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Abstract
We have previously identified receptor tyrosine kinase-like orphan receptor 1 (ROR1) 
as a direct transcriptional target of TTF-1/NKX2-1, a lineage-survival oncogene in lung 
adenocarcinoma. ROR1 sustains prosurvival signaling from multiple receptor tyrosine 
kinases including epidermal growth factor receptor, MET, and insulin-like growth fac-
tor 1 receptor in part by maintaining the caveolae structure as a scaffold protein of 
cavin-1 and caveolin-1. In this study, a high throughput screening of the natural prod-
uct library containing 2560 compounds was undertaken using a cell-based FluoPPI 
assay detecting ROR1-cavin-1 interaction. As a result, geldanamycin (GA), a known 
inhibitor of heat shock protein 90 (HSP90), was identified as a potential inhibitor of 
ROR1. Geldanamycin, as well as two GA derivatives tested in the clinic, 17-allylamino-
17-demethoxygeldanamycin (17-AAG) and 17-dimethylaminoethylamino-17-demeth-
oxygeldanamycin (17-DMAG), decreased ROR1 protein expression. We found that 
ROR1 physically interacted with HSP90α, but not with other HSP90 paralogs, HSP90β 
or GRP94. Geldanamycin in turn destabilized and degraded ROR1 protein in a dose- 
and time-dependent manner through the ubiquitin/proteasome pathway, resulting in 
a significant suppression of cell proliferation in lung adenocarcinoma cell lines, for 
which the kinase domain of ROR1, but not its kinase activity or N-glycosylation, was 
required. Our findings indicate that HSP90 is required to sustain expression of ROR1 
crucial for lung adenosarcoma survival, suggesting that inhibition of HSP90 could be a 
promising therapeutic strategy in ROR1-positive lung adenocarcinoma.
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1  | INTRODUC TION

Lung cancer is the leading cause of cancer death in both men and 
women.1 Adenocarcinoma is the most common histological subtype, 

arising in the distal lung and accounting for ~40% and more than 
50% of all lung cancer cases in the United States and in Japan, re-
spectively.2 Substantial progress in genomic profiling during the 
past decade enabled us to identify a subset of lung adenocarcinoma 
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patients who harbor key oncogenic driver mutations and benefit 
from molecular targeted therapies, but also revealed lung adenocar-
cinoma as a group of distinct diseases with widespread and complex 
molecular heterogeneity,3,4 suggesting the need for novel therapeu-
tic targets and further personalized therapy based on the molecular 
features of the tumors.

The TTF-1/NKX2-1 homeodomain transcription factor is essen-
tial for lung morphogenesis and epithelial cell differentiation.5 It is 
amplified in 10%-15% of lung adenocarcinoma and plays a crucial 
role as a lineage-survival oncogene in lung adenocarcinoma.6-9 We 
previously reported that receptor tyrosine kinase-like orphan re-
ceptor 1 (ROR1) is a direct transcriptional target of TTF-1/NKX2-1 
that sustains epidermal growth factor receptor (EGFR)-mediated 
PI3K-AKT prosurvival signaling in kinase-dependent and indepen-
dent manners.10,11 Intriguingly, ROR1 also possesses a kinase-inde-
pendent function as a scaffold protein of cavin-1 and caveolin-1 to 
maintain caveolae structure, which is crucially involved in sustaining 
prosurvival signaling of multiple receptor tyrosine kinases (RTKs) 
including EGFR, MET, and insulin-like growth factor 1 receptor 
(IGF1R).12 In addition, ROR1 is involved in caveolae-dependent en-
docytosis through binding to cavin-3, which in turn contributes to 
RTK-mediated prosurvival signaling.13 Expression levels of ROR1 in 
normal tissues are attenuated after birth,14,15 but ROR1 is signifi-
cantly upregulated in a variety of cancers.14-18 The oncofetal expres-
sion pattern as well as multiple roles crucial to sustaining survival 
signaling in cancer point to a notion that ROR1 might be an effec-
tive drug target for cancer therapy development. In this regard, the 
involvement of ROR1 in sustaining signaling pathways activated by 
multiple tyrosine kinases, which can bypass signaling, conferring re-
sistance to tyrosine kinase inhibitors, makes it an attractive thera-
peutic target to inhibit.19

In the present study, we aimed at identifying compounds that 
potentially target ROR1-cavin-1 interaction to inhibit the scaf-
fold function of ROR1. A high throughput screening of the natural 
product library containing 2560 compounds using a cell-based flu-
orescent-based technology detecting protein–protein interactions 
(FluoPPI) assay resulted in the identification of geldanamycin (GA) 
as a potential inhibitor of ROR1-cavin-1 interaction. We report here 
that ROR1 interacts with heat shock protein 90 (HSP90) and GA 
destabilizes and degrades ROR1 protein through the ubiquitin/pro-
teasome pathway, suggesting that HSP90 inhibition could be a prom-
ising therapeutic strategy in ROR1-positive lung adenocarcinoma.

