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Congenital central hypoventilation syndrome (CCHS), a rare
genetic disease caused by heterozygous PHOX2B mutations,
is characterized by life-threatening breathing deficiencies.
PHOX2B is a transcription factor required for the specifica-
tion of the autonomic nervous system, which contains, in
particular, brainstem respiratory centers. In CCHS, PHOX2B
mutations lead to cytoplasmic PHOX2B protein aggregations,
thus compromising its transcriptional capability. Currently,
the only available treatment for CCHS is assisted mechanical
ventilation. Therefore, identifying molecules with alleviating
effects on CCHS-related breathing impairments is of primary
importance. A transcriptomic analysis of cells transfected
with different PHOX2B constructs was used to identify com-
pounds of interest with the CMap tool. Using fluorescence
microscopy and luciferase assay, the selected molecules were
further tested in vitro for their ability to restore the nuclear
location and function of PHOX2B. Finally, an electrophysio-
logical approach was used to investigate ex vivo the effects
of the most promising molecule on respiratory activities of
PHOX2B-mutant mouse isolated brainstem. The histone
deacetylase inhibitor SAHA was found to have low toxicity
in vitro, to restore the proper location and function of
PHOX2B protein, and to improve respiratory rhythm-
related parameters ex vivo. Thus, our results identify SAHA
as a promising agent to treat CCHS-associated breathing
deficiencies.

INTRODUCTION

Congenital central hypoventilation syndrome (CCHS) is a rare ge-
netic disease whose defining symptoms consist of a reduced ventila-
tory response to hypoxia and hypercapnia, particularly during
sleep.””” Since no effective drug is available to relieve the potentially
lethal outcome of CCHS, current treatments are based on supportive

measures such as mechanical ventilation, with continuous moni-
. N . 3
toring of the patient’s respiratory parameters.

Heterozygous variants of the PHOX2B gene, encoding a transcription
factor crucial for the specification of neurons involved in cardiovascu-
lar, digestive, and respiratory reflex circuits,* have been identified
as the primary cause of CCHS. In-frame triplet duplications, leading
to an expansion of +4 to +13 additional residues of a 20-polyalanine
(polyAla) stretch, account for approximately 90% of causative
PHOX2B variants. Furthermore, rare missense, nonsense, and frame-
shift mutations of PHOX2B may also occur in CCHS patients.”

In vitro data have revealed a correlation between the length of the pol-
yAla expansion and the aberrant retention of PHOX2B protein in the
cytoplasm in diffuse or aggregated forms,' thus leading to impaired
transactivation of the PHOX2B gene itself and of PHOX2B target
genes such as DBH, TH, RET, TLX2, PHOX2A, and TFAP2A.""""*
Furthermore, stimulation of the cellular stress response and protea-
some and autophagic pathways by the antibiotic geldanamycin
(GA) or, more specifically, its analog 17-allylaminogeldanamycin
(17AAG) can (1) reverse the formation of mutant PHOX2B aggre-
gates, (2) induce the removal of multiprotein aggregates (inclusions)
by promoting protein folding and/or eliminating mutant PHOX2B,
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and (3) rescue the nuclear localization of PHOX2B and thereby the
transactivation of PHOX2B target genes.'>'® However, the toxicity
of both GA and 17AAG has precluded their clinical development
for CCHS treatment.

Homozygous Phox2b~'~ mice die in utero, showing a lack of sym-
pathetic, parasympathetic, and enteric components of the auto-
nomic nervous system at embryonic day (E) 13.5, whereas heterozy-
gous Phox2b*'~ animals express no obvious abnormal phenotype.'”
Interestingly, mutant mice carrying a heterozygous PHOX2B+7Ala
expansion of the 20 polyAla tract (Phox2b®”4"%/*) recapitulate the
hypoventilatory features of CCHS.'®'” These knockin animal
models offer potentially relevant tools for evaluating the abnormal
respiratory parameters associated with CCHS and searching for
treatments.

Here, to identify molecules with potential therapeutic effects on
CCHS symptoms, RNA-sequencing (RNA-seq) data from cell lines
transiently transfected with different PHOX2B constructs were used
to perform connectivity mapping (CMap).”>*' Selected compounds
were subsequently tested for their ability, (1) in vitro, to restore the
correct subcellular localization of PHOX2B and the effective regula-
tion of the DBH target gene and, (2) ex vivo, to improve the autono-
mously produced central respiratory command of isolated brainstem
preparations obtained from Phox2b®"4'* mice.

RESULTS

Effect of PHOX2B mutations and 17AAG treatment on gene
expression profiles

To identify potential curative molecules for CCHS, our initial goal
was to search for an agent with a gene expression profile signature
and molecular action similar to those of 17AAG, known for its actions
on PHOX2B protein aggregates (see introduction), but less toxic and
therefore potentially usable in vivo. To this end, we generated tran-
scription datasets from SK-N-BE cells expressing wild-type (WT)
or mutant (+13Ala) PHOX2B proteins, enabling comparison with
or without 17AAG treatment.

Gene expression in WT and +13Ala PHOX2B samples was first
analyzed to seek differences in genes and associated molecular
pathways that are possibly involved in PHOX2B-mediated CCHS
pathogenesis. Forty-six genes were found to be significantly differ-
entially expressed (DE) in +13Ala vs. WT, of which 28 were
overexpressed and 18 downregulated, with 25 of these (13 up-
and 12 downregulated) showing >4-fold changes in expression
(Table S1A).

The effects of 17AAG treatment on these transcriptional profiles were
then investigated. In WT transfected cells, 16 genes were overex-
pressed and 7 genes were downregulated by 17AAG, of which 6
were up- and 3 downregulated with a +4-fold change (Table S1B).

In treated mutant samples (+13Ala(17AAG)), 42 genes were found to
be DE, compared to the +13Ala samples, of which 28 genes were over-
expressed and 14 downregulated, with 16 (13 up- and 3 downregu-
lated) of these displaying >4-fold changes (Table S1C). Interestingly,
most of the upregulated genes in WT(17AAG) vs. WT were also up-
regulated in +13Ala(17AAG) vs. +13Ala, presumably reflecting non-
specific effects of 17AAG.

Finally, we examined whether 17AAG could modify the molecular
pathways that were found to be dysregulated by the polyAla mutation,
possibly counteracting its effects and restoring near-normal levels of
gene expression. Consistent with this idea, comparison of the expres-
sion profiles of +13Ala(17AAG) vs. WT revealed that none of the
115 reported genes showed differential expression greater than
2-fold after 17AAG treatment (Table S1D), thus indicating that +13-
Ala(17AAG) samples had indeed recovered expression profiles com-
parable to that of WT.

