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Abstract

On the basis of our investigation of the premalignant crypt phenotype in
familial adenomatous polyposis patients, the hypothesis is developed that
tumor initiation in the colon is caused by crypt stem cell overproduction. A
novel kinetic model for the colonic crypt was used to investigate how the
earliest tissue abnormality (altered crypt labeling index) arises in these
patients who have a mutant APC genotype. Only an increase in crypt stem cell
number, not changes in the rate of cell cycle proliferation, differentiation, or
apoptosis of the non-stem cell population, simulated this abnormality. This
suggests that APC regulates the number of stem cells in the colonic crypt and
when the cells become mutant, an expansion of the crypt stem cell population
results.

Introduction

Mechanisms that cause normal tissues to become malignant involve an
“enormously complex process” (1). Complexity in carcinogenesis occurs
at many hierarchical levels including DNA, RNA, proteins, intracellular
pathways, intercellular interactions, tissues, organs, individuals, families,
society, and many others. At the DNA level, for example, tumor cells
accumulate mutations in many genes. Because this complexity is com-
pounded further by interactions among different levels, conventional in
vivo and in vitro experiments have limitations in the study of cancer
formation. As a result, little is known about how cancer-causing genetic
mutations change the behavior of normal cells in a way that leads to
alterations occurring at higher levels of complexity. Even in apparently
simple situations, where an individual has a cancer-predisposing germ-
line mutation, the cellular mechanism that links the mutation to neoplastic
changes at the tissue level is unknown.

Because of this complexity of biological systems and the inherent
limitations of biological experiments to resolve this dilemma, we used
computer modeling. We modeled (Fig. 1) cellular mechanisms that might
link a cancer-predisposing germ-line mutation to the earliest known tissue
change in the development of CRC.5 We chose to study FAP, because
both the initiating genetic event (germ-line APC mutation) and earliest
tissue change (proliferative shift) have been identified (2). Indeed, this
tissue abnormality was first reported nearly 4 decades ago (3, 4). The
proliferative shift involves an upward shift (toward the crypt top) in the
distribution (LI) of DNA-synthesizing (S-phase) cells in histologically

normal-appearing colonic crypts of FAP patients. The biological data
sets of Potten et al. (5) for LI of control and FAP crypts (Fig. 2A) were
used for our computer simulation. In this study, only histologically
normal-appearing FAP crypts were analyzed (5), which excludes
aberrant crypt foci.

Materials and Methods

Mechanisms to be Tested. Although the initiating genetic event (APC
mutation) and the earliest tissue event (proliferative shift in histologically normal
crypts) in CRC development are characterized in FAP, the cellular mechanism
linking these events remains unknown. Four mechanisms have been suggested
previously. Three invoke a change in the rate of cell cycle proliferation and/or
differentiation as the cause of the abnormal crypt LI pattern. These include: (a) a
loss of regulatory control that normally suppresses DNA synthesis during cell
migration in the upper portions of the crypt (6); (b) a decrease in duration of the
G1 cell cycle phase (7); and (c) a decline in differentiation of epithelial cells in
colonic crypts (8). A fourth invokes an abnormality in STs in the origin of CRC
(9). Further reasoning for this last mechanism comes from an animal model of
FAP. Moser et al. (10) found histological evidence of different cell lineages in
intestinal adenomas and proposed that “tumorigenesis in APCMin/� mice may be
initiated by a stem cell normally located at the base of the intestinal crypt.” To our
knowledge, no experiments have been reported that critically address any of these
four mechanisms.

It is generally accepted that a germ-line APC mutation leads to the proliferative
shift in FAP crypts because: (a) all cells in the crypt carry the germ-line mutation;
(b) the APCMin/� mouse, which also carries a germ-line APC mutation, similarly
displays proliferative crypt changes in histologically normal intestinal mucosa
(11); and (c) humans who have a different CRC-predisposing germ-line mutation
that is responsible for hereditary nonpolyposis CRC do not show a proliferative
shift in histologically normal colonic crypts (12). Nonetheless, the mechanism that
defines the connection between any or all of the known molecular functions of
APC (13) that would be lost because of APC mutation and the proliferative shift
as seen in FAP patients has not been established.

