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Purpose: The hypothalamic melanocortin-4 receptor (MC4R) pathway, a component of the
central melanocortin pathway, regulates energy balance and satiety. Rare genetic disorders of
obesity may be characterized by impaired MC4R pathway signaling, which results in early-
TEMPO registry
(NCT03479437) is a voluntary, prospective, open-ended registry of individuals with rare

onset severe obesity and insatiable hunger (hyperphagia). The
genetic disorders of obesity due to mutations in genes within the MC4R pathway who have
carly-onset severe obesity. The objective of the TEMPO registry is to evaluate the burden of
rare genetic disorders of obesity on individuals, their parents/caregivers, health care provi-
ders, and the health care system.

Patients and methods: Individuals with rare genetic disorders of obesity (adults aged >18
years and children and adolescents aged from 2 to 17 years) will be referred by their health
care providers or by a genetic screening study. Individuals must meet age- and sex-specific
body mass index values that define the clinical criteria for severe obesity and carry selected
variants in MC4R or in one of several genes upstream or downstream of the MC4R. Online
surveys will be completed by the individual, parent/caregiver, and health care provider at
baseline and annually thereafter and will collect data on demographics, results of genetic
testing, medical/family history, disease characteristics, resource utilization, eating habits/
hunger episodes, social and emotional impacts, and interest in future clinical trial
participation.

Conclusions: The TEMPO registry will provide insights into the overall course and disease
burden for individuals with rare genetic disorders of obesity. Health care providers may use
this resource to improve the identification, diagnosis, and treatment of individuals with rare
forms of genetic obesity.

Keywords: Alstrom syndrome, Bardet-Biedl syndrome, LEPR, PCSK1, POMC, severe
obesity

Plain language summary

Obesity is a complex disorder caused, to a large extent, by genetic factors. Some individuals
with severe obesity represent a distinct and rare genetic subgroup. These rare genetic
disorders of obesity are characterized by genetic mutations that control appetite and energy
balance, which can cause the individual to feel insatiable hunger, leading to severe obesity at
a very early age. Rare genetic disorders of obesity are underdiagnosed, poorly understood,
and negatively impact quality of life, mental health, and life span. The TEMPO registry will
collect information from individuals, caregivers, and healthcare providers to study how rare
genetic disorders of obesity affect individuals, their families, and their communities.

submit your manuscript

Dove n

http:

in 3

The Application of Clinical Genetics 2019:12 87-93 87
© 2019 Eneli et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
BY _NC /

and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creati g/li by-n/3.0/). By accessing the work
you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).



http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php

Eneli et al

Dove

Healthcare providers will also be able to use the TEMPO registry
as an educational resource when treating individuals with rare

genetic disorders of obesity.

Introduction

Obesity is a multifactorial, chronic disease with diverse
etiologies.' Although obesity can be influenced by envir-
onmental factors, genetic contributions play crucial roles
in obesity. In children, genetic factors contribute to over
80% of body mass index (BMI) variations.> A subset of
genetic factors serve a pronounced role in rare genetic
disorders of obesity, and selected genetic variants are
responsible for 5-10% of early-onset obesity.’

Body weight is determined by the balance between
food intake and energy expenditure.* The hypothalamus
regulates both aspects in response to cues from peripheral
hormones (such as leptin [LEP] or ghrelin) that reflect the
nutritional state. Within the hypothalamus, the melanocor-
tin-4 receptor (MC4R) pathway, which is a component of
the central melanocortin pathway, regulates satiety and
energy utilization (Figure 1).>°~7 This pathway comprises
key proteins upstream of the MC4R, such as LEP, LEP
receptor (LEPR), pro-opiomelanocortin (POMC), and pro-
protein convertase subtilisin/kexin type 1 (PCSK1).? This
pathway also includes protein complexes involved in
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Bardet-Biedl syndrome (BBS 1-20) and Alstrém syndrome
1 (ALMS1I), which support the functional status of recep-
tors such as LEPR at the cell surface.®” Briefly, LEP binds
to LEPR located on the surface of POMC neurons in the
arcuate nucleus of the hypothalamus.'® This triggers a
signaling cascade in which the POMC precursor polypep-
tide is processed by enzymes, including PCSK1, into neu-
ropeptides, which include a- and B-melanocyte-stimulating
hormone. These neuropeptides can activate MC4R to pro-
mote satiety, energy expenditure, and weight loss.
Countering this effect is the MC4R antagonist agouti-
related protein, which leads to increased food consump-
tion, decreased energy expenditure, and weight gain.''
Activation of the MC4R results in further downstream
signaling, including the production of brain-derived neu-
rotrophic factor and transcription factor single-minded 1,
which mediate the effects of the MC4R by helping to
reduce food intake and/or modulate energy expenditure.'?

