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Prolyl hydroxylase domain (PHD) enzymes change HIF activity according to oxygen
signal; whether it is regulated by other physiological conditions remains largely
unknown. Here, we report that PHD3 is induced by fasting and regulates hepatic
gluconeogenesis through interaction and hydroxylation of CRTC2. Pro129 and Pro615
hydroxylation of CRTC2 following PHD3 activation is necessary for its association
with cAMP-response element binding protein (CREB) and nuclear translocation,
and enhanced binding to promoters of gluconeogenic genes by fasting or forskolin.
CRTC2 hydroxylation-stimulated gluconeogenic gene expression is independent of
SIK-mediated phosphorylation of CRTC2. Liver-specific knockout of PHD3 (PHD3
LKO) or prolyl hydroxylase—deficient knockin mice (PHD3 KI) show attenuated fast-
ing gluconeogenic genes, glycemia, and hepatic capacity to produce glucose during
fasting or fed with high-fat, high-sucrose diet. Importantly, Pro615 hydroxylation of
CRTC2 by PHD3 is increased in livers of fasted mice, diet-induced insulin resistance
or genetically obese ob/ob mice, and humans with diabetes. These findings increase
our understanding of molecular mechanisms linking protein hydroxylation to gluco-
neogenesis and may offer therapeutic potential for treating excessive gluconeogenesis,

hyperglycemia, and type 2 diabetes.
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Elevated gluconeogenesis and excessive glucose production in the liver contribute to
hepatic insulin resistance in type 2 diabetes. Glucagon is a key hormone that promotes
hepatic glucose production via stimulating cAMP-dependent protein kinase A (PKA)
and phosphorylation of CREB. CREB associates with CREB-regulated transcriptional
coactivator (CRTC) family and binds to the cAMP-response element (CRE) motif on
promoters of rate-limiting gluconeogenic enzymes, such as phosphoenolpyruvate
carboxy-kinase (PEPCK) and glucose 6 phosphatase (G6Pase), leading to enhanced glu-
coneogenesis (1, 2).

CRTC2, the most highly expressed member of CRTC family in the liver, is an essential
mediator for the hormonal control of PKA-dependent activation of CREB-CRTC2 mod-
ule (3). Various posttranslational modifications of CRTC2 have been shown to be involved
in the regulation of gluconeogenesis. Phosphorylation plays important roles in the regu-
lation of the cellular localization and protein stabilitcy of CRTC2. Under basal conditions,
CRTC2 is phosphorylated at Ser171 via AMPK and salt-inducible kinases (SIKs) and
sequestered in the cytoplasm through association with 14-3-3 (4, 5). In response to gluca-
gon, PKA-mediated inhibition of AMPK and SIKs leads to dephosphorylation and nuclear
translocation of CRTC2, which binds to phosphorylated CREB and activates the tran-
scription of PEPCK and G6Pase (4, 6-8).

As an emerging modification, proline hydroxylation of protein is not well understood
(9, 10). The HIF prolyl hydroxylase domain proteins, termed PHD1, PHD2, and PHD3
(also called EGLN2, EGLN1, and EGLNS3, respectively) (11), are one class of enzymes
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which hydroxylate proline residues of substrates in the presence of oxygen. In response to  The authors declare no competing interest.
oxygen, PHDs hydroxylate hypoxia-inducible factor a (HIFa) and increase the proteas-
omal degradation of HIFa (11). As the most inducible PHD in response to hypoxia,
PHD3 appears to have broader substrate specificity and participates in various biological
processes via hydroxylating non-HIF substrates or hydroxylation-independent activities.
Although PHD3 has been reported to regulate insulin sensitivity in the liver in a
HIF-dependent manner (12), whether PHD3-mediated hydroxylation of a non-HIF target
affects gluconeogenesis and glucose metabolism under pathophysiological conditions
remains unknown.

In this study, we provide insights into mechanisms that underline the importance of
hydroxylation in regulating hepatic gluconeogenesis. These in vivo and in vitro studies
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demonstrate that 1) PHD3 is an upstream hydroxylase of CRTC2;
2) PHD3-dependent hydroxylation of CRTC2 increases its asso-
ciation with CREB and nuclear translocation; 3) Pro129 and
Pro615 hydroxylation of CRTC2 are essential for PHD3 to enhance
CRTC2 activity and stimulate target gluconeogenic gene expres-
sion; 4) PHD3-dependent CRTC2 hydroxylation may represent a
noncanonical CRTC2 pathway for hepatic gluconeogenesis.

Materials and Methods

Liver Specimens from Humans. Liver samples were obtained from adult
patients undergoing resection of benign liver diseases such as liver hemangi-
oma, liver trauma, or gallstone disease. Diabetic and nondiabetic control liver
specimens were acquired from these patients diagnosed with or without diabetes,
and patient characteristics are listed in S/ Appendix, Table S3. Patients gave written
consent for their samples to be collected. The study protocol was approved by
the Ethics Committee of the Affiliated Hospital of Southwest Medical University
(KY2022167) and was conducted in accordance with the 1975 Declaration of
Helsinki.

