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Abstract

Background: Data are steadily accruing that demonstrate that intestinal tumors are
frequently derived from multiple founding cells, resulting in tumors comprised of dis-
tinct ancestral clones that might cooperate or alternatively compete, thereby poten-
tially impacting different phases of the disease process.

Aim: We sought to determine whether tumors with a multi-ancestral architecture
involving at least two distinct clones show increased tumor number, growth, progres-
sion, or resistance to drug intervention.

Methods: Mice carrying the Min allele of Apc were generated that were mosaic with
only a subset of cells in the intestinal epithelium expressing an activated form of
PI3K, a key regulatory kinase affecting several important cellular processes. These
cells were identifiable as they fluoresced green, whereas all other cells fluoresced red.
Results: Cell lineage tracing revealed that many intestinal tumors from our mouse
model were derived from at least two founding cells, those expressing the activated
PI3K (green) and those which did not (red). Heterotypic tumors with a multi-ancestral
architecture as evidenced by a mixture of green and red cells exhibited increased
tumor growth and invasiveness. Clonal architecture also had an impact on tumor

response to low-dose aspirin. Aspirin treatment resulted in a greater reduction of
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heterotypic tumors derived from multiple founding cells as compared to tumors
derived from a single founding cell.

Conclusion: These data indicate that genetically distinct tumor-founding cells can
contribute to early intratumoral heterogeneity. The coevolution of the founding cells
and their progeny enhances colon tumor progression and impacts the response to
aspirin. These findings are important to a more complete understanding of tumori-
genesis with consequences for several distinct models of tumor evolution. They also
have practical implications to the clinic. Mouse models with heterogenous tumors are
likely better for predicting drug efficacy as compared to models in which the tumors
are highly homogeneous. Moreover, understanding how interactions among different
populations in a single heterotypic tumor with a multi-ancestral architecture impact
response to a single agent and combination therapies are necessary to fully develop

personalized medicine.

KEYWORDS

1 | INTRODUCTION

Many cancers are genetically quite heterogeneous. This intratumoral
diversity is a serious clinical concern, as it contributes to tumor pro-
gression, chemotherapy resistance, tumor recurrence, and poor clini-
cal prognosis.}™> Heterogeneous tumors readily adapt to a variety of
insults, including immune surveillance, nutrient deprivation, and che-
motherapy.>® Within a single tumor, genetically diverse clones can
interact to the advantage of one or more clones. For example, the
cooperation of co-evolved clones can result in increased tumor
growth.”® In addition, minor tumor subclones can promote the inva-
sion and metastasis of other subclones.”° Diverse populations within
a tumor might even mediate chemotherapy resistance in a non-cell
autonomous manner.! Therefore, understanding tumor evolution and
various sources of genetic heterogeneity will lead to a better under-
standing of tumor evolution, and might lead to the development of
better animal models to determine the efficacy of new approaches for
cancer prevention and therapy.

A number of models for tumor evolution have been postulated
over the years. A longstanding model is the clonal sweep model. It
advanced the notion that a tumor emerged following the neoplastic
transformation of a single tumor-founding cell and that the tumor
progressed from a benign to malignant state as progeny acquired
new molecular alterations. Defects in DNA repair, telomere mainte-
nance, and chromosome segregation can result in the slow accumula-
tion of point mutations, larger-scale genomic rearrangements, and
copy number alterations. About 60% of colorectal cancers develop
through a chromosomal instability pathway and 15% exhibit a high
frequency of microsatellite instability.2>% The newly acquired muta-
tion was postulated to provide the clone with a strong selective

advantage and thereby force a “sweep” such that the clone with

colorectal cancer, drug efficacy, heterotypic tumors with a multi-ancestral origin/architecture,
invasiveness, tumor origin

additional alterations is predominant in the tumor (Figure 1(A)).**1%
Such a tumor would be highly homogeneous, so this model fails to
account for the high degree of intratumoral heterogeneity that is fre-
quently observed.

Other models do account for intratumoral heterogeneity, includ-
ing the cancer punctuated equilibrium model, the Big Bang model, and
the multi-ancestral model. The cancer punctuated equilibrium model
postulates that each cancer is initiated from a single founder but the
progeny rapidly acquire molecular changes and the newly formed
clones gradually equilibrate over long periods of time until the next
burst of molecular changes (Figure 1(B)).2¢” Alternatively, emerging
data indicate that some tumors might be “born bad” instead of “born
good and become bad.” The Big Bang model postulates a burst of
molecular changes occurs quite early and that distinct clones co-

).*® However, an early burst of mutations

evolve over time (Figure 1(C)
is unnecessary to explain the existence of several prominent clones in
a single tumor if a tumor can form from multiple founder cells instead
of a single founder as reviewed previously (Figure 1(D)).** Numerous
studies have demonstrated that some tumors from mice and humans
have a multi-ancestral architecture, 2034

While multi-ancestral adenomas and adenocarcinomas have been
identified in both sporadic and familial cases of colorectal cancer in
humans, previous studies did not address the fate of ancestral clones
that carry mutations in key tumor driver genes such as KRAS, PIK3CA
encoding PI3K, or TP53, which are commonly mutated in colorectal
cancers.}>353¢ Expression of a tumor driver gene within a single
ancestral clone might result in a clonal sweep, eliminating other less
fit clones that contribute to a tumor. Therefore, while the tumors in
animal models studied previously were frequently derived from multi-
ple tumor-founding cells, these results may have little clinical impact

considering that most human colon cancers acquire at least one of
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FIGURE 1 Intratumoral heterogeneity can arise via multiple
mechanisms. Various models of tumor evolution have been
proposed over the years. In (A) clonal sweep, (B) cancer punctuated
equilibrium, and (C) Big Bang postulate that each tumor is derived
from a single founding cell. Distinct clones are represented by
different shades of green and red. In the clonal sweep model, a
single founder acquires a mutation that transforms it from a normal
to neoplastic state. As the tumor grows, different progeny acquire
additional mutations. A mutation can give a progeny cell and its
daughters such a selective advantage over other progeny cells such
that they soon “sweep” through a tumor to become a predominant
clone, that is, population. This cycle continues in a stepwise fashion
until a sufficient number of mutations accumulate such that a
benign tumor becomes a cancer. A cancer that forms through this
process would be highly homogenous as represented in this

schematic with a single cell population shaded dark green (far right).