2  | MATERIAL S AND METHODS

2.1 | Reagents

Geldanamycin (G0334) was purchased from Tokyo Chemical Industry, 
and 17-AAG (100068) and 17-DMAG (100069) were purchased from 
Calbiochem. Cycloheximide (01810), MG132 (M7449), and gefitinib 
(SML1657) were purchased from Sigma-Aldrich. Recombinant HGF 
(100-39) was purchased from Peprotech. Chloroquine (catalog no. 

tlrl-chq) was purchased from InvivoGen. Tunicamycin (202-08241) 
was purchased from Fujifilm Wako Pure Chemical Corporation.

2.2 | DNA constructs and transfection

Constructions of expression vectors of full-length human ROR1 
cDNA (pCMVpuro-ROR1) and its various deletion mutants were 
carried out as previously described.10,12 pCMV-puro-HA-Ub plasmid 
was constructed as previously described.20 Construction of hAG-
ROR1-ICD and cavin-1-Ash plasmids was carried out as described for 
the FluoPPI assay. For transfection, 5 × 104 COS-7 cells were seeded 
in 6-well plates. After 24 hours, cells were transfected with plas-
mids at a concentration of 0.5 μg/mL using FuGENE 6 (Promega) for 
24 hours according to the manufacturer’s instructions. For the ubiq-
uitination assay, 24 hours after transfection with pCMV-puro-ROR1 
or pCMV-puro-HA-Ub, COS-7 cells were treated with 10 μmol/L 
MG132 with or without 0.5 μmol/L GA for 3 hours.

2.3 | Cell culture

NCI-H1975, NCI-H441, NCI-H1299, NCI-H2228, HCC4006, and 
HeLa cells were purchased from ATCC, and PC-9 cells were obtained 
from Riken Cell Bank. All cell lines were cultured in RPMI-1640 me-
dium with 10% FBS. Cell lines were authenticated by short tandem 
repeat DNA profiling and were free from mycoplasma contamination.

For treatment with the proteasomal inhibitor MG132 and the 
lysosomal inhibitor chloroquine, a total of 1 × 105 cells per well 
were seeded in 6-well plates and treated 24 hours later with GA, 
MG132, chloroquine, or DMSO at the indicated concentrations. 
The cells were harvested 8 hours after treatment for western blot 
analysis.

2.4 | Fluorescent-based technology detecting 
protein–protein interactions assay

The intracellular domains of ROR1 and full-length cavin-1 were 
subcloned into phAG-MCL and pAsh-MCL plasmids, respectively. 
A FluoPPI assay was used by cointroducing expression constructs 
of the ROR1 intracellular domain fused with an N-terminal fluores-
cent protein tag (hAG-ROR1-ICD) and cavin-1 with a C-terminal as-
sembly helper tag (cavin-1-Ash) in HeLa cells. For high throughput 
screening of a natural product library (~260 000 samples) contain-
ing 2560 compounds, HeLa clones stably expressing hAG-ROR1-
ICD and cavin-1-Ash were seeded into 384-well plates at a density 
of 5 × 103 cells/well. After 4 hours, screening samples were added 
at 0.5% and incubation was continued for 24 hours. Cells were 
then fixed with a 10% formalin solution and stained with 1 µg/mL 
Hoechst33342. Fluorescent images were acquired using an Opera 
Phenix High-Content Screening System (PerkinElmer) and analyzed 
with the Harmony software package (PerkinElmer). Formation 
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of foci was quantified by calculating the mean fluorescent inten-
sity in foci divided by that intensity in cells. Hit criteria were set 
to under 3.0 of that value without inducing irregular cell shape or 
cytotoxicity.

