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Figure 12.5 Domains of expression of genes of the HOM-C

complex in Drosophila, with map of region shown at bottom.

(Redrawn by permission from McGinnis and Krumlauf 1992.)

lab pb Dfd Dfd Scr Antp Ubx Abd-A Abd-B

5

B1 B2 B3 B4 B5 B6 B7 B8 B9

Figure 12.6 Genes of HOM-C complex in Drosophila (top),
and homologous genes of Hox-2 cluster in mouse (bottom).

to overlap, however. The overlapping expression explains the
transformation of one body segment into another in a home-
otic mutant: When one Hox gene is not expressed in a segment,
persistent expression of another leads to transformation of the
segment. Pax genes also are expressed in specific segments in
the Drosophila embryo. Both Hox and Pax proteins bind to
DNA and activate the transcription of other genes. They are
believed to act as switches that invoke tissue-specific develop-
mental programs. V

The discovery of Hox and Pax boxes prompted a search for
homologous genes in higher eukaryotes, including humans.
Using DNA probes for Hox or Pax boxes, regions of homology
were indeed found. Moreover, mammalian Hox genes, like
their Drosophila counterparts, are arranged in tandem arrays
and are expressed in an anterior—posterior direction that
mirrors their order on the chromosome (Figure 12.6). There
are nine Pax genes in the human genome, seven of which also
include Hox box sequences.

There are no known natural Hox mutants in the mouse, but
study of Hox function has been accomplished by targeted
disruption of these genes. A vector containing a mutant Hox

Cilium

Figure 12.7 Diagram of sonic hedgehog signaling. The
membrane receptor PTCH1 (Patched-1) inhibits SMO
(smoothened), which is localized in the cilia. A sonic hedgehog
ligand is activated by cholesterol and binds to PTCH1, which
results in degradation of PTCH1 in the lysosome. This releases
the inhibition of SMO, which then stimulates translocation of GLI
to the nucleus, where it serves as a transcription factor for
genes involved in cellular differentiation.

gene has been introduced into mouse embryonic stem cells.
The disrupted segment recombined with the wild-type gene
and introduced the mutation into the mouse gene. The embry-
onic stem cells then were injected into mouse blastocysts,
which in turn were implanted into a pseudopregnant uterus
and brought to term. Breeding of these chimeric mice resulted
in fully heterozygous animals. Mice with Hox mutations tend
to have congenital anomalies in the body region where the
mutant gene is expressed, indicating that the mammalian Hox
genes, like their Drosophila counterparts, function to regulate
the proper morphogenesis of different anterior—posterior
regions of the embryo.

In contrast to Hox, three natural mouse Pax mutations have
been identified. One is called undulated, the phenotype of
which is skeletal deformities. It is due to a single base change
in the Pax1 gene. The second mouse murant is splotch, associ-
ated with Pax3 mutations. Splotch has arisen naturally several
times, and different splotch alleles have been characterized. The
third mouse mutant is referred to as smalleye, due to Pax6
mutations. The human homolog of this gene is responsible for
the dominant-condition Waadenburg syndrome, which con-
sists of deafness, widely spaced eyes, and a patch of white hair
above the forehead.
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Identification of the genes involved in development has
revealed some unexpected connections between seemingly dis-
parate conditions and has also challenged longstanding diag-
nostic classification schemes. For example, consider the gene
sonic hedgehog. The pathway of sonic hedgehog action is shown
in Figure 12.7. Sonic hedgehog mutations occur in some familial
or sporadic cases of holoprosencephaly (MIM 142945), a
major malformation of the CNS in which cleavage of the
forebrain into two hemispheres fails partially or completely.
Mutations in “patched,” the sonic hedgehog receptor, are
responsible for basal cell nevus syndrome (MIM 109400). This
is an autosomal dominant disorder characterized by large head
size, skeletal anomalies, and a predisposition to tumors, includ-

