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1 B (HNF1B) Molecular Defects
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OBJECTIVE

Molecular defects of hepatocyte nuclear factor 1B (HNF1B) are associated with a
multiorgan disease, including diabetes (maturity-onset diabetes of the young 5) and
kidney abnormalities. The HNF1B-syndrome is related to HNF1B mutations or to a
17912 deletion spanning 15 genes, including HNF1B. Here, we described HNF1B-
related diabetes and associated phenotypes and assessed genotype/phenotype cor-
relations at diagnosis and in the long-term.

RESEARCH DESIGN AND METHODS

This multicenter retrospective cohort study included 201 patients, aged 18 or older
at follow-up, with HNF1B mutations (n = 101) or deletion (n = 100).

RESULTS

Diabetes was present in 159 patients. At diagnosis, clinical symptoms of diabetes
were present in 67 of 144 patients, and HNF1B-renal disease in 64 of 102. Although
responsiveness to sulfonylureas/repaglinide was observed in 29 of the 51 tested,
111 of 140 patients (79%) were treated with insulin at follow-up. Diabetic retinop-
athy and/or neuropathy were present in 46 of 114 patients. Renal cysts were present
in 122 of 166 patients, chronic kidney disease (CKD) stages 3—4 in 75 of 169 (44%), and
end-stage renal disease (ESRD) in 36 of 169 (21%). Compared with the patients with
mutations, those with HNF1B deletion had less often CKD3-4/ESRD at diagnosis
(11 of 43 vs. 27 of 35, P < 10™*) and in the long-term (40 of 78 vs. 71 of 91, P =
0.0003). They were leaner and more frequently treated with insulin.

CONCLUSIONS

In patients with HNF1B-syndrome, diabetes complications, cardiovascular risk fac-
tors, CKD3-4, and ESRD are highly prevalent. At diabetes diagnosis, the presence of
morphological and/or functional kidney disease may help etiological diagnosis. Ge-
notype/phenotype correlations may have implications for the care and the prognosis
of these patients.
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2 HNF1B-Related Disease: A Long-term Study
|

Molecular alterations of hepatocyte nu-
clear factor (HNF) 1B are associated
with a multiorgan disease (1,2), including
maturity-onset diabetes of the young
5 (MODY5, HNF1B-MODY) (3-5), kidney
morphological abnormalities, particularly
renal cysts (6-9), decreased renal func-
tion (4-9), morphological and functional
anomalies of the exocrine pancreas
(4,10), liver test alterations (4,9,11), and
genital tract (4,12,13) and neurocognitive
defects (14-18).

The HNF1B-related syndrome is con-
sidered to be caused by HNF1B haploin-
sufficiency (2). In 40-50% of the patients,
the disease is a result of HNF1B muta-
tions, whereas in the others, it is associ-
ated with a heterozygous whole HNF1B
gene deletion (7,19,20). In all cases inves-
tigated to date, HNF1B deletion is the re-
sult of a 17q12 deletion spanning 1.5 Mb
on average encompassing 15 genes, in-
cluding HNF1B (15-17,19). So far, except
for one study showing that neurodeve-
lopmental disorders occur only in pa-
tients with the 17q12 deletion (17), no
differences have been reported in the
phenotypes of the patients with this large
rearrangement compared with those
with HNF1B mutations (2).

Although the HNF1B-associated renal
disease has been extensively described
(1,2,4-9), the clinical characteristics and
care of HNF1B-related diabetes have not
been reported in large series, and no
long-term studies are available. A meta-
analysis of 47 articles only mentioned
that diabetes occurred in 95 of 211 pa-
tients with HNF1B defects, at a mean age
of 23.7 years, and that 77% of the patients
were treated with insulin (1).

The aims of our study were, in a cohort
of 201 adult patients with HNF1B defects,
to describe the phenotype of diabetes
and of the associated clinical spectrum,
to report the long-term follow-up of
these patients, and to reassess geno-
type/phenotype correlations.

RESEARCH DESIGN AND METHODS

Criteria for HNF1B Genetic Screening
Reasons for referring the patients for ge-
netic testing were:

1. the association of diabetes suggesting
MODY (absence of islet autoanti-
bodies in the proband, onset of diabe-
tes before age 40 in the proband and/
or in at least one family member, ab-
sence of familial obesity) and impaired

renal function not ascribable to diabe-
tes (i.e., in the absence of diabetic ret-
inopathy and with albumin excretion
<0.5 g/d), and/or kidney morpholog-
ical abnormalities (19);

2. the association of diabetes with
other organ involvement previously
described in HNF1B-MODY (renal
disease, pancreatic hypoplasia, un-
explained elevated liver enzymes,
or genital tract abnormalities) (1,2,19);

3. arenal disease suggestive of a HNF1B
defect (2,9); and

4. screening of relatives of a patient
with a HNF1B molecular defect.

