
Abstract. Background/Aim: Hyaluronic acid (HA) is a large
glycosaminoglycan composed of an extracellular matrix. The
HA-rich microenvironment and receptors of HA have been
suggested to play roles in cancer progression. The biological
and clinical significance of receptor for HA-mediated motility
(RHAMM), known as CD168 in prostate cancer (PC) remains
unknown. This study aimed to investigate the expression of
RHAMM, as well as its functional and clinical relevance in PC.
Materials and Methods: HA concentration and RHAMM mRNA
expression were examined in 3 PC cell lines (LNCaP, PC3 and
DU145). We investigated the effect of HA and RHAMM on the
migratory ability of PC cells using a transwell migration assay.
Immunohistochemistry was also used to evaluate the RHAMM
expression pattern in pre-treatment tissue samples from 99
patients with metastatic hormone-sensitive PC (HSPC) who
received androgen deprivation therapy (ADT). Results: HA was
secreted in all cultured PC cell lines. Among the total HA, low-
molecular-weight HA (LMW-HA) (<100 kDa) was detected all
examined cell lines. The number of migration cells was

significantly increased by adding LMW-HA. RHAMM mRNA
expression was increased in DU145 cells. Knockdown of
RHAMM using small-interfering RNA resulted in decreased cell
migration. Immunohistochemical analysis revealed strong
RHAMM expression in 31 (31.3%) patients with metastatic
HSPC. A strong RHAMM expression was significantly
associated with short ADT duration and poor survival in
univariate and multivariate analyses. Conclusion: The size of
HA is important in terms of PC progression. LMW-HA and
RHAMM enhanced PC cell migration. RHAMM could be used
as a novel prognostic marker in patients with metastatic HSPC.

Androgen deprivation therapy (ADT) is a gold-standard
treatment for patients with metastatic prostate cancer (PC).
Metastatic hormone-sensitive PC (HSPC) progresses to
castration-resistant PC (CRPC) despite a favorable initial ADT
response. Recently, guidelines recommended a combination of
abiraterone, apalutamide, or enzalutamide with ADT as first-
line therapy for patients with metastatic HSPC (1, 2). However,
a large retrospective study using real-world data in the United
States revealed that approximately 43% of patients received
ADT alone as first-line therapy for metastatic HSPC (3).
Additionally, we previously demonstrated that some patients
with metastatic HSPC achieved long-term survival under ADT
alone (4). Therefore, biomarkers to effectively predict primary
ADT response are required.

The microenvironment surrounding the tumor cells plays
an important role in cancer progression. Hyaluronic acid
(HA) is a large glycosaminoglycan composed of an
extracellular matrix. A previous study revealed that HA-rich
stroma promotes tumor progression in various cancer cells
(5-7). HA was detected relatively frequently and abundantly
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in PC tissue (8). However, the relationship between PC cells
and HA concentration has rarely been reported.

The receptor for HA-mediated motility (RHAMM), also
known as CD168, is a specific HA receptor. Turley et al. (9,
10) were the first to identify this receptor as a soluble
binding partner of HA that is directly involved in tumor cell
locomotion by the regulation of Ras oncogene. HA binding
to RHAMM stimulates various signal cascades on the cell
surface (11). Previous studies have reported that RHAMM
overexpression was detected in several solid malignant
tumors and was associated with the invasion, progression
and poor prognosis of mammary carcinoma, pancreatic
ductal adenocarcinoma, gastric cancer, lung cancer, and
colorectal cancer (12-16). The functional significance of
RHAMM has yet to be comprehensively elucidated in PC,
although the association between RHAMM expression and
CRPC was previously studied (17-19). 

This study aimed to evaluate the concentration of HA and
mRNA levels of RHAMM in PC cell lines and elucidate the
effect of HA and RHAMM on the migratory ability of PC
cells. Additionally, we assessed the impact of RHAMM
expression on oncological outcomes of patients with
metastatic HSPC who received ADT.

Materials and Methods
Cell cultures. Three cell lines, LNCaP (androgen-sensitive cell line
derived from human PC), PC3 and DU145 (androgen-independent
cell lines derived from human PC) were used in this study. PC cell
lines were cultured in RPMI1640 medium (Life Technologies,
Grand Island, NY, USA) containing 10% fetal bovine serum (FBS)
and 1% streptomycin and penicillin in a 5% CO2 incubator at 37˚C.