CHAPTER 12: Developmental Genetics / 201

ing benign basal cell nevi, basal cell carcinomas, and medul-
loblastomas. The developmental anomalies appear to be due to
reduced gene dosage of patched (haploinsufficiency), whereas
the tumors display loss of heterozygosity for patched, a classic
tumor suppressor mechanism. Some sporadic basal cell carci-
nomas have been found to have smoothened mutations.
Finally, the autosomal recessive Smith—~Lemli-Optiz syndrome
(MIM 270400) (cerebral dysgenesis, sometimes including
holoprosencephaly, growth retardation, hypogenitalism, and
limb anomalies) is due to a block in cholesterol metabolism.
Cerebral anomalies in this disorder, and in fetuses exposed to
drugs that inhibit cholesterol synthesis, may be due to aberrant
sonic hedgehag signaling.
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X-linked lissencephaly with abnormal genitalia
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1. BLZ - EH u

APk SRR A PR D XGOS VRN E (X -linked
lissencephaly with abnormal genitalia: XLAG)

13, PREABEAL O M IR RAE & L < KB AE,
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27 T3 % Groucho/transducin-like enhancer
of split(TLE) family & fHE A L iRE 3085 2 M)
AT IRTFRNREAL E, FU7HIZH
Nk, BEILEBL THERNNBITT 2 0ILE
LRBTEY 7 FVHAETEL, CEKIZIZ aristaless
MERZFHCHEIRY A L, BEITEICE
STUAZVARRAL YDFEFRETAY. ARX ¥
YRR EICHERAL, KMEHE, B
P CHRICERE 2 fx#l %2 R7-3. KTl GABA
BN E= 2 — 0 OFREICHES L, BT
IZPAX4 EFEPHLL, FNh TV 2EAR - GWT
BIUHFNNYAE o HIBBOREE R QM &
o Mfa BB LTS5 T 2% HETO
IEF BRI RBHAZD, AR ORRICES
T 5.

XLAGIZA LIS ARXER DK 80% 1xF >
LV AERP T LAY 7 VERLZ VEEDOH
W% & 7o BEf# 1L 2 F ¥ (premature termina-
tion codon: PTC)ERTH 1), Z0n% X
FAF FAAL VAT, BAEREKELZET 3
JEROWEVENT HIFEHFEHNI AV AER
THBY, RAF FAL YHTHEAET I /B
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VI RBH/ERER
SXMERREE
HEMEOERK - BEIORE/RETRRETE BRE
wEBEE (E - BEkE - BB TR
KRB E)
Classical lissencephaly (agyria, pachygyria, subcortical band
heterotopia) hn BE 3k Ii
Key words : 1BRNfE, MEBNME, ERE, RFMAKEE ARARBEHRESE
PR BRI\ A, BB T Al IE B O
L Bs T8 - A BRIV, BBEORXERM T

EIE L, BB DS U BRI A3 e S ]
zElzde PoORFEEKEEET. BREOR

FEL LC, ERiE (agyria) & E R E (pachygy-
ria) b AV HN A5, ERE IZRERLERO
BT, EHhDERPEEFENZERN
HERLTURLE LTHY LN, ERE, Ei
B, BB OBREEN RE#E R TBRICHND
na, ENEEERE, BXORETHIRER
BIKAEOBEREEFIIHELTBY, WER
KELTnE, ZZBIBEBHICHERELD Y,
BEEEORENDEWC L s TEEHOENE
UCw5, A & ERE, ERE & EE T
REFUKEEOHREL AL, EHEIYOE
BETHREMEKEE T CilEREICEIL,
REOHMAEDLHEIZLN I L—-F12566%FT
SEINTWABY(F1). ERE & ERE ORI

