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Abstrac t

FAM3A is a recently identified mitochondrial protein that stim-
ulates pancreatic-duodenal homeobox 1 (PDX1) and insulin 
expressions by promoting ATP release in islet β cells. In this 
study, the role of intracellular ATP in FAM3A-induced PDX1 ex-
pression in pancreatic β cells was further examined. Acute FA-
M3A inhibition using siRNA transfection in mouse pancreatic 
islets significantly reduced PDX1 expression, impaired insulin 
secretion, and caused glucose intolerance in normal mice.  
In vitro, FAM3A overexpression elevated both intracellular and 
extracellular ATP contents and promoted PDX1 expression and 
insulin secretion. FAM3A-induced increase in cellular calcium 
(Ca2 + ) levels, PDX1 expression, and insulin secretion, while 
these were significantly repressed by inhibitors of P2 receptors 
or the L-type Ca2 +  channels. FAM3A-induced PDX1 expression 
was abolished by a calmodulin inhibitor. Likewise, FAM3A-in-
duced β-cell proliferation was also inhibited by a P2 receptor 
inhibitor and an L-type Ca2 +  channels inhibitor. Both intracel-
lular and extracellular ATP contributed to FAM3A-induced PDX1 
expression, insulin secretion, and proliferation of pancreatic  
β cells.
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Introduction
Diabetes mellitus (DM) is mainly characterized by chronic hyper-
glycemia. The number of DM patients is expected to reach 642 mil-
lion by 2040 [1]. Generally, DM is caused by a relative or absolute 
deficiency of insulin secretion. Pancreatic β-cell dysregulation has 
been identified as a major factor contributing to insufficient insu-
lin secretion. In the pathogenesis of DM, chronic exposure to high 
concentrations of glucose and free fatty acids can lead to oxidative 
stress [2], inflammation [3], autophagy [4], and senescence [5], all 
of which contribute to pancreatic β-cell dysfunction and death.

Reduction of ATP synthesis is the key feature of mitochondrial 
dysfunction, which is the core event causing β-cell dysfunction and 
diabetes. Both intracellular and extracellular ATP regulates β-cell 
functions. The increase in intracellular ATP/ADP ratio leads to the 
closure of ATP-sensitive potassium (K + ) channels and opening of 
L-type calcium (Ca2 + ) channels, resulting in an increase in intracel-
lular free Ca2 +  concentration and triggering of exocytosis of insu-
lin secretory granules [6]. In diabetic islets, the ATP content was 
noted to be significantly lower than that in normal islets. Likewise, 
lipid stress was found to activate uncoupling protein 2 (UCP2) ex-
pression in pancreatic β cells and impair ATP synthesis, which could 
eventually lead to insulin secretion disorders [7]. Insulin secretory 
dysfunction caused by glucose and lipid overloads is negatively cor-
related with ATP synthesis [8, 9]. The expression of ATP synthase β 
subunit (ATPSβ) and increase in ATP synthesis is activated by leu-
cine, which then improves insulin secretion disorder in human dia-
betic islets [10]. In one study, Genipin could increase ATP produc-
tion in islets of diabetic mice by inhibiting UCP2, which improved 
insulin secretory dysfunction [11]. ATP is co-secreted with insulin 
from pancreatic β cells; released ATP, in turn, acts as a signaling 
molecule that regulates β-cell function by activating the purine 2 
(P2) receptor located on the plasma membranes of β cells [8]. The 
Ca2 +  signaling pathway has been identified as an important down-
stream pathway of the P2 receptor signaling pathway. Extracellular 
ATP has often been shown to increase th e intracellular free Ca2 +  
concentration [12–14], which, in turn, not only promotes insulin 
secretion but also activates the calmodulin (CaM)-Protein kinase B 
(Akt) signaling pathway in various cell types including pancreatic 
β cells [15, 16].

