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Background: An eight-amino acid segment lying within the �C-�4 loop region of many protein kinases determines sensi-
tivity to Hsp90 inhibitors.
Results:Apeptide comprised of this segment of the EGFR inhibits bothHsp90 binding andEGF-dependent EGFRdimerization.
Conclusion: The peptide selectively degrades EGFR versus other Hsp90 clients.
Significance: This peptide represents a unique approach to the therapy of EGFR-driven tumors.

An eight-amino acid segment is known to be responsible for
the marked difference in the rates of degradation of the EGF
receptor (ErbB1) and ErbB2 upon treatment of cells with the
Hsp90 inhibitor geldanamycin. We have scrambled the first
six amino acids of this segment of the EGF receptor (EGFR),
which lies in close association with the ATP binding cleft and
the dimerization face. Scrambling these six amino acids
markedly reduces EGFR stability, EGF-stimulated receptor
dimerization, and autophosphorylation activity. Two pep-
tides were synthesized as follows: one containing the wild-
type sequence of the eight-amino acid segment, which we call
Disruptin; and one with the scrambled sequence. Disruptin
inhibits Hsp90 binding to the EGFR and causes slow degra-
dation of the EGFR in two EGFR-dependent cancer cell lines,
whereas the scrambled peptide is inactive. This effect is spe-
cific for EGFR versus other Hsp90 client proteins. In the pres-
ence of EGF, Disruptin, but not the scrambled peptide, inhib-
its EGFR dimerization and causes rapid degradation of the
EGFR. In contrast to the Hsp90 inhibitor geldanamycin, Dis-
ruptin inhibits cancer cell growth by a nonapoptotic mecha-
nism. Disruptin provides proof of concept for the develop-
ment of a new class of anti-tumor drugs that specifically cause
EGFR degradation.

The epidermal growth factor receptor (EGFR)2 is a member
of the ErbB family of transmembrane tyrosine kinases (EGFR/
ErbB1/HER1, ErbB2/HER2, ErbB3/HER3, and ErbB4/HER4),
which play critical roles in regulating cell proliferation, differ-
entiation, and migration (1). The EGFR is activated by ligand-
induced dimerization (2), and abnormal activation is associated
with a variety of human cancers (1), making the EGFR a target
of considerable interest for anti-cancer drug development. The
major clinically approved approaches have been to develop
EGFR kinase inhibitors, such as gefitinib or erlotinib, and the
production of monoclonal anti-EGFR antibodies like cetux-
imab. An experimental approach has been to target the EGFR
for degradation by using inhibitors of Hsp90, which cycles with
the EGFR monomer to stabilize it (3).
The EGFR is activated by forming an asymmetric homodimer

with itself (4, 5)orby formingaheterodimerwithanothermember
of the ErbB family. ErbB2 (HER2) functions as a ligandless core-
ceptor that heterodimerizes with other members of the ErbB
family to amplify signaling. The kinase domain of ErbB2 forms
a stable complex with Hsp90, and Hsp90 regulates ErbB2 func-
tion by limiting heterodimer formation (6). In contrast, the
EGFR undergoes dynamic cycling with Hsp90 and is less strin-
gently regulated by the chaperone machinery (7). Upon Hsp90
inhibition by geldanamycin, ErbB2 is polyubiquitinated and
rapidly degraded, whereas the EGFR is modestly ubiquitinated
andmore slowly degraded (8, 9). This difference ingeldanamycin
sensitivity is accounted for by a short eight-amino acid segment
within the highly homologous kinase domains (6, 10). Swapping
the eight-amino acid segments between the EGFR and ErbB2
yields the appropriate exchange of dynamic versus stable cycling
withHsp90 and the corresponding change in geldanamycin sensi-
tivity (6).
This eight-amino acid segment lies within the �C-�4 loop

region of many protein kinases, and it is proposed to define a
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common surfacewithwhichHsp90 interacts (11). The�Chelix
is a region that regulates kinase activity (12), and it forms part of
the dimerization interface that interactswith activator kinase in
the asymmetric EGFR dimer (4, 5). Although the function and
turnover of a wide variety of signaling proteins are regulated by
Hsp90 (13), there is no specific motif that determines interac-
tion with the chaperone, and the eight-amino acid segments of
the EGFR andErbB2 are unrelated to a seven-amino acid region
of the glucocorticoid receptor that similarly determines its sta-
ble versus dynamic cycling with Hsp90 (14). There is consider-
able evidence supporting the proposal that Hsp90 interacts
with proteins in the region where their ligand binding clefts
open onto the protein surface (reviewed in Ref. 7).
Inasmuch as the eight-amino acid segment lies in close asso-

