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Abstract

Tanycytes have recently been accepted as neural stem/progenitor cells in the postnatal
hypothalamus. Persistent retina and anterior neural fold homeobox (Rax) expression is
characteristic of tanycytes in contrast to its transient expression of whole hypothalamic precursors.
Here, we found that Rax" residual cells in the maturation phase of hypothalamic differentiation in
mouse embryonic stem cell (mESC) cultures had similar characteristics to ventral tanycytes. They
expressed typical neural stem/progenitor cell markers, including Sox2, vimentin, and nestin, and
differentiated into mature neurons and glial cells. qRT-PCR analysis showed that Rax" residual
cells expressed Fgf-10, Fgf-18, and Lhx2 that are expressed by ventral tanycytes. They highly
expressed tanycyte-specific genes Dio2 and Gpr50 compared with Rax" early hypothalamic
progenitor cells. Therefore, Rax" residual cells in the maturation phase of hypothalamic
differentiation were considered to be more differentiated and similar to late progenitor cells and
tanycytes. They self-renewed and formed neurospheres when cultured with exogenous FGF-2. In
addition, these Rax" neurospheres differentiated into three neuronal lineages (neurons, astrocytes,

and oligodendrocytes) including neuropeptide Y (NPY)" neuron that are reported to be
3
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differentiated from ventral tanycytes towards the arcuate nuclei. Thus, Rax" residual cells were

multipotent neural stem/progenitor cells. Rax" neurospheres were stably passaged and retained

high Sox2 expression even after multiple passages. These results suggest the successful induction

of Rax" tanycyte-like cells from mESCs (induced tanycyte-like cells: iTan cells). These

hypothalamic neural stem/progenitor cells may have potential in regenerative medicine and as

research tool.

Introduction

Hypothalamic tanycytes are radial glial cell-like ependymal cells in the hypothalamus.

Recent studies have reported that tanycytes are adult hypothalamic stem/progenitor cells (1-6) that

play an important role in adult neurogenesis in the hypothalamus. Tanycytes also regulate feeding,

weight, and energy balance via adult neurogenesis (1,7,8). Disruption of adult hypothalamic neural

stem cells leads to impaired neuronal differentiation and ultimately the development of obesity

and pre-diabetes (8). They gradually diminish with increasing age and are almost completely lost

in old mice (4,5,9). Therefore, we considered that induction of tanycytes from pluripotent stem

cells might be a new treatment approach for dysfunction of the hypothalamic homeostatic

mechanism or energy regulation caused by disease and aging.

Tanycytes occupy the floor and lateral walls of the hypothalamic third ventricle (3V) and
4
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extend long monopolar processes to the hypothalamic parenchyma (the arcuate and ventromedial

nuclei [ARC and VMH, respectively]) (6,10). They are traditionally classified into al, a2, and 3

tanycytes from the dorsal side of the tuberal hypothalamus (Fig. 1A). In addition to their

anatomical distributions, they are thought to have different morphological and physiological

properties and express different cell markers (1,3-6,10,11) (12) (Table 1). All tanycytes express

typical neural stem/progenitor cell markers including Sox2 and vimentin. Strong expression of

nestin has been observed in 3 tanycytes (1) (5).

The transcription factor retina and anterior neural fold homeobox (Rax), which functions

in hypothalamic and retinal development (13-15), is continuously expressed in tanycytes

(6,11,16,17). In the early stage of hypothalamic development, Rax is broadly expressed in

hypothalamic progenitors (16,18,19). By embryonic (E) day 16.5 in mice, Rax expression is

limited in the wall of the hypothalamic 3V and is absent from all other hypothalamic regions

(1,11,16). Tanycytes emerge during the same period that is the very end stage of hypothalamic

development (E17) (6,20,21). Therefore, tanycytes are thought to be the only area in the adult

hypothalamus expressing Rax.

Our colleagues established a three-dimensional culture method for embryonic stem cells

(ESCs) termed serum-free culture of embryoid body-like aggregates with quick re-aggregation

(SFEBq) (22). This method is appropriate for induction of various ectodermal derivatives from

5
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ESCs. In this method, aggregates formed from ESCs exhibit self-organization and spontaneous
formation of a highly ordered structure or patterning (23). Hypothalamic tissues have been
generated from mouse ESCs (mESCs) and human pluripotent stem cells using the SFEBq method
via Rax" hypothalamic progenitors (14) (24) (25) (26) (27). Another study efficiently induced Rax™
hypothalamic progenitors from human induced pluripotent stem cells by combined early activation
of sonic hedgehog signaling and NOTCH inhibition (28).

For mESCs, differentiation occurs efficiently when cultured in growth factor-free
chemically defined medium (gfCDM). Strict removal of exogenous patterning factors during early
differentiation is critical to induce rostral hypothalamic progenitors (14). The peak expression of
Rax in this hypothalamic differentiation culture is approximately day 7. A large proportion of
hypothalamic progenitor cells derived from mESCs express Rax (55%—70%) on day 7 (14). These
Rax" cells show a progressive reduction in number along with hypothalamic neural maturation of
arginine-vasopressin (AVP)" neurons at around days 20-25. However, we found that small Rax"
areas remained even after the maturation of hypothalamic neurons. Therefore, we hypothesized
that these Rax " cells in the maturation phase of hypothalamic differentiation are tanycyte-like cells

in the postnatal hypothalamus.

Materials and Methods
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Mouse ESC culture and hypothalamic neuronal differentiation

We used Rax-EGFP knock-in mESCs, an mESC line with EGFP ¢cDNA knocked in at the Rax

locus (14), established from a male mouse embryo. Undifferentiated mESCs were maintained on

gelatin-coated dishes and passaged every 2—3 days (14) (22) (29). The maintenance medium of

mESCs was Glasgow modified Eagle’s medium (11710-035/Gibco) supplemented with 1% fetal

bovine serum (FBS) (172012/Sigma, St. Louis, MO, USA), 10% KnockOut Serum Replacement

(10828-028/Invitrogen, San Diego, CA, USA), 0.1 mM nonessential amino acids (11140-

050/Gibco), 1 mM sodium pyruvate (25030-081/Gibco), 0.1 mM 2-mercaptoethanol (137-

06862/Wako, Osaka, Japan), and 2000 U/ml LIF (ESG1107/Millipore, Bedford, MA, USA).

Undifferentiated mESCs were maintained in medium containing 20 pg/ml blasticidin S

(KK400/KNF, Tokyo, Japan) to eliminate differentiated cells. For hypothalamic induction, mESCs

were dissociated into single cells by TrypLE Express (12605-010/Gibco) and quickly reaggregated

in a 96-well low-cell-adhesion plate with U-bottomed wells (174929/Thermo, Waltham, MA, USA,

3,000 cells per 100 ul/well). From day 0 to 9, the medium was gfCDM consisting of 1:1 IMDM

Glutamax (31980-030/Gibco)/F-12 Glutamax (31765-035/Gibco) containing 5 mg/ml purified

BSA (A3156/Sigma), 1% Chemically Defined Lipid Concentrate (11905-031/Gibco), and 450 uM

monothioglycerol (M6145/Sigma). On day 10, DFNB medium consisting of DMEM/F12

(D8900/Sigma) containing 3.85 g/l glucose (07-0680-5/Sigma), 1.2 g/l sodium hydrogen carbonate
7
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(28-1850-5/Sigma), and 50 U/ml (for Penicillin) Penicillin/Streptomycin (15140-122/Gibco)
supplemented with 1% N2 (17502-048/Gibco), 2% B27 (12587-010/Gibco), and 10 ng/ml CNTF
(257-NT/R&D Systems, Minneapolis, MN, USA) was added to each well (100 ul/well). On day
13, the aggregates were transferred from the 96-well plate to a Millicell culture insert
(MCSP06H48/Millipore) in DFNB with 10 ng/ml CNTF. Medium changes were performed every

other day until cell sorting.

