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Figure 1: A: Alignment of UGS148 transcripts in mouse (Mus musculus, protein LOC103712), rat (Rattus norvegicus, protein 

691995), cow (Bos taurus, protein LOC788205), human (Homo sapiens, protein LOC728392), and gorilla (Gorilla gorilla, 

predicted protein LOC101127367). The conservation scoring is performed by PRALINE. The colour key/scoring scheme 

indicates the level of conservation. B and table 1: The predicted protein contains several domains known to be serving as 

sorting signals.

 Motif Accessory poteins Sorting signal

DxE Sec24p Diacidic ER export motif involved in ion channel trafficking

YXXΦ AP1, AP2, AP3, AP4 melanosome biogenesis, basolateral sorting

[D/E]xxx[L/I] AP1, AP3 TGN-endosome sorting, melanosome biogenesis 

tM AP1, AP3 Transmembrane domain

table 1
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INTRODUCTION

Neurogenesis in adult mammals is known to occur in the subventricular zone (SVZ) of the anterolateral 

ventricular wall, as well as in the dentate gyrus subgranular zone (SGZ) of the hippocampus (Alvarez-Buylla 

and Lim, 2004). The cells in these regions are considered ‘remnants’ of embryonic neuroepithelium and 

radial glia and can be identified by expression of typical NSC markers such as nestin, vimentin, Sox2 and 

GFAP (Alvarez-Buylla, et al., 2001). Throughout the lifespan of the animal, the NSCs in the SGZ and SVZ 

undergo continuous self-renewal as well as differentiation towards granule neurons (SGZ) and specific 

interneurons (SVZ). Of those newly generated neurons, a relatively small percentage eventually survives 

and is integrated in the neuronal circuitry of the granular zone of the hippocampus, or in the glomerular 

and granular layer of the olfactory bulb, respectively. Over the last decade, it has been suggested that 

in addition to the SVZ and the SGZ, cells, several other brain regions also retain neurogenic capacity. 

These regions include neocortex, striatum, amygdala, hypothalamus, substantia nigra, piriform nucleus, 

olfactory tubercle and vagus nucleus (Gould, 2007). It has been described that nestin expressing cells 

within the circumventricular organs such as the organum vasculosum of the lamina terminalis, subfornical 

organ, median eminence, pineal gland, subcommissural organ, area postrema and choroid plexus 

undergo proliferation and are able to give rise to neurons in vitro (Bennett, et al., 2009). Neurogenesis 

in the ependymal layer of the third ventricle (3V) has already been described by (Xu, et al., 2005). More 

recently, hypothalamic tanycytes of the 3V have been shown to have neurogenic (as well as gliogenic) 

capacity (Robins, et al., 2013; Haan, et al., 2013; Lee, et al., 2012).

In various studies the specific signature of NSCs has been outlined by determining their gene expression 

profile and comparing it with that of pluripotent stem cells (D'Amour and Gage, 2003; Gurok, et al., 2004; 

Bonnert, et al., 2006). Within the list of genes that are specific for neural stem cells, the uncharacterized 

RIKEN cDNA63330403K07 gene, 6330403K07RIK (UGS148), appeared to be particularly prominent. 

Genepaint data show high expression of this gene in the embryonic central nervous system suggesting a 

role of UGS148 in neural stem cell regulation and in neural development (Bennetts, et al., 2006).

The poorly annotated protein encoded by 6330403K07RIK (RefSeq transcript NM_134022) is known 

as AV161034 or AI41545, but predominantly as UGS148, since the gene was also identified as cDNA 

in the urogenital sinus and seems to be involved in prostate cancer. Conceptual translation of the 

6330403K07Rik mRNA (363 bp) reveals a hypothetical protein of 121 amino acids of unknown function. 

Conserved domains are found across mammalian species (Figure 1A). BLAST analysis reveals homology 

to several known proteins and peptides specifically involved in intracellular protein sorting, trafficking, 

and exocytosis (Figure 1B and table 1). The protein also contains one (conserved) transmembrane helix 

at amino acids 97-116 (HMMTOP transmembrane topology predictor (Tusnady and Simon, 2001)). 

In the present study, we have determined the mRNA as well protein expression and distribution of UGS148 

in embryonic and adult neural stem cells. Our findings show for the first time high expression of UGS148 

protein in embryonic neural stem cells, confirming previous mRNA data, and low expression levels in 

most adult neural stem cells. Surprisingly, high expression of UGS148 was present in adult tanycytes in 

the hypothalamus, suggesting its potential as a specific marker for this neurogenic cell population. 
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reagent (Roche) and 0.1% Tween for 1h (hybridisation detection). After washing in Buffer 1 and 2×5 min 

in Buffer 3 (100 mM Trizma base, 100 mM NaCl, 50 mM MgCl2.6H20, pH 9.5), antibody detection was 

visualized by means of overnight incubation in nitroblue tetrazolium/S-bromocresyl-3-indolphosphate 

chromogen (Roche), while protected from light. Color reaction was stopped in 10 mM Tris-HCl/1 mM 

EDTA. Sections were rinsed with dH2O, coverslipped and stored in glycerol jelly.

Gene transfection

All gene transfections were performed by means of the Amaxa transfection system (Amaxa, Cologne, 

Germany). Neurospheres were dissociated in Accutase and 1.5×106 cells were transfected with vector 

DNA (5-10 μg) according to the manufacturer’s recommendations. Transfected cells were cultured in 

proliferation medium at standard culture conditions for 24h. Cells were plated out on poly-L-lysin/laminin 

coated coverslips to assess differentiation pattern 48h after transfection. Cells were differentiated for 

96h in Dulbecco’s modified Eagle’s medium (DMEM) with 0.5% fetal calf serum, 2mM L-glutamin, and 

100 U/ml penicillin/streptomycin, and then fixated in 4% PFA.

Antibody construction

A polyclonal rabbit antibody against UGS148, recognizing the mouse peptide antigen CRAPKSASSAGRKSG, 

was custom made and tested for specificity by GenScript Corporation (New Jersey, USA).