HA concentration evaluation. After 48 h of cell culture, the culture
supernatant was collected. The HA concentration in the culture
supernatant was measured using the Quantikine ELISA Hyaluronan
Immunoassay (R&D Systems Inc., Minneapolis, MN, USA) (20).

Cell migration assay. The transwell cell migration assay was used
for determining the cell migration ability using cell culture inserts
equipped with a filter membrane containing 8 μm pores (BD
Biosciences, Franklin Lakes, NJ, USA), as described previously
(21). The lower chamber was filled with RPMI1640 containing 10%
FBS. The upper chamber was filled with 2.0×104 cells in the
RPMI1640 containing 1% FBS. After 24 h incubation, cells on the
bottom surface of the membrane were counted.

Quantitative real-time reverse transcription polymerase chain
reaction (RT-PCR). Total RNA was isolated from cells using the
RNeasy Mini Kit (QIAGEN GmbH, Hilden, Germany). Real-time
mRNA expression of RHAMM and a housekeeping gene (GAPDH)
for control was analyzed using TaqMan@ Gene Expression Assays
and Step One Plus real-time RT-PCR system (Thermo Fisher
Scientific Inc.) according to the previously described method for
pancreatic cancer by Cheng et al. (13). The assay numbers for these
genes were as follows: Hs00234864_m1 (RHAAM) and Hs02786
624_g1 (GAPDH).

RHAAM siRNA knockdown. The small-interfering RNA targeting for
RHAAM [ON-TARGETplus Human HMMR (3161) siRNA
SMARTpool L-010409-00-0005] and control siRNA (ON-
TARGETplus Control siRNA Non-targeting siRNA #1 D-001810-
01-05) (GE Healthcare, Buckinghamshire, UK) were used for
knockdown assay (21). Cells were transfected with 100 nM siRNA
using DharmaFECT 1 Transfection Reagent (GE Healthcare) for 48
h of treatment.

Patients. This study retrospectively reviewed 104 consecutive
patients with metastatic HSPC who had undergone conventional
ADT at the University of Occupational and Environmental Health
(UOEH; Kitakyushu, Japan) from August 2005 to August 2018. Only
patients with histologically-confirmed prostatic adenocarcinoma
were included. The analysis included 99 patients after the exclusion
of 5 patients due to incomplete clinical data. We collected pre-
treatment tissue samples from trans-rectal prostate biopsy for
diagnosis. The clinical tumor stage was defined according to the
tumor, lymph nodes, and metastasis (TNM) staging system (22). The
patient’s clinical information and follow-up data were retrieved from
the medical records of our department. The present study protocol
was approved by the UOEH Institutional Review Board (approval
no. UOEHCRB19-050).

Immunohistochemical staining of RHAMM. Immunohistochemistry
studies were carried out using the polymer-based detection with
antibodies conjugated to an enzyme labeled dextran chain for
antibody-bridge labelling (EnVision; Dako, Glostrup, Denmark).
Nuclear counterstaining was performed with hematoxylin. Formalin
fixed paraffin embedded tissue blocks were cut at 4-µm unstained
sections, they were deparaffinized in xylene, and hydrated in
ethanol. Sections were blocked for the endogenous peroxidase
activity by incubating in 10% H2O2 for 5 min. Subsequently,
sections were rinsed and incubated with a primary antibody
targeting RHAMM (anti-CD168 antibodies, ab124729, Abcam,
Cambridge, MA, USA) at a dilution of 1: 50 overnight, followed by
the second antibody-peroxidase-linked polymers. Sections were
examined under the light microscopy. At first, we scanned each
section at low power for entire fields (original magnification: ×40)
using tumor and non-tumor tissues, respectively. Then the tumor
region at a high-power field (original magnification: ×200) was
observed to grade the neoplastic cells by the Gleason system
(Gleason score of 6-10) (23) and determine the distribution. The
normal prostate gland was used as the positive control for RHAMM
immunohistochemistry.

The immunoreactivity degree for RHAMM was assessed
according to the previously described scoring method by Cheng et al.
(24) with a minor modification, which combined intensity and
percentage of positivity. The entire staining intensity was graded (0-
3+) and was calculated by multiplying the percentage of RHAMM
positive cells in the Gleason score (e.g., 0×100% = 0; +1×50%=50;
and +3×100%=300). Therefore, each specimen was evaluated with a
staining score between 0 and 600. Finally, we divided all patients into
two groups to simply classify the staining pattern as follows: weak
expression (scores of 0-300) or strong expression (scores of 301-600).
All immunohistochemical slides were scored by two independent
researchers (A.M. and H.N.) who were blinded to the clinical data.