Animal Model and Diets. Liver-specific knockout of PHD3 (PHD3 LKO) mice
were generated by crossing floxed PHD3 mice containing the deleted exon 2
of PHD3 (13) with albumin-Cre recombinase transgenic mice. PHD3 KI mice
were generated by crossing floxed alanine mutation in PHD3 exon 3 at His196
(14) with albumin-Cre recombinase transgenic mice. Mice were fed a high-fat,
high-sucrose (HFHS) diet (D12327; Research Diets) for 16 wk. All mice were
housed under a 12:12-h light/dark cycle at controlled temperature. All animal
experimental protocols were approved by the Institutional Animal Care and Use
Committee at the Shanghai Institute of Nutrition and Health, Chinese Academy
of Sciences (SINH-2022-LY-1).

Statistical Analysis. Data were expressed as mean + SEM. Statistical signifi-
cance was evaluated using the unpaired two-tailed Student’s ¢ test and among
more than two groups by analysis of one-way ANOVA. Differences were considered
significant at a Pvalue < 0.05.

Results

Hepatocyte-Specific Deletion of PHD3 Lowers Gluconeogenesis
in Mice during Fasting. To investigate whether PHD3 is involved
in regulating glucose metabolism, expression levels of PHD3 in
livers of mice under fasted conditions were assessed. Interestingly,
protein levels of PHD3 were markedly increased by fasting,
which is positively correlated with activated PKA signaling and
increased expression of the key gluconeogenic enzyme PEPCK
(Fig. 1A4). Consistently, upregulation of PHD3 was observed
in mouse primary hepatocytes treated with forskolin, which
activates cCAMP signaling and mimics a fasting signal (Fig. 1B).
The increased PHD3 was reversed by PKA inhibitor H89, and the
direct association between PKA and PHD3 was further determined
(Fig. 1C and SI Appendix, Fig. S1 B and C). Given that mRNA
levels of PHD?3 had little change under fasted state (S Appendix,
Fig. S1A4), these findings suggest a posttranslational modification
and activation of PHD3 via PKA signaling. Moreover, in single-
cell transcriptome data from livers of mice on Tabula Muris
(hteps://tabula-muris.ds.czbiohub.org/images/All-facs-Actb-
tsne.png), expression levels of PHD3 and gluconeogenic genes
PEPCK and GOGPase are all enriched in the hepatocyte cluster
(SI Appendix, Fig. S1 D-G), which suggest that PHD3 might
play a role in regulating hepatic glucose metabolism in response
to fasting signals. To test this hypothesis, PHD3 LKO mice and
their WT littermates were further assessed. Compared with WT
mice, fasting glycemia and conversion of pyruvate to glucose
as evidenced by pyruvate tolerance test were lowered in PHD3
LKO mice (Fig. 1 D and E). Consistently, gluconeogenic enzymes
PEPCK and G6Pase were markedly reduced in PHD3 LKO
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mice under fasted conditions (Fig. 1F£). Notably, plasma levels
of glucagon and insulin were unaltered, suggesting that PHD3
deficiency—reduced gluconeogenesis is not mediated by regulating
hormonal signals (Fig. 1 G and H). To further determine the effects
of PHD?3 on hepatic gluconeogenesis, in vivo luciferase reporter
assay using cAMP-response element luciferase (CRE-Luc) reporter
was performed. As shown in Fig. 1/, fasting-induced CRE-Luc
activity in WT mice was markedly alleviated in PHD3 LKO
mice. Notably, the knockout efficiency and specificity of PHD3
in the liver were verified by real-time PCR and immunoblots
(Fig. 1 J and K and SI Appendix, Fig. S1H). Together, these data
indicate that hepatocyte-specific deletion of PHD3 reduces hepatic

gluconeogenesis in response to fasting signals.

Inhibition of CRTC2 Nuclear Translocation and Lowered
Hepatocyte Glucose Production by PHD3 Deficiency. As shown
in Fig. 24, PHD3 deficiency caused a reciprocal downregulation
of active form of dephosphorylated CRTC2 and upregulation of
inactive form of phosphorylated CRTC2 in response to forskolin.
PHD3 deficiency caused a significant reduction of forskolin-
stimulated CRE-Luc reporter activity (Fig. 2B and ST Appendix,
Fig. S2A). In consistent, forskolin-induced nuclear translocation of
CRTC2 was diminished in PHD3-deficient primary hepatocytes
and HEK293T cells (Fig. 2 Cand D and SI Appendix, Fig. S2B).
Furthermore, CRTC2 protein localizing in nucleus was reduced in
livers of fasted PHD3 LKO mice (S] Appendix, Fig. S2C). Notably,
protein levels of CRTC2 in livers were unaltered (SI Appendix,
Fig. S2D). These data suggest a potential role of CRTC2 in
mediating PHD3’s effects on gluconeogenesis.

