
Intronic Promoter Drives the BORIS-regulated Expression of
FerT in Colon Carcinoma Cells*

Received for publication, November 23, 2011, and in revised form, January 5, 2012 Published, JBC Papers in Press, January 5, 2012, DOI 10.1074/jbc.M111.327106

Adar Makovski, Etai Yaffe, Sally Shpungin, and Uri Nir1

From the Mina and Everard Goodman Faculty of Life Sciences, Bar-Ilan University, Ramat Gan 52900, Israel

Background: Identification of cancer testis antigens (CTA) provides new tools for cancer diagnosis and therapy.
Results: Expression of the spermatogenic protein FerT recurred in colon carcinoma (CC) cells via DNA demethylation and
activation of an intronic promoter.
Conclusion: FerT is a new CTA whose expression is regulated by a novel mechanism.
Significance: FerT may serve as a new target for CC diagnosis and therapy.

Fer is an intracellular tyrosine kinase that accumulates in
most mammalian tissues. A truncated variant of Fer, FerT, is
uniquely detected in spermatogenic cells and is absent from
normal somatic tissues. Here, we show that in addition to Fer,
FerT also accumulates in CC cells and in metastases derived from
colorectal tumors, but not in normal human cells. Thus, FerT is a
newmember of the CTA protein family. Transcription of the ferT
gene in CC cells was found to be driven by an intronic promoter
residing in intron 10 of the fer gene and to be regulated by another
CTA, theBrotherof theRegulatorof ImprintedSites (BORIS) tran-
scription factor. BORIS binds to the ferT promoter and down-reg-
ulation of BORIS significantly decreases the expression of ferT in
CC cells. Accumulation of the ferT RNAwas also regulated by the
DNA methylation status and paralleled the expression profile of
the boris transcript. Accordingly, the intronic ferT promoter was
found to be hypomethylated in cancer cells expressing the FerT
protein, by comparisonwithnon-expressers.Collectively,we show
here that FerT is anewCTAwhose accumulation inCCcells, com-
monly considered low CTA expressers, is controlled by a novel
transcription regulatorymechanism.

Fer is an intracellular tyrosine kinase, which has been found
to reside in both the cytoplasm and the nucleus of mammalian
cells (1–3). This somatic kinase is present in a wide variety of
tissues, and there is evidence that suggests a supportive role of
Fer in the proliferation and growth of malignant cells (4, 5). A
truncated variant of Fer, termed FerT, uniquely accumulates in
meiotic and post-meiotic spermatogenic cells (6–8), where it
has been postulated that it may participate in acrosome devel-
opment (9). Murine Fer and FerT share a common kinase and
SH2 domains, but they differ in their N-terminal portion where
the 412 amino acid-long tail in Fer is replaced with a unique 43
amino acid-long tail in FerT (10).
Cancer testis antigens (CTA)2 is a group of proteins whose

accumulation in the normal adult is typically restricted to the

testis, but that are aberrantly expressed in several types of can-
cers (11). A key element in the induction of CTA gene expres-
sion appears to be promoter demethylation. Methylation of
CpG islands within gene promoters is responsible for gene
silencing, because of an effect on chromatin structure and tran-
scription factors binding (12–14). CTA are considered poten-
tial candidates for antigen-specific cancer immunotherapy by
virtue of their high immunogenicity with no, or highly
restricted, expression in normal tissues (15). There are more
than 100 CTA genes reported in the literature to date (16), but
biological function ofmost of these remains poorly understood.
In this study we show that the testis-specific FerT protein

accumulates in CC tumors and in metastases derived from CC
malignancies, but not in normal colonic cells. Furthermore, the
expression of FerT is regulated by an intronic promoter, which
lies within the ubiquitously expressed fer gene. Thus, FerT is a
novel CTA, which may serve as a new target for colon cancer
diagnosis and therapy (17).

EXPERIMENTAL PROCEDURES

Cell Culture and Transient Transfections—FS11 cells were
received as a gift from M. Revel at the Weizmann Institute of
Sciences and were grown in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% FBS and 1% nonessential
amino acids (Biological Industries) and incubated at 37 °C
under 5% CO2. HUH6 andHUH7 cell lines were obtained from
Japanese Collection of Research Bioresources (JCRB) and were
grown according to JCRB instructions. All other cell lines were
obtained from the American Type Culture Collection and
were grown according to ATCC instructions. For siRNA trans-
fection, cells (a total of 2 � 105) were transfected using the
Lipofectamine 2000 reagent, according to the manufacturer’s
instructions (Invitrogen). The final concentration of the
siRNA-ferTwas 50nMandof the siRNA-boris1� 2was 200nM.
DNA transfections were carried out using a LT1 transfection
reagent (Mirus) according to the manufacturer’s instructions.
siRNAs—siRNAs were targeted toward the following

