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STEM CELL-BASED METHODS FOR PREVENTING AND TREATING
TUMOR

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims priority to U.S. Provisional Application Serial No.
60/238,665 (filed October 4, 2000), the disclosure of which is incorporated herein by

reference in its entirety for all purposes.

SUMMARY OF THE INVENTION

The present invention provides methods for preventing or treating tumor in a
subject (e.g., human or non-human animals). The methods comprise administration of an
effective amount of chemopreventive or therapeutic agents that stop or reduce generation of
mutant stem cells in vivo, that reverse progression of premalignant stem cells that have at
least one genetic mutation, or that eliminate premalignant stem cells and tumor stem cell
populations.

In some methods, the chemopreventive or therapeutic agents act on
premalignant stem cells and tumor stem cells via intracellular, intercellular and tissue
pathways that modulate the rate of premalignant or tumor stem cell proliferation. In some
methods, chemopreventive or therapeutic agents act on premalignant stem cells and tumor
stem cells via intracellular, intercellular or tissue pathways that modulate the number of
premalignant or tumor stem cells in vivo. In some other methods, the chemopreventive or
therapeutic agents act on premalignant stem cells and tumor stem cells via pathways
involving growth factors, cytokines, and their receptors including those that function via
autocrine, paracrine, and endocrine loops which control premalignant or tumor stem cells. In
other methods, the chemopreventive or therapeutic agents act on premalignant stem cells and
tumor stem cells via celi-to-cell or cell-to-matrix signaling pathways including epithelial stem
cell-epithelial stem cell, epithelial stem cell-to-stromal cell, and stem cell-local extracellular
matrix environmental interactions or communications. In some methods, the
chemopreventive or therapeutic agents act on premalignant stem cells and tumor stem cells
via biological pathways that function during development, which lead to the generation of

premalignant or tumor stem cells during the development of a subject. In some other
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methods, the chemopreventive or therapeutic agents act on premalignant stem cells and tumor

stem cells via immunological pathways that control premalignant or tumor stem cells.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1.
CPD Model Design. The scheme shown in Figure 1, from which the computer
model was constructed, 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 (G = S = G; > M — Gy —, ) (37) and is the “default” mechanism for

generating cells within the system (7). 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 (G; — D - TD — AC) (/8, 58). Differentiated (D) cells
and terminally differentiated (TD) cells represent the population of all differentiated cell
types found in human crypts. The scheme also shows stem cells (ST) as the initial cell type
for generation of Gy phase cells (ST — G;), which simulates the biologic mechanism by
which stem cells at the crypt base generate progeny cells for crypt cell renewal (59). ST and
the differentiation pathways are coupled td the cell cycle at the G; phase (60). Also
incorporated are pathways for de-differentiation of D cells (D— Gi) and proliferation of non-
terminally differentiated cells (D — S) (57). Cell loss is depicted by exit 6f AC cells from
the system, which simulates biological extrusion of apoptotic cells at the crypt lumen (67).
The CPD Model design also includes two feedback loop mechanisms (dashed arrows in
Figure 1). In the negative feedback mechanism, the TD cell population regulates two steps,
D — S and G; — S. In the positive feedback mechanism, the apoptotic (AC) cell population
regulates three steps, G; — D, D — TD, and TD — AC. Parameters that were incorporated
into the model included initial number of ST cells (ST®) and eleven rate constants that govern

the rate of the various cell cycle and differentiation/apoptosis steps.

Figure 2.

A. The biological data from FAP and control crypts. The biological data
modified from those of Potten (7), are displayed as the percent of bromodeoxyuridine-
labeled cells as a function of cell position along the crypt axis for both healthy unaffected
human controls (open circles) and FAP patients (solid diamonds). Comparison of the

FAP LI to control LI shows that the FAP proliferative abnormality (resulting from a



10

15

20

25

30

WO 02/28432 PCT/US01/30839

germline APC mutation) involves a shift in the LI toward the crypt top. Specifically, the
FAP LI as compared to the control LI shows a shift in the S-phase curve peak position
from 20% to 31.25% along the crypt axis while 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 simulation of the control LI are displayed (solid black line) as the percent of S-

phase cells (Y-axis) versus cell crypt axis position (X-axis).

Figure 3.

Attempts to simulate the FAP LI 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 profiles (upper and lower curves) resulting from perturbation of the
rate constants k;, ky, ks, and k; are also shown after a 50% increase or decrease in each
parameter value. Perturbation of k; gave graphical output (not shown) that was nearly
identical to results shown for perturbation of k;, Perturbation of rate constants &y, &3, k4, &s,
and k; failed to produce a S phase curve profile that fits the FAP biological data. Perturbation
of ko, k3, k¢, ks, ko, and k;9 had no appreciable effect on the S-phase profile (data not shown).