Next, chromatin immunoprecipitation assays were performed.
Fasting caused a significant induction of the occupancy of CRTC2
over PEPCK and G6Pase promoters in livers of W' mice, whereas
these effects were ablated in PHD3 LKO mice (Fig. 2E). Importantly,
disruption of PHD3 in hepatocytes resulted in a potent reduction
of forskolin- or glucagon-stimulated expression of gluconeogenic
genes and glucose output, suggesting that PHD3 regulates gluco-
neogenic program in a hepatocyte-autonomous manner (Fig. 2
Fand G). Expression levels of PGC-1a and phosphorylation and
nuclear localization of FoxO1, the key regulator of hepatic glucose
production (15-17), were unaltered in livers of PHD3 LKO mice
under the fasted state (SI Appendix, Fig. S2 C and E-H). Together,
these data demonstrate that PHD3 deficiency inhibits nuclear trans-
location of CRTC2 and lowers hepatocyte glucose production.

PHD3 KI Mice Are Resistant to Fasting-Induced Gluconeogenesis.
To investigate whether prolyl hydroxylase activity is required for
stimulatory effects of PHD3 on gluconeogenesis in vivo, liver-
specific prolyl hydroxylase activity—deficient PHD3 knockin
mice were generated with alanine mutation in PHD3 at His196
(PHD3 KI) (18). Interestingly, as shown in Fig. 3 A-F, PHD3
KI mice had lowered gluconeogenic profiles during fasting,
including fasting glycemia, hepatic glucose production capacity,
expression of gluconeogenic genes, and hepatic CRE-Luc reporter
activity, which almost mimics the phenotypes observed in PHD3
LKO mice. Consistently, plasma levels of glucagon and insulin
were comparable. Notably, gene-targeting strategy and the
knockin efficiency for PHD3 H196A KI mice were verified
by Sanger sequencing and real-time PCR (Fig. 3 G and H and
SI Appendix, Fig. S3A). These results strongly demonstrate that
prolyl hydroxylase activity of PHD3 is required for its effects on
promoting hepatic gluconeogenesis.

Next, the importance of PHD3 hydroxylase activity in regulating
gluconeogenesis in vitro was further determined. As shown in
Fig. 37, PHD3 induced CRE-Luc activity, whereas these effects were
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Fig. 1. Hepatocyte-specific deletion of PHD3 decreases fasting-induced hepatic gluconeogenesis in mice. (A) Eight-week-old male mice were fasted for 16 h.
Protein levels of PHD3 and PEPCK in livers and the band intensity were quantified. n = 6. *P < 0.05 vs. fed. (B) Protein levels of PHD3 in mouse primary hepatocytes
treated with forskolin. (C) Mouse primary hepatocytes were treated with forskolin for 4 h and H89 for 3 h, protein levels of PHD3 were determined. (D-£)
PHD3 LKO mice and WT littermates at 8 wk old were fasted for 16 h. (D) Fasting blood glucose was decreased in PHD3 LKO mice. n = 15. (E) Pyruvate tolerance
tests. n = 15. (F) Hepatic expression of gluconeogenic genes were decreased in fasted PHD3 LKO mice. n = 11 to 12. (G and H) Plasma glucagon (G) and insulin
(H) levels. n =9 to 10. *P < 0.05 vs. WT. (/) Hepatic CRE-Luc activity in 16-h-fasted PHD3 LKO and WT mice. (/) Genotypes of WT, PHD3 heterozygous, and LKO
mice. (K) mRNA levels of PHD3 in mouse liver, muscle, and white adipose tissue (WAT). n =9 to 10. *P < 0.05 vs. WT.

attenuated by PHD3 H196A mutant. Consistently, forskolin-  reduction of forskolin- or glucagon-stimulated expression of gluco-
stimulated CRE-Luc activity was repressed by prolyl-hydroxylase ~ neogenic genes and glucose output was observed in PHD3 H196A
inhibitor dimethyloxaloylglycine (DMOG). Importantly, a potent  primary hepatocytes (Fig. 3 /and K). Moreover, prolyl hydroxylase
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Fig.2. PHD3 deficiency inhibits nuclear translocation of CRTC2 and lowers hepatocyte glucose production. (A and B) PHD3 deficiency decreases dephosphorylation
and activity of CRTC2 induced by forskolin. (A) Immunoblot of CRTC2 in single-guide GFP control (sgGFP) and PHD3-deficient (sgPHD3) HEK293T cells treated with
forskolin. (B) The luciferase activities of CRE-Luc in sgGFP and sgPHD3 HEK293T cells (Top) and the knockout efficiency of PHD3 (Bottom). n = 6. *P < 0.05 vs. sgGFP
and vehicle; #P < 0.05 vs. sgGFP and forskolin. (C) Immunofluorescence of endogenous CRTC2 (red) and DAPI (blue) in primary hepatocytes. (D) Distribution of
CRTC2 in cytoplasmic and nuclear fractions in sgGFP and sgPHD3 HEK293T. (E) The occupancy of endogenous CRTC2 on the PEPCK and G6Pase promoters is
abrogated by PHD3 deficiency in fasted mouse livers. n = 6 to 8. *P < 0.05 vs. fed WT mice with CRTC2 immunoprecipitation; #P < 0.05 vs. fasted WT mice with
CRTC2 immunoprecipitation. (F and G) mRNA levels of PEPCK and G6Pase (F) and glucose output (G) in primary hepatocytes. n = 6. *P < 0.05 vs. PHD3+/+ and
vehicle; #P < 0.05 vs. PHD3+/+ and forskolin or glucagon.

