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Abstract 

GAEC1 (gene amplified in oesophageal cancer 1) is a transforming oncogene with 

tumorigenic potential observed in both oesophageal squamous cell carcinoma and colorectal 

cancer. Nonetheless, there has been a lack of study done on this gene to understand how this 

gene exert its oncogenic properties in cancer. This study aims to identify novel mutation sites 

in GAEC1. To do so, seventy-nine matched colorectal cancers were tested for GAEC1 

mutation via Sanger sequencing.  The mutations noted were investigated for the correlations 

with the clinicopathological parameters of the patients with the cancer. Additionally, GAEC1 

copy number aberration (CNA), mRNA and protein expression were determined with the use 

of droplet digital (dd) polymerase chain reaction (PCR), real-time PCR and Western blot 

(confirmed with immunofluorescence analysis). GAEC1 mutation was noted in 8.8% 

(n=7/79) of the cancer tissues including one missense mutation, four loss of heterozygosity 

(LOH) and two substitutions. These mutations were significantly associated with cancer 

perforation (p=0.021). GAEC1 mutation is frequently associated with increased GAEC1 

protein expression.  Nevertheless, GAEC1 mRNA and protein are only weakly associated. 

Taken together, GAEC1 mutation affects GAEC1 expression and is associated with poorer 

clinical outcomes. This further strengthens the role of GAEC1 as an oncogene. 
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Introduction 

Gene amplified in esophageal cancer 1 (GAEC1) was first reported in the molecular 

pathogenesis of oesophageal squamous cell carcinoma (Law et al., 2007). GAEC1 is located 

within the first intron of SH2B adaptor protein 2 (SH2B2) gene in 7q22 (Tang et al., 2001) 

and consisted of only a single-exon (Law et al., 2007).  Thus, it fitted the criteria as a nested 

gene (Lee & Chang, 2013; Jovelin & Cutter, 2016). The 2052bp long GAEC1 mRNA 

produces a small nuclear protein of 109 amino acids (~15kDa) (Law et al., 2007; Wahab et 

al., 2017).   

Overexpression of GAEC1 in 3T3 fibroblast cells formed undifferentiated sarcoma in 

athymic nude mice and increased colony formation, indicating its role as a transforming 

oncogene (Law et al., 2007). On the other hand, knockdown of GAEC1 fully suppressed 

xenograft tumour growth in mice (Wahab et al., 2017). In vitro analysis also showed that 

knockdown of GAEC1 inhibited cell proliferation, reduced cell migration capacity, decreased 

clonogenic potentiality and induced apoptosis in both oesophageal squamous cell carcinoma 

(Chan et al., 2013) and colon cancer cells (Wahab et al., 2017). In addition, knockdown of 

GAEC1 was also associated with reduced expression of bcl-2 (B-cell lymphoma 2) and 

KRAS (Kirsten rat sarcoma virus) and augmented expression of p53 (Wahab et al., 2017). 

Despite having preliminary data on genetic variations and in-vitro/in-vivo functional 

properties, the mutation profile of GAEC1 and their associated pathogenic effects in human 

cancers are still unknown.  Furthermore, no mutations or polymorphisms have been noted in 

GAEC1 coding sequence (Law et al., 2007). Thus, for the first time, the current study aims to 

identify possible mutations and determine the absolute quantification of GAEC1 copy number 

aberration in patients with colorectal cancer. Due to the nature of GAEC1 that had only one 

exon and a total sequence length of 2052bp, Sanger sequencing was the preferred method 

over Next Generation Sequencing (NGS). Additionally, the correlations of GAEC1 mutations 



with various clinical and pathological parameters in patients with colorectal cancer were 

analysed in this study. 

 

Material and methods 

Recruitment of tissue samples and clinicopathological data 

Cancer tissues and matched non-neoplastic mucosae near the surgical resection 

margin were obtained from the same patient who underwent resection of colorectal 

carcinomas by a colorectal surgeon (CTL) between the years 2012 to 2014 in a Queensland-

based hospital.  The patients were recruited on an ongoing basis without bias during the study 

period.  The patients were excluded from the study if the prospectively collected tissues 

lacked adequate cancer mass or were lost in clinical follow-up. Ethical approval was obtained 

for the use of these tissues from Griffith University Human Research Ethics Committee (GU 

Ref No: MSC/17/10/HREC).  

