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Figure 3 In vitro assay for secondary structure formation. (A) EMSA for the plasmid insert upon agarose gel electrophoresis. {right) psoralen
crosslinking that can retard the mobility of the cruciform-extruding insert. (B) Confirmation of cruciform extruding plasmid inserts by AFM.
Images were obtained twice for each sample. Linear or cruciform-extruding inserts were counted. The calculated percentages were
approximately equal to the values estimated from EMSA. (C) Correlation between translocation frequency and cruciform-forming propensity of
the PATRR estimated by EMSA. The horizontal axis indicates the percentage of plasmids extruding a cruciform, while the vertical axis indicates
the de novo translocation frequency in sperm. Linear correlation was observed which was statistically significant (r = 0.77, P = 007).
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frequency of de novo t(11;22)s in sperm samples (Kato
et al. 2006, Tong et al. 2010). Here we demonstrate that
the size and symmetry of PATRRs reflect their second-
ary structure propensity. It has been suggested that
polymorphic variations affect translocation frequency
and induce genomic instability leading to translocation
susceptibility. We recently established a model system
for generating the t(11;22) using human somatic cell
lines [30]. In this system, the endogenous PATRR11 and
PATRR22 do not generate t(11;22)s, but two co-trans-
fected plasmids containing a PATRR11 and a PATRR22
generate translocation-like rearrangements only when
transfected as cruciform-extruding plasmids. This sup-
ports the hypothesis that palindrome-mediated recurrent
translocations are facilitated through cruciform extru-
sion of the two PATRRs.

In our data, the percentage of cruciform DNA for the
L-PATRR11 was found to be high, while the transloca-
tion frequency was relatively low. One possibility is that
we performed these experiments under the conditions
that favored for cruciform extrusion to see the

difference in cruciform propensity clearly among the
PATRRI11 variants. It is possible that only a small pro-
portion of PATRRs actually extrude a cruciform in liv-
ing cells. Another possibility is that the longevity of a
cruciform might be transient in living cells. Cruciform
extrusion requires strong free negative supercoiling,
which could be easily resolved by topoisomerase activity
prior to translocation formation.

Among the AS-PATRRI11s, only the 434 bp PATRR11
produces translocations, although the cruciform forming
propensity of the 434 bp PATRR11 is the lowest. The
434 bp PATRRI11 was the longest in length among the
AS-PATRR11s we examined in this study. In our pre-
vious study, size and symmetry of the PATRR are the
important determinants for translocation frequency
[28,29]. Size might affect the stability of a cruciform
once it forms, or, a cruciform-specific nuclease might
more readily recognize and digest a larger cruciform
leading to translocation formation.

Although a DNA cruciform is likely to be etiologic for
palindrome-mediated translocations, the existence of
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DNA cruciforms in living cells is still controversial and
no direct evidence has yet demonstrated the presence of
such a configuration in the context of eukaryotic chro-
matin [31-34]. Such an energetically unfavorable struc-
ture would require sufficient negative superhelicity to
stabilize the structure. However, the existence of such a
level of negative supercoiling has not yet been proved.
Nonetheless, the data in this study indirectly, but
strongly imply that PATRRs extrude cruciform struc-
tures in living cells. Thus, the question to be answered
is when and where such a structure forms and induces a
translocation.

We have previously reported sperm-specific occur-
rence of the t(11;22) translocation in humans [22,35],
suggesting that a physiological event during spermato-
genesis might be involved in the mechanism of cruci-
form extrusion and/or structure-dependent instability
[36,37]. One way to account for these observations is to
postulate that translocations arise during DNA replica-
tion. Spermatogenesis engenders a greater number of
replications than occur in other somatic tissues or
oocytes. The majority of non-recurrent translocations
are of paternal origin and de novo non-recurrent trans-
locations are often associated with increased paternal
age, despite the fact that an age-dependent increase was
not observed for the occurrence of the t(11;22) in sperm
[38-40]. One possibility is that translocations might
occur late in spermatogenesis, when male-specific
dynamic changes of chromatin structure take place [41].

