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ABSTRACT

In this study, we generated transgenic (Tg) mice, which overexpressed
transforming growth factor (TGF)-B stimulated clone-22 (TSC-22), and investigate the
functional role of TSC-22 on their development and pathogenesis. We obtained 13 Tg-
founders (two mice from C57BL6/J and 11 mice from BDF1). Three of 13 Tg-founders
were sterile, and the remaining Tg-founders also could generate only a limited humber
of the F1 generation. We obtained 32 Tg-F1 mice. Most of the Tg-mice showed marked
obesity. Histopathological examination could be performed on 31 Tg-mice; seventeen
mice died by some disease in their entire life and 14 mice were killed for examination.
Most of the Tg-mice examined showed splenic abnormality, in which marked increase
of the megakaryocytes, unclearness of the margin of the red pulp and the white pulp,
and the enlargement of the white pulp was observed. B cell lymphoma was developed
in 10 (71%) of 14 disease-died F1 mice. These results indicate that constitutive over-
expression of TSC-22 might disturb the normal embryogenesis and the normal lipid
metabolism, and induce the oncogenic differentiation of hematopoietic cells.

TGF-B can be a post-transcriptional regulation via some
microRNAs. TSC-22 contained leucine zipper motif
and TSC-box but did not have a classical DNA-binding
domain as bZip or bHLH-Zip families did. Therefore,

INTRODUCTION

Transforming growth factor (TGF)-f stimulated
clone-22 (TSC-22) was originally isolated as a TGF-

B-inducible gene in mice osteoblastic cells, MC3T3El
[1]. Then, 7SC-22 was shown to encode a putative
transcriptional regulator containing a leucine zipper-like
structure [1]. Subsequently, 7SC-22 was demonstrated to
be up-regulated by many different stimuli such as TPA,
choleratoxin, dexamethasone [1], follicle-stimulating
hormone [2], tumor necrosis factor a, interferon-y,
interleukin-1p, lipopolysaccharide [3], progesterone [4],
and epidermal growth factor (EGF) [5]. We identified
human 7SC-22 as an anti-cancer drug (Vesnarinone)-
inducible gene in a human salivary gland cancer cell line,
TYS [6, 7]. Recently we [8] and other investigators [9]
demonstrated that upregulation of TSC-22 mediated by

TSC-22 was hypothesized to act as a transcritptional
regulator by binding other leucine zipper containing
transcription factors. Ohta et al. reported TSC-22 as a
transcription factor for C-type natriuretic peptide gene
[3]. However, we and Kester et al. recently reported
that TSC-22 acted as a transcriptional enhancer [10] or
repressor [11] when fused to the DNA binding domain
of yeast transcription factor GAL4. Thus, the mechanism
underlying the transcriptional up-regulation of TSC-22
remained obscure.

Concerning the role of TSC-22 on cell growth
and differentiation, and tumorigenesis, we reported that
TSC-22 negatively regulated the growth of TYS cells [6],
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and that downregulation of TSC-22 in TYS cells played
a major role in the salivary gland tumorigenesis [7].
Subsequently, we reported that overexpression of TSC-22
enhanced chemosensitivity and radiation-sensitivity by
inducing apoptosis in the cancer cells [12-14]. Recently,
Yu et al. and Kato et al. reported the characteristics of the
TSC-22 deficient mice [9, 15]. They concluded that TSC-
22 had a tumor suppressor function in T or natural killer
large granular lymphocyte leukemia, and carcinogen—
induced liver tumor.

On the other hand, several investigators clarified
the crucial role of TSC-22 on the development of
Drosophila and mice [16-20]. Treisman et al. [16], Kania
et al. [17] and Dobens et al. [18] found that Drosophila
TSC-22 gene, shortsighted or bunched, was essential
for the Drosophila development, and that Drosophila
TSC-22 gene was an effector gene which could integrate
multiple extracellular signals. Furthermore, Dohrmann
et al. [19] and Kester et al. [20] demonstrated that,
during mouse embryogenesis, TSC-22 was upregulated
at sites of epithelial-mesenchymal interaction and
expressed in many neural crest-derived tissues.

In this study, we generated transgenic mice, which
overexpressed TSC-22 in most of the cells in the entire
body, and investigated the functional role of TSC-22 on
the development and pathogenesis of mice.

RESULTS

Expression of EGFP-TSC-22 fusion proteins in
TYS cells from the transgenic cassette

We transiently transfected TYS cells with the
transgenic cassette containing EGFP-TSC-22 fusion gene
(Figure 1A). GFP fluorescence was observed only in
the cytoplasm but not in the nucleus in the EGFP-TSC-
22-transfectants (data not shown). As we have already
reported [10, 13], TSC-22 protein contains a nuclear
export signal (NES), and localizes to cytoplasm in the
live cells. By Western blotting (Figure 1B), we confirmed
the expression of EGFP-TSC-22 fusion protein (45 kDa)
in the EGFP-TSC-22 transfectants, but not in the control
transfectants (pEGFP-C3).

Generation of TSC-22 transgenic mice
expressing EGFP-TSC-22 fusion protein

We transferred 134 DNA-injected embryos to
C57BL6/J pseudopregnant foster mothers; however, we
obtained only 21 mice (Table 1). Moreover, only 2 mice
(one male and one female) were positive for TSC-22
transgene in the 21 born mice (Table 1). The ratio of the
born mice per transferred embryos (15.7%) and the ratio
of the transgene-positive mice per born mice (9.5%) were
much lower than the ratio in other gene transferred mice in
this institute. Then, we changed the mouse strain from in-
bred (C57BL6/J) to hybrid (BDF1). We transferred more

than 300 DNA-injected embryos to BDF1 pseudopregnant
foster mothers, and obtained 121 mice. Eleven mice (seven
male and four female) were positive for TSC-22 transgene
in the 121 born mice (9.0%).

