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Abstract

Background: Previous case reports have suggested a pos-
sible association of congenital hyperinsulinism with Turner
syndrome. Objective: We examined the clinical and molecu-
lar features in girls with both congenital hyperinsulinism and
Turner syndrome seen at The Children’s Hospital of Philadel-
phia (CHOP) between 1974 and 2017. Methods: Records of
girls with hyperinsulinism and Turner syndrome were re-
viewed. Insulin secretion was studied in pancreaticislets and
in mouse islets treated with an inhibitor of KDM6A, an X chro-
mosome gene associated with hyperinsulinism in Kabuki
syndrome. Results: Hyperinsulinism was diagnosed in 12
girls with Turner syndrome. Six were diazoxide-unrespon-
sive; 3 had pancreatectomies. The incidence of Turner syn-
drome among CHOP patients with hyperinsulinism (10 of

1,050 from 1997 to 2017) was 48 times more frequent than
expected. The only consistent chromosomal anomaly in
these girls was the presence of a 45,X cell line. Studies of iso-
lated islets from 1 case showed abnormal elevated cytosolic
calcium and heightened sensitivity to amino acid-stimulat-
ed insulin release; similar alterations were demonstrated in
mouse islets treated with a KDM6A inhibitor. Conclusion:
These results demonstrate a higher than expected frequen-
cy of Turner syndrome among children with hyperinsulin-
ism. Our data suggest that haploinsufficiency for KDM6A due
to mosaic X chromosome monosomy may be responsible for
hyperinsulinism in Turner syndrome.
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Introduction

Turner syndrome is a common chromosomal disor-
der affecting 1 in 2,500 live female births that is caused
by mosaicism for complete or partial monosomy of the
X chromosome. In addition to classic phenotypic fea-
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tures, such as short stature and infertility, Turner syn-
drome is associated with an increased risk of autoim-
mune thyroiditis and glucose intolerance and diabetes
in adulthood [1-4]; the latter has been ascribed to im-
paired insulin secretion caused by haploinsufficiency of
unknown genes on the X chromosome [5, 6]. In addi-
tion to these acquired endocrine disorders, several cas-
es of congenital hyperinsulinism in girls with Turner
syndrome have been reported [7-11]. Congenital hy-
perinsulinism is a heterogeneous group of genetic dis-
orders of pancreatic insulin regulation and is the most
frequent cause of persistent hypoglycemia in infants
and children [12]. Children with some of these disor-
ders respond well to treatment with diazoxide, an acti-
vator of the beta-cell ATP-dependent potassium chan-
nel, KATP, that is encoded by ABCC8 and KCNJI11I on
the short arm of chromosome 11; however, cases with
KATP mutations that do not respond to diazoxide fre-
quently require pancreatectomy. The reports of hyper-
insulinism in girls with Turner syndrome have raised
the possibility that X chromosome anomalies might
also be associated with a risk of excessive insulin secre-
tion. Some reports have suggested that an overdosage
of X chromosome material due to the presence of a ring
X chromosome might be responsible for the hyperinsu-
linism in these cases [9].

The purpose of this report was to analyze the clinical
and molecular features of congenital hyperinsulinism of
12 girls with Turner syndrome who were seen at The
Children’s Hospital of Philadelphia (CHOP) between
1974 and 2017. In addition, studies of insulin secretion
were performed in 1 case of Turner syndrome using iso-
lated cultured islets obtained at pancreatectomy. Since in-
activating mutations of KDM6A, an autosomal X chro-
mosome gene, have been associated with hyperinsulin-
ism in Kabuki syndrome, we also studied insulin secretion
in rodent islets exposed to an inhibitor of KDM6A [13].
Our findings indicate that Turner syndrome occurs more
commonly than expected in children with congenital hy-
perinsulinism and that the mechanism may involve hap-
loinsufficiency for KDM6A on the X chromosome.

