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ABSTRACT

CTCF belongs to the Zn finger transcription factors

family and binds to the promoter region of c-  myec.

CTCF is highly conserved between species, ubiqui-
tous and localised in nuclei. The endogenous CTCF
migrates as a 130 kDa (CTCF-130) protein on SDS—
PAGE, however, the open reading frame (ORF) of the
CTCF cDNA encodes only a 82 kDa protein (CTCF-82).
In the present study we investigate this phenomenon
and show with mass-spectra analysis that this occurs
due to aberrant mobility of the CTCF protein. Another
paradox is that our original cDNA, composed of the
ORF and 3'-untranslated region (3 '-UTR), produces a
protein with the apparent molecular weight of 70 kDa
(CTCF-70). This paradox has been found to be an effect
of the UTRs and sequences within the coding region of
the CTCF gene resulting in C-terminal truncation of
CTCF-130. The potential attenuator has been identified
and point-mutated. This restored the electrophoretic
mobility of the CTCF protein to 130 kDa. CTCF-70, the
aberrantly migrating CTCF N-terminus  per se, is also
detected in some cell types and therefore may have
some biological implications. In particular, CTCF-70
interferes with CTCF-130 normal function, enhancing
transactivation induced by CTCF-130 in COS6 cells.
The mechanism of CTCF-70 action and other possible
functions of CTCF-70 are discussed.

INTRODUCTION

diverged sequences by employing different combinations of zinc
fingers has recently been demonstraf@dSince deregulation of
thec-mycproto-oncogene is causally related to oncoger&sjs (
identification and characterisation of factors regulating its tran-
scription may provide insight into molecular mechanisms of
normal and aberrantmycexpressiond—6). Thus, CTCF features
were further investigated, ) and its cDNA cloneds).

CTCF has been found to be expressed in different chicken
tissues in multiple forms (130, 97, 80, 73, 70 and 55 kDa) as
detected by anti-CTCF antibodie®.(In various cell types the
CTCF protein is encoded in a 4.1 kb mRNA, with the longest
open reading frame (ORF) (2184 bp) of the cDNA predicting a
728 amino acid protein of 82 kDa. This contradicts the observed
MW of 130 kDa. The discrepancy between the theoretical (82
kDa) and apparent (130 kDa) MWs of the CTCF protein products
could be due to a number of possibilities: (i) there is an additional
exon in the primary transcript, which is missing in our cDNA
possibly generated by alternative splicirig1Q); (i) post-
translational modificationd. 8-19) could change the mobility of
the CTCF protein; (iii) particular amino acid composition
(20-23) could lead to CTCF anomalous electrophoretic migra-
tion. These possibilities are discussed in this paper.

Of the other multiple forms of CTCF expressed, in this study we
investigated the appearance of the 70 kDa protein. Previously, it
was found that when the original CTCF cDNA containing the
entire ORF and thé-Bntranslated region' (B TR) was expressed
in cells, it produced the 70 kDa protein product, but not 82 or 130
kDa (8). We investigated the following options for this discrep-
ancy: (i) post-translational processig26) or protein splicing
(26); (i) transcription and (jii) translation attenuati@129).

CTCF is a novel 11 Zn-finger transcription factor, present in In this study we show that that the discrepancy between the 82 and
nuclear extracts as a protein with an apparent MW of 130 kDhe 130 kDa MWs of the CTCF protein was due to anomalous
(CTCF-130) on SDS—PAGE. It was discovered for its ability tanigration in the SDS-PAGE (mechanism 3) and that the N- and
bind to an unusually long 45 bp GC-rich sequence containing thr€sterminal domains participate in this anomaly. We also show that
regularly spaced repeats of the core sequence CCCTC within the CTCF-70 protein represents a truncated version of the full length
chicken c-myc promoter {). However, its ability to recognise CTCF protein (CTCF-130), corresponding to the N-terminus, and is
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probably generated by premature termination of translation of ti&SG5 vector. Cells were harvested 1618 h after transfection.
CTCF mRNA at a specific site within the CTCF coding region. Thisuciferase assays were performed with a ‘Dual-I§htkit
depends on the sequences within the UTRs and the coding regid@mopix, USA) following the manufacturer’s instructions using a
Silent nucleotide substitution (i.e. mutation without changing th&D-20e luminometer (Turner, USA).