Genes subjected to changes in their expression profiles in the different
conditions underwent further validation through Cytoscape analysis
(Figure 1). In particular, the ClueGO plug-in was used to find en-
riched pathways via the same pairwise comparisons as above.

In +13Ala vs. WT samples, 28 (75.68%) genes associated with 16
representative terms and pathways related to cell-cell interactions,
immune system, cell cycle, and ion-transport processes were found
to be enriched, although not interconnected (Figures 1A and 1B).
The finding of a dysregulation of the cell cycle due to the +13Ala mu-
tation was not surprising, as PHOX2B is crucial for neuronal differen-
tiation and cell-cycle exit.”

In +13Ala(17AAG) vs. +13Ala, 27 (75%) enriched genes were associ-
ated with 55 representative gene ontology (GO) terms and pathways
(Figures 1C and 1D). A marked representation of pathways related to
the cellular response to protein aggregation, such as protein folding,
macro- and chaperone-mediated autophagy, inclusion body assem-
bly, and microtubule polymerization with Tau protein kinetics, was
also evident. This finding is in accordance with the known effects
of 17AAG in inducing protein quality control by acting on heat shock
protein (HSP) expression and mechanisms involved in protein
elimination.”

Figure 1. Cytoscape ClueGO pairwise analysis

Differentially expressed genes (DEGs) were analyzed for their enrichment in specific pathways by using the Cytoscape app ClueGO v.2.5.9. Images show the representation
of nodes connecting the terms of enriched pathways (A, C, and E). The corresponding bar diagrams of the detailed gene ontology (GO) terms are ranked according to their p
values (B, D, and F) in the following pairwise comparisons: WT vs. +13Ala, +13Ala(17AAG) vs. +13Ala, and +13Ala(17AAG) vs. WT. Functionally grouped networks are shown,
with terms as nodes linked based on their kappa score level (>0.3), where only the label of the most significant term per group is shown. GO levels 1-20 were considered for
analysis. Each pathway is represented by a different color ascribed to each GO regulatory action in both the schematics (A, C, and E) and the bar diagrams (B, D, and F). The
node dimension represents the enrichment expressed as the ratio between the number of DEGs and the total genes in the corresponding GO term.
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Figure 2. Connectivity Map data for compounds with strongest to weakest connections with the DEG in PHOX2B+13Ala cells treated with 17AAG compared

to untreated control cells

The name, action, and median tau score for each compound are indicated. The cell-line identifier is also shown for each column. The median tau score represents the
strength of the connection between a query signature and a drug across multiple cell types. Compounds were considered significantly connected with the input signature

when the median tau score was above 90.

In +13Ala(17AAG) vs. WT, 30 genes were enriched in 27 significant
terms and pathways (Figures 1E and 1F), including the ARF gene
family known to be involved in protein aggregation and in protein
ubiquitination and chaperone folding pathways. No differences
were detected in the pathways previously found to be altered by +13-
Ala mutation compared to WT. This further indicates that 17AAG is
able, at least to some extent, to revert the dysregulation resulting from
the +13Ala mutation.

Identification of compounds with a gene expression signature
similar to that of 17AAG

We next used the CMap database and query tool to identify bioactive
compounds that could have restorative effects similar to those of
17AAG in the context of PHOX2B+13Ala, but without the latter
agent’s toxicity. Of the 30 genes that were significantly upregulated
in +13Ala(17AAG)-expressing cells, 12 were components of the
L1000 gene expression assay used in CMap (1,000 selected landmark
transcripts of the CMap algorithm) and were therefore analyzed
further. In particular, we focused on the class of compounds with a
median connectivity score (tau) attaining >90, considered a high-sig-
nificance threshold in CMap. Seventy-four compounds were identi-
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fied as producing a gene expression profile comparable to that of +13-
Ala(17AAG) cells (Figure 2). The top-ranked agents were HSP90
inhibitors, including GA and alvespimycin, which are closely related
to 17AAG. Of the 74 pre-selected drugs, we focused on those that
already have established clinical relevance (Table 1). Accordingly,
four agents with different targets and mechanisms of action were cho-
sen to assess whether they have effects similar to those of 17AAG
in vitro and, ultimately, if they could be considered as alternative op-
tions for CCHS treatment. Those selected were parthenolide, trichos-
tatin A (TSA), guggulsterone, and vorinostat (SAHA). Details on the
chemical nature and functional effects of these molecules are pro-
vided in the discussion.

The selected agents mimic 17AAG’s effects in vitro

As a transcription factor, PHOX2B requires a nuclear localization to
exercise function. PolyAla expansions are known to cause abnormal
cytoplasmic retention of the PHOX2B protein, often inducing the
aggregate formation. Treatments with GA or its analog 17AAG can
promote nuclear relocalization of polyAla PHOX2B proteins,'®'>'°
but both are highly toxic, thereby preventing their clinical usage. In
search of an employable alternative treatment, therefore, the toxicity
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Table 1. Compounds with significant connections in CMap analysis that either are clinically available or have already reached the market

Name Description Median tau score Development
NVP-AUY922 HSP inhibitor 99.95 phase 2
BIIB021 HSP inhibitor 99.95 phase 2
PU-H71 HSP inhibitor 99.94 phase 1
Elesclomol apf)pt(?sis stimu¥ant, HSP agoTlist, HSP i‘ndl'lc'er, 99.90 phase 3
oxidative stress inducer, topoisomerase inhibitor

Alvespimycin HSP inhibitor, HSP antagonist 99.90 phase 2
Thiostrepton if;\tf:ir;gsl;lritﬁzsl;o;(}li/i[bliz(rpression, FOXML1 expression inhibitor, 9971 Jaunched
Diphencyprone immunostimulant 99.67 phase 2
Parthenolide NF-kB pathway inhibitor, adiponectin receptor agonist 99.58 phase 1
Parthenolide NF-kB pathway inhibitor, adiponectin receptor agonist 99.19 phase 1
Trichostatin A HDAC inhibitor, CDK expression enhancer, ID1 expression inhibitor 98.72 phase 1
Trichostatin A HDAC inhibitor, CDK expression enhancer, ID1 expression inhibitor 98.69 phase 1
Disulfiram aldehyde dehydrogenase inhibitor, DNA methyltransferase inhibitor, TRPA1 agonist 98.47 launched
e
Vorinostat HDAC inhibitor, cell-cycle inhibitor 96.30 launched
BI-2536 PLK inhibitor, apoptosis stimulant, cell-cycle inhibitor, protein kinase inhibitor 96.19 phase 2
Oxibendazole DNA polymerase inhibitor, tubulin inhibitor 96.01 launched
Phenethyl-isothiocyanate cancer cell growth inhibitor, unidentified pharmacological activity 94.53 phase 2
Atracurium acetylcholine receptor antagonist 92.66 launched
Rifapentine DNA-directed RNA polymerase inhibitor, DNA-directed DNA polymerase inhibitor 91.13 launched
Belinostat HDAC inhibitor, cell-cycle inhibitor 90.40 launched

of the above four compounds identified by the CMap tool was first
evaluated in vitro, and the most suitable dose application was deter-
mined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay protocol.”*