Methods

Subjects included children with congenital hyperinsulinism
and Turner syndrome who were referred to CHOP between 1974
and 2017. The diagnosis of hyperinsulinism was based on previ-
ously described criteria: fasting hypoglycemia accompanied by in-
adequate suppression of plasma insulin, inappropriately low plas-
ma beta-hydroxybutyrate and free fatty acid concentrations, and
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an inappropriate glycemic response to glucagon injection at the
time of hypoglycemia [12]. Diazoxide responsiveness was defined
by evidence that fasting hypoglycemia could be completely con-
trolled with diazoxide treatment at doses <15 mg/kg/day, as dem-
onstrated by maintaining plasma glucose concentration >70 mg/
dL for 12-18 h of fasting and developing appropriate hyperketo-
nemia (plasma beta-hydroxybutyrate >2 mmol/L) before plasma
glucose dropped to 50 mg/dL. The diagnosis of Turner syndrome
was based on clinical findings coupled with complete or partial
absence of 1 copy of the X chromosome [1].

Mutation Analysis

Genomic DNA was isolated from peripheral blood (5 PRIME,
Gaithersburg, MD, USA), saliva (Oragene DNA self-collected kit;
DNA Genotek, Kanata, ON, Canada), or pancreas (Qiagen, Hilden,
Germany). Coding sequences and intron/exon splice junctions for
8 genes known to be associated with hyperinsulinism (ABCCS,
KCNJ11, GLUDI, GCK, UCP2, HNF4A, HNFIA, HADH) were
amplified and directly sequenced on an ABI 3730 capillary DNA
analyzer (Applied Biosystems, Carlsbad, CA, USA). Sequences
were analyzed and compared with the published reference se-
quences. In addition, coding sequences and intron/exon splice
junctions for KDMG6A, an X chromosome gene known to be asso-
ciated with hyperinsulinism in Kabuki syndrome, were also ampli-
fied, directly sequenced, and analyzed as described above. Deter-
mination of the parental origin of the retained X chromosome was
performed using microsatellite markers.

Cytogenetics (SNP Array)

Genome-wide single-nucleotide polymorphism (SNP) array
analysis, including mosaicism estimation, was performed as previ-
ously described [14] using Illumina 550k V3 (cases 1-5) and Illu-
mina OmniExpress-8-EXOME arrays (pancreatic DNA from case 3,
and case 7) (Illumina, San Diego, CA, USA). SNP arrays were done
clinically for cases 6, 8, 11, and 12. Cytogenetic (G-banding) analysis
was performed by a clinical cytogenetics laboratory (cases 7, 9, 10).

Human Islet Studies

Pancreatic islets were isolated as described previously [15]. Af-
ter 2 days of culture in RPMI 1640 with 5 mM glucose and 10%
fetal bovine serum, islets were perifused with a ramp of amino acid
mixture (0-12 mM) or with a ramp of glucose (0-25 mMm), followed
by 30 mM KCl at the end of the perifusion. In some experiments,
islets were also perifused with 0.3 uM glyburide, a KATP channel
inhibitor that stimulates insulin release. Islet cytosolic calcium
[Ca?*]; responses were measured by dual-wavelength fluorescence
microscopy using Fura-2AM (Life Technologies) as a calcium in-
dicator (Carl Zeiss Microscopy, Thornwood, NY, USA). Basal
[Ca*"]; was defined as the average of [Ca®']; in the first 2 min of
perifusion in the absence of fuel after 30-min incubation with Fu-
ra-2AM and 5 mM glucose.

Mouse Islet Studies

Mouse islets were isolated from B6/129/F1 wild-type mice with
mixed gender, then cultured for 3 days in RPMI 1640 with 10 mM
glucose and 10% fetal bovine serum in the presence or absence of
5 uM GSK-J1 (Sigma-Aldrich, St. Louis, MO, USA), a highly potent
inhibitor of H3K27 histone demethylase, the target of KDMG6A.
Assay of glucose-stimulated insulin secretion was then performed
in batch-incubated islets as described previously [16]. Hand-
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Table 1. Clinical features of 12 girls with Turner syndrome and hyperinsulinism

