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Abstract
Purpose—Dysregulation of the phosphoinositide 3-kinase (PI3K) and Src signaling pathways
commonly occur in colorectal cancer. Mutations in the PIK3CA gene are associated with an
increase in severity of disease and worse clinical outcomes. Elevated levels of Src have been
identified in premalignant lesions and are suggested to play a central role in tumor progression.
Because these pathways appear to enhance tumor growth and metastasis, molecularly targeted
agents for both pathways are currently being evaluated in early-phase clinical trials.

Experimental Design—We used colorectal cancer cell lines and a patient-derived explant
model to investigate the efficacy of saracatinib. Mutations in the PIK3CA were evaluated to
examine the association between mutations in the PIK3CA gene and sensitivity to saracatinib.

Results—We have identified a subset of patients with a PIK3CA (exon 9 and 20) mutation with
increased sensitivity to saracatinib. A novel 3′ untranslated region (UTR) mutation was also
shown to be associated with increased sensitivity to saracatinib and have a reduced affinity for
miR-520a and miR-525a. Importantly, we show that Src inhibition reduces the interaction between
Src and p85, subsequently decreasing Akt-dependent signaling.

Conclusion—These results indicate that a personalized approach in targeting Src in PIK3CA-
mutant patients with colorectal cancers may prove effective in a subset of patients with this
genetic alteration.
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Introduction
The PI3K/Akt signaling pathway plays an integral role in modulating many different cellular
functions (1, 2). The serine/threonine kinase AKT is considered the focal point of this
pathway whereby AKT disseminates signals to downstream targets that are essential for
enhancing cellular survival and proliferation (3, 4). Activating mutations in the PIK3CA
gene commonly occur in many different cancers (5) and seem to play an important role in
tumorigenesis (6). In colorectal cancer, the PIK3CA gene (exon 9 or 20) has been
determined to be mutated in approximately 15% to 20%of the cases (7, 8). Colon cancer
cells with mutations in PIK3CA are more resistant to apoptosis (9) and have an increased
capacity to metastasize as shown in an orthotopic model (10). Clinically, mutations in the
PIK3CA gene have been shown to be associated with an increased risk in rectal tumor
recurrence (11) and with worse survival in patients with colorectal cancers (12). Because
this pathway appears to be essential for the growth and survival of many tumors, intense
drug development of inhibitors of this pathway are currently being investigated.

Dysregulation of the non–receptor tyrosine kinase c-Src has been implicated to alter a wide
range of tumor cell processes (13). Some of the downstream targets of Src include focal
adhesion kinase (FAK), a kinase that is important for cell–cell and cell–extracellular matrix
interactions and Stat-3, a kinase that enhances survival of cells and angiogenesis (14–17).
The activity of Src is tightly regulated and most cells express low levels (18). Activation of
Src requires the dephosphorylation of the tyrosine residue at position 527 and subsequent
phosphorylation of tyrosine 416, resulting in its catalytic activation (13). Although
activating mutations in Src are rare or nonexistent (19), dysregulation of Src has been shown
to be important at early stages of cancer development and perhaps even more important
during later stages of the disease (13, 20–22). The orally available drug saracatinib is a
potent Src inhibitor and has been shown to have a wide range of antiproliferative effects in
many different preclinical models (23–25). For instance, we have shown in patient-derived
colorectal cancers (23) and pancreatic (25) explant models that saracatinib treatment had
antitumor effects only in a subset of explants treated. Of note, biomarkers of sensitivity were
identified in both studies.

Currently, early-phase clinical trials involving targeted agents for both the phosphoinositide
3-kinase (PI3K) pathway and Src pathways are being investigated. Most of the studies are
unselected for biomarker(s) and consequently, either have failed (26, 27) or will not likely
find statistical benefit as the majority of these compounds will certainly only affect a small
subset of patients. Therefore, identifying biomarkers of sensitivity or resistance ultimately
will identify patients who will most likely derive benefit from treatment. In this study, we
used a patient-derived colorectal cancer explant model and have identified an association
between a mutation in the PIK3CA gene, including a novel 3′ untranslated region (UTR)
mutation and increased sensitivity to saracatinib (an Src inhibitor) in colorectal cancers.
Furthermore, we show that Src interacts with p85 and treatment with saracatinib disrupts
this interaction, subsequently decreasing the activation of AKT and downstream mediators.

