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Distribution of Tsc1 Protein Detected by
Immunohistochemistry in Various Normal Rat Tissues
and the Renal Carcinomas of Eker Rat: Detection of
Limited Colocalization with Tsc1 and Tsc2 Gene
Products In Vivo
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SUMMARY: We and others previously demonstrated that hereditary mutation and a subsequent second hit in the rat homolog
of tuberous sclerosis gene (Tsc2) are responsible for Eker renal carcinomas (RC). In humans, alteration in the TSC2 gene is known
to cause the tuberous sclerosis complex (TSC) that results in hamartomatous lesions in multiple organs, but the function of TSC2
is not fully understood. In recent years, a second gene (TSC1) responsible for human TSC has been cloned, and binding between
TSC1 and TSC2 proteins was reported. In this study, to clarify associations between Tsc proteins in vivo, the expression of Tsc1
protein was detected by immunohistochemistry, and compared with Tsc2 expression. Tsc1 protein was expressed in the nervous
system and in many endocrine tissues, including pancreatic islets, the parathyroids, testis, and ovary. Tsc1 was also detected
in the many epithelial tissues of organs, such as kidney, uterus, small and large intestine, and liver. Our results indicate
overlapping, but not identical, organ distributions of Tsc1 and Tsc2 proteins. At the intracellular distribution, double fluorescent
immunolabeling allowed the determination that only a partial portion of Tsc1 signals overlapped with Tsc2 in some organs. These
results suggest the existence of co-localizing and independent forms of Tsc proteins in endogenous expressions. Additionally,
relatively high expression of Tsc1 protein was detected in RC in the Tsc2 mutant (Eker) rat. (Lab Invest 2000, 80:1347-1359).

he Eker rat is well characterized as an animal

model for dominantly inherited cancer (Hino et
al, 1995). All of the Eker rats develop renal carcinomas
(RC) approximately 1 year after birth. According to
Mendelian laws of inheritance, this occurrence sug-
gests the existence of a single responsible gene (Hino
et al, 1994). We and others have demonstrated that a
germline mutation and a subsequent second hit in the
rat tuberous sclerosis gene (Tsc2) are the responsible
factor for the RC (Kobayashi et al, 1995; Xiao et al,
1995; Yeung et al, 1994). The anti-proliferative func-
tion and the second alteration in the earliest patho-
logic abnormalities of renal tubules (phenotypically
altered tubules) indicate that Tsc2 is a tumor suppres-
sor (Kobayashi et al, 1997; Kubo et al, 1995b; Orimoto
et al, 1996). The Tsc2/TSC2 gene product is a large
protein with a molecular weight of approximately 180
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kd (European chromosome 16 tuberous sclerosis con-
sortium, 1993). Structural analysis has demonstrated
the presence of a small region with weak homology to
Rap1-GAP (Wienecke et al, 1995), or to putative src
homology 3 binding region (Olsson et al, 1996) in
TSC2. Binding to rabaptin 5, suggesting an associa-
tion with endocytosis (Xiao et al, 1997) and a potential
transcriptional activating effect (Tsuchiya et al, 1996)
have been reported as possible functions of Tsc2/
TSC2. Additionally, an association with the cell cycle
(Soucek et al, 1997) or steroid receptors (Henry et al,
1998) is possible. Although these results are informa-
tive, the actual functions of Tsc2/TSC2 in vivo and the
pathogenesis of RC in Eker rat are not fully under-
stood.

TSC2 is one of the genes responsible for the human
tuberous sclerosis complex (TSC) that is a dominantly
inherited syndrome associated with hamartomatous
lesions in multiple organs. Recently, another gene
(TSC1) responsible for human TSC was cloned (van
Slegtenhorst et al, 1997). Although these two gene
products do not show structural homology, nearly
identical clinical phenotypes can be seen in patients
affected by TSC7 and TSC2 mutations. Co-
localization of TSC1 and TSC2 in hamartomatous
tumors in the brain of a TSC patient (Johnson et al,
1999) and co-immunoprecipitation of TSC1 and TSC2
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(Plank et al, 1998) have been reported. Furthermore,
direct binding of the two molecules was shown by
yeast two-hybrid analysis (van Slegtenhorst et al,
1998), suggesting a cooperative function. This led us
to question whether the interaction is conservative in
all organs. In this study, chromogenic immunoreactiv-
ity of Tsc1 was examined and compared with previ-
ously reported Tsc2 expression patterns (Fukuda et al,
1999). Double immunofluorescence of Tsc1 and Tsc2
proteins in some organs was also examined to com-
pare their localization in detail.