Statistical analysis. All statistical analyses were performed using
EZR version 1.40 (Easy R, Vienna, Austria). Differences between
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categorical variables were examined by the Fisher’s exact test,
whereas continuous variables were compared using the Mann–
Whitney U-test. Time to prostate-specific antigen (PSA) progression
and overall survival (OS) were evaluated using the Kaplan–Meier
method and log-rank test. The associations between the
clinicopathological factors and time to mortality were assessed
using the Cox proportional hazard models. A p-values of <0.05 was
considered to indicate statistical significance.

Results
HA levels in PC cells. HA was secreted in all PC cell lines
(Figure 1). Low-molecular-weight HA (LMW-HA) (<100
kDa) was also detected in each cell line among the total HA.

Effects of adding HA on PC cells. We examined the changes
in DU145 cell migration by adding exogenous high-
molecular-weight HA (HMW-HA) (>1,000 kDa) and LMW-
HA. The number of migration cells was significantly
increased by adding HMW-HA, and more robustly by adding
LMW-HA (p<0.01; Figure 2).

Effects of RHAMM expression and migration in PC cells.
Real-time RT-PCR showed higher expression of the RHAMM
mRNA in the DU145 cells compared to LNCAP and PC3
cells (Figure 3). Then, we used siRNA to knock-down
RHAMM expression in DU145. The transwell migration
assay showed that RHAMM knockdown significantly
decreased the DU145 cell migration compared to the control
(non-target siRNA transfection) (p<0.01; Figure 4).

Immunohistochemical analysis of RHAMM in PC tissues.
RHAMM expression was predominantly found in the
cytomembrane and cytoplasm of tumor cells (Figure 5). Of
the 99 specimens examined, 68 (68.7%) revealed weak

RHAMM expression, while 31 (31.3%) revealed strong
expression according to the scoring method.

Association between RHAMM expression and prognosis in
patients with metastatic HSPC. The clinicopathological
characteristics of patients stratified by RHAMM expression
are summarized in Table I. No significant differences were
found between the groups in terms of age, PSA levels,
Gleason score, clinical tumor stage, node status, presence of
visceral metastasis and number of bone metastasis.

The median follow-up time was 37 months [interquartile
range (IQR)=21-61], during which 71 (71.7%) patients
experienced PSA progression with median time of 14
(IQR=9-29) months, whereas 52 (52.5%) died from PC. A
strong RHAMM expression was significantly associated with
a shorter time to PSA progression after ADT initiation, as
shown in Figure 6A (p<0.001). The median time to
progression of patients with RHAMM-weak and -strong
expression groups was 29 and 10 months, respectively.
Patients in the RHAMM-strong expression group had poorer
OS values compared to those in the RHAMM-weak
expression group (p<0.001; Figure 6B). The median OS of
RHAMM-weak and -strong expression groups was 87 and
23 months, respectively.

Table II presents the results of univariate and multivariate
Cox proportional hazards regression analyses predicting OS
after adjusting for clinicopathological characteristics.
Accordingly, RHAMM expression was identified as an
independent predictor of OS (HR=5.97; 95% CI=3.05-11.70;
p<0.001). Moreover, the time to PSA progression on ADT
was significantly associated with survival outcomes.

Discussion

RHAMM exerts distinct functions that potentiate tumor
progression in human malignancies (12-16), but the role of
RHAMM in PC remains unknown. The current study was
conducted using cell migration assay and immunohisto-
chemistry to assess the influence of the HA-RHAMM
pathway on oncological PC outcomes. Our study indicated
that RHAMM contributes to PC cell migration and clarified
the correlation between the RHAMM expression pattern and
the survival of patients with metastatic HSPC.

This study revealed that HA, including LMW-HA, was
secreted from cultured PC cells. Interestingly, the addition of
LMW-HA to cultured PC cells more robustly increased their
migratory ability than addition of HMW-HA. Several studies
have shown that LMW-HA promotes cancer growth and
metastasis in pancreatic and breast cancer (7, 25). Our results
suggest that the size of HA is important in terms of its effect
on PC progression. Aaltomaa et al. (26) reported that HA
expression was associated with PSA recurrence in localized
PC. Further, Lipponen et al. (27) revealed that a high HA
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Figure 1. Hyaluronic acid levels in DU145, LNCAP and PC3 cell lines
as measured by the Quantikine ELISA Hyaluronan Immunoassay. HA:
Hyaluronic acid; LMW-HA: low-molecular-weight hyaluronic acid.



level in the tumor stroma predicted metastasis and poor
survival outcome.