Cell sorting

Cells were sorted by a FACSAria cell sorter II (Becton-Dickinson, Franklin Lakes, NJ, USA). Data
were analyzed by FACS Diva software (Becton-Dickinson). For cell sorting, aggregates on
Millicell inserts were collected and dissociated into single cells using neuron dissociation solution
S (297-78101/Wako). The cell suspension was filtrated through 5-mL Round-Bottom Tubes with
a Cell Strainer Cap (38030/Falcon, NY, USA) before loading. Rax-EGFP" and Rax-EGFP" cells
were gated by referring to scatter plots of the undifferentiated mESC population to avoid cross-
contamination. The sorted cells were collected in sorting buffer (DMED/F12 with ImM EDTA,
and 1% FBS) containing 10 pM Y-27632 (034-24024/Wako) and 50 pg/ml DNase I
(11284932001/Roche, Basel, Switzerland), and stored at 4°C until plating. For direct

differentiation after sorting, sorted Rax-EGFP" cells were resuspended in dissociation medium

8
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containing DFNB, 10% FBS (SFBM30-2537/Equitech-Bio, Kerrville, TX, USA), 25 ng/ul BDNF
(028-16451/Wako), 50 pg/ul NT-3 (141-06643/Wako), 0.5 uM LM22A-4 (SML0848/Sigma), and
10 uM Y-27632. Then, the cells were plated on PDL-coated glass coverslips (CG-14-
PDL/neuVitro, Vancouver, WA, USA) in 24-well plates (142475/Thermo). On day 2, a medium

change was performed with DFNB + 10 ng/ml CNTF and then every other day.

Neurosphere formation and maintenance

Sorted Rax-EGFP" single cells were resuspended in DFNB medium supplemented with 20 ng/ml
recombinant mouse FGF-2 (3139FB/R&D Systems), 20 ng/ml recombinant mouse EGF (2028-
EG/R&D Systems), 10 uM Y-27632, and 2 pg/ml heparin (07980/Stem Cell Technologies,
Vancouver, Canada). Then, they were seeded in ultra low binding 6-well plates (3471/Corning, N,
USA). Cell density was adjusted to 1.9 x 10° cells/3 ml DFNB medium/well. Cells were incubated
at 37°C in a 5% COz incubator. FGF-2 was added on day 2 or 3 (final concentration: 20 ng/ml).
Cells self-formed many neurospheres by 2—3 days. Neurospheres were passaged every 5—7 days.
For passage, the neurospheres were dissociated into single cells using neuron dissociation solution
S and seeded as per the original conditions. To cryopreserve neurospheres, Cellbanker®1

(XR601/ZENOAQ, Fukushima, Japan) was used.
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Neurosphere differentiation

For differentiation, the neurospheres were collected in a 15-ml centrifuge tube, centrifuged, and
resuspended in dissociation medium. The medium containing neurospheres was seeded on PDL-
coated glass coverslips in 24-well plates and incubated at 37°C in a 5% CO; incubator. On day 2,
a medium change was performed with DFNB + 10 ng/ml CNTF and then every other day. On days

4-7, they were fixed for immunostaining.

SU5402 treatment and Rax-EGFP* neurosphere counting

The SU5402 treatment has been described previously (3). Sorted Rax-EGFP" cells were divided
into three groups: DFNB + 20 ng/ml FGF-2, DFNB + 20 ng/ml FGF-2 and 20 pM SU5402
(572630/Millipore), and DFNB + 20 ng/ml FGF-2 and DMSO (D2650/Sigma, as the vehicle) and
cultured in ultra low binding 24-well plates (3473/Corning). Images of Rax-EGFP" neurospheres
were captured under a BZ-X700 microscope (Keyence, Itasca, IL, USA, RRID:SCR_016979) (30)
on day 5 and merged using BZ-X Analyzer software (Keyence). The number of Rax-EGFP*
neurosphere was counted by BZ-X700 Hybrid Cell Count Software (Keyence). In some cases,
neurospheres were cultured in ultra low binding 24-well plates. Cell density was adjusted to 1 %
10° cells/1 ml DFNB medium/well. Images of neurospheres were captured under the BZ-X700

microscope on day 5 or 6 and merged using BZ-X Analyze software. The number of neurospheres

10
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was counted using ImageJ software (NIH, Bethesda, Maryland, USA, RRID:SCR 003070) (31).

BrdU labeling

For BrdU labeling of neurospheres, 10 mM BrdU (B5002/Sigma) was added to neurosphere-

medium on day 3 (final concentration: 10 uM). Cells were incubated at 37°C in a 5% CO;

incubator for 48 h. Neurospheres were attached to PDL-coated glass coverslips in a 24-well plate.

After 2-3 h, the medium was aspirated and the neurospheres were incubated in 1 N HCL (081-

01091/Wako) for 1 h at room temperature (RT). They were washed three times in PBS and then

fixed with 2% paraformaldehyde (PFA) for 10 min, followed by 4% PFA for 15 min before

proceeding to immunohistochemistry.

Immunohistochemistry

Male mice were perfused with 4% PFA. Neurospheres were fixed with 4% PFA for 5-10 min. The

cells on PDL-coated glass coverslips were fixed with 2% PFA for 10 min, followed by 4% PFA

for 15 min. Dissected brain tissues were immersed in 30% sucrose (20% sucrose for cells) and

embedded in O.C.T. Compound (4583/Sakura Finetek/Tokyo, Japan). They were cut into 10-pm-

thick coronal sections using a cryostat. Immunohistochemistry was performed as described below.

Sections (tissue or cells) were washed three times (15 min per wash) in 0.3% Triton-X 100/PBS

11



199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

for permeabilization and then washed with PBS three times (15 min per wash). Subsequently, the

sections were incubated in 2% (w/v) dry skimmed milk/PBS for 1 h at RT for blocking. Sections

were incubated overnight at 4°C, with primary antibodies diluted in 2% dry skimmed milk/PBS.

