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Background:CRTC2 translocates to the nucleus upon glucagon stimulation, yet its role in regulating blood glucose remains
controversial.
Results: CRTC2 promotes expression of enzymes that direct amino acids toward gluconeogenesis and is a key regulator of
glucagon clearance.
Conclusion: CRTC2 has antagonistic cell-autonomous and endocrine effects on glucose homeostasis.
Significance:We present new insights into glucagon/CRTC2 physiology.

cAMP-responsive element-binding protein (CREB)-regu-
lated transcription coactivator 2 (CRTC2) regulates transcrip-
tion of gluconeogenic genes by specifying targets for the tran-
scription factor CREB in response to glucagon. We used an
antisense oligonucleotide directed against CRTC2 in both nor-
mal rodents and in rodent models of increased gluconeogenesis
to better understand the role of CRTC2 in metabolic disease. In
the context of severe hyperglycemia and elevated hepatic glu-
cose production, CTRC2 knockdown (KD) improved glucose
homeostasis by reducing endogenous glucose production.
Interestingly, despite the known role of CRTC2 in coordinating
gluconeogenic gene expression,CRTC2KD in a rodentmodel of
type 2 diabetes resulted in surprisingly little alteration of glu-
cose production.However, CRTC2KDanimals had elevated cir-
culating concentrations of glucagon and a �80% reduction in
glucagon clearance. When this phenomenon was prevented
with somatostatin or a glucagon-neutralizing antibody, endog-
enous glucose production was reduced by CRTC2 KD. Addi-
tionally, CRTC2 inhibition resulted in reduced expression of
several glucagon-induced pyridoxal 5�-phosphate-dependent
enzymes that convert amino acids to gluconeogenic intermedi-
ates, suggesting that it may control substrate availability as well
as gluconeogenic gene expression. CRTC2 is an important reg-
ulator of gluconeogenesis with tremendous impact in models of
elevated hepatic glucose production. Surprisingly, it is also part

of a previously unidentified negative feedback loop that
degrades glucagon and regulates amino acid metabolism to
coordinately control glucose homeostasis in vivo.

CRTC23 is a coactivator of CREB that enhances CREB
binding to target cAMP-responsive elements (1), as well as
specifying cAMP response genes (2). In response to glucagon,
CRTC2 is dephosphorylated (1) and CREB-phosphorylated (3),
allowing these factors to translocate to the nucleus to orches-
trate the gluconeogenic transcriptional response. Conversely,
by activating Akt2 and its downstream kinase Sik-2, insulin
stimulates the phosphorylation ofCRTC2 at Ser-171, leading to
its exclusion from the nucleus (4). AMP kinase is similarly
reported to phosphorylate CRTC2 at Ser-171 to prevent its
nuclear translocation (5, 6). In type 2 diabetesmellitus (T2DM),
however, insulin receptor desensitization precludes the effec-
tive activation of Akt2 and Sik-2, resulting in inappropriate
nuclear activity of CRTC2 (4, 7). Furthermore, in states of
chronic hyperglycemia,O-glycosylation of Ser-171 further pre-
vents its inhibitory phosphorylation by Sik-2 (7).
In addition to phosphorylation and dephosphorylation at

Ser-171, other post-translational modifications have also been
proposed to influence the activity of CRTC2 (1, 8–10). For
example, SirT1 is reported to deacetylate CRTC2 during pro-
longed periods of fasting, leading to its ubiquitination and deg-
radation (6). However, the role of CRTC2 in glucose homeosta-
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liver-specific CRTC2 knock-out exhibited normal glucose tol-
erance (8).
In healthy animals, induction of hepatic glucose production

during fasting is regulated largely through transcription of pro-
totypical gluconeogenic genes such as glucose-6-phosphatase
(G6pase) and phosphoenolpyruvate carboxykinase (PEPCK)
under the control of the transcription factors CREB and FoxO1.
Similarly, in T2DM, fasting hyperglycemia is attributable to
increased endogenous glucose production (11, 12), much of
which results from hepatic gluconeogenesis (13). Surprisingly,
however, expression of G6Pase and PEPCK correlates poorly
with rates of HGP in diabetic human and rodent livers (14),
even though inhibition of CREB and FoxO1 can correct this
defect (15, 16). These results suggest that pathologic induction
of gluconeogenesis during T2D is attributable to mechanisms
other than just transcription of these prototypical, fasting-in-
duced gene products.
Given the important role of CRTC2 in modulating CREB

gene targeting, combined with evidence that gene targets
besideG6pase and PEPCK control pathologic HGP during dia-
betes, we hypothesized that altered CRTC2 activity may be
responsible for the inappropriate induction of hepatic glucose
production through previously underappreciated gene targets
in T2D. Here we report that CRTC2, in addition to its known
role in regulating gluconeogenic gene transcription, controls
both glucagon clearance and hepatic amino acid catabolism to
regulate glucose metabolism.

