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Homeotic mutants and Hox genes

» The term homeotic variation refers to mutant alleles in which one body part is
replaced by another (homeosis) (William H. Bateson)

*  Fisrt homeotic mutant : bithorax

»  The term Hox genes was introduced by Edward B. lewis

(1861-1926) 1889 - 1938 (1918-2004)

Anterior Posterior oTe,

Matiiial: @ The initial anterior-posterior polarity Cascade of

e of the embryo is established by the
effect genes products of maternal-effect genes

such as bicoid and nanos. g e n e
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gradient l gradient

expression in
Expression of the gap genes subdivides -
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o The pair-rule genes such as fushi tarazu

~3hr Pair-1ule (shown here) are expressed in seven
genes bands, further subdividing the embryo along
the anterior-posterior axis.

ST&,
@ The segment-polarity genes such as
Segment- engrailed (shown here) are expressed in
Polarity genes 14 narrow bands along the anterior-
posterior axis.

~5hr

olE,
. ° The homeotic genes such as Ultrabithorax
~10 hr Homeotic (shown here in orange) are expressed in
genes specific regions along the anterior-

posterior axis. These genes, along with
the pair-rule and segment-polarity genes,
determine the identities of individual
segments in the developing embryo.
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Hedgehog (Hh) signaling pathway
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Co: Costal 2 (Transcriptional activator (A) or repressor (R))
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Background: dorso-ventral polarity

Dpp-Signaling

ectoderm

neurogenic
ectoderm
~ ,)
gfr Signaling
mesoderm

Dorsal Nuclear Gradient

decapentaplegic (dpp) encodes a ligand of the transforming growth factor- signaling pathway
dorsal (dI) encodes a transcription factor

vein (vn) encodes a secreted neuregulin-like EGFR ligand.

Epidermal growth factor receptor (Egfr) encodes the transmembrane tyrosine kinase receptor
for signaling ligands in the TGFa family,

Specification of the thoracic appendages.

Stage 11 Stage 12 Stage 14
y ; - © Thoracic/ventral primordia

® Dorsal primordia

Dpp

segment Dpp Sm W
(DI-LT DIKO,
Sp1/Btd,Esg)
TP (DII-304)

B Dip / 0— Hox g
T £
(=3
Wg— Hox Dpp — Doc— Wg EGFR é
1 g
Btd/Sp1 £
Leg disc &

Ruiz-Losada et al., Dev. Biol., 2018




and the homeobox genes

Leg discs’ progenitor domains

Antennapedia complex bithorax complex
x ”

lab

dfd s Anip Ubx abdA AbdB

Head

Thorax Abdomen

.

Hox1  Hox2
(tab)  (pb)

Hox7  Hox8 Hox9
(Ubx)  (abdk) (AbdB)

Hox4 Hox5  Hox6
(ofd) (scr)  (Antp)

multi-limbed crustacean-like ancestor

~400 million years ago
mutations in a Ubx Hox gene
repressed limbs in abdomen

six-legged insect

Ronshaugen et al., Nature, 2002

Homeobox genes vs Hox genes

Homeobox genes are a
group of genes that
encode for transcription
factors that regulate the
anatomical development
of organisms

Regulate
morphogenesis

Around 200

Hox genes are a subset
of homeobox genes that
specifically regulate the

development of body

axes and structures
during embryonic
development

Regulate body
segmentation and
development of
appendages

Around 39
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step to proximo-distal patterning

Dorsal Wg

Dpp: Decapentaplegic —a BMP (secreted ligand)
DII: Distalless —a homeodomain transcription factor
Egfr: EGF receptor

o Wing
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Bate and Arias, Development, 1991
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An overwiev of leg development

distal domains

1
late second/
embryonic embryonic early third mid third late third pupal
stage 11 stage 15 instar larva instar larva instar larva leg

A DIt B on c b D on E on F [ G DI
Wg Wg esg dac dac dac dac

g:;' & esg hth hth

Dpp Dpp
Dpp Wg hth hth hth
en & Dpp DIl & DIl &
dac & dac &
L W hth hth
- Wg activates Dif - Wg activates esg - Expression of - Wg & Dpp - Dil and dac - Dll appears in - The disc everts to
- Dpp and EGF - btd &Sp1 required D, esg, and hth activate dac expression ring domain at form the three-
repress OIf in primordium does not overlap - No overlap biw begins to fi i i leg
DI, dac & hth overlap joint
specification of the leg primordium development of a |
sensory structures
establishment of AP & DV axes
of i & elab
proximal and of PD axis of PD axis