Although the expression of Tsc1 and Tsc2 in hamar-
tomatous tumors (cortical tuber of brain or kidney
angiomyolipoma) was reported (Johnson et al, 1999;
Mizuguchi et al, 1996; Plank et al, 1999; Yeung et al,
1997), there is only limited information about the
expression of TSC/Tsc proteins in other preneoplastic
lesions in human and rodents. In rats, biallelic muta-
tions of Tsc2 gene were detected in chemically in-
duced rat RC (Satake et al, 1998). In human TSC, the
major phenotype in kidney is angiomyolipoma, but not
RC. However, RC was reported in 2.2% of human TSC
patients (Cook et al, 1996), and loss of heterozygosity
(LOH) at TSC loci (9p34 and 16p13) in some TSC-
associated RC was reported (Bjornsson et al, 1996). In
this study, we also investigated the expression of Tsc1
protein in spontaneously developed RC of the Tsc2
mutant (Eker) rat.

Results
Production and Specificity of Anti-Tsc1 Antibody

For the detection of rat Tsc1 protein, we generated a
rabbit polyclonal antibody (a-C-Tsc1) against 16
amino acid residues at the carboxyl terminus. The
specificity of a-C-Tsc1 against human and rat tissues
was first confirmed by western blotting (Fig. 1, A and
B). Dominant signals were detected with the expected
molecular weight (130 kd) (Fig. 1A, arrow). These
bands disappeared with the addition of antigen pep-
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Confirmation of the specificity of the a-C-Tsc1 antibody by western blotting
and immunohistochemistry. A, Western blot analysis with «-C-Tsc1 and tissue
proteins from brain (/ane 1), heart (lane 2), mammary gland (/ane 3), kidney
(lane 4), ovary (/ane 5), human brain (/ane 6) and human kidney (/ane 7). Tsc1
signals are indicated by the arrow. B, Western blot analysis with preadsorbed
a-C-Tsc1 antibody. Signals of Tsc1 at 130 kd are no longer evident. Lanes are
the same as in panel A.

1348 Laboratory Investigation ® September 2000 ® Volume 80 ® Number 9

tide (Fig. 1B), confirming the specificity of a-C-Tsc1.
The signals detected in western blots were strongest
in the brain (Fig. 1A). With immunohistochemistry, we
confirmed reduced immunoreactivity in all organs with
addition of antigen peptide to the primary antibody
solution (representative results are shown in Fig. 5, C
and D). From these data, we concluded that «-C-Tsc1
gives specific binding to Tsc1 in western blotting and
immunohistochemistry. For Tsc2, we used the rabbit
polyclonal antibody to rat Tsc2, a-pep1, which spe-
cifically recognizes 20 amino acids in exon 26, as
previously reported (Fukuda et al, 1999).

Overall Inmunohistochemisty Results for Tsc1 Protein

The distribution of the Tsc1 protein was examined in
tissue sections of abdominal skin, adrenal glands,
brain, eye balls, harderian glands, heart, kidney, large
and small intestine, liver, lung, lymph nodes (mandib-
ular), pancreas, parathyroid, pituitary gland, skeletal
muscle, spleen, stomach, tongue, and urinary bladder.
In these organs, there was no difference in Tsc1
expression between male and female rats. The ovary
and uterus in females, and the prostate, seminal
vesicles, epididymis, and testis of male rats were also
examined. In all tissues, the Tsc1 protein was de-
tected mainly in the cytoplasm, but also in the nuclei in
some cases (see “Double Immunofluorescence for
Tsc1 and Tsc2 Proteins”). Nuclear localization was
confirmed by examination with a microscope before
counterstaining (data not shown). The intensity of
Tsc1 immunoreactivity was strongest in the nerve
fibers of the nervous system, moderate with variation
in epithelial tissues, and weak in connective and fat
tissues. We compared our immunohistochemical re-
sults of Tsc1 with the previously described Tsc2
distribution (Fukuda et al, 1999).

Distribution of the Tsc1 Protein in Tissues That Have
Pathologic Abnormalities in the Eker Rat and in Human
TSC Patients

Virtually all Eker rats develop RC (Hino et al, 1993), and
pituitary adenomas, hemangioma/hemangiosarcomas in
spleen, and leiomyoma/leiomyosarcomas in uterus are
also often observed (Kubo et al, 1994, 1995a). Thus, we
examined the distribution of Tsc1 in these tissues. In the
cortex of the kidney, Tsc1 protein was dominantly found
in the distal renal tubules followed by the proximal
tubules, but not in the glomerulus (Fig. 2A). In the uterus,
endometrium and glands showed moderate immunore-
activity, and muscle fibers had faint immunoreactivity
(Fig. 2B). In the pituitary, diffuse immunoreactivity was
observed throughout the anterior and posterior lobes
(Fig. 2C). The spleen was immunoreactive throughout
the white and red pulp (Fig. 2D). Thus, the distribution of
Tsc1 protein in the uterus and kidney was very similar to
that of Tsc2 (Fukuda et al, 1999). In the spleen and
pituitary, the immunoreactive tissues of Tsc1 overlapped
with but were not identical with Tsc2 (Fukuda et al,
1999).
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Figure 2.

