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stability of several oncogenic kinases.

impeded its membrane localization.

\_

(Background: AXL is an established therapeutic target in various cancers. HSP90 chaperoning is critical in maintaining the
Results: HSP90 blockade by 17-AAG induced cytosolic mature AXL degradation via ubiquitin/proteasome pathway and

Conclusion: AXL depends on HSP9O0 for its stability and membrane translocation.
Significance: Targeting HSP90 would avail a strategy to counteract AXL.
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The receptor tyrosine kinase AXL is overexpressed in many
cancer types including thyroid carcinomas and has well estab-
lished roles in tumor formation and progression. Proper folding,
maturation, and activity of several oncogenic receptor tyrosine
kinases require HSP90 chaperoning. HSP90 inhibition by the
antibiotic geldanamycin or its derivative 17-allylamino-17-de-
methoxygeldanamycin (17-AAG) causes destabilization of its
client proteins. Here we show that AXL is a novel client protein
of HSP90. 17-AAG induced a time- and dose-dependent down-
regulation of endogenous or ectopically expressed AXL protein,
thereby inhibiting AXL-mediated signaling and biological activ-
ity. 17-AAG-induced AXL down-regulation specifically affected
fully glycosylated mature receptor present on cell membrane. By
using biotin and [**S]methionine labeling, we showed that
17-AAG caused depletion of membrane-localized AXL by medi-
ating its degradation in the intracellular compartment, thus
restricting its exposure on the cell surface. 17-AAG induced
AXL polyubiquitination and subsequent proteasomal degrada-
tion; under basal conditions, AXL co-immunoprecipitated with
HSP90. Upon 17-AAG treatment, AXL associated with the co-
chaperone HSP70 and the ubiquitin E3 ligase carboxyl terminus
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of HSC70-interacting protein (CHIP). Overexpression of CHIP,
but not of the inactive mutant CHIP K30A, induced accumula-
tion of AXL polyubiquitinated species upon 17-AAG treatment.
The sensitivity of AXL to 17-AAG required its intracellular
domain because an AXL intracellular domain-deleted mutant
was insensitive to the compound. Active AXL and kinase-dead
AXL were similarly sensitive to 17-AAG, implying that 17-AAG
sensitivity does not require receptor phosphorylation. Overall
our data elucidate the molecular basis of AXL down-regulation
by HSP90 inhibitors and suggest that HSP90 inhibition in anti-
cancer therapy can exert its effect through inhibition of multiple
kinases including AXL.

AXL belongs to the TAM (Tyro3, AXL, Mer) family of recep-
tor tyrosine kinases, which includes Tyro3, AXL, and Mer, and
it was initially isolated from primary human myeloid leukemia
cells (1). Growth arrest-specific protein 6 (Gas6)? is the ligand
for AXL (2). AXL is overexpressed in several cancer types and
has been associated to cancer aggressive phenotype, migration,
invasion, and progression through the activation of multiple
downstream pathways (3—6). Moreover, increased expression
of AXL is often associated with resistance to anticancer con-
ventional chemotherapy and targeted therapy (7—11). Several
studies have shown the oncogenic potential of AXL, and its
down-regulation through different strategies has shown antin-
eoplastic activity both in in vitro and in vivo cancer models. We
have shown previously that AXL and its ligand Gas6 are over-
expressed in several thyroid cancer cell lines and human thy-
roid cancer samples, and inhibiting either or both proteins sig-
nificantly impaired thyroid cancer cell growth, survival,

3 The abbreviations used are: Gas6, growth arrest-specific protein 6; HSP, heat
shock protein; CHIP, carboxyl terminus of HSC70-interacting protein;
17-AAG, 17-allylamino-17-demethoxygeldanamycin; Endo H, endoglyco-
sidase H; PNGase F, peptide:N-glycosidase F; Luc, luciferase; Ub, ubiquitin;
TPR, tetratricopeptide repeat; EC, extracellular domain.
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invasiveness, and tumorigenicity in nude mice (6). Little is
known on the mechanism regulating AXL protein maturation
and stabilization. Stability and activity of several cancer-related,
mutated, chimeric, and overexpressed signaling kinases are
often maintained by the cytosolic heat shock protein 90
(HSP90), a member of the HSP chaperone family (12). Hence,
targeting HSP90 would allow a combinatorial depletion of mul-
tiple oncogenic proteins, leading to the simultaneous disrup-
tion of most of the hallmarks of cancer (13). HSP90 promotes
correct folding of client proteins in an ATP-dependent manner
(14-16). HSP90 is a component of a multichaperone complex
that also includes the co-chaperone HSP70 and the ubiquitin
ligase carboxyl terminus of HSC70-interacting protein (CHIP)
(17). CHIP binds to HSP70 and is responsible for ubiquitination
and degradation of many misfolded signaling kinases. Under
normal conditions, the probability of a client protein to be
properly folded is higher than being ubiquitinated and
degraded because the concentration of the HSP70-HSP90 com-
plex s significantly higher than that of the destabilizing HSP70-
CHIP complex. Conversely, this degradative mode of chaper-
one complex is attained under stress conditions or when the
functional activity of HSP90 is curtailed (18).

