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SUMMARY
When damaged, restoring the function of the hypothalamus is currently impossible. It is unclear whether neural stem cells exist in the

hypothalamus. Studies have reported that adult rodent tanycytes around the third ventricle function as hypothalamic neural stem cell-

like cells. However, it is currently impossible to collect periventricular cells fromhumans.We attempted to generate hypothalamic neural

stem cell-like cells from human embryonic stem cells (ESCs). We focused on retina and anterior neural fold homeobox (RAX) because its

expression is gradually restricted to tanycytes during the late embryonic stage. We differentiated RAX::VENUS knockin human ESCs

(hESCs) into hypothalamic organoids and sorted RAX+ cells from mature organoids. The isolated RAX+ cells formed neurospheres and

exhibited self-renewal and multipotency. Neurogenesis was observed when neurospheres were transplanted into the mouse hypothala-

mus.We isolated RAX+ hypothalamic neural stem cell-like cells fromwild-type human ES organoids. This is the first study to differentiate

human hypothalamic neural stem cell-like cells from pluripotent stem cells.
INTRODUCTION

The hypothalamus is an essential region of the brain that

maintains physiological homeostasis. It can be damaged

by a number of factors, such as brain tumors, hereditary

diseases, and inflammatory diseases (Angulo et al., 2015;

Daubenbüchel and Müller, 2015; Rao et al., 2016; Tang

et al., 2015). Patients with hypothalamic disorders suffer

lifelong symptoms of endocrine disorders, obesity, and

associated lifestyle-related diseases such as diabetes (Tauber

and Hoybye, 2021). When damaged, it is currently impos-

sible to recover its function. Therefore, treatment for hypo-

thalamic disorders involves only symptomatic therapy,

such as hormone replacement therapy, and there is

currently no curative treatment.

Recently, tissue generation from pluripotent stem cells

has attracted attention as a treatment for such refractory

diseases. However, transplantation of mature neuronal

cells alone does not result in successful neuronal engraft-

ment (Fricker-Gates et al., 2002). Therefore, trial transplan-

tation of neural progenitor cells or neural stem cells has

been applied in clinical practice (Kikuchi et al., 2017;

Nori et al., 2011). In contrast, the presence of neural stem

cells in the human hypothalamus has been unknown.

Tanycytes are radial glial cell-like ependymal cells found

in the ventral hypothalamus of rodents. Recent studies

have reported that tanycytes in rodents possess self-
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renewal and multilineage properties, indicating that they

are hypothalamic neural stem cell-like cells (Lee et al.,

2012; Robins et al., 2013). Recently, we succeeded in gener-

ating tanycyte-like cells from mouse embryonic stem cells

(mESCs) and showed that these cells have properties of hy-

pothalamic neural stem cell-like cells (Kano et al., 2019).

However, there are limited reports on whether tanycytes

have the same properties in humans (Nogueira et al., 2014;

Zhou et al., 2020) because of the difficulty in obtaining hu-

man third ventricle periventricular cells. In this study, we

induced human hypothalamic neural tissue organoids us-

ing human ESCs (hESCs), attempted to fractionate hypo-

thalamic neural stem cell-like cells from the organoids

and examined whether these fractionated cells have tissue

stem cell properties.
RESULTS

Differentiation of hESCs into hypothalamic-pituitary

organoids rich in RAX+ cells

We focused on the transcription factor retina and anterior

neural fold homeobox (RAX) as markers of hypothalamic

neural stem cell-like cells. RAX is widely expressed in the

hypothalamus and retina of early embryonic mice (embry-

onic day 7.5 [E7.5]–E13.5). The positive region is gradually

limited and is only partially expressed in tanycytes and the
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retina of late embryonic mice (E17.5) (Pak et al., 2014; Wa-

taya et al., 2008). Based on this property, we hypothesized

that cells still expressing RAX in hESC-derived hypotha-

lamic tissues after most of the hypothalamic cells differen-

tiated into neurons and glial cells would correspond to

tanycytes. Therefore, we first investigated the induction

of RAX-rich hypothalamic tissue in hESCs. We used a

RAX::VENUS knockin hESC line to examine the culture

method that would result in the highest and longest

expression of the RAX::VENUS protein.

We used a three-dimensional serum-free culture of

embryoid body-like aggregates with quick reaggregation

(SFEBq) (Eiraku et al., 2008; Watanabe et al., 2005) to

induce differentiation of mouse ESCs into the hypothala-

mus. Based on our previous differentiation methods (Kasai

et al., 2020; Ogawa et al., 2018; Ozone et al., 2016), we

compared several induction conditions that could contain

hypothalamic tissues differentiated from hESCs/induced

pluripotent stem cells (iPSCs). One of the hypothalamic-pi-

tuitary organoid induction methods (Ozone et al., 2016)

showed the most long-lasting RAX+ cells (Figures 1A, S1A,

and S1B) compared with the hypothalamic induction

method (Ogawa et al., 2018). This result may be due to

the basic rule that the hypothalamus interacts with the

anterior pituitary to form and mature in embryology

(Suga et al., 2011). When the administration period of

bone morphogenetic protein 4 (BMP4), which positively

affects formation of the oral ectoderm and pituitary anlage,

was shortened, RAX expression in the late stage of differen-

tiation decreased from 8.75% ± 0.46% (mean ± SEM, n = 14

independent experiments) to 5.38% ± 0.20% (mean ± SEM,

n = 4 independent experiments) (Figures S1B–S1E).

