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Many endogenous gene expressions in the liver are well known to be predominant in males, compared with
those of females. In contrast, the fate of hepatic transgene expression between sexes is not fully understood.
Here we studied whether sex hormones changed hepatic transgene expression in the ubiquitous CAG promoter-
driven lacZ transgenic (Tg) rat. Both sexes of CAG-lacZ Tg rats received gonadectomy. Liver biopsy was taken
weekly to determine the change of transgene expression. Histological result of adult males showed mosaic lacZ
expression but it was negative in adult females, while livers in neonatal stage showed comparable expression of
lacZ. Other organs exhibited equal expression in both sexes. At 2 weeks after castration, lacZ expression in male
liver was significantly decreased and became negative after 4 weeks while no significant difference was observed
in the lacZ expression pattern in other organs. After ovariectomy, lacZ expression in female liver remained
undetectable. Moreover, testosterone treatment to gonadectomized rats of both sexes could enhance lacZ expres-
sion in the liver. In summary, we report that CAG-lacZ Tg rats demonstrate sexual dimorphism of transgene
expression specifically only in the liver. Testosterone administration mediated upregulation of liver lacZ expres-
sion. Our findings suggested that androgen, especially testosterone, plays an important role in the hepatic trans-
gene expression.
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SEX-DEPENDENT genetic regulatory events have
been known for decades to occur in the liver (7,11).
Sexually dimorphic susceptibility of the liver to dis-
ease (e.g., hepatocellular adenomas and carcinomas)
occurs in humans (12) and rodents (4,17). Further-
more, the liver contains a broad range of proteins,
which are predominantly present in males, such as
urinary protein pheromone carriers, steroids, drug-
metabolizing cytochrome P450s (CYPs), and proteins
that function in reproduction (21).

On the other hand, exogenous gene expression has
been conducted by using various genetic techniques.
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However, transgene expression is dependent on each
transgenic (Tg) animal by chance. In some Tg ani-
mals, liver transgene expression in males has been
reported to be greater than in females (2,6,13,14,
16,24). Expressions of given transgenes are likely to
be cumulative outcomes from complex regulatory
mechanisms of genomes (e.g., a positional effect, epi-
genetic modification, cis-upstream element, and tis-
sue-specific regulation) (9). The precise mechanism
that controls sex-dependent transgene expression re-
mains unclear.

In a previous report, we addressed the idea that
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exogenous transgene expression was dependent on
each organ and developmental stage in the green flu-
orescent protein (GFP) Tg rat (23). The CAG (cyto-
megalovirus intermediate early enhancer, chicken [3-
actin promoter, and chicken B-actin/rabbit -globin
composite intron) promoter used directs the ubiqui-
tous expression of foreign genes at high levels (19).
Interestingly, the newly established CAG-lacZ Tg rat
(22) showed tissue-, age-, and sex-dependent expres-
sion patterns. Because protein of the lacZ reporter
gene, B-galactosidase (B-gal), displays distinct sexual
dimorphism only in the liver, we manipulated the sex
hormones in adult male and female rats. The results
of the present study suggest that testosterone plays an
important role in transgene expression in CAG-lacZ
Tg rats and could be used for reactivating silenced
transgene expression in the liver.

MATERIALS AND METHODS

Experimental Animals

The generation of CAG-lacZ Tg rats was described
previously (22). Wild DA rats (initial body weight,
150-220 g), purchased from Charles River Japan Inc.
(Yokohama, Japan), were used as normal controls for
CAGe-lacZ Tg rats. All animals had free access to
standard food and water and were maintained on a
12-h light/dark cycle. All experiments were per-
formed in accordance with the Jichi Medical School
Guide for Laboratory Animals.