®1 HAREERKIE

A it

7§§5Ebnfb‘%%/‘\7)§mﬂ¥l@f‘ BiE XD B At
FEEDdL%L, BEIOEIEVWEE % ERK
[ﬁl EFFATHS. WTFhAREEOR &
P HRER~OEEFHH) OREE (4mm L) &
BAVREISEETH S (R1). HETHRE
P4 IK B & (subcortical band heterotopia) i,
—ERHEEE (double cortex syndrome) & b
FEh, REORBREEAMEOMOBEN
2, WIROBFMEKHEN RO b5 (K 2).
IR ¥E BOE DR ERT R & ERRER DB VIS
Ly, IRENBIZSESRTW LaL, B
TEIERBET OB L BAEEYEICIBT A5
LUVCHIRICEDE, TRICHEIN TV 48
DR BEEZ BT 5 7 4 7 B GENE T,
BN SN TWZHRI/NE VMY DY D B
5 £ 7H Ak (cobblestone) R AR TH
5 (REHNRSR). WEIED L, WEIFE

EDTL— N3ME

JEE i

RETHREFEKEE

FU—F1lEELLZERET, 7L—-F232E&8%ERE

TH 5D
ZETRHSNS.
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H1 LISIZRICEDTL— K3 OHH#HE
TBIE (T2 REFE ff, HhIRET)
’l‘]ﬁ’@”ﬁ R, USRI A e B, BRI
RN Lem T L w5

ThHhoTh,
Ji Il (simplified gyral pattern) T& 9,
B S5

B DIE S HUEF 2 7 4 7L
HRE &

2. & ¥

T TR I E O B G AR B 10 T S R L
118 LY EN T v B D, MRIPW LT 5 L
WMOMETH Y EMEICERETDH 5. 1F~ﬁ5t9
VAT D A7 KB BT S5 O A [ s S A A
T vl (el [ & TEL ) A% 277 1, }x,
PUF APIREET IR VA 24 Bl 8 v Cn 5.
B DOWEER B4 D & W % i THE ]
20 BRI DR DI H & SN Tw B, LISI DX
Jefilid,  PRIOEIS O et fp A FISHIEIZ X D
HEELENIC BB RABRAA SN TwA Z L 2 #
T5E, EANTREDLEBEMIOFL LD
MRS AL O EHNENS.

3. & =

W HARE LR
wHNhb ki,
EHHHE &

JagEi o4 s LTH
VLR 2 & R B oo 78 g I
HEMEh T BEREERFOR

SO SN TSV WSS SHUU N SO ST SR S |

K2 DCXZERICEDLEHEORETHIAE
PREIREHE (7L — 1 6) (T2 M E,
HIRHT)

WA EV IS, BT S R E Tl AR & &
ff’;"?*@P‘Hk@ﬁi’f’f«“k[%’f’f&ﬁ&b Bt AR E R b AN

):}Z’JZWJ LJJV’SMIT«‘(J Thb.

ZE o THTHEH S 2o &, Al
51@?1?)15%’?"’75 R Cd B & ATE S L7z
IIETIZLISI, YWHAE(14-3-3¢), DCX,
TUBAI1A, RELN, VLDLR, ARX, ACTB,
ACTGI DFHERBTFD R STV A7, ikl
B L CEEMRBOK7HE, LISIH UL i
DCXDERIZ L - THELU B, LISIERHIO
L CFISH g THRIME LS LIST REBNE2/3 T
HY. FRY 1/312 LISI IR O R SR pigs BT
H5B. LISID 3 x%: Y AEEIEIR BT ART
B RBR A2 L, HUEEICERE AR L
TEEASIEH 2 1D Zﬁ:f‘:’a" B, BT HCIRELTE
JREVE S S - BRI & ST (%
DCX, —# LIS OZERDPEHETH %S, DCX X
XgefofRlopiim L, ~34# ‘/‘H\O)%T’ff =ik
BEAL O W IRE (I ] & 72 3B ) %2, ~F o
BEEOLED L Jid-—#Bofiifa (ki)

WERZHETHETA 7 OBECEEE T
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REFHEKAEZET 5" RELIND L F
VLDLR DZERIL, WAROEMPIEE T, EH
e /NIERTER % 5 IRE R ERE (7L —F4)
#&7297. ACTB, ACTGI1 DERI|Z, Barait
ser-Winter fEE# % & 7257