Geldanamycin, a benzoquinone ansamycin antibiotic, is able
to compete with ADP/ATP in the nucleotide binding pocket of
HSP90, thereby inhibiting its ATP-dependent functional activ-
ity and inducing the degradative chaperone complex. Geldana-
mycin is unsuitable for clinical use due to its poor solubility and
significant hepatotoxicity in mammals (19). However, geldana-
mycin analogues such as 17-allylamino-17-demethoxygeldana-
mycin (17-AAG) possess similar anticancer activity, much less
hepatotoxicity, and better bioavailability (20, 21). Recently, a
phase II clinical trial in HER2-positive metastatic breast cancer
patients has shown a significant anticancer activity using
17-AAG in combination with the anti-HER2 antibody trastu-
zumab (22). Other similar HSP90 inhibitors are under clinical
evaluation (23).

By using 17-AAG as a tool to inhibit HSP90, here we report
that AXL is a novel HSP90 client protein that depends on this
chaperone for its stability and maturation. AXL overexpression
and constitutive activation are frequently found in cancer, and
hence, 17-AAG-induced AXL down-regulation would be an
effective therapeutic strategy to block AXL-driven oncogenic
effects.

MATERIALS AND METHODS

Reagents and Antibodies—17-AAG, radicicol, and MG132
were purchased from Calbiochem. Lactacystin, ammonium chlo-
ride, and chloroquine were purchased from Sigma. Endo-
glycosidase H (Endo H) and peptide:N-glycosidase F (PNGase
F) were from New England Biolabs (Ipswich, MA). Anti-HSP90
(catalogue number SPA-835) and anti-HSP70 (catalogue num-
ber SPA-810) were purchased from Stressgen Biotechnologies
(Victoria, British Columbia, Canada). Anti-AXL, anti-myc,
anti-HA, anti-c-KIT, and anti-PDGF receptor antibodies used
in Western blot and immunoprecipitation experiments were
from Santa Cruz Biotechnology (Santa Cruz, CA). The anti-
body used for RET in Western blotting was described previ-
ously (24). The anti-AXL antibody directed to AXL extracellu-
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lar domain and anti-phospho-AXL specific to tyrosine 779 were
from R&D Systems (Abingdon, UK). Anti-DYKDDDDK tag
(FLAG epitope) and the anti-poly(ADP-ribose) polymerase
antibody were from Cell Signaling Technology (Beverly, MA).
Secondary antibodies coupled to horseradish peroxidase were
from Bio-Rad.

Cell Lines and Transfection Procedures—HeLa cells were
from American Type Culture Collection (ATCC, Manassas,
VA). The human thyroid papillary cancer cell line TPC1 and
anaplastic thyroid cancer cell lines 8505C and CAL62 have been
described previously (6) and were grown in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% fetal calf
serum (Invitrogen). Transient transfections were carried out by
premixing each plasmid (1-1.5 pg) with FUuGENE 6 (Roche
Applied Science), and the mixture was added to cells at 70%
confluence. Cells were cultured in the same medium for 48 h
until lysis or further treatments.

Western Blotting and Immunoprecipitation—Cells were
lysed at 4 °C in a buffer containing 50 mm HEPES, pH 7.5, 1%
(v/v) Triton X-100, 150 mm NaCl, 5 mm EGTA, 50 mm NaF, 20
mMm sodium pyrophosphate, 1 mM sodium vanadate, 2 mm
phenylmethylsulfonyl fluoride (PMSF), and 1 ug/ml aprotinin.
Lysates were clarified by centrifugation at 10,000 X g for 20
min. Lysates containing comparable amounts of proteins as
estimated by a modified Bradford assay (Bio-Rad) were sub-
jected to Western blot. For immunoprecipitation, 1 mg of pro-
tein-containing lysate was incubated with appropriate antibody
for 3 h or overnight and then with protein A/G-Sepharose for
1 h at 4°C. Antigen-antibody-bead complexes were centri-
fuged, washed using wash buffer (20 mm Tris-HCI, pH7.4, 150
mM NaCl, and 0.1% Triton X-100), resuspended in the sample
buffer (60 mm Tris-Cl, pH 6.8, 2% SDS, 10% glycerol, 5% 3-mer-
captoethanol, and 0.01% bromphenol blue), denatured, sub-
jected to SDS-PAGE, transferred to nitrocellulose membrane,
and probed with primary antibodies followed by secondary
antibodies coupled to horseradish peroxidase. The proteins
were detected with an enhanced chemiluminescence kit
(Amersham Biosciences).

Plasmids and Constructs—We used pcDNA4/TO A His/myc
(Invitrogen) and pFLAGb5a (Sigma) vectors to subclone the full-
length AXL (NM_001699, TrueORF cDNA clone, Origene) by
PCR amplification. The truncated mutant AXL-EC and AXL
kinase-dead (AXL K558R) mutant constructs were described
previously (6). pcDNA3.1 CHIP-myc and CHIP-TPR-myc
(K30A) vectors were a kind gift of L. Neckers. pcDNA-
HA-ubiquitin (UbHA) vector was a kind gift from S. Giordano.
HSP90-HA (25) expressing the Hsp90B wild type (WT) cDNA
in pcDNA3 was obtained from the Addgene non-profit plasmid
repository (Addgene plasmid 22487). RET, ¢-KIT, and PDGF
receptor wild type expression constructs were described else-
where (24, 26).

