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INTRODUCTION 

It is widely accepted that cancer is a genetic disease and that inactivation of tumor suppressor genes as 
well as activation of oncogenes is the causes of cancer. Finding genes responsible for the development of cancer 
has a diagnostic and prognostic significance and would help to create drugs against the disease. Although for 
some cancer types a number of genes and pathways for carcinogenesis have been already identified, the 
mechanisms of prostate cancer development remain poorly understood.  Loss of heterozygosity (LOH) studies 
indicate that there are many yet unknown prostate cancer related tumor suppressor genes. As the title of the 
review by Ostrander EA and Stanford JL. in the American Journal of Human genetics (2000 pp 1367-75) states: 
Genetics of Prostate Cancer: Too Many Loci, Too Few Genes.  The goal of this grant proposal is using a novel 
gene identification strategy, called GINI analysis, to identify genes that contain inactivating mutations in both 
alleles or contain mutation in one and have lost the other allele in prostate cancer cell lines.  Such genes, if also 
mutated in primary tumours, can be putative prostate tumor suppressor genes. The idea of GINI is based on the 
phenomenon of Nonsense Mediated mRNA Decay (NMD), which means a fast degradation of mRNA 
transcripts containing premature translation termination codons (PTC) more than 50 bp upstream of the last 
exon/exon junction. Blocking translation with emetine has been shown to result in inhibition of NMD and 
accumulation of mutant transcripts which can be detected using microarray technology, such as Affymetrix 
genechips, for example. Unfortunately, too many genes that do not contain any mutations show mRNA increase 
following emetine treatment due to stress response to the inhibition of translation or due to being natural 
substrate for NMD, which complicates the identification of mutant genes.  The goal of this grant proposal was 
first to develop a strategy to distinguish the mutant mRNA stabilization due to inhibition of NMD from the 
mRNA increase of non-mutated genes due to stress response to emetine and second to identify mutant genes in 
prostate cancer cell lines using the inhibition of NMD strategy.  

This is the final report for this grant covering the 36 month period from January 2004 till December 2006. 
Although funding provided for this work allowed to hire a postdoctoral fellow for only 2 years, the tasks of the 
proposal have been completed.  

BODY 
Specific Aim1. Identification of the candidate genes for sequencing analysis in prostate cancer cell 

lines.  
Task1. Application of different methods of NMD inhibition to select candidate genes for sequencing 

analysis. 
The low efficiency of finding mutant genes using GINI analysis results from the high number of false 

positives, which are non-mutated genes showing mRNA increase following NMD inhibition. Inhibition of NMD 
by blocking protein translation with emetine results in increased amount of mRNA for approximately 10% of all 
genes of the genome We suggested that genes induced by stress responses to different treatments used to inhibit 
NMD can be different; therefore genes induced by one treatment but not by the other can be considered as false 
positives even if they induced only in the analyzed but not in the control cell line. Candidates for sequencing 
than should be the genes that show mRNA increase following all methods of NMD inhibition in tested but in 
control cell lines. 

To evaluate different approaches to inhibit NMD for the efficiency of identifying mutant genes using GINI 
we used a ‘cancer chip’- a cDNA microarray with representatives for 5,000 genes known to be related in some 
way to cancer and the RKO colon cancer cell line, where two previously identified heterozygous frameshift 
mutations in P300 gene result in nonsense mediated decay of P300 mRNA. We used as a control HT29 colon 
cancer cells assuming that mutant genes in different cell lines are different, while genes that show mRNA 
increase due to stress response are common.  We tried several approaches to inhibit NMD assuming that 
different methods of NMD inhibition produce different false positives created by stress response to the 
treatment and that selecting only those genes that show mRNA increase following each method of NMD 
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inhibition would maximize the chances to find mutant genes. These included the inhibition of NMD with 
emetine, the expression of dominant negative form of the major regulator of NMD hUpf1 as well as the 
downregulation of hUpf1 expression using siRNA.  

A stable expression of the dominant negative form of hUpf1 gene did not produce any changes in gene 
expression in RKO cells. We attempted to express the dominant negative form of hUpf1 gene in the adenoviral 
vector but we did not have a success in the production of a viral stock which could efficiently overexpress the 
gene in the infected cells.  

a) Comparing emetine and siRNA approach 
When we tested the inhibition of the expression of the endogenous hUpf1 using siRNA we found that this 
approach did not work efficiently for all cell lines. However, since this approach finally did work for the RKO 
cells we were able to compare the list of genes that show mRNA increase produced by emetine treatment in 
RKO but not in the control HT29 cells with the list of genes induced by siRNA against the hUpf1 in RKO cells. 
 We found that the lists of candidate genes for sequencing selected by analysing mRNA changes produced by 
both approach essentially overlap. Table1 shows the first 30 genes that had the highest mRNA increase 
following emetine treatment in RKO cells and had less than 2-fold increase in control HT29 cells detected by 
hybridization to cDNA microarray. Table 1 also shows genes that in addition to be induced by emetine in RKO 
but not in HT29 cells are also induced by siRNA in against hUpf1 in RKO cells. The list of overlapping genes 
contained P300 genes indicating that the approach of analyzing mRNA changes produced by two alternative 
methods of NMD inhibition can be used for identifying mutant genes. Indeed, sequencing the first 10 genes 
from the list of genes that show mRNA increase following both methods of NMD inhibition has identified 
except previously identified in P300 gene bi-allelic frameshift mutations in RHAMM and MSH3 genes in RKO 
cells. However, the remaining sequenced genes did not contain the mutations implying that the efficiency of 
finding mutations using combination of emetine and siRNA is still low and that   combining siRNA and emetine 
treatments did not improved significantly the efficiency of GINI.  Besides, siRNA approach in contrast to 
pharmacological inhibition of NMD does not work equally well for all cell lines. In LS180 colon cancer cells for 
example the siRNA treatment did not produce significant downregulation of hUpf1 expression. Therefore, 
although it was not in the statement of work we also tested alternative to emetine pharmacological methods to 
inhibit NMD.  
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b) Interfering with hUpf1 phosphorylation can be used for identifying mutant genes.  
 
It has been shown that sequential phosphorylation and dephoshorylation of hUpf1 protein by PI3-like 

kinase hSMG-1 and PP2A phosphatase respectively is required for the initiation of the NMD mediated mRNA 
degradation (Brumbaugh et al., 2004; Ohnishi et al., 2003). Moreover, a pharmacological block of NMD using 
inhibition of hSMG-1 phosphorylation with caffeine or wortmannin has been previously reported (Usuki et al., 
2004). To test the possibility of using pharmacological interference with hUpf1 
phosphorylation/dephosphorylation for genomewide identifying mutant genes we analyzed the effect of 
inhibitors of hSMG-1 kinase or PP2A phosphatase on the stability of mutant P300 gene in RKO cells. RT-PCR 
analysis on Figure 1 shows that incubation of cells with caffeine, the inhibitor of hSMG-1 kinase, as well as 
with okadaic acid or cantharidin, the inhibitors of PP2A phosphatase, like the incubation of cells with emetine 
result in increased amount of mutant but not wild type P300 and TGFBR2 mRNAs analyzed in RKO and LS180 
cells respectively (Ionov et al., 2004). Since caffeine produced minimal cell death in colon cancer cells as 
compared with other reagents we further used caffeine as an alternative to emetine. Northern Blot on Figure 1B 
demonstrates the significant increase of mutant TGFBR2 mRNA following 4.5 hrs of incubation of LS180 cells 
with caffeine. 
 

c) Blocking transcription following NMD inhibition helps to minimize number of false positives. 
In our previous work in order to eliminate the false positives produced by differential de novo mRNA 

synthesis due to stress response to emetine we blocked transcription together with blocking NMD (Ionov et al., 
2004). Despite successful identification of two mutant genes blocking transcription together with NMD caused 
decreased amounts of mRNA which resulted in the absence of signal for the halve of the probes presented on  
the microarray. To avoid this problem we tested a modified approach which uses blocking transcription not 

Figure 1.  Accumulation of mutant P300 
and TGFBR2 mRNAs in RKO and LS180 
cells respectively following different 
approaches to inhibit NMD.  A. RT-PCR 
analysis demonstrates that similar to 
incubation with emetine the incubation with 
10 mM caffeine, the inhibitor of the SMG-1 
kinase as well as with 100nM okadaic acid 
or 100 nM cantharidin, the inhibitors of 
PP2A phosphatase result in increased 
amounts of mutant (RKO cells) but not wild 
type(LS180 cells) P300 mRNA  as well as 
mutant TGFBR2 mRNA (LS180 cells).  
Total RNAs for the RT-PCR analysis were 
prepared following 3 hrs incubation with 
indicated drugs.  B. Quantitative   analysis 
of Northern blot using a PhosphorImager 
(Molecular Dynamics) demonstrates 
significant accumulation of mutant 
TGFBR2 mRNA in LS180 cells following 
4.5 hrs of incubation with 10mM caffeine. 
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simultaneously with but after NMD inhibition. The rational behind the modified approach is that blocking 
transcription after the accumulation of mutant transcripts following NMD inhibition will enable to detect 
different speed of mutant mRNA degradation when NMD is blocked or released in the absence of de novo 
transcription. When we blocked transcription with actinomycin D four hours after blocking NMD with emetine 
we could not, however, detect any significant difference in the mRNA levels of known mutant genes. It is 
possible that if some ‘short-living’ protein is required for the NMD to work, than blocking translation with 
emetine results in the absence of this protein and inability to activate NMD following inhibition of transcription. 
Since caffeine does not block translation we tested the effect of blocking NMD using caffeine on the mRNA 
degradation of mutant transcripts in the absence of de novo transcription. Northern blot on the Figure 2 shows 
that pretreatment with caffeine but not with emetine allows to detect significant difference in the amount of 
mutant TGFBR2 mRNA in LS180 cells following blocking transcription in the context of released or blocked 
NMD.  This implies that pretreatment of cells with caffeine will increase the efficiency of detection of the 
differences in the amount of mutant mRNA after NMD is blocked or released when the transcription is inhibited 
with actinomycin D.  