These samples were snap frozen in liquid nitrogen and stored at -80°C until use.  

Colorectal carcinomas were graded and typed according to the World Health Organization 

(WHO) criteria (Hamilton et al., 2010) and staged according to the tumour, lymph node and 

metastases (TNM) classification (Milburn et al., 2017). Only adenocarcinomas were included 

in the study.  After examination, 79 patients (40 females; 39 males) with colorectal 

adenocarcinoma were included for the analysis. A schematic summary of the exclusion 

criteria is shown in Figure 1.  

The mean age of patients within this study was 67 years (ranging from 24 to 91). The 

site and size (length in mm) of the cancers were recorded. Proximal cancers were cancer 

located in the caecum, ascending colon and transverse colon whereas distal cancers were 

defined as the cancers found in the region of descending colon, sigmoid colon and rectum. 

45.6% of colorectal cancers were found in the proximal colon (n=36) while 54.4% of 



colorectal cancers were found in the distal colorectum. Out of the 79 patients, 86.1% (n=68) 

had no cancer perforation while the remaining 13.9% (n=11) patients had perforation. A total 

of 2.5% (n=2) patients were diagnosed with stage I carcinomas, 11.4% (n=9) with stage II 

carcinomas, 60.8% (n=48) with stage III carcinomas and 25.3% (n=20) with stage IV 

carcinomas.   

 

Clinical Management 

Clinical management was by the standardised multi-disciplinary protocol.  All the 

patients were discussed in weekly multi-disciplinary team management meeting during the 

course of their management. The cancer tissues were tested for microsatellite instability 

(MSI) markers (by immunochemistry) and tested for BRAF mutation status (via Sanger 

sequencing) where MSI proved positive according to the clinical guidelines. Pathological 

staging was used as a determining factor for post adjuvant therapy. Follow-up period was 

outlined as the interval between the date of surgical resection and the date of death or end 

date of the study. The actuarial survival rate of the patients was assessed from the date of 

surgery to the date of death of last follow-up. Only cancer-related death was accepted as the 

endpoint in the statistical analysis (Lam et al., 2008).  Persistence or recurrence of the disease 

were also noted.  

 

Cell culture and transfection 

Three colon cancer cell lines SW480 (ATCC® CCL-228™), SW48 (ATCC® CCL-

231™) and HCT 116 (ATCC® CCL-247™) and one non-neoplastic  colon epithelial cell line 

FHC (ATCC® CRL-1831™) were obtained from the American type culture collection 

(ATCC) and maintained accordingly.  



 SW480, SW48 and HCT 116 cells were cultured in RPMI (Roswell Park Memorial 

Institute) 1640 medium supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin and incubated in a 37°C incubator supplemented with 5% CO2. FHC 

cells were cultured in Dulbecco's Modified Eagle Medium (DMEM): F-12 media 

supplemented with extra buffer HEPES  (4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid) for a final concentration of 25mM, 10ng/mL cholera toxin, 0.005mg/mL insulin, 

0.005mg/mL of transferrin, 100ng/mL transferrin, 10% FBS and 1% penicillin/streptomycin 

and incubated in a 37°C incubator supplemented with 5% CO2. All cells were routinely 

checked for mycoplasma contamination. SW48 cells were transiently transfected using 

jetPRIME® Polyplus transfection reagent (Polyplus-transfection® SA, Illkirch, France) 

according to the manufacturer’s protocol with GAEC1 plasmid kindly provided by Law and 

colleague (Law et al., 2007). 

 

Genomic DNA and RNA extraction 

Tissues were sliced to 7µm sections using a cryotome.  Then, the sections were 

stained with haematoxylin & eosin (H&E) to confirm pathological diagnosis. Tissues were 

only accepted as samples for further analysis if the cancer comprises 70% of the tissue. The 

clinical and pathological information of every case were reviewed by the author (AKL). 

Genomic DNA (gDNA) and RNA were then extracted from the selected tissues with Tissue 

& Blood extraction kit and miRNeasy Mini kit (Qiagen, Hilden, Germany) respectively 

according to the manufacturer’s protocol. gDNA and RNA for cell lines were also harvested 

using this kit. Quality and concentration of both gDNA and RNA were measured with 

A260/A280 ratio as well as A260/A230 ratio using a NanoDrop Spectrophotometer (Thermo 

Fisher Scientific, Waltham, Massachusetts, USA).  The extracts were stored at 4°C until 

used. 



