Research

R Author’s Choice

© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.
This paper is available on line at http://www.mcponline.org

Quantitative Proteomics Reveals That Hsp90
Inhibition Preferentially Targets Kinases and
the DNA Damage Response*s

Kirti Sharmat§, R. Martin Vabulas§1|||, Boris Macekt§**, Stefan Pinkerty], Jurgen Coxt,
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Despite the increasing importance of heat shock protein
90 (Hsp90) inhibitors as chemotherapeutic agents in dis-
eases such as cancer, their global effects on the pro-
teome remain largely unknown. Here we use high resolu-
tion, quantitative mass spectrometry to map protein
expression changes associated with the application of the
Hsp90 inhibitor, 17-(dimethylaminoethylamino)-17-deme-
thoxygeldanamycin (17-DMAG). In depth data obtained
from five replicate SILAC experiments enabled accurate
quantification of about 6,000 proteins in HeLa cells. As
expected, we observed activation of a heat shock re-
sponse with induced expression of molecular chaper-
ones, which refold misfolded proteins, and proteases,
which degrade irreparably damaged polypeptides. De-
spite the broad range of known Hsp90 substrates, bioin-
formatics analysis revealed that particular protein classes
were preferentially affected. These prominently included
proteins involved in the DNA damage response, as well as
protein kinases and especially tyrosine kinases. We fol-
lowed up on this observation with a quantitative phospho-
proteomic analysis of about 4,000 sites, which revealed
that Hsp90 inhibition leads to much more down- than
up-regulation of the phosphoproteome (34% down versus
6% up). This study defines the cellular response to Hsp90
inhibition at the proteome level and sheds light on the
mechanisms by which it can be used to target cancer
cells. Molecular & Cellular Proteomics 11: 10.1074/mcp.
M111.014654, 1-12, 2012.

All cells invest in a complex machinery of molecular chap-
erones, heat shock proteins and other factors, to ensure
efficient protein folding and the maintenance of the confor-
mational integrity of the proteome (proteostasis) (1). A major
role of this machinery is to prevent the accumulation of po-
tentially toxic misfolded or aggregated proteins that are as-
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sociated with numerous diseases, including type |l diabetes,
Alzheimer disease, Parkinson disease, Huntington disease,
and amyotrophic lateral sclerosis (reviewed in Refs. 2-5). A
common cellular reaction to protein misfolding and aggrega-
tion brought on by a variety of environmental stressors, such
as heat shock, oxidative, or chemical insult, is the up-regula-
tion of heat shock proteins (Hsps)' and chaperones. Cancer
cells, which depend for uncontrolled growth on a variety of
mutated and thus conformationally destabilized signaling pro-
teins, are generally thought to require a higher level of chap-
erones than nontransformed cells (6). Heat shock protein 90
(Hsp90), an abundant molecular chaperone, participates in
these processes in two distinct ways (7). On the one hand,
Hsp90 mediates the folding and conformational regulation of
numerous signaling proteins, such as proto-oncogenic kinases
and steroid receptors. Its inhibition leaves these proteins in an
unfolded or partially folded state, exposed to proteasomal deg-
radation. Consequently, Hsp90 inhibition by benzoquinones,
such as geldanamycin and derivatives, is explored as a strategy
in the therapy of certain cancers (8, 9). On the other hand,
Hsp90 plays a key role in the regulation of HSF1, the master
transcription factor of the cytosolic stress response. Hsp90 is
known to associate with HSF1 and stabilize it in an inactive state
(10). Hsp90 inhibitors disrupt this association. Free HSF1 then
trimerizes and moves into the nucleus, where it transcriptionally
activates the stress response (8, 10, 11). In doing so, geldana-
mycin can inhibit the aggregation of neurodegenerative disease
proteins, such as huntingtin (12).

Because of its importance for normal cellular function and
disease, we set out to systematically analyze the conse-
quences of Hsp90 inhibition at the proteome level in human
cells. Specifically, we used the Hsp90 inhibitor 17-dimeth-
ylaminoethylo-17-demethoxygeldanamycin (17-DMAG), a de-
rivative of geldanamycin with higher potency, better solubility,
and less toxicity than geldanamycin (13). 17-DMAG and sim-

" The abbreviations used are: Hsp, heat shock protein; 17-DMAG,
17-(dimethylaminoethylamino)-17-demethoxygeldanamycin; SILAC,
stable isotope labeling by amino acids in cell culture; HCD, higher
energy collisional dissociation; MS/MS, tandem mass spectrometry;
GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Gene and
Genomes.
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ilar inhibitors currently under clinical evaluation interact with
the ATP-binding pocket in the N-terminal domain of Hsp90
and disrupt the chaperone cycle, resulting in HSF1 activation
and in degradation of Hsp90 substrate proteins via the ubig-
uitin-proteasome pathway (14-16). The rationale for pursuing
the molecular chaperone Hsp90 as a therapeutic target is that
its inhibition simultaneously affects multiple client proteins
leading to a combinatorial effect on multiple signaling path-
ways and, consequently, in broad dampening of deregulated
cancer signaling (9, 15, 17).