The next day, the sections were washed three times (15 min each wash) in 0.05% Tween 20/PBS

and incubated with secondary antibodies diluted in 2% dry skimmed milk/PBS for 2 h at RT. Then,

4',6-diamidino-2-phenylindole (DAPI; D523/Dojindo, Kumamoto, Japan) was added to visualize

the cell nuclei. Subsequently, the sections were washed three times (15 min each wash) in 0.05%

Tween 20/PBS and mounted in SlowFade™ Diamond (S36972/Thermo). For cells on PDL-coated

glass coverslips, ProLong™ Diamond (P36970/Thermo) was used. Primary antibodies against the

following molecules and dilutions were: AVP (T5048/Guinea pig/1:2000/Peninsula, San Carlos,

CA, USA/RRID:AB 2313978) (32), BLBP (ab32423/Rabbit/1:100/Abcam, Cambridge,

UK/RRID:AB 880078) (33), Bmil (ab14389/Mouse/1:200/Abcam/RRID:AB_2065390) (34),

BrdU (sc-32323/Mouse/1:150/Santa Cruz, Dallas, Texas, USA/RRID:AB_626766) (35), CNPase

(ab6319/Mouse/1:200/Abcam/RRID:AB _2082593) (36), pErkl/2 (4370/Rabbit/1:50/CST,

Danvers, MA, USA/RRID:AB _2315112) (37, FGFR1

(9740/Rabbit/1:200/CST/RRID:AB_11178519) (38), GFP (04404-84/Rat/1:500/Nacalai, Kyoto,

Japan/RRID:AB_10013361) (39), GFAP (AB5804/Rabbit/1:400/Millipore/RRID:AB_2109645)

(40), GLAST (ab416/Rabbit/1:100/Abcam/RRID:AB_304334) (41), Ki67p (NCL-Ki67p/
12
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229
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231
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233

234

Rabbit/1:500/Novocastra, Nussloch, Germany/RRID:AB 442102) (42), Lhx2

(GTX129241/Rabbit/1:200/Genetex, Irvine, CA, USA/RRID:AB 2783558) (43), MAP2

(AB5392/Chicken/1:10000/Abcam/RRID:AB 2138153) (44), MBP

(MAB386/Rat/1:50/Millipore/RRID:AB 94975) (45), nestin

(PRB315C/Rabbit/1:400/BioLegend, San Diego, CA, USA/RRID:AB 10094393) (46), NeuN

(MAB377/Mouse/1:100/Millipore/RRID:AB _2298772) 47), Nkx2.1
(180221/Mouse/1:200/Zymed [Thermo]/RRID:AB_86728) (48), NPY
(11976/Rabbit/1:3000/CST/RRID:AB _2716286) (49), 04
(MAB345/Mouse/1:200/Millipore/RRID:AB_11213138) (50), Olig2
(AB9610/Rabbit/1:500/Millipore/RRID:AB_570666) (51), Pax6 (PRB-

278P/Rabbit/1:250/BioLegend/RRID:AB_291612) (52), POMC (H02930/Rabbit/1:400/Phoenix

Pharmaceuticals, Burlingame, CA, USA/RRID:AB 2307442) (53), Rax (MS8407-3/Guinea

pig/1:2000 [for tissue 1:500 ]/custom/ RRID:AB_2783560) (54), Rax (M229/Guinea pig/1:2000

[for tissue 1:500]/Takara, Shiga, Japan/RRID:AB 2783559) (55), SOX2 (GT15098/Goat/1:800

[for tissue 1:200]/Neuromics, Edina, MN, USA/RRID:AB 1623028) (56), Tujl

(MMS435P/Mouse/1:10000/BioLegend/RRID:AB_2313773) (57), and vimentin

(AB5733/Chicken/1:2000 [for tissue 1:1000]/Millipore/RRID: AB_11212377) (58).
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Single cell intracellular immunostaining

For intracellular immunostaining of sorted single cells, Leucoperm™ (BUF09/Bio-Rad, Hercules,
CA, USA) reagents were used. In brief, sorted cells were fixed with Reagent A and then
permeabilized with Reagent B in the Leucoperm™ kit. Subsequently, the cells were incubated with
primary antibodies for 30 min, washed with wash buffer (PBS containing 2.5% EDTA and 0.25%

BSA), and then incubated with secondary antibodies for 30 min.

Evaluation of neural stem/progenitor cell markers in neurospheres.

To quantify Sox2" cells in neurospheres, we stained frozen sections of neurospheres and counted
Sox2" cells at each passage. To evaluate the vimentin and nestin-positive rate, we dissociated 5th
passage neurospheres into single cells. Subsequently, intracellular immunostaining was performed

for cell counting.

Quantitative RT-PCR

Quantitative PCR (qPCR) was performed with five samples for the two groups using the Mx3000P
Real-Time QPCR System (Agilent Technologies, Santa Clara, CA, USA). The data were
normalized to Gapdh mRNA expression. Primers used were as follows: Gapdh, forward 5'-

TGACCACAGTCCATGCCATC-3', reverse 5-GACGGACACATTGGGGGTAG-3'; Rax,
14
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forward 5'-GTTCGGGTCCAGGRATGGTT-3', reverse 5'-GAGAGGAGGGGAGAATCCTG-3";
Lhx2, forward 5'-CCTACTACAACGGGCGTGGGCACTGT-3/, reverse 5'-
GTCACGATCCAGGTGTTCAGCATCG-3% Fgf-10, forward 5'-
GCCACCAACTGCTCTTCTTC-3', reverse 5'-CTCTCCTGGGAGCTCCTTTT-3"; Fgf-18,
forward 5-CTTGCACTTGCCTGTGTTTA-3', reverse 5'-AGCCCACATACCAACCAGAC-3"
Vim, forward 5'-GGGGGATGAGGAATAGAGGCT-3’, reverse 5'-
GGGGGATGAGGAATAGAGGCT-3"; and Nes, forward 5'-GAGAAAGAGAATCAGGAGCC-3',
reverse 5'-CAAGAGACCTCAGAGATTCC-3; Dio2, forward 5'-
GCTTCCTCCTAGATGCCTACAA-3', reverse 5'-CCGAGGCATAATTGTTACCTG-3"; Gpr50,
forward 5'-AGAGCAACATGGGACCTACAA-3/, reverse 5'-
GCCAGAATTTCGGAGCTTCTTG-3'; Ppplrlb, forward 5'-AGATTCAGTTCTCTGTGCCCG-
3, reverse 5'-GGTTCTCTGATGTGGAGAGGC-3"; Cldn1, forward 5'-
CTGGAAGATGATGAGGTGCAGAAGA-3', reverse 5'-CCACTAATGTCGCCAGACCTGAA -

3.

Imaging
Immunohistological imaging was carried out using an FV1200 Laser Scanning Microscopes

(Olympus, Tokyo, Japan, RRID:SCR_016264) (59). Images of Rax-EGFP" neurospheres were
15
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captured using an AXIO Zoom V16 Fluorescence Stereo Zoom Microscope (Zeiss, Oberkochen,
Germany, RRID:SCR 016980) (60). Images were processed with Adobe Photoshop (Adobe

Systems Incorporated, San Jose, CA, USA, RRID:SCR 014199) (61).

