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Abstract

Background/Aim: Podocalyxin, a member of the CD34 family of cell surface sialomucins, is 

overexpressed in human embryonal carcinoma cell lines, as well as in several cancer types, and is 

associated with poor prognosis. Podocalyxin variants are associated with an increased risk and 

aggressiveness of prostate cancer. Herein podocalyxin protein expression in prostate cancer was 

characterized.

Materials and Methods: Expression of podocalyxin as well as of TRA-1–60 and TRA-1–81 

antigens was assessed immunohistochemically in 84 radical prostatectomy specimens and in 

adjacent normal tissues.

Results: Podocalyxin expression and H-scores were considerably higher in prostate tumors 

compared to normal tissues. High TRA-1–60 and TRA-1–81 staining was detected, however, in a 

much smaller percentage of prostate tumors, while their expression and H-scores were low in 

normal tissues. Similar trends for all three proteins were observed in prostatic intraepithelial 

neoplasia.

Conclusion: Overexpression of podocalyxin in prostate cancer renders the protein a putative 

immunohistochemical marker of prostate cancer that may contribute to stratification of patients for 

optimal treatment.
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Podocalyxin, a member of the CD34 family of cell surface sialomucins, is expressed in 

normal cells (e.g., hematopoietic stem and progenitor cells, vascular epithelial cells and 

kidney podocytes), and regulates cellular morphology and adhesion (1, 2). Besides its role in 
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health, podocalyxin has emerged as a predictor of poor prognosis and metastasis in several 

cancer types, including breast, esophageal, gastric, pancreatic, colorectal and urothelial 

bladder cancer (3–10). Of note, Casey et al. (11) showed that germline in-frame deletions in 

podocalyxin are associated with increased risk and aggressiveness of prostate cancer.

Schopperle et al. (12, 13) discovered that podocalyxin together with TRA-1–60 and TRA-1–

81 antigens were overexpressed in human embryonal carcinoma cell lines, which are 

representative of malignant pluripotent stem cells. Toyoda et al. (14) identified podocalyxin 

as a major pluripotent marker of human embryonic stem cells and induced pluripotent stem 

cells. Because of their localization at the plasma membrane, podocalyxin, TRA-1–60 and 

TRA-1–81 can be used to detect cancer cells with stem cell properties in tumors. Cancer 

stem cells have been proposed to drive primary tumor aggressiveness, metastases and 

therapeutic resistance (15). Identifying cancer stem cells in the primary tumor may provide 

prognostic information that could affect treatment decisions.

A number of putative cancer stem cell markers have been identified in prostate cancer (15). 

Elevated gene expression of podocalyxin in metastatic prostate tumors, but not in primary 

prostate tumors was shown by microarray (cf. Gene Expression Omnibus, https://

www.ncbi.nlm.nih.gov/geo, dataset GSE6919) (16–18). Siu et al. (19) showed that TRA-1–

60 expression was associated with aggressive oral cancer invasion. Using prostate tumors, 

Rajasekhar et al.(20) purified stem-like tumor initiating cells co-expressing TRA-1–60 with 

CD151 and CD166, and showed that this subpopulation of cells was able to recapitulate the 

parent prostate tumor in mouse xenotransplantation models.

Based on the lack of correlation between podocalyxin mRNA levels and protein expression 

in colorectal cancer, Larsson et al. (4) argued that immunohistochemistry was the most 

suitable method for determining podocalyxin protein expression in the clinical setting. In 

prostate cancer, however, immunohistochemical evidence of podocalyxin protein expression 

is missing. Hence, this study aimed to determine immunohistochemical expression of 

podocalyxin, TRA-1–60 and TRA-1–81 in prostate tumors of various histopathological 

patterns (Gleason scores of 6, 7, and 8–9), and in adjacent normal tissues, and to assess their 

potential association with prostate cancer.

Materials and Methods

Patient samples.

This was a retrospective, single-institution pilot study. The study was approved by the 

institutional review board. Prostate tumor and adjacent normal tissue specimens were 

obtained from each of the 84 consecutive patients who had undergone radical prostatectomy 

at the Karmanos Cancer Institute (Detroit, MI, USA), resulting in 168 samples for analysis.

Immunohistochemical staining and histological evaluation.

