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Investigating genotype—phenotype

relationships in Rett syndrome using an
international data set

ABSTRACT

Background: Rett syndrome is an uncommon neurodevelopmental disorder with an incidence of
1:9,000 live female births. The principal genetic cause was first reported in 1999 when the
association with mutations in the methyl-CpG-binding protein 2 (or MECP2) gene was identified.
This study uses data from a large international database, InterRett, to examine genotype-
phenotype relationships and compares these with previous findings in a population-based cohort.

Method: The data set for these analyses was derived from a subset of InterRett cases with sub-
ject information collected from the family, the clinician, or both. Individual phenotypic character-
istics and clinical severity using three scales were compared among those with eight known
recurrent pathogenic MECP2 mutations as well as those with C-terminal deletions (n = 272).

Results: Overall, p.R270X and p.R255X were the most severe and p.R133C and p.R294X were
the mildest mutations. Significant differences by mutation were seen for individual phenotypic
characteristics such as hand use, ambulation, and language.

Conclusions: This multicenter investigation into the phenotypic correlates of MECP2 mutations in
Rett syndrome has provided a greater depth of understanding than hitherto available about the spe-
cific phenotypic characteristics associated with commonly occurring mutations. Although the modify-
ing influence of X inactivation on clinical severity could not be included in the analysis, the findings
confirm clear genotype-phenotype relationships in Rett syndrome and show the benefits of collabora-
tion crucial to effective research in rare disorders. Neurology® 2008;70:868-875

GLOSSARY
ANOVA = analysis of variance; ARSD = Australian Rett Syndrome Database; IQR = interquartile range.

Rett syndrome is a pervasive neurodevelopmental disorder found primarily in females!
with a diagnosis incidence of 1.09 per 10,000 girls by the age of 12 years.? In a consensus
statement by international clinical experts in 1988,° there was agreement that a sequence
of clinical features (including apparently normal development followed by loss of hand
and communication ability and development of hand stereotypies) was required for diag-
nosis. These criteria were broadened slightly when revised in 2001 such that neither
slowing of head growth nor early normal development were mandatory as necessary
criteria and microcephaly at birth was no longer an exclusion criterion.* The principal
genetic cause for Rett syndrome was identified in 1999, when it was reported that caus-
ative mutations had been found in the MECP2 gene, which encodes methyl-CpG-binding
protein 2.° Since then, more than 200 different MECP2 mutations have been identified,®
with seven recurrent mutations accounting for more than two-thirds (70%) of cases in
whom an MECP2 gene mutation is characterized.”

From the Telethon Institute of Child Health Research (A.B., A.A., N.d.K., H.L.), West Perth, Australia; Western Australian Institute of
Medical Research (D.R.), Perth, Australia; Curtin University of Technology (S.F., N.Y), Bentley, Australia; Hospital Saint Joan de Deu
(M.P.), Barcelona, Spain; Sheba Medical Centre (B.B-Z.), Tel Hashomer, Israel; Civitan International Research Center (A.P.), Birmingham,
AL; and Kennedy Krieger Institute (W.E.K.), Baltimore, MD.

Supported by a grant from the International Rett Syndrome Association. The Australian Rett Syndrome Database is supported by NIH grant
HD43100 (H.L.). H.L. is funded by National Health and Medical Research Council program grant 35314, and W.E.K. is funded by NIH
grant HD24448. The funding organization had no role in the design and conduct of the study; collection, management, analysis, and
interpretation of the data; or preparation, review, and approval of the manuscript.

Disclosure: The authors report no conflicts of interest.

Copyright © 2008 by AAN Enterprises, Inc.

Copyright © by AAN Enterprises, Inc. Unauthorized reproduction of this article is prohibited.



