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Profiling human hypothalamic neurons reveals a candidate combination drug
therapy for weight loss

Hsiao-Jou Cortina Chen'?* Andrian Yang'**, Simone Mazzaferro'?, Iman Mali'*, Olivier
Cahn', Katherine Kentistou®, Christine Rowley', Natasha Stewart', Jun Wen Eugene Seah’,
Venkat Pisupati’, Peter Kirwan', Sanya Aggarwal', Takafumi Toyohara®, Mary H.C. Florido®,
Chad A. Cowan® Lena Quambusch’, Marko Hyvonen’, Matthew R. Livesey®, John R.B.
Perry'5, John C. Marioni®®, Florian T. Merkle'?%

"Metabolic Research Laboratories, Wellcome Trust MRC Institute of Metabolic Science, University of
Cambridge, Addenbrooke’s Hospital, Cambridge, CB2 0QQ, UK.

2Wellcome—Medical Research Council Cambridge Stem Cell Institute, University of
Cambridge, Cambridge, CB2 0AW, UK.

SEuropean Molecular Biology Laboratory, European Bioinformatics Institute, Wellcome Genome
Campus, Cambridge, CB2 0QQ, UK.

“Victor Phillip Dahdaleh Heart and Lung Research Institute, Royal Papworth Hospital NHS Foundation
Trust, University of Cambridge, CB2 0BB, Cambridge, UK.

SMRC Epidemiology Unit, Institute of Metabolic Science, University of Cambridge, Addenbrooke’s
Hospital, Cambridge, CB2 0QQ, UK.

®Department of Stem Cell and Regenerative Biology, Harvard University, Cambridge, MA 02138, USA.

"Department of Biochemistry, University of Cambridge, Cambridge, CB2 1GA, UK.

8Department of Neuroscience, Sheffield Institute for Translational Neuroscience, University of
Sheffield, Sheffield, S10 2HQ, UK.

*These authors contributed equally

$Address for correspondence: marioni@ebi.ac.uk (J.C.M); fm436@medschl.cam.ac.uk (F.T.M)
Keywords: Pluripotent, hypothalamus, obesity, POMC, GLP1, ALK

Abstract

Obesity substantially increases the risk of type 2 diabetes, cardiovascular disease, and other
diseases, making it a leading preventable cause of death in developed countries. It has a
strong genetic basis, with obesity-associated genetic variants preferentially acting in the
brain. This includes the hypothalamic pro-opiomelanocortin (POMC) neurons that inhibit food
intake and are stimulated by drugs that agonise glucagon-like 1 peptide receptor (GLP1R)
including Semaglutide (Ozempic/Wegovy). We therefore hypothesised that drugs which
selectively activate human POMC neurons would suppress appetite and promote weight
loss, and that focusing on drugs already approved for use would facilitate rapid clinical
translation. We therefore generated POMC neurons from human pluripotent stem cells
(hPSCs) and identified enriched genes that were genetically associated with obesity and
targeted by approved drugs. We found that human POMC neurons are enriched in GLP1R,
reliably activated by Semaglutide, and their responses are further increased by
co-administration of Ceritinib, an FDA-approved drug potently and selectively inhibiting
anaplastic lymphoma kinase (ALK). Ceritinib reduced food intake and body weight in obese
but not lean mice, and upregulated the expression of GLP1R in the mouse hypothalamus
and hPSC-derived human hypothalamic neurons. These studies reveal a new potential
therapeutic strategy for reducing food intake and body weight, and demonstrate the utility of
hPSC-derived hypothalamic neurons for drug discovery.
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Introduction

Obesity affects billions of people worldwide, contributes to millions of excess deaths
each year, and requires more effective treatment (Nyberg et al. 2018). Human genetic
studies and animal models have revealed that obesity is heavily influenced by the brain,
particularly in cell types involved in appetite regulation. Specifically, neurons in the arcuate
nucleus (ARC) of the hypothalamus that produce proopiomelanocortin (POMC) are critical
for normal body weight regulation and suppress appetite by releasing
melanocyte-stimulating hormone (MSH) which binds to the downstream melanocortin 4
receptor (MC4R) (Yeo et al. 2021). Both humans and animals lacking POMC or MC4R
develop hyperphagia and obesity (Y. S. Lee et al. 2006; Challis et al. 2004; Yeo et al. 2003;
Ste Marie et al. 2000) whereas administering MSH or specifically stimulating POMC neurons
using optogenetic or chemogenetic methods reduces food intake and promotes weight loss
(Uner et al. 2019; Mountjoy et al. 2018; Zhan et al. 2013; Aponte, Atasoy, and Sternson
2011; McMinn et al. 2000).

The activity of the POMC neurons is influenced by signals such as the
adipocyte-derived hormone leptin and the gut- and brain-derived hormone glucagon-like
peptide-1 (GLP-1), which affect food intake, energy expenditure, and glucose metabolism
through their corresponding receptors (Jais and Brlining 2022). Drugs approved for use in
humans that selectively activate the GLP-1 receptor (GLP1R), including Liraglutide and
Semaglutide (trade names Ozempic/Wegovy), lower blood glucose levels and promote
weight loss in both animal models and humans (F. Sun et al. 2015; Gabery et al. 2020).
Although the precise human cellular targets and action of GLP1R agonist remain to be fully
elucidated, Liraglutide binds to and activates mouse POMC neurons (Secher et al. 2014).
We therefore hypothesised that drugs which selectively activate human POMC neurons
would suppress appetite and promote weight loss, and that focusing on drugs already
approved for use would facilitate rapid clinical translation. Furthermore, we hypothesised that
drugs targeting POMC neurons might have greater efficacy when combined with existing
GLP1R agonist drugs.

It is challenging to identify such candidate drugs from the existing literature, since
only a limited number have been experimentally tested for their action on POMC neurons in
animal models. While these hypothesis-driven studies are clearly valuable, their throughput
is low, limiting the potential for discovering novel druggable targets that might preferentially
activate POMC neurons. A broader and unbiased approach is to identify genes that are
enriched in POMC neurons and might therefore selectively promote POMC neuron activation
when pharmacologically targeted. While single-cell and single-nucleus RNA sequencing
(scRNASeq, snRNAseq) studies of mouse hypothalamic neurons permit the discovery of
mouse POMC-enriched genes (Steuernagel et al. 2022), the translation of such findings to
humans is notoriously poor due to species-specific functional differences (Hodge et al.
2019). To facilitate clinical translation, gene enrichment studies should ideally be performed
in human POMC neurons. Several groups have published snRNAseq datasets containing
human POMC neurons (W.-K. Huang et al. 2021; Herb et al. 2022; Siletti et al. 2022), but in
aggregate these contain just 183 annotated POMC neurons and a modest number of genes
per cell (<100), making them unsuitable for robust differential expression analysis.

To address this challenge, we improved upon existing protocols (L. Wang et al. 2015;
Merkle et al. 2015) to differentiate human pluripotent stem cells (hPSCs), into hypothalamic
neurons, including POMC neurons. These hPSC-derived POMC (hPOMC) neurons can be
generated at scale and have revealed human-specific aspects of neuropeptide processing
and obesity-associated cellular phenotypes (Kirwan et al. 2018; L. Wang et al. 2019;
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Rajamani et al. 2018). Using scRNAseq, we first established that hPOMC neurons are
transcriptionally similar to their counterparts in the human neonatal hypothalamus (W.-K.
Huang et al. 2021). We then performed genetic association analysis using a recently
described variant to gene mapping approach that leverages large-scale population-based
datasets to identify enriched genes that are associated with childhood and adult human
obesity (Kentistou et al. 2023). Among the candidate genes, we prioritised those that had
drugs approved for use in humans that were likely to cross the blood-brain-barrier for testing
in hPOMC neurons and in mouse models of diet-induced obesity (DIO) to enable their
potentially rapid clinical translation.

Specifically, we identified and focused on anaplastic lymphoma kinase (ALK) which is
predominantly expressed in the brain and has been associated with cancer and body weight
regulation when aberrantly activated or functionally perturbed (Orthofer et al. 2020; Soda et
al. 2007). ALK is a receptor tyrosine kinase in the insulin receptor superfamily (Morris et al.
1997) and its activation triggers the same signal transduction pathways (JAK/STATS,
PI3K/AKT, RAS/MAPK) utilised by the insulin, leptin, and GLP1R, providing opportunities for
signal integration. We found that the potent, selective, and FDA-approved small molecule
ALK inhibitor Ceritinib potently reduced body weight in DIO mice, but not in lean mice.
Co-administration of Semaglutide resulted in even greater weight loss, and Ceritinib
treatment consistently upregulated the expression of GLP1R in the mouse hypothalamus as
well as in hPSC-derived hypothalamic neurons, which showed potentiated responses to
Semaglutide. Together, these findings suggest potential functional interaction between the
ALK and GLP1R pathways and raise the intriguing possibility of combinatorial therapeutic
strategy for the treatment of human obesity. This study also establishes hPSC-derived
hypothalamic neurons as a powerful platform for anti-obesity drug discovery.

Results
Generation of human hypothalamic neurons across multiple genetic backgrounds and
culture conditions

Our aim was to identify obesity-associated genes that are differentially expressed in
hPOMC-expressing neurons and are targets of known drugs which could potentially be
repurposed to treat obesity (Fig. 1A). To this end, we differentiated six different hPSC lines
(HUES9-POMC-GFP, KOLF2.1J, NN0003932, NN0004297, NCRM5, and PGP1, Table S1)
into hypothalamic neurons as previously described (L. Wang et al. 2015; Merkle et al. 2015;
H.-J. C. Chen et al. 2023; Kirwan, Jura, and Merkle 2017) (Fig. 1B, S1A). To enhance
neuronal maturation and test the robustness of our findings under different environmental
conditions, we cultured them in four different maturation conditions including standard
N2B27-based medium alone or with primary mouse cortical astrocytes (NB, NBA), as well as
Synaptojuice medium alone or with astrocytes (SJ, SJA) (Fig. 1B). To enable hPSC-POMC
neurons to be functionally studied, we used CRISPR/Cas9 genome editing to insert the T2A
ribosomal skipping sequence followed by a green fluorescent protein (GFP) into the stop
codon of the endogenous human POMC gene in the HUES9 embryonic stem cell line to
create a knock-in reporter that faithfully expresses GFP in POMC neurons (Fig. 1C, S1B-G).
Upon immunostaining these hPSC-derived hypothalamic cultures on Day 35 + 2, we
observed cells with neuronal morphology that were strongly immunopositive for a
POMC-specific antigen and co-expressed the neuron-enriched gene microtubule-associated
protein 2 (MAP2) (Fig. 1D). In all tested cell lines, we found that the percentage of MAP2
immunopositive cells that were also immunopositive for POMC was significantly higher in
both the SJ and SJA conditions than in NB (Fig. 1E). Together, we found that hPOMC
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neurons were generated across all cell lines and culture conditions, in some cases at up to
45% efficiency (Fig. 1E). At the time of analysis, GFAP immunopositive cells only made up a
small fraction of all culture cells (Fig. S1H), and we did not observe significant effects of
astrocyte co-culture on the fraction of POMC immunopositive cells.

Since the intrinsic excitability of POMC neurons changes over the course of their
maturation (Roberts et al. 2019), we used patch-clamp electrophysiology to study the
intrinsic membrane properties of GFP* hPOMC neurons to assess their maturation level.
Excitability was assessed by the ability of GFP* hPOMC neurons to fire action potentials in
response to depolarising current injection. Cells cultured in SJ and SJA fired more action
potentials in response to current injection (Fig. 1F & 1G), as expected from functionally more
matured neurons. Furthermore, SJ and SJA neurons displayed more hyperpolarised resting
membrane potentials, decreased input resistance (p<0.001) and increased whole cell
capacitance (p<0.001; Fig. 1H-J) in comparison to NB-cultured neurons, which broadly
correspond to values observed in postnatal POMC neurons (Roberts et al. 2019). These
data demonstrate that SJ and SJA cultures are electrophysiologically more mature, which
together with the increased efficiency of hPOMC neuron generation, prompted us to select
these conditions for further study.

Single-cell characterisation of in vitro-generated hypothalamic cultures

Since hypothalamic directed differentiation from hPSCs gives rise to heterogeneous
cell populations (W.-K. Huang et al. 2021; Merkle et al. 2015), we sequenced single cells to
catalogue the cell types present in 40 + 2 day old cultures produced from six cell lines and
four growth conditions (Fig. S2A). After quality control, genetic demultiplexing, and doublet
removal, we retained 152,356 high-quality cells from 17 distinct single-cell cDNA libraries
(Fig. S2B). We next analysed all cells and found that cell line PGP1 acted as an outlier by
generating relatively few neurons, so we removed it from the dataset (Fig. S2C-E). After
Louvain clustering and further quality control of the resulting dataset, we found that all cell
lines contributed to similar cell clusters (Fig. S2F). Patterns of gene expression were
consistent with the predominantly ventral and anterior hypothalamic identity of hPSC-derived
cells, as suggested by the expression (UMI > 1) of the transcription factor (TF) NKX2.1
and/or SIX3 in a majority (124,046/142,099, 87.30%) of hPSC-derived cells, less abundant
expression of the telencephalon-enriched TF FOXG1 (16,475/142,099, 11.59%), and rare
expression of FOXB1, IRX3, or PITX2 (4,172/142,099, 2.94%) that are enriched in the
caudal hypothalamus and more posterior brain structures. We observed a higher proportion
of neuron generation in cells matured in SJ than in NB based on cell clusters that expressed
high levels of STMN2 and TUBB3 (TUJ1) and relatively low levels of nestin (NES) (Fig.
2A-D). We further found a higher proportion of neurons in cultures matured in SJ than in NB,
whereas the effects of astrocyte co-culture were modest (Fig. S2G). We therefore separated
our single-cell data based on the maturation media used (e.g. NB and NBA or SJ and SJA)
and re-analysed them separately to better characterise the hypothalamic cell types
generated (Fig. 2).

