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Abstract

The tumor suppressor function of p14ARF is regulated at a posttranslational level via mechanisms
yet to be fully understood. Here, we report the identification of an unconventional p14ARF
degradation pathway induced by the chaperone HSP90 in association with the E3 ubiquitin ligase
C-terminus of HSP70-interacting protein (CHIP). The ternary complex of HSP90, CHIP, and
p14ARF was required to induce the lysosomal degradation of p14ARF by an ubiquitination-
independent but LAMP2A-dependent mechanism. Depletion of HSP90 or CHIP induced p14ARF-
dependent senescence in human fibroblasts. Premature senescence observed in cells genetically
deficient in CHIP was rescued in cells that were doubly deficient in CHIP and p14ARF. Notably,
non-small cell lung cancer cells (NSCLC) positive for pl4ARF were sensitive to treatment with
the HSP90 inhibitor geldanamycin. Furthermore, overexpression of HSP90 and CHIP with a
concomitant loss of p14ARF correlated with poor prognosis in patients with NSCLC. Our findings
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identify a relationship between p14ARF and its chaperones that suggest new therapeutic strategies
in cancers that overexpress.

Introduction

Non-small cell lung cancer (NSCLC) constitutes approximately 85% to 90% of lung
cancers, with a 5-year survival rate of 15.9% (1, 2). NSCLC is a primary subtype of lung
cancer that displays relative insensitivity to chemotherapy and radiotherapy compared with
small-cell lung cancer (SCLC), which accounts for the majority of other lung cancers (3-7).
NSCLC displays genetic and cellular heterogeneity such as mutation and amplification of
oncogenes including HERZ, MET, FGFR1, FGFRZ, ALK, ROS1, NRG1, NTRK1, and RET
(2, 8-10). In contrast, a small number of inhibitors with specific targets such as EGFR
mutation or EML4-ALK fusion are currently available for clinical NSCLC treatment. Other
clinical trials using inhibitors that target driver mutations including FGFR, DDR2, KRAS,
and PI3K are also currently underway (11).

HSP90 is a major factor that maintains the stability of a variety of proteins. Thus,
perturbation of the status of HSP90 would disturb cellular homeostasis, leading to cancer
cell death. HSP90 is involved in various cellular mechanisms such as protein folding and
activation, cell-cycle control, and transcriptional regulation (12-14). In addition to enabling
cancer cells to cope with drastic changes in protein homeostasis, HSP90 displays
tumorigenic properties via stabilization of the oncogenic proteins such as HER2, AKT,
TERT, Rafl, mutant p53, etc (14-27). Because inhibiting HSP90 leads to destabilization of
its client oncoproteins, several HSP90 inhibitors were developed as cancer drugs and
underwent clinical trials in various human cancers (28). Treatment with geldanamycin (GA)
inhibits HSP90 ATPase activity, which is essential for the degradation of HSP90 client
oncoproteins and stimulates cell-cycle arrest and apoptosis (29). Recent reports have also
suggested that GA treatment induces cellular senescence by an unknown mechanism (30).
Although HSP90 may play a role in cellular senescence through TERT stabilization, the
accurate mechanism of HSP90 inhibition—induced cellular senescence remains to be
identified (26, 31). C-terminus of HSP70-interacting protein (CHIP) is one of the major
cochaperones of HSP90 and can regulate the ubiquitylation and degradation of HSP90 target
proteins. CHIP contains the N-terminal TPR domain and C-terminal U-Box domain, which
are required for the interaction with chaperones and for the recruitment of the E2 enzyme
and ubiquitylation, respectively (32, 33). In association with HSP70, CHIP typically induces
the degradation of HSP90 client proteins when HSP9O0 fails to induce their structural
maturation into their native forms possibly through a hostile environment or HSP90
inhibition by drugs (33).

p1l4ARF is an alternative reading frame product of the /NK4a/ARF locus and functions as a
tumor suppressor through p53-dependent and p53-independent pathways (34). p14ARF is
transcriptionally induced by oncogenic signaling such as c-myc and causes oncogene-
induced senescence, which results in tumor suppression (35). Although p14ARF has been
reported to be regulated by posttranslational modifications (10, 11, 36), the roles of
molecular chaperones in directly modulating p14ARF levels and the related cellular
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senescence have not been identified. Here, we demonstrate that HSP90 plays a powerful
oncogenic role by inducing p14ARF degradation, which prevents cellular senescence. The
ternary complex of HSP90, CHIP, and p14ARF was required to induce the ubiquitylation-
independent and LAMP2A-dependent lysosomal degradation of p14ARF. Furthermore,
HSP90 and CHIP overexpression together with a loss of p14ARF expression correlated with
poor prognosis in advanced human NSCLC and served as an important prognostic marker.
This study is the first to identify molecular chaperone-mediated degradation of the tumor
suppressor p14ARF and to demonstrate its clinical importance in NSCLC.

