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Hepcidin (HAMP) is synthesized in the liver. It is a key iron- 
regulatory hormone that controls systemic iron homeostasis. 
Cereblon (CRBN) and Kruppel-like factor 15 (KLF15) are known 
to regulate diverse physiological functions. In this study, we 
investigated the role of CRBN on hepatic hepcidin gene 
expression and production under gluconeogenic stimuli. Fasted 
mice as well as forskolin (FSK)- and glucagon (GLU)-treated 
mice had reduced serum iron levels but increased expression 
levels of hepatic Crbn and Klf15 and hepcidin secretion. 
MicroRNA (miRNA) expression analysis of fasted and Ad-Crbn- 
infected mice revealed significant reduction of microRNA-639 
(miR-639). Hepatic overexpression of Crbn elevated hepcidin 
expression and production along with Klf15 gene expression, 
whereas knockdown of Crbn and Klf15 markedly decreased 
FSK- and fasting-mediated induction of hepcidin gene expression 
and its biosynthesis in mouse livers and primary hepatocytes. 
Moreover, expression of KLF15 significantly increased the acti-
vity of hepcidin reporter gene. It was exclusively dependent 
on the KLF15-binding site identified within the hepcidin gene 
promoter. Overall, this study demonstrates that CRBN and 
KLF15 are novel mediators of gluconeogenic signal-induced 
hepcidin gene expression and production. Thus, CRBN and 
KLF15 might be novel potential therapeutic targets to intervene 
metabolic dysfunction. [BMB Reports 2021; 54(4): 221-226]

INTRODUCTION

Hepcidin encoded by the HAMP gene is known to be respon-
sible for iron homeostasis in various mammals (1). It has been 
demonstrated that targeted disruption of hepcidin in the liver 
can reiterate the hemochromatosis phenotype accompanied by 
increased plasma iron and massive parenchymal iron accu-
mulation (2). Hepcidin-deficient mouse models appear to be 
resistant to tissue damage and dysfunction during pulmonary 
iron overload with normal expression of upstream stimulatory 
factor 2 (USF2) (3, 4). Ceruloplasmin known to be involved in 
iron metabolism is deregulated in hepcidin-deficient mice (5). 
Conversely, mouse models of hepcidin transgenic overexpression 
in the liver have demonstrated severe iron-deficiency anemia 
(6). Hepcidin can also prevent iron overload and improve 
erythropoiesis in a mouse model of -thalassemia (7). Hepatic 
hepcidin production is increased due to infection, inflammation, 
and severe iron overload, whereas it is decreased by hypoxia, 
iron-deficiency anemia, erythropoietin, and growth factors (8). 
Our recent study has shown that b-cell translocation gene 2 
(BTG2)-yin yang 1 (YY1)-hepcidin signaling network controls 
mammalian iron homeostasis in the liver (8). The aim of the 
present study was to aimed to identify novel pathways associated 
with iron metabolism and gluconeogenesis.

Cereblon (CRBN) is a 442-amino acid protein exhibiting 
multiple functions in human brains and other tissues. It is 
associated with memory and learning (9). CRBN is also as an 
important molecular target of thalidomide (an antiemetic 
agent)-mediated teratogenicity (10). CRBN is predominantly 
expressed in the brain and moderately expressed in diverse 
tissues. It is a component of an E3 ubiquitin ligase complex by 
interacting with damage-specific DNA-binding protein 1 (DDB1), 
cullin 4 (Cul4), regulator of cullins 1 (ROC1), and ring box 
protein 1 (RBX1). Moreover, CRBN can directly interact with 
large-conductance calcium-activated potassium channels (BKCa), 
voltage-gated chloride channel (ClC)-2, ikaros zinc finger (IKZF)1, 
IKZF3, and AMP‐activated protein kinase (AMPK) (9-11). It plays 
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Fig. 1. Fasting and forskolin increases hepatic hepcidin gene ex-
pression and production in mice. (A) Wild-type (WT) mice were fed 
ad libitum (Fed) or fasted for 24 hr (Fast). Gene expressions were 
analyzed by qPCR using gene-specific primers. Expression levels of 
various proteins in liver tissue extracts were analyzed by immuno-
blotting using specific antibodies. (B) Expression profiles of predicted 
microRNAs (miR) in mouse livers. (C) Serum hepcidin and (D) 
iron contents in indicated mice groups. (E) Serum iron concentration 
after hepcidin-25 (Hepc25, 100 g/kg) treatment for 12 h. (F) WT 
mice were injected intraperitoneally with forskolin (FSK, 5 mg/kg) 
and glucagon (GLU, 10 g/kg) for 6 hr. qPCR experiments were 
then performed using various primers. (G) Serum levels of hepcidin 
and (H) iron at the indicated condition (n = 5 mice per group). 
*P ＜ 0.05, **P ＜ 0.01 vs. fed mice or untreated control mice.

