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a b s t r a c t
The nuclear exporter protein, Crm1, plays a key role in normal cell functioning, mediating the nucleocytoplasmic transport of cargo proteins. Elevated Crm1 expression has recently been identiﬁed in various
tumours; however, the mechanisms driving its expression have not been investigated to date. In this study we
identiﬁed the Crm1 promoter and factors associated with its elevated expression and with its repression
under conditions of DNA damage. The − 1405 to + 99 Crm1 promoter region was found to be signiﬁcantly
more active in cancer and transformed cells compared to normal, and the − 175 to + 99 region identiﬁed as
responsible for the differential activity. Mutation of two CCAAT boxes and a GC box within this region
signiﬁcantly diminished Crm1 promoter activity and ChIP analysis revealed binding of NFY and Sp1 to these
sites, with increased binding in transformed and cancer cells. In addition, p53 was found to repress Crm1
promoter activity, after induction with doxorubicin, with p53 siRNA blocking the effect. Crm1 promoter
constructs with mutated CCAAT boxes were signiﬁcantly less responsive to p53 repression, and in vivo binding
of NFY to the CCAAT boxes was diminished upon p53 binding, suggesting that p53 mediates repression of the
Crm1 promoter via interfering with NFY. This was conﬁrmed using NFY knock-down cells, in which Crm1
promoter activity was signiﬁcantly less responsive to p53. In vitro EMSAs revealed that NFY and p53 bind the
CCAAT boxes as a single complex under conditions of DNA damage. In summary, this study is a ﬁrst to analyse
Crm1 promoter regulation and reveals NFY and Sp1 as contributors to Crm1 overexpression in cancer. In
addition, this study reveals that Crm1 transcription is inhibited by DNA damage and that the mechanism of
inhibition involves p53 interfering with NFY function.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Crm1 (the Chromosome region maintenance 1 protein or
Exportin 1) is a member of the Karyopherin β protein family and
the major nuclear export receptor in the cell [1]. It mediates the
nuclear export of cargo proteins and certain RNAs from the nucleus
into the cytoplasm, across the nuclear pore complex (NPC), and thus
facilitates protein and RNA subcellular localisation. Crm1 recognises
cargo proteins that carry a nuclear export signal (NES) [2], typically
containing three to four critically spaced leucines (LX(1–3)LX(2–3)LXJ,
L: leucine, X: spacer, J: leucine, valine or isoleucine) [3,4]. Such cargo
proteins include various transcription factors [5], cell cycle proteins
[6,7], and signalling proteins [8], which require timely translocation
across the nuclear envelope. Many of the integral processes in the cell
thus rely on Crm1 expression and function [9].
Recent studies have reported that the expression of Crm1 is
altered in cancer. Crm1 protein levels are elevated in cervical cancer
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[10], ovarian cancer [11], osteosarcoma [12], glioma [13] and
pancreatic cancer [14], with high levels of Crm1 being found to
associate with poor patient survival [11–14]. Moreover, Crm1
expression has been found to be elevated in transformed ﬁbroblasts
compared to normal ﬁbroblasts, suggesting that the increased
expression of Crm1 is a general feature of the transformed phenotype
[10]. The high expression of Crm1 in cancer and transformed cells is
functionally relevant, as the inhibition of its expression results in cell
death via apoptosis, while inhibition of its expression in normal cells
does not [10]. This implicates Crm1 as a potential anti-cancer drug
target, and currently studies are underway aiming to develop effective
inhibitors of Crm1 [15].
The increased expression of Crm1 protein in cancer derives from
increased transcription of Crm1 mRNA [10], suggesting that a transcriptional regulatory mechanism exists for differential Crm1 expression in
normal and cancer cells, possibly at the level of promoter control.
However, little is known about the factors that regulate the Crm1
promoter. The aim of this study was therefore to investigate Crm1
promoter activity and to identify cis- and trans-elements necessary for
high Crm1 expression in cancer cells. We report that NFY/CBP, Sp1 and
p53 transcription factors bind the Crm1 promoter and play an important
role in Crm1 promoter regulation in cancer and transformed cells.
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2. Materials and methods
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2.6. Site-directed mutagenesis of potential transcription factor
binding sites

