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Prominin-1-Radixin axis controls hepatic
gluconeogenesis by regulating PKA activity
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Abstract

Prominin-1 (Prom1) is a major cell surface marker of cancer stem
cells, but its physiological functions in the liver have not been
elucidated. We analyzed the levels of mRNA transcripts in serum-
starved primary WT (Prom1+/+) and KO (Prom1�/�) mouse hepato-
cytes using RNA sequencing (RNA-seq) data, and found that CREB
target genes were downregulated. This initial observation led us to
determine that Prom1 deficiency inhibited cAMP response
element-binding protein (CREB) activation and gluconeogenesis,
but not cyclic AMP (cAMP) accumulation, in glucagon-,
epinephrine-, or forskolin-treated liver tissues and primary hepato-
cytes, and mitigated glucagon-induced hyperglycemia. Because
Prom1 interacted with radixin, Prom1 deficiency prevented radixin
from localizing to the plasma membrane. Moreover, systemic
adenoviral knockdown of radixin inhibited CREB activation and
gluconeogenesis in glucagon-treated liver tissues and primary
hepatocytes, and mitigated glucagon-elicited hyperglycemia.
Based on these results, we conclude that Prom1 regulates hepatic
PKA signaling via radixin functioning as an A kinase-anchored
protein (AKAP).
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Introduction

In well-understood glucagon-elicited signaling pathway, glucagon

binds to and stimulates the glucagon receptor, a G protein-coupled

receptor, in the plasma membrane of hepatocytes. The stimulated

glucagon receptor in turn activates Gsa and adenylyl cyclase (AC).

The cyclic AMP (cAMP) produced by the activated AC binds to the

regulatory domain of protein kinase A (PKA) to liberate the catalytic

domain of PKA from the regulatory domain and to activate the cata-

lytic domain. Not only does activated PKA induces glycogenolysis

by consecutively phosphorylating and activating phosphorylase

kinase and glycogen phosphorylase b, but also stimulates gluconeo-

genesis by phosphorylating and activating cAMP response element-

binding protein (CREB). Subsequently, activated CREB induces the

transcriptional activation of gluconeogenesis-related genes such as

phosphoenolpyruvate carboxykinase (Pck) and glucose-6-phospha-

tase (G6p) (Meinkoth et al, 1993; Altarejos & Montminy, 2011).

Detergent-resistant lipid rafts which are composed of cholesterol

and glycolipids and serve as a signaling center facilitate the cascade

of glucagon signaling by organizing glucagon receptor, Gsa, AC, A

kinase-anchored proteins (AKAPs), PKA, and PKA substrates in

close proximity (Head et al, 2006; Kim et al, 2010; Delint-Ramirez

et al, 2011). AKAPs are scaffolding proteins that bind to PKA and its

substrates. Thus, AKAPs allow PKA and its substrates to coexist in

the same place, such as the plasma membrane, mitochondria, or

nucleus, enabling effective signal transduction by cAMP (Wong &

Scott, 2004; Dema et al, 2015).

The penta-transmembrane glycoprotein prominin-1, also called

CD133, is associated with unique detergent-resistant membrane

rafts, bound to cholesterol (Roper et al, 2000), localized in

membrane protrusions such as microvilli, filopodia, and primary

cilia in epithelial cells (Corbeil et al, 1999); membrane expansions

in the myelin sheath originating from oligodendrocytes (Corbeil

et al, 2009); membrane invaginations in the outer segment of rod

photoreceptor cells (Zacchigna et al, 2009); and the midbody in

epithelial cells (Dubreuil et al, 2007), and expressed in various

epithelial cells in the brain, kidney, digestive track, and liver (Cor-

beil et al, 2013).

Mice with a systemic deficiency in Prom1 exhibit disk dysmor-

phogenesis and photoreceptor degeneration along with a complete

loss of vision, indicating that Prom1 might be necessary for the

formation of membrane protrusions (Zacchigna et al, 2009).
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Indeed, it was reported recently that silencing Prom1 from non-

epithelial cells such as hematopoietic stem cells shortened micro-

villi length (Thamm et al, 2019). In addition, Prom1 has been

extensively studied as a major cancer stem cell marker in human

brain, colon, ovarian, and liver tumors (Singh et al, 2003; O’Brien

et al, 2007). The Prom1-positive cell population in these tumors

has characteristics of self-renewal, differentiation potential and

resistance to chemo- and/or radiotherapy as well as tumor devel-

opment after xenograft transplantation in immunocompromised

mice (Dalerba et al, 2007; Li et al, 2007; Krishnan et al, 2013).

Because phosphatidylinositide 3-kinases (PI3K) interacts with

Prom1 and Akt is highly phosphorylated in Prom1-positive cell

populations, the Prom1-PI3K-Akt signaling pathway may be

required for the maintenance of cancer stem cells (Wei et al,

2013). In the aforementioned study by Thamm et al (Thamm et al,

2019), mutation on the conserved tyrosine phosphorylation sites of

Prom1 reduced the interaction with p85 subunit of PI3K supporting

Prom1-PI3K signaling pathway. However, this pathway has not

been verified in a Prom1-deficient animal model.

It has been reported that Prom1 expression is not limited to stem

cells and found in luminal differentiated epithelial cells in human

liver samples using a specific antibody (Karbanová et al, 2008) or in

mouse liver using Prom1LacZ/+ mice (Shmelkov et al, 2008). Prom1

is also expressed at low level in the normal liver of Prom1cre-ert2-nlacz

mice (Zhu et al, 2009) and associated with the progression of liver

fibrosis (Nguyen et al, 2017). However, the physiological functions

of Prom1 in the normal liver are not understood clearly. To gain

insight into Prom1 function, we examined mRNA levels in primary

hepatocytes from the livers of Prom1-deficient mice and identified

the downregulation of gluconeogenic genes. In particular, we found

that hepatic control of glucagon or adrenergic stimuli-elicited gluco-

neogenesis was impaired in Prom1-deficient mice. Mechanistically,

we showed that Prom1 directly interacted with radixin and facili-

tated PKA activation through its C-terminal tail. Prom1 regulates

hepatic PKA signaling via recruiting radixin, an A kinase-anchored

protein (AKAP) which brings PKA to membrane rafts where G

protein-coupled receptor (GPCR), AC, and PKA substrates are in

close proximity.

Results

Prom1 is expressed in mouse primary hepatocyte

To gain insight into Prom1 function in the liver, we first examined

the expression of Prom1 in mouse primary hepatocytes by correla-

tive light and electron microscopy (CLEM) using the anti-mouse

Prom1 monoclonal antibody (13A4, Weigmann et al, 1997). Prom1

antibody detected the Prom1 expression in WT mouse hepatocytes

(Fig 1A–F), but not in KO hepatocytes (Fig 1G–I). As reported by

others (Corbeil et al, 1999), expression of Prom1 was observed in

the microvilli (Fig 1B and C) as well as the planar regions of plasma

membrane of hepatocytes (Fig 1E and F). We confirmed the expres-

sion of Prom1 in hepatocytes by comparing two serial tissue

sections immunostained with Prom1 antibody or antibodies for cell

lineage markers (Fig 1J). Because Prom1 antibody (13A4) and anti-

bodies (K9218 for HNF4a and EP1580Y for CK19) for hepatocyte

marker (HNF4a) and cholangiocyte marker (CK19), respectively,

use incompatible antigen-retrieval procedures, we immunostained

Prom1 or HNF4a/CK19 on separate serial sections. Prom1 was co-

localized with HNF4a in many hepatocytes (triangles in the lower

panel of Fig 1J) and with CK19 in the epithelium of bile ducts (as-

terisks in the upper panel of Fig 1J).

Prom1�/� mouse used in this study to determine Prom1 func-

tions in the liver did not show any apparent phenotype, as reported

(Zhu et al, 2009), except Prom1�/� primary hepatocytes were

slightly larger than Prom1+/+ hepatocytes. FACS analysis showed

that 18% more Prom1�/� primary hepatocytes belonged to the area

larger than the mean of the forward scatter (FSC) of WT primary

hepatocytes (Fig EV1A), which resulted in larger mean of the

forward scatter of Prom1�/� primary hepatocytes than that of WT

primary hepatocytes (Fig EV1B). Because this mouse has the inte-

grated nLacZ gene (where nlacZ indicates nuclear lacZ) in the

Prom1 locus under the control of the Prom1 promoter, we further

examined the hepatic Prom1 expression by means of b-galactosidase
assay. The strong nLacZ expression was observed in bile ducts and

several patches of hepatocytes (Fig EV1C).

Prom1 is required for glucagon- and cAMP-elicited
gluconeogenesis in mouse primary hepatocytes

After confirming Prom1 expression in mouse liver as well as

primary hepatocytes, we analyzed the levels of mRNA transcripts in

serum-starved primary Prom1+/+ and Prom1�/� mouse hepatocytes

using RNA sequencing (RNA-seq) data to evaluate the transcrip-

tional effects of Prom1 deficiency in the liver. We focused on the

genes that were induced (n = 55) or repressed (n = 63) more than

2-fold with P < 0.05 (Fig 1K). Singular enrichment analysis of those

118 differentially expressed genes (DEG) for KEGG pathways

revealed that pathways such as glycolysis/gluconeogenesis,

glucagon, and cAMP signaling pathway were highly enriched in the

DEGs by Prom1 deficiency (Fig EV1D). Because the liver plays a

central role in the regulation of glucose homeostasis, we focused on

glycolysis/gluconeogenesis. Identified genes in these pathways

included G6pc (glucose-6-phosphatase catalytic subunit), Pck1

(phosphoenolpyruvate carboxykinase 1), Pfkl (phosphofructoki-

nase), and Pkm (pyruvate kinase), which were consistently down-

regulated when Prom1 was deficient (Fig 1K). These observations

were further confirmed by qRT–PCR (Fig 1L), immunoblotting

(Fig 1M) and glucose uptake assays (Fig 1N). These results led us

to suspect that Prom1 may be involved in regulating hepatic gluco-

neogenesis.

To confirm the initial observations in mouse primary hepato-

cytes, we examined the livers of Prom1+/+ and Prom1�/� mice in

the fasting state, which mimicks the serum-free condition for hepa-

tocytes (Fig 2A versus Fig 1L). The expression of G6pc and Pck1

was decreased in Prom1�/� mouse liver compared with the levels in

Prom1+/+ mouse liver during fasting (Fig 2A). Fasting-induced

CREB phosphorylation was also decreased by 24% in Prom1�/�

mouse livers (Figs 2B and EV1F). Prom1�/� mouse had lower blood

glucose level without a difference in blood glucagon levels (Fig 2C

and D). Hepatic glycogen breakdown during fasting was reduced in

Prom1�/� mice (Fig 2E), although livers of both groups did not

show any histological difference (Fig EV1E). These results suggested

that the loss of Prom1 interfered with the activation of hepatic gluco-

neogenesis.
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Figure 1. Prom1 is expressed in mouse primary hepatocytes and its deficiency prevents glucagon-induced gluconeogenesis.