Under this hypothalamic-pituitary organoid differentia-

tion method, the expression of RAX::VENUS protein

peaked on day 30, and fluorescence immunostaining

showed the expression of paired box genes 6 (PAX6) and

nk2 homeobox 1 (NKX2.1), markers of hypothalamic pro-

genitor cells, consistent with RAX+ cells (Figures 1B–1D).
Figure 1. Characteristics of human hypothalamic-pituitary organ
(A) Culture protocol for hypothalamic-pituitary organoid induction.
(B and C) Immunostaining of hESC aggregates on day 30 for PAX6 (red
expressed with RAX (green; B), and RAX::VENUS (green; C). For RAX::V
without staining.
(D–H) Time series of fluorescence microscopy images of hypothalam
decrease gradually until day 90, and small amounts of positive areas
(I–L) Immunostaining of hESC-derived hypothalamic-pituitary organo
(red; L), markers of the hypothalamic arcuate nucleus and ventral me
(M and N) RNAScope results for NPY (red).
(O and P) Immunostaining of the hypothalamic area of the day 90 hyp
NESTIN (white; P), and markers of neural stem cells co-expressed wit
(Q and R) Immunostaining of the hypothalamic area of day-90 hypoth
and markers of tanycytes co-expressed with RAX::VENUS (green; Q an
Scale bars, 50 mm (B–R).
The hypothalamic precursor cell markers achaete-scute

homolog 1 (ASCL1) and neurogenin 2 (NG2) were also ex-

pressed, consistent with RAX::VENUS and NKX2.1

(Figures S1F and S1G) (Aslanpour et al., 2020). Then, the

expression of RAX::VENUS protein rapidly decreased,

and after day 90, there seemed to be no change in

RAX::VENUS expression levels (Figures 1D–1H). At that

point, ASCL1 and NG2 expression disappeared, suggesting

that the hypothalamic precursor cells had matured

(Figures S1H and S1I). Immunostaining of the hypotha-

lamic-pituitary organoids on day 90 showed expression

of proopiomelanocortin (POMC), neuropeptide Y (NPY),

agouti-related peptide (AGRP), and nuclear receptor sub-

family 5, group A, member 1 (NR5A1), which are mature

neural markers of the arcuate and ventral medial nuclei

of the hypothalamus (Figures 1I–1L).

To corroborate this result, we performed several experi-

ments. First, we performed fluorescent immunostaining

on adult mice and early hypothalamic organoids

(Figures S1J–S1O). The results showed that adult mice and

early hypothalamic organoids functioned as positive and

negative controls, respectively.

When cultured in three-dimensional floating culture, the

cell bodies and axons of neurons are spread out in various

directions, making it difficult to obtain a typical image of

neurons (Huang et al., 2021). Therefore, we next dispersed

the hypothalamic organoids into single cells and cultured

them in two-dimensional culture so that the neuropeptides

expressed in the hypothalamic organoids would appear

more typical (Figures S1P–S1S). The results revealed that

the morphology of the hypothalamic organoids was

similar to that of previously reported hESC-induced hypo-

thalamic neurons (Wang et al., 2015).

To quantitatively estimate the neuropeptides in the hy-

pothalamic organoids, we performed quantitative poly-

merase chain reaction (qPCR) and detected the expression

of POMC and NPY (Figures S1T–S1V). The reason why

AGRP was not detected by qPCR may be that AGRP is
oids generated with three-dimensional culture

; B), NKX2.1 (red; C), markers of hypothalamic progenitor cells co-
ENUS, spontaneous luminescence of the VENUS protein was imaged

ic-pituitary organoids; RAX:VENUS+ areas (green; D–H) appear to
remain after day 90.
ids on day 90 for POMC (red; I), NPY (red; J), AGRP (red; K), NR5A1
dial nucleus.

othalamic-pituitary organoid for SOX2 (red; O), VIMENTIN (red; P),
h RAX (white; O).
alamic-pituitary organoids for COL23A1 (red; Q), COL25A1 (red; R),
d R).
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expressed in a smaller area in the hypothalamic organoids

than POMCorNPY (Figures S1W–S1Y). To confirm that the

neuropeptide is expressed in the hypothalamic organoids

by methods other than fluorescent immunostaining, we

also performed fluorescence in situ hybridization (FISH)

on NPY and detected NPY in the hypothalamic organoids

(Figures 1M and 1N).

These results mean that the aggregates at 90 days were in

the final stages of differentiation into neurons and glia;

that is, the hypothalamic tissues in the hypothalamic-pitu-

itary organoids in this study matured at 90 days.

Therefore, we hypothesized that the RAX:VENUS+ cells

expressed even after day 90 were human tanycytes. Immu-

nostaining showed a group of cells in the hypothalamic-pi-

tuitary organoids that expressed RAX, sex-determining

region Y-box 2 (SOX2), VIMENTIN, and NESTIN in unison,

suggesting that they may form hypothalamic stem cell-like

cell niches (Figures 1O and 1P). Furthermore, we confirmed

that collagen 23 alpha 1 (COL23A1) and collagen 25 alpha

1 (COL25A1), which are known to be expressed in tany-

cytes, are expressed in hypothalamic organoids consistent

with RAX::VENUS, indicating that RAX::VENUS+ cells may

be the equivalent of tanycytes (Figures 1Q and 1R) (Chen

et al., 2017).

