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SUMMARY

There is an unmet medical need to treat patients with severe hypertrophic cardiomyopathy leading to heart
failure and death in children carrying pathogenic activating variants in the RAS/mitogen-activated protein

with improved cardiac status in patients with RASopathy with severe hypertrophic cardiomyopathy receiving
Side effects were not life threatening and were manageable. The data presented suggest that personalized
RASopathy warranting clinical investigation. (JACC Basic Transl Sci. 2025;10:152-166) © 2025 The Authors.

under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

kinase pathway. A retrospective analysis of 61 patients provides evidence for decreased mortality and morbidity

mitogen-activated protein kinase kinase inhibition (n = 30) vs those with standard-of-care treatment (n = 31).

therapies targeting underlying signaling pathway abnormalities might be effective in critically ill patients with

Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article
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ABBREVIATIONS
AND ACRONYMS

MAPK = mitogen-activated
protein kinase

MEK = mitogen-activated
protein kinase kinase

MEKi = mitogen-activated
protein kinase kinase inhibition

NS = Noonan syndrome

NSML = Noonan syndrome
with multiple lentigines

NT-proBNP = N-terminal
pro-brain natriuretic peptide

RAS-HCM = RASopathy-
associated hypertrophic
cardiomyopathy

ASopathy-associated hypertrophic cardiomy-
opathy (RAS-HCM) presenting during the first
year of life carries a poor prognosis, with
considerable mortality.”> RASopathies are caused by
pathogenic variants in genes encoding for trans-
ducers of the RAS/mitogen-activated protein kinase
(MAPK) signal cascade and are characterized by ab-
normalities of multiple organ systems.®> This group

syndrome (NS), the most common entity,
with an estimated incidence of about 1 in 2,500;* NS
with multiple lentigines (NSML); Costello syndrome;
and cardiofaciocutaneous syndrome.

Roughly 20% of patients with RASopathies have a
hypertrophic cardiomyopathy.>® On the basis of data
from as far back as the 1980s, infants <6 months of age
who present with RAS-HCM and heart failure have a

of developmental diseases includes Noonan mortalityrate of approximately 60% in the first year of
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life, usually attributable to progressive heart failure.>”
Concomitant ventricular outflow tract obstruction and
congenital heart defects, such as pulmonary valve
stenosis and atrial septal defects, additionally
contribute to morbidity in those children.>*° RAS-
HCM also is an underreported indication for cardiac
transplantation, with significant procedure-related
mortality.’® The clinical course can be further
complicated by lymphatic dysplasia, pulmonary lym-
phangiectasia, pulmonary hypertension, feeding
problems, renal abnormalities, and other issues."

The majority of patients with RAS-HCM have a
diagnosis of NS and carry gain-of-function missense
variants of RAF1, RIT1, and other genes that drive
RAS/MAPK signaling through hyperactivation of
ERK1/2."” In patients with NSML, which is commonly
associated with RAS-HCM, the causal PTPN11 variants
produce phosphatase-impaired mutant proteins that
lead to incompletely defined, probably neomorphic
effects on MAPK signaling and also increased AKT/
mTOR activity.”® Preclinical studies in transgenic
mice with an NS-associated Raf1 variant recapitulated
RASopathy features, including myocardial hypertro-
phy, and exhibited increased signaling through the
RAS/MAPK pathways.'#'> Pharmacologic treatment
with a MAPK kinase (MEK)'#'> inhibitor in NS mice
was beneficial for both cardiac and extracardiac
manifestations.

We reported the first use of MEK inhibition (MEKi)
in 2 patients with NS due to pathogenic RIT1 variants,
resulting in amelioration of heart failure.’®'” In the 2
patients, decrease in ventricular mass and reduction
in subvalvular and valvular stenosis occurred.'® Since
then, improvement of cardiac status has been re-
ported in an additional 8 patients treated with MEKi
for severe RAS-HCM.'®2!

The goal of this retrospective analysis was to
evaluate the effect of compassionate or off-label use
of MEKIi in addition to standard of care in a cohort of
61 children with RAS-HCM admitted to the hospital
for heart failure and/or cardiac surgery for outflow
tract resection. Multivariable analysis and propensity
scoring for adjustment suggest that genotype-
dependent MEKi treatment has the potential to
improve survival in critically ill children with RAS-
HCM and to serve as alternative to cardiac surgery if
indicated in patients with RAS-HCM, providing
impetus for prospective clinical trials.

METHODS

STUDY POPULATION, SETTING, AND DATA COLLECTION.
A retrospective cohort analysis was carried out at 23
tertiary care centers specializing in congenital heart
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disease and pediatric cardiology from the United
States, Canada, Austria, Denmark, Finland, Germany,
Ireland, Italy, the Netherlands, and the United
Kingdom. Clinical data were collected from medical
records from all patients meeting the following in-
clusion criteria: 1) genetic diagnosis of a RASopathy
due to a (likely) pathogenic gain-of-function variant
in an established RASopathy gene;** 2) echocardio-
graphic diagnosis of hypertrophic cardiomyopathy;
and 3) admission to the hospital since 2000 with
either heart failure and/or severe outflow tract
obstruction warranting intervention.

Patients carrying genetic variants of the PTPNi1
gene were excluded from this analysis because the
pathogenic mechanism for hypertrophy is not medi-
ated primarily through increased MAPK signaling.'>**

Patients who received compassionate or off-label
MEKi in addition to standard therapies are desig-
nated as the “MEKi group,” and those receiving
standard therapies only as “control subjects.” Stan-
dard therapies were defined as current standard-of-
care conservative and interventional treatment
strategies as initiated by the treating physicians, such
as beta-blockers, calcium-channel blockers, diuretic
agents, inotropes, and cardiac interventions.

