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SUMMARY

Chromosome 20q13 is highly amplified in human cancers, including 20-30% of early
stage human breast cancers. The amplification correlates with poor prognosis.
Over-expression of the zinc-finger protein 217 (ZNF217), a candidate oncogene on
20913.2, in cultured human mammary and ovarian epithelial cells can lead to their
immortalization, indicating that selection for ZNF217 expression may drive 20q13
amplification during critical early stages of cancer progression. ZNF217 can also
attenuate apoptotic signals resulting from exposure to doxorubicin, suggesting that
ZNF217 expression may also be involved in resistance to chemotherapy. Recent
findings indicate that ZNF217 binds specific DNA sequences, recruits the co-
repressor C-terminal binding protein (CtBP), and represses the transcription of a
variety of genes. Inappropriate expression of ZNF217 may lead to aberrant down-
regulation of genes involved in limiting the proliferation, survival, and/or
invasiveness of cancer cells. Better understanding of ZNF217 and its associated

pathways may provide new targets for therapeutic intervention in human cancers.



INTRODUCTION

Zinc finger (ZNF) containing proteins are extremely abundant in higher eukaryotes
and can function as sequence-specific DNA-binding factors. Following the
sequencing of the human genome, genes encoding hundreds of zinc finger proteins
have been uncovered, but the functional significance of most is partially or
completely unknown. One zinc finger protein that has received recent interest as a
potential oncogene is ZNF217. This review will focus on the evidence that selection
for ZNF217 expression drives 20913 amplification in a variety of cancers, and on
new molecular studies that have begun to dissect the mechanisms by which

ZNF217 amplification may provide selective advantages to cancer cells.

Chromosome 20q13 amplifications in human cancers

DNA amplifications are common in human cancers, can result in increases in gene
expression, and are often sites of oncogenes that confer proliferative and/or survival
advantages to host cells. Amplifications involving human chromosome 20q13 are
observed in a number of different cancer types, including breast [1-3], ovarian [4, 5],
and squamous cell cancers [6, 7]. 20q13 amplifications have been shown to be
associated with reduced disease-free survival [8, 9], reduced patient survival [10],
increased mean cell proliferation activity [11], increased tumour
grade/aggressiveness [9, 12], and to correlate with poor prognosis. 20q13
amplifications are thought to occur early in the course of breast cancer development
[13]. The finding that the 20q13 region is selectively targeted for amplification during
cancer progression suggests that it contains one or more genes that confer

selective advantages to cancer cells.



In order to understand the contribution of 20q13 amplification to tumorigenesis,
research has focused on defining the minimal common amplified region. In 1994, a
1.5 Mb region was identified in breast cancer cell lines, but at the time no obvious
candidate oncogenes within this region were known [14]. However, as information
about the human genome has accumulated, a number of genes found on
chromosome 2013 have been identified as possible oncogenic targets of
amplification. These include STK15/BTAK/Aurora? [15-17], CAS [18-20],
BCAS1/NABC1 [21], PFDN4 [22], EEF1A2 [23], CYP24 [24] and ZNF217 [25}[24].

It is likelypossible that there is more than one oncogene in the 20g13.2 amplicon as

a—case—can—be—madethere is evidence that manyseveral of these genes may

contribute towards tumour development. For example, EEF1A2, which encodes a

protein elongation factor, has been shown to transform NIH-3T3 fibroblasts and

Atestisrresthesetrensisrrredeellsnte—ralee—was—sufieiensthese transformed

cells induced tumours in mice [23, 26]. -Similarly, the STK15 gene which encodes

the centromere associated kinase Aurora? has been shown to transform NIH-3T3

fibroblasts and MCF7 breast carcinoma cells [27]. In this review we will focus on the

evidence that ZNF217 is an the-oncogene-ZNF217-

ZNF217 is a candidate oncogene on 20g13.2

In order for a particular gene in an amplicon to be driving the selection of cells with
the amplification, this gene must be located at the core of the amplified region and
amplification must lead to over-expression of the gene. In 1998, Collins and
colleagues [25}f24] cloned a 1 Mb region of chromosome 20g13. They defined a
~260 kb region of maximal amplification that was common to a series of breast
tumours and described a new gene, ZNF217, which was found within this 260 kb

region. ZNF217 was shown to be more highly expressed in all ten breast cancer cell
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lines carrying the 20q13 amplification than in lines with normal 20g13 copy number.
This study provided evidence that ZNF217 fits the criteria for a driver gene in the