Materials and Methods

Cell culture and transfection

An embryonic kidney cell line (293T), a cervical cancer cell line (HeLa), a human NSCLC
cell line (H1299), the IMR90 fibroblast line, the human foreskin fibroblast (HFF) line, and
human lung cancer cell lines including A549, NCI-H460, NCI-H522, NCI-H23, and NCI-
H226 were provided by ATCC. The human lung cancer cell lines including NCI-H322M,
HOP62, and EKVX were provided from the U.S. National Cancer Institute (NCI; MTA no.
2702-09). PC-9 cells were purchased in 2015 from Sigma-Aldrich Corporation. 293T,
HelLa, IMR90, and HFF were obtained in 2014. H1299 was purchased in 2012. Rest of the
cell lines were obtained in 2009.

All lung cancer cell lines except PC-9 and H1299 were tested and authenticated annually by
STR test in National Cancer Center Core Facility, Korea. STR profile was analyzed using
Gene Mapper v 5.0 software. All the provided cell lines were aliquoted and frozen within
passage 10, and experiments were performed using thawed cell lines from passage 7 to 18.
Using e-Myco plus Mycoplasma PCR Detection Kit (Intron), Cell lines were tested for
infection of mycoplasma as soon as receipt. Whenever subculture was performed, cells were
treated with plamosin (Invivogen) to prevent infection of mycoplasma. 293T and HeLa cells
and HFFs were maintained in DMEM (Hyclone) supplemented with 10% FBS and 1%
penicillin/streptomycin (Gibco). Human lung cancer cell lines including H1299 and others
were grown in RPMI (Gibco), and IMR90 fibroblasts were maintained in MEM (Gibco).
RPMI and MEM were also supplemented with 10% FBS and 1% penicillin/streptomycin.
All cell lines were grown in 5% CO, at 37°C. siRNAs were transfected into IMR90
fibroblasts and HFFs as well as in HeLa and lung cancer cell lines using Lipofectamine
RNAIMAX. Plasmids expressing p14ARF, CHIP, and HSP90 were transfected into H1299
and 293T cells using Lipofectamine 2000 (Invitrogen).

Biochemical assays

Cell lysates were immunoprecipitated and immunoblotted as described previously (11). SA-
B-galactosidase staining, cell viability assays, crystal violet staining assays were performed
as described before (11).

Preparation of CHIP~~ MEFs and p19ARF~~;CHIP~~ MEFs

C57BL/6-Chip*/~ mice was kindly provided by RIKEN Bio Resource Center. B6.129 mice
with a Cdkn2atM1Cis/Nci allele (homozygous mice, —/-) were purchased from the National
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Cancer Institute (Frederick, MD). p19ARF*/~ mice were further backcrossed until N6 in the
B6 background. Female and male CHIP*/~ mice were crossed to produce CHIP*/* and CHIP
-/~ MEFs. p19ARF*~ mice and CHIP*/~ mice were crossed to generate pl19ARF*/~;CHIP
*I~ mice. pl9ARF™~;CHIP~/~ MEFs were produced from crossing female and male
p19ARF*~:CHIP*/~ mice. MEFs were generated as described previously (11).

Human tumor samples

In total, 354 NSCLC cases were selected from the pathology case archive of Toyama
University Hospital and National Hospital Organization Higashi-Ohmi General Medical
Center based on the diagnosis and quality of the available tissue on the paraffin blocks. None
of the patients received neoadjuvant treatments and all patients underwent complete
resection between 1993 and 2010. The patients who had relapsed were treated with standard
chemotherapy. The tumors were staged according to the International Union against Cancer
tumor-node-metastasis classification, and histology was defined and graded according to the
2004 WHO guidelines. This study was approved by the ethics committees at Toyama
University Hospital and National Hospital Organization Higashi-Ohmi General Medical
Center, and informed consent was obtained from each patient. This study was also approved
by the Office of Human Subjects Research at the NIH (Bethesda, MD).

Statistical analysis

Student #test was used to determine whether the expression of each protein was associated
with clinicopathologic characteristics, with protein expression data expressed as the mean
and 95% confidence interval (CI). The cut-off value for discriminating between low and
high expression was determined through ROC curve analysis (37). Overall survival was
analyzed according to the Kaplan—Meier product-limit method, and the survival curves were
compared with the log-rank test. Subsequently, we used a multivariate proportional Cox
model and adjusted for the following clinical/pathologic variables: age at diagnosis, gender,
smoking history, cancer type, pT factor, and lymph node metastasis. P values were
considered significant when less than 0.05. Statistical analysis was performed using SPSS
version 21.0 (SPSS) and the R statistical package (Version 3.1.2).