Immunohistochemistry

Tissue cryosections were fixed with 4% PFA and underwent heat-mediated antigen retrieval with Citrate 

Buffer (pH 6.0). Cells/sections were then washed with PBS, and pre-incubated in PBS/0.1% Tween 20 (PBS-

Tween) containing 5% normal goat serum (NGS) and 3% bovine serum albumin (BSA). Cells were then 

incubated overnight in primary antibodies diluted in PBS-Tween/1% NGS/1% BSA at 4°C. The antibodies 

used are listed in table 2 and supplementary Table 1. For nuclear visualization, cells were counterstained 

with Hoechst 33342 (1:1000; Jackson Immunoresearch) in PBS. Glass coverslips were rinsed with H2O 

and mounted in Moviol. Pictures were made using an Axioskope 2 fluorescent microscope (Zeiss) in 

combination with a mercury lamp (HBO 100) and Leica Application Software.

Electron microscopy

Frontal and parasagittal Vibratome sections were cut at 60 μm and collected in phosphate-buffered 

saline, pH 7.4. The sections were incubated at room temperature for 16–24 h in rabbit anti-UGS148 (1:10) 

in TBS containing 0.05% Triton X-100, subsequently incubated in goat anti-rabbit globulin serum (Nordic) 

1/200 in TBS with 0.05% Triton X-100 for 1.5–2 h and then in rabbit peroxidase–anti-peroxidase 1/400 in 

TBS with 0.05% Triton X-100 for 1.5–2 h. The incubation buffers were supplemented with 1% normal goat 

serum, 0.08% bovine serum albumin and 0.1% cold-water fish gelatin (Amersham Pharmacia). Between 

incubations, the sections were thoroughly rinsed three times for 15 min in TBS. Finally, the sections were 

incubated in 0.03% 3,3′-diaminobenzidine (DAB)/0.01% hydrogen peroxide for 10–15 min. The DAB 

MATERIAL AND METHODS

Animals

C57BL/6 mice were housed under standard conditions and handled according to the National Institutes 

of Health Guide for the Care and Use of Laboratory Animals.

Cell culture

Mouse embryonic fibroblasts (MEFs) were maintained in Dulbecco’s modified Eagle’s medium (DMEM) 

with 10% fetal calf serum (FCS), 2mM L-glutamin, and 100 U/ml penicillin/streptomycin. Embryonic neural 

stem cells (eNSCs) were isolated from e14.5 C57BL/6 embryos as described before (Vescovi 1993). In 

short, the telencephalon was cut and mechanically triturated in ice-cold phosphate buffered saline (PBS), 

chemically treated with 1% Accutase (Sigma), and finally passed through a 70 µm cell strainer (Falcon). 

C57BL/6 eNSCs were cultured in Neurobasal Medium supplemented with 2% B27, 2mM L-glutamin, 

100 U/ml penicillin/streptomycin, 5 µg/ml heparin, 20 ng/ml fibroblast growth factor-2 (FGF2), and 20 

ng/ml epidermal growth factor (EGF). After 3-5 days, cells were growing as floating neurospheres that 

were subsequently dissociated with Accutase and passaged every 3-4 days. Cells were cultured at 37°C 

in a humidified incubator with a 5% CO2 atmosphere. For additional cell culturing: see supplementary 

Material and Methods.

In situ hybridisation (ISH)

For creation of probes, a 350 bp section of the 6330403K07RIK gene was amplified using the following 

primers: 5’-GCTGGGCTGTCCGGAAAG and 5’-TCGCCTTTTCGCGCAAGC. The PCR products were 

cloned into a pCRII vector. Both sense and anti-sense DIG-labeled RNA riboprobes were made from 

this vector by in vitro RNA transcription using T7 polymerase and SP6 polymerase, according to the 

manufacturer’s protocol (DIG RNA labeling kit, Roche). Brains from adult C57BL/6 mice were fixed in 4% 

paraformaldehyde (PFA) and dehydrated in 20% sucrose. Cryosections of 14 μm thickness were made on 

3-aminopropyltriethoxysilane (APES) coated glass slides. Sections were post-fixated in 4% PFA ISH fixative 

containing 100 mM NaOH and 100 mM Na2B4O7.10H2O (pH 9.5), washed in KPBS and proteolytically 

treated for 30 mins at 37˚C with 2 μg/ml proteinase K dissolved in 50 mM NaCL, 50 mM EDTA and 0.1M 

Tris-HCl. Sections were washed with dH2O and 2× sodium salt citrate (SSC) (1×SSC is 150 mM NaCl and 

17.5 mM sodium citrate, pH 7.0) and dehydrated by a graded alcohol sequence. Sections were then 

overnight hybridized with DIG-labeled riboprobes in hybridization buffer at 60˚C. After washing in 4×SSC, 

sections were enzymatically treated with 20 μg/μl RNAse in 200 mM NaCl, 10 mM Tris-HCl and 1 mM 

EDTA at 37˚C. This was followed by subsequent washing steps in 2×SSC, 1×SSC, 0.5×SSC, 30 min at high 

stringency (60˚C) in 0.01% SSC, and finally in Buffer 1 (100mM Trizma base and 150 mM NaCl, pH 7.5). 

Sections were then pre-incubated for 30 min in maleic acid buffer (100 mM maleic acid, 75 mM NaCl, 

pH 7.5) containing 2% blocking reagent (Roche) and 0.1% Tween, followed by incubation in alkaline-

phosphatase conjugated anti-DIG antibody (1:500, Roche) in maleic acid buffer containing 2% blocking 
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 Antibody Dilution Catalogue no.

