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Summary. Cytogenetic and molecular techniques were 
employed to determine the origin of marker  chromo- 
somes in five patients with mosaic 45,X karyotypes.  The 
markers  were shown to be derived f rom the X chromo- 
some in three female patients and f rom the Y chromo- 
some in one female and one male.  One of the female pa- 
tients, with a very small, X-derived ring chromosome,  
had additional phenotypic abnormalit ies not typically as- 
sociated with Turner  syndrome. In this patient,  both  the 
ring and the normal  X chromosomes replicated early; 
perhaps  the unusual phenotype  is the result of both chro- 
mosomes  remaining transcriptionally active. These stud- 
ies illustrate the power of resolution and utility of com- 
bined cytogenetic and molecular approaches to some 
clinical cases. 

Introduction 

Only slightly more  than half of the patients with Turner  
syndrome are monosomic for the X chromosome (Fryns 
et al. 1983). Most of the remaining patients have a struc- 
turally abnormal  X chromosome or a mosaic karyotype 
where the second lineage of cells may contain a structur- 
ally normal  or abnormal  sex chromosome.  It  is impor-  
tant to search for a second cell populat ion and determine 
its composition because female individuals with a Y chro- 
mosome  and gonadal dysgenesis have about  a 20% risk 
of developing gonadoblas toma (Verp and Simpson 1987; 
Page 1987). Page has postulated that this predisposition 
depends on the presence of sequences that map to the 
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centromeric  region or long arm of the Y chromosome 
(Page 1987). Individuals without a Y chromosome are 
not at increased risk. 

If  the second cell populat ion contains a small, struc- 
turally abnormal  chromosome (a marker  chromosome) ,  
its identity often cannot be determined without ambigu- 
ity by classical cytogenetic methods.  In these cases cur- 
rent medical practice would dictate removal  of the indi- 
vidual 's gonads (Verp and Simpson 1987). However ,  
using a combination of cytogenetic and molecular tech- 
niques, it should be possible to characterize any marker  
and avoid this surgical procedure  when only X chromo- 
somal material  is present.  

We have taken such a combined approach to deter- 
mine the origin of  the marker  chromosome of five pa- 
tients, four females and one male,  who had mosaic 45,X 
karyotypes.  Three of the four female patients had physi- 
cal characteristics usually associated with Turner  syn- 
drome.  However ,  one of the female patients,  in addition 
to some of the typical Turner  stigmata, had developmen- 
tal delay and dysmorphic features. He r  phenotype  may 
be the result of two active copies of sequences around 
the X centromere  that are usually inactive on the late re- 
plicating X chromosome.  

Materials and methods 

Patients studied 

Patient i was a 32-year-old participant in a donor egg program de- 
signed to help women with Turner syndrome have children. She 
had primary amenorrhea and was 4 feet 6 inches tall with full 
breast development, normal female external genitalia and Tanner 
IV pubic hair and no other Turner stigmata were noted. She never 
received hormone replacement but was treated for hyperthyroid- 
ism. Reportedly, a previous cytogenetic study done elsewhere had 
found only a 45,X cell population. 

Patient 2 was born at 38 weeks gestation by Cesarean section 
performed for fetal distress. She did not respire spontaneously and 
required resuscitation for meconium aspiration. Her weight, length, 
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and head circumference were all at the tenth percentile. Her exter- 
nal genitalia were those of a female. She exhibited several charac- 
teristics of Turner syndrome, including a narrow high arched pa- 
late, micrognathia, excessive nuchal skin, edematous hand and 
feet, hyperconvex nails, an atrophic right kidney, and an enlarged 
left kidney with a double collecting system. She also possessed sev- 
eral facial features atypical of Turner syndrome, including marked 
hypertelorism, frontal bossing, a large crimson glabellar heman- 
gioma, a broad nasal bridge, a small nose, and long philtrum. Her 
heart defects, namely a small ventricular septal defect, patent fora- 
men ovale, and patent ductus arteriosus, are also not typical of 
Turner syndrome. She had bilateral simian creases. Her growth 
and development have been delayed. By 9 months her weight and 
length had fallen significantly below the fifth percentile. At 14 
months, she was unable to sit without support and had little lan- 
guage development. 

Patient 3 was examined at 14 months when her height and 
weight were below the fifth percentile. She had puffy hands and 
feet, a low posterior hairline, and prominent auricles. No other ab- 
normalities were noted, and signs of cardiac or renal abnormalities 
were absent. A structure that was thought to be a uterus was seen 
on ultrasound examination, and her genitalia were normal. She 
had met all developmental milestones at the appropriate times. 