Genotyping of the transgenic mice were performed
by the PCR amplification of the EGFP-TSC-22 gene.
Transgene-positive mice produced 490 bp band by
the PCR amplification as shown in Figure 2A. The
expression of mRNA from the EGFP-TSC-22 gene in
the transgene-positive mice was examined by RT-PCR
as described above. Transgene-positive mice certainly
expressed EGFP-TSC-22 mRNA at very high level (data
not shown). Furthermore, the expression of the EGFP-
TSC-22 fusion protein was confirmed in the cultured
keratinocytes obtained from the transgene-positive mice.
GFP fluorescence (EGFP-TSC-22 fusion protein) was
clearly observed in the cytoplasm but not in the nucleus
in the keratinocytes (Figure 2B).

Breeding of transgenic mice

Number of the transgene-positive F1 mice in
each TSC-22 transgenic founder was shown in Table 2.
Female transgenic founder in C57BL/6 strain bore total
22 pups at four times delivery; however, none of the
pups were transgene positive. Moreover, male transgenic
founder in C57BL/6 strain was sterile. Transgenic
founders in BDF1 strain produced several F1 transgene-
positive mice. Number of the pups at one delivery was
extremely limited at the range from 0 to 11 (average 6)
both in male and female BDF1 transgenic founder. One
male and one female BDF1 transgenic founders were
sterile. Furthermore, the ratio of the transgene-positive
F1 mice per born mice was extremely low. We obtained
32 transgene-positive F1 mice, 12 male and 20 female.

Overexpression of TSC-22 causes marked
obesity in mice

Most of the TSC-22 transgenic mice showed
marked obesity. As shown in Figure 3AB, body weight
of the transgenic mice was much higher than that of wild
type C57BL6 or BDF1 (data was obtained from Clea
Japan web site; http://www.clea-japan.com/animalpege/
a_1/e_02.html or http://www.clea-japan.com/animalpege/
a_1/f 02.html). Especially, the body weight of the P®5
(BDF1) was over 60 g, which was twice as that of wild
type. The accumulation of the subcutaneous fat tissue and
the intra-abdominal fat tissue was observed (Figure 3C).
Most of the F1 mice inherited the phenotype, obesity from
the founder.

Histopathological abnormality and a principal
cause of death of TSC-22 transgenic mice

Nine of 13 founder TSC-22 transgenic mice
(Table 3) and 22 of 32 F1 TSC-22 transgenic mice were
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available for histopathological examination (Table 4).
In 31 transgenic mice examined, 17 mice died by some
disease in their entire life and 14 mice were killed
for examination. Most of the transgenic mice showed
splenic abnormality, in which marked increase of the
megakaryocytes, unclearness of the margin of the red pulp
and the white pulp, and the enlargement of the white pulp
was observed (Figure 4A, 4B). Lymphoma (Figure 4C)
was developed in ten (71%) of 14 F1 mice died by some
disease. Hemangioma in the liver or spleen was observed

in five (29%) of the 17 mice. Most of the transgenic mice
with obesity showed the marked fatty-degeneration of
hepatocytes (Figure 4D). Pulmonary emphysema was
developed in 4 of the 17 mice, and adenocarcinoma
of the lung was observed in 3 of the 14 F1 mice.
Immunohistochemistry by a monoclonal antibody HM57
clearly showed the expression of CD79a on the lymphoma
cells (Figure 4E), then all of the lymphoma was confirmed
to be B cell lymphoma.
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Figure 1: Structure and expression of the EGFP-TSC-22 fusion gene. A. Schematic structure of the TSC-22 transgenic cassette.
Transgenic cassette contains human TSC-22 fragment fused to EGFP under the transcriptional control of CAG promoter. The human
TSC-22-EGFP fusion gene was followed by the first intron of Protamine gene containing the poly-adenylation signal. B. Expression of
EGFP-TSC-22 fusion proteins from the transgenic cassette in a human salivary gland cell line, TYS cells. TYS cells were transfected with
the transgenic cassette. Forty-eight hours after transfection, cell lysates were prepared from the transfectants, and the expression of EGFP-
TSC-22 fusion protein (45 kDa) was examined by Western blotting.

pEGFP-C3
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Table 1: Number of transgene-positive mice

No. of transferred
DNA-injected

No. of Tg-positive
mice

(% Tg-positive mice)

embryos /No. of born mice
C57BL6/J 134 2(3: 1, 9: )21 9.5%
BDF1 >300 11(3:7, 9:4)/121 9.0%

Blood analysis of the TSC-22 transgenic mice

The average and standard deviation of the number
of red blood cells, white blood cells, and platelets in the
blood of 20 transgenic mice were 713 = 121 x10%/pul, 6226
+ 2951/ul, 90 £ 44 x10%yul, respectively. The average
and standard deviation of serum glucose levels in 22
transgenic mice was 161 + 38 mg/dl. These data in the
transgenic mice were almost the same as that of wild type
BDF1 (data was obtained from Clea Japan web site; http://
www.clea-japan.com/animalpege/a _1/f 03.html).

DISCUSSION

Several investigators have demonstrated that TSC-
22 regulates cell growth and differentiation as well as cell
death [1-4, 6, 7, 21], and that TSC-22 is required for the
embryonic development [16-20]. Expression of TSC-22
mRNA was reported to be detectable at 6.5 day embryos
ubiquitously [19]. TSC-22 was upregulated at the site of
epithelial-mesenchymal interaction, such as limb bud,
tooth germ, hair follicle, kidney, lung, and pancreas.
TSC-22 was also upregulated at neural crest derived
tissues, heart, otic and optic vesicle, and cartilage and
bone forming region throughout the embryo [19, 20]. In
the present study, number of the pups at one delivery was
extremely limited, and the ratio of the transgene-positive
F1 mice per born mice was extremely low. Although these
reasons remain unclear, artificial over-expression of TSC-
22 during embryogenesis might inhibit several epithelial-
mesenchymal interactions and disturb normal development
of the embryos in the transgenic mouse. More detail
histopathological examinations concerning embryogenesis
in this transgenic mouse must be conducted.