There is considerable clinical variation
in Rett syndrome,' and since 1999 much re-
search has been undertaken to investigate
the possible relationships between geno-
type and phenotype.”?> However, the re-
sults, especially from the earlier studies,
have not been consistent. Despite the fact
that some investigations®!”-*! have included
cases from more than one country, case
numbers have still been low and statistical
power has still been a problem. A further
limitation, also often necessitated by small
sample size, has been the grouping of mu-
tations by type (e.g., missense, nonsense)
or location, rather than the separate analy-
sis of specific mutations. However, work
with the Australian Rett Syndrome Data-
base (ARSD)” has, as has other recent re-
search,!®2%2! been able to show some
significant relationships by examining the
common mutations individually. The
ARSD study had the benefit of being popu-
lation based, but was restricted in power
because the Australian national population
is only around 20 million, and thus the data
set only contains approximately 300 diag-
nosed individuals born within the past 30
years. InterRett has now been funded by
the International Rett Syndrome Associa-
tion** to act as an international data clear-
inghouse and to gather data on a global
scale to provide sufficient case numbers for
meaningful statistical analyses. We present
here an analysis of genotype—phenotype re-
lationships among those cases reported to
InterRett with the most frequently occur-
ring MECP2 mutations and compare the
findings with previously reported data
from the population-based ARSD.

METHODS Study population. A data set comprising a
subset of cases was extracted from InterRett, the interna-
tional Rett syndrome phenotype database, in December
2005.2*¥ Recruitment of case families to the InterRett data-
base commenced in December 2002 and has been primarily
through the parent Listserv Rettnet,” advertisement in news-
letters of parent support associations, and presentations at
their meetings. Bulk submission of deidentified data has also
occurred, so far from Australia, Spain, Israel, Canada, and

China.

Data collection. Data are submitted to InterRett from
families and clinicians in the form of online or paper-based

questionnaires. The questionnaire for families is modeled on

27,2

the ARSD family questionnaire.””*® The clinician question-
naire was specifically designed with input from the InterRett
reference panel® to gather information that allows severity
to be defined so that international comparisons can be
made.”>2*? Clinician questionnaires have been submitted
both on individual cases (on whom family data had already
been provided) and in the form of deidentified cases from
patient records. Collaborative international networks with
clinical and research groups have been crucial in preparing
the groundwork for the bulk data submission process. Dei-
dentified data have also been supplied by one of the authors
(M.P.) from a protocol of her own design'> on 259 Spanish

cases (Pineda data) known to her at the time of the study.

Data management and coding. Three severity scoring
systems, referred to as the Kerr,” Percy,” and Pineda'? scales,

7 to provide quantitative esti-

have been applied in the past
mates of clinical severity (with higher scores indicating
greater severity). The attributes of the severity scales have
previously been described in detail.”” Each scale is a summa-
tion of individual items related to Rett syndrome phenotypic
characteristics. The items are based on the severity or degree
of abnormality of each characteristic on a discrete scale (e.g.,
0, 1, 2), with the highest level corresponding to the most
severe or most abnormal presentation. For example, the
Pineda scale is based on the sum of scores for items measur-
ing age at regression/loss of social interaction, head circum-
ference, sitting, ambulation, speech/language, respiratory
function, epilepsy, hand use, air swallowing, and age at on-
set of hand stereotypy. The Kerr scale (19 items, maximum
possible score 38) contains more items focusing on current
functioning, and the Pineda scale (10 items, maximum possi-
ble score 31) contains more on developmental characteris-
tics, whereas in the Percy scale (15 items, maximum possible
score 45), there is more of a balance between current func-
tioning and developmental characteristics.”” Where informa-
tion from both the clinician and the family questionnaire
was available, the source that was thought to be more appli-
cable, more specific, and most valid was used for this analy-
sis. Pineda data could not be used to develop Kerr or Percy
scores that were comparable with the scores based on the
family or clinician’s questionnaires, and hence only Pineda
scale scores were calculated for the 259 Spanish cases. A
number of items from the three severity scales were similar
and could be substituted for each other. For example, the
Percy scale item for respiratory function was replaced by the
Kerr scale item for disturbed awake breathing dysfunction.
Modifications to the original severity scales are as detailed
(tables e-1 through e-3 on the Newurology®™ Web site at www.
neurology.org).”

