K %

P (B E)
F AR EF S
FANRE5OHA

FMURGOEMH

+k
BF
2
<
i
Im

mXEEEAR

r= R

f#t (322)

RITRFREETT S

Tl 54 3H24H
TEEREVER AR EL
PO 4 458 1 T

The tempo and mode of mammalian sex chromosome

evolution
¥ A HE WA &
Bz =l Hz
Bh#EIR N EER
B SEH BA GEEKRE)

— 295 —




The tempo and mode of mammalian

sex chromosome evolution

Mineyo Iwase

DOCTOR OF SCIENCE

Department of Biosystems Science
School of Advanced Sciences

The Graduate University for Advanced Studies

2002(School Year)

— 296 —



Abstract

Humans and other mammals have a chromosomal system of sex determination.
Although the X and Y are quite different in size and gene content, they do share some
homologous genes. Nineteen X-Y homologous gene pairs could be categorized into four
distinct groups (strata 1 to 4) based on the extent of synonymous sequence divergence
(k,). The mammalian amelogenin (AMEL) genes are shared by X and Y chromosomes.
They are gametologous and are designated as AMELX and AMELY, respectively. It is
also known that the human AMELX is located near the boundary between strata 3 and 4.

I confirmed that both AMELX and AMELY are single copy genes in non-human
primates and located on the X and Y chromosome, respectively, by using fluorescence
in situ hybridization (FISH). Furthermore, I compared 20 kb human BAC clones that
encompass the AMELX and AMELY loci. I found that although the downstream region
from intron 2 exhibits about 10 % sequence differences per site (p-distance), the
upstream region exhibits higher level (p > 20%). This observation suggests that the
human AMELs span the boundary of strata 3 and 4. I determined the genomic sequences
of AMELSs in five primates, two Artiodactyla and one Perissodactyla to examine their
boundary region. Comparisons of these genomic AMEL sequences reveal that the p-
distances (the numbers of nucleotide differences per site) are significantly greater in the
5’ portion from intron 2 than those in the 3’ portion. The observation is the same as that
in the case of the human AMELs. Furthermore, the phylogenetic analysis of
gametologous AMELSs shows their contrasting clustering patterns in different regions. I
therefore concluded that the boundary between strata 3 and 4 in the mammalian X
chromosome also lies within AMEL intron 2.

To investigate causes and mechanisms of creating evolutionary strata, I examined
the human X and Y chromosome sequences which encompass strata 3 and 4 as well as

the pseudoautosomal region 1 (PAR1). To this end, I retrieved the sequences of the short
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arm of the human X chromosome (22 Mb) and aligned them with the 'Y homologous
sequences. Because of extensive sequence changes in the Y chromosome, I could align
only one fifth (544 Kb) of the total X chromosome sequences. It turned out that the X
chromosome sequences could be divided into eleven segments (region I to XT) that
ranges from the PAR1 to the region containing ZFX in stratum 3 on the X chromosome.
These eleven segments correspond to fourteen segments dispersed on the Y
chromosome. For each of these homologous regions, I examined the pattern and degree
of nucleotide differences. Results revealed that the p-distances are < 0.1% in the PAR1
and increase abruptly to 10% in the middle of the XG locus that encompasses the
pseudoautosomal boundary 1 (PAB1). The p-distances remain around 10% in region II
through the distal part of region IX, and then abruptly increase again to >20% at intron
2 of AMEL and in regions X and XI in stratum 3.

To elucidate any features common to the PAB1 and the boundary between strata 3
and 4, I investigated if there are any sequence motifs that are shared by these boundaries.
To this end, I analyzed the above eleven X chromosome segments in terms of GC
content, AT and GC skews, and the resolution sequences for Holliday intermediates.
Although in both regions I and IX, the p-distances increase sharply, no common
sequence motifs were found. It therefore seems difficult to attribute these sequence
motifs or the primary nucleotide sequence information to any signal for the formation of
stratum boundaries.

Based on these results, I discussed the dating of sex chromosome differentiation,
the roles of chromosomal inversion, the origin of evolutionary strata on the human sex
chromosomes, and the tight linkages of male-determining genes as causes of the
recombination suppression.

To date the emergence of strata 3 and 4, Jukes-Cantor distances (d-distances) were

used to reconstruct the NJ tree. I estimated that the emergence of stratum 3 occurred at
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88-117 million years ago (mya) based on AMELX and 76-102 mya based on AMELY.

It therefore appeared that the mammalian AMELXs and AMELYs began to differentiate
from each other almost immediately after they were translocated from an autosomal
region. The boundary spanning the AMEL locus is an ancient PAB and was formed in
the stem lineage of ancestral mammals. Furthermore, FISH results indicated that both X
and Y chromosomal rearrangements have also occurred in the primate lineage.
Moreover, it was apparent that the order of eleven human X chromosomal regions is
substantially different from that of fourteen human Y chromosomal regions.
Nevertheless, there were several evidences suggesting that inversions could not be a
cause of strata.