Jay et al reported the expression of TSC-22 in
adult mouse [22]. TSC-22 mRNA was highly expressed
at ovary, small intestine, colon, heart, and brain, and
moderately expressed at thymus, prostate, testis, placenta,
skeletal muscle, and pancreas, and faintly expressed at
spleen, lung, liver, and kidney in adult mouse. However,
TSC-22 was not expressed in leukocytes in adult mouse.
Interestingly, abnormal organs in our transgenic mouse
were almost corresponding to the organs with limited
TSC-22 expression in adult mouse. Constitutive over-
expression of the TSC-22 in the organs with limited TSC-
22 expression in adult mouse might inhibit the growth of
the cells and/or cause the differentiation abnormality of

the cells. Yu et al. [15] and Nakamura et al. [23] generated
the TSC-22 knock-out mice, and they showed its crucial
role on the proliferation and the repopulation efficacy of
hematopoietic precursor cells, and on the oncogenic Ras/
Raf signaling, respectively. However, Yu et al. described
that TSC-22 knock-out mice showed slight weight
decrease of kidneys and hearts, and Nakamura et al.
mentioned that TSC-22 knock-out mice were born at
the expected Mendelian ratio and showed no obvious
abnormality. In the TSC-22 knock-out mice, other TSC-
22 families might compensate the role TSC-22 on the
development of the mouse.

Some investigators reported the implication of TSC-
22 on type 2 Diabetes or lipid metabolism [9, 24-26]. In
our transgenic mice, blood glucose level was not elevated,
and renal fibrosis was not observed. At present, we could
not clearly explain why our transgenic mice became fat,
we should examine the food and water intake, eliminative
behavior, and motor behavior in the metabolic gage.

From the beginning of the discovery of TSC-22 [1,
2,6, 7], TSC-22 was considered as a tumor suppressor,
a differentiation induce, or a negative growth regulator.
Further consolidation data was continuously published
in several journals [27-34]. However, in our transgenic
mice, frequent development of B cell lymphoma
was observed. Although Yamate ef al. reported that
malignant lymphoma was developed in wild type
BDF1 mice allowed to live out their life-span [35], in
our experiment, B cell lymphoma was developed in
59% of the disease-died transgenic mice. Most of the
Tg-mice examined showed splenic abnormality, such
as unclearness of the margin of the red pulp and the
white pulp, and the enlargement of the white pulp.
These observations suggested that several abnormalities
might occur in the lymphocytes of the transgenic
mice after survival of the growth suppression, the
induction of apoptosis and the differentiation during
the embryogenesis and the development. Therefore,
lymphocytes in the born-TSC-22 transgenic mice might
be susceptible for the development of lymphoma. TSC-
22 was previously reported to inhibit the development
of several hematopoietic malignancies [15, 31], and
enhance the differentiation of the several hematopoietic
cells [36]. Therefore, our transgenic mouse might be
useful for examining the pathogenesis of hematopoietic
malignancy as well as the metabolic abnormality and
obesity.
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MATERIALS AND METHODS

Ethics statement

Investigation has been conducted in accordance with
the ethical standards and according to the Declaration of
Helsinki and according to national and international
guidelines and has been approved by the authors'
institutional review board.

Construction of the transgenic cassette

Transgenic cassette (Figure 1A) was constructed
as follows: pPCAGPrm was digested with EcoRV (Takara

A

Positive

Positive

Biomedicals, Kusatsu, Japan) and BamH1 (Takara
Biomedicals). The human TSC-22 ¢cDNA fragment fused
to enhanced green fluorescent protein (EGFP) cDNA
was excised from pEGFP-TSC-22FL [10] by digesting
with Eco47I1I (Takara Biomedicals) and BamH]1 (Takara
Biomedicals). Then, the human TSC-22 fragment fused
to EGFP was ligated to the prepared cloning site of
pCAGPrm, and pCAGPrm-TSC-22FL was generated.
The direction of the ligated fragment from the promoter
and the sequence of the ligated site in the plasmid
were confirmed by sequencing analysis (Amersham
Pharmacia Biotech.,, Uppsala, Sweden; Shimadzu
DSQ-500 DNA sequencer, Shimadzu, Kyoto, Japan).

4- 490 bp

Negative
Negative
No template

Figure 2: Generation of EGFP-TSC-22 transgenic mice. A. Genotyping of transgenic mice. Genotyping of transgenic mice were
performed by the PCR amplification of the EGFP-TSC-22 gene. Genomic DNA was extracted from ear biopsies. The 490 bp of human EGFP-
TSC-22 fusion gene in the transgenic cassette was amplified. B. Expression of EGFP-TSC-22 fusion protein in the transgenic founders. The
expression of the EGFP-TSC-22 fusion protein was confirmed in the cultured keratinocytes obtained from the transgene-positive mice. GFP
fluorescence (EGFP-TSC-22 fusion protein) was clearly observed in the cytoplasm but not in the nucleus in the keratinocytes.
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Table 2: Number of transgene-positive F1 mice in each TSC-22 transgenic founder mice

Founders 1%t delivery 2" delivery 3rd delivery 4t delivery 5t
delivery

PQ1 (C57BL/6) 0/6* (33, 93) 0/9 (34, ?5) 0/7 (&5, 22)

P2 (BDF1) 0/4 (32, 92) 0/2 (32, 20) 2(31, R1D)/A4 (31, 93) L(2D)/2

PQ3 (BDF1) sterile

PQ4 (BDF1) 0/1 (31) 0/7 (33, 24) 0/7 3(32,90)/7

P35 (BDF1) 3(93)10(33,97)  2(381, D9 (F35, 94) 0/2 0/7 (31, 92)

