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Abstract

AIM: p53-Inducible ribonucleotide reductase small subunit
2 (p53R2) encodes a 351-amino-acid peptide, which
catalyzes conversion of ribonucleoside diphosphates to
the corresponding deoxyribonucleotides required for DNA
replication and repair. A recent study reported that a point
mutation (G/T) in the p53 binding sequence in a colon
cancer cell line completely impaired p53R2 protein activity.

METHODS: We screened the p53R2 gene coding regions
and a regulatory region which contains a p53 binding
sequence in 100 patients with colorectal adenoma and
100 control subjects using PCR, cold SSCP, and direct DNA
sequencing.

RESULTS: Although we did not identify genetic variation in
all nine exons, four regulatory-region variants were found,
of which three were single nucleotide polymorphisms
(SNPs) (nt1 789 C/G, nt 1 928 A/G, 1 933 T/C), and one
was 20 bp insertion which replaced a ATTTT between
nt 1 831 and 1 835. Additionally, we determined the
frequency of these p53R2 variants in a recently concluded
case-control study of incident sporadic colorectal adenomas
(163 cases and 210 controls).

CONCLUSION: Although more detailed functional
characterizations of these polymorphisms remain to be

undertaken, these polymorphic sites may be useful for
identifying alleles associated with mis-splicing, additional
transcript factors and, more generally, in cancer-susceptibility
association studies.

© 2005 The WIG Press and Elsevier Inc. All rights reserved.
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INTRODUCTION

The p53 gene is a major target for genetic alterations or
biochemical activations in human cancer. However, the
mechanism by which p53 exerts its effects or alters other
signaling systems is largely unknown. In recent years, a
number of specific p53 target genes have been discovered
that are likely to be involved in downstream target effects
of altered p53 protein, including cell-cycle arrest, apoptosis,
and tumor suppression. Recently, an important p53
downstream target gene, p53-inducible ribonucleotide
reductase small subunit 2 (p53R2) consisting of nine exons
and a p53-banding sequence in intron 1, was identified in
cancer cell lines!". Human ribonucleotide reductase catalyzes
the rate-limiting step in the production of deoxyribonucleotide
triphosphate (ANTP), which is requited for DNA replication
and repait®. This enzyme is also regulated by the cell cyclet.
The R2 subunit is made late in the G1 phase before DNA
replication, and disappears in late S or early G2. p53R2 is a
gene that is essential for DNA repair, and loss of function
of this gene results in dysfunctional repair mechanisms!'l.
Polymorphisms in either the regulatory or coding regions
of the p53R2 gene may affect its expression and protein
function, altering an individual’s response to DNA damage,
and thus affecting the risk of colorectal cancer. We screened
the p53R2 gene coding regions and a regulatory region,
which contains a p53 binding sequence, in 100 patients with
colorectal adenoma and 100 control subjects for single-
nucleotide polymorphisms and other mutations using PCR,
cold SSCP, and direct DNA sequencing. Herein, we report
several novel genetic variations designated as Ddel, Ndel,
Hbal (according to restriction enzymes cut sites), and 20 bp
insertion. Subsequently, we determined the allele frequencies
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of the observed polymorphisms in 163 cases of incident
sporadic colorectal adenoma and 216 colonoscopy negative
controls.

MATERIALS AND METHODS

Study population

From 1994 to 1997, the Markers for Adenomatous Polyps
(MAP) case-control study was conducted to assess the validity
of colonic epithelial cell proliferation as a biomarker of
risk for incident sporadic colorectal adenomatous polyps.
Prior to the beginning of the study, MAP was approved by
the Institutional Review Board of Wake Forest University
School of Medicine in accordance with an assurance filed
with and approved by the Department of Health and
Human Services. Informed consent was obtained from each
participant.

Eligibility criteria for study subjects consisted of English
speaking adults from 30 to 74 years of age, of either sex,
and of all races who were scheduled for elective outpatient
colonoscopy by four large gastroenterology practices in
Winston-Salem and Charlotte, North Carolina. Patients
increased in number over a 24-mo period. Cases were
identified as eligible colonoscopy patients who were
determined to have a study index of pathologist-confirmed
incident adenomatous polyps according to the criteria
adapted from the National Polyp Study™. Controls consisted
of all eligible colonoscopy patients with no previous history
of adenomatous polyps and who were found to be free of
adenomatous polyps. Persons with familial polyposis, Gardnet’s
syndrome, ulcerative colitis, Crohn’s disease, bowel resection,
newly diagnosed recurrent adenomatous polyps, and incident
colon cancer were excluded, as they had a history of cancer
other than non-melanoma skin cancer. Blood was drawn
and stored at -70 ‘C for possible later measurement of
various genotypes.