Using ‘cancer chip’ we compared mRNA expression profiles in RKO cells after pretreatment with caffeine 
for 4 hrs followed by incubation in the presence of actinomycin D plus caffeine or actinomycin D only. We will 
further call this version of GINI as C(A+C)/CA, where C stands for caffeine and A for actinomycin D.  We 
selected genes that after incubation with caffeine and following incubation with actinomicine D and caffeine 
had more than two-fold mRNA amounts than after incubation with caffeine following incubation with 
actinomycin D only.  Six genes, which include P300, RHAMM and MSH3 (Table 1) have been selected as 
candidates for sequencing when we combined the results of inhibiting NMD using C(C+A)/CA treatment with 
that of emetine treatment. The remaining three genes did not contain any mutations. These false positives could 
be caused by microarray hybridization errors. Despite this  the 50% efficiency of identifying mutant genes using 
combination of two different approaches to inhibit NMD suggests that combining the analysis of mRNA 
accumulation following emetine treatment with the analysis of mRNA degradation during C(C+A)/CA 
treatment can be the optimal strategy to identify mutated genes in prostate cancer cell lines when using 
Affymetrix HGU133Plus2.0 platform. The details of the procedure are described in the appended manuscript 
published in oncogene (Ivanov et al., 2006). 

 
d) Using a simple analytical algorithm to analyse mRNA changes produced by emetine treatment for 

identification of mutant genes. 
In addition we have developed a simple analytical algorithm to process the data of the Affymetrix 

Genechip hybridization showing mRNA profile alteration following emetine treatment. The details of the 
algorithm are in the appended manuscript published in Cancer Genetics and Cytogenetics in 2005. Briefly, the 
algorithm is based on the assumption that different genes are mutated in different prostate cancer cell lines due 
to the heterogeneity of prostate cancer.  The method utilizes comparing mRNA profiles of two cancer cell lines 
before emetine treatment and also comparing between cell lines mRNA changes produced by emetine treatment. 
Genes selected for sequencing analysis should satisfy the following criteria: 1) the gene should have low 
expression in one cell lines and the high expression in the other, 2) the genes should show a high mRNA 
increase following emetine treatment only in cell line with low expression before treatment. 
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Specific aim 2. Identification of mutations in genes selected from the Affymetrix Genechip. 

Task 2. Mutation analysis of the genes selected by using NMD inhibition and Affymetrix Genechip. 

To identify genes mutated in prostate cancer cell lines we applied the strategy developed working on Task 
1 of the proposal. We treated LNCaP, DU145, 22Rv-1 and PC3 cells with emetine, caffeine as well as with 
caffeine followed by combined caffeine and actinomycin D or actinomycin D only treatments.  Using our 
analytical algorithm that takes into consideration not only the changes in mRNA expression profiles produced 
by different treatments but comparing the gene expression levels in untreated cells we selected candidates for 
sequencing analysis out of more than 50,000 genes represented on the Affymetrix U133Plus2.0 GeneChip. 
Sequencing has identified bi-allelic inactivating mutations in 10 genes in the cell lines analyzed shown in Table 
1. Figure 3 illustrates the example of identified mutations in the PARD3 gene in LNCaP cells. 

Table 1. Genes mutated in prostate cancer cell lines identified using GINI 

Gene Gene 
symbol Mutation Cell line with 

gene mutated Function 

Cleft Lip and Palate 
Transmembrane 

 Protein 1 
CLPTM1 DelC in (C)2  nt 858-9 LNCaP RNA binding 

myristoylated 
alanine-rich protein 
kinase C substrate 

MARCKS DelA in (A)11 nt 454-64 DU145 cell motility 

Janus Kinase 1 JAK1 Del A in (A)8 nt 2573-80, 
DelC in (C)7 nt 1283-89 LNCaP Signal transduction 

Figure 2.  Blocking mRNA synthesis with actinomycin D following inhibition of 
NMD with caffeine but not with emetine helps to detect NMD dependent 
degradation of mutant TGFBR2 mRNA in LS180 cells. Northern blot demonstrates 
that incubation with emetine (100 �g/ml) as well as with caffeine (10mM) for 3 hrs 
result in increased amounts of mutant TGFBR2 mRNA in LS180 cells (lanes 2 and 7) 
as compared with untreated cells (lane 1). Blocking transcription with actinomycin D 
following emetine treatment results in similar amounts of TGFBR2 mRNA when NMD 
is inhibited (lanes 4 and 6) or not (lanes 3 and 5) with emetine. Blocking transcription 
with actinomycin D following caffeine treatment results in significantly different 
amounts of THFBR2 mRNA when NMD is inhibited (lanes 9 and 11) or not (lanes 8 
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synaptojanin 2 SYNJ2 DelC  in (C)8 nt 3331-8 LNCaP 
RNA binding 

phosphoinositide 5-
phosphatase activity 

mutL homolog 1, 
colon cancer, 

nonpolyposis type 2 
(E. coli) 

MLH1* C39X (Huusko et al., 2004) DU145 DNA mismatch repair 

androgen-induced 
proliferation inhibitor APRIN DelA in (A)9 nt 4161-9, DelC 

in (C)7 nt 2164-70 22Rv-1 negative regulation of 
cell proliferation 

par-3 partitioning 
defective 3 homolog 

(C. elegans) 
PARD3 DelT in (T)5 nt 950-4, C>T 

nt 1921 LNCaP 
establishment and/or 
maintenance of cell 

polarity 
SWI/SNF related, 
matrix associated, 
actin dependent 

regulator of 
chromatin, subfamily 

a, member 4 

SMARCA4* 85nt deletion in exon 10 
(Wong et al., 2000) Du145 regulation of 

transcription 

PHD finger protein 3 PHF3 DelA in (A)7 nt 3402-8 nt 
449-59 DU145 regulation of 

transcription 
transforming growth 
factor, beta receptor 

II (70/80kDa) 
TGFBR2 DelA in (A)10 nt 1141-8 22rv-1 protein serine/threonine 

kinase signaling pathway 

 
* These mutations have been independently reported by other groups 

 

Figure 3. Sequencing chromatograms show 2 heterozygous inactivating mutations in 
PARD3 gene in LnCAP cells.  

An additional work performed besides the scope of the proposal 

Several of the identified inactivated mutant genes can be related to the development of prostate cancer. 
Functional studies are required to prove the tumor suppressor activities of the genes mutated in prostate cancer 
cell lines. Unfortunately, the specific aim related to the functional studies had been cut from my original 
proposal.  However, we performed an additional work to assess the significance of the identified mutations for 
prostate cancer.  We sequenced the Pard 3 gene exons in 17 DNA samples of prostate tumor DNA. No 
mutations have been identified. This implies that the pard3 gene mutation is a rare event in prostate 
carcinogenesis. However, this does not preclude the importance of the pathway containing the pard3 gene for 
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prostate cancer. This gene is implicated in asymmetrical cell division suggesting that inactivation of pard3 
pathway could affect the replication of prostate stem cells. 

 We compared the mutation spectra between 22Rv1 prostate cancer cell line and its parental CWR22 
xenograft.( 22Rv1 is a human prostate carcinoma epithelial cell line derived from a xenograft that was serially 
propagated in mice after castration-induced regression and relapse of the parental, androgen-dependent CWR22 
xenograft). We have found that mutations in AS3,   JAK1, TGFBR2 genes identified in 22Rv1 cell lines were 
also present in parental CWR22 cells. This implies that mutations identified using NMD inhibition occurred not 
during in vitro cultivation of 22Rv1 cells but most likely during in vivo tumor development. 

 In order to identify novel genes involved in prostate tumor progression we used GINI analysis to identify 
additional mutations in the C-4-2 cells, the metastatic derivative of the LNCaP cell line. We hypothesized that 
progression to metastatic stage in C-4-4 cells could be driven through the acquiring the additional mutations in 
genes involved in metastatic development in LnCAP cells. Although the task was simplified by the existence of 
the perfect isogenic control to identify easily nonspecific mRNA increases due to stress response, no additional 
mutations have been identified in the metastatic derivative of the LnCAP cells. This implies that despite high 
mutation rate mediated by the inactivation of mismatch repair system in LnCAP cells the progression to 
metastatic stage in this model system was driven most likely by epigenetic rather than genetic alterations.  

SUMMARY STATUS OF TASKS OUTLINED IN THE STATEMENT OF WORK 

Task1. Completed. 

Task2. Completed.  

KEY RESEARCH ACCOMPLISHMENTS 

1) An efficient method of selection of the candidate genes for sequencing analysis from the genes 
that show mRNA increase following inhibition of NMD has been developed. 

2) An alternative version of GINI analysis which uses analysis of NMD mediated mRNA 
degradation in the absence of transcription following inhibition of NMD with caffeine has been developed. 

3) Ten genes containing inactivating biallelic mutations in prostate cancer cell lines have been 
identified using our version of GINI and analytical algorithm to select genes for sequencing analysis. 

REPORTABLE OUTCOMES  

Publications 

M. Rossi, L. Hawthorn, J. Platt, T. Burkhardt, J. Cowell, Y. Ionov. Identification of inactivating mutations 
in the JAK1, SYNJ2, and CLPTM1 genes in prostate cancer cells using inhibition of nonsense-mediated decay 
and microarray analysis. Cancer Genetics and Cytogenetics 2005, September  161(2):97-103. 

I Ivanov, K C Lo, L Hawthorn, J K Cowell and Y Ionov. Identifying candidate colon cancer tumor 
suppressor genes using inhibition of nonsense-mediated mRNA decay in colon cancer cells.  Oncogene,  2006 
November 6, 1-12, Epub ahead of print.  

A third paper on identifying PARD3 and AS3 gene mutations using GINI in prostate cancer cells is 
currently being prepared. 
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CONCLUSIONS 
Through the funded period we have developed a reliable method to identify mutant genes in prostate 

cancer cell lines using inhibition of NMD and Affymetrix GeneChip analysis. The efficiency of the method is 
close to 50%, which is the highest reported for the identifying mutant genes using GINI analysis. The approach 
which includes combining inhibition of NMD and comparative genomic hybridization, described by other group 
(Huusko et all (2004) is much less efficient than the one developed in our lab. Analyzing several cell lines they 
were able to identify mutation only in one gene, EPHB2 in one cell line. Ten genes have been identified to 
contain biallelic inactivating mutations in prostate cancer cell lines using our approach. The reason for this is 
that in prostate cancer cell lines with microsatellite instability, such as in LNCaP, DU145 and 22Rv1 
inactivation of both alleles by two independent mutations is more likely than mutation in one allele and loss of 
the other. Therefore the addition of CGH analysis to GINI provides little advantage. Several genes previously 
not known to be mutated, such as CLPTM1, AS3, PARD3, are potential prostate tumor suppressor genes. I am 
planning to apply for additional funding to study functional significance of mutations for prostate tumor 
development. 
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Abstract We have developed a simple analytical method that increases the efficiency of identifying mutant genes
in cell lines after the inhibition of nonsense-mediated decay (NMD). The approach assumes that
the spectra of mutant genes differ between cell lines of the same tumor origin. Thus, by analyzing
more than one cell line in parallel and taking into account not only changes in mRNA levels after
the inhibition of NMD, but also comparing mRNA levels between cell lines before the inhibition
of NMD, the vast majority of false positives were eliminated from the analysis. In this study, we
used Affymetrix oligonucleotide arrays to compare mRNA profiles of two prostate cancer cell lines,
PC3 and LNCaP, before and after emetine treatment. As a result of our modified approach, from
the 14,500 genes present on the array, 7 were identified as candidates from LNCaP cells and 1 was
identified from PC3 cells. Sequence analysis of five of these candidate genes identified gene-
inactivating mutations in four of them. Homozygous mutations were found in the synaptojanin 2
(SYNJ2) and the cleft lip and palateCLPTM1 genes. Two different heterozygous mutations in the
Janus kinase 1 (JAK1) gene result in complete loss of the protein in several different prostate cancer
cell lines. � 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Nonsense mutations that occur in coding DNA sequenc
upstream of the last exon of a gene elicit a rapid degradati
of mutant mRNA through the nonsense-mediated mRN
decay (NMD) pathway[1,2]. Since initiating the degradation
of mutant mRNA requires an initial round of translation,
blocking translation with specific drugs, such as emetin
has been shown to abrogate the NMD-mediated degradat
of mutant mRNAs[3]. This effectively results in an increased
amount of mutant cellular mRNA from genes containing
nonsense or frameshift mutations, which can be detect
using expression microarrays. A strategy for using microa
ray analysis of mRNA profile alterations resulting from in-
hibiting NMD in cell lines (GINI) has been proposed for
the identification of genes containing nonsense mutatio
[4]. Unfortunately, inhibition of NMD by blocking transla-
tion with emetine is accompanied by the upregulation o