Materials and Methods
Human explant xenograft model: colorectal cancer explant xenograft model

Patient-derived colorectal cancer tumor specimens were obtained from consenting patients
at the University of Colorado Hospital (Aurora, CO; COMIRB # 07-0570). The tumor
pieces were then implanted in mice [Institutional Animal Care and Use Committee (IACUC)
# 51402007(09) 2E] and expansion was carried out as previously described (28, 29). Tumors
were expanded in the left and right flanks of 5 to 6 mice (10 evaluable tumors per group).
Mice were randomized into the treatment group (saracatinib) or vehicle group when tumor
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volumes reached approximately 200 mm3. Mice were treated daily with saracatinib 50 mg/
kg and vehicle by oral gavage for 28 days. Mice were monitored daily for signs of toxicity,
and tumor size was evaluated twice per week by caliper measurements with the following
formula: tumor volume = (length × width2) × 0.52.

PIK3CA sequencing
We conducted sequencing to examine the mutational status of PIK3CA gene (exon 9 or 20)
in colorectal cancer cell lines and explants. DNA was isolated with the Qiagen DNA
Extraction Kit (Qiagen). PIK3CA exon 9 or 20 was PCR-amplified and analyzed by direct
sequencing of the products as described previously (30).

SNaPshot
PCR products were analyzed for mutations with the ABI PRISM SNaPshot Multiplex Kit
(Applied Biosystems), according to the protocol supplied by the manufacturer. The
SNaPshot method is based on the dideoxy single-base extension of unlabeled
oligonucleotide primers. For each of the mutations, a primer annealing adjacent to the
potentially mutant nucleotide was developed. All primers were designed with a similar
melting temperature and were checked for the absence of base pairing with other SNaPshot
primers.

Evaluation of Src gene copy
An Src FISH probe was developed to evaluate Src gene copy number as previously
described (30). Continuous variables for Src gene copy number were categorized and a
conservative approach was used for cell lines and explants in determining a gain in Src gene
copy number. An Src copy number of 3 or above was considered a gain and less than 3 was
considered no gain.

Determination of sensitive and resistant molecular biomarkers
Total RNA from all colorectal cancer explants were profiled with the Affymetrix HuGene
1.0 ST Array. Sample preparation and processing procedure were done as described in the
manufacturer’s manual (Affymetrix). The gene expression levels were converted to a rank-
based matrix for each micro-array. Data analyses were done on this rank-based matrix. Gene
set analysis was conducted as previously described (31). Gene set permutations were
conducted 1,000 times for each analysis. We used the nominal P value and normalized
enrichment score to sort the pathways enriched in each phenotype. We used the pathway
defined by Kyoto Encyclopedia of Genes and Genomes (KEGG; ref. 32). The Gene
Expression Omnibus (GEO) accession number is GSE36006.

Immunoprecipitation
Equal amounts of protein and volume in each group were used for the immunoprecipitation
procedures. Five microliters of anti-Src or p85 antibody (Cell Signaling Technologies) was
added to each sample followed by incubation (rotator) at room temperature for 1 hour. After
1 hour, 30 µL of protein G magnetic beads (Invitrogen-Dynal) was added to each sample
and incubated for an additional 30 minutes. The samples were boiled for 5 minutes and
loaded onto a 4% to 12% SDS-PAGE. p85 and p110 rabbit polyclonal antibodies (Cell
Signaling Technologies) were used for detection at a dilution of 1:1,000.

Immunoblotting
Forty micrograms of sample was electrophoresed on Bis–Tris precast gels and transferred to
nitrocellulose membrane. After blocking, Src, AKT, PDK, FAK, Stat-3, ribosomal S6,
p27kip1, SGK3, actin (Cell Signaling Technology), or p-FAK Tyr861 (BioSource
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International), primary antibody was added at 1:1,000 in TBS with Tween (TBST)
containing 5% bovine serum albumin. After washing 3 times with TBST, the membrane was
incubated with anti-mouse IgG horseradish peroxidase–conjugated antibody at a final
dilution of 1:50,000 in TBST. After washing 3 times with TBST, bound antibodies were
detected by enhanced chemiluminescence.

