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enhanced by PIK3CA mutations in colorectal cancer cells
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Abstract

This study was designed to determine how aspirin influences the growth kinetics and
characteristics of cultured colorectal cancer (CRC) cells that harbor a variety of different
mutational backgrounds, including P/IK3CA and KRAS activating mutations and the presence or
absence of microsatellite instability. CRC cell lines (HCT116, HCT116+Chr3/5, RKO, SW480,
HCT15, CACO2, HT29, and SW48) were treated with pharmacologically relevant doses of aspirin
(0.5-10 mM) and evaluated for proliferation and cell cycle distribution. These parameters were
fitted to a mathematical model to quantify the effects and understand the mechanism(s) by which
aspirin modifies growth in CRC cells. We also evaluated the effects of aspirin on key Gy/G; cell
cycle genes that are regulated by PI3K-Akt pathway. Aspirin decelerated growth rates and
disrupted cell cycle dynamics more profoundly in faster growing CRC cell lines, which tended to
be PIK3CA-mutants. Additionally, microarray analysis of 151 CRC cell lines identified important
cell cycle regulatory genes downstream targets of PIK3, which were dysregulated by aspirin
treatment cycle genes (PCNA and RB1, p<0.01). Our study demonstrated what clinical trials have
only speculated, that PIK3CA-mutant CRCs are more sensitive to aspirin. Aspirin inhibited cell
growth in all CRC cell lines regardless of mutational background, but the effects were exacerbated
in cells with PIK3CA mutations. Mathematical modeling combined with bench science revealed
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that cells with P/IK3CA mutations experience significant Go/G; arrest and explains why patients
with PIK3CA-mutant CRCs may benefit from aspirin use after diagnosis.

Keywords
Aspirin; chemoprevention; acetylsalicylic acid; colorectal cancer; cell cycle; PIK3CA

INTRODUCTION

Colorectal cancer (CRC) affects nearly 5% of the population, and was responsible for
~140,000 new diagnoses and ~50,000 American deaths in 2013. Epidemiological and
clinical studies suggest that cyclo-oxygenase (COX)-2 inhibitors (1) and non-steroidal anti-
inflammatory drugs (NSAIDs) (2), including aspirin, are effective at prolonging CRC patient
survival after initial diagnosis (3—10). However, aspirin is associated with dose-related side
effects, particularly gastrointestinal bleeding. Therefore, aspirin has the potential for wider
use for preventing relapse in CRC patients if benefits can be predicted. The multiplicity of
cellular effects of aspirin and the heterogeneity of the genetic backgrounds among all CRC
patients (11) have challenged its routine implementation to prevent disease reoccurrence.

The CAPP2 trial by Burn et al. demonstrated that 600 mg/day of aspirin for 2 years resulted
in 63% reduction in CRC incidence, and 59% mitigation in CRC-associated mortality during
a 55.7 month follow-up (12). Interestingly, no change in CRC or adenoma risk was detected
in the trial’s first four years (13) suggesting that aspirin prevents CRC after extended
exposure, but not adenoma development following a short-term treatment duration. These
findings suggest that aspirin may more profoundly affect the mutational events occurring at
later stages of the multistep genetic model for CRC carcinogenesis. This model postulates
that tumorigenesis proceeds initially through the adenoma-to-carcinoma transition (14) by
disabling WN/T signaling (most often through APC inactivation), followed by progression to
the intermediate adenoma stage by triggering activating mutations in the KRAS or BRAF
genes (15). This process is followed by further loss of the SMAD genes or gain of PIK3CA
function through activating mutations (15,16), and finally undergoing the adenoma-to-
carcinoma transition, often through biallelic loss of p53(17). The inactivation of DNA
mismatch repair (MMR) genes in CRCs provokes a distinct downstream series of mutational
events that also contribute to tumorigenesis (18,19).