Model Design and Computer Simulation. To investigate the cellular mech-
anism responsible for the proliferative shift in FAP crypts, which would increase
our understanding of CRC initiation, we created a CPD model.

The CPD model (Fig. 1) was designed to simulate the cellular dynamics of
the colonic crypt (14, 15). The model takes into account that: (a) cell prolif-
eration, differentiation, and apoptosis occur continuously in the crypt; (b) as
epithelial cells migrate up the crypt column, they change in their capacity for
cell division and differentiation; and (c) the crypt, even in FAP patients,
represents a highly regulated steady-state system whereby a constant number
of cells is maintained via a balance between cell generation in the lower part
of the crypt and cell loss at the top of the crypt.

Eight cell types (STs; cells in different phases of the cell cycle; and Ds, TDs,
and ACs) were included in the model, and a rate equation was written that
expresses the rate of change of the population size for each cell type as a function
of time (Fig. 1). The CPD model also included expressions for feedback loop
mechanisms. Selection of the first set of rate constant values was, by necessity,
arbitrary because rate constant values for steps shown in Fig. 1 have not yet been
reported. The number of STs in murine intestinal crypts has been reported to be
4–16 STs/crypt (14). Thus, an ST0 of 10 was chosen.

Rate equation sets were solved by numerical integration with Mathematica
equation-solving software (Wolfram Research, Inc., Champaign, IL). CPD
model output was graphically displayed as the percentage of S-phase cell
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population (Y axis) as a function of cell crypt axis position (X axis). Goodness-
of-fit with the biological data were calculated using nonlinear regression
analysis to yield R2 (GraphPad Software, Inc., San Diego, CA).

Results

Computer simulation of the control LI biological data (Fig. 2A)
from healthy unaffected individuals was accomplished by systemati-
cally adjusting parameter values (rate constants and ST0) and modi-
fying the model design (e.g., adding feedback loops). Using this
iterative approach, a set of parameter values and a model design (Fig.
1) were achieved that generated output that fit with control LI data
(Fig. 2B). “Goodness-of-fit” analysis showed an outstanding fit of
simulation data to control biological data (R2 � 0.98).

To test the four mechanisms (discussed above in “Materials and
Methods”) for the proliferative shift in FAP crypts, it was determined
whether perturbation of any single CPD model parameter gave an S-
phase curve that mimics this LI shift. When rate constant values that had
fit best with the control LI were individually increased or decreased, none
of the resultant S-phase profiles fit the FAP biological data (Fig. 3).
Perturbations of k0, k3, k6, k8, k9, and k10 had virtually no effect on the
S-phase cell profile (but did affect other cell type profiles; data not
shown). Perturbations of k1, k2, k4, k5, and k7 caused either an increase or
decrease in the peak height of the S-phase curve and slight shifts in peak

position along the crypt axis (Fig. 3). However, none of these rate
constant perturbations yielded curves that mimicked the LI shift in FAP.
Modifying the feedback loops also failed to simulate FAP LI data.

In contrast, when ST0 was perturbed, the S-phase curve showed
major shifts along the crypt axis. Fig. 4A shows that a right shift
occurs when ST0 is increased from 10 to 15, which mimics the
proliferative shift from control to FAP crypts (Fig. 2A).

“Goodness-of-fit” analysis was used to quantitatively determine which
values for initial number of STs yielded model data output that best fit
with the biological data. This analysis resulted in bell-shaped curves, the
peaks of which indicated best fits with either control or FAP data (Fig.
4B). An ST0 of 11 yielded an S-phase curve that best fit the control LI
(R2 � 0.98), whereas an ST0 of 16 yielded an S-phase curve that best fit
the FAP LI (R2 � 0.90). Higher and lower values of ST0 yielded S-phase
curves that had poorer goodness-of-fit values for FAP and control. The
effect of this perturbation in ST0 (from 11 to 16) in the model suggests
that an increase of �50% in the number of STs in the crypt underlies the
shift observed biologically from control to FAP LI (see Fig. 4C).