2.5 | Western blot analysis, immunoprecipitation-
western blot analysis, and protein ubiquitination assay

Western blot and immunoprecipitation-western blot analyses were 
carried out according to standard procedures using Immobilon-P 
filters (Millipore) and an Amersham ECL western blotting detec-
tion reagent (GE Healthcare). Ubquitination assay was carried 
out as previously described.21 Antibodies against ROR1 (cat. 
no. 4102; Cell Signaling Technology), HSP90α (cat. no. ab2928; 
Abcam), HSP90β (cat. no. ab53497, Abcam), GRP94 (60012-1-Ig; 
Proteintech), p21 (cat. no. 2947; Cell Signaling Technology), LC3B 
(cat. no. 2775; Cell Signaling Technology), hemagglutinin (HA) (cat. 
no. M180-3; MBL), Azami-Green (hAG) (cat. no. PM011M; MBL), 
and cavin-1 (cat. no. ab135655, Abcam; cat. no. A301-271 A, 
Bethyl Laboratories) were used for western blot analysis. β-Actin 
(cat. no. A5441; Sigma) was used as a loading control. For immu-
noprecipitation, anti-goat IgG and immunoprecipitation-specific 
anti-ROR1 were used. Signal intensities of ROR1 protein bands 
were quantified using ImageJ (https://imagej.nih.gov/ij/) and nor-
malized to β-actin signal intensities.

2.6 | RNA interference

Cells were transfected at a final concentration of 20 nmol/L siRNA 
using Lipofectamine RNAiMAX (Life Technologies) according to 
the manufacturer’s instructions using the following siRNAs: siCon-
trol (AllStars Negative Control siRNA, Qiagen), siHSP90α #1 (Hs-
HSPCA-4; Qiagen), siHSP90α #2 (Hs-HSPCA-5; Qiagen), siHSP90β 
#1 (Hs-HSPCB-1; Qiagen), siHSP90β #2 (Hs-HSPCB-5; Qiagen), and 
siGRP94 (M-006417-02-0005; Dharmacon). Cells were harvested 
72 hours after transfection and cell lysates were subjected to west-
ern blot analysis. For double knockdown experiments, 10 nmol/L of 
each siRNA was mixed and transfected.

2.7 | Real-time quantitative PCR analysis

Total RNA was extracted using an miRNeasy mini kit (Qiagen). cDNA 
was prepared using a High-Capacity cDNA Reverse Transcription 
Kit (Applied Biosystems). A quantitative PCR assay was carried 
out with a 7500 Fast Real-Time PCR System using Power SYBR 
Green PCR Master Mix (Applied Biosystems). The following prim-
ers were used: ROR1 (forward, 5′-TTCTTCATTTGCGTCTGTCG-3′; 
reverse, 5′-GGCACACTCACCCAATTCTT-3′) and GAPDH (forward, 
5′-TGGTATCGTGGAAGGACTCATGAC-3′; reverse, 5′-ATGCCAGT 
GAGCTTCCCGTTCAGC-3′). Each sample was run in triplicate. The 

Ct values for each gene were calculated and normalized to Ct values 
for GAPDH (ΔCt). The expression was estimated by 2−ΔCt, and the 
ratio was calculated relative to control.

2.8 | Cell proliferation assay

For GA treatment, NCI-H1975, PC-9, NCI-H441, and HCC4006 
cells were seeded at 1 × 105 cells/well, and NCI-H1299 and NCI-
H2228 cells were seeded at 5 × 104 cells/well in 6-well plates. 
After 24 hours, cells were treated with different concentrations 
of GA for 96 hours. For treatment with gefitinib and hepatocyte 
growth factor (HGF), PC-9 cells were seeded at 1 × 105 cells/well 
in 6-well plates. After 24 hours, cells were treated with 0.5 μmol/L 
GA, 1 μmol/L gefitinib, and/or 50 ng/mL HGF for 96 hours. Cell 
proliferation was determined by colorimetric assay using CCK-8 
(Dojindo Laboratories).

