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ARTICLE INFO ABSTRACT

Keywords: Background: CDC37 is a key determinant of client kinase recruitment to the HSP90 chaperoning system. We
€DC37 hypothesized that kinase-specific dependency on CDC37 alters the efficacy of targeted therapies for metastatic
HSP90

colorectal cancer (mCRC).

Material and methods: Two independent mCRC cohorts were analyzed to compare the survival outcomes between
CDC37-high and CDC37-low patients (stratified by the median cutoff values): the CALGB/SWOG 80405 trial (226
and 207 patients receiving first-line bevacizumab- and cetuximab-containing chemotherapies, respectively) and
Japanese retrospective (50 refractory patients receiving regorafenib) cohorts. A dataset of specimens submitted
to a commercial CLIA-certified laboratory was utilized to characterize molecular profiles of CDC37-high (top
quartile, N = 5055) and CDC37-low (bottom quartile, N = 5055) CRCs.

Results: In the bevacizumab-treated group, CDC37-high patients showed significantly better progression-free
survival (PFS) (median 13.3 vs 9.6 months, hazard ratio [HR] 0.59, 95% confidence interval [CI] 0.44-0.79,
p < 0.01) than CDC37-low patients. In the cetuximab-treated group, CDC37-high and CDC37-low patients had
similar outcomes. In the regorafenib-treated group, CDC37-high patients showed significantly better overall
survival (median 11.3 vs 6.0 months, HR 0.24, 95% CI 0.11-0.54, p < 0.01) and PFS (median 3.5 vs 1.9 months,
HR 0.51, 95% CI 0.28-0.94, p = 0.03). Comprehensive molecular profiling revealed that CDC37-high CRCs were
associated with higher VEGFA, FLT1, and KDR expressions and activated hypoxia signature.
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Conclusions: CDC37-high mCRC patients derived more benefit from anti-VEGF therapies, including bevacizumab
and regorafenib, but not from cetuximab. Molecular profiles suggested that such tumors were dependent on

angiogenesis-relating pathways.

1. Introduction

The chaperone system is a well-conserved biological mechanism
involved in protein folding, which post-translationally stabilizes target
proteins (called “clients”). HSP90 is a core chaperone for numerous
substrate proteins, including kinases, transcription factors, and steroid
hormone receptors [1]. Taipale et al.’s quantitative high-throughput
analysis revealed that 61% (193/314) of human kinases interact with
HSP90 to a varied extent. For example, CRAF, TIE1, CSF1R, FGFR1, and
VEGFR3 were strong clients, PDGFRB, RET and BRAF were weak clients,
and PDGFRA and EGFR were nonclients [2]. In other studies, HSP90
stabilizes VEGFR1, VEGFR2, and c-KIT [3,4]. As many HSP90 client
kinases are key oncoproteins, HSP90 has emerged as an attractive po-
tential therapeutic target in recent clinical trials [5]. One of the most
remarkable developments is a novel HSP90 inhibitor TAS-116 showing
significant improvement in progression-free survival (PFS) in patients
with advanced gastrointestinal stromal tumor refractory to standard
multitargeting kinase inhibitors in a Japanese phase III trial [6].

HSP90 recognition of client kinases is highly dependent on CDC37
function, which is a critical co-chaperone of HSP90 [7,8]. CDC37 sorts
kinases into client or nonclient by inducing conformational instability
only to client kinases [9]. Upon sorting by CDC37, client kinases can be
selectively bridged to the HSP90 chaperoning cycle [10]. Taipale’s
experiment demonstrated the dependency on CDC37 in this chaperoning
system and it showed a strong correlation between HSP90-kinase and
CDC37-kinase interaction profiles [2]. These findings provide compel-
ling data to further explore targeting CDC37 as an alternative
kinase-directed strategy for oncogenic chaperone system disruption
beyond HSP90 inhibition [11,12].

Several biological agents targeting kinases and relevant signaling
pathways play a key role in metastatic colorectal cancer (mCRC) treat-
ment. Anti-VEGF and anti-EGFR antibodies in combination with cyto-
toxic agents are standard treatments of mCRC. Although optimized
patient selection for anti-EGFR antibodies is based on primary tumor
sidedness and RAS/BRAF status, additional personalized approaches for
anti-VEGF antibodies remain to be established [13]. Regorafenib, a
small-molecule inhibitor of multiple kinases, is among the standard
treatments for mCRC refractory to chemotherapies [14]. However, the
predictive biomarker for regorafenib responsiveness has not been
identified yet.

