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Summary

Background Childhood-onset combined pituitary hormone deficiency (CPHD) has a wide spectrum of etiologies
and genetic causes for congenital disease. We aimed to describe the clinical spectrum and genetic etiologies of
CPHD in a single tertiary center and estimate the population-level incidence of congenital CPHD.

Methods The retrospective clinical cohort comprised 124 CPHD patients (48 with congenital CPHD) treated at the
Helsinki University Hospital (HUH) Children’s Hospital between 1985 and 2018. Clinical data were collected from
the patient charts. Whole exome sequencing was performed in 21 patients with congenital CPHD of unknown
etiology.

Findings The majority (61%;76/124) of the patients had acquired CPHD, most frequently due to craniopharyngio-
mas and gliomas. The estimated incidence of congenital CPHD was 1/16 ooo (95%ClI, 1/11 000-1/24 000). The clin-
ical presentation of congenital CPHD in infancy included prolonged/severe neonatal hypoglycaemia, prolonged
jaundice, and/or micropenis/bilateral cryptorchidism in 23 (66%) patients; despite these clinical cues, only 76% of
them were referred to endocrine investigations during the first year of life. The median delay between the first viola-
tion of the growth screening rules and the initiation of GH Rx treatment among all congenital CPHD patients was
2-2 years, interquartile range 1-2—3-7 years. Seven patients harbored pathogenic variants in PROP1, SOX3, TBC1D32,
OTXz2, and SOX2, and one patient carried a likely pathogenic variant in SHH (c.676G>A, p.(Ala226Thr)).

Interpretation Our study suggests that congenital CPHD can occur in 1/16 ooo children, and that patients fre-
quently exhibit neonatal cues of hypopituitarism and early height growth deflection. These results need to be corrob-
orated in future studies and might inform clinical practice.
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tion research grants.
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Introduction

The hypothalamic-pituitary axis is an essential regulator
of somatic growth, puberty, metabolism, neuro-behav-
ioral development, and vital body stress responses. In
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Research in context

Evidence before this study

Childhood-onset combined pituitary hormone defi-
ciency (CPHD) is a multifaceted diagnosis covering mul-
tiple congenital and acquired etiologies with variable
diagnostic aspects. In addition to our earlier literature
reviews, we searched PubMed for several CPHD-related
terms, including “childhood hypopituitarism”, “child-
hood CPHD”, “CPHD incidence”, “childhood hypopituita-
rism incidence”, and “idiopathic hypopituitarism”
(altogether 1176 results). We were able to identify four
previous studies that described the entire spectrum of
CPHD, only one of which was conducted in pediatric
patients in the developing economy of Sudan, with a
high rate of consanguinity. Untreated CPHD is a life-
threatening disease due to the lack of cortisol responses
to stress, and later in childhood, it may compromise
growth and development. This highlights the importance
of early diagnosis and treatment of CPHD. During the last
few years, multiple new candidate genes have been impli-
cated in congenital CPHD. However, their significance has
not been examined in larger patient cohorts.

Added value of this study

We present to the best of our knowledge the first inci-
dence estimates for congenital CPHD derived from a
cohort of carefully documented patients with two or
more pituitary hormone deficiencies. We describe pre-
sentation and diagnostic features of pediatric CPHD. We
suggest the benefits of children’s growth monitoring
for the early referral and we investigate the presence of
rare sequence variants in a set of 80 genes implicated in
CPHD in 21 patients with congenital CPHD.

Implications of all the available evidence

Our study and the previous studies congruently under-
line the diagnostic challenges of the rare but life-threat-
ening CPHD. We provide understanding on the
diagnostic cues of the disease, including the potential
of population-based growth screening and the frequent
presence of neonatal features of CPHD (prolonged
hypoglycaemia, jaundice, and micropenis/cryptorchi-
dism in males). Future research should consider means
to reduce the diagnostic delay of the CPHD patients,
including amendments to the neonatal screening and
the possibilities to strengthen the identification of neo-
natal cues and growth retardation.

hormone (ADH)), an early diagnosis is essential to
ascertain timely growth and development, and to avoid
life-threatening consequences of hypocortisolism result-
ing from ACTH deficiency.”

CPHD has multiple etiologies. Acquired CPHD may
develop secondary to pituitary and non-pituitary tumors
and their treatment, brain damage, infarction, autoim-
mune disorders, infiltrative diseases, infections,

paraneoplastic syndromes, or as a side effect of drug
therapy. In congenital CPHD, the hypothalamo-pitui-
tary function is compromised due to developmental
defects of the brain, or disruption of the pituitary hor-
mone secretion of genetic/unidentified etiology. Con-
genital hypopituitarism may be evident at birth, or of
evolving nature and manifest later during childhood.
Syndromic features may guide the diagnosis of congeni-
tal CPHD, as can the symptoms and investigations of
the underlying disease in patients with acquired CPHD.
However, both congenital and acquired CPHD may
present with similar endocrine problems.'* Few stud-
ies describe the etiologic spectrum of CPHD including
both the acquired and congenital etiologies, and these
have mainly been conducted in adult patients, except
for one paper on hypopituitarism in Sudanese
children.*°

Of the known genetic defects causing CPHD, patho-
genic variants in PROP1 are most common, although
high variation exists in the reported frequency in differ-
ent populations. Pathogenic variants in PROP1 have
been identified in 0-64-8% of patients in different
CPHD series with nationalities such as Lithuanian,
Russian, Hungarian, Portuguese, Czech, and Brazilian
harboring them significantly more often than the
others.”” 2 Other vital pituitary developmental genes
that are implicated in CPHD include GLI2, HESXi,
LHX3, LHX4, OTX2, POU1F1, SOX2, and SOXj3, but the
list is expanding rapidly. In total, at least 33 known
CPHD genes have been reported to date.”*'°™"* We
searched the literature for CPHD/growth hormone defi-
ciency-associated genes and were able to list 8o differ-
ent genes (Supplementary Table 1), also including those
with variants reported in, e.g., exome sequencing studies
without further analyses of pathogenicity. Frequencies
of pathogenic variants in well-established CPHD genes
have been investigated in multiple patient series,” "
9 whereas variants in the more recently identified
genes implicated in CPHD have often been detected in
only a few single cases. (see, e.g.,'”""*° *}) Further-
more, few studies have examined all patients in a cohort
for variants in all genes associated with CPHD. Thus,
frequency estimates of the identified variants, especially
in genes implicated in CPHD and identified only
recently, might be biased.”® The majority (~84% [45
—100% in 21 studies], reviewed in Fang et al. 2016) of
patients with congenital disease, including familial
cases, remain without a genetic diagnosis, suggesting
potentially unraveled genetic CPHD.>”

With growth hormone deficiency (GHD) as a major
component of CPHD, growth retardation is an impor-
tant cue to an early diagnosis of the disease. Indeed,
GHD with pituitary stalk interruption syndrome has
been listed as a priority condition for growth monitor-
ing, where substantial benefit could be achieved from
the early detection of abnormal growth.*# In the light of
previous studies on the early growth of patients with
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GHD, the height growth of GHD patients is reduced
during the first year of life.>>*° In Finland, children’s
growth is monitored in well-child clinics, where over
99% of all children participate in regular follow-up
measurements during childhood.”*® The auxological
data are subjected to growth screening rules, and chil-
dren with divergent growth are referred to secondary
health care.”*** The Finnish growth screening could
be an effective tool for the early identification of patients
with CPHD.*93"

We investigated the diagnostic spectrum and genetic
features of childhood-onset CPHD in Finland’s largest
tertiary center between 1985 and 2018. We describe the
etiologies, diagnostic features, and growth of the
patients with congenital CPHD, to provide an under-
standing of the spectrum of childhood-onset CPHD,
and the key drivers of early diagnosis. Furthermore, we
evaluate the role of growth screening in facilitating early
diagnosis of CPHD. Patients with CPHD of unknown
etiology were investigated through whole exome
sequencing for variants in the 8o identified CPHD/
GHD-associated genes.