Immunohistochemistry and scoring

Tissue microarrays (TMA) were constructed from 354 formalin-fixed, paraffin-embedded
tissue specimens. For each case, areas with the most representative histology were selected
from a review of hematoxylin and eosin (H&E)-stained slides. We performed IHC as
described previously (38). Images were analyzed using Visiopharm software version
4.5.1.324 (Visiopharm). The thresholds for the size and shape of tumor cells were manually
calibrated. Briefly, brown (3,3’ -diaminobenzidine, DAB) and blue (hematoxylin) cells were
separated by spectrum. A brown staining intensity (0, negative; 1, weak; 2, moderate; and 3,
strong) was obtained using a predefined algorithm and optimized settings. The overall
immunohistochemical score (histoscore) was expressed as the percentage of positive cells
multiplied by their staining intensity (possible range, 0-300).

The information on plasmid construction, sequences of sSiRNA and shRNA, primer
sequences, antibodies, and chemicals are available in Supplementary information.
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Results

HSP90 suppresses cellular senescence

To determine the effect of GA on cellular senescence (30), various concentrations of GA
ranging from 0.05 to 1.0 pmol/L were used to treat human fetal lung (IMR90) fibroblasts
and HFF. Regardless of the concentration, GA treatment doubled or tripled the amount of -
galactosidase—positive senescent IMR90 fibroblasts and HFFs compared with controls (Fig.
1A and Supplementary Fig. S1A). Interestingly, we observed an increase in p14ARF protein
at different concentrations of GA within 24 hours (Supplementary Fig. S1B and S1C).
Furthermore, p14ARF protein seemed to be stabilized because there was no change in
pI4ARFmMRNA levels (Fig. 1B and C). Because there was very little cleaved PARP or
cleaved caspase-3 detected, IMR9O0 fibroblasts and HFFs likely did not undergo apoptosis
under these conditions (Supplementary Fig. S1B and S1C). The increased and decreased
levels of HSP70 and AKT, respectively, suggested that effects of GA treatment (Fig. 1B and
Supplementary Fig. S1B). p14ARF, a potent inducer of senescence, was ablated in the GA-
treated fibroblasts. Interestingly, GA-induced cellular senescence was suppressed by
p14ARF depletion, suggesting possible involvement of p14ARF in GA-induced senescence
(Fig. 1D and E). Because GA is a known HSP90 inhibitor, we tested whether HSP90a or
depletion would cause similar effects in human fibroblasts. As expected, HSP90a or
knockdown by isoform-specific HSP90 siRNAs accelerated cellular senescence (Fig. 1F)
and increased p14ARF protein levels without altering pZ4ARFMRNA levels (Fig. 1G and H
and Supplementary Fig. S2A and S2B). siHSP90B#1 suppressed expression of both HSP90a
and B, which prompted us to exclude this sSiRNA in later experiments (Fig. 1G).
Simultaneous depletion of p14ARF and HSP90 protected fibroblasts against cellular
senescence, indicating a possible interaction of HSP90 with p14ARF (Fig. 11 and J and
Supplementary Fig. S2C and S2D). Overall, these observations suggest that plausible
posttranslational regulation of p14ARF in connection with HSP90 inhibition should affect
cellular senescence.

CHIP is an essential mediator linking HSP90 to p14ARF for its degradation

The effects of HSP90 inhibition on the levels of p14ARF were further investigated. GA
treatment or HSP90 ablation induced an increase in p14ARF protein levels and prolonged
the half-life of the p14ARF protein under cycloheximide treatment in the human cervical
cancer cell line HeLa (Supplementary Fig. S3A-S3D). Because HSP90 inhibition induces
HSP70 expression (39), we also tested the effects of HSP70 on p14ARF stability. The results
showed that the accumulation of p14ARF following GA treatment was not affected by
depletion of HSP70, suggesting that HSP70 might not regulate p14ARF stabilization
(Supplementary Fig. S3E and S3F). However, no direct interaction between HSP90pB and
pl4ARF was observed, suggesting the existence of plausible connector between the two
proteins (Supplementary Fig. S4). Because CHIP is a well-known counterpart of molecular
chaperones including HSP90 and HSP70 and delivers their target proteins for degradation,
we tested whether CHIP could be associated with HSP90 and p14ARF. Interestingly,
HSP90a or B bound p14ARF only when CHIP was coexpressed (Fig. 2A and
Supplementary Fig. S5A). In contrast, overexpressed or recombinant CHIP was able to bind
to p14ARF without HSP90 overexpression, suggesting a possible interaction between CHIP
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and p14ARF without the aid of HSP90 (Fig. 2B and C). When endogenous p1l4ARF protein
was immunoprecipitated, it bound both isoforms of HSP90 and CHIP, suggesting that CHIP
might mediate the interaction between p14ARF and HSP90a or B (Fig. 2D). Although
HSP90 is known to bind to the TPR domain of CHIP (33), p14ARF bound to the U-Box
domain of CHIP through its N-terminal region (Fig. 2E and F). Corroborating these findings,
pl4ARF and ATPR mutants formed complexes without HSP90 (Fig. 2F). Because both the
TPR and U-Box domains of CHIP were required to form a ternary complex composed of
HSP90, CHIP, and p14ARF (Fig. 2G and Supplementary Fig. S5B), CHIP may function as a
structural platform that recruits both HSP90 and p14ARF in close proximity.

