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ABSTRACT A number of G protein-coupled receptors (GPCRs) are now thought to use endo-
cytosis to promote cellular cAMP signaling that drives downstream transcription of cAMP-
dependent genes. We tested if this is true for the glucagon receptor (GCGR), which mediates
physiological regulation of hepatic glucose metabolism via cAMP signaling. We show that
epitope-tagged GCGRs undergo clathrin- and dynamin-dependent endocytosis in HEK293
and Huh-7-Lunet cells after activation by glucagon within 5 min and transit via EEA1-marked
endosomes shown previously to be sites of GPCR/Gs-stimulated production of cAMP. We
further show that endocytosis potentiates cytoplasmic cAMP elevation produced by GCGR
activation and promotes expression of phosphoenolpyruvate carboxykinase 1 (PCK1), the
enzyme catalyzing the rate-limiting step in gluconeogenesis. We verify endocytosis-depen-
dent induction of PCK1 expression by endogenous GCGRs in primary hepatocytes and show
similar control of two other gluconeogenic genes (PGC1a and G6PC). Together, these results
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implicate the endosomal signaling paradigm in metabolic regulation by glucagon.

INTRODUCTION

G protein-coupled receptors (GPCRs) comprise the largest family of
membrane proteins. GPCRs activate heterotrimeric G proteins in
response to ligand-induced activation, then typically undergo regu-
lated phosphorylation and bind to beta-arrestins. These events both
attenuate GPCR-mediated activation of G proteins and promote
receptor internalization. According to the classical view, GPCR sig-
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naling is restricted to the plasma membrane and internalized recep-
tors are functionally inert (Harden et al., 1980). An emerging revision
to this classical paradigm is that GPCRs have the potential to also
signal after endocytosis (Calebiro et al., 2009; Irannejad et al., 2013;
Pavlos and Friedman, 2017; Stoeber et al., 2018). Several GPCRs
that initiate cAMP signaling through Gs (Rosenbaum et al., 2009)
have been shown to couple to Gs both from the plasma membrane
and in endosomes. These Gs-coupled GPCRs use activation from
endosomes to promote downstream signaling to the nucleus for
control of cAMP-dependent gene expression (Irannejad et al., 2013;
Tsvetanova and von Zastrow, 2014; Peng et al., 2021). The full physi-
ological and biological effects of this second wave of cAMP genera-
tion are an area of active investigation.

Endocytosis has been shown to promote cAMP-dependent sig-
naling to the nucleus and transcriptional control by Gs-coupled
polypeptide hormone receptors (Tsvetanova and von Zastrow, 2014;
Godbole et al., 2017). For example, the thyroid stimulating hor-
mone receptor must internalize for maximum transcription of genes
that are part of the physiological response to thyroid stimulating
hormone (Godbole et al., 2017). In developing oocytes, the lutein-
izing hormone receptor internalizes to induce a second wave of
cAMP signaling to the nucleus that promotes resumption of meiosis
before ovulation (Lyga et al., 2016). The degree to which endocyto-
sis-dependent downstream signaling is initiated remains unknown
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for other Gs-coupled polypeptide hormone receptors, such as the
glucagon receptor (GCGR).

This study set out to explore whether endocytosis of GCGR
was required for the transcriptional regulation of gluconeogenic
gene expression. Blood glucose homeostasis is largely regulated by
hormones, including insulin and glucagon, which have opposing
physiological effects (Janah et al., 2019). While insulin’s effect is to
reduce blood glucose during hyperglycemia, glucagon works to
raise blood glucose levels during hypoglycemia (Janah et al., 2019).
Glucagon is a peptide hormone released by the alpha cells of the
pancreas that acts on GCGR expressed in the liver to stimulate glu-
coneogenesis and raise blood glucose content (Janah et al., 2019).
A previous in vivo study found that a 5-d siRNA inhibition of endocy-
tosis in mouse livers resulted in a loss in hypoglycemic homeostasis
and a reduction of gluconeogenic gene transcription (Zeigerer et al.,
2015). However, the role of GCGR endocytosis was unexplored.
Therefore GCGR is a GPCR whose subcellular signaling mechanisms
have not yet been fully elucidated. Understanding the mechanisms
and nuances of GCGR signaling could yield valuable insight for the
receptor’s pharmacology and treatment of various metabolism-re-
lated diseases (Campbell and Drucker, 2015; Janah et al., 2019).