CTCF amino acid sequence) at the potential attenuator site inside the

ORF restored the size of CTCF-70 to 130 kDa. Western blotting

Additionally, we demonstrate that the 70 kDa protein, corre- , i
sponding to the abnormally migrating CTCF N-terminal domainTOta| cell lysates were treated with DNAse | in the presence of 5 mM

enhanced transactivation induced by the full length wild type (wY/dCl2, electrophoresed on 10% SDS-PAGE gels, transferred onto
CTCF in COS6 cells. Immobilon P membranes (Millipore, Bedford, MA) by semi-dry

blotting, and probed with either the chicken-specific anti-CTCF
antibody Ab2 8) or monoclonal 9E10 antictag antibody 3).
MATERIALS AND METHODS CTCF ormyctag-fusion proteins were visualized by the standard
Recombinant plasmids ECL procedure with an ECL detection system (Amersham).

Plasmids pEEc and pBBc were constructed by inserting the fll yitro translation

length 3.786 kiEcdRI-EcdRI fragment from plasmid p900-911 and

the 3.647 klEcdRI-EccRI fragment from p9008), respectively, Aliquots of 1ug of the pBBc, pEEc and pHHc DNA were
into the eukaryotic expression vector pSG5, controlled by earyanslatedn vitro using the TNT coupled reticulocyte lysate
SV40 promoter (Stratagene). pHHc was obtained by deleting a pdystem, according to the manufacturer’s protocol (Promega) from
of the 3-UTR of pBBc withHindlll, resulting in a 2.855 kb insert the T7 promoter present in the pSG5 expression vector. The
(Fig. 1A). ‘Pst truncated’ versions of all three plasmids (pBBE, ~ Synthesised proteins were resolved on 10% SDS-PAGE gels, and
pHHCAPP and pEERPP) were obtained by ‘in-fram@st—Pst blotted onto Immobilon-P membrane where necessary.

deletion of 840 bp within the coding sequences. pBBc, pHHc,

pBBCcAPP, pHHAPP and pEESPP myctagged derivatives were Protein preparation and molecular weight determination

obtained by introducing a 294 bpliicll-BanHI) fragment,
encoding sixnyctag epitopes, from the plasmidyiy Tags-D 80)
into theMsd site at the 3terminal end of the CTCF ORF (Figh).
The pBBc-mut plasmid, containing point-mutations within th . .
region of a proposed attenuator, was generated by PCR using fy3'ono-Q column (Pharmacia) and elutedDe? M NaCl with a
oligonucleotides beginning at nucleotide 385t GATGATGGA- salt gradient (0.5-0.1 M) in a 20 mM Tris—HCI buffer pH 8.0. The
GCACCTGGAT-3 and nucleotide 836: “SAAGCTTACTC.  Purified GST-fusions were cleaved with thrombin, then treated
TTCTTGTTCTTCTTGGTCTTCTTG-3 (Fig. 1B). Nucleotide sequentially with ben;am|d|ne beads (Sigma) and glutathione—
numbers correspond to theed of the longest CTCF cDN&)(  ScPharose (Pharmacia) to remove the protease and the GST.
Mutated bases are shown underlined. The resulting mutated plas@ eCt.'de' The molec_:ular W.e'ght O.f. the _cleaved proteins was
pBBc-mut was verified by sequencing. The reporter plasmi ermined by comparing their mobility with that of Rainbow

p90TKLuc was obtained by ligating the dimeric CTCF binding sit%ool/ecul?r Weilght. dmaggrss (Anrgﬁrsh?m) :éfter (;:I(_actrophoreslis on
(synthetic 90 oligomer) from the chickeimycpromoter (—219 to o polyacrylamice-— geitne cleaved proteins wers aso

~180 bp) §) into theHindll-Xhd site of the pTK Luciferase vector sequenced from their N-termini in order to confirm their identities.
based on pXp2 Luciferase vectdi) N- and C-terminal domains The true molecular weights were determined by matrix-assisted
of the CTCF protein (117-830 kiﬁma\—HindllI fragment and laser desorption mass spectrometry (MALD-MS) using the Finni-

. Lasermat 200 mass spectrometer. The N- or C-portions of the
1908-3786 bpMsd—EcdrI fragment, respectively) were subclonedd2" ; ,
in frame into pGex 2TK (Pharmacia), generating pGST-N an TCF protein were isolated by FPLC on a MonoQ column

y P : _ _ harmacia), the protein samples were reduced with 20 mM
PGST-C. The Zn-finger domain (541-203/I-ECaR| fragment ithiothreitol, desalted by HPLC on a C4 reverse phase column

from the p900 plasmid) was cloned into pGEX-3X (Pharmacia}jg | ith wonitrile 0.19% i i 4 After ch
generating pGST-Zn. Regions of DNA around the junctions welgroWniee) with acetonitrile 0.1% trifluoroacetic acid. After chro- )
checked by sequencing. matography the sample was dneq unde_r vacuum, tak_en up in 10%
methanol, and then 0.5 ml was mixed with 0.5 ml of sinopinic acid
) matrix (10 mg/ml) solution in 70% acetonitrile on a slide following
Cells and transfections the manufacturer’s instructions. The mass spectrometer was cali-

