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It has been proposed that ZNF217, which is amplified at
20q13 in various tumors, plays a key role during neoplastic
transformation. ZNF217 has been purified in complexes that
contain repressor proteins such as CtBP2, suggesting that it
acts as a transcriptional repressor. However, the function of
ZNF217 has not been well characterized due to a lack of
known target genes. Using a global chromatin immunopre-
cipitation (ChIP)-chip approach, we identified thousands of
ZNF217 binding sites in three tumor cell lines (MCF7, SW480,
andNtera2). Further analysis of ZNF217 in Ntera2 cells showed
that many promoters are bound by ZNF217 and CtBP2 and that
a subset of these promoters are activated upon removal of
ZNF217. Thus, our in vivo studies corroborate the in vitro bio-
chemical analyses of ZNF217-containing complexes and sup-
port the hypothesis that ZNF217 functions as a transcriptional
repressor. Gene ontology analysis showed that ZNF217 targets
in Ntera2 cells are involved in organ development, suggesting
that one function of ZNF217 may be to repress differentiation.
Accordingly we show that differentiation of Ntera2 cells with
retinoic acid led to down-regulation of ZNF217. Our identifica-
tion of thousands of ZNF217 target genes will enable further
studies of the consequences of aberrant expression of ZNF217
during neoplastic transformation.

Amplification at 20q13 occurs in a variety of tumor types,
such as breast (1), gastric (2), ovarian (3), lung (4), prostate (5),
and colon (6), and is associated with aggressive tumor behavior
(7). The mapping of the amplified region at 20q13.2 led to the
positional cloning and characterization ofZNF217 (1), which is
considered to be one of the driver genes at 20q13.2, promoting

selection during the early stages of tumor development. Initial
comparative genomic hybridization studies showed that
ZNF217 is amplified and overexpressed in �40% of breast can-
cer cell lines and 18% of primary breast tumors (8). Further
comparative genomic hybridization studies of various tumor
specimens report that ZNF217 amplification and overexpres-
sion at the 20q13 locus can display tumor type-specific profiles.
For example, an analysis of 22 sporadic colorectal carcinomas
detected DNA copy number changes for ZNF217 in 45% of the
CIN (chromosomal instability)-type but not the MIN (micro-
satellite instability)-type sporadic colorectal carcinoma colon
tumors (6). Evidence in support of a causal role for ZNF217 in
tumor formation comes from studies using normal human
mammary epithelial cells. Nonet et al. (9) showed that intro-
duction of ZNF217 into early passage humanmammary epithe-
lial cells can lead to a rare event of immortalization. It has been
proposed that overexpression of ZNF217 may give a selective
advantage to tumor cells by interfering with pathways associ-
ated with normal regulation of cell growth, cell death, differen-
tiation, or DNA repair.
DNA sequence analysis suggests that ZNF217 encodes a

transcription factor having eight C2H2 Kruppel-like zinc finger
DNA bindingmotifs and a proline-rich transactivation domain
at the C terminus (1). Biochemical studies support a role for
ZNF217 in transcriptional regulation. For example, ZNF217
has been identified in complexes that contain repressor pro-
teins such as CtBP4 and coREST (10, 11), histone deacetylases,
the histone methyltransferase G9a, and the histone demethy-
lase LSD1 (11–14). The direct interaction of ZNF217withCtBP
(15) suggests that ZNF217 could be recruited to a variety of
transcription complexes through the interaction of CtBP with
numerous site-specific DNA-binding proteins (16).
Although both biochemical and structural studies have

linked ZNF217 to transcriptional regulation, a detailed analysis
of its role in transcription has been limited due to a lack of
known ZNF217 target genes. Therefore, we used a ChIP-chip
method to identify thousands of ZNF217 target genes in three
cancer cell lines: the breast cancer lineMCF7, the colon cancer
line SW480, and Ntera2, a teratocarcinoma line that can differ-
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entiate into neurons. To investigate the role of ZNF217 in tran-
scriptional regulation, we examined the expression level of
ZNF217 target genes in Ntera2 cells before and after reduction
of the levels of ZNF217 using siRNAs and examined colocaliza-
tion of ZNF217 with CtBP family members using ChIP-chip
assays.Gene ontology analysis indicated that someZNF217 tar-
get genes in Ntera2 cells are transcription factors that are
involved in cell differentiation and organ development. We
show that ZNF217 was down-regulated upon treatment of
Ntera2 cells with retinoic acid, suggesting that the inappropri-
ate expression of ZNF217 in differentiated adult cells may sup-
press differentiation, leading to tumorigenesis.

EXPERIMENTAL PROCEDURES

Cell Culture—SW480 cells were grown inMcCoy’s 5Amod-
ified medium (Invitrogen) supplemented with 10% fetal bovine
serum (NovaTech) and 1% penicillin/streptomycin (Invitro-
gen). MCF7 and Ntera2 cells were grown in Dulbecco’s modi-
fied Eagle’s medium supplemented with 2 mM glutamine, 1%
penicillin/streptomycin, and 10% fetal bovine serum. All cells
were incubated at 37 °C in a humidified 5% CO2 incubator. For
ZNF217 knockdown ChIP assays, ZNF217 siRNA (SMART-
pool; Dharmacon, catalog number M-004987-00) or si-GLO
RISC-Free (Dharmacon, catalog number D-001600-01) as a
nonspecific control was transiently transfected into Ntera2
cells (100 nM) plated on 100-mm dishes. Transfections were
carried out using Invitrogen Lipofectamine2000 according to
the manufacturer’s recommendations. After 72 h, cells were
replated at 30–50% density for retransfection and harvested
after another 72 h. For ZNF217 knockdown RNA analysis,
Ntera2 cells were transfected with the siRNAs (100 nM) in
6-well dishes, and RNA was harvested at 72 h (experiments A
andB) or retransfected and harvested 48 h later (experimentC);
RNA was prepared using a Qiagen RNAeasy kit (catalog num-
ber 74104). Ntera2 cells were differentiated using 10�5 M reti-
noic acid (Sigma). Antibodies used onWestern blots were anti-
ZNF217 polyclonal (17) and anti-OCT4 goat polyclonal (Santa
Cruz Biotechnology, catalog number 8628 N-19).
ChIP Assays and Amplicon Preparation—ChIP assays were