A–I Correlative light electron microscopy (CLEM) showing Prom1 at the plasma membrane of primary hepatocytes. Primary hepatocytes were isolated from 12-week-
old male WT (Prom1+/+) or KO (Prom1cre-ert2-nlacz) mice. The boxed areas in panels (A, D, G) and (B, E, H) were magnified and presented as panels (B, E, H) and (C, F,
I), respectively. Scale bar; 5 lm (A, D and G), 1 lm (B, E and H), and 0.2 lm (C, F and I).

J Immunofluorescent staining of Prom1, CK19, and HNF4a in two serial cryosections of mouse liver. The boxed area in the top panel was magnified and presented
as the bottom panel. Asterisks (*) in the top panel indicate cholangiocytes of the bile ducts and triangles ((Δ) in the bottom panel indicate hepatocytes. Scale bar,
100 lm.

K–N Primary hepatocytes were isolated from 12-week-old male Prom1+/+ (WT) or Prom1�/� (KO) mice and serum-starved. (K) Differentially expressed genes showing
more than a 2-fold change with P < 0.05 (118 DEGs) induced (n = 55) or repressed (n = 63) by Prom1 knockout (n = 2/group). G6pc, glucose-6-phosphatase
catalytic subunit; Pck1, phosphoenolpyruvate carboxykinase 1. (L) Relative expression levels of G6pc and Pck1 mRNAs after serum starvation for 16 h were
determined by qRT–PCR (n = 3/group). (M) Levels of the Prom1, PCK, G6PC, and GAPDH proteins were determined by immunoblotting. (N) Prom1+/+ or Prom1�/�

hepatocytes serum-starved for 8 h were incubated with 2-[3H]deoxyglucose for 10 min. Glucose uptake was assessed by calculating the amount of cell-associated
radioactivity normalized to the amount of protein (n = 3 mice/group).

Data information: Data are presented as mean values � SEM. Two-tailed Student’s t-test was used for statistical analysis. *P < 0.05, ***P < 0.001.
Source data are available online for this figure.

ª 2020 The Authors EMBO reports 21: e49416 | 2020 3 of 21

Hyun Lee et al EMBO reports



A C D E

F G

H I J

B

Figure 2. Prom1 deficiency defects glucagon-induced gluconeogenesis.

A Levels of G6pc and Pck1 mRNAs in the liver of mice after 18 h fasting were determined by qRT–PCR. The level of each mRNA was normalized to the level of 18s
rRNA (n = 3/fed, 7 or 8/fasted).

B Levels of phospho-PKA substrates (p-PKA substrates), phospho-CREB (p-CREB), CREB, G6pc Pck, Prom1, and GAPDH were determined after 18 h fasting. Band
intensity for p-CREB was quantified using Photoshop software.

C Blood glucose levels (mg/dl) of mice after fasted for 24 h (n = 12 or 14/group).
D Serum glucagon level in the fed or fasted mice (n = 3/fed, 7 or 8/fasted).
E Glycogen contents in the liver of mouse in each condition were shown by PAS (periodic acid-schiff) staining. Scale bar, 500 lm.
F–J Primary hepatocytes were isolated from 12-week-old male Prom1+/+ (WT) or Prom1�/� (KO) mice, serum-starved, and stimulated with glucagon. (F) Levels of the

G6pc and Pck1 mRNAs 2 h after glucagon stimulation (10 nM) were determined by qRT–PCR. The level of each mRNA was normalized to the level of the 18S rRNA.
For these experiments, primary hepatocytes were cultured under 3D conditions using a Matrigel matrix (n = 3 mice/group). (G) Levels of phospho-PKA substrates (p-
PKA substrates), phospho-CREB (p-CREB), CREB, phospho-inositol trisphosphate receptor (p-IP3R), IP3R, phospho-Hormone-Sensitive Lipase (p-HSL), HSL, Prom1, and
Gapdh 10 min after glucagon stimulation (10 nM) were determined by immunoblotting. (H) The nuclear localization of p-CREB 10 min after glucagon stimulation
(10 nM) was determined by immunofluorescence staining. Scale bar, 20 lm. (I) Relative PKA activities 10 min after glucagon stimulation (10 nM) were determined
using the PKA assay kit in the absence or presence of 10 lM IBMX (n = 3 mice/group). (J) The cAMP concentration 10 min after glucagon stimulation (10 nM) was
determined using the cAMP assay kit in the absence or presence of 10 lM IBMX (n = 3 mice/group).

Data information: Data are presented as mean values � SEM. Two-tailed Student’s t-test was used for statistical analysis. *P < 0.05, **P < 0.01, ***P < 0.001, and NS,
not significant, P > 0.05.
Source data are available online for this figure.
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To further confirm the involvement of Prom1 in hepatic gluco-

neogenesis, we determined the expression levels of hepatic gluco-

neogenic genes in Prom1+/+ and Prom1�/� mouse hepatocytes

after glucagon stimulation. Prom1 deficiency interfered with the

upregulation of G6pc and Pck1 expression in glucagon-stimulated

primary hepatocytes (Figs 2F and EV1G). Because glucagon induces

the upregulation of gluconeogenic genes by activation of CREB, we

measured glucagon-induced CREB phosphorylation. In Prom1-defi-

cient hepatocytes, glucagon-induced CREB phosphorylation was

significantly decreased (Fig 2G) and nuclear localization of CREB

was also decreased as a result (Figs 2H and EV1H).

The decreased CREB phosphorylation and the reduced upregula-

tion of gluconeogenic genes in glucagon-induced Prom1�/� mouse

hepatocytes led us to examine the effect of Prom1 deficiency on the

glucagon receptor signaling pathway. Prom1 deficiency reduced

glucagon-induced phosphorylation of PKA substrates (Fig 2G and I).

The PKA activity and cAMP level in the presence or absence of

IBMX (3-isobutyl-1-methylxanthine), a phosphodiesterase (PDE)

inhibitor, were measured in glucagon-stimulated Prom1+/+ and

Prom1�/� primary hepatocytes to investigate the abilities of the AC

and PDE enzymes required to produce and degrade cAMP, respec-

tively. Blocking cAMP degradation by IBMX failed to restore PKA

activity in Prom1�/� mouse hepatocytes completely, while glucagon

and IBMX together slightly increased PKA activity (Fig 2I). Prom1

deficiency did not change glucagon-induced cAMP production or

degradation (Fig 2J). We also examined the effect of Prom1 overex-

pression on glucagon-induced CREB phosphorylation and cAMP

production in Prom1�/� primary hepatocytes. Adenoviral Prom1

overexpression restored glucagon-induced CREB phosphorylation

(Fig EV1I), but did not affect glucagon-elicited cAMP production

(Fig EV1J).

To corroborate our observations, we tested two different PKA

activators, forskolin (an AC activator) and 8-Br-cAMP (8-Bromo-

cAMP, a non-degradable cAMP analogue) in Prom1+/+ and

Prom1�/� primary hepatocytes. Consistent with the previous

results, Prom1 deficiency prevented forskolin- and 8-Br-cAMP-

induced CREB phosphorylation (Fig EV2A and B). Two PKA activa-

tors could not induce PKA activation in Prom1�/� cells as good as

in Prom1+/+ cells even in the presence of IBMX, although high

concentrations of PKA activators increased PKA activity marginally

in Prom1-deficient cells (Fig EV2C) without changing glucagon-

induced cAMP production (Fig EV2D). Taken together, we

concluded that Prom1 regulated cAMP-induced PKA activation in

primary hepatocytes.

Prom1 is necessary for glucagon-elicited hepatic gluconeogenesis
in vivo

The requirement of Prom1 in glucagon-elicited gluconeogenesis was

further analyzed in vivo by treating Prom1+/+ and Prom1�/� mice

with glucagon. We conducted glucagon challenge tests in 12-week-

old mice. Glucagon-elicited hyperglycemia was mitigated in

Prom1�/� mice compared to that in Prom1+/+ mice (Fig 3A). The

livers of Prom1-deficient mice also exhibited reduced glucagon-

induced phosphorylation of CREB and PKA substrates (Fig 3B and

C). However, Prom1-deficient mice did not display a change in

glucagon-induced cAMP production in the liver (Fig 3D). Increased

glucose internalization in Prom1�/� mouse hepatocytes (Fig 1N) led

us to hypothesize that Prom1-deficient mice would show decreased

blood glucose levels due to the reduced hepatic gluconeogenic

capacity. To test this hypothesis, we performed glucose, pyruvate,

and insulin tolerance tests in Prom1+/+ and Prom1�/� mice.

Prom1-deficient mice displayed improved glucose and pyruvate

tolerance (Fig 3E). Prom1 deficiency did not change insulin toler-

ance (Fig 3F), as insulin-induced signaling was not affected

(Fig 3G). These results demonstrated that Prom1 deficiency

prevented hepatic gluconeogenesis, but did not affect insulin

signaling.

Prom1 regulates b-adrenergic receptor signaling in vivo

Because glucagon receptor is a member of the GPCR (G protein-

coupled receptor) family, we hypothesized that Prom1 would also

regulate other GPCR signaling involved with PKA activation. To test

this hypothesis, we investigated PKA signaling in Prom1+/+ and

Prom1�/� primary hepatocytes treated with isoprenaline, a b-adre-
nergic receptor agonist. Prom1 deficiency prevented phosphoryla-

tion of CREB and PKA substrates (Fig 3H and I), but not cAMP

production (Fig 3J) in isoprenaline-treated primary hepatocytes. To

further validate that Prom1 regulates b-adrenergic receptor signal-

ing, we examined the blood glucose levels and PKA activation in

Prom1+/+ and Prom1�/� mice after epinephrine injection.

Epinephrine-induced hyperglycemia was mitigated (Fig 3K), and

PKA activation was reduced (Fig 3L) in Prom1�/� mice, when

compared to those in Prom1+/+ mice. Because immobilization

stress causes hyperglycemia via cholinergic muscarinic activation

(Tajima et al, 1996), we performed immobilization test on

Prom1+/+ and Prom1�/� mice to test the effect of Prom1 deficiency

on endogenous epinephrine signaling. We found that immobiliza-

tion stress-induced hyperglycemia and PKA activation were

decreased in Prom1�/� mice, when compared to Prom1+/+ mice

(Fig 3M and N). However, the reduced responses of Prom1�/� mice

to immobilization stress were not due to the different epinephrine

levels in the serum of Prom1+/+ and Prom1�/� mice (Fig 3O).