In recent years, accurate quantitative proteomics has
evolved into a powerful technology allowing mechanisms of
drug actions to be elucidated directly at the proteome level in
a system-wide manner (18, 19). Proteome studies have an
advantage over transcriptome studies, because by their na-
ture they take post-transcriptional events into account. This is
a particular advantage when altered protein degradation is
expected to be an important mechanism, as is the case with
Hsp90 inhibition. MS-based approaches to the mechanism of
drug action can either identify the direct drug-binding targets
(20, 21) or identify more downstream signaling molecules by
global detection of inhibitor-induced (phospho)proteomic
changes in cells (see, for example, Ref. 22). There are several
reports of the Hsp90 interactome (23, 24); however, few pro-
teomics studies have investigated the effects of Hsp90 inhi-
bition. Proteomic changes in response to geldanamycin or its
analog 17-allylamino-17-demethoxygeldanamycin were mon-
itored by two-dimensional gel electrophoresis or by cleavable
isotope-coded affinity tag-based quantitative mass spec-
trometry (25, 26). The proteome coverage of those studies
was limited to the more abundant cellular functions, and the
observed changes were diverse and included induction of
proteins involved in the 26 S proteasome, signal transduction,
protein synthesis and degradation, RNA processing, tran-
scription, cell cycle, and apoptosis.

Here, we combined the SILAC technology (27) and high res-
olution MS to study system-wide effects of 17-DMAG treatment
and the induced heat shock response in Hela cells at the
protein and phosphorylation site levels. From five biological
replicates we obtained highly accurate quantifications of an in
depth proteome. The aim of our study was to determine—in an
unbiased manner—the major functional categories of proteins
that are affected by Hsp90 inhibition. To this end, we combined
the strength of high accuracy data with a sophisticated bioin-
formatics algorithm and found that Hsp90 inhibition leads to a
tailored cellular response. Our study demonstrates that inhibi-
tion of a single chaperone system can have far-reaching effects
on numerous key cellular functions. It provides a resource for
further studies on the effect of Hsp90 inhibitors.

EXPERIMENTAL PROCEDURES

Cell Culture and Lysate Preparation—Quantitative analysis was
based on SILAC (27), which involved HelLa cells grown in Dulbecco’s
modified Eagle’s medium containing either unlabeled L-arginine (Arg°)

and L-lysine or heavy isotope-labeled '*C4'*N,-L-arginine (Arg®) and
4,4,5,6-D,-L-lysine (Lys*) (Cambridge Isotope Laboratories, Inc.) sup-
plemented with 10% dialyzed fetal bovine serum (Invitrogen). Light
labeled cells were left untreated to serve as control and heavy labeled
cells were treated with 50 um of 17-DMAG (Biomol) for 24 h. The cells
were washed three times with PBS and lysed in a buffer containing
4% SDS and 0.1 m DTT in 100 mm Tris/HCI, pH 7.6. After 3 min of
heating at 95 °C and sonication, the samples were clarified by cen-
trifugation for 10 min at 20,000 X g. Protein content was determined
using the BCA protein assay kit (Thermo Fisher Scientific, Rockford,
IL) according to the manufacturer’s instructions. The experiment was
independently performed five times (biological replicates). All of the
samples were stored at —80 °C until further parallel processing.

Protein Digestion and Peptide Fractionation—Equal amounts of
protein from control and 17-DMAG-treated cells were mixed and
further processed for digestion by the filter-aided sample preparation
method (28). Briefly, the lysate solubilized in SDS-containing buffer
was loaded onto Microcon YM-30 devices (Millipore, Billerica, MA),
and SDS from the samples was removed by urea exchange followed
by alkylation with 50 mm iodoacetamide. Urea was then replaced with
20 mm ammonium bicarbonate before the proteins were digested
overnight at 37 °C with trypsin (Promega) (1 ng of trypsin:100 ug of
protein). The peptides were collected from the filter by centrifugation
followed by an additional elution with water.

From each biological replicate 70 ug of peptide mixture was sep-
arated into six fractions via strong anion exchange chromatography
as described (29). Briefly, peptides were loaded into tip columns
prepared from 200-ul micropipette tips stacked with six layers of a
3 M Empore anion exchange disk (1214-5012 Varian, Palo Alto, CA).
We used Britton & Robinson universal buffer composed of 20 mm
acetic acid, 20 mmM phosphoric acid, and 20 mm boric acid and titrated
with NaOH to the desired pH for column equilibration and elution of
fractions. The peptides were loaded at pH 11, and fractions were
subsequently eluted with buffer solutions of pH 8, 6, 5, 4, and 3. The
eluted peptide fractions were loaded on reversed phase C,g StageT-
ips (30). The peptides were eluted twice with 20 ul of buffer B
containing 80% ACN in 0.5% acetic acid, and organic solvents were
removed in a SpeedVac concentrator before analyzing the eluted
peptide mixture by LC-MS.

Sequential Enrichment of Phosphopeptides Using TiO, Beads—
For phosphopeptide enrichment, the eluted peptides (1 mg) were
acidified with trifluoroacetic acid to pH 2.7, and ACN was added to a
final concentration of 30%. After measuring their UV absorbance, the
peptide samples were incubated with TiO, beads (31) (MZ-Analysen-
technik) in peptide to bead ratios of either 1:4 or 4:1 (32). For con-
secutive incubations, the peptide bead slurry was incubated for 30
min and centrifuged, and the supernatant was incubated with another
aliquot of freshly prepared TiO, beads for the next enrichment. To
prevent nonspecific binding, the TiO, beads were resuspended in a
30 mg/ml solution of dihydrobenzoic acid (Sigma) prepared in 75%
ACN and 0.1% TFA (33). After incubating with the peptide mix, the
beads were washed with 30% ACN and 3% TFA twice followed by
two washes with 75% ACN and 0.3% TFA. The phosphopeptides
were then eluted using elution buffer containing 15% ammonium
hydroxide and 40% ACN. Finally, the eluted phosphopeptides were
loaded on C,g StageTips. For LC-MS/MS analysis, the phosphopep-
tides were eluted as described above for peptides except that the
elution buffer was comprised of 60% ACN in 0.5% acetic acid (34).