Family with sequence similarity 3, member A (FAM3A) is the first 
member of the FAM3 gene family. It is ubiquitously expressed in 
the tissues of humans and rodents [17]. We had previously dem-
onstrated that FAM3A is a new mitochondrial protein that enhanc-
es the production and release of ATP. FAM3A overexpression inhib-
its hepatic gluconeogenesis and lipogenesis by activating the ATP-
Ca2 + -Akt pathway [18], which protects against hepatic ischemia/
reperfusion injury [19] and neuronal oxidative stress [20]. FAM3A 
is also known to facilitate vascular smooth muscle cell proliferation 
[21] and adipocyte differentiation [22] by promoting ATP produc-
tion and release. FAM3A-induced ATP release in vascular smooth 
muscle cells plays a crucial role in regulating vasoconstriction and 
blood pressure [23]. In our previous study, we also showed that in-
sulin secretion is significantly impaired in pancreatic β cell-specific 
knockout FAM3A mice. Mechanistically, FAM3A-induced ATP re-
lease activates the CaM-forkhead box protein A2 (FOXA2) pathway 
to directly induce the expression of pancreatic-duodenal home-
obox 1 (PDX1), the key regulator of insulin gene expression, and 

β-cell growth and proliferation [24]. However, the role of intracel-
lular ATP in FAM3A-induced PDX1 expression and insulin secretion 
remains unclear. Although we demonstrated earlier that FAM3A is 
vital in controlling PDX1 expression and insulin secretion in genet-
ically modulated FAM3A-deficient mice, the effect of acute inhibi-
tion of FAM3A in pancreatic islets on PDX1 expression, insulin se-
cretion, and glucose metabolism remain to be examined.

In the current study, we aimed to determine the effects of acute 
inhibition of FAM3A on islet functions in vivo and also probed the 
contribution of intracellular ATP to FAM3A-induced PDX1 expres-
sion and insulin secretion in pancreatic β cells.

Materials and Methods

Animals
C57BL/6, FAM3Aflox/flox control mice (Con), and β cell-specific FAM3A 
gene knockout (BKO) mice were used in the study. All mice were male 
and 8–10 weeks old. Mice were housed with unrestricted access to 
food and water. All animal protocols complied with all relevant ethical 
regulations and were approved by the Institutional Animal Care and 
Use Committee, the Experimental Animal Center, Fuwai Hospital,  
National Center for Cardiovascular Diseases, China.

Knockdown of FAM3A in the pancreas
To knock down pancreatic FAM3A expression in mice, we mixed 
three sets of siFAM3A (synthesized by Invitrogen). Using hydrody-
namic injections, 400 μg of siFAM3A dissolved in 0.8 mL PBS was 
rapidly injected in the tail vein as described previously [25]. The se-
quences of the three sets of siFAM3A are provided in Supplemen-
tal Table 1.

Oral glucose tolerance test (OGTT)
After 12 h of fasting, mice were subjected to an OGTT. Blood sam-
ples were collected, and glucose levels were measured using a glu-
cometer at indicated time points (0, 15, 30, 60, 90, and 120 min) 
after glucose ingestion. The dose of D-glucose administration was 
2 g/kg of body weight. For determination of insulin levels, blood 
samples were collected at 0, 15, 30, and 60 min after glucose ad-
ministration, and insulin levels were measured using a rat/mouse 
insulin ELISA kit.

Isolation and culture of islets
As described previously [24], mice were anesthetized, and the 
upper part of the common bile duct near the hepatic portal vein 
was isolated and ligated. The duodenum was pulled with forceps 
and perfused with 3–5 mL of collagenase V [Sigma, 0.5 mg/mL in 
Hank’s Balanced Salt Solution (HBSS)] in the lower part of the com-
mon bile duct using an injection syringe. The pancreas was then 
isolated, collected in a 15 mL centrifuge tube containing 5 mL 
0.5 mg/mL collagenase V, and digested for 10 min at 38  °C. Subse-
quently, about 5 mL 10 % fetal bovine serum (FBS in HBSS) was 
added to the tube containing the digested pancreas, and the tube 
was then placed on ice to stop digestion. The mixture was then fil-
tered and centrifuged (1500 rpm, 2 min at 4  °C); the process was 
repeated thrice. Then, the precipitate was resuspended in HBSS, 
and the islets were viewed under a stereoscopic microscope. The 
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islets were cultured in 10 % FBS Roswell Park Memorial Institute Me-
dium (RPMI) 1640 for 24 h and later transferred to a low attach-
ment 24-well plate for glucose-stimulated insulin secretion exper-
iments or insulin and protein analysis.

