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ABSTRACT

Detection of driver gene mutations in stool DNA represents a promising noninvasive
approach for screening colorectal cancer (CRC). Amplicon-based next generation
sequencing (NGS) is a good option to study mutations in many cancer genes simultaneously
and from low amount of DNA. The aim of the present study was to assess the feasibility of
identifying mutations in 22 cancer driver genes with lon Torrent technology in stool DNA from
a series of 65 CRC patients. The assay was successful in 80% of stool DNA samples. NGS
results showed 83 mutations in cancer driver genes, 29 hotspot and 54 novel mutations. One
to five genes were mutated in 75% of cases. TP53, KRAS, FBXW7 and SMAD4 were the top
mutated genes, consistent with previous studies. Fifty four percent of samples with mutations
presented concomitant mutations in different genes. PI3K/IMAPK pathway genes were
mutated in 70% of samples, with 58% having alterations in KRAS, NRAS or BRAF. Since
mutations in these genes can compromise the efficacy of EGFR blockade in CRC patients,
identifying mutations that confer resistance to some targeted treatments may be useful to
guide therapeutic decisions. In conclusion, the data presented here show that NGS
procedures on stool DNA represent a promising tool to detect genetic mutations that could

be used in future for diagnosis, for monitoring or for treating CRC.
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INTRODUCTION

Colorectal cancer (CRC) represents about 10% of all cancers diagnosed worldwide and is
the fourth leading cause of death from cancer in both men and women, with 694.000 deaths
in 2012. Despite its decreased mortality in the last decades, death rates still remain high,
with more deaths in the less developed regions of the world . Epidemiologic transition in the
low- and middle-income countries that are witnessing socioeconomic progress with the
adoption of a Western life style with higher intake of fat, meat, and total calories, along with
increasing life expectancy, result in a significant increase in the burden of CRC. This cancer
type can be curable if detected in stage | or Il, usually asymptomatic stages; however, cancer
is often detected few years later when it has reached an advanced stage. Therefore,
detecting early CRC is vital to reduce mortality at a population level 2. So far, colonoscopy is
the most sensitive and specific test available. Nonetheless, it has some limitations, such as
risk of complications, limited availability, need of visibly detectable lesions, manpower
requirements, and probably the most important, low patient compliance for cathartic
preparation and dietary restrictions, especially in healthy individuals 2. Stool-based assays
raise the possibility of avoiding these pitfalls. The currently used fecal immunochemical test
detects occult blood in the stool, but it is also limited because bleeding from CRC is more
common at late stages and can be intermittent, and moreover, other lesions can cause fecal
blood, giving some false-negatives and false-positives and resulting in the need for repetitive
testing 3*. On the other hand, stool testing for DNA abnormalities is potentially more
attractive for population-based screening programs. This nonivasive procedure is based on
tumor exfoliation: colonocytes are continuously shed into the large bowel lumen. What is
more, the number of colonocytes exfoliated from malignant lesions is greater than from
normal tissue °. The genetic alterations that are detected come from neoplastic lesions and
represent the tumor cells themselves . Up to now, single markers or combinations of
different DNA mutations in APC, KRAS and/or TP53 genes, aberrant methylation,

microsatellite instability, and/or DNA integrity have been tested for early detection of CRC
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with good sensitivities and specificities ©%. Stool DNA testing has been shown to be more
sensitive than fecal occult blood test 72 and than testing on other circulating DNA such as
plasma DNA °'°. Furthermore, a meta-analysis highlighted the diagnostic value of multiple

markers over single markers 3.

The potential of stool DNA testing is not only for CRC screening, nevertheless. It can be a
helpful diagnostic and prognostic tool, and in addition, it can be used as a method for the
early detection of disease relapse after initial therapy, or even as a guide for preoperative
treatment selection, for example through risk stratification based on DNA mutations 12,
However, for such purposes more than three genes should be tested. Recent genetic
advances, such as massive parallel sequencing, could be applied to stool DNA to search for
mutations in many cancer genes simultaneously. Moreover, in the last few years sequencing
information has helped to develop targeted therapy drugs on the basis of specific molecular
aberrations of neoplastic cells. Three such drugs (all monoclonal antibodies) are approved to
treat CRC, mainly metastatic CRC: two of them inhibit EGFR, and the other inhibits the
angiogenesis-promoting VEGF. However, some CRC patients become refractory to anti-
EGFR therapies because of genetic mutations in tumor cells (e.g. KRAS, NRAS and BRAF)
that activate MEK and ERK signaling, which persists after EGFR blockade ™. Therefore,
sequencing of stool DNA mutations could allow us to identify patients who may benefit or not
from such alternative treatment strategies, even before surgery. Additionally, stool DNA
mutation analysis could help in detecting early evidence of mutations that confer acquired

resistance to targeted therapies and that may arise during treatment.