a vital role in the regulation of ion transport and negatively 
modulates the AMPK signaling pathway in vivo and in vitro 
(12) and its metabolism (13). Studies have shown that Crbn- 
deficient mice have hyperphosphorylated AMPK in their livers 
when fed with a normal diet. These mice are significantly 
protected against weight gain when they are fed with a high-fat 
diet. They also display an improved insulin sensitivity (13, 14). 
A recent study has reported that CRBN can inhibit the acti-
vation of AMPK both in vivo and in vitro by direct binding to 
the AMPK subunit (12). AMPK is an energy sensor at the 
cellular level by increasing ATP-producing catabolic pathways 
and suppressing ATP-consuming anabolic pathways (15). 
CRBN can regulate AMPK in vitro, and Crbn deficiency can 
preserve metabolic homeostasis by enhancing AMPK activity 
in alcoholic liver disease (16).

Kruppel-like factor 15 (KLF15) is a member of the KLF tran-
scription factor family. It contains a zinc finger DNA-binding 
domain. KLF15 is expressed in diverse tissues such as the liver, 
kidney, pancreas, muscle, and heart (17). It is upregulated by 
glucagon and glucocorticoids during starvation or under diabetic 
conditions but downregulated by feeding and insulin (18, 19). 
KLFs are also involved in fibrosis, obesity, cardiovascular 
disease, cancer, and inflammatory conditions. KLF15 is a key 
positive regulator of gluconeogenesis but a negative regulator 
of cardiac hypertrophy and fibrosis (18, 20). However, the 
critical role of KLF15 in the regulation of iron metabolism 
through hepcidin gene expression remains unexplored.

In this study, we demonstrated that fasting and FSK treat-
ment could significantly elevate hepatic hepcidin gene expression 
and production by increasing the expression of CRBN and 
KLF15. Moreover, disruption of CRBN and KLF15 markedly 
decreased hepcidin gene expression, eventually decreasing 
hepcidin secretion under FSK treatment. Our findings suggest 
that CRBN and KLF15 are mediators of fasting-induced hepatic 
hepcidin expression and its biosynthesis. Therefore, targeting 
CRBN and KLF15 might be a therapeutically important strategy 
to combat metabolic dysfunction.

RESULTS

Fasting state and forskolin treatment increase hepatic 
hepcidin metabolism
Gluconeogenic stimuli are known to regulate iron metabolism 
through hepcidin induction in starved mice (21). Cereblon 
(CRBN) deficiency is known to prevent diet-induced obesity 
and insulin resistance by increasing AMPK activation (13). We 
analyzed the expression of genes in livers of fasted mice to 
explore the link of Crbn, Klf15, and hepcidin under a fasting 
state. We observed that expression levels of hepatic CRBN, 
KLF15, and HAMP genes were significantly increased in fasted 
mice group than in non-fasted mice (Fig. 1A). Furthermore, we 
evaluated the expression of microRNAs during the fasting 
state. MicroRNA-639 (miR-639) expression was specifically 
decreased in fasted mice, whereas expression levels of miR-204 