Information about gene mutations was sought in all
three questionnaires. This analysis is restricted to assessment
of cases with the nine most frequently reported MECP2 mu-
tations—p.R106W, p.R133C, p. T158M, p.R168X p.R255X,
p-R270X, p.R294X, p.R306C, and C-terminal deletions,
which together comprise more than three-quarters (78 %) of
pathogenic mutations reported in subjects with Rett syn-
drome.®

Statistical methods. When items contributing to the sever-
ity scales were not available, the missing scores were imputed
before an overall severity was calculated using a method similar
to hot deck imputation® with the imputed values coming from
a random sample of values from the same probability distribu-

tion as the original, nonmissing values.
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Figure 1 Cohort distribution by source and genetic status
Entire cohort
935
| |
ARSD InterRett
cases cases
298 637
I
[ ]
Mo mutation test Tested for
93 MECP2 mutations
544
|
[ | ]
No mutation Uncertain Pathogenic
identified result mutations
160 38 346
|
| | |
Other mutations Common C-terminal
70 mutations deletions
244 32

ARSD = Australian Rett Syndrome Database.

870

Comparisons of overall severity score between mutations
were performed using analysis of variance (ANOVA).*' Cat-
egorical variables were analyzed for significant associations
using Pearson x* and Fisher exact tests.’> Age was defined
as age at collection of the family questionnaire or age at last
update of clinical records. Age correction, where necessary,
was done by subtracting the mean score for each age group
from the score for each case in that age group (equivalent to
using age as a covariate in linear regression). Stata version 9
was used for analysis.** Correction for multiple comparison
was not made.” Significance tests for differences between
mutations were only calculated for the overall test of any
differences between mutations, not for any specific compari-

sons.

RESULTS Cohort description. As at December
2005, InterRett had collected information on 935
cases of Rett syndrome. These cases came from 31
different countries, with the largest proportion com-

ing from Australia (308 cases, 32.9%), Spain (259
cases, 27.8%), the United States (160 cases, 17.1%),
Israel (71 cases, 7.6%), and the United Kingdom (47
cases, 5%). To permit valid comparison with previ-
ously published information from the Australian co-
hort,” the Australian cases born since January 1976
known to be in the ARSD (n = 298) were not in-
cluded within the current analysis. Cases in whom
MECP2 gene mutation testing had not been ar-
ranged (n = 93), in whom a mutation had not been
detected (n = 160), or for whom the clinical signifi-
cance of any detected gene variant was uncertain
(n = 38) were also not included (figure 1). This
study is therefore restricted to the remaining 346
cases with an unequivocally pathogenic mutation.
Age at data collection ranged from 2 months to 45
years, with a mean age at data collection of 10 years
4 months. The mean ages at data collection differed
for different mutations, with cases with p.R106W,
p-R294X, p.R306C, and C-terminal deletions tend-
ing to be older and cases with p.R255X or p. T158M
tending to be younger (table 1).

Severity scales and age. There was an increasing
(implying greater severity) trend with age in the
Kerr score (linear regression coefficient 0.130,
p < 0.001), with the mean Kerr score increasing
by age group up to 26 years and then decreasing
thereafter (table 2). This necessitated age correc-
tion of the overall scores for each mutation in the
Kerr scale. No such age variation existed in the
Percy or Pineda scale scores for the mutation-
positive subset (Percy score: linear regression co-
efficient —0.015, p = 0.73; Pineda score: linear
regression coefficient —0.024, p = 0.40; table 2).

Overall severity and mutation type. The mutations
p.R106W, p.R133C, p.T158M, p.R168X,
p-R255X, p.R270X, p.R294X, p.R306C, or a de-

Table 1 Age at data collection for cases with common mutations

No. of cases, Mean age at Median age at Range of ages
Common mutations n=272" data collection, y data collection, y at data collection
p.R1O6W 18 14.64 14.32 16 moto31ly
p.R133C 27 9.66 7.93 2yto33y
p.R168X 36 9.27 7.57 18 moto 31y
p.R255X 47 8.17 6.28 18 moto 22y
p.R270X 26 9.73 5.44 18 moto 37y
p.R294X 21 12.54 9.28 3ytoddy
p.R306C 22 12.00 7.68 4ytod5y
p.T158M 43 9.18 7.07 19moto29y
C-terminal deletions 32 11.76 9.67 3ytodly

*Includes 244 cases with common mutations and 32 with C-terminal deletions. Does not include 4 cases with date of birth

unspecified.
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Table 2

Mean (IQR)
Age group, y n Kerr score
0-3 24 16.3(14-18.5)
3-6 48 18.4 (16-20)
6-11 50 19.1(17-22)
11-18 37 20.6 (18-23)
18-26 18 22.3(21-25)
>26 16 20.6 (18-23.5)
Total 193" 19.3(16-22)

