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the Human Genome Variation Society (http://www.hgvs.
org/mutnomen).

In addition, all exons and adjacent intronic regions of
the PRSSI, SPINKI, CTRC, and CPAI genes were ampli-
fied by PCR and directly sequenced as previously reported
[5, 6, 8, 25].

In Silico Prediction

SIFT (Sorting Intolerant From Tolerant; http://sift.jevi.org/)
and PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/)
were used to predict whether an amino acid substitution
would affect the structure and function of a protein. SIFT
uses sequence homology, whereas PolyPhen-2 offers pre-
dictions based on conservation, protein folding, and crystal
structure [26, 27]. The SIFT scores range from zero to one,
with zero predicted to be the most deleterious mutation and
one the least deleterious. The PolyPhen-2 scoring predicts
three outcomes for mutations: “benign” (most likely
lacking any phenotypic effect), “possibly damaging” (may
affect protein structure or function), and “probably dam-
aging” (high degree of confidence that protein structure
function will be affected).

Statistical Analysis

The variant frequencies in the Japanese population were
obtained from the Human Genetic Variation Database (www.
genome.med.kyoto-u.ac.jp/SnpDB/). The significance of the
differences in variant frequencies between patients and con-
trols was tested by two-tailed Fisher’s exact test. A P value
<0.05 was considered significant. All statistical analyses
were performed using the SPSS version 17.0 statistical ana-
lysis software (SPSS Inc., Chicago, IL, USA).

Fig. 1 Graph of the mean 1200 1
depth, median depth, and
sequencing coverage for all the
27 exons in the CFTR gene. By
MiSeq NGS, a high-quality
sequence was obtained for 27
exons and the flanking
sequences from the CFTR gene,
including a mean depth of x516
and a median depth of x442.
On average, 90.3 % of the
coding region was successfully 400 -
covered by >20 reads

1000 -

800 4

Depth

600 +

200 4

@ Springer

Results

Approximately 10 kb of the coding regions and the adja-
cent noncoding regions of the CFTR gene were analyzed in
this study. On average, 98.8, 97.0, and 95.1 % of the
coding regions of the CFTR gene were covered by at least
one, five, and 10 sequence reads, respectively. The
sequencing data covered 91.6 % of the coding regions of
the CFTR gene by >20 reads with a mean read depth of
449 and a median depth of 412 (Fig. 1). These results
indicate a high-resolution capability for the identification
of variants, such as mutations.

In our cohort of 193 CP patients, we identified 12 non-
synonymous and seven synonymous variants in the exons of
the CFTR gene by targeted NGS (Tables 2, 3, 4, 5). The
presence of these variants was confirmed by Sanger
sequencing. Based on the presence in dbSNP137, Exome
Variant Server (NHLBI GO Exome Sequencing Project,
Seattle, WA, USA; URL: http://fevs.gs.washington.edu/
EVS/), and the Human Genetic Variation Database, three
non-synonymous  variants [c.1231A>G  (p.K411E),
¢.1753G>T (p.E585X) and c¢.2869delC (p.L.957fs)] and
three synonymous variants (c.372C>T, ¢.3975A>G and
¢.4254G>A) were novel. The frameshift variant ¢.2869delC
(p.L957fs) leads to a stop codon afterward at amino acid 967,
to premature termination of translation and a heavily trun-
cated protein missing more than one-third of its amino acids.
This variant was found in a 22-year-old female with idio-
pathic CP. She was admitted due to a pancreatitis attack and
diagnosed as having CP. She had suffered from back and
abdominal pain since 20 years old. The value of the n-ben-
zoyl-I-tyrosyl-p-aminobenzoic acid test was 52 % (normal:
>70 %), suggesting pancreatic exocrine dysfunction. The
patient also had the ¢.4056G>C (p.Q1352H) variant in a

~- median depth
I mean depth

0 -
1 2 3 4585 6 7 8 910111213 14 15 1617 18 19 20 21 22 23 24 25 26 27

CFTR exons



198undg @

Table 2 Non-synonymous CFTR variants detected in this study

Exon Non-synonymous Amino acid dbSNP135 Genotype SIET (score) PolyPhen-2 Alcoholic CP (%) Idiopathic Hereditary/
variant change (score) CP (%) familial CP (%)

2 c91C>T p.R31C 151800073 CT D (0.012) PD (0.989) 0/46 (0) 3/121 (2.5) 0/26 (0)

2 c.92G>A p-R31H rs149353983 GA T (0.183) B (0.003) 0/46 (0) 17121 (0.8) 0/26 (0)

4 c.374T>C p.I125T 1s141723617 TC D (0.005) B (0.17) 0/46 (0) 2/121 (1.6) 1/26 (3.8)

10 c.1231A>G p.K411E - AG D (0.015) B (0.233) 0/46 (0) 1/121 (0.8) 0/26 (0)

11 c.1408G>A p.V470M 15213950 GA T (1) B (0) 21/46 (45.7) 65/121 (53.7) 11726 (42.3)
AA 5/46 (10.9) 19/121 (15.7) 1726 (3.8)

12 c.1666A>G p.I556V rs75789129 AG T (0.536) B (0.334) 2/46 (4.3) 8/121 (6.6) 0/26 (0)
GG 0/46 (0) 0/121 (0) 0/26 (0)

13 c.1753G>T p-E585X - GT - - 1746 (2.2) 0/121 (0) 0/26 (0)

17 ¢.2869delC p.L957fs - - - 0/46 (0) 1/121 (0.8) 0/26 (0)

21 ¢.3468G>T p.L1156F rs139729994 GT T (0.163) PD (0.994) 2/46 (4.3) 107121 (8.3) 2126 (1.7)
T 1746 (2.2) 0/121 (0) 0/26 (0)

25 c.4045G>A p.G1349S 15201686600 GA D (0) PD (1) 1/46 (2.2) 0/121 (0) 0/26 (0)

25 ¢.4056G>C p.Q1352H rs113857788 GC D (©) PD (1) 5/46 (10.9) 117121 (9.1) 4726 (15.4)
CcC 0/46 (0) 0/121 (0) 0726 (0)

27 c.4357C>T pR1453W 154148725 CT D (©0) PD (0.999) 3/46 (6.5) 6/121 (5.0) 1/26 (3.8)

B benign, CP chronic pancreatitis, D damaging, PD probably damaging, T tolerated, SIF7T Sorting Intolerant From Tolerant
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Table 3 Comparison of the non-synonymous variant frequencies between the patients with CP and controls

Amino acid Genotype All CP (%) HGVD (%) P value (vs. HGVD)
change All CP Alcoholic Nonalcoholic Idiopathic Hereditary/
CP Cp CpP familial CP
p.R31C CcT 3/193 (1.6) 12/1102 (1.1) 0.48 >0.99 041 0.18 >0.99
p-R31H GA 1/193 (0.5) 0 - - - - -
pI125T TC 3/193 (1.6) 5/1102 (0.5) 0.11 >0.99 0.057 0.15 0.13
p.K411E AG 1/193 (0.5) 0 - - - - -
p-V470M GA 97/193 (50.3) 573/1199 (47.8) 0.66 0.57 0.68 0.38 0.12
AA 25/193 (13.0) 185/1199 (15.4)
pI556V AG 10/193 (5.2) 78/1150 (6.8) 0.70 0.79 0.81 >0.99 0.45
GG 0/193 (0) 3/1150 (0.3)
p.ES85X GT 1/193 (0.5) 0 - - - - -
p-L9571fs 1/193 (0.5) 0 - - - - -
p.L1156F GT 14/193 (7.3) 45/1136 (4.0) 0.04 0.06 0.07 0.11 0.30
TT 1/193 (0.5) 1/1136 (0.1)
p-G1349S GA 1/193 (0.5) 4/1094 (0.4) 0.56 0.19 >0.99 >0.99 >0.99
p.Q1352H GC 20/193 (10.4) 57/1153 (4.9) 0.009 0.12 0.037 0.17 0.062
CcC 0/193 (0) 1/1153 (0.1)
p-R1453W CT 10/193 (5.2) 42/1144 3.7) 0.32 0.25 0.49 045 >0.99
CP chronic pancreatitis, HGVB Human Genetic Variation Database
P values were determined versus HGVD by the Fisher’s exact test
Table 4 Synonymous variants in the exons of the CFTR gene detected in this study
Exon Synonymous Amino acid dbSNP135 Genotype Alcoholic Idiopathic Hereditary/
variant change CP (%) CP (%) familial CP (%)
4 ¢.372C>T p.G124= - CT 0/46 (0) 1/121 (0.8) 0/26 (0)
13 ¢.1731C>T p.Y577= 1855928397 CT 0/46 (0) 1/121 (0.8) 0/26 (0)
15 ¢.2562T>G p.T854= rs1042077 TG 20/46 (43.5) 69/121 (57.0) 12/26 (46.2)
i GG 6/46 (13.0) 18/121 (14.9) 0/26 (0)
23 ¢.3723C>A p.G1241= rs185065886 CA 1/46 (2.2) 0/121 (0) 0/26 (0)
25 ¢.3975A>G p.R1325= - AG 0/46 (0) 1/121 (0.8) 0/26 (0)
27 c.4254G>A p.E1418= - GA 0/46 (0) 1/121 (0.8) 0/26 (0)
27 c.4389G>A p.Q1463= rs1800136 GA 1/46 (2.2) 3/121 (2.5) 0/26 (0)

