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Abstract

The obesity epidemic and the urgent need for effective and safe drugs to treat obesity-related
diseases have greatly increased research interest in the metabolic hormones, fibroblast growth
factor-19 (FGF19, FGF15 in mice) and FGF21. FGF19 and FGF21 function as endocrine
hormones that play key roles in energy metabolism and counteract obesity. Importantly, in obese
humans and lab animals, circulating FGF19 and FGF21 levels are elevated, and metabolic actions
of these hormones are impaired but the underlying mechanisms remained unclear. Recent
microRNA (miR) studies have revealed that aberrantly elevated miR-34a in obesity directly targets
B-Klotho (BKL), the obligate co-receptor for both FGF19 and FGF21, and attenuates metabolic
signaling of these hormones. In this review, we will discuss recent findings in the miR and
FGF19/21 fields, emphasizing the novel function of obesity-associated miR-34a in attenuation of
FGF19/21 metabolic actions, and further discuss miRs, including miR-34a, as potential drug
targets for obesity-related diseases.
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1. Introduction

The prevalence of obesity has been rapidly increasing at an alarming rate which correlates
with life-style changes in modern society (Grundy, 2008). Disruption of energy balance due
to excessive food intake and/or insufficient physical activity plays a pivotal role in
development of this global epidemic (Spiegelman, and Flier, 2001). Obesity substantially
increases risks for many human diseases, ranging from metabolic syndromes, including type
2 diabetes, fatty liver disease, and cardiovascular disease, to infertility, depression,
neurological diseases, and even, certain types of cancer (Grundy, 2008; Kahn, and Flier,
2000). Not surprisingly, the American Medical Association has officially identified obesity
as a medical disease. The obesity epidemic and the urgent need for effective drugs to treat
obesity-related metabolic diseases have greatly increased research interest in two metabolic
hormones which play key roles in energy metabolism and counteract obesity, fibroblast
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growth factor-19 (FGF19, FGF15 in mice) and FGF21 (Canto, and Auwerx, 2012; Potthoff,
Kliewer, and Mangelsdorf, 2012).

The FGF19 subfamily members, FGF19, FGF21, and FGF23, are atypical FGFs that lack
the conventional FGF heparin-binding domain and act as endocrine hormones (Beenken, and
Mohammadi, 2009; Kuro-o, 2008). FGF19 and FGF21 play key roles in regulation of lipid
and carbohydrate metabolism in response to nutritional status. Binding of FGF19 and
FGF21 to the FGF receptors (FGFRs) and the obligate co-receptor for these hormones, BKL,
triggers activation of intracellular signaling pathways to mediate metabolic actions of these
hormones. Importantly, serum levels of FGF19 and FGF21 are highly elevated and
metabolic signaling of these hormones is impaired in obese patients and lab animals
(Dushay, Chui, et al, 2010; Mraz, Lacinova, et al, 2011), but the underlying mechanisms
remain unclear.

MicroRNAs (miRs) are small non-coding RNAs that act as regulatory molecules that control
expression of their target genes (Hobert, 2008). Mature miRs bind to the 3" untranslated
region (UTR) of target transcripts and inhibit protein translation and/or mRNA stability
(Lewis et al., 2003). Nearly 50% of all human genes are predicted to be regulated by miRs
(Hobert, 2008). MiRs have been shown to play crucial roles in diverse biological pathways,
including development, differentiation, cell proliferation, and metabolism. Importantly, miRs
are aberrantly expressed in human diseases (Rottiers, and Naar, 2012; Rottiers, et al., 2012;
Lee and Kemper, 2010; Zhang et al., 2013), revealing the therapeutic potential of targeting
miRs.

In this review, we will describe the emerging role of miRs as powerful regulators of lipid and
glucose metabolism. We will also discuss atypical FGFs, focusing on metabolic hormones
regulating energy metabolism, FGF19 and FGF21, and their obligate co-receptor BKL, and
further discuss the role of an obesity-associated miR-34a in downregulating BKL expression,
thus, attenuating metabolic action of FGF19 and FGF21. Finally, we will discuss the
therapeutic potential of miR-34a as a novel drug target for treating obesity-related metabolic
disorders, such as type 2 diabetes, non-alcoholic fatty liver disease (NAFLD), and
cardiovascular disease.