Esg maintains the imaginal state through the repression of endoreplication

Leg disc’s morphogenesis

Embrye: 1"+ 2% instar larva:

T

= cuticle
- cpidermis

early 3 instar larva:

W comresponding larval and adult
== appendage regions

late 3" instar larva:

adult:
— /115, n-Exd
—
—_—

ecdysteroid (pg/ml)

wharH|
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Steps of leg morphogenesis

i ‘“/'fi"?' early 3rd

instar

late 3rd instar

late 3rd instar

early pupa

Leg discs’ progenitor domains

Dpp

EGFR
ligands

hth tsh dac

Hh
A
Wg Dpp

SRR

EGFR

ligands

Formation of most distal
area of developing leg

hth: homothorax
(homeobox)
tsh: teashirt
(transcription f.)
dac: dachshund
(transcription f.)
DII: distalles
(homeobox)
Esg: Escargot
(transcription f.)
Exd: extradenticle
(transcription f.)

1st~2nd
instar

O

O
W hth esg
tsh nExd
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Gene expression domains in leg discs

1st~2nd mid~late early 3rd late 3rd
Instar 2nd instar Instar instar

))

O W DIl + dac M d.
B hth esg tsh nExd O ' + dac + hth esg tsh nExd

Kojima, Dev. Growth Differ., 2004

Leg discs’ progenitor domains

EGFR rn: round o
_ ligands (transcription f.)
bab: bric-a brac
(transcription f.)
Bar: BARH1/2
(homeobox)
al: aristaless
(homeobox)
LIM:LIM1

(homeobox)
Hh
SRR il

hth tsh dac EGFR —

ligands .[ * ' ‘
Proximal = djstal

hth tsh dac EGFR
ligands

< 1N

Bar al Lim1

2021.04.28.



l Proximodistal pattern of gene expression

I hih esg tsh nExd

Gl fe i D2 @@ pr

Il Bar (strong)
Bl ap Bar (weak)
M al Lim1

rn: rotund (transcription f.)
bab: bric-a brac (transcription f.)
al: aristaless (homeobox)

SS: spineless (HLH protein)
Bar: BARH1/2 (homeobox)
LIM:LIM1 (homeobox)

PD: crosstalk between the genes

A embryo es9

nExd ¥~
B 2nd instar
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J,ﬂ_gml_—_'-

esg tsh

C early 3rd instar
Bar (early) al

P, X
v

¥ X
-

D late 3rd instar

ap (late-strong)

Bar (early)j—al=Lim1 I:
VLT

LB

A

ti 12345 pr
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I. Vertebrate Limb
Development

&

«®

From four sources

Skeleton
1 lz Tendons

| Lateral Plate Mesoderm | t

Ligaments

Vasculature

Somites .
(Dermo-myotome) ROEI

Schwann cells

| Neural Crest I— Migrate ‘E Dorsal root ganglia

Sensory axons

| Neural tube I— Grow —'l Motor Axons

11



Parts and dimensions of a limb

| Zeugopod | |Autopod |

Humerus Carpals

Metacarpals

Human
arm

Chicken wing

Chicken
leg [ S

Proximal

Distal
Ventral
Knuckle
Thumb
Finger

Shoulder

Dorsal .
Anterior

Palm

Manini and Martin, Nature 2003

Hox genes in Drosophila and mammals

12 5

13 thoracic

Hoa O~ OO O— - B——C—
Hoxb DD~ O—O———O—O———————8—

Hoxe O—0— —(—a—a—a—a—
Hoxd —gg O O—O—8—8—u—a— "
Hox6 Hox9
Hoxs \"'
B Hox 4 ]

B L

:
DOH00000000000000000000
6lumbar | 4sacral

Drosophila ANT-C BX-C
lab b Did_ Ser An Ubx  Abd-A  Abd-B
vovc -/ - .-
. th
Human (HOX) and mouse (Hox) HoxA: 7t chromosome
AL A2 A3 A4 A5 A6 A7 A9 Al0 All Al3 HOXB: 17lh ChrOmOSOme
HOXA
HoxC: 12 chromosome
BI_ B2 B3 B4 B> B6 b7 B8 B9 BI3 .
IO N RanSaa Nual B B R W HoxD: 2" chromosome
o4 ‘cs. C6 Cc§8 €9 Cl0 Cll Ciz2 C13
HOXC
DI D3 Di D8 D9 DIO DIl Di2  DI3
woxo  — ik | .
3 5
Embryonic  Anterior Posterior
expression
A ¥ 5
i 2 3 4 5 & 7 & $ W0 0 12 1 90

Somites
oo
Vertebrae

20 caudal

Chal and Pourqui¢, 2009, The Skeletal System

2021.04.28.