20913 amplicon.

A number of subsequent studies have provided additional evidence that ZNF217 is
a candidate target gene driving 20913 amplification in a significant proportion of
tumours and cell lines from a range of human cancer types, including cancers of the
breast, colon, stomach, ovary and pancreas (Table 1). In addition, ZNF217 was
found in separate studies to be within a narrow region of high copy number in breast
tumours [28}25} and gastric adenocarcinomas [29}{26]. Increased copy number of
ZNF217 has been shown to correlate with increased expression in a gene dosage
dependent manner [30}27#. ZNF217 amplification has also been shown to correlate
with shorter patient survival in ovarian cancer [19, 311928} and colon cancer [32}
[29]. The copy number of the ZNF217 genes has been found to be higher in
metastatic melanoma than in primary melanoma [33}{36]. The frequency of
increased ZNF217 copy number has also been shown to be higher in liver
metastatic lesions from colorectal cancer than in the primary colorectal cancers that
gave rise to the metastases. None of the colorectal cancers which did not give rise
to liver metastasis showed ZNF217 copy number amplifications [34{{34}. Finally,

ZNF217 amplification has been shown to correlate with tumour size in gastric

cancer [35{[32].

Compelling support for the hypothesis that ZNF217 can contribute to cancer came
from a study which demonstrated that transduction of finite life-span human
mammary epithelial cells with ZNF217 gave rise to immortalized cells [36{{33}. This

provided the first direct evidence for a potentially oncogenic function of ZNF217.
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The results suggested that the selective amplification of ZNF217 may allow cancer
cells to overcome senescence and become immortal, thought to be a crucial event
in the development of many cancers [37{{34}. ZNF217-immortalized cell lines were
shown to have increased telomerase activity and stable telomere Ilengths,
suggesting that ZNF217 may function, in part, by allowing pre-malignant cells to de-

repress telomerase and overcome senescence due to telomere dysfunction [36}

£33},

In support of this original study, ZNF217 has recently been shown to immortalize
ovarian cells [38}{35}. ZNF217 transduction into ovarian surface epithelial cells with
extended but finite life-spans, combined with EGF treatment, led to cellular
immortalization. Although EGF treatment was necessary during the immortalization
process, the permanent lines that were established were able to grow without EGF.
The siRNA mediated knock-down of ZNF217 in these permanent lines led to growth
arrest, demonstrating that the continued proliferation was dependent on ZNF217.
ZNF217 transduction also allowed the acquisition of three other malignancy
associated characteristics in ovarian surface epithelial cells: reduced serum

dependence, anchorage independence and increased telomerase activity.

In addition to the ability to proliferate indefinitely, cancer cells acquire the ability to
resist apoptotic signals. Huang and colleagues [39}{36} investigated the effects of
ZNF217 on cellular survival in a cell culture model. They demonstrated that cells
over-expressing ZNF217 were more resistant than control cells to spontaneous cell
death and cell death caused by the chemotherapeutic agent doxorubicin. Cells
over-expressing ZNF217 were also more resistant to cell death induced by

disruptions to telomere integrity, a potential link with the increased ability of
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ZNF217-expressing cells to overcome telomere dysfunction. Knock-down of
ZNF217 expression by siRNA in various cancer cell lines resulted in increased cell
death and increased susceptibility to doxorubicin. To dissect potential targets of
ZNF217 promoting cell survival, the effect of ZNF217 levels on Akt phosphorylation
was examined. Akt becomes active when phosphorylated and Akt activation is a
survival signal associated with cells which are resistant to apoptosis [40}{37#}. Over-
expression of ZNF217 led to increased Akt phosphorylation and siRNA knock-down
led to decreased Akt phosphorylation. These results suggest that ZNF217

amplification can attenuate apoptotic signals.

