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ABSTRACT

Cockayne syndrome (CS) is a multisystem degenerative disorder divided in 3 overlapping
subtypes, with a continuous phenotypic spectrum : CS2 being the most severe form, CS1 the
classical form and CS3 the late-onset form. Failure to thrive and growth difficulties are
among the most consistent features of CS, leaving affected individuals vulnerable to
numerous medical complications, including adverse effects of undernutrition, abrupt
overhydration and overfeeding. There is thus a significant need for specific growth charts.
We retrospectively collected growth parameters from genetically-confirmed CS1 and CS2
patients, used the GAMLSS package to construct specific CS growth charts compared to
healthy children from WHO and CDC databases.

Growth data were obtained from 88 CS patients with a total of 1626 individual growth data
points. 49 patients were classified as CS1 and 39 as CS2 with confirmed mutations in
CSB/ERCC6, CSA/ERCCS8 or ERCC1 genes. Individuals with CS1 initially have normal growth
parameters; microcephaly occurs from 2 months whereas onset of weight and height
restrictions appear later, between 5 and 22 months. In CS2, growth parameters are already
below standard references at birth or drop below the 5th percentile before 3 months.
Microcephaly is the first parameter to show a delay, appearing around 2 months in CS1 and
at birth in CS2. Height and head circumference are more severely affected in CS2 compared
to CS1 whereas weight curves are similar in CS1 and CS2 patients.

These new growth charts will serve as a practical tool to improve the nutritional

management of children with CS.



INTRODUCTION :

Cockayne syndrome (CS; OMIM216400 & OMIM133540) is a rare autosomal recessive
disorder characterized by growth difficulties, neurological and sensorial impairments,
intellectual disability and photosensitivity. The syndrome was first reported in 1936 by Sir
Edward Cockayne® and the causative genes were described in the late 1990s.2* CS is
typically caused by mutations in ERCC6/CSB and ERCC8/CSA genes, whose protein products
are involved in nucleotide excision repair (NER). After DNA damage induced by ultraviolet
(UV) radiation, these two proteins are involved in the early steps of transcription-coupled
repair of DNA lesions actually blocking elongating RNA polymerase, including UV-induced
DNA damage.>”’ More recently, mutations in other genes of the NER pathway including
ERCC1 have been linked to atypical CS phenotypes.® The ERCC1 protein is involved in a late
step of both nucleotide excision repair and transcription-coupled repair as well as in
interstrand crosslink repair and single strand annealing of double strand breaks.® Altogether

more than 300 CS cases have been reported in the literature.!°

The incidence in Western Europe and in Japan is estimated at 2.7 cases per million
births.1%12 CS is classically divided in 3 different subtypes depending on the severity and
evolution of the disease'® : CS2 is an early-onset form with lack of ambulation and a mean
age of death around 6 years; CS1 is an intermediate subtype with onset in the first two years
of life and usually ambulation for at least part of their course, with progressive
neurodegeneration and a mean life-expectancy of 16 years; CS3 is the late onset form with
onset at 3-4 years, ambulation into adulthood, and a life expectancy that can exceed 30

years 11,14,15



Growth restrictions are consistently seen in CS and are described as one of the major criteria
for the diagnosis. Growth patterns vary greatly between individual CS patients and
proportionally between subtypes.3'® Growth parameters in CS can be far below standard
curves and standard growth charts are not suitable for monitoring the health and nutrition
in these patients. Profound microcephaly is also a key feature of this syndrome. Beside the
intrinsic growth restriction of the disease, patients with CS also present with neurological
and gastrointestinal impairments which can impact growth when gastrointestinal reflux,
recurrent vomiting or swallowing difficulties occur. Acute infectious events can also severely
impair the feeding capacities and growth of CS children. Given the intrinsic and inevitable
severe growth limitations in CS, it is particularly difficult to diagnose additional
undernutrition or overfeeding in affected individuals, which could be very detrimental to
their global health status and could be avoided or improved by appropriate nutritional
monitoring and interventions. CS patients with undernutrition are at risk of anemia,
fractures, asthenia, bleeding and many other complications in addition to their own
syndrome. Conversely, in the experience of parents and caregivers, overfeeding in CS

patients may lead to deteriorate their quality of life and cause discomfort.

Optimal nutritional management is currently hard to define in CS in the absence of
appropriate growth charts. In this study, we aimed to present the first standardized
normative curves for height, weight and occipital frontal circumference (OFC) in a large
cohort of patients affected with CS1 and CS2 to help manage the growth and nutrition of

these fragile individuals.