Genetic analyses
Genetic Analyses were performed in two
steps: 1) the search for genomic re-
arrangements of HNF1B (NM_000458.2)
by multiplex quantitative PCR (19); and 2)
the search for sequence variants of HNF1B
by Sanger sequencing from 2000 to 2013,
and since 2014 by multiplex amplification
(Kit MODY MASTR assay V1.0; Multiplicom,
Antwerp, Belgium), including seven genes
(GCK, HNF1A, HNF4A, HNF1B, ABCCS,
KCNJ11, and INS), followed by sequencing
on a MiSeq system (lllumina). All patients
gave informed consent for the study.
Pathogenicity of variants was assessed
according to current guidelines, and all
variants were classified using a five-class
score (21). Truncating mutations were
considered as disease causing. Interpreta-
tion of missense and splice-site mutations
was based on the following criteria: mu-
tation not present in the population da-
tabase (Exome Aggregation Consortium
[EXAC] Browser) (22); mutation previ-
ously reported in HNF1B deficiency,
based on literature and gene-specific da-
tabase (Human Genome Mutation Data-
base [HGMD]) (23); de novo occurrence,
and familial cosegregation analysis; pre-
dictive algorithms of pathogenicity for
missense mutations (sorting intolerant
from tolerant [SIFT], PolyPhen-2, Align-
GVGD [Grantham Variation, Grantham
Deviation] and Combined Annotation-
Dependent Depletion [CADD] score) (24),
and for splice-site defects (MaxEntScan
and Human Splicing Finder). The predic-
tive algorithms, except CADD, were run
with the Alamut Visual 2.7 software (In-
teractive Biosoftware, Rouen, France).

Study Population
Between 2000 and 2015, a molecular
defect of HNF1B was identified in 380
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patients in the Department of Genetics
(Hopital Pitié-Salpétriere, Paris, France).
Because our main goal was to describe
the phenotype of HNF1B-diabetes, which
is rarely present in children (1), 137 pa-
tients younger than age 18 at the time of
follow-up were excluded from the study.
We also excluded 18 patients in whom
the identified HNF1B molecular abnor-
mality was considered as an unlikely
pathogenic variant, rather than a dis-
ease-causing mutation, and 24 patients
with no available clinical data. Thus,
201 adult patients (154 families) were in-
cluded in the study. Among these pa-
tients, 39 have been reported as case
reports or in short series (4,19,25-28),
and a further 68 were specifically as-
sessed for intellectual disability (18).

Data Collection

Clinical and biological parameters at on-
set and at follow-up were recorded on
standardized forms filled in by the refer-
ring clinicians and were reviewed by
three of us (D.D.-L., E.C., J.T.). Arterial hy-
pertension, dyslipidemia, and coronary
artery disease were defined as previously
described (29). Estimated glomerular fil-
tration rate (eGFR) was calculated using
the Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) formula. Chronic
kidney disease stages 3 and 4 (CKD3-4)
was defined as an eGFR between 59 and
15 mL/min/1.73 m?, and end-stage renal
disease (ESRD) as an eGFR <15 mL/min/
1.73 m?, or dialysis or kidney transplanta-
tion (30). Retinopathy and neuropathy
were defined and assessed as recom-
mended (31). Responsiveness to sulfonyl-
ureas (SUs) or repaglinide was defined as
an HbA;. <7.0% (53 mmol/mol) under
treatment (31).

Statistical Analysis

Data are shown as medians and inter-
quartile ranges [IQRs] or as numbers
and percentages. Univariate analyses
were performed using the Mann-Whitney
U test and the Fisher exact test. Correla-
tions were assessed by Spearman rank
order correlation. For multivariate analy-
ses, variables associated with genotype or
with renal failure with a P value <0.10in
the univariate analyses were included in
multiple logistic regression models, and
manual backward elimination procedures
were performed to choose the final mod-
els. In case of collinearity between two
or more variables, the most clinically
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pertinent was chosen. Adjusted odds ra-
tios (ORs) are reported with 95% Cls. Be-
cause the study included probands and
relatives, sensitivity analyses were per-
formed in probands, and all showed re-
sults similar to those in the total
population (not shown). A P value <0.05
was considered significant. Analyses were
performed with SAS 9.3 software (SAS In-
stitute, Inc., Cary, NC).