ZNF217 is a transcription factor

The original paper by Collins and colleagues which identified the ZNF217 gene
within the 20g13.2 amplified region noted that ZNF217 contains 8 zinc fingers
(Figure 1) and proposed that it functions as a sequence-specific DNA-binding
transcription factor [25}[24]. GFP-ZNF217 was later shown to localize to the nuclei
in HelLa cells [41}[38}. New research has provided experimental evidence that
ZNF217 is indeed a transcription factor, and suggests that ZNF217 amplification

may promote cancer through alterations in the regulation of key target genes.

Supporting evidence for the role of ZNF217 as a transcription factor came first from
co-immunoprecipitation experiments (Figure 2). ZNF217 was found in complexes
immunoprecipitated by antibodies to the transcriptional co-repressor COREST [42}
{391, the lysine specific histone demethylase LSD-1 (also known as BHC110) [43-
46}{46-43} and the transcriptional co-repressor CtBP1 [46}{43]. Mass spectroscopy

indicated that each of these immunoprecipitated complexes contained ZNF217,
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CoREST, histone deacetylases HDAC1 and 2, and LSD-1. Three of the complexes
also contained CtBP proteins (Figure 2). ZNF217 has since been shown to be a
direct binding partner of CtBP, and the sites through which interaction is achieved
have been identified [47}{44]. Detailed mutational and structural analysis revealed
that ZNF217 binds CtBP through both a classical PXDLS motif and a newly
identified RRT motif. Interestingly, this new CtBP-interacting motif has been noted in
other zinc-finger proteins such as ZNF516 and RIZ1, suggesting that ZNF217,

ZNF516 and RIZ may represent a new class of CtBP partners (Figure 1) [47{{44].

ZNF217 has been shown to bind and participate in the repression of several
promoters, including one of a known CtBP target gene, E-cadherin [47}44}. This
repression activity is partially dependent on the ability of ZNF217 to bind CtBP. A
ZNF217 mutant that could not bind to CtBP had reduced, but still significant, ability
to repress transcription. This observation indicates that ZNF217 retains some

transcriptional repression activity in the absence of CtBP (Figure 3).

Using a cell-free PCR-based enrichment assay, Cowger and colleagues [48}[45}
recently demonstrated a DNA sequence preference for ZNF217 binding. Using a
pool of random oligonucleotides incubated with a GST-ZNF217 fusion protein
encompassing the sixth and seventh zinc fingers (Figure 1), they identified a
consensus sequence preferentially bound by ZNF217. The core consensus
identified, CAGAAY (where Y represents a C or T), was found to be present in the
human E-cadherin proximal promoter. This group went on to demonstrate using
ChIP assays that ZNF217 and the other components of an associated repression
complex are present at the E-cadherin promoter in the breast cancer cell line MCF7.

ZNF217 protein levels were shown to inversely correlate with expression from an E-
8



cadherin promoter linked to a reporter gene - sSiRNA knockdown of ZNF217 led to
increased expression from the E-cadherin reporter and over-expression of ZNF217

led to decreased expression.