Case  Birth weight! Age at Diazoxide Pancreatectomy Age at Turner  Current  Current status
hyperinsulinism  response syndrome age,
presentation diagnosis years
1 3.1 kg at 37 weeks 2 months - 90% at 8.5 months 10 years 44 diabetes at age 32
(50th-90th percentile)
2 4.0 kg at 42 weeks 1 day + - 6 years 33 stopped diazoxide at 2 years
(>90th percentile)
3 2.6 kg at 38 weeks 2 days - 95% at 18 months 9 months 12 normoglycemic
(10th-50th percentile)
4 3.6 kg at 39 weeks 4 months - - 5 months 11 overnight feeds stopped at
(>90th percentile) 5.5 years
5 1.5 kg at 34 weeks 1 day - - 8 months 11 normoglycemic
(<10th percentile)
6 2.5 kg at 39 weeks 5 months + - 12 months 7 diazoxide stopped at 5.5 years
(10th-50th percentile)
7 3.2 kg at 40 weeks 2 days - 50% at 3 months prenatal 4 limited fasting and continued
(50th-90th percentile) overnight feeds
8 3.2 kg at 38 weeks 1 day - - 9 months 3 tube feedings and lanreotide
(50th-90th percentile)
9 2.3 kg at 37 weeks 1 day + - prenatal 1 diazoxide
(10th-50th percentile)
10 1.9 kg at 36 weeks 1 day + - 15 days 1 diazoxide
(10th-50th percentile)
11 2.4 kg at 36 weeks 1 day + - prenatal 1 limited fasting
(10th-50th percentile)
12 2.8 kg at 39 weeks 7 days + - prenatal 7/12 diazoxide

(50th-90th percentile)

! Birth weight percentiles based on an Italian nationwide survey of Turner Syndrome patients [17].

picked islets, 5 per well, were preincubated for 30 min with GSK-J1
and then exposed to different concentrations of glucose (0, 2, 5, 10,
and 25 mM) for another 30 min in the absence of GSK-J1. The
supernatant was then collected and insulin was determined by
HTREF insulin assay kit (Cisbio Bioassays, Bedford, MA, USA). The
[Ca®*]; responses of islets from GSK-]1 treated mouse islets to per-
ifusion with glucose were also measured.

Consent

The study was reviewed and approved by The Children’s Hos-
pital of Philadelphia Institutional Review Board. Written informed
consent was obtained from the parents of the probands.

Results

Clinical Features
As shown in Table 1, a total of 12 girls with Turner
syndrome in combination with congenital hyperinsu-

Congenital Hyperinsulinism in Turner
Syndrome

linism were seen at CHOP between 1974 and 2017. The
median age at presentation of hyperinsulinism was 1
day, with a range from 1 day to 5 months of age. In con-
trast to the severe hyperinsulinism associated with
KATP channel mutations, increased birth weight did
not appear to be associated with hyperinsulinism in
these girls (binomial proportion test, p = ns) [17]. The
diagnosis of Turner syndrome was not made until after
the diagnosis of hyperinsulinism in 8 of the girls; in the
other 4 cases, the diagnosis of Turner syndrome was
made prenatally, before the presentation of hyperinsu-
linism.

Six of the girls with Turner syndrome and hyperinsu-
linism (6/12, 50%) were unresponsive to treatment with
diazoxide (cases 1, 3, 4, 5, 7, 8). Three underwent partial
or near-total pancreatectomy with histopathology consis-
tent with diffuse hyperinsulinism (cases 1, 3, 7); see Fig-
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Fig. 1. Pancreatic histology of congenital
hyperinsulinism in Turner syndrome. a,
b Appearance of pancreatic islets in case 3
and case 7 with Turner syndrome and hy-
perinsulinism. ¢ Pancreas of infant with
diffuse KATP hyperinsulinism. d Normal
islet in the unaffected region of pancreas
from an infant operated on for focal hyper-
insulinism. Histopathology of the 2 Turner
syndrome cases and the KATP hyperinsu-
linism case shows similar changes of scat-
tered islet cell nucleomegaly (arrows) and
normal lobular parenchymal architecture
typical of diffuse hyperinsulinism. HE
staining. 40x magnification.