To date, rare genetic disorders of obesity characterized
by impaired MC4R pathway signaling include MC4R,
POMC, PCSKI1, LEP, and LEPR biallelic deficiencies, as
well as BBS and Alstrom syndrome.”'*™'® These rare
genetic disorders often result in early-onset severe obesity
and insatiable hunger (termed hyperphagia), in addition to
other clinical presentations. The most common form of
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Eligible upstream genes:
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Eligible downstream genes:
BDNF, MC4R, NTRK2, RPS6KA3, SIM1, THRB

IRS2, KSR2, LEP, LEPR, MAGEL2, MC3R, PMCH,
MRAP2, NHLH2, PCSK1, POMC, ™ PROK2, RAB23, RAI1,

SH2B1, SRC1

Figure | The MC4R signaling pathway plays a vital role in regulating appetite and energy balance. Briefly, LEP binds to LEPR on POMC neurons in the arcuate nucleus of the
hypothalamus. This triggers a signaling cascade in which the POMC precursor polypeptide is processed by enzymes, including PCSK1, into neuropeptides, which include a-
and B-MSH. These neuropeptides can activate MC4R to promote satiety, energy expenditure, and weight loss. Mutations in this pathway can result in rare genetic disorders
of obesity. Individuals enrolled in the TEMPO registry must have homozygous, compound heterozygous, heterozygous, or composite heterozygous mutations in one of
several genes upstream or downstream of MC4R. *Only if there is no evidence of clinical syndromic features, likely heterozygous individuals only.

Abbreviations: AgRP, agouti-related protein; ARC, arcuate nucleus; LEP, leptin; LEPR, leptin receptor; MC4R, melanocortin-4 receptor; MSH, melanocyte-stimulating
hormone; NPY, neuropeptide Y; PCSKI, pro-protein convertase subtilisin/kexin type |; POMC, proopiomelanocortin; PVN, paraventricular nucleus.

submit your manuscript

88

Dove

The Application of Clinical Genetics 2019:12


http://www.dovepress.com
http://www.dovepress.com

Dove

Eneli et al

monogenetic obesity is MC4R deficiency, which is
reported in up to 6% in individuals with obesity.*'®
Individuals with MC4R deficiency can present with an
early history of hyperphagia, as well as hyperinsulinemia,
accelerated growth, advanced bone age, and lack of
dysmorphology.'® Individuals with POMC, LEP, or
LEPR deficiencies may also experience endocrine abnorm-
alities, including hypothyroidism, hypogonadism, and
adrenal insufficiency.”'? PCSKI biallelic deficiency can
be characterized by early-life failure to thrive and malab-
sorptive diarrhea, which later in childhood evolves into
severe obesity and hyperphagia.>'”'® BBS is character-
ized by hypogonadism, visual impairment, cognitive
impairment, and renal dysfunction, whereas Alstrém syn-
drome is characterized by retinal dystrophy, deafness, and
diabetes. "

For individuals with rare genetic disorders of obesity, the
severity of obesity can depend on the individual’s zygosity.
For instance, individuals with rare homozygous or com-
pound heterozygous mutations in the MC4R gene present
with more severe obesity compared with individuals with
heterozygous MC4R mutations.'® In a study of individuals
with MC4R deficiency, all homozygotes had severe obesity
compared with 68% of heterozygotes. These findings suggest
that the degree of obesity in heterozygous carriers can depend
on the degree of functional MC4R expression.'” In support,
heterozygous mutation carriers often present with variable
expression or incomplete penetrance, resulting in diverse
severity and onset of obesity even among related
individuals.?>*' Further, the in vitro function of MC4R is
correlated with phenotype, given that individuals with a
complete loss-of-function mutation in MC4R were taller
and had greater bone mineral density, energy intake, and
plasma insulin compared with individuals who had a partial
loss-of-function mutation in MC4R."