4. & & ]

LIS1 ¥ ¥ 737 B, HIRATIIEORBE O
ANE, BICBE F AT I ALE T A K
(/&R HL (microtubule organizing cen-
ter: MTOO)IZREL T 5. hEida kB
D2EEDF 2—7 ) YHAMICKEALT
TELBERDY Y7 BRMETHY, I AW
PHoFa—=TY) UIImER, <4 FAED,D
BEELC, REFFH SN TS, TUBAIA KX
aF2—F)rea— K35 BNEITITF
YELBDICHIBADEELEESY VNV ETH
D, FhROH, MHiEE), MaNSEXICED5S.
NS I3 BNEEE & 237 'E (microtubule—
associated protein: MAP)) %43 L, #/N&ED
REMZHBL TS, LISLIE, MINED<A
FARWIBIIEF 2T VOBEREESY
WHEL, BNERERSES TOBR M
EDT T AWmPHEAET HHEEROLNF
Br@BET 5. —F, <A FAmPET L0
REBLTEFEBITLCRBET 2T IBES
h, BL22RHELBEEINTNEY. ARX A
DEIZFEIZ, CDK5/CDK5SR1(p35) 1L o T
1) V(b & 5 LISI pathway & FEiEh % L8
DERIZERLER L, HRMICHREEES ¥
N7 OWNEEFIHT 5 2 & THRREOBE
ZfToTwWab,

DCXZH/PNEEESY X7 ETHY, A
BH & HiMRDIE A2, LISL & Bz ) BE AR
FanSEERENOM/MNEIZHBBEL, Mh
BORREREL, HESE WK{LIE5.
DCX 3 CDK5I2 X » TV YEk s h, &
ORI L NERRARER R LK T 3 ¥ 5.
DCXOBREFHIC L 2 ERLISI OREBIERA D
AREN, DCX & LIS MICIZHERRzH 5.
DCXD IRV AEREIBNERZKE N ALV
WWHEFLTEY, DCXERICL 2B

BREILISIFRICBIEEZNAL TR LE
P (W

5. M LERIZH B

A EXTEER CT T H M RE /225, [ERE,
BRETHREREKBEOZHRIZIZ MRI 2V
A THAHY. ERE S ERE S ELCRE & &
bICHEDORE i L 35, HMELEREIL,
R BI R DFEE (Grade) &, TEEEEDSHIEE
ff a>p A, HBEBENL p>ad(Gradient) 12X Y
sEEh, FRBEFOHEICHLD. LISIE
RIBHEBEMICREEREELY &7279. DCX
BRIIAEBVNOEERREE;FHNTDH 5.
RETHRETEKBE T, ENEKEED
AEWE &k, WEIERIZIZIZEFETH S
A, —RRICHEIRERS, EREEE) & (7
L—F5d%w. EETHREMEKEED
BEFITIIBEOTAPAREOARAT, CTHE
PITON TV TERIPN T WIHEERDH 5.
DCXZEETIIBRELE REE L LY, KiE
BREDDHNZ L0, BELSHMNLET
H5. HAEROEMAH—2SD LT OB413/MNg
% (microlissencephaly) IZ4 8 &, LISI,
DCXEROWEEM IR . /IS ICHMBER
BRE/ MR % 5 %H13, TUBAIALR
PEZ oD,

Z/NENE MRI O R L RAT#) 1L -
TIIERE & EHNVELVIBETDH S, B
B 0% T NVEY AHEBIHEEL, £
BEVBHIONEHENS L, HREEREL O
FA R 25, AABEEREERIE, BATIE
BLBIERBH A PO 74— IR T B
&V PIREOILR ED B0, HEEEK%E
I KBEEOHBIIINTH L. HNEFHEE
REFEIRBEIX, RENRMEICHEHL CTHEE
L. REETH LLIERBECHFETIRE
THREMHEIKBE L IIHO»ICRL S,