Biotinylation of Surface Proteins and Immunofluorescence—
Cells grown around 70% confluence were washed twice with
ice-cold PBS (with 10 mm Ca>" and 1 mm Mg>"), and surface
proteins were labeled for 30 min using 1 mg/ml EZ-Link Sulfo-
NHS-SS-biotin (sulfo succinimidyl 2-(biotinamido)-ethyl-1,3'-
dithiopropionate; Pierce). The unreacted biotin was removed
by washing with 50 mm NH,Cl in PBS. All manipulations were
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carried out on ice to avoid the internalization at these steps.
Cells were then lysed in the standard radioimmune precipita-
tion assay buffer (50 mm Tris-HCl, pH 7.4, 150 mm NaCl, 1%
Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, and 1 mm
EDTA). Comparable amounts of proteins were incubated over-
night with streptavidin-agarose resin (Pierce), which was then
thoroughly washed, denatured, and analyzed by Western blot
with anti-AXL antibodies. The assessment of surface protein
turnover by surface biotinylation and chase was performed as
described previously (27). For immunofluorescence, cells
plated on fibronectin-coated glass coverslips were subjected to
17-AAG treatment for 8 h, then fixed with 4% formaldehyde,
blocked with PBS with 1% BSA, and incubated with a 1:50 dilu-
tion of 1 pg/ul anti-AXL antibody (R&D Systems) for 2 h at
room temperature followed by a 1:1000 diluted rhodamine-
conjugated anti-goat secondary antibody (Jackson ImmunoRe-
search Europe Ltd., Suffolk, UK) for 30 min. Analysis was per-
formed using a Zeiss LSM 510 Meta confocal microscope.

[?*S]Methionine-Cysteine Labeling and Pulse-Chase Analysis
of AXL—CALG2 cells plated in a 60-mm dish at 70% confluence
were starved for 1 h in methionine/cysteine-free DMEM
(Sigma, catalogue number D0422) containing 2% dialyzed FBS.
The cells were then metabolically labeled with 200 uCi of
[**S]methionine-cysteine (Express®’S protein labeling mixture,
PerkinElmer Life Sciences) for 15 min in methionine/cysteine-
free medium (pulse); unbound radioactive amino acids were
washed and incubated with prewarmed complete medium
(chase) in the presence of vehicle or 17-AAG (500 nm)/MG132
(10 um). The cells were then disrupted in ice-cold lysis buffer,
and comparable amounts of cell extracts were immunopre-
cipitated for AXL. Proteins were subjected to SDS-PAGE,
the gel was dried, and labeled proteins were visualized by
autoradiography.

Nickel Affinity His-tagged Protein Purification under Dena-
turing Conditions—HeLa cells transfected with His-tagged
AXL (subcloned in pcDNA4/TO A His/myc) were harvested
and lysed with Buffer A (6 M guanidine HCl, 100 mM sodium
phosphate buffer, pH 8, 10 mm Tris-HCI, pH 8, 30 mm imidaz-
ole, and 10 mMm B-mercaptoethanol). The lysate was rocked
with nickel-nitrilotriacetic acid-agarose beads (Qiagen) for 4 h.
The beads were collected and washed with Buffer B (8 M urea,
100 mm phosphate buffer, pH 6.3, 10 mm Tris-HCI, pH.6.3, 10
mMm B-mercaptoethanol, and 0.2% Triton X-100), and nickel
bound proteins were eluted by incubating the beads at 30 °C for
20 min in Buffer E (200 mm imidazole, 150 mMm Tris-HCI, pH
6.7, 30% glycerol, 5% SDS, and 720 mm B-mercaptoethanol).
Proteins were resuspended in sample buffer (2X) and subjected
to SDS-PAGE and Western blotting.

Luciferase Activity Assay—Approximately 1 X 10° HeLa cells
were transiently co-transfected with AXL and the AP1-driven
luciferase reporter (AP1-Luc) vector (Stratagene, Garden
Grove, CA) containing six AP1-binding sites upstream from the
firefly luciferase cDNA. Twenty-four hours after transfection,
cells were serum-starved, the indicated concentration of
17-AAG or vehicle was added, and cells continued to grow for
the desired period. 10 ng of pRL-null (a plasmid expressing the
enzyme Renilla luciferase from Renilla reniformis) served as an
internal control. Cells were harvested, and firefly and Renilla
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FIGURE 1. 17-AAG induces AXL degradation. A, protein lysates from the
indicated thyroid carcinoma cell lines (CAL62, 8505C, and TPC1) and Hela
cells that were subjected to vehicle (0) or 17-AAG treatment with the indi-
cated doses for 8 h were immunoblotted for AXL. Tubulin immunoblotting
were used as a loading control. B, protein lysates from the indicated thyroid
carcinoma cell lines and HelLa cells treated with 500 nm 17-AAG and harvested
at the indicated time points were immunoblotted using anti-AXL and anti-
tubulin antibodies.

luciferase activities were assayed using the Dual-Luciferase
reporter system (Promega Corp., Madison, WI) and expressed
as the percentage of residual activity compared with cells
treated with vehicle. Light emission was measured by using a
Berthold Technologies luminometer (Centro LB 960) (Bad
Wildbad, Germany) and expressed as the ratio of firefly and
Renilla luciferase activities. The analysis of variance multiple
comparison test was used to assess the statistical significance of
the luciferase assay, and InStat3 (GraphPad Software, La Jolla,
CA) was used.

