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Cytoglobin (Cygb) is a recently discovered vertebrate
globin with molecular characteristics that are similar
to myoglobin. To study the biological function of
Cygb in vivo, we generated Cygb knockout mice and
investigated their susceptibility to N,N-diethylnitro-
samine (DEN)–induced tumorigenesis. Four-week-old
male mice were administered DEN in drinking water
at a dose of 25 ppm for 25 weeks or 0.05 ppm for 36
weeks. Cygb deficiency promoted the DEN-induced
development of liver and lung tumors. All Cygb�/�

and Cygb�/� mice treated with 25-ppm DEN exhibited
liver tumors, compared with 44.4% of their wild-type
counterparts. Lung tumors were present only in Cygb-
deficient mice. More than 40% of Cygb�/� mice devel-
oped liver and lung tumors at the nontoxic dose of
DEN (0.05 ppm), which did not induce tumors in
wild-type mice. Cygb loss was associated with in-
creased cancer cell proliferation, elevated extracellu-
lar signal–regulated kinase and Akt activation, over-
expression of IL-1�, IL-6, Tnf�, and Tgf�3 mRNAs, and
hepatic collagen accumulation. Cygb-deficient mice
also exhibited increased nitrotyrosine formation and
dysregulated expression of cancer-related genes (cy-
clin D2, p53, Pak1, Src, Cdkn2a, and Cebpa). These
results suggest that Cygb deficiency induces suscepti-
bility to cancer development in the liver and lungs of
mice exposed to DEN. Thus, globins such as Cygb will
shed new light on the biological features of organ
carcinogenesis. (Am J Pathol 2011, 179:1050–1060; DOI:
10.1016/j.ajpath.2011.05.006)
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Cytoglobin (Cygb) was originally identified in 2001 as a
protein up-regulated in rat hepatic stellate cells under
profibrotic conditions. Accordingly, Cygb was originally
termed a stellate cell activation-associated protein1 until
it was identified as the fourth globin in mammals.2,3 Hu-
man Cygb displays approximately 25% amino acid iden-
tity with vertebrate myoglobin and hemoglobin and 16%
identity with human neuroglobin. The Cygb gene is local-
ized to chromosome 17q25.3 in humans and chromo-
some 11E2 in mice.

Unlike myoglobin, which is tissue restricted to cardiomy-
ocytes and skeletal myofibers, hemoglobin in erythrocytes,
and neuroglobin in the nervous system, Cygb is ubiqui-
tously expressed in the cytoplasm of mesenchymal fibro-
blastic cells in many organs, including the heart, lung, liver,
kidneys, small intestine, and spleen. The presence of Cygb
in the nucleus of these cells has also been reported.4,5 In
particular, Cygb was present in stellate cells and myofibro-
blasts in the liver and pancreas, reticulocytes in the spleen,
mesenchymal cells in the submucosal layer of the gut, and
the mesangium and stromal cells of the kidney.4 An inter-
esting aspect of Cygb expression is its presence in visceral
cells, with a strong storage ability for vitamin A. Thus, Cygb
may facilitate the diffusion of oxygen through tissues, scav-
enge nitric oxide (NO) or other reactive oxygen species, or
serve a protective function during oxidative stress.6 How-
ever, the precise physiological role of Cygb in vivo remains
unresolved. Cygb is considered a hypoxia-responsive mol-
ecule because its mRNA expression is augmented under
hypoxia in fibroblastic cell lineages and rat brain.7 Hypoxia-
inducible factor 1 is assumed to be an important transcrip-
tion factor for Cygb because hypoxia-responsive elements
at positions -141, -144, and -448 are essential for the acti-
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vation of CYGB gene expression, and the binding of hypox-
ia-inducible factor 1 to this area has been confirmed.8,9 In
contrast, CYGB overexpression rescues the human neuro-
nal cell line TE671 from prooxidant Ro19-8022–induced
DNA damage.10 CYGB overexpression also protected hu-
man neuroblastoma SH-SY5Y cells from H2O2-induced cell
death.11,12 Furthermore, the in vitro and in vivo overexpres-
sion of Cygb in rat hepatic stellate cells protected these
cells against oxidative stress and inhibited their differentia-
tion into an active phenotype.13 Together, these reports
suggest that Cygb may act as a cytoprotective and radical-
scavenging molecule in addition to its function as a gas
carrier.

