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Amelogenin has chromosome X (AMELX) and Y
(AMELY) homologs that can be differentiated based
on the length of polymerase chain reaction (PCR)
amplification products. In addition to being useful
for gender identification, analysis of amelogenin has
utility for monitoring bone marrow engraftment in
patients after a sex-mismatched bone marrow trans-
plant, characterizing sex chromosome abnormali-
ties, and for forensic purposes for analyzing mixtures
of male and female DNA. Here, we describe two broth-
ers in which PCR analysis demonstrated twofold
greater AMELY products compared with AMELX prod-
ucts. Karyotype and X/Y fluorescence in situ hybrid-
ization analysis demonstrated a single copy of the X
and Y chromosomes without any identifiable abnor-
malities. Oligonucleotide comparative genomic hy-
bridization array analysis demonstrated a duplication
of a portion of chromosome Yp that encompassed a
region of at least 2.6 Mb but not greater than 4.0 Mb.
The amplified region contains the genes AMELY, trans-
ducin (f)-like 1 protein Y (TBL1Y), and protein kinase Y
(PRKY). To our knowledge, duplication of this region
has not previously been reported. The family history
is unremarkable, and the brothers are without ap-
parent dysmorphic features. Although this and other
genetic variants involving AMELY are uncommon,
one should use caution when using amelogenin for
sex chromosome analysis and bone marrow engraft-
ment analysis. (J Mol Diagn 2007, 9:408—413; DOI:
10.2353/jmoldx.2007.060198)
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The Y chromosome is unique in that it is clonally inherited
from father to son (with the exception of two small
pseudoautosomal regions). The male-specific region of
the Y chromosome appears to code for at least 27 distinct
proteins or protein families, some of which have been
implicated in gonadal sex reversal, Turner syndrome,
graft rejection, and spermatogenic failure.” These syn-
dromes often result from deletions within the Y chromo-
some or abnormal interchange between chromosomes X
and Y.

Many Y-linked genes have X homologs that code for
similar protein isoforms. The functional difference (if any)
between the X and Y homologs of most of these genes is
not well understood. One of the degenerate genes,
amelogenin, has X and Y homologs located on Xp22.1-
22.3 (AMELX) and Yp11.2 (AMELY). Polymerase chain
reaction (PCR) amplification with single primer pairs can
differentiate the AMELX and AMELY homologs due to the
difference in length of the amplification products. This
difference is commonly exploited for gender identification
of clinical and forensic specimens. The most commonly
used amelogenin PCR-based assay uses a primer pair
that spans a 6-bp deletion within intron 1 of the X ho-
molog.? Amplification of this region has been incorpo-
rated into several commercially available multiplex short
tandem repeat (STR) reactions. These multiplex assays
have utility for identity/forensic and paternity testing pur-
poses. In addition to these qualitative applications, these
assays can be used quantitatively by comparing the
relative peak heights or peak areas of the amplification
products. Some authors have proposed that comparing
the AMELX- and AMELY-specific peak heights can have
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clinical utility for monitoring bone marrow engraftment in
patients after a sex-mismatched bone marrow trans-
plant,® for characterizing sex chromosome abnormalities
such as Klinefelter syndrome (XXY),? and for forensic
purposes for quantification of the relative X and Y contri-
bution in mixtures of male and female DNA.* Here, we
describe two brothers who have a constitutional duplica-
tion of a portion of the short arm of chromosome Y that
was initially identified by amelogenin analysis.

Materials and Methods
DNA [solation

DNA was isolated from all peripheral blood and bone
marrow specimens using the Qiagen EZ1 automated nu-
cleic acid extraction instrument and reagents or QlAamp
DNA Mini kit spin columns according to the manufactur-
er's instructions (Qiagen, Valencia, CA).