ciation with the EGFR ATP binding cleft (12) and the receiver
dimerization face (4, 5) as well as controllingHsp90 binding (6),
we explore here the role of the segment in determining EGFR
stability.We show first that scrambling the first six amino acids
of the wild-type segment markedly reduces EGFR stability and
function, which was assessed by EGF-dependent dimerization
and phosphorylation. We then synthesized two peptides, one
with the wild-type sequence, which we call Disruptin, and one
with the scrambled sequence. Treatment of EGFR-dependent
cancer cell lineswithDisruptin inhibits EGFRbinding toHsp90
and destabilizes the receptor. The effect is specific for the EGFR
and does not pertain to other Hsp90 client proteins. Disruptin,
but not the scrambled peptide, also inhibits EGF-dependent
dimerization of the EGFR and cell growth. These observations
suggest a model in which Disruptin interacts directly with the
EGFR to inhibit an intermolecular or intramolecular protein
interaction to inhibit both Hsp90 binding and dimerization.
They also provide a basis for the development of unique drugs
that will specifically target EGFR-driven tumors.

EXPERIMENTAL PROCEDURES

Materials

Geldanamycin was acquired from Enzo Life Sciences, Farm-
ingdale, NY. EGFR (sc-03) antibody was acquired from Santa
Cruz Biotechnology (Santa Cruz, CA). Antibodies for glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH),Hsp70, cleaved
PARP, Src, and Akt were purchased from Cell Signaling Tech-
nology (Danvers, MA), and antibodies to detect ErbB2 and
Hsp90 were purchased from Neomarkers (Kalamazoo, MI), and
Pharmingen, respectively. Cycloheximide and the cross-linking
agentdisuccinimidyl suberatewereobtained fromSigma.Peptides
were synthesized by Peptide 2.0 (Chantilly, VA) and American
Peptide Co. (Sunnyvale, CA). The peptide transfection reagent
Chariot was purchased fromActiveMotif (Carlsbad, CA).

Methods

Cell Culture—EGFR-null CHO cells were purchased from
the American Type Culture Collection. The human head and
neck squamous cell carcinoma cell line UMSCC1 was kindly
provided by Dr. Thomas Carey (University of Michigan, Ann
Arbor, MI). The lung cancer cell line NCI-H1975 was provided
by Dr. J. A. Engelman (Massachusetts General Hospital, Bos-
ton). All cell lines were grown in RPMI 1640 medium supple-
mented with 10% cosmic calf serum. For all in vitro experi-

ments, cells were released from flasks using PBS containing
0.25% trypsin and 0.2 mM EDTA, and cells were plated onto
culture dishes 2 days prior to any treatment.
Immunoblotting—Cells were scraped into PBS containing a

sodium orthovanadate and protease inhibitor mixture (Roche
Diagnostics). Cells were incubated for 15min on ice in Laemmli
buffer (63 mM Tris-HCl, 2% (w/v) SDS, 10% (v/v) glycerol, and
0.005% (w/v) bromphenol blue) containing 100 mM NaF, 1 mM

Na3VO4, 1 mM phenylmethylsulfonyl fluoride, and 1 �g/ml
aprotinin. After sonication, particulate material was removed
by centrifugation at 13,000 rpm for 15 min at 4 °C. The soluble
protein fraction was heated to 95 °C for 5min, then applied to a
4–12% BisTris precast gel (Invitrogen), and transferred onto a
PVDF membrane. Membranes were incubated for 1 h at room
temperature in blocking buffer consisting of 3% BSA and 1%
normal goat serum in Tris-buffered saline (137 mM NaCl, 20
mM Tris-HCl (pH 7.6), 0.1% (v/v) Tween 20). Membranes were
subsequently incubated overnight at 4 °C with 1�g/ml primary
antibody in blocking buffer, washed, and incubated for 1 h with
horseradish peroxidase-conjugated secondary antibody (Cell
Signaling). After three additional washes in Tris-buffered
saline, bound antibody was detected by enhanced chemilumi-
nescence plus reagent (GE Healthcare). For quantification of
relative protein levels, immunoblot films were scanned and
analyzed using ImageJ 1.32j software (National Institutes of
Health, Bethesda). The relative protein levels shown represent a
comparison with untreated controls.
Immunoprecipitation—Cells were trypsinized and washed