PJ1 (C57BL/6) sterile

P32 (BDF1) sterile

P33 (BDF1) 0/7 (34, 23) 1 (RD/11 (36, 25) 2(31, 9D)/9

PJ4 (BDF1) 0/4 (32, 98) 1 (317 0/7 (35, 92) 3(93)7

PJ'5 (BDF1) 0/1 (31) 0/8 (45, 93) 1(21)/9

PJ6 (BDF1) 0/4 (32, 92) 0/4 (35, 93) 0/4 (31, ?53) 0/6

PJ47 (BDF1) 2(92)/8 (31, 27) 0/9 (3?2, 7 4 (34)/10 5(95)/10

P38 (BDF1) 0/1 (d1) 0/5 (33, 22) 1 (319 0/10 (31, 29) 1 (31)/9

“Number of transgene-positive mice/number of born mice.

pCAGPrm-TSC-22FL contained human TSC-22 fragment
fused to EGFP under the transcriptional control of CAG
promoter, which was composed of chicken actin promoter
and cytomegalovirus immediate early promoter (CM V-
IE). It is well known that the CAG promoter is one of the
strongest promoters in the wide variety of the mammalian
cells, and induces constitutive expression of the regulating
gene [37]. The human TSC-22 fragment fused to EGFP
was followed by the first intron of Protamine gene
containing the poly-adenylation signal. Then, transgenic
cassette (Figure 1A) was excised from pCAGPrm-TSC-
22FL by digesting with Asel (Takara Biomedicals) and
Spel (Takara Biomedicals).

Determination of the expression of EGFP-
TSC-22 fusion proteins from the transgenic
cassette in TYS cells

A human salivary gland cell line, TYS cells [38]
(5 x 10° cells/dish) were seeded in 60-mm culture dishes
(Falcon; Becton Dickinson Labware, Lincoln Park,
NJ) in DMEM (Life Technologies, Inc., Gaithersburg,
MD) supplemented with 10% FCS (Bio-Whittaker,
Walkersville, MD), 100 pg/ml streptomycin, 100 U/
ml penicillin (Life Technologies, Inc.), and 0.25 pg/ml
amphotericin B (Life Technologies, Inc.) in a humidified
atmosphere of 95% air and 5% CO, at 37°C. Twenty-four
h later, the cells were transfected with 1 pg of transgenic
cassette using Superfect regent (QIAGEN, Hilden,
Germany).

The expression of EGFP-TSC-22 fusion protein
from the transgenic cassette was first examined in

cultured-TYS cells by observing the GFP fluorescence.
Forty-eight hours after transfection, GFP fluorescence
was observed by a fluorescent-microscopy excited by
495 nm blue light on the transfectants (Nikon, Tokyo,
Japan). Subsequently, expression of the fusion protein
was confirmed by Western blotting using an anti-
TSC-22 antibody [7]. Cell lysates were prepared from
the transfectants by use of the cell lysis buffer [SO mM
HEPES (pH 7.5) containing 150 mM NaCl, 1% Triton
X-100, 1.5 mM MgCL, 1 mM EDTA, 10 mM sodium
pyrophosphate, 100 mM sodium orthovanadate, 100 mM
NaF, 100 mM p-nitrophenyl phosphate, 5 U/ml aprotinin,
and 1 mM phenylmethylsulfonyl fluoride]. The protein
concentrations of the samples were determined by Bio-
Rad protein assay (Bio-Rad, Hercules, CA). One hundred
microgram of protein samples were electrophoresed
on SDS-polyacrylamide gel. Proteins from gels were
transferred to nitrocellulose (Bio-Rad), and the membrane
was incubated with the affinity purified anti-TSC-22
antibody, and an Amersham ECL kit (Amersham
Pharmacia Biotech.).

Generation of TSC-22 transgenic mice

The transgenic founders were generated at
Laboratory Animal Resource Center, University of Tsukuba
under the control of Animal Care and Use Committee,
University of Tsukuba. The transgenic cassette was injected
into pronucleus of one cell-stage of embryos obtained from
C57BL6/J (Clea Japan, Tokyo, Japan) or BDF1 (Clea
Japan). The embryos were transferred to pseudopregnant
foster mothers. After obtaining pups, the TSC-22 transgenic
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founders were distinguished by amplifying the human
TSC-22-GFP fusion gene in the transgenic cassette using
polymerase chain reaction (PCR) method. Genomic DNA
was extracted from ear biopsies. The ear biopsies were
incubated in 200 pl of the extracting buffer [10 mM Tris-
HCI (pH 8.3), 50 mM KCl, 2.5 mM MgCl2, 0.1 mg/ml
Gelatin, 0.45% Nonidet P-40, 0.45% Tween 20, 0.2 mg/
ml Proteinase K] for 8 hours at 56 °C, and boiled for

A

15 minutes. Then, the supernatants were obtained by
centrifugation at 15,000 rpm for 10 minutes at 15°C.
Subsequently, one microliter of the supernatants, which
contained genomic DNA from the mice, was subjected to
PCR amplification. The 490 bp of human TSC-22-GFP
fusion gene in the transgenic cassette was amplified by a
pair of primers (5’-CAA CAT CCT GGG GCA CAA GC-3°
as an up-stream primer, and 5’-CCA CAC TTG CAC CAG

70
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Figure 3: Overexpression of TSC-22 causes marked obesity in mice. Most of the TSC-22 transgenic mice showed marked
obesity both in female A. and male B. The accumulation of the subcutaneous fat tissue and the intra-abdominal fat tissue was observed.
Body weight of the transgenic mice was much higher than that of wild type C57BL6 or DBA2. Horizontal bars in each graph show the

mean weight of adult mice.

(Continued)
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Figure 3 (Continued): C. The body weight of the P95 (BDF1) was over 60 g, which was twice as that of wild type. Most of the F1 mice
inherited the phenotype, obesity from the founder.