In the cancer punctuated equilibrium model and Big Bang model,
waves of mutations occur in progeny cells nearly simultaneously,
but the different clones co-evolve together. The difference in the
two models is the timing with sequential waves occurring over time
in the cancer punctuated equilibrium model and a single wave
occurring very early in tumorigenesis in the Big Bang model. The
tumors from these models would be highly heterogeneous as
represented in this schematic with multiple cell populations shaded
different colors of green (far right). In contrast, (D) the multi-
ancestral model postulates that some tumors are derived from
multiple founding cells (red and green). Additional mutations can
occur in these founders and their progeny cells as they evolve.
Tumors from this model are again highly heterogenous with
diversity a reflection of origin from multiple founding cells and
evolution as represented in this schematic with multiple cell
populations represented by different shades of red and green (far
right). (E) A tumor derived from multiple founding cells might not
remain heterogeneous. A mutant clone with an alteration in key
oncogenic driver like PI3K (green) could drive a sweep eliminating
one founding cell and its progeny cells. This possibility was
specifically tested in this study
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these driver mutations in a subset of tumor cells as a tumor pro-
gresses from a benign to the malignant state.3”

Recently, activated PI3K signaling has been shown to drive rapid
tumor initiation, growth, and progression within the mammalian colon
of transgenic mice, indicating that PI3K is a key tumor driver within the
colon.384° The transgenic mice expressed a constitutively active form
of PI3K in which the regulatory domain was fused to the catalytic
domain. PI3K transmits signals from various transmembrane growth
factor receptors through a kinase cascade to nuclear transcription fac-
tors as reviewed previously.41 PI3K initiates this signaling pathway
through the phosphorylation of phosphatidylinositol 4,5-bisphosphate
(PIP2) to phosphatidylinositol 3,4,5-trisphosphate (PIP3). PIP3 then
activates the serine/threonine kinase AKT, which phosphorylates mul-
tiple downstream targets responsible for a wide variety of vital cellular
functions. One of the prominent targets is mTOR, a serine/threonine
kinase that is an important regulator of cell growth and metabolism.
This kinase then mediates activation of the eukaryotic translation initia-
tion factor 4E-binding protein (4E-BP1) and the p70Sé ribosomal
kinase (S6) that are involved in protein synthesis.

We use a similar transgenic mouse model in this study. The distal
small intestine and colon are a mosaics composed of cells expressing
the activated form of PI3K and those that do not. The two
populations are distinguishable because the former fluoresce green,
whereas the latter fluoresce red. This model allowed us to determine
whether activation of a strong tumor driver like PI3K within a subset
of tumor-founding cells was sufficient to drive an early clonal sweep
or whether tumors would maintain early diversity through tumor
growth and progression. The results underscore the importance of
early genetic diversity arising from multiple tumor-founding cells as it
impacts many facets of tumor biology including initiation, growth, pro-
gression, and response to intervention.

2 | METHODS
21 | Mice

Animal studies were conducted under protocols approved by the
School of Medicine and Public Health Institutional Animal Care and
Use Committee at the University of Wisconsin in compliance with
policies established by the Office of Laboratory Animal Welfare at the
National Institutes of Health. All animals were housed in a specific
pathogen-free facility and fed a standard chow diet containing 4% fat.
Genotyping was performed by PCR as described by the suppliers of
the animals. FVB.Fabp1-Cre**? C57BL6/J (B6).mT/mG**® B6.
ApcMin/+ 44 and B6.Pi3k**® animals were maintained as previously
described.?? FVB.Fabp1-Cre* mice were backcrossed to B6 mice for
10 generations to generate B6.Fabp1-Cre" congenic mice. Mice were
interbred to create experimental animals and controls. Additional
information on the breeding scheme is available in the Supplementary
Methods. Fabp1-Cre™ mT/mG™ Pik3ca*™ Apc™™~* mice were consid-
ered experimental mice to assess clonal architecture and its impact on

tumor response to aspirin or GDC-0941, whereas Fabp1-Cre™ mT/
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mG* Apc™™/* mT/mG* Pik3ca** Apc™™*, and mT/mG* ApcM™/+
mice were Apc™"/*. Comparisons were made to ensure the observed
effects were not due to Fabp1-Cre' or the mT/mG™ transgene (Sup-
plemental Tables S1-S5).

2.2 | Aspirin treatment

Stock females were bred to stock males and checked daily for a visible
plug. Once a plug was detected, the females were removed from the
males and placed on either the Teklad Global 2019 diet (Envigo) as a
control or else the Teklad Custom Aspirin diet (Envigo; TD.180479;
32 ppm) with their progeny continuing to receive the diet fed to the
females until the study was terminated. Between 30 and 40 days of
age, the aspirin-treated and non-treated control mice underwent colo-
noscopy as described previously.*® The mice were scoped once a
week with most being scoped at least four times. Mice were dissected
when moribund or at 60 days of age.

23 | GDC-0941 treatment

Between 40 and 45 days of age, the experimental mice were treated
with GDC-0941 (Selleckchem; 100 pg/g body weight; intraperitoneal
injection; 1 injection each day for 14 days). After treatment, the
experimental mice (2 mice; 1 male and 1 female) that were treated
with GDC-0941 and control mice (6 mice; 2 females and 4 males) that
were treated with vehicle alone were euthanatized, dissected, and
imaged. The number of tumors was scored and each tumor was ana-

lyzed to determine its clonal origin/architecture.