Interestingly, two independent genome-scale studies aimed at identifying genetic changes in
CRC by next generation sequencing (NGS) concluded that the pathways involved in CRC
development are five: KRAS/NRAS/BRAF, p53, TGFB, PI3K, and WNT 415, Moreover, after
performing a hierarchical classification of more than 3,000 tumors from 12 tumor types on the
basis of genomic alterations, Ciriello et al. '® observed that oncogenic signature of CRC is

dominated by point mutations over copy number changes. Therefore, using NGS technology
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to search for point mutations in known colon cancer genes, such as targeted sequencing by
lon Torrent technology, would be suitable for the above-mentioned purposes, and much
cheaper and faster than whole genome sequencing. Two previous studies have
demonstrated that lon AmpliSeq platform provides highly sensitive and quantitative mutation
detection for cancer genes in CRC samples, even in formalin-fixed, paraffin-embedded

(FFPE) specimens 1718,

The aim of the present study was to assess the feasibility of identifying gene mutations in 22
cancer driver genes with the semiconductor-based lon Torrent technology in stool DNA from
a series of patients with CRC. We analyzed stool DNA from samples of both colon and
rectum adenocarcinomas, as NGS analysis have revealed that colon and rectum cancers

have very similar patterns of genomic alteration °.

MATERIALS AND METHODS

Patient population

The study was carried out on a series of 65 stool samples from CRC patients, obtained at the
time of diagnosis: 13 had the tumor located at the rectum and 52 at the colon. Sampling was
done before any treatment. Patients were diagnosed and treated at Tehran University
affiliated Shariati Hospital, in Tehran, Iran, from 2012 to 2014. The study protocol was
approved by the ethics committee of Digestive Disease Research Institute at Shariati
Hospital and an informed consent was obtained from all patients before being enrolled in the
study. A list of tumor samples and their clinical characteristics is shown in Supplementary

Table 1. None of the patients received EGFR-antibody treatment.

Gene mutation analysis by NGS
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Stool DNA samples were sequenced with lon Torrent technology (Life Technologies,
Carlsbad, CA, USA), which has a very low input DNA requirement (as little as 10 ng of DNA).
For a screening of CRC mutations, we used lon AmpliSeq Colon and Lung Cancer Panel,
designed and validated by eight cancer research groups from different European institutions;

moreover, its accuracy has been proved recently in CRC patients 8.

DNA was isolated using the QlAamp DNA Stool Mini Kit (Qiagen GmbH, Hilden, Germany),
following manufacturer’s instructions. DNA concentration was assessed using Qubit® 2.0
Fluorometer (Life Technologies) and the Qubit® dsDNA HS Assay kit. Five samples did not
show enough DNA quality to be sequenced. Therefore, deep sequencing was performed for
the remaining 60 samples using the lon Torrent platform, as follows. Ten ng of genomic DNA
were used to prepare the library with the lon AmpliSeq™ Library kit 2.0 (Life Technologies)
and with a primer pool to analyze 504 mutational hotspots and targeted regions (totaling 14.6
kb) in 22 genes implicated in colon and lung cancer: AKT1, ALK, BRAF, CTNNB1, DDR2,
EGFR, ERBB2, ERBB4, FBXW7, FGFR1, FGFR2, FGFR3, KRAS, MAP2K1, MET,
NOTCH1, NRAS, PIK3CA, PTEN, SMAD4, STK11, and TP53. Amplified products were
purified with Agencourt AMPure XP beads (Beckman Coulter Genomics, High Wycombe,
UK). Concentrations of amplified and barcoded libraries were measured using the Qubit® 2.0
Fluorometer. After this, template preparation was performed with the lon OneTouch™ 2
System (Life Technologies), an automated system for emulsion PCR, recovery of lon
Sphere™ Particles, and enrichment of template-positive particles. Finally, sequencing was
carried out using lon 316™ chips on the lon Personal Genome Machine System (PGM™,
Life Technologies) and with the lon PGM™ Sequencing 200 kit v2. The Torrent Suite
Software v.4.0.2 (Life Technologies) was used to assess run performance and data analysis.
Fifty-two samples out of 60 were successfully sequenced, with a mean depth >20. Then,
alignment to the hg19 human reference genome and variant calling was performed,
according to the parameters set in the Torrent Suite Software. Only those variants with the
following criteria were considered positive: variant frequency >5%, homopolymer length <6,