Although the function of Cygb in vivo remains largely
unknown, down-regulation of CYGB has been reported in
several human cancerous tissues and human cancer cell
lines. Decreased expression of CYGB and the hypermeth-
ylation of the CYGB promoter has been reported in patients
with tylosis, non–small-cell lung carcinoma tissues, head
and neck cancers, ovarian cancers, and breast can-
cers.14–18 McRonald et al14 reported that CYGB gene ex-
pression in tylosis with esophagus cancer was reduced to
approximately 70% compared with the normal esophagus
and was accompanied by hypermethylation of the pro-
moter. Xinarianos et al15 reported a significant reduction of
CYGB mRNA expression in non-small-cell lung carcinoma
tissues and hypermethylation of CYGB, compared with
healthy samples. Similar results were reported in head and
neck, ovarian, and breast cancer tissues.16–18 In addition,
Shivapurkar et al19 reported high levels of CYGB promoter
methylation in lung, breast, bladder, and colon cancers and
in leukemia in humans. The augmented growth of NCI-H661
lung cancer cells that were CYGB silenced by RNA inter-
ference and the suppression of NCI-H228 cell proliferation
in cells stably transfected with plasmids containing CYGB
cDNA have also been reported.19 These reports indicate a
tumor suppressor function of Cygb.
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To study the biological function of Cygb at the tissue
level, we first generated Cygb-deficient (Cygb�/�) mice
and observed that, after treatment with N,N-diethylnitro-
samine (DEN), Cygb�/� mice showed a high incidence of
tumor development in the liver and lungs. These results
indicate the tumor suppressor role of Cygb in vivo.

Materials and Methods

Materials

All experimental reagents were obtained from Sigma
Chemical Co (St. Louis, MO) or Wako Pure Chemical Co
(Osaka, Japan), unless otherwise stated.

Construction of the Targeting Vector

Mice lacking exon 1 of the Cygb gene were generated
using the lox-P system, as previously described.20 The
targeting vector (pTVneo/Cygb) was constructed from
PCR DNA fragments from 129Sv mouse genomic DNA.
Two DNA fragments were used as the 3= and 5= arms.
One fragment contained Cygb exons 2, 3, and 4 (6.5
kb); and the other contained the transcription initiation
site in exon 1 and the 5= upstream sequence of the
Cygb gene (6.0 kb). The neomycin-resistance gene,
driven by the phosphoglycerate kinase 1 promoter,
flanking the lox-P sequences was inserted into the
arms (Figure 1A).

Embryonic stem cells (1 � 107 cells/mL) were trans-
fected with a linearized targeting vector (20 �g) by elec-
troporation and cultured in selection medium containing
150 �g/mL geneticine (G418). Of 480 neomycin-resistant
clones, 6 (1.2%) were homologous recombinants by
Southern blotting using the 5= probe (data not shown).
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Production of Cygb-Deficient Mice

Two clones were aggregated with C57BL/6-DBA2 F1
mouse morulae, and one produced chimeric mice that
transmitted the knockout (KO) construct. Chimeric
males were mated with C57BL/6J females to obtain
Cygb heterozygous mice that were backcrossed to the
C57BL/6J background for more than nine generations.
To assess the role of the Cygb gene in development,
we intercrossed Cygb heterozygous mice. The litter
sizes were normal, and analysis of the tail biopsy spec-
imens at the age of 4 weeks, from 102 offspring from
heterozygote crosses, revealed the presence of ho-
mozygous mutant mice at a frequency of 24%. The
homozygotes appeared normal morphologically and
histopathologically 1 month after birth. Four-week-old
Cygb�/� (wild-type), Cygb�/� (heterozygote), and
Cygb�/� (homozygote) male mice were used in this
study.

All mice were cared for according to the guidelines
approved by the Institutional Animal Care and Use Com-
mittee of Osaka City University, Osaka.

Genotyping of Mice

PCR genotyping of mouse tail DNA produced the expected
338-bp product from wild-type mice using the following
primer pairs: forward, 5=-CTCCCAGCCGGGACCGCG-
GTGGCCTT-3=; and reverse, 5=-GGAGCCGAGGCCGGT-
GCGTGCGAGGC-3=. A 529-bp product was diagnostic for
the Cygb KO allele using the described forward primer and
the following reverse primer: 5=-GTGGGGTGGGATT-
AGATAAATGCCTGCTCT-3=. PCR was performed in a
15-�L reaction mixture containing 1 �L of extract from
mouse tail DNA, which was digestion extracted using
LYPPO (Gene Modification R&D Co Ltd, Osaka), according
to the manufacturer’s protocol; 1 �mol/L of each primer;
2.5% to 5% dimethyl sulfoxide; and 0.5 U GO Taq polymer-
ase (Promega, San Luis Obispo, CA). PCRs were per-
formed for 40 cycles, each cycle being 1 minute at 94°C, 30
seconds at 70°C, and 1 minute at 72°C.