More recently, Krig and colleagues have employed genome-wide ChIP-CHIP
assays to identify a large number of target genes bound by ZNF217 complexes [49}
f46}. Three tumour cell lines (MCF7, the colon cancer line SW480, and the
teratocarcinoma line Ntera2) were used for these analyses. Sets of promoters
physically associated with ZNF217 in the cell lines were subjected to bioinformatic
analysis. This analysis led to the identification of an 8 base pair consensus
sequence ATTCCNAC (reverse complement strand GTNGGAAT) with a five base
pair core consensus ATTCC (reverse complement strand GGAAT) for genes
regulated by ZNF217 in all three cell lines. However, when the authors analyzed the
three cell lines individually, they found an AP-1 like binding motif ANGAGTCA in
MCF-7 cells, a CATTCC binding motif in SW480 cells, and no statistically significant

consensus binding motif in Ntera2 cells [49}/461.

The ZNF217 consensus binding motifs identified by €hiPChIP-CHIP differed
significantly from that identified in the cell-free site selection experiments [48}{45].
There are a number of possible explanations for this discrepancy. The site selection
experiments used only a fragment of ZNF217 containing zinc fingers 6 and 7.
Typically three zinc fingers, each recognizing three nucleotides, are used for
specific binding to DNA [50{f4#. Thus additional ZNF217 domains may influence its
binding in vivo. Depending on what additional proteins it is bound to, the full-length
ZNF217 protein may display additional or different—altered binding preferences.

Additionally, the site selection assay only detects sites to which ZNF217 binds
9



directly, whereas the ChIP-CHIP assays are also expected to detect sites to which

ZNF217 binds indirectly through interactions with other DNA binding proteins.

The mechanisms through which ZNF217 functionally represses gene expression
also appear complicated. It is likely that there are multiple mechanisms [49}{461
(Figure 3). First, ZNF217 may bind directly to promoters via zinc fingers 6 and 7 and
recruit the CtBP co-repressor complex through direct protein-protein interactions
(Model 1). Alternatively, other DNA binding factors may mediate contact between
promoters and the ZNF217/CtBP repressor complex (Model 2). It is also possible
that ZNF217 and other transcription factors are recruited to the same promoters and
synergize with CtBP to promote gene silencing (Model 3). Finally, ZNF217 may
repress transcription on its own by an unknown mechanism (Model 4). One
unexplored possibility is that ZNF217 itself contains enzymatic activity similar to the
demonstrated histone methyltransferase activity of the related repressor RIZ [51}
48} (Figure 1). These four models are non-exclusive and their relative contributions

could depend on cell and promoter context.

How might ZNF217 influence tumorigenesis?

experiments—Krig and colleagues seleetedidentified the top 1000 target promoters

from-thetwoe-sets—oefbound by ZNF217 in _Ntera2 cellls promoterarray-data {1276

promoters—ia-total-and examined the RNA expression levels efthe107+7of these

targets—which—were—represented—oenusing _an _expression _array [52].—Fhese

: to-The-identificationy-of : ated with

on_tevel hiet " o ! I

analysis—of-theprecesses-that ZNF217-isHikely-te+regulate {49146} The majority of
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th-—Fhe-majority-of-the top-ranked target genes had low levels of RNA expression,
supporting the hypothesis that ZNF217 is a repressor of transcription_and is

silencing the promoters to which it binds. However, a small subset of the top-ranked

target genes had high levels of RNA expression, indicating that ZNF217, like many

transcription factors may also act as beth-an activator and+represserof transcription

at some promoters.— The promoters that ZNF217 was shown to occupy were
categorized and were shown to be associated with proteins involved in processes
such as transcriptional regulation, organ development, cell differentiation, cell
adhesion, and embryonic development. In further ChIP-CHIP assays, the promoters
bound by ZNF217 and CtBP were compared. The majority of ZNF217 targets were
also bound by CtBP in both Ntera2 and MCF7 cells, suggesting that these two

proteins often co-operate in gene repression.