In this study, we estimated the AG that reflects sec-
ondary structures formed by single-stranded DNA.
These can be formed within long single-stranded
regions of DNA on the lagging-strand template during
DNA synthesis. Our data indicate that, similar to the
PATRR22, the secondary structure forming propensity
of the PATRR11 estimated by its AG does not correlate
with its translocation frequency [29]. These observations
suggest that DNA replication may not significantly con-
tribute to de novo translocation formation. This is con-
sistent with the observation that deletions within the
PATRR appear to be caused by replication errors, but
translocations are not [42,43]. On the other hand, a sig-
nificant correlate of translocation frequency is observed
with the in vitro cruciform propensity of PATRR-con-
taining plasmids under torsional constraint. During
spermatogenesis standard histones are removed and
replaced with protamines at a majority of chromosomal
regions. The removal of histones might provide suffi-
cient negative superhelicity to induce cruciform extru-
sion in vivo [44,45]. Such chromatin-remodeling-
induced genomic instability deserves further investiga-
tion in studies designed to elucidate the mechanism and
timing of gross chromosomal rearrangements.
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Conclusions

In this study, a significant association between de novo
translocation frequency and in vitro cruciform forming
propensity of the polymorphic alleles of the PATRR11 is
observed. Our results indirectly but strongly suggest
that the PATRR adopts unstable cruciform structures
during spermatogenesis that act as a translocation hot-
spot in humans.

Materials and methods

PCR amplification and cloning of the PATRR

All of the data related to PATRR11 genotype and de
novo t(11;22) translocation frequency in sperm from
normal healthy males have been previously reported
[28]. Samples were collected from 2 males who were
heterozygous for the L- and SS-PATRR11, while 3 sam-
ples were obtained from males heterozygous for L- and
AS-PATRR11. Samples from two SS/AS heterozygotes
and from one AS/AS heterozygote are also included. All
of the donors provided informed consent for further
analysis. This study protocol was approved by the Ethi-
cal Review Board for Clinical Studies at Fujita Health
University.

The PATRR11s were amplified from genomic DNA of
the donors by PCR using primers described previously
[28]. The plasmids containing the polymorphic
PATRR11s were constructed as previously described
[26] by TA cloning the PATRR11 PCR products into
pT7-blue (Novagen, Madison, WI). The SURE strain
(Agilent Technologies, Palo Alto, CA), whose relevant
genotype concerning DNA rearrangement and deletion
(recB, rec], sbcC, umuC::Tn5, uvrC), is known to show
increased stability for palindromic sequences, and was
used for cloning and propagation of plasmids.

In silico analysis for secondary structure

Potential secondary structure formed within single-
stranded DNA was determined by entering PATRR
sequence into the m-fold server http://mfold.rna.albany.
edu/?q=mfold/DNA-Folding-Form). A free energy value
(Gstruc) was obtained. Similarly, free energy values for
the same sequence annealed to its complementary
strand (Gpg) were obtained and then halved. Free energy
for the formation of secondary structure (AG) is calcu-
lated as the Gpg -Ggrruc difference [19].

In vitro cruciform extrusion assay

The cruciform-free plasmids were obtained by a dena-
turation-free, triton-lysis method as previously described
[25]. In brief, the E. coli cells from a 50 ml culture were
dissolved with 10 ml lysis buffer of 50 mM Tris-HCl
(pH7.5), 5% sucrose, 1.5 mg/ml lysozyme, 0.1 M EDTA,
25 pg/ml RNase A and 0.75% Triton X-100. The
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plasmids were extracted without the use of phenol, and
purified using an ion-exchange column (QIAGEN,
Valencia, CA). The plasmid DNA was precipitated in
aliquots with 2-propanol and stored at -30°C until used
in an experiment. All of the procedures were performed
at 4°C in a cold room to avoid spontaneous cruciform
formation during the procedure. To induce cruciform
formation, the plasmids were incubated for 30 min at
37°C in 10 mM Tris-HCI (pH 7.5), 0.1 mM EDTA and
100 mM NaCl [27]. The plasmids were cooled on ice
before electrophoresis at 50V for approximately 4 hours
in a 0.9% agarose gel at 4°C. The gel was stained with
ethidium bromide and photographed using the Image-
Master VDS system (GE Healthcare, Diegem, Belgium).
Band intensities were quantified using NIH image 1.62
software.