Biallelic deficiencies in LEPR, POMC, or PCSKI are
predicted to affect an estimated 12,800 individuals in the
United States.'? However, this conservative estimate does
not include individuals with heterozygous or composite
heterozygous variants; composites have a loss-of-function
defect in 2 or more alleles from among 2 or more of the 3
(POMC, PCSK1, and LEPR) MC4R pathway genes. It is
likely that most of these MC4R pathway deficiencies
remain undiagnosed, as genetic testing in individuals
with obesity is often lacking as a routine medical practice.
The prevalence of 2 other MC4R pathway-associated
genetic disorders, BBS and Alstrdm syndrome, is also
low."? The prevalence of BBS ranges from 1 in 125,000

to 1 in 175,000 births, and Alstrdom syndrome has been
950
Screening to detect MC4R pathway deficiencies can help

diagnosed in about individuals  worldwide."
identify individuals with these rare disorders.

Early diagnosis and treatment strategies can improve
quality of life, particularly for young individuals. In children
with MC4R deficiency, rates of type 2 diabetes may be
attributed to rapid weight gain.*> Hyperphagia and food-
related distress have also been reported in children 68
months of age with MC4R deficiency.'® Although BMI
gain stabilizes and hyperphagia lessens with age in indivi-
duals with MC4R deficiency, severe obesity in adults nega-
tively affects both physical and mental health.'”?*** Other
MCA4R pathway variants may present unique diagnostic chal-
lenges. For example, rates of BMI gain are greater in children
with LEP or LEPR deficiency compared with those with
MC4R deficiency.?* Diagnosis and proper treatment are cru-
cial to improving the quality of life and may also reduce
social stigma or feelings of guilt or blame experienced by
individuals with rare genetic disorders of obesity and their
parents/caregivers.”> The TEMPO registry is a voluntary,
ongoing, open-ended international registry that enrolls indi-
viduals with impaired MC4R pathway signaling due to rare
mutations resulting in early-onset severe obesity. The registry
captures data provided by the individual, parent/caregiver,
and health care provider using electronic surveys adminis-
tered at baseline and annually thereafter. The TEMPO reg-
istry will evaluate the burden of rare genetic disorders of
obesity on individuals, parents/caregivers, health care provi-
ders, and the health care system to provide insight into the
overall disease course. Health care providers may use the
TEMPO registry to improve the identification, diagnosis, and
treatment of rare genetic disorders of obesity.?®

Materials and methods

Eligibility

Inclusion criteria

To be eligible for inclusion in the TEMPO registry, indi-
viduals with rare genetic disorders of obesity must meet
age- and sex-specific BMI values for the clinical criteria
for severe obesity (Figure 2, Supplementary Data). The

registry includes individuals aged >2 years with rare
genetic disorders of obesity. In adults (>18 years of age),
severe obesity is defined as BMI >40 kg/m?. In children
aged 2—-17 years, severe obesity is defined as BMI >1.4
times that of the age- and sex-adjusted 95th percentile
value. In addition, adults, adolescents, and children must
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Inclusion criteria

Adults: BMI >40 kg/m?
Child: BMI >1.4 x 95th percentile value
Homozygous, compound heterozygous,

heterozygous, or composite heterozygous
mutations in the MC4R pathway

L)

Referral
Individuals who meet inclusion criteria are referred
to the registry by healthcare providers (HCPs) or
genetic screening studies

Enroliment
Participants, caregivers/parents, and HCPs are
enrolled in the registry

(

s —
H—
O—

Baseline survey
Participants, caregivers, and HCPs fill out
respective baseline surveys

Follow-up surveys
Participants, caregivers, and HCPs are contacted
annually to complete follow-up surveys

Figure 2 TEMPO registry study design.

have homozygous, compound heterozygous, heterozygous,
or composite heterozygous mutations in genes of the
MCA4R pathway, which include the MC4R gene and
selected variants in one of several genes upstream or
downstream of MC4R (Table 1).