Radixin is the AKAP required for glucagon-induced PKA activation

Because Prom1 deficiency decreased PKA activation in response to

glucagon without either changing cAMP production (Figs 2 and 3)

or increasing levels of protein kinase inhibitors, PKI (Appendix Fig

S2), we postulated that Prom1 might regulate an AKAP which binds

to the regulatory subunit of PKA and confines the PKA holoenzyme

to a specific cellular location. We identified several AKAPs that are

expressed in the liver using an RNA-seq analysis (Fig EV3A).

Among these AKAPs, AKAP7, AKAP8, AKAP8I, AKAP9, AKAP10,

AKAP12, and AKAP13 were selected because they are cytoplasmic

or plasma membrane-bound proteins that may interact with Prom1.

In addition, radixin was also selected as the AKAP in question

among the ERM (ezrin, radixin, and moesin) protein family,

because radixin is dominantly expressed in hepatocytes (Fig EV3B),

links actin to the plasma membrane in the liver (Kikuchi et al,

2002), and is known to function as an AKAP (Gloerich et al, 2010;

Hochbaum et al, 2011). We knocked down AKAPs expressed in the

liver individually and examined their effects on glucagon-induced

phosphorylation of PKA substrates in primary hepatocytes to iden-

tify which AKAP was regulated by Prom1. Glucagon-induced
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phosphorylation of PKA substrates was inhibited most markedly by

small interfering RNAs (siRNAs) targeting Prom1 or radixin,

suggesting that radixin might be an AKAP regulated by Prom1

(Figs 4A and EV3C and D). Because ezrin, a well-studied AKAP,

was marginally expressed in the liver (Fig EV3B), we tested the

effect of ezrin knockdown by siRNA on glucagon-induced phospho-

rylation of PKA substrates as a control. Ezrin deficiency did not

change the phosphorylation of PKA substrates (Fig EV3E).

Glucagon stimulation did not change the amount of radixin, PKA

catalytic subunit, or regulatory subunit (Fig EV3F) as well. Simi-

larly, adenoviral knockdown of radixin or Prom1 using short hair-

pin (sh) RNA in WT hepatocytes prevented glucagon-induced

phosphorylation of CREB and other PKA substrates (Figs 4B and C,

and EV3G and H) while having no effect on Prom1 localization

(Fig 4D). In contrast, radixin knockdown did not alter glucagon-

induced cAMP production (Fig EV3I). It has been reported that

plasma membrane localization of Epac1, exchange factor directly

activated by cAMP, and subsequent Rap1 activation are also medi-

ated by radixin as an AKAP (Hochbaum et al, 2011). We deter-

mined Epac1 activity in Prom1�/� primary hepatocytes treated with

glucagon and observed that Prom1 deficiency decreased Rap1 acti-

vation as well (Fig EV3J). These results suggested that radixin func-

tions as the AKAP regulated by Prom1 in primary mouse

hepatocytes.

Next, to determine whether radixin functions as an AKAP during

glucagon-induced gluconeogenesis in vivo, we knocked down

radixin in mice using adenoviral shRNA (short hairpin RNA) and

performed the glucagon challenge test. The transduction efficiency

of adenoviral particles was confirmed by bicistronic expression of

GFP which was close to 100% in hepatocytes (Fig EV4A). We

observed that radixin knockdown mitigated glucagon-induced

hyperglycemia (Fig 4E). Moreover, radixin knockdown reduced the

phosphorylation of CREB and PKA substrates (Figs 4F and EV4B),

but did not alter cAMP production in the livers of glucagon-treated

mice (Fig EV4C). Glucose, pyruvate, and insulin tolerance tests

were performed on radixin knockdown mice to further investigate

whether radixin regulates hepatic gluconeogenesis in vivo. Radixin

knockdown improved glucose and pyruvate tolerance but not

insulin tolerance (Fig 4G), suggesting that radixin knockdown

prevented glucagon-induced hepatic gluconeogenesis without

affecting insulin signaling.

Prom1 is necessary to confine radixin to the plasma membrane

To determine the mechanism by which Prom1 regulates the AKAP

activity of radixin, we first examined whether two proteins were

located in close proximity using a proximity ligation assay. Fluores-

cence signals were observed in Prom1+/+ but not in Prom1�/�

primary hepatocytes (Fig 5A, two left panels) and adenoviral over-

expression of Prom1 drove the proximity-based fluorescence to

reappear in Prom1�/� primary hepatocytes (Fig 5A, two right

panels). PKA regulatory subunits were also in close proximity to

Prom1 (Fig 5B), implying the formation of Prom1/radixin/PKA

complex. We also determined the localization of PROM1 and radixin

in human liver specimens by double immunofluorescence staining

using anti-human Prom1 monoclonal antibody (HB#7, Swami-

nathan et al, 2010) (Fig 5C). PROM1 and radixin were co-localized

at the plasma membrane and especially at the cell–cell contact sites

called the canalicular membranes (asterisks in the lower panel of

Fig 5C). PROM1 was also observed as intracellular foci (a triangle in

the lower panel of Fig 5C). Co-localization of Prom1 and radixin in

mouse liver was also determined by indirect comparison of the

immunostained slides using actin as a reference, because Prom1

antibody (13A4) and radixin antibody required incompatible anti-

gen-retrieval condition preventing double immunofluorescence

staining. Similar to the observations in human liver samples, both

Prom1 and radixin co-localized with actin in cell–cell contact sites

called the canalicular membranes (Fig EV4D). These observations

suggested that Prom1 and radixin are co-localized near the canalicu-

lar membranes.

Endogenous Prom1 was co-immunoprecipitated with radixin in

primary mouse hepatocytes (Fig 5D), suggesting the molecular

interaction between Prom1 and radixin. Actin was also co-immuno-

precipitated by Prom1 (Fig 5D), as demonstrated previously

◀ Figure 3. Prom1 deficiency prevents glucagon-induced hyperglycemia in vivo and b-adrenergic receptor-mediated PKA activation.

A–D 12-week-old male WT (Prom1+/+) and KO (Prom1�/�) mice were fasted for 4 h and intraperitoneally injected with glucagon. (A) Blood glucose levels (mg/dL) were
measured 0, 15, 30, 60, and 120 min after glucagon stimulation (200 lg/kg body weight, n = 10/group). (B) Levels of p-PKA substrates, p-CREB, CREB, and GAPDH
in the liver after a 5 min of glucagon treatment were determined by immunoblotting (2 mg/kg body weight). (C) Relative PKA activities in the liver after a 5 min of
glucagon treatment were determined using the PKA assay kit (2 mg/kg body weight, n = 3/group). (D) The cAMP concentration in the liver after a 5 min of gluc,
agon treatment was determined using the cAMP assay kit (2 mg/kg body weight, n = 3/group).

E, F Glucose disposal rates were measured in 12-week-old male mice using glucose, pyruvate (E), and insulin (F) tolerance tests (n = 10 mice/group).
G Levels of p-AKT, AKT, p-ERK, ERK, IRb, and GAPDH were determined by immunoblotting after insulin stimulation (10 nM).
H–J Primary hepatocytes were isolated from 12-week-old male WT (Prom1+/+) and KO (Prom1�/�) mice, serum-starved for 16 h, and stimulated with isoprenaline. (H)

The nuclear localization of p-CREB after isoprenaline stimulation (10 lM) for 10 min was determined by immunofluorescence staining. Scale bar, 20 lm. (I) Levels
of p-PKA substrates, p-CREB, CREB, Prom1, and GAPDH after isoprenaline stimulation (10 lM) for 0, 10, or 20 min were determined by immunoblotting. (J) The
cAMP concentration after isoprenaline stimulation (10 lM) for 10 min was determined using the cAMP assay kit in the presence of 10 lM IBMX (n = 3/group).

K, L WT (Prom1+/+) and KO (Prom1�/�) mice were fasted for 4 h and intraperitoneally injected with epinephrine (3 lg/10 g). (K) Blood glucose levels (mg/dl) were
measured 0, 15, 30, 60, and 120 min after epinephrine stimulation (n = 13 or 14/group). (L) Levels of p-PKA substrates, p-CREB, CREB, and GAPDH in the liver
15 min after epinephrine treatment were determined by immunoblotting.

M–O WT (Prom1+/+) and KO (Prom1�/�) mice were fasted for 4 h and subjected to immobilization test. (M) Blood glucose levels (mg/dL) were measured 0, 60, and
120 min after immobilization (n = 10/group). (N) Levels of p-PKA substrates, p-CREB, CREB, and GAPDH in the liver after a 30 min of immobilization were
determined by immunoblotting. (O) Serum epinephrine level of mice after a 30 min of immobilization was determined (n = 3/control group, 7 or 8/immobilized
group).

Data information: Data are presented as mean values � SEM. Two-tailed Student’s t-test was used for statistical analysis. *P < 0.05, **P < 0.01, ***P < 0.001, and NS,
not significant, P > 0.05.
Source data are available online for this figure.
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Figure 4. Radixin is the AKAP required for glucagon-induced PKA activation and hyperglycemia in vivo.

A The expression of Prom1, radixin, AKAP7, AKAP8, AKAP8I, AKAP9, AKAP10, AKAP12, or AKAP13 was silenced in WT hepatocytes using siRNAs. Hepatocytes were then
serum-starved for 18 h and stimulated with glucagon (10 nM) for 10 min. The phosphorylation of PKA substrates was determined by immunoblotting.

B, C Prom1 and radixin expression was silenced in WT (Prom1+/+) and KO (Prom1�/�) hepatocytes by infection with an adenovirus harboring sh-control (sh-Con), sh-
radixin (sh-Rdx), or sh-Prom1 for 24 h. Hepatocytes were further serum-starved for 18 h and stimulated with glucagon (10 nM) for 10 min. (B) The nuclear
localization of p-CREB after glucagon stimulation was determined by immunofluorescence staining. Blue; DAPI, Red; p-CREB. The percentage of cells with nuclear
p-CREB staining among more than 300 cells in each group was also statistically analyzed (Fig EV3G). Scale bar, 20 lm. (C) Levels of p-PKA substrates, p-CREB,
CREB, p-IP3R, IP3R, Prom1, radixin, and GAPDH after glucagon stimulation (10 min) were determined by immunoblotting.

D Immunofluorescence staining of Prom1 in mouse liver transduced with adenoviral particles. Confocal microscope images of WT mouse liver infected with
adenovirus harboring sh-Con or sh-Rdx linked with IRES-GFP. Scale bar, 20 lm.

