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Human Y Chromosome: Structure, Function and Evolution
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Abstract

The human Y chromosome is strictly paternally inherited and does not X-Y crossing over during male meiosis in
most of its length. Although this region came to be known as the non-recombining region Y (NRY), it was renamed
as male-specific region Y (MSY) due to abundant recombination. The MSY is a mosaic of heterochromatic sequences
and three classes of euchromatic sequences: X-transposed, X-degenerated and ampliconic. The X-transposed sequences
exhibit 99% identity to the X chromosomal sequences. The X-degenerate sequences are remnants of ancient autosomes
from which the modern X and Y chromosomes evolved. Eight palindromes of the ampliconic comprise one-quarter of
the euchromatic DNA of the male-specific region of the human Y chromosome. They contain many testis-specific genes
and typically exhibit 99.97% intra-palindromic (arm-to-arm) sequence identity. The arms of these palindromes must
have subsequently engaged in gene conversion, driving the pair arms to evolve it concert. Averages of approximately
600 nucleotides per newborn male have undergone Y-Y gene conversion, which has had an important role in the

evolution of multi-copy testis gene families in the MSY.
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Fig. 1. Map of homologous genes in sex specific regions of human X and Y chromosomes
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Fig. 2. Schematic representation of the whole chromosome, including the pseudoautosomal and heterochromatic

regions.
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Table 1. MSY genes and gene families demonstrated or hypothesized to encoded proteins

MSY class Gene Gene Name

Copies Tissue expression

X-t
ransposed ~ TGIF2LY 2 like Y

PCDHI11Y Protocadherin 11 Y

TGF(beta)-induced  transcription  factor

Testis

Fetal brain, brain

X-degenerated ~ SRY Sex determining region Y

RPS4Y Ribosomal protein 54 Y Ubiquitous
ZFY Zinc finger Y Ubiquitous
AMELY Amelogenin Y Teeth
TBL1Y Transduction(beta)-like 1 protein Y Fetal brain, prostate
PRKY Protein kinase Y Ubiquitous
USP9Y Ubiquitin-specific protease 9 Y Ubiquitous
DBY Dead box Y Ubiquitous
UTY Ubiquitous TRP motif Y Ubiquitous
TMSB4Y  Thymosin (beta)-4 Y Ubiquitous

NLGN4Y  Neuroligin 4 isoform Y

Predominantly Testis, ubiquitous

Fetal brain, brain, prostate, testis

b&wl\)c\I\JVPNN(‘LH#—\D—\P—‘)—\HHHHH»—\P—\HHHHH o=y
<

CYorfl5A  Chromosome Y open reading frame 15A Ubiquitous
CYorfl5B  Chromosome Y open reading frame 15B Ubiquitous
SMCY SMC (mouse) homologue, Y Ubiquitous
EIF1IAY Translation inhibition factor 1A 'Y Ubiquitous
RPS4Y2 Ribosomal protein 54 Y isoform 2 Ubiquitous
Ampliconic TSPY Testis specific protein Y Testis
V<Y Variable charge Y Testis
XKRY XK related Y Testis
CDY Chromodomain Y Testis
HSFY Heat shock transcription factor Y Testis
RBMY RNA binding motif Y Testis
PRY PTP-BL related Y Testis
BPY2 Basic protein Y 2 Testis
DAZ Deleted in azoospermia Testis

o
-
o] FAAAE] &3 B (dosage compensation)] ©

%
2 €A @1, 2 715§ FAL Ava #4Y

& (ampliconic region)& 99.9% o] 42} 4
gt HHE A Y (102Mb)2 ARG b

o ol Al HEFZE Fig 494 BAFE
oH37). E GG MSY A A7kA 49 F ¢
3o} vigss frAEe] MY & YEE HAET
o 7)o = 97hA| 9] TR EHE MSY Eo)d vl A 9ta sl &
ARNEZEo| A3, 159 AR -+ 24 (VCY, XKRY,
HSFY, PRY), 391 (BPY2), 4 (CDY, DAZ), 611 (RBMY)

962 / A=A

223, ~354 (TSPY) AR Al2o] EAah 8450
2, 7R 9 45AEE FAA A9 6079 HAISSE
ez} =
= =2

#2390 B o), 2EFY N

2 H2F 75 Y

23 QDS Teoith dagel wras AT
25 wolx BAd Ku, MSYOld SHE 15679 HAt

L

)
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W EAsE 4 SolHd FAxE] Fal
279 98] /)58 AAaE AT B e 722 A4
A 3, MSYFEe] $AREL X AAA ko) WAE
8§l BAT A2e AT AAY Y=
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inversion

transposition

X homiidY human Y
Fig. 3. Sex chromosome rearrangements (transposition and inversion) from Xq21.3 to Yp1l2, both of which are
hypothesized to have occurred during hominoid evolution.

