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Summary (Abstract) of doctoral thesis contents

Stem cells support tissue homeostasis through continual production of
differentiating progeny from a pool of undifferentiated cells. This is traditionally
thought to be dependent on a couple of paradigmatic mechanisms: asymmetric cell
division, which always gives rise to one self-renewing cell and one differentiating
cell; and control by an anatomically defined (or closed) niche, inside of which stem
cells remain undifferentiated, but outside of which they differentiate. However, mouse
testes produce a large number of sperm throughout their reproductive period and show
a facultative (or open) niche environment. In addition, mouse spermatogenic stem
cells do not rely on asymmetric division; their fates are stochastic. Thus, | explored
how mouse spermatogenic stem cells are maintained. In particular, |1 focused on the
machinery that promotes stem cell differentiation.

In mouse spermatogenesis, glial cell line-derived neurotrophic factor
family receptor alpha 1 (GFRal)" cells act as the “actual stem cells”—the principal
self-renewing cells in a steady state—and neurogenin 3 (NGN3)" are “potential stem
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cells,” those that are destined for differentiation and maintain their self-renewing
potential. Therefore, | investigated the signal that promotes the GFRal* to NGN3*
transition.

I first compared the gene expression profiles between GFRal*™ and NGN3™
cell populations in vivo by cDNA microarray and obtained a list of candidate signaling
molecules that might promote differentiation. | then evaluated the effects of the
candidate ligands in vitro using cultured spermatogonia, or germline stem (GS) cells,
which are usually GFRal®. I found that Wnt/B-catenin signaling induced Ngn3
expression. Next, | examined the in vivo role of Wnt/B-catenin signaling using mice
carrying a p-catenin gain-of-function mutation. Their testes showed defects in
spermatogenesis; the number of GFRal™* cells was reduced, whereas no significant
reduction in retinoic acid receptor-positive gamma (RARy)" cells (largely
corresponding to NGN3* cells) was observed. Consequently, the RARy"
cell-to-GFRal* cell ratio increased, consistent with the idea that GFRal* to NGN3*
differentiation increased. A conditional g-catenin deletion in mice showed a consistent
phenotype—the number of GFRal® cells did not change, whereas the RARy" cell
number and the RARy" cell-to-GFRal™ cell ratio decreased, consistent with the idea
that GFRa1" to NGN3* differentiation was affected.

In situ hybridization revealed that some Wnt ligands were expressed in
conjunction with the seminiferous epithelial cycle. In particular, Wnt6 was found to be
expressed in stages | to VII in Sertoli cells, consistent with an increase in the number
of NGN3* cells, suggesting the role of WNT6 in the induction of spermatogonial
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differentiation. Mouse spermatogenic stem cells appear not to reside in a definitive
niche but are uniformly exposed to external signal(s) like WNT, leading to the next
question: How do stem cells persist without exhaustion in the presence of
differentiation-promoting Wnt ligands?

[ hypothesized that a fraction of GFRoal* cells are resistant to
differentiation-inducing Wnt/p-catenin signals. | searched for Wnt inhibitors in the
microarray data and identified Shisa6, which was expressed almost exclusively in the
GFRal™ fraction. Some Shisa family members have been reported as Wnt inhibitors.
Using Xenopus laevis embryos and a luciferase assay in HEK293T cells, | found that
SHISAG is a novel Wnt inhibitor that acts autonomously. | also discovered that Shisa6
is expressed in a subset of the GFRal™ population in vivo. Next, | performed a
knockdown experiment of Shisa6 in germline stem (GS) cells by RNAI, which induced
NGN3 expression that was augmented by concurrent stimulation with WNT3a and
RSPO2. | also showed that Shisa6 expression was induced by GDNF and
FGF—crucial factors required for spermatogenic stem cell maintenance—in GS cells.
| generated Shisa6 knockout mice using the CRISPR/Cas9 system. Loss of Shisa6 did
not result in an apparent spermatogenesis phenotype, but trans-heterozygotes carrying
a Shisa6 knockout and stabilized B-catenin mutations showed a reduction in GFRal"
cells and defects in spermatogenesis. This indicates that Shisa6 was expressed in
GFRoal" cells and played a role in the maintenance of the stem cell pool by
suppressing Wnt/B-catenin signaling in a cell-autonomous manner.

| also discovered that Shisa6 and T (Brachyury) showed compatible
expression within the GFRal* population. In addition, a pulse-label and chase
experiment showed that T* cells have the ability to continue producing progeny for at
least 6 months. These results suggest that T* (and probably SHISA6%) cells have stem
cell-related characteristics.