Statistical analyses

IBM SPSS Statistics (IBM, Armonk, NY, USA, RRID:SCR_002865) (62) was used for statistical
analyses. The two-tailed unpaired t-test was used for two-group comparisons of Rax-EGFP" and
Rax-EGFP" mRNA expression, and Rax-EGFP" and early hypothalamic progenitor mRNA
expression. The two-tailed unpaired Student’s t-test was used for analyses of Fgf-10, Lhx2, Vim,
Nes, Gpr50 (Rax-EGFP" and early hypothalamic progenitor), Ppplrlb, and Cldnl mRNAs. The
two-tailed unpaired Welch’s t-test was used for analyses of Rax, Fgf-18, Gpr50 (Rax-EGFP" and
Rax-EGFP"), and Dio2 mRNAs. The numbers of neurospheres in the two groups [FGF-2(+) and
FGF-2(-)] were analyzed by Student’s t-test. The numbers of neurospheres in the three groups
(FGF-2, FGF-2+Vehicle, and FGF-2+SU5402) were analyzed by one-way ANOVA followed by
Tukey’s test. Rax" cells in 6th passage neurospheres treated with or without FGF-2 were analyzed
by the Mann—Whitney U-test. P < 0.05 was considered as statistically significant (*P < 0.05 and

4P < (.01).
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Results
In vitro Rax-EGFP™ cells express neural stem/progenitor cell markers and differentiate into
neurons and astrocytes

Rax expression was observed along with the 3V walls as reported previously (Fig. 1B)
(1,11,16). Typical neural stem/progenitor cell markers, such as Sox2 and vimentin, were expressed
in all tanycytes (Fig. 1C, D), whereas nestin was expressed mainly in  tanycytes (Fig. 1E).

We used a Rax-EGFP knock-in mESC line (EBS, clone 20-10) that allowed EGFP to be
used as a marker for Rax-expressing cells (14). Using the SFEBq method (Fig. 1F), mESCs
spontaneously differentiated into hypothalamic nerves and glial cells via Rax” hypothalamic
progenitor cells (Fig. 1G). In the late-phase of hypothalamic differentiation, there were numerous
hypothalamic neurons positive for AVP, neuropeptide Y (NPY), and pro-opiomelanocortin
(POMC) (Fig. 1H-J). Rax-EGFP expression reached a peak at day 7 (Fig. 1G) and then
subsequently diminished. However, small Rax-EGFP" areas were sustained within the aggregates
even after hypothalamic neurons and glial cells completed their differentiation (Fig. 1K). In
addition, some Rax-EGFP" cells had process-like structures, although they were both unipolar and
bipolar (Fig. 1L, M).

We isolated Rax-EGFP' cells by cell sorting from day 22 to 25 (Fig. 1F) when

hypothalamic neurons and glial cells had already differentiated. The proportion of Rax-EGFP"
17
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cells was reduced to 14.8 £ 0.94% (mean + s.e.m., n=36) on days 22-25 compared with day 7.
Therefore, the Rax-EGFP" area was more limited in the late stage of hypothalamic differentiation
compared with the early stage. The sorted Rax-EGFP™ cells expressed Sox2, vimentin, and nestin
that are representative neural stem/progenitor cell markers (Fig. 2A—G). The Rax-EGFP" cells also
expressed Lhx2 (Fig. 2H) that was previously reported to play a central role in the terminal
differentiation of tanycytes by maintaining Rax expression in tanycyte progenitors (63).

When Rax-EGFP" cells were attached to PDL-coated glass coverslips, they differentiated
into MAP2" NeuN" mature neurons (64) or GFAP" astrocytes (65) (Fig. 21, J). Some neurons
expressed the orexigenic neurotransmitter, NPY, which differentiated from ventral tanycytes
towards ARC (1,4) (Fig. 2K). There were no oligodendrocytes differentiated from Rax-EGFP*
cells.

These results indicated that the Rax-EGFP" cells remaining in the late phase of
hypothalamic differentiation were neural stem/progenitor cells that could differentiate into both

neural and glial cells, although their differentiation ability was limited to two neuronal lineages.

Rax-EGFP* cells express ventral tanycyte markers including FGF
Next, we examined mRNA expression in Rax-EGFP" cells (Fig. 3A-L). The mRNA

levels of several ventral tanycyte markers, such as fibroblast growth factor (Fgf)-10, Fgf-18, and
18
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Lhx2, were significantly increased in Rax-EGFP" cells (Fig. 3B-D). Fgf-10 was detected in ventral
o2 tanycytes (va2 tanycytes) and 3 tanycytes (3,4,66), and Fgf-18 was present in va2 tanycytes
(3) (Table 1). Strong Lhx2 expression has also been reported in 3 tanycytes (1,63). In addition, the
expression levels of tanycyte-specific genes, such as iodothyronine deiodinase type 2 (Di02) (67)
(68) (69) and G protein-coupled receptor 50 (Gpr50) (11,70) (12), were significantly increased in
Rax-EGFP" cells (Fig. 3E, F). Vimentin (Vim) and Nestin (Nes) levels were similar between Rax-
EGFP" and Rax-EGFP" cells (Fig. 3G-J). Levels of neither Darpp32 (Ppplrlb) (71) nor Claudinl
(Cldnl), whose expression is restricted to the ventral part of tanycytes in the hypothalamus (72)
and other subventricular organs (73), showed differences between two groups. These results
implied that sorted Rax-EGFP"' cells resembled the ventral part of tanycytes. In addition,
expression of Dio2 and Gpr50 was significantly increased in sorted Rax-EGFP" cells compared
with early hypothalamic progenitor cells (day 7 after hypothalamic differentiation from mESCs)

(Fig. 3K, L).

Rax-EGFP™ cells have a neurospherogenic potential
In general, neural stem/progenitor cells dissociated into single cells form sphere-like
aggregates when cultured in serum-free medium containing growth factors such as FGF-2 and

EGF (74-76). These spheres are termed as “neurospheres”. Hypothalamic tanycytes have been
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reported to form neurospheres (3,5,8), and their neurospherogenic potential differs between the
ventral-dorsal locations of tanycytes (3). Therefore, we next examined the neurospherogenic
ability of Rax-EGFP" cells. Rax-EGFP" cells cultured in DFNB medium supplemented with FGF-
2, EGF, heparin, and CNTF (ciliary neurotrophic factor) (Fig. 4A) formed substantial numbers of
neurospheres with coexpression of neural stem/progenitor cell markers (Fig. 4B—G). However,
SOX2 expression within the Rax-EGFP" neurospheres was gradually reduced with every passage
(Fig. 4B, D, F). Generally, CNTF, which promotes self-renewal and maintenance of neural stem
cells (77,78), also has a stimulating effect on neurogenesis in the hypothalamus in vivo (79). We
speculated that the reduction of SOX2 occurred because of the effect of CNTF.