Severity (Kerr, Percy, and Pineda) descriptive statistics for MECP2-positive cases

Mean (IQR) Mean (IQR)

Percy score n Pineda score
21.2(17.5-24) 57 16.6 (14-19)
20.9(17-23) 80 14.4(11-17)
21.1(18-25) 80 15.6 (12.5-18.5)
19.7 (15-24) 68 15.1 (12-18)
21.7 (17-25) 39 16.4 (13-20)
20.6 (17-24) 17 141 (12-15)
20.8 (17-24) 341* 15.4 (12-18)

* 197 mutation-positive cases without Pineda scores; 4 cases with date of birth unspecified.
* 346 mutation-positive cases with Pineda scores; 5 cases with date of birth unspecified.

IQR = interquartile range.

letion of the C-terminal region occurred among
276 of 346 cases (79%) with an unequivocally
pathogenic mutation of MECP2. Differences be-
tween mean severity scores for different muta-
tions were confirmed with ANOVA (Kerr score: p
0.001; Percy score: p < 0.001; Pineda score: p <
0.001). The mutation associated with the lowest
mean severity score for all three of the severity
scales was p.R133C (figures e-1 through e-3).
Other mutations associated with a milder pheno-
type included p.R294X, p.R306C, and the
C-terminal deletions. The p.R270X mutation was
associated with a higher severity score on all
scales and was the most severe mutation overall
using the Percy scale. Significant differences be-
tween pairs of common mutations can be seen in
the tables (tables e-1 through e-3) of mean sever-
ity scores, confidence intervals, and results of ¢
tests and can be inferred where confidence inter-
vals in figures e-1 through e-3 do not overlap. The

Density

‘ Figure 2 Age at onset of regression for common mutations ‘
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relationships between the mean scores for each
mutation in each cohort are similar, with high
scores in InterRett associated with high scores in
the ARSD for both the Percy severity scale and the
Pineda severity scale (Percy: Pearson 7 = 0.88,p =
0.01 df =7, figure e-2; Pineda: r = 0.91, p = 0.004
df = 7, figure e-3).

Individual aspects of phenotype and mutation type.
In addition to the differences in overall severity,
cases with each common mutation showed
varying levels of severity for individual charac-
teristics of the Rett syndrome phenotype. These
are best demonstrated using items from the
Pineda scale (figures 2 and e-4 through e-6),
which could be applied to the maximum num-
ber of cases (n = 276). A delayed onset of re-
gression (figure 2) occurred most frequently in
subjects with p.R133C and p.R294X mutations,
in particular when compared with p.R168X,
p.R255X, and p.R270X mutations (overall x*
test: p < 0.001). Delayed onset of hand stereo-
typies was more likely among cases with
p-R133C, p.R294X, p.R306C, and C-terminal
deletions, with around 40% of subjects in these
groups developing hand stereotypies after 3
years. In comparison, less than one-third of
subjects with p.R106W, p.R168X, p.R255X,
and p.R270X had delayed onset of stereotypies
(overall x* test: p = 0.001). As shown in figure
e-4, approximately two-thirds of those with
p.R133C and p.R294X and just less than half of
those with p.R306C and C-terminal deletions
had conserved hand function compared with
less than one-third of subjects overall (overall
X test: p < 0.001).

All cases with p.R133C and p.R294X learned
to walk (figure e-5). In contrast, just less than
one-third of subjects with p.R168X and just more
than one-third with p.R255X and p.R270X muta-
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tions did not learn to walk (overall x* test: p =
0.002). Cases with p.R133C mutations were more
likely to conserve some of their language skills
(figure e-6), with 18% described as currently us-
ing single words and 21% currently using
phrases, compared with 13% and 2% overall
(overall x* test: p < 0.001). Cases with p.R270X
and p.R255X were least likely to acquire the abil-
ity to speak.

Severe feeding difficulties occurred most com-
monly in subjects with p.R168X and p.R270X
(both 75%) and least commonly in cases with
p.R133C (1.9%) and p.R306C (5.6%) (overall
test: p = 0.009). Only a single case with a
C-terminal deletion was reported to swallow air
(3.9%), compared with 26% to 56% for the other
common mutations (overall y* test: p = 0.011).

