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Abstract

SEQUENCE SPECIFIC DNA BINDING AND TRANSCRIPTIONAL REGULATION BY 
THE PROMYELOCYTIC LEUKEMIA ZINC FINGER PROTEIN 

by
Jia-Yuan Li 

Advisor: Jonathan D. Licht, M.D.

The Promyelocytic Leukemia Zinc Finger gene (PLZF) is rearranged in the chromosomal 

translocation t(11;17)(q23;21) associated with a retinoic acid resistant form of acute 

promyelocytic leukemia. The translocation fuses the retinoic acid receptor a gene to 

PLZF producing reciprocal fusion proteins hypothesized to play a prominent role in 

leukemogenesis. PLZF encodes a 81 kD transcription factor with nine Kruppel like C2 - 

H2 zinc fingers located in a single domain near the C-terminus of the protein. The last 

seven of PLZFs zinc fingers are retained in the t(1 1 ;17) fusion protein RARa-PLZF 

suggesting that RARa-PLZF plays a role in leukemogenesis by competing with wildtype 

PLZF for response elements. In this thesis, I identified several PLZF DNA binding sites 

which suggests that zinc finger proteins in general have the ability to recognize a 

spectrum of DNA sequences with different affinities. One binding site recognized 

specifically by the PLZF protein is the p-retinoic acid response element. The biological 

implications of such an interaction is that PLZF may regulate a subset of retinoic acid 

responsive genes and that restoration of the RARa pathway by all-trans retinoic acid 

may not compensate for transcriptional deregulation by RARa-PLZF, an aberrant 

transcription factor. Through PCR based binding site selection, I also identified a high 

affinity binding site for PLZF and showed that PLZF binds to this site through its most 

carboxyl seven zinc fingers. In cotransfection experiments, PLZF repressed
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transcription through this high affinity binding site. Transfected RARa-PLZF resulted 

in significant loss of repression (compared to that of wildtype PLZF). To identify 

important functional domains within its effector region, various fragments of the PLZF 

were fused to the Gal4p DNA binding domain. Constructs encoding these chim eric 

proteins were cotransfected with a reporter plasmid containing five copies of Ga!4p DNA 

binding site. These experiments demonstrate that transcription repression by PLZF is 

mediated by two separate domains residing between amino acids 1-100  and amino acids 

200-300. The presence of two non-contiguous repression domains implies that PLZF 

may repress transcription by effecting more than one molecular target. There is also a 

transcription activation domain within the PLZF effector domain which resides between 

amino acids 100-200. The presence of both activation and repression domains w ith in  

one transcription factor implies that PLZF may be bi-functional depending on the 

presence of other factors, post-translation modification or the promoter architecture of 

target genes.
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Chapter 1 

INTRODUCTION

Acute promyelocytic leukemia: histology and associated syndromes. Acute 

promyelocytic leukemia (French-American-British [FAB] M3) represents 10% of a ll 

acute myeloid leukemias and is defined as the clonal expansion of malignant myeloid 

cells blocked at the promyelocyte stage of development (Clarkson et al., 1991; Frankel 

et al., 1993; Grignani et al., 1994; Tallman and Rowe, 1994; Warrell et al., 1993). 

The cytoplasm of these promyelocytes are filled with large azurophilic granules 

containing pro coagulants which activate the coagulation cascade, generate thrombin and 

deplete fibrinogen clotting factors and platelets (Reviewed by Holland et al., 1993). 

Compared with other subtypes of acute myeloblastic leukemias, there is an excess of 

early mortality, usually related to intracranial hemorrhage (Reviewed by Holland et at., 

1993; Warrell et al., 1993). Long-term prognosis, however, is favorable with a 5 

year survival rate of 35% to 45% (Reviewed by Holland et al., 1993; Warrell et al.,

1993). Clinical trials have shown that greater than 90% of APL patients can be induced 

to undergo complete remission with oral all-trans retinoic acid (ATRA) (Castaigne et 

al., 1990; Chen et al., 1991; Hwang et al., 1993; Warrell et al., 1991). Current 

evidence suggests that this is achieved through the differentiation of promyelocytes into 

granulocytes (Chen et al., 1993; Elliott et al., 1992). The remission, however, is 

short-lived and a high relapse rate occurs in APL patients treated with ATRA alone. ATRA 

along with conventional chemotherapy increased overall survival of APL patients 

(Kanamaru et al., 1995; Wu eta/., 1993). On the molecular level, APL is consistently 

associated with chromosomal translocation t(15;17)(q22; q12) which is often the only 

detectable chromosomal anomaly in these patients (de The eta/., 1990; Goddard et al., 

1991; Kakizuka et al., 1991; Larson et al., 1984; Rowley et al., 1977; Rowley et al., 

1977). The breaks occur within the second intron of the retinoic acid receptor a

1
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(RARa) gene and within two major sites of the PML gene (exons 4 and 7). This 

translocation generates two sets of fusion proteins PML-RARa and RARa-PML (Figure 

1 ).

Translocation t(15;17) 

Retinoic acid receptor a.

RARa gene is one of three retinoic acid receptor genes identified. RARa, f3 and y 

are nuclear proteins that belong to the steroid/thyroid hormone receptor superfamily. 

They act as ligand dependent, DNA binding transcription factors which transactivate 

target genes by forming heterodimers with the RXR family of proteins (Reviewed by 

Chambon et al., 1996). RARs can bind either 9-cis or all-trans retinoic acid as ligand 

whereas RXR proteins only bind to 9-cis retinoic acid (Mangelsdorf et al., 1992; Repa 

et al., 1993). In the absence of ligand binding, RAR-RXR heterodimers have been shown 

to mediate transcription repression by binding to corepressors (N-CoR and SMRT) 

(Chen et al., 1996; Chen et al., 1995; Horlein et al., 1995; Kurokawa et al., 1995). 

RAR proteins are divided into six regions (A-F) (Reviewed in Chambon, 1996). Each 

RAR gene encodes isoforms which are products of alternative splicing and differential 

promoter choice. Regions B through F are common in all isoforms of the same RAR 

subtype; the differences within the subtypes occur mainly within the 5' untranslated 

regions of the mRNA and the A domains. Mutagenesis experiments demonstrate that the E 

region is responsible for ligand binding and dimerization and the C region is responsible 

for DNA binding. Regions A and B contain transactivating functions. The functions of 

regions D and F are unknown (Reviewed by Chambon, 1996). Retinoic acid response 

elements (RAREs) have been characterized as having a core motif of 

(A/G)G(G/T)TCA(X)n(A/G)G(G/T)TCA (Durand et al., 1992; Mader ef al., 1993). 

RAR-RXR dimers have the highest affinity for a spacing of 5 although binding to spacings 

of 1 or 2 have also been observed.

2
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1 1 PM.

B RARa

I I B

PML RAR a (A)

0 E a
PML RAR a(B)

RARa PML (A)

RAR a PML (B)

Fig. 1. Schematic representation of PML. RARa and t(15;17) fusion 

proteins PML RARa and RARa PML. On the PML protein: “P” denotes a pro line 

rich region; Black box denotes the ring finger motif; Gray boxes denotes B-boxes B1 

and B2; Hatched box denotes the coiled-coil motif; S denotes a serine proline rich 

region. The RARa proteins are divided into regions A-F. Regions A and B are 

transactivation domains. Region C is the DNA binding and dimerization domain. Region E 

is the ligand binding domain.
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In addition, other variations of this core motif (palindromes, inverted palindromes, 

etc.) have also been identified as RAREs (Reviewed by Chambon, 1996).

RARa and Myeloid Differentiation.

Several lines of evidence strongly suggest that RARa plays a significant role in  

the differentiation of myeloid cells. In HL60 cells, retinoic acid can induce RARa 

mediated neutrophilic differentiation (Breitman and Collins, 1981; Collins et al., 

1990). Supporting this observation, it was demonstrated that a dominant negative form 

of RARa inhibited this differentiation (Tsai and Collins, 1993) and in the multipotential 

cell line FDCPmixA4, dominant negative RARa blocked GM-CSF induced neutrophilic 

differentiation at the promyelocyte stage (Tsai et al., 1992).

PML

The partner of RARa in the reciprocal translocation t(15;17) is the PML gene 

which encodes phosphoproteins that belong to the RING finger class of zinc finger 

proteins. This class of proteins includes the recombinase activating RAG-1 protein 

(Rodgers et al., 1996), TRAF6  (Ishida et al., 1996), a TNF signal transduction 

molecule and the DNA repair protein, RAD18 (Lovering et al., 1993) (Figure 2).

R A D - 1 8
R A G -1
T R A F 6
PML.

.X H L M J- 
LKVMI 

KSXRDAl 
GM2

Fig. 2: Sequence alignment of the RING finger proteins. Stars indicate Zn2+ 

ligands. Residues that are conserved are shown in gray.

4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



NMR and other biophysical studies revealed that RING finger motifs of different proteins 

are structurally diverse which implies that these RING fingers may be functionally 

diverse as well (Borden et al., 1995). The function of the PML protein is thus fa r 

unclear although current evidence suggests it may function in several modes. PML 

protein has been shown to suppress anchorage independent growth and tumorigenicity of 

t(15;17) APL derived NB4 cells (Mu et al., 1994). PML also suppressed 

transformation of early passage REF cells by H-ras and mutant p53 and transformation 

of NIH 3T3 cells by activated neu oncogene (Mu et al., 1994). Another supporting 

evidence for PML’s effect on cell growth comes from a study which showed that 

overexpression of PML protein in NB4 cells rendered these cells incapable of 

propagation in culture (Ahn et al., 1995). On the molecular level, PML has been shown 

to associate or co-localize with the nuclear matrix and several proteins of known and 

unknown functions (Boddy ef al., 1996; Chang et al., 1995; Dent ef al., 1996; Zuber et 

al., 1995). The significance of its associations is still under investigation. PML is also 

induced by interferon which suggests that it may play a role in interferon's 

antiproliferative effects (Lavau et al., 1995; Nason-Burchenal et al., 1996; Stadler et 

al., 1995). PML proteins are localized in subnuclear structures known as nuclear 

bodies or POOs (RML gncogenic domains) which were observed to disassemble during 

mitosis and failed to localize with centromeres, coiled bodies, nucleoli, spliceosomes o r 

sites of DNA replication initiation (Daniel ef al., 1993; Dyck et al., 1994; Kastner et 

al., 1992; Koken et al., 1994; Weis et al., 1994). Moreover, mutations in the RING 

finger of PML prevent POD formation which suggests that an intact RING finger is 

necessary for the localization of PML proteins (Borden e ta /., 1996). Recently, mice 

homozygous for PML mutation (at the RING finger B-Box region) have been generated. 

Although these mice appear to be normal, they show a high susceptibility to bacterial 

infections. Examination of their hematopoietic system revealed that in addition to having

5
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altered immunological response, they have an abnormal proliferation of plasma cells 

with reduced numbers of granulocytes and monocytes (Pandolfi etal., 1995).

PML-RARa acts as an aberrant RARa

Since the translocation involves the disruption of one allele of each gene, it has 

been hypothesized that the t(15;17) fusion proteins act as dominant negative mutants 

inhibiting the functions of the wildtype RARa and PML gene products. It has been shown 

that PML-RARa can bind to retinoic acid response elements either as homodimer o r 

heterodimer with RXR (Pandolfi et al., 1991; Perez et al., 1993). Therefore, 

sequestration of RXR and competition for DNA binding sites may be ways in which PM L- 

RARa contribute to leukemic phenotype. Compared with RARa-RXR, however, PM L- 

RARa dimers have a different profile of affinities with the direct repeats suggesting that 

it may deregulate a set of target genes which includes but are not limited to the target 

genes of RARa (Perez etal., 1993). Moreover, many studies have shown that PML- 

RARa acts as a ligand dependent aberrant RARa with significantly reduced transcrip tion 

activation capabilities (Licht eta l., 1996; deTh 6 et al., 1991; Kastner eta l., 1992). 

Cotransfected with RARa, PML-RARa significantly reduced transactivation in response 

to retinoic acid (Licht et al., 1996; de Th6 et al., 1991; Kastner ef al., 1992).

The effect of retinoic acid on the subnuclear localization of PML antigens

PML-RARa may also disrupt the function of wildtype PML. 

Immunocytochemistry data show that there is a difference in the localization pattern of 

PML in the absence and in the presence of PML-RARa (Daniel et a!., 1993; Dyck et al., 

1994; Kastner etal., 1992; Koken etal., 1994; Weis eta l., 1994). As stated ea rlie r, 

PML is localized in PODs which are approximately ten small round structures in the 

nucleus. (This number changes from cell type to cell type.) When anti-PML antibodies

6
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were used to analyze PML antigen distribution within NB4 cells or PML-RARa 

transfected 006 cells, a fine speckled pattern was seen in the nucleus (Weis et al.,

1994). Retinoic acid treatment of cells expressing PML-RARa revealed that the 

localization of PML antigens gradually changed to the localization pattern of w ildtype 

PML (Daniel etal., 1993; Dyck etal., 1994; Kastner eta l., 1992; Weis etal., 1994). 

In NB4 cells, RXR colocalized with PML-RARa and upon retinoic acid treatment, th is  

colocalization was abolished (Weis eta l., 1994). The distribution of RXR resumed a 

weak diffuse pattern seen in non-APL cells (Weis et al., 1994) supporting the 

hypothesis that sequestration of RXR by PML-RARa may be a critical factor in  

leukemogenesis (Weis et al., 1994).

The effects of PML-RARa on cellular differentiation

There is much evidence to suggest that PML-RARa disrupts ce llu la r 

differentiation and growth. Expression of the PML-RARa in the myeloid precursor ce ll 

line U937 has rendered these cells incapable of differentiation in response to signals 

such as vitamin D3 and transforming growth factor beta 1 (TGFP-1) (Grignani e ta l., 

1996; Grignani etal., 1993; Rousselot et a!., 1994). It was also shown that at low 

levels of retinoic acid, PML-RARa blocked differentiation of U937 cells but at high 

levels of retinoic acid, PML-RARa actually enhanced U937 response (Grignani et a!., 

1996; Rousselot etal., 1994).

Animal models of t(15;17) APL

To assess whether PML-RARa alone is sufficient to cause APL, four groups have 

attempted to generate animal models. Altabef et al. reported that infection of chick 

embryos with retroviruses encoding PML-RARa resulted in acute leukemia within two 

weeks of hatching. However, the cells transformed in these animals resemble 

multipotential hematopoietic precursors rather than promyelocytes (Altabef et al.,

7
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1996). Furthermore, these cells do not differentiate in response to ATRA treatment 

(Altabef ef al., 1996). Three groups have generated transgenic mouse lines expressing 

the fusion protein PML-RARa. In the first transgenic mouse experiment, PML-RARa 

was placed under the control of the CD11b promoter which directs cell type specific 

expression in myelomonocytic cells (Early etal., 1996). The mice generated with the 

use of this promoter displayed normal peripheral blood leukocyte and neutrophil counts 

and do not develop leukemia after two years of follow-up (Early et al., 1996). 

However, these mice are more susceptible to sublethal doses of radiation and death was 

associated with leukopenia and granulocytopenia. In vitro clonal growth assays revealed 

a lower number of GM-CSF responsive myeloid precursor cells in the peripheral blood 

of transgenic mice versus control suggesting that the transgene had an effect on myeloid 

development (Early et al., 1996). Transgenic mice were also generated with the use of 

the cathepsin G promoter, which targets the expression of the transgene to 

promyelocytes (Grisolano et al., 1997). These mice have an expansion of myeloid cells 

at all stages of maturation in the bone marrow and a significant expansion of myeloid 

cells was also seen in the spleen (Grisolano et al., 1997). In vitro, splenic 

promyelocytes expressing the transgene disappear after incubation with ATRA, probably 

by apoptosis (Grisolano et al., 1997). A striking result of this experiment is that 30% 

of the PML-RARa expressing transgenic mice developed acute myeloid leukemia after a 

long latent period (Grisolano et al., 1997). This strongly suggests that although PML- 

RARa plays a key role in leukemogenesis, another event is necessary for cellu lar 

transformation, in agreement with a multi-step progression of oncogenesis. Comparing 

the phenotypes of these transgenic mice with human APL patients, both groups exhibit 

thrombocytopenia and anemia. However the severe leukocytosis and organ in filtra tio n  

found in the transgenic mice are absent in human patients (Grisolano et a!., 1997). The 

last transgenic mouse experiment is closest in the recapitulation of human APL. In this 

experiment, the expression of PML-RARa is driven by the hMRP8 promoter which is

8
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not down-regulated during granulocytic differentiation unlike the cathepsin G promoter. 