Despite the gains in understanding of ZNF217 interactions and binding, there
remains a large gap in understanding how these biochemical features contribute
mechanistically to malignancy in cells that aberrantly express this protein. The
demonstration that ZNF217 can act as a repressor of transcription and that the
tumour suppressor E-cadherin may be a ZNF217 target gene is one connection that
IS being pursued. The findings that ZNF217 binds directly to DNA sequences in the
E-cadherin promoter and that it must be present for other components of the
associated complex to repress expression from the E-cadherin promoter [48}{45]
suggest that ZNF217 may serve as an important targeting factor for E-cadherin
gene repression. Decreased expression of E-cadherin occurs in many human
cancers and often correlates with epithelial to mesenchymal transition (EMT). EMT
in tumours of epithelial origin allows cancer cells to leave the tumour and

metastasize to other organs [53}{49].
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Additional cancer-related targets of ZNF217-mediated repression are suggested by
the ChIP-CHIP and expression profiling experiments. The increased repression of
genes involved in such processes as development, cell adhesion, and differentiation
could promote proliferative and invasive behavior ordinarily associated with stem or
progenitor cells. The increases in Akt phosphorylation observed in cells over-
expressing ZNF217 [39}{36} remain to be explained, and are likely to be due to

altered expression of genes encoding proteins that regulate this phosphorylation.

CONCLUSION

Clinical data suggest that ZNF217 amplification is associated with poor patient
survival and increased metastatic potential of cancers. The finding that ZNF217 is a
DNA-binding protein that can repress transcription by directly recruiting the co-
repressor CtBP, together with the characterization of ZNF217 target genes and
induced cellular phenotypes, are important steps in understanding the biological
effects associated with ZNF217 over-expression. The mis-regulation of E-cadherin

and as yet uneharacterised-uncharacterized ZNF217 target genes (from the lists

generated in Krig et al, 2007) could account for the alterations in cellular
immortalization, apoptosis resistance, resistance to chemotherapeutic agents, and
Akt phosphorylation, that are seen in cells in which ZNF217 is highly expressed.
Although hundreds of genes are potential targets of ZNF217 and consensus binding
sites have been proposed, further analysis will be required to understand how
precisely ZNF217 is localized to these genes, the mechanism(s) through which it
alters their expression, and to define the subset of targets that are most important in

cancer formation and progression.

12



REFERENCES

[1] F. Courjal, M. Cuny. C. Rodriguez, G. Louason, P. Speiser, D. Katsaros, M.M. Tanner, R.
Zeillinger and C. Theillet, Br J Cancer 74 (1996) 1984-9.

[2] E. Courjal, M. Cuny, J. Simony-Lafontaine, G. Louason, P. Speiser, R. Zeillinger, C.
Rodriguez and C. Theillet, Cancer Res 57 (1997) 4360-4367.

[3] A. Kallioniemi, O.P. Kallioniemi, J. Piper, M. Tanner, T. Stokke, L. Chen, H.S. Smith, D.
Pinkel, J.W. Gray and F.M. Waldman, Proc Natl Acad Sci U S A 91 (1994) 2156-2160.

H. lwabuchi, M. Sakamoto, H. Sakunaga, Y.Y. Ma, M.L. Carcangiu, D. Pinkel, T.L. Yang-

Feng and J.W. Gray, Cancer Res 55 (1995) 6172-6180.
[5] G. Sonoda, J. Palazzo, S. du Manoir, A.K. Godwin, M. Feder, M. Yakushiji and J.R.

Testa, Genes Chromosomes Cancer 20 (1997) 320-328.

[6] K. Matsumura, Kokubyo Gakkai Zasshi 62 (1995) 513-531.

[7] T. Shinomiya, T. Mori. Y. Arivama, T. Sakabe, Y. Fukuda, Y. Murakami. Y. Nakamura and
J. Inazawa, Genes Chromosomes Cancer 24 (1999) 337-344.

[8] J. Diebold, K. Mosinger, G. Peiro, U. Pannekamp, C. Kaltz, G.B. Baretton, W. Meier and
U. Lohrs, J Pathol 190 (2000) 564-571.