activity—deficient PHD3 also abolished endogenous CRTC2 nuclear ~ of KI mice under the fasted state (SIAppendix, Fig. S3 E-H).
entry in hepatocytes and livers but had little effects on protein levels ~ Together, prolyl hydroxylase activity of PHD?3 is necessary for its
of CRTC2 in liver lysates (S Appendix, Fig. S3 B—D). Expression  stimulatory effects on fasting-induced gluconeogenesis in vivo and
levels of PGC-1a and activation of FoxO1 were unaltered in livers  in vitro.
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fasting. Male PHD3 H196A knockin (KI) mice and WT mice at 8 wk old were fasted

for 16 h. (A) Fasting blood glucose levels. n = 11 to 12. (B) Pyruvate tolerance tests. n = 11 to 12. (C) Hepatic expression of gluconeogenic genes. n =10 to 11.

*P < 0.05 vs. WT. (D and E) Plasma glucagon (D) and insulin () levels. n = 8 to
Generation of PHD3 H196A knockin (KI) mice. Gene-targeting strategy (G) and s

10. (F) Hepatic CRE-Luc activity in 16-h-fasted PHD3 KI and WT mice. (G and H)
equencing verification (H) for KI mice are shown. (/) Relative luciferase activities

of CRE-Luc in HEK293T cells transfected with PHD3 or PHD3 H196A (Left) or treated with forskolin and DMOG (Right). n = 6. *P < 0.05 vs. pcDNA or DMSO;
#P < 0.05 vs. myc-PHD3 or forskolin. (/ and K) Transcriptional levels of PEPCK and G6Pase (/) and glucose output (K) in WT or H196A/H196A primary hepatocytes.
n=6.*P <0.05vs. WT treated with vehicle; #P < 0.05 vs. WT treated with forskolin or glucagon.

Catalytic Domain of PHD3 Interacts with CRTC2. Next, the direct
substrate of PHD3 was investigated. Among 388 proteins that bind to
PHD?3 identified by quantitative interaction proteomics (19), a group
of proteins involved in the regulation of glucose metabolic process

PNAS 2023 Vol.120 No.23 2219419120

are enriched, including CRTC2 (Fig. 4 A and B). Given that PHD3
deficiency caused a significant reduction of nuclear translocation and
transcriptional activity of CRTC2, we hypothesize that PHD3 may
regulate gluconeogenic gene expression via interaction with CRTC2.
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Fig. 4. PHD3 catalytic domain associates with CRTC2. (A) Gene ontology (GO) analysis of candidate PHD3-associated proteins identified by mass spectrometry
analysis. (B) CRTC2 is involved in the PHD3-associated proteins that enriched in glucose metabolic process. (C-E) Immunoblot showing association between PHD3
and CRTC2. GST-PHD3 together with FLAG-CRTC2 (C) or HA-CRTC2 (D), GST-CRTC2, and myc-PHD3 (E) were transfected in HEK293T cells. (F) Schematic presentation
of PHD3 domain structures. (G) FLAG-CRTC2 and the truncate mutants were cotransfected with GST-PHD3 in HEK293T cells. The lysates were analyzed by GST-
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As shown in Fig. 4 C-F, PHD3 and CRTC2 indeed associates with
each other. Moreover, PHD3 mutant that does not contain catalytic
domain (from amino acid 1-116) fails to interact with CRTC2
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(Fig. 4 F and G), suggesting that the catalytic domain of PHD3
is required for the interaction with CRTC2. Interestingly, CRTC2
specifically binds to PHD3 but not PHD1 or PHD2 (Fig. 4H).
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Given that PHD?3 is involved in the cellular response to oxygen
by hydroxylating HIFa (20), expression levels of HIFa were meas-
ured. As shown in S7 Appendix, Fig. S4 A and B, expression levels
of both HIF-1a and HIF-20 were unaffected by PHD3 deficiency,
which are consistent with previous observations in PHD3-deficient
colon epithelial cells (13), (14). Consistently, PHD3 deficiency
caused a significant reduction of gluconeogenic gene expression in
HIF-1a or HIF-2o knockdown primary hepatocytes (S Appendix,
Fig. S4 Cand D). These data demonstrate that PHD3 may regulate
gluconeogenic program through interaction with CRTC2, which
is likely independent of HIF pathway.

