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Abstract

Murine hepatocarcinogenesis requires growth hormone (GH). To determine if the GH-responsive 

transcription factor STAT5b (signal transducer and activator of transcription 5b) is also required, 

we compared the hepatic gene expression profiles of global Stat5b null mice to cancer-resistant 

mice mutant in the GH pathway -- GH-deficient little and androgen receptor-null Tfm males. We 

found a high degree of overlap among Tfm, little, and Stat5b null males. The liver cancer 

susceptibility of global Stat5b null mice was assessed on three distinct genetic backgrounds: 

BALB/cJ (BALB), C57BL/6J (B6), and C3H/HeJ (C3H). The effect of Stat5b on 

hepatocarcinogenesis depended on the genetic background. B6 Stat5b null congenic males and 

females developed 2.4 times as many tumors as wild-type (WT) controls (P < 0.002) and the 

tumors were larger (P < 0.003). In BALB/c congenics, loss of STAT5b had no effect on either sex. 

C3H Stat5b null congenic males and females were resistant to liver cancer, developing 2.7- and 6-

fold fewer tumors, respectively (P < 0.02, 0.003). These results provide the first example of a 

single gene behaving as both oncogene and tumor suppressor in a given tissue, depending only on 

the endogenous modifier alleles carried by different genetic backgrounds.
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INTRODUCTION

Human liver cancer is a significant global health problem. Liver cancer is the fifth most 

common cancer in men and seventh most common cancer in women [1]. In 2008, it was 

estimated there were 522,000 cases of liver cancer in men (7.9% of total cancer cases) and 

226,000 cases in women (6.5% of total). Liver cancer is the third most common cause of 

death from cancer worldwide, and it was estimated that 696,000 people died from liver 

cancer worldwide in 2008. In the United States (US), approximately 90% of liver cancer is 

hepatocellular carcinoma (HCC), with intrahepatic cholangiocarcinoma accounting for 

nearly all of the remaining 10% [2,3]. During the three decades from 1975 and 2005, HCC 

rates tripled in the US [2].
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In almost all populations examined, the incidence of HCC is higher in men than women, and 

liver cancer mortality is also higher in men than women in every region of the world [1]. In 

the US, incidence is approximately 3-fold higher in men than women [2]. Further, HCC is 

the fastest growing cause of cancer-related death in men in the US [4]. Although the 

etiology of male-specific sensitivity to liver cancer is largely unknown, laboratory studies 

with rodents indicate that sex hormones play a key role in the observed sexual dimorphism 

of HCC incidence.

Male mice are more sensitive to hepatocarcinogenesis than female mice, having higher 

incidences of both spontaneous liver tumors and liver tumors induced by perinatal treatment 

with a variety of chemical carcinogens [5–9]. Gonadectomy studies have shown that sex 

hormones have opposing roles in hepatocarcinogenesis. Castrated male mice have a lower 

incidence of liver cancer and develop fewer tumors than intact males [6,8,10–12]. In 

contrast, ovariectomized female mice are more sensitive to hepatocarcinogenesis, 

developing more liver tumors with greater incidence than intact female mice [6,11–13]. 

Additionally, castrated male mice and ovariectomized female mice have similar liver tumor 

incidences [6,12]. Therefore, androgens enhance and ovarian hormones suppress 

hepatocarcinogenesis. Recent studies have implicated IL-6 signaling [14] and Foxa1/a2 

transcriptional regulation [15] in the suppression of liver tumor development in female mice. 

In males, studies using mice lacking functional androgen receptors, testicular feminization 

(Tfm) mice, have revealed the importance of the androgen receptor in testosterone-mediated 

promotion of liver tumors [10]. Perinatal N,N-diethylnitrosamine (DEN) treatment resulted 

in greater than 25-fold more tumors in wild-type male mice than their Tfm/Y counterparts or 

wild-type females. Furthermore, evidence indicates that testosterone-mediated promotion of 

hepatocarcinogenesis is indirect, that its action occurs upstream of the hepatocyte [10].

An attractive candidate for the secondary, secreted factor that mediates the androgen effect 

is GH. The temporal pattern of GH release from the anterior pituitary is sexually dimorphic 

in many species, including rats, mice, and humans [16–19]. The unique period of little or no 

circulating GH characteristic of the male profile is thought to be key to driving sex-specific 

hepatic gene expression and is required for expression of male-specific liver genes, such as 

male-specific cytochrome P450 enzymes (CYPs) [20]. Genome-wide analysis of a large 

collection of human liver RNA found 1,249 genes exhibiting sex-biased expression, 70% of 

which were higher in females [21]. Half of the mouse orthologs to these human sex-biased 

genes also show sex-biased expression in the mouse liver. Of the sex-biased genes common 

to human and mouse or rat, 75% were shown to be primarily regulated by pituitary GH 

based on their response to hypophysectomy [22,23].

The little mutation spontaneously arose in C57BL/6 mice and is a point mutation in the 

growth hormone releasing hormone receptor (Ghrhr) gene [24–26]. As a consequence of 

GHRH insensitivity, little mice have serum GH levels that are approximately 5% of that of 

wild-type B6 mice. To further examine the role of GH in sex-specific sensitivity to liver 

cancer, preweanling, GH-deficient little mice were treated with DEN [12]. The little mice 

were remarkably resistant to liver cancer development. Both male and female little mice 

developed fewer tumors than wild-type mice. Little male mice developed 36- to 59-fold 

fewer tumors than B6 wild-type males. Little females were also less susceptible to liver 
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cancer than wild-type B6 females, though to a lesser degree than seen in little males, as they 

developed 11-fold fewer tumors than wild-type females. The effect was even more 

pronounced on the C3H/HeJ and C57BR/cdJ backgrounds, as congenic males carrying the 

little mutation on these backgrounds developed less than 1% of the number of tumors 

developed by wild-type males of the same background. Gonadectomy, which dramatically 

affected hepatocarcinogenesis in wild-type animals, did not significantly affect 

hepatocarcinogenesis in little animals. Together, the results of the little tumor studies 

support the hypothesis that GH is the secondary factor that indirectly mediates the 

promoting role of testosterone in male mice.