sequences; siRNA-ferT: 5�-CAGCUCUGAGCCUUCCACAU-
CAGAA-3� (Invitrogen) siRNA-boris1: as described before (18)
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(Sigma) siRNA-boris2: sc60279 (Santa Cruz Biotechnology)
For negative control (siRNA-neg), Stealth RNAi siRNA Nega-
tiveControlMedGC (Invitrogen)was used. Transfectionswere
performed as described above.
Antibodies (Ab)—A series of polyclonal �Fer Ab was used, as

follows:� SH2, directed toward the SH2 domain of p94Fer (10),
�Fer N terminus, directed toward 1–189 amino acids of the
murine p94Fer and prepared in our laboratory and �Fer C ter-
minus directed toward the last 100 amino acids of the human
p94Fer. In addition, we used the following commercially avail-
able Ab: �Myc and ��Actin (Sigma),�Gfp (Biovision), �PARP-
1(Santa Cruz Biotechnology).
Western Blot (WB) Analysis—Whole cell lysates were pre-

pared from cell lines, as has been described before (19). Lysates
from primary colonic tissues or tumors were purchased from
Origene Inc. Lysate from adult normal testis tissue was pur-
chased from Abcam (ab30257). WB analysis was conducted as
has been described (19).
Mass Spectrometry (MS) Analysis—40 mg of protein lysates

were incubated overnight at 4 °C with 1:100 diluted purified Ab
directed toward the C terminus of the Fer protein. Antigen-
antibody complexes were precipitated with protein A-Sephar-
ose (GEHealthcare). Precipitates were washed three times with
PBS. Recovered immunocomplexeswere solubilized in a Laem-
mli sample buffer and were separated on SDS-PAGE. The pro-
teins were stained with silver stain (Pierce). An appropriate
band was cut out of the gel and subjected to mass spectrometry
analysis that was carried out by the ProteomicUnit at the Tech-
nion, Haifa, Israel.
Cell Cycle Analysis—Cell cycle, flow-cytometry analysis was

performed as described before (4). The data were analyzed
using Cell Quest Pro software (Becton Dickinson) and ModFit
LT software.
BrdU Incorporation Assay—Cells (2 � 105) were plated in

6-well plates, and 48 h after transfection with siRNA, cells were
incubated for 30 min with 10 mM BrdU (Sigma). Incorporation
of BrdUwas determined using a BectonDickinson �BrdU anti-
body, according to themanufacturer’s protocol. Cells were also
stained with 5 mg/ml PI solution. The cellular DNA content
was determined using a flow cytometer (Becton Dickinson
FACS Calibur); data were analyzed using Cell Quest Pro
software.
Annexin V Staining—Cells (2 � 105) were plated in six well

plates, and 48 h after transfectionwith siRNA cells were stained
with Annexin V-FITC and propidium iodide using the MEB-
CYTO-apoptosis kit (MBL) following manufacturer’s instruc-
tions. The total cellular DNA content and bound Annexin
V-FITC were determined using a Becton Dickinson flow
cytometer (FACS Calibur); all data were analyzed using Cell
Quest Pro software.
RT-PCR Analysis—Whole cell RNA was extracted from cell

cultures using TRI Reagent (Molecular Research Center), fol-
lowing the manufacturer’s instructions. Total RNA from
human testis was purchased from Origene Inc. (HT1011). A
total of 1 �g of RNA was reverse transcribed using a Super-
Script first-strand synthesis system for RT-PCR (Invitrogen).
For semiquantitative RT-PCR analysis, the PCR product was
amplified using specific primers derived from the human ferT

cDNA: forward: 5�-CCACATCAGAAGTCCACAGAGATC-
AGGAAAG-3�, reverse: 5�-GCCCGCGAATTCACACTCAA-
AAGAGAACTAC-3�, boris: forward: 5�-CAGGCCCTACAA-
GTGTAACGACTGCAA-3�, reverse: 5�-GCATTCGTAAGG-
CTTCTCACCTGAGTG-3�, gapdh: forward: 5�-AAGGTCAT-
CCCTGAGCTGAACG-3�, reverse: 5�-CAAAGGTGGAGGA-
GTGGGTGTC-3�. PCR products were separated on an agarose
gel.
Quantitative Real-time RT-PCR Analysis (qRT-PCR)—qRT-

PCR was performed using Fast SYBER Green Master Mix
(Applied Biosystems) and the following primer pairs: gapdh:
forward: 5�-TGGCCAAGGTCATCCATGACAA-3�, reverse:
5�-GGGCCATCCACAGTCTTCTG-3�, fer: forward: 5�-GCA-
GAAAGTTTGCAAGTAATGTTGA-3�, reverse: 5�-CCAAA-
ACAGCCTCCTCCTTGT-3�, ferT: forward: 5�-TTTCGGCT-
CCCAATCCTGTAAAAC-3�, reverse: 5�-GGAGACCTAAT-
TATTCCAGCAATTGAATG-3�, boris: forward: 5�-CAGGC-
CCTACAAGTGTAACGACTGCAA-3�, reverse: 5�-GCAT-
TCGTAAGGCTTCTCACCTGAGTG-3�.
5-Aza-dC Treatment—Cells (a total of 2 � 105) were treated

with 1 �M 5-Aza-dC (Sigma) for 3 days and were replenished
every 24 h. RNA and whole cell lysates were extracted as
described above.
Rapid Amplification of cDNA Ends (RACE)—5�-RACE was

performed by using a 5�/3�-RACE kit (2nd Generation, Roche),
following the manufacturer’s instructions.
The specific primers used were: Sp1: 5�-TCCCTTGCCCA-