RESULTS

Mutational Spectrum

Among the 154 probands, 87 (56%) had
a whole gene deletion. The molecular
defects found in the 67 other probands
consisted in 37 missense mutations, 7
nonsense, 8 splice-site defects, 11 small
insertion/deletion, 3 exonic deletions
(exon 5, exons 1-4, exons 3—4) and one
exon 5 duplication. They are subsequently

referred to as “mutations.” Fifty-seven of
these 67 are distinct variants and, among
them, 26 are novel mutations (Supple-
mentary Table 1) (2,23).

Clinical Spectrum of the HNF1B-
Related Syndrome

The frequencies of the main components
of the HNF1B-related syndrome are re-
ported in Table 1. Diabetes was present
in 159 of 194 patients. A family history of
diabetes was present in 78 of 110 pro-
bands (71%), suggesting MODY in 31 of
78 (40%). Clinical presentation at diabetes
diagnosis was highly variable (Fig. 1 and
Table 2). Age at diabetes onset was >25
years in 91 of 159 patients (57%). Clinical
symptoms (polyuria and/or weight loss)
were present in 67 of 144 patients
(47%), but ketoacidosis was rare (7 of
144 [5%)). BMI was <25 kg/m? in 81 of

Table 1—Main components of the HNF1B syndrome in 201 adult patients

Organ

Observed prevalence
n/N investigated (%)

Dubois-Laforgue and Associates

101 patients (80%). HbA;. was <7%
(53 mmol/mol) in 24 of 74 (32%),
and =13% (119 mmol/mol) in 25 (34%).
Basal and stimulated C-peptide plasma
concentrations, assessed in 55 and 36 pa-
tients, respectively, after a median 9-year
diabetes duration (IQR 1-18), showed re-
sidual insulin secretion in 80% of the pa-
tients (Supplementary Fig. 1), and did not
correlate with diabetes duration or eGFR
(not shown). At diabetes onset, 68 pa-
tients (49%) were treated with insulin.
They were younger, leaner, presented
more often with clinical symptoms of di-
abetes, had higher blood glucose and
HbA,. levels, and carried more often an
HNF1B deletion than those treated with
diet or oral hypoglycemic agents (OHA)
(Supplementary Table 2).

At last follow-up, median age of the
patients was 45 years and diabetes

Features
numbers of cases

Diabetes

Kidney morphological abnormalities*

CKD3—4*

ESRD #

Hypomagnesemia

Pancreas morphological abnormalities*

Pancreas exocrine dysfunction§
Liver test abnormalities

Liver imaging abnormalities*

Liver biopsy abnormalities

Genital tract abnormalities
In females

In males

159/194 (82)
151/166 (91)

75/169 (44)
36/169 (21)
49/65 (75)
59/95 (62)

Cysts: 124
Renal atrophy: 37

Pelviureteric junction obstruction: 26

Solitary kidney: 20

Atrophy/agenesis: 39
Calcifications: 24

Pancreas divisum: 3; Ring pancreas: 1; Malrotation: 1

29/38 (76)
101/142 (71)

31/97 (32)

13/24 (54)

28/56 (50)

16/20 (80)

Intraductal papillary mucinous tumor: 2

ALT > upper limit of normal: 52, by 1.62 times (1.38-2.44)
AST > upper limit of normal: 38, by 1.49 times (1.17-2.00)
GGT > upper limit of normal: 63 by 3.00 times (2.09-4.87)
Nonspecific abnormalities: 22
Biliary cysts: 4
Abnormal biliary ducts: 5
Rarefaction of biliary ducts: 5
Fibrosis: 3
Steatosis: 3
Focal nodular hyperplasia: 2

Bicornuate uterus: 22
Mayer-Rokitansky-Kiister-Hauser syndrome: 5
Hemiuterus: 1
Spermiogram abnormalities: 7
Epididymal cysts: 4; Cryptorchidism: 3; Varicocele: 3
Enlarged seminal vesicles: 2; Absence of vas deferens: 1