Targeted sequencing 

A primer set was designed to cover the entire coding sequence of GAEC1 for 

thorough mutation scanning using NCBI available tool (Supplementary Table 1). A gradient 

PCR was performed on GAEC1 primer set and ran on a 2% gel electrophoresis to ensure 

specificity of the PCR reaction.  The PCR reaction cocktail was prepared using 60ng of 

gDNA, 10uL of PrimeSTAR® Max DNA polymerase (TaKaRa Bio Inc, Kusatsu, Shiga 

Prefecture, Japan), and the final concentration of 0.5µM of GAEC1 primer in a 20µL final 

volume.  The thermal cycling condition was set to 98°C for 10s (initial denaturation), 

followed by 35 cycles of 98°C for 10s, 60°C for 5s and 72°C for the 30s (denaturing and 

annealing and extension). 

These PCR products were then ran through a 2% gel electrophoresis.  The bands were 

excised and cleaned up using the NucleoSpin® Gel and PCR Clean-up kit (MACHEREY-

NAGEL GmbH & Co. KG, Düren, Germany) according to the manufacturer’s protocol. The 

purified PCR products were then prepared according to guidelines provided by Australian 

Genome Research Facility (AGRF) before subjecting them to Sanger sequencing by 

corresponding forward and reverse primer utilising Big Dye Terminator (BDT) chemistry 

Version 3.1 (Applied Biosystems, Foster City, California, USA) via standardised PCR 

cycling conditions.  The analysis was done using a 3730xl capillary sequencer (Applied 

Biosystems, Foster City, California, USA) by AGRF.  Sequence analysis was performed with 

Chromas 2.4.3 software. 

 

Droplet digital PCR (ddPCR) primer designs 

With ddPCR, samples are portioned into approximately 20,000 partitions of nanoliter 

size droplets and amplified to endpoint using a thermal cycler. DNA molecules within the 

sample are then counted in an absolute manner by singulating and detecting the fluorescence 



of each droplet, thus, enabling small differences to be determined (Hindson et al., 2011; 

McDermott et al., 2013). 

 

ddPCR analysis was performed in a duplex format co-amplifying both the target 

GAEC1 (GenBank accession number AC005088) and control gene haemoglobin beta (HBB) 

(GenBank accession number NC_000011) genes.  Both primer sets for these genes were 

designed using NCBI (National Center for Biotechnology Information) available tools 

according to the recommended criteria for duplex reaction set up in EvaGreen based assays 

for ddPCR (Hindson et al., 2011; McDermott et al., 2013). Primer sets were first optimised 

and confirmed by gel electrophoresis (Figure 2a) before optimisation on the ddPCR platform 

(Figure 2b & 2c). The list of optimised primer sets is summarised in Supplementary Table 2. 

 

Copy number aberration (CNA) analysis with digital droplet PCR (ddPCR)  

Duplex EvaGreen assay mix containing 30ng of gDNA, 2U/µL of HINDIII restriction 

enzyme, QX200 ddPCR EvaGreen Supermix (Bio-Rad Laboratories, Hercules, California, 

USA), and gene assay final concentration of 100nM of GAEC1 primer set and 50nM of HBB 

primer set in a 22µL final volume was prepared. Water was used as a non-template control. 

QX200™ AutoDG™ Droplet Digital™ PCR System (Bio-Rad Laboratories, Hercules, 

California, USA) was used to generate approximately 20,000 droplets and then thermally 

cycled in a conventional thermal cycler. The thermal cycling conditions were set to 95°C for 

5min (initial denaturation), followed by 40 cycles of 95°C for 30s and 62°C for 1 min with a 

ramp rate of 2°C/s (denaturing and annealing), 4°C for 5 min and 90°C for 5 min (signal 

stabilisation).  

PCR products were then transferred onto a QX200 Droplet Reader (Bio-Rad 

Laboratories, Hercules, California, USA) analysed by QuantaSoft software version 1.7.4 



(Bio-Rad Laboratories, Hercules, California, USA) and QuantaSoftTM Analysis Pro Software 

1.0.596 (Bio-Rad Laboratories, Hercules, California, USA).  The calculation was based on 

(X/Y)*2 where “X” is the copy of GAEC1 gene (target gene) per microliter, “Y” is the copy 

of the reference gene (HBB) per microliter and “2” is the CNA of the reference gene per 

genome.  CNA values of 1±0.49 were scored as one copy whereas CNA value of 2±0.49 was 

scored as two copies and CNA value of 3±0.49 was scored as three copies. CNA of each 

cancer sample was then compared with its matched non-neoplastic tissue to identify GAEC1 

amplification or deletion. 