A molecular-pathological epidemiological study concluded that aspirin improves survival
and inhibits recurrence in CRC patients who harbor activating mutations in the PIK3CA
gene and suggests that patients with wild-type tumors may not benefit from aspirin use (20).
Aspirin’s effectiveness against P/K3CA-mutant tumors raises questions about the
involvement of upstream activators of the PI3K-Akt pathway in colorectal carcinogenesis.
To the best of our knowledge no study has compared aspirin’s relative effectiveness between
cells with activating P/IK3CA mutations vs. wild-type CRC cells, and no study has
speculated on the mechanisms involved in aspirin-mediated chemoprevention in such a
scenario.
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The present study was designed to elucidate aspirin’s cellular growth inhibitory effects on
cell cycle dynamics in a panel of CRC cell lines with dysfunctional DNA MMR, KRAS
mutations, or constitutively active PIK3-Akt pathway. Our goals were to obtain systematic
and comprehensive data on cellular kinetics of aspirin-treated CRC cells, and fit these
cellular responses in a mathematical model that quantifies these effects of aspirin within the
context of different mutational backgrounds, and propose a mechanism that might help
explain why aspirin is effective in a specific CRC patient population vs. others. We
hypothesized that aspirin inhibits CRC cell growth by disrupting the expression of cell cycle
regulatory genes to varying degrees based on specific mutational backgrounds. Improved
understanding of the molecular mechanisms by which aspirin prolongs survival (post
diagnosis) and exerts its chemopreventive effects is critical to identifying whether a specific
subset of CRC patients may benefit more from its prophylactic use — an observation that has
significant clinical implications in managing this fatal malignancy.

MATERIALS & METHODS

Cell Lines and viability measurements

A panel of eight CRC cell lines (HCT116, HCT116+Chr3/5, RKO, SW480, HCT15, Caco2,
HT29, and SW48) with known mutational backgrounds (21-23) were obtained from
American Type Culture Collection (Table 1). HCT116+Chr3/5 cells were corrected for
MMR deficiency by stable transfer of chromosome 3 and 5 and in parental HCT116 cells
(24). All cells were authenticated by genetic profiling. HCT116 cells with PIK3CA kinase
domain mutant allele (H1047R) knockout were purchased from Horizon discovery
(Cambridge, UK). Cells were grown as monolayers in Iscove’s Modified Dulbecco’s
Medium (IMDM) (Life Technologies, Carlsbad, CA) supplemented with 10% fetal calf
serum (Life Technologies), and 1X penicillin, streptomycin (Life Technologies) at 37°C in
5% CO». Cells were trypsinized (Life Technologies), harvested and washed with ice cold
PBS (Life Technologies) every 12 hours up to 108 hours (Figure 1). For cell viability
measurements, cells were plated at a density of 12,000 cells/well 24 hours before aspirin
treatment and dead and live cell numbers were determined via trypan blue exclusion assay
using an automated cell counter, Countess Il (Life Technologies). All experiments were
performed in triplicates and each experiment was repeated at least three times.

Antibodies and reagents

Aspirin (Sigma-Aldrich, St. Louis, MO) was dissolved in cell culture media at a dose range
of biologically relevant and previously reported doses (0—10 mM). Similarly 5-FU (Sigma-
Aldrich) was dissolved in DMSO (Sigma-Aldrich) and diluted in cell culture media at a dose
range of 0-10 uM). All experiments were performed in triplicate. Total cell lysates were
obtained by lysing monolayers of cells in RIPA buffer (50mM Tris base, pH 7.5, 150 mM
NaCl, 0.1% sodium dodecyl sulfate, 0.5% sodium deoxycholate, NP-40 and 1 mM EDTA
(Sigma-Aldrich)), with protease inhibitors (1 mM phenylmethanesulfonyl fluoride, aprotinin
and Leupeptin; Sigma-Aldrich), and phosphatase inhibitor cocktail 3 (Sigma-Aldrich).
Protein lysates were clarified by centrifugation at 15,000 rpm for 15 minutes at 4°C and then
sonicated for 10 seconds on ice using Sonifier 150 (Branson Ultrasonics, Danbury, CT).
Western blots were performed by denaturing equal amounts of proteins (30 pg) in SDS-
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sample buffer and resolved on 10% Acrylamide/Bis gels (Bio-Rad Laboratories, Hercules,
CA). Proteins were transferred onto a Hybond-P (Amersham Pharmacia Biotech, Uppsala,
Sweden) PVDF membranes in Tris Glycine buffer and 20% methanol for 16 hours.
Membranes were blocked in 5% nonfat milk and phosphate-buffered saline (PBS) for 1
hour, and stained with primary antibodies and specific horseradish peroxidase (HRP)-
conjugated secondary antibody following manufacturers’ protocols. Chemoluminescence
was detected using Pierce ECL Plus (Thermo Fisher Scientific, Waltham, MA). Antibodies
were diluted in PBS containing 5% nonfat milk and 0.05% NaN3. The following antibodies
were used: anti-B-actin (AC-15) mouse monoclonal antibody (mADb), anti-cyclin D1 (A-12)
mouse mAD, anti-ATM (2C1) mouse mAb, and anti-PCNA (PC10) mouse mAb. All
antibodies were purchased from Santa Cruz Biotech (Santa Cruz, CA) except for anti-
retinoblastoma protein mouse mAb (BD Pharmingen, Sigma-Aldrich).