miR-520a and miR-525
A dual-luciferase UTR-binding assay was conducted according to the manufacturer’s
instructions (Promega). The 3′ UTR of PIK3CA containing the predicted miR-520a and
miR-525 target sequence (base pairs 3,323– 3,487) was amplified from genomic DNA and
cloned into the psiCHECK-2 plasmid. Perfect match primers were used in an initial round of
PCR, followed by PCR amplification of the product with primers containing XhoI and NotI
restriction sites for cloning into the psiCHECK-2 plasmid. PCR products were initially
cloned into T-Vector (Invitrogen), sequenced and selected for wild-type and mutant alleles.
Both wild-type and mutant sequences were present in the cDNA sample and thus creation of
a mutation in the binding site was not necessary; rather both alleles were cloned from the
same reaction and confirmed again by direct sequencing of the clones with the psiCHECK-2
reverse primer. The psiCHECK-2 vectors containing the region of PIK3CA, as described,
are designated psi-PIK3CA-WT and psi-PIK3CA-MUT. Inhibition of expression of the
luciferase reporter gene by miR-520a or miR-525 was assayed in HEK293 cells
cotransfected with either a vector control (psiCHECK-2) or a luciferase construct psi-
CHECK2-PIK3CA-UTR and a negative control mimic and mimics of miR-520a and
miR-525 (Dharmacon).

Statistical analysis
An unpaired Student t test was used to determine whether the means between control and
saracatinib were significant at end of treatment (~28 days). The differences were considered
significant when the P value was <0.05. All error bars are represented as the SE. A tumor
growth index (TGI) was calculated (mean tumor/mean control × 100) and a cutoff point of
50% was used to dichotomize treatment effects into sensitive (TGI < 50%) and resistant
(TGI ≥ 50%). A 2 × 2 contingency table was used to compare the association between a
mutation in the PIK3CA gene (exon 9, 20, and 3′ UTR) and sensitivity to saracatinib.
Fisher’s exact test was used to calculate statistical significance. All analyses were carried
out by GraphPad Prism version 5.0c for Windows (GraphPad Software).

Results
Association between PIK3CA mutations/PTEN-null and increased sensitivity to saracatinib
in colorectal cancer

A total of 23 colorectal cancer cell lines were previously treated with saracatinib and the
antiproliferative effects were examined by sulforhodamine B (SRB) assay (23). As shown in
Supplementary Fig. S1, the 3 colorectal cancer cell lines LS180, LS174T, and H508 had the
greatest sensitivity (IC50 < 0.5 µmol/L) to saracatinib. Examination of the PIK3CA gene
revealed that all 3 cell lines harbor a mutation within exon 9 or 20 of the gene
(Supplementary Table S1). Fisher’s exact test was conducted to compare whether a mutation
in PIK3CA gene was associated with increased sensitivity to saracatinib. As displayed in
Table 1, a significant association (P < 0.0474) between PIK3CA mutation and increased
sensitivity was evident in these cell lines. We next examined the predictive power of
PIK3CA mutation in the colorectal cancer cell lines in 17 colorectal cancer patient-derived
explants. Supplementary Table S2 shows the type of tumor, stage of disease, previous
treatment, and PIK3CA mutational status of the explants of patients with colorectal cancers.
As shown in Fig. 1A, only 2 colorectal cancer explants showed sensitivity (static effects, but
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no regression) to saracatinib (TGI ≤ 50%). Sequencing the PIK3CA gene (exon 9 and 20) in
all colorectal cancer explants revealed that both sensitive tumors CRC007 and 040 harbor a
mutation. In addition, all colorectal cancer explants were evaluated by SNaPshot that tests
more than 269 common mutations in cancer (Fig. 1). The relationship between PIK3CA and
sensitivity to saracatinib in colorectal cancer explants was evaluated by Fisher’s exact test.
As shown in Table 1, a significant association (P = 0.0441) between PIK3CA mutation and
sensitivity was identified. Combining the colorectal cancer cell lines and explants resulted in
a greater association (P = 0.0020) between PIK3CA mutation and increased sensitivity to
saracatinib (Table 1). The overall prevalence of PIK3CA mutations in this study in the
combined 40 colorectal cancer cell lines and explants was 32.5%. Finally, we compared all
PIK3CA wild-type versus PIK3CA-mutant colorectal cancer explants with respect to
percentage of TGI. A significant decrease (P = 0.0157) in the percentage of TGI was seen in
tumors with a PIK3CA mutation that were treated with saracatinib when compared with
wild-type (Fig. 1B).