X-Gal Staining and Immunohistochemistry
in CAG-lacZ Tg Rats

All tissue samples were obtained after the animals
were given ether anesthesia. The presence of 3-gal
was determined by X-gal staining, a standard histo-
chemical method. Liver tissue samples were embed-
ded in an OCT compound (Miles laboratories, Elk-
hardt, IN) and snap-frozen in liquid nitrogen. Cryostat
sections (10 um) were fixed with 100% acetone for
10 min and incubated with X-gal solution for 2-3
h after the procedure previously described (22). To
confirm the presence of -gal protein, immunohisto-
chemical study of the liver was performed. Liver tis-
sue samples were fixed in 4% paraformaldehyde and
embedded in paraffin. The sections (5 wm) were de-
paraffinized and incubated with a polyclonal rabbit
anti-B-gal antibody (Chemicon, Temecula, CA), di-
luted in phosphate-buffered saline, and then incu-
bated with biotinylated goat anti-rabbit IgG antibody
(Vector Laboratories, Burlingame, CA) and horserad-
ish peroxidase-conjugated streptavidin (Vector Labo-
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ratories). Reactions were visualized using diamino-
benzidine (Sigma, St. Louis, MO) as a chromogen in
the presence of 0.003% H,0,.

Quantification of B-Gal Protein in Liver

The presence of B-gal in 200 pl of tissue homoge-
nates (containing 500 pg of total protein) was quanti-
tatively analyzed using a sandwich enzyme-linked
immunosorbent assay (ELISA) (Boehringer Mann-
heim, Mannheim, Germany) procedure. The [-gal
ELISA kit (detection limit, 30 pg/ml) was used ac-
cording to the manufacturer’s instructions.

Gonadectomy

To ascertain the effect of gonadal hormones on
transgene expression, 8—10-week-old rats (body weight
120-150 g) were divided into four groups of three
animals each: group 1, males that had a sham opera-
tion; group 2, females that had a sham operation;
group 3, males that were bilaterally castrated; and
group 4, females that had a bilateral ovariectomy.
Castration and ovariectomy in animal groups 3 and 4
were performed via a lower midline abdominal inci-
sion with the animals under ether anesthesia. The
sham operation consisted of only cutting and suturing
of the lower midline abdomen with the animals under
ether anesthesia. After surgery, the rats were returned
to cages under normal controlled conditions. Liver
biopsies were performed weekly at the same prede-
termined site.

Administration of Testosterone and Estradiol (E,)

In females, 12-week-old rats weighing about 130—
170 g were randomly selected and divided into three
groups (four animals each) of control, ovariecto-
mized, and intact female rats, respectively. The group
2 animals were ovariectomized 1 week before the
start of hormone manipulation. The control rats were
treated with vehicle (corn oil) by intraperitoneal (IP)
injection, and both experimental groups were injected
with testosterone proprionate (Wako, Japan) 10 mg/
kg body weight IP in corn oil daily. Liver biopsies
were performed at the same predetermined site 1
week after the start of hormone administration.

In males, the same age of Tg rats were divided into
three groups (three animals each). The first two
groups of animals were castrated 4 weeks before
starting the experiment; these rats were then treated
with corn oil (control) and testosterone (same dose/
route as in females) to each group, respectively. The
third group, intact male rats, received an IP injection
of 17B-estradiol (E,) (Sigma Chemical) 10 mg/kg in
propylene glycol (Wako Chemical, Japan) every day
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for 1 week. Liver biopsies were done the same as in
female rats.

All liver tissue samples were stained with X-gal to
determine [-gal expression, and the number of [-
gal-positive cells was counted in five randomly se-
lected fields (100 mm” area each) under an AX80TR
microscope (Olympus, Tokyo, Japan). The testoster-
one concentration in the blood was also measured for
confirmation at the same time the liver biopsy was
performed (SRL Company, Tokyo, Japan).

Reverse Transcription-Polymerase Chain
Reaction Assay

Total liver RNAs from the Tg males, castrated
males, females, and ovariectomized females were iso-
lated using RN Agents kit (Promega, Madison WI) ac-
cording to the manufacturer’s protocol. cDNA was
synthesized using total RNA (5 pg), oligo(dT)y.s
primer(0.5 pg), and 200 units of SuperScript II (In-
vitrogen) at 42°C for 1 h in 25 ul of buffer, which
consisted of 20 mM Tris-HCI (pH 8.4), 50 mM KClI,
2.5 mM MgCl, , 0.5 mM each dATP, dGTP, dCTP,
and dTTP, and 10 mM dithiothreitol. The transcrip-
tion products were then treated with RNase H. A neg-
ative control was carried out in the same manner, but
with the exclusion of reverse transcriptase enzyme.
The synthesized cDNA was stored at —20°C until use.