A low toxicity of all four agents was observed at the lowest doses used
in almost all the conditions tested (Figure S1). We then assessed their
capacity to promote relocalization of expanded polyAla PHOX2B
proteins into cell nuclei using fluorescence microscopy on transfected
COS-7 cells. In contrast to drugs with a low tau score in the CMap
analysis (e.g., TPCA-1 and CGP-57380 used as negative controls),
the four selected drugs increased nuclear relocalization of the mutated
proteins (Figure 3A). Parthenolide showed the best relocating effect at
high doses, but also a high in vitro toxicity (Figure S1). In contrast,
drugs such as SAHA, TSA, and guggulsterone induced a significant
nuclear rescue, reaching a protein distribution similar to that in
WT, while displaying a lower toxicity than parthenolide (Figure SI).

Next, using a luciferase-based assay, we tested the ability of the
selected compounds to restore PHOX2B+13Ala transcriptional func-
tion. All four drugs triggered a significant recovery of mutant
PHOX2B transcriptional activity (Figure 3B). In particular, SAHA
treatments led to a 2-fold recovery of PHOX2B protein function,

which was sufficient to restore transcriptional levels comparable to
those of WT.

Since, at the lowest dose, SAHA was found to be more effective than
the other three agents in causing recovery of mutant PHOX2B protein
function, we further characterized its ability to relocate the PHOX2B
protein to the nucleus using imaging flow cytometry. Consistent with
the findings reported in Figure 3A, a nuclear localization was again
observed in the WT condition, whereas the mutant form exhibited
cytoplasmic or both nuclear and cytoplasmic retention (Figures 4A,
4B, and 4C). Strikingly, a nuclear relocalization was evident after
SAHA treatment (Figure 4D) to a degree that any significant differ-
ences in PHOX2B protein localization between WT and +13Ala
were abolished. This finding therefore further confirms SAHA’s abil-
ity to rescue the nuclear relocation of mutant PHOX2B protein, which
in turn would be consistent with an ensuing restoration of transacti-
vation function.

The effect of SAHA also extends to PHOX2B polyAla expansions
of different lengths

Previous studies have shown that there is a direct correlation between
the severity of symptoms and the length of polyAla expansion.”
Before testing SAHA in an ex vivo model, using tissue samples derived

Molecular Therapy: Nucleic Acids Vol. 35 December 2024 5


http://www.moleculartherapy.org

Molecular Therapy: Nucleic Acids

. . .
PHOX2B | Overiay [ nuclear nuclear + cytoplasmic Il cytoplasmic
10075

S

Nuclear + Cytoplasmic S

DAPI PHOX2B Overlay g

O

—

o)

a

—_

E

=

Cytoplasmic 8

DAPI PHOX2B Overlay

N
]

I +13Ala treated

w
1

Luciferase activity (fold increase) @
N N
1

o

Figure 3. Drug effects on WT and PHOX2B+13Ala cellular localization and activity

(A) The subcellular localization of WT and PHOX2B+13Ala proteins after pharmacological treatments was analyzed using fluorescence microscopy. Forty thousand COS-7
cells were plated and transfected with plasmids (pcDNA 3.1 CT-GFP PHOX2B WT and pcDNA 3.1 CT-GFP PHOX2B+13Ala). Molecules tested were geldanamycin (GA),
SAHA (S), parthenolide (P), trichostatin A (T), guggulsterone (G), CGP-57380 (CGP), and TPCA-1. Fifty COS-7 (PHOX2B-GFP+) transfected cells were counted and classified
for each condition in terms of nuclear, cytoplasmic, or nuclear + cytoplasmic PHOX2B localization. Representative images of cells in the three subcellular localization groups
are shown on the left, where the blue DAPI is for nuclear staining and the green GFP for PHOX2B protein, and their overlays are also shown. Pictures were taken using a 63x
objective microscope. Scale bars, 7 um. On the right, percentage values are presented in histograms as means + SEM from three independent experiments. (B) Analysis of
luciferase activity on HelLa cells induced by pharmacological treatments and obtained after cell co-transfection of WT or PHOX2B+13Ala with a reporter construct containing
the DBH promoter upstream of the luciferase gene. The Renilla luciferase gene was used as an internal control. Raw data were first normalized against the empty vector. Bars
represent the increase in luciferase activity under different conditions, normalized to untreated PHOX2B+13Ala. The WT construct (gray bar) shows greater activity on the
DBH promoter than the luciferase value obtained in the presence of the expanded polyAla proteins. GA was used as a positive treatment control. Values are represented as
means + SEM of six to eight independent replicate experiments. P at 5 uM, S at 500 nM, and, in particular, S at 10 nM show similar levels of transcriptional activity compared

to the WT condition. All the other treatments were less effective, as indicated by statistical comparison with PHOX2B WT (Welch’s t test, *p < 0.05, **p < 0.01, ***p < 0.001,
and ***p < 0.0001).

from a knockin mouse Phox2b®A1/* (see below), we sought to Figure 5A, the WT condition was confirmed to induce correct nuclear

confirm in vitro the effects of PHOX2B+7Ala, the most common localization and, in line with expectations, the PHOX2B+7Ala protein
polyAla expansion among CCHS patients, with and without SAHA  was retained in the cytosol, though to a lesser extent than the
treatments. To this end, we first assessed the localization of the PHOX2B+13Ala protein. Treatment with 10 nM SAHA demon-
PHOX2B+7Ala protein within the nucleus in COS-7. As shown in  strated a statistically significant proportion of mutated proteins

6 Molecular Therapy: Nucleic Acids Vol. 35 December 2024



www.moleculartherapy.org

=)

Nuclear
Hoescht

Overlay

JesponN

Nuclear + Cytoplasmic
Hoescht

Overlay

‘0}AD + Jeg|onN

Cytoplasmic
GFP

Hoescht Overlay

oljwse|dojhp

Figure 4. Subcellular localization analysis of WT and
PHOX2B+13Ala proteins after SAHA treatment

COS-7 cells were transfected with pcDNAG.1-CT/GFP
PHOX2B WT and pcDNA3.1-CT/GFP PHOX2B+13Ala
plasmids and treated with 10 nM SAHA. ImageStream X
Mark Il was used to analyze PHOX2B nuclear relocalization
after the drug treatment. On the left three types of PHOX2B
subcellular localization are shown: (A) nuclear localization,
(B) nuclear localization with cytoplasmic retention, and
(C) cytoplasmic localization alone. PHOX2B was fused to
GFP (green), nuclei were stained with Hoechst 33342
(purple), and their co-localization is shown at right (overlay).
Approximately 5,000 PHOX2B-GFP-positive cells were
acquired for each condition (i.e., WT, WT + SAHA, +13Ala,
and +13Ala + SAHA) in four independent experiments. All
images in (A)-(C) were taken at 60x magnification. (D) Bar
graph representing the percentage of cells (means + SD)
exhibiting the different PHOX2B protein localizations. A
paired t test was performed in each group of PHOX2B
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entering the nucleus, including the PHOX2B+7Ala protein, which
showed a recovery close to the significance threshold (p = 0.06).

