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Heterozygous PHOX2B dominant pathogenic mutations underlie CCHS 

➢ PHOX2B is a 3 exons transcription factor

577_583indel
586insG

652_683del32

Poly-Alanine Repeat expansion Mutations (PARMs) 

209

➢ ~90% of CCHS patients have PARMs in the 
second polyalanine stretch (+ 4-13 ala)

➢ Disease severity correlates with PARMs length
➢ PHOX2B CCHS-underlying mutations are autosomal 

dominant

Non Poly-Alanine Repeat expansion Mutations (NPARMs) 



Where is PHOX2B expressed?
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> Hypothalamus & Spinal cord
> Colon and Esophagus tissues
> Endocrine glands
> Sex organs tissues
> Heart

➢ PHOX2B expression in postmortem
samples (Amiel et al., 2003)

➢ PHOX2B is expressed in the human nervous system 
and additional tissues



What genes are regulated by PHOX2B?
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Expression In Adult Tissues

➢ Some of these genes are expressed in
the autonomic nervous system (ANS)



Animal 

Kingdome

How can we study PHOX2B? 

➢ PHOX2B is conserved across vertebrates



FaithFindingsMice mutants

Die in the uterus around 
embryonic day 14

Phox2b is required for embryonic development of 
most neuronal types in the peripheral nervous 
systems

Phox2b knock-out -/-

At P10 differences from WT are 
no longer evident. The mutants 
survive and are fertile

Transient chemosensitivity disorders:  
➢ Sleep apneas (~6-fold increase than WT)
➢ Reduced sensitivity to hypercapnia

Phox2b −/+

Die within the first few 
postnatal hours

➢ Reduced response to hypercapnia
➢ Highly unstable breathing interrupted by apneas
➢ No RTN neurons were present
➢ Loss of parafacial interneurons (pFRG)

Phox2b 27Ala/+ 

What can we learn from mouse models?

➢ PHOX2B is essential for embryonic development
➢ A single copy of the gene is enough for normal postnatal development 

and survival
➢ The mutated allele seems to disturb the function of the normal copy 
→ dominant toxic gain of function 

Pattyn et al., 1999

Ramanantsoa et al. 2006

Ramanantsoa et al. 2006





Why do pre-clinical models fail to predict clinical relevance?
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How can we perform research on humans?

Human fibroblasts and cell lines
➢ Scalable cell source
➢ Non-physiologically relevant

Primary human cells
➢ Limited in scale and availability
➢ Naturally abnormal

Post mortem tissue
➢ Limited in scale and availability
➢ Limited possibility to perform 

experiments

Human stem cells
➢ Scalable cell source
➢ Can potentially differentiate into 

any cell type



What is a Stem Cell? Ask Google



What is a Stem Cell? Ask ChatGPT



What is a Stem Cell?



Embryonic development starts from a single cell that 
proliferates and differentiates into all cell types of our body



Conrad Waddington 
(1905-1975)

Cellular decision-making during development

Cardiomyocyte 
(heart)

SkinNeuron
(brain)

Hepatocyte
(liver)



Adult stem cells

➢ Many cells in our body are 
constantly replaced. Adult 
stem cells provide an 
indispensable renewable 
source of cells

➢ Adult stem cells are unable 
to differentiate to all cell 
types (they are multipotent 
but not pluripotent)



Embryonic Stem Cells





(A) Inner cell mass-derived cells attached to mouse 

embryonic fibroblast feeder layer after 8 D of culture, 

24 h before first dissociation. 

Scale bar, 100 µm

(B) Differentiated H9 cells, cultured for 5 D in the 

absence of mouse embryonic fibroblasts, but in the 

presence of human LIF (20 ng/ml; Sigma). 