ure 1. Postoperatively, case 1 continued to have hypogly-
cemia despite treatment with diazoxide until 5 years of
age; she later developed insulin-dependent diabetes at 32
years of age. Case 3 underwent pancreatectomy at 18
months of age with good control of hypoglycemia. Case
7 underwent surgery at 3 months of age and at 4 years of
age continues to require treatment for hyperinsulinism,
including frequent feedings during the day and continu-
ous overnight feedings. The remaining 3 girls who were
unresponsive to diazoxide did not have surgery but were
managed with tube feedings and/or frequent oral feed-
ings (cases 4, 5, 8). Two of these 3 cases are currently 11
years of age and no longer require treatment for hypogly-
cemia; the third remains on continuous overnight feeding
via gastrostomy tube at 3 years of age and recently com-
menced lanreotide therapy. The remaining 6 girls (6/12,
50%) were diazoxide responsive; cases 9, 10, and 12 con-
tinue on diazoxide at ages ranging from 7 to 23 months;
cases 2 and 6 were able to discontinue diazoxide between
2 and 5 years of age, without return of hypoglycemia; case
11 was diazoxide responsive, but treatment was discon-
tinued for concern of fluid overload related to an under-
lying cardiac anomaly and she was managed with fre-
quent oral and tube feedings.

Genetic mutation analysis of genes associated with hy-
perinsulinism (ABCC8, KCNJ11, GLUDI1, GCK, HADH,
UCP2, HNF4A, HNF1A) was negative in all cases.
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Molecular Features

As shown in Table 2, cytogenetic analysis revealed that
all 12 cases of Turner syndrome with congenital hyperin-
sulinism had at least 1 cell line that was monosomic for
the X chromosome (45,X). In 5 girls, 45,X was the only
chromosomal anomaly identified in DNA samples from
peripheral blood or fibroblasts (cases 2, 3,7, 11, 12). SNP
array analysis of pancreas from case 3 showed a low level
mosaicism for a marker X chromosome in 5-15% of cells
(chrX: 51,842,388-97,325,244), while pancreas from case
7 failed to reveal any mosaicism for a second cell line. In
addition to a 45,X cell line, 6 of the 12 cases were mosaic
for an additional derivative X chromosome in a propor-
tion of peripheral blood cells or fibroblasts (cases 1, 4, 5,
6, 8, 9); in 3 of these 6 cases, the marker X chromosome
was confirmed to be in a ring conformation by G-banding
or FISH (cases 5, 6, 8). In addition to a 45,X cell line, case
10 was mosaic for a cell line with 3 X chromosomes. A
duplication of chromosome 8 was observed in some of the
cell lines from case 6, but there are no genes known to be
associated with hyperinsulinism located on chromosome
8. There appeared to be no correlation between the type
of X chromosome anomaly and parental origin of the
normal X chromosome; we found that patients with both
a 45,X or a derivative X chromosome anomaly demon-
strated retention of either the maternal or paternal X
chromosome. As shown in Figure 2, the 7 derivative X
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Table 2. Cytogenetics from peripheral tissue of 12 girls with Turner syndrome and hyperinsulinism

Case Tissue Karyotype Breakpoint by array for Mosaicism, % Retained
marker X chromosome! X-chromosome
1 saliva 45,X/46,X,der(X) 57,887,251-81,791,171 80/20 paternal
2 blood 45X nil 100 unknown
3 blood 45X nil 100 paternal
pancreas 45,X/46,X,der(X) 51,842,388-97,325,244 85-95/5-15 paternal
4 skin 45,X/46,X,der(X) 48,590,277-87,675,358 (x2) 50/50 unknown
5 blood 45,X/46,X,r(X) 56,265,083-74,416,032 75/25 paternal
6 blood 45,X/47,X,r(X),+8/46,X,r(X) 27,417,191-5,971,720 30-35/15-20/65-70 maternal
7  blood 45X not performed 100 maternal
pancreas 45X nil 100 maternal
8  blood 45,X/46,X,r(X) 56,528,492-57,406,256; 50/50 unknown
57,448,699-74,022,927 (x2);
74,048,902-78,048,530
9  blood 45,X/46,X,+mar/46,X,psu idic(X) not performed 27/33/37/3 unknown
(p11.23)/47,X,psu idic(X)(p11.23),
+psu idic(X)(p.11.23)
10  blood 45,X/47, XXX not performed 63/37 unknown
11 blood 45,X nil 100 unknown
12 amniotic fluid 45,X nil 100 unknown

! See Figure 2; coordinates correspond to GRch38/hg38.

chromosomes that were found ranged in size from 18 Mb
(case 5) to 109 Mb (case 9). Case 9 was mosaic for an
isodicentric X chromosome. All of these abnormal X
chromosomes retained the XIST locus.