We then investigated the effect of PHOX2B+7Ala protein on
restoring DBH promoter transactivation activity on HeLa cells with
and without 10 nM SAHA treatment. Once again, we tested the
PHOX2B WT protein and the polyAla-expanded PHOX2B protein
(+7Ala and +13Ala) and confirmed that the PHOX2B+7Ala protein
induces the expected effect compared to WT and +13Ala and that
the drug can restore transcriptional activation of the DBH promoter
whatever the PHOX2B polyAla expansion tested (Figure 5B).

We finally took into account an additional cellular outcome known to
be related to the presence of expanded PHOX2B polyAla proteins,
namely the formation of cytoplasmic aggregates. Specifically, we
investigated the proportion of cells showing aggregates in the cytosol
in the PHOX2B WT, +7Ala, and +13Ala conditions, finding, as ex-
pected, an aggregation increase correlated with the size of the expan-
sion (Figure S2). SAHA induces a decrease in the average number of
cytoplasmic aggregates per cell in the presence of the more severe mu-
tation, but appears to have no significant effect on the cytosolic aggre-
gates that are also induced by PHOX2B+7Ala but at a lower extent
compared to +13Ala.

SAHA improves functional breathing parameters in isolated
brainstem preparations of CCHS mutant animals

In a final set of experiments, we tested SAHA’s ability to improve
actual breathing-related activity in a mouse model of CCHS. Because
a +13Ala mouse line does not currently exist, we used the Phox2-
b?7A%/* line that bears a +7Ala expansion of the PHOX2B gene, cor-
responding to the most common mutation found in human CCHS

60

80 100 subcellular compartment localization (nuclear, cytoplasmic,

nuclear + cyto) comparing WT vs. +13Ala, WT vs. +13Ala +
SAHA, and +13Ala vs. +13Ala + SAHA (paired t test,
*p < 0.05, *p < 0.01, **p < 0.001, and ***p < 0.0001).
Scale bars, 7 pm.

patients.'® However, such mutant mice survive only 1 to 2 h after
birth, making in vivo testing nearly impossible. Consequently, to
assess the effectiveness of SAHA in restoring respiration-related pa-
rameters, we used ex vivo isolated brainstem preparations that
contain the two main respiratory neural networks, obtained from em-
bryos harvested at E18.5 (the ultimate prenatal stage) (Figure 6A).
Electrophysiological recordings of spontaneous burst activity in
phrenic rootlets, which convey the central respiratory motor com-
mand to the diaphragm in vivo, were utilized to measure the basal res-
piratory rhythm frequency and the response to applied acidosis (used
to mimic hypercapnia ex vivo), two parameters known to be deficient
in CCHS (see details in materials and methods). As previously re-
ported,'® Phox2b?”44/* preparations generated so-called “fictive
breathing” activity at a lower frequency compared to Phox2b™*
(WT) preparations and lacked the capability to respond to acidosis
that normally leads to a significant rhythm frequency increase
(Figures 6A, 6B, and 6D). One group of preparations (n = 13
Phox2b™* and n = 7 Phox2b®"'*) was then exposed to SAHA
(1 uM) during 7 h 30 min, whereas a second group (n = 16 Phox2b*'*
and n = 15 Phox2b®”*"%/*) remained under control bathing oxygen-
ated artificial cerebrospinal fluid (aCSF) conditions. After 7 h
30 min, all untreated preparations remained rhythmically active,
with the mutant subgroup still exhibiting abnormal respiratory pa-

rameters compared to Phox2b™'"* (Figures 6A, 6B, and 6D). In
27 Alal+

contrast, after the same long-term exposure to SAHA, Phox2
preparations exhibited an increased spontaneous rhythm frequency
and a sensitivity to acidosis that had become comparable to WT prep-
arations (Figures 6A, 6C, and 6D). These results therefore indicate
that, at least in the isolated brainstem ex vivo, the main respiratory
deficits characterizing CCHS can be significantly compensated for
by exposure to SAHA.
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DISCUSSION

In this study, transcriptomic and CMap analysis allowed us to
identify four compounds with different targets and mechanisms
of action. These molecules were also selected because they are
clinically available, albeit for the treatment of pathologies
other than CCHS, as their toxicity, bioavailability, stability, and
therefore applicability to patients have already been tested. In
particular, parthenolide shows potent antiinflammatory, antiapop-
tosis, effects;”> " guggulsterone is
involved in antiapoptotic signaling, cell survival, cell proliferation,
angiogenesis, and chemoresistant activity in tumor cells;®® TSA
acts as antitumor, antiinflammatory, and antioxidant agent;29’3[’
and SAHA is capable of modulating cell signaling pathways

31-33

and antioxidative stress

and exerting potent apoptotic and antiproliferative effects.
SAHA and TSA are already known to downregulate PHOX2B
gene expression, resulting in decreased protein and mRNA levels
in the IMR32 neuroblastoma cell line stably expressing the lucif-
erase gene under the control of the PHOX2B promoter.”* More-
over, SAHA was recently shown to positively regulate neuronal
gene expression and microtubule dynamics, inducing neurite
outgrowth and spine density and enhancing synaptic transmis-
sion,”>>° thus further pointing to its potential use in the treatment
of CNS disorders.
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Figure 5. Subcellular localization and activity of
different expanded PHOX2B proteins and SAHA-
mediated recovery