twice with 1� PBS, and cell lysates were prepared by incubation
for 30min on ice in fresh lysis buffer (1%Triton X-100, 0.1% SDS,
150mMsodiumchloride, 10mMsodiumphosphate (pH7.2), 1mM

phenylmethylsulfonyl fluoride, 2�g/ml aprotinin, 0.2mM sodium
orthovanadate, 50 mM sodium fluoride, 2 mM EDTA) containing
20 mM ammonium molybdate. Immunoprecipitation of EGFR
andHsp90 was performed as described previously (3).
Site-directed Mutagenesis of EGFR Constructs and Trans-

fection—A modified site-directed mutagenesis protocol was
used to create the desired mutations in EGFR. The protocol
includes 5� end phosphorylation of the primer using T4 polynu-
cleotide kinase enzyme followed by PCR with single primer and
DpnI enzyme treatment. Primers for site-directed mutagenesis
were designed by introducing minimal nucleotide changes in the
DNAsequence of EGFR cloned into theN1-EYFP vector (Clon-
tech). Mutations in EGFR were confirmed by the University of
Michigan DNA sequencing core facility. CHO cells were tran-
siently transfected with the constructs using Lipofectamine
(Invitrogen) according to the instructions of the manufacturer.
Clonogenic Cell Survival Assay—Clonogenic assayswere per-

formed using a standard technique described previously (15).
Briefly, 500 cells were plated in 60-mm dishes in triplicate, and
the next day, cells were treated with Disruptin or the scrambled
peptide. Eight to 10 days later, cells were fixed with acetic acid/
methanol (1:7, v/v), stained with crystal violet (0.5%, w/v), and
counted using a stereomicroscope. The fraction surviving each
treatment was normalized to the survival of the control cells.
Cell survival curves were fitted using the following equation:
SF� (C50)m/((C50)mcm), where SF is the surviving fraction;C is
the peptide concentration; C50 is the concentration of peptide
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that produces a 50% cell survival, and m is the slope of the
sigmoid curve.
Half-life Study—CHO cells were transfected with an equal

amount of DNA template (1 �g) of WT or 768–773 EGFR
(scrambled mutant) constructs. Twelve h post-transfection,
cycloheximide (50�g/ml) was added to cells expressing each of
these constructs. Cells were harvested at the indicated times
post-treatment, and immunoblotting was carried out for EGFR
and GAPDH to analyze the protein half-life of WT and 768–
773 scrambled EGFR.
ATP Binding Assay—Cell lysates were prepared in RIPA

buffer. About 500�g of protein was incubated overnight at 4 °C
with 25 �l of �-linked ATP-agarose beads (Innova Biosciences,
Cambridge, UK). After centrifugation, beads were washed six
times in PBS, andATP bound proteins were extracted in Laem-
mli buffer, resolved on a SDS-polyacrylamide gel, and immu-
noblotted with anti-Hsp90 antibody to detect changes in ATP-
bound Hsp90 levels.

RESULTS

Mutation of the Eight-amino Acid Segment and EGFR Sta-
bility—Theeight-amino acid segment conferringdynamic cycling
with Hsp90 consists of residues 768–775 (SVDNPHVC) of the
human EGFR. To determine whether this segment plays a
major role in receptor stability, we switched amino acids 768–
773 (SVDNPH) to a scrambled sequence (NHVPSD), which we
call 768–773 ScramEGFR. As shown in Fig. 1A, the level of
EGFRwasmarkedly reduced by scrambling the 768–773 amino
acids from the wild-type sequence. The reduction is independ-
ent of transcription as determined by RT-PCR (data not
shown), but as shown in Fig. 1B, the degradation rate is much
faster for the scrambled mutant than for the wild-type EGFR.
Several single amino acid mutants and one double amino acid
mutant within the 768–773 segment were prepared and
expressed in CHO cells. The steady state levels of mutant
S768A and the double mutant D770A/N771A were reduced
relative to wild-type EGFR, but the reduction was minimal

compared with the scrambled mutant (Fig. 1C). The amount of
mutant EGFR immunoprecipitated with Hsp90 is decreased
roughly in proportion to the decreased level of EGFR protein
(Input) in Fig. 1C. Evenwhen the 768–773 amino acids are scram-
bled, themutant EGFR is bound to Hsp90 in rough proportion to
its level in the cell (Fig. 1,A andC), consistentwith the notion that
Hsp90 associates with a topological feature of the protein rather
than a specific motif comprised by this segment.
Effect of Scrambled Mutation on EGFR Dimerization and

