MOLECULAR AND CELLULAR BIOLOGY, July 1998, p. 4377-4384
0270-7306/98/$04.00+0

Vol. 18, No. 7

Copyright © 1998, American Society for Microbiology. All Rights Reserved.

Transcriptional Regulation of the MDRI Gene by Histone
Acetyltransferase and Deacetylase Is Mediated by NF-Y

SHENGKAN JIN anp KATHLEEN W. SCOTTO*

Molecular Pharmacology and Experimental Therapeutics Program, Memorial Sloan-Kettering Cancer Center
and Cornell University Graduate School of Medical Sciences, New York, New York 10021

Received 20 October 1997/Returned for modification 1 December 1997/Accepted 21 April 1998

Recent studies have shown that the histone-modifying enzymes histone acetyltransferase (HAT) and histone
deacetylase (HDAC) are involved in transcriptional activation and repression, respectively. However, little is
known about the endogenous genes that are regulated by these enzymes or how specificity is achieved. In the
present report, we demonstrate that HAT and HDAC activities modulate transcription of the P-glycoprotein-
encoding gene, MDRI. Incubation of human colon carcinoma SW620 cells in 100-ng/ml trichostatin A (TSA),
a specific HDAC inhibitor, increased the steady-state level of MDRI mRNA 20-fold. Furthermore, TSA
treatment of cells transfected with a wild-type MDRI promoter/luciferase construct resulted in a 10- to 15-fold
induction of promoter activity. Deletion and point mutation analysis determined that an inverted CCAAT box
was essential for this activation. Consistent with this observation, overexpression of p300/CREB binding
protein-associated factor (P/CAF), a transcriptional coactivator with intrinsic HAT activity, activated the
wild-type MDRI promoter but not a promoter containing a mutation in the CCAAT box; deletion of the P/CAF
HAT domain abolished activation. Gel shift and supershift analyses identified NF-Y as the CCAAT-box binding
protein in these cells, and cotransfection of a dominant negative NF-Y expression vector decreased the
activation of the MDRI promoter by TSA. Moreover, NF-YA and P/CAF were shown to interact in vitro. This
is the first report of a natural promoter that is modulated by HAT and HDAC activities in which the

transcription factor mediating this regulation has been identified.

Transcriptional control is mediated by a hierarchy of regu-
latory components. Although the interplay between DNA el-
ements and transcription factors occurs within the presence of
a complex chromosomal architecture, the contribution of chro-
matin to transcriptional regulation is not fully understood.
However, a heightened interest in this area has been spurred
by the recent cloning of the histone-modifying enzymes histone
acetyltransferases (HATS) and histone deacetylases (HDACsS)
(5, 29, 39, 45), enzymes with opposing effects on chromatin
organization. HATs specifically catalyze the acetylation of the
g-amino group of lysine residues at the N-terminal domain of
histones, weakening histone-DNA interactions and leading to
a destabilization of nucleosome structure (open chromatin),
while HDACs remove the acetyl group, leading to a more
closed chromatin configuration. It has been proposed that this
restructuring of chromatin regulates accessibility of transcrip-
tion factors to their DNA targets, whereby open chromatin
allows for factor binding and closed chromatin does not (43,
44). While this is likely to be an oversimplified model for the
role that these enzymes play in transcriptional regulation,
there is a plenitude of evidence that supports a role for HATs
and HDAC:S in gene expression and indicates a general corre-
lation between the level of acetylation and the transcriptional
activity of a chromosomal domain (19), with hyperacetylated
histones accumulated in regions of active chromatin (14) and
hypoacetylated histones concentrated in transcriptionally si-
lenced domains (4).

