3), that PPAR« increases hepatic Fgf21 gene expression (4, 5), and
that PPAR« is required for JNK2-regulated Fgf21 gene expression (3). Moreover, it is
established that PPARa functions within heterodimeric complexes with the partner
protein NR2B1 (also known as retinoid X receptor o [RXRa]) (25).
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The cJUN NH,-terminal kinase
(NK) signaling pathway is
activated by metabolic stress and
plays a key role during the
development of metabolic
syndrome. JNK2 acts in the liver by
suppressing the expression of the
hepatokine fibroblast growth
factor 21 (FGF21). We show that
the alternatively spliced JNK2«
isoform mediates the effects of
metabolic stress. Quantitative
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mediated phosphorylation of
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inhibits FGF21 expression. These
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FGF21 signaling axis that
contributes to obesity-associated
metabolic syndrome.
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We report that JNK-mediated repression of Fgf21 expression
is selectively mediated by the alternatively spliced isoform
JNK2a. Comparative phosphoproteomics analysis identified
JNK2a-dependent phosphorylation of RXRa. Mutational anal-
ysis of RXRa demonstrated that the JNK phosphorylation site
Ser”® was required for JNK-mediated repression of Fgf21
expression. Collectively, these observations identify a mecha-
nism that accounts for JNK-regulated Fgf21 gene expression in
the liver and the development of metabolic syndrome.

Results

Hepatic JNK2a Plays a Major Role in the Regulation of Glycemia.
It is established that JNK2 in the liver plays a key role in the
regulation of glycemia (3). However, the relevant JNK2 iso-
form has not been identified. Alternative splicing of Mapk9
pre-messenger RNA (mRNA) results in the mutually exclusive
inclusion of exon 7a or exon 7b and expression of the JNK2a
and JNK2p isoforms (26, 27). These JNK isoforms differ in
their protein kinase activity, and both isoforms are expressed in
the liver of wild-type mice (26, 27). Thus, the canonical sub-
strate JUN is preferentially phosphorylated by JNK2a (26, 27).
Whether JNK2f functions as a low-activity form of JNK2a or
whether JNK2p represents an independent noncanonical JNK
signaling pathway is unclear.

To test the role of the JNK2a and JNK2f isoforms, we used
complementation assays using mice with hepatocyte-specific
deficiency of JNK (Alb-Cre'+ Map/e81”xp Vlox Makal”xP HloxPy
Control studies were performed by examining the effect of
adeno-associated vectors serotype 8 (AAV8)-mediated expres-
sion of JNK2a and JNK2f on JUN phosphorylation. These
studies demonstrated that, as expected, JUN phosphorylation
in the liver was preferentially restored by JNK2a (Fig. 1A).
This analysis confirmed that the JNK2a and JNK2f isoforms
may serve different functions in vivo.

A major function of JNK signaling in the liver is the suppres-
sion of PPARa-mediated expression of the hepatokine FGF21
(3, 6). Indeed, in vitro studies using fibrate-stimulated primary
hepatocytes demonstrated that PPARa-mediated gene expres-
sion was suppressed by INK2 (87 Appendix, Fig. S1). Moreover,
PPARa-mediated gene expression was more potently sup-
pressed by JNK2a than JNK2B (S7 Appendix, Fig. S1). We
therefore examined the effect of expression of JNK2a and
JNK2f in hepatocytes on the circulating concentration of
FGF21 in the blood. This analysis demonstrated that the blood
concentration of FGF21 was lower in mice with hepatic
JNK2a than in mice with hepatic JNK2f (Fig. 1B). These data
demonstrate that JNK2a more potently represses hepatic
FGF21 expression than does JNK2f in vivo.

Tissue-specific gene ablation studies demonstrate that the
regulation of glycemia by hepatic JNK is mediated by FGF21
(3, 6). Since JNK2a selectively regulates FGF21 expression
(Fig. 1B), we anticipated that [NK2a may play a larger role
than JNK2f in the regulation of glycemia. To test this hypoth-
esis, we examined the blood glucose concentration in mice
expressing JNK2a or JNK2B in hepatocytes. We found that
JNK2a caused increased fasting hyperglycemia in HFD-fed
mice compared with JNK2B (Fig. 10). Moreover, JNK2a
expression in hepatocytes caused increased intolerance to glu-
cose (Fig. 1.D) and pyruvate (Fig. 1E) compared with JNK2p.

Collectively, these data demonstrate that the JNK2a isoform
plays a major role in the liver and that the function of hepatic
JNK2f is unclear. Molecular mechanisms of signaling by
hepatic JNK2a and JNK2 remain to be established.
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Fig. 1. Complementation analysis demonstrates a selective role for hepatic JNK2«
in the regulation of glycemia. (A) Primary hepatocytes prepared from wild-type (WT)
mice (Alb-Cre™"* Mapk8™"* Mapk9+'+), knockout (KO) mice with hepatocyte-specific
INK1 plus JNK2 KO (Alb-Cre™"+ Mapk8>¥"™® Mapk9®#">®) and KO mice comple-
mented with AAV-mediated expression of J]NK2a or J]NK2B were treated with 1 pg/
mL anisomycin (Aniso) (15 min). Lysates were examined by immunoblot analysis
by probing with antibodies to pSer®® JUN (pJUN), JUN, JNK, and a-tubulin. (8 and C)
Blood FGF21 and glucose concentration in HFD-fed mice (16 wk) expressing JNK2«
or JNK2B in hepatocytes was measured (mean + SEM; *P < 0.05, ***P < 0.001;
n = 6~8). (D and E) GTTs and PTTs on HFD-fed mice (16 wk) expressing JNK2a or
JNK2B in hepatocytes were performed and the area under the curve (AUC) was
measured (mean + SEM; **P < 0.01, ***P < 0.001; n = 6~8).

