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Twistl was detected in mesenchymal cells of mammary
fibroadenoma and invasive components of breast carcinoma in rats
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Abstract: Fibroadenoma (FA) is a common mammary fibroepithelial tumor. The tumor size of the FA is increased by estrogen, proges-
terone, prolactin, and pregnancy, whereas it decreases after menopause. These observations in humans indicate that FA is hormone de-
pendent. In rats, the most common mammary neoplasm is also FA. Expression levels of Twistl, a transcriptional regulator of epithelial-
mesenchymal transition, were examined in paraffin-embedded tissue sections of an experimental rat breast model to find physiological
alternations coincident with reproductive hormonal changes. Twenty-three Fischer 344/Brown Norway F1 hybrid rats were used as 14-
to 16-week-old adolescent rats (n=3), pregnant rats (n=4), and lactating rats (n=6) in addition to rats over 100-weeks-old that exhibited
aging (n=3) and FA (n=7). Seventy-six cases of chemically induced breast carcinoma and two cases of FA in Sprague Dawley rats were
also examined. Using tissue sections, we observed that Twistl-positive mesenchymal cells were predominantly located in the periduc-
tal region in adolescent and pregnant rats and in the terminal duct lobular unit in pregnant and elderly rats. Twistl was also expressed
diffusely in the mesenchymal cells of FA rats. Twistl-positive cancer-associated mesenchymal cells were found more frequently in
the invasive components of breast carcinomas than in intraductal components. The expressions of Twistl in mesenchymal cells were
induced by physiological and pathological stimuli, suggesting the biological role of Twistl in tissue structure. Further study may reveal
the role of Twistl in mesenchymal cells of mammary glands in rats. (DOI: 10.1293/tox.2018-0029; J Toxicol Pathol 2019; 32: 19-26)
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Introduction

The incidence of mammary gland neoplasms, demon-
strating benign or malignant clinical courses, is increasing.
The most frequent benign neoplasm is fibroadenoma (FA),
which is presumed to arise from the terminal duct lobular
unit (TDLU) area and to be enlarged by estrogen, proges-
terone, and prolactin in humans!: 2. The characteristic his-
topathology of FA is a biphasic tumor, featuring the pro-
liferation of both epithelial and mesenchymal elements. As
much as 50-60% of FA has been shown to harbor point mu-
tations in codon 44 of exon 2 of mediator complex subunit
12 (MEDI2)!.3.4. Genomic analysis of laser microdissected
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tissue samples revealed that the MEDI2 mutation was posi-
tive in stromal cells, but not in epithelial cells4, indicating
that mesenchymal cells are critical for tumorigenesis in FA.

In rodents at puberty (approximately 3 weeks of age),
ovarian hormones cause rapid proliferation and invasive
growth, and the final developmental fate of the mammary
gland is fulfilled only when pregnancy and lactation occur.
The developing mammary gland model incorporates many
of the properties associated with tumor progression, includ-
ing invasion, reinitiation of cell proliferation and resistance
to apoptosis and angiogenesis’, thereby allowing it to mimic
the early tumor-progressive microenvironment.

In the present study, we explored the expression level
of Twistl that is thought to be an essential player in me-
soderm differentiation and epithelial-mesenchymal transi-
tionS. Breast tissue is unique in that it continually changes
its structure throughout the lifespan due to reproductive
hormones, and thus, expression levels of Twistl were exam-
ined in non-tumor-bearing mammary glands of adolescent,
pregnant, lactating, and elderly rats to compare the histopa-
thology with endogenous hormonal changes. FA, which is
the most common and hormone dependent benign neoplasm
of the mammary gland’!2, was also examined. F1 hybrid
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rats were used because seven cases of spontaneous FA were
produced in another experiment!3. In addition, we examined
the expression levels of Twist] in chemically induced breast
carcinoma in Sprague Dawley (SD) rats!4. In the present
study, we detected Twistl-positive mesenchymal cells in
the periductal area as well as in the TDLU area of preg-
nant rats, in the periductal area of adolescent rats, and in the
TDLU area of elderly rats. Twistl was diffusely detected in
the mesenchymal cells of FA, and the emergence of Twistl-
positive mesenchymal cells favored an invasive component
over an intraductal component in chemically induced breast
carcinomas in SD rats.

