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Abstract

Von Hippel-Lindau (VHL) disease is an autosomal dominant cancer syndrome, associated with the development of
tumors and cysts in multiple organ systems, whose expression and age of onset are highly variable. The VHL dis-
ease tumor suppressor gene (VHL) maps to 3p25-p26 and mutations ranging from a single base change to large
deletions have been detected in patients with VHL disease. We developed a single cell PCR protocol for
preimplantation genetic diagnosis (PGD) of VHL disease to select unaffected embryos on the basis of the detection
of the specific mutation and segregation analysis of polymorphic linked markers. Multiplex-nested PCR using single
buccal cells of an affected individual were performed in order to test the accuracy and reliability of this single-cell pro-
tocol. For each locus tested, amplification efficiency was 83% to 87% and allelic drop-out rates ranged from 12% to
8%. Three VHL disease PGD cycles were performed on cells from a couple with paternal transmission of a 436delC
mutation in exon 2 of the VHL gene, leading to the identification of three unaffected embryos. Independent of the mu-
tation present, this general PGD protocol for the diagnosis of VHL disease can be used in families informative for ei-

ther the D3S1038 or D3S1317 microsatellite markers.
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Von Hippel-Lindau (VHL) disease is an autosomal
dominant inherited familial cancer syndrome predisposing
to retinal and central nervous system hemangioblastomas,
renal cell carcinoma and renal cysts, phaeochromocytoma
and pancreatic cysts and tumors, epididimal cysts and
endolymphatic sac tumors (Maher et al., 1990; 1991;
Decker, 1997). The disease has an incidence of approxi-
mately 1 in 36000 live births, and a penetrance of over 90%
by 65 years of age (Maher et al., 1990; 1991; Neumann,
1991). Mutations in the von Hippel-Lindau VHL gene (On-
line Mendelian Inheritance in Man (OMIM) accession
number 608537), a tumor suppressor gene on the short arm
of chromosome 3 (3p25-26), causes VHL disease (Latif et
al., 1993), with most of the cases are inherited. Advances in
genetic testing for the disease include qualitative and quan-
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titative Southern blotting, which has been added to DNA
sequence analysis (Lonser ef al., 2003). In addition, poly-
morphic markers close to the VHL gene can be used to iden-
tify at risk individuals in a VHL disease family by segrega-
tion analysis. For this purpose, the most informative
microsatellite markers are D3S1317, D3S1038, D3S587
and D3S1435, all within 500 kb of the VHL gene (Richards
etal., 1995). Although highly penetrant, VHL disease pres-
ents great clinical variability. In addition, no phenotype-
genotype correlation has been established so far for the dis-
ease, rendering interruption of pregnancy of an affected fe-
tus a difficult decision and preimplantation genetic diagno-
sis (PGD) an interesting option for at risk couples. One case
of PGD for VHL disease has been described which relied
on detection of the specific mutation and segregation analy-
sis of a microsatellite marker linked to the VHL gene
(Rechitsky et al., 2002).

In this paper we describe the development of a novel
PGD protocol for VHL disease and the use of this protocol
in a clinical case. A combination of specific mutation and
segregation analysis of two closely linked microsatellite
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markers reduced the effect of possible allelic drop-out
(ADO), thus increasing the number of embryos diagnosed
and allowing the use of the protocol in a greater number of
families with VHL disease.

Ethical approval for this study was granted by the
Ethical Committee of the Instituto de Biociéncias of the
Universidade de Sao Paulo (Sao Paulo, Brasil) and in-
formed consent was obtained from the patients. The pa-
tients were a couple consisting of an unaffected normal
female (coded I1-2, generally called the ‘spouse’ in the text)
who was the spouse of a patient (coded II-1) being treated
for VHL disease at Hospital do Cancer A. C. Camargo (Sao
Paulo, Brasil) (Figure 1a). Patient II-1 was initially thought
to be an isolated case of VHL disease and showed central
nervous system hemangioblastomas (cerebella and spinal
cord) diagnosed since age 11, retinal angiomas, renal
adenomas and multiple cysts (including in the epididymis)
and who had a 436delC mutation in exon 2 of the VHL gene
(Rocha et al., 2003). However, genetic analysis of the par-
ents of patient II-1revealed that the mutation was in fact in-
herited from his mother, who was initially thought to be
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unaffected but was found to have small tumors in various
organs after clinical re-examination at age 54 (Rocha et al.,
2003).