EXPERIMENTAL PROCEDURES

Animals—The Institutional Animal Care and Use Commit-
tee (IACUC) of Yale University approved all procedures. The
T2DM rat model was induced as previously reported (17). Rats
were individually housed and were on a 12:12-h light/dark
cycle. CRTC2 and control ASO solutions were prepared in nor-
mal saline and injected intraperitoneally twice a week at a dose
of 37.5 mg/kg body weight for 4 weeks to achieve maximal
knockdown. Delivery of ASOby thismethod has been shown to
result in target knockdown in liver, white adipose tissue, kidney,
and macrophages (15, 16). The T1D model was induced with a
65 mg/kg intraperitoneal streptozotocin injection into SD rats
fed normal chow following 4 weeks of ASO injections. Rats
were studied 3 days after streptozotocin injection. The T2DM
model was created by administering 175mg/kg nicotinamide in
combination with 65mg/kg streptozotocin followed by high fat
feeding (55% kcal from fat; Harlan Teklad 93075) for 4 weeks to
obtain insulin resistance with mild �-cell dysfunction, as
described in (17, 18). Rats were assigned to CRTC2 versus con-
trol ASO groups following streptozotocin/nicotinamide treat-
ment by matching semi-fed glucose levels as described previ-
ously (17). For mouse studies, C57BL/6 mice (6–8 weeks old,
Jackson Laboratories) were injected with 40 �g glucagon/
mouse and sacrificed 2 h later for hepatic harvest and subse-
quent quantitative PCR analysis. Glucagon bioactivity was con-
firmed by verifying hyperglycemia 20 min after injection.
Selection of CRTC2 ASO—To identify rat CRTC2 antisense

inhibitors, rapid-throughput screens were performed in pri-
mary rat hepatocytes. In brief, �80 ASOs were designed to
target a binding site against the CRTC2 mRNA sequence. The

reduction of target gene expression was analyzed with real time
quantitative RT-PCR after transfection of the cells with 165 nM
ASOs for 24 h. Based on target reduction, 8 ASOswere selected
and further characterized in a dose-response screen. The two
most potent ASOs from the screen were chosen, and their in
vivo activity was confirmed in lean Sprague-Dawley rats. The
most potent ASO, ISIS 384680, 5�-GCAGTAAGGTCCCCT-
CACTG-3�, was chosen as the CRTC2 ASO for subsequent
studies. All of the ASOs screened have a uniform phosphoro-
thioate backbone and a 20-base chimeric design with 2�-O-
(methoxy)-ethyl (2�-MOE) modification on the first five and
last five bases. Thismodification enhances their binding affinity
to complementary sequences and their resistance to the action
of nucleases. A negative control ASO (ISIS 141923), which has
the same chemical composition as the CRCT2 ASO but no
complementarity to any known gene sequence, was also
included in the studies.
Glucose Metabolism Studies—Prior to the clamp studies,

catheters were inserted into the right internal jugular vein to
the right atrium and left carotid artery extending into the aortic
arch onweek 3 of the ASO injections. Rats were given 1 week to
recover from the surgery. All infusions were administered via
the arterial cannula, and all sampling was obtained via the jug-
ular cannula. For the glucosemetabolism studies, at 6 p.m., rats
were fasted overnight, and in the morning (6 a.m.), rats were
infused with 99% [6,6-2H]glucose (1.1 mg/kg prime, 0.1 mg/kg)
to assess the basal glucose turnover. After the basal period, the
hyperinsulinemic-euglycemic clamp was conducted until eug-
lycemia (�100 mg/dl) was reached infusing 20% dextrose
spiked with 2.5% [6,6-2H]glucose with a primed/continuous
infusion of insulin into the carotid artery (400 milliunits/kg
primed over 5 min, 4 microunits/kg per min of constant infu-
sion) to reach a hyperinsulinemic state (100 microunits/ ml).
The somatostatin studies were performed as described above
for the clamp studies except somatostatin-14 was infused fol-
lowing the basal period (20 �g/kg prime for 5 min, 2 �g/kg per
min of infusion) for a second basal period, and during the
hyperinsulinemic-euglycemic clamp. Once rats maintained
euglycemia for 30 min, plasma samples were taken for clamp
calculations. The hepatic glucose production was calculated
using the rate of infusion of [6,6-2H]glucose over the atom per-
cent excess in the plasma minus the rate of glucose being
infused. The insulin-stimulated whole body glucose uptake was
calculated by adding the total glucose infusion rate plus the
hepatic glucose production. For the glucose tolerance tests, rats
were fasted the previous night at 6 p.m. The following morning
rats were injected with 0.75 g/kg glucose and 1 ml of normal
saline in to the jugular vein. Blood samples were taken at 1, 2, 5,
10, 20, 30, and 45 min for glucose, insulin, and glucagon. After
the completion of the clamp or glucose tolerance test, sodium
pentobarbital was injected via the venous catheter adminis-
tered at 150 mg/kg. After rats were completely anesthetized,
tissues were extracted and frozen with the use of liquid cooled
N2 tongs. The samples were stored at�80 °C until further anal-
ysis. Plasma was obtained for glucagon or glucagon-like pep-
tide-1 measurements using tubes containing 500 kallikrein-in-
activating units of aprotinin per ml of blood.
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GlucagonAntibody—T2D rats were fasted overnight, and the
following morning basal blood glucose was extracted from the
jugular vein catheter. Subsequently, 4mg/kg glucagon antibody
(NovoNordisk) was injected into the jugular vein. After 2 h
blood glucose values were measured.
Glucagon Clearance—Somatostatin-14 (2 �g/kg per min)