Flow Cytometry Analysis

Cells were harvested every 12 hours, washed in PBS, and fixed in 70% ethanol at —20°C for
more than 3 hours; subsequently, fixed cells were removed from ethanol by centrifuging for
5 min at 5,000 rpm and resuspended in PBS, and then re-spun and once again suspended in
propidium iodide following manufacturer’s instructions (Merck Millipore, Billerica, MA).
Cells were stained at room temperature in the dark for 30 min. DNA content and cycle
distribution were evaluated via flow cytometry using the Muse® Cell Analyzer (Merck
Millipore).

Mathematical Modeling

The model, explained in the Results section, was fit to the experimental data and the best
fitting parameters were determined by employing the standard least squares procedures
using Berkeley-Madonna™ software (Berkeley, CA). Determining the best fitting
parameters requires an independent estimate of the parameter a., the rate at which stained
dead cells become undetectable in culture. Cells begin to disappear in solution once they
develop apoptotic bodies and begin to fragment. Therefore, our assay will no longer ‘count’
these cells because the cell fragments would become too small. Quantity 1/a is the mean
time for a cell to go from being detected as apoptotic to disappearing from the culture; a
reasonable range for this quantity is between 2 and 24 hours (25). We implemented the
following approach to estimate the values of a. First, the parameter -y (the net growth rate of
cells) was found for each cell line and condition by the simultaneous linear regression of the
data on both live and dead cells. The constant y-was determined such that the function yeY?
provided the best exponential approximation of the dynamics of the dead cells. The
dynamics of y comprises two processes: the initial influx of dead cells caused by plating and
subsequent continuous production of dead cells from the population of live cells (with
constant removal at rate a.). The values of parameter a measure how long the population of
dead cells takes to lose information about their initial condition and settle to their
exponential behavior; this follows from examining the analytical solution for }(#) given by

il t_ —at —at . .
y(t)ﬁ(ﬁ — e "")+yoe” " Based on this idea, we can estimate parameter a by

measuring how long it takes for the population of dead cells to approach an exponential.
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For each cell line, we constructed the relative difference between the true dynamics and the
exponential dynamics, Q=(y- ye¥)/(y€?), where ystands for the measured data.
Determining the time this quantity takes to decay to relatively small numbers depends on our
choice of the smallness threshold, s. Then for each data point for a given cell line we can
count how many points (starting from t=0) satisfy Q>s. Since the measurements were
performed every 12 hours we can calculate the characteristic decay time, 1/a. This
procedure was repeated for a range of s values from 0 to 1. Therefore, an estimate for the
parameter a is between 0.06 and 0.08.

RNA was extracted using RNeasy® Plus Mini Kit (Qiagen, Valencia, CA). gRT-PCR was
performed using the QuantStudio 6 Flex Real-Time PCR system (Life Technologies) with
the Fast SYBR Green Master Mix and High Capacity Reverse Transcription Kit (Applied
Biosystems, Waltham, MA). All reactions were carried out in 10 pL volumes in duplicate.
The relevant gene expression was determined by normalizing the values obtained to p-actin
expression. Primer sequences were generated using PerlPrimer software (26) (Supplemental
Table) and were evaluated /n silico using the UCSC Genome Browser (http://
genome.ucsc.edu/) (27).

Microarray analysis

Microarray expression data (GSE59857) were uploaded via the GEOquery package in R
programming language (28) to comprehensively analyze gene expression in 151 CRC cell
lines and then to identify key cell cycle genes frequently dysregulated by the PIK3-Akt
pathway. Uploaded data were loess normalized using the R Lumi package (29). Additional
filtering was conducted via present in at least one (PALO) filter with a 0.01 threshold as well
as low varying probes (SD <0.25). One way ANOVA model was conducted to model the “8
or 9 conditions” for differential gene expression. Linear contrasts were used to conduct the
various hypothesis tests between “conditions”.

