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trast, APC-c negative, consistent with the rapid expansion of a mutant

subclone whose progenitor has incurred additional mutations (10).

Materials and Methods

Immunostaining. Frozen sections (7 @m)fixed with 4% paraformalde
hyde were prepared from a total of 29 colorectal adenomas collected from 7
FAP patients, either at endoscopy or after surgical resection. The sections were
incubatedwithrabbitpolyclonalantibodiesspecific foraminoacids2824-2843
of humanAPC (SantaCruz Biotechnology, Inc., SantaCruz, CA) and then
stained with Cy3-conjugated goat anti-rabbit IgCi (Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA). The immunostaimng of APC-c was
recorded using a laser confocal microscope. The sections were then restained
with hematoxylin and safranin-O to visualize tissue structure, and the same
regions were imaged using transmitted light at 568 am. Immunofluorescence
controls included omission of primary antibody and competition with the
peptide (Santa Cruz Biotechnology, Inc.) used to generate the anti-APC-c
antibodies. Controls were negative (data not shown).

Single Crypt Microdissection and IVSP. Tumors were collected from
resected colon and flash-frozen. Frozen sections for microdissection (60 @.tm
thick) were picked up on positively charged slides (SuperFrost; Fisher Scien
tific) and then fixed in absolute ethanol for 15 mm, dried, and stored at â€”70Â°C
until use. They were washed in five changes of PBS to remove embedding
medium and then incubated at 37Â°Cfor 3 h in 1 mg/nil collagenase type V
(Sigma), 10 mMTris-HC1(pH8.0), and2 matEDTA,andthenrinsedwith five
changes of PBS. Individual crypts were dissected with fine tungsten needles
underan invertedmicroscope.The combinationof ethanolfixationandcolla
genase treatment enables crypts to be easily and cleanly dissected from the
stroma. Individual crypts were placed in tubes containing 5 p.1ofPBS and kept
on ice. When the dissections were completed, 10 pAof digestion medium [1
mg/nd proteinase K (Boebringer Mannheim), 10 mM Tris-HCI (pH 8), 50 mM

KC1,0.45%NP4O,and0.45%Tween 20] were addedto each tube.The tubes
were incubated overnight at 50Â°Cand then heated to 95Â°Cfor 10 mm to
inactivate the proteinase K. The tubes were centrifuged in a microcentrifuge
for 5 mm, and the supematant was transferred to a new tube for PCR. The PCR
was done in two stages. The first stage used forward segment 3 primer
5'-lTFCTCCATACAGGTCACGG and reverse primer 5'-CCTFCTGTAG
GAATGGTATCTCG.Then 1 @dof the first-stagereactionwas reamplifiedin
a second stage using the forwardIVSP primerfor segment 3 describedby
Powell et aL (11) and a nested reverse primerwith sequence 5'-CACCT
GACTGTGCTCCTCC. IVSP was performed with this final PCR product
using the TNT coupled reticulocyte lysate system (Promega, Madison, WI)
accordingto the manufacturer'sprotocol.Proteinproductswere resolved by
gel electrophoresis on a 10% SDS polyacrylamide gel.

Gel Quantitatlon. The gels were quantitated using a Phosphoimager
(MolecularDynamics, Sunnyvale,CA). The proteinproductencoded by the
wild-type segment 3 allele contains four times more methioninesthan that
encodedby thegerm-lineorsomaticmutantalleles. BecausetheIVSPreaction
productwas radiolabeledwith [35S]methionine,the intensityof the wild-type
bandshouldbe aboutfourtimes thatof the mutantband.This imbalancewas
advantageous because it increased the sensitivity of the assay for cells con
mining the wild.type allele. The 22 nondysplastic crypts studied produced an
averagebandintensityratioof 3.7 Â±1.1 (mean Â±SD), which is not signifi
candy different from the value of 4 expected from the ratio of methionines
contained in the wild-type versus the germ-line products. Thus, we estimated
the fraction of cells containing a wild.type allele in a dysplastic crypt by
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Abstract

Loss of function of both alleles of the APC gene results in colorectal

adenoma formation in familial adenomatous polyposis, an autosomal
dominant genetic disorder leading to multiple colorectal tumors at an
early age. Previous molecular studies indicate that the mutant cells form
big dysplastic epithelium within adenomas are clonaily derived. We show,

using immunostaining and molecular techniques, that the dysplastic epi

thelium of adenomas actually contains a mixture of cells derived from
both mutant and normal stem cells. Well-differentiated mucous cells in the
dysplastic epithellum, one of the indicators of severity of dysplasia, were
derived from normal stem cells. Carcinomas in these patients, in contrast,

contained only mutant cells, indicating that the subsequent mutations
incurred by these cells have led to their isolation from the normal popu

lation.