2. MicroRNAs as powerful regulators of lipid and glucose metabolism

Accumulating evidence indicates that miRs play critical roles in regulation of lipid and
glucose metabolism. In their original studies, Stoffel and his colleague demonstrated the
functional importance of a pancreatic islet-specific miR, miR-375, in regulation of glucose-
stimulated insulin secretion and exocytosis by directly targeting myotrophin (Poy, Eliasson,
et al, 2004). Esau et al. reported that miR-122, the most abundant miR in liver, plays
important roles in liver cholesterol and fatty acid metabolism, and they further showed that
miR-122 has a role in numerous hepatic functions, ranging from cholesterol metabolism,
liver cancer, stress responses, and viral infection to circadian regulation (Esau, Davis, et al,
2006). Also, miR-33 has been shown to contribute to the regulation of cholesterol
homeostasis in concert with master transcriptional activators of cholesterol/lipid synthesis,
SREBPs, by targeting the cholesterol transporter genes, ABCA1 and ABCG1, and
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interestingly, miR-33’s is encoded within the introns of SREBP genes (Najafi-Shoushtari,
Kristo, et al, 2010; Rayner, Suarez, et al, 2010). A recent study has shown that an SREBP-
responsive miR operon expressing miR-182 and miR-96 constitutes a regulatory loop for
intracellular lipid homeostasis (Jeon, Esquejo, et al, 2013).

Aberrant expression of miRs has been detected in pathological conditions, such as obesity
and diabetic conditions. MiR microarray studies in two obese mouse models, the leptin-
deficient ob/ob mice and diet-induce obese mice, identified miR-34a as the miR with the
highest relative increase (Lee, Padhye, et al, 2010; Lee, and Kemper, 2010; Trajkovski,
Hausser, et al, 2011). MiR-34a has been shown to act as a key regulator of hepatic lipid
homeostasis (Choi, Fu, et al, 2013; Fu, Choi, et al, 2012) and also as a negative regulator of
the formation of brown and beige fat in brown and white adipose tissue, respectively (Fu,
Seok, et al, 2014). In this review, we will focus on miR-34a, but other miRs have altered
levels in obesity as briefly summarized below and as has been recently reviewed (Rottiers,
and Naar, 2012).

MiR-103 and 107 were upregulated in obese mice and silencing of miR-103/107 led to
improved glucose homeostasis and insulin sensitivity (Trajkovski, Hausser, et al, 2011).
Expression of both miR-378 and its host gene, PGC-1p, were elevated in obese mice.
MiR-378 directly targets carnitine O-acetyltransferase, a key enzyme in mitochondrial
metabolism of fatty acids (Carrer, Liu, et al, 2012). Additional miRs that regulate glucose
metabolism and insulin sensitivity and are increased in obesity include let-7, miR-143,
miR-145, and miR-802 (Jordan, Kruger, et al, 2011; Kornfeld, Baitzel, et al, 2013; Perez,
Bernal, et al, 2013). MiR-155, miR-133, and miR-27 control adipocyte differentiation and
that expression of miR-155 and miR-133 are increased, whereas that of miR-27 is decreased,
in obesity (Chen, Siegel, et al, 2013; Sun, and Trajkovski, 2014; Trajkovski, Ahmed, et al,
2012).

3. Metabolic hormones FGF19/FGF21, and their obligate co-receptor p-

Klotho

3-1. Atypical FGFs, FGF19, FGF21, and FGF23

FGFs are a family of growth factors that play critical roles in regulation of cell proliferation
and differentiation, as well as normal development, tissue angiogenesis, and wound healing
(Beenken, and Mohammadi, 2009). Twenty-two FGF members have been identified in
humans and the FGF19 subfamily, the focus of this review, is comprised of the human
FGF19 (FGF15 as mouse ortholog), FGF21, and FGF23 (Kir, Beddow, et al, 2011; Kuro-o,
2008). These FGF19 subfamily members act as endocrine hormones that control a variety of
physiological processes, such as inhibiting bile acid synthesis in liver, promoting lipolysis in
adipose tissue, and regulating vitamin D biosynthesis in kidney. The endocrine FGFs signal
through cell surface receptor tyrosine kinases, FGFRs, including FGFR1, FGFR2, FGFR3,
and FGFR4. The Klotho family members are membrane-spanning proteins that function as
obligate co-receptors for the FGFRs and are required for the endocrine FGFs to bind to the
receptor (Beenken, and Mohammadi, 2009)
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Intriguingly, expression of FGF19, FGF21, and FGF23, is transcriptionally regulated by
nutrient-sensing nuclear receptors. Synthesis of FGF19 is induced by the bile acid-activated
FXR in the small intestine in response to a meal, and circulating FGF21 is induced by fatty
acid-activated peroxisome proliferator-activated receptor-a (PPARa) in the liver in response
to prolonged fasting (Badman, Pissios, et al, 2007; Inagaki, Dutchak, et al, 2007). FGF23 is
induced by vitamin D nuclear receptor (Kuro-o, 2012). This review will focus on the
physiological actions of FGF19 and FGF21 in regulation of lipid and carbohydrate
metabolism in metabolic tissues and their dysregulation in obesity, in part due to elevated
miR-34a.