Xenograft experiment

The 7 week-old male athymic nude mice (Envigo, Houston, TX) were housed under
controlled conditions of light and fed ad /ibitum. CRC derived xenograft tumors were
generated by subcutaneously injecting 2x108 HCT116 or HCT116 PIK3CA kinase domain
mutant allele (H1047R) knockout cells suspended in Matrigel matrix (BD Biosciences,
Franklin Lake, NJ) into flanks of mice using 27-gauge needle (n = 12 per group). Tumor size
was measured every day by calipers for 12 days. Mice were then gavaged daily with aspirin
and vehicle (100 mg/kg, 300 mg/kg body weight aspirin suspended in water with 1% methyl
cellulose) daily. Tumor volume was calculated using the following formula: 1/2(length x
width x height), then normalized to vehicle treated animals as percentage. The animal
protocol was approved by the Institutional Animal Care and Use Committee, Baylor
Research Institute, Dallas, Texas.
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Statistical Analysis

RESULTS

Graphpad Prism 6.0 software (Graphpad Software, San Diego, CA) and Microsoft Excel
were used to generate p-values and sigmoidal dose-response curves. All data was analyzed
using Student’s T-test and a p-value of <0.05 was considered statistically significant.

Effect of aspirin on the kinetics of cell growth

Aspirin treatment was assessed /n7 vitro using increasing doses (0.0, 0.5, 1.0, 2.5, 5.0, and 10
mM) and several time points over a duration of 108 hours (Figure 1A). These doses were
chosen empirically from the half-maximal effective concentrations (ECsp) of aspirin
(Supplemental Figure 1). The proportion of viable cells as a function of time is plotted in
Figure 1B for all cell lines treated with various doses of aspirin. We calculated net growth
rates for all cell lines and doses by measuring the number of viable cells as a function of
time (Supplemental Figure 2); which led us to determine the maximum aspirin dose for
subsequent experiments.

To quantify the Kinetic parameters that characterized the effect of aspirin on cellular growth,
a mathematical model was developed to fit these data. The model was given by a set of
ordinary differential equations that described the time evolution of live and dead cells:

i=(r —d)z, (1)

y=dx — ax,

where x represented the number of live cells and y for the number of dead cells stained with
trypan blue. Parameters were: 7, the division rate of cells; d, the death rate of cells; and a,
the rate at which dead cells fragment and become too small to count using an automated cell
counter. When fitting the model to the data, the residual sum of squares error between
observation and prediction was minimized, yielding the best fitting parameters (see
Materials & Methods for details).

The net growth rate of the cells was given by y=r-d, and was plotted against aspirin dose for
all experiments in Supplemental Figure 3. The cellular growth rates and aspirin dose were
highly significant, but demonstrated an inverse correlation (Supplemental Figure 3A). Most
of this negative correlation was explained by the variations in the rate of cell division, r,
which also displayed a similarly significant negative correlation with aspirin dose
(Supplemental Figure 3B). Overall, cell death rates and aspirin doses yielded a significant
positive correlation (Supplemental Figure 3C).

Correlates of aspirin sensitivity

We investigated the extent to which cell lines were sensitive to aspirin and identified the
determinants involved. PIK3CA gene mutated cell lines (HCT116, HCT116+Chr3/5, RKO,

Cancer Prev Res (Phila). Author manuscript; available in PMC 2018 March 01.
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HT29, and HCT15) were significantly more responsive than wild-type cells (SW480, Caco2,
and SW48), regardless of MMR status or KRAS gene mutations (Figure 2A). These data
illustrated that aspirin appeared to affect cancer cells differently depending on PIK3CA gene
mutational status, however it only represented the final time point. To compare both groups
of cell lines at all ten time points and determine at which time point the P/IK3CA-mutant
cells lines begin to demonstrate higher sensitivity to aspirin, the effects of aspirin at all doses
needed to be condensed into a single metric. This calculation was import to perform because
we needed to illustrate our unique mathematical model and combine many different factors
to comprehensively describe the effects of aspirin on CRC. A single metric would then allow
the overall effect of aspirin to be plotted against time. This was done by plotting the number
of live cells against all aspirin doses and generating a separate trend line for each time point
and cell line. The value of the corresponding slope was, therefore, a measure of cell line
sensitivity (or ‘aspirin sensitivity’): the higher the value, the more pronounced the negative
effect of aspirin on cell growth. The aspirin sensitivity was then plotted for each cell line at
every time point (Figure 3A). Aspirin sensitivity became significantly different between
PIK3CA-mutant and wild-type cells starting at hour 72 (p=0.008; Figure 3A). Likewise,
Figure 3B depicts aspirin sensitivity (as defined in Figure 3A) as a function of the cell
growth rate in the absence of aspirin, for the eight cell lines. The five curves correspond to
the last five time-points in the experiment, beginning at hour 60. The natural growth rate of
each cell line (in the absence of aspirin) appeared to dictate the magnitude of response to
aspirin. Therefore, we calculated the aspirin-related reduction of net growth rates in various
cell lines (parameter 7, see Materials & Methods) and discovered that it correlated with the
cells” growth rate in the absence of aspirin (Figure 3C). In other words, the faster the net
growth rate (in the absence of treatment) the more responsive the cell line was to aspirin.

