GLOBIN GEN REGULASYONU
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GLOBIN GENLERIN
REGULASYONU

e Her bir globin genin dokuya ve gelisime
spesifik ekspressiyonu regulator
dizilimdeki transkripsiyon faktorlerinin
etkisi ile saglanmaktadir.

e Globin gen regiilasyonunu saglayan
faktorler ya doku ile sinirlidirlar yada
ekspressiyona bagl olarak ubiquitos
dagilim gostermektedir.



ERITROID TRANSKRIPSIYON
FAKTORLERI



GATA-1

e Transkripsiyon faktoru

e Organlarin uyumlu calismasinda
merkezi rol oynamakta,

e DNA'ya-baglanan protein
ailesindendir

e GATA diger hematopoetik diizenlerde
de bulunmaktadir



GATA protein ailesi

» |ki zinc-finger ile karakterize

* DNA heliksinin major olugunda
nuleotidlere spesifik etkilesim gostermekte

* Eritroid hucre proliferasyonu ile hucre
farklilasmasi arasinda kritik rolu
bulunmakta




GATA-1

* Fetal eritroid farklilasmasinda gerekli

 GATA-1 eksikliginde primitif ve olgun
hucrelerin proeritroblast evrede
maturasyonda eksiklik sonucunda hucreler
apoptozise gitmektedirler

* Asirl expressiyonunda proeritroblast
hucrelerin proliferasyonunu stimule
etmekte ve farklilasmasini inhibe etmekte



Diger GATA proteinleri

Diger 5 GATA geni (GATA2-6) zinc finger
protein ailesinde

GATA-2 ve 3 hematopoetik sistemde ve
diger dokularda expresse edilmekte

GATA-2'nin inaktivasyonu letal embriyonik
fenotipi gostermekte

GATA-2 ve 3 globin gen
ekspressiyonunda direk olarak rol
almamakta




FOG PROTEINI

9 zinc-finger icermekte

Yolk sac kan adaciklarinda ve fetal KC
eritroid prekorsorlerinde GATA-1 ile
yuksek duzeyde koekspresse olmakta

GATA-1 ve FOG etkilesimi terminal
eritroid farklilasmasinda onemlidir

Eksikliginde embriyo agir anemiden letal
olmakta



NUCLEAR FAKTOR-ERITROID2
(NF-E2)

 Eritroid, mast ve megakaryositleri iceren
bir cok hucrede ekspresse olmaktadir.

* B globin lokusunun HS-2 bolgesine
(T/C)GCTGA(C/G)TCA(T/C) baglanmakta



EKLF
(Eritroid Kruppel-Like Factor)

Ekspressiyonu primitif ve olgunlasmis
eritroid hucreleri ile sinirlidir

Bilinen tek hedef geni 3 globin geni

Yoklugunda 3 globin gen ekspressiyonu
olmadigindan fetal evrede letal olmakta

Asiri ekspressiyonunda sirkulasyondaki

platelet sayisi azalmakta

— Megakaryosit ve eritroid dengesinin
saptanmasinda rolu olabilir



EKLF-2

* Yetiskin 3 globin genin promotorunde
CACC motifine baglanmakta ve
transkripsiyonel aktivator olarak islev
gormekte

« HS3’te G'ce zengin dizilim ile etkilesime
girerek LCR'nin aktivasyonunda rol aliyor
olabilir



Diger DNA'ya Baglanan Proteinler
« Embriyonik ve fetal genlerin silencing de
suppressor olarak rol oynayan faktorler

— Or; ubiquitous olarak ekspresse olan YY1
embriyonik € globin genin silencer elements

— NF-E3 y globin genin repsressor kompleksi

 DNA'ya direk olarak baglanan faktorlere
ek olarak bircok kofaktor eritroid
spesifiteligini saglamakta



GLOBIN GENLERIN REGULATOR
ELEMENTLERI

* Her bir globin genin bircok promotor,
enhancer veya silencer regulator elementi
var

* Gen ekspressiyonun yuksek duzeyde
yapilabilmesi igin
— B globin genin LCR

— o lokusundaki HS-40 ile etkilesimde
bulunmakta?