GTAATTCTCCCAATATGAC-3� Sp2: 5�-AACCCAGTGCC-
CTCGAATCGATAC-3� Sp3: 5�-GGACATATTCACCAGG-
TTTCCCATGACTCTC-3�. The RACE product was analyzed
on ethidium bromide-stained agarose gel and was cloned into a
pGEM-T easy vector system (Promega).
Construction of Luciferase Expression Vectors and Promoter

Activity Assay—fer intronic sequences lying upstream of the fer
cDNA 5�-end (�1000 bp to �200 bp) were amplified by PCR
using Phusion DNA polymerase (Finnzymes). Genomic DNA
extracted fromHCT116 cells served as a template. The forward
primer contained a MluI site: 5�-CGGCCACGCGTATCTAG-
TAGTTGTATCTTTGTTT-3� and the reverse primer con-
tained a XhoI site: 5�-CTATCCTCGAGATGTGGAAG-
GCTCAGAGCTGAAC-3�.
For the inversely inserted promoter, the XhoI site was

included in the forward primer and the MluI site was included
in the reverse primer. Creation of a PGL3 PferT mutant was
carried out using a PCR site-directedmutagenesis methodwith
an inter forward primer in which the modified nt (bold) were
replaced by the nt that follows in parentheses: 5�-TCCATG-
CCAACAG(ACT)GGGGA (TTTC)GATAGTATGAAAT-3�
the complementary inter backward primer 5�-ATTT-
CATACTATCGAAACAGTTTGGCATGGA-3�.
The PCR products were digested with the restriction

enzymes MluI and XhoI (Fermentas) and were then ligated to
the MluI and XhoI digested plasmid pGL3-Basic (Promega),
which carries the firefly luciferase gene. For promoter activity
assay, 2.5 � 105 HCT116 cells were transfected with 1.5 �g of
each of the tested plasmids together with 1.5 �g of pSV�-gal
plasmid for normalization of transfection efficiency. Cells were
lysed 48 h after transfection, the luciferase activities were mea-
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sured by a Luciferase Assay System (Promega) and the �-gal
activities were determined by a �-Galactosidase Enzyme Assay
System (Promega). Both activities were measured with a Lumi-
nometer (Synergy4, BioTek). The luciferase activity valueswere
normalized with the measured �-gal activities. The pGL3-brca
plasmid was used as a positive control (a gift from Prof. Gins-
berg’s laboratory at Bar-Ilan University).
Chromatin Immunoprecipitation (ChIP)—ChIP was per-

formed with HCT116 cells transfected with pEIRES Myc-
BORIS orwith an empty vector using aChIP assay kit (Upstate).
For each immunoprecipitation, 2�g of eachAbwas used.�Myc
(Santa Cruz Biotechnology) and �Gfp (Biovision). Primers
used for PCR are given by: for ferT promoter: forward:
5�-GCTAGCTCGAGCCTTTAATCCAGAACTGACTAG-3�,
reverse: 5�-GTCAGACGCGTATAGAAGAGAGGTGCAAA-
TCTG-3� for H19 promoter: as described in Ref. 20.
DNA Affinity Protein Binding Assay—Oligonucleotides con-

taining the BORIS binding sites in the human fer intron were
amplified by PCRwith the following primers: forward: 5�-GCTA-
GCTCGAGCCTTTAATCCAGAACTGACTAG-3�, reverse:
5�-GCTAGCTCGAGCCTTTAATCCAGAACTGACTAG-3�.

The PCR product was digested with the restriction enzymes
MluI and XhoI (Fermentas), ligated, and bound to cyanogen
bromide-activated Sepharose beads (CNBr-S) (Sigma). 200 �g
of nuclear extract (21) from HCT116 cells, transfected with
Myc-BORIS or with the empty vector, were incubated with 100
�l of DNA-bound beads overnight in a binding buffer contain-
ing 20 mM Hepes pH 7.9, 2 mM MgCl, 60 mM KCl, and 10%
glycerol. The next day, the beads were washed with PBS three
times and bound proteins were eluted with 30 �g of Laemmli
sample buffer and subjected to WB analysis.
Bisulfite Sequencing—300ng of genomicDNA fromHCT116