(A) Subcellular localization of PHOX2B proteins in COS-7 cells
expressing PHOX2B WT, +7Ala, and +13Ala before and after
treatment with 10 nM SAHA. The immunofluorescence assay
was performed with an antibody against the PHOX2B protein.
Representative images of cells in the three subcellular
localization groups (cells with PHOX2B in the nucleus,
nucleus and cytoplasm, or cytoplasm alone) are shown on
the left, where the blue DAPI is for nuclear staining and the
green GFP for PHOX2B protein, and their overlays are also
shown. Pictures were taken using a Leica SP5 confocal
microscope (63x magnification). Scale bars, 7 um. The
histogram on the right represents the mean + SEM of
three independent experiments and shows the percentage
values of cells for the different conditions. The nuclear
relocalization of the PHOX2B+13Ala protein induced
by drug treatment is statistically significant, but the positive
effect of SAHA on the subcellular localization of
PHOX2B+7Ala is also evident (p = 0.06). (B) Effect of 10 nM
SAHA on the transactivation activity of the DBH promoter
by expanded polyalanine PHOX2B. Hela cells were co-
transfected with PHOX2B WT, +7Ala, and +13Ala and the
DBH promoter carrying a luciferase gene. A Renilla
luciferase genetic construct was used as an internal control.
The histogram shows the luciferase activity of the different
conditions with or without SAHA treatment, normalized
compared to PHOX2B WT. The mutated forms appear to
lose the ability to activate the DBH promoter, which can be
partially rescued by SAHA treatment. Values are expressed
as the mean + SEM of three independent experiments
(paired t test, *p < 0.05, *p < 0.01, **p < 0.001, and
****p < 0.0001).

m WT

3 +7Ala

3 +7Ala + SAHA
mm +13Ala

Hl +13Ala + SAHA

Cytoplasmic

In vitro testing of the ability of these four molecules to relocalize
PHOX2B+13Ala and thereby improve the regulation of PHOX2B
target genes revealed SAHA to be the most effective candidate. In
addition, SAHA was further validated in vitro on a PHOX2B+7Ala
cellular model and ex vivo by its impact on fictive breathing pa-
rameters in isolated brainstem preparations of CCHS-replicating
(Phox2b?”"'*) mutant mice, including a restoration of respiratory
rhythm sensitivity to metabolic acidosis and a return of the basal
rhythm frequency to near control values. Furthermore, no significant
effect of SAHA was observed in WT, either in vitro or ex vivo, thus
further underlining this molecule’s therapeutic potential. This finding
appears to be particularly significant in light of the prospective use of
SAHA in brain disorders and the strategies that are currently being
employed to improve drug efficacy and reduce side effects.”

Our in vitro system, based on transiently transfected neuroblastoma
cells, proved suitable for the RNA-seq-based transcriptomic approach
in cells expressing PHOX2B WT or the more severe polyAla expan-
sion (PHOX2B+13Ala), either in the presence or in the absence of
17AAG. The bioinformatic analysis of our data allowed us to confirm
the involvement of pathways already identified in the pathogenesis of
polyAla expansions both in vitro and in patients, such as the cellular
response to protein aggregation with induction of protein quality
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Figure 6. Effects of SAHA on fictive respiratory activity in isolated embryonic mouse brainstem preparations

(A) Left: schematic representation of a brainstem preparation obtained at E18.5 from WT (Phox2b*/*, top) and mutant (Phox2b?”4%’*, bottom) embryos. Such a preparation
hosts the main respiratory networks: the embryonic parafacial respiratory group (epF) and the pre-Botzinger complex (preBotC). Spontaneous respiratory-related motor
activity was monitored by an extracellular electrode placed on the phrenic (C4) motor root. Right: integrated phrenic nerve discharge (Int C4) obtained from Phox2b*'* (two
top traces) and Phox2b?”4/* (two bottom traces) preparations under normal aCSF (pH 7.4, traces above) and after acidification (pH 7.2, traces below). (B) Quantification of
the mean fictive breathing burst frequency over time (measured at 2 min intervals) for 16 Phox2b*/* (green dots) and 15 Phox2b%"42"* (blue dots) preparations at time 0 (TO)
and after 7 h 30 (T7h30) in control aCSF conditions (pH 7.4, light gray) and after acidification (pH 7.2, dark gray). Note that mutant preparations exhibited a lower mean
respiratory frequency compared to Phox2b™'* preparations and that acidification induced a significant increase in respiratory frequency solely in the Phox2b*'* preparations.
(C) Same layout as in (B) for preparations (13 Phox2b** and 7 Phox2b?"#"*) exposed to 1 M SAHA. Note the increased burst frequency in mutant preparations and a partial
restoration of the response to acidosis at T7h30. (D) Bar graphs representing the mean respiratory frequency values measured over 4 min at steady state in pH 7.4 and during
the maximal effect at pH 7.2 for all preparations in each condition, at TO and T7h30. Graphs in B, C, and D are frequency mean values + SEM. Two-way ANOVA, followed by a
post hoc Sidak’s comparison test; *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001.

control, subsequently restored by treatment with 17AAG.'®** There-
fore, the RNA-seq approach, applied to in vitro-transfected cell lines,
appears to recapitulate well the molecular pathogenesis of PHOX2B
polyAla expansion mutations in CCHS, while our in vitro cell system
proved suitable as a simple recipient for preliminary drug screening.

However, several limitations must be considered. One is the severe ef-
fect exerted by the variant (PHOX2B+13Ala) we selected for most of
our in vitro testing, which affects the transactivation of the PHOX2B
target promoters mainly by limiting its presence in the cell nucleus. In
fact, massive protein aggregation may slow down and even cease a

complete drug-mediated restoration of PHOX2B nuclear localization.
This was evident from the finding that in no case were the tested drugs
able to induce the complete nuclear translocation of PHOX2B+13Ala,
a variable proportion of which, depending on the molecule and
dose applied, remained sequestered in the cytoplasmic compartment.
The massive formation of aggregates in the presence of the
PHOX2B+13Ala protein could ultimately lead to underestimation
of the drug effect in our in vitro context. However, we have already
demonstrated that expansions shorter than +13Ala can recover full
nuclear localization with sufficient time, confirming a correlation be-
tween the length of the expanded tract, the amount of aggregate
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formation, and the drug-mediated translocation of the PHOX2B pro-
tein into the nucleus.'’ Accordingly, here, we have observed that
the +7Ala expansion induces a less important effect on PHOX2B pro-
tein localization that can nevertheless be reverted by SAHA, at least
partially.

Whether PHOX2B-polyAla-associated protein aggregates are
observed only in vitro or whether they also occur in vivo in CCHS-
affected tissues and organs remains unknown. Such aggregates could
be due to the in vitro experimental system, which relies on PHOX2B
being overexpressed, a condition favorable for the formation of aggre-
gates. Nonetheless, these remain very useful in vitro markers, capable
of revealing the cellular consequences of PHOX2B expanded variants.
PHOZX2B cellular localization as well as downstream target gene regu-
lation is correlated to PHOX2B misfolding, which is consistent with
the fact that the expansion length of polyAla, from +4Ala to +13Ala,
has already been correlated with respiratory phenotype severity.””