These PML-RARa expressing transgenic mice develop APL phenotype including anemia 

and thrombocytopenia (Brown etal., 1997). Examination of the bone marrow revealed 

that the normal hematopoietic mix was completely replaced by leukemic cells of 

promyelocytic morphology (Brown etal., 1997). Severe infiltration of leukemic cells 

in the kidneys, reproductive organs and meninges were observed in addition to the 

complete destruction of splenic and lymphatic architecture (Brown etal., 1997). The 

most striking observation in this study was that the leukemic cells from these 

transgenic mice can be induced to differentiate by ATRA both in vitro and in vivo (Brown 

et al., 1997). Mice treated with ATRA have been shown to undergo complete remission 

although relapse does occur (Brown etal., 1997), mirroring the effects seen w ith 

human APL patients.

Translocation t(11;17)

Identification of t(11;17) APL and cloning of the PLZF gene

Variant translocations have been identified in cases of APL. One variant 

reciprocal translocation associated with APL was found by Chen et al. in an initial study 

of 32 APL patients (Chen eta l., 1993). This translocation t(11;17) fuses the RARa 

gene to a previously unidentified gene PLZF (promyelocytic leukemia zinc finger gene). 

Southern blot revealed that the breakpoint on chromosome 17 was within the second 

intron of RARa, approximately 2 Kb downstream of the exon encoding the A2 region of 

RARa. The breakpoint in PLZF gene occurs within the region that encodes the zinc finger 

domain, near the carboxyl terminus of the protein (Chen et al., 1993). By RT-PCR 

analysis, it was shown that PLZF-RARa fusion transcripts are present in the bone 

marrow of the index patient and absent in the bone marrows of patients with t(  15; 1 7 ) 

APL, HL60 cells and NB4 cells (Chen etal., 1993). Currently, six APL patients have

9
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been identified with t(11;17). All six patients responded poorly to ATRA and

chemotherapy treatments (Licht eta l., 1995).

The PLZF protein

The PLZF gene encodes a 673 amino acid transcription factor that possess nine C2-H2 

Kruppel-like zinc fingers in the carboxyl region (Chen etal., 1993) (Figure 3). In its  

N-terminal region, there is a domain of note, the evolutionarily conserved POZ/BTB 

( q q x  virus s'nc finger)/BTB ( broad-complex, iramtrack, feric a brae) domain. 

POZ/BTB domains (Rgure 4) consist of a stretch of 120 amino acids that are generally 

located within the N-terminal region of some zinc finger proteins including tram track, 

the GAGA factor, ZF5 and BCL-6 (Bardwell and Treisman, 1994; Chang e ta l., 1996; 

Numoto et al., 1993; Seyfert et al., 1996; Zollman et al., 1994). Some POZ/BTB 

proteins are thought to mediate transcription repression although this is not the case fo r 

all POZ/BTB containing proteins (Chang etal., 1996; Numoto et al., 1993; Xiong etal., 

1993). Domain mapping experiments, including the ones presented in this thesis, 

demonstrate that the POZ/BTB domain overlaps a region responsible for transcription 

repression (Chang eta l., 1996; Li eta l., 1995; Numoto etal., 1993; Seyfert et al.,

1996). The exact function of the POZ/BTB domain is unclear; however, it has been

shown to be important for self dimerization of proteins including BCL-6 and PLZF 

(Bardwell and Treisman, 1994; Chang ef al., 1996; Dong et al., 1996; Seyfert e ta l., 

1996) and the subnuclear localization pattern of PLZF and ZID (Bardwell and Treisman, 

1994; Dong eta l., 1996). PLZF is nuciearly localized and is distributed in fa int 

speckles, partially overlapping with PODs (Licht etal., 1995). It is phosphorylated on 

serine and threonine residues and has a very specific temporal and spatial pattern of 

expression (Avantaggiato et al., 1995; Cook et al., 1995; Licht ef al., 1995).
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PLZF

B

RARa

iPOZ Pro B

1 2 
PLZFRAR a

RARa PLZF

Fig. 3. Schematic representation of PML, RARa and t(11;17) fusion 

proteins PLZF RARa and RARa PLZF. POZ: PLZF POZ/BTB domain; Pro: Pro line 

rich region; oval with Zn: Zinc finger motifs; acidic region of PLZF; RARa is

divided into regions A-F as described in text.
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Fig. 4: The POZ domains of six zinc finger proteins.

Similar or identical residues are written in gray.

12

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



PLZF expression in mammslisn development.

The earliest expression of PLZF was detected in the anterior neuroepithelium 

(Avantaggiato et al., 1995; Cook et al., 1995). Subsequently, its expression spreads to 

the entire neuroectoderm until E 10.5. From E 8.5, strong PLZF staining can be seen in 

parts of the forebrain, midbrain and hindbrain (Avantaggiato et al., 1995; Cook et al.,

1995). Its expression in the hindbrain is particularly striking because of its dynamic 

nature. As the hindbrain develops, it is subdivided into rhombomeres where PLZF levels 

become markedly restricted both temporally and spatially. Onoe evenly distributed i n 

the hindbrain, PLZF becomes down-regulated in rhombomeres 3 and 5 by E 8.5 (Cook et 

al., 1995). By E 10, PLZF expression was observed only in the rhombomeric 

boundaries (Cook et al., 1995) suggesting that PLZF plays a significant role in defining 

hindbrain subdivisions. As development progress, PLZF was detected in the developing 

lung, kidney, liver and heart of the fetal mouse (Cook et al., 1995). After parturition, 

PLZF levels increase dramatically in the kidney, liver and heart suggesting that PLZF 

may also play a role in metabolic adaptations required of newborns (Cook et al., 1995). 

In the adult animal, a high level of PLZF was seen in the heart, with lower levels detected 

in the lung, muscle, brain and spleen (Cook et al., 1995).

PLZF expression in the hematopoietic system

In the hematopoietic system, PLZF expression was detected in myeloid cell lines 

KG1, HL60, and NB4 but absent in cells of erythroid or lymphoid lineages (Chen et al., 

1993). PLZF mRNA levels decline as HL60 cells and NB4 cells are induced to 

differentiate by retinoic acid suggesting that the down regulation of PLZF plays a role i n 

the maturation of these cells (Chen et al., 1993). Supporting this conclusion, PLZF 

mRNA levels was shown to be high in early multipotential progenitor cell lines such as 

FDCPmixA4 and B6SUtA and lower in lineage-restricted myeloid cell lines such as 416B 

and J774.2 (Reid et al., 1995). In addition, overexpression of PLZF in the non-
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tumorigenic myeloid cell line 32DCL3G/GM resulted in severe growth suppression 

which was accompanied by the accumulation of these ceils in G1 phase of the ceil cycle 

and an increased incidence of apoptosis (Shaknovich eta!., 1997). PLZF overexpression 

also inhibited the differentiation of 32DCL3G/GM cells into granulocytes and monocytes 

(Shaknovich e ta i, 1997). Combined, these data strongly suggest that PLZF is a growth 

inhibitor whose disruption in t(11;17) may play a role in oncogenesis.

PLZF-RARa acts as an aberrant RARa

Translocation t(1 1 ;17) results in two sets of fusion proteins RARa-PLZF and 

PLZF-RARa (Figure 3). PLZF-RARa encodes the entire N-terminal region of PLZF 

including the POZ/BTB domain and two of its nine zinc fingers fused to the B-F domains 

of RARa. Immunoflourescence studies performed with PLZF-RARa transfected CV-1 

ceils demonstrate that PLZF antigen distribution does not change with ATRA treatment 

suggesting that mislocalization of PLZF does not play a prominent role in t(11 ;17) APL 

(Licht et a!., 1996). PLZF-RARa has been shown to bind RAREs as homodimer and as 

heterodimer with RXR (Chen et al., 1994; Dong et al., 1996; Licht et al., 1996). 

Transient transfection assays revealed that PLZF-RARa, like PML-RARa, act as an 

aberrant transcription factor, with significantly less ligand dependent transactivation 

capabilities than wildtype RARa. The loss in transactivation has been mapped to two 

regions of PLZF-RARa, the POZ/BTB domain and the first two zinc fingers of the PLZF 

moiety. When PLZF-RARa was cotransfected with wildtype RARa, it blocked 

ligand dependent activation through RAREs which indicates that it has a dominant 

negative effect on RARa transcription regulation (Chen et al., 1994; Dong et al., 1996; 

Licht e ta i, 1995). These data suggest that PLZF-RARa may promote leukemogenesis by 

sequestration of RXR, competition with RARa /RXR dimers for DNA binding sites, o r 

having aberrant effector functions. All experimental evidence gathered to date suggests 

that the effects of PML-RARa and PLZF-RARa on RARa transcription regulation are
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similar and yet a fundamental difference exists between t(15; 17) andt(11;17) APL 

Patients with t(11;17) APL do not respond to ATRA treatment. Thus, combined, these 

data argue that the non-responsiveness of t(11;17) patients to ATRA may lie in the 

disruption of PLZF transcription regulation by RARa-PLZF. It is worthy to note that 

both RARa and RARa-PLZF are regulated by a promoter containing RAREs. Thus, 

retinoic acid treatment can also cause an elevated level of RARa-PLZF expression, 

exacerbating the deregulation of PLZF target genes.

RARa-PLZF possesses either the A1 or A2 domain of RARa fused to the most 

carboxyl seven zinc fingers of PLZF (Figure 3). Since the A1 and A2 domains of RARa 

replaces the entire effector domain of PLZF, these fusion proteins may act as novel 

transcription activators with the DNA binding specificity of PLZF. To date, no 

experimental data has been presented on the effect of RARa-PLZF on PLZF transcription 

regulation. This is mainly due to the fact that little is known about the PLZF DNA binding 

site. Simultaneous with the studies presented in this thesis, a DNA binding site was 

fortuitously discovered in a yeast two hybrid experiment (Sitterlin eta i., 1997). This 

study demonstrates that PLZF zinc fingers bound specifically to the Lex A operator. 

Furthermore, it has narrowed the DNA binding activity of PLZF to the last five zinc 

fingers which strongly suggests that RARa-PLZF can compete with PLZF for binding 

sites. Although the results of this study yields a potential system to study PLZF 

transcription regulation, it does not address transcription regulation by either PLZF o r 

RARa-PLZF and it does not provide insights into the identity of PLZF target genes i n 

mammalian cells.

DNA binding by zinc finger transcription factors

Zinc fingers are sequence specific DNA binding domains which were firs t 

identified in the Xenopustranscription factor TFIIIA (Miller etai., 1988). NMR and
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crystallography studies show that the C2-H2 zinc finger motif is composed of 28 to 3 0 

amino acids structurally arranged in an antiparallel p-sheet followed by an a -h e lix  

(Lee et al., 1989; Pavletich and Pabo, 1991). Two invariant cysteines located near the 

turn of the p-sheet and two invariant histidines in the a-helix chelate a single zinc ion 

(Lee etai., 1989; Pavletich and Pabo, 1991). Two conserved hydrophobic residues, a 

phenylalanine and a leucine, located at the loop region of the zinc finger, are thought to 

stabilize the zinc finger structure (Figure 5) (Lee ef al., 1989; Pavletich and Pabo, 

1991).

Fig. 5: Schematic representation o f a zinc fin g e r. The circles with C and H 

represent cysteines and histidines at invariant positions. They chelate a singe zinc ion 

(Zn). Conserved hydrophobic residues phenylalanine and leucine are depicted as circles 

with F and L.

X-ray crystallography studies of zif 268 revealed that each zinc finger 

recognizes discreet triplets of DNA with two bases in the triplet making direct contact 

with amino acids on the zinc finger (Pavletich and Pabo, 1991). Although this base 

triplet recognition theory was useful in predicting the DNA binding activity of some zinc 

finger proteins, zinc finger-DNA interactions may be more complex than once 

envisioned. X-ray crystallography data from tramtrack-DNA (Fairall eta i., 1993) 

complex demonstrates that DNA binding by zinc finger proteins may occur through

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



different structural arrangements compared with those of zif 268. Moreover, it has 

been demonstrated that zinc finger proteins may bind specifically to many DNA 

sequences. The Drosophila tramtrack protein which possess two zinc fingers bind to 

many sequences that have little in common other than a GGA (Fairall et al., 1993; 

Fairall eta i., 1992). There are also many binding sites found for WT1 proteins that 

have little in common (Rauscher III et al., 1990; Wang et al., 1993). This may be due 

to many reasons. It has been shown that the WT1 proteins recognize different DNA 

sequences depending on which subset of zinc fingers is employed. In addition, not all zinc 

fingers on a given protein bind DNA bases. In TFIIIA and tramtrack, zinc fingers have 

been shown to contact phosphodiester backbones or may not contact DNA at all (Fairall ef 

al., 1993; McBryant etai., 1996; Pavletich and Pabo, 1991). Crystallography studies 

of DNA binding by tramtrack and GLI also indicate that zinc finger contacts can be made 

on both strands of DNA (Fairall et al., 1993; Pavletich and Pabo, 1993). There is now 

accumulating evidence which suggests that DNA architecture may play a large role i n 

DNA binding by zinc finger proteins. Zinc finger 4, shown to be vital for high a ffin ity  

DNA binding by TFIIIA, is thought to recognize specific DNA structure rather than 

sequence (McBryant etai., 1996). In addition, DNA binding by zinc finger protein has 

been correlated with DNA deformation. Structural changes at an ATA sequence has been 

shown to occur when tramtrack zinc fingers bind DNA (Fairall ef al., 1993). DNA 

binding by SP1 has been shown to accompany unwinding of the DNA strands (Shi et al., 

1996). Although most proteins bind to DNA with two or more zinc fingers, the GflGA 

factor has been shown bind DNA with high affinity and specificity utilizing one zinc 

finger flanked by basic residues (Pedone etai., 1996).

Transcription factors

Transcription by RNA polymerase II is regulated by a multitude of protein 

factors that positively or negatively affect gene expression. Basal levels of gene
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transcription are maintained by general transcription factors which are required fo r 

RNA polymerase activity (Reviewed by Pugh and T]ian, 1992). These factors have been 

shown to assemble onto the promoter region in a sequential manner, with TFIID being the 

first to contact the TATA box or initiator element followed by TFIIA, B, F, E, H and J. 

Fractionation experiments have shown that some general transcription factors are 

multi-protein complexes. TFIID, for example is composed of the TATA binding protein 

(TBP) and TBP associated factors (TAFs) (Reviewed by Pugh and Tjian, 1992).

Basai transcription is upregulated by activators which have been shown to 

elevate gene expression in a DNA binding dependent manner (Reviewed by Ptashne and 

Gann, 1997). Activators are thought to stimulate gene expression by recruiting the 

transcriptional machinery to the initiation site. Evidence supporting this hypothesis 

comes from biochemical studies which demonstrate physical interactions between 

activators and general transcription factors. For example, the yeast Gal4p has been 

shown to associate with both TFIID and TFIIB (Lin et al., 1991; Wu et al., 1996). 

Moreover, experiments utilizing mutants of the Ga!4p activation domain have 

demonstrated that the affinity of Gal4p for these general transcription factors is 

correlative with the degree of transcription activation (Wu et al., 1996).

There are also evidence which suggests that the RNA polymerase holoenzyme may 

be a target of activators as well. Experiments performed in yeasts have also revealed 

that the introduction of a Lex A DNA binding domain into a component of the RNA 

polymerase holoenzyme results in transactivation which is dependent on the presence of 

Lex A binding sites (Barberis etai., 1995). This experiment supports the hypothesis 

that activation can be achieved by the recruitment of RNA polymerase II to the site of 

transcription initiation. Activators can also induce post-translation modifications of 

holoenzyme components resulting in an increased level of transcription. Activators,
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such as the HIV Tat protein and the adenovirus E1A protein, have been shown to enhance 

the elongation of transcripts, by promoting the phosphorylation of the CTD domain of 

RNA polymerase II by TFIIH, and CDK8 respectively (Gold et al., 1996; Parada et al.,

1996).

Unlike activators, proteins that repress transcription act by inhibiting the 

assembly of the transcriptional machinery. The evenskipped repressor protein has been 

shown to physically block TFIID from assembling onto the TATA box; this repression can 

be abrogated by preincubating the TATA box with TFIID (Austin et al., 1995). 