RHAMM is a multifunctional protein that controls
differential response to injury contexts (28). Normal prostatic
tissue dose not express RHAMM (19). RHAMM expression
was not an independent prognostic factor although previous
studies have shown increased RHAMM expression in PC (18,
19). Most RHAMM expression analyses revealed that elevated
RHAMM expression was associated with worse prognostic
factor in many cancers, including breast cancer (29), oral
squamous cell carcinoma (30), ovarian cancer (31), lung
cancer (15), colon cancer (16), gastric cancer (14), and
pancreatic cancer (13). Our study demonstrated that RHAMM
overexpression enhances the malignant potential of PC.
Previous studies revealed that the migratory ability of
RHAMM was particularly evident in various breast cancer cell
lines (12, 32, 33). The binding of HA to RHAMM induced
focal adhesion kinase and enhances the mitogen-activated
protein kinase family (Ras-MEK-ERK signaling pathway) in
various cancers (34). This complex could stimulate these
kinase cascades and promotes cell migration and invasion.
Additionally, activated RHAMM controls expression of genes
involved in cell motility such as PAI-1 and MMP-9, which
results in cell migration (11). Interestingly, RHAMM forms an
intracellular complex with BRCA1 and BRCA2 (28) and may
therefore contribute to a higher risk of PC.

Our findings suggest that the inhibition of HA synthesis
may be a straightforward therapeutic target for PC. Blocking
the HA-RHAMM signaling pathway may be a potent

inhibitor to suppress PC progression. Recently, Yates et al.
(35) demonstrated that 4-methylumbelliferone, which
inhibits HA synthesis, had significant efficacy against tumor
growth and metastasis in the PC model.

The present study revealed a significant difference in time
to PSA progression between strong and weak RHAMM
expression in patients who received conventional ADT alone.
Korkes et al. (19) showed that significant RHAMM
expression occurs as early as one month after ADT and
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Figure 3. Real-time RT-PCR analysis validated RHAMM mRNA
expression in DU145, LNCAP and PC3 cell lines. RT-PCR: Reverse
transcription polymerase chain reaction; RHAMM: receptor for
hyaluronic acid-mediated motility.  

Figure 2. Effects of HMW-HA and LMW-HA on the migration of prostate cancer cells in DU145 as assessed by the transwell migration assay.
HMW-HA: High-molecular-weight hyaluronic acid; LMW-HA: low-molecular-weight hyaluronic acid.



progressively increased with ADT duration. RHAMM could
be a novel marker predicting the ADT response duration in
patients with metastatic HSPC. Therefore, further
investigations comparing the effects of upfront combination
therapies with ADT to ADT alone according to RHAMM
expression are imperative. Conversely, conventional ADT
may be sufficient for the weak RHAMM expression.

This study has several limitations. First, we could not
investigate the relationship between RHAMM and androgen
receptor (AR). Therefore, it is important task to indicate that
RHAMM regulates AR expression in androgen-dependent PC
cell lines. Lin et al. (17) showed that overexpressed RHAMM
bound to AR. Second, we were unable to perform quantitative

immunohistochemical analyses regarding localized PC and
CRPC. Gust et al. (18) showed that the protein level of
RHAMM was highest in metastatic PC compared to localized
PC. Third, this study did not assess a role of CD44, a known
cancer stem cell marker and another major receptor for HA.
Evaluating the interactions between RHAMM and CD44 is
required to further validate our results shortly. 

The HA-RHAMM pathway was associated with an
aggressive PC phenotype. The size of HA is important in
terms of PC progression. LMW-HA enhanced PC cell
migration compared to HMW-HA. To our best knowledge,
for the first time, we revealed that knockdown of RHAMM
expression using siRNA resulted in decreased PC cell
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Figure 5. Representative immunohistochemistry for RHAMM staining (arrows) in prostate cancer tissues. RHAMM: Receptor for hyaluronic acid-
mediated motility.