2.1. Cell culture
WI38 normal lung ﬁbroblasts, SVWI38 transformed WI38 ﬁbroblasts, and CaSki cervical cancer cells were obtained from the
American Type Culture Collection (ATCC) (Rockville, MD, USA). Cells
were maintained in Dulbecco's Modiﬁed Eagle's Medium (DMEM)
supplemented with penicillin (100 U/ml), streptomycin (100 μg/ml)
and 10% Fetal Bovine Serum (FBS) (Gibco, Paisley, Scotland). All cells
were cultured at 37 °C in a humidiﬁed atmosphere of 5% CO2.
2.2. Protein harvest and Western blot analysis
Cells in culture were grown to 80% conﬂuency and lysed on ice in
RIPA buffer (10 mM Tris–Cl, pH 7.4, 150 mM NaCl, 1% deoxycholate,
0.1 % SDS, 1 % Triton X-100, 1× Complete Protease Inhibitor Cocktail
(Roche, Basel, Switzerland)). Western blot analyses were performed
using the rabbit anti-Crm1 (H-300) (sc-5595, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), rabbit anti-β-tubulin (H-235) (sc-9104, Santa Cruz
Biotechnology), rabbit anti-NFYA (H-209) (sc-10779, Santa Cruz
Biotechnology), rabbit anti-Sp1 (H-225) (sc-14027, Santa Cruz Biotechnology), mouse anti-p65 (F-6) (sc-8008, Santa Cruz Biotechnology), and
mouse anti-p53 (M7001, DakoCytomation, Glostrup, Denmark)
antibodies.
2.3. Construction of the Crm1 (−1405 to + 99) promoter construct
Primers were designed for ampliﬁcation of the region from −1405
to +99 (with the transcription start site designated +1) of the Crm1
gene (GenBank Accession Number: NC_000002). Primer sequences
were: Crm1 F 5′-AGGCTAGCGCGTTTTTCTTTATTGGAG-GG-3′ (NheI
site is underlined) and Crm1 R 5′-AGAAGCTTCTGTTGCTCTTGCTGATGCT-3′ (HindIII site is highlighted in bold). PCR was performed
using normal blood DNA as template and the high ﬁdelity Expand Plus
DNA Polymerase (Roche). Promoter PCR products were subcloned
into the vector pGEM-T Easy (Promega, Madison, WI, USA) and
excised with NheI and HindIII restriction enzymes for subcloning into
the luciferase reporter plasmid pGL3-Basic (Promega). Cloned
promoter constructs were veriﬁed by sequencing using the UCT
Human Genetics Sequencing Unit.
2.4. Generation of Crm1 promoter deletion constructs
Promoter deletion constructs were generated using either restriction sites common to both the cloned promoter fragment and the
pGL3-Basic multiple cloning site (SacI for the − 394 to + 99 construct;
NheI for the − 82 to +99 construct), or gene-speciﬁc forward primers
(5′-AGGCTAGCTCTCCGTCACCGAAGAGG-3′ for the − 500 to + 99
construct; 5′-AGGCTAGCGTGAGGCGGGATTGACTG-3′ for the −175
to + 99 construct; NheI restriction site is underlined) and the Crm1 R
primer.
2.5. Luciferase assays
100 ng of each promoter construct was transfected into 30 000
cells/well of a 24-well plate, using 0.3 μl Transfectin (Bio-Rad,
Hercules, CA, USA). To normalise for transfection efﬁciency the cells
were co-transfected with 10 ng of the pRL-TK plasmid (Promega) that
encodes Renilla luciferase. Total cell lysates were prepared from cells
24 h post-transfection using Passive Lysis Buffer (Promega) and ﬁreﬂy
luciferase activity was assayed using the Dual Luciferase Kit
(Promega). Luminescence was monitored using the Glomax 96
microplate luminometer (Promega).