Introduction

Individuals with FAP@inherit one defective allele of the APC gene
(1â€”4),which makes them unusually susceptible to the development of
colorectal adenomas (the inherited defective allele is referred to as the
germ-line mutation). Loss of APC gene function in adenomas from
FAP patients usually involves either somatic mutation, resulting in
protein truncation, or alleic deletion of the remaining wild-type allele
(5). Either pathway leads to the absence of APC-c in affected cells. In
this paper, we apply an antibody specific for APC.c to explore the
clonality of the dysplastic epithelium in adenomas. We show that the
dysplastic epitheium of most adenomas from FAP patients contains a
mixture of APC-c-positive and -negative cells irrespective of ade

noma size (up to â€”1cm). Dysplastic epithelium also contained both
APC-c-positive and -negative mitoses, indicating the presence of both
normal and mutant stem cell populations. We confirmed that dysplas
tic crypts usually contain a mixture of mutant and normal cells by
microdissecting individual dysplastic crypts and showing that crypts
that contained both APC-c-negative and -positive cells also contained
both mutant and normal forms ofAPC genomic DNA, whereas crypts
that contained only APC-c-negative cells contained only mutant APC
alleles. In addition, different dysplastic crypts from the same adenoma
displayed the same somatic APC mutation. Although previous mo
lecular evidence demonstrates that the mutant population in adenomas
is clonal (6â€”9),our fmdings indicate that the dysplastic epitheium as
a whole is not; rather, many dysplastic crypts contain a mixture of
mutant and normal cells. Carcinomas in these patients were, in con
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CLONALITY OF EARLY COLORECFAL ADENOMAS

dividing the signal from the wild-type band by four times the signal from the
germ-line band.

Results and Discussion

A total of 29 colorectal adenomas were collected from 7 FAP
patients, either at endoscopy or after surgical resection. Mucosa with
no macroscopic lesions was used as normal tissue. Anti-APC-c anti
bodies stained the basolateral aspect of all cells in normal epithelium
(Fig. 1, A and B) in a manner similar to previous observations in
tissues from non-FAP patients (12). Occasionally, nonstaining cells
were seen in mildly dysplastic but unstratified regions in some crypts
(Fig. 1, C and D), possibly representing early stages in the expansion

of a mutant clone.
The dysplastic epithelium of adenomas (<0.5 mm to â€”1cm)

usually contained a mixture of APC-c-positive and APC-c-negative
cells (Fig. 2). Well-differentiated mucous cells in dysplastic epithe
lium were generally APC-c positive (Fig. 1, E and F) with staining of
the basolateral aspects of the mucous cells but no staining of the
mucus itself (this is important because colomc mucus binds many
antibody preparations nonspecifically). The APC-c staining of well
differentiated mucous cells indicates that at least part of the mucous
cell lineage in adenomas is derived from normal stem cells. Thus, the
observation of differentiated cells in dysplastic epithelium is not
sufficient evidence on its own to conclude that the tumor originated
from a pluripotential stem cell (13). Because we noted no obvious
decrease in the prevalence of APC-c-positive cells in the dysplastic
crypts of the larger adenomas, it would seem that the APC-c-positive
population is expanding at roughly the same rate as the mutant
population. This prompted us to check for APC-c staining mitotic
figures; both APC-c-positive and -negative mitoses were readily seen
(Fig. 2, G and H). In combination, these observations suggest that the
dysplastic epithelium contains both mutant and normal stem cells.

Interestingly, APC-c-positive cells were often scattered throughout
the crypts with liule evidence of clustering (Figs. 1 and 2), indicating
an extensive mixing of the normal and mutant cells. This suggests that
there is no differential adhesive preference of the normal versus
mutant cells (14). This is worth stressing because APC protein has
been shown to interact with a- and @3-catenin(15, 16), proteins known
to be associated with cell adhesion through E-cadherin.