Methods

Patients

The formation of the patient cohort is shown in Figure 1.
We searched the patient registry of Children and Ado-
lescents at Helsinki University Hospital (HUH) for
patients with diagnoses of hypopituitarism and related
disorders from January 1985 to September 2018
(n=2718, Figure 1). From the search, we identified (i)
hits for CPHD ICD-codes (n=237), (ii) familial cases
(n=100), and (iii) hits for other hypopituitarism ICD-
codes between January 2009 and September 2018
(from the launch of electronic patient records; n=644).
Additionally, (iv) we went through growth database
search results for HUH catchment area short patients
(height <-3 SDS at the age of >3 years) between 1990
and 2015 (n=785).> Hits (ii)-(iv) were inspected manu-
ally, to identify patients with CPHD but lacking the
appropriate diagnosis. Patients with isolated hormone
deficiencies, including IGHD, were excluded, to estab-
lish a cohort of well-defined CPHD patients.

The identified CPHD cases (n=196+23, Figure 1)
were inspected to fulfill the inclusion criteria of at least
two biochemically verified pituitary hormone deficien-
cies (for details, see Supplementary Table 2). Patient
records and growth charts of patients with insufficient
biochemical data were evaluated by experienced clini-
cians (PJM, MH, TR). The final study cohort comprised
124 patients (69 boys and 55 girls; Figure 1). Unequivo-
cally subnormal hormone levels related to GH, TSH,
and ACTH deficiency were present in 105, 78, and 29
patients, respectively. In others, hormone replacement
therapy had been started either (i) based on clinical
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evaluation (e.g., after pituitary-hypophyseal region
tumor resection), (ii) after partial laboratory testing of
the pituitary function, or (iii) due to borderline low hor-
mone level, and/or imminent progression of the defi-
ciency in the context of high risk for hypopituitarism.
Especially, the inclusion of gonadotropin deficiency and
diabetes insipidus often required evaluation by the clini-
cians. In further analyses of the included patients, hor-
mone replacement therapy is reported as a marker of
pituitary hormone deficiency.

Clinical data

All diagnoses of the eligible patients were obtained from
the patient records to classify acquired and congenital
forms of CPHD. Acquired CPHD was defined to
include CPHD of causes extrinsic to pituitary, and con-
genital CPHD included all idiopathic, syndromic, and
genetic CPHD, regardless of the age at presentation.
Presenting symptoms for all patients were collected.
Age at presentation was the age at first visit or consulta-
tion by a HUH pediatric endocrinologist or pediatrician
due to findings indicating the need for pituitary assess-
ment. Age at diagnosis was the age at which the physi-
cian had recorded the deficiency of at least two pituitary
hormones into the patient records. If not available, the
date of commencement of hormonal treatment after the
diagnosis of two pituitary hormone deficiencies was
used.

Additional data collected for the patients with con-
genital CPHD included (i) birth data (pregnancy details,
asphyxia and breech position at delivery, neonatal com-
plications, and features suggesting hypopituitarism),*®
(ii) phenotypic features, (iii) findings in brain MRI, (iv)
family history of growth disorders and pituitary hor-
mone deficiencies, and (v) auxological data (see next sec-
tion). Septo-optic dysplasia (SOD) was defined as optic
nerve hypoplasia (clinically or radiologically deter-
mined) in combination with hypopituitarism (self-evi-
dently present in all our patients) and/or midline brain
abnormalities.”” Regarding the neonatal phenotype of
hypopituitarism, we categorized hypoglycaemia as a
defined feature of CPHD, if the patient had had a hypo-
glycaemic seizure or apnea, or if she/he had been
treated with intravenous glucose for >3 days, or at
>3 days of age (persistent hypoglycaemia); other neona-
tal hypoglycaemia requiring any iv-glucose was defined
as a non-specific cue. Similarly, we recorded jaundice as
a defined feature, if phototherapy was given at >7 days
of age, or with remark “prolonged jaundice”; otherwise,
jaundice requiring any phototherapy was defined as a
non-specific cue.**** We decided to include the slight,
non-specific hypoglycaemia/jaundice phenotypes, since
the duration or severity of the symptom had not been
recorded for all patients, and, for some patients, the hor-
mone replacement therapy was commenced so early
that the persistence of the neonatal phenotype could not
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ICD-diagnosis search from patient registry for hypopituitarism and
related disorders®, years 1985-2018

CPHD (ICD-9 253.2 and
ICD-10 E23.00)
n=237

Duplicates
n=41

n=196

Evaluation for the study diagnostic criteria

Exclusion n=95:

.

no pituitary hormone
deficiency n=12
GHD/GH treatment only
n=57

other isolated pituitary
hormone deficiency n=7
missing data n=10

other center n=6

false diagnosis, other n=3

.

ICD-10 E23.01, E23.03,
E23.05, E23.06, E23.08,
E23.09, E23.2, E23.3,
E23.6, E23.7, Q04.4;
years 2009-2018
n=644

n=2718

Familial cases from all
search results
n=106

Growth database
short patients
(<-3 SDS at the
age of >3 years),
years 1990-2015
n=785

Additional CPHD diagnoses to CPHD code
search n=23

CPHD patients included in analyses

n=124

1ICD-10: E23, E23.00, E23.01, E23.03, E23.04, E23.05, E23.06, E23.08, E23.09, E23.1, E23.2, E23.3, E23.6, E23.7, H47.039, H47.2, H47.20, H47.219, H47.22, E89.0, E89.3,

E89.30, E89.31, E89.32, E89.39, E89.8, E89.9, Q04.4, Q89.20, E35.8*, R43.0

ICD-9: 253.2, 253.3,253.4, 253.5, 253.6, 253.7, 253.8, 253.9, 259, 259.0, 259.4, 259.8, 377.1, 377.10, 377.11, 377.15, 377.16, 377.43, 628.1, 742.4,759.2, 781.1

Figure 1. Flowchart on the formation of the patient cohort. Through a comprehensive search for panhypopituitarism and related
ICD-9/10 diagnosis codes, we identified n=124 pediatric CPHD patients diagnosed or treated in the Helsinki University Hospital Chil-
dren and Adolescents between 1985 and 2018. Patients with at least two pituitary hormone deficiencies were included in the study
(Supplementary Table 2). Cases with partial laboratory testing were evaluated by experienced clinicians (PJM, MH, TR) based on

patient records and growth charts.

ICD, International Classification of Diseases; CPHD, combined pituitary hormone deficiency; GH, growth hormone; GHD, growth

hormone deficiency

be assessed. However, we report the defined phenotypes
separately. As for the neonatal genital phenotype, bilat-
eral cryptorchidism and/or micropenis were accepted as
signs of gonadotropin deficiency if stated in the patient
records (information on penile length was not available
for all patients). Preterm infants (born GW<37) were
excluded from the neonatal phenotype analyses, since
the probability of jaundice (both the severity and dura-
tion) and hypoglycemia among them are considerably
higher than in full terms.?94°

We limited the incidence estimate of congenital
CPHD to patients born between 2000 and 2018 in the
HUH catchment area. The inclusion of patients from

earlier years might have been more uncertain in terms
of completeness of the patient search results and due to
geographical changes in the catchment area. The num-
ber of these patients was compared to the number of
live-born children in the Helsinki University Hospital
catchment area between 2000 and 2018.4*

Growth

Measurements of the patient’s height, weight, and bone
age were acquired from the electronic growth database
(Pediator©; Tilator Oy). The auxological measurements
had been carried out by trained nurses. Preterm infants
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(born GW<37) were excluded from the growth analyses,
since catch-up growth in these patients is expected up
to the age of 2,3 years, and reduced growth during the
first years of life does not per se implicate the need for
investigations of underlying pathology.**#* To evaluate
the growth deflection in patients with CPHD, we used
the Finnish growth monitoring rules based on both
static (deviation of height SDS (HSDS) from the
patient’s target height or the general population) and
dynamic (deviation of HSDS from the patient’s previous
measurements) auxological criteria. These criteria are
adjusted to detect the 0-5% most slowly and rapidly
growing children in the general population for referral
to further investigations.** Isolated violation of the
growth screening rules was, however, omitted, if subse-
quent growth was normal.