was infused through an arterial placed catheter for 2 h. Subse-
quently glucaGen (Bedford Laboratories) dissolved in 1% BSA/
0.9% saline, was coinfused with somatostatin at 2 ng/kg per
min. Blood samples were drawn prior and throughout the 2-h
glucagon infusion. The final plasma glucagon value minus the

initial plasma glucagon value after the somatostatin infusion
was considered the change in plasma glucagon from base line.
Biochemical Analysis and Calculations—Plasma glucose val-

ues were determined using a Beckman Glucose Analyzer II
(Beckman Coulter) by a glucose oxidase method, YSI 2700
Select (YSI), or an AlphaTRAK blood glucose monitoring sys-
tem (Abbott). Plasma insulin, glucagon, and corticosterone
concentrations were determined by a radioimmune system kit
(Linco). Plasma total glucagon-like peptide-1 (7–36 and 7–37)
concentrations were measured using a commercially available
kit (Meso Scale Diagnostics) for a Sector Imager 2400A, model
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FIGURE 1. CRTC2 ASO reduces endogenous glucose production and hyperglycemia in a T1D rat model. A–C, fasting plasma glucose (A), insulin (B), and
glucagon (C). D, fasting endogenous glucose production rates calculated using stable isotopes. E–G, hepatic expression of key metabolic genes as assessed by
quantitative RT-PCR (n � 6 – 8/group). *, p � 0.05; **p � 0.005, comparing Control ASO STZ versus Control ASO saline. $, p � 0.05; $$, p � 0.005, comparing
CRTC2 ASO STZ versus Control ASO Saline. #, p � 0.05; ##, p � 0.005, comparing CRTC2 ASO STZ versus Control ASO STZ. One-way ANOVA and Tukey’s Multiple
Comparison Test were used. Error bars, S.E.
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1250 (Meso Scale Diagnostics). The enrichment of plasma glu-
cose was determined as described previously (17).
Liver Triglycerides—Triglycerides were extracted from the

method of Bligh and Dyer (19) and measured with the use of a
commercially available triglyceride kit (DCL Triglyceride Rea-
gent; Diagnostic Chemicals Ltd.).
Total RNA Preparation, Real Time Quantitative RT-PCR,