Molecular identity of other hPSC-derived cell clusters

To gain insight into the identity of cells within each cluster, we used a combination of
unbiased differential gene expression between clusters and manual annotation with genes
indicative of hypothalamic development and cell identity. Our analysis revealed 15 clusters of
distinct cell types cultured in NB and 12 such clusters in the SJ matured cells (Fig. 2A-D, Fig.
S3A-B), which had likely counterparts in vivo based on their expression of regionally
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enriched TFs and/or genes enriched in radial glia, tanycytes, or ependymal cells (Kim et al.
2020; Bedont, Newman, and Blackshaw 2015; Alvarez-Bolado, Grinevich, and Puelles 2015;
Ma et al. 2021). In the NB condition, seven cell clusters were neuronal and three were likely
GABAergic given their expression of the GABA transporter SLC32A1 and DLX2 (Fig. 2A,
green and blue shading, respectively) (Lindtner et al. 2019). One cell cluster was highly
enriched for POMC and ISL1, suggesting a POMC neuron and hypothalamic arcuate
nucleus (ARC) identity (B. Lee et al. 2016) (Fig. 2A,B, S3A). A second cluster was enriched
in NR5A1(SF1) and PRDM12 indicative of an ARC and ventromedial hypothalamus (VMH)
identity, as was a third VMH-like cell cluster enriched in FEZF1 and SOX14 (Kurrasch et al.
2007). Cells from a fourth cluster were enriched in OTP, SST and LHX9 suggesting an
identity of the ventrolateral anterior hypothalamus (vIAH) and/or intra-hypothalamic diagonal
(ID) (Shimogori et al. 2010). Among the GABAergic neuron clusters, the fifth cluster was
enriched in HMX2/3, GSX1, and ISL1 which are co-expressed in the preoptic area (POA)
(Gelman et al. 2009; W. Wang et al. 2004), and the sixth was enriched in LHX1, LHX8, ARX,
and UNCX suggesting a suprachiasmatic nucleus (SCN)/dorsolateral anterior hypothalamus
(dIAH), and/or ID identity (Shimogori et al. 2010; Bedont et al. 2014), and the seventh cluster
was enriched in FOXG1, DLX2, and SST and likely corresponded to the medial and lateral
ganglionic eminences (MGE/LGE) of the ventral forebrain (Hu et al. 2017). The eighth
cluster contained ASCL7-enriched neuroblast-like cells (Guillemot et al. 1993), and all
remaining clusters were enriched in NES and VIM, indicating their likely progenitor or glial
identity (Guillemot et al. 1993; Lendahl, Zimmerman, and McKay 1990). Indeed, one cluster
was highly enriched for the proliferation-associated genes MKI67 and TOP2A, suggesting
ongoing cell division among these radial glial-like progenitors. Other non-neuronal clusters
were enriched in markers associated with different tanycyte populations including HES5 and
FRZB (p-tanycyte), LHX2 and FOXD1 (ventral-anterior hypothalamus (vAH) tanycyte-like),
SPARCL1 (tanycyte-like), RAX, SLCO1C1, and COL25A1 (p-tanycyte) (R. Chen et al. 2017,
Newman et al. 2018; Miranda-Angulo et al. 2014; Prevot et al. 2018; Sullivan, Potthoff, and
Flippo 2022). Finally, one small cell cluster appeared to consist of oligodendrocyte-like cells
enriched in S100B, FOXD3, SOX10, and MPZ (Elmentaite et al. 2021), whereas cells in the
final cluster resembled ependymal cells due to the enrichment in FOXA1, FOXJ1, and AQP4
but relative absence of GFAP (MacDonald et al. 2021; Czerny et al. 2022).

SJ-matured cultures contained many similar clusters (Fig. 2C,D, S3B), but had a
higher percentage of neurons distributed among seven cell clusters (Fig. 2A,C), of which one
was again highly enriched in POMC and ISL1 corresponding to POMC neurons of the ARC
(Fig. 2D). Based on patterns of enriched gene expression as described above, the remaining
neuronal clusters likely correspond to the VMH (SOX74 and FEZF1), the vlIAH (OTP and
SST, along with ARX and NKX2.2), the SCN and dorsolateral anterior hypothalamus (dIAH),
(LHX1 and LHXS8, along with LHX5, LHX9, SIM1, and UNCX), and a ONECUT3 and
SLC17A6 enriched cell population that has been mapped to paraventricular nucleus (PVN)
of the dIVH, as well as to the lateral hypothalamus, zona incerta, and the mediolateral zone
(Zupandi¢ et al. 2023). Although under SJ conditions there were fewer cycling cells than in
NB, some MKI67 and TOP2A expressing cells persisted, as did radial glial-like cells of the
VAH (FOXD1, NKX2-2, ASCL1, and DLL1), tanycyte-like cells of the vAH (SPARC, HESS,
OTX2, and RAX), and a distinct population of ependymal-like cells (FOXA1, FOXJ1, and
AQP4) (Fig. 2C,D, S3B). Together, these data suggest that our differentiation protocol
predominantly generated anterior and ventral hypothalamic nuclei such as the ARC, VMH,
and adjacent structures.
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hPSC-derived POMC neurons resemble their counterparts in the human brain

To determine how closely hPOMC neurons resemble their counterparts in vivo, we
compared single-cell transcriptomes of neurons matured in either NB or SJ media to
single-nucleus transcriptomes of human neonatal ARC neurons including primary POMC
neurons (neonatal pPOMC) (W.-K. Huang et al. 2021). We found that these datasets
integrated readily and that neonatal pPOMC neurons clearly overlapped with the
predominant cluster of hPOMC neurons regardless of their genetic background or the culture
conditions in which they were grown (Fig. 2E,F). Other primary neonatal ARC cell types also
overlapped to some extent with hPSC-derived hypothalamic cells, including neonatal SST
and AGRP/NPY neurons. To quantify and confirm these observations, we transferred labels
from primary ARC neurons onto hPSC-derived hypothalamic neurons and found that
hPOMC neurons were predominantly assigned the primary neonatal ‘POMC’ label (Fig.
S3C,D). Together, these results suggest that hPOMC neurons generated in vitro have a
similar molecular identity to bona fide human POMC neurons.

Identification of druggable candidate genes targeting human POMC neurons

To identify genes enriched in POMC neurons that might facilitate their preferential
activation, we analysed hPSC-derived hypothalamic cultures matured in SJ and found they
contained 22,892 hPOMC neurons, each containing an average of ~22,714 unique
molecular identifiers (UMIs) and ~5,827 genes per cell (Fig. 2C, Fig. S3B). These figures
compare favourably to the ~449 UMIs and ~79 genes per cell seen across 183 annotated
POMC neurons in three published studies with primary human samples (W.-K. Huang et al.
2021; Herb et al. 2022; Siletti et al. 2022). We therefore split our dataset into hPOMC or
non-POMC neurons, and pseudo-bulked the cells within each of these groups for each cell
line or experimental replicate for differential expression analysis. Overall, we compared
18,921 genes expressed in the 22,892 hPOMC neurons to those expressed in the 35,643
non-POMC human neurons derived in parallel from the same cultures, and identified 575
genes that were significantly (log2(fold-change) > 0.5 and FDR < 0.05) enriched in hPOMC
neurons, including genes such as GLP1R with known relevance to body weight regulation.
(Fig. 3A, Table S2A).

Given the central role that POMC neurons play in body weight regulation, we next
asked which of our identified hPOMC-enriched genes have human genetic support for a
direct involvement in obesity. Specifically, we employed a recently developed ‘GWAS to
Genes’ pipeline (Kentistou et al. 2023) that prioritises candidate causal genes proximal to
GWAS association signals. We ran this on a GWAS meta-analysis (up to N=806,834) for
adult BMI (Yengo et al. 2018), in addition to a measure of recalled childhood body size
(N=444,345) in UK Biobank (Bycroft et al. 2018) which has previously been validated against
objectively measured childhood BMI (Felix et al. 2016). Using these data, we found that 109
and 36 of the differentially expressed genes were proximal (+500 kb) to genome-wide
significant signals for adult BMI and childhood body size, respectively (Table S2C). Many of
these associated genetic variants were linked to candidate genes through multiple lines of
evidence. For example, ADAM23 and TRIM47 are both the nearest genes to variants
associated with adult BMI, which reside within enhancers and influence expression of these
genes.

Next, we hypothesised that targeting some of these candidate genes by repurposing
drugs approved for human use might selectively activate POMC neurons to promote weight
loss and provide a rapid path to the clinic. We therefore searched the Pharos and Open
Targets databases of drugs in clinical trials or already approved for use in humans by the
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FDA. Among the 575 genes enriched in SJ-matured hPOMC neurons 43 were present in
Pharos, 49 were in Open Targets, and 13 were also genetically associated with obesity (Fig.
3C, Table S2C). Eleven of these genes (85%) replicated when we repeated the analysis with
NB-matured cells (Fig. S3C, Table S2D). We then manually reviewed the literature to identify
genes that were enriched in the brain and/or hypothalamus, had experimental evidence
supporting their role in body weight regulation, and were targeted by drugs predicted to
cross the blood-brain barrier (BBB) to directly act on their central targets. Based on our
manual curation, we selected anaplastic lymphoma kinase (ALK), NAD(P)H dehydrogenase
1 (NQOT1), hypocretin receptor type 2 (HCRTRZ2), and cholinergic receptor nicotinic alpha 4
subunit (CHRNAA4) for further study.

In addition to these genes, we also prioritised GLP1R for functional testing in vitro
and in vivo for several reasons: it is enriched in hPOMC neurons (Table S2A), genetically
associated with childhood BMI (Helgeland et al. 2022), and is also the target of drugs such
as Semaglutide (a.k.a. Wegovy, Ozempic, Rybelsus). These drugs mimic the incretin
hormone GLP-1, and are rapidly growing in popularity for the treatment of T2D and obesity
(Drucker 2018). They act in part by stimulating neuron populations that reduce food intake,
including hindbrain neurons and hypothalamic POMC neurons (Secher et al. 2014;
Burmeister et al. 2017). Furthermore, the combined activation of GLP1R and other
receptors, such as the gastric inhibitory polypeptide receptor (GIPR) and/or the glucagon
receptor (GCGR), can produce an even greater reduction in appetite and food intake (Mdller
et al. 2022), suggesting that they could form the basis of other effective combinatorial
therapies targeting hPOMC neurons.

Functional confirmation of GLP1R and ALK activity in hPOMC neurons

Of the genes we had identified, we were particularly interested in ALK, a receptor
tyrosine kinase in the insulin receptor superfamily that is predominantly expressed in the
brain (Iwahara et al. 1997; Morris et al. 1997; Vernersson et al. 2006) and is activated by the
endogenous peptide ligand ALKAL2 (Bilsland et al. 2008; Guan et al. 2015; Reshetnyak et
al. 2021). Its kinase domain is homologous to that of the insulin receptor and its activation
leads to signal transduction via PI3K-AKT, JAK-STAT, and RAS/MAPK pathways (Palmer et
al. 2009; Zamo et al. 2002). The genetic fusion of ALK with other proteins can lead to its
unregulated activation to promote the emergence of non small-cell lung cancer and other
cancer types (Hallberg and Palmer 2016), whereas its loss of function in flies and mice
confers resistance to diet-induced obesity (Orthofer et al. 2020). ALK knockout has not been
reported to adversely affect development, behaviour, or cognitive function (Bilsland et al.
2008), and may extend lifespan in flies (Woodling et al. 2020), suggesting its long-term
inhibition would not be detrimental. Specifically, the drug Ceritinib (a.k.a. Zykadia) is a potent
(ICs 0.2 nM) and selective second-generation inhibitor of ALK’s kinase domain (Marsilje et
al. 2013; Mok et al. 2017) that is able to cross the blood brain barrier (BBB) (Chow et al.
2022; Shaw et al. 2014; Kort et al. 2015)
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To test whether GLP1R and ALK receptors are functional in hPSC-derived
hypothalamic neurons, we exposed 40 * 4 day-old cultures to agonists of these receptors
and used calcium imaging to measure their responses. We found significantly increased
(p<0.001) relative fluorescence (AF/F) in hPSC-hypothalamic neurons after incubation with
200 nM of Semaglutide for 2 minutes, indicative of an increased intracellular Ca*
concentration (Fig. 3D-F). To stimulate ALK, we synthesised its endogenous ligand, the
peptide ALK And LTK Ligand 2 (ALKALZ2). After exposing hypothalamic cultures to 300 nM of
purified ALKALZ2 for 5 minutes, we again observed significantly increased (p<0.001) relative
fluorescence in recorded cells (Fig. 3G-l). Together, these findings indicate that
hPSC-derived hypothalamic neurons express both GLP1R and ALK and respond to their
respective agonists.