Table 1. Primary Antibodies Used for IHC Analyses

Antigen* Source Nam

AFP US Biological, Swampscott, MA F4100-1
CK19 Santa Cruz Biotechnology,

Santa Cruz, CA
Polyclo

CRBP-1 Santa Cruz Biotechnology Polyclo
Cygb Our laboratory† Polyclo
Erk Cell Signaling, Danvers, MA Monocl
PCNA Dako, Glostrup, Denmark Monocl
Phosphorylated

Erk
Cell Signaling Monocl

�-SMA Dako Monocl
Desmin Santa Cruz Biotechnology Polyclo

*All antigens were retrieved by autoclaving for 15 minutes in 0.01 mo
was used in Tris-EDTA buffer (pH 9.0).

†Data taken from Kawada et al.1
‡For mouse primary antibodies, after antigen retrieval, sections were
Laboratories) for 1 hour at room temperature (1:100) to block nonspecific backg
AFP, alpha-fetoprotein.
Southern blot analysis confirmed the Cygb-null allele.
Genomic tail DNA (5 �g) was cleaved with PstI, subjected
to agarose gel electrophoresis, blotted onto nylon mem-
branes, and hybridized to the 32P-labeled Cygb KO 3=
probe/TA (Figure 1A). DNA fragments of 2.8 and 1.8 kb rep-
resented the Cygb wild-type and null alleles, respectively.

RT-PCR was performed to confirm the absence of
Cygb mRNA in tissues. Total RNA was extracted from the
homogenates of liver tissues using the RNeasy Mini Kit
(Qiagen, Valencia, CA). cDNA was synthesized using 1
�g of total RNA, ReverTra Ace (Toyobo, Osaka), and
oligo (dT)12–18 primers, according to the manufacturer’s
instructions. Thirty-five PCR cycles (30 seconds at 94°C,
30 seconds at 68°C, and 1 minute at 72°C) were run
using the following mouse Cygb primers: forward, 5=-
GCGACATGGAGATAGAGCGT-3=; and reverse, 5=-CTG-
TACCCAGCCCACTTCCT-3=. This generated a 503-bp
product and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) primers: forward, 5=-CGCCTGGTCAC-
CAGG-3=; and reverse, 5=-CAGTTGGTGGTGCAGGA-
3=). A 500-bp product was generated.

Administration of DEN

DEN (0.95 g/mL) was obtained from Sigma Chemical Co.
A stock solution of DEN was prepared by dissolving 1 g
(1.06 mL) of DEN in 400 mL of water. The stock solution
was diluted 100-fold before use to obtain a final concen-
tration of 25-mg DEN per 1000-mL water (25 ppm) for the
high-dose experiment. The 25-ppm solution was further
diluted 500-fold to obtain a final concentration of 0.05-mg
DEN per 1000-mL water (0.05 ppm) for the low-dose
experiment. The diluted solution (25 or 0.05 ppm) was
placed in a shaded serving bottle and administered to
the animals instead of water. The diluted solution was
prepared weekly. The administration of DEN to male mice
began at the age of 4 weeks for 25 weeks in the high-
dose experiment (25 ppm) and for 36 weeks in the low-
dose experiment (0.05 ppm). Each experiment contained
three groups (Cygb�/�, Cygb�/�, and Cygb�/�) with a
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minimum of seven mice per group. Mice were sacrificed
after the completion of DEN treatment.

Necropsy

At necropsy, mice were weighed, anesthetized, and ex-
amined for grossly visible lesions in whole organs. Livers
and lungs were excised, weighed (in the case of liver),
and examined for macroscopic lesions. The number of
macroscopic abnormal masses �1 mm was determined
in addition to the size of the mass by taking the average
of the largest and smallest length of the mass. For histo-
logical examination, 2- to 3-mm-thick sections from non-
tumor or tumor tissues were fixed in 10% formalin for 24
hours and embedded in paraffin. The samples were then
sectioned at 5 �m and stained with H&E.

IHC and TUNEL Assays

For immunohistochemistry (IHC), paraffin sections were de-
waxed in xylene and rehydrated in decreasing concentra-
tions of ethanol. The primary antibodies and conditions
used for IHC are listed in Table 1. Negative controls with no
primary antibody were used to assess nonspecific stain-
ing. The secondary antibodies used were horseradish
peroxidase–conjugated goat anti-rabbit IgG (1:200;
Dako, Glostrup, Denmark), rabbit anti-goat IgG (1:200;
Dako), or rabbit anti-mouse IgG (1:200; Dako). 3,3=-Di-
aminobenzidine (Dako) was used as the chromogen.
TdT-mediated dUTP-biotin nick-end labeling (TUNEL)
staining was performed using the In situ Apoptosis De-
tection Kit (MK500; TaKaRa Bio Inc., Shiga, Japan), ac-
cording to the manufacturer’s protocol. All sections were
counterstained with Meyer’s hematoxylin.