[9] M.M. Tanner, M. Tirkkonen, A. Kallioniemi, K. Holli, C. Collins, D. Kowbel, J.W. Gray.
O.P. Kallioniemi and J. Isola, Clin Cancer Res 1 (1995) 1455-1461.

10 P.M. De Angelis, T. Stokke, M. Beigi, O. Mjaland and O.P. Clausen, Int J Colorectal Dis
16 (2001) 38-45.

[11] P.M. De Angelis, O.P. Clausen, A. Schjolberg and T. Stokke, Br J Cancer 80 (1999) 526-
535.

[12] J.J. Isola, O.P. Kallioniemi, L.W. Chu, S.A. Fuqua, S.G. Hilsenbeck, C.K. Osborne and
EM. Waldman, Am J Pathol 147 (1995) 905-911.

[13] M. Werner, A. Mattis, M. Aubele, M. Cummings. H. Zitzelsberger, P. Hutzler and H.
Hofler, Virchows Arch 435 (1999) 469-472.

[14] M.M. Tanner, M. Tirkkonen, A. Kallioniemi, C. Collins, T. Stokke, R. Karhu, D. Kowbel, F.
Shadravan, M. Hintz, W.L. Kuo and et al., Cancer Res 54 (1994) 4257-4260.

[15] J.R. Bischoff, L. Anderson, Y. Zhu, K. Mossie, L. Ng, B. Souza, B. Schryver, P. Flanagan,
E. Clairvoyant, C. Ginther, C.S. Chan. M. Novotny, D.J. Slamon and G.D. Plowman,
Embo J 17 (1998) 3052-3065.

[16] A. Ewart-Toland, P. Briassouli, J.P. de Koning, J.H. Mao, J. Yuan, F._Chan, L.
MacCarthy-Morrogh, B.A. Ponder, H. Nagase, J. Burn, S. Ball, M. Almeida, S.
Linardopoulos and A. Balmain, Nat Genet 34 (2003) 403-412.

[17] S. Sen., H. Zhou and R.A. White, Oncogene 14 (1997) 2195-2200.

[18] U. Brinkmann, M. Gallo, M.H. Polymeropoulos and |. Pastan, Genome Res 6 (1996)
187-194.

[19] G. Peiro, J. Diebold and U. Lohrs, Am J Clin Pathol 118 (2002) 922-929.

[20] E. Savelieva, C.D. Belair, M.A. Newton, S. DeVries, J.W. Gray, F. Waldman and C.A.
Reznikoff, Oncogene 14 (1997) 551-560.

[21] H. van Dekken, K. Vissers, H.W. Tilanus, W.L. Kuo, H.J. Tanke, C. Rosenberg, M.
liszenga and K. Szuhai, Cancer Genet Cytogenet 166 (2006) 157-162.

22 M. Heidenblad, D. Lindgren, J.A. Veltman, T. Jonson, E.H. Mahlamaki, L. Gorunova
A.G. van Kessel, E.F. Schoenmakers and M. Hoglund, Oncogene 24 (2005) 1794-1801.

[23]  J.M. Lee, Reprod Biol Endocrinol 1 (2003) 69.

[24] D.G. Albertson, B. Ylstra, R. Segraves, C. Collins, S.H. Dairkee, D. Kowbel, W.L. Kuo,
J.W. Gray and D. Pinkel, Nat Genet 25 (2000) 144-6.

[25] C. Collins, J.M. Rommens, D. Kowbel, T. Godfrey, M. Tanner, S.l. Hwang, D. Polikoff, G.
Nonet, J. Cochran, K. Myambo, K.E. Jay, J. Froula, T. Cloutier, W.L. Kuo, P. Yaswen, S.
Dairkee, J. Giovanola, G.B. Hutchinson, J. Isola, O.P. Kallioniemi, M. Palazzolo, C.
Martin, C. Ericsson, D. Pinkel, D. Albertson, W.B. Li and J.W. Gray, Proc Natl Acad Sci
U S A95(1998) 8703-8708.