The ALK inhibitor drug Ceritinib reduces body weight selectively in obese mice

Since constitutive knockout mice of both ALK and and its ligand ALKAL2 (Augmentor
a) exhibited similar thinness phenotype and resistance to DIO (Orthofer et al. 2020; Ahmed
et al. 2022), we hypothesised that pharmacological inhibition of ALK with the potent
FDA-approved drug Ceritinib would also reduce body weight in a mouse model of DIO. To
test this hypothesis, we fed mice for 1 week with either a 60% high fat diet-fed (HFD) or a
nutritionally and fibre-matched control diet (CD), and then intraperitoneally injected them with
a single dose of vehicle (Veh; dimethyl sulfoxide, DMSQO) or Ceritinib (Cer, 10 mg/kg) (Fig.
4A). This dose of Cer is similar to that given to cancer patients (~6 mg/kg/day) (Dhillon and
Clark 2014). We found that CD-fed mice showed a similar and expected increase in body
weight over 24 hours regardless of the injection group they were randomly assigned to (Fig.
4B). In mice fed with HFD, we observed that Veh-treated mice also gained weight over 24
hours whereas Cer-treated mice lost 2.5 + 0.63% of their body weight and significantly
diverged (p<0.01) from the Veh group (Fig. 4B). These results suggest that Ceritinib acts
specifically on energy balance, since non-specific side effects such as nausea or malaise
should reduce body weight in both HFD and CD groups.

Ceritinib and Semaglutide reduce body weight and fat mass in DIO mice

To measure how extended treatment of Ceritinib affects body weight and to test for
potential interactions between Ceritinib and Semaglutide, we generated DIO mice by feeding
them for 4 weeks of 60% HFD, and maintained them on this diet while injecting them with
candidate drugs every 48 hours for 2 weeks (Fig. 4C). We randomly allocated mice into
groups and injected them with either Veh (DMSO), Cer (10 mg/kg), Semaglutide (Sem; 40
Ma/kg), or a combination of Ceritinib and Semaglutide (Com). Mice in the Veh group gained
5.92 + 0.6% in body weight at D13 compared to D1 (Fig. 4D), whereas Sem mice lost 4.34 +
0.8% of their body weight during the same period. Strikingly, the Cer or Com groups lost
12.11 £ 1.28% or 17.28 + 1.52% of their body weight over this period, respectively. When
considering body weights measured at D13 and normalised to D1, drug treatment groups of
Sem (95.67 + 0.8%), Cer (87.90 + 1.28%), and Com (82.72 + 1.52%) were all significantly
different (p<0.001) from the Veh group (105.92 £+ 0.60%). Glucose tolerance tests (GTT)
performed at the end of the 2 week treatment revealed that these reductions in body weight
were accompanied by a marked improvement in glucose tolerance in all drug-treated groups
at 30 (Veh vs Sem, p<0.05; Veh vs Cer, p<0.01; Veh vs Com, p<0.05), 60 (p<0.01), and 90
(Veh vs Sem, p<0.05; Veh vs Cer, p<0.01; Veh vs Com, p<0.05) minutes when compared to
vehicle controls (Fig. 4E). In contrast, when we injected drugs targeting other candidate
genes (Fig. 3C) including NAD(P)H quinone dehydrogenase 1 (NQO7), hypocretin receptor
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type 2 (HCRTRZ2), and cholinergic receptor nicotinic alpha 4 subunit (CHRNA4) in DIO mice,
we did not observe a significant reduction in body weight (Fig. S5)

To test how body composition was affected by drug treatment, we performed Echo
MRI and found that fat mass was significantly reduced in Sem (p<0.01), Cer (p<0.001), and
Com (p<0.001) groups (Fig. 4F). Lean mass was also reduced to a smaller extent (Fig. 4G)
as reported in previous studies with Semaglutide-treated DIO mice (Martins et al., 2022) or
ALK knockout mice (Orthofer et al. 2020). To corroborate these studies, we measured
plasma leptin concentrations after 2 weeks of drug treatment and found it was significantly
reduced in the Cer (p<0.01) and Com (p<0.001) groups, likely due to decreased fat mass
(Fig. 4H). Furthermore, Cer and Com treated mice had significantly reduced levels of plasma
cholesterol (p<0.001 and p<0.05, respectively. Fig. 4l), consistent with reported genetic
variants at the ALK locus are associated with plasma cholesterol concentrations (Orthofer et
al. 2020). Together, these results suggest that pharmacological Alk inhibition dramatically
reduces body weight and fat mass, particularly when combined with GLP1R stimulation.

Ceritinib does not primarily act by non-specific toxicity

While our acute injection studies (Fig. 4B) suggested that Ceritinib did not induce
weight loss due to acute nausea or toxicity 24 hours after injection, we wondered if long-term
exposure might lead to tissue damage, toxicity, or off-target effects that might contribute to
the observed weight loss. We therefore injected animals for 2 weeks and collected plasma
from animals 2 hours after the final drug injection to capture both acute and chronic
responses to drug administration. We first tested for changes in the circulating levels of
c-reactive protein (CRP), a sensitive marker of stress and inflammation, and did not observe
significant elevation of CRP in any group relative to vehicle-treated controls (Fig. 4J). Next,
we tested for elevation in the circulating levels of growth differentiation factor 15 (GDF-15)
which is secreted from many tissues upon activation of the cellular integrated stress
response (Patel et al., 2019) and found that levels were moderately elevated (p<0.05) in
mice treated with Cer, but not Com (Fig. 4K). This finding prompted us to test for liver
function, since some human patients receiving Ceritinib have elevated levels of the liver
enzymes alanine aminotransferase (ALT) and aspartate aminotransferase (AST) (Cooper et
al., 2015, Duarte et al.,, 2021). While we failed to detect significant differences in AST
concentrations across treatment groups (Fig. 4L), there was a modest but significant
increase (p<0.05) in the levels of ALT in mice treated with Cer but not Com (Fig. 4M),
mirroring results with GDF-15 (Fig. 4K). Together, these results suggest that a low level of
liver toxicity accompanies treatment with Ceritinib, but since the effect is modest and is
abolished by co-administration with Semaglutide it cannot explain the dramatic reduction in
body weight that is observed (Fig. 4D).

Ceritinib reduces food intake, but has no effect on energy expenditure

Having ruled out toxicity as the major driver of weight loss, we wondered what
mechanisms might be responsible. Metabolic phenotyping studies in mice deficient in Alk
throughout development suggested that their resistance to DIO was due to increased energy
expenditure but not reduced food intake (Orthofer et al. 2020). To test if acute inhibition of
Alk by Ceritinib would have a similar effect, we individually housed DIO mice in Promethion
metabolic cages to monitor continuous food intake, energy expenditure, and body weight. In
these cages, we injected mice daily with Veh, Sem, Cer, or Com for 5 days (Fig. 4N), and
observed a similar trajectory of body weight loss (Fig. 40) as seen previously (Fig. 4D).
Relative to the body weights of Veh-treated mice at D5, we observed a significant weight
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reduction in mice treated with Sem (11.90 + 0.69%; p<0.001), Cer (13.70 + 1.86%; p<0.001),
and Com (13.53 + 1.38%; p<0001).

Unexpectedly, indirect calorimetry revealed no significant differences in energy
expenditure between any of the treatment groups, regardless of whether we tested for these
effects by ANCOVA (Fig. 4P) or normalisation to body weight (Fig. 4Q). However a similar
analysis revealed a significant decrease in cumulative food intake in mice treated with Sem
(p<0.01), Cer (p<0.001), or Com (p<0.001) (Fig. 4R,S). These effects were dramatic: the
food intake of mice treated with Cer or Com was only about a third of Veh controls. These
results were consistent across two independent cohorts, and suggest that Ceritinib treatment
induces weight loss by suppressing food intake rather than by affecting energy expenditure.

Ceritinib’s effects on gene expression in white adipose tissue

Since Ceritinib treatment was associated with significantly reduced fat mass, we
asked what transcriptional changes are seen in white adipose tissue (WAT), which was
reported to have an upregulated lipolysis program in Alk-deficient mice (Orthofer et al. 2020).
We therefore examined epididymal WAT (eWAT) from mice treated for 5 days with Veh,
Sem, Cer, or Com by RT-gPCR and observed that Cer (p<0.001) and Com (p<0.01)
significantly reduced the mRNA expression of peroxisome proliferator-activated receptor y
(Pparg), a master regulator of adipogenesis and lipid storage (Fig. 5A). Treatment with Cer
also significantly downregulated the mRNAs of CCAAT enhancer binding protein a (Cebpa)
and perilipin 1 (Plin1). These genes play key roles in adipocyte maturation, triglycerides
synthesis, and lipid storage (Z. Sun et al. 2013; Zhang et al. 2018). Furthermore, following 5
days of drug treatment, adiponectin (Adipoq) was downregulated in the Sem (p<0.05), Cer
(p<0.001), and Com (p<0.01) groups, possibly as a consequence of Pparg and Cebpa
downregulation (Qiao et al. 2011). Consistent with the reduction of circulating leptin levels
(Fig. 4H), we also found a significant downregulation of Lep mRNA in mice treated with Sem
(p<0.05), Cer (p<0.001), and Com (p<0.001). Alk-deficient mice fed either a control or HFD
were reported to upregulate genes involved in fatty acid oxidation including Pgc1a, Pdk4,
and Acox1 in eWAT (Orthofer et al. 2020). In mice treated with Cer for 5 days, we found a
significant upregulation of Pdk4 (p<0.01) mRNA expression, but Pgc7a and Acox1 were not
significantly changed in eWAT. Together, these results are consistent with the actively
reducing fat mass observed in Ceritinib-treated mice, but these are unlikely to drive the
observed reduction in food intake.

Ceritinib does not appear to potentiate melanocortin signalling

We reasoned that ALK likely acts on the hypothalamus to regulate food intake since
it was enriched in hPOMC neurons and earlier studies implicated some of its action in the
hypothalamus (Orthofer et al. 2020; Ahmed et al. 2022). Specifically, we hypothesise that the
observed reduction in food intake might be due to melanocortin signalling, which could be
achieved by the increased expression of Pomc or its receptor Mc4r, or the decreased
expression of the endogenous MC4R antagonist Agrp, at the gene or peptide levels. We
therefore first tested the effects of 24 hour treatment with Veh or Cer on hypothalamic gene
expression in a cohort of DIO mice and observed no significant changes in any of these
genes, although there was a trend toward increased Pomc expression (Fig. 5B). Next, we
examined the effects of drug treatment for 5 days on gene expression in the hypothalamus
of DIO mice. We observed a significant downregulation of Pomc mRNA in the Sem (p<0.05),
Cer (p<0.001), and Com (p<0.001) groups while conversely a significant upregulation of
Agrp (p<0.05) in the Cer group (Fig. 5C). These results may suggest a homeostatic
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response to negative energy balance. We also observed an upregulation of Mc4r in the Cer
(p<0.01) and Com (p<0.05) groups (Fig. 5C). Since gene expression may not reflect relevant
changes seen at the protein level, we performed targeted quantitative peptidomics for
candidate neuropeptides involved in hypothalamic appetite regulation, but did not observe
significant differences in the POMC-derived peptides a-MSH or in Agrp (Fig. 5D). Overall,
these results do not support our hypothesis that Alk inhibition increases melanocortin tone
and suggest a different mechanism of action.

Ceritinib upregulates hypothalamic Pi3k/Akt signalling

To identify Ceritinib’s potential mechanisms of action, we performed bulk RNA
sequencing of the hypothalamus from mice treated for 5 days with Veh, Sem, Cer, or Com.
We identified 246 significantly upregulated and 132 downregulated genes (absolute
log2(fold-change) > 0.5 and FDR < 0.05) in the hypothalamus in Cer vs Veh, and similarly
found 308 significantly upregulated and 159 downregulated genes when comparing Com
and Veh (Fig. 5E). Many of these differentially expressed genes were shared between Cer
and Com groups, suggesting that Ceritinb treatment drove most of the observed gene
expression changes (Table S3A,B). Gene ontology (GO) analysis did not suggest
enrichment in pathways indicative of non-specific toxicity or stress, but instead revealed that
the Pi3k/Akt/Mtor signalling pathway was significantly upregulated (analytical adjusted
p-value < 0.05) in both the Cer and Com groups (Fig. 5F) and that cholesterol biosynthesis
and metabolism were significantly downregulated in the Cer group (Table S3C,D). Since Alk
signals via the Pi3k/Akt pathway and Ceritinib inhibits Alk signalling, these results seem
paradoxical. However, since Alk shares signal transduction pathways including Pi3k/Akt with
several other metabolically important receptors expressed in the same cell types, such as
the insulin receptor (Insr), leptin receptor (Lepr), Mc4r, or Glp1r, we hypothesised that
inhibiting Alk signalling might potentiate signalling via these receptors.