We hypothesized that the endocytosis of the GCGR is required
for transcriptional regulation of key gluconeogenic target genes.
This study confirmed that GCGR localizes to early endosomes upon
stimulation and also demonstrated that endocytosis is required to
elicit maximal cAMP production and expression of the gluconeo-
genic enzyme phosphoenolpyruvate carboxykinase 1 (PCK1). More-
over, GCGR endocytosis is required for maximal GCGR-dependent
transcription of gluconeogenic genes in primary hepatocytes. Our
results reveal a new and previously unappreciated understanding of
GCGR subcellular signaling.

RESULTS
Stimulated GCGR translocates to endosomes
Several GPCRs signal at the cell surface, as well as within various in-
tracellular locations after agonist stimulation. We hypothesized that
upon stimulation with the glucagon peptide, that GCGR also traffics
to the endosome. We first interrogated the trafficking and intracellu-
lar localization of GCGR after agonist stimulation. For these experi-
ments, HEK293 cells were transiently transfected with the GCGR-
MycDDK ' expression plasmid. GCGR and endosomal localization
were visualized using antibody staining and confocal microscopy.
Confocal images show GCGR primarily localizes to the plasma mem-
brane in unstimulated cells (Figure 1, A and B). Quantification of
these images by line scan analysis show intensity peaks at the ends of
the lines that correspond to the cell surface (Figure 1, A and B, yellow
arrowheads). When stimulated with glucagon, confocal images show
that cytoplasmic GCGR increases and accumulates in early endo-
somes. Line scan analysis showed that cytoplasmic GCGR intensities
increase and create noticeable peaks that correlate with peak intensi-
ties of the endosomal marker EEA1 (Figure 1, A and B, black arrow-
heads). To confirm that GCGR internalizes via the endocytosis mech-
anism, we first treated cells with Dyngo, a drug inhibitor that targets
Dynamin (Figure 1A). We also performed these experiments upon
siRNA knockdown of clathrin heavy chain (CHC17), a gene critical for
endocytosis (Figure 1B). Upon treatment with glucagon, cells pre-
treated with Dyngo failed to accumulate GCGR at endosomes. Simi-
larly, GCGR did not accumulate at endosomes in cells where clathrin
was knocked down. These are highlighted by the lack of intracellular
GCGR puncta and intensities that correlate with EEA1 (Figure 1B).
GCGR and endosomal localization was further analyzed by calcu-
lating Pearson’s Correlation Coefficient (PCC) for GCGR and EEA1
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(Figure 1C). GCGR colocalized with the endosomal marker EEA1
upon stimulation with glucagon. Inhibition of endocytosis, via treat-
ment with 30 pM Dyngo, prevented GCGR from trafficking to the
endosomes after glucagon stimulation. No significant differences
were found by PCC when comparing unstimulated control cells with
glucagon-stimulated samples with either Dyngo or siCHC17 treat-
ment. Knockdown of CHC17 was confirmed with gPCR and Western
blot (Figure 1, D and E).

Finally, we performed surface-labeling assays to confirm internal-
ization of GCGR. For these experiments, we treated HEK293 cells
stably expressing SSF-GCGR with or without glucagon for 30 min.
We then labeled the plasma membrane-localized GCGR using the
M1 Flag antibody followed by FACS analysis (Figure 1F). Indeed,
less surface-labeled GCGR was detected in cells treated with gluca-
gon, as measured by a significant reduction in mean GCGR fluores-
cence intensity. This confirms that GCGR internalizes upon stimula-
tion. Together, line scan, colocalization, and FACS analyses indicate
that GCGR, upon stimulation with glucagon, internalizes and traffics
via endocytosis.

We then examined GCGR trafficking in a hepatocyte cell line,
Huh-7-Lunet. Stable Huh-7-Lunet cells expressing SSF-GGCR were
pretreated with DMSO or Dyngo-4a and then treated with or with-
out 1 uM glucagon for 30 min. As with the HEK293 cells, GCGR and
endosomal localization were visualized using antibody staining and
confocal microscopy (Figure 2A). In addition to surface localization
of SSF-GCGR, some intracellular receptor was detected in unstimu-
lated samples. Line scan analysis shows GCGR intensity peaks at the
ends of lines corresponding to surface-localized receptor in all sam-
ples (yellow arrowheads) and GCGR peaks that correlate with EEA1
peaks (black arrowheads). Stimulation with glucagon leads to more
GCGR peaks that correlate with EEA1 peaks in DMSO-treated sam-
ples but not samples with endocytic blockade.

Further image analysis shows that colocalization between GCGR
and EEA1 was highest in glucagon-stimulated cells without endo-
cytic blockade (Figure 2B). Together, these images indicate that
GCGR localizes to endosomes upon stimulation with glucagon in a
hepatocyte cell line.