The treatment group included 5 previously re-
ported patients,'®'®:2°?! for whom we now report
updated and long-term follow-up. Part of the control
cohort was previously published."**#

The primary endpoint was a composite of cardiac
surgery for outflow tract resection, heart trans-
plantation or death. The secondary endpoints were: 1)
cardiac surgery for outflow tract resection; 2) death or
heart transplantation; and 3) death or heart trans-
plantation in the subgroup of critically ill patients
presenting in severe heart failure (Ross class IV;
n = 16).

Clinical variables collected by standardized ques-
tionnaire included weight; height; comorbidities;
other structural heart defects; number of cardiac
medications; cardiac interventions and surgical pro-
cedures; transthoracic echocardiographic variables of
peak outflow tract gradient, maximal end-diastolic
myocardial wall thickness, left ventricular end-
diastolic diameter, and left ventricular mass indexed
to body surface area; and the laboratory heart failure
markers N-terminal pro-brain natriuretic peptide
(NT-proBNP) or brain natriuretic peptide. Data on
arrhythmias were collected, and arrhythmias were
defined as severe when requiring medical interven-
tion, resuscitation, or defibrillation. Variables were
obtained at hospital admission (baseline time point)
and at the last follow-up time point available, with
follow-up time administratively censored at
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36 months after baseline. Additionally, Ross classifi-
cation, laboratory heart failure biomarkers, and indi-
vidual echocardiographic parameters of
cardiomyopathy (peak outflow tract gradient,
maximal end-diastolic wall thickness z-score, left
ventricular end-diastolic diameter, and left ventric-
ular mass indexed to body surface area) were
analyzed at 1, 3, 6, and 12 months after baseline, when
available, in the MEKi group, with patients experi-
encing events censored. Where applicable, data were
related to normal values and z-scores.?> 28

The severity of heart failure was expressed ac-
cording to the classification for infants proposed by
Ross et al®® (class I, no signs; class II, mild; class III,
moderate; and class IV, severe). NT-proBNP or brain
natriuretic peptide values were assessed as a heart
failure biomarker.3°-3?

Consideration for cardiac surgery for outflow tract
resection in the treatment group was defined ac-
cording to criteria defined in the 2014 European So-
ciety of Cardiology guidelines®® (outflow tract
gradient =50 mm Hg plus Ross class =III) or by the
presence of severe left ventricular outflow tract
gradient (=90 mm Hg) independent of Ross classifi-
cation. This also applied to all patients of the control
group admitted to the hospital prior to 2014.

TREATMENT REGIMEN. All treating physicians fol-
lowed local guidelines for off-label or compassionate
drug use, approved by the local ethical committees or
Institutional Review Boards. Only deidentified data
were used for analysis.

STATISTICAL ANALYSIS. Descriptive statistics were
used to summarize the data. Results are reported as
median (Q1-Q3) for continuous variables and as
counts and percentages for categorical variables.

Follow-up time interval was administratively
censored at 36 months in all statistical analysis with
the exception of the analysis of clinical outcome
during follow-up in the MEKi group, which was per-
formed only for the first 12 months of follow-up given
the large number of missing data beyond this
timepoint.

The main statistical analysis included the com-
parison between the MEKi group and control
subjects.

A subgroup analysis was performed for only pa-
tients who presented in severe heart failure, as
defined by Ross class IV, and comparing the MEKi
group and control subjects among those patients.

Comparisons between groups were assessed using
chi-square or Fisher exact tests for categorical vari-
ables and the Mann-Whitney U test for quantitative
variables.
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Time-to-event endpoints are displayed as Kaplan-
Meier curves. For the secondary endpoint of cardiac
surgery for outflow tract resection, cumulative inci-
dence functions (Aalen-Johansen estimators) with
death and heart transplantation as competing events
are shown. Unadjusted differences between groups
are reported as HRs with 95% CIs and were compared
using the log-rank test. In competing event analyses,
Gray’s test was applied. In addition, several analyses
adjusted for possible confounders were conducted.
Following recommendations for small
randomized studies,>* these included Cox propor-
tional hazards regression including confounders as

non-

covariates and a propensity score as covariate. The
proportionality assumption of the Cox model was
checked visually using log-minus-log plots of the
survival probabilities. As confounders, the following
variables were considered: sex, age at hospital
admission, prematurity, Ross classification at hospi-
tal admission, and prior cardiac surgery for outflow
tract obstruction. These were included in the multi-
variable regression model and also in the propensity
score. The latter was included as a linear predictor in
the regression model.

In the Ross class IV subgroup analysis, the Firth
correction was applied in the calculation of the pro-
pensity scores. The same confounders described
earlier were considered.

In the MEKi cohort, repeated-measures analyses of
the biomarker NT-proBNP and echocardiographic
variables (including peak outflow tract gradient,
maximal end-diastolic myocardial wall thickness z-
score, left ventricular end-diastolic diameter z-score,
and left ventricular mass indexed to body surface
area) were carried out. The linear models include in-
tercepts (baseline) and changes over time (1, 3, 6, and
12 months of follow-up). An autoregressive correla-
tion structure between observations from the same
subject is assumed. Least squares means with SEs are
reported.

Because of the exploratory nature of the analyses,
P values were not adjusted for multiple testing. Two-
sided P values =0.05 were considered to indicate
statistical significance. Analyses were performed us-
ing SPSS Statistics version 28 (IBM) and SAS version
9.4 (SAS Institute).