performed as described previously (18) with minor modifica-
tions. A complete protocol can be found in Oberley et al. (19).
Antibodies used in this study include a ZNF217 rabbit poly-
clonal antibody that was generated using a glutathione S-trans-
ferase fusion peptide sequence (17). Immunoserum was puri-
fied on a Pierce Aminolink peptide column constructed with
the fusion peptide sequence. CtBP1 (catalog number 612043)
and CtBP2 (catalog number 612044) antibodies were pur-
chased from BD Transductions. The secondary rabbit anti-
mouse IgG (catalog number 55436) was purchased from MP
Biomedicals. Standard PCRs using 2 �l of the immunoprecipi-
tated DNA were performed. PCR products were separated by
electrophoresis through 1.5% agarose gels and visualized by
ethidium bromide intercalation. Amplicons, prepared using
50–80%of aChIP sample,were generated using a SigmaWhole
Genome Amplification kit; see our published ChIP protocol
(20) for details.
ChIP-Chip Assays—ENCODE and promoter arrays were

produced by NimbleGen Systems, Inc. (Madison, WI). The

5-kb human promoter array design is a two-array set, contain-
ing 5.0 kb of each promoter region (from build HG17) that
extends 4.2 kb upstream and 800 bp downstream of the tran-
scription start site. Where individual 5.0-kb regions overlap,
they are merged into a single larger region, preventing redun-
dancy of coverage. The promoter regions thus range in size
from 5.0 to 50 kb. These regions are tiled at a 110-bp interval
using variable length probes with a target Tm of 76 °C. Nimble-
Gen ENCODE oligonucleotide arrays contained �380,000
50-mer probes per array, tiled every 38 bp. The regions
included on the arrays encompassed the 30 Mb of the repeat
masked ENCODE sequences, representing �1% of the human
genome. All NimbleGen arrays were hybridized, and the data
were extracted according to standard operating procedures by
NimbleGen Systems Inc. Signal Map software provide by
NimbleGen Systems, Inc. was used to visualize the array peaks.
PCR Analysis of Target Genes—Primers were designed to

flank ZNF217 binding sites identified on the arrays. PCR was
performed using low cycle numbers to ensure linear amplifica-
tion of the input. Bio-Rad Quantity One software was used for
quantification of gene enrichment over input DNA.
RNA Illumina Expression Arrays—RNA samples were har-

vested using a Qiagen RNAeasy kit (Qiagen) and then assayed
using the Agilent Systems Bioanalyzer to ensure that high qual-
ity RNA was used for the array experiments. The Illumina
TotalPrep RNA Amplification kit from Ambion (AMIL1791)
was used to generate biotinylated, amplified RNA for hybrid-
ization with the Illumina Sentrix Expression BeadChips,
Human 6-v1. The Sentrix gene expression beadchips used for
this study consisted of a six-array, two-stripe format com-
prising �48,000 probes/array. In this collection 24,000
probes were from RefSeq sequences, and 24,000 were from
other GenBankTM sequences (Illumina). Arrays were pro-
cessed according to themanufacturer’s instructions, scanned at
mediumphotomultiplier tube (PMT) settings as recommended
by the manufacturer, and analyzed using Bead Studio Software
version 2.3.41. Data were normalized using the “average”
method that simply adjusts the intensities of two populations of
gene expression values such that the means of the populations
become equal. Differential expression was calculated for the
control versus siZNF217 data sets using an algorithm provided
by Bead Studio. -Fold enrichment values were used to obtain
the list of candidates with greater than 1.5-fold change.
DAVID Analysis—Functional annotations were performed

using the program DAVID 2.1 (Ref. 21; see also david.abcc.
ncifcrf.gov/). The same parameters were used for all analyses
presented in this study. These parameters were gene ontology
molecular function term, level 2; Interpro name in the Protein
Domains section; and SP_PIR_Keywords in the Functional Cat-
egories section. Before performing the analyses, hypothetical
genes and genes with no known function were removed from
the list. After performing the analyses, all categories that repre-
sented less than 4% of the total number of genes were elimi-
nated. In addition, redundant terms (e.g. transcriptional regu-
lation and transcription factor activity) and non-informative
terms (e.g.multigene family) were also eliminated.
Peak Finding—For identification of the ZNF217 binding sites

on the ENCODE arrays, we used the Tamalpais program
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described in Bieda et al. (22) and chose the L1 set of high con-
fidence peaks for further analysis. Briefly these binding sites are
identified as peaks that have a minimum of six consecutive
probes in the top 2% of all probes on the array. Only those peaks
that were identified in at least two of three biological replicates
were considered to be binding sites. The human 5-kb promoter
array consists of a set of two arrays encompassing a total of
�24,000 human promoters. We refer to the two arrays in the
set as “promoter 1” and “promoter 2” arrays. Most promoters
encompass �5 kb of genomic sequence tiled with a 50-mer
probe every �100 nt. Given that amplicons were �300–500 nt
in length, a binding site should be the center of a hill waveform
of �600–1000 nt in total length for an average of 6–10 probes
per binding sites. Given that the probes on the “edges” of the hill
will have little amplification, we reasoned that the center four
probes (�400 nt) should be well enriched above background.
Hence we assigned a value to each promoter based on the high-
est mean of four consecutive probes, a procedure we termed
“Maxfour.” To calculate these “Maxfour values,” custom soft-
ware was written in Perl and bash shell.5 A small portion of
promoters were represented by �4 probes, and hence noMax-
four value was possible; we considered analysis of these pro-
moters to be unreliable, and these promoters were assigned
“�100” as a value. Further statistical exploration of this proce-
dure will be presented elsewhere.5