* Corresponding author. Tel.: 716-845-5935; fax: 716-845-1698.
E-mail address: Yurij.Ionov@RoswellPark.org(Y. Ionov).
0165-4608/05/$ – see front matter� 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.cancergencyto.2005.02.006
s

n

d

a large number of genes that do not contain nonsense mu
tions due to a stress response to the drug, which complica
choosing candidates for sequence analysis. One approac
minimize the number of false positives in the pool of th
candidate genes selected for sequence analysis was to c
bine inhibition of NMD with a block of transcription using
actinomycin D. This approach largely prevents de novo sy
thesis of mRNA during treatment, thereby reducing th
upregulation of stress response genes. Selecting only ge
that show mRNA increases after treatment with both emeti
and actinomycin D streamlines the mutation analysis. A
though this approach has already proven successful in ide
fying inactivating mutations in colorectal[5] and prostate[6]
cancer cell lines, the analysis is compromised by the over
reduction in mRNA transcripts, which results in loss o
hybridization signals for almost half of the genes prese
on the microarray. Thus, genes that may be mutated but
expressed at moderate to low levels are excluded from det
tion. Although the number of false-positive candidate gen
could be minimized by using nonmalignant control ce
lines to identify those involved in the stress response, t
differences in response to drug treatments between norm

mailto:Yurij.Ionov@RoswellPark.org
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of
and cancer cells[7] still produces a large number of fals
positives.

Using cancer cell lines, we have now developed a
tested a simple algorithm to more accurately identify can
date genes for sequence analysis from the large numbe
genes that show mRNA increases after inhibition of NM
with emetine.

We used PC3 and LNCaP, both of which reportedly ha
microsatellite instability[8], to maximize the possibility of
identifying mutant genes because of their inability to rep
replication defects in the coding mononucleotide repe
[9,10]. In this study four of the five candidate genes identifi
demonstrated either homozygous or heterozygous mutat
in a range of prostate cancer cell lines. These findings prov
a valuable proof of principle that our analytical algorithm
can streamline the GINI analysis of cancer cells and iden
fies novel genes that appear to be related to prostate ca
development and progression.

2. Materials and methods

2.1. Cell culture and emetine treatment

Prostate cancer cell lines LNCaP and PC3 were ma
tained in RPMI 1640 supplemented with 10% fetal bovin
serum and antibiotics. The emetine treatment protocol w
as described previously[5].

2.2. Oligonucleotide array analysis

mRNA levels in emetine-treated and untreated cells w
measured using the Affymetrix U133A array. The protoc
for this analysis has been outlined[11]. GeneChip expression
array analysis was performed using Affymetrix Microarra
Suite software (GeneChip Analysis Suite). This software u
two independent sets of algorithms, a quantitative algorit
(robust estimator of the mean difference in probe intensiti
that computes raw signal and signal log ratio (SLR) direc
from the hybridization intensities of probes, as well as
confidence algorithm (nonparametric) that providesP values
that measure the confidence in detection (absent or pres
or change (increase, decrease, or no change) of a spe
target.

2.3. Mutation analysis

One microgram of total RNA from emetine-treate
LNCaP and PC3 cells was reverse transcribed using
SuperScript II protocol (Invitrogen, Carlsbad, CA). Thre
overlapping polymerase chain reaction (PCR) primer s
were used to generate products spanning the entireJAK1
open reading frame for both cell types. Genomic DNA is
lated from 6 prostate cell lines, 4 colon cell lines, and
primary colon tumors were also PCR amplified usin
the followingJAK1 exon primers: Ex4F 5′-TTCATTTTCC-
TGCCTTCCAG-3′, Ex4R 5′-CCACAAACTCCAGCTTCT
of

s
e

-
er

-

s

s

)

t)
fic

e

s

CC-3′, Ex8F 5′-CTGAAGCTCTCTTCCCACGA-3′, Ex8R
5′-CTAAAACACGGGCTCTCTGC-3′. The primers that
amplify the mononucleotide repeat within exon 23 ofSYNJ2
in genomic DNA wereSYNJ2 Ex23F 5′-GCC TCC TGT
GCTCAGATCC-3′ and SYNJ2 Ex23R 5′-GGAGCCGTG-
TTTTCAGTAGC-3′. The primers to amplify the cDNA
containing two short mononucleotide repeats (C)5 of the
CLPTM1 gene wereCLPTM1 Ex8-11F 5′-TCACCATCAA-
CATCGTGGAC-3′ andCLPTM1 Ex. 8-11R 5′-CGAGGAC-
TCGATATACGTGGA-3′.

PCR analyses for both cDNA and genomic DNA wer
performed using the Phusion high-fidelity DNA polymer
ase protocol (Finnzymes OY, Espoo, Finland). The PC
products were gel purified and sequenced using the PRI
3100 Genetic Analyzer (Applied Biosystems, Foster City, CA

2.4. Protein analysis

Western blotting was carried out as described previou
[5] using a polyclonalJAK1 antibody from Cell Signaling
Technology (Beverly, MA). The second horseradish perox
dase–anti-rabbit antibody was obtained from Santa Cr
Biotechnology (Santa Cruz, CA).

3. Results

3.1. Expression array analysis

To identify candidate genes related to prostate cancer,
analyzed the mRNA levels between the LNCaP and P
prostate cancer cell lines before and after treatment with
NMD-inhibiting drug, emetine. First, we excluded gene
that were not expressed in either cell line regardless
treatment, as well as genes that were induced by eme
treatment in both cell lines. In the latter case we assum
that the majority of these mRNA increases were most like
caused by a cellular stress response related to emetine ra
than to inhibition of NMD (see below). Next, we rationalize
that if we assume different genes will carry nonsense mu
tions in different cell lines, then in untreated cells, som
genes (those with mutations) would show lower mRN
levels in one cell line (A) and higher mRNA levels (thos
without mutation) in the other cell lines (B). At the sam
time, only the genes that showed low levels of mRN
should thenshow increased levelsafter treatment withemet
Since it was not possible to predict exactly how a no
sense mutation would affect the RNA levels for any partic
lar gene, we established several arbitrary cut-offs for the
mRNA level changes to maximize the chances of identifyin
mutated genes. Thus, for comparing mRNA levels in u
treated cells we used the formulaB/A � fourfold, and in the
treated cellsAtreated/A � fourfold, while for the same gene
Btreated/B � twofold. Using Affymetrix analysis software
(http://www.affymetrix.com/support/technical/manual/expre
sion_manual.affx), fold changes are represented by the S
and a fourfold increase in the absolute signal intensity
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emetine-treated cells versus untreated cells is equivalent to
an SLR of 2.

More than 800 of the 22,000 probes sets, or approximately
3.5% of the total number of genes (14,500) represented on
the U133A platform, had increased levels of expression after
emetine treatment in both LNCaP and PC3 cells. A number of
these genes, including TXNIP and GADD45B (data not
shown), are known stress response genes and were exclude
from further analysis. Using the approach described above,
we were able to narrow our search down to seven candi-
date genes in LNCaP cells (Table 1) as potential carriers of
nonsense mutations.RIN2, JAK1, NRP1, CLPTM1, SYNJ2,
DATF1, andRANBP2 each had an SLR� 2 (Atreated/A �
fourfold) for LNCaP cells and an SLR� 1 for PC3 cells
(Btreated/B � twofold). There was a significant increase (I)
in the comparison between emetine-treated and untreated
LNCaP cells, and the “P detection” values were less than
0.00007 for all these genes. AlthoughRIN2, JAK1, DATF1,
and RANBP2 appear to have significant increases (P �
0.004) in expression in PC3 cells after emetine treatment,
these increases are below the SLR� 1 threshold and are
therefore assumed to be within the range of normal
variability.

The same approach was used to identify candidate gene
in PC3 cells (Table 1). In this analysis we identifiedp53
as the only candidate mutated gene (P � 0.003). In fact,
there have been a number of reports already demonstrating
that PC3 cells carry inactivating truncating mutations inp53,
whereas LNCaP cells express wild-typep53 [12,13]. During
our analysis, we also identified genes whose mRNA were
significantly increased after emetine treatment in both PC3
and LNCaP cells. While these could represent mutant genes
in both cell lines, they are equally likely to be stress response
genes induced in both cells. As such, we have not pursued
these genes further at this time.

3.2. Mutation analysis of candidate genes

From the genes shown inTable 1, SYNJ2, CLPTM1, and
JAK1 were chosen as candidates for mutation analysis be-
cause they contain mononucleotide repeat regions within
the open reading frame of the genes. The death-associate
transcription factor-1 gene (DATF1) was also chosen for
mutation analysis because its predicted function implicated
it as a potential tumor suppressor gene. A homozygous dele
tion of one “C” nucleotide in a (C)8 mononucleotide repeat
in exon 23 (Fig. 1A) was identified in theSYNJ2 gene in
LNCaP cells. PC3 cells did not show this mutation. Ex-
tending the mutation analysis to other prostate cancer cell
lines identified a heterozygous mutation in the same region
in exon 23 in LAPC-4 cells. We also sequenced exon 23
in the SW48, HCT116, RKO, LoVo, and LS180 colon cancer
cell lines, which are known to have microsatellite instability
(MSI). A heterozygous deletion of one C in the same mono-
nucleotide repeat was found in LS180 and LoVo cells.
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Fig. 1. Mutation analysis in prostate cancer cells. Disruption of NMD suggested that theCLPTM1 (A) and SYNJ2 (B) genes carried nonsense mutations
in LNCaP cells. Sequence analysis identifies homozygous deletions within mononucleotide repeats in the coding regions of both of these genes.
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TheCLPTM1 gene contains two (C)5 repeats in its open
reading frame, but sequencing of the entire cDNA in LNC
cells identified a homozygous deletion of the 857C nucle
tide that lies outside the (C)5 repeats (Fig. 1B). No mutations
in theCLPTM1 gene were found in the PC3 cells. Sequen
ing the cDNA for theDATF1 gene from emetine-treate
LNCaP cells did not identify any mutations.