There remains the possibility that the immunostaining of the APC
c-positive cells found in dysplastic crypts is an artifact, due for
example to the expression of an APC-like epitope in these cells. To
address this concern, we sought direct molecular evidence that dys

plastic crypts contain a mixture of APCâ€”/â€”and APC+/â€” cells.
The first half of exon 15 of the APC gene is the most common site

for germ-line and somatic mutations (17), usually resulting in a
truncated protein as detected with an IVSP assay (1 1). We identified
an additional three FAP patients whose germ-line mutation was in
segment 3 of the APC gene (encoding codons 1099â€”1693;Ref. 11).
Thus, PCR-amplified genomic DNA from phenotypically normal cells
from these individuals encodes a truncated protein in addition to the
wild-type full-length segment 3 product (Fig. 3 A; Lane 1 of Fig. 4A).
The ideal tumors for testing the presence of APC+/â€” cells in dys
plastic crypts would be tumors derived from cells with somatic
mutations in segment 3 encoding a truncated protein distinguishable
from the proteins encoded by the wild-type and germ-line mutant
alleles. The IVSP reaction from such a tumor would yield three
distinct bands: one encoded by the wild-type allele of normal cells;
one encoded by the germ-line mutant allele of both normal and
dysplastic cells; and a third encoded by the somatic mutant allele of
the dysplastic cells. if dysplastic epithelium is clonally pure and
contains no normal cells, then only the germ-line and somatic mutant
bands should result from IVSP (Fig. 3B). In contrast, if the dysplastic

epithelium contains a significant population of normal cells, then all
three bands would be seen (Fig. 3C). Two such tumors were found;
the IVSP from one is shown in Lane 2 of Fig. 4A.

In addition, several of the tumors from these patients displayed a
partial loss of heterozygosity (due either to a loss of the wild-type
allele or, more likely, to a somatic mutation encoding a truncated
protein indistinguishable from the germ-line mutant allele). This pat
tern is illustrated in Fig. 3, I and J.

Serial frozen sections were prepared from the two tumors with distin
guishable segment 3 mutations in both alleles and from one ofthe tumors
displaying partial loss of heterozygosity. Adjacent serial sections were
used respectively for anti-APC-c staining or microdissection of single
crypts. The microdissected ciypts were free ofunderlying stromal cells as
shown by staining microdissected crypts with 4,6-diamidino-2-phenylin
dole and noting the absence of adherent nuclei.

We describe in detail the results from the two tumors with distin
guishable somatic and germ-line segment 3 mutations. The results
from the tumor with partial loss of heterozygosity were similar.
Nondysplastic crypts dissected from the tumors (nondysplastic crypts
are frequently found embedded within adenomas) yielded only IVSP
products corresponding to wild-type and germ-line alleles (Lane 3 of
Fig. 4A; Fig. 4B). A total of 22 such crypts were tested. Dysplastic
crypts displaying few or no APC-c-positive cells did not produce
detectable levels of the wild-type product but did display bands
corresponding to the somatic and germ-line mutant products (Lane 6
of Fig. 4A; Fig. 4E). A total of four such wild-type negative crypts
were identified. An additional 33 dysplastic crypts displayed a mix
ture of APC-c-positive and -negative cells. The crypts usually con
tamed well-differentiated mucous cells and produced all three IVSP
product bands (Lanes 4 and 5 of Fig. 4A; Fig. 4C and D). In summary,
crypts that displayed many APC-c-positive cells produced a clear
wild-type IVSP product, whereas those crypts that were predomi
nantly APC-c negative did not.

The relative intensity of the various IVSP bands was used to
estimate the fraction of wild-type cells in the microdissected dysplas
tic crypts. Of the 37 dysplastic crypts studied, S contained >10%
wild-type cells, 22 contained 1â€”10%wild-type cells, and 10 contained
<1% wild-type cells (including the 4 crypts that produced no detect
able wild-type signal). The largest proportion of wild-type signal
observed in a dysplastic crypt was 46%. Although the immunostaining
was difficult to quantify because of morphometric effects (because the

cytoplasm of these cells is much larger than the nucleus, the cyto
plasm, which displays the APC-c staining, has a substantially larger
probability of being included in a random section than does the
nucleus, which contains the APC alleles), there was a good qualitative
correlation between the apparent density of APC-c-positive cells and
the IVSP results (Fig. 4).