 

Real-time PCR (qPCR) analysis 

Total RNA was reversely transcribed into cDNA with SuperscriptTM II First Strand 

Synthesis Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. qPCR 

analysis was performed with GAPDH (NM_002046) as the control gene and GAEC1 target 

gene.  Both primer sets for qPCR analysis are listed in Supplementary Table 3. qPCR cocktail 

was prepared using 60ng of cDNA, 10uL of 2x SensifastTM SYBR No-ROX mix (Bioline, 

London, UK), and the final concentration of 0.5µM of primer pair in a final volume of 20µL. 

The thermal cycling condition was set to 95°C for 2min (initial denaturation), followed by 40 

cycles of 95°C for 5s, 60°C for 30s followed by a melt curve analysis with the default system 

settings using the Quantistudio Flex 6 qPCR system (Thermo Fisher Scientific, Waltham, 

Massachusetts, USA). The expression level of GAEC1 was analysed using 2 –(delta)(delta)Ct as 

previously reported (Wahab et al., 2017; Gopalan et al., 2010; Gopalan et al., 2013). 

 

Western blot Analysis 

NP40 lysis buffer (Thermo Fisher Scientific, Waltham, Massachusetts, USA) enriched 

with 2% protease inhibitor (Sigma-Aldrich, St. Louis, Missouri, USA) were added into a 



minimum of 80mg of fresh frozen tissue before homogenization. Homogenate was then left 

to incubate with agitation for 2h at 4°C before extracting the total protein according to the 

manufacturer’s protocol for NP40 lysis buffer. Proteins were quantified using the Pierce BCA 

Protein Assay Kit (Thermo Fisher Scientific, Waltham, Massachusetts, USA) according to 

the manufacturer’s protocol. 60µg of protein was loaded onto a 4%-15% gradient SDS-page 

and transferred onto a polyvinylidene difluoride (PVDF) membrane to detect the protein 

bands according to our previously published protocol (Wahab et al., 2017). Western blot 

images were then developed using Chemidoc MP imaging system (Bio-Rad Laboratories, 

Hercules, California, USA) with Supersignal West Pico Chemiluminescent Substrate 

(Thermo Fisher Scientific, Waltham, Massachusetts, USA). 

 

Immunofluorescence 

 Immunofluorescence were then used to identify and the correlation between GAEC1 

CAN, mRNA and/or GAEC1 mutation on GAEC1 protein expression. Formalin-fixed 

paraffin-embedded (FFPE) tissue samples were sectioned into 7µm and at de-waxed by 

heating at 65°C for 35min and dipping them in xylene for 20min. Samples were then 

rehydrated with ethanol and water (from 100% ethanol to 95% ethanol) and then incubated in 

heated antigen retrieval solution for 12min at 10% power in a microwave oven. Samples were 

then blocked with peroxidase block solution, before blocking with 5% bovine serum albumin 

(BSA) and then incubating with a custom-made monoclonal GAEC1 antibody (Promab, 

Biotechnologies, Richmond, CA, USA) (1:500) overnight at 4°C. After that, the samples 

were incubated with a secondary antibody labelled with fluorescein isothiocyanate (FITC) 

(Sigma-Aldrich, St. Louis, Missouri, USA) at room temperature for 2h before mounting with 

a glass coverslip. All slides were viewed under the Nikon AIR+ confocal microscope (Nikon 

Inc, Tokyo, Japan).  



 

In silico analysis 

Sequence information of GAEC1 was obtained from Law and colleagues (Law et al., 

2007) and was used when required by a method as input. Due to lack of information on 

readily available bioinformatics tools such as Mutation Taster (Schwarz et al., 2014), results 

were compared to the databases - UCSC (University of California Santa Cruz) Genome 

Browser Database (Rosenbloom et al., 2015) and International Cancer Genome Consortium 

(ICGC) Data Portal (Zhang et al., 2011).  Also, PROVEAN (Protein Variation Effect 

Analyser) (Choi & Chan, 2015) was used to evaluate the sequences of the identified 

mutations within the coding region. The cut-off value used for PROVEAN was -2.5 for 

predicting the pathogenic non-pathogenic variants in this study.  