1

& -
ol fﬁ‘.ﬁ'
Ren kN es 7L 6
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Figure 4: Histopathological abnormality of TSC-22 transgenic mice. A, B. Most of the transgenic mice showed splenic
abnormality, in which marked increase of the megakaryocytes, unclearness of the margin of the red pulp and the white pulp, and the
enlargement of the white pulp was observed. C. Malignant lymphoma was developed in ten (71%) of 14 disease-died F1 mice. Malignant
lymphoma invaded into the kidney. D. Most of the transgenic mice with obesity showed the marked fatty-degeneration of hepatocytes. E.
Immunohistochemistry by a monoclonal antibody HMS57 clearly showed the expression of CD79a. on the cell surface.
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Table 3: Possible cause of death and histopathological features of TSC-22 transgenic founder mice

Founder mice

Died or killed

Possible cause of
death

Histopathological features

PQ1 (C57BL/6)

PQ2 (BDF1)

P33 (BDF1)
P4 (BDF1)

PQ5 (BDF1)
P31 (C57BL/6)

P32 (BDF1)
P33 (BDF1)
P34 (BDF1)

P35 (BDF1)

P36 (BDF1)
P37 (BDF1)

PJ8 (BDF1)

Died at 2 years 1
month

Died at 2 years 1
month

Died at 2 years
Killed at 2 years

Killed at 1 year 3
months

Died at 3 months

Killed at 1 year 3
months

Died at 1 years 5
months

Killed at 2 years
Died at 1 years 2
months

Killed at 2 year
Killed at 1 year

Died at 1 years 10
months

Renal failure

Not determined

Not determined
Killed

Killed
Not determined
Killed

Rupture of
hemangioma

Killed

Not determined

Killed
Killed

Pulmonary
emphysema

Adenoma in lung, fibrosis of nephron,
skin and heart, fatty liver, splenic
abnormality

Not available

Not available

No remarkable change
Fatty liver, splenic abnormality
Not available

Fatty liver

Hemanginoma in spleen

Fatty liver, splenic abnormality, renal
cysts

Not available

No remarkable change

Fatty liver, splenic abnormality

Severe pulmonary emphysema

Table 4: Possible cause of death and histopathological features of TSC-22 transgenic F1 mice

F1 mice Died or killed Possible cause of Histopathological Reproductive
death features function
Died at 2 vears 4 Adenocarcinoma of
3#8% (PQ2) months y Lung cancer lung with mediastinal ~ Not mated
metastasis
3#58 (PR2) Died at 1 month Not determined Not available Not mated
4#29 (PL2) Died Not determined Not available Sterile
Died at 2 year 2 . Multiple metastasis of
4#42(PQ4) months Malignant lymphoma malignant lymphoma Not mated
. . Fibrosis of skin,
4#13 (PR4) Killed at 7 months Killed . . Not mated
splenic abnormality
Died at 2 years 2 Rupture of . L .
4#53 (PL4) months hemangioma Hemanginoma in liver Fertile
Killed at 1 year 2 . Fatty liver, splenic
1#52 (PY5) months Killed abnormality Not mated
1#69 (PY5) Died Not determined Not available Sterile
(Continued)
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F1 mice Died or killed Possible cause of Histopathological Reproductive
death features function
Killed at 1 year 2 . Fatty liver, splenic
#72 (PY5) months Killed abnormality Not mated
2#43 (PRQ5) Died Not determined Not available Fertile
Died at 2 years 8 . Multiple metastasis of .
2#79 (PY5) months Malignant lymphoma malignant lymphoma Sterile
Hemanginoma in
24109 (P33) Died at 2 years 5 Rupturelof liver, pulmonary . Sterile
months hemangioma emphysema, splenic
abnormality
Multiple metastasis
of malignant
Died at 2 years 8 . lymphoma, renal cysts .
3#7Q (PA33) months Malignant lymphoma adenocarcinoma of Sterile
lung, hemanginoma in
liver
3#64 (P33) Died at 2 years Not determined Not available Sterile
2423 (P34) Killed at 7 months Killed Fibrosis of skin, Not mated
splenic abnormality
4#59Q (P34) Died Not determined Not available Still birth once
4#6Q (P34) Died at 1 year 2 Not determined Not available Not mated
months
4#79 (P34) Died at 2 years Malignant lymphoma Multiple metastasis of Still birth three times
y & ymp malignant lymphoma
3#3Q (P35) Died at 1 year 10 Not determined Not available Sterile
months
1#62Q (P37) Died at 2 years 4 Not determined Not available Sterile
months
Died at 2 years 5 . Multiple metastasis of
1#79 (P37) months Malignant lymphoma malignant lymphoma Not mated
. Severe pulmonary
3#43 (PE7) Died at 1 year 5 Pulmonary emphysema, sclerosis  Not mated
months emphysema
of heart
3#93 (PA7) Killed at 2 years Killed Fatty llve.r, splenic Not mated
abnormality
3#103 (P37) Killed at 2 years Killed ﬁﬂ;ﬂocmmoma of " Not mated
. . Fatty liver, splenic
#1138 (PA7) Killed at 2 years Killed . Not mated
abnormality
Killed at 1 year . Fatty liver, splenic .
4#39 (P37) L Imonths Killed abnormality Sterile
4#59 (P37) Died Not determined Not available Sterile
Died at 1 year . Multiple metastasis of .
4#6Q (P37) | Imonths Malignant lymphoma malignant lymphoma Sterile
(Continued)
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F1 mice Died or killed Possible cause of Histopathological Reproductive
death features function

Died at 1 year . Multiple metastasis of .

4#89 (PA7) 11months Malignant lymphoma malignant lymphoma Sterile
Died at 1 year 7 . Multiple metastasis of .