Genetics

Patients diagnosed with congenital CPHD lacking pre-
vious molecular genetic diagnoses were recruited to
genetic studies. In total, 21 patients (16 directly
recruited from the HUH registry, three based on Hel-
sinki Biobank DNA samples in the HUH registry, and
two from Kuopio University Hospital; only the 19 HUH
patients were included in the clinical section of this paper),
and 21 family members were enrolled. DNA samples from
both parents were available for seven indexes, and from
one parent for four indexes, while no family genetic data
were available for ten indexes (Table 5).

Whole exome sequencing was performed at the
sequencing laboratory of the Institute for Molecular
Medicine Finland (FIMM) Technology Centre, Univer-
sity of Helsinki. The DNA of the study subjects was
extracted from peripheral blood leukocytes and the
whole exome sequencing was performed with [llumina
Novaseq SP PE1so, Novaseq S1 PE150, or Novaseq St
PEro1 technology. First, the adapter was trimmed from
the reads, as well as any low-quality nucleotides from
the 5” or 3’ ends of the read, removing pairs with less
than 36 bp. The reads were aligned to the GRCh38 ref-
erence genome with the BWA (Burrows-Wheeler
Aligner). Non-unique read pairs and non-unique single
reads were removed and GATK Base Recalibrator
was used to clean the alignment. Any potential PCR
duplicates were removed using Picard MarkDupli-
cates, and GATK IndelRealigner was used for indel
sites. The mpileup from the SAMTOOLS package
was used for variant calling.*> The sequencing
yielded 90% 20x coverage.

The subjects’ VCP files were annotated using
ANNOVAR.*° For a variant to be potentially causative
and thus eligible for further analysis, we determined
that the variant (i) should be in the previously published
genes implicated in CPHD/GHD (n=80, Supplemen-
tary Table 1), (ii) be either exonic and nonsynonymous,
or lie in the consensus splice site or its proximity, which

www.thelancet.com Vol 51 Month September, 2022

we defined as within ten bases from the splice site, (iii)
have a reported minor allele frequency (MAF) equal to
or below 2% in all subpopulations in the gnomAD (pro-
vided in the ANNOVAR annotations), dbSNP (https://
www.ncbinlm.nih.gov/snp/), and SISu (http://www.
sisuproject.fi/) databases (manually verified).*”** Var-
iants fulfilling these criteria were classified according to
the ACMG/AMP 2015 guidelines using the InterVar
bioinformatics software tool.*9>°

Ethics

The patient studies (direct patient recruitment and the
Biobank study) had been approved by the Ethics Com-
mittee of Helsinki University Hospital. Genetic studies
were carried out according to the Declaration of Hel-
sinki. All directly recruited patients and their guardians
gave their written informed consents to participate in
the study.

Statistical analyses

The data were analyzed using Microsoft Excel 2016,
SPSS statistical software, (SPSS, Version 25.0. Armonk,
NY: IBM Corp), and R version 4.0.3. To assess the vari-
able distribution, we visualized the distribution and
assessed skewness and kurtosis parameters. Addition-
ally, normality was tested with Shapiro-Wilk test of nor-
mality, acknowledging that for small samples, the
statistical power of the test may not be sufficient to
reject the null hypothesis. Mann-Whitney U-test was
used to evaluate the statistical differences in the ages at
presentation and diagnosis between the patients with
acquired and congenital disease. For auxological
data, Mann-Whitney U-test was used to compare
Groups I and II for target height, growth screening
measures, delay to GH treatment, and latest height
measures. T-test was used for birth measures. Wil-
son score interval was used to estimate the popula-
tion-level incidence of congenital CPHD. Weighting
was not considered necessary for the estimate, due
to the representativeness of the patient cohort in
both national and international context, and the lack
of previous incidence estimates in a similar patient
population (for further details, please see Discus-
sion). The data are reported with mean+SD or
median interquartile range (IQR) based on the vari-
able distribution.

Role of the funding source

The funders had no role in study design, data collection,
data analysis, data interpretation, or writing of the
report. All authors had access to study data and
approved the manuscript for publication.
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Results

Overview of the etiology of CPHD

We investigated the etiologies and diagnostic features of
CPHD in the largest tertiary center in Finland. The etio-
logic spectrum is presented in Table 1. The majority
(61%;76/124) of the cases had acquired CPHD, with
brain tumors (mainly craniopharyngiomas and gliomas)
as the most common etiology. Rare acquired etiologies
included iatrogenic, brain trauma, and inflammatory/
infiltrative diseases. Also, as we aimed to differentiate
developmental mechanisms of hypopituitarism from
external causes, one patient with empty sella and hypo-
pituitarism conceivably due to cerebral fluid compres-
sion of the pituitary, was classified as acquired CPHD.
Congenital CPHD was found in 48 (39%) patients, of

whom seven (15%) had a defined genetic diagnosis. One
patient with congenital CPHD had died during early
childhood despite adequate hormone substitution
treatment.

According to our inclusion criteria, a retrospectively
verifiable biochemical or clinical GH, TSH, or ACTH
deficiency, or diabetes insipidus (DI) was present in
120, 109, 69, and 23 of the 124 patients, respectively.
However, 6o patients in total received desmopressin
treatment for DI since this had often been started based
on the treating clinician’s interpretation and partial lab-
oratory findings suggesting DI. Sex steroid replacement
therapy had been commenced in 52% of patients (n=64,
of whom 34 females) at the mean age of 14-1t1-9 years.

The age at presentation and diagnosis for acquired
and congenital CPHD are shown in Figure 2. Patients

n (%) boys n (%) girls n (%) total
Acquired 41 (59) 35 (64) 76 (61)
Brain tumor and its treatment 34 (49) 33 (60) 67 (54)
Craniopharyngioma 15 (22) 14 (25) 29 (23)
Gliomas 8(12) 6(11) 14(11)
Pilocytic astrocytoma 5(7) 4(7) 9(7)
Glioma as part of neurofibromatosis | 1(1) 2(4) 3(2)
Glioma, other 2(3) 2(4) 4(3)
Glioma, not classified 1(1) 0(0) 1(1)
Germinal tumor 2(3) 6(11) 8(6)
Pituitary adenoma 2(3) 12) 3(2)
Other 6(9) 4(7) 10 (8)
latrogenic 1(1) 1(2) 2(2)
Hemispherectomy due to epilepsy 1(1) 0(0) (1)
Treatment of beta thalassemia 0(0) 12 1(1)
Other 6(9) 1(2) 7(6)
Brain trauma 1(1) 0(0) (M
Empty sella® 1(1) 0(0) (1)
Histiocytosis X/Langerhans cell histiocytosis 3(4) 0(0) 3(2)
Hypophysitis (autoimmune) 1(1) 0(0) ()
Infundibular epidermoid cyst 0(0) 1(2) 1(1)
Congenital 28 (41) 20 (36) 48 (39)
Idiopathic 17 (25) 12(22) 29 (23)
Abnormal pituitary MRI 11(16) 11(20) 22(18)
Normal pituitary MRI 1(1) 0(0) 1(1)
No MRI investigation 5(7) 1(2) 6(5)
Genetically verified 4(6) 3(5) 7(6)
PROP1 (1) 1(2) 2(2)
SOX3 1(1) 0(0) (M
SOX2 (Septo-optic dysplasia) 0(0) 1(2) 1(1)
oTX2 (M) 0(0) (M
TBC1D32 () 1) 202
Known syndromes without genetic diagnosis 7 (10) 5(9) 12(10)
Septo-optic dysplasia 7 (10) 509 12(10)
Table 1: The causes of panhypopituitarism in pediatric patients diagnosed or treated at Helsinki University Hospital between 1985 and
2018.
¢ Empty sella is listed among acquired causes of panhypopituitarism, since congenital hypopituitarism was defined to include idiopathic, genetic, and syn-
dromic hypopituitarism (suspected developmental etiologies of the hypothalamic-pituitary axis) only.
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Figure 2. The etiology of CPHD varies according to the age at presentation and diagnosis. Scattered min-max boxplots depict-
ing the age at presentation (panel a) and age at diagnosis (panel b) for patients with acquired and congenital CPHD. For patients
with congenital CPHD, the data is additionally shown as divided into main diagnostic subgroups. For one patient with congenital
CPHD and an established genetic diagnosis, the phenotype was consistent with SOD. The patient is depicted as a triangle in the
‘Congenital with genetic diagnosis +ve’ group.