Similarly, the Drosophila Kruppef protein has been shown to associate with a component 

of TFIIE and this association is correlated with Kruppel's ability to repress 

transcription (Sauer ef al., 1995). Genetic experiments revealed that the NC2 protein 

repress transcription by interacting with components of the RNA polymerase II (Gadbois 

et al., 1997).

Repressors can also function by competing with activators for DNA binding sites. 

An example is seen on the immunoglobulin heavy chain (IgH) enhancer which contains 

E-boxes that are the sites of contention between the E2A activator and the ZEB repressor 

(Genetta et al., 1994). Transcriptional repression can also be the result of a specific 

interaction between a repressor and an activator. The Kruppel protein, for example, 

block transcription activation by SP1 but not that of Gal4p suggesting that it represses 

transcription through very specific protein-protein interactions (Licht eta i., 1993).

Recently, it has been increasingly apparent that nucleosomes play a large role i n 

transcriptional regulation. They have the potential to block transcription through steric 

hindrance, although the position that they occupy on the promoter can be modified. Post 

translational modifications of the core histones such as acetylation can destabilize the
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nucleosome structure and enhance transcription initiation. Acetylation of core histones 

is thought to maintain the promoter in an “open” conformation to facilita te 

transcription initiation. Conversely, histone deacetylation is thought to play a role i n 

transcription repression. This is supported by many lines of investigation which show 

that some DNA binding transcriptional repressors act by recruiting deacetylases to 

nucleosome. For example, unliganded, DNA bound steroid hormone receptors are linked 

to a histone deacetylase by a N-CoR/SMRT mSin3A complex. These protein interactions 

ultimately results in transcription repression in the absence of steroid hormone (Alland 

et al., 1997; Thorsten eta i., 1997).

Specific Aims

The involvement of PLZF in t(11;17) APL suggests that its disruption plays a 

key role in the genesis of this disease and in the non-responsiveness of t(11 ;17) APL 

patients to retinoic acid treatment. The establishment of a system to study PLZFs effect 

on transcription may provide insights into PLZFs biological function and the role of 

t(1 1 ;17) proteins on the expression of PLZF target genes. Therefore the goals of th is  

thesis are:

1. To find the cognate DNA binding site(s) of PLZF and if possible establish a 

binding site consensus

2. Deduce the DNA binding activities of the t(11 ;17) fusion proteins.

3. Characterize PLZFs effect on transcription through its cognate DNA 

binding site(s).

4. Characterize the effect of t(11;17) fusion proteins on transcription 

through PLZFs cognate DNA binding site.

5. Map the functional domains of the PLZF effector region.
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Chapter 2 

MATERIALS AND METHODS

Plasmid Constructions

To produce purified protein for binding site selection, the nine zinc fingers of 

PLZF was expressed as a glutathione S-transferase fusion protein (GST-9ZF) (Figure 

6). To construct GST-9ZF, the PLZF cDNA (Chen et el., 1993) was digested with Nco I 

to release the sequences encoding the N-terminal effector domain and recircularized. 

Sequences encoding the nine zinc fingers of PLZF were then excised by digestion w ith 

EcoR 1 and inserted into EcoR 1 digested pGEX-3X (Pharmacia, Uppsala, Sweden). GST- 

7ZF, which includes PLZF zinc fingers 3-9 (Rgure 6), was synthesized by digesting the 

PLZF cDNA with Sac I and EcoR 1 and inserting this fragment into pGEX-2T (Pharmacia, 

Uppsala, Sweden) digested with SamH1 and EcoR 1 utilizing an adapter of the sequence:

5’GATCGTTAACGAGCT 3 
3’CAATTGC5’

GST-2ZF, which includes the most N-terminal two zinc fingers of PLZF (Figure 

6), was constructed by amplification of a portion of the PLZF cDNA with the N term inal 

primer 5’ GGATCOGGATCCOCXaTQGGCATCAAGTCA 3’ and the C-terminal primer: 5 ’ 

GAATTCGAATTCAGAACTGCTGCTCTGGGT 3’ The amplified fragment was digested with SamH 

1 and EcoR 1 and subcloned into pGEX-3X digested with SamH 1 and EcoR 1 . SG5-PLZF, 

RARa-PLZF and PLZF-RARa expression plasmids, described previously (Chen et al., 

1994; Licht etai., 1996), contain the SV40 promoter/enhancer included in the SG5 

plasmid (Green et al., 1988). To map the PLZF functional domains, various segments of 

PLZF were fused to the DNA binding domain of Ga!4p (amino acids 1-147). Gal4p-PLZF 

fusion constructs were made by amplification of segments of the PLZF coding sequence by 

PCR, digestion of these fragments with SamH 1 and Xba I and insertion of these sequences
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A
97.4 

66.2

45.0

31.0

B

5 ' QQGACAmCAACrQCCaTCEAGQC N20 iOGGGaGTX3GAAQGftICCTM33 3 '
3 ' CanGri!AAGrTC?m3TSGMCOG N20 TCTOCXnCSGnxnTGCEOSVIGC 5 '

Oligomers used in the first set of binding site selection

5' GGGM^ATICAftCT3QCMXnaflQC N13 TAftA NL3 3'
3 ' CCCDGTIMGnGAC^^ N13 TAAA N13 TGTOGCTC^TCnCCTAQGAIGC 5 '

Oligomers used in the second set of binding site selection 

Fig 6. Proteins and oligomers used in the PLZF binding site selection.

Panel A, SDS PAGE analysis of GST fusion proteins. GST-9ZF, GST-7ZF and GST-2ZF 

with expected sizes of 60kD, 57 kD, and 33 kD, respectively. Panel B, In the first set 

of binding site selection, the oligomers used were 70 base pairs in length flanked by 

regions of known sequences which are 25 base pairs in length.. The random sequence 

regions in these oligomers were 20 base pairs in length. In the second set of binding site 

selection, the oligomers used were 80 base pairs in length with 13 base pairs of random 

DNA sequence flanking a central TAAA. On both ends of these oligomers are regions of 

known DNA sequence of 25 base pairs in length.
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into pGBX a plasmid encoding Gaf4p amino acids 1-147, digested with BamH 1 and Xba I.

Sequences encoding PLZF fragments beginning with amino acid 1 were amplified with the 

N-terminal primer:

5CGCGGATCCGTATGGATCTGACAAAAATG 3.

Sequences encoding fragments of PLZF beginning with amino acid 99 were amplified w ith 

the N-terminal primer:

5 OGCGGATCOGTCnGGATGAGCTQCTGTAT.

Sequences encoding fragments of PLZF beginning with amino acid 200 were amplified 

with the N-terminal primer:

5  CGCGGATQXTTAAGGCTGCAGTGGACAGTTrG 3.

Sequences encoding fragments of PLZF beginning with amino acids 300 were amplified 

with the N-terminal primer:

5 OGGGGATCOGTGAGGAGAGTCGCCTOGAGCAG3.

Sequences encoding fragments of PLZF ending with amino acid 100 were amplified w ith 

the C-terminal primer:

5  GCTCTAGAGATCCAGGGCX^CCGCCITG 3.

Sequences encoding fragments of PLZF ending with amino acid 200 were amplified w ith 

the C-terminal primer:

5 GCTCTAGAGCTTGGTGGGACrcATGGCTGA 3.

23

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sequences encoding fragments of PLZF ending with amino acid 300 were amplified with 

the C-terminal primer:

5 GCTCrAGAGCrCTCGCCCATAGTGTAG 3.

Sequences encoding fragments of PLZF ending with amino acid 400 were amplified w ith 

the C-terminai primer:

S GCTCTAGAGCCGGCTCTCTGACTT 3.

Flag-9ZF encodes the nine zinc fingers of PLZF fused in-frame to the flag 

epitope. It was constructed by digesting the plasmid AZ1 with Nco I to release the 

sequence encoding the effector domain and the remaining plasmid was recircularized as 

previously described. The cONA sequence encoding the nine zinc fingers was excised by 

digestion with BamH 1 and £coR1 and ligated to BamH 1, EcoR 1 digested pBFT4 (a g ift 

from Dr. Xin-Yuan Fu). The pBFT4 plasmid contains a sequence encoding the flag epitope 

upstream of the polylinker region of pBiuescript (KS+).

Reporter construct G5 tfr-CAT was described previously (Shi etai., 1991).

Reporter 15(n) tk-CAT was constructed by ligating one (n=1), two (n=2), or three 

(n=3) copies of duplex 15A oligomer:

5 TCGACTTAAAGGAAGCCACCATGAAG 3 
3' GAATTTCCTTCGGTGGTACTTCAGCT 5'

in the Sal 1 site of the polylinker region of pBLCAT5 (Boshart et al., 1992).

Reporter construct A(n) tk-CAT was constructed by ligating one(n=1), two (n=2) or

three (n=3) copies of the duplex oligomer:
ST TCGATATTGAAGCTAAAGTTTGATCTG 3*

3’ ATAACTTCGATTTCAAACTAGACAGCT 5*

24

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



in the Sal 1 site of the polylinker region of pBLCAT5 (Boshart et al., 1992).

Binding Site Selection

Bacterial expression plasmids were transformed into the Dna J deficient E  coli 

K12 strain CAG748 (New England Biolab, Beverly, MA). To produce Glutathione S - 

transferase (GST) fusion proteins, exponentially growing cultures of transformed 

bacteria were induced with IPTG for 4 hours at 37°C, iysed by sonication with the fusion 

protein purified on glutathione agarose beads as described (Ausubel et al., 1989; Smith 

and Johnson, 1988). GST protein coated agarose beads were stored at -20°C in a buffer 

containing 50 mM HEPES pH 7.5, 50 mM KCI, 5 mM MgCl2 , 10 pM ZnS0 4 , 1 mM DTT

and 50% glycerol (Fainsod etai., 1991).

To prepare a pool of random oligomers for the first set of binding site selections, 

an oligonucleotide (500 ng) of the sequence:

S GGGACAATTCAACTGCCATCTAGGC (N)20 ACACCGAGTGAGAAGGATCCTACG 3  

was hybridized to primer RP2 (250 ng) of the sequence: 

5CGrAGGATCCTrCTGGACTOGGrGT3r

in a total volume of 10 pi. Five pi of the annealed DNA was extended to make a duplex 

random oligonucleotide pool with the Klenow fragment of DNA polymerase I (New England 

Bioloabs) with a final concentration of 0.25 mM of each dNTP at 37°C in a volume of 5 0 

pi. After an hour incubation, dNTPs were added to a final concentration of 0.25 mM 

(each) and the incubation in 37°C was continued for another 30 minutes. The duplex
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oligomers were ethanol precipitated, resuspended in TE (10 mM Tris pH 8.0, 1 mM 

EDTA), phosphorylated with T4 kinase and y-[32p ] ATP (6000 Ci/mM), and purified 

using a spin column (Clonetech, Palo Alto, CA).

PLZF binding sites were selected by incubating the random oligomers with 5Op.I 

of a 50% slurry of GST-9ZF coated agarose beads (approximately 3 pg protein) in  

siliconized ependorf tubes in a buffer containing 10 mM TriS'HCI pH7.5, 1 mM EDTA, 4 

mM DTT, 1 mM MgCl2> 50 mM NaCI and 5% glycerol (Buffer A). After one hour of

incubation on ice, the beads were collected by centrifugation, the supernatant containing 

unbound DNA was removed, and the beads were washed twice with 1 ml of ice cold buffer 

A. The oligomers retained by the beads were released by addition of 20 pi of deionized 

water and boiling for five minutes. The resulting DNA was subjected to PCR 

amplification with primer RP2, described above and primer RP3 of the sequence:

5 GGGAGAATTCAACTGCCATCTAGGC 3

The reaction (50 pi) contained 0.25 mM dATP, dGTP and dTTP, 0.05 mM dCTP 

and 3pl of a -[32 pj dCTP (3000 Ci/mmol) to radiolabel the PCR products. Twenty 

cycles of PCR were performed, consisting of 1 minute in 95°C, 1 minute in 59°C and 1 

minute at 72°C. Subsequently, 1 pi of mixture of 2.5 mM of each dNTP was gHrteri to the 

reaction followed by one cycle of 5 minutes in 95°C, 2 minutes in 59°C and 15 minutes 

in 72°C. The amplified DNA was purified by spin column and used in a subsequent round 

of binding site selection. The success of each selection round was monitored by the 

increasing percentage of radiolabeled probe oligomer retained of the GST-PLZF beads. 

After six rounds of selection, the selected DNA was reamplified using radiolabeled dCTP 

as above, purified and incubated with approximately 3 pg of GST-9ZF protein in a 20 p I 

reaction containing buffer A. The resulting DNA-protein complexes were resolved by
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electrophoresis through a 6% (30:1 acrylamiderbisacrylamide) gel. The retarded DNA- 

protein complex was excised, crushed and soaked overnight in 300 pi of 0.5 M 

ammonium acetate, 1 mM EDTA. The eluted DNA was ethanol precipitated, digested w ith 

SamH 1 and EcoR 1, subcloned into the polylinker region of pBluescript SK+ 

(Strategene, La Jolla, CA) transformed into E. coli and sequenced. A total of 29 clones 

were sequenced in this set of selection.

In the second set of binding site selection, the random oligomers used had the 

sequence:

5  GGGACAATTCAACTGCCATCTAGGC (N)13 TAAA (N)i 3 ACACCGAGTCAGAAGGATCCTACG 3

Duplex oligomers were created by primer extension with the RP2 primer and 

fours rounds of binding site selection was performed as described above. The selected 

DNA was digested with BamH 1 and EcoR 1 subcloned into pBluescript (SK+) and 42 

individual clones were sequenced.

Protein Production 

GST Fusion Proteins

GST-PL2F fusion proteins (GST-PLZF, GST-9ZF, GST-7ZF and GST-2ZF) were 

produced as described in the binding site selection section with modifications.

To purify GST fusion proteins for mobility shift assays, 250 p i agarose beads 

were incubated with 10 ml of crude bacterial extract for 1 hour in 4°C were washed 

three times in 15 mis of ice cold PBS. To elute the bound GST fusion proteins from 

agarose beads, 250 pi of protein bound beads were incubated at room temperature for 1 

hour in 1 ml of elution buffer which contained 20 mM of reduced glutathione, 100 pi of
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1M Tris pH 8.45 and 900 pi of water. At the end of the incubation, the beads were 

centrifuged and the supernatant was collected. The concentration of the protein was 

determined by using spectrophotometry at the wavelength of 280 X. A reading of 1 un it 

of optical density is equivalent to 0.5 mg/ml protein (Current Protocols).

Some mobility shift assays were performed with crude bacterial cell extracts 

which were produced in the following way: Bacterial cells were transformed, grown and 

induced as previously described. Sonication was performed in 10 ml of ice cold PBS. 

The resulting extract was aliquoted, subjected to flash freezing in liquid nitrogen and 

stored in -70°C.

In vitro Translation (Reticulocyte Lysate System)

All in vitro translations were performed with either T3, T7 based vector using

the TNT rabbit reticulocyte lysate system (Promega, Madison, Wl). Radiolabeling of the
35

protein was performed by adding S-methionine to the translation reaction. The 

protein was visualized by SDS-PAGE and autoradiography.

Whole Cell Extract

CV-1 cells were transfected with protein expression plasmids using a standard 

calcium phosphate protocol described below. The cells, harvested 48 hours post 

transfection was washed twice in ice cold TBS (140 mM NaCI, 5 mM KCI, 25 mM T ris  

pH 7.4) . The cells were resuspended in 150 pi ice cold lysis buffer (50 mM Tris pH 

8.0, 500 mM NaCI, 2% NP-40) and incubated on ice for 30 minutes. Cells were 

centrifuged for 20 minutes at 4°C and the supernatant was collected. The extract was 

subjected to flash freezing and stored in -70°C.
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Electrophoretic Mobility Shift Assay (EMSA)

Synthetic duplex oligomer 15A of the sequence:

5 TCGACTTAAAGGAAGCCACCATGAAG 3 
3' GAATTTCCTTCGGTGGTACTTCAGCT 5‘

or synthetic duplex oligomer probe A of the sequence:

5  TCGATATTGAAGCTAAAGTTTGATCTG 3  
3' ATAACTTCX3ATTTCAAACTAGACAGCT 5’

was labeled by filling in with the Klenow fragment and a-[32P] dTTP (3000 Ci/mmo!) 

and purified by spin column.

Synthetic duplex oligomer (J-RARE of the sequence:

5 AGCTrGGGTTAGGGTTCACCGAAAGTTCACTCGA 3 
3‘ ACXX3ATCCCAAGTGGCTTTCAAGTGAGCTTCGA 5’

was labeled by filling in with the Klenow fragment and a - [3 2 P] dATP (3000 Ci/mmol) 

and purified by spin column.