E–G 12-week-old male wild-type mice were infected with an adenovirus harboring sh-control (sh-Con) or sh-radixin (sh-Rdx) for 3 days, fasted for 4 h, and
intraperitoneally injected with glucagon. (E) Blood glucose levels (mg/dL) were measured 0, 15, 30, 60, and 120 min after glucagon administration (200 lg/kg body
weight, n = 10 mice/group). (F) Levels of p-PKA, p-CREB, CREB, radixin, and GAPDH in the liver after a 10-min of glucagon stimulation (2 mg/kg body weight) were
determined by immunoblotting. (G) Glucose disposal rates in sh-Con or sh-Rdx (radixin) mice were measured using glucose, insulin, and pyruvate tolerance tests
(n = 10 mice/group).

Data information: Data are presented as mean values � SEM. Two-tailed Student’s t-test was used for statistical analysis. *P < 0.05, **P < 0.01, ***P < 0.001.
Source data are available online for this figure.
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Figure 5. Prom1 is required to confine radixin and actin.

A, B Primary hepatocytes were obtained from 12-week-old male WT (Prom1+/+) and KO (Prom1�/�) mice or KO (Prom1�/�) hepatocytes infected with an adenovirus
harboring LacZ (Ad-LacZ) or Prom1 (Ad-Prom1) for 24 h. The molecular interaction between Prom1 and radixin (A) or Prom1 and PKA regulatory subunits (B) in
these hepatocytes was determined by a proximity ligation assay using anti-Prom1 and anti-radixin antibodies (A) or anti-Prom1 and anti-PKA regulatory subunits
(B), respectively. Scale bar, 20 lm.

C Human liver specimens were analyzed by double immunostaining for PROM1 (red) and radixin (green). The lower panels represent the magnification of the square
frame in the upper panels. Scale bar, 20 lm.

D The molecular interaction between Prom1, radixin (RDX), and actin in WT mouse primary hepatocytes was determined by co-immunoprecipitation with an anti-
Prom1 antibody or isotype control IgG. WCL; whole-cell lysate.

E, F HEK293 cells were transiently transfected with the combination of Prom1-FLAG and Myc-radixin plasmids for 24 h. The molecular interaction between Prom1-FLAG
and Myc-radixin was determined by co-immunoprecipitation using isotype control IgG, anti-Myc (E), anti-FLAG (F) antibodies.

G The cellular localization of radixin and actin in WT (Prom1+/+) and KO (Prom1�/�) hepatocytes was determined by immunofluorescence staining for radixin and
phalloidin staining. Scale bar, 20 lm.

H Detergent-resistant lipid rafts were isolated from WT (Prom1+/+) and KO (Prom1�/�) mouse liver samples. Levels of the Prom1, radixin (RDX), flotillin, and transferrin
receptor (TfR) proteins were determined in each fraction after sucrose gradient ultracentrifugation using immunoblotting.

I Detergent-resistant lipid rafts were isolated from WT (Prom1+/+) and KO (Prom1�/�) mouse primary hepatocytes after cholesterol depletion by methyl-b-
cyclodextrin (mbCD, 30 mM) for 30 min at 4°C. Levels of the Prom1, radixin, flotillin, and transferrin receptor proteins were determined in each fraction after
sucrose gradient ultracentrifugation using immunoblotting.

Source data are available online for this figure.

ª 2020 The Authors EMBO reports 21: e49416 | 2020 9 of 21

Hyun Lee et al EMBO reports



(Yang et al, 2008). Reciprocal immunoprecipitations of exogenously

expressed PROM1 and radixin showed similar results in HEK293

cells (Fig 5E and F), and the interaction between PROM1 and actin

was radixin-dependent (Fig 5F). The molecular interaction between

PROM1 and radixin prompted us to speculate that PROM1 is

required to confine actin-bound radixin to the plasma membrane.

We determined the cellular localization of radixin and actin in

Prom1+/+ and Prom1�/� primary hepatocytes to test this hypothe-

sis. Radixin and actin were clearly observed at the canalicular

membranes in Prom1+/+ hepatocytes but not in Prom1�/� hepato-

cytes (Fig 5G). Moreover, Prom1 deficiency prevented cortical actin

from localizing to canalicular membranes, suggesting that Prom1

was required to confine radixin and actin to the plasma membrane.

Similarly, adenoviral knockdown of Prom1 or radixin using short

hairpin (sh) RNA in WT hepatocytes interfered with the sub-canali-

cular localization of radixin and actin (Fig EV4E).

Because Prom1 and ERM proteins are present in detergent-resis-

tant lipid rafts, we speculated that radixin enrichment in detergent-

resistant lipid rafts may depend on Prom1 expression. We examined

the presence of radixin in detergent (Lubrol WX)-resistant lipid rafts

from Prom1+/+ and Prom1�/� mouse liver samples to test this

hypothesis. While flotillin, a raft marker protein, was well separated

from transferrin receptor, a non-raft marker protein, regardless of

PROM1, radixin in detergent-resistant lipid rafts was sensitive to the

presence of Prom1, and disappeared from detergent-resistant lipid

rafts in Prom1-deficient cells (Fig 5H). In addition, cholesterol deple-

tion by methyl-b-cyclodextrin (mbCD) led to the solubilization of

radixin as well as Prom1 (Fig 5I), which suggested that the associa-

tion of radixin with lipid rafts was Prom1-dependent. These results

suggested that Prom1 is required to confine radixin to plasma

membrane lipid rafts. It is of note that Prom1/radixin complex and

flotillin were associated with distinct lipid rafts. Prom1 and radixin

were enriched in fraction 8 and 9 and sensitive to mbCD, while

flotillin was found mainly in fraction 9 and less sensitive to mbCD
(Fig 5H and I).

How does the complex of Prom1, radixin and PKA holoenzyme

at the plasma membrane regulate the phosphorylation of PKA

substrates in the nucleus such as CREB? Because Dalle and collea-

gues have demonstrated that p44/p42 mitogen-activated protein

kinase (ERK1/2) phosphorylates CREB via glucagon-induced PKA

dependent manner in the MIN6 cell line and pancreatic islets (Dalle

et al, 2004), we tested whether ERK1/2 acts as a bridge between

the PKA holoenzyme at the membrane and CREB in the nucleus. In

primary hepatocyte, glucagon or insulin stimulation induced CREB

and ERK1/2 phosphorylation. However, while insulin-induced

CREB and ERK1/2 phosphorylation were efficiently blocked by a

ERK1/2 inhibitor (PD98059), glucagon-induced CREB phosphoryla-

tion was not suppressed by the inhibitor (Fig EV4H). This result

indicated that at least in primary hepatocytes ERK1/2 was not

involved in glucagon-induced CREB phosphorylation. Thus, we

followed the interaction of PKA catalytic subunit and CREB after

glucagon stimulation using proximity ligation assay to address this

question (Fig EV4F and G). After 20 min of glucagon stimulation,

the interaction between PKA catalytic subunits and CREBs was

observed mostly in the nucleus (the second panel from the right in

Fig EV4F). This nuclear interaction of PKA catalytic subunit and

CREB disappeared when cells were treated with H-89, a PKA inhi-

bitor, indicating the specificity of the assay. However, the

interaction disappeared in Prom�/� hepatocytes (the two lower

panels of Fig EV4F). The portion of cells with nuclear PKA

Ca-CREB interaction in more than 100 cells from each group was

statistically determined (Fig EV4G). These results suggest that PKA

catalytic subunit in PKA holoenzyme is released from the complex

of Prom1, radixin, and PKA holoenzyme at the plasma membrane,

and translocates into the nucleus when local cAMP concentration is

high.

The FERM domain of radixin is necessary for
Prom1-dependent gluconeogenesis

To determine which domain in each protein is required for the

interaction, we constructed various deletion mutants of both

PROM1 and radixin (Fig EV5A and B). Co-immunoprecipitation

after transient expression of both genes in HEK293 cells showed

that the carboxy-terminal tail of PROM1 (IC3) interacted with the

FERM domain (1–310) of radixin, because the full-length protein

and carboxy-terminal tail of Prom1 co-immunoprecipitated the full-

length protein and FERM domain of radixin (Fig 6A and B).

Competitive co-immunoprecipitation showed a gradual decrease in

the molecular interaction between PROM1 and radixin in propor-

tion to the increasing expression level of the FERM domain in

HEK293 cells (Fig 6C), indicating the specific interaction between

two proteins through FERM domain. Indeed, canalicular localiza-

tion of endogenous radixin disappeared in cells overexpressing the

FERM domain (Fig 6D). Next, we monitored glucagon-induced

PKA activation after adenoviral overexpression of the FERM

domain in primary mouse hepatocytes. Overexpression of the

FERM domain prevented glucagon-induced phosphorylation and

nuclear localization of CREB (Figs 6E and EV5C). Overexpression

of the FERM domain prevented glucagon-induced phosphorylation

of PKA substrates (Fig 6F), but did not affect glucagon-elicited

cAMP production (Fig EV5D). We further analyzed the dominant-

negative effect of the FERM domain on glucagon-elicited gluconeo-

genesis in vivo. Systemic adenoviral overexpression of the FERM

domain mitigated glucagon-elicited hyperglycemia (Fig 6G). In

addition, overexpression of the FERM domain prevented glucagon-

induced phosphorylation of CREB and PKA substrates in the livers

of glucagon-treated mice (Fig 6H), and improved glucose and

pyruvate tolerance but not insulin tolerance (Fig 6I). Taken

together, we concluded that the FERM domain of radixin is neces-

sary for the interaction with PROM1 and its confinement to lipid

rafts to facilitate radixin’s function as an AKAP during hepatic

gluconeogenesis.

AKAP activity of radixin in glucagon-elicited gluconeogenesis

was further substantiated by a knockdown-rescue experiment. We

examined glucagon-induced PKA activation in primary mouse hepa-

tocytes in which endogenous radixin was knocked down by aden-

oviral shRNA, and shRNA-resistant radixinR or LPTDR was re-

introduced by adenoviral transduction. We used the LPTD mutant

of radixin, because L421P mutation disrupts the ability of radixin to

bind to PKA, which prevents radixin from functioning as AKAP.

T564D mutation is utilized because it is known to mimic phosphory-

lation in all ERM proteins and their open and active conformations

(Deming et al, 2015). Ectopic expression of shRNA-resistant

radixinR rescued glucagon-induced phosphorylation of PKA

substrates, while radixin mutant LPTDR could not (Fig 7A).
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Figure 6. Overexpression of radixin mutant mitigates glucagon-elicited hyperglycemia.

A, B The molecular interactions between PROM1 and radixin mutants were determined by co-immunoprecipitation with an anti-FLAG antibody. HEK293 cells were co-
transfected with plasmids expressing Myc-radixin and various deletion mutants of PROM1-FLAG (A) or with plasmids expressing PROM1-FLAG and various deletion
mutants of Myc-radixin (B) for 24 h.