Panel a: Patients with congenital CPHD presented at a younger age compared to acquired CPHD, p<0-0001, effect size r=-0-573.
Data were available in 71/76 and 40/48 patients with acquired and congenital CPHD, respectively.

Panel b: Patients with congenital CPHD received the diagnosis at a younger age compared to acquired CPHD p<0-0001, effect
size r=-0-451. Data were available in 73/76 and 47/48 patients with acquired and congenital CPHD, respectively.

+ve, positive; -ve, negative; SOD, septo-optic dysplasia; CPHD, combined pituitary hormone deficiency.
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with congenital CPHD presented at a younger age
(median 2-4, IQR o-5 to 5-4 years) compared to patients
with acquired CPHD (median 8.9, IQR 5-6 to 12-1
years) p<o-oooi. Similarly, the age at diagnosis was
lower in patients with congenital (median 3-9, IQR o-2
to 9-5 years) than acquired (median 9-9, IQR 6-2 to 14-3
years) CPHD p<o-ooo1.

Phenotypic features of acquired CPHD

Patients with acquired CPHD often presented to medi-
cal investigations due to neurologic symptoms of the
underlying disease, evident in 54 (71%) patients. These
included ophthalmic manifestations (e.g., poor vision),
symptoms related to increased intracranial pressure
(nausea and headache), deterioration in motor skills,
and non-specific symptoms, such as tremor, fatigue,
and memory problems. Symptoms related to hypopitu-
itarism (reduced growth, delayed puberty, and/or signs
of DI) were among the presenting symptoms in 23
(30%) patients, of whom seven also had neurologic or
non-specific symptoms. Of the 67 patients with tumor
etiology, CPHD was diagnosed in 19 at presentation
and in 32 after brain surgery (often shortly after the first
presentation due to tumor-related symptoms but in a
few patients after reoperation). In 15 tumor patients,
CPHD occurred during follow-up after tumor treatment

Hypoglycaemia

(including chemotherapy/irradiation). For one patient,
the data was not available.

Phenotypic features of congenital CPHD

The deficiency of all anterior pituitary hormones (GH,
ACTH, TSH, and FSH/LH) was present in 14 (30%)
patients with congenital CPHD (Supplementary Table
3). Other frequent combinations of hormone deficien-
cies included GH and TSH (n=9, 19%), GH, TSH, and
FSH/LH (n=8, 17%), and GH, TSH, and ACTH (n=0,
13%). DI was present in seven (15%) patients. IGHD
had preceded the development of CPHD in six (14%)
patients (data available in 43/48).

Of the 48 patients with congenital CPHD, eight
(17%) were born in breech position, and four (8%) had
suffered from birth asphyxia. Neonatal signs associated
with hypopituitarism were present in 26 (74%) patients
(Figure 3). Six patients were excluded from the neonatal
phenotype analysis due to prematurity and seven due to
lack of data. A defined neonatal phenotype (see Materi-
als and Methods) was present in 23 (66%) patients. Of
these patients, 68% had received a CPHD diagnosis
during the first six months of their life (data available in
22/23), including all eight male patients with a genital
phenotype. Five patients with defined neonatal signs of
hypopituitarism (24%; data available in 21/23), who had
either isolated hypoglycaemia or isolated jaundice, did

Q Jaundice

Genital phenotype

Figure 3. Neonatal features suggesting hypopituitarism in patients with congenital CPHD. Neonatal features were present in
26/35 patients; 23 patients had neonatal hypoglycaemia®, 17 patients had neonatal jaundiceb, and eight male patients presented
with a neonatal genital® phenotype. The quantitative Venn diagram indicates the approximate proportional quantities and overlap

of the respective features.

@ any note of neonatal hypoglycaemia and intravenous glucose treatment in the patient charts; 16/23 patients with hypoglycae-
mia had defined hypoglycaemia (a hypoglycaemic seizure or apnea, or treatment with intravenous glucose for >3 days, or at

>3 days of age).

b patients who had received phototherapy, or had the remark “prolonged jaundice” in the patient charts; 9/17 of the patients
with jaundice had defined jaundice (phototherapy at >7 days of age, or remark “prolonged jaundice”)

¢ micropenis and/or bilateral cryptorchidism.
CPHD, combined pituitary hormone deficiency.
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not present to endocrine investigations during the first
year of their life.

Of the eight patients with neonatal micropenis/
cryptorchidism, six had biochemical evidence of absent
minipuberty (tested between the age of 2 and 14 weeks),
seven received treatment during minipuberty (five
patients with recombinant FSH+testosterone’’ and two
with testosterone only). Two patients had been followed
up until the time of puberty and required testosterone
supplementation, and four patients were still of prepu-
bertal age. All these patients also had GHD as part of
their CPHD.

Brain MRI was investigated in 41 (85%) patients with
congenital CPHD (Table 2). All of them had abnormali-
ties in the brain MRI. Classic pituitary abnormalities
associated with CPHD (anterior pituitary hypoplasia,
absent or ectopic posterior pituitary, infundibulum
hypoplasia, or the combination of these (pituitary stalk
interruption syndrome, PSIS)) were identified in 37
(90%) patients. Extra-pituitary brain anomalies were
present in 25 (61%) patients.

Of the patients with neonatal features of CPHD, 22
(85%) had brain MRI investigated. PSIS was present in
14 (64%) and various other combinations of anterior
pituitary hypoplasia, infundibulum hypoplasia, and
absent/ectopic posterior pituitary in seven (32%) of
them, including isolated ectopic posterior pituitary in
two. Extra-pituitary MRI findings, present in 15 (68%)
included SOD features in 11. Optic nerve hypoplasia
was bilateral in 2/5 cases. Four patients (of whom three
with SOD) had schizencephaly, local polymicrogyria,
local cortical structural abnormality, and/or heterotopic
nodules that have previously been associated with, e.g.,
SOD.>* Olfactory bulb hypoplasia was present in three.

Extrapituitary phenotypes were found in 35 (73%)
congenital CPHD patients: craniofacial (n=13, 27%), eye
(n=16, 33%), genital (n=10, 21%), and developmental
delay/epilepsy (n=18, 38%) phenotypes as the most fre-
quent findings (Table 3). Features consistent with SOD
were detected in 13 patients with CPHD (Table 1). Their
age at CPHD diagnosis was highly variable from early
infancy (n=06) to 11-12 years of age (n=3). Eight out of the
12 SOD patients with available patient data had pre-
sented with neonatal features of hypopituitarism, and
six of them had received a neonatal CPHD diagnosis.

Growth of patients with congenital CPHD

Height growth was analyzed in 26 (54%) patients with
congenital CPHD; other patients were excluded due to
prematurity (n=6), missing data (n=10), and start of GH
Rx treatment without preceding abnormal height
growth according to the Finnish growth screening rules
(n=6). Height growth deflection was evident in 12
(46%) patients in early infancy (o—6 months of age;
Group I) and in 11 (42%) patients between six months
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n (%) patients

Classic pituitary findings associated with CPHD 37 (90)

Pituitary stalk interruption syndrome 21(51)
Anterior pituitary hypoplasia, other 9(22)
Absent/ectopic posterior pituitary, other 11 (27)
Hypoplastic infundibulum, other 7(17)

Other MRI findings 25(61)

Thick hypophysis 1(2)
Thick and then regressing infundibulum 1(2)
Small hypothalamus 1(2)
Optic nerve hypoplasia/atrophy 8 (20)
Corpus callosum hypoplasia/agenesis 6 (15)
Absent/anomal septum pellucidum 6 (15)
Olfactory bulb hypoplasia 3(7)
Polymicrogyria 3(7)
Schizencephaly 1(2)
Chiari | 1(2)
Communicating hydrocephalus 1(2)
Obstructive hydrocephalus 1(2)
Other structural defects of the brain® 11 (24)
Table 2: Brain MRI findings in patients with congenital CPHD.
Brain MRI was investigated in 41/48 of the patients.

