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Context: Mutations in hepatocyte nuclear factor 1B (HNF1B) are rare but they are known to cause structural renal disease and
diabetes mellitus. There is limited data on pediatric HNF1B disease.
Objective: To analyze the clinical characteristics of HNF1B-related disease in a cohort of children identified at a single pediatric
tertiary medical center, with a specific focus on endocrine-related disease.
Methods: Subjects with HNF1B genetic variants were identified from the Children’s Hospital of Philadelphia Atypical Diabetes
Registry between 2013 and 2022.
Results: Of the 11 pediatric subjects with HNF1B mutations or deletions, 7 (64%) initially presented with diabetes, sometimes
referred to as MODY5, while 4 (36%) were diagnosed based on family history or a genetic evaluation of renal disease. Only one
patient presented with diabetic ketoacidosis, and three presented with diabetic ketosis. Of the four children withHNF1Bmutations
identified by familial mutation analysis or based on renal disease, two developed diabetes during the course of the study.
Abnormalities in fasting lipid profiles were common: 10 with triglycerides >90mg/dL, 5 with LDL-C >110mg/dL, 5 with
HDL-C <45, and 7/11 with non-HDL cholesterol >120mg/dL. Over half of the subjects had hyperparathyroidism with PTH
(>65 pg/mL) and a calcium concentration >9mg/dL.
Conclusion: This case series represents one of the largest pediatric HNF1B-related disease cohorts at a single center. The majority
of patients with diabetes presented with clinical features distinct from Type 1 or Type 2 diabetes. Pediatricians should consider
genetic testing forHNF1Bmutations when children are diagnosed with diabetes and have renal abnormalities, hyperlipidemia, and
hyperparathyroidism.

Keywords: chronic kidney disease; HNF1B; hyperlipidemia; hyperparathyroidism; hypomagnesemia; MODY5; monogenic
diabetes; pediatric diabetes; renal cysts; renal dysplasia

1. Introduction

Monogenic diabetes is an uncommon form of diabetesmellitus
caused by a mutation or deletion of a single gene and is esti-
mated to account for 1%–5% of pediatric diabetes cases [1, 2].
The diagnosis encompasses cases of Maturity-Onset Diabetes
of the Young (MODY) and neonatal diabetes mellitus and
represents a wide spectrumof disease, including over 25 genetic

subtypes that are often characterized by multiorgan system
involvement. Mutations or deletions in HNF1B are the under-
lying genetic etiology of MODY 5 which is associated with
health conditions involving the pancreas, kidneys, liver, genital
tract, lipidmetabolism, calcium homeostasis, and developmen-
tal delays along with diabetes mellitus (Table 1). There are
many patients who present with symptoms of HNF1B disease
who do not have diabetes, but as pediatric endocrinologists, the
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atypical features of HNF1B diabetes are often the first present-
ing symptoms of HNF1B disease. While HNF1B diabetes is
rare, accounting for <1%–6% of monogenic diabetes cases,
we propose that careful identification of the unique clinical
features ofHNF1B disease in pediatric diabetes patients should
prompt genetic testing to establish a molecular diagnosis [2–4].

The diagnosis of HNF1B diabetes is often confirmed
through genetic testing based on early-onset renal disease. In
addition to abnormal development of the kidney and pancreas,
patients with HNF1B disease have been associated with neuro-
logical features, genital tractmalformations, and abnormal liver
function (Table 1) [5, 6]. This multisystem phenotype is attrib-
utable to the HNF1B transcription factor which regulates the
expression of many downstream target genes [5–7].

Past studies have found that HNF1B- disease can result
from either a heterozygous microdeletion of chromosome
17q12 region (known as 17q12 recurrent deletion syndrome
[ORPHA:261265, OMIM 614527]), or heterozygous HNF1B
mutations. Further, although these conditions can follow an
autosomal dominant inheritance pattern, they can also present
as de novo genetic mutations and individuals in families with
the same molecular mutation may have widely varying clinical
features [5, 8, 9].

Here, we describe summary data characterizing the clinical
and biochemical characteristics of 11 pediatric cases with
HNF1B-related disease focusing on diabetes and endocrine-
related features. Additionally, we will summarize findings
from six other cohorts of individuals with HNF1B disease
described in the recent literature, focusing on the pediatric
presentation of HNF1B diabetes, and provide recommenda-
tions for diagnosis and treatment of children and adolescents
with HNF1B disease for the pediatric endocrinologist.