Immunoreactivity of Tsc1 protein in different rat tissues. A, Solid immunoreactivity in distal tubules and weak immunoreactivity of proximal tubules in the cortex of
the kidney (arrows). B, Endometrial epithelial cells and glands (arrows) had prominent immunoreactivity in the uterus. C and D, Diffuse immunoreactivity in spleen
(C) and pituitary (D). Eand F, Nerve fibers are strongly immunoreactive in the cerebral cortex (£) and cerebellum (F). Both neural and glial cells are immunoreactive.
In the cerebellum, the nuclei of some unidentified cells are immunoreactive (F, arrows). G, Immunoreactivity of heart tissue. In all panels, sections were counterstained
with hematoxylin. Scale bar, 100 wm.
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In human TSC, cortical tubers in the brain, angio-
myolipomas in the kidney, rhabdomyomas in the
heart, and lymphangiomyomatosis in the lung are
often observed (Gomez, 1995). TSC-associated insu-
linoma has also been reported (Kim et al, 1995).
Therefore, we investigated these organs in the rat with
the Tsc1 antibody. In the cerebral cortex, there was
intense immunoreactivity in nerve fibers. Lesser im-
munoreactivity was seen in cell bodies of neural and
glial cells (Fig. 2E). The cerebellum had strong
immunoreactivity in the molecular layer and weak
immunoreactivity in the granular layer (Fig. 2F). The
nuclei of some cells in the outer layer of the granular
zone were immunoreactive, we suspected these
might be basket cells from their distribution. Al-
though Tsc2 protein was highly expressed in the
heart, the Tsc1 antibody did not show high immu-
noreactivity in this tissue (Fig. 2G). Thus, the distri-
bution of Tsc1 overlapped with Tsc2 in the brain,
but was clearly different in the heart.

In the lung, the bronchus epithelial cells, dust cells,
and type Il epithelial cells were immunoreactive for
Tsc1. Additionally, some, but not all, blood vessels
were immunoreactive (Fig. 3A). Those more distant
from the bronchus had stronger immunoreactivity.
Elastica van Gieson (EVG) staining of semi-serial sec-
tions (Fig. 3, B and D) demonstrated that blood
vessels containing elastic fibers only in the inner layer
were immunoreactive whereas those with elastic fi-

bers throughout their walls were not. Thus, veins, but
not arteries, were immunoreactive. Furthermore, the
immunoreactive tissue in lung veins showed yellow
ocher staining on EVG staining (Fig. 3D). From the
staining on EVG and hematoxylin and eosin stained
sections (data not shown), the immunoreactive tissue
in the lung vein seemed to be smooth muscle. The
distribution of Tsc1 protein in the lung perfectly
matched with that of Tsc2 (Fukuda et al, 1999).

In the pancreas, prominent immunoreactivity in pan-
creatic islets was found (Fig. 4, B, E, and H). We
observed that strongly immunoreactive cells were
surrounded with weakly immunoreactive cells in pan-
creatic islets (Fig. 4B). Double immunohistochemistry
with insulin, glucagon, and somatostatin antibodies
was performed to identify the positive cell types. The
results indicated that the insulin positive B cells
strongly express the Tsc1 protein (Fig. 4, A to C) and
D and B cells that are positive for somatostatin and
glucagon express Tsc1 to a lesser extent (Fig. 4, D to
l). Because the expression of the Tsc2 protein was
reported to be limited in B cells in pancreatic islets
(Fukuda et al, 1999), we concluded that only B cells
express both Tsc1 and Tsc2.

Distribution in Other Tissues

The epithelial cells in the mammary gland showed
strong immunoreactivity for Tsc1 and Tsc2 (data not
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Immunoreactivity for Tsc1 protein and Elastica van Gieson staining (EVG) in a semi-serial section of rat lung. A, Tsc1 immunoreactivity. The positive vessel (arrow)
is more distant from the bronchus than the nonreactive vessel (arrowhead). Bronchus epithelial cells are also immunoreactive. B, EVG staining. The vein containing
elastic fiber only in the inner layer (arrow) is indicated. The artery containing fibers throughout the vessel wall is indicated by the arrowhead. C and D, High
magnification of panels A and B. The immunoreactive tissue (arrow) with Tsc1 is stained yellow in EVG (D, arrow). Alveolar macrophages or Type Il epithelial cells

are also stained (C, arrowhead). Scale bar, 100 wm.
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Identification of Tsc1 immunoreactive cells in a pancreatic islet. A, D, and G, Fluorescent immunoreactivity of insulin (A4), glucagon (D), and somatostatin (G). White
arrows (in A, D, and G) in each panel indicate immunoreactive cells. B, E, and H, Immunoreactivity for Tsc1. The arrows indicate strongly immunoreactive cells. The
arrowheads show weakly immunoreactive cells. C, F, and /, Double-exposed images of Tsc1 and insulin (C), glucagon (F), and somatostatin (/). There is good
agreement between strong Tsc1 immunoreactivity and insulin (C, white arrow and black arrow). Cells immunoreactive for glucagon or somatostatin show weak

immunoreactivity for Tsc1 (Fand /, white arrow and arrowhead). Scale bar, 50 pm.