Radical prostatectomy tissue samples were used to prepare 4-μm formalin-fixed, paraffin-

embedded sections that were mounted on glass slides. The slides were deparaffinized, 

rehydrated, and incubated with the appropriate primary antibody at 4°C for 18 h, followed 

by incubation with a biotin-conjugated secondary antibody for 1 h at room temperature. 
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After incubation with peroxidase-conjugated streptavidin complex (Vectastain ABC Kit, 

Vector Laboratories, Burlingame, CA, USA) for 1 h at room temperature and three 

subsequent washes, the slides were developed using 3,3-diaminobenzidine 

tetrahydrochloride tablets (Dako, Glostrup, Denmark) for 5 min. For podocalyxin detection, 

anti-podocalyxin-like 1 (3D3) mouse monoclonal antibody (1:500; Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) and biotin-conjugated anti-mouse IgG antibody 

(Sigma-Aldrich, St Louis, MO, USA) were used as the primary and secondary antibody, 

respectively. For TRA detection, anti-TRA-1–60 and anti-TRA-1–81 mouse monoclonal 

antibodies (1:1,000; EMD Millipore, Darmstadt, Germany) were used as primary antibodies 

and anti-mouse polyclonal IgM antibody (Sigma-Aldrich) was used as the secondary 

antibody. Slides were counterstained with hematoxylin and eosin, dehydrated, coverslipped 

and microscopically reviewed. Areas of low (≤6), intermediate (7) and high-grade (≥8) 

tumors, along with areas of high-grade prostatic intraepithelial neoplasia and benign 

prostatic epithelium were identified. The immunohistochemical expression of podocalyxin, 

TRA-1–60 and TRA-1–81 was assessed semi-quantitatively by two metrics: the extent of 

distribution and the intensity of staining. Based on the extent of distribution, the approximate 

percentage of cells with any positive immunohistochemical staining was estimated and the 

following scoring system was applied: 1 (0–24% cells), 2 (25–49% cells), 3 (50–74% cells) 

and 4 (≥75% cells). The intensity of staining was graded as 1 (weak), 2 (moderate), 3 

(strong) and 4 (very strong).

Statistical methods.

Podocalyxin, TRA-1–60 and TRA-1–81 expression signatures in Gleason grade 6, 7, or ≥8 

tumors and in adjacent normal tissues were determined in a total of six groups. The 

percentage of patients that were scored ≥3 for staining intensity corresponding to the 

expression level of each protein was estimated separately within each group. To estimate 

each percentage with a two-sided Wilson type confidence interval (CI) width of 0.30 at the 

90% confidence level, regardless of the true value of the percentage, an N=28 men per group 

was required. This sample size was determined using PASS 11 software (NCSS, LLC, 

Kaysville, UT, USA; https://www.ncss.com). Thus, across the three Gleason score groups a 

total of 84 samples was required. The actual sample size for protein staining, however, was 

often less than 84 because of the absence of a pathology component on some of the slides. In 

addition to using percentages, bivariate relationships (i.e., for tumor tissue vs. adjacent 

normal tissue, or for one protein vs. another protein) were examined using two-way 

frequency distributions.

Results

Clinical characteristics of patients.

Prostate cancer patients were categorized into three groups with Gleason scores 6, 7, and 8–

9 (Table I). Age at radical prostatectomy was comparable in all three groups. The race 

distribution was comparable for men with Gleason scores 6 and 7. However, the Gleason 

score 8–9 prostate cancer samples were all from African American men. Following post-

radical prostatectomy, 11 men (13%) underwent androgen deprivation treatment, 22 (26%) 
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had biochemical recurrence, 8 (10%) developed distant metastatic disease, and 6 (7%) 

expired.

Immunohistochemical detection of podocalyxin, TRA-1–60 and TRA-1–81 in prostate 
cancer.

The sensitivity of immunohistochemical staining intensity of each protein was assessed and 

the data are shown in Table II. Very high sensitivity of podocalyxin staining was detected in 

high-grade tumors (0.98). Similarly, high sensitivity of podocalyxin staining was observed in 

low-grade tumors (0.88) and in prostatic intraepithelial neoplasia (0.81). In contrast, the 

sensitivity of TRA-1–60 and TRA-1–81 staining was extremely low in all three tumor types.

Staining intensities corresponding to the expression level of each protein in high-grade 

tumors are depicted in Figure 1. Podocalyxin staining was strong or very strong in high-

grade tumors on 56% and 20% of 55 slides, respectively, yielding a combined rate of 76% 

(90%CI=66–84%). In contrast, staining of TRA-1–60 and TRA-1–81 was strong or very 

strong combined in this tumor type on only 13% (90%CI=7–22%) of 55 slides and on 11% 

(90%CI=6–20%) of 54 slides, respectively. Similarly, staining for the control biomarker IgG 

was strong or very strong in high-grade tumors on 11% and 2% of 55 slides, respectively, 

yielding a combined rate of 13% (90%CI=7–22%). Furthermore, staining for the control 

biomarker IgM was not detectable above the expression level 2 (moderate staining) in this 

tumor type on any of 53 slides (90%CI=0–5%).