3  | RESULTS

To identify compounds that potentially inhibit ROR1-cavin-1 inter-
action, we used the cell-based FluoPPI assay, in which protein-pro-
tein interaction can be evaluated as the formation of fluorescent 
foci in living cells (Figure 1A). A high throughput screening of an iso-
lated natural product library containing 2560 compounds identified 
GA as a potential inhibitor of ROR1-cavin-1 interaction (Figure 1B). 
Geldanamycin is known as an HSP90 inhibitor that binds to ATP-
binding site of HSP90,22 which is a molecular chaperone that plays 
a pivotal role in determining the stability and activity of client pro-
teins.23 However, ROR1 and cavin-1 are not known as HSP90 cli-
ents. To determine whether GA targets ROR1 or cavin-1 proteins 
themselves or physical interaction between ROR1 and cavin-1, we 
undertook immunoprecipitation-western blot analysis using ROR1 
and cavin-1 antibodies. As shown in Figure 1C, GA decreased ROR1 
protein expression but not cavin-1 protein expression. Interaction 
between ROR1 and cavin-1 remained 6 hours after GA treatment 
in NCI-H1975 cells, at which time point the total amount of ROR1 
protein had already decreased markedly. Consistent with the find-
ings observed in the FluoPPI assay, treatment with GA for 24 hours 
almost completely diminished ROR1 protein as well as ROR1-
cavin-1 interaction (Figure 1D), suggesting that ROR1 might be a 
client of HSP90 and degraded by GA treatment.

There are four major HSP90 paralogs, including HSP90α and 
HSP90β in cytoplasm, GRP94 in endoplasmic reticulum, and TRAP1 in 
mitochondria.24 As endogenous ROR1 can be localized in cytoplasm 
or endoplasmic reticulum, we examined whether ROR1 can bind to 
HSP90α, HSP90β, or GRP94. Immunoprecipitation-western blot analy-
sis showed interaction between ROR1 and HSP90α, but not HSP90β or 
GRP94 (Figure 2A). To determine whether HSP90α is involved in ROR1 
protein expression, we knocked down HSP90α, HSP90β, and GRP94 
in two lung adenocarcinoma cell lines, PC-9 and NCI-H1975 cells. As 
shown in Figure 2B,C, knockdown of only HSP90α reduced levels of 

http://rsbweb.nih.gov/ij/
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ROR1 protein expression, suggesting ROR1 as a novel client protein of 
HSP90α. mRNA expression levels of HSP90α in lung adenocarcinoma 
was significantly increased in tumor tissues compared to adjacent nor-
mal lung but was not significantly associated with ROR1 mRNA expres-
sion levels in 574 lung adenocarcinoma RNA sequencing data from The 
Cancer Genome Atlas (TCGA) (http://cance rgeno me.nih.gov/) and in 
our previous microarray data (GSE13213)4,25 (Figure 2D,E).

We further examined the effects of GA on ROR1 expression. 
Levels of ROR1 protein decreased in both NCI-H1975 and PC-9 cells in 
a time-dependent manner, whereas mRNA expression levels of ROR1 
were not obviously altered with GA treatment (Figure 3A), suggest-
ing that GA regulated ROR1 at the protein level. Treatment with two 
GA derivatives, 17-AAG and 17-DMAG, also decreased ROR1 protein 
expression in NCI-H1975 and PC-9 cells (Figure 3B). As some other 
RTKs, including EGFR, MET, and IGF1R, have been known as HSP90 
clients,26-28 we examined whether GA would reduce expression levels 
of these proteins in lung adenocarcinoma cell lines as well. Protein lev-
els of EGFR, MET, and IGF1R, as well as ROR1, were decreased after 
8 hours of treatment with GA in a dose-dependent manner (Figure 3C). 
Sensitivity of EGFR, MET, and IGF1R to GA was widely different among 
lung adenocarcinoma cell lines, but ROR1 was highly sensitive to GA in 
all six lung adenocarcinoma cell lines tested in this study. Interestingly, 
GA significantly decreased cell proliferation in these six cell lines 
(Figure 3D), suggesting the potential of HSP90 inhibitors in ROR1-
positive lung adenocarcinoma. To determine whether GA can sup-
press activation of bypass signaling that potentially drives resistance 
to tyrosine kinase inhibitors, we treated gefitinib-sensitive PC-9 cells 
with HGF to activate MET signaling, which can compensate the inhib-
itory effect of gefitinib on EGFR.29 Treatment with HGF restored cell 
proliferation reduced by gefitinib, and GA negated the effect of HGF 
(Figure 3E), suggesting that GA overcame HGF-mediated resistance to 
gefitinib in PC-9 cells.