RESULTS

17-AAG Induced AXL Protein Down-regulation and Block of
AXL-dependent Signaling—T o test whether 17-AAG interfered
with AXL expression, we used a panel of thyroid carcinoma cell
lines (CAL62, 8505C, and TPC1) and HeLa cells, all endoge-
nously expressing AXL. Cells were exposed to 17-AAG treat-
ment in a dose- and time-dependent manner, and AXL protein
levels were detected by Western blotting. In all the cell lines
tested, 17-AAG induced a decrease of AXL protein levels (Fig.
1, A and B). AXL protein on Western blot is detected as a dou-
blet of 140 and 120 kDa. Interestingly, we observed that
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FIGURE 2. 17-AAG inhibits AXL-mediated signaling and downstream activity. A, CAL62 and 8505C cells treated with the indicated doses of 17-AAG and
bosutinib were harvested and lysed, and equal amounts of proteins were immunoprecipitated (/P) with anti-AXL and immunoblotted using anti-phospho-AXL
(pAXL). NT, nontreated. B, CAL62 and 8505C cells treated with 17-AAG and bosutinib at varying doses were subjected to Western blotting. AKT and p70 S6
kinase immunoblotting was done with the respective phospho- and total antibodies. Tubulin immunoblotting was used as a loading control. NT, nontreated.
C, Hela cells were transiently transfected with AXL-FLAG-expressing vector and the AP1-Luc vector. pRL-null (a plasmid expressing the enzyme Renilla
luciferase from R. reniformis) was used as an internal control. Firefly and Renilla luciferase activities are expressed as the percentage of residual activity of
17-AAG-treated cells with respect to untreated cells. Average results of three independent assays * S.D. are indicated. The analysis of variance Bonferroni
multiple comparison test was used to demonstrate statistical significance. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

17-AAG induced a strong reduction of the slow migrating 140-
kDa AXL isoform, whereas it caused an accumulation of the
120-kDa species. CAL62 cells were the most sensitive because
8-h treatment with 250 nm 17-AAG almost completely elimi-
nated the 140-kDa AXL isoform (Fig. 1A4). Therefore, we pref-
erentially used this cell line for most of the experiments
described in this work. In the time course experiment, the AXL
protein level declined almost 50% within 4 h and was nearly
undetectable after 8 h of 500 nm 17-AAG exposure (Fig. 1B).
The same effect was observed on AXL using another HSP90
inhibitor, radicicol, that is structurally unrelated to 17-AAG
(supplemental Fig. 1).

To address the impact of 17-AAG-induced AXL loss on
AXL-mediated signaling and biological activity, we used two of
the above tested ATC cell lines, CAL62 and 8505C, in which we
demonstrated previously that AXL is overexpressed and active
due to the autocrine production of ligand Gas6. The AXL-Gas6
axis in these cell lines is crucial in sustaining the survival advan-
tage through activation of AKT and p70 S6 kinase (6). In both
models, 17-AAG reduced AXL phosphorylation and inhibited
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its downstream signaling concomitantly with the loss of the
140-kDa AXL species (Fig. 2, A and B); we also showed similar
effects by using the small molecule inhibitor bosutinib (Fig. 2, A
and B), which was reported to abrogate AXL kinase activity
(28). Consistently, 17-AAG treatment induced CAL62 cell apo-
ptosis as assessed by TUNEL assay and poly(ADP-ribose)
polymerase cleavage (supplemental Fig. 2, A and B).

Although 17-AAG induced a significant reduction of AXL
signaling, it is likely that reduction of cell survival and induction
of apoptosis were due to the cumulative activity of 17-AAG on
several HSP90 clients rather than AXL alone. To evaluate the
effect of 17-AAG on AXL-specific downstream activity, we
exploited the ability of AXL to activate an AP1-responsive pro-
moter and show that HSP90 inhibition could interfere with
such activity. To this aim, AXL-FLAG and AP1-Luc were co-
transfected in HeLa cells. Despite displaying AXL expression,
HeLa cells did not express the ligand Gas6, and AXL was not
tyrosine-phosphorylated in these cells (data not shown). Con-
sistently, the transfection of the AP1-Luc vector in HeLa cells
did not result in significant Luc activity (Fig. 2C). Instead, AXL
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FIGURE 3. 17-AAG targets the fully glycosylated isoform of AXL. A, lysates of CAL62 cells treated 18 h with the indicated doses of tunicamycin were
immunoblotted for AXL and normalized with anti-tubulin. B, 50 ng of protein lysates of CAL62 cells preboiled for 5 min at 99 °C was subjected to overnight
Endo H (0.01 unit) and PNGase F (1 unit) digestion at 37 °C. The enzyme-digested lysates were subjected to Western blotting for AXL and tubulin. C, CAL62 cells
treated or not with 17-AAG (500 nm) for 8 h were subjected to surface protein biotin labeling. Cells were then lysed, immunoprecipitated (/P) using streptavidin-
agarose resin, and immunoblotted for AXL. D, CAL62 cells grown on a coverslip were subjected to vehicle (0) or 17-AAG (500 nm) treatment for 8 h. Cells were
then fixed and stained for immunofluorescence (IF) using AXL antibody targeting the extracellular domain. Representative microscopy images of untreated

and 17-AAG-treated cells are presented.

overexpression induced a strong ligand-independent phosphor-
ylation of the receptor (data not shown) and consequently acti-
vation of the AP1-dependent luciferase activity. AXL-depen-
dent activation of AP1 reporter was inhibited by 17-AAG in a
dose-dependent fashion. The compound reduced AXL activity
to ~50% at 100 nm and completely abolished promoter activa-
tion at 200 nm.

