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Allogeneic bone marrow transplantation
(BMT) is now a common treatment for
hematological diseases. Before the trans-
plantation, the hemopoietic cells of the
patient are eradicated. In spite of this
pretransplant treatment, some appar-
ently normal recipient hemopoietic cells
can remain, leading to a mixed chimer-
ism phenomenon.V It is very important
to monitor this chimerism to follow the
kinetics of recipient cell amount after
BMT and possibly to prevent the relapse
of a residual disease.

Early attemps to evaluate the mixed
chimerism were based on immunologi-
cal and cytogenetic methods. Conven-
tional molecular detections of host cells
included Southern blotting and RFLP
analyses; their sensitivity was ~1-2%.
More recently, PCR techniques were per-
formed to assess the chimerism.® The
in vitro amplification was used either to
detect microsatellites® or Y chromo-
somal material.® The latter strategy is
available in one case out of four, when
there is a sex mismatch with a female
donor and a male recipient.

The long arm of the human Y chro-
mosome contains a highly repeated nu-
cleotide sequence arranged in a head-to-
tail manner.® The repeated area
represents 800-5000 copies on the Y
chromosome. These 3.56-kb EcoRI frag-
ments belong to the human Y chromo-
some-specific repeated DNA family
(DYZ1 locus) and are composed of sev-
eral hundred variants of a basic pentanu-
cleotide (TTCCA). A fragment of this se-
quence overlapping the EcoRI restriction
site can be detected by PCR. This method
was already used for fetal sex determina-
tion®” and may also provide a way of
studying the BMT chimerism.

In this paper we propose a simple,
rapid, and efficient method to evaluate
this chimerism after sex-mismatched al-
logeneic BMT. A preliminary PCR detec-
tion system is described. If Y amplified
fragments are detected in recipient
blood samples, we quantify the remain-
ing Y sequences by PCR with an internal
exogenous standard. This experiment is
performed simultaneously on blood
samples (B) and buccal epithelial cells
(E) to compare hemopoietic and nonhe-
mopoietic cells from the same patient.
The B/E ratio represents the percentage
of mixed chimerism. Because the analy-
sis is repeated every 3 months after BMT,
high percentages may announce a possi-
ble relapse.
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MATERIALS AND METHODS

All experiments described here were per-
formed by female manipulators to avoid
male cell contaminations.

DNA Preparation

We studied four subjects: a normal male,
a normal female, and two patients after
sex-mismatched allogeneic BMT. The
first patient (A) was analyzed 8 months
after the transplantation, and the other
(B) 3 yr after it. These two patients had
female sibling donors and came from
the Department of Haematology, Poit-
iers University Hospital.

Mononuclear cells from S- to 20-ml
blood samples were separated by Ficoll
centrifugation. Buccal epithelial cells
were obtained by mouthwash with 30 ml
of 0.9% standard saline.® Cells from
blood samples or buccal epithelium
were washed with 3 ml of PBS. After cen-
trifugation, the cell pellet was resus-
pended in 3 ml of cell lysis solution (10
mM Tris-HCI at pH 7.4, 50 mMm NaCl, 10
mM EDTA). This solution was incubated
for 1 hr at 65°C with 200 pl of 10% SDS
and 200 pl of proteinase K (10 mg/ml).
DNA was then precipitated with 2.5 vol-
umes of ethanol, washed in 80% etha-
nol, and resuspended in sterile distilled
water. DNA concentration was estimated
by spectrophotometry.

PCR Amplification

Y sequences were amplified using the
Y1-1 and Y1-2 primers already de-
scribed” (Y1-1, 5'-TCCACTTTATTCCA-
GGCCTGTCC-3'; Y1-2, S5'-TTGAATG-
GAATGGGAACGAATGG-3'). PCR reac-
tions were performed in a total volume
of 50 pl containing 50 mm KCl, 20 mMm
Tris-HCI (pH 8.3), 2 mm MgCl,, 250 um
of each dNTP (Boehringer Mannheim),
30 pmoles of each primer, 2.5 units of
Taq polymerase (Perkin-Elmer Cetus),
and 100 ng of DNA. The reaction oc-
curred under the following conditions in
a Perkin-Elmer thermal cycler: 30 sec at
94°C and 30 sec at 60°C for 30 cycles. The
PCR products were analyzed on a 2%
Seakem agarose gel (FMC). When indi-
cated, the sequencing of the amplified
products was performed. Briefly, PCR
fragments were purified using the Magic
PCR Preps kit (Promega), subcloned in
the M13 vector, and sequenced with the
A.LF. DNA sequencer (Pharmacia) ac-
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cording to the recommendations of the
manufacturer.