Patient 4 was an 18 year old with normal female external 
genitalia, but primary amenorrhea. Her physical findings included 
short stature, excessive nuchal skin, widely spaced nipples, and 
mild obesity. A pelvic sonogram failed to detect a uterus or ova- 
ties. Her intellectual development was not assessed, but she at- 
tended normal schools. 

Patient 5 was first evaluated 2 years of age for short stature. He 
was found to have a short neck, hypogonadism, and a systolic 
heart murmur. At 13 years his height, weight, and head circumfer- 
ence were all well below the fifth percentile. He had no dysmor- 
phic features other than mild webbing of the neck. His external 
genitalia were normal for a prepubertal male. His early develop- 
ment was described as normal by his parents, but he now attends 
special education classes. 

Results 

In  each of these five pat ients ,  cytogenet ic  analysis of 20 
to 35 G - b a n d e d  cells revealed  a l ine with cells that  con- 
ta ined  one norma l  X ch romosome  and  a marke r  or ring 
chromosome (Fig. 1). Cells with a 45,X karyotype  were 
present  at f requencies  f rom 0% to 90% (Table  1). In  pa- 
t ients 1, 2, and  3 the abno rma l  ch romosome  appeared  to 
be a ring. The  ring in pa t ient  2 was quite small  (smaller  
than a G group chromosome) ,  while the ring chromo-  
somes in pat ients  1 and  3 were larger ( larger than  or 
equal  in size to a G group chromosome) .  The  marke r  
ch romosome  in pa t ient  5 was very small  bu t  was proba-  
bly a r ing in light of the presence  of larger rings in some 
cells. The markers  of pat ients  1 and  3 were dully fluores- 
cent  after qu inacr ine  staining,  and  all four of these mark-  
ers (pat ients  1, 2, 3, and 5) had a single site at the centro-  
mere  that s tained positively after C-banding .  A l though  
rout ine  cytogenet ic  studies excluded the presence  of the 
bri l l iant ly f luorescent  end  of the Y ch romosome  long 
arm (Yql2 ) ,  they failed to identify positively the origin 
of any of these four ring chromosomes .  

The  marke r  ch romosome  of pa t ien t  4 was approxi-  
mate ly  the size and  shape of a G-group  chromosome,  
bu t  it did no t  have the characterist ic G - ba nds  of the Y 
ch romosome  (Fig. 1). The  band ing  pa t t e rn  of the marke r  
suggested that  it might  be an isodicentric Y ch romosome  
with two copies of Yp and proximal  Yq bu t  no  copy of 
distal Yq [ id i c (Y) (q l l . 2 ) ] .  Q- and C-band ing  results 

Cytogenetic and molecular studies 

Peripheral blood samples were obtained from each patient and 
used to prepared chromosomes and DNA. Lymphocytes from pa- 
tients 2, 3 and 4 were transformed by Epstein-Barr virus, and these 
lymphoblastoid cell lines were used when indicated. Chromosome 
preparation, Giemsa-banding, quinacrine staining, and C-banding 
were performed using standard techniques. Replication studies 
were performed on lymphoblastoid cell lines using continuous 5- 
bromodeoxyuridine (BrdU) labeling for 5.5h and differential 
staining by Giemsa (Verma and Babu 1989). DNA extraction and 
Southern hybridization were carried out as previously described 
(Yang-Feng et al. 1985). The methods for in situ hybridization 
using tritiated (Yang-Feng et ah 1985) and biotinylated (Cremer et 
ah 1988; Lichter et ah 1988) probes have also been described. 

One probe for the X chromosome, XC, was employed in these 
studies. It is a 2-kb BamHI fragment composed of alphoid se- 
quences unique to the X chromosome centromere (Yang et al. 
1982; Jabs and Persico 1987). The remaining probes detect se- 
quences on the X and the Y or just the Y chromosome. YC is a 1.2- 
kb HindIII fragment of alphoid sequences from the Y chromo- 
some centromere (Jabs et al. 1989). The probe hYfin is a 1.3-kb 
eDNA for the zinc finger Y chromosome gene (ZFY) (Lau and 
Chan 1989), which hybridizes with 3.5-kb EcoRI fragment from 
the short arm of the Y chromosome and a 1.8-kb EcoRI band from 
the short arm of the X chromosome (Page et ah 1987a). This se- 
quence maps to within 250kb of SRY, the putative sex determin- 
ing gene on the Y chromosome (Sinclair et al. 1990; Page et al. 
1990). The probe pDP230 (DXYS20) is a 2.2-kb HindIII fragment 
and detects highly repetitive pseudoautosomal sequences (Page et 
ah 1987'o). Many of the other Y probes used to characterize the 
idic(Y) of patient 4 are described in Table 3. 