2. Methods

2.1. Study Population. Subjects were recruited to participate in
theAtypical andMonogenicDiabetes Registry at the Children’s

Hospital of Philadelphia after they were identified as candidates
for an atypical diabetes consultation by their primary diabetes
practitioner through a clinical algorithm previously published
by Tamaroff et al. [1], or alternatively through external referral
if a known mutation associated with monogenic diabetes was
identified. The atypical diabetes clinical algorithm selects for
patients (1) diagnosed with diabetes <25 years of age (2) with-
out evidence of pancreatic islet autoimmunity (GAD 65,
ICA512, IAA, and ZNT8), and (3) either a BMI below 85%
at diagnosis or one of the alternative inclusion criteria listed.
Alternative inclusion criteria include any of the following: dia-
betes diagnosis <12 months of age, diagnosis of renal disease,
liver disease, pancreatic exocrine deficiency, chronic diarrhea,
genitourinary malformations, gout, autism, adrenal insuffi-
ciency, structural heart defects, deafness, diabetes insipidus,
cerebellar hypoplasia, epilepsy, neonatal hypoglycemia, aniri-
dia, optic atrophy retinal dystrophy, cataracts, pigmented
hypertrichosis, hypoparathyroidism, or a prepubertal presen-
tation of type 2 diabetes mellitus (T2DM) [1]. After consulta-
tion at the CHOP Center for Atypical and Monogenic
Diabetes, genetic testing for monogenic forms of diabetes was
completed at a CLIA-certified lab. The majority of the subjects
had genetic testing at the University of Pennsylvania Genetic
Diagnostic Laboratory. Genomic DNA was isolated from
peripheral blood lymphocytes of the tested individual and
used as a template for multiplex PCR amplification and next-
generation sequencing (NGS) of all the coding exons and flank-
ing intron (+/-20bp) sequences of the ABCC8, AKT2, BLK,
CEL, GCK, HNF1A, HNF1B, HNF4A, INS, INSR, KCNJ11,
KLF11, NEUROD1, PAX4, and PDX1 genes. The screen for
mutations using NGS was performed on Illumina Miseq or
Nextseq platform. The limit of variant allele detection is 20%
at 200x coverage. The threshold for mutation detection is set at
20x reads without strand bias. Confirmation of mutations was
performed by repeated sequencing of independent replicate
sample on the same platform. Known variants with minor
allele frequencies (MAFs) greater than 1% in the Exome Aggre-
gation Consortium are filtered out of the analysis. The limit of
variant allele detection is 10% at 200x coverage. The threshold
for mutation detection is set at 20x reads without strand bias.
Regions with low coverage were Sanger sequenced for analysis.

Subjects with suspected monogenic forms of diabetes were
enrolled in the Atypical andMonogenic Diabetes Registry after
written consent and assent were obtained. This study was
approved by the Institutional Review Board of the Children’s
Hospital of Philadelphia (IRB# 15-0283).

2.2. Chart Extraction. Once enrolled in the Atypical and
Monogenic Diabetes Registry, clinical data, including genetic
testing results, were extracted from the medical record.
Extracted data included age, height, weight, BMI, and labora-
tory values at the time of diagnosis, past medical history, birth
history, family history, diabetes treatment regimen, additional
laboratory testing both prior to and after diabetes diagnosis,
and radiology results including renal ultrasound, abdominal
ultrasound, pelvic ultrasound, and pituitary MRI. In addition,
a history of autism, developmental delays, and symptoms of
social pragmatic and communication disorder were extracted

TABLE 1: Range of Clinical Characteristics Associated with Pediatric
HNF1B Disease.

• Intrauterine growth restriction/SGA birth weight
• Neonatal hyperglycemia
• Neonatal cholestasis
• Pancreatic hypoplasia
• Diabetes mellitus
• Pancreatic exocrine insufficiency
• Renal structural abnormalities

◦ Renal cysts, dysplasia, hydronephrosis, and single kidney
• Chronic kidney disease
• Hypomagnesaemia
• Primary hyperparathyroidism
• Elevated hepatic transaminases
• Hyperlipidemia
• Autism/social pragmatic disorder
• Developmental delays
• Reproductive tract abnormalities
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from the medical record as well as collected from direct inter-
views with subjects and parents/guardians. Clinical data were
extracted annually.