We next were interested to see that whether a loss of PTEN also resulted in enhanced
sensitivity to saracatinib. The PTEN isogenic (PTEN null and PTEN wild-type) HCT116
cell line was provided to us from Dr. Volgestein’s laboratory at Johns Hopkins (Baltimore,
MD). Both the PTEN-null and PTEN wild-type cell lines were evaluated in a xenograft
model. As displayed in Fig. 2, treatment with saracatinib (50 mg/kg/d) resulted in a
significant decrease in tumor growth in the PTEN-null cell line (Fig. 2A). In contrast, no
effect with treatment was seen in the PTEN wild-type (Fig. 2B) cell line. As expected, an
increase in the activation of AKT was seen in the PTEN-null tumor when compared with the
PTEN wild-type tumor (Fig. 2C). Interestingly, Src activation was upregulated in the PTEN-
null cell line when compared with the PTEN wild-type cell line. In addition to the PTEN
isogenic cell line, we analyzed the explants for PTEN mutations and response to saracatinib.
However, all colorectal cancer explants were PTEN wild-type (Fig. 1A) and protein levels
of PTEN by Western blotting showed protein visible on the immunoblot (data not shown).
Taken together, these results indicate that mutations in PIK3CA or PTEN have enhanced
sensitivity to saracatinib in colorectal cancer preclinical models.

Effects of saracatinib on the Src and PI3K/AKT pathways
To gain further insight into the mechanism whereby treatment with saracatinib reduces the
activation of the PI3K pathway, we assessed the effects of Src inhibition on the Akt and Src
pathways by immunoblotting in the LS180 sensitive cell line. As expected, saracatinib
treatment reduced the activity of Src, FAK, and STAT-3 at all time points (0.5, 1, 4, 8, and
24 hours) examined in the sensitive LS180 cell line (Fig. 3A). In addition, treatment altered
the phosphorylation of PDK-1 (1 hour maximal decrease) and significantly decreased the
activation of Akt at 4, 8, and 24 hours after treatment (Fig. 3A). There were no differences
identified with respect to saracatinib treatment and modulation of phosphorylated/total
PTEN levels and with the activation of the AKT-independent PDK-1 target SGK-3 (data not
shown). In addition, treatment increased the levels of p27KIP1, an Akt target protein
involved in cell-cycle regulation and the phosphorylation of ribosomal S6 at 24 hours
following treatment (Fig. 3A).

We next examined the interaction between Src and PI3K (p85 and p110) in our LS180
sensitive cell line by co-immunoprecipitation studies. As displayed in Fig. 3B, treatment
with saracatinib resulted in a decrease in the interaction between Src and p85 at 30 minutes,
1, and 4 hours after treatment. Conversely, saracatinib treatment increased the interaction
between p85 and p110 at 30 minutes, 1, and 4 hours after treatment, suggesting that Src
inhibition decreases the binding of Src to p85, resulting in an increase in the interaction
between p85 and p110.
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We also investigated the AKT pathway in our CRC040 sensitive explant, HT29 resistant cell
line, and CRC020 resistant explant (Fig. 3C). Of note, HT29, CRC020, and CRC040 have
mutations in PIK3CA exon 9 or 20. Treatment with saracatinib (50 mg/kg/d) decreased the
activation of Src, Akt, and ribosomal S6 in both explants when evaluated 28 days after
treatment. Similar results were identified with respect to the activation of Src, Akt, and
ribosomal S6 in the resistant HT29 cell line. Overall, these results indicate that saracatinib
treatment not only inhibits the Src pathway but also downregulates the activation of PI3K/
AKT pathway.

Association between increased Src gene copy number and resistance to saracatinib
Previous work from our group showed a trend toward significance with SRC gene copy
number and resistance to saracatinib (23). In this study, we evaluated SRC gene copy
number in additional 7 colorectal cancer explants by FISH. Together with our previous
work, a significant association (P < 0.05) is now evident with respect to an increased Src
gene copy number and resistance to saracatinib (Supplementary Table S3). Of note, a gain in
Src gene copy was identified in conjunction with an increase in chromosome 20, showing
that the Src gene was not amplified.

Src and PI3K pathways are upregulated in PIK3CA mutant sensitive
To investigate the differences between PIK3CA-mutant–sensitive versus PIK3CA-mutant–
resistant cell lines and explants, we conducted gene array and pathway analysis. As shown
in Fig. 4, many components of the Src and PI3K pathways were upregulated (highlighted in
red; A, pathway and B, heatmap) in the PIK3CA-mutant–sensitive cell lines and explants
when compared with those PIK3CA-mutant and -resistant. Interestingly, b-Raf and
extracellular signal— regulated kinase (Erk)1/2 also had increased gene expression in
PIK3CA-mutant–sensitive (data not shown). In contrast, expression of genes involved in
cell-cycle control were increased in PIK3CA-mutant–resistant when compared with
PIK3CA-mutant–sensitive (data not shown).