Subjects

Among all three clinical sites, 2 246 colonoscopy patients
were identified. Of these, 669 were eligible on initial
screening (eligibility rate 29.8%), and of these 633 were
willing to discuss the study, 617 of these were contacted,
and 417 of these signed consent and had study colonoscopies
(consent rate 63.1%). Of the 417 participants, 259 had
some types of polyp, and of these, 179 had adenomatous
polyps. Nine of the 417 total patients were subsequently
determined ineligible for the study and 8 additional patients
had incident colon cancer and were not eligible for the
primary case-control analyses; thus, 400 patients were
available for genotypic analysis. Of these 400 patients, viable
DNA was isolated from 373 (163 cases and 210 controls)
for genotyping.

Genomic DNA isolation

Genomic DNA was obtained from stored white blood cells
(WBCs) digested in 500 pL of lysis buffer (50 mmol/L
Tris-HCl, pH 8.5, 1 mmol/L EDTA, 0.2% SDS, 200 g/mL
proteinase K) overnight at 55 C with shaking. The digestion
was precipitated directly with isopropanol and the pellets
were washed with 70% ethanol. The genomic DNA pellets

(50-100 pg) were dissolved in 300-800 pL of TE buffer,
of which about 1 pl was used for each PCR reaction.

PCR amplification

The primers (Table 1) and PCR product sizes were designed
following published genomic DNA sequences (GenBank
accession no.: NC_000008). We designed primers that were
18-25 bases long with a 40-60% GC content and an annealing
temperature (71,,) around 52-68 “C. To obtain the optimal
conditions for PCR amplification, we ran a set of PCRs
with various concentrations of Mg"", template DNA,
dNTPs, and primers for each fragment.

Cold single-strand conformation polymorphism analysis

Five microliters of the PCR product was mixed with 15 pL.
denatured buffer [0.4 uL. 1 mol/L. MMH (methylmercury
hydroxide), 12.6 pL 1.25XTBE, 2.0 pL 15% Ficoll containing
0.1% bromophenol blue, and 0.1% cyanol xylene blue|, and
then incubated for 10 min at room temperature, heated for
5 min at 95 “C, and put on ice before being loaded on 20%
TBE polyacrylamide gel and electrophoresed in a Novex
Thermoflow system for 4-5 h at 10-15 “C at 300 V. The
gel was stained in 1XTBE with 5 pg/mL ethidium bromide
for 10 min and visualized on a UV lamp (Figure 1B). The
shift bands were cut and re-amplified for direct sequencing.

DNA sequencing

For direct sequencing, the PCR products amplified from
genomic DNA were purified and directly used for
sequencing. DNA was sequenced with the Thermal
Sequenase Cycle Sequencing Kit from Amersham Life
Science (Cleveland, OH, USA) according to manufacturer’s
instructions. In cycle sequencing, the thermal cycle consisted
of 2 min at 94 “C, 45 cycles of 1 min at 94 C, 1 minat 60 C,
and 1 min at 72 ‘C. The reaction mixture was loaded on a 6%
polyacrylamide sequencing gel made from Sequagel DNA
Sequencing Solutions (National Diagnostics, GA, USA).