CP chronic pancreatitis

heterozygous form (Table 6). The nonsense variant
¢.1753G>T (p.E585X) was found in a patient with alcoholic
CP. He was diagnosed as having alcoholic CP at 28 years
old. The ¢.1231A>G (p.411E) variant was found in a
19-year-old male with idiopathic CP. He had suffered from
pancreatitis attacks since 12 years old. ERCP showed mul-
tiple stones in the main pancreatic duct. He underwent
extracorporeal shock wave lithotripsy for the treatment of
pancreatic stones. The patient also had the ¢.3468G>T
(p.L1156F) variant in a heterozygous form. None of these
three patients had known pancreatitis susceptibility muta-
tions in the PRSSI, SPINKI, CTRC, or CPAI genes

@ Springer

(Table 6). All of the patients carrying the novel synonymous
variants were idiopathic CP (Table 4).
The frequency of the ¢.4056G>C (p.Q1352H) variant

was higher in all patients with CP than that in controls
(P = 0.009; Table 3). Stratification based on the etiologies
showed that the association was significant in patients with
nonalcoholic CP (combination of cases with idiopathic,
hereditary, and familial CP) (P = 0.037). The frequency of
the ¢.3468G>T (p.L1156F) variant was also higher in
patients with CP than that in controls (P = 0.04). There
were no significant difference for any other non-synony-
mous or synonymous variants detected in the exoms
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Table 5 Comparison of the synonymous variant frequencies between the patients with CP and controls

Synonymous Genotype All CP (%) HGVD (%) P value (vs. HGVD)
variant All CP Alcoholic Nonalcoholic Idiopathic Hereditary/
Cp Ccp CP familial CP
c.C372T cT 1/193 (0.5) 0 - - - - -
c.1731C>T CT 1/193 (0.5) 0 - - - - -
€.2562T>G TG 101/193 (52.3) 528/1154 (45.8) 0.22 0.81 0.11 0.045 0.033
GG 24/193 (12.4) 181/1154 (15.7)
c.3723C>A CA 17193 (0.5) 3/671 (4.5) >0.99 0.23 =>(.99 >(.99 >0.99
¢3975A>G AG 1/193 (0.5) 0 - - - - -
c.4254G>A GA 1/193 (0.5) 0 - - - - -
c.4389G>A GA 4/193 (2.1) 40/1112 (3.6) 0.48 >0.99 0.53 0.81 >0.99
AA 0/193 (0) 171112 (0.1)
CP chronic pancreatitis, HGVD Human Genetic Variation Database
P values were determined against HGVD by the Fisher’s exact test
Table 6 Total CFTR Case#t Etiology ~ Ageat Rare Additional non-  ¢.1210-34TG(9_13) Mutation in
sequencing results of patients onset  variant Synonymous ¢.1210-12T(5_9) other pancreatitis
carrying rare non-synonymous variants susceptibility
CFTR variants genes®
Al Idiopathic 34 p.R31C/- p-R1453W/- TGI/TG11, 7T/7T -
A2 Idiopathic 8 p-R31C/- - TGIU/TG12, 7TAAT -
A3 Idiopathic 16 p.R31C/- - TG11/TG12, 7T/7T -
A4 Idiopathic 10 p.R31H/- - TGIU/TGI12, 7T/1T  ~
AS Idiopathic 16 p.I1125T/- p.L1156F/- TG11/TG12, 7T/7T  CTRC p.R29Q/-
A6 Idiopathic 2 pI125T/- - TG1U/TG12, 7T/7T -
A7 Hereditary 28 pI125T/- p-R1453W/- TG1U/TGI12, 7TT/TT -
A8 Idiopathic 19 pK411E/-  p/L1156F/- TG11/TG12, 7TT/1T ~—
2 Pancreatitis-associated A9 Alcoholic 28 p-E585X/-  pJI556V/- TG1/TG11, 7T/7T -
mutations in the PRSSI, Al10 Idiopathic 21 p.L95Tfs/-  p.Q1352H/- TG1U/TG12, 7T/7T -
SPINKI, CIRC, and CPAI All  Alcoholic 40 p.G1349S/-  — TG1/TG11, 7T/7T -

genes

between all patients with CP and controls (Tables 3, 5).
The frequency of the ¢.2562T>G variant was different
between the controls and the patients with idiopathic or
hereditary/familial CP.

The 5T and, more rarely, 3T splicing variants of the
intron 9 acceptor splice site [c.1210-12T(5_9)] are con-
sidered to be variants associated with CFTR-RD [16]. The
5T or 3T allele is a polymorphic variant with variable
penetrance, causing less efficient exon 10 splicing and a
lower CFTR transcript level [28]. The splicing efficiency of
exon 10 is further affected by the length of the adjacent TG
repeat [c.1210-34TG(9_13)]. The distribution of the
¢.1210-34TG(9_13) and ¢.1210-12T(5_9) variants is
shown in Table 7. In our cohort, nine patients with CP had
the 5T allele, all in a heterozygous form. Four patients (two
alcoholic, one idiopathic, one hereditary) had the 5T-TG13.
No patient had the haplotype TG10-7T-M470, which was
reported to increase the risk of idiopathic CP [28].

It has been increasingly recognized that compound and
trans-heterozygosity in the pancreatitis susceptibility genes
are an overt risk factor for idiopathic CP [29-32]. Among
the 193 patients with CP enrolled in this study, 29 patients
had pancreatitis-associated mutations in the PRSSI,
SPINKI, CTRC, and CPAIl genes. Among these, nine
patients had the non-synonymous CFTR variants, which
are probably damaging based on the SIFT and/or the
PolyPhen-2 prediction (Table 8).