METHODS :

Patient population :

We retrospectively collected growth data from individuals with genetically-confirmed CS1
and CS2 in several established cohorts of CS patients in France, Japan, the UK, the
Netherlands and the US. We excluded patients without molecular confirmation. This
international multicenter survey was also supported by family support groups in France, the
Netherlands and the UK. Both longitudinal and isolated growth data have been included in
the survey. We also collected, whenever available, data about the type of nutrition (oral,
enteral, nasogastric tube) and the time it was introduced. All data were registered in a
password protected database.

Patients with CS type 3 were excluded from the survey as not enough data were available to
be able to draw reliable growth charts. Each measure at each age was counted as a single
data point. As we hypothesized that patients from a given clinical subgroup behave follow
similar growth patterns, we combined data points from different participants at the same
ages, including longitudinal data from various individuals. We excluded outliers that
deviated too far from the growth values of other patients (minimum +6SD compared to the
Cockayne cohort), which could correspond to early intensive nutritional management or
likely measurements errors. Our database was declared to the appropriate ethical and
regulatory committees in accordance with French laws (CNIL, CPP). Subjects from the US

were enrolled in an IRB-approved study at the University of Florida.

Growth chart calculation :
We used the package GAMLSS (Generalized Additive Models for Location, Scale and Shape)

in R software to construct growth curves for height, weight, and OFC'’, with comparisons to



standard reference curves from the World Health Organization (WHO)'8 and the Centers for
Disease Control and Prevention (CDC). The curves were constructed using a non-parametric
regression model, with age-fitting of the curves for each gender and syndrome type. The
estimated centiles by age and sex were converted back to Excel (Microsoft Corporation,
Redmond, Washington) format to create charts for each anthropometric variable, including
the WHO and CDC growth charts for healthy children.

RESULTS :

Data collection

We enrolled 88 participants with a clinical diagnosis of Cockayne syndrome who were
categorized as having CS1 or CS2 (48 males and 40 females). All subjects had precise
molecular diagnoses, with mutations in ERCC1, ERCC6/CSB or ERCC8/CSA.

In our cohort, 49 participants were classified as having CS1 (28 males and 21 females) and
39 patients were classified as having CS2 (20 males and 19 females). (Figure 1) Among the
CS1 patients, 24 presented with mutations in ERCC6/CSB and 25 with mutations in
ERCC8/CSA. The CS2 patients presented mainly with mutations in ERCC6/CSB (30 patients
out of 39), 8 with mutations in ERCC8/CSA and one with mutation in ERCC1. All patients

were born between 1985 and 2016.

A total of 722 weight measurements, 573 height measurements and 331 OFC
measurements were analyzed. 18 different ethnic origins were represented in our cohort
and we collected data from 16 countries (France, Nederland, United-Kingdom, Spain,
Portugal, Finland, South Africa, Lebanon, Saudi Arabia, Iran, Tunisia, Turk, Belgium, Japan,

India ).



For 68 patients we had at least 2 measurements, and we had more than 4 measurements
for 48 patients. We collected from 1 to 62 measurements per patient depending on the
available data.

Due to limited growth data beyond certain ages we chose to construct growth charts until
the age of 6 years for CS2 and 16 years for CS1, corresponding to the average age of death
in previous studies.'>!° These data are consistent with our results : in CS1 patients the mean

age of death was 13.875 years [5-24] and 5.25 years in CS2 patients [4-7].

Growth parameters at birth

Birth weights were available for 61 CS patients (33 CS1 and 28 CS2, 29 females and 32
males). Birth lengths were available for 52 CS patients ( 30 CS1 and 22 CS2, 26 females and
26 males). Information on OFC at birth was available for 47 CS patients (24CS1 and 23 CS2,

24 females and 23 males).

Females with CS1 have a weight curve initially overlapping with the reference curve,
whereas the weights of CS2 females start at approximately the 5 percentile with respect to
the reference data. For height, females with CS2 start at approximately the 5t percentile
with respect to the reference data, whereas those with CS1 have height curves similar to
reference values at the beginning. The head circumferences of females with CS2 are below
standard curves, whereas patients with CS1 have a head circumference that is close to the

normal one. (Figure 3)



Males with CS2 start with a height slightly below the reference range while the weight and
OFC are already under 5% percentile at birth. In males with CS1, weight, height and OFC are

normal at birth. (figure 5)

Postnatal growth parameters (figures 2 and 4)

The mean number of longitudinal measurements per participant was approximately 7.4 data
points each [1-62].

