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The coupling mechanism to generate synchronized

oscillation of segmentation clock in mouse
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The body of vertebrate is composed of many repeated structures such as vertebrae, ribs,
skeletal muscles and subcutaneous tissues. These are based on transient metameric structures,
called somites, vs."hich are pfoduced sequentially at certain spatiotemporal intervals in an
anterior to posterior sequence concomitant with the posterior elongation of presomitic mesoderm
(PSM). The periodicity is regulated by a segmentation CLOCK which undergoes the oscillation of
Hes gene expression under the control of Notch signaling within a cell. The traveling wave of the
CLOCK is observed from the tail bud region and stops in the anterior PSM where a new somite
is generated. This waved pattern is generated by the change of gene expression in each cell and
not by cell movement. If CLOCK oscillates among individual cells without synchrony, the waved
pattern will not be generated. Thus, it is required for the additional mechanism which works in
non-cell-autonomous manner to synchronize CLOCK phase among neighboring cells.

In zebrafish, a CLOCK and its synchronization mechanism has been well understood. A
coupled oscillator model was proposed to link these two phenomena; it has been explained that 1)
INPUT receives OUTPUT from neighboring cells, 2) Effectors of the CLOCK are activated by the
INPUT and operate as CLOCK components, 3) OUTPUT transmits information reflecting the
own CLOCK phase to neighboring cells, therefore, they correct their CLOCKSs each other by
coupling their CLOCKs. In zebrafish somitoge'nesis, it was demonstrated that INPUT is Notch
signaling from Notchla, the CLOCK is Herl/7 that shows oscillation via negative feedback
mechanism and OUTPUT is DeltaC oscillation controlled by Her1/7.

However it has been difficult to reveal synchronization mechanism in mouse somitogenesis
because CLOCK itself disappears in the simple gene-knockout (KO) mouse that lacks function of
Notch signaling, since Notch signal is a core component of the CLOCK. Furthermore, the
segmentation CLOCK components involved in the regulatibn are more complicated in mice
compared with zebrafish. In the mouse PSM, Lfng a glycosyltransferase that is not implicated in
zebrafish, oscillates upon activatio‘n by Notch activity and repression by Hes7, and acts as a
negative regulator for- Notch signaling via modifying Notchl receptor. Hence, the cyclic
expression of Lifng makes a Notch signal oscillation as a segmentation CLOCK.

To reveal the mechanism to generate synchronized CLOCK oscillation in mice, 1 first
examined D111 expression pattern that works as an OUTPUT in zebrafish. The results that DI11
transcripts slightly oscillated in the PSM but its protein did not show clear oscillation indicate
that the OUTPUT mechanism of the coupling in mice is different from that of zebrafish. Next, I
performed mosaic embryo analyses to clarify the synchronization mechanism. The mosaic
analysis using wild-type and KO cell is a powerful method to ask the mechanism involved in the
cell-cell communication. I conducted two types of mosaic embryo analyses using Dll1-null and
Lifng-null cells. If the coupled oscillator model via Notch signaling is utilized to generate the

synchronized CLOCK oscillation in mouse somitogenesis, it is thought that INPUT is Notch
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signaling through Notchl receptor, the CLOCK is the oscillation of Hes7 and OUTPUT is an
unknown factor through a transmitter D1l1. In Dll1-null mosaic embryos, D111-KO cells do not
have DII1 which acts as a transmitter of the CLOCK to transmit the own CLOCK state to
neighboring cells but they have Notch1 (receiver). Therefore, I expected that D111-KO cells must
show incomplete coupling with neighboring wild-type cgll, but, should not interfere synchronized
oscillation of the CLOCK among wild-type cells because DI11-KO cells cannot transmit signals. I
found that the CLOCK showed abnormal pattern in DIl1-null mosaic embryos, however, it
exhibited synchronized oscillation in some degree. Therefore, the reduction of coupling cells may
‘have caused abnormal CLOCK pattern. On the other hand, the CLOCK synchronization will be
disrupted in the Lfng-null mosaic embryo if Notch signal regulates synchronized CLOCK
oscillation through a coupling mechanism as zebrafish and if Lfng is involved in the coupling
mechanism. Lfng-null mosaic embryos showed severer defect in the synchronized CLOCK
oscillation compared with the D1l1-null mosaic embryos. These results suggest that the Notch
~signal also exhibits dual roles in the CLOCK and its synchronization through the coupling
mechanism as in the case of zebrafish. Surprisingly, Lfng KO cells in Lfng-null mosaic embryos
showed either positive or negative Notch activity. This result was unexpected since Notch
activity should bg up-regulated in the absence of Ling as expected from the analysis of Ling KO
embryo. Therefore, the Notch activity oscillation in Lfng KO cells in Lfng-null mosaic embryos
must be caused by the presence of wild-type cells that have functional Lfng. These results
suggest that Lfng works on Notch signaling via not only cis- but also frans- regulaﬁion
mechanisms and D11 activity might be regulated by Lfng. Accordingly, I explored in detail the
role of Lfng in the Notch signaling by co-culture experiments using Notch signal reporter
luciferase assay. The results indicate that Lfng alter the Notch signaling activity by modifying
D111 and Notchl.