Discussion

Although other models have been developed to study intestinal
crypt cellular dynamics (14), to our knowledge our CPD model is the
first designed to investigate the cellular etiology of the proliferative
abnormality in normal-appearing (nonaberrant) FAP crypts.

Fig. 1. CPD model design. This scheme from which the computer model was con-
structed can be viewed as having two parts within the main mechanism (solid arrows).
Cellular proliferation (left-hand side of scheme) is a closed system specified by the cell
cycle (G13S3G23M3G13. . . ) and is the “default” mechanism for generating cells
within the system. Cellular differentiation and apoptosis (right-hand side of scheme)
represents an open system in which cells exit the cell cycle by the differentiation/apoptosis
pathway (G13D3TD3AC). Ds and TDs represent the population of all differentiated
cell types found in human crypts. The scheme also shows STs as the initial cell type for
generation of G1 phase cells (ST3G1), which simulates the biological mechanism by
which STs at the crypt base generate progeny cells for crypt cell renewal. STs and the
differentiation pathways are coupled to the cell cycle at the G1 phase. Also incorporated
are pathways for dedifferentiation of Ds (D3G1) and proliferation of Ds (D3S). Cell
loss is depicted by exit of ACs from the system, which simulates biological extrusion or
phagocytosis of ACs at the crypt top.

Rate constants for each step in the model and rate equations for the rate of change of
each cell type population are as follows:

dM/dt � k8 �G2� � k0 �M�

dST/dt � �k9 �ST�

dG1/dt � k9 �ST� � 2 k0 �M� � k3 �D� � k1 �G1�/�1 � �TD�� � k2 �G1��1 � �AC�2�

dD/dt � k2 �G1� �1 � �AC�2� � k3 �D� � k4 �D� �1 � �AC�2� � k5 �D�/�1 � �TD��

dTD/dt � k4 �D� �1 � �AC�2� � k6 �TD��1 � �AC�2�

dS/dt � k1 �G1�/�1 � �TD�� � k5 �D�/�1 � �TD�� � k7 �S�

dG2//dt � k7 �S� � k8 �G2�

dAC/dt � k6 �TD� �1 � �AC�2� � k10 �AC�

The CPD model design also includes two feedback loop mechanisms (dashed arrows). In
the negative feedback mechanism, the TD cell population regulates two steps, D3S and
G13S, whereby rate constants k1 and k5 are controlled by the expression (1/(1 � [TD])).
In the positive feedback mechanism, the AC population regulates three steps, G13D,
D3TD, and TD3AC, whereby rate constants k2, k4, and k6 are controlled by the
expression (1 � [AC]2). Adjustable parameter values in the model included ST0 and the
11 rate constants that govern the rate of the various cell cycle and differentiation/apoptosis
steps. Rate constants represent inverse relative time units.

Fig. 2. A, the biological data from FAP and control crypts. The biological data
modified from those of Potten et al. (5) are displayed as the percentage of bromode-
oxyuridine-labeled cells as a function of cell position along the crypt axis for both healthy
unaffected human controls (E) and FAP patients (�). Comparison of the FAP LI to
control LI shows that the FAP proliferative abnormality (resulting from a germ-line APC
mutation) involves a shift in the LI toward the crypt top. Specifically, the FAP LI as
compared with the control LI shows a shift in the S-phase curve peak position from 20 to
31.25% along the crypt axis, whereas a slight decrease was observed in the peak height
from 25.58% to 23.65% S-phase cells. This proliferative abnormality does not appear to
involve hyperproliferation because the total number of labeled cells in FAP crypts is not
significantly increased (i.e., the FAP:control ratio for “area-under-the-curve” is 1.05). B,
“best-fit” simulation of control biological data. Results on “best-fit” CPD model simula-
tion of the control LI are displayed ( ) as the percent of S-phase cells (Y axis)
versus cell crypt axis position (X axis). Rate constant values (k0 to k10) that gave the best
fit for control biological data were, respectively, 0.05, 0.03, 0.025, 0.00625, 0.025, 0.025,
0.018, 0.0325, 0.025, 0.125, and 0.
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Our study shows that theoretical interpretation of complex biolog-
ical processes based on mathematical modeling has several advan-
tages. For instance, our modeling of the dynamics of crypt cell
renewal provided a defined and quantitative context in which different
outcomes could be evaluated and compared following changes in
input parameters. In addition, modeling was used to quantitatively test
the validity of mechanisms posed previously to explain the cellular
etiology of the proliferative shift in FAP. Finally, modeling provided
a rapid and practical method to conduct “experiments” that have not,
because of system complexity, been accomplished previously.