2.3. Clinical Definitions. The diagnosis of diabetes mellitus was
made based on the criteria established by the American Diabetes
Association, [10] defined as fasting glucose ≥126mg/dL
(≥6.99mmol/L), hemoglobin A1C ≥6.5%, or random glucose
≥200mg/dL (≥11.1mmol/L) with symptoms. BMI percentile
for age and sex was extracted from the medical record based
on 2002 CDC growth charts [11]. Serum transaminases were
characterized as abnormal if they were greater than or equal to
two times the upper limit of pediatric reference ranges. Classifi-
cation of fasting serum lipid concentrations was determined
based on pediatric guidelines established by the National Heart,
Lung, and Blood Institute (NHBLI), and endorsed by the Ameri-
can Academy of Pediatrics, the AmericanHeart Association, and
the American College of Cardiology. Specifically, the NHBLI
defines borderline high lipid values for children as triglycerides
>90mg/dL (>1.02mmol/L), LDL-C>110mg/dL (>2.85mmol/L)
HDL-C <45 (<1.17mmol/L), and non-HDL cholesterol
>120 mg/dL (>3.11 mmol/L), and high values as
triglycerides >130mg/dL (>1.47mmol/L), LDL-C >130mg/dL
(>3.37 mmol/L), and HDL-C <40 (<1.04 mmol/L) and
non-HDL cholesterol >145mg/dL (>3.76mmol/L) [12].
Hyperparathyroidism was defined as a PTH >65 pg/mL
(>65ng/L) with calcium that falls within the reference range
based on clinical consensus and the institution’s laboratory
reference ranges for age [13]. All PTH and calcium testing
were performed at the CHOP clinical laboratory using
consistent reference ranges.

2.4. Statistical Analysis. Welch’s Analysis of Variance
(ANOVA) and Mann–Whitney U tests were used to identify
statistically significant differences in clinical variables between
MODY 5 and pediatric T1DM and T2DM reference groups
using a statistical threshold of p< 0:05 to define significance.
Spearman’s rank correlation coefficient was used to evaluate
the relationship between triglycerides and hemoglobin A1c
measurements. Clinical data from the standardized diabetes
SEARCH cohort was used to define the pediatric Type 1 DM
and Type 2 DM reference groups, acknowledging that the
SEARCH study did not prescreen individuals to remove
cases of undiagnosed monogenic diabetes [14–16]. STATA
16.1 and GraphPad Prism 7.0 were used to perform statistical
analyses.

3. Results

Between 2013 and 2022, a total of 11 subjects were identified
with HNF1B-related disease who were enrolled in the Chil-
dren’s Hospital of Philadelphia Atypical Diabetes Registry.
Individuals identified with a HNF1B mutation were between
ages 4–18 years and 6 of the 11 individuals were female
(Table 2). Five (45%) of the cases were from pathogenic muta-
tions altering a single base pair in HNF1B, and the other 6
(55%) were 17q12microdeletions resulting inHNF1B haploin-
sufficiency, which is similar to the distribution reported in
other cohorts of HNF1B-disease [17, 18]. Over two-thirds of

the subjects had a birthweight characterized as small for gesta-
tional age (birth weight<10%ile for gestational age). Nine of 11
subjects had a BMI <85th percentile for age at the time of
diagnosis with an average BMI Z-score of−0.4Æ 1.58. Regard-
ing endocrinological manifestations, 82% had a diagnosis of
diabetes mellitus at the time that the HNF1B mutations or
deletion was identified, 91% had abnormal lipid profiles follow-
ing diagnosis of HNF1B-related disease based on peak fasting
level, and 55% had evidence of hyperparathyroidism based on
peak PTH and corresponding serum calcium level. Renal dis-
ease in subjects with HNF1B mutations included cystic kidney
disease, mild renal dysplasia, and chronic kidney disease
requiring renal transplant. Six of the 11 subjects (55%) had a
diagnosis of chronic kidney disease, one who received a kidney/
liver transplant (subject 6) and another subject who is currently
listed for renal transplant (subject 7) (18%). Additionally, four
subjects (36%) have serum magnesium levels <1.2mg/dL and
were prescribed supplementation for hypomagnesemia, and
one subject is currently on treatment for hyperuricemia. Five
subjects (45%) had a history of liver dysfunction; two with a
history of neonatal cholestasis, and three with persistently ele-
vated transaminases (ALT, AST, GGT), including the subject
who received the combined kidney/liver transplant (subject 6).
Only two subjects had known pancreatic exocrine insuffi-
ciency, characterized by low fecal elastase measurements and
decreased levels of fat-soluble vitamins along with complaints
of abdominal pain and diarrhea. Symptoms improved after
treatment with pancreatic enzymes replacement at meals. Of
the female patients in the cohort, five had normal pelvic ultra-
sounds. The sixth female in the cohort did not have a pelvic
ultrasound but reported regular monthlymenses. Autism spec-
trum disorder was diagnosed in four subjects (36%) (three with
a 17q12 deletion and one with aHNF1B single base mutation),
and there were five additional subjects or parents reporting
symptoms consistent with social pragmatic and communica-
tion disorder.