shown), and the interlobular, excretory, and granu-
lated ducts of the salivary gland had moderate Tsc1
immunoreactivity (Fig. 5C) similar to that reported for
Tsc2 (Fukuda et al, 1999). In the small and large
intestine and gastric proper glands, absorptive epithe-
lial tissues showed weak immunoreactivity similar to
Tsc2 expression (Fig. 5B). Nerve fibers in the muscle
layers were intensely immunoreactive for Tsc1 (Fig.
5B, arrow), which was not observed for Tsc2. In testis,
expression was found only in the cytoplasm of sper-
matogonia and in primary spermatocytes (zygotene or
pachytene phase) where nuclei had a rough pattern by
hematoxylin staining (Fig. 5A). However, after the
maturation division in spermatogenesis, spermatids
and secondary spermatocytes had strong nuclear
immunoreactivity (Fig. 5A). Results for other organs,
liver, retina, harderian glands, skeletal muscle, pros-
tate, and seminal glands are summarized in Table 1.
From these data, we concluded that the organ distri-
bution of Tsc1 is similar, but not identical with the
Tsc2 distribution.

Double Immunofluorescence for Tsc1 and Tsc2 Proteins

Representative organs were examined by double im-
munofluorescence with confocal microscopy to more

precisely compare the expression and localization of
Tsc1 and Tsc2. We detected the Tsc2 protein by
green signals (Alexa 488) and the Tsc1 protein by red
signals (Cy3) with an indirect method. We performed
control experiments with pancreas tissue sections to
confirm the specificity of the double immunofluores-
cence. The addition of Tsc1 antigen peptide to the first
antibody solution adsorbed red signals, but had no
effect on the green Tsc2 signals (Fig. 6A) and the Tsc2
antigen peptide completely blocked the green signals
without influencing the red Tsc1 signals (Fig. 6B).
Neither green nor red signals could be seen with both
antigen peptides (Fig. 6C), confirming the specificity.

In pancreatic islets, the Tsc2 protein showed a dot
pattern. Tsc1 protein was detected as larger dots that
were more widely distributed (Fig. 6D). At high mag-
nification, most of the immunoreactive spots for the
two proteins were separated, with only partial overlap
(yellow or orange in Fig. 7A). In pancreatic acinar
tissues, Tsc2 protein was weakly immunoreactive in
the cytoplasm whereas Tsc1 was immunoreactive in
both cytoplasm and nuclei (Fig. 7B). In the salivary
gland, the dot appearance of Tsc1 was seen in gran-
ulated glands that were diffusely immunoreactive for
Tsc2 (Fig. 7C). In the cortex of the kidney, Tsc2 was
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Figure 5.
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Immunoreactivity of several rat tissues. A, Immunoreactivity of Tsc1 in rat testis. Spermatogonia (Sg), primary spermatocytes (PS), and spermatids and secondary
spermatocytes (Sp) are indicated. Note that the subcellular localization of Tsc1 differs with the stage in the spermatogenesis. B, Epithelial cells and nerve fibers in
the muscle layer (arrow) of the small intestine were immunoreactive for Tsc1. €, Immunoreactivity of a salivary gland with a-C-Tsc1. Immunoreactive ducts and
glands are indicated by arrows. D, Results for a-C-Tsc1 preadsorbed with the specific peptide. Counterstaining with hematoxylin was performed. Scale bar, 100 wm.

detected throughout the renal proximal and distal
tubules, whereas Tsc1 was detected as intense dots
in distal tubules and weak immunoreactivity in proxi-
mal tubules (Fig. 7D). The immunoreactive dots of
Tsc1 seemed to be intense in the apical phase of renal
distal tubules. In the medulla of the kidney, the col-
lecting tubules had a dotted pattern for both Tsc1 and
Tsc2, but overlap was limited (Figure 7E).

The smooth muscle of the large intestine was
weakly immunoreactive for Tsc1 and Tsc2 (Fig. 7F). In
Tsc2 immunoreactivity, we observed faint lineal ex-
pression in the cytoplasm. Strong Tsc2 expression in
cardiac myocytes was seen as parallel linear immuno-
reactivity along the myofibrils (Fig. 7G). Cell junctions
of cardiac myocytes were observed as discontinuities
of linear immunoreactivity (Fig. 7G). In the skeletal
muscle, parallel linear or transverse immunoreactivity
of muscle fibers was evident for Tsc2 (Fig. 7H). Tsc1
and Tsc2 expressions were dense in the cytoplasm
surrounding nuclei in some portions of the skeletal
muscle (data not shown). From these features, the
Tsc2 protein seemed to be localized in the sarcoplas-
mic reticulum and/or myofibrils in the muscle (Carl et
al, 1995). From the results obtained from fluorescent
immunoreactivity, we concluded that the overlapping
status of Tsc1 and Tsc2 protein differs in these
organs.
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Detection of Complex Formation between Tsc1 and Tsc2
in Endogenous Expression by Immunoprecipitation