Restriction fragment length polymorphism

Since polymorphisms at the nt 1 789 G and nt 1 923 C
alleles created Ddel and Hhal restriction enzyme cut sites,
respectively, each PCR product was subjected to Ddel and
Hbhal restriction enzymes digestion prior to electrophoresis
for determining genotype frequencies. The DNA fragments
were then separated using 3% 2:1 Nusiev/SeaKern agarose
gel. The allele types were determined for Ddel analysis as
follows: three fragments of 6, 171, and 373 bp for the C
allele, four fragments of 6, 97, 171, and 276 bp for the G
allele; and five fragments of 6, 171, 276, and 373 bp for
the C/G allele. The allele types were determined for Hpal
analysis as follows: three fragments of 550 bp for the T
allele, two fragments of 299 and 251 bp for the C allele;
and three fragments of 550, 299, and 251 bp for the T/C
allele nt 1 928 A/G, the polymorphism does not have a
suitable restriction enzyme site. Therefore, we changed an
A nucleotide to a T in the near 3’ end of the forward primer.
This change combines with the wild type allele (A) to create
an Ndel cutting site, but does not do so with the variant
allele (G). The PCR products (10 pL) were subjected to
NI restriction enzyme. Bands for the wild-type (A/A) allele
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Figure 1 Structural feature and genetic variation analysis of p53R2. A: A
representative p53R2 gene structure including a regulatory region with p53
binding sequence within intron 1; B: representative cold SSCP result. p53R2
Regulatory region was amplified, and PCR products were run on a 20% SSCP
gel at 15 'C. Lanes 2 and 4 are the heterozygous polymorphism pattern; C:
alterations in regulatory region of p53R2 gene: (1) Ddel G/C, and (2) Ddel C/C

wete cut into 246 and 26 bp; the G/G variant allele showed
at 272 bp; and the heterozygote (A/G) allele was cut into
272, 246, and 26 bp fragments (Figure 2).

Statistical analyses

All statistical inquiries were conducted using R language
version 1.9.0 from http://www.R-project.org. Homogeneity
test was used to check the non-dependency between
genotypes and the frequencies of the p53R2 gene variants
between the patients with colorectal adenoma and the control
groups. Consistency of the genotype frequencies with the
Hardy-Weinbetg equilibrium was also tested by y*-analysis.

RESULTS

We screened nine exons and a regulatory region in first

¢)) @

genotypes; D: Alterations in regulatory region of p53R2 gene: (1) Ndel G/G and
(2) A/A genotypes; E: Alterations in regulatory region of p53R2 gene: (1) Ndel G/
G and Hhal T/T, and (2) Ndel A/A and Hhal T/C genotypes; F: Alterations in
regulatory region of p53R2 gene: 20 bp insertion which replaced an ATTTT
between nt 1 831 and nt 1 835.

intron of p53R2 gene in 200 subjects including 100 patients
with colorectal adenoma and 100 control subjects for
mutation identification. No mutation was found in any of
the nine exons; however, three SNP variations (nt 1 789
C/G,nt 1928 A/G, and nt 1 933 T/C) were identified in
the first intron of the p53R2 gene by cold SSCP (Figure 1B),
and confirmed by direct DNA sequencing (Figures 1C-E
and Table 2). A 20 bp variant, which is a short insertion
variation that replaced 5 bp between nt 1 831 and nt 1 835
(Figure 1F and Table 2), was also found (Table 2). These
polymorphisms are summarized in Figure 2.

Restriction enzyme mapping showed two restriction
enzymes that could be used for population screening for nt
1789 C/G (Ddel) and nt 1 933 'T/C (Hbal) variations. We
also designed a modified RFLP (IN#el) method for population
screening for the nt 1 928 A/G alteration (Figure 2).

Table 1 Primers for PCR amplification, sequencing and RFLP (GenBank accession no. AC021004)

Number Name Sequence PCR product (bp)
1 Exon1 (F) 5'-GGAGAGTCACTCAATGGAC-3 302
2 Exon1 (R) 5-CCTGCAACTTGCAATCTAAC-3’