Discussion

In this study, we performed comprehensive analysis of the
variants in the CFTR gene by targeted NGS. To our
knowledge, this is the first study to analyze pancreatitis
susceptibility genes by targeted NGS. Comprehensive
analysis by targeted NGS enabled us to identify novel and
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Table 7 Distribution of the

¢.1210-34TG(9_13), All CP Alcoholic CP Idiopathic CP Hereditary/

¢.1210-34TG(9_13) and c.1210- ¢ 1210-12T(5_9) (%) (%) (%) familial CP (%)

12T(5_9) variants in patients

with CP TG10/TG11, 7T/9T 1/193 (0.5) 0/46 (0) 17121 (0.8) 0/26 (0)
TG11/TG11, 7T/7T 46/193 (23.8) 15/46 (32.6) 23/121 (19.0) 8/26 (30.8)
TG11/TG11, 7T/9T 4/193 (2.1) 1/46 (2.2) 3/121 (2.5) 0/26 (0)
TG11/TG12, 5T/7T 5/193 (2.6) 0/46 (0) 4/121 (3.3) 1/26 (3.8)
TG11/TG12, 6T/7T 1/193 (0.5) 0/46 (0) 17121 (0.8) 0/26 (0)
TG1U/TG12, 7T/7T 124/193 (64.2) 27/46 (58.7) 81/121 (66.9) 16/26 (61.5)
TG11/TG13, 6T/7T 1/193 (0.5) 1/46 (2.2) 0/121 (0) 0/26 (0)
TG11/TG13, 7T/7T 1/193 (0.5) 0/46 (0) 1/121 (0.8) 0/26 (0)
TG12/TG12, 7T/7T 6/193 (3.1) 0/46 (0) 6/121 (5.0) 0/26 (0)
TG12/TG13, 5T/7T 4/193 (2.1) 2/46 (4.3) 1/121 (0.8) 126 (3.8)

CP chronic pancreatitis

rare variants in the CFTR gene. The c.1753G>T (p.E585X)
variant is a nonsense variant, and the ¢.2869delC
(p.L957fs) variant leads to a stop codon afterward at amino
acid 967. These variants result in a heavily truncated pro-
tein missing nearly two-thirds (p.ES85X) or more than one-
third (p.L957fs) of its amino acids. Because we did not
perform functional assays, we do not have direct evidence
that these two variants cause loss of the CFTR expression
and/or function. However, a general acknowledgment has
been agreed that mutations of this type, called class I
mutations, are associated with complete loss or near
complete loss of the CFTR function (<3 % of wild-type
CFTR function) [33, 34]. The pathogenic potential of
another novel variant, ¢.1231A>G (p.K411E), is currently
unknown, but the in silico analyses suggest that this variant
is deleterious. Importantly, the clinical phenotype of this
patient might be complicated by the presence of another
variant, p.L1156F. Noone et al. [30] reported that pancre-
atitis risk was increased approximately 40-fold by having
two CFTR mutations. This is also the case with the
¢.374T>C (p.I125T) variant. Two of the three patients
carrying this variant had other non-synonymous variants
(p.I556V and p.R1453W). This p.J125T variant was orig-
inally reported in Chinese patients with idiopathic bron-
chiectasis and considered to be associated with CFTR-RD
[35].

There are considerable regional and ethnic variations in
the spectrum of the CFTR mutations [15]. Approximately
70 % of individuals with CF in the Caucasian population
are homozygous for the F508del mutation, and almost
90 % of the patients have at least one F508del allele [36].
This mutation is extremely rare in the Japanese population,
accounting for the rare presentation of classical CF in this
region (approximately 1/350,000 live births) [37]. It is not
surprising that the CF-causing mutations are frequently
found in Caucasians, but very rarely in East Asia. Audrézet
et al. [29] reported from France that at least 20 % of the
patients with idiopathic CP carried one of the most
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common CFTR mutations. Fujiki et al. [38] reported from
Japan that none of the 20 common CF-causing mutations
was found in 65 Japanese patients with CP (51 alcoholic
and 14 idiopathic). Wang et al. [39] reported comprehen-
sive screening of pancreatitis susceptibility genes including
CFTR in 75 pediatric patients with idiopathic CP from
China. They identified a novel 8-bp deletion in exon 4, but
not the common CF-causing mutations. In this study, we
found no common severe CF-causing mutations, in agree-
ment with these previous studies from East Asia.

We found a significant association between the
p-Q1352H variant and CP. This finding confirms the pre-
vious reports from Japan and Korea showing that this
variant was over-presented in patients with CP compared to
controls [38, 40]. Fujiki et al. [38] from Japan reported that
the frequency of this variant was higher in patients with CP
(8/65, 12.3 %) than in controls (6/162, 3.7 %). Lee et al.
[40] reported from Korea that 14.3 % (4/28) of the patients
with CP had this variant, whereas only 0.9 % (1/117) of the
controls did. Glutamine at 1,352 is located in the second
nucleotide-binding fold of CFTR, and its change to histi-
dine (p.Q1352H) causes reductions in both the protein
expression and channel activity of CFTR [40]. Similarly,
we found that the p.L1156F variant was overexpressed in
patients with CP. A functional study reported reduced C17/
HCO;™ permeability in the presence of the p.L1156F
variant [41].

Gene—-gene interactions of known pancreatitis suscepti-
bility genes, especially between the CFTR and SPINKI
genes, have been increasingly recognized. Indeed, seven
out of 25 patients carrying the SPINKI variant(s) had the
CFTR p.Q1352H and/or p.L1156F variants. One patient
was trans-heterozygous for the CTRC p.R29Q and CFIR
p-I1125T/p.LL1156F variants. Noone et al. [30] reported that
pancreatitis risk was increased approximately 40-fold by
having two CFTR mutations, 20-fold by having the
SPINKI1 p.N34S variant, and 900-fold by having both.
Trans-heterozygosity of the SPINKI p.N34S with the
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Table 8 Total CFTR sequencing results of patients with SPINKI, PRSSI, CTRC, or CPA] mutations

Case# Etiology CFTR variants” ¢.1210-34TG(9_13) SPINKI PRSSI CTRC CPAI
¢.1210-12T(5.9)
B1 Familial p.Q1352H/- TGIU/TGI12, TT/7T  p.N34S/p.N34S
B2 Idiopathic - TG12/TG12, 7T/7T  p.N34S/p.N34S
B3 Idiopathic - TG11/TG12, 7T/7T  p.N34S/p.N34S
B4 Idiopathic  p.L1156F/-, TGI/TGIL, 7T/7T  p.N34S/-
p.Q1352H/-
BS Idiopathic  p.Q1352H/- TGIY/TG12, 7T/IT  p.N34S/-
B6 Idiopathic  p.Q1352H/- TG11/TG12, 7T/7T  p.N34S/-
B7 Idiopathic - TGLU/TGI2, TT/7T  p.N34S/-
B8 Idiopathic - TG11/TG12, 7T/7T  p.N34S/-
B9 Idiopathic - TGLI/TG12, TT/7T  p.N34S/-
B10  Idiopathic - TGIU/TG12, 7T/7T  p.N34S/-
B11  Idiopathic - TG11/TG12, 7TTIT  p.N34S/-
B12  Idiopathic - TG11/TGI12, TT/7T  p.N34S/-
B13  Idiopathic - TG11/TG12, 7T/7T  p.N34S/-
B14  Alcoholic ~ TG12/TG13, ST/7T p.N34S/-
B15  Idiopathic - TG1U/TG12, 7T/7T  p.N34S/IVS3+42T>C
B16  Idiopathic p.R1453W/- TG11/TG11, 7T/7T  p.N34SAVS34+2T>C
B17  Idiopathic - TGIUTGI12, 7TT/7T  TVS342T>CAVS3+2T>C
B18  Idiopathic - TGIU/TG12, 7T/7T  1VS3++2T>CAVS34+2T>C
B19  Hereditary p.1125T/-, TG1U/TG12, ST/TT  1VS3+2T>C/-
p.L1156F/-
B20  Familial p.L1156F/- TG11/TG12, 7TT/7T IVS3+42T>C/-
B21  Idiopathic ~ TG11/TG12, 7TT/7T  IVS3+2T>C/-
B22  Alcoholic  p.Q1352H/- TGI1U/TG12, 7T/7T  1VS3+4-2T>C/-
B23  Alcoholic - TG1YTG12, 7TT/7T  IVS3+2T>C/-
B24  Idiopathic ~ TGI/TGI12, TT/7T  p.P45S/-
B25  Idiopathic - TG12/TG12, TT/7T IVS3+2T>C/- p.R122H/-
B26  Hereditary TG11/TG12, 7T/1T p.R122H/-
B27  Idiopathic p.J556V/- TG11/TG12, 7T/7T p-N291/-
B28  Idiopathic p.J125T/-, pL1156F/- TG11/TG12, 7T/7T p-R29Q/-
B29  Idiopathic - TG11/TG12, 7T/7T p-T368_Y369ins20/-

Nine patients had the non-synonymous CFTR variants, which are probably damaging based on the SIFT or the PolyPhen-2 prediction

The p.I556V variant appeared to be benign based on the SIFT or the PolyPhen-2 prediction

Case B28 is the same as A5 in Table 6

* We excluded the p.V470M variant from the list because of its similar frequencies in patients and controls

CFTR p.R75Q wasreported to increase CPrisk [31]. 6.5 % of
the patients with idiopathic or hereditary CP carried variants
in at least two pancreatitis susceptibility genes [32]. Whether
the coinheritance of variants/mutations in pancreatitis sus-
ceptibility gene is a bona fide example of digenic inheritance
or interaction between a disease-causing gene and a genetic
modifier is unclear in most cases [42].