Although the microdissected crypts were free of stromal contami
nation, it was also important to assess the potential significance of
IELs because they would be predominantly APC+/â€”. We counted the
number of IELs as well as the number of epithelial cell nuclei in
paraffin sections of a total of 24 dysplastic crypts from 6 FAP patients.
We found an average of 0.0025 Â±0.0044 (mean Â±SD) IELsI
epithelial nucleus. Thus, whereas the LEL population undoubtedly
contributes to the wild-type signal, they are not present in sufficient
numbers to explain our results.

In summary, those dysplastic crypts containing APC-c-positive
cells also contained cells with an intact wild-type allele, whereas those
crypts containing few or no APC-c-positive cells did not display the
wild-type IVSP product.

We also studied tissues from three adenocarcinomas from the FAP
patients. Regions containing invasive cancer were APC-c negative
(Fig. 2, G and 11), whereas the adjacent dysplastic adenomatous tissue
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CLONALITYOF EARLYCOLORECTALADENOMAS

could lead to purification, as could changes in other physical proper
ties such as differential adhesion (14).

Our finding that dysplastic tissue is a mixture of mutant and normal
cells is not in contradiction to previous molecular studies. We found
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contained both positive and negative cells (data not shown). This
suggests that subsequent events further transform an APC-c-negative
cell, leading to clonal purification. For example, mutations imparting
a significant growth advantage (10) relative to the normal stem cells

Fig. 1. Laser confocal micrographs showing APC-c staining in
colorectal mucosa from FAP patients. Transmitted light images of the
same fields after staining with hematoxylin and safranin-Oare also
shown.Aâ€”Dshow tissues fromnormal(free of macroscopiclesions)
colonic mucosa.A, cross sections of normalcryptsshowing staining
of the basolateralaspect of all epithelial cells. B, transmittedlight
image of the same field showing the structureand the abundant
mucouscellsof normalcolonicepithelium.C, sectionsimilarto that
shown in A except that two crypts with APC-c-negative cells are seen
(arrows). D, the APC-c-negative cells seen in C correspond to regions
of mildly dysplasticepithelium.Bar, 50 @m.Eâ€”F,a dysplasticcrypt
from an adenoma derived from cells with a somatic segment 3
mutationencodinga truncatedprotein(datanot shown).E, the ma
jority of the cells in this dysplastic crypt are APC-c negative, although
several well-differentiated APC-c-positive mucous cells are evident.
The bright spots in the lower partof the crypt are oblique sections
through the basal part of APC-c-positive cells. F, transmitted light
micrograph of the crypt showing well-differentiated mucous cells in
the dysplasticepithelium.Bar, 50 @&m.Gâ€”H,APC-cstainingin
adenocarcinomas. G, the dysplastic epithelium of a carcinoma has
penetrated through the muscularis mucosa and is APC-c negative.
Adjacentnonneoplasticand adenomatousepitheliumcontains APC
c-positive cells (data not shown). Bar, 250 ,.@m.H, invading APC-c
negativecryptsof a secondadenocarcinomaare seendeepto APC
c-positive nonneoplastic crypts (top). Bar, 100 jim.
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CLONALITY OF EARLY COLOREC@ALADENOMAS

Fig. 2. Laser confocal micrographs of typical sections through
colorectaladenomas.A, C, E, and G, immunofluorescencewith anti
APC-c showing dysplastic crypts with mixtures ofAPC-c-positive and
-negative cells. B, D, F, and H, correspondingtransmittedlight im
ages. A-D, low magnification views showing the typical range of
APC-c staining in dysplastic crypts from two â€”1cm adenomas;
similar results were obtained from small adenomas (<1 mm). Arrows,
crypts shown at increased magnification below. E-H, enlargements of
dysplastic crypts in A-D. Note that the APC-c-positivecells do not
appear to cluster. The transmitted light micrographs (F, II) demon
strate the dysplastic nature of the crypts. G, and H, enlargement of a
crypt in C. and D, showing an APC-c-positive mitosis (arrow). Bars,
A-D, 250 @m;E-H, 50 pin.