3 Exon 2 (F) 5-GGAACACTGCACTATAGGATG-3’ 291
4 Exon 2 (R) 5"-CCCTGACTTCCTTAGATG-3’

5 Exon 3 (F) 5-GCTAAAGGAGAACAAAAG-3 218
6 Exon 3 (R) 5-CCAAACACTTTGAGAAGAAC-3’

7 Exon4 (F) 5'-GCTCAGAAACTTCCATACTTG-3' 336
8 Exon4 (R) 5'-CGATAATGCTGATGTCCAG-3’

9 Exon 5 (F) 5'-CGTACTGGATAGTCACAC-3’ 287

10 Exon5 (R) 5'-CGAGATCGTGCCACTGCAC-3

11 Exon 6 (F) 5-GGCACTAACTTGTGTATTTTG-3’ 284

12 Exon 6 (R) 5-CTAGAAAAACATTCCATTCC-3’

13 Exon7 (F) 5-GGTACAAACATCAGAGAAAG-3’ 224

14 Exon?7 (R) 5-CCATCACCATATGCAAATAG-3'

15 Exon 8 (F) 5-GGTCCTTGCTTTCCTATA-3’ 239

16 Exon 8 (R) 5-CGAAAGTCCTCTTTCTA-3

17 Exon9 (F) 5-GCAGAGGAAAATAGACTAC-3' 317

18 Exon9 (R) 5-GGTTTTGAGAAACCTGAC-3’

19 Intron 1 (F) 5'-CAGGACTCAGTAGAGGAGCT-3 550

20 Intron 1 (R) 5-CACAGGGTCAGTGACACTG-3
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Table 2 Allele distributions at four polymorphic loci in the human p53R2 gene from a case-control study of incident sporadic colorectal

adenoma
Cases (n=163) Controls (1 =210)
n % n % F

Ddel

CcC 143 87.7 185 85.6

GG 1 0.6 2 0.9

CG 19 11.7 29 134 0.82
Ndel

GG 131 80.4 178 82.4

AA 1 0.6 6 2.8

AG 30 18.4 31 144 0.25
Hhal

TT 159 97.6 210 97.2

CT 4 24 6 2.8

CcC 0 0 0 0 0.90
Insertion

*) 4 24 0 0 -
1621 AATCTAATTC ATAGTCTATT GTCAAGGTAA AGTTTAGGCC AGAAAACATT AAATGGCATG

forward primer
1681 CCCAGGACTC AGTAGAGGAG CTAAATTTAA AACCAAGTTC TTGCACCTGG GCGGGTATCC
Ddel
1741 CATTGGTTCC GTCAGACTTT GTGGGAATAG AAGTGAAAAT AATACTTACA AGTAGTGTAT
G
1801 GACTATGACA ACATACAGCT ATTTTACAGA AGTAGAAGAG ACATAAAGGC AAAGAAACGG
1861 AAGTGGTGGA ATTGGGGCTG GATAGGAGGT AAGAGCCTGG TATGATGCCA GCCTAGATTG
Ndel  Hhal
1921 GGGCATCGTA AGIGCTTGCT GGGAAATCTT GACCTAAATT GTIGTCCTGA CATGCCCAGG
A C p53 binding sequence
1981 CATGTCTTCC AACTGGGTGA CCAGAAATTG AGTCAGTCGG AAACTGGAAG TACCATTCTG
2 041 GAAAAAACAG CAGAATGTCA CTAAGGAATG CCTACTGCTA AACTTTATTIT  CAAATTCTCA
2101 TCACTTTACA CCTGTGCGGC TATAATAATT  TTIGTTGTTTC  TCTATCTCCT  ATCTTACCTG
2161 CCATTCAATC CTAATTACCA TTGCCAAGTT AATCCTTCAT TAGACCAGTG CCTCAGTGTC
2221 ACTGACCCTG TGTCCCCCAA AAAACTCCCA AAAGAGTCTC AATTCCTACC AAAAAGCCTG
reverse primer

2281 GCCAACACCT CAGGCTGGTG AAGTCTTGTT GAAGCTGCTT TTTTCATGCT  AACTGCCACA
2341 TCTTAATTCA  AGTCCTCATT TCCATCTTTG  AAATTGGTTC CTTAGTTGCT TGCAAAATCT

Figure 2 Representation of p53R2 intron 1. The human p53R2 partial intron 1,
as enumerated in the original description of the p53R2 gene (GenBank accession
no.: NC000008), is shown. The three variable loci are underlined, boxed 5 bp

Therefore, C/G, T/C, and A/G polymorphisms were
designated Ddel, Hhal, and Ndel, respectively. Then,
frequencies of these variations were determined in all of
the 373 subjects (cases = 163, control = 210) from case-
control study (Table 2). Since each of these four variations
is close to the p53 binding sequence, they may play important
roles in maintaining a three-dimensional structure with the
p53 binding sequence. Of the four variations, the Hbal
polymorphism occurred at a very low frequency (2.78%).
The 20 bp variant was found in only 4 patients, all adenoma
cases. The distribution of Ddel genotypes C/C, C/G, G/G,
and G/G combined with C/G were 87.7%, 11.7%, 0.6%
and 12.3% in cases, compared to 85.7%, 13.4%, 0.9% and
14.3% in controls, respectively. The distribution of Ndel
genotypes G/G, G/A, A/A, and A/A combined with G/A
were 80.0%, 18.4%, 1.23% and 19.6% in cases, compared
with 82.8%, 14.4%, 2.79%, 17.2% in controls, respectively.
All polymorphisms were in Hardy-Weinberg equilibrium in
all populations, with the exception of the 20 bp variant,

is replaced by 20 bp nucleotides (5-GTAAAATACTTCTGTAAATA-3'), the p53
binding sequence is italicized, and forward and reverse primers set in bold.