Figure 4. Knockdown of RHAMM expression decreased migration in DU145 cells as shown by a transwell migration assay. RHAMM: Receptor for
hyaluronic acid-mediated motility; siRNA: small-interfering ribonucleic acid.
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Figure 6. Kaplan–Meier curves showing the prognostic value of RHAMM expression for time to PSA progression (A) and overall survival (B) after
ADT initiation. RHAMM: Receptor for hyaluronic acid-mediated motility; PSA: prostate-specific antigen; ADT: androgen deprivation therapy.

Table I. Relationship between RHAMM expression and patient characteristics.

Variable                                                                                                    RHAMM weak                                RHAMM strong                             p-Value
                                                                                                                         n=68                                                 n=31                                            

Age, years                                               Median (IQR)                             73 (68-78)                                        75 (67-80)                                   0.475 
PSA level at diagnosis (ng/ml)              Median (IQR)                       170.2 (72.3-603.5)                             141 (62.7-519.6)                              0.692 
Gleason score, n (%)                              <8                                                  10 (14.7)                                             1 (3.2)                                      0.165
                                                               ≥8                                                  58 (85.3)                                           30 (96.8)                                         

Tumor stage, n (%)                                 <cT3                                             20 (29.4)                                            6 (19.4)                                     0.335
                                                               ≥cT3                                             48 (70.6)                                           25 (80.6)                                         

Lymph node metastasis, n (%)               Negative                                       29 (42.6)                                           13 (40.9)                                    1.000 
                                                               Positive                                         39 (57.4)                                           18 (59.1)                                         

Visceral metastasis, n (%)                      Negative                                       55 (80.9)                                           26 (83.9)                                    0.787 
                                                               Positive                                         13 (19.1)                                            5 (16.1)                                          

Bone metastases, n (%)                          <4                                                  22 (32.4)                                            9 (29.1)                                     0.818 
                                                               ≥4                                                  46 (67.6)                                           22 (70.9)                                         

PSA: Prostate-specific antigen; IQR: interquartile range; RHAMM: receptor for hyaluronic acid motility.

Table II. Results of univariate and multivariate analyses for overall survival in patients after ADT. 

Variable                                                                Comparison                                                Univariate                                               Multivariate

                                                                                                                             HR (95% CI)              p-Value                 HR (95% CI)               p-Value

Age, years                                                            ≥74 vs. <74                          1.42 (0.82-2.44)               0.212               1.01 (0.56-1.82)              0.981 
PSA level at diagnosis (ng/ml)                           ≥170 vs. <170                      1.13 (0.66-1.95)               0.658               0.98 (0.53-1.81)              0.958 
Gleason score                                                       ≥8 vs. <8                              2.42 (0.94-6.25)               0.067               1.46 (0.50-4.23)              0.488
Tumor stage                                                         ≥cT3 vs. <cT3                     1.42 (0.74-2.72)               0.292               1.55 (0.74-3.27)              0.245 
Lymph node metastasis                                       Presence vs. absence            1.94 (1.08-3.50)               0.028               1.83 (0.94-3.53)              0.074 
Visceral metastasis                                              Presence vs. absence            0.85 (0.40-1.81)               0.673               0.78 (0.32-1.91)              0.588 
Bone metastases                                                  ≥4 vs. <4                              1.86 (0.97-3.57)               0.061               1.66 (0.79-3.52)              0.183 
Time to PSA progression on ADT, months        <14 vs. ≥14                          5.03 (2.75-9.21)            <0.001                4.03 (2.05-7.91)            <0.001
RHAMM expression                                           Strong vs. weak                   6.42 (3.49-11.81)           <0.001               5.97 (3.05-11.70)           <0.001

PSA: Prostate-specific antingen; ADT: androgen deprivation therapy;  RHAMM: receptor for hyaluronic acid motility; HR: hazard ratio; CI:
confidence interval.



migration. We believe that our study provides a better
understanding of the significance of RHAMM in terms of the
biological behavior of PC.

In conclusion, increased RHAMM expression was
associated with higher malignant potential of PC. RHAMM
overexpression could be an independent predictor of survival
in patients with metastatic HSPC who received ADT.

Conflicts of Interest
The Authors declare no competing interests in relation to this study.

Authors’ Contributions

AM: Conceptualization, investigation, data curation, formal analysis
and writing of the original manuscript. YK: investigation and
writing of the original manuscript. HN: pathologic assessment and
reviewing. SK: conceptualization and reviewing. YH: data curation.
NS and KH a: supervision. NF: reviewing and supervision. All
Authors discussed, verified, and approved the final version of the
manuscript.