Next, we tested p14ARF degradation under various conditions. CHIP overexpression
induced the degradation of exogenously and endogenously expressed p14ARF (Fig. 3A and
B). In contrast, CHIP knockdown by siRNA increased endogenous p14ARF protein levels
without any change in its mMRNA level (Fig. 3C). Upon cycloheximide treatment, CHIP
overexpression decreased pl4ARF stability while CHIP depletion increased its stability
(Fig. 3D and E). We next tested whether HSP90 is required for CHIP-mediated p14ARF
degradation. Of note, CHIP could not induce p14ARF degradation when HSP90 was
depleted by siRNA or when its function was inhibited by GA treatment (Fig. 3F and G and
Supplementary Fig. S6). These results suggest that both HSP90 and CHIP are responsible
for p14ARF degradation. To further analyze the action of CHIP in mediating p14ARF
degradation in association with HSP90, two mutants of CHIP, K30A and H260Q, were used.
As expected, CHIP K30A, a mutant defective in chaperone binding that failed to interact
with HSP90 and to form a ternary complex (Fig. 3J and K and Supplementary Fig. S5C),
was able to bind to p14ARF but could not induce p14ARF degradation (Fig. 3H and I). In
contrast to K30A, CHIP H260Q, a mutant defective in E3 ligase activity, formed a ternary
complex with p14ARF and HSP90 (Fig. 31-K and Supplementary Fig. S5C) and induced
pl4ARF degradation (Fig. 3H). Overall, these results indicate that CHIP-mediated pl4ARF
degradation requires HSP90 without ubiquitylation.

HSP90- and CHIP-dependent p14ARF degradation occurs in an ubiquitin-independent and
lysosome-dependent manner

Because CHIP-mediated p14ARF degradation was not rescued by proteasome inhibition
(data not shown), the possibility of lysosome-dependent pathways was further examined.
CHIP WT- and H260Q mutant-mediated p14ARF degradation was blocked by treatment
with the lysosomal inhibitors pepstatin A and E64D (Fig. 4A). p14ARF protein levels that
were increased by CHIP or HSP90 knockdown were similar to those stabilized by PEPA/
E64D treatment (Fig. 4B and C). Furthermore, no additional stabilization of p14ARF was
observed following CHIP or HSP90 ablation when treated with PEPA/E64D, suggesting the
involvement of lysosome-dependent degradation (Fig. 4B and C). The autophagy inhibitor
3MA could not stabilize p14ARF excluding involvement of other autophagy processes (Fig.
4D). In addition, although CHIP could not induce p14ARF degradation under lysosomal
inhibitor treatment, CHIP induced p14ARF degradation under 3MA treatment (Fig. 4E).
Because chaperones are known to mediate the lysosomal degradation of target proteins
through their recruitment to LAMP2A, a lysosomal membrane transporter (40), the
involvement of LAMP2A in CHIP- and HSP90-mediated p14ARF degradation was tested.
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LAMP2A ablation increased p14ARF protein levels and blocked CHIP-mediated p14ARF
degradation (Fig. 4F and G). Moreover, CHIP increased interactions among p14ARF,
HSP90, and LAMP2A upon lysosomal inhibitor treatment, suggesting that CHIP and HSP90
recruit p14ARF to LAMP2A and thus induce lysosomal degradation (Fig. 4H). In
conclusion, these data suggest that CHIP and HSP90 cooperatively deliver p14ARF to
LAMP2A for lysosomal degradation.

CHIP negatively regulates cellular senescence through p14ARF destabilization

On the basis of the above results, whether CHIP’s ability to induce cellular senescence was
dependent on p14ARF was tested. Transient knockdown of CHIP by siRNA accelerated
cellular senescence and increased p14ARF protein levels in IMR9O0 fibroblasts and HFFs
(Fig. 5A and Supplementary Fig. S7A and S7B). Simultaneous depletion of p14ARF and
CHIP inhibited CHIP knockdown-mediated cellular senescence, suggesting that CHIP
prevents cellular senescence via p14ARF destabilization (Fig. 5B and Supplementary Fig.
S7C and S7D). To evaluate the physiologic roles of CHIP and p19ARF (mouse homolog of
human p14ARF), CHIP KO or CHIP/p19ARF DKO MEFs were generated. CHIP KO MEFs
showed growth retardation and premature cellular senescence with increased p19ARF
protein levels compared with WT MEFs (Fig. 5C-E). Of note, complex formation between
HSP90 and p1l4ARF disappeared in CHIP KO MEFs consolidating CHIP’s role as a
structural mediator (Fig. 5F). The observations of CHIP/p19ARF DKO MEFs displaying
significant loss of cellular senescence compared with CHIP KO MEFs and CHIP/p19ARF
double hetero MEFs indicate that CHIP KO-induced cellular senescence is p19ARF-
dependent (Fig. 5G-I1). We further confirmed complex formation between HSP90 and
p19ARF in CHIP/pl4ARF double hetero MEFs, but not in CHIP-null MEFs, indicating that
CHIP was required for HSP90 and p19ARF complex formation (Fig. 5J). CHIP KO MEFs
showed cell growth retardation and increased cellular senescence with p19ARF stabilization
compared with CHIP/p19ARF double hetero MEFs (Fig. 5G-I1). We further investigated the
effect of GA treatment on CHIP/p19ARF double hetero, CHIP KO, or CHIP/p19ARF DKO
MEFs. The results indicated that the levels of p19ARF in CHIP KO MEFs were not affected
by GA treatment, whereas the p19ARF levels in CHIP/p19ARF double hetero MEFs
increased. Accordingly, the viability of CHIP KO MEFs was less affected by GA treatment
compared with the double hetero MEFs (Supplementary Fig. S8A and S8B). As expected,
the DKO MEFs displayed strong resistance to GA treatment. In summary, these results
indicate that CHIP prevents cellular senescence by forming ternary complexes with HSP90
and p19ARF, which subsequently induce p19ARF degradation.