Results are expressed as actual numbers and percentages or as median (IQR). ALT, alanine aminotransferase, AST, aspartate aminotransferase, GGT,
y-glutamyltransferase. *Morphological abnormalities were assessed by ultrasonography and/or computed tomography scan. TDefined as an eGFR
between 59 and 15 mL/min/1.73 m?, calculated by the CKD-EPI formula (30). $Defined as an eGFR <15 mL/min/1.73 m?, or dialysis, or kidney
transplantation. §Defined as an elastase fecal concentration <200 wg/g and/or a fecal fat excretion >6 g/d.
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Figure 1—Distribution (%) of age (n =153) (A), BMI (n = 109) (B), HbA; (n = 73) (C), and treatment of
diabetes (n = 125) (D) in probands. Black bars, patients with HNF1B mutations; white bars, patients
with HNF1B deletion. (A high-quality color representation of this figure is available in the online

issue.)

duration was 12 years (Table 2). Median
HbA,. was 7.05% (54 mmol/mol). Insulin
therapy was instituted in 48 of 72 patients
(67%) initially on diet or OHA. Thus, the
proportion of insulin-treated patients
rose to 111 of 140 (79%). In these pa-
tients, insulin dosage was 0.55 1U/kg/d
(IQR 0.39-0.70), and median HbA;. was
7.3% (IQR 6.7-8.4) (56 mmol/mol, IQR
50-67).

Responsiveness to SU or repaglinide
was observed in 29 of 51 patients (57%)
treated after a 0.75-year diabetes dura-
tion (IQR 0-5.25). HbA,. decreased from
7.1% (IQR 5.5-12.1) (54 mmol/mol, 37—
109) to 6.1% (IQR 4.4-7.0) (43 mmol/mol,
IQR 25-53) (P < 10~%). Responsiveness
to SU/repaglinide was associated with a
better residual insulin secretion (not
shown). Duration of SU/repaglinide treat-
ment was 5 years (IQR 3-9). Switching
insulin therapy for SU/repaglinide was at-
tempted in 10 patients only and was suc-
cessful in 3.

At follow-up, a diabetic retinopathy
was observed in 33 of 121 patients
(27%), and was mild in 14, moderate
to severe in 8, and proliferative in 11.
Peripheral neuropathy was noticed
in 29 of 112 patients (26%) (Table 2).
Retinopathy and/or neuropathy, pre-
sent in 46 of 114 patients (40%), were

associated with older age and longer di-
abetes duration, higher HbA;. and sys-
tolic blood pressure, more frequent
insulin therapy, and the presence of
CKD3—-4/ESRD (Supplementary Table 3).
Overt coronary artery disease was pre-
sent in 11 of 111 patients (10%). Cardio-
vascular risk factors were present in
many patients since the minimal preva-
lence of diabetes, CKD3—-4/ESRD, body
weight excess, arterial hypertension,
and hyperlipidemia was 79%, 55%,
30%, 37%, and 39%, respectively, and
43% of the patients had four or more
risk factors.

At the time of the study, 35 patients
had no diabetes. Their main characteris-
tics were not different from those of pa-
tients with diabetes, except for a higher
proportion of relatives (Supplementary
Table 4). Of note, age at follow-up in the
patients without diabetes was older than
the age at diabetes diagnosis in the
159 others.

HNF1B-related renal disease, defined
by the presence of kidney morphologi-
cal abnormalities and/or of CKD3-4/
ESRD, and/or hypomagnesemia (Table
1), was present in 173 of 176 patients.
Median age at diagnosis of renal disease
was 26 years (IQR 11.3-38). In the 102 pa-
tients with known ages at diabetes and
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renal disease, renal disease was diag-
nosed first in 40 (39%). It was uncovered
concomitantly with diabetes in 24 (24%)
and after a median diabetes duration of
11 years (IQR 5.5-16) in 38 (37%)
(Supplementary Fig. 2). In these two lat-
ter groups, renal function was already
decreased in 9 of 34 patients (26%) at di-
abetes diagnosis, and kidney morpholog-
ical abnormalities were eventually found
in 49 of 56 (87%).

Kidney morphological abnormalities
were found in 151 of 166 patients. They
consisted of renal cysts in 81% and
were the sole abnormality in 48%. Renal
imaging showed no abnormalities in
15 patients (9%). Hypomagnesemia was
observed in 49 of 65 patients (75%), and
hyperuricemia in 50 of 85 patients (59%;
41% of those with a normal eGFR). Of
note, renal imaging showed abnormal-
ities in 30 of 34 relatives (88%), includ-
ing the presence of cysts in 83%, as
observed in the probands (92%, and
81%, respectively).

