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Abstract

The liver is a primary target of growth hormone (GH). GH signals are mediated by the
transcription factor signal transducer and activator of transcription 5 (STAT5). Here, we focus on
recent discoveries about the role of GH-STATS5 signaling in hepatic physiology and
pathophysiology. We discuss roles of the GH-STATS5 axis in body growth, lipid metabolism, and
the cell cycle pertaining to hepatosteatosis, fibrosis, and hepatocellular carcinoma. Finally, we
discuss recent discoveries about the role of GH-STATS in sex-specific gene expression and bile
acid, steroid, and drug metabolism.
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Introduction

In the liver, growth hormone (GH) binds its cognate receptor (GHR), which results in the
activation of JAK2, which in turn phosphorylates the signal transducer and activator of
transcription 5 (STATS) (Fig. 1A). Phosphorylated STATS translocates to the nucleus,
where it binds to GAS motifs to regulate target genes. In the liver, GH-STATS5 signaling
regulates expression of target genes associated with several physiological processes,
including body growth, cell cycle, lipid, bile acid (BA), steroid, and drug metabolism (Fig.
1; Table 1). Disruption of STATS5 signaling is associated with liver disease, including fatty
liver, fibrosis, and hepatocellular carcinoma (HCC). Here, we review current status of GH-
STATS5 signaling on these topics.

STATS5, growth, lipid metabolism, cell cycle, and HCC

STATS5 and body growth

GH-STATS signaling regulates post-natal body growth by inducing /g7-I gene expression.!
Kofoed et al. described a patient with a homozygous mutation in the Star5b gene, which
resulted in IGF-1 deficiency and growth hormone insensitivity with impairment of body
growth.2 The /gf-1 gene is a direct target of STATS, and our studies revealed that IGF-1
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concentrations were reduced in STAT5-deficient mice.34 Two distinct GH-inducible
STATSB binding motifs have been identified in human /g7-1 and rat /gf-1 loci.® Other
studies have suggested the potential existence of multiple STAT5B-binding sites in the /gf-1
gene. Recently, it has been demonstrated that upon GH stimulation, STATSB is recruited to
a least seven distinct chromosomal domains throughout the /g7-1 locus, some of them with
the potential of long-range enhancers.”

The six-exon /gf-1 gene in rats contains two promoters with distinct tissue-limited profiles
of expression.8 GH-mediated signaling caused acute alterations in hepatic chromatin
architecture at the /gf-1 locus.? At promoter 1, GH caused RNA Pol 11 to be released from a
previously recruited paused preinitiation complex. In contrast, at promoter 2, hormone
treatment facilitates recruitment followed by the activation of RNA Pol 11 to initiate
transcription. It appears that both /gf-1 promoters reside in open chromatin, despite minimal
transcription in the absence of GH, as inferred from relatively high levels of core histone
acetylation and enhanced histone H3K4 trimethylation. It has been suggested that this
landscape of open chromatin may reflect the impact of previous long-term exposure to GH.

STATS and lipid metabolism

Several studies have suggested that GH-STATS5 signaling plays an important role in
controlling hepatic lipid metabolism. Mice with a liver-specific STATS5 ablation developed
hepatosteatosis, glucose intolerance, insulin resistance, late-onset obesity, and impaired liver
regeneration.3 Notably, expression of genes associated with adipogenesis (PPARy) and fatty
acid uptake (CD36) was up-regulated in Stat5a/b-deficient mice.3 These changes may
partially explain hepatosteatosis induced by loss of STATS5. Liver-specific deletion of the
growth hormone receptor also displayed marked hepatic steatosis, insulin resistance, glucose
intolerance, and increased triglyceride synthesis and decreased efflux.10 Recent studies with
STATS5-deficient mice suggests that elevated CD36, PPARY, and PGCla/B, along with
increased fatty acid synthesis, lipoprotein lipase, and very low-density lipoprotein receptor,
are responsible for hepatic steatosis in these mice.1! Further studies with hepatocyte-specific
Stat5-null mice will contribute to an understanding of the underlying molecular
mechanisms.

