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Purification and Characterization of NF-R2 that Regulates the Expression of

the Human Multidrug Resistance (MDR1) Gene
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NF-R2 is a DNA-binding protein that interacts with the MDR1 gene proximal promoter sequence. We
previously reported that NF-R2 binds within the promoter’s —126 and — 102 regions, which contain
the ATTCAGTCA motif. In the present study, we have purified NF-R2 from the nuclear extract of
K562/ADM cells, a multidrug-resistant cell line derived from human myelogenons lenkemia K562 cells,
using sequential chromatography on Sephacryl S-300, DEAE-Sepharose, heparin-Sepharose and a
DNA affinity column consisting of a repetitive synthetic ATTCAGTCA motif coupled to Sepharose,
NF-R2 runs as a single protein of 75 kDa on SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel
electrophoresis). CAT (chloramphenicol acetyltransferase) expression assay and gel mobility shift
competition assay with mutated promoters revealed that the ATTCAGTCA motif is a positive
regulatory element of MDR1 gene and that the motif is important for NF-R2 binding. These resulis

suggest that NF-R2 may be involved in the positive regulation of the MDR1 gene transcription.
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Multidrug resistance (MDR) is a major problem in
cancer chemotherapy.”” MDR is a phenomenon in which
tumor cells exposed to several anti-tumor agents, such as
vincristine, adriamycin or actinomycin D, become resis-
tant to those agents, as well as to a variety of other chemi-
cally and structuraily diverse chemotherapeutic agents.”
This resistance results from the expression of the MDR1
gene, which encodes a protein, termed P-glycoprotein,
that acts as an active efflux pump to exclude the anti-
tumor agents from the cells.” MDR1 mRNA is ex-
pressed at substantial levels in many MDR cell lines,*
and it has been suggested that the transcriptional
activation of MDRI1 gene is important during the MDR
development.®?

We previously demonstrated® that the upstream
region of the MDR1 gene, at —131 to +10 relative to
the major transcription initiation site (+1),” showed
promoter activity. The activity was determined by the
ability of this region to direct the expression of the
chloramphenicol acetyltransferase (CAT) gene upon
transfection into K562/ADM cells, an adriamycin-
resistant subline of human myelogenous leukemia K562
cells.” In K562/ADM nuclear extract, we detected
three DNA-binding proteins, termed NF-R1, -R2, and
-R3, which could interact with the promoter sequence.”
NF-R1 has been purified and characterized as being
related to the negative regulation of the MDRI1 gene
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transcription.!” This protein could bind to both the
ATTCAGTCA motif (—119 to —111) and the GC-box
motif (—52 to —41). NF-R2 and NF-R3 could bind to
the sequence containing the ATTCAGTCA muotif and
the GC-box motif, respectively. However, these two
factors have not been well characterized as yet.

In our previous paper,” we showed that the deletion of
—131 to —100, which contained the ATTCAGTCA
motif, reduced the promoter activity to 209% that of the
intact sequence, whereas the deletion of —66 to —37,
which contained the GC-box, reduced the activity to
50%. Therefore we considered that the protein binding
to the ATTCAGTCA motif played an important role in
MDR! gene transcription. NF-R2 could bind to the
sequence and is a candidate for a regulator of the gene.

Here we report the purification of NF-R2 using se-
quence-specific DNA affinity chromatography. We char-
acterize NF-R2 as a trans-acting factor involved in the
MDRI1 transcription in K562/ADM cells by means of
gel mobility shift competition analysis and CAT expres-
sion assay.

MATERIALS AND METHODS

Cell culture K562/ADM, which was established in our
laboratory,'” was grown in RPMI 1640 medium (Nissui
Co., Ltd.) supplemented with 5% fetal bovine serum and
100 ¢2g/ml kanamycin.