Ceritinib potentiates GLP1R signalling in vivo and in vitro

To test this hypothesis, we first asked whether administration of Ceritinib for 24 hours
could alter the expression of candidate receptors in vivo. In the mouse hypothalamus, the
expression of Insr and Lepr mMRNAs were unchanged, but we observed a significant increase
(p<0.01) in GIp1r (Fig. 6A). This significant increase in hypothalamic Glp7r expression was
maintained in mice treated for 5 days with Cer (p<0.01) (Fig. 6B). Additionally, we also
observed an increase in Lepr mRNA in the Cer and Com (p<0.01) groups while no change
was detected for Insr. To test whether these effects could be replicated in human
hypothalamic cells, we treated them with Ceritinib for 24 hours (Fig. 6C) and found a
significant upregulation of INSR (p<0.001), LEPR (p<0.01) and in particular GLP1R (p<0.01)
whose mMRNA expression levels were nearly tripled (Fig. 6D). We therefore hypothesised
that the increased expression of GLP1R upon Ceritinib treatment might render cultures more
sensitive to subsequent administration of Semaglutide. To investigate this, we incubated
cultures of hypothalamic neurons with Cer or Veh for 24 hours, and used calcium imaging to
test their responses to 200 nM Semaglutide (Fig. 6C). We found that changes in intracellular
calcium concentrations (AF/F) in response to Sem were significantly (p<0.05) potentiated by
pre-treatment with Cer, as determined by taking the mean area under the curve (AUC) after
Sem administration (Fig. 6E,F). These results were consistent across three replicate
experiments, and suggest that the Ceritinib-induced increase in GLP1R expression observed
across both mice and human cells potentiates responses to endogenous GLP-1 and
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contributes to its suppression of food intake in DIO mice and the additive effects observed
with combined drug treatment.

Discussion
Given the central role of POMC neurons in regulating food intake, we hypothesised

that targeting genes enriched in this cell population would regulate their activity and might
reveal new pharmacological strategies for treating obesity. We tested this hypothesis in
hPSC-derived POMC neurons and identified 13 candidate genes targeted by drugs
approved for use in humans, including ALK. We found that treatment with the potent and
selective ALK inhibitor Ceritinib dramatically reduced food intake and body weight in mice.
Here, we discuss the insights gleaned from our experimental model system and the clinical
implications of our findings.

Using scRNAseq of hypothalamic cultures generated from five genetically distinct hPSC
cell lines and grown under four different media conditions, we showed robust differentiation
of these to predominantly anterior ventral hypothalamic cell types that transcriptionally
resembled primary neonatal hypothalamic cells, including POMC neurons. We also
observed the production of ependymal-like cells and tanycyte-like cells, including cell
clusters enriched in markers indicative of beta-tanycytes that line the ventral walls of the
third ventricle and are thought to play important roles in the trafficking of leptin and other
factors across the BBB (Balland et al. 2014). Future studies of these hPSC-derived cells
may shed light on these transport mechanisms and reveal how tanycytes functionally
interact with other hypothalamic neuron populations. Overall, the transcriptional similarity of
hPSC-derived and neonatal human POMC neurons suggested that our model system might
reveal insights into obesity mechanisms when integrated with human genetic data.

We found that hPOMC neurons were enriched in GLP1R and robustly responded to
the GLP1R agonist Semaglutide. We also explored ALK signalling in hPOMC neurons and
found that acute administration of its agonist ALKAL2 leads to a rapid increase in
intracellular calcium concentration that is likely mediated at least in part by PI3K signalling,
whereas longer-term administration with the ALK inhibitor Ceritinib upregulated the
PIBK/AKT pathway. We propose that these longer-term effects are due at least in part to the
transcriptional upregulation of genes such as GLP1R that we consistently observed both in
vitro and in vivo, and whose protein products signal via the PI3K pathway.

We found that Ceritinib-induced weight loss was associated with decreased food
intake but unchanged energy expenditure, whereas mice constitutively lacking Alk were
reported to have unaltered food intake and increased energy expenditure (Orthofer et al.
2020). Since Alk plays roles in both brain development and adult function, we propose that
this discrepancy may be explained by the altered development of Alk” mice and/or the
activation of compensatory pathways that are not engaged upon the acute inhibition of Alk in
the adult brain. It is unlikely that the effects of Ceritinib administration can be explained by
non-specific toxicity or nausea for several reasons. First, these factors should cause reduced
food intake and body weight in both lean and DIO mice, but lean mice treated with Ceritinib
gained weight at the same rate as vehicle-treated controls. Second, we did not observe
elevations in the stress marker CRP, or observe transcriptional signatures of stress in the
brains of mice in any treatment group, which instead suggested alterations in the signalling
pathways engaged by Alk. Third, although plasma concentrations of GDF15 and ALT were
moderately but significantly elevated in mice treated with Ceritinib alone, co-administration of
Semaglutide completely normalised them to levels seen in vehicle-treated mice despite an
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even greater reduction in mouse body weight. We speculate that the ability of semaglutide to
reduce markers of liver toxicity may prove beneficial to cancer patients taking Ceritinib.

In our view, it is premature to suggest that Ceritinib or other ALK inhibitors could be a
safe and effective treatment for metabolic disease in humans, but if animal studies suggest
that the drug side effects can be mitigated, then the long-term inhibition of Alk signalling
could be benign. Alk knockout mice are fertile, have no obvious developmental or cognitive
defects, and show elevated hippocampal neurogenesis and improved performance in stress
and memory tests (Bilsland et al. 2008). Furthermore, female fruit flies lacking Alk signalling
live longer with preserved locomotor function and are relatively resistant to stress (Woodling
et al. 2020). Overall, our studies have shown that hPSC-derived hypothalamic neurons are a
powerful model system to connect human genetics of obesity to cellular phenotypes and
accelerate the development of new therapies for obesity.

Limitations

hPSC-derived cell types are relatively immature and their transcriptional profiles most
closely resemble those observed in human foetal tissue (Nicholas et al. 2013), limiting our
ability to study disease-relevant transcriptional signatures and functional properties relevant
to the fully mature cells. Despite this, the transcriptional similarity of hPOMC to neonatal
pPOMC neurons and their functional responsiveness to GLP-1 and ALKALZ2 suggest that
they are sufficiently mature to facilitate biological discovery. Furthermore, we anticipate that
by improving methods to generate hypothalamic cells (e.g. by transcription factor-based
forward programming) and maturing them (e.g. in assembloids) will further enhance their
utility as a drug discovery platform and enable the approach we report here to be extended
to other hypothalamic cell types of interest.

In this study, we considered genes likely to be associated with obesity by a pipeline
that considers GWAS, eQTL, and enhancer mapping data (Kentistou et al. 2023). The
causality of genes prioritised in this manner is uncertain, and in the future it would be
interesting to test the effects of other genes associated with obesity by population exome
and genome sequencing data, as well as genes nominated by familial or cohort studies of
severe obesity. Furthermore, for practical considerations, we considered only genes that
already have drugs approved for human use, and further prioritised those with published
evidence that they penetrate the BBB. The approach could be expanded to include a
broader array of small molecule drugs and biologics targeting genes of interest.

Although Ceritinib is a potent and selective ALK inhibitor and the doses we gave to
mice (5-10 mg/kg/day) are similar to those used in humans (~6 mg/kg/day), we cannot
formally exclude the possibility that some of the effects we observed in vitro and in vivo
might be attributable to off-target effects at the effective concentrations that reach the brain
and other organs. We demonstrated that Ceritinib treatment increased hypothalamic
PIBK/AKT signalling, increased the expression of GLP1R in human hypothalamic cultures
and Glp1r in the mouse brain, and enhanced the responses of hypothalamic neurons to
Semaglutide. However, ALK is widely expressed in the nervous system and is also
expressed at lower levels in other tissues, so other brain regions could contribute to the
observed Ceritinib-induced appetite suppression. In the future, it will be interesting to explore
its effects in other candidate brain regions such as the nucleus tractus solitarius (NTS) of the
hindbrain.

While our results with Ceritinib demonstrate significant weight loss that could in
theory be translated rapidly into human trials, there are several reasons for caution. Since
pharmacological management of body weight requires long-term treatment, the benefits of
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increased metabolic health must clearly outweigh the potential side effects of the drug,
especially when given for longer periods. At the doses we used, side effects such as liver
toxicity are observed in some cancer patients, suggesting that further optimisation of drug
dosage or exploration of other ALK inhibitors is necessary.
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Materials & Methods

Human pluripotent stem cell (hPSC) lines

All human embryonic stem cell (hESC) and human induced pluripotent stem cell
(hiPSC) lines used in this study were previously generated and reported to be derived from
material obtained under informed consent and appropriate ethical approvals. Cell lines used
in this study included KOLF2.1J (Passage 7-16), NCRM5 (Passage 16-21), NN0004297
(Passage 29), NN0O003932 (Passage 44), PGP1 (Passage 28), and a POMC-GFP reporter
line (as described below) generated on the HUES9 background (Passage 12-18 after
reporter generation). Gene editing and other work with these lines as part of this study was
performed under approved protocols from our respective institutions.

Generation of a POMC-GFP knock-in reporter cell line

The POMC-GFP reporter cell line was generated using CRISPR/Cas9 genome
editing of the human embryonic stem cell line HUES9 as previously described (Santos et al.
2016). Briefly, HUES9 hESCs were dissociated to a single cell suspension and nucleofected
with recombinant spCas9 protein, a CRISPR sgRNA sequence targeting the STOP codon of
the endogenous human POMC gene and cutting right before this codon
(CCTACAAGAAGGGCGAGTGA). The targeting vector contained a 5 homology arm of
endogenous coding human POMC sequence that terminated just upstream of the TGA stop
codon constituting the final three bases of the CRISPR and instead replaced it in-frame with
the T2A ribosomal skipping sequence and a green fluorescent protein (GFP) sequence with
its own stop codon and polyadenylation (polyA) site, followed by a floxed
RFP-T2A-puromycin-polyA drug selection cassette under control of a constitutive promoter.
After nucleofection and recovery, cells were selected with puromycin and individual colonies
were picked, expanded, and screened by PCR for the fidelity of their integration in the
POMC locus. We selected clone 64 that gave a clear PCR product spanning the
endogenous POMC coding sequence into the genomics sequence downstream of the 3’
homology arm, indicating correct integration, and electroporated this clone with a
Cre-expressing construct to remove the floxed puromycin selection cassette. Individual
colonies were then picked, expanded, and analysed by PCR to confirm both the removal of
this cassette and the absence of PCR products from the targeting vector backbone indicative
of additional integrations elsewhere in the genome. Clones 6E, 7A, 7B, 7E, and 10H gave
PCR products indicative of correct targeting only at the endogenous POMC locus and were
differentiated into hypothalamic neurons. Upon differentiation, clone 10H consistently yielded
>10% brightly green fluorescent cells immunopositive for POMC. Microarray analysis of this
clone confirmed the absence of culture-acquired copy number variants, and it was therefore
selected for further use in this study.

HPSC maintenance

hPSC lines were maintained under feeder-free conditions without antibiotics in
mTeSR1 (STEMCELL technologies) or StemFlex media (Thermo Fisher Scientific) in
humidified incubators at 37 °C and 5% CO2. hPSC lines were seeded on plates coated with
Geltrex™ (Thermo Fisher Scientific) at a 1:100 dilution prepared in DMEM/F12 (no phenol
red; Thermo Fisher Scientific). mTeSR1 or StemFlex mediums were kept at 4°C for no
longer than 1 month after supplement addition, and only required volumes of media were
warmed to 37 °C immediately before use and culture medium was replaced every 24-48
hours. For all cell lines, colonies had clearly defined borders and lacked differentiated cells
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when viewed under a phase contrast microscope. Cultures were passaged when they
reached 60-80% confluence by a brief wash with DPBS without calcium and magnesium
(Thermo Fisher Scientific) followed by an approximately 5 minute incubation with EDTA (0.5
mM, pH 8.0, Thermo Fisher Scientific) for maintenance or TrypLE (Thermo Fisher Scientific)
for differentiation. A single-cell suspension was then achieved by gentle mechanical
dissociation in media containing 10 yM Rock inhibitor Y-27632 (DNSK International). Cell
suspensions were then pelleted by centrifugation at 160 g for 3 minutes, resuspended, and
replated for maintenance or differentiation in media containing 10 uM Rock inhibitor as
described below.

Directed differentiation to hypothalamic progenitors

hPSCs were differentiated to hypothalamic neurons by directed differentiation as
previously described (Merkle et al. 2015; Kirwan, Jura, and Merkle 2017; H.-J. C. Chen et al.
2023). Briefly, hPSCs were dissociated to a single-cell suspension with TrypLE, pelleted and
resuspended in media containing 10 yM Rock inhibitor, followed by cell counting on a
Countess |l automated cell counter. Cells were then plated on geltrex (1:100) coated 12-well
plates at a density of 1 x 10° cells / cm? in the same medium. The following day, cultures
were washed once with DPBS (without calcium and magnesium) and switched to N2B27
media, consisting of 500 mL Neurobasal-A (Thermo Fisher Scientific), 500 mL DMEM/F12
with GlutaMAX (Thermo Fisher Scientific), 10mL Glutamax (Thermo Fisher Scientific), 10 mL
sodium bicarbonate (Thermo Fisher Scientific), 5 mL MEM Non-essential Amino Acids
(Thermo Fisher Scientific), 1 mL 200 mM ascorbic acid (Sigma-Aldrich) 10 mL 100x
penicillin-streptomycin (Thermo Fisher Scientific), 20 mL 50x B27 supplement (Thermo
Fisher Scientific), 10 mL 100x N2 supplement (Thermo Fisher Scientific). Small molecule
modulators of signalling pathways were used to direct hypothalamic differentiation as
previously described (H.-J. C. Chen et al. 2023). Specifically, initial concentrations of 100 nM
LDN-193189 (DNSK International), 10 mM SB431542 (DNSK International), and 2 mM
XAV939 (DNSK International) were gradually reduced from day O (DO) to D10 of
differentiation, and SAG (Fisher Scientific) and purmorphamine (Fisher Scientific) were each
added to a final concentration of 1 mM from D2-D8.