Mutations in potential transcription factor binding sites in the Crm1
(−175 to +99) promoter construct were prepared by site-directed
mutagenesis, using mutagenic primers. Primer sequences were:
CCAATbox1mut: 5′-GACTGGCGCTCGGGCtAgcGAGAGATAGGCTCATG-3′ and
5′-CATGAGCCTATCTCTCgcTaGCCCGAGCGCCAGTC-3′,
YYmut: 5′-CAATGAGAGATAGGCTagcGGCGCGGCTGTAGCTG-3′
and
5′-CAGCTACAGCCGCGCCgctAGCCTATCTCTCATTG-3′,
CCAATbox2mut: 5′-CTGTAGCTGGAACTGACgAATtcGAGGGCGGGCTGGGGG-3′ and 5′-CCCCCAGCCCGCCCTCgaATTcGTCAGTTCCAGCTACAG-3′,
Sp1site1mut: 5′-GGCGGGCTGGGGGCtagcGCCCAGGTTCCAAAC-3′
and
5′-GTTTGGAACCTGGGCgctaGCCCCCAGCCCGCC-3′,
Sp1site2mut: 5′-GC-TGGAACTGACCAATgctAGcGCGGGCTGGGGGCGGAG-3′ and
5′-CT CCGCCCCCAGCCCGCgCTagcATTGGTCAGTTCCAGC-3′,
GCboxmut: 5′-GTTTGAGGCACTAGctcGAGGGGGAGAAGCGG-3′
and
5′-CCGCTTCTCCCCCTCgagCTAGTGCCTC-AAAC-3′
(mutated bases are indicated in lowercase; NheI restriction sites are
underlined; EcoRI restrictions sites are in bold; XhoI restriction sites
are double underlined). Following PCR ampliﬁcation, 10 U DpnI
(Promega) was added and digestion carried out at 37 °C for 90 min,
before transformation into JM109 highly competent cells (Promega).
Restriction digestion analysis was used to identify clones carrying the
respective mutations.
2.7. siRNA transfection
For the effect of siRNA on Crm1 promoter activity, 40 000 CaSki cells/
well of a 24-well plate were transfected with 30 nM control siRNA-A
(sc-37007, Santa Cruz Biotechnology), NFYA siRNA (sc-29947), Sp1
siRNA (sc-29487) or p53 siRNA (sc-29435), and 24 h later transfected
with 50 ng Crm1 (−175 to +99) promoter construct and 5 ng pRL-TK
plasmid. Luciferase activity was measured 24 h later and expressed
relative to Renilla luciferase in the same extract.
2.8. Chromatin immunoprecipitation (ChIP) assay
Cells were grown to approximately 90 % conﬂuency and protein–
DNA complexes cross-linked with 1% formaldehyde for 10 min,
followed by the addition of 0.125 M Glycine, pH 2.5. Cells were
harvested, lysed in lysis buffer (1% SDS, 5 mM EDTA, 50 mM Tris–Cl, pH
8.1, 1× Complete Protease Inhibitor (Roche)), and sonicated to lengths
of between 400 and 1000 bp. Cell lysates were diluted in dilution buffer
(1 % Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM Tris–Cl, pH 8.1,
1× Complete Protease Inhibitor) and then precleared with protein-A
agarose beads (Merck, NJ, USA) for 2 h. Beads had been previously
blocked in 100 μg/ml salmon sperm DNA and 5% BSA. Chromatin was
incubated with 2 μg antibody (α-NFYA (H-209 X, sc-10779 X, Santa
Cruz Biotechnology); α-Sp1 (H-225, sc-14027, Santa Cruz Biotechnology); or no antibody negative control) at 4 °C overnight. Protein-A
agarose beads were added for a further 2 h at 4 °C, and immunocomplexes bound by the beads recovered by centrifugation and washed
twice sequentially in TSE I (0.1% SDS, 1% Triton X-100, 2 mM EDTA,
20 mM Tris–Cl, pH 8.1, 150 mM NaCl), TSE II (0.1% SDS, 1% Triton X100, 2 mM EDTA, 20 mM Tris–Cl, pH 8.1, 500 mM NaCl), Buffer III
(0.25 M LiCl, 1% NP-40, 1% Sodium Deoxycholate, 1 mM EDTA, 10 mM
Tris–Cl, pH 8.1) and TE, pH 7.4. Bound material was eluted using elution
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buffer (1% SDS, 0.1 M NaHCO3) at room temperature for 10 min, and
the input and eluted samples heated at 65 °C overnight to reverse the
formaldehyde cross-links. DNA was puriﬁed and used for real-time
PCR, using primers designed to span the respective transcription factor
binding sites (NFY F: 5′-GTGAGGCGG-GATTGACTG-3′; NFY R: 5′TGCTGATGCT-GTAGCTCCC-3′; Sp1 F: 5′-CCATGGGCTGA-AAACTCAAC3′; Sp1 R: 5′-GACTGCAGCA-GCAAAGACTG-3′). These primers ampliﬁed a 264 bp and 200 bp product, respectively.
2.9. Doxorubicin treatment
Doxorubicin (Adriamycin) was obtained from Sigma (St Louis, MO,
USA). Cells were treated with 0.2 μg/ml or 2 μg/ml doxorubicin for all
experiments. For the analysis of the effect of doxorubicin on p53
protein, cells were treated with doxorubicin for 8 h, while for
analysing effects on Crm1 protein levels, cells were treated with
doxorubicin for 48 h (due to the long half-life of Crm1). For analysing
the effects of doxorubicin on the Crm1 promoter, cells were
transfected with the promoter constructs and 8 h later treated with
doxorubicin for 18 h. For ChIP analysis of p53 binding to the Crm1
promoter, CaSki cells were treated with 0.2 μg/ml doxorubicin for
18 h. For p53 or NFYA knock-down analysis, CaSki cells were
transfected with control siRNA-A (sc-37007, Santa Cruz Biotechnology) or p53 siRNA (sc-29435) or NFYA siRNA (sc-29947) 24 h prior to
doxorubicin treatment.
2.10. EMSAs
Electrophoretic mobility shift assays were performed using 32Plabeled oligonucleotides (21-mers) containing either CCAAT box 1 or
CCAAT box 2 and nuclear protein harvested from CaSki cells treated
with 0.2 μg/ml doxorubicin for 18 h. 5 μg protein was used for
experiments and incubated with 2 μg poly(dI–dC). For supershift
experiments, 2 μg α-NFYA (H-209) (sc-10779, Santa Cruz Biotechnology) or α-p53 (M7001, DakoCytomation) antibodies were used.
For oligo competitions, cold oligos (wildtype and mutant) were
included at approximately 80× molar excess.
2.11. Statistical analysis
Experiments were performed in triplicate and are represented as
the mean ± standard error of the mean (SEM). For group comparisons
the Student's t-test was used, where two-tailed paired tests were used
and a p-value of less than 0.05 considered statistically signiﬁcant.
3. Results
3.1. Differential Crm1 promoter activity in normal, transformed and
cancer cells derives from the −175 to + 99 region of the Crm1 promoter
Based on our previous ﬁndings showing elevated Crm1 expression
in cervical cancer and transformed cells compared to normal [10], we
investigated Crm1 protein expression in a normal ﬁbroblast cell line,
WI38, an SV40-transformed ﬁbroblast cell line, SVWI38, and a cervical
cancer cell line, CaSki. Western blot analysis revealed elevated Crm1
expression in SVWI38 and CaSki cells, compared to normal WI38 cells
(Fig. 1A).
To determine transcriptional regulatory mechanisms that associate with elevated Crm1 expression in cancer and transformed cells, an
approximate 1.4 Kb region upstream of the transcription start site of
the Crm1 gene, together with approximately 100 bp of the 5′
untranslated region (downstream from the transcription start site),
was cloned into the pGL3-Basic vector for promoter analysis. The
−1405 to +99 Crm1 construct showed signiﬁcantly higher activity in
the transformed SVWI38 and CaSki cancer cells compared to the
normal WI38 cells (Fig. 1B, p b 0.05)).