A potential candidate gene on the X chromosome for
hyperinsulinism in Turner syndrome is KDM6A, 1 of 2
histone demethylase genes associated with Kabuki syn-
drome. Hyperinsulinemic hypoglycemia occurs in some
cases of both forms of Kabuki syndrome, KS1, due to het-
erozygous inactivating mutations of KMT2D on 12q13,
and KS2 due to mutations of KDM6A on Xp11.3. Hypo-
glycemia has been reported to be especially common in
KS2 patients with KDM6A mutations [13, 18-27]. Direct
mutation analysis of KDM6A was negative in all of the 12
cases in our series; however, all of these girls with Turner
syndrome and congenital hyperinsulinism had evidence
of mosaic haploinsufficiency of KMD6A due to the pres-
ence of at least one 45,X cell line. The KDM6A locus was
also absent from 6 of the derivative X chromosomes, in-
cluding the isodicentric X chromosome, but was retained
in the derivative X chromosome in case 6 (Fig. 2).

Congenital Hyperinsulinism in Turner
Syndrome

Functional Studies

Functional studies of insulin secretion were carried
out on pancreatic islets isolated from the surgical speci-
men from Case 7. She was diagnosed with Turner syn-
drome prenatally and presented with hypoglycemia and
seizures on the second day of life. The diagnosis of hyper-
insulinism was made at 2 months of age. Genetic muta-
tion analysis failed to identify mutations in any of the
known hyperinsulinism genes. She was treated with di-
azoxide and octreotide without improvement in hypogly-
cemia. At 3 months of age, she underwent a 50% pancre-
atectomy. As shown in Figure 1, the pathology showed
increased islet cell nucleomegaly, similar to diffuse hyper-
insulinism caused by KATP mutations. Analyses of both
peripheral blood and pancreas DNA by SNP array con-
firmed the prenatal diagnosis of Turner syndrome and
showed a 45,X karyotype with no evidence of mosaicism
for a marker or ring X chromosome. Following surgery,
she continued to require treatment for hypoglycemia
with frequent daytime feeds and continuous overnight
dextrose; she remains on this regimen at 4 years of age.
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Fig. 2. Regions retained on marker X chro-
mosomes in 7 mosaic Turner syndrome
girls with congenital hyperinsulinism.
Marker X chromosomes ranged in size
from 18 Mb (case 5) to approximately 109
Mb (case 9). Marker X chromosomes were
confirmed to be in a ring conformation in
cases 5, 6, and 8 (hatched). Case 9 had an

isodicentric X chromosome. All abnormal
X chromosomes retained the XIST locus
(Xq13.1); only case 6 retained the KDM6A
gene locus (Xp11.3).

As shown in Figure 3, in vitro studies of pancreatic is-
lets isolated from the surgical specimen of case 7 revealed
a distinctive pattern of abnormal responses when com-
pared to either normal human islets or to islets from pa-
tients with KATP hyperinsulinism. Basal cytosolic calci-
um ([Ca?*];) in islets was elevated to a level that was in-
termediate between normal control islets isolated from
the normal portion of pancreas from a patient with focal
hyperinsulinism and that of islets isolated from a patient
with typical diffuse hyperinsulinism associated with loss-
of-function mutations of the KATP channel (Fig. 3a)
[28]. Consistent with the increase in basal [Ca®*];, basal
insulin secretion was elevated in islets from case 7 com-
pared to normal islets (Fig. 3b, c). Islets from case 7
showed a lower threshold for glucose-stimulated insulin
secretion compared to control human islets (2.5 vs. 5.6
mM) and demonstrated a prominent “off” response of in-
sulin release following withdrawal of glucose consistent
with heightened responsiveness to glucose (Fig. 3¢c). The
islets from case 7 also showed increased sensitivity to
stimulation by a mixture of amino acids with a threshold
of 6 versus 9 mM in control islets (Fig. 3b). These abnor-
mal responses to glucose and amino acid stimulation dif-
fered from those seen in islets from a patient with hyper-
insulinism caused by inactivating mutations of the beta-
cell KATP channel (Fig. 3d), which failed to respond to
glucose, but hyper-responded to amino acids (threshold
0.6 mMm). Also, unlike islets from patients with KATP hy-
perinsulinism which are unresponsive to the KATP chan-
nel antagonist glyburide, islets from case 7 with Turner
syndrome had a normal response to glyburide (Fig. 3e).