Phosphorylation—To determine the effect of scrambling the
amino acids in the 768–773 segment on EGFR function, cells
expressing full-lengthwild-type EGFRor the scrambledmutant
were treated with EGF, and the dimer was trapped by exposing
the cells to the cross-linker disuccinimidyl suberate. As shown
in Fig. 2A (top panel), EGF promoted dimerization of the wild-
type EGFR, but only a trace amount of dimer was produced by
the scrambled mutant. Consistent with the lack of dimeriza-
tion, the scrambled mutant does not undergo phosphorylation
(Fig. 2A, bottom panel). When the V5-tagged kinase domain of
wild-type EGFR is expressed in CHO cells, a kinase domain
dimer is detected in cells treated with cross-linker, but
dimerization is not detected in cells expressing the scrambled
mutant kinase domain (Fig. 2B). As shown in Fig. 2C, Hsp90
binds preferentially, and perhaps solely, to the EGFRmonomer.
One possibility is that the segment determining dynamic versus
stable cycling with Hsp90 either overlaps with part of the
dimerization interface or that it somehowaffects the conforma-
tion of the dimerization interface for asymmetric dimerization.
In either case, the segmentmay participate in an intermolecular
or intramolecular interaction that could be competed with a
peptide containing the eight-amino acid segment.
Disruptin Peptide Inhibits Hsp90 Binding to EGFR—To

determine whether a peptide consisting of the 8-amino acid
segment of the EGFR was able to affect cell growth, UMSCC1
cells were treatedwith the peptide in the presence or absence of
the peptide delivery reagent Chariot. As shown in Fig. 3A, the

FIGURE 1. Effect of scrambling amino acids 768 –773 on EGFR stability. A, EGFR-null CHO cells transiently expressing wild-type (WT) EGFR or 768 –773
ScramEGFR for 24 h were lysed and immunoprecipitated (IP) for Hsp90. Samples of immunoprecipitate or cytosol (Input) were immunoblotted for EGFR and
Hsp90. B, to assess receptor stability, cells transfected with WT EGFR or 768 –773 ScramEGFR for 12 h were treated with 50 �g/ml of cycloheximide (CHX) for the
indicated times, at which cell lysates were immunoblotted for EGFR and GAPDH. The graph shows the relative densities of bands for three experiments
expressed as a percent of the time 0 value. Mean � S.E. C, indicated mutant EGFRs were expressed in CHO cells (24 h); cells were lysed and immunoprecipitated
for Hsp90. Samples of immunoprecipitate or cytosol were immunoblotted for EGFR or Hsp90.
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eight-amino acid segment peptide reduced the survival fraction
only when Chariot was present, indicating that peptide inter-
nalization is required. A peptide consisting of the scrambled
sequence had no activity with or without Chariot. Thus, we
synthesized two peptides representing the eight-amino acid
segment of EGFR, one with the wild-type sequence, which we
will call Disruptin, and a second eight-amino acid peptide with
the sequence of the first six amino acids scrambled, which we
will call Scram-peptide (Fig. 3B). Both peptides were synthe-
sized along with 11 amino acids selected from the HIV-TAT
gene to enable cellular uptake (16), and a biotin moiety was
attached for molecular studies. To determine the effect of the
peptides on EGFR levels, we selected two EGFR-driven cancer
cell lines. UMSCC1 is derived from a head and neck tumor, and
NCI-H1975 is derived fromanon-small cell adenocarcinomaof
the lung, which contains the gefitinib/erlotinib-resistant
T790M-EGFR mutation. Both cell lines were treated for 24 h
with peptide, and treatment with the Hsp90 inhibitor geldana-
mycin was used as a positive control. In both cell lines, the level
of EGFR was reduced by treatment with geldanamycin (Fig.
3C). The levels of Hsp90 and Hsp70 also increase in geldana-
mycin-treated cells because cycling of heat shock factor 1
(HSF1) with Hsp90 maintains it in an inactive state, and treat-
ment of cells with geldanamycin activates HSF1, which induces
the stress proteins (17, 18). Treatment with Disruptin also
reduced the level of EGFR bound to Hsp90, but there is little
decrease in EGFR protein at a treatment time of 24 h (Fig. 3C).