Quantification of Liver Fibrosis

Morphometric image analysis was performed in liver tis-
sue specimens with a computerized system, consisting
of a photomicroscope, a digital camera, and LuminaVi-
sion 2.4 bioimaging software (Mitani Corporation, Tokyo,
Japan) to quantitatively assess fibrosis. The proportion of
the area stained with Sirius red in the liver sections was
calculated as the sum of the pixelwise-bound stain mea-
surements divided by the number of summed pixels.

Quantitative Real-Time PCR

Total RNA was extracted from liver and liver tumor tissues
using the RNeasy Mini Kit (Qiagen, Valencia, CA). cDNAs
were synthesized as previously described. Gene expres-
sion was measured by quantitative real-time PCR using
cDNA, real-time PCR Master Mix Reagents (Toyobo,
Osaka), or TaqMan Fast Universal PCR Master Mix (Ap-
plied Biosystems, Foster City, CA), and a set of gene-
specific oligonucleotide primers and probes (Table 2)
using an Applied Biosystems Prism 7500 (Applied Bio-
systems). GAPDH levels were measured and used to

normalize the relative abundance of mRNA.
Immunoblotting

Protein samples (10 to 20 �g) were subjected to SDS-
PAGE and transferred to Immobilon P membranes (Milli-
pore Corp, Bedford, MA). After blocking, membranes
were probed with primary antibodies against Cygb (1:
500) from our laboratory (Table 1), Akt (1:1000; Cell Sig-
naling, Danvers, MA), phosphorylated Akt (1:500; Cell
Signaling), extracellular signal–regulated kinase (Erk;
1:500; Cell Signaling), phosphorylated Erk (1:1000; Cell
Signaling), cyclin D1 (1:5000; Cell Signaling), nitroty-
rosine (1:500; Cell Signaling), or GAPDH (1:2000; Santa

Table 2. Primers Used for RT-qPCR

Gene Sequence

AFP
Forward 5=-CACACCCGCTTCCCTCAT-3=
Reverse 5=-TTTTCGTGCAATGCTTTGGA-3=

Bcl2
Forward 5=-AAGGGCTTCACACCCAAATCT-3=
Reverse 5=-CTTCTACGTCTGCTTGGCTTTGA-3=

Cdkn2a
Forward 5=-GCTCTGGCTTTCGTGAACATG-3=
Reverse 5=-GTGCGGCCCTCTTCTCAA-3=

Cebp�
Forward 5=-CGCAAGAGCCGAGATAAAGC-3=
Reverse 5=-CGGTCATTGTCACTGGTCAACT-3=

Col1�1
Forward 5=-GACATCCCTGAAGTCAGCTGC-3=
Reverse 5=-TCCCTTGGGTCCCTCGAC-3=

Cyclin D1
Forward 5=-GCCCGGAGGGATTTGC-3=
Reverse 5=-AGACGGAACACTAGAACCTAACAGATT-3=

Cyclin D2
Forward 5=-AAGGCAGATACTCATCAAACACAGA-3=
Reverse 5=-CTGGTGCACGCATGCAA-3=

Fos
Forward 5=-CCCCAAACTTCGACCATGAT-3=
Reverse 5=-GGAGGATGACGCCTCGTAGTC-3=

GAPDH
Forward 5=-TGCACCACCAACTGCTTAG-3=
Reverse 5=-GGATGCAGGGATGATGTTC-3=

IL-6
Forward 5=-CGCTATGAAGTTCCTCTCTGCAA-3=
Reverse 5=-CACCAGCATCAGTCCCAAGA-3=

IL-1�
Forward 5=-CCATGGCACATTCTGTTCAAA-3=
Reverse 5=-GCCCATCAGAGGCAAGGA-3=

Jun
Forward 5=-CCGCCCCTGTCCCCTAT-3=
Reverse 5=-TCCTCATGCGCTTCCTCTCT-3=

Pak1
Forward 5=-CGTATTGCGGGTGTTTGCTA-3=
Reverse 5=-CACAGCAGGAGAACCAAAACC-3=

p53
Forward 5=-GCATGAACCGCCGACCTAT-3=
Reverse 5=-CAGAAGGTTCCCACTGGAGTCT-3=

Src
Forward 5=-CCTCCCGCACCCAGTTC-3=
Reverse 5=-CATCAGCATGTTTGGAGTAGTAAGC-3=

TGF�3
Forward 5=-AGGGCCCTGGACACCAATTAC-3=
Reverse 5=-CCTTAGGTTCTGGGACCCATTTC-3=

TNF�
Forward 5=-CCTCACACTCAGATCTTCTCA-3=
Reverse 5=-GCTGCTCCTCCACTTGGTG-3=

Probe 5=-GCAAGCCTGTAGCCCACGTCGTAGCAAA-3=
Cruz Biotechnology, Santa Cruz, CA). Membranes were
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then labeled with horseradish peroxidase–conjugated
secondary antibodies. Immunoreactive bands were visu-
alized using the ECL detecting reagent (GE Healthcare
UK Ltd, Buckinghamshire, UK) and documented with an
LAS 1000 (Fuji Photo Film, Kanagawa, Japan).