On the other hand, for the stratum 4 differentiation, I showed that genes or regions
containing PAB1 are different from species to species. Those genes straddle
evolutionary strata 4 and PAR1. It thus seems that the PAB1 was determined
independently in diverse mammalian lineages. This.relatively recent and independent
emergence of stratum 4 is reflected in a wide range of sequence divergences (8 to 15 %)
exhibited in AMEL 3’ region. In fact, I came to the conclusion that the emergence of
stratum 4 initiated 27~70 mya, depending on different mammalian lineages.

I have found that the ancient PAB between strata 3 and 4 is the same among
different mammals and interpreted this finding as the common ancestry of stratum 3. In
other words, it was formed in the common ancestor of eutherian mammals. On the other
hand, the present PAB was determined independently in diverse mammals. I therefore
argued that both ancient and present PABs were determined by chance events during the
evolution of mammals and primates.

However, I have failed to find molecular mechanisms that were responsible for
stepwise suppression of homologous recombination in the mammalian sex

chromosomes. It is likely that the suppression was caused by some mechanisms
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working at the higher level than at the molecular level. Population genetics theory
suggested that one such cause is the necessity of tight linkage between male-

determining genes on the Y chromosome.
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BLMYOEERRES

b b OREMKIT 2 2 OFERAKRE 1 FOMREFNSRE, BOBA, HREKIIX &Y NER
D, TOREZIPEGTHMRIZIKESERS, LML X & Y BEEN—TOELREENSELL TS
&, HRABRTFEEETAHIENSBHOENTH S, 277, BRAKERRLDIZ. FNSHE
BETFRILOEFNICGENNH S Z ETH D, Lahn and Page(1999)12. X & Y OMHFEEEFREICBITS
FREBROBEENS, TNOZ4DORE FEHE) KA/ z. ThICE 2 ERBEBHMENSVWIEIZ4 D
DT TE, TN5RBESEINCB T D HFEREFROMAEZ OMEIIEZ - =Bl k>
THATED E Lz, DED, BB E <GS NZEBE TIIBLRNZ S EREIN. IBREREMICZDRE
EMETT5ELRE. EEONFOREN Y JEBARTRI o mBMIcH 5 EHRL .

BAPEEICET 2BEF O T amilogenin i#5F (AMEL : 8O F A)VEMESY /)8 7) 138D
HEIRBEFVICH S, KXid, AMEL DY ) v 7EFE X &Y ETHBLEEZ A, BEFOH
KHEERORERANH 2 L2RNWELE, DED. B2 bOOERANE SKBICEL. TR
RRIEABBICEBL Tz, TOEREDS v — 7313, HEEFIL IV TE RS D N TEZRTH
oz, TOTEE, bUHAARZOHFENBMNEEL TS, COBEREZTOLONEMLIEZETHD &
FZEZSNWIEERLTWS, CORERERZXOHESTH S,

COBEFENHABIGETH S LR 5BOEEH. 2HEOBEE S 1 BOFWED AMEL 05/
Sy IRANERE - L RN SBHSDITR o7, S BT E M ATHRE>ZERFIEZFIFAL T,
HED X &Y WAL, MAMAETOBERAKER (PARL EIER) 25 ZFX £ TOAWES,

(22MB) ZMH LTz, ZORER, HRAKSMEBRICB W TRENICHFEAE OMEIINRETS
0., TOEFERD AMEL @ intron2 & PAB1 ThH 5 ZEMNBHS MR-, LA L, 1KREFIL ~JLiz
BT AMEL @ intron2 WNIZALET 53R & PABL ICHEEE2 R TERM - 2,

I EDFERED 5 3REEDHMAHAZ OMEIIHILEN DT B LAICR I s &EZ SN —F,
5% 4 BEfE & PAR1 SO (PABD) EWABEORICL > TENFNRIZ->THB Y, HLRWEREEN
TNORBICBNTHABEZOMENEID, X, Y KHMELEEZEZ SN, X 5 ICERBERNE
N5, AAMZMEIOKRE (B BRI K> THRESN. BEMLIIEIIER > TEETF OB
BEICLDECE I ENREBEIN,

BRI, B N ATHRE S ZEFIZFIAL T, PAR1 DS PABL. & 512 AMEL &V 3 BEMEEE
TOEWEBIZDWTHETL, X & Y &0V /3y 7HRARESICBNTHEENRD I DI &%
HENMI Uz, ORI WG EEERE OBARE UZBERIEE MEFICERDSIDS LN &, F
BDOYID AMEL O X Rk ETOMMNE OB ERRBEN SRR I N,

BEDXDIT, ZOMIXDONBIIHEREAROH DI Z HENCEET 2 H /- S a8 & - DELRIfL
BOWUZLEbDTHBIE, FEINSOREIR. 1 BIITTERBREZICKEZIN, 2 BEDTTIC
EERICZEINTNS I ERENS, BRAMICATEMKRSEROB LRI E L THHET 2RE
EHELTVWS EBEBL2BNRD T,
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