In order to investigate the region responsible for the differential
expression of Crm1 in normal, transformed and cancer cells, a series of
deletion constructs of the Crm1 promoter were generated and assayed
for activity in WI38, SVWI38 and CaSki cells. Results showed that all
constructs displayed signiﬁcantly more activity in SVWI38 and CaSki
cells compared to WI38 cells (Fig. 1C). Sequential deletion of the −1405
to −175 region of the Crm1 promoter did not signiﬁcantly alter
promoter activity, however, deletion of the −175 to −82 region
signiﬁcantly diminished Crm1 promoter activity in SVWI38 and CaSki
cells (by approximately ﬁve-fold) (Fig. 1C, p b 0.05). In WI38 cells,
however, deletion of this region had little effect on promoter activity.
This suggests that important functional elements, necessary for high
Crm1 promoter activity in transformed and cancer cells, are likely to
reside in the −175 to −82 region of the Crm1 promoter. Elements in
the −82 to +99 region are also likely important for high Crm1
expression in transformed and cancer cells, as this construct itself was
signiﬁcantly more active in SVWI38 and CaSki cells compared to normal
WI38 cells (pb 0.05, Fig. 1C).

3.2. Identiﬁcation and characterisation of transcription factors binding
within the − 175 to + 99 Crm1 promoter region
As the − 175 to +99 region of the Crm1 promoter was identiﬁed
as important for Crm1 promoter activity in transformed and cancer
cells, a bioinformatic analysis of this region was performed using
MatInspector [16] and Conreal (conserved regulatory elements
anchored alignment algorithm) [17] software programmes, in order
to identify putative transcription factor binding sites. The −175 to
+99 region of the promoter was found to contain a number of
consensus binding motifs, of which the CCAAT boxes (containing the
ﬂanking nucleotides corresponding to the binding site for Nuclear
Factor Y, NFY [18]), Sp1 sites, Yin–Yang site, and NF B site were
investigated, since these proteins have been previously linked with
proliferation and cancer [19–22]. These binding sites were highly
conserved across species (Fig. 2A).
Firstly, the functionality of the NFκB site was investigated. Crm1
promoter activity (− 175 to + 99) was analysed in a cancer cell line
stably transfected with short hairpin-forming RNA (shRNA) designed
to inhibit the NFκB subunit p65, and compared to that in a control cell
line. No change in Crm1 promoter activity was observed, nor was
there any change in Crm1 protein expression (Supplementary Fig. 1).
These results suggest that NFκB does not have any signiﬁcant role in
the regulation of Crm1 expression.
To determine the functionality of the putative NFY (also known
as CCAAT-binding protein, CBP), Yin–Yang and Sp1 binding
elements, these sites were mutated in the − 175 to + 99 promoter
construct and the mutated constructs transfected into CaSki cells.
Results showed that mutation of both CCAAT boxes, at − 150 to
− 142 and at − 107 to − 99, and the GC box/Sp1 binding site, at + 24
to + 36, signiﬁcantly reduced Crm1 promoter activity (Fig. 2B,
p b 0.05). No change in promoter activity was observed when the
putative Sp1 sites at − 101 to − 92 and − 86 to − 77 and the
putative Yin–Yang site at − 133 to − 126 were mutated, suggesting
that these sites do not contribute to Crm1 expression. Similar
observations were made using the SVWI38 cell line (Supplementary
Fig. 2).
The effect of the CCAAT box and GC box mutations on Crm1
promoter activity was next compared in normal WI38, transformed
SVWI38 and CaSki cancer cells. Interestingly, mutation of both
CCAAT boxes and the GC box had a more profound impact on Crm1
promoter activity in the transformed and cancer cells, compared to
the normal cells, suggesting that while these sites are functional in
normal cells, activity of the respective transcription factors that bind
the sites appears to be increased in transformed and cancer cells
(Fig. 2C).
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Fig. 1. Differential Crm1 expression in normal, transformed and cancer cells derives from the − 175 to + 99 region of the Crm1 promoter. A. Western blot analysis of Crm1 protein
levels in normal WI38, transformed SVWI38, and cervical cancer CaSki cells reveals increased expression in the cancer and transformed cells. B. −1405 to + 99 Crm1 promoter
activity was measured in cell lysates prepared from transfected WI38, SVWI38 and CaSki cells, and was signiﬁcantly higher in the transformed and cancer cells compared to the
normal cells (*p b 0.05). TK-Renilla-Luc was used as a control for transfection efﬁciency and luciferase activity is expressed relative to Renilla luciferase. C. Luciferase reporter
constructs containing deleted fragments of the human Crm1 promoter were transiently transfected into WI38, SVWI38, and CaSki cells. Luciferase activity was signiﬁcantly higher in
the SVWI38 cells and CaSki cells compared to normal WI38 cells for all constructs tested. Deletion of the − 175 to − 82 region of the Crm1 promoter resulted in a signiﬁcant decrease
in promoter activity in SVWI38 and CaSki cells (*p b 0.05), while having only a minor effect in normal cells. Results shown are the mean ± SD of experiments performed in triplicate
and repeated at least two times.