GCGR endocytosis occurs within 5 min of stimulation

We then investigated the time dependency of GCGR endocytosis.
Cells were stimulated with glucagon over time from 0 to 30 min.
GCGR and EEA1 colocalization was visualized using confocal mi-
croscopy (Figure 3A). Images show that SSF-GCGR is primarily local-
ized to the plasma membrane in HEK293 cells before stimulation
and colocalizes with EEA1 within 5 min of glucagon treatment. In
Huh-7-Lunet cells, some GCGR is detected in the cytoplasm prior to
stimulation. After further analysis via PCC calculation, significant co-
localization is observed within 5 min of glucagon treatment and
reaches a maximum after 10 min in both cell lines (Figure 3B).

Endocytosis modulates GCGR signal transduction

After determining that GCGR traffics via endosomes in response to
stimulation with glucagon, we sought to determine the requirement
of endocytosis on GCGR-dependent signaling and downstream
transcriptional regulation. Several GPCRs depend on endocytosis to
achieve maximal transcriptional regulation, including the beta 2
adrenergic receptor (B2AR) (Irannejad et al., 2013). In previous work,
it was determined that B2AR, an endogenously expressed GPCR
in HEK293 cells, signals in an endocytosis-dependent manner
(Tsvetanova and von Zastrow, 2014). Additionally, the gluconeo-
genic enzyme PCK1 was identified as an endocytosis-dependent
transcriptional target of B2AR. For this study, we hypothesized that
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GCGR internalizes and localizes to endosomes upon stimulation with glucagon. HEK293 cells transiently
transfected with GCGR-MycDDK were treated with or without 1 pM glucagon for 30 min and analyzed by microscopy or
flow cytometry. (A, B) Line scan analysis was performed on confocal microscopy images of cells labeled for GCGR (green)
and EEA1 (red). Endocytosis was inhibited by either (A) pretreatment for 15 min with or without 30 uM Dyngo or
(B) transfection with siCHC17, or with siScramble as a control. GCGR localizes to the plasma membrane (yellow
arrowheads) but translocates to endosomes upon stimulation (black arrowheads). Endocytic blockade via drug or siRNA
prevented GCGR accumulation in endosomes. (C) Colocalization of GCGR and EEA1. Pixel intensities from confocal
microscopy images were analyzed with the ImageJ Coloc 2 plugin. Left: cells were pretreated for 15 min with or without
30 pM Dyngo to block endocytosis. Right: cells were transfected with siCHC17, or with siScramble as a control. GCGR
colocalized with EEA1 after stimulation unless endocytosis was inhibited. All data are mean * SD. Significance
determined by ordinary one-way ANOVA followed by Tukey’s multiple comparisons test (****p value < 0.0001)

(D, E) CHC17 knockdown validation in siRNA-transfected HEK293 cells. (D) qPCR analysis of CHC17 mRNA expression in
siCHC17 or Scrambled siRNA-transfected cells. (E) Western blot analysis of CHC17 expression in siCHC17 or Scrambled
siRNA-transfected cells. (F) Upon 30-min treatment with 1 pM glucagon, HEK293 cells stably expressing SSF-GCGR were
labeled with M1 Flag antibody conjugated to Alexa Fluor 647, fixed, and prepared for flow cytometry. Surface labeling
of GCGR was measured. Mean fluorescence from three independent experiments were normalized to unstimulated
control cells. All data are mean + SEM. Significance determined by unpaired two-tailed t test. (**p value < 0.05).
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GCGR internalizes and localizes to endosomes upon stimulation with glucagon in Huh-7-Lunet cells.
Huh-7-Lunet cells stably expressing SSF-GCGR pretreated with or without Dyngo-4a were then treated with or without
1 pM glucagon for 30 min and imaged via confocal microscopy. (A) Confocal microscopy images and line scan analyses
of control or glucagon-stimulated Huh-7-Lunet-SSF-GGCR cells pretreated with DMSO or Dyngo-4a to block
endocytosis and labeled for GCGR (green) and the early endosome marker EEA1 (red). Intensity plot profiles
corresponding to red line drawn on images are shown. Green and red lines on plots correspond to GCGR and EEA1
intensities, respectively, and are annotated to highlight surface-localized GCGR (yellow arrowheads) and endosome-
localized GCGR (black arrowheads). (B) Bar plots of mean GCGR and EEA1 colocalization. Pixel intensities from confocal
microscopy images were analyzed with EzColocalization, and PCC was calculated. GCGR colocalized with EEA1 after
stimulation, and colocalization was reduced by Dyngo-4a pretreatment. Dots represent individual cells. Data are mean +
SD. Significance was determined by two-way unpaired t test (*p < 0.05, ***p < 0.001, ****p < 0.0001).

this gluconeogenic target is also regulated by endocytosis-depen-
dent GCGR-signaling. Both GCGR and B2AR signal via the Gs sub-
unit and generate cAMP as a second messenger. Therefore we in-
cluded B2AR stimulation in our experiments as an internal positive
control to verify that cAMP is produced in response to agonist stim-
ulation and that endocytic blockade inhibits Gs-mediated cAMP
production.