PHD3-Mediated Hydroxylation of CRTC2 Enhances the Association
between CRTC2 and CREB and Promotes Gluconeogenic Capacity.
We hypothesize that PHD3 might increase CRTC2 activity
through hydroxylation. As shown in Fig. 5 A-C, administration
of forskolin and overexpression of PKA or PHD3 caused a potent
induction of hydroxylation levels of CRTC2, whereas these effects
were diminished by the inhibition of hydroxylase activity using
DMOG. Consistently, hydroxylation of CRT'C2 was stimulated
by forskolin in PHD3+/+ MEFs, but not in PHD3-/- MEFs
(Fig. 5D). Importantly, catalytically inactive PHD3 H196A mutant
failed to increase the hydroxylation of CRTC2 (Fig. 5E). These
results demonstrate that CRTC2 is regulated by PHD3 through
hydroxylation.

To further investigate PHD3-mediated hydroxyproline in
CRTC2, liquid chromatography—tandem mass spectrometry (LC—
MS/MS) analysis was performed. Six candidate hydroxylated
prolines were revealed, including Pro129, Prol32, Prol38,
Pro139, Pro229, and Pro615 (Fig. 5Fand SI Appendix, Fig. S5A).
Strikingly, forskolin-caused hydroxylation of CRTC2 was elimi-
nated by the mutation of P129A and P615A, but not of P132A,
P138A, P139A, and P229A (Fig. 5G), suggesting that Pro129 and
Pro615 sites are essential for PHD3’s effects on hydroxylation of
CRTC2. Notably, the conservation of these two residues in
CRTC2 across different species is observed (S Appendix, Fig. S5B).

As shown in Fig. 5H, nuclear translocation of CRTC2 by for-
skolin was markedly attenuated by P129A, P615A, or double
mutant (P2A), suggesting that both sites are required for nuclear
translocation of CRTC2. As shown in Fig. 5 [and J, treatment
with WT PHD3, but not HI96A mutant, increased the interac-
tion between CRTC2 and CREB. Consistently, nonhydroxylata-
ble CRTC2 P2A mutant had impaired association with CREB.
Importantly, the stimulation of CRE-Luc activity by WT CRTC2
was significantly reduced by P2A mutant (Fig. 5K and SI Appendix,
Fig. S5C). These data demonstrate that Prol129 and Pro615
hydroxylation of CRTC2 by PHD?3 is required for its association
with CREB and nuclear localization, and the potentiation of tran-
scriptional activities of CRTC2—CREB complex.

Given that dephosphorylation of mouse CRTC2 at Ser171 and
Ser275 (Ser274 in humans) facilitates nuclear entry and activation
of CRTC2 (21-23), the correlation between hydroxylation and
phosphorylation in regulating CRTC2 activity is investigated. The
induction of CRE-Luc activity by nonphosphorylatable CRTC2
double-mutant S171A/S274A (S2A) was attenuated by S2A/P2A
mutant but was further enhanced by PHD3 overexpression (Fig. 5
L and M). Consistently, the nonphosphorylatable S2A mutant was
localized in the nucleus of WT cells, whereas these effects were atten-
uated by the nonphosphorylatable/nonhydroxylatable S2A/P2A
mutant (S Appendix, Fig. S5D). Furthermore, inhibition of SIK2,
that mediates Ser171 phosphorylation and nuclear exclusion of
CRTC2, induced PEPCK and G6Pase, which was abrogated by
PHD3 deficiency (Fig. 5/V). These results suggest that
hydroxylation-mediated nuclear entry and activation of CRTC2 is
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likely independent of CRTC2 phosphorylation. Importantly,
PHD3-caused stimulation of CRE-Luc activity was abrogated by
CRTC2 deficiency in primary hepatocytes and 293T cells, suggest-
ing a causal link between PHD3 and CRTC2 axis and their effects
on gluconeogenesis (SI Appendix, Fig. S5 E-G). Taken together,
these findings indicate that PHD3-mediated hydroxylation at
Pro129 and Pro615 increases CRTC2 association with CREB,
nucleus shuttling, and activation of hepatic gluconeogenesis, which
may represent a noncanonical hydroxylation-dependent and

phosphorylation-independent CRTC2 pathway.