3.3. The NFY transcriptional complex binds the Crm1 promoter CCAAT
box(es), while Sp1 binds the GC box
Since the CCAAT and GC boxes were identiﬁed as functional
elements within the Crm1 promoter, it was next investigated whether
the transcription factors that generally associate with these sites,
namely NFY/CBP [23] and Sp1 [24], played a role in Crm1 promoter
regulation. siRNAs were employed to silence NFY and Sp1 expression
and effects on Crm1 promoter activity measured. NFY is a heterotrimeric complex that comprises NFYA, B and C subunits [23], and
since all subunits are required for NFY function, an NFYA siRNA was
chosen to inhibit NFY. Inhibition of both NFYA and Sp1 resulted in a
signiﬁcant decrease in Crm1 promoter activity, conﬁrming a role for
these proteins in the regulation of Crm1 expression (Fig. 3A, p b 0.01).
In vivo binding of NFY and Sp1 to their respective sites was next
investigated. Chromatin Immunoprecipitation (ChIP) assays were performed using chromatin prepared from WI38, SVWI38 and CaSki cells,
and after immunoprecipitation with an α-NFYA or α-Sp1 antibody, PCR
ampliﬁcation was performed using primers designed to span either both
CCAAT boxes (in the case of NFY) or the GC box alone (in the case of Sp1).
A positive band of the correct size was detected in both SVWI38 and CaSki
cell lines (Fig. 3B, C), indicating binding of NFY and Sp1 to the Crm1
promoter in these cell lines. Binding was, however, undetectable in the

normal ﬁbroblast cell line, WI38. It is likely that NFY and Sp1 do bind to the
Crm1 promoter in normal WI38 cells, however, to a lesser extent than in
transformed and cancer cells, and hence binding is virtually undetectable.
In agreement with this, endogenous NFY and Sp1 protein expression was
measured in WI38, SVWI38 and CaSki cell lysates and increased NFY and
Sp1 expression detected in the transformed and cancer cells compared to
normal (Fig. 3D, E). In order to conﬁrm that the increased expression of
NFY and Sp1 proteins in SVWI38 and CaSki cells was not a characteristic of
all transcription factors, expression of an independent transcription factor,
NF B p65, which we had previously excluded from being a regulator of
Crm1 promoter activity, was analysed and found to be unchanged in
WI38, SVWI38 and CaSki cell lines (data not shown).
Taken together, our data provides evidence for the activation of Crm1
expression in cancer and transformed cells by NFY (binding in the
promoter regions −150 to −142 and −107 to −99) and Sp1 (binding in
the promoter region +24 to +36), and that elevated Crm1 expression
associates with an increase in NFY and Sp1 expression in cancer cells.
3.4. p53 is a negative regulator of Crm1 expression
Interestingly, a common feature of promoters containing more
than one CCAAT box is the conservation of the distance between the
CCAAT boxes; that is, 32 or 33 bp. While this spacing of CCAAT boxes
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Fig. 2. Identiﬁcation of functional CCAAT and GC boxes within the − 175 to + 99 region. A. Multalin sequence alignment showing homology between the human, mouse, cow, dog,
and chicken Crm1 promoters in the − 175 to + 99 region. Putative transcription factor binding sites were identiﬁed using MatInspector and Conreal software programmes and are
indicated in boxes. Bases that are conserved across species are indicated in red. B. Site-directed mutagenesis was performed using mutagenic primers, with the Crm1 −175 to + 99
promoter construct as a template. Mutagenesis was performed to eliminate the potential CCAAT box 1, Yin–Yang site, CCAAT box 2, Sp1 site 1, Sp1 site 2 and GC box (in order of their
appearance along the Crm1 promoter). Wildtype and mutated constructs were transfected into CaSki cells and luciferase activity determined. Signiﬁcant changes in luciferase
activity were observed when the CCAAT boxes and GC box were mutated (*p b 0.05). C. Promoter activity of wildtype and mutated CCAAT and GC box constructs was analysed and
compared in CaSki, SVWI38 and WI38 cells. Results shown are the mean ± SD of experiments performed in quadruplicate.

P.J. van der Watt, V.D. Leaner / Biochimica et Biophysica Acta 1809 (2011) 316–326

A

321

30.0

Crm1 (-175 to +99)
promoter activity

25.0
20.0
15.0
10.0
5.0
0.0
ctl siRNA

WI38

C

SVWI38

Input Water
DNA control

NFYA No
Ab
Ab

WI38

SVWI38

Input Water
DNA control

Sp1
Ab

No
Ab

Input Water
DNA control

CaSki

Input Water
DNA control

E
WI38

CaSki

WI38

D

SVWI38

Sp1 No
Ab Ab

CaSki

Input Water NFYA No
DNA control
Ab Ab

Sp1
Ab

No
Ab

CaSki

NFYA No
Ab Ab

Sp1 siRNA

SVWI38

B

NFY siRNA

Input Water
DNA control

NFY A

Sp1

β-tubulin

β-tubulin

Fig. 3. NFY and Sp1 are necessary for Crm1 promoter activity and show increased binding to the Crm1 promoter in transformed and cancer cells. A. CaSki cells were transfected with
30 nM control, NFYA or Sp1 siRNA and Crm1 promoter activity measured. siRNA knock-down of NFYA and Sp1 transcription factors resulted in a signiﬁcant decrease in Crm1
promoter activity in CaSki cells (*p b 0.01). B, C. ChIP analysis of NFYA (B) and Sp1 (C) binding to the CCAAT boxes and GC box in the Crm1 promoter, respectively. Cells were treated
with formaldehyde to cross-link endogenous proteins and DNA and immunoprecipitations performed. ChIP PCR products were electrophoresed on a 2% agarose gel and positive
ampliﬁcation of a 264 bp (B) or 200 bp (C) band, for NFY and SP1 respectively, was detected in SVWI38 and CaSki cell lines after immunoprecipitation with an α-NFYA (B) or Sp1 (C)
antibody, revealing binding of NFYA to the CCAAT boxes and Sp1 to the GC box in the Crm1 promoter. No binding was detected in normal WI38 cells. For input DNA, PCR was
performed using sonicated chromatin DNA before immunoprecipitation. The negative control lane carries DNA immunoprecipitated without antibody, while the water blank serves
as the negative control for the PCR. D, E. Protein was harvested from WI38, SVWI38 and CaSki cells and NFYA and Sp1 protein expression analysed by Western blot analysis. Both
NFYA and Sp1 protein expression was elevated in SVWI38 and CaSki cells compared to normal WI38 cells. β-tubulin was used as a control for protein loading.