To investigate whether GCGR signaling is endocytosis depen-
dent, we measured the production of cAMP and expression of PCK1
in the presence or absence of endocytosis inhibition with Dyngo.
Using a pGLO-based cAMP biosensor, we measured cAMP produc-
tion over time in cells after treatment with glucagon or isoproterenol
in the presence or absence of Dyngo pretreatment. Both isoproter-
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enol and glucagon stimulated cells resulted in prominent cAMP pro-
duction compared with untreated cells. For both isoproterenol- and
glucagon-stimulated cells, relative luminescence over time was re-
duced in cells that were pretreated with Dyngo. Further analysis re-
vealed that peak cAMP intensities in glucagon- and isoproterenol-
stimulated cells were significantly higher than cells pretreated with
Dyngo (Figure 4, A and B).

As previously published for B2AR stimulated cells, PCK1 tran-
scription was significantly induced by glucagon stimulation unless
cells were pretreated with Dyngo to inhibit endocytosis (Figure 4C).
HEK293 cells stably expressing SSF-GCGR stimulated with gluca-
gon show a significant up-regulation of PCK1 transcription; however,
this up-regulation is inhibited by endocytic blockade. A 23.4-fold

Molecular Biology of the Cell
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Endosomal localization of GCGR occurs within 5 min in HEK293 and Huh-7-Lunet cells. Cells stably
expressing SSF-GCGR were treated with 1 yM glucagon for 0 to 30 min. GCGR (green) and EEA1 (red) were labeled
and samples were analyzed with confocal microscopy. (A) Confocal microscopy images of cells at each time point.

(B) Bar plots of GCGR and EEA1 colocalization over time, as measured by PCC. Confocal microscopy images were
analyzed by the ImageJ plugin EzColocalization to calculate PCC of each cell. Dots represent individual cells, and bars
represent mean * SD. Significance was determined by t test (ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001).

glucagon-dependent PCK1 up-regulation in DMSO pretreated cells
was observed compared with a 12.6-fold up-regulation in Dyngo
pretreated cells.

As mentioned earlier, B2AR, a GPCR coupled to Gs, signals in an
endocytosis-dependent manner. A previously published screen re-
vealed endocytosis-dependent transcriptional targets of the cAMP-
stimulating B2AR (Tsvetanova and von Zastrow, 2014). This screen
also identified targets that were up-regulated by stimulated B2AR
but whose up-regulation was not attenuated by endocytic blockade,
including salt-inducible kinase 1 (SIK1). For this study we were inter-
ested if all glucagon-dependent genes were also endocytosis depen-
dent and therefore examined SIK1 transcription in addition to PCKT.
We show that glucagon does indeed up-regulate SIKT in HEK293
cells stably expressing SSF-GCGR, and that this up-regulation is not
attenuated by endocytic blockade. No statistically significant differ-
ence in SIK1 transcription was found between glucagon-stimulated
DMSO or Dyngo pretreated cells (p = 0.90, n = 3) (Figure 4C)

We further examined how endocytosis regulates protein expres-
sion of PCK1 in HEK293 cells stably expressing SSF-GCGR. Cells
were stimulated with 1 pM glucagon for up to 4 h with or without
endocytic blockade. Western blot analysis showed that PCK1

Volume 33 September 1, 2022

expression is up-regulated by glucagon after 2 and 4 h. Further
more, Dyngo-4a-pretreated cells show reduced glucagon-depen-
dent transcription of PCK1 after 2 and 4 h of glucagon stimulation
(Figure 4D). Together, these data indicate that the generation of
maximal cAMP and expression of PCKT are dependent on the en-
docytosis of GCGR.