Each binding reaction (20 jil)  contained approximately 2 ng of GST, GST-9ZF, 

GST-7ZF, or GST-2ZF as measured by A28O (unless otherwise indicated in figure 

legends) and 26 fmol of labeled DNA (approximately 0.6ng) in a buffer of 20 mM ZnCI, 

10 mM Tris-HCI pH 7.5, 10 mM MgCl2, 50 mM NaCI and 1 mM DTT. The binding 

reactions were incubated on ice for one hour. In competition electrophoretic m obility 

shift assays, unlabeled DNA competitors were pre-incubated with GST-9ZF or GST-7ZF
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for 15 minutes on ice, followed by the addition of labeled duplex oligonucleotide and 

incubation on ice for 45 minutes. The resulting DNA-protein complexes were separated 

by electrophoresis at 200 volts though either 4% or 6% polyacrylamide gels 

(30:1acrylamide/bis-acrylamide) for 3.5 hours at room temperature. The competitors 

used in the EMSAs are as follows:

f}-RARE 5 AGCTTGGGTAGGGTTCACCGAAAGTTCACTCGA 3
3* ACCCATCCCAAGTGGCTTTCAAGTGAGCTTCGA 5’

AP1 site 5 TGAGCATGAGTTCAGACAC 3
3TCGTACTCAGTCTGTGGT 5'

Gal4 operator 5’ GCCTCCTGTCATGAGGCCTAG 3‘
3' GATCCGGAGGACAGTACTCCG 5'

p53 DNA binding site: 5 CTAGGGACATGCCCGGGCATGTC3
3‘ CCTGTACGGGCCCGTACAGGATC 5'

WT1 DNA binding site: 5TCGACGCGTGGGAGTAG3f
3* GCGCACCCTCATCAGCT 5'

Base transversion mutants of binding site A are as listed in Fig. 4.

Transient Transfections

CV>1 cells

CV1 cells were grown in DMEM supplemented with 10% calf serum and 

penicillin/streptomycin in a 5% CO2 environment. One day before transfection, 1x106

cells were plated in 100 mm tissue culture dishes. Reporter and effector plasmids i n

the amounts indicated in the figure legends along with 1 pg of a growth hormone (GH)

internal control reporter gene (Selden eta i., 1986) were co-transfected by calcium 

phosphate precipitation as described (Licht, 1994: Reddy, 1995); Ausubel, 1989 

#673]. At 48 hours post transfection, the cell media was collected and assayed for GH 

(Nichols Institute, San Juan Capistrano, CA) and the transfected cells were harvested
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and cell lysates were assayed for chloramphenicol acetyl-transferase (CAT) (Ausubel et 

al., 1989). The percent conversion of acetylated chloramphenicol was quantified by 

analysis of chromtography plates on a Phosphoimager using Imagequant software 

(Molecular Dynamics, Sunnyvale, CA). CAT activity is defined as the percentage CAT 

conversion. Relative percent CAT conversion is calculated by assigning the value of 

100% to the CAT activity obtained when SG5 was used as effector. When required, 

chromatographs were analyzed by densitometric analysis (NIH Image 1.56) of scanned 

images. Graphics were scanned on a Agfa Arcus II scanner (Germany) and assembled on a 

Power Macintosh 7100/66 computer (Apple, Cupertino, CA).

Hematopioetic Cells

U937, K562 and HL60 cells were transfected using standard DMRIEC protocol 

with modifications. Cells were grown in a 5% CO2 , 37°C environment in RPMI media

supplemented with penicillin/streptomycin and 10% heat inactivated fetal calf serum. 

The day of the transfection, K562 and U937 cells were spun down and suspended to the 

density of 2 X 10® cells per 200 pi. HL60 cells were suspended in the same media at the 

density of 4 X106  cells per 200 pi.

Reporter plasmid (2 pg), effector plasmid (2 pg), and MTGH (0.2 pg) were 

added to eppendorf tubes and suspended in 1 ml of Optimem reduced serum media 

(Gibco/BRL). 4 pi of DMRIEC reagent (Gibco/BRL) was then added to each tube and the 

mixture was allowed to incubate at room temperature for 1 hour so that the DNA 

liposome complexes could form. At the end of the hour, the mixture was pipetted into 

wells of a 6-well plate along with 200 pi of cell suspension. The cells were incubated i n 

this mixture for 12 hours.
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After the incubation, 1 mi of RPMI (with 10% heat inactivated fetal calf serum 

and penninciilin/streptomycin) was added to each well and the cells were allowed to 

grow in this media for another day. The cells were then harvested and cell lysates were 

assayed for chloramphenicol acetyl-transferase (CAT) (Ausubel et al., 1989). The 

percent conversion of acetylated chloramphenicol was quantified by analysis of 

chromtography plates on a Phosphoimager using Imagequant software (M olecular 

Dynamics, Sunnyvale, CA). CAT activity is defined as the percentage CAT conversion. 

Relative percent CAT conversion is calculated by assigning the value of 100% to the CAT 

activity obtained when SG5 was used as effector. Graphics were scanned on a Agfa Arcus 

II scanner (Germany) and assembled on a Power Macintosh 7100/66 computer (Apple, 

Cupertino, CA).

Production of antibodies against PLZF

GST and full length GST-PLZF was produced as previously described. To produce 

polyclonal anti-PLZF antisera, GST-PLZF was injected into rabbits by Dr. Thomas 

Moran of the Hybridoma and Cell Center Core facility of the Mount Sinai Medical Center. 

Anti-PLZF activity was further purified by removing anti-GST antibodies. This was 

performed by subjecting the antisera to a chromatography column containing 2 ml of 

swollen GST coated agarose beads. The flow-through was tested for anti-PLZF activ ity 

by radio-immuno assay performed by Dr. Moran and Western blot analysis performed 

by Rita Shaknovich.

To produce monoclonal antibodies against PLZF, GST-PLZF was injected into mice 

by Dr. Thomas Moran. Six distinct hybridoma cell lines were produced. Antibodies from 

800 ml of supernatant from each hybridoma was purified by perfusion chromatography 

on a protein G column using standard methods. Purified IgG antibodies from the 

supernatants of all six cell lines were used by Rita Shaknovich in a Western Blot
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Analysis to assess their activities against GST, GST-PLZF and GST-9ZF. All six reacted 

only to GST-PLZF. One particular hybridoma clone (2A9) was subjected to fu rthe r 

characterization. GAL-PLZF deletion constructs were transfected into CV-1 cells and 

whole cell lysates were prepared as previously described. The resulting lysates were 

given to Rita Shaknovich for use in a dot blot analysis. Antibodies produced by clone 2A9 

recognized amino acids 100-200 of the PLZF effector domain

33

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 3

PLZF IS A SEQUENCE SPECIFIC DNA BINDING PROTEIN 

INTRODUCTION

Most proteins that regulate transcription have domains that confer sequence 

specific high affinity DNA binding activity. Historically, transcription factors such as 

TFIIIA and SP1 have been purified based on their ability to tether cis-acting elements in 

promoters (Briggs et al., 1986; Engelke et al., 1980). With the characterization of 

many DNA binding protein motifs, a newly cloned cDNA can be predicted to encode a 

transcription factor based on deduced amino acid sequence alone. However, in order to 

confirm these initial predictions, the DNA binding site(s) of the putative transcription 

factor must be identified.

Currently, several methods are available for this purpose. Each method of 

binding site selection utilizes two main steps; 1. the separation of bound DNA from 

unbound DNA and 2. the amplification of selected DNA for subsequent rounds of 

enrichment. In a method called CASTing (Qrclic Amplification and Selection of Targets) 

(Figure 7 ), the protein of interest is immobilized on a solid matrix (such as an agarose 

bead). It is then incubated with radiolabeled oligomers consisting of random DNA 

sequences flanked by regions of known sequences. Bound DNA is separated from unbound 

DNA by a series of washes and then used as template in a polymerase chain reaction. The 

primers used in the amplification reaction are designed to anneal to the regions of known 

sequences on the oligomer. The selection and amplification procedures are repeated 

several times to enrich the pool of binding sites. The success of each round of site 

selection can be monitored by taking Cerenkov counts of the protein coated agarose beads 

at the end of the washes. At the end of the selection protocol, the selected DNA is
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subcloned and sequenced. Using the CASTmg method, the binding sites of transcription 

factors such as Ikaros and myogenin have been identified (Molnar et al., 1994; W right 

et al., 1991).

Binding Site Selection

Fig. 7. The CASTing method of binding site selection. The DNA binding domain 

of PLZF (GST-9ZF) is expressed as a GST fusion protein and immobilized on glutathione 

coated agarose beads. It is then incubated with oligomers of random sequences. Unbound 

DNA is washed away and the DNA remaining on the beads is amplified by PCR and used 

another round of binding site enrichment.
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RESULTS

Binding Site Selection

To identify the DNA binding site(s) of PLZF, its DNA binding domain was 

expressed as a glutathione S-transferase fusion protein (GST-9ZF) (Figure 6 ). GST- 

9ZF was immobilized on glutathione coated agarose beads and incubated with a pool of 

oligomers with 20 base pairs of random sequence (Figure 6). The success of binding 

site enrichment was monitored by measuring the radioactivity bound to the GST-9ZF 

coaled agarose beads after the washes. Binding site selection was also performed w ith 

GST coated agarose beads as a control. At the end of six rounds of selection, 

approximately 6% of the input DNA (as measured by Cerenkov counts) bound to the 

GST-9ZF compared with only 2% bound to GST. The radiolabeled DNA was incubated 

with GST-9ZF in EMSA reactions (Figure 8). The DNA in the shifted band was eluted, 

amplified by PCR, and subcloned. Twenty-nine independent clones were sequenced 

(Table I).

Although a PLZF binding site consensus was not readily established from th is 

result, it was observed that most of the selected sequences contained either TAA or TAAA. 

The most highly represented sequence, 15A, was found in 5 out of 29 clones which 

suggests that it may be a high affinity PLZF binding site. To test this hypothesis, 

competition EMSAs were performed using GST-9ZF, radiolabeled 15A, and unlabeled 

competitors (AP1 binding site, Gal4 operator and p-RARE) (Figure 9). A 10 fold molar 

excess of 15A completely abrogated the shifted complex in contrast to the 100 fold molar 

excess of AP1 and Gal4p sites needed to accomplish the same result. This suggests that 

PLZF binds to 15A with some specificity. However, only a 1 fold molar excess of p-
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GST-9 ZF GST

Fig. 8. EMSA performed after the sixth round of binding site selection.

DNA amplified after the sixth round of selection was radiolabeled and incubated with 

either purified GST-9ZF or GST as indicated. GST-9ZF and GST were added in the 

amounts of 12 pg and 24 pg. The indicated bands were sliced out of the gel. The DNA in 

the slices were eluted, amplified, subcloned, and sequenced.
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Table  I

PLZF Binding Sites Selected After the First Set of Binding 
Site Selection

o f  C I o m b

TmAQGAMZTACrmnAA (5)
(4)
(2)
(2)

TO3QQCni3AMC,IM.QCKrG (2)
A3^CTM.TOftaQSaCCDS (2)

(2)
TOQGIQCTICIGTCroOCT (2)
iOGEAGAM093T?\M^A.T (1)
TOGASOGIQC3^CaGAAT (1)
QC2m 3S™ ™ 333'm AA (1)
CTCIJAAGyriGLflMUJILA (1)
imXfmCO^IGIGUUCAA. (1)
(XAT3\AA.TIM3AACAAC?EMr (1)
UlUl'lULjUAAjAATriUlUl'lA (1)
T^CACAA^'im'iujtJAAC (1)

Table I. Sequences selected in the first set of binding site selection.

Most of the sequences contained either TAA or TAAA (underlined). One of the sequences 

which contained TAAA was found in 5 out of 29 clones (Clone 15A, in italic).
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Competitor 15A GAL 4 API p-RARE

Fig. 9: Competition EMSA analysis of 15A. EMSAs were performed as described 

in "Materials and Methods” using GST-9ZF, radiolabeled 15A binding site and 

competitors as indicated. Each competitor was added in a molar excess of 1,10, 100 fold. 

The protein-DNA complex of interest is labeled with an arrow. Lower bands are thought 

to be composed of degradation products of GST-9ZF.
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RARE was required to completely abrogate the shifted band suggesting that PLZF has a 

higher affinity for p-RARE than 15A.

The affinity of GST-9ZF to p-RARE was further investigated in another set of 

EMSAs. In these experiments GST-9ZF was incubated with radiolabeled p-RARE in the 

presence of non-iabeled competitors (the AP1 binding site, the Gal4 operator, and p- 

RARE) (Rgure 10). As little as 10 fold molar excess of p-RARE completely abrogated 

the shifted band. This is in contrast the to the 80 fold molar excess of Gal4 operator 

needed to achieve the same effect. Even at a molar excess of 80 fold, the AP1 binding site 

was not able to compete with the labeled p-RARE for GST-9ZF binding. In a second EMSA 

experiment, the interaction between GST-9ZF and p-RARE was tested using unlabeled 

15A as competitor (Rgure 11). As previously seen, a 10 fold molar excess of unlabeled 

p-RARE completely abolished the labeled complex whereas 80 fold molar excess of 

unlabeled 15A was needed to achieve the same effect. These results demonstrate that 

PLZF has a higher affinity for p-RARE than for the AP1 binding site, the Gal4 operator 

and 15A. Attempts to demonstrate transcriptional regulation by PLZF through either the 

15A binding site or p-RARE were not successful (data not shown). Combined, these 

results suggest that PLZFs interaction with 15A is of relatively low a ffin ity. 

Therefore, a new set of binding site selection was performed.

In the second selection experiment, the sequence TAAA, frequently found in the 

first set of selected DNA sequences, was embedded in the middle of the random sequence 

region of the oligomer (Figure 6). Four rounds of selection were performed. Again, the 

success of each round was monitored by taking measurements of the radioactivity 

remaining on the protein coated beads after the washes. By the end of the fourth round, 

46% of the input DNA bound to the GST-9ZF in contrast to the 0.26% bound to the GST 

coated agarose beads (as estimated by Cerenkov counts). The selected DNA was subcloned
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p-RARE GAL 4 API

Fig. 10. Competition EMSA analysis of p-RARE. EMSAs were performed as 

described in “Materials and Methods” using GST-9ZF, radiolabeled p-RARE. and 

competitors as indicated. Each competitor was added in the molar excess of 10, 20, 40 , 

80 fold molar excess. indicates the lane where no competitors were added.
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p-RARE 15A

Fig. 11 Competition EMSA analysis of p-RARE. EMSAs were performed using 

GST-9ZF and radiolabeled p-RARE and competitors as indicated. Competitors were added 

in a molar excess of 10, 20, 40. 80 fold molar excess. indicates the lane where no 

competitors were added.
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and sequences for 42 individual clones were determined (Table II). Only 8 independent 

sequences were obtained. One of the selected binding sites (site A) was found in 19 out of 

42 clones (Table II). Because binding site A was the most frequently selected sequence, 

its interaction with GST-9ZF was further investigated in a series of competition 

mobility shift assays. In figure 12, interactions of GST-9ZF with 15A and p-RARE are 

compared. As little as 10 fold molar excess of unlabeled site A completely abrogated the 

labeled A/GST-9ZF complex. In contrast, greater than 80 fold molar excess of 15A and 

greater than 10 fold molar excess of p-RARE are required to completely abrogate the 

shifted band.

To investigate the relative affinity of GST-9ZF for other sequences selected in the 

second binding site selection, competition EMSAs were performed using radiolabeled site 

A and unlabeled site A, site B (selected 7 out of 42 clones) and D (selected 2 out of 4 2 

clones) as competitors (Table II) (Rgure 13). As previously seen, 10 fold molar excess 

of unlabeled A completely abolished the shifted complex whereas 80 fold molar excess of 

binding sites B and D did not compete with the radiolabeled site A for GST-9ZF binding.

In a subsequent set of EMSA experiments, the affinity of GST-9ZF for binding site 

A was further tested using uniabeled site A, Gal4 operator, p53 and WT1 binding sites as 

competitors (Figure 14). As little as 10 fold molar excess of unlabeled A completely 

abrogated the labeled complex while the addition of up to 1000 fold molar excess of 

Gal4p, p53 and WT1 binding sites did not significantly compete with labeled site A fo r 

GST-9ZF binding.