€ globin geni
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0 globin geni

Normal olarak cok zayif promotoru
oldugundan cok dusuk duzeyde ekspresse
olmakta

Cok dusuk duzeyde ekspresse olmasinin
nedeni fonksiyonel CACCC kutusunun
olmamasi

EKLF faktoru baglanamamakta

CACCC kutusunun insersiyonu
ekspressiyonu 10 kat artirmaktadir



B3 globin geni
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¢ globin geni

TATA kutusu -28
CAAT kutusu -66 — CP2

CACCC kutusu -95 — Sp1-benzeri
proteinler baglanmakta

¢ mRNA'nIn sentezi olgunlasmis
eritropoez hucrelerinde devam etmekte
ama mRNA unstabil, hemen yikilmaktadir



a globin geni

* a globin geni digerlerinden farkli olarak
bazi eksiklikleri vardir

— CACCC kutusu yok ama gen icinde uzanan
GC'ce zengin promotor alani var

* B-promotoru gibi GATA-1 (-185) veya
CP1(-90) ve CP2 gibi birkag farkli protein
a promotor bolgesine baglanmaktadir
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8 LCR

* Erken DNA replikasyonunda eritroid-
spesifikligi veya gelisime bagh olarak
ekspressiyonun sinirlandirilmasinda

* Ama yuksek duzeyde spesifik ekspressiyonun
saglanmasinda rolu oldugu aciktir.



8 LCR

* Her HS bolgesi bir veya daha c¢ok eritroid-
sinirli transkripsiyonel aktivatorler (GATA-
1 ve NF-E2) ve diger ubiquitous DNA-
baglayici proteinler icin baglanma bolgeler;i
vardir
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e Sonug olarak

— GATA proteinlerinin hem kromatin yapisinda
hem de gen aktivitesinde LCR fonksiyonu igin
kritik rolleri vardir

— EKLF proteini kromatin yapisinin
modifikasyonunda

— NF-E2 HS bolgelerin timunde bulunmakta ve
HS2'nin enhancer aktivitesi igin gereklidir



* Bu Uc transkripsiyon aktivatoru (GATA-1,
EKLF ve NF-E2);
— Eritroid hucre gelisimi
— Hemoglobin sentezinin regulasyonunda direk
olarak iligkili oldugu bulunmustur

* Diger proteinler ubiquitous olarak
ekspresse oldugu gibi LCR ile etkilesime
girmektedir



o globin gen kiimesinin reguilator
clementler1

GC bileseni: %54

Yuksek Alu tekrarli siralar: %26
Bir cok CpG adasi

Kromatin acikligi 300 kb

Bir cok eritroidlere spesifik HS bolgesi

— HS-40 bunlardan sadece biridir ve major
regulator elementtir

— HS-40 gen ekspressiyonunda eritroidlere
spesifik guclu enhancer olarak rol
oynamaktadir
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Globin gen silencing

* Gen Ozerk olarak sessiz olmaktadir ve ¢
geninden silencing elementin delesyonu
sonucunda ekspressiyon olgun hucrelerde
dusuk duzeyde devam etmektedir

» Ozerk silencing C geni icinde gecerlidir
ama delesyon calismalari € geninde
gozlendigi gibi silencing elementin varlgi
gosterilememistir



Gen yarismas!

* [3 globin genin sessiz olabilmesi igin y genin
normal konfigrasyonda olmasi, 3 globin genin
v geni ile yarisarak regule oldugunu
gostermektedir

* Gen ekspresse olmak LCR ic¢in yarismakta
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Regulasyon modelleri

* Regulasyonu aciklamak igin;
— Looping modeli
— Tracking modeli
— Facilitated tracking modeli
— Linking model



Looping model




Tracking model




Facilitated tracking modeli




Linking model




Human:

. B-globin locus?

_Adenosine deaminase gene, human®t
CApolipoprotein E/C-1 gene locus, human19s
. T cell receptor /s locus, human®e

. CD2 gene, human®

. S100 B gene, human19t

. Growth hormone gene, human197
_Apolipoprotein B gene, human 108

B myosin heawvy chain gene, human1t®

. MHC class | HLA-B7 gene, humans7
_Immunoglobulin heavy chain locus, human'9

. Immunoglobulin © alpha 1 & 2 genes, human111
. Keratin 18 gene, humanii2

- MHC class | HLA G gene, human12

. Complement component C4A & B genes, humani4
. Red and green visual pigment genes, human112
. CD4 gene, human118

- a-lactalbumin, humanl17?

. Desmin gene, humanl1g

. CY¥P19 (aromatase) gene, human11®

. o-fes proto-oncogene, human120



tesekkurler...






