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Abstract

Context: 4H or POLR3-related leukodystrophy is an autosomal recessive disorder
typically characterized by hypomyelination, hypodontia, and hypogonadotropic
hypogonadism, caused by biallelic pathogenic variants in POLR3A, POLR3B, POLR1C,
and POLR3K.The endocrine and growth abnormalities associated with this disorder have
not been thoroughly investigated to date.

Objective: To systematically characterize endocrine abnormalities of patients with 4H
leukodystrophy.

Design: An international cross-sectional study was performed on 150 patients with
genetically confirmed 4H leukodystrophy between 2015 and 2016. Endocrine and growth
abnormalities were evaluated, and neurological and other non-neurological features
were reviewed. Potential genotype/phenotype associations were also investigated.
Setting: This was a multicenter retrospective study using information collected from 3
predominant centers.

Patients: A total of 150 patients with 4H leukodystrophy and pathogenic variants in
POLR3A, POLR3B, or POLR1C were included.

Main Outcome Measures: Variables used to evaluate endocrine and growth abnormalities
included pubertal history, hormone levels (estradiol, testosterone, stimulated LH and
FSH, stimulated GH, IGF-I, prolactin, ACTH, cortisol, TSH, and T4), and height and head
circumference charts.

Results: The most common endocrine abnormalities were delayed puberty (57/74; 77%
overall, 64% in males, 89% in females) and short stature (57/93; 61%), when evaluated
according to physician assessment. Abnormal thyroid function was reported in 22%
(13/59) of patients.

Conclusions: Our results confirm pubertal abnormalities and short stature are the most
common endocrine features seen in 4H leukodystrophy. However, we noted thatendocrine
abnormalities are typically underinvestigated in this patient population. A prospective
study is required to formulate evidence-based recommendations for management of the
endocrine manifestations of this disorder.

Freeform/Key Words: POLR3-related leukodystrophy, 4H leukodystrophy, hypomyelination, hypogonadotropic
hypogonadism

Leukodystrophies are a group of rare genetic diseases
characterized by abnormal white matter in the cen-
tral nervous system (CNS), which often result in pro-
gressive neurodegeneration and premature death (1,
2). Based on whether the white matter abnormalities
seen on brain magnetic resonance imaging (MRI) are
caused by insufficient initial myelin deposition or altered
myelin homeostasis, leukodystrophies can be classified as
hypomyelinating or non-hypomyelinating, respectively (3-
5). 4H leukodystrophy, also known as RNA polymerase III
(POLR3)-related leukodystrophy, is an autosomal recessive
hypomyelinating leukodystrophy associated with several
characteristic neurological and non-neurological clinical

features, primarily including hypomyelination, hypodontia,
and hypogonadotropic hypogonadism (6). Commonly pre-
senting neurological signs include cerebellar manifestations,
such as ataxia and dysmetria, as well as pyramidal, extra-
pyramidal, and cognitive features (5, 7). Non-neurological
manifestations can include myopia and endocrine features
such as growth hormone (GH) deficiency and short stature
(7-12). 4H leukodystrophy is also typically associated with
a unique MRI phenotype, including cerebellar atrophy,
progressive thinning of the corpus callosum, and diffuse
hypomyelination with relative preservation of specific
structures, namely the dentate nucleus, optic radiations,
anterolateral nucleus of the thalamus, globus pallidus,
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and corticospinal tracts at the level of the posterior limb
of the internal capsule (13, 14). 4H leukodystrophy has
been found to be caused by biallelic pathogenic variants
in POLR3A, POLR3B, POLR1C, and POLR3K, each of
which encode subunits of the POLR3 complex (15-18).

As this class of leukodystrophies has been discovered
relatively recently, secondary features that are typically as-
sociated with this phenotype have not been comprehensively
described. This study presents a thorough investigation of
the endocrine and growth abnormalities associated with 4H
leukodystrophy through an international cross-sectional
retrospective study of 150 patients with a molecular con-
firmation of the diagnosis. Moreover, this study provides
insight on the endocrine disorders associated with this dis-
ease, and how some endocrine abnormalities may have an
impact on patients’ quality of life, thus highlighting the im-
portance of considering endocrine therapeutic options and
the associated impact on medical care.

Materials and Methods
Patients and study design

An international cross-sectional study was performed be-
tween 2015 and 2016 on a cohort of 150 patients (76
females, 74 males) with biallelic pathogenic variants in
POLR3A, POLR3B, or POLRI1C and hypomyelination
on brain MRI. Chart review focused on endocrine data,
including any available hormonal investigations and
pubertal history information, as well as growth data,
including height and head circumference. Other clinical
features, including age at disease onset, genotype, and
both neurological and non-neurological features were
reviewed. This project was approved by the research
ethics committee of the Montreal Children’s Hospital
(11-105-PED), Canada; the Children’s Hospital of
Philadelphia, USA; and the VU University Medical Center
in Amsterdam, Netherlands. Informed written consent
was obtained from all participants or their legal guard-
ians. Several patients have been previously published in
studies describing the genetic basis of the disease or in
the delineation of other clinical features.