We used targeted sequence capture and high-throughput
NGS to detect variants in the CFTR gene. Due to the large

size (27 exons, 1,480 amino acids), traditional technolo-
gies, such as PCR and capillary sequencing, are time- and
cost-consuming. A major advantage of the HaloPlex-tar-
geted enrichment system is the convenient workflow,
integrating both capture and library preparation. The pro-
tocol allows one person to prepare a set of finished libraries
within two working days and requires no larger specialized
instruments. Sequence capture eliminates the necessity of
setting up hundreds of PCR, instead allowing for parallel
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enrichment of target regions in a single experiment. A
weakness of this method is that the detection of larger copy
number variations would require different methods. We have
designed the HaloPlex platform for more than 70 genes,
including the known pancreatitis susceptibility genes such as
CFTR, PRSSI, SPINKI, CTRC, and CPAI. This system has
allowed us to perform rapid screening of the known suscep-
tibility genes simultaneously and gives an overview of
potentially pathogenic variants in patients with pancreatitis.
In addition, our HaloPlex platform includes candidates of
novel pancreatitis susceptibility genes such as pancreatic
digestive enzymes, those highly expressed in the pancreas and
those related to autophagy and endoplasmic reticulum stress.
This system might contribute to the identification of novel
pancreatitis susceptibility genes in the future.
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It has emerged that palindrome-mediated genomic instability generates DNA-based rearrange-
ments. The presence of palindromic AT-rich repeats (PATRRs) at the translocation breakpoints
suggested a palindrome-mediated mechanism in the generation of several recurrent constitutional
rearrangements: the t(11;22), t(17;22), and t(8;22). To date, all reported PATRR-mediated translo-
cations include the PATRR on chromosome 22 (PATRR22) as a translocation partner. Here, the
constitutional rearrangement, (3;8)(p14.2;q24.1), segregating with renal cell carcinoma in two fam-
ilies, is examined. The chromosome 8 breakpoint lies in PATRRS in the first intron of the RNF139
(TRC8) gene, whereas the chromosome 3 breakpoint is located in an AT-rich palindromic sequence
in intron 3 of the FHIT gene (PATRR3). Thus, the 1(3;8) is the first PATRR-mediated, recurrent,
constitutional translocation that does not involve PATRR22. Furthermore, we detect de novo trans-
locations similar to the t(11;22) and (8;22), involving PATRRS in normal sperm. The breakpoint on
chromosome 3 is in proximity to FRA3B, the most common fragile site in the human genome and a
- site of frequent deletions in tumor cells. However, the lack of involvement of PATRR3 sequence in
numerous FRA3B-related deletions suggests that there are several different DNA sequen-

ce—based etiologies responsible for chromosome 3p14.2 genomic rearrangements.
Keywords Palindrome, PATRR, translocation, FRA3B, renal cell carcinoma

© 2014 Elsevier Inc. All rights reserved.

Multiple types of repetitive sequence are abundant in the
human genome. They are capable of forming various non-B
DNA structures, which frequently induce genomic instability
and rearrangements {1—4)}. Palindromic sequences or inver-
ted repeats represent an unstable DNA motif because they can
induce unusual stem-loop DNA structures {5,8}. Such repeti-
tive sequences are often responsible for inducing spontane-
ously arising genomic rearrangements such as recombination
or deletion in model organisms {7—&}.

Palindromic AT-rich repeat (PATRR)—mediated trans-
locations are an extensively described form of repetitive
DNA instability. Previously, recurrent translocations at 22q11
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including the constitutional t(11;22)(q23;q11), 1(8;22)(q24;q11),
and #(17;22)(q11;q11) have been reported. The presence of
PATRRs at 22q11, as well as within the relevant 11g23, 8q24,
and 17q11 regions, suggests a PATRR-mediated etiology
for these recurrent constitutional translocations with 22q11.
These translocations have been reported in unrelated families,
and the breakpoints in almost all translocation carriers are
localized at the center of the PATRR on both chromosomes
(10--18}. Similarly, a t(1;22)(q21;q11), 1(9;22)(p21;911) and a
t(4;22)(g35;q11), all nonrecurrent translocations, were reported
as PATRR mediated {18—18}. To date, all PATRR-mediated
translocations have involved the PATRR on chromosome 22
(PATRR22). Therefore, PATRR22 represents a hot spot for
constitutional translocations {18). However, in this manuscript,
the first PATRR-mediated translocation that does not involve
PATRR22 is described. The constitutional 1(3;8)(p14.2;q24.2)
has previously been associated with the inheritance of renal cell
carcinoma in two unrelated families {20,21}. The t(3;8) balanced
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carriers have breakpoints in the 5’ untranslated region (UTR) of
FHIT on chromosome 3 and in the sterol-sensing domain of
RNF139 (TRC8) on chromosome 8 {21,22). Although it was
known that the short arm of chromosome 3 is altered by de-
letions or translocations in renal cell carcinoma, until this study,
the 1(3;8) breakpoints were uncharacterized at the nucleotide
level.

Previously, it was known that the 1(3;8) breakpoint on
chromosome 3 either coincides with or is close to FRA3B,
the most common fragile site in the human genome, but the
precise distance between the 3p translocation breakpoint
and the fragile site was not known (23--26). Common fragile
sites are specific chromosomal regions that preferentially
exhibit chromosome instability that is visible on mitotic
chromosomes as nonrandom gaps, constrictions, or breaks
following partial inhibition of DNA synthesis. The gaps coin-
cide with regions of deletions and intra- and interchromo-
somal recombination {27,28). Numerous heterozygous and
homozygous deletions in various human cancers and pre-
cancerous lesions involve FRA3B, spanning FHIT introns
3—7 (29). Thus, it has been suggested that the presence of
FRA3B may predispose chromosomes to the 1(3;8) as well
as to FRABB deletions (30).

Here we characterize the 1(3;8) breakpoint junctions and
confirm that this is a palindrome-mediated translocation with a
breakpoint localized to a newly described PATRR on chro-
mosome 3 (PATRR3). PATRR3 and its surrounding sequence
in translocation carriers and normal human samples have
been examined and characterized. We also report detection of
de novo translocations mediated by PATRR3 in sperm sam-
ples from normal males. Although the PATRR3 sequence is
capable of adopting a secondary structure, FRA3B deletions
do not encompass PATRR3. These analyses contribute to an

T. Kato et al.

understanding of the mechanisms responsible for PATRR-
induced genomic rearrangements. These studies indicate that
PATRR3-mediated translocations appear to be unrelated to
FRAZ3B deletions, which lie in close proximity to, but distal to,
PATRRS.

Materials and methods

Sequence analysis of the 1(3;8) junction fragments
and the breakpoint region

Control samples were collected through the clinical cytoge-
netics laboratory at the Children’s Hospital of Philadelphia with
proper institutional review board (IRB) approval and patient
consent or they were purchased from the Coriell Institute for
Medical Research. Genomic DNA was extracted from blood,
lymphoblast, or fibroblast cell lines using the PureGene DNA
purification kit (QIAGEN, Valencia, CA). The patients varied in
ethnicity to include 12 Caucasians, two African Americans, two
biracial individuals, and one Asian. The human—mouse chro-
mosome 3—only somatic cell hybrid cell line (GM11713) was
obtained from the Coriell Mutant Cell Repaository. To narrow
the location of the breakpoints, PCRs were performed to
analyze sequences located on the derivative human chromo-
some 3 in a somatic cell hybrid. The der(3)t(3;8)- and der(8)
1(3;8)-specific PCRs were performed as described in previous
articles {31,32), differing only in primer selection. PCR
products were purified by ExoSap-IT (GE Healthcare, Pitts-
burgh,PA) and sequenced bidirectionally by an ABI Prism
Sequencer 3730 (Life Technologies, Grand Island, NY). The
resulting sequences were aligned with PATRR3 and PATRR8
sequences. The PCR primers are listed in Table 1.