PHD3 LKO and KI Mice Are Resistant to HFHS Diet-Increased
Gluconeogenesis and Glycemia. As shown in Fig. 6 A-D,
overexpression of W CRTC2 increased fasting glycemia, capacity
of gluconeogenesis, and expression of PEPCK and G6Pase in livers.
However, these effects were remarkably impaired by P2A mutant.
Consistently, the nuclear localization of P2A mutant was markedly
reduced under fasted state compared with WT CRTC2 (8] Appendix,
Fig. S6A4). Moreover, the reduction of PEPCK and GG6Pase by
PHD3 deficiency was reversed by CRTC2 restoration in primary
hepatocytes (Fig. 6F and ST Appendix, Fig. S6B). Consistently, nuclear
localization of endogenous CRTC2 was decreased in PHD3-/-
primary hepatocytes as measured by CRTC2 antibody. Exogenously
overexpressed FLAG-tagged CRTC2 is detected by both CRTC2 and
FLAG antibody and localized in the nucleus (S/ Appendix, Fig. S6C).

Next, the effects of PHD3 were further investigated in
diet-induced diabetogenic mice (24, 25). PHD3 deficiency low-
ered the fasting glycemia, hepatic glucose production capacity,
and expression of gluconeogenic genes (Fig. 6 F~H), whereas
plasma glucagon and body weight were not changed (Fig. 6 I-)).
As shown in SI Appendix, Fig. S7 A-D and 6K, the improved
glucose tolerance test, insulin tolerance test, HOMA-IR, plasma
insulin, and increased hepatic phosphorylation of Akt and insulin
receptor were observed in PHD3 LKO mice, which suggested
that insulin sensitivity was improved. Consistently, as shown in
Fig. 6 L-Q and SI Appendix, Fig. S7 E-H, PHD3 KI mice fed
on HFHS diet showed similar effects. Notably, plasma levels of
glucagon and body weight were comparable. Collectively, these
data reveal that PHD3 LKO and KI mice are resistant to HFHS
diet—increased gluconeogenesis and hyperglycemia likely via inhi-

bition of CRTC2.

Elevation of CRTC2 Hydroxylation in Livers of Fasted Mice
and Diabetic Hyperglycemic Mice and Humans. To further
investigate hydroxylation levels of CRTC2 in livers of mice
during physiological and pathological conditions, the prolyl
hydroxyl-specific Pro615 antibody (CRTC2 Pro615-OH) was
generated, whereas the antibody that recognizes CRTC2 Pro129-
OH was failed during the development process. Interestingly,
hydroxylated CRTC2 at Pro615 site and PHD3 were remarkably
elevated in livers of fasted, HFHS diet-induced hyperglycemic
mice or genetically driven hyperglycemic ob/ob mice (Fig. 7
A-C). Moreover, in human liver specimen, hydroxylation levels
of CRTC2 at Pro615 were induced in livers of diabetic subjects
compared with nondiabetic controls (Fig. 7 D and E), which are
positively correlated with the induction of PHD3 and PEPCK.
Notably, the efficiency and specificity of CRTC2 Pro615-OH
were validated (Fig. 7F).