For a range of other characteristics, including
epilepsy prevalence (58.6%), scoliosis (54.6%),
breathing problems (64.2%), peripheral circula-
tion problems (71.3%), mood disturbances
(66.9%), and sleep problems (67.3%), no signifi-
cant relationships with mutation type were found
even after performing stratified x* tests over age
groups.

DISCUSSION This study made use of the inter-
national database InterRett to identify 276 cases
with highly recurrent MECP2 mutations. Clinical
severity of each of these cases was defined using
the three scoring systems,'>2*?° used previously to
measure clinical severity.””?” All three scoring
systems revealed that the mutations p. R133C and
p. R294X were associated with the least severe
phenotype. However, there was some variation
by scoring system in relation to the most severe
phenotype, with the mutations p.R255X and
p.R270X being associated with the most severe
outcomes on the Pineda scale, and the p. T158M
mutation being the most severe on the Kerr scale.
Milder mutations such as p.R133C, p.R294X,
p.-R306C, and C-terminal mutations tended to
have the latest onset of regression as well as later
onset of stereotypies. The same pattern was seen
with hand skills, which were most likely to be re-
tained by those with these mutations. Cases with
an underlying p.R133C mutation were most likely
to retain “language,” and those with p.R270X
and p.R255X least likely to develop “speech.”
Our data reveal that the Pineda scale reflected the
core characteristics more effectively than the
other two scales, with a greater number of catego-
ries in most items, allowing greater discrimina-
tion of variation in Rett syndrome phenotype. It
also displayed resilience to the potential for bias

Neurology 70 March 11, 2008

brought about by age-related developments in the
progression of the Rett syndrome phenotype, par-
ticularly by including aspects of developmental
changes (losing hand skills, losing previous mo-
bility) and age at acquisition of skills.

A key reason for conducting this analysis of
InterRett data was to replicate in a larger inde-
pendent sample the research undertaken using the
population-based ARSD. Comparison of scores
in both studies derived from the Percy and Pineda
scales revealed similar patterns. In both studies,
the Percy scale indicated that the p.R133C and the
p-R294X mutations were the least severe overall.
While overall in the InterRett data the p.R133C
was mildest, the Australian data showed that
p-R294X was marginally milder using this scale.
However, the p.R270X and p.R255X mutations
were associated with the most severe phenotype
in both studies. In contrast to the InterRett inves-
tigation, the Australian analysis did not find any
significant difference between the p.R255X cases
and the other mutations, though significant dif-
ferences did exist for the p.R270X. Using the
Pineda scale to identify those mutations with
greatest and least clinical severity, the InterRett
results more or less mirrored the findings from
the previous Australian analysis. The only excep-
tion was cases with the p.R306C mutation, which
in the InterRett data were significantly less severe
in the Pineda scale than cases with p.R255X,
p-R270X, or p.R168X. This was a result not
found in the Australian investigation but is con-
sistent with findings from elsewhere.?

We were unable to carry out a direct comparison
between the findings from the InterRett data from
the Kerr scale and those from the Australian data
because of the age adjustment we needed to make
for the InterRett data. This showed a slightly differ-
ent picture from the other two scales, with the
p.T158M significantly more severe than both the
p-R133C and the p.R294X mutations. This suggests
perhaps that the developmental features (as empha-
sized by the Percy and Pineda scales) with this muta-
tion might play less of a role in its overall phenotype
than with mutations such as p.R270X and p.R255X.

The InterRett data provide a composite sum-
mation of the findings from elsewhere, such as
those of a German study'® that was the first to
observe the increased severity associated with
mutations in the nuclear localization signal region
of the transcription repression domain where the
mutations p.R270X and p.R255X are situated;
those of a US study? that found a milder pheno-
type associated with p.R306C; those of a Belgian
study? that described the milder clinical severity

Copyright © by AAN Enterprises, Inc. Unauthorized reproduction of this article is prohibited.



of the C-terminal deletions as well as the work of
ourselves'” and others' relating to the mild phe-
notype associated with p.R133C; and those of a
UK study® that, using a simple scoring system
based on current functioning, found p. T158M to
be one of the more severe mutations. On this oc-
casion, we did not include the Australian data as a
subset of the InterRett data to allow us to repli-
cate independently our earlier findings."” How-
ever, by doing this in the future, the power of
InterRett will be further increased.