To check the quality of the DNA and
to validate a negative Y amplification,
each sample was controlled by a PCR at
the KM19 locus linked to the Cystic Fi-
brosis Transmembrane conductance
Regulator gene using KMC (5'-CTGTC-
CAGGAAACTTTGTGT-3') and KMD (5'-

GTCTAAAAGGGTATCAGTCC-3') prim-
ers.o19

Construction of the Competitive
Standard

The exogenous template for competitive
amplification was constructed using two
modified primers: YMA (5'-TGGAATCGAA-
GGGAATGTAGTG-3') and YMB (5'-TC-
CAATCGATTCCTTTCCTTTC-3'). These
oligonucleotides contained an artificial
Taql restriction site at their §' end, in-
volving 1 base mismatch with the DNA
template (Fig. 1). Two PCRs were per-
formed: the first one with Y1-1 and YMA
primers, and the other with YMB and Y1-
2, according to the standard PCR proto-
col already described. Both amplified
fragments (20 pl) were digested with 20
units of Tagl restriction enzyme (Bio-
labs). The cohesive fragments (S pl of
each digested solution) were ligated us-
ing 4 units of T4 DNA ligase (GIBCO
BRL). The ligation product can be ampli-
tied by PCR using Y1-1 and Y1-2 primers,
yielding an amplified fragment with a
30-bp deletion with respect to the native

DNA sequence. The amplification prod-
uct was purified through a 12% polyacry-
lamide gel. The 124-bp fragment was ex-
tracted from the gel and amplified as
described above to obtain sufficient
amounts for further experiments. The fi-
nal product (YM) represented the stock
solution of internal standard and was
stored in aliquots at — 20°C. The concen-
tration of this solution was not mea-
sured, because our aim was to establish a
ratio of two absolute quantitations. All
points of the standard scale are defined
as a dilution of the YM construct.

Competitive PCR

A standard scale was obtained from the
YM stock solution by 10-fold dilutions
from 107! to 10~ '%. Competitive Y1-1/
Y1-2 PCRs were performed on 5 pl of
DNA (100 ng) and 5 ul of each standard
dilution. After 30 cycles (30 sec at 94°C
and 30 sec at 60°C), 10 ul of the reaction
was electrophoresed either on a 2.5%
NuSieve/1.5% SeaKem TAE-agarose gel
or on a 3% MetaPhor TBE-agarose gel
(FMC).

When indicated, DNA samples were
treated with Tagl restriction enzyme
prior to PCR. Two micrograms of ge-
nomic DNA was digested for 2 hr with 40
units of Taql in 100 wl of the Tagq poly-
merase buffer. After digestion, 5 pl of the
reaction solution (100 ng) was directly
used for PCR.

In all experiments, strict precautions

DNA template
Y1-1/YMA
amplifications
@ YMB/Y1-2 P

@ Tagql digestion

(® Ligation

@ Y1-1/Y1-2 amplification

FIGURE 1 Construction of the YM standard for competitive PCR. The process is described in
detail in the text. Briefly, DNA amplified with the two sets of primers (Y1-1/YMA and YMB/Y1-2)
yields 49- and 89-bp long fragments, respectively. After Tagl restriction enzyme digestion, liga-
tion, and amplification, the YM standard (124 bp) is obtained with a deletion of 30 bp with

respect to the normal sequence.
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FIGURE 2 Qualitative PCR analysis of Y se-
quences. (N) Distilled water; (M) bx174/Haelll
molecular weight marker; (lane 1) normal
male DNA; (lane 2) epithelial mouth cell DNA
from patient A; (lane 3) blood cell DNA from
patient A; (lane 4) epithelial mouth cell DNA
from patient B; (lane 5) blood cell DNA from
patient B; (lane 6) normal female DNA.

were taken to avoid contamination of
the samples. Negative controls (distilled
water and female DNA sample) were
used in all manipulations.

