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Duplication of Chromosome lOp: Confirmation of Regional
Assignments of Platelet-Type Phosphofructokinase

S. SCHWARTZ,' M. M. COHEN,1 S. R. PANNY,1 J. H. BEISEL,' AND S. VORA2

SUMMARY

A proband, clinically thought to have trisomy lop, was found to have
an inverted duplication of lop [46,XY, inv dup(lO)(qter--
pl5.3::pl5 .3- pl 1. 1:)]. The phenotypic findings and cytogenetic ob-
servations were supported by relevant biochemical studies. The activity
of phosphofructokinase (platelet-type; PFKP), previously localized to
lop, and hexokinase-I (HKI), putatively on lop, demonstrated 153%
and 149% of control activity in the proband's fibroblasts. These gene-
dosage effects confirmed the clinical and cytogenetic observations as
well as the localization ofHKI to iOp. Additionally, phosphofructokinase
(PFK) and hexokinase (HK), which are control points in the glycolytic
pathway, were shown to be syntenic.

INTRODUCTION

We describe here a newborn infant manifesting features suggestive of trisomy
lop, a discernible clinical syndrome [1, 2]. Because of the initial difficulties
encountered in the cytogenetic identification of the de novo chromosomal ab-
normality in this patient, biochemical and immunochemical analyses of the iso-
zymes of two key glycolytic enzymes assigned to chromosome 10 were performed
[3 -5] (i.e., platelet-type phosphofructokinase [E.C.2.7. 1. 1 1; PFKP], localized

Received January 13, 1984; revised March 5, 1984.
This work was supported by grant PMA-27-0704-FF-2A from the State of Maryland Department

of Health and Mental Hygiene (M. M. C), grant AM33445 from the National Institutes of Health,
and grants from the Muscular Dystrophy Association and the March of Dimes Birth Defects Foundation
(S. V.). S. V. is the recipient of a Research Career Development Award (K04-AM-01260) from the
National Institute of Arthritis, Diabetes, Digestive and Kidney Diseases.

1 Division of Human Genetics, Departments of Obstetrics/Gynecology and Pediatrics, University
of Maryland, School of Medicine, Baltimore, MD 21201.

2 Divisions of Biochemistry and Hematology, Department of Basic and Clinical Research, Scripps
Clinic and Research Foundation, La Jolla, CA 92037.
C 1984 by the American Society of Human Genetics. All rights reserved. 0002-9297/84/3604-0003$02.00

750



DUPLICATION OF CHROMOSOME 1 0p
to lOp [6], and hexokinase-I [E.C .2.7. 1.1 .; HKI], whose regional assignment is
still controversial [7, 8]).
Human PFK is under the control of three structural loci that encode for M

(muscle-type), L (liver-type), and P (platelet-type) subunits, which are differentially
expressed by various tissues; cultured fibroblasts express all three subunits with
P and L types predominating [9, 10]. Random tetramerization of these subunits
produces various homo- and heterotetrameric isozymes that are distinguishable
from one another by ion-exchange chromatography and subunit-specific antibodies
[9, 10].
Three distinct monomeric forms of HK (HK I-IlI) have been described in

mammalian tissues that exhibit unique electrophoretic, chromatographic, and
kinetic-regulatory properties [11]. The liver-specific, high Km glucokinase has
also been designated as HKIV; however, several lines of evidence indicate it to
be a distinct isozyme (E.C.2.7.1.2) under separate genetic control. In contrast
to mammalian PFK, the molecular and genetic basis for the multiplicity of mam-
malian HK is not known [1 1, 12].

Biochemical studies of the cultured fibroblasts from our patient revealed gene-
dosage effects for both enzymes. Additional immunochemical studies of PFK
isozymes strongly suggested that the increased enzymatic activity was secondary
to a specific increase in the P subunit. The gene-dosage effects demonstrated by
both PFKP and HKI activities suggested a duplication of lop in this infant.
Furthermore, these results also indicate that HKI is located on chromosome lop,
and, thus, these two control points of the glycolytic pathway [13] are syntenic.