Therefore, we attempted to form neurospheres without CNTF (Fig. 5A). Rax-EGFP" cells
formed numerous neurospheres (Fig. 5B, C). These neurospheres expressed several typical neural
stem/progenitor cell markers (Fig. 5D-G) including Bmil, which is essential for the self-renewal
of neural stem cells (80) (Fig. SH). They also expressed Lhx2 (Fig. 5I) and BLBP (Fig. 5J) that are
reported to be expressed in Fgf10" ventral tanycytes (4). The neurospheres showed diffuse BrdU
incorporation (Fig. 5K) and a high proportion expressed Ki-67 (Fig. 5L). These results indicated
the existence of proliferating neural stem/progenitor cells in neurospheres derived from Rax-
EGFP" cells. FGFR1 was positive in the neurospheres (Fig. 5M), and phosphorylated Erk1/2

(pErk1/2), a common downstream signal, was detected (81) (Fig. SN). In contrast to neurospheres

20



361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

derived from dorsal a2-tanycytes (3), GFAP" or GLAST" cells were rarely present in Rax-EGFP*
neurospheres (Fig. 50, P).

Nkx2.1 is expressed in early progenitor cells of the ventral hypothalamus (82) (14) and in
tanycytes in vivo (83), while Pax6 is expressed in dorsal hypothalamic progenitors (14). The
neurospheres derived from Rax-EGFP" cells expressed Nkx2.1" in contrast to early progenitor
cells undergoing hypothalamic differentiation, which mainly expressed Pax6 (Fig. 6A-D).
Although a large proportion of Rax” cells among intermediate progenitors expressed Pax6
similarly to early progenitors, some Rax Nkx2.1" cells emerged (Fig. 6E, F). These data showed
that Rax-EGFP" cells sorted at the late stage of hypothalamic differentiation were different cell
types from early progenitors.

The neurospheres derived from Rax-EGFP" cells were stably passaged (every 5-7 days
for at least 10 passages), and even repeatedly passaged neurospheres expressed neural
stem/progenitor cell markers similarly to early passaged neurospheres (Fig. 7A-J). The mean
Sox2-positive rate throughout all passages was 75.6 = 1.94% (mean + s.e.m., n=9). In 5th passage
neurospheres, positive rates of vimentin and nestin were 69.3 + 5.88% (mean + s.e.m., n=6) and
66.7 £ 3.80% (mean =+ s.e.m., n=5), respectively. All cells under neurosphere culture conditions
stably proliferated (Fig. 7K). They formed substantial numbers of neurospheres in each passage

(Fig. 7L).
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These results showed that sorted Rax-EGFP" cells had high neurospherogenic potential.

Neurospheres derived from Rax-EGFP* cells are multipotent and differentiate into three
neural lineages

Next, we analyzed the differentiation potential of neurospheres derived from Rax-EGFP”*
cells (Fig. 8A). When the neurospheres were attached to PDL-coated glass coverslips and cultured
without FGF-2 or EGF, they differentiated into Tujl™ immature neurons (Fig. 8B-E), MAP2"
NeuN" mature neurons (Fig. 8F), and GFAP" astrocytes (Fig. 8B-E). Early passaged neurospheres
differentiated into NPY ™" hypothalamic neurons (Fig. 8G, H from Ist passage neurospheres), O4"
Olig2" and CNPase" immature oligodendrocytes (Fig. 8-K from 2nd passage neurospheres), and
myelin basic protein (MBP)" Olig2" mature myelinating oligodendrocytes (84) (Fig. 8L from 2nd
passage neurospheres). The proportion of NPY " neurons per Tuj1" neuron was 13.2 + 1.56% (mean
+ s.e.m., n=10). Some NPY" neurons coexpressed Rax, suggesting they were differentiated via
Rax" cells (Fig. 8G, H). Furthermore, these neurospheres could be cryopreserved and retained the
same differentiation abilities after thawing.

Consistently, neurospheres derived from Rax-EGFP" cells showed and maintained
multipotency, differentiating into three neuronal lineages (neurons, astrocytes, and

oligodendrocytes).
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FGF-2 is necessary for Rax-EGFP* cell proliferation and neurosphere formation

In a previous report, FGF signaling was required for a-tanycyte proliferation in vivo and
in vitro (3). We found that the majority of Rax-EGFP" primary neurospheres were formed in the
absence of EGF as described previously (3). Therefore, FGF-2 might play a central role in
neurosphere formation from isolated Rax-EGFP" cells. We cultured Rax-EGFP" cells with or
without exogenous FGF-2 (Fig. 9A-D). In the absence of FGF-2, Rax-EGFP" cells rarely formed
neurospheres and were mainly floating as small aggregates expressing EGFP (Fig. 9C). The
number of neurospheres derived from Rax-EGFP" cells was significantly reduced in the non-FGF-
2 group (Fig. 9E).

We cultured Rax-EGFP" cells in the presence of the FGFR1 inhibitor SU5402 (3). The
formation of neurospheres cultured in medium containing FGF-2 and SU5402 was significantly
suppressed compared with medium containing FGF-2 alone, which was similar to the absence of
FGF-2 (Fig. 9F-J). Rax-EGFP" cells cultured with FGF-2 and SU5402 were floating as small
aggregates or single cells and rarely formed neurospheres. When they were transferred into
medium without SU5402, they formed some neurospheres (Fig. 9K, L). However, the expression
of EGFP was diminished in these reformed neurospheres.

These results showed that FGF-2 promotes the self-renewal of Rax-EGFP" cells and the
23
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formation of neurospheres in vitro. Rax-EGFP" cells were responsive to FGF signaling similarly

to tanycytes in Vvivo.

Neurospheres derived from Rax-EGFP* cells maintain the hypothalamic neural
differentiation potential

We found that Rax expression in neurospheres was gradually reduced after passage 4-5,
whereas Sox2 expression was preserved (Fig. 10A-J). We speculated that the long-term exposure
of neurospheres to the high dose of exogenous FGF-2, which maintain neural stem cells in an
undifferentiated state (85) and promotes self-renewal, might suppress their Rax expression. To
evaluate this hypothesis, FGF-2-free medium was used to culture neurospheres (6th passage) that
expressed low Rax but maintained FGFR1 expression (Fig. 10K). Although Rax" cells were almost
entirely lost in the 6th passage of neurospheres (Fig. 10E), Rax expression was recovered by
replacement with FGF-2-free differentiation medium along with hypothalamic differentiation in
contrast to medium supplemented with FGF-2 (Fig. 10L-R). Furthermore, several cells that

coexpressed Rax and Sox2 appeared among the differentiating cells (Fig. 10S, T).

Discussion

Rax is a characteristic marker of tanycytes in the adult hypothalamus (1,11). Of note, a2
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and 3 tanycytes have been reported to highly express Rax compared with dorsal a1 tanycytes. Our
present study showed that Rax™ cells preserved in the maturation phase of hypothalamic
differentiation from mESCs have a role as neural stem/progenitor cells similarly to tanycytes in
vivo. These cells were named “induced tanycyte-like cells” (iTan cells). They had similar
characteristics to ventral tanycytes with FGF signaling and substantial neurogenic abilities. This
is the first report of the induction and investigation of mESC-derived hypothalamic neural
stem/progenitor cells.