RESULTS AND DISCUSSION

We have developed a simple and reliable
strategy to evaluate the mixed chimer-
ism after sex-mismatched (female donor,
male recipient) allogeneic BMT. The first
step of this protocol is based on a classic
qualitative PCR on Y sequences to detect
possible residual host cells in blood sam-
ples from transplanted male patients.
Blood samples are preferred over bone
marrow to prevent false-positive reac-
tions owing to nonhemopoietic cells
such as stromal cells. In a second step, if
the detection PCR is positive, a compet-
itive amplification is performed to quan-
tify the remaining recipient hemopoietic
cells.

Y Sequence Detection System

Two patients (A and B) and two controls
(normal male and female) were studied.
To test the quality of the DNAs, each
sample was amplified using specific
primers located in the KM19 locus. All
DNA samples gave the expected 567-bp
fragment (data not shown). These sam-
ples were further analyzed by Y PCR am-
plification (Fig. 2). The 154-bp Y-specific
fragment is observed for normal male
(lane 1) and epithelial mouth cells of pa-
tients A and B (lane 2 and 4, respec-
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FIGURE 3 Y-chromosome amplification after
10-fold serial dilutions of DNA from a normal
male. (N) Distilled water; (M) ¢x174/Haelll
molecular weight marker; (lanes 1-8) 10-fold
dilutions of DNA from a normal male ranging
from 100 ng to 10 fg per assay; (lane 9)
mouthwash cell DNA from patient B; (lane
10) blood cell DNA from patient B; (lane 11)
normal female DNA.

tively). A slight signal is observed in
blood cell DNA of patient A (lane 3). No
specific Y sequence amplification was
seen with the normal female control
(lane 6) or with blood DNA from patient
B (lane 5). In the last three cases, two
non-Y fragments, ~350 and 450 bp in
length, were observed. The nucleotide
sequences of the latter amplified prod-
ucts were analyzed. They are homolo-
gous to the human satellite III DNA
found on autosomes.' Moreover, they
are composed of a succession of penta-
nucleotide repeats and contain many
Tagql restriction sites (results not shown).
These non-Y fragments are obtained
only when the Y sequences are absent or
in a very low amount in the studied sam-
ples. However, they are easily distin-
guishable from the specific 154-bp frag-
ment, and they may be a good internal
control of the PCR efficiency in the ab-
sence of specific Y sequence (chimeric
DNA).

To assess the sensitivity of our quali-
tative PCR protocol, DNA from a normal
male was diluted in distilled water in
proportions ranging from 100 ng to 10 fg
per 50 pl assay (Fig. 3). We detect up to
the fifth dilution (lane 6), which corre-
sponds to ~1 pg. Our PCR sensitivity is
almost similar to those of other re-
ports®® and is better than the conven-
tional Southern blot analysis. Therefore,
patient B (lane 10), who appeared nega-
tive, presented <1 pg of male hemopoi-
etic cell DNA per 100 ng of total DNA.
On the other hand, for patient A (posi-
tive in Y detection), the remaining he-
mopoietic recipient cells may be appre-
hended by quantitative PCR.

Quantitative PCR on Y Sequences

Over the last several years, PCR has be-
come a powerful tool for quantitation.
Several methods are commonly used: La-
beled nucleotide incorporation, hybrid-
ization with a specific probe, and com-
petitive PCR. The latter strategy uses an
exogenous template as an internal stan-
dard and seems to be the best way to
practice a real quantitation of nucleic
acid template by in vitro amplifica-
tion.(12-1%

To standardize our competitive PCR
on Y chromosomes, 100 ng of DNA from
a normal male was coamplified with suc-
cessive 10-fold dilutions of the YM stan-
dard using Y1-1 and Y1-2 primers (Fig.
4A). The equivalent signal intensity be-
tween the standard and the control male
DNA corresponds to the 10™* YM dilu-
tion. When the same experiment is real-
ized with DNA from a normal female
(Fig. 4B), the YM 124-bp fragment is ob-
served up to the 10~8 dilution. The par-
asitic fragments appeared toward the
1077 dilution.