In addition, in low-grade tumors, podocalyxin staining was strong or very strong combined 

on 54% of 81 slides (90%CI=45–63%; data not shown). In the same tumor type, however, 

staining of TRA-1–60 and TRA-1–81 was strong or very strong combined on only 9% of 80 

and 78 slides, respectively (90%CI=5–15%; data not shown). Moreover, in prostatic 

intraepithelial neoplasia, podocalyxin staining was strong or very strong combined on 47% 

(90%CI=38–56%) of 77 slides. In contrast, in the same tumor type, staining of TRA-1–60 

and TRA-1–81 was strong or very strong combined on only 7% (90%CI=3–13%) and 3% 

(90%CI=1–8%) of 74 and 75 slides, respectively (data not shown).

H-scores for immunohistochemical staining of podocalyxin, TRA-1–60 and TRA-1–81 in 
prostate cancer.

H-scores assigned to each biomarker in high-grade tumors are shown in Figure 2. 

Podocalyxin staining had a high H-score (median of 12.0). In contrast, staining of TRA-1–

60 and TRA-1–81, as well as of the controls IgG and IgM were all assigned low H-scores 

(medians of 0.0 uniformly). In addition, in low-grade tumors, podocalyxin staining had a 

high H-score (median of 9.0). In normal tissues, however, podocalyxin staining was assigned 

a low H-score (median of 3.0). Staining of TRA-1–60 and TRA-1–81 was given low H-

scores (medians of 0.0 uniformly) in low-grade tumors, as well as in normal tissues. In 

addition, in prostatic intraepithelial neoplasia, median H-scores for the staining of 

podocalyxin, TRA-1–60, and TRA-1–81 were 8.0, 0.0, and 0.0, respectively.
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Additional immunohistochemical detection of podocalyxin in prostate cancer.

As depicted in Figure 3 (A–C), the presence of podocalyxin was detected by 

immunohistochemical staining in high-grade and low-grade prostate cancer, but not in 

adjacent benign epithelium. In high-grade prostate cancer (Gleason score ≥8), both the 

extent of distribution and the intensity of staining of podocalyxin were assigned a score of 4, 

i.e. ≥75% cells displayed very strong staining. In low-grade prostate cancer (Gleason score 

6), the extent of distribution and the intensity of staining of podocalyxin were assigned 

scores of 4 and 3, respectively, i.e. ≥75% of cells displayed strong staining. In contrast, in 

adjacent benign epithelium the intensity of staining and the extent of distribution were 

assigned scores of 1 and 3, respectively, i.e. weak staining was observed in 50–74% of cells. 

The data strongly support the notion that podocalyxin protein expression is greater in high-

grade and low-grade prostate tumors than in normal tissues.

In addition, the relationship between the staining intensity of podocalyxin and the cellular 

distribution of staining in high-grade tumors is shown in Figure 4. Specifically, 23% of 31 

tumors (90%CI=13–37%) contained 50–74% cells with strong staining (score 3) for 

podocalyxin. Importantly, 74% of the same group of tumor samples (90%CI=60–85%) 

contained 75–100% cells with strong staining (score 3) for podocalyxin. In addition, 18% of 

11 tumors (90%CI=6–43%) contained 50–74% cells with very strong staining (score 4) for 

podocalyxin. Moreover, 82% of the same group of tumor samples (90%CI=57–94%) 

contained 75–100% cells with very strong staining (score 4) for podocalyxin. The results 

suggest that the percentage of prostate cancer cells with high expression of podocalyxin is 

high in high-grade tumors.

Discussion

To our knowledge, this is the first report showing immunohistochemical evidence for high 

podocalyxin expression in prostate cancer. Of note, podocalyxin expression was 

considerably higher in prostate cancer and prostatic intraepithelial neoplasia compared to 

adjacent normal tissue. Interestingly, Schopperle et al. (12) reported in an earlier study, that 

there was no expression of podocalyxin in LnCap human prostate carcinoma cells. The 

apparent discrepancy between in vitro and human tissue data underscores the need for using 

clinical samples to validate cell culture data (21).