Isolation of RAX::VENUS+ cells from hypothalamic-

pituitary organoids

Next, we attempted to isolate RAX::VENUS+ cells from the

hESC-derived hypothalamic tissues. Hypothalamic-pitui-

tary organoids were dissociated into single cells on day 90

and sorted for RAX::VENUS+ cells using a cell sorter

(Figures 2A and 2B). VENUS+ cells were defined as those

with a fluorescence level of 3 3 105 or greater. This cutoff

was determined to contain less than 0.2% of the false-pos-

itive cells of undifferentiated hESCs as the VENUS� control

(Figure S2A). The ratio of RAX::VENUS+ cells sorted on day

90 was 8.75% ± 0.46% (mean ± SEM, n = 14 independent

experiments). The percentage of RAX::VENUS+ cells on

day 90 was significantly decreased compared with that on

day 50 (23.3% ± 2.90%,mean ± SEM, n = 3 independent ex-

periments), suggesting that many RAX::VENUS+ cells on
Figure 2. Neurospheres composed of RAX::VENUS+ cells isolated
(A) Schematic of isolation of RAX::VENUS+ cells from day 90 hypotha
(B) Histogram of RAX::VENUS+ cells.
(C) Culture condition of sorted RAX::VENUS+ cells to form neurospher
(D) Fluorescence microscopy images of the neurosphere composed of
(E–S) Immunostaining of the RAX::VENUS (green; E) neurosphere on d
(white; H), neural stem cell markers, BMI1 (red; I), a marker expresse
BLBP (white; K), COL23A1 (red; L), COL25A1(red; M), expressed in m
precursor cell markers, SOX1 (red; p), expressed in neural progenitors
marker and BrdU (red; R), Ki67 (red; S), cell division markers.
Scale bars, 50 mm (D–S).
day 50 differentiated into hypothalamic neural tissue by

day 90 (Figure S2B).

In general, neural stem cells form sphere-like aggregates

called ‘‘neurospheres’’ when suspended in a medium con-

taining growth factors, such as fibroblast growth factor 2

(FGF2) and epidermal growth factor (EGF) (Reynolds and

Weiss, 1992). This characteristic is shared between mouse

and human neural stem cells (Nori et al., 2011; Robins

et al., 2013). Therefore, we performed a suspension culture

of isolated RAX::VENUS+ cells in a medium supplemented

with FGF2 and EGF to examine whether they formed neu-

rospheres (Figure 2C). We also added a rho-associated pro-

tein kinase (ROCK) inhibitor because the single human

cells were fragile (Watanabe et al., 2007). First, we used ul-

tra-low-adhesion 24-well plates, which did not aggregate

well (Figure S2C). This suggests that the aggregation ability

of single human RAX::VENUS+ cells is weaker than that of

mouse cells. Next, we used 96-well plates, which allowed

cells to form aggregates more easily. We observed neuro-

spheres composed entirely of RAX::VENUS+ cells (Fig-

ure 2D) after 14 days of culture.

Fluorescent immunostaining revealed that the neuro-

spheres composed of RAX::VENUS+ cells expressed RAX,

SOX2, NESTIN, and VIMENTIN, which are markers ex-

pressed in neural stem cells, and B lymphoma Mo-MLV

insertion region 1 homolog (BMI1), a marker of the self-

renewal ability ofneural stemcells (Figures 2E–2I;Goodman

and Hajihosseini, 2015; Molofsky et al., 2003). Lim

homeobox-2 (LHX2), brain lipid-binding protein (BLBP),

COL23A1, and COL25A1, expressed in mouse Rax+ tany-

cytes, were also observed (Figures 2J–2M; Haan et al.,

2013). These features suggest that the neurospheres corre-

spond to tanycytes. Interestingly, the neurospheres showed

little expression of the hypothalamic precursor cell markers

ASCL1, NG2, and SOX1, markers that are expressed in neu-

ral progenitor cells but not in Rax+ tanycytes, or the mature

neuron marker TUBULINb3 (Figures 2N–2Q and S2D) (Wa-

taya et al., 2008). This suggests that the neurospheres had

few impurities, such as hypothalamic precursor cells and

neural progenitor cells generated during the differentiation

process from ESCs and mature neurons. Expression of
from the human hypothalamic-pituitary organoids
lamic-pituitary organoids.

es.
RAX::VENUS+ cells (green) on day 14 after sorting.
ay 14 for RAX (white; E), SOX2 (white; F), VIMENTIN (red; G), NESTIN
d for the self-renewal ability of neural stem cells, LHX2 (white; J),
ouse Rax+ tanycytes, ASCL1 (red; N), NG2 (red; O), hypothalamic
but not in Rax+ tanycytes, TUBULINb3 (white; Q), mature neuron
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Figure 3. Self-renewal and multipotency of the neurospheres in vitro
(A) Culture protocol and schematics for passaging the neurospheres.
(B–K) Immunostaining of the neurospheres after multiple passages. The neurosphere after one passage (second neurosphere) and the
neurosphere after seven passages (eighth neurosphere) expressed RAX (red; C and H), SOX2 (white; D and I), VIMENTIN (red; E and J),
NESTIN (white; F and K), neural stem cell markers, consistent with RAX:VENUS (green; B and G).