CLINICAL REPORT

The proband, a Caucasian male of 31.5 weeks gestation, was delivered precipitously
to unrelated parents (father's age 34; mother's age 30) because of occult cord prolapse
and fetal distress. Birth length was 41 cm (25-50th percentile); birth weight was 1,620
g (50-75th percentile); occipitofrontal circumference was 30 cm (50-75th percentile).
Examination revealed coarse facies, an 8-9-cm occipital cranial defect, a cephalohematoma,
and low-set, posteriorly rotated ears. Limb anomalies included: bilateral congenital hip
dislocation (the adductors were not tight with an acetabular index < 30 degrees), bilateral
metatarsus adductus, hands held flexed at the wrist, and bilateral clinodactyly. There was
chordee with hypospadius, bilateral cryptorchidism, bilateral inguinal hernias, and a deep
sacral dimple. Neurological abnormalities noted in the neonatal period included: central
hypotonia, peculiar jerking movements, spontaneous clonus of the upper limbs, motor
dysfunction of the fourth and fifth fingers, and possible seizure activity. An EEG was
abnormal, indicating bilateral involvement of the midtemporal areas. Hearing impairment
was evident (50-decibel hearing loss in the left ear, 35-decibel loss in the right ear), as
were bilateral optic atrophy and wandering eye movements. Also in the neonatal period,
the proband demonstrated hypocalcemia, hyperbilirubinemia, hypotension, hypothyroidism,
and lactose intolerance. A grade II/VI blowing systolic murmur and cardiomegaly were
present; echocardiogram revealed the presence of a membrane within the left atrial cavity
in addition to a moderately large atrial-septal defect.

He was hospitalized for bronchiolitis at age S months and developed pneumonia. At
this time, signs of developmental delay were also apparent. Three months later he died
of congestive heart failure.

Family history is positive only for mild metatarsus adductus on both sides; the proband's
parents and half-sister were normal.
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MATERIALS AND METHODS

Cytogenetics

Chromosomal preparations were obtained from both phytohemagglutinin-stimulated
lymphocytes and cultured skin fibroblasts of the proband and from lymphocytes of both
parents. Prometaphase chromosomes were prepared from synchronized fibroblast cultures
using a modified amethopterin technique [14, 15]. Banding was achieved by a modified
GTG procedure [16] and C-banding of fibroblast chromosomes by using a modified Ba(OH)2
procedure [17].

Fibroblast Cultures

Four normal human diploid fibroblast strains were established from skin biopsies of
controls. The proband's skin fibroblasts were designated FB KB, while FB 88 was a
fibroblast cell strain from an individual known to possess an inherited duplication of 10p
[(46,XX, -14, + der(l0),t(10;14)(ql 1 .23;ql 1.2)] [6]. Cells were harvested when cultures
became approximately 80% confluent and were counted by the standard hemocytometer
method.

Preparation of Cell Extracts

The harvested cells were washed three times in chilled phosphate-buffered saline, pH
7.4, and pelleted. Approximately 200 .1A of chilled cell lysis buffer [50 mM potassium
phosphate buffer, pH 8.0, containing 5 mM EDTA, 5 mM (NH4)2SO4, 0.6 mM AMP, 3
mM dithiothreitol, 0.6 mM fructose 6-phosphate, and 10 mM KF] was added. The cells
were disrupted by sonication (three 10-second bursts) using a Branson sonifier (model
185) at 30 W, followed by centrifugation at 10,000 g for 10 min. Supernatants were used
for the enzymatic assays and the immunoprecipitation and chromatographic studies to
determine PFK isozymic profiles and for protein determination.

PFK and HK Activity Assays

PFK activity assays were performed with a Gilford model 260 spectrophotometer at
26°C as described [9]. One unit of PFK was defined as the amount of enzyme needed to
convert 1 ,umol of fructose 6-phosphate to fructose-1,6-diphosphate in 1 min. HK assays
were performed in a final volume of 1.0 ml of 50 mM Tricine buffer, pH 8. 1, containing
5 mM ATP, 12.5 mM MgCl2, 2 mM glucose, 0.5 mM NADP, 1 mM dithiothreitol, and
0.2 U glucose-6-phosphate dehydrogenase; from the blanks, either glucose or HK was
omitted. The reduction of NADP was monitored for 15-20 min at 340 nm. All assays of
fibroblasts were performed in duplicate on extracts freshly made as described above. The
proband's fibroblasts were always investigated concurrently with two of the four normal
human diploid fibroblast strains from the pool serving as controls. In addition, FB 88,
exhibiting both trisomy 10p as well as a gene-dosage effect for PFK activity, was also
concurrently studied to provide a positive control. The enzyme activity of fibroblasts was
expressed as U/10'0 cells as well as mU/mg protein.