6. BELTE "

TADPAFENE, $FICERETIZ West SEBEERE
(HETAD»A) DBREIZ V. B oRINE#E
E—RRERFENIHE s TE WA, TARA
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RAEHEG LB v, WRZERCE D, HEEEE S EEED S IEF T TIRAYA .
> TRIWEH Z RIS LW LV EETH 5. LISI1 % TUBAIAZR LW B AEERIZTH
{5 & AR IR O AE AL L, WIREEAVRST b, BRlE L TIEMTH 22 REmhoimm
TIEFPR R - R O HHBPLET PIREYS 7ERTRABRBELDH Y R HDT,
5. WEERRRFE I LINE) 7= 3 BEFEW T &M 2 BEAHRPLETH
Y, FMECECN A AR RIS T 4.

179, BHETARARSR AR B B T B 5 1
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TAD AFEIRRF

M TADABLORERE EEME SREGRE RESE
B B fE
Lissencephaly

hn B K IR

7
A
»
A
iE
&
B

Key words : #ridiE, MeixiE, FERE, fiEmias s, 1IS1

1. BI& - Ed

W dE (lissencephaly) &, BMFEAIZBE LTl
R O R BT & DK (5 AT R T4
FNC L o CHEE S, VIR & IR R E

V2 & o TR A 2 Ml & & 72 L7222
é‘%ﬁ%f‘&)@ PR OREE, $2ab bl
RO S LRI & - T, MERE (agyria)
&Rl (pachygyria) (2 BB 1Eh, EH
THRERI TR A (R IR) bR - g%
AL, ZFIIRREN, RIS
ZAb L, SR & R e (R 1), A & R
TACREFTEIK A E O b A 50, b EE

@7 b— N 1(5e 4 e IR ED) 2 & 6 b B D 77
— F6(RETHIRRNEKAHDOA)ETH
E’%&%K FHEN T B ERDY. W & I M1 HHEGERED 3 5 B B OHES
6] D BHZWRE 2825 S s, BB T lalEE MRI (T2 52 FREHRET)
i CIMED e I T W B A2 RIE T, R LISIZERAC & 0 AT STAVIELRA I, £ S 10 o)
g TR 5. RHEOMEETILA SN HIROTRE
3 ] 7’" SIE B
BHEALR LY DR, WEDMARCT g amicnes L. smnms o
GERERE EIFATYS, IEESERD L, 3 O R Tom BRI HE LT 5,
PHETHo T, RHBOREENA LR
Sarid, BOREINIE (simplified gyral pattern) T& g1 HHREEBEOTL-—K(EEE)E
D, MlERBORE LY bHllgELEDFRE I EE 7L ¥ 1 SR 7 S I
bbb, 7 L= F 2 I RS L B 2-3 o
BLTIXH B RSB AL & BESEEIR O i 12 e T E %)

Sl Z L ¥ 30 0 ]
0, IREMNBIZpEHI LT, Lal, 3 L 4 BN
EGEREETOMRE L ALY FICBT 55 7 L— F 50 BN 4 B BT R SUBT P D P
LWHE o E [ RicaEsSh w48 FL— F 6 TR IREI K B
DRERER BT 55 4 7 % i AYIEIE & 1T
O, IMENZAE STV RIS/ S WH A
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0047-1852/14/ %60/ E/JCOPY

—134—



150 B BARERAK FHEURBERE S ) — X No. 31

H5HY A4 TIEIHAHREIE (cobblestone mal-
formations) & AL E I N TW B2,

2. & e =

R P A, ZNPBEE %2 48 & 3 5 Baraitser—
Winter fEEEH % X 723",

4. & & B

* 7 Y FIBIT B ARERE QBRI A
B0 L 118 L MEFY STV A%, MRI
PERTHLUBO 1980 ERORETH Y, E
HLBRERITAHTH L. ENTINEILTD

N KR ERREE OEEREREIC I NI

48 i 6] & B ] o> oy S RS BNORE AT 277 Bl R &
NTW3Y, EFOMBICIIBEEEEH» HEMH
20FIFTF DM FE LN T WS, LISI DRE
B, REBRESOSmARE FISHEIC X WA
HURICBBURBRA SN TS I L2 ZET
2L, ERTIIA R EDERIOFRIHOH