To determine the molecular mechanisms for GA-mediated regu-
lation of ROR1 protein, we examined whether GA suppressed ROR1 

F I G U R E  1   Identification of geldanamycin (GA) as a potential 
inhibitor of ROR1-Cavin-1 interaction. A, Schematic diagrams for 
constructs of humanized fluorescent Azami-Green (hAG)-ROR1-
intracellular domain (ICD), cavin-1 assembly helper (Ash), and the 
fluorescent-based technology detecting protein–protein interactions 
assay. ROR1-ICD and cavin-1 were genetically fused with 
tetramerizing hAG-tag and oligomerizing Ash-tag, respectively. A 
tetramer of hAG-ROR1-ICD and an oligomer of cavin-1 can interact 
with multiple copies of each other, allowing the fluorescent proteins 
to form bright foci in cells. B, Fluorescent images of ROR1-ICD and 
cavin-1 interaction. Formation of fluorescent foci was suppressed 
after 24 h with 1 μmol/L GA (right panel) compared to control (left 
panel) in HeLa cells stably expressing hAG-ROR1-ICD and cavin-1-
Ash. C, D, Immunoprecipitation-western blot analyses using ROR1 
Ab in NCI-H1975 cells treated with 0.5 μmol/L GA for up to 6 h (C) 
and for 24 h (D). CCD, coiled-coil domain; IP, immunoprecipitation; 
MAD, membrane association domain; P, proline-rich domain; ST, 
serine/threonine-rich domain; TK, tyrosine kinase domain

http://cancergenome.nih.gov/
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protein expression by attenuating protein stability or inhibiting protein 
synthesis. Although treatment with cycloheximide (CHX), an inhibitor 
of protein biosynthesis, did not largely affect expression levels of ROR1 
protein, treatment with GA combined with CHX more rapidly decreased 
ROR1 protein than treatment with GA alone (Figures 3A and 4A, B), 
suggesting that GA reduced the stability of ROR1 protein. Next, we de-
termined whether ROR1 protein is degraded through the ubiquitin/pro-
teasome pathway or lysosomal degradation pathway.30 NCI-H1975 and 
PC-9 cells were treated with GA by combining a proteasomal inhibitor 
MG132 or a lysosomal degradation inhibitor chloroquine (Figures 5A,B 
and S1). Protein expressions of p21 and LC3B were used as positive 
controls of MG132 and Chloroquine treatment, respectively. As shown 
in Figures 5A,B and S1, MG132, but not chloroquine, partially restored 
GA-mediated reduction of ROR1 protein levels. Degradation of ROR1 
intracellular domain following GA treatment was also almost com-
pletely rescued by MG132 in HeLa cells expressing phAG-ROR1-ICD 
(Figure 5C). In addition, we showed that ROR1 protein was polyubiquiti-
nated following GA treatment (Figure 5D), suggesting that ROR1 was 
degraded by GA through the ubiquitin/proteasome pathway.

We next determined the region of ROR1 protein responsible 
for GA-mediated proteasome degradation. The ROR1 WT and a 

deletion mutant of the C-terminal region (ΔS/T1 + P+S/T2), but not 
a deletion mutant of the kinase domain (△TK), were degraded by 
GA (Figures 6A and S2). In addition, immunoprecipitation of ROR1 
revealed that HSP90α did not bind to △TK (Figure 6B). Our findings 
indicate that the kinase domain of ROR1 is responsible for binding 
with HSP90α and GA-mediated proteasome degradation, which is 
consistent with a recent study that identified the amino acid se-
quence ELHHPNIV in the kinase domain of ROR1 as a binding motif 
of HSP90.31 Kinase activity was not involved in the interaction of 
ROR1 with HSP90α, or proteasome degradation (Figure 6C,D). 
Although N-linked glycosylation of ROR1 could be associated with 
its subcellular localization and function,32 inhibition of N-linked gly-
cosylation of ROR1 with tunicamycin did not clearly interfere with 
GA-mediated proteasome degradation (Figure 6E).

