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Overproduction of the Her2 oncoprotein has been found in ~30%
of breast tumors, and patients who have Her2 excesses typically
have more aggressive disease. Here we show that the expression
of the Her2 gene can be decreased by inhibiting the interaction of
the two cancer-linked proteins, DRIP130/CRSP130/Sur-2 (a Ras-
linked subunit of human mediator complexes) and ESX (an epithe-
lial-restricted transcription factor). Disruption of the interaction by
a short cell-permeable peptide reduced the expression of the Her2
gene and specifically impaired the growth and viability of Her2-
overexpressing breast cancer cells. The association of ESX with
DRIP130 is mediated by a small hydrophobic face of an 8-aa helix
in ESX, suggesting a therapeutic approach to incapacitating the
Her2 gene by small organic molecules.

verexpression of the oncogene Her2 (neu/ErbB2) has been

found in ~30% of breast tumors (1, 2). It is unclear why
overexpression of this transmembrane receptor occurs in breast
cancers, but patients who have Her2 excesses typically have more
aggressive disease with enhanced metastasis and increased re-
sistance to chemotherapy (1-6). Monoclonal antibodies against
the Her2 protein have been successful in treating these Her2-
positive patients (7-10). A humanized antibody called Herceptin
has demonstrated tumor-inhibitory and chemosensitizing effects
in clinical studies and is the only drug that the Food and Drug
Administration has approved for treatment of Her2-overex-
pressing breast tumors (9, 10). The clinical success of the
Her2-antibody therapy was an excellent example of the transla-
tion of basic cancer biology into clinical cancer treatment.
However, the antibody therapy alone may not be ideal for
therapeutic intervention of Her2-overexpressing breast cancers.
In theory, down-regulation of Her2 may be accomplished effi-
ciently by inhibiting the expression of the Her2 gene rather than
targeting elevated levels of the Her2 proteins that are already
overexpressed. By analogy with treatments for AIDS, cocktails
of drugs, each with different mechanisms of action, might also
be more effective at achieving complete remission of breast
tumors. Thus, discovering a means to provide external control
over Her2 expression, particularly through small organic mole-
cules, remains appealing.

One of the critical transcription factors that activate the Her2
gene in breast cancers is ESX (ESE-1/ELF3/ERT/Jen), an Ets
factor that is expressed specifically in epithelial cells including
mammary glands (11-13). ESX binds and strongly activates the
Her2 promoter (11), and the ESX-binding site in the Her2
promoter is absolutely required for the high-level expression
of Her2 in breast cancer cells (14). The expression of ESX is
boosted in Her2-overexpressing breast cancers (11); a simple
correlation seems to exist between the expression levels of ESX
and Her2 in breast cancer cells. Here we isolate DRIP130/
CRSP130/Sur-2, a Ras-linked metazoan-specific subunit of hu-
man mediator complexes, as a nuclear cofactor that binds
specifically to the transactivation domain of ESX. Disruption of
the interaction between these two cancer-linked proteins de-
creases the expression of the Her2 gene and down-regulates the
proliferation and viability of Her2-expressing breast cancer cells.
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Our findings suggest a therapeutic approach to incapacitating
the Her2 gene in breast cancers and provide a broad implication
that pharmacological manipulation of transcriptional coactiva-
tors may be a useful approach in the treatment of human disease.

Materials and Methods

Materials. HeLa S3 and MCF7 cells were purchased from Amer-
ican Type Culture Collection. MCF7, MCF7-HER1S, SK-BR-3,
MDA-MB-453, and MDA-MB-468 cells were grown in DMEM/
F-12 medium with 10% FBS. Z. Songyang (Baylor College of
Medicine) kindly supplied 293Tag cells. The cDNA plasmid
construct of DRIP130 (pcDNA3-FLAG-DRIP130) was a kind
gift from L. P. Freedman (Memorial Sloan-Kettering Cancer
Center). Peptides were synthesized by the fluorenylmethoxycar-
bonyl chemistry by using Rink amide methylbenzhydrylamine
resins, purified by HPLC, and characterized by electrospray
ionization mass spectroscopy and/or NMR.

Isolation of DRIP130. HeLa cell nuclear extracts were prepared as
described (15, 16). GST fusion proteins of the ESX activation
domain or its activation-deficient mutant were obtained as
described (17). The glutathione beads binding GST fusion
protein or GST only were incubated with HeLa cell nuclear
extracts and then extensively washed by buffer containing 20 mM
Tris-Cl (pH 7.5), 150 mM NaCl, and 0.1% Nonidet P-40. The
bound proteins were separated by SDS/PAGE and stained with
Coomassie brilliant blue R-250. The protein bands stained with
Coomassie brilliant blue R-250 were excised from the gel and
microsequenced by mass spectrometry as described (18).