Our simulation results provide insight into the origin of the prolif-
erative abnormality in FAP:

(a) The fact that a single mechanistic design (Fig. 1) was able to
afford our simulation of biological data from both control and FAP
subjects suggests that the FAP proliferative abnormality in vivo does
not require an additional or new biological mechanism that alters
crypt epithelial cell renewal.

(b) The fact that an identical set of rate constant values gave the
best fit with both control and FAP biological data (Figs. 2B and 4C)
suggests that the FAP proliferative abnormality is not attributable to a
cellular mechanism that alters the rate of cell cycle proliferation,
differentiation, and/or apoptosis of non-STs.

(c) Modeling suggests that an expansion in the crypt ST population
is sufficient to explain the observed proliferative abnormality in FAP.

Because we modeled the crypt proliferative abnormality found in
histologically normal crypts of FAP patients, who are individuals
known to carry a germ-line APC mutation, it seems conceivable that
crypt ST overproduction is caused by a mutation in APC. In FAP
patients, the colonic STs will all contain the germ-line APC mutation,
and it is this mutant ST population that is expanded according to our
modeling. Thus, there may be an APC-based mechanism by which
mutant STs increase in number. Extrapolation of this line of reasoning
suggests that if an APC mutation occurs in a single colonic ST
because of an acquired genetic change, it might give rise to a mutant
ST population that expands in the colonic crypt. If that proves to be
the case, it would provide a key mechanism at the cellular level that
links the initiating events at the genetic level and at the tissue level in
CRC tumorigenesis. Because the initiating genetic event in sporadic

CRC is thought to involve an acquired APC mutation (13), initiation
of this common form of CRC may also involve crypt ST overproduc-
tion. Because STs are thought to be the cell of origin in many types
of solid and hematological malignancies, this model of CRC initiation
via ST overproduction may be generally relevant.

CPD modeling suggests a corollary hypothesis, i.e., that APC-based
molecular mechanisms in the colonic crypt might normally function to
control the number of colonic STs. Although such a regulatory prop-
erty of APC has not yet been described, indirect biological evidence
is consistent with this hypothesis. In the homozygous mutant Tcf4
mouse, inactivation of the Tcf4 transcription factor (mimicking the
downstream molecular effect of APC) leads to depletion of epithelial
ST populations in the small intestine (16). These results coupled with
the fact that activation of Tcf4 is known to occur when APC is mutant
support the hypothesis that APC-linked molecular processes control
ST number. On the basis of these observations, it would be predicted
that the ST population is expanded in FAP crypts because a germ-line
APC mutation would lead to activation of Tcf4. This prediction is
consistent with our evidence from CPD modeling indicating that
expansion of the ST population occurs in the FAP crypt.

If APC mutation leads to an increased number of crypt STs, it seems
logical to speculate that when the remaining wild-type APC allele is lost
(i.e., the “second hit”), a further increase in the number of STs will
probably occur. This second hit in APC usually occurs by the adenom-
atous polyp stage (2) in humans and APCMin/� mice. Moreover, mutation
of both APC alleles is “sufficient” for the growth of early colorectal
adenomas in FAP patients (17). Therefore, further clonal expansion of the
ST population attributable to a second hit in APC could conceivably
contribute to adenoma development. Indeed, CPD modeling shows that
increasing the initial number of STs beyond 16 causes an even greater
shift in the S-phase profile toward the crypt top (Fig. 4A). Others have
proposed mechanisms to explain how the earliest identifiable morpho-
logical change (i.e., aberrant crypt foci) in colon carcinogenesis develops
and progresses toward adenomas (18). In contrast, our “ST overproduc-
tion” mechanism attempts to explain events that precede the appearance
of any morphological changes. Hence, this “ST overproduction mecha-
nism” might help understand the processes involved in the transition to
early morphological changes. Because adenomas accumulate mutations