C The molecular interaction between PROM1-FLAG and Myc-radixin in the presence of increasing amounts of Myc-FERM was determined by co-
immunoprecipitation with an anti-FLAG antibody.

D–F WT primary hepatocytes were infected with an adenovirus harboring FERM-Myc (Ad-FERM-Myc) or LacZ (Ad-LacZ) for 48 h. The cellular localization of radixin (D)
and the nuclear localization of p-CREB after glucagon stimulation for 10 min (E) was determined by immunofluorescence staining. Scale bar, 20 lm. (F) Ad-FERM-
Myc- or Ad-LacZ-expressing WT hepatocytes were serum-starved for 16 h and stimulated with glucagon (10 nM) for 10 min. Levels of p-PKA substrates, p-CREB,
CREB, FERM-Myc, and GAPDH were determined by immunoblotting.

G–I Twelve-week-old male wild-type mice were infected with an adenovirus harboring GFP or FERM for 3 days, fasted for 4 h, and intraperitoneally injected with
glucagon. (G) Blood glucose levels (mg/dL) were measured 0, 15, 30, 60, and 120 min after glucagon stimulation (0.2 mg/kg body weight, n = 10 mice/group). (H)
Levels of p-CREB, CREB, p-PKA substrates, and FERM in the liver 10 min after glucagon stimulation (2 mg/kg body weight) were determined by immunoblotting
(n = 3 mice/group). (I) Glucose disposal rates in GFP- or FERM-overexpressing mice were measured using glucose, pyruvate, and insulin tolerance tests (n = 10
mice/group).

Data information: Data are presented as mean values � SEM. Two-tailed Student’s t-test was used for statistical analysis. *P < 0.05, **P < 0.01, ***P < 0.001.
Source data are available online for this figure.
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Overexpression of LPTDR mutant alone in primary mouse hepato-

cytes decreased the glucagon-induced phosphorylation of CREB and

PKA substrates (Fig 7B), which suggested the dominant-negative

effect of LPTDR mutant as well.

Because our results showed that Prom1-deficient mice displayed

improved glucose and pyruvate tolerance but not insulin tolerance

(Fig 3E and F), we examined glucagon-elicited gluconeogenesis in

high-fat diet-induced obese (DIO) Prom1+/+ and Prom1�/� mice.

DIO Prom1�/� mice exhibited a mitigation of glucagon-elicited

hyperglycemia (Fig 7C). Prom1 deficiency also prevented glucagon-

induced phosphorylation of CREB and other PKA substrates

(Fig 7D). In DIO Prom1�/� mice, glucose tolerance, but not insulin

tolerance, was improved (Fig 7E). Moreover, systemic adenoviral

overexpression of Prom1 in DIO Prom1�/� mice enhanced glucagon-

and pyruvate-induced hyperglycemia (Fig 7F). These in vivo results

showed that the Prom1 deficiency protected mice from diet-induced

glucose intolerance.

Discussion

Prom1 is a cancer stem cell marker located in the plasma membrane

detergent-resistant lipid rafts, and its function as a regulator of

membrane dynamics including the release of membrane vesicles

from the apical surface (Marzesco et al, 2005), exosome-mediated

release of vesicles through exocytosis (Bauer et al, 2011), and

primary cilia formation (Singer et al, 2019) during stem cell activa-

tion or differentiation have been elegantly demonstrated. Our study

to delineate the function of Prom1 in normal liver provides new

insights into the physiological role of Prom1. We examined the

mechanism by which Prom1 regulates hepatic gluconeogenesis

using Prom1-deficient mice. The Prom1-radixin axis is a key signal-

ing pathway that regulates cAMP-mediated PKA activation. We

propose that Prom1 confines radixin to the plasma membrane and

radixin recruits the PKA holoenzyme to the plasma membrane.

Subsequently, glucagon-G protein-coupled receptor (GPCR)-Gsa-AC

A

E F

B C D

Figure 7. Prom1 disruption ameliorates glucagon-induced hyperglycemia in DIO mice.

A, B (A) Wild-type primary hepatocytes were infected with an adenovirus harboring sh-control (sh-Con), sh-radixin (sh-Rdx), GFP (Ad-GFP), and/or sh-resistant wild-type
radixin (Ad-RdxR) or AKAP-dead LPTD mutant of radixin (Ad-LPTDR) for 24 h. (B) Increasing amount of Ad-RdxR or Ad-LPTDR was infected to WT primary hepatocytes
for 24 h. Hepatocytes were further serum-starved for 18 h and stimulated with glucagon (10 nM) for 10 min. Levels of p-PKA substrates, p-CREB, CREB, radixin,
Myc-radixin, and GAPDH were determined by immunoblotting.

C–F Four-week-old male WT (Prom1+/+) and KO (Prom1�/�) mice were fed a high-fat diet for 8 weeks (diet-induced obesity; DIO), and fasted for 4 h before experiments.
(C) DIO WT (Prom1+/+) and KO (Prom1�/�) mice were intraperitoneally injected with glucagon. Blood glucose levels (mg/dL) were measured 0, 15, 30, 60, and
120 min after glucagon (100 lg/kg body weight) stimulation (n = 10 mice/group). (D) Levels of p-PKA substrates, p-CREB, CREB, Prom1, and GAPDH were
determined by immunoblotting 10 min after glucagon (2 mg/kg body weight) stimulation (n = 3 mice/group). (E) Glucose disposal rates in DIO WT (Prom1+/+) and
KO (Prom1�/�) mice were measured using glucose and insulin tolerance tests (n = 10 mice/group). (F) DIO KO (Prom1�/�) mice were infected with an adenovirus
harboring LacZ or Prom1 for 24 h, fasted for 4 h, and intraperitoneally injected with glucagon (100 lg/kg body weight). Blood glucose levels (mg/dL) were
measured 0, 15, 30, 60, and 120 min after glucagon stimulation (GST). Glucose disposal rates were measured using the pyruvate tolerance test (PTT) (n = 10
mice/group).

Data information: Data are presented as mean values � SEM. Two-tailed Student’s t-test was used for statistical analysis. *P < 0.05, **P < 0.01, ***P < 0.001.
Source data are available online for this figure.
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signaling pathway produces cAMP, liberating, and activating the

PKA catalytic subunit from the PKA regulatory subunit attached to

radixin. Because Prom1 deficiency interferes with the function of

radixin as an AKAP, Prom1 deficiency prevents cAMP-mediated

PKA activation.

ERM family proteins (ezrin, radixin and moesin) act as AKAPs

because they interact with the PKA regulatory subunit and various

plasma membrane-associated PKA substrates (Neisch & Fehon,

2011). Indeed, ERM proteins are required for PKA-mediated phos-

phorylation of different membrane-associated proteins, such as b-
adrenergic receptor, cystic fibrosis transmembrane conductance

regulator (CFTR), Na+-H+ exchanger 3 (NHE3), connexin 43

(Cx43), and exchange protein directly activated by cAMP (EPAC)

(Sun et al, 2000; Fouassier et al, 2001; Bretscher et al, 2002;

Weinman et al, 2003; Hochbaum et al, 2011; Pidoux et al, 2014).

We focused on the Prom1-radixin complex because among these

ERM proteins radixin is the dominant ERM protein in hepatocytes

(Tsukita et al, 1989; Kikuchi et al, 2002). Radixin knockout mice

show hyperbilirubinemia due to loss of multidrug resistance

protein 2 (MRP2) from canalicular membranes in the liver

(Kikuchi et al, 2002), deafness associated with progressive degen-

eration of cochlear stereocilia in the inner ear (Kitajiri et al, 2004),

and impaired reversal learning and short-term memory by modu-

lating inhibitory synapse transmission (Loebrich et al, 2006). Our

study provides the first evidence to show that radixin is also

involved in glucagon/b-adrenergic receptor-mediated gluconeogen-

esis via Prom1-radixin axis. Prom1 deficiency disrupts the localiza-

tion of radixin in canalicular membranes, prevents the formation

of cortical actin (Figs 5F and EV4D), and inhibits glucagon-,

isoprenaline-, or cAMP-induced PKA activation (Figs 3 and EV2)

without changing the amount of PKA catalytic subunit (Fig EV3F).

These results demonstrate that Prom1 deficiency abrogates the

function of radixin as an AKAP which allows the PKA holoenzyme

and PKA substrates to assemble in the same place. Failing to con-

fine the PKA holoenzyme and PKA substrates in close proximity

due to Prom1 deficiency may explain the reduced phosphorylation

level of PKA substrates even at the supra-physiological concentra-

tion of activators used in our study. In addition, because PKA has

a generous substrate specificity (Dalerba et al, 2007), it is crucial

to tightly regulate PKA localization through its interaction with

AKAPs (Beene & Scott, 2007) and activation through confined

cAMP concentration (Rich et al, 2001; Zaccolo & Pozzan, 2002).

Recently, Smith et al (Smith et al, 2017) have demonstrated that

local PKA activation is regulated by the conformational change of

holoenzyme, not by the complete dissociation of catalytic subunit

at the physiological concentration of cAMP. In accordance with

these reports our findings also demonstrated that local con-

finement of PKA to which cAMP is readily available by the inter-

action with radixin, a hepatocyte-specific AKAP, and Prom1

complex is an important process that provides the specificity

required for regulating glucagon-induced gluconeogenesis. This

may explain the lack of action from other AKAP proteins in the

presence of glucagon or 8-Br-cAMP. More interestingly, we demon-

strated the importance of Prom1-radixin axis not only in glucagon-

elicited gluconeogenesis, but also in b-adrenergic receptor-

mediated gluconeogenesis (Fig 3). These results suggest that

Prom1-AKAP interaction may participate in regulating GPCR

signaling in other phenotypes or organs.