3.1. Glucose Homeostasis. Seven subjects in our cohort (64%)
were diagnosed with diabetes mellitus as the initial endocrine-
relatedmedical condition andwere subsequently found to have
an HNF1B mutation after the diabetes diagnosis. Of the
remaining four subjects, one was diagnosed based on family
history and three during a genetic workup secondary to renal
disease. Of the four subjects who were found to have HNF1B
mutations at the time of enrollment, two subsequently devel-
oped diabetes mellitus. As seen in Table 3, most subjects were
diagnosed with diabetes in early adolescence and were pubertal
at the time of diagnosis, with the mean age of diagnosis of
14.2 years (range 9–18 years). Only one subject in this cohort
presented with diabetic ketoacidosis (DKA) and only three
presented with diabetic ketosis, despite significant hyperglyce-
mia. The average plasma glucose at the time of diagnosis was
506Æ 433mg/dL (range 214–1520mg/dL) [28.1Æ 24.0; range
11.9–84.4mmol/L], and the average hemoglobin A1c at diag-
nosis was 10.2%Æ 3.7 (range 6.1 to >14%) [88Æ 17; range 43
to >130mmol/mol). Four subjects presented with an HbA1C
>13% [>119mmol/mol] highlighting that the hyperglycemia
was profound and likely slowly progressed over severalmonths.
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In addition, serum c-peptide concentration was elevated at diag-
nosis in five patients (45%), ranging from 0.2 to 19.1 with an
average of 5.6 Æ 6.6 ng/mL [1.9 Æ 2.2; range 0.07–6.3 nmol/L].
When compared to the SEARCH cohort of individuals with type
1 diabetes mellitus who presented without DKA, patients with
HNF1B diabetes without DKA presented on average at an older
age (13.8 years versus 9.4 years; p¼ 0:005), and with a higher
average c-peptide (6.3ng/mL [2.1 nmol/L] versus 0.5 ng/mL
[0.17nmol/L]). Although the average hemoglobin A1c was
higher in the CHOP HNF1B diabetes cohort, this was not
significantly different from the SEARCH Type 1 cohort (9.8%
versus 8.5%; p¼ 0:34) [15].

All subjects initially diagnosed with diabetes mellitus prior
to the identification of anHNF1Bmutation were treated with a
basal/bolus insulin regimen, either by subcutaneous injection
or insulin pump. One subject was initially treated with a sulfo-
nylurea after HNF1B diabetes diagnosis, but he experienced
declining renal function, with his chronic kidney disease pro-
gressing from stage 2 to stage 4, along with a rising HbA1c
necessitating discontinuation of the sulfonylurea and re-
initiation of basal/bolus insulin therapy. Of the two subjects
with knownHNF1Bmutations who developed diabetes follow-
ing the identification of the mutation, one required initiation of
basal insulin due to worsening hyperglycemia and the other has
been able to treat hyperglycemia through lifestyle and dietary
modifications. During the study period, the average HbA1C for
HNF1B-monogenic diabetes patients was 6.7 Æ 1.2% (range
5.2–8.8%) with an average insulin requirement of 0.61 Æ
0.32 u/kg/day (range 0.05–0.96 u/kg/day) indicating relatively
good glycemic control.