4#109 (P37) months Malignant lymphoma malignant lymphoma Sterile
Died at 2 year . Multiple metastasis of

3#23 (PER) L0months Malignant lymphoma malignant lymphoma Not mated

Hemanginoma in

Died at 1 vear 5 Rupture of liver, pulmonary

5#73 (P3'8) y hemangioma, emphysema, multiple  Fertile

months

malignant lymphoma

metastasis of
malignant lymphoma

AGG AG-3’ as a down stream primer). PCR was performed
as follows: the final concentration of dNTPs and primers in
the reaction mixture were 200 uM and 1 pM, respectively.
Taq DNA polymerase (Takara Biomedicals) was added to
the mixture at a final concentration of 0.05 U/ul, and the
reaction was carried out in a Takara Thermal Cycler MP
(Takara Biomedicals) under the following conditions: 94°C
for 3 min and then 94°C for 1 min, 62°C for 1.5 min, 72°C
for 2.5 min for 25 cycles, and extension at 72°C for 4 min.

Expression of TSC-22-GFP fusion protein in the
transgenic founders

Total RNA was extracted from tail biopsy in the
transgenic founders by use of ISOGEN RNA extracting
mixture (Nippon Gene, Toyama, Japan). The RNA was
reverse-transcribed by Moloney murine leukemia virus
(Life Technologies, Inc.) at 42°C for 60 min using random
primer (5 uM; Life Technologies, Inc.) in 20 pl of the
reaction mixture. Subsequently, one microliter of the
products was subjected to PCR amplification. PCR was
performed under the same condition as described above.

Primary cultured-keratinocytes were obtained
from the tail biopsy following a standard protocol [39].
Keratinocytes were seeded on the cover glass (Muto pure
chemicals Co., Tokyo, Japan) in 35-mm culture dishes.
Twenty-four hour after inoculation, GFP fluorescence
in the cultured cells was observed by the fluorescent-
microscopy as described above.

Breeding of transgenic mice

All mice were housed and bred in Laboratory
Animal Research Center, Dokkyo Medical University
School of Medicine with controlled photoperiods (14 hours
light and 10 hours darkness), temperature, and humidity.
The animals were maintained and treated in accordance
with the policies of Dokkyo Medical University’s Animal
Care and Use Committee. Mice were sacrificed by
exsanguination under sodium pentobarbital anesthesia.

Founder mice of TSC-22 transgenic mice were crossed
with wild type C57BL6/J mice or wild type BDF1 mice
to generate F1 generation. To assess fertility, pairs of
the transgenic mice and wild type partners were housed
in individual cages and numbers of pups per litter were
recorded. Genotyping of the pups was performed by PCR
method as described above. Body weight of the transgenic
mice was measured at least once a week. Furthermore,
behavior of the transgenic mice was carefully observed.

Determination of the expression of TSC-22-GFP
mRNA in the F1 transgenic mice

Total RNA was extracted from several organs
including liver, pancreas, spleen, kidney, skin, skeletal
muscle, brain, adipose tissue, esophagus, stomach, small
intestine, colon, lung, and heart in the representative F1
transgenic mice by ISOGEN RNA extracting mixture
(Nippon Gene, Toyama, Japan). Extracted total RNA was
subjected to RT-PCR as described above.

Histological examination

Several organs in the transgenic mice including
liver, pancreas, spleen, kidney, adrenal gland, skin,
skeletal muscle, brain, adipose tissue, esophagus,
stomach, small intestine, colon, lung, salivary gland,
spinal code, bone and heart were removed. All of
the organs removed were fixed in a neutral aqueous
phosphate-buffered 4% solution of formaldehyde and
embedded in paraffin wax. The tissue was cut at 2-3 pm
thickness and stained with hematoxylin and eosin.

Immunohistochemistry

Sections (4-um thick) were mounted on silane-
coated glass slides, deparaffinized and rinsed. After
antigen retrieval by microwave treatment in citric
acid buffer (pH 6.0) for 95°C for 10 min, the sections
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were immersed in 0.3% hydrogen peroxide to block
endogenous peroxidase activity. Subsequently, the
sections were reacted without or with the anti-human
CD79a primary antibody (clone HMS57: Dako,
Carpinteria, CA) for 1 h at room temperature. The
sections were then incubated with the biotinylated
secondary antibody in LSAB kit (Dako) for 15 min at
room temperature. After washing with cold phosphate-
buffered saline, streptavidin-peroxidase solution in
LSAB kit was applied for 20 min. The sections were
washed in cold phosphate-buffered saline, allowed to
react with 3,3'-diaminobenzidine tetrahydrochloride
solution and 0.03% hydrogen peroxide for 3 min
at room temperature. The sections were finally
counterstained with hematoxylin. When we replaced
the primary antibody with phosphate-buffered saline,
the clear staining in all of the cells was completely
disappeared.

Blood analysis of the TSC-22 transgenic mice

Number of red blood cells, white blood cells, and
platelets in the blood of the transgenic mice were counted.
Serum glucose levels in TSC-22 transgenic mice were also
measured. Blood analyses were performed at SRL (Tokyo,
Japan).

ACKNOWLEDGMENTS

We would like to thank Drs. Koh-ichi Nakashiro,
Satoshi Hino, and Motoo Shinoda for their help on
generating and maintaining this transgenic mouse, and
Drs. Yoshihiko Ueda, Johji Imura, Yasuo Ohkura, Yuko
Ono, and Shigeki Tomita for their helpful histopathological
suggestions. We also thank Mr. Masahide Ooyama, Ms.
Chiaki Sato-Matsuyama, Ms. Ayako Shimizu, Ms. Takako
Ohtsuki-Ono and Ms. Midori Matsuura-Katayama for
their excellent technical assistance.

CONFLICTS OF INTEREST

The authors have no conflicts of interest to declare

GRANT SUPPORT

This work was supported by Grants-in-Aid for
Scientific Research (C) 17592103, 25463117 and
26463046 from the Japan Society for the Promotion of
Science.