Pubertal status

In females, to evaluate abnormalities in pubertal devel-
opment, we primarily assessed age at menarche and con-
sidered puberty delayed if menarche had not occurred by
the 16th birthday. We lacked information on breast devel-
opment for most patients; however, for those that had in-
formation available, we evaluated Tanner stage of breast
development at age 13 (persistence of Tanner stage 1).

Of note, we considered menarche as the main criteria for
evaluating abnormal puberty (i.e., if patients had delayed
or absent menarche, this feature took priority over breast
development stage). In males, we assessed Tanner staging
for testicular growth, and considered puberty delayed if
Tanner stage 1 for testicular growth persisted at age 14.

Growth data

Data sets of patients’ height and head circumference at all
available times from birth to their latest available visit were
reviewed and standardized according to the appropriate

sex and age references.

Endocrine investigations

For patients whose information was available, we retro-
spectively reviewed levels of estradiol, testosterone, stimu-
lated LH and FSH, stimulated GH, IGF-I, prolactin, ACTH,
cortisol, TSH, and free T4.

Statistical analysis

Descriptive statistics were produced for all studied param-
eters, including the median and minimum/maximum values
for continuous variables and the count and percentage
for categorical variables. For the latter, 95% confidence
intervals (95% CI) were also produced using the normal
approximation method.

For the growth analysis, the percentiles for each measure
were determined using the World Health Organization
growth charts. To compare height data accounting for age
and sex, Z-scores were calculated using values and standard
deviations from the World Health Organization child growth
standards. Because 95% of the normal population are within
2 SDs from the mean, short stature was defined as a height
value below 2 SDs for that corresponding age and sex.
Similarly, for head circumference data, microcephaly was de-
fined as a head circumference that was 2 SDs or more below
the mean for that corresponding age and sex, whereas macro-
cephaly was defined as greater than 2 SDs above the mean.

The association between genotype and phenotype was
assessed for exploratory purposes with the % test. Analyses
were conducted using SPSS software, version 24 (Armonk,
NY: IBM Corp.).

Pituitary gland pathology

Pituitary gland pathology of one patient with 4H
leukodystrophy and pathogenic variants in POLR3A,
who had died of respiratory complications at age 19,
was investigated via immunohistochemical staining of
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the adenohypophysis. Five-micrometer-thick vertico-
frontal sections of the hypophysis were analyzed with
immunostaining for FSH (Agilent catalog no. M3504,
RRID: AB_2079146, dilution 1/400), LH (Agilent
catalog no. M3502, RRID: AB_2135325, dilution 1/400),
prolactin (Cell Marque catalog no. 210A-18, RRID:
AB_1516984, dilution 1/250), ACTH (Agilent catalog
no. M3501, RRID: AB_2166039, dilution 1/1000), TSH
(Agilent catalog no. M3503, RRID:AB_2287785, dilu-
tion 1/300), and human growth hormone (HGH; Aglient
catalog no. A0570, RRID:AB_2617170, dilution 1/3000).

Results
Molecular genetics and clinical features

Within our cohort of 150 patients, 56 had pathogenic vari-
ants in POLR3A, 81 in POLR3B, and 13 in POLRIC.

Table 1. Patient Demographic Characteristics, Molecular
Diagnosis, and Clinical and Endocrine Features

Characteristic n (N) Percentage
Gender
Male 74 (150) 49.3%
Female 76 (150) 50.7%
Molecular diagnosis
POLR3A 56 (150) 37.3%
POLR3B 81 (150) 54.0%
POLRIC 13 (150) 8.7%
Clinical features”
Neurological
Ataxia 49 (52) 94.2%
Tremor 48 (66) 72.7%
Dystonia 26 (31) 83.9%
Dysarthria 34 (40) 85.0%
Dysphagia 18 (37) 48.7%
Sialorrhea 12 (25) 48.0%
Seizures 17 (61) 27.9%
Non-neurological
Myopia 90 (103) 87.4%
Teeth abnormalities 99 (117) 84.6%
Endocrine features
Short stature
Clinical impression 57 (93) 61.3%
Growth data 53 (115) 46.1%
Delayed puberty
Clinical impression 57 (74) 77.0%
Tanner stage 27 (32) 84.3%
Abnormal thyroid function 13 (59) 22.0%

n: number of identified patients per data sample. N: total number of patients
in the data sample.