To confirm the co-localization of Tsc1 and Tsc2
protein in endogenous expression, we performed an
immunoprecipitation experiment. Because the en-
dogenous expression levels of Tsc1 and Tsc2 in the
kidney were not very high, and the antibody titers
were not high for western blotting after immunopre-
cipitation, we detected the complex of Tsc1 and
Tsc2 in cultured cell lines, PC12 (derived from a rat
pheochromocytoma) and MCF7 (derived from a
human mammary adenocarcinoma). MCF7 and
PC12 cells have high expressions of Tsc1 and Tsc2
proteins (T Fukuda and O Hino, unpublished data;
Vinters et al, 1999). We found co-
immunoprecipitation of Tsc2 protein with the Tsc1
antibody (Fig. 8B). Briefly, Tsc2 protein was de-
tected in immunoprecipitated proteins from MCF7
(Fig. 8B, lane 3) and PC12 (Fig. 8B, lane 5) using
a-C-Tsc1. Additionally, reduced signals were ob-
served in the corresponding control proteins that
were precipitated from the antigen-adsorbed anti-
body (Fig. 8B, lane 4 for MCF7, lane 6 for PC12),
indicating the specificity of immunoprecipitation ex-
periments. From these results, we concluded that
Tsc1 formed a protein complex with Tsc2 in endog-
enous expression.
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Table 1. Summary of Chromogenic Immunostaining of Tsc1 Protein in Rat

Organs

Tissues and cells demonstrating positive staining with Tsc1 antibodies

Adrenals

Brain (cerebral cortex)
Brain (cerebellum)
Kidney

Heart

Lung

Liver

Mammary glands
Mandibular lymph node
Ovary

Pancreas
Parathyroid
Pituitary
Retina
Salivary glands
Seminal epididymis
Skeletal muscle
Small and large
intestine
Spleen
Stomach

Testis
Tongue, abdominal skin
Uterus

Diffuse staining throughout the cortex and medulla

Diffuse staining throughout the neural and glial cells, nerve fiber

Diffuse staining throughout the molecular and granular layers

Staining in proximal and collecting tubules, strong staining in distal tubules

Weak or faint staining in muscle fibers

Bronchial epithelium, alveolar macrophages, smooth muscle of vein

Positive staining for hepatocytes, negative for bile ducts and blood vessels

Ductal epithelial cells of mammary ducts

Faint staining in cortex and cortical nodules

Oocytes, follicular epithelial cells of stratum granulosum, ovarian cumulus, theca interna
and corpus luteum

Strongly positive in B cell, positive for A and D cells

Chromophobic cells

Diffuse staining throughout the anterior and posterior lobes

Faint staining in layer of rods and cones, strong staining in the nerve fibers

Excretory ducts and glanular glands

Epithelial cells of epididymis and seminal ducts

Nerve fiber in muscle layer, weakly stained in muscle fibers

Surface absorptive epithelial cells, intestinal glands, nerve fibers in muscle layer

Diffuse staining through white and red pulp

Diffuse staining in gastric proper glands and strong staining of nerve fiber in muscle
layer

Cytoplasms in spermatogonia and primary spermatocytes, the nuclei in spermatid

Strong staining in nerve fibers and weak staining in muscle fibers

Endometrial epithelial cells and glands

Double Immunofluorescence for Tsc1 and Tsc2 Proteins
in Eker Preneoplastic Lesions and RC

The causative steps for RC of Eker rat are the hered-
itary mutation and subsequent second hit in the rat
Tsc2 gene. The inactivation of the Tsc2 protein might
influence the expression of Tsc1, therefore we exam-
ined the expression of Tsc1 and Tsc2 proteins in
spontaneously developed renal tumors from three
animals by double immunofluorescence. Renal tumors
were classified into four groups, positive for both Tsc1
and Tsc2 (Fig. 9A), negative for Tsc1 and positive for
Tsc2 (Fig. 9C), negative for both Tsc1 and Tsc2 (Fig.
9D), or positive for Tsc1 and negative for Tsc2 (Fig.
9E). Sustained Tsc2 immunoreactivity in some Eker
RC lesions has previously been reported, this might be
explained by the inactivation pattern of wild type Tsc2
gene (eg, point mutation or LOH). At each neoplastic
lesion, apparent reverse or direct correlation was not
observed between Tsc1 and Tsc2 expression. How-
ever, a general tendency was observed for Tsc1 and
Tsc2 immunoreactivity from the examination of 15
lesions including adenomas and carcinomas. For Tsc2
expression, 11 lesions showed faint or no immunore-
activity, and 4 showed intense or moderate immuno-
reactivity, suggesting low expression in the RC lesion.
In the case of Tsc1, 10 lesions had strong immunore-
activity, and 5 were not immunoreactive. From these
results, the Tsc1 protein seems to be highly expressed
in Eker RC lesions. In spontaneous regenerative tu-

bules, both Tsc1 and Tsc2 proteins were highly ex-
pressed (data not shown).