that different dysplastic crypts within the three adenomas studied
displayed the same somatic APC mutation, in agreement with previ
ous studies that showed that different parts of tumors display identical
APC mutations (7, 8). The APC-c-positive cells we observed possess
the normal APC allelic sequence and hence could not have been

differentiated from contaminating normal tissue in previous studies.
Similarly, because the APC-c-positive and -negative stem cells likely
come from the same crypt and hence are clonally related (18â€”20),X
inactivation (6, 9) would be unlikely to detect the heterogeneity we
observed.
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A B C

Fig. 3. Diagram of IVSP results expected from
normal and dysplastic colonic epitheium from FAP
patients with a germ-line mutation introducing a
stop codon into segment 3 of one allele of the APC
gene. A, each diploid nucleus of phenotypically nor
mal epithelium from such patients contains one
wild-type segment 3 allele and one germ-line mutant
allele containing a stop codon (indicated by the K).
The germ-line mutant allele encodes a truncated
protein product as indicated in the schematic IVSP
gel shown in D. B, nuclei in adenomas derived from
epithelial cells with a somatic mutation in segment 3
will contain two mutant alleles and no normal allele.
The alleles indicated here have different mutations
in segment 3 and encode truncated protein products
of distinguishable lengths as indicated in the sche
matic IVSP gel shown in E. C, if the dysplastic
epithelium contains a mixture of wild-type cells and
mutant cells, then the IVSP will give evidence of the
wild-type cells as shown in F. D, diagram illustrat
ing the IVSP products expected from normal epithe
hum of these patients. Two bands are visible, the
full-lengthproductcorrespondingto the wild-type
allele and a truncated product encoded by the germ
line mutant allele. E, IVSP products expected from
clonallypure dysplasticepitheium containingno
normal cells. The full-length wild-type product has
been converted into the truncated form as a result of
the somatic mutationin the wild-type allele. Thus,
only two bands are visible on the gel. F, IVSP
products expected from a dysplastic epitheium con
mining a population of normal cells. The relative
intensity of the wild-type band will depend on the
proportionof cells thatarenormal.G, puredysplas
tic epitheium from adenomas derived from epithe
hal cells with a somatic mutation in segment 3
encoding a truncated protein product indistinguish
able fromthe germ-linemutationproduct.Only one
band should be seen in IVSP as shown in I. H, mixed
dysplastic epitheium from adenomas with indistin
guishablesomaticandgerm-linemutationproducts.
Boththe wild-typeandthe germ-linemutationprod
ucts should be seen in IVSP as shown in J. The
relative intensity of the wild-type band will reflect
the proportion of normal cells in the epithelium. I,
diagram of the IVSP products expected from dys
plasticepitheliumconthiningno normalcells.Only
the germ-linebandis visible.J, diagramof the IVSP
products expected from dysplastic epitheium con
taming a mixture of mutant and normal cells. In this
case, both wild-type and germ-line bands should be
seen. The relative intensity of the two bands will
dependon the degree of heterogeneity.

wild type

germline@

D
wildtype@ wildtype @i@::

somatic@ somatic

germline@ germline@ germline

G H
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A recent report describing a FAP patient who was also an XO/XY
mosaic (21) used Y chromosome probes to characterize the clonal
origin of crypts within microadenomas. Novelli et a!. concluded that
most microadenomas from this patient contained crypts of different
clonal origin, although individual crypts were monoclonal. Their
conclusions differ materially from ours. We find that different dys
plastic crypts from the same tumor all contain mutant cells with the
same APC segment 3 mutation and hence contain a clonally derived
mutant population. In addition, we found that most dysplastic crypts
contain both mutant and normal cells. Thus, the clonal impurity we
have observed is due to this mixture of normal and mutant cells within
the crypts. The study of the XO/XY mosaic FAP patient (21) would
not be expected to detect this mixture. In this patient, crypts would
have been homogenously XO or XY since birth. Thus, cells with
somatic mutations giving rise to microadenomas in postnatal life
would display the same XOIXY status as the parental crypt in which
they arose.