RESULTS

COHORT CHARACTERISTICS AT BASELINE TIME POINT.
Data from 61 patients (30 male patients [49%], me-
dian age 7.4 months [Q1-Q3: 1.8-35.6 months])
admitted to the hospital between 2000 and 2023 and
meeting inclusion criteria

were  analyzed.
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TABLE 1 Patient Characteristics and Clinical Features at Baseline
Standard of Care Standard of Care
Total Plus MEKi Group Only Group (Control)
(N =61) (n=30) (n=31) P Value®
Age of RAS-HCM diagnosis, mo 0.5 (0.0-2.3) [0-132] 1.0 (0.0-2.0) [0-48] 0.25 (0.0-3.0) [0-132] 0.59
Age at hospital admission, mo 7.4 (1.8-35.6) [0-214] 5.0 (1.9-34.3) [0-214] 11.0 (1.1-37.0) [0-180]1 0.66
Age category at hospital admission 0.33
0-6 mo 29 (48) 16 (53) 13 (42)
> 6-12 mo 1(18) 4 (13) 7 (23)
>12-24 mo 2(3) 2(7) 0
>2-6y 7 (12) 2(7) 5 (16)
>6-12y 6 (10) 4 (13) 2(7)
>12-18 'y 6 (10) 2(7) 4 (13)
Year at hospital admission 2000-2023 2017-2022 2000-2023
Male 30 (49) 14 (47) 16 (52) 0.80
Type of RASopathy 0.34
Noonan syndrome 55 (90) 26 (87) 29 (94)
Cardiofaciocutaneous syndrome 23) 2(@7) 0
Costello syndrome 4@ 2(7) 2(7)
Causal gene 0.25
RAF1 40 (66) 20 (67) 20 (66)
RITT 12 (20) 5Q7) 7 (23)
LZTR1 3(5) 103) 2(7)
BRAF 203 2(7) 0
HRAS 2(3) 2(7) 0
KRAS 2(3) 0 2(7)
Comorbidities
Prematurity 17 (28) 10 (33) 7 (23) 0.40
Respiratory failure requiring 11(18) 6 (20) 5 (16) 0.75
ventilation
Extracorporeal membrane oxygenation 1(2) 103) 0 0.49
Lymphatic dysplasia 12 (20) 7 (23) 5 (16) 0.53
Pulmonary hypertension 6 (10) 3(10) 3 (10) 1.0
Severe arrhythmia (requiring 6 (10) 4 (13) 2(7) 0.34
medication or defibrillation/
resuscitation)
Other structural heart defect
Dysplastic pulmonary valve 21 (34) 12 (40) 9 (29) 0.43
Secundum type atrial septal defect 20 (33) 10 (33) 10 (32) 1.0
Dysplastic mitral valve 13 (21) 7 (23) 6 (19) 0.76
Dysplastic aortic valve 6 (10) 4 (13) 2(7) 0.43
Ventricular septal defect 5(8) 2(7) 3 (10) 1.0
Coarctation of the aorta 3(5) 2(7) 103) 0.61
Invasive procedures prior to hospital 0.63
admission
None 44 (72) 20 (67) 24 (77)
Cardiac interventional catheterization 6 (10) 3(10) 3(10)
Cardiac surgery 10 (16) 6 (20) 4 (13)
Cardiac interventional catheterization 1) 13) 0
and cardiac surgery
Past cardiac intervention®
Balloon valvuloplasty 3 (5) 2(7) 1) 0.61
LVOTO or RVOTO resection 6 (10) 6 (20) 0 0.01
Mitral valve plasty 1(2) 1) 0 0.49
Reason for hospital admission 0.92
Heart failure (Ross class =lIl) without 9 (15) 4 (13) 5 (16)
outflow tract obstruction
Heart failure (Ross class =I1l) with 29 (48) 14 (47) 15 (48)
outflow tract obstruction
Severe outflow tract obstruction 23 (38) 12 (40) 11 (36)
without heart failure (Ross class <III)

Continued on the next page
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TABLE 1 Continued

Standard of Care Standard of Care

Echocardiographic variables
Myocardial wall thickness z-score®
Peak outflow tract gradient,” mm Hg 70 (52-92) [2-211] (n = 59)

Outflow tract obstruction®

None 7(12)
Both sides 16 (26)
Predominant LVOTO 31 (51)
Predominant RVOTO 7(12)

Total Plus MEKi Group Only Group (Control)
(N =61) (n =30) (n=31) P Value®

Ross classification 3 (2-4) [1-4] (n = 61) 3 (2-4) [1-4] (n = 30) 3(2-3) [1-4] (n = 31) 0.96
Ross class 0.23

| 7 (12) 5017) 2(7)

1] 18 (30) 8 (27) 10 (32)

11l 20 (33) 7 (23) 13 (42)

\% 16 (26) 10 33) 6 (20)
Cardiac medications 2 (1-3) [0-6] (n = 59) 2 (1-3) [0-5] (n = 30) 2 (1-3) [0-6] (n = 29) 0.98

4.5(3.9-5.2)[2.6-9.6] (n=53) 4.4(3.8-5.2)[2.6-9.3](n=28) 4.6(4.0-5.7)[3.0-5.6](n=25) 0.46

67 (54-89) [5-211] (n = 30) 70 (44-100) [2-143] (n =29) 0.69

0.64
2(7) 5 (16)
9 (30) 7(23)
15 (50) 16 (52)
4(13) 3 (10)

>30 mm Hg.

myopathy; RVOTO = right ventricular outflow tract obstruction.