A novel PIK3CA 3′ UTR (c.*19T>C) identified in colorectal cancer explants
Analysis of the PIK3CA sequence in our colorectal cancer explants revealed a novel
mutation in the 3′ UTR of the PIK3CA gene in 2 of our explants (CRC007 and CRC042).
Whereas CRC042 showed some sensitivity to saracatinib (TGI = 65%), CRC007 had the
greatest sensitivity (TGI = 23%) among all of the colorectal cancer explants tested (Fig. 5A).
Comparison of normal versus tumor tissue in CRC042 revealed that this mutation was the
result of a somatic mutation, as the mutation was not identified in the germ line (Fig. 5B).
Unfortunately, no normal tissue was available for analysis on CRC007. Evaluation of p110-
α protein levels in the colorectal cancer explants showed that CRC007 had the highest levels
of p110 protein (Fig. 5C) when compared with other explants. Because we identified this
mutation in the 3′ UTR (c* 19T>C) of the PIK3CA gene, an online search
(www.targetscan.org) was conducted to identify miRNAs that have the potential to bind this
region where the mutation is located. miR-520a-5p and miR-525-5p were predicted to be
targets of this region in the 3′ UTR (c.*19T>C). We next set out to determine whether this
mutation altered the binding of miR-520a and miR-525. We cloned the 164-bp wild-type
sequence and the 164-bp mutant sequence separately into a psiCHECK-2 vector and
conducted a dual luciferase assay 24 hours after the addition of the miR-520 and miR-525.
As shown in Fig. 5D, the addition of miR-520a and miR-525 significantly reduced the
luciferase signal in the wild-type sequence, whereas no differences from control were
observed in the mutant miR-520a and miR-525. These results suggest that a mutation in the
3′ UTR (c* 19T>C) reduces the binding of miR-520a and miR-525, resulting in an increase
in protein levels of the p110-α subunit of PI3K.
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Discussion
The heterodimeric (regulatory and catalytic subunits) PI3K lipid kinase phosphorylates
phosphatidylinositol-4,5-bisphosphate (PIP2) to produce phosphatidylinositol-3,4,5-
triphosphate (PIP3). This triggers a cascade of events whereby PIP3 phosphorylates PDK-1
that in turn activates Akt, resulting in the potentiation of cellular growth and proliferation.
The PIK3CA gene (p110-α subunit) is located on chromosome 3q26.3 and 3 common
mutations have been described that include 2 helical mutations at E542K and E545K (exon
9), which alters the inhibitory effects of p85 and one kinase domain mutation at H1047R
(exon 20) that enhances the catalytic lipid kinase activity (6). All 3 mutations have been
shown to be functionally relevant in the dysregulation of Akt-dependent and -independent
signaling (33, 34). In this preclinical study, we showed that a PIK3CA mutation in exon 9 or
20 as well as a novel 3′ UTR (c.*19T>C) mutation was associated with enhanced sensitivity
to saracatinib in both colorectal cancer cell lines and a patient-derived colorectal cancer
explant model.

In our colorectal cancer preclinical model, we have identified a subset of tumors that harbor
PIK3CA mutations that have increased sensitivity to saracatinib. In particular, PIK3CA
mutations in exon 9 or exon 20 were identified in 3 sensitive cell lines (LS180, LS174T, and
H508) and 2 sensitive colorectal cancer explants (CRC007 and CRC040). Of note, gene
amplification of the PIK3CA region was identified in the resistant colorectal cancer explants
CRC006 and CRC012. Evaluation of colorectal cancer explants showed a significant
decrease in TGI in PIK3CA mutants when compared with wild-type tumors. These findings
indicate that the Src pathway plays an important role in regulating the growth of tumors with
PIK3CA mutations. More recently, the importance of PIK3CA mutations and clinical
outcomes has been investigated. In particular, mutations in the PIK3CA gene have been
shown to be associated with local recurrences in rectal cancer and predictive of poor
outcomes in patients with colorectal cancers (11, 12). He and colleagues (11) examined
PIK3CA mutations in 240 rectal tumors and showed that the patients with a mutation in
PIK3CA gene (exon 9 or 20) were more likely to have disease recurrence. In addition, Kato
and colleagues (12) showed PIK3CA mutations to be independent predictors of worse
survival among 158 patients with colorectal cancers. These studies, as well as our findings
in our preclinical study, may have important implications for treatment of patients with
colorectal cancers; saracatinib treatment may only be effective in patients with colorectal
cancers with PIK3CA mutations and treatment may ultimately decrease disease recurrence
and improve outcomes in this subset of patients.