Sequence analysis of theJAK1 cDNA from the emetine-
treated LNCaP cells identified two different heterozygo
mutations, one in exon 4, which contains a (A)8 mononucleo-
tide repeat (Fig. 2A), and the other in exon 8, which contain
a (C)7 tract (Fig. 2B). Both are predicted to be inactivatin
mutations, indicating a loss of function forJAK1 in these cells
(see below). PC3 carried only the wild-type sequence (d
not shown). TheJAK1 mutations were confirmed by se
quence analysis of the same exons from genomic DN
Sequence analysis of exon-specific PCR products from
24 exons ofJAK1 did not identify mutations in PC3 as
expected. Next, we extended the analysis ofJAK1 to addi-
tional prostate cancer cell lines. DU145 cells did not ca
mutations inJAK1, but 22Rv-1 and C42 (a derivative o
LNCaP) cells both contained heterozygous frameshift mu
tions of a single A in exon 4 and a single C in exon 8, whi
were identical to those seen in LNCaP cells. LAPC-4 ce
also carried a heterozygous mutation in exon 8, but in this c
the frameshift mutation was the insertion of a C nucleotide
addition to prostate cancer cell lines, we examined geno
DNA from 4 MSI (�) colon cell lines as well as 10 primar
colon tumors with MSI. No mutations were found inJAK1
in either the colon cell lines or in the colon tumors (da
not shown). These results suggest that mutation ofJAK1 is
-

-

s

ta

.
ll

y

-

s
se
n
ic

more related to the malignant phenotype in prostate can
cells rather than a being a general consequence of MSI.

3.3. JAK1 expression in prostate cancer cells

Western blot analysis was performed to investigate t
presence or absence of theJAK1 protein in prostate cancer
cells. As shown inFig. 3, JAK1 is highly expressed in
DU145 cells and present at detectable levels in PC3 ce
Neither of these cell lines carriesJAK1 mutations. TheJAK1
protein was not detectable in 22Rv-1, LNCaP, or C42 cel
and there was only minimal expression in LAPC-4. Thes
data are consistent with the mutation analysis that predic
bi-allelic inactivating mutations in 22Rv-1, LNCaP, and C42
as well as heterozygous inactivation in LAPC-4.

4. Discussion

In our previous study[5] we demonstrated the usefulnes
of manipulating the NMD pathway for the identification o
potential tumor suppressor genes. The major problem w
using emetine to block NMD, however, was the concomita
upregulation of stress response genes which, despite us
actinomycin D to prevent de novo transcription, still led t
the identification of a large number of candidate genes, ma
of which were not found to be mutated. In the prese
study we designed and tested an algorithm for selecti
candidate genes for sequence analysis from among the h
dreds of genes that show increased mRNA levels after m
croarray analysis. Using this approach, we greatly reduc
the number of genes that invited sequence analysis and, of
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sed to
on
single
LNCaP
Fig. 2. JAK1 gene mutations in prostate cancer cells. Genomic DNA isolated from LNCaP, PC3, 22Rv-1, DU145, LAPC-4, and C42 cells were u
confirm gene mutations in the two exons ofJAK1 containing microsatellite regions. (A) DU145 is representative of the wild-type chromatograph for ex
8, which contains a (C)7 tract. Heterozygous frameshift mutations (arrows) were observed in both 22Rv-1 and LNCaP cells, and an insertion of a
C (arrowhead) was identified in one allele of LAPC-4. (B) Heterozygous frameshift mutations (arrows) were also observed in exon 4 in 22Rv-1 and
cells. Loss of a single A in a region containing (A)8 was seen in alleles of 22Rv-1 and LNCaP when compared to DU145 cells containing wild-typeJAK1.
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five genes selected (includingp53), truncating mutations
were identified in four of them. This success rate grea
improves the usefulness of the GINI approach to identi
candidate tumor suppressor genes. It is possible that
criteria we established to filter the data were too stringe
so we may have missed some genes that carry trunca
mutations in the LNCaP and PC3 cells. It is therefore pos
ble that lowering the stringency of the filters will result in
e
t,
g

i-

the identification of a higher number of candidate muta
genes, and such analyses are currently underway. It is
possible that we have missed genes that are mutated in
LNCaP and PC3 cells because they would have the sa
profile as stress response genes. By including additional
lines in this analysis in the future, it may be possible
identify these mutant genes because it is unlikely that
same genes will be mutated in all cell lines tested.
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Fig. 3. JAK1 protein in prostate cancer cells. Western blot analysis using 50µg of total cell lysates for each of the prostate cancer cell lines sho
demonstrated the presence of the 130-kDJAK1 protein in DU145 and PC3 cells. There was a faint band for LAPC-4 cells but theJAK1 protein was below
detectable levels in 22Rv-1, LNCaP, and C42 cells. The nonspecific, approximately 250-kD band acts as a protein-loading control in this analys
or
an
I

ift

ed

e
d
in
e
ns

e
te

er

a

t

h

s

ing

ain

i-
if
te

n
i-
so
tine
es
of
date
ntly
nes
in
ysis
pe.

he
tu-
er
A

Surprisingly, the number of candidate tumor suppress
genes identified in the LNCaP cells was much higher th
in PC3 cells. One possible explanation for this is the MS
status of these cells. While the MSI� status of the LNCaP
cells has been proven both by our identification of framesh
mutations in microsatellite repeats inJAK1 and TGF beta
receptor type II genes (data not shown), as well as the report
mutation in theMSH2 mismatch repair gene[14], the
MSI status in the PC3 cells has been controversial[15]. If,
in fact, PC3 cells do not have MSI, then it may not b
surprising that the number of frameshift mutations identifie
using GINI analysis in these cells might be less than
LNCaP cells. Another possibility is that the mutation in th
p53 gene in PC3 cells could negate the need for mutatio
in other weaker tumor suppressor genes.

In this study, we identified inactivating mutations in
theJAK1 gene, which appear to be specific to prostate canc
cells rather than being a general consequence of microsa
lite instability because MSI� colon cancer cells did not
show mutations in this gene. There are at least four memb
of the Janus kinase family of tyrosine kinases (TYK2, JAK1,
JAK2, and JAK3) that are, with the exception ofJAK3,
expressed in a variety of different cell types[16]. The role
of JAK1 in interleukin signaling, as well as its role in malig-
nant cell growth and survival, is well documented[17]. JAK
kinases are involved in a number of signaling pathways th
mediate malignant transformation through activatingSTAT,
Bcl-2, PI3, and Src kinases, as well as serving to inhibi
p53-dependent cell cycle arrest and apoptosis[16–18]. There
is considerable evidence thatJAK1 is generally activated in
cancer cells and contributes to driving tumor cell growt
in both leukemias and solid tumors[16,17]. As a result, cell
growth can be suppressed by treatment with theSTAT3/
r
l-

s

t

JAK2 inhibitor tyrphostin AG490 in prostate cancer cell
[19,20]. It is unclear, therefore, whyJAK1 would be inacti-
vated in a subset of prostate cell lines as opposed to be
overexpressed. At this time, we can only speculate thatJAK1
inactivation confers some selective advantage for cert
prostate cancer cells, possibly by allowing forJAK-inde-
pendent signaling. A more detailed examination of pr
mary prostatic tumors will be necessary to determine
JAK1 mutations have clinical consequences. It is also of no
that the cell lines that are null forJAK1 expression provide a
valuable resource for studying the function of this gene.

We have now been able to extend our previous studies[5]
to demonstrate that the manipulation of NMD in conjunctio
with expression array analysis is a powerful tool for ident
fying novel gene mutations in cancer cells. We have al
demonstrated that comparing the consequences of eme
treatment between cell lines from the same tissue provid
a more streamlined approach toward the identification
mutant genes because it reduces the background of candi
genes that result from stress responses. We are curre
extending our sequence analysis of other candidate ge
described in this report to determine their involvement
prostate cancer and the effectiveness of our data anal
approach to define genes related to the malignant phenoty
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ORIGINAL ARTICLE

Identifying candidate colon cancer tumor suppressor genes using inhibition

of nonsense-mediated mRNA decay in colon cancer cells

I Ivanov, KC Lo, L Hawthorn, JK Cowell and Y Ionov

Department of Cancer Genetics, Roswell Park Cancer Institute, Buffalo, NY, USA

Inhibition of the nonsense-mediated decay (NMD) me-
chanism in cells results in stabilization of transcripts
carrying premature translation termination codons. A
strategy referred to as gene identification by NMD
inhibition (GINI) has been proposed to identify genes
carrying nonsense mutations. Genes containing frameshift
mutations in colon cancer cell line have been identified
using a modified version of GINI. To increase the
efficiency of identifying mutant genes using GINI, we
have now further improved the strategy. In this approach,
inhibition of NMD with emetine is complemented with
inhibiting NMD by blocking the phosphorylation of the
hUpf1 protein with caffeine. In addition, to enhance
the GINI strategy, comparing mRNA level alterations
produced by inhibiting transcription alone or inhibiting
transcription together with NMD following caffeine
pretreatment were used for the efficient identification of
false positives produced as a result of stress response to
NMD inhibition. To demonstrate the improved efficiency
of this approach, we analysed colon cancer cell lines
showing microsatellite instability. Bi-allelic inactivating
mutations were found in the FXR1, SEC31L1, NCOR1,
BAT3, PHF14, ZNF294, C19ORF5 genes as well as
genes coding for proteins with yet unknown functions.
Oncogene advance online publication, 6 November 2006;
doi:10.1038/sj.onc.1210098

Keywords: nonsense-mediated decay; mutations; caffeine;
GINI

Introduction

It is widely accepted that the transformation of colon
epithelial cells results from the activation of oncogenes
as well as the inactivation of tumor suppressor genes
controlling cell proliferation and survival (Vogelstein
and Kinzler, 2004). In colon cancer cell lines with
microsatellite instability (MSI) (Aaltonen et al., 1993;

Ionov et al., 1993; Thibodeau et al., 1993), the high
overall mutation frequency caused by the inactivation of
DNA mismatch repair (MMR) genes (Fishel et al., 1993;
Leach et al., 1993) results in the mutational inactivation
of tumor suppressor genes. Consequently, these cell lines
provide a valuable tool for identifying colon cancer
related tumor suppressor genes. According to the
two-hit hypothesis of tumorigenesis (Knudson, 1971),
inactivating mutations affecting both alleles of a gene
suggest a tumor suppressor function for the mutated
gene.

Even though the genes mutated in colon tumors with
MSI are often different from those mutated in MSI-
negative tumors, the tumorigenic pathways affected by
these mutations are often the same. For example, the
absence of p53 mutations in colon cancers with MSI is
often accompanied by mutations in the BAX (Rampino
et al., 1997) or P300 genes (Ionov et al., 2004a), both of
which are involved in the p53 signaling pathway.
Another example involves the transforming growth
factor (TGF)b signaling pathway. In contrast to MSI-
positive tumors, colon cancers without MSI rarely have
inactivating mutations in the TGFb receptor type II
gene, although they frequently show mutations in
SMAD4, a downstream effector of TGFb signaling
(Salovaara et al., 2002). This observation implies that
identifying genes containing bi-allelic inactivating muta-
tions in colon cancer cell lines with MSI will identify
potential tumor suppressor genes or tumorigenic path-
ways related to malignant transformation. This obser-
vation is reinforced if the expression of these genes is
also lost in primary tumor samples.