COS6 cells were grown at low (40-50%) density in Dulbecco’8rated with bovine serum albumin (Sigriv, = 66 430) for the
modified Eagle’s medium supplemented with 10% foetal bovindncleaved proteins and carbonic anhydrase Il (Skghra,29.023)
serum, and transfected with 119 of pBBc, pHHc or pEEC for the protein of molecular weight <30 000 Da. Each spectrum was
plasmids by the calcium phosphate precipitation method with fletermined at least three times and the mean values calculated.
DNA precipitation buffer following the manufacturer’s instruc-

tions (‘5 Prime-3 Prime’, I, CP Laboratories, UK). Cell RESULTS

extracts were made 48 h post-transfection. For co-transfectiqﬂ . .
. . e difference between the predicted (82 kDa) and apparent
assays 1.25 10°COS6 cells were plated in 16 mm dishes augl 1 (130 kDa) molecular weights of the full length CTCF protein

of reporter (p90TK Luc) and 0.5-24 of expressor (pHHc or I i P
pBBc) were introduced with Lipofectamine (Rifdish) following is due to aberrant migration of the N- and C-termini

the manufacturer’s instructions (Gibco BRL). The total amounto explain the discrepancy between the predicted 82 and 130 kDa
of the DNA transfected was adjusted to|B5with the ‘empty’ MWSs of the CTCF protein, we first considered mechanism 1, i.e.,

The glutathione-S-transferase (GST)-fusions were expressed in
TG-1 cells and purified on glutathione—Sepharose as previously
edescribedf(Z), then to homogeneity by anion exchange FPLC using
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5'- C.AAG.AAG.ACC.BAG.AAG.AAC.AAG.AAG.AGT.AAG.CTT.C - 3 PBBc-mut

3'- G.TTC.TTC.TGG.TTC.TTC.TTG.TTC.TTC.TCA.TTC.GAA.G ~ 5°' PCR reverse primer for

mutagenesis
B

Figure 1.Maps of the the CTCF cDNA, CTCF protein, pCTCF expressing constructs and PCR primer segydtestsiction map of the full length CTCF cDNA

and the position of thé-5and 3-UTRs, the N- and C-terminal domains and the Zn-finger domain of the CTCF protein. Shown below are the corresponding mag.
of the CTCF truncated versions, showing which parts of the cDNA have been deleted in each construct. The molecular weights of the proteins synthesised from
plasmids are indicated) Point-mutations within the potential attenuator site (mutated bases are underlined). The mutations introduced do not change the amino
sequence in this region, but disrupt poly(A) stretches.