Both Fak and Stat-3 are well-known targets of Src and are involved at controlling many
biologic processes involved in cell survival and metastasis (14, 15, 17). Previously, we have
shown in the sensitive cell lines LS174T and H508 that saracatinib treatment reduced the
activation of Src, Fak (Tyr861), and Stat-3 (Tyr 705; ref. 23). Interestingly, these cell lines
also exhibited greater Src activation than in the resistant cell lines SW620 and SW480 (23).
As expected, in this study, we found similar results in the LS180 sensitive cell line;
treatment with saracatinib resulted in a decrease in the phosphorylation of Src, Fak, and
Stat-3. Because we identified a significant association between PIK3CA mutants and
sensitivity to saracatinib, we next explored the interaction between Src and the PI3K/Akt
pathway. We showed that Src inhibition resulted in a decrease in the activation of PDK-1
and Akt. As previously investigated, oncogenic mutations in the PIK3CA gene also have
Akt-independent effects, mainly through the activation of SGK-3 (33); however, we did not
observe Akt-independent effects, as saracatinib did not alter the activation of SGK-3.
Interestingly, saracatinib treatment also inhibited the Akt pathway in the resistant cell line
HT29 and resistant CRC020 explant, suggesting that although PIK3CA is mutated in this
cell line and explant, other genetic abnormalities may be present and more important at
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driving the growth of these tumors. Identifying these genetic differences will provide a
stronger PIK3CA marker of sensitivity.

Previously, we have shown that the main effects of saracatinib on cellular proliferation are
by inducing cell-cycle arrest and not apoptosis (23). Therefore, we examined the Akt
downstream targets ribosomal S6 and p27KIP1. Both p27KIP1 and ribosomal S6 have been
shown to be important regulators of the cell cycle and cell growth, respectively (35, 36).
Saracatinib treatment decreased the phosphorylation of ribosomal S6 and increased levels of
p27KIP1. Furthermore, Stat-3 and Fak have been shown to be involved in cellular
proliferation and cell-cycle control (37, 38) and, as discussed above, saracatinib also reduced
the activation of Stat-3 and Fak. Taken together, these results indicate that saracatinib may
induce cell-cycle arrest in PIK3CA-mutant tumors through inhibition of the downstream
targets of the Src and PI3K signaling pathways.

We also set out to determine the upstream effects of Src inhibition on the PI3K pathway. A
study by Lu and colleagues (39) showed that Src interacts with the tumor suppressor PTEN
to regulate the PI3K pathway. For instance, greater activity of Src reduces the stability of
PTEN, resulting in an increase in the Akt pathway (39). In addition, Zhang and colleagues
(40) identified a mechanism whereby PTEN downregulates Src activity. In this study, we
did not observe any effects with treatment on the phosphorylated/total PTEN levels.
Therefore, we conducted co-immunoprecipitation studies with Src and p85 and showed that
saracatinib reduces the interaction between Src and p85 and, as a result, enhances the
binding of p85 and p110. Given that Src inhibition increases p85/p110 heterodimerization
and the p85 subunit of PI3K in its inactivated form stabilizes and prevents the activation of
the p110 subunit (41) indicates a possible mechanism where saracatinib decreases the PI3K/
AKT pathway in tumors with PIK3CA mutations.

In this study, we identified a subset of PIK3CA-mutant cell lines and explants that were
sensitive to saracatinib. To have a better understanding of the genetic differences between
PIK3CA-mutant–sensitive and -resistant cell lines and explants, we conducted gene array
and pathway analysis. We show that the Src and PI3K pathways were enriched in the
PIK3CA-mutant saracatinib–sensitive cell lines and explants, suggesting that the growth of
these tumors were more dependent on Src and PI3K pathways. These results were consistent
with our previous study showing that the activation of Src was the greatest in cell lines and
explant tumors that were sensitive to saracatinib. Additional genetic studies on PIK3CA-
mutant–resistant tumors are needed to further define the important aberrations driving tumor
growth in this subset of tumors.