Studies of Insulin Responses to KDM6A Inhibitor in

Isolated Mouse Islets

In order to determine if decreased expression of KDM6A
could account for the abnormal insulin secretion associated
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with Turner syndrome, normal mouse islets were treated
with the KDM6A inhibitor, GSK-]J1, 500 nM for 3 days be-
fore examining the response to different concentrations of
glucose using batch-incubated islets (Fig. 4). Islets were ex-
posed to the inhibitor for 3 days and then incubated in the
absence of inhibitor. As shown in Figure 4a, islets (n = 8)
that were pretreated with the KDM6A inhibitor showed in-
creased insulin release at 5 and 10 mM glucose stimulation
compared to control islets (n = 8). This is consistent with
the increase in sensitivity to glucose-stimulated insulin se-
cretion that was seen in the perifusion studies of islets from
Turner syndrome case 7 (Fig 3¢c). As shown in Figure 4b,
initially after removal from 5 mM glucose, GSK-J1-treated
islets (n = 3) had elevated basal [Ca®*]; compared to control
islets (n = 4), which was similar to islets isolated from case
7. After a brief period of glucose-free perifusion, [Ca®*]; re-
turned to the normal baseline in GSK-J1-treated mouse
islets. These data are consistent with the possibility that
KDMG6A may play a role in the abnormal insulin secretion
phenotype of girls with Turner syndrome.

Discussion

Among the cases of congenital hyperinsulinism seen
at CHOP over a 43-year period, we identified 12 girls who
also had Turner syndrome. In contrast to infants with hy-
perinsulinism due to mutations of the KATP channel,
large for gestational age birth weight did not appear to be
a characteristic feature of hyperinsulinism in our Turner
syndrome cases. Similar to hyperinsulinism in children
with Beckwith Wiedemann syndrome due to paternal
11p isodisomy, hyperinsulinism in girls with Turner syn-
drome showed a tendency to resolve during childhood in
some cases. All cases were found to have monosomy X in
at least a subset of cells. This suggests that haploinsuffi-
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Fig. 3. Functional studies of isolated islets from Turner syndrome
case 7. a Basal cytosolic calcium was elevated in islets from case 7
(filled circles) compared to age-matched control islets (n = 6, open
circles) and similar to islets from a child with loss of function mu-
tations in the KATP gene ABCCS (filled triangles). Basal calcium
measurements from control islets from 6 individuals are shown as
averages while the calcium measurements in islets from 1 Turner
syndrome case and 1 KATP hyperinsulinism (HI) case are shown
as individual islets. Note that basal insulin secretion was also ele-
vated in islets from case 7 compared to control islets (b, c), similar
to the elevation of basal insulin release in islets from a patient with
KATP hyperinsulinism (d). b Insulin secretion was stimulated by

ciency for an X chromosome gene, such as KDM6A, may
be responsible for hyperinsulinism associated with Turn-
er syndrome.