In this study, I propose a new coupling mechanism to generate synchronized oscillation of
segmentation CLOCK in the mouse. It is possible to consider that Lfng can work as the OUTPUT
which retains/reflects CLOCK phase information and alters Notch signaling to synchronize
CLOCK phase among neighboring cells through the coupling mechanism. Therefore, in mouse
somitogenesis, it is required five elements for the coupling mechanism, 1) INPUT; Notch
signaling, 2) CLOCK; the oscillation of Hes7 expression, 3) OUTPUT; Lifng expiession reflecting
CLOCK phase information, 4) transmitter; D111 and 5) receiver; Notchl. In mice, expressions of

both DIl1 and Notch1 are not regulated by the CLOCK.

— 227 —



BLmXOEEFEROEE

WHEBIMORESIC — BN HE SN EEE. Atz oBETHD. ZOFHKE
TEEFORBEESHICE S Segnentation Clock IZ K-> THREI SN TIE Y, Clock DD
ROEEHRERIGEL L L ECHREHBHEREND, Clock ODEDOBEICIE, B
DHFLD Clock RRABLTEBT2LERH B LEX DN TS, ZOLDIE, HKEHO
BREROMMER T Clock ZAAIEIRERBEINTVE, BT T T 4 v ¥a TR,
Clock & BEFREBIEGORTAL Y >/ SHAHHM L L T Notch signal 241 L 7z“Coupled
oscillator model” BRERBENTVWD, ThIE, ZODHEHRERMNOMD, 1) DeltaCiZ
X v iEM{L Sz Notchla signal 23 INPUT & LTHEAT 5., 2) Notch signal iX Herl/7
DEELZEMELL, TR EEICS LT Negative-feed back kT 25 Z & T Clock
LTI, 3) Herl/T iz ko THitl & B DeltaC DFEB L Clock DREE KB L TR
B L. Clock ® OUTPUT & L CABE QMM D INPUT 2IEMHT 2, ULk Y, MRAKEOD
Clock XRS5, <~ 7 AEEHE TIE. Notchl %{E#iL T Notch signaling # &L & &
% Lfng BEBI L. Clock BRI EERZREZRELZLTWEZLRAMObNATND, T DA
72 Clock DHERERD I H., v 7 AEHFRK TD Clock O RFAMHMEIIRIZICHL »ITR
STV,

KABRE, ARTCBV T~ 7 ZEHFFEICE W T Clock ©RMFAMEEZ AL 2T
ZHMTERSFo/, £F. B, ¥FF7 1 v =2 TOUTPUT & LTH< DeltaC D
< ZMAREETF DIl ORRAY -V BB, TORKR, Dl OBFEHL ¥ 7
EEBITHERESEZRIELoTm, LERoT, v VRELEET T T 4 v aTiXClock®D
BB % OUTPUT MR R R D Z BRI E i, RIZ, vV A EEHBRIZE W T
% . Notch signaling #% Clock ZHMT 5 7217 T4 < . MERLHEMEA L T Clock DIRS
FRFEHETVENE D nEFH 7, Notchsignal iX Clock OF LA REREZTH D
D, FOMEERF DR D gene—knockout (KO) TiX Clock B&H £ THI L TLEW, Clock
DRFIALHE S T T 52 LR TERY, £ T, DIIL &5\ X Lfng @ null fijE & FE
BB OETY A 7 EMFTEITV, Clock EZORFAKICO VT, TNLDOEMEBETD
non—cell-autonomous REEXICEB LT L, TORE, AEETOEY A IIET
Clock DRFAMIZEN =M, Ling DEVA 7R TOENITIVEEZETH o7, S HIT, Ling
EWA ZIETO Leng KO AL, Notch EHEDNH D LD L ENLOBBESNT, TN
JEE D Ling DEFAMMPADO FS LV ADOHBLEZ LN U EOFERIT. TV AT Notch
signal DEMEF TH Y FORKENREEH L TW 5 Lfng 28 OUTPUT & L TE < AT Z T L
TW5,% Z C.Lfng ® OUTPUT & L CDMEEZ TAR B /2D IZ, co-culture R & AV 7 Notch
signal reporter luciferase assay & ex vivo TiTFotr, FORKE, Lfng 1 D111 & Notchl
I IEMT A Z & T Notch signaling activity % {k & &, non-cell-autonomous 2 iE
X RFAT DD OUTPUT & LTHERLES Z LRSI,

KBTI, TRECRETholov 7 RAEEHEICBIT D Clock O EFALHEHEIC, Ling
® non-cell-autonomous & N AKX AR ZFE-TVWEZLEHALMIL, TOEED
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