Recent studies have suggested that histone acetylation and
deacetylation are involved in the process of chromatin assem-
bly (20, 39). Moreover, HATs and HDACs have been found to
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be components of some of the general transcriptional coacti-
vator and corepressor complexes, respectively. For example,
the yeast ADA complex, which is required for the function of
some acidic activators such as VP16, contains GCNS, a subunit
with intrinsic HAT activity that is indispensable for transcrip-
tional activation (7, 42). In mammalian cells, one of the general
coactivator complexes contains the CREB binding protein
(CBP) (or its homolog p300) and P/CAF (p300/CBP-associ-
ated factor), both of which have intrinsic HAT activity (33, 45).
This complex interacts with NcoA (nuclear coactivator) to me-
diate nuclear receptor functions (40). p300 and CBP can also
interact with a variety of other transcription factors, including
AP-1, YY-1, and SP-1, and it has been proposed that their
recruitment to a subset of promoters by these factors confers
some specificity to their activity. Conversely, HDAC activity is
an inherent component of a general transcriptional corepres-
sor complex which interacts with NcoR (nuclear corepressor)
and SMRT (silencing mediator of receptor transcription) to
mediate nuclear receptor repression (1, 13, 15, 31), as well as
with the Mad-Max complex to confer transcriptional repres-
sion (21, 48). In these cases, repression can be relieved by
exposure to HDAC-specific inhibitors such as trichostatin A
(TSA) and tripoxin, indicating an essential role for HDAC in
this process. Taken together, these observations provide a
strong link between the activities of the histone-modifying en-
zymes and gene activation and repression. It is now apparent
that transcriptional regulation by a sequence-specific DNA
binding factor can be mediated by the recruitment of a histone
acetylase or deacetylase to the promoter. While it has been
proposed that this occurs via a chromatin-specific mechanism
involving modification of core histones, further studies are
required to substantiate this model.

An overwhelming majority of the studies that have led to the
present models for HAT and HDAC function have been car-
ried out using synthetic promoter/reporter constructs for which
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there is no endogenous counterpart. Therefore, while these
studies have been quite valuable models for providing the
framework within which to study the biochemistry of HAT and
HDAUC, results obtained have been limited in their application
to cellular events. It is therefore important to identify systems
in which both the endogenous gene and natural promoter con-
structs are similarly regulated by histone-modifying enzymes in
order to provide models in which to study the role of these
enzymes in a physiologically relevant setting.

P-glycoprotein is a highly conserved 180-kDa membrane
protein that was first identified by virtue of its overexpression
in cell lines which exhibited a multidrug resistance (MDR)
phenotype; it was later shown that P-glycoprotein is involved in
the transport of small molecules and mediates the efflux of
drugs from MDR cells (11). The gene that encodes human P-
glycoprotein, MDRI, is subject to control by a variety of inter-
nal and external stimuli, including differentiation signals, heat
shock, cytokines, hormones, and a variety of toxic insults (18).
A previous analysis of MDRI activation by differentiation
agents showed that gene expression could be activated by
sodium butyrate (NaB), a pleiotropic reagent whose multiple
functions include the noncompetitive inhibition of HDAC (27,
30). In the present report, we have expanded upon this early
observation and have directly evaluated the effect of the highly
specific HDAC inhibitor, TSA, on MDRI activity. We show
that the endogenous MDRI promoter and MDRI promoter/
reporter constructs are activated to similar extents and within
similar time frames by TSA and NaB. Activation can also be
achieved through the overexpression of P/CAF and requires
the intrinsic HAT activity of this factor. Moreover, we show
that activation by HDAC inhibitors or P/CAF is dependent on
both an intact inverted CCAAT box and the transcription
factor NF-Y. Lastly, we demonstrate the interaction of NF-YA
with P/CAF in vitro and discuss models by which activation
may be mediated. Thus, the MDRI promoter represents one of
the few known natural model systems in which to study the
effects of HAT and HDAC in vivo.