We confirmed that sorted Rax-EGFP™ cells expressed neural stem/progenitor cell markers
such as SOX2, vimentin, nestin and Bmil, which are also expressed by tanycytes. Rax-EGFP"
cells differentiated into mature neurons and glial cells in 2D cultures similarly to tanycytes.
Furthermore, QRT-PCR analysis showed that Rax-EGFP" cells expressed Fgf-10 and Fgf-18 that
are expressed by va2 tanycytes and B tanycytes (3,4,66). We also found relatively high Lhx2
expression in Rax-EGFP" cells. Several previous reports have shown Lhx2 expression in the
embryonic hypothalamic neuroepithelium (16,86) and hypothalamic tanycytes (1,63). Lhx2 is
necessary to maintain Rax and tanycyte-specific genes, such as Dio2 and Gpr50, in late progenitor
cells and tanycyte precursors during hypothalamus development (63). Rax-EGFP" cells highly
expressed Dio2 and Gpr50 compared with early hypothalamic progenitor cells. DIO2, which is

highly expressed in tanycytes, regulates the hypothalamus-pituitary-thyroid axis (68). Therefore,
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Rax" iTan cells in the maturation phase of hypothalamic neural differentiation (days 22-25) are
considered to be different cell types from Rax" early hypothalamic progenitor cells (day 7). We
speculated that expression of Nkx2.1 might indicate the switching time from hypothalamic
progenitors to tanycytes. There were no Rax "Nkx2.1" cells among early hypothalamic progenitors
in the culture condition without Shh treatment (14) in contrast to intermediate progenitors and
Rax" iTan cells. At least after day 13 when Otp"Brn2" hypothalamic intermediate progenitors had
emerged (14), Rax™ iTan cells might be differentiated in aggregates. Indeed, they were more
differentiated and similar to late progenitor cells and tanycytes. Some sorted Rax-EGFP" cells
differentiated into NPY™" neurons that are reported to be generated from B tanycytes located in the
median eminence in vivo (1,4). These findings indicate that sorted Rax" iTan cells might resemble
ventral tanycytes (va2 tanycytes or B tanycytes) that supply NPY neurons to the ARC in vivo.
Neurospheres were generated from cells derived from dorsal a2, al, or va2 tanycytes in
the presence of exogenous FGF-2, whereas no neurospheres were formed from 3 tanycytes (3). In
addition, o tanycytes proliferated in response to FGF ligands in vivo (3). In this study, we showed
that Rax" iTan cells formed substantial numbers of neurospheres that could be stably passaged.
BrdU analysis and Ki-67 immunostaining revealed that these Rax" iTan cells were highly
propagative. These neurospheres expressed representative neural stem/progenitor cell markers and

retained these markers when they were passaged repeatedly. Kawaguchi et al demonstrated that
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highly nestin-expressing cells have both high multipotency and self-renewability (87). In the
present report, passaged neurospheres from Rax-EGFP" cells expressed nestin at about 66%,
indicating that our neurospheres were not homogenous. However, their relatively high purity,
which was shown by Sox2 expression in neurospheres, might be the result of cell sorting because
cells other than Rax" neural stem/progenitor cells, such as differentiated neurons and glial cells,
were excluded.

The requirement of FGF-2 signaling for the proliferation of Rax-EGFP" cells was
confirmed because FGFR1 inhibition prevented neurosphere formation by Rax-EGFP" cells. In
the hypothalamus, strong expression of the Illc isoforms of FGFR1 and FGFR2 was observed,
which have a high affinity for FGF-2 (66,88). B Tanycytes also express FGFR1 and FGFR2 (6,89).
In the present study, we showed that Rax-EGFP" neurospheres diffusely expressed FGFR1. Taken
together, Rax" iTan cells propagate in response to exogenous FGF-2 through FGFRI.

The neuronal descendants of Fgfl10" B tanycytes predominantly populate the ARC (4).
Moreover, 3 tanycytes that express Rax and Lhx2, as detected by in situ hybridization, give rise to
new neurons co-labeled with NPY or POMC (1). B Tanycytes are also reported to generate
astrocytes and oligodendrocyte precursor cells (1,2). However, GLAST" o tanycytes mainly
differentiate into astrocytes and their neurogenic potential was limited (3). This implies that 3

tanycytes are more neurogenic, while a tanycytes are limited to be gliogenic (6). Neurospheres
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derived from tanycytes in vivo are reported to differentiate into neurons and glial cells, such as
GHRH' hypothalamic neurons, GFAP" astrocytes and RIP" oligodendrocytes (3). In our present
report, neurospheres derived from Rax-EGFP" cells differentiated into three neuronal lineages,
mature neurons including hypothalamic NPY™ neurons, GFAP" astrocytes, and MBP" Olig2*
mature oligodendrocytes. These results showed that Rax™ iTan cells in vitro appear to have
neuronal multipotency. However, Rax"™ iTan cells did not differentiate into POMC™ neurons that
are differentiated from ventral tanycytes and have a crucial opposite effect to NPY ™ neurons on
food intake. In mice, the number of POMC" cells reaches a peak at E13.5, after which its
expression is extinguished as development progressed (90). Because we sorted Rax " iTan cells at
the very end of hypothalamic differentiation culture, we speculate that the culture condition might
need to be modified to promote the induction of POMC" neurons.

Rax expression in late passage neurospheres derived from Rax-EGFP™ cells was reduced
by exposure to exogenous FGF-2, which had a central role in the maintenance of neural stem cells
in the SVZ and SGZ (91,92). Activation of FGFR1 and FGFR3 by FGF-2 promotes the self-
renewal of neural stem cells, whereas activation of other FGFRs promotes transition into different
subtypes of neural stem cells or their differentiation (93). In the present study, FGF-2 alone
appeared to be inadequate to maintain Rax expression in cell culture. We speculate that Rax

expression is sustained by the balance between self-renewal and differentiation signaling, which
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might occur in tanycytes in vivo. However, passaged neurospheres derived from Rax-EGFP™ cells
(at least 6th passage) in the presence of FGF-2 differentiated into hypothalamic NPY " neurons and
astrocytes regardless of their low Rax expression. Therefore, exogenous FGF-2 promotes self-
renewal while maintaining the differentiation ability of Rax" iTan cells.

There are several limitations in this report. First, we did not compare Rax" iTan cells with
tanycytes isolated from Rax-EGFP knock-in mice established from the mESCs used in this study,
which would be a true comparable control. Second, in vivo transplantation experiments of Rax”
iTan cells will be necessary to assess whether they can proliferate or differentiate into neuronal
cells.

In summary, Rax" iTan cells remaining in the maturation phase of hypothalamic
differentiation were considered to have the following properties. First, Rax" iTan cells functioned
as neural stem/progenitor cells and had the ability to differentiate into three lines of neural cells,
i.e. neurons (including hypothalamic neurons), astrocytes, and oligodendrocytes. Second, Rax"
iTan cells resembled ventral tanycytes. Third, Rax” iTan cells self-renewed and formed

neurospheres after exogenous FGF-2 addition. Neurospheres derived from Rax” iTan cells

differentiated into hypothalamic neurons even when their Rax expression was suppressed by FGF-

These hypothalamic neural stem/progenitor cells may have many potential uses such as;
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research tools to help develop the role of tanycytes for neurogenic potential or understand their

metabolic functions, and in regenerative medicine of the hypothalamus. We have previously

reported induction of dorsal hypothalamus from human ESCs (27). Our future studies will attempt

to establish human tanycytes in vitro.
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Legends

Figure 1. Rax-EGFP* cells are sustained in the maturation phase of hypothalamic

differentiation.
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A) Coronal section of the adult hypothalamus from a male C57BL/6 mouse (2 months old).
Tanycytes are divided into four subtypes (a1, dorsal a2, ventral a2, B tanycytes).