We hypothesized that differential dependency of kinases on the
CDC37-HSP90 chaperone system may affect the antitumor effect of
targeted agents across the spectrum of target kinases and/or relevant
signaling pathways. In the present study, we tested the predictive value
of the gene expression levels of CDC37 in patients with mCRC treated
with bevacizumab, cetuximab, and regorafenib using patient data from a
large randomized phase III trial (Cancer and Leukemia Group B
[CALGB]/Southwest Oncology Group [SWOG] 80405) and in a retro-
spectively collected cohort. Additionally, we performed a large-scale
molecular study using a comprehensive tumor profiling platform to
reveal the genomic and transcriptomic characteristics of CDC37-
dependent (CDC37-highly expressed) CRC in comparison with CDC37-
poorly expressed CRC.

2. Methods
2.1. Study population

The present study consisted of two parts, which are as follows: an-
alyses of the two clinical cohorts (part A) and the molecular profiling of

the patient’s tumors (part B) (Fig. S1).

In part A, mCRC patients from the following two independent co-
horts were included: the CALGB/SWOG 80405 trial cohort and a Japa-
nese retrospective cohort. CALGB/SWOG 80405 was a phase III trial
(NCT00265850) comparing bevacizumab with cetuximab, which were
both administered in combination with FOLFOX or FOLFIRI, in patients
with previously untreated mCRC [15]. CALGB is now part of the Alliance
for Clinical Trials in Oncology. In the Japanese retrospective cohort,
patients received single-agent regorafenib after failure of standard
chemotherapies between 2011 and 2018 at St. Marianna University
School of Medicine or Chiba Cancer Center. All patients in the Japanese
retrospective cohort were refractory or intolerant to fluoropyrimidine,
oxaliplatin, irinotecan, anti-VEGF antibody, and anti-EGFR antibody for
the treatment of RAS wild-type tumors. Patients whose tumor samples
were not available or those samples exhibiting poor quality for gene
expression testing were excluded. All patients in both cohorts provided
written informed consent before trial enrollment or treatment initiation.
The study protocol was approved by the institutional review board (IRB)
of each participating institution and was conducted in accordance with
the tenets of the Declaration of Helsinki, Good Clinical Practice, and
REMARK guidelines.

In part B, formalin-fixed paraffin-embedded (FFPE) tumor samples
from CRC patients submitted to a commercial Clinical Laboratory
Improvement Amendments (CLIA)-certified laboratory (Caris Life Sci-
ences, Phoenix, AZ) were retrospectively reviewed. Our cohort included
an extensive dataset comprising 20,220 cases and the gene expression
levels of CDC37 exhibited a normal distribution (Fig. S2). The tumor
samples in the top (Q4, CDC37-highest quartile: n = 5055) and bottom
(Q1, CDC37-lowest quartile: n = 5055) quartile transcripts per million
for CDC37 expression were compared in this study. In compliance with
policy 45 CFR 46.101(b) (4), retrospective and de-identified clinical
data from the Caris dataset were utilized. Therefore, this part of the
analysis was considered IRB exempt and no patient consent was deemed
to be necessary.

2.2. Genome, transcriptome, and immunohistochemistry analyses

In part A, RNA was extracted from the FFPE tumor samples using the
High Pure FFPET RNA Isolation Kit (Roche) and RNeasy FFPE Kit
(QIAGEN) for the CALGB/SWOG 80405 and Japanese cohorts, respec-
tively. In the CALGB/SWOG 80405 cohort, sequencing was performed
using the HiSeq 2500 instrument (Illumina). RNA sequencing data were
normalized using a bioinformatics pipeline (MAPRSEQ v.3) [16]. In the
Japanese cohort, a custom-designed NanoString CodeSed was used to
measure the expression levels of genes including CDC37 using 250 ng of
the total RNA. Gene expression was quantified using the nCounter
Analysis System, and the data were normalized by using the nSolver
software (NanoString Technologies).