3-2. BKL, the obligate co-receptor for FGF19 and FGF21

A unique feature of the endocrine FGFs is that they require the Klotho family proteins as co-
receptors in order to exert their biological functions (Kuro-o, 2012; Ogawa, Kurosu, et al,
2007). There are two Klotho proteins, Klotho and p-Klotho, in the Klotho family. Klotho
was initially discovered in 1997 in studies showing that mice with a mutation in this gene
had shortened life spans and other phenotypes resembling human premature aging
syndrome, “progeria” (Kuro-o, Matsumura, et al, 1997; Kuro-o, 2012). The Klotho-null
mice also exhibited high phosphate and calcium levels in the serum. Moreover, FGF23-
knockout mice displayed strikingly similar phenotypes as the Klotho-null mice, suggesting
that they might function in a same signal transduction pathway. Indeed, Klotho protein was
identified as a co-receptor of FGF23, which was important for calcium and phosphate
metabolism (Kurosu, Ogawa, et al, 2006).

Beta-klotho (BKL) has 41% amino acid sequence similarity with Klotho (Kuro-o, 2012). It
is also a transmembrane protein and mainly distributed in metabolic organs, like pancreas,
liver and adipose tissue. However, BKL-null mice had a phenotype distinctly different from
that of KL-null mice, most prominently, increased bile acid synthesis. In the BKL-null mice,
expression of the Cyp7al gene, which encodes the rate-limiting enzyme of bile acid
synthesis was increased (Ito, Fujimori, et al, 2005). Increased bile acid synthesis was also
present in mice lacking FGF15 or its receptor, FGFR4, suggesting that the KL-null
phenotype was the result of impaired FGF15 signaling since BKL is the obligate co-receptor
for FGF15 (FGF19 in human) in the liver. Beta-Klotho also functions as the co-receptor of
FGF21 in the liver and adipose tissue. While FGFRs are widely expressed, BKL expression
is restricted to liver, adipose tissue, pancreas and brain, and largely determines the tissue-
specific metabolic actions of FGF15 and FGF21(Kurosu, Choi, et al, 2007).

4. MiR-34a and impaired hepatic FGF19 signaling in obesity

4.1 Role of the miR-34a/BKL/FGF19 axis in liver

The metabolic response to FGF19 signaling in liver is impaired in obese patients with
NAFLD (steatosis) and steatohepatitis, despite relatively normal FGF19 production and
highly elevated serum levels of FGF19 (Schreuder, Marsman, et al, 2010). In genetic or diet-
induced obese mice, serum FGF15 levels were also increased (Fisher, Chui, et al, 2010; Fu,
Seok, et al, 2014), suggestive of FGF15 resistance in obesity, but the underlying mechanisms
remained unclear. Recent studies from our group have suggested that elevated miR-34a in

Vitam Horm. Author manuscript; available in PMC 2017 March 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fu and Kemper

Page 5

obesity attenuates FGF19 signaling by directly targeting and downregulating KL (Fu, Choi,
et al, 2012). Remarkably, antisense inhibition of miR-34a in diet-induced obese mice
partially restored BKL levels in the liver. Although FGFR4 is not a direct target of miR-34a,
the stability of FGFR4 protein and localization of FGFR4 to cell membrane were also
increased in a pKL-dependent manner (Fu and Kemper, unpublished data).

As illustrated in Fig. 1, treatment of dietary obese mice with antisense RNA for miR-34a
(anti-miR-34a) resulted in improved metabolic outcomes, including decreased liver
triglyceride and increased liver glycogen, which is consistent with improved regulation of
expression of glucose and fatty acid metabolic genes by miR34a in the liver and increased
insulin sensitivity. However, since miR-34a targets KL and other potential components
involved in FGF19 and FGF21 signaling in liver and other metabolic tissues, the effects of
anti-miR34a in multiple tissues probably contribute to the overall beneficial outcome,
including lipid-lowering effects and insulin sensitivity (Fu, Choi, et al, 2012; Fu, Seok, et al,
2014).

Recent studies in FGF19 transgenic mice have revealed a new function for FGF19 in energy
homeostasis. FGF19 transgenic mice have lower body weight, reduced fat, enhanced hepatic
lipid oxidation, increased brown adipose tissue (BAT), and elevated energy expenditure (Wu,
Ge, et al, 2010). These mice also had lower serum glucose and triglyceride levels, but
normal insulin levels compared to control mice after feeding of a high fat diet. In addition, a
recent study has demonstrated that treatment with a synthetic FXR agonist, Fex, in mice
activates the FXR/FGF15 pathway selectively in the intestine, resulting in increased serum
FGF15 levels and counteracting obesity in part via increasing energy expenditure and
promotion of fat browning in adipose tissue (Fang, Suh, et al, 2015). It will be interesting to
see whether miR-34a plays a role in these processes in the intestine and adipose tissue.