Ms-anti-βIII-tubulin 1:200 Abcam ab7751

Ms-anti-GFAP 1:200 Millipore MAB 3402

Ms-anti-Nestin 1:200 Chemicon MAB 353

Gp-anti-DCX 1:1000 Millipore MAB 2253

Gt-anti-DIO2 1:20 Antibodies-Online 190862

Ms-anti-PCNA 1:200 Abcam ab29

Gt-anti-Rb Dylight488 1:200 Jackson 111-485-003

Gt-anti-Ms Cy3 1:200 Jackson 115-166-003

Dk-anti-Gp Dylight549 1:200 Jackson 706-515-148

Dk-anti-Gt Cy3 1:200 Jackson 705-165-003

 Accession no. Gene Forward primer (5’– 3’) Reverse primer (5’– 3’)

NM_134022 UGS148 GCTGGGCTGTCCGGAAAG AGGTGAAGATGCAGG

NM_008629 Musashi CACAGCCTAAGATGGTCACTC TGTTTCACATCTTCCACCGT

NM_016701.3 Nestin AGGTGGGCAGCAACTGGCA TCAGCCTCCAGCAGAGTCCTGT

NM_008714 Notch ATGTATGCCAGGTTATGAAGGT CTCATTGATCTTGTCCATGCAG

NM_013627 Pax6 CGGAGTTATGATACCTACACCC GTGAAATGAGTCCTGTTGAAGTG

NM_011443 Sox2 AACCAGAAGAACAGCCCGGA CCGGGACCATACCATGAAGG

NM_172301 Cyclin B1 GGTGTCTTCTCGAATCGGGGAACC TCGTGTTCCTAGTGACCCTGAGCG

NM_001081117 Ki67 TCATCAAGGAACGGCCCCAGTCT TGGAAGTCCTGCCTGATCTGCGT

NM_007393.3 β-actin AGACCTCTATGCCAACACAG TAGGAGCCAGAGCAGTAATC

NM_32599 GAPDH CATCAAGAAGGTGGTGAAGC ACCACCCTGTTGCTGTAG

NM_001110251 HMBS CCGAGCCAAGGACCAGGATA CTCCTTCCAGGTGCCTCAGA

table 2: Antibodies used for immunocytochemistry and immunohistochemistry.

table 3: List of primers used for qRT-PCR analysis.

6

reaction product was subsequently enhanced using gold-substituted silver peroxidase (GSSP). The fine 

particulate labeling is the gold precipitate. To facilitate the reaction and permeability for the antibodies 

used we applied low concentrations of Triton TX100. The specificity of the antibody was confirmed 

with Western Blot. Sections were analyzed in a Philips CM 100/80 kV transmission electron microscope 

(Philips).

Western Blot

For Western blot analysis proteins were extracted from cell samples using lysis buffer supplemented 

with protease inhibitors. Cell lysates were cleared by centrifugation at 14,000 rpm for 15 min at 4°C 

and quantitated by DC Protein Assay (Bio-Rad, Hercules, CA). Equal amounts of protein were separated 

on 15% sodium dodecyl sulfate-polyacrylamide gels and then transferred onto polyvinylidene fluoride 

membranes (Millipore). Membranes were incubated in blocking buffer (Odyssey, LI-COR Biosciences, 

Cambridge, UK) for 1 hour and incubated O/N at 4°C. Primary antibodies were diluted in 1:1 (v/v) OBB 

and PBS-T (PBS + 0.1% Tween-20). The following primary antibodies were used: rabbit anti-UGS148 

(GenScript Corporation), mouse anti-PCNA (Abcam, ab29), anti-caspase-3 (Cell Signaling, #9665), anti-

cleaved caspase-3 (Cell Signaling, #9661S), mouse anti-b-actin (Abcam, ab6276). The following day, 

membranes were washed in PBS-T thrice and incubated for 1 hour in fluorescent conjugated secondary 

antibodies: donkey anti-mouse IR Dey 680 (LI-COR Biosciences) and donkey anti-rabbit IR Dey 800CW 

(LI-COR Biosciences). Blots were washed with PBS-T thrice, scanned with the LI-COR Odyssey infrared 

imaging system (LI-COR Biosciences), and analyzed with Odyssey 2.0 software.

qRT-PCR

Total RNA was extracted according to the method described by Chomczynski and Sacchi (Chomczynski 

and Sacchi, 1987). Total RNA was transcribed into cDNA using random hexamers and M-MLV reverse 

transcriptase (Fermentas). Quantitative real-time PCR was performed in 384-wells plates using the 

iQ SYBR Green Supermix (Bio-Rad) on an AB17900HT system (Applied Biosystems) with the following 

cycling parameters: 95°C for 3 minutes, 39 cycles with 95°C for 10 seconds, and 58°C for 30 seconds. 

qRT-PCR primers were designed with PerlPrimer for the transcripts listed in table 3. Housekeeping genes 

hydroxymethylbilane synthase (HMBS), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and 

b-actin were used as internal control for normalization. The data were processed with SDS version 2.3 

analysis software (Applied Biosystems). The relative expression ratio of target genes was quantified using 

the 2−ΔΔCt calculation method (Schmittgen and Livak, 2008).

Cell survival assay

Cells were co-incubated with propidium iodide (2 μg/mL) (Sigma) and Syto 13 (2.5 μM) (Molecular 

Probes) for 15 min at 37 °C. Pictures were made using an Axioskope 2 fluorescent microscope (Zeiss) in 

combination with a mercury lamp (HBO 100) and Leica Application Software.
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Figure 2: A: Western Blot analysis of UGS148 protein expression of undifferentiated and differentiated C57Bl/6 eNSCs of 

different passages, showing decreased expression after differentiation regardless of passage number. Expression is lower 

after prolonged passaging. B: Immunocytochemical stainings of UGS148 protein expression in E14.5 mouse embryonic 

neurosphere cryosections and co-expression of stem cell markers GFAP (first column, second column showing details) and 

nestin (third column, fourth column showing details). There is partial overlap between UGS148 expression and nestin or GFAP 

expression (yellow). Arrows indicate double-positive cells. Hoechst is blue. Scale bar 100 μm.