“N values vary as clinical data were not available for all 150 patients in the
cohort.

Seventy-six patients were females and 74 were males
(Table 1). Both neurological and non-neurological features
were noted in the patient cohort. Many patients demon-
strated ataxia (94%; 49/52), dysarthria (85%; 34/40),
and dystonia (84%; 26/31). Other features can be seen
in Table 1. Non-neurological features were also evident,
including myopia (87%; 90/103) and teeth abnormalities
(85%; 99/117).

Reproductive hormones and pubertal
development

Female patients. Delayed puberty was reported in 89%
(34/38; 95% CI, 80-99%) of female patients based on the
clinical judgment of the treating physician. In analyzing our
cohort based on the clinical information that was available
for menarche and breast development, 21/25 patients
(84%; 95% CI, 70-98%) were considered to have absent,
delayed, or arrested puberty. Therefore, most females in
our cohort presented with abnormal puberty and differing
severities of early-onset hypogonadism.

Of the female patients tested for specific hormone
levels, 13/19 (68%; 95% CI,48-89%) had low levels of es-
tradiol. Luteinizing hormone releasing hormone (LHRH)
stimulation tests were performed on 13 female patients,
of whom 8 (62%; 95% CI, 35-88%) had abnormally low
levels of both LH and FSH. In regard to sex steroid treat-
ment, information was available for 29 patients, of whom
20 (69%) received treatment and 9 (31%) did not. Sex
steroid medications induced menstruation and/or puberty
in 9/20 (45%; 95% CI, 23-67%) female patients. In one
patient, treatment was clearly ineffective, and in several
cases, sex steroids were not well tolerated and caused ad-
verse reactions. Of the untreated patients, 6/9 (67%) had
abnormally low sex steroid levels, and of the 2/9 (22%)
patients with normal levels, one had a clinical diagnosis of
delayed puberty. Only 4 of 13 patients who had menarche
experienced it spontaneously with no need for sex hor-
mone treatment, at a median age of 12 years (minimum
age, 11 years; maximum age, 13 years; n = 4). In patients
who were treated with sex hormones, menarche occurred
at a median age of 18 years (minimum age, 16 years; max-
imum age, 32 years; n =9). For those who experienced
treatment-induced menarche, information on spontan-
eous breast development was only available for 2 patients,
who reached onset of breast development at ages 12 and
19 years old. Of the patients for which menarche did not
yet occur, 3/4 (75%) were treated with sex hormones, one
of which was only 16 years old at the time of data col-
lection. The remaining patient who did not experience
menarche had not been treated with sex hormones (1/4;
25%). Summarized results are shown in Fig. 1.
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Cohort of 150 Patients with 4H Leukodystrophy

k> Delayed Puberty

\ Evaluated by Clinical Impression: 57/74 (77%)
Evaluated by Tanner Stage: 27/32 (84%)
\— Females
\ Evaluated by Clinical Impression: 34/38 (89%)
Evaluated by Menarche/Tanner Stage: 21/25 (84%)
Low Estradiol Levels: 13/19 (68%)
Abnormal LHRH Stimulation Test: 8/13 (62%)
Males
\ Evaluated by Clinical Impression: 23/36 (64%)
Evaluated by Tanner Stage: 6/7 (86%)
Low Testosterone Levels: 11/14 (79%)
Abnormal LHRH Stimulation Test: 5/5 (100%)
Short Stature
\ Evaluated by Clinical Impression: 57/93 (61%)
Evaluated by Growth Data: 53/115 (46%)
Diagnosis of GH Deficiency: 7/12 (58%)
Abnormal GH Stimulation Test Results: 3/5 (60%)
Low IGF-I Levels: 5/27 (19%)

Abnormal Prolactin Levels: 9/22 (41%)
\ High Prolactin: 4/122 (18%)
Low Prolactin: 5/22 (23%)

High Cortisol Levels: 1/21 (4.8%)

High ACTH Levels: 1/9 (11%)

Abnormal Thyroid Function: 13/59 (22%)
Abnormal TSH: 6/59 (10%)
\ High TSH: 4/59 (7%)
Low TSH: 2/59 (3%)
Abnormal Free T4: 5/47 (11%)
\ High Free T4: 3/47 (6%)
Low Free T4: 2/A7 (4%)

Figure 1. Summary of endocrine abnormalities in this cohort of patients with 4H leukodystrophy, according to the available clinical information on

growth and endocrine features.

Male patients. Overall, less information was available
regarding puberty of males compared to females. Based
on the physician’s clinical judgment, 23/36 (64%; 95% CI,
48-80%) male patients had delayed puberty. In analyzing
our cohort based on the definition of delayed puberty
(persistence of Tanner stage 1 for testicular growth at age
14), 6/7 (86%; 95% CI, 60-100%) were considered to
have delayed puberty. Many patients lacked information
on Tanner staging in adolescence and therefore could not
be assessed for early pubertal abnormalities.