Next, in order to confirm that aspirin was indeed more effective against CRC cell lines with
PIK3CA mutations, and did not only target faster growing cells, we investigated the effects
of various doses of 5-fluorouracil (5-FU), a common DNA damaging chemotherapeutic
agent, on cellular proliferation (Supplementary Fig. 4A). When cells lines were grouped by
PIK3CA mutational status, no differences were observed between mutated vs. wild type
groups of cell lines (Supplementary Fig. 4B). This suggested that proliferation rates are not
the sole determinant of exogenous growth inhibition. Furthermore, we tested aspirin’s
sensitivity in isogenic pairs of HCT116 cells with or without P/IK3CA-mutant
(Supplementary Fig. 5A). As expected, HCT116 cells with mutant P/K3CA had higher
sensitivity to aspirin when compared to those with wild type PIK3CA (Supplementary Fig.
5B). Collectively, these data support our finding that cells with mutant P/K3CA are more
sensitive to aspirin.

Aspirin inhibits PIK3CA mutant tumors more effectively than the wild type tumors in an
animal model

In order to confirm our in vitro findings, we generated xenograft tumors using HCT116 cells
with or with PIK3CA-mutation. We then gavaged the animals with two different doses of
aspirin (100 and 300 mg/kg body weight) every day (Figure 4A). Aspirin significantly
inhibited tumor growth in both P/IK3CA-mutant and wild type tumors (Figure 4B). In
particular, aspirin more significantly inhibited tumor growth of PIK3CA mutant tumors
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compared to tumors with wild type P/IK3CA (Figure 4C). These data collectively support
our /n vitro finding that aspirin is more effective against P/K3CA-mutant tumors /n vivo.

Amount of cell cycle arrest explains the effect of aspirin on cell growth

Our analysis found that aspirin significantly reduced the growth of all CRC cell lines and
this effect of aspirin was greatest on the faster growing cell lines with P/K3CA gene
mutations. To further explore these findings, we analyzed cell cycle dynamics at every time
point and dose of aspirin for each cell line. Next, we plotted the percent of cells in Go/G;
cell cycle phase as a function of the aspirin dose for each cell line and for each time point.
The Figure 5A and Supplemental Figure 6 show the percentage of cells in Gog/G1 phase at a
particular time (96 h) as a function of the aspirin dose for each cell line. Calculating the
slope of the linear regression over time demonstrates how strongly aspirin affects the
percentage of Go/G cells. Figure 5B illustrates these slope values for all the cell lines over
all time points. As shown, we observed distinct clustering of cell lines depending upon their
PIK3CA mutational status; whereby, PIK3CA-mutant cell lines were significantly more
responsive to aspirin compared to the wild-type cell lines. We next determined the statistical
significance of grouping the cells by their P/K3CA status; again, we observed a more
significant response to aspirin in cell lines with a PIK3CA mutation vs. wild-type status
(Figure 5C). On similar lines, Figure 5D highlights how the magnitude of the effect of
aspirin correlates with the natural growth rate of cells in the absence of aspirin.
Corroborating our earlier findings, cells with a P/K3CA gene mutation had a faster growth
rate in the absence of aspirin compared with wild-type cell lines. All PIK3CA-mutant cell
lines demonstrated a dose dependent increase in Go/G1 cell cycle arrest, while the PIK3CA-
wt cell lines did not, and a more pronounced cell cycle arrest was observed for cell lines that
grew faster in the absence of treatment, which tended to be the P/IK3CA-mutants.

PI3K-Akt pathway dysregulation results in differential regulation of cell cycle regulatory