Endocytosis is required for maximal GCGR-dependent
transcriptional regulation in primary mouse hepatocytes
GCGR is endogenously expressed in the liver and serves as a regula-
tor of blood glucose by up-regulating gluconeogenic genes during
hypoglycemic conditions (Janah et al., 2019). We sought to confirm
that GCGR requires endocytosis for maximum transcription of gluco-
neogenic genes in a biologically relevant cell type. For this, experi-
ments were conducted using primary mouse hepatocytes obtained
from the UCSF Liver Center. Immediately following harvest, hepato-
cytes were seeded onto collagen-coated cell culture plates. Twenty-
four hours after plating, cells were pretreated with or without Dyngo
and then treated with 100 nM glucagon for 2 h. RNA was harvested
for gene expression analysis by gRT-PCR. Gene expression was deter-
mined for the gluconeogenic genes, PCK1, glucose-6-phosphatase

GCGR Endocytosis-dependent transcription | 5
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FIGURE 4: Maximal GCGR signaling is endocytosis dependent. (A) HEK293 cells stably expressing SSF-GCGR were
transfected with pGLO cAMP Biosensor. Cells were then pretreated with or without 30 uM Dyngo. Upon treatment with
or without 100 nM Isoproterenol or 1 uM glucagon, luminescence was measured every 10 s for 20 min. Representative
data from one of three biological replicate experiments are shown. (B) Average peak intensities normalized to DMSO
Control luminescence. (C) HEK293 cells stably expressing SSF-GCGR were pretreated with or without 30 pM Dyngo to
block endocytosis. Cells were then treated with or without 1 uM glucagon. gPCR was used to quantify relative mRNA
levels of PCK1 and SIK1. Endocytic blockade inhibits GCGR-dependent transcription of PCK1 but not SIK1. All data are
mean + SEM. Statistical significance calculated by ordinary one-way ANOVA with multiple comparisons using a Tukey
test. **p < 0.01, ****p < 0.0001. Statistical comparison between DMSO Control and Dyngo Control are not significant.
(D) Western blot analysis of endocytosis- and glucagon-dependent PCK1 expression. HEK293-SSF-GCGR cells were
pretreated with DMSO or Dyngo-4a to block endocytosis for 15 min, followed by 2 to 4 h of stimulation with 1 uM
glucagon. Protein was harvested from cells and analyzed via Western blot. Dyngo pretreated cells stimulated with 1 yM
glucagon show reduced capacity for glucagon-dependent PCK1 expression.

(G6PC), and peroxisome proliferator-activated receptor-gamma co-
activator 1 alpha (PGC1a) in response to glucagon stimulation and
inhibition of endocytosis. Gene expression of all three gluconeogenic
targets was highly induced by glucagon stimulation; however, this up-
regulation was attenuated upon endocytic inhibition (Figure 5). Our
data suggest that the transcription of gluconeogenic genes is endo-
cytosis dependent in primary hepatocytes.

DISCUSSION

Several studies have found that GPCR signaling after endocytosis is
critical for maximal downstream regulation of transcription (Irannejad
et al., 2013; Tsvetanova and von Zastrow, 2014; Tsvetanova et al.,
2015; Pavlos and Friedman, 2017). The findings from our study dem-
onstrate that upon activation by glucagon, GCGR must internalize
for maximum transcription of gluconeogenic genes (Figure 6).

First, we determined that upon ligand-dependent internalization,
GCGR localizes with endosomes in HEK293 cells (Figure 1) and the
liver cell line Huh-7-Lunet (Figure 2). Endosomal localization occurs
within 5 min of stimulation (Figure 3) and is required for maximum
GCGR signaling as measured by cAMP production and up-regulation
of PCK1 in HEK293 cells (Figure 4). We then confirmed the impor-
tance of endocytosis in primary mouse hepatocytes, where we found
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that endocytosis is required for glucagon-dependent up-regulation
of PCK1, PGC1o., and G6PC (Figure 5). Together, our results support
the notion that upon stimulation with glucagon, GCGR internalizes
and localizes to the endosomes, and that this localization is required
to exert maximal up-regulation of gluconeogenic genes (Figure 6).

The effect of endocytosis on GCGR signaling is seen within min-
utes at the second messenger level (Figure 4, A and B) but is also
observed over a longer period as measured by PCK1 expression.
Western blots show PCK1 expression is reduced due to endocytic
blockade with 2 and 4 h of glucagon stimulation (Figure 4, C and D),
suggesting that the contribution of internalized GCGR becomes ap-
parent within minutes and persists for up to 4 h.