and miR-455 were unchanged in fasted mice (Fig. 1B). 
Overall, these results suggest that CRBN and miR-639 play a 
key role in the regulation of hepatic hepcidin gene expression 
under a fasting state. Consistent with Hamp gene expression, 
serum hepcidin levels were also significantly elevated in fasted 
mice than in mice at a fed state (Fig. 1C), indicating a role of 
hepcidin during gluconeogenesis. Next, we explored hepcidin 
expression in response to gluconeogenic stimuli (forskolin and 
glucagon) and found that forskolin (FSK) and glucagon (GLU) 
treatment increased expression levels of Crbn, Klf15, and 
Hamp in mouse livers (Fig. 1F). Similarly, FSK and GLU expo-
sure elevated serum hepcidin levels compared to the control 
groups (Fig. 1G). However, serum iron levels were markedly 
reduced in mic of fasted, Hepc25-treated, FSK-treated, or GLU- 
treated group than in their respective control group (Fig. 1D, E, 
H). Taken together, these results suggest an important link 
between CRBN and hepcidin in the regulation of iron metabolism 
in response to gluconeogenic stimuli.
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Fig. 2. CRBN elevates hepatic hepcidin gene expression in mouse 
primary hepatocytes. (A) Mouse primary hepatocytes were infected 
with Ad-GFP and Ad-Crbn at a multiplicity of infection of 60 for 
36 hr. Gene expression was analyzed by qPCR using various primers. 
(B) Expression levels of various proteins in mouse primary hepato-
cytes were analyzed by immunoblotting using corresponding anti-
bodies. (C) Expression levels of miR-204, miR-455, and miR-639 
were quantified by qPCR analysis. (D) Mouse primary hepatocytes 
were infected with Ad-Scramble (Ad-Scram) and Ad-shCrbn at a 
multiplicity of infection of 60 for 36 hr. After infection, cells were 
treated with FSK (10 M) for 12 hr. Total RNAs were utilized for 
qPCR analysis using gene-specific primers. (E) Whole-cell extracts 
were harvested from indicated groups of mouse primary hepatocytes 
and immunoblotted with specific antibodies. (F) WT mice were 
infected with Ad-Scram and Ad-shCrbn for 7 days. These mice were 
then fasted for 24 hr. Total RNAs were utilized for qPCR analysis 
using gene-specific primers. (G) Serum levels of hepcidin and iron 
at the indicated condition. *P ＜ 0.05, **P ＜ 0.01, and ***P ＜
0.001 vs. untreated control cells, Ad-GFP, or FSK-treated cells, fed, 
or fasted mice.

CRBN increases hepatic hepcidin gene expression
We investigated the crucial role of Crbn as a key positive 
regulator of hepcidin gene expression. Using an adenoviral 
delivery system expressing Crbn (Ad-Crbn) or a control green 
fluorescent protein (Ad-GFP), we observed that Crbn was ecto-
pically expressed in primary mouse hepatocytes. Ad-Crbn was 
successfully overexpressed in primary mouse hepatocytes. 
Transduction of Ad-Crbn significantly enhanced both mRNA 
and protein levels of KLF15 and HAMP compared to those in 
Ad-GFP control groups (Fig. 2A, B). Lenalidomide-induced 
CRBN is known to regulate argonaute 2 (AGO2) protein and 
its target microRNAs in multiple myeloma cells (22). Hence, 
we sought to investigate whether Crbn might have any role in 
the regulation of microRNAs in mouse livers. MiR-639 expres-
sion level was specifically decreased by the administration of 
Ad-Crbn, whereas miR-204 and miR-455 expression levels 
were not changed in Ad-Crbn-infected mice (Fig. 2C). Overall, 
these results suggest that CRBN can control hepatic hepcidin 
gene expression via the upregulation of KLF15 and the down-
regulation of miR-639. Conversely, we examined whether 
Crbn knockdown could modulate FSK- and fasting-mediated 
induction of Klf15 and hepcidin metabolism in primary mouse 
hepatocytes and mouse livers using an adenoviral knockdown 
method. As shown in Fig. 2D-F, expression levels of CRBN, 
KLF15, and HAMP genes were significantly upregulated by 
FSK treatment and fasting state, and this phenomenon was 
markedly reduced by Crbn knockdown. Interestingly, the increase 
in serum hepcidin level induced by fasting was decreased by 
silencing of Crbn, but not in serum iron level (Fig. 2G). 
Collectively, these findings suggest that CRBN can mediate the 
induction of hepcidin gene by FSK treatment.