Expansion and maintenance of primary astrocyte cultures

Mouse primary astrocyte was purchased from ScienCell Research Laboratories
(Carlsbad, CA) and cultured in astrocyte media composed of DMEM/F12 with GlutaMax
(Thermo Fisher Scientific), 10% (vol/vol) foetal bovine serum (FBS; Thermo Fisher
Scientific), and 2% (vol/vol) penicillin-streptomycin (Thermo Fisher Scientific) at 37 °C in a
humidified atmosphere of 5% CO2. Primary mouse astrocytes (passage 0 - 5) were
maintained in Geltrex™-coated T75 culture flask (Thermo Fisher Scientific) and re-plated at
5.7 x 10* cells/cm? to 1 x 10° cells/cm? 3-5 days prior to seeding hypothalamic progenitors
for the co-culture experiments including immunocytochemistry, whole-cell patch clamp
electrophysiology, and single cell RNA sequencing.

Hypothalamic neurogenesis and maturation

After 14 days of hypothalamic differentiation, hypothalamic progenitors were
dissociated with a mixture of TrypLE, papain (Worthington Biochemical), and DNAse |
(Worthington Biochemical) with a subsequent 2 washes in N2B27 medium supplemented
with 10 yM Rock inhibitor. Following the final centrifugation at 160 g for 3 minutes, the cell
pellet was resuspended, counted, and replated at a concentration of 1 x 10° cells/cm? in two
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of the four tested conditions: (1) N2B27 medium (see above) containing 10 pyg/ml BDNF
(Qkine) (NB) and (2) co-cultures of hPSC-derived neurons with primary mouse astrocytes in
N2B27 medium (NBA). For the other two tested conditions: (3) Synaptojuice medium 1 (SJ1)
followed by Symaptojuice medium 2 (SJ2), both containing 10 pg/ml BDNF (SJ) and (4)
co-cultures of hPSC-derived neurons with primary mouse astrocytes in SJ medium (SJA),
cells were seeded at a concentration of 3 x 10° cells/cm?. More specifically, SJ medium was
adapted from Kemp and colleagues (Kemp et al. 2016) and hypothalamic cultures were
maintained in SJ1 (N2B27, 2 pM PDO0332991 isethionate (Sigma Aldrich), 5 yM DAPT
(DNSK International), 370 pM CaCl, (Sigma Aldrich), 1 uyM LM22A4 (Tocris), 2 uM
CHIR99021 (Cambridge Bioscience), 300 uM GABA (Tocris), and 10 yM NKH447 (Sigma
Aldrich) for 1 week. Cultures were then switched to SJ2 (N2B27, 2 yM PD0332991
isethionate, 370 uyM CaCl,, 1 yM LM22A4, and 2 yM CHIR99021) for the rest of the
maturation period until at least 40 days post-differentiation as per described previously (H.-J.
C. Chen et al. 2023). Cultures were fed every 2 days by a complete media change, and all
media were supplemented with 1 ug/mL of laminin (Sigma) to help maintain cell attachment.

Immunocytochemistry and imaging

Hypothalamic progenitors were re-plated onto PhenoPlate™ 96-well microplates
(Perkin Elmer) and hypothalamic cultures at 33-40 days post-differentiation were fixed in 4%
paraformaldehyde (Thermo Fisher Scientific) for 10 minutes, rinsed three times with
Tris-buffered saline containing 0.1% Triton X-100 (TBS-T; Sigma-Aldrich). Cells were then
incubated with primary antibodies including anti-MAP2 (Abcam; 1:2,000) and anti-aMSH
(A1H5, detects epitopes in the aMSH region of POMC and developed by Professor Ann
White; 1:5000) diluted in TBS-T containing 1% normal donkey serum (NDS; Stratech)
overnight at 4 °C. Cells were washed three times with TBS-T and incubated with secondary
antibodies combining donkey anti-mouse AF555 (Thermo Fisher Scientific) and donkey
anti-chicken AF647 (Thermo Fisher Scientific) diluted in TBS-T with 1% NDS for 2 hours at
room temperature on an orbital shaker. Cells were washed three more times with TBS-T, and
300 pM of 4',6-diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific) was used to stain
cell nuclei. Image acquisition was performed using the Perkin Elmer Opera Phenix Plus
High-Content Screening System with a 20x water objective. A total of 21 fields of view per
well with 5 z-stacks per field at 0.8 ym intervals were imaged.

Imaging analysis using Harmony

Image analysis of hypothalamic cultures stained with DAPI (DAPI 405 channel),
aMSH (POMC; Alexa 555 channel), and MAP2 (Alexa 647 channel) was performed using
the Harmony High-Content Imaging and Analysis software (Perkin Elmer, v4.9). Specifically,
an automated analysis pipeline was developed to first detect DAPI positive nuclei and
quantify the nuclear area and number per field. Next, a fixed-intensity threshold was applied
to every image in the 647/MAP2 channel to exclude background noise, followed by 647
positive MAP2 object detection as primary objects and the measuring of neuronal number
and area. The 555 channel was analysed using the same approach for POMC-positive
staining. A mask was then created using the 647/MAP2 channel and applied to the
555/POMC channel to calculate the percentage of POMC-positive neurons out of the total
number of neuronal MAP2 (see supplementary material for detailed analysis sequence).
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Whole-cell patch clamp electrophysiology

Hypothalamic progenitors differentiated from the HUES9-POMC-GFP cell line were
re-plated onto 24 mm round glass coverslip (VWR) that has been pre-treated with 5 M
hydrochloric acid and double coated with both 0.01% poly-L-ornithine hydrobromide
(Sigma-Aldrich) and Geltrex™. Whole-cell patch-clamp recordings were performed as
described previously (Bilican et al. 2014). Green fluorescent neurons derived from the
HUES9-POMC-GFP cell line maintained in NB, SJ, or SJA, for 40+ days post-differentiation
were selected for patching. Recordings were made in the presence of blockers of synaptic
transmission (PTX, 50 pM; strychnine, 20 uM; APV, 100 uM; CNQX, 30 pM) to enable
characterisation of intrinsic electrical properties without the influence of other cells in the
culture.

Cell dissociation for single cell RNA sequencing

Hypothalamic progenitors were re-plated onto 6-well or 12-well polystyrene plates
(Corning) for scRNAseq experiment. Hypothalamic cultures at 40 % 1 days
post-differentiation were gently washed twice with calcium and magnesium free DPBS
(Thermo Fisher Scientific) before adding dissociation solution consisting of TrypLE™
Express (Thermo Fisher Scientific) supplemented with papain (Worthington) and 30 uM
actinomycin D (Sigma) to block transcription as previously described (Chen & Merkle, 2020;
protocol io). Cells were incubated at 37°C for up to 5 minutes before aspirating the
dissociation solution followed by addition of wash medium (N2B27) supplemented with
10 yM ROCK inhibitor, 33 ug/mL DNase | (Worthington), and 30 uM actinomycin D. The
cells were dissociated using a P1000 pipette and subsequently passed through a 40-um
Flowmi® cell strainer (Merck) into DNA Lo-bind Eppendorf tubes (Eppendorf). After
centrifugation at 200 g for 3 minutes and another 2 washes, the cells were resuspended in
DPBS (no calcium and magnesium) containing 0.04% BSA (Sigma Aldrich) and 30 yM
actinomycin D. Cells were passed through the 40-um Flowmi® cell strainer again, stained
with 0.4% Trypan Blue, counted using the Countess™ cell counting chamber slides
(Invitrogen), and concentrations were adjusted to 4.26 x 10° cells per mL. An aliquot of 47 uL
for each cell line and condition to achieve a targeted cell count of 20,000 was submitted to
Cancer Research UK (CRUK) Genomic Core for cDNA library preparation.

Single-cell library generation and sequencing

Libraries were prepared using the 10x Genomics Chromium Controller in conjunction
with the single-cell 3' v3 & 3.1 kits (10x Genomics). The cDNA synthesis, barcoding, and
library preparation were carried out according to the manufacturer’s instructions. Libraries
were sequenced in CRUK on a Novaseq 6000 sequencer (lllumina).

SCRNA-seq data processing

Raw sequencing libraries were processed using STARsolo (version 2.7.9) (Kaminow,
Yunusov, and Dobin 2021) using recommended parameters for producing output matching
10x Genomics’ Cell Ranger platform. Reads were aligned and quantified to a ‘barnyard’
reference genome composed of human (GRCh38, Ensembl release 98 with gencode
annotation release v32), mouse (GRCm38, Ensembl release 98 with gencode annotation
release vM23) and GFP-reporter references, built using the scripts provided by 10x
Genomics and 10x Genomics Cell Ranger mkref function (version 6.0.1). Droplets containing
captured cells were called using emptyDrops function from the DropletUtils R package (Lun
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et al. 2019), with UMI threshold calculated adaptively per sample based on the mean and
standard deviation of the background counts distribution; and an FDR of 0.001.

Cell species calling and cell line demultiplexing

Cell species identity for all samples was determined following a modified cell species
assignment method from 10x Genomics. Briefly, cells were identified as either human or
mouse cells based on the proportion of unique molecular identifier (UMI) content belonging
to human and mouse genes, with cells containing >90% UMI from a single species being
identified as belonging to that species. Cells containing <=90% UMI from a single species or
cells with more than the batch-specific threshold of UMI counts from the other species were
excluded from downstream analysis. Cells identified as human were stripped of UMI counts
belonging to mouse for downstream analysis. In conditions where genetically distinct hPSCs
were multiplexed per condition prior to 10x library generation, cell line identity was inferred
based on the genotype using 10x Genomics Vartrix (v1.1.22) and vireo SNP tools (v0.5.6)
(Y. Huang, McCarthy, and Stegle 2019). Variant-count matrices were generated with Vartrix
using aligned reads from STARsolo and variant call format (VCF) file with information on
each sub-line genotype (Pantazis et al. 2022) as inputs. Cell line identity was inferred using
the Vireo tool with the variant-count matrices and variant information. Since the NN0O003932
and NN0004297 cell lines were derived from the same donor, we considered reads from
either of these as a single genetically distinct cell line, denoted as NN_combined.

Quality control of single cell sequencing data

Cell filtering was performed for each sample to remove low quality and outlier cells
based on quality control metrics of total UMI content, number of detected features/genes,
fraction of mitochondrial and ribosomal content, as well as cell line assignment.
Comparisons of quality control metrics across samples identified one sample (first SJ
differentiation batch) with double the UMI content distribution compared to other samples
due to the lower cell capture efficiency and subsequently deeper sequencing depth of the
sample. Downsampling of UMI counts was performed on the deeply sequenced sample
using the downsampleMatrix function from DropletUtils R package to match the sequencing
depth of the next highest sample. Cells were then discarded if their UMI content or number
of features were more than 3 median absolute deviation (MAD) away from the median, or if
the fraction of mitochondrial or ribosomal content of the cell was higher than 4 MAD from
median.

Cell gene expression was normalised using logNormCounts function from the scran
R package (Lun, McCarthy, and Marioni 2016), with size normalisation factors computed
using the computeSumFactors function. Clustering information for computing size factors
were calculated using the quickCluster function, which utilises the walktrap algorithm for
cluster assignment (Pons and Latapy 2005). The resulting normalised gene expression
levels were then evaluated by comparing the distribution of total normalised expression of
stable expressed genes per cell across samples. For more details, please see the
documentation in the open-access code that accompanies this manuscript.

Doublet detection

Doublet detection was performed for each sample individually as well as jointly
across all samples. For sample level doublet detection, cells were initially identified as
‘hybrid doublets’ in each sample using the cxds_bcds_hybrid function from scds R package
(Bais and Kostka 2019), with estNdbl parameter set to true. This was followed by a
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cluster-based ‘guilt-by-association’ doublet identification approach, where clustering was first
done for each cell (see below) and then repeated for each identified cluster to form smaller,
fine-grained clusters. Doublet metrics were then calculated for each sub-cluster based on
the fraction of ‘hybrid doublets’ and ‘sub-line doublets’ identified in the cell line
demultiplexing step. Cells belonging to ‘guilty’ sub-clusters with either enriched ‘hybrid
doublets’ (> 3 MAD away from the median) or ‘sub-line doublets’ (> 6 MAD away from the
median) were further identified as doublets. For joint detection of doublets across all
samples, samples were first batch corrected (see below) into a single dataset, followed by
two rounds of clustering to obtain sub-clusters for identification of cross-sample
‘guilt-by-association’ doublets. As before, cells belonging to ‘guilty’ sub-clusters with
enriched per-sample doublets (> 6 MAD away from the median) were then identified as
‘cross-sample doublets’. Finally, cells which were identified as either ‘hybrid doublets’,
‘sub-line doublets’, ‘per-sample doublets’ or ‘cross-sample doublets’ were excluded for
further downstream analysis.