In Vitro Protein-Protein Interaction. 33S-Labeled DRIP130 proteins
were prepared by TNT T7 Quick Coupled Transcription/
translation system (Promega). The glutathione beads binding to
GST fusion protein or GST only were incubated with the in vitro
translated proteins in 500 ul of binding buffer containing 100
mM NaCl, 0.4% Nonidet P-40, 10% glycerol, 20 mM TrisHCI
(pH 7.5), 10 mM MgCl,, and 2 mM DTT for 1 h at 4°C. After
extensive washing with the same buffer, the bound proteins were
analyzed by SDS/PAGE.

NMR Studies. ESX29_145 was dissolved in 95% H,O plus 5% *H,0
containing 50 mM KCl, 20 mM perdeuterated Tris-AcOH (pH
6.2), and 10 uM EDTA, and then the pH of the solution was
adjusted to ~6.1 by adding dilute KOH. The final peptide
concentration was determined by UV absorption to be 3.6 mM.
NMR experiments were performed on a Bruker AMX600
spectrometer. The sequential assignment of the peptide signals
was obtained by using a combination of total correlation spec-
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troscopy, double-quantum-filtered COSY, and NOESY data
sets. In the NOESY spectra, 512 free induction decays were
recorded at 295 K with mixing times of 200 and 350 ms.

Transcription Assay. We used the mammalian expression vectors
each encoding the activation domains of ESX, VP16, ALLI,
C/EBP, or NF-«kB p65 fused with the GAL4 DNA-binding
domain (amino acids 1-94) as described (17). These vectors were
cotransfected to 293Tag cells with a secreted alkaline phospha-
tase (SEAP) reporter gene (pGS5IL2SX) and the expression
vectors encoding full-length DRIP130 or its fragments. After
40-h incubation, an aliquot of the culture was assayed for SEAP
activity as described (17). The total amounts of transfected DNA
were normalized.

Immunoblotting. The primary antibody used was the monoclonal
antibody c-neu-Ab-3 (Oncogene Science). The blots were then
incubated with horseradish peroxidase-conjugated goat anti-
mouse Ig. Protein signals were detected with ECL chemilumi-
nescence Western blotting detection reagents (Amersham
Pharmacia).

Cell Nuclear Staining. Cells were cultured on coverslips for 16 h in
the presence or absence of peptides and fixed with acetone for
10 min at —20°C. After washing with PBS, cells were incubated
with 0.5 pwg/ml Hoechst 33342 and photographed with a Zeiss
fluorescence microscope.

Results and Discussion

Isolation of DRIP130. ESX has a strong activation domain whose
activation potency is similar to that of the viral transcription
factor VP16 (19). Although this 31-aa module has a binding site
for hTAF31, a general coactivator of transcription (17), its high
potency cannot be explained by the presence of the single
general coactivator. We isolated human proteins that bound to
the activation domain of ESX from HeLa nuclear extracts (Fig.
1A4). SDS/PAGE analyses of the isolated proteins showed that a
130-kDa protein bound tightly to the ESX activation domain but
not to its activation-deficient mutant protein. Microsequencing
data of a tryptic peptide matched to DRIP130 (CRSP130/Sur-
2), a metazoan-specific component of the human mediator
complexes known as DRIP (vitamin D receptor coactivator
complex), CRSP (coactivator complex for Spl), and ARC
(activator-recruited cofactor) complexes (20-24). Other pro-
teins that bound to the ESX activation domain (Fig. 14) were
abundant house-keeping proteins such as ATP-citrate lyase and
6-phosphofructokinase, and had affinity, although weaker, even
to the activation-deficient mutant as revealed by silver staining
of gels. We thus focused on DRIP130/Sur-2 for further analysis.

In vitro translated DRIP130 bound to the ESX activation
domain but not its activation-deficient mutant protein (Fig. 1B).
The 17-aa segment of the ESX activation domain (ESX;29_145)
was sufficient for mediating the interaction with DRIP130.
DRIP130 seemed to recognize this short segment of ESX in a
specific manner because DRIP130 had no detectable affinity to
analogous the 17-aa peptides from the activation domains of
NF-«B p65, ALL1, and C/EBPg (Fig. 1C). DRIP130 is likely to
be a nuclear protein that binds specifically to the activation
domain of ESX.