3.2. Lipid Profiles. Ten of the 11 subjects with HNF1B-related
disease (91%) had abnormal lipid profiles with eight of the 11
subjects (73%) meeting the criteria for diagnosis of dyslipide-
mia based on established pediatric guidelines from the NHBLI
[12]. As seen in Table 4, lipid profiles demonstrated: 7/11 with
non-HDL cholesterol>120mg/dL (>3.11mmol/L), 10/11 with
triglycerides >90mg/dL (>1.02mmol/L), 5/11 with LDL-C
>110mg/dL (>2.85mmol/L) and 5/11 with HDL-C < 45 (<
1.17 mmol/L). Of these, several individuals had severely
elevated triglycerides and one had extreme elevations in all
lipid parameters. When compared to SEARCH cohorts for
both type 1 diabetes and type 2 diabetes, the individuals with
HNF1B diabetes had higher fasting triglyceride and LDL-C
concentrations, as well as higher HDL levels. Mean triglycerides
levels in individuals with HNF1B diabetes were 224mg/dL
(2.53mmol/L) compared to 72.6mg/dL (0.82mmol/L) in
T1DM and 137.4mg/dL (1.55mmol/L) in T2DM; p< 0:05;
mean LDL-C concentrations were 128mg/dL (3.31mmol/L)
compared to 93mg/dL (2.41mmol/L) in T1DM and 100.9mg/
dL (2.61mmol/L) inT2DM; p< 0:05 [19]. Cholesterol levelswere
assayed in the setting of well-controlled diabetes (average HbA1c
6.7%), and there was no direct correlation between triglycerides
and HbA1c (r=0.14, p=0.72).

All subjects with dyslipidemia were counseled on dietary
changes by a registered dietician, and three individuals were
prescribed statin therapy. Of note, the subjects who started on
adjunct therapy for hyperlipidemia were also taking psychiatric

medications including aripiprazole previously reported to be
associated with hypertriglyceridemia [20].

3.3. Calcium Homeostasis. Despite having high-normal serum
calcium concentrations (mean 9.9mg/dL [2.47mmol/L], range
9.4–10.3mg/dL [2.35–2.58mmol/L]), 6/11 patients also had a
history of elevated PTH (>65 pg/mL or ng/L) consistent with
the diagnosis of hyperparathyroidism (Table 5). All but two
patients had normal serum creatinine values (mean 0.91mg/dL
[80.5 μmol/L], range 0.6–1.6mg/dL [45.8–122 μmol/L]), indi-
cating that for the majority of subjects, the elevated PTH pre-
ceded the decline in kidney function, consistent with a
diagnosis of primary hyperparathyroidism. The majority of
patients with primary hyperparathyroidism were not deficient
in vitamin D (vitamin D 25-hydroxy: mean 33 ng/mL [82
nmol/L], range 10.8–69.2 ng/mL [27–173 nmol/L]). Seventy-
eight percent of the subjects had serummagnesium concentra-
tions that were less than 1.8mg/dL (0.74mmol/L), a finding
that has been attributed to renal magnesium wasting and is
potentially a biomarker for the presence of HNF1B renal
disease. Subject 7 developed worsening kidney disease and
eventually presented with hypercalcemia secondary to hyper-
parathyroidism and has been successfully treated with cinacal-
cet, which functions to directly lower PTH concentrations by
increasing the sensitivity of the calcium-sensing receptor,
resulting in inhibition of PTH secretion.