In part B, next-generation sequencing (NGS) on a 592-gene panel
(Caris MI TumorSeek panel) and whole transcriptome sequencing (WTS)
were performed using DNA and RNA isolated from the FFPE samples,
respectively (Supplementary Methods). In the NGS platform, gene mu-
tations categorized as “pathogenic” or “presumed pathogenic” accord-
ing to the American College of Medical Genetics and Genomics
standards were designated as “mutant” for each identified gene, whereas
those classified as “variant of unknown significance,” “presumed
benign,” and “benign” were considered as nonmutant (wild type). The
microsatellite and DNA mismatch repair system status was assessed
using a combination method of immunohistochemistry, fragment anal-
ysis, and NGS, with resulting status defined as either microsatellite
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instability-high (MSI-H)/deficient mismatch repair (AMMR) or micro-
satellite stable/proficient mismatch repair (Supplementary Methods).
PD-L1 expression was tested by immunohistochemistry using the SP142
antibody (Spring Biosciences). The staining intensity on the tumor cell
membrane was assessed on a semiquantitative scale, with 0 indicating
no staining; 1 + , weak staining; 2 + , moderate staining; and 3, strong
staining. Tumors exhibiting > 5% of tumor cells stained as 2 + or 3 +
were considered PD-L1 positive.

2.3. Statistical analysis

In part A, overall survival (OS) and PFS were compared between
patients with high and low CDC37 expressions among the patient group
treated with each targeted agent (bevacizumab- and cetuximab-treated
groups in the CALGB/SWOG 80405 cohort, and regorafenib-treated
group in the Japanese cohort). OS was defined as the time from study
entry (CALGB/SWOG 80405 cohort) or treatment start (Japanese
cohort) until death, whereas PFS was measured until the first docu-
mented progression or death. The CDC37 expression levels were cate-
gorized into high and low levels based on whether they were above or
below the median values in each cohort. The Kaplan-Meier method and
log-rank test were applied to estimate and compare the time-to-event
end points. A sensitivity analysis was performed using the quartiles of
CDC37 expression to compare the top and bottom quartiles in the
CALGB/SWOG 80405 cohort. The associations between CDC37 expres-
sion levels and time-to-endpoints were assessed using multivariable Cox
proportional hazards regression models, adjusting for age, sex, primary
tumor sidedness, KRAS status, BRAF status, MSI status, and backbone
chemotherapy in the CALGB/SWOG 80405 cohort, and sex, primary
tumor resection, RAS status, and number of metastatic sites in the Jap-
anese cohort. A treatment-by-biomarker interaction was tested by add-
ing a term to the adjusted models in the CALGB/SWOG 80405 cohort.
The P-values from the Cox models were computed from the likelihood
ratio tests.

In part B, the clinical and molecular features between Q4 and Q1

Table 1
Patient characteristics in the clinical cohort part.
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were compared. The MAPK pathway activity score (MPAS) and T-cell
inflamed signature were assessed, as previously described [17,18]. Gene
set enrichment analysis (GSEA) was performed between Q4 and Q1
using the WTS data. The quantification of the abundance of immune and
stromal cell populations in the tumor microenvironment (TME) was
assessed by performing a QuantiSEQ analysis using the WTS data.

Patients with any missing data were not included in each analysis. To
adjust the p-values for multiple hypothesis testing, the g-values were
calculated using the Benjamini-Hochberg method. All analyses were
two-sided, evaluated at a significance level of 0.05, and were performed
using SPSS v23 (IBM SPSS Statistics) and R v4.1.0 (R Foundation for
Statistical Computing, Vienna, Austria).

3. Results
3.1. Patient characteristics

Altogether, 483 patients were included in part A, comprising 226 in
the bevacizumab-, 207 in the cetuximab-, and 50 in the regorafenib-
treated groups. The patient characteristics in each group are shown in
Table 1. Male, Eastern Cooperative Oncology Group performance status
score 0, and left-sided tumor were predominant across all the groups.
Patients with RAS mutant tumors accounted for 14%, 17%, and 40% of
the bevacizumab-, cetuximab-, and regorafenib-treated groups, respec-
tively. In the bevacizumab-treated group, the proportion of men was
significantly higher in the CDC37-high subgroup than in the CDC37-low
subgroup (Table S1). In the cetuximab-treated group, the proportions of
KRAS mutant and primary tumor resected patients were significantly
higher in the CDC37-high subgroup than in the CDC37-low subgroup
(Table S2). In the regorafenib-treated group, the patients’ characteristics
were approximately balanced between the CDC37-high and CDC37-low
subgroups (Table S3).