Values are median (Q1-Q3) [range] or n (%). Percentages may not total 100 because of rounding. ®Pearson chi-square or Fisher exact test for categorical variables and
nonparametric Mann-Whitney test for independent continuous variables. Prior cardiac surgery occurred at >12 weeks prior to baseline time point. “Maximal myocardial wall
thickness z-score of the end-diastolic interventricular septum or the end-diastolic left ventricular posterior wall. ®Peak gradient over left or right outflow tract. ®Defined as dp

LVOTO = left ventricular outflow tract obstruction; MEKi = mitogen-activated protein kinase kinase inhibition; RAS-HCM = RASopathy-associated hypertrophic cardio-

Demographic and clinical characteristics, including
molecular genetic diagnoses, comorbidities, other
structural heart defects, and echocardiographic vari-
ables at hospital admission, are summarized in
Table 1. Most patients (66%) were admitted within
their first 12 months of life, with the most common
diagnosis being NS (90%) with an underlying patho-
genic variant in the RAF1 gene (66%). The most
common reason for hospital admission was heart
failure (Ross classes III and IV) with outflow tract
obstruction in 48% of patients and severe outflow
tract obstruction (outflow tract gradient of 90 mm Hg
or higher) without heart failure in 38% of patients.
There was severe left ventricular hypertrophy on
echocardiography (maximal end-diastolic left ven-
tricular wall thickness z-score) (median 4.5; Q1-Q3:
3.9-5.2; range: 2.6-9.6). The main comorbidities
included prematurity, respiratory failure, and
lymphatic dysplasia, occurring in 28%, 18%, and 20%
of patients, respectively.

Pulmonary valve stenosis and secundum-type
atrial septal defect were the most common concomi-
tant cardiac defects (34% and 33% of patients,
respectively).

Thirty-one patients (51%) received standard ther-
apy only; 30 patients (49%) received additional
compassionate-use or off-label MEKi.

Patient characteristics were comparable between
the treatment and control groups in all variables, with

the exception of significantly more patients in the
MEKi group having undergone prior surgical outflow
tract intervention before hospital admission and the
time of admission to the hospital varying between
2000 and 2023 in the control and between 2017 and
2022 in the MEKi group (Supplemental Figure 1).

All patients in the control group admitted for sur-
gical intervention met the 2014 criteria for consider-
ation of surgical intervention according to their Ross
classification and outflow tract gradients, regardless
of their year of hospital admission. All patients in the
MEKi group admitted for surgical intervention met
the 2014 criteria for consideration of surgical inter-
vention according to their Ross classification and
outflow tract gradients, regardless of having under-
gone prior surgical outflow tract resection.

In era analysis, there was no difference in reaching
the primary composite endpoint comparing patients
in the standard-of-care group only meeting inclusion
criteria from 2000 until 2010, 2011 until 2015, and
2016 until 2023 (Supplemental Figure 2).

CLINICAL OUTCOME DURING FOLLOW-UP. Median
observation time until death, transplantation, or last
clinical follow-up was 18 months (Q1-Q3: 8.6-
36 months; range: 0.25-36 months) and was admin-
istratively censored at 36 months. The total follow-up
in the MEKi cohort was 555 patient-months, and in
the control cohort 706 patient-months.
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TABLE 2 Unadjusted, Adjusted, and Propensity Score Retrospective Cohort Analysis for Primary and Secondary Endpoints

Standard of Standard of

Care plus Care Only Group
Total MEKi Group (Control) Model HR (95% CI) P Value
Cardiac surgery for outflow tract 32/61 (53) 5/30 (17) 27/31 (87) Unadjusted 0.093 (0.035-0.245) <0.001°
resection or heart transplant or death Adjusted? 0.06 (0.021-0.173) <0.001
Propensity as covariate 0.090 (0.033-0.245) <0.001
Cardiac surgery for outflow tract 21/61 (34) 1/30 3) 20/31 (65) Unadjusted 0.029 (0.004-0.216) <0.001°¢
resection Adjusted? 0.015 (0.002-0.127) <0.001
Propensity as covariate 0.034 (0.005-0.262) <0.001
Heart transplantation or death 13/61 (21) 4/30 (13) 9/31 (29) Unadjusted 0.421 (0.129-1.376) 0.14°
Adjusted® 0.071 (0.013-0.393) 0.002
Propensity as covariate 0.190 (0.042-0.852) 0.030
Heart transplantation or death in 9/16 (56) 3/10 (30) 6/6 (100) Unadjusted 0.127 (0.030-0.531) 0.001°
patients with severe heart failure Adjusted? 0.091 (0.012-0-697) 0.021
(Ross class 1V) at baseline . }
Propensity as covariate® 0.061 (0.006-0.638) 0.020

propensity scores.

Values are n/N (%) unless otherwise indicated. *Adjusted for possible confounders as covariates: sex, age at hospital admission, prematurity, Ross class IV, and prior cardiac surgery for outflow tract resection.
bDifferences between groups are reported as HRs with 95% Cls and were tested using log-rank tests. “In competing event analyses, Gray's test was applied. “Given the very small sample size of the subgroup
of patients with severe heart failure, the analyses were adjusted for sex and age at hospital admission only. €In the Ross class IV subgroup analysis, the Firth correction was applied in the calculation of the

MEKi = mitogen-activated protein kinase kinase inhibition.

The primary and secondary endpoints are shown in
Table 2. Figure 1 depicts Kaplan-Meier time-to-event
curves (Figures 1A, 1C, and 1D) and the cumulative
incidence function for the MEKi group compared with
control subjects (Figure 1B).