We have then tested DNA from blood
or from mouthwash of patient A (Fig. 5).
The equivalence points correspond to
the 10~* YM dilution for epithelial
mouth DNA (Fig. 5A, lane 4) and to the
10~ 7 YM dilution for blood (Fig. 5B, lane
7). This result indicates that the blood
cell DNA of patient A contains ~103-fold
less Y chromosome sequences as com-
pared with his epithelial cell DNA. In the

NMI1234 56789101112

FIGURE 4 Competitive PCR standardization
with normal male or normal female DNAs.
One hundred nanograms of male (A) and fe-
male (B) DNA was studied. (N) Distilled water;
(M) &x174/Haelll molecular weight marker;
(lanes 1-12) 10-fold serial dilutions of the YM
standard (from 10~! to 10 12),

NM12 345678 9101112

FIGURE 5 Competitive PCR analysis of pa-
tient A DNA. One hundred nanograms of
DNA from mouthwash (A) and blood (B) cells
was analyzed in the presence of 10-fold serial
dilutions of the YM standard from 107! to
1072 (lanes 1-12). (N) Distilled water; (M)
&x174/Haelll molecular weight marker.

previous experiment, the equivalence
point for normal blood DNA was found
at the 1073 YM dilution. This difference
of one dilution may originate from the
repeat number polymorphism at the
DYZ1 locus. Our positive control with
buccal epithelium of each patient elimi-
nates the dependence of the assay on the
number of Y repeats.

In competitive PCR, a standard and a
target sequence compete for the same
primers and, therefore, for amplifica-
tion. In our case, other sequences, such
as the human satellite III, might behave
as endogenous competitors. To elimi-
nate this possible artifact and to achieve
a classic competitive reaction, we have
digested DNA samples with Tagl restric-
tion enzyme before PCR. This enzyme
was used because the 154-bp Y fragment
does not contain the restriction site,
whereas autosomal products present
many Tagql restriction sites. Under these
conditions, only Y sequences are ampli-
fied, thus allowing an accurate competi-
tive PCR (Fig. 6). The previous experi-
ment was repeated with DNA treated
with the Tagl restriction enzyme; the
equivalence point corresponds to a
3.3 x 107* dilution in the epithelial
cells (lane 4) and 10~7 in the blood cells
(lane 8). These results show that Tagl di-
gestion eliminates the non-Y sequence
amplification and allows a real compet-
itive PCR. Altogether, one can estimate
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FIGURE 6 Competitive PCR analysis of pa-
tient A DNA after Taql digestion. One hun-
dred nanograms of DNA from mouthwash (A)
and blood (B) cells was analyzed in the pres-
ence of the following dilutions of the YM
standard: 102 (lane 1); 10~ 3 (lane 2); 6.6 X
10~* (lane 3); 3.3 X 10~ * (lane 4), 107 * to
10~7 (lanes 5-8), 5 x 108 (lane 9), 10~ 8 and
10~° (lanes 10,11). (N) Distilled water; (M)
$x174/Haelll molecular weight marker.

that in patient A, 1 blood cell out of 3300
is from male origin.

The strategy we propose for the mon-
itoring of sex-mismatched BMT is very
efficient. The extra signals obtained with
female DNA do not really interfere with
the competitors. Moreover, the results
obtained after a Taql restriction enzyme
digestion are even more reliable. Our
purpose is not an absolute quantitation
of the remaining host cells in blood but
the establishment of a ratio between the
remaining Y cells in blood and in buccal
epithelium. This percentage is equiva-
lent to a pretransplant/posttransplant
blood host DNA ratio. Owing to the Y
repetition polymorphism, it is not possi-
ble to compare the amount of residual Y
clones in different patients. Thus, our
quantitation assay using DNA from
blood and DNA from epithelial cells in
the same patient is perfectly adapted to
our purpose.

The methodology described here
might also prove useful in sex determi-
nation or forensic medicine. In our lab-
oratory it is used for the molecular mon-
itoring of patients after sex-mismatched
BMT. The PCR analysis is performed be-
fore the transplantation and every 3
months after it. When the qualitative
PCR remains negative for a patient, this
is of excellent prognosis for him and al-
lows a favorable prediction for the clin-
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ical outcome. On the other hand, when
we detect Y recipient DNA in blood after
BMT, this result does not mean necessar-
ily a recurrence of the disease, because
these Y residual cells may be without tu-
morigenic potential. However, in this
case, competitive PCR facilitates the
monitoring of the kinetic behavior of
the residual clone during the post-BMT
period. Systematic investigation of larger
patient series will substantiate the value
of our Y competitive system for the man-
agement of BMT when a male patient is
transplanted with a female donor.
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