 

Statistical analysis 

QuantaSoft software version 1.7.4 (Bio-Rad Laboratories, Hercules, California, USA) 

and QuantaSoftTM Analysis Pro Software 1.0.596 incorporated Poisson statistics were used 

to call copy number of target sequence without the need of a standard curve (Pinheiro et al., 

2012). 

Correlations of GAEC1 copies and mutations with different clinicopathological 

parameters were performed using chi-square test, likelihood ratio and Fisher’s exact test with 

Statistical Package for Social Sciences for Windows (version 25.0 IBM SPSS Inc., New 

York, NY, USA).  Survival analysis was tested using the Kaplan-Meier method. The 

significance level was taken at p<0.05. 

  



Results  

Identification of GAEC1 DNA in colorectal cancer tissues 

Both 62bp GAEC1 amplicon and 82bp HBB amplicon (reference gene) were detected 

in all selected colorectal cancer tissues, and no amplification was observed in non-template 

control (NTC).  Also, successful simultaneous detection of both genes using DNA binding 

chemistry was achieved with droplet digital PCR (ddPCR) (Figure 2d). GAEC1 amplicons 

(745bp) were detected in all samples, and no amplification was observed in NTC using 

conventional PCR (Supplementary Figure 1). 

 

Identification of GAEC1 variants in colorectal cancer tissues and cell lines 

The median overall follow-up for patients with colorectal cancer is 42 months and the 

survival rate correlated with the pathological stages of the cancer (p<0.001) (Figure 3a). 

Patients with colorectal cancer having GAEC1 mutation had lower survival rates (Figure 3b) 

than those without mutation (p=0.323). In addition, higher GAEC1 copy number regardless of 

tissues type (cancer or normal tissues) had lower survival rate (Figure 3c & 3d) (p=0.169 and 

p=0.273 respectively).   

Eight variants were noted within GAEC1 in 12.7% (n=10/79) of colorectal cancer 

(Table 1). Among these, three variants were identified as novel mutations. The five variants 

were identified by PROVEAN as intron variant within SH2B2 gene: rs803097, rs140185601, 

rs181281674, rs2242581, rs181800740 (Table 1). Allele frequencies for rs803097 was 54.4% 

(n=43) with TT, 10.1% (n=8) with CC and 35.4% (n=28) with TC while for rs2245281, the 

allele frequencies were 1.3% (n=1) with TT, 67.1% (n=53) with CC and 31.6% (n=25) with 

TC (Table 2). The other three intron variants had only one occurrence of heterozygosity 

(Table 1). 



Of the three, rs181281674 and rs181800740 were observed in both cancer and 

matched non-neoplastic mucosal tissues (Figure 4). The rs140185601, on the other hand, was 

found to have a loss of heterozygosity (LOH) at the tumour tissue (Figure 5a). LOH was also 

observed in two cases at the rs803097 and rs2242581 (Figure 5b & 5c respectively). All cell 

lines tested (FHC, SW48, SW480 and HCT116) displayed TT allele for rs803097, CC allele 

for rs2245281, CC allele for rs140185601, GG allele for rs181281674 and GG allele for 

rs181800740.  

Intriguingly, a mutation at Chr7:101939277G>A (Figure 6a) was found in matched 

non-neoplastic tissue. A missense resulting in a change in the second amino acid from alanine 

to aspartic acid (Figure 6b) was predicted by PROVEAN to be deleterious (Table 1).  

Moreover, a mutation occurring at Chr:7.g101939237C>T (Figure 6c) which has never been 

identified was also observed.  

Together, these mutations were significantly associated with perforation in colorectal 

cancer (p=0.021) (Table 3).  Mutations occurring at Chr7:g.101939277 were significantly 

correlated with patient’s gender (p=0.04) as well as the site of cancer occurrence (p=0.028). 

Only females and/or cancer located at the proximal colon had a substitution of 

Chr7:g.101939277G>A occurring at their non-neoplastic tissue (Table 4). 