The presence of p14ARF sensitizes lung cancer cells to GA treatment

On the basis of our data that p14ARF depletion prevents GA-induced cellular senescence
(Fig. 1D), we examined whether p14ARF could sensitize cancer cells to GA treatment using
pl4ARF-positive and p14ARF-negative NSCLC cell lines (Fig. 6A). p14ARF-positive
NSCLC cell lines, including EKVX, H522, H23, and PC9 were more susceptible to the
toxicity of various concentrations of GA treatment compared with p14ARF-negative cell
lines (Fig. 6B and C). Furthermore, cell lines containing p14ARF underwent cleavage of
PARP and caspase 3, which is a hallmark of apoptosis. This suggested that GA more
effectively inhibits growth and induces apoptosis in the presence of p14ARF (Fig. 6D and
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Supplementary Fig. S9). More importantly, p14ARF expression increased cytotoxicity
associated with GA, regardless of ALK fusion or mutations in EGFR or p53, all of which are
frequently detected in NSCLC patients (Supplementary Table S2). As expected, GA
treatment also increased p14ARF protein levels in NSCLC cell lines, as shown in normal
fibroblasts (Fig. 6D). Next, we tested whether p14ARF expression causes cytotoxicity in
pl4ARF-negative NSCLC cell lines including A549, H460, HOP62, and H226. Under
pl4ARF overexpression, HOP62 and H226 did not grow (data not shown). In contrast, A549
and H460 survived under stable expression of p14ARF, and they became more susceptible to
GA treatment with the elevation of p14ARF proteins (Fig. 6E and F). Finally, the depletion
of p14ARF could partially protect EKVX cells from GA-induced cytotoxicity (Fig. 6G).
Similar to the normal fibroblasts, CHIP and HSP90 knockdown also induced cell growth
retardation with increased p14ARF protein levels. As expected, the effects of CHIP and
HSP90 knockdown were blocked by p14ARF ablation (Fig. 6H and I). These suggest that
the CHIP- and HSP90-mediated p14ARF regulatory mechanism works in a similar manner
in both cancer and normal cells. Importantly, severe sensitization of p14ARF-positive
NSCLC cells to GA treatment suggests that p14ARF is suppressed by HSP90.

HSP90 overexpression and loss of p14ARF expression correlate with poor prognosis in
human NSCLC

To determine the clinical relevance of HSP90, p14ARF, and CHIP expression in human
cancer, we compared their expression levels by IHC in tissues from patients with NSCLC.
The clinicopathologic characteristics of the study population are summarized in
Supplementary Table S3. CHIP immunoreactivity significantly correlated with ADC (P=
0.007), earlier disease status including stage (P = 0.003) and pN status (= 0.037). CHIP
expression positively correlated with HSP90 expression in both early and advanced stages
(both P<0.001, Spearman p = 0.316 and 0.370, respectively), whereas CHIP expression
negatively correlated with p14ARF expression in advanced stages (£ < 0.001 and Spearman
p = —0.356). Although the negative correlation between HSP90 and p14ARF was not strong
(P=10.001 and Spearman p = —0.175) in all NSCLC cases, significant correlation between
both markers was observed in advanced staged specimens (£ < 0.001 and Spearman p =
-0.303; Supplementary Fig. S10 and Fig. 7A and B). Notably, these data suggest that the
HSP90-p14ARF-CHIP axis is closely linked in NSCLC.