Fig. 3. Attempts to simulate the FAP biological
data by perturbation of rate constant values. The
“best-fit” CPD model output for the control LI is
the middle curve in each panel. The S-phase pro-
files (upper and lower curves) resulting from per-
turbation of the rate constants k1, k2, k5, and k7 are
also shown after a 50% increase or decrease in each
parameter value. Perturbation of k4 gave graphical
output (not shown) that was nearly identical to
results shown for perturbation of k2. These results
show that perturbation of rate constants k1, k2, k4,
k5, and k7 failed to produce a S-phase curve profile
that fits the FAP biological data. Perturbation of k0,
k3, k6, k8, k9, and k10 had no appreciable effect on
the S-phase profile (but did affect other cell type
profiles; data not shown).
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in other genes, the possibility that other mechanisms, such as aberrant
colonocyte maturation, contribute to adenoma formation must also be
considered.

Our “ST overproduction” hypothesis is also consistent with the ST
model of tumor growth based on the concept of hierarchical prolifer-
ation (19). The hierarchical concept holds that neoplasms have a
cell-renewal hierarchy that is similar to normal tissues, and tumors
contain three types of cells: (a) proliferating, self-renewing tumor
stem cells; (b) proliferating, nonrenewing transitional cells; and (c)
nonproliferating, differentiated end cells. The hierarchical concept
also proposes that although the ST component of tumors is a small
subset within the total tumor cell population, its expansion is the basis
of growth of tumors.

That cancer originates from STs is not a new concept (20), partic-
ularly in relation to the origin of leukemias and of teratomas. Indirect
evidence also supports a ST origin for solid tumors such as CRC. It is
reasoned that because tumorigenesis in the colon is a relatively slow
process, short-lived non-ST populations within crypts are considered
an unlikely origin of CRC (9). Additionally, histological evidence
from adenomas in APCMin/� mice (10) and human colon cancers (20)
indicates that multiple types of differentiated intestinal cells exist in
these tumors, which suggests that they arise from a multipotent crypt
ST. The present study now provides a mechanism for how crypt STs
might be involved in the origin of CRC.

In conclusion, CPD modeling provides insights into the “enormous
complexities” of tumorigenesis (1) and has provided a theoretical
foundation for understanding CRC initiation and adenoma develop-
ment. On the basis of this view of tumorigenesis, effective CRC
therapy and chemoprevention will require elimination or control of
mutant ST populations.
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Fig. 4. A, computer output showing that the S-phase curve shifts along the crypt axis
attributable to increasing ST0. Perturbations of other model parameters failed to produce such
a right-shift of the S-phase curve. Numbers next to the curves indicate values for ST0. B,
goodness-of-fit of CPD model output with control and FAP biological data. Goodness-of-fit
of simulation data to LI biological data were calculated using nonlinear regression analysis
based on a polynomial curve derived from the simulated S-phase curve output. The poly-
nomial curve was then used to determine fit with the biological data. Specifically, regression
analysis was accomplished by generating a seventh order polynomial for the simulated
S-phase cell population/crypt axis data and then by comparing the polynomial with biological
LI data to yield R2s. R2 is the fraction of the variation that is shared between X and Y, which
ranges between 0 and 1.0 with 0 being an absence of fit and 1.0 being an exact fit. C, “best-fit”
simulation of FAP and control biological data. The figure shows “best-fit” CPD model
simulation (solid black lines) in relation to the control and FAP biological data (data points).
Rate constant values (k0 to k10) that gave the best-fit for FAP biological data were the same
as those values for best-fit of control biological data (see Fig. 2B).
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