Membrane-associated AKAPs are known to be involved in

cAMP-induced phosphorylation and the activation of nuclear

CREB. Although membrane-bound AKAP5 interacts with E-

cadherin, b-adrenergic receptor, adenylyl cyclase, and the

cytoskeleton, cAMP-induced phosphorylation of nuclear CREB is

increased by its overexpression but is reduced by its knockdown

(Fraser et al, 2000; Altier et al, 2002; Gorski et al, 2005). cAMP-

induced phosphorylation of nuclear CREB is also reduced with a

cell-permeable peptide treatment that inhibits the molecular inter-

action between PKA and AKAP (Friedrich et al, 2010; Godbole

et al, 2017). Similar to the observations in the above examples,

the Prom1-radixin complex in the plasma membrane regulates

cAMP-induced phosphorylation of nuclear CREB. Then, one may

ask what connects these two events. Dalle and colleagues demon-

strate that ERK1/2 mediates the activated PKA at the membrane

and CREB phosphorylation in the nucleus in the MIN6 cell line

and pancreatic islets (Dalle et al, 2004). However, we did not

observe ERK1/2-dependent phosphorylation of CREB when stimu-

lated by glucagon in primary hepatocytes. On the other hand,

Gervasi and colleagues have proposed two possibilities in

discussing the relatively slow kinetics of PKA signaling in the

cytosol and the nucleus compared to that at the membrane: Either

the free PKA catalytic subunit moves out from the compartmental-

ized microdomain at the membrane or the substrates transport

from the cytosol or the nucleus to the cAMP signaling domains

(Gervasi et al, 2007). While supporting the former, our results

showed that the interaction between PKA catalytic subunits and

CREB took place in the nucleus in 20 min after glucagon stimula-

tion (Fig EV4F). Additionally, Neary and Cho-Chung have demon-

strated that depletion of the PKA regulatory subunits induces

nuclear translocation of the PKA catalytic subunit (Neary &

Cho-Chung, 2001). Therefore, it is possible that local high concen-

tration of cAMP at the signaling microdomain releases the PKA

catalytic subunit slowly from PKA holoenzymes, and free catalytic

subunit translocates into the nucleus. We cannot rule out the other

possibilities such as the presence of other cascading kinases

between PKA at the membrane and the substrates or the transloca-

tion of the substrates to the membrane and moving back to their

original locations. That remains to be answered elsewhere.

Even though Prom1 is known as a transmembrane glycoprotein,

several studies have reported Prom1 in the nucleus of cultured

cervical loop epithelium associated stem cells (CLESCs) (Singer

et al, 2019) and hepatocellular carcinoma (HCC) with good progno-

sis (Chen et al, 2017; Singer et al, 2019) and the endocytic compart-

ments of HCC cell lines (Izumi et al, 2019). Although the function of

nuclear Prom1 in HCC is not clear, Prom1 in CLESC plays a key role

in stem cell maintenance and activation through interaction with

Glis2, a transcription factor, in the nucleus. Using the identical

Prom1 antibody (13A4) used to detect nuclear Prom1 in CLESC, we

have observed Prom1 both in the cytosolic vesicles and plasma

membrane in the liver. It is possible that Prom1 in endocytic vesi-

cles may be in endocytic or recycling route, and Prom1 in these

routes may be associated with other signaling pathways.

It is of note that several Prom1�/� mouse lines generated to

understand the role of Prom1 in various organs (Nishide et al, 2009;

Zacchigna et al, 2009; Zhu et al, 2009) show no apparent pheno-

types other than the loss of vision (Zacchigna et al, 2009). In addi-

tion, individuals with a frame-shift mutation (Maw et al, 2000), a
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non-sense mutation (Zhang et al, 2007), or a missense mutation

(Yang et al, 2008) in the PROM1 locus show retinal degeneration or

sometimes polydactyly. Zacchigna et al (Zacchigna et al, 2009)

suggested that lack of phenotype in Prom1-deficient mice may have

come from the expression of Prom2 with the redundant functions

(Walker et al, 2013). Interestingly, retina and liver in which loss of

Prom1 show phenotypes have no Prom2 expression (Fargeas et al,

2003).

Using Prom1-deficient or radixin knockdown mice, we show that

the Prom1-radixin complex is required for hepatic gluconeogenesis.

While our study shows that both lean and high-fat diet-fed mice

lacking Prom1 or radixin exhibited decreased blood glucose level

after fasting for 4 h, Karim et al (Karim et al, 2014) reported that

the blood glucose level after fasting was 254 mg/dl in the Prom1�/�

mice compared to 158 mg/dl in the wild-type mice. It is possible

that the discrepancy may have come from the fact that mouse strain

with a different genetic background, C57BL/6N, and 129SvEv, was

used in all experiments, although the starting Prom1�/� strain was

identical.

Our observations, a decreased blood glucose level after a 4-h fast-

ing and improved glucose and pyruvate tolerance without changing

the insulin sensitivity in both lean and high-fat diet-fed mice lacking

Prom1 or radixin, suggest that Prom1 and radixin may be excellent

target proteins for lowering blood glucose level in patients with

diabetes. Therefore, a chemical drug that interferes with the molecu-

lar interaction between Prom1 and radixin might thus be useful as a

treatment for hyperglycemia by inhibiting the gluconeogenic signal-

ing pathway.

Materials and Methods

Animal studies

Prom1 knockout mice (Prom1cre-ert2-nlacz) were purchased from The

Jackson Laboratory (Stock NO. 017743, Bar Harbor, ME, USA). The

Prom1�/� mice were backcrossed with C57BL/6N mice for five

generations. Mice were genotyped and assigned to each experimen-

tal groups according to the genotype (Appendix Fig S1). All animal

studies were conducted with the approval of the Korea University

Institutional Animal Care and Use Committee and the Korean

Animal Protection Law (KUIACUC-2017-14, -2018-6 and -2019-

0111).

For glucagon stimulation tests, glucagon (200 lg/kg body weight

for mice fed a normal chow diet, 100 lg/kg body weight for mice fed

a high-fat diet, Sigma-Aldrich, St Louis, MO, USA) was intraperi-

toneally injected into male mice that had fasted for 4 h. For glucose

tolerance tests, D-glucose (2 g/kg body weight, Sigma-Aldrich, St

Louis, MO, USA) was intraperitoneally injected into male mice that

had fasted overnight. For insulin tolerance test, insulin (0.75 U/kg

body weight for mice fed a normal chow diet, 1.5 U/kg body weight

for mice fed a high-fat diet, Sigma-Aldrich, St Louis, MO, USA) was

intraperitoneally injected into male mice that had fasted for 4 h. For

pyruvate tolerance test, pyruvate (2 g/kg body weight, Sigma-Aldrich,

St Louis, MO, USA) was intraperitoneally injected into male mice that

had fasted overnight. For epinephrine stimulation test, epinephrine

(3 lg/10 g, Sigma-Aldrich, St Louis, MO, USA) was intraperitoneally

injected into male mice that had fasted for 4 h. For immobilization

stress test, male mice were restrained in a ventilated acrylic restrainers

to allow the animal to breathe but not to move otherwise.

Preparation of mouse primary hepatocytes

Primary hepatocytes were isolated from 8-week-old C57BL/6 male

mice as previously described (Koo et al, 2005). Briefly, mice were

anesthetized with avertin (intraperitoneal injection of 250 mg/kg

body weight), and livers were perfused with a pre-perfusion buffer

(140 mM NaCl, 6 mM KCl, 10 mM HEPES, and 0.08 mg/ml EGTA,

pH 7.4) at a rate of 7 ml/min for 5 min, followed by a continuous

perfusion with collagenase-containing buffer (66.7 mM NaCl,

6.7 mM KCl, 5 mM HEPES, 0.48 mM CaCl2, and 3 g/ml collagenase

type IV, pH 7.4) for 8 min. Viable hepatocytes were harvested and

purified with a Percoll cushion. Then, hepatocytes were re-suspended

in complete growth medium, 199 medium containing 10% FBS,

23 mM HEPES, and 10 nM dexamethasone, and seeded on collagen-

coated plates at a density of 300,000 cells/ml. After a 4-h attachment

period, the medium was replaced with complete growth medium

before use in any experiments and was changed daily. 3D culture of

primary hepatocytes is described elsewhere (Swift & Brouwer, 2010).

Measurement of cAMP concentrations

Levels of cAMP were quantified using a cAMP ELISA kit (Applied

Biosystems, Waltham, MA, USA) according to the manufacturer’s

protocol. For mouse primary hepatocytes, cells growing in 6-well

plates were lysed with IBMX and cAMP concentrations were quanti-

fied. Concentrations of cAMP in mouse liver samples were

measured using ELISA and normalized to the weight.

Measurement of PKA activity

PKA activity was measured using a PKA kinase activity assay kit

(Abcam, Cambridge, UK), according to the manufacturer’s protocol.

Briefly, whole-cell lysates were incubated with a specific synthetic

peptide as a substrate for PKA and a polyclonal antibody that recog-

nizes the phosphorylated form of the substrate. Relative PKA activ-

ity was measured by determining the optical density.

Proximity ligation assay

In situ proximity ligation assay was used to detect protein–protein

interactions in cells. Briefly, cells were cultured on collagen-coated

confocal dishes and fixed with 4% paraformaldehyde. Then, cells

were permeabilized with 0.1% Triton X-100 in phosphate buffer and

incubated with a blocking buffer for 30 min to prevent nonspecific

binding. Samples were sequentially incubated with a primary anti-

body, PLA probe, ligase, and polymerase, according to the manufac-

turer’s instructions (Duolink, Sigma-Aldrich, St Louis, MO, USA).

PLA-positive cells exhibited red fluorescent signals. The fluorescent

signal was observed using a confocal laser scanning microscope

(40× water objectives, LSM800, Carl Zeiss).

Quantitative real-time PCR

RNA (2 lg) was reverse transcribed to cDNAs using random

hexamer primers, oligo dT, and Reverse Transcription Master
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Premix (ELPIS Biotech, Daejeon, Korea). Quantitative real-time PCR

analyses were performed using the cDNAs from the reverse tran-

scription reactions and gene-specific oligonucleotides (Table 1) in

the presence of TOPreal qPCR 2X premix (Enzynomics, Daejeon,

Korea). The following PCR conditions were used as follows: an

initial denaturation step at 95°C for 10 min, followed by 45 cycles of

denaturation at 95°C for 10 s, annealing at 58°C for 15 s, and elon-

gation at 72°C for 20 s. The melting curve for each PCR product was

assessed for quality control..

Measurement of hepatic glucose output

Glucose production was determined using the glucose assay kit from

Sigma-Aldrich according to the manufacturer’s instructions. Primary

hepatocytes were seeded on collagen-coated 6-well plates (0.8 × 106

cells/well). After 3 h, cells were infected with a virus overnight. After

24 h, the medium containing the virus was removed and replaced

with fresh complete 199 medium. After 18 h, the medium was

removed, and the cells were rinsed twice with PBS. Then, glucose

production buffer (consisting of glucose-free DMEM lacking phenol

red, pH 7.4, 20 mM sodium pyruvate, 2 mM L-glutamine and 15 mM

HEPES) was added to the cells. After 4 h, the medium was collected

and the amount of glucose in the medium was determined using the

glucose assay kit (Sigma-Aldrich, St Louis, MO, USA).

siRNA interference

All siRNAs (Table 2) were synthesized by Bioneer Inc. (Daejeon,

Korea). Cells were transfected with 100 nM siRNA using Lipofec-

tamine RNAiMAX reagent (Invitrogen, Carlsbad, USA).