Mass Spectrometry—Peptide mixtures were analyzed using an
Easy nLC nanoflow HPLC system (Proxeon Biosystems, Odense,
Denmark; now Thermo Fisher Scientific) coupled via a nanoelectro-
spray ion source (Proxeon Biosystems) to an LTQ Orbitrap Velos
mass spectrometer (35) (Thermo Fisher Scientific). Chromatographic
peptide separation was done in a 20-cm chromatography column
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(75-um inner diameter) that was packed in-house with ReproSil-Pur
C18-AQ 1.8-um resin (Dr. Maisch GmbH, Ammerbuch-Entringen,
Germany) in buffer A (0.5% acetic acid). The peptides were eluted at
a flow rate of 200 nl/min with a linear gradient from 5% to 80% buffer
B over 120 or 200 min depending on the experiment. At the end of the
gradient, the column was washed with 90% buffer B and equilibrated
with 5% buffer B. The source was operated at 2.1-2.2 kV, with no
sheath gas flow and with the ion transfer tube at 200 °C.

The mass spectrometer was programmed to acquire in a data-de-
pendent mode. For the “high-high” strategy, full scan MS spectra
were acquired at a target value of 1,000,000 and a resolution of
30,000 at m/z 400 with lock mass option enabled for the 445.120025
ion in the Orbitrap analyzer. The ten most intense ions (signal thresh-
old of 5,000 or 7,000) were sequentially isolated and accumulated to
a target value of 40,000 with a maximum injection time of 150 ms and
were fragmented by higher energy collisional dissociation (HCD) (35).
Dynamic exclusion was defined by a list size of 500 features and
exclusion duration of 60 or 120 ms. The spectra of the fragmented
ions were acquired in the Orbitrap analyzer with resolution of 7,500 at
m/z 400. Raw data (37 LC M/MS files) are deposited at Tranche
(available at https://proteomecommons.org/tranche/ upon publication
as “Proteome Analysis of Hsp90 Inhibition” via following hash code:
9oxlaZwptWe794CsZWQYC43zLsZ8TAO89CayUaRfSRpGy5wSEZC +
p/D42vLstK1i6Xj4tqiMvOMryY5Uub8wl160kyoAAAAAABFhFw= =).

Data Analysis—The raw MS data were processed and analyzed
using the MaxQuant software (36) version 1.1.1.36. A false discovery
rate of less than 0.01 for proteins, peptides, and phosphosites and
a minimum peptide length of 6 amino acids were required. The
mass accuracy of the precursor ions was improved by retention
time-dependent mass recalibration (36). Andromeda (37) was used
to search the peak lists against the International Protein Index
human database 3.68 containing 87,061 entries combined with 248
frequently observed contaminants as well as reversed versions of
all sequences.

Enzyme specificity was set to trypsin, additionally allowing cleav-
age N-terminal to proline and up to two missed cleavages. The search
included cysteine carbamidomethylation as a fixed modification and
N-acetylation of protein, oxidation of methionine, and phosphoryla-
tion of STY as variable modifications. Peptide identification was
based on a search with an initial mass deviation of the precursor ion
of up to 7 ppm, and the allowed fragment mass deviation was set to
20 ppm. Phosphorylation sites were assigned as previously described
(38). To match identifications across different replicates and adjacent
fractions, the “match between runs” option in MaxQuant was enabled
within a time window of 2 min. Quantification of SILAC pairs was
performed by MaxQuant with standard settings.

Bioinformatic Analysis—We based the annotation of proteins on
Uniprot identifiers. Categorical annotation was supplied in the form of
Gene Ontology (GO) biological process, molecular function, and cel-
lular component, whereas pathway membership information was ob-
tained from the KEGG database. We used the protein domain content
from the PFAM database and protein fold information as defined by
SCOP. The one-dimensional annotation matrix algorithm tests the
difference of every protein annotation from the overall intensity dis-
tribution. This is done by ranking of the ratios and testing whether the
proteins corresponding to every annotation term tend to be ranked
higher or lower than the ranking of all proteins in the data set. The
statistical test used is the two-sided Wilcoxon-Mann-Whitney test, a
nonparametric test that is independent of the shape of the distribu-
tion. Because the number of terms and consequently the number of
hypotheses tested simultaneously can become quite large, the mul-
tiple hypothesis testing is adjusted by applying a Benjamini-Hochberg
false discovery rate threshold of 0.02.

The one-dimensional annotation analysis is more informative when
computed on large numbers of entries per annotation term because
of the statistical design of the analysis. Therefore, proteins with at
least one quantification event were considered for one-dimensional
annotation analysis (and histogram representations). Histograms for
median normalized protein ratios between 17-DMAG-treated and
control were plotted using the R statistical programming language.
For calculation of correlation coefficients, data sets were filtered for
entries with valid quantifications in all experiments. The proteins that
passed the t test are summarized in supplemental Table 2, which also
contains corresponding ratios in each replicate.