MATERIALS AND METHODS

Cell lines, plasmids, and transfections. The human colon carcinoma cell line
SW620 (ATCC CCL227) was maintained on RPMI 1640 medium supplemented
with 10% fetal calf serum and 2.0 mM glutamine. All MDRI promoter/luciferase
deletion constructs and CCAAT-box mutants were derived from pMDRI1
(—1202), which was created by inserting an Xmal-Nhel MDRI promoter se-
quence (—1202 to +118) into the luciferase vector, pGL2B (Promega, Madison,
Wis.), between the Smal and Nhel sites. The CCAAT-box mutant constructs
pMDRI1(MUTC1) and pMDR1(MUTC2) were generated by site-directed mu-
tagenesis, using conditions described previously (16, 17). Briefly, single-stranded
plasmid pMDR1(—1202) was prepared as recommended by Promega (35). Oli-
gonucleotides used for mutagenesis were MUT C1 (5'-CTG TTC CTG CCC
AGC gAg TCA GCC TCA CCA CAG-3'), MUT C2 (5'-CTG TTC CTG CCC
AGC acA TCA GCC TCA CCA CAG-3') (mutated sequences indicated in
lowercase), and a selection oligonucleotide which converted the unique BamHI
site in pMDR1(—1202) to a Pvull site. Oligonucleotides and single-stranded
pMDRI1(—1202) were annealed, followed by second-strand DNA synthesis using
T4 DNA polymerase. The resulting mix was used to transform BMH71-17 MutS
cells (United States Biochemical Corp., Cleveland, Ohio). Miniprep plasmid was
digested with BamHI to eliminate wild-type plasmid and transformed into Esch-
erichia coli JM109. Both deletion and site-directed mutants were confirmed by
DNA sequencing using a CircumVent Thermal Cycle DNA sequencing kit (New
England Biolabs, Inc., Beverly, Mass.).

SW620 cells were transfected by the calcium phosphate-DNA precipitation
method as described previously (30). Briefly, for transient transfection, cells were
seeded in six-well plates at a density of 1 X 10° to 2 X 10° cells/well. The
following day, cells were transfected with the indicated pMDR1 construct (0.6 to
1.0 pg/well) or cotransfected with 0.6 to 1.0 wg of a pMDR1 construct and 0.8 to
1.0 pg of P/CAF expression vector (45) or the indicated amount of NF-YA29
expression vector (26). The total amount of DNA per well was adjusted to 2.0 p.g
by the addition of sonicated salmon sperm DNA. Cells were incubated for 24 h
prior to treatment with TSA or NaB. Cells were treated for 24 h before harvest-
ing. For stable transfection, cells were seeded in 150-mm-diameter plates at a
density of 1 X 10° to 3 X 10° cells per plate. After 24 h, cells were transfected
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with pMDR1(—1202) (20 pg/plate) and p308 (ATCC 37613), which encodes the
gene conferring resistance to G418 (1 wg/plate). After 2 days, cells were split at
a ratio of 1:10, and stable transfectants were selected in G418 (800 pg/ml; Life
Technologies, Inc., Gaithersburg, Md.) for 3 weeks. Resultant colonies were
pooled for further analysis. Luciferase assays were performed as recommended
by the vendor (Promega) and normalized relative to protein concentration as
determined by the bicinchoninic acid protein assay (Pierce, Rockford, IIl.). The
promoter activity was then expressed as luminescence units, which is the ratio of
luminescence counts of 10 pl of cell lysate and the absorbance at 595 nm for the
same amount of cell lysate stained with 250 wl of bicinchoninic acid protein assay
reagent.

RNase protection assay. pWEB, the plasmid used for synthesis of the ribo-
probe specific for MDRI, was constructed by cloning an EcoRI-Xmnl fragment
of the MDRI cDNA (+1176 to +1459) into EcoRI/Hincll-digested pBluescript
II KS(+) (Stratagene, La Jolla, Calif.). pSGX was generated by inserting an
EcoRI/Xbal fragment of human GAPDH cDNA (+1 to +777) into pBluescript
II SK(—) (Stratagene). RNA was extracted from either untreated or treated
(with TSA or NaB) SW620 cells as described previously (8) and subjected to
RNase protection analysis (16, 17). Briefly, radiolabeled riboprobes were syn-
thesized from EcoRI-digested pWEB or EcoNI-digested pSGX with T3 RNA
polymerase as recommended by the vendor (Promega). Cellular RNA (20 to 40
wg for MDRI mRNA detection or 0.6 ug for GAPDH mRNA detection) and 1 X
10° to 5 X 10° cpm of riboprobe were mixed in a total volume of 30 .l of hy-
bridization buffer containing 40 mM piperazine-N,N'-bis(2-ethanesulfonic acid)
(PIPES) (pH 6.4), 1 mM EDTA (pH 8.0), 0.4 M NaCl, and 80% formamide. The
nucleic acid mixture was denatured at 85°C for 5 to 10 min, followed by annealing
at 50°C for 12 to 15 h. Then 270 ul of RNase digestion mix containing 50 mM
sodium acetate (pH 4.4), 100 mM NaCl, 10 mM EDTA (pH 8.0), and 30 U of
RNase T, (Life Technologies, Inc.) per ml was added to the mixture, which was
incubated at 37°C for 1 h; 300 pl of solution D (4 M guanidinium thiocyanate, 25
mM sodium citrate [pH 7.0], 0.5% Sarkosyl, 0.1 M 2-mercaptoethanol), 20 pg of
tRNA, and 600 pl of isopropanol were added to the mixture, and the RNA was
precipitated at —20°C for 1 h. Samples were denatured at 85 to 90°C for 3 min
and resolved on a 4% denaturing polyacrylamide gel. Bands were visualized by
autoradiography and quantitated by Betascope (Betagen Corp., Waltham,
Mass.) radioimaging.