Phosphoproteomics Analysis Identifies RXRa as a JNK2«
Substrate. The signaling function of JNK is most likely mediated
by the phosphorylation of a protein substrate. We anticipated that
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this substrate would not be phosphorylated in the liver of mice
with hepatic JNK deficiency. Moreover, the different substrate
specificities of JNK2a and JNK2p (26, 27) indicate that com-
plementation assays may lead to the identification of JNK2
isoform-selective substrates. We therefore performed global
phosphoproteomic analysis on the liver of control mice and
JNK-deficient mice. The mice were fed a HFD to activate the
hepatic JNK signaling pathway. Quantitative mass spectroscopy
of multiplexed samples labeled with isobaric tags for relative
and absolute quantitation (iTRAQ) led to the identification of
8,955 phosphopeptides (Fig. 24 and SI Appendix, Dataset S1).
To identify those phosphorylation sites that may correspond to
JNK substrates, we examined the subset of phosphorylation
sites that conform to the consensus sequences pSer-Pro and
pThr-Pro (28). We found phosphorylation sites that were
down-regulated in JNK-deficient liver compared with control
liver. These phosphorylation sites correspond to potential JNK
substrate sites. To identify those phosphorylation sites that may
be preferentially regulated by JNK2a, we compared hepatic
phosphorylation in mice with JNK deficiency complemented
with JNK2a or JNK2p in hepatocytes (Fig. 2B). This analysis
identified proteins that were selectively phosphorylated on con-
sensus sites in JNK2a-complemented liver (cluster 2, including
ABLIM3, AFF4, ALAS1, ARHGAP2, CD2AP, CLASRP,
GAREM, IRS2, JUN, MACF1, MAP4, MAP7D1, MEF2D,
MTSS1, NUCKS1, PIK3C2A, PLEKHAS, PPFIA1, RBBPG6,
RRBP1, RXRa, SELENBP1, SIPA1L1, SPTBN1, SQSTMI,
SRPK1, SRRM1, SYNPO, TACC2, TRIM25, and ZNF768)
and JNK2f-complemented liver (cluster 1, including ABCF1,
CARDG, EIF4EBP, GAS2, MTUS1, OSBPL, PLEKHAG,
SRRM1, and SRRM2). Phosphorylation of one or more of
these proteins may contribute to selective signaling by the
hepatic isoforms JNK2a and JNK2p.

The potential JNK2a substrates identified by phosphopro-
teomics included the nuclear hormone receptor RXRa that
functions as a heterodimeric partner of PPARa. This finding
suggested that RXRa phosphorylation may mediate the effects
of JNK2a on the PPARa/FGF21 signaling axis. Indeed, in vitro
studies have established that RXRa is a JNK substrate (29). We
performed immunoblot analysis of hepatocytes isolated from
control mice (Alb-Cre”™* Mapk8™'™ Mapk9™'*) and mice
with compound deficiency of JNK1 plus JNK2 in hepatocytes
(Alb-Cre™™* Maphk8™ """ Mapk9"*""*") by probing with an
antibody to phospho-RXRa. We found that JNK deficiency
prevented RXRa phosphorylation (Fig. 2C). Moreover, com-
plementation analysis of JNK-deficient mice demonstrated that
RXRa phosphorylation was restored more efficiently by JNK2a
than JNK2p (Fig. 2C). These data demonstrate JNK2a regu-
lates hepatic RXRa phosphorylation.

JNK Phosphorylation of Hepatic RXRa Regulates PPARa
signaling. To test the role of JNK-mediated RXRa phosphory-
lation, we employed a genetic complementation assay using mice
with conditional expression of the Rwu gene. We employed
SA-Cr™ "'~ mice with insertion of an IRES-Cré™®"? cassette
in the 3’ untranslated region of the serum albumin gene (30) to
establish SA-Cre™ 72"~ Rura™"*" mice with conditional RXRa
expression in hepatocytes and control SA-Cre™ "+~ mice.
Treatment of SA-Creé™* "'~ Rxna™""*" mice with tamoxifen
caused hepatic Rxrar gene ablation and loss of hepatic Rxra
mRNA and murine RXRa protein expression (Fig. 3 A and B).
Control studies demonstrated no compensatory changes in the
expression of Rx7f and Rxry mRNA following Ryrar gene abla-
tion (SI Appendix, Fig. S2).
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Fig. 2. Phosphoproteomics analysis identifies J]NK-dependent phosphoryla-
tion of RXRa. (A) Quantitative mass spectroscopy of multiplexed samples
labeled with iTRAQ tags identified 8,955 phosphopeptides. The abundance
of detected phosphopeptides in the liver of HFD-fed (16 wk) mice was exam-
ined. Data obtained from WT and hepatocyte-specific JNK1 plus JNK2 KO
mice are presented. (B) Phosphorylation sites that conform to the MAPK con-
sensus sequence (Ser-Pro and Thr-Pro) that are phosphorylated in WT liver
and exhibit decreased phosphorylation in hepatocyte-specific JNK1 plus JNK2
KO liver that is partially complemented by AAV8-mediated expression of
JNK2o or JNK2p are presented as a heatmap. (C) Primary hepatocytes were
treated with 1 pg/mL anisomycin (Aniso, 15 min). Lysates were probed using
antibodies to pSer?? RXRa (pRXRa), RXRa, JNK, and a-tubulin.