6

RESULTS

Expression of UGS148 in embryonic neural stem cells

To analyze the expression of the UGS148 protein in eNSCs of C57BL/6 mice, a custom antibody against a 

unique epitope of UGS148, consisting of the amino acid sequence CRAPKSASSAGRKSG, was generated and 

tested for specificity by GenScript Corporation (New Jersey, USA). To analyze UGS148 in eNSCs, Western 

Blots were made of different passages of differentiated and undifferentiated eNSCs. Differentiation 

of NSCs was induced by withdrawal of mitogens during culturing for 10 days on laminin/PDL-coated 

coverslips. The protein expression level of UGS148 (detected at the expected size of 14 kD) was highest 

in proliferating eNSCs, correlating with the presence of the proliferation marker PCNA (Proliferating cell 

nuclear antigen) and appeared to decrease upon differentiation and upon prolonged passaging (Figure 

2A). The expression of UGS148 protein in eNSC neurospheres was confirmed by double immunostaining 

using anti-UGS148, anti-nestin, and anti-GFAP antibodies (Figure 2B). In summary, although some 

remnant UGS148 protein expression is found after NSC differentiation, our data might indicate that 

UGS148 is involved in maintaining NSC stemness. These data are supported by a strong correlation of 

UGS148 expression with the expression of Musashi, Notch, and Pax6 in a number of relevant (neural) 

stem cells and cell lines (supplementary Figure 1).

UGS148 modulates embryonic NSC proliferation

To further analyze the role of UGS148 in the proliferation of embryonic NSCs, we silenced its expression 

in C57BL/6 eNSCs using doxycycline-induced shRNA-mediated knockdown. A MISSION plasmid shRNA 

expressing vector, containing the U6 promotor was obtained from Sigma Aldrich; we were able to obtain 

an overall silencing efficiency of 50% as shown by qRT-PCR (supplementary Figure 2A) and confirmed 

by Western Blot (supplementary Figure 2B) without affecting cell survival (supplementary Figure 2C) 

and apoptosis (data not shown). From quantitative analysis of cell growth, a significant decline in cell 

proliferation was apparent after silencing in C57BL/6 eNSCs (Figure 3A); no effect was seen on the 

differentiation pattern (Figure 3B). To explain the decrease in proliferation, we investigated the effects on 

cell cycle. FACS analysis for propidium iodide was performed in NSCs after doxycycline-induced shRNA-

mediated knockdown. The G2/M phase was significantly decreased in the silenced condition, while cell 

cycle was arrested in the G1 phase (Figure 3C and D). From these results, we concluded that UGS148 

allows the cell cycle to enter the G2 phase; silencing prevents entering this phase and thus reduces cell 

proliferation. 

UGS148 expression in the adult mouse brain

To analyze in vivo UGS148 expression distribution in the adult mouse brain, qRT-PCR analysis was 

performed in various isolated brain regions (Figure 4A). Expression of UGS148 was found in several 

brain regions, but particularly in the hypothalamus. To analyze mRNA expression in the brain in more 

detail, in situ hybridization was performed. Whereas UGS148 was shown to be prominently expressed in 
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embryonic neural stem cells, expression in most of the neurogenic regions of the adult brain, i.e. the SVZ 

and the SGZ regions, was low. However, high expression was found in the lateral hypothalamus as well 

as in the 3V floor/roof of the median eminence and the lateroventral walls of the 3V (Figure 4B-E and 

Table 4). The pattern of UGS148 expression in the adult mouse brain was further confirmed at protein 

level by means of immunohistochemical staining. Expression of UGS148 could be detected in the adult 

neurogenic regions, the subventricular zone (SVZ) and hippocampal subgranular zone (SGZ), but was low 

compared to the expression in the 3V (supplementary Figure 3). Some UGS148 appeared to be present 

in the choroid plexus and in the cerebellum.

Figure 3: Silencing of UGS148 in E14.5 NSCs. A: A slight but significant decrease in proliferation is seen after silencing in 

C57Bl/6 E14.5 NSCs (A); *p < 0.05, t-test. Quantification was done using hemocytometer counting chambers. Cells were 

plated on laminin and analyzed with immunocytochemistry. B: No significant effect is seen in the differentiation pattern of 

C57Bl/6 E14.5 NSCs after silencing; p > 0.05, t-test. Under the current conditions, neurons (MAP+) and astrocytes (GFAP+) 

were differentiating; oligodendrocyte differentiation was rarely observed (data not shown). C and D: Silencing of UGS148 in 

NSCs affects cell cycle characteristics. Flow-cytometric histograms of DNA content of control cells (left graph) and UGS148-

depleted cells (right graph), cultured in medium with 5% FCS (C) or 10% FCS (D). Cell cycle was arrested in the G1 phase and 

the subsequent G2/M phase was clearly decreased in the silenced condition. 

Figure 4: UGS148 mRNA is differentially expressed in brain regions. A: a representative qRT-PCR showing UGS148 mRNA 

expression relative to HMBS expression, normalized to levels in cortex. B: schematic representation of expression throughout 

the brain. C: hypothalamus, at Bregma -2.56. D: lateral hypothalamus. E: 3V walls and floor. F: cortex. The inserts are 

magnifications of the red boxes. 

telencephalon

Lateral ventricles

Cortex

Hippocampus

Corpus callosum

+

+

+

–

Diencephalon

Third ventricle

Thalamus

Hypothalamus

++++

+/–

++

Mesencephalon

Pons  +/–

Diencephalon

Third ventricle

Thalamus

Hypothalamus

++++

+/–

++

rhombencephalon

Fourth ventricle

Cerebellum granule layer

Cerebellum Purkinje layer

Medula

–

–

–

+/–

Table 4: UGS148 mRNA expression distribution in the CNS based on in situ hybridization.

6Figure 4
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Figure 5: Immunofluorescent staining of C57BL/6 adult mouse brain 3V. Co-localization of UGS148 is found with nestin (A-D 

and E-H) and rarely with GFAP; UGS148 and GFAP expression are mostly mutually exclusive (I-L). Positivity for DIO2 indicates 

that the UGS148-expressing cells lining the 3V are tanycytes (M-P). Positive nucleolar staining for PCNA (Q-T) shows that these 

cells are in a proliferative stage (late S-phase). Hoechst is blue. Green arrows indicate exclusive UGS148-expression, yellow 

and purple arrows indicate double-positive cells. The inserts are magnifications of the red boxes. Scale bar 300 μm.