Adenovirus preparation and infection

Adenoviruses harboring sh-Con, sh-Rdx (radixin), sh-Prom1, GFP,

and FERM were produced as previously described (Yi et al, 2013).

AD293 cells were re-infected with viral stocks to amplify the viruses,

and viruses were purified by double cesium chloride-gradient ultra-

centrifugation. Infectious viral particles in the cesium chloride gradi-

ent (density = ~1.345) were collected, dialyzed against a 10 mM

Tris (pH 8.0), 2 mM MgCl2, and 5% sucrose solution, and stored at

�80°C. Recombinant adenovirus (0.5 × 109 pfu) was injected into

the tail veins of mice. Four days after the injection, the mice were

subjected to blood glucose metabolism tests.

Isolation of detergent-resistant lipid rafts

Livers from wild-type and Prom1 knockout mice or primary hepato-

cytes after cholesterol depletion by methyl-b-cyclodextrin (mbCD,
30 mM) for 30 min at 4°C were lysed in 1 ml of lysis buffer (0.5%

Lubrol WX, 25 mM HEPES, pH 6.5, 150 mM NaCl, protease inhi-

bitor cocktail, and protease inhibitor cocktail) and subjected to

Table 1. List of primer sequences for quantitative real-time
polymerase chain reaction (qRT–PCR).

Primers Sequence (50 > 30)

G6pc

F TCTGTCCCGGATCTACCTTG

R GTAGAATCCAAGCGCGAAAC

Pck1

F TATGCTGATCCTGGGCATAA

R CACGTTGGTGAAGATGGTGT

Prom1

F CTCATGGCTGGGGTTGGATT

R TGAGCAGATAGGGAGTGTCCA

Rdx

F GCTGCAGAAGAAGCCAAGTCT

R AATCTTGGCAGTGAATTCGGC

Akap7

F AAGCCAGGCTATCACATCGG

R CAGCAAACGGCATGTCTGTC

Akap8

F GTCGCAGACATGGAGCAAGG

R GACACTGGTGTTCTGGGCAT

Akap8l

F GCGCTTAGATATGATGCCGC

R ACCGGTAGAGGTCTCGTTCA

Akap9

F TCCTCATGCAGCTGGAGATTC

R TGGGCTGATCCCGAGTAGAT

Akap10

F AAACAGCCAAGCCACATGGA

R GGACAACAGTGTCACGCAAG

Akap12

F GGACGAGCAGGAGGAAACAC

R CTTGAAGCCGACGTCATTAGC

Akap13

F AGAGAAGACGCACGAAGACAC

R TTTGCCTTGCTTACCTGGTGC

18s rRNA

F GTAACCCGTTGAACCCCATT

R CCATCCAATCGGTAGTAGCG

Table 2. List of siRNA sequences for RNA interference.

Gene Sequence (50 > 30)

Control CCUACGCCACCAAUUUCU

Prom1 CAGAAACUGGCAAAGAGCAAUUUCA

Rdx GCCAAUCAAUGUAAGAGUAACUACA

Akap7 GAGGCGACAAGAATGATCATGTGAA

Akap8 CAGGCCCTGTATACCTGAGCATAAT

Akap8l CCCAGCCCACCTGTGATTATGGATA

Akap9 CAGTGTGAAACAGACAACCTGATAA

Akap10 CCCACTGCTTGTGACTCAATCAGAA

Akap12 ACGTCGGCTTCAAGAAGGTATTTAA

Akap13 CAGCTGTACTGGACATATTTCTAAA
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discontinuous sucrose gradient ultracentrifugation (40, 30 and 5%)

using a SW41 Ti rotor (287,000 g) for 18 h at 4°C. After centrifuga-

tion, the sucrose solutions were fractionated into 12 fractions. An

opaque buoyant band corresponding to the lipid rafts was collected

at the interface between the 30 and 5% sucrose solutions.

Plasmid construction and transient transfection

Deletion mutants of FLAG-tagged human PROM1 transcript variant

3(PROM1-FLAG) and Myc-radixin (Table 3) were generated by

reverse PCR using the primer sets (Table 4). mTagBFP2-Farnesyl-5

was a gift from Michael Davidson (Addgene plasmid # 55295). The

Myr-BFP-IC3 construct of Prom1 was generated as follows: First, the

myristoylation sequence was added at the N-terminus of

pmTagBFP2 using reverse PCR; second, Prom1-tail-3XFLAG was

added at the C-terminus of pmTagBFP2 using the DNA assembly

method (#E2621, NEB, Ipswich, MA, USA). Myr-BFP was generated

by removing the Prom1-tail from Myr-BFP-IC3 by reverse PCR. DNA

transfection was performed using Lipofectamine 3000 reagent (Invit-

rogen, Carlsbad, USA), according to the manufacturer’s protocol.

Immunoblotting and immunoprecipitation

Cells were lysed with the following lysis buffer: 50 mM Tris-Cl, pH

8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1%

SDS, protease inhibitor mixture, and phosphatase inhibitor mixture

(Sigma-Aldrich, St Louis, MO, USA). Whole-cell lysates (WCL)

obtained from the supernatant after microcentrifugation at

20,000 g for 15 min at 4°C were subjected to sodium dodecyl

sulfate–polyacrylamide gel electrophoresis (SDS–PAGE). The sepa-

rated proteins were transferred to a nitrocellulose membrane and

incubated with specific primary antibodies (Table 5) and horse-

radish peroxidase (HRP)-conjugated secondary antibodies. Antigens

were visualized using an enhanced chemiluminescence substrate kit

(Thermo Fisher Scientific, Waltham, MA, USA). For immunoprecipi-

tation, cells were lysed in buffer containing 20 mM Tris–HCl (pH

7.4), 137 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, and a protease inhi-

bitor cocktail (Sigma-Aldrich, St Louis, MO, USA). Whole-cell

lysates (500 lg of protein, WCL) were incubated with specific

antibodies overnight and then with 60 ll of Protein A- or Protein G-

agarose bead slurry (Roche, Mannheim, Germany) for 3 h. Immuno-

precipitates were analyzed by immunoblotting.

Immunofluorescence staining

For immunofluorescence staining of cells, cells were fixed with 4%

paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.4) for

15 min, permeabilized with 0.1% Triton X-100 for 10 min, and

blocked with blocking solution (2.5% normal horse serum in PBS)

for 30 min. Cells were then incubated with primary antibody at their

working concentrations in blocking buffer for 1 h at room tempera-

ture or overnight at 4°C, followed by 1 h of incubation with fluores-

cent dye-labeled secondary antibodies (Thermo Fisher Scientific,

Waltham, MA, USA). The primary antibodies at their working

concentrations are as follows : rabbit anti-phospho-CREB (CST,

5 lg/ml), rabbit anti-radixin (CST, 5 lg/ml), mouse anti-radixin

(BD, 5 lg/ml), and rabbit anti-Myc (Sigma, 2.5 lg/ml). Confocal

images were captured on an LSM 800 META confocal microscope

(Zeiss, Oberkochen, DE). For immunofluorescence staining of

tissues for Prom1, fresh-frozen tissues were cut into 2-lm thin

sections using a Leica ultramicrotome. The sections were fixed in

4% paraformaldehyde in 0.1 M phosphate buffer for 1 h at 37°C.

The tissues were then blocked with blocking solution (2.5% normal

horse serum in PBS) for 30 min at room temperature, and followed

by incubation with the primary antibody (rat anti-Prom1 antibody,

clone, 13A4, 10 lg/ml, Thermo Fisher Scientific, Waltham, MA,

USA) for overnight at 4°C. The slides were then incubated with fluo-

rescence-conjugated secondary antibody (Thermo Fisher, Waltham,

MA, USA) for 1 h at room temperature. For CK-19, HNF4a, radixin,
and human PROM1 immunocytochemistry, heat-induced antigen-

retrieval using hot steam in sodium citrate solution (pH = 6.0) was

performed on thin cryosections, followed by blocking in blocking

buffer, incubation with the primary antibody for 1 h, and the fluo-

rescent dye-labeled secondary antibodies (Thermo Fisher Scientific,

Waltham, MA, USA) for 1 h at room temperature. The primary anti-

bodies at their working concentrations are as follows : rabbit anti-

cytokeratin 19 (Abcam, 2.5 lg/ml), mouse anti-HNF4a (Abcam,

2.5 lg/ml), rabbit anti-radixin (CST, 1/200), and mouse anti-human

Table 3. List of DNA constructs used in the study.

Plasmid
construct

Backbone
plasmid Inserted gene Database Source

Prom1-Flag pCMV-3Tag-3A Full-length Human PROM1 1-856 GenBank: NM_001145847.1

1-133-Flag pCMV-3Tag-3A Human PROM1 1-133

1-459-Flag pCMV-3Tag-3A Human PROM1 1-459

1-812-Flag pCMV-3Tag-3A Human PROM1 1-812

Myr-BFP-IC3-Flag pCMV-3Tag-3A Myristoylation sequence-BFP- PROM1 813-856

Myr-BFP-Flag pCMV-3Tag-3A Myristoylation sequence-BFP

Myc-Radixin pCMV-myc Full-length Human Radixin 1-583 GenBank: NM_001260494 21C Frontier Human Gene
Bank (KRIBB, Daejeon,
Republic of Korea)

Myc-1-310 pCMV-myc Human Radixin 1-310

Myc-1-492 pCMV-myc Human Radixin 1-492

Myc-493-583 pCMV-myc Human Radixin 493-583
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PROM1 (DSHB, 1 lg/ml). After mounting with fluorescence mount-

ing medium (Agilent, Santa Clara, CA, USA), the images were

captured using an LSM 800 META confocal microscope (Zeiss, Ober-

kochen, DE).

Immunohistochemistry

Each paraformaldehyde-fixed samples were either embedded in

paraffin or frozen in OCT compound and cut into 5 lm-thick

sections. Tissue samples were then stained with hematoxylin–eosin

(HE) or periodic acid-schiff (PAS) according to standard protocol,

and the images were captured using a light microscope (Leica).

b-galactosidase staining of liver tissues

Improved b-galactosidase staining of liver tissues was previously

described (Trifonov et al, 2016). Briefly, livers were fixed in 2%

paraformaldehyde in 0.1 M phosphate buffer for 4 h. They were

then washed three times in 0.1 M phosphate buffer for 20 min each.

The tissues were then incubated in 20% sucrose in phosphate buffer

at 4°C overnight and finally embedded in the OCT compound.