➢ The generation of hESCs involves 
destruction of the embryo and is 
therefore controversial







Reprogramming – a game changer in human research



Patient

Fibroblasts

Patient specific
iPS cells

Affected cell type

Disease-specific drugs

Repaired iPS cells

Healthy cells

cMYC, OCT4
KLF4, SOX2

Induced pluripotent 
stem cells (iPSCs)

➢ Personalized 
embryonic-like stem 
cells without ethical 
controversy

➢ A disease-in-a-dish
model to study human 
disorders in a 
personalized manner



Sympathetic neurons malfunction in 
autonomic nervous system (ANS) 
disorders, including CCHS

Dr Yevgeny BerdichevskyFatima Amer-SarsourDr Avi Ashkenazi



2x 1x
Daniel Falik

Generating a human-relevant disease-in-a-dish model for CCHS



iPSCs from two 25+ CCHS patients were generated and characterized

Falik et al., Stem Cell Res 2020

iPSCs express pluripotency markers

iPSCs can differentiated into the three germ layers

iPSCs display a normal karyotype

Genotyping of +5 polyalanine expansion



iPSCs from a 27+ CCHS patient and healthy controls were generated

Amer-Sarsour, Falik et al., 2024



A CRISPR/Cas9-mediated isogenic iPSC line

Meshi Zorski

A comprehensive set of iPSCs to study CCHS



Prof Rachel Eiges



Establishment of a protocol to differentiate iPSCs into disease-
relevant neurons

Dr Reut Eshel

iPSCs are differentiated into PHOX2B-positive neural crest progenitors 
(Day 10) and then to sympathetic neurons (Day 31)
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CCHS and CTR lines differentiated into sympathetic neurons

Amer-Sarsour, Falik et al., 2024

Differentiated neurons express:
The pan-neuronal marker βIII-tubulin (TUBB3)
The chemosensitive marker ATOH1
The sympathetic marker TH
The peripheral neuronal marker PRPH
PHOX2B
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Continuous extracellular MEA recordings of differentiating neurons

Differentiated iPSC-derived sympathetic mature to spontaneously active neurons





Preliminary electrophysiological characterization of CCHS-iPSC-neurons

➢ CCHS neurons are hypo-excitable under low pH

Voltage clamp in iPSC-
derived neurons



Cellular PHOX2B mislocalization in CCHS neurons

Amer-Sarsour, Falik et al., 2024

PARMs impair PHOX2B nuclear translocation, leading to undesired cytoplasmic 
interactions with ubiquitin enzyme (UBA6)



The Ubiquitin system is involved in regulating protein degradation

➢ Ubiquitin failure may lead to “traffic 
jams” in neurons, leading to cell death

➢ Exploiting the Ubiquitin system may 
rescue cellular toxicity



Harnessing antisense oligonucleotides (ASOs) for 
modulating UBA6 expression

➢ASOs are short synthetic single-stranded 
nucleotides sequence

➢Modulate gene expression 
➢ Increasingly used for ‘next-generation 

therapeutics’

Ori Kahiri Dr Avital 
Adato

The 1st Israeli CCHS meeting



Single-cell RNA-sequencing analysis to identify 
affected pathways that can be modulated  

➢ Impaired differentiation of CCHS neurons ➢ Identifying affected molecular pathways



Summary

➢ iPSCs were generated and characterized from CCHS patients and their 
healthy family relatives

➢ iPSCs were differentiated into spontaneously active sympathetic 
neuron-like cells

➢ CCHS autonomic neurons are hypo-excitable under low pH

➢ PHOX2B nuclei translocation is impaired by PARMs

➢ Molecular analyses identified impaired PHOX2B-dependent 
transcriptional pathways and alterations in CCHS autonomic neurons



A microfluidic Organ-on-Chip system can mimic organ-level functionality

➢ Recreates intracellular interactions
➢ Mimics the dynamic environment 
➢ Permits laminar perfusion – not currently possible in organoids



Microfluidic Organs-on-Chips



A microfluidic Organ-on-Chip system can mimic system-level 
functionality in the context of CCHS
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