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Abstract

Background—The clinical course of prostate cancer (PCa) measured by biochemical failure

(BF) after prostatectomy remains unpredictable in many patients, particularly in intermediate

Gleason score (GS) 7 tumors, suggesting that identification of molecular mechanisms associated

with aggressive PCa biology may be exploited for improved prognostication or therapy.

Hyaluronan (HA) is a high molecular weight polyanionic carbohydrate produced by synthases

(HAS1-3) and fragmented by oxidative/nitrosative stress and hyaluronidases (HYAL1-4, SPAM1)

common in PCa microenvironments. HA and HA fragments interact with receptors CD44 and

HMMR resulting in increased tumor aggressiveness in experimental PCa models. We evaluated

the association of HA-related molecules with BF after prostatectomy in GS7 tumors.
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Methods—Tissue microarrays were constructed from a 96-patient cohort. HA histochemistry and

HAS2, HYAL1, CD44, CD44v6, and HMMR immunohistochemistry were quantified using

digital pathology techniques.

Results—HA in tumor-associated stroma and HMMR in malignant epithelium were significantly

and marginally significantly associated with time to BF in univariate analysis, respectively. After

adjusting for clinicopathologic features, both HA in tumor-associated stroma and HMMR in

malignant epithelium were significantly associated with time to BF. Although not significantly

associated with BF, HAS2 and HYAL1 positively correlated with HMMR in malignant

epithelium. Cell culture assays demonstrated that HMMR bound native and fragmented HA,

promoted HA uptake, and was required for a pro-migratory response to fragmented HA.

Conclusions—HA and HMMR are factors associated with time to BF in GS7 tumors,

suggesting that increased HA synthesis and fragmentation within the tumor microenvironment

stimulates aggressive PCa behavior through HA-HMMR signaling.
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Introduction

In 2013, an estimated 239,000 men will be diagnosed with prostate cancer (PCa) and 28,000

men will suffer PCa-specific mortality in the United States.1 Aggressive PCa is frequently

characterized as disease leading to biochemical failure (BF) following prostatectomy, per a

standard definition of rising serum PSA after post-operative low nadir proposed by the

American Urological Association.2 Clinical failure defined as systemic progression and/or

local tumor recurrence is essentially always preceded by BF, and due to its high sensitivity

for clinical failure and routine availability in clinical laboratories worldwide BF can serve as

a “gold standard” for PCa outcome.3

Recently published clinical trials highlight concerns about overtreatment of men with PCa

identified by PSA screening and biopsy since many of these patients have indolent tumors.4

For example, mathematical modeling studies estimate that without treatment 50–62% of

tumors detected through PSA screening and biopsy would not otherwise be clinically

recognized, whereas the remaining 38–50% would become symptomatic within 7–14 years

after PSA-detected diagnosis.5 This heterogeneity is especially evident among Gleason score

(GS) 7 tumors which contain both Gleason patterns 3 (GP3) and 4 (GP4): GS7 tumors with

primary GP3 have an increased biochemical recurrence-free and cancer-specific survival

compared to GP4.6 Recent studies demonstrate extensive chromosomal alterations and

molecular heterogeneity between GP3 and GP4 adenocarcinoma further supporting the

feasibility of identifying additional molecular targets in PCa.7

HA is an extracellular matrix glycosaminoglycan composed of repeating glucuronic acid and

N-acetylglucosamine disaccharides. HA signaling is implicated in tumor growth, migration,

angiogenesis, and metastasis in PCa.8 A complex “hyaluronome” that mediates the functions

and metabolism of HA consists of HA synthases (HAS1-3), multiple extracellular and
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cellular HA binding proteins/receptors, and hyaluronidases (HYAL1-4, SPAM1) which

depolymerize HA into fragments of varying sizes.8 Several lines of evidence suggest that the

relative amounts of fragmented HA in tumor-associated stroma critically determine the

biological effects of HA on tumor progression. For example, studies using an orthotopic PCa

mouse model show that tumor cell expression of HAS2 or HAS3 increases HA

accumulation, tumor growth, and angiogenesis.9 Further, co-expression of HAS2 or HAS3

with HYAL1 (increasing HA fragmentation) is synergistic and results in higher metastatic

lymph node tumor burden compared to HAS-only expressing tumor cells.10 In human tumor

specimens, HA (measured using biotinylated HA binding protein; bHABP) and HYAL1 are

associated with BF and increased grade.11,12 Fragmented HA is produced both by local

enzymatic action of hyaluronidases and reactive oxygen/nitrogen species,13 and is common

in high grade clinical PCa specimens.12 Collectively, these data predict that HA is most

pathogenic when partially catabolized by local factors within the tumor microenvironment.