Acknowledgements

We would like to thank Ms. Aono (Research Assistant, Department
of Urology, University of Occupational and Environmental Health,
Kitakyushu, Japan) for her technical assistance.

References

1 Cornford P, van den Bergh RCN, Briers E, Van den Broeck T,
Cumberbatch MG, De Santis M, Fanti S, Fossati N, Gandaglia G,
Gillessen S, Grivas N, Grummet J, Henry AM, der Kwast THV,
Lam TB, Lardas M, Liew M, Mason MD, Moris L, Oprea-Lager
DE, der Poel HGV, Rouvière O, Schoots IG, Tilki D, Wiegel T,
Willemse PM and Mottet N: EAU-EANM-ESTRO-ESUR-SIOG
Guidelines on prostate cancer. Part II-2020 update: Treatment of
relapsing and metastatic prostate cancer. Eur Urol 79(2): 263-282,
2021. PMID: 33039206. DOI: 10.1016/j.eururo.2020.09.046

2 Lowrance WT, Breau RH, Chou R, Chapin BF, Crispino T, Dreicer
R, Jarrard DF, Kibel AS, Morgan TM, Morgans AK, Oh WK,
Resnick MJ, Zietman AL and Cookson MS: Advanced prostate
cancer: AUA/ASTRO/SUO guideline PART II. J Urol 205(1): 22-
29, 2021. PMID: 32960678. DOI: 10.1097/JU.0000000000001376

3 Wallis CJD, Malone S, Cagiannos I, Morgan SC, Hamilton RJ,
Basappa NS, Ferrario C, Gotto GT, Fernandes R, Niazi T,
Noonan KL, Saad F, Hotte SJ, Hew H, Chan KFY, Wyllie LP
and Shayegan B: Real-world use of androgen-deprivation
therapy: intensification among older Canadian men with de novo
metastatic prostate cancer. JNCI Cancer Spectr 5(6): pkab082,
2021. PMID: 34926988. DOI: 10.1093/jncics/pkab082

4 Fujimoto N, Shiota M, Matsukawa T, Minato A, Tomisaki I,
Ohnishi R and Eto M: Three-month prostate-specific antigen level
after androgen deprivation therapy predicts survival in patients
with metastatic castration-sensitive prostate cancer. In Vivo 35(2):
1101-1108, 2021. PMID: 33622907. DOI: 10.21873/invivo.12355

5 Itano N, Zhuo L and Kimata K: Impact of the hyaluronan-rich
tumor microenvironment on cancer initiation and progression.

Cancer Sci 99(9): 1720-1725, 2008. PMID: 18564137. DOI:
10.1111/j.1349-7006.2008.00885.x

6 Sironen RK, Tammi M, Tammi R, Auvinen PK, Anttila M and
Kosma VM: Hyaluronan in human malignancies. Exp Cell Res
317(4): 383-391, 2011. PMID: 21134368. DOI: 10.1016/j.yexcr.
2010.11.017

7 Cheng XB, Kohi S, Koga A, Hirata K and Sato N: Hyaluronan
stimulates pancreatic cancer cell motility. Oncotarget 7(4): 4829-
4840, 2016. PMID: 26684359. DOI: 10.18632/oncotarget.6617

8 Jacobetz MA, Chan DS, Neesse A, Bapiro TE, Cook N, Frese
KK, Feig C, Nakagawa T, Caldwell ME, Zecchini HI, Lolkema
MP, Jiang P, Kultti A, Thompson CB, Maneval DC, Jodrell DI,
Frost GI, Shepard HM, Skepper JN and Tuveson DA:
Hyaluronan impairs vascular function and drug delivery in a
mouse model of pancreatic cancer. Gut 62(1): 112-120, 2013.
PMID: 22466618. DOI: 10.1136/gutjnl-2012-302529

9 Turley EA: Purification of a hyaluronate-binding protein fraction
that modifies cell social behavior. Biochem Biophys Res
Commun 108(3): 1016-1024, 1982. PMID: 6185115. DOI:
10.1016/0006-291x(82)92101-5

10 Hardwick C, Hoare K, Owens R, Hohn HP, Hook M, Moore D,
Cripps V, Austen L, Nance DM and Turley EA: Molecular
cloning of a novel hyaluronan receptor that mediates tumor cell
motility. J Cell Biol 117(6): 1343-1350, 1992. PMID: 1376732.
DOI: 10.1083/jcb.117.6.1343