Ectopic Expression of a Small DRIP130 Domain Impairs ESX. To map
the minimal domain of DRIP130 that binds the ESX activation
domain, a series of 3S-labeled deletion mutant proteins of
DRIP130 were incubated with the GST fusion of the ESX
activation domain, and the bound proteins were analyzed by
SDS/PAGE. The DRIP130 fragment of amino acids 352-625
bound most selectively to the ESX activation domain, and its
affinity was as high as that of full-length DRIP130 (Fig. 24). The
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Fig. 1. (A) Purification of DRIP130 (CRSP130/Sur-2). A 130-kDa protein that
binds specifically to the ESX activation domain was purified from HeLa nuclear
extracts and determined to be human DRIP130 by microsequencing. Nonspe-
cific proteins are indicated by stars. (B) In vitro translated DRIP130 binds the
ESX activation domain but not its activation-deficient mutant. It is evident
that a short peptide of ESX (ESX129-145) is sufficient for the interaction with
DRIP130. (C) DRIP130 binds specifically to the ESX activation domain. Analo-
gous amino acid sequences from the activation domains of human NF-«B p65,
ALL1, C/EBPB, and HSF-1 had no detectable affinity to DRIP130.

domain important for the interaction thus lies in the segment
that emcompasses residues 352-625. Ectopic expression of this
274-aa fragment or full-length DRIP130 impaired the ability of
the ESX activation domain to activate transcription in HEK293T
cells, presumably by squelching the ESX activation domain from
binding to endogenous DRIP130-containing mediator com-
plexes (Fig. 2B). In contrast, overexpression of other DRIP130
fragments that had little affinity to the ESX activation domain,
DRIP130,_35; and DRIP1309g3-1291, had no detectable impacts
on the ability of the ESX activation domain to activate tran-
scription. The inhibitory effect seems to be specific to the ESX
activation domain because the forced expression of DRIP130 or
its fragment had little effect on the activity of the activation
domains of NF-«B p65, ALL1, or C/EBPp. These results suggest
that DRIP130 acts, by means of the DRIP/CRSP/ARC com-
plex, as an ESX-selective coactivator.

DRIP130-Binding Peptide Reduces Her2 Expression in Breast Cancer
Cells. DRIP130 is a human homolog of Clostridium elegans Sur-2,
a protein of unknown function whose mutations suppress the
phenotype of an activated ras mutation (25), and it has been
linked to the transcription-activating function of the adenovirus
E1A protein and the EIk-1 transcription factor (22, 26).
DRIP130 may act late in a Ras-MAP kinase signaling pathway

Asada et al.
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(A) Identification of a small DRIP130 domain that binds the ESX activation domain. A series of DRIP130 protein fragments were assayed for the ability

to bind the GST fusion of the ESX activation domain (GST-ESX129-159). The amino acids 352-625 are sufficient for the interaction with the ESX activation domain.
(B) Overexpression of the small DRIP130 domain specifically inhibits transcriptional activation by the ESX activation domain. A secreted alkaline phosphatase
reporter gene driven by five GAL4-binding sites was transfected into 293Tag cells either with expression vectors of GAL4-ESX or GAL4-VP16. The effects of the

cotransfection of DRIP130 expression vectors were examined. (C) Model for inhibition of GAL4-ESX activation by overexpression of DRIP13035,-675.

as a unique coactivator for growth-promoting transcription
factors including ESX. The functional association of DRIP130/
Sur-2 both with the Ras-mediated tumor growth and the Her2
overexpression suggests that the DRIP130-ESX interaction
might serve as a potential target for breast cancer therapy. To
test this, we designed a cell-permeable peptide that binds
DRIP130 (referred to as TAT-ESXi29-145). The design takes
advantage of the binding affinity of ESXj29_145 and the cell-
internalization property of the 11-aa peptide derived from the
HIV TAT protein (27, 28). We first examined whether TAT-
ESXj29_145 reduces endogenous expression of the Her2 gene in
three Her2-overexpressing breast cancer cell lines, SK-BR-3,
MDA-MB-453, and MCF7 (ref. 29; Fig. 3). Cells were incubated
in the presence or absence of TAT-ESX29_145, and the protein
levels of Her2 were examined by Western blot analyses of
normalized amounts of cell lysates. Repeated experiments
showed that TAT-ESX29_145 reduced the protein levels of Her2
in all three Her2-overexpressing cell lines we tested, whereas the
TAT sequence alone or TAT-VP16469-485 had no detectable
effects. The expression levels of actin were unchanged by
TAT-ESXi29-145, suggesting its selective inhibition of Her2
expression.