RESULTS

Location Analysis of ZNF217 Binding in the HumanGenome—
Although ZNF217 is predicted to contain eight zinc fingers and
thus is thought to be a DNA-binding protein, its role in tran-
scriptional regulation has not been well characterized due to a
lack of known target genes. Using the ChIP-chip approach, pre-
vious studies have identified target genes of transcription fac-
tors in a global and unbiased manner (23, 24). Commonly used
platforms for ChIP-chip are arrays that contain CpG islands
(25), core promoters, or 5–10 kb of upstream promoter
sequences (26). However, we did not know whether ZNF217
binds to CpG islands or close to transcription start sites. There-
fore, to initiate our studies we first needed to perform an unbi-
ased location analysis of ZNF217 binding. For these ChIP-chip
analyses, we used ENCODE oligonucleotide arrays that repre-
sent 1% of the human genome and include �400 genes and
intergenic regions (see “Experimental Procedures” for details).
Using a rabbit polyclonal antibody to ZNF217, we performed
ChIP assays in three different human cancer cell lines: the
MCF7 breast cancer line, the SW480 colon cancer line, and the
teratocarcinoma cell line Ntera2. Our classification of a peak as
a binding site on ENCODE arrays required that the region be
bound in at least two of three independent experiments (see
Ref. 22). Therefore, three biological replicate ChIP samples
from each of the three cell lines were hybridized to ENCODE
arrays (see supplemental Table S1). After array normalization,
the ZNF217 hybridization signals were divided by the total
input signals to provide a -fold enrichment value for each 50-bp
oligomer on the array. Sites that were bound by ZNF217 were
identifiedwith theTamalpais peaks program (22) at the L1 level

(p � 0.0001); this requires that at least six oligos in a row be in
the top 2% of all probes on the array. We identified a total of 61
ZNF217 binding sites in SW480 cells, 175 binding sites in
MCF7 cells, and 178 binding sites in Ntera2 cells. To determine
the location of the binding sites relative to the nearest gene, we
used the Gencode Database (27). This analysis identified 44
genes in SW480 cells, 103 genes inMCF7 cells, and 101 genes in
Ntera2 cells.We found that a significant percentage of the bind-
ing sites (39% in SW480, 41% in MCF7, and 49% in Ntera2) fell
within 2 kb upstream or downstream of the transcription start
site of the nearest gene, although binding was also observed in
the regions greater than 2 kb upstream from the start site aswell
as within genes and in intergenic regions (Fig. 1A). Although
most of the binding sites covered about 500 bp to 1 kb, therewas
one region on the ENCODE array of more than 150 kb that was
bound by ZNF217 in Ntera2 cells (Fig. 1B). Because these
experiments are the first to identify genomic binding sites of
ZNF217 using ChIP-chip assays, we thought it was important
to demonstrate the specificity of the ZNF217 antibody. There-
fore, we treated Ntera2 cells with siRNAs to ZNF217 (see Fig. 7
for aWestern blot indicating the degree to which ZNF217 pro-
tein can be reduced by the siRNA treatment) and then per-
formed ChIP experiments using the ZNF217 antibody in the
control versus the knockdown cells. Amplicons prepared from
these ChIP samples were hybridized to ENCODE arrays. As
shown in Fig. 1B, ZNF217 binding throughout the HOXA gene
cluster on chromosome 7 was greatly reduced in the cells
treated with siRNAs to ZNF217. Thus, because reduction of
ZNF217 RNA reduced the signals obtained in the ChIP assay,5 M. C. Bieda, L. G. Acevedo, and P. J. Farnham, manuscript in preparation.

FIGURE 1. Localization of ZNF217 binding sites in the ENCODE regions.
A, triplicate ENCODE array data sets were analyzed for all three cell lines, and
peaks were called using the Tamalpais program (22). Regions containing
ZNF217 binding sites were categorized relative to the transcription start site
(TSS); the divisions are within 2 kb upstream or downstream of the start site,
2–10 or 10 –100 kb upstream of the start site, 2–10 or 10 –100 kb downstream
of the start site, and sites farther than 100 kb upstream or downstream from a
start site. The total number of ZNF217 binding sites in Ntera2 cells (white bars)
was 176, in MCF7 cells (gray bars) was 155, and in SW480 cells (black bars) was
61. Also shown (B) is the binding pattern of ZNF217 to the HOXA cluster
before and after treatment of Ntera2 with siRNAs specific to ZNF217.
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we are confident that we are identifying bona fide ZNF217 tar-
get genes.
De Novo Identification of a Putative ZNF217 Binding Site

Motif—The peaks that we identified above represent the first
collection of in vivo ZNF217 binding sites. It is not yet known
whether ZNF217 is directly bound to the DNA at each of these
sites or whether it is recruited to the sites indirectly via interac-
tion with partners such as CtBP. Because CtBP has been shown
to bind to numerous DNA-binding proteins, an indirect
recruitment mechanism might result in the identification of
multiple motifs in the collection of binding sites. To search for
common motifs, we used a de novo motifs discovery approach
termed ChIPMotifs (28). Briefly the ChIPMotifs approach
incorporates a statistical bootstrap resamplingmethod to iden-
tify the top motifs detected from a set of ChIP-chip training
data using ab initio motif-finding programs such as Weeder
(29) and MEME (multiple EM for motif elicitation) (30). To
obtain a training data set, we first selected the commonZNF217
binding sites identified using the ENCODEarrays fromall three
cell lines. This provided a set of 53 very high confidence
ZNF217 binding regions (each region was identified as a bind-
ing site in at least two of three biologically independent exper-
iments in all three of the different cell types). A set of 506
sequences from the ENCODE regions of 500 bp in length that
did not bind to ZNF217 was selected as a negative control data
set. After applying the ChIPMotifs approach to these training
sets, we identified the motif shown in Fig. 2. An 8-base consen-
sus is defined as ATTCCNAC (reverse complement counter-
part is GTNGGAAT, Fig. 2A) with a 5-base core consensus as
ATTCC (reverse complement counterpart is GGAAT). The
score cutoff for this motif positional weight matrix
(ZNF217_PWM, Fig. 2B) built from the ChIPMotifs was deter-
mined as 1.00 for core score and 0.86 for PWM score with a
significant Fisher p value of 0.001 determined by our ChIPMo-
tifs approach. Using these cutoff scores, 47% (25 of 53) of the
ZNF217 binding regions included this motif, whereas 81% of
the regions in the negative control data set lacked the motif.