Gene inactivating events frequently result from
nonsense or frameshift mutations, which create pre-
mature translation termination codons (PTC). Such
mutations frequently elicit a rapid degradation of the
mutant mRNA through the nonsense-mediated mRNA
decay (NMD) pathway (Holbrook et al., 2004; Maquat,
2005; Weischenfeldt et al., 2005). NMD is an mRNA
surveillance pathway, which prevents the production of
truncated proteins that result mainly from the products
of aberrant splicing. NMD is activated when multi-
protein exon junction complexes (EJC) assemble on the
sites of exon/exon junctions that are not removed from
the spliced mRNA after the pioneer round of translation
(Ishigaki et al., 2001). These EJCs are removed from the
spliced mRNA during the movement of translated
mRNA through the ribosome. When the translation
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machinery stalls on a PTC located more than B50
nucleotides upstream of the last exon/exon junction, the
unremoved EJCs downstream of the PTC recruit the
Upf protein complex, which initiates the degradation of
the PTC-containing mRNA transcripts (Holbrook et al.,
2004).

Inhibition of translation has been shown to inhibit
NMD and result in the accumulation of PTC-containing
mRNA transcripts (Ishigaki et al., 2001). The increase in
mRNA levels produced by inhibition of NMD can be
detected using gene expression microarrays (Noensie
and Dietz, 2001). The strategy of gene identification by
NMD inhibition (GINI) provides an opportunity for the
genome-wide identification of genes containing inacti-
vating mutations (Noensie and Dietz, 2001). Using
cDNA microarrays, Noensie and Dietz (2001) have
demonstrated that blocking translation with emetine,
for example, results in an elevated mRNA content for
genes known to contain bi-allelic inactivating mutations.
Although several genes mutated in colon and prostate
cancer cell lines have already been identified (Huusko
et al., 2004; Ionov et al., 2004b; Rossi et al., 2005), the
efficiency of identifying mutations using the GINI
strategy is still low, because too many genes that do
not contain mutations also show mRNA increases
following inhibition of NMD as a result of a stress
response. This complication often makes it difficult to
select candidate genes for sequencing analysis.

To improve the efficiency of identifying mutant genes
using GINI, we evaluated different methods of NMD
inhibition in this study. As a result, we have developed a
modified version of GINI analysis (termed GINI2) that
is more efficient in distinguishing those genes containing
PTC from false positives that show mRNA increases
due to a stress response to NMD inhibition. When we
applied this GINI2 version to the analysis of colon
cancer cell lines, a significantly increased number of
genes containing bi-allelic inactivating mutations were
identified. Some of these genes were also frequently
mutated in primary colon tumors.

Results

Inhibition of NMD with caffeine can be used to detect
NMD-mediated degradation of PTC-containing mRNA
transcripts
We have shown previously (Ionov et al., 2004b) that
increases of mRNA levels following inhibition of NMD
can result from increased transcription of genes owing
to a stress response to emetine. To overcome this
problem, we developed a strategy to detect stabilization
of mutant mRNA by combining the inhibition of NMD
with the inhibition of transcription using actinomycin
D. Although this approach has proved successful in
identifying inactivating mutations in colorectal cancer
cell lines (Ionov et al., 2004b), the analysis was
compromised by the overall reduction in the levels of
mRNA transcripts because of actinomycin D treatment.
As a result, detectable hybridization signal for B50% of
the genes present on the microarray was lost. Thus,

genes that might have been mutated, but which were
expressed at only moderate to low levels, were excluded
from detection.

To overcome this limitation, we have modified our
method of simultaneous inhibition of NMD and
transcription (Ionov et al., 2004b). An additional step
has been introduced into our original protocol (Ionov
et al., 2004b), which involves inhibiting NMD for
several hours before blocking either transcription alone
or transcription together with NMD. Inhibiting NMD
before blocking both transcription and NMD should
result in higher basal amounts of mutant mRNA, and
consequently should result in stronger microarray
hybridization signal for mutant genes. The predicted
changes in mRNA levels for mutant and stress response
genes following these different protocols of NMD
inhibition are shown schematically in Figure 1.

This strategy was tested using the LS180 and RKO
colon cancer cell lines, which we have previously shown
to carry mutations in the TGFBR2 and P300 genes,
respectively. These mRNAs are degraded by NMD
(Ionov et al., 2004b) in these cell lines. Surprisingly, no
significant difference in mRNA levels from the mutant
genes were seen after incubation in the presence of
actinomycin D, with or without emetine, following the
initial pretreatment with emetine (data not shown). This
was possibly due to the fact that emetine levels remain
high within the cells, even after an extensive washing
procedure. We, therefore, investigated using a different
pharmacological inhibitor of NMD.

Sequential phosphorylation and dephosphorylation
of the hUpf1 protein by the human suppressor with
morphogenetic effect on genitalia-1 (hSMG-1) phos-
phatidylinositol 3-like kinase and protein phosphatase
2A (PP2A), respectively, is required for the initiation of
NMD-induced mRNA degradation (Ohnishi et al.,
2003; Brumbaugh et al., 2004). Moreover, a pharmaco-
logical block of NMD using caffeine or wortmannin,
which inhibit hSMG-1 phosphorylation, has been
reported previously (Usuki et al., 2004). We therefore
analysed whether inhibition of either hSMG-1 kinase or
PP2A phosphatase affects the stability of the mutant
P300 and TGFBR2 genes in RKO and LS180 cells.
Incubation with either caffeine (an inhibitor of hSMG-1
kinase), or okadaic acid or cantharidin (inhibitors of
PP2A phosphatase) were shown using reverse transcrip-
tion–polymerase chain reaction (RT–PCR) analysis
(Figure 2a) to increase the amounts of the mutant
P300 and TGFBR2 mRNAs in RKO and LS180 cells,
respectively. Importantly, at the doses required to
inhibit NMD, incubation with caffeine resulted in only
minimal cell death, compared with okadaic acid and
cantharidin. We therefore replaced emetine with caffeine
in our GINI strategy. Northern blot analysis (Figure 2b)
confirms that a significant increase of mutant TGFBR2
mRNA was present following incubation of LS180 cells
with caffeine for 4.5 h. Next, we tested whether
pretreatment with caffeine would affect NMD activa-
tion following caffeine withdrawal. Northern blot
analysis (Figure 3) demonstrates that pretreatment with
caffeine, but not with emetine, results in significant
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differences in mutant TGFBR2 mRNA levels in LS180
cells following either inhibition of transcription together
with NMD, or inhibition of transcription only. This
result illustrates that caffeine pretreatment can be used
as an alternative to emetine to enhance the detectability
of the microarray hybridization signals for mutant
transcripts following inhibition of transcription with
actinomycin D.

Identifying genes containing inactivating mutations in
colon cancer cell lines using inhibition of NMD and
Affymetrix genechip analysis
We used Affymetrix Genechip hybridization to measure
the mRNA profile alterations produced by two alter-
native strategies of NMD inhibition, which are illus-
trated in Figure 1a and c. In the first method
(Figure 1a), emetine was used to inhibit NMD as
described in the original GINI protocol (Noensie and
Dietz, 2001). The second method is a modification of
our previously described (Ionov et al., 2004b) protocol
for simultaneous inhibition of NMD and transcription,
which is illustrated in Figure 1b. For convenience, we
refer to the original emetine treatment as GINI1 and the
modified caffeine protocol as GINI2. In the GINI2
protocol, caffeine was used to first inhibit NMD, thus
allowing for an accumulation of mutant mRNAs in the
cells (Figure 1c). The caffeine was then removed and the
cells were treated further with either actinomycin D
alone or actinomycin D and caffeine together. RNA

from these experiments was then analysed using the
U133Plus2.0 arrays.

It has been shown that the genes mutated in MSI-
positive cells are generally different from those mutated
in MSI-negative cells (Ionov et al., 1993; Konishi et al.,
1996; Lengauer et al., 1998). Thus, to identify mutated
genes in MSI (þ ) LS180 cells, we compared the GINI1
and GINI2 results from this cell line with those obtained
using MSI (�) SW480 cells, assuming that different
genes would be mutated in these two cell lines. Total
RNA was isolated from both LS180 and SW480 cells
treated according to either GINI1 or GINI2 protocols,
as well as from untreated cells, and the mRNA levels
were analysed using Affymetrix U133Plus2.0 GeneChip
hybridization. The hybridization data were then com-
pared between treated and untreated cells and the signal
log ratios (SLRs), which equal Log2 of fold changes of
hybridization signal intensities produced by drug treat-
ments, were calculated using the Affymetrix Microarray
Suite version 5.0. The row data represented as .CEL files
for GINI1 and GINI2 analyses for SW480 and LS180
cells have been submitted to GEO databases (accession
number GSE5486).

Candidate genes for subsequent sequence analysis
were selected according to three arbitrarily chosen
parameters: (1) show a SLR¼Log2 (fold change)
X1.7 in LS180 cells and an SLRp1 in SW480 following
emetine treatment, (2) show SLR X1 in LS180 cells
following the GINI2 protocol and (3) show the intensity
of hybridization signal for untreated LS180 cells lower

Figure 1 Theoretical depiction of changes in mRNA levels for stress response and PTC-containing genes following different protocols
to inhibit NMD. (a) Continuous treatment of cells with an inhibitor of NMD results in increase of mRNA levels for PTC-containing
genes, as well as for stress response genes. Microarray hybridization analysis cannot distinguish between the two causes of these
increases: the enhanced mRNA synthesis due to stress response or the decreased mRNA degradation in case of PTC-containing genes.
(b) When transcription is prevented using actinomycin D, even though NMD is blocked, the levels of PTC-containing transcripts and
stress response genes are too low to be efficiently detected on microarrays. Changes in mRNA levels induced by NMD inhibition
detected by hybridization analysis for many genes are within the ‘hybridization noise’, and are not reliable. (c) Blocking NMD for 4 h
allows the accumulation of both PTC-containing transcripts and stress response gene transcripts to levels where they can be detected
on the expression arrays. When transcription is blocked after this initial accumulation, the degradation of PTC-containing transcripts
will occur quickly if the NMD blocking agent is removed, or will be delayed when NMD is sustained. The degradation of stress
response transcripts after blocking transcription, on the other hand, does not depend on NMD. As a result, significant mRNA
differences will be detected on the expression array for PTC-containing genes but not for the stress response genes.
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than that for the untreated SW480 cells. This follows as
we expected that the levels of mutant transcripts in
LS180 cells should be lower than corresponding wild-
type levels in SW480 cells as a result of NMD
degradation of mutant transcripts. This approach has
proved effective in the past in our analysis of prostate
cancer cell lines (Rossi et al., 2005). To further minimize
the false discovery rate produced by hybridization
‘noise’, we excluded those genes which were scored as
‘absent’ by the Affymetrix analysis tool, either in the
emetine treated LS180 cells or the untreated control
SW480 cells. Of the approximately 55 000 probe sets
representing approximately 20 000 unique genes on the
Affymetrix U133Plus2 gene expression array, 15 candi-
date genes were identified (Table 1a) using these criteria.
Sequencing the cDNA from these genes in LS180 cells
has identified bi-allelic inactivating mutations in 7 genes
(Table 1a).