Immunohistochemical and immunofluorescent 
staining
Pancreas tissues were fixed in 4 % paraformaldehyde and paraffin 
sections (5 μm) were prepared. For immunohistochemistry, sec-
tions were stained with anti-FAM3A (Sigma-Aldrich, SAB1102488), 
anti-insulin (Abcam, ab181547), and anti-PCNA (Cell Signaling 
Technology, 2586) primary antibodies. After antibody incubation 
overnight, diaminobenzidine staining was performed. For immu-
nofluorescent staining, HIT-T15 cells were fixed, permeabilized, 
blocked, and incubated with anti-FOXO1 antibodies (Cell Signaling 
Technology, 2880) at 4  °C overnight. On the next day, cells were 
stained with goat anti-rabbit Alexa Fluor 594. After nuclear stain-
ing with DAPI, images were observed under a confocal laser scan-
ning microscope, and images were acquired.

Real-time PCR
Total RNA was extracted from 30 mg of liver tissues in TRIzol rea-
gent (Invitrogen, USA) according to the manufacturer’s instruc-
tions. RNA (3–5 μg) was converted to cDNA using a cDNA synthe-
sis kit (Thermo Scientific, USA). The target genes were quantified 
using SYBR Green PCR Master Mix (TOYOBO, Japan). β-actin was 
used as an endogenous control. The primer sequences are listed in 
Supplemental Table 2.

Western blotting
Cells or tissues were lysed in RIPA lysis buffer in the presence of pro-
teinase inhibitors. Protein samples were separated by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis and transferred to ni-
trocellulose membrane. The membranes were then blocked in 5 % 
milk (in tris-buffered saline with Tween 20) for 1 h at room tempera-
ture and then incubated with primary antibodies [anti-FAM3A (Sig-
ma-Aldrich, SAB1102488), anti-pAkt (Cell Signaling Technology, 
9271), anti-Akt (Cell Signaling Technology, 9272), anti-pFOXO1 (Cell 
Signaling Technology, 9461), anti-FOXO1 (Cell Signaling Technolo-
gy, 2880), anti-PDX1 (ABclonal, A3070), anti-β-actin (ZSGB Biotech-
nology, TA-09), and anti-GAPDH (Cell Signaling Technology, 5174)] 
overnight at 4  °C. On the next day, the membranes were washed and 
incubated with secondary antibodies for 2 h. Blots were visualized 
using enhanced chemiluminescence.

Cell culture and treatment
HIT-T15 cells and INS-1 cells were maintained in RPMI 1640 medium 
supplemented with 10 % FBS. MIN6 cells were cultured in Dulbecco’s 
Modified Eagle Medium (with high glucose) supplemented with 15 % 
FBS. To inhibit the expression of the P2 receptors or Ca2 +  signaling, 
the cells were incubated with 50 μM pyridoxalphosphate-6-azophe-
nyl-2',4'-disulfonic acid (PPADS), 50 μM suramin, and 50 μM Chlor-
promazine (CPZ) or 10 μM nifedipine for another 2 h after Ad-FAM3A 
infection for 24 h. To detect insulin secretion, HIT-T15 cells were in-
cubated in Krebs-Ringer bicarbonate (KRB; 115 mM NaCl, 24 mM 
NaHCO3, 5 mM KCl, 1 mM MgCl2, 2.5 mM CaCl2, 25 mM HEPES, 0.1 % 
BSA, pH 7.4) in the absence of glucose for 1 h after infection with Ad-
FAM3A for 24 h. They were then incubated in KRB with different doses 

500

20 2 000 2 500

2 000

1 500

1 000

500

3

2

# #

#

1

0

0

25

20

15

10

5

0

150 0.8

0.6

0.4

0.2

0.0

100

50

0

1 500

1 000

500

0

2.5

2.0

1.5

1.0

0.5

0.0

Before siRNA injection
a

c

b

d e

3 days after siRNA inection

15

10

0

0 15 30 45 60

*
*

*
**

*

* *

*

*

*
*

30 60 Scramble siFAM3A Scramble siFAM3A

Scramble siFAM3A Scramble siFAM3A G0 G5 G20

Time (minute)