4.2 Regulation of hepatic miR-34a expression in physiology and obesity

It remains largely unknown how miR-34a expression is physiologically regulated and how
miR-34a is abnormally upregulated in obesity, but recent studies from our group have
provided evidence supporting the idea that the bile acid nuclear receptor FXR and SHP
cascade pathway plays a role in inhibition of miR-34a expression in hepatocytes. In miR
microarray studies, miR-34a exhibited the greatest fold-increase of liver miRs in FXR-KO
mice compared to wild type mice, suggesting a potential role of FXR in inhibiting
expression of miR-34a (Lee, Padhye, et al, 2010; Lee, and Kemper, 2010). We further
showed that activation of FXR induces expression of SHP, an orphan nuclear receptor and
metabolic repressor, and SHP is recruited to the promoter of miR-34a and inhibits binding of
p53, a key activator miR-34a expression (Lee, Padhye, et al, 2010; Lee, and Kemper, 2010).
Thus, activation of an FXR/SHP/p53 pathway appears to be involved in inhibition of
miR-34a expression under physiological conditions.

In contrast, under pathophysiological conditions, such as NAFLD in obesity, this
FXR/SHP/p53 cascade is defective and transcription of miR-34a is not inhibited. The
underlying mechanism is not clear but decreased SIRT1 deacetylase and increased p300
acetylase function in fatty liver increase the acetylation status of p53 and FXR, which results
in increased p53 and decreased FXR transcriptional activities(Kemper, Choi, and Kim,
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2013). FXR, thus, appears to be a multi-functional regulator. On one hand, FXR ensures
metabolic homeostasis by inducing the synthesis of a key metabolic hormone FGF19 in the
intestine. On the other hand, FXR also inhibits expression of miR-34a in the liver, enhancing
FGF19 signaling. However, a significant correlation between miR-34a and BKL levels was
not observed in response to fasting/feeding in lean mice (Fu and Kemper, unpublished data),
so the functional importance of this pathway in regulation of miR-34a expression in
physiological conditions remains unclear and requires further study.

5. MiR-34a and impaired FGF21 signaling in obesity

Synthesis of FGF21 is induced mainly in the liver during prolonged fasting but also induced
in other metabolic tissues, such as adipose tissue, pancreas, and muscle, in response to
physiological or pathological stressors, such as cold exposure, exercise, and autophagy
deficiency(Badman, Pissios, et al, 2007; Bookout, de Groot, et al, 2013; Fisher, Kleiner, et
al, 2012; Inagaki, Dutchak, et al, 2007; Kim, Jeong, et al, 2013). FGF21 binds mainly to
FGFR1 in adipose tissue and to FGFR3 in liver, both of which require BKL as the obligate
co-receptor. Binding of FGF21 to the receptor complex stimulates downstream signaling
kinases, including ERK and GSK, which mediate the metabolic actions of this hormone.

5.1. Role of miR-34a in the BKL/FGF21 axis in liver

FGF21 has received tremendous attention in the obesity field because of its beneficial lipid-
lowering and insulin-sensitizing effects. Administration of recombinant FGF21 to obese
individuals has beneficial outcomes, such as weight loss and increased insulin sensitivity,
although it has side effects, such as fragile bones and water retention (Wei, Dutchak, et al,
2012). Physiologically, synthesis of FGF21 in the liver is induced during prolonged fasting
through activation of a nuclear receptor, PPARa (Badman, Pissios, et al, 2007; Inagaki,
Dutchak, et al, 2007). In response to prolonged fasting, PPARa is activated by fatty acids,
which are mostly released from adipocytes and taken up by hepatocytes, and binds directly
to the promoter of the Fgf21 gene to induce its transcription. Indeed, PPARa-KO mice are
unable to catabolize fatty acids in the liver resulting in hepatic steatosis but these effects are
partially reversed by administration of FGF21. In addition, hepatic FGF21 induction is also
significantly increased after challenged with a ketogenic diet or in suckling mouse neonates
(Badman, Pissios, et al, 2007; Inagaki, Dutchak, et al, 2007). In such conditions, fatty acids
are elevated, which would active PPARa and induce synthesis of FGF21, resulting in
increased fatty acid oxidation so that fatty acids are used as the primary metabolic fuel.

FGF21 signaling in the liver is mainly mediated by BKL and FGFR3(Owen, Mangelsdorf,
and Kliewer, 2015). Since BKL was shown to be a target of miR-34a, it is possible that
elevated miR-34a levels in obesity may attenuate hepatic FGF21 signaling. In our studies,
overexpression of miR-34a compromised FGF21 signaling in hepatocytes and dysregulated
its downstream target genes and conversely, downregulation of miR-34a by lentiviral-
mediated expression of antisense-miR-34a in vivo resulted in improved hepatic FGF21
signaling (Fu, Seok, et al, 2014). In addition, the expression of FGF21 target genes involved
in hepatic fatty acid oxidation (Cpt1, Mcad, Eci, CytC and Ppara) was increased, while that
of lipogenic (Fas and Srebp-1c) and gluconeogenic (G6pase and Pepck) genes was
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decreased. These gene expression changes in the liver likely contribute to the systematic
beneficial metabolic effects, such as weight loss, improved serum lipid and glucose profiles,
and increased insulin sensitivity, which are observed after downregulation of miR-34a in
obese mice.