A. Generation of a highly accessible LCR holocomplex
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B. Recruitment of chromatin remodeling, coactivator, and transcription complexes
1 B chromatin remodeling comples

@ clongation competem ramscriplion comphey
* coactivaior complex

B e




C. Establishment of chromatin domains permissive for transeription
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D). Transfer of macromolecular protein complexes to individual globin gene promoters

W chromatin remodeling comple

Embryonic () clomgation incompetent transeription comples Adult
# coactivaor compley

o =gt




Binary model

* Lokus aktive oldugu zaman, gen

transkripsiyon faktorlerini baglamakta ve
ner gen birbirinden bagimsiz olarak
nareket etmektedir

* Upstream genin transkripsiyonu
bilinmeyen downstream degisimlere gore
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Fig. 2. Multistep model for human B-globin gene regulation. The model depicts four steps proposed to be involved in the regulation of chromatin
structure and gene expression in the human P-globin locus. The model focuses on the regulation of the human globin locus in the context of
transgenic mice, but it is assumed that the same principal mechanisms govern the correct expression of the B-globin genes during human
development, except that the timing of expression of the genes is somewhat different (see Fig. 1) (A) Generation of a highly accessible LCR
holocomplex. We propose that the i tial events in activating the human globin gene locus during differentiation involves the partial unfolding of the
chromatn structure into a DMNase [-sensitive domain and the binding of protein complexes to the LOCR HS sites. This will then genemte the LCR
holocomplex, the protein-mediated interaction of HS sites. (B) Recruitment of chromatin-remodeling, coactivator and transcription complexes.
Onece the LC R holocomplex is generated, the globin locus 15 relocated to an area of the nucleus enriched for macromolecular complexes involwved in
coactivation, chromatin remodeling (or modificaton of histone tails) and transcoption. These complexes are recruited to the LCR, which provides a
highly accessible platform for recruiting these activities. (C) Establishment of chromatin domains permissive for transcription. The macromolecular
protein complexes recruited to the LOCR will initially be used to establish chromatin domains that allow transcoption of the genes. Specificall v, we
propose that the LCR recruits elongation-competent transcription complexes (or complexes that are rendered elongation competent at the LOCR)
that track along the DNA and modify the chromatin structure. This reorganization of the chromatin structure will render the promoters accessible
for activating proteins and components of the preinitiation complex. Data published by Gribnauw ef of. [ 7] suggest that intergenic transcription and
chromatin reorganization is stage-specific and restricted to the genes that are expressed either at the embryonic or adult stage. (ID) Transfer of
macromolecular protein complexes to individual globin gene promoters. Onee active chromatin domains are established, the LCR recruits
elongation-incompetent transcription complexes, which are transferred to the individual globin gene promoters present in the accessible chromatin
domains. The polymerases are then rendered elongation-competent, possibly through phosphoryviaton of the C-terminal domain [88].
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Figure 3. The human 4~ and [-globin loci are located on separate chromosomes (HS in both loci are represented by verical arrows),
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+qlobin genas, is located in an ntron of a ubiguitously expressed housekeaping gene.*”




E28 1S

7 6 543218 G A oy 6 P

Human —//Ate L1110 00 " on 1y 49

Human A2-5 10kh

Humsn Hispanic Ileli_lEn

7654 3201cy Phl pmaj Fmin M8

Mouse —//d—tupld IIl0l Hi 00 0 ggp)