We performed western blotting of Tsc1 protein
using five RC lesions and corresponding kidney tis-
sues, to confirm the high expression of Tsc1 protein in
spontaneous Eker RC. The results of five RC from
three independent animals are given in Figure 8A. The
expression of Tsc1 in RC was high compared with
normal tissues, although no differences were detected
with control antibody for B-actin.

Discussion

The present study demonstrated that the distribution
of Tsc1 protein is identical with Tsc2 in the mammary
gland, kidney, liver, lung, ovary, salivary gland, and
uterus (Fukuda et al, 1999). In other organs such as
the adrenals, brain, pituitary, small and large intestine,
stomach, testis, and retina, the distributions of the two
proteins overlapped, but were not identical. Tsc1 and
Tsc2 are the genes responsible for human TSC and
renal carcinogenesis in rodents (European chromo-
some 16 tuberous sclerosis consortium, 1993; Koba-
yashi et al, 1995, 1999; Onda et al, 1999; van Slegten-
horst et al, 1997), and binding between two proteins
has been reported as the possible cooperative func-
tion (Plank et al, 1998; van Slegtenhorst et al, 1998). In
terms of cell type specificity, the overlapped, but not
identical expression profile between Tsc1 and Tsc2
suggest that Tsc1 protein does not always associate
with Tsc2 in all organs and tissues.
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Figure 6.

Confirmation of the specificity of the double immunofluorescence for Tsc1 visualized with Cy3 (red), and Tsc2 visualized with Alexa 488 (green), in sections of a
pancreatic islet. A, Immunoreactivity with Tsc1 antibody preadsorbed with its antigen peptide. Note the lack of effect on Tsc2 immunoreactivity (green), whereas
almost no Tsc1 signals can be seen. B, Immunoreactivity with preadsorbed Tsc2 antibody. C, Immunoreactivity with both antibodies preadsorbed. No red or green
signals. D, Double immunofluorescence for Tsc1 and Tsc2 proteins. Counterstaining with DAPI (blue) was performed for all panels. Scale bar, 100 wm.

At the subcellular level, we observed that the two
proteins co-localized with each other to some extent,
but localization was mostly independent in pancreatic
islets, medulla of the kidney, and muscle fibers by
double immunofluorescence. These results suggest
the existence of co-localized and independent forms
of Tsc1 and Tsc2 proteins in endogenous expression.
We were able to immunoprecipitate the Tsc2 protein
with Tsc1 protein in cultured cell lines. This indicates
that Tsc1 can form a protein complex with Tsc2 in
endogenous conditions, as reported with other cul-
tured cell lines (Plank et al, 1998). Whereas the Tsc2
protein was reported to be localized to the Golgi
apparatus (Wienecke et al, 1996), Tsc1 was detected
in cytoplasmic vesicles under fluorescent microscopic
examination (Plank et al, 1998). Although the subcel-
lular distributions of two proteins were different, there
is a possibility that the association of Tsc1 and Tsc2
might occur on the pathways of vesicular docking and
membrane fusion, because a functional association of
Tsc2 to endocytosis has been indicated (Xiao et al,
1997). Limited co-localization of Tsc1 and Tsc2 de-
tected in our study might reflect a possible restricted
association.

We detected some differences in organ distribution
of Tsc1 between rat and human, compared with
previously reported results in humans (Plank et al,
1999). Although rat testis had immunoreactivity, TSC1

1354 Laboratory Investigation ® September 2000 ® Volume 80 ® Number 9

expression in human testis is minimal (Plank et al,
1999). In contrast, minimal expression of Tsc1 was
detected in rat heart, and high expression of TSC1
was reported in human heart (Plank et al, 1999). We
found Tsc1 expression in rat testis with northern
blotting, and confirmed the minimal expression of
Tsc1 in rat heart with western blotting (data not shown
and Fig. 1A). From these data, the difference of
immunoreactivity in testis and heart might arise from
the species-specificity among rat and human. In rat
testis, we observed positive signals in the nuclei of
spermatids and secondary spermatocytes, suggest-
ing a change of localization during spermatogenesis.
Additionally, nuclear localization of Tsc1 protein in
pancreatic acinar tissues and some cells in the gran-
ular layer of cerebellum was observed, although with
weak reactivity. The possible nucleus-associated
function of Tsc1 remains to be determined.
Generally, Tsc1 was highly expressed in endocrine-
associated tissues such as adrenals, mammary
glands, ovary, pancreatic islets, and testis, as reported
earlier for Tsc2 (Fukuda et al, 1999). In angiomyolipo-
mas of kidney associated with tuberous sclerosis
patients, high expression of the progesterone receptor
has been reported (Henske et al, 1998; Logginidou et
al, 2000). Furthermore, estrogen treatment enhances
the RC of the Tsc2 mutant (Eker) rat (Wolf et al, 1998).
These findings suggest that hormonal factors have
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Figure 7.