The interaction of HA occurs via receptors including CD44 and HMMR. CD44 binds

efficiently to native HA and contributes to HA-dependent cell adhesion.8 Altered expression

of variant isoforms, including CD44v6, and downregulation of standard CD44 is notable in

many PCa specimens.14 HMMR is an intracellular protein that is frequently hyper-expressed

in tumors and unconventionally exported to the cell surface.15 HMMR binds efficiently to

HA fragments13,16 and associates with CD44 to regulate signaling resulting in increased

motility and invasion.15,17 Previous studies indicate that increased HMMR correlates with

metastatic PCa and development of castration-resistant disease.18,19

While the above HA-related gene products are individually implicated in aggressive PCa

biology, to our knowledge no study has evaluated these proteins concurrently in GS7

tumors. In this study, we used automated digital pathology methods to quantify staining of

HAS2, HA, HYAL1, CD44, CD44v6, and HMMR on tissue microarrays (TMAs)

representing GS7 prostatectomy tumors and further evaluated the mechanisms by which

HMMR contributes to aggressive PCa in culture assays.

Materials and Methods

Cell lines

C3H/10T1/2 mouse embryonic fibroblasts (MEFs) (ATCC, Manassas, VA) were transfected

with mouse HMMR as described.20 HEK293 cells (Thermo Fisher Scientific, Pittsburg, PA)

were cultured in RPMI with 10% FBS. LNCaP cells (ATCC) were cultured in RPMI with

10% FBS. PC3MLN4 cells (provided by Dr. Isaiah Fidler, MD Anderson Cancer Center,

Houston, TX) were cultured in DMEM with 10% FBS, sodium pyruvate, and non-essential

amino acids (Life Technologies, Carlsbad, CA). Cells were maintained at 37°C in a

humidified 5% C02 incubator.

Western blot analysis

Total protein was quantitated by BCA assay (Thermo Fisher), separated by SDS-PAGE, and

transferred to nitrocellulose.17 For HMMR western blot analysis, a custom mouse

monoclonal anti-HMMR (clone 6B7D8; ProMab, Albany, Canada) was prepared
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(Supplementary Fig. S2). A HRP-conjugated version (1:900; ProMab) was used in mouse

experiments while an unconjugated version (1:900; ProMab) was used for human

PC3MLN4 cells. Other antibodies included goat polyclonal anti-HAS2 (Santa Cruz

Biotechnologies, Inc., Santa Cruz, CA) and rabbit polyclonal anti-HYAL1 (Sigma). Proteins

were detected by ECL (Pierce, Rockford, IL).

Clinical cohort and TMA construction

Archival formalin-fixed paraffin-embedded tissues from patients with combined GS7

(scored for primary GP3 or GP4) prostatic acinar/conventional adenocarcinoma that

underwent radical prostatectomy at University of Minnesota Medical Center-Fairview

between 1999 and 2008 were collected after approval from the University of Minnesota

Institutional Review Board. Demographic and clinical characteristics were abstracted from

pathology reports and electronic medical records. TMAs consisting of quadruplicate 1 mm

cores of representative PCa areas were constructed using a tissue arrayer (MTA-1; Beecher

Instruments Inc., Sun Prairie, WI).

HA histochemistry and HAS2, HYAL1, CD44, CD44v6 and HMMR immunohistochemistry

Full protocol details for immunohistochemistry are available in Supporting Information. HA

was histochemically stained using bovine bHABP (Calbiochem, La Jolla, CA). Primary

antibodies included HAS2 (Santa Cruz), HYAL1 (Sigma), CD44 (Dako, Glostrup, DK),

CD44v6 (R&D Systems, Inc., Minneapolis, MN), and HMMR (ProMab). Reproducibility

was assessed by performing a second independent run of immunohistochemistry and image

analysis for each biomarker (Supplementary Table S2).