PCR amplification of lacZ reporter gene, endoge-
nous male-predominant genes in rat liver from cyto-
chrome P450s family, CYP4A2 and CYP3A18 gene,
and rat glyceraldehyde-3-phosphate dehydrogenase
gene (GAPDH; internal control) was performed in this
study. The following primers were used for reverse
transcription-PCR (RT-PCR) verification of sex hor-
mone-induced gene expression changes: lacZ (for-
ward primer, 5-TGC CAC TCG CTT TAA TGA TG-
3’; reverse primer, 5’-CGT TTC ACC CTG CCA TAA
AG-3") (GenBank Accession No. U89671); GAPDH
(forward, 5’-GCT GTG GGC AAG GTC ATC C-3’;
reverse, 5-CTT CAC TAC CTT CTT GAT GTC-3%)
(GenBank Accession No. X02231); CYP4A2 (for-
ward, 5-CCA GCA GGT TCT TAC GTG GG-3';
reverse, 5'-AGC CAC TGT AAG CAG GCA CC-3)
(GenBank Accession No. M33936); CYP3A18 (for-
ward, 5-TTT GGA GTG AAC GTC GAT TCC-3’; re-
verse, 5’-TCT GCA CGA AGG GAT CCT GT-3") (Gen
Bank Accession No. X79991).

Each 20-ul reaction mixture contained 1x PCR
buffer with MgCl, (Promega, Madison, WI), 200 um
dNTP mix, 1 pl cDNA, 400 nM each of the forward
and reverse primers, and 0.5 U of Taq polymerase
(Promega, Madison, WI). PCR amplification was ini-
tiated by 95°C for 3 min; this was followed by 35
cycles of the following: 30 s for denaturation at 95°C,

30 s for annealing at 55°C, 30 s for extension at
72°C. Final extension step was performed at 72°C for
3 min. PCR reactions were carried out in GeneAmp
9700 thermal cycler (Applied Biosystems, Foster
City, CA). To visualize the PCR products, 10 ul of
each preparation was subjected to agarose (3%) gel
electrophoresis in the presence of ethidium bromide
(0.08 pg/ml).

Statistical Analysis

Quantitative analyses to determine the significance
of differences between sexes or between control and
experimental groups from target livers were done us-
ing the paired Student’s t-test. A level of p <0.05
was considered statistically significant.

RESULTS

Postnatal Gene Expression of CAG-lacZ Tg Rat
in the Liver

Establishment of the CAG-lacZ Tg rat and the ex-
pression profile in adult males were described pre-
viously (22). In brief, strong lacZ expression was ob-
served in skeletal muscles, myocardium, pancreas,
and skin, while moderate expression was observed in
the liver, spleen, and kidney. After evaluating postna-
tal transgene expression, we found that the neonatal
liver of these Tg rats exhibited a comparable amount
of positive B-gal expression in males (Fig. 1A, a) and
females (Fig. 1A, ¢). The different B-gal expression
levels in the liver were based on sex, and persisted
until adulthood in the male rats (Fig. 1A, b). In con-
trast, B-gal expression was downregulated during de-
velopment in female rats, resulting in no expression
in adulthood (Fig. 1A, d). A positive expression pat-
tern in the liver showed random scattered clusters of
positive hepatocytes stained with X-gal solution. Im-
munostained data were used to confirm the presence
of B-gal protein in the liver (insets in Fig. 1A, b and
d). In particular, we found that the B-gal levels in
nonhepatic organs were well matched between males
and females (Table 1). These findings strongly sug-
gest that a sex-dependent mechanism regulates he-
patic transgene expression.