? Finding (n patients): arachnoid cyst (3), local heterotopy (3), other
local cortex structural anomaly (2), thalamus hypoplasia/agenesis (2), par-
tial fornix dislocation/anomaly (2), slight pons anomaly (2), potential
hemosiderin collection (1), frontal cavernoma (1), small cyst (1), interhypo-
thalamic adhesion (1), cerebral peduncle and mamillary body anomalies (1),
hippocampal anomaly (1), cerebellar vermis anomaly (1), Sylvian fissure
anomaly (1), wide foramen magnum (1), dilated left lateral ventricle (r).
CPHD, combined pituitary hormone deficiency.

to four years of age (Group II). Key auxological meas-

urements for Group I and II are presented in Table 4.
Birth HSDS, birth weight for height, and target

height of patients with congenital CPHD were close to

n (%) patients
Patients with extrapituitary phenotypes 35(73)
Craniofacial 13(27)
Defined 5(10)
Mild features reported in patient charts 8(17)
Eye 16 (33)
Genital 10 (21)
Ear 2(4)
Musculoskeletal 4(8)
Arthrogryposis 1(2)
Short neck (clinical evaluation 3(6)
from patient charts)
Developmental delay/epilepsy 18 (38)
Dental 4(8)
Thermoregulation abnormality 1(2)
Table 3: The extrapituitary phenotypic findings in the 48
patients with congenital CPHD.
CPHD, combined pituitary hormone deficiency.
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Group I Group I p-value (effect size)
Number of patients® 12 1
Birth data
data availability: n 12 1 -
Birth length (SDS): mean (SD) -0-4 (1-2) 0-2(0-9) p=0-117 (d=-0-513)°
Birth weight for height (%): mean (SD) 5(11) 0(8) p=0-113 (d=0-521)¢
Target height (TH)
data availability: n 10 10
TH SDS: median (IQR) -0-2(-0-4to 1-1) -0-3(-0-5t0 0-2) p=0-353 (r=0-221)°
TH SDS: range -0-6to 1-4 -0-7to 0-4
First violation of the growth screening rules
data availability: n 8 1
HSDS: median (IQR) -3-1(-3-9t0-1-5) -2-5(-2-8t0-1-8) p=0-272 (r=0-266)°
HSDS: range -4-7to-1-1 -3.0to-1-3
Age (years): median (IQR) 0-3(0-3t0 0-5) 1-8(1-3t0 2:0) p<0-0001 (r=0-845)°
Age (years): range 0-3to 0-5 0-8to4-0
Delay to GH treatment
data availability: n 8 1
years: median (IQR) 1.9(0-6t0 6-1) 2:5(1-2t03:2) p=0-778 (r=-0-076)°
years: range 0-0to 11-0 0-6to7-0
Latest height measurement
data availability: n 1 1
HSDS: median (IQR) -0-6 (-2:1t0 0-1) -0-6 (-1-6 to 0-0) p=0-797 (r=0-063)¢
HSDS: range -4.81t00-8 -2:71t00-8
Age (years): median (IQR) 16-7 (8:5t0 17-7) 15-2(13-6t0 18-2) p=0-847 (r=0-042)¢
Age (years): range 2:9t019:0 9:9t0 197
Table 4: Key auxological measurements for patients with congenital CPHD.
# Group I, patients with HSDS deviation during the first six months of life; four patients with the start of GH Rx treatment prior to the age of 0-25 years
included only in the birth and final height measures.
> Group II, patients with HSDS deviation between six months to four years of age.
€ Data available for 26 patients. Two patients who had not been diagnosed with GHD and one with growth deviation first at the age of 12 years are not
shown.
4" T-test and Cohen’s d.
€ Mann-Whitney U-test and r.
CPHD, combined pituitary hormone deficiency; HSDS, height SDS; GHD, growth hormone deficiency.

the general population (Table 4). Defined neonatal fea-
tures of hypopituitarism were present in 8/12 patients
of Group I and in 5/11 patients of Group II. Further,
these were among the presenting symptoms to endo-
crine investigations in 7/7 patients of Group I and 1/4
patients of Group II, for whom the data were available
(data not shown). This suggests that the patients with
earlier growth retardation (Group I) had a more severe
CPHD phenotype in early infancy. Also, none of the
patients in Group II had presented with a neonatal geni-
tal phenotype. Reduced height growth was the present-
ing symptom in endocrine investigations of 11/23 (42%)
congenital CPHD patients; 3/12 (25%) in Group I and
8/11 (73%; the only presenting symptom in 45%) in
Group IL.

The median delay between the first violation of the
growth screening rules and the initiation of GH Rx
treatment among all congenital CPHD patients was 2-
2 years (IQR 1-2 to 3-7 years; n=19). There was no statis-
tical difference in the median delay to GH Rx between

Group I (19, IQR 06 to 6-1 years) and Group II (25,
IQR 12 to 3-2 years), p=0-778. Figure 4 presents the
height growth of patients in Group I and Group II. To
more reliably estimate the GHD diagnostic delay, we
analyzed the delay between the violation of the growth
screening rules and the presentation at pediatric endo-
crinologist for pituitary assessment, in the subgroup of
patients referred to investigations due to divergent
growth. This delay was median 2-2 years (IQR 1-2 to 3-
6 years, n=11). Only two of these patients presented for
evaluation of the pituitary function during the year fol-
lowing the growth screening alert.

Incidence estimate for congenital CPHD

During the years 2000-2018, 422 258 live children were
born in the Helsinki University Hospital catchment
area*' and 26 patients born in this region during the
same period were diagnosed with congenital CPHD,
giving an estimated incidence of 26/422 258 (1 in 16
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Figure 4. Individual growth curves of patients with congenital CPHD including GHD prior to treatment with GH Rx, or until
6 years of age, if no previous GH supplementation.

Panel a: Patients with growth deflection at the age of <6 months (Group I, n=8; four patients with the start of GH Rx treatment
prior to the age of 0-25 years not depicted); Panel b: Patients with growth deflection at the age of 6 months to 4 years (Group I,
n=11). One patient with the first growth deflection at the age of 12 years not shown.

HSDS, Height SDS.

ooo live-born children, 95%CI 1/11 000-1/24 000) for  patients: a homozygous deletion of PROP1 in two sib-
congenital CPHD. lings of Kurdish origin with CPHD, compound hetero-

zygous loss-of-function variants in TBC1D32 in siblings

with PSIS, and mild craniofacial dysmorphism; a previ-
Genetics ously described loss-of-function variant in SOX2 in a
In previous clinical or research investigations, a molecu-  female patient with SOD (anophthalmia and CPHD), a
lar genetic cause of CPHD had been identified in seven =~ Xq27.1 microduplication of unknown size leading to
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loss of SOX3 in a male patient with PSIS, and a frame-
shift variant in OTX2 in a male patient with PSIS and
retinitis pigmentosa.®**3”%

Of the 21 patients who were enrolled in genetic
investigations, 18 carried rare (MAF<2%) nonsynony-
mous or consensus splice site variants in genes impli-
cated in CPHD/GHD, as shown in Table 5. Due to
incomplete sequence data availability from family mem-
bers, we were unable to analyze the mode of inheritance
for most variants. Variants with MAF either <o0-5% or
not reported, were identified in ten indexes in 16 differ-
ent genes (ALMS1, ARNT2, CDON, CHDy, CLCNKB,
DCHS1, FGFRi, IGSFio, ISLi, KATGA, LiCAM,
LAMB2, LHX3, MAGEL2, RBM28, and SHH). However,
according to the ACMG/AMP 2015 guidelines, classifi-
cations for most variants were “Uncertain significance”
or “likely benign”. The rare variants identified in our
study were all heterozygous, and, considering the inci-
dence estimate of CPHD presented above, the possibil-
ity of an autosomal dominant monogenic disease could
only be considered in patients carrying extremely rare
variants. Limiting to variants with MAF<o0-01% or not
reported and excluding those classified as “benign” or
“likely benign”, we encountered variants in ISL1 (patient
#10); SHH (patient #12); ALMS1 and LiCAM (patient
#6); and FGFRi1, CHDy, and SHH (patient #7). The
only variant classified as “likely pathogenic", was the
heterozygous SHH c¢.676G>A, p.(Ala226Thr) variant
carried by patient #12 with PSIS (GH, ACTH, TSH defi-
ciencies, and estrogen treatment due to suspected par-
tial gonadotropin deficiency) and her unaffected
mother.