Mouse Al-6

Figure 1. The human and mouse B-globin loci. The human locus consists of 5 functional genes, indicated as dark boxes, arrayed intheir order of developmental expression,
5'g-CyAy-5--3". There are 2 developmental switches in globin chain synthesis coincident with changes in site and type of erythropoiesis. During primitive erythropoiesis, the
e-globin gene iz expreased in the embryonic yolk sac. The first switch occurs at approximately B weeks' geatation; the e-globin gene is silenced and the Sv- and Ay-globin genes
are expressed during definitive erythropoiesis in the fetal liver. The second switch occurs shortly after birth: the y-globin genes are silenced and the p-globin gene and, to a
leaser extent, the &-globin gene are activated in the bone marmow. The HSa 5'HS1 through 3'HST are located -6, =11, =15, =18, =22, =28, and —25 kb relative to the
e-globin gene, respectively, and are indicated by armows. 5'HS1 through 5'H54 are erythroid specific, but 5'HS5 through 5'HS 7 are not. Another HS (3'HS1) s located 20 kb
downstream of the -globin gene; 3'H51 is found only in erythroid cells. Boxes represent globin genes and ovals represent offactor receptor genes; filled ones represent the
productive genes and shaded ones the pseudogenes. The lines below the diagram of the locus indicate deletions of the LCR discussed in “In vivo function of LCRs.” The
Hispanic deletion, which causes (vBp)? thalassemia in humans, extends an addifional 20 kb 5’ of the LCR 5'HS5.
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Figure 2. Models of LCR function. & globin gene is denoted by a green rectangular
box with the promoter region indicated in a ighter green. Transcription faciorz are
shown as colored ovals and circles. The 4 enythroid-gpecific hypersenszitive site cores
(H52) are indicated by amall red boxes. Blue boxes are the positions of 3'"HSS and
2'HS1, representing likely inzulator elementz. The flanking DMNA seguences of the
HSs are depicted as loops between the HS cores. Tranzcnpts are denoted by wawy
amrows. (A) Looping madel. Transcription factors bind to the LCR HSs and the gene
promoter. The LCR directly interacts with the gene promoter by looping out the
intervening DMA, thus forming an active tranzscription complex at the gene promaoter.
(8] Tracking model. Sequence-specific transcription factors hind to the LCR, forming
a complex that tracks down the DMNA seguence, as depicted by the large black
armrowhead, until encountering tranzcription factors bound to the appropriate gene
promoter, nitiating high-level gene expression. (C) Facilitated tracking model.
Aspects of both looping and fracking modelz are combined. Seguence-specific
tranzcription factors hind the LCR; looping then occurs to deliver the bound
tranzcription factors proximal to the gene promoter, followed by tracking, until they
encounter transcrption factors bound to the approprate gene promoter. (D) Linking
miodel. Sequential binding of transcription factors along the DMA directs changes in
chromatin conformation and defines the transcriptional domain. The transcription
factors are linked to one another from the LCR to the gene promoter by non—-DMNA-
binding proteinz and chromatin modifiers (shown a3 small colored circles).



E125 Y-promoter

| !
= = g v x
o
E £ Jd4d =g — g o E
- =T pel Ay D o o o E
R S OO OO @ —
CTATCT | [ATATCT| |[CTCCACCCA| |[CCAATAGC | |ccaaTacc || sSE | TATHA
c HFFH A T C
HPFH(A) CAATAGCCTTGAC
B-promoter
= =
= - — =
=T, et Py Ly
= G W& L = .
[Tearca | |corcaccer| ([ccacacceT| coaaTor | | TATA|
P-thal mutants = T T ARG
TGA
T

Figure 2. Orgamization of the y- and S-globin promoters. The sequences of
the most relevant transcniption factors binding sites are boxed. Above each site
are indicated the factors that are more likelyv to bind, and below the HPFH or
thalassemia point are mutants likely to interfere with transcrniption factor
binding. Note clustering of the HPFH mutants in the y-globin distal CAAT site
and of the thalassemia mutants in the proximal B-globin CACCC box.
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Figure 1. Orgamization of the B-globin gene cluster. Genes are indicated by
open boxes, hypersensitive sites (HS) by vertical arrows, and the ongin of
replication by a hatched box. The position of the long-termanal repeat of the
retrotransposon ERV-9 15 indicated upstream of the LCE. The four lower /ines
represent the extent of the thalassemua deletions of the LCE.
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Fic. 1. A conserved seguence within HSZ2 of the human [G-glo-
bin locus control region. The dicoram at the fop shows the Gg-globin
locus on chromosome 11, Transcription factor binding sites within HS2
are shown in the middle. GO, a (FC-rich region that binds multiple
proteins: WNEF-EZ2, (GATA-1, TUSF., and YY1, known transcription factor
binding s=sites; K, E boxes; 1, repetitive (T residues. Sequences from
the human, rabbit, goat, and mous=se G-globin locus have been aligned to
reveal conserved sites within the HSZ2 core. The boldfoce seguences
depict two conserved recognition sites for known transcription factors:

a GT repeat and an E box.
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FiG. 1. A, nuclear factor binding motifs NF-E2
of HS-40. The motifs that bind nuclear 4 RS }“:3 o
factors in vitro are indicated by the blank =
boxes on the left map. Those motifs that cnanal G G RG]

bind nuclear factors in vivo in K562 cells i N /’ a—

(K) and human adult erythroblasts (E) ——D—D‘E'D—D'D— A

are indicated by the filled or hatched ~a Gﬂml}n{: o GﬁT‘Q‘I
boxes. Genomic footprints are similar for

motifs with filled boxes, while those of the

hatched motifs are different between the B

two types of erythroid cells. The three

GATA-1 motifs shown are GATA-1(b),

GATA-1(c), and GATA-1(d), respectively, GATA-1 (b) 5 ' -AGCAGATAANCTG-3 ' Gr II 5' -GGG
as arranged on HS-40 from left to right. 3'-TCEICTATTGAC-5" 3'-CCq
The two NF-E2/AP1 motifs are 5’ NF-E2/ wy Wy
AP1 and 3'NF-E2/AP1, also arranged TAA