To map residues of importance in more detail, six mutants of oligonucleotide A, 

with short stretches of base transversions were synthesized (Table III) and used as 

unlabeled competitors in EMSA experiments performed with radiolabeled binding site A
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Table II

Sequences selected after the second set of 
binding site selection

Number of Clones

TTGTA!ITCiAAGC13UAGriITGA3nrGnC 19 A
ACTAGI03I0Z!GCT3UU [̂1XZA!ITAA^AACT 7 B
AgKATIQjGl'l'lTAAftGCTCIQCIAGriC 6 C
CGGACTCA!IGTll̂ nU\AA3ATIQZCGIGIG 2 D

GIGCAGGAAimAaCATCA!IGim2^ 2
GICIAQGTIJAlTWyy^OGGAAICIQCAT 2

C?IDGAGA0CTlCTAAftCA!IAGEAATCX905 2
GASGCACTAGGIXÎ An^AAACAAAjnMQaG 2

Table II. Sequences selected in the second set of binding 
site selection.
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A

A 15A

P-RARE

Fig. 12. EMSA comparing the affinity of GST-9ZF for binding site A, 15A  

and p-RARE. EMSAs were performed using purified GST-9ZF and radiolabeled binding 

site A. In panel A, unlabeled competitors, binding site A was added in a molar excess of 

10, 20, 40, 80 fold. Competitor 15A was added in the molar excess of 1, 10, 20, 40, 

80 fold. indicates where no competitor was added. In panel B,. unlabeled

competitors binding site A was added in a molar excess of 0, 1, 2, 4, 8 , 10 fold, b - 

RARE was added in the molar excess of 1, 2, 4, 8 , 10 fold.
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Competition

A TnmaQMOCSMNSmiQMBCrOVrC 19X

b u x Mm xM X B m M n xxm xn aw ar 7 x

D OBĜ TCAilOlTOCAAMyaKnGOOGnGnG 2 X

Fig. 13. A comparison of the affinity of GST-9ZF for binding sites A, B,

and D. EMSAs were performed using radiolabeled A and competitors as indicated. Each 

competitor was added in a molar excess of 10, 20, 40, 80 fold. indicates the lane 

where no competitor was added.

46

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Competitor a  GAL 4 p53 WT1

Fig. 14. GST-9ZF binds to site A in a sequence dependent manner. EMSAs 

were performed with GST-9ZF, radiolabeled site A and unlabeled competitors as 

indicated. Each competitor was added in a molar excess of 10, 100, 1000 fold molar 

excess. indicates the lane in which no competitors were added.
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Table III

T C G A T T C E A T IG A A ^ ^  WT
TOSAflSISQQGGAAGCS^^ M 1
TC G A TTS im T IC C m TA A A G rriG A IC ^ M 2
T0GATTG7EATIGAAG0GQOT M 3
TOGATIGiaTIGAAQCTA^  M 4
TOGgVTrSEMTCAA^^ M 5
T03ATIGIATIGAAGC02C X^ M 6

Table III Transversion mutants of binding site A. Changed 
areas are underlined.
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(Figures 15, 16). The amount of radioactivity in the retarded complex was quantified 

and plotted as a function of the competitor concentration present in the binding reaction 

(Figure 17). The value of 100% was given to the counts per minute measured in the 

shifted complex in the absence of any unlabeled competitors. The effectiveness of each 

competition was measured by the amount of competitor required to displace 50% of the 

bound probe. As little as 10 fold molar excess of mutant M1 completely abrogated the 

complex (Figures 15, 17), suggesting that sequences mutated in this oligomer do not 

contribute significantly to the interaction with GST-9ZF. Both binding site A and M 1 

were very effective in competing with the labeled DNA for binding with GST-9ZF. M2 is 

approximately 4 fold less effective as a competitor compared to site A suggesting that the 

residues changed in this oligomer are involved in DNA binding by GST-9ZF, although not 

essential (Rgures 15, 17). The binding curves for M4 and M5 overlap each other 

suggesting that residues changed in these oligomers contribute to PLZF DNA binding to 

the same extent (Figures15, 16, 17). Both are at least 10 fold less effective as 

competitor than M2 and 40 fold less effective than binding site A. Based on the first set 

of binding site selection, the sequence TAAA was hypothesized to be important for PLZF 

DNA binding. When TAAA was changed to G00C in M3, the effectiveness of this oligomer 

was 60 fold less than that of binding site A (Figures15, 16, 17). Changing the 

TAAAGTTT in binding site A to G00CIGQG (M6 ), resulted in a 200 fold decrease in its  

effectiveness as competitor compared to binding site A (Rgures 15, 16, 17). Combined 

these results suggest that the core of the PLZF binding site is TAAAGTTTGATOGTTC and 

that the TAAA sequence is most important for DNA binding by PLZF.

Translocation t(11;17) produces two sets of chimeric proteins, PLZF-RARa and 

RARa-PLZF (Figure 3). PLZF-RARa retains the first two zinc fingers of PLZF whereas 

RARa-PLZF retains the last seven. To assess whether either or both chimeric proteins 

have the potential to bind to site A, sequences encoding the first two
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A

O O X )
—  A  M l M2 M3 M4 M5 M6

B

( lO O X ) —  A  M l M2 M3 M4 M5 M6

Fig.15. EMSA analysis using transversion mutants of binding site A as 

unlabeled competitor. GST-9ZF was incubated with radiolabeled site A. Competitors 

added are as indicated. “-Pr” indicates a lane where no protein was added. indicates 

the lane where no competitors were added. Panel A, a 10 fold molar excess of 

competitors were added to each reaction. B, a 100 fold molar excess of competitors were 

added.
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M3 M4
7 0 0  3 3 0  1 0 0 0  3 3 0 0 7 0 0  3 3 0  1 0 0 0  3 3 0 0

7 0 0  3 3 0  1 0 0 0  3 3 0 0 7 0 0  3 3 0  7 0 0 0  3 3 0 0

Fig. 16. EMSA analysis using transvsrsion mutants of binding site A as 

unlabeled competitor. EMSA was performed with GST-9ZF, radiolabeled A, and 

unlabeled competitors as indicated. Each competitor was added in a molar excess of 100. 

330. 1000, 3300 fold. “-Pr” indicates the lane where no protein was added. “ - " 

indicates the lane in which no competitor was added.

51

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



100.00
T>c3O
a
— 75.009 A a- i

9 50.00ow9a
9
~  25.00a
9
a

0.00
0 1 2  3 4

Log [Competition]

Fig. 17: A comparison of the relative affinity of GST-9ZF for binding

site A and its transversion mutants. The protein bound radiolabeled binding site 

A in the mobility shift assays of figures 15 and 16 were quantitated using 

phosphorimager analysis. The relative percent bound when no competitors were a+H 

was given the value of 100%.
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and the last seven zinc fingers of PLZF were fused in-frame to the GST gene. The 

resulting fusion proteins (GST-2ZF and GST-7ZF respectively) were assayed for the ir 

ability to bind labeled site A by EMSA (Rgure 6 , 18). GST-7ZF but not GST-2ZF bound 

to site A (Rgure 18). The affinity of GST-7ZF for binding site A was further tested by 

competition EMSA (Figure 19). As previously observed with GST-9ZF, 10 fold molar 

excess of unlabeled site A completely disrupted the GST-7ZF-site A complex whereas 

1000 fold molar excess of Gal4p, p53 or WT1 binding sites did not.

Discussion

A major step in the characterization of PLZF is the identification of its DNA 

binding site. To accomplish this goaf, we used the CASTmg method in two sets of site 

selection. Although no binding site consensus was formulated from the results of the 

first set of selection, these experiments yielded 16 different sequences of which 1 1 

possessed either a TAA or TAAA sequence. Subsequent EMSA analysis revealed that the 

interaction between GST-9ZF and the most highly selected site 15A was relatively non­

specific. Although GST-9ZF favored this site over the binding sites of AP1 and Gal4p, i t 

bound to the p-RARE with higher affinity. Transient transfection assays performed with 

a 15A regulated CAT reporter failed to demonstrate any transcriptional regulation by 

PLZF.

GST-9ZF bound to the p-RARE with approximately 10 fold higher affinity than i t  

did to site 15A (Rgures 9, 11). Whether the interaction between GST-9ZF and p-RARE 

is significant enough to propagate a biological response remains to be determined. 

Attempts to demonstrate a PLZF transcriptional effect through the p-RARE were 

inconclusive mainly due to the fact that it was very difficult to dissect the effects of PLZF 

from that of the endogenous RARs.
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GST-9ZF GST-7ZF GST 2ZF

Fig 18. EMSA analysis performed with GST-9ZF, GST-7ZF and GST- 

2ZF and radiolabeled binding site A. Each protein was added in the amounts of 1 , 

2, and 3 (ig per reaction.
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Competitor A GAL 4 p53 WT1

Figure 19. GST-7ZF binds site A with sequence specificity. EMSAs were 

performed using GST-7ZF radiolabeled A and competitors as indicated. Each competitor 

was added in a molar excess of 10,100  and 1000 fold. indicates the lane in which 

no competitors were added.
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There remains a possibility that PLZF and RARa can effect a common set of target genes 

in vivo. If this is the case, a model for the molecular etiology of t(11 ; 17) APL can be 

proposed (Rgure 20). The importance of the disruption of the RARa pathway in 

leukemogenesis is apparent since both t(15;17) and t(11;17) translocations involve 

the RARa gene. In addition, transient transfection assays have demonstrated that both 

PML-RARa and PLZF-RARa transactivate through RAREs in response to pharmacological 

levels of ATRA (de Th 6 et al., 1991; Kastner eta!., 1992) suggesting that both fusion 

proteins retain some of the characteristics of wildtype RARa. Thus, the unique non- 

responsiveness of t(11;17) APL patients to ATRA might be attributed to the fusion 

protein RARa-PLZF which contains the DNA binding activity of PLZF. Since RARa-PLZF 

is regulated by the RARa promoter, it escapes the down regulation that PLZF undergoes 

in response to retinoic acid induced granulocytic differentiation (Chen et al., 1993). If 

RARa-PLZF recognizes and binds to the same sequence as wildtype RARa and PLZF- 

RARa, it may compete with both proteins for DNA binding sites, thwarting the 

transactivation of retinoic acid responsive genes. Data presented in chapter 5 w ill 

demonstrate that RARa-PLZF has a very weak transcriptional effect. Since the effects of 

RARa-PLZF may not be affected by the presence of ATRA, the disease phenotype persists 

despite ATRA treatment.

The results of the second set of binding site selection yielded site A as the most 

frequently selected PLZF binding site. To test the affinity of PLZF for site A, we 

performed EMSA studies which confirmed that GST-9ZF had a higher affinity to site A 

over all of the binding sites tested including the p-RARE. To identify important areas of 

protein contact on binding site A, six mutants of binding site A were synthesized (Table 

III) and used as unlabeled competitors in EMSA studies. These studies revealed that PLZF 

contacts only the 3' half of site A. Thus, the PLZF binding site has been narrowed to 

TAAAGi i iGATCGTTC. The importance of the TAAA in binding site A was underscored by
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Fig. 20. Schematic model of t(11;17) APL leukemogenesis. Because RARa- 

PLZF retains most of the DNA binding domain of PLZF, it has the potential to tether 

RAREs and compete with RARa and PLZF-RARa for binding sites. Both the RARa and 

PLZF-RARa transactivate in response to ATRA. This is not the case for RARa-PLZF 

which has a weak effect on transcription in the presence or absence of ATRA. This 

competition for RAREs and may ultimately explain why t (1 1 ;17) APL patients fail to 

undergo remission with ATRA treatment.

57

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the fact that changing this sequence to GCCC rendered the duplex oligonucleotide v irtu a lly  

incapable of competing with site A for binding with PLZF.

As in the firs t set of PLZF site selection, no apparent PLZF cognate consensus 

could be established from the results of the second set. There are, however, s trik ing  

sim ilarities between the three most highly represented sites of the second binding site 

selection (Table II). In site A, a selected TAAAGT is present as part of the engineered 

TAAA (Table II). In binding site B (selected 7 out of 42 times), a TAA and a TAAAGT were 

found outside of the engineered TAAA PLZF binding site C (selected 6  out of 42 tim es) 

possesses a GTTPC which is present in site A at exactly the same position relative to the 

engineered TAAA (Table II). When this GTTC was mutated in binding site A (M5), the 

affinity of PLZF for this site was severely diminished (Figures 16, 17) which suggests 

that GTTC may be a site of protein-DNA contact. A striking observation is that the GTTC 

is one helical turn away from the engineered TAAA. The presence of two sites of protein 

contact separated by one helical turn is reminiscent of DNA binding by TFIIIA (McBryant 

et a/., 1996).

it is now apparent that PLZF may bind to several DNA sequences with high 

affinity. Recently, Sitterlin et al. described another PLZF DNA binding site, the Lex A 

operator (Sitterlin et al., 1997). Although it is evident that the Lex A operator is not a 

biological target of PLZF, their results clearly contributed to our understanding of DNA 

binding by PLZF. Dr. Helen Ball, a postdoctoral fellow in our laboratory, conducted 

studies which confirmed that the interaction between GST-9ZF and the Lex A operator is 

one of high affinity and sequence specificity. EMSAs performed with GST-9ZF and 

labeled binding site A results in the formation of a protein-DNA complex which migrates 

close to the unbound DNA. When the Lex A operator was labeled in EMSA, a band of lower 

mobility than that of site A was seen. The reason for this observation is unclear,
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however, it strongly suggests that different structural arrangements are favored in the 

binding of these two sites. Recently, Dr. Ball also identified a PLZF binding site selected 

from a CpG island library (Rgure 21) (Ball et a!., 1996). EMSA studies also revealed 

that PLZF bound to this site with high affinity and specificity and, like the Lex A 

operator, EMSA studies performed with this binding site produced a major band of low 

mobility. It also produced a minor band of similar mobility observed with site A (Ball et 

al., 1996). Analysis of the DNA sequences revealed little sim ilarity between binding 

site A, Lex A operator, and Dr. Ball's genomic PLZF binding site although a loose 

consensus can be formulated (Rgure 21). All experiments performed to date suggest 

that PLZF has definite affinity for some DNA sequences over others. Whether a 

common thread exists between these sites or how sequence preference is made by PLZF is 

currently unknown.

Sitterlin et al. mapped the DNA binding activity of PLZF to the last five zinc 

fingers (S itterlin et al., 1997) which confirmed my observations that DNA binding to 

site A resides in the most carboxyl seven zinc fingers of PLZF (GST-7ZF) retained i n 

t(1 1 ;17) fusion protein RARa-PLZF. These results strongly suggest that RARa-PLZF 

could act as a dominant negative mutant by competing with PLZF for DNA binding sites.

To assess whether binding site A represents a biologically relevant PLZF site, 

promoters of potential target genes were searched. A PLZF binding site in the promoter 

of cyclin A2 was found (Figure 21). This putative PLZF response element matches 1 2 

out of 15 base pairs spanning the TAAA region of site A (Figure 21). Data accumulated 

by Dr. Patricia Yeyati, a postdoctoral fellow in our laboratory, suggests that PLZF binds 

to this site with a higher affinity than to binding site A suggesting that PLZF may indeed 

act through this site to regulate cyclin A2 transcription (Yeyati et al., 1996). Cell 

cycle analysis of murine myeloid cells expressing PLZF showed an accumulation in the
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G1 to S transition of the cell cycle and that this arrest is correlated with a decrease i n 

cyclin A expression (Yeyati et al., 1996).

*  #  *  *

T A T G T A C A G T A C T  Lex A operator

A A G C T A A A G T T T G  PLZF Site A

T T T G T C A A G A T A C  PLZF Genomic Site

G A G C T A A A G G C T G  Cyclin A2

Figure 21. A comparison of PLZF binding sites. The PLZF A binding site was 

compared to sites found within the cyclin A2 promoter, a human genomic genomic DNA 

fragment and the Lex A operator. denotes guanine/cytosine residues of importance as 

defined by methyfation interference of the Lex A operator. ”#“ denotes a thymine 

residue of importance for PLZFs interaction with the human genomic DNA sequence. 