Table 1  Primer sequences

Chromosome Region Primer Sequence 5' to &

Surround PATRR3 FHITi3-4F GTTCCCCTTGAAATCACTGC
FHITi3-4R AGGTTACCAAAGTGATCAAACC

Surround PATRR3 FHITi3-5F CACAAGGCTCACCACTAATCG
FHITi3-5R GCCGCTAAAACAATTCTTCC

Surround PATRR8 RNF139i1-1F TTATTTGTCTATCTGATGCCTTCC
RNF139i1-1R CATGGAAGGTAACAAGAAAATGG

Surround PATRR8 RNF139i1-2F TTAGTGGCCCATTTTCTTGG
RNF139i1-2R CAGTAGACGCATTTCACAATCC

PATRR3 PATRR3-386F GCACCCTGAAGGCTACTTGTTAAAG
PATRR3-+411R AACTGGGCTGGACCTCTTTTGGAAC

PATRR3 nested PCR PATRR3 NestFw

PATRRS3 NestRv

der(3)(3;8) PATRR3+411R
PATRR8+267R
der(8)(3;8) PATRR8-512F
PATRR3-386F
der(3)t(3;22) PATRR3+411R
JF22
der(22)t(3;22) JF22
PATRR3-386F
der(3)t(3;11) PATRR3+411R
PATRR11-216F
der(11)1(3;11) PATRR11+212R

PATRR3-386F

AACTGGGCTGGACCTCTTTTGGAAC
GGCGCAAAAAAAARAAAGATATATGATATG
AACTGGGCTGGACCTCTTTTGGAAC
CATTTAAGTGATGACTCTGTCCAGGG
GATTACATATGGCATCTGGTAGGCTG
GCACCCTGAAGGCTACTTGTTAAAG
AACTGGGCTGGACCTCTTTTGGAAC
CCTCCAACGGATCCATACT
CCTCCAACGGATCCATACT
GCACCCTGAAGGCTACTTGTTAAAG
AACTGGGCTGGACCTCTTTTGGAAC
GAGAGTAAAGAAATAGTTCAGAAAGG
CCACAGACTCATTCATGGAACC
GCACCCTGAAGGCTACTTGTTAAAG
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PATRR3 genotyping

For analysis of PATRR3 polymorphisms, genomic DNA was
extracted from buccal cells or blood samples as described in the
previous section. The PATRR3 region was amplified by PCR
with the use of KOD Xireme Hot Start DNA Polymerase
(EMD4Biosciences, Billerica, MA). PCR cycles were as follows:
94°C for 2.5 minutes, 35 cycles at 98°C for 10 seconds and
63°C for 5 minutes, followed by a final extension at 63°C for 10
minutes. PCR products were separated by agarose gel elec-
trophoresis, and then gel slices were purified by a QlAquick Gel
Extraction Kit (QIAGEN). Nested PCR was performed on the
gel-purified DNA to determine the size of the PATRRS3. The
PCR and nested PCR primers are listed in Tabie 1. The prod-
ucts of nested PCR reactions were sequenced directly using an
ABI Prism Sequencer 3730 (Life Technologies).

Detection of a PATRR3 involved de novo
translocation in normal males

Semen samples were acquired, with IRB approval, from in-
dividual anonymous donors with various genotypes of
PATRRS. Testis samples were acquired, with IRB approval,
from the Cooperative Human Tissue Network. Genomic DNA
was extracted from semen or testis samples, and
translocation-specific PCRs were performed as described in
the previous sections. Primers for detection of PATRR-
mediated translocations have been previously described
and are listed in Table 1 (15,32). Multiple batches of 100-ng
sperm DNA each containing 33,000 haploids were amplified.
The frequency of translocation events was calculated in the
following manner. The number of positive PCR reactions per
total number of reactions was counted. The frequency was
calculated on the basis that the probability of a positive PCR
reaction corresponds to a total sum of a binomial series of
the translocation frequency calculated using the equation
q=1— (1—p)"" as described previously (31}.

Single nucleotide polymorphism arrays for
detection of FRA3B deletions

Genomic DNA was extracted from cultured fibroblasts or pe-
ripheral blood. DNA quality was assessed by a NanoDrop
Spectrometer (Thermo Fisher Scientific, Waltham, MA) and
gel electrophoresis. Single nucleotide polymorphism (SNP)
array analysis was performed using the lllumina Quadé10
genotyping bead chip (lllumina, San Diego, CA) {33). Struc-
tural aberrations and copy number differences were visually
detected using lllumina’s BeadStudio software. The average
resolution across the genome for the lllumina platform is 4 kb
per SNP. To be confident of a duplication or deletion, 10 kb
was a minimum requirement. The B allele frequency and log R
ratio were used to determine copy number changes.

Results
Characterization of the 1(3;8) breakpoints

Previously, the breakpoint locations of the t(3;8) were narrowed
to the third intron of the FHIT gene located on chromosome

3

3 and the first intron of the RNF139 gene on chromosome 8
(21,22) (Bupplementary Figure 1). Since a PATRR on chro-
mosome 8 (PATRRS8), the breakpoint of the recurrent 1(8;22), is
also located in the first intron of RNF139, we hypothesized that
the breakpoint of the (3;8) might also reside in PATRRS8. To
further characterize the breakpoint, we utilized DNA from a
somatic cell hybrid containing the human der(3)1(3;8). We used
multiple sets of PCR primers in the vicinity of PATRR8
(Figure 1A) and in FHIT intron 3 (Figure 1B) to narrow the
chromosome breakpoint regions to a 0.6-kb region on the de-
rivative chromosome 8 and a 2.6-kb region of chromosome 8
on the der(3) that included PATRRS. Interestingly, the chro-
mosome 3 breakpoint region contained an AT-rich region,
suggesting that this region may also contain a PATRR.

Cell lines derived from the originally reported t(3;8) subjects
were used to determine the translocation breakpoints (21,22).
Despite being unrelated, translocations segregating in these
two families have grossly the same breakpoints. Translocation-
specific PCR and DNA sequencing were performed as previ-
ously described {31} (Figure 1C). DNA sequences from carriers
in both families demonstrated almost identical breakpoints in
the PATRRS8 region. The chromosome 3 breakpoint was
reconstructed using junction fragment sequences because an
intact sequence was not present in the reference genomes
available. Since access to the individuals in whom the (3;8)
originally arose is unavailable for further analysis, we cannot
rule out the possibility that the reconstructed PATRR sequence
is incorrect and has been altered by DNA resection during
translocation. Nonetheless, this reconstructed breakpoint in-
cludes a novel PATRR sequence, which consists of variable
number tandem repeats (VNTRs) and (AT), sequences. The
reconstructed PATRR3 from the carriers differ from one another
and are about 750 bp (AB690558) and 600 bp (AB690559) in
length. They are predicted to have symmetrical hairpin struc-
tures by the M-fold software program (hitp:/mifcid.ma.aibany.
edw/?7g=mfold) (34} (Bupplemeniary Figure 2A). We suggest
that these palindromic sequences contribute to the genomic
instability of PATRR3, leading to unusual DNA structures.

The 1(3;8) breakpoint on chromosome 3is either localized in
or close to the FRAS3B region, which has been associated with
deletions in various tumor cells {22,30,35}. To confirm that the
1(3;8) did not induce copy number changes in the FRA3B re-
gion, we performed a SNP array using DNA from each of the
translocation carriers. This analysis did not identify copy
number alterations at either 3p14 in the FRA3B region or at the
chromosome 8 breakpoint region (Supplementary Figure 3).
Thus, as is the case with other PATRR-mediated trans-
locations, the 1(3;8)s appear to be balanced translocations that
do not result in a gain or loss of genetic material {14,15,36).