and Western Blot Analysis—RNA was extracted with a Qiagen
RNeasy kit (Qiagen). The mRNA was transcribed to cDNA
using MuLV reverse transcriptase (New England Biolabs) fol-
lowing treatmentwithDNase I to eliminate genomicDNA.The
abundance of transcripts was assessed by real time PCR on a
7500 Fast Real-Time PCR System (Applied Biosystems). Each
run was evaluated in duplicate for both the gene of interest and
18S or actin as a control. The expression data for the gene of
interest and 18S or actin were normalized for the efficiency of
amplification determined by the standard curve included for
each data acquisition. Primer sequences are as following: 18S
forward, 5�-TCCGATAACGAACGAGACTC-3� and reverse,
5�-TGGCTGAACGCCACTTGTC-3�; actin forward, 5�-CCA-
GATCATGTTTGAGACCTTC-3� and reverse, 5�-CATGAG-
GTAGTCTGTCAGGTCC-3�; CRTC2 forward, 5�-GAGTAC-
CTGGCTTTGAGGTGTCA-3� and reverse, 5�-CATGCGCA-
ACTCATCTTCCA-3�; G6Pase catalytic forward, 5�-GAAGG-
CCAAGAGATGGTGTGA-3� and reverse, 5�-TGCAGCTCT-
TGCGGTACATG-3�; G6Pase translocase forward, 5�-GGCC-
AGTTCTTCCTTATCCA-3� and reverse, 5�-CCTACAAGG-
CCTCCAACCT-3�; FBPase forward, 5�-AATGAGCCTTCG-
GAGAAAGA-3 and reverse, 5�-CAGTTGACGCCACAATT-
CAT-3�; PEPCK forward, 5�-TCGCCCCTTCCCGCT-3� and
reverse, 5�-CAGCATGCTTGCTGGTTT-3�; PGC-1� for-
ward, 5�-TCTGGAACTGCAGGCCTAACTC-3�, and reverse,
5�-GCAAGAGGGCTTCAGCTTTG-3�; FGF21 forward, 5�-
GCAAAGGCTCTACCATGCTC-3� and reverse, 5�-AGGCC-
TGCAGTTTCAGAGAG-3�; SDS forward, 5�-CACTGGCCT-
CGCTGGTTGTCATT-3� and reverse, 5�-GTGGCCAGGGC-
AGCAGCAGAT-3�; GPT1 forward, 5�-GTGCGGGTTTCGT-
GGTGGCTATGT-3� and reverse, 5�-GGACGGCTCGGAG-
GGTGTTGG-3�, PC forward, 5�-ATCCAGCGGCGGCAC-
CAGA-3� and reverse, 5�-GCGGGAATTGACCTCGATGA-
AGTA-3�, CTH forward, 5�-CAGAGCCGGAGCAATGGA-
GTT-3� and reverse, 5�-AAGGCCCCGAGCGAAGGTCA-3�;
GOT1 forward, 5�-CCTGGGCCTGGCGGAGTT-3� and
reverse, 5�-ACGGGCGTGTTCTTGTTGTCTGTG-3�; TBP

forward, 5�-CTTACGGCACAGGGCTTACT-3� and reverse,
5�-GTGTGGGCTGCTGAGATGTTG-3�; HPRT forward, 5�-
GCCAAGTACAAAGCCTAAAAGACA-3� and reverse, 5�-
AAAAGGGACGCAGCAACAGACATT-3�; HSP90 forward,
5�-TTGCCCAGTTAATGTCCTTGAT-3� and reverse, 5�-TCC-
TTCCCCGAGTCCAGTT-3�; GUSB forward, 5�-GGGCCCCT-
GACCACCTTC and reverse, 5�-GCAGCCCCGCATAGTTGA-
3�; RPL13a forward, 5�-CTGGGCCGAAAGGTGGTGGT-
TGT-3� and reverse, 5�-TAGGGGCCTCGAGACGGGTTGG-3�.
WesternBlotting—Liver tissuewas lysed in radioimmunepre-

cipitation assay buffer supplementedwith EDTA-mini protease
inhibitor mixture tablets (Roche Applied Science), sodium
orthovanadate, sodium fluoride, EDTA, EGTA, and DTT and
diluted to a protein concentration of 1 mg/ml in Laemmli
buffer. 15 �g of total protein was run on SDS-PAGE, trans-
ferred to nitrocellulose membranes, and probed for CRTC2
(Calbiochem/Millipore), GPT1 (Novus), and actin (Cell
Signaling).

RESULTS

To evaluate the role of CRTC2 in glycemic control, we
administered an ASO by intraperitoneal injection to reduce
CRTC2 expression in rodent liver, white adipose tissue, and
kidneys. To validate the CRTC2 ASO, we first examined the
effect of CRTC2 knockdown (KD) on gluconeogenesis in a
hyperglycemic T1D rat model created by treating rats with the
�-cell toxin streptozotocin (STZ). As expected, streptozotocin
treatment led to a dramatic reduction in plasma insulin concen-
trations (Fig. 1B). This reduction in insulin was associated with
a large increase in plasma glucose concentrations (Fig. 1A),
resulting from a 150% increase in endogenous glucose produc-
tion (Fig. 1D). These data were consistent with the well
described function of insulin in suppressing gluconeogenesis.
Treating these T1D rats with CRTC2 ASO led to an 89%

decrease in hepatic CRTC2 expression compared with control
ASO (Table 1) and a complete reversal of the STZ-dependent
induction of the hepatic gluconeogenic genes catalytic G6Pase,
FBpase, and PGC-1� (Fig. 1, E–G). These transcriptional
changes lead to a 30% decrease in HGP (Fig. 1D) and similar
reduction in plasma glucose concentration (Fig. 1A). Interest-
ingly, we found that plasma glucagon concentrations tended
to be higher in CRTC2 ASO-treated rats despite the persis-
tent hyperglycemia (Fig. 1C). ASO treatment was not asso-
ciated with any toxicity as shown by similar plasma alanine