Bold letters indicate conserved residues. A lose consensus of A 

(T/G)(G/C)T(A/C)(A/C)AGT can be derived from this comparison
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Chapter 4 

MAPPING THE FUNCTIONAL DOMAINS OF PLZF 

INTRODUCTION

Transcription factors are hypothesized to be modular in nature, composed of 

various functional domains. Most transcription factors contain a DNA binding domain 

and domains responsible for transcription activation and/or repression, however, many 

also contain regions responsible for ligand binding, co-factor interactions, and 

dimerization. The presence of a diverse group of effector domains in a given 

transcription factor may allow for a variety of functions depending on post translational 

modification, the presence of other factors or the architecture of cis-acting elements.

Little is known about the nature of domains that mediate transcription activation. 

Amino acid sequence analysis of activation domains revealed little sim ilarity other than 

an abundance of acidic, glutamine or proline residues (Courey et al., 1988; Lin et al., 

1991; Mermod et al., 1989). Analysis of acidic activation domains revealed that they 

formed no definite structure in the absence of protein-protein interaction (Wu et al., 

1996). Experiments performed with various deletions of a Gal4p activation fragment 

revealed that the degree of transactivation is proportional to the length of the domain 

(Wu et al., 1996), suggesting that Gal4p stimulates transcription by a general 

mechanism rather than one that entailed intricate structural arrangements. 

Furthermore, there is evidence which suggests that Gal4p activates transcription by 

interacting with TBP and TFIIB and that the strength of these interactions predicts the 

degree of transcriptional activation.
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Like domains that mediate activation, much remains to be understood about the 

repression domains. The first repression domain to be characterized is that of the 

Drosophila Kruppel protein which has been described as alanine rich. Deletions of 

alanine residues in this domain, however, had little  effect on repression by Kruppel 

(Licht et al., 1993; Licht et al., 1990). Analysis of its amino acid sequence predicted 

that this region forms an a-helix with a glutamine rich surface implying that a specific 

protein structure is important for repression function (Licht et al., 1993). Some 

repression domains are conserved within families of transcription factors. The K ruppel 

associated (KRAB) box, for example, is estimated to be present in a third of a ll 

mammalian C2-H2 zinc finger proteins (Bellefroid et al., 1991; Witzgall et al., 1994). 

Site directed mutagenesis of conserved amino acids in the KRAB boxes resulted in a 

decrease in transcription repression suggesting that all KRAB box transcription factors 

utilize the same mode of repression (Witzgall et al., 1994).

Although there are several notable exceptions, many activation and repression 

domains are conserved in function from yeast to man. Thus, it is thought that the 

underlying mechanisms of transcription regulation are conserved as well and that the 

specificity of action with respect to target genes seems to reside entirely in the 

interactions between the DNA binding domain of a transcription factor and the cis-acting 

elements present in a given promoter.

Results

To fully characterize the effector domain of PLZF, various segments of its N • 

terminal region were fused to the DNA binding domain of Gal4p. (Constructs encoding 

these chimeric proteins were co-transfected with a reporter (G5 tk-CAT) containing 5

GAL4 operators (Figure 23). The entire effector domain of PLZF (amino acids 1 -400 )  

repressed the expression of the CAT reporter approximately 16 fold. This repression
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function of PLZF was mapped to two regions in the effector domain. One of these regions 

is the POZ/BTB domain present in amino acids 1-100. The POZ/BTB domain of PLZF 

repressed transcription approximately 6  fold. When the PQZ domain was absent from 

the effector domain of PLZF, the transcription repression was approximately 4 fold 

(Figure 23). Compare Ga!4p 1-400 to Ga!4p 100-400). Another more potent 

repression domain resides within amino acids 200-300. This domain repressed 

transcription approximately 13 fold. Unlike the POZ domain, this region does not have 

homology to any known protein motifs. Neither of these repression domains can repress 

transcription to the same extent as the entire effector domain. One region within the 

PLZF effector domain, noted for an abundance of acidic residues (amino acids 100-  

200), activated transcription approximately 3 fold. The effect of this domain, however, 

is weak since it can be masked by the presence of either the POZ domain or the second 

repression domain (Figure 23-Compare Gal4p 100-200 to Gal4p 100-300; or 

compare GaL4p 100-200 to Gal4p 1-200).
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Fig 22. Mapping the functional domains of PLZF. The indicated amino acid

stretches of PLZF were fused to the DNA binding domain of Gal4p. Constructs expressing 

these fusion proteins (1pg) were cotransfected in CV1 cells along with 2 pg G5  ffc-CAT

as described in "Materials and Methods". The level of CAT expression when GAL 1 -147  

was used as effector was given the value of 1. This data represents the results of at least 

two separate experiments, each experiment represents a duplicate transfection of each 

effector.
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Discussion

Domain mapping experiments are important because not only do they provide 

insight into the PLZF protein but they also contribute to the understanding of other 

homologous proteins. For example, the identification of zinc fingers as DNA binding 

motifs in TFIIIA made possible our prediction that PLZF will bind DNA in the absence of 

any biochemical data. This hypothesis was confirmed by the experiments presented i n 

the previous chapter. In a sim ilar vein, the dissection of the effector domain of PLZF 

may contribute to the understanding of not only PLZF but other transcription factors as 

well.

PLZF contains only one conserved protein motif in its effector region, the 

POZ/BTB domain. Although it has been described as a DNA binding inhibition domain i n 

the ZID, tramtrack, GAGA and ZF5 proteins (Bardwell and Treisman, 1994; Kaplan et 

al., 1997), data presented in this chapter argue that the POZ/BTB domain does not 

inhibit DNA binding by the zinc fingers of Gal4p, particularly since transfected Gal4p 

1-400 and Ga!4p 1-100 could clearly regulate transcription in vivo.

Dissection of the PLZF effector domain revealed that the POZ/BTB domain 

mediates transcription repression. Moreover, the removal of the POZ/BTB domain 

significantly diminished the activity of the full length PLZF effector domain from 16 fold 

to 4 fold repression. These observations concur with those made of the BCL6 POZ/BTB 

domain (Chang et al., 1996; Seyfert et al., 1996).

The POZ/BTB domain of BCL6 was also shown to repress activated transcription 

(Chang et al., 1996; Seyfert et al., 1996). Whether PLZF is also capable of repressing 

activated transcription remains to be determined. Experiments performed with the ZF5
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protein indicate that its POZ/BTB domain can mediate transcriptional repression or 

activation depending on promoter context. Whether this is the case for the PLZF 

POZ/BTB domain also remains to be seen.

Like other zinc finger transcriptional repressors such as Drosophila Kruppel 

and the WT1 protein (Licht eta/., 1994; Sauer and Jackie, 1991; Wang et al., 1 993) ,  

PLZF contains both activation and repression domains. The PLZF activation domain is 

weak and its effect is masked when linked to the repression domains of PLZF in a Gal4p 

fusion construct. Nevertheless, the presence of an acidic activation domain within PLZF 

could potentially activate transcription. The presence of two repression domains w ith in  

PLZF might allow PLZF to repress transcription through two distinct mechanisms.
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Chapter 5

TRANSCRIPTIONAL REGULATION BY PLZF 

INTRODUCTION

The data presented in chapters 3 and 4 demonstrate that PLZF binds to site A in a 

sequence specific manner. Moreover, this DNA binding activity resides in the most 

carboxyl seven zinc fingers of PLZF, retained in the fusion protein RARa-PLZF. In 

addition, the effector domain of PLZF when fused to a heterologous DNA binding was 

shown to mediate transcriptional repression. This effector domain is absent in the 

fusion protein RARa-PLZF. Combined these data suggest that PLZF acts as a 

transcription repressor by binding to site A and that this repression function is absent 

or altered in RARa-PLZF.

Results

To study the transcriptional effect of PLZF through its interaction with site A, 

the expression plasmids for PLZF, RARa-PLZF or the parental plasmid SG5 were co ­

transfected in CV-1 cells with a reporter construct containing three copies of site A 

placed upstream of a HSV thymidine kinase promoter (A3 Mr-CAT). A representative

experiment is shown in figure 23A. In this experiment, each transfection was

performed in duplicate and the average of the results are plotted as relative percent CAT

conversion. These results are representative of three independent experiments.

Transfection of PLZF resulted in a 10 fold decrease of reporter activity which was not

seen when RARa-PLZF was used as effector suggesting that RARa-PLZF may act as an

aberrant PLZF, severely impaired in its ability to regulate PLZF target gene

transcription. The result of this experiment is binding site dependent since transfection

of PLZF with pBLCAT5 produced no such repression (Figure 23B). Another observation 

is that the addition of binding site A to the parental reporter plasmid pBLCAT5 (in A 3 Mr-
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CAT) resulted in an increase in reporter expression which suggests that there may be an 

activator present in CV1 cells that binds to binding site A.

Results obtained from transient transfection assays using the hematopoietic cell 

line K562 produced the same results (Figure 24). Again, PLZF mediated transcription 

repression, this time 2.5 fold. No repression was seen when RARa-PLZF was 

transfected. As seen in CV-1 cells, the introduction of the A site into pBLCAT5 also 

stimulated transcription of the CAT reporter.

Discussion

Transfection experiments using A3 tfr-CAT revealed that PLZF is a

transcriptional repressor and that this repression activity was severely diminished 

when RARa-PLZF was used as effector. RARa-PLZF expression is also under the 

regulation of the RARa promoter which suggests that in addition to its lack of repression 

function, RARa-PLZF may disrupt the temporal expression of PLZF target genes. This 

strongly suggests that a possible way in which RARa-PLZF can contribute to the 

t(11;17) APL phenotype is by deregulating the expression of PLZF target genes by 

competing with PLZF for binding sites in the promoter. The increase in CAT expression 

when the site A was introduced suggests that a potent transcriptional activator tethers 

the site A sequence. The fact that this activation through binding site A was seen in both 

CV-1 and K562 cells suggest that the activator is expressed in a wide variety of cells. 

The observation that PLZF is capable of mediating repression in the presence of this 

activator suggests that in addition to quenching the effects of transactivators, it may also 

compete with activators for binding sites.
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Fig. 23 Regulation of transcription by PLZF and RARa-PLZF. Constructs 

encoding PLZF, RARa-PLZF and the parental expression construct SG5 were 

cotransfected with either Agtfr-CAT or the parental reporter construct pBLCAT5 (as

indicated). The results presented here represents those obtained from three independent 

experiments. These transfections were performed in the monkey kidney cell line CV-1.
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Fig. 24. Regulation of transcription by PLZF and RARa-PLZF. Constructs

encoding PLZF, RARa-PLZF and the parental construct SG5 were cotransfected w ith 

either A3tfr-CAT or the parental reporter construct pBLCAT5 (as indicated). Relative

percent conversion was calculated by assigning the value of 100% to the CAT activ ity 

obtained when SG5 was cotransfected with A3 ffr-CAT. These transfections were

performed in the human erythroleukemia cell line K562
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Conclusion

When I started this body of work, the PLZF gene has just been cloned. In the 

initial study presented by Chen et al., the PLZF gene was found to be involved in 

t(11;17) ATRA non-responsive APL and its disruption in t(11 ;17) led to the formation 

of fusion proteins PLZF-RARa and RARa-PLZF (Chen et al., 1993). In the 

hematopoietic system, PLZF was shown to be expressed only in early CD34 + early 

progenitor cells and is down-regulated in granulocytic development (Chen et al., 1993). 

Based on its predicted amino acid sequence alone, PLZF was predicted to encode a 

transcription factor.

Work presented in this thesis includes the identification of several DNA 

sequences as PLZF binding sites including the p-RARE and the artificially selected site A. 

Based on binding site A, a PLZF response element has been identified in the promoter of 

cyclin A2. Currently, several lines of evidence accumulated by Dr. Patricia Yeyati 

strongly suggest that cyclin A2 is indeed a biological target gene for PLZF.

Domain mapping experiments presented in this thesis revealed that the entire 

effector domain of PLZF mediates transcription repression and that this repression is 

partially mapped to the POZ/BTB domain. Data presented here also refutes the 

hypothesis that POZ/BTB domains act as a DNA binding inhibitory domain since Gal4p1- 

100, Gal4p1-400, and PLZF have been shown to mediate transcription repression in 

transient transfection assays. Domain mapping experiments also revealed that the 

effector domain of PLZF is comprised of two potent repression domains and one acidic 

activation domain which suggests that it may regulate transcription by more than one 

mechanism.
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Transient transfection assays using a reporter under the regulation of PLZF site 

A demonstrates that PLZF repressed transcription through its binding site. Moreover, 

RARa-PLZF was not able to mediate the same level of repression. This strongly suggests 

that both (eukemogenesis and non-responsiveness to ATRA treatment may be the result of 

competition for binding sites between wildtype PLZF and RARa-PLZF.

Based on the evidence produced in this thesis, a model for leukemogenesis in 

t(1 1 ;17) APL can be proposed. In this model, promyelocytes fail to differentiate 

because transcription regulation by RARa is disrupted by PLZF-RARa. This disruption, 

however, can be overcome because PLZF RARa can partially recover its transactivation 

function in the presence of pharmacological doses of ATRA. However, in t(1 1; 17) APL, 

transcription regulation by PLZF is also disrupted, by the presence of RARa-PLZF. 

RARa-PLZF has the potential to compete with PLZF for cis-acting elements, one of 

which is present on the cyclin A2 promoter. However, the effects of RARa-PLZF on 

transcription regulation is not effected by the presence of ATRA which may explain why 

t(11;17) APL patients fail to respond to retinoic acid treatment. PLZF-RARa also has 

the potential to disrupt transcription regulation by PLZF because it contains the 

POZ/BTB domain. This domain may allow PLZF-RARa to act as a dominant negative 

mutant by sequestering co-factors or preventing dimerization by PLZF.
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Fig. 25. A model o f t(1 1; 17) APL. RARa-PLZF may contribute to the APL 

leukemic phenotype by competing with PLZF for DNA binding sites and ultimately cause 

the deregulation of PLZF target genes. PLZF target genes may be involved in the 

progression of the cell cycle, cellular differentiation or apoptosis programs. Since, 

RARa-PLZF lacks the ligand binding domain of RARa, its function as a PLZF dominant 

negative mutant may not be affected by ATRA This may contribute to the non- 

responsiveness of t(11;17) APL patients to ATRA therapy.

73

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



References

Ahn, M. J., Nason-Burchenal, K., Moasser, M. M., and Dmitrovsky, E. (1995). Growth 

suppression of acute promyeiocytic leukemia cells having increased expression of the 

non-rearranged alleles: RAR alpha or PML. Oncogene 10, 2307-14.

Alland, L.t Muhle, R.f Hou, H., Potes, J., Chin, L., Schreiber-Agus, N., S., DePinho, R. A. 

(1997). Role for N-Cor and histone deacetyfase in Sin3-mediated transcriptional 

repression. Nature 387, 49-55.

Altabef, M., Garcia, M., Lavau, C., Bae, S. C., Dejean, A., Samarut, J. (1996). A 

retrovirus carrying the promyelocyte-retinoic acid receptor PML-RARa fusion gene 

transforms hematopoietic progenitors in vitro and induces acute leukemias. EMBO 

Journal 15, 2707-2716.

Austin, R. J., Biggin, M. D. (1995). A domain of the even-skipped protein represses 

transcription by preventing TFIID binding to a promoter: repression by cooperative 

blocking. Mol. Cell. Biol. 15, 4683-4693.

Ausubel, F. M., Brent, R., Kingston, R. E., Moore, D. D., Seidman, J. G., Smith, J. A., and 

Struhl, K. (1989). Current Protocols in Molecular Biology (New York: John Wiley & 

Sons).

Avantaggiato, V., Pandolfi, P., Ruthardt, M., Hawe, N., Acampora, D., Pelicci, P., and 

Simeone, A. (1995). Developemtnal Analysis of Murine Promyelocyte Leukemia Zind 

Finger (PLZF) Gene Expression: Implications for the Neuromeric Model of the

Forebrain Organization. The Journal of Neuroscience 15, 4927-4942.

74

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Ball, H., Li, J. -Y.. Zelent, A., Waxman, S., Licht, J. (1996). Selection of Sequences 

Binding the PLZF protein from a CpG Island Genomic Library. Blood 88 (suppl).

Barberis, A., Pearlberg, J., Simkovich, N., Farrell, S., Reinagel, P., Bamdad, C., Sigal, 

G., Ptashne, M. (1995). Contact with a component of the polymerase II holoenzyme 

suffices for gene activation. Cell 81, 359-368.

Bardwell, V. J., and Treisman, R. (1994). The POZ domain: a conserved protein-protein 

interaction motif. Genes Dev. 8, 1664-1677.