7
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base phred quality > 15 (what means a minimum base call accuracy of 97%), coverage > 50,
strand bias <0.9, common signal shift <0.3, and relative read quality >45. The variant
frequency threshold was set at 5% to avoid false positive results. Recent reports have
demonstrated that lon Torrent platform is able to consistently detect mutations at the 5%
level of mutant alleles, pinpointing true positive gene mutations '®'°. Alignments were visually
verified with the Integrative Genomics Viewer; IGV v.2.3.34, Broad Institute. The previously
identified SNPs were determined using the NCBI dbSNP, HapMap or 1000 Human Genome
Project databases and known polymorphic sites with a minor allele frequency >1% were
removed from the analysis. Moreover, we filtered against synonymous and intron variants, as
well as those variants that were considered to have both a neutral effect and a tolerated

effect according to PROVEAN and SIFT prediction tools, respectively 202",

PCR and Sanger Sequencing

PCR was performed on DNA from the samples that showed KRAS codon 12, 13, or 20 or
EGFR codon 706 or 757 mutations by NGS. Primers used and annealing temperature for
PCR were: 5'-aggcctgctgaaaatgactgaatataa-3° and 5°-caaagaatggtcctgcaccagtaatat-3°
(52°C) for KRAS and 5°-tgtggagcctcttacaccca and 5°- gtgccagggaccttaccttatac-3” (53°C) for
EGFR. The PCR products were cleaned and sequenced using Big Dye Terminator v3.1
sequencing kit (Applied Biosystems, Waltham, MA, USA) and run on 3130 XL Sequencer

(Applied Biosystems).

RESULTS

Identification of mutations by NGS

The NGS assay was successfully carried out on 52/65 stool DNA samples (80% of success):
five samples were removed from the analysis because of bad DNA quality and eight samples
because of unsatisfactory sequencing quality. Results of gene mutation analysis showed
both hotspot and novel mutations fulfilling the selection criteria. Overall, 83 mutations in

8
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cancer driver genes were identified (Supplementary Table 2). Variant coverage ranged from
50 to 7324, with a mean value of 394 and a standard error of 101. About 65% (54 out of 83)
of mutations were new and had not been reported in COSMIC v.71, accessed 4 March, 2015
2_ Al mutations were protein-altering single-nucleotide substitutions: 87% transitions and
13% transversions. Only nine mutations corresponded to nonsense mutations, whereas all

the others were missense mutations.

The NGS analysis revealed that one to five genes were mutated in 39 of 52 (75%) cases,
whereas no mutations in the 22 tested genes were found in the 13 remaining cases
(Supplementary Table 3). Among the 22 genes, mutations were found in 18 genes (all except
ALK, PIK3CA, NOTCH1 and FGFRT1). There were some cases with two or even three
different co-existing mutations in the same gene (i.e. TP53, KRAS, SMAD4, ERBB2, FGFR3,
MET, and MAP2K1). No correlation could be found between the number and type of

mutations with tumor stage, site of tumor (colon/rectum) or patient overall survival.

Although quality control was performed to prevent false positive results, we performed some
validation experiments in order to check how the results were compared to Sanger
sequencing. We selected samples with KRAS mutations in exon 2 (codons 12, 13, and 20)
and samples with EGFR mutations (codons 706 and 757) for validation by PCR and Sanger
sequencing (Table 1). Only those samples with a good PCR amplification product were
sequenced. All samples that had mutant allele frequency higher than 10% were confirmed by
Sanger sequencing (it is known that Sanger sequencing is not sensitive enough to detect low
frequency mutations with a sensitivity threshold around 10% 2%). Figure 1 shows the
mutations detected by NGS and Sanger sequencing. Moreover, we could perform the
sequencing analysis of a tumor FFPE sample from case #44 and we were able to identify the
same mutations that were present in the corresponding stool sample (both in KRAS and
TP53 genes) (Figure 2). Therefore, mutations identified in the present study by NGS are

most probably bona-fide mutations, and not false positive mutations.