STAT5b is thought to be the master regulator of sex-specific hepatic gene expression in 

response to the pulsatile plasma GH profile characteristic of males. High levels of tyrosine-

phosphorylated STAT5b, the activated form of STAT5b, are detected in liver nuclei from 

hypophysectomized male rats following a single GH pulse treatment [27]. Furthermore, high 

levels of active STAT5b are only detected in nuclear extracts from the livers of males, not 

females [27,28].

Analysis of STAT5b-deficient mice demonstrated the essential role of STAT5b in sexually 

dimorphic hepatic gene expression [29–31]. Sexual dimorphism of hepatic gene expression 

is dramatically reduced in global STAT5b knockout male mice. Of the 1,603 mouse genes 

showing significant sex-biased hepatic expression, 767 of the 850 genes exhibiting male bias 

(90%) were down-regulated in global STAT5b knockout (STAT5b KO) males [29]. 

Furthermore, of the 753 female-biased genes, 461 (61%) were up-regulated in global 

STAT5b knockout males. Thus, the male-specific hepatic gene expression profile requires 

STAT5b.

We hypothesized that STAT5b is a necessary molecular mediator of male-specific 

sensitivity to liver cancer. To assess the contribution of STAT5b to male-specific sensitivity, 

we performed DEN-induced hepatocarcinogenesis studies using global STAT5b KO mice 

on three distinct genetic backgrounds. To complement our hepatocarcinogenesis studies, we 

performed whole-genome hepatic gene expression analysis. We compared the hepatic gene 

expression profiles of STAT5b KO males on the C57BL/6J and BALB/cJ backgrounds with 

the expression profiles of male mice previously found to be resistant to 

hepatocarcinogenesis, Tfm and little. Despite a high degree of similarity in the hepatic gene 

expression profiles of Tfm, little, and Stat5b null male mice, the genetic background of the 

mice determined whether STAT5b deficiency enhanced, suppressed, or had no effect on 

DEN-induced hepatocarcinogenesis.

MATERIALS AND METHODS

Mice

C3H, B6, and BALB inbred strains were obtained from The Jackson Laboratory (Bar 

Harbor, ME) and bred in our facilities. Two heterozygous male C.129-Stat5btm1Hwd/J mice 

were also obtained from The Jackson Laboratory (Bar Harbor, ME). This mouse line was 

originally created by Dr. Helen Davey [31].
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To generate C.129-N6F2Stat5btm1Hwd mice, founder heterozygous male C.129-

Stat5btm1Hwd/J males were further backcrossed one generation to BALB/cJ females. The 

resulting heterozygous offspring were mated and their offspring were used in the studies. To 

generate C.129-N11F2Stat5btm1Hwd mice, founder heterozygous male C.129-Stat5btm1Hwd/J 

males were backcrossed six generations to BALB/cJ females. At N11, the resulting 

heterozygous offspring were mated and their offspring were used in the studies. To generate 

B6.129-N6F2Stat5btm1Hwd mice, the founder Stat5b+/− males were backcrossed six 

generations to C57BL/6J females. At N6, the resulting heterozygous offspring were mated 

and their offspring (B6.129N6F2) were used in the studies. To generate C3H N6 congenics, 

the founder Stat5b+/− males were backcrossed six generations to C3H/HeJ females. At N6, 

the resulting heterozygous offspring were mated and their offspring (C3.129N6F2) were 

used in the studies.

All mice were genotyped at the Stat5b locus by PCR as described below. As they were 

developed, congenic lines were also genotyped using microsatellite markers at or near 4 

additional loci our lab has previously found to affect murine hepatocarcinogenesis: 

D1Mit206 [32], D4Mit31 and D10Mit15 [33,34], and D17Mit34 [35]. Additionally, the 

breakpoint on each side of the Stat5b locus was monitored during congenic development 

using microsatellite markers.

To generate Tfm animals (Tfm/Y), heterozygous Tfm/+ female and wild-type male mice were 

crossed and their offspring were genotyped as described below. Heterozygous Tfm/+ 

breeders were originally purchased from The Jackson Laboratories and backcrossed to 

C57BL/6J in our lab for more than 20 generations [12]. The Tfm mutation spontaneously 

arose in the B6 strain and is a frame-shift mutation in the androgen receptor gene [36]. To 

generate homozygous little animals (Ghrhrlit/lit), heterozygous Ghrhrlit/+ male mice were 

crossed with homozygous Ghrhrlit/lit females and genotyped as described below. B6-lit/lit 

mice were originally obtained from The Jackson Laboratories and maintained on a B6 

background in our lab. The little mutation arose spontaneously in the B6 strain and is a point 

mutation in the Ghrhr gene [24].

All mice were treated in accordance with the NIH Guide for the Care and Use of Laboratory 

Animals. All experimental protocols were approved by the Animal Care and Use Committee 

of the School of Medicine and Public Health at the University of Wisconsin-Madison. Mice 

were housed in plastic cages on corncob bedding (Bed O’Cobs, Anderson Cob Division, 

Maumee, OH) and fed Mouse Diet 9F 5020 (9% fat; LabDiet, Madison, WI). All mice were 

given acidified tap water ad libitum. Animal health was monitored by daily inspection.