Bellefroid, E. J., Poncelet, D. A., Lecocq, P. J., Revelant, O., Martial, J. A. (1991). The 

evolutionarily conserved Kruppel-associated box domain defines a subfamily of 

eukaryotic multifingered proteins. Proc. Natl. Acad. Sci. USA 88, 3608-3612.

Boddy, M. N., Howe, K., Etkin, L. D., Solomon, E., Freemont, P. S. (1996). PIC 1, a 

novel ubiquitin-like protein which interacts with PML component of a m ultiprotein 

complex that is disrupted in acute promyelocytic leukemia. Oncogene 13, 971-982.

Borden, K. L., Lally, J. M., Martin, S. R., O'Reilly, N. J., Solomon, E., Freemont, P. S. 

(1996). In vivo and in vitro characterization of the B1 and B2 zinc-binding domains 

from the acute promyelocytic leukemia protooncoprotein PML. Proc. Natl. Acad. Sci. USA. 

93, 1601-1606.

Borden, K. L., Boddy, M. N., Lally, J., O'Reilly, N. J., Martin, S., Howe, K., Solomon, E., 

and Freemont, P. S. (1995). The solution structure of the RING finger domain from the 

acute promyelocytic leukaemia proto-oncoprotein PML. Embo J 14, 1532-41.

75

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Boshart, M., Kluppel, M., Schmidt, A., Shutz, G., Luckow, B. (1992). Reporter 

constructs with low background activity utilizing the cat gene. Gene 110, 129-130.

Breitman, T., and Collins, S., BR (1981). Induction of differentiation of the human

promyelocytic cell lin HL-60 by retinoic acid. Proc. Natl. Acad. Sci. USA 77.

Briggs, M. R., Kadonoga, J. T., Bell, S. P., Tjian, R. (1986). Purification and 

biochemical characterization of the promoter specific transcription factor, Sp1. Science 

234.

Brown, D., Kogan, S., Lagasse, E., Weissman, I., Alcalay, M., Pelicci, P. G., Atwater, S., 

Bishop, J. M. (1997). A PML RAR alpha transgene initiates murine acute 

promyelocytic leukemia. Proc. Natl. Acad. Sci. USA 94, 2551-2556.

Castaigne, S., Chomienne, C., Daniel, M.-T., Ballerini, P., Berger, R., Fenaux, P., and 

Degos, L. (1990). All-trans retinoic acid as a diffemetiation therapy for acute 

promyelocytic leukemia. I. Clinical results. Blood 76, 1704-1709.

Chambon, P. (1996). A decade of molecular biology of retinoic acid receptors. The

FASEB Journal 10, 940-954.

Chang, C.-C., YE, B. H., Chaganh, R. S. K., Dalla-Favera, R. (1996). BCL-6, a POZ/zinc 

finger protein, is a sequence specific transcriptional repressor. Biochemistry 93, 

6947-6952.

76

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chang, K. S., Fan, Y. H., Andreef, M., Liu, J., Mu, Z. M. (1995). The PML gene encodes a 

phosphoprotein associated with the nuclear matrix. Blood 85, 3646-3653.

Chen, J. D., Umesono, K., Evans, R. M. (1996). SMRT isoforms mediate repression and 

anti-repression of nuclear receptor heterodimers. Proc. Natl. Acad. Sci. USA 93, 7 5 6 7 -  

7571.

Chen, J. D., Evans, R. M. (1995). A transcriptional co-repressor that interacts with 

nuclear hormone receptors. Nature 377, 454-457.

Chen, S. J., Zelent, A., Tong, J. H., Yu, H. Q., Wang, Z. Y., Derre, J., Berger, R., 

Waxman, S., and Chen, Z  (1993). Rearrangements of the retinoic acid receptor alpha 

and promyelocytic leukemia zinc finger genes resulting from t(11;17)(q23;q21) in a 

patient with acute promyelocytic leukemia. J Clin Invest 91, 2260-2267.

Chen, Z., Brand, N. J., Chen, A., Chen, S. J., Tong, J. H., Wang, Z. Y., Waxman, S., and 

Zelent, A. (1993). Fusion between a novel Kruppel-like zinc finger gene and the 

retinoic acid receptor-alpha locus due to a variant t(11;17) translocation associated 

with acute promyelocytic leukaemia. Embo J 12, 1161-7.

Chen, Z., Guidez, F., Rousselot, P., Agadir, A., Chen, S. J., Wang, Z. Y., Degos, L., Zelent,

A., Waxman, S., and Chomienne, C. (1994). PLZF-RAR alpha fusion proteins generated 

from the variant t(11;17)(q23;q21) translocation in acute promyelocytic leukemia 

inhibit ligand-dependent transactivation of wild-type retinoic acid receptors. 

Proceedings of the National Academy of Sciences of the United States of America 91 ,

1178-82.

77

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chen, Z., Xue, Y., Zhang, R., Tao, R., Xia, X., Li, C., Wang, W., Zu, W., Yao, X., and Ling,

B. (1991). A clinical and experimental study on all-trans retinoic acid-treated acute 

promyelocytic leukemia patients. Blood 78, 1413-1419.

Clarkson, B. (1991). Retinoic acid in acute promyelocytic leukemia: the promise and 

the paradox. [Review]. Cancer Cells 3, 211-220.

Collins, S., Robertson, K., and Mueller, L. (1990). Retinoic acid-induced granulocyte 

differentiation of HL-60 myeloid leukemia cells is mediated directly through the 

retinoic acid receptor a (RAROa). Mol. Cell. Biol. 10, 2154-2163.

Cook, M>, Gould, A., Brand, N., Davies, J., Strutt, P., Shaknovich, R., Licht, J., 

Waxman, S., Chen, Z., Gluecksohn-Waelsch, S., andet al. (1995). Expression of the 

zinc-finger gene PLZF at rhombomere boundaries in the vertebrate hindbrain. Proc. 

Natl. Acad. Sci. USA 92, 2249-2253.

Courey, A., J., Tjian, R., (1988). Analysis of Sp1 in vivo r3eveals m ultiple 

transcriptional domains, including a novel glutamine-rich activation motif. Cell 55, 

887-898.

Daniel, M. T., Koken, M., Romagne, O., Barbey, S., Bazarbachi, A., Stadler, M., 

Guillemin, M. C., Degos, L., Chomienne, C. and de The, H. (1993). PML protein 

expression in hematopoietic and acute promyelocytic leukemai cells. Blood 82, 1858- 

1867.

78

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



de The, H., Chomienne, C., Lanotte, M., Degos, L., and Dejean, A. (1990). The t (1 5; 1 7) 

translocation of acute promyelocytic leukaemia fuses the retinoic acid receptor alpha 

gene to a novel transcribed locus. Nature 347, 558-61.

de Thd, H., Lavau, C., Marchi, A., Chomienne, C., Degos, L., and Dejean, A. (1991). The 

PML-RARa fusion mRNA generated by the t(15;17) translocation in acute 

promyelocytic leukemia encodes a functionally altered RAR. Cell 66, 675-684.

Dent, A. L., Yewdell, J., Puvion-Dutilleul, F., Koken, M. H., de The, H., Staudt, L. M. 

(1996). LYSP100- associated nuclear domains (LANDs): description of a new class of 

subnuclear strructures and their relationship to PML nuclear bodies. Blood 88, 1 4 23 - 

1426.

Dong, S., Zhu, J., Reid, A., Strutt, P., Guidez, F., Zhong, H.-J., Wang, Z.-Y., Licht, J., 

Waxman, S., Chomienne, C., Chen, Z., Zelent, A., and Chen, S.-J. (1996). Amino- 

terminal protein-protein interaction motif (POZ-domain) is responsible for activities 

of the promyelocytic leukemia zinc finger-retinoic acid receptor-a fusion protein. 

Proceedings of the National Academy of Science. USA 93, 3624-3629.

Durand, B., Saunders, M., Leroy, P., Leid, M., Chambon, P. (1992). All-trans and 9 - 

cis retinoic acid induction of CRABPII transcription is mediated by RAR-RXR 

heterodimers bound to DR1 and DR2 repeated motifs. Cell 71, 73-85.

Dyck, J. A., Maul, G. G., Miller, W. H., Jr., Chen, J. D., Kakizuka, A., and Evans, R. M. 

(1994). A novel macromolecular structure is a target of the promyelocyte-retinoic acid 

receptor oncoprotein. Cell 76, 333-43.

79

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Early, E., Moore, M. S., Kakizuka, A., Nason-Buchenal, K., Martin, P., Evans, R. M., 

Dmitrovsky, E  (1996). Transgenic expression of PML/RARa impairs myelopoiesis. 

Proc. Natl. Acad. Sci. USA 93, 7900-7904

Elliot, S., Taylor, K., White, S., Rodwell, R., Marlton, P., Meagher, D., Wiley, J., 

Taylor, D., Wright, S., and Timms, P. (1992). Proof of differentitative mode of action 

of all-trans retinoic acid in acute promyelocytic leukemia using X-linked clonal 

analysis. Blood 79, 1916-1919.

Engelke, D. R., Ng, S.-Y., Shastry, B. S., Roeder, R. G. (1980). Specific interaction of a 

purified transcription factor with an internal control region of 5sRNA gene. Cell 19, 

717-728.

Fainsod, A., Margalit, Y„ Haffner, R., Gruenbaum, Y. (1991). Non-immunological 

precipitation of protein-DNA complexes using glutathiuone-S-transferase fusion 

proteins. Nucleic Acid Research 19, 4005.

Fairall, L , Schwabe, J. W., Chapman, L., Finch, J. T., Rhodes, D. (1993). The crystal 

structure of a two zinc-finger peptide reveals an extension to the rules for zinc- 

finger/DNA recognition. Nature 366, 483-487.

Fairall, L , Harrison, S. D., Travers, A. A., Rhodes, D. (1992). Sequence-specific DNA 

binding by a two zinc finger peptide from the Drosophila melanogaster Tramtrack 

protein. Journal of Molecular Biology 226, 349-366.

80

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Gadbois, E., Chao, D. M., Reese, J. C., Green, M. R., Young, R. A. (1997). Functional 

antagonism between RNA polymerase II holoenzyme and global negative regulator NC2 i n 

vivo. Proc. Natl. Acad. Sci. USA 94, 3145-3150.

Genetta, T., Ruezinsky, D., Kadesch, T. (1994). Displacement of an E-box-binding 

repressor by basic helix-loop-helix proteins: implications for B-cell specificity of the 

immunoglobulin heavy chain enhancer. Mol. Cell. Biol. 14, 6153-6163.

Goddard, A., Borrow, J., Freemont, I., and Solomon, E. (1991). Characterization of the 

zinc finger gene disrupted by the t(15;17) in acute promyelocytic leukemia. Science 

254, 1371-1374.

Gold, M. O., Tassan, J. P., Nigg, E. A., Riche, A. P., Herrmann, C. H. (1996). Viral 

transactivators E1A and VP16 interact with a large complex that is associated with CTD 

kinase activity and contains CDK8. Nucleic Acids Res 24, 3771-3777.

Green, S., Issemann, I., and Scheer, E (1988). A versatile in vivo and in v itro  

eukaryotic expression vector for protein engineering. Nucl Acids Res 16, 369.

Grignani, F., Testa, U., Rogaia, D., Ferrucci, P. F., Samoggia, P., Pinto, Al, Aldinucci, D., 

Gelmetti, V., Fagioli, M., Alcalay, M., Seeler, J., Grignani, F., Nicoletti, I., Peschle, C., 

Pelicci, P. G. (1996). Effects on differentiation by the promyelocytic leukemia 

PML/RAR alpha protein depend on the fusion of the PML protein dimerization and RAR 

alpha DNA binding domains. EMBO Journal 15, 4949-4958.

81

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Grignani, F., Fagioli, M., Alcalay, M., Longo, L., Pandolfi, P. P., Donti, E., Biondi, A., Lo 

Coco, F., Grignani, F., and Pelicci, P. G.(1994). Acute promyelocytic leukemia: from 

genetics to treatment. Blood 83, 10-25.

Grignani, F., Ferrucci, P. F., Testa, U., Talamo, G„ Fagioli, M., Alcalay, M., Mencarelli, 

A., Grignani, F., Peschle, C., Nicoletti, I., and et al. (1993). The acute promyelocytic 

leukemia-specific PML-RAR alpha fusion protein inhibits differentiation and promotes 

survival of myeloid precursor cells. Cell 74, 423-31.

Grisolano, J. L., Wesselschmidt, R. L., Giuseppe, P., Ley, T. J. (1997). Alterred myeloid 

development and acute leukemia in transgenic mice expressing PML-RARa under control 

of cathepsin G regulatory sequences. Blood 89, 376-387.

Holland, J. F., Fre III, E., Bast Jr., R. C., Kufe, D. W., Morton, D. L., Weichselbaum, R. 

R. (1993). Cancer Medicine, Third Edition (Malveme, P. A.: Lea and Febiger).

Horlein, A. J., Naar, A. M., Heinzel, T., Torchia, J., Gloss, B., Kurokawa, R., Ryan, A., 

Kamei, Y., Soderstrom, M., Glass, C. K. and Rosenfeld, M. G. (1995). Ligand-independent 

repression by the thyroid hormone receptor mediated by a nuclear receptor co- 

repressor. Nature 377, 397-403.

Hwang, W. L., Gau, J. P., Chen, M. C., and Young, J. H. (1993). Treatment of acute 

promyelocytic leukemia with all-trans retinoic acid: successful control of 

hyperleukocytosis and leukostasis syndrome with leukaphereses and hydroxyurea 

[letter]. American Journal of Hematology 43, 323-4.

82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Ishida, T., Mizushima, S., Azuma, S., Kobayashi, N., Tojo, T.t Suzuki, K., Aizawa, S., 

Watanabe, T., Mosiaios, G., Kieff, E., Yamamoto, T., Inoue, J. (1996). identification of 

TRAF6, a novel tumor necrosis factor receptor-associated factor protein that mediates 

signaling from an amin-terminal domain of the CD40 cytoplasmic region. J Biol Chem 

271, 28745-28748.

Kakizuka, A., Miller, W. H., Jr., Umesono, K., Warrell, R. P., Jr., Frankel, S. R., 

Murty, V. V., Dmitrovsky, E., and Evans, R. M. (1991). Chromosomal translocation 

t(15;17) in human acute promyelocytic leukemia fuses RAR alpha with a novel putative 

transcription factor, PML. Cell 66, 663-74.

Kanamaru, A., Takemoto, Y., Tanimoto, M., Murakami, H., Asou, N., Kobayashi, T., 

Kuriyama, K., Ohmoto, E., Sakamaki, H., Tsubaki, K., and et al. (1995). All-trans 

retinoic acid for the treatment of newly diagnosed acute promyelocytic leukemia. Japan 

Adult Leukemia Study Group. Blood 85, 1202-6.

Kaplan, J., Calame, K. (1997). The ZiN/POZ domain of ZF5 is required for both 

transcriptional activation and repression. Nucleic Acids Res. 25, 1108-1117.

Kastner, P., Perez, A., Lutz, Y., Rochette-Egly, C., Gaub, M., Durand, B., Lanotte, M., 

Berger, R., Chambon, P. (1992). Structure localization and trancriptional properties 

of two classes of retinoic acid receptor a fusion proteins in acute promyelocytic 

leukemia (APL): structural sim ilarities with a new family of oncoproteins. Embo 

Journal 11, 629-642.

Kastner, P., Perez, A., Lutz, Y., Rochette-Egly, C., Gaub, M. P., Durand, B., Lanotte, M., 

Berger, R., Chambon, P. (1992). Structure, localization and transcriptional properties

83

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



of two classes of retinoic acid receptor a fusion proteins in acute promyelocytic 

leukemia (APL): Structural sim ilarities with a new family of oncoproteins. EKAO 

Journal 11, 629-642.

Koken, M. H., Puvion-Dutilleul, F., Guillemin, M. C.t Viron, A., Linares-Cruz, G., 

Stuurman, N., de Jong, L , Szistecki, C., Calvo, F., Chomienne, C. et. al., (1994). The 

t(15;17) translocation alters a nuclear body in a retinoic acid-reversible fashion. 

EMBO J. 13, 1073-1083

Kurokawa, R., Soderstrom, M., Horlein, A., Halachmi, S., Brown, M., Rosenfeld, M. G., 

and Glass, C. K. (1995). Polarity-specific activities of retinoic add receptors 

determined by a co-repressor. Nature 377, 451-454.

Larson, R. A., Kondo, K., Vardiman, J. W., Butler, A. E., Golomb, H. M., and Rowley, J. D. 