Amelogenin Analysis

PCR amplification was performed using the AmpF/STR
Profiler kit (Applied Biosystems, Foster City, CA) that
detects nine microsatellite loci and the amelogenin locus.
The amelogenin primer pair amplifies a region of intron 1
that spans a 6-bp deletion in AMELX compared with
AMELY? Thermal cycling and capillary electrophoresis
were performed according to the manufacturer’s instruc-
tions. In brief, the PCR conditions were 95°C for 11 min-
utes; followed by 28 cycles of 94°C for 1 minute, 59°C for
1 minute, and 72°C for 1 minute; followed by 60°C for 45
minutes. After amplification, 1 ul of multiplex PCR prod-
uct was mixed with 9 ul of deionized formamide/GeneS-
can-500 [ROX] size standard solution (Applied Biosys-
tems). Samples were denatured at 95°C for 2 minutes
and placed on ice for at least 1 minute before analysis on
the ABI 3100 capillary electrophoresis instrument (Ap-
plied Biosystems).

Amplification of a region spanning exon and intron 4 of
amelogenin was performed using a previously described
primer set that spans a 3-bp deletion in AMELX com-
pared with AMELY.®> PCR amplification was performed in
25-ul reactions containing 200 umol/L of each dNTP, 0.8
pmol/L of each primer, and 1.25 U of Tag Gold polymer-
ase (Applied Biosystems). Primers were 5’-FAM-CCCTT-
TGAAGTGGTACCAGAGCA-3' (AMEL-U1) and 5'-GCAT-
GCCTAATATTTTCAGGGAATA-3' (AMEL-D1). Reactions
were thermal cycled as follows: one cycle of 95°C for 9
minutes; followed by 25 cycles of 95°C for 30 seconds,
57°C for 30 seconds, and 72°C for 30 seconds; followed
by one cycle of 72°C for 7 minutes. Products were ana-
lyzed by capillary electrophoresis as described above.

Analysis of Protein Kinase X and Y Genes
(PRKX and PRKY) and Zinc Finger X and Y
Genes (ZFX and ZFY)

A PCR was designed to amplify exon 8 of the PRKX and
PRKY genes. The primer set spans a 3-bp deletion in
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PRKY, producing a PRKY product that is 3 bases shorter
than the PRKX product. PCR amplification was performed
in 25-ul reactions containing 200 wmol/L of each dNTP,
0.8 wmol/L of each primer, and 1.25 U of Tag Gold
polymerase (Applied Biosystems). Primers were 5’-FAM-
TTTTGTTTCTTTCTGTCCATACTTAAAG-3" (PRK-F) and
5'-TCCCAAACCACTCAACTG-3" (PRK-R). Reactions
were subjected to thermal cycling as follows: one cycle of
95°C for 9 minutes; followed by 25 cycles of 95°C for 30
seconds, 55°C for 30 seconds, and 72°C for 30 seconds:;
followed by one cycle of 72°C for 7 minutes. Products
were analyzed by capillary electrophoresis as described
above.

A PCR assay was designed to amplify exon 3 of the
ZFX and ZFY genes. The primer set spans a 3-bp deletion
in ZFX, producing a ZFX product that is 3 bases shorter
than the ZFY product. PCR amplification was performed
in 25-ul reactions containing 200 umol/L of each dNTP,
0.8 uwmol/L of each primer, and 1.25 U of Tag Gold
polymerase (Applied Biosystems). Primers were 5’-FAM-
TGTGCATAACTTTGTTCCTGATG-3" (ZF-F) and 5'-AG-
CACTTGCTCAGGAATGATG-3' (ZF-R). Reactions were
subjected to thermal cycling as follows: one cycle of 95°C
for 9 minutes; followed by 28 cycles of 95°C for 30 sec-
onds, 55°C for 30 seconds, and 72°C for 30 seconds;
followed by one cycle of 72°C for 7 minutes. Products
were analyzed by capillary electrophoresis as described
above.