from left to right. The single GT motif is -

termed GT II throughout the text. The 5'NF-E2/AP1 5'-CCATGACTCAGTIGCT-3!' TA-1 §1-m
maps are constructed from the data of 3'-GGTACTGAGTCACGA-5"' 3'-AC
references (Jarman et al., 1991: Strauss et +*f

al., 1992; Zhang et al., 1993). B, mutants GCT

of HS-40 motifs. The mutations of the nu-

clear factor binding motifs of HS-40 were 3'NF-E2/AP1-T  5'-ACTGOTGAGTCATCC-3 " GATA-1 (d) 5'-
generated h}' SitE'd‘Il’EﬂtEd mutagenesis. 3 —TGACGACTCACTAGG-5" 3=
For each motif and its flanking DNA, the "

wild type sequence is shown in full, with
the central binding site of nuclear fac-
tor(s) boxed. The mutated base or bases . .
are indicated by downward arrows. Note - = g-:ﬁ?@m%-gn
that two different mutants of the 3'NF-

E2/AP1 motif, I and II, have been gener- \

ated and analyzed (see text for details). A
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Fic. 1. Structure of the human p-globin gene complex. The
promoter and the rest of the g-globin gene are not drawn to scale
relative to each other.
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Figure 2. Insulator and enhancer blocking effects identified in differeant eukarnsotic systems. A: The SCS and SCS' insulators flank the
Drosophila B7TAT heat-shock locus. The insulators were identified on the basis of their ability to give position-insensitive expression when
placed on either side of a white transgene. ™ The location of the SCS '’ element indicates that it contains the promoter for the Awrora gene
and a divergent transcription unit of unlknown function.* B: The 5' end of the chicken F-globin LCR contains an insulator (HS4) which
can block the spread of methylated and deacetylated chromatin.™'% A gene encoding a folate receptor has been iderntified
approximately 15 kb upstream from HS4.0% C: The human -globin locus. Expression of the v-globin genes blocks transcription of the
distally located B-globin gene during the fetal stage. "= D: The boundaries of the 4 kb heterochromatic HMR domain of the yeast mating
type locus. The heterochromatic region is represented by a red bar. Functional dissection of the right boundary has shown that the major
components of the boundary are located in a tRMNA gene and the LTR of a Ty1 mobile element 2%
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Figure 3. The human =- and [-globin loci are located on separate chromosomes (HS in both loci are represented by vertical arrows).

The s-globin locus is located in & gene-dense region close to & telomere. The major HS (HS-40), which is required for expression of the
sglobin genes, is located in an intron of a ubiquitously expressed housekeeping gene. "
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Functional definitions used to classify cis-acting sequences that affect transcription”

Pramaoter

Enhancar

Locus contral region (LCR)

Instlator

DMase | hyparsansitive sita (HS)

Spacifies site of transcriptional inftiation in in witvo and in wivo assays. Promoters bind the basal transcriptional
machinery and additional potentiating factors. Prolain coding genes always have their pramoters located
immediataly upstream from the site of transcriptional inftiation.

Increases transcription from a linked promotar. Effect is orlentation indepandent and shows some flexibility with
respact to distance. The definition does not spacify the leval of transcriptional enhancemant or the assay used 1o
measure i, although enhancers wene originally defined in translent expression assays in cultured calls.

Dominant activating sequences that confer position indepandent and copy dependant exprassion on a linked gane
in transganic mice. Capabla of activating axpression at single copy. Level of axpression per capy should be
aquivalant 1o that of the gane in its normal location.

Blocks the action of an enhancer on a promotar whan placed batwaan tham. Insulates transgenas fram positive and
negative posifon effects.

Short region of sequance (200-300 bp) which has an increased sansitivity to digestion with DNasa | comparad 1o
sumounding chromatin. HS are ganamlly detectad by digesting isolated nuclal with increasing amounts of DNasa |.
Hypersensitivity is caused by binding of factors 1o clustered binding sites resulting in displacement of a nucleosome.