13



[26] N. Anand, S. Murthy, G. Amann, M. Wernick, L.A. Porter, I.H. Cukier, C. Collins, J.W.
Gray, J. Diebold, D.J. Demetrick and J.M. Lee, Nat Genet 31 (2002) 301-5.

[27]  H. Zhou, J. Kuang, L. Zhong, W.L. Kuo, J.W. Gray, A. Sahin, B.R. Brinkley and S. Sen,
Nat Genet 20 (1998) 189-93.

[28] D.G. Albertson, B. Yistra, R. Segraves, C. Collins, S.H. Dairkee, D. Kowbel, W.L. Kuo,

J.W. Gray and D. Pinkel, Nat Genet 25 (2000) 144-146.
M.M. Weiss, A.M. Snijders, E.J. Kuipers, B. Ylstra, D. Pinkel, S.G. Meuwissen, P.J. van

Diest, D.G. Albertson and G.A. Meijer, J Pathol 200 (2003) 320-326.

30 T. Watanabe, |. Imoto, T. Katahira, A. Hirasawa, |. Ishiwata, M. Emi, M. Takayama, A.
Sato and J. Inazawa, Jpn J Cancer Res 93 (2002) 1114-1122.

[31] D.G. Ginzinger, T.E. Godfrey, J. Nigro, D.H. Moore, 2nd. S. Suzuki, M.G. Pallavicini,
J.W. Gray and R.H. Jensen, Cancer Res 60 (2000) 5405-5409.

[32] P.H. Rooney, A. Boonsong, M.C. McFadyen, H.L. MclLeod, J. Cassidy, S. Curran and
G.l. Murray, J Pathol 204 (2004) 282-288.

[33] D.K. Koynova, E.S. Jordanova, A.D. Milev, R. Dijkman, K.S. Kirov, D.l. Toncheva and
N.A. Gruis, Melanoma Res 17 (2007) 37-41.

[34] S. Hidaka, T. Yasutake, H. Takeshita, M. Kondo, T. Tsuji, A. Nanashima, T. Sawai, H.
Yamaguchi, T. Nakagoe, H. Ayabe and Y. Tagawa, Clin Cancer Res 6 (2000) 2712-
2717.

[35]  Y.Q. Zhu, Z.G. Zhu, B.Y. Liu, X.H. Chen, Y. Zhang and H.R. Yin. Zhonghua Wei Chang

Wai Ke Za Zhi 8 (2005) 60-62.
[36] G.H. Nonet, M.R. Stampfer, K. Chin, JW. Gray, C.C. Collins and P. Yaswen, Cancer

Res 61 (2001) 1250-1254.

[37] K. Chin, C.O. de Solorzano, D. Knowles, A. Jones, W. Chou, E.G. Rodriguez, W.L. Kuo,
B.M. Ljung. K. Chew, K. Myambo, M. Miranda, S. Krig, J. Garbe, M. Stampfer, P.
Yaswen, J.W. Gray and S.J. Lockett, Nat Genet 36 (2004) 984-988.

[38] P. Li, S. Maines-Bandiera, W.L. Kuo. Y. Guan, Y. Sun, M. Hills, G. Huang, C.C. Collins,
P.C. Leung, J.W. Gray and N. Auersperg, IntJ Cancer 120 (2007) 1863-1873.

[39] G. Huang. S. Krig, D. Kowbel, H. Xu, B. Hyun, S. Volik, B. Feuerstein, G.B. Mills, D.
Stokoe, P. Yaswen and C. Collins, Hum Mol Genet 14 (2005) 3219-3225.

40 G. Song, G. OQuyang and S. Bao, J Cell Mol Med 9 (2005) 59-71.

[41] C. Collins, S. Volik, D. Kowbel, D. Ginzinger, B. Ylstra, T. Cloutier, T. Hawkins, P. Predki,
C. Martin, M. Wernick, W.L. Kuo, A. Alberts and JW. Gray, Genome Res 11 (2001)
1034-1042.