Genotyping

DNA was isolated from mouse tails or toes (at 9 to 14 days of age), and spleens 

(postmortem) using a standard proteinase-K-ammonium acetate precipitation protocol [32] 

or by alkaline lysis [37]. Briefly, DNA was isolated from tissues by alkaline lysis by 

incubation at 95 – 100°C in an alkaline solution (pH 12, 25 mM NaOH, 0.2 mM EDTA) for 

20 to 40 minutes. The solution was neutralized by the addition of an acidic solution (pH 5, 

40 mM Tris) and vortexed for 10 seconds. Tissue debris was removed by centrifugation at 

16,000 g, and the supernatant was recovered and used for genotyping. The more rapid 
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alkaline lysis protocol was not compatible with the methods used for genotyping of little or 

Tfm mice.

All genotyping primers were purchased from Integrated DNA Technologies (Coralville, IA). 

Microsatellite markers were amplified using 1 to 2 μl of DNA (~100 ng) using standard 

conditions [32]. Genotyping of little and Tfm lines was performed by restriction digest of 

PCR products by FokI and MwoI respectively, as previously described [10,12]. Genotyping 

of Stat5btm1Hwd lines was performed using PCR as previously described [38]. All 

genotyping PCR products and digests were resolved by electrophoresis through a 7% 

polyacrylamide gel.

Liver Tumor Induction

The DEN-preweanling model was used for all hepatocarcinogenesis studies. Briefly, twelve-

day-old mice (±1 day) were injected with N,N-diethylnitrosamine (DEN; Sigma, St. Louis, 

MO) intraperitoneally (i.p.) at a dose of 0.1 μmol/g body weight in tricaprylin (Sigma; 0.01 

ml/g body weight) to initiate hepatocarcinogenesis. Males develop tumors earlier than 

females and were therefore aged to 32 weeks, while females were aged to 50 weeks before 

sacrifice [6–7,11–12]. At sacrifice, tumors >1 mm on the liver surface were enumerated and 

a tally of tumors >5 mm was also scored separately.

Gene Expression Analysis

At 10 weeks of age, DEN-initiated animals were sacrificed and a portion of their livers was 

stored in RNAlater (Ambion; Invitrogen, Calsbad, CA) for 4 days (±1 day) at 4°C, after 

which they were removed from RNAlater and stored long-term at −80°C. RNA was isolated 

from approximately 0.06 g whole liver using the RNeasy Midi Kit (Qiagen, Venlo, 

Netherlands) following the manufacturer’s protocol, except 50% ethanol was substituted for 

70% ethanol. RNA concentration was measured with a NanoDrop 1000 spectrophotometer 

(Thermo Fisher Scientific).

For microarray analysis, fluorescent Cy-3 probes were prepared independently from total 

RNA from three mice of each genotype using the Agilent Low Input Linear Amplification 

and Labeling Kit (Agilent Technologies, Santa Clara, CA). A reference, Cy-5 labeled probe 

was similarly prepared from a pool of C57BL/6 hepatic RNA constructed from equal 

quantities of male (15 individuals) and female (18 individuals) RNA. Before hybridization, 

probe concentrations were determined with a NanoDrop 1000 spectrophotometer (Thermo 

Fisher Scientific). Equal amounts of experimental and reference probe species (1.5 μg) were 

mixed and hybridized to the Whole Mouse Genome Microarray 4 x 44K (Agilent 

Technologies) according to the protocol provided by the manufacturer. The microarray 

slides were visualized using the Agilent Microarray Scanner System and analyzed with 

Agilent Feature Extraction Software v. 9.1. Gene expression was analyzed using EDGE v.3 

[39] (developed by Drs. Christopher Bradfield and Aaron Vollrath, University of Wisconsin-

Madison, Madison, WI) and Ingenuity Pathway Analysis (IPA) software (Ingenuity 

Systems, Redwood City, CA).
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For measurement of specific mRNAs by quantitative real-time PCR (qPCR), cDNA was 

prepared from 5 μg of RNA by reverse transcription using the SuperScript II system 

(Invitrogen) following the manufacturer’s specifications along with oligo(dT) 15 primer 

(Promega, Madison, WI) and 10 mM dNTPs (Roche). qPCR was performed on total cDNA 

diluted 1:16 using 500 nM of forward and reverse primers and 250 nM FAM-labeled probes 

with an internal ZEN™ quencher nine bases from the 5′ FAM and a 3′ Iowa Black™ 

quencher (PrimeTime™ qPCR assays, IDT). Primers and FAM-labeled probes were 

designed using IDT SciTools RealTime PCR design tool and primer locations were verified 

using BLAST (NCBI). A list of the primers and probes and their sequences and locations is 

given in Supplemental Table 1. Reactions were prepared in triplicate at 20 μl volumes in 

384-well film-sealed plates (Applied Biosystems; Foster City, CA) and run on the ABI 

7900HT (Applied Biosystems). For each reaction, AmpliTaq Gold PCR master mix 

(Applied Biosystems) was used at 1X and 0.4 uL of ROX reference dye was added 

(Invitrogen, Carlsbad, CA). The thermocycling protocol was one cycle of 50°C for 2 

minutes and 95°C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C 

for 1 minute. Controls with no cDNA template or no reverse transcriptase were conducted 

for each group. A standard curve (1:2 to 1:64) was performed to verify that the amplification 

efficiency of the housekeeping gene, Actb, was suitable for delta-delta-Ct analysis [40]. 

Fold-change values were calculated using the delta-delta-Ct method [40] using Actb as a 

housekeeping gene and normalizing the expression relative to the wild-type male of the 

appropriate genetic background.