the possibility of an additional exon in the primary transcripof the GST-fusion proteins and the N- and C-termini. GST-Zn
which is missing in the cDNA. All our investigations, includingmigrates as a 98 kDa protein in contrast to its predicted MW of
screening various cDNA libraries, RACE and RT-PCR o1.4 kDa (20% anomalous migration, FBf\, lane 4). This
various total and polyAmRNA preparations, failed to identify fusion protein is rather unstable, giving rise to the products of
any additional coding sequences which could produce a 130 kBagradation appearing as a smear after the staining with the
form of CTCF protein. Therefore mechanism 1 was ruled out arahti-GST-antibodies. GST-C migrates as a 70 kDa protein, in
the remaining options examined: mechanism 2, i.e. post-transt@mntrast with its predicted size of 44 kDa (59% aberrant
tional modifications of the protein and mechanism 3, i.emigration, Fig.2A, lane 2). GST-N appears as a predominant
CTCF-82 anomalous electrophoretic migration. In order tband of ®7 kDa in contrast to its predicted size of 53.8 kDa (79%
investigate these options, three parts of the CTCF cDN#f aberrant migration, FiA, lane 3), with two minor bands
(encoding the N-terminus, Zn-finger domain and C-terminushost likely resulting from degradation. It is worth noting that the
were subcloned into pGex2TK vector (N- and C-termini) opresence of the GST-Zn fusion proteiri B8, GST-N of 97 and
pGex3T (zZn-finger domain). Recombinant GST-fusion protein&ST-C of 70 kDa has been consistently detected in independent
were expressed iBscherichia coli purified and analysed by experiments involving staining with Coomassie and anti-GST-
mass-spectrometry. Mass-spectrometry analysis did not revealtibodies, whilst the positions of the minor bands varied.
any post-translational modifications (mechanism 2). As shown Following the GST removal the C- and N-termini migrate
Tablel, the experimental molecular weights of the GST-N fusiomberrantly at 35 and 70 in contrast to their predicted 18 and 28 kDa
and N- and C-termini alone, determined by MALDI-MS, (94 and 160% anomalous migration, respectively,ZHglanes
correspond well with their theoretical MWs. However, SDS-2 and 3). Thus the differences between the theoretical molecular
PAGE analysis demonstrated anomalous electrophoretic mobilitieights and the apparent molecular weights of the C- and
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PAGE, blotted onto Immobilon-P membrane and autoradio-
graphed (Fig.3A, lanes 1-3, 4-6 respectively). The same
membrane was then probed with the chicken-specific anti-CTCF
antibody 8) (Fig.3B). pEEc, which represents the full length CTCF
~8 97.4K cDNA and pHHc which is missing parts of the @&d 5UTRs
-— produced the CTCF-130 protein in both experiments @Ag.
= - 69K lanes 2 and 3; FigB lanes 2 and 3, 5 and 6). However, pBRih
full length 3-UTR but missing 5UTR, generates a 70 kDa
-+ 46K protein in botlin vitro andin vivoexperiments (FigA, lane 1 and
s - 30K Fig. 3B, lanes 1 and 4). These results therefore showed that the
- ORF of the cloned cDNA was capable of encoding a protein that
1 2 3 4 had the same electrophoretic mobility as the native protein (i.e.
migrating at 130 kDa), but that a smaller protein (70 kDa) is made
depending on the'‘band 3-UTRs of the cDNA insert.

>
GST
GST-C
GST-N
GST-Zn

- 200K

-
-

B +thrombin
Table 1. The molecular weight determination of CTCF protein fragments

GST-C
GST-C
GST-N
GST-N
GST

200K Protein Molecular weight/kDa Aberrang
97.4K Theoretical SDS-PAGE MALDI-MS migration (%)

69K GST-2TK  27.551 29 n.d. 5
cleaved  26.018 27 26.0570.046 4
46K GST-N  53.769 97 52.5560.023 79
cleave® 27.751 70 26.594 0.027 160
30K GST-C  44.123 70 n.d. 59
cleaved 18.105 35 18.12410.011 94
1T 2 3 4 5 M GST-zn 81383 98 nd. 20
cleaved 55.418 n.d. n.d. n.d.

WY

Figure 2.Analyses of the CTCF regions responsible for aberrant migratipn. (

Three regions of the CTCF protein (N-, Zn-, C-) were cloned in frame with the . . .
GST, expressed if.coli, and purified on glutathione—Sepharose beBiis. aThe MALDI-MS molecular weight was determined and this value was used to

eluted proteins were loaded onto a 10% SDS—PAGE gel, then blotted an@@lculate the aberrant percent migration observed in SDS—polyacrylamide elec-
probed with anti-GST rabbit polyclonal antibodi#se GST- and GST-Zn  trophoresis.

migrateat 29 kDa (lane 1) and 98 kDa (la#k respectivelyThe GST-C and bThe molecular weight discrepancy (1157 Da) between the theoretical and that
GST-N migrate abnormalit 70 kDa (lane 2) arfiy kDa (lane 3), respectively.  observed by MALDI-MS corresponds to the last 10 amino acid residues (1180
(B) Electrophoretic analyses of the GST-C (larant) GST-N fusion proteins  Da) from the C-terminus of this protein. The sequence of the last 15 residues is
(lane 4)andC- and N-terminal portions of the CTCF protafter thefusion KTKK/NKKSKLGIHRD, with the proposed cleavage site between the lysine

proteinswere cleaved with thrombin (lanes 2 andr&pectively). The nd asparagine residues. This sequence does not contain a known cleavage site
SDS-PAGE gel was stained with Coomassie blue. Both the C-terminal an($l sparagi sidues. " Nis sequ S ! W vage st

N-terminal domainsnigrate aberrantly 285 and 70 kDa, respectively. The or thrombin, so presumably the lysis took place in the bacteria or during the
presence of the GST portiean, in some casese seemftér the Coomassie preparation of the protein. This conclusion is consistent with the MALDI-MS
staining (a band df30 kDa, lane 2), otherwise it is easily detettgtVestern data for the uncleaved GST-N protein where the discrepancy is 1213 Da.
blotting with anti-GST antibodies (data not shown).