Fig.1. Partial karyotypes from each of the five patients showing 
chromosomes 21 and 22 for size reference and the X and the mark- 
er (mar) chromosomes. The numbers to the left of each row refer 
to the patient number 



Table 1. Patient data 

Patient Age External genitalia Clinical features Karyotype 
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1 32 years Normal adult female Some Turner stigmata 

2 4 months Normal prepubertal female Turner stigmata 
14 months Developmental delay, growth delay 

3 14 months Normal prepubertal female Some Turner stigmata 

4 18 years Normal adult female Turner stigmata 

5 2 years Male, small testicles Short, microcephaly 
13 years Normal prepubertal male Short, small, webbed neck 

45,X/46,X,r(?) 10% 

45,X/46,X,r(?) 85% 

45,X/46,X,r(?) 35% 

45,X/46,X,?idic(Y) (ql 1.2) 60% 

46,X,mar or r(?) 
45,X/46,X,mar or r(?) 70% 

Table 2. Analysis of markers. ND, Not done 

Patient Cytogenetic Molecular 

Q-banding C-banding Southern hybridization In situ hybridization 

XC YC hyfin 

1 Yq12 absent + at centromere + - - 

2 ND + at centromere + - - 
3 Yql2 absent + at centromere + - - 

4 a Yq12 absent Two sites with centromeric pattern + + + 

5 ND + at centromere ND + + 

ND 
+ with biotinylated and tritiated XC 
+ with biotinylated and tritiated XC 

Two sites with tfitiated hyfin and pDP230 

+ with tritiated YC 

a Other Southern hybridization results are given in Table 3 

Fig. 2. Southern blot analysis of patient DNA (1-5) digested with 
EcoRI and hybridized to hYfin. Control DNA from a female (F) 
has a single 1.8-kb band representing the ZFX locus on the X chro- 
mosome. Control DNA from a male (M) has the 1.8-kb band in 
addition to the 3.5-kb band representing the ZFY locus on the Y 
chromosome. Only patients 4 and 5 have the Y-specific band 

were consis tent  with this in te rpre ta t ion .  The  marke r  did 
no t  f luoresce br i l l iant ly  as would  be  expected of b a n d  
Yq12. Two sites s ta ined posi t ively after  C-band ing  indi- 
cating the presence  of two cen t romeres ,  one  of which,  
wi thout  the usual  cen t romer ic  constr ic t ion,  is p resuma-  
bly inactive.  

Molecular  studies were u n d e r t a k e n  to establ ish the 
ident i ty  of the marke r  ch romosomes  in the cases where  
classical cytogenet ic  me thods  failed to do so and  to con- 

Fig. 3. Metaphase spread from lymphocytes of patient 2 after in 
situ hybridization with biotinylated XC. Hybridization signals (ar- 
rows) are present over both the X chromosome and the ring 

firm and  define the na tu re  of the c h r o m o s o m e  thought  
to be isodicentric.  The  D N A  of pa t ients  1, 2, and  3 dis- 
p layed ident ical  pa t t e rns  of Sou the rn  blots hybr id ized to 
probes  for the X and  Y chromosomes .  Each  hybr id ized 
to XC,  a p robe  for the cen t romer ic  region  of the X chro- 
mosome ,  as expected since each con ta ined  a n o r m a l  X 
ch romosome  (data  no t  shown,  Tab le  2). However ,  n o n e  
of the three  hybr id ized to YC,  a p robe  for the  Y-chro-  
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Fig. 4. Row of marker chromosomes from lymphoblastoid cells de- 
rived from patient 4, after in situ hybridization with tritiated hYfin. 
Either the short arm or the distal end of the long arm of the marker 
is labeled; the last marker chromosome (right) is labeled at both 
sites 

mosome cent romere  (data not shown, Table 2), and 
each had patterns characteristic of females in that the Y- 
specific band was absent when hybridized to hYfin, a 
probe with homologies to X and Y chromosome sequences 
(Fig. 2). These results strongly suggest that each of these 
markers  is derived f rom an X chromosome.  