4. Comparison to Other Pediatric
HNF1B Cohorts

Table 6 summarizes data from five recently reported cohorts of
individuals with HNF1B disease that included pediatric sub-
jects (2009–2022) and one meta-analysis from 2020. Cohorts
described by Warncke et al. [3] and Sztromwasser et al. [21]
were recruited from diabetes patient registries similar to the
CHOP HNF1B disease cohort. Individuals with HNF1B diabe-
tes described by Ge et al. [22] were identified through a meta-
analysis of the literature and included both pediatric and young
adult cases and due to the meta-analysis format may include a
limited number of subjects described in the other cohorts.
Patients with HNF1B disease described by Nagano et al..
[23], Lim et al. [24], and Adalat et al. [25] were identified
from registries of individuals with renal malformations or dys-
function. Warncke et al. [3] describe a cohort of 35 children
and adolescents with HNF1B diabetes identified from a multi-
county diabetes registry (DPV) in Europe containing over
75,000 individuals. Individuals in the Warncke cohort had
pancreatic β-cell antibodies assessed and the diagnosis of
HNF1B diabetes was made by local clinicians and confirmed
with genetic testing. The mean age of diabetes diagnosis
(13.5 years) was similar to the CHOP cohort (14.2 years) and
the BMI SDS score was not elevated in either cohort (0.6 vs
−0.4). The average HbA1C and c-peptide levels at diagnosis
were much lower in the Warncke cohort compared to CHOP
(7.0% and 1.5 ng/mL vs., 10.2% and 5.6 ng/mL) but a similar
percentage of individuals were treated with insulin (65.2% vs.,
72%) with similar total daily insulin doses (0.7 vs., 0.61 units/
kg/day). Hyperlipidemia and extrapancreatic conditions
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were common in both groups. Ge et al. [22] performed a meta-
analysis of literature describing individuals with MODY5 or
HNF1B diabetes, and using 48 separate publications and 61
total cases, 34 of which had available data regarding the clinical
diabetes presentation. Although specific data on individuals
diagnosed with HNF1B diabetes prior to age 18 was not avail-
able, the median age of diagnosis was 16, with 15% of cases
presented prior to age 10 years (n= 5 cases). ThemeanHbA1C
was 9.4% and 15% of individuals presented with DKA, higher
than any other cohort. Pancreatic dysgenesis, renal cysts and
dysplasia, and hypomagnesemia were very common in this
cohort.

The description of HNF1B pediatric diabetes cases
described in the publications by Warncke, Ge and at CHOP
had diabetes characteristics that overlapped T1D and T2D
likely due to the fact that the diabetes phenotype includes evi-
dence of both relative insulin deficiency and insulin resistance.
The WarnckeHNF1B pediatric diabetes cohort had more sim-
ilarities in their diabetes presentation to the pediatric T2D
patients in their own registry based on age of diabetes diagno-
sis, HbA1C, c-peptide at diagnosis, and presence of hyperlipid-
emia. The Ge cohort had a higher average HbA1C at
presentation than the other groups including a large number
of individuals presenting in DKA. The CHOPHNF1B diabetes
subjects had higher average HbA1C, c-peptide, and lipid profile
components compared to both T1D and T2D SEARCH data.

The cohort described by Sztromwasser et al. [21] included
15 individuals withHNF1B disease (7 adults and 8 children), 12
of which had impaired glucose tolerance (IGT) or diabetes with
the average HbA1C at diagnosis of 7.9%. The number of indi-
viduals diagnosed withHNF1B diabetes prior to age 18 was not
identified but the average age of diabetes diagnosis was 16.3
years, which is older than the other cohorts. Extra pancreatic
symptoms were common in this cohort as well.

The cohorts described by Nagano et al., Lim et al., and
Adalat et al. were identified from larger registries of patients
previously diagnosed with renal disease [23–25]. There are only
a total of 12 additional cases of pediatric HNF1B diabetes
described in these cohorts, and there is limited data presented
describing the clinical diabetes characteristics of the individuals
in these groups. Extra pancreatic symptoms were highly prev-
alent. Additionally, similar to the CHOP cohort (Craven), Lim
et al. [24] described 8/14 (57%) of the individuals with HNF1B
disease had hyperparathyroidism. Although secondary and ter-
tiary hyperparathyroidism is common in populations with
chronic renal disease, there is evidence in the cohorts of pedi-
atric HNF1B disease that the etiology of the hyperparathyroid-
ism may be a primary defect. Studies suggest that HNF1B acts
as a novel repressor of PTH gene transcription thus contribut-
ing to the development of hyperparathyroidism [26]. Over half
of the CHOP pediatric cohort had evidence of primary hyper-
parathyroidism, with only one of the six patients having con-
current vitamin D 25-OH deficiency. Additional in vitro
studies provide evidence that the transcription factor HNF1B
plays a role in the development of hyperparathyroidism and is
required for PTH activity [26].

All six cohorts included individuals withHNF1B heterozy-
gous deletions and HNF1B heterozygous mutations, but the

prevalence varied based on the population studied. Some
groups report mild phenotype/genotype associations including
age of diagnosis, eGFR, pancreatic abnormalities, and autism
spectrum disease but it is not clear if these relationships per-
sisted throughout all cohorts [23–25]. Additionally, develop-
mental uterine abnormalities have been previously identified in
females with HNF1B disease [5], but the prevalence of uterine
abnormalities in the six cohorts described in Table 2 was very
low (<10%). Five of six females in the CHOP cohort had nor-
mal pelvic ultrasounds and the sixth patient reported regular
periods.