KLF15 regulates hepcidin gene expression
To understand effects of KLF15 on hepcidin gene expression 
and production, we modulated hepatic hepcidin gene expression 
using an adenoviral delivery system in primary mouse hepato-
cytes. As shown in Fig. 3A, Klf15 was successfully delivered 
into primary mouse hepatocytes and also significantly elevated 
Hamp gene expression. Especially, overexpression of Ad-Klf15 
increased hepcidin amounts compared to those in the control 
groups (Fig. 3B). We further investigated a more direct effect of 
KLF15 on FSK- and fasting-induced hepcidin gene expression 
and production using adenovirus-mediated silencing of Klf15 
(Ad-shKlf15) both in vivo and in vitro. Expression levels of 
Klf15 in control and FSK-treated primary mouse hepatocytes 
were effectively repressed by Ad-shKlf15. FSK- and fasting- 
mediated induction of Hamp gene expression was dramatically 
attenuated by Klf15 knockdown (Fig. 3C, E). Consistent with 
Hamp gene expression, FSK- and fasting-induced serum 
hepcidin amounts were prominently decreased by knockdown 
of endogenous Klf15, but not serum iron levels (Fig. 3D, F). 
Overall, these observations strongly suggest that KLF15 can 
regulate hepatic hepcidin gene expression and production.

KLF15 is recruited to the hepcidin promoter
Next, we explored whether KLF15 could directly control the 
transcriptional activity of hepcidin induced by FSK treatment. 
We observed that FSK treatment or transiently expressed Klf15 
significantly elevated Hamp promoter activity (Fig. 4A). Through 
in silico analysis, we predicted a KLF15-binding site on the 
Hamp promoter. We then mutated this binding site on the 
Hamp promoter. A reporter gene assay indicated that FSK 
treatment and Klf15 transfection increased the Hamp promoter 
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Fig. 3. KLF15 regulates hepatic hepcidin gene expression and pro-
duction in mouse primary hepatocytes. (A) Mouse primary hepatocytes 
were infected with Ad-GFP and Ad-Klf15 at a multiplicity of in-
fection of 60 for 36 hr. Gene expressions were analyzed by qPCR 
using indicated primers. (B) Hepcidin concentrations in observed 
mouse primary hepatocytes. (C) Mouse primary hepatocytes were 
infected with Ad-Scram and Ad-shKlf15 at a multiplicity of infec-
tion of 60 for 36 hr and then treated with FSK for 12 hr. Total 
RNAs were utilized for qPCR analysis using gene-specific primers. 
(D) Hepcidin concentrations under indicated conditions. (E) WT 
mice were infected with Ad-Scram and Ad-shKlf15 for 7 days. 
These mice were then fasted for 24 hr. Quantitative PCR analysis 
was performed to determine Hamp expression in the liver. (F) Serum 
levels of hepcidin and iron under the observed condition. *P ＜
0.05, **P ＜ 0.01, and ***P ＜ 0.001 vs. untreated controls, Ad-GFP, 
FSK-treated cells, fed, or fasted mice.

Fig. 4. KLF15 is an important regulator of hepcidin gene transcrip-
tion in hepatocytes. (A) AML-12 cells were transiently transfected 
with Klf15 and the indicated reporter gene for 36 hr and then 
treated with FSK for 12 hr. (B) AML-12 cells were co-transfected 
with wild-type (wt) and mutant (mt) forms of the Hamp gene 
promoter and Klf15 for 36 hr. After transfection, cells were treated 
with FSK for 12 hr. (C) Chromatin immunoprecipitation (ChIP) assay 
for the recruitment of KLF15 on the Hamp gene promoter. Mouse 
primary hepatocytes were infected with Ad-Scram and Ad-shKlf15
for 36 hr and then treated with FSK for 12 hr. Cell lysates were 
immunoprecipitated with an anti-KLF15 antibody. Purified DNA 
samples were employed for PCR using specific primers binding to 
specific proximal (Pro) and nonspecific distal (Dis) regions on the 
Hamp gene promoter. Input was 10% of soluble chromatin. (D) 
A schematic model illustrating the regulation of hepcidin gene 
expression and production. Fasting state and forskolin treatment 
can enhance hepatic hepcidin gene expression by stimulating the 
CRBN-KLF15 signaling network, which subsequently controls iron 
metabolism via an increase of hepcidin output and a decrease of 
iron production. *P ＜ 0.05 vs. untreated control.