Karyotype and XY Fluorescence in Situ
Hyhbridization (FISH)

The G-banded metaphase karyotype was obtained from
B-cell stimulated and unstimulated cells from a bone
marrow aspirate of the proband at time of diagnosis of his
lymphoma and from phytohemagglutinin-stimulated lym-
phocytes 3 years after bone marrow transplant, using
standard techniques. Centromere enumeration probe X «
satellite and centromere enumeration probe Y satellite Il
DNA FISH probes (Vysis/Abbott Molecular, Des Plaines,
IL) were used to evaluate interphase and metaphase
cells from the phytohemagglutinin-stimulated lympho-
cytes following the manufacturer’s protocol.

High-Density Array Comparative Genomic
Hybridization

A custom 2 X 105,000 high-density oligonucleotide array
was designed using eArray v4.5 software (Agilent Tech-
nologies, Santa Clara, CA). Each array contained 4554
control oligonucleotide probes, 18,148 probes on chro-
mosome Y, and 82,298 probes on chromosome X. Com-
parative genomic hybridization (CGH) was performed by
Agilent Technologies according to standard protocol. In
brief, genomic DNA (0.5 to 1.0 mg) and male reference
DNA (Promega Corporation, Madison, WI) were digested
with Alul and Rsal (Promega) at 37°C for 2 hours and then
heat-inactivated at 65°C for 20 minutes. The reaction was
then used directly as a template for a genomic DNA
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labeling reaction using random primers and the exo-
Klenow fragment in the Agilent Genomic Labeling Kit Plus
(Agilent Technologies). Test and reference DNA samples
were labeled with either Cy3- or Cy5-dUTP according to
the manufacturer’s protocol for 2 hours at 37°C. After heat
inactivation at 65°C for 10 minutes, the labeled DNA
products were purified using Microcon YM-30 filtration
devices (Millipore, Inc., Bedford, MA) and brought to a
volume of 80.5 ul with nuclease-free water. The DNA
yield and level of dye incorporation were then measured
using the ND-1000 spectrophotometer. Appropriate Cy5
and Cy3-labeled DNA sample pairs were combined and
mixed with human Cot-1 DNA (Invitrogen, Carlsbad, CA),
Agilent 10X Blocking Agent, and Agilent 2X Hybridization
Buffer. Samples were heated at 95°C for 3 minutes, in-
cubated for 30 minutes at 37°C, and then hybridized to
Agilent custom 2 X 105,000 Human Genome CGH mi-
croarrays using Agilent SureHyb chambers. The hybrid-
ization chambers were then placed in a 65°C rotisserie
oven and rotated at 20 rpm for 40 hours. The arrays were
washed and dried according to the procedures de-
scribed in Agilent Oligonucleotide Array-Based CGH for
Genomic DNA Analysis protocol version 4. Microarray
slides were scanned immediately using an Agilent mi-
croarray scanner. Data were extracted using the Feature
Extraction software v9.1.

Results and Discussion

The patient is a 39-year-old white male who was diag-
nosed with diffuse large B-cell non-Hodgkin’s lymphoma
with a bulky mediastinal mass approximately 6 years ago.
He was treated with standard doses of chemotherapy
and radiation therapy and then underwent an allogeneic
bone marrow transplant with his brother as the donor. As
part of routine workup before the patient’'s bone marrow
transplant, peripheral blood specimens from the patient
and his donor were evaluated using the AmpF/STR Pro-
filer kit (Applied Biosystems), which detects nine STR loci
and the amelogenin locus. This evaluation of polymorphic
differences between the patient and donor allows for
quantification of chimerism after transplantation. Analysis
of the amelogenin locus of both the patient and his donor
identified the AMELX- and AMELY-specific peaks; how-
ever, the AMELY peak was approximately twofold greater
in height and area than the AMELX peak in both individ-
uals (Figure 1). The average Y:X ratio from at least two
replicates was 1.9:1 for the donor and 2.0:1 for the patient
before transplant. Since the bone marrow transplantation,
the patient has been evaluated for chimerism three times.
The STR results of two informative loci were consistent
with the patient having 100% donor engraftment. Consis-
tent with the donor’s amelogenin pattern before trans-
plant, in each of the three follow-up analyses, the average
amelogenin Y:X ratio (from at least two replicates each)
was approximately 1.9:1. Review of 102 cases of males
run in our laboratory showed an average amelogenin Y:X
ratio of 0.96:1 with SD of 0.09. The highest Y:X ratio seen
in this group of males was 1.2:1. Thus the Y:X ratio seen
for both the patient and his brother (donor) was more than
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Figure 1. Capillary electrophoresis analysis of amplification of intron 1 (top)
and exon/intron 4 (bottom) of amelogenin. Horizontal axis is size in bases.
Vertical axis is fluorescence intensity. Shown are results from the patient
before bone marrow transplant (pre-BMT), donor, and a representative
normal male. AMELX- and AMELY-specific peaks are identified by X and Y,
respectively. The area of each peak is shown in parentheses.