TABLE 1
Profiles of control ASO and CRTC2 ASO T1D rats
Data are presented as mean � S.E. (n � 5–8 rats per group). *, p � 0.05; **, p � 0.005, comparing control ASO STZ versus control ASO saline. $, p � 0.05; $$, p � 0.005,
comparing CRTC2 ASO STZ versus control ASO saline. #, p � 0.05; ##, p � 0.005, comparing CRTC2 ASO STZ versus control ASO STZ.

Parameters Control ASO saline Control ASO STZ CRTC2 ASO STZ

CRTC2 mRNA liver (relative) 1.00 � 0.14 2.10 � 0.53* 0.23 � 0.06$##
CRTC2 mRNA white adipose tissue (relative) 1.00 � 0.08 0.92 � 0.11 0.32 � 0.05$$##
CRTC2 mRNA muscle (relative) 1.00 � 0.06 1.11 � 0.04 1.34 � 0.09
Liver triglycerides (mg/g of tissue) 8.8 � 1.8 7.0 � 1.1 6.5 � 1.3
Plasma corticosterone (ng/ml) 219 � 44 312 � 69 341 � 67
Plasma triglycerides (mg/dl) 26.1 � 5.5 95.4 � 25.4* 30.3 � 6.4#
Plasma free fatty acids (meq/liter) 0.73 � 0.08 1.68 � 0.27* 0.79 � 0.12#
Ketone bodies (mmol/liter) 0.89 � 0.07 3.06 � 0.50** 1.90 � 0.43
Total cholesterol (mg/dl) 53.1 � 4.3 29.4 � 4.6* 42.1 � 7.5
HDL cholesterol (mg/dl) 11.0 � 0.7 8.3 � 1.3 11.3 � 1.1
Plasma alanine aminotransferase (units/liter) 20.3 � 3.3 25.9 � 1.1 18.8 � 3.0
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aminotransferase concentrations compared with control
rats (Table 1).
Similar results were obtained using CRTC2 KD in hypergly-

cemic Zucker diabetic fatty rats. In this model, CRTC2 ASO
treatment also decreased plasma glucose concentrations,
endogenous glucose production, and gluconeogenic gene tran-
scription (data not shown). As in the T1D model, Zucker dia-
betic fatty rats in which CRTC2 was knocked down exhibited
increased plasma glucagon concentrations.

We also tested CRTC2 ASO in a T2D rat model created by
administering nicotinamide in combination with streptozoto-
cin and high fat feeding for 4 weeks (17, 18). This model shows
mild fasting hyperglycemia due to insulin resistance combined
with a relative (but not absolute) insulin deficiency, but lacks
the confounding effects of hypoinsulinemia or hypercorticoste-
ronemia, which are present in leptin-deficient and leptin recep-
tor-deficient rodents (14). In our view, this model provides the
most faithful representation of human T2D.
ASO treatment reduced hepatic CRTC2 expression by 94%

in this model (Table 2). Surprisingly, fasting plasma glucose
concentrations were unchanged by CRTC2 KD (Fig. 2A). How-
ever, plasma insulin concentrations were decreased 61% (Fig.
2B), and plasma glucagon concentrations were increased 70%
(Fig. 2C). Nevertheless, we observed no improvement in glu-
cose tolerance or reduction in endogenous glucose production
in CRTC2 ASO-treated T2D rats (Fig. 2, D and E, G and H).
Based on the trendswehadobserved in previousmodels toward
increased plasma glucagon, we hypothesized that the lack of
difference in theGTT and hyperinsulinemic-euglycemic clamp
might be attributable to increased plasma glucagon concentra-
tions induced by CRTC2 KD. Consistent with this hypothesis,
we found that plasma glucagon concentrations were signifi-

FIGURE 2. CRTC2 ASO treatment yields elevated plasma glucagon in a model of T2D. A–C, fasting plasma glucose (A), insulin (B), and glucagon (C) between control
and CRTC2 ASO-treated T2D rats. D–F, glucose (D), insulin (E), and glucagon (F) during an intravenous glucose tolerance test. G and H, basal (G) and clamp (H) glucose
production during a hyperinsulinemic-euglycemic clamp (n � 6–8/group). *, p � 0.05 Control ASO versus CRTC2 ASO; Student’s t test. Error bars, S.E.