Figure 4

A. Shifting of the S phase curve along the crypt axis due to increasing initial
number of stem cells (ST®). 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 ST°.

B. Goodness of Fit of CPD Model Simulation with Control and FAP
Biological Data. Goodness of Fit was calculated using nonlinear regression analysis (23, 26)
based on a polynomial curve derived from the simulated output. The polynomial curve was
then used to determine fit with the biological data. The R? 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).
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DETAILED DESCRIPTION

Mechanisms that cause normal tissues to become malignant involve an
“enormously complex process” (I). Indeed, complexity in carcinogenesis occurs at each of
many hierarchical levels. Even at the genetic level, tumor cells accumulate mutations in
multiple genes during formation of most cancer types. Cancer is also the outcome of altered
mechanisms occurring at other levels involving RNA, proteins, intracellular pathways,
intercellular interactions, tissues, organs, individuals, families, society, etc. Since events
occurring at one hierarchical level feed into and modify mechanisms at other levels, cancer
development is a dynamic process that is more complicated than a simple summation of the
parts.

Because of this interaction between different levels, conventional in vivo and
in vitro studies have limitations in the study of cancer formation. In vivo studies are limited
by their difficulty in identifying and/or controlling all of the variables in a reaction sequence
whereas in vitro studies of independent isolated processes are limited in their ability to
predict eventual outcome of interrelated multiple complex mechanisms. As a result of these
limitations, 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 germline
mutation, the relationship between this well-defined initiating event and development of the
cancer phenotype at the tissue level is unknown. Why a germline cancer-predisposing
mutation that is present in all cells of every tissue of the individual, leads only to the
spectrum of specific tumor types that occurs in each hereditary cancer syndrome is also not
understood. Consequently, elucidation of the mechanisms in complex processes such as
cancer development will require a different experimental approach.

In this paper, a computer model (Figure 1) is used to study the cellular
mechanism that links a cancer predisposing germline mutation to the earliest known tissue
change in the development of colorectal cancer (CRC). Theoretical interpretation of complex
processes based on mathematical modeling has several advantages. First, modeling provides
a defined and quantitative context in which different outcomes can be evaluated and
compared following changes in one or more input parameters. Second, modeling can be used
to quantitatively test the validity of proposed mechanisms. Finally, modeling provides a
rapid and practical method to conduct “experiments” that carmot, because of system

complexity, be accomplished by in vitro or in vivo approaches.
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The tumorigenic process in one hereditary form of CRC, familial
adenomatous polyposis (FAP), is an ideal system for a modeling study since both the
initiating genetic event and earliest tissue change have been identified. The initiating
genetic event in FAP tumors and in most sporadic CRC is a mutation in the adenomatous
polyposis coli (APC) gene (2). The earliest known tissue change resulting from a
germline APC mutation is an alteration in the distribution of DNA-synthesizing (S phase)
cells in histologically normal-appearing colonic crypts of FAP patients. Specifically, in
crypts of FAP patients, the labeling index (LI) based on tritinm-labeled thymidine and
bromodeoxyuridine uptake, when compared to control crypts from healthy unaffected
individuals, displays a shift upwards, away from the crypt base and towards the crypt top
(3-7). The S phase cell distribution (LI) profiles for control and FAP crypts, plotted as S
phase cell percent vs. crypt axis position, are displayed in Figure 2 (data of Potten et al
(7).

Even though the initiating genetic and tissue events in CRC development
are characterized in FAP, the mechanism linking these events remains unknown. Four
mechanisms have been suggested. 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: 1) a loss of regulatory control that normally suppresses DNA synthesis during
cell migration in the upper portions of the drypt (8-10), 2) a decrease in duration of the G;
cell cycle phase (1), and 3) a decline in differentiation of epithelial cells in colonic
crypts (12, 13). A fourth postulated mechanism is that the stem cell is the origin of CRC
(I4). For example, Moser and coworkers (15), by studying an animal model of FAP,
found histological evidence of different cell lineages in intestinal adenomas and proposed
that “tumorigenesis in Min/+ 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 hypotheses.