Segregation analysis with microsatellite markers was
accomplished by testing the D3S1038, D3S1317 and
D3S1435 microsatellite loci linked to the VHL gene to de-
termine which of them were informative enough to be used
in PGD. The polymerase chain reaction (PCR) mixture
consisted of 100 ng of genomic DNA extracted from pe-
ripheral blood lymphocytes of family members by a stan-
dard method (Miller ef al., 1988), 50 mM KCI, 1.5 mM of
MgCl,, 10 mM Tris-HCI (pH 8.3), 200 uM of each nucleo-
tide (dATP, dCTP, dGTP and dTTP: Amersham-Pharma-
cia), 0.6 uM of each primer (D3S1038-F and D3S1038-R,
or D3S1317-F and D3S1317-R, or D3S1435-F and
D3S1435-R: Table 1) , 1.25 uL of dimethyl sulfoxide
(DMSO: SIGMA, USA), 1 unit of Taqg DNA polymerase
(Amersham-Pharmacia) in a final reaction volume of
25 uL. The PCR was carried out using an initial denatur-
ation step of 5 min at 94 °C, followed by 30 cycles of 1 min
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Figure 1 - Pedigree of the family with hereditary Von Hippel-Lindau (VHL) disease and analysis of blastomeres from the first in vitro fertilization (IVF)
cycle. (a) Haplotype of linked microsatellite markers D3S1038, D3S1317 and D3S1435, and genotype regarding the 436delC mutation of the VHL gene
(N =normal allele; A = mutant allele) are shown next to each individual. The affected individual (II-1) and his normal spouse (II-2) were informative for
markers D3S1038 and D31317. (b) Analysis of 436delC mutation in blastomeres from embryos 2 (B2), 3 (B3), 5 (B5) and 7 (B7) of the first IVF cycle
(blastomere number in parentheses). The mutation creates an A/ul restriction site generating 144 bp and 83 bp fragments from the normal 436delC 288 bp
fragment upon digestion with A/ul. L=1 kb plus DNA Ladder (Invitrogen). (¢) Electropherogram of microsatellite D3S1038 analysis of blastomeres from
embryos 3 (B3) and 7 (B7). The lengths (bp) of the amplified products is represented on the bottom of the electropherograms. Allele numbers are indi-

cated on the top of the corresponding peaks.
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at 94 °C, 2 min at 54 °C, 1 min at 72 °C and a final elonga-
tion step of 10 min at 72 °C. The PCR products were sepa-
rated on 8% (w/v) acrylamide gels and stained with silver
nitrate. In this family only the D3S1038 (allele 14) and
D3S1317 (allele 2) were informative and segregated with
the mutation (Figure 1a).

To determine PCR efficiency and ADO frequency for
the three microsatellite loci we used individual buccal cells
as a single cell analysis test system. The buccal cells were
obtained by gently scraping the inside of the cheek with a
clean wooden applicator stick at least 30 min after eating or
drinking and twirling the stick was gently in a tube contain-
ing 0.5 mL 0f 0.9% (w/v) sodium chloride. The sample was
centrifuged and the pellet washed twice with 0.9% (w/v)
sodium chloride and the pellet resuspended in 0.2 mL of
Ca’" and Mg”"-free phosphate-buffered saline (PBS). Sin-
gle buccal cells were isolated and rinsed twice in different
drops of PBS and then transferred to a 0.2 mL PCR tube
containing 2 UL of PBS containing 2 UL of a solution con-
taining 125 ug mL™' proteinase K (SIGMA, USA), 1 uL of
17 uM sodium dodecyl sulfate (SDS: SIGMA, USA) and
50 uL of mineral oil (SIGMA, USA). The cells were incu-
bated for 15 min at 65 °C followed by 8 min at 99 °C and
stored at -20 °C until the multiplex PCR was performed.