Subunit-Specific Antibodies to the PFK Subunits

Production and characterization of mouse monoclonal antibodies against the M and L
subunits, and a mouse antiserum against the P subunit of PFK have been described in
detail [6, 17].

Enzyme Immunoprecipitation ofPFK Isozymes

Enzyme precipitation studies using all three types of antibodies were performed by the
immunoprecipitation assay technique described [18]. Briefly, the diluted (1:200) monoclonal
antibody-bearing ascites (anti-M or anti-L) or anti-P antiserum (1:64) was mixed with
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diluted cell extract (0.06 U/ml); the control tubes contained diluted nonimmume mouse
serum. The mixtures were incubated, and the soluble antigen-antibody complexes were
precipitated by staphylococci-bearing protein A. The supernatants were assayed for residual
enzyme activity: only precipitation values greater than 7% of the concurrent controls were
considered significant [6]. Each fibroblast extract was tested in duplicate on at least two
separate occasions.

Chromatographic Separation ofPFK Isozymes

PFK isozymes from the FB KB fibroblasts were resolved chromatographically on a
DEAE-Sephadex A-25 column as described [9, 10].

Protein Determinations

These were performed according to Lowry et al. [19] using bovine serum albumin as
a standard.

RESULTS

Cytogenetics
In the proband, the metaphases studied (both lymphocytes [25 counts] and

fibroblasts [50 counts]) demonstrated a modal number of 46 chromosomes with
one chromosome 10 having an elongated short arm (lOp +). Interpretation of the
G-banded karyotype was compatible with an inverted tandem duplication of almost
the entire 10p (fig. 1), and was designated as [46,XYinv dup(10)
(qter-p15.3::p15.3--p11.1:)]. C-banding indicated but a single positive region
in this abnormal chromosome. Both parents were found to have normal chro-
mosomes.

Enzyme Activities in Fibroblasts

PFK activity of the proband's fibroblasts was 669.38 U/1010 cells or 85.0 mU/
mg protein, compared with 379.65 U/1010 cells or 55.3 mU/mg protein in control
fibroblasts (table 1). In relative terms, PFK activity was 176% and 153% of the
control fibroblasts when expressed on a per cell basis and on a per mg protein
basis, respectively. This increase in PFK activity was comparable to that observed
in concurrently tested known trisomy 10p cells (FB 88) [6]. Similarly, the HK
activity levels were 135% and 149% of the control values when expressed on a
per cell basis and on a per mg protein basis, respectively. Fibroblasts from the
proband's parents were not available for study.

Subunit-specificity ofAnti-PFK Antibodies
Each of the three antibodies exhibited strict subunit-specificity (i.e., anti-M,

anti-L, or anti-P). Since a given antibody reacts with its respective subunit,
whether contained within a homo- or heterotetramer, it precipitates all the tetrameric
isozymes (intraspecific and interspecific) that contained at least one of the respective
human subunits. Thus, anti-P antiserum precipitates not only P4 isozyme, but
also P3L, P2LM human isozymes, etc.

Enzyme Immunoprecipitation Studies

Table 2 lists the precipitation values of PFK from normal and FB KB fibroblasts
with all three types of antibodies. The anti-P and anti-L antibodies precipitated
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DUPLICATION OF CHROMOSOME 10p

TABLE 1

PFK AND HK ACTIVITY VALUES OF THE PROBAND'S FIBROBLASTS

CELL PFK ACTIVITY HK ACTIVITY
STRAIN U/101° cells mU/mg protein U/10'0 Cells mU/mg protein

Proband* ...... 669.38 +50.25 85.0 ± 16.0 118.1 ± 9.81 15.6 ± 4.3
Controist ...... 379.65 ± 81.33 55.3 ± 18.0 87.0 ± 12.95 10.5 ± 2.2

NOTE: Data are mean + SD. U = units.
* Five independent investigations on the proband's fibroblasts.
t Ten independent observations on four different control fibroblast cell lines.