“Mote: The opamational nature of these definitions means that they ane dependent on the parameters of the assays used 1o formulate them. This makes it
problematic to directly compara differant definitions.
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Figure 5. Combinatorial model of adult B-globin gene repression. (A) Wild-type -globin gene showing known transcription factor DNA-binding sites. (B) Model
shows interaction between these DNA binding sites with HMG142, BP1 and BP2 factors. Collectively, they provide DNA—protein and protein—protein interactions
needed to form a stable silencing complex. (C) Modification of the model in which disruption of the stable DNA—protein, protein—protein silencing complex (seen
here by in vitro mutagenesis of functional assays by the DNA mutation of BP1 binding) activates the -globin gene in K562 environment. (D) Silencing disruption
in erythroid cells via BLCR interaction with the B-promoter, leading to gene activation.
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Figure 1. Schematic
representation of the
human o (top) and f
(bottom) globin gene
clusters.

Pseudogenes are not
represented. In order to
make them easier to
visualize, the globin-like
genes are larger than
scale.
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Fis. 1. A, the human B-globin locus and
regulatory elements in the “y-globin pro-
moter. The arrows represent the five
DNase I super-hypersensitive (HS) sites
in the LCR. Below the locus is a diagram
indicating the locations of the CACCC,
the two CCAAT, the stage-selector ele-
ment, and the TATA elements down- "y ~
stream of —161 in the y-globin promoter. ’ 0(5" .
The CACCC and/or TATA elements in the - 5 .
Ay-globin promoter have been mutated in Y O O & &7 &r'ghhtm
the constructs described below. B, the —l| *—“ L promoter
DMNA constructs tested in stable transfec- -161 140 -100 -BD S0 230 <1
tion assays and transgenic mice. All of the
constructs contain a 1.9-kb fragment con-
taining HS2 from the LCR, a 1.9-kb frag- B.
ment containing HS2, a 3.3-kb human ¥ ¥ r . r ! HSIHSB
y-globin gene, and a 4.5-kb human p-glo- HE3  Hs2 ¥ B
bin gene. The HS3HS2yB construct has
the wild-type y-globin gene, and the
other constructs contain the indicated X ¥ r L I HS3IHS2YCACCCH
mutations in the y-globin promoter. HS3 HS2 Y ]
HS3HS2yTATAR has base substitutions
in the TATA box at —30, HS3HS2y-
CACCCPE has base substitutions in the N B i
CACCC  element at —140, and HS3 HS2 ¥ i
HS3HS2yT/Cg has both the TATA and
the CACCC mutations. HS3HS2yAtsg
has a deletion from —136 to +56 in the Y . ¥
y-globin promoter. HS3  Hs2 ¥ B

[CACCCH

-

TATA®

E
.

HS3IHSIYTATAR

CACCC®

Ii’lh'
1’

HS3HS2YT/CP

: : HS3HS2yAts
HS3  HS2 \/’r B Bhraup
136 == 456



HS5 H54 HS3 HS2 HS81 ¢ Gr Ay B 8 B
l l l l l F1G. 1. e-gene constructs used for pro-
A . e g a .—5 H 51] . EIEI . ?Ulkb duction of transgenic mice, A, schematic

representation of the human B-globin locus,
Numbers correspond to GenBank™ coordi-
nates (Humhbb). The thick vertical arrows
indicate the DNase I hypersensitive sites of

the LCR. Filled boxes show the five tran-

HS4  HS3 HS2 HS.‘,. - - scribed globin genes, whereas the open box

@ =8 = = - E E & marks the position of the pseudo g gene. B,
[Tz} [T =] - Ll [y ("]

the left line shows the uLCR, a 3.1-kb trun-
cated version of the LCR. The numbers ahove
the line indicate the 5" and 3" ends of each HS
uLCR (3.1 kb) £-globin gene kb fragment. The right line is a 3.7-kb EcoRI
fragment encompassing the e-globin gene
spanning from — 2025 to +1745 relative to the
cap site. C, e-globin gene promoter. Shown
are the location of the conserved boxes and

-
-

M the binding motifs for various proteins. +
= I = 2 = and — correspond to the sites of positive and
= =r |- = . . . .
a Zr 5 5 = g = ——¢ negative elements identified by transient
Y transfection assays (43). The truncated posi-
C I N T — tions of the two pLCRe constructs used in this

|
@@@ T@@ @ @ ] 1000p ;t:;li? are indicated by arrows (BamHI and

Bril Bam HI
(-463) -179)
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12116: Imouse