The patient characteristics in part B are shown in Table S4.
Compared to the CDC37-low patients (Q1), the CDC37-high patients
(Q4) had higher proportions of male sex, left-sided tumor, and tumor

CALGB/SWOG 80405 cohort

Japanese cohort

Bevacizumab group (N = 226)

Cetuximab group (N = 207) Regorafenib group (N = 50)

Age Median (Range) 60 (24-80)
Sex Male 146 (65%)
Female 80 (35%)
ECOG PS 0 131 (58%)
1 95 (42%)
2 0 (0%)
Primary tumor sidedness Right 95 (42%)
Left 128 (57%)
Unknown 3 (1%)
Primary tumor resection Yes 214 (95%)
No 9 (4%)
Unknown 3 (1%)
Number of metastatic sites 1 118 (52%)
>2 106 (47%)
Unknown 2 (1%)
RAS (KRAS) wild 193 (85%)
Mutant 32 (14%)
Unknown 1 (0.4%)
BRAF wild 175 (77%)
Mutant 37 (16%)
Unknown 14 (6%)
MSI status MSI-H 18 (8%)
MSI-L 9 (4%)
MSS 181 (80%)
Unknown 18 (8%)
Backbone chemotherapy FOLFOX 174 (77%)
FOLFIRI 52 (23%)

59 (30-83) 64 (40-80)
125 (60%) 31 (62%)
82 (40%) 19 (38%)
120 (58%) 33 (66%)
87 (42%) 16 (32%)
0 (0%) 1 (2%)
74 (36%) 14 (28%)
130 (63%) 36 (72%)
3 (1%) 0 (0%)
196 (95%) 41 (82%)
10 (5%) 9 (18%)
1 (0.5%) 0 (0%)
104 (50%) 12 (24%)
102 (49%) 38 (76%)
1 (0.5%) 0 (0%)
172 (83%) 30 (60%)
35 (17%) 20 (40%)
0 (0%) 0 (0%)
159 (77%) 0 (0%)
23 (11%) 0 (0%)
25 (12%) 50 (100%)
11 (5%) 0 (0%)
10 (5%) 0 (0%)
151 (73%) 0 (0%)
35 (17%) 50 (100%)
149 (72%) -
58 (28%) -

Abbreviations: ECOG, Eastern Cooperative Oncology Group; MSI-H, microsatellite instability high; MSI-L, microsatellite instability low; MSS, microsatellite stable; PS,

performance status.
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samples obtained from the primary tumor.

3.2. Association between CDC37 expression and efficacy of bevacizumab/
cetuximab (part A: CALGB/SWOG 80405 trial cohort)

First, the analyses were performed based on the median value as a
cutoff for the CDC37-high and low groups. In the overall population
analysis, combining both the bevacizumab and cetuximab groups,
multivariate analysis did not reveal CDC37 gene expression levels as a
significant prognostic factor (CDC37-high vs. CDC37-low, median OS
33.5 vs. 29.2 months, adjusted hazard ratio [HR] 0.90, 95% confidence
interval [CI] 0.72-1.12, p = 0.34) (Fig. S3). In the bevacizumab-treated
group, the patients with CDC37-high tumors showed significantly better
PFS than those with CDC37-low tumors (median 13.3 vs. 9.6 months,
adjusted HR 0.59, 95% CI 0.44-0.79, p < 0.01) (Figure 1A). However,
the OS was not significantly different between the CDC37-high and
CDC37-low patients (median 33.5 vs. 29.4 months, adjusted HR 0.82,
95% CI 0.60-1.12, p = 0.20) (Figure 1B). In the cetuximab-treated
group, no significant differences in PFS or OS were observed between
the CDC37-high and CDC37-low patients (median PFS, 11.3 vs. 11.0
months, adjusted HR 1.08, 95% CI 0.81-1.45, p = 0.60; median OS, 33.7