Receptor activity modifying protein (RAMP) 2 has been shown
previously to modify trafficking and signaling of GCGR (Cegla
et al., 2017; McGlone et al., 2021). Previous studies in HEK293
cells showed RAMP expression is low and not sufficient for modu-
lation of GCGR activity (Bouschet et al., 2005; Weston et al., 2015).
Therefore HEK293 overexpressing SSF-GCGR offer a cell line to
study endocytic trafficking of GCGR without the effects of signal-
ing background from endogenous GCGR, nor trafficking interfer-
ence from endogenous RAMPs. Our data show that GCGR endo-
cytosis occurs in both HEK293 and Huh-7-Lunet cells. Interestingly,

Molecular Biology of the Cell
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FIGURE 5: Endocytosis is required for maximal GCGR-dependent gluconeogenic gene transcription in primary mouse
hepatocytes. Primary mouse hepatocytes were pretreated or with or without 30 pM Dyngo for 15 min to block
endocytosis before subsequent treatment with or without 100 nM of glucagon for 2 h. Relative mRNA expression was
measured by qRT-PCR for gluconeogenic genes (A) PCK1, (B) PGC1a, and (C) G6PC; n = 3 replicate plates of primary
hepatocytes, two plates from one independent hepatocyte harvest and one plate from another independent
hepatocyte harvest. Statistical significance calculated by ordinary one-way ANOVA with multiple comparisons using a
Tukey test. *p < 0.05, **p < 0.01, ***p < 0.001. For all targets (A-C), statistical comparison between DMSO Control and
Dyngo Control as well as Dyngo Control and Dyngo glucagon are not significant. Error bars represent mean + SD.
more internalized GCGR was found in unstimulated Huh-7-Lunet Future experiments could confirm the requirement of RAMP-2 or

cells than in unstimulated HEK293 cells (Figure 3). We hypothesize ~ Beta Arrestin by inhibiting either mechanism and interrogating glu-
that this is due to the Huh-7-Lunet cell line expressing RAMP2  coneogenic gene transcription after glucagon stimulation. Other
(Weston et al., 2015) shown previously to promote internalization  studies have explored GCGR internalization mechanisms. Previous
and endocytic localization of GCGR (Cegla et al., 2017; McGlone  work found that internalization in hepatocytes may not be mediated
et al., 2021). by beta arrestin (Merlen et al., 2006; Krilov et al., 2008).
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FIGURE 6: Model of endosomal GCGR signaling and gluconeogenic gene regulation. (1) The
peptide hormone glucagon binds to the GCGR, which is expressed in the plasma membrane of
hepatocytes. This initial binding triggers cAMP generation at the plasma membrane. (2) GCGR is
internalized via endocytosis. (3) Our data show that after endocytosis, GCGR also generates a
significant amount of cAMP. (4) Endocytic-GCGR signaling is required for maximal transcription
of gluconeogenic genes in hepatocytes.
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Subsequent studies should also explore
the signaling activity of GCGR at the endo-
somal membrane, possibly using confor-
mational biosensors, called nanobodies,
specifically designed to bind activated
GCGR. Nanobodies have been used to di-
rectly show that endosome-localized B2AR
is in an active conformation (Irannejad
et al., 2013). Moreover, GCGR may localize
to additional intracellular compartments
other than the endosomes. Therefore we
cannot rule out the possibility of cAMP
generation from other membranes, as re-
ported for the thyroid-stimulating hormone
receptor (Godbole et al., 2017). Determin-
ing specific mechanisms of subcellular
GCGR signaling could inform future stud-
ies that explore new drug candidates in
treating metabolic dysregulation.

Glucagon and GCGR play important
roles in blood glucose homeostasis and are
an attractive target for therapeutic interven-
tion in metabolism (Bagger et al., 2011).
Despite this, the specific mechanisms of
GCGR signaling have yet to be fully ex-
plored, particularly in the nuances of its sub-
cellular signaling. These results highlight a
key step between receptor activation and
gluconeogenesis and support the biologi-
cal relevance of subcellular GCGR signaling.
Together, our findings demonstrate an im-
portant molecular step in the physiological
response to hypoglycemia.
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MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Cell culture, expression constructs, and transfections