(legend continued on next page)
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bromodeoxyuridine (BrdU) andKi67, a cell divisionmarker,

was also observed. These results indicate that the neuro-

spheres were able to proliferate (Figures 2R and 2S; Lehner

et al., 2011; Reif et al., 2006).

RAX::VENUS+ cells have the properties of

hypothalamic neural stem cell-like cells in vitro

To confirm that tanycytes have properties of hypothalamic

neural stem cell-like cells in vitro, several studies have re-

ported that neurospheres derived from adult mouse tany-

cytes can be passaged multiple times and differentiate into

hypothalamic neurons and glia (Lee et al., 2012; Robins

et al., 2013). Therefore, we examined whether the neuro-

spheres composed of the hESC-derived RAX:VENUS+ cells

had the same properties as neurospheres derived from adult

mouse tanycytes.

First, we dissociated the neurospheres into single cells,

added FGF2 and EGF, and suspended them in floating cul-

ture in 96-well plates. As a result, new neurospheres were

successfully reaggregated; that is, they were successfully

passaged (Figure 3A). This passaging could be performed

multiple times (more than eight times) while maintaining

neural stem cell markers and RAX::VENUS+ cells

(Figures 3B–3K). We measured the number of cells during

passaging and found that the number gradually increased.

In other words, RAX::VENUS+ cells self-proliferated (Fig-

ure 3L). The slow proliferation rate of these cells may reflect

the low functional recovery ability of human hypothalam-

ic tissue. These results indicate that the neurospheres

composed of RAX:VENUS+ cells have self-renewal abilities.

Next, we examined whether the neurospheres composed

of RAX::VENUS+ cells were multipotent. The neurospheres

were dissociated into single cells and attached to PDL-coated

cover glasses in amedium supplemented with ciliary neuro-

trophic factor (CNTF) and ROCK inhibitor (Figure 3M).

Neuron-like structures were observed on day 7 (Figure 3N).

Immunostaining of these structures showed that they ex-

pressed microtubule-associated protein 2 (MAP2), neuronal

nuclei (NEUN), and TUBULINb3; the mature neuron

markers POMC and NPY; and ventral hypothalamic arcuate

nucleus markers, suggesting that they were differentiated

into hypothalamic neurons (Figures 3O–3R). These struc-
(L) Graph of the proliferation potential of the neurospheres with seve
the time of passaging, and the numbers of cells were measured to calc
cells. Values shown on graphs represent the mean ± SEM; n = 3 indep
(M) Culture protocol to differentiate the neurospheres into neurons a
(N) Phase-contrast microscopy image of a neuron differentiated from
Axons (arrowheads) and dendrites (yellow arrowheads) appeared to e
(O–T) Immunostaining of neuronal and glial cells differentiated from
(red; O), NEUN (white; O), and TUBULINb3 (white; P); the ventral hy
astrocyte marker GFAP (red; S); and the oligodendrocyte marker O4 (
Scale bars, 50 mm (B–K, N–T).
tures also expressed glial fibrillary acidic protein (GFAP; an

astrocytemarker) andO4 (an oligodendrocytemarker), indi-

cating that theyhaddifferentiated into two typesof glial cells

(Figures 3S and 3T). These data show that the neurospheres

are multipotent. In addition, we confirmed that the neuro-

spheres had the same multipotency even after passaging

(Figures S2E–S2P). In contrast, passaging altered the ratio of

differentiation of RAX+ cells into hypothalamic neurons

and glial cells (Figures S2Q–S2S). The results showed that

the percentage of RAX+ cells differentiating into mature

neurons decreased and that of glial cells increased as the

number of passages increased, as reported previously (Okada

et al., 2008).

Transplanted hESC-derived RAX::VENUS+ cells are

differentiated into hypothalamic neurons in vivo

In the experiments above, we have shown that neuro-

spheres composed of RAX::VENUS+ cells have the proper-

ties of hypothalamic neural stem cell-like cells in vitro.

Next, we examined whether the neurospheres had the

same properties in vivo.

Several studies have shown that tanycytes are capable of

neurogenesis (differentiation into hypothalamic neurons)

in the adult mouse brain (McNay et al., 2012). Therefore,

we transplanted neurospheres composed of RAX::VENUS+

cells into the ventral hypothalamus of severe combined im-

munodeficiency (SCID) mice and tested whether the neu-

rospheres would show neurogenesis in the SCID mouse

brain (Figure 4A).