CTCF-70 is likely to be a product of premature

. . termination of translation
N-terminal domains are due to anomalous electrophoretic

migration of the polypeptides (mechanism 3). This would in turin order to determine the origin of the 70 kDa CTCF protein, a
account for the anomalously high apparent molecular weight séquence encoding sixyctag epitopes was cloned in frame into

the intact CTCF protein. the end of the CTCF Zn-finger domain of both plasmids—pBBc,
producing the 70 kDa CTCF protein, and pHHc, producing the

The 70 and 130 kDa forms of the CTCF protein are 130 kDa protein. As shown in Figude after transfection into

encoded within the same ORF of the CTCE cDNA COS6 cells both plasmids generate proteins which can be

recognized by the chicken-specific antibody (Bfg. When the
The problem of the considerable size difference between thgembrane was stripped of the anti-CTCF antibody and reprobed
CTCF-130 and CTCF-70 proteins still remained to be resolved. Agth the antimyc tag antibody (9E10), only the product of
shown in Figurd A, the difference between pBBc which producedpHHc-mycplasmid was positive, demonstrating that the p70 kDa
the 70 kDa protein and pHHc which produced the 130 kDa protgtotein is lacking the CTCF C-terminus (FigB). (The
was only in the length of the-BTR (also ref8). To investigate appearence of the multiple bands in the pHhictagged
this further, pBBc, pHHc and an additional construct pEEc (CTChlasmid is discussed below.)
cDNA of 3.786 kb which differs from pBBc in having an
additional 106 bp of the RJTR; Fig.1A) were expresseid vivo equences responsible for generation of the CTCF-70
andin vitro. In vitro translation was carried out in the presence Oind CTCF-130
[35S]methionine. The3®S-labelled protein products, made by
rabbit reticulocyte lysates, arid vivo protein products from Analysis of sequences within the @nd 5UTRs affecting the
transfected COS6 cell lysates were electrophoresed on SDsize of the CTCF protein products, revealed that addition of only
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A B
pBBc pEEc pHHc pBBc pEEc pHHC pEBc pEEc pHHc pBBc pEEc pHHe
. — —
97 P = - 130 =
69 = —_ - TO = - —_—
LB |
45
M 1 2 3 4 5 6 M 1 2 3 4 5 &

Figure 3. Analyses of pBBc, pEEc and pHiitcvitro andin vivotranslation productsAj pBBc, containing the ORF and thelBIR of the CTCF cDNA (lane 1),

pEEc containing the entire 3.7 kb CTCF cDNA (lane 2) and pHHc missing parts tfdahd B-UTRs (lane 3), were translated in rabbit reticulocyte lysates with
[35S]methionine, and analysed on SDS—-PAGE. The pEEc and pHHc translation products migrated at 130 kDa (lanes 2 and 3), whereas the pBBc translation pi
migrated at70 kDa (lane 1). The lysates of COS6 cells transfected with pBBc, pEEc and pHHc were analysed in parallel on the same gel (lanes 4-6). The gel
blotted onto the membrane and exposed overniBhiMestern blot analyses of pBBc, pEEc and phitHeitro translation (lanes 1-3) aiml vivo (lanes 4—6)
transfection products. The membrane (A) was probed with chicken-specific anti-CTCF antibodies and assayed by ECL. The protein products of 130 kDa can be
when pEEc (lanes 2 and 5) and pHHc (lanes 3 and 6) were expressed/itirothndin vivo.However, the protein of 70 kDa is seen in the case on pBBc expressed

in vitro andin vivo (lanes 1 and 4, respectively).

HHcmyc BBcmyc HHc BBc HHemyc BBemye HHc BBc Deletion in the region containing the potential
00K = attenuator leads to production of the same size protein
7.4k s G ' from pEEc, pHHc and pBBc
- - (=4 . . .
Al b - It has been noticed that the size of the 70 kDa protein corresponds

to the size (68 kDa) of the CTCF N-terminal domain migrating
abnormally (Fig.1A, black arrow). This, together with the

meEm observation that the C-terminal domain is missing in CTCF-70
RS R A 123456758 (Fig. 4), suggests the existence of a potential attenuation site
A B within the coding region close to the end of the N-terminal

domain with a likely position inside the sequence containing
Figure 4. The 70 kDa protein is a truncated version of the 130 kba CTCFPOIY(A) stretches (FiglB and ref.8). To locate the region in
protein representing the N-terminal domain. Total cell lysates were obtainepBBC where premature termination of translation occurs the
from COS6 cells transfected with 1 orig)(odd and even lanes, respectively)  in-framePst—Pst deletion, which removes the putative attenua-
of CTCF expressing plasmids labelled with thgctag epitope in their tior site, was obtained in all three plasmids, pBBc, pHHC and