MiR-34a likely targets multiple other genes in the liver in addition to BKL. We recently
showed that hepatic miR-34a directly targets SIRT1, a NAD-dependent deacetylase, and
NAMPT, a rate-limiting enzyme for NAD biosynthesis (Canto, Houtkooper, et al, 2012;
Choi, Fu, et al, 2013; Kemper, Choi, and Kim, 2013). Hepatic overexpression of miR-34a
reduced NAMPT and subsequently, hepatic NAD levels and decreased SIRT1 deacetylase
activity, which results in increased acetylation of SIRT1 target transcriptional regulators,
such as PGC1-a, SRBEP-1c, FXR and NF-xB (Choi, Fu, et al, 2013). The overall effect of
overexpression of miR-34a was to mimic metabolic conditions present in obesity.
Conversely, antagonism of miR-34a in obese mice restored NAMPT/NAD levels and
alleviated hepatic steatosis, inflammation, and glucose intolerance. It was also shown that
miR-34a directly targets and downregulates heaptic PPARa in obese mice (Ding, Li, et al,
2015). Further, a recent study has shown that miR-34a directly inhibits expression of HNF-4,
resulting in inhibiiton of VLDL secretion and promoting NAFLD (Xu, Zalzala, et al, 2015).
Therefore, a large network of genes regulated by the miR-34a/BKL axis may underlie the
beneficial metabolic outcomes observed from the systematic anti-miR-34a experiments in
diet-induced obese mice (Choi, Fu, et al, 2013; Fu, Choi, et al, 2012; Fu, Seok, et al, 2014).

5.2 Role of miR-34a in BKL/FGF21 signaling in adipose tissue

FGF21 is induced in the liver upon prolonged fasting (Inagaki, Dutchak, et al, 2007), but it is
also induced in response to feeding in white adipose tissue (WAT) which mediates insulin-
sensitizing effects in WAT by activating PPARy (Dutchak, Katafuchi, et al, 2012). Indeed,
PPARY agonists, such as a thiazolidinedione (TZD), reversed the diet-induced obese
phenotype of FGF21-KO mice. Moreover, FGF21 increased the expression of adiponectin,
which acts as a beneficial adipokine and maintains systematic glucose and lipid homeostasis
(YYamauchi, and Kadowaki, 2008). FGF21 expression is also induced upon cold exposure in
both WAT and brown adipose tissue (BAT), which results in increased expression of
thermogenic transcriptional activators, such as PGCla, Prdm16, and mitochondrial
uncoupling protein 1 (UCP1), and increased thermogenesis (Fisher, Kleiner, et al, 2012).

FGF21 levels are highly elevated and the expression of its receptor complex, both FGFR1
and BKL, are decreased in obesity, suggesting that FGF21 signaling may be impaired in
obesity. In recent studies, our group has provided a mechanistic basis for FGF21 resistance
by showing that elevated miR-34a contributes to attenuated FGF21 signaling in obese mice
by downregulation of expression of the adipocyte FGF21 receptor complex components,
both BKL and FGFR1, as illustrated in Fig. 2. Downregulation of miR-34a in obese mice
had beneficial effects, including reduced adiposity, improved serum profiles, increased
mitochondrial DNA copy number and increased oxidative function in adipose tissue (Fu,
Seok, et al, 2014). Remarkably, downregulation of miR-34a increased co-expression of the
beige fat-specific marker CD137 and the fat browning marker UCP1 in all types of white fat
and also enhanced additional browning in brown adipose tissues.
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In addition to increased FGF21 signaling, downregulation of miR-34a also increased SIRT1-
dependent deacetylation of PGC-1a,, which contributed to the induction of the browning
genes, Ucpl, Pgc-1a and Prdm16 (Fisher, Kleiner, et al, 2012; Kajimura, Seale, and
Spiegelman, 2010). PGC-1a was previously shown to be critical for FGF21-mediated fat
browning upon cold exposure, and FGF21 was shown to increase PGC1-a. protein levels
without affecting protein stability(Fisher, Kleiner, et al, 2012), but the mechanism for the
upregulation of PGC-1a activity during brown adipocyte differentiation was not determined.
Our studies suggest that deacetylation of PGC-1a plays a role in linking FGF21 signaling
with the induction of PGC-1a target browning genes (Fu, Seok, et al, 2014). Notably,
PGC-1a acetylation levels were increased by downregulation of SIRT1 and also by
downregulation of FGFR1/BKL, suggesting that both FGF21 signaling and SIRT1 function
are important for deacetylation of PGC-1a and its browning gene activity (Fig. 2).
Interestingly, each of these components, FGFR1, BKL and SIRT1, is a direct target of
miR-34a, suggesting that miR-34a is a key upstream regulator of multiple target genes that
control energy metabolism in multiple metabolic tissues.