After finding amotif common to theZNF217 binding sites of all
three cell lines, we wanted to know whether we would identify
the same or different motifs if we analyzed the three cell lines
individually. An AP1-like motif, ANGAGTCA, was identified
inMCF7 cells with a significant p value of 0.009 for the cutoff of
1.0 for core score and 0.86 for PWM score, and a core binding
motif, CATTCC, was identified in SW480 cells with a p value of
1.1� 10�5 for the cutoff of 1.0 for core score and 0.85 for PWM
score. The SW480 core sequence is much like the motif identi-
fied using the combined data sets. This may be due to the fact
that the majority of the 61 binding sites identified in SW480
were included in the 53 common binding sites in the training
data set from all three cell lines. Unfortunately we were unable
to identify any significant motif using only the Ntera2 binding
sites; an E2F core consensus was initially identified by the ab
initio programs but failed to pass the significance test using a
bootstrap resampling statistical approach. It is likely that the
“common motif” was not identified using the Ntera2 set
because the common 53 targets were a small portion of the total
number of ZNF217 binding sites in Ntera2 cells. A recent study
used in vitro casting experiments to identify a 15-base consen-
sus sequence bound by zinc fingers 6 and 7 of ZNF217 (31).
Although we could not identify the full consensus site in any of
the in vivo ZNF217 binding sites, the core sequence of
CAGAAY (where Y is a pyrimidine) was found in 64% of the
MCF7, 50%of theNtera2, and 54%of the SW480 sites identified
by ChIP-chip.
Identification of ZNF217 Target Genes Using Promoter

Arrays—Having shown that �40–50% of the ZNF217 binding
sites identified using ENCODE arrays localized within 2 kb
upstream or downstream of the transcription start site, we felt
that the 5-kb NimbleGen promoter arrays would be appropri-
ate for the identification of a large set of ZNF217 target genes.
Using this two-array set, the region spanning 4.2 kb upstream to
0.8 kb downstream of the transcription start sites of 24,000
human promoters can be analyzed with each promoter being
represented by 50 probes spaced �100 bp apart. We next per-
formed ChIP-chip assays using the ZNF217 antibody and two
independent cultures of Ntera2 cells (see supplemental Table
S1). After array normalization, the ZNF217 hybridization sig-
nals were divided by the total input signals to provide a -fold
enrichment value for each 50-bp oligomer on the array. To
identify binding sites on these promoter arrays, we developed a
analysis program (termed “Maxfour”) that ranks each of the
promoters based on the highest average intensity value for four
consecutive probes (which corresponds to � 400 nt). This
ranking system was used for the analysis of all promoter arrays
in this study. The Maxfour values from the two independent
ZNF217 ChIP-chip experiments for the 14,000 promoters on
promoter 1 array (the promoters are present on two different
arrays termed promoter 1 and promoter 2 arrays) were aligned
to examine the reproducibility of the ChIP assays. The correla-
tion graph shown in Fig. 3 demonstrates a high overlap between
the twoNtera2 ChIP samples (r� 0.865) (see supplemental Fig.
S1 for the promoter 2 correlation graph) with only a few points
deviating from a simple linear relationship. To confirm that the
top ranked promoters we identified using the ZNF217 antibody
and the promoter arrays are in fact ZNF217 targets, we per-

FIGURE 2. De novo motif analysis using ZNF217 ChIP-chip data. A, shown is
a sequence log of a consensus site that was derived from regions that were
identified in the ENCODE ChIP-chip assays as ZNF217 binding sites from all
three cell lines (Ntera2, MCF7, and SW480). B, shown is the positional
weight matrix (ZNF217_PWM) built by the ChIPMotifs approach (28) with
a core score computed from position (Pos) 2 to 6 (5 bases) and a PWM score
from 1 to 8 (8 bases). Shaded boxes indicate the core positions.
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formed ZNF217 ChIP experiments before and after treatment
of cells with siRNAs to ZNF217.We identified 2000 promoters
that showed an average enrichment of greater than 1.6-fold in
the control cells (note that the values shown in Table 1 are on
the log2 scale). Importantly knockdown of ZNF217 mRNA by
siRNA treatment caused a reduction of the average Maxfour
values for the ZNF217 top ranked targets to the level of ZNF217
binding at non-target promoters (Table 1), confirming that the
targets identified on the promoter arrays are indeed bound by
ZNF217. The ZNF217 Maxfour enrichment values for all
24,000 promoters, before and after treatment of cells with the
siRNAs to ZNF217, can be found in supplemental Table S2A
(for the promoter 1 arrays) and supplemental Table S2B (for the
promoter 2 arrays).
To determine whether ZNF217 binding shows any cell type

specificity, we broadened our study to include the two “adult”
cancer cell lines MCF7 and SW480. Fig. 4A shows a represent-
ative comparison analysis graph between the MCF7 Maxfour
values and Ntera2 replicate 1 for the promoter 1 array. (See
supplemental Fig. S1 for additional graphs comparing MCF7,
SW480, and Ntera2 ChIP-chip data.) Using stringent parame-
ters, we analyzed the Maxfour values to produce three catego-
ries of ZNF217 target promoters: promoters only bound in
MCF7 cells, promoters only bound inNtera2 cells, and promot-
ers bound in both MCF7 and Ntera2 cells. For example, the
MCF7-exclusive ZNF217 targets on promoter 1 were selected
to have greater than 1.0 (log2) Maxfour values in MCF7 cells
and less than 0.4 Maxfour values in Ntera2 cells. Using the
parameters described in the legend to Fig. 4A, we identified 754
promoters that were bound in both cells types, 114 ZNF217
targets that were potentially MCF7-specific, and 452 ZNF217
targets that were potentially only bound in Ntera2 cells (see
supplemental Table S3 for complete lists of the three categories

of ZNF217 target genes). Although fewer targets were identi-
fied in SW480 cells, the top targets showed a high degree of
overlap with the MCF7-bound promoters (see supplemental
Fig. S1, panel 7).