216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

Top mutated genes

The most frequently mutated genes were TP53, KRAS, FBXW7, EGFR, and SMAD4, all of
them with at least 10% of samples with mutations. Unfortunately, the AmpliSeq Cancer Panel
used in the present study does not include the APC gene or the ATM gene, and therefore
mutations in these genes, which are frequent in CRC, could not be analyzed. TP53 gene
mutations occurred in 13 of 52 (25%) cases; most of them (nine) were hotspot mutations at
the DNA binding domain (codons 94-292) and one was a nonsense mutation at the
oligomerization domain (codon 342). The other three were novel mutations spread across all
TP53 domains. KRAS gene was mutated in 12 of 52 (23%) cases. Surprisingly, KRAS
hotspot mutations in exon 2 (codon 12 or 13) were identified in only seven of these 12 (58%)
samples. Two patients had hotspot mutations in other codons (such as 117 or 146, both in
exon 4) and the remaining three had novel mutations in exons 2 and 3 (codons 20, 43, and
63).Mutations in FBXW?7 were detected in nine of 52 (17%) cases. Three FBXW7 mutations
were hotspot mutations and the other novel mutations. Moreover, eight of the FBXW?7
mutations were located at the WD repeat domain. EGFR gene was mutated in eight samples
(15% of cases), two of them with hotspot mutations. Interestingly, seven out of these eight
mutations were located at the tyrosine kinase domain. SMAD4 gene mutations were all novel
and occurred in seven of 52 (13%) cases, one of them at the MH1 domain, five at the MH2
domain and one at the linker between these two domains. Less frequent mutations (4-8% of
cases) were found in other seven genes (i.e. PTEN, BRAF (different than V600E), ERBB2,
FGFR3, MET, DDR2, and CTNNBT). Mutations in the ERBB4, FGFR2, STK11, AKT1,

MAP2K1 and NRAS genes occurred very rarely (only one case each).

Concomitant mutations

Twenty one out of the 39 samples with mutations (54%) presented concomitant mutations in
different genes. In some of the cases with concomitant mutations, no big differences were
found in the variant frequency for the distinct genes, while in other cases variant frequencies

10
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were quite different (Supplementary Table 2). For example, case #9 had 15% of alleles with
a TP53 p.C176Y mutation coexisting with a 12% of KRAS p.G13D mutation. On the other
hand, for example, in case #22 the KRAS variant frequency was 6% and the TP53 variant
frequency was 23%. Moreover, the analysis revealed that 12 of the 18 cases with only one
mutation (67%) harbored mutations in one of the most mutated genes in our series: TP53,

KRAS, FBXW7, EGFR or SMAD4 genes.

Pathways affected by mutated genes

Table 2 shows the concomitant mutations in every case ordered by pathways affected.
Interestingly, the combined PI3K/MAPK pathway was altered in around 70% of samples.
Among these, we found that more than half (58%) had alterations in KRAS, NRAS or BRAF,
with a pattern of mutual exclusivity (only one sample harbored mutations in KRAS and BRAF
simultaneously). Characteristics of mutations in these genes (with probable predictive value

for anti-EGFR treatment) are summarized in Table 3.

DISCUSSION

Stool analysis is a non-invasive approach that promises improved simplicity, safety and
patient compliance over other CRC screening methods. However, in the stool DNA analysis
setting based on tumor exfoliation, challenges include the less than optimal DNA quality and
the low DNA concentration. lon Torrent NGS assay can overcome some of these problems,
due to the low amount of DNA required, as demonstrated by the 80% success rate with the
lon AmpliSeq Colon and Lung Cancer Panel used in the present study. Nevertheless,
technical improvements are needed in order to increase success rate and sequencing
quality. Interestingly, none of the failed samples had rectum cancer, suggesting that rectum

cancer cells could have a better preservation rate.

11



271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

In our series, lon Torrent technology with stool DNA detected tumor-specific mutations in 39
of 52 patients (75% of sensitivity) with CRC. After selecting mutations which probably have a
functional consequence, based on SIFT and PROVEAN predictors, our analysis identified 83
mutations in cancer driver genes. Transitions were predominant over transversions,
consistent with previous mutation reports on CRC 424, Most of these mutations were new, as
they had not been reported in COSMIC v.71 22, This agrees with previous reports, e.g.
Seshagiri et al. '® performed an exome sequencing analysis on 72 CRC samples and found
that 98% of the detected mutations were new and not reported previously. It is expected that
the adoption of NGS tools will make the occurrence of less common mutations to increase.
The fact that several genes were mutated per sample and that most mutations were novel
suggests that NGS studies applied to multiple driver genes are more accurate than current
conventional analytical techniques, such as mutant-allele specific amplification, which are

focused exclusively on the identification of known mutations in few markers.