is important for p300-mediated co-activation, it has also been
reported to facilitate promoter repression via p53 [25]. The distance
between the CCAAT boxes in the Crm1 promoter was 33 bp, leading
us to investigate a potential role for p53 in regulating the Crm1
promoter. Moreover, p53 is known to repress a variety of G2/Massociated genes, and Crm1 mRNA is known to accumulate in this
stage of the cell cycle [26].
To investigate the involvement of p53 in the regulation of Crm1
promoter activity, CaSki cervical cancer cells, which contain wildtype p53 maintained at low levels due to enhanced degradation
mediated by the HPV16 oncoprotein E6 [27], were treated with

doxorubicin (adriamycin): a potent DNA-damaging agent and
known inducer of p53 activity. In accordance with literature, p53
was found to accumulate soon after doxorubicin treatment in a
concentration-dependent manner (Fig. 4A). Crm1 protein levels, on
the other hand, were signiﬁcantly reduced after p53 induction with
doxorubicin (Fig. 4B). To determine whether the reduction in Crm1
protein levels was due to altered Crm1 promoter regulation, CaSki
cells were transfected with the − 175 to + 99 Crm1 promoter
construct and exposed to doxorubicin for 18 h. As shown in Fig. 4C,
doxorubicin treatment reduced Crm1 promoter activity in a dosedependent manner, with 2 μg/ml doxorubicin down-regulating
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Fig. 4. Doxorubicin treatment results in an induction of p53 and concomitant repression of Crm1 promoter activity. A. CaSki cells were treated with 0.2, 1 or 2 μg/ml doxorubicin and
protein harvested for Western blot analysis 8 h (A) or 48 h (B) after treatment. p53 protein levels were increased (A) while Crm1 protein levels decreased (B) after doxorubicin
treatment. C. Crm1 promoter activity was measured after an 18 h treatment with doxorubicin. Signiﬁcant decreases in Crm1 promoter activity were observed in both CaSki and
SVWI38 cell lines after treatment (*p b 0.05), while in WI38 cells Crm1 promoter activity was only decreased marginally.

Crm1 promoter activity by 90% in CaSki cells. Crm1 promoter
activity in SVWI38 cells was similarly repressed upon doxorubicin
treatment, while Crm1 promoter activity in the normal WI38 cell
line was not responsive (Fig. 4C). This is likely explained by the
already low Crm1 promoter activity in untreated WI38 cells due to
low levels of NFY and Sp1 in this cell line (Fig. 3D and E).
Given that the Crm1 promoter was repressed in response to
doxorubicin treatment and the concomitant induction of p53, we
next determined whether the repression was speciﬁcally via p53.
Firstly, p53 was inhibited in CaSki cells using p53 siRNA and Crm1
promoter activity measured. No change in Crm1 promoter activity
was observed after p53 inhibition, suggesting that p53 does not
repress the Crm1 promoter in the absence of repair stress (Fig. 5A).
However, to determine whether p53 represses the Crm1 promoter
in response to DNA damage, hence accounting for the inhibition of
Crm1 promoter activity seen in Fig. 3, CaSki cells were transfected
with control or p53 siRNA and then treated with doxorubicin 24
hours later. In cells transfected with control siRNA, Crm1 promoter
activity was signiﬁcantly repressed on treatment with doxorubicin,
while in cells transfected with the p53 siRNA ﬁrst, the decrease in
Crm1 promoter activity was less marked with promoter activity of
doxorubicin-treated cells not signiﬁcantly different from that of
cells grown in the absence of doxorubicin (Fig. 5B). Western blot
analysis revealed that p53 induction was blocked in cells transfected
with p53 siRNA, followed by doxorubicin treatment (Fig. 5C).
Moreover, inhibiting p53 induction in doxorubicin-treated cells
resulted in Crm1 protein levels maintained at high levels (Fig. 5D
and E). These ﬁndings suggest that p53 plays a role in negatively
regulating Crm1 expression in response to DNA damage, as
inhibiting p53 expression in doxorubicin-treated cells results in
elevated Crm1 levels.