FIGURE 3. Identification of ZNF217 target promoters in Ntera2 cells. The
Maxfour values (see “Experimental Procedures”) are plotted for the ZNF217
ChIP-chip data from promoter 1 arrays of two biological replicates using
Ntera2 cells; the correlation value is r � 0.865. The comparison of the replicate
ZNF217 Ntera2 data from promoter 2 arrays can be found in supplemental
Fig. S1.

FIGURE 4. Cell type specificity of ZNF217 binding. A, the Maxfour values
(see “Experimental Procedures”) are plotted for the ZNF217 ChIP-chip data for
MCF7 and Ntera2 promoter 1 arrays. The boxes indicate regions used for
determination of “Ntera2-exclusive” promoters (values less than 0.3 (log2) in
MCF7 and greater than 1.5 (log2) in Ntera2) and “MCF7-exclusive” promoters
(values less than 0.4 (log2) in Ntera2 and greater than 1.0 (log2) in MCF7). For
the promoter 2 arrays, the values used to identify Ntera2-exclusive promoters
were less than 0.3 (log2) in MCF7 and greater than 0.8 (log2) in Ntera2, and the
values for MCF7-exclusive promoters were less than 0.4 (log2) in Ntera2 and
greater than 0.8 (log2) in MCF7; see supplemental Fig. S1 for the promoter 2
comparison graph. B, five targets identified to be Ntera2-specific (EVX1,
OLIG2, TDGF1, PAX6, and SIX6) and five targets identified to be MCF7-specific
(KCNK2, FRK, AGR2, MYO1B, and SHC4) from the ChIP-chip array data were
analyzed by PCR using a new set of Ntera2 (black bars) and MCF7 (white bars)
ChIP samples. The -fold enrichment of each promoter was determined by
comparing the signal obtained using 10 ng of the ZNF217 amplicon with the
signal obtained using 10 ng of input chromatin; a value of 1.0 is expected for
non-target promoters. The enrichment values for the target promoters were
normalized to that of a negative control (the RAP22A promoter), which was
not enriched for ZNF217 binding in either cell type.

TABLE 1
ZNF217 enrichment in siRNA-treated cells

Ranked genesa Control array Knockdown array
Top 500 1.04 0.49
500–1000 0.81 0.42
1000–2000 0.67 0.39
5000–5500 0.41 0.34

a ZNF217 ChIP-chip assays were performed using control cells treated with si-GLO
or siRNAs specific to ZNF217, the �14,000 promoters on promoter 1 array were
ranked by their ZNF217 Maxfour enrichment values in the control cells, and the
top half of the ranked promoters were binned into the indicated categories. Then
the average -fold enrichment for each bin was calculated for ZNF217 enrichment
in the control cells and in cells treated with siRNAs to ZNF217; log2 values are
shown.
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It was possible that some of the promoters that fell into the
cell type-specific classes were in fact false negatives on one
array (i.e. should have been classified as being bound in both cell
types) or false positives on one array (i.e. did not show repro-
ducible binding in subsequent experiments). To confirm the
existence of cell type-specific ZNF217 gene targets we per-
formed additional ChIP assays using biologically independent
sets of cross-linkedNtera2 andMCF7 cells. Amplified chroma-
tin from ZNF217 ChIP assays and input chromatin were ana-
lyzed by PCR (with low cycle numbers to ensure that the assay
was within linear range) using primers specific to promoters in
the “cell type-specific” classes of ZNF217 targets. As shown in
Fig. 4B, all five of the class of Ntera2-exclusive promoters
showed higher ZNF217 enrichment values in Ntera2 versus
MCF7 cells. However, several of the testedMCF7-specific pro-
moters were not confirmed as ZNF217 targets.
To begin to understand the function of ZNF217, we analyzed

the three categories of ZNF217 gene targets using the DAVID
analysis program (21). This analysis program uses gene ontol-
ogy to classify a list of genes and provides a measure of signifi-
cance for the identified categories by including a p value that
indicates the probability that the identified category is more
highly enriched in the target set than would be expected by
random chance. Although the MCF7-exclusive list sample size
was small and, based on the PCR confirmation results, may
include false positive targets, we did see a slight enrichment for
genes involved in organ development and morphogenesis
(Table 2). The DAVID analysis for the large set of ZNF217
targets bound in both MCF7 and Ntera2 cells showed enrich-
ment for genes with transcription factor activity and ion bind-
ing. The Ntera2-exclusive gene list was highly enriched for
transcription factor activity and organ development and mod-
erately enriched for cell differentiation and receptor binding.
We found that a very large percentage of the Ntera2-exclusive
ZNF217 target genes were homeodomain transcription factors
such as LHX2, SIX6, and SOX2. The binding of ZNF217 in
Ntera2 cells, which are derived from germ cell tumors, to the
promoters of developmental regulatory genes such as home-
odomain proteins suggests that ZNF217 may play a role in reg-

ulating embryonic development. An alphabetized list of all the
genes in the three different categories can be found in supple-
mental Table S3.
ZNF217 and CtBP Co-localize at Promoters—Biochemical

purification studies have suggested that ZNF217 can be found
in a complex with CtBP1 and CtBP2 together with histone-
modifying enzymes such as histone deacetylases and histone
methyltransferases (13, 14). As ZNF217 is thought to be a puta-
tive DNA-binding protein, it has been proposed that ZNF217
functions in gene repression by recruiting CtBP and an associ-
ated repressor complex to DNA (15, 31). To test this hypothe-
sis, we investigated whether ZNF217 and CtBP proteins are
bound to the same target promoters. We first performed ChIP
assays in Ntera2 cells using antibodies to CtBP1 and CtBP2. As
expected, the sets of promoters bound by these two proteins
were very similar (Table 3). Interestingly we found that the
majority of the ZNF217 targets in Ntera2 cells were also bound
by bothCtBP1 andCtBP2 (Table 3 and supplemental Table S4).
Similarly the majority of ZNF217 targets in MCF7 cells were
also bound by CtBP2.
It is possible that ZNF217 binds to promoters via some or all