genes

The phosphatidylinositol 3-kinase (PI3K)-Akt pathway regulates cell survival through
cellular proliferation and metabolic processes and it is constitutively activated in over a third
of CRCs due to mutations in coding exons of PIK3CA (30) or mutational silencing of the
PTEN gene (31). A comprehensive explanation of mechanisms that contribute to aspirin
sensitivity in cells with P/IK3CA mutations is yet to be established. To help answer this
question, we used a bioinformatics approach to explore cancer-associated pathways
differentially expressed in P/IK3CA mutated vs. wild-type CRC cells. PTEN normally
antagonizes the PI3K-Akt-mTOR pathway (32); therefore, to fully explore cancer-associated
gene dysregulation by the PI3K-Akt axis, we extended our analysis to include PTEN null
CRC cells for determining the role of the PTEN gene in response to aspirin. The GSE59857
dataset was obtained from NCBI’s Gene Expression Omnibus (GEO) (33) to identify cell
cycle genes differentially regulated in the context of PI3K-Akt dysregulation. This dataset
comprised of expression data for 151 CRC cell lines, 30 of which harbored P/IK3CA
mutations, 21 were PTEN null, and two had concurrent mutations in both genes. The
microarray expression data (GSE59857) were uploaded via the GEOquery package in R
programming language, normalized, and filtered to detect differential gene expression (See
Materials and Materials & METHODS; Figure 6A). Differentially expressed genes were
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further filtered with a cut-off of £0.3 fold-change and p<0.05. Hierarchically clustering
segregated the cell lines into two major groups. Fisher’s exact test confirmed that ‘Group 2’
was indeed enriched for cell lines with PIK3CA/PTEN mutations while ‘Group 1’ was not.
Differentially expressed genes were interpreted biologically for higher-level system
functions by mapping into the KEGG (Kyoto Encyclopedia of Genes and Genomes)
Pathway database (34). Our analysis identified PI3K-Akt among the top ranked cancer-
associated pathways, which confirmed the appropriateness of our gene selection criteria
(Figure 6B). Our analysis also identified several bona fide cell cycle genes regulated by the
P13K-Akt signaling cascade, such as ATM (35), BUB1 (36), CCND3(37), E2F3(38),
PCNA (39), RB1 (40) IRBL1IRBLZ, SKP1, and SKP2(41). Analysis of this dataset
identified several cell cycle-related genes that are down-stream targets of the PI3K-Akt
pathway.

Aspirin dysregulates PI3K-Akt-regulated cell cycle genes

Aspirin induces changes to ribosomal gene expression in PIK3CA-mutant HT-29 cells (42).
To determine whether aspirin potentially targets cell cycle-related genes regulated by the
P13K-Akt pathway, transcriptional changes of identified targets were measured using 2.5
mM aspirin treatment for 48 hours in HCT116 and SW480 cells. This concentration was
deemed optimal for determining the difference in responses between P/K3CA mutant and
wild-type cells (see Figure 2). Several cell cycle associated genes (BUB1, SKPZ, PCNA,
RBL1, CCND3, SKP1, and RB1 were downregulated significantly in HCT116 cells upon
aspirin treatment, much more than that seen in cells with wild-type PIK3CA (Figure 6C). It
should be noted that SKP2and PCNA were also downregulated in SW480 cells, however
this effect was much less pronounced than in HCT116 cells. RBL2was upregulated in both
cell lines, while A7TMand E£2F3did not change significantly. The results of this experiment
demonstrated that cell cycle genes regulated by the PI3K-Akt pathway were significantly
more sensitive to aspirin in PIK3CA mutated HCT116 cells, compared to PIK3CA wild-type
SW480 cells. Western blots were performed to determine if protein expression in response to
aspirin was affected in these two cell lines. We noted that PCNA and Rb oncogenes were
both downregulated in response to aspirin treatment in the HCT116 cells (Figure 6D).
Likewise, the expression of cyclin D1 was markedly downregulated in both cell lines
following aspirin exposure, further supporting the observations for observed cell cycle arrest
in these cell lines. Taken together, we observed a significant concordance between gene and
protein expression for various cell cycle-related genes in both cell lines treated with aspirin.

DISCUSSION

This study was a unique effort to comprehensively understand aspirin-induced
chemoprevention in CRC, the underlying kinetics of cell growth inhibition, and the impact
of aspirin responsiveness on differing molecular backgrounds. Herein, we firstly
demonstrated that aspirin negatively affected the growth of a comprehensive panel of tumor
cell lines and clearly revealed that the extent of growth inhibition depends on the molecular
characteristics of each cell line. These /n vitro findings were subsequently validated in a
xenograft animal model. Furthermore, we determined that pharmacologically relevant doses
of aspirin reduced cell growth primarily by decreasing the rate of cell division, increasing
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Go/G1 arrest, and causing cell death. Most profoundly, this effect of aspirin inhibition of cell
growth was more pronounced in cells that inherently grow faster, and these very same cells
had P/IK3CA gene mutations. Greater sensitivity to aspirin upon rapidly dividing cells is
biologically relevant to drug interference, because faster growing tumors commonly respond
better to chemotherapy than slow growing tumors. It is possible that heightened sensitivity to
aspirin in cells with PIK3CA gene mutations was a consequence more rapid cell division.
Alternatively, mutations in the P/IK3CA gene may directly affect cell lines by rendering them
more sensitive to aspirin inhibition. However, this question could not be resolved in the
present study. An intriguing aspect of our results was that relatively low doses of aspirin
inhibited cell growth, which was most pronounced in the P/IK3CA-mutant cell lines. These
observations corroborate the findings of Liao et al. who noted that patients with P/IK3CA-
mutated cancers survived longer than those with wild-type P/K3CA tumors when taking
aspirin. This study highlighted that heterogeneity in cellular responses to aspirin may be
very important to better tailor aspirin use in cancer prevention and treatment.