STATS, cell cycle, and HCC

Loss of STATS5 in hepatocytes caused steatosis, liver fibrosis, and promoted chemically
induced liver cancer,12 which was associated with altered expression of cell cycle
regulators.13 Loss of STAT5 from mouse embryonic fibroblasts (MEFs) leads to enhanced
proliferation and was linked to reduced levels of the cell cycle inhibitors Cdkn2b (cyclin-
dependent kinase inhibitor 2B; p15'NK4B) and Cdknia (p21¢'P1). Growth hormone, through
STATS binding to promoter-bound GAS motifs, enhanced expression of the Cakn2b and
Cdknlagenes. In mouse liver STATS, like in MEFs, activated expression of the Cakn2b
gene. This study demonstrated that cytokines, through STAT5, induce the expression of key
cell cycle inhibitors. STAT5 might promote cell cycle arrest in chronically injured liver
hepatocyte and HCC as a critical tumor suppressor. STAT5 also regulates tumor suppressor
and antiproliferating activities in other cell types. In T cells, oncogenic tyrosine kinase
NPM1-ALK induces epigenetic silencing of Stat5a gene, and STAT5A protein can act as a
key tumor suppressor by reciprocally inhibiting expression of NPM1-ALK.1# It has been
suggested that loss of STAT5A is crucial for NPM1-ALK-mediated oncogenesis as this
permits uninterrupted transcription of NPM1-ALK. In human diploid fibroblasts,
constitutive activation of STAT5A also induced a cell cycle arrest with the characteristics of
cellular senescence including the nuclear accumulation of the p53 tumor suppressor protein
and accumulated DNA damage foci and activated ATM and ATR.1® SOCS1 can link the
DNA damage signals characteristic of STAT5a-expressing cells to p53, serving as a
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mediator for p53 phosphorylation by ATM and ATR.15:16 These results suggest that STAT5
can regulate senescence by activating the tumor suppressors SOCS1 and p53.16

STATS, sex-specific gene expression, bile acid, drug, and steroid
metabolism

STATS and sex-specific gene expression

The liver is a sexually dimorphic organ, with sex-dependent differential expression of more
than 1,000 genes in rats and mice.17:18 In several species, including mice and rats, pulsatile
secretion of GH in males is distinct from that in females, and sexual dimorphic expression
patterns of genes in liver tissue have been observed.® In males, testosterone acts on the
hypothalamic-pituitary axis to drive pronounced pulsatile GH secretion. The androgenic
hormones testosterone and dihydroxytestosterone convey their signals through the androgen
receptor (AR).20 Recent studies have revealed that expression of the Argene in skeletal
muscle is directly controlled by GH through STAT5A/B.2! This finding opens studies to
explore links between AR, GH, and sex-specific gene expression.

Many of the sex-specific genes in liver are regulated by the GH-STATS pathway (Table
1).19 In liver, STAT5B is ~20-fold more abundant than STATSA, suggesting that the vast
majority of GH signaling is mediated through STAT5B. STAT5B-deficient male mice are
characterized by reduced body growth and a loss of sex-specific expression of genes
encoding cytochrome P-450 (Cyp) enzymes.! Many studies showed that male-specific genes
including Cyp4a1222-24 Gstrr,2225 5|p,2226 Elovi32227 Mup32228 Mup1/2/6/8, 22
Cyp7b1, 2229 Sfcoal, 223031 Hsd3ph5, 22:32.33 and Moxal12234 were down-regulated in the
male liver of hepatocyte Stat5a/b-deficient mice. In contrast, female-specific liver genes
including Cyp2a4,22:35 Cyp39a1,22 Sultlel,2238 Nnmt 2237 Cyp2b9, 2238 and Cyp2b13%3°
were up-regulated (de-repressed). Microarray analysis showed that 90% of male-
predominant genes were suppressed and 60% of female-predominant genes were induced in
liver tissue of Star5b-null male mice.1” Another study also identified several gene sets
displaying sexual dimorphic expression.1® Gene expression profiling on global Stat5a- and
Stat5b-null mice confirmed STATSB as the transcription factor conveying sexual
dimorphism, but a distinct role for STAT5A has been established as well. The expression of
15% of female-predominant genes was dependent on the presence of STAT5A. These
studies highlight sex-specific roles of the two STATS isoforms, with STAT5A preferentially
regulating gene expression in the female liver while STAT5B plays the predominant role in
the male.