Of the male patients in our cohort tested for sex steroid
levels, 11/14 (79%; 95% CI, 57-100%) had abnormally
low testosterone levels. All patients with low testosterone
also presented with delayed puberty (7/7, 100%). LHRH
stimulation tests revealed abnormally low levels of LH in
all patients that were tested (5/5, 100%). Information re-
garding sex steroid treatment was available for 23 male
patients; approximately one-half of the patients (11/23;
48%) were treated, whereas 12/23 (52%) were not.
Nearly all the males who received sex steroid medication

were treated with testosterone (10/11, 91%), with the ex-
ception of one who was treated with chorionic gonado-
tropin (1/11, 9%). Treatment, however, was only effective
in § patients (5/11; 45%; 95% CI, 16-75%), including 4
patients who received testosterone and the single patient
who received chorionic gonadotropin treatment. Results
are summarized in Fig. 1.

Growth analysis

Linear growth data were obtained for 115 patients and
analyzed using Z-scores. The Z-score for all ages ranged
from —4.76 to 1.70 (median, —1.48). To determine whether
growth was more severely affected in participants of cer-
tain ages, median Z-scores for heights of different age
groups of patients were evaluated. For each age group
range, an average Z-score was calculated for each patient
based on all height data if multiple records were available.
Some participants are represented in multiple age groups if
records were available spanning different ranges. Z-scores
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for ages <5 years (n=42), 5 to 9 years (n=37), 10 to
14 years (n=28), and > 15 years (n=57) were found to
be -0.56, -1.86, —1.83, and -1.16, respectively. Figure 2
shows boxplots of height Z-scores for all patients and for
each age group. Across age groups, patients < 5 years of age
had a median Z-score closest to that of the general popu-
lation (0). Additionally, the < 5 years age group had a posi-
tive Z-score for the third quartile (0.31), whereas the other
age groups (5-9 years, 10-14 years, and > 15 years) each
had negative third quartile values (-0.89,-0.57, and -0.62,
respectively). Moreover, the maximum height Z-score of
the <5 years group (3.16) corresponds to the maximum
value of the entire cohort, and the minimum Z-score for
the < § years group (-3.23) is closest to 0 when comparing
minimum values between all groups. These results suggest
that the <5 year age group seems to be least affected in
regard to stature. In contrast, the 5 to 9 year age group is
most affected as it has the lowest values for the maximum
and median Z-score values of all groups. Moreover, within
the 5 to 9 year age group, the median height Z-score was
-1.86 and the Z-score of the first quartile was —2.76, where
more than one-quarter of these patients had short stature.
Based on the clinical judgment of the treating physician,
57193 patients (61%; 95% CI, 51-71%) were considered
to have short stature. When analyzing the Z-scores of pa-
tients’ heights, 53/115 patients (46%; 95% CI, 37-55%)
had values lower than 2 SDs and thus by clinical defin-
ition had short stature. Of 115 patients, 67 (58%; 95%
CI, 49-67%) were also reported to have a height >-1.5
SD below the mean. Additionally, 68% of these patients

(78/115; 95% CI, 59-76%) had a height lower than 1 SD
below the mean. Thus, even if some patients did not meet
the criteria for the clinical definition of short stature, our
cohort seems to be smaller than the general population.

Head circumference data were analyzed using
Z-scores in patients aged 0 to 5 years (n=35). The
Z-scores ranged from -2.93 to 2.44 (median, -0.04).
Twenty patients (20/35, 57%; 95% CI, 41-74%) pre-
sented with a head circumference within 1 SD from
the mean, whereas 31 patients (31/35, 89%; 95% CI,
78-99%) were within 2 SDs from the mean. Three pa-
tients (3/35,9%; 95% CI, 0-18%) had values lower than
2 SDs below the mean and thus by clinical definition had
microcephaly. Additionally, 14% of patients (5/35; 95%
ClI, 3-26%) were reported to have a head circumference
lower than 1.5 SDs below the mean, and 34% (12/35;
95% CI, 19-50%) had a head circumference lower than
1 SD below the mean. One patient (1/35, 3%; 95% CI,
0-8%) met the criteria for macrocephaly, with a head cir-
cumference greater than 2 SDs above the mean.