To select candidates for sequencing we used crude
differences in intensity to calculate the changes in
transcript levels. As the number of false positives
generated by this analysis was still relatively high (eight
out of 15 candidates), we tested whether using addi-
tional statistical analysis could improve the efficiency of
candidate selection. To do this, we used an adaptation
of Robust Multi-Chip Average (RMA) (Irizarry et al.,
2003), with specific correction for GC biases known as
GC-RMA (Wu et al., 2004). When this statistical
analysis was applied to the GINI1 and GINI2 row
data, four genes from the original list were eliminated as
well as one gene (CTNND1), which had been shown to
contain bi-allelic mutations. This gene was located at the
limit of the threshold cutoff, which supports the idea of
reanalysing the data with more liberal thresholds. As a
result of GC-RMA analysis, therefore, the efficiency of
identifying mutant genes was greater than 50% (six
mutant genes out of 10 candidates as seen in Table 1b).
We also used GC-RMA analysis to test the efficiency of
selecting candidate genes following GINI1 or GINI2
protocols separately. Neither GINI1 nor GINI2 alone
achieve the same efficiency of analysis of combined
GINI1 and GINI2 protocols. A possible explanation

Figure 2 Accumulation of mutant P300 and TGFBR2 mRNAs in
RKO and LS180 cells, respectively, following different approaches
of NMD inhibition. (a) RT–PCR analysis demonstrates that,
similar to incubation with emetine, incubation with 10mM caffeine
as well as with 100 nM okadaic acid or 100 nM cantharidin results in
increased amounts of mutant (in RKO cells) but not wild-type
(in LS180 cells) P300 mRNA, as well as mutant TGFBR2 mRNA
(in LS180 cells). Total RNAs for the RT–PCR analysis were
prepared following 3-h incubation with the indicated drugs. (b)
Quantitative analysis of TGFBR2 mRNA levels using Northern
blotting. PhosphorImaging demonstrates significant accumulation
of mutant TGFBR2 mRNA in LS180 cells following 4.5-h
incubation with 10mM caffeine.

Figure 3 Blocking mRNA synthesis with actinomycin D, follow-
ing inhibition of NMD with caffeine, but not with emetine
enhances detection of NMD-dependent degradation of mutant
TGFBR2 mRNA in LS180 cells. (a) Northern blot analysis
demonstrates that after 3-h incubation with either emetine
(100 mg/ml) or caffeine (10mM) increased amount of mutant
TGFBR2 mRNA in LS180 cells compared with untreated cells is
observed. (b) (Left) Blocking transcription with actinomycin D
following emetine pretreatment results in similar amounts of
TGFBR2 mRNA when NMD is either inhibited with emetine
(lanes 2 and 4) or not (lanes 1 and 3). Blocking transcription with
actinomycin D (Right) following caffeine treatment results in
significantly different amounts of TGFBR2 mRNA when NMD is
either inhibited with caffeine (lanes 6 and 8) or not (lanes 5 and 7).
Quantification (fold change) was performed using Phosphor-
Imaging.
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why GINI2 alone is not as efficient as in the combina-
tion with GINI1is that, despite the caffeine pretreat-
ment, the subsequent incubation with actinomycin D
results in lower levels of cellular mRNA. As a result,
diminished signal intensities of hybridization are seen,
effectively decreasing the ‘signal to noise ratio’ and
consequently identifying a larger number of false
positives.

Our results demonstrate that analysing changes in
mRNA levels produced using both GINI1 and GINI2

protocols treatment to inhibit NMD is a highly efficient
way to detect mutant genes. By analysing changes in
mRNA levels following the GINI2 protocol, it was
possible to distinguish genes that were stabilized by
NMD inhibition from false positives that show mRNA
increase due to increased transcription induced by a
stress response. Semiquantitative RT–PCR analysis
(Figure 4) illustrates how false positives produced by
stress response to emetine treatment in LS180 cells
can be successfully identified using the GINI2 protocol.

Table 1a Candidate genes for sequencing in LS180 cells

Probe set ID Gene title Gene symbol LS180
emetine
SLR

(change)

LS180
C(A+C)/
CA SLR
(change)

LS180
untreated
signal

(detection)

SW480
untreated
signal

(detection)

SW480-
emetine
SLR

(change)

219121_s_ata RNA-binding motif protein 35A RBM35A 3.6(I) 1.1(I) 143.8(A) 727.4(P) 0.8(I)

225897_at Myristoylated alanine-rich protein

kinase C substrate

MARCKS 3.5(I) 6.7(I) 182.4(A) 540(P) 0.6(NC)

201669_s_at Myristoylated alanine-rich protein

kinase C substrate

MARCKS 3.1(I) 5.2(I) 158.6(P) 1162.6(P) 0.7(I)

222810_s_at RAS protein activator like 2 RASAL2 3.1(I) 1.5(I) 33.4(A) 854.5(P) 0.5(NC)
208944_at Transforming growth factor, beta

receptor II (70/80 kDa)

TGFBR2 2.5(I) 2.2(I) 1974.7(P) 2132.9(P) �1.2(D)

218522_s_at BPY2 interacting protein 1 BPY2IP1 2.2(I) 3.8(I) 339.6(P) 548(P) �0.2(NC)
201637_s_at Fragile X mental retardation,

autosomal homolog 1

FXR1 2.1(I) 2.1(I) 368(P) 6638.8(P) 0.1(NC)

206777_s_at Crystallin, beta B2 CRYBB2 2(I) 1.3(I) 267.2(A) 1080(P) 0.2(NC)
211240_x_at Catenin (cadherin-associated protein),

delta 1

CTNND1 1.9(I) 1(I) 832.4(P) 1730.1(P) 0.4(NC)

222760_at Zinc finger protein 703 ZNF703 1.9(I) 1.3(I) 1856.6(P) 2655.4(P) 0.4(NC)
224326_s_at Polycomb group ring finger 6 PCGF6 1.9(I) 1.1(I) 302.8(P) 698.5(P) 0.1(NC)
225548_at Shroom SHRM 1.9(I) 1.5(I) 573.7(P) 1764(P) 0.8(I)
235521_at Homeo box A3 HOXA3 1.8(I) 3(I) 270.6(P) 1480.2(P) �0.3(D)
204391_x_at Tripartite motif-containing 24 TRIM24 1.7(I) 1.8(I) 902.5(P) 1211.9(P) 0.9(I)
229231_at Leucine rich repeat containing 37B LRRC37B 1.7(I) 1.1(I) 735.1(P) 1030.9(P) 0.9(I)

LS180 as well as SW480 cells were treated with emetine and in addition LS180 cells underwent C(C+A)/CA treatment (See Methods). Changes in
mRNA amounts produced in cells by treatments recorded as signal log2 ratio (SLR) as well as absolute hybridization signal intensities in untreated
cells were analysed using the Affymetrix GeneChip Human Genome U133Plus2.0 array. In the table, the numbers for the SLRs are accompanied
with comments in parenthesis indicating statistically significant increased (I), decreased (D) or not changed (NC). Absolute signal intensities
numbers are accompanied in parenthesis with the comments indicating present (P) or absent (A). Selected genes had to satisfy the following
parameters: (1) SLRX1.7 and SLRX1 in LS180 cells following emetine and C(C+A)/CA treatment, respectively, (2) SLR o1 in SW480 cells
following emetine treatment, (3) absolute signal intensity corresponding to untreated LS180 cells less than that corresponding to untreated SW480
cells, (4) absolute signal intensity corresponding to SW480 cells indicated as present (P) should be >500. aIn bold are the genes with identified
biallelic inactivating mutations.

Table 1b Reduction of the candidate gene list from Table 1a after additional filtering using GCRMA normalized data

Probe set ID Gene title Gene symbol LS180 emetine
SLR (change)

LS180
C(A+C)/CA
SLR (change)

SW480-emetine
SLR (change)

219121_s_at* RNA-binding motif protein 35A RBM35A 5.51 1.10 0.72

225897_at Myristoylated alanine-rich protein kinase C substrate MARCKS 4.68 3.99 �0.09
201669_s_at Myristoylated alanine-rich protein kinase C substrate MARCKS 3.93 5.52 0.75

208944_at Transforming growth factor, beta receptor II

(70/80 kDa)

TGFBR2 2.75 2.56 �1.50

218522_s_at BPY2 interacting protein 1 BPY2IP1 2.99 2.92 �0.46
201637_s_at Fragile X mental retardation, autosomal homolog 1 FXR1 2.60 1.36 0.05

206777_s_at Crystallin, beta B2 CRYBB2 3.89 1.31 �0.26
222760_at Zinc finger protein 703 ZNF703 2.85 1.31 0.35
225548_at Shroom SHRM 1.77 1.42 0.54
235521_at Homeo box A3 HOXA3 2.59 3.42 �0.62

The signal log ratios (SLRs) are generated from the pairwise subtraction between signal log values after GCRMA normalization using ‘gcrma’
library from Bioconductor (www.bioconductor.org).
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RT–PCR analysis is shown for six different genes, none
of which are mutated in the SW480 cell line. Emetine
treatment in the GINI1 strategy in these cells does not
result in an increased level of mRNA from these genes.
In the LS180 cells, the mRNA levels for these genes in
untreated cells is lower than in SW480 cells, which could
be due either to normal variation between the cell lines
or as a consequence of NMD. These genes, therefore,
pass the first requirement in the prioritization. Next, the
fact that emetine treatment of LS180 results in increased
mRNA levels for these genes suggests this is due to
either a stress response or lack of degradation by NMD,
fulfilling the second requirement. Using the GINI2
strategy, no mRNA levels increases are seen for three of
these genes (PIM1, ID2, ENC1), suggesting that they are
stress response genes rather than carrying mutations.
For the other three genes (TGFBR2, CTNND1 and
FXR1), increases in mRNA levels are seen after both
GINI1 and GINI2 protocols, and sequencing analysis
shows that they all carry mutations.