Figure 1B shows the results of quantitative mea-
surement of B-gal protein by ELISA. The neonatal -
gal level was not significantly different between the
male and female Tg rats (p=0.38, n=3 each). A
striking difference was seen in adulthood when liver
transgene expression in females did not differ signifi-
cantly from the B-gal level of expression in non-
transgenic littermates that served as negative controls
(n=3) but was 22-fold lower than male rats (p =
0.001, n =3 each).
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Figure 1. Transgene expression in the liver of CAG-lacZ Tg rats. (A) B-Gal protein was examined by X-gal staining and confirmed by
immunohistochemistry (insets). In female neonates (c), the transgene expression is comparable to that in males (a). In 8-week-old adults, -
gal expression is maintained in male Tg rats (b), whereas it is lost in females (d). Scale bars: 100 L. (B) Bars represent the mean = SD of
B-gal concentration. Liver lysates from adult non-Tg rats, neonates, and 8-week-old CAG-lacZ Tg rats of both sexes (n=3 each) were
quantitated using an ELISA method. Neonatal expression does not differ significantly between sexes. However, in adulthood, males have

significantly higher (22-fold) B-gal expression than females (*p < 0.005).

Decreased B-Gal Level in Adult Male Livers
After Castration

Because sex-dependent differences in B-gal levels
were found only in the liver and the difference was
much higher in males than in females, we hypothe-
sized that sex hormones, especially testosterone, reg-
ulate the transgene expression in the liver. According
to this hypothesis, the rats were divided into four
groups, as described previously, and bilateral gonad-
ectomy was performed to alter the physiologic level

of gonadal hormones and evaluate changes in [3-gal.
The B-gal level in the group of castrated male rats
detected by X-gal decreased dramatically 2 weeks
after castration (Fig. 2B) compared with before go-
nadectomy (Fig. 2A), and was undetectable after 4
weeks (Fig. 2C). In contrast, the expression in ovari-
ectomized rats (Fig. 2D—F) remained undetectable in
the liver throughout the period of evaluation.

We further quantified the change of B-gal expres-
sion in the liver. The B-gal concentration was ana-
lyzed in liver lysates from all experimental groups



TESTOSTERONE ENHANCES LIVER TRANSGENE EXPRESSION

309

TABLE 1
B-GAL EXPRESSION IN CAG-lacZ Tg RATS AND TESTOSTERONE CONCENTRATION
IN THE CIRCULATION

Testosterone
Concentration
(Mean * SD ng/ml,
Sex Procedure Liver Brain Heart Muscle Kidney n =3 Each)
Male none ++ - +++ -+ ++ 0.83+0.2
Male castration - - -+ +++ ++ <0.01
Female none - - -+ ++ ++ <0.01
Female  ovariectomy - - +++ ++ ++ not tested

B-Gal and testosterone were measured 8 weeks after bilateral castration or ovariectomy. —,
negative transgene expression; 4+, strongly positive, not all cells; +++, strongly positive in all

cells.

using an ELISA assay (Fig. 3). The B-gal in castrated
rats was significantly lower after 2 weeks (p = 0.009)
and was much lower after 4 weeks (p = 0.0008), but
there was no significant change of expression in the
ovariectomized group or in both the intact male and
intact female rats. These quantitative data agree with
the histological observation (Fig. 2) and suggest that
testosterone perpetuates hepatic B-gal expression.

Changes of B-Gal After Sex Hormone
Administration in Male Liver

Testosterone, rather than 5-o dihydrotestosterone,
is believed to be a major determinant of extragenital

2-week post
gonadectomy

Control

male

sexual dimorphism (3). To examine the potential role
of testosterone in reactivating the transgene-negative
hepatocytes, we reintroduced a high dose of testoster-
one (10 mg/kg) daily for 1 week to the male rats that
had been castrated longer than 4 weeks, in compari-
son to castrated animals injected with vehicle only
(Fig. 4A, a). Reexistence of B-gal-positive hepato-
cytes was observed in castrated rats after testosterone
injection for 7 days (Fig. 4A, b), and number of the
positive cells was significantly higher than that of the
control group (Fig. 4B) (p =0.0012). Decrease in
lacZ expression in castrated Tg rat liver could be re-
versed by testosterone administration. Additionally,
we tested the effect of estrogen hormone by admin-

4-week post
gonadectomy

5

Figure 2. Histological changes of hepatic transgene expression after gonadectomy detected by X-gal. In male rats (A—C), compared with
before gonadectomy (A), the B-gal level decreased significantly by the second week and disappeared by the fourth week (B and C, respec-
tively) after castration. Ovariectomized rats after 2 and 4 weeks (E and F, respectively) remained negative as in the intact females (D). Bars:

100 pm.
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Figure 3. Quantitative analysis of transgene expressions in liver after gonadectomy. Liver lysates from four animal groups (n =3 each):
group 1, intact male rats; group 2, castrated rats; group 3, intact female rats; and group 4, ovariectomized rats. The animals were analyzed
for B-gal concentration by ELISA before gonadectomy and 2 weeks and 4 weeks postgonadectomy, respectively. In castrated male rats, -
gal was significantly lower after 2 weeks (*p < 0.01) and was much lower after 4 weeks (**p < 0.001). There was no significant change at
any time point in the ovariectomized rats and in both nongonadectomized groups (p > 0.05).

istrating a high dose of E, (10 mg/kg) into intact
males every day for 1 week. The number of B-gal-
positive hepatocytes detected by X-gal staining was
significantly declined (Fig. 4A, c, 4B) (p =0.0018).

Reactivation in Female Liver
by Testosterone Administration

We also exploited the female rats in order to evalu-
ate transgene expression in those silenced hepato-
cytes. Results 1 week after daily testosterone admin-
istration showed increased P-gal protein detected by
X-gal. lacZ-expressing cells were identified in liver
tissue from both ovariectomized rats (Fig. 4A, e) and
nonovariectomized rats (Fig. 4A, f) in any randomly
selected fields of liver sections. The number of B-gal-
positive cells in the ovariectomized group was signif-
icantly higher than in the nonovariectomized rats
(p=0.032) (Fig. 4C). Because the transgene protein
in control animals was undetectable (Fig. 4A, d), the
presence of B-gal-positive cells in the liver of both
experimental groups could be explained by the in-
jected testosterone. These results clearly showed that
testosterone could also upregulate transgene expres-
sion in the female liver.

Endogenous Male-Predominant Liver Gene
Expressions in CAG-lacZ Tg Rats

In rodent liver, it has been known that CYP expres-
sion differs markedly between sexes (25). Here we
selected well-characterized examples of male-predomi-
nant liver genes (1), CYP4A2 and CYP3A1S, to de-

termine whether the intrinsic hepatic gene expressions
are altered after sex hormone change by gonadec-
tomy in this Tg rat. Total RNA samples from every
rat were evaluated for these genes’ expression semi-
quantitatively by RT-PCR. As shown in Figure 5,
lacZ mRNA expression was apparently decreased
after 4 weeks of castration and unable to be seen in
females. Because [-gal protein could not be detected
after castration, limitation of detection by X-gal
method is believed to be the major cause of differ-
ence in mRNA and protein expression levels. On the
other hand, while CYP4A2 displayed no obvious
change of mRNA level before and after castration,
CYP3A18 gene’s mRNA was markedly decreased by
gonadectomy. Results indicate the different expres-
sion patterns in male-predominant hepatic genes ac-
cording to different sex hormone level.

DISCUSSION

In this study we focused on the effect of gonadec-
tomy and testosterone influence on transgene expres-
sions in the livers of CAG-lacZ Tg rats. This rat
strain demonstrated a sex-dependent -gal level only
in the liver, which could not be observed in other
organs after sex hormone manipulation (data not
shown), suggesting liver-specific regulation of sexu-
ally dimorphic transgene expression as well as that
seen in endogenous male-predominant liver genes.
The major observation made in this study was that
the status of the transgene could be upregulated in
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accordance with the testosterone concentration.
Liver-specific and testosterone-dependent B-gal ex-
pressions are notable phenotypes in this rat.
Furthermore, the results indicated the repression
effect of estradiol. Although ovariectomy alone did
not affect transgene expression in female rats, exter-
nal testosterone administration demonstrated that

A.

Male
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ovariectomized rats significantly gained more B-gal-
positive cells than nonovariectomized counterparts.
And a high-dose estradiol injection to male Tg rats
also led to the decrease of liver B-gal level.