RESULTS

In Depth Proteome Coverage—To quantify 17-DMAG in-
duced proteome changes in Hela cells, we used SILAC-
based quantitation and coupled it to high resolution LC
MS/MS (Fig. 1A). A suitable concentration of 17-DMAG was
found to be 50 um, and proteomic changes were analyzed
24 h after drug treatment when protein level changes ap-
peared to be strongest (supplemental Fig. 1). We analyzed five
biological replicates where equal amounts of protein sample
from control (untreated) and 17-DMAG-treated Hela cell ly-
sates were mixed and digested in solution with trypsin using
the filter-aided sample preparation method, and the resulting
peptides were fractionated by pipette-based strong anion
exchange chromatography. The six peptide fractions from
each replicate experiment were then analyzed by LC-MS/MS
on a hybrid high resolution LTQ Orbitrap Velos using HCD-
based fragmentation (Fig. 1A). The combined data set over
five proteome replicates comprises 30 LC-MS/MS experi-
ments with 4-h gradients. In contrast to the conventional
“high-low” strategy, in which the fragments are measured in a
linear ion trap, we obtained ppm range accuracy for both
precursor ions and their fragments (a high-high strategy) by
acquiring both the MS full scans and MS/MS fragmentation
scans in the Orbitrap analyzer. As examples illustrating the
data quality, Fig. 1B shows the HCD-based MS/MS spectrum
of the doubly charged peptides of heat shock protein p1-
Hsp27 and receptor tyrosine kinase-EGFR, which features the
typical characteristics of extensive sequence coverage by y
ions and a few low mass b ions (Fig. 1B). The high mass
accuracy of the fragment ions is evident by the low ppm
deviation for the Orbitrap measurements. More than 60% of
the MS/MS scans were confidently identified, resulting in the
identification of more than 7,000 proteins at a protein false
discovery rate of less than 1% (supplemental Table 1). The
protein identification were highly reproducible across repli-
cates with more than 85% of proteins identified across at
least three replicate experiments (Fig. 1C), thus providing us
with an in depth proteome to assess the effects of 17-DMAG
action.

Quantification of Proteome Changes—The data allowed ac-
curate quantitative comparison of ~6,000 proteins in re-
sponse to Hsp90 inhibition upon 17-DMAG treatment. A sum-
mary of the identification and quantification of proteins in the
individual experiments is available in supplemental Table 1.
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Fic. 2. Quantified proteome: violin plot of the protein abundance ratios. A, comparison between combined heat shock response data
set (untreated control versus 17-DMAG treated Hela cells) and technical variation (HeLa control O h versus 24 h). B, comparison between all
five replicates for control versus 17-DMAG-treated Hela cells. C, box plots indicating the distribution of molecular weights of identified proteins
(gray), up-regulated (gold), and down-regulated (blue) by at least 1.5-fold (upper box plot) or 2-fold (lower box plot) change. The bold horizontal
line indicates the median, and whisker caps indicate the 10" and 90" percentiles. p values are based on Mann-Whitney tests.

SILAC-based quantification of measured peptides is exempli-
fied by peptides corresponding to EGFR and Hsp27, both of
which are known to be affected after Hsp90 inhibition by
17-DMAG (Fig. 1B). Although EGFR is a client protein that is
degraded in response to Hsp90 inhibition, Hsp27 is one of the
heat shock proteins that are induced by HSF1 after this tran-
scription factor is released from an inhibitory association with
Hsp90 by 17-DMAG (17). We tested the reproducibility of our
quantitative data by calculating the correlation between the
five separately analyzed biological replicates and found a
mean correlation between measurements of 0.78 (sup-

plemental Fig. 2). We therefore conclude that our results are
consistent and reproducible.

To obtain a global view of proteomic alterations, we ana-
lyzed the distribution of the log2 ratios of proteins between
control and 17-DMAG-treated Hela cells for the combined
data set. For comparison, we obtained the biological and
technical variation in a 1:1 mixture of the HelLa cell proteome
after 24 h of culturing (Fig. 2A). In contrast to the control HelLa
proteome, which approximates a normal and narrow distribu-
tion, a much broader ratio distribution of proteins (median
averaged over biological replicates) was observed in re-