At follow-up, 58 patients (34%) had an
eGFR =60 mL/min/1.73 m?, and 75 (44%)
had CKD3—4 and 36 (21%) ESRD, including
7 patients on hemodialysis and 24 pa-
tients with a kidney transplantation.
CKD3-4/ESRD was as frequent in relatives
as in probands (not shown). Age at ESRD
was highly variable (median 50 years, IQR
30-56.5). Microalbuminuria was present
in 40 of 125 (32%) and proteinuria in 32 of
125 patients (26%). A renal biopsy was
performed in 20 patients and showed var-
ious lesions, including interstitial fibrosis
in 10 and diabetic glomerular disease in 5.
Factors associated with CKD3-4/ESRD at
follow-up were first identified by univari-
ate analysis (Table 3). eGFR at follow-up
was strongly correlated with eGFR at
diagnosis, and with age at follow-up
(P < 10™* for both correlations; data
not shown). By multivariate analysis,
CKD3-4/ESRD at follow-up was associ-
ated with HNF1B mutation (vs. deletion),
arterial hypertension, proteinuria, and
age (Supplementary Table 5).

The main other components of the
HNF1B-related disease are detailed in Ta-
ble 1. Pancreas imaging and pancreas
exocrine functional tests, performed in
95 and 38 patients, showed abnormalities
in 62% and 76%, respectively. Abnormal
liver test results were reported in 101 of
142 patients. No hepatic failure or portal
hypertension was reported. Genital tract
abnormalities were found in 28 of
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Table 2—Characteristics of the patients with HNF1B-related diabetes

At diabetes onset At last follow-up

Age (years)
Duration of diabetes (years)
BMI (kg/m?)
BMI
Normal
Overweight
Obese

Blood glucose concentration (mmol/L)
HbA; (%)
HbA; . (mmol/mol)
Treatment of diabetes
Diet
OHA
Insulin
eGFR (mL/min/1.73 m?)*
Renal function
Normal
CKD3-41
ESRD%
Increased albumin urinary excretion: yes/no
Retinopathy: yes/no
Neuropathy: yes/no
Coronary artery disease: yes/no

28 (20-37) [159] 45 (3-56) [144]
0 12 (5.5-22.5) [143]
23.1(19.7-24.4) 23.9 (20.9-26.3)

89 78
13 39
9 15
15.8 (7.8-27.2) [82] NA

9.85 (6.6-14.2) [74]
84.5 (49-132) [74]

7.05 (6.1-8.1) [135]
54 (43-65) [135]

25 7
47 22
68 111

60 (39.5-96.5) [67] 50.5 (32-89) [104]

40 45
31 66
7 31
NA 65/43
NA 33/88
NA 29/83
NA 11/99

Results are expressed as median (IQR), with numbers of available data in brackets, or as actual
numbers. NA, not available. *eGFR calculated by the CKD-EPI formula (30), excluding patients on
dialysis or with kidney transplantation. tDefined as an eGFR between 59 and 15 mL/min/1.73 m?.
tDefined as an eGFR <15 mL/min/1.73 m?, or dialysis, or kidney transplantation.

56 women and in 16 of 20 men who were
investigated. Rare abnormalities reported
by the referring physicians are summa-
rized in Supplementary Table 6.

Genotype/Phenotype Correlations

Among the patients with mutations, we
observed no differences in the pheno-
types of the patients with missense
compared with those with truncating
mutations (not shown). In the univari-
ate analysis (Table 4), compared with pa-
tients with a HNF1B mutation, those
with a whole HNF1B deletion were
more often probands, had a lower BMI
at diabetes diagnosis and at follow-up,
and were more often treated with insulin
at diabetes diagnosis. They also had a
higher eGFR at diabetes diagnosis and at
follow-up and a lower frequency of kid-
ney transplantation. Thus, CKD3—4/ESRD
was less frequent in patients with dele-
tion than in those with mutations at di-
abetes diagnosis (11 of 43 [26%)] vs. 27 of
35 [77%], P < 10~ %) and at follow-up (40
of 78 [51%] vs. 71 of 91 [78%)], P =0.0003).
No genotype/phenotype correlations
were observed for kidney morphology,
pancreas morphology and exocrine

function, plasma C-peptide concentra-
tions, liver tests, and genital tract abnor-
malities.

Variables associated with the geno-
type (deletion vs. mutations) were
entered into multivariate analyses
(Supplementary Table 7). At diabetes
diagnosis, a normal BMI and a normal re-
nal function were strongly associated
with the presence of whole gene dele-
tion. At follow-up, a normal renal func-
tion remained associated with HNF1B
deletion.

CONCLUSIONS

This large series first allowed us to refine
the phenotype of HNF1B-related diabe-
tes. Most probands had no family history
suggestive of MODY, in keeping with the
frequent de novo occurrence of HNF1B
defects (7,20), and age at diabetes onset
was older than 25 years.