[42] A. You, J.K. Tong, C.M. Grozinger and S.L. Schreiber, Proc Natl Acad Sci U S A 98

(2001) 1454-1458.
M.A. Hakimi, Y. Dong, W.S. Lane, D.W. Speicher and R. Shiekhattar, J Biol Chem 278

(2003) 7234-7239.

[44] M.G. Lee, C. Wynder, N. Cooch and R. Shiekhattar, Nature 437 (2005) 432-435.
[45] Y. Shi, F Lan, C. Matson, P. Mulligan, J.R. Whetstine, P.A. Cole, R.A. Casero and Y. Shi,

Cell 119 (2004) 941-953.
[46] Y. Shi, J. Sawada, G. Sui, B. Affar el, J.R. Whetstine, F. Lan, H. Ogawa, M.P. Luke, Y.

Nakatani and Y. Shi, Nature 422 (2003) 735-738.

[47]  K.G. Quinlan, M. Nardini, A. Verger, P. Francescato, P. Yaswen, D. Corda, M. Bolognesi
and M. Crossley, Mol Cell Biol 26 (2006) 8159-8172.

48 J.J. Cowger, Q. Zhao, M. Isovic and J. Torchia, Oncogene (2006) in press.

[49] S.R. Krig, V.X. Jin, M.C. Bieda, H. O'Geen, P. Yaswen, R. Green and P.J. Farnham, J
Biol Chem 282 (2007) 9703-9712.

[50] S.A. Wolfe, L. Nekludova and C.O. Pabo, Annu Rev Biophys Biomol Struct 29 (2000)
183-212.

[51] K.C.Kim, L. Geng and S. Huang., Cancer Res 63 (2003) 7619-7623.

[52] S.R. Krig, V.X. Jin, M.C. Bieda, H. O'Geen, P. Yaswen, R. Green and P.J. Farnham, J
Biol Chem (2007).

[53] Y. Kangand J. Massague, Cell 118 (2004) 277-279.

14






16






18









21



FIGURE LEGENDS

Figure 1. Schematic representation of the zinc finger proteins ZNF217, RIZ
and ZNF516 with their different functional domains.
hZNFEnAf217, hRIZ1 and hZNF516 possess both PXDLS motifs and RRT motifs.

PXDLS-like motifs (for example PLDLS, PLNLS, VLDLS) which are found in many

CtBP _interacting proteins have been shown to be directly responsible for the

interaction with CtBP_and are indicated by white rectangles.- RRT-like motifs (for

example RRTGCPPAL, RRTSSPPSS, GRTGPPPAL) are a recently identified

second type of CtBP interaction motif which haves been found in a subset of CtBP

interacting proteins. andThese are indicated in this diagram by grey rectangles.

Predicted zinc-fingers are shown as arches and numbered;—PXBLS—metifs—are

main_functional domains of ZNF217 and RIZ1 are indicated (ZNF217: Tthe

CoREST and the DNA binding regions according to (Cowger et al., 2006,) and the

proline- rich region that is often found in transcriptional activators, according to

(Collins et al., 1998);: RIZ1: tThe PR/SET domain with histone methyl-transferase

activity).

Figure 2. The ZNF217-containing transcriptional repressor complexes.
A scheme is presented of ZNF217-containing transcriptional repressor complexes
that have been identified through co-immunoprecipitation experiments.

Components common to all four complexes are highlighted in grey.
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Figure 3. Models for ZNF217 recruitment and function as a component of
transcriptional repressor complexes.

(1) ZNF217 binds DNA directly and orients an associated repressor complex. (2)
Another transcription factor recruits ZNF217 and its partners to the DNA. (3)
ZNF217 cooperates with other transcription factors in binding and recruitment of
co-repressors. (4) ZNF217 wuses intrinsic enzymatic activity to repress

transcription.
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