A

1.00 Bevacizumab arm
o Median PFS  Log-rank
o 0.75 | (months) P-value
s 0.
4 low 9.6 <0.01
= high 13.3
]
g 0.50 1 Adjusted HR (95% CI)
o :0.59 (0.44-0.79), p <0.01
3
©
g 0.25 A
%]
L

== |ow
0.00 { =* high

0 24 48 72 96
Months since randomization
Number at risk

low 121 13 3 0 0
high 105 22 11 3 0
C .
Cetuximab arm
1.00
E Median PFS  Log-rank
5 0.75 (months) P-value
2 low 11.0
5 high 11.3 0.74
£ 0.50
g Adjusted HR (95% Cl)
° :1.08 (0.81-1.45), p = 0.60
©
£ 025
(7]
L
= low
0.00 { == high e
0 24 48 72 96

Months since randomization
Number at risk

low 100 15 7 0 0
high 107 17 3 2 1
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vs. 26.1 months, adjusted HR 1.00, 95% CI 0.73-1.38, p = 0.98)
(Figure 1C-D). The interaction between CDC37 expression and treat-
ment was found to be significant for PEFS (p = 0.01) but not for OS (p =
0.30).

The significant association between CDC37 expression and the effi-
cacy of bevacizumab was observed in terms of PFS, irrespective of KRAS
mutation status (Fig. S4A, S4C). Regarding OS, a significant association
was found only in patients with KRAS mutant tumor (Fig. S4B, S4D). On
the other hand, there was no significant association between CDC37
expression and the efficacy of cetuximab, regardless of the presence or
absence of KRAS mutations (Fig. S5A-D). In patients with KRAS wild-
type and left-sided tumor treated with bevacizumab-based chemo-
therapy, patients with CDC37-high tumor exhibited a significantly better
PFS but had an equivalent OS compared to those with CDC37-low tumor
(Fig. S6A-B). However, there was no significant association observed
between CDC37 expression and the efficacy of cetuximab-based
chemotherapy in patients with KRAS wild-type and left-sided tumor
(Fig. S6C-D).

Next, we analyzed the survival outcomes based on the quartiles of
CDC37 expression. In the bevacizumab-treated group, patients in the top
CDC37 quartile showed significantly better PFS (median 15.8 vs. 9.0

B
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» Median OS  Log-rank
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5 0.751
> low 294 0.24
% high 33.5
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Fig. 1. The Kaplan-Meier curves stratified by CDC37 expression using the median cutoff in patients treated with bevacizumab- or cetuximab-based first line
chemotherapy (CALGB/SWOG 80405 trial cohort). (A) PFS in the bevacizumab arm. (B) OS in the bevacizumab arm. (C) PFS in the cetuximab arm. (D) OS in the
cetuximab arm. Abbreviations: CI, confidence interval; HR, hazard ratio; OS, overall survival; PFS, progression-free survival.
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months, log-rank p < 0.01) and OS (median 34.7 vs. 29.1 months, log-
rank p = 0.04) than those in the bottom quartile (Fig. S7A-B). In the
cetuximab-treated group, however, no significant differences in PFS or
OS were observed between the top and bottom quartiles (Fig. S7C-D).

3.3. Association between CDC37 expression and regorafenib efficacy (part
A: Japanese retrospective cohort)

In the regorafenib-treated group, patients with CDC37-high tumors
showed significantly better PFS than those with CDC37-low tumors
(median 3.5 vs. 1.9 months, adjusted HR 0.51, 95% CI 0.28-0.94,
p = 0.03) (Figure 2A). Similarly, the OS was significantly better in the
CDC37-high patients than in the CDC37-low patients (median 11.3 vs.
6.0 months, adjusted HR 0.24, 95% CI 0.11-0.54, p < 0.01) (Figure 2B).