We implanted one neurosphere (i.e., 20,000 RAX+ cells)

into themouse ventral hypothalamus. One week after neu-

rosphere transplantation, the neurospheres transplanta-

tion group, compared with the sham group, contained

cell clusters that expressed RAX:VENUS and anti-human

nuclear antibodies, which were also expressed in the

hESC-derived neurospheres (Figures 4B–4G). The anti-hu-

man nuclear antibodies were expressed in themouse hypo-

thalamic arcuate nucleus in sham groups; however, the

nuclei were not stained, suggesting non-specific expression

(Figure S3A). Consistent with these anti-human nuclear

antibody+ cells, we observed VIMENTIN+ cells extending

into the mouse brain compared with those in the sham
ral passages. The neurospheres were dissociated into single cells at
ulate how much they increased compared with the initial number of
endent experiments.
nd glia.
the neurosphere (first neurosphere) composed of RAX::VENUS+ cells.
xtend from the cell body (arrow).
the neurospheres. Expression of the mature neuron markers MAP2
pothalamic neuron markers POMC (white; Q) and NPY (red; R); the
red; T) was observed.
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group (Figures 4H, 4I, S3B, and S3C). These results suggest

that hESC-derived neurospheres were engrafted into the

mouse brain.

Some RAX::VENUS+ cells derived from hESCs showed a

radial glial cell-like morphology in the transplanted SCID

mouse brain, which is the typical appearance of neural

stem cells in the mouse brain in vivo (Figures 4J and 4K).

Some of the anti-human nuclear antibody+ cells trans-

planted into the mouse brain expressed POMC and NPY,

which are arcuate nucleusmarkers of the ventral hypothala-

mus, comparedwith those in the shamgroup,whichshowed

only scarring changes (Figures 4L–4O) (Figures S3D–S3G).

These results suggested that these cells differentiate into hy-

pothalamic neurons in the mouse brain. We transplanted

the neurosphere into four mice and confirmed its viability

in two mice. No tumorigenesis occurred.

These data suggest that the neurospheres composed of

RAX::VENUS+ cells have the potential for neurogenesis

(that is, differentiation into hypothalamic neurons) and

have the properties of hypothalamic neural stem cell-like

cells in vivo.

Establishment of a method isolating human

hypothalamic neural stem cell-like cells using cell-

surface antigens

To date, we have used knockedin VENUS as amarker for cell

sorting. To make experiments using hypothalamic neural

stem cell-like cells widely and conveniently available, we

would like to enable their isolation from non-transgenic

cells. Therefore, we attempted to isolate cells correspond-

ing to RAX+ cells using cell-surface antigens that do not

require gene transfer.

To identify the cell surface antigens corresponding to

RAX::VENUS+ cells, we used a cell surface antigen screening

kit that can search for 378 cell surface antigens (Figure 5A).

We found that CD29 (integrin b1) expressed in human

neural stem cells efficiently sorted RAX::VENUS+ cells (Fig-
Figure 4. Multipotency of neurosphere in vivo transplantation
(A) Schematic of the transplantation of hESC-derived RAX::VENUS+ n
(B–F and H–O) Immunostaining of a coronal section of a 9-week-old
(B and D) Ventral hypothalamus of sham-group mice. Very weak expre
(green), not consistent with DAPI, was observed, suggesting that th
(C, E, and F) Ventral hypothalamus from the neurosphere transplanta
anti-human nuclei antibody+ (white; C, E, and F) cell mass was obser
(G) Anti-human nucleus staining (red) of the neurosphere composed
(H and I) Ventral hypothalamus of the neurosphere transplantation g
axons from the anti-human nuclei antibody+ cell mass into the mous
(J and K) Ventral hypothalamus of the neurosphere transplantation g
seen in the area away from the transplanted neurospheres (J; top lef
(L–O) Ventral hypothalamus of the neurosphere transplantation gro
Expression of POMC (red; L and M) and NPY (red; N and O), consistent
part of the engrafted neurospheres.
Scale bars, 50 mm (B–O).
ure 5B; Hall et al., 2006; Pruszak et al., 2007). However,

there were also many RAX::VENUS� cells in the CD29+

fraction, suggesting the presence of impurities, such as

mature neurons and glia.

To remove impurities, we focused on CD24 (Figure 5C).

Several studies have reported that CD24+ cells are expressed

in mature neurons, glia, and the oral ectoderm but not in

neural stem cells (Nieoullon et al., 2005; Papagerakis et al.,

2014; Pruszak et al., 2007). Therefore, we hypothesized

that separating CD29+ and CD24� cells could efficiently

sort RAX::VENUS+ cells. Fluorescent immunostaining of

hESC-derived hypothalamic organoids for CD29 and

CD24 showed that CD29+ and CD24� cells appeared to ex-

press RAX::VENUS+ cells (Figure 5D). Therefore, we isolated

CD29+ and CD24� cells and cultured them in suspension

culture inFGF2-andEGF-supplementedmedium(Figure5E).

They successfully formed neurospheres (CD29+ and CD24�

neurospheres) but appeared to be contaminatedwith impu-

rities because the amount of RAX:VENUS+ cells was only

35.4% (Figure 5F) by fluorescence microscopy. Therefore,

CD29+ and CD24� neurospheres were dissociated into sin-

gle cells and reaggregated in suspension culture; that is,

another passaging operation was performed. As a result,

neurospheres consisting of highly purified RAX::VENUS+

cells (reaggregated neurosphere; 83.6% ± 4.67% (mean ±

SEM,n=4 independent experiments))were formed, and im-

purities in the neurospheres appeared to be removed

(Figure 5G).