Of our cohort of 150 patients, data regarding growth
hormones were available for 12 patients, of whom 7
had a diagnosis of GH deficiency based on the clinical
judgment of the treating physician (7/12, 58%; 95%
CI, 30-86%). Of these 7 patients who were diagnosed
with a GH deficiency, only 2 had a GH stimulation test,
where one had a decreased response and the other pre-
sented with a normal response. Many patients only had
a single measurement of GH; however, these results could
not be analyzed as GH is secreted in a pulsatile manner,

Height Z-Score
o
L

—2
-3 4 .
—4 —_
5] - - - o
All a'ges Under 5 ;/ears old 5-9 yelars old 10-14 ylears old 15 years olcli and above

Age Group

Figure 2. Box plots for Z-scores obtained for the mean height in different age categories. The height Z-score for the general population (mean value)
is considered to be 0, and the clinical definition for short stature is two standard deviations below the mean (-2).
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and therefore nonstimulated levels do not provide useful
information for analysis. In total, § patients in our co-
hort had a GH stimulation test, in which 3 exhibited a de-
creased response (3/5, 60%; 95% CI, 17-100%), and the
remaining 2 a normal response. Additionally, only 2 pa-
tients were treated with GH, which was ineffective in both
cases. IGF-I values were only available for 27 patients, of
which 19% presented with a low value (5/27, 19%; 95%
Cl, 4-33%). For those that had both a GH stimulation
test and IGF-I levels measured, 2 patients had low levels
of both tests, one had normal results for both, one had a
normal GH stimulation test and low IGF-I levels, and one
had a low GH stimulation test and normal IGF-I levels.

Other endocrine abnormalities

In patients with abnormal prolactin levels (9/22,41%; 95 %
CL, 20-61%), values were found to vary in both high and
low ranges. Of these patients, 4 had high levels of prolactin
(4/22,18%;3 95% CI, 2-34%), wherein 3 had levels at least
50% higher than normal (3/22, 14%; 95% CI, 0-28%). In
contrast, 5 patients had low prolactin levels (5/22, 23%;
95% CI, 5-40%), of whom one had levels at least 50%
lower than normal (1/22,4.5%; 95% CI, 0-13%).

Nearly all patients who were tested for cortisol levels
had results within the normal range (20/21, 95%; 95%
CI, 86-100%). Additionally, most patients who were tested
for ACTH levels displayed normal results (8/9, 89%; 95%
CI, 68-100%). The single patient with abnormal cortisol
levels presented with an elevated level (1/21, 5%; 95%
CL, 0-14%), although his ACTH level was not tested. The
single patient who displayed high ACTH levels (1/9, 11%;
95% CI, 0-32%) had normal cortisol levels.

Thyroid function was tested in 59 patients, where 13
showed abnormal results (13/59, 22%; 95% CI, 11-33%).
Approximately 10% of the patients (6/59, 95% CI, 2-18%)
had abnormal TSH levels, including 2 patients with low TSH
levels (2/59,3%; 95% CI,0-8%), and 4 patients with high TSH
levels (4/59, 7%; 95% CI, 0-13%). Of the 47 patients tested
for free T4 levels, 5 showed abnormal results (5/47,11%;395%
CL, 2-19%), including 3 with high levels (3/47, 6%; 95% CI,
0-13%), and 2 with low levels (2/47,4%; 95% CI, 0-10%).

One patient with low TSH levels, but normal T4 levels,
was diagnosed with subclinical hyperthyroidism. One pa-
tient had low T4 levels and high TSH levels, which is con-
sistent with hypothyroidism. Additionally, one patient with
an unknown TSH level, and a low free T4 level was diag-
nosed with hypothyroidism. Only one patient was treated
with thyroid hormones, but no data were available re-
garding his hormonal levels. A summary of hormone levels
is presented in Table 2.

Relationship between genotype and endocrine
abnormalities

According to different genotypes (i.e., whether pathogenic
variants were present in POLR3A, POLR3B, or POLRI1C),
the presence of delayed puberty and short stature in patients
was analyzed as these features were most prevalent in our
patient cohort. In terms of delayed puberty, significant differ-
ences were observed between genotypes (p < 0.001), with the
highest incidence observed in patients with pathogenic vari-
ants in POLR3A (27/32, 84%; 95% Cl, 72-97%), followed
by those with variants in POLR3B (30/38, 79%; 95% CI,
66-92%). None of the patients with pathogenic variants
in POLRIC (0/4; 0%) who had reached the appropriate

Table 2. Summary of Hormonal Levels According to Mutated Gene

Hormone Levels

Genotype (No. of Patients) All Patients

Hormone Reported Levels POLR3A POLR3B POLRIC TOTAL
GH (stimulation test) Low 2 0 1 3
Normal 2 0 0 2
% Abnormal 50.0% 0.0% 100.0% 60.0%
Prolactin Low 3 2 0 N
High 1 1 2 4
Normal 8 3 2 13
% Abnormal 33.3% 50.0% 50.0% 40.9%
TSH Low 2 0 0 2
High 1 2 1 4
Normal 22 24 7 53
% Abnormal 12.0% 7.7% 12.5% 10.2%
Free T4 Low 2 1 1 2
High 0 2 1 3
Normal 21 15 6 42
% Abnormal 8.7% 16.7% 25.0% 10.6%
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age exhibited delayed puberty. Of the patients with patho-
genic variants in POLR3A, 71% (22/31; 95% CI, 55-87%)
had short stature, compared with 54% (32/59; 95% CI,
42-67%) with variants in POLR3B, and 100% (3/3) with
variants in POLR1C (p = 0.113). Data on specific hormone
measurements were limited, however, an analysis of levels of
stimulated GH, prolactin, TSH, and free T4 between geno-
types is also presented in Table 2.