The primary endpoint (a composite of cardiac sur-
gery for outflow tract resection, heart trans-
plantation, or death) occurred in 32 patients (5 [17%]
in the MEKi group vs 27 [87%] control subjects; HR:
0.09; 95% CI: 0.04-0.25; P < 0.001). The secondary
endpoint of cardiac surgery for outflow tract resection
was reached in 21 patients (1 [3%] in the MEKi group
Vs 20 [65%] control subjects; HR: 0.03; 95% CI: 0.004-
0.22; P < 0.001). The secondary endpoint of trans-
plantation or death occurred in 13 patients (4 [13%] in
the MEKIi group vs 9 [29%] control subjects; HR: 0.42;
95% CI: 0.13-1.38; P = 0.14) and in 9 patients (3 [30%]
in the MEKi group vs 6 [100%] control subjects; HR:
0.13; 95% CI: 0.03-0.53; P = 0.001) in the subgroup of
critically ill patients presenting in severe heart failure
(Ross class IV; n = 16). Generally, the results of the
various analyses, namely, unadjusted, multivariable
regression adjustment, and propensity score
adjusted, are in agreement in that the resulting CIs
largely overlap.

The majority of patients in the MEKi group
improved in their Ross classification after treatment
initiation. The majority of patients, in which cardiac
surgery for outflow tract obstruction was considered
at baseline according to current guidelines or because
of severe outflow tract obstruction, lost their indica-
tion after initiation of MEKi (Figure 2).

From baseline to last follow-up, there was greater
improvement of Ross classification with decreased

need of cardiovascular medications and less
myocardial hypertrophy in the MEKi group compared
with control subjects (Table 3).

Repeated-measures analysis after the initiation of
MEKi showed significant improvement of the labora-
tory heart failure biomarker NT-proBNP and individ-
ual echocardiographic parameters of cardiomyopathy
(peak outflow tract gradient, maximal end-diastolic
wall thickness z-score, left ventricular end-diastolic
diameter, and left ventricular mass indexed to body
surface area) over time (Supplemental Table 1,
Supplemental Figure 3, line plots; example echocar-

diography in Figure 3).

TOLERABILITY AND DURATION OF MEKi TREATMENT.
Forty-nine percent of patients with RAS-CM received
the MEK inhibitor trametinib (Novartis) for off-label
or compassionate use in addition to standard-of-
care treatment at a median age of 5.3 months. Doses
of 0.01 to 0.032 mg/kg/d were used. One center per-
formed drug monitoring and confirmed trametinib
trough serum levels of 4 to 7 ng/mL achieved with
dosing between 0.025 and 0.032 mg/kg/d. MEK in-
hibitor dosing was adjusted as required by the
occurrence of adverse events or on visible treat-
ment effects.

Table 4 summarizes information on MEKi treat-
ment. Median duration of treatment was 16 months
(Q1-Q3: 9.5-22.3 months; range: 2-44 months). Treat-
ment was successfully weaned in 5 patients because
of sustained improved clinical and cardiac status.
Treatment was discontinued in 1 patient because
there was In all
other living patients, treatment is currently ongoing

insufficient clinical response.
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FIGURE 1 Clinical Outcomes During Follow-Up of Retrospective Cohort Analysis: Kaplan-Meier Curves for Primary and Secondary Endpoints
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(A) Time-to-event endpoints displayed as Kaplan-Meier curve for the primary composite endpoint of cardiac surgery for outflow tract obstruction or heart trans-
plantation or death; product-limit survival estimates with number of subjects at risk and 95% Hall-Wellner bands; differences between groups are reported as HRs with
95% Cls and were tested using log-rank tests. Time O reflects the baseline time point when meeting inclusion criteria and admission to hospital. (B) Cumulative
incidence function (Aalen-Johansen estimator) with 95% confidence limits for the secondary endpoint of cardiac surgery for outflow tract resection with death and
heart transplantation as competing events; differences between groups are reported as HRs with 95% Cls and were tested using Gray's test considering competing
event analyses. Time O reflects the baseline time point when meeting inclusion criteria and admission to hospital. (C) Time-to-event endpoints displayed as Kaplan-
Meier curve for the secondary endpoint of heart transplantation or death or transplantation; product-limit survival estimates with number of subjects at risk and 95%
Hall-Wellner bands; differences between groups are reported as HRs with 95% Cls and were tested using log-rank tests. Time O reflects the baseline time point when
meeting inclusion criteria and admission to hospital. (D) Time-to-event endpoints displayed as Kaplan-Meier curve for the secondary endpoint of heart trans-
plantation or death in the subgroup of critically ill patients presenting in severe heart failure (Ross class IV; n = 16); product-limit survival estimates with number of
subjects at risk and 95% Hall-Wellner bands; differences between groups are reported as HRs with 95% Cls and were tested using log-rank tests. Time O reflects the
baseline time point when meeting inclusion criteria and admission to hospital. MEKi = mitogen-activated protein kinase kinase inhibition.

(20 of 26 living patients). Failure in weaning, defined
as worsening of RAS-HCM presenting with an in-
crease in Ross classification, echocardiographic evi-
dence of progression in myocardial hypertrophy
and/or outflow tract obstruction, and/or increase in
NT-proBNP within weeks of discontinuation or
reduction in treatment, occurred in 3 patients. Clin-
ical and echocardiographic improvement was noted
at 2 and 4 weeks, respectively, upon resumption of
treatment in those patients with weaning failure.

No life-threatening adverse events related to MEKi
were noted. Side effects requiring symptomatic

treatment occurred in 10 patients (33%). The severity
of side effects necessitated temporary cessation
and/or dose reduction in 7 patients (23%) (example
case in Supplemental Figure 4).