Cell lines with PIK3CA mutations underwent more acute Go/G, arrest upon aspirin
treatment when compared to those without similar mutations. Our findings strongly suggest
that aspirin profoundly inhibits cells with mutations that occur in late adenoma development
(15). Furthermore, our mathematical modeling approach supports the hypothesis that
specific genetic variants or mutational backgrounds are major determinants of aspirin’s
effectiveness and indicates that patients with unregulated PIK3-Akt activity may have a
more desirable risk-benefit response from aspirin.

The relationship between genetic variants and the chemopreventive use of aspirin is not
limited to patients with CRC with PIK3CA mutations. A genome-wide analysis of the
interactions between single-nucleotide polymorphisms (SNPs) and aspirin use in relation to
CRC risk identified two SNPs on chromosome 12 and 15 that differentially correlate with
aspirin and NSAID effects on CRC prevention. One is located upstream from the
phosphatidylinositol-4-phosphate 3-kinase catalytic subunit type 2 gamma (P/IK3C2G),
which belongs to the PI3K family (43) and therefore is particularly relevant to our study.
Aspirin and/or NSAID use associated with reduced risk of CRC among individuals with this
genotype.

We must account for the limitations in our experimental methods. KRAS mutations may
activate the PI3K-Akt pathway, thus, it diminishes our ability to use microarray to discern
genes that are dysregulated by constitutively active PI3K-Akt alone. Amplifications of
PIK3CA have been reported (44); however, our cell line panel did not include any with
PIK3CA amplifications; therefore we cannot comment on the effect of aspirin on CRCs with
similar alterations. We cannot discount the possibility that contact inhibition and spatial
restrictions of the cells confound growth dynamics at later time points. We minimized these
confounders by seeding each cell line at the lowest possible concentration that could still be
assessed for viability, cell numbers, and cycle analysis. While the present study focused
primarily on the effects of aspirin on PIK3CA mutations, aspirin has been known to
modulate several key molecular pathways including COX-mediated inhibition of PGE2, and
serves as an immune-modulator (45,46). Also, /n vitro experiments may not recapitulate /n
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vivo studies, although certainly the results from the human studies (3-5,7-9,47) mentioned
above are strong proof that our findings are relevant in humans.

The potential short-term or long-term toxicity of aspirin has discouraged routine clinical use
despite many studies demonstrating its benefits for patients after a diagnosis of CRC. The
doses used in our study are clinically relevant because they correspond to salicylate
concentrations found in the plasma of human patients who use aspirin to control arthritis
(48): salicylate and other salicylate metabolites derived from the rapid hydrolyzation of
aspirin under /in vivo (49) and /n vitro (50) conditions. However, this comparison is relatively
ersatz because /n vitro systems are inadequate substitutes for replicating the metabolic
conditions found in epithelial and tumor tissues. Furthermore, we acknowledge that the
aspirin concentrations used in the study might not reflect physiological doses used for
clinical purposes as a chemopreventive agent. However, the primary purpose of this study
was to investigate the effects of aspirin on CRC cell proliferation, where we were not
surprised that a high dose of aspirin was needed to alter the cancer cell growth. Nevertheless,
the concentrations used in the study were consistent to that of previous studies (51-54). In
addition, the time of aspirin exposure to cancer cells in our model is shorter than that
practiced during long-term clinical use.

Our study elegantly represented the effect of aspirin on an already growing tumor cell
population. It is possible that the reduction of an already growing tumor cell population
constitutes an important mechanism by which aspirin delays the growth of tumors to
undetectable levels. Aspirin might, however, also act by modulating cellular processes in
healthy tissues, reducing the probability that a successfully growing tumor is generated in
the first place. This is one aspect of the action of aspirin we currently are investigating. It
will be important to merge the effect of aspirin on these two phases of carcinogenesis in
order to obtain a greater understanding of the role of aspirin in chemoprevention. It is,
however, currently unclear whether the PIK3CA mutation status per se that determines
cellular sensitivity to aspirin or whether it primarily is driven by the natural division rate of
tumor cells. This needs to be investigated further, perhaps investigating the effect of aspirin
on cell growth in tumor cells with other mutations that are carcinogenic in future studies.
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Aspirin-mediated growth inhibition is dose dependent for all cell lines studied. A)