Pituitary gland pathology

Pathological investigations were performed following aut-
opsy of a 19-year-old patient who was homozygous for
the POLR3A pathogenic variant ¢.2015G>A (p.G672E).
Clinically, the patient did not show signs of puberty and was
reported to have hypogonadotropic hypogonadism; however,
results of specific hormone levels were not available. He also
had short stature, falling in the Sth percentile for height at
age 18 years. The patient demonstrated typical neurological
features associated with 4H leukodystrophy, including ataxia
with abnormal gait, tremor, dystonia, spasticity, and dys-
arthria. MRI scans revealed diffuse hypomyelination with
cerebellar atrophy and a thin corpus callosum, consistent
with the pattern for 4H leukodystrophy. He also had epi-
lepsy, with complex partial seizures. Dentition was abnormal,
with notable hypodontia. Ocular abnormalities included
myopia, mild optic nerve atrophy, and esotropia. With age,
chronic progressive decline in neurological function was
evident, along with decline in motor ability. He was wheel-
chair bound at age 8 years, eventually becoming quadriplegic
with increased tone in all extremities. He had dysphagia,
with frequent choking episodes, and progressively lost the
ability to eat unaided, further requiring a gastrostomy. The
patient had recurrent aspiration pneumonias and died at

(a)

the age of 19 from complications of bilateral pneumonia.
Immunohistochemical analysis of the anterior pituitary
gland revealed an absence of immunostaining of anti-FSH
and anti-LH antibodies (Fig. 3) and normal immunostaining
for anti-GH, anti-TSH, anti-prolactin, and anti-ACTH anti-
bodies. This demonstrates an absence of secretion of gonado-
tropic hormones (FSH and LH) by the pituitary gland.

Discussion

Our study confirms that endocrine impairment is frequent
in patients with 4H leukodystrophy and although limited
data were available for the entire cohort of patients, our
results reveal notable information regarding abnormalities
in the pituitary-gonadotrophic axis. Delayed puberty was
a common finding in our patient population. However,
LHRH stimulation tests were only performed on a small
percentage of patients to confirm hypogonadotropic hypo-
gonadism. It should be noted that baseline FSH and LH
levels are not useful for the diagnosis of hypogonadotropic
hypogonadism, and stimulation tests should be performed
for an accurate result. There are currently no guidelines for
the introduction of sex steroid treatment in patients with
4H leukodystrophy. Still, we would recommend LHRH
stimulation tests to confirm the diagnosis before initiating
treatment. Thus, a pediatric endocrinologist should be in-
cluded in the multidisciplinary team assessing patients with
4H leukodystrophy.

Treatment of hypogonadotropic hypogonadism remains
controversial in this patient population; although there
are significant benefits, there are also associated risks. One
significant treatment advantage is the promotion of bone
health by influencing bone remodeling. Another poten-
tial benefit is the physical appearance in a period of life

(b)
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Figure 3. Immunohistochemical analysis of the anterior pituitary gland. Total lack of cytoplasmic expression of LH (A; left) and FSH (B; right) is seen

relative to the external control (insert). Magnification x400.
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where being similar to his or her peers is important. Such
a factor is typically not a consideration for severely neuro-
logically impaired children. Treating hypogonadotropic
hypogonadism would allow the development of secondary
sexual characteristics associated with normal pubertal de-
velopment, and also induce a growth spurt, which might
enhance motor difficulties and behavioral problems.
Currently, little information is available in the literature re-
garding this treatment and its effects on this patient group.
It was previously suggested that the same principles of
hormone replacement therapy used in patients with other
forms of hypogonadotropic hypogonadism should be ap-
plied to patients with 4H leukodystrophy (10). To induce
puberty, sex steroids (testosterone for boys and estrogen/
progesterone for girls) are the first line of therapy for pa-
tients with hypogonadotropic hypogonadism. If fertility in-
duction is intended, pulsatile GnRH therapy could be tried,
however, may not be effective, as some individuals with
hypogonadotropic hypogonadism respond poorly to short-
term stimulation (19). In this case, treatment with recom-
binant gonadotrophins could provide an alternative option.
In this cohort, sex steroid treatment did not appear to be
effective in all cases, however, it could not be established by
what criteria response was judged, how long treatment was
pursued, and/or by what dose. Collecting additional pro-
spective data on sex hormone treatment for delayed puberty
would allow better ascertainment of these situations and
allow clinicians to provide further informed recommenda-
tions. In the meantime, we recommend that the decision
to initiate sex steroid treatment is approached on an indi-
vidual basis, while weighing the benefits (e.g., bone health)
and disadvantages (e.g., rapid growth spurt with motor
regression), together with the overall health of the patient
(e.g., well vs. severely impaired) and only after measure of
abnormal sex hormone levels confirms the diagnosis.