The frequency of Turner syndrome among children
with hyperinsulinism at CHOP appears to be higher than
would be expected if the two disorders were unrelated.
Ten of the 12 cases of Turner syndrome with hyperinsu-
linism were seen after the establishment of the Hyperin-
sulinism Center at CHOP in 1997 out of a total of 1,050
cases of congenital hyperinsulinism. Assuming that hy-
perinsulinism occurs equally in both genders, the fre-
quency of Turner syndrome among girls with hyperinsu-
linism at CHOP equals 1 in 52 (10/525 females) which is

Congenital Hyperinsulinism in Turner
Syndrome

an amino acid mixture (AAM) in islets from case 7 and was mini-
mal in control islets. ¢ Insulin secretion was stimulated by a glucose
(G) ramp in normal islets and in islets from case 7 (dashed lines
indicate threshold concentrations for insulin release: 2.5 mM in
case 7 vs. 5.6 mM in control islets). d Islets from a child with hy-
perinsulinism due to compound heterozygous inactivating muta-
tions of ABCC8 (c.2222 + 15c>a and ¢.1933delG) responded to
stimulation with an amino acid mixture (AAM) ramp, but failed
to respond to a glucose (G) ramp. e Insulin secretion was stimu-
lated by glyburide, a KATP channel antagonist, in both control
islets and in islets from case 7.

48 times greater than the frequency of Turner syndrome
in the general population (1 in 2,500 female live births)
[1]. This suggests that the risk of hyperinsulinism in girls
with Turner syndrome may be increased by about 50-fold
compared to general population estimates of 1 in 40-
50,000, i.e., approximately 1 in 1,000 cases of Turner syn-
drome [29]. Since the CHOP Hyperinsulinism Center
referrals tend to be biased toward more severe cases of
hyperinsulinism, it is possible that the latter figure under-
estimates the incidence of hyperinsulinism in Turner
syndrome.

A total of 6 girls with Turner syndrome and congenital
hyperinsulinism have been previously reported (Table 3)
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Fig. 4. Effects of a KDM6A inhibitor (GSK-J1) on responses of nor-
mal isolated mouse islets. Isolated mouse islets were first cultured
with KDM6A inhibitor (GSK-J1), 0.5 uM, for 3 days, removed from
GSK-J1 during a 30-min glucose-free preincubation, and then ex-
posed to different concentrations of glucose for another 30 min in
the absence of the inhibitor. a GSK-J1-G SIS-mouse. Islets incu-
bated with GSK-J1 (filled circles) exhibited a leftward shift in glu-

cose-stimulated insulin secretion with increased release of insulin
at 10 and 25 mM glucose compared to control islets (open circles).
* p <0.05, ** p < 0.01, vs. control. b Basal cytosolic calcium was
initially elevated in islets following exposure to GSK-J1 inhibitor
(black line) during 3 days of culture, but showed similar cytosolic
calcium responses compared to control islets (grey line) during
perifusion with 5 or 10 mM glucose (G) in the absence of GSK-J1.

Table 3. Previous reports of 6 cases with Turner syndrome and hyperinsulinism

Authors [Ref.], year Age at presentation, days

X chromosome findings

Diazoxide response  Treatment

Glassman et al. [7], 1979

Case 1 90 45X - 80% pancreatectomy
Case 2 120 45X - leucine-restricted diet
Kizaki et al. [8], 2003 1 45,X/46,X,r(X) not tested corn starch
Alkhayyat et al. [9], 2006 1 45,X/46,X,r(X) + diazoxide
Pietzner et al. [10], 2014 1 45,X/46,X,r(X) + diazoxide
Cappella et al. [11], 2015 330 45,X/46,X,r(X) + diazoxide