UGS148 is expressed in tanycytes of the adult hypothalamus

Because of the remarkable expression pattern of UGS148 in the 3V floor and walls, we studied the 

phenotype of the UGS148-expressing cells (Figure 5). UGS148-positive cells were found throughout 

the third ventricle, but their location differed from rostrally to caudally. Between Bregma -2.12 and 

-2.56, positive cells were mostly observed in the 3V floor/median eminence roof, corresponding to the 

location of β-tanycytes, whereas more rostrally and more caudally expression was mostly seen in the 3V 

walls, corresponding to the location of a1-tanycytes (Figure 6). Co-localization was found with nestin 

but almost none with GFAP; no co-localization was found with RC2, CD133, DCX, RIP, and βIII-tubulin 

(data not shown). Double staining for deiodinase-2 (DIO2) indicated that the UGS148-expressing cells 

lining the 3V were indeed tanycytes (Lechan and Fekete, 2005). These cells were also positive for PCNA, 

indicating that they were in a proliferative stage (late S-phase). High UGS148 expression was also seen in 

large trigonial neurons in the lateral hypothalamic area (at Bregma -2.56).

6

Figure 6: Rostro-caudal expression distribution of UGS148 in tanyctyes of the 3V in the adult mouse brain.
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Intracellular location of UGS148 

Since determining the intracellular localization of UGS148 might provide clues about the expected sorting 

and trafficking functions of the protein, we performed electron microscopy on ultrathin sections of the 

3V in which UGS148 was visualized by diaminobenzidine (DAB) immunohistochemistry and subsequent 

gold-substituted silver-intensified peroxidase (GSSP) treatment (Figure 7). UGS148 was found in small 

precipitates as well as in larger aggregates located along the endoplasmic reticulum (ER), while no 

protein was detectable within the ER-cisternae. Accumulation of UGS148 was observed around the 

nuclear membrane, but no UGS148 could be detected within the nucleus. Furthermore, UGS148 was 

found around mitochondria and along the base of ciliary processes. 

Figure 7: Intracellular expression of UGS148 in tanycytes lining the 3V. A and B: Localization of positive cells in the 3V wall. 

Vibratome sections of adult C57BL/6 mouse brain were fixed with 4% PFA and UGS148 expression was visualized by IHC 

and DAB staining (B) and TEM micrographs with gold-substituted silver-intensified peroxidase (GSSP) (C and D). C: UGS148 

expression is seen along the ER (pseudo-colored in yellow). The cytoplasm is pseudo-colored in green; cytoplasmic labeling 

is found in small single gold precipitates and in larger aggregates (triangles). In the adjacent neuropil boutons form synaptic 

contacts with the soma (terminal, term). All labeling is seen alongside intracellular structures. Nucleus and surrounding 

neuropil are pseudo-colored in blue. Bar indicates 1 µm. D: UGS148 is also expressed in the cytoplasm, around mitochondria 

and at the base of the cilia (pseudo-colored in red); cytoplasmic aggregates are indicated with triangles. Z.a.: zonula adherens; 

z.o.: zonula occludens. The inserts are magnifications of the red boxes. Bar indicates 1 µm.

Figure 8: Schematic overview of expression of neural stem cell markers and UGS148 in the 3V. In the 3V UGS148-positive cells 

appear to be tanycytes. Tanycytes can be divided into α-tanycytes and β-tanycytes, both with a distinct expression profile, 

and distribution alongside the 3V walls. Neurogenesis from β-tanycytes has been described by several authors (Lee, et al., 

2012; Haan, et al., 2013). (Limited) neurogenesis from α-tanycytes has been shown by others (Xu, et al., 2005; Robins, et al., 

2013). As there is partial overlap with Nestin/GFAP-expression as well as with neuronal markers βIII-tubulin and doublecortin, 

UGS148-expression might mark a transitional stage during hypothalamic neurogenesis. Expression of UGS148 is differentially 

distributed alongside the ventricle walls, dependent on the rostro-caudal position.

6
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DISCUSSION

Expression profiling has revealed the RIKEN cDNA63330403K07 gene (6330403K07RIK) as one of the 

most prominently expressed genes in multipotent murine neural stem cells (NSCs) (D'Amour and Gage, 

2003). Although this gene is associated with regulating maintenance and proliferation of hematopoietic 

stem cells (Bystrykh, et al., 2005), its expression and function in neural stem cells have not been explored. 

In the present study, we demonstrate that the actual protein encoded by 6330403K07RIK, designated 

UGS148, is indeed selectively expressed in cultured NSCs, at a high level in the embryonic stage, and 

in the SVZ and hippocampal SGZ of the adult brain, albeit at low levels. Interestingly, continuous high 

expression of UGS148 was detected in the adult hypothalamus, i.e. in the 3V floor, median eminence, 

and walls of the 3V, with a distinct rostro-caudal distribution. Lechan and Fekete showed a rostro-caudal 

distribution of the tanycyte marker iodothyronine deodinase type II (Dio2) mRNA expression in the rat 

3V wall, with a pattern much like that of GLAST and UGS148 (Lechan and Fekete, 2005). By means of 

immunocytochemistry we confirmed co-expression of UGS148 and Dio2 in cells of the 3V wall, indeed 

identifying the UGS148 positive-cells as tanycytes.

Tanycytes arise from embryonic radial glia cells and share some characteristics with both astrocytes and 

radial glia but have several unique functions (Levitt and Rakic, 1980; Flament-Durand and Brion, 1985; 

Rodríguez, et al., 2005). For decades, tanycytes have been associated with neurogenesis (de Vitry, et al., 

1981; Anthony, et al., 2004; Bennett, et al., 2009; Lee, et al., 2012; Haan, et al., 2013). Xu et al. showed 

increase of nestin/BrdU positive cells in the 3V ependymal layer upon intraventricular FGF2 injection; 

these cells differentiated into GFAP+ astrocytes and Hu+ neurons (Xu, et al., 2005). The strategic position 

in a unique neurovascular niche, with exposure to both fenestrated median eminence (ME) capillaries 

and CSF of the 3V, is in some ways also similar to the SVZ and SGZ neurogenic niches and may account 

for the specific neurogenic capacity of tanycytes (Lee, et al., 2012; Mercier, et al., 2003). Interestingly, 

relationships between fat-intake in experimental animals and adult hypothalamic neurogenesis have 

been suggested in studies by Lee et al. and Li et al. (Lee, et al., 2012; Li, et al., 2012). Despite contrasting 

findings in these two similar studies, tanycytes are likely to be involved in regulating food intake, body 

weight homeostasis, and related diseases such as obesity (Livesey, 2012). Indeed, tanycytes have a 

variety of more specialized properties, such as the expression of glucose and glutamate transporters, 

expression of neuropeptide and hormone receptors, regulation of hypothalamic T3 concentrations, 

transport of molecules from the CSF to the blood, communication with GnRH neurons, and modulation 

of glutamate concentrations and neurotransmitter supply in the hypothalamus (reviewed in Rodríguez, 

et al., 2005; Nilaweera, et al., 2011). 