The X-chromosome origin was verified in the case of 
patients 2 and 3 by in situ hybridization of biotinylated 
XC to lymphocytes (Fig. 3). For patient 2, of a total 99 
interphase cells that were scored, 42 (42%) had a single 
hybridization signal, while the remaining 57 cells (58%) 
each had two sites. The percentage of cells (58%) with a 
marker  (two hybridization sites) differed from the figure 
(85%) obtained in the study of Giemsa-banded cells (Ta- 
ble 1). This is very unlikely due to the hybridization pro- 
cedure as 35 of 35 metaphase  cells and 99 out of 100 in- 
terphase cells f rom a normal  control female scored re- 
vealed two hybridization sites. Since cells with the ring 
may have been selected in the chromosomal  analysis, the 
percentage f rom the hybridization analysis may be more 
accurate. For  patient  3, of  108 interphase cells scored, 69 
(64%) had one hybridization signal and 39 (36%) had 
two. Although metaphase cells were not scored, the probe 
clearly hybridizes with the rings in both patients. When 
tritiated XC was hybridized to lymphoblasts established 

f rom patients 2 and 3, nearly every ring was covered with 
grains (data not shown). 

The Southern hybridization patterns of D N A  from 
patients 4 and 5 identified their markers  as abnormal  Y 
chromosomes.  Both hybridized to YC (data not shown, 
Table 2), and each had the 3.5-kb EcoRI  fragment  that 
hybridizes to hYfin and is specific for the Y chromosome 
(Fig. 2). In situ hybridization studies confirmed these 
findings. Lymphocytes  f rom patient 5 were hybridized 
with tritiated YC. Nearly every marker was heavily labeled 
with grains (data not shown), proving that Y sequences 
are present in the marker  chromosome.  Lymphoblasts  
established from cells of patient 4 were hybridized with 
tritiated hYfin and pDP230. For the probe hYfin, analy- 
sis of 47 cells that contained the marker  chromosome re- 
vealed that 8 of 78 (10%) grains were over the marker  
chromosome and 7 grains (9%) were at band p21 of the 
X chromosome.  These grains labeled either the short 
arm or the end of the long arm; one marker  had grains 
at both ends (Fig. 4). After  in situ hybridization with 
pDP230, both ends of every marker  chromosome scored, 
as well as the distal region of Xp, exhibited clusters of 
grains (data not shown). Finally, D N A  from patient 4 
was hybridized with a bat tery of probes for the Y chro- 
mosome that recognize loci spanning its entire length. 
Every sequence except one that maps to the most distal 
band of the long arm (Yql2)  was present (Table 3). 
Thus, the marker  is an isodicentric chromosome contain- 
ing Yp through Yq l l . 2 ,  as its banding pat tern suggested. 

Because the phenotype of patient 2 seemed unusual 
given her karyotype,  replication studies were perform- 
ed. Lymphocytes  could not be obtained for study, but a 
lymphoblastoid cell line that had been established by 
Epstein Barr  virus transformation of her lymphocytes 
was available. Lymphoblastoid cells f rom a female with 
two normal  X chromosomes served as a control. The 
ring chromosome of patient 2 stained darkly in 50 of 50 

Table 3. Y-DNA analysis of case 4 [idic(Y)] by Southern blot hybridization a 

Interval b DNA hybridization probes Reference 

Probe/locus Stringency ~ 

Presence (+) or absences ( - )  of 
Y-specific restriction fragments 

Case 4 Normal Normal 
male females 

1AIA pDP1225 (SRY) H Page et al. (1990) + + 
1A1B pDP1056 (RPS4Y) H Fisher et al. (1990) + + 
1A2 pDP1007 (ZFY) H Page et al. (1987a) + + 
3 50f2/A, B M Guellaen et al. (1984) + + 
3 pDP105/A H D.C. Page, unpublished + + 
4B 50f2/D M Guellaen et al. (1984) + + 
4B pDP97 (DYZ3) H D.C. Page, unpublished d + + 
5 pDP527 H D.C. Page, unpublished + + 
6 50f2/E, C M Guellaen et al. (1984) + + 
7 pY431-HinfA (DYZ2) M K. Smith, unpublished - + 

m 

m 

m 

m 

m 

m 

m 

All probes were hybridized to EcoRI-digested human genomic DNAs 
b Vergnaud et al. (1986); Page (1986); Page et al. (1990): intervals 1 and 3 correspond to Ypll.3 and Ypll.2, respectively; 4B represents 
pericentromeric region; 5, 6 correspond to Yqll.2; 7 is the heterochromatic region of Yq (Yql2) 
c H, High stringency (hybridization at 47~ wash at 65~ M, medium stringency (hybridization at 42~ wash at 55~ 
a Probe derived from cosmid Y97 (Wolfe et al. 1985) 
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Fig. 5A, B. Replication patterns of 
the X chromosomes from lympho- 
blastoid cells of a female control 
(A) and patient 2 (B). Early re- 
plicating X chromosomes (Xe) 
stain darkly after the protocol 
while late replicating X chromo- 
somes (Xl) stain very lightly. The 
control has one late and one early 
replicating X chromosome. Both 
the normal X and the ring chromo- 
some (arrow) of patient 2 are early 
replicating 

cells with a ring after BrdU treatment,  which resulted in 
light staining of the late replicating X chromosome of the 
control in 48 or 50 cells (Fig. 5). Therefore,  the ring 
chromosome is not late replicating. 