17-AAG Targeted the Cell Surface Isoform of AXL—In other
receptor tyrosine kinases, like RET, the slow migrating isoform
represents the fully glycosylated mature receptor that is local-
ized at the plasma membrane, whereas the fast migrating iso-
form is a glycosylated mannose-rich immature isoform that
remains confined to the intracellular compartments (29). We
hypothesized that, as in the case of RET, the 17-AAG-sensitive
140-kDa slow migrating AXL isoform was the fully mature spe-
cies of the receptor found on the cell surface. To confirm our

JUNE 14, 2013 +VOLUME 288-NUMBER 24

hypothesis, we used the glycosylation inhibitor tunicamycin,
Endo H, and PNGase F. Tunicamycin inhibits N-acetylgluco-
samine (GlcNAc) transfer, which catalyzes the first step of pro-
tein N-glycosylation in the endoplasmic reticulum. Endo H and
PNGase F are two endoglycosidases that display selective cleav-
age of glycans exposed on a protein. Specifically, PNGase F
removes any form of N-glycans from protein substrates,
whereas Endo H cleaves only the high mannose type of N-gly-
cans. CAL62 cells were treated with increasing doses of tunica-
mycin for 18 h, and AXL protein was analyzed by Western blot.
As shown in Fig. 34, upon 18 h of tunicamycin treatment, AXL
protein accumulated as a 100-kDa protein, representing the
core polypeptide, whereas the 140- and 120-kDa bands disap-
peared, indicating that both these species were N-glycosylated
isoforms of AXL. Endo H and PNGase F treatment of CAL62
protein extracts clearly distinguished the fully glycosylated
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FIGURE 4. Proteasomal inhibitors restored 17-AAG-induced mature AXL depletion. Lysates of CAL62 (A) and HeLa (B) cells co-treated with 17-AAG (500 nm)
and the proteasomal inhibitors MG132 (10 um)/lactacystin (5 um) or lysosomal inhibitors NH,Cl (20 mm)/chloroquine (100 um) were subjected to Western
blotting for AXL. Tubulinimmunoblotting was used as a loading control. The 140-kDa AXL signals in the indicated treatments were quantified by densitometry,
and the relative change compared with nontreated cells (NT) was plotted. The values are representative of three independent experiments. Error bars represent

S.D.* p < 0.05.

AXL isoform (140 kDa), which was resistant to Endo H and
sensitive to PNGase F, from the glycosylated but immature
AXL isoform (120 kDa), which was sensitive to both glycosi-
dases (Fig. 3B). Thus, the 17-AAG-sensitive AXL species is the
fully mature receptor. To confirm that 17-AAG induced a
decrease of the AXL isoform exposed on the cell surface, we
performed in vivo biotin labeling of cell surface proteins in
CALG2 cells treated or not with 17-AAG. Biotinylated proteins
were recovered with streptavidin-agarose and subsequently
immunoblotted with anti-AXL antibodies. As shown in Fig. 3C,
the 140-kDa AXL isoform was the only biotinylated product,
indicating that only this AXL isoform was at the cell surface. No
AXL biotinylated product was detected in 17-AAG-treated
cells, indicating that the compound specifically affects cell sur-
face-localized receptor. Consistently, immunofluorescence
staining of unpermeabilized CAL62 cells treated or not with
17-AAG using an anti-AXL antibody directed to the AXL extra-
cellular domain confirmed that 17-AAG treatment induced a
strong reduction of surface-localized AXL (Fig. 3D).
Proteasomal Inhibitors Restored 17-AAG-induced Mature
AXL Depletion—The 17-AAG effect is generally attributed to
disruption of the HSP90 chaperoning activity and subsequent
targeting of the misfolded HSP90 clients to the proteasomal
degradation machinery through ubiquitination by E3 ligases
(30, 31). Thus, we verified whether 17-AAG-induced AXL
depletion was reverted by the proteasomal inhibitors lactacys-
tin and MG132. As a control, we also used the lysosomal inhib-
itors chloroquine and ammonium chloride. Co-treatment with
proteasomal inhibitors impaired 17-AAG-induced AXL deple-
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tion in CAL62 and HeLa cells. Conversely, when cells were
treated with lysosomal inhibitors, 17-AAG retained its activity
on AXL, indicating that the reduced levels of AXL protein
induced by 17-AAG were mediated by proteasomal but not
lysosomal degradation (Fig. 4).

Effect of 17-AAG on Plasma Membrane-localized AXL—As
we observed that 17-AAG specifically depleted AXL species on
the cell surface, we asked whether this was due to an increased
turnover or destabilization of the plasma membrane-associated
receptor. We tested this hypothesis by biotin pulse-chase of
surface proteins in the presence of vehicle or 17-AAG in CAL62
cells. Biotin-labeled surface proteins were isolated with strepta-
vidin-agarose beads, separated by SDS-PAGE, and probed for
AXL. This experiment showed that 17-AAG did not accelerate
the removal of surface-bound receptor until 4 h of treatment
(Fig. 5A). A very modest effect was only observed at 6 h (Fig. 54,
compare lane 5 with lane 8). However, AXL steady state levels
were already affected at 2— 4 h of 17-AAG treatment, indicating
that the 17-AAG-induced loss of AXL was not due to destabi-
lization or accelerated turnover of the membrane-localized
AXL.