of its zinc fingers and recruits CtBP1/2 to the promoter regions
through the direct protein-protein interactions that have been
characterized previously (15). Alternatively otherDNAbinding
factors may be the primary contact point between the promot-
ers and the ZNF217-CtBP repressor complex (Fig. 5A). For
example, previous studies have shown that CtBP proteins can
interact with other site-specific DNA-binding proteins such as
the homeodomain zinc finger proteins ZEB1 and -2 (32–34),
with the ETS family member NET (35), and with other DNA
binding factors (16, 36, 37). It is also possible that ZNF217 and
CtBP2 are recruited to the same promoters but to different
regions. However, the identical patterns of binding seen in the
genomic tiling arrays showing binding of ZNF217 andCtBP2 to
the same location in the promoter region do not support this
third model (Fig. 5B). We attempted to address the cause and
effect relationship between recruitment of ZNF217 and the
CtBP proteins to promoters by performing ChIP-chip assays
using an antibody toCtBP2 in cells treatedwith siRNAs specific
for ZNF217. We found that, in general, binding of CtBP2 was
not greatly reduced by removal of ZNF217 from the set of com-
monly bound promoters (several examples are shown in Fig.
5B). Only eight of the top 497CtBP2 targets of promoter 1 array
and 43 of the top 481 targets of promoter 2 array showed a
convincing reduction in binding of CtBP2 in the cells treated
with siRNA to ZNF217 (the list of the 51 genes and the CtBP2
ChIP enrichment values before and after reduction of ZNF217

TABLE 2
Gene ontology of ZNF217 target genes

% p value
MCF7 and Ntera2 (616)
Ion binding 23.5 1.6 � 10�4

Transcription factor activity 8.0 5.1 � 10�4

Nucleic acid binding 21.7 9.4 � 10�4

Helicase activity 2.0 5.6 � 10�3

Ntera2-exclusive (379)
Transcription factor activity 17.9 6.0 � 10�19

Organ development 11.9 9.0 � 10�15

Receptor binding 7.7 2.6 � 10�4

Nucleic acid binding 25.9 3.0 � 10�4

Cell differentiation 6.3 5.5 � 10�4

Embryonic development 2.1 1.5 � 10�3

Cell adhesion 7.1 2.8 � 10�3

Ion transporter activity 7.4 8.6 � 10�3

MCF7-exclusive (114)
Organ development 6.9 5.36 � 10�3

Morphogenesis 6.0 3.26 � 10�2

Negative regulation of biological process 6.9 3.32 � 10�2

Tissue development 3.5 4.05 � 10�2

Membrane 25.0 9.8 � 10�2

TABLE 3
Comparison of ZNF217 and CtBP target promoters

Promoter 1 Promoter 2
% %

Ntera2 top 1000
CtBP1/CtBP2 78 63
ZNF217/ZNF217 69 64
CtBP1/ZNF217 71 62
CtBP2/ZNF217 72 75
IgG/ZNF217 7 2

MCF7 top 1000
CtBP2/ZNF217 64 56
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are shown in supplemental Table S5). Thus, the interaction
between ZNF217 and CtBP2 is not required for recruitment of
CtBP2 to most promoter regions. Our studies are suggestive
that the second model shown in Fig. 5A may be correct for
many promoters.
ZNF217 Can Function as a Transcriptional Repressor—As

indicated above, ZNF217 was purified in repressor complexes,
and we showed that ZNF217 and the co-repressor CtBP bind
many of the same promoters. Taken together, this suggests that
ZNF217 can repress target genes. To provide support for the
hypothesis that ZNF217 is a transcriptional repressor, we
determined the RNA expression levels of the target genes. For
this analysis, we compared two independent ZNF217 ChIP-
chip assays using Ntera2 cells and chose a set of promoters that
were ranked in the top 1000 targets on promoter 1 in both of the
experiments and a set of promoters that were ranked in the top
1000 targets on promoter 2 array in both of the experiments.
This produced a list of 1276 promoters (631 genes from pro-
moter 1 and 645 genes from promoter 2). We then examined
the RNA expression data for this set of ZNF217 target genes
using Illumina expression arrays. We isolated RNA from two
independent cultures of Ntera2 cells and performed expression
arrays; the RNA expression values obtained from these two
experiments were very reproducible and were averaged for the
analysis of ZNF217 target genes. Of the 1276 ZNF217 targets,
1077 were represented on the Illumina arrays. We divided the
genes into three groups: those having very low expression val-
ues (less than 300), those having very high expression values
(greater than 1000), and moderately transcribed genes (300–
1000).We found that 64% of the top rankedNtera2 targets have
low RNA values (Table 4) with a cutoff of less than 300 (corre-
sponding to a p value less than 0.00065), supporting the hypoth-
esis that binding of ZNF217 to a promoter region can often
result in transcriptional repression. A DAVID gene ontology
analysis of the low expression ZNF217 targets (Table 5) again
showed a great enrichment for transcription factor activity,
organ development, cell differentiation, and embryonic devel-
opment. In contrast, the small set of ZNF217 target genes in the
RNA� 1000 category were onlymodestly enriched inmorpho-
genesis. To test the possibility that this small set of genesmay be
false positives for ZNF217 binding, we conducted PCR analysis
of four potential targets, N-MYC, HAND1, TDGF3, and ZIC2
(Fig. 6), using an independent ChIP sample from Ntera2 cells;
for comparison, four “repressed” ZNF217 targets (USP32,
CITED, ZHX2, and c-MYC) are also shown. Although the
ZNF217 targets that were in the low expression category were
confirmed to be bound by ZNF217, only one of the ZNF217
targets in the high expression category (N-MYC) was con-
firmed to be bound by ZNF217. Therefore, the addition of RNA
expression information may aid in identifying a robust list of
ZNF217 target genes.

FIGURE 5. A, schematic illustrating three models for ZNF217 and CtBP2
interaction. a, ZNF217 is required for recruitment of CtBP to DNA.
b, another factor recruits the complex to DNA. c, ZNF217 and CtBP bind to
adjacent sites in the promoter. B, examples of three ZNF217 and CTBP2
target promoters (EOMES (a), NEFL (b), and LMO3 (c)) in Ntera2 are shown
using Signal Map software; the top panel for each promoter is from the
ZNF217 ChIP array, the middle panel is from the CtBP2 ChIP array, and the
bottom panel shows CtBP2 binding from siZNF217-treated cells. TF, tran-
scription factor.