and HT29 cells was subjected to bisulfite modification using an
EZ DNAMethylation Direct kit (Zymo) according to the man-
ufacturer’s instructions. A 550 bp sequence of the ferT pro-
moter (�550 to �1) was amplified by PCR using the following
primers: forward: 5�-GAAAGTGAGGTATATTTTTAGAGA-
TTTTGAGATTT-3�, reverse: 5�-CCAAAAAAATCAATTT-
ACCAACAAACCTTCCTATATA-3�. PCR fragments were
ligated into the pGem-T Easy cloning vector (Promega). Fol-
lowing transformation, plasmids from individual bacterial col-
onies were isolated and sequenced (HyLabs).
Statistical and Bioinformatic Analysis—Statistical analysis

was performed using the paired and unpaired Student’s t test,
with a p value �0.05 being considered significant. Results are
depicted as means � S.E. of the mean for n given samples. For
the identification of transcription factors, binding sites and
promoter analysis, “MathInspector” (Genomatix Ltd.) was

used. The “MathPrimer” program from the Li laboratory in
UCSF was used for CpG islands prediction and for designing of
the PCR primers. Analysis of nucleotide and amino acid
sequences was carried out using the ClustalW application. Fer
transcripts information was retrieved from the EBI database.

RESULTS

Selective Accumulation of a Fer-related Protein in CC Cells—
Examination of the expression of Fer in seven human CC cell
lines derived from various tumor stages and from normal
human colonic cells (CCD33Co) revealed that, in addition to
Fer, a protein of about 47kDa MW (p47) also reacted with the
�SH2-Fer Ab in six of the CC cell lines analyzed. However, p47
was neither detected in the HT29 adenocarcinoma cells, nor in
the normal colonic CCD33Co cells (Fig. 1A).
To gain an indication whether p47 represents a truncated

variant of Fer, like FerT, lysates from the CC cells were reacted
with �Fer Ab directed toward either the N-terminal tail or the
C-terminal end of the protein. While �C terminus Ab reacted
with p47, the �N-terminal Ab, reacted only with the 94 kDa
full-length Fer (Fig. 1B). These results suggested the accumula-
tion in CC cells of a truncated variant of Fer, which lacks the
N-terminal portion of the somatic kinase and could exert the
structure of FerT (6).
To examine whether the presence of p47 in CC cell lines

reflects the accumulation of this protein in a tumor-specific
manner, whole cell lysates from normal human colon, primary
CC tumors and frommetastases ofCC tumors in the lungs, liver
and ovaries were reacted with �SH2-Fer Ab in a WB analysis.
The p47 proteinwas not detected in normal colon tissues nor in
a stage I colon adenocarcinoma lysate (Fig. 1C). This protein
was also absent frommice normal colon tissue and fromvarious
rat and mouse tissues (Fig. 1D). However, it was detected in
primary stage II human CC tumors. Furthermore, p47 was also
present in CC metastases in the liver, lungs and ovaries (Fig.
1C). Notably, the p47 was also present in five cell lines derived
from hepatocellular carcinoma (HCC) tumors and analyzed
using the �Fer Ab (Fig. 1E).
FerT Is Expressed in CC Cells—To conclusively characterize

and identify the Fer-related p47 protein, mRNAs containing
Fer-related sequences were cloned from HCT116 cells. The
open reading frame (ORF) of a RACE product containing fer
RNA sequences was found to encode a truncated variant of Fer,
which very closely resembles the mouse and rat testis-specific
FerT proteins. Furthermore, the ORF of this RNAwas found to
be identical to the ORF of the human ferT RNA cloned from
human testis RNAanddescribed here for the first time. Like the
predicted human and mouse (6) FerT proteins, the truncated

FIGURE 1. Fer and a Fer-related proteins accumulating in CC cells. A, whole cell lysates were prepared from normal human colonic cells CCD33Co (lane 1) and
from seven human CC lines (lanes 2– 8). Proteins were resolved by SDS-PAGE and were reacted with �SH2-Fer Ab, using WB analysis. The migration distances
of the p94Fer and p47 proteins are indicated. B, lysates from HT29 and from HCT116 cells were reacted with Ab directed toward the unique N-terminal tail of
Fer (left panel), or Ab directed toward the C-terminal end of Fer (right panel), by WB. �-Actin served as a loading control. C, WB with �SH2-Fer Ab of whole cell
lysates from HCT116 cells (1), from normal human colon tissue (2, 3), from stage II primary colorectal adenocarcinoma (4, 5), from CC metastases in the liver (6),
from CC metastases in the lung (7), from CC metastases in the ovary (8) and from stage I adenocarcinoma (9). The migration distances of Fer and the p47 protein
are marked. These data represent one of three independent experiments which gave similar results. D, levels of the Fer proteins in normal mouse and rat
tissues. WB with �SH2-Fer Ab of whole cell lysates from rat prostate tissue (1), from normal rat colon tissue (2), from normal rat spleen tissue (3), from normal
rat adrenal tissue (4), from normal rat liver tissue (5), from normal rat testis tissue (6), and from normal mouse colon tissue (7). The migration distances of Fer and
the rat ferT are marked. These data represent one of three independent experiments which gave similar results. E, protein lysates were prepared from five HCC
cell lines and from the primary fibroblasts of human FS11 cells. Proteins were reacted with �SH2-Fer Ab in a WB analysis.
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variant in CC cells contains intact SH2 and kinase domains of
Fer, which are linked to a unique 43 amino acid-long N-termi-
nal tail (Fig. 2A). We, therefore, conclude that the ferT RNA is
expressed in CC cells. Alignment of the ferT cDNA sequence
with the human fer locus indicated that the unique N-terminal
tail encoded by the ferT RNA is encoded by intron 10 of the fer
gene. The first nucleotide of the translation initiation codon of
the ferTmRNA is transcribed from nucleotide 26,813 in intron
10 of the human fer locus. This intron comprises 48,281 nucle-
otides (ensemble human gene view) and the remainder of the
FerTprotein is encoded by exons 11–20 of the fer gene (Fig. 2B).