3.5. p53 regulation of the Crm1 promoter occurs via the CCAAT boxes
Having determined that p53 associates with repression of the Crm1
promoter activity in response to doxorubicin treatment, we sought to
understand the mechanism of repression and identify the p53responsive region within the Crm1 promoter. It was anticipated that
the response would likely occur via the two critically-spaced CCAAT
boxes, as no consensus p53 binding sites were identiﬁed in the Crm1
promoter. ChIP analysis was therefore performed to investigate p53
binding to the Crm1 promoter in the region of the two CCAAT boxes.
Untreated and doxorubicin-treated cells were ﬁxed with formaldehyde
to cross-link protein-DNA complexes and p53-bound DNA complexes
were captured with an α-p53 antibody. No binding of p53 to the Crm1
promoter (in the region −175 to +89) was detected in untreated cells,
while p53 binding was strongly detected after treatment with
doxorubicin, in the region of the two CCAAT boxes (Fig. 6A). It was
next investigated whether p53 binding affected the binding of NFY to
the CCAAT boxes. ChIP analysis was therefore performed to analyse NFY
binding to the Crm1 promoter in response to doxorubicin treatment.
Interestingly, the binding of NFY to the Crm1 promoter was signiﬁcantly
reduced on treatment with doxorubicin, suggesting that the binding of
p53 may interfere with NFY binding (Fig. 6A).
To conﬁrm the ﬁnding that p53-mediated repression of the Crm1
promoter occurs via interference with NFY, a Crm1 (−175 to +99)
promoter construct containing mutations in both CCAAT boxes was
generated and exposed to doxorubicin treatment. This construct
contained signiﬁcantly less promoter activity than the wildtype
construct, and then the constructs containing mutations in either
CCAAT box 1 or CCAAT box 2 (Fig. 6B). When exposed to doxorubicin, it
was determined that while the wildtype −175 to +99 construct was
repressed approximately 15-fold, the Crm1 promoter construct with
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Fig. 5. p53 associates with promoter repression in response to doxorubicin treatment. A. Crm1 (− 175 to + 99) promoter activity was measured after p53 inhibition using 30 nM p53
siRNA. No change in Crm1 promoter activity was observed. B. Cells were transfected with 30 nM control or p53 siRNA 24 h prior to 0.2 μg/ml doxorubicin treatment, and Crm1
(− 175 to + 99) promoter activity was measured. Crm1 promoter activity in control siRNA-transfected cells was signiﬁcantly reduced on treatment with doxorubicin (*p b 0.05),
however, a less marked effect was observed in p53 siRNA-transfected cells. C. Control and p53 siRNA-transfected cells were treated with doxorubicin prior to protein harvest and
Western blot analysis. Western blot analysis revealed an accumulation of p53 in the control siRNA-transfected cells, but not the p53-siRNA-transfected cells, after doxorubicin
treatment. D. Conversely, Crm1 protein levels were reduced in the control siRNA-transfected cells, and to a much lesser extent in the p53 siRNA-transfected cells, after doxorubicin
treatment. β-tubulin was used as a control for protein loading. E. Densitometric quantiﬁcation of the Western blots in C and D, showing Crm1 protein levels relative to β-tubulin.

mutations in both CCAAT boxes was substantially less responsive
(Fig. 6C). This suggests that functional CCAAT boxes are necessary for
p53-mediated repression of the Crm1 promoter, and suggests that p53
cannot repress Crm1 in the absence of NFY. To conﬁrm this, NFY was
depleted in CaSki cells using siRNA, and cells were subjected to
doxorubicin treatment. As expected, the repression of Crm1 promoter
activity was signiﬁcantly less in NFY knock-down cells compared to cells
transfected with control siRNA (Fig. 6D). The Crm1 promoter was,
however, still somewhat repressed in the NFY knock-down cells likely
due incomplete NFY protein knock-down.
Finally, to analyse the binding of NFY and p53 to the Crm1 promoter
after DNA damage, EMSAs were performed using nuclear protein
harvested from doxorubicin-treated cells and labeled probes corresponding to the individual CCAAT boxes. Results show that p53 binds

both CCAAT boxes in a single complex with NFY (Fig. 6E). This was
revealed by the addition of antibodies against NFYA and p53, which both
resulted in diminished binding of the marked complex (Fig. 6E). It is
therefore apparent that p53 does not compete with NFY for binding but
rather binds NFY present on the CCAAT boxes of the Crm1 promoter,
likely resulting in inhibition of NFY transcriptional activation. Addition
of appropriate cold oligonucleotides (wildtype and mutant) conﬁrmed
the speciﬁcity of the binding, with the wildtype oligonucleotide
competing for binding and the mutant oligonucleotide not (Fig. 6F).
4. Discussion
This study is the ﬁrst to our knowledge that describes upstream
cis-elements and transcription factors that are important for Crm1
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expression and that drive its high expression in cancer and
transformed cells. Using deletion and mutation analysis we identiﬁed
the −175 to +99 region of the Crm1 promoter as responsible for the
differential expression of Crm1 in normal and cancer cells, and
identiﬁed within this region two CCAAT boxes and a GC box as
important regulatory elements. Moreover, we identiﬁed binding of