Immunoblot analysis

The primary rabbit antibodies anti-pY-STAT3 (Tyr705; CS#9145), anti-pY-STAT5 

(Tyr694; CS#4322), anti-Stat3 (CS#4904), anti-Stat5 (CS#9363), anti-β-actin (CS#4970) 

and HRP-linked goat anti-rabbit (CS#7074) secondary antibody were purchased from Cell 

Signaling (Beverly, MA). Protein was extracted from snap-frozen whole liver harvested 

from 10- to 12-week-old mice in a liquid nitrogen-cooled mortar. Tissue was ground into a 

fine powder and suspended in RIPA buffer (Thermo Fisher Scientific) with 2X Halt Protease 

and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific). Total protein concentration 

was determined by BCA assay (Thermo Fisher Scientific); 40 μg of protein was loaded and 

separated on pre-cast 4–20% polyacrylamide gels (Thermo Fisher Scientific) and 

electrotransferred to a PVDF membrane (Millipore, Billerica, MA). Blots were blocked with 

5% low fat milk at RT for 1 hour, then incubated with primary antibodies at 1:1000 (except 

for anti-STAT3 which was used at 1:2000) dilution in 5% BSA in 1X TBS, 0.1% Tween-20 

(TBS-T) overnight at 4°C or at RT for 1–2 hours. Membranes were washed 2 times for 15 

minutes in 1X TBS-T. Membranes were then incubated with HRP-linked goat anti-rabbit 

IgG (Cell Signaling) secondary antibody diluted at 1:3000 in 5% BSA for 1 hour at RT. 

Membranes were washed again as described above. All blots were visualized using ECL 

PLUS (GE Healthcare; Little Chalfont, UK) following the manufacturer’s protocol. A film 

image was acquired using diagnostic film (Eastman Kodak) and the fluorescent product was 

visualized by scanning on a Storm 840 Imager (GE Healthcare) in fluorescence acquisition 

mode with excitations at 635 and 450 nm, normal sensitivity, PMT 800V, and a pixel size of 

200 μm.
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Histology and Immunohistochemistry

Liver tumors were fixed in 10% neutral buffered formalin (NBF) at 4°C for 2 to 6 days. The 

samples were then transferred to 70% ethanol for long-term storage at 4°C until paraffin 

embedding. Pituitaries were removed from 10-week-old animals at sacrifice. Briefly, the 

whole head was removed with heavy scissors. A lateral cut in the skin was made along the 

center of the skull from the back of the head to between the eyes. This skin was pulled back 

on both sides, and the exposed skull was cut in a similar manner. A cut above each eye was 

made and the skull was peeled back to expose the brain. The brain was carefully removed, 

exposing the pituitary. The part of the skull containing the pituitary was carefully removed, 

with pituitary, and immediately placed in NBF and stored overnight at 4°C. The following 

day, the pituitary was gently separated from the skull and associated connective tissue with 

the assistance of a dissection microscope. The pituitary was then weighed and transferred to 

a 70% ethanol solution and stored at 4°C. Multiple pituitaries were embedded in a 2% agar:

2.5% gelatin mixture as previously described, then stored in 70% ethanol at 4°C prior to 

paraffin embedding [41]. Pituitary specimens were isolated, fixed and prepared as described 

as above.

Embedding and subsequent sectioning and staining was performed by the UWCCC 

Experimental Pathology Core Service. Briefly, tissues were removed from 70% ethanol, 

dehydrated, paraffin infiltrated, and paraffin embedded. Sections were cut at 5 μm and 

mounted on slides for all downstream staining procedures. H&E staining was performed for 

liver tumor histopathology and pituitary analysis.

IHC for pY-STAT3 (Tyr705; CS#9145) and pY-STAT5 (Tyr694; CS#9359) was performed 

using primary antibodies from Cell Signaling (Beverly, MA) following the manufacturer’s 

instructions, using pH 8 EDTA for antigen retrieval and a 1:400 dilution for both primary 

antibodies. IHC for GH and prolactin was performed using anti-GH and –prolactin 

antibodies from Dr. Albert Parlow (The National Hormone & Peptide Program, UCLA) at a 

1:3200 dilution. Briefly, slides were deparaffinized in xylene and hydrated through graded 

ethyl alcohols to water. Slides were washed with phosphate buffered saline (PBS) three 

times. Non-specific binding was blocked with 10% goat serum in PBS for one hour and 

endogenous peroxidase was blocked with 0.3% hydrogen peroxide in PBS for 10 minutes. 

Endogenous biotin was blocked with 0.001% avidin in PBS for ten minutes and the avidin 

quenched with 0.001% biotin in PBS for ten minutes. The slides were then incubated with 

primary antibody diluted in PBS with 1% goat serum overnight at 4°C. After washing with 

PBS three times, the sections were incubated with biotinylated goat anti-rabbit (Vector 

Laboratories, Burlingame, CA) at 1:200 in PBS for one hour at room temperature. Slides 

were washed in PBS three times, then incubated 30 minutes at room temperature with 

Vectastain ABC Elite (Vector Laboratories). Following three washes in PBS, slides were 

developed with DAB (Vector Laboratories), counterstained with Mayer’s hematoxylin, 

dehydrated and cover slipped with permount. All reagents and chemicals are from Sigma 

(St. Louis, MO) unless otherwise noted.
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Statistical analysis

For microarray analysis of gene expression, adjusted p-values were generated on EDGE v.3 

using the Linear Models for Microarray Data (LIMMA) software package with the 

Benjamini-Hochberg false discovery rate (FDR) correction [42]. The Spearman rank 

correlation test was used to compare genotypes for the fold-changes of differentially 

expressed genes. Pathway analysis was performed using the IPA software package and 

Fisher’s exact test was used to determine significant differences between groups in the 

representation of gene sets. The Wilcoxon Rank Sum test [43] was used to determine the 

significance of differences in tumor multiplicity and pituitary weight as a function of Stat5b 

genotype; P-values were corrected for multiple comparisons within each strain/sex 

combination by the Dunn-Šidák method [44]. The Mstat software package (Dr. Norman 

Drinkwater, University of Wisconsin-Madison, WI, http://www.mcardle.wisc.edu/mstat/) 

was used for these statistical tests.