Slide digitization, annotation, and immunohistochemical quantification

Digital images of TMA slides were obtained at 40x magnification (0.0625 μm2/pixel) with a

ScanScope CS (Aperio, Vista, CA) and preprocessed using Genie Histology Pattern

Recognition software (Aperio) to classify tissues into Image Classes (tumor, stroma, and

glass) as described.21 DAB staining of HAS2, HYAL1, CD44, CV44v6, and HMMR within

tumor epithelium and HA within tumor-associated stroma was quantified using the Color

Deconvolution algorithm (Aperio) as the product of staining intensity (average optical

density [OD] units) multiplied by the percentage of tumor epithelium or tumor-associated

stroma with positive staining (AvgOD*%Pos).21 The amount of staining present is linearly

related to OD.22

Statistical analysis

Time to BF was calculated from the date of prostatectomy to BF, defined as the date of a

PSA value ≥0.2 ng/mL (>6 weeks after surgery) confirmed by a second PSA value 0.2

ng/mL.2 BF times were censored at the last contact date for subjects not known to

experience BF. Patients without follow-up data other than an initial post-operative PSA

value were excluded.

Clinicopathologic features and immunohistochemical staining data (averaged across spots

representing each patient) were summarized and their association with BF was evaluated

using Cox proportional hazards regression. Clinicopathologic features evaluated included
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pre-operative PSA (continuous), age at prostatectomy (continuous), primary GP (3/4), and

NonLocalized Tumor Indicator (no/yes) which was defined as extraprostatic extension

(pathologic stage pT3+), involved lymph nodes (pN1), and/or positive surgical margins

(pR1). The hazard ratio (HR) (per 1 standard deviation difference in biomarker

measurement) was used to summarize the association between biomarkers or

clinicopathologic features and time to BF. In addition, we completed a Cox proportional

hazards analysis to evaluate the association between biomarkers and time to BF adjusted for

clinicopathologic features. The association between biomarkers and clinicopathologic

features was evaluated using Pearson’s coefficient for age and PSA, and the t-test for

Gleason score, pathologic stage, lymph node involvement, surgical margin involvement, and

Non-Localized Tumor Indicator. Pearson’s coefficient was used to evaluate correlation

between biomarkers. P-values of ≤ 0.05 were considered statistically significant.

HA pull-down assay

HA pull-down assays using 10 kDa HA conjugated to Sepharose beads were performed as

described.16 Proteins were evaluated by Western blot using rabbit monoclonal anti-HMMR

(1:1000; Epitomics, Burlingame, CA).

HA labeling

A HA mixture consisting of oligosaccharides and higher molecular weight (MW) polymers

(polydispersity of 5–500 kDa; average: 240 kDa) was labeled with Alexa 647.23

Subconfluent PC3MLN4 cells were incubated with Alexa 647-HA for 30 min. Cells were

fixed in 3% paraformaldehyde at 4°C for 30 min, washed in 1x PBS (pH 7.2), and examined

by confocal microscopy (Olympus).

Cell migration assays

Confluent PC3MLN4 cells were scratch wounded, washed with PBS, then maintained in

DMEM with 1% FBS. PBS-alone or with dissolved HA fragments (5 μg/mL) were added to

wounded monolayers for 24 hours. Cells were fixed in 3% paraformaldehyde and stained

with 1% toluidine blue. Cell-free areas were quantified using ImageJ (Bethesda, MD). A

peptide mimic (P15) was used to block the HA binding functions of HMMR.16

Results

Immunohistochemical analysis of HA metabolic biomarkers in PCa

Data mining and pathway analyses suggested that increased HA metabolism and

fragmentation is an important consequence of altered message levels of HAS2, CD44,

HMMR, and HYAL1 (Supplementary Table S1 and Supplementary Fig. S1). Therefore, we

evaluated these targets on our PCa cohort TMAs in addition to CD44v6 and HA.

Verification of staining patterns in control tissues is described in Supporting Information

(Supplementary Fig. S3). In PCa tissues, HAS2 displayed coarsely granular cytoplasmic

staining (with apical accentuation) in malignant epithelium, and was also detected in stromal

fibroblasts (Fig. 1A). HA predominantly exhibited cytoplasmic and extracellular staining

around stromal fibroblasts (Fig. 1B) as described.11,12 HMMR and occasionally HYAL1

exhibited nuclear and finely granular cytoplasmic staining in stromal fibroblasts and
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malignant epithelium (Fig. 1C and 1F) as described.13,15,24 CD44 and CD44v6 displayed

crisp membranous staining in malignant epithelium (Fig. 1D and 1E). Fig. 2 depicts the

image analysis workflow for tissue classification and staining quantification.