 

GAEC1 copy number aberrations 

 The current study showed that only 21.5% (n=17) colorectal cancer had GAEC1 CNA 

of 2 while 53.2% (n=42) had a copy of GAEC1 deleted in patients with colorectal cancer 

(Figure 7).  Of the remaining 25.3% (n=20) patients, amplification GAEC1 CNA in cancer 

tissues compared to their matched non-neoplastic tissues was observed in the bulk majority 

the patients (24.1%, n=19) while deletion was only observed in 1.3% (n=1) of patients with 

colorectal cancer (Figure 7). Changes in GAEC1 CNA (Table 5). was not observed in patients 



with synchronous cancer (p=0.038) nor in patients who portrayed microsatellite instability 

(p=0.040).  Interestingly, lower GAEC1 CNA in the cancer tissues was more frequently 

associated with cancer occurring at distal region (p=0.018) while an increase in GAEC1 CNA 

was significantly correlated with later T-stage (p=0.048) and presence of perforation 

(p=0.001) (Supplementary Table 4).  Increased GAEC1 CNA in matched non-neoplastic 

tissues, on the other hand, was associated with increased tumour size (p=0.003) 

(Supplementary Table 4). 

 

Effects of mutation in GAEC1 expression 

The impact of GAEC1 mutation on its expression changes were examined by Western 

blot and immunofluorescence.  Four colorectal cancer cases positive of GAEC1 mutation 

were compared against seven GAEC1 wild type colorectal cancer cases.  GAEC1 transfected 

SW48 cells were used as a positive control for Western blot. Patients with non-mutated 

GAEC1 sequence (T119, T57 and T01; except T40) had remarkably lower GAEC1 

expression while patients with mutated GAEC1 sequence (T22 and T73; except for T23 and 

T76) had a higher GAEC1 expression (Figure 8a & 8b).  Coincidentally, patients with 

GAEC1 variants (rs181281674 and rsrs2242581) showed higher GAEC1 expression. These 

findings were confirmed by immunofluorescence (Figure 8c). However, the GAEC1 protein 

expression finding was not strongly correlated with the mRNA expression (Figure 8d).  

  



Discussion 

Despite having limited information on the GAEC1 gene, a search of its sequence 

region (Chr7:g.101938192-101940242) on the ICGC (international cancer genome 

consortium) (Zhang et al., 2011) showed numerous (n=26) variants in the GAEC1 sequence.  

In the current study, 8.8% (n=7/79) of colorectal cancers were found to have GAEC1 

mutation (Table 3) and were clinically correlated with poor patient survival (Figure3b). 

Fascinatingly, both mutations (Table 3) and increased of GAEC1 CNA in tumour tissues 

(Supplementary Table 4) were found to significantly (p=0.0021 and p=0.001 respectively) 

affect perforation in colorectal cancer (associated with clinical aggressiveness of the cancer).   

In most cases (except for the case of sample 76), an increased expression of GAEC1 

(Figure 8) was found in patients with GAEC1 mutation. This study noted a change in the 

amino acid sequence of the GAEC1 protein in a colorectal cancer case with missense 

mutation in GAEC1. Based on computation analysis with PROVEAN, this amino acid change 

(p.Ala2Asp) has a deleterious effect (Table 2).  Interestingly, this colorectal cancer tissue also 

showed a remarkable increase in GAEC1 protein expression (Figure 8a & 8b), despite having 

only a single DNA copy (Table 6) and a two-fold increase in mRNA expression (Figure 8d). 

This indicates the potential of the mutation at p.Ala2Asp to cause an overexpression of the 

GAEC1 protein. Coincidentally, this mutation was found in a patient with late stage (stage 3) 

colorectal cancer (Table 2). Both sample 76 and sample 22 has LOH occurring at rs803097 

(Figure 5a & 5b) conveniently located at the Kozak sequence (Table 3). It is not surprising 

that the LOH to a CC allele in sample 76 resulted in reduced GAEC1 expression while LOH 

to a TT allele in sample 22 resulted in GAEC1 overexpression (Figure 8a & 8b). 

Unexpectedly, sample 40 which had no mutation and had a TT allele at rs803097 (results not 

shown) also showed overexpression of GAEC1 (Figure 8a & 8b). These findings further 



strengthens the oncogenic and growth promoting properties of GAEC1 (Law et al., 2007; 

Wahab et al., 2017; Chan et al., 2013; Gopalan et al., 2010; Gopalan et al., 2013). 