Results

Most androgen- and STAT5b-sensitive hepatic genes are also growth hormone-sensitive

To assess gene expression in the Tfm, little, and Stat5b inbred strains, we hybridized liver 

RNA from 10-week-old, DEN-treated mice to Agilent whole-genome microarrays. We 

found a high degree of overlap among differentially expressed (DE) genes in the livers of 

Tfm, little, and Stat5b-deficient mice, and the degree of differential expression relative to 

wild-type was highly correlated among the mutants. Spearman rank correlation coefficients 

ranged from 0.64, for Tfm versus B6 STAT5b KO, to 0.8, for little versus Tfm, with P-

values less than 10−57 (Table 1, Figure 1). This striking overlap is also illustrated in a 

heatmap of the combined set of all highly significant DE genes for each mutant (Supp. 

Figure 1). Generally, genes that were DE in Tfm and/or STAT5b KO males were also DE in 

little males. A list of the 25 most significantly DE genes for C57BL/6J and BALB/c 

STAT5b KO, little, and Tfm males further illustrates their overlap (Supp. Table 2).

We used IPA software to identify the molecular and cellular functions enriched in DE genes 

from each experimental group. We found similar categories enriched in DE genes in Tfm, 

little, and STAT5b KOs, such as lipid metabolism, energy production, and small molecule 

biochemistry. The top category for both STAT5b KO congenics was cell morphology. 

Additionally, DE genes from both STAT5b KO congenics were enriched in the category of 

antigen presentation. We also used IPA to identify transcription factors and transcription 

factor complexes whose targets are enriched in DE genes for each experimental group 

(Table 2). The DE genes in Tfm, little, and STAT5b KO males are most highly enriched with 

targets of transcription factors Rora and Rorc, although the mRNA levels of these two 

transcription factors are not altered.

To validate our microarray results, we performed qPCR for a set of DE genes and sex-

specific genes that had previously been shown to be regulated by growth hormone [20–23]. 

The microarray values were very similar to the qPCR values for most of the genes examined 

(Supp. Table 3). Spearman’s rank correlation test was used to determine if there was 

significant correlation between the fold-change values measured by qPCR and by 
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microarray. For each group (Tfm, little, B6 STAT5b KO, and BALB STAT5b KO), the 

qPCR values were significantly correlated with the microarray values (P = 0.001, 0.0006, 

0.0003, and 0.0002 respectively).

Genetic background determines whether STAT5b knockout suppresses or enhances 
murine hepatocarcinogenesis

The tumor susceptibility of global STAT5b KOs varied depending on the genetic 

background. For both males and females, STAT5b KO did not affect tumor multiplicity on 

the BALB/cJ background. At 32 weeks of age, wild-type and knockout C.129-

N11F2Stat5btm1Hwd males averaged 7.6 and 10 tumors per animal, respectively, with no 

significant difference (P = 0.99; Table 3). Heterozygous males developed fewer tumors than 

either wild-type (P = 0.025) or null (P = 0.07) mice, perhaps due to overdominance. At 50 

weeks of age, wild-type and knockout C.129-N11F2Stat5btm1Hwd females averaged 12 and 

11 tumors per animal, respectively, with no significant difference (P = 0.98).

In contrast, both male and female B6 STAT5b KOs were more sensitive to 

hepatocarcinogenesis than their wild-type littermates. At 32 weeks of age, B6 STAT5b 

knockout male congenics had 2.4-fold more tumors per animal than wild-type males, with 

mean tumor multiplicities of 52 and 22, respectively (P = 0.002). By 50 weeks, STAT5b 

knockout females also developed 2.4-fold more tumors per animal than their wild-type 

female littermates (40 versus 17 tumors per mouse; P = 0.0003). The B6 STAT5b-congenic 

mice also developed more large liver tumors (> 5 mm in diameter). For males, the mean 

number of large tumors increased from 0.6 for wild-type to 3.2 for homozygous mutant mice 

(P = 0.003), while females developed 0.6 and 2.6, respectively (P = 0.002). The 

susceptibility conferred by STAT5b loss was recessive.

In both sexes, STAT5b KOs on the C3H background (C3.129-N6F2Stat5btm1Hwd congenics) 

had significantly fewer tumors per animal than their wild-type littermates. At 32 weeks, 

STAT5b knockout males had 2.7-fold fewer tumors than their wild-type littermates (mean 

tumor multiplicities 51 and 136; P = 0.02). By 50 weeks, C3H STAT5b knockout females 

had almost 6-fold fewer tumors than their wild-type littermates. Wild-type females averaged 

59 tumors per animal, while STAT5b knockout females averaged 10 tumors per animal (P = 

0.01). As for B6 congenics, the effect of STAT5b loss in C3H congenics was recessive.

Although we found differences in tumor susceptibility among STAT5b KO congenics, their 

tumors were histologically similar. In both wild-type and STAT5b KO mice of each strain, 

approximately equal numbers of Type A hepatic adenomas and Type B (or mixed Type A 

and B) hepatocellular carcinomas were observed.

STAT3 and STAT5 activation in STAT5b knockout livers

To determine whether the susceptibility of B6 STAT5b KO mice relative to BALB STAT5b 

KO mice correlates with STAT5 protein levels, total STAT5 (STAT5a and STATb) and 

phospho-STAT5 (Y694) were measured by Western blot in livers isolated from 10-week-old 

male and female mice (Figures 2A and 2B). For both B6 and BALB congenics, STAT5b KO 
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males and females had reduced levels of total STAT5 protein. High levels of pY-STAT5 

were limited to WT males.

In addition to STAT5b, growth hormone can activate STAT3. Previous reports have 

implicated aberrant GH-induced activation of STAT3 in the absence of STAT5 with 

increased liver cancer development [45,46]. We found similar levels of STAT3 and pY-

STAT3 between WT and KO animals for both B6 and BALB congenics, as detected by 

Western blot (data not shown). Detection of pY-STAT3 in tumor sections was generally 

isolated to a few clusters of positive cells. Though limited, pY-STAT3 was detected in both 

wild-type and STAT5b KO tumors from both sexes and from both B6 and BALB congenics 

(data not shown).