We performed studies using tail vein administration of an AAV8
vector that expresses human RXRa (hRXRa) in hepatocytes of 7-
wk-old mice. These mice were treated with tamoxifen at age 8 wk
to ablate the endogenous murine Rxr gene in hepatocytes. Tag-
Man assays demonstrated loss of murine Rx7z mRNA and expres-
sion of human Rxwa mRNA (Fig. 34). To test the role of RXRa
phosphorylation, we compared mice expressing hRXRat and mice
expressin§ phospho?llation—defective hRXRa. The phosphorylation
sites Ser” and Ser”® on murine RXRat were identified by phospho-
proteomics analysis of mouse liver (87 A{)p@ndix, Dataset S1). These
phosphorylation sites correspond to Ser” and Ser”® on hRXRa.

Our initial studies focused on mutation of Ser’' by replacing
this residue with a nonphosphorylated amino acid (Ala) or with a
potentially phosphomimetic residue (Asp). No difference in fast-
ing blood FGF21 and glucose concentration was detected
between mice expressing wild-type hRXRa and Ser21Ala hRXRa

https://doi.org/10.1073/pnas.2210434119 3 of 9
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Fig. 3. Hepatic hRXRa phosphorylation on Ser®®® increases FGF21 signaling. (4) Control SA-Cref"™ mice and SA-Cret®™ Rxra'™*"°* mice (age 7 wk) were
transduced with AAV8 viruses expressing green fluorescent protein (GFP), hRXRa, or Ser260Ala-hRXRa. The mice were treated without or with tamoxifen at
age 8 wk, fed a HFD starting at age 10 wk, and euthanized at age 18 wk. Reverse transcriptase quantitative PCR (RT-qPCR) assays of murine liver to detected
mouse and human Rxra mRNA are presented (mean + SEM; n = 8~10). (B) Lysates of murine liver were examined by immunoblot analysis by probing with
antibodies to RXRa, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and «a-tubulin. (C) Fasting blood FGF21 and glucose concentration in HFD-fed mice
expressing hRXRa or Ser260Ala hRXRa in hepatocytes was measured (mean + SEM; *P < 0.05, ***P < 0.001; n = 9~10). (D) GTTs on HFD-fed mice expressing
hRXRa or Ser260Ala hRXRa in hepatocytes were performed and the area under the curve (AUC) was measured (mean + SEM; *P < 0.05; n = 7~10).
(E) CD-fed mice expressing WT hRXRa or Ser260Asp hRXRa were euthanized at age 18 wk. Immunoblot analysis of liver extracts was performed by probing
with antibodies to RXRa and a-tubulin. (F) Fasting blood FGF21 and glucose concentration in CD-fed mice expressing hRXRa or Ser260Asp hRXRa in hepato-

cytes was measured (mean + SEM; *P < 0.05; n = 9).

(SI Appendix, Fig. S3 A and B) or Ser21Asp hRXRa (87
Appendix, Fig. S3 D and E) in hepatocytes. Similarly, mutation
of Ser”' caused no change in glucose tolerance (ST Appendix, Fig.
S3 Cand A. This analysis indicates that Ser”! may not be a site
of regulatory phosphorylation of hRXRa in the liver.

Our subsequent studies focused on the hRXRa phosphoryla-
tion site Ser’®’. Similar levels of expression of wild-type
hRXRo and Ser260Ala hRXRo were detected in AAVS-
transduced  SA-Cre™T2'= Rnad™ T mice (Fig. 3B). We
found that fasting hyperglycemia was reduced in HFD-fed
mice expressing Ser260Ala hRXRa in hepatocytes compared
with mice expressing wild-type hRXRa (Fig. 3C). The HFD-
fed Ser260Ala hRXRa mice also exhibited reduced intolerance
to glucose compared with HFD-fed wild-type RXRat mice (Fig.
3D). These differences were associated with an increased circu-
lating concentration of FGF21 in mice with Ser260Ala hRXRa
in hepatocytes compared with mice expressing wild-type RXRa
(Fig. 30). These data indicate that the phosphorylation of
RXRa by JNK on Ser’® may inhibit RXRa function to pro-
mote Fgf21 gene expression.

To test whether hRXRa phosphorylation at Ser™" inhibits
function, we examined the effect of replacement of this phos-
phorylation site with a potentially phosphomimetic residue

260
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(Asp). Immunoblot analysis demonstrated that the wild-type
hRXRa and Ser260Asp hRXRa proteins were expressed at sim-
ilar levels in the liver (Fig. 3E). The fasting blood glucose con-
centration in chow diet (CD)-fed mice expressing Ser260Asp
hRXRa in hepatocytes was increased compared with mice
expressing wild-type hRXRa (Fig. 3F). Moreover, expression of
Ser260Asp hRXRa in hepatocytes caused a reduction in the
circulating concentration of FGF21 in fasted CD-fed mice
compared with mice expressing wild-type hRXRa (Fig. 3F).
These data confirm that hRXRa phosphorylation on Ser?°
may suppress hepatic Fgf21 gene expression.

JNK Causes Redistribution of RXRa from the Nucleus to the
Cytoplasm. Phosphorylation is implicated as a regulatory mecha-
nism that controls RXRa function. For example, phosphorylation
may regulate RXRot degradation (31-33) and the interaction of
RXRa with nuclear hormone receptors (34), the MED1 compo-
nent of the mediator complex (35), the coactivator SRC-1 (36),
and the corepressor RIP140 (35). These changes in RXRa func-
tion may be a secondary consequence of a change in subcellular
localization (31). Indeed, it is established that RXRa cycles
between the nucleus and the cytoplasm because of the presence
of both a nuclear localization sequence and a CRM1-dependent

pnas.org
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nuclear export sequence in RXRa (37, 38). Nucleocytoplasmic
cycling of RXRat may regulate the subcellular localization of het-
erodimeric nuclear hormone receptor partners, including NR111
and NR4A1 (37, 38).