Detailed information on adverse events is listed in
Table 4. Cutaneous adverse effects were the most
frequent ones observed and were alleviated with
topical treatment with emollient cream, topical cor-
ticosteroids, and/or topical tacrolimus. Ophthalmo-
logic examinations were performed regularly during
MEKi treatment, but no side effects were noted.
Additionally, blood counts and serum chemistries
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FIGURE 2 Clinical Outcomes During Follow-Up: Ross Classification and Consideration for Cardiac Surgery for Outflow Tract Resection
After the Initiation of MEKi Treatment
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(A) Ross classification over time in patients in the mitogen-activated protein kinase kinase inhibition (MEKi) group (n = 30). Baseline timepoint
reflects clinical status when meeting inclusion criteria and admission to hospital; Pearson chi-square P < 0.001. (B) Consideration for cardiac
surgery for outflow tract resection according to current guidelines®* over time in patients in the MEKi group (n = 30). Baseline timepoint
reflects clinical status when meeting inclusion criteria and admission to hospital; Pearson chi-square P < 0.001.

(electrolytes and renal, hepatic, and thyroid function
tests) were sent regularly for all patients; no abnor-
malities occurred.

DESCRIPTION OF NONSURVIVORS IN THE MEKi
GROUP. Three male patients and 1 female patient
died during follow-up. The 3 patients had NS due to
pathogenic variants in RAF1 (n = 2), RIT1 (n = 1), and
LZTR1 (n = 1). Three of the 4 nonsurvivors were born
prematurely. All 4 patients met inclusion criteria and
were admitted to the hospital for heart failure before
the age of 6 months. Three of the 4 patients were in
Ross class IV heart failure, and 1 was in Ross class III
heart failure. Two of the 4 nonsurvivors had addi-
tional pulmonary valve stenosis, 1 had an additional
secundum-type atrial defect, 1 had additional aortic

valve dysplasia, 1 had mitral valve dysplasia, and 1
had an additional ventricular septal defect.
Lymphatic dysplasia was present in 2 and pulmonary
hypertension in 2 of the 4 deceased patients. Two of
the 4 patients were in respiratory failure requiring
mechanical ventilation prior to treatment initiation.
Cardiac intervention or cardiac surgery was not per-
formed in any of the nonsurvivors prior to meeting
inclusion criteria. Arrhythmias requiring medication
were present in 1 of the 4 patients. Two of the 4 pa-
tients showed no improvement at all on therapy and
passed away as a sequela of progression of disease
despite treatment. Two of the nonsurvivors showed
improvement of their cardiac status. One of these
patients passed away after neurosurgical intervention
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TABLE 3 Clinical Events During Follow-up (Administratively Censored at 36 Months After Baseline)
Standard of Care Standard of Care
Total Plus MEKi Group Only Group (Control)
(N =61) (n =30) (n=31) P Value®
Follow-up time, mo 18 (8.6-36) [0.25-36] 16.5 (11.8-23.5) [3-36] 36.0 (2.9-36.0) [0.25-36] 0.35
(n = 61) (n =30) (n=31)
Age at last follow-up, mo 45.5 (17-135) [1.25-367] 30 (19.6-67.4) [3-229] 95 (12.0-182) [1.25-367] 0.16
(n=61) (n =30) (n=31)

Invasive procedures after the hospital admission <0.001

None 36 (59) 26 (87) 10 32)
Cardiac interventional catheterization 23 103) 103)
Cardiac surgery 22 (36) 3(10) 19 (61)
Cardiac interventional catheterization and 12 0 103)

cardiac surgery
Heart transplantation 12 0 103)

Surgical outflow tract resection 21 (34) 103) 20 (65) <0.001
LVOTO resection 18 (30) 0 18 (58) <0.001
RVOTO resection 8 (13) 13) 7 (23) 0.053
LVOTO and RVOTO resection 5(8) 0 5 (16) 0.029

Change” in Ross classification —1(-2to —0.5) [-3 to +1] -1.5(-=2to —-1) [-3 to O] —1(-1to —0.4) (-2 to +1) 0.01

(n = 55) (n =29) (n = 26)
Change" in number of cardiac medications 0 (-1to 0) [-4 to +2] 0 (-1to 0) [-4 to O] 0 (0-0) [-3 to +2] 0.006
(n =59) (n =30) (n =29)

Echocardiographic variables

Change® in myocardial wall thickness z-score®  —0.9 (2.1 to +0.1) [-4.7 to +2.21 —1.4 (2.4 to —0.7) [-4.7 to +2.2] —0.3(-1.0t0 0.6) [-1.5 to +2.2] 0.009
(n = 41) (n = 28) (n=13)

Change® in peak outflow tract gradient,” mm Hg  —40 (=65 to —12) [-143 to +64] —47 (—65 to —29) [-143 to 0] —37 (-74 to 0) [-95 to +64] 0.10
(n =53) (n =30) (n=23)

Abbreviations as in Table 1.

Values are median (Q1-Q3) [range] or n (%). Shown are clinical measures during follow-up. After baseline, the treatment group was started on off-label or compassionate-use treatment with MEKi in addition
to standard of care, whereas the control group continued on standard care. Percentages may not total 100 because of rounding. ®Pearson chi-square or Fisher exact test for categorical variables and
nonparametric Mann-Whitney test for independent continuous variables. °Difference in measure between last follow-up and baseline time point. “Maximal myocardial wall thickness z-score of the end-
diastolic interventricular septum or the end-diastolic left ventricular posterior wall. YPeak gradient over left or right outflow tract.