In contrast, numerous experiments have helped define the cellular functions of
APC. Functions associated with APC include a role in gene transcriptional regulation via the
beta-catenin pathway, cell-cell adhesion, cell migration, apoptosis, cell cycle control, and

microtubule cytoskeletal dynamics. Nonetheless, the mechanism that defines the connection

between loss of any or all of these cellular functions of APC and the proliferative change as

seen in FAP patients has not been established.
To investigate the mechanism that links the germline APC gene mutation and

the proliferative shift in FAP crypts, and to understand adenoma development, we created a
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cellular proliferation/differentiation (CPD) model. The CPD model design simulates the
cellular dynamics of the colonic crypt (Figure 1). The model takes into account: (1) that cell
proliferation, differentiation, and apoptosis occur continuously in the crypt (16-18), (2) that
as epithelial cells migrate up the crypt column they change in their capacity for cell division
and differentiation (19), and (3) that 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 (7).

Rate constants for each step in the CPD model (see Figure 1 and
accompanying legend) and rate equations for the rate of change of each cell type population
as a function of time were written (20). Computation was performed by numerical
integration (21,22) using an iteration method described previously for other models (23, 24).
CPD Model output was graphically displayed as the percent of S-phase cell population (Y-
axis) as a function-of cell crypt axis position (X-axis). The biological data sets of Potten et al
(7) for LI of control and FAP crypts (Fig 2A) were used because these data appeared to be
based on one of the most valid and thorough studies available.

To fit the control LI biological data (Fig 2A) from healthy unaffected
individuals, simulation was performed by systematically adjusting parameter values (rate
constants and initial ST number [ST’]) and modifying the model design (e.g., adding
feedback loops). Using this iterative approach, a set of parameter values (20) and a model
design (Figure 1) was achieved that generated output that fit with control LI data (Figure 2B).
“Goodness-of-fit” analysis (25, 26) showed an outstanding fit of simulation data to control
biological data (R* = 0.98).

Feedback loops were needed in order to provide output that fit the control
LI data. The requirement for feedback loops in our model is consistent with several
biological observations: (i) in vivo, the total number of crypt cells is normally maintained
at a constant value suggesting that cellular feedback mechanisms function to regulate the
rate of cell proliferation, (ii) the Tcfl transcription factor acts, in murine intestinal
epithelium, as a negative feedback regulator of B-catenin and Tcf4 target genes which
encode proteins downstream from APC in its signaling pathway (27), and (iii) the murine
CRC gene CDX2, which normally induces terminal differentiation of intestinal epithelial
cells, induces its own expression through auto-regulation (28).

To test the four hypotheses (discussed above) regarding the proliferative shift
in FAP crypts, it was determined whether perturbation of any single CPD model parameter
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gave an S phase curve that mimics this LI shift. When rate constant values that had fit best
with the control LI (20) were individually increased or decreased, none of the resultant S
phase profiles fit the FAP biological data (Figure 3). Perturbations of ko, k3, ks, ks, ko and ko
had virtually no effect on the S phase cell profile (but did affect other cell type profiles - data
not shown). Perturbations of k;, k,, k4, k5 and & 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 (Figure
3). However, none of these perturbations yielded curves that mimicked the LI shift in FAP.
Modifying the feedback loops also failed to simulate FAP LI data.

In contrast, when the initial ST number (ST®) was perturbed, the S phase curve
showed major shifts along the crypt axis. Figure 4A shows that a right-shift occurs when ST°
is increased from 10 to 15 that mimics the proliferative shift from control to FAP crypts (Fig
2A). “Goodness-of-fit” analysis (25, 26) was used to quantitatively determine which initial
stem cell number 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 ST of 11 yielded an S phase curve that best fit the control
LI (R? = 0.98) whereas an ST’ of 16 yielded an S phase curve that best fit the FAP LI (R* =
0.90). Higher and lower values of ST? yielded S phase curves that had poorer Goodness-of-
Fit values for FAP and control. The effect of this perturbation in ST (from 11 to 16) in the
model suggests that an increase of about 50% in the number of stem cells in the crypt
underlies the shift observed biologically from control to FAP LI (see Fig 4C ).

Although other computer models (29-33) have been developed to study
intestinal crypt cellular dynamics, to our knowledge the CPD Model is the first designed
to investigate the cellular etiology of the proliferative abnormality in FAP crypts. Our
model also provided an experimental method to test previous hypotheses on the cellular
etiology of the LI shift in FAP.

Experiments using the CPD Model provide some new and interesting
conceptual insights into the proliferative abnormality in FAP. First, the fact that, by using
the same model mechanism (Figure 1), CPD simulation was able to fit both control and
FAP LI data suggests that the proliferative abnormality in vivo does not require
introduction of a new biological mechanism for crypt epithelial cell renewal. Second, the
fact that an identical set of rate constant values gave the best fit with both control and
FAP LI data (20) suggests that the proliferative abnormality is not due to a cellular
mechanism that alters the rate of cell cycle proliferation and/or differentiation. Third,

CPD Model experiments suggest that an expansion in the crypt stem cell population is
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sufficient to explain the observed proliferative abnormality in FAP.