Purification of NF-R2 Nuclear extract of K562/ADM
cells was prepared as described previously.” The crude
nuclear extract was dialyzed against TM buffer'? (50



mM Tris-HCl, pH 7.9, 12.5 mM MgCl;, 1 mM EDTA,
1 mM DTT and 209 ethylene glycol) containing 0.2 M
KCl and fractionated by Sephacryl 8-300 column chro-
matography. NF-R2 activity was determined by gel mo-
bility shift assay using a *P-Tagl- Haell fragment as a
probe. Fractions containing NF-R2, which eluted at 65%
of column volume, were pooled, diluted to a concentra-
tion of 0.1 M KCl with TM buffer, and applied to a
DEAE-Sepharose colomn. The flow-through fraction
containing NF-R2 was loaded onto a heparin-Sepharose
column. The column was washed with 0.1 M KCI-TM
buffer and eluted with 0.2 M KCI-TM buffer. The eluate
was dialyzed against NB buffer' (20 mM Tris-HCl, pH
7.9, 2.5 mM MgCl, 1 mM EDTA, 5% ethylene glycol)
containing 50 mM KCl and applied to the DNA affinity
column coupled with a polymerized 46mer DNA frag-
ment (—126 to —81) containing the ATTCAGTCA
motif, which was prepared according to the method
described by Kadonaga and Tjian.'” This column was
cluted with a stepwise KCl gradient from 0.1 Mto 1 M
containing NB buffer. The 0.3 M KCI-NB buffer eluate
containing NF-R2 was diluted with NB buffer to give
50 mM KCl, reapplied to the DNA affinity column and
purified as above. Purified NF-R2 was analyzed by using
SDS-PAGE,'" with a 4-20% gradient polyacrylamide
gel, and visualized by silver staining.'”

Gel mobility shift assay The probe for detecting NF-R2
activity was prepared as follows. A pUMS plasmid® was
digested with Tagl and Haell to obtain the fragment
(—130 to —356) which was end-labeled with [a-"P]-
dCTP (3000 Ci/mmol; Amersham) using the Klenow
fragment of DNA polymerase I. The binding reactions
and the subsequent procedures have been described pre-
viously.¥ The final concentration of KCI in the binding
reaction was adjusted to 90 mM. Carrier DNA was not
added in the assay for the fractions of the second cycle of
the DNA affinity column.

Southwestern blot analysis A 20zl aliquot of the
purified fraction mixed with 5 gl of 5X SDS-PAGE
buffer® was subjected to SDS-PAGE using a 4-20%
gradient polyacrylamide gel. The southwestern blot pro-
cedure was performed as described previously® using a
2p. Tagl- Haell fragment as a probe.

Plasmids Oligonucleotides for preparation of CAT con-
struct plasmids or competition analysis were synthesized
with a. DNA synthesizer {(Applied Biosystems 380B).
CAT construct plasmids were prepared as follows.
Oligonucleotides, wild-type (WT), A(—122 to —116)
and A(—115 to —109) (listed in Fig. 4) possessing
cohesive ends complementary to Xmel and BamHI at
each end were prepared. These oligonucleotides were
cloned between the Xmal and BamHI sites of p99MDR-
CAT,Y a CAT construct plasmid plasmid in which a part
of the MDRI1 promoter (—99 to +9) is positioned

Promoter of the MDR1 Gene

upstream of the CAT reporter gene, and three plasmids,
pWT (Bam), pA(—122 to —116) and pA(—115 to
—109), were obtained, respectively. These plasmids pos-
sessed an artificial BamHI site at —99. pWT (Bam)
showed reduced promoter activity (709%, data not
shown) compared with the intact MDR 1 promoter, p131-
MDR-CAT.® WT was end-labeled with [a-?P]dCTP
using a Klenow fragment of DNA polymerase I for the
gel mobility shift competition assay.

CAT expression assay Transfection and assays of CAT
were performed as described previously.®'" In short,
CAT constructs (20 g) with pSV-3-gal (20 g; Promega)
were transfected into K562/ADM cells (2107 cells)
by electroporation (Bio-Rad; Gene Pulser). At 48 h after
transfection, cells were harvested and lysed by four
cycles of freezing-thawing (—70°C and 37°C). The cell
lysates were centrifuged, and the supernatants were
assayed for CAT'™ and S-galactosidase activities.'” 5-
Galactosidase activity served as an internal standard to
correct for differences in transfection efficiency.