Discussion

Little is known about the incidence of congenital
CPHD. The available incidence estimates range from
1/4000-1/10 000, but in fact, these are based on vari-
able short stature and growth hormone deficiency inci-
dence/prevalence estimates and on one optic nerve
hypoplasia study.”® ® We studied pediatric CPHD
patients treated in the largest tertiary center in Finland,
and, after inclusion of only patients with two or more
pituitary hormone deficiencies, were able to provide an
incidence estimate for congenital CPHD of 1 in 16 ocoo
children.

Persistent neonatal hypoglycemia, jaundice, and
genital hypoplasia are important cues to early diagnosis
of congenital CPHD.*® In 66% of our patients, a
defined neonatal hypopituitarism phenotype was pres-
ent. Almost one-third of the boys with congenital
CPHD had micropenis and/or bilateral cryptorchidism.
Half of all congenital CPHD patients had received pho-
totherapy or exhibited prolonged jaundice, and 66%
had required neonatal iv-glucose infusion or exhibited a
hypoglycaemic seizure during the first weeks of life.
These frequency estimates are clearly higher than those

among healthy neonates and infants (cryptorchidism: 1
to 9% of full-term boys; phototherapy: up to 8% of
term/late preterm infants; occurrence of low plasma
glucose, usually noted as <2.2 to 2.5 mmol/L: 5% to
15% of normal newborn infants),°* °4 yet the symp-
toms per se are highly unspecific and therefore easily
missed as a sign of a rare disease such as pituitary hor-
mone deficiency.®°® As suggested before, prolonged
and severe neonatal hypoglycemia and jaundice should
trigger the suspicion of CPHD.**“7 In contrast to the
results by Jullien et al., neonatal genital phenotype was
in our series a cue to early diagnosis of CPHD."” Also,
the boys with a neonatal genital phenotype developed
GHD and most of them could be verified with gonado-
tropin deficiency. In our series, patients with combina-
tions of defined neonatal features of CPHD were
identified early. However, isolated hypoglycaemia or
jaundice did not always trigger endocrine investigations,
and a substantial proportion (24%) of the patients with
defined neonatal features suggesting hypopituitarism
presented to endocrine investigations only after their
first birthday.

The majority of the congenital CPHD patients had
classic findings of severe hypopituitarism in the brain
MRI: anterior pituitary hypoplasia, absent or ectopic
posterior pituitary, infundibulum hypoplasia, or the
combination of these (PSIS). Over half of the patients
also had extra-pituitary defects in the MRI. Especially
craniofacial, eye, and developmental delay/epilepsy phe-
notypes were common in congenital CPHD patients;
these features were present in approximately one-third
of the patients. The pituitary does share multiple devel-
opmental factors with the eye and brain midline struc-
tures. Developmental delay phenotypes have been
linked to, e.g., BMP4 and LHX3 variants, and CPHD-
associated syndromes, such as SOD and CHARGE.®"°®