To examine the cruciform conformation in linear
DNA, DNA crosslinking was performed by a method
similar to that previously described [25]. In brief, plasmid
DNA was dissolved in a solution of 4, 5, 8-trimethylpsor-
alen (100 pg/ml) and exposed to UV light at 365 nm for 5
min. The DNA was digested with the appropriate restric-
tion enzymes to excise the PATRR-containing fragments,
purified, and then divided into two aliquots. One half was
used for observation by AFM, and the other half was sub-
jected to 2% agarose gel electrophoresis. To confirm that
the shifted bands are the result of cruciform extrusion,
the plasmid DNA was treated with 5 units of T7 endonu-
clease I (New England Biolabs, Beverly, MA). Digestion
was performed in 20 pl of NEB2 buffer for 40 min. The
reaction was performed on ice so as to minimize addi-
tional cruciform extrusion during digestion.

Statistical analyses

Intergroup comparison was performed by one-way ana-
lysis of variance, followed by the Mann-Whitney test.
Correlations were evaluated with linear straight line
regression. In significant difference tests, P-values of
<0.05 were considered statistically significant.
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L, BAEDO 0% ZFERAYORFEZLTVS
A%, 40% X EEIE, 20% X HF -T2 X YK
HEZHERL TS, S HEBIE, LB,
X720, HERLBENFEV. Toln, GEE
HREOHIMIFERDORICETTEHY, 62%
PREBELZH I TS, FEHESLFRRL
LEETOREFREARTH o225, 20k
P AR TR IV 2R EHTE DD,
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MBI FERIEIZ T R TOBFEICHET BT R
T, L2PBHEETHL. BEALOREICHT
BIANAP—=idEN, £ OBFHT1RE
TETHUD LWL ENTE W, 7273,
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(pter—qll.2::qll.2—pter) O BFREHAKZ
bbb, 2FREFKOETT FIVI-CELT
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B#oOWR, $%bH, Emanuel FEEHFO RO
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Detailed analysis of translocation breakpoints helped a couple feel relieved
in de novo t(11;22) pregnancy

Tamae Ohye 1), Livija Medne 2, Beverly S. Emanuel 2, Hiroki Kurahashi

nE
AEAR, AN R B AR ORTHROBIM ., BIECERICSHIEaEREARES L, &
B OMEOFMIHEE T2y —APRRA SN, §H, Rb3FRBRLAEA U TADI 54
LY ML BREOREBANY VI —0BIE BT LREREARE T, BRICH4E (1122
(q23:q11) SRt RinfE AT SE Sz, IBIRARHBBRE 2R T2 S 5 = L& FEEH
LS, RRICE /7 FA Y PET VA CCHBZR/LEL, 7/ ADBRES NI L%
MR L722% TR TH 2 BARFIRKENT, & 0 L% RO LUBHC W& b7, t(11:22)
WHEDR VIR T, FEENEROBE TN SICGH-ETIHFEET, ERMIEEChb, £
Z T\ BB IR R OB R (A DY R EEEEES Y PCR IS & D S48, Te RIS e Ry 72
t(1122) THotzo 754 T FOBORRIIBM SN, ERESLISEL, TR REHE
L7zo £(11;22) BHBMIEFEEEOBFF T, H10150 | OEEECHERESRELTBY, 4
B, COL Ry AHEBTHBESMMT AWM 5. OB,  OEEIERE PCR
WX BUWEDORENY R 7 HECHBICE D E b,

As the incidence of prenatal karyotype screening is gradually increasing, de novo balanced
rearrangements are occasionally identified. Here we report an Italian pregnant woman carrying
fetus with de novo t(11;:22)(q23;,q11), which was identified by chance in prenatal trisomy screening
by chorionic villus sampling (CVS). Although the balanced carrier of t(11:22) is generally with no
phenotype, the client suffered from strong anxiety. Qur PCR analysis for the translocation
breakpoint revealed the t(11;22) of the fetus was the standard t(11:22), which did not disrupt any
genes. Then, the client was relieved, decided to continue the pregnancy, and gave birth of healthy
boy. Since t(11;22) is the recurrent translocation with the de novo incidence of ~10%, determination
of breakpoint by PCR using CVS samples can be a rapid and helpful method for the client with
strong anxiety.