RESULTS

Purification of NF-R2 We previously detected NF-R1
and NF-R2, which bound to the sequence containing the
ATTCAGTCA motif (Fig. 1), in the K562/ADM nu-
clear extract.'” NF-R2 was separated from NF-R1 by
Sephacryl $-300 column chromatography.!” NF-R2 has
been purified from this fraction according to the scheme
shown in Fig. 2. The NF-R2 activity was measured by gel
mobility shift assay. The NF-R2 activity passed through
the DEAE-Sepharose column but bound to the heparin-
Sepharose column. The bound NF-R2 was eluted with
0.2 M KCI-TM buffer. Next, the ATTCAGTCA motif-
specific DNA affinity column'” was employed. Among
the column fractions, the NF-R2 activity was most prom-

Taql
-130 -120 -110 -100 -9
CTCGAGGAATCAGCATTCAGTCAATCCGGGCCUGGAGCAGTCATCTGTGGTG

Hac II
-80 =70 -60 -50 -40
AGGCTGATTGGCTGGGCAGGAACAGCGCCGGUGCGTGGGCTCGAGCACAGCC

Taq 1

-30 20 10 +1 +10

GCTTCGCTCTCTTTGCCACAGGAAGCCTGAGCTCATTCGA

Fig. 1. Structure of the proximal promoter region of MDR1.
The nucleotide sequence of the MDRI1 promoter is shown
from —133 to +10 (+1: transcription start site).” The
ATTCAGTCA motif is underlined. Several recognition sites
of restriction enzymes are shown above the sequence.
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Fig. 2. Schematic representation of the purification proce-
dure of NF-R2. The K562/ADM nuclear extract was frac-
tionated according to this scheme to purify NF-R2. The
molar number indicates the concentration of KCl in the
buffer.
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inent in 0.3 M KCl cluate (Fig. 3a). As the fraction still
contained some other proteins, it was subjected to a
second cycle on the column (Fig. 3b). Finally NF-R2
having a molecular size of 75 kDa on SDS-PAGE (Fig.
3c) was obtained, although a minor band of 46 kDa was
still detected, The 75 kDa protein showed a DNA-
binding activity on southwestern blot analysis (Fig. 3d).
Importance of ATTCAGTCA motif for NF-R2 binding
We previously found that NF-R2 specifically bound to
the sequence which consisted of 25 bp containing the
ATTCAGTCA motif (—126 to —102). In order to ex-
amine the binding specificity of the factor in more detail,
we prepared three oligonucleotides (Fig. 4a) and per-
formed a competition analysis in gel mobility shift assay.
WT is a 33 bp oligonucleotide corresponding to — 132
to —100, which contains the ATTCAGTCA motif,
The other two are deleted mutants of WT, each with a
7 bp deletion, AGCATTC (—122 to —116) and AGT-
CAAT (—115 to —109). These mutants were termed
A(—122 to —116) and A(—115 to —109), respectively.

The formation of the ¥P-WT-NF-R2 complex was
inhibited by the presence of increasing guantities of cold
WT, whereas the mutants inhibited it very weakly (Fig.
4b). This result indicated that the deleted sequence was
important for binding to NF-R2. In order to examine
more precisely the importance of the ATTCAGTCA
motif for NF-R2 binding, we performed another compe-
tition analysis where oligonucleotides carrying two base
changes in the ATTCAGTCA motif (—119 to —111)
(Fig. 5) were used. According to this competition exper-
iment, CM3, with a GC to TG (—121, —120) conver-
sion, seemed to have similar affinity for NF-R2 to the
WT oligonucleotide, CM5, CM7 and CM8 had TC to