TABLE 4
ZNF217 targets are expressed at low levels

RNA level No. genes matching % of total
Low, �300 689 64
300–1000 255 24
High, �1000 132 12
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The low expression levels of the majority of the ZNF217-
bound promoters suggested that binding of ZNF217 can result
in transcriptional repression. To provide further support for
this hypothesis, we analyzed RNA expression levels before and
after reduction of ZNF217 by siRNA treatment.We performed
triplicate siRNA treatments, prepared RNA samples from the
control and treated cells, and hybridized the samples to Illu-
mina expression arrays. As expected, ZNF217 RNA levels were
shown to be substantially diminished in all three experiments,
demonstrating the effectiveness of the siRNA treatment and
the reliability of the expression arrays. In each of the three bio-
logical replicate experiments, several hundred genes were
either up- or down-regulated after reduction of ZNF217 levels
(Table 6). For example, 288 genes were up-regulated (suggest-
ing that they are normally repressed by ZNF217) in at least two
of the three experiments with 106 genes being up-regulated by
reduction of ZNF217 in three independent siRNAexperiments.
Fewer genes were down-regulated by reduction of ZNF217
with only 29 showing consistent down-regulation in all three
experiments.When we compared the list of promoters directly
bound by ZNF217 and the list of genes that showed a change in
expression in at least two of the three knockdown experiments,
we found a total of 56 genes; the 54 genes having a known
function are shown in Table 7.
The genes identified as being repressed by ZNF are highly

enriched for neuron-specific genes (supplemental Table S6).
Ntera2 cells possess characteristics of pluripotent embryonal
cells and can differentiate into postmitotic central nervous sys-
tem neurons and a variety of other cell types upon treatment
with retinoic acid (38), suggesting that one role of ZNF217may

be to assist in repressing differentiation pathways. If so, then
onewould predict that ZNF217would be down-regulated upon
retinoic acid-induced differentiation of Ntera2 cells. To test
this hypothesis, we treated Ntera2 cells with retinoic acid and
harvested samples at 4, 10, and 14 days. As a control for differ-
entiation, we analyzed levels of OCT4, which is known to be
down-regulated upon differentiation of Ntera2 cells (39). To
ensure that we were detecting ZNF217 protein on theWestern
blot, we also treated Ntera2 cells (in the absence of retinoic
acid) with siRNAs specific for ZNF217. As shown in Fig. 7,

FIGURE 6. Characterization of ZNF217 targets expressed at different lev-
els. Shown is PCR analysis of four ZNF217 target genes that are in the
repressed category (left side of panel) compared with four from the “acti-
vated” category (right side of panel). RAP22A was used as a negative control
for normalizing sample to input with a -fold enrichment equal to 1.

TABLE 5
Gene ontology of ZNF217 targets expressed at low versus high levels

% p value
RNA < 300 (613)
Transcription factor activity 15.6 2.64 � 10�22

System development 8.4 4.79 � 10�13

Organ development 8.4 2.85 � 10�11

Nucleic acid binding 26.9 4.01 � 10�8

Cell differentiation 6.1 1.45 � 10�5

Embryonic development 2.0 5.75 � 10�5

Transporter activity 4.9 1.65 � 10�4

Tumor suppressor 0.8 8.86 � 10�4

Sex differentiation 1.2 1.80 � 10�3

Postsynaptic membrane 1.5 8.34 � 10�3

RNA > 1000 (122)
Morphogenesis 9.9 2.1 � 10�3

Regulation of growth 4.1 1.1 � 10�2

System development 7.4 1.4 � 10�2

Cell differentiation 6.6 5.2 � 10�2

Organ development 6.6 6.5 � 10�2

TABLE 6
Identification of genes responsive to loss of ZNF217

RNAs responsive to loss of ZNF217a A B C 2 of 3 3 of 3
RNAs up-regulated by loss of ZNF217 462 402 540 288 106
RNAs down-regulated by loss of ZNF217 452 116 318 133 29
ZNF217 targets up-regulated by loss
of ZNF217

43 61 77 42 18

ZNF217 targets down-regulated by loss
of ZNF217

27 18 23 14 3

a Up-regulated RNAs were identified as those having expression levels greater than
200 in the cells treated with siRNA to ZNF217 and a greater than 1.5-fold increase
in expression after reduction of ZNF217; down-regulated RNAswere identified as
those having RNA expression levels greater than 200 in the untreated samples and
showing a greater than 1.5-fold decrease in expression after reduction of ZNF217.
The intersections of the ZNF217-bound promoters and the up-regulated RNAs
are identified as ZNF217 targets up-regulated by the loss of ZNF217, and the
intersections of the ZNF217-bound promoters and the down-regulated RNAs are
identified as ZNF217 targets down-regulated by the loss of ZNF217. See Table S7
for a list of the 3 of 3 changes.

TABLE 7
Genes directly bound by and regulated by ZNF217
Bold genes indicate ZNF217 targets in both MCF7 and Ntera2 cells.

Repressed by ZNF217 Activated by ZNF217
ABHD7 ARMCX5
ADM CCNE2
ANK3 EOMES
ATP10D GAD1
CCL2 GATA4
COL8A1 KRT18
CREB5 PUNC
CXXC4 SOCS2
DPP6 ST3GAL6
DSCR1 ST6GAL1
EVA1 STRA6
GPRC5A WNT5B
HAPLN1 ZNF616
HOXC6
IFI16
IGFBP3
ITM2A
KLHL4
LMO3
LYPD1
MAP2K5
MYCBP2
NEFL
NLGN1
NMNAT2
NMU
NRK
NRXN3
PAK3
PIPOX
PKP2
PLAT
RGS20
SEC14L2
SEMA3A
SH3RF2
SLC6A15
SPAG9
SPG3A
TP53AP1
VSNL1
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ZNF217 was down-regulated by Day 4 of retinoic acid treat-
ment to the same reduced protein level as obtained by treat-
ment with siRNAs. The reduction in ZNF217 levels after differ-
entiation of Ntera2 cells along the neural cell lineage supports
the hypothesis that ZNF217 may be critical in repressing neu-
ron-specific genes. Future studies will be focused on determin-
ing whether forced overexpression of ZNF217 can prevent dif-
ferentiation in Ntera2 cells.