Fia. 1. Important segments in HSZ2 of the B-LOCR. A, a map of the human g-globin gene cluster, showing the g-LIOR and developmentally
atable DIMNase HSs as arrows. B, a diagram of notable sites within the core of HSZ2. Binding sites for proteins are labeled and given a distinctive
fill, and apen boxes are conserved sequences with no currently identified binding protein. Nucleotide positions refer to GenBank file HUMHEBEEB. C.
a simultaneocus alignment of DINA sequences of HS2 from human, galago, rabbit, goat, and mouse. Boxes are drawn around runs of consecutiv

conserved columns that are not contained in a longer such run. An alignment column is called “conserved™ i

if it i=s contained in a run of 6 consecutive
columns that have a “model row™ of length 6, such that each row (of length 6) has at most one mismatch with the model row.® This eriterion was

developed to find blocks that are likely to represent protein-binding sites while allowing one mismatch per species. Binding sites for proteins are
underlined and labeled.
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Fig 1. Diagram of the human f-globin gene do- OBP

main showing the arrangement of the five [b-globin
ACTATCTCAATGCAAATA
qenes, the position of the six identified DNase | GCAAATATCTG

hypersensitive (HS) sites (arrows), and the location
of the 5'HS2 and 3'} enhancer elements (E). The
expanded view of the G y gene promoter region

shows the recognition sites for the DNA-binding 490 470 s a2 Vs A0
proteins GATA-1 and OBP. 280 -200 150 100 50 H

CACCC CCAAT CCAAT ATARA - CAP
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Fig 1. 5Structure of the human p-like globin locus and the g-globin
gene minimal promoter. The figure also shows EKLF that interacts
with the CACC motif element of the promoter.



Figure 5. HMG I/Y forms DNA loops by cooperative binding and self-association. Electron micrographs of HMG I-mediated loops in streptavidin—biotin end-labeled
B-globin DNA. (A—E) A sampling of the types of molecules seen at HMG I concentration of 15 ng for 50 ng DNA, Enhancer-containing -globin DNA=HMG I
complexes are shown in {A)—~(C) and enhancerless B-globin DNA—HMG I complexes are shown in {D) and (E). (F) Demonstration of a protein-stabilized large loop
in enhancer-containing B-globin DNA using the classic surface method employing a denatured film of cytochrome ¢ protein. Arrows in (A)—(E) represent tHMG T
particles bound to DNA and the short arrow in (D) represents the streptavidin—biotin tag. The size bar indicates 1 kb,
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Figure 2. Models of LCR function. & globin gene is denoted as a green rectangular box with the promoter region indicated in a lighter green.
Transcription factors are shown as colored ovals and circles. The four erythroid-specific hypersensitive site cores (HSs) are indicated by small
colored boxes. The flanking DMNA sequences of the HSs are depicted as loops betweean the HS cores. Transcripts are denoted by wawy arrows.
(A) Looping model. Transcription factors bind to the LCR HSs and the gene promoter. The LCR directly interacts with the gene promoter by
looping cut the intervening DMNA., thus forming an active transcription complex at the gene promoter. (B} Tracking model. Sequence-specific
transcription factors bind to the LCR forming a complex that tracks down the DMA sequence until encountering transcription factors bound to
the appropriate gene promoter, initiating high-level gene expression. (C) Facilitated tracking model. Aspects of both looping and tracking
models are combined. Sequence-specific transcription factors bind the LCR, looping then occcurs to deliver the bound transcription factors
proximal to the gene promoter. followed by tracking until they encounter transcription factors bound to the appropriate gene promoter. (D)
Linking model. Sequential binding of transcription factors along the DNA directs changes in chromatin conformation and defines the tran-
scriptional domain. The transcription factors are linked to one ancther from the LCR to the gene promoter by non—DMNA-binding proteins and
chromatin modifiers (shown as colored ovals and circles).
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Erythroid Transcription Factors

Protein Proteim Tamihy

DINLAprotein
interactions

Expression
patterm

i e T
Owverexpression

nModulaticn

Referances

DRED (direct-
repeat-en/throid-
definitive protein)

Binds the direct repeat
element In =-globin
promoter

MEL cells

=)