Interestingly, the novel mutation at Chr7:g.101939277 (Figure 6a) were only 

identified in matched non-neoplastic tissue and was only observed in females (p=0.04) and in 

proximal colon cancer (p=0.028) (Table 4). While these mutations are found in the non-

coding region of GAEC1, non-coding mutations can cause deleterious effects in many diverse 

ways.  For example, they may alter promoters and enhancers whom control transcription 

(Polychronakos, 2012; Li et al., 2015; Hrdlickova et al., 2014).  Furthermore, regulatory 

sequence present at non-coding region can regulate transcription by looping and targeting 

coding sequence thousands of kilobases away (Cao et al., 2015). Changes in these regions 

may alter various transcription factor-binding sites, which alters this regulatory control.  

Alteration at the 3’UTR can also regulate gene expression such as through modifications to 

miRNA target sites (Hrdlickova et al., 2014).  Nonetheless, this study provides preliminary 

findings in the detection of novel GAEC1 mutations in colorectal cancer.  Further functional 

studies are needed to confirm the effect they have. 

In this study, we noted that the changes in GAEC1 protein expression are only weakly 

associated with GAEC1 mRNA expression and GAEC1 CNA (Table 6). This finding is not 

surprising as many studies have found a poor correlation between mRNA abundance and 

protein abundance due to multifactorial conditions that may influence the central dogma of 

molecular biology continuously (Maier et al., 2009; Koussounadis et al., 2015). Even so, the 

presence of apparently non-pathogenic CNA could also predispose a region to chromosomal 

rearrangements, which ultimately give rise to disease Iafrate et al., 2004; Lupski, 2007).  As 

seen in the present study, an increase in GAEC1 copies trended towards a reduced survival 

rate in patients with colorectal cancer (Figure 3c & 3d). Only 21.5% (n=17/79) of patient 

with colorectal cancer showed two copies of GAEC1 in matched tissues (both matched cancer 



tissues and non-neoplastic tissues). Of the remaining 79.5% (n=62/79), 53.2% (n=42/79) had 

a deletion in GAEC1 in matches tissues while 24.1% (n=19/79) showed GAEC1 amplification 

and 1.3% (n=1/79) showed GAEC1 deletion in cancer tissue when compared to matched non-

neoplastic tissue. GAEC1 amplification frequencies in colorectal adenocarcinoma determined 

in this study was comparable to those reported in oesophageal squamous cell carcinoma (Law 

et al., 2007).    

 To conclude, GAEC1 mutation occurs in a small proportion of colorectal carcinoma. 

These mutations are frequently associated with increased GAEC1 protein expression. We 

found that increase in GAEC1 copy and/or GAEC1 mutations were significantly associated 

with biological aggressiveness of the cancer in terms of cancer perforation and survival rates 

of patents.  These indicate that GAEC1 mutation as a potential predictive biomarker for 

colorectal cancer aggression.  Together, these findings augments the role of GAEC1 as an 

oncogene. 
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Figures legend 

Figure 1: Schematic representation of the methodological flow used. Inclusion criteria – 

patients with colorectal carcinomas underwent surgical resection by the same surgeon; and, 

the same pathologist examined all clinicopathological details. Exclusion criteria – patients 

who were lost to follow up or no adequate cancer tissue collected. 

 

 

 

Figure 2: Representative GAEC1 gene amplification and copy number aberration 

(CNA) in patients with colorectal cancer. (a) Duplex gradient optimisation of GAEC1 

(62bp) and HBB (82bp) in 5% agarose gel. Lane 1 contains 100bp DNA ladder; lane 2 and 3 

contain PCR product with annealing temperature of 62.5°C and 64.1°C respectively; lane 4 

contains non-template control (NTC). Optimised annealing temperature was determined as 

62.5°C. Representative (b) 1D droplet plot and (c) 2D plot of amplified duplex ddPCR 

product from GAEC1 and HBB. (d) Representative copy number changes between matched 

tumour and non-tumour tissue in each patient with colorectal cancer. Solid circle symbol (●) 



represents CNA in colorectal cancer tumour biopsies while diamond symbol (◊) represents 

CNA in adjacent non-neoplastic mucosae. Error bars indicate the Poisson 95% confidence 

interval. 

 

 



Figure 3: Survival rate correlated with (a) pathological stages of colorectal cancer, (b) 

GAEC1 mutation and (c) GAEC1 copy number aberration in colorectal cancer tissues 

and (d) adjacent non-neoplastic tissue. Increased GAEC1 copy number and presence of 

mutation reduces the survival rate of patients with colorectal cancer. 