Data Analyses

The data presented as bar graphs are the means � SDs
in all experiments. Statistical analyses were performed
using the Student’s t-test, and P � 0.05 indicated statis-
tical significance.

Results

Characterization of the Cygb�/� Mice

Cygb-deficient mice were generated by deleting exon 1 of
the mouse Cygb gene (Figure 1A) and backcrossed on the
C57BL/6J background. Southern blotting (Figure 1B) and
PCR genotyping using mouse tail DNA (data not shown)
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confirmed the deletion of the Cygb gene. Both Cygb mRNA
and protein expression were absent in Cygb�/� mouse
livers, compared with wild-type livers (Figure 1C). Further-
more, IHC indicated that the Cygb protein was present in
sinusoidal lining cells in addition to perivascular cells
around the portal and central veins, as previously reported,1

in Cygb�/� mice, whereas it was undetected in Cygb�/�

mice (Figure 1D). Together, these data demonstrate the
successful production of the Cygb�/� mice.

The mice homozygous for the disrupted allele appeared
normal both morphologically and histopathologically 1
month after birth. Next, we examined whether Cygb influ-
enced the toxicity and carcinogenesis of DEN in mice.

Cygb Deficiency Strongly Promotes
DEN-Induced Tumorigenesis

DEN is a commonly used chemical carcinogen for the liver
because it is activated by cytochrome P-450 enzymes in
hepatocytes.21 C57BL/6J mice were reported to be rela-
tively resistant to liver tumor development under DEN treat-
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Figure 2. Tumor development in Cygb-defi-
cient mice treated with 25-ppm DEN for 25
weeks. A: Tumor incidence in total, livers, and
lungs from DEN-treated Cygb�/� (white bars),
Cygb�/� (gray bars), and Cygb�/� (black bars)
mice (n � 7 to 12). *P � 0.05 compared with
wild type. B: Representative gross photographs
of livers (top) from wild-type (�/�) and
Cygb-KO (�/�) mice treated with DEN. There
was a marked increase in tumor multiplicity in
Cygb-deficient mice compared with wild-type
mice (arrows). Representative H&E-stained par-
affin sections (bottom) of hemangioma from
wild-type and poorly differentiated hepatocellu-
lar carcinoma composed of small immature neo-
plastic cells with mitotic figures (the line indi-
cates the boundary of tumor and nontumor
areas), from Cygb�/� mice. Scale bar � 100 �m.
C: Determination of liver/body weight ratios,
maximum (Max) tumor sizes, and liver tumor
numbers for Cygb�/� (white bars), Cygb�/�

(gray bars), and Cygb�/� (black bars) mice (n �
7 to 12). Values are given as the mean � SD. *P �
0.05, **P � 0.01. D: Representative gross photo-
graphs (top) and microphotographs (bottom)
of lungs from Cygb�/�, Cygb�/�, and Cygb�/�

DEN-treated mice. Lung tumors were only found
in Cygb�/� and Cygb�/� mice. Arrows indicate
lung tumors that were classified as squamous
cell carcinomas. Scale bar � 100 �m.
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ment.22,23 In this study, we examined whether the loss of
Cygb could influence the toxicity and carcinogenesis of
DEN in the tumor-resistant C57BL/6J strain. We adminis-
tered 25-ppm DEN to the drinking water of Cygb-deficient
male mice at the age of 4 weeks. Unexpectedly, as early as
25 weeks after DEN treatment, 100% of Cygb�/� and
Cygb�/� mice developed tumors in the liver and lungs,
whereas the tumor incidence in wild-type mice was 44.4%
(Figure 2, A and B). The liver/body weight ratio was approx-
imately 50% more than in wild-type animals (Figure 2C)
because of these tumor masses. Cygb�/� mice displayed
significantly larger lesions and produced tumors more fre-
quently than wild-type mice (Figure 2C).

DEN has induced tumors in the liver and in the lungs
of the B6C3F1 mouse strain, although with a lower fre-
quency.24 Consistent with these studies, lung tumors were
found in Cygb�/� and Cygb�/� mice, with a frequency of
11.7% and 57.1%, respectively, whereas Cygb�/� mice
showed complete resistance (Figure 2, A and D).