C-terminal domain (lanes 1 and 2, pHiije lanes 3 and 4, pBBtyg and the . . .
parental vectors (lanes 5 and 6, pHHc; lanes 7 and 8, pBBc). Aliquotsiof 20 PEEC (Fig.1A). As shown in FiguresA (lanes 1-3), after

of each extract were loaded onto a 10% SDS—PAGE gel, resolved and blottdfiansfection in COS6 cells, all three plasmids carrying the
onto Immobilon-P membrane. The membrane was probed with rabbit chickemleletion produced a protein of the same size (97 kDa). This
fgegg‘; davnvtiithcigEn?émf%dieﬁ?dﬁfﬂiﬁﬂﬁa@'ﬁ% was Oségispggs?”d finding suggested the presence of the potential attenuator in pBBc
tivrt)e staining can only b)é segn with lysates obtained from cells transfected wit ithin this deletgd reQIOn' TQ further prove that 'thIS deletlon does
pHHamyc (lanes 1 and 2Y¥he presence of multiple bands is explained in the Prevent translation termination and the C-terminal portions of all
text. the proteins produced are intact, we employed the sayetdg’
approach as described above. For this purpose a sequence
encoding sixyctag epitopes was cloned in frame intoNsd
site (the end of the Zn-finger domain) of all three plasmids (see
also Materials and Methods and Fij. As shown in FiguréA
106 bp EcaRI-Sma fragment, Fig.1A) of the B-UTR to the (lanes 4-6) the three plasmids after transfection in COS6 cells and
3.672 kb cDNA (pBBc, FidlA), restored the size of the protein Western-immunoblot with the chicken-specific CTCF antibodies,
expresseth vivo andin vitro to 130 kDa (pEEc, FidA). This  produce proteins of the same sizl(0 kDa which corresponds
fragment is very GC-rich (73% of GC-content, @f.and its to the size of thé&si—Psi deleted plasmids: 97 kDa plus the
effect is specific. Thus, replacing it with other fragments (eithanyctag component, 11 kDa). When the membrane was stripped
GC- or AT-rich) did not change the size of the protein (70 kDa)f the anti-CTCF antibodies and reprobed with 9E10, the same
produced from these hybrid cDNAs (data not shown). On thHeands appeared positive (F38, lanes 4-6). The multiple bands
other hand, addition of a 792 bp of thdJIR (HindllI-EcaRl  of smaller size observed in all cuyctagged proteins (including
fragment, pEEc, FidlA) to the plasmid pHHc-130, resulting in pHHamyg Fig.4A and B, lane 2) are not products of premature
pBBc, reduced the apparent size of the protein made from 130éomination, but most likely resulted due to proteolysis of the
70 kDa. However, removal of this fragment from pEEc (pHHEmMyctagged proteins containing foreign sequences and therefore
Fig.1A) did not change the size of the protein produced (130 kDanstable because: (i) they are detected only with the 9E10
data not shown). Thus, only particular combinations of the UTRmti-myctag antibodies and not with the anti-N-terminal CTCF
with sequences inside the coding region are responsible for tatibodies; (i) they are specific only to tmyctagged plasmids;
production of CTCF-70. and (iii) the same fragments can be seen in all thgegagged
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Psti-Pstl Pstl-Psti CTCF-70 may enhance CTCF-130 mediated
2 A transactivation in COS6 cells
8 B g W B o .I
£ E g £ f 8 The ability of one single ORF to produem alternative products
‘EEEER " g§f88 28 both, in vivo andin vitro, raises a question of the CTCF-70’s
= e T L functional significance. CTCF-70 can be detected as a minor form
bl 2 Y S = 110 in some cell types, but in bursa cells CTCF-70 repre&26t%
el | of the total CTCF protein$). As CTCF-70 is correctly located
59 > in the nucleus (data not shown), efficiently expressed and
corresponds to the CTCF N-terminal domain, one could expect
that it may affect the normal function of 130 kDa protein. In fact,
12 3 4 5 6 1 2 3 4 5 6 biological role of terminal fragments has been previously
A B reported for some transcription factors. In particular, the C-ter-
minal domain of p53 34) or B-myc which represents the
N-terminal domain of thenycprotein 35) can affect transactiva-
tion caused by the full length protein. To investigate CTCF-70
B ability to interfere with CTCF-130 we employed a standard
g transactivation assay in COS6 cells as a model system. In these
£ £ 3 cells co-transfection with pHHc and p90TKLuc [a reporter
sl plasmid containing the dimeric CTCF binding site from the
P gmem =130 chickenc-myc(1,8), inserted in front of a TK Luciferase reporter
== gene] resulted in transactivation of the luciferase genegf&)g.
() -7 Transactivation was dependent on the input of the expressor

pHHc. As expected, no transactivation was observed with pBBc
in the same assay (FiGB). However, CTCF-70 enhances the
ability of CTCF-130 to transactivate the reporter when both
expressors are present in COS6 cells @&g.