Fic. 1. In depth quantitative proteomics of 17-DMAG-treated HeLa cells. A, experimental strategy. Two cell populations of HelLa cells
were SILAC-encoded by growing them in the presence of (light and heavy) stable isotope-labeled arginine and lysine. The heavy labeled
population was incubated for the 24 h with 50 um 17-DMAG, and the experiment was done in five replicates. Proteins were digested using
filter-aided sample preparation, and peptides were fractionated by strong anion exchange (SAX) before analysis by high resolution mass
spectrometry. For one replicate, the peptides were in parallel subjected to consecutive TiO, enrichment of phosphopeptides. Subsequently,
all peptide and phosphopeptide mixtures were resolved by nanoLC and measured on an LTQ-Orbitrap Velos mass spectrometer using HCD.
B, high accuracy at both the precursor mass and fragment levels (a high-high strategy) on the LTQ Orbitrap Velos. Top left panel, zoom of a
typical part of the heat map of an LC MS/MS run of one of the peptide fractions obtained after strong anion exchange fractionation. Marks on
the left-hand side represent the MS survey scans. Top right panel, MS spectrum of the representative peptides (doubly charged precursor
shown in blue) from EGFR (ICAQQCSGR) or Hsp27 (LATQSNEITIPVTFESR) showing the isotope pattern of the SILAC pair. Lower panel,
HCD-based MS/MS spectrum of the same peptide as in the top right panel. The peptides show nearly complete coverage by y ions and low
mass b ions, and the characteristic a2,b2 ion pair is clearly visible. Mass deviation of fragment ions from calculated values in ppm is shown
in red. The peptide intensities of the SILAC pairs are compared to obtain a quantitative map in response to 17-DMAG treatment. C, overlap
in protein identification across biological replicates. The distribution of total number of proteins identified in the data set is shown as a function
of their overlapping identification across n of the five biological replicates.
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sponse to 17-DMAG treatment of HelLa cells. In addition,
although the protein ratio distribution was unimodal, it was
clearly asymmetric (Fig. 2A). When requiring a 1.5-fold
change, 724 proteins (12.4%) showed decreased abundance
and only 97 proteins (1.7 %) increased abundance in response
to Hsp90 inhibition. Similarly, at a 2-fold change, just 26
proteins (0.4%) were up-regulated, and 308 (5.3%) were
down-regulated. The asymmetry in the protein ratio distribu-
tion was evident across all the measured replicates confirm-
ing the reproducibility of this observation (Fig. 2B). Hence we
conclude that 17-DMAG treatment leads to more down-reg-
ulation because of the absence of chaperoning activity after
Hsp90 inhibition than up-regulation because of HSF1
activation.

The effects of 17-DMAG may in part be due to inhibition of
Grp94 (HSP90B1), the endoplasmic reticulum paralog of cy-
tosolic Hsp90. Grp94 is an endoplasmic reticulum resident
chaperone that is retained in the endoplasmic reticulum by a
C-terminal KDEL sequence (39) and is involved in the folding/
assembly of secretory proteins (such as immunoglobulins)
and of several membrane proteins (40). It is known to be
required for the cell surface expression of certain Toll-like
receptors and integrins (41, 42). Grp94 is also inhibited by
geldanamycin and derivatives (43), but little is known about
the consequences of Grp94 inhibition, except that it elicits an
ER stress response (43). To identify effects potentially caused
by Grp94 inhibition, we analyzed the secretory proteins and
the integral membrane proteins that were down-regulated
upon treatment with 17-DMAG. As expected, we found only
very few secretory proteins (115 proteins of a total of 6034
proteins quantified), because these leave the cells and would
therefore be underrepresented in the analysis. 33 secretory
proteins were =1.5-fold down-regulated in abundance upon
17-DMAG treatment. The number of membrane proteins (pro-
teins with predicted transmembrane segments) in our analysis
is 758, of which 94 were down-regulated =1.5-fold. 19 of
these proteins are tyrosine kinase receptors or other proteins
for which a role of cytosolic Hsp90 in folding has been estab-
lished. Thus, at most 101 proteins are potentially affected by
Grp94 inhibition in our study. In contrast, the number of
=1.5-fold down-regulated proteins among the nonsecretory
and nonmembrane proteins (5709 proteins in total) is ~600.
Thus, we conclude that the vast majority of effects described
are due directly or indirectly to inhibition of Hsp90. Potential
Grp94 target proteins are marked in supplemental Table 2.

Analyzing the physicochemical properties of the proteins
that decreased in abundance may provide insights into the
structural determinants of Hsp90-client protein interactions.
Proteins that passed the t test (supplemental Table 2) were
analyzed for their molecular weight distribution at different
fold change cutoffs. We noticed a small but very significant
increase of the median molecular weight of the set of down-
regulated or degraded proteins as compared with the whole
group of identified proteins, in which it was 53.6 kDa: 67.4

kDa for at least 1.5-fold change and 71.2 kDa for at least
2-fold change (Fig. 2C). Notably, only one protein was larger
than 250 kDa in the group of 1.5-fold up-regulated proteins,
whereas the group of down-regulated proteins contained as
many as 22 proteins larger than 250 kDa. Larger proteins may
be less thermodynamically stable, and this metastability might
become especially relevant under conditions of conforma-
tional stress.

Quantitative Changes in the Protein Folding Machinery—
The paradigmatic effect of HSF1 activation resulting from
Hsp90 inhibition is the accumulation of heat shock proteins,
also called molecular chaperones. They assist in protein fold-
ing and prevent protein misfolding and aggregation, and they
constituted the most significantly up-regulated protein class
upon Hsp90 inhibition (supplemental Table 2). For example,
several members of the Hsp70 family were found to accumu-
late. Interestingly, a constitutive heat shock cognate protein,
HSC70, was consistently up-regulated as well. Whether this
latter effect is specific for a tumor cell line needs to be further
clarified (44). In addition, our data contain at least seven
different DnaJ (Hsp40) class co-chaperones up-regulated
upon Hsp90 inactivation. Hsp40 co-chaperones are known to
adapt the functionality of Hsp70s to specific cellular needs,
such as different target substrates or cellular locations (45).
Thus, the transcriptional activation of the cytosolic stress
response resulting from Hsp90 inhibition provides the cell
with the capacity to deal with a wide range of misfolding
proteins.