5. Conclusion and Recommendations

PediatricHNF1B disease is a rare genetic condition that can be
difficult to diagnose based on the extreme phenotypic variabil-
ity among affected individuals and within families. Although
pediatric HNF1B diabetes is rare, there are clinical character-
istics that are common in these patients that can be used by
pediatric endocrinologists to identify candidates for genetic
testing. HNF1B diabetes often presents in mid-adolescence
with hyperglycemia but the hyperglycemia is not commonly
associated with ketosis or acidosis. C-peptide levels are often
measurable despite the degree of hyperglycemia and hyperlip-
idemia is common. Confirming features including a negative
diabetes autoimmune panel, a normal or low (as opposed to
elevated) BMI along without evidence of insulin resistance or a
prepubertal presentation of diabetes should prompt consider-
ation of monogenic diabetes genetic testing including sequenc-
ing and gene deletion analysis. History of IUGR or SGA
birthweight and other neonatal diagnoses including hypergly-
cemia, cholestasis, and renal cysts are commonly reported in
patients with HNF1B disease. Although pancreatic enzyme
insufficiency is found in individuals withHNF1B disease, extra
pancreatic conditions including renal malformations or dys-
function, hyperparathyroidism, hypomagnesemia, genital tract
abnormalities, autism spectrum disorder, and developmental
delays are also very common and should prompt consideration
of HNF1B genetic testing.

The underlying etiology of the increased prevalence of
hyperlipidemia in pediatric HNF1B diabetes is not known.
While factors leading to hyperlipidemia in HNF1B disease
are unclear, hepatic etiologies such as hepatic insulin resistance
and hepatic bile acid abnormalities have been proposed [27].
Patients with HNF1B mutations can have neonatal cholestasis
and bile duct paucity, as well as reductions in bile acid concen-
trations and elevated hepatic transaminases (AST, ALT, and
GGT) [27]. Mice with liver and biliary-specificHnf1b inactiva-
tion had elevated serum cholesterol and triglycerides levels in a
pattern similar to that described in the pediatricHNF1B diabe-
tes cohorts suggesting that abnormalities in biliary duct forma-
tion and function and bile acid metabolism in subjects with
HNF1B mutations may lead to hyperlipidemia [28, 29]. Given
that over 90% of the individuals in the CHOP HNF1B cohort
had significant dyslipidemia, elevated lipid markers may be
useful as clinical biomarkers to identify pediatric patients
who are candidates for HNF1B genetic testing in the setting
of a negative diabetes autoimmune panel.We suggest repeating
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the fasting lipid profile 1–3 months after diabetes diagnoses in
these individuals and if the lipid markers remain elevated, con-
sider obtaining monogenic diabetes genetic testing for HNF1B
mutations/deletions.

Most pediatric HNF1B diabetes patients require treatment
with total daily insulin requirements that are slightly lower than
adolescents with T1D. Autism spectrum disorder and develop-
mental delay diagnoses can affect treatment approaches for
pediatric patients withHNF1B diabetes, especially if daily insu-
lin injections or intensive glucose monitoring are required.
Future treatment with GLP-1R agonists holds promise but
more data are needed to assess effectiveness and potential
impact on renal function. Islet cell transplant could potentially
be considered in patients with HNF1B diabetes requiring renal
transplant, as there is evidence in the adult HNF1B diabetes
literature that β-cell function continues to decline over time in
subjects withHNF1B diabetes [30–32]. Importantly, the poten-
tial effects of immunosuppressive therapies on β-cell function
and hepatic insulin resistance in the setting ofHNF1B diabetes
are poorly characterized and need to be assessed before this
becomes an acceptable approach to treatment [30].

In summary, identifying a molecular diagnosis in pediatric
patients with atypical forms of diabetes including HNF1B dia-
betes is important for assessing multisystem disease involve-
ment, counseling regarding heritability, and identifying
potential alternative treatment regimens over a lifetime. Addi-
tional studies are needed to determine both ideal preventive
approaches and optimal treatment plans for HNF1B-related
endocrine disorders, including HNF1B diabetes but also
regarding abnormalities in lipid metabolism and calcium
homeostasis which are underreported in the literature.
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