Exclusion criteria
Individuals diagnosed with syndromic forms of obesity
such as BBS, Alstrom syndrome, or Prader—Willi syn-

drome will be excluded. These individuals will be

Table | Genes associated with the MC4R pathway for which
individuals are screened to determine eligibility for the TEMPO
registry

AFF4, ALMS | BBS 1-20,°CPE, GNAS,
HTR2C, INPPSE, IRS2, KSR2, LEP, LEPR'"®,
MAGEL2, MC3R, PMCH, MRAP2, NHLH?2,
PCSK1,"*POMC,"*PROK2, RAB23, RAII,

Genes upstream of
MC4R

SH2BI, SRCI
MCA4R and genes down- | BDNF, MC4R, NTRK2, RPS6KA3, SIMI,
stream of MC4R THRB

Note: *Only if there is no evidence of clinical syndromic features, likely hetero-
zygous individuals only.

Referral

Individuals who meet the genetic and phenotypic criteria for
the TEMPO registry are referred to coordinating centers by
their health care providers or by industry-sponsored genetic
screening studies. Physicians who are known to have patients
with rare genetic disorders of obesity are provided informa-
tion about the registry and asked to refer patients and parents/
caregivers to coordinating centers.

More than 1 patient from the same household can be
referred to and enrolled in the TEMPO registry. Each
patient will receive a unique user identification and be
linked through the TEMPO platform to the referring phy-
sician and caregiver (if applicable). Patients within the
same household will not be linked through the system,
but the referring physician will indicate in their survey if
the patient has other biological family members who have
a genetic variant linked to obesity.

Enrollment

The coordinating center screens and enrolls participants in
the registry. All adult individuals with rare genetic disorders
of obesity and parents/caregivers of pediatric or adolescent
individuals complete a consent form, and minors aged 13—
17 years complete an assent form. Individuals enrolled in
the study are included indefinitely unless or until they with-
draw consent; however, the enrollment period of new indi-
viduals will last 5 years. Currently, the TEMPO registry is
open to enrollment in the United States. The registry has
been submitted for ethics review in Canada, and European
TEMPO coordinating centers are being selected.

Eligible individuals, parents/caregivers, and health care
providers are included in the registry only after providing
consent/assent per regulation in the individual’s country of
residence. Affected individuals and their parents/care-
givers have the right to withdraw from the registry at

referred to their disease-specific registries where
available.
90 submit your manuscript
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any time for any reason, without prejudice to their medical
care. All communications, reports, and data on individuals
will be identified only by a coded number to maintain
confidentiality.

All local regulations and ethics requirements are fol-
lowed for each country in which individuals are enrolled.
The TEMPO registry is approved by a hospital institu-
tional review board/ethics committee (Nationwide
Children’s Hospital, Columbus, OH; Karen A. White,
PhD, Chair) with
Conference on Harmonisation, Harmonised Tripartite

and complies the International
Guideline Pharmacovigilance Planning, the Declaration
of Helsinki, and other applicable regulatory requirements.

Online surveys

Baseline

Following enrollment, health care providers complete an
online survey reporting baseline demographics (including
age, race, sex, and location of diagnosis) and disease
characteristics in the affected individual. Affected indivi-
duals and parents/caregivers complete their respective
baseline surveys on the burden of disease. The parent/
caregiver completes the survey on behalf of individuals
aged <17 years, though adolescent individuals aged 13—17
years may assist in completing the survey. The parent/
caregiver may assist adult individuals depending on their
need for support or subject matter understanding.

The health care provider baseline survey collects the fol-
lowing information: demographics (including age, race, and
sex), genetic testing identifying genes of interest, symptoms
and comorbidities present, medical history (eg, height, weight,
age at which obesity was identified, hair color, gastrointestinal
complications in early life, failure to thrive in infancy, comor-
bidities, medical treatment history, current medication, sur-
geries, developmental delays), and relevant pedigree of
obesity history for family members (if available).

The parent/caregiver baseline survey collects informa-
tion about parent/caregiver demographics, as well as the
patient’s food and hunger episodes, physical activity, qual-
ity of life (eg, bullying, limitations on activities, health
concerns), and impact on the family. The patient baseline
survey collects similar information as the parent/caregiver
survey, with the addition of questions on education, devel-
opment, and employment.

Annual follow-ups
Enrolled individuals, parents/caregivers, and health care
providers are contacted annually by the coordinating

center to complete an online follow-up survey, which
includes a smaller subset of questions from the baseline
survey. The period of follow-up is open-ended.