DISCUSSION
Figure 5. Deletion and silent nucleotide substitutions within the potential
attenuator site restore the size of the CTCF-70 encoded in pBBc. Aliquots oThe major purpose of the experiments described above was to
L0 of PR i1 410 DEEC Wit o I TSt et eletn of 880, clarify the relationship between the native CTCF protein and
with the myctag epitope in their C-terminal domain (lanes 4-6) were those e“CPded and Pmduced by the C'°”ed CDNA. E\{ldence has
transfected into COS6 cells. Western blot analysis was performed withoeen provided that: (i) the 130 kDa product is encoded in the 2184
anti-CTCF antibodiesA), and the membrane stripped and reprobed with the bp ORF which predicts a 82 kDa protein; (i) this discrepancy is
Wihout thamyciag epiope [(4) lanes b3, respecivel], resued i a runcated e (081 anomalous migration of the protein in the SDS-PAGE
withou > i -3, , . (i i ;
CTCF protei)rl1 of997kag. The plasmids Withprml—P)sll deletions and the gel’ (”I) the 70 kDa.CT.CF prOtel.n IS a tru_ncated \_/er5|on of
myctag epitope produced a 110 kDa protein [(A) lanes 4-6, and (B)]. Possibl&> T CF-130 representing its N-terminal domain; and (iv) the 3
origin of minor multiple bands is discussed in the text. Silent nucleotide5'-UTRS and sequences within the CTCF coding region affect the

substitutions were introduced into the region of the proposed attenuator in pBBgjze of the expressed protein_
so that the protein sequence remained the same but the poly(A) stretches were

disrupted creating pBBc-mut. The COS6 cells were transfected wjith G0 .
pBBc and pHHc as controls and pBBc-mutant. Total cell lysates were obtained he 130 and 82 kDa proteins

and Western blot analysis performed as described in Materials and Methods. . .
(C) The pBBc and pHHc controls produced 70 and 130 kDa proteins, 1 he results in this paper demonstrate that the 82 kDa CTCF

respectively (lanes 1 and 2) and pBBc-mut produced a 130 kDa protein (lane 3protein, encoded in the longest ORF of 2.184 kb, migrates as a
protein with an apparent molecular weight of 130 kDa in
SDS—PAGE, whether the recombinant protein was prodaced

plasmids (Fig5B, lanes 4-6). Thus the potential terminator ofvitro or in viva. This corresponds to the apparent size of the
translation is very likely to be located within P&i—Pst fragment ~ endogenous native CTCF protein. We have also shown that the
and its removal prevents premature termination. recombinant proteins are recognised by anti-CTCF antibodies
demonstrating that the endogenous and recombinant proteins are
Point-mutations within the potential attenuator site identical. The aberrant mobility of the protein can be mainly
restore the size of the CTCF-70 encoded in pBBc accounted for by the glectrophoretlc mobility properties of _the N-
and C-terminal domains. The anomalous electrophoretic migration
To investigate whether the poly(A) sequences withirPte-  of the CTCF C-terminus may be explained by its high negative
Pst region are involved in attenuation, silent point-mutationgharge (26% acidic amino acids). Anomalous electrophoretic
were introduced into pBBc, creating pBBc-mut, such that themigration of negatively charged proteins is quite common and has
did not change the amino acid sequence, but at the same tiba=n observed with proteins such as papillomavirus 16 E7 protein
disrupted the poly(A) stretches (FIB). This alteration in the (20) and E.coli ams protein 36). We also attempted to
sequence restored the size of the protein expriesgwdto 130  characterise the CTCF N-terminal domain aberrant migration.
kDa (Fig. 5C, lane 3) suggesting the involvement of thesélowever, when pEH (FidA) was deleted up to thganH]| site
poly(A)-stretches in premature termination. and the resulting plasmid pBE expressed in COS6 cells, a 180%
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Figure 6. Effect of pBBc on p90-TK Luc transactivation. 1:250° COS6 cells were plated in 16 mm dish, transfected with Lipofectaming/tfish) and assayed