In a complementary approach, a semi quantitative RT-PCR
analysis was performed on RNA prepared from HCT116 and
fromHT29 cells. This was carried out using a 3�-primer, which
is common to fer and ferT, and a unique primer corresponding
to the 5�-end of the ferT cDNA. Consistent with the accumu-
lation of FerT in HCT116 cells, this analysis revealed an
expected product of 1420 bp and clearly demonstrated the pref-
erential accumulation of the ferT mRNA in HCT116 cells (Fig.

2C). qRT-PCR analysis demonstrated similar levels of the fer
and ferT RNAs in HCT116 cells (Fig. 2D).
To further confirm the link between the cloned ferT RNA

and p47, the amino acid sequence of this protein was directly
determined. P47 was immunopurified from HCT116 lysates
and was then resolved in preparative SDS-PAGE. The band
containing the silver-stained protein was subjected toMS anal-
ysis. 38 peptides were obtained. Of these, 5 consisted of the
unique N-terminal sequence of FerT and 33 were composed of
the common FerT/Fer aa sequence (Fig. 3A). Notably, one pep-
tide contained the expected joint point between the FerT
N-terminal tail and the Fer amino acid sequence (Fig. 3A).
Finally, the human testis FerT protein migration profile on
SDS-PAGE was identical to that of the CC FerT protein (Fig.
3B). Taken together, these findings imply that themeiotic FerT
protein is encoded and translated from the ferT RNA in CC
cells.
siRNA directed toward the unique 5� of the ferT mRNA,

down-regulated specifically the FerT levels in HCT116 and

FIGURE 2. ferT is expressed in CC cells. A, nucleotide sequence of the p47 cDNA and its longest ORF translation product are shown. The unique N-terminal
sequence preceding the human fer sequence is underlined. B, N-terminal tail of FerT is encoded by intron 10 of the human fer gene. The structure of the FerT
protein is shown. The unique N-terminal tail, the SH2, and kinase domains (KD) are depicted. Exons of the fer locus encoding the Fer and FerT proteins are
indicated and correspond to the encoded domains of FerT. C, ferT mRNA accumulates in HCT116 cells. RNA was extracted from HT29 and from HCT116 cells.
The RNA samples were subjected to semi-quantitative RT-PCR analysis using a unique 5� ferT primer and a 3� fer primer (diagram below striped box represents
unique ferT sequences). The gapdh RNA served as an internal control. D, HCT116 RNAs were extracted, and the relative levels of the fer and ferT mRNAs were
determined using qRT-PCR and normalized to the gapdh RNA levels. Values represent means � S.E.

FIGURE 3. Identification of the human FerT protein in CC cells. A, FerT protein, purified from HCT116 lysates, was subjected to mass spectrometry analysis.
Shadowed fragments highlight peptides obtained from the mass spectrometry analysis that match the predicted FerT protein sequence. The sequence
spanning the joining point between the unique FerT N-terminal sequences and the Fer amino acid sequence, is underlined. The arrow indicates the beginning
of the common Fer/FerT amino acid sequence. B, protein lysates from human testis and from HCT116 cells were reacted with �SH2-Fer Ab, using WB analysis.
The migration distance of the FerT protein is indicated. These data represent one out of three independent experiments that gave similar results.
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FIGURE 4. Down-regulation of FerT impairs cell-cycle progression and invokes apoptosis in CC cells. FerT was knocked-down using selective siRNA
directed toward the unique 5� sequences of the ferT RNA (siRNA-ferT) in HCT116 and RKO cells. siRNA-neg was used as a negative control. A, WB analysis was
performed using �SH2-Fer Ab and �-actin served as a loading control. This figure represents one out of three independent experiments which gave similar
results. B, distribution of HCT116 and RKO cells in the various cell cycle fractions. C, percentage of cells incorporating BrdU. D, annexin V staining of treated
HCT116 cells. B–D, values represent means � S.E. E, WB analysis was performed using �PARP-1 Ab. This figure represents one out of three independent
experiments, which gave similar results.
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RKO cell lines, also linking the p47 protein to the ferT tran-
script which had been identified (Fig. 4A). To gain insight into
the outcome of FerT knock-down in CC cells, cultures treated
with the siRNA-ferT were subjected to flow-cytometry analy-
sis. Knock-down of FerT decreased the percentage of cells
residing in the S phase and increased the fraction of G2/M cells,
together with an increase in the sub-G1 fraction (Fig. 4B). The
attenuation of theG1-S transitionwas further demonstrated by
the reduction in the level of BrdU incorporation upon the
knock-down of FerT (Fig. 4C). The increased accumulation of
the sub-G1 population in the treated cells was found to reflect
the induction of apoptotic death upon knock-down of FerT, as
seen by staining the cells with Annexin V (Fig. 4D) which stains
membranes of cells undergoing apoptosis (22). The onset of
apoptosis in FerT-depleted cells was corroborated by the iden-
tification of cleaved poly(ADP-ribose) polymerase-1 (PARP-1)
(23) in the treated CC cells (Fig. 4E).
A ferT Promoter Is Embedded in Intron 10 of the fer Gene—To