We further explored the relevance of PHD3 with human
metabolic disorders. Out of 62 single-nucleotide polymor-
phisms with minor allele frequencies >0.01 in the 1,000
Genomes phase 3 population of Han Chinese in Beijing (CHB)
(data release 2, May 2013, on National Center for Biotechnology
Information GRCh37 assembly), located in the encoding and
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Fig.5. Hydroxylation of CRTC2 by PHD3 is necessary for the association between CRTC2 and CREB and augmentation of gluconeogenesis. (A-£) PHD3 modulates
CRTC2 hydroxylation. (A) HEK293T cells were transfected with myc-CRTC2, followed by treatment with forskolin. (B) FLAG-CRTC2 and FLAG-PKA were cotransfected.
(C) FLAG-CRTC2 and myc-PHD3 were cotransfected, followed by treatment with DMOG. (D) PHD3+/+ or PHD3-/- MEFs were treated with forskolin. () FLAG-
CRTC2 was cotransfected with myc-PHD3 or myc-PHD3 H196A mutants. Antihydroxyproline immunoprecipitates were analyzed. (F) Hydroxyproline residues of
CRTC2 are identified by LC-MS/MS. Representative mass spectra for hydroxylated Pro615 in CRTC2 peptides and all identified hydroxyproline residues in CRTC2
are shown. (G) HEK293T cells were transfected with WT FLAG-CRTC2 or nonhydroxylatable mutants, followed by treatment with forskolin. Antihydroxyproline
immunoprecipitates were analyzed for CRTC2. (H) The levels of CRTC2 in cytoplasm and nucleus were analyzed. P2A, P129A/P615A double mutant. (/) PHD3
facilitates the association between CRTC2 and CREB. (/) Hydroxylation deficiency of CRTC2 abrogates CRTC2-CREB complex formation. (K) Transcriptional activity
of nonhydroxylatable CRTC2 is decreased. n = 6. *P < 0.05 vs. sgCRTC2 and pcDNA; #P < 0.05 vs. sgCRTC2 and WT CRTC2. (L) FLAG-WT human CRTC2, CRTC2
Ser171, and Ser274 nonphosphorylatable mutants (S2A) or S2A/P2A mutants were transfected in CRTC2-deficient HEK293T cells, and transcriptional activity of
CRTC2 was analyzed by dual luciferase assay. n = 6. *P < 0.05 vs. WT CRTC2; #P < 0.05 vs. S2A CRTC2. (M) Overexpression of PHD3 further enhanced the activity of
CRTC2 S2A mutant. n = 6. *P < 0.05 vs. pcDNA and WT CRTC2; #P < 0.05 vs. pcDNA and S2A CRTC2. (N) mRNA levels of PEPCK and G6Pase in primary hepatocytes
treated with SIK inhibitor HG-9-91-01 as indicated. n = 6. *P < 0.05 vs. PHD3+/+ and vehicle; #P < 0.05 vs. PHD3-/- and HG-9-91-01.
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Fig.6. PHD3 LKO and Kl mice are resistant to increased gluconeogenesis and glycemia upon HFHS diet feeding. (A-D) Eight-week-old male C57BL/6 mice were
treated with adenoviruses encoding WT CRTC2 (Ad-CRTC2 WT), CRTC2 P2A mutant (Ad-CRTC2 P2A), or GFP by tail-vein injection. (A) Fasting blood glucose levels.
(B) Pyruvate tolerance tests. (C) mRNA levels of PEPCK and G6Pase in livers. n = 8 to 10. *P < 0.05 vs. Ad-GFP; #P < 0.05 vs. Ad-CRTC2 WT. (D) Overexpression
of WT or P2A mutant CRTC2 in livers was verified. () mRNA levels of PEPCK and G6Pase in primary hepatocytes infected with adenoviruses encoding CRTC2
or GFP with forskolin treatment. n = 6. *P < 0.05 vs. PHD3+/+ and Ad-GFP; #P < 0.05 vs. PHD3-/- and Ad-GFP. (F-K) Male PHD3 LKO and WT mice at 8 wk old
were fed with HFHS diet for 16 wk. (F) Fasting blood glucose levels. (G) Pyruvate tolerance test. (H) Expression levels of PEPCK and G6pase in livers. (/) Plasma
glucagon levels. (/) Body weight. (K) Plasma insulin levels. n = 8 to 12. (L-Q) Male PHD3 KI and WT mice at 8 wk old were fed with HFHS diet for 16 wk. Fasting
blood glucose (L), pyruvate tolerance test (M), mRNA levels of gluconeogenic genes (N), plasma glucagon levels (0), body weight (P), and plasma insulin levels
(Q) were measured. n =8 to 13. *P < 0.05 vs. HFHS + WT.
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Fig. 7. Hydroxylation of CRTC2 is increased in livers of fasted mice and diabetic mice and humans. (A-C) Hydroxylation of CRTC2 at Pro615 residue and
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100f 12 https://doi.org/10.1073/pnas.2219419120

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2219419120#supplementary-materials

flanking regions of the PHD3 locus, 13 tagging single-nucleotide
polymorphisms (r* threshold = 0.8) were genotyped in the
Nutrition and Health of Aging Population in China study. We
found that the minor allele T of rs1680689 is significantly
correlated with lowered levels of insulin and HOMA-IR. The
minor allele G of rs10148380 and the minor allele A of
rs10151526 are related to lowered levels of triglyceride and
cholesterol (Fig. 7 G and H). These results demonstrate that
hydroxylation of CRTC2 by PHD3 may be linked to the patho-
genesis of hyperglycemia, insulin resistance, and type 2 diabetes
in rodents and humans.

Discussion

This report demonstrates that prolyl hydroxylase PHD3 acts as
a unique regulator in regulating hepatic gluconeogenesis through
a posttranslational modification. Mechanistically, catalytic
domain of PHD?3 specifically binds to and directly hydroxylates
the CREB coactivator CRTC2, and hydroxylation of CRTC2
increases its nuclear translocation and association with CREB,
which leads to enhanced transcription of gluconeogenic gene
expression. PHD3-dependent hydroxylation of CRTC2 repre-
sents an unknown mechanism of hydroxylation-dependent path-
way in the regulation of hepatic gluconeogenesis and glucose
homeostasis (Fig. 71).

The Prolyl Hydroxylase PHD3 Acts as a Unique Regulator for
Hepatic Gluconeogenesis. This study characterizes PHD3
as a unique regulator for glucose metabolism in livers. Several
lines of evidence support the uncovered role of PHD3 in the
regulation of hepatic gluconeogenesis. First, PHD3 deficiency in
the liver profoundly reduced fasting blood glucose, conversion
of pyruvate to glucose, and expression of key gluconeogenic
enzymes. Moreover, PHD3 deficiency decreased glucose output
and expression of PEPCK and G6Pase in primary hepatocyrtes.
Notably, these effects of PHD3 were observed in PHD3 prolyl
hydroxylase activity—deficient knockin mice and primary
hepatocytes, suggesting the importance of hydroxylase activity of
PHD3 in regulating gluconeogenesis. Our findings suggest that
the prolyl hydroxylase activity of PHD3 plays essential roles in
coordinating cellular catabolic and anabolic processes.