Time (minute)

90

Scramble
siFAM3A

Scramble
siFAM3A

Scramble
siFAM3A

Scramble
siFAM3A

120 0 30 60
Time (minute)

90 120

Bl
oo

d 
gl

uc
os

e
(m

m
ol

/L
)

AU
C 

(m
m

ol
/L

.m
in

ut
e)

Bl
oo

d 
gl

uc
os

e
(m

m
ol

/L
)

AU
C 

(m
m

ol
/L

.m
in

ut
e)

In
su

lin
 c

on
te

nt
(IU

/m
g 

pr
ot

)

In
su

lin
 s

ec
re

tio
n

(F
ol

d 
of

 C
on

)

AU
C 

of
 in

su
lin

 s
ec

re
tio

n
(n

g/
m

l.m
in

ut
e)

Se
ru

m
 in

su
lin

 le
ve

l
(n

g/
m

l)

5

0

▶Fig. 1	 Acute FAM3A knockdown significantly impaired insulin secretion. Male C57BL/6 mice were injected with scramble or siFAM3A via tail vein 
hydrodynamic injection. (a) An oral glucose tolerance test (OGTT) was performed before siRNA injection. The area under the curve (AUC) of OGTT 
(day 0) is presented in the right panel. (b) OGTT on day 3 after tail injection of scramble or siFAM3A is shown. AUC of OGTT (day 3) is presented in 
the right panel. (c) Three days after siRNA injection, blood samples were collected from the tail vein at the first four time points (0, 15, 30, and 
60 min) of OGTT, and serum insulin levels were measured. The AUC of serum insulin is presented in the right panel. (d) Insulin content in islets of 
mice with acute FAM3A inhibition and the scramble group. (e) Glucose-stimulated insulin secretion in the scramble and siFAM3A groups. For (a-c), 
N = 14–18. For (d-e), N = 6. For (a-d),  * P < 0.05 vs. scramble group. For (e),  * P < 0.05 vs. scramble islets (G0), #P < 0.05 between siFAM3A islets vs. 
corresponding scramble group under G0, G5, and G20 stimulation separately. G0: 0 mmol/L, G5: 5 mmol/L, and G20: 20 mmol/L glucose.
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of glucose (0, 5 mM, 20 mM) and KCl (30 mM). After 1 h of incuba-
tion, the supernatant was removed for insulin detection, and the in-
sulin values were normalized by protein levels.

Determination of ATP content
To determine the ATP content, an ATP-Lite Assay Kit (Vigorous Bio
technology Beijing Co., Ltd) was used [18]. Cell culture media and 
cellular components were all collected. The ATP standard curve was 
prepared with standard ATP samples and a luminometer. The ATP 
content of the samples was determined using the ATP standard 
curve and normalized to their protein level.

Determination of free cellular calcium levels
HIT-T15 cells were infected with Ad-GFP or Ad-FAM3A for 24 h. This 
was followed by incubation in KRB in the absence of glucose for 

1 hour. HIT-T15 cells were incubated in KRB with different doses of 
glucose (0, 5 mM, 20 mM) and KCl (30 mM). Then, 1 μM of Fura-2 
acetoxymethyl (AM) was added and was further incubated for 
30 min. Ca2 +  levels were measured using an Olympus ix71 fluores-
cence microscope. For inhibition of the P2 receptors, L-type 
Ca2 + channels, or Ca2 + signaling, the cells were treated with 50 μM 
PPADS, 50 μM suramin, 50 μM CPZ, or 10 μM nifedipine for 1 h be-
fore Fura-2 AM treatment.

Cell cycle analysis
Cells were infected with different adenoviruses for 24 h. For inhibi-
tion of the P2 receptors, cells were treated with 50 μM suramin for 
another 2 h, and then stained with propidium iodide using a Cy-
cleTEST PLUS DNA Reagent Kit (Becton Dickinson, USA). Cell cycles 
were measured with flow cytometry.
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3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide (MTT) assay
Cells were seeded into 96-well plates and infected with different 
adenoviruses for 24 h. For inhibition of the P2 receptors, cells were 
treated with 50 μM suramin for another 2 h. Then, 0.5 mg/mL of 
MTT was added to each well. After 4 h of incubation at 37  °C, the 
supernatant was discarded, and the precipitate was dissolved with 
dimethyl sulfoxide for 15 min. Absorbance was measured at 490 nm 
and normalized to the control values.