Materials and Methods

Chemicals

An antibody against Twistl (clone Twist2Cla, cat no.
sc-81417) was purchased from Santa Cruz Biotechnology
(Dallas, TX, USA). Histofine Simple Stain Rat Max PO
(MULTTI) was obtained from Nichirei Biosciences (Tokyo,
Japan). Antibodies against calponin (clone CALP1, code
no. M3556), p63 (clone 4A4, code no. M7247), a-smooth
muscle actin (SMA; clone 1A4, code no. M0851), desmin
(clone D33, code no. M0760), BCIP/NBT substrate system
(code no. K0598) and liquid DAB+ (code no. K3468), were
obtained from DAKO Japan (Tokyo, Japan). Antibodies
against Ki67 (clone MM1, NCL-Ki67-MM) and CD10-270
(clone 56C6, NCL-CDI10-270) were purchased from Leica
Microsystems (Tokyo, Japan). An antibody against cyto-
keratin (AE1/AE3, cat no. MS-343-P0) was purchased from
Thermo Fisher Scientific (Waltham, MA, USA). TACS
Blue Label was purchased from Trevigen (Gaithersburg,
MD, USA). Immunosaver was purchased from Nisshin EM
(Tokyo, Japan). Anti-mouse and anti-rabbit IgG (H+L) con-
jugated to alkaline phosphatase (cat no. 018-18091) and all
of the other chemicals were of the highest quality available
from Wako Pure Chemical Industries (Osaka, Japan).

Animal experiments

The Animal Care Committee of the Nagoya University
Graduate School of Medicine approved these experiments.
The care and handling of the animals were in accordance
with the National Institutes of Health Guidelines. F1 hybrid
rats were bred in-house by crossing the Fischer344 (F344;
female) and Brown-Norway (BN/CIL; male) strains (Charles
River Laboratories Japan, Yokohama, Japan). Rodents were
housed in a temperature-controlled setting (25°C with al-
ternating 12-h light/12-h dark cycles) and were allowed free
access to distilled water and standard chow diet (Funahashi
F-1, Chiba, Japan) during the experiment. A total of 23 F1
rats were used for the following experiments. Fourteen- to
sixteen-week-old rats were used in the adolescents (n=3),
pregnant (n=4), and lactating (n=6) groups. The rats were
euthanized at 9-12 days of pregnancy or at 2-4 days of lac-
tation. As previously reported!3. 15, rats over 100 week old
were euthanized after developing FA (n=7), as were elderly
rats (n=3) (Table 1). After euthanization by cervical disloca-

Table 1. Mammary Glands of F1 Hybrid Rats Used in This Study

Experimental group

Mammary glands of F1 hybrid rats

Adolescence 3
Pregnancy 4
Lactation 6
Elderly 3
Fibroadenoma (FA) 7

Table 2. Mammary Tumors of Sprague Dawley Rats Used in This
Study

Chemically induced mammary

Histopathological diagnosis tumors of Sprague Dawley rats

Fibroadenoma (FA) 2

Ductal carcinoma in situ (DCIS) 1

Invasive breast carcinoma (IBC) 8

with intraductal component

IBC 67

tion, the mammary glands were excised and were immedi-
ately fixed in PBS-buffered 10% formalin.

In female SD rats, breast carcinomas were induced by
three chemical carcinogens as previously reported!4. Brief-
ly, N-bis (2-hydroxypropyl) nitrosamine (DHPN) (2,800
mg/kg) was administered once subcutaneously at 6 weeks
of age. Next, 7,12-dimethylbenz(a)anthracene (DMBA) (50
mg/kg) was administered once orally at 7 weeks of age. Fi-
nally, acrylamide (40 ppm) was administered in drinking
water for 22 weeks. We examined 78 cases as follows: 2
cases of FA, 1 case of ductal carcinoma in situ (DCIS), 8
cases of invasive breast carcinoma (IBC) with intraductal
component, and 67 cases of IBC in SD rats (Table 2).