24 | Whole tissue imaging

Intestinal tracts were removed at necropsy, opened longitudinally,
rinsed with PBS, fixed in 4% paraformaldehyde for 2 days at 4°C, and
then stored in 70% ethanol at 4°C. To document the pattern of mosai-
cism, the small intestine and colon were mounted in 0.4% agarose and

imaged with a Nikon Eclipse TI-S microscope or Zeiss AxioPlan 11.32

2.5 | Whole tissue patchwork analysis

The intestinal epithelium in experimental and control mice is a mosaic
of GFP-positive and of RFP-positive crypts. The ability to detect
multi-ancestral tumors depends on the pattern of mosaicism. To quan-
tify the mosaicism, whole-tissue fluorescent images that were taken
on a Nikon Eclipse TI-S microscope were exported from ND2 files to
single channel TIFF files prior to analysis. All images were processed
using a macro for the Fiji image-processing package of Image) to
ensure consistency. Additional details on the image-processing steps
are available in the Supplemental Methods. For quality control, binary

images were compared to color overlays; when necessary, the images

were manually manipulated to more accurately reflect the patchwork
of the tissue.

A variegation score was assigned to each binary image
(Supplemental Figure S1). The length of the perimeter of the patches of
green pixels was assumed to be proportional to the number of crypts
that were adjacent to at least one crypt of a different color. However,
some of the perimeter would be positioned on the edge of the tissue
instead of adjacent to crypts of a different color. To correct for this, it
was assumed that the proportion of the total perimeter of the tissue
that was composed of green pixels would be approximately equal to
the proportion of the total area of the tissue that was composed of
green pixels. Therefore, the perimeter of green pixels was corrected by
subtracting out the appropriate proportion of the total tissue perime-
ter. The corrected perimeter was then normalized to the square root of

the total area of the tissue to determine the final variegation score.

perimeter(green) — [proportion(green) * perimeter(tissue)]

Variegation score = =
area(tissue)

A low variegation score indicates that there is limited mosaicism, for
example, the proximal region of the small intestine where all cells fail
to express Cre recombinase from the transgene, whereas a high varie-
gation score indicates that there is comprehensive mosaicism, for
example, the colon where half of the cells fail to express Cre rec-
ombinase (RFP™) and half the cells express Cre recombinase (GFP™).

2.6 | Immunohistochemistry and antibodies
To determine the clonal origin/architecture, each tumor was carefully
analyzed histologically. Tumors that were easily visible without the
use of a dissecting microscope (usually >2 mm in maximum diameter)
were excised, embedded in paraffin, and cut into 5 um sections. Every
20th section was stained with hematoxylin and eosin (H&E).

To determine whether cells from distinct lineages were neoplas-
tic, slides of interest were stained by immunofluorescence for
p-catenin as described previously® as well as tdTomato and EGFP
using the following conditions: permeabilization in 0.5% Tween20
solution in PBS; antigen presentation in 0.5% NaBH, solution in PBS
for 10 min; blocking in 5% dehydrated milk in PBS for at least 1 h;
incubation in anti-tdTomato (1:200 anti-RFP Rabbit pAB Rockland;
RL600-401-379, VWR Scientific, Radnor PA) and anti-EGFP (1:1000
Living Colors anti-EGFP Mouse mAB; 632 569, Clontech Laboratories,
Fitchburg WI) primary antibodies overnight; incubation in anti-rabbit
(1:1000 Alexa Fluor 568 anti-rabbit IgG [H + L] Goat mAB; A11011,
Invitrogen, Carlsbad, CA) and anti-mouse (1:1000 Alexa Fluor
488 anti-mouse lgG2a Goat mAB; A21131, Invitrogen) secondary
antibodies overnight; and staining of nuclei with 4’,6-diamidino-
2-phenylindole (DAPI) by applying ProLong Gold with DAPI mounting
media (P36931, Invitrogen).

Images of H&E and immunohistochemical stained slides were
acquired on a Nikon Eclipse TI-S microscope using a halogen light

source, no color filters, and either a 4x or 10x objective lens. Images
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of immunofluorescent stained slides were acquired on either a Zeiss
AxioPlan Il or Nikon Eclipse TI-S microscope as previously described
with either a 10x or 20x objective lens.>2

The phenotype of each tumor was determined by a board-
certified pathologist (KAM). H&E-stained slides were examined to
identify neoplastic cells and areas of invasion and then compared
to the immunofluorescent stained slides to determine which neoplas-
tic cells were red and which neoplastic cells were green. Homotypic
tumors were composed entirely of either RFP+ neoplastic cells or
GFP+ neoplastic cells, whereas heterotypic tumors with a multi-
ancestral architecture were composed of a mixture of RFP-positive
and GFP-positive neoplastic cells.

2.7 | Organoid generation, imaging, and scoring
Tumor samples were isolated for organoid culture based on an adap-
tation of a published protocol.*” Mice were euthanized, the intestinal
tract was removed, and tumors were isolated. Tumors were rinsed in
ice-cold PBS, chopped into small pieces, suspended in chelation buffer
(2mM EDTA, 5.6 mM Nay,HPO,, 8 mM KH,PO,, 96.2 mM NaCl,
1.6 mM KClI, 43.4 mM sucrose, 54.9 mM D-sorbital, and 0.5 mM DL-
Dithiothreitol) in a 15 m tube for 1 h on ice. After the incubation, sam-
ples were rinsed with chelation buffer and PBS. The samples were
then suspended in DMEM containing 2.5% FBS, 50 U/ml Penicillin,
50 pg/ml Streptomycin, 1 mg/ml Collagenase Type Xl (Sigma C9697),
and 1.25 mg/ml Dispase Il (Sigma D4963), placed for 45 min at 37°C,
and shaken vigorously every 15 min. The supernatant from the digest
was transferred to a clean 15 ml tube and cells were pelleted. The
cells were washed three times and resuspended in cold PBS at a con-
centration of 600 cells/pl.

Cell suspensions were mixed 1:1 with Growth-Factor Reduced
Matrigel (Corning #354230) and 50 ul drops were placed in the center
of wells in a 24 well plate. All samples were plated in duplicate. Mat-
rigel was allowed to solidify for 15 min at 37°C. Wells were cultured
with 500 pl of advanced DMEM containing 50 U/ml Penicillin,
50 pg/ml Streptomycin, 1x Glutamax (Gibco), 1x HEPES, 1x B-27
Supplement (Gibco), 1x N-2 Supplement (Gibco), and 500 ng/ml
mouse recombinant EGF. Media was changed every other day.