Herein, we demonstrate that fasting or glucagon modulates
PHD?3 activity via PKA-mediated posttranslational modification.
The findings broaden our views of the regulation of PHD3 activity
and functions under different physiological conditions. First,
hepatic protein levels but not transcriptional levels of PHD3 are
highly up-regulated by fasting and forskolin. Second,
glucagon-stimulated gluconeogenic genes and glucose production
are attenuated in PHD3-deficient or catalytically defective pri-
mary hepatocytes. Furthermore, PKA is sufficient to associate with
PHD3 and increases the hydroxylation of CRTC2. These evidence
demonstrate that PHD3 mediates glucagon’s effects on hepatic
gluconeogenesis under fasting.

CRTC2 Serves as a Unique Substrate of PHD3. One of the
major findings of this study is the characterization of CRTC2
as a critical substrate of prolyl hydroxylase PHD3. A number
of assays have demonstrated the effects of PHD3-CRTC2 axis
on gluconeogenesis. First, PHD3 is sufficient to associate with
CRTC2. Second, PHD3 hydroxylates CRT'C2 at Pro129 and
Pro615 sites. Importantly, the nonhydroxylatable CRTC2 P2A
mutant has reduced protein association with CREB and nuclear
translocation, which causes a lesser extent of hepatic glucose
production and expression of hepatic gluconeogenic genes in mice
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under the fasting conditions. Moreover, hydroxylation-mediated
CRTC2 nuclear translocation and activation is likely independent
of the effects of phosphorylation on CRTC2 activity (4), as the
activation and increased nuclear entry of nonphosphorylatable
CRTC2 was abrogated by P2A mutant and the inhibitory effects
of PHD3 deficiency on gluconeogenic genes were unaltered after
SIK inhibition.

Although previous studies showed the involvement of PGC-1a
in mediating PHD’s effects on gluconeogenesis using shRNA-
mediated knockdown in hepatocytes (26), expression levels of
PGC-1a were comparable in livers of WT and PHD3 LKO mice
or KI mice under fasted state. The different gene-knockout strat-
egies and in vivo or in vitro experimental settings may be the con-
tributing factors to this difference. Although mRNA and protein
levels of PGC-1a were unaltered in livers of PHD3 LKO and KI
mice, we could not rule out the possibility of PGC-1a in mediating
the beneficial effects of PHD3 deficiency on gluconeogenesis (27,
28). In accordance with previous reports that show unaltered pro-
tein levels of HIF-lao and HIF-2a in Cre-Loxp system— or
siRNA-mediated PHD3-deficient colon epithelial cells, livers, and
cell lines (13, 29-31), we discovered that the levels of HIF-1acand
HIF-2a were not changed by PHD3 deficiency in cells and livers.
These findings indicate the importance of non-HIF target in medi-
ating gluconeogenic action of PHD3. Although these data appear
to contradict the previous study showing that adenovirus-mediated
knockdown of PHD?3 increases HIF-2a and improves insulin sen-
sitivity in mice (12), the chronic compensatory mechanisms that
are invoked in germline knockout models may be a contributing
factor to this difference.

Therapeutic Potential of Targeting Hydroxylation of CRTC2 in
Type 2 Diabetes. The current findings indicate that hyperactivation
of hydroxylation-dependent PHD3-CRTC2 axis under the
nutrient-overload conditions could lead to sustained hepatic glucose
production and progression of diabetes. First, PHD3 deficiency
or PHD3 prolyl hydroxylase activity—deficiency significantly
improved glucose homeostasis in HFHS diet—induced diabetic
mice. Furthermore, hydroxylation of CRTC2 was up-regulated
in livers of diet-induced and ob/ob diabetic mice. Importantly,
increased hydroxylation of CRT'C2 was also observed in livers of
diabetic patients. The single-nucleotide polymorphisms (SNPs) in
PHD3 are associated with insulin resistance and dyslipidemia in
humans. These findings support the clinical relevance of CRTC2
hydroxylation during the progression of diabetes. Given that
protein hydroxylation is critical in maintaining CREB/CRTC2
interaction, inhibition of CRTC2 hydroxylation or the association
between PHD3-CRTC2 may provide unique strategies for
treating excessive hepatic glucose production.

In summary, the current study demonstrates a hydroxylation-
dependent network of gluconeogenesis. Upon fasting, hydroxylation
and nuclear translocation of CRTC2 are augmented by PHD?3, lead-
ing to enhanced activity of CRTC2 and hepatic gluconeogenesis.
Pharmacological and genetic approaches for the modulation of
PHD3 or CRTC2 hydroxylation may provide unique therapeutic
avenues for the treatment of hyperglycemia in type 2 diabetes.

Data, Materials, and Software Availability. All study data are included in the
article and/or SI Appendix.
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