TABLE 2
Profiles of control ASO and CRTC2 ASO T2D rats
Data are presented as mean � S.E. (n � 6–10 rats per group). *, p � 0.05; **, p �
0.005, comparing CRTC2 ASO versus control ASO.

Parameters Control ASO CRTC2 ASO

CRTC2 mRNA liver (relative) 1.00 � 0.53 0.06 � 0.14**
PEPCK mRNA liver (relative) 1.00 � 0.19 0.31 � 0.09*
FBPase mRNA liver (relative) 1.00 � 0.06 0.61 � 0.05**
G6Pase mRNA liver (relative) 1.00 � 0.16 0.60 � 0.14
Liver triglycerides (mg/g of tissue) 11.3 � 2.0 9.9 � 0.8
Plasma GLP-1 (pg/ml) 30.3 � 2.3 28.1 � 1.1
Plasma triglycerides (mg/dl) 24.7 � 4.0 19.4 � 2.0
Plasma free fatty acids (meq/liter) 0.77 � 0.10 0.69 � 0.08
Total cholesterol (mg/dl) 48.3 � 4.5 54.9 � 7.4
HDL cholesterol (mg/dl) 18.4 � 1.3 24.7 � 3.4
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cantly increased throughout the glucose tolerance test (Fig. 2F;
control ASO area under the curve 1597 versus CRTC2 ASO
area under the curve 2019; p � 0.05).
To explore the hypothesis that increased glucagon may be

blunting the expected improvements in endogenous glucose
production inCRTC2ASO-treated rats, we suppressed pancre-
atic insulin and glucagon secretion during a hyperinsulinemic-
euglycemic clamp by simultaneously infusing somatostatin in
the T2D rat model. The somatostatin infusion effectively nor-
malized the increased plasma glucagon concentrations induced
by CRTC2 ASO treatment (Fig. 3C) and reduced insulin con-
centrations in the basal period (Fig. 3B). Accordingly, infusion

of somatostatin during the basal period decreased plasma glu-
cose concentrations 16% in the CRTC2 ASO-treated animals,
but only 1% in the control ASO-treated animals (Fig. 3A),
thereby supporting the hypothesis that the increased glucagon
concentrations seen in CRTC2 ASO-treated rats blunted the
expected reductions in glucose concentration. Compared with
the surprising results seen without somatostatin infusion
(Figs. 2, G and H, and 3D, basal) coinfusion of somatostatin
unmasked a decrease in endogenous glucose production during
the basal period and the hyperinsulinemic-euglycemic clamp in
the CRTC2 ASO-treated rats compared with control-treated
rats (Fig. 3D).

FIGURE 3. Glucagon blockade unmasks metabolic improvements in a T2D model. A–D, plasma glucose (A), insulin (B), and glucagon (C) and endogenous
glucose production rate (D) during the three infusion periods of hyperinsulinemic-euglycemic clamp with somatostatin coinfusion. E, plasma glucose con-
centrations before and after treatment with glucagon-blocking antibody (n � 4 – 8/group). *, p � 0.05; **, p � 0.01 Control ASO versus CRTC2 ASO; Student’s
t test. Error bars, S.E.
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Because somatostatin affects the regulation of other gluco-
regulatory hormones in addition to glucagon (20) and reduces
the splanchnic blood flow (21), the aforementioned resultswere
confirmed by using an antibody specific for glucagon (22–24).
After the injection of the glucagon-neutralizing antibody, fast-
ing blood glucose concentrations were lower in the CRTC2
ASO group relative to the control ASO-treated rats (Fig. 3E).
Taken together, these studies suggest that plasma glucagonwas
blunting the expected effects of CRTC2 KD on hepatic glucose
metabolism.
The elevated plasma glucagon observed in CRTC2 ASO-

treated rats could be due to increased production or reduced
clearance.We considered whether glucagon secretion could be
increased, either because of unintended knockdown of CRTC2
in the pancreas, or indirectly through amediator such as Fgf21.
However, neither pancreatic CRTC2 expression nor hepatic
Fgf21 expression was altered in CRTC2 ASO-treated nondia-
betic (chow-fed) rats (data not shown). In normal rats, as in
diabetic rats, fasting plasma glucagon was significantly
increased by CRTC2 ASO treatment (Fig. 4A). When we
infused glucagon in combination with somatostatin to test glu-
cagon clearance in the absence of endogenous glucagon pro-
duction, we found that the infused glucagon rapidly accumu-
lated in the plasma of CRTC2 ASO-treated animals due to
reduced clearance (Fig. 4, B and C). Poor kidney function is
unlikely to have caused the reduced glucagon clearance, as
blood urea nitrogen did not differ between animals treatedwith
control ASO and CRTC2 ASO (data not shown).
To refine our understanding of howCRTC2might transcrip-