Batch correction and dimensionality reduction

Batch correction was performed across samples to correct for technical variability
between samples and to integrate the samples into a single dataset using the fastMNN
function from the Batchelor R package (Haghverdi et al. 2018) on the first 50 principal
components (PC). Highly variable genes used for computing the principal components were
selected using the modelGeneVar function from the scran R package by filtering for all
genes with higher variance from the mean-variance curve fitted on the normalised gene
expression profile. Both mitochondrial and ribosomal large and small subunit genes were
excluded from mean-variance curve fitting due to their high variability and expression. The
density.weights option was set to false to avoid overfitting of the mean-variance curve for
genes with high variability and expression. Samples were integrated hierarchically based on
the experimental batch and differentiation media. Uniform Manifold Approximation and
Projection (UMAP) 2D embedding (Mclnnes, Healy, and Melville 2018) was then calculated
from the corrected PC space for dataset visualisation with spread set to 1 and minimum
distance set to 0.4.

Clustering and annotation

Clustering was performed using the Louvain community detection-based method.
Shared nearest-neighbour graphs were first constructed from the 50 corrected PC space,
followed by clustering with the cluster_louvain function from the igraph R package (Csardi et
al. 2023). Manual annotation was performed for each cluster based on a list of curated
genes known to be relevant to hypothalamic differentiation and cell identity, and genes most
highly differentially expressed in each cluster.

Cross-sample quality control and clustering by media type

After joint processing of all samples, the PGP1 cell line was identified to behave
differently compared to other cell lines, particularly for cells matured in SJ media. Therefore,
cells from this genetic background were removed and the remaining cells were again
batch-corrected and clustered as above. Low quality cells were subsequently identified from
clusters with low UMI content and number of features, and/or from clusters with high fraction
of mitochondrial and ribosomal content and removed. Finally, since the maturation media
used strongly influenced the clustering of jointly processed data, final batch correction and
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clustering was performed on groups of samples cultured in the same media (NB and NBA, or
SJ and SJA).

Comparison of hPSC-derived and primary human neonatal hypothalamic neurons

To assess the transcriptional similarity of hPSC-derived and primary hypothalamic
neurons, scRNAseq data from hPSC-derived neurons were integrated with a published
dataset of single-nucleus RNAseq data (W.-K. Huang et al. 2021) of human neonatal
hypothalamic neurons. The primary human neonatal hypothalamic data was first subset to
cells which have been classified as arcuate neurons, and the gene expression was then
re-normalised as described above. The two datasets were then subset to genes common
between the datasets and normalised using the multiBatchNorm function from the scran R
package to account for the different library sizes and single cell capture technology used.
Integration of the two datasets was performed with fastMNN as described in the batch
correction section above using the published highly variable gene list. Label transfer of
primary hypothalamic neurons onto hPSC-derived neurons was performed by finding the 10
nearest primary hypothalamic neurons ‘neighbours’ for each hPSC-derived neurons using
the queryKNN function from the BiocNeighbors R package on the integrated space, followed
by assigning the most common primary hypothalamic neuron cell type from the neighbouring
cells.

Identification of hPOMC enriched genes

For both NB and SJ base media conditions, differential expression analysis was
performed between POMC neurons and other neurons generated in the same
differentiations to identify genes enriched in POMC neurons. Non-neuronal cells were first
removed, and remaining neurons were classified as POMC or non-POMC based on cluster
annotations, as described above. For each cell line, gene counts for POMC and non-POMC
cells were then summed to create pseudo-bulk gene counts. In the case of KOLF2.1J
pseudobulking was separately performed for the two replicate differentiations. Cell lines with
less than 10 cells for either label were excluded from further analysis. Moreover, genes with
low expression were removed using the filterByExpr function from the edgeR R package (Y.
Chen, Lun, and Smyth 2016). Size factors for the normalisation of pseudo-bulk gene counts
were calculated using TMM method, followed by estimation of both negative binomial
dispersions and quasi-likelihood dispersion. Differential expression testing was then
performed using a quasi-likelihood F-test in a paired design to identify genes which are
differentially expressed in POMC neurons versus other neurons, with significance threshold
set to absolute log2(fold-change) > 0.5 and FDR < 0.05.

Identification of genes associated with childhood and adult obesity

Genes differentially expressed in POMC neurons, as prioritised above, were
integrated with common variant genome-wide association study (GWAS) data on body mass
index (BMI, up to n=806,834) from GIANT (Yengo et al. 2018) and comparative size at age
10 (SAC, n=444,345) from UK Biobank (Bycroft et al. 2018). To identify independent GWAS
signals and prioritise causal genes at each locus, we used the ‘GWAS to Genes’ pipeline as
described previously (Kentistou et al. 2023) and summarised below. Briefly, we filtered the
BMI GWAS summary statistics and only retained variants with a minor allele frequency
(MAF) >0.1%. Quasi-independent genome-wide significant signals were then selected in
1Mb windows and secondary signals at each locus were further selected via conditional
analysis in GCTA (Yang et al. 2011). The primary signals were then supplemented with
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independent (R?<0.05) secondary signals and signals were mapped to proximal genes,
within +500kb of each signal. Independent signals and their closely linked SNPs (R?>0.8)
were annotated if they were non-synonymous or physically colocalised with known
enhancers of the identified genes (Nasser et al. 2021). We also calculated gene-level
associations (de Leeuw et al. 2015), by using all common non-synonymous variants within a
gene. Colocalization analyses between the GWAS and eQTL (GTEx Consortium 2015; Vdsa
et al. 2021; Qi et al. 2018) or pQTL (Pietzner et al. 2021) data were also performed using
SMR-HEIDI (Zhu et al. 2016) and coloc (Giambartolomei et al. 2014). Finally, genes at the
associated loci were also prioritised through the PoPS method (Weeks et al. 2020).
Candidate causal genes were prioritised by overlaying all of the above information and
scoring the strength of evidence observed.

Gene prioritisation and target selection

Target genes for further validation experiments were selected from hPSC-POMC
neuron enriched gene lists based on several prioritisation criteria. First, the enriched gene
lists for each base media type were ranked based on the geometric mean of the fold-change
ranking and FDR ranking. Second, these ranked lists were compared with
obesity-associated genes as described above to identify genes predicted to contribute to
obesity by acting in POMC neurons. Third, candidate drugs that could potentially be
repurposed to treat obesity and/or type 2 diabetes were identified based on their action on
POMC-enriched and obesity-associated genes, and their approved status for use in humans
as represented in the Pharos database (v3.9.0, htips://pharos.nih.gov, accessed 11
November 2021). Fourth, remaining genes were manually prioritised for testing in vitro
and/or in vivo based on drug availability, likely penetrance of the blood-brain barrier, support
of the gene’s role in body weight regulation in the literature, and enrichment of the gene in
POMC neurons in both NB and SJ media.

Generation of ALKAL?2 peptide

The ALKALZ2 synthetic gene fragment was prepared by Twist Bioscience (California,
USA) using the human ALKAL?Z2 protein sequence (residues 85-152, Uniprot Q6UX46-1) as
the template for DNA codon-optimization for expression in E. coli. The synthetic gene was
cloned into a pExp-DsbC expression vector (Addgene #129243) containing an N-terminal
His 8-tag fused to a DsbC solubility enhancing tag, followed by a TEV protease cleavage
site.

The expression construct was used to transform competent cells OrigamiB(DE3)
(Merck Millipore) and grown overnight at 37 °C on LB-agar plates containing 100 ug ml™ of
ampicillin. Large-scale expression was performed by inoculating 1 L of 2YT media using
colonies collected from LB-agar plates. Protein expression was induced by 400 uM IPTG at
ODgy of 0.6 — 0.8 and carried out at 15°C for 20 h. The next day cells were pelleted by
centrifugation at 4,000 g for 20 min, re-suspended in TBS buffer (50 mM Tris-HCI pH 8.5,
150 mM NaCl) and stored at -80 °C.

The cell pellet from 1 L of bacterial culture was suspended in 20 mL 50 mM Na,HPO,
pH 8.5, 20 mM Imidazole, 500 mM NaCl, 5 mM GSH, supplemented with protease inhibitor
(cOmplete Mini, EDTA-free, Roche) and lysed by sonication. The lysate was centrifuged at
16,000 g for 20 min to pellet the insoluble fraction, filtered and incubated with 5 mL
PureCube Ni-NTA agarose (Cube Biotech) for 1 h at 21°C. The resin was washed with 5 CV
of 50 mM Na,HPO, pH 8.5, 20 mM Imidazole, 500 mM NaCl and eluted in 5 mL fractions
with 50 mM Na,HPO, pH 8.5, 500 mM Imidazole, 500 mM NaCl. The N-terminal His-tag and
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DsbC fusion protein was removed by the cleavage with TEV protease (1:200 molar ratio)
incubated at 4 °C for 24 h. Protein-containing fractions were pooled and concentrated on an
Amicon 3 kDa MWCO spin concentrator (Merck Millipore). After another IMAC purification
step using Ni-NTA resin, the flow-through was injected onto a reversed phase column (2 mL,
Source 15RPC, Cytiva) with prior addition of acetonitrile and trifluoroacetic acid to achieve a
concentration of 10% and 0.1%, respectively. Proteins were eluted with a linear gradient of
20% to 40% ACN containing 0.1% TFA. Pooled fractions were dried under vacuum in a
centrifugal concentrator and aliquots stored at -80 °C. Reduced and non-reduced
SDS-PAGE was used to analyse the purified proteins.

Calcium imaging

Hypothalamic progenitors differentiated from the HUES9-POMC-GFP cell line were
re-plated onto 35 mm x 10 mm polystyrene imaging dishes (Corning) coated with 1 ug/cm? of
iMatrix-511 (Takara Bio). Hypothalamic cultures were loaded with the Fluorescent
Dye-Based Cal-590 following the manufacturers’ instructions (Stratech). Hanks' Balanced
Salt Solution Phenol Red free (HBSS; ThermoFisher scientific) with or without synaptic
blockers were used as extracellular bath solutions. The dye loading, incubation and wash
buffers were also prepared in HBSS. The synaptic blockers DL-AP5 100 uM, Picrotoxin 50
MM, CNQX 30 puM, and Strychnine 20 pM were added in all experiments where the
responses to Semaglutide were measured. Experiments with ALKAL2 were performed in the
absence of synaptic blocker. Stock solutions of 1 mM ALKAL2 (in PBS), 1 mM Semaglutide
(in DMSO), and 1 mM ceritinib dihydrochloride (in DMSO) were stored at -20°C until the day
of each experiment. Final concentrations of 300 nM ALKAL2 without synaptic blockers and
200 nM of Semaglutide with synaptic blockers were prepared in HBSS immediately before
each experiment. For the Ceritinib pre-treatment experiment, 1 puM of Ceritinib
dihydrochloride (MedChem Express) was added to hypothalamic cultures and incubated for
24 hours at 37°C in a humidified atmosphere of 5% CO2.

Imaging dishes were placed on an Olympus BX51WI Fixed Stage Upright
Microscope (RRID: SCR_023069) and imaged using a 16-bit high-speed ORCA Flash4.0 LT
plus digital sCMOS camera (RRID: SCR_021971). Neurons were identified by Cal-590 AM
fluorescence using an excitation wavelength of 540 nm and an emission wavelength of 590
nm. Images were taken using a 20X objective and acquired at a frequency of 0.1 Hz (100 ms
exposure/frame) using a CoolLED pE-300 white (RRID: SCR_021073) illumination system
and HCImage (RRID: SCR_015041) software for acquisition. Neurons were perfused
continuously at room temperature with HBSS solution (3 mL/min) using a gravity-driven
perfusion system for the entire length of the experiment. Each experiment's time course was
as follows: After a variable washout period to ensure a stable baseline, cells were perfused
with extracellular bath solution containing the tested drug (ALKALZ2, 300 nM for 5 minutes;
Semaglutide, 200 nM for 2 minutes). Following a second washout period (>10 minutes),
neurons were stimulated with 50 mM KCI for two minutes. Fluorescence time course was
recorded for the entire length of the experiment

Each fluorescence time course was exported to Microsoft Excel
(RRID:SCR_016137), and the change in fluorescence intensity as a function of time was
expressed as (F - FO)/FO) or AF/FO, where F is the total fluorescence and FO is the baseline
fluorescence. The extent of ALKAL2 or Semaglutide response was evaluated by comparing
the change in the area under the curve (AUC) of the fluorescence time course before and
after the perfusion with the agonist.
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Mouse purchase and housing conditions

All animal experiments were performed under the listed procedures detailed in UK
Home Office-approved Project Licence PP7597478, and were approved by the University of
Cambridge Animal Welfare and Ethics Review Board (AWERB) and adhered to 3Rs and
ARRIVE guidelines. All mice used in this study were male C57BL/6J mice purchased from
Charles Rivers Laboratories (Saffron Walden, UK) at an age of six to seven weeks. Upon
arrival, mice were housed in groups of 4 unless specified otherwise in individually ventilated
cages for a week to acclimatise them to the specific pathogen free facility and were given
access to water and standard chow ad libitum. The animal facility was maintained on a
standard 12-hour light/dark cycle (lights on at 0700h) and temperature and humidity was
controlled at 22 + 2°C and 55 + 2% respectively.