The multiplex PCR reaction mixture consisted of
60 mM KCl, 1.8 mM MgCl,, 12 mM Tris-HCI (pH 8.3),
200 uM of each nucleotide (described above), 0.6 UM of
each primer (VHL2-A, VHL2-B, D3S1038-F, D3S1038-B,
D3S1317-F and D3S1317-B: Table 1), 1.25 uL of DMSO
and 1.5 units of Taq DNA polymerase in a final reaction
volume of 25 pL. The first round of PCR was performed us-
ing an initial denaturation step of 5 min at 95 °C, followed
by 20 cycles of 1 min at 94 °C, 2 min at 50 °C, 1 min at
72 °C and a final elongation step of 10 min at 72 °C. Nested
amplification was accomplished by removing 2.5 UL of the
product of the first PCR reaction and adding this to fresh re-
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action tubes containing 50 mM KCI, 1.5 mM of MgCl,,
10 mM Tris-HCI (pH 8.3), 200 uM of each nucleotide (de-
scribed above), 0.6 UM of each inner primer (VHL2-C and
VHL2-D, or D3S1038-F and D3S1038-R, or D3S1317-F
and D3S1317-R: Table 1), 1.25 uL of DMSO and 1 unit of
Taq DNA polymerase in a final reaction volume of 25 uL.
The PCR was performed with an initial denaturation step of
5 min at 95 °C, followed by 30 cycles of 1 min at 94 °C,
2 min at 54 °C, 1 min at 72 °C and a final elongation step of
10 min at 72 °C.

Since patient I1-1 (Figure 1a) was azoospermic, sper-
matozoa were retrieved by testicular sperm aspiration on
the same day as follicular puncture was carried out on his
spouse. Intracytoplasmic spermatozoa injection (ICSI) pro-
cedure was performed with metaphase I oocytes according
to the technique described by Palermo et al. (1992). Em-
bryo biopsy was carried out early in the morning of the third
day after fertilization as described by Verlinsky and Kuliev
(2002). Blastomeres were rinsed twice in different drops of
PBS and collected in a 0.2 mL PCR tube. To monitor con-
tamination For each blastomere, one 2 uL blank of the last
washing droplet was transferred to a PCR tube. For analysis
of the 436delC mutation and D3S1038 marker in the blasto-
meres the D3S1317-F and D3S1317-B primers were omit-
ted from the amplification mixture described above.

From patient II-1 we analyzed 60 single buccal cells
containing the 436delC mutation (Table 2). These results
showed that the addition of a third locus did not increase the
frequency of a conclusive diagnosis, and therefore blasto-
mere genotyping was performed with only the D3S1038
marker and the 436delC mutation (Table 2).

The analysis of mutation 436delC at exon 2 was
based on the created A/ul restriction site that yields two
fragments (83 bp and 144 bp) after digestion of the PCR
products with the Alul restriction enzyme. We used 1 unit
of Alul restriction enzyme (Amersham-Pharmacia) in a to-

Table 1 - Sequence of primers used for preimplantation genetic diagnosis of Von Hippel-Lindau disease.