24 h later. The reporter construct, p90TK -Luc, was co-transfected with expragsbtsi¢, 8) pBBc and C) pHHc and pBBc concurrently. The luciferase activities

were measured as described in Materials and Methods and are shown in relative units calculated by designating a value of 1 for the background activity observe
p90TK Luc is co-transfected with the ‘empty’ expression vector pSG5. All other activities were adjusted accordingly. Expression of CTCF-130 and CTCF-70 fr
pHHc and pBBc were verified by Western blot (data not shown). Each transfection was performed at least three times in duplicate, the average results are sh

anomaly (21 kDa apparent versus 7.5 kDa theoretical MWs) w&3 CF-70 protein is missing as shown by thgctag approach
still observed. The reason for the anomalous migration of th{€ig. 4); (ii) deletion of the region incorporating the putative
N-terminal region remains unclear since there is no preponderaratinuator prevents premature termination of translationsgig.

of particular types of amino acids. and B); and (jii) point-mutation of the potential attenuator site
restores the size of CTCF-70 to 130 kDa (5@).
The 130 and 70 kDa CTCF proteins Our investigations demonstrate that only particular combina-

tions of the UTRs with sequences inside the coding region are

responsible for the production of CTCF-70. Analysis of the
"UTR 792 bp sequence and the coding region revealed the

Zyesence of poly(T) and poly(A) stretches, respecti@lyThis

We have previously reportefl) (that the original CTCF-expres-
sing vectors based on the pBBc construct produced a nucl
protein with apparent molecular weight of 70 kib@voandin vitro

Fig. 3). The results of this paper demonstrate that: (i) CTCF- . AT
i(s g Ie)gitimate, not transieﬁt,pprotein product from (p)BBc sincinPlies the possibility of an attenuator produced by complemen-

proteins with higher molecular weight from this construct hav 1y interaction beween the poly(T) and poly(A) stretches. The

never been observed, and (ii) its size reduction is due to the | glecular gasis dOf thg ;iroductiont chj t_hetﬁTCIt:—go is SOt 'knc';\'/vn. i
of the C-terminal part of the CTCF protein. There are at least thrE@WEVET, Dased on data presented in this study and significan

possible mechanisms responsible for the appearance of {pformation accumulated in the understanding of the general

shorter protein: (i) post-translational processing/splicing of th;ganslational termination processés-{11) we have proposed a

full length protein; (ii) premature termination of transcription ofModel for this mechanism. This model is the basis of ongoing and
RNA degradation; and (jii) premature termination of translatioff'ture investigations of this study and, therefore, seems relevant to
of the CTCF mRNA. Mechanism 1 can be ruled out since we wel@$ discussion. The involvement of thé 'R and SUTR in the
unable to detect a 130 kDa precursor from the pBBc plasmid, aff§gulation of translation has been convincingly -established

conducting a variety of studies such as pulse—chase experimef#§;4243). Much less is known about elements within coding
in vitro translation, and investigation of a stable cell ling€gions which could contribute to this process. However, it has

producing the 70 kDa protein8,( and unpublished data). been shown that sequences within the coding region can affect the

Furthermore, proteolysis is considerably unlikely, as no additionBIRNA translation efficiency4¢,45) and translationally coupled
bands were detected in extracts from pBByctransfectants MRNA degradation4(€). Our model of the molecular mechanism
probed with 9E10 antiyc antibodies (Fig4B), and protein  Of premature termination involves both the UTRs and the coding
splicing is not applicable either, as the entire C-terminal (antggion. In the case of pBBc composed of the ORF'addR, the
presumably, the Zn finger) domains are missing. Mechanism 2 cigimation of the stem-loop secondary structure between the
be excluded on the basis that with Northern blot analysis, we wearely(T) sequences within the3TR and poly(A) stretches within
unable to detect any additional RNA bands smaller than the 3.7 #ig putative attenuator, could block the ribosome’s passage through
band, which corresponds to the full-length CTCF RNA in variouthe CTCF mRNA. As a result a truncated protein product of 70 kDa
tissues and cell lines including a stable cell line producing the #produced. In the case of pEEc, the additional GC-HtH'R

kDa protein ). Mechanism 3 is quite plausable, as three lines glequences may cause a ribosome ‘stalling’ at 'teadb of the
evidence indicate that CTCF-70 is produced by prematu@TCFmMRNA. This ‘stalling’, in turn, can lead to destabilisation of
termination of translation: (i) the entire C-terminal part of thehe ‘downstream’ CTCFmMRNA stem-loop structure allowing the
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