Polymorphisms of PATRR3 sequences and their
structures

To further characterize PATRR3 sequence variation, we per-
formed extensive genotyping using DNA from several human
ethnic groups. As reported previously, PATRRs are often
polymorphic in size {15,32,37,38). PCR results reveal that
PATRRS is hypervariable in length among individuals, and
ranges from 600 to 2030 bp (Figure 2). Sequence analysis
demonstrates that all of the samples have different fragment
lengths, despite the fact that different alleles appear to be the
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Determination of the breakpoints of the (3;8). (A) 1(3;8) breakpoint mapping on chromosome 8 with DNA from der(3)t(3;8)

somatic cell hybrid. On the left is the ideogram of chromosome 8 with a screenshot from the University of California Santa Cruz
(UCSC) genome browser below in the region containing the PATRR in the RNF139 gene. On the right are the relevant PCR results.
(B) t(3;8) breakpoint mapping on chromosome 3 with DNA from der(3)t(3;8) somatic cell hybrid. On the left is the ideogram of
chromosome 3, with a screenshot from the UCSC genome browser below it, in the region containing PATRR3 in the FHIT gene. On
the right are the relevant PCR results. Lane +, healthy control; lane *, der(3)t(3;8) hybrid cell; lane —, negative control; lane M, 1
kb+-ladder. Sequences surrounding the breakpoints were visualized in the UCSC genome browser. (C) PCR results for detection of
the breakpoint region of the 1(3;8) translocation in a balanced carrier. Primer locations are shown as arrows above the chromosomes.
The black bar indicates chromosome 8¢, the red bar the chromosome 8 PATRR, the white bar indicates the chromosome 3 PATRR,
and the gray bar chromosome 3p. Lane +, healthy control; lane *, t(3;8) carrier; lane —, negative control; lane M, 1 kb-+ladder.
Abbreviations: RNF139i1-1, primer name; RNF139i1-2, primer name; TRF, Tandem Repeat Finder; tel, telomere; cen, centromere.

same length by gel electrophoresis. We found only one sym-
metrical PATRR3 (S-PATRR3), whereas all other alleles
contain an asymmetrical PATRR3 (AS-PATRR3). The po-
tential secondary structure of each of the PATRR3 sequences
was predicted using the M-fold software program {34}
(Supplementary Figure 2B). The S-PATRR3 is composed of
a symmetrical long hairpin structure, whereas AS-PATRR3s
appear to have shorter hairpin structures of various lengths.
The number and/or orientation of the VNTRs and (AT), length
contribute to differences in size and secondary structure-
forming propensity.

Translocation-specific PCR using normal human
sperm

We have previously demonstrated that de novo t(11;22)s
occur frequently in sperm from normal healthy males {31}).
Recently, we also identified de novo PATRR-mediated 1(8;22)

s as well as t(8;11)s by a similar PCR method, suggesting that
a proportion of constitutional translocations result from a
palindrome-mediated mechanism in meiosis {15}. Here we
tried to detect de novo occurrences of PATRR3-involved
translocations by PCR in sperm from normal healthy males
with various PATRRS3 alleles (Figure 3A). First, we performed
der(3)t(3;8) and der(8)(3;8) translocation—specific PCR in
sperm samples. However, neither the der(3)(3;8) nor der(8)
1(3;8) was observed in any of our samples (translocation fre-
quency < 3.4 x 1077). Despite the fact that the t(3;22) and
(3;11) have not been reported in the literature, the t(3;22) and
(3;11) were detected (Figure 3B) at a low translocation fre-
quency (<107®) in a sperm sample derived from a heterozy-
gous S-PATRRS3 carrier. Sequence analysis revealed that all
of the translocations appear to originate from the S-PATRR3
allele (5595b). Sperm samples from carriers of AS-PATRR3s
(5804) on both chromosomes did not produce any de novo
PATRRS related translocations, or produced such a small
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Figure 2  Genotyping human PATRR3 by PCR to determine PATRR3 polymorphisms. Agarose gel electrophoresis of nested PCR
products from 17 normal human samples. Primer locations for PCR and nested PCR are depicted below the chromosome. The
bracketed text beside the gel indicates the PATRR3 product(s). Abbreviations: NestFw: nested forward primer; NestRw: nested

reverse primer.

number of de novo translocations that they were below the
sensitivity of this PCR assay. However, de novo t(11;22) and
1(8;22) from these individuals could be detected by PCR. Thus,
given the caveat that we found only one individual with an S-
PATTRS3 allele, the occurrence of de novo PATRRS3-involved
translocations appears to be dependent on the presence of
PATRR3 symmetry.

Genomic analysis of the FRA3B region

Sequence analysis using the M-fold program indicates that
PATRRSs are predicted to adopt secondary structures, with
the potential for impeding replication fork progression
(Supplementary Figure 2). FRA3B-related deletions, which
are induced by aphidicolin (APH), appear to be located in the
1(3;8) breakpoint region (38). Furthermore, APH-induced
deletions have been detected in the PATRR on chromo-
some 11 (PATRR11) {40). These observations suggested
that PATRRS3 sequences might form unusual structures and
induce recurrent FRA3B deletions. To determine whether a

ezl G
]

Normal chromosomes

PATRR3 sequence is involved in FRA3B deletions, we
analyzed human samples with deletions in the vicinity of
FRA3B and DNA from a chromosome 3—only human-
—mouse somatic cell hybrid with an intact FRA3B region.
The somatic cell hybrid contains one normal human chro-
mosome 3 and was not initially treated with APH. First, using
array data derived from 2,067 healthy controls {41}, we
assessed copy number variation in the FRA3B region. Many
deletions in the FRA3B region were observed, yet none
appeared to include PATRR3. Recurrent deletions were
concentrated in intron 5 of the FHIT gene (Figure 4A). In a
previous study, Durkin et al., using the same chromosome 3
human—mouse somatic cell hybrid, established that de-
letions in the FRAS3B region are induced upon APH-mediated
replication stress (28}. Using the hybrid clones containing
APH-induced deletions, PCR was performed to determine
whether the PATRR3 region is retained. All clones retain
PATRRS (Figure 4B). Of note, the PATRRS sequence of the
human—mouse somatic cell hybrid is AS-PATRR3
(AB690564). Despite the AS-PATRRS3 allele type, many
FRAS3B deletions were seen. These results indicate that

Carrier DNA
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Figure 3

Detection of de novo PATRR3-involved translocations. (A) The illustration on the left shows the strategy of translocation-

specific PCR. Arrowheads indicate each relevant primer. The illustration on the right is a diagram of the strategy used for estimation of
translocation frequency by PCR. Genomic DNA was isolated from sperm samples. Translocation-specific PCR was performed using
multiple batches of template DNA. Additional details of the methodology are described in the Materials and methods section. The gel
images show representative PCR results derived from sperm DNA samples. (B) Translocation frequency of PATRR3-related PCR.
Lane *, PCR positive; Lane P, 1(3;8) carrier. PCR products from 200ng of sperm DNA.
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chromosome 3 hybrid DNA (non—APH-treated); lane M, 1 kb-ladder; lane G, mouse genomic DNA; lane N, negative control.

Abbreviation: CHOP, Children’s Hospital of Philadelphia.

deletions of FRA3B do not include PATRRS3, suggesting that
a PATRR3 sequence might not induce the FRA3B deletions.

Discussion

In this study, a recurrent, constitutional PATRR-mediated
translocation, which does not involve PATRR22, has been
examined in two unrelated families. This translocation, the
1(3;8)(p14.2;g24.1), has previously been associated with
hereditary renal cell carcinoma in these individuals and their
translocation carrier relatives. Intriguingly, the breakpoint
sequence of chromosome 8 in the t(3;8) is in the same region
as the recurrent t(8;22) breakpoint {15). Also, the breakpoint
of chromosome 3 is localized at the center of a novel AT-rich
palindromic sequence (Figures 1A and 1B). Neither trans-
location carrier demonstrates DNA deletions surrounding the
breakpoint regions (Supplementary Figure 3). Collectively,
these findings indicate that the t(3;8) is another constitu-
tional, recurrent, and balanced PATRR-mediated trans-
location. Reconstructing the original chromosome 3 region
from the der(3) and der(8) junction fragments reveals that
PATRR3 consists of a combination of many VNTRs and
(AT), sequences that form an inverted repeat. In the general
population, PATRR3 varies in size and sequence. The ma-
jority of human PATRR3 alleles are asymmetric and appear
to have arisen either by deletion of a symmetrical allele or by
transmission with minor nucleotide substitutions (42).