tionally regulate gluconeogenesis, we performedmRNA profil-
ing of hepatic transcriptomes fromboth groups of ASO-treated
normal rats. Interestingly, we found that CRTC2 ASO-treated

rats showed substantially reduced expression of several
enzymes involved in the conversion of amino acids to gluco-
neogenic intermediates. These include glutamic-oxaloacetic
transaminase 1 (GOT1), pyruvate carboxylase (PC), glutamic-
pyruvate transaminase (GPT1), and serine dehydratase (SDS)
(Fig. 5A). These genes convert alanine, cysteine, serine, and
aspartate to pyruvate and oxaloacetate (Fig. 5D). To demon-
strate that these gene expression changes translated into pro-
tein expression, we examined GPT1 protein and found that it
was, indeed, strongly suppressed in CRTC2 ASO-treated ani-
mals (Fig. 5B). Interestingly, no differences were observed in
expression profiles of the canonical gluconeogenic genes
G6Pase or PEPCK (Fig. 5A), perhaps due to redundant or alter-
native transcriptional control (such as by FoxO1). To further
explore the regulation of these genes, we treated mice with
either glucagon or vehicle. As expected, we found that many of
the genes that were reduced by CRTC2 KD were induced by
glucagon stimulation (Fig. 5C). This suggests that upon activa-
tion by glucagon, CRTC2 enhances the availability of amino
acid-derived gluconeogenic substrates to augment hepatic glu-
cose output. Such a hypothesis could corroborate published
data showing that gluconeogenic flux is well correlated with
TCAcycle activity (25). Plasma amino acids have been shown to
stimulate glucagon release in the pancreatic �-cell (26) and
therefore could theoretically contribute to the altered plasma
glucagon concentrations observed inCRTC2ASO-treated rats.
However, we did not observe significant differences in the con-
centrations of key amino acid regulators of glucagon: alanine,
glutamine, glycine, and phenylalanine (data not shown)
between the CRTC2 ASO and control ASO.

DISCUSSION

CRTC2 is a coactivator of CREB that is activated by glucagon
and assists in orchestrating hepatic gluconeogenesis during
fasting.Accordingly, we found that inmodels of extremehyper-
glycemia, where gluconeogenesis is significantly elevated,
CRTC2 knockdown reduced endogenous glucose production
and fasting glucose concentrations. In a model of T2D, how-
ever, the improvement in glucose tolerance and glucose pro-
duction was not as profound. Our investigations into this ini-
tially confusing result demonstrated that knockdown of
CRTC2 raised circulating plasma glucagon concentrations,
thereby blunting the expected changes in endogenous glucose
production. This increase in plasma glucagon was likely attrib-
utable to decreased glucagon clearance, although increased glu-
cagon secretion could also contribute. Although the molecular
mechanism of CRTC2-dependent control of glucagon clear-
ance remains unclear, these data may indicate that CRTC2
serves as a feedback mechanism to prevent detrimental
increases in plasma glucagon concentrations during fasting.
This could explain the increased plasma glucagon concentra-
tions observed with glucagon receptor knockdown (27),
becauseCRTC2 is downstreamof the glucagon receptor.When
the effects of glucagon were suppressed, either with somatosta-
tin or a glucagon-neutralizing antibody, the expected improve-
ment in glucose production was unmasked.
The competing effects of CRTC2 on gluconeogenic gene

transcription and glucagon clearance could underlie the model

FIGURE 4. CRTC2 ASO slows glucagon clearance. A, elevated fasting plasma
glucagon in normal, nondiabetic rats. B, accumulation of infused plasma glu-
cagon in CRTC2 ASO-treated normal rats. C, glucagon clearance (n � 4 – 8/
group). *, p � 0.05; **, p � 0.01 Control ASO versus CRTC2 ASO; Student’s t test,
Two-way ANOVA. Error bars, S.E.
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put forth by a recent publication showing that CRTC2 is impor-
tant for transcriptional modification of gluconeogenic genes
but is not absolutely necessary for normal glucose homeostasis
in vivo (8). Although Le Lay et al. did not observe differences in
plasma glucagon concentrations, such studies are technically
challenging because of the rapid degradation by plasma pro-
teases and large amount of plasma volume required for accurate
measurement. Moreover, it is possible that this differing result
is due to ASO-mediated knockdown of CRTC2 in the kidney,
which is the primary site of glucagon clearance.
The result of CRTC2 knockdown in our three distinct dia-