To confirmwhether therewere any changes in theproper-

ties of the neurospheres before and after reaggregation, we

compared them using fluorescence immunostaining. There

was no expression of the undifferentiated marker NANOG

or octamer-binding transcription factor 3/4 (OCT3/4). This

indicated no contamination with undifferentiated hESCs

(Figures S4A and S4B) (Ivanova et al., 2006). In addition,

expression of the neural stem cell markers SOX2, BMI1,

NESTIN, and VIMENTIN was observed, indicating that the
eurospheres into the SCID mouse hypothalamus.
treated SCID mouse brain.
ssion of the anti-human nucleus antibody (white) and RAX::VENUS
ey were non-specific.
tion group. The transplanted RAX::VENUS+ (green; C, E, and F) and
ved.
of RAX::VENUS+ cells.
roup stained for VIMENTIN (red; G and H), which appears to extend
e brain.
roup. Bipolar radial glial cell-like RAX::VENUS+ cells (K; green) are
t).
up. Shown is immunostaining with ventral hypothalamic markers.
with anti-human nucleus antibody (white; L–O), was observed in a
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cells had properties similar to those of neural stem cells

(Figures S4C–S4J). Staining for SOX1 expressed in neural

progenitor cells showed that SOX1+ cells were consistent

withRAX::VENUS� cells (Figures 5Hand5I). Thepercentage

of SOX1 cells inneurospheres revealed that the reaggregated

neurospheres (9.00% ± 0.33%, mean ± SEM, n = 3 indepen-

dent experiments) showed a superior reduction in SOX1+

cells compared with the CD29+ and CD24� neurospheres

(43.6% ± 0.90%, mean ± SEM, n = 3 independent experi-

ments). The reaggregated neurospheres contained almost

the same number of SOX1+ cells as the neurospheres

composed of RAX:VENUS+ cells (7.69% ± 0.74%, mean ±

SEM,n=3 independent experiments) (Figure5J). The reason

why SOX1+ cells decrease with passaging may be that they

are neural progenitors with weaker self-renewal capacity

(Galiakberova and Dashinimaev, 2020). In fact, when

CD29+ CD24� RAX:VENUS cells were isolated and cultured

in suspension, neurospheres composed of SOX1+ cells were

formed but could not be passaged, supporting this hypoth-

esis (Figures S4K–S4N). Therefore, we successfully isolated

RAX::VENUS cells from hESC-derived hypothalamic orga-

noids usingonly cell surface antigens. They showed reaggre-

gation upon passaging, revealing that the cells could self-

renew.

Next, to confirmwhether the isolated CD29+ and CD24�

cells had the same multipotency as RAX::VENUS+ cells, we

dissociated the neurospheres composed of CD29+ and

CD24� cells into single cells and attached them to PDL-

coated cover glasses in CNTF medium with a ROCK inhib-

itor. Fluorescence immunostaining on day 7 showed that

the CD29+ and CD24� cells differentiated into hypotha-

lamic neurons and glia, similar to RAX::VENUS+ cells, indi-

cating that the neurospheres composed of CD29+ and

CD24� cells had multipotency (Figures 5K–5P).
Figure 5. Isolation of human hypothalamic neural stem cell-like
(A) Schematic of screening using the cell-surface antigen screening
(BandC)Analysis of CD29 (B)andCD24 (C)fluorescence in the cells of hu
(D) Immunostaining of human hypothalamic-pituitary organoids cont
and CD24 (white).
(E) Fluorescence analysis of CD29 and CD24 of human hypothalamic-
cence level 13 105 or higher; CD24, fluorescence level 1 3 105 or low
CD29+ and CD24� fraction.
(F) Neurosphere formed by floating culture of CD29+ and CD24� cells
(G) Newly formed neurosphere after one passage from the CD29+ and
were dissociated into single cells and reaggregated with floating cult
(H and I) Immunostaining of the CD29+ and CD24� neurosphere and
decreased the percentage of SOX1+ cells and increased the percentag
(J) Rates of SOX1+ cells in each neurosphere. Values shown on the g
**p < 0.01.
(K–P) Immunostaining of neurons and glia differentiated from the CD2
MAP2 (red; K), NEUN (white; K), and TUBULINb3 (white; L); the ventra
astrocyte marker GFAP (red; O); and the oligodendrocyte marker O4 (
Scale bars, 50 mm (D, F–I and K–P).
DISCUSSION

We succeeded in generating hypothalamic neural stem cell-

like cells from human pluripotent stem cells in vitro using

RAX as a marker with reference to rodent tanycytes. First,

we found a group of cells that were persistently RAX+ for a

long culture time in hypothalamic-pituitary organoids

differentiated fromhESCs. The RAX+ cells co-expressedneu-

ral stem cell markers. Second, we isolated RAX+ cells from

RAX:VENUS knockin hESC-derived organoids and showed

that these cells could differentiate into hypothalamic neu-

rons and glia; that is, multipotency in vitro. Third, we

showed that human RAX::VENUS+ cells can form neuro-

spheres and canbe passaged, keeping the expression of neu-

ral stem cell markers; that is, they can self-renew. Multipo-

tency was maintained in the neurospheres after multiple

passages. Fourth, we transplanted human RAX::VENUS+

cells into the mouse hypothalamus and showed that these

cells were capable of differentiating into hypothalamic neu-

rons and glia, indicating multipotency in vivo. Finally, by

analyzing the surface markers, we separated hypothalamic

neural stem cell-like cells from wild-type hESCs.