The frequency of de novo PATRR3-related translocations
is relatively low, compared with that of the t(11;22) and t(8;22)
{15,32). Despite the possibility of PATRR3 having the longest
palindromic sequence, de novo translocations are rarely seen
{43}. We have observed that PATRR3 has several large mis-
matches between its proximal and distal arms and a relatively
low AT content (about 75%) compared with that of other
PATRRs. The AT content of a PATRR greatly affects its pre-
dicted propensity to form secondary structures. A low melting
temperature would be expected to permit double-stranded
DNA to denature more readily, allowing the subsequent

formation of a single-stranded folded structure {44,45). Thus,
as a result of its lower AT content, PATRR3 might be less likely
to form a cruciform structure than other PATRRs. Conse-
quently, de novo PATRR3-related translocations may be
produced infrequently in sperm (48).

De novo translocations between PATRR3 and other
PATRRs [1(3;22) and 1(3;11)] were seen as PCR products
only in the sperm sample carrying the symmetrical PATRR3
allele, even though neither of these translocations has been
reported in the literature. In contrast, de novo (3;8)s have not
been detected in sperm, despite the fact that several
balanced translocation carriers have been reported. Prior to
the present t(3;8) findings, all of the PATRR-mediated
translocations had included PATRR22 as a partner (43,47).
This finding suggests that there may be a hierarchy of sus-
ceptibility to translocation that is likely based on the config-
uration of both of the partner PATRRs.

In fact, numerous t(11;22) carriers have been reported
(10,36,48,48). Therefore, it appears that the most
translocation-vulnerable PATRR is PATRR22, with the next
most susceptible being the PATRR11. PATRR11- and 22-
related translocations are observed at a high frequency in
sperm samples {32,38). Similarly, t(8;22) carriers have been
reported in at least 12 unique cases, and the t(8;22) arises in
sperm at a frequency of approximately 2 x 107°. The hy-
pothetical t(8;11) rearrangement is also identified in sperm,
albeit infrequently (15). Previous studies indicate that
PATRRS8 is less susceptible to translocation than are
PATRR11 and 22, which seems to mirror the experience
related to occurrence of PATRR3-related translocations. It
supports the observation that de novo t(3;8)s did not take
place or were produced so infrequently that they were below
the sensitivity of the assay. The low allele frequency of the S-
PATRR3 may also explain why only two PATRR3-related
translocations have been reported to date. Similarly, the
t(17;22) has not been detected in sperm from healthy in-
dividuals (<5 x 1078) (37). From these results, we hypothe-
size that PATRR3 and PATRR17 are stable and less
susceptible to translocation. Alternatively, spatial proximity
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between PATRR3 and other relevant PATRR-containing
chromosomes may not occur {50},

PATRRS is located in or in proximity to FRA3B, in which
frequent deletions and translocations are seen in various
tumor cells {28,30,51}. Therefore, we investigated the possi-
bility of a relationship between PATRRS instability and FRA3B
deletions in normal human samples and in APH-treated
human—mouse somatic cell hybrids. Many deletions were
observed in proximity to FRA3B, but they did not include the
PATRRS region. Recurrent deletions were centered in intron 5
of the FHIT gene, which is approximately 600 kb away from
PATRRS3. From these results, we conclude that PATRR3 ap-
pears to be directly involved in PATRRS-related trans-
locations, but not in the majority of FRA3B deletions. This
finding suggests that PATRR instability may be limited to
vulnerability to translocation and not enhanced susceptibility to
deletion. In general, common fragile sites, such as FRA3B, are
prone to breakage under certain culture conditions or as a
result of treatment with specific agents {28). This instability has
been thought to be sequence driven as a result of being prone
to forming unusual secondary structures (52,53} and a paucity
of activated replication origins in FRA3B following replication
stress {54). Common fragile sites, including FRA3B, are
composed of relatively AT-rich sequences (23,58). Therefore,
they are likely to form unusual secondary DNA structures, ,-
which can impede DNA replication and induce genomic rear-
rangements (24,53). Despite the fact that PATRRs appear
capable of forming hairpin secondary structures
(Supplementary Figure 2), PATRRS does not appear to be
directly involved in the FRA3B deletions, at least in those we
examined. This result corroborates a recent opinion that
FRABSB fragility relies not on fork slowing or stalling caused by
secondary structures, but on a paucity of replication initiation
events in lymphoblast cell lines (54).

In conclusion, we have identified a PATRR on chromosome
3 that is involved in a recurrent palindrome-mediated trans-
location. In addition, the occurrence of de novo t(3;11)s and
t(3;22)s in normal healthy male sperm indicate that PATRR-
mediated translocations can also involve chromosome 3. This
indicates that PATRR-mediated translocations are not unique
to chromosome 22 but represent a universal pathway to
chromosomal rearrangement. Analysis of chromosome 3p
rearrangements shows that the PATRR3 sequence does not
appear to be directly involved at the site of FRA3B deletions,
suggesting a non-PATRR mechanism for fragile site insta-
bility. Thus, genomic rearrangements on 3p, inthe PATRR and
FRAB3B regions, appear to have several different etiologies.

Data access numbers (GENBANK)

AB690558, AB690559, AB690560, AB690561, AB690562,
AB690563, and AB690564.
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Introduction

Chromosomal segregation errors that arise during meiotic cell
division produce aneuploid gametes with an incorrect number of
chromosomes. Aneuploidy of fetal chromosomes causes miscar-
riage or results in newborns with congenital birth defects such as
Down syndrome (DS). It is well known that the extra chromosome
in trisomy 21 in DS mainly originates from segregation errors
during maternal meiosis I, and that the risk of DS increases with
maternal age [1,2]. The frequency of DS is 1/1400 births in 20-24
year-old women. This rises to 1/350 in 35-year-old and 1/25 in
45-year-old and older women [3]. In addition, age-related oocyte
aneuploidy causes an elevated risk of pregnancy loss in older
women ie. the rate of chromosomal anomalies among clinically
diagnosed miscarriages is about 50% in women younger than 35
but is 75% in women above this age. The incidence of miscarriage
is 9% in women in their early 20 s and rises to 75% in women
aged 45 and over [4,5]. These also indicate significant increase of
aneuploidy in older women. However, the etiology of maternal
age-related increases in chromosomal segregation errors remains
unclear.

Meiotic cohesins have a key role in correct segregation of
chromosomes in meiosis [6-8]. The ring-shaped cohesin complex
is required for sister chromatid cohesion during meiosis and also in
mitotic cell division. In mammalian oocytes, the establishment of
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cohesions during pre-meiotic DNA replication is followed by entry
into prophase of meiosis I. After homologous chromosomes are
connected at the crossover site via homologous recombination, the
oocytes become arrested at the diplotene stage of prophase I for a
prolonged period (dictyate stage) during the fetal stage. After
sexual maturation, meiosis resumes and the first cell division
occurs before ovulation. During this prolonged period, the
homologous chromosomes are kept together until the onset of
anaphase I by sister chromatid cohesion distal to the chiasma.
However, it has been shown that SMC1B and REC8, meiosis-
specific components of the cohesin complex, do not undergo
turnover after birth in female mice [9,10]. It is possible that this
might cause the gradual decrease in the cohesin levels. The
deterioration of cohesion in the chromosome arm leads to meiosis
I nondisjunction via the premature dissociation of chiasma
between homologous chromosomes. This deterioration in the
centromere induces predivision of sister chromatids. These events
result increase the risk of age-related segregation error in humans
[11-14].