REFERENCES

1. Shibanuma M, Kuroki T, Nose K. Isolation of a gene
encoding putative leucine zipper structure that is induced
by transforming growth factor B1 and other growth factors.
J Biol Chem. 1992; 267:10219-10224.

10.

11.

12.

Hamil KG, Hall SH. Cloning of rat sertoli cell follicle-
stimulating hormone primary response complementary
Deoxyribonucleic acid: Regulation of TSC-22 gene expres-
sion. Endocrinology. 1994; 134:1205-1212.

Ohta S, Shimekake Y, Nagata K. Molecular cloning and
characterization of a transcription factor for the C-type
natriuretic peptide gene promoter. Eur J Biochem. 1996;
242:460-466.

Kester HA, van der Leede BM, van der Saag PT, van der
Burg B. Novel progesterone target genes identified by
an improved differential display technique suggest that
progestin-induced growth inhibition of breast cancer cells
coincides with enhancement of differentiation. J Biol Chem.
1997; 272:16637-16643.

Trenkle T, Welsh J, Jung B, Mathieu-Daude F, McClelland
M. Non-stoichiometric reduced complexity probes for
cDNA arrays. Nucleic Acids Res. 1998; 26:3883-3891.

Kawamata H, Nakashiro K, Uchida D, Hino S, Omotehara
F, Yoshida H, Sato M. Induction of TSC-22 by treatment
with a new anti-cancer drug, vesnarinone, in a human sali-
vary gland cancer cell. Br J Cancer. 1998; 77:71-78.

Nakashiro K, Kawamata H, Hino S, Uchida D, Miwa Y,
Hamano H, Omotehara F, Yoshida H, Sato M. Down-
regulation of TSC-22 (transforming growth factor B-stim-
ulated clone 22) markedly enhances the growth of a human
salivary gland cancer cell line in vitro and in vivo. Cancer
Res. 1998; 58:549-555.

Uchida D, Omotehara F, Nakashiro K, Tateishi Y, Hino S,
Begum NM, Fujimori T, Kawamata H. Posttranscriptional
regulation of TSC-22 (TGF-beta-stimulated clone-22) gene
by TGF-beta 1. Biochem Biophys Res Commun. 2003;
305:846-854.

Kato M, Wang L, Putta S, Wang M, Yuan H, Sun G,
Lanting L, Todorov I, Rossi JJ, Natarajan R. Post-
transcriptional up-regulation of Tsc-22 by Ybxl1, a target of
miR-216a, mediates TGF-beta-induced collagen expression
in kidney cells. J Biol Chem. 2010; 285:34004-34015.

Hino S, Kawamata H, Uchida D, Omotehara F, Miwa Y,
Begum NM, Yoshida H, Fujimori T, Sato M. Nuclear
translocation of TSC-22 (TGF-f3 Stimulated Clone-22) con-
comitant with apoptosis; TSC-22 as a Putative transcrip-
tional regulator. Biochem Biophys Res Commun. 2000;
278:659-664.

Kester HA, Blanchetot C, den Hertog J, van der Saag
PT, van der Burg B. Transforming growth factor-beta-
stimulated clone-22 is a member of a family of leu-
cine zipper proteins that can homo- and heterodimerize
and has transcriptional repressor activity. J Biol Chem.
1999;274:27439-27447.

Omotehara F, Uchida D, Hino S, Begum NM, Yoshida H,
Sato M, Kawamata H. In vivo enhancement of chemosen-
sitivity of human salivary gland cancer cells by overexpres-
sion of TGF-beta stimulated clone-22. Oncol Rep. 2000;
7:737-740.

www.impactjournals.com/oncotarget

14321

Oncotarget



14.

15.

17.

18.

20.

21.

22.

23.

. Uchida D, Kawamata H, Omotehara F, Miwa Y, Hino S,

Begum NM, Yoshida H, Sato M. Over-expression of TSC-
22 (TGF-beta stimulated clone-22) markedly enhances
S-fluorouracil-induced apoptosis in a human salivary gland
cancer cell line. Lab Invest. 2000; 80:955-963.

Hino S, Kawamata H, Omotehara F, Uchida D, Miwa Y,
Begum NM, Yoshida H, Sato M, Fujimori T. Cytoplasmic
TSC-22 (transforming growth factor-beta-stimulated clone-
22) markedly enhances the radiation sensitivity of salivary
gland cancer cells. Biochem Biophys Res Commun. 2002;
292:957-963.

Yu J, Ershler M, Yu L, Wei M, Hackanson B, Yokohama
A, Mitsui T, Liu C, Mao H, Liu S, Liu Z, Trotta R, Liu
CQG, et al. TSC-22 contributes to hematopoietic precursor
cell proliferation and repopulation and is epigenetically
silenced in large granular lymphocyte leukemia. Blood.
2009; 113:5558-5567.

Treisman JE, Lai ZC, Rubin GM. Shortsighted acts in the
decapentaplegic pathway in Drosophila eye development
and has homology to a murine TGF-Beta-responsive gene.
Development. 1995; 121:2835-2845.

Kania A, Salzberg A, Bhat M, D'Evelyn D, He Y, Kiss
I, Bellen HJ. P-element mutations affecting embryonic
peripheral nervous system development in Drosophila mela-
nogaster. Genetics. 1995; 139:1663-1678.

Dobens LL, Peterson JS, Treisman J, Raftery LA.
Drosophila bunched integrates opposing DPP and EGF sig-
nals to set the operculum boundary. Development. 2000;
127:745-754.

Dohrmann CE, Belaoussoff M, Raftery LA. Dynamic
expression of TSC-22 at sites of epithelial-mesenchymal
interactions during mouse development. Mech Dev. 1999;
84:147-151.