To examine whether this redistribution of RXRa from the
nucleus to the cytoplasm is physiologically relevant, we prepared
frozen hepatic sections from control CD-fed mice or mice fed a
Western diet (WD) that causes metabolic stress-induced JNK acti-
vation. Immunoblot analysis demonstrated that the hepatic
expression of RXRa and PPARa in CD-fed and WD-fed mice
was similar (S Appendix, Fig. S4). Immunofluorescence analysis
of liver sections of CD-fed mice demonstrated that RXRa was pri-
marily localized to the nucleus (Fig. 44). In contrast, studies of
WD-fed mice demonstrated that RXRat was primarily localized to
the cytoplasm (Fig. 44). This relocalization of RXRa to the cyto-
plasm was suppressed in Alb-Cre " Maphk8™""*" Maphk9" """
mice with JNK deficiency in hepatocytes (Fig. 4B). Collectively,
these data confirm that activated JNK promotes the redistribution
of RXRa from the nucleus to the cytoplasm in response to hepatic
metabolic stress (Fig. 4C). This JNK-promoted relocalization of

A

DAPI RXR

Mapk8*"* Mapkg*'*

B DAPI

ACTIN

ACTIN

RXRa to the cytoplasm may contribute to JNK-mediated repres-
sion of PPARa-dependent Fgf21 gene expression.

Discussion

The activation of JNK in the liver promotes systemic insulin
resistance that is mediated by inhibition of the heterodimeric
nuclear hormone receptor RXRa/PPARa that results in
reduced expression of the hepatokine FGF21 (3, 6). This inhi-
bition is associated with decreased RXRa/PPARa DNA bind-
ing detected by chromatin immunoprecipitation assays (3).
Here we demonstrate that the mechanism of inhibition may be
mediated, in part, by phosphorylation of hRXRa on Ser”®
(murine RXRa on Ser”®) by JNK2a and relocalization of the
transcription factor from the nucleus to the cytoplasm.

It is established that RXRa is phosphorylated on several
sites by casein kinase 1 (39), MAP kinase kinase 4 (40), mito-
gen-activated protein kinases (29, 33, 41), glycogen synthase
kinase 3 (42-44), and protein kinase C (45). The hRXRa

phosphorylation sites Ser?! and Ser”®® (Ser” and Ser’® in
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Fig. 4. Dietary stress causes JNK-dependent cytoplasmic accumulation of RXRa. (A) WT mice and (B) Alb-Cre*’~ Mapk8' """ Mapk9'™*"**P mice (age 8 wk)
were fed a CD or a WD (16 wk). Liver sections were stained with an antibody to RXRa. DNA was stained with DAPI, and actin was stained with phalloidin. The
sections were examined using a Leica SP8 confocal microscope. Representative images are presented. Scale bar, 20 pm. (C) The nuclear and cytoplasmic RXRa
immunofluorescence was quantitated and presented as fluorescence intensity (mean + SEM; ****P < 0.0001; not significant (NS), P > 0.05; n = 19-42 cells).
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murine RXRa) were identified by studies using overexpression
in COS-1 cells, but no changes in the transcriptional activity of
RXRa complexes were detected (29). Subsequent studies using
lower levels of overexpression in cultured mouse cells indicated
that Ser”* phosphorylation may decrease the expression of a subset
of RXRa target genes (46), although no changes in RXRa
target gene expression were detected in a more recent study (47).
Ser’®® phosphorylation may inhibit the transcriptional activity
of RXRa complexes (41, 48) by regulating the interaction of
RXRa with corepressors/coactivators (35, 36). Phosphorylation
on Ser®® may also inhibit the transcriptional activity of RXRa
complexes by promoting ubiquitin-mediated degradation of
RXRa in the cytoplasm (31), although other studies indicate
that Ser”® phosphorylation may block ubiquitin-mediated deg-
radation of RXRa (32, 33).

We identified Ser?®? as a site of regulatory RXRa phosphory-
lation by JNK2a in the liver that suppresses expression of the
hepatokine FGF21. We show that nutritional stress causes
JNK-dependent relocalization of hepatic RXRat from the nucleus
to the cytoplasm. This change in subcellular compartmentation
provides a mechanism that can account for inhibition of Fgf27
gene expression caused by JNK2a.

Signaling by JNK1 and JNK2. Studies of mice with hepatocyte-
specific gene ablation demonstrate different functions of the
JNKI and JNK2 protein kinases (2, 3). The present study
extends the understanding of isoform-specific signaling by
identifying a key role of JNK2a in the regulation of hepatic
RXRa/PPARa.

JNK alternatively spliced variants with the mutually exclusive
exons 7a and 7b have been identified (26, 27). These alterna-
tive exons encode a segment of the substrate binding site on
JNK (49). Inclusion of exon 7a in JNKI and JNK2 mRNA
leads to the expression of JNK with low JUN protein kinase
activity (26). In contrast, inclusion of exon 7b in JNKI and
JNK2 leads to the expression of JNK with high JUN protein
kinase activity (26). The difference in protein kinase activity
between these isoforms reflects a difference in the affinity
of substrate interaction (27). The major isoform in liver
that includes exon 7b is JNK2 (also known as JNK2a) (26).
Hepatic JNK2 deficiency eliminates the major JNK isoform
with high levels of JUN protein kinase activity that include
exon 7b (JNK2a). JNK2 deficiency therefore prevents [NK2a-
mediated repression of RXRa/PPARa, but sustains activation
of JNKI1 isoforms. In contrast, JNK1 deficiency eliminates the
expression of JNKI1 isoforms with low levels of JUN protein
kinase activity that include exon 7a and sustains the activation
of JNK2 isoforms, including JNK2a, that subsequently
represses RXRo/PPARw activity. This interpretation of the dif-
ferential consequences of JNK1 and JNK2 deficiency predicts
that the effect of JNK1 deficiency to decrease RXRa/PPAR«
activity should be eliminated by loss of JNK2 in a JNKI-
deficient background. Indeed, compound deficiency of JNKI1
plus JNK2 in hepatocytes causes a large increase in RXRa/
PPARa activity (3) that is repressed by complementation with
JNK2o (with exon 7b), but not by JNK2f (with exon 7a)
(Fig. 1). These considerations indicate that the effects JNK1
and JNK2 deficiency reflect, at least in part, differential expres-
sion of alternatively spliced variants rather than intrinsic differ-
ences between JNK1 and JNK2.