12



Mouse al a2 a3 a4 a5 a6 a7

Hox|Hox
5 6 9
Cervical Thoracic

Chick

Mouse HH_/

Cervical Thoracic
Hox |Hox
5 6 9
@ Occipital O cervical @ Thoracic

a9 al0 all al3

b9

9 cl0  cll cl2 cl3

d9 d10 dil di2  di3

Hoxa
bl b2 b3 b4 b5 b6 b7
Hoxb (R
4 5 b
Hoxe (R e S e
di d3  dd
Hoxd (g
Mouse embryo
(12 days)

Hox|Hox

Lumbar
L L e e e SIS NEODDODOODOOOEEN Vertebrae
o000gogo:%gogog&go’&.@t’”9HnunHHHMHM Somites
ﬂﬂUEEDIIIIIIIIlllllllllllllllllllllVe['tebrae
Lumbar  Sacral ~Caudal
Hox | Hox

@ Lumbar

Sacral Coccygeal
e

© sacral @ caudal

Retinoic acid signaling

Martelaz et al., Int. J. Biol. Sci., 2006

Histone deacetylation

With and repression
RAom of transcription
0 G R 2 VR
Histone acetylation
With @ and activation
RA of transcription

A+
——

=

Typical chordate Hox gene cluster

HsC, CH3 CH3

CHy o]
N S T Ty
CHs

a—eye RA
heart
trunk FGF8
RA
somite
__——»forelimb field
'~ Meis1/2
caudal
FGF8

Meis1/2: homeobox genes
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First morphological sign

(A)
Central 3 04 5 6 7 8 9 10 11 12 13 14

dermatome

<
\___—Hypaxial Hoxat
\ myotome bud Hoxb4 I
\ Hoxed
A Limb muscle Hoxa3 I
precursors Hoxbs [
Hoxes

\Limb bud

Endoderm— S £ ngirl:cl:l::fliml I
Lateral plate
mesoderm
A
= ¥
Posterior lateral plate of mesoderm -
(PLPM) + ectoderm X ‘
L) )

T-box genes encode transcription factors

Hox4/5 genes control the expression of Thx5

NT Som LPM LPM

Minguillon et al., Development, 2012

361 bp sequence in the intron 2 ====p 6 Hox binding site (Hbs): 1, 3, 4, 5, and 6: activators (Hox4, Hox5)
(CNE — conserved non-coding element) Hbs2: inhibitor (Hox8, Hox9 and 10)
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Thx expression

Tbx5 Tbx4 Pitx1

AT

wing bud leg bud

= Thx4/Thx5: T-box transcription factors
= Pitx-1: Pituitary Homeobox1
= Thx4 and Pitx1: Expressed in the leg (hindleg) bud.

= Misexpression of Pitx1in the wing bud causes the limb to develop with leg-like
characteristics.

= Thx2 and Tbx3 expressed in both buds

Molecular Biology of the Cell

Thx genes specify the limb type

(A) Normal Retinoic acid

1

Hox genes

Thx genes

Wnt/FGF

(B) FGF induced

Tbx4/5 and Pitx genes are expressed in the mesoderm. |

2021.04.28.
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Gradients of Thx5 and Thx4

Thx5 — forelimb

Tbx4 - hindlimb

Tbxs initiate the
expression of Fgfs
(and Wnt ?)

Ohuchi and Noji, Cell Tissue Res., 1999

Fgf/Wnt — limb bud initiation

50h ()

Wnt2b

T —
Somitic Intermediate
/ \

mesoderm mesoderm
Lateral plate  Surface

mesoderm ectoderm

W rA [CIEgfio @ rgf10 Wnt2b/8¢
(stabilized)

54h

Wnt2b

Fgfl0 §

B wnt3a

Gilbert: Developmental Biology, 6th ed.

2021.04.28.
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Appearance of AER

‘ Stage 16 Stage 17 Stage 18 ———=
Fgfd
induced AER
by Fgfi0
e 18 Proliferation Proliferation
Fafl0— maintained maintained
g : by FGF8 by FGF8 +
Anterior FGF4 ;
....... = Sliaies :
Posterior -fhh shh &4
induced maintained | | induced
by FGF8 by FGF8 + by Shh
= B \ FGF4
Somites Intermediate Lateral plate Surface
mesoderm mesoderm ectoderm

D Fgf10 (Fibroblast growth factor)
shh (sonic hedgehog)

[ Faf4 + Fefs
LI

2021.04.28.