The regulation of sex-specific genes through both transcriptional activators and repressors
has been investigated. STAT5b synergistically enhanced the transcriptional activity of
HNF4-a toward two other male-specific liver target genes, Cyp2d9and CYP8B1.40 These
results highlight the ability of STAT5b to act in concert with HNF4-a to regulate male-
specific liver Cyp genes. They also proposed that HNF-6 and HNF-3p are female-
predominant, positive regulators of Cyp2c12 (female specific) and negative regulators of
Cyp2a2 (male specific). The transcriptional repressor Bcl6 is a male-specific rat liver gene
product.*! The DNA recognition motif of Bc/6*2 resembles the STATS5 consensus site
TTCNNNGAA.*3 This raises the possibility that Bcl6 and STAT proteins may regulate
overlapping sets of genes. Bcl6 was bound to a subset of STAT5-binding sites in male liver
chromatin, including a Socs2 STAT5-binding site where Bcl6 binding increased
substantially between plasma GH pulses when STATS5 binding was low.** Thus, Bcl6 and
STATS binding was inversely coordinated by the endogenous pulses of pituitary GH release.
They suggest that this male-specific transcriptional repressor modulates hepatic GH
signaling to select STATS5 target genes.
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Chromatin structure affected sex-dependent gene expression. The sex-related expression of
the Cyp2ci2 gene resulted from the inaccessibility of STATS5 to the GH-responsive element
by chromatin condensation in male rat livers.#®> Sex-specific differential binding affinity of
STATS to target genes was observed in rats. Phylogenetic footprinting was used to predict
functional transcription factor binding sites STATS5 in the GH-responsive genes /gr-1,
50CS2, and HNF-6.45 In female rat liver, where nuclear STATS5 activity is generally low,
STATS5 binding to /gf-1 and SOCS2was limited to high-affinity sites, while male specific
gene expression was associated with male-specific STAT5 binding to multiple low-affinity
STATS sites.

STATS and bile acid/drug metabolism

Many sex-specific genes belong to the Cyps, sulfotransferases (Sults), or glutathione
transferase (Gst) family that play important roles in BA, steroid, and drug metabolism.
Several studies reports that GH-STATS5 signaling regulates expression of genes associated
with BA metabolism including BA synthesis, BA uptake, BA detoxification, and excretion
(Fig. 2). Conversion of cholesterol to 7a-hydroxycholesterol by cyp7al cholesterol 7a-
hydroxylase is the initial and rate-limiting step in BA synthesis.# In addition, Cyp7b1
oxycholesterol 7a-hydroxyase catalyzes the alternative pathway of cholesterol metabolism.
Expression of Cyp7bl (oxysterol 7a-hydroxylase) was down-regulated in the liver of
STATS5-deleted mice.222? Expression of Hsd3b5 (3BHSD; 3p-hydroxysteroid
dehydrogenase type 5), which is involved in the oxidation of the 33-OH and isomerization
of the C5-C6 double bond, was also down-regulated in the liver of STAT5-deleted
mice.22:32.33 Secondary BAs, lithocholic acid and deoxycholic acid, are synthesized in the
gut lumen from the primary BAs by microbial enzymes and are reabsorbed into the
enterohepatic circulation. Cyp3al0/6p-hydroxylase is a male-specific P450 that catalyzes
6p-hydroxylation of lithocholic acid.#48 STAT5a/b positively mediated GH-dependent
regulation of Cyp3al0promoter activity.4?

GH-STATS5 signaling regulates gene expression associated with BA transport. Slcolal (the
organic anion transporter Oatpl) is an uptake transport of a variety of organic endo and
exogenous compounds, such as BAs, steroid and thyroid hormones and their conjugates, and
numerous drugs and toxins.3%:31 Expression of BA transporter slcolal was down-regulated
in Star5-deleted male mice.22:39.31 To investigate the physiologic and pharmacologic roles
of Oatps of the 1a and 1b subfamilies, mice were generated lacking all established and
predicted mouse Oatpla/lb transporters (referred to as Slcola/lb—/— mice).30 S/cola/1b-/~
exhibited markedly increased plasma levels of bilirubin conjugated to glucuronide and
increased plasma levels of unconjugated BAs, indicating that Oatpla/lb transporters
normally mediate extensive hepatic reuptake of glucuronidated bilirubin. S/coZa/16~~ mice
also showed marked decrease in hepatic uptake and consequently increased systemic
exposure following intravenous or oral administration of the OATP substrate drugs
methotrexate and fexofenadine. These data indicate that Oatpla/lb transporters play an
essential role in hepatic reuptake of conjugated bilirubin and uptake of unconjugated BAs
and drugs.