Isoform-Specific Signaling by JNK. The mutually exclusive
exons 7a and 7b encode a segment of the substrate binding site
on JNKI and JNK2 that determines substrate binding affinity
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(26, 27). Indeed, exon 7a-positive JNK1 and JNK2 exhibit low
JUN protein kinase activity, while exon 7b-positive JNK1 and
JNK2 exhibit high JUN protein kinase activity (26). However,
it was unclear whether this difference between inclusion of
exons 7a and 7b results in an activity change for all substrates
or a change in substrate specificity. Our phosphoproteomics
analysis suggests that the inclusion of exons 7a and 7b may
direct JNK substrate specificity. Indeed, this analysis identifies a
canonical JNK pathway (with exon 7b) that phosphorylates
substrates that can activate AP1 transcriptional activity (e.g.,
JUN) and suppress nuclear hormone receptor signaling (RXRa)
but also a noncanonical JNK pathway (with exon 7a) that phos-
phorylates alternative substrates, including ABCF1, CARDG,
EIF4EBP2, GAS2, MTUSI, SRRM1, SRRM2, and PLEKHAG.
The function of this noncanonical JNK signaling pathway is
unclear and warrants further study.

Conclusions

This study establishes that splicoform-specific signaling by JNK
causes inhibitory phosphorylation of RXRa. The mechanism of
inhibition is mediated, in part, by relocalization of RXRa from
the nucleus to the cytoplasm. Collectively, our analysis identifies a
mechanism that mediates systemic insulin resistance caused by repres-
sion of FGF21 expression by the hepatic JNK signaling pathway.

Materials and Methods

Reagents, equipment, and software used in this study are described in S/
Appendix, Table S1.

Animals. C57BL/6J mice (RRID: IMSR_JAX:000664), B6.Cg-Speers-ps19@bae2Many
mice (RRID: IMSR_JAX:003574) (50), and Rxra"™"“/J mice (RRID: IMSR_JAX:013086)
(51) were obtained from The Jackson Laboratory. Alb™@®EF2M2 mice were provided
by Daniel Metzger (30). We have previously described Mapk8®™®* mice (52) and
Mapk9®?"*® mice (53). The mice were backcrossed to the C57BLI6J strain (10 genera-
tions) and housed in a specific pathogen-free facility accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care (AAALAC) using laminar flow
cages at 21 °C.

Mice (age 7 wk) were transduced with AAV8 vectors by tail vein injection.
Mice (age 8 wk) were treated with tamoxifen (three intraperitoneal injections of
1 mg of tamoxifen dissolved in 100 pL of sunflower oil over 5 days). The mice
were fed a CD (Purina, catalog number [Cat#] IsoPro 3000). At age 10 wk, the
mice were maintained on a CD, fed a HFD (Bio-Serv, Cat# S3282) for 10 wk, or
fed a WD (calories: 58% fat, 26% carbohydrate, and 16% protein [Research Diets,
Cat# D17063001Bi], together with drinking water supplemented with 23.1 g/L
fructose plus 18.9 g/L sucrose) for 24 wk. Blood glucose was measured with
an Ascensia Breeze 2 glucometer (Bayer). Glucose tolerance tests (GTTs) and
pyruvate tolerance tests (PTTs) were performed using methods described previ-
ously (54). FGF21 in plasma was measured by enzyme-linked immunosorbent
assay (MilliporeSigma, Cat# EZRMFGF21-26K).

The studies were approved by the Institutional Animal Care and Use Commit-
tee of the University of Massachusetts Chan Medical School.

Genotype Analysis. Genomic DNA was genotyped using a PCR-based method.
Cre™ (450 bp) was detected using amplimers 5'-TTACTGACCGTACACCAAA
TIMGCCTGC-3" and 5'-CCTGGCAGCGATCGCTATTTTCCATGAGTG-3'. The amplimers
5'-CCTCAGGAAGAAAGGGCTTATITC-3”  and  5'-GAACCACTGTTCCAATTTCCATCC-3
detected the Mapk8™ allele (1,550 bp), the MapkB’OXP allele (1,095 bp), and the
Mapk8* allele (395 bp). The amplimers 5'-GTTITGTAAMAGGGAGCCGAC-3' and
5/-CCTGACTACTGAGCCTGGTTTCT-3" were used to detect the Mapk9™ allele
(224 bp) and the Mapk9™* allele (264 bp). The amplimers 5"-GGAATGTTTGGTCC
TITAG-3', 5'-GCTATTCAGAGTTAAGTG-3', and 5'-TTCATTCTAAGCTCAGACTC-3" were
used to detect the Mapk?"’*P allele (560 bp) and the Mapk9* allele (400 bp).
The amplimers 5'-CCATCCCTCAGGAAATATGG-3' and 5'-AGAGGATGGGTGAACTTAA
TGACA-3' were used to detect the Rxra™ allele (613 bp) and the Rxrd®® allele
(700 bp). The amplimers were obtained from Eurofins Genomics.
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AAVS Transduction Studies. The LacZ expression vector pAAV-CB6-Pl-LacZ has
been described (55). Wild-type mouse JNK2a2 and JNK2B2 BamH1/EcoRl frag-
ments (26) were cloned by blunt-end ligation into the EcoRl site of the pAAV-
CB&-PI vector (55) following treatment with a Klenow fragment (New England
Biolabs, Cat# M021S). The human Rxra complementary DNA in the plasmid
pCV-Sport-RxRa (Addgene plasmid 8882, RRID: Addgene_8882) (56) was
mutated to replace phosphorylation site codons with the QuikChange II kit (Agi-
lent, Cat# 200521) and subcloned as EcoRl fragments into the EcoRl site of
pAAV-CB6-PI. High-titer recombinant AAV8 were produced in the University of
Massachusetts Gene Therapy Vector Core. Mice were injected intravenously with
3.0 x 10" genome copies of AAVS vector per mouse.