Immunohistochemical analyses

Immunohistochemical analyses were performed as
previously described!6. After antigen retrieval, tissue sec-
tions were dipped in methanol-H,0, (0.3% (v/v)) for 30 min.
After washing with PBS, the sections were incubated with
primary antibodies. After washing with PBS three times for
5 min, Histofine Simple Stain Rat Max PO was applied to the
tissue sections. After washing with PBS three times, the lo-
calization of the immune complexes was visualized by liquid
DAB-+ as a brown precipitate. To evaluate Twistl expression
in association with reproductive hormonal changes, tissue
microarray slides were constructed (core diameter, 7 mm)
using a tissue microprocessor (KIN-1, Azumaya medical
instruments, Tokyo, Japan). We quantified Twistl expres-
sion over the area of each core and calculated the positive
ratios in the periductal and TDLU areas. In tissue specimens
obtained after chemically induced mammary carcinoma, all
tumors were stained by a-SMA to confirm the diagnosis of
DCIS and an intraductal component of carcinoma when the
area was larger than 2 X 2 mm?2. In breast carcinomas, the
threshold for Twistl-positivity in mesenchymal cells was
defined as more than 1% in accordance with the Allred scor-
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ing system!”. The presence of more than 1% Twistl-positive
epithelia was also defined as positive. These examinations
were performed with nuclear counterstaining using hema-
toxylin. The NIH3T3 cell line was used as the positive con-
trol for Twistl immunohistochemistry. The cell pellets of
NIH3T3 were fixed in PBS-buffered 10% formalin, and then
the pellets were processed to prepare paraffin-embedded tis-
sue sections!”. These sections were used to verify excellent
staining conditions prior to staining of the tissue sections of
mammary glands. Twistl was detected in the nuclei of NI-
H3T3 (data not shown). Simultaneously, whole cell lysates
of NIH3T3 were examined by western blot!”. A band was
seen at approximately 28 kDa, indicating that the antibody
recognized a protein of the correct size (data not shown).

For triple staining of a-SMA, Twistl, and AE1/3, an
antibody against a-SMA was first applied to the slides, and
anti-mouse IgG (H+L) conjugated to alkaline phosphatase
was used for visualization in combination with the BCIP/
NBT substrate. After high-temperature treatment for anti-
gen retrieval and inactivation of the immune complexes, the
sections were incubated with an antibody against Twistl,
followed by treatment with the Histofine Simple Stain Rat
Max PO. The localization of Twistl was visualized using
liquid DAB+. Finally, high temperature treatment for si-
multaneous antigen retrieval and inactivation of immune
complexes was performed via incubation with an antibody
against AE1/3, followed by treatment with Histofine Simple
Stain Rat Max PO. The localization of AE1/3 was visualized
using TACS Blue labeling.

Statistical analyses

Statistical analyses were performed using one-way
analysis of variance (ANOVA) and a Tukey-Kramer test.
Differences were considered significant when p<0.05. The
data were expressed as means £ SEM (n=3-6) unless oth-
erwise specified. These analyses were performed using
GraphPad Prism 7 Software (GraphPad Software, La Jolla,
CA, USA).

Results

Expression of Twistl in the breast of adolescent, preg-
nant, lactating and elderly rats

Twistl-positive mesenchymal cells were prevalent
in the periductal stroma in adolescent and pregnant rats
(Fig. 1A, B). In the terminal duct lobular unit (TDLU),
Twistl-positive mesenchymal cells were abundant in preg-
nant and elderly rats (Fig. 1A, C). In lactating rats, there
were few Twistl-positive mesenchymal cells in the periduc-
tal stroma and TDLU. The distributions of Twistl-positive
mesenchymal cells were significantly altered in rats of vari-
ous ages and hormonal statuses.

Twistl was detected diffusely in the mesenchymal cells
of mammary FA

Twistl-positive mesenchymal cells were observed in
FA in F1 hybrid rats (7/7) and SD rats (2/2). Mesenchymal

cells that were negative for myoepithelial markers (a-SMA,
p63, and CDI10), and an epithelial marker (AE1/3) were dif-
fusely positive for Twistl in pericanalicular (Fig. 2), organ-
oid, and hyalinized subtypes (data not shown). Regardless of
histological subtypes, the ratio of Twistl positivity ranged
between 50 and 70%.

Expression of Twistl in mesenchymal cells favored
invasive components of chemically induced breast
carcinoma in rats

Histopathology of IBC and DCIS in an animal model
is different from that in a typical human; however, it shares
characteristic features!!: 18, 19 DCIS is characterized by the
presence of lining myoepithelial cells, and IBC is charac-
terized by the absence of lining myoepithelia. Twistl-pos-
itive mesenchymal cells were not seen in DCIS (0/1) and
intraductal components (0/8; Fig. 3A, C). In IBC with intra-
ductal component, Twistl-positive cancer-associated mes-
enchymal cells were detected in the IBC components (3/8,
38%; Fig. 3C). In IBC only, there was a higher incidence of
Twistl-positive cancer-associated mesenchymal cells (45/67,
67%; Fig. 3B, C). Twistl-positive mesenchymal cells were
significantly greater in IBC than in the intraductal compo-
nent (Fig. 3C). There were no Twistl-positive epithelia in the
intraductal component or IBC (data not shown).

Discussion

We showed that Twistl was expressed in the mesen-
chymal cells of non-tumor-bearing tissues at various life
stages (i.e., adolescence, pregnancy, lactation, and elderly)
as well as in FA in F1 hybrid rats. This F1 hybrid rat model
(Brown Norway x Fischer 344) is recommended by the Na-
tional Institute of Aging in the USA to reduce age-related
disease and increase life span20. Twistl, a transcriptional
regulator of epithelial-mesenchymal transition, has been
shown to impair abnormal craniofacial structures and poly-
dactyly in the hind limb¢. Immunostaining of the rat fetus
revealed that Twistl was expressed in the mesenchymal
cells of extremities (data not shown), which is consistent
with the phenotypes of humans and mice. These results
suggest the biological role of Twistl in tissue remodeling
for various organs. To address the possible role of Twistl-
positive mesenchymal cells, we examined the expression of
Twistl at various life stages in mammary glands. Twistl-
positive mesenchymal cells were observed in the periductal
stroma of adolescent and pregnant rats (Fig. 1A, B). There
was an emergence of Twistl-positive mesenchymal cells at
the TDLU of pregnant and elderly rats (Fig. 1A, C). These
results suggest that Twistl-positive mesenchymal cells in el-
derly rats altered expression levels of Twistl in the TDLU
or migrated from a different location such as the periductal
stroma. In pregnant rats, there were high levels of Twistl-
positive mesenchymal cells in the periductal stroma and
TDLU. At this stage, the secretions of several biologically
active substances were markedly increased via degradation
of the extracellular matrix and angiogenic remodeling that
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Fig. 1.

Twistl Expression in the Mammary Glands of Rats
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Expression of Twistl in the breast of adolescent, pregnant, lactating and elderly rats. (A) Representative images of the periductal area
and terminal duct lobular unit (TDLU) are shown for adolescent, pregnant, lactating, and elderly rats (bar, 50 um). In the periductal
area, Twistl-positive mesenchymal cells predominantly emerged in the adolescent and pregnant stages. In the TDLU, Twistl-positive
mesenchymal cells were observed in the pregnant and elderly stages (arrowheads, Twistl-positive cells). (B) In the periductal area, there
were significant differences in the Twistl-positive ratio among the adolescent, pregnant, and elderly stages. (ANOVA, p<0.0001; *p<0.05
vs the elderly stage; **p<0.01 vs the elderly stage; ***p<0.001 vs the lactating stage). (C) In the TDLU, there were significant differences
in the Twistl-positive ratio among the pregnant, elderly and adolescent stages (ANOVA, p=0.0005; *p<0.05 vs the adolescence). N.A.
stands for not available due to the disappearance of mesenchymal cells during the development of lactation.
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CD10

Fig. 2. Twistl was diffusely expressed in fibroadenoma (FA) in the mammary glands of rats. Representative images of im-
munohistochemistry in FA. Mesenchymal cells in FA were positive for Twist] but were negative for myoepithelial
markers (p63, a-smooth muscle actin (a-SMA), and CD10) and an epithelial marker (AE1/3) (bar, 50 um).

may induce the expression of Twistl in mesenchymal cells.

Although FA is the most common benign mammary
gland neoplasm in rats, spontaneous FA was frequently ob-
served at the elderly stage and was rare at the childbearing
stage’9 11. 12,21 Tn Fischer 344 rats, the rates of FA occur-
rence were reported to be 48%¢8, 16%9, 9%!!, and 12%!2. In
Brown Norway rats, the rate of FA occurrence was reported
to be 11%!!. In SD rats, the rates of FA occurrence were re-

ported to be 67%*8 and 19%’. In addition to the high inci-
dence of FA, pituitary gland adenoma was also commonly
observed in Fischer 344 rats (45%8, 29%9, 26%!2) and SD rats
(39%8 and 49%7). While the production of prolactin from
the pituitary adenoma has been demonstrated, the coinci-
dence of FA and pituitary adenoma is not evidents. Although
FA is a common spontaneous tumor in several strains, the
pathogenesis remains unclear. In this study, the detection
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Fig. 3. Expression of Twistl in mesenchymal cells favored invasive components of chemically induced breast carcinoma (IBC) in rats. Rep-
resentative images of the intraductal component of a carcinoma and IBC are shown. a-smooth muscle actin (a-SMA), a myoepithelial
marker, was visualized as dark blue; AE1/3, an epithelial marker (ductal carcinoma component), was visualized as bright blue, and Twist1
was visualized as brown. (A) There was only a limited number of Twistl-positive cancer-associated mesenchymal cells (brown) in the
stroma of the intraductal component of the carcinoma, confirmed by the presence of a-SMA (dark blue). (B) There were many Twistl-
positive and a-SMA negative cancer-associated mesenchymal cells (arrow heads) in the desmoplastic stroma of the IBC, confirmed
by the absence of a-SMA-positive myoepithelial cells (bar, 50 um). (C) The ratio of Twistl-positive mesenchymal cells is shown. The
mesenchymal cells of the IBC expressed significantly greater number of Twistl than the intraductal components did (ANOVA, p=0.0267;
*p<0.05 vs IBC).
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of Twistl-positive mesenchymal cells in the TDLU at the
elderly stage but not at the adolescent stage (Fig. 1) suggests
the involvement of preexisting Twistl-positive mesenchy-
mal cells in the histogenesis of TDLU-derived FA in elderly
rats.

Twistl-positive mesenchymal cells were significantly
more prominent in the stromal elements of IBC than in the
intraductal component and DCIS, consistent with a previous
report in a case of gastric cancer22. A correlation between
protein expression of Twistl in epithelia and poor progno-
sis in breast carcinomas has been described?3-27. In addi-
tion to the biological impact on prognosis, the expression of
Twistl in mammary epithelial cells was shown to enhance
the recruitment of macrophages to remodel the matrices2s,
suggesting the importance of cross-talk between Twistl
and mesenchymal structures. Therefore, we examined the
expression levels of Twistl in the epithelial elements of
adenocarcinomas. However, we did not observe epithelial-
mesenchymal transition via HE staining or Twistl-positive
carcinoma via immunohistochemistry (data not shown).

In conclusion, we demonstrated that Twistl-positive
mesenchymal cells were predominantly located in the peri-
ductal area in the adolescent and pregnant stages and at the
TDLU in the pregnant and elderly stages. Cancer-associated
mesenchymal cells also expressed Twistl in IBC compo-
nents. These results suggest the biological role of Twistl
in mesenchymal cells. Further study may shed light on the
functional role of Twistl in tissue structures.
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