To validate the above finding and to specifically evaluate the
mechanism of membrane-associated AXL protein removal, we
performed surface protein biotin labeling and chased in the
presence of 17-AAG, MG132, and their combination for 5 h.
Biotin-labeled surface proteins were isolated with streptavidin-
agarose beads, separated by SDS-PAGE, and probed for AXL.
As shown in Fig. 5B, no significant differences in AXL levels
were observed between 17-AAG- and vehicle-treated cells
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(NT). Interestingly, MG132 increased the half-life of pre-exist-
ing membrane receptor species, indicating that the proteasome
is involved in the degradation of membrane-localized AXL.
However, this effect was not modified by 17-AAG co-treatment
(Fig. 5B, Biotin labeling pre-treatment), confirming that HSP90
was not involved in membrane-localized AXL stability and
turnover. Thus, we hypothesized that decreased levels of AXL
protein on the cell membrane in the presence of 17-AAG (Fig.
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3, C and D) could be due to misfolding of the protein in the
intracellular compartment and its proteasome-dependent deg-
radation, therefore impeding delivery to cell membrane. As the
half-life of the AXL receptor is predicted to be around 2 h (Fig.
6A), treatment with 17-AAG with or without MG132 was car-
ried out for 5 h, and surface proteins were biotinylated at the
end of treatment as at this time point the pre-existing AXL
species on the plasma membrane would have turned over,
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allowing specifically to monitor the receptor species that
reached the surface during the treatment period. As expected,
17-AAG strongly depleted AXL surface levels. Surprisingly,
when compared with untreated cells, MG132 treatment
reduced the prevalence of surface receptor, an effect possibly
due to endoplasmic reticulum stress caused by protein overload
in conditions of proteasome blockade. Despite this, in 17-AAG-
treated cells, a significant amount of surface AXL was rescued
by MG132 co-treatment, strongly suggesting that HSP90 inhi-
bition causes misfolding of intracellular AXL and targeting to
the proteasome before it can reach the cell surface (Fig. 55,
Biotin labeling post-treatment).

17-AAG Blocked AXL Transport to the Cell Surface—To
strengthen these data and to follow newly synthesized receptor
biogenesis/trafficking in the presence of 17-AAG and MG132,
we metabolically labeled CAL62 cells with [*°S]cysteine-methi-
onine for a pulse of 15 min and chased with nonradioactive
medium for periods up to 4 h in the presence or absence of
17-AAG (Fig. 6A). In control CAL62 cells, AXL completed
receptor glycosylation within 60 min as shown by the appear-
ance of the 120- and 140-kDa species. Both isoforms progres-
sively accumulated, and at 4 h of chase, the 140-kDa AXL iso-
form was the prevalent isoform; similar maturation kinetics
were also observed in endogenous or ectopically expressed
AXL in HeLa cells (supplemental Fig. 3). In contrast, when
CAL62 cells were treated with 17-AAG, the 120-kDa isoform
accumulated, and a significant lack of the fully mature receptor
was observed. These observations are compatible with two possi-
bilities. (i) HSP90 is by itself required for proper glycosylation of
AXL protein so that its inhibition induces accumulation of the
120-kDa isoform and its targeting to the proteasome, or (ii) HSP90
is necessary for 140-kDa isoform stability after full glycosylation
has occurred. To discriminate between these possibilities, we used
[**S]cysteine-methionine pulse labeling and chasing in the pres-
ence of 17-AAG, MG132, and 17-AAG with MG132 for 2 h.
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Receptor levels were evaluated by AXL immunoprecipitation fol-
lowed by autoradiography. As expected, 17-AAG significantly
blocked the appearance of the 140-kDa AXL species. However,
when MG132 was added to 17-AAG, it rescued the mature recep-
tor from degradation, suggesting that HSP90 is not involved in the
protein glycosylation process, whereas it is required for receptor
stability upon full glycosylation (Fig. 6B).

17-AAG-induced AXL Degradation Requires Its Poly-
ubiquitination—17-AAG by inhibiting HSP90 function alters
the composition of the chaperone complex and induces recruit-
ment of E3 ubiquitin ligases, thereby targeting the client protein
to proteasome degradation. Proteasomal targeting is often
mediated by protein polyubiquitination (32). To document
whether AXL undergoes polyubiquitination upon 17-AAG
treatment, HeLa cells were transfected with HA-tagged ubiqui-
tin (UbHA) and treated with 17-AAG. The AXL immunocom-
plex displayed a time-dependent increase in total ubiquitina-
tion upon 17-AAG exposure (Fig. 7A) that peaked at 2-3 h of
17-AAG treatment and then decreased. The AXL ubiquitina-
tion peak preceded the loss of AXL protein at later time points
as shown by the anti-HA immunoblot. AXL polyubiquitination
upon 17-AAG treatment was also verified by immunoprecipi-
tating ubiquitin (HA) and probing for AXL (supplemental Fig.
4). To confirm that the polyubiquitinated protein observed was
AXL itself and not an associated protein pulled down by the
AXL-ubiquitin immunocomplex, we used nickel pulldown of
His/myc-tagged AXL under denaturing conditions. HeLa cells
were co-transfected with UbHA and His/myc-tagged AXL and
treated with 17-AAG. AXL protein was then purified by nickel
pulldown and probed for HA to evaluate its ubiquitination
level. This experiment confirmed that purified AXL protein
was ubiquitinated upon HSP90 inhibition (Fig. 7B).