Clinicopathologic features of PCa patients and BF

Adequate tissue was available for 96 subjects for analysis of at least one biomarker.

Different TMA spots were missing/excluded during quality control for each stain resulting

in varying number of cases with data available for each biomarker (Table 2 below). A

Kaplan-Meier curve illustrating time to BF for all subjects is shown in Figure 3. Of 96

patients, 15 failed during follow-up. The median time to BF was 6.9 years (range 0.26–9.60

years). The median follow-up among non-failures was 2.3 years (range 0.14–8.56 years).

Non-Localized Tumor Indicator and preoperative PSA were significantly and marginally

significantly associated with time to BF, respectively (Table 1). Primary GP and age were

not statistically significant; however, multivariate analyses were adjusted for these

parameters based on established prognostic clinicopathologic features.25

Prognostic significance of HA metabolic biomarkers

Malignant epithelial HMMR was statistically significantly associated with time to BF before

adjusting for clinicopathologic features (p=0.028), and stromal HA was marginally-

statistically significant (p=0.065) (Table 2). HMMR remained statistically significantly

associated (p=0.040) with time to BF and stromal HA became statistically significantly

associated (p=0.047) after adjustment for clinicopathologic features. Hazard ratios were

similar in both models. Figure 4 shows representative IHC staining of HA and HMMR in

BF and non-BF groups. These data demonstrate that HA and HMMR are associated with

time to BF in patients with GS7 tumors.

Pairwise correlation of HA metabolic biomarkers

We evaluated the association between biomarkers and all clinicopathologic parameters.

Significant associations were observed between HAS2 and surgical margin positivity (p =

0.038), HAS2 and age (p = 0.010), CD44v6 and pathologic stage (0.014), HMMR and

Gleason score (p = 0.046), and between HMMR and pathologic stage (p = 0.036).

Associations between HA metabolism biomarkers were evaluated by estimating the pairwise

correlations. As shown in Table 3, comparisons between the staining intensity of the

selected biomarkers indicated moderate and statistically significant correlations between

HAS2 and HYAL1 (correlation=0.443, p<0.0001), HAS2 and HMMR (correlation=0.523,

p<0.0001), and HYAL1 and HMMR (correlation=0.456, p<0.0001). Although HAS2 and

HYAL1 were not statistically significant in regression models with BF, these results suggest

that HMMR expression is linked to that of both HAS2 and HYAL1 which are responsible

for HA synthesis and catabolism.

HMMR binds to low MW HA and is essential for fragmented HA-dependent cell migration

Because HA and HMMR were strongly associated with BF, and HMMR expression was

linked to HAS2 and HYAL1, we further interrogated a model of HMMR-dependent PCa

progression whereby fragmented HA in the tumor microenvironment binds to HMMR to
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promote cell proliferation and motility. We confirmed protein expression of key HA

pathway components in PC3MLN4 cells including HMMR (Supplementary Fig. S2D) as

well as HAS2 and HYAL1 (Fig. 5A). Exposure of PC3MLN4 cells to 6.2 and 10 kDa HA

fragments to mimic HA fragmentation in the tumor microenvironment substantially induced

cell migration although migration was inhibited by smaller 2.1 kDa HA fragments (Fig. 5B).

Similar inhibitory effects using small HA oligosaccharides are evident in other tumor cell

lines and linked to their capacity to disrupt HA receptor interactions.26

We next assessed whether endogenous HMMR expressed by PC3MLN4 cells mediated the

motogenic effects from binding 6.2 and 10 kDa HA fragments. As shown in Fig. 5C,

HMMR expressed by PC3MLN4 cells bound efficiently to 10 kDa HA fragments at similar

levels to HMMR-transfected 10T1/2 MEFs (positive control), previously demonstrated to

bind to HA fragments via HMMR.16 Furthermore, binding and uptake of Alexa647-labeled

HA fragments (10 kDa) was blocked by anti-HMMR antibody indicating that receptor

binding of HA fragments specifically occurs through HMMR in PC3MLN4 cells (Fig. 5D).