F— 07— F B o Al B balanced translocation, # 2 t(11:22) de novo t(11:22), M4 #7 % WF prenatal
diagnosis, PCR. #zEEYIHT 41 translocation breakpoint

1) BRI R S - AR ERIT - T WESE Philadelphia

Division of Molecular Genetics, Institute for Comprehensive ~ FH224 9 A 21 H %A+
Medical Science, Fujita Health University, TERE224E 11 H 15 H B IE 24

2) Division of Human Genetics, Children's Hospital of — “FH22E11H22H %8
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W EBMEFOWEE R, T4 PATRR AL THES
ENB oIl R aAERE TR Y/ A OB RIE
L¥, BEZREERTHLYIY, TOXHIT ¢
(11;22) BREEIEUIHT B AR THRVWHEIBIZER L Tw 5
=), EBERMPCRICE o TEBHMT 52 LASTHET
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AESNE, BRORZ Y —= v 7HAETI) VI -21
DEWY AL REBEN, BEBICL DYGHEREEZIT-
=LA, B BRIBICHTA t(11:22) BRI geE Rz
MRHROPolz Ay TVT, BBOREOY A7 2R S
NT, MOREICHo 2o LA L. t(11;22) AR
PCR # W UIWEORIEICL D, JBRPIERTH B
TR WS E 2R ENAC LI & DR O R
FRFELZOT, TZICHETH L LB PCRICES
ZWOHEHEEEE L
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754y b, BEIZRDA 7)) THRED
AT Vo HEHRI9HE,

Lk F CORM  MIRI2AKC A £ Y 7 THEATL
7> Bi-test ®#& %, Nuchal Translucency 14mm. PAPP-
A 0220 MoM, £-hCG 1.871MoM T, FU YV I =210
A IZ1/46 L FE iz, WIS L D AMERIZ TG
BAESERENGETSh, BREO MYV I -213HE S
7z, BB IR o8B I346 XY 1(11:22)(q23,ql1) T, t
(11;22) BRI AR TH L Z LB Lz, £
BEix, & v 7Vo—Fh%t(11:22) H#REREREE Th
g, ZFOEMERBAESTITEIENbOLEZ N,
BIREFEHEE ARCEERTH LA, L. BROt
(11:22) PEEBEETHIE, 5 % OETASHO
FERT BT AW RMIHDE 7 FA Ty MCHB LA,
By T, REAEBEREITL, L DICEFEHEET
otz JREO 1(1122) BFAEGETH S LHIES
iz BBIRCHEREISRER S A6 h0RFHH 5N
K LTREE kol y TG BROT L A CGH #
# (75kb) A FHHEL. ¥/ AOBRRI L VEEREDR
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(FRR - 28

Bizbid, 27942 PEDRLAEVOLERT, ¢
(11:22)(q23:q11) B REEREE X —HICEERTH
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ISEIRTH AWM EWEZEZ SN L 2B L2,
LaL, 729422 PEREPHRENT, il v
BIRBEFEE LTV L) Tholze HHREDLHEN
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4 < —%&F L.der(11) OFEHME PATRRIID L ¥
Fo A 7HlE PATRR2Z2ODF 0 X 7HICRE LT 4
< —tvy FEHWTPCRICL DB B o7, BB
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MR L7 (M1B) 5. Z0%. PCR Mo HA1S)
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RAp- 725, RIFE TRITIRAE Y BEI R S, o
DHHE, TOPCRIZ & 5 t(11:22) HEHESS & A7 o B £
RN TH Y BEERN S ((11:22) WEREREE O G 4
WMIBLCWA I EERLE.

R A VTAZ 5420 VEBEOR, EOMm,
MW DMES» S L7Z2DNAK 5 ng 2 W T, t
(11:22) WRERGINF S OB % 17 o 70 ZORRE, Jo,
EB 50 FIRAE SR R B I R S
o 72h JEE O DNA TIE, der(11), der(22) & 44z
Bigs iz (M10). SOREICE D, Pl fhd o s
NTWE I TR t(11:22) MR ThL = &
DHER SNz S5, RO t(11:22) #EME IEEHER o
t(11:22) &I PATRR %240 L CREREARE L T2
S LR S N IR O LR ET AL CB ST,
RIS B COMUNRERTBID 5\ S EASRIB S A7,
R EIZIE, PCR EW @ DNA HEERFI O HEIc L Y
PATRR BEHIPNC M H3% 5 HA TR L 72,