Strain-dependent effect of STAT5b knockout on pituitary size

It has been reported that global and Stat5Δhep liver-specific STAT5b knockout mice have 

elevated GH levels [31,47]. We wondered if the differences in susceptibility we found 

among STAT5b KO strains were due to differences in elevated GH in response to STAT5b 

loss. Due to the pulsatile nature of GH release profile, it is difficult to assess GH levels 

directly in mice. Pituitary size has been shown to correlate with levels of GH [48,49]; 

therefore, we assessed GH differences among B6 STAT5b KO, BALB STAT5b KO, and 

corresponding wild-type strains using the pituitary as a surrogate. Formalin-fixed pituitaries 

from 10-week-old mice were isolated and weighed. For both sexes, B6 STAT5b KO mice 

had 1.5-fold larger pituitaries than their WT littermates (Figure 3). The average mass of 

pituitaries from C57BL/6J STAT5b KO males was 2.9 ± 0.3 mg, whereas pituitaries from 

their wild-type littermates had a mass of 2.0 ± 0.2 mg (P = 2×10−6). Pituitaries from B6 

STAT5b KO and WT females weighed 3.8 ± 0.4 mg and 2.4 ± 0.3 mg, respectively (P = 

4×10−7). Histological analysis of these pituitaries revealed that the enlarged region of the B6 

KO pituitaries was the pars distalis, which secretes hormones (Supp. Figure 2). 

Immunohistochemistry revealed that the distribution of GH- and prolactin-secreting cells 

was not altered between WT and KO pituitaries, but due to the increased size of the pars 

distalis in KO pituitaries, there are more of these cells (data not shown).

Pituitaries from 10-week-old BALB STAT5b KO mice were isolated and weighed as above. 

In contrast to B6 STAT5b KO males, pituitaries from BALB STAT5b KO males were not 

significantly larger than their wild-type littermates (Figure 4). The average mass of 

pituitaries from both BALB STAT5b KO males and their wild-type littermates was 2.0 mg 

(P = 0.70). However, BALB STAT5b KO females (3.2 ± 0.3 mg) did have significantly 

larger pituitaries than their wild-type littermates (2.5 ± 0.4 mg) (P = 0.0004).

DISCUSSION

Our initial hypothesis was that STAT5b is required for male-specific sensitivity to 

hepatocarcinogenesis. We formed this hypothesis based on several findings from the past 

few decades. Hepatocarcinogenesis studies in gonadectomized mice demonstrated the 

opposing effects of sex hormones on liver cancer development [50]. Research with Tfm mice 

showed that testosterone-mediated promotion of liver cancer requires functional androgen 

receptor and is not cell autonomous [10]. GH-deficient little mice revealed that wild-type 
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levels of GH are required for susceptibility to liver cancer [12]. Downstream from GH, the 

transcription factor STAT5b is thought to be the master regulator of sex-specific hepatic 

gene expression in response to the pulsatile plasma GH profile characteristic of males [51]. 

Of genes exhibiting male bias, 90% were down-regulated in global STAT5b knockout males 

[29]. Thus, STAT5b is thought to be required for male hepatic gene expression.

Our microarray results were largely supportive of our hypothesis, that testosterone-activated 

AR, GH, and STAT5b all work in a shared pathway to affect hepatic gene expression in 

males. Pairwise correlations for the regulation of differentially expressed genes in the little, 

Tfm, and the B6 and BALB/c STAT5b KO strains were all highly significant (P-values 

between 10−57 and 10−121). Pathway analysis revealed several shared categories of 

molecular and cellular functions enriched in DE genes among Tfm, little, and STAT5b KOs. 

These pathways include lipid metabolism, small molecule biochemistry, energy production, 

and molecular transport (data not shown). The genes affecting lipid metabolism include sex-

specific CYPs involved in steroid metabolism, members of the ABC ATP-binding cassette 

family, acyl-CoA thioesterases and synthetases, growth factors and their receptors, 

hydroxysteroid 11-beta dehydrogenases, peroxisome proliferator activated receptor gamma 

members, solute carrier transporter family members, and serine (or cysteine) peptidase 

inhibitors. Together, these genes affect lipid and cholesterol levels by affecting their 

synthesis, metabolism, storage and transport. Lipid metabolism is emerging as a factor 

increasingly relevant to human HCC [4,52]. Steroid metabolism affects the bioavailability of 

sex hormones, which we and others have shown affect murine hepatocarcinogenesis. In 

addition, energy metabolism changes are hallmarks of cancer, as cancer cells must be 

supplied with the necessary fuel and nutrients to support their rapid division and expansion 

[53].

Pathway analysis also found common transcriptional programs enriched among DE genes of 

Tfm, little, and STAT5b KOs (Table 2). As expected, targets of STAT5b were differentially 

expressed in these strains, reflecting decreased STAT5b activity in resistant mutants and 

STAT5b KOs. However, targets of other transcription factors were more significantly 

differentially regulated than those of STAT5b. Among DE genes in Tfm, little, and STAT5b 

KOs, the most significantly affected sets of transcription factor targets were those of Rora 

and Rorc. The overlap between DE genes and Rora and Rorc targets was strikingly 

significant. For example, for little males the significance of the overlap for Rorc and Rora 

was P = 4.7×10−22 and P = 1.9×10−21, whereas the next most significant overlap was with 

Nr1i3 (P = 3.8×10−11), and the significance of the overlap for Stat5b was 8.0×10−6.