To collect longitudinal data on growth patterns of tumor cells, six
tumors were isolated as described above and plated in duplicate: two
in which all neoplastic epithelial cells expressed tdTomato (“homo-
typic red”), two in which all neoplastic epithelial cells expressed EGFP
(“homotypic green”), and two composed of a mixture of epithelial cells
expressing tdTomato and EGFP (“heterotypic”). In addition, cells from
each homotypic red tumor were mixed 50:50 with cells from each
homotypic green tumor and plated in duplicate.

A total of 299 organoids was imaged daily for 7 days. To collect
longitudinal data, three random areas were selected from each well
and imaged on day O before organoid formation; these areas were
then imaged daily on days 1-7. White light, red fluorescent, and green
fluorescent images were collected with a Nikon Eclipse TI-S micro-

scope with a 4x objective lens as previously described.3?
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To determine growth patterns, images were used to measure the
maximum diameter of every organoid that was observed throughout
the longitudinal experiment at each time point. The diameter growth
rate for each organoid was calculated as the change in maximum diam-
eter from the first time point to the final time point the organoid was
observed, divided by the number of days the organoid was observed.

2.8 | Tumor engrafting

Tumor cells were isolated as described above. After final washes,
tumor samples were engrafted onto the flank of naive Bé recipients.
Minced tumors, cells from the digest, cells from sorting, or organoids
were mixed at a 1:1 ratio with Matrigel (Corning #356234). For
sorting, cells were suspended in PBS + 2% FBS + 1 mM EDTA, sorted
into ADF + 2% FBS, spun down, and then resuspended in culture
medium prior to injection. The samples consisting of 3 x 10° to
3 x 10° cells in a volume of less than 400 pl were injected subcutane-
ously in the flank. The recipients were monitored weekly to assess
tumor development and growth. The tumors were measured using
veneer calipers. When engrafted tumors reached a volume of 2 cm®,

the recipients were euthanized.

2.9 | Statistical analysis

Differences in tumor multiplicities and sizes between groups of mice
were tested for statistical significance using the two-sided Wilcoxon
rank sum test. Proportions of tumors and clones within tumors that

were invasive were tested with a two-sided Fisher's exact test.

3 | RESULTS
3.1 | Transgenic animals facilitate labeling cells
prior to tumor initiation

To trace individual clones through tumor initiation, growth, and pro-
gression, we utilized transgenic animals that stably express reporter
genes to differentially label clones in the intestinal tract. In Fabp1-
Cre™ mT/mG™ double transgenic mice, Cre recombinase is expressed
in approximately 50% of the epithelial cells in the distal small intestine
and colon during embryogenesis; cells are then labeled by a reporter
that expresses either a derivative of a red fluorescent protein
(tdTomato) in the absence of Cre-mediated recombination or an
enhanced green fluorescent protein (EGFP) following Cre-mediated
recombination. In this way, clones are labeled prior to tumor initiation.
The validity of this model for tracing ancestral clones in tumors was

Min/+ mice, which develop tumors

previously demonstrated in Apc
throughout the entire length of the intestinal tract.>? Importantly, the
labeled crypts in the normal intestinal epithelium of Fabp1-Cret mT/
mG* Apc™™+ mice are either wholly red or wholly green, the pattern

of mosaicism that is established during embryogenesis is stable over
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time, and some (51%; 32/63) tumors were multi-ancestral as they
were composed of a mixture of wholly red or wholly green dysplastic
crypts.32

To introduce a strong tumor driver within a subset of tumor
clones, the Pik3ca* transgene was used. This transgene results in the
expression of constitutively activated PISK within cells that express
Cre recombinase.®® When combined with the animal model described
above, genetically distinct cell lineages are labeled prior to tumor for-
mation (Figure 2(A)). Normal intestinal tissues from Fabp1-Cre™ mT/
mG™ Pik3ca** Apc™™* animals were a mixture of tdTomato-labeled
(red) cells harboring a mutant Apc allele and EGFP-labeled (green) cells
harboring a mutant Apc allele and expressing activated PI3K. As
tumors with a multi-ancestral origin/architecture can only be detected
when they arise from crypts expressing different colored labels, and
because they arise as a consequence of short-range interactions
among neighboring crypts,?¢ the ability to detect tumors with a multi-
ancestral origin/architecture depends on the degree to which red and
green crypts are intermingled, that is, the “variegation” of the tissue.
More variegation increases the probability that tumors with a multi-

(A)

Cells without Cre Cells with Cre:

Red fluorescent protein

S

Normal PI3K

Green fluorescent protein

Oncogenic PI3K

2@ Lorm—
Truncated APC

O apon

Truncated APC

(a
(B)

SI-1
SI-2
SI-3
Sl-4
CcO
(C) SI-3 Sl-4 CcO
o 3
o) |
3 31 -
C
S 2 |
H - :
2 &1 ml||® & e ¢
Solk 4 arall Il
40 50 60 70 80 90 40 50 60 70 80 90 40 50 60 70 80 9
Mouse age (days)
FIGURE 2 Legend on next page.

ancestral origin/architecture will be observed because the tumor
founding cells are more likely to be different colors. Therefore, the
variegation of each region of intestinal tissue was scored in Fabp1-
Cre™ mT/mG™ Pik3ca** Apc™™* mice. A high score indicates more
intermingling (Figure S1). Variegation was essentially non-existent in
the proximal small intestine (SI-1 and SI-2) or very low (SI-3) because
the Fabp1 promoter driving Cre recombinase fails to be expressed or
it is expressed in few cells in these regions. By contrast, variegation
significantly increased in the distal small intestine (SI-4) and colon
(CO) (Figure 2(B,C)) because the Fabp1 promoter is expressed in many
cells in these regions. The variegation score was less than 7 in SI-3,
whereas it ranged from 17-73 in SI-4 and 18-34 in CO (Figure 2(C)).