In contrast to podocalyxin, high staining of both TRA-1–60 and TRA-1–81 was detect in a 

smaller percentage of prostate tumors. The data indicate that the expression level of both 

TRA-1–60 and TRA-1–81 was not associated with the tumor grade in prostate tumors. 

Notably, the percentage of high-grade tumors with high staining for both TRA-1–60 and 

TRA-1–81 correlates well with the predicted number of cases of localized prostate cancer 

that would eventually develop into metastatic disease. To designate TRA-1–60 and TRA-1–

81 as a marker for metastatic disease would require, however, a larger study than the present 

report.

The mechanism of podocalyxin action has been studied by other groups. Specifically, 

Sizemore et al. (22) showed that podocalyxin overexpression resulted in up-regulation of 

matrix metalloproteases and MAPK, activation of PI3K, as well as increased migration and 
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invasion of prostate cancer cells. They also demonstrated that the in vitro aggressive 

phenotype was associated with the interaction of podocalyxin with metastasis-related ezrin. 

Most recently, Frose et al. (23) demonstrated that podocalyxin was induced by epithelial-

mesenchymal transition as a mediator of extravasation by direct interaction with ezrin, with 

subsequent metastasis formation. Furthermore, Snyder et al. (24) showed that podocalyxin 

was involved in breast cancer progression and validated podocalyxin as a tentative target for 

monoclonal antibody therapy to counteract primary tumor growth and systemic 

dissemination. Overall, the evidence discussed here strongly supports the idea that 

podocalyxin is a predictor of poor prognosis and distant metastasis, as well as a potential 

therapeutic target.

Conclusion

Our findings support the notion that podocalyxin is an immunohistochemical, cancer stem 

cell and prognostic marker of prostate cancer with the potential of contributing to (i) 

stratifying patients for optimal treatment, (ii) predicting biological progression, and (iii) 

guiding treatment decisions. Because of the dramatic decrease in survival of patients with 

metastatic prostate cancer compared to patients with localized disease, identifying tumors 

that are likely to recur and preventing metastases from occurring are of great interest. 

Moreover, a number of other putative cancer stem cell markers have been implicated in 

prostate cancer, including α2- and α6-integrins (25), CD44 (26), CD166 (20,27) and Trop2 

(28), and we plan on exploring their role in prostate cancer progression in the future.
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Figure 1. 
Immunohistochemical staining intensity of protein markers in high-grade tumors. The 

percentage of slides with tumor samples for a given staining intensity is indicated by the 

number at the bottom of each bar. Staining intensity corresponds to the expression level of 

each protein. Ig: Immunoglobulin; N: number of slides containing tumor specimens, each 

derived from a patient; PODXL: podocalyxin.
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Figure 2. 
H-scores for immunohistochemical staining of protein markers in high-grade tumors. In the 

box plot, the diamond represents the mean, the upper and the lower bounds of the box 

represent the 75th and 25th percentiles, respectively, and the whiskers represent 90% 

confidence interval for the mean. Ig: Immunoglobulin; N: number of slides containing tumor 

specimens, each derived from a patient; PODXL: podocalyxin.
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Figure 3. 
Podocalyxin immunohistochemistry in prostate cancer. A: High-grade prostate cancer. B: 

Low-grade prostate cancer. C: Benign epithelium (left) and low-grade prostate cancer 

(right). Original magnification ×400.
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Figure 4. 
Cellular distribution of podocalyxin immunohistochemical staining in high-grade tumors. 

The percentage of slides with tumor samples for a range of cellular distribution of staining at 

a given staining intensity is indicated by the number at the bottom of each bar. Staining 

intensity corresponds to the expression level of podocalyxin. N: Number of slides containing 

tumor specimens, each derived from a patient.
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Table I.

Clinical characteristics of patients.

Variable Gleason score

6 7 8–9 All

Cases (N) 28 28 28 84

Age* (years; mean) 56.8 60.1 60.9 59.3

Age (years; range) 47.5–66.5 48.0–74.4 45.3–78.8 45.3–78.8

Race (N)

 Caucasians 13 14 0 27

 African Americans 15 14 28 57

Androgen deprivation treatment (N)

 No 24 19 17 60

 Yes 0 1 10 11†

 Unknown 4 8 1 13

*
Age of patients at radical prostatectomy; one patient’s age could not be determined.

†
Androgen deprivation treatment began after radical prostatectomy for all patients except one. N: Actual number of patients.
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