Analysis of Liver Sections. Mice were euthanized and liver fragments were
frozen in optimal cutting temperature compound (Thermo Fisher Scientific, Cat#
23-730-571; Waltham, MA). Frozen sections (7 pm) were prepared and fixed
with 4% paraformaldehyde (Thermo Fisher Scientific, Cat# 50-980-487) in
phosphate-buffered saline (PBS) at 4 °C. The sections were stained with 1:100
RXRa antibody (Abcam, Catf ab125001, RRID: AB_10975632) and detected
using Alexa Fluor 633-conjugated goat anti-rabbit immunoglobulin G (heavy &
light chain) antibody (Thermo Fisher Scientific, Cat# A-11034, RRID:
AB_2576217) at 4 °C. Actin was stained with 1:200 Alexa Fluor 546-conjugated
phalloidin (Thermo Fisher Scientific, Cat# A22283). DNA was detected by staining
with DAPI (Thermo Fisher Scientific, Cat# D3571, RRID: AB_2307445). Fluores-
cence was visualized using a Leica TCS SP8 confocal microscope. The fluores-
cence was quantitated from grayscale images using ImageJ?2 software. Regions
of interest were created that encompassed nuclei or cytoplasmic areas. Fluores-
cence was expressed as the average value within the region of interest (sum of
all gray values of all pixels in the selected area divided by the number of pixels)
and was normalized to control diet for each genotype.

Mass Spectroscopy. The livers of two control mice, two hepatocyte-specific
JNK1/2 knockout mice, two hepatocyte-specific JNK1/2 knockout mice comple-
mented with JNK2«, and two hepatocyte-specific JNK1/2 knockout mice comple-
mented with JNK2B were examined by a multiplexed tandem mass tags-based
procedure using mass spectroscopy. The mice were euthanized individually and
their livers were harvested, washed twice with PBS, and snap frozen in liquid
nitrogen. The livers were mechanically lysed with an Omni mixer homogenizer
in sodium dodecy sulfate lysis buffer: 2% SDS (wt/vol), 50 mM HEPES (pH 7.2),
150 mM NaCl, 10 mM N-ethylmaleimide, 1x protease inhibitor mixture (Roche),
and 1x PhosSTOP phosphatase inhibitor mixture (Roche). Suspensions were cen-
trifuged at maximum speed for 15 min at 4 °C, and lysates were transferred to a
clean 50-mL tubes. Lysates were reduced for 1 h at room temperature with 5
mM Tris(2-carboxyethyl)phosphine hydrochloride, followed by cysteine alkylation
with iodoacetamide via a 30-min incubation at room temperature in the dark.
Protein content was extracted twice by methanol-chloroform precipitation and
subsequent ice-cold acetone washes. Protein pellets were resuspended in 8 M
urea with 50 mM HEPES (pH 8.5) buffer, and protein concentrations were mea-
sured by bicinchoninic acid assay (Thermo Fisher Scientific). Then, 10 mg of pro-
tein per sample were diluted to 4 M urea with 50 mM HEPES (pH 8.5) and
digested at 30 °C for 6 h with endoproteinase Lys-C (Wako, Japan) at a 1:100
enzyme/protein ratio. The mixtures were then diluted to 1 M urea with 50 mM
HEPES (pH 8.5), and trypsin was added at a 1:50 enzyme/protein ratio. The reac-
tion was incubated overnight at 37 °C with gentle end-over-end rotation and
stopped by acidification with formic acid (FA) 0.5% (vol/vol) (~pH 2). Peptides
were subjected to tC18 Sep-Pak solid-phase extraction (SPE) cartridges (Waters)
and lyophilized. Peptides were resuspended in 100 mM HEPES (pH 8.5), and
peptide concentration was determined using the microBCA assay (Thermo Fisher
Scientific). From each sample, 50 pg of peptide was removed for protein-level
analysis and the remaining amount of the liver digests was used for phospho-
protein enrichment.

Phosphopeptides were enriched using a method based on that of Kettenbach
and Gerber (57). In brief, Titanosphere TiO, 5-pm particles (GL Biosciences,
Tokyo, Japan) were washed three times with 2 M lactic acid/50% acetonitrile.
Peptides were resuspended in 2.5 mL of 2 M lactic acid/50% acetonitrile. For
~10 mg of peptide digest, 40-mg beads were added and incubated with gentle
rotation for 1 h at room temperature. Beads were washed twice with 2.5 mL of
2 M lactic acid/50% acetonitrile, then twice with 2.5 mL of 50% acetonitrile/0.1%
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trifluoroacetic acid, and finally twice with 2.5 mL of 25% acetonitrile/0.1% TFA.
Enriched phosphopeptides were eluted twice with 500 pL of 50 mM K,HPO,
(pH 10) and vacuum centrifuged to dryness.