(placement of a ventriculoperitoneal shunt) for
obstructive hydrocephalus as a sequela of prematu-
rity. His cardiac status had been stable prior to un-
dergoing neurosurgery. The other patient passed
ischemia;
diomyopathic changes had been stably improved.

away from coronary artery his car-

DISCUSSION

This is the first multicenter analysis compiling data
on the effect of genotype-dependent, mechanism-
based small-molecule therapy targeting the MAPK
pathway with comparison with standard of care in a
genotyped cohort of patients with RASopathy
admitted to the hospital during childhood for
severe and life-threatening cardiomyopathy. Our
retrospective study corroborates the beneficial
effects of MEKi observed in preclinical models'*'> as
well as in previously reported anecdotal clinical
applications'®-'2%?! with data from more patients
with other genetic etiologies, longer follow-up, and
detailed covariate analysis. The data boost empirical
evidence that MEKi is effective in the treatment of

selected patients with RAS-HCM carrying genetic
variants with activating effects on RAS/MAPK
signaling.

On the basis of unadjusted and adjusted retro-
spective cohort analyses, there were favorable effects
of MEKi treatment with regard to the primary com-
posite endpoint of cardiac surgery for outflow tract
resection, heart transplantation, or death; the sec-
ondary endpoint of cardiac surgery for outflow tract
resection; and the secondary endpoint of death or
transplantation in the subgroup of the sickest pa-
tients presenting with Ross class IV heart failure. Af-
ter adjusting for
classification at baseline, there was also a favorable
effect of MEKi with regard to reaching the secondary
endpoint death or transplantation.

The high need for surgical intervention and high
mortality of control patients in our cohort of critically
ill patients presenting with severe RAS-HCM in Ross

covariates including Ross

class IV were similar to published data from patients
with RAS-HCM.“>®° The latter, in particular, is
noteworthy: although pediatric cardiac critical care
has made important strides over the past couple of
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Transthoracic echocardiographic measurements of a 8.5-year-old patient carrying a pathogenic RAFT mutation before (A to F) and after (G to L) 6 months treatment
with the MEK inhibitor trametinib: (A and G): parasternal long axis, (B and H): m-mode; (C and I): apical five-chamber view; (D and J): continuous-wave Doppler
through the left ventricular outflow tract on apical five-chamber view; (E and K): pulse-wave Doppler over mitral valve on apical four-chamber view; (F and L): septal
pulse wave tissue Doppler on apical four-chamber view; decreased maximal end-diastolic myocardial wall thickness z-score (pretreatment 4.7, A and B; posttreatment
3.2, G and H) and increased end-diastolic left ventricular diameter z-scores (pretreatment —8, A and B; posttreatment —2.7, G and H); decrease in peak left ven-
tricular outflow tract gradient from 88 mm Hg pretreatment (C and D) to 25 mm Hg posttreatment (I and J); improvement of diastolic function variables (pretreatment
mitral valve E-to-A ratio 0.7, septal E-to-E 30, E and F; posttreatment mitral valve E-to-A ratio 1.0, septal E/E 20, K and L); (M): hypothesis of mechanism of action of
small molecule therapies in patients with RASopathies and cardiomyopathy.
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decades, the era analysis for this group of critically ill
patients with non-NSML RASopathies suggests that
outcomes do not appear to have improved
significantly.

The direct temporal relationship between the
improvement in cardiac variables and the initiation of
MEKi treatment as well as the repeated response to
MEKi after a worsening due to elective discontinua-
tion of therapy in 3 of the patients suggest that this
approach constitutes a viable therapeutic avenue for
such cases. Clinical and neurohumoral improvement
as well as echocardiographic evidence of reduced
outflow tract gradients and myocardial hypertrophy
were observed as soon as 4 weeks and lasting until at
least 12 months after treatment initiation in most
patients (Supplemental Figure 3).

The fact that 2 patients did not tolerate weaning at
10 and 30 months of age but did tolerate it at 39 and
45 months of age may be compatible with age-related
variability in the deleterious effects of RASopathy
variants on the myocardium in some patients.>?>°
This suggests that an optimal treatment window
may exist for very young patients with RASopathy, in
which MEKIi can suppress pathologic activation of the
RAS/MAPK cascade and the ensuing cardiomyopathy
(Figure 3M). As a consequence, a minimal treatment
duration may be required, which still needs to be
defined. Of note, treatment was also partially suc-
cessful in a subset of children presenting with
increasing progressive myocardial hypertrophy
beyond infancy, suggesting that MEKi may be
considered in this group as an alternative to surgical
myectomy once conventional medical therapy is
exhausted. Interestingly, efficiency of MEKi has also
been reported for purely lymphatic indications in
patients with RASopathy.3%37

The decision to use MEKi doses lower than those
typical for oncological indications was motivated by
the fact that RASopathy-associated variants generally
engender milder RAS/MAPK hyperactivation than
typically observed for cancer-associated variants.
Also, RAS-HCM occurs because of a single germline
variant, not an accumulation of somatic mutations,
potentially within the same pathway. This led us to
hypothesize that MEKi trough levels approximately
one-half of the typical target for oncologic indication
might suffice. We paid particular attention to potential
side effects because the susceptibility of patients with
RASopathy harboring germline variants to develop
novel adverse events was unknown. Our findings,
namely, efficacy for low-dose MEKi and reasonable
overall tolerance of treatment without occurrence of
life-threatening side effects or novel side effects, are
compatible with both hypotheses. These observations
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(N =30)

Dose, mg/kg/d
Age at treatment initiation, mo
Duration of treatment, mo

Ongoing until death 4 (13)
Currently ongoing 20 (67)
Ongoing without weaning attempt 17 (57)
Ongoing after failing weaning attempt 3(10)
Discontinued because no more indication 5@17)
Discontinued because no effect 103)
Adverse events
None 8 (27)
Self-resolving 5(17)
Requiring symptomatic treatment 10 (33)
Requiring temporary cessation or 7 (23)
reduction of treatment
Type of adverse events
Dermatologic (skin rashes) 13 (43)
Mucous membranes 2(7)
Gastrointestinal 2(7)
Mild changes in blood count 0
Mild alopecia 13)
Mild edema 2(7)
Mild arterial hypertension 103)
Mild hypernatremic dehydration 1)
Mild fingernail irritation 103)
Mild epistaxis 103)
Mild elevation of creatine kinase 103)

TABLE 4 Information on Compassionate Use and Off-Label Treatment

0.023 (0.019-0.025) [0.01-0.032]
5.3 (2.0-34.3) [0.5-214]
16 (9.5-22.3) [2-44.5]

Values are median (Q1-Q3) [range] or n (%).

may help guide future compassionate MEKi use in
RASopathies as well as the planning of prospective
clinical trials of MEK inhibitors.