We analyzed the growth of congenital CPHD
patients using the Finnish growth screening rules.**
These rules detect the 0-5% of most divergently growing
children from the general population for further evalua-
tion in tertiary healthcare. Height growth retardation
was evident in half of the growth hormone deficient
children already during the first six months of life, but
in the others mostly between the age of six months to
four years. This is in line with Wit et van Unen (1992),
who described 15 CPHD patients, 50% of whom pre-
sented with early reduced growth.’® However, Mehta et
al. described 44 GHD and CPHD patients, all of whom
exhibited a decrease of HSDS within the first six
months of life.*® In our study, 8/14 males included in
the growth analysis presented with early growth retarda-
tion during the first six months of life, including all six
patients with a neonatal genital phenotype suggestive of
congenital gonadotropin deficiency. While neonatal
phenotypic features of CPHD led to investigations of
CPHD in many patients with early growth retardation,
25% of them presented due to reduced growth only,
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Patient Gender Age at Key phenotypic features Gene® Variant description gnomAD highest  rs-number Classification Number of family
ID CPHD (nucleotide change; protein population MAF according to members/data
diagnosis change; transcript; zygosity) (gnomAD MAF ACMG/AMP 2015 available
(years) Finns) guidelines Variant carrying
family members
1 M 4.0 PSIS (GH, ACTH, TSH deficien- ARNT2 ¢.1707G>T; p.(GIn569His); 0-0048 rs145379118 Uncertain significance 2/0
cies). CC agenesis/hypoplasia, ENST00000303329.9; het (0-0018) NA
schizencephaly, frontomedial
polymicrogyria, an arachnoid
cyst. Global developmental
disorder (Perisylvian syndrome)
HMGA2 c.307A>G; p.(Lys103Glu); 0-0078 rs77970919 Likely benign 2/0
ENST00000354636.7; het (0-0078) NA
2 F 0-2 PSIS (GH, ACTH, TSH, gonadotro- CCDC88C ¢.5087T>C; p.(Leu1696Pro); 0-0122 rs77154172 Uncertain significance 2/2
pin deficiencies). Absent olfac- ENST00000389857.11; het (0-0059) Healthy mother
tory bulbs, Chiari |
malformation. Bilateral cleft lip
CDON c.3640G>A; p.(Gly1214Ser); 0-0018 rs189386496 Likely benign 2/2
ENST00000392693.7; het (0-0018) Healthy mother
KIF14 ¢.3808A>C; p.(Ser1270Arg); 0-0108 rs75449932 Likely benign 2/2
ENST00000367350.5; het (0-0108) Healthy mother
MAGEL2 c.137C>T; p.(Pro46Leu); 0-0013 rs1433820460 Uncertain significance 2/2
ENST00000650528.1; het (0-0013) Healthy mother
RBM28 c.2273A>G; p.(Asp758Gly); 0-0022 rs148028531 Likely benign 2/2
ENST00000223073.6; het (0-0004) Healthy father
3 F 07 PSIS (GH, TSH deficiencies) KIF14 c4013A>T; p.(Glu1338Val); 0-0144 rs77157287 Likely benign 21
ENST00000367350.5; het (0-0053) Healthy mother
SHH c.570G>A; p.(Ser190=); 0-0156 rs9333633 Uncertain significance 2/
ENST00000297261.7; het (0-00009549) -
WFS1 €.1294C>G; p.(Leud32Val); 0-0138 rs35031397 Uncertain significance 2/1
ENST00000226760.5; het 0) Healthy mother
4 M 0-2 GH, TSH, gonadotropin, ACTH WFS1 c.2611G>A; p.(Val871Met); 0-0127 rs71532874 Likely benign 2/0
deficiencies. EPP, optic nerve ENST00000226760.5; het (0-:0127) NA
hypoplasia. Partial thalamus
agenesis, dilated left lateral
ventricle. Visual and hearing
impairment
Table 5 (Continued)
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Patient Gender Age at Key phenotypic features Gene® Variant description gnomAD highest  rs-number Classification Number of family
ID CPHD (nucleotide change; protein population MAF according to members/data
diagnosis change; transcript; zygosity) (gnomAD MAF ACMG/AMP 2015 available
(years) Finns) guidelines Variant carrying
family members
5 M 51 PSIS (GH, ACTH, TSH, gonadotro- CLCNKB c.227G>A; p.(Arg76GIn); 0-0005 rs139676842 Likely benign 4/2
pin deficiencies). Sloped ENST00000375679.9; het (0-0003) Healthy father
shoulders, short neck. Small
spleen and slightly small
kidneys
IGSF10 c4964C>T; p.(Ala1655Val); 0-0013 rs781205978 Uncertain significance 4/2
ENST00000282466.3; het (0-0013) Healthy father
6 F 4.8 AP hypoplasia, EPP (GH, ACTH, ALMS1 c.574G>A; p.(Glu192Lys); NA NA Uncertain significance 3/0
TSH, gonadotropin deficien- ENST00000613296.6; het (NA) NA
cies). Slightly short neck, slight
craniofacial phenotype. Psy-
chomotor developmental
delay
CHD7 €.8950C>T; p.(Leu2984Phe); 0-0132 rs184814820 Likely benign 3/0
ENST00000423902.7; het (0-0132) NA
IFT172 c.1459C>T; p.(Arg487Cys); 0-0081 rs143520040 Uncertain significance 3/0
ENST00000260570.8; het (0-0081) NA
L1CAM ¢.3508G>C; p.(Asp1170His); NA NA Uncertain significance 3/0
ENST00000370060.7; het (NA) NA
WFS1 €.2327A>T; p.(Glu776Val); 0-0129 56002719 Uncertain significance 3/0
ENST00000226760.5; het (0-0129) NA
7 ] 4.7 GH, TSH, gonadotropin deficien- CHD7 €.2503T>C; p.(Tyr835His); NA rs776581956 Uncertain significance 2/0
cies. MRI was not performed. ENST00000423902.7; het (NA) NA
FGFR1 €.995G>A; p.(Gly332Asp); NA rs762320540 Uncertain significance 2/0
ENST00000425967.7; het (NA) NA
HMGA2 ¢.307A>G; p.(Lys103Glu); 0-0078 rs77970919 Likely benign 2/0
ENST00000354636.7; het (0-0078) NA
KAT6A ¢.5030_5031insACG; p. 0-0034 rs758188280 Uncertain significance 2/0
(Pro1677dup); (0-0003) NA
ENST00000406337.6; het
SHH ¢.251T>C; p.(Ile84Thr); NA NA Uncertain significance 2/0
ENST00000297261.7; het (NA) NA
Table 5 (Continued)
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Patient Gender Age at Key phenotypic features Gene® Variant description gnomAD highest  rs-number Classification Number of family
ID CPHD (nucleotide change; protein population MAF according to members/data
diagnosis change; transcript; zygosity) (gnomAD MAF ACMG/AMP 2015 available
(years) Finns) guidelines Variant carrying
family members
8 M 14-6 AP hypoplasia, EPP (GH, TSH LAMB2 c4163G>A; p.(Arg1388GIn); 0-0026 146522641 Likely benign 3/2
deficiencies) ENST00000305544.9; het (0-0026) Healthy sister
MAGEL2 ¢.3017C>G; p.(Thr1006Ser); 0-006 138628273 Likely benign 3/2
ENST00000650528.1; het (0-0047) -
9 F 2-8 Absent infundibulum, EPP (GH, GH1 c.406G>A; p.(Val136lle); 0-0091 rs5388 Likely benign 4/3
TSH deficiencies). Bilateral ENST00000323322.10; het (0-0025) Healthy mother
optic nerve hypoplasia, CC
agenesis, migration defect.
Slight craniofacial phenotype.
Visuomotor problems. Global
developmental delay, epilepsy
IGSF10 €.5620G>A; p.(Val1874lle); 0-0193 rs145507750 Likely benign 4/3
ENST00000282466.3; het (0-0193) Healthy mother
PITX2 c.121C>T; p.(Pro41Ser); 0-0097 rs143452464 Uncertain significance 4/3
ENST00000644743.1; het (0-0097) Healthy mother,
healthy brother
PNPLA6 c.4108G>A; p.(Gly1370Ser); 0-0086 rs145178162 Likely benign 4/3
ENST00000414982.7; het (0-0086) Healthy mother
WFS1 c.2611G>A; p.(Val871Met); 0-0127 rs71532874 Likely benign 4/3
ENST00000226760.5; het (0-0127) Healthy father,
healthy brother
10 M 112 Absent infundibulum, absent PP ISL1 c.1039A>G; p.(lle347Val); 0-0001 15774986869 Uncertain significance 2/1
(GH, ACTH deficiencies; DI). ENST00000230658.12; het (0) Healthy mother
Bilateral optic nerve hypopla-
sia, hypoplastic optic chiasm.
Blindness, bilateral testis
retention, developmental dis-
ability, epilepsy
Table 5 (Continued)
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Patient Gender Age at Key phenotypic features Gene® Variant description gnomAD highest  rs-number Classification Number of family
ID CPHD (nucleotide change; protein population MAF according to members/data
diagnosis change; transcript; zygosity) (gnomAD MAF ACMG/AMP 2015 available
(years) Finns) guidelines Variant carrying
family members
1 M 3.8 PSIS (GH, TSH deficiencies). CHD7 c.307T>A; p.(Ser103Thr); 0-0191 rs41272435 Likely benign 2/0
Slight craniofacial phenotype. ENST00000423902.7; het (0-0157) NA
Obesity, joint hypermobility.
Speech and motor develop-
mental disorder.
PROP1 c425C>T; p.(Ala142Val); 0-0075 rs143790367 Uncertain significance 2/0
ENST00000308304.2; het (0-0012) NA
12 F 3.9 PSIS (GH, ACTH, TSH deficiencies, CCDC88C c.4265C>T; p.(Ser1422Leu); 0-0133 rs202217944 Uncertain significance 3/2
likely HH) ENST00000389857.11; het (0-0074) Healthy father
CHD7 ¢.8950C>T; p.(Leu2984Phe); 0-0132 rs184814820 Likely benign 3/2
ENST00000423902.7; het (0-0132) Healthy father
DCHS1 €.7385G>A; p.(Arg2462GIn); 0-0194 rs117140835 Uncertain significance 3/2
ENST00000299441.5; het (0-0072) Healthy mother
HNRNPU €.2166_2167+1del; Splice site; 0-0053 rs575582638 Uncertain significance 3/2
ENST00000640218.2; het (0) Healthy mother
ROBO2 c.1793T>C; p.(1le598Thr); 0-0129 rs185792666 Likely benign 3/2
ENST00000332191.12; het (0-0004) Healthy mother
SHH c.676G>A; p.(Ala226Thr); 0-0001 rs104894043 Likely pathogenic 3/2
ENST00000297261.7; het 0) Healthy mother
13 F 11 PSIS (GH, TSH, gonadotropin IGSF10 c.4607T>C; p.(lle1536Thr); 0-0181 rs138084379 Likely benign 2/0
deficiencies; mild ACTH defi- ENST00000282466.3; het (0-0181) NA
ciency). Unilateral visual
defect, midfacial hypoplasia,
slightly short neck, arthrogry-
posis, swallowing problems, Gl
motility problems.
RBM28 c.746A>G; p.(Asp249Gly); 0-0084 rs145277422 Likely benign 2/0
ENST00000223073.6; het (0-0084) NA
Table 5 (Continued)
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Patient Gender

ID

Age at
CPHD
diagnosis
(years)

Key phenotypic features

Gene”

Variant description

(nucleotide change; protein
change; transcript; zygosity)

gnomAD highest  rs-number
population MAF
(gnomAD MAF

Finns)

Classification
according to
ACMG/AMP 2015
guidelines

Number of family
members/data
available

Variant carrying
family members

Table 5 (Continued)

0-0

0-1

0-0

PSIS (GH, ACTH, TSH, gonadotro-
pin deficiencies). Probable
olfactory bulb hypoplasia,
obstructive hydrocephalus;
multiple other brain malfor-
mations including midbrain,
hippocampeal, pons, cerebellar
vermis and Sylvian fissure
anomalies. Congenital bilat-
eral ptosis, anisocoria, papil-
lary defect (colobomas),
visuomotor problems. Micro-
penis, cryptorchidism, anterior
anus. von Willebrand's disease

PSIS (GH, ACTH, TSH deficien-
cies). Slightly thin CC. Bilateral
optic nerve hypoplasia.
Delayed language
development.