3.2 | Constitutive activation of PI3K increases
tumor number and size

Constitutive activation of PI3K in Fabp1l-Cre" mT/mG*" Pik3ca**

Min/+ mice resulted in increased tumor number compared to litter-

Apc
mate controls (17.3 + 2.1 vs. 7.2 + 4.7, respectively). A difference in
tumor maximum diameter between experimental and controls was
also observed (2.3 £ 0.1 mm vs. 1.0 £ 0.1 mm, respectively). These
effects were expected based on the results of a previous study.®’

These differences were only observed within intestinal regions where

FIGURE 2 The distal small intestine and colon of Fabp1-Cre* mT/
mG™* Pik3ca*tApc™™+ mice were a variegated pattern of
fluorescently labeled cells. (A) The Fabp1-Cre™ mT/mG™
Pik3ca**Apc™™* mice carry three transgenes: one transgene
(Fabp1-Cre) expresses Cre recombinase from the fatty acid binding
protein promoter, the second transgene (mT/mG) is a reporter Cre
recombinase activity, the third transgene (Pik3ca*) encodes a
constitutively activated form of PI3K which a kinase that controls
several different cellular processes. Cre recombinase was expressed in
about half of the epithelial cells of the distal small intestine and colon
of Fabp1-Cre* mT/mG* Pik3ca**Apc™™* mice. Cells without Cre
recombinase expressed tdTomato (RFP). In cells expressing Cre
recombinase, however, recombination at loxP sites (triangles) within
two transgenes led to expression of GFP in place of tdTomato and
expression of a constitutively activated PI3K oncoprotein. All cells in
the mice lacked one functional allele of Apc. (B) The intestinal tract
was removed from an experimental mouse. The small intestine was
divided into four equal segment (SI-1 through SI-4 with SI-1 being
closest to the stomach). The small intestinal segments and colon were
opened and imaged with a fluorescence microscope. The distal small
intestine (SI-4) and colon (CO) were therefore a mosaic of tdTomato-
expressing (red) cells with low relative risk of malignant
transformation and GFP-expressing (green) cells with high relative risk
of malignant transformation owing to the presence of constitutively
activated PI3K oncoprotein. (C) The degree of mosaicism in different
regions was assessed by calculating the variegation score. A high
score means more mosaicism—smaller intermingled patches of red
and green cells. Variegation scores for 3 female and 3 male mice for
Sl-4 (where one of the males could not be scored) and colon were
each significantly higher than for SI-3 (p = 0.004 and 0.002,
respectively, two-sided Wilcoxon rank sum tests)
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PI3K was constitutively activated (Figure 3; Supplemental Tables S1
and $2). Fabp1-Cre™ mT/mG™" Pik3ca** Apc™™* mice with PI3K acti-
vated developed 3-fold more tumors on average in the distal quarter
of the small intestine (SI-4) than Apc™™~ controls without PI3K acti-
vated (7.8 +1.2 vs. 2.4 + 1.8, respectively). Moreover, Fabp1-Cre™"
mT/mG* Pik3ca*t Apc™™+ mice developed on average 13-fold more
tumors in the colon (CO) Apc™™+ controls (2.7 +0.7 vs. 0.2 +0.1,
respectively). Expression of the mT/mG reporter transgene did not

significantly change tumor number (Supplemental Table S5).
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FIGURE 3 Legend on next page.

To determine whether the Pik3ca*-dependent increase in tumor
size was a tumor-autonomous or systemic effect, the sizes of tumors
within Fabp1-Cre®™ mT/mG* Pik3ca** Apc™™+ mice were compared.
The clonal architecture of a tumor was predicted from fluorescent
images of the surface of whole tumors (Figure 3(C)). All (100%; 28/28)
tumors were composed entirely of tdTomato-expressing cells (homo-
typic red) in SI-1 and SI-2 where constitutive activation of PI3K was
not expected; other (61%; 45/74) tumors contained EGFP-expressing
epithelial cells (green) in SI-4 and CO where constitutive activation of
PI3BK was expected. The size of homotypic red tumors overall (1.1
+ 0.1 mm) and within each intestinal segment (S1-1, 1.1 £ 0.1 mm;
SI-2, 1.1 £ 0.1 mm, SI-3, 0.7 £ 0.1 mm, SI-4, 1.4 + 0.3 mm; CO, N/A)
was similar to the size of tumors in Apc™™* control mice (total, 1.0
+ 0.1 mm; S1-1, 1.4 £ 0.2 mm; SI-2, 1.0 £ 0.1 mm, SI-3, 0.8 + 0.1 mm,
SI-4, 0.9 £ 0.1 mm; CO, 2.9 + 0.2 mm) (Figure 3(B), gray vs. red bars;
Supplemental Tables S3 and S4). Meanwhile, tumors that contained
green cells (heterotypic or homotypic green) were significantly larger
than homotypic red tumors (Figure 3(B), green/red hatched and green
bars vs. red bars; p = 0.01 for tumors within the distal quarter (SI-4)
of the small intestine; Supplemental Table S4, heterotypic total, 3.6

FIGURE 3 Constitutive activation of PI3K resulted in a tumor-
autonomous increase in number and size. (A) The average number of
tumors per mouse was higher in intestinal regions (SI-4 and colon) of
Fabp1-Cre* mT/mG* Pik3ca**Apc™™* mice where PI3K was
constitutively activated than in Apc™™* controls (two-sided Wilcoxon
rank sum tests: total p = 0.001; SI-1 p = 0.6; SI-2 p = 0.1; SI-3