What could be the function of UGS148 in the NSCs of the SVZ and SGZ and in the hypothalamic tanycytes? 

UGS148 is a protein of 121 amino acids and based on the specific domains and its high homology to a 

large variety of intracellular proteins (as revealed by BLAST analyses), its function is likely involved in 

intracellular sorting, trafficking and exocytosis of proteins, and/or membrane incorporation of receptor 

units. The protein also contains one (conserved) transmembrane helix at amino acids 97-116 (HMMTOP 

transmembrane topology predictor (Tusnady and Simon, 2001)). UGS148 has been shown to localize 

at the endoplasmic reticulum (Bennetts, Fowles et al. 2006), which is confirmed by our EM findings. 

The ultrastructural location of UGS148 close to the nuclear membrane and alongside tubular structures 

suggests that it also might have a function in protein shuttling between the ER and the nucleus, e.g. in 

case of the FGF receptor-1, which is known to be transported towards the nucleus (Leadbeater, et al., 

2006). Alternatively, UGS148 could be not only involved in intracellular transport but possibly also in 

membrane incorporation of growth factor receptor units. Fibroblast growth factor, in particular FGF2, 

is a crucial regulatory factor for the proliferation of the NSCs in the SVZ and the SGZ (Reynolds and 

Weiss, 1992) and likewise for the 3V tanycytes (Xu, et al., 2005; Robins, et al., 2013). The reduction in 

proliferation of the cultured NSCs we observed after silencing of UGS148 might have been caused by a 

reduced rate of FGF signaling, although this remains to be determined. Possibly, UGS148 may contribute 

to the membrane incorporation of receptors for other growth factors such as BDNF, CNTF, or IGF, all of 

which stimulate neurogenesis after intraventricular injection (Pencea, et al., 2001; Kokoeva, et al., 2005; 

Pérez-Martín, et al., 2010). Besides their potential role in neurogenesis (for a schematic overview see 

Figure 8), UGS148 in tanycytes may also be involved in the specific endocrine functions of tanycytes 

and/or the proper membrane incorporation of various receptor units contributing to food intake and 

metabolism regulation (Sousa-Ferreira, et al. 2014; Rodríguez, et al., 2005; Nilaweera, et al., 2011). A 

role of UGS148 in endocrine release is also suggested by the expression of this protein in neurons in 

the lateral hypothalamus (potentially direct progeny of 3V tanycytes (Haan, et al., 2013)), which are 

known to release substances like agouti-related peptide (AGRP), pro-opiomelanocortin (POMC), and 

neuropeptide Y (NPY) (Lee, et al., 2012; Pierce and Xu, 2010; Kokoeva, et al., 2005).

In summary, UGS148 is a multipotent stem cell-specific intracellular trafficking protein highly expressed 

in embryonic NSCs and in hypothalamic tanycytes of the 3V in the adult brain. Mechanistic studies on 

UGS148, in vitro blocking and in vivo silencing studies, as well as lineage tracing should narrow down the 

putative intracellular functions of UGS148 and its role in stem cell and tanycyte physiology.

6



Chapter 6

150

UGS148 is a marker for tanycytes

151

REFERENCES

	A Alvarez-Buylla, JM García-Verdugo, AD Tramontin, 2001. A unified hypothesis on the lineage of neural stem cells. 

Nature Reviews Neuroscience 2, 287-293. 

	A Alvarez-Buylla, DA Lim, 2004. For the long run: maintaining germinal niches in the adult brain. Neuron 41(5), 683-

686. 

	TE Anthony, C Klein, G Fishell, N Heintz, 2004. Radial glia serve as neuronal progenitors in all regions of the central 

nervous system. Neuron 41(6), 881-890. 

	L Bennett, M Yang, G Enikolopov, L Iacovitti, 2009. Circumventricular organs: a novel site of neural stem cells in the 

adult brain. Molecular and Cellular Neuroscience 41(3), 337-347. 

	JS Bennetts, LF Fowles, NC Butterfield, JL Berkman, RD Teasdale, F Simpson, C Wicking, 2006. Identification and 

analysis of novel genes expressed in the mouse embryonic facial primordia. Front. Biosci. 11, 2631-2646. 

	TP Bonnert, JG Bilsland, PC Guest, R Heavens, D McLaren, C Dale, M Thakur, G McAllister, I Munoz-Sanjuan, 2006. 

Molecular characterization of adult mouse subventricular zone progenitor cells during the onset of differentiation. 

Eur. J. Neurosci. 24(3), 661-675. 

	L Bystrykh, E Weersing, B Dontje, S Sutton, MT Pletcher, T Wiltshire, AI Su, E Vellenga, J Wang, KF Manly, 2005. 

Uncovering regulatory pathways that affect hematopoietic stem cell function using'genetical genomics'. Nat. Genet. 

37(3), 225-232. 

	P Chomczynski, N Sacchi, 1987. Single-step method of RNA isolation by acid guanidinium thiocyanate-phenol-

chloroform extraction. Anal. Biochem. 162(1), 156-159. 

	M Czepiel, V Balasubramaniyan, W Schaafsma, M Stancic, H Mikkers, C Huisman, E Boddeke, S Copray, 2011. 

Differentiation of induced pluripotent stem cells into functional oligodendrocytes. Glia 59(6), 882-892. 