Statistical analysis
Data are presented as the mean  ±  standard error of the mean. The 
normal distribution of data was determined with a Shapiro-Wilk test. 
Statistical significance of differences between the groups was ana-
lyzed with a t-test or Mann–Whitney test (two groups) or with a one-
way ANOVA/Kruskal-Wallis test, followed by Bonferroni’s or Dunn’s 
post-hoc analysis, respectively (multiple groups). P-values < 0.05 
were considered statistically significant.

Results

Acute FAM3A knockdown significantly impairs 
insulin secretion
To evaluate the effect of acute FAM3A knockdown in pancreatic is-
lets on insulin secretion, FAM3A expression in mouse pancreatic is-
lets was transiently inhibited by hydrodynamic siRNA transfection in 
vivo. Before injecting siRNA, mice were randomly categorized into 
two groups. No significant difference was noted in terms of glucose 
tolerance between the two groups (▶Fig. 1a). On day 3 post siFA-
M3A transfection, although the fasting glucose level in the two 
groups of mice did not exhibit significant difference, siFAM3A-treat-
ed mice exhibited significant glucose intolerance when compared 
to the scramble-treated mice (▶Fig. 1b). Acute pancreatic FAM3A 
knockdown significantly decreased fasting serum insulin levels and 
weakened insulin secretion after a glucose load (▶Fig. 1c). We then 
examined the islets of acute FAM3A inhibited mice and observed de-
creased insulin content and impaired glucose-stimulated insulin se-
cretion compared to those in the scramble group (▶Figs. 1d–e). 
These findings suggest that acute inhibition of pancreatic FAM3A 
significantly impaired insulin secretion.
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FAM3A knockdown reduced PDX1 expression in the 
pancreas
Immunohistochemical staining, real-time PCR, and immunoblot-
ting assays revealed significantly lower expression of FAM3A in pan-
creatic islets of siFAM3A-treated mice than that in the control mice 
(▶Figs. 2a–c). This repression of FAM3A expression led to signifi-
cantly reduced insulin expression in the pancreases of siFAM3A-
treated mice compared to that in the control mice (▶Figs. 2a–b). 
Importantly, acute FAM3A repression caused a decrease in PDX1 
mRNA and protein expressions in the pancreases of the mice 
(▶Figs. 2b–c). The Akt-FOXO1 pathway plays a vital role in regu-
lating β-cell functions [26–28], therefore, we further evaluated 
whether acute FAM3A repression also influenced the Akt-FOXO1 
pathway. A western blot assay indicated acute FAM3A knockdown 
in the pancreas significantly repressed Akt phosphorylation and 
FOXO1 phosphorylation and increased non-phosphorylated FOXO1 
levels (▶Fig. 2c). Thus, acute FAM3A inhibition reduced PDX1 and 
insulin gene expressions in the pancreas of the mice.

FAM3A overexpression promoted ATP synthesis and 
insulin secretion in pancreatic β cells
Considering that FAM3A is a mitochondrial protein that increases 
ATP production in various cell lines, we evaluated the effects of 
FAM3A on ATP synthesis and insulin secretion in pancreatic β cells. 
First, we examined the efficacy of FAM3A adenovirus overexpres-

sion in HIT-T15 cells 24 h post-infection through a western blot 
assay (▶Fig. 3a); for this experiment, we chose viruses with an MOI 
of 25. FAM3A overexpression upregulated mRNA levels of PDX1, 
INS1, and INS2 genes (▶Fig. 3b) in HIT-T15 cells and also led to in-
creased cellular ATP content with the presence of different concen-
trations of glucose (0 mmol/L glucose, G0; 20 mmol/L, G20), and 
KCl compared to those in control cells (▶Fig. 3c). Overexpression 
of FAM3A also augmented ATP release with or without a glucose 
challenge in HIT-T15 cells. (▶Fig. 3d) and significantly promoted 
insulin secretion with or without glucose stimulation, but had lit-
tle effect on insulin content in HIT-T15 cells (▶Figs. 3e–f). The un-
changed insulin content after FAM3A overexpression is likely due 
to a higher secretion rate than that in control cells. These findings 
suggest that FAM3A overexpression promoted ATP synthesis and 
insulin secretion with or without glucose stimulation in HIT-T15 
cells.