The GH-STATS pathway also regulates gene expression associated with BA detoxification.
Hydroxylation of BAs is mediated by the phase I-detoxifying Cyp enzymes Cyp3all and
Cyp2b10.17 The expression of Cyp3alland Cyp2b10genes was down-regulated in
STAT5b-deficient male mice.1” Sult2al catalyzes the formation of BAs sulfates (BA-
sulfates). Sulfation of BAs increases their solubility, decreases their intestinal absorption,
and enhances their fecal and urinary excretion. Sult2al is female-predominant Sult in mouse
liver. Expression of Sult2al is suppressed by androgens and male-pattern GH secretion,
while it is induced by estrogens and female-pattern GH secretion.>% Hepatic expression of
Sult2al was increased in GH-releasing hormone receptor-deficient little (lit/lit) mouse in
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males.®0 In mice, STATS5 deletion in the liver resulted in decreased glutathione S-transferase
pi class (Gstr), which is one of phase Il detoxification enzyme, catalyzing the conjugation
of glutathione to BA 2225

Recent studies pointed to the importance of GH-STATS signaling for maintaining BA
homeostasis. Deletion of the Stat5a/b locus in hepatocyte and cholangiocytes in the
multidrug resistance gene 2 knockout (Mdr2~~), resulted in an early and severe liver fibrosis
phenotype, accompanied by deregulated expression of important regulators of BA
homeostasis,>! suggesting that loss of STATS5 sensitizes hepatocytes to BA-induced damage.

Overall, loss of liver-specific STATS resulted in decreases in Cyp7b1 and Hsd3b5 gene
expression for BA synthesis and decrease in Oaptl gene expression for BA uptake. In
addition, deletion of STAT5 gene resulted in decrease in phase | detoxifying Cyp3alland
Cyp2b10 gene expression, whereas phase 11 detoxifying Su/tlel gene expression was
increased in these mice. Thus, these studies imply that the GH-STATS5 pathway has an
important function in regulating BA metabolism including synthesis, transport, and
detoxification. Whether these changes are either directly or indirectly regulated by GH-
STATS signaling remains to be determined. Elucidating the direct or indirect molecular
mechanisms involved in these processes should lead to a better understanding of the role of
GH-STATS5 in BA metabolism, cholesterol homeostasis, and liver diseases such as
cholestasis and gallstones.

STATS and steroid hormone metabolism

Liver is a target organ for steroid hormone metabolism. Several studies have suggested that
GH-STATS regulates genes linked to steroid metabolism (Fig. 3). One of these genes,
HSD3b5, catalyzes the formation of the relatively inactive androstanediol from the active
dihydrotestosterone.33 Hsa3b5 gene expression was down-regulated in the liver of STATS-
deleted male mice.22:32:33 |n contrast, another gene involved in testosterone metabolism,
testosterone 16a-hydroxylase (Cyp2b9), which hydroxylates testosterone at the 16a
position, was up-regulated in STAT5-deleted male mice.22 Cyp7b1 (oxysterol 7a.-
hydroxylase), responsible for the hydroxylation of dehydroepiandrosterone, androstenediol,
androggazréetriol, and 25-hydroxycholesterol, was downregulated in Stat5-deleted male
mice.==

Genes associated with estrogen metabolism are also regulated by GH-STATS. Sultlel is the
major Sult isoform responsible for the inactivation of p-estradiol via sulfation at
physiological concentrations.>2 Expression of su/tle1 gene was up-regulated in STAT5-
deficient male mice.2236 Changes in Sultlel activity may alter E2 levels and E2-regulated
processes in tissues and cells, including those of the liver where it is expressed at significant
levels. Sultlel was also shown to have high affinity (nM range) for diethylstilbestrol and
tamoxifen as well as for E2 and estrone.?3:54 Testosterone or estradiol 15alpha-hydroxylase

CypZa4 gene is female-specific, and this gene is up-regulated in Stat5-deleted male
mice.22.35,38