 

 

 

 



Figure 4: Heterozygosity at (a) rs181281674 and (b) rs181800740 as observed in in GAEC1 found in colorectal cancer tissues. 

 

 

 



Figure 5: Loss of heterozygosity (LOH) in GAEC1 found in colorectal cancer tissues. 

LOH was confirmed with Sanger sequencing. Representation of LOH found at (a) 

rs140185601 with LOH resulting in a CC allele, (b) rs803097 with LOH resulting in a CC 

allele; and (c) rs803097 with LOH resulting in a TT allele. 

 

 

 



Figure 6: Novel mutations in GAEC1 found in colorectal cancer tissues. Mutation sites 

were confirmed by Sanger sequencing. Representation of mutations:  

(a) Chr:7g.101939277G>A occurring at the matched non-neoplastic mucosal tissue, (b) 

Chr:7g.101938714C>A occurring at the cancer tissue changing the second amino acid from 

alanine to aspartic acid; and (c) Chr:7g.101939237C>T. 

 

 

 

 

 



Figure 7: CNA of 79 matched samples of patients with colorectal cancer. CNA ranged between 1-3 copies with 19 cases showing 

amplification in copies compared to their matched non-neoplastic mucosal tissue, 1 cases showing deletion in copies compared to their matched 

neoplastic mucosal tissue and 59 cases showing no apparent changes between their matched counterparts. Solid circle symbol (●) represents 

CNA in colorectal cancer tumour biopsies while diamond symbol (◊) represents CNA in adjacent normal tissue. Error bars indicate the Poisson 

95% confidence interval. 

 



Figure 8: GAEC1 expression in patients with colorectal cancer. (a) Western blot analysis 

of GAEC1 protein expression with GAPDH as housekeeping protein. (b) Bar graph of 

GAEC1 band intensity normalised to GAPDH. Positive control used for Western blot is the 

SW48 cells transfected with GAEC1. Samples with mutations showed increased protein 

expression (T22, T73 and T23; except T76). (c) Representative images of colorectal cancer 

tissues with (i) low GAEC1 expression and (ii) high GAEC1 expression. (d) GAEC1 mRNA 

expression with GAPDH as an internal control gene. 

  



Supplementary Figures Legend 

Supplementary Figure 1: Representative amplified GAEC1 PCR product in 2 % agarose 

gel. Lane 1 contains 100 bp DNA ladder while lane 2-3 represents GAEC1 amplicon that was 

detected in all samples. Lane 4 includes NTC. Amplicon size of 745bp was detected.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 1: Mutations detected in the exon region of GAEC1 in Australian patient with colorectal cancer 
 
Sample Stage Mutation region  Nucleotide change  Type of mutation Codon change  In silico 
prediction/PROVEAN 
code 
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
----------- 
73 3 Coding   Chr7:g.101938714C>A   Missense  p.Ala2Asp  Deleterious 
76 4 Kozak   Chr7:g.101938708C  LOH   -   rs803097 
22 2 Kozak   Chr7:g.101938708T  LOH   -   rs803097 
101 1 5’ UTR   Chr7:g.101939150C>T  LOH   -   rs140185601 
28 2 5’ UTR   Chr7:g.101939070G>A  -   -   rs181281674 
105 2 5’ UTR   Chr7:g.101939127C>T  -   -   rs2242581 
116 4 5’ UTR   Chr7:g.101939258G>A  -   -   rs181800740 
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ 
Mutation detected in matched non-cancer tissue samples 
 
23 1 5’ UTR   Chr7:g.101939277A>G  LOH   - 
     Chr7:g.101939237C>T  Substitution  - 
 
122 2 5’ UTR   Chr7:g.101939277G>A  Substitution  - 
 
123 4 5’ UTR   Chr7:g.101939277G>A  Substitution  - 
 
Nucleotide positions were designated based on human GRCh37/h19; 5’ UTR = 5' untranslated region; 3’ UTR = 3’ untranslated region; WT = wildtype; LOH 
= loss of heterozygosity;   “-” indicates not applicable 
   



Table 2 Frequent polymorphisms detected in GAEC1 in colorectal cancer. 
 
Alleles  rs803097 (%, n) rs2242581 (%, n)    
TT 54.4%, n=43  1.3%, n=1 

 
CC 10.1%, n=8 67.1%, n=53 

 
TC 35.4%, n=28  31.6%, n=25   
Total 100.0%, n=79 100.0%, n=79   
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