Pathological investigations of an affected patient con-
firmed dysfunction in the sex steroid axis as an absence
of FSH and LH secretion was observed in the anterior pi-
tuitary gland. Low response to LHRH stimulation tests,
observed in 72% of our patients, also supports the hypo-
physeal origin (20). Thus, it is likely that abnormal levels
of FSH and LH are a result of pituitary gland malfunction,
resulting in central hypogonadism.

Limited data were available regarding stimulated GH
levels in our cohort of patients. Based on our results, de-
creased GH secretion could be frequent in patients with 4H
leukodystrophy; however, very few regularly had levels of
stimulated GH measured. Moreover, a GH stimulation test is
necessary for the diagnosis of GH deficiency; random meas-
urements of GH are not diagnostic if low and can only by
useful to rule out a deficiency if high. Therefore, it is recom-
mended that every patient with an abnormally low growth

velocity should be tested with a GH stimulation test. Our
data are insufficient to conclude which percentage of pa-
tients with 4H leukodystrophy would need a GH stimula-
tion test; before we can make a general recommendation,
further analysis of a larger cohort is required. As with any
other child, height should be recorded and plotted at least
once a year and more frequently in young children. GH treat-
ment was reported to be ineffective in 2 patients who were
treated in our cohort; however, it can be difficult to form
conclusions based on these findings. GH treatment can often
fail because of extraneous factors, such as nutrition, psy-
chological aspects, and general state of health. Additionally,
limitations of testing have been reported in establishing a
firm diagnosis of GH deficiency, with a high rate of false-
positive diagnoses reported in the literature (21). It is also
possible that late sex steroid therapy could contribute to an
impaired pubertal growth spurt and mislead the conclusion
of an eventual lack of efficacy of GH treatment. Our findings
support the early consultation and regular follow-up with
an endocrinologist, especially in patients with short stature.

When analyzing growth data according to age group, it
was found that young patients < 5 years of age were least af-
fected by abnormal growth. This finding is expected given
that the typical age of disease onset is during the second year
of life. Growth was most affected in children 5 to 9 years of
age, followed by children 10 to 14 years of age. We initially
hypothesized that growth would be most affected in pa-
tients > 15 years of age because of the frequent occurrence of
delayed puberty. Per the recommendations for treatment, pa-
tients with delayed puberty are not usually treated before age
14; it is therefore possible that our cohort of patients age 5
to 9 years are most affected by growth abnormalities because
older patients may have received sex steroids to stimulate pu-
berty and growth, thereby compensating for the deficit caused
by this disease. Indeed, in our cohort of patients > 15 years
of age, 22 patients received treatment of sex steroids and/or
growth hormone. These treatments may have stimulated their
growth and puberty. Therefore, the growth data of 22/57 pa-
tients may have been affected by a treatment that helped in
compensating their short stature. It is clear that, as a whole,
patients with 4H leukodystrophy are smaller compared to the
general population within each analyzed age group. Thus,
growth and height data should be collected by treating phys-
icians so that abnormalities can be clearly identified, thereby
facilitating more rapid treatment interventions. If growth
anomalies are observed, GH stimulation tests should be con-
sidered. In future studies, it would be interesting to systemat-
ically follow growth and perform comparisons to bone age in
individual patients to identify the subgroups of patients who
would benefit most from GH replacement.

When analyzing head circumference data in our cohort
of patients < § years of age, microcephaly seems to be more
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prevalent (9%) compared with the general population,
in which there is a prevalence of 2% (22, 23). However,
head circumference data were collected only for a limited
number of patients. Microcephaly is typically not observed
in the context of 4H leukodystrophy; only one case report
describes this condition in 2 female siblings with a novel
phenotype of 4H leukodystrophy with polymicrogyria and
cataracts, who were also included in this study but not
analyzed for head circumference because of a lack of head
circumference measurements (24). As our results show an
increased prevalence of small head size in the young age
group < 5 years old, it would be interesting to further ana-
lyze additional data on head circumference to better char-
acterize head size in 4H leukodystrophy.