DISCUSSION

Using the global and unbiased approach of ChIP-chip assays
that interrogate �24,000 human promoters, we gained new
insight into the function of the oncogene ZNF217.We began by
determining that approximately half of the in vivo binding sites
of ZNF217 are located within proximal promoter regions and
then identified thousands of promoters bound by ZNF217 in
three different cancer cell lines. We established that ZNF217
can function as a transcriptional repressor by demonstrating
(a) that the majority of ZNF217 target genes are bound by
CtBP1/2, (b) that most genes bound by ZNF217 show very low
expression levels, and (c) that reduction in the amount of
ZNF217 bound to a promoter can, in some cases, result in
increased gene expression. Interestingly we found that many of
the genes bound by ZNF217 in Ntera2 cells function in the
neural cell lineage, suggesting that one role of ZNF217 may be
to repress specific differentiation pathways.
Although inappropriate expression of ZNF217 has been

linked to tumorigenesis (due to amplification at the 20q13 locus
in multiple tumor types), the exact mechanisms by which
ZNF217 might promote or enhance neoplastic transformation
have not been elucidated. It has been proposed that ZNF217
functions as a transcriptional repressor due to its purifica-
tion in complexes that contain co-repressors such as CtBP2
and coREST (10, 11, 13, 14) and histone modifying enzymes
such as G9a and LSD1 (12, 13). However, an understanding of
how ZNF217-mediated repressionmight influence tumorigen-
esis has not been developed in large part due to a lack of known
ZNF217 target genes. The thousands of ZNF217 target genes
that we identified provide an excellent data set for testingmod-
els of ZNF217-mediated gene regulation. For example, our pre-
liminary analyses of histone modifications of ZNF217 target
genes indicated that very low levels of H3me3K9 are found on
the target promoters but that about half of the promoters
repressed by ZNF217 have high levels of H3me3K27 (see sup-
plemental Table S6). These results suggest that, in some cases,

ZNF217 may recruit the PRC2 complex (40). Further studies
examining other histone modifications are in progress.
Our studies support the previous biochemical purification

experiments in that we demonstrated that there is a very large
overlap between the promoters bound by ZNF217 and the pro-
moters bound by CtBP1/2 in both Ntera2 and MCF7 cancer
cells. It is possible that ZNF217 binds to promoters via some or
all of its zinc fingers and recruits CtBP1/2 to the promoter
regions through the direct protein-protein interactions that
have been characterized previously (15). Alternatively other
DNAbinding factorsmay be the primary contact point between
the promoters and the ZNF217-CtBP repressor complex (16,
36, 37). Our data showing very similar binding patterns of
ZNF217 and CtBP2 and our finding that, in general, binding of
CtBP2 was not greatly reduced by removal of ZNF217 from a
promoter suggest that ZNF217 and CtBP2 might both be
recruited to the chromatin via a different DNA-binding pro-
tein. This hypothesis is supported by a motif present in many
of the ZNF217 binding sites that is distinct from the motif
recently identified using in vitro casting experiments and
zinc fingers 6 and 7 of ZNF217 (31). Although the 8-base
motif that we identified does not match any known binding
motifs in the TRANSFAC or JASPAR data bases, three posi-
tions of themotif (TCCor reverse complementGGA) domatch
the conserved GGA that constitutes the core of the DNA bind-
ing motif of all ETS family members (41). Thus, it is possible
that an ETS family member may help to recruit the ZNF217-
CtBP complex to the DNA. Interestingly previous studies have
shown that CtBP can interact with ELK-3 (also called NET,
Sap-2, and Erp), an ETS family member (35).
Our finding that thousands of promoters were bound by

ZNF217 is consistent with recent ChIP-chip studies of other
human transcription factors, such as MEN1 (42), MYC (43),
E2F1 (22), NF�B (44), and the estrogen receptor (45). Further
characterization of these target promoters have revealed that
changes in binding of the factor does not necessarily lead to
changes in gene expression (42, 44). For example, �2000 pro-
moters are bound by the transcriptional activator Men1, but
only�5% of these genes showed a change in expression inmice
that were nullizygous for the Men1 gene (42). Similarly we
found that�5% of the genes identified as ZNF217 targets using
ChIP-chip assays showed a change in expression when ZNF217
levels were reduced by siRNA treatment of Ntera2 cells. It is
becoming increasingly clear that promoters are regulated by
many factors and that loss of a single factor is usually not suffi-
cient to alter the regulation of a promoter. Once the landscape
of transcriptional regulation in the human genome has been
mapped in more detail, sets of promoters that are commonly
regulated by two or more different complexes may be identi-
fied. At that point, it may be possible to alter the expression of a
greater percentage of genes by removing multiple complexes
from the promoter regions.
A major goal of our studies of ZNF217 was to obtain insight

into how inappropriate expression of this factor in human can-
cers can contribute to neoplasia. Interestingly many of the
genes that are bound by ZNF217 encode proteins that are crit-
ical in mediating differentiation. We also showed that ZNF217
levels are down-regulated upon forced differentiation ofNtera2

FIGURE 7. ZNF217 is down-regulated by retinoic acid in Ntera2 cells. West-
ern blot of retinoic acid time course in Ntera2 shows down-regulation of
ZNF217 by Day 4 of treatment to the same levels as siZNF217 treatment. OCT4
down-regulation indicates Ntera2 cells are differentiating. A section of the
ponceau stain indicates levels of protein loaded in each lane.
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cells, allowing for the expression of genes involved in differen-
tiation and organogenesis. Thus, we propose that inappropriate
expression of ZNF217 may lead to a down-regulation of genes
that confer a differentiated phenotype, causing a dedifferentia-
tion of the cells and driving them toward a more proliferative
and pluripotent phenotype. Future studies will be focused on
comparing differentiation potential of cells expressing different
levels of ZNF217.
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