The induction of chaperones by HSF1 is considered to
constitute a negative feedback loop, whereby newly trans-
lated Hsp90 accumulates to a level where it can rebind and
thus inactivate HSF1. Indeed, we found that 24 h after Hsp90
inhibition, the abundance of both isoforms of Hsp90 in-
creased. In addition, some co-chaperones of the Hsp90 fold-
ing cycle, such as Aha1 (gene name AHSA1) and Hop1 (gene
name STIP1) (46), increased as well.

HSF1 Dependence of Cellular Reaction—OQOur finding that
Hsp90 inactivation affected diverse cellular processes sup-
ports the current view that the Hsp90-controlled transcription
factor HSF1 is involved in the regulation of more than only
heat shock proteins (47). Indeed, in addition to molecular
chaperones, a number of HSF1-controlled genes were
activated by Hsp90 inhibition. To perform this analysis sys-
tematically, we used a list of experimentally determined
HSF1-controlled genes (48). We found that in addition to
chaperones, approximately a quarter (15 of 64) of the proteins
that were at least 1.5-fold and significantly up-regulated cor-
respond to genes described in the above study as directly
depending on HSF1. This may suggest that a core of HSF1-
induced genes drives a more extensive, indirect cellular reac-
tion needed to adjust to stress. Remarkably, 9 of 13 of the
2-fold up-regulated proteins are already known HSF1 targets,
attesting to the specificity and accuracy of our data set.
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Bioinformatic Analysis of 17-DMAG Inhibition—To function-
ally understand the differences in protein expression levels
between two proteomes, one can divide a histogram of quan-
titative expression changes into quantiles. Each quantile can
then be tested separately for enrichment of every annotation
term (such as KEGG pathways, GO biological processes, and
PFAM domains) to find whether the corresponding expression
ratios have a preference to be systematically larger or smaller
than the global distribution of the values for all proteins (22).

Here we used a generalized concept to the above quantile
analysis, termed one-dimensional enrichment analysis (49). Al-
though similar to the quantile-based enrichment calculations,
the one-dimensional annotation enrichment employed here to
analyze the functional differences between 17-DMAG-treated
and control proteome has the advantage that it is not necessary
to define an arbitrary positioning of quantiles or regulation cut-
offs beforehand. Instead, the distribution of values is scanned
for interesting subcategories in an unbiased way. For those
categories that are significant, a position score (termed “s,” a
number between —1 and 1) is calculated, indicating where the
center of the distribution of values for the protein category is
located relative to the overall distribution of values. A value near
1 indicates that the protein category is strongly concentrated at
the high end of the ratio distribution (up-regulation), whereas a
value near —1 means that the values are all at the low end of the
distribution (down-regulation).

Pathways and Processes Affected by 17-DMAG Inhibition—
The one-dimensional annotation analysis of ratios of protein
abundances upon 17-DMAG treatment was carried out for
various protein annotation terms including GO categories (bi-
ological processes, cellular compartment and molecular func-
tion), KEGG pathways, PFAM domains, and SCOP folds
(supplemental Table 3). Focusing specifically on the annota-
tion terms linked to KEGG pathways in this analysis, we found
that the most significant KEGG pathways enriched after
Hsp90 inhibition were the proteasome, with a positive score
indicating up-regulation of protein members, and nucleotide
excision repair pathway, with a negative score indicating
down-regulation of this biological process (supplemental
Fig. 3 and supplemental Table 3). Mechanistically, this is read-
ily explained by the fact that Hsp90 inhibition by 17-DMAG
prominently leads to ubiquitination and eventual proteasomal
degradation of its client proteins. Furthermore, it has already
been shown that 17-DMAG interferes with base excision repair
pathway, thereby synergizing with irradiation of lung cancer
cells (50). Nevertheless, the fact that these pathways are so
clearly identified in the one-dimensional annotation analysis
makes them excellent positive controls for our quantitative pro-
teomics approach. Other significantly down-regulated path-
ways include sphingolipid metabolism, which would be inter-
esting to explore given that this pathway has been implicated in
cancer (reviewed in Refs. 51 and 52). Its alteration by 17-DMAG
treatment has not been reported so far in connection with
mechanisms of anticancer properties of Hsp90 inhibitors.

The quantitative proteomic differences between control and
17-DMAG-treated Hela cells were further analyzed by one-
dimensional annotation analysis to provide a functional por-
trait of drug action. As shown in Fig. 3A and supple-
mental Table 3, the most significantly enriched categories
with a positive score difference are composed of proteins
associated with protein folding, unfolded protein binding, and
response to unfolded protein. The induced proteins in these
categories are mostly molecular chaperones and proteases,
hallmarks of activation of a heat shock response, which can
then refold misfolded proteins or degrade irreparably dam-
aged polypeptides, respectively. For instance, HSF1-depen-
dent Hsp70 and Hsp27 induction frequently occurs in response
to Hsp90 inhibitor treatment. The log2 ratio distribution of
proteins belonging to these categories was systematically
larger than the global distribution of the values for all quanti-
fied proteins (Fig. 3B).

Intriguingly, the two most significantly down-regulated
functional categories included “DNA metabolic process” and
“protein kinase activity” (o < 107'%). A moderately negative
value of differences for these categories with many members
indicates that there is a significant collective shift toward
lower expression ratios in response to Hsp90 inhibition for this
category, which, however, may be small in absolute terms and
possibly not noticeable when looking at individual proteins.
Such statistically significant enrichment of specific functional
categories indicates a “tailored” response to Hsp90 inhibition
(Fig. 3).