Frozen sections were then incubated in dark in staining solution at

37°C. The staining solution consisted of 1 mg/ml X-gal (beamsbio,

Korea) and 0.4 mM of NBT (4-nitro blue tetrazolium chloride,

Abcam, Cambridge, UK), in rinse solution; 0.1% sodium deoxy-

cholate, 0.2% IGEPAL, 2 mM MgCl2, and 0.1 M phosphate buffer

(pH 7.3) for overnight. During incubation in staining solution, the

samples were wrapped in aluminum foil to protect them from light.

The images were captured using a light microscope (Leica).

Correlative light and electron microscopy

For the correlative light and electron microscopy, primary hepato-

cytes from WT and KO mice were cryoprotected with 2.3 M

sucrose in 0.1 M phosphate buffer and frozen in liquid nitrogen.

Semi-thin cryosection (1-lm-thick) was cut at �100°C with a

glass knife in a Leica EM UC7 ultramicrotome equipped with an

FC7 cryochamber (Leica). The sections were labeled at 4C over-

night using a polyclonal antibody against Prom1 (1:200,

clone:13A4, Thermo Fisher Scientific, Waltham, MA, USA). Anti-

body staining was visualized using an Alexa Fluor 488-Fluoro

Nanogold (1:100, Nanoprobes, Yaphank, NY, USA). Cover slipped

sections were examined with a confocal microscope with a dif-

ferential interference contrast setting to find specific areas for

later examination by electron microscopy. After the coverslips

had been floated off the sections, silver enhancement was

performed using the HQ silver enhancement kit (Nanoprobes) for

3 min, and the tissues were prepared further for electron micro-

scopy. After post-fixation, dehydration, and embedding in Epon

812 (Polysciences, Warrington, PA, United States), areas of inter-

est were excised and glued onto resin blocks. After being cut into

ultrathin sections 70–90 nm thick, the samples were observed in

an electron microscope (JEM 1010; JEOL, Tokyo, Japan) with

slight uranyl acetate staining.

Human liver samples

Specimens of human liver were obtained from Dongguk Univer-

sity Hospital in Gyeongju, South Korea (Approval number:

Table 4. List of primers used for Mutant constructions.

Deletion mutant Sequence (50 > 30)

PROM1 1-133 F AAGCTTATCGATACCGTC

R TTCTCCACCACATTTGTTAC

PROM1 1-457 F AAGCTTATCGATACCGTCG

R CCTGTCATAGCCGCACAC

PROM1 1-812 F AAGCTTATCGATACCGTC

R TCGACGATAGTACTTAGC

Radixin 1-310 F CTTATGGCCATGGAGGCCCGAATGCCGAAACCAATTAACGTG

R CGAGAGATCTCGGTCGACCGTTACCTAGCCTGAGCCTTCATCTG

Radixin 1-492 F CTTATGGCCATGGAGGCCCGAATGCCGAAACCAATTAACGTG

R CGAGAGATCTCGGTCGACCGTTAATTCTCATCGTGTTCATCATGTTC

Radixin 493-583 F CTTATGGCCATGGAGGCCCGAAATGCTGAAGCTAGTGCTGAATTATC

R CGAGAGATCTCGGTCGACCGTTACATTGCTTCAAACTCATCGATAC

Myr-BFP-IC3

+ Myristoylation sequence F AAGGACCCAAGCCAGAGAAGGGTGTCTAAGGGCGAAGAGC

R TGGTTTGGACTTGCTAGATCCCATGGTGGCGACCGGTAG

+ CD133-tail-3xTail F CAAGCTTAATTCCGGACTCAGATCTATGGATTCGGAGGACGTG

R CATCAGGAGGGTTCAGCTTAGATCTATTTATCGTCATCATCTTTGTAGTC

Myr-BFP

- PROM1 -tail F AAGCTTATCGATACCGTCGACCT

R AGATCTGAGTCCGGAATTAAGCTTGTG
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110757-201909-HR-06-02). The patients had been diagnosed with

mild liver fibrosis by histological examination at hospitals in

South Korea.

Rap activation assay

Rap activity assays were performed according to the manufacture’s

protocol (Abcam; ab212011, Cambridge, UK). Briefly, primary

mouse hepatocytes were lysed at 4°C in a buffer containing 50 mM

Tris-Cl, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxy-

cholate, 0.1% SDS, protease inhibitor mixture, and phosphatase

inhibitor mixture. Cells lysates were incubated for 30 min with

agarose beads coupled to the Rap-binding domain (RBD) of RalGDS

(Ral Guanine Nucleotide Dissociation Stimulator), which bind

specifically to the active form of Rap. Subsequently, the precipitated

GTP-Rap was detected by Western blot analysis using anti-Rap1

antibody.

Statistical analysis

The number of mice used was determined on the basis of prelimi-

nary experiments in the same model and calculating the statistical

power of each experiment. Data are presented as means � SEM.

Sample numbers and experimental repeats are indicated in the fig-

ure legends. A two-tailed Student’s t-test was used to calculate the

P-values using the GraphPad Prism software. Significance levels are

*P < 0.05; **P < 0.01; ***P < 0.001; and NS, non-significant.

P-value of < 0.05 was considered statistically significant.

Table 5. List of antibodies for immunoblotting (IB), immunofluorescence (IFA) and immunoprecipitation (IP).

Antigen name Company Catalog number Experiments (dilution factor)

Prom1 Miltenyi Biotec 130-092-442 IB (1:200), IP (2ug)

Prom1 Sigma MAB4310 IB (1:200), IP (2ug), IFA (1:200)

Prom1 Abcam Ab19898 IB (1:200), IP (2ug), IFA (1:200)

Prom1 eBioscience 14-1331-82 IB (1:200), IP (2ug), IFA (1:100)

PCK Santa Cruz Biotechnology 32879 IB (1:2,000)

G6PC Santa Cruz Biotechnology 25840 IB (1:2,000)

p-CREB Cell Signaling Technology 9198 IB (1:1,000), IFA (1:200)

CREB Cell Signaling Technology 9197 IB (1:1,000), IFA (1:200)

p-PKA substrate Cell Signaling Technology 9624 IB (1:2,000)

HSL Cell Signaling Technology 4107 IB (1:2,000)

p-HSL Cell Signaling Technology 4139 IB (1:2,000)

IP3R Cell Signaling Technology 8568 IB (1:2,000)

p-IP3R Cell Signaling Technology 3760 IB (1:2,000)

RDX Cell Signaling Technology 2636 IB (1:2,000), IFA (1:200)

RDX Invitrogen MA5-17245 IB (1:1,000), IFA (1:200)

Myc Santa Cruz Biotechnology sc-40 IB (1:1,000), IP (2ug)

Myc EMD Millipore 05-724 IB (1:1,000), IP (2ug), IFA (1:200)

Actin Sigma-Aldrich A2066 IB (1:3,000)

FLAG Sigma-Aldrich F1804 IB (1:1,000), IP (2ug)

Flotillin Santa Cruz Biotechnology sc-25506 IB (1:2,000)

TFR Invitrogen 13-6800 IB (1:2,000)

GAPDH Santa Cruz Biotechnology sc-32233 IB (1:1,000)

Prom1 Miltenyi Biotec 130-092-442 IB (1:100)

p-ERK Santa Cruz Biotechnology 7383 IB (1:2,000)

ERK Santa Cruz Biotechnology 94 IB (1:2,000)

p-AKT Cell Signaling Technology 9271 IB (1:2,000)

AKT EMD Millipore 05-591 IB (1:2,000)

IR b BD 611277 IB (1:2,000)

Ezrin Cell Signaling Technology 3145 IB (1:2,000)

Moesin Cell Signaling Technology 3150 IB (1:2,000)

PKA C Cell Signaling Technology 4782 IB (1:2,000)

PKA R Cell Signaling Technology 3927 IB (1:2,000)
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RNA sequencing analysis

RNA sequencing and analysis were performed by LAS (Gimpo,

Korea) as followings.

Library preparation and sequencing
Total RNA was extracted using TRIzol� RNA Isolation Reagents

(Life technologies). The quantity and quality of the total RNA were

evaluated using Agilent 2100 bioanalyzer RNA kit (Agilent). The

isolated total RNA was processed for preparing mRNA sequencing

library using the Illumina TruSeq Stranded mRNA Sample Prepara-

tion kit (Illumina) according to the manufacturer’s protocol. Quality

and size of libraries were assessed using Agilent 2100 bioanalyzer

DNA kit (Agilent). All libraries were quantified by qPCR using

CFX96 Real-Time System (Bio-Rad) and sequenced on the

NextSeq500 sequencers (Illumina) with a paired-end 75 bp plus

single 8 bp index read run.

Preprocessing and genome mapping
Potentially existing sequencing adapters and raw quality bases in the

raw reads were trimmed by Skewer ver 0.2.2. The option –x AGATCGG

AAGAGCACACGTCTGAACTCCAGTCA and -y AGATCGGAAGAGC

GTCGTGTAGGGAAAGAGTGT were used for the common adapter

sequence of the Illumina TruSeq adapters, and the option -q 0 -l 25

-k 3 -r 0.1 -d 0.1 was used for trimming low-quality 50 and 30 ends of
the raw reads. The cleaned high-quality reads after trimming the

low-quality bases and sequencing adapters were mapped to the refer-

ence genome by STAR ver 2.5 software. Since the sequencing

libraries were prepared strand-specifically by using Illumina’s

strand-specific library preparation kit, the strand-specific library

option, –library-type=fr-firststrand was applied in the mapping

process.

Quantifying gene expression and differential expressed
gene analysis
To quantify the mapped reads on the reference genome in to the

gene expression values, Cufflinks ver 2.2.1 with the strand-specific

library option, –library-type=fr-firststrand, and other default options

were used. The gene annotation of the reference genome mm10

from UCSC genome (https://genome.ucsc.edu) in GTF format was

used as gene models, and the expression values were calculated in

Fragments Per Kilobase of transcript per Million fragments mapped

(FPKM) unit. The differentially expressed genes between the two

selected biological conditions were analyzed by Cuffdiff software in

Cufflinks package with the strand-specific library option, –library-

type=fr-firststrand, and other default options was used. To compare

the expression profiles among the samples, the normalized expres-

sion values of the selected a few hundred of the differentially

expressed genes were unsupervised clustered by in-house R scripts.

The scatter plots for the gene expression values and the volcano

plots for the expression-fold changes and P-values between the two

selected samples also were drawn by in-house R scripts.

Functional category analysis
To get the insights on the biological functional role of the differen-

tial gene expression between the compared biological conditions,

gene set overlapping test between the analyzed differential

expressed genes and functional categorized genes for KEGG path-

ways by g:Profiler ver 0.6.7.

Data availability

The datasets produced in this study are available in the following

databases: RNA-seq data: Gene Expression Omnibus (GEO) as

GSE144018 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE144018).

Expanded View for this article is available online.
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