After a longer treatment period, Disruptin causes a marked
decrease in EGFR protein levels (Fig. 3D). Because the levels of
EGFR are markedly decreased after longer times of Disruptin
treatment, the effect of Disruptin treatment on EGFR binding
to Hsp90 was quantitated at 24 h, at which time binding to
Hsp90 was reduced by 30–40% (Fig. 3E).
Disruptin does not increase stress protein levels (Fig. 3C),

suggesting that the peptide is not an inhibitor of Hsp90 cycling
in general. To test this notion further, we asked whether Dis-
ruptin would affect assembly of the glucocorticoid receptor
(GR)�Hsp90 heterocomplex by the Hsp90/Hsp70-based chap-
erone machinery in reticulocyte lysate. The GR is the most
studied of the Hsp90 client proteins, and it must be in hetero-
complex with Hsp90 for it to have high affinity steroid binding
activity (7, 13).When GR that is stripped of Hsp90 is incubated
with reticulocyte lysate, GR�Hsp90 complexes are formed, and
steroid binding activity is activated (19). As shown in Fig. 3F,
even when it is present at 10 times the concentration used else-
where in this work, Disruptin does not affect GR�Hsp90 hetero-
complex assembly or activation of steroid binding activity. The
failure of Disruptin to inhibit functional Hsp90 heterocomplex
assembly with this classic Hsp90 client protein argues strongly
that Disruptin does not function by interacting directly with
Hsp90. Also, in contrast to geldanamycin, Disruptin clearly
does not affect ATP binding by Hsp90 (Fig. 3G).
Selectivity of Disruptin for EGFR in UMSCC1 Cells—The

selectivity of the Disruptin effect is highlighted by the experi-
ments of Fig. 4. UMSCC1 cells grown for 72 h in the presence of
geldanamycin or Disruptin were lysed and immunoblotted for
ErbB2, Src, andAkt, three signaling protein kinases that arewell
established Hsp90 client proteins (13). As shown in Fig. 4A,
geldanamycin decreases the levels of the three established
Hsp90 clients as well as EGFR. In contrast, Disruptin decreases
the level of EGFR but not the levels of ErbB2, Src, or Akt. The
effect of Disruptin is dependent upon peptide concentration,
and the established Hsp90 client proteins are not affected even
at very high levels of peptide (Fig. 4B).
Disruptin Inhibits EGFR Dimerization—The specificity of

Disruptin for EGFRmay reflect direct interaction of the peptide
with the receptor to inhibit dimerization. To test this possibil-
ity, UMSCC1 cells were first treated with Disruptin and then
with EGF and with disuccinimidyl suberate to trap the dimer.
We have found that EGFR degradation is especially rapid in
cells treated with Disruptin and EGF together. Although cells
treated in this manner have less overall (monomer plus dimer)
EGFR, receptor dimerization is inhibited by Disruptin but not
by the scrambled peptide (Fig. 5A). The fraction of EGFR in
dimer form was determined by scanning the bands in three
experiments to demonstrate the inhibition of EGFR dimeriza-
tion (Fig. 5B). The time courses in Fig. 5, C andD, illustrate the
rapidity of EGFR degradation in the presence of EGF and Dis-
ruptin. To test for a direct interaction, we have incubated cell
lysate with streptavidin-immobilized Disruptin and immuno-
blotted the washed pellet proteins for EGFR andHsp90. Unfor-
tunately, we have not been able to detect a clearly specific bind-
ing to either protein by this approach.
Disruptin Inhibits Cell Growth—To determine whether Dis-