Primer Sequence Reference
VHL2-A 5 CTC CCA AAG TGC TGG GAT T 3’ This paper
VHL2-B 5’ CAA AAA TTG AGA ACT GGG CTT A 3’ This paper
VHL2-C 5” TGC CCA GCC ACC GGT GTG 3’ Rocha et al., 2003
VHL2-D 5 GTC TAT CCT GTA CTT ACC ACA ACA 3’ Rocha et al., 2003
D3S1317-F 5" TAC AAG TTC AGT GGA GAACC 3’ Lietal., 1993
D3S1317-B 5’ TTT TCC TTT CCC TCC TAA TCC 3’ This paper
D3S1317-R 5 CCT CCA GGC CAT ACA CAGTCA 3’ Lietal., 1993
D3S1435-F 5’ TGG ATA CAT TAG TAT ACT GAATT 3’ Lietal., 1993
D3S1435-R 5" TTA GAC GGA AGC AAG GAA GG 3’ Lietal., 1993
D3S1038-F 5’ TCC AGT AAG AGG CTT CCT AG 3’ Jones et al., 1992
D3S1038-B 5° CAC GGG AGT CTA CAG CTT GG 3’ This paper
D3S1038-R" 5” AAA GGG GTT CAG GAA ACC TG 3’ Jones et al, 1992

(*) Primer labeled with fluorescence FAM.
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Table 2 - Polymerase chain reaction amplification efficiency and allelic
drop-out rate of the Von Hippel-Lindau (VHL) gene and the D3S1038 and
D3S1317 microsatellites in single cells.

Locus Total number of Amplification  Allelic drop-out
cells analyzed  efficiency (%)’  frequency (%)

VHL 60 83% (50/60) 12% (6/50)
D3S1038 60 87% (52/60) 8% (4/52)
D3S1317 60 87% (52/60)  31% (11/36)

"Numbers in parentheses show the number of positive cells as a function of
the total number of cells analyzed.

tal reaction volume of 20 uL to digest 10 uL aliquots of
nested-PCR product of DNA from single-cell blastomere
or buccal cell and separated the products in 2% (w/v)
agarose gels stained with ethidium bromide or 6% (w/v)
acrylamide gels stained with silver nitrate. For analysis of
the D3S1038 microsatellite 2 uL of a 1:10 dilution of the
nested-PCR product were mixed with 2 uL of 0.1% (v/v)
aqueous Tween 20 (SIGMA, USA) and 1 UL of a size stan-
dard and subjected the mixture to electrophoreses on a
MegaBACE 1000 (Amersham-Pharmacia). Results were
analyzed with the Genetic Profiler software supplied by
Amersham-Pharmacia.

The couple was submitted to three cycles of in vitro
fertilization (IVF) involving induced superovulation and
ICSI, the results of which are shown in Table 3. Of the six
blastomeres biopsied in the first cycle, one (B2) failed to
transfer to the PCR tube and was not analyzed, while of the
remaining five analyzed for the 436delC mutation two (B1
and B4) showed no amplification and three (B3, B6 and B7)
were diagnosed as normal (Figure 1b). Analysis of the
D3S1038 marker confirmed the genotypes of blastomeres
B3 and B7 (Figure 1c), but paternal ADO occurred in
blastomere B6 and therefore its genotype could not be de-
termined. Embryos corresponding to blastomeres B3 and
B7 were transferred to the uterus but the cycle did not result
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in pregnancy. In the second IVF cycle a total of four
blastomeres were biopsied and analyzed, two blastomeres
(B2 and B5) failed to amplify while two (B3 and B7) were
positive for the 436delC mutation and judged to be af-
fected. Analysis for the D3S1038 marker confirmed that
blastomeres B3 and B7 were carriers of the allele segregat-
ing with the mutation (Figure lc), and no embryos were
transferred. In the third IVF cycle two blastomeres were
biopsied and analyzed, one (B3) showed no 436delC or
D3S1038 amplification but the other (B2) was diagnosed as
normal in respect to the 436delC mutation and this was con-
firmed by D3S1038 marker analysis. The embryo corre-
sponding to blastomere B2 was transferred but the cycle did
not result in pregnancy.