	KA D'Amour, FH Gage, 2003. Genetic and functional differences between multipotent neural and pluripotent 

embryonic stem cells. Proc. Natl. Acad. Sci. U. S. A. 100 Suppl 1, 11866-11872. 

	F de Vitry, R Picart, C Jacque, A Tixier-Vidal, 1981. Glial fibrillary acidic protein. A cellular marker of tanycytes in the 

mouse hypothalamus. Dev. Neurosci. 4, 457-460. 

	L Sousa-Ferreira, LP Almeida, C Cavadas, 2014. Role of hypothalamic neurogenesis in feeding regulation. Trends in 

Endocrinol. Metab. 25(2), 80-88.

	J Flament-Durand, JP Brion, 1985. Tanycytes: morphology and functions: a review. Int. Rev. Cytol. 96, 121-155. 

	E Gould, 2007. How widespread is adult neurogenesis in mammals? Nature Reviews Neuroscience 8, 481-488. 

	U Gurok, C Steinhoff, B Lipkowitz, HH Ropers, C Scharff, UA Nuber, 2004. Gene expression changes in the course of 

neural progenitor cell differentiation. J. Neurosci. 24(26), 5982-6002. 

	N Haan, T Goodman, A Najdi-Samiei, CM Stratford, R Rice, E El Agha, S Bellusci, MK Hajihosseini, 2013. Fgf10-

expressing tanycytes add new neurons to the appetite/energy-balance regulating centers of the postnatal and adult 

hypothalamus. J. Neurosci. 33(14), 6170-6180. 

	MV Kokoeva, H Yin, JS Flier, 2005. Neurogenesis in the hypothalamus of adult mice: potential role in energy balance. 

Science 310(5748), 679-683. 

	W Leadbeater, A Gonzalez, N Logaras, M Berry, J Turnbull, A Logan, 2006. Intracellular trafficking in neurones and 

glia of fibroblast growth factor-2, fibroblast growth factor receptor 1 and heparan sulphate proteoglycans in the 

injured adult rat cerebral cortex. J. Neurochem. 96(4), 1189-1200. 

	RM Lechan, C Fekete, 2005. Role of Thyroid Hormone Deiodination in the Hypothalamus. Thyroid 15(8), 883-897

	DA Lee, JL Bedont, T Pak, H Wang, J Song, A Miranda-Angulo, V Takiar, V Charubhumi, F Balordi, H Takebayashi, 

2012. Tanycytes of the hypothalamic median eminence form a diet-responsive neurogenic niche. Nat. Neurosci. 15(5), 

700-702. 

	P Levitt, P Rakic, 1980. Immunoperoxidase localization of glial fibrillary acidic protein in radial glial cells and 

astrocytes of the developing rhesus monkey brain. J. Comp. Neurol. 193(3), 815-840. 

	J Li, Y Tang, D Cai, 2012. IKKβ/NF-κB disrupts adult hypothalamic neural stem cells to mediate a neurodegenerative 

mechanism of dietary obesity and pre-diabetes. Nat. Cell Biol. 14(10), 999-1012. 

	FJ Livesey, 2012. A potential link between obesity and neural stem cell dysfunction. Nat. Cell Biol. 14(10), 987-

989. 

	M Matos, E Augusto, C Oliveira, P Agostinho, 2008. Amyloid-beta peptide decreases glutamate uptake in cultured 

astrocytes: involvement of oxidative stress and mitogen-activated protein kinase cascades. Neuroscience 156(4), 898-

910. 

	F Mercier, JT Kitasako, GI Hatton, 2003. Fractones and other basal laminae in the hypothalamus. J. Comp. Neurol. 

455(3), 324-340. 

	S Moidunny, RB Dias, E Wesseling, Y Sekino, HW Boddeke, AM Sebastião, K Biber, 2010. Interleukin-6-type cytokines 

in neuroprotection and neuromodulation: oncostatin M, but not leukemia inhibitory factor, requires neuronal 

adenosine A1 receptor function. J. Neurochem. 114(6), 1667-1677. 

	K Nilaweera, A Herwig, M Bolborea, G Campbell, CD Mayer, PJ Morgan, FJ Ebling, P Barrett, 2011. Photoperiodic 

regulation of glycogen metabolism, glycolysis, and glutamine synthesis in tanycytes of the Siberian hamster suggests 

novel roles of tanycytes in hypothalamic function. Glia 59(11), 1695-1705. 

	V Pencea, KD Bingaman, SJ Wiegand, MB Luskin, 2001. Infusion of brain-derived neurotrophic factor into the 

lateral ventricle of the adult rat leads to new neurons in the parenchyma of the striatum, septum, thalamus, and 

hypothalamus. J. Neurosci. 21(17), 6706-6717. 

	M Pérez-Martín, M Cifuentes, J Grondona, M López-Ávalos, U Gómez-Pinedo, J García-Verdugo, P Fernández-Llebrez, 

2010. IGF-I stimulates neurogenesis in the hypothalamus of adult rats. Eur. J. Neurosci. 31(9), 1533-1548. 

	AA Pierce, AW Xu, 2010. De novo neurogenesis in adult hypothalamus as a compensatory mechanism to regulate 

energy balance. J. Neurosci. 30(2), 723-730. 

	BA Reynolds, S Weiss, 1992. Generation of neurons and astrocytes from isolated cells of the adult mammalian 

central nervous system. Science 255(5052), 1707-1710. 

	S Robins, I Stewart, D McNay, V Taylor, C Giachino, M Goetz, J Ninkovic, N Briancon, E Maratos-Flier, J Flier, 

2013. α-Tanycytes of the adult hypothalamic third ventricle include distinct populations of FGF-responsive neural 

progenitors. Nature Communications 4. 

6



Chapter 6

152

UGS148 is a marker for tanycytes

153

	EM Rodríguez, JL Blázquez, FE Pastor, B Peláez, P Peña, B Peruzzo, P Amat, 2005. Hypothalamic tanycytes: a key 

component of brain–endocrine interaction. Int. Rev. Cytol. 247, 89-164. 

	TD Schmittgen, KJ Livak, 2008. Analyzing real-time PCR data by the comparative CT method. Nature Protocols 3(6), 

1101-1108. 