Thus hepatic GH-STATS signaling regulates, at least in part, genes involved in hepatic
testosterone/estrogen and drug metabolism. Changes in the metabolism of steroid hormones
may have a role in alterations in liver function or the development of liver disease. Further
studies regarding direct or indirect molecular mechanisms that regulate steroid/drug
metabolism by GH-STATS pathway will enhance our understanding of functional
significance of GH-STATS5 pathway on steroid metabolism in the liver. Overall, many
studies have established that GH-STATS5 signaling is key in dictating sex differences in the
expression of a large number of liver gene products, including many Cyps and other DMEs.
Additional investigations are needed to elucidate mechanisms that control expression of
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these genes by GH-STATS5 and to understand functional roles of GH-STATS5 regulating BA,
steroid, and drug metabolism and its clinical implications. Studies with hepatocyte-specific
STATS5-deleted mice will allow further understanding of the functional role of sex-specific
genes for controlling drug, steroid, and BA metabolism and of related liver diseases.
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Figure 1.

GH-STATS signaling pathway. GH binds its receptor and then activates Jak2, which in turn
activates STATS by phosphorylation. Phosphorylated STATS5 goes to the nucleus, where it
binds to gamma interferon—activated sequence (GAS) site of target gene's promoters. It
activates transcription of /gf-1 gene.3 It activates cell cycle inhibitors Cakn2b (cyclin-
dependent kinase inhibitor 2B; p15'NK4B) and Caknia (p21C'P1).13 It also activates
metabolic genes associated with lipid, bile acid, and steroid/drug metabolism. STATS5.
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Changes in hepatic gene expression of BA metabolism in STAT5-deficient mice. STAT5
liver specific knockout mice (STA75~ ") exhibited changes in gene expression of BA
metabolism including synthesis,22:29:32:33 yptake,22:30.31 and detoxification.17:22:25 Sylt2al
gene was induced in GH-releasing hormone receptor-deficient little (lit/lity mouse.> Ntcp,
Na+/taurocholate cotransporter; Oatpl, organic anion transporter 1; BA, bile acid; Gstr,
glutathione S-transferase pi class; Chol, cholesterol; E2, estradiol; OA", organic anions; BA-
OH, hydroxylated BA; BA-SO3, sulfated BA; GSH, glutathione. Arrows indicate changes in
gene expression (up, down). NC, no change.

Ann N'Y Acad Sci. Author manuscript; available in PMC 2012 August 25.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Baik et al. Page 11

ICyp2b9
s
I [ Testosterone J._[

=

Hsd17‘ty
'Cyp234 15a-OH
DHT Testosterone

ISuItlell [ 15a-OH Estradiol ] [lHSCBbS

Estron lep7b1
3-sulfate [ Androstanediol ] Androstanetriol

Figure 3.

Changes in hepatic gene expression of testosterone and estrogen metabolism in STAT5-
deficient mice. STAT5liver specific knockout mice down-regulated expression of
Hsd3b52:32 and Cyp7b1 genes,?2:29 whereas it up-regulated expression of Cyp2b9,22:38
Cyp2a4,2235 and Sultiel genes?236 in the liver. DHT, dihydrotestosterone; OH,
hydroxylated. Arrows indicate changes in gene expression (up, down).
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Table 1
Genesregulated by STAT5 and sex in theliver
Gene STAT5 deletion effect in -~ STATSregulation  References
males

Growth

IGF-1, IGFALS, IGFBP3, EGFR | STATA/B 34
Lipid metabolism

PPARy, CD36 1 STATA/B 3
Cell cycleinhibitor

Cdknla, Cdkn2b | STATA 13
Cell cycle regulator

Cyclin D1 1 STATA/B 34,13
JAK-STAT pathway associated genes

Socs2, Cish | STATA/B 34

Socs3, STATL, STAT3 1 STATA/B 34
Male-specific genes

Cyp4al2, Gstr, Slp, ElovI3, Mup3, Cyp7bl, Slcolal(Oatpl), Hsd3b5, | STAT5B 22-34
Moxdl1

B-cell leukemia/lymphoma 6 (Bcl6) - STAT5A/B 40,44
Female-specific genes

Cyp2a4, Cyp39al, Sultlel, Nnmt t STATS5B 22, 35-37

Cyp2b9, Cyp2b13 1 - 22,38,39

Cyp2b10 ¢ STAT5B 17

Arrows indicate changes in gene expression (up, down, no change).

Ann N'Y Acad Sci. Author manuscript; available in PMC 2012 August 25.