TREATMENT FAILURES. Two of the 4 patients who
died under treatment had severe pulmonary
involvement, including respiratory failure and pul-
monary hypertension. Two of the 4 patients had
concomitant lymphatic dysplasia. Failure to respond
to therapy may have resulted from 1 or several of the
following causes: RASopathy-associated pulmonary
disease may not be as responsive to MEKi treatment,
disease processes may have been already too far
advanced to respond to MEKi, or other unknown
factors. Future efforts should therefore try to delin-
eate comorbidities that contraindicate or limit
MEKi therapy.

STUDY LIMITATIONS. First, the conclusions that can
be drawn from our experience with MEKi treatment of
RAS-CM on the basis of this retrospective data
collection clearly do not reach those from a clinical
trial with prospectively determined and nearly com-
plete collection of data. There are likely unrecognized
biases that need to be accounted for when interpret-
ing our results. Also, our serial data collection was
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sparser for control subjects than for the treatment
cohort. Patients were treated with standard medical
therapies as to the treating physicians’ judgement.
Minor dosage modifications of concomitant medica-
tions used while receiving MEKi treatment might also
have influenced disease courses. Also, the subgroup of
control group children who was admitted because
they needed elective or urgent surgery as to the
treating’s physician indication which was not defined
by the 2014 guidelines in those admitted before 2014.
However, our data show that all those patients met
the 2014 guidelines, and hence both clinical status as
well as outflow tract gradients at baseline timepoint
were similar between groups. Additionally, given the
definition of inclusion criteria, there were no patients
in the control group who had undergone prior outflow
tract surgery, whereas 20% of the MEKi group had
undergone prior surgery. This was the only difference
in baseline characteristics of the 2 groups, and it was
unavoidable because of the design of this retrospec-
tive study. However, clinical presentation at the time
of meeting inclusion criteria was identical between
groups, regardless of prior cardiac surgery. Second,
Kaplan-Meier subanalysis including only patients
without prior surgery showed similar results as shown
in Supplemental Figure 5. Last, the follow-up time in
patients of the treatment cohort was shorter than that
of the control cohort, albeit not statistically signifi-
cantly so (Table 3). This was unavoidable given that
MEKi treatment was first used in 2017 and that control
data were available from patients admitted since
2000. Still, this could potentially lead to an underes-
timation of the true frequency of side effects or the
nonrecognition of adverse effects that are specifically
due to long-term treatment. Another confounding
factor might be an era effect, given the aforemen-
tioned differences in hospital admission date. How-
ever, no era effect in morbidity and mortality were
observed in a previous national multicenter study nor
in the analysis of era among individuals in this study
who received standard of care.’

The second major limitation is that our data cannot
address the question of optimal dosing of MEKi for
RAS-HCM. We are mindful that optimal doses may
depend on genotype, age, and other factors, and that
dose finding will require additional studies in the
future.

A third limitation is the length of observation.
Although this series provides the longest individual
and collective follow-up of RAS-HCM treated with
MEKi, we cannot exclude that some patients may
develop either resistance to treatment or relapse
after cessation of therapy in the long term.
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CONCLUSIONS

Retrospective data from this largest international
multicenter cohort of rare disease patients with RAS-
CM provide evidence of a favorable impact of targeted
therapy with MEKi on morbidity and mortality in
genotype-selected pediatric patients. Although a
minimal optimal treatment window may exist for
severe cases, this approach may still be efficient in
older children and adolescents doing clinically well
but in need for surgical intervention given severe
outflow tract gradients.

Taken together, our genotype-specific treatment
results establish proof of principle to support the
future development of treatment strategies for all
RAS-CM, but potentially also for additional RASop-
athy manifestations. Although still preliminary, these
results urgently call for clinical trials to establish in-
dications, long-term efficacy, long-term side effects,
surveillance strategies, optimal dosing, and optimal
treatment windows.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Activating
germline mutations in the RAS/MAPK pathway can cause early
childhood-onset RAS-HCM, associated with high mortality and
morbidity due to heart failure and the need for cardiac surgery,
specifically if presenting during early infancy. Preclinical studies
in RASopathy mouse models provide evidence that inhibition of
the respective hyperactivated pathways leads to disease pre-
vention and amelioration of existing pathology. The use of small-
molecule MEK inhibitors might be beneficial in patients carrying
activating variants in the RAS/MAPK pathway and in whom
standard heart failure therapies are unsuccessful.

TRANSLATIONAL OUTLOOK 1: We translated knowledge on
the molecular mechanisms of RASopathies into compassionate,
off-label use of small-molecule inhibitors of the hyperactivated
RAS/MAPK pathway. This retrospective analysis provides the first
systematic clinical evidence of the potential of MEKi to reduce
mortality and the need for invasive treatment in children with
RAS-HCM.

TRANSLATIONAL OUTLOOK 2: These findings thus create a
more reliable scientific basis for the use of these personalized
treatment options in this patient population. The data provided
encourage the initiation of clinical trials of these medications and
give impetus to widen the search for genotype-specific therapies
for these indications.
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