activity, whereas this phenomenon was strikingly abolished in 
the group with KLF15-binding site-mutated (mt) Hamp gene 
promoter compared to the group with the wild-type (wt) 
promoter (Fig. 4B). To further examine the recruitment of KLF15 
protein to the Hamp gene promoter and the effect of CRBN on 
KLF15 recruitment, we performed chromatin immunoprecipitation 
(ChIP) assay using KLF15 antibody in primary mouse hepatocytes. 
There was no recruitment of KLF15 protein to the distal (Dis) 
region of the promoter where we did not find any KLF15- 
binding site from the in silico analysis. As anticipated, endo-
genous KLF15 occupancy on the proximal (Pro) region with 
the KLF15-binding site was significantly increased by FSK 
treatment compared to that in control groups (Fig. 4C). 
Overall, these results strongly suggest that KLF15 is recruited 

to the hepcidin gene promoter region to enhance the tran-
scription of hepcidin gene.

DISCUSSION

Using in vivo and in vitro experiments, we demonstrated that 
CRBN enhanced hepatic hepcidin gene expression and its 
secretion by upregulating KLF15 expression. We found that 
gluconeogenic signals remarkably induced the transcription 
and production of the hepatic hepcidin gene by stimulating 
the CRBN-KLF15 signaling pathway. In contrast, stimulatory 
effects of fasting condition or FSK treatment on hepatic hepcidin 
gene expression and its secretion were markedly decreased by 
the knockdown of endogenous Crbn and Klf15 in primary 
mouse hepatocytes. These findings indicate that the induction 
of hepatic hepcidin production by the fasting state is KLF15- 
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dependent. Our results suggest that the gluconeogenic stimuli- 
CRBN-KLF15 signaling network manifests a potent molecular 
mechanism underlying the regulation of hepcidin gene expres-
sion and production under both in vivo and in vitro conditions.

Previous studies have reported that gluconeogenic signals 
can modulate hepatic hepcidin gene expression and its biosyn-
thesis in mice (21, 23, 24). Hepcidin is an established modulator 
of iron metabolism, inflammation, hypoxia, and erythropoiesis 
(25, 26). During fasting conditions, the BTG2-KLF15 signaling 
network can modulate the biosynthesis of hepatic fibroblast 
growth factor 21 (17). Our previous study has shown that 
AMPK is negatively regulated by CRBN in mice with alcoholic 
liver disease (16). However, there is no information regarding 
the potential role of CRBN in modulating hepatic hepcidin 
gene expression or its secretion. Our current results demonstrated 
that elevated CRBN expression by the fasting state or FSK 
treatment could control the production of hepatic hepcidin by 
promoting Klf15 expression. The fasting state and FSK challenge 
enhanced expression levels of hepatic Crbn, Klf15, and Hamp 
genes and increased serum hepcidin levels in mice, but not 
iron levels (Fig. 1). Transduction of Ad-Crbn efficiently elevated 
hepatic hepcidin gene expression and production via the 
induction of KLF15 expression, whereas this phenomenon was 
prominently abolished in Crbn silenced cells (Fig. 2). These 
findings suggest that CRBN plays a vital role in regulating 
fasting- and FSK-induced hepatic hepcidin gene expression 
and production by inducing KLF15 expression.

Glucagon and glucocorticoids are known to induce the tran-
scription factor KLF15 during a fasting state, whereas insulin is 
known to downregulate KLF15 expression under a fed condition 
(18-20). It is known that KLF15 can modulate fibrosis, obesity, 
cardiovascular disease, cancer, and inflammatory conditions. 
Based on this information, we further characterized the novel 
molecular mechanisms underlying the fasting-mediated induction 
of hepcidin gene transcription by the CRBN-KLF15 signaling 
pathway in hepatocytes. As depicted in Fig. 3, KLF15 positively 
regulated hepcidin gene expression and production in primary 
mouse hepatocytes during FSK treatment. For the first time, we 
identified a KLF15-binding site on the Hamp gene promoter. 
We also found that the Hamp promoter activity was efficiently 
increased by a transient transfection of Klf15 (Fig. 4). Overall, 
our results suggest that the CRBN-KLF15 signaling pathway 
can mediate the induction of hepcidin gene by gluconeogenic 
signals.