further explore the regulation of ferT expression inCC cells, we
looked for a promoter embedded in intron 10 of the fer locus,
from which the 5�-end of the cloned ferT RNA is encoded. A
1200 bp long intronic fragment extending from 1000 bp
upstream of the ferT cDNA 5�-end (nucleotide 26758 in intron
10) to 200 bp downstream of this point (Fig. 5A) was amplified
and cloned from genomic DNA of HCT116 cells. HCT116 cells
were then transfected with a plasmid carrying the putative ferT

promoter linked to a luciferase reporter gene. The luciferase
activity, driven by the intronic fer fragment, was 12-fold higher
than the activity driven by the same fragment when inversely
inserted upstream of the luciferase gene (Fig. 5B). These results
suggest the existence of a promoter in intron 10 of the fer locus,
which directs the transcription of ferT.
BORIS Binds to the ferT Promoter—“MathInspector” analysis

of the DNA fragment carrying the ferT promoter revealed a
conserved potential binding site for the CTCF/BORIS tran-
scription factors family. Analysis of this sequence of the ferT
promoter using the University of California Santa Cruz
Genome Browser showed high conservation betweenmamma-
lian species (Fig. 6A). BORIS is the paralog of CTCF (CCCTC
binding factors) and it is normally expressed only in the testis
(24). However, in addition to its normal expression in the testis,
recent studies revealed that various tumors and cancer cell lines
are also expressing BORIS with frequent co-expression of can-
cer testis antigens (18, 25–28).
To examine whether BORIS can bind its potential sequence

in the putative ferT promoter, we carried out a ChIP analysis.
BORIS was immunoprecipitated from Myc-BORIS overex-
pressing HCT116 cells and the co-precipitation of ferT pro-
moter sequences with chromatin-associated BORIS was veri-
fied using PCR analysis. The H19 promoter served as a positive
control (20) (Fig. 6B). To further establish the binding of BORIS
to an identified site in the ferT promoter, purification through

FIGURE 5. Intronic promoter residing in intron 10 of the fer gene. A, schematic description of the 1200 bp long putative ferT promoter derived from intron
10 of the fer gene. Intron 10 of fer is presented in the upper scheme. The striped box denotes exonic ferT sequences. The amplified, 1200 bp long fragment
directly (PGL3-PferT) or inversely (PGL3-PferTinv) inserted upstream of a luciferase reporter gene is shown below. The 5�-end point of the cloned ferT cDNA is
marked �1. B, luciferase activities in the HCT116 cells transfected with the pGL3-PferT, pGL3-PferTinv, and pGL3-positive plasmids are shown. Luciferase
activity values are normalized to �Gal activities encoded by a co-transfected pSV �gal plasmid. The calculated luciferase activities were the average of three
independent transfection experiments. Histograms present mean � S.E.
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sequence-specific DNA affinity chromatography was carried
out.
Nuclear proteins were extracted from Myc-BORIS over

expressing HCT116 cells and from control cells harboring the
empty vector. The proteins were purified using CNBr-S beads
covalently bound to 75-bp long (nucleotide �115 to �39, Fig.
6A) repeats of the potential BORIS binding site from the ferT
promoter. The bound proteins were eluted, separated in SDS-
PAGE, and reacted with �Myc Ab. Myc-BORIS was found to
bind the DNA site derived from the ferT promoter (Fig. 6C).
BORIS Regulates the ferT RNALevel in CCCells—To empha-

size the functional role of BORIS binding to the ferT promoter

we mutated the BORIS binding site extending from nucleotide
�80 to �73 upstream of the �1 ferT 5� site (Fig. 7A). The
introduced mutations almost completely abolished the lucifer-
ase activity driven by the ferT promoter (Fig. 7B). To more
directly link BORIS to the regulation of the ferT expression, the
boris transcript was down-regulated using specific siRNAs.
Knock-down of boris significantly decreased the endogenous
ferT RNA levels in HCT116 cells, as was measured using qRT-
PCR assay (Fig. 7C).
Expression of FerT in CC Cells Is Controlled by DNA