p = 0.2; SI-4 p = 0.004; CO p = 0.004). The number of tumors from
Fabp1-Cre™ mT/mG™ Pik3ca**Apc™™* mice which were entirely
composed of tdTomato-expressing cells (red) was similar to the total
number of tumors from Apc™™+ controls (gray; two-sided Wilcoxon
rank sum tests: total p = 0.2; SI-1 p = 1.0; SI-2 p = 0.06; SI-3 p = 0.8;
SI-4 p = 0.5; CO p = 0.2). Thus, the increase in tumor number within
these animals can be explained by tumors in which PI3K is
constitutively activated (green homotypic or heterotypic). Some
tumors within these mice could not be classified. Error bars represent
SE of the mean. (B) Tumors were larger in regions (SI-4 and CO)
where PI3K was constitutively activated compared to controls (two-
sided Wilcoxon rank sum tests: total p < 0.001; SI-1 p = 0.6; SI-2
p=0.9;SI-3p = 0.6; SI-4 p < 0.001; CO p = 0.8). Tumor size
(maximum diameter) was similar between tumors from Fabp1-Cre™
mT/mG* Pik3ca*+*Apc™™+ mice that were entirely composed of
tdTomato-expressing cells (red) and those from ApcMP’+ controls
(gray; two-sided Wilcoxon rank sum tests: total p = 0.8; SI-1 p = 0.5;
SI-2 p =0.9; SI-3 p = 0.4; SI-4 p = 0.5). Thus, the increase in tumor
size within these animals can be explained by tumors in which PI3K is
constitutively activated (green; two-sided Wilcoxon rank sum tests
compared to ApcM™* control tumors: total p = 0.004; SI-3 p = 0.1;
Sl-4 p < 0.001; CO p = 0.8). Additionally, heterotypic tumors with a
multi-ancestral architecture were larger than their homotypic
counterparts (two-sided Wilcoxon rank sum tests: total p < 0.001; SI-
4 p =0.02; CO p = 0.03). Error bars represent SE of the mean.

(C) Examples of a heterotypic tumor with a multi-ancestral origin, a
homotypic green tumor, and a homotypic red tumor are shown to
scale. Twelve Fabp1-Cre* mT/mG* Pik3ca**Apc™™* mice (7 female
and 5 male) and 10 Apc™™+ controls (5 female and 5 male) were used
in this study. Tumors are shown at the same magnification; size

bar = 2.0 mm
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+ 0.5 mm and homotypic green, total 2.1 + 0.3 mm vs. homotypic red,
total 1.1 + 0.1 mm). Thus, the increase in tumor size in experimental
animals can be accounted for by tumors that contain green cells
(Figure 3(B,C)). Together, these data indicate that the PI3K-dependent
increase in tumor size was primarily a tumor-autonomous effect. This
finding illustrates a strength of mosaics in which each mouse is its
own internal control—the observed phenotype is specific to cells

expressing the gene of interest.

3.3 | Multi-ancestral tumors are formed despite
expression of the Pik3ca* transgene

To confirm the presence of multiple neoplastic clones within tumors,
68 large (>2 mm maximum diameter) tumors from Fabp1-Cre™ mT/
mG* Pik3ca*" Apc™™* mice were sectioned and stained (Figure 4).
H&E slides were reviewed to identify neoplastic cells and areas of
invasion, and then tdTomato and EGFP staining was reviewed to
determine whether red neoplastic cells, green neoplastic cells, or both
were invading. Note that only a limited number of sections of each
tumor were examined after histological sectioning, resulting in a
potential bias toward falsely classifying heterotypic tumors as homo-
typic. Overall, 12% (8/68) of sectioned tumors were classified as
homotypic red, being composed entirely of tdTomato-expressing neo-
plastic cells, and 44% (30/68) were classified as homotypic green,
being composed entirely of EGFP-expressing neoplastic epithelial cells
intermingled with tdTomato-expressing stromal cells. The remaining
44% (30/68) of tumors were heterotypic being composed of a mixture
of tdTomato- and EGFP-expressing neoplastic epithelial cells, indicat-
ing that multiple clones still contributed to a single tumor even when
at least one clone expressed the Pik3ca* transgene prior to tumor initi-
ation (Figure 4(A-D)).

3.4 | Multi-ancestral tumor architecture is
associated with progression to malignancy

The presence of multiple ancestral clones was strongly associated
with the likelihood that a tumor had progressed to an adenocarci-
noma; only 6% (1/17) of non-invasive tumors were heterotypic com-
pared to 57% (29/51) of adenocarcinomas (Table 1; two-sided
Fisher's exact test, p < 0.001). We next sought to determine
whether the clones were cooperating to their mutual advantage
(Figure 4(E)). EGFP-labeled cells were invasive in 67% (20/30) of
homotypic green tumors compared to 97% (29/30) of heterotypic
tumors (two-sided Fisher's exact test, p = 0.006). tdTomato-labeled
cells showed a similar trend but the change was not statically signifi-
cant. They were invasive in 25% (2/8) of homotypic red tumors, which
lacked a neoplastic EGFP-labeled component, and in 60% (18/30) of
heterotypic tumors in which the tdTomato-labeled cells had neoplastic
EGFP-labeled partners (two-sided Fisher's exact test, p = 0.1). In addi-

tion, both clones invaded farther in invasive multi-ancestral tumors

EAC, intramucosal

(E) [ AC, invasive into serosa
[JAdenoma

[JAC, invasive into muscle
[JAC, invasive into submucosa

100% -
80% A
60% -
40% A
20% - .
0% —
Green Green clone Red Red clone
homotypic in homotypic in
heterotypic heterotypic

FIGURE 4 Distinct clones within heterotypic tumors were
frequently invasive. (A) Tumors from Fabp1-Cret mT/mG™
Pik3ca*+ApcMi"/ * mice were excised, embedded in paraffin, and
sectioned. Sections were stained hematoxylin and eosin (H&E). Many
(75%; 51/68) tumors were adenocarcinomas with clear invasion into
and through the muscle layers. A representative is shown. (B) Multiple
clones could be identified within heterotypic tumors with a multi-
ancestral architecture by staining for tdTomato (red) and EGFP
(green). (C, D) Close examination of neoplastic red and green cells
frequently revealed invasion of both clones into the muscle layer.

(E) Clones were scored for degrees of invasion. Some clones were not
invasive through the lamina propria (shades of gray) and some were
(shades of yellow/orange). Both red and green clones within
heterotypic tumors were more frequently invasive (green: 29/30

vs. 20/30, p = 0.006; red: 18/30 vs. 2/8, p = 0.1; Fisher's exact tests)
and tended to invade farther than similarly colored clones in
homotypic tumors. Size bar for Aand B =1 mm; Cand D are 4x
enlargements of the area outlined in A
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than in their homotypic counterparts (Figure 4(E)). Thus, multi-ancestral
architecture is significantly associated with invasion, regardless of

whether the clone expressed activated PI3K or not.