Next, using a low dose of DEN, at which wild-type mice
do not develop liver tumors, we examined whether Cygb
deficiency functioned as a tumor promoter. We took advan-
tage of earlier observations that, when DEN was adminis-
tered to mice at a nontoxic dose, it failed to induce liver
cancer, unless combined with a tumor promoter, such as
phenobarbital.25,26 We maintained wild-type and Cygb-de-
ficient male mice during DEN administration at the nontoxic
dose of 0.05 ppm for 36 weeks. As a result, �40% of
Cygb�/� mice developed tumors in the liver or lungs,
whereas, as expected, wild-type mice exhibited no tumor
formation (Figure 3). Cygb�/� mice showed an intermediate
sensitivity. These findings confirm the tumor-promoting ef-
fects of Cygb depletion.

To define the histological features of the liver tumors,
liver samples were evaluated IHC. The liver tumors in
C57BL/6 mice (wild type) administered DEN in drinking
water were dominantly composed of cholangiomas, hem-
angiomas, hemangiosarcomas, and, to a lesser degree,
hepatocellular carcinomas.27–29 In this study, Cygb-defi-
cient and wild-type mice developed similar histological
alterations in the liver, including hemangioma (Figure
2B), hepatocellular carcinoma (Figures 2B and 3B),
which stained positive for alpha-fetoprotein (AFP) (Figure
4A), and cholangioma, which stained positive for CK19
(Figure 4A). Quantitative real-time PCR (RT-qPCR) anal-
ysis showed increased mRNA expression of AFP in
Cygb�/� and Cygb�/� mice compared with their wild-
type counterparts (Figure 4B).

In the liver, Cygb was present in stellate cells.1,4 We
used cellular retinol-binding protein-1 and �-smooth
muscle actin antibodies to detect stellate cell expression.
The presence of cellular retinol-binding protein-1– and
�-smooth muscle actin–expressing cells in the liver pa-
renchyma from DEN-treated homozygote mice indicated
that stellate cells were present along sinusoids, even in
the absence of Cygb (Figure 4C). The expression of
�-smooth muscle actin and desmin, another marker of
stellate cells, was markedly augmented in Cygb�/� mice
(Figure 4C). Next, we assessed whether liver fibrosis de-
veloped in these mice. Sirius red staining for collagen de-

position in paraffin-embedded sections of liver samples
collected from Cygb�/� and Cygb�/� mice treated with
25-ppm DEN for 25 weeks showed marked deposition of
collagen (red) around the hepatocytes (pericellular fibrosis)
in Cygb�/� mice (Figure 4D). Morphometric image analysis
was performed with a computerized system, consisting of a
photomicroscope, a digital camera, and LuminaVision 2.4
bioimaging software, to quantitatively assess fibrosis. The
Sirius red–positive area of Cygb�/� mice (7.67% � 7.82%,
n � 3) was significantly greater than that in Cygb�/� mice
(mean � SD, 1.36% � 0.36%, n � 3; P � 0.05, Kruskal-
Wallis test). Pericellular fibrosis with collagen deposition
was accompanied by significantly augmented mRNA ex-
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Figure 3. Tumor development in Cygb-deficient mice treated with 0.05-ppm
DEN for 36 weeks. A: Tumor incidence in total, livers, and lungs from
0.05-ppm DEN-treated Cygb�/� (white bars), Cygb�/� (gray bars), and
Cygb�/� (black bars) mice (n � 7 to 15). *P � 0.05, **P � 0.01 compared
with the wild type. B: Gross photographs of livers (top) from Cygb�/� and
Cygb�/� mice treated with 0.05-ppm DEN, as previously mentioned; arrows
indicate lung tumors. Representative photomicrographs of H&E-stained par-
affin sections of liver parenchyma (bottom) from wild-type and moderately
differentiated hepatocellular carcinoma composed of large cells that vary in
size and shape (arrows), from Cygb�/� mice. Scale bar � 100 �m. C:
Representative photomicrographs of H&E-stained paraffin sections of lungs
from Cygb�/�, Cygb�/�, and Cygb�/� mice treated with 0.05-ppm DEN for
36 weeks. Scale bars: 400 �m (top); 100 �m (bottom). Arrows indicate lung
tumors that were classified as adenocarcinomas. No lung tumor was ob-
served in Cygb�/� mice.
pression of collagen 1�1 and tissue inhibitor of matrix met-
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taloproteinase-1 in the livers of Cygb�/� mice, compared
with that of Cygb�/� mice treated with 25-ppm DEN for 25
weeks (Figure 4E). Thus, the augmented occurrence of
pericellular fibrosis and fibrotic reactions in Cygb deficiency
may be involved in the development of liver cancer.