9 SD greater than the average Y:X ratio observed in our
laboratory. These results suggested that both brothers
had an extra copy of the AMELY gene.

To confirm the apparent extra copy of AMELY, we used
an additional amelogenin primer set approximately 700
bp downstream of the AmpF/STR Profiler primer set,
which spans a 3-bp deletion in AMELX compared with
AMELY. Amplification of 10 normal males demonstrated
an average Y/X ratio of 0.98:1 with a SD of 0.046. Ampli-
fication of the patient and donor specimens demon-
strated Y/X ratios of 2.1:1 and 2.2:1, respectively (Figure
1). These results support the conclusion that both broth-
ers carry an additional copy of the AMELY gene.

It has been suggested that quantitative analysis of
amelogenin can identify sex chromosome aneuploidy.
For example, Sullivan et al® demonstrated that DNA from
XYY individuals gave an AMELY/AMELX ratio of 1.8:1,
whereas individuals with XXY genotype gave a 1:1.8
ratio. In this case, however, metaphase analysis of 30
cells from the bone marrow of the patient before his bone
marrow transplant found a normal male karyotype of
46,XY in all cells analyzed. Karyotype and X/Y FISH anal-
ysis of a specimen after transplant from the patient dem-
onstrated a single copy of the X and Y chromosomes
without any identifiable abnormalities (Figure 2). Thus the
extra copy of AMELY identified in these brothers was not
due to an extra copy of the Y chromosome.

We then analyzed two additional genes on chromo-
some Yp that have X and Y homologs that can be distin-
guished by PCR product size. The PRK genes have X
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Figure 2. Partial karyotype (A) and XY FISH (B) on metaphase and inter-
phase cells demonstrated a single copy of chromosomes X and Y without
identifiable abnormalities.
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Figure 3. Capillary electrophoresis analysis of amplified products from
genes ZF (top) and PRK (bottom). Horizontal axis is size in bases. Vertical
axis is fluorescence intensity. Shown are results from the patient before
transplant, the donor, and a representative normal male. The X and Y
homologs of each gene are identified by X and Y, respectively. The area of
each peak is shown in parentheses.

and Y homologs located on Xp22.3 (PRKX) and Yp11.2
(PRKY), respectively. The PRKY gene is located approx-
imately 0.35 Mb centromeric to AMELY. To differentiate
PRKX and PRKY, we designed a PCR to encompass a
3-bp deletion in PRKY compared with PRKX. Amplifica-
tion of 10 normal males demonstrated an average PRKY/
PRKX ratio of 0.87:1, with a SD of 0.026. Amplification of
the patient and donor specimens demonstrated PRKY/
PRKX ratios of approximately 1.7:1, which is almost ex-
actly twofold greater than the average PRKY/PRKX ratio
seen in our normal male population (Figure 3). These
data were similar to the amelogenin results.