The enrichment of DNA metabolic processes corresponds
to down-regulation of proteins associated with GO biological
process categories such as “cellular response to DNA dam-
age,” “DNA modification,” “response to DNA damage stimu-
lus,” and “regulation of transcription” and GO molecular func-
tion categories such as “DNA binding,” “sequence-specific
DNA binding,” and “transcription regulator activity”
(supplemental Table 3). The down-regulation of these cate-
gories is in agreement with earlier observations that increased
levels of Hsp90 frequently compromise the effects of radio-
therapy and that Hsp90 inhibitors affect nucleotide excision
repair (53). Indeed, Hsp90 clients include proteins conferring
radiation resistance and their down-regulation by Hsp90 in-
hibitors is therefore accompanied by an increase in radiosen-
sitivity. This radiosensitization has been linked to compro-
mised DNA damage response to radiation, including the
inhibition of cell cycle checkpoint activation and DNA double-
strand break repair (50).

Effects on the Kinome—The one-dimensional analysis of
the quantitative proteomic map highlighted the kinome. i.e.
the class of protein kinases, as one of the two most signifi-
cantly down-regulated functional categories in response to
17-DMAG treatment. For protein kinase activity and associ-
ated categories, the s value was moderate at —0.28, but the
significance value was very high (o < 107'9). This indicates
that upon Hsp90 inhibition, the kinome collectively shifts to-
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Fic. 3. One-dimensional annotation analysis: heat shock response versus the control HelLa cell line. A, annotation terms (KEGG, GO,
PFAM, and SCOP) of proteins significantly altered during stress response. The ratios for the proteins corresponding to these terms show a
tendency to be systematically different from the global distribution of the ratios for all proteins as indicated by the difference score s. The data
points corresponding to annotation terms whose members are regulated with a very high significance inhibition are labeled (p < 10~ ).
B, histogram of all log2 protein ratios between 17-DMAG-treated versus control HelLa proteome is shown in the middle panel, and ratios for
proteins belonging to the most significantly affected annotation categories (marked next to the histogram) are displayed above and below.

ward lower expression ratios (Fig. 3). Because kinases are
generally low abundance proteins, which are often specifically
enriched for detailed proteomic analysis (54), we examined
their representation in the data set. Across the five replicate
proteome measurements, we identified 276 kinases, and 215
of them were quantified in at least one experiment, whereas
178 were quantified in at least three experiments. Among
these 178 kinases, 60 were significantly and reproducibly re-
duced 1.25-fold, and 41 were reduced more than 1.5-fold. The
abundance of 23 kinases (13%) decreased by more than half
(supplemental Table 4). The down-regulated kinases included at
least 23 known client protein kinases of Hsp90 such as AKT1,
WEE1, EGFR, EPHA2, and CDK4 (55, 56). Interestingly,
CSNK1A1 was recently identified as one of the kinases forming
Hsp90 interactions (24). The fact that we found its level reduced

after 17-DMAG treatment further strengthens the probability
that the down-regulated kinases are Hsp90 client proteins.

To gain insight into the selectivity of the drug toward ki-
nome subsets, we mapped the distribution of protein kinases
across the human kinome dendogram that were down-regu-
lated by more than 1.5-fold after Hsp90 inhibition (Fig. 4B). A
number of tyrosine kinases were evident in this analysis.
Furthermore, by one-dimensional annotation analysis of the
enriched protein functional domains and GO molecular func-
tion, we found that the protein tyrosine kinase subset exhib-
ited a higher extent of down-regulation (s = —0.58) compared
with the total kinome (s —0.28) (Figs. 3B and 4A and
supplemental Table 3).

Effects on the Phosphoproteome—The down-regulation of
the kinome in response to Hsp90 inhibition prompted us to
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The bottom panel shows the frequency plot for motif enrichment of the down-regulated phosphorylation sites.

investigate possible consequences on the phosphoproteome.
We reasoned that the suppression of kinase abundance in-
duced by the Hsp90 inhibitor 17-DMAG should become ap-
parent as a decrease in kinase-mediated phosphorylation
events. Following the same experimental design as for map-
ping the proteome alterations (Fig. 1), we probed the quanti-
tative phosphoproteomic changes in response to Hsp90 inhi-
bition in HelLa cells that were labeled with heavy forms of
arginine and lysine.

We used incubation with TiO, beads, both as an enrichment
and a fractionation method for phosphopeptides, and sub-
jected the peptide mix to seven consecutive TiO, enrich-
ments. Mass spectrometric data from the phosphoproteome
data set was processed in the MaxQuant environment using
stringent criteria (false discovery rate at the peptide, localiza-
tion, and protein levels < 0.01; “Experimental Procedures”).
We identified more multiply phosphorylated peptides en-
riched at high peptide to bead ratio in the first six consecutive
enrichments, whereas singly phosphorylated peptides were
identified in the last enrichment steps with a low peptide-to-
bead ratio (supplemental Fig. 4), as has been reported before
(32). We identified more than 6,000 phosphosites and quan-
tified more than 4,000 class 1 phosphosites that could be
localized with high accuracy to particular serine, threonine, or
tyrosine residues (average localization probability 0.97)
(supplemental Table 5). The response pattern of the phospho-
proteome to Hsp90 inhibitor treatment is apparent in the log2

ratio distribution of the quantified phosphoproteomic data set
(Fig. 4C). It is highly asymmetric (~6% up versus ~34% down
by more than 2-fold) and thereby clearly reveals a strong,
system wide preference for down-regulation of cellular phos-
phorylation events. This is readily explained as a generic
decrease in cellular phosphorylation events caused by the
above described decreased abundance of Hsp90 client ki-
nases after the inhibitor treatment. The exact series of cau-
sation is difficult to disentangle but is probably a combination
of primary as well as secondary effects of the perturbed
kinome.