In conclusion, in this study, | examined the mechanisms controlling the
mouse spermatogenic stem cell system. Here, | propose a generic mechanism of stem
cell regulation in a facultative (or open) niche environment. Namely, different levels
of a cell-autonomous inhibitor (SHISAG6, in this case) result in heterogeneous
resistance to widely distributed differentiation-promoting extracellular signals such as
WNT. Consequently, stem cells follow different differentiation fates.
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HMEE, BCEMERFT S RISz AR T 2 L CRMEEEEZERT S,
HiEEIZ, 5ETAHATH -7, ~ TV AOKE @ MRo S bzFE T 2/Mass 7Lk
KO, BOHERIT MM E Sk T HMinZ FRICAEAHT o FHEEOMBTICHER L, #rL
WS T AD=REEFKR LT,

~ U AR TILGFRa 1 Bt (GFRa 1) FEJRMEnmiid s LCHx, BC 2T 5
Ll bizamafb~E AT bz NON3Hifld ~ L BATT 5, WHEEHILET . GFRa 1"/ L2
5 NGNS ~D 3 LICBA D 2 BIn T 2T 70, 2 b OMIEEN%Z FACSIZ X VW ED,
FNENDOELRFIEE nicroarray IZ X > TN L2, BIBRIBEWZ LI, W DD v T
FTARBICEOLDLIEBBRFORRBIZENLONTZTZD, HEMERD2EHDO Y 7 FLIiTo0
T, BradMRoEEMchs SHEE AW THRFZIToMEERE. Int Y T Ko 1o
THDHWNT3a ZIRMLIZEXIT Nen3 DRBDO ERANEZHZ L2 RH L7, X 5IC,WNT3a
BIEPEALT 2 Wnt/ B —catenin ¥ 7 T/ & AFHMN CHEB T2 LR~ T X (B
—catenin (/1) Nanos3cre/T8) T %, GFRa 1M DO L TR O RE Nk = % 2
xRN LT, —F., AT B-Catenin F RETH~ U A (B
—catenin®/f;Nanos3*/T¢) TI% GFR o 1"l f £ (X 2L 32 NGNS fifm D Ee A4 5 = &
DL oT-, 2D DOFEEIX, Wnt/ B —catenin ¥ 7 F VXA KN T GFR o 1+#1E D
SbEFBEST L LN EZE L L,

WWT, FEERNTO Wnt VA FORB %A in situ hybridization (I XV BFHL. B
—catenin ¥ 7 F IV EIEMALT A EHREINTWD Wnt6 s, (KfilaTH 5=/ b UM
JZ@mBEBE L TCWAHZ xR Lz, BT EROBEBME (BRERY) tadbt TRFIL
7ol 2 A, NOGNS+HIBEER DN T 2 % A 22 7 C Wnt6 ODRBNEEMT 52 ENHLMNE 72
ST, EHIT, ZORBOEMMN RO DKL, Int6 1 TREME MBI —HRICHBL L Tk
D, BMES2KEN Wnt 7T LTSN EEZLNT,

LU, Wnt6 DFRBIDAEEMT HHEZ, 97X TO GFR o 1 A3 NGNS HH e (2 #ix 29~ 5 o 1T
TE2R<, DL TIZGFRa 1I'OEFETE EE2MBPRZHEFEHEL T2 D, Tint
VIFNATMEENTEHRTEDL I GFRa 1IN SN D200 2 ) &) Fi- ek
M2 4 U7-, microarray OfE R 26 Shisa6 DFEELD GFR o 1+HIRICEE /T2 2 & 234/
STWERN BRENZ LIZFELC 7 7Y — (BT 5 Shisa2 DNHIIE B FEAIZ Wnt > 7 F b
FHET L2 ERMEINTVWDLZ b, HEEEIX, TWnt 7 F U RMBEAICIFEEL T
L b TR D 2O —H D GFRa UHEfE Y Shisa6 ZFBLL TW5, | & W IR 7=
T, TOMFEZIT -T2, 3. Xenopus IZEIT 5 Wnt8 12 X 2D 2 IREHFHEDOLER X O,
BREMEICBTDLVR—F—7 v A 27\, Shisab H FEERITHMIE B #IZ Wint > 27 v
ZHETLORFTHLZ L 2R LT, DT, Shisab6» S Ml TEFEH L TW\WDH Z &
MH, ZD ) 7 BT HITWV Wint 7 T KD Ngnd DRBFENE L REIND
TrERLE, E5IT, Shisa6 D KO~ U AE{ER L CTH FERICBIT 2 #EEZ B L T
&2 A Shisa6 B D KO TIXHA LN BREIZTRD 2 o726 OO AEFEMN T B -Catenin
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