The greatest strength of this study is that it has
made use of an international collaborative net-
work?* to collect a large number of cases for geno-
type—phenotype analysis. The need for and value
of this has previously been expressed, but it has
taken the infrastructure of this international col-
laboration to allow this to happen. The infra-
structure is significant because it has enabled the
involvement of families who have directly submit-
ted information about their own children—infor-
mation that has usually been complemented by
data from the child’s clinician. It also has brought
together data submitted from widely geographi-
cally dispersed clinicians and research groups
from different countries. This process of collabo-
ration and cooperation is crucial to effective re-
search in rare disorders, and the experience of
InterRett to date demonstrates the value of such a
model. For Rett syndrome, there is also the added
complexity brought about by the locus and allelic
genetic heterogeneity associated with the disorder.

The InterRett infrastructure, which encour-
ages simultaneous submission of clinical details
by parents, treating clinicians, and research
groups, also offers the advantage of data quality
improvement brought about by comparing data
(on the same individual) from different sources.
As well as permitting recognition of concordant
and discordant data, a much more detailed clini-
cal description is ascertained by capturing the
complementary observations of health practitio-
ners and parents or caregivers. In instances where
data were discordant, care was taken to weight
the source considered most likely to reflect accu-
rately the information being sought. Other
strengths include the adoption of appropriate sta-
tistical techniques to account for missing data,
clearly an anticipated problem when combining
data from different sources which may have been
collected in different ways. The effect of age on
the different scales was also assessed and, when
confounded, appropriately age adjusted. We be-
lieve that by using the aforementioned statistical
approaches, we have translated into strengths

what some might regard as weaknesses in the
structure of a data set defined from heteroge-
neous sources.

We have to acknowledge that InterRett, unlike
the ARSD, is not population based. Although
countries such as Spain, Israel, Canada, and
France have made commitments to contributing
their national data to this endeavor, there have
been countries where as yet we have not been able
to establish this collaborative process even for the
submission of deidentified data. Therefore, al-
though components such as the Spanish data are
most likely representative of the underlying popu-
lation, this is much less likely with family-
initiated data from the United States and the
United Kingdom. We have previously shown that
families participating in an Internet study were
more socioeconomically advantaged in compari-
son with the families in our national Australian
register,” although this bias is likely to reduce
over time as Internet access globally becomes
more equitable. InterRett would nevertheless
benefit from further research to compare the dis-
tribution of sociodemographic, clinical, and ge-
netic characteristics of its subjects with those in
the ARSD population.

X inactivation is a gene dosage compensation
mechanism in mammals that equalizes the expres-
sion levels from genes positioned on the X chro-
mosome among females (XX) and males (XY).
Thus, the difference in severity between individu-
als with the same mutation may be influenced by
the proportion of cells that have inactivated the
normal X chromosome.® We are now aware that
X inactivation does contribute to the variability
in phenotype in Rett syndrome at least with some
of the common mutations of intermediate severity
(p-T158M and p.R168X),* although there is need
for further research on its role with milder and
more severe mutations. In the previous study that
combined data from the ARSD with data from
the United Kingdom, we were able to demon-
strate the protective effect of skewing of X inacti-
vation on clinical severity.*® We acknowledge that
the absence of data on X inactivation is a short-
coming of the present study.

A defining characteristic of Rett syndrome ge-
notype—phenotype comparisons in the past has
been the inconsistency of results, with some stud-
ies finding no differences between mutations or
mutation groups and others (such as the ARSD)
finding several relationships. Despite the method-
ologic differences, the correspondence of the re-
sults between this InterRett investigation and the
previous ARSD study indicates consistency be-
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tween a large international and a population-
based study. Thus, we can finally confirm the
evidence for clear indisputable genotype—pheno-
type relationships in Rett syndrome. What still re-
mains inaccessible, however, is more detailed
analysis of the effects of X inactivation. Neverthe-
less, we have clearly shown that basic genetic test-
ing is warranted in Rett syndrome not only for the
molecular confirmation of a clinical diagnosis,
but also to provide information on the likely clin-
ical profile for the affected child. The overall aim
of research in Rett syndrome and in any disabling
condition is the provision of greater information
that can be translated into better clinical practice.
With this large study into the genetic and pheno-
typic aspects of Rett syndrome, at the very least
this aim has been met.
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