Inhibition of DRIP130 Induces Cell Death in Her2-Overexpressing
Breast Cancer Cells. We next examined the effects of TAT-
ESXi29-145 on the growth of Her2-overexpressing breast cancer
cells. The growth of SK-BR-3, MDA-MB-453, and MCF7 cells
was completely blocked in the presence of TAT-ESXi29-14s,
whereas TAT alone and TAT-VP16469_435 had little effects on
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the growth of these cell lines (Fig. 44). Prolonged incubation
with TAT-ESX29_145 reduced the number of living cells and
resulted in apoptotic cell death as judged by the nuclear con-
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Fig. 3. Effects of TAT-ESX129-145 on the protein levels of Her2 in Her2-
expressing breast cancer cell lines. TAT-ESX129-145 (12.5 uM) significantly
reduced the protein levels of Her2 in all of the three cell lines tested (SK-BR-3,
MDA-MB-453, and MCF7), whereas TAT alone or TAT-VP16469_485 had little
effects. The loaded amounts of cell lysates were normalized by Bradford assays
and Coomassie blue staining. The Her2 protein and B-actin were detected by
Western blots.
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Fig. 4. (A and D) Effects of TAT-ESX129-145 on the growth of breast cancer

cells. Five breast cancer cell lines were incubated with TAT-ESX129_145. TAT-
ESX129-145 impaired the growth and viability of Her2-expressing breast cancer
cells (SK-BR-3, MDA-MB-453, and MCF7), whereas it had much less effect on
MDA-MB-468 cells with no detectable levels of Her2. MCF7-HER18, an MCF7-
derived cell line in which Her2 is overexpressed on a heterologous promoter,
was resistant to TAT-ESX129-145. The concentration of TAT-ESX129-145 is 25 uM.
(B) Nuclear condensation induced by TAT-ESX129-145. SK-BR-3 and MDA-MB-
468 cells were incubated with TAT-ESX129-145 (25 uM) or TAT (25 uM) for 8 h.
The cells were then fixed and stained with Hoechst 33342 (10 ug/ml) for 10
min. A typical apoptotic phenotype of the nuclei was observed only when the
Her2-overexpressing SK-BR-3 cells were incubated with TAT-ESX129-145. (C)
Western blots of Her2. It is evident that MDA-MB-468 has no detectable levels
of Her2.

densation (Fig. 4B). This observation is consistent with the
notion that Her2 plays a role in antiapoptosis pathways (30); for
example, Her2 antisense oligonucleotides have been shown
to induce apoptosis in Her2-overexpressing cells, just as we
observed in the present study (31, 32).

12750 | www.pnas.org/cgi/doi/10.1073/pnas.202162199

In contrast to the Her2-overexpressing cells, MDA-MB-468, a
breast cancer cell line with no detectable levels of Her2 (Fig. 4C),
was resistant to TAT-ESX29_145 (Fig. 4 A and B). The limited
response of MDA-MB-468 to TAT-ESX29_145 demonstrates the
specificity of TAT-ESX29_145 in down-regulating the prolifera-
tion and viability of Her2-expressing breast cancer cells. These
results collectively suggest that disruption of the interaction
between ESX and DRIP130 decreases Her2 expression and
causes cell death in Her2-expressing cancer cells.

Ectopic Expression of Her2 on a Heterologous Promoter Rescues Cells
from the TAT-ESX129-145-Mediated Cell Death. DRIP130 and ESX
are almost certainly involved in the control of several growth-
linked genes in addition to Her?2. It is possible to imagine that the
apoptotic cell death observed with Her2-positive breast cancer
cells is mediated by some other genes that are regulated by ESX
or DRIP130. To address this issue, we examined the effects of
TAT-ESXi29-145 on an MCF7 cell line stably transfected with the
Her2 gene. The ectopic expression of Her2 on a heterologous
promoter effectively rescued MCF7 cells from the TAT-
ESXi29_145-mediated cell death (Fig. 4D). Although the expres-
sion of other genes may be influenced by TAT-ESX29-145, the
expression of Her2 is likely to be the primary target for the
TAT-ESXi29-145 peptide to induce apoptosis specifically in
Her2-positive cells.

Characterization of the Interaction of ESX with DRIP130. Although
TAT-ESXi29-145 specifically killed Her2-positive cells by inhib-
iting Her2 expression, the peptide is not practical to use clinically
because of its rapid degradation and poor cellular uptake.
Nonpeptidylation of a lead peptide usually requires its detailed
characterization. We examined the structural characteristics of
isolated ESXj29_14s by NMR spectroscopy. Despite the low
molecular weight of ESX;29_145 and the standard experimental
condition we used (in a 5% D,0/95% H,O0 solution buffered at
pH 6.1 at 295 K), ESX29_145 exhibited a substantial number of
interresidue nuclear Overhauser effects (NOEs) including those
between successive amide protons in the main chain and those
arising from d.n(i, 1 + 3) (Fig. 5 4 and B). The pattern of the
NOE connectivities is characteristic of the pattern observed for
a-helical secondary structures, especially in the region from
Ser-137 to Lys-145 (Fig. 5C). Thus, the residues from Ser-137 to
Lys-145 have strong helical propensity and perhaps form a
transient a-helical structure that may play a role in the associ-
ation with DRIP130.