Finally, even if aggregation has so far never been observed in CCHS
animal models, SAHA still appears capable of compensating for the
abnormal respiratory phenotype observed in the isolated brainstem
preparation obtained from Phox2b>4"“/* embryos. Therefore,
although we cannot precisely interpret the nature and significance
of our in vitro observations concerning aggregates formation, cyto-
plasmic retention, and protein quality control involvement, their pre-
dictiveness in terms of expected associated cellular and phenotypic
outcomes appears compelling.

It is important to note that our in vitro and ex vivo experiments were
conducted using several PHOX2B variants (+7Ala and +13Ala in vitro
and +7Ala ex vivo), and the results obtained are consistent with one
another: all sets of findings point to SAHA as an effective tool in coun-
teracting cellular damage induced by PHOX2B elongations, ensuring
recovery of its transactivation capacity, and restoring near-normal
functionality of the central respiratory networks of Phox2b®’44/*
mice. We also chose to mainly develop an in vitro model that would
enable compound screening under the most extreme conditions, i.e.,
the most common expansion of polyAla PHOX2B in humans (+7Ala)
and the largest expansion of polyAla PHOX2B (+13Ala), while using
the only existing +7Ala mouse line for ex vivo testing.'®'***~** More-
over, because of the restricted postnatal survival of such CCHS
mutant animals, we were constrained to perform these last experi-
ments on still-viable late embryonic stages.

In terms of how SAHA treatment is able to restore proper PHOX2B
localization and target gene regulation, as well as the restoration of
proper breathing-related parameters ex vivo, two different but non-
exclusive mechanisms of action may occur. First, SAHA might influ-
ence PHOX2B through its effect on HSP90, as suggested by the fact
that hyperacetylation of HSP90 leads to the inhibition of its chap-
erone function.**™*° Indeed, the regulation of HSP90a. and HSP90B
by pan-HDAC inhibitors leads to HSP90 activity inhibition by inhib-
iting HDAC6 and eventually to the degradation of HSP90 client pro-
teins.*>*® Interestingly, inhibiting HSP90 has been shown to be able
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to trigger HSP90 client protein degradation very rapidly, within mi-
nutes to a few hours, depending on the client protein.***’~** Thus,
SAHA could lead to the degradation of PHOX2B aggregates through
indirect inhibition of HSP90 in a time frame compatible with our
ex vivo observations. Second, in addition to this chaperone effect,
SAHA might also act by downregulating PHOX2B transcription, an
effect already observed in SK-N-BE cells transfected with a luciferase
reporter plasmid carrying 1 kb of the PHOX2B regulatory region.”*
Indeed, we cannot exclude the possibility that the beneficial effects
of SAHA demonstrated ex vivo are also mediated by a downregulation
of PHOX2B expression, resulting in a decreased amount of misfolded
proteins and thus a reduction in their pathogenic consequences. Rele-
vant to this possibility is that, in cellular models, SAHA was shown to
halve both mRNA and PHOX2B protein levels,” a reduction that is
likely sufficient to allow a more efficient protein quality control. In
addition it has been shown that PHOX2B mRNA levels, PHOX2B
protein expression, and PHOX2B target gene expression can be regu-
lated and changed in a range of hours.’>*' Moreover, in a very recent
publication, it has been revealed that the +7Ala expansion induces
specific conformational properties in PHOX2B protein in solution
and a strong propensity to aggregation. Thus, in our ex vivo model,
the formation of PHOX2B aggregates very probably occurs, and we
suspect that the underlying mechanisms of action of the tested drugs
might, at least in part, include an effect on these aggregates. Interest-
ingly we have previously shown that degradation rates of expanded
PHOX2B protein by the ubiquitin proteasome system could be effec-
tive in a few hours.”” Thus, the fact that we can detect ex vivo an effect
of drug application on the respiratory command activity after 8 h
is fully compatible with an action of the tested compounds on
PHOX2B mRNA and PHOX2B protein level regulation. Taken alto-
gether, these data are in agreement with the possibility that the effects
observed ex vivo are mediated by one or a combination of the two
mechanisms described above.

Additional cellular models could further confirm our present findings
via evaluation in a more physiologically relevant context. This could
include the recently described brainstem organoids, generated from
PHOX2B+7Ala human pluripotent stem cells, which resemble the
cells of the RTN/pFRG-respiratory center.”* Transcriptomic analysis
has illustrated their potential utility for high-throughput drug
screening and the validation of selected drugs.”® Similarly, dental
pulp stem cells recently generated from patients affected with neuro-
logical disorders, including CCHS associated with different polyAla
mutations, offer promising subjects for drug validation assessment,””
as do several different induced pluripotent stem cell (iPSC) lines from
CCHS patients carrying heterozygous +5Ala expansion mutations
that have recently been established.”>””

SAHA is currently used to treat cutaneous T cell lymphoma in pa-
tients where systemic therapies have failed. Importantly, if the
SAHA safety profile is known, it is also known to pass through the
blood-brain barrier poorly. Indeed, “rapid clearance and <5% brain
penetration, compared with plasma” were reported in mice.”® How-
ever, despite poor brain penetrance, SAHA has been shown to reach
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biological activity doses in the brain after either oral or intraperitoneal
(IP) administration.”® Therefore, formulation and administration
routes would need to be carefully chosen when moving to CCHS
in vivo validation.

In conclusion, our data have identified SAHA as a promising drug for
the treatment of CCHS. Although this agent, under the name Vorino-
stat, is currently ready for use, an in vivo investigation in mouse or
other animal models, as well as a thorough clinical evaluation, is
now required before clinical application for CCHS.

MATERIALS AND METHODS

Cell lines and cell culture

Human neuroblastoma SK-N-BE cells were maintained in RPMI me-
dium, HeLa cells were grown in minimal essential medium (MEM,
Euroclone, Italy), and COS-7 cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM, Merck, Germany). Each medium was sup-
plemented with 10% fetal bovine serum (Gibco, New Zealand), 1%
L-glutamine, 100 U/mL penicillin, and 100 ng/mL streptomycin. Cells
were incubated at 37°C in 5% CO.,.

Transient transfection and RNA extraction

Human neuroblastoma SK-N-BE cells were used to carry out
PHOX2B transfection experiments and subsequent gene expression
analysis. To this end, 250,000 cells were plated in 35-mm-diameter
dishes in triplicate, and the plasmid pcDNA3.1Myc PHOX2B WT
or pcDNA3.1Myc PHOX2B+13Ala was transfected, as already re-
ported.l(’ After 24 h, the cells were treated with 300 nM 17AAG
(Merck, Germany) or were left untreated, and 24 h later RNAs
were extracted from cell cultures for transcriptome analysis.

For the RNA extraction, total RNA was extracted and purified with an
RNeasy Plus mini kit (Qiagen, Italy), and RNA samples thus obtained
were quantified by NanoDrop (Thermo Scientific, Rockford, USA).