Cygb Loss Is Associated with Increased Cancer
Cell Proliferation

Two important cellular processes in tumorigenesis are cell
apoptosis and proliferation. To examine how Cygb loss af-
fected these two processes in the livers of C57BL/6J mice,
we determined the labeling indexes of TUNEL, as a marker
of apoptotic cells, and proliferating cell nuclear antigen
(PCNA), as a marker of proliferating cells in the liver, both in
the tumor and adjacent nontumor areas of Cygb�/� and
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for 25 weeks. Liver tumors in Cygb�/� mice exhibited re-
duced apoptotic cell death relative to liver tumors in
Cygb�/� mice (Figure 5, A and C) and showed elevated
mRNA expression of the antiapoptotic protein Bcl-2 (Figure
5E). Liver tumors in the Cygb�/� mice exhibited more pro-
liferating cells than the tumors of the wild-type mice, as
shown by PCNA labeling (Figure 5, B and D), in addition to
elevated cyclin D1 mRNA expression (Figure 5F). These
results suggest that stimulation of proliferating neoplastic
cells is the primary cellular mechanism for increased liver
tumorigenesis in Cygb-deficient mice.

Cygb-Deficient Mice Exhibit Elevated
Phosphorylated Akt and Erk and Liver Inflammation

To identify the signaling pathways responsible for en-
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amined the effects of Cygb deficiency on the major
pathways implicated in liver cancer.30 As expected,
Cygb loss was associated with an increase in both Akt
phosphorylation and abundance in the livers (Figure
6A). This observation was also evident for Erk signaling
(Figure 6, A and B). Consistent with increased Erk
phosphorylation, Cygb-deficient mice exhibited in-
creased expression of cyclin D1 (Figure 6A), and Jun
and Fos mRNA in nontumor and tumor areas, relative to
wild type (Figure 6C). These results suggested that the
Akt and Erk pathways are activated in response to
Cygb deficiency. The increased levels of Akt and Erk
activation correlated with a marked elevation of IL-6
mRNA in both nontumor and tumor areas in Cygb-
deficient mice (Figure 6D). IL-6 is a tumor-promoting
cytokine that is required for Erk activation and contrib-
utes to alterations in Akt signaling.31 Knowing that IL-6
functions as a downstream mediator for both IL-1 and
tumor necrosis factor-�,32 we examined the expression
of these two cytokines. Remarkably, IL-1� and Tnf�
levels (Figure 6D) increased 10- and 30-fold, respec-
tively, at the mRNA level in the nontumor area of the
liver and increased further in the tumors, relative to wild
type. Cygb-deficient mice also had increased expres-
sion of Tgf�3 mRNA (Figure 6D). These data suggest
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that Cygb loss can trigger inflammation and lead to the
long-term elevation of tumor-promoting cytokines,
resulting in the development of tumors.

Nitrotyrosine Accumulation in the Livers of
DEN-Treated Cygb-Deficient Mice

Long-term administration of DEN has induced the ex-
pression of the inducible isoform of NO synthase and
3-nitrotyrosine, a marker of peroxynitrite formation, in pre-
neoplastic and neoplastic rat liver tissues.33 In this study,
we detected the overproduction of nitrotyrosine in tumor
and nontumor liver tissues of Cygb-deficient mice, com-
pared with wild-type mice, as shown by IHC (Figure 7A)
and immunoblot analyses (Figure 7B). These results in-
dicate the high production of NO, together with superox-
ide, in Cygb-deficient mice.

Dysregulation of Genes Associated with Cell
Proliferation and Differentiation in
Cygb-Deficient Mice

To further screen for cellular alterations caused by Cygb
gene disruption, we compared gene expression profiles
between Cygb-deficient mice and their wild-type coun-
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observed the altered expression of cancer genes, includ-
ing p53, cyclin D2, Pak1 (p21-activated kinase), Src,
Cdkn2a, and Cebpa (CCAAT/enhancer-binding protein
�) (data not shown). We examined in detail the mRNA
levels of these genes by RT-qPCR. Consistent with the high
rate of cellular proliferation in the liver of Cygb-deficient mice
(Figure 5, B and D), we observed overexpression of cyclin
D2 (Figure 8A) and p53 (Figure 8B), which have displayed
high expression in astrocytomas, a type of brain tumor.34

Pak1 promotes malignant tumor progression, and the Src
proto-oncogene has shown increased expression in human
skin tumors and leukemia.35–38 In this study, we found that
the mRNA expression of Pak1, in addition to Src, increased
fivefold in the livers of Cygb�/� mice, relative to the wild type
(Figure 8, C and D).

Cdkn2a, a tumor suppressor that negatively regulates the
cell cycle, displayed increased expression at the mRNA level
in the livers of Cygb-deficient mice (Figure 8E), consistent with
other studies39,40 on sarcomas and lung tumors.