In addition to fat browning, FGF21 has also been reported to increase glucose uptake in
adipocytes by enhancing the expression of glucose transporter-1 (GLUT-1). FGF21 induces
the phosphorylation of the transcription factors, serum response factor (SRF) and Ets-like
protein 1 (Elk-1), which induce GLUT-1 expression (Ge, Chen, et al, 2011). However, these
effects of FGF21 are impaired in adipose tissue of diet-induced obese mice. Taken together,
in vivo silencing of miR-34a appears to be an appealing option for treatment of obesity by
dramatically increasing beige-like fat depots in all types of WATS, as well as increasing
brown fat depots in BAT as shown in Fig. 2, together with its beneficial metabolic effects on
insulin sensitivity and its effects in liver that result in amelioration of obesity-induced
NAFLD as illustrated in Fig. 1.

5.3. Role of miR-34a in the BKL/FGF21 axis in other tissues

FGF21, upon binding to its receptor, BKL and FGFR1, also exhibits beneficial metabolic
actions in the pancreas. FGF21 improves pancreatic -cell function and survival by
activation of Erk and Akt signaling pathways (Wente, Efanov, et al, 2006). Studies from our
group and others have shown that miR-34a levels are also elevated in pancreas of obese mice
(Choi, Fu, et al, 2013; Fu, Seok, et al, 2014) and that elevated miR-34a leads to the
dysfunction of pancreatic p-cell (Lovis, Roggli, et al, 2008). In pancreatic p-cell-derived
MING6B1 cells and pancreatic islets isolated from the leptin receptor-deficient db/db mice,
chronic treatment with palmitic acid increased miR-34a levels in time- and dose-dependent
manners, resulting in B-cell apoptosis and impaired insulin secretion (Lovis, Roggli, et al,
2008). Vesicle-associated membrane protein 2 (VAMP2), a direct target of miR-34a and a
key player in p-cell exocytosis, was shown to mediate these effects. Further, FGF21
signaling in mouse pancreatic islets was impaired by high glucose levels which repressed
expression of BKL, mediated by repression of PPARa, so that FGF21 signaling was
attenuated (So, Cheng, et al, 2013). A role for miR-34a in regulation of BKL in the pancreas
has not been reported, but since pancreatic miR-34a levels were abnormally increased in
obesity (Fu, Seok, et al, 2014), it is possible that miR-34 may underlie the decreased pKL
expression in the pancreas that results in compromised FGF21 signaling in obesity.
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The FGF21/BKL pathway also orchestrates metabolism through regulation in the central
nervous system. FGF21 has been reported to alter the brain circadian clock to coordinate
activity and reproduction as well as to increase systemic glucocorticoid levels and
suppressing physical activity, as part of the adaption to fasting. In brain-specific BKL-null
mice, these effects of FGF21 were not observed showing that the FGF21 effects were
mediated by its FGFR/BKL receptor (Bookout, de Groot, et al, 2013). In the hypothalamus,
FGF21 acts at the suprachiasmatic nucleus to suppress vasopressin-kisspeptin signaling
which blocks the luteinizing hormone surge (Owen, Bookout, et al, 2013). Since miR-34a
levels are increased in brain in obesity (Li, Khanna, et al, 2011), especially in the aged brain,
it will also be interesting to investigate the role of the brain FGF21/miR-34 axis in obesity
and aging-related diseases.

It has been reported that FGF21 expression and secretion are induced upon prolonged
starvation (Badman, Pissios, et al, 2007; Inagaki, Dutchak, et al, 2007). It was also shown
that autophagy deficiency and subsequent mitochondrial dysfunction promote Fgf21 gene
expression, and thus, promote protection from diet-induced obesity and insulin
resistance(Kim, Jeong, et al, 2013). FGF21 also increases glucose uptake in muscle through
upregulation of GLUT4 (Cuevas-Ramos, Almeda-Valdes, et al, 2012). Although miR-34a
levels were not changed in skeletal muscle in obesity, it is possible that miR-34a expression
is altered and thus, may affect FGF21 action in muscle in response to other biological cues
or pathological conditions (Gan, Rumsey, et al, 2013).