3.5 | Tumors that are composed of some Pik3ca-
mutant cells respond to aspirin and GDC-0941

Epidemiological studies have found that low-dose aspirin reduces the
risk of colorectal cancer recurrence in patients treated for PIK3CA-
mutant cancers.*®*’ We tested whether low-dose aspirin impacted
the development of homotypic red, homotypic green, and heterotypic
tumors in Fabp1-Cre* mT/mG*t Pik3ca*™ Apc™™~* mice. Low-dose
aspirin reduced the number of tumors in the most distal quarter of the
small intestine in the aspirin-treated cohort which developed on aver-
age 8.1 + 2.1 as compared to that observed in the non-treated control
cohort which developed on average 11.0 + 3.0 (Figure 5(A), p < 0.001,
Wilcoxon rank sum test). The numbers of homotypic green and het-
erotypic tumors were less in the aspirin-treated cohort than the non-

TABLE 1 Heterotypic tumors with a multi-ancestral architecture
are more invasive than homotypic tumors from Fabp1-Cre™ mT/mG"
Pik3ca*+ ApcM™+ mice

No. of tumors

Depth of tumor invasion Heterogeneous = Homogeneous
Adenoma 0 10
Intramucosal adenocarcinoma 1 6
Invasive adenocarcinoma— 12 9
Invading into submucosa
Invasive adenocarcinoma— 5 8
Invading into muscle
Invasive adenocarcinoma— 12 5
Invading to serosa
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treated control cohort (aspirin-treated, homotypic green, 2.9 + 1.8
and heterotypic, 4.8 + 1.8 vs. non-treated, homotypic green, 4.3 £ 2.4
and heterotypic, 6.9 + 2.6, respectively), whereas the number of
homotypic red was unchanged when comparing the two cohorts (aspi-
rin-treated, 0.7 £ 0.9 vs. non-treated, 0.6 + 0.6) (Figure 5(B)). The
effect on heterotypic tumors was statistically significant (p = 0.007,
Wilcoxon rank sum test). Thus, aspirin appears to inhibit the develop-
ment of Pik3ca-mutant tumors in the laboratory mice, recapitulating
its effect on PIK3CA-mutant cancers in humans.

Preliminary data indicate that susceptible cells might be even
protected by resistant cells. We treated Fabpl-Cre™ mT/mG*
Pik3ca** Apc’\’”"/+ mice with GDC-0941, an inhibitor of PI3K (Supple-
mental Figure S4) or vehicle. Experimental mice developed a total of
25 tumors: 8 homotypic red, 5 homotypic green, and 12 heterotypic,
whereas control mice developed a total of 59 tumors: 6 homotypic
red, 30 homotypic green, and 23 heterotypic. Treated mice developed
a lower percentage of homotypic green tumors and a higher percent-
age of red and heterotypic tumors than controls (chi-square test,
p = 0.005). The change in the distribution of tumor types was signifi-
cant when comparing the GDC-0941 treated cohort to the non-
treated control cohort (chi-square test, p = 0.003).

3.6 | Organoid generation and tumor grafting
permit further analysis of distinct clones

Understanding how the presence of cells from multiple distinct foun-
ders impacts tumor biology requires having adequate sample material
to more fully characterize molecular features of distinct cell
populations. Organoids were easily prepared from 2 homotypic red,
2 homotypic green, and 2 heterotypic tumors from Fabp1-Cre* mT/
mG™* Pik3ca** Apc™™* mice (Supplemental Figure $2). The growth of
299 organoids was followed over a period of 7 days. Interestingly,

growth appears to depend on whether the cells were isolated from a
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mice were fed a specialized diet to

mimic a low-dose aspirin regimen in humans and then euthanized to score the number of intestinal tumors in all four regions of the small intestine
(SI-1-SI-4) and colon (CO). (A) Treated mice developed significantly fewer tumors in SI-4 than controls (p < 0.001). (B) The reduction in this region
specifically reflected fewer homotypic green and heterotypic tumors. The change in heterotypic tumors was statistically significant (p < 0.05).
Data from 23 aspirin-treated mice (15 female and 8 male) and 18 (10 female and 8 male) controls are shown
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homotypic tumor or a heterotypic tumor. The maximum diameter of
red organoids started from a red homotypic tumor doubled on aver-
age in 18 h, whereas red organoids from a heterotypic tumor doubled
on average every 20 h. Similarly, green organoids from homotypic
green tumors had a doubling time of 24 h, whereas green organoids
from a heterotypic tumor had a doubling time of 21 h. We have suc-
cessfully grafted homotypic red, homotypic green, and heterotypic
tumors from the intestine of Fabp1-Cre™ mT/mG™ Pik3ca** ApcM/+
mice onto the flank of naive B6 recipients. Samples were prepared
from intestinal tumors by mincing, generating single cell isolates by
digestion, producing organoids, or sorting cells (Supplemental
Figure S3(A,B)). Primary tumors and grafts were stained with H&E and
by immunohistochemistry for red fluorescence protein, green fluores-
cence protein, and p-catenin to compare tumor morphology and com-
position of the two sample types. Nuclear p-catenin is a tumor marker
in the intestinal tract because the loss of APC activity triggers the sta-
bilization of B-catenin which then translocates into the nucleus and
alters the expression of numerous genes. An example of a comparison
is shown (Supplemental Figure 4(B)). The tumor was a homotypic
green tumor that was highly invasive. Nuclear B-catenin was evident

in the primary tumor and graft.

4 | DISCUSSION

This study is the first to investigate multi-ancestral intestinal cancers
with a known oncogenic driver. Despite constitutive activation of
PI3K prior to tumor initiation, multiple distinct clones in a single tumor
contribute to progression. Tumors with a multi-ancestral architecture
are larger and more invasive than other tumors. Furthermore, co-
evolved clones within heterotypic tumors with a multi-ancestral archi-
tecture are more invasive than within homotypic tumors. Interclonal
cooperation can drive tumor maintenance, growth, progression, and
response to therapy.!° Others have demonstrated that multiple
cooperating tumor clones can be essential for tumor propagation®®
and that non-dominant clones can promote the survival and meta-
static potential of dominant clones.’® Thus, multiple co-evolved
ancestral clones appear to cooperate to promote survival, growth, and
invasion.