4  | DISCUSSION

We and others have reported that cell survival of a subset of lung 
adenocarcinoma depends on TTF-1/NKX2-1 signaling, but TTF-1/
NKX2-1 cannot be considered as a molecular target because of 

F I G U R E  2   ROR1 interacts with heat shock protein (HSP)90α. A, Immunoprecipitation (IP)-western blot analysis using ROR1 Ab in NCI-H1975 
cells, showing physical interaction between ROR1 and HSP90α, but not HSP90β or GRP94. B, C, Levels of ROR1 protein expression were 
decreased in PC-9 and NCI-H1975 cells treated with siRNAs against HSP90α, but not siRNAs against HSP90β (B) or GRP94 (C). D, E, mRNA 
expression levels of HSP90AA1, which encodes HSP90α protein, in lung adenocarcinoma tumors and adjacent normal tissues in The Cancer 
Genome Atlas (TCGA) dataset (tumor, N = 515; normal, N = 59) (D, left panel) and the GSE13213 dataset (tumor, N = 75; normal lung mixture, 
N = 4) (E, left panel). P values were calculated by unpaired t test. Correlation of mRNA expression levels of HSP90AA1 and ROR1 in tumor tissue 
in the TCGA dataset (D, right panel) and the GSE13213 dataset (E, right panel). Pearson correlation coefficient and P values were calculated
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F I G U R E  3   Geldanamycin (GA) decreases ROR1 protein and inhibits cell growth. A, Quantitative RT-PCR and western blot analyses 
of ROR1 in NCI-H1975 (left panel) and PC-9 (right panel) cells treated with 0.5 μmol/L GA for the indicated time points. B, Western blot 
analysis of ROR1 protein in NCI-H1975 and PC-9 cells with 0.5 μmol/L GA, 17-allylamino-17-demethoxygeldanamycin (17-AAG), and 
17-dimethylaminoethylamino-17-demethoxygeldanamycin (17-DMAG). C, Western blot analysis of ROR1, epidermal growth factor receptor 
(EGFR), MET, and insulin-like growth factor 1 receptor (IGF1R) in NCI-H1975, PC-9, NCI-H441, NCI-H1299, NCI-H2228, and HCC4006 
cells treated with indicated concentrations of GA. β-Actin served as a loading control. D, Cell proliferation analysis of NCI-H1975, PC-9, 
NCI-H441, NCI-H1299, NCI-H2228, and HCC4006 cells treated with 0.05 or 0.5 μmol/L GA using the colorimetric method. ***P < .01. E, 
Cell proliferation analysis of PC-9 cells treated with 0.5 μmol/L GA, 1 μmol/L gefitinib, and/or 50 ng/mL hepatocyte growth factor (HGF) 
using the colorimetric method. In (A), (D), and (E), columns indicate the average of triplicate samples from a representative experiment and 
bars indicate SD. P values were calculated by unpaired t test. ***P < .01. n.s., not significant

F I G U R E  4   Geldanamycin (GA) destabilizes ROR1 protein. 
NCI-H1975 (A) and PC-9 (B) cells treated with 50 μg/mL 
cycloheximide (CHX) in the presence or absence of 0.5 μmol/L GA. 
Signal intensities of ROR1 protein bands were normalized to β-actin 
signal intensities

F I G U R E  5   Geldanamycin (GA) degrades ROR1 protein through 
the ubiquitin/proteasome pathway. Western blot analysis of ROR1, 
p21, and LC3B in NCI-H1975 (A), PC-9 (B), and HeLa cells expressing 
humanized fluorescent Azami-Green-ROR1-intracellular domain 
(hAG-ROR1-ICD) (C), treated with proteasomal inhibitor MG132 
(10 μmol/L) or lysosomal inhibitor chloroquine (10 μmol/L) for 8 h 
in the presence or absence of 0.5 μmol/L GA. β-Actin served as a 
loading control. Columns indicate relative signal intensities of ROR1 
protein. D, Immunoprecipitation (IP)-western blot analysis using 
ROR1 Ab in COS-7 cells transfected with HA-tagged ubiquitin (HA-
Ub) and/or ROR1 in the presence or absence of 0.5 μmol/L GA for 3 h
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its crucial role for maintaining physiological functions of normal 
lung.33 In this connection, we previously found that ROR1 is a tran-
scriptional target for TTF-1/NKX2-1 and sustains EGFR-mediated 

prosurvival signaling in TTF-1/NKX2-1-positive lung adenocarci-
noma cell lines.10 Furthermore, ROR1 was shown to act as a scaf-
fold protein of cavin-1 and caveolin-1, two essential structural 
components of caveolae, sustaining caveolae formation and pro-
survival signaling through multiple additional RTKs, such as MET 
and IGF1R.12 As bypass signaling through diverse RTKs confers 
EGFR-TKI resistance,29,34-36 the scaffold function of ROR1 appears 
to be an attractive target for overcoming EGFR-TKI resistance due 
to bypass signaling. It is also of note that, given its broad expression 
in common solid tumors and hematologic malignancies with minimal 
expression in healthy adult tissues,14-18 ROR1-targeted therapies 
using CAR-T cells,37 mAbs,38 and small-molecule inhibitors39 are 
also being developed in a variety of cancer.