Cell migration assays using HMMR mimetic peptide (P15), previously shown to interfere

with HMMR:HA fragment interactions,16 functionally confirmed that HMMR mediated the

motogenic effects of binding HA fragments which supports a role for HMMR:HA fragment

interactions in promoting aggressive tumor behavior (Fig. 5E).

Discussion

Understanding the causes of PCa aggressiveness may highlight pathways for prognostics or

therapeutics. Prostate tumors often follow an unpredictable clinical course, most notably in

GS7 tumors.6 The present study focused on evaluating the importance of HA metabolic

pathway components in these patients and investigating a mechanism by which aberrant HA

signaling contributes to PCa progression. While HAS2, HA, HYAL1, CD44, CD44v6, and

HMMR have been individually implicated in PCa progression,10,12,14,19 to our knowledge

this is the first report to evaluate these proteins within heterogeneous GS7 tumors. Our

results indicated that elevated HA in tumor-associated stroma and HMMR in malignant

epithelium were associated with BF in this intermediate risk group (including adjustment for

primary GP3/GP4). We also demonstrated that PCa cells migrate in response to HA

fragments in a HMMR-dependent manner, suggesting a paracrine mechanism by which

elevated HMMR and HA enhance PCa progression.

Tumor-associated HA, which correlated with BF in our cohort of GS7 tumors, has multiple

pro-tumorigenic properties that enhance PCa progression.8 Our findings are supported by

previous studies showing that HA and HYAL1 are elevated in advanced PCa.11,12 Native

HA is deposited within tumor-associated stroma by HA synthases where enzymatic (e.g.,

HYAL1) and physical (e.g., free oxygen/nitrogen radical) mechanisms catabolize HA into

heterogeneous sizes which are proinflammatory and angiogenic.13 Thus, the ratio of intact to

degraded HA in the microenvironment directly correlates to the metastatic proclivity of PCa

cells, with increased fragmentation leading to metastasis.10 These studies highlight the

consequences of increased HA fragmentation which agree with our results and suggests a

mechanism whereby HA and HYAL1 prime the tumor microenvironment to promote PCa

progression.
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Major cellular receptors for HA identified in PCa include CD44 and HMMR which control

numerous oncogenic signal transduction pathways in response to ligation by intact and

fragmented HA.15 Although we did not see a link between standard CD44 with BF in our

study, decreased CD44 was associated with increased primary GP in this cohort (4 vs. 3;

p=0.043; data not shown) agreeing with prior reports.14 However, the role(s) of CD44 in

PCa formation and progression appear to be complex since CD44 may also function to

sustain tumor initiating cells.27 Alternatively, growth factor-induced upregulation of CD44

variant isoforms such as CD44v9 may be critical for interacting with stromal HA to promote

tumor progression.28 Sorting out this complexity will require further analysis using

expanded patient cohorts and refined genomic analysis.

In contrast to CD44, HMMR expression is increased in metastatic PCa18 and linked to the

development of castration-resistant PCa.19 In this study of GS7 tumors, increased HMMR

was associated with decreased time to BF and positively correlated with expression of HAS2

and HYAL1. HMMR is multicompartmentalized and unconventionally exported to the cell

surface where it regulates signaling in response to HA by associating with CD44 and other

integral receptors (e.g., PDGFR, RON).15 Loss of CD44 forces HMMR to partner with other

as yet unknown receptors, which accelerates cell migration and invasion,29 and may produce

similar effects through increased HMMR and HA fragment interaction. Cell surface HMMR

responds to extracellular HA to promote cell motility and motogenic signaling through

sustained ERK1/2 activation during tumor cell migration.17 In contrast, intracellular HMMR

binds to the cytoskeleton and MEK1/ERK1/2 complexes which affects mitotic spindle

integrity and may contribute to genomic instability during tumor progression.30 Some

evidence suggests that intracellular HMMR actively binds intracellular HA providing an

unexplored link between intracellular/extracellular HA signaling and cytoskeletal

dynamics.31 Further studies are in progress to define the functional relationship between

intracellular/extracellular HMMR during PCa progression and to relate changes to genomic

instability. Collectively, our results strongly support the conclusion that elevated HMMR

and HA fragmentation represent a threshold in intermediate grade tumors that portends

malignant progression.