betic animalmodels elucidates an important potential source of
confusion in this field. In extreme diabetic models, such as our
T1D and Zucker diabetic fatty rats, gluconeogenic rates are
dramatically increased, resulting in profound fasting hypergly-
cemia. In this setting, differences in plasma glucagon are rela-
tively unimportant comparedwith the absence of insulin (in the
T1Dmodel) or abundance of corticosterone (in the Zucker dia-
betic fatty model), and the effects of CRTC2 knockdown on
gluconeogenesis are as expected. Comparatively, when such
extreme induction of gluconeogenesis is not present, this effect

becomesmasked by opposing effects on glucagon clearance and
amino acid catabolism. Moreover, although CRTC2 is an
important contributor to the transcription of gene products
that aid in gluconeogenesis, it is not the only controller; for
example, FoxO1 and several nuclear transcription factors are
important regulators of gluconeogenic transcription. Thus, the
degree of hyperglycemia and hormonalmilieu are critical to the
physiologic outcome of CRTC2 knockdown. This may explain
why other models of CRTC2 knockdown have shown more
impressive reductions in plasma glucose and glucose produc-
tion (9, 10). Alternatively, such differences may be due to the
degree to which CRTC2 expression was reduced or the species
used.
In addition to regulating gluconeogenic gene transcription

by controlling the half-life of glucagon, CRTC2 strongly regu-
lates the expression of genes that facilitate the shuttling of sub-
strates such as alanine, cysteine, serine, and aspartate into glu-
coneogenesis. This finding overlaps with recent reports
demonstrating that knock-out of the glucagon pro-peptide
leads to reduced expression of hepatic amino acid-catabolizing
genes and suggests that CRTC2 is the intracellular transducer

FIGURE 5. CRTC2 promotes amino acid entry into gluconeogenesis. A, hepatic gene expression with CRTC2 knockdown in chow-fed, ASO-treated rats. (n �
4/group). *, p � 0.05; **, p � 0.005; Student’s t test. B, hepatic protein expression of GPT1 and CRTC2 in the same group of rats. C, hepatic gene expression after
injection of glucagon or vehicle in wild type mice (n � 3– 4/group). *, p � 0.05; Student’s t test. D, schematic illustration of how these enzymes impinge on
amino acid traffic to promote gluconeogenesis.
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of this effect (28–30). Through this mechanism, CRTC2 may
provide additional feedback to regulate glucagon secretion; by
shuttling amino acids toward gluconeogenesis, CRTC2 will
reduce amino acid-induced stimulation of glucagon secretion
by the pancreas and thereby suppress glucagon-induced
CRTC2 activation. Although it is somewhat puzzling that we
did not observe differences in plasma amino acids in ourmodel,
it is still possible that amino acid flux, if not concentration, may
be altered. Moreover, it is possible that the kidney, which also
participates in gluconeogenesis and inwhichCRTC2 is reduced
in our model, may concurrently participate in amino acid
metabolism and could contribute to stabilizing plasma amino
acid concentrations. From an entirely different perspective, it is
interesting to note that GPT1 (also known as alanine amino-
transferase), and GOT1 (aspartate aminotransferase) are pro-
teins whose expression appears highly dependent on CRTC2
activity. As testing of release of these proteins into plasma is
commonly performed clinically to assess liver injury, it is worth
considering whether such tests may require a different inter-
pretation in diabetic patients, in whom CRTC2 activity may be
altered.
Our work and that of others have demonstrated that CRTC2

is an important regulator of gluconeogenic gene expression. Yet
some investigators have argued that CRTC2 does not seem to
be as important as expected for in vivo glucose homeostasis.We
believe these discordant findings are attributable to competing
roles played by CRTC2. We found that in extreme models of
diabetes, knockdown of CRTC2 led to dramatic metabolic
improvement. Although these models represent a small per-
centage of the diabetic patient population, CRTC2 ASO could
be of therapeutic utility in patients with uncontrollable fasting
hyperglycemia. In amodel of T2D that may better approximate
many human patients, metabolic improvement in response to
CRTC2 ASO was only clearly revealed with administration of
somatostatin or glucagon-blocking antibody. Moreover, regu-
lation of amino acid catabolism by CRTC2 may account for
differences in gluconeogenic flux that cannot be entirely attrib-
uted to expression of prototypical genes. These results argue
that inhibition of CRTC2 could be a beneficial treatment for
controlling hyperglycemia in diverse diabetic phenotypes if
combined with multimodal therapies aimed at glucagon
metabolism.
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