Next, we analyzed the sequences of ~1500 phosphosites
that were at least 2-fold down-regulated using the Perseus
part of the MaxQuant computational proteomics environment
(Fig. 4C, lower panel). The resulting frequency plots revealed
that more than half of the down-regulated phosphorylation
events contain “proline-directed” motifs. This motif mainly
represents the consensus amino acid sequence for sub-
strates of mitogen-activated or cyclin-dependent kinases (57,
58). This predominance of proline-directed motifs may be
attributable to a decrease in abundance of cyclin-dependent
kinases (CDK4 and CDK11, both previously known Hsp90
substrates, and of CDK5 and CDK12 identified here), as well
as to reduced MAPK signaling, a common downstream path-
way for many signaling pathways including those affected by
17-DMAG.
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DISCUSSION

Here we have performed the first systematic study of the
effect of Hsp90 inhibition on proteome composition using the
Hsp90 inhibitor 17-DMAG. Our analysis provides a rich re-
source for further studies on the effect of Hsp90 inhibitors.
The drug response turned out to be rather tailored, specifically
activating a heat shock response and targeting DNA meta-
bolic processes, the kinome, and its associated phosphopro-
teome. Our identification of a large number of protein kinases
as client proteins of the Hsp90 chaperone system relied on
obtaining an in depth quantification of the proteome with
multiple replicates. As a consequence, the quantitative map
obtained in this study allows us to clearly pinpoint protein
kinases as one of the prime effectors of drug action. The
specific effect of the Hsp90 inhibitor on the kinome could
explain, at least in part, the preclinical observation that Hsp90
inhibitors abrogate oncogene switching that otherwise allows
cancer cells to signal through different oncogenic kinases
when one of them is blocked. This is an important mechanism
of tumor escape from targeted kinase inhibitors, resulting in
drug resistance, and the main reason behind the increasing
popularity of applying Hsp90 inhibitors in combination with
targeted kinase inhibitors (59-61).

Although it was known that inhibition of Hsp90 induces the
stress response and that a number of kinases utilize Hsp90 for
folding and regulation (7), the proteome-wide effects of Hsp90
inhibitors have never been assessed. We identified and ex-
tended the repertoire of proteins whose levels are affected in
response to 17-DMAG-mediated Hsp90 inhibition even in
highly explored protein classes such as protein tyrosine ki-
nases. For example, we found that 17-DMAG down-regulates
ROR2 (Wnt receptor), a tyrosine kinase that can either pro-
mote or suppress tumor formation, depending on tumor type
and molecular context. ROR2 is overexpressed in oral and
renal cancer, as well as in osteosarcoma. Its overexpression
activates JNK (noncanonical Wnt pathway) and has pro-tu-
morigenic effects (62, 63). Conversely, it has been reported
that in colon cancer cells, constitutive Wnt signaling leads to
tumorigenesis, and epigenetic repression of ROR2 has a Wnt-
mediated, pro-tumorigenic role (64, 65).

One of the non-heat shock proteins that were up-regulated
after Hsp90 inhibition was ADAMTSH1 (disintegrin and metal-
loproteinase with thrombospondin motifs 1). This is interest-
ing, because the up-regulation was relatively large (2.5-fold)
and because ADAMTS1 has been shown to exert angioinhibi-
tory properties by interacting with vascular endothelial growth
factor A (66). Thus, this up-regulation could contribute to the
anticancer properties of 17-DMAG.

Clearly, not all of the proteome changes observed in re-
sponse to Hsp90 inhibition have anticancer properties, and
some critical signaling molecules are even affected in an
undesired way. For example, LRIG1, a proposed tumor sup-
pressor and feedback attenuator of RTK signaling is down-

regulated upon 17-DMAG treatment. LRIG1 down-regulation
has been observed in several cancers, including renal cell
carcinoma and breast cancer, and in several cancer cell lines
(67-69). Tumor-associated antigen L6 (TM4SF1), a key regu-
lator of pathologic angiogenesis in vivo involved in cancer
invasion and metastasis (70), was also found to be up-regu-
lated. It was expected to find some of these undesirable
targets, given the broad cellular effects of Hsp90 inhibition.
Indeed, although the clinical effects of Hsp90 inhibitors as
anticancer agents are promising in some situations, this strat-
egy appears to be ineffective in other settings. In this regard,
our data and observations may be useful in guiding the ther-
apeutic applications of 17-DMAG and similar drugs in cancer
therapy. The wide-ranging up-regulation of molecular chap-
erones and stress proteins by 17-DMAG must also be re-
garded as an undesired property of an anti-cancer drug,
because higher chaperone levels contribute to sustaining the
growth of cancer cells (6). However, the efficiency of 17-
DMAG to activate the chaperone system may be useful in the
treatment of diseases associated with protein misfolding and
aggregation (12). The systems-wide proteomic strategy de-
veloped here should prove useful in the evaluation of drug
effects and improving the selection of drug combinations.
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