It is important to note that a conflicting study recently reported that increased HMMR was

associated with a significantly lower risk of BF in primary localized PCa.18 These findings

were speculated to be linked to the immunogenic properties of surface HMMR based on

previous work demonstrating a beneficial immune response to surface HMMR in leukemic

patients.32 However, an anti-HMMR immune response was not documented in their PCa

studies creating uncertainty as to this potential explanation. While it is premature to

conclude that every tumor with increased HMMR leads to poor (or good) outcome, factors

related to inter-patient heterogeneity are important variables in these types of studies.

Clearly, these discrepancies emphasize the need for additional studies to clarify findings and

conclusions.

Although we did not find an association between CD44, CD44v6, or HYAL1 with time to

BF, our data support the model of aberrant HA-HMMR signaling in aggressive PCa.

Ongoing studies are aimed at expanding the patient cohort to further determine if HA

metabolic biomarkers could improve prognosis and support for a HMMR-dependent
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mechanistic model of PCa progression. Our laboratories are currently evaluating the

potential for small molecules capable of interrupting fragmented HA-HMMR interactions to

limit malignant progression, thus providing a therapeutic target to inhibit tumor cell

proliferation, angiogenesis, inflammation, and metastasis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Representative immunohistochemical staining for HAS2 (A), HA (B), HYAL1 (C), CD44

(D), CD44v6 (E), and HMMR (F) on prostate cancer tissue microarrays. Scale bar represent

50 μm.
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Figure 2.
(A–F) Prostate cancer tissue microarrays were stained by immunohistochemistry. (G–L)

Genie Pattern Recognition software (Aperio) subclassified tumor areas into malignant

epithelium (dark blue), stroma (yellow), and glass (light blue). (M–R) DAB staining in

malignant epithelium (HAS2, HYAL1, CD44, CD44v6 and HMRR) or stroma (HA) was

deconvolved from counterstain using Color Deconvolution (Aperio). (S–X) DAB staining

was quantified in these areas and pseudocolored for weak (yellow), moderate (orange), and

strong (red) staining. Scale bars represent 50 μm.
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Figure 3.
Kaplan-Meier curve demonstrating the time to biochemical failure for the sample

population.
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Figure 4.
Representative immunohistochemical staining for HA (A–D) and HMMR (E–H) in

biochemical failure (BF) and non-failure (non-BF) groups. Scale bar represent 50 μm.
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Figure 5.
(A) Western blot analysis confirmed protein expression of HAS2 and HYAL1 in PC3MLN4

cells. (B) Cell migration assays demonstrated increased motility in response to 6.2 and 10

kDa HA (5 μg/mL) and decreased motility in response to 2.1 kDa HA (5 μg/mL) relative to

PBS controls. (C) HA pull-down assays were performed with 10 kDa HA coupled to

Sepharose beads. Western blot analysis revealed that full-length (FL) and truncated (TR)

HMMR expressed by PC3MLN4 cells bound efficiently to 10 kDa HA at similar levels to

HMMR-transfected 10T1/2 cells (positive control). (D) PC3MLN4 cells bound and

internalized Alexa 647-labeled HA fragments (top) while addition of anti-HMMR antibody

blocked binding and uptake of Alexa 647-labeled HA fragments (bottom) detected by

fluorescent microscopy. Binding was blocked by excess unlabeled HA and confirmed

specificity of labeled HA (data not shown). (E) Cell migration increased in response to 10

kDa HA fragments (5 μg/mL) and was inhibited by HMMR mimetic peptide P15 (20 μg/

mL), but not by its scrambled peptide control. Error bars, SEM of triplicate determinations.

Statistically significant differences were observed (p<0.01) as determined by Student’s t-

test.
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Table 1

Association of clinicopathologic features with time to biochemical failure using univariate Cox regression

models

Variable N % HR (95%CI) P-value

Total population 96

Gleason score 0.937

 3+4 63 41.2 0.96 (0.32–2.88)

 4+3 33 21.6 1.00

Pathologic stage 0.036

 Extraprostatic extension (pT3+) 22 22.9 3.26 (1.08–9.80)

 Prostate-limited (pT2) 74 77.1 1.00

Lymph node involvement 0.116

 Yes (pN1) 3 3.1 3.52 (0.74–16.81)

 No (pN0) 93 96.9 1.00

Surgical margin involvement 0.016

 Yes (pR1) 40 41.7 4.86 (1.35–17.54)

 No (pR0) 56 58.3 1.00

Non-Localized Tumor Indicator* 0.022

 Yes 50 52.1 5.75 (1.28–25.74)

 No 46 47.9 1.00

N Mean (SD) HR (95%CI) P-value

Age (years) 90 61.1 (6.6) 1.05 (0.97–1.14) 0.257

Pre-operative PSA (ng/mL) 96 7.4 (5.2) 1.06 (1.00–1.13) 0.070

*
Non-Localized Tumor Indicator is a summary metric of tumor confined to prostate. ‘Yes’ indicates extraprostatic extension (pathologic stage

pT3+), involved lymph nodes (pN1), and/or positive surgical margins (pR1).