6. Therapeutic and diagnostic potential of miRs

6.1 Therapeutic potential of miRs

Since expression of miRs is abnormally downregulated or upregulated in several disease
states, efforts have been made to develop therapeutic agents that can mimic or downregulate
miRs (Olson, 2014). Treatment with antagomirs, antisense miR inhibitors, of several miRs
have shown beneficial effects, demonstrating the therapeutic potential of targeting miRs
(Rottiers, Najafi-Shoushtari, et al, 2011). In general, there are three major antisense
approaches, antagomiRs, which are conjugated to cholesterol to facilitate cellular uptake;
locked nucleic acid (LNA) phosphorothioate chemistry; or chemical modification of the
oligonucleotide at 2’-sugar and phosphate backbone moiety with MOE (2’-O-
methoxyethylphosphorothioate) (Olson, 2014).

Antagonism of miR-122 in mice by systemically administered LNA-conjugated antisense
miR resulted in upregulation of a large set of predicted target mMRNAs in the liver (Esau,
Davis, et al, 2006). Antagonism of miR-33 promoted cholesterol transport and had
beneficial effects on atherosclerosis in mice (Najafi-Shoushtari, Kristo, et al, 2010) and
importantly, inhibition of miR-33a/b raised plasma HDL and lowered VLDL in non-human
primates (Rayner, Esau, et al, 2011). Antagonism of obesity-associated miR-103/miR-107
also resulted in improved insulin sensitivity (Trajkovski, Hausser, et al, 2011). Antagonism
of miR-378 boosted activity of mitochondria, benefited obesity and cardiovascular disease
(Trajkovski, Hausser, et al, 2011). Excitingly, recent in vivo antagonism or overexpression
studies demonstrate that certain miRs are highly promising potential drug targets for
treatment of metabolic diseases as summarized in Table 1.
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As described above, downregulation of miR-34a in mice resulted in decreased adiposity,
increased glucose tolerance and insulin sensitivity, and improved lipid profiles (Fu, Seok, et
al, 2014). Mechanistically, downregulation of miR-34a in obese mice resulted in improved
FGF21 and FGF19 signaling by increasing expression of KL and FGFR1. MiR-34a also
has other targets, including SIRT1 and NAMPT, which would affect SIRT1 expression and
activity (Choi, Fu, et al, 2013). Therefore, the beneficial effects of downregulation of
miR-34a in obesity may involve increased expression of multiple gene targets in multiple
tissues, which may provide an effective therapeutic advantage compared to the classical
approach that targets only one molecule. However, this promiscuous targeting by miR-34a,
as well as other miRs, could have detrimental side effects. To produce anti-miRs with
acceptable therapeutic indexes, a thorough understanding of miR-34a regulatory networks,
as aided by bioinformatics and systems biology approaches, will be essential.

Furthermore, abnormal activation of FGF19 is associated with colon and liver cancer so the
extent of increased FGF19 signaling by downregulation of miR-34a must be carefully
considered (Desnoyers, Pai, et al, 2008). Similarly, miR-34a is a well-known tumor
suppressor, and deletion of the miR-34a gene was associated with tumorigenesis
(YYamakuchi, Ferlito, and Lowenstein, 2008). Thus, targeting the miR-34a/ FGF19/21 axis
will need a careful modulation of the extent of inhibition, because excess miR-34a is
associated with metabolic diseases and extreme deficiency of miR-34a is associated with
cancer.

6.2 Diagnostic potential of miRs

Although miRs in general act inside cells, several miRs, such as miR-34a and miR-155, have
been detected circulating in the blood (Pogribny, Starlard-Davenport, et al, 2010). The
circulating miRs have diagnostic potential since the levels correlated with tissue levels and
they can, thus, serve as biomarkers for diseases. Although the mechanism of how these miRs
travel through bloodstream is largely unknown, the discovery of circulating miRs has
highlighted their potential as diagnostic markers for disease (Olson, 2014).

Human clinical studies show that miR-34a levels are increased more than 6-fold in patients
with NALFD and with chronic hepatitis C (Cermelli, Ruggieri, et al, 2011). In patients with
non-alcoholic steatohepatitis (NASH), miR-34a levels were increased ~100-fold. Levels of
miR-34a have been reported to increase ~10-fold in ob/ob mice and diet-induced obese mice
and ~6-fold in STZ-induced diabetic mice (Owen, Bookout, et al, 2013). Moreover, clinical
data from our group also demonstrated that miR-34a levels are highly correlated with the
BMI index of obese patients (Choi, Fu, et al, 2013). Strikingly, miR-34a levels in the serum
of obese patients were significantly elevated compared to controls. In addition, it was shown
that serum miR-34a levels correlate with progression of fatty liver disease, such as NAFLD,
NASH and cirrhosis (Cermelli, Ruggieri, et al, 2011; Cheung, Puri, et al, 2008). This
correlation suggests that serum miR-34a can serve as a potential diagnostic biomarker of
liver diseases in place of liver biopsies.
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7. Conclusion