	GE Tusnady, I Simon, 2001. The HMMTOP transmembrane topology prediction server. Bioinformatics 17(9), 849-

850. 

	Y Xu, N Tamamaki, T Noda, K Kimura, Y Itokazu, N Matsumoto, M Dezawa, C Ide, 2005. Neurogenesis in the 

ependymal layer of the adult rat 3rd ventricle. Exp. Neurol. 192(2), 251-264. 

SUPPLEMENTARy MATERIAL AND METHODS

Cell culture

GL261, NG108, and HEK293 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) with 

10% fetal calf serum (FCS), 2mM L-glutamin, and 100 U/ml penicillin/streptomycin. Primary cortical 

neurons were isolated from e14.5 C57BL/6 embryos as described before (Moidunny, et al., 2010) and 

cultured in Neurobasal Medium supplemented with 2% B27, 2mM L-glutamin, 100 U/ml penicillin/

streptomycin, and 0.4% glucose. Primary astrocytes were isolated from cortices of postnatal C57BL/6 

mice as described previously (Matos, et al., 2008), and cultured in DMEM with 10% FCS, 2 mM L-glutamin, 

100 U/ml penicillin/streptomycin, and 1 mM sodium pyruvate. Oli-neu cells were cultured in Sato 

medium consisting of DMEM supplemented with 2% horse serum, 100 U/ml penicillin/streptomycin, 2 

mM L-glutamin, 10 µg/ml apotransferine, 10 µg/ml insulin, 100 µM putrescine, 200 nm progesterone, 

500 nm triiodo-L-thyronine, 220 nm sodium selenite and 520 mM L-thyroxin. Mouse embryonic stem 

cells (mES) and previously characterized mouse induced pluripotent stem cells (Czepiel, et al., 2011) were 

cultured in ES medium consisting of Knockout-DMEM (KO-DMEM) supplemented with 15% knockout 

serum replacement, 2mM L-glutamin, 100 U/ml penicillin/streptomycin, 100 µM β-mercaptoethanol, 

2 mM nonessential amino acids, and 1000 U/ml ESGRO leukemia inhibitory factor (LIF). All cells were 

cultured at 37°C in a humidified incubator with a 5% CO2 atmosphere.

SUPPLEMENTARy FIGURES

 

Supplementary Figure 1: Spearman correlation analysis was used to determine the strength of the relationship between 

UGS148 expression and expression of 8 other stem cell-related markers in mouse (neural) stem cells and cell lines (primary 

neurons, primary astrocytes, Oli-neu, GL261, NG108, undifferentiated and differentiated DBA and C57BL/6 eNSCs, ES cells, 

and mouse iPS cells). UGS148 mRNA levels are strongly associated with expression of stem cell marker Musashi (R2 = 0.721; 

p (2-tailed) = 0.001); it also significantly correlates with the expression of stem cell markers Notch (R2 = 0.495; p (2-tailed) = 

0.016) and Pax6 (R2 = 0.579; p (2-tailed) = 0.07). There is a borderline significant correlation with Nestin expression (R2 = 0.589; 

p (2-tailed) = 0.056). UGS148 expression does not correlate with mRNA levels of Sox2 (R2 = 0.214; p (2-tailed) = 0.527) or those 

of cell cycle markers Cyclin B1 (R2 = 0.513; p (2-tailed) = 0.106) and Ki67 (R2 = 0.131; p (2-tailed) = 0.719).

 Antibody Dilution Catalogue no.

Ms–anti–rIP 1:250 Chemicon MAB1580

Ms–anti–CD133 1:1000 eBioscience 14–1331–80

Ms–anti–rC2 IgM 1:50 Millipore MAB 5740

Gt–anti–Ms–IgM Cy3 1:200 Jackson 115–165–020

Supplementary Table 1: Antibodies used for immunocytochemistry and immunohistochemistry.
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Supplementary Figure 2: shRNA-induced silencing of UGS148 mRNA and protein. A: shRNA construct used for silencing. A: 

qRT-PCR showing shRNA-induced silencing of UGS148 mRNA relative to β-actin expression, using 4 different constructs and 

a control construct. C57Bl/6 eNSC were transfected with four shRNA silencing constructs. Error bars represent S.D. (n=3). 

After 24h mRNA expression was tested by means of qPCR. Of four tested constructs, construct pKLO1.2 and pKLO1.4 showed 

consistent silencing relative to 3 tested housekeeping genes; β-actin is shown. Expression is normalized to the mock condition. 

B: Western Blot analysis of UGS148 expression after transient transfection with silencing constructs in HEK293 cells. C: Cell 

death and survival was quantified using propidium iodide (PI, red) and Syto-green (SG, green) staining 72h after Amaxa 

transfection with silencing constructs. No significant differences in cell death or survival were observed; p > 0.05, t-test. Cells 

transfected with ‘empty’ constructs served as controls. Error bars represent S.D. (n=3). 

Supplementary Figure 3: Immunofluorescent staining of C57BL/6 adult mouse brain (subventricular zone and rostral migratory 

stream). There is co-expression of UGS148 with Nestin (A-D) and GFAP (E-H). Positive nucleolar staining for Proliferating Cell 

Nuclear Antigen (PCNA; I-L) shows that the proliferating, migrating cells of the rostral migratory stream (RMS) are UGS148-

negative, whereas negative PCNA staining shows that the UGS148-positive cells are not in a proliferative stage. In the dentate 

gyrus (DG) of the hippocampus there is partial co-expression with nestin (M-P) and DCX (U-X), and co-expression of UGS148 

with βIII-tubulin in the granular layer (Q-T). There is no co-expression with PCNA in the nucleus, although PCNA expression is 

seen in the cytoplasm which indicates that these cells are in the G1/early S-phase and therefore not highly proliferative (not 

shown). Hoechst is blue. Green arrows indicate exclusive UGS148-expression, red arrows indicate exclusive neural marker 

expression, yellow arrows indicate double-positive cells, pink arrows indicate UGS148-negative/PCNA-positive cells. LV: 

lateral ventricle; DG: dentate gyrus. Scale bar 300 μm. 
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