We next examined the relation of the expression of each protein with patient survival
outcome. Kaplan—Meier plots demonstrated that patients with high HSP90 expression and
loss of p14ARF expression displayed significantly worse overall survival (median of 63
months vs. 131 months, 2= 0.001; median of 74 months vs. 122 months, = 0.008,
respectively). Furthermore, the patients with combined HSP90*/p14ARF~, HSP90*/CHIP*,
or HSP90*/p14ARF~/CHIP* expression showed significantly worse overall survival (median
of 51 months vs. 122 months, £< 0.001; median of 59 months vs. 131 months, £=0.013;
and median of 51 months vs. 122 months, A= 0.002, respectively) than patients with
HSP90~/p14ARF*, HSP90~/CHIP~, or HSP90/p14ARF*/CHIP~ expression (Fig. 7C). Cox
proportional hazards models indicated that high HSP90 expression [HR = 2.13 (95% Cl,
1.33-3.70), P< 0.01] or a combination of HSP90*/p14ARF~ [HR = 2.63 (95% ClI, 1.32—
5.25), P<0.01], HSP9O*/CHIP* [HR = 2.55 (95% Cl, 1.29-5.04), P < 0.01], or HSP90*/
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pl4ARF/CHIP* [HR = 3.98 (95% ClI, 1.43-11.07), A< 0.01] expression was an
independent prognostic factor of overall survival (Supplementary Table S1). Altogether,
these data indicated that HSP90, p14ARF, and CHIP expression serves as an important
prognostic factor in human lung cancer.

Discussion

Unlike previous reports that HSP70 is a major cofactor of CHIP for protein degradation, we
found that HSP90, together with CHIP, plays an active role in inducing the degradation of
p14ARF, a potent tumor suppressor. CHIP was able to bind to p14ARF but could not induce
its degradation in the absence of HSP90. These observations suggest that HSP90 may
facilitate the unfolding of p14ARF rather than its maintenance. Further structural analyses
are required for a detailed and more insightful interpretation of this mechanism.

Of note, p14ARF degradation occurred regardless of the E3 ubiquitin ligase activity of CHIP
and was not prevented by proteasome inhibition but by lysosome inhibition. These results
suggest that HSP90- and CHIP-mediated p14ARF degradation is ubiquitylation-independent
lysosomal degradation. Although CHIP is known to induce proteasomal degradation of
target proteins, recent reports have suggested that CHIP also stimulates degradation through
a lysosome-dependent pathway, which is known as chaperone-mediated autophagy (CMA,;
refs. 41, 42). The mechanism of CMA generally differs from the conventional autophagy
system in several ways. The substrates of CMA have KFERQ or similar motifs that are
recognized by cytosolic HSC70 or HSP70 and its associated components (43). These
substrates are recruited to the lysosome-linked membrane protein, LAMP2A, which is
involved in unfolded substrate transport (44). Because substrates are recruited to lysosomes
directly in CMA proteolysis, degradation is blocked by lysosome inhibitors but not by
autophagy inhibitors such as 3MA, which targets autophagosome formation (40). We
observed that HSP90- and CHIP-mediated p14ARF degradation is partly similar to CMA.
p14ARF degradation is blocked by lysosome inhibitors but not by autophagy inhibitors.
Furthermore, we observed that CHIP increases the interactions among HSP90, p14ARF, and
LAMP2A. These results suggest that HSP90 and CHIP stimulate p14ARF degradation
through a LAMP2A-dependent lysosomal pathway but not autophagy. However, this
mechanism differs from canonical CMA in that HSP90, rather than HSP70, participates in
target protein delivery to LAMP2A. No conventional HSP70-interacting KFERQ motif was
identified in p14AREF, indicating that lysosome-dependent p14ARF degradation might have
a different mode of action compared with conventional degradation. Other factors such as
CFTR 508, VHL, p450 2E1, apolipoprotein B, and mutant insulin receptor are also known to
be degraded via HSP90 (45-48). Further identifying whether these targets are also similarly
affected by HSP90-dependent CMA pathways in future studies would be beneficial.

Because HSP90 inhibition induces the degradation of its oncogenic client proteins, HSP90
has been identified as a therapeutic target for treating cancer. Various types of HSP90
inhibitors such as GA analogs, resorcinol derivatives, and purine analogs were developed as
cancer drug (49). Although a HSP90 inhibitor was partially effective to EGFR-mutated
NSCLC (50), it was more effective for treatment of ALK-rearranged NSCLC, which
accounts for approximately 3% to 5% of lung tumors (9).

Cancer Res. Author manuscript; available in PMC 2021 June 02.
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Here, we identified that p14ARF expression significantly increased the sensitivity of
NSCLC cells to GA treatment regardless of EGFR mutation, ALK fusion, or p53 status.
Although HSP90 inhibition has been reported to induce apoptosis through p53 activation, we
found that pl4ARF-positive NSCLC cell lines showed significant sensitivity to GA
treatment despite the presence of mutant p53. Because more than half of patients with
NSCLC have p53 mutations, GA treatment that targets p14ARF regardless of p53 activity
could be a good therapeutic strategy for patients with NSCLC. Moreover, HSP90*/p14ARF
~, HSP90™/CHIP*, and HSP90*/p14ARF~/CHIP* expression patterns in patients with
NSCLC indicated significantly worse overall survival than did HSP90~/p14ARF*, HSP90~/
CHIP~, and HSP90 /p14ARF*/CHIP~ expression patterns. Moreover, Cox proportional
hazards models indicated that high HSP90 expression or a combination of HSP90*/p14ARF
~, HSP90*/CHIP*, or HSP90*/p14ARF~/CHIP* expression was an independent prognostic
factor of overall survival.