3.4. Comparison of the molecular profiles between CDC37-high and
CDC37-low CRCs (part B)

CDC37-high CRC (Q4) displayed significantly higher frequencies of
APC (76.9% vs 72.3%, p < 0.05, g < 0.05), TP53 (75.5% vs 71.8%,
p <0.05, g < 0.05), and TCF7L2 (5.0% vs 3.5%, p < 0.05, ¢ < 0.05)
mutations than CDC37-low CRC (Q1) (Figure 3A). The MSI-H/dMMR
frequency and PD-L1 positivity rate were similar between the CDC37-
high and CDC37-low CRCs (Figure 3B). The expression levels of
HSP90AA1 and HSP90ABI (both genes encoding HSP90) were signifi-
cantly higher in CDC37-high CRCs (2.9-fold and 2.6-fold in median,
respectively; p < 0.05, ¢ < 0.05) (Figure 3C). Both MPAS and T-cell
inflamed signatures were significantly higher in CDC37-high CRCs
(p < 0.05, g < 0.05) (Figure 3D). Gene expressions of VEGFA (3.0-fold in
median; p < 0.05, g < 0.05), FLT1 (3.0-fold in median; p < 0.05, q <
0.05), and KDR (2.8-fold in median; p < 0.05, g < 0.05) were signifi-
cantly higher in CDC37-high CRCs (Fig. S8). GSEA showed that several
signaling pathways, including KRAS, TGF-beta, hypoxia, and PI3K/
AKT/MTOR pathways, were enriched in CDC37-high CRC (p < 0.05)
(Table S5). In the QuantiSEQ analysis, the infiltration of NK cells, Tregs,
neutrophils, M1 macrophages, and B-cells were significantly greater in
CDC37-high CRC (p < 0.05, g < 0.05) (Fig. S9).

4. Discussion

The activities of kinases are controlled by the CDC37-HSP90 chap-
erone system, with CDC37 being a key determinant of client kinase
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recruitment [10]. We focused on kinase-specific dependency on the
CDC37-HSP90 chaperone system and tested the predictive value of
CDC37 expression in mCRC patients receiving anti-VEGF or anti-EGFR
targeted therapy. We showed for the first time that patients with
CDC37-highly expressed mCRC might derive more benefit from bev-
acizumab and regorafenib but not from cetuximab, suggesting a novel
personalized approach for targeted therapies based on the CDC37
expression levels in patients with mCRC. Our large molecular profiling
analyses revealed that CDC37-highly expressed CRC was associated with
the activation of angiogenesis-relating pathways, which supports the
sensitivity to anti-VEGF therapies in CDC37-high CRC. Additionally,
positive linkage to immunosuppressive TME and T-cell inflamed signa-
ture suggested CDC37 as a potential target for novel drug development.

In the analyses using both median and quartile cutoff values, we
showed significantly better survival benefit from bevacizumab among
patients with CDC37-highly expressed CRC as compared to those with
CDC37-poorly expressed CRC. This finding was independent of the
presence or absence of KRAS mutations. The results can be explained by
the fact that multiple components of tumor angiogenesis are dependent
on the CDC37-HSP90 chaperone system. First, VEGFR2 is thought to be
a client kinase of HSP90 [19]. Second, HSP90 maintains endothelial cell
functions via a direct interaction with the AKT/eNOS signaling axis that
modulates VEGF-induced vessel formation [20]. Third, HSP9O0 stabilizes
the function of hypoxia-inducible factor-a (HIF-1a), an essential tran-
scription factor for tumor angiogenesis, resulting in VEGF production
[21]. Consistently, the results of our molecular profiling analysis showed
that CDC37-high CRC harbored high expression levels of
HSP90-encoding genes and VEGFA/FLT1/KDR, and exhibited enriched
hypoxia signaling. Thus, it is strongly suggested that VEGF/VEGFR and
its relevant signaling pathways are highly dependent on the
CDC37-HSP90 system, which might be an indication of a significant
predictive value of CDC37 expression for anti-VEGF therapy
responsiveness.