Survey validation and data management

The surveys used in the TEMPO registry were developed by
an advisory board of treating physicians, survey developers,
and child psychologists. The surveys include aspects of vali-
dated questionnaires such as the Impact of Weight on Quality
of Life-Kids and Pediatric Quality of Life Inventory Family
Impact Module, as well as questions developed by the advi-
sory board to specifically address the needs, eating character-
istics, and burden of individuals with rare genetic disorders of
obesity. The surveys were tested with referring physicians,
adults, and young adults with severe obesity and hunger, and
caregivers of pediatric individuals to ensure understanding of
the survey tool and ease of use with the electronic platform.

Coordinating centers have been selected to manage
TEMPO registry enrollment, data entry, and patient fol-
low-up. The coordinating center will follow up directly
with registry participants on missing or late data as allow-
able by local ethics committees and laws. The coordinat-
ing center will make 3 attempts to contact the patient to
complete the surveys annually.

Information in the TEMPO registry will not be directly
used in clinical trials. Further, data within the registry are
currently limited to participating country coordinating centers
and Rhythm Pharmaceuticals, Inc. At this time, the informa-
tion will not be accessible to individuals without an affiliation
to Rhythm Pharmaceuticals, Inc., or TEMPO. Requests for
data from participating investigators will be reviewed by the
coordinating center and Rhythm Pharmaceuticals, Inc., which
will determine whether deidentified data can be shared. If
agreed, data would be provided through a secure download
of the requested deidentified data.

Discussion

The TEMPO registry offers a standardized protocol for col-
lecting data from a variety of participants who may be affected
by rare genetic disorders of obesity. Information gathered
through the TEMPO registry can help evaluate the burden of
rare genetic disorders of obesity on affected individuals, par-
ents/caregivers, health care providers, and the health care
system. Because it captures information about nearly 50 can-
didate genes surrounding the MC4R pathway, the registry
serves as a comprehensive data repository for researchers
studying rare genetic disorders of obesity. Like other disease
state registries, the TEMPO registry may provide data for
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analyses that can help improve the diagnosis and treatment of
individuals with rare genetic disorders of obesity. For instance,
a recent analysis of a national specialist clinic in the United
Kingdom and an international registry of individuals with
Alstrom syndrome reported that renal disease has an early
onset and progresses rapidly to chronic kidney disease in
these individuals, a finding that will have a substantial impact
on screening and treatment for renal disease in individuals
with Alstrdm syndrome.”’ Similarly, the TEMPO registry may
provide comparable insights into the treatment of rare genetic
disorders of obesity, including POMC, LEP, LEPR, PCSK1,
and MC4R deficiencies.

The TEMPO registry has several limitations. First,
individuals must be referred by a health care provider or
by a genetic screening study. Rare genetic disorders of
obesity are often underdiagnosed, and as such, health
care providers may not be aware of the need to recom-
mend genetic screening. To address this limitation, it is
crucial to educate health care providers on the clinical
characteristics of rare genetic disorders of obesity and to
encourage them to recommend individuals with severe
early-onset obesity for genetic screening. Another antici-
pated challenge is adherence to annual follow-up surveys.
Because this is a volunteer registry, completion of the
surveys will depend on participants’ engagement. Thus,
the usability of the TEMPO registry online platform has
been configured to be intuitive and easy to complete, with
a readability level between fifth and eighth grade to
enhance participation and completion of the surveys. In
addition, the health care providers can encourage partici-
pants’ adherence during regular checkups. Use of online
surveys will also encourage greater response rates, as
participants do not have to report to a coordinating center
to complete a survey.

The TEMPO registry captures demographics and disease
characteristics from individuals with rare genetic disorders of
obesity, their parents/caregivers, and their health care provi-
ders. Using this information, the registry evaluates the impact
of rare genetic disorders of obesity on these participants and
the healthcare system overall. The TEMPO registry is a
noninterventional study as it does not offer treatment options
for affected individuals. What is most promising is that the
registry will provide the largest repository of data from
individuals with these rare genetic disorders of obesity fol-
lowed over a period of time. Thus, the TEMPO registry will
provide information that can help health care providers and
researchers improve the identification of individuals with

rare genetic disorders of obesity, better understand the natural

history of the disorder, and investigate potential
interventions.
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