Our conclusions about the normal stem cell content of dysplastic
epithelium have been based on the implicit assumption that the
dysplastic tissue is a closed system. We have assumed that normal
epitheial cells do not enter the dysplastic crypts from adjacent normal
epithelium and that adenoma growth does not involve the invasion of
adjacent normal crypts by mutant cells. If these assumptions are
wrong, then our conclusions would require the obvious revisions.

In addition, our conclusions have been based on the assumption that
the loss of APC gene function is usually the first step in adenoma
formation, especially in FAP patients who possess only one functional
APC allele (22). Alternatively, one could interpret our observations as
evidence that APC loss is an early, but not the first mutation, and that
the APC-c-positive cells we observe in adenomas have been affected
by processes earlier in the tumorigenesis sequence than APC muta
tion. Under this scenario, the APC-c-negative cells observed in dys
plastic epithelium represent offspring of subclones of the putative
abnormal but APC-c-positive cells in which the second APC allele
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CLONALITYOF EARLYCOLORECTALADENOMAS

6

Fig. 4. Correspondence between the relative inten
sity of the IVSP wild-type band and the proportion of
anti-APC-c-positive cells in dysplastic crypts. A shows
IvSP productsgeneratedfrom microdissectedcrypts,
whereas Bâ€”Eshow anti-APC-c staining of the same
crypts. When interpreting these figures, bear in mind
that the cytoplasm is a much larger target than the
nucleus. Thus, there is a substantially larger probability
of sectioning through APC-c-positive cytoplasm than
there is of sectioning through a randomly chosen nu
cleus. A, IVSP results generated from individual ciypts
microdissected from frozen sections of a colon ade
noma from a FAP patientwith a germ-line mutation
that introduces a stop codon into segment 3 of one
allele of the APC gene. Lane 1, IVSP products from
lymphocyte DNA. Note the productsencoded by the
wild-type and germ-line mutant alleles (compare with
Fig. 3A). Lane 2, the IVSP products generated from a
frozen section (containing both epithelium and lamina
propria) from the adenoma. Note the truncated protein
encoded by the somatic mutant allele. Lane 3, IVSP
products generated from a microdissected nondysplas
tic crypt from this adenoma. Note that there is no
somatic mutant product. Lanes 4â€”6,IVSP from dys
plastic crypts containing decreasing proportions of an
ti-APC-c-positive cells. Note the decreasing strength of
the wild-type band. B, immunofluorescenceconfocal
micrograph of an adjacent serial section through the
crypt (arrow) resulting in the IVSP products shown in
Lane 3 ofA. Note that all cells are APC-c positive, and
the cryptis nondysplastic.Anti-APC-cstainingis red,
and nuclei are blue. C, this dysplastic crypt (arrow)
gave the IVSP products shown in Lane 4 of A. Quan
titation of the IVSP gel indicates that about 36% of the
cells in this crypt contain the wild-type allele, which
corresponds to the high density of APC-c-positive cells
(red). Note the large number of nuclei (blue) typical of
dysplastic crypts. D, anti-APC-c staining of the dys
plastic epithelium (arrows) generating the IVSP prod
ucts shown in Lane 5 of A. The line indicates the point
where a cut was made to sever the piece from the
remaining epithelium. Quantitation of the !VSP gel
indicates that about 7% of the cells in this epithelium
are wild-type. E, anti-APC-c staining of the portion of
a dysplastic crypt (arrow) giving the IVSP products
shown in Lane 6 of A. No wild-type product was
detectedin the gel. The line indicatesthe lowerportion
of the crypt (free of obvious mucus cells) that was used
in the IVSP. Bar, 50 jim.

was subsequently affected. However, given that we have observed
abnormal appearing APC-c-negative cells in otherwise normal-ap
pearing crypts (Fig. I, C and D), the case seems strong that APC is the
first step (unless earlier steps have no obvious effects on cellular and
tissue morphology).

In conclusion, our results indicate that dysplastic adenomatous
epithelium, especially that containing well-differentiated mucous

cells, is not clonally pure. Rather, it is a mixture of normal and mutant
cells (20). If these observations are confirmed, they have important
implications for understanding and interpreting the basic biology and
histopathology of these early colorectal tumors.

We thank K. Hay for technical assistance, Dr. R. Gryfe for help with
scanning, Dr. Kern Rogers for access to a confocal microscope, and Dr. B.
Bapat for advice.
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