Fig. 3. Purification of NF-R2 from K562/ADM nuclear ex-
tract. (a) The 0.2 M KCI-TM buffer eluate of the heparin-
Sepharose column was applied to the DNA affinity column
(first cycle). The DNA affinity column fractions were subject
to the gel mobility shift assay. The *P-Tagl-Haell fragment
was used as a probe. Lane 1, input; lane 2, flow-through; lane
3, 0.3 M KCl eluate; lane 4, 0.5 M KCl eluate; lane 5, 0.7 M
KCl eluate. B and F indicate the probe-protein complex and
the free probe, respectively. {(b) The 0.3 M KCl eluate of the
first cycle was again applied to the affinity column (second
cycle) and assayed as above. Lane 1, flow-through; lane 2, 0.2
M KCI eluate; lane 3, 0.3 M KCl eluate; lane 4, 0.4 M KCl
eluate; lane 5, 0.5 M KCI eluate; lane 6, 0.6 M KCl eluate.
{c) SDS-polyacrylamide gel electrophoresis. The 0.3 M eluate
of the first cycle (Input) and the second cycle (Eluate) of the
affinity column were loaded on a 4-20% gradient polyacryl-
amide-SDS8 pgel, and polypeptides were visualized by silver
staining. (d) Southwestern blot. The flow-through (lane 1)
and the 0.3 M eluate (lane 2) of the second cycle was sub-
jected to the southwestern blot analysis. 3P-Tagl-Haell was
used as a probe.
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Wild-type

CCGGTCGAGGAATCAGCATTCAGTCAATCUGGGCCGE
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AGCTCCTTAGTCGTARGTCAGTTAGGCCCGGCCCTAG 4

A({-122 to -116}

A{-115 to -109)

Fig. 4. Functional analysis of NF-R2 using deleted mutants.
(a) The nucleotides used in the analysis are shown. Wild-type
(WT) is a 33-bp oligonucleotide correspending to —132 to
— 100 relative to the major transcription initiation site of
MDRI1 gene. A(—122 to —116) and A(—115 to — 109} are
internally deleted sequences of WT. These three oligonucle-
otides possess cohesive ends complementary to Xmal
(CCGG) and BamHI (CTAG) sites at each end. (b) Gel
mobility shift competition analysis. The NF-R2 fraction was
incubated with »P-WT at 4°C and subjected to the PAGE
(4% polyacrylamide). Competitors were added at O pmol
(lane 1), 0.5 pmol (2, 3, 4) 1.0 pmol (5, 6, 7), 2.0 pmol (8,
9, 10). Competitors: 2, 5, 8; WT, 3, 6, 9; A(—122 to —116);
4, 7, 10, A(—115 to —109). B and F indicate the probe-
protein complex and the free probe, respectively. (¢) CAT
expression assay. pWT, pA(—122 to —116) and pA(-115 to
—109) were cotransfected with pSV-3-gal into K562/ADM
cells, and 48 h later the cell extracts were prepared and
analyzed as described in “Materials and Metheds.” The acet-
ylated chloramphenicol was quantified by using a Bio-image
analyzer BA-100 (Fuji Photo Film Co.) to determine the
level of CAT expression of mutated plasmids relative to WT.
The average and the standard deviation of three independent
experiments are presented.

AG (—117, —116}, TC to GA (—113, —112) and AA
to CC (—111, —110) conversions, respectively, and
showed lower affinity for NF-R2 than the WT oligonu-
cleotide. CM4 and CMS6, with AT to TA (—119, —118),
AGtoTT (—115, — 114) conversion, respectively showed
the lowest affinity for NF-R2. Oligonucleotide carrying
the GC-box motif could not compete with ¥P-WT for
binding to NF-R2. These observations showed that the
ATTCAGTCA motif was important for NF-R2 binding.
Functional analysis of deletion mutants To provide
further evidence of the role of NF-R2, we examined the
ability of the deletion mutants used above (Fig. 4a) to
support transcription in K562/ADM cells when' linked
to the CAT reporter gene. Three CAT expression plas-
mids, pWT (Bam), pA(—122 to —116) and pA(—115

CCGGTCGAGGARTC——————~ AGTCAATCCGGGECCEE
AGCTCCTTAG--————- TCAGTTAGGCCCGGCCCTAG

CCGGTCGAGGAATCAGCATTC ——~———— CCGGGCCGE
AGCTCCTTAGTCGTARG-——--——— GGCCCGGCCCTAG
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to —109), prepared as described in “Materials and
Methods,” were introduced into K562/ADM cells, and
48 h later, the cell lysates were tested for CAT activity.
As shown in Fig. 4c, both pA(—122 to —116) and
pA(— 115 to —109) showed low levels of the promoter
activity (20% of pWT (Bam)), suggesting the ATTC-
AGTCA motif is a cis-element acting positively on the
MDR1 transcription.

