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A human ceUl line (MCFIOA) originated from
spontaneous immortalization ofbreast epithelial
ceUs obtainedfrom a patient withfibrocystic dis-
ease. MCFIOA ceUls do not survive in vivo in im-
munodeficient mice. However, T24 c-Ha-ras on-
cogene-transfected MCFIOA ceUs (MCF1OAT)
form smaU nodules in nude/beige mice that per-
sistfor at least I year and sporadically progress
to carcinomas. By reestablishing cells in tissue
culture from one of the carcinomas, a ceU line
designated MCFIOATI was derived that forms
simple ducts when transplanted in Matrigel into
immunodeficient mice. With time in vivo, the ep-
ithelium becomes proliferative and a cribriform
pattern develops within the xenografts. A signif-
icant number progress to lesions resembling
atypical hyperplasia and carcinoma in situ in
women, and -25% progress to invasive carcino-
mas with various types ofdifferentiation includ-
ing glandular, squamous, and undifferentiated.
Cells have been established in culture from le-
sions representing successive transplant genera-
tions. With each generation, cells are somewhat
more likely to progress to high risk lesions re-
sembling human proliferative breast disease. Al-
though the incidence of invasive carcinoma re-
mained fairly constant at 20 to 25%, the
frequency of nodules showing proliferative
breast disease rosefrom 23% in the first trans-
plant generation to 56% in thefourth transplant
generation. (AmJPathol 1996, 148:313-319)

The human cell line MCF10A originated from spon-
taneous immortalization of non-malignant breast epi-
thelium.' It acquired the ability for xenograft growth
after mutated T24 H-ras transfection. The original
transplants into nude/beige mice generated ducts
lined by simple or hyperplastic epithelium and occa-
sionally squamous, glandular, or undifferentiated
carcinomas.2 Serial passage of the H-ras oncogene-
transfected cells (MCF1OAT, formerly designated
MCF1OAneoT2) produces lesions in immunodeficient
mice that demonstrate a complex of morphological
types and grades that recapitulates the morpholog-
ical characteristics of human proliferative breast dis-
ease as well as, in a minority of mice, in situ and
invasive cancer. Although there is considerable vari-
ation among experiments and individual animal
hosts, there is, overall, an evolutional morphological
sequence from hyperplasia to invasive carcinoma,
which mirrors that seen in the development of human
breast cancer.

Cells from cultures of MCF10AT and variants cul-
tured from xenograft lesions are suspended in Ma-
trigel (Collaborative Research, Bedford, MA) and in-
oculated into nude or nude/beige immunodeficient
mice. MCF10AT cells initially form small ducts lined
by a single layer of epithelium in a matrix lacking
connective tissue and poor in vasculature. Although
myoepithelial cells are observed, they are inconspic-
uous. Subsequently there is extensive epithelial pro-
liferation resembling that seen in proliferative breast
disease of women. However, the histological lesions
do not correspond perfectly to those identified in
human breast, and the criteria for defining stages of
proliferative breast disease in humans have been
modified slightly. We have developed a grading sys-
tem (Table 1) to approximate those that have
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Table 1. Criteria for Grading of Prolifferctive Breast Lesions

Classification

Simple epithelium

Mild hyperplasia

Moderate hyperplasia

Atypical hyperplasia

Carcinoma in situ

Invasive carcinoma

Description

Small ducts
Single layer of luminal epithelium*
No nuclear enlargement
No nucleoli or mitoses

Small ducts
Two or more layers of epithelial cells*
No significant bridging
Variable nuclear contours

Mildly distended ducts
Four or more layers of epithelial cells*
Irregular papillary proliferation
Bridging by non-uniform cells
Irregularly shaped lumens
No solidly filled spaces
Indistinct cell boundaries
Variable nuclear contours
Bland chromatin, small nucleoli