Weight:

Patients with CS2 presented with failure to thrive since birth, with weights below the 5%
percentile by months 2 or 3 and final weights around 10 kg for girls and 11 kg for boys at 6
years. In CS1 patients, birthweights tend to be normal, but weights fall below the 5™
percentile at approximately 9 months for boys and 17 months for girls. Final weights are
approximately 14 kg for girls and 19 kg for boys at 16 years. CS patients grow steadily but
extremely slowly during their whole life and we found no abrupt change in growth dynamics

either in weight, height or OFC.

In CS2, height growth decelerates below the 5™ percentile at the age of 2 months, with a
final height of approximately 83.5cm for girls and 81 cm for boys at the age of 6 years.

In CS1, height is normal at birth, but growth decelerates below the 5% percentile by 22
months for girls and 5 months for boys, with final heights approximately 98 cm for girls and
130 cm for boys at 16 years. After 4 years of age, individuals with CS do not gain height
perceptibly except for boys with CS1, whose growth remains constant but well below

standard ranges.



OFC:

Children with CS2 were microcephalic from birth with a final OFC of 40 cm for boys and 39
cm for girls at 3 years.

In CS1 children, OFC was in the normal range at birth, but the mean curve drops below the
standard by 2 months for boys and girls. The final OFC is 44 cm at 56 months for girls and 46

cm for boys at 73 months.

Different types of CS

Overall, individuals with CS2 are smaller than those with CS1 for both girls and boys, with a
difference of 2 standard deviations. The weight curves for CS1 and CS2 are very similar. One
of the main growth parameter differences between CS1 and CS2 involves OFC, with CS2

participants being more microcephalic than those CS1.

10



DISCUSSION:

Growth failure is a major problem in many neurodegenerative childhood diseases such as
Cockayne syndrome (CS) and can be secondary to multiple etiologies. We developed these
specific growth curves to improve the nutritional monitoring of children affected by CS and

to help determine optimal nutritional regimens.

In the first description by Sir Edward Cockayne in 1936 and summarized by Isabelle Rapin in
2013%° children with CS were initially described as “tiny, well proportioned, often attractive,
delicate toddlers who are sociably interactive”. Indeed, growth failure is a major CS
criterion: in previously described cohorts it affects between 97 and 100% of patients!?16:2,
This impairment is described as progressive as less than half of them presented with low
birth weight (39% Calmels et al.?! et 55% Baer et al.19). In the patients described herein, 12
children presented with IUGR (23%), which has recently been associated with reduced life

expectancy.tC

CS can be traditionally divided in different groups depending on the severity of the disease:
CS1 with normal prenatal growth and onset of growth and developmental abnormalities by
the age of 2 years, and CS2 with earlier growth failure, typically present at birth.?? In our
cohort and as reported before, CS2 patients were mostly mutated in ERCC6/CSB gene
whereas CS1 were mutated in ERCC8/CSA and ERCC6/CSB genes.’> We also reported a
severe CS2 case who was associated with a rarely reported ERCC1 mutation. Only four
ERCC1 mutated patients have been reported in the literature'®?*25, the CS2 patient

reported here, presented with severe encephalopathy and died at 5 years. Still there are no

11



clear-cut genotype/phenotype correlations between these genetic subtypes and ERCC6/CSB,
ERCC8/CSA and ERCC1 patients can present largely overlapping phenotypes .

In our charts, all CS1 patients have normal growth parameters at birth, with declines
appearing between 2 and 22 months depending on the gender and the parameter. CS2
patients, as described previously, present with growth failure at birth or very early and at 3
months all growth parameters are below the 5™ percentile. The most striking differences
between CS1 and CS2 in our charts are the height and head circumference; CS1 and CS2
patients present with major delays in weight gain but there is no difference between these
two groups.

The number of available data tends to decrease with age, corresponding to the short life
expectancy associated with Cockaynes syndrome. We thus chose to stop the curves at the
age of 6 years for CS2 and 16 years for CS1 in accordance with the average life expectancy
reported in the literature'®*>22, For cranial parameters, in accordance with current practice
and the amount of data available, we have stopped the curves at the age of 56 months for

CS1 and 30 months for CS2.