Methylation—DNAmethylationchangeshavebeen recognizedas
one of themost commonmolecular alterations in human tumors,

FIGURE 6. BORIS binding to the ferT promoter. A, DNA sequence of 526 nucleotides extending upstream of the �1 nucleotide (arrow) of the cloned ferT cDNA
and 125 nucleotides downstream of this point are shown. The BORIS potential binding site is shadowed in gray. CpG islands in this region are underlined, and
the three sites lying proximal to the BORIS binding site are marked with asterisks. Below, alignment of conserved BORIS binding sites from five mammals.
Conserved nucleotides are framed by triangles. B, ChIP analysis; Myc-BORIS was immunoprecipitated from HCT116 cells transfected with the pEIRES Myc-BORIS
(Myc-BORIS) expression vector or with the empty vector (control) and fixed with 1% formaldehyde to crosslink protein-DNA interactions. Co-precipitated DNA
was eluted, amplified by PCR, with primers that cover the BORIS binding site in the ferT promoter region. The H19DMR promoter served as a positive control
(20). C, nuclear extracts prepared from HCT116 cells transfected with the pEIRES Myc-BORIS vector or with the empty vector (control) were incubated with a ferT
promoter probe linked to CNBr-S beads. Bound complexes were purified and resolved in SDS-PAGE. The presence of Myc-BORIS was analyzed in the crude
nuclear extracts (1, 2) and in the purified fractions (3, 4) using WB analysis. �-Actin served as loading and negative control. These data present one out of three
independent experiments which gave similar results.
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includingcoloncancer.Manycancerswere showntoexert aglobal
hypomethylation profile of DNA, compared with normal tissues
(29–31). Also BORIS expression, like other members of the CTA
family, is regulated by methylation/demethylation (18, 32). To
unravel the role of methylation in the regulation of ferT expres-
sion, malignant and normal cells were treated with the demethy-
lating agent, 5-aza-2-deoxycytidine (5-Aza-dC).
The levels of the boris transcript were found to be in direct

correlation with the ferT RNA expression profile in HCT116
and HT29 cells, when untreated or subjected to the 5-Aza-dC
treatment (Fig. 8,A and B).While the level of the boris and ferT
transcripts were relatively high in untreated HCT116 cells,
expression levels of these RNAs in HT29 cells could only be
detected upon exposure of these cells to 5-Aza-dC (Fig. 8,A and

B). qRT-PCR analysis revealed that treatment with 5-Aza-dC
induced the expression of the ferT RNA with a 9-fold increase in
HT29 cells (Fig. 8C). Accordingly, 5-Aza-dC also induced the
accumulationof theFerTprotein inHT29CCcells and inprimary
human foreskin FS11 fibroblasts, which normally do not express
this testis-specific protein (Fig. 8D). This envisages the involve-
ment of DNAmethylation in the regulation of ferT expression.
We therefore examined the methylation profile of the

CpG islands residing next to the BORIS binding site, which
plays a key role in the functioning of the ferT promoter.
Whereas almost all of the 12 CpG islands (Fig. 6A) in intronic
fer DNA from HT29 cells were found to be methylated (1/84
unmethylated CpGs), a significantly higher fraction of these
sites (16/84 unmethylated CpGs) were unmethylated in

FIGURE 7. BORIS regulates the ferT RNA level in CC cells. A, BORIS binding site in the ferT promoter, extending from nucleotide �80 to �73 relative to the
�1 site, is indicated. Presented to the right of this scheme are the BORIS binding site conserved nucleotides (in bold, upper triangle), which were substituted
(italics, lower triangle) in the ferT promoter (pGL3-PferT_mut) and directly inserted upstream of a luciferase reporter gene. B, luciferase activities directed by the
pGL3-PferT, pGL3-PferTinv, and pGL3-PferT_mut plasmids in HCT116 cells. Histograms represent mean luciferase activities � S.E., normalized to the �-Gal
activities. C, ferT (gray histogram) and boris (empty histogram) RNA levels in HCT116 cells transfected with selective siRNAs directed toward the boris RNA. The
ferT RNA level in cells transfected with negative control (siRNA-neg) (black histogram) is presented as well. Relative RNA levels were determined using qRT-PCR
analysis and the gapdh RNA served as an internal control. Values represent means � S.E.
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genomic DNA extracted from HCT116 cells (Fig. 8E). Nota-
bly, the three sites most proximal to the BORIS binding
sequence were most frequently found to be demethylated in
HCT116 (Figs. 6A and 8E).

DISCUSSION

FerT is a meiosis and post-meiosis specific tyrosine kinase
that normally uniquely accumulates in spermatogenic cells.