[7-11]. Three of these cases first presented as neonates.
Three of the 6 cases were responsive to diazoxide, but as
in our series, some required pancreatectomy. Four of the
reported cases had a ring X chromosome, which has been
suggested as a possible factor in hyperinsulinism in girls
with Turner syndrome [9]. However, a ring X chromo-
some was not present in the other 2 reported cases. In
contrast, all of the reported cases had at least 1 cell line
with complete monosomy X (45,X) which is consistent
with our series of 12 Turner syndrome girls. This suggests
that haploinsufficiency for an X chromosome gene, rath-
er than an overdosage of X chromosome material due to
the presence of a ring X chromosome, may be responsible
for the hyperinsulinism in Turner syndrome.
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Haploinsufficiency for KDM6A, located on the X
chromosome, is an attractive explanation for the occur-
rence of hyperinsulinism in Turner syndrome. KDM6A
escapes X-inactivation and the Y chromosome homolog
is UTY/KDM6C. KDM6A, along with KMT2D (MLL2) on
chromosome 12, are associated with Kabuki syndrome, a
disorder characterized by short stature and unusual facial
features reminiscent of the facial make-up of a Kabuki ac-
tor [13, 30, 31]. Several reports have commented on the
overlapping features of Turner and Kabuki syndromes,
including similarities in their characteristic facial features
and short stature [13, 32]. KDM6A and KMT2D together
regulate transcriptionally active chromatin through epi-
genetic modification of histone H3 [33]. KDMG6A is a ly-
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sine-specific histone H3 demethylase that controls tissue-
specific expression of genes involved in development as
well as the cell cycle [34-38]. Loss of function mutations
of KDM6A which cause Kabuki syndrome type 2, KS2,
are most often somatic mutations [18, 20, 22-25, 27]. Ar-
noux et al. [39] reported that hypoglycemia occurs in 11%
of Kabuki syndrome patients overall. Recent reports sug-
gest that hypoglycemia may occur in a much higher pro-
portion of patients with KS2 associated with KDM6A mu-
tations [13, 20, 22, 26]. The mechanism by which haplo-
insufficiency for KDM6A causes hyperinsulinism in
Kabuki syndrome is not known, but has been suggested
to involve disruption of epigenetic changes during pan-
creatic differentiation [28, 29].

The variability in penetrance of hyperinsulinism and
responsiveness to diazoxide in Turner syndrome and the
differences in phenotype between Turner and Kabuki
syndromes might depend to some extent on the fact that
the genetic defect in Turner syndrome is mosaic by na-
ture. The proportion of beta cells with monosomy X in
different girls with Turner syndrome is likely to be highly
variable and could affect the severity of their hyperinsu-
linism. Similarly, most patients with Kabuki syndrome
have de novo mutations and potential mosaicism for the
genetic defect between tissues which could determine
variations in phenotypic features. Differences in mosa-
icism between tissues also appear to explain the variabil-
ity in severity of hyperinsulinism seen in Beckwith Wie-
demann syndrome due to paternal 11p isodisomy [40].

Studies of islets isolated from the pancreas at surgery
in 1 of our cases provided a unique opportunity to char-
acterize the islet phenotype of hyperinsulinism in Turner
syndrome. These data suggest that hyperinsulinemic hy-
poglycemia in Turner syndrome is caused by abnormal
regulation of insulin secretion. The Turner syndrome is-
lets displayed altered fuel sensing, with increased sensitiv-
ity to amino acids and elevated basal cytosolic calcium,
somewhat similar to hyperinsulinism associated with
KATP channel defects [28]. However, preservation of re-
sponses to glucose and glyburide demonstrated that
KATP channels were still at least partially functional in
the Turner syndrome islets. Studies of mouse islets ex-
posed to an inhibitor of KDM6A reproduced some of the
islet phenotype seen in the case of Turner syndrome, sup-
porting the suggestion that haploinsufficiency of KDM6A
might be responsible for hyperinsulinism in Turner syn-
drome. The mechanisms involved in dysregulated insulin
secretion in Turner syndrome and in KDM6A deficiency
warrant further investigation.

Congenital Hyperinsulinism in Turner
Syndrome

Adult women with Turner syndrome are known to
have an increased risk of glucose intolerance and type 2
diabetes mellitus, which has been suggested to reflect an
insulin secretory defect [5]. Some forms of congenital hy-
perinsulinism, such as mutations of HNF4A, evolve over
time towards hypoinsulinemic diabetes in adulthood
[41]. Whether the increased risk of hyperinsulinism in
Turner syndrome is related to abnormalities in beta-cell
function in adulthood is not known. However, elucida-
tion of the mechanism of hyperinsulinism in girls with
Turner syndrome might provide insight into the later risk
of diabetes in these women.

In summary, our data indicate that hyperinsulinism
occurs approximately 50 times more often than expected
in girls with Turner syndrome. In contrast to previous
suggestions, the presence of a ring X chromosome was
not consistently associated with hyperinsulinism in Turn-
er syndrome. Our results suggest that haploinsufficiency
for an X chromosome gene, specifically KDM6A, may be
the cause of hyperinsulinism in Turner syndrome.
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