In summary, HSP90 has powerful oncogenic effects through degrading the tumor suppressor
pl4ARF followed by prevention of cellular senescence, and based on our results that
p14ARF expression increases the cytotoxicity of HSP90 inhibition in NSCLC cell lines, and
the HSP90*/p14ARF~ expression is an important prognostic marker in NSCLC, we suggest
that p14ARF-positive NSCLC may show more marked responses to HSP90 inhibitors than
pl4ARF-negative NSCLC.
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Figure 1.
Inhibition or ablation of HSP90 accelerates cellular senescence via stabilization of p1l4ARF.

A, IMR90 fibroblasts and HFFs were treated with 0.1 umol/L GA for 24 hours and stained
for SA-B-galactosidase activity. Numbers under the images indicate the percentage of
senescent cells. Scale bar, 150 pm. B and C, Two normal cell lines were treated with GA
under identical conditions as in A. The cell lysates were immunoblotted. Actin was detected
as a loading control. The mRNAs were analyzed by qRT-PCR. D, After 48 hours of
transfection with control and p14ARF siRNA #1, the cells were treated with 0.1 pmol/L GA
for 48 hours, followed by SA-B-galactosidase activity staining. E, Under identical conditions
as in Fig. 1D, the cell lysates were immunoblotted. F, After 96 hours of transfection with 40
nmol/L HSP90P siRNAs #1 and #4, two normal cell lines were stained for SA-p-
galactosidase activity. G and H, Two normal cell lines were transfected with 40 nmol/L
HSP90B siRNAs #1 and #4 for 96 hours. The cell lysates were immunoblotted. mMRNA
expression was analyzed by gRT-PCR. I, HSP90p and p14ARF siRNAs were transfected as
indicated, followed by SA-B-galactosidase staining after 96 hours. J, Under identical
conditions as in Fig. 11, the cell lysates were immunoblotted. Data represent the mean +
SEM; Pvalues by two-tailed Student ¢test.
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Figure 2.
HSP90, CHIP, and p14ARF form a ternary complex. A, Plasmids expressing p14ARF-

FLAG, Myc-CHIP, and HA-HSP90pB were transfected into 293T cells as indicated. After 24
hours, immunoprecipitation assay was performed using cell lysates. HSP90B was
immunoprecipitated using anti-HA antibody, and then p14ARF, CHIP, and HSP90 were
detected using antibodies as indicated. B, Cells were transfected with plasmids as indicated.
After 24 hours, the cell lysates were immunoprecipitated using anti-HA or anti-FLAG
antibody. C, GST pull-down assay was performed using /7 vitro translated p14ARF and
purified GST-CHIP. D, HeLa (human cervical cancer) cell lysates were immunoprecipitated
using anti-p14ARF, anti-CHIP, and anti-HSP90a/p antibodies. E, Plasmids expressing Myc/
full-length p14ARF, Myc/p14ARF deletion mutants, and HA-CHIP were transfected as
indicated. The cell lysates were immunoprecipitated using anti-Myc antibody. F, Plasmids
expressing Myc/full-length CHIP, Myc/CHIP deletion mutants, and pl4ARF-FLAG were
transfected as indicated. The cell lysates were immunoprecipitated using anti-Myc antibody.
G, Constructs were transfected as indicated. The cell lysates were immunoprecipitated using
anti-FLAG antibody. p14ARF protein expression was adjusted for comparing interactions
with identical amounts of pl4ARF. Asterisks, chains of antibodies.
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Figure 3.

HSP9O0 is required for CHIP-induced ubiquitylation-independent p14ARF degradation. A
and B, H1299 cells were transfected with constructs as indicated. The cell lysates were
immunoblotted. C, HeLa cells were transfected with 30 nmol/L CHIP siRNAs for 72 hours.
mRNAs were analyzed by RT-PCR using primers specific for pl4ARF and CHIP. D, H1299
cells were transfected with constructs for 24 hours, followed by cycloheximide (CHX; 100
pg/mL) treatment. The graph indicates the relative p14ARF protein levels compared with the
actin protein levels. E, HelL a cells were transfected with 30 nmol/L CHIP siRNA for 72
hours and treated with cycloheximide. F, H1299 cells were transfected with 40 nmol/L
HSP90pB siRNA for 72 hours, and then plasmids expressing Myc-CHIP were transfected as
indicated. G, HeLa cells were transfected with plasmid expressing HA-CHIP and treated
with 0.5 umol/L GA for 24 hours. H, Constructs expressing Myc-CHIP WT, H260Q, K30A,
pl4ARF-FLAG, and GFP were transfected into H1299 cells. I, 293T cells were transfected
with plasmids as indicated. The cell lysates were immunoprecipitated using anti-HA
antibody. J, 293T cells were transfected with plasmids as indicated. The cell lysates were
immunoprecipitated using anti-Myc antibody. K, Plasmids were expressed in 293T cells,
and the cell lysates were immunoprecipitated using anti-HA antibody as indicated. p14ARF
protein expression was adjusted for comparing interactions with identical amounts of
pl4ARF.
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Figure 4.
CHIP and HSP90 induce lysosomal degradation of pl4ARF. A, H1299 cells were