A high percentage (41%) of patients with 4H
leukodystrophy were found to have abnormal prolactin
levels, where variability was seen in elevated (18%), or de-
ficient (23 %) levels. Limited information is available on the
typical prolactin levels in patients with 4H leukodystrophy;
2 case reports have previously reported low prolactin levels
in 2 patients, who were also included in this study (11, 12).
Notably, prolactin values should be interpreted with the
consideration of current treatments as some medications
are known to cause hyperprolactinemia (e.g., psychoactive
drugs). Because the full medication records of all patients
in our cohort were not available, the interpretation of ele-
vated results should be approached with caution. However,
hypoprolactinemia does not commonly result from medi-
cations. It is known that the 2 previously published pa-
tients in our cohort with hypoprolactinemia (11, 12) were
not under any treatments that could have interfered with
testing, and their prolactin deficiency could not be ex-
plained by any known causes. Therefore, this finding pro-
vides foundation for the attribution of abnormal prolactin
levels to 4H leukodystrophy itself.

Most patients in our cohort presented with normal
random cortisol levels (20/21; 95%), except for one
whose levels were elevated. ACTH levels were also normal
for most patients tested (8/9, 89%). This suggests that ad-
renal dysfunction is not a common feature in our cohort;
however, stimulation tests would be needed to fully con-
clude normal adrenal function in this patient population.
Of note, random cortisol levels should be interpreted with
caution, as cortisol secretion follows a circadian rhythm.

The prevalence of thyroid dysfunction appears to be
increased in the 4H leukodystrophy population compared
with the unaffected population. However, diverse ab-
normal variations of TSH and T4 hormones levels were
observed in our cohort, suggesting that it is not associated
with a typical disease phenotype. In the general pediatric
population, hypothyroidism is the most common dys-
function with a prevalence of 0.135% in young people

(< 22 years of age) (25). Compared with this, in our co-
hort, 4% of patients had hormone levels consistent with
hypothyroidism.

Our results do not suggest a strong genotype-phenotype
correlation between patients with biallelic patho-
genic variants in the different genes associated with 4H
leukodystrophy and short stature. However, a significant
difference was observed between genotypes when consid-
ering delayed puberty. Patients with variants in POLR3A
had the highest incidence of delayed puberty, followed by
those with variants in POLR3B. Although no patients in
our cohort with pathogenic variants in POLRIC dem-
onstrated delayed puberty, data on only 4 patients were
available and further analysis is required before definitive
conclusions are formed. Additionally, because most pa-
tients in our cohort were compound heterozygous for dif-
ferent variants in each gene, and variants are located across
different protein domains, it is difficult to make detailed
phenotype-genotype correlations between specific patho-
genic variants and clinical features.

It is important to be mindful that patients with 4H
leukodystrophy are at risk for endocrine abnormalities,
most commonly hypogonadotropic hypogonadism and GH
deficiency. Thus, the treating physicians should have a high
index of suspicion when signs or clinical symptoms appear.
Measurements of relevant hormone levels and stimulation
tests when necessary should be made to confirm the diag-
nosis. Finally, the decision of whether to treat should be
evaluated on an individual basis while considering the ad-
vantages and disadvantages as no definitive recommenda-
tions currently exist.

In summary, endocrine abnormalities are underinvestigated
in patients with 4H leukodystrophy. A future study is required
to investigate the full extent and severity of typical endocrine
abnormalities. Additional data on the evolution of growth,
evaluated by regular height measurements, are necessary.
Because hypodontia and teeth abnormalities are commonly
seen in 4H leukodystrophy, it is also important to continue
to monitor dental growth and the development of permanent
tooth sets. An additional interesting aspect for future assess-
ment could involve bone age and density and their correlations
with growth development and puberty. To fully determine the
prevalence of delayed puberty, clear information about the
stage of puberty, age of menarche and breast development,
level of testicular growth, and Tanner stage of development is
needed. Additional data on endocrine hormone levels would
also allow a more comprehensive evaluation of the prevalence
of endocrine anomalies. In this study, data to evaluate the de-
scribed growth and pubertal measures were only available for
a limited number of patients. This presents a limitation and
raises difficulty in drawing precise conclusions. In this sense, it
is also possible that puberty and growth anomalies could have
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been recorded more commonly in patients with abnormal
clinical findings, thus raising the frequency of these alterations
in our cohort. With an expanded data set, a future objective
would be to formulate evidence-based recommendations re-
garding the management of the endocrine manifestations of
4H leukodystrophy. In conclusion, this is the first study to sys-
tematically analyze endocrine abnormalities in a large cohort
of patients affected by 4H leukodystrophy and provides the
foundation for future comprehensive studies.
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