Discussion 

Identification of marker  sex chromosomes is important 
for the clinical management  of phenotypically female pa- 
tients with a mosaic karyotype. Some studies have used 
G-11, C-banding, and distamycin A / D A P I  methods to 
distinguish the X from the Y chromosomes (Wisniewski 
and Hirschhorn 1982; Magenis and Donlon 1982). These 
techniques rely on differential staining of the centro- 
meric regions and do not always provide clearcut results, 
especially in the case of very small marker  chromosomes 
(Gemmill et al. 1987) or small ring chromosomes where 
the centromere cannot be seen for topological reasons. 
In contrast, molecular probes for the centromeres and 
other portions of the sex chromosomes offer more de- 
finitive characterization (Crolla and Llerena 1988). 

We have studied the marker  chromosomess of one 
male and four female individuals using both cytogenetic 
and molecular methods. One of the female patients and 
the male patient had abnormal Y chromosomes, an iso- 
dicentric and a ring, respectively. The female phenotype 
associated with the isodicentric is presumably a conse- 
quence of mosaicism for the marker  (Daniel 1985); a 
critical proport ion of cells in critical tissues lost the isodi- 
centric. The origin of this type of abnormal Y chromo- 
some, called a ynf (nonfluorescent Y), has been the sub- 
ject of some discussion in the literature (Daniel 1985). 
Our studies establish its isodicentric composition in this 
patient, as was found to be the case in a previous study 
of the three patients with ynf chromosomes (G~inshirt- 
Ahlert  et al. 1987). 

The remaining three female patients each had ring 
chromosomes derived from the X chromosome. Two of 
these individuals had classic features of Turner  syndrome 
(Rosenfeld 1989). They had ring chromosomes of inter- 
mediate size, not large enough to contain the entire X 
chromosome but large enough to contain a substantial 
portion of it. In contrast, patient 2 had a very small ring 
chromosome and atypical facial features and develop- 
mental delay, in addition to typical features of Turner  
syndrome. This unusual phenotype might be explained if 
the ring chromosome were transcriptionally active be- 
cause it lacked the inactivation center or centers on the 
X chromosome (Therman et al. 1979; Nakagome 1982; 
Brown et al. 1991). Replication studies of lymphoblasts 
indicated that the ring was active and supported this in- 
terpretation of the phenotype.  

This explanation has previously been invoked to ac- 
count for syndactyly, severe mental retardation, and coarse 
facial features in two individuals who were mosaic for 
ring X chromosomes (Kushnick et al. 1987). Approxi- 
mately 30% of the rings in these unrelated individuals 
were early replicating. While these two patients share 
some features with our patient such as significant mental 
retardation and some facial characteristics, other  find- 
ings like syndactyly were not present in our patient. The 
overlapping but different phenotypes might be recon- 
ciled if the assumption is made that rings, by necessity, 
have the same sequences near the centromeres but the 
breaks occurred in different places on the short and long 
arms. Thus, different parts of the X chromosomes are 
expressed at elevated levels. In addition, six other  pa- 
tients with mosaic 45,X karyotypes and small ring X 
chromosomes reported in the literature have demonstrated 
mental retardation and unusually severe growth retarda- 
tion as well as some other clinical features (Van Dyke et 
al. 1991). Although replication studies were not per- 
formed, lack of an inactivation center and early replica- 
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t ion  were p roposed  to account  for the pheno types  in 
these cases as well. 

A l though  the choice of molecular  probes  was obvious  
in these cases, the same genera l  approach could be em- 
ployed in cases where  cytogenet ic  analysis failed to iden-  
tify the origin of s u p e r n u m e r a r y  marke r  chromosomes .  
The  init ial  cytogenet ic  studies might  provide  in fo rmat ion  
abou t  the marke r  (for example ,  C -band  posit ive or nega-  
tive, satel l i ted or non-sa te l l i ted ,  etc.) that  would  nar row 
the possibili t ies to be  tested.  
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