Gilbert: Developmental Biology, 6th ed.

Apical ectodermal ridge

(AER)

Three functions of AER

Maintain the mesenchyme beneath it
in a proliferating phase

Maintain the expression of the
molecules that generate the anterior-
posterior axis

Interact with the proteins specifying
the anterior-posterior and dorsal-
ventral axes so that each cell is given
instructions how to differentiate.

The major signaling center
for the developing limb.

17



Dorsoventral polarity

Transverse section through progress zone
of a limb bud

£ Lmx-1 Wnt-7a @

Whnt: wingless-nt

Lmx-1: LIM homeobox 1

[ engrailed polarizing r-fng: radical fringe
v region
A dorsal B en-1
Wnt-7a / \
-n,

o r-fng Wnt-7a
“bmxt Lmx-1
ventral AER doysal
AER: apical ectodermal ridge en-1 formation pattern

Formation of proximodistal axis

Proximal-Distal Axis

Apical Ectodermal Ridge (AER) forms at boundary
between dorsal and ventral ectoderm

ral N

te Fgft0 —> Fgf10
—

derm

Apical Ectodermal
Ridge (AER)

Lateral plate mesoderm expresses Fgf10
Fgf10 initiates AER via Wnt3a, B-catenin
AER expresses Fgf8, Fgf4; maintains Fgf10 expression

2021.04.28.
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AER manipulations

AER Limb development
removed , ceases

Py {&5

Wing is 7
duplicated e

Leg
mesoderm

—_— = =y .
AER 3 \
o) D= C
Nonlimb Wing
S mesoderm AER regresses;
limb development
—_— ceases

AER replaced Normal
by FGF bead i

Forelimb

mesoderm
k=
2

Gilbert: Developmental Biology, 6th ed.

The progress zone

Progress Zone

AER establishes
Progress Zone

Apical Ectodermal
Ridge (AER)

~ ~200 ym -
Progress Zone — mesodermal mesenchyme; receives AER signals:
- promotes proliferation (mitosis)
- prevents differentiation into cartilage
- maintains expression of A/P and D/V-related signals
PZ mesenchyme specifies proximal-distal axis
- transplantation experiments demonstrated that positional
information was carried by PZ cells
- PZs conveyed age-appropriate specification instructions

2021.04.28.
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Proximal-distal specification models 1

Progress zone model: Identity established by residence time in PZ

Proximal

Progress
zone

Progress
zone

Early allocation and progenitor expansion: Elements specified early

Specifying mechanism - 77

Proximal-distal specification models 2.

Two-signal model

—_
- Undifferentiated Pa VoW
E N =} zone Differentiation front
% RA S
e 28 Stylopod Zeugopod Autopod
B |:| territory n territory D territory
Y
AER-FGF
Meis1: Myeloid ecotropic viral integration site 1
Differentiation-front model (homeobox gene)
250 um
—

Proximal
1e¥sia

Marker genes:
) Melsl Hoxall Hoxal3
¢ A
AER’FGF

Zeller et al., Nature Rev. Gen, 2009
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|
| 5’ Hox genes pattern

Forelimb
o 131 |
=
Se 12] T |
g2 Ul ]
=11]
¥ 10 I ]
T 9 I ]
Hindlimb
13 |
L
;;‘o 12] | 1
5o ]
g2
= = 10 |
T 91 ]
&ODO
Rj ) OQ% oo
& g =
(o]
v AN v AN v J
Stylopod Zeugopod Autopod

Deletion of limb bone elements by the deletion of
paralogous Hox genes

(A) Wild-type mouse forelimb.

(B) Forelimb of mouse made doubly mutant such that it lacked
functional Hoxa-11 and Hoxd-11 genes. The ulna and radius are
absent.

2021.04.28.
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Determination of S-Z-A by paralogous Hox genes

(A) Phasel
Stylopod
Hoxd-9, d-10

(B) Phasell Radius

Zeugopod
Hoxd-9
Hoxd-9, d-10 o Kina
Hoxd-9, d-10, d-11 m
Hoxd-9, d-10, d-11, d-12
1

Hoxd-9-d-13
(C) Phase III , 3 Metacarpals and
Autopod {oxa-13 digits
Hoxa-13 999
i and Hoxd-13 e 2

—————> 0 J=meoee
Hoxa-13,d-13, @ §, S
a-12,d-12, e
d-11, d-10 i

Expression pattern of HoxA and HoxD genes

Anterior

Hoxa9 Hoxa9-13

Proximal Distal

Hoxa9-11
Posterior

Hoxd9—13

Proximal

Posterior

2021.04.28.
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Peter Wolpert

The French-flag model

L4

ZPA:
Zone of Polarizing Activity

Wolpert, J. Theor. Biol., 1969

Alan Turing

Initial condition

stationary waves with
finite wave-length

Both ligands diffuse

and react each other (Turing pattern)