Gel mobility shift assays. Nuclear extracts were prepared from SW620 cells
essentially as described previously (22). Approximately 10 pg of nuclear extract
was preincubated at room temperature for 15 min, with or without various
unlabeled competitor DNAs, in 100 mM KCI-10 mM HEPES (pH 7.9)-2.5 mM
MgCl,-0.5 mM dithiothreitol-25 to 50 pg of poly(dI-dC) per ml in a total volume
of 20 pl; 20,000 cpm (~0.5 ng) of 5'-end-labeled probe was then added and the
mixture was incubated at room temperature for an additional 20 min. Complexes
were resolved on a 4% nondenaturing polyacrylamide gel in 0.5X Tris-borate-
EDTA. For gel mobility supershift assays, nuclear extracts were preincubated
with mouse monoclonal anti-NF-YA antibody (25) or one of two different rabbit
polyclonal anti-NF-YB antibodies (25, 32) at 4°C for 3 h under the conditions
described above, prior to the addition of the labeled oligonucleotide probe. The
sequences of the upper strands of the double-stranded oligonucleotides used as
competitors are as follows: WT (wild type), 5'-GGTGAGGCTGATTGGCTG
GGCAGGA-3'; MDR MUT Cl1, 5'-GGTGAGGCTGAcTcGCTGGGCAGGA-
3’; MDR MUT C2, 5'-GGTGAGGCTGATgtGCTGGGCAGGA-3'; and NS
(nonspecific), 5'-CATGCACATTTGTTTAACATTTGTCTTGCACAATTG-3'.

In vitro transcription-translation and pull-down assay. pNF-YA (Genome
Systems, Inc., St. Louis, Mo.), the plasmid used in in vitro transcription-transla-
tion assays, contains the human NF-YA cDNA cloned downstream of the T7
promoter in the pT7T3D-Pac vector (Pharmacia Biotech, Piscataway, N.J.).
pKS-flag-P/CAF was constructed by inserting the EcoRI-HindIII fragment of
pCX-flag-P/CAF (45) into pBluescript IT KS(+) (Stratagene). NF-YA and flag-
tagged P/CAF were separately translated in the presence of [*>S]methionine in
a 50-pl volume reaction, using a TNT T7 Quick coupled transcription-translation
system (Promega) under conditions recommended by the vendor. Then 50 pl of
NF-YA and 25 pl of flag-P/CAF transcription-translation mixes (or 1 pg of
flag-tagged bacterial alkaline phosphatase [flag-BAP] protein as a control) were
pooled and incubated at 4°C for 1 h in 1.0-ml pull-down buffer (50 mM Tris-HCl
[pH 7.5], 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and
protease inhibitor cocktail [Complete; Boehringer Mannheim, Indianapolis,
Ind.]); 20 pl (bed volume) of M2 agarose beads (Eastman Kodak, New Haven,
Conn.) was added to the mix, and incubation continued overnight at 4°C. The
beads were recovered by centrifugation and washed twice with the same pull-
down buffer with 2% bovine serum albumin followed by two washes with pull-
down buffer without bovine serum albumin. The pull-down was analyzed by
sodium dodecyl sulfate (SDS)-10% polyacrylamide gel electrophoresis followed
by radioautography. The integrity of the in vitro-translated NF-YA and that of
flag-P/CAF were confirmed by Western blot analysis using anti-NF-YA antibody
(25) and anti-P/CAF antibody (45).

RESULTS

MDRI gene expression is specifically induced upon expo-
sure to TSA. Previous studies had indicated that transcription
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