Many protocols have been developed for performing
preimplantation genetic diagnosis (PGD) for autosomal
dominantly inherited cancer syndromes including retino-
blastoma (Sutterlin ef al., 1999; Xu et al., 2001; Rechitsky
et al., 2002; Fiorentino et al., 2003; Girardet et al., 2003),
Li Fraumeni (Verlinsky et al., 2001), familial adenomatous
polyposis coli (Ao et al., 1998), and neurofibromatosis
types 1 and 2 (Abou-Sleiman et al., 2002; Verlinsky et al.,
2002). Treatment of most cancer syndromes includes ag-
gressive and invasive surveillance procedures, and drastic
surgeries may be necessary to increase life expectancy. On
the other hand, incomplete penetrance and variable expres-
sivity is characteristic of these hereditary cancers. In choos-
ing PGD, the parents can avoid the transmission of the
mutated gene to the subsequent generation without having
to terminate a fetus whose phenotype cannot be predicted.
The extent of the variable expressivity of VHL disease is
exemplified by the mother (individual I-2, Figure 1a) of pa-
tient II-1 who was considered to be unaffected until she was
found to be a carrier of the VHL gene 436delC mutation
which had previously been identified in her affected son
(Rocha, 2003).

Table 3 - Results of pre-implantation diagnosis of Von Hippel-Lindau (VHL) disease during three in vitro fertilization cycles.

Cycle MII Number of fertilized Number of embryos Blastomere VHL genotype D3S1038 Number of embryos
number oocytes embryos analyzed Id genotype' transferred
1 7 6 5 B1 na na 2

B3 NN 14/18

B4 na na

B6 NN 20/20*

B7 NN 19/20
2 8 6 4 B2 na na -

B3 Na 14/20

B5 na na

B7 Na 14/20
3 5 3 2 B2 NN 14/18 1

B3 na na

"Numbers refer to alleles in Figure 1. *Paternal ADO. N = normal VHL allele; A = 436delC mutation; na = no amplification.
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A previous report of PGD for VHL disease used a
combination of mutation detection and segregation analysis
of one microsatellite, D3S100 (Rechistsky et al, 2002).
More recently, this approach has lead to the birth of two
children free of VHL mutations (Verlinsky and Kuliev,
2006). In the present paper we have described in detail a
novel PGD protocol, relying on the analysis of the specific
VHL mutation and up to two microsatellite markers, to de-
tect VHL disease in a large number of families with this dis-
ease.

Multiplex-nested PCR was used to amplify a gene
segment encompassing the 436delC mutation, as well as
the D3S1038 and D3S1317 markers. In single cells isolated
from the affected father the 436delC mutation showed 12%
ADO whereas D3S1038 showed only 8% (Table 2). Allelic
drop-out is a major obstacle when performing PGD of
monogenic diseases because it can result in the transfer of
embryos affected by a dominant inherited disease. To over-
come this we added microsatellite marker analysis to the
PGD protocol because this analysis can easily detect ADO
and hence produce a correct interpretation of the results.
For example, in our study D3S1038 microsatellite analysis
detected paternal ADO in a blastomere diagnosed as nor-
mal by 436delC mutation analysis (first IVF cycle, blasto-
mere B6, Table 3). This meant that the occurrence of ADO
in the mutation analysis could not be excluded, rendering
the final genotype undetermined and the corresponding
embryo not suitable for transfer.

In summary, the couple was submitted to in vitro fer-
tilization involving three intracytoplasmic spermatozoa in-
jection (ICSI) and preimplantation genetic diagnosis
(PGD) cycles and a total of 12 embryos were obtained. We
were able to biopsy 11 embryos, although there may have
been failure of blastomere transfer to the PCR tube in the 5
instances where none of the loci were amplified (Table 3).
Three embryos were diagnosed as normal and transferred,
but none of the cycles resulted in pregnancy. It is important
to note that the viability of human embryos has been shown
to be unaffected by PGD (Cieslak-Janzen ef al., 2006). In
conclusion, the protocol we have developed for PGD analy-
sis of Von Hippel-Lindau disease can be used in families
informative for either the D3S1038 or D3S1317 polymor-
phic markers (or both markers), independent of the muta-
tion present.
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