To support this model independently, we constructed deletion
and point mutant proteins of ESX;29_145s and examined their
ability to bind DRIP130 in vitro (Fig. 64). The results of the
deletion mutants indicate that the residues from Ser-137 to
Glu-144 are necessary for the interaction with DRIP130; this
8-aa segment corresponds almost precisely to the region that was
detected to be helical by NMR. Substitutions of bulky hydro-
phobic residues in the short peptide abolished the interaction
with DRIP130, whereas mutations of the hydrophilic residues
had no detectable effects (Fig. 6B). The projection of residues
Ser-137 to Glu-144 onto a helical wheel reveals that these
hydrophobic residues all lie along one face of the short helix,
perhaps making direct contact with the chemically complemen-
tary surface in DRIP130 (Fig. 6C).

Toward the Discovery of Small-Molecule Inhibitors. Despite the
recent success of Her2 receptor-targeted therapeutics, emerging
resistance mechanisms now point to the clinical need for addi-
tional therapeutic alternatives and combinatorial approaches.
Strategies that transcriptionally inhibit Her2 expression by small
molecules would be desirable; however, discovery of simple
organic molecules that modulate transcription of specific genes
has always been a challenge. In an early effort, an antiecheumatic

Asada et al.
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Fig. 5. NMR studies. (A) Expansion of the NH-aH region of an NOESY
spectrum of ESX129-145. The sequential connectivities and long-range inter-
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connectivities in the region from S137 to E144 are characteristic of that
observed for an a-helical structure.

gold salt, which inhibits DNA binding of AP2 and other zinc
finger transcription factors, was shown to down-regulate Her2
promoter activity and endogenous Her2 expression in cultured
cells (33). Triple-helix-forming oligonucleotides that target the
Her2 promoter have also been tested by several groups (34-37).
Other strategies include design of pyrrole-imidazole polyamides
that bind the ESX-binding site in the Her2 promoter (38). None
of these approaches that address DNA—protein interactions have
yet reached clinical trial.

Our results suggest that the DRIP130-ESX interaction serves
as a pharmaceutical target for Her2-overexpressing breast can-
cers. A combination of NMR and biochemical experiments

Asada et al.
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DRIP130. The indole structure of Trp-138 seems to be important for the
interaction because either substitution with Ala, Phe, or Leu abolished the
interaction with DRIP130. (C) Projection of the minimal binding peptide,
ESX137-144, onto a helical wheel.

indicated that the interaction of ESX with DRIP130 is mediated
primarily by five hydrophobic residues clustered onto one face of
the helix: Trp-138, Ile-140, Leu-142, Ile-139, and Leu-143. The
relatively small size of the interface suggests the feasibility of
developing organic molecule inhibitors. Among those five resi-
dues that are clustered onto one face of the helix, Trp-138 may
make a unique contribution to the interaction: substitutions of
Trp-138 either with Leu or Phe greatly impaired the affinity to
DRIP130, and thus it is not only the simple hydrophobic or
aromatic character of Trp-138 but its indole structure that plays
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an essential role in binding specifically to DRIP130 (Fig. 6A4).
Taken together, it seems reasonable to foresee the discovery of
low-molecular-weight inhibitors from chemical libraries en-
riched in the structural families of indole, carbazole, and ben-
zodiazepin, indole-mimicking m-electron-rich pharmacores that
are found in many bioavailable drugs. Successful isolation of
small molecule inhibitors from a chemical library would dem-
onstrate the “druggability” of the ESX-DRIP130 interaction and
supply promising leads toward the clinical application.

Current drug therapy addresses only about 500 molecular
targets. Cell membrane receptors and enzymes account for
~80% of all current drug targets, and a few drug targets are in
the nucleus except for nuclear receptors (and DNA in the case
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discovery research (40—43). In this report we propose DRIP130,
another type of nuclear protein involved in transcription, as a
pharmaceutical target for cancer therapy. The potentiality of
transcriptional coactivators as a drug target has never been
explored because of the lack of expected therapeutic pheno-
types. Our findings suggest that a subset of coactivators may
serve as a target for pharmaceutical intervention. Drug-
discovery efforts for ESX-DRIP130 inhibitors may provide a
unique case study.
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