which was found in 4 patients only, all with colorectal
adenoma. There is no statistical difference between the cases
and control subjects (Table 2).

DISCUSSION

p53-Inducible ribonucleotide reductase small subunit 2
(p53R2) is an important p53 downstream target gene that
is essential for DNA repait™. It has been demonstrated
that p53R2 has an important role in delivering dNTP and
maintaining the dNTP pool in response to DNA damage.
Loss of function of this gene results in dysfunctional repair
mechanisms.

Single-strand conformation polymorphism (SSCP) is a
technique for detecting known and unknown genetic variation
using PCR products?. Using this method about 70-90% of
unknown mutations can be detected. Single strands assume
a specific folded conformation, when double-stranded PCR
product is denatured to single strand. These conformers
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are separated by non-denaturing polyacrylamide gel electr-
ophoresis. A single base mutation can cause a change in the
folded conformation compared to the wild type and can
change the separation pattern. This means that a change in
separation pattern compared to that of the wild type indicates
a mutation.

Using these methods, we here report mutation screening
of the p53R2 gene, identification of four novel genetic
variations in a regulatory region, their allele frequencies in
both normal and colorectal adenoma populations, and the
predicted functional impact of resulting transcriptional changes.
Since each of these four mutations is close to the p53 binding
sequence, these variations may play an important role in
maintaining a three-dimensional structure with the p53
binding sequence. As of May 2004, only two polymorphisms
of the p53R2 gene (-88 C/A and 8 bp insertion) have been
reported®”. We searched the available literature and the
NCBI SNP database, and found no published information
on these novel variants. To our knowledge, this is the first
report of allele frequencies of novel p53R2 polymorphisms
in a population consisting of patients with colorectal adenoma
and controls.

Somatic mutation screening of p53R2 has been previously
investigated in cancer. On the whole, two studies investigated
the genetic variation of p53R2 in gastric and urothelial
carcinoma™. Byun ¢ a/, did not detect any somatic vatiations
in the p53R2 gene in 105 gastric carcinomas, including 15
cell lines®™. One non-synonymous coding vatiant (Glu136/
Asp) was identified in urothelial carcinoma; however, the
frequency was rare (1/108). It was concluded that p53R2
is not a critical target of genetic inactivation in tumorigenesis.

Genetic polymorphisms have been identified in many
genes related to DNA synthesis and repair, such as thymidylate
synthase (TSI, MTHFRIM, and XRCC1M, Genetic
polymorphisms could affect gene expression, enzyme
function, or the protein’s interaction with environmental
and nutritional factors to modify the risk of neoplasia as we
have demonstrated for other polymorphisms'®. An 8 bp
tandem repeat and a-88 C/A polymorphism wete discovered
in the 5’-untranslated region of the p53R2 gene”). Three
polymorphisms in 3’-untranslated region of p53R2 gene
were also identified™. Since we focused only on exons and
the first intron regulatory regions, we did not investigate
these polymorphisms.

As physical locations of these polymorphisms are so
close to the p53 binding sequence as described above, it
will be quite interesting to investigate their associations with
cancer risk. Because polymorphic alleles at loci as close
together as these are likely to be transmitted together, it will
also be of interest to define haplotypes for the p53R2 gene.

In summary, we have reported newly identified polym-
orphisms in the p53R2 gene, and shown allele frequencies
of the new variants in a case-control study population
consisting of 163 patients with colorectal adenoma and 210
control subjects. Since p53R2 is important in response to
DNA damage, and thus may also be in colon cancer prevention,
genetic polymorphisms that may alter the expression of
this gene are of interest. Further studies of the functional

impact of these polymorphisms are needed. It would also
be of great interest to investigate their possible association
with colorectal cancer risk.
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