We showed no significant associations between CDC37 expression
and cetuximab efficacy. This result was consistent across multiple sub-
groups based on KRAS status and the primary tumor sidedness. Theo-
retically, the mature form of EGFR is not associated with the CDC37-
HSP90 chaperone system [2]. Thus, our findings indicate that the
effectiveness of EGFR inhibitor might not be affected by CDC37 func-
tion. Of note, CDC37 expression displayed a significant interaction with
treatment in the CALGB/SWOG 80405 trial cohort in terms of PFS. Our
results could suggest a novel treatment approach based on the CDC37
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Fig. 2. The Kaplan-Meier curves stratified by CDC37 expression in patients treated with regorafenib (Japanese retrospective cohort). (A) PFS. (B) OS. Abbreviations:
CI, confidence interval; HR, hazard ratio; OS, overall survival; PFS, progression-free survival.
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expression levels, when selecting targeted agents in the first-line
chemotherapy of mCRC.

Remarkably, we also showed clear differences in the survival out-
comes by CDC37 expression in regorafenib-treated patients, with
significantly longer OS and PFS in patients with CDC37-high tumors.
Our findings were consistent with the reported efficacy of bevacizumab,
given the mechanism of action of regorafenib that inhibits a variety of
HSPI0 client kinases, including VEGFR1-3, BRAF, CRAF, TIE1, CSF1R,
FGFR1, PDGFRB, RET, and c-KIT [22]. Additionally, a recent study
showed another mechanism of action of ATP-competitive inhibitors,
wherein they antagonize CDC37 binding to kinases, thereby depriving
the client kinase of access to the HSP90 chaperone system, resulting in
kinase degradation [23]. This mechanism of action has been reported for
protein kinase inhibitors, including sorafenib, vemurafenib, lapatinib,
and erlotinib. Although regorafenib has not been directly evaluated in
this context, it is possible that regorafenib’s antitumor efficacy may be
part of kinase degradation due to its similarity to sorafenib. Thus, we
thought that CDC37-highly expressed CRC, in which the kinase activity
is highly dependent on CDC37 function, might be effectively inhibited
by regorafenib. In fact, our molecular profiling analyses showed that

CDC37-highly expressed CRCs were associated with broad activation of
kinase-related signaling pathways, such as MAPK and PI3K/AKT/m-
TOR. Further translational studies are warranted to validate our
findings.

Interestingly, the CDC37-HSP90 chaperone system facilitates the
malignant behaviors of cancer cells including immune evasion [24]. A
possible mechanism may be that the stabilized HSP90 client proteins are
involved in TME modulation favorable to the survival of cancer cells
[25]. For example, PD-L1 expression is well known to be upregulated by
the HSP9O client proteins, such as HIF-1a and JAK2 [25,26]. Addition-
ally, the CDC37-HSP90 chaperone system that directly impacts the
VEGF/VEGFR pathway may regulate other microenvironmental factors
such as Treg [25]. We consistently showed that CDC37-highly expressed
CRC was associated with immunosuppressive TME with abundance of
immune cell infiltrates including Treg and activation of T-cell inflamed
signature. These findings suggest a novel treatment approach modu-
lating the TME through targeting HSP90 in combination with immune
checkpoint inhibitors, which may elicit T-cell mediated antitumor im-
munity, particularly in CDC37-highly expressed CRC.

The present study had several limitations. First, the retrospective
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design could not completely exclude any selection bias. Second, we
tested the association between CDC37 expression and regorafenib effi-
cacy only in one relatively small cohort, limiting the conclusion of
whether CDC37 is predictive or prognostic in refractory patients. We did
note a significant interaction between CDC37 expression and treatment
in terms of PFS in the CALGB/SWOG 80405 trial cohort. Thus, CDC37
expression has a predictive value in first-line treatments. Lastly, gene
expression was tested by using different assays in each cohort. There-
fore, the optimal cutoff value for CDC37 gene expression levels needs to
be determined through multiple validations in the future. We believe
that a simple cutoff value, dividing patient groups into two groups,
would be reasonable for clinical implementation.

In conclusion, patients with CDC37-highly expressed (CDC37-
dependent) CRCs derive more benefit from bevacizumab and regor-
afenib, with both of them targeting HSP90 client kinases and/or relevant
signaling pathways, but not from cetuximab, which targets a HSP90
non-client kinase. Significant associations between CDC37 expression
and activation of kinase-related signaling pathways, and aberrant TME
support the kinase-stabilizing function of the CDC37-HSP90 chaperone
system in CRC. Further validation studies are warranted to develop a
novel personalized approach in targeted therapies based on CDC37
expression in mCRC.
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