B-E) Hypothalamic sections from a male C57BL/6 mouse (2 months old) were immunostained
for Rax (B, red), Sox2 (C, red), vimentin (D, red), and nestin (E, red).

F) Schematic of the culture protocol for hypothalamic differentiation from mESCs. Rax-EGFP”*
and Rax-EGFP~ cells were sorted by FACS on days 22-25.

G) Immunostaining of early hypothalamic progenitor cells. The peak expression of Rax-EGFP on
day 7 in the hypothalamic differentiation. Rax (magenta) and Rax::EGFP (green).

H-J) In the maturation phase of hypothalamic differentiation, various hypothalamic neurons were
observed. Aggregates in Millicell inserts are shown. AVP (H, red), NPY (I, red), and POMC (J,
red).

K) Some cells expressed Rax-EGFP in the maturation phase of hypothalamic differentiation. GFAP
(magenta), Rax::EGFP (green), and Tuj1 (yellow).

L, M) High magnification images of the Rax-EGFP" area. Some Rax-EGFP" cells had process-
like structures (M, white arrowhead). Rax::EGFP (green). For all relevant panels, nuclear
counterstaining was performed with DAPI (blue). Scale bars: 100 pm (B-E, K); 50 um (G, L); 20

pm (H-J, M).
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Table 1. Cell markers for hypothalamic tanycytes.

Rax is strongly expressed in a2 and 3 tanycytes.

Figure 2. Sorted Rax-EGFP* cells express neural stem/progenitor markers and differentiate
into neurons and astrocytes.

A-C) Immunostaining of Rax-EGFP" cells for GFP (A) and Rax (B), and a merged image (C).
Rax (B and C, magenta) and Rax::EGFP (A and C, green).

D-G) Rax-EGFP" cells expressed representative neural stem/progenitor cell markers including
Sox2 (D, E), vimentin (F), and nestin (G). Sox2 (D, E, green), Rax (E, magenta), vimentin (F,
magenta), and nestin (G, yellow).

H) Rax-EGFP" cells expressed Lhx2, a ventral tanycyte marker. Lhx2 (H, red).

[-K) Immunostaining of differentiated Rax-EGFP" cells on PDL-coated glass coverslips on day 5.
Rax-GFP" cells directly differentiated into mature hypothalamic neurons and astrocytes. MAP2 (I,
magenta), NeuN (I, green), GFAP (J, magenta), NPY (K, magenta), and Tujl (J and K, green). For

all relevant panels, nuclear counterstaining was performed with DAPI (blue). Scale bars: 20 pm.

Figure 3. Rax-EGFP™ cells express ventral tanycyte markers including FGF.

A-J) qPCR analysis of Rax-EGFP" and Rax-EGFP" cells. Relative mRNA expression levels of
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Rax (A), Fgf-10 (B), Fgf-18 (C), Lhx2 (D), Dio2 (E), and Gpr50 (F) were significantly increased
in Rax-EGFP" cells. There was no significant difference in Vim (G), Nes (H), Ppp1rlb (I), or Cldnl
(J) expression between the two groups. n=5 (A-D, G-J), 9 (E) and 10 (F).

K, L) gPCR analysis of Rax-EGFP" and early hypothalamic progenitor cells. Relative mRNA
expression levels of Dio2 (K) and Gpr50 (L) were significantly increased in Rax-EGFP" cells. n=5.

Mean + S.E.M. *P<0.05, **P < 0.01.

Figure 4. Rax-EGFP* neurosphere culture in medium supplemented with CNTF.

A) Culture protocol for neurospheres derived from Rax-EGFP™ cells.

B-G) Rax-EGFP" neurospheres cultured in medium supplemented with CNTF. SOX2 expression
within the neurospheres was gradually reduced with each passage. Rax (B, D, F, magenta), Sox2
(B, D, F, green), vimentin (C, E, G, magenta), and nestin (C, E, G, yellow). For all relevant panels,

nuclear counterstaining was performed with DAPI (blue). Scale bars: 50 um.

Figure 5. Rax-EGFP™ cells have a neurospherogenic potential.

A) Culture protocol for neurospheres derived from Rax-EGFP" cells. Pink spheres indicate Rax”

neural stem/progenitor cells. Blue spheres indicate other cells.

B, C) Rax-EGFP" cells formed substantial numbers of neurospheres. Fluorescence (B) and phase
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contrast microscopy images (C). Rax::EGFP (B, green).

D-H) Immunostaining of 1st passage neurospheres derived from Rax-EGFP" cells. Cells within
neurospheres abundantly expressed neural stem/progenitor cell markers. Rax (D and F, magenta),
Sox2 (E and F, green), vimentin (G, magenta), nestin (G yellow), and Bmil (H, red).

I-L) Ist passage neurospheres expressed Lhx2 and BLBP similarly to ventral tanycytes (I, J).
Neurospheres showed high BrdU incorporation (K). Ki-67" cells were observed throughout the
neurospheres (L). Lhx2 (I, red), BLBP (J, red), BrdU (K, red), Rax (L, magenta), and Ki-67 (L,
green).

M, N) Cells showed FGFR1 and pErk1/2 expression, although pErk1/2 was limited to the surface
of 1st passage neurospheres. FGFR1 (M, red), and pErk1/2 (N, red).

O, P) There were very few GFAP" or GLAST" cells in neurospheres. GFAP (O, red) and GLAST
(P, red). For all relevant panels, nuclear counterstaining was performed with DAPI (blue). Scale

bars: 100 pm (B, C); 50 um (D-P).

Figure 6. Comparison between Rax-EGFP* neurospheres and hypothalamic progenitors
derived from mESCs.
A-F) Comparison of 1st passage neurospheres derived from Rax-EGFP" cells and two stage

hypothalamic progenitors. The 1st passage neurospheres showed high Nkx2.1 and low Pax6
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expression in contrast to early progenitor cells. However, some Rax "Nkx2.1" cells ware observed
among intermediate progenitor cells. Rax (A, C, E, magenta), Nkx2.1 (A, C, E, green), Pax6 (B,
D, F, magenta), and Rax::EGFP (B, D, F, green). For all relevant panels, nuclear counterstaining

was performed with DAPI (blue). Scale bars: 50 um.

Figure 7. Neurospheres derived from Rax-EGFP* cells can be stably passaged.

A-I) Neurospheres derived from Rax-EGFP" cells were passaged stably. Repeatedly passaged
neurospheres extensively expressed neural stem/progenitor cell markers similar to early passage
neurospheres. 2nd passage (A—C), 6th passage (D-F), and 9th passage (G-I). Sox2 (A, D, G, white),
vimentin (B, E, H, magenta), nestin (C, F, L, yellow), and DAPI (A, D, G, blue). Scale bars: 50 um.
J) Sox2-positive rate of neurospheres derived from Rax-EGFP™ cells, n=5 per group.