To verify this hypothesis, the levels of the meiotic cohesin
subunits, SMCI1B and RECS8, as well as the mitotic cohesin
subunits, RAD21 and SMCIA, and the SMC3 subunit used in
common between meiotic and mitotic cohesin complexes, was
examined in dictyate oocytes from humans and mice. The
immunofluorescence signal intensities on ovarian tissue sections
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were quantified and demonstrated an age-related decrease in the
meiosis-specific cohesins in both humans and mice. These results
lend support to the hypothesis that a decrease in the cohesins with
age induces chromosomal segregation errors. Moreover, these
results highlight a novel hypothesis underlying the maintenance
mechanism of cohesions in humans in which the life span is much
longer than that of mice.

Materials and Methods

Ethics statement

This study was approved by the Ethical Review Board for
Clinical Research at Fujita Health University. All of the patients
gave written informed consent. All animal experiments were
approved by the Animal Care and Use Committee at Fujita
Health University (10501).

Human ovarian tissue

Human ovarian tissues were obtained from 8 women (age
range: 19-49 years) who were undergoing surgery for ovarian
tumors at Fujita Health University Hospital. Samples were derived
from the normal region within the dissected tumor. Ovarian
tissues were immediately embedded in Tissue-Tek OCT com-
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pound (Sakura Finetek), snap-frozen in liquid nitrogen in the
operating room and stored at —70°C within 1 hour of dissection.

Mice

C57BL/6NCr mice were obtained from Japan SLC. Ovaries
from female mice were embedded, snap-frozen and stored at —
70°C as described above.

Antibodies

Rabbit polyclonal anti-human REG8 antibodies were raised
against amino acid residues 427-443 of the human RECS8 protein.
Rabbit polyclonal anti-human SMCI1B antibodies were raised
against amino acid residues 1219-1235 of the human SMCI1B
protein. Guinea pig polyclonal anti-mouse SMCI1B antibodies
were raised against amino acid residues 1215-1248 of mouse
SMC1B. Guinea pig polyclonal anti-mouse RECS8 antibodies were
raised as described previously [15]. The resulting antisera were
affinity purified on columns coupled to the peptide. The
specificities of the antibodies described above were confirmed as
shown in Figure S1. All antibodies used in this study are listed in
Table SI.

Figure 1. Immunofluorescent staining of human oocytes in ovarian sections from 19- and 49-year-old women. (A, B) REC8 or SMC1B
(green) proteins co-immunostained with RAD21. (C, D) SMC3 or SMC1A (green) signals counterstained with DAPI. C-KIT (red) was used as a marker of
oocytes. Asterisks indicate autofluorescence in the cytoplasmic region of the oocytes. Bar, 10 pm.

doi:10.1371/journal.pone.0096710.g001
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Immunofluorescent staining Results

Ovarian frozen tissue sections were prepared and fixed as .. e .
described previously [16]. Briefly, sections were fixed in metha- Age-related decrease of meiosis-specific cohesins in

nol:acetone:chloroform (1:1:1) for 10 min on ice and then washed ~ human dictyate oocytes

three times in PBS. After blocking with 10% normal donkey serum To compare the cohesin levels in oocytes from women of
in PBS for 30 min at room temperature, staining with primary and different ages, we employed an immunofluorescence technique
secondary antibodies were performed as described [17]. The using ovarian tissue sections (Fig. 1). Cohesin complexes in oocytes

exception was when using biotin-conjugated secondary antibodies consist of REC8, SMC1B and SMC3 subunits, whilst in somatic
where the slides were incubated with Alexa Fluor 350-conjugaed cells comprise RAD21, SMCIA and SMGC3 subunmits. By

streptavidin (Life Technologies) for 15 min and then washed three immunofluorescence staining, meiosis-specific cohesin subunits,
times after washing of the secondary antibodies. REC8 and SMCI1B, were detectable in the nuclei of dictyate

oocytes and exhibited a threadlike distribution with dense
Image analysis aggregates as previously reported [18]. but not in somatic cells

on ovarian tissue sections (Fig. 1A, B). SMC3, a shared cohesin
subunit both meiotic and mitotic cells, could be detected in the
nuclei of both oocytes and somatic cells (Fig. 1C). The mitotic
cohesin subunits RAD21 and SMCI1A, which are substituted in
meiosis with meiosis-specific cohesins REC8 and SMCI1B,
respectively, were also detectable both in somatic cells and oocytes
(Fig. 1A, B, D).

To determine the relative oocyte cohesin concentration, the
immunofluorescent signals corresponding to mitotic cohesins in
the nuclei of somatic cells were used to normalize the signal
intensities among samples. REC8 or SMCIB proteins were
immunostained along with RAD2] as an internal control

Slides were observed under a fluorescence microscope (Axio
Imager M1 or Axio Imager Z2, Carl Zeiss) equipped with a digital
camera (AxioCam HRc, Carl Zeiss). Images were captured using
the same settings controlled by Axiovision 4.8 software (Carl
Zeiss). Densitometric analysis of the immunofluorescence signals
from oocyte and somatic cell nuclei was performed using
Axiovision 4.8 software. Schematic drawings explaining the
method to determine the relative cohesin concentrations are
described in Figure S2. Data analysis was performed using Excel
software.
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Figure 2. Quantitative results for meiosis-specific cohesins in human oocytes. (A, B) Relative signal intensity of REC8 or SMC1B. Intensities
were determined as described in Figure S2. Specimens were obtained from two 40 year old female subjects (40a and 40b). Horizontal bars indicate
the mean cohesin levels for each subject. (C) Regression analyses of the mean cohesin signal intensities shown in (A) and (B) (mean =+ SD). The
regression lines are indicated by solid lines. The coefficients of determination are indicated in parentheses. (D, E} Comparisons of the signal intensity
means between grouped samples. Women were grouped as younger (=29-year-old) or older (=40-year-old). (D) The cohesin signal intensity means
shown in (A-C) were compared between groups (mean % SD). (E) The cohesin signal intensity means in single oocytes were compared between
groups (mean * SD). ¥*P<<0.05, *#P<<0.01, Student's t-test.

doi:10.1371/journal.pone.0096710.g002
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(Fig. 1A, B). The relative amounts of cohesins in oocytes were
estimated as a ratio of the signal intensity in oocytes to that of
mitotic cohesins in somatic cells (Fig. S2).

We examined the signal intensity of meiosis-specific cohesins in
oocytes from 8 women aged 19 to 49 years (Fig. 2A, B).
Immunofluorescent signals for the meiosis-specific cohesins, RECS
and SMC1B, were detected in the oocytes of all samples examined
(Fig. 1A, B). These signal intensitics showed a wide distribution,
which was partly due to the variability between each oocyte and
also due to the position of the sections since the thicknesses of these
sections are smaller than the diameter of the oocyte nuclei (Fig. 1A,
B). We found that the mean RECS and SMC1B signal intensities
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among individual women showed a negative correlation with age
(Fig. 2C). We further analyzed these signal intensities by dividing
our female subject into younger (=29-year-old; mean * SD:
23.3%4.3 year-old) and older (=40-year-old; mean * SD:
42.5%4.4 year-old) groups. The decrease observed in the SMCI1B
levels in the older group was significant although REC8 did not
show a significant decrease (Fig. 2D). However, when the signal
intensities of each oocyte were compared, the REC8 and SMC1B
levels in the older group were significantly decreased by 24% and
38%, respectively, compared with the younger women (Fig. 2E).
Similar results were obtained when RECS was co-immunostained
with pan-histone as another internal control (Fig. S3).
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Figure 3. Quantitative results for the mitotic cohesin levels in human oocytes. (A-C) Relative signal intensities for SMC3, RAD21 or SMC1A.
(D) Regression analyses of the cohesin signal intensity means shown in (A-C) (mean = SD). Lines are the regression lines. The coefficients of
determination are in parentheses. (E, F) Comparisons of the signal intensity means between grouped samples. Women were grouped as indicated in
Figure 2. (E) The cohesin signal intensity means shown in (A-D) were compared between groups (mean = SD). (F) The cohesin signal intensity means
in single oocytes were compared between groups (mean * SD). *P<<0.05, Student'’s t-test.

doi:10.1371/journal.pone.0096710.g003
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