In the present study, we showed direct interaction between 
ROR1 and HSP90α, but not with its paralog, HSP90β; both are lo-
calized in the cytoplasm and their functions are mostly overlapping, 
but some paralog-specific functions have been reported.22 Heat 
shock protein 90α is induced by cellular stimuli such as heat shock, 
whereas HSP90β is constitutively expressed. It is also of note that 
HSP90α and HSP90β have variable affinities for client proteins 
as well as small-molecule inhibitors including GA40; expression of 
Hsp90β alone could not rescue yeast cells from the HSP90 inhib-
itor radicicol, in contrast to the conferral of marked resistance by 
comparable expression of Hsp90α alone.41 Geldanamycin, a ben-
zoquinone ansamycin derived from Streptomyces hygroscopicus, is 
the first established inhibitor of HSP90 that interferes with the 
ATP-binding site of HSP90.24 Despite its potent cytotoxic effects, 
its phase I clinical trial was suspended due to liver toxicity, met-
abolic instability, and poor solubility.42 Geldanamycin derivatives 
with improved efficacy and side-effects, including 17-AAG and 
17-DMAG, were then developed. In addition to IPI-504, a reduced 
form of 17-AAG, derivatives of another natural HSP90 inhibitor, 
radicicol (such as ganetespib), purine analogues, and some other 
compounds have been tested in multiple clinical trials for ad-
vanced solid tumors and hematologic malignancies, including lung 
cancer.43,44

Epidermal growth factor receptor, MET, and IGF1R are known 
clients of HSP90,26-28 and GA indeed reduced those RTK proteins 

F I G U R E  6   Kinase domain of ROR1 is required for geldanamycin 
(GA)-induced proteasome degradation. Western blot analysis of 
ROR1 in COS-7 cells transfected with ROR1 WT, (A) a deletion 
mutant of entire kinase domain (ROR1-△TK) and the C-terminal 
region (ROR1-△ST1 + P+ST2), and (C) a kinase-dead mutant 
(ROR1 K558R), in the presence or absence of 0.5 μmol/L GA for 
24 h. Immunoprecipitation-western blot analysis using ROR1 Ab in 
COS-7 cells transfected with ROR1 WT, (B) ROR1-△TK and ROR1-
△ST1 + P+ST2, and (D) a kinase-dead mutant (ROR1 K558R). E, 
Western blot analysis of ROR1 in COS-7 cells with overexpressing 
ROR1 (left panel) and PC-9 cells (right panel), treated with 0.5 μg/
mL tunicamycin for 12 h in the presence or absence of 0.5 μmol/L 
GA. In (A) to (E), β-actin served as a loading control. CRD, cysteine-
rich domain; Ig, Ig-like domain; P, proline-rich domain; ST, serine/
threonine-rich domain; TK, tyrosine kinase domain; VC, vector 
control



     |  1233KHALEDIAN Et AL.

in the six lung adenocarcinoma cell lines examined in the present 
study. Furthermore, it is interesting to note that the concentrations 
of GA required to decrease each RTK protein were noticeably differ-
ent among the cell lines. In contrast, ROR1 protein was consistently 
decreased in all of the lung adenocarcinoma cell lines treated with 
GA at a concentration lower than that required for significant reduc-
tion of other RTK proteins, which was accompanied by significant 
cell growth inhibition (Figure 3C,D). ROR1 itself has been shown to 
sustain signaling of multiple RTKs in both kinase-dependent and in-
dependent manners,10,12,13 thus it is difficult to determine the contri-
butions of ROR1 or other RTKs to the inhibitory effects of GA on cell 
growth. Nevertheless, these findings suggest a critical role for ROR1 
in lung adenocarcinoma cell growth.

In conclusion, we have shown that ROR1 is a novel client pro-
tein of HSP90 with specific binding to HSP90α isoform. Our present 
findings also suggest promising potential of HSP90 inhibitors target-
ing ROR1 and its scaffold function to overcome resistance caused by 
bypass signaling through activation of RTKs.
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