K) Growth rate of all cells under neurosphere culture conditions, n=2.

L) Number of neurospheres in each passage (1st to 5th passage), n=5 per group.

Figure 8. Neurospheres derived from Rax-EGFP* cells are multipotent and differentiate into
three neural lineages.
A) Culture protocol for neurosphere differentiation.

B-E) Neurospheres derived from Rax-EGFP" cells differentiated into Tuj1" immature neurons and
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GFAP" astrocytes. 1st passage (B), 2nd passage (C), 3rd passage (D), and 4th passage (E). GFAP
(magenta), and Tujl (yellow).

F-L) Neurospheres derived from Rax-EGFP" cells differentiated into three neural lineages: mature
neurons (some were NPY™), astroctyes, and immature and mature oligodendrocytes. The NPY"
neuron in (H) had long complex neurites. MAP2 (F, magenta), NeuN (F, green), NPY (G and H,
magenta), Rax (G and H, green), O4 (I and J, magenta), Tujl (I, green), Olig2 (J and L, green),
CNPase (K, red), and MBP (L, magenta). For all relevant panels, nuclear counterstaining was

performed with DAPI (blue). Scale bars: 100 um (B-E); 50 pm (F-L).

Figure 9. FGF-2 is necessary for the formation of neurospheres derived from Rax-EGFP*
cells.

A-D) Phase contrast and fluorescence microscopy images of Rax-EGFP" cells cultured with or
without FGF-2. Rax::EGFP (green).

E) Numbers of neurospheres per well were significantly reduced in the non-FGF-2 group. n=5.
Mean = S.E.M. **P < 0.01.

F-I) Merged images of Rax-EGFP" neurospheres on day 5. Rax::EGFP (green).

J) Numbers of neurospheres per well were significantly reduced for Rax-EGFP" cells cultured in

medium containing FGF-2 and SU5402. n=5 each group. Mean + S.E.M. *P < 0.05.
48



865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

K) No neurospheres were observed when Rax-EGFP™ cells were cultured with FGF-2 + SU5402.
L) When cells were transferred into fresh medium with FGF-2, some newly generated

neurospheres were observed. Scale bars: 100 um (A-D); 50 um (K, L).

Figure 10. Exogenous FGF-2 suppresses Rax expression in neurospheres.

A-J) Rax expression within neurospheres derived from Rax-EGFP™ cells was reduced after the 4th
passage (A—E), whereas Sox2 expression was preserved in late passage neurospheres (F-J). Rax
expression disappeared in a high proportion of 6th passage neurospheres. Rax (A-E, red), and Sox
(F-J, white).

K) Culture protocol for the differentiation of 6th passage neurospheres. The 6th passage
neurospheres were cultured as floating aggregates in two groups: DFNB + FGF-2 and DFNB alone.
L-Q) 6th passage neurospheres cultured without FGF-2 differentiated into NPY " neurons and glial
cells. Rax expression was observed in some cells. Rax (L and O, red), GFAP (M and P, magenta),
Tujl (M and P, green), NPY (N and Q, red), and Rax (N and Q, green).

R) Rax-positive rate of 6th passage neurospheres cultured in DFNB with/without FGF-2. n=9.
Mean = S.E.M. **P < 0.01.

S, T) Some 6th passage neurospheres cultured in DFNB without FGF-2 expressed Rax and SOX2.

Rax (magenta) and Sox2 (green). For all relevant panels, nuclear counterstaining was performed
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Table 1

Dorsal a2-

Ventral a2-

al tanycytes tanyevtes tanyevtes B tanycytes
Sox2 + + + +
Vimentin + + + ++
Nestin + + + ++
Bmil + + + +
Rax + ++ ++ ++
Lhx2 - - + ++
Fogf-10 - - ar F
Fgf-18 - - + -
GFAP + + - -
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Figure 3

b

20
15
10

o _ _
Relative expression

Relative expression
B3

@

15

Relaiive expression

o

Relative expression

T

==y
Rax-EGFP+ Rax-EGFP-

| Ll |

Rax-EGFP+ Rax-EGFP-

| Vim |

N.S.
f————i]

Rax-EGFP+ Rax-EGFP-
| Cldn1 |

N5

Rax-EGFP+ Rax-EGFP-

m

T

A

Relative expression

Faiio ]

2 | |

1.5

0.5

Relative expression

Rax-EGFP+ Rax-EGFP-

| DioZ |
gt —F———
.53 [
22
) B
L,
® 0
Rax-EGFP+ Rax-EGFP-
| Nes |
.S,
E1_5 —
- -
&
o
2 0.5
<
e 0
Rax-EGFP+ Rax-EGFP-
| DinZ ]
20 | |
15 [
10
S5
] Ty
Early Rax-EGFP+

progenitor

O

Relative expression

Relative expression

F

Relative expression

I Fal-18 |
g l I
&
4
2
0 =
Rax-EGFP+ Rax-EGFP-
I Gprag |
4 |
3
2
1
s 1
Rax-EGFP+ Rax-EGFP-
| Fppirlb |
M.5.
1.5 |
1
0.5
0
Rax-EGFP+ Rax-EGFP-
| Gprs |
1
T
i}
Early Rax-EGFP+
proganior


https://www.editorialmanager.com/endocrinology/download.aspx?id=47754&guid=a3b47226-d256-429d-9b53-0c9965e7aed1&scheme=1
https://www.editorialmanager.com/endocrinology/download.aspx?id=47754&guid=a3b47226-d256-429d-9b53-0c9965e7aed1&scheme=1

Figure 4

A
mESCs 3,000 cells/well
S6-well plate Neurosphere
Nt Transfer to Millicell derived from Rax-EGFP* cells
LA Sorting \
di d10 d13 d22-25 ;
_ | _ | floating culture ;
[ ofCDM DFNB

| CNTF 10 nglml

| Raxsoz0AP il Vimenin Nestn


https://www.editorialmanager.com/endocrinology/download.aspx?id=47755&guid=5ebcd3e8-06ba-4610-b26d-5bfbda7ea1cb&scheme=1
https://www.editorialmanager.com/endocrinology/download.aspx?id=47755&guid=5ebcd3e8-06ba-4610-b26d-5bfbda7ea1cb&scheme=1

Figure 5

A

mMESCs 3,000 celdlsfwell Meurcsphera
be-well plale derved from Rax-EGFP calls
|| Transfer to Millcell
vy E— Sarting \
df d10 d13 d22=25
[ i ;Eaa]mginﬂnq5* i
SICOM_ g DFNB |

CHTFE

isl passage ist passage

RO
Fopo)

" 2 5

""1. '...E%f-
whent g N
&

{5 passage 51 pAssane 151 passage

151 passage

15t passage


https://www.editorialmanager.com/endocrinology/download.aspx?id=47756&guid=624550eb-7888-4213-936f-b32979829c10&scheme=1
https://www.editorialmanager.com/endocrinology/download.aspx?id=47756&guid=624550eb-7888-4213-936f-b32979829c10&scheme=1

Figure 6
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Figure 7
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Figure 9
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Figure 10
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