In this study, we identified a novel mutation (T–C transition) in CRC007 and CRC042 in the
3′ UTR that is located 19 base pairs from the stop codon of the PIK3CA gene. Similar to the
PIK3CA helical and kinase domain mutations (CRC040, LS180, H508, and LS174T),
CRC007 (TGI = 23%) and CRC042 (TGI = 65%) exhibited sensitivity to saracatinib. Of
note, although, saracatinib had some treatment effects on CRC042 in our study, this explant
was classified as resistant. Analysis of p110 protein levels revealed an increase in protein
expression in CRC007 (highest) and CRC042, when compared with other colorectal cancer
explants. These findings indicate that this mutation in the 3′ UTR (c* 19T>C) may alter the
binding of miRNA (s), resulting in an increase in p110 protein translation. Given this
observation, we searched for potential miRNAs with a predicted sequence match for this
region and identified miR-520a-5p and miR-525-5p. Herein, we determined that both
miR-520a-5p and miR-525-5p decreased luciferase reporter gene activity arising from wild-
type PIK3CA but did not have an effect on the activity from the mutant PIK3CA sequence.
These results show that we identified the PIK3CA gene as a target for miR-520a-5p and
miR-525-5p and further show that the mutation in the 3′ UTR (c.*19T>C) of the PIK3CA
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gene reduces the binding of both miRNAs. Whether this increase in p110 protein expression
translates to enhanced PI3K activity remains to be determined. Perhaps, with increased
extracellular stimuli promoting tumor growth in conjunction with enhanced levels of p110 in
the PIK3CA-mutant 3′ UTR (c.*19T>C) tumors may enhance the activity of this pathway.

Our colorectal cancer explant model has been used previously to predict biomarkers of
sensitivity and resistance (23, 25, 42–44). Although, we feel that this model more closely
reflects tumor heterogeneity and growth characteristics seen in patients when compared with
cell lines, one of the main limitations with this model is the limited dynamic range. As is the
case with using IC50 arbitrary cutoff values in in vitro drug potency studies, there are also
limitations using TGI cutoff values (TGI ≤ 50%, sensitive and TGI > 50%, resistant) in our
colorectal cancer explant model. One of the main difficulties is how to interpret small
differences in TGI. For example, it is highly probable that a TGI of 49% (we classify as
sensitive) and 51% (we classify as resistant) are not very different with respect to treatment
effects. Thus, as there is a limited dynamic range in this model, we generally do not use
tumors with intermediate sensitivity and typically compare tumors with a TGI ≤ 50%
(sensitive) to the most resistant tumors with a TGI of approximately >80% for biomarker
development. Whether this is the best way of categorizing tumors based on sensitive and
resistance remains to be determined.

Although the benefit of saracatinib in clinical trials has been disappointing, identification of
biomarkers of sensitivity may further define a population of patients who will benefit from
treatment with this compound, or point the way toward effective combination strategies. In
our colorectal cancer preclinical model, saracatinib reduced tumor growth in a subset of
tumors with a PIK3CA mutation. Our data show that in addition to inhibiting the Src
pathway, saracatinib disrupts the activation of the Akt pathway thereby enhancing cell-cycle
arrest in tumors with PIK3CA mutations. Because saracatinib was not effective on all
tumors with PIK3CA mutations, additional studies are warranted to further define the
genetic differences between PIK3CA-mutant–sensitive tumors and PIK3CA-mutant–
resistant tumors. This will ultimately provide a more robust biomarker for patient selection.
Whether these results translate to the clinical setting remains to be determined. These
findings are being translated into a biomarker-driven clinical trial, which is currently under
development.
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Translational Relevance