Experiment timeline of aspirin treatment and cell line harvesting. B) Growth curves for 8
CRC cell lines, 6 concentrations of aspirin, and 10 time points. Each point represents
average of three experiments. T, PIK3CA-mutant cell lines.
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Increased sensitivity to aspirin in PIK3CA-mutated cell lines. Differences in MMR and
KRAS status did not result in differential aspirin response; however, PIK3CA-mutant cells
were more sensitive than wild-type cells at low doses (0.5, 1.0, and 2.5 mM) of aspirin after
108 hours of treatment. Student’s T-test was performed to determine significance. Error bars
represent + standard error of the mean (SEM) of grouped cell lines. *, p value <0.05 and **,

p<0.01.
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The effect of aspirin on the number of viable cells. A) The slope values of the number of
viable cells with respect to all aspirin doses (aspirin sensitivity) normalized with the number
of viable cells in the absence of aspirin and plotted at each time point. The different curves
correspond to different cell lines. The red curves are mutant P/K3CA cell lines and the blue
lines are wild-type. B) Aspirin sensitivity compared to the natural growth rate in the absence
of aspirin. The different curves correspond to different time points. For all of these time-
points, the negative correlation is statistically significant with p-value <0.05 (starting with
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t=72 h, p<0.01). The cell lines are labeled next to their growth rates. C) The effect of aspirin
on the calculated net growth of cells (parameter -y, described in the Results) as a function of
the growth rate in the absence of aspirin. Each point corresponds to a single cell line. The
linear regression line is also plotted (p<0.05). All cell lines are included except line SW48,
which fails to grow at high aspirin doses. Student’s T-test was performed to determine
significance. Error bars represent £ SEM of grouped cell lines. *, pvalue <0.05 and **,
p<0.01.
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Aspirin is more sensitive to PIK3CA-mutated tumors. A) Graphical representation of aspirin
treatment strategy B) Representation of tumor size (top) and progressive tumor volume
increase during treatment period (bottom) for wild type and mutant tumors. C) PIK3CA-
mutant cells were more sensitive than wild-type cells at (100 mg/kg aspirin) after 12 days of
treatment. *, pvalue <0.05
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cells in Gg/G; cell cycle phase with respect to all aspirin doses at t=96 hours normalized
with the % of cells in Go/G1 phase in the absence of aspirin for all cell lines. B) Slopes
(aspirin sensitivity) of Go/G arrest per aspirin dose plotted at each time point withP/IK3CA-
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(B) into two classes according to their PIK3CA status. D) The effect of aspirin on the % of
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plotted, with p=0.029. Student’s T-test was performed to determine significance. Error bars
represent + SEM of grouped cell lines. *, p value <0.05 and **, p<0.01.
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Figure 6.
Differentially expressed cell cycle genes in CRC cells with PIK3CA/PTEN gene mutations.

A) Heat map of hierarchically-clustered differentially-expressed genes filtered with + 0.3
fold-change and p<0.05 cut-off. Fisher’s exact test determined enrichment of P/IK3CA/
PTEN mutant CRC cell lines in a single group. B) Higher-level system biological
interpretation of filtered genes using the KEGG Pathway database (34). Data displayed as
the number of genes mapped to each cancer-associated pathway. (C) PI3K-Akt regulated cell
cycle genes are downregulated by aspirin. Transcriptional changes of key cell cycle genes
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were measured after 48 hours of 2.5 mM aspirin treatment. Data displayed as fold-change
(FC) from non-treated conditions. D) Western blots of PCNA, cyclin D1, ATM and
retinoblastoma proteins show downregulation at the protein level in P/IK3CA-mutant
(HCT116) and WT (SW480) cell lines. p-actin served as a loading control. Error bars
represent + SEM of grouped cell lines. *, pvalue <0.05; **, p<0.01; and ***, p<0.001.
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Table 1
Mutational background of CRC cell panel
Cell Line MMR genes PIK3CA mut?* | KRASmut?*
HCT116 MLHI-IMSH3- Yes Yes
HCT116+Chr3/5 | Corrected MLHIIMLH3 | Yes Yes
RKO Hypermethylated MLHI | Yes No
SW480 No Yes
HT29 Yes No
Caco2 No No
SW48 Hypermethylated MLHZ | No No
HCT15 MSH6- Yes Yes

*
Mutation according to the American Type Culture Collection
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