To identify mutated genes in the MSI-negative HT29
colon cancer cells, we compared mRNA profile changes
following NMD inhibition in HT29 cells with that in
LS180 cells. Using the same procedures and selection
algorithm, we identified only four candidate genes in this
comparison. This group included the MADH4 gene,
which has previously been reported to be homozygously
mutated in HT29 (Woodford-Richens et al., 2001). No
mutations were found in the remaining three candidates.
When we lowered the stringency of the analytical filter,
by using a lower numerical ‘cutoff’ for the GINI1 or
GINI2 fold change thresholds, the number of candidates
increased, but still no additional mutant genes were
identified in HT29 cells. Furthermore, we could not
identify PTC-generating mutations in MSI-negative
SW480 colon cancer cells when LS180 or HT29 cells
were used as controls.

The genes containing bi-allelic inactivating mutations
identified so far in MSI-positive colon cancer cell lines
using inhibition of NMD and Affymetrix genechips are
described in Table 2. The prevailing mutation type in
this study was the deletion or insertion of a single
nucleotide in short-coding mononucleotide repeats.
Such sequences represent mutational hotspots in cells
with inactivated MMR (Markowitz et al., 1995;
Rampino et al., 1997) and facilitated the analysis of
these genes in MSI-positive primary colon tumors. To
establish whether the genes identified as mutated in the
colon cancer cell lines were also mutated in primary
colon tumors showing MSI, the mononucleotide repeat-
containing regions in these genes were sequenced in 36
tumors obtained from Oncomatrix Inc. (www.oncomatrix.
com). Table 2 shows the mutation frequencies in
primary colon tumors with MSI for the genes containing
coding mononucleotide repeats longer than seven
repetitive units which are mutated in cell lines. All
analysed genes, except SMAP-1, were found to contain
mutations in primary tumors with the frequencies
largely proportional to the length of the coding
microsatellites. However, some genes had higher muta-
tion frequencies than other genes with the same length
of the coding microsatellite. Moreover, the (A)8 repeat
of the RBM35A gene is mutated with higher (9/36, 25%)
frequency than the (A)9 repeat of the RHAMM gene,
which is mutated in six of 36 (17%) tumors, suggest-
ing the stronger selective pressure for the RBM35A
gene inactivation in primary MSI-positive tumors.
The absence of mutations in primary tumors for the
SMAP-1 gene, encoding for the stromal membrane-
associated protein 1, suggests that the mutations in the
HCT116, SW48 and RKO cells could occur during
in vitro propagation.

Discussion

The original GINI strategy (GINI1) to identify genes
containing nonsense mutations has been used success-
fully in proof-of-principle experiments to identify genes
with known mutations in cell lines. Although it has also
been used successfully to identify novel mutant genes in

Figure 4 Selection of candidate genes for sequencing using
analysis of changes in mRNA levels produced using both GINI1
and GINI2 protocols. These examples illustrate the strategy
for prioritizing genes for sequencing following GINI protocols.
RT–PCR analysis shows mRNA increases for six genes in LS180
but not in SW480 cells following emetine treatment (GINI1). As
the level of mRNA for these genes is lower in LS180 than in SW480
cells, this suggests that basing only on GINI1 analysis all six genes
would be selected as candidates for sequencing. GINI2 analysis,
however, demonstrates the mRNA increases only for the TGFBR2,
CTNND1 and FXR1 genes containing mutations but not for the
PIM1, ID2 and ENC1 genes not harboring mutations in LS180
cells. CAC is the abbreviation for the pretreatment with caffeine
followed by treatment with both actinomycin D and caffeine to
block both transcription and NMD. CA is the abbreviation for the
pretreatment with caffeine followed by treatment with actinomycin
D alone.
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different systems, the problems associated with distin-
guishing stress response genes from mutated genes led to
extensive unnecessary sequencing of genes that turned
out not to carry mutations even despite custom filtering
of the data. Even the use of actinomycin D to suppress
de novo mRNA synthesis provided limited advantages,
as the overall reduction in mRNA levels as a result of
this treatment prevented detection of events related to
moderately expressed genes. In this report, we describe a
second-generation version of GINI analysis (GINI2),
which uses caffeine as the inhibitor of NMD and
incorporates a pretreatment step to boost overall
mRNA levels. Using this strategy, in combination with
the original GINI protocol, we have identified a series of
genes, which are mutated in colon caner cell lines with
MSI. In many cases, these genes have also been shown
to be mutated in primary colon cancer tumors with
MSI. Thus, the GINI2 approach has proved a
significant development in the search for colon cancer-
related genes. Using a modified GINI strategy, we have
analysed five MSI-positive colon cancer cell lines and
identified 13 novel genes that are mutated in colon
cancers with MSI.

As arbitrarily chosen cutoff thresholds were used to
select candidate genes for sequencing analysis, we have
likely missed some genes harboring NMD-activating
mutations in the cell lines analysed. For example, our

series of mutant genes does not include BAX, RIZ,
PTEN, RAD50, CASPASE-5, IGFIIR, MSH6, DNA-
PKCs and many others that have been reported to be
mutated at high frequencies in colorectal cancers with
MSI. It is possible that many of these genes do not
contain bi-allelic frameshift mutations in the cell lines
analysed. The BAX gene, however, is known to harbor
mutations in both alleles in LoVo and LS180 cells
(Rampino et al., 1997), but has not been identified as the
target for sequencing using our analysis. This fact is in
agreement with recent publication describing differential
NMD of mutated mRNAs in MMR-deficient colorectal
cancers (El-Bchiri et al., 2005). The cause for the
difference in the efficiency of NMD for the degradation
of mutant mRNAs between individual genes is un-
known. It is possible that the extent of the increase in
mutant mRNA levels produced by NMD inhibition
depends on the half-life of the corresponding wild-type
mRNA transcripts. For example, if non-mutant mRNA
for a hypothetical gene is degraded regardless of NMD
immediately after the first round of translation, then the
inhibition of NMD for the same gene harboring PTC
will not result in accumulation of the mutant transcript.
If this suggestion is true, then identifying mutant genes
using GINI analysis for the transcripts with short
half-lives will be less efficient than for the transcripts
with longer half-lives. Loosening the stringency of the

Table 2 Genes mutated in colon cancer cell lines identified using GINI

Gene Gene symbol Mutation Cell line with gene
mutated

Function

RNA-binding motif protein 35A RBM35A DelA in (A)8 nt 1528–35 LS180 RNA binding
Myristoylated alanine-rich
protein kinase C substrate

MARCKS DelA in (A)11 nt 454–64 LS180, LoVo Actin filament binding

BPY2 interacting protein 1 BPY2IP1 DelC in (C)6 nt 588–93, Del AG
in (AG)4 nt 1447–54

LS180 Interacts with natural
paclitaxel-like microtubule
stabilizer

Fragile X mental retardation,
autosomal homolog 1

FXR1 DelA in (A)8 nt 364–71 Ls180 RNA binding

Catenin (cadherin-associated
protein), delta 1

CTNND1 TGG-TGA nt 1431, DelTG in
(TG)2 nt 940–4

LS180 Cell-cell adhesion

Ring finger protein 43 RNF43 DelC in (C)6 nt 343–48, DelG in
(G)7 nt 1969–75, DelTG in
(TG)3 nt 891–5

HCT116, SW48 Protein ubiquitination

SEC31-like 1 (Saccharomyces
cerevisiae)

SEC31L DelA in (A)9 nt 1376–84 HCT116 ER to Golgi transport

Nuclear receptor co-repressor 1 NCOR1 DelC in (C)4 nt 5494–7, InsA in
(A)6 nt 1568–73, DelTG in
(TG)2 nt 2463–6

RKO, HCT116 Regulation of transcription

mutS homolog 3 (Escherechia
coli)

MSH3 DelA in (A)8 nt 1141–8 RKO, HCT116 DNA mismatch repair

Hyaluronan-mediated motility
receptor

RHAMM DelA in (A)9 nt 1990–8 RKO Cell motility

PHD finger protein 14 PHF14 DelA in (A)7 nt 530–6 HCT116 Regulation of transcription,
DNA-dependent

Zinc finger protein 294 ZNF294 DelA in (A)11 nt 1597–1607 Lovo, HCT116, RKO Protein ubiquitination
Stromal membrane-associated
protein 1

SMAP-1 Del A in (A)10 nt 425–434 HCT116, SW48, RKO Regulation of GTPase
activity

HLA-B associated transcript 3 BAT3 DelC in (C)8 nt 1180–7 LoVo Implicated in the control of
apoptosis and regulating heat
shock protein

Beta-2-microglobulin B2M Del CT in (CT)4 nt 37–44 LoVo MHC class I receptor activity

Abbreviations: Del, deleted; ER, estrogen receptor; Ins, inserted; nt, nucleotides.
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analytical filter, by using a lower numerical ‘cutoff’ for
the fold change thresholds in GINI1 or GINI2 will
increase the number of candidates for sequence analysis,
which might increase the number of mutant genes
identified. This may, however, also result in a higher
number of false positives, in turn reducing the efficiency
of identifying mutant genes.

The GINI strategy can efficiently identify only those
mutations, which affect both alleles of a gene and result in
PTC inactivating gene function. Such mutations suggest
possible tumor suppressor function of these genes.
Identifying inactivating mutations in both alleles of the
CTNND1 gene in LS180 cells (Figure 5a) illustrates the
efficiency of GINI for the identification of candidate

Figure 5 Mutation analysis of candidate genes selected using GINI. (a) Sequencing analysis identified two heterozygous mutations in
LS180 cells in the CTNND1 gene (one is a G to A substitution resulting in a TGA stop codon and the other is TG deletion in a (TG)2
repeat (shown on the minus strand sequencing chromatogram). A homozygous deletion of one adenosine in FXR1 gene is seen, and a
homozygous deletion of one cytosine and two heterozygous mutation (a deletions of a G in a (G)7 and TG in a (TG)3 repeats) are seen
in RNF43 in HCT116 and SW48 cells, respectively. Wild-type sequences of the corresponding normal region from SW480 cells are
shown as controls. (b) RT–PCR analysis of RNF43 mRNA levels in both untreated and emetine treated colon cancer cells. Cell lines
HCT116 and SW48, with identified inactivating mutations in the RNF43 gene, show mRNA increases following inhibition of NMD
with emetine, unlike LS180 and HT29, which do not have RNF43 mutations. Cell line RKO does not express RNF43 mRNA. (c)
Denaturing sequencing gel electrophoresis shows shifts in mobility for nine PCR-amplified fragments indicating frameshift mutations.
Frameshift mutations in the RBM35A gene in colon tumors with MSI (indicated by the *) sign were detected by autography of PCR-
amplified genomic DNA region containing the (A)8 tract.
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tumor suppressor genes. CTNND1 has been also found to
be mutated by others in SW48 MSI-positive colon cancer
cells and the tumor suppressor function of this gene had
been supported by functional studies (Ireton et al., 2002;
Thoreson and Reynolds, 2002).