In this work, we describe the expression of the human FerT
protein in CC cells. The ferT RNA was cloned from these
malignant cells and was found to be identical to the human
testicular ferT, cloned, and described here for the first time.
Examination of the human ferT longest ORF revealed that,
like the mouse FerT, the human FerT bears a 43 amino acid
long unique N terminus that differs from the ubiquitously
expressed Fer (6).

FIGURE 8. DNA methylation controls the expression of FerT in somatic cells. A, Boris RNA levels in untreated HCT116 and HT29 cells, and in HT29 cells
treated with 5-Aza-dC, as determined using semi quantitative RT-PCR analysis. The gapdh RNA served as an internal control. B, ferT RNA levels in the untreated
and treated samples as determined using a unique 5� ferT primer and a 3� fer primer in a semi quantitative RT-PCR analysis. The gapdh RNA served as an internal
control. C, ferT RNA levels in HT29 cells untreated or treated with 5-Aza-dC as determined using qRT-PCR and normalized to the gapdh RNA levels. D, Fer and
FerT protein levels in untreated HCT116 (1), and HT29 cells (2), in 5-Aza-dC-treated HT29 cells (3), in untreated (4) and 5-Aza-dC-treated (5) FS11 cells. Proteins
were resolved by SDS-PAGE and were reacted with �SH2-Fer Ab, using WB analysis. These data represent one out of three independent experiments which
gave similar results. E, genomic bisulfite sequencing of the ferT promoter region (�550 bases upstream of the �1 5�-end of the ferT cDNA). 12 CpG sites
dispersed along the ferT promoter are marked in the upper scheme. The BORIS binding site is shown in gray. After PCR amplification and cloning, 7 HCT116 and
7 HT29 genomic clones were analyzed. Methylated CpG sites are indicated in black and unmethylated in white.
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Accumulation of FerT in CC cells casts this protein as a new
member of a wider group of CTA (33). It should be noted,
however, that the accumulation of FerT is not necessarily
restricted to CC cells and it seems to be present also in other
types of cancer like HCC. Although the regulatory role of FerT
in malignant cells is still elusive, we showed here that down-
regulation of this protein impaired cell cycle progression and
induced apoptosis in CC cells.
The 5�-end of the ferT cDNA, identified by us using a RACE

analysis, lies within intron 10 of the ubiquitously expressed fer
gene and the unique N-terminal tail of FerT is encoded by this
intron. These findings suggest that the ferT transcript is initi-
ated in this intronic region. In compliance with this notion, an
intronic fragment extending 1000 bp upstream of the 5�-end of
the cloned ferT cDNA exerts transcription-promoting activity
and is most probably part of the ferT promoter. Thus, while the
intronic ferT promoter is not active in normal somatic cells, it
becomes functional in CC cells. Bioinformatic analysis of the
ferT promoter revealed a conserved binding site of BORIS, a
member of the CTA group which positively regulates the tran-
scription of other CTA-encoding genes (28).
Indeed, we found that BORIS bound the putative ferT pro-

moter and that mutation of its binding site abolished the tran-
scription-directing activity of the ferT promoter. Moreover,
down-regulation of the boris transcript using selective siRNAs
significantly reduced the ferT RNA expression levels.
DNA methylation changes have been recognized as one of

the most common affecters of modified gene expression pro-
files in human tumors, including colon cancer (29–31).
Accordingly, like other members of the CTA group, the boris
gene expression is tightly regulated by DNA methylation (18,
32).
In parallel to boris, the expression of ferT is also induced by

the demethylating agent 5-Aza-dC (34). Moreover, 5-Aza-dC
induces the accumulation of the FerT protein in normal and
cancer cells. Thus, the induction of FerT expression in somatic
cells by 5-Aza-dC could result from the accumulation of BORIS
in the treated cells. Because it was reported that BORIS can
reprogram the methylation profile next to its binding site (35),
this transcription factor could also affect the methylation pro-
file of the ferT promoter.
In compliance with this notion, the methylation profiles of

the intronic promoter sequences from HCT116 cells that
express FerT exerted hypomethylation of CpG sequences,
which lie in proximity to the BORIS binding site. This differs
fromHT29 cells, which donot express FerT and inwhich the fer
intronic region next to the BORIS binding site is methylated.
Hence, like othermembers of theCTAgroup, demethylation

and expression of the BORIS transcription factor govern the
expression of the ferT gene and enable the accumulation of the
FerT protein inCC cells. Collectively, our findings portray FerT
as a new CTA whose expression in cancer cells is controlled
through the activation of an intronic promoter which resides in
a ubiquitously expressed somatic gene. Unlikemelanoma, blad-
der, and non-small cell lung carcinoma, whichwere reported to
frequently express CTA, CC is considered a low CTA gene
expresser (11). Thus, further studies should reveal whether
FerT is frequently expressed in CC and inHCC tumors and can

therefore serve as a new target for CC and HCC diagnosis and
immunotherapy (17).
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