7 LINE1
& LNE1

o——e1Mb

v BN | ]

Fig. 4. Triangles denote sizes and location of arms of eight palindromes (P1-P8) and of IR2 inverted repeats (whose
arms exhibit 99.95% identity). Gap between opposed triangles represent the non-duplicated spacers between
palindrome arms.

A&} W3 (gene conversion)ol] 9J3) |22 EAHIE A 282 SOX-9 (SRY-box domain 9)- £0] A ZHAoA
Asks Aoz FAIAB07]. SF4HY 77z 0 SRYS} #AHE AeZ Btk a8y SRY7 F49 10

§ oy #U9% 4D S AR 43 Y FEFE 9 FU B AT} oS AAT, ol W3 SRYS BE &
% #H2g 6717} A7t FAA L B8] o) Hol EAZ AZE SRY 7150 93 712 TAA Aﬂf:HZlZ,S 1
or, of Stk o] PAYTHE AL RARYUT Rozen v o) AR £ok W A AT D23 A0 B
# ael FEES AT (2003)04 A2 Boive dAT AT Y QAR AR oA dASL BAd3 B
B3 oF 60070} H7I7FY-Y #4A WES At 54 gtk A AASS A e 9% (AZFa, AZFb 2 AZFc)
FTH30]. o2 7A A (Fig 5)42]. ¥4 299 o 20%7} AZFS

7Y FMH|e] MESHH |5 e vieel S cjEn, B Azic G804 2

ALY GAAT Ba AR 4 Y4E Egw gy Soo) B0 RRAUAY, AL ¢ 3 B3R A7
o Ag4d ol APAez Belas, Rany gy o GIE A GAAA ol fdAEe] 5=
012 )5e] FAT GAUS BT Y YAAAN AR g TN AZF IS FAASE 99 $Q3) BaRE #2
D27 HAAE SRYO|D, Yol Bk 9iX|abn, Ay A FROITREL 2 Y G FRAM Bkl o
g Azt PgAolh SRYE A4 AA9 A4 Wz FIAE T 8L 7 $FIQ EAsta AL, g4t
Aals 24 $AAZ 9L A oy 7bx GHA - 2L /MY 222 Y AR ofd A7 g
WT-1 (Wilms tumour gene), SF-1 (steroidogenic factor 1) 8 3 Aol A3 dda Al A7 At A
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1] | _ Yq
XKRY CcDY
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SMCY BPY2
EIf1AY DAZ
RPS4Y2

Fig. 5. Schematic representation of the human Y chromosome. The Y chromosome is divided into a series of deletion
intervals (AZFa, AZFb and AZFc) which are indicated. The three AZF regions are associated with sperma-

togenic failure.
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OE fazte 5S4 tis) dotid et 2
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TH23]. o] FA el &3 AEe A 73 HEAA
Ishou, ol £718 REEE A Qe ¢a A
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2) DFFRY (Drosophila fat facets-related, Y linked) £+
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A2 Yql12 g oo 42 grH1e]. o] fratERE F4
A2 A2EAH S| AEY EHdE0] BEH )
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AAE g e By nEg dddo] AEHAE
(sertoli) ¢} A LM F (spermatogonia)Z B35 A ¢, 4
EGMET 2434 "t} (sertoli-cell only syndrome)
[5]. DBYE F 7[A #2233 B34 (MHC)S 23 &
27 FrH34].

o 3570 ALY ARo] dA&HHoz WHEEHO EAdT
[37]. 8 27 Ao TSPYE AT HE
Ao 7%= 0] Ytk Schneider (1996)& TSPY7} Q14bsl &
ol &a) FAATY AAH Fo] ok AGHAH32). =
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7} o] fAAE Ag4Ad EA3= CDYL 434
o] mRNAZL JH9E B3 Y G444 EAE Aoz
Aottt g1, A2REWAE G4FE FoAA 3
B, SN EHAEH AL GAH N S AETHRAY T2
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Fig. 6. Evolutionary map of the MSY. The bottom axis represents an MSY schematic, as in fig 1. Rectangle extending
above this schematic depict the estimated male specific ages of the corresponding segments of the modern
MSY. These ages are ploted on a logarithmic scale (a), b. X-Y strata 1, 2, 3 and 4. c. The chromosomes (more

properly, the human orthologues of the chromosomes) from which the indicated X-transposed of ampliconic
sequences apparently arose through transposition during evolution. d. MSY genes that apparently arose at the
indicated times. e. Approximate times of divergence between the human and certain other vertebrate lineage.
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