In preparation for TMT labeling, desalted peptides (both for 50-pg protein-
level and 10-mg phosphopeptide-level analysis) were dissolved in 200 mM
HEPES (pH 8.5). Peptides from each sample were labeled with a specific TMT
reagent, and channels 130c and 131 were duplicate mixtures from peptides of
each of the eight individual samples. TMT reagents (0.8 mg) were dissolved in
anhydrous acetonitrile (40 pL), of which 10 pl was added to the peptides (resus-
pended in 70 L of 100 mM HEPES, pH 8.5), along with 20 pL of acetonitrile,
to achieve a final acetonitrile concentration of 30% (vol/vol). Following incuba-
tion at room temperature for 1 h, the reaction was quenched with hydroxyl-
amine to a final concentration of 0.3% (vol/vol). The TMT-labeled samples were
combined ata 1:1:1:1:1:1:1:1:1:1 ratio. The sample was vacuum centrifuged to
near dryness and subjected to C18 SPE (Sep-Pak, Waters).

Protein-level and total phosphoproteome analysis was performed using TMT-
labeled peptides subjected to orthogonal basic-pH reverse-phase fractionation.
Peptides were solubilized in 5% acetonitrile with 10 mM ammonium bicarbon-
ate (pH 8) buffer and separated on an Agilent 300 Extend C18 column (5-pm
particles, 4.6-mm inner diameter [ID], and 220 mm in length). Using an Agilent
1100 binary pump equipped with a degasser and a photodiode array detector
(set at 220- and 280-nm wavelengths) from Thermo Fisher Scientific, a 50-min
linear gradient from 5 to 35% acetonitrile in 10 mM ammonium bicarbonate
(pH 8) at a flow rate of 0.8 mL/min with an Agilent 300 Extend C18 column
(5-pm particles, 4.6-mm ID, and 220 mm in length) separated the peptide mix-
ture into a total of 96 fractions. The 96 fractions were consolidated into 24 sam-
ples in a checkerboard manner, acidified with 1% FA, and vacuum centrifuged to
dryness. Each fraction was desalted via StageTip, dried via vacuum centrifugation,
and reconstituted in 5% acetonitrile and 5% FA for liquid chromatography-mass
spectrometry processing.

All spectra were acquired on an Orbitrap Fusion (Thermo Fisher Scientific)
coupled to an Easy-nLC 1000 (Thermo Fisher Scientific) ultra-high-pressure lig-
uid chromatography pump. Peptides were separated on an in-house-packed
100 um D column containing 0.5 cm of Magic C4 resin (5 pm, 100 A; Michrom
Bioresources), serving as a frit, followed by 25 cm of Sepax Technologies GP-C18
resin (1.8 pm, 120 A; Newark, DE) using a 2-h gradient of 3 to 22% ACN and
0.125% FA for ~300 nL/min. For each analysis, we loaded ~1 pg onto the col-
umn. The instrument was operated in the data-dependent mode, and each anal-
ysis used a 2nd generation product ion spectra (MS®)-based tandem mass tag
method (58, 59). The scan sequence began with a precursor intensity mass spec-
trum (MS') (Orbitrap analysis: resolution of 120,000, automatic gain control
[AGC] target of 2 x 10°, and maximum injection time of 100 ms). The 10 most
intense ions were selected for first generation product ion spectra (MS2) analysis.
Precursor ions were filtered according charge state (z > 1), monoisotopic peak
assignment, and a dynamic window of 75 s + 10 ppm. MS? precursors were iso-
lated with a quadrupole mass filter set to a width of 0.5 m/z. Following acquisi-
tion of each MS? spectrum, we collected an MS® spectrum using our recentlg
described method in which multiple MS? fragment ions are captured in the MS
precursor population using isolation waveforms with multiple frequency notches
(58). MS® precursors were fragmented by higher energy C-trap dissociation and
analyzed using the Orbitrap (normalized collision energy of 55%, maximum
AGC of 5 x 10*, maximum injection time of 250 ms, isolation specificity of
0.5 Th, and resolution of 60,000 at 400 Th).

Mass spectra were processed using a Sequest-based in-house software pipe-
line. MS spectra were converted to mzXML using a modified version of ReAd-
W.exe. Database searching included all entries from the mouse Uniprot database
(August 10, 2011), which was concatenated with a reverse database composed
of all protein sequences in reversed order. Searches were performed using
a 50-ppm precursor ion tolerance. TMT tags on lysine residues and peptide
N termini (+229.162932 Da) and carbamidomethylation of cysteine residues
(+57.02146 Da) were set as static modifications, while oxidation of methionine
residues (+15.99492 Da) was set as a variable modification. For phosphoprotein
analysis, +79.96633 Da on serine, threonine, and tyrosine was also set as a
variable modification.

Peptide spectral matches (PSMs) were altered to a 1% false discovery rate
(60). PSM filtering was performed using a linear discriminant analysis, as
described previously (61), while considering the following parameters: XCor,
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ACn, missed cleavages, peptide length, charge state, and precursor mass accu-
racy. For TMT-based reporter ion quantitation, we extracted the signal-to-noise
ratio for each TMT channel and found the closest-matching centroid to the
expected mass of the TMT reporter ion.

The search space for each reporter ion was limited to a range of 0.002 Th to
prevent overlap between the isobaric reporter ions. For protein-level compari-
sons, PSMs were identified, quantified, and collapsed to a 1% FDR and then fur-
ther collapsed to a final protein-level FDR of 1%. Furthermore, protein assembly
was guided by principles of parsimony to produce the smallest set of proteins
necessary to account for all observed peptides. We used a modified version of
the Ascore algorithm to quantify the confidence with which each phosphorylation
site could be assigned to a particular residue. Phosphorylation sites with Ascore
>13 (P < 0.05) were considered confidently localized to a particular residue (61).