Intracellular ATP contributed to FAM3A-induced increase in 
Ca2 +  levels and insulin secretion in HIT-T15 cells

To evaluate the roles of intracellular and extracellular ATP on FA-
M3A-induced Ca2 +  levels and insulin secretion, the roles of nifedi-
pine and P2 receptor inhibitors were evaluated in HIT-T15 cells. We 
found elevated Ca2 +  levels in HIT-T15 cells treated with glucose at 
5 mmol/L and 20 mmol/L when compared to 0 mmol/L (▶Fig. 4a). 
FAM3A overexpression caused an increase in intracellular free Ca2 +  
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levels with or without glucose stimulation (▶Fig. 4a). Importantly, 
inhibition of P2 receptors using PPADS or suramin, and L-type Ca2 +  
channels using nifedipine, weakened FAM3A-induced increase in 
intracellular Ca2 +  levels in HIT-T15 cells at both 0 mmol/L and 
20 mmol/L glucose concentration (▶Figs. 4b–c). In contrast, inhi-
bition of CaM using CPZ failed to affect FAM3A-promoted elevation 
of cellular Ca2 +  levels in the presence of 0 mmol/L and 20 mmol/L 
glucose in HIT-T15 cells (▶Figs. 4b–c). However, inhibition of P2 
receptors, CaM, and L-type Ca2 +  channels all impaired FAM3A-pro-
moted insulin secretion in HIT-T15 cells in the presence of 
20 mmol/L glucose (▶Fig. 4d). Overall, these findings suggest that 
both intracellular and extracellular ATP contribute to FAM3A-in-
duced increase in Ca2 +  levels and insulin secretion.

Intracellular ATP contributed to FAM3A-induced Akt 
activation and PDX1 upregulation

Activation of Akt and PDX1 is critical for maintaining pancreatic 
β-cell mass and function [29–31]. In vivo, FAM3A knockdown mark-
edly repressed the Akt-FOXO1 pathway and PDX1 expression, 
therefore, we further evaluated the effects of both intracellular and 
extracellular ATP on FAM3A-induced Akt activation in cultured cells. 
In HIT-T15 cells, FAM3A overexpression significantly promoted Akt 
and FOXO1 phosphorylation, increased FOXO1 levels, and upregu-
lated PDX1 protein levels, but this effect was reversed by the CaM 
inhibitor CPZ (▶Fig. 5a). Moreover, inhibitors of P2 receptors 
(PPADS and suramin) and the L-type Ca2 +  channels (nifedipine) 
could repress FAM3A-induced elevations of pAkt, pFOXO1, and 

PDX1 protein levels (▶Figs. 5a–b). Collectively, intracellular ATP 
also contributed to FAM3A-induced Akt activation and PDX1 up-
regulation, likely by closing the ATP-sensitive potassium channels 
to open the L-type Ca2 +  channels.

FOXO1 can inhibit PDX1 expression by interfering with the bind-
ing of FOXA2 to the promoter region of the PDX1 gene [32], there-
fore, the role of FOXO1 inactivation in FAM3A-induced PDX1 up-
regulation was evaluated. Consistent with phosphorylation, FAM3A 
overexpression reduced the nuclear distribution of FOXO1, which 
was inhibited by an inhibitor of P2 receptors (suramin) and CaM in-
hibitor (CPZ) in HIT-T15 cells (▶Fig. 6a). However, FOXO1 overex-
pression was determined to have no significant effect on PDX1 pro-
tein expression in three independent pancreatic β-cell lines (HIT-
T15 cells, INS-1 cells, and MIN6 cells; ▶Figs. 6b–d). Thus, as per 
these findings, Akt-mediated FOXO1 inactivation is not likely in-
volved in FAM3A-induced PDX1 activation in pancreatic β cells.