Double immunofluorescence for Tsc1 and Tsc2 in various rat tissues. A, High magnification of a pancreatic islet, showing overlapping immunoreactive signals
(arrows) detected as orange or yellow. B, Weak Tsc1 immunoreactivity in nuclei of pancreatic acinar tissue. C, Double immunoreactivity of salivary granular gland.
Intense Tsc1 immunoreactivity is orange where it overlaps diffuse Tsc2 immunoreactivity. D, Immunoreactivity in cortex of kidney. Whereas the Tsc2 protein is
diffusely detected throughout the renal tubules, Tsc1 shows dot-immunoreactivity mainly in the distal tubules. Proximal tubule (PT7), distal tubule (DT), and glomerulus
(G) are indicated. £, Collecting tubules of kidney showed punctuate immunoreactivity for both Tsc1 and Tsc2. An overlapping signal is indicated by an arrow. F, G,
and H, Immunoreactivity in smooth muscle of large intestine (F), cardiac muscle (G), and skeletal muscle (H). Linear immunoreactivity in smooth muscle (F, arrows)
and observed cell junctions in the heart are indicated (G, arrows). Scale bar A and £, 10 um; others, 100 pm.
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Figure 8.

Western blotting for Tsc1 in Eker RC and immunoprecipitation between Tsc1
and Tsc2. A, Western blotting of Tsc1 protein with Eker RC lesions from three
animals. B, The immunoprecipitation of Tsc2 protein with Tsc1 antibody using
proteins from PC12 and MCF7 cells. The whole protein from MCF7 cell (/ane
1), whole protein from PC12 cell (/ane 2), immunoprecipitated fraction with
«-C-Tsc1 antibody (/ane 3for MCF7, lane 5 for PC12), and immunoprecipitated
fraction with antigen preadsorbed «-C-Tsc1 antibody (/ane 4 for MCF7, lane 6
for PC12) were blotted with the Tsc2 antibody. Dominantly precipitated Tsc2
protein can be seen in /anes 3 and 5, and compared with the corresponding
preadsorbed control (/anes 4 and 6).

some effect on pathogenesis of tuberous sclerosis
and Eker RC.

Tsc1 protein was highly expressed in B cells and
moderately expressed in A and D cells of rat pan-
creatic islets. For Tsc2, expression was limited to B
cells in pancreatic islets (Fukuda et al, 1999). Thus,
our results indicate that only B cells express both
Tsc1 and Tsc2 proteins in rat pancreatic islets.
Furthermore, muscles of lung veins were immuno-
reactive for Tsc1, but arteries were not. This distri-
bution of Tsc1 protein in the lung matched Tsc2
(Fukuda et al, 1999). Although the development of
insulinoma and pulmonary abnormalities have not
been reported in Eker rat, co-expression of Tsc1
and Tsc2 in B cell and lung veins could affect
development of TSC-linked insulinoma and lym-
phangiomyomatosis featuring immature smooth
muscle cells (Gomez, 1995; Kim et al, 1995).

Tsc2 had linear immunoreactivity in cardiac and
transverse immunoreactivity in smooth and skeletal
muscle, suggesting a sarcoplasmic reticular and/or
myofibrillary localization in muscle. Some abnormal
myocardial cells in Tsc2 homozygous mutant rats or
mice have been observed (Kobayashi et al, 1999;
Pajak et al, 1997). Further investigation of the Tsc2
function in the muscle should facilitate an understand-
ing of its role in the development of the muscle-related
tumors such as cardiac rhabdomyomas and angio-
myolipomas that are often observed in TSC patients.

In Eker RC lesions, Tsc2 expression was generally
weak compared with normal tissues. However, some
lesions showed intense immunoreactivity, as previ-
ously reported (Fukuda et al, 1999). However, Tsc1
was moderately expressed in RC lesions. Our data
suggest that Tsc1 expression in RC may be influenced
by the inactivation of Tsc2. Further investigations of
the molecular relationships between Tsc1 and Tsc2
should help in understanding the pathogenesis of
human TSC and Eker RC.
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Materials and Methods
Animals

Female and male F344 rats were obtained at 12 weeks
of age from Charles River Japan (Yokohama, Japan),
and killed under ether anesthesia. Portions of tissues
and organs were fixed in neutralized 10% buffered
formalin for 48 hours and routinely processed for
embedding in paraffin and sectioning at 3 um. All
animal experiments were performed according to NIH
guidelines.