Xu et al. have demonstrated that lenalidomide-induced cell 
growth and survival are involved in the regulation of CRBN- 
downstream binding protein AGO2, an essential protein for 
microRNA maturation. They found that lenalidomide could 
significantly induce CRBN, subsequently altering expression 
levels of both AGO2 protein and its target microRNAs in 
multiple myeloma cells (22). Our results demonstrated that 
miR-639 expression was specifically decreased in fasted mice. 
Moreover, miR-639 expression was exclusively decreased by 
the administration of Ad-Crbn (Figs. 1 and 2). Interestingly, Ad- 

Crbn-induced expression levels of Klf15, phosphoenolpyruvate 
carboxykinase 1 (Pck1), and glucose-6 phosphatase (G6pc) genes 
were reduced by miR-639 mimics. However, an inhibitor of 
miR-639 did not alter the induction of Klf15 or gluconeogenic 
gene by Ad-Crbn. Collectively, these results strongly suggest 
that CRBN-mediated downregulation of miR-639 can regulate 
hepatic gluconeogenic gene expression by inducing KLF15 
expression in the liver and primary hepatocytes (data not 
shown). However, the molecular mechanism of CRBN-microRNA- 
KLF15 signaling pathway remains unclear. It needs to be 
investigated in the future. Genetically engineered mouse models 
of Crbn and Klf15 genes would be useful for exploring their 
physiological roles in the liver in relation to metabolic dysfunc-
tion. High-throughput sequencing analysis of these models 
would also be valuable to discover various regulators involving 
CRBN-downstream binding protein AGO2 and microRNAs 
linked to CRBN-AGO2-KLF15 and/or the CRBN-microRNA-KLF15 
signaling network.

Hepcidin is produced due to iron loading and inflammation 
at a high rate in the liver. It is cleared from the circulation by 
kidneys to maintain iron balance in the body (1, 7, 27). 
Hepcidin deficiency can result in iron overload (3-5, 28), 
whereas overloading of hepcidin can lead to the development 
of iron-restrictive anemia, autoimmune inflammatory disorders, 
chronic kidney disease, cancers, infections, and inherited iron- 
refractory iron-deficiency anemia (25, 27, 28). Psychological 
stress and overload exercise can reduce serum iron levels and 
result in the inhibition of erythropoiesis in rats (29, 30). All 
these studies have shown that short-term food deprivation and 
reduced iron levels could lead to psychological stress and 
depression symptoms in patients with anorexia or other eating 
disorders. Our results indicate that a fasting condition can 
increase hepcidin production but decrease iron levels. Interest-
ingly, hepcidin treatment strikingly reduced serum iron levels 
in mice (Fig. 1), indicating an inverse correlation between 
hepcidin and serum iron levels under a fasting condition. In 
addition, iron-mediated hepcidin regulation is associated with 
the bone morphogenetic protein (BMP)-SMAD pathway, whereas 
inflammation-mediated regulation is associated with both the 
interleukin-6 (IL-6)/Janus kinase (JAK)/signal transducer and 
activator of transcription signaling axis and the BMP-SMAD 
pathway (1, 7, 25, 26, 31). Increased expression of hepcidin 
regulation under a fasting state can lead to decreased serum 
iron levels via the upregulation of CRBN, KLF15, and HAMP. 
Therefore, altering the serum hepcidin rate can upregulate its 
circulating concentration in a fasting state, consequently 
changing serum iron flow.

In conclusion, our current study demonstrates that hepcidin 
is a possible novel target of CRBN and that CRBN encourages 
hepatic hepcidin gene expression and production by inducing 
KLF15 expression when exposed to gluconeogenic signals such 
as a fasting state or FSK treatment. We speculate that the 
increase in CRBN expression induced by gluconeogenic stimuli 
can efficiently modulate hepatic hepcidin metabolism by 
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enhancing the expression of KLF15. Furthermore, upregulated 
CRBN can decrease serum iron levels under a fasting state 
(Fig. 4D). This novel molecular mechanism involving hepatic 
hepcidin metabolism by the CRBN-KLF15 signaling network 
might provide a better understanding to develop potential 
therapeutic agents and important strategies to intervene metabolic 
dysfunction caused by iron-deficiency anemia.

MATERIALS AND METHODS

Additional detailed methods are described in Supplementary 
information.
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