Intracellular ATP contributed to FAM3A-induced 
proliferation of pancreatic β cells

The proliferation of various cell types is stimulated by Akt [19, 21, 22]; 
likewise, the contributions of both intracellular and extracellular ATP 
in FAM3A-induced proliferation of pancreatic β cells were further eval-
uated. In HIT-T15 cells, FAM3A overexpression elevated the propor-
tion of S phase (DNA synthesis phase) cells and decreased G1/G2 phase 
cells as determined by cell cycle analysis (▶Fig. 7a). Besides, the MTT 
assay also indicated stimulation of the proliferation of β cells by FAM3A 
overexpression (▶Fig. 7b). In MIN6 cells, FAM3A overexpression also 

CPZ PPADS

ba

Suramin
NifedipinepAkt

Akt

pFOXO1

FOXO1

PDX1

5

4 *

#

# # # # # # # ###

#
*

*
* *

*3

2

Re
la

tiv
e 

pr
ot

ei
n 

le
ve

l
(f

ol
d 

of
 C

on
)

Re
la

tiv
e 

pr
ot

ei
n 

le
ve

l
(f

ol
d 

of
 C

on
)

1

0

3

2

1

0

GAPDH

pAkt

Akt

pFOXO1

FOXO1

PDX1

GAPDH

Ad-GFP
Ad-FAM3A

Ad-FAM3A + PPADS
Ad-FAM3A + Suramin

Ad-FAM3A + Nifedipine
Ad-FAM3A
Ad-GFP

pAkt/A
kt

pFO
XO1

PDX1

pAkt/A
kt

pFO
XO1

PDX1

Ad-FAM3A + CPZ

Ad-GFP Ad-GFPAd-FAM3A Ad-FAM3A

– –
–
– –

– –
–

–

–
–
––– + +
+

+

▶Fig. 5	 Intracellular ATP contributed to FAM3A-induced Akt activation and PDX1 upregulation. (a) The effect of CaM inhibitor (CPZ) on FAM3A-
induced Akt-FOXO1 activation and PDX1 upregulation in HIT-T15 cells. The upper panel shows a representative image, and the lower panel shows a 
statistical graph. (b) Extended exposure to PPADS, suramin, and nifedipine for 24 h weakened FAM3A-induced Akt-FOXO1 phosphorylation and PDX1 
upregulation. The upper panel shows a representative image and the lower panel shows a statistical graph. N = 4–5,  * P < 0.05 vs. Ad-GFP, #P < 0.05 
vs. Ad-FAM3A.



Yan H et al. Intracellular ATP Signaling in Pancreatic Beta Cells …  Exp Clin Endocrinol Diabetes 2022; 130: 498–508 | © 2021. The Author(s). 505

increased the percentage of S phase cells but decreased that of G1/G2 
phase cells, which was inhibited by suramin (▶Figs. 7c–d). The results 
of MTT assay also revealed that FAM3A overexpression stimulated 
MIN6 cell proliferation, but was inhibited by a P2 receptor inhibitor 
(suramin) and L-type Ca2 +  channels inhibitor (nifedipine; ▶Fig. 7e). 
Immunohistochemical staining showed inhibition of β-cell prolifera-
tion in both acute FAM3A knockdown and BKO mice (▶Figs. 7f–g). 
Overall, both intracellular and extracellular ATP contributed to the  
FAM3A-induced proliferation of pancreatic β cells.

Discussion
In this current study, we have provided new evidence that acute 
FAM3A inhibition in the pancreas impaired insulin synthesis and se-
cretion. Although gene knockout animals are powerful models for 
exploring gene functions, they always lead to genetic compensa-
tion [33–35]. Moreover, inhibition, but not knockout, can mimic 
the effects of target gene repression in the progression of diseas-

es. RNAi has been widely used in gene function analysis and gene 
therapy [36]. Acute FAM3A knockdown in the pancreas significant-
ly repressed insulin expression and secretion and caused glucose 
intolerance in mice, further supporting our previous findings using 
β cell-specific FAM3A gene knockout mice [24]. We found that the 
responsiveness and ability to secrete insulin of isolated islets to-
ward different doses of glucose in the siFAM3A group were dam-
aged. Overall, both genetic deficiency and pathophysiological re-
pression of FAM3A in pancreatic islets were found to affect cellular 
insulin content and secretion.