Thin infundibulum, EPP (GH, TSH
deficiencies; transient ACTH
deficiency). Curved CC, absent
septum pellucidum, incom-
plete hippocampal rotation.
Prominent forehead

Absent infundibulum, partial EPP
(GH, ACTH, FSH/LH deficien-
cies; possible TSH deficiency).
Optic nerve hypoplasia, visual
defect and unilateral blind-
ness. Bilateral testis retention.

Slight craniofacial phenotype

TBC1D32

GLI3

LHX3

DCHS1

IGSF10

c.1166_1167insGT; p.
(GIn390PhefsTer32);
ENST00000275159.10; het

¢.3664C>T; p.(Pro1222Ser);
ENST00000395925.8; het

€.934C>G; p.(Arg312Gly);
ENST00000371746.9; het

¢.5503C>T; p.(Leu1835Phe);
ENST00000299441.5; het

c.4607T>C; p.(lle1536Thr);
ENST00000282466.3; het

0-0099 rs546631812
(0-0099)

0-006 rs118149040
(0-0011)

0-0002 rs145867977
(0-0002)

0-0022 rs148791938
(0-0022)

0-0181 rs138084379
(0-0181)

Uncertain significance

benign

Likely benign

Uncertain significance

Likely benign

31

5/3
Healthy father

2/2
Healthy father

2/0
NA

2/0
NA
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Number of family
members/data
available

Classification
according to

rs-number

gnomAD highest
population MAF

(gnomAD MAF

Finns)

Variant description

Gene®

Key phenotypic features

Gender Age at

Patient
ID

(nucleotide change; protein

CPHD

ACMG/AMP 2015
guidelines

change; transcript; zygosity)

diagnosis
(years)

Variant carrying
family members

2/2

0-0 PSIS (GH, ACTH, TSH deficien- IGSF10 c.1720G>A; p.(Glu574Lys); 0-0168 rs116716539 Uncertain significance

18

Healthy mother

(0-0168)

ENST00000282466.3; het

cies). Optic nerve hypoplasia,

hypoplastic papillae, visual

defect and unilateral

blindness.

Table 5: Variants in the previously reported genes implicated in CPHD/GHD in patients with congenital CPHD.

* Previously published genes implicated in CPHD/GHD are shown in Supplementary Table 1.
CPHD, combined pituitary hormone deficiency; MAF, minor allele frequency; ACMG; American College of Medical Genetics; AMP, the Association for Molecular Pathology; GHD, growth hormone deficiency; PSIS, Pituitary stalk

interruption syndrome; GH, growth hormone; ACTH, adrenocorticotropin; TSH, thyrotropin; NA, not applicable; CC, corpus callosum; EPP, ectopic posterior pituitary; AP, anterior pituitary; DI, diabetes insipidus; HH, hypogona-

dotropic hypogonadism; FSH, follicle-stimulating hormone; LH, luteinizing hormone.

which highlights the importance of growth monitoring
in the early identification of CPHD.

The median delay from the first violation of the
growth screening rules to GH treatment among those
with congenital CPHD was remarkably long (median 2-
2, IQR 1-2 to 3-7 years). This applied also to the sub-
group of patients who presented to endocrine investiga-
tions due to reduced growth (median delay to
presentation to CPHD investigations 2-2 years (IQR 1-2
to 3-6 years). This is in agreement with the results by
Gascoin—Lachambre et al, who reported a 2-3-year
median diagnostic delay in 21 patients with GHD or
CPHD and PSIS.® In our series, explanations for the
delay to GH treatment were watchful waiting during
early years of life, if no symptomatic hypoglycaemia or
other complications occurred, and the investigations
and treatment of more common causes of growth retar-
dation, such as hypothyroidism and infections (data not
shown). In isolated patients, other conditions, such as
sleep apnea or exogenous cortisone treatment of asthma
appeared the plausible explanation of reduced growth
and delayed the GHD investigations. However, in some
patients, the early diagnostic opportunity of CPHD
based on growth retardation was indeed missed.

Among the HUH patients with congenital CPHD,
seven (15%) had a previous molecular genetic diagno-
sis, including one patient with SOD. In our molecu-
lar genetic investigations of 21 patients with
congenital CPHD, no new conclusive molecular
genetic diagnoses (that is, a pathogenic variant
according to the ACMG/AMP 2015 guidelines in
genes implicated in CPHD/GHD) were made. One
variant in SHH, c.676G>A, p.(Ala226Thr), carried
by patient #12 with PSIS and her healthy mother,
was classified as “likely pathogenic”, and thus the
variant is the probable cause for the patient's disease.
The variant has previously been identified in a Dutch
patient with PSIS and CPHD, and in a familial case
of holoprosencephaly.”®”" In our patient and the two
previous cases, the variant was also present in clini-
cally unaffected parents suggesting incomplete pene-
trance, a phenomenon often described in both
familial CPHD and holoprosencephaly.
(e.g.,'#2°772774) In addition to the variant in SHH,
patient #12 carried rare variants in five other genes
implicated in CPHD/GHD. Similarly, patients #2,
#6, #7, and #9 carried rare variants in five genes
implicated in CPHD/GHD. Although these variants
were inherited from healthy family members or their
segregation could not be assessed, we cannot rule
out the possibility that the variants (especially those
of “unknown significance”) could have contributed to
CPHD. As to the extremely rare (MAF<o0-01% or not
reported) variants classified as “uncertain signifi-
cance” (ISL1 (patient #10); ALMS1 and LiCAM
(patient #6); and FGFRi, CHDy, and SHH (patient
#7)), the phenotype of patient #6 did not match the
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phenotypes or the mode of inheritance related to
ALMS1 or LiCAM in previous literature (Table 5 and
Supplementary Table 4), whereas the phenotypic
comparison did not further support or exclude the
role of the identified variants in patients #y and #10.
Taken together, the 15% frequency of conclusive
genetic diagnoses in congenital CPHD is in line
with the previous frequency estimate (12-4%) for
pathogenic variants in the five most frequent CPHD
genes (PROPi, POU1F1, HESX1, LHX3, and LHXY)
that was calculated from 21 different CPHD genetic
studies.”

A particular strength of our study is the well-charac-
terized cohort of patients with CPHD from a large back-
ground population of 2.2M people which corresponds
to 40% of the Finnish population. We also evaluated
the genetic cohort for a comprehensive set of CPHD/
GHD candidate genes identified in the previous years.
An inherent limitation to any retrospective study is
missing data. The reported frequencies of individual
hormone deficiencies were based on the hormone sup-
plementation treatments at the time of data collection
and excluded the possibly later developing hormone
deficiencies. Our sample size was limited due to the rar-
ity of the disease, which may increase uncertainty in the
results. The genetic investigations were conducted
using whole exome sequencing, leaving the possibility
of undetected regulatory intronic variants or epigenetic
factors underlying the disease.

To conclude, congenital CPHD is a rare disease with
an estimated incidence of 1 in 16 ooo live-born chil-
dren. Many of its early presenting symptoms, including
prolonged neonatal jaundice, severe neonatal hypogly-
cemia, and reduced height growth, are non-specific, and
the diagnosis of the disease is frequently delayed. The
combination of reduced growth velocity with a history
of neonatal signs of hypopituitarism should be recog-
nized by all clinicians since an early diagnosis of CPHD
could even be lifesaving. Also, height growth deviation
during the first six months of life should not go unno-
ticed in any patient since this is a manifestation of
severe CPHD phenotype.
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