Proteins and phosphorylation sites were quantified by summing reporter ion
counts across all matching PSMs using in-house software, as described previ-
ously (61). Briefly, a 0.003-Th window around the theoretical m/z of each
reporter ion (126, 127N, 127C, 128N, 128C, 129N, 129C, 130N, 130C, and
131) was scanned for ions, and the maximum intensity nearest the theoretical
m/z was used. For each peptide, a total minimum sum signal-to-noise value of
200 and an isolation purity greater than 70% was required. Protein quantitation
values were exported for further analysis using Excel, MATLAB, or Mathematica.

The complex heatmap package (version 1.10.2) (62) was used to display
differences in hepatic protein phosphorylation. The clustering_distance_rows
parameter was set to maximum; the clustering_method_rows parameter was
set to ward.D. Phosphorylation sites were included that conformed to pSer-Pro
or pThr-Pro motifs and were differentially expressed (>1.2) between control
(Alb-Cre*'— Mapk8*'* Mapk9™'*) and INK-deficient (Alb-Cre*'~ Mapkg'*™>
Mapk9°®"*") mice. Phosphorylation sites were excluded if differential phos-
phorylation in the JNK-deficient mice was not partially suppressed (>1.2) by
JINK2 expression. The remaining phosphorylation sites were examined by heat-
map analysis of the mean phosphorylation (k = 2).

The mass spectrometry data have been deposited to the ProteomeXchange
Consortium (http://proteomecentral.proteomexchange.org) (63) via the Proteomics
Identification Database (PRIDE) partner repository (accession no. PXD034183) (64).

Primary Hepatocytes. Primary hepatocytes were isolated from mice using a
modified two-step perfusion method (65) using liver perfusion media (Thermo
Fisher Scientific, Cat# 17701038) and liver digest buffer (Thermo Fisher Scien-
tific, Caté 17703034). Cells were seeded on plates (precoated [1 h] rat tail colla-
gen |; Thermo Fisher Scientific, Cat# A1048301) in Dulbecco’s Modified Eagle's
Medium plus 10% fetal bovine serum, 2 mM sodium pyruvate, T pM dexameth-
asone, and 100 nM insulin plus 2% penicillin/streptomycin. After attachment
(2 h), the medium was removed and the hepatocytes were incubated (22 h) in
maintenance medium (DMEM [4.5 g/L glucose] supplemented with 10% FBS,
0.2% bovine serum albumin, 2 mM sodium pyruvate, 2% penicillin/streptomy-
cn, 0.1 pM dexamethasone, and 1 nM insulin). The hepatocytes were incubated
(16 h) with the PPARox agonist (100 pM) fenofibrate (MilliporeSigma, Cati
6020) or solvent control (dimethyl sulfoxide).
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RNA Analysis. The expression of mRNA was examined by gPCR analysis using
a Quantstudio PCR machine (Thermo Fisher Scientific) and a TagMan probe for
Pdk4 (Mm01166878_m1) (Thermo Fisher Scientific). Human Rxra mRNA
was detected using the probe Hs01067640_m1 (Thermo Fisher Scientific).
Mouse Rxra mRNA was detected using Universal Probelibrary Probe 63
(Roche, Cat# 04688619001) and amplimers 5'-CAGTACTGCCGCTACCAGAA-3
and 5'-CGTTCTCATTCCGGTCCTT-3" (Eurofins Genomics). The relative mRNA
expression was normalized by measurement of the amount of 18S RNA in
each sample.

Immunoblot Analysis. Extracts (20 to 50 pg of protein) were examined by
protein immunoblot analysis by probing with antibodies to JUN (Cell Signaling
Technology, Cat# 2315, RRID: AB_490780), pSer*>JUN (Cell Signaling Technol-
ogy, Cat# 9261, RRID: AB_213016292), GAPDH (Santa Cruz Biotechnology, Cat#
s¢-25778, RRID: AB_10167668), JNK1/2 (BD Biosciences, Cat# 554285, RRID:
AB_395344), FLAG (M2) (MilliporeSigma, Cat# P2983, RRID: AB_439685),
RXRar (Abcam, Cat# ab125001, RRID: AB_10975632), pSer’? mouse RXRox
(affinity-purified rabbit polyclonal antibody made to keyhole limpet hemocya-
nine conjugated to Cys-QVNSSSLNpSPTGR), and a-tubulin (MilliporeSigma,
clone B-5-1-2, Cat# 15168, RRID: _477579). IRDye 680RD-conjugated goat
anti-mouse 1gG antibody (LI-COR Biosciences, Catf 926-68070, RRID:
AB_10956588) and IRDye 800CW-conjugated goat anti-rabbit 1gG (LI-COR Bio-
sciences, Cat# 926-32211, RRID: AB_621843) were used to detect immune com-
plexes with the Odyssey infrared imaging system (LI-COR Biosciences).

Statistical Analysis. Data are presented as the mean and SE. Statistical analy-
sis was performed using GraphPad Prism version 7 (GraphPad Software). ANOVA
with Bonferroni's test was used to determine significance with an assumed confi-
dence interval of 95%. Two-tailed, unpaired t test with Welch's correction was
used for pairwise comparisons. Statistical significance was defined as P < 0.05.

Data, Materials, and Software Availability. Sources for materials used in
this study are described in Materials and Methods and SI Appendix, Table S1.
Data are presented in S/ Appendix, Dataset S1. The mass spectrometry proteo-
mics data have been deposited to the ProteomeXchange Consortium via the
PRIDE (63) partner repository with the dataset identifier PXD034183 (64). All
other study data are included in the article and/or supporting information.
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