The ZF genes have X and Y homologs located at
Xp22.1 (ZFX) and Yp11.2 (ZFY), respectively. ZFY is lo-
cated approximately 3.9 Mb telomeric to AMELY. To dif-
ferentiate ZFX and ZFY, we designed a PCR to amplify
exon 3 of ZF, encompassing a 3-bp deletion in ZFX com-
pared with ZFY. Amplification of 10 normal males dem-
onstrated an average ZFY/ZFX ratio of 1.21:1, with a SD of
0.084. Amplification of the patient and donor specimens
demonstrated ZFY/ZFX ratios that were very similar to that
of the normal population (1.25:1 and 1.31:1, respectively,
Figure 3). Taken together, the data suggested that both
brothers carried a duplication of a portion of chromosome
Yp that included PRKY and AMELY, but not ZFY.

To confirm the apparent duplication on chromosome
Yp, we performed CGH using a custom-designed high-
density oligonucleotide array. The patient’s genomic
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DNA (pre-transplant) and a male reference DNA were
labeled with either Cy3 or Cy5 and then hybridized to a
custom-designed array with 18,148 probes on chromo-
some Y and 82,298 probes on chromosome X. The ex-
periment was performed twice, using the test and control
DNA labeled in opposite colors (dye flip). Results of
chromosome X analysis showed no copy number
changes (data not shown). Analysis of chromosome Y
demonstrated a duplication in chromosome Yp that en-
compassed a region of at least 2.6 Mb but not greater
than 4.0 Mb (Figure 4). To our knowledge, duplication of
this region has not previously been reported. We are
unable to determine the exact breakpoints for this dupli-
cation with high confidence using CGH because this
region is flanked by repetitive sequences, and therefore
the number and density of CGH probes in the flanking
regions is low. There are previous reports describing
constitutional deletions in this region.®~'" The exact
breakpoint for most of these deletions have not been
determined, but many of these deletions appear to be
greater than 1 Mb, and one was reported to be 2.5 Mb.
These deletions significantly overlap the region we show
to be duplicated. In addition, Repping et al'® have re-
cently reported inversion of a similar region of chromo-
some Yp in 16 of 47 Y chromosomes that represented
branches of a worldwide genealogical tree. The 3.6-Mb
inversion they identified is flanked by nonpalindromic
inverted repeats (IR3), which flank the duplication iden-
tified here (Figure 4). Repping et al'? suggested that the
inversions that they identified originated via ectopic ho-
mologous recombination between the IR3 repeats. Thus,
this region on chromosome arm Yp seems to be a hotspot
for mutation/rearrangement, allowing for deletion, inver-
sion, and now duplication of this region.

The CGH data demonstrate that the amplified region
contains the three genes AMELY, PRKY, and Transducin
(B)-like 1 protein Y (TBL1Y) and may contain all or part of
the testis-specific protein Y (TSPY) gene family. The three
genes known to be duplicated are single-copy genes
located within the X-degenerate sequence of chromo-
some Y, and all have X-linked homologs, AMELX, PRKX,
and TBL1X, respectively. PRKX and PRKY are members
of the cAMP-dependent serine threonine protein kinase
gene family and are ubiquitously expressed.'®' Al-
though PRKX has been implicated in renal epithelial cell
migration and morphogenesis,'® and in granulocyte/
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Figure 4. Oligonucleotide CGH analysis of the
Y chromosome of the patient before transplant.
The gray line to the right represents the patient/
control fluorescence intensity ratios (patient la-
beled in Cy5, control in Cy3). The dark line to
the left represents fluorescent intensities ob-
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tained from a second hybridization in which the
dyes have been reversed (control/patient). An
expanded view of the duplicated region is
shown to the right, demonstrating the genes in
this region.
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macrophage lineage differentiation,'®'” the function of
PRKY is essentially unknown. The TBL1 gene family has
at least three members: TBL1X, TBL1Y, and TBL1R, an
autosomal homolog located on chromosome 3. Partial
deletion of TBL1X appears to be related to X-linked re-
cessive late-onset sensorineural deafness.'® TBL1Y dif-
fers from other members of the family in tissue expression
pattern and function and cannot completely compensate
for a lack of TBLX.'® Therefore TBL1Y may play other, yet
unknown, unique roles in males.