Microcephaly is one of the key features of Cockayne syndrome. Progressive microcephaly
has been considered to be one of the major or mandatory diagnostic criteria.l31622
Microcephaly affects between 96% and 100% of patients with CS regardless of the different
subtypes of the disease. When comparing the evolution of growth parameters in CS patients
to healthy populations, microcephaly seems to be the first sign to appear : OFC is already
below the 5th percentile at birth in CS2 patients and from the age of 2 months in CS1

patients. Microcephaly is also reported as the first clinical symptom in nearly 30% of CS

12



patients?, it needs to be monitored accurately especially since early neurological

examinations in newborn can be initially imprecise in these patients.

Growth failure in CS is known to be multifactorial, yet the precise contributions of various
potential causes remains unclear. Thus, various investigators have tried to understand the
pathophysiology of this major manifestation of CS. Endocrine function in CS patients has
been described as normal: no deficiencies in growth hormone or thyroid stimulating
hormone levels have been reported.?® As CS is implicated in DNA repair pathway, growth
hormone is not recommended for these patients, due to the potential risk of tumor growth.
Metabolic dysfunction may contribute to growth failure in CS; some of the clinical
manifestations of CS resemble those seen in mitochondrial disease, and CSB and CSA have
been implicated in the regulation of oxidative stress.?®?” Neurological impairments such as

oral motor dysfunction may also play a role in CS growth failure.??

The present study has led to the development of the first growth charts tailored specifically
for patients affected by CS. The evolution of CS is characterized by progressive neurological
degeneration, affecting both the central and peripheral nervous systems often leading to
limb hypertonia and spasticity, with more subtle signs of neuropathy. Some techniques have
been developed to measure the height of children with contractures but have limitations.

This can lead to potential underestimation of the height of severely affected children.

The collected data correspond to patients from 18 different countries and thus we expect
that these growth charts are potentially applicable to a number of populations around the

world. The reference WHO growth charts include data collected from more than 130

13



countries whereas the CDC growth charts include data only from the United States, thus
there may be minor discordances among the various charts due to differences in the

background populations.

As the data in our study were collected retrospectively and as CS is an extremely rare
disease, it was not feasible to normalize our data based on variations in diet with the
currently available data. We acknowledge that the various nutritional conditions of the
patients included in the study may have been a confounding factor in the calculation of the
growth charts. This was attenuated by the exclusion of the values that deviated too far from
the data of the rest of the cohort (minimum +6SD higher than the rest of the cohort), which
could correspond to early intensive nutritional management. Since no precise nutritional
guidelines exist for CS, we also assumed that our global data were not altered by a
systematic bias which would have been identical in all patients. We believe that our ability
to produce separate growth curves based on CS subtype and gender is a major advantage of
this study. We hope that future prospective studies, based on longitudinal cohorts and
including extensive nutritional and metabolic assessments, will facilitate the normalization
of longitudinal growth data based on factors such as daily mean caloric intake. Such
prospective studies may also lead to even more precise knowledge and recommendations

regarding optimal dietary regimens for these individuals.

The growth curves presented in the current study will assist clinicians in adjusting dietary
regimens for patients with CS1 and CS2. In our experience, CS patients with undernutrition
face many medical complications, but overfeeding patients, especially in acute settings,

carries the risk of inducing neurological and general deterioration. We hope that these

14



curves will provide information that will help families, physicians, and dieticians adjust
nutritional interventions, including gastrostomy feeding schedules. Future studies will help
refine these charts. Growth parameter charts such as ours will also be useful for the design

of future clinical trials.
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FIGURES:

Figure 1 : clinical and molecular description of included patients.

Figure 2 : Constructed growth charts for CS1 and CS2 patients in relation to the CDC
reference charts (grey) for females CS patients (orange) : CS2 are represented with broken
line and CS1 with unbroken line.

Figure 3 : Constructed growth charts for CS1 and CS2 patients from O to 3 years in relation
to the CDC reference charts (grey) for females CS patients (orange) : CS2 are represented
with broken line and CS1 with unbroken line.

Figure 4 : Constructed growth charts for CS1 and CS2 patients in relation to the CDC
reference charts (grey) for male CS patients (blue) : CS2 are represented with broken line
and CS1 with unbroken line.

Figure 5 : Constructed growth charts for CS1 and CS2 patients from 0 to 3 years in relation

to the CDC reference charts (grey) for male CS patients (blue) : CS2 are represented with

broken line and CS1 with unbroken line.
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