Drug effects on mouse body weight and body composition

For the acute injection experiment, standard laboratory chow was replaced with
either a 60% high fat diet (HFD, D12492i, Research diets) or matched control (D12450Ji,
Research diet). After 1 week on the modified diets, mice were given a single intraperitoneal
injections of 10 mg/kg Ceritinib dihydrochloride (MedChem Express) or vehicle (dimethyl
sulfoxide; Sigma Aldrich) that were dilution matched with an injection volume of 10 mL/kg
between 1000h and 1100h. At 6- or 24-hours post-injection, body weights were recorded and
mice were anesthetised with isoflurane. A terminal blood sample was collected from the
heart in heparinised tubes (Greiner Bio-One) and centrifuged at 2000 x g for 10 min at 4°C.
The resulting plasma was stored at -20°C for later biochemical analyses. The whole brain
was rapidly removed and the hypothalamus was isolated, snap frozen on dry ice, and stored
at -70°C for later qRT-PCR analysis.

For weight loss experiments over a two week period, standard laboratory chow was
replaced with HFD for four weeks to generate a diet-induced obese (DIO) mice that were
then maintained on HFD and injected intraperitoneally every 48 hours with candidate drugs
or vehicle (DMSO; Sigma Aldrich) with an injection volume of 10 mL/kg. Drugs tested and
concentrations given per injections were: 10 mg/kg Beta-lapachone (Bio-Techne), 10 mg/kg
Ceritinib dihydrochloride, 40 ug/kg Semaglutide (MedChem Express), and 2 mg/kg
Varenicline tartrate (Stratech). Body weight measurements and injections were performed
between 10:00h and 11:00h to minimise potential circadian fluctuations. Across all treatment
groups, no mice exceeded a limit of 20% reduction in body weight compared to vehicle
controls. After two weeks of treatment (day 14), body composition analyses were performed
using Echo MRI™-100H Body Composition Analysers to estimate fat and lean mass. At day
15 of the experiment, one batch of mice treated with vehicle, Semaglutide, Ceritinib
dihydrochloride, and Certinib + Semaglutide (n=4/group) were subjected to an intraperitoneal
glucose tolerance test (ipGTT). At day 16 of the experiment, mice were then injected with
one last dose of the allocated drug, and 2 hours later anesthetised with isoflurane. A terminal
blood sample was collected in heparinised tubes (Greiner Bio-One) and centrifuged at 2000
x g for 10 min at 4°C. The resulting plasma was stored at -20°C for later biochemical
analyses.

ipGTT

Mice were fasted for 5 hours (maintaining free access to water) then subjected to the
ipGTT with 2 g/kg body weight of glucose in normal saline. Tail blood was used to measure
glucose concentration (mmol/L) using a standard glucometer (AlphaTRAK 2, Zoetis) at 0, 30,
60, 90, and 120 minutes.
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Drug effects on food intake and energy expenditure using metabolic cages

As described above, mice were group-housed on arrival and given standard
laboratory chow during the acclimatisation period. They were then fed a 60% high fat diet
(Research diets) and maintained on this diet for 3-6 weeks. Mice were then transferred and
acclimatised to individual housing in metabolic cages (Promethion Metabolic Screening,
Sable Systems) for five to seven days before any injections were made or measurements
were taken. After the acclimatisation period, intraperitoneal injections (10 mL/kg injection
volume) of vehicle (DMSO), 10 mg/kg Ceritinib dihydrochloride, 40 pg/kg Semaglutide, 20
mg/kg YNT-185 (Bio-Techne), or a combination of 10 mg/kg Ceritinib dihydrochloride and 40
Mg/kg Semaglutide were performed every day at around 10:00h during which body weights
were recorded. Each cage was equipped with water bottles and food hoppers connected to
load cells (MM-1, Sable Systems International) for food and water intake monitoring. Mice
had ad libitum access to food (60% high fat diet) and water throughout the study. In addition
to food and water intake, energy expenditure was continuously recorded for 72 hours. On
the day of tissue collection, mice were first injected with one last dose of the allocated drug
and 2 hours later anaesthetised with isoflurane. The whole brain was rapidly removed and
the hypothalamus was isolated, snapped frozen on dry ice, and immediately stored at -70°C
for later bulk RNA sequencing and qRT-PCR analyses. Additionally, white epididymal
adipose tissues were collected, snap frozen and stored at -70°C for later qRT-PCR analysis.

Quantitative RT-PCR

hPSCs and hypothalamic progenitors were re-plated onto 12-well polystyrene plates
(Corning) coated with Geltrex™. Total RNA from cell pellets were extracted using the
RNeasy Mini Kit (Qiagen) and treated with Deoxyribonuclease | (Qiagen) according to the
manufacturer’s instructions. Extracted total RNA (0.25 - 0.75 ug) was reverse transcribed
into cDNA using the iScript™ reverse transcription supermix (Bio-Rad Laboratories). Target
genes of interest were determined using the Tagman gene expression ‘assay-on-demand™
assays (Applied Biosystems, Foster City, CA) with FAM-labeled probes for target genes and
beta actin (ACTB; Hs01060665 g1) and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH; Hs99999905 m1) as reference genes. The primer/probe targets used for
assessing the differentiation of hypothalamic progenitors were DCX (Hs00167057_m1), ISL1
(Hs00158126_m1), NR5A1 (Hs00610436_m1), ASCL1 (Hs00269932_m1), NANOG
(Hs02387400_g1), OTP (Hs01888165 s1), NES (Hs04187831_g1), and NKX2-1
(Hs00968940_m1). The primer/probe targets used for assessing the metabolic response to
24 hours of Ceritinib (1 yM) pre-treatment were GLP1R (Hs01379269 m1), LEPR
(Hs00174497_m1), and INSR (Hs00961557_m1).

Total RNA from the mouse whole hypothalamus and epididymal white adipose tissue
were extracted using the RNeasy Universal Plus Kit (Qiagen) according to the
manufacturer’s instructions. Extracted total RNA (0.75 - 1 ug) was reverse transcribed into
cDNA using the iScript™ reverse transcription supermix. Target genes of interest in the
hypothalamus were determined using the Tagman gene expression ‘assay-on-demand™
assays (Applied Biosystems, Foster City, CA) using FAM-labelled probes for target genes
and Actb (Mm02619580 g1) and Gapdh (Hs99999905 m1) as reference genes. The
primer/probe targets were Agrp (Mm00475829 g1), Gip1r (Mm00445292 m1), Insr
(Mm01211875_m1), Lepr (Mm00440181_m1), Mc4r (MmO00457483 s1), and Pomc
(MmO00435874_m1). The reactions were run on the QuantStudio™ 5 Real-Time PCR
System in 384-well plates (Thermo Fisher Scientific). All expression assays were normalised
to the geometric mean of the reference genes GAPDH/Gapdh and ACTB/Actb.
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Targeted gene expression in the epididymal white adipose tissue was carried out
using SYBR® Green PCR master mix (Thermo Fisher Scientific). cDNA was generated from
2 ug isolated RNA using M-MLV reverse transcriptase (Promega) and diluted 1:15 for use in
12 pyL gPCR reactions run on the StepOnePlus™ system (Applied Biosystem). Expression
values were normalised to the geometric mean of two reference genes, 36b4 and B2m. All
SYBR forward and reverse primers can be found listed in the key resource table.

The fold change in expression of each target gene was calculated using the “AACt”
method where Ct is the PCR threshold cycle, using the formula 2*-(ACt where ACt = (Ct
(Target gene) — Ct (geometric mean of reference genes)).

Biochemical measurements

All biochemical analyses were conducted at the Cambridge Core Biochemical Assay
Laboratory (CBAL). Plasma concentrations of alanine transaminase (ALT), aspartate
aminotransferase (AST), cholesterol, and C-reactive protein (CRP) were run automated on
the Siemens Dimension EXL analyser. Plasma GDF-15 was performed as an in-house
microtitre plate-based two-site electrochemiluminescence immunoassay using the
MesoScale Discovery assay platform (MSD, Rockville, Maryland, USA). The GDF-15
antibodies and standards were purchased as a DuoSet (R&D Systems). A mouse leptin kit
(MesoScale Discovery) was used to determine plasma leptin concentrations according to the
manufacturer’s instructions.

Bulk RNA sequencing

Total RNA from the whole hypothalamus of mice treated with vehicle or drugs was
extracted using the RNeasy Universal Plus Kit (QIAGEN) according to the manufacturer’s
instructions. RNA quality was assessed with the Agilent 2100 Bioanalyser system using the
RNA 6000 Nano kit (Agilent Technologies) and the mean RIN number across all 16 samples
was 8.4. The polyA stranded libraries were generated using the Novogene NGS Stranded
RNA Library Prep Set (Novogene). In brief, messenger RNA was purified from total RNA
using poly-T oligo-attached magnetic beads. After fragmentation, the first strand cDNA was
synthesised using random hexamer primers. Then the second strand cDNA was synthesised
using dUTP instead of dTTP followed by end repair, A-tailing, adapter ligation, size selection,
USER enzyme digestion, amplification, and purification. The resulting cDNA library was
analysed by Qubit and real-time PCR for quantification and bioanalyzer for size distribution
detection. Quantified libraries were pooled and sequenced on an lllumina platform to
generate 150bp paired-end reads.

Bulk RNA sequencing analysis

Raw bulk RNA sequencing libraries were pre-processed with TrimGalore (v0.6.7)
(Krueger et al. 2021) for adapter removal and filtering of low-quality reads. Reads were
aligned using STAR (v2.7.9a) (Dobin et al. 2013) to either human (GRCh38, Ensembl
release 98) or mouse (GRCm38, Ensembl release 98) reference genome, and then
quantified using featureCounts (v2.0.0) (Liao, Smyth, and Shi 2014) against the human
(GRCh38, gencode v32) or mouse annotation (GRCm38, gencode vM23), respectively.
Qualimap (v2.2.2d) (Okonechnikov, Conesa, and Garcia-Alcalde 2015) was used to
generate QC metrics of aligned reads for evaluating sample library quality, together with QC
metrics produced by STAR and featureCounts. Filtering of lowly expressed genes and size
factor for normalisation of the bulk gene counts was performed using the edgeR package, as
described previously. Principal component analysis and expression correlation analysis were
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then performed, followed by estimation of both negative binomial dispersions and
quasi-likelihood dispersion using the edgeR package. Differential expression testing was
performed using a quasi-likelihood F-test to identify genes which are differentially expressed
between different treatment groups, with significance threshold set to absolute
log2(fold-change) > 0 and FDR < 0.1. Finally, gene set enrichment analysis of the
differentially expressed genes were performed using the gost function from the g:Profiler R
package (Raudvere et al. 2019) with the expressed gene list set as the custom background
and analytical-adjusted p-value threshold set to the default 0.05. Gene sets were then
filtered for sets containing 5-500 genes to avoid higher-level gene sets.

Peptidomics

Whole hypothalamus collected from a cohort of mice treated with 5 days of vehicle or
drugs were homogenised in 6M guanidine hydrochloride, and extracted using acetonitrile
precipitation and solid phase extraction as previously described (Kirwan et al. 2018). The
extracted peptides were reduced and alkylated and then analysed by nanoflow LC-MS/MA
using a ThermoScientific Ultimate 3000 nano LC system coupled to a Q-Exactive Plus
Orbitrap mass spectrometer (ThermoScientific). Relative peptide quantification was
performed using Qualbrowser (ThermoScientific) for Agrp and desacetyl-a-MSH.