Cancer. Author manuscript; available in PMC 2015 June 15.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Rizzardi et al. Page 18

T
ab

le
 2

B
io

m
ar

ke
rs

 a
s 

pr
ed

ic
to

rs
 o

f 
tim

e 
to

 b
io

ch
em

ic
al

 f
ai

lu
re

 u
si

ng
 C

ox
 r

eg
re

ss
io

n 
m

od
el

s

V
ar

ia
bl

e

U
ni

va
ri

at
e

M
ul

ti
va

ri
at

e*

N
-t

ot
al

N
-e

ve
nt

s
H

R
 (

95
%

C
I)

P
-v

al
ue

N
-t

ot
al

N
-e

ve
nt

s
H

R
 (

95
%

C
I)

P
-v

al
ue

H
A

S2
93

14
1.

29
 (

0.
73

–2
.2

7)
0.

38
1

87
13

1.
66

 (
0.

90
–3

.0
3)

0.
10

2

H
A

94
15

1.
66

 (
0.

97
–2

.8
3)

0.
06

5
88

14
1.

74
 (

1.
01

–2
.9

9)
0.

04
7

H
Y

A
L

1
93

13
1.

54
 (

0.
88

–2
.6

8)
0.

13
1

87
12

1.
63

 (
0.

86
–3

.1
2)

0.
13

6

C
D

44
92

13
0.

87
 (

0.
50

–1
.5

4)
0.

64
2

86
12

0.
75

 (
0.

42
–1

.3
5)

0.
33

9

C
D

44
v6

91
13

1.
24

 (
0.

77
–2

.0
0)

0.
37

6
85

12
1.

34
 (

0.
79

–2
.2

6)
0.

28
2

H
M

M
R

89
13

2.
00

 (
1.

08
–3

.7
1)

0.
02

8
83

12
2.

03
 (

1.
04

–3
.9

9)
0.

04
0

* A
dj

us
te

d 
fo

r 
ag

e 
at

 p
ro

st
at

ec
to

m
y,

 p
re

op
er

at
iv

e 
PS

A
, p

ri
m

ar
y 

G
le

as
on

 p
at

te
rn

, a
nd

 N
on

-L
oc

al
iz

ed
 T

um
or

 I
nd

ic
at

or
.

Cancer. Author manuscript; available in PMC 2015 June 15.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Rizzardi et al. Page 19

T
ab

le
 3

Pe
ar

so
n 

co
ef

fi
ci

en
ts

 f
or

 c
or

re
la

tio
ns

 b
et

w
ee

n 
bi

om
ar

ke
rs

H
A

S2
H

A
H

Y
A

L
1

C
D

44
C

D
44

v6

H
A

0.
29

8

p=
0.

00
4

n=
93

H
Y

A
L

1

0.
44

3
0.

00
8

p<
0.

00
01

p=
0.

93
7

n=
91

n=
91

C
D

44

−
0.

18
5

−
0.

15
2

−
0.

13
9

p=
0.

08
0

p=
0.

15
1

p=
0.

18
9

n=
91

n=
91

n=
91

C
D

44
v6

−
0.

14
6

−
0.

07
3

−
0.

17
3

0.
28

1

p=
0.

16
9

p=
0.

49
6

p=
0.

10
4

p=
0.

00
7

n=
90

n=
90

n=
90

n=
91

H
M

M
R

0.
52

3
0.

23
6

0.
45

6
−

0.
00

1
−

0.
19

9

p<
0.

00
01

p=
0.

02
7

p<
0.

00
01

p=
0.

99
2

p=
0.

06
3

n=
88

n=
88

n=
88

n=
89

n=
88

Cancer. Author manuscript; available in PMC 2015 June 15.