TR HE LYW AT DFEHT DRERE, I R DR G R D LI 5
DR O t(11:22) =B LS L% 2 4 > Mt
RICETA, 75420y MRS REL, 20
M WEREL D& MESHHRE U7z, MBERE, WICIES 6% 3
MBI s 7 OLEZ S, BHCHETAREIL,
Uan Ly ARAHAENR I L2 720 L 22 B8l
NG P TPRBEIIR DI E R EE

B1.1(11;22)(a23;a11) MBEMEEEEIC & S GERS
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ot Hd, A 0 1998-20024F o) M A: 7 8 W 0 W) i) &
WAL, RIS — 7 — 7 A} Z19984E 4 & 20004 |7
P TRERA @R Ly kgt A S RGE v
RETHLZ LEFHELTWDY, L2 A% 2003-2008
FOWATIE, 20084 12 MEFT X N7 Fork et bR A Y
($20024F & e 5 & 31% bHEML TH Y . FAFISH
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20084 ETIZWI L CE 2L D, BED M NERD
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FEIPE2010) o MMOBLENL, B B 4R
B oA R 72720 E 2 bR b, Zho e
HIEBWIE, 2 b ) v 3 =210 13, 18, X. Y O¥fatk
DEDORFECOVTOBM 2 HNE LTV, ki
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172000 B THRD o T BHAEIEFE R K 5 O S 3
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Warburton (387 2 S 87 B9 E 006.1% A3 KR4 % &
PE9 B S & RIS L7225, oM. BT
LBEA T X)) Y DBIIBCTEL bR T w5,
B T LA CGHAEA S, 7 A&HROB/ETO
BAEAEEEIIRIT TE B LR, GNY FTI
I T & o el RERTEHICOVWTLFET R
LI AY ., HEBE, MR TLEM RS ) ADB
AREHE) ZEHE VT LW Do T % 72.Gribble & 12,
HAR550-6007% > F LNV O HFIZ & 0 f s 2 e ik
BWHERED S 5, 53 ORBMEHZ 217 8 s
PWCT LA CGH & FISH f##7 % 17 - 7454, 2 I Cl
BESIWE ST B D RS2 MM LTV 2 70, £ 7= De Gregori
5OWME T, FEROP LGB R RE27 B % AT L, 11
Py 2 AOREAMIM SR, 205, 7 ENIYIN

BRI ORH,

A) 1(11:22)(a23:911) B) uF PATRR11 TR A 1(11:22)(023i011) WERABERECRRET 55
i BEORAE, PATAR HER411%. 228 e
11der(11) F— 445 — BECHEELTHY PATRR &9 L TEREENE
3
PATRR22 @
2 dercz2) N, D B) (1122)028011) BEBABEORE, ik
PATRR22 WAL — —_— T/ LDNA. At b X7, BRI
‘ sosmE PATRR11. 8%ENit PATRR22. %33 PCR
; 11F 22R TAT—-ERT, BEYHSRIThZho
S e der(11) =0 — —p-ESSSTES L PATRR O RAFTICHEBL T VB, ZhEFAD
aor R RSt E OB A0 & AT B 1o,
der(22) —o—';m@-—i PATRR11R U PATRR22ED 75 1 v — D

der(11) der(22)

TOEEWT. PCRESBI o1,

C) 12U7ARRTOBEZSHUOKE, £Hi
der(11). BRI der(22) #7¥, L -1k,
L= 22U BEOMAH, L LA 45/ L DNA,
z,—‘/sum%b*aim&w:ffza DNA, L~

AIBBERORBEA L — S5 @B At
(11;,22) tgﬁmés&{%fﬂ% L—>6lxH5 ¢
Jarro—i,
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B EDEEORETH 78,6/ FIETIZL D H
ARG L BTSN HETH, RABICR
% BT R EL R o TV B WRENAEE T
X, T/, TLARToTHORABORERZ OO
RUBIASEMBI EH Y 90, EESY VR YT TRIE
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(11:22) DT AEIREE O FEFE® t(1122) R
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CRESND(RERT— ). 2FE .GV FIZLY
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