We showed that intracellular ATP also contributed to FAM3A-
induced PDX1 expression and insulin secretion. FAM3A-promoted 
elevation of cellular ATP also increased cellular Ca2 +  levels likely by 
closing ATP-sensitive potassium channels and opening L-type Ca2 +  
channels. Intracellular ATP elevation can trigger the opening of  
L-type Ca2 +  channels to increase cellular Ca2 +  concentrations, while 
extracellular ATP can be secreted as a signaling molecule to pro-
duce a variety of biological effects [37, 38]. The P2 receptor is the 
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receptor of exogenous ATP and is of two types, P2X and P2Y recep-
tors. P2X receptor subtypes are ligand-gated ion channel type re-
ceptors that allow Ca2 +  to pass through. A P2Y receptor isoform is 
a G protein-coupled receptor, which can increase the level of IP3 
and cause the release of Ca2 +  from the endoplasmic reticulum 
[38, 39]. Glucagon-like peptide-1 has been shown to promote in-
sulin secretion through augmentation of ATP production and in-
crease in Ca2 +  levels [40]. In this study, we found that inhibitors of 
P2 receptors (PPADS and suramin), and the L-type Ca2 +  channels 
(nifedipine) weakened FAM3A-induced elevation of cellular Ca2 +  
levels and insulin secretion. These results, along with the previous 
findings, suggest that both intracellular and extracellular ATP con-
tribute to FAM3A-induced increase in cellular Ca2 +  levels, PDX1 up-
regulation, and insulin secretion.

Overexpression of FAM3A not only elevated the mRNA levels of 
insulin genes but also increased intracellular ATP and Ca2 +  levels. 
These results indicate that FAM3A could promote both insulin syn-
thesis and secretion. Consistent with our previous findings in MIN6 
cells [24], we did not observe any increase in the intracellular insu-

lin content. This might be because most of the additional synthet-
ic insulin being released from the cells is promoted by ATP and Ca2 +  
elevation. A study in rat islets also showed that one week of leucine 
treatment also promoted glucose-induced insulin secretion, but 
reduced the cellular insulin content [41].

FAM3A induces Akt activation in various cell types to alleviate 
diabetes and fatty liver, protect against neuronal oxidative stress, 
and promote vascular smooth muscle cell proliferation [18, 20, 21]. 
FOXO1 is a direct downstream target gene of Akt. The Akt-FOXO1 
pathway mediates the protection of FAM3A in hepatic ischemia/
reperfusion injury [19] and promotes osteoprotegerin-induced 
β-cell proliferation by [42]. Liraglutide protects against apoptosis 
and facilitates the survival of pancreatic β cells in an Akt-depend-
ent manner [26]. Akt-FOXO1 was also found to mediate quercetin’s 
effect on restoring β-cell mass and functions [28]. PDX1 is also a 
key regulator of β-cell proliferation and differentiation. Loss of PDX1 
led to mouse pancreatic agenesis [43], while PDX1 deficiency in 
acinar was found to cause cell senescence [44]. Our results also 
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showed that acute FAM3A repression and β cell-specific FAM3A 
gene knockout could impair pancreatic β-cell proliferation.

FOXO1 can interfere with the binding of FOXA2 to the promot-
er region of the PDX1 gene [32]. Although we found that FAM3A 
inactivated FOXO1, overexpression of FOXO1 failed to inhibit PDX1 
in various pancreatic β-cell lines. This suggests that the inactiva-
tion of FOXO1 does not possibly have a role in FAM3A-induced PDX1 
and insulin expressions in pancreatic β cells.

In summary, our current and previous findings reveal that both 
intracellular and extracellular ATP contributed to FAM3A-induced 
increase in cellular Ca2 +  levels, PDX1 expression, and insulin secre-
tion. Moreover, FAM3A potentially influences the proliferation of 
pancreatic β cells. Thus, FAM3A is a potential target for the treat-
ment of islet dysfunction and diabetes.
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