11 Misra S, Hascall VC, Markwald RR and Ghatak S: Interactions
between hyaluronan and its receptors (CD44, RHAMM)
regulate the activities of inflammation and cancer. Front
Immunol 6: 201, 2015. PMID: 25999946. DOI: 10.3389/
fimmu.2015.00201

12 Assmann V, Gillett CE, Poulsom R, Ryder K, Hart IR and Hanby
AM: The pattern of expression of the microtubule-binding protein
RHAMM/IHABP in mammary carcinoma suggests a role in the
invasive behaviour of tumour cells. J Pathol 195(2): 191-196,
2001. PMID: 11592098. DOI: 10.1002/path.941

13 Cheng XB, Sato N, Kohi S, Koga A and Hirata K: Receptor for
hyaluronic acid-mediated motility is associated with poor
survival in pancreatic ductal adenocarcinoma. J Cancer 6(11):
1093-1098, 2015. PMID: 26516356. DOI: 10.7150/jca.12990

14 Ishigami S, Ueno S, Nishizono Y, Matsumoto M, Kurahara H,
Arigami T, Uchikado Y, Setoyama T, Arima H, Yoshiaki K,
Kijima Y, Kitazono M and Natsugoe S: Prognostic impact of
CD168 expression in gastric cancer. BMC Cancer 11: 106, 2011.
PMID: 21435222. DOI: 10.1186/1471-2407-11-106

15 Wang D, Narula N, Azzopardi S, Smith RS, Nasar A, Altorki
NK, Mittal V, Somwar R, Stiles BM and Du YN: Expression of
the receptor for hyaluronic acid mediated motility (RHAMM) is
associated with poor prognosis and metastasis in non-small cell
lung carcinoma. Oncotarget 7(26): 39957-39969, 2016. PMID:
27220886. DOI: 10.18632/oncotarget.9554

16 Mele V, Sokol L, Kölzer VH, Pfaff D, Muraro MG, Keller I,
Stefan Z, Centeno I, Terracciano LM, Dawson H, Zlobec I, Iezzi
G and Lugli A: The hyaluronan-mediated motility receptor
RHAMM promotes growth, invasiveness and dissemination of
colorectal cancer. Oncotarget 8(41): 70617-70629, 2017. PMID:
29050306. DOI: 10.18632/oncotarget.19904

17 Lin SL, Chang D, Chiang A and Ying SY: Androgen receptor
regulates CD168 expression and signaling in prostate cancer.
Carcinogenesis 29(2): 282-290, 2008. PMID: 18174258. DOI:
10.1093/carcin/bgm259

Minato et al: RHAMM and Prognosis in Prostate Cancer

209



18 Gust KM, Hofer MD, Perner SR, Kim R, Chinnaiyan AM,
Varambally S, Moller P, Rinnab L, Rubin MA, Greiner J,
Schmitt M, Kuefer R and Ringhoffer M: RHAMM (CD168) is
overexpressed at the protein level and may constitute an
immunogenic antigen in advanced prostate cancer disease.
Neoplasia 11(9): 956-963, 2009. PMID: 19724689. DOI:
10.1593/neo.09694

19 Korkes F, de Castro MG, de Cassio Zequi S, Nardi L, Del Giglio
A and de Lima Pompeo AC: Hyaluronan-mediated motility
receptor (RHAMM) immunohistochemical expression and
androgen deprivation in normal peritumoral, hyperplasic and
neoplastic prostate tissue. BJU Int 113(5): 822-829, 2014. PMID:
24053431. DOI: 10.1111/bju.12339

20 Kohi S, Sato N, Cheng XB, Koga A, Higure A and Hirata K: A
novel epigenetic mechanism regulating hyaluronan production
in pancreatic cancer cells. Clin Exp Metastasis 33(3): 225-230,
2016. PMID: 26589701. DOI: 10.1007/s10585-015-9771-9

21 Kohi S, Sato N, Koga A, Matayoshi N and Hirata K: KIAA1199
is induced by inflammation and enhances malignant phenotype
in pancreatic cancer. Oncotarget 8(10): 17156-17163, 2017.
PMID: 28179576. DOI: 10.18632/oncotarget.15052

22 Edge SB and Compton CC: The American Joint Committee on
Cancer: the 7th edition of the AJCC cancer staging manual and
the future of TNM. Ann Surg Oncol 17(6): 1471-1474, 2010.
PMID: 20180029. DOI: 10.1245/s10434-010-0985-4