The Src and phosphoinositide 3-kinase (PI3K) pathways are frequently dysregulated in
colorectal cancer and play an important role in tumorigenesis. The objective of this study
was to investigate the effects of the Src inhibitor, saracatinib, in a preclinical colorectal
cancer model and to identify biomarkers of sensitivity. Here, we show that a mutation in
the PIK3CA gene is associated with enhanced sensitivity to saracatinib. In addition to the
common helical (E542K and E545K) and kinase (H1047R) mutations, a novel 3’
untranslated region mutation in the PIK3CA gene was also shown to be associated with
increased sensitivity to saracatinib. This mutation resulted in a reduced affinity for
miR-520a and miR-525a as well as increased levels of p110-a when compared with wild-
type. Importantly, treatment with saracatinib inhibits the Src pathway and the activation
of Akt-dependent signaling by altering Src and p85 interaction. Thus, these results
indicate that a subset of patients with colorectal cancer with a PIK3CA mutation may
derive benefit from treatment with the Src inhibitor saracatinib.
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Figure 1.
Saracatinib effects on tumor growth in colorectal cancer explants. A, seventeen colorectal
cancer explants were treated with saracatinib 50 mg/kg/d by oral gavage for 28 days. Tumor
size was evaluated twice per week by caliper measurements by the formula: tumor volume =
(length × width2) × 0.52. TGI was calculated by relative tumor growth of treated mice
divided by relative tumor growth of control mice × 100. Cases with a TGI < 50% were
considered sensitive, TGI > 50% were considered resistant to saracatinib. Two xenografts
(CRC007 and CRC040) were sensitive to saracatinib (TGI ≤ 50%) and 15 xenografts were
resistant to saracatinib (TGI > 50%). Columns, mean (n = 8–10 tumors per group); bars, SE;
and *, significance (P < 0.05) compared with vehicle-treated tumors. Mutational status of
PIK3CA, PTEN, KRAS, APC, CTNNB1, and p53 are shown for each explant. Mutations in
the PIK3CA gene were identified in CRC007 [3′ UTR; (c.*19T>C)], CRC040 (E542K),
CRC042 [3′ UTR; (c.*19T>C)], and CRC020 (E542G). B, the relationship between
PIK3CA mutation and saracatinib effects (TGI) in colorectal cancer explants. A significant
association (P = 0.0157) between PIK3CA mutants and sensitivity was identified. CRC,
colorectal cancer; WT, wild-type.
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Figure 2.
PTEN-null cells exhibit sensitivity to saracatinib in a xenograft model. The (A) PTEN-null
(−/−) and (B) wild-type (+/+) cell lines were injected in axenograft model to examine the
antitumor effects of saracatinib in vivo. When tumor volumes reached approximately 200
mm3, mice were randomized and treated with saracatinib 50 mg/kg/d by oral gavage for 12
days. Tumor size was evaluated twice per week by caliper measurements by the formula:
tumor volume = (length × width2) × 0.52. Treatment with saracatinib resulted in a
significant decrease in growth in the PTEN-nul cell line (*, P < 0.05). C, evaluation of the
activation of Src and Akt in PTEN wild-type and -null tumors. Baseline levels of p-Src and
p-Akt were increased in the PTEN-null tumor when compared with wild-type.
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Figure 3.
Effect of saracatinib on the Src and PI3K signaling pathways. A, treatment with saracatinib
(0.5 µmol/L) at 30 minutes, 1, 4, 8, and 24 hours resulted in a decrease in the
phosphorylation of Src, FAK, and Stat-3 in the LS180 sensitive cell line (N = 3). Src
inhibition also decreased the activation of PDK-1, AKT, and S6 and increased protein levels
of p27kip1. B, co-immunoprecipitation (IP) of Src showed a decrease in binding to p85 at
0.5, 1, and 4 hours after treatment with saracatinib. Conversely, immunoprecipitation of p85
resulted in an increase in binding the p110-α subunit (N = 3). C, the activation of the PI3K
pathway (Akt and S6) was decreased with saracatinib treatment in CRC040 (sensitive),
CRC020 (resistant), and HT29 (resistant). CRC, colorectal cancer.
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Figure 4.
Src pathway is enriched in sensitive cell lines and explants. A, pathways enriched in the
sensitive (SEN) cell lines and explants, and focal adhesion is one of the pathways with false
discovery rate less than 1%. B, heatmap of the core genes of the focal adhesion pathway.
Red and green represent over- and underexpressed genes, respectively. RES, resistant.
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Figure 5.
A novel mutation in the PIK3CA 3′ UTR affects the binding of miR-520a-5p and
miR-525-5p. CRC007 (A) and CRC042 (B) had increased sensitivity to saracatinib. Data are
presented as an average of treated (T)/control (C) × 100 at 28 days (end of study). A novel
PIK3CA mutation in the 3′ UTR was identified in both explants by sequencing the PIK3CA
gene in (A) CRC007 tumor and (B)CRC042 normal and tumor. C, Western blot analysis of
the p110-α protein. Protein levels of the p110-α subunit were the greatest in CRC007. D,
cotransfection of miR-520a or miR-525 mimic and wild-type psi-PIK3CA-T plasmid
significantly decreases the luciferase activity from HEK293 cell lysates compared with
control group. While cotransfection with the mutant identified in these studies psi-PIK3CA-
C was not significantly different from the empty vector control. ***P < 0.001. CRC,
colorectal cancer. CRC, colorectal cancer; WT, wild-type.
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Table 1

Association between PIK3CA mutation and sensitivity to saracatinib in colorectal cancer cell lines, colorectal
cancer explants, and colorectal cancer cell lines and explants combined.

Saracatinib-
resistant

Saracatinib-
sensitive

Colorectal cancer cell lines

  PIK3CA wild-type 14 0

  PIK3CA mutant 6 3

P = 0.0474

Colorectal cancer explants

  PIK3CA wild-type 13 0

  PIK3CA mutant 2 2

P = 0.0441

Combined (colorectal cancer cell lines and explants)

  PIK3CA wild-type 27 0

  PIK3CA mutant 8 5

P = 0.0020

NOTE: P < 0.05 was considered significant.
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