We were surprised Stat5b was not the transcription factor with the most significant overlap, 

which might indicate imperfect pathway prediction. Alternatively, the lower ranking of 

Stat5b might reflect the fact that transcription factors downstream of Stat5b (such as Rorc 

and Rora) have manifold effects on gene expression that differ among strains because these 

transcription factors are polymorphic or are differentially activated. Consistent with this 

alternative explanation, Rora activity was predicted to be activated in little and BALB KOs 

but inhibited in B6 KOs. Differences in susceptibility between B6 and BALB KOs might be 

due to differences in Rora activation. Rora might therefore be a better candidate than Stat5b 

for the mediator of male-specific sensitivity to liver cancer.
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Although a vast majority of gene expression changes were concordant among the mutants 

(Figure 1), there were exceptions. For example, Ptk2b, a regulatory tyrosine kinase, was the 

7th most significant DE gene (P = 1.2 × 10−10) for B6 STAT5b KOs (FC = −3.4) but was not 

significantly DE for BALB STAT5b KOs (P = 0.73, FC = −0.3) (Supp. Table 2). 

Additionally, Spink6, a serine protease inhibitor selective for kallikreins, was the14th most 

significant DE gene (P = 2.0 × 10−9) for BALB STAT5b KOs (FC = −5.3) but was not 

significantly DE for B6 STAT5b KOs (P = 1, FC = 0). Discordant DE genes between B6 

and BALB STAT5b KOs are potentially responsible for their differences in liver cancer 

susceptibility.

We examined the effect of STAT5b KOs on DEN-induced hepatocarcinogenesis on three 

distinct genetic backgrounds (Table 3). Each background yielded a distinct tumor 

susceptibility phenotype. We saw no difference in the average tumor multiplicities of 

BALB/cJ STAT5b KO mice in comparison to wild-type controls. On the more sensitive 

C57BL/6J background, we observed higher average tumor multiplicities in STAT5b KOs 

from either sex than in wild-type controls. Both male and female STAT5b KOs averaged 

2.4-fold more tumors than B6 controls. Further, STAT5b KOs from both sexes had more 

large tumors, averaging 5-fold more than controls.

The effect of STAT5b KO on the third genetic background, C3H/HeJ, was as predicted by 

our original hypothesis: STAT5b was required for susceptibility. Both male and female 

STAT5b KOs of the C3H/HeJ background averaged fewer tumors than wild-type controls 

(Table 3). Male STAT5b KOs averaged 2.7-fold fewer tumors than controls, and female 

STAT5b KOs averaged about 6-fold fewer tumors than controls. Unfortunately, due to poor 

breeding in this line, the sample size was much lower for our C3H/HeJ study than for the 

BALB/cJ and C57BL/6J studies. Additionally, the entire C3H/HeJ STAT5b KO production 

went into the tumor study, so we were unable to perform gene expression analysis on 

C3H/HeJ congenics. Nonetheless, the decrease in tumor multiplicity was significant for both 

males and females, with P < 0.02 for both.

The most likely explanation for the different phenotypes of the inbred Stat5b congenics is 

that the B6, BALB, and C3H inbred strains carry different modifiers of the STAT5b 

pathway. An initial analysis of unlinked loci previously identified as affecting strain-specific 

susceptibility to hepatocarcinogenesis (D1Mit206 [32], D4Mit31 and D10Mit15 [33,34], and 

D17Mit34 [35]) indicated that these loci were not responsible for differences in 

susceptibility in STAT5b KOs (data not shown).

An alternative explanation for the congenic strains’ different STAT5b KO phenotypes is that 

modifiers lie in the congenic region that was introgressed into the B6 and C3H genetic 

backgrounds, and that different congenic strains may have inherited congenic regions that 

carry different sets of modifiers. The donor strain for the creation of the B6 and C3H 

congenics was the C.129-N5F2Stat5btm1Hwd line; therefore, the linked modifiers would 

consist of BALB or 129 loci. The maximal 129-derived region surrounding the linked Stat5b 

locus on Chromosome 11 in each of our congenic lines in the BALB line was about 22 Mb 

(containing roughly 725 genes), as the breeders were homozygous BALB at 80 Mb and 

102.5 Mb on Chromosome 11 (Stat5b is located at ~100 Mb). We identified some 
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heterogeneity among the endpoints of the congenic region in the B6 and C3H strains, at up 

to 10 and 20 Mb proximal (350 to 595 genes) and up to 9 and 13 Mb distal (320 to 415 

genes) of the Stat5b gene, respectively (data not shown).

Hypophysectomy experiments have provided evidence of the pro-oncogenic properties of 

pituitary hormones, which are partially attributed to GH [54–57]. We found that male and 

female B6 STAT5b KOs had significantly larger pituitaries than wild-type mice, whereas, 

among BALB STAT5b KO mice, only females had significantly larger pituitaries (Figure 

3). This increase in pituitary size was limited to the pars distalis, the hormone-secreting 

portion of the pituitary. Pituitary alterations in B6 KO mice might lead to increased levels of 

circulating pituitary hormones that promote liver cancer, such as GH and prolactin, or 

modulate sex hormone levels via FSH or LH. It has been reported that global STAT5b and 

STAT5Δhep knockout mice have elevated circulating GH levels, and perhaps this is due, in 

part, to an expanded pars distalis [31,47]. However, an expanded pars distalis does not 

necessarily correlate with susceptibility: BALB STAT5b KO females, which also had larger 

pituitaries, were not more sensitive to liver cancer development.

Recently, two other murine liver cancer studies involving STAT5 have shown increased 

hepatocarcinogenesis in STAT5b KOs, similar to our findings with C57BL/6J congenics. 

The first study examined the role of STAT5 in murine carcinogenesis in STAT5Δhep mice 

[45]. These animals were treated with carbon tetrachloride (CCl4). After 8 weeks of CCl4 

treatment, 20% (4 out of 20) of STAT5Δhep mice developed HCC, whereas none were 

detected in the 26 control mice (P = 0.02). The loss of STAT5 regulation of TGF-β and 

increased GH-mediated activation of STAT3 were the mechanisms the authors suggested 

might explain the increased sensitivity to hepatocarcinogenesis in STAT5Δhep mice. The 

floxed Stat5 animals were a mix of FVB/N and NIH Black Swiss backgrounds [58]. The 

albumin-cre transgenics were on the FVB/N background.