23 Humphrey PA, Moch H, Cubilla AL, Ulbright TM and Reuter
VE: The 2016 WHO Classification of tumours of the urinary
system and male genital organs-Part B: Prostate and bladder
tumours. Eur Urol 70(1): 106-119, 2016. PMID: 26996659.
DOI: 10.1016/j.eururo.2016.02.028

24 Cheng XB, Sato N, Kohi S and Yamaguchi K: Prognostic impact
of hyaluronan and its regulators in pancreatic ductal
adenocarcinoma. PLoS One 8(11): e80765, 2013. PMID:
24244714. DOI: 10.1371/journal.pone.0080765

25 Wu M, Cao M, He Y, Liu Y, Yang C, Du Y, Wang W and Gao
F: A novel role of low molecular weight hyaluronan in breast
cancer metastasis. FASEB J 29(4): 1290-1298, 2015. PMID:
25550464. DOI: 10.1096/fj.14-259978

26 Aaltomaa S, Lipponen P, Tammi R, Tammi M, Viitanen J,
Kankkunen JP and Kosma VM: Strong stromal hyaluronan
expression is associated with PSA recurrence in local prostate
cancer. Urol Int 69(4): 266-272, 2002. PMID: 12444281. DOI:
10.1159/000066123

27 Lipponen P, Aaltomaa S, Tammi R, Tammi M, Agren U and
Kosma VM: High stromal hyaluronan level is associated with
poor differentiation and metastasis in prostate cancer. Eur J
Cancer 37(7): 849-856, 2001. PMID: 11313172. DOI:
10.1016/s0959-8049(00)00448-2

28 Messam BJ, Tolg C, McCarthy JB, Nelson AC and Turley EA:
RHAMM is a multifunctional protein that regulates cancer
progression. Int J Mol Sci 22(19): 10313, 2021. PMID:
34638654. DOI: 10.3390/ijms221910313

29 Wang C, Thor AD, Moore DH 2nd, Zhao Y, Kerschmann R, Stern
R, Watson PH and Turley EA: The overexpression of RHAMM, a
hyaluronan-binding protein that regulates ras signaling, correlates
with overexpression of mitogen-activated protein kinase and is a
significant parameter in breast cancer progression. Clin Cancer Res
4(3): 567-576, 1998. PMID: 9533523.

30 Zhu SW, Wang S, Wu ZZ, Yang QC, Chen DR, Wan SC and Sun
ZJ: Overexpression of CD168 is related to poor prognosis in oral
squamous cell carcinoma. Oral Dis 28(2): 364-372, 2022. PMID:
33386685. DOI: 10.1111/odi.13766

31 Buttermore ST, Hoffman MS, Kumar A, Champeaux A, Nicosia
SV and Kruk PA: Increased RHAMM expression relates to
ovarian cancer progression. J Ovarian Res 10(1): 66, 2017.
PMID: 28954627. DOI: 10.1186/s13048-017-0360-1

32 Wang XY, Tan JX, Vasse M, Delpech B and Ren GS: Comparison
of hyaluronidase expression, invasiveness and tubule formation
promotion in ER (–) and ER (+) breast cancer cell lines in vitro.
Chin Med J (Engl) 122(11): 1300-1304, 2009. PMID: 19567141.

33 Schwertfeger KL, Cowman MK, Telmer PG, Turley EA and
McCarthy JB: Hyaluronan, inflammation, and breast cancer
progression. Front Immunol 6: 236, 2015. PMID: 26106384.
DOI: 10.3389/fimmu.2015.00236

34 Sato N, Kohi S, Hirata K and Goggins M: Role of hyaluronan
in pancreatic cancer biology and therapy: Once again in the
spotlight. Cancer Sci 107(5): 569-575, 2016. PMID: 26918382.
DOI: 10.1111/cas.12913

35 Yates TJ, Lopez LE, Lokeshwar SD, Ortiz N, Kallifatidis G, Jordan
A, Hoye K, Altman N and Lokeshwar VB: Dietary supplement 4-
methylumbelliferone: an effective chemopreventive and therapeutic
agent for prostate cancer. J Natl Cancer Inst 107(7): djv085, 2015.
PMID: 25868577. DOI: 10.1093/jnci/djv085

Received November 27, 2022
Revised January 26, 2023

Accepted February 13, 2023

CANCER GENOMICS & PROTEOMICS 20: 203-210 (2023)

210