In vitro generation of human hypothalamic neural stem

cell-like cells using this technology will enable future study

of human hypothalamic stem cells. The existence and func-

tion of hypothalamic neural stem cell-like cells in human

brain could be investigated. This technology will enhance

the regenerative capacity of human hypothalamic tissues.

For example, in the present study, we transplanted human

pluripotent stem cell-derived hypothalamic neural stem

cell-like cells into the ventral hypothalamus of mice and

confirmed their viability and neurogenesis; that is, their dif-

ferentiation into hypothalamic neurons. It will be possible

to evaluate the function of the transplanted cells using
cells using cell-surface antigens
kit.
manhypothalamic-pituitary organoids, includingRAX::VENUS+ cells.
aining RAX::VENUS+ cells (green) on day 90, stained for CD29 (red)

pituitary organoids. The CD29+ and CD24� fraction (CD29, fluores-
er) were sorted. RAX::VENUS+ cells were contained at 35.4% in the

for 14 days (CD29+ and CD24� neurosphere).
CD24� neurosphere. The CD29+ and CD24� neurospheres on day 14
ure for 14 days (reaggregated neurosphere).
the reaggregated neurosphere for SOX1 (red; H and I). Passaging
e of RAX::VENUS+ cells.
raphs represent the means ± SEM, n = 3 independent experiments.

9 and CD24� neurospheres. Expression of the mature neuron markers
l hypothalamic neuron markers POMC (red; M) and NPY (red; N); the
red; P) was observed.
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specific knockout animals of hypothalamic neurons or dis-

ease models. Furthermore, it has been reported that mouse

hypothalamic neural stem cell-like cells are involved in not

only regeneration but also aging and metabolic functions

based on epigenetic factors (Lee et al., 2012; Xiao et al.,

2020; Zhang et al., 2017). Thus, it is possible to study the ef-

fects of transplantation on aging in aged animalmodels. The

effects onmetabolism can also be explored using humanhy-

pothalamic neural stem cell-like cells.

In addition, it would be possible to study the mechanisms

underlying the maintenance of hypothalamic neural stem

cell-like cells. In fact, FGF2,which is expressed inperiventric-

ular cells near the hypothalamic ventromedial nucleus and

arcuatenucleusof rodents,wasexpressed inside thehypotha-

lamic neural stem cell-like cell niche in the hESC-derived or-

ganoids, suggesting the existence of a mechanism for long-

termmaintenanceofhypothalamicneural stemcell-like cells

in this region (FiguresS5AandS5B;Niwaet al., 2016). Thehy-

pothalamic neural stem cell-like cell niche that could form

neurospheres was sterically maintained for at least 200 days

in the cell mass (Figures S5C–S5E). This culture system can

be used to elucidate themechanism of stem cell nichemain-

tenance by spatial transcriptome analysis. In the future, we

would like to find ways to increase the number of hypotha-

lamic neural stem cell-like cells and enhance their function.

We currently identified surface markers for isolating

hypothalamic neural stem cell-like cells, making this tech-

nology widely available. Using surface markers, it has

become possible to generate hypothalamic neural stem

cell-like cells from a variety of hESC/iPSC lines, which is ex-

pected to be a fundamental technology for hypothalamic

research in a wide range of fields, such as regenerative med-

icine, embryology, disease pathology, and aging.

In conclusion, we generated human hypothalamic neu-

ral stem cell-like cells in vitro using hESCs and demon-

strated that they function in vitro and in vivo.
EXPERIMENTAL PROCEDURES

Resource availability
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Further information and requests for resources and reagents

should be directed to and will be fulfilled by the corresponding

author, Hidetaka Suga (sugahide@med.nagoya-u.ac.jp).

Materials availability

All unique/stable reagents generated in this study are available

from the lead contact without restriction.

Data and code availability

d The data supporting the results of this study are available within

the main paper and supplemental information.
qPCR
The procedure is described in the supplemental information.
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RNAScope
The RNAscopeMultiplex Fluorescent Reagent Kit v.2 (catalog num-

ber 323100) was used on fixed hypothalamic-pituitary organoids.

RNA probe mixtures were applied for 2 h at 40�C: RNAscope

3-plex Negative Control Probe (catalog number 320871), RNA-

scope 3-plex Positive Control Probe-Hu (catalog number

320861), and NPY (catalog number 416671). Amplification and

staining steps were performed as described by the manufacturer.

Opal 570 reagent (FP1488001KT, red, 1:1,500) was used.
Cell sorting
RAX::VENUS+cellsweresortedusingaFACSMelody(BDBiosciences).

Data were analyzed using the FACS Diva software (BD Biosciences).

For cell sorting, hypothalamic-pituitary organoidswere dissociated

into single cells using neuron dissociation solution S (297-78101,

Wako Pure Chemicals Industries, Osaka, Japan), collagenase type

I (037-17603,Wako), and 0.25% trypsin-EDTA (25200056, Gibco).

The cell suspensionwas filtered through 5-mL round-bottom tubes

with a cell strainer cap (38030, Falcon, Corning, Corning, NY, USA)

before loading.

To avoid cross-contamination, RAX::VENUS+ and RAX::VENUS�

cells were gated using scatterplots of the undifferentiated hESC

population. The sorted cells were collected in sorting buffer

(DMEM/F-12 with 1 mM EDTA and 1% fetal bovine serum

[FBS]) containing 20 mM Y-27632 and stored at 4�C until plating.