At diabetes diagnosis, insulin therapy
was instituted in half the patients and
was associated with a young age, a low
BMI, frequent clinical symptoms, and
high blood glucose and HbA;. values.
Afterward, insulin therapy was rarely

switched for OHA. This suggests that
some patients might have been misdiag-
nosed as having type 1 diabetes, as de-
scribed in other MODY subtypes (32). In
this respect, early recognition of renal dis-
ease at diabetes diagnosis may help cor-
rect etiological diagnosis. As a result of
the clinical latency of kidney morpholog-
ical abnormalities, renal ultrasonography
may orientate etiological diagnosis of
nonautoimmune diabetes, because renal
cysts were found in most of our patients,
as described in the renal cysts and diabe-
tes (RCAD) phenotype (6). Also, the pres-
ence of a decreased renal function at
diabetes onset, after initial rehydration,
should alert the physician.

Patients with HNF1B-diabetes have
been reported to exhibit insulin resis-
tance (33). In our series, in the patients
treated with insulin, a good diabetes con-
trol was achieved with insulin dosage
suggesting no overt insulin resistance.
A short series suggested that a severe
defect of insulin secretion was the pri-
mary cause of HNF1B-MODY in Japanese
patients (34). In our patients, residual in-
sulin secretion was documented in a large
proportion of those in whom it was as-
sessed. Accordingly, responsiveness to
SU/repaglinide, was observed in half the
patients in whom it was tested and lasted
for several years. It could have been hy-
pothesized that treatment with a SU was
not started because of reduced renal
function, but eGFR at diabetes diagnosis
was higher in the patients treated with
insulin than in those treated with a SU
(Supplementary Table 2). Thus, more pa-
tients with HNF1B-diabetes could be
treated efficiently with SU/repaglinide,
from the onset of diabetes, or after
switching insulin for these drugs, when
etiological diagnosis of diabetes is made.
However, as a result of the progressive
reduction of eGFR, eventual insulin ther-
apy will be necessary in many patients.

After a median 15-year diabetes dura-
tion, the prevalence of retinopathy and/
or peripheral neuropathy was 40%, asso-
ciated with the same risk factors as those
identified in other diabetes subtypes
(Supplementary Table 3). Coronary artery
disease was not systematically assessed,
but these patients cumulated many risk
factorsand should benefit from aggres-
sive prevention.

The characteristics of the HNF1B-
renal disease were similar to what
has been published as regards kidney
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Table 3—Factors associated with the presence of a decreased renal function at
follow-up in patients with HNF1B molecular defects: univariate analysis

No Yes

Decreased renal function* at follow-up n =58 n=111 P value
Sex

Male 21 55

Female 37 56 0.10
Proband/relative 47/11 88/23 0.84
Genotype

Mutation 20 71

Deletion 38 40 0.0003
Age at diagnosis of renal

disease (years) 19 (8.5-32) [31] 28 (18-39) [83] 0.036
Age at diagnosis of diabetes (years) 23 (18-32) [45] 31 (20-39) [97] 0.017

BMI at diabetes diagnosis (kg/m?)

HbA; . at diabetes diagnosis (%)

HbA, . at diabetes diagnosis
(mmol/mol)

Blood glucose at diabetes
diagnosis (mmol/L)

Insulin therapy at diabetes
diagnosis: yes/no

eGFR at diabetes diagnosist$
(mL/min/1.73 m?)

Renal function at diabetes
Normal
Decreased

Age at follow-up (years)

Diabetes duration at follow-up (years)

BMI at follow-up (kg/m?)

HbA, . at follow-up (%)

HbA,. at follow-up (mmol/mol)
Insulin therapy at follow-up: yes/no

Systolic blood pressure at
follow-up (mmHg)

Diastolic blood pressure at
follow-up (mmHg)

Arterial hypertension at

follow-up: yes/no
Hyperlipidemia at follow-up: yes/no
Proteinuria at follow-up: yes/no

21.9 (18.7-24.3) [34] 23.4 (20.9-24.4) [67]  0.11

11.5 (8.3-15.6) [24]  9.15 (6.3-13.1) [40]  0.0388

102.5 (67-146) [24]  76.5 (45-120) [40]  0.0388

19 (11-33) [25]  11.25(7.2-22.5)[52] 0.0234

24/18 37/52 0.13

109 (99-121) [21] 44 (33-63) [46] <1074
26 14

0 38 <10*

33 (26-40) [58] 50 (37-59) [104] <10 *

11 (4-14) [45] 16 (9-27) [89] 0.0008

23.7 (20.8-26) [51]
6.5 (5.9-8) [51]