Antibodies

A rabbit antiserum against a synthetic peptide corre-
sponding to 16 amino acid residues at the carboxyl
terminal of rat Tsc1 was raised by repeated injection of
carrier albumin-conjugated antigen with a cysteine
residue at the amino terminal for coupling (CGQLHIM-
DYNETHHEHS). This anti-peptide antibody («-C-
Tsc1) was affinity-purified by passage through an
affinity column coupled with antigen. The detailed
method for a-pep1 and its specificity were previously
described (Fukuda et al, 1999).

Chromogenic Immunoreactivity of Tsc1

Tissue sections were dehydrated and heated in a
microwave oven in citrate buffer for antigen retrieval.
After blocking in 3% hydrogen peroxide for 20 min-
utes, the sections were overlaid with 10% normal goat
serum (NGS) in TBS. Sections were exposed to pri-
mary antibody (5 pg/ml final concentration) in 10%
NGS/TBS overnight at 4° C. Sections were incubated
with biotinylated goat anti-rabbit 1gG (diluted 1:300)
(DAKO, Glostrup, Denmark) in 10% NGS/TBS for 2
hours at room temperature, then with streptavidin
conjugated horseradish peroxidase (diluted 1:400)
(DAKO). Binding was visualized with DAB (Sigma, St.
Louis, Missouri) and hydrogen peroxide. After the
hematoxylin counterstaining, sections were examined
by microscope. Excess amounts of peptide antigens
were added as negative controls. Stained signals were
decreased with antibody adsorbance, confirming the
specificity of the Tsc1 and Tsc2 antibody signals.

Western Blotting Against Human and Rat Tissue Proteins

To confirm the specificity of the Tsc1 antibody («a-C-
Tsc1), we performed western blots with protein ex-
tracts of various organs from rats. Portions of rat
tissues were homogenized in 1x sample buffer (10%
glycerol, 2.3% SDS, 0.00625M Tris-HCI (pH 6.8), 5%
B-mercaptoethanol), electrophoresed in 6% poly-
acrylamide gels, and transferred to IPVH membranes
(Millipore, Bedford, Massachusetts). The proteins from
Eker RC lesions and its normal kidney tissues were
also examined. The proteins from human brain and
kidney were commercially obtained from Clontech
(Clontech, Palo Alto, California). The membranes were
exposed to the Tsc1 antibody, with or without prior
adsorbance by antigen peptide. The immunologic
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Figure 9.

Distribution of Rat Tsc 1 and 2 Proteins

Double immunoreactivity of Tsc1 and Tsc2 proteins in Eker renal adenomas and carcinomas. A and B, Double immunofluorescence in an Eker RC (A), and its
morphology on hematoxylin and eosin staining (B8). Immunoreactivity for both Tsc1 and Tsc2. C, An Eker RC immunonegative for Tsc1 and immunopositive for Tsc2.
D, Adenoma show no immunoreactivity for either Tsc1 or Tsc2. £ and £, Double immunofluorescence in a carcinoma immunopositive for Tsc1 and immunonegative

for Tsc2 (E), and its hematoxylin and eosin appearance (F). Scale bar, 100 wm.

reagent, Envision, for rabbit antibody (DAKO), was
used as the secondary antibody at a 20-fold dilution in
PBS with 1% skim milk. Blocking and detection were
performed as previously described (Fukuda et al,
1999).

Immunoprecipitation Experiment

For immunoprecipitation, PC12 and MCF7 cultured
cells were dissolved in 1x lysis buffer (10 mm Tris-HCI
(pH 7.6), 50 mm NaCl, 30 mm NaPPi, 50 mm sodium
fluoride, and 2% NP 40). «-C-Tsc1 and protein A/G
agarose (Life Technologies, Rockville, Maryland) were

used for immunoprecipitation as previously described
(Plank et al, 1998).

Double Immunofluorescence for Tsc1 and Tsc2 Proteins

Cell-type identification in pancreatic islets was per-
formed as previously described (Fukuda et al, 1999).
For the double immunofluorescence with Tsc1 and
Tsc2, the a-C-Tsc1 Tsci1 antibody and the a-pep1
Tsc2 antibodies were used at the same concentra-
tions given above. The double immunofluorescence
method with microwave heating for two antibodies
raised in the same species was that of Lan et al (1995).
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Because of the low titers of both antibodies in immu-
nofluorescence, and to give resistance against the
heating, the catalyzed signal amplification system
(DAKO) was employed according to manufacturer’s
instructions. After incubation with the Tsc2 antibody
(a-pep1), the Tsc2 protein was visualized with a HRP-
conjugated secondary antibody (DAKO), biotinylated
Tyramide (DAKO) and Alexa 488-conjugated strepta-
vidin (Molecular Probes, Eugene, Oregon). After mi-
crowave heating and hydrogen peroxide treatment,
the Tsc1 antibody was exposed. The Tsc1 protein was
detected with HRP-conjugated secondary antibody
and Cy3-conjugated Tyramide (NEN, Boston, Massa-
chusetts). Results were examined with phase contrast
and confocal microscopy (Carl Zeiss, Thornwood,
New York).
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