Creation of ZPA

Time of first
expression

E8.5 E9.5

E10.5

Early regulation along the axis
(posterior embryonic tissues)

[ The French-flag model

b Shh-activation network

Late regulation in digits

.PA

2
(autocrine SHH) Hand?

o [l 5o | feis

EE: Early enhancer (Early Limb
Control Region)
GCR: Global Control Region

Whnt AER (Fgf8)

Hoxb8 = ZPA

2021.04.28.
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Anterior — posterior specification

Progress Zone (PZ)

SRR
Morphogen
i 118
Apical Ectodermal

Ridge (AER)

Zone of Polarizing
Activity (ZPA)

Shh necessary and sufficient for establishing ZPA
(NOTE - Shh not necessary for polarity of styolpod)

Shh induced by dHAND and Hox genes

ZPA maintained by feedback loop with AER

ZPA/AER feedback loop model in details

1. dHAND - bHLH transcription factor
and Fgf8 from AER stimulate Shh
- Fgf8 (and Fgf4) maintains Shh
expression

2. Shh up-regulates Gremlin1 in
posterior mesenchyme
- Grem1 antagonizes BMP ligands
(BMPs repress Fgf expression in AER)

3. Wnt7a maintains Shh
Wnt7a determines the size of AER

Loss-of-function mutants (both Shh and Grem1) = syndactyly, loss of digits

2021.04.28.
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Gremlinl antagonizes BMP ligands

y
/
nucleus

gene transcription ->  bone formation

Self-regulation of limb signaling system

a Initiation b Propagation € Termination

Zeller et al., Nature Rev. Gen, 2009

2021.04.28.
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l ZPA morphogen gradient

\TTT/‘ #OQ% DDODS

Morphogen
R,

Zone of Polarizing High
Activity (ZPA)

[Morphogen]

Low

Posterior  Anterior

Ectopic expression of shh

Thumb region

Extra digits The mutant form in (B)
is called the Hx
mutation (hemimelic

Thumb region extratoes).

Shh ectopic
expression can
result in polydactyly
in mice.

Hx mutant

26
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The temporal gradient model for A-P

Anterior

Posterior

Temporal
5 gradient

Zeller et al., Nature Rev. Gen, 2009

Shh specify digit identity

(A) (B) ©)

digit 4 progenitor cells

digit 5 precursors

(D)

Digit 1: Shh-independent
Digit 2: Shh concentration (paracrine)
g ——‘- Digit 3: Shh time of expression

and concentration (@utocrine & paracrine)

Digits 4-5: Shh time of expression (autocrine)

l [Z] shh diffusion [lll Shh descendants

27



ZPA transplantation

AER 5 /’0 ' ‘
b /p 243 : A

, ) ) _ &

SL.® ‘ @'\QE_%"“ _

Posterior tissue transplant to anterior = duplicated autopod

Mirror-image duplication effects can be replicated by transplanting Shh bead

Retinoic acid operates upstream of Shh
- implant RA-soaked bead =mirror-image duplication
- possible Hox gene involvement

Retinoic-acid bead /7
/ 4 ¢4 >3
( y
o< 52

e &%3

“new” posterior

AW DN O

Tickle, Nature Mol. Biol., 2006

BMPs also regulate identity of digits

Noggin / BMP antagonist

2021.04.28.
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l Patterns of cell death in leg primordia
\
\

(A) DUCK LEG PRIMORDIUM
Minimal cell death

/) D — //> —_—
pr— _,/ Interior
necrotic zone

(B) CHICK LEG PRIMORDIUM Interdigital
Extensive cell death necrotic zone

Interior
necrotic zone

Anterior Posterior y 4
necrotic necrotic %QO ®)
zone zone

o Pl —

AT

w
|

* Signals for apoptosis in the autopod are the

BMP2, BMP4 and BMP7

mesenchyme

apoptosis — NOGGIN

* They are expressed in the interdigital

* Blocking BMP signaling prevents interdigital

2021.04.28.
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l Control of forelimb initiation phase

Retinoic Acid
RAR
= Forelimb initiation (phase 1)
A
Wnt Inputs
B-catenin
‘Canonical Wnt
Unknown 2
Unknown I_I
Tb:

Fgi10

Mesoderm Ectoderm

Rabinovitz et al., Dev. Biol., 2012

The End

30