AMELX and AMELY are highly conserved extracellular
matrix proteins expressed during tooth enamel develop-
ment.?° AMELX is expressed at levels tenfold higher than
AMELY, and mutations in AMELX result in the congenital
enamel defect termed amelogenesis imperfecta.?’22 In
contrast, deletions of AMELY have been reported in ap-
parently healthy males.®~'° These deletions occur more
frequently in certain ethnic populations and may reflect a
common ancestor for at least some of these chromo-
somes."" Some of the deletions also appear to include
deletion of TBL1Y and PRKY.61°

The TSPY gene family is based on a 20.4-kb repeat
unit and contains approximately 35 copies of TSPY genes
in a highly regular tandem arrangement.” TSPY expres-
sion is limited to the testis where it is believed to function
as a proliferation factor during spermatogenesis, al-
though its exact biological function remains to be eluci-
dated. TSPY has been implicated as a putative oncogene
involved in testicular tumorigenesis.?>2* Because of the
repetitive nature of this region, the oligonucleotide probe
density in this region is low, resulting in uncertainty as to
whether all or part of the TSPY gene family is included in
the duplicated region.

The duplication described here occurs in two brothers
of Italian descent and is presumed to be inherited from
their father. The family history is unremarkable, and the
brothers are without apparent dysmorphic features. Spe-
cifically, there is no history of male-related infertility, can-
cer (other than the patient), or teeth abnormalities (given
the involvement of the amelogenin gene). The lack of a
phenotype associated with this duplication may explain
why this genetic variant has not been previously identi-
fied. We have analyzed more than 700 males using the
AmpF/STR Profiler reaction as part of bone marrow trans-
plant monitoring and have not previously observed an
unequal Y/X ratio in an apparently healthy male, suggest-
ing that this duplication is a relatively rare event.

An additional copy of the entire Y chromosome (XYY
syndrome) occurs in approximately 1 in 1000 newborn
males. Although the clinical phenotype is variable, many
XYY individuals are phenotypically normal and are never
diagnosed.?® Therefore, the lack of phenotype in these
brothers with a duplication of a portion of chromosome
Yp may not be surprising. Interestingly, it has been sug-
gested that a constitutional XYY genotype may be asso-
ciated with an increased risk for leukemia and lymphoma
in such individuals, but this is tenuous (previously re-
viewed?®). The finding of a male with lymphoma and a
duplication of only a portion of chromosome Yp may be of
interest to this ongoing controversy.

In conclusion, we believe that this is the first report
describing a constitutional duplication in the region of
chromosome Yp that includes AMELY, PRKY, and TBL1Y.
This region appears to be a hotspot for genetic events,
which can result in deletion, inversion, or duplication of
this region. From the literature and our observation, it
appears that these events do not result in an appreciable
phenotype. However, the resulting copy number
changes can result in incorrect interpretation of ameloge-
nin analysis. In this case, duplication of AMELY could
have lead to sex chromosome interpretation as XYY.
Deletions in the region containing AMELY result in such
individuals being falsely genotyped as female.®~® Both
duplication and deletion of AMELY can also result in
erroneous bone marrow engraftment analysis results. We
therefore recommend caution when using amelogenin
analysis for sex chromosome analysis or bone marrow
engraftment analysis. Sex chromosome abnormalities
identified by amelogenin analysis should be confirmed
by XY FISH and/or karyotyping. For bone marrow engraft-
ment analysis, the amelogenin pattern before transplant
of both the patient and donor should be analyzed closely.
As recommended previously,?” at least two loci should
be used for all analyses after transplant.
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