Human embryonic kidney 293 (HEK293) (ATCC CRL-1573) and Huh-
7-Lunet cells were cultured in complete growth DMEM (Life Tech-
nologies) supplemented with 10% fetal bovine serum (UCSF Cell
Culture Facility). Cells were passaged using trypsin or phosphate-
buffered saline (PBS)-EDTA and maintained at 37°C and 5% CO,.
Transfections were performed using Lipofectamine 2000 (Life Tech-
nologies) according to the manufacturer’s protocol. Cells were trans-
fected 48 h before experiments. Primary cultures of mouse hepato-
cytes from male C57BL/6J mice were a generous gift from the UCSF
Liver Center. Immediately following isolation, hepatocytes were
plated on collagen-coated cell culture plates and grown for no lon-
ger than 48 h for all experiments (Corning BioCoat Collagen I, Cell-
ware 6-well plate 356400). Hepatocytes were grown in DMEM sup-
plementedwith 10%fetalbovineserumand 1%penicillin-streptomycin
(UCSF Cell Culture Facility). Microscopy experiments utilized the
pCMV6-GCGR-MycDDK expression construct (OriGene Technolo-
gies, MR207767) or the generated signal sequence Flag-tagged
GCGR, pcDNA3.1(+)_SSF-GCGR. All subsequent experiments used
pcDNA3.1(+)_SSF-GCGR. Stable cell lines were generated and
maintained by drug selection with Geneticin Selective Antibiotic,
G418 (Life Technologies, Cat# 10131035).

Drug treatment and siRNA

The highly potent dynamin inhibitor, Dyngo-4A (Abcam, ab120689),
was added 15 min prior to agonist treatment at a final concentration
of 30 pM from a 30 mM stock dissolved in DMSO. Vehicle control
was prepared by adding DMSO without Dyngo-4A. For siRNA trans-
fections, cells were seeded at 50% confluency in a 10 cm dish and
transfected with 200 pmol siRNA (Qiagen, Germantown, MD) using
RNAiMax Lipofectamine (Life Technologies, Invitrogen) according
to the manufacturer’s protocol. Media were changed 24 h post-
siRNA transfection and cells recovered for an additional 24 h before
experimentation. For siRNA control samples, cells were transfected
with All Star Negative (siScramble) SI03650318 and for knockdown
of CHC (siCHC17) 5"-AAGCAATGAGCTGTTTGAAGA-3".

Antibodies

Antibodies used were rabbit anti-Flag (Sigma), mouse anti-Flag M1
(Sigma), mouse anti-EEA1 (BD Biosciences), and rabbit anti-EEA1
(Invitrogen). Mouse anti-Flag M1 was conjugated to Alexa Fluor 647
for use in flow cytometry.

Fixed cell confocal imaging

Cells for experiments were either transiently transfected with indi-
cated construct(s) and processed 48 h later or stable expression
cell lines selected with G418. Cells seeded on glass coverslips
(Fisher, 12-545-100) in 12-well plates were treated with or without
Dyngo-4a followed by treatment with or without glucagon. After
ligand treatment, cells were 1) rinsed with PBS, 2) fixed by incuba-
tion in 3.7% formaldehyde (Fisher Scientific) diluted in PBS buffer
for 20 min at room temperature, 3) blocked in 2% bovine serum
albumin (Sigma) in PBS with permeabilization by 0.2% Triton X-100
(Sigma), and 4) labeled by the addition of primary antibodies di-
luted in blocking/permeabilization buffer for 1 h; 5) secondary la-
beling was performed by the addition of the following antibodies
diluted in blocking/ permeabilization buffer for 30 min at room
temperature: Alexa Fluor 647 or 488 donkey anti-mouse (Invitro-
gen), Alexa Fluor 647 or 488 donkey anti-rabbit (Invitrogen).
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Specimens were mounted using ProLong Gold antifade reagent
(Life Technologies).

Microscope image acquisition and image analysis

Fixed cells were imaged by spinning disk confocal microscope
(Nikon Ti Inverted microscope with Yokogawa confocal scanner unit
CSU22) using a 60x objective or a Zeiss LSM 710 mounted on a
Zeiss Axiovert Imager.Z2 using a 63x objective. Fluorescence inten-
sities were quantified and analyzed using the computer program
ImageJ (https://imagej.nih.gov/ij/). Images were saved as uncom-
pressed 16-bit TIFF images, then loaded into ImageJ. Line scan
analysis measured intensities along a manually drawn line across a
cell plotted using the Plot Profile function on ImageJ. Data were
exported to Microsoft Excel and plotted on line graphs. Lines were
drawn such that they intercepted endosomes and ran across the
length of the cell. To quantify endocytosis of the GCGR, colocaliza-
tion was analyzed using EzColocalization ImageJ package (Stauffer
et al., 2018). Cell outlines were manually drawn, and PCC between
indicated channels was calculated. Mean PCC between samples
was calculated and tested for statistical significance using a two
tailed unpaired t test (GraphPad Prism).