In RT-PCR, we evaluated the expressivity of sex-
specific intrinsic liver genes in the rat. After castra-
tion, the CYP4A2 gene expression was not decreased
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Figure 4. Sex hormones influence hepatic transgene expression in CAG-lacZ Tg rats. In male rats (4A, a—c), injection of testosterone (T)
to the castrated animals upregulated B-gal expression (b), compare to the negative expression in the control castrated rats (a). Administration
of 17B-estradiol (E,) to intact male rats downregulated the transgene expression (c). In female rats (4A, d—f), administration of testosterone
displayed upregulation of B-gal expression, compared to the negative expression in the controlled intact females (d). The ovariectomized
rats (e) show higher transgene expression than the intact rats (f) after testosterone injection. Bars: 100 pm. (B) Bar graph represents numbers
of B-gal-positive hepatocyts indicated as mean = SD. Male liver showed increase [3-gal-positive cells after reintroduction of testosterone into
castrated animals (1p < 0.001), and high-dose 17B-estradiol injection led to the decrease in B-gal-positive hepatocytes, compared to male
control (**p < 0.001). (C) Bars represent that the B-gal-positive hepatocytes in intact female rats after testosterone injection was significantly

lower than those from ovariectomy plus testosterone group (*p < 0.05).
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Figure 5. Comparison of lacZ and intrinsic liver gene expressions
before and after gonadectomy. lacZ transgene, CYP4A2, and
CYP3A18 genes from liver cytochrome P450 (CYPs) family,
which are expressed in male-predominant manner, were evaluated
semiquantitatively by RT-PCR. The extracted total mRNAs from
liver tissues were amplified and PCR products of the above genes
and GAPDH (internal control) were shown in an ethidium bro-
mide-stained agarose gel. After castration, mRNAs from lacZ and
CYP3A18 were markedly decreased whereas CYP4A2 mRNAs in
pre- and postcastrated lanes were comparable. Lane M, adult male
rat; lane Cx, 4-week-castrated male; lane F, adult female; lane
Ovx, 4-week-ovariectomized female; lane Neg, negative control.

whereas mRNAs from /acZ transgene and CYP3A18
were downregulated. These gene expressions dis-
played their own property after the change of sex hor-
mone level.

In previous studies, male-predominant transgene
expression has been sporadically reported (2,6,13,14,
16,24). Many investigators identified this phenome-
non after generating Tg animals, mainly by using en-
dogenous hepatic genes/promoter-related transgene
construct. For example, Li et al. established Tg mice
containing the rabbit cytochrome P450 5’-flanking re-
gion fused to a luciferase reporter gene, and the trans-
gene was expressed in a male-specific pattern in the
liver. Those investigators suggested that their find-
ings were the consequence of a positional effect and/
or cis-regulatory element (16). Davidoff et al. (8) and
Mochizuki et al. (18) reported their observations that
adeno-associated viral vector-5 (AAVYS) less effec-
tively transduced the livers of female mice than
males. Davidoff and coworkers showed that sex did
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not have a significant effect on the transduction in
nonhepatic organs, and there are tissue- and sex-specific
differences in the mechanisms responsible for effi-
cient transduction with this vector, irrespective of
transgene factors. Together with this study, our find-
ings support that hepatic transgene expression fol-
lowed distinct male and female patterns.

Several expressions of endogenous hepatic genes
have shown that mammalian livers exhibit sex-depen-
dent patterns in numerous genes during puberty (1,
21). These include various genes belonging to differ-
ent genomic sites and with different functions. Early
studies established that growth hormone, the secre-
tion of which shows sex-dependent patterns, is the
main cause of sexually dimorphic liver protein ex-
pression, and androgen acts indirectly to induce male-
predominant gene expression (5,11,20,26). We be-
lieve that this endogenous pathway may involve sex-
ual dimorphism of transgene in liver, together with
other mechanisms to restrict expression of a foreign
gene, leading to different expression of each trans-
gene in each line. However, the regulatory mecha-
nism of sex-different transgene expression pattern in
the liver has not been clearly understood. We have
been analyzing and proposing that specific positional
effect and/or specific epigenetic regulation are re-
sponsible for this phenomenon. The promising under-
lying mechanism of this transgene expression should
be further investigated.

Using our CAG-lacZ Tg rats, we showed that sex-
ual dimorphism of transgene expression occurs spe-
cifically in the liver. Testosterone is a factor to sus-
tain and mediate upregulation of the reporter gene in
this Tg rat.
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