Cebpa has the ability to inhibit proliferation, particularly
in hepatocytes.41,42 Down-regulation of CEBPA has been
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reported in human myeloid leukemia.43 Consistent with
these studies, our results showed decreased expression
of Cebpa mRNA in the liver of Cygb-deficient mice, rela-
tive to the wild type (Figure 8F).
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Discussion

In the present study, we showed that loss of Cygb in
C57BL/6J mice markedly increased their susceptibility to
DEN-induced tumorigenesis. In the absence of Cygb, liver
tumors developed earlier, were larger, and were more
numerous compared with wild-type mice. By administering
low-dose DEN to adult mice (0.05 ppm), which failed to
induce liver cancer in wild-type mice, we observed the
tumor-promoting effects of Cygb deficiency.

We observed high levels of Cygb expression in hepatic
stellate cells, a liver-specific pericyte, from which Cygb
was originally discovered by proteomic analysis of pri-
mary cultured rat cells and other stromal cells in the
visceral organs, including the pancreas, gut, spleen,
lung, and kidney.1,4 These stromal cells are pericytes
localized around the capillaries of the organs that are
capable of vitamin A storage. Thus, we propose that
Cygb may be an indicator of a vitamin A–storing pheno-
type of myofibroblasts of endoderm origin. However, as
previously reported,1,4,5 Cygb is ubiquitously expressed
in all body organs in human, as in mice and rats. At the
mRNA level, high expression is evident in the adult hu-
man heart and liver; modest expression is evident in the
brain, kidney, trachea, and placenta; and low expression
is evident in the adult skeletal muscle.44 Several cancer
cell lines, including HepG2 cells,44 the NCI-H2228 lung
cancer cell line, and HCC 1569 breast cancer cells,19

also display CYGB mRNA expression. These observations
indicate the role of Cygb in the regulation of cellular function
originating from the epithelia. In this context, cancer devel-
opment in the liver and lungs in Cygb�/� mice is antici-
pated. However, the role of mesenchymal cells that express
Cygb highly in tumor development should be further eval-
uated because these myofibroblasts represent important
environmental factors during tumor formation.

Cygb expression is augmented under hypoxia in the
liver, heart, brain, and skeletal muscle and in HN33 cells
(an immortalized mouse hippocampal cell line), BEAS-2B
cells (a transformed human bronchial epithelial cell line),
and HeLa cells (a human cervix carcinoma cell line).16

Overexpression of Cygb protects mouse neuroblastoma
N2a cells and human neuroblastoma SH-SY5Y cells un-
der H2O2 exposure and the human neuronal cell line
TE671 under prooxidant Ro19-8022 stimulation.11,12,44

Overexpression of Cygb in the liver, induced by adeno-
associated–virus-induced transfection, protects the liver
from oxidative injury.13 Conversely, the role of Cygb as an
NO scavenger in rat hepatocytes and NIH3T3 fibroblasts
may protect cells from NO-induced toxicity.8,33 These re-
ports and our findings regarding the accumulation of nitro-
tyrosine protein adducts in Cygb-deficient mice indicate the
cytoprotective and antioxidative properties of Cygb.

Several tumor suppressor genes are located in both
arms of chromosome 17. TP53, a known tumor suppres-
sor gene at 17p13.1, is one of the most frequently mu-
tated genes in cancers, including hepatocellular carci-
noma.45 BRCA1 (breast cancer 1, early onset) at 17q12 is
a human tumor suppressor gene encoding the breast
cancer type 1 susceptibility protein,46 which is present in

the breast and other tissues, aiding the repair of dam-
aged DNA and the destruction of the cell when DNA
cannot be repaired. If BRCA1 is damaged, cells dupli-
cate uncontrollably, leading to cancer. Other known
breast cancer–associated genes include septin, DMC1,
and HER2/ErbB2.47,48 Because CYGB exists on chromo-
some 17q25, genes on this chromosome appear com-
monly in the tumorigenesis of epithelial cells and mutation
or epigenetic modification of these genes appears to
trigger malignant transformation.

Clinically, liver cancer develops from a fibrotic liver,
with chronic trauma induced by alcohol abuse and hep-
atitis virus B/C infection.49 Chronic inflammation offers an
appropriate environment for cancer development, by pro-
ducing multiple growth factors, extracellular matrices, and
neovascularization involving local hypoxia.50 In this context,
the augmented occurrence of pericellular fibrosis and fi-
brotic reactions (Figure 4, C–E) in Cygb deficiency may be
involved in the development of liver cancer.

In conclusion, to our knowledge, this is the first report
that Cygb deficiency induces susceptibility to cancer de-
velopment in the liver and lungs of mice receiving DEN
treatment. Thus, Cygb-deficient mice may provide a use-
ful animal model to study cancer development in the liver
and lungs; globins, such as Cygb, may shed new light on
the biological features of organ carcinogenesis.
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