CD29+ and CD24� cells were sorted using a FACS Aria (BD Biosci-

ences). Data were analyzed using the FACS Diva software (BD Bio-

sciences). For cell sorting, aggregates were dissociated into single

cells using TrypLE (12605-010, Gibco) instead of trypsin-EDTA

because trypsin-EDTA strips away the cell-surface antigen (Tsuji

et al., 2017). CD29+ and CD24� cells were sorted based on the

fluorescence intensity that resulted in the highest percentage of

RAX::VENUS+ cells (sorted RAX-VENUS+ cells/sorted all cells).

As a result, the most appropriate fluorescence intensity was 1 3

10⁵ or higher for CD29 and 1 3 10⁵ or lower for CD24.

Neurosphere formation and maintenance
Sorted RAX::VENUS single cells were resuspended in DMEM/F12

supplemented with glucose, N2, and B27 (DFNB) medium, supple-

mented with 20 ng/mL recombinant human FGF2 (Wako), 20 ng/

mL recombinant human EGF (PeproTech), and 20 mM Y-27632.

The DFNB medium comprised DMEM/F-12 (D8900, Sigma-

Aldrich) containing 3.85 g/L glucose (07-0680-5, Sigma-Aldrich),

1.2 g/L sodium hydrogen carbonate (28-1850-5, Sigma-Aldrich),

and 50 U/mL (for penicillin) penicillin/streptomycin (15140-122;

Gibco, Waltham, MA, USA) supplemented with 1% N2 (17502-

048, Gibco) and 2% B27 (12587-010, Gibco). The cells were then

seeded in low-cell-adhesion 96-well plates in V-bottomed conical

wells. The cell density was adjusted to 20,000 cells per 200 mL of

DFNB medium per well. The cells were incubated at 37�C in a 40%

O2 and 5% CO2 incubator. Half-medium changes were performed

every 3 days. The neurospheres were passaged every 14 days. For

passaging, the neurospheres were dissociated into single cells using

neuron dissociation solution S and seeded according to the original

conditions. At the time of passage, the number of cells was deter-

mined using a cell counter (OC-C-S02, FPI). To cryopreserve

RAX::VENUS+ cells, the neurospheres were dissociated into single

mailto:sugahide@med.nagoya-u.ac.jp


cells and preserved by vitrification. The same experimental proced-

ure was applied to sorted CD29+ and CD24� single cells.
Neurosphere differentiation
For differentiation, the neurospheres were collected in a 15-mL

centrifuge tube and dissociated into single cells using neuron

dissociation solution S. The cells were seeded at 100,000 cells per

1 mL in dissociation medium on Poly-D-Lysine (PDL)-coated glass

coverslips in 24-well plates and incubated at 37�C in a 5% CO2

incubator. The dissociation medium contained DFNB, 10% FBS

(SFBM30-2537, Equitech-Bio), BDNF (028-16451, Wako), NT-3

(146-09231, Wako), LM22A-4 (SML0848, Sigma), and 10 mM

Y-27632. On day 1, the medium was changed with DFNB plus

10 ng/mL CNTF (257-NT, R&D Systems, Minneapolis, MN, USA)

and then every other day. On days 4–7, the cells were fixed for

immunostaining.
Immunohistochemistry
The procedure is described in the supplemental information.
Transplantation of hESC-derived hypothalamic

neural stem cell-like cells
All animal experiments were performed in accordance with our

institutional guidelines (Nagoya University ES-0001) for animal

studies.

Eight-week-old SCID male mice were anesthetized with 1%–2%

isoflurane (Wako) using an animal anesthetization device (MA-

AT210D, Muromachi Kikai, Tokyo, Japan). Neurospheres were in-

jected into the ventral hypothalamus via a 23G needle of a 2-mL

Hamilton syringe (7102KH), using an ultra-precise stereotactic

apparatus (David Kopf Instruments) and coordinates of 1.7 mm

posterior to the bregma, 5.4 mm below the surface of the skull,

and 0.25 mm lateral to the midline of the brain.
Cell-surface antigen screening kit experiment
Hypothalamic-pituitary organoids were dissociated into single

cells and stained using MACS Marker Screen, human, version 02

(130-127-043,Miltenyi Biotec), which was designed to contain

378 APC-conjugatedmonoclonal antibodies specific to cell-surface

markers and six isotype control antibodies arrayed onto four

96-well plates. For flow cytometry analysis, single-cell suspensions

were dispensed into low-cell-adhesion V-bottom 96-well plates at

250,000 cells per well in PEB buffer, which comprised PBS, 0.5%

BSA, and 2 mM EDTA. Flow cytometry analysis was performed us-

ing a FACS Canto2 (BD Biosciences). Data were analyzed using the

FACS Diva software (BD Biosciences).
Cell counting method for SOX1+ cells
The procedure is described in the supplemental information.
Statistical analyses
Data are expressed as the mean ± SEM. Comparisons between two

groups were performed by Student’s t test. Comparisons between

multiple groups were performed by one-way ANOVA with post-

hoc Bonferroni’s method. n refers to the number of independent
experiments. P values of < 0.05 (*) < 0.01 (**) were considered sta-

tistically significant.
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