AXL Protein Interacted with HSP90 Chaperone Complex in a
17-AAG-sensitive Manner—We analyzed the association
between AXL and the crucial components of the chaperone
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complex, like HSP90 and HSP70, and its modulation upon
17-AAG exposure. We immunoprecipitated endogenous AXL
from HeLa cells and probed for HSP90 and HSP70 upon
17-AAG treatment. HSP90 was co-immunoprecipitated with
AXL under basal conditions (Fig. 84). Upon 17-AAG treat-
ment, AXL-HSP90 interaction initially increased but then
became undetectable. On the contrary, HSP70 co-immunopre-
cipitation with AXL was not detectable under basal conditions
(Fig. 8A). Treatment of HeLa cells with 17-AAG, besides
increasing the cellular concentration of HSP70, also promoted
its interaction with AXL. These kinetics of association/dissoci-
ation of the chaperones suggest a shift in the chaperoning bal-
ance from folding (HSP90) to degradation mode (HSP70) due
to the 17-AAG-dependent block of HSP90 activity (18).

To validate these interactions and to evaluate HSP90 in-
teraction with AXL, we performed co-immunoprecipitation
experiments by expressing AXL-FLAG and HSP90-HA in HeLa
cells. As shown in Fig. 8B, HSP90 interacted with the AXL core
polypeptide (100 kDa), the high mannose AXL isoform (120
kDa), and to a lesser extent the fully mature receptor (140 kDa)
under basal conditions (Fig. 8B) even though this particular
isoform seemed the most affected upon 17-AAG exposure. The
HSP70-containing chaperone complex destabilizes misfolded
proteins by recruiting many different ubiquitin ligases among
which the ubiquitin E3 ligase CHIP is well described (33, 34).
CHIP E3 ligase interacts with HSP70/90 via its amino-terminal
tetratricopeptide repeat (TPR) domain (35). To test the
involvement of CHIP in 17-AAG-induced AXL ubiquitination,
we co-expressed CHIP-myc and AXL-FLAG in HeLa cells and
assessed the recruitment of AXL in the CHIP-myc immunopre-
cipitate in the absence and presence of 17-AAG. As shown in
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Fig. 8C, although AXL interacted poorly with CHIP under nor-
mal conditions, it strongly associated with the E3 ligase upon
4 h of 17-AAG treatment, indicating a functional role for CHIP
in mediating 17-AAG-dependent ubiquitination of the recep-
tor. Surprisingly, CHIP also displayed a preferential association
with the 120- and 100-kDa AXL isoforms over the 140-kDa
isoform.

To test whether CHIP is involved in AXL polyubiquitination,
we exogenously expressed CHIP together with UbHA in HeLa
cells. AXL immunoprecipitation and probing for HA in the
Western blot experiments showed an increased AXL polyubigq-
uitination in CHIP-overexpressing samples. AXL ubiquitina-
tion increased in the presence of 17-AAG and was further
enhanced by lactacystin treatment, which saved polyubiquiti-
nated protein from proteasomal degradation (Fig. 94). Unlike
the wild type CHIP, CHIP K30A, a mutant in the CHIP TPR
domain (35, 36), was unable to interact with AXL (Fig. 9B).
Moreover, this mutant functioned as a dominant-negative pro-
tein, abrogating 17-AAG-induced AXL polyubiquitination
(Fig. 9A4). These data clearly demonstrated the role of CHIP E3
ligase in mediating 17-AAG-induced AXL polyubiquitination
(37, 38).

AXL Sensitivity to 17-AAG Was Dependent on AXL Kinase
Domain but Not on Kinase Enzymatic Activity—W e next deter-
mined the region of AXL conferring sensitivity to 17-AAG. The
tyrosine kinase receptor HER2 has been shown to be an HSP90
client, and it is sensitive to 17-AAG. Moreover, it has been
reported that the kinase domain of HER2 confers the receptor
sensitivity to 17-AAG (39, 40). To verify whether AXL kinase
domain was involved in 17-AAG sensitivity, we constructed an
AXL mutant (AXL-EC) devoid of its intracellular domain but
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retaining the extracellular (EC) and transmembrane domains.
We transiently transfected this mutant in HeLa cells and per-
formed a treatment with tunicamycin or subjected protein to
digestion with Endo H and PNGase F. The AXL-EC mutant was
fully glycosylated and transported to the cell surface (supple-
mental Fig. 5 and data not shown). We then transfected the
AXL-EC- and AXL WT-expressing vectors in HeLa cells and
compared their sensitivity to 17-AAG. As shown in Fig. 104,
only full-length AXL was degraded upon 17-AAG, whereas its
mutant AXL-EC failed to respond after up to 8 h of treatment,
suggesting that the AXL tyrosine kinase domain is crucial for
mediating 17-AAG sensitivity.

We then asked whether AXL kinase activity was also
required. To this aim, we treated CAL62 cells with bosutinib for
8 h in the presence and absence of 17-AAG and evaluated AXL
degradation. As shown in Fig. 10B, no differences in 17-AAG-
induced AXL degradation kinetics were detected between
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bosutinib-treated or untreated cells even though a significant
reduction in AXL phosphorylation (Fig. 10B) was achieved by
bosutinib pretreatment. Consistently, the AXL kinase-dead
mutant (AXL K558R) overexpressed in HeLa cells retained its
sensitivity to 17-AAG, confirming that kinase activity is not
necessary for 17-AAG-induced AXL degradation (Fig. 10C).