Kester HA, Ward-Van Oostwaard TM, Goumans MJ,
Van Rooijen MA, Van Der Saag PT, Van Der Burg B,
Mummery CL. Expression of TGF-Beta stimulated clone-22
(TSC-22) in mouse development and TGF-Beta signalling.
Dev Dyn. 2000; 218:563-572.

Ohta S, Yanagihara K, Nagata K. Mechanism of apop-
totic cell death of human gastric carcinoma cells medi-
ated by transforming growth factor feta. Biochem J. 1997;
324:777-782.

Jay P, Ji JW, Marsollier C, Taviaux S, Berge-Lefranc JL,
Berta P. Cloning of the human homologue of the TGF-
Beta-stimulated clone 22 gene. Biochem. Biophys. Res.
Commun. 1996; 222:821-826.

Nakamura M, Kitaura J, Enomoto Y, Lu Y, Nishimura K,
Isobe M, Ozaki K, Komeno Y, Nakahara F, Oki T, Kume
H, Homma Y, Kitamura T. Transforming growth factor-53-
stimulated clone-22 is a negative-feedback regulator of Ras/
Raf signaling: Implications for tumorigenesis. Cancer Sci.
2012; 103:26-33.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Jones A, Friedrich K, Rohm M, Schifer M, Algire C,
Kulozik P, Seibert O, Miiller-Decker K, Sijmonsma T,
Strzoda D, Sticht C, Gretz N, Dallinga-Thie GM, et al.
TSC22D4 is a molecular output of hepatic wasting metabo-
lism. EMBO Mol Med. 2013; 5:294-308.

Buraczynska M, Baranowicz-Gaszczyk I, Borowicz E,
Ksiazek A. TGF-betal and TSC-22 gene polymorphisms
and susceptibility to microvascular complications in type 2
diabetes. Nephron Physiol. 2007; 106:69-75.

Sugawara F, Yamada Y, Watanabe R, Ban N, Miyawaki K,
Kuroe A, Hamasaki A, Ikeda H, Kurose T, Usami M, Ikeda
M, Seino Y. The role of the TSC-22 (-396) A/G variant in
the development of diabetic nephropathy. Diabetes Res Clin
Pract. 2003; 60:191-197.

Doi Y, Kawamata H, Ono Y, Fujimori T, Imai Y.
Expression and cellular localization of TSC-22 in normal
salivary glands and salivary gland tumors: implications for
tumor cell differentiation. Oncol Rep. 2008; 19:609-616.

Yoon CH, Rho SB, Kim ST, Kho S, Park J, Jang IS, Woo
S, Kim SS, Lee JH, Lee SH. Crucial role of TSC-22 in pre-
venting the proteasomal degradation of p53 in cervical can-
cer. PLoS One. 2012; 7:¢42006.

Ruiz C, Oeggerli M, Germann M, Gluderer S, Stocker H,
Andreozzi M, Thalmann GN, Cecchini MG, Zellweger
T, Stiirm S, Koivisto PA, Helin HJ, Gelmann EP, et al.
High NRBP1 expression in prostate cancer is linked with
poor clinical outcomes and increased cancer cell growth.
Prostate. 2012; 72:1678-1687.

Sprenger CC, Haugk K, Sun S, Coleman I, Nelson
PS, Vessella RL, Ludwig DL, Wu JD, Plymate SR.
Transforming Growth Factor-B-Stimulated Clone-22 is an
androgen-regulated gene that enhances apoptosis in prostate
cancer following insulin-like growth factor-1 receptor inhi-
bition. Clin Cancer Res. 2009; 15:7634-7641.

Lu Y, Kitaura J, Oki T, Komeno Y, Ozaki K, Kiyono M,
Kumagai H, Nakajima H, Nosaka T, Aburatani H, Kitamura
T. Identification of TSC-22 as a potential tumor suppres-
sor that is upregulated by FIt3-D835V but not FIt3-ITD.
Leukemia. 2007; 21:2246-2257.

Rentsch CA, Cecchini MG, Schwaninger R, Germann M,
Markwalder R, Heller M, van der Pluijm G, Thalmann
GN, Wetterwald A. Differential expression of TGFbeta-
stimulated clone 22 in normal prostate and prostate cancer.
Int J Cancer. 2006; 118:899-906.

lida M, Anna CH, Holliday WM, Collins JB, Cunningham
ML, Sills RC, Devereux TR. Unique patterns of gene
expression changes in liver after treatment of mice for 2
weeks with different known carcinogens and non-carcino-
gens. Carcinogenesis. 2005; 26:689-699.

Gupta RA, Sarraf P, Brockman JA, Shappell SB, Raftery
LA, Willson TM, DuBois RN. Peroxisome proliferator-acti-
vated receptor gamma and transforming growth factor-beta

www.impactjournals.com/oncotarget

14322

Oncotarget



35.

36.

pathways inhibit intestinal epithelial cell growth by regulat-
ing levels of TSC-22. J Biol Chem. 2003; 278:7431-7438.
Yamate J, Tajima M, Kudow S, Sannai S. Background
pathology in BDF1 mice allowed to live out their life-span.
Lab Anim. 1990; 24:332-340.

Choi SJ, Moon JH, Ahn YW, Ahn JH, Kim DU, Han TH.
Tsc-22 enhances TGF-beta signaling by associating with
Smad4 and induces erythroid cell differentiation. Mol Cell
Biochem. 2005; 271:23-28.

37.

38.

Niwa H, Yamamura K, Miyazaki J. Efficient selection for
high-expression transfectants with a novel eukaryotic vec-
tor. Gene. 1991; 108:193-200.

Yanagawa T, Hayashi Y, Yoshida H, Yura Y, Nagamine
S, Bando T, Sato M. An adenoid squamous carcinoma-
forming cell line established from an oral keratinizing squa-
mous cell carcinoma expressing carcinoembryonic antigen.
Am J Pathol. 1986; 124:496-509.

www.impactjournals.com/oncotarget

14323

Oncotarget