ruptin inhibits the growth of the two EGFR-driven cancer cell

FIGURE 2. Effect of scrambling amino acids 768 –773 on EGF-mediated
EGFR dimerization and autophosphorylation. A, effect of scrambling on
the full-length EGFR. CHO cells transfected for 24 h with either full-length
wild-type EGFR or 768 –773 ScramEGFR were treated with EGF (30 ng/ml for
30 min) followed by disuccinimidyl suberate (150 �M for 30 min). Monomers
were separated from dimers using reducing SDS-PAGE, and EGFR was immu-
noblotted for EGFR protein and with anti-EGFR-P845 antiserum to detect tyro-
sine phosphorylation. B, effect of scrambling on dimer formation by the
expressed EGFR kinase domain (EGFR-KD). CHO cells transfected with V5-WT-
EGFR- KD or V5–768-773 ScramEGFR-KD were treated with disuccinimidyl
suberate. The EGFR-KD was immunoadsorbed with anti-V5 antibody and
immunoblotted with the same antibody. IgG hc refers to the immunoglobulin
heavy chain. C, Hsp90 binds to the EGFR monomer. UMSCC1 cells were
treated with EGF and disuccinimidyl suberate, and a portion of the cell lysate
was immunoblotted for EGFR (left panel). A replicate sample of cells treated
with EGF in the absence of cross-linker was lysed and immunoadsorbed for
Hsp90 (right panel).
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lines, UMSCC1 andNCI-H1975 cells were treatedwithDisrup-
tin for 72 h, and cell survival was determined with a clonogenic
assay. Again, the effect of Disruptin was compared with that of

the Hsp90 inhibitor geldanamycin, which is known to kill can-
cer cells through an apoptoticmechanism (20, 21). Using PARP
cleavage as an indicator of apoptosis, we found that geldanamy-
cin induced PARP cleavage but Disruptin did not (Fig. 6A).
Disruptin decreased the survival fraction about as much as
geldanamycin, but the scrambled peptide did not (Fig. 6B). This
suggests that Disruptin is inhibiting cell replication or may be
killing cells through a nonapoptotic mechanism.

DISCUSSION

Several mutational studies of EGFR (ErbB1) and ErbB2 have
established the importance of the eight-amino acid segment
within the �C-�4 loop region of the kinase for Hsp90 binding
and regulation (6, 10, 11, 22). In a broad examination of this
segment in multiple human kinases, Citri et al. (11) established
that of 105 kinases, 80 were Hsp90 clients and 25 were non-
clients. They concluded that although the�C-�4 loop is critical
for defining interaction with Hsp90, recognition of kinases in
general by Hsp90 does not depend on sequence motifs within
this region but is most likely based on surface characteristics of
the kinase within this region (11). Thus, within the kinases in

FIGURE 3. Disruptin inhibits Hsp90 binding to the EGFR and promotes EGFR degradation. A, peptide SVDNPHVC must be internalized to be active at
growth inhibition. UMSCC1 cells were grown in 6-well plates to clonal density and treated with 30 �g/ml peptide SVDNPHVC or scrambled peptide with or
without mixing with the peptide delivery reagent Chariot. Colonies were counted 8 days after treatment. * denotes significant difference from control at p �
0.05. B, structures of Disruptin and the scrambled peptide. C, effect of Disruptin on Hsp90 interaction with the full-length wild-type EGFR. UMSCC1 or
NCI-H1975 cells were treated for 24 h with 50 nM geldanamycin (GA), 30 �g/ml Disruptin, or 30 �g/ml scrambled peptide. Hsp90 was immunoprecipitated (IP),
and Hsp90 and EGFR in the immunoprecipitate were detected by immunoblotting. D, time course of Disruptin effect on EGFR levels. UMSCC1 and NCI-H1975
cells treated for 24, 48, or 72 h with 30 �g/ml Disruptin or scrambled peptide were lysed and immunoblotted for EGFR. E, quantitation of Disruptin effect on
Hsp90 binding to the EGFR. Hsp90 was immunoprecipitated from UMSCC1 cells treated for 24 h with Disruptin or scrambled peptide as in B. Immunoblots of
Hsp90-bound EGFR and total EGFR (Input) were scanned, and the Hsp90-bound EGFR is expressed as % of total receptor. Mean � S.E. from four experiments.
F, disruptin does not inhibit Hsp90 binding to the GR. Aliquots of immunoadsorbed GR were stripped of chaperones with NaCl and incubated with rabbit
reticulocyte lysate as described previously (19). After washing, the immune pellets were immunoblotted for GR and associated Hsp90 and Hsp70 or bound with
[3H]dexamethasone for assay of steroid binding activity. Lane 1, stripped GR; lanes 2– 4, stripped GR incubated with 50 �l of reticulocyte lysate alone (lane 2) or
reticulocyte lysate plus 300 �g/ml Disruptin (lane 3) or reticulocyte lysate plus 10 �M geldanamycin (lane 4). G, disruptin does not affect ATP binding activity of
Hsp90. UMSCC1 cells were treated for 3 h with 50 nM geldanamycin or 30 �g/ml of Disruptin or scrambled peptide. Cell lysates were prepared and incubated
overnight with ATP-agarose beads, and bound Hsp90 was immunoblotted.