NFY/CBP and Sp1 transcription factors to these respective sites in
transformed and cancer cells. We propose that the elevated levels of
NFY and Sp1 proteins in transformed and cancer cells may be in part
responsible for overexpression of Crm1 in these cells. Furthermore,
our study is a ﬁrst to describe a role for p53 in repressing the Crm1
promoter in response to DNA damage; a ﬁnding which could also
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contribute to the high levels of Crm1 in cancer cells, since most cancer
cells either contain low levels of p53 protein (through enhanced p53
degradation) or harbour p53 mutations [28].
There is increasing evidence implicating NFY as a key player in
cancer development. NFY binds the CCAAT box which is present in
about 30% of eukaryotic promoters [23]. It is reported that promoters
that lack a TATA box rely greatly on the CCAAT box for transcriptional
activation [18], and we show that the Crm1 promoter lacks a TATA box
but contains two functional CCAAT boxes. The presence of more than
one CCAAT box in the promoter of a gene is not uncommon, especially
in the promoters of G2/M-associated genes; genes that are reported to
rely greatly on NFY for activation [25,29,30]. Interestingly, Crm1
mRNA is reported to reach a peak at G2/M [26] and Crm1 is known to
play a key role in the control of mitosis [31], likely contributing to its
reliance on NFY for transcriptional activation.
Literature reports that NFY plays an important role in proliferation
[21] and the cell cycle [32], and its own activity is regulated in a cell
cycle-dependent manner [33,34]. It is believed that NFY is a major
contributor to the high expression of many cell cycle-regulated genes
in cancer cells [35,36] and Niida et al. found that the NFY motif is
signiﬁcantly enriched in genes overexpressed in breast cancer, with it
being one of the principal regulatory motifs driving breast cancer
malignant progression [37]. Furthermore, Pang et al. found that NFY
binding to the thymidine kinase promoter was at levels 5- and 15-fold
greater in SV-40 virus-transformed human cells and HeLa cells,
compared to normal cells, respectively, and that the binding activity of
NFY changes from a cell cycle-dependent one in normal cells to a
constitutive one in transformed cells and tumour cells [38]. They
suggest that this is due to a loss of post-translational control during/
after cell transformation, as the half-life of NFY in transformed cells
was ﬁve-fold higher than in normal cells [38]. In this study we have
shown that NFY expression is elevated in cervical cancer and
transformed human ﬁbroblast cells, resulting in increased binding of
NFY to the Crm1 promoter, and thus NFY is very likely a key
contributor to Crm1 overexpression in cancer.
As well as demonstrating a role for NFY, we identiﬁed Sp1 as an
important regulator of Crm1 expression in cancer. Interestingly, in an
in silico study, Quan et al. predicted that the Sp1 binding site is one of
the most common transcription factor binding sites in the promoters
of karyopherin β family genes, of which Crm1 is a member [39]. Sp1
regulates a variety of biological functions that are critical to tumour
development and progression [19,24], with its transcriptional activity
modulated in a cell cycle-dependent manner [40], and its target genes
including many regulators of the cell cycle [41–44]. It plays an
important role in growth regulation, as introduction of a dominant
negative Sp1 into HeLa cervical cancer cells signiﬁcantly inhibited cell
proliferation [45]. We identiﬁed increased Sp1 protein expression in
transformed ﬁbroblasts, SVWI38, and cervical cancer cells, CaSki,
compared to normal ﬁbroblasts, WI38. Sp1 expression has previously
been shown to be elevated in transformed cells [46], where its
increased expression was found to result in increased activation of its
target genes [46]. Moreover, elevated Sp1 expression has been
associated with several cancers, including gastric cancer [47],
pancreatic cancer [48], and skin cancer [49]. We show that inhibition
of Sp1 expression in cancer cells leads to diminished Crm1 promoter
activity, suggesting that it is, in part, the high expression of Sp1 in
cancer cells that maintains high Crm1 expression.
We also identiﬁed a role for the transcription factor p53 in the
regulation of the Crm1 promoter. p53 can activate or repress the
transcription of target genes. While activation generally occurs
through binding of p53 to its consensus binding site in the promoter
region of target genes, for example, p21, GADD45 and 14-3-3, it can
repress promoters that lack a consensus p53 binding site. This can
occur via several mechanisms; either through its interference with the
functions of other DNA-binding transcriptional activators, or through
its interference with components of the basal transcription machin-
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ery, or through its recruiting chromatin-modifying factors such as
histone deacetylases (HDAC) to promoter regions, thereby reducing
promoter accessibility to the transcriptional machinery [50]. p53
target genes repressed via these mechanisms include cyclin B1 [51],
cdc2 [52], BRCA2 [53], survivin [54], hsp70 [55], amongst others. In
the case of p53 interfering with other transcriptional activators, it is
reported that p53 can interact speciﬁcally with NFY and Sp1 proteins,
hampering the NFY- and Sp1-dependent recruitment of the general
transcriptional machinery to the promoter region of target genes
[25,51,52,54,55]. In this study we provide evidence that p53 represses
the Crm1 promoter, and that repression occurs predominantly via
interference with NFY. Our results suggest that p53 can interfere with
NFY-regulated Crm1 expression under conditions of DNA damage by
directly interfering with NFY binding and in this way result in
promoter repression. Our results also suggest that p53 may complex
with NFY and in this way mediate promoter repression. There is
evidence in the literature that under conditions of DNA damage, the
binding of p53 to certain promoters results in chromatin remodelling
which associates with transcriptional repression [56]. We speculate in
the case of the Crm1 promoter that p53 possibly promotes chromatin
remodelling; only when the promoter is in an active state (and bound
by NFY) hence the dependence on NFY for repression, and that this
results in a loss of NFY binding to the promoter as observed in ChIP
analysis. Further work, however, is required to investigate the exact
mechanism of repression by p53.
While we have shown a role for p53 in negatively regulating the
Crm1 promoter, it is also well understood that Crm1 plays a role in the
negative regulation of p53 activity by mediating its export from the
nucleus to the cytoplasm [57]. Hence it appears that Crm1 and p53
could share a complex regulatory loop, whereby p53 represses Crm1
promoter activity in response to DNA damage, and the low levels of
Crm1 that result could possibly lead to a decreased rate of export of
p53 into the cytoplasm, resulting in increased p53 function. This could
be one of the reasons why during tumourigenesis the cell must
abrogate p53 function and/or upregulate Crm1 transcription in order
to evade p53 and allow for uncontrolled proliferation.
Supplementary materials related to this article can be found online
at doi:10.1016/j.bbagrm.2011.05.017.
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