DISCUSSION

This report sheds light on the molecular regulation of recep-
tor tyrosine kinase AXL protein stability. We demonstrated
that AXL protein is a substrate of the proteasome to which it is
targeted in an HSP90-dependent and -independent manner. In
particular, the plasma membrane-associated receptor is
degraded by the proteasome but independently from the
HSP90-HSP70 chaperone complex, whereas the intracellular
mature fully glycosylated AXL isoform needs HSP90 for its sta-
bility. Thus, inhibition of the chaperone by 17-AAG promotes
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AXL mature isoform polyubiquitination and proteasome-de-
pendent degradation.

HSP90 and its related co-chaperones play a regulatory role in
maintaining conformational maturation and structural integ-
rity of a variety of cellular proteins. Although the concept of
client receptor tyrosine kinase destabilization upon HSP90
inhibition came to light decades ago, this is the first report dis-
secting the HSP90 inhibitory effect on differentially glycosy-
lated species of a client protein. Such a different effect could be
explained either by a direct involvement of HSP90 in the glyco-
sylation process of AXL receptor or by its requirement for 140-
kDa protein isoform folding and stability after glycosylation
completion. We could confirm the latter hypothesis by showing
that 17-AAG did not impede AXL protein full glycosylation
because MG132 upon co-treatment could rescue newly synthe-
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sized mature AXL species from 17-AAG-induced degradation.
By contrast to AXL, other HSP90 client receptor tyrosine
kinases such as HER2 (41), RET (36), c-KIT (42), and PDGF
receptor (43) require chaperone activity for the correct folding
and stability of both mature and immature forms as shown by
the proportionate degradation of both isoforms (supplemental
Fig. 6). In this regard, AXL behaves differently from other
receptor tyrosine kinases that also depend on HSP90 for their
stability at the plasma membrane. However, TrkAl receptor is
similar to AXL because 17-AAG causes the degradation of the
fully mature receptor and the accumulation of the immature
receptor (44).

17-AAG affected the interaction between HSP90 and AXL
under normal conditions. Besides this, the AXL immunocom-
plex displayed an increasing association to HSP70 on time upon
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17-AAG. This shift of AXL-associating partners of the chaper-
one complex with AXL not only demonstrates the alteration in
the chaperone complex but also indicates the fate of AXL pro-
tein. The shift from the normal folding mode to the degradation
mode of the chaperone complex mediates CHIP E3 ligase
recruitment and links the chaperone-associated client to the
proteasome degradation machinery (18). The co-immunopre-
cipitation analysis revealed that HSP90 and CHIP interacted
with 120- and 100-kDa AXL isoforms and to a lesser extent with
the 140-kDa isoform. This effect is probably due to tyrosine
phosphorylation of the mature, membrane-localized AXL,
which may render its interaction with the chaperone more
labile and more difficult to detect. Indeed, the HSP90-interact-
ing region of client kinases is characterized by neutral/positive
charge; therefore, the negative charge introduced by tyrosine
phosphorylation could be detrimental (45) to detection of the
interaction in co-immunoprecipitation experiments. Accord-
ingly, we observed that kinase-dead AXL displayed a better
association of its 140-kDa species to both HSP90 and CHIP
with respect to wild type receptor (supplemental Fig. 7).

The ability of CHIP WT, but not of the TPR CHIP mutant
(CHIP K30A), to ubiquitinate AXL further supports the
involvement of CHIP E3 ligase in AXL polyubiquitination at
least in the context of HSP90 inhibition. Although CHIP K30A
was capable of abolishing AXL ubiquitination, it could not
completely stop the degradation of AXL induced by 17-AAG.
These data were also confirmed by RNA interference of CHIP
in HeLa and CAL62 cells (data not shown). We cannot exclude
that our approaches could not achieve a complete inhibition of
CHIP function, and the residual activity might still be sufficient
to degrade client proteins. However, the possible involvement
of other E3 ligases in 17-AAG-induced protein degradation of
HSPI0 clients should be considered as well. By using CHIP/~
mouse embryo fibroblasts, it has been shown that the role of
CHIP in ubiquitination and turnover of HSP90 client proteins is
not exclusive and that other E3 ligases may complement CHIP
deficiency (35, 38).

Our data also showed that an AXL receptor carrying an
intact intracellular domain retained sensitivity to 17-AAG,
whereas the AXL-EC, an intracellular domain deletion mutant,
completely lost the response. However, AXL kinase activity is
not required for the 17-AAG effect. This favors the prevailing
hypothesis that the HSP90 binding determinants are located in
the kinase domain, and this association depends on the intrinsic
structure and stability of the receptor tyrosine kinase domain
(46, 47) rather than on its activity. However, the exact specific
factors and molecular determinants favoring this interaction
have yet to be addressed.

AXL overexpression and activation appear to be a feature of
many different types of cancer, and there is enough evidence to
support its oncogenic activity (48). We have demonstrated pre-
viously that AXL is overexpressed and active in thyroid cancer.
We have shown that silencing AXL by RNA interference ham-
pers thyroid cancer cell proliferation, survival, migration, and
tumor formation in immunodeficient mice (6). Furthermore,
AXL overexpression sustains resistance to different anticancer
agents (7—11). By using 17-AAG, we showed that the functional
inhibition of HSP90 induced AXL degradation, which effi-
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ciently interfered with its downstream signaling and biological
activity. HSP90 inhibitors have already been used to down-reg-
ulate multiple oncogenic signal transducers, and their activity
toward AXL widens the application of these drugs. Moreover,
in the advent of optimized and clinically relevant HSP90 inhib-
itors (49-51), our data strongly suggest that AXL overexpres-
sion and activity could be targeted in AXL-addicted tumors or
in AXL-mediated drug-resistant cancers.
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