RNA-seq and transcriptome analysis

After verifying the amount and quality of RNA samples, mnRNAs were
isolated and processed using an Illumina TruSeq stranded mRNA li-
brary preparation kit. Individual libraries were then loaded on a sin-
gle-end flow cell of a HiSeq 2500 instrument (Illumina, USA) to
generate 30 million 75 bp single-end reads per sample.

The quality of the RNA-seq experiments was evaluated using
RSeQC®’; transcript abundance was estimated with Kallisto using En-
sembl transcripts GRCh38,°! including the count of PHOX2B reads;
transcript abundances were summarized at the gene level; and DE
genes were identified using the DeSeq2 R package.’” Batch effects
were also checked and corrected. DE genes were determined consid-
ering false discovery rate (FDR)-corrected p < 0.05. Gene set enrich-
ment analysis (GSEA)®® was applied to identify gene sets and path-
ways that were significantly perturbed across conditions, using
FDR < 0.1 as the significant threshold. Details on these procedures
have already been reported.**

Gene fold changes and gene network analysis

The Cytoscape plug-in ClueGO v.2.5.9 was used to perform gene set
enrichment analysis among the different groups,®® using the lists of
DE genes as input (FDR-corrected p < 0.05, Table S1).

The following selected ontology reference sets used:
GO_Biological processes, GO_Molecular Function, and GO_Immune
System Process, containing, in EBI-UniProt-GOA-ACAP-ARAP_
25.05.2022, 18,085, 18,417, and 3,044 genes, respectively. The following
statistical filters were applied: p < 0.05, Bonferroni step-down correc-
tion, KScore threshold = 0.3, GO tree level interval 1-20, and medium
level of network specificity. Statistically significant GO pathways and

terms were then ranked for significance.

were

Connectivity Map analysis

CMap is an online tool that allows the analysis of large RNA-seq data-
sets, especially to accelerate the discovery of novel therapeutics. CMap
includes a 1.5-million-gene expression profile library from roughly
5,000 small molecules that have been tested in nine cell lines, thus
making CMap especially designed for drug repurposing. The cloud-
based compute infrastructure termed CLUE (CMap and LINCS Uni-
fied Environment) enables users to access and manipulate CMap data
and integrate them with their own datasets.”' The connectivity score
(tau) ranges between +100 and —100 and determines the connection
between a query signature and a given perturbagen by comparing the
input signature with the library gene expression profiles. A molecule
that would have a gene expression profile highly connected with one
of the queries would have a positive median tau score. The gene
expression profiles of the CMap library were generated by the
L1000 gene expression assay that measures the expression of 978
genes, referred to as landmark genes, in cells treated with perturba-
gens (small molecule here). We used the online cMAP software:
https://clue.io/, using the Query tool to find small molecules
that generate gene expression profiles similar to the one of
PHOX2B+13Ala-expressing cells treated with 17AAG.

Compounds and treatment

17AAG, (Z)-guggulsterone, TPCA-1, CGP-57380, SAHA, TSA, and
parthenolide were from Merck (Germany). All the compounds
were dissolved in DMSO (final concentration at 0.001%). The treat-
ments were performed in cell culture, 6 h after transfection with
appropriate constructs, and continued for 24 or 42 h until the execu-
tion of the functional tests.

Cell viability assay

Eight thousand HeLa cells were plated in white 96 well plates (Corning,
USA) and incubated at 37°C in 5% CO,. After 24 h, the cells were
treated in sextuplets with different doses of each drug, namely (1) the
doses used for the subcellular localization assays and (2) eight times
the highest concentration tested as the toxic dose. After 48 h, drug
toxicity/cell viability was evaluated by the MTT assay (Merck, Ger-
many). The cells were washed with a complete medium and then incu-
bated for 2 h at 37°C with 0.5 mg/mL MTT solution (Sigma-Aldrich)
diluted in complete DMEM. After the medium was removed, carefully
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avoiding discard of crystals, 100 uL of DMSO was added and incubated
for 15 min. When formazan crystals were dissolved, absorbance was
detected at 560 nm. Cell viability was evaluated as the percentage of
live cells compared to the control group (untreated cells).

Subcellular localization assay

Forty thousand COS-7 cells were plated in 0.8 cm?/well Nunc
Lab-Tek chamber slides, and the day after, the cells were transiently
transfected with 300 ng of pcDNA3.1/CT-GFP-TOPO PHOX2B
WT or pcDNA3.1/CT-GFP-TOPO PHOX2B+13Ala. The transfec-
tion was performed using Fugene HD transfection reagent (Promega,
USA), and after 6 h the cells were treated with drugs at their proper
concentration.

Forty-eight hours posttransfection, the cells were washed with PBS
1x (Dulbecco’s phosphate-buffered saline, Euroclone, Italy), fixed
with methanol (MeOH)/acetone 1:1 for 5-10 min at room tempera-
ture, and covered with ProLong antifade reagent (Thermo Fisher
Scientific, USA) and DAPI (Roche, Swiss). The PHOX2B subcellular
localization was examined for more than 50 cells using the Zeiss Ax-
iophot fluorescence microscope.

For the PHOX2B subcellular localization experiment in Figure 5A,
40,000 COS-7 cells were plated in 0.8 cm?/well Nunc Lab-Tek
chamber slides. The transfection was performed after 24 h with
pcDNA3.1 PHOX2B WT, pcDNA3.1 PHOX2B+7Ala, and pcDNA3.1
PHOX2B+13Ala using Lipofectamine 2000. After 6 h the cells were
treated with 10 nM SAHA or DMSO as control. The day after, the
cells were washed with PBS 1x; fixed 15 min in 4% paraformalde-
hyde; permeabilized 20 min with 0.1% Triton X-100 in PBS; blocked
45 min in 0.1% Tween 20, 2% BSA in PBS; and incubated 1 h at room
temperature with PHOX2B C-3 primary antibody (Santa Cruz, sc-
376993 X, 1:500). Then they were stained 30 min with the anti-mouse
secondary antibody A488 (abcam, ab150113, 1:1,000). The slides were
covered with ProLong antifade reagent (Thermo Fisher Scientific,
USA) and DAPI (Roche, Swiss) for nuclear staining. Subcellular local-
ization was examined using a Leica SP5 confocal microscope.

To thoroughly investigate the SAHA (10 nM) effects, a subcellular
localization assay was performed on 600,000 cells plated in 60-mm-
diameter dishes (Euroclone, Italy). The cells were transfected and
treated as reported before. Forty-eight hours posttransfection, the
COS-7 cells were washed with PBS, and nuclei were stained with
Hoechst 33342 (Merck, Germany) and analyzed using a three-laser
(405, 488, and 642 nm) ImageStream X Mark IT (Amnis, Cytek, Italy)
with a 20x, 40x, and 60x magnification system. Single-color con-
trols were acquired to create the compensation matrix. Samples
were analyzed using IDEAS software (v.6.2.18, Amnis, USA).