DISCUSSION

Including the present proband, 40 cases of 10p duplication have been reported
(for review, see [1, 2]). Although some phenotypic variation is apparent, these
cases demonstrate a relatively specific MCA/MR syndrome. The major clinical
findings include: severe mental, developmental, and growth retardation; a char-
acteristic facies; central nervous system, ocular, renal, and genital abnormalities;
and congenital heart disease. Skeletal anomalies found in this syndrome include:
congenital hip dysplasia, flexion deformities of the hands and fingers, and clubfoot.
Although our patient did not manifest all the typical facial features of trisomy
10p at birth, he did have a number of other malformations associated with the
syndrome.
Of the 39 previously reported cases of trisomy 10p [1, 2], 33 resulted from

malsegregation of familial translocations, two were due to familial pericentric
inversions [20, 21]; two resulted from de novo translocations [22, 23]; one was
due to a de novo partial duplication of 10p [46,XX,dup(lOp)(pter-)
pl2::pl2::pl2--qter)] [24]; and one was due to a supernumerary chromosome
composed of 10p material [25]. Our proband represents only the second case
with a de novo duplication, and the first with an inverted tandem duplication of
the entire short arm of chromosome 10 [46,XY,inv dup(10)(qter-*
pl5.3::pl5.3-+pl1.1:)]. However, due to the inherent difficulties encountered
in the identification of de novo chromosomal rearrangements, confirmation of
the 10p duplication was attempted utilizing biochemical methods.

TABLE 2

IMMUNOPRECIPITATION VALUES OF PFK FROM THE PROBAND'S FIBROBLASTS

Cell strain Anti-M Anti-L Anti-P

Proband* ..... 0 59.09 + 4.95 85.29 ± 2.55
Controlst ..... 18.97 ± 10.44 69.09 ± 12.49 81.3 ± 13.43

NOTE: Data are mean + SD. Values given are the percent of enzyme activity precipitated as compared to the
control; each value represents the average of duplicate determinations on three separate occasions.

* Mean value from three independent investigations on the proband's fibroblast cell lines.
t Mean value from three independent observations on the three control fibroblast cell lines.
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Gene-dosage effects for those enzymes definitively or presumptively localized
to lop were studied. Vora et al. [6] recently assigned the locus for the platelet-
type isozyme of PFK to the short arm of chromosome 10 using both somatic cell
hybrids and gene-dosage studies. In a cell line (FB 88) bearing a duplication of
chromosome lop (pter--cen), these authors demonstrated PFK activity values
180% of normal. Since normal human fibroblasts express all three PFK subunits
with the platelet-type predominating, the gene-dosage effect in FB 88 was con-
sidered to result from a specific increase in the platelet-type PFK.

In contrast to PFKP, the regional assignment of human HKI, the only isozyme
expressed in fibroblasts [3] and the major form (-90%) expressed in red cells
[26], is still controversial [7]. Initial studies, using somatic cell hybrids, assigned
HKI to chromosome 10 [3] with further regional assignment to lOpter-+lOq24
[4]. Since then, a number of investigators have reported a gene-dosage effect for
HK in either red cells or fibroblasts of patients exhibiting various aberrations of
chromosome 10 (see table 3). The results of these studies have been conflicting
at best. In general, most suggest a long chromosomal region (lOpter-4Oq24) as
the likely site of HKI [4, 25, 27]. However, Dallapicolla's studies [22, 28] local-
ize this gene to a very short segment of the short arm of chromosome 10. This
assignment of HKI is contradicted by two studies: Rochon et al. [29] reported
the locus to be in lOpll ->l0q24, and Gitelman and Simpson [7] reported it to
be in lOpil-l40q23. Junienetal. [30] localizedHKIto lOpter-lOq23 butbelieved
that the gene may actually lie in band 10q23. We reasoned, therefore, that the
demonstration of a gene-dosage effect for HKI in our patient might help resolve
this controversy. In addition, such studies may also establish linkage between
PFKP and HKI.