The second recent STAT5-related carcinogenesis study examined hepatocarcinogenesis in 

STAT5Δhep mice in the context of GH over-expression [46]. These GHtgSTAT5Δhep mice 

displayed earlier and more advanced spontaneous HCC than GHtg mice. However, 

GHtgSTAT5Δhep mice did not display many of the phenotypes presented in GHtg mice, such 

as gigantism, premature mortality, chronic hepatic inflammation, and many of the 

pathologic hepatocyte alterations. STAT5Δhep mice, in the absence of transgenic GH, did not 

develop spontaneous HCC. The authors attribute the enhanced HCC in GHtgSTAT5Δhep 

mice to increased peripheral lipolysis, increased hepatic lipid synthesis, accumulation of 

DNA damage as a result of disturbed cell-cycle control, and aberrant activation of c-JUN 

and STAT3. The genetic background of the GHtgSTAT5Δhep mice was, as with STAT5Δhep 

mice, mixed FVB/N and NIH Black Swiss and less defined than the STAT5b knockout 

congenics lines we used.

In conclusion, we found that STAT5b is likely not the sole molecular mediator of male-

specific sensitivity to hepatocarcinogenesis in mice. Further, we found that genetic 

background determines whether STAT5b KO enhances or suppresses murine 

hepatocarcinogenesis. The ability of Stat5b to act as both tumor suppressor and oncogene in 

the liver was surprising. These opposite effects are likely to be caused by the interaction of 
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STAT5b with strain-specific modifiers of hepatocarcinogenesis. Previous studies have 

shown that an EGF receptor disruption can cause dramatically different phenotypes in 

different inbred strains [59]. Other studies have shown that expression levels and genetic 

background determine whether the cyclin-dependent-kinase-associated protein p21 

suppresses or promotes tumorigenesis, depending on the tissue in which the gene acts [60]. 

Yet others have shown that the Mus spretus allele of Kras2 can confer resistance or 

susceptibility in the lung, depending on the allele of its homologous pair [61]. This analysis 

of Stat5b is the first study, to our knowledge, to show that a single mutation can have 

opposite effects on carcinogenesis in a single tissue, depending only on the endogenous 

alleles in the genetic backgrounds of inbred strains.

The observation that genes unrelated to a cancer modifier can affect the phenotype of that 

modifier qualitatively has implications for human liver cancer, as human populations exhibit 

a high degree of genetic heterogeneity. Further characterization of the genetic elements 

responsible for the range of effect we observed among BALB/cJ, C57BL/6J, and C3H/HeJ 

mice could have translational benefit, potentially helping to identify patients who would 

benefit from therapies targeted to the GH pathway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

GH growth hormone

STAT5b signal transducer and activator of transcription 5b

STAT5b KO STAT5b knockout

BALB BALB/cJ

B6 C57BL/6J

C3H C3H/HeJ

WT wild-type

HCC hepatocellular carcinoma

Tfm testicular feminization

CYPs cytochrome P450 enzymes
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Ghrhr growth-hormone-releasing-hormone receptor

IPA Ingenuity Pathway Analysis

LIMMA Linear Models for Microarray Data

FDR false discovery rate

qPCR quantitative real-time PCR

DEN N,N-diethylnitrosamine

NBF neutral buffered formalin

IHC immunohistochemistry

PBS phosphate-buffered saline

DE differentially expressed
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Figure 1. 
Pairwise analysis of differential gene expression. In each plot, the X and Y axes are the log2 

fold-change for the indicated strain relative to wild-type for every gene with FDR < 0.01 in 

either strain.
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Figure 2. 
STAT5 expression in the liver. A) Western blot analysis of total STAT5 (STAT5a and 

STAT5b) protein in liver lysates from 10-week-old mice. β-Actin was used as a loading 

control. B) Western blot analysis of tyrosine-phosphorylated (Tyr694) STAT5 (pY-STAT5) 

proteins in liver lysates from 10-week-old mice. β-Actin was used as a loading control.
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Figure 3. 
Average mass of pituitaries isolated from 10-week-old C57BL/6J and BALB/cJ STAT5b 

KO congenics. For each strain/sex, the color of the bar indicates the genotype: black, wild-

type; gray, heterozygote; white, homozygous mutant. The numbers of mice per group (wild-

type, heterozygote, KO) were: B6 male 14, 12, 15; B6 female 17, 10, 14; BALB/c male 11, 

13, 6; BALB/c female 15, 12, 9.
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Table 2

Top ten transcription factors for the DE genes in each experimental group.

Transcription factor gene
P-valuea

Tfm/Y little B6 STAT5b KO BALB/c STAT5b KO

Rorc 5.0×10−24 4.7×10−22 2.6×10−21 3.1×10−26

Rora 6.6×10−22 1.9×10−21 1.6×10−21 1.2×10−27

Ppara 1.4×10−08 4.0×10−07 4.0×10−14 2.4×10−11

Stat5b 2.3×10−08 8.0×10−06 2.4×10−02 3.5×10−03

Nr1i2 8.3×10−08 9.1×10−09 8.3×10−09 2.4×10−11

Nr1i3 1.7×10−07 3.8×10−11 4.0×10−06 3.2×10−09

Ahr 2.4×10−06 3.2×10−06 3.0×10−05 1.2×10−06

Med1 4.5×10−04 6.2×10−03 9.2×10−05 5.0×10−07

Ar 4.8×10−02 2.2×10−02 7.2×10−03 4.8×10−03

Rxra 8.2×10−03 4.0×10−02 7.9×10−03 1.1×10−04

a
The significance of the overlap between sets of differentially expressed genes and those predicted to be regulated by specific transcription factors 

was determined using Fisher’s exact test.
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