DISCUSSION

We have described the purification of NF-R2 from
K562/ADM nuclear extract using four sequential col-
umn chromatographies, The gel-filtered nuclear extract
of K562/ADM was applied to a DEAE-Sepharose

301



Jpn. J. Cancer Res. 84, March 1993

1234 5678%9

Fig. 5. Base-change effect on the binding of NF-R2. (a)
Oligonucleotides used in this assay are shown. The mutants
which have two base changes in the ATTCAGTCA-motif
(CM3-8"") were used as competitors. The GC-box (—64 to
—39) was used as a non specific competitor. (b) Gel mobility
shift competition analysis. The NF-R2 fraction was incubated
with #P-WT at 4°C in the absence or presence of competitors
shown in (a) and subjected to the PAGE (4% polyacryl-
amide). The competitors were added at 1.2 pmol each. In lane
1, no competitor was added. Lane 2, wild-type; lanes 3-8,
CM3-8, respectively; lane 9, GC-box. B and F indicate the
probe-protein complex and the free probe, respectively.

column and a heparin-Sepharose column, followed by
two cycles of the DNA affinity column. During these
procedures, NF-R2 was purified as a single peptide of
75 kDa, as shown by the SDS-PAGE pattern (Fig. 3c).
Southwestern blot analysis showed that the purified
protein possessed the ability to bind DNA (Fig. 3d). On
southwestern blot analysis using 0.2 M eluate from
heparin-Sepharose column, we also detected the same
protein as the only protein that bound to the ATTCA-
GTCA motif (data not shown).

The competition experiments of gel mobility shift
assay showed that the ATTCAGTCA motif was impor-
tant for NF-R2 binding, and two base-changes of the
motif did not greatly affect the NF-R2 binding ability
(Fig. 5). On the other hand, these changes did affect the
NF-R1 binding ability.'” CAT expression assay showed
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that two base-changes of the ATTCAGTCA motif which
abolished the NF-R1 binding ability resulted in the
enhancement of CAT expression.'" Thus, we considered
that NF-R1 has a role in negative regulation. The
ATTCAGTCA motif itself is a positive element of the
transcription (Fig. 4b, ¢). Therefore it is likely that NF-
R2 contributes to the positive regulation of the MDR1
gene transcription. To examine the role of NF-R2, it is
useful to exclude the effect of NF-R1. Among the four
mutants, CM3-8, which had lost NF-R1 binding ability,!?
CM6 mutant, which had relatively low affinity for
NF-R2, showed low CAT activity compared with the
others(CMS35, 7, 8).'Y The ATTCAGTCA motif could
bind to NF-R1 and -R2. Therefore it is difficult to estab-
lish clearly the character of these factors by such in vivo
expression assays. Molecular cloning of these factors
could help to analyze more precisely their roles in the
transcription.

We have shown that NF-R2 could bind to the
ATTCAGTCA motif and that this binding could not be
inhibited by the GC-box motif, while NF-R1 could bind
to both motifs at the same site of the protein. These
results suggest that NF-R2 is distinct from NF-R1 with
respect to the binding specificity as well as molecular size
(NF-R1 has a molecular weight of 110 kDa),'»

We have shown that NF-R1 bound to one strand of the
duplex DNA on both ATTCAGTCA motif and GC-box
motif.'” Spl and TFIIIA can also bind to one strand of
the duplex DNA and could provide binding spaces for
other proteins.'' We have observed that both NF-R1
and NF-R2 could bind to the ATTCAGTCA motif
concurrently (data not shown). Like Spl and TFIIIA,
NF-R1 might bind to one strand of DNA to generate
space for the cooperative binding of NF-R2.

Recently Kohno et al have reported that two up-
stream regions, (—258 to —198) and (—136 to —76),
were responsible for the activation of the MDR1 gene in
response to serum starvation or anticancer agents and
heat shock, respectively, using KB cell lines.?® 2V It is
unclear whether the ATTCAGTCA motif is responsible
for the expression of the MDR1 gene in response to
environmental stressess. It seems possible that NF-R1 or
-R2 is involved in these responses by interacting with
some stress proteins.
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