CPD results on simulation of the FAP LI not only provides a cellular
mechanism for tumor initiation in FAP, but it also provides evidence that crypt stem cell
overproduction is: i) caused by a germline 4PC mutation, ii) a key event at the cellular
level that links initiating events at the genetic level and tissue level in CRC
tumorigenesis, and iii) involved in tumor initiation in sporadic CRC, which often involves
acquisition of a somatic APC mutation early in its development (2). This model of CRC
initiation via stem cell overproduction may be generally relevant and also explain the
initiation of many other cancer types.

CPD modeling provides the basis of yet another hypothesis, namely, that
APC normally functions to control the number of stem cells in the colonic crypt. While
this regulatory property of APC has not yet been described, indirect biological evidence is
consistent with this hypothesis. In the Tcf4 knockout mouse, germline inactivation of
Tcf4 transcription factor leads to depletion of epithelial stem cell compartments in the
small intestine (34). These results coupled with the fact that activation of Tcf4 is known
to occur when APC is mutant (35, 36) support the hypothesis that APC does, indeed,
control stem cell numbers. Based on these observations it would be predicted that the
stem cell compartment is expanded in FAP crypts because germline APC mutation would
lead to activation of Tcf4. This prediction is consistent with evidence from CPD
modeling indicating stem cell compartment expansion in the FAP crypt.

How might APC normally regulate stem cell number and how might APC
mutation lead to an increase in stem cell number? In normal crypts there is an APC
expression gradient with intracellular APC concentration being highest at the crypt tdp and
lowest at crypt bottom (37, 38). High intracellular APC concentration (crypt top) is
associated with apoptosis and low cell anchorage, properties of extruded cells. Low
intracellular APC concentration (crypt bottom) is associated with cellular immortality (anti-
apoptosis) and high cell anchorage, properties of stem cells. Hence, the intracellular APC
concentration gradient from crypt bottom to top parallels the transition in crypt cell properties
from those of stem cells to those of extruded cells. Thus, it appears that low APC
concentration in the normal crypt bottom allows a few cells to retain their stem cell properties
of immortalization and anchorage. In the FAP patient with a germline APC mutation, there
should also be a gradient in intracellular concentration of wild-type APC, but APC
concentrations will be reduced by 50% at all points along the crypt axis. At the crypt bottom,
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this reduction in APC will lead to a few more cells having stem cell properties. Our
modeling results suggest about 50% more stem cells.

If, indeed, APC controls stem cell numbers, then it follows that when the
remaining wild-type APC allele is lost (i.e. the second hit according to Knudson’s
hypothesis (39)), a further increase in the number of stem cells will occur. Biologically,
tumor cells in adenomatous polyps in humans and Min/+ mice frequently have mutation
of both APC alleles (40). Moreover, mutation of both APC alleles is sufficient for the
growth of early colorectal adenomas in FAP patients (4/). Therefore, a logical
mechanism for adenoma development is further clonal expansion of the stem cell
population due to a second hit in APC. Indeed, CPD modeling shows that increasing the
initial number of stem cells beyond 16 causes an even greater shift in the S-phase profile
towards the crypt top (Figure 4a). This mechanism is consistent with other mechanisms
proposed to explain histogenesis of aberrant crypts and micro-adenomas (I3, 42-45).

The “stem cell overproduction” mechanism is also consistent with the stem
cell model of tumor growth based on the concept of hierarchical proliferation (46,47).
The hierarchical concept holds that neoplasms have a cell-renewal hierarchy that is
similar to normal tissues and tumors contain three types of cells: i) proliferating, self-
renewing stem cells, ii) proliferating non-renewing transitional cells, and iii) non-
proliferating, differentiated end cells (48). The hierarchical concept also proposes that
although the stem cell component of tumors is a small subset within the total cell
population, its expansion constitutes growth of tumors.

That cancer originates from stem cells is not a new concept (49,50),
particularly in relation to the origin of leukemias (57-54) and of teratomas (35, 56).
Indirect evidence also supports a stem cell origin for solid tumors such as CRC. Since
tumorigenesis in the colon is a relatively slow process, short-lived non-stem cell
populations within crypts are considered an unlikely origin of CRC (/4). Additionally,
histological evidence from Min/+ mice indicates that multiple differentiated cell types
exist in intestinal adenomas, which suggests a stem cell origin for intestinal tumors (15).
The present study provides a mechanism for how stem cells are involved in the origin of
CRC.