EBHDbDEHRS NS,
3. u

B TR EZEN ISR BEOBIEE ORI &
EVRDON, HEHMBEOBEREIREE L
THRM I Tz ERIVERBEZEFIRAES
h, HEPLEWETNVOBIIZL T, g
FROBEBIEENERNTH S 2 LRI N
HHRAEREOEEEERFELTINEITI
LIS1, YWHAE(14-3-3¢), DCX, TUBAIA,
RELN, VLDLR, ARX, ACTB, ACTGI1»F%E
ENTWBEY?, ERED L IXEREB O 7
Hit, LISIB LI DCXDERIZE-THEL
5. LISIZEF DS HLTFISHETKRIHE NS
LISI R&EBIX2/3THY, &Y 1/31XLISIN
HORERLEERTHAS. Miller-Dieker EE
B, 17p133 &S 5 LIS1 % H YWHAE
TrREUCHEBOREERE L T 2 BRERETE
BEETHLH. DCXIZXq23ICLEL, ~3IES
KO B I RTTEE AL O INAE (RN E F 721
ERiE) % & 72975 HRHREYS JERDY
AEBETORETHREFEXKBEZEY
%% RELN S L IZVLDLROZERIL, ERE
I ZER R /RERR 2D ¥, ARXOER
FAVESRRE &) XEH RN (XLAG) 2
oL, MBRELEEBOREZEH

ACTB, ACTG1 DERIL, WMWK LB TE,

N KRH R E A 6-20 BIZ AT, BN
W -METH LIIEEMERLTEELESK
7oA E D L IR ICH LTEED
LAERARICERICBEL, REHNIC6E
WEPER IS, HREERECIIREDOR
HENENI-4BS LAII3EEETHAS. M
faigghix, LEEEOME, BoRE, BRE
DBBEDOIBEMEPORYLEY, d s EEHE
BEOBBEENELRRBLEZONLTV A,
MBAOREIES YV BETHEMNEZa b p
D2EREDF 2—7Y) VHPEALTTETEHEDY,
MAEBDIZA, FRTE, MEN@mXCHEDL
D, DCX%& LOM/NERESY » 737 E (micro-
tubule —associated protein: MAP) iZ & - TH#h
BEoREREFFHEE NS, LISLIZ, BORE®
BB H AL E T A NETRE IR
L, BNEDIAFRARIBITLF2—TY)
CONERLEEEHHIL, MNERERSE
b, ZORER, WNEDT T AmAVTFET A
BEROEMAMNEVBETHLEZLNT
W5, TUBAIAR e Fa2—7) B2 a—F
9 %. RELN, VLDLR 3, LIS1 Z4-¢ A58z
EROLEREERL, REMICHERS V3
7 DRUPNERIEICES 5. ARXKIZEERFT
» ) KB GABAEBMMEATE= 2 — 0 Y ITHRB
WRBL, ELE - B5 - 5By, XVE
RIZE o THEBELRET A LIFARONTE= 2
—u rAhkbh, BEENEIHMNT 5%,

5. L&A H ]

MRI DFF RIZ & o TERRIICZRT s h, EE
BIEFOHEN L2 END. FEEEEN-DHIZIX
BEFRETPLETH S, BHELIIIELVANE
DEMCHEORELZRFEHEL, HEOERIX
SN E T 10mm 2Lk, ERE Tl 4-9mm T
H5 EREMBEROEEREIIRFATS M
BRI IMERRE O RNYERE & EE O R
£ TADARE BHICANTARELERT
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