24.1 (21-27) [88] 0.45
7.2 (6.4-8.1) [92] 0.13

Retinopathy and/or neuropathy
at follow-up: yes/no

48 (41-64) [51] 55 (46-65) [92] 0.13
32/13 72/13 0.10
120 (119-127) [49] 129 (120-139) [79]  0.0024
75 (70-80) [49] 75 (70-81) [78] 0.73
13/36 62/18 <10 %
16/27 61/20 <10*
11/34 61/19 <10*
11/32 33/36 0.0281

Results are numbers or median (IQR) with numbers of available data in brackets. *Decreased renal
function: CKD3- 4, defined by an eGFR between 59 and 15 mL/min/1.73 m?, or ESRD defined by an
eGFR <15 mL/min/1.73 m?, or dialysis, or transplantation. tCalculated by the CKD-EPI formula (30)
$Excluding patients on dialysis or with kidney transplantation.

morphological abnormalities, decreased
renal function, and hypomagnesemia
(2,9). The rarity of normal renal imag-
ing could have been related to a selec-
tion bias because, as in most series,
patients were selected on the presence
of renal disease (2,9). However, kidney
morphological abnormalities were as
frequent in relatives as in probands,
indicating their high prevalence in
individuals with HNF1B molecular de-
fects, even when not selected on a renal

phenotype. Also, the same prevalence of
decreased renal function was observed in
relatives and in probands, underlying the
benefit of family screening. In keeping
with the progressive decline of renal func-
tion reported in adult patients with
HNF1B-nephropathy (9), eGFR was corre-
lated with age at follow-up. However, we
identified modifiable risk factors associ-
ated with a poorer renal function at fol-
low-up, particularly arterial hypertension
(Table 3 and Supplementary Table 5). CKD

was also associated with proteinuria,
suggesting that diabetic glomerulopathy,
observed in 5 of 20 kidney biopsy speci-
mens, may have played a role in its occur-
rence. This is in keeping with a previous
report showing that half the patients with
HNF1B molecular defects referred for
ESRD had a phenotype suggesting dia-
betic nephropathy (27).

Our study showed marked differ-
ences in the phenotypes of the patients
with HNF1B deletion compared with
those with mutations. Haploinsufficiency
is acknowledged to be responsible for the
clinical consequences of HNF1B molecu-
lar defects (2). Because HNF1B deletion
is related to a 1712 deletion encompass-
ing 15 genes (15-17,19), we wondered
whether deletion of genes other than
HNF1B may alter disease phenotypes.

Patients with the whole gene dele-
tion were leaner than those with a
HNF1B point mutation (Table 4 and
Supplementary Table 7). We speculate
that the loss of two genes encompassed
by the 17q12 deletion might account for
this observation, namely ACACA that en-
codes the acetyl-CoA carboxylase 1 in-
volved in lipogenesis in adipose tissue
(35) and ZNHIT3 that encodes the thyroid
hormone receptor-interacting protein
3 (Trip3), a peroxisome proliferator-
activated receptor-vy coactivator, involved
in the differentiation of preadipocytes into
adipocytes (36). Of note, Trip3 is also a
coactivator of HNF4A, haploinsufficiency
of which is responsible for MODY1 (37).
Thus, in patients with the 17q12 deletion,
the loss of ZNHIT3 might contribute to a
more severe phenotype of diabetes at
onset, as suggested by their more fre-
quent requirement for insulin therapy
(Table 4).

Patients with HNF1B mutations had a
poorer renal prognosis than those with
a whole gene deletion, as evidenced
by a lower eGFR at follow-up and a higher
frequency of CKD3—4 or ESRD (Table 4
and Supplementary Table 7). Several
nonexclusive hypotheses can be raised.
First, because HNF1B is only active as
homodimers or heterodimers with
HNF1A, certain mutations may have a
dominant negative effect worsening
the phenotype; however, no such ef-
fect has been documented for HNF1B
mutations thus far (2). Second, genes
predisposing to renal disease may be af-
fected by the 17912 deletion. Fatty acids
have been shown to induce podocyte
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Table 4—Genotype/phenotype correlations: univariate analysis