Statistical analyses

Graphing and statistical analysis were performed using GraphPad Prism (version
7.02; RRID: SCR _002798). For all one-way analyses of variance (ANOVA), data were first
analysed for normality using the Brown—Forsythe test. Non-parametric Kruskal-Wallis
ANOVA with Dunn’s multiple comparisons test was used for data sets with significantly
different standard deviations. One-way ANOVA with Dunnett’'s multiple comparison test was
used to compare the quantified percentage of MAP2* cells expressing POMC across
different culture conditions. One-way ANOVA with Tukey’s post hoc test was used to
compare the intrinsic membrane properties of neurons cultured in SJ versus NB media. A
non-parametric paired t-test was used to determine whether the responses of ALKAL2 or
Semaglutide significantly differed from the baselines. Two-way ANOVA with Bonferroni’s
multiple comparisons test was used to compare the effects of candidate drugs on weight
changes over time. One-way ANOVA with Dunnett’s multiple comparison test was used to
compare changes in EchoMRI and biochemical parameters between different drug treatment
groups. The effects of drugs on energy expenditure and food intake was analysed by both
one-way ANOVA with Dunnett's multiple comparison test and one-way analysis of
covariance (ANCOVA). One-way ANOVA with Dunnett’s multiple comparison test was used
to compare Sem, Cer, and Com to Veh treatment groups from quantitative RT-PCR and
peptidomics analyses. Unpaired t test was used to compare between Veh and Cer in the
acute injection (24 hour treatment) and in vitro Ceritinib stimulation experiment. A
non-parametric unpaired t-test was used to determine whether the responses to
Semaglutide significantly differed between neurons pre-treated for 24 hours with vehicle or 1
MM Ceritinib. Results were presented as mean with 95% CI for all calcium imaging
experiments and mean * standard error of the mean (SEM) for all other experiments. After
adjusting for multiple comparisons, P values less than 0.05 were considered as statistically
significant.
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Data, code, and materials availability

Upon publication in a peer-reviewed journal, sequencing data and processed data of
scRNAseq and bulk RNAseq data will be made available on ENA, and code used for
analysis and generating figures will be made available in GitHub. Reagents will be made
available upon request from the lead author (F.T.M.).
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Figure 1. Generation of hypothalamic neurons from human pluripotent stem cells (hPSCs) across
multiple genetic backgrounds and culture conditions. A) Schematic of project overview to identify
obesity-associated genes that are enriched in hPSC-derived proopiomelanocortin (POMC) neurons and are
targets of drugs approved for human use. B) Experimental schematic of human hypothalamic differentiation and
maturation in different media including N2B27 (NB), N2B27 + astrocytes (NBA), Synaptojuice (SJ), and
Synaptojuice + astrocytes (SJA). C) Schematic diagram of an endogenous knock-in POMC-GFP reporter cell
line. D) Representative images of HUES9 POMC-GFP-derived hypothalamic cultures stained with DAPI (blue),
MAP2 (red), and POMC (yellow) across the 4 different culture conditions, NB, NBA, SJ, and SJA. E) The
quantified percentage of MAP2" cells expressing POMC is displayed for six different hPSCs lines used in this
study including HUES9-POMC-GFP, KOLF2.1J, NN0003932, NN0004297, NCRM5, and PGP1 (n=3-4). F)
Representative whole-cell current-clamp recording traces of single POMC-GFP* neurons maintained in NB, SJ,
and SJA. Traces depict evoked potential activity in response to depolarizing and hyperpolarizing 500 ms current
injection. Scale bar, 20 mV, 50 ms. G) Action potential output of POMC-GFP* neurons maintained in NB (n = 14,
N =3), SJ (n =16, N = 3), and SJA (n = 11, N = 3) in response to depolarising current injection. H-J) Intrinsic
membrane properties of the POMC-GFP* neurons including whole-cell capacitance, input resistance, and resting
membrane potential. Data represent mean + SEM; *p<0.05, **p<0.01, ***p<0.001.
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Figure 2. Transcriptional identity of hPSC-derived hypothalamic neurons. A,C) UMAPs of scRNAseq data
from hPSCs differentiated to hypothalamic cells reveals similar cell populations regardless of whether they are
matured in N2B27-based medium (NB, NBA; A), or SJ-based medium (SJ, SJA; C) in which the overall efficiency
of neuron (cyan) and POMC neuron (green) production is higher (insets). B,D) Broadly, gene expression patterns
define cell populations as neurons (shades of green), GABAergic neurons (shades of blue), or progenitors and
glia (shades of red and brown). E,F) Integration of scRNAseq data from hPSC-derived cultures differentiated in
N2B27-based medium (E), or SJ-based medium (F) with single nucleus RNAseq data from the neonatal human
hypothalamus reveals the transcriptional similarly of primary human POMC neurons (yellow) and hPSC-derived
POMC neurons (green).
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Figure 3. Identification of candidate drugs to repurpose for body weight loss. A) Single-cell RNAseq data
from hPSCs differentiated to hypothalamic neurons and matured in SJ-based media were restricted to ‘neuron’
and ‘POMC neuron’ populations (left UMAP plot, cyan and green, respectively) that were pseudo-bulked for
differential gene expression analysis for each sample to reveal neurons enriched in human POMC neurons (right
volcano plot, red dots). B) Schematic of how POMC enriched genes (red) were prioritised based on their genetic
association (purple) with with adult body mass index (BMI) or body size at childhood (SAC) and finally by the
availability of drugs approved for use in humans as represented in the Pharos or OpenTargets databases
(orange). C) Z score-normalised gene expression (blue to red colour scale) of genes ranked by their enrichment
in POMC neurons (shades of red), their genetic association with human obesity (shades of purple) and the
number of available drugs (shades of orange) revealed 25 genetic targets with candidate drugs for repurposing,
including glucagon-like peptide 1 receptor (GLP1R) and anaplastic lymphoma kinase (ALK) (see volcano plot in
A). D,E) Calcium imaging traces of human hypothalamic neuron responses to Semaglutide as illustrated by a
representative trace (D) and population average (E, n=57, N=3). F) Semaglutide induced a significantly higher
mean area under the curve (AUC). G,H) ALKAL2, a peptide agonist of the ALK receptor, robustly increased
intracellular calcium concentrations in human hypothalamic neurons: representative trace (G), population
average (H, n=109, N=2), I) Mean AUC is significantly higher upon ALKAL2 administration. Data represent mean
with 95% CI; *p<0.05, **p<0.01, ***p<0.001.
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Figure 4. The ALK inhibitor Ceritinib significantly reduces fat mass and food intake in DIO mice. A)
Experimental schematic to test the acute effects of vehicle (Veh; DMSO) or Ceritinib (Cer) injection in mice fed for
1 week of 60% high fat diet (HFD) or a nutritionally matched control diet (CD) with an experimental end-point 24
hours later. B) Mice fed CD gained weight at a similar rate regardless of injection condition (n=10/group),
whereas HFD-fed mice significantly lost weight when treated with Cer (n=5/group), suggesting it acts to
normalise excess energy balance rather than inducing nausea or non-specific toxicity. C) Experimental schematic
of the long-term effects of Veh, Cer, Semaglutide (Sem) or a combination of Ceritinib and Semaglutide (Com)
given every 48 hours to DIO mice. D) Sem, Cer, and Com treatment all induce significant body weight loss
relative to Veh controls, with the greatest effect observed in the Com group (n=12/group). E) Weight loss is
associated with a significant improvement in glucose homeostasis as revealed by an intraperitoneal glucose
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tolerance test (n=4/group). F,G) EchoMRI measurements (n=12/group) reveal that fat mass is dramatically
reduced by Sem, Cer, and Com treatment (F), and lean mass is also modestly but significantly reduced in these
groups (G). H-l) The loss in fat mass is accompanied by a significant reduction in plasma concentrations of leptin
(H) and cholesterol (1) in Cer and Com groups (n=12/group). J-M) Plasma concentrations of c-reactive protein
(CRP) were not elevated in any treatment group relative to Veh (J), but GDF-15 (K) and the liver enzymes
aspartate aminotransferase (AST, L) and alanine aminotransferase (ALT, M), were moderately but significantly
elevated in only the Cer group, suggesting that drug toxicity does not drive the dramatic weight loss observed
with Com treatment (n=12/group). N) Experimental schematic of metabolic measurements in DIO mice over 5
days of treatment. O) Body weight recorded prior to daily injection (n=8/group) followed a similar trajectory to
earlier studies (D). P-S) In contrast to previous reports in Alk deficient mice, acute Alk inhibition with Cer or Com
had no effect on energy expenditure (Q-R) but significantly reduced food intake (S-T) (n=8/group). Data
represent mean = SEM; *p<0.05, **p<0.01, ***p<0.001.
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Figure 5. Ceritinib treatment upregulates hypothalamic PI3BK/AKT signalling and Glp1r expression. A)

Effects of vehicle (Veh), Semaglutide (Sem), Ceritinib (Cer), and Ceritinib + Semaglutide (Com) on gene
expression in epididymal white adipose tissue (n=4/group). B,C) 24 hours after Cer or Veh treatment (B), genes
in the melanocortin pathways are not significantly affected (n=5/group), but after 5 days days of treatment (C),
changes in gene expression are consistent with homeostatic responses to negative energy balance rather than a
causal involvement with decreased food intake (n=4/group). D) Targeted quantitative peptidomic analysis of the
mouse hypothalamus did not reveal significant changes likely to drive reduced food intake (n=4/group). E, F)
After 5 days of gene expression, Cer or Com treatment induces significant changes in hypothalamic gene
expression relative to Veh (E) that consistently involve upregulation of the PI3K/AKT pathway (F, n=4/group).
Data represent mean + SEM; *p<0.05, **p<0.01, ***p<0.001.
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Figure 6. Ceritinib potentiates GLP1R signalling. A, B) After both 24 hours of treatment with Veh or Cer (A) or
5 days of treatment with Veh, Sem, Cer, or Com, Glp7ris consistently upregulated in Cer-treated animals. C)
Experimental schematic of 24 hour incubation with Veh or Cer in human hypothalamic cultures, followed by
gPCR, or by administration of Semaglutide (Sem) and calcium imaging. D) Cer significantly increases the
expression of several genes of interest, notably GLP1R (n=4/group). E) Representative calcium imaging traces of
neurons incubated with Vehicle (grey) or Ceritinib (orange), and treated with Sem. F) Responses to Sem are
significantly (p<0.05) potentiated by pre-treatment with Cer (n=62, N=3) relative to vehicle (n=57, N=3). Data

represent mean + SEM (qPCR) and mean with 95% CI (calcium imaging); *p<0.05, **p<0.01, ***p<0.001.
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Figure S1. Generation of a POMC-GFP cell line, and astrocyte co-culture. A) Gene expression time course
during hypothalamic differentiation in the KOLF2.1J cell line. B) Schematic used for CRISPR/Cas9-based
knock-in of a T2A-GFP-polyA cassette to replace the TGA Stop codon of the endogenous human POMC gene in
the HUES9 human embryonic stem cell line. C) PCR confirming the correct 5’ targeting of the POMC gene using
primers indicated in (B). D) Representative photomicrograph of a differentiated culture of the POMC-GFP
reporter gene, with GFP channel merged with phase contrast channel. E) FACS plots from the parental and gene
edited cell line after hypothalamic differentiation. F) FAC sorting of GFP- and GFP+ cell fractions followed by
culture and immunostaining confirms that 94+3% of GFP+ cells were immunoreactive for POMC whereas 1£1%
of GFP- cells were (n=3 differentiations). G) Time course of GFP+ cell generation from HUES9 or POMC-GFP
cell lines differentiated to hypothalamic neurons, as quantified by FACS (n=3 replicates). H) Representative
photomicrographs of human hypothalamic neurons (MAP2, red) co-cultured with mouse primary astrocytes
(GFAP, green).
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Figure S2. Hypothalamic differentiation is efficient regardless of genetic background or differentiation
batch. A) Experimental schematic showing pooled or individual cell differentiation in different batches. B) Quality
control of sequencing data shows abundant UMIs and features per cell across samples and cell lines, with
consistently low mitochondrial and modest ribosomal gene expression. C-E) UMAP representation of single cell
data from all cell lines and culture conditions (C), reveals a relatively even contribution of cell lines to each cell
cluster in N2B27-matured (D) and SJ-matured (E) cultures, with the exception of of cell line PGP1. F) After
removing line PGP1 and re-clustering data, neuronal cell sub-populations (shades of green and blue) are clearly
distinguishable from neuroblasts (orange), and progenitors and glia (shades of red and green), whose gene
expression patterns identify them as predominantly resembling the anterior ventral hypothalamus including the
arcuate nucleus and ventromedial hypothalamus. G) All four genetically distinct cell lines (rows) contributed
relatively evenly to all cell clusters, whereas cells matured in N2B27-based maturation medium (columns NB and
NBA) contributed to more progenitors and fewer neurons than those matured in Synaptojuice-based medium
(columns SJ and SJA).
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Figure S3. hPSC-derived hypothalamic cell types resemble their counterparts in vivo. A, B) Genes
enriched in clusters of cells matured in N2B27-based medium (A) or Synaptojuice-based medium indicate that
hPSC-derived cells have spatial identities indicative of predominantly hypothalamic identity as described in
Results. C,D) Unbiased label transfer analysis indicates that the vast majority of hPSC-derived cells annotated as
POMC neurons are also annotated as POMC neurons in from the neonatal human arcuate nucleus.
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Figure S4. Identification of candidate drugs in POMC neurons matured in N2B27 media. A) Schematic of
POMC neuron and non-POMC neuron classification and volcano plot resulting from differential expression
analysis. B) Waterfall plot of scheme used to identify candidate genes that were enriched in NB-matured POMC
neurons, genetically associated with obesity, and targeted by drugs approved for human use. C) Summary of
candidate genes following the scheme used in Figure 3, and with genes identified in hPOMC neurons grown in
both media types (including ALK) indicated in green
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Figure S5. Summary of results from other drugs tested for weight loss effects in DIO mouse models.
While Semaglutide (Sem) was effective, no significant weight reducing effects were observed with candidate
drugs alone, nor were additive effects seen in combinatorial (Com) treatment. Drugs used included: (A) the
cholinergic receptor nicotinic alpha 4 subunit (CHRNA4) agonist varenicline (Var; n=4/group), (B) the NAD(P)H
quinone dehydrogenase 1 (NQO7) substrate beta-lapachone (B-lap; n=8/group), or (C) the hypocretin receptor
type 2 (HCRTR2) agonist YNT-185 (n=5/group), which also did not affect fat mass (D), food intake (E), or energy
expenditure (F). Data represent mean + SEM; **p<0.01 and ***p<0.001.
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