EKLF (erythroid

Kroppel-like zinc
Krippel-like Tnger

Binds 1o CACCC box

Erythroid cell

KO lethal by 14 dpc due to

GEATA-1 activates

(85,87 ,88,93,

slement in B-globin lineages E-thalassemia expression; o5,124%
factor) promoter, LOR 5 HS3; throughout acetylated I witro
interacts with GATA-1 enythropoiesis CPB an o p300;
phosphonyated by
L=
FKLF, FKLF-2 EKLFAR: TIEG Binds to CACCC box of Predominanty in Owerexpression of both (96,97
ifetal (FLECF), ¥-Qlobin promoter erythroid cells, activates ~- and =-
Kroppel-like MEL cells globin: FKLF-Z activates
factor) other erythroid
promoters such as
GSATA-1 and glycophorin
zZinc finger =)
FOG (Friend-of- Zinc finger Interacts with GATA-1 Coexpressed with KO lethal during embryonic (83.84)
EATAY SATA-1 during dewveloprment due to
embryonic fallure of
developrment in megakarnyopoiesis and
enythroid and arrested enythropolesis
megakanyocytic
cells
SATA-1 GEATA family BEinds (TAANGATALANG) wertebrate KO lethal at 10.5-11.5 dpc; SATA-1/GATA-2 7576126
DMNA Sequencs; Interacts erythroid, overexpression Inhibits binding compeatition; 1 Ad-1.a9)
with FOG megakaryocyts terminal differentiation of acetylation by pE3oo
and mast cell enythroid cell lines and CBP causes
lineages conformmational
change and
sStimulates GATA-1
transcripticnal
activity fr viEro:
perturbs
nuclecsomes
GATA-2 GATA Tamily GATA-element Eary erythroid KO causes lethality /n Lfero GATA- 1/ GATA-2 (81,82,150)
cells, mast cells, due to anemia resultting binding competition;
megakanyocytes, from am ey phosphonylated wia
plurpotent hematopoletic defect in the PMAP kinase
hematopoistic all hematopoistic cell pathweay
stem cells lineages: owversxpression
blocks hematopoiesis
NF-E2 Basic leucine- SO TGAGAC))TCA (Maf-

Zipper farmity of
transcrption
factors: small
subunits part
of the haar
protein farmily

ion sleamant or
this sequence
includes the core AF-1-
Linding motif; large

S-MNF-E2 subunit
interacts with small p1 &
Maf subumnits

PaAS and hMafs
expressed In the
hematopoietic
systerm; in
addition, hMafs
wicle
expressed
curing
embryogenaesis

P45 KO leads to fatal
nemorrnage due to
failure of Megakarnyocyte
differentiation (lack of
platelets); Mafc KO
lethal due to mpaired
megakanyopoiesis; hMafk
KO has no phenotype.
ratGhan< KO lethal;
Mafl overexpression
catalyzes terminal
enythroid differentiation

Phosphorylated wia the
PAP Kinase
pathway; acetylated

OO,

[at at S HS2
and s-globin
promoter

(54,655,114
151-157)

COoOUP-TEI
(NF-E2)

Muclear arphan
receptor

BEinds to the direct repaeat
elesments im - and
w-globin promoters

Erythroid cells;
peak of
expression
colncides with ~-
to E-globin
Switch

KO lethal at 10.5 dpc

(=29

SSP (stage-
selector protein)

Binds the stage selector
element (SSE) im e- and
~y-globin promoters and
LOR S5 HS2 and 3;
contains MFE-Ed4

Hematopoletic cells

of fetal liver, cord

and HEL cell
lines

Owveraxpression In KSe2
cells induces ~-globin
gene expression

(1S8—161)

w1 (NFE-EA1) SLI-Hrappel-like

Tarmihy

Developrmental repressor of
the human s-globin gene
together with GATA-1

Ubiquitous

(16, 158)

= KO: knockout mutation
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Fig 1. Diagram of the human -globin gene do- OBP

main showing the arrangement of the five {3-globin
ACTATCTCAATGCAAATA
genes, the position of the six identified DNase | 6C 1076

hypersensitive (HS) sites (arrows), and the location
of the 5'HS2 and 3} enhancer elements (E). The
expanded view of the G 4 gene promoter region

shows the recognition sites for the DNA-binding 460 170 Y45 12 Y ogg -0
proteins GATA-1 and OBP -250 -200 150 -100 50 +

CACCC CCAAT CCAAT ATAAA - CAP
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Fic. 1. Important segments in HS2 of the 2-LCR. A, a map of the human g-globin gene cluster, showing the g-L.OCOR and developmentally
stable DNa=e HSs as arrows. B, a diagram of notable =sites within the core of HS2. Binding sites for proteins are labeled and given a distinctive
fill. and open boxes are conserved sequences with no currently identified binding protein. NMucleotide positions refer to GenBank file HUMHBE. .
a simultaneocus alignment of DINA seguences of HSZ2 from human., galago, rabbit, goat., and mouse. Boxes are drawn around rans of consecutive
conserved columns that are not contained in a longer such run. An alignment column is called “conserved” if it is contained in a run of § consecutive
columns that have a “model row™ of length 6, such that each row (of length &) has at most one mismatch with the model row . ® This criterion was

underiined and labeled.

developed to find blocks that are likely to represent protein-binding =sites while allowing one mi=smatch per species. Binding sites for proteins are