transfected with constructs as indicated. The transfected cells were treated with 10 pg/mL
E64D and 10 pg/mL pepstatin A for 24 hours. B and C, HeLa cells were transfected with 30
nmol/L CHIP siRNA or 40 nmol/L HSP90B siRNA for 72 hours, followed by E64D and
pepstatin A treatment for 24 hours. D, HelLa cells were treated with E64D, pepstatin A, 200
nmol/L bafilomycin A1, and 5 mmol/L 3MA for 24 hours as indicated. E, Plasmid
expressing Myc-CHIP was transfected into HelLa cells, followed by treatment of inhibitors
as indicated. F, After 72 hours transfection with 30 nmol/L LAMP2A siRNA, the cells were
immunoblotted. G, HelLa cells were transfected with 30 nmol/L LAMP2A siRNA for 48
hours, followed by overexpression of Myc-CHIP. H, Indicated constructs were expressed in
HelLa cells. The transfected cells were treated with E64D and pepstatin A for 24 hours,
followed by imunoprecipitation using anti-FLAG antibodies.
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Figureb.

CHIP depletion causes ARF-dependent premature senescence. A, After 72 hours of
transfection with 30 nmol/L CHIP siRNAs #2 or #3, the cells were stained for SA-p-
galactosidase activity. B, Two normal cell lines were transfected with 20 nmol/L CHIP and
p14ARF siRNA for 72 hours, followed by SA-B-galactosidase assay. C, In total, 1 x 10° WT
and CHIP KO MEFs were plated equally and counted each day thereafter. This experiment
was conducted in triplicate. D, WT and CHIP KO MEFs were stained for SA--
galactosidase activity at passage 5. E, The levels of p19ARF were detected in CHIP KO
MEFs. F, In the same passage as in Fig. 5D, the cell lysates of WT and CHIP KO MEFs
were immunoprecipitated using anti-p19ARF antibody. G, In total, 1 x 10° CHIP KO and
DKO MEFs were plated equally and counted each day thereafter. H, CHIP KO and DKO
MEFs were stained for SA-B-galactosidase activity at passage 8. I, Indicated proteins were
detected in DKO MEFs. J, In the same passage, as in Fig. 5H, the cell lysates of littermate
double hetero and CHIP KO MEFs were immunoprecipitated using anti-p19ARF antibody.
Data represent the mean + SEM; Pvalues by two-tailed Student ¢test.
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Figure®6.
pl4ARF-positive lung cancer cell lines were more sensitive to GA treatment. A, Cell lysates

of indicated cell lines were immunoblotted. B, NSCLC cells were plated in 48-well plates at
a density of 4 x 10 cells and treated with the indicated concentrations of GA for 36 hours.
C, NSCLC cell lines expressing p14ARF were treated with 0.1 umol/L GA for 36 hours,
followed by crystal violet staining. D, pl4ARF-positive NSCLC cell lines were treated with
0.1 or 1.0 umol/L GA for 36 hours, followed by immunoblotting using antibodies as
indicated. Arrows, cleaved proteins. E and F, A549 and H460 were stably transfected with
pl4ARF. Identical amounts of cells were plated in 48-well plates and treated with 0.1
umol/L GA for 36 hours. G, EKVX cells were transfected with 30 nmol/L p14ARF siRNA
#1. After 24 hours, cells were treated with 0.1 pmol/L GA for 48 hours, followed by crystal
violet staining. H, EKVX cells were transfected with 20 nmol/L CHIP siRNA #2, 20 nmol/L
HSPI0P siRNA #4, or 20 nmol/L p14ARF siRNA #1, as indicated. |, Under the identical
condition as in Fig. 6H, cells were stained with crystal violet. Data represent the mean +
SEM. Pvalues were determined using a two-tailed Student ¢test. Cell viability was
measured in triplicate using CellTiter-Glo reagent.
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HSP90, p14ARF, and CHIP expression in human NSCLC specimens. A, Representative
images of immune histochemical staining of HSP90a./B, p14ARF, and CHIP in NSCLC
tissues. Scale bar, 50 um. B, CHIP expression positively correlated with HSP90 expression
in both early and advanced stages (both £< 0.001), whereas p14ARF expression showed
strong negative correlations with HSP90 and CHIP expression in only the advanced stage
(both < 0.001). C, Kaplan—Meier plots of overall survival for patients with NSCLC were
categorized by HSP90, p14ARF, or CHIP expression. HSP90+, histoscore = 50; p14ARF-,

histoscore = 92; CHIP+, histoscore = 85.
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