(1984). Evidence fo ra  15,17 translocation in every patient with acute promyelocytic 

leukemia. American Journal of Medicine 76, 827-841.

Lavau, C., Marchio, A., Fagioli, M., Hansen, J., Falini, B., Lebon, P., Grosveld, F., 

Pandolfi, P. P. Pelicci, P. G., Dejean, A. (1995). The acute promyelocytic leukemia- 

associated PML gene is induced by interferon. Oncogene. 871-876.

Lee, M. S., Gippert, G. P., Soman, K. V., Case, D. A., Wright, P. (1989). Three 

dimensional solution structure of a single zinc finger DNA-binding domain. Sdence 11, 

635-637.

84

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Li, J.-Y., Yeyati, P., Zelent, A., Chen, Z., Chen, S. J., Waxman, S., Licht, J. D. (1 995). 

[DNA binding and transcriptional regulation by the promyelocytic leukemia zinc finger 

protein. Blood. 86 (Suppl), 262a.

Licht, J. D., Hanna-Rose, W., Reddy, J. C., English, M. A., Ro, M., Grossel, M., 

Shaknovich, R., Hansen, U. (1994). Mapping and mutagenesis of the amino term inal 

transcriptional repression domain of the Drosophila Kruppel protein. Mol. Cell. Biol. 

14, 4057-4066.

Licht, J. D., Ro, M., English, M. A., Grossel, M., Hansen, U. (1993). Selective 

repression of transcriptional activator at a distance by the Drosophila Kruppel protein. 

Proc. Natl. Acad. Sci. USA 90, 11361-11365.

Licht, J. D., Chomienne, C., Goy, A., Chen, A., Scott, A. A., Head, D. R., Michaux, J. L., 

Wu, Y., DeBlasio, A., Miller, W. H., Jr., and et al. (1995). Clinical and molecular 

characterization of a rare syndrome of acute promyelocytic leukemia associated with 

translocation (11;17). Blood 85, 1083-94.

Licht, J. D., Grossel, M. J., Figge, J., and Hansen, U. M. (1990). The Drosophila 

Kruppel protein is a transcriptional repressor. Nature(London) 346, 76-79.

Licht, J. D., Shaknovich, R., English, M. A., Melnick, A., Li, J. Y., Reddy, J. C., Dong, S., 

Chen, S. J., Zelent, A., and Waxman, S. (1996). Reduced and altered DNA-binding sod 

transcriptional properties of the PLZF-retinoic acid receptor-alpha chimera generated 

in t(11;17)-associated acute promyelocytic leukemia. Oncogene 12, 323-36.

85

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Lin, Y.-S., Green, M. R. (1991). Mechanism of action of an acidic transcriptional 

activator in vitro. Cell 64, 971-981.

Lovering, R., Hanson, I. M., Borden, K. L., Martin, S., OReilly, N. J., Evan, G. I., 

Rahman, D., Pappin, D. J., Trowsdale, J., and Freemont, P. S. (1993). Identification and 

preliminary characterization of a protein motif related to the zinc finger. Proc. Natl. 

Acad. Sci. U S A 90, 2112-2116.

Mader, S., Chen, Jia-Yang, Chen, Z., White, J., Chambon, P., Gronmeyer, H. (1993). 

The patterns of binding of RAR, RXR and TR homo- and heterodimers to direct repeats 

are dictated by the binding specificities of the DNA binding domains. EMBO Journal 12, 

5029-5041.

Mangelsdorf, D. J., Borgmeyer, U., Heyman, R. A., Zhou, J. Y., Ong, E. S., Oro, A. E., 

Akira, K., Evans, R. (1992). Characterization of three RXR genes that mediate the action 

of 9-cis retinoic acid. Genes & Development 6, 329-343.

McBryant, S. J., Gedulin, B., Clemens, K. R., Wright, P. E., Gottesfeid, J. M. (1996). 

Assessment of major and minor groove DNA interactions by the zinc fingers of Xenopus 

transcription factor. Nucleic Acid Research 24, 2567-2574.

McBryant, S. J., Gedulin, B., Clemens, K., Wright, P., Gottesfeid, J. M. (1996). 

Assessment of major and minor groove DNA interactions by the zinc fingers of Xenopus 

transcription factor IIIA. Nucleic Acids Research 24, 2567-2574.

86

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Mermod, N., O’Neill, E. A., Kelly, T., J., Tjian, R. (1989). The pro line-rich 

transcriptional activator of CTF/NF-1 is distinct from the replication and DNA binding 

domain. Cell 4, 741-753.

Miller, J., McLachian, A. D., Klug, A. (1988). Repetitive zinc-binding domains in the 

protein transcription factor IIA from Xenopus oocyte. EMBO J. 4, 1609-1614.

Molnar, A., Georgopoulos, K. (1994). The Ikaros gene encodes a family of functionally 

diverse zinc finger DNA binding proteins. Mol. Cell. Biol. 14, 8292-8303.

Mu, Z. M., Chin, K. V., Liu, J. H., Lozano, G., Chang, K. S. (1994). PML, a growth 

suppressor disrupted in acute promyelocytic leukemia. Mol. Cell. Biol. 14, 6 8 5 8 -  

6867.

Nason-Burchenal, K., Gandini, D., Botto, M., Allopenna, J., Seale, J. R., Cross, N. C., 

Goldman, J. M., Dmitrovsky, E., Pandolfi, P. P. (1996). Interferon augments PML and 

PML/RAR alpha expression in normal myeloid and acute promyelocytic cells and 

cooperates with all-trans retinoic acid to induce maturation of a retinoid-resistant 

promyelocytic cell line. Blood 88, 3926-3936.

Numoto, M„ Niwa, O., Kaplan, J., Wong, K. K., Merrell, K „ Kamiya, K., Yanagihara, K., 

and Calame, K. (1993). Transcriptional repressor ZF5 identifies a new conserved 

domain in zinc finger proteins. Nucleic Acids Res. 21, 3767-3775.

87

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Pandolfi, P. P., Rivi, R., Gaboli, M., Giorgio, M., Antoniou, Bygrave, A., Fagioli, M., 

Cordon-Cardo, C., Pelicci, P . G., Luzzatto, L., Grosveld, F. (1995). Targeted disruption 

of the PML gene of acute promyelocytic leukemia. Blood 86 (Suppl), 261a.

Pandolfi, P. P., Grignani, F., Alcalay, M., Mencarelli, A., Biondi, A., LoCoco, F., 

Grignani, F., and Pelicci, P. G. (1991). Structure and origin of the acute promyelocytic 

leukemia myl/RAR alpha cDNA and characterization of its retinoid-binding and 

transactivation properties. Oncogene 6, 1285-92.

Parada, C. A., Roeder, R. G. (1996). Enhanced processivity of RNA polymerase II

triggered by Tat-induced phosphorylation of its carboxy-terminal domain. Nature 384, 

375-378.

Pavletich, N. P., Pabo, C. O. (1993). Crystal structure of a five-finger GLI-DNA 

compelx: new perspective on zinc fingers. Science 261, 1701-1707.

Pavletich, N. P., Pabo, C. O. (1991). Zinc finter-DNA recognition: crystal structure of

a Zif268-DNA complex at 2.1 A. Science 252, 809-817.

Pedone, P., Ghirlando, R., Marius Clore, G, Gronenbom, A. M., Felsenfeld, G., 

Omichinski, J. G. (1996). The single Cys2-His2 zinc finger domain of the protein 

flanked by basic residues is sufficient for high affinity specific DNA binding. Proc. Natl. 

Acad. Sci. USA 93, 2822-2826.

Perez, A., Kastner, P., Sethi, S., Lutz, Y., Reibel, C., and Chambon, P. (1993). PMLRAR 

homodimers: distinct DNA binding properties and heteromeric interactions with RXR. 

EMBO Journal 12, 3171-82.

88

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Rashne, M., Gann, A. (1997). Transcriptional activation by recruitment. Nature 386, 

569-577.

Pugh, B. F., Tjian, R. (1992). Diverse transcriptional functions of the m ultisubunit 

eukaryotic TFIID complex. J. Biol. Chem. 267, 679-682.

Rauscher III, F. J., Morris, J. F., Toumay, O. E., Cook, D. M., Curran, T. (1990). 

Binding of the Wilms' tumor locus zinc finger protein to the EGR-1 consensus sequence. 

Science 250, 1259-1262.

Reddy, J. C., Hosono, S., Licht, J. D. (1995). The transcriptional effect of WT1 is 

modulated by choice of expression vector. J. Biol. Chem. 270, 29976-29982.

Reid, A., Gould, A., Brand, N., Cook, M., Strutt, P., Li, J., Licht, J., Waxman, S., 

Krumlauf, R., andZelent, A. (1995). Leukemia translocation gene, PLZF, is expressed 

with a speckled nuclear pattern in early hematopoietic progenitors. Blood 86, 4 5 4 4 -  

52.

Repa, J. J., Hanson, K. K., Clagett-Dame, M. (1993). A ll-trans-retinol is a ligand fo r 

the retinoic acid receptors. Proc. Natl. Acad. Sci USA 90, 7293-7297.

Rodgers, K. K., Fleming, B. Z., Schatz, D. G., Engleman, D. M., Coleman, J. E. (1996). A 

zinc binding domain involved in the dimerization of RAG1. J Mol Biol, 70-84.

Rousselot, P., Hardas, B., Patel, A., Guidez, F., Gaken, J., Castaigne, S., Dejean, A., de 

The, H., Degos, L., Farzaneh, F., et a/. (1994). The PML-RAR alpha gene product of the

89

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



t(15;17) translocation inhibits retinoic acid-induced granulocytic differentiation and 

mediated transactivation in humnan myeloid cells. Oncogene 9, 545-551.

Rowley, J. D., Golomb, H. M., and Dougherty, C.t (1977a). (1977). 15 /17

translocation, a consistent chromosomal change in acute promyelocytic leukemia. Lancet 

1, 549-550.

Rowley, J. D., Golomb, H., M., Vardiman, J. W., Fukuhara, S., Dougherty, C., and Potter, 

D. (1977). Further evidence for a consistent chromosomal abnormality in acute 

promyelocytic leukemia, international Journal of Cancer 20, 860-872.

Sauer, F., Jackie, H. (1991). Concentration-dependent transcriptional activation o r 

repression by Kruppel from a single binding site. Nature 353, 563-566.

Sauer, F., Fondell, J, D,., Ohkuma, Y., Roeder, R. G., Jackie, H. (1995). Control of 

transcription by Kruppel through interaction with TFIIB and TFIIEb. Nature 375, 1 6 2 -  

164.

Selden, R. F., Burke-Howie, K., Rowe, M. E., Goodman, H. M., and Moore, D. D. (1 986). 

Human growth hormone reporter gene in regulation studies employing transient gene 

expression. Mol Cell Biol 6, 3173-3179.

Seyfert, V. L., Allman, D„ He, Y., Staudt. L. M. (1996). Transcriptional repression by 

the proto-oncogene BCL-6. Oncogene 12, 2331-2342.

Shaknovich., R., Yeyati, P. L., Licht, J. D. (1997). PLZF inhibits Growth and 

Differentiation of Myeloid Cells. Manuscript in preparation.

90

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Shi, Y., Berg, J. (1996). DNA unwinding induced by zinc finger protein binding. 

Biochemistry 35, 3845-3848.

Shi, Y., Seto, E., Chang, L. S., and Shenk, T. (1991). Transcriptional repression by YY1 

a Gli-Kruppel-related protein, and relief of repression by adenovirus E1A. Cell 67, 

377-388.

Sitterlin, D., Tiollais, P., Transy, C. (1997). The RARa-PLZF chimera associated with 

acute promyelocytic leukemia has retained a sequence-specific DNA binding domain. 

Oncogene 14, 1067-1074.

Smith, D. B., and Johnson, K. S. (1988). Single-step purification of polypeptides 

expressed in Eschenchia coli as fusions with glutathione S-transferase. Gene 67, 3 1 - 

40.

Stadler, M., Chelbi-Alix, M. K., Koken, M. H., Venturini, L., Lee, C., Saib, A., Quignon, 

F., Pelicano, L., Guillemin, M. C., Schindler, (1995). Transcriptional induction of the 

PML growth suppressor gene by interferons is mediated through an ISRE and a GflS 

element. Oncogene 11, 2565-2573.

Tallman, M. S., and Rowe, J. M. (1994). Acute promyelocytic leukemia: a paradigm fo r 

differentiation therapy with retinoic acid. [Review]. Blood Reviews 8, 70-8.

Thorsten, H., Lavinsky, R. M., Mullen, T.-M., Soderstrom, M., Laherty, C., Torchia, J., 

Yang, W. -M., Brard, G., Ngo, S. D., Davie, J. R., Seto, E., Eisenman, R., Rose, D., Glass,

91

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



C. K., Rosenfeld, M. G. (1997). A complex containing, N-CoR mSin3 and histone 

deacetylase mediates transcriptional repression. Nature 287, 43-48.

Tsai, S., Bartelmez, S., R., H., Oamm, K., Evans, R., and Collins, S. J. (1992). A 

mutated retinoic acid receptor-alpha exhibiting dominant-negative activity alters the 

lineage development of a multipotent hematopoietic cell line. Genes Dev. 6, 2258-2269.

Tsai, S., and Collins, S. J. (1993). A dominant negative retinoic acid receptor blocks 

neutrophil differentiation at the promyelocyte stage. Proc. Natl. Acad. Sci. USA 90, 

7153-7 .

Wang, Z.-Y., Qiu, Q.-Q., and Deuel, T. F. (1993). The Wilms' tumor gene product WT1 

activates or suppresses transcription through separate functional domains. J. Biol. 

Chem. 268, 9172-9175.

Warrell, R. P., Jr., de The, H., Wang, Z. Y., and Degos, L. (1993). Acute promyelocytic 

leukemia. N Engl J Med 329, 177-89.

Warrell, R. P., Jr., Frankel, S. R., Miller, W. H., Jr., Scheinberg, D. A., Itri, L. M., 

Hittelman, W. N., Vyas, R., Andreeff, M., Tafuri, A., Jakubowski, A., and et al. (1 991 ).  

Differentiation therapy of acute promyelocytic leukemia with tretinoin (a ll- t ra n s -  

retinoic acid). New England Journal of Medicine 324, 1385-93.

Weis, K., Rambaud, S., Lavau, C., Jansen, J., Carvalho, T., Carmo-Fonseca, M., Lamond, 

A., and Dejean, A. (1994). Retinoic acid regulates aberrant nuclear localization of PML- 

RAR alpha in acute promyelocytic leukemia cells. Cell 76, 345-56.

92

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Witzgall, R., O'Leary, E., Leaf, A., Dilek, O., and Bonventre, J. V. (1994). The Kruppel- 

associated box-A (KRAB-A) domain of zinc finger proteins mediates transcriptional 

repression. Proc. Natl. Acad. Sci. USA 91, 4514-4518.

Wright, W., Binder, M., Funk, W. (1991). Cyclin amplification and selection of targets 

(CASTing) for the myogenin consensus binding site. Mol. Cell. Biol. 11, 4104-4110.

Wu, X., Wang, X., Qien, X., Liu, H., Ying, J., Yang, Z., Yao, H. (1993). Four years' 

experience with the treatment of all-trans retinoic acid in acute promyelocytic 

leukemia. American Journal of Hematology 43, 183-189.

Wu, Y., Reece, R., J., Ptashne, M. (1996). Quantitation of putative activator-target 

affinities predicts transcriptional activating potentials. EMBO J. 15, 3951-3963.

Xiong, W. C., Montell, C. (1993). tramtrack is a transcriptional repressor required fo r 

cell fate determination in the Drosophila eye. Genes Dev. 7, 1085-1096.

Yeyati, P. L., Shaknovich, R., Zelent, A., Li, J. -Y „ Waxman, S., Licht, J. D. (1 9 9 6 ) .  

Cyclin A is a candidate target gene of the promyelocytic leukemia zinc finger protein. 

Blood 88 (suppl), 291a.

Zollman, S., Godt, D., Prive, G. G., Couderc, J. L., Laski, F. A. (1994). The BTB domain, 

found primarily in zinc finger proteins, defines an evolutionarily conserved family that 

includes several developmentally regulated genes in Drosophila. Proc. Natl. Acad. Sci. 

USA 91, 10717-10721.

93

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Zuber, M., Heyden, T. S., Lajous-Petter, A. M. (1995). A human autoantibody 

recognizing nuclear matrix-associated protein localized in dot structures. Biol Cell 85, 

77 -86 .

94

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