FIGURE 4. Selectivity of Disruptin for EGFR. A, selectivity of 72 h of treat-
ment with Disruptin. UMSCC1 cells were treated for 72 h with 50 nM geldana-
mycin, 30 �g/ml Disruptin, or 30 �g/ml scrambled peptide, and cells were
lysed and immunoblotted for the indicated proteins. B, concentration
dependence of Disruptin effect at 24 h. UMSCC1 cells were treated with the
indicated concentrations of Disruptin for 24 h, lysed, and immunoblotted for
the indicated proteins.

Selective Destabilization of the EGFR with a Peptide

SEPTEMBER 13, 2013 • VOLUME 288 • NUMBER 37 JOURNAL OF BIOLOGICAL CHEMISTRY 26883



general, it would seem that surface charge and hydrophobicity
are critical properties determining Hsp90 interaction as they
are for ErbB2 (22). In reviewing Hsp90 interaction with a vari-

ety of Hsp90-regulated proteins, we have proposed that the
general feature on protein surfaces with which Hsp90 interacts
is the region where hydrophobic ligand binding clefts merge
with the charged surface of the protein (7, 13). In the case of the
kinases, it would be the opening of the ATP binding cleft that
would provide the interaction site for the chaperone.
In their original paper showing that the kinase domain of

ErbB2 is the site of Hsp90 binding, Xu et al. (8) found that only
the nascent EGFR was sensitive to geldanamycin and that, in
contrast to ErbB2, Hsp90 was not coimmunoprecipitated with
mature EGFR. Thus, until we recently reported that mature,
wild-type EGFR is stabilized by direct interactionwithHsp90 in
cancer cells (3), the EGFR was not considered to be an Hsp90-
regulated protein. Over the course of the past decade, it has
been established that the turnover of proteins that cycle more
dynamically with Hsp90 than the classic “client” proteins, such
as ErbB2, are regulated in a less stringent manner (7). Some of
these more dynamically cycling proteins, such as nitric-oxide
synthases, EGFR, and perhaps some of the 25 kinases desig-
nated as non-clients by Citri et al. (11), may prove to be useful
therapeutic targets for chaperone manipulation. The close
proximity of the EGFR dimerization interface, the Hsp90 bind-
ing region, and the ATP-binding site to the eight-amino acid
segment determining geldanamycin sensitivity makes this seg-
ment an attractive target for developing drugs that are different
from the kinase inhibitors gefitinib and erlotinib but specifically
target the EGFR for degradation.
Here, we have shown that scrambling the sequence of six

amino acids within the segment markedly destabilizes the
EGFR with respect to the wild-type receptor (Fig. 1) and

FIGURE 5. Disruptin inhibits EGFR dimerization. A, inhibition of dimerization. UMSCC1 cells were treated for 1 h with 30 �g/ml Disruptin or scrambled
peptide and an additional 30 min with EGF (30 ng/ml) and disuccinimidyl suberate (150 �M). Lysates were prepared and immunoblotted for EGFR. B,
quantitation of inhibition. The monomer and dimer bands from three experiments performed as in A were scanned to determine total EGFR and the fraction
of receptor in dimer form. C, rate of EGFR degradation. UMSCC1 cells were treated simultaneously with vehicle (control), 30 ng/ml EGF, 30 �g/ml Disruptin, or
both EGF and Disruptin, and at the indicated times, lysates were prepared and immunoblotted for EGFR. D, blots were scanned, and data are mean � S.E. for
three experiments. ** denotes significant difference from EGF alone at p � 0.01.

FIGURE 6. Disruptin inhibits cell growth. A, in contrast to geldanamycin,
Disruptin does not induce PARP cleavage. UMSCC1 or NCI-H1975 cells were
treated for 72 h with 50 nM geldanamycin, 30 �g/ml Disruptin, or 30 �g/ml
scrambled peptide. Cell lysates were then immunoblotted for the indicated
proteins. B, cell survival was assessed using a colony formation assay. C, con-
trol; GA, geldanamycin; Dis, Disruptin; Scr, Scram-peptide. Mean � S.E. from
three experiments. * denotes significant difference from control at p � 0.05.
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impairs EGF-dependent receptor dimerization and phosphor-
ylation (Fig. 2). The peptide Disruptin containing the wild-type
sequence selectively (with respect to the scrambled peptide)
disrupts EGFR interaction with Hsp90 and destabilizes both
wild-type and gefitinib/erlotinib-resistant EGFR (T790M
mutant in NCI-H1975 cells). Both disruption of the interaction
with Hsp90 and destabilization are specific for EGFR as
opposed to classic Hsp90 clients, such as the GR, ErbB2, Src,
and Akt (Figs. 3 and 4).
In a recent crystallographic study of the kinase domain of