The majority (12/13) of the mutations in colon cancer
cell lines identified using GINI analysis occurred in
coding microsatellite sequences in the genes involved.
On a background of inactivated MMR, it is possible
that these mutations could occur as a consequence of the
high overall instability of microsatellite DNA (bystan-
der effect), rather than being tumor cell promoting
events. Clearly, the only way to distinguish between
these possibilities is to perform functional studies to
determine whether they play a role in the development
of the malignant phenotype. GINI analysis provides the
candidate genes to perform these analyses. There have,
however, been some estimates of the mutation frequen-
cies in coding microsatellites of the genes contributing to
tumor development (target genes) (Boland et al., 1998;
Perucho, 1999a, b; Duval et al., 2001, 2002; Zhang et al.,
2001; Suzuki et al., 2002; Woerner et al., 2003), which
appears to depend largely on the length of the repeat
(Kunkel et al., 1994; Chen et al., 1995). According to
statistical analyses describing the relationship between
the mutation frequency and the relevance to tumor
development, the frequency of the mutations in coding
microsatellites in bystander genes (not related to
tumorigenesis) are no higher than the frequency of
mutations in non-coding microsatellites of the same
length and type (Duval et al., 2002; Woerner et al.,
2003). The frequency of mutations seen in many non-
coding repeats that are less than nine mononucleotides,
has been shown to be lower than 6% (Suzuki et al.,
2002) and so the mutations seen in the RBM35A gene,
for example, are less likely to be due to a bystander
effect, as this gene was mutated in 25% of primary
tumors with MSI (Table 2 and Figure 5).

To our knowledge, there are no studies describing the
frequency of mutations at non-coding microsatellites
that are less than eight nucleotides long. During our
screen for mutations using PCR products derived from
genomic regions containing mononucleotide repeats in
the regions flanking exons in over 100 sequencing
analyses, we have never encountered mutations in these
sequences. We suggest, therefore, that bi-allelic frame-
shift mutations occurring in the short-coding micro-
satellites of BPY2IP1, NCOR1 and RNF43 genes
(Table 2) are unlikely to be due to background
instability of coding microsatellite repeats. Moreover,
each allele of these genes was inactivated by different
heterozygous mutations, indicating the absence of a
particularly unstable repetitive sequence in the coding
DNA in these genes. Instead, these mutations may be
considered to provide a selective advantage as a result of
gene inactivation.

The protein encoded by BPY2IP1, also known as cell
death inducer C19ORF5, is a hyperstabilized micro-
tubule-specific binding protein, which causes mitochon-
drial aggregation and cell death (Liu et al., 2005c). Its
involvement in tumor suppression is suggested by its

interaction with natural paclitaxel-like microtubule
stabilizer and candidate tumor suppressor RASSF1A
(Liu et al., 2002, 2005a–c), which is frequently silenced
by promoter hypermethylation in colon tumors with
MSI (Oliveira et al., 2005).

Although the role of the NCOR1 gene in suppression
of colon tumorigenesis has not been reported, there is
evidence for its involvement in the development of
breast cancer. NCOR1 associates with estrogen recep-
tor-a (ER-a) preventing tamoxifen from stimulating
proliferation in breast cancer cells. This effect is
achieved through repression of a subset of target genes
involved in ER-a function and cell proliferation (Keeton
and Brown, 2005). It has also been shown that low
NCOR1 expression in breast tumors was associated with
a significantly shorter relapse-free survival (Girault
et al., 2003) and that patients with high NCOR1
expression levels have a better prognosis than those
with low expression (Zhang et al., 2005). Mutational
inactivation of this gene in colon cancer cell lines also
suggests a role for NCOR1 in colon cancer.

The RING finger protein 43 (RNF43), which shows
homozygous deletion of one nucleotide in a (C)6 repeat
in HCT116 cells, and two heterozygous mutations in
other parts of the gene in SW48 cells (Figure 5a), does
not express mRNA in RKO cells as shown by RT–PCR
analysis. MSI in RKO cells is known to be the
consequence of hMLH1 gene silencing due to promoter
hypermethylation (Veigl et al., 1998). It is possible,
therefore, that the loss of expression of the RNF43 gene
in RKO cells may also be due to an epigenetic
mechanism. Loss of gene expression in one cell line,
and the mutational inactivation in the others, argues in
favor of the selective advantage provided by inactivation
of the RNF43 gene. The presence of a RING finger
domain in the protein sequence can be associated with
the ubiquitin-protein ligase activity of the gene product,
suggesting a possible involvement in the mechanism of
cell cycle progression as well as in the regulation of the
expression of other genes by initiating the degradation
of their protein products (Fang et al., 2003).

In addition to RNF43 and NCOR1, several other
genes that contain bi-allelic inactivating mutations in
colon cancer cell lines may affect the gene expression
profiles of cancer cells. The RBM35A gene, which
contains an RNA-binding motif may be involved in
mRNA splicing or degradation. ZNF294, which is
mutated in all of the MSI-positive colon cancer cell
lines analysed, also contains a RING finger motif which,
like RNF43, may regulate the expression of other genes
through its ubiquitin-protein ligase activity. FXR1,
which is mutated in LS180 cells, has recently been
shown to post-transcriptionally regulate the expression
of genes containing AU-rich elements within the 30-
untranslated regions of their mRNA. This regulation
modulates translational efficacy and mRNA stability
(Garnon et al., 2005). The plant homeodomain finger
protein (PHF14) gene that is mutated in HCT116 cells
contains a plant homeodomain (PHD) finger domain
known to be involved in chromatin-mediated transcrip-
tional regulation (Aasland et al., 1995). Although some
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of these genes may not contribute to colon tumori-
genesis directly, they may regulate the expression of
known or yet unknown oncogenes or tumor suppressor
genes that function downstream of these mutated genes.
Functional in vivo studies in mice are required to provide
a definite proof for the role of mutant genes in colon
cancer development.

Only one mutant gene (SMAD4 in HT29 cells) has
been identified in two MSI-negative colon cancer cell
lines HT29 and SW480 using the same GINI2 strategy.
This is in agreement with the lower mutation rate
reported in cells with functional MMR. It is noteworthy
that both of these cell lines have p53 mutations, whereas
MSI-positive cell lines usually have wild-type p53. It is
possible, therefore, that the higher frequency of detect-
able mutant genes in cells with inactivated MMR can
compensate the absence of p53 mutations. It is also
possible that epigenetic mechanisms of gene inactivation
may substitute for the mutational inactivation of genes
in MSI-negative cells.

Methods

Cell culture and drugs treatments
Colon cancer cell lines were obtained from American Type
Culture Collection repository and maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum and antibiotics. All NMD inhibiting drugs were added
when cells achieved 50–90% of confluence.
The emetine treatment (GINI1) protocol was as described

previously (Ionov et al., 2004b). Briefly, cells were incubated
for 8 h in tissue culture medium containing 100 mg/ml of
emetine before total RNA was extracted from emetine treated
or untreated cells. The caffeine, cantharidin and okadaic acid
treatment protocols were as described for emetine using
concentrations of 10mM for caffeine and 100 nM for okadaic
acid or cantharidin. In the latter two cases, the incubation
times were reduced to 3 h to reduce cell death.
The GINI2 treatment was as follows. Cells were seeded in

two tissue culture plates and caffeine (10mM) was added to
both plates. Following 4-h incubation, the medium from both
plates was removed, cells were washed twice with phosphate-
buffered saline and actinomycin D (2 mg/ml) together with
caffeine (10mM) was added to one plate and actinomycin D
alone was added to the other plate. Following further 4-h
incubation, total RNA from both plates was prepared and
used for Northern blotting as well as for Affymetrix
U133Plus2.0 oligonucleotide array analysis.

RNA isolation and Northern blot
Total RNAs for microarray and Northern blot analysis were
prepared using TRIZOL reagents (Invitrogen, Carlsbad, CA,
USA). For Northern blots, 20mg of total RNA was size
fractionated on 1% agarose formaldehyde gels and then
transferred to nylon membranes (Hybond-N, Amersham,
Boston, MA, USA). Hybridizations with radiolabeled probes
were carried out at 681C using MyracleHyb solution (Strata-
gene, Cedar Creek, TX, USA) according to the manufacturer’s
protocol. Radioactivity was detected and quantified using
a PhosphorImager (Molecular Dynamics, Sunnyvale, CA,
USA). Radiolabelled probes generated by PCR from RNA-
derived cDNA were generated using the random-primed DNA
labeling kit (Roche, Indianapolis, IN, USA).

Affymetrix oligonucleotide array data analysis
Messenger RNA levels in drug treated and untreated cells were
measured using the Affymetrix U133Plus2.0 array. GeneChip
expression array analysis was performed using Affymetrix
Microarray Suite software version 5 (GeneChip Analysis
Suite). This software uses two independent sets of algorithms,
a quantitative algorithm (robust estimator of the mean
difference in probe intensities) that computes the raw signal
and the SLR directly from the hybridization intensities of the
probes, as well as a confidence algorithm (nonparametric) that
provides P values to estimate the confidence in detection
(absent or present) or change (increase, decrease or no change)
of a specific target.
An adaptation of RMA (Irizarry et al., 2003), with specific

correction for GC biases known as GC-RMA (Wu et al., 2004)
procedure was applied for the .CEL files of Affymetrix
U133Plus2.0 data to further filter candidates for sequencing
analysis. The resultant SLRs were generated based on pairwise
comparison between the various treatments and control
groups. GC-RMA uses only the perfect match (PM) intensity
values and ignores the mismatch (MM) intensities which have
been shown to introduce variation (Naef et al., 2002). The
normalized PM values were then log transformed and all the
probes in a set representing specific genes were analysed using
Tukey’s median polishing procedure.

Sequencing analysis
One microgram of total RNA from emetine treated colon
cancer cells was reverse transcribed using the SuperScript II
protocol (Invitrogen, Carlsbad, CA, USA). Overlapping PCR
primer sets were used to generate products spanning the entire
open reading frames for candidate genes. Primers for sequen-
cing analysis were designed using Primer3 software
available online (http://frodo.wi.mit.edu/cgi-bin/primer3/
primer3_www.cgi). Genomic DNA samples from colon tumors
with MSI were purchased from Oncomatrix (Ocean Side, CA,
USA). Primers for PCR amplification of genomic DNA
fragments containing coding microsatellite sequences were
designed using Primer3 software and are available upon
request. The PCR products were gel purified and sequenced
using the Applied Biosystems’ PRISM 3100 Genetic Analyzer.

Analysis of frameshift mutations in DNA from primary
colon tumors
Regions of approximately 100 bp encompassing the mono-
nucleotide repeats of specific genes were amplified by PCR
using specific primers (sequences are available upon request).
PCR was carried out with Vent DNA polymerase (New
England Biolabs, Boston, MA, USA) with one cycle at 941C
for 4min followed by 30 cycles of 94, 54 and 681C, for 30 s
in each cycle in the presence of 0.2 mCi of [33P]dCTP
(1 Ci¼ 37GBq) (PerkinElmer, Boston, MA, USA). PCR
products were electrophoresed in a SequaGel XR (National
Diagnostics, Atlanta, Georgia, USA) polyacrylamide gel. The
gel was dried on filter paper and subjected to autoradiography.
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