Mutation Deletion
n=101 n =100 P value
Sex
Male 48 39
Female 53 61 0.26
European Caucasian origin: yes/no 61/20 65/16 0.57
Probands/relatives 67/34 87/13 0.0008
At diagnosis of diabetes
Age (years) 30 (19.5-37) [75] 26.5 (20-37) [84] 0.69
BMI (kg/mz) 23.9 (22.2-25.8) [49] 21 (18.7-23.6) [62] <10*
Symptoms of diabetes: yes/no 24/38 43/38 0.094
Blood glucose concentration
(mmol/L) 10.6 (7.2-22.3) [36]  19.5 (8.8-30.3) [46]  0.086
HbA; (%) 8.6 (6.5-13.1) [28] 10.8 (7.1-14.4) [46] 0.14
HbA;. (mmol/mol) 70.5 (48-120) [28]  94.5 (54-134) [46]  0.14
Insulin therapy: yes/no 24/44 44/28 0.0025
eGFR (mL/min/1.73 m?)* 42 (30-55) [28] 86 (55-106) [29] <10 *
Renal function: normal/decreasedt 8/27 32/11 <10*
At follow-up
Age (years) 44.5 (33-57) [90] 38.5 (29-51) [90] 0.13
Diabetes duration (years) 16 (8-28) [69] 11 (5-16) [74] 0.033
BMI (kg/m?) 24.9 (22-26.5) [72]  22.2 (20-26.2) [77]  0.0076
HbA; . (%) 7.0 (6.2-8.0) [79] 7.1 (6.1-8.2) [73] 0.93
HbA; . (mmol/mol) 53 (44-64) [79] 54 (43-66) [73] 0.93
Insulin therapy: yes/no 53/15 57/15 1.00
Systolic blood pressure (mmHg) 126.5 (120-137) [66] 122 (120-135) [63] 0.56
Diastolic blood pressure (mmHg) 74 (70-81) [65] 75 (70-80) [63] 0.98
Arterial hypertension: yes/no 44/23 31/32 0.076
Hyperlipidemia: yes/no 45/22 33/26 0.20
Age at diagnosis of kidney
disease (years) 22 (10-36.5) [64] 28.5 (16-39) [58] 0.16
eGFR (mL/min/1.73 m?)* 42.5 (30-71) [62] 75 (36-104) [63] 0.008
Renal function: normal/decreasedt 20/71 38/40 0.0003
Kidney transplantation: yes/no 19/73 5/79 0.007
Proteinuria
None 27 26
Microalbuminuria 23 17
Macroproteinuria 19 13 0.70
Retinopathy and/or neuropathy:
yes/no 20/35 26/33 0.45

Results are actual numbers or median (IQR) with numbers of available data into brackets.

*Calculated by the CKD-EPI formula (30). TDecreased renal function: CKD3-4, defined as an eGFR
between 59 and 15 mL/min/1.73 m?, or ESRD, defined as an eGFR <15 mL/min/1.73 m?, or dialysis,

or kidney transplantation.

apoptosis, a critical step in the pathogen-
esis of diabetic nephropathy (38). Invali-
dation of both isoforms of acetyl-CoA
carboxylase is required to inhibit this toxic
effect of fatty acids (38), suggesting that
the two isoforms are involved in diabetic
nephropathy. Thus, haploinsufficiency of
ACACA might decrease the risk of diabetic
glomerular disease in patients with the
17912 deletion.

Our study has several limitations. First,
some data were missing as a result of its
retrospective design, but it is by far the
largest in patients with HNF1B-related
disease. Second, a selection bias was ob-
vious because most of the patients were

referred as a result of the association of
diabetes and renal disease. Owing to the
rarity of HNF1B-diabetes in children, this
led us to include only patients aged =18
years at the time of follow-up, which may
have introduced a bias in the observed
phenotypes. Thus, our study cannot give
an accurate frequency of diabetes in pa-
tients with HNF1B molecular defects or
describe the full clinical spectrum of this
disease. Prospective studies in children
and results from large-scale next genera-
tion sequencing studies will help answer
these questions.

In conclusion, this large series of pa-
tients with HNF1B-related disease allowed

us to describe in detail the phenotype of
HNF1B-diabetes. Our results suggest that
some patients might be misdiagnosed
as having type 1 diabetes at onset and
that some could be treated with SU/
repaglinide at least for several years.
We showed that diabetes complications
and cardiovascular risk factors are fre-
quent in these patients, who should ben-
efit from prevention. We also confirmed
that renal failure is a major issue in adult
patients with HNF1B molecular defects.
Lastly, we evidenced genotype/phenotype
correlations that may have implications
for the prognosis of these patients.
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