Flow cytometry

HEK293 cells stably expressing pcDNA3.1(+)_SSF-GCGR were
treated with or without 1 pM glucagon for 30 min at 37°C. Cells
were then washed with PBS and fixed with 4% formaldehyde. Cells
were incubated with Alexa Fluor 647-conjugated (Invitrogen,
A20173) M1 mouse anti Flag monoclonal (Sigma, F-3040) antibody
at 4°C for 1 h on a shaker. Cells were mechanically lifted and mean
fluorescence intensity of 10,000 cells was measured by flow cytom-
etry for each sample on a FACSCalibur (BD Biosciences). Internaliza-
tion was calculated as the mean fluorescence intensity normalized
to control samples. Each condition had three technical replicates
per biological replicate.

cAMP luminescence assay

HEK293 stably expressing pcDNA3.1(+)_SSF-GCGR cells trans-
fected with GloSensor20F (Promega) were lifted and resuspended
in imaging media (DMEM without phenol red supplemented with
30 mM HEPES; Life Technologies, 31053 and 15640, respectively).
Cells were then incubated with D-luciferin (Gold Biotechnology St.
Louis, MO; LUCNA-1g) at 37°C and 5% CO2 for 1 h in a 24-well
plate (200 pl/well). In the last 15 min of incubation, samples were
treated with or without Dyngo-4a. Immediately before imaging,
cells were treated with 200 pl imaging media only or imaging media
with glucagon (1 pM) and placed into a 37°C heated light-proof
chamber. Plates were then imaged every 10 s for 20 min. Images
were acquired using a 512 x 512 pixel electron multiplying CCD
camera (Hamamatsu Photonics, Japan; C9100-13) using pManager
1.4. Analysis was completed using the multiple ROI analysis tool in
the Fiji implementation of ImageJ. ROIs were drawn around each
well, and corresponding background ROIs were placed in an area
without cells. Intensity over time was measured and corrected for
background luminescence for firefly luciferase values. A ratio of fire-
fly to background luminescence was calculated per well over time.
The max (average) of the top three proximal values of each treated
condition was determined, and each condition was normalized to
the max of the control sample.

RNA extraction and quantitative reverse transcriptase PCR

RNA was isolated from HEK293 cells using the QlAshredder and
RNeasy Mini kit (Qiagen, 79654 and 74104, respectively). Briefly,
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Gene Primer sequences
GAPDH Human F: 5-CTGCCCAAGATCTTCCATGT-3’
R: 5-GACAAGCTTCCCGTTCTCAG-3’
PCK1 Human F: 5-CTGCCCAAGATCTTCCATGT-3’
R: 5-CAGCACCCTGGAGTTCTCTC-3’
SIK1 Human F: 5-GCTTCTGAACCATCCACACAT-3
R: 5-GTGCCCGTTGGAAGTCAAATA-3’
HPRT Mouse F: 5-TCAGTCAACGGGGGACATAAA-3’
R: 5-GGGGCTGTACTGCTTAACCAG-3’
PCK1 Mouse F: 5-CTGCATAACGGTCTGGACTTC-3’
R: 5-CAGCAACTGCCCGTACTCC-3"
G6PC Mouse F: 5-CTCTGGGTGGCAGTGGTCGG-3’
R: 5-AGGACCCACCAATACGGGCGT-3
PGC1a Mouse F: 5-ATGTGTCGCCTTCTTGCTCT-3"
R: 5-CACGACCTGTGTCGAGAAAA-3’

TABLE 1: gRT-PCR primers.

after treatment, cells in a 6-well plate were placed on ice and washed
once with cold PBS. Then cells were lysed, and RNA was extracted
according to the manufacturer’s protocol. RNA was eluted in RNAse
free water, and the concentration of each sample was determined.
cDNA was generated from RNA using iScript cDNA Synthesis Kit
(Bio-Rad,1708891). Briefly, 1 ug of RNA was used per reaction
primed with oligo dT. The reverse transcription reaction was per-
formed according to the manufacturer’s protocol.

gRT-PCR was performed using a StepOnePlus (Applied Biosys-
tems, Foster City, CA) instrument. cDNA generated from extracted
RNA was used as the input for the gRT-PCR, with amplification by
Power SYBR Green PCR master mix (Applied Biosystems, 4367659).
Transcript levels were normalized to GAPDH or HPRT. The primer
pairs are listed in Table 1 above.

Statistical analysis and reproducibility

All data are shown as mean £ SD or SEM from at least three biologi-
cally independent experiments unless otherwise indicated. Images
are representative of at least three biologically independent experi-
ments. For primary hepatocyte experiments, three replicate plates
were analyzed: two plates from one independent hepatocyte har-
vest and one plate from another independent hepatocyte harvest.
Statistical analyses to determine significance were performed using
Prism v.8 (GraphPad) for unpaired t test, one-way analysis of vari-
ance (ANOVA).
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