CPD modeling has provided insight into the “enormous complexities” of
tumorigenesis and has provided a theoretical foundation to understand carcinogenesis in the
colon. Results from CPD Model experiments have also provided a theoretical basis for our

“stem cell overproduction” hypothesis in CRC development. According to this hypothesis,
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seven steps promote conditions favoring adenoma formation: 1) mutation of one APC allele
occurs in a stem cell, 2) the APC mutation leads to expansion of the crypt stem cell
population, 3) the stem cell population expansion produces a S-phase cell population shift
toward the crypt top, 4) the second wild-type allele is inactivated in a heterozygote stem cell,
5) the second “hit” gives rise to further expansion of the stem cell population, 6) the
proliferative shift advances even further toward the crypt top, and 7) the expanded clone of
stem cells produces even more non-stem proliferating, non-terminally differentiated,
terminally differentiated, and apoptotic cells. The combination of steps 5, 6 and 7 leads to
promotion of adenoma development and growth in the colon. Based on this view of
tumorigenesis, effective colorectal cancer therapy and chemoprevention require elimination

or control of mutant stem cell populations.
All publications, figures, patents and patent applications cited herein are hereby

expressly incorporated by reference for all purposes to the same extent as if each was so

individually denoted.
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[ACT)

dD/dt =k, - [Gy] (1+ [AC]?) — ks - [D] = ks - [D] (I1+ [AC]?) — ks - [D] / (1+ [TD])
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written which expresses the rate of change of the population size for each cell type as
a function of time. Also included are expressions for feedback loop mechanisms. In
the negative feedback mechanism, rate constants k; and ks are controlled by the
expression (1/(1+[TD])). In the positive feedback mechanism, rate constants &, &y,
and kg are controlled by the expression (7 +[ACJ?). Selection of the first set of rate
constant values was, by necessity, arbitrary since rate constant values for steps shown
in Figure 1 have not yet been reported. The number of stem cells in murine colonic
crypts has been reported to be 4-16 stem cells per crypt (/9). Thus, an initial ST
(STO) value of 10 was chosen. Rate Constant Values (ko to k) that gave the best fit
for both control and FAP biological data were, respectively: 0.05, 0.03, 0.025,
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WHAT IS CLAIMED IS:

1. A method for preventing or treating tumor in a subject comprising
administering to said subject an effective amount of a chemopreventive or therapeutic agent

that stops or reduces generation of mutant stem cells in vivo.

2. A method for preventing or treating tumor in a subject comprising
administering to said subject an effective amount of a chemopreventive or therapeutic agent
that averts or reverses progression of premalignant stem cells that have at least one genetic

mutation.

3. A method for preventing or treating cancer in a subject comprising
administering to said subject an effective amount of a chemopreventive or therapeutic agent

that eliminates or controls premalignant stem cells and tumor stem cell populations.

4. The method of anyone of claims 1-3, wherein said chemopreventive or
therapeutic agent acts on premalignant stem cells and tumor stem cells via intracellular,
intercellular and tissue pathways that modulate the rate of premalignant or tumor stem cell

proliferation.

5. The method of anyone of claims 1-3, wherein said chemopreventive or
therapeutic agent acts on premalignant stem cells and tumor stem cells via intracellular,
intercellular or tissue pathways that modulate the number of premalignant or tumor stem cells

in vivo.

6. The method of anyone of claims 1-3, wherein said chemopreventive or
therapeutic agent acts on premalignant stem cells and tumor stem cells via pathways
involving growth factors, cytokines, and their receptors including those that function via

autocrine, paracrine, and endocrine loops which control premalignant or tumor stem cells.

7. The method of anyone of claims 1-3, wherein said chemopreventive or
therapeutic agent acts on premalignant stem cells and tumor stem cells via cell-to-cell or cell-
to-matrix signaling pathways including epithelial stem cell-epithelial stem cell, epithelial
stem cell-to-stromal cell, and stem cell-local extracellular matrix environmental interactions

or communications.

15
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8. The method of anyone of claims 1-3, wherein said chemopreventive or
therapeutic agent acts on premalignant stem cells and tumor stem cells via biolo gicél
pathways that function during development, which lead to the generation of premalignant or

tumor stem cells during the development of a subject.

9. The method of anyone of claims 1-3, wherein said chemopreventive or
therapeutic agent acts on premalignant stem cells and tumor stem cells via immunological

pathways that control premalignant or tumor stem cells.

10.  The method of anyone of claims 1-3, wherein said tumor is colon

cancer.
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