EGFR in complex with a dual EGFR/HER2 inhibitor, TAK-285,
the eight-amino acid segment, was shown to be located on the
surface of EGFR at the heterodimerization interface (23). The
initial SVDN in the eight-amino acid segment is thought to play
a critical role in kinase activation (24). It is not unlikely that
Disruptin specifically affects the EGFR by competing with the
eight-amino acid segment for binding at the dimerization inter-
face, which is also where Hsp90 binds. This would account for
both Disruptin inhibition of Hsp90 binding to the EGFR mon-
omer and inhibition of EGF-stimulated EGFR dimerization. It
is also consistentwith the original proposal of Citri et al. (6) that
Hsp90 binds to the eight-amino acid segment in ErbB2/HER2
to restrain heterodimer formation and catalytic function.
Both inhibition of stabilization by Hsp90 and inhibition of

EGF-stimulated dimerization appear to be involved in EGFR
degradation upon Disruptin treatment. In the absence of EGF,
Disruptin-induced EGFR degradation occurs over several days
(Fig. 3D), whereas in the presence of EGF, there is marked Dis-
ruptin-induced EGFR degradation within 2 h (Fig. 5C). It seems
reasonable to propose that in the absence of EGF, cycling with
Hsp90 keeps a monomer/dimer equilibrium strongly in favor of
the monomer. In this case, Disruptin is competing with the stabi-
lizing effect of the Hsp90/Hsp70-based chaperone machinery in
cyclingHsp90with the otherwise unstablemonomer. Upon EGF
binding, the EGFR undergoes a conformational change in the
region of the �C helix (4) such that the receptor can no longer
cycle with Hsp90. Disruptin inhibits EGFR dimerization, but
the EGF-bound EGFR cannot be stabilized by Hsp90. Thus, in
the presence of EGF, the EGFR is degraded very rapidly when
Disruptin is also present. It would seem that Disruptin is more
effective at inhibiting EGFR dimerization than cycling of the
ligand-free EGFR with Hsp90.
We and others have found that EGFR degradation increases

tumor cell-specific cytotoxicity of chemotherapy and radio-
therapy beyond that of EGFR inhibition alone (25–27). These
studies suggest that not just inhibition of EGFR tyrosine kinase
activity but down-regulation of EGFR is an important target in
cancer therapy (28, 29). EGFRdegradation can be achievedwith
ansamycin analogues, such as geldanamycin or allylamino-17-
demethoxygeldanamycin, which significantly enhance both
chemosensitivity and radiosensitivity (30, 31). However, as
illustrated in Fig. 4A, an inhibitor of Hsp90 causes the degrada-
tion of the many proteins that are Hsp90 clients, and such
inhibitors have proven to be very toxic in clinical trials (32, 33).
In contrast, an approach that promotes the selective degrada-
tion of EGFR might be considerably less toxic in the treatment
of EGFR-driven tumors.

We have developed Disruptin for use in mechanistic studies
as reported here and as proof of concept for an agent that is
specific for promoting EGFR degradation. However, it should
be noted that the perception that peptides make poor drugs is
rapidly changing as an increasing number of peptides have
entered the therapeutic pipeline (34–37). Although most ther-
apeutic peptides are directed toward extracellular targets (38),
the increasing use of cell-penetrating peptide sequences to
transport “cargo,” including peptide therapeutics, across the
cell membrane has opened the door to many intracellular tar-
gets, including many proteins implicated in cancer (39, 40).
Recently, small peptides have shown efficacy in blocking the
interaction of Bcl-XLwith Bax (34) and of p53withMDM2 (36)
in preclinical cancer therapy models. At present, we have no
indication that the use of Disruptin would be therapeutically
viable, either alone or by potentiating the effects of radiation or
chemotherapy. It is possible that the transfer of key structural
features from the peptide to a peptidomimetic scaffold of
smaller size will yield molecules with similar activity to Disrup-
tin but with improved pharmacokinetic properties.
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