Genetic diversity can arise as a consequence of clonal divergence
through molecular alterations. Defects in DNA repair, telomere main-
tenance, and chromosome segregation can result in the slow accumu-
lation of point mutations, larger-scale genomic rearrangements, and
copy number alterations. About 60% of colorectal cancers develop
through a chromosomal instability pathway and 15% exhibit a high
frequency of microsatellite instability.*?>*® Thus, a single transformed
cell can give rise to a tumor composed of several distinct clones if
molecular alterations do not provide a strong selective advantage and
subsequently are unable to drive a clonal sweep. Alternatively, genetic
diversity can also arise during tumor initiation if multiple cells become
transformed over a short period of time. The resulting tumors are
inherently heterogeneous owing to the presence of multiple

genetically and phenotypically distinct cells at the earliest point in the

development of a tumor. Though many cancers can be derived from
multiple founders, intestinal tumors have been studied most thor-
oughly as described in two reviews.'**® Depending on the biological
context and sensitivity of the assay, multi-ancestral tumors have been
observed at frequencies ranging from 10% to 100% of intestinal
tumors examined.?2265%51 However, it was unclear whether multiple
founders would co-evolve as the tumor progressed if any one founder
developed a mutation in a strong oncogenic driver (Figure 1(E)). This
study clearly demonstrates that the clone carrying an oncogenic driver
does not obligate a clonal sweep. In fact, the presence of clones with
distinct genotypes appears to facilitate tumor growth and
progression.

PI3K activation has often been considered a late event in tumor
evolution. Activating mutations in PIK3CA are seldom detected in
adenomas and are instead restricted to cancers. However, tumors
carrying activated PI3K signaling still undergo the traditional
adenoma-to-adenocarcinoma transition, albeit likely at an increased
rate.>? In addition, these mutations are often detected within only a
subset of tumor cells.®>> When driver mutations with a significant com-
petitive advantage arise within a subset of tumor cells, some in silico
models predict that these cells can rapidly outcompete other nearby
clones and thus expand to detectable levels within large tumors.>® If
PI3K drives clonal sweeps, however, our endogenous tumor model in
which PI3K mutations can be present when the tumor initiates should
not result in any heterotypic tumors. Contrary to this possibility,
tumors were frequently heterotypic. Our data would therefore indi-
cate that the frequent presence of PI3K within a subset of tumor cells
might not be a consequence of late arrival but rather an important
early event during tumorigenesis.

A surprising observation was that heterotypic tumors were more
invasive than homotypic green tumors. The mixture of tumor cells
with a risk of malignant transformation (green—fully functional APC
activity lost and PI3K activated) and tumor cells with a relatively low
risk of malignant transformation (red—fully functional APC activity
lost) resulted in a greater invasion of even the green cells. Other stud-
ies of clonal architecture made similar observations. Marusyk et al.1°
demonstrated that tumors can be driven by a sub-population of cells
that does not have higher fitness, but instead stimulates the growth
of all tumor cells non-cell autonomously by inducing tumor-promoting
microenvironmental changes.

Our study has implications for the clinic. The research team of
Dr. Liskay reported that a critical mass of Apc-deficient cells must
form to efficiently establish a tumor.2° They argued that one way to
expand is the coalescence of two independent fields. Our earlier work
indicates that it is not coalescence but the recruitment of neighboring
cells. Understanding the recruitment process could reveal new targets
for prevention. The recruitment process is not disrupted by a founding
cell and its progeny cells having a strong driver mutation. Our findings
are also likely relevant to treatment. Animal models in which tumors
can be heterogeneous are critical to preclinical testing that more accu-
rately predicts drug efficacy in the clinic. Autochthonous mouse
models that have been employed for testing are typically predisposed

to cancer because of a genetic alteration in a single gene and all the
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cells in the tumor harbor the mutation. Treatments designed to target
a specific alteration often elicit dramatic results because most, if not
all cells, in a tumor respond. Our results indicate that tumor response
will likely depend on the clonal architecture of a tumor especially
when a tumor is composed of susceptible and resistant cells. We dem-
onstrated that the response to low-dose aspirin was impacted by the
genotype of neoplastic cells of the tumor.

Our study has limitations. The Min mouse is a model of familial
adenomatous polyposis which is a hereditary form of colorectal can-
cer. Data are steadily accruing indicating that tumors with a multi-
ancestral architecture can form in patients with sporadic disease.
Our findings are likely not only relevant to hereditary forms of colo-
rectal cancers. Another limitation of our study is that Cre recombina-
tion is not equally efficient for all transgenes in all cells.>* However,
tumors labeled with tdTomato were similar in frequency and size to
tumors from control animals that lacked Pik3ca* expression, and
tumors labeled with EGFP were significantly larger and more inva-
sive than those that lacked EGFP expression. In addition, the patch-
work of red and green cells remains stable across age groups, and
cells were never observed to change color after tracking
299 organoids for 7 days in in vitro experiments (this study) or in
previous long-term longitudinal in vivo experiments, indicating that
once a clone is labeled with EGFP or tdTomato that label is not likely
to change.®? Therefore, regardless of the genetic status of the indi-
vidual clones, heterotypic tumors were likely truly multi-ancestral in
origin.

In the age of genomics and sequencing, a major focus of cancer
research is upon identifying the genetic aberrations within clones.
This focus emphasizes genetic heterogeneity as a potential mecha-
nism for tumor adaptability and survivability; in the presence of insults
such as immune system activation, hypoxic conditions, or chemother-
apy, a genetically heterogeneous tumor has numerous opportunities
to contain a pre-existing resistant clone. In this view of tumor hetero-
geneity, each clone exists independent of all other clones. Another
component of tumor heterogeneity, however, is cooperation between
clones.>® Just as intercellular interactions are critical to angiogenesis
and immune escape, interclonal interactions likely contribute to tumor
malignancy.1° Identifying and understanding the biological mechanism
and repercussions of these interclonal interactions might therefore
lead to the discovery of effective novel prevention and treatment

strategies.
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