Stool mutation pattern was quite similar to the reported in the literature for CRC tumor tissue,
what reinforces the idea that fecal DNA mutations are representing mutations from tumor
cells. TP53, KRAS, FBXW7 and SMAD4 were among the top mutated CRC genes,
consistent with previous large-scale mutational analyses '*'> and COSMIC database v.71 %
(Table 4). TP53 encodes a transcription factor which exerts antiproliferative functions. Most
of the missense TP53 mutations were found in the DNA-binding domain (83%). It has been
reported that TP53 mutations that cause cancer are mainly located at this domain, destroying
the ability of the protein to bind to its target DNA sequences 2°. One mutation was located at
the transactivation domain, and mutations in this domain are considered to alter the
spectrum of target gene transactivation 2. Another mutation was found in the tetramerization
domain; various experimental studies have shown evidence that this domain is essential for
DNA binding and protein-protein interactions . In relation to KRAS mutations, activating
mutations in the KRAS gene lead to cell transformation and increased resistance to
chemotherapy and EGFR-targeted therapies 2. We found KRAS mutations in codons 12,
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13, 20, 63, 117, and 146 (all missense) and 43 (nonsense). It is well known that mutations in
codons 12 and 13 (highly frequent in CRC), as well as in codon 63, cause perturbation of the
intrinsic GTPase activity of the KRAS protein, while mutations in codons 117 and 146 cause
a decrease in KRAS affinity for nucleotides, thereby affecting the rate of GDP/GTP exchange
2 The p.T20M mutation detected in the present study has been reported in other two CRC
samples 2°3°, even though its effect is unknown. Finally, we detected a nonsense mutation in
codon 43. Two other KRAS truncating mutations (in codons 22 and 150) have been reported
in CRC in the literature 332, Additionally, eight out of nine mutations in FBXW?7 gene were
located at the WD repeat domain. This domain mediates interaction with substrates of the
SCF E3 ubiquitin-protein ligase complex, which has important roles in the ubiquitination of
proteins involved in cell division and growth. Loss of FBXW?7 function causes chromosomal
instability and tumorigenesis 33. Finally, SMAD4 gene had seven mutations: one at MH1
domain, required for DNA binding and five at MH2 domain, required for protein-protein
interactions and for transcriptional regulation. SMAD4 is an essential factor of the TGF-$

pathway and functions as a key tumor suppressor 3.

Stool-based assays applied to detect CRC-associated mutations may provide a safe,
effective, noninvasive alternative for population-based CRC screening that is acceptable to
patients. However, the clinical benefit of such tests could be further enhanced. NGS
methodology applied to stool DNA might also have prognostic value (e.g. through risk
stratification) or even treatment implications. In that sense, novel targeted therapeutic
approaches could be applied to CRC patients before surgery or during patient follow-up,
based on the genetic mutations detected by NGS. Included are WNT signaling inhibitors
and/or ERB inhibitors, for example. On the other hand, it is known that mutations in KRAS,
BRAF, and NRAS compromise the efficacy of EGFR blockade in patients with CRC and
testing for these mutations is currently recommended before starting anti-EGFR therapy in
patients with metastatic CRC '33%36_ Therefore, identifying mutations that confer resistance to
some of these treatments may be useful to guide therapeutic decisions. In this series, nine
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patients harbored mutations predictive of poor anti-EGFR response and thus these patients
would likely not benefit from anti-EGFR targeted therapy (Table 3). Additionally, it remains to
be demonstrated whether stool DNA analysis by NGS could be used to monitor disease
progression or predict a relapse in pre-symptomatic individuals during follow-up. In
conclusion, the data presented here show that NGS procedures on stool DNA represent a
promising tool to identify CRC genetic mutations that could be used in future for diagnosis,

for monitoring and for treating this deadly disease in a targeted way, if suitable.

The present study is focused on CRC samples, adenomas were not studied. It would be
interesting to see whether advanced adenomas present also DNA mutations in stool samples
that could be detected by NGS methods, and whether this technology allows to accurately
identify adenomas with the potential for malignant transformation. In previous stool-based
studies, two mutation marker panels testing for 19-21 CRC-associated DNA mutations in
three genes and microsatellite instability showed significant sensitivity for advanced colonic
polyps, especially those with high-grade dysplasia 3"-3°. What is more, a meta-analysis study
indicated that stool DNA testing for few markers had good ability for detecting pre-cancerous
lesions in high-risk individuals 3. Therefore, it is plausible to consider that NGS analysis on
stool DNA might serve also as a noninvasive screening for pre-malignant adenomatous
polyps in asymptomatic individuals who are at significant risk. This would reduce CRC
incidence and mortality, as advanced adenomas could then be referred to colonoscopy

and/or treated with targeted therapy.
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