Obesity has become a global pandemic, which has sparked research interest in energy
metabolism. FGF19 and FGF21 are metabolic hormones that play key roles in energy
metabolism and counteract obesity. Since BKL acts as the obligate co-receptor for both
FGF19 and FGF21, BKL serves an effective potential therapeutic target for improving
FGF19 and FGF21 signaling in obesity. Indeed, studies on agonist antibodies to FGFR1 or
to both FGFR1 and BKL demonstrated that antibodies stably mimic the hormone action,
resulting in beneficial metabolic effects in both mice and monkeys, although the antibody
approach has the same side effects as recombinant FGF21, such as fragile bones and water
retention (Foltz, Hu, et al, 2012; Wu, Kolumam, et al, 2011). As described above, targeting
elevated miR-34a in obesity by anti-miR-34a holds promise as a potential anti-obesity drug
by targeting a network of genes, including BKL, in multiple tissues. The striking role of
downregulation of miR-34a in promoting fat browning in all types of WATs and BAT (Fu,
Seok, et al, 2014), together with its beneficial effects on hepatic lipid metabolism, such as
increased fatty acid oxidation, decreased lipogenesis, and improved steatosis (Fu, Choi, et al,
2012), suggest that targeting a single microRNA, miR-34a, may provide an effective
therapeutic option for combating obesity and treating obesity-related metabolic disease.
Other small miRs play important roles in metabolic regulation and may also serve as
attractive therapeutic drug targets for treatment of obesity-related disease and disease
biomarkers.
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B. Obesity + Anti-miR-34a
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(A) In diet-induced obese mice, aberrantly elevated hepatic miR-34a represses the
expression of the obligate co-receptor for FGF19, BKL, by directly binding to the 3’'UTR of
the BKL transcript, resulting in attenuation of FGF19 signaling. The impaired FGF19
signaling in obesity leads to increased triglycerides/glucose levels, decreased glycogen
levels in the liver, and decreased insulin sensitivity in fatty liver of obese mice. (B)
Treatment with anti-miR-34a in dietary obese mice results in downregulation of the elevated
miR-34a, increased expression of KL, and subsequently, improves FGF19 signaling. The
improved FGF19 signaling results in increased glycogen levels, decreased triglycerides

levels in the liver, and increased insulin sensitivity.
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Fig. 2. Role of the miR-34a/BK L/FGF21 axis in adipose tissue
(A) In diet-induced obese mice, elevated miR-34a in adipocytes attenuates FGF21 signaling,

at least in part, by directly targeting both components of the FGF21 receptor complex, both
FGFR1 and BKL, and also by targeting SIRT1 deacetylase. Decreased SIRT1 function
results in increased acetylation levels of PGC1-a and subsequently decreased transcriptional
activity of PGC1-a in regulation of PGC-1a target browning-related genes. (B)
Downregulation of elevated miR-34a in obese mice by treatment with anti-miR-34a
improves FGF21 signaling, at least in part, by increasing expression of the FGF21 receptor
complex, both FGFR1 and BKL, and also increases expression and activity of SIRT1, which
contributes to deacetylation of PGC-1a and induction of PGC-1a target browning-related
genes.
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Table 1

Metabolic microRNAs currently in development as drug targets

microRNA Validated Function (Key Ref) Anti-miR Drugs
Target Genes
miR-122 Agpatl, Mogatl Increase hepatic TG level and RG-101 for
MTTP, KIf6 HCC development (Hsu et al; Tsai Hepatitis C virus
etal) Infection
miR-33 SREBP, HMGCR, | Control cholesterol homeostasis SPC-4955 for
LDL-R, ABCAL, (Esau, C. C et. al; Rayner, K. J. et. | Cholesterol, HDL &
ABCG1 al; Najafi-Shoushtari et. al.) Cardiovascular
diseases
miR-103/107 | caveolin-1 Regulate glucose homeostasis, RG-125
insulin sensitivity (Trajkovski, M (AZD4076) for
et. al.) NASH in T2D
patients/pre-
diabetes
miR-378 MED13 Mitochondrial metabolism Obesity,
(Carrer etal.) Cardiovascular
Disease
miR-208 Myh6, Myh7, Cardiac hypertrophy (Callis et. Obesity,
Thrapl, al.; Montgomery et. al; Grueter Cardiovascular
Myostatin, etal) Disease
MED13
miR-221 DDIT4, CDKN1, Cell cycle arrest, Cell Hepatocelluar
p27, p57, proliferation (Fornari et al. Carcinoma
Pineaua et al.)
miR-21 PTEN Cell proliferation, Cell cycle RG-012 for
arrest, Apoptosis (Meng et al. ) Hepatocelluar
Carcinoma
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