Transcriptional activity assay

One day before transfection, 7.5 x 10°> HeLa cells were plated in 15.6-
mm-diameter dishes in complete medium; co-transfection was per-
formed using Fugene HD transfection reagent (Roche, Italy) with
750 ng of expression plasmids (pcDNA3.1 PHOX2B WT or pcDNA3.1
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PHOX2B+13Ala) and 250 ng of the DBH promoter-reporter plasmid
(pGL3basic-DBH promoter, a kind gift from Prof Diego Fornasari,
Milan, Italy). In particular, the 4xTK-luc construct was obtained by
cloning into the pGL3-basic vector a synthetic double-stranded oligo-
nucleotide containing four copies (three in the right orientation and
one in the opposite orientation) of domain II of the DBH promoter,
upstream of the TK promoter. Seventy nanograms of plasmid RLuc-
SV40, expressing the Renilla luciferase gene, was used as an internal
control. Six hours later, transfected cells were treated with drugs
and assayed, 48 h after transfection, for luciferase activity (Dual-
Luciferase Reporter Assay System, Promega, Italy) using a TD-20/20
luminometer. For the transcriptional activity graph, an inverse trans-
fection was applied on 12,000 HeLa cells plated in white 96 well plates
(Corning, USA). The cells were co-transfected with 50 ng of
pcDNA3.1 PHOX2B WT, pcDNA3.1 PHOX2B+7Ala, or pcDNA3.1
PHOX2B+13Ala; 50 ng of pGL3basic-DBH promoter; and 3 ng of
Rluc-SV40 plasmid using Fugene (Promega). Six hours later, the cells
were treated with 10 nM SAHA or DMSO, and 48 h after the transfec-
tion, luciferase assay was done with the Dual -Luciferase Reporter
Assay System a using Glomax (Promega) instrument.

Animals

All animal procedures were performed in accordance with the Uni-
versity of Bordeaux and European animal care committee’s regulation
(2010/63/UE). Mice were raised and housed in our animal facility
with a 12/12 h dark/light cycle and food and water provided ad libi-
tum. All efforts were made to minimize animal suffering and to
reduce the number of animals used, in accordance with the European
Communities Council Directive.

The Phox2b*"*"/* mouse lineage expressing the most frequent CCHS-
causing expansion of the 20-residue polyAla tract in PHOX2B was
maintained and bred in a homozygous Phox2b>"*!?7414 state.' Mutant
and WT pups were generated by mating conditional Phox2b"4/4/27A%
females with Pgk:Cre males."® Since mutant newborns die rapidly after
birth, all experiments were performed blind on E18.5 embryos of either
sex, and the genotype of each embryo was determined a posteriori on tail
DNA. To ensure that experiments were performed at a specific embry-
onic stage, male and female mice were mated in the same cage for a sin-
gle night. Observation of a vaginal plug the following morning attested
the coupling, and this day was considered to be E0.5.

Isolated brainstem preparations

Pregnant mice were killed by cervical dislocation. E18.5 embryos were
rapidly excised from uterine horns and placed in oxygenated aCSF at
18°C-20°C until dissection. The aCSF solution composition was (all
from Merck, France) 120 mM NaCl, 8 mM KCl, 0.58 mM NaH,PO,,
1.15 mM MgCl,, 1.26 mM CaCl,, 21 mM NaHCO3, and 30 mM
glucose (pH 7.4) and equilibrated with 95% O,-5% CO,. To induce
acidosis, the pH of the bath aCSF was lowered to 7.2 by decreasing
NaHCOj; concentration to 10 mM and adjusting NaCl to 130 mM.

Embryos were decerebrated and decapitated, and ventral tissues were
removed. The brainstem and spinal cord were then carefully
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disassociated from the surrounding tissues, paying attention to keep
ventral cervical motor roots intact for electrophysiological recordings.
Then, the brainstem was completely isolated by a rostral section made
at the mesorhombencephalic limit, and a caudal section was made
below the C4 roots. Isolated brainstem preparations were positioned
ventral side up in the recording chamber and continuously bathed in
circulating oxygenated aCSF at 30°C. A recovery period of 30 min was
respected before starting any recordings.

Electrophysiological recordings of nerve roots

Phrenic nerve ventral root (C4) activity was recorded using a suction
electrode fabricated from glass tubing (Harvard Apparatus GC150F,
Germany) broken at the tip to match the diameter of the recorded
C4 root. The recording pipettes were filled with aCSF solution and
connected to a silver wire to a high gain (AM Systems, USA). Signals
were filtered (bandwidth 3 Hz to 3 kHz), rectified and integrated
(time constant 100 ms; Neurolog, Digitimer, England), recorded,
and analyzed offline on a computer through a Digidata 1440 interface
and PClamp 10 software (Molecular Devices, USA). Fictive respira-
tory activities were continuously monitored for 8 h, allowing drug ef-
fect analysis over a relatively long period that was in accordance with
preparation survival in vitro. Measurements of fictive respiratory fre-
quency in control conditions (pH 7.4) and in response to acidosis
(pH 7.2) were performed at time 0 (T0) and 7 h 30 min (T7h30).
Each recording session was divided into three periods: 15 min control
(pH 7.4), 15 min of acidosis (pH 7.2), and 15 min return to pH 7.4.
Frequency values are given as means + standard error of the mean,
and statistical significance was estimated using two-way ANOVA.
Differences were considered to be statistically significant at p < 0.05.

Pharmacological treatment

SAHA (Merck, St. Louis, USA) was dissolved in DMSO (final concen-
tration of 0.001%) and bath-applied continuously during 8 h at a final
concentration of 1 pM in oxygenated aCSF solution.

Statistical analysis

For the in vitro experiments, we performed Welch’s t test (*p < 0.05,
**p <0.01, **p <0.001, and ***p < 0.0001) to evaluate drug effects on
PHOX2B transcriptional activity (Figure 3). A paired t test (*p < 0.05,
**p < 0.01, **p < 0.001, and ***p < 0.0001) was used to investigate
the nuclear relocalization of PHOX2B after SAHA treatment (Fig-
ures 3, 4, and 5). To evaluate the in vitro toxicity of compounds
and doses to be used for treatments, an unpaired t test was applied
(*p < 0.05, ¥*p < 0.01, **p < 0.001, and ****p < 0.0001).

For ex vivo experiments, values were compared using two-way
ANOVA, followed by a post hoc Sidak’s comparison test; *p < 0.05,
**p < 0.01, ***p < 0.001, and ***p < 0.0001 (Figure 6).
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