Enzymatic study of the proband's fibroblasts (FB KB) demonstrated approxi-
mately 50% increments in the activities of both PFK and HK (table 1). The
immunochemical studies strongly suggest that the increment in PFK activity
resulted from a specific increase in the P subunit. As previously demonstrated
with another trisomy lOp cell strain (FB 88) [6], fibroblasts of the proband showed
a nearly total lack of PFKM expression (table 2) and a normal isozymic profile.

TABLE 3

PUBLISHED ASSIGNMENTS FOR HKI TO HUMAN CHROMOSOME 10

Author/Reference Method Cell type Chromosome/Region

Shows (1974) [3] .................... SCH FB Chromosome 10
Chern (1976) [4] ..................... SCH FB l0(pter-*q24)
Sparkes et al. (1978) [27] ....... ...... GDE RBC l0(pter-*q23)
Turleau et al. (1979) [25] ....... ...... GDE RBC l0(pter-*q24)
Rochon et al. (1979) [29] ....... ...... GDE RBC 10(p1l->q24)
Junien et al. (1979) [30] ....... ....... GDE RBC l0(pter-sq23);10q23?
Dallapicolla et al. (1979) [22] ......... GDE RBC I0(pter-spl2)
Dallapicolla et al. (1981) [28] ......... GDE RBC 10(pter-*p13)
Gitelman and Simpson (1982) [7] ...... GDE FB lO(pl 1-q23)
Present study (1983) ......... ......... GDE FB 10(pter-*cen)

NOTE: SCH, somatic cell hybrid; FB, fibroblasts; GDE, gene-dosage effect; RBC, red blood cell.
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The apparent lack of a specific increase in the P subunit results from both the
inherent limitation of immunoprecipitation technique, which does not detect the
absolute amount of the P subunit but only the P-containing isozymes, as well as
from the natural predominance of the P subunit in cultured fibroblasts [10]. The
latter fact results in a lack of observable increases in the P and P-containing
isozymes in the patient's fibroblasts, despite a quantitative increase in total PFK
activity. Since our proband has a duplication of almost the entire short arm of
chromosome 10 (i.e., pter->pl 1. 1), the dosage effect for HK (in FB KB) cor-
roborates the studies of Dallapicolla et al. [22, 28], suggesting that the most
likely assignment of HKI appears to be in lOpter-> l0p1p3 [22].

Thus, our data indicate that the loci for both PFKP and HKI are located on the
short arm of chromosome 10. Since PFK and HK represent the primary and
secondary control points of the glycolytic pathway [13], their synteny is of special
significance. It is conceivable that their physical proximity on 10p may be involved
in their coregulation in a number of pathophysiological states. For instance, in
the experimental rat carcinomas, a specific expression of the isozyme pattern of
HK, PFK, and pyruvate kinase (PK) is seen which is considered to be conducive
to accelerated glycolysis [31], a characteristic of neoplasia [32]. A similar hy-
pothesis has been suggested with respect to both orotate phosphoribosyltransferase
and oritidine-5 '-phosphase, which catalyze the conversion of orotic acid to uridine-
5'-phosphase. Both enzymes demonstrate reduced activities in the hereditary
orotic aciduria type I [33]. The studies performed on this patient clearly illustrate
the successful integration ofbiochemical and cytogenetic methodologies to elucidate
unresolved basic and clinical questions.
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The program and abstracts for the society's Annual Meeting are now being
published as a supplement to the July issue of The American Journal of
Human Genetics. This obviates the need to publish the material a second
time in the November issue, as was previously the custom.

All members and all other subscribers to the Journal will receive this sup-
plement. It is anticipated that the regular July 1984 issue will be mailed at
the second-class rate in mid-August. The supplement will be mailed at the
third-class bulk rate at the same time. The volumes should arrive within
one to two weeks of each other.

All members planning to attend the 1984 Annual Meeting in Toronto
should bring the supplement. Separate offset programs will NOT be avail-
able in Toronto, and a charge will be levied for replacement copies of the
supplement.

Nonmembers who register for the meeting may pick up the supplement on
site in Toronto (cost included in registration fee).
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