Grossly distended ducts
Regular micropapillary configuration
Marked cellular proliferation often forming luminal mass
Some regularity (roundness) of spaces
Some loss of polarity
Cells become monotonous
Tendency to clear cytoplasm with distinct borders
Enlarged, nonround hyperchromatic nuclei
Small nucleoli, occasional mitoses

Distended ducts filled with uniform cells
Rigid intraluminal bridges forming round spaces
Occasional central necrosis
Distinct cell boundaries
Uniform round, hyperchromatic, enlarged nuclei
Prominent nucleoli, frequent mitoses

Glandular, squamous, or undifferentiated

*Because of the inconspicuous nature of the myoepithelial cells in many of the specimens, they were not considered as a layer.

evolved in recent years for evaluation of surgical
specimens.3-5 With this set of criteria, we have clas-
sified the experimental lesions in each of four se-

quential transplant generations. Our purpose is to
chart the frequency, rate of development, and mor-

phological sequence, and ultimately to examine the
relevance of this model to proliferative breast dis-
ease and cancer in the human.

Materials and Methods

Transplantation
The MCF10A cells were transfected with T24 ras6
and the resulting MCF10AT cells were xenografted
into nude or nude/beige mice (Life Sciences, St.
Petersburg, FL) to form transplant generation 1 le-
sions. Results from three separate experiments with
these cells were pooled for the analysis reported
here (results from all three were similar). The first

(previously reported2) utilized MCF10AT cells after
1960 days in culture injected subcutaneously into
male nude/beige mice (12 xenografts). The second
and third experiments utilized cells after 2067 days
in culture injected subcutaneously into female nude/
beige or nude mice, respectively. Inocula consisted
of 1 x 107 cells in 0.1 ml of Matrigel.
MCF1OAT1 cells were derived from a 100-day first

transplant generation lesion (squamous carcinoma)
as previously described,2 grown in culture and xe-

nografted to form the second transplant generation.
Two experiments were pooled in which MCF10AT1
cells, after 19 days in culture, were injected subcu-
taneously into eight male nude mice or, after 60 days
in culture, into 24 female nude/beige mice.
MCF10AT2B cells were derived from a 218-day

second transplant generation lesion classified as

grade 3, atypical hyperplasia, grown in culture and
xenografted to form a third transplant generation. In
a single experiment these cells, after 18 days in

Grade

0

2

3

4

5
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Figure 1. The derivation of the MICFJOATni lines
i.s depicted Th7e MCF1OA cells were tranofxcted
nvitb T24 ras, and the resulting MCFIOAT cells
were xenlografted intto nudelbeige mice.
MCFJOATi cells n'ere derived from a car-ci-
tionoa, grou'n in cultuire, anid xencogratied
again. MCF1OAT2B cells were derived from a

h.tperplastic lesion, grown in ctultulre, anld againl
xenqgraftevd. MCF1OAT3B cells were derived
firom a resulting hlperplastic lesion and grown
in ciultlure.

culture, were injected subcutaneously into 15 female
nude/beige mice.
MCF10AT3B cells were derived from a 94-day

third transplant generation lesion classified as grade
2, moderate hyperplasia, grown in culture and xe-

nografted to form the fourth transplant generation.
Three experiments in female nude/beige mice were

pooled for analysis (cells injected after 33 days, 63
days, or 87 days in culture), all with the modification
that 1 x 107 cells were inoculated in 0.2 ml of Ma-
trigel. In one experiment, some female mice were

implanted subcutaneously with a tamoxifen-impreg-
nated 60-day slow release pellet (5 mg tamoxifen/
pellet designed to attain blood levels of 3 to 4 ng/ml;
Innovative Research of America, Toledo, OH) 7
weeks after xenografting. This short-term treatment
with Tamoxifen in mice not supplemented with estra-
diol had no apparent effect on persistence and pro-

gression of the lesions and, thus, data were pooled.
After subcutaneous inoculation, animals were

checked for palpable lesions at weekly intervals.
Although a few animals were killed relatively soon

after inoculation, in general mice were maintained
until signs of ill health developed to provide maxi-
mum opportunity for progression. Thus, most lesions
were observed for several months. When the host
animal was sacrificed and the lesion resected, a

portion was fixed and blocked for histological exam-

ination and in some cases the remainder was

minced and returned to growth in culture (periods of
intervening culture are necessary to expand the cell
populations for study and further transplant). Cells
from culture were used to reconfirm the human ori-
gins and original patient source by DNA fingerprint-
ing.2 The cells have retained through the fourth
transplant generation the human chromosome pat-
tern and rearrangements observed in the original

cultures and transplants with little or no modifica-
tion.1'7 The lineages of the cells described in this
report are diagrammed in Figure 1.

Recovery of Cells from Lesions

As previously described in detail,2 portions of the
lesions were dissociated with collagenase. Epithelial
clumps were periodically harvested and the enzyme
mixture replenished over a 72-hour period. Clumps,
which were "organoid" in appearance, were pooled
to obtain monolayer outgrowths. Fibroblasts were
removed from primary cultures by brief rinses with
trypsin and EDTA. Cultures were maintained as de-
scribed previously.1

Grading of Lesions

Using the criteria listed in Table 1, each lesion was
graded according to the most advanced (deviant
from normal) morphological pattern observed within
it. The categories (O = simple epithelium, 1 = mild
hyperplasia, 2 = moderate hyperplasia, 3 - atypical
hyperplasia, 4 = carcinoma in situ, 5 = invasive
carcinoma) are intended to correspond as closely as
possible to those that describe stages of human
proliferative breast disease at the same level.2 5

Results
Small ductules or acini developed within 3 weeks of
inoculation in Matrigel. With time, the lesions sporad-
ically progressed through sequential steps of prolif-
erative breast disease. The ducts were lined by lu-
minal epithelial cells, although both early and
relatively advanced stages contained cells that by
location, morphology, and staining with monoclonal
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antibody 1A4 (Dako, Glostrup, Denmark) against
smooth muscle a-actin (F. R. Miller, L. Tait, S. Wol-
man, P. J. Dawson, K. Galea, unpublished observa-
tions) resemble myoepithelium. Mildly dilated ducts
with minimal proliferation of cells (two or more layers
of epithelium excluding myoepithelial cells when ap-
parent) with little or no tendency to bridge across
spaces are recognized as mild hyperplasia (Figure
2), whereas in moderate hyperplasia (Figure 3) the
ducts are dilated with heaped-up cells (four or more
layers), which create heterogeneous spaces with
slit-like lumina peripherally. Papillary configurations
are observed for both grades but more commonly in
grade 2 lesions. The epithelial cells may be hyper-
chromatic and pleomorphic. Characteristics of florid
hyperplasia and atypical hyperplasia are described
as components of grade 3; they often include a large

central mass with small peripheral but irregular lumi-
nal spaces; some cells tend to have sharp cell
boundaries, hyperchromatic nuclei with small nucle-
oli, and occasional mitoses (Figure 4). Carcinoma in
situ is distinguished by cellular uniformity, a general
presence of distinct cell boundaries, and greater
cytological atypia. Nucleoli and mitoses are both
prominent in carcinoma in situ (Figure 5).

Progression from atypical hyperplasia and carci-
noma in situ to invasive carcinoma was frequently
observed and is illustrated in Figures 6 and 7. Like
carcinomas in humans, the tumor can often be seen
infiltrating among uninvolved ducts. However, a
number of unusual histological types of cancers
were found in our model. The carcinomas in situ are
nearly all of the non-comedo type. Squamous can-
cer, mucin-secreting adenocarcinomas, and a pecu-

Figure 2. A grcacle I le.sion( epictiiig1m)il1 hb/)p1p)la.sia. 77)/ sma11Il dcits Figure 4. A grade.5Ic3iono in, which the epithelial ce/lls an11d inclei ore
are linedbh' 0o1 o 0t(/oCltla /fs miall epithbelial cells ilb scanit on/l mildl/ enlarged. The criboi-17n .spaces amle variable in size and
Cy'toplasmiii11(1smIall Ivariable niclc.islesi%Anon was reiov'ed firom a s/bpe, and tbe epithelial ce/blls surroincdii them are eloilg)CteCl and
nudeIIbeige moose 288 days al/er inclci)g M(CF10AT1 cells.(IICF&, streami a,roiundcl the))e. This lesion oas remov'ed fomi a nude beige
original icagqi/ic(1tion) X400). mions.e 490 daps a/eter inlfectilg MGCF1OAT3B cells. (II&I,, origilal

magn/ficafion X 400).

Figure 3 A grade 2 Ic ion i ih a la*ge cywtic space lined bfiseveral
ier'n",ofcells with enlar-g,ed irregular nitcLei 'Ihe s)ialler cits;t.o. h.

paUPillar'y pro/jectionis anid irregularly fibrmed .pIace-w 'Ihe nuclei are-
s.inilarl/i enlarged and irregular Thi. lesion was remo'ed from a
nude beige moure 407 days after injecting MC.I'OAT3B cell, (H&E,
originnal magnification X 160).

Figure 5. A grade 4 Ies~ion in which ani exctended duict isfilled withi
rather- un/firm ce/A; wit/h relatiively abundant cytoplasm and sharp cell
boundarit-w Althouigh hot complete/i' rountd, mnany o?f the .pace5 havee
a somewhat rigid appearance. Thcs hwion ias removedfirom a nudel
beige mouse 716 cdays after ihi/ectinig MCFJOAT3B cells. (H&F,- oniginal
mlagnil/icdtioni X 400).
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The kinetics of progression with time is depicted for
the fourth transplant generation in Figure 9. The spo-

i i > . radic nature of progression is clear; although cancer
may be detected in relatively early lesions (day 72),

i., lesions of more than 300 days may still consist of

R 3 ;simple ducts. The results for four passages in nude/
Xi i x -s2 .d;;*fbeigemice are summarized by Figure 10. Several

points emerge. There was, with each succeeding pas-
sage, an increase in the percentage of mice develop-
ing proliferative lesions, although the number of carci-

ft3n^,jF.c.i J } 'M'vi4,8xt,,4*'nomas developing remained between 20 and 25%.
The first passage was remarkable for the absence of

t {-S.;tF¢^ ^b4iti>.6> > :> atypical hyperplasia or carcinoma in situ. In subse-
quent passages, atypical hyperplasia was found in
-20% of lesions. The comparatively infrequent obser-
vation of carcinoma in situ may be explained in part by
our insistence on rigorous histological criteria for this

ii,,¢; t.i; diagnosis and the fact that our grading system was

i i- E ;-* applied to the most advanced area so that foci of
_ ! f- X;carcinoma in situ accompanied by invasive carcinoma

were classified as the latter. The overall incidence of
highly proliferative lesions (grade 3 and above) in-
creased significantly (P = 0.0116 by Fisher's exact
test) from 23% for transplant generation 1 (5 of 23 for
MOF1 OAT) to 56% for transplant generation 4 (33 of 59

- ^ 4w_ 1f.a.5 e i;_l for MCF10AT3B).
Figure 6. This lesion was removedfrom a nuldelbeige m1ouse 196 days
after injecting MCFJOA7:3B cells. (A) An arcea of laM-ye cell carcinoina
occitpving a dilated dictal space. Note the chanige in the citctalt linintig
fi-rom benign to malignant. Adjacent to the carciniomiia caue several smnall Discussion
cysts shooving al6pical hbperplasia bordering onl carcinoma in SituL.
(1-1&E originial mlnagniificationi X 160). (B) Highbe macgigticationt of The significance of hyperplasia and atypical hyperpla-
edge o/ the initraductal carciniomiia that is beginning to inadcle the
%t0roma. Note ac/jacent benignepiiheliumcnl ely /Lctt.% of cit}piccil sia in relation to breast cancer relates to morphological
ntraclnctlcl hipemplasial (H&F, oviJinlcml mncgnfJicction X40)) contiguity of these lesions and to the relative risk to

* .l.* 5 ^^.- w- . - those patients in whom the lesions are present. The
associated increased risk of the development of breast
cancer in women with atypical hyperplasia has been

Figure 7. Mucin-secreting cclcnocarcimoma infiltrating amJonslg ylancdls O

that shoJvfcature 0/nocerate h1perplccia H&E, 0rigil tnlgn/ficc '.

tioni X 160). 7his lesion 'was remnoved front nc lc' beiyc mse 116 . . ,_ 7

day%w after inejLctin, M(FlOA73B cell.s.f

INa.e,*es6. iX,
liar type of tumor comprising areas of mucin-secret- Figure 8. Inva.ine cenocarcinmc cislclytng on onosl l lt
ing adenocarcinoma with areas of squamous Lcdlpafttern consi.sliltng fS/tclll tI//(t/lctrglclncl/illeel itilt tuti)1 (1(
differentiation (Figure 8) are common in the model. Sllttcllgotltn ofpoligocl celit.%clt1.fctsttXA/sionl1'.%retnoteclfirotl anudelbeige Ioitse 72cut)s after injectingitq 11(0.J1I7
We have not observed metastases. cells. (11(K origiicullaloinuinfication X 160)o
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Fourth Transplant Generation established from numerous studies that have been
reviewed and subjected to meta-analysis by Ma and

8 8 o 8 0 0 0 6 0 Boyd.8 This sequence is reproduced by our model, in
which all stages are reproduced, although their inci-

0 00 0 0 dence differs from that reported in humans. There are

8 0 000°° 8 0 several important factors likely to be responsible forthis variance. Environmental and hormonal influences
0 0 0068 8 are dissimilar. For example, the Ma and Boyd8 analysis

revealed a clear association with menopausal status.
a8 o There is also an important selection factor in women

who undergo breast biopsy. Selection is obviously in-
0 0 fluenced by the presence or absence of a mass, the

patient's history and family history, and by mammo-
0 100 200 300 400 500 graphic findings. The latter rely heavily on the presence

DAY of calcification, particularly of the type associated with
inetics o/progression ofGfCFIOAT3B in nudelbeige mice is comedo intraductal carcinoma, a lesion significantly
~y plotting the grades of individuial lesions renmoved fronil
indicated days post implantation. Note the apparent ra- underrepresented in our model. Finally, although alter-
-ofprogre.ssion. ation or loss of ras may be associated with an aggres-

First Transplant Generation Second Transplant Generation

(22.7%)

(13.6%)

(13.6%)

(22.6%)-

(9.1%)

(6.7%)
.:'. > (6.7%)

.......

- (40.0%)

Fourth Transplant Generation

(25.40%)0)

(8.5%%)41
rrTTr

(22.0%)-T

(3.4%)
(3.4%)

8.5%)

&\ ~(28.8%)

Figure 1 0. Di.stribution/requentc oJfd'diffce-rent grades of/progre-ssionftr each tran.splant generation .(F11CFI OA [cells were injected to prodi ice trantsplanlit
geniercation 1 (22 xenogralfts anazelyzd), MC7FIOA TI cells were inl ected toproduce tran.splanIttgenter-ationt 2( 31 .enografts an7al zed). C'FI OA T21 cell.s
were infected to produtce transplant genierationi 3 (15 xenografts analyzed); anid MCAFIOA73B cells were infected to pr-oduce transplant generation
4 ( 59xenografts analyzed) Nunmbers in segmients indicate grade of lesion (.NJo: nio persistent epithelial lesion detected)

5-

4-

3-
10

1 2-

1-

0-

Figure 9. Ki
illiustrated
mice at the
doni naturC

(12.9

(40.9%)
(9.7%)- (12.9%)

(6.5%)

Third Transplant Generation

(26.7%)-

(20.0%)-
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sive phenotype9'10 and overexpression of normal ras is
common in human breast cancer,11 it should be re-
membered that MCF1 OAT cells and lesions contain the
activated Ha-ras oncogene, which is not highly char-
acteristic of either female or male human breast carci-
noma12 (P. J. Dawson et al, unpublished observations).
Thus, the unusual morphology observed in some of the
tumors (squamous, mucin-secreting) may be the result
of the activated ras.

In conclusion, we emphasize that our model is not
a transplantable breast cancer line; rather, it is clear
from the glandular histology of the premalignant le-
sions and from the variability of tumor morphology
that the transplant is maintained by a multipotent
cell. The stem cell nature of the cells is also evident
in the simplest glandular architecture seen in vivo,
which is composed of both epithelial and myoepithe-
lial cells. Further, these cells, most probably subse-
quent to genetic alterations, are capable of repro-
ducing the pathology of proliferative breast disease
and ultimately progressing to cancer. Thus, the
MCF10AT model provides a setting in which the
steps in the conversion of the breast ductal epithelial
cell to a malignant cell can be studied.

References

1. Soule HD, Maloney TM, Wolman SR, Peterson WD,
Brenz R, McGrath CM, Russo J, Pauley, RJ, Jones RF,
Brooks SC: Isolation and characterization of a sponta-
neously immortalized human breast epithelial cell line,
MCF-10. Cancer Res 1990, 50:6075-6086

2. Miller FR, Soule HD, Tait L, Pauley RJ, Wolman SR,
Dawson PJ, Heppner GH: Xenograft model of progres-

sive human proliferative breast disease. J Natl Cancer
Inst 1993, 85:1725-1732

3. Page DL, Dupont WD, Rogers LW, Rados MS: Atypical
hyperplastic lesions of the breast: a long-term follow-up
study. Cancer 1985, 55:2698-2708

4. Page DL, Anderson TJ: Diagnostic Histopathology of
the Breast. Edinburgh, UK, Churchill Livingstone, 1987,
pp 120-145

5. Tavassoli FA, Norris HJ: A comparison of the results of
long-term follow-up for atypical intraductal hyperplasia
and intraductal hyperplasia of the breast. Cancer 1990,
65:518-529

6. Basolo F, Elliott J, Tait L, Chen XQ, Maloney T, Russo
IH, Pauley R, Momiki S, Caamano J, Klein-Szanto AJP,
Koszalka M, Russo J: Transformation of human breast
epithelial cells by c-Ha-ras oncogene. Mol Carcinog
1991, 4:25-35

7. Wolman SR, Mohamed AN, Heppner GH, Soule HD:
Chromosomal markers of immortalization in human
breast epithelium. Genes Chromosomes & Cancer
1994, 10:59-65

8. Ma L, Boyd NF: Atypical hyperplasia and breast cancer
risk: a critique. Cancer Causes & Control 1992, 3:517-
525

9. Theillet C, Lidereau R, Escot C, Hutzell P, Brunet M,
Gest J, Schlom J, Callahan R: Loss of a c-H-ras-1 allele
and aggressive human primary breast carcinomas.
Cancer Res 1986, 46:4776-4781

10. Garcia I, Dietrich P, Aapro M, Vauthier G, Vadas L,
Engel E: Genetic alterations in human breast carcino-
mas. Cancer Res 1989, 49:6675-6679, 1989

11. Bos JL: The ras gene family, and human carcinogene-
sis. Mutat Res 1988, 195:255-268

12. Rochlitz CF, Scott GK, Dodson JM, Liu E, Dollbaum C,
Smith